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Abstract: Human monoamine oxidases (hMAOs) are well-established targets for the treatment of
neurological disorders such as depression, Parkinson’s disease and Alzheimer’s disease. Despite
the efforts carried out over the years, few selective and reversible MAO inhibitors are on the market.
Thus, a continuous search for new compounds is needed. Herein, MAO inhibitors were searched
among the non-chiral constituents of Bergamot Essential Oil (BEO) with the aid of computational
tools. Accordingly, molecular modeling simulations were carried out on both hMAO-A and hMAO-B
for the selected constituents. The theoretically predicted target recognition was then used to select the
most promising compounds. Among the screened compounds, Bergamottin, a furocoumarin, showed
selective hMAO-B inhibitory activity, fitting its active site well. Molecular dynamics simulations
were used to deeply analyze the target recognition and to rationalize the selectivity preference. In
agreement with the computational results, experimental studies confirmed both the hMAO inhibition
properties of Bergamottin and its preference for the isoform B.

Keywords: hMAOs; Parkinson’s disease; bergamot essential oil; bergamottin; molecular docking;
molecular dynamics

1. Introduction

Monoamine oxidases (MAO, EC 1.4.3.4) are privileged molecular targets in neuroscience
because of their pivotal role in modulating the levels of monoamine neurotransmitters [1].

MAOs are mitochondrial flavoenzymes that catalyze the oxidative deamination of endoge-
nous and exogenous monoamines. MAOs terminate the actions of the amine neurotransmitter
serotonin (5-hydroxytryptamine, 5-HT), dopamine (dopamine, DA), noradrenaline (nore-
pinephrine, NE) and adrenaline (epinephrine, EP). Therefore, they play an important role
in behavioral and cognitive functions and are related to the development of neurological
disorders, including depression, Parkinson’s disease and Alzheimer’s disease [2,3].

Two distinct isoforms are encoded in the human genome: MAO-A and MAO-B. Although
they share 73% of their sequence identity, human MAO (hMAO) isoforms differ in tissue
distribution, substrate specificity and inhibitor selectivity. hMAO-A is dominant in the placenta,
gastrointestinal tract and heart; exhibits higher affinity toward serotonin; and is inhibited
by the acetylenic inhibitor Clorgyline. MAO-B can be found in glial cells, platelets and the
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liver; catalyzes the oxidation of benzylamine and 2-phenylethylamine; and is inhibited by
l-Deprenyl. Catecholamines are substrates for both hMAOs isoforms. With aging, the MAO-B
activity increases in the human brain and correlates, in the substantia nigra, with a higher
Dopamine (DA) oxidation. The increased levels of oxygen-free radicals derived from the DA
metabolism trigger the dopaminergic neuron damage underlying Parkinson’s disease [4].

The X-ray structure resolution of hMAOs provided insights into the molecular aspects
underlying the preference for specific substrates and different inhibitor affinities. Small
differences between hMAO-A and hMAO-B active sites are responsible for the overcited
specificity. Both hMAO isoforms share the overall fold with most of the residues con-
served [5,6]. The active site, which hosts the hMAO inhibitors, extends in front of the flavin
adenine dinucleotide (FAD) cofactor and is a single hydrophobic cavity of about 400 Å3 in
hMAO-A and a double elongated cavity of about 700 Å3 in hMAO-B. The non-conservative
residues Asn181, Phe208 and Ile335 in hMAO-A (Cys172, Ile199 and Tyr326, respectively in
hMAO-B) are responsible for the differences in the active site shape. The Ile199 in hMAO-B
mainly contribute to the bipartite nature of the cavity [7,8].

Over the last few years, great efforts have been made to develop potent MAO inhibitors
(MAOIs). The selective inhibition of hMAO-A is a well-established approach for the mental
disorder treatment, whereas selective hMAO-B inhibitors are used to treat Parkinson’s
disease [9,10]. A continuous search for MAOIs is needed because of their low selectivity
and irreversibility.

In this study, a selection of bergamot essential oil (BEO) non-chiral compounds was
screened against hMAO-A and hMAO-B with the aim of identifying novel selective MAOIs.
BEO is the product of the mechanical manipulation of the exocarp (flavedo) of the Citrus
bergamia Risso (“Bergamot”), belonging to the Rutaceae family, which grows almost exclu-
sively in Calabria (Italy) [11]. Bergamot essential oil is widely used in perfumes, cosmetics,
as well as in the food and confectionery industry. BEO also presents antimicrobial proper-
ties [12] and has been investigated for its potential antiproliferative effects [13]. Moreover,
several studies described BEO’s effects in chronic psoriasis and in aromatherapy to reduce
stress-induced anxiety [14].

The chemical composition of BEO was deeply investigated and characterized. The
volatile fraction represents the 93–96% of the total content. Limonene, γ-Terpinene, Linalyl
acetate, β-Pinene and Linanalol mainly contribute to the volatile fraction composition. The
non-volatile fraction only represents 4–7% of the total content. The most relevant con-
stituents are oxygen heterocyclic compounds, including coumarins and psoralens [15,16].

Among the screened compounds, bergamottin exhibited hMAOs inhibition prop-
erties both in in silico and in the experimental assays, providing a rational basis for
further investigation.

2. Results and Discussion
2.1. In Silico Monoamine Oxidase Inhibition Studies

The BEO chemical constituents were investigated for the identification of new hMAO
inhibitors. Already known MAOIs and chiral compounds were excluded from the selection.
In fact, chiral molecules introduce uncertainty if they are not available as pure enantiomers:
molecular modeling results will be related to the single enantiomer while experimental
data will be derived from the mixture. The final selection (Materials and Methods) included
a furocoumarin (Bergamottin) and three flavons (Nobiletin, Sinensetin and Tangeritin).
Molecular modeling studies were carried out to inspect the activity and selectivity of the
selected compounds toward hMAO-A and hMAO-B. The interaction with the targets was
preliminarily estimated by means of molecular docking. The Glide docking score (GScore)
of the top ranked pose is reported in Table 1. Among the investigated compounds, only
Bergamottin recognized the catalytic site of both hMAO isoforms, showing a better GScore
against hMAO-B (−8.09 Kcal/mol) than against hMAO-A (−6.23 Kcal/mol). Nobiletin,
Sinensetin and Tangeritin were unable to recognize the known active site of hMAOs,
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resulting in a low binding affinity. Graphical inspection showed they can mildly interact
on a different site, away from the active site.

Table 1. Docking GScore value of selected BEO non-chiral compounds screened against hMAO-A
and hMAO-B.

ID Name 2D Structure
GScore (Kcal/mol)

hMAO-A hMAO-B

Bergamottin −6.23 −8.09

Nobiletin - −1.98

Sinensetin −2.06 −3.68

Tangeritin −2.84 −3.33

To deeply analyze the Bergamottin recognition of MAOs active sites, the top-ranked
docking complexes in hMAO-A and in hMAO-B were subjected to Molecular dynam-
ics (MD) simulation (Materials and Methods). In both cases, the starting geometry was
stable during the simulation time. Bergamottin was accommodated in the hMAO-A bind-
ing site with the psoralen portion oriented perpendicular to the FAD cofactor and the
3,7-dimethylocta-2,6-dienoxy alkyl chain extended towards the active site entrance. The
psoralen ring was found in π-π contact with Tyr407 and Phe352 in 85% and 74% of the MD
trajectory frames sampled, respectively. The same interaction, with a frequency equal to
20%, was observed with respect to Tyr444. Interestingly, Bergamottin psoralen moiety es-
tablished hydrogen bonds (HB) with explicit solvent molecules in 13% of the MD-generated
structures. The ligand alkyl chain was involved in hydrophobic contact with Ala111, Ile180,
Phe208, Val210, Ile335 and Leu337 in at least 10% of the trajectory frames (Figure 1a). Due
to induced fit phenomena allowed by MD, an unfavorable electrostatic repulsion between
Asn181 and the Bergamottin side chain sp3 oxygen linker, initially observed in the docking
pose, disappeared.

In hMAO-B, the psoralen ring of bergamottin highlighted a larger π-π stacking net-
work, both in terms of involved residues and frequency. In fact, such productive interactions
were observed with Tyr326 (68%), Phe343 (53%), Tyr398 (88%) and Tyr435 (30%). In opposi-
tion to the hMAO-A case, HB were highlighted between the furan ring of Bergamottin and
Tyr60 (9%) and between the ligand side-chain sp3 oxygen and Cys172 (8%). As previously
reported for the hMAO-A, and also in hMAO-B, hydrophobic contacts among Bergamottin
alkyl moiety and Phe168, Leu171, Ile199 and Ile 316 were highlighted in at least the 10% of
the MD-sampled structures (Figure 1b).
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Figure 1. Bergamottin binding modes into the hMAO-A (a) and hMAO-B (b) active site resulting
from MD simulation. In 3D representation (top), interacting residues and Bergamottin are reported
in CPK and green-carbon-colored sticks, respectively. FAD cofactor is represented as spheres. In
2D scheme (bottom), ligand–target interactions, monitored during the MD simulation, are reported.
Stacking contribution are depicted as green lines, hydrogen bonds as magenta lines. Frequencies of
each interaction are indicated as percentages.

Overall, the abovementioned interactions may be addressed to rationalize the produc-
tive recognition of Bergamottin with respect to MAOs. On the other hand, the replacement
of hMAO-B Cys172—involved in HB with Bergamottin—by Asn181 in hMAO-A, which
did not productively interact with the ligand, and the active site solvent exposition, which
was wider in hMAO-A than in hMAO-B, may explain the target isoform selectivity.

2.2. In Vitro Monoamine Oxidase Inhibition Studies

Based on the data obtained from in silico studies, Bergamottin was selected to follow
through to the experimental evaluation of its hMAO-A and hMAO-B inhibitory potency
(IC50) and selectivity (selectivity index, SI). To this end, a spectrophotometric method
based on the oxidative deamination of Kynuramine by recombinant hMAO-A or hMAO-B
was used. The reference inhibitors Clorgyline (hMAO-A) and Rasagiline (hMAO-B) were
also included in this study for comparative purposes. The results obtained are reported
in Table 2.

Bergamottin inhibited both hMAO isoforms, showing a higher preference for isoform
B (SI = 31.8). Indeed, Bergamottin presented a hMAO-B IC50 value within the nanomolar
range (291 nM) and a hMAO-A IC50 value within the micromolar range (9.25 µM). Moreover,
both the hMAOs IC50 values and selectivity indexes of Bergamottin were within the same
range of the reference hMAO-B inhibitor Rasagiline.

Overall, these results are in line with the data obtained in the molecular model-
ing studies that showed higher binding affinity of Bergamottin for hMAO-B than for
hMAO-A (Table 1).
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Table 2. hMAOs inhibitory activities of bergamottin and the reference MAO inhibitors rasagiline
(hMAO-B) clorgyline for (hMAO-A).

Compound 2D Structure
IC50 (µM)

SI
hMAO-A hMAO-B

Bergamottin 9.25 ± 0.91 0.291 ± 0.032 31.8

Clorgyline 0.00260 ± 0.00033 1.93 ± 0.16 0.00135
Rasagiline 3.72 ± 0.38 0.149 ± 0.023 24.9

3. Materials and Methods
3.1. Molecular Modeling

The 3D structures of BEO non-chiral and unknown iMAOs compounds were retrieved
from PubChem Database (Bergamottin, CID: 5471349; Nobiletin, CID: 72344; Sinensetin,
CID: 145659; Tangeretin, CID: 68077) [17] and processed with LigPrep [18] tool to define
the protonation states at physiological pH. The crystallographic models of hMAO-A and
hMAO-B with the codes 2Z5X [8] and 6FW0 [19], respectively, were obtained from the
Protein Data Bank (PDB) [20]. The original PDB X-Ray structures were suitably optimized
with the Protein Preparation Wizard tool [21], using the OPLS-2005 force field [22]. In
detail, hydrogen atoms were added, the correct bond orders were assigned, and missing
atoms side-chains and loops were built. Moreover, the co-crystallized water molecules
were removed, and the FAD connectivity was fixed. A docking grid box, with a volume
equal to 64,000 Å3, was built using the co-crystallized PDB ligands, Harmine for hMAO-A
and chlorophenyl–chromone–carboxamide for hMAO-B, using Glide software [23]. The
regular receptor grid was centered on the FAD N5 atom. The binding affinity was estimated
by means of the Glide GScore scoring function. The docking exploration was carried out
with the standard precision (SP) Glide search algorithm and the ligands’ conformational
flexibility was taken into account.

The best docking pose of Bergamottin into hMAO-A and hMAO-B was subjected to
Molecular Dynamics (MD) simulation using the Desmond program [24,25]. Water solvent
effects were mimicked by means of the SPC [26,27] explicit solvation model. In detail,
63,195 and 48,834 water molecules were added to the hMAO-A and hMAO-B Bergamottin
top-ranked docking complexes, respectively. The overall net charge was neutralised by
including 2 Cl− and 3 Na+ counterions to the explicitly solvated hMAO-A and hMAO-B
models, respectively. The starting structures built thus were submitted to the Desmond
default relaxation protocol. The production MD runs were carried out up to 10 ns, with
an integration time step equal to 2 fs, at 300 ◦K. MD trajectories were sampled at regular
intervals equal to 100 ps, collecting 100 conformers for each system. In order to prevent
unrealistic distortion of atoms position, the SHAKE algorithm [28,29] was applied to all
hydrogens. All sampled structures were considered for investigating, by means of the
namesake Desmond tool, the ligand target interaction analysis. These descriptors were
computed, on the basis of the complex geometry, on each sampled structure and their
frequency was reported as a percentage.

3.2. In Vitro Monoamine Oxidase Inhibition Studies

The inhibitory activity of Bergamottin on hMAO-A and hMAO-B was studied using
an experimental protocol described elsewhere. [30,31] The hMAO inhibitory activity was
assessed in microsomal MAO isoforms prepared from insect cells (BTI-TN-5B1-4) infected
with recombinant baculovirus containing cDNA inserts for hMAO-A or hMAO-B, and by
measuring the enzymatic conversion rates of Kynuramine into 4-hydroxyquinoline. The
appropriate amounts of hMAO-A and hMAO-B were adjusted to obtain, in our experi-
mental conditions, the same maximum velocity (Vmax = 50 pmol/min) for both isoforms
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(hMAO-A: 3 ng/µL; hMAO-B: 12 ng/µL). All assays were performed in sodium phosphate
buffer solution 50 mM pH 7.4.

Bergamottin or the reference MAO inhibitors were preincubated at 37 ◦C for 10 min in
the presence of Kynuramine (Km hMAO-A = 20 µM; Km hMAO-B = 20 µM; final concen-
tration: 2 × Km) in 96-well microplates (BRANDplates, pureGradeTM, BRAND GMBH,
Wertheim, Germany). Then, the reaction was started with the addition of hMAO-A or
hMAO-B. Initial velocities were determined spectrophotometrically in a microplate reader
(BioTek Synergy HT from BioTek Instruments, Winooski, VT, USA) at 37 ◦C by measuring
the formation of 4-hydroxyquinoline at 316 nm, over a period of at least 30 min (interval of
1 min). Data were analyzed using GraphPad PRISM version 6 for Windows (GraphPad
Software®, San Diego, CA, USA). The initial velocities, obtained from the linear phase
of product formation, were normalized and plotted against the respective inhibitor con-
centration. IC50 values were obtained from dose–response curves and were expressed
as mean ± standard deviation. IC50 values were determined from at least three indepen-
dent experiments, each performed in triplicate. Microsomal MAO isoforms, Kynuramine,
Rasagiline and Clorgyline were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Bergamottin, Nobiletin, Sinensetin, and Tangeritin were purchased from Titolchimica s.p.a.
(Pontecchio Polesine, Italy).

4. Conclusions

In this work, in silico studies and biological assays were performed to explore the
potential inhibition of BEO selected compounds towards hMAOs. In particular, Bergamottin
was demonstrated to be a promising hMAO inhibitor with higher selectivity for hMAO-B.
Indeed, the presence of stacking, hydrogen bonds and hydrophobic interactions between
the compound and the target, and the interesting binding mode assumed within the active
site of the enzyme, may provide a rational explanation for its selectivity. The theoretical
results were in accordance with the experimental data obtained in hMAOs inhibition assays.
Finally, this study discovered a scientifically unknown activity of Bergamottin, suggesting a
tentative new application for BEO. In fact, taking into account that MAO enzymatic activity
increases radical oxygen species levels at the central nervous system, the administration of
BEO—or Bergamot, as a nutraceutical—could limit neuronal oxidative stress with beneficial
effects in the prevention of high-social-impact neurodegenerative disorders. Moreover,
considering our results, Bergamottin could be considered as a leading compound for the
development of novel selective hMAOs inhibitors.

Author Contributions: Conceptualization and supervision F.O.; molecular modeling simulation R.C.
and F.P.; experimental assays D.C. and S.B.; funding acquisition S.A. and F.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by FEDER funds through the Operational Programme Competi-
tiveness Factors, COMPETE and national funds by Foundation for Science and Technology (FCT)
under the research grants POCI-01-0145-FEDER-029164, PT-OPENSCREEN-NORTE-01-0145-FEDER-
085468 and UIDP/00081/2020. R.C. was supported by funds from the EU project FSE-FESR PON-RI
2014-2020.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available in this publication.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available on the market.



Molecules 2022, 27, 2467 7 of 8

References
1. Youdim, M.B.; Edmondson, D.; Tipton, K.F. The therapeutic potential of monoamine oxidase inhibitors. Nat. Rev. Neurosci. 2006,

7, 295–309. [CrossRef] [PubMed]
2. Tipton, K. Enzymology of monoamine oxidase. Cell Biochem. Funct. Cell. Biochem. Its Modul. By Act. Agents Or Dis. 1986, 4, 79–87.

[CrossRef] [PubMed]
3. Shih, J.; Chen, K.; Ridd, M. Monoamine oxidase: From genes to behavior. Annu. Rev. Neurosci. 1999, 22, 197–217. [CrossRef]

[PubMed]
4. Youdim, M.B.; Bakhle, Y. Monoamine oxidase: Isoforms and inhibitors in Parkinson’s disease and depressive illness. Br. J.

Pharmacol. 2006, 147, S287–S296. [CrossRef]
5. Binda, C.; Li, M.; Hubálek, F.; Restelli, N.; Edmondson, D.E.; Mattevi, A. Insights into the mode of inhibition of human

mitochondrial monoamine oxidase B from high-resolution crystal structures. Proc. Natl. Acad. Sci. USA 2003, 100, 9750–9755.
[CrossRef]

6. Binda, C.; Wang, J.; Pisani, L.; Caccia, C.; Carotti, A.; Salvati, P.; Edmondson, D.E.; Mattevi, A. Structures of human monoamine
oxidase B complexes with selective noncovalent inhibitors: Safinamide and coumarin analogs. J. Med. Chem. 2007, 50, 5848–5852.
[CrossRef]

7. Binda, C.; Hubálek, F.; Li, M.; Edmondson, D.E.; Mattevi, A. Crystal structure of human monoamine oxidase B, a drug target
enzyme monotopically inserted into the mitochondrial outer membrane. FEBS Lett. 2004, 564, 225–228. [CrossRef]

8. Son, S.-Y.; Ma, J.; Kondou, Y.; Yoshimura, M.; Yamashita, E.; Tsukihara, T. Structure of human monoamine oxidase A at 2.2-Å
resolution: The control of opening the entry for substrates/inhibitors. Proc. Natl. Acad. Sci. USA 2008, 105, 5739–5744. [CrossRef]

9. Finberg, J.P.; Rabey, J.M. Inhibitors of MAO-A and MAO-B in psychiatry and neurology. Front. Pharmacol. 2016, 7, 340. [CrossRef]
10. Carradori, S.; Secci, D.; Petzer, J.P. MAO inhibitors and their wider applications: A patent review. Expert Opin. Ther. Pat. 2018, 28,

211–226. [CrossRef]
11. Bagetta, D.; Maruca, A.; Lupia, A.; Mesiti, F.; Catalano, R.; Romeo, I.; Moraca, F.; Ambrosio, F.A.; Costa, G.; Artese, A.

Mediterranean products as promising source of multi-target agents in the treatment of metabolic syndrome. Eur. J. Med. Chem.
2020, 186, 111903. [CrossRef] [PubMed]

12. Cirmi, S.; Maugeri, A.; Ferlazzo, N.; Gangemi, S.; Calapai, G.; Schumacher, U.; Navarra, M. Anticancer potential of citrus juices
and their extracts: A systematic review of both preclinical and clinical studies. Front. Pharmacol. 2017, 8, 420. [CrossRef] [PubMed]

13. Celia, C.; Trapasso, E.; Locatelli, M.; Navarra, M.; Ventura, C.A.; Wolfram, J.; Carafa, M.; Morittu, V.M.; Britti, D.; Di Marzio, L.
Anticancer activity of liposomal bergamot essential oil (BEO) on human neuroblastoma cells. Colloids Surf. B Biointerfaces 2013,
112, 548–553. [CrossRef] [PubMed]

14. Mannucci, C.; Navarra, M.; Calapai, F.; Squeri, R.; Gangemi, S.; Calapai, G. Clinical pharmacology of Citrus bergamia: A
systematic review. Phytother. Res. 2017, 31, 27–39. [CrossRef] [PubMed]

15. Valussi, M.; Donelli, D.; Firenzuoli, F.; Antonelli, M. Bergamot oil: Botany, production, pharmacology. Encyclopedia 2021, 1,
152–176. [CrossRef]

16. Baron, G.; Altomare, A.; Mol, M.; Garcia, J.L.; Correa, C.; Raucci, A.; Mancinelli, L.; Mazzotta, S.; Fumagalli, L.; Trunfio, G.
Analytical profile and antioxidant and anti-inflammatory activities of the enriched polyphenol fractions isolated from bergamot
fruit and leave. Antioxidants 2021, 10, 141. [CrossRef]

17. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B. PubChem in 2021: New
data content and improved web interfaces. Nucleic Acids Res. 2021, 49, D1388–D1395. [CrossRef]

18. Schrödinger Release 2021-4: LigPrep; Schrödinger, LLC: New York, NY, USA, 2021.
19. Reis, J.; Manzella, N.; Cagide, F.; Mialet-Perez, J.; Uriarte, E.; Parini, A.; Borges, F.; Binda, C. Tight-binding inhibition of human

monoamine oxidase B by chromone analogs: A kinetic, crystallographic, and biological analysis. J. Med. Chem. 2018, 61, 4203–4212.
[CrossRef]

20. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.
Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

21. Schrödinger Release 2021-4: Protein Preparation Wizard; Schrödinger, LLC: New York, NY, USA, 2021.
22. Banks, J.L.; Beard, H.S.; Cao, Y.; Cho, A.E.; Damm, W.; Farid, R.; Felts, A.K.; Halgren, T.A.; Mainz, D.T.; Maple, J.R. Integrated

modeling program, applied chemical theory (IMPACT). J. Comput. Chem. 2005, 26, 1752–1780. [CrossRef]
23. Schrödinger Release 2021-4: Glide; Schrödinger, LLC: New York, NY, USA, 2021.
24. Schrödinger Release 2021-4: Desmond Molecular Dynamics System; D. E. Shaw Research; Maestro-Desmond Interoperability Tools,

Schrödinger: New York, NY, USA, 2021.
25. Bowers, K.J.; Chow, D.E.; Xu, H.; Dror, R.O.; Eastwood, M.P.; Gregersen, B.A.; Klepeis, J.L.; Kolossvary, I.; Moraes, M.A.;

Sacerdoti, F.D. Scalable algorithms for molecular dynamics simulations on commodity clusters. In Proceedings of the SC’06: 2006
ACM/IEEE Conference on Supercomputing, Tampa, FL, USA, 11–17 November 2006; p. 43.

26. Berendsen, H.J.; Postma, J.P.; van Gunsteren, W.F.; Hermans, J. Interaction models for water in relation to protein hydration. In
Intermolecular Forces; Springer: Dordrecht, The Netherlands, 1981; pp. 331–342.

27. Fuhrmans, M.; Sanders, B.P.; Marrink, S.-J.; de Vries, A.H. Effects of bundling on the properties of the SPC water model. Theor.
Chem. Acc. 2010, 125, 335–344. [CrossRef]

http://doi.org/10.1038/nrn1883
http://www.ncbi.nlm.nih.gov/pubmed/16552415
http://doi.org/10.1002/cbf.290040202
http://www.ncbi.nlm.nih.gov/pubmed/3518979
http://doi.org/10.1146/annurev.neuro.22.1.197
http://www.ncbi.nlm.nih.gov/pubmed/10202537
http://doi.org/10.1038/sj.bjp.0706464
http://doi.org/10.1073/pnas.1633804100
http://doi.org/10.1021/jm070677y
http://doi.org/10.1016/S0014-5793(04)00209-1
http://doi.org/10.1073/pnas.0710626105
http://doi.org/10.3389/fphar.2016.00340
http://doi.org/10.1080/13543776.2018.1427735
http://doi.org/10.1016/j.ejmech.2019.111903
http://www.ncbi.nlm.nih.gov/pubmed/31787360
http://doi.org/10.3389/fphar.2017.00420
http://www.ncbi.nlm.nih.gov/pubmed/28713272
http://doi.org/10.1016/j.colsurfb.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24099646
http://doi.org/10.1002/ptr.5734
http://www.ncbi.nlm.nih.gov/pubmed/27747942
http://doi.org/10.3390/encyclopedia1010016
http://doi.org/10.3390/antiox10020141
http://doi.org/10.1093/nar/gkaa971
http://doi.org/10.1021/acs.jmedchem.8b00357
http://doi.org/10.1093/nar/28.1.235
http://doi.org/10.1002/jcc.20292
http://doi.org/10.1007/s00214-009-0590-4


Molecules 2022, 27, 2467 8 of 8

28. Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J. Numerical integration of the cartesian equations of motion of a system with constraints:
Molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327–341. [CrossRef]

29. Barth, E.; Kuczera, K.; Leimkuhler, B.; Skeel, R.D. Algorithms for constrained molecular dynamics. J. Comput. chemistry 1995, 16,
1192–1209. [CrossRef]

30. Chavarria, D.; Cagide, F.; Pinto, M.; Gomes, L.R.; Low, J.N.; Borges, F. Development of piperic acid-based monoamine oxidase
inhibitors: Synthesis, structural characterization and biological evaluation. J. Mol. Struct. 2019, 1182, 298–307. [CrossRef]

31. Hagenow, S.; Stasiak, A.; Ramsay, R.R.; Stark, H. Ciproxifan, a H3 receptor inverse agonist, reversibly inhibits human monoamine
oxidase A and B. Sci. Rep. 2017, 7, 40541. [CrossRef] [PubMed]

http://doi.org/10.1016/0021-9991(77)90098-5
http://doi.org/10.1002/jcc.540161003
http://doi.org/10.1016/j.molstruc.2019.01.060
http://doi.org/10.1038/srep40541
http://www.ncbi.nlm.nih.gov/pubmed/28084411

	Introduction 
	Results and Discussion 
	In Silico Monoamine Oxidase Inhibition Studies 
	In Vitro Monoamine Oxidase Inhibition Studies 

	Materials and Methods 
	Molecular Modeling 
	In Vitro Monoamine Oxidase Inhibition Studies 

	Conclusions 
	References

