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Abstract
Selective monoamine oxidase B inhibitors are potential drug candidates for the treatment of Parkinson’s disease. A series of
phenyl substituted isoxazole carbohydrazides was designed by structural modification of isocarboxazid, a nonselective MAO
inhibitor and evaluated as inhibitors of MAO-A and MAO-B. The compounds were not able to inhibit MAO-A significantly,
but most of the compounds exhibited potent inhibitory activity against MAO-B. The enzyme kinetic study of the most active
compounds 5d, 5-phenyl-N′-(1-(p-tolyl)ethylidene)isoxazole-3-carbohydrazide and 5g, N′-(1-(3,4-dimethoxyphenyl)ethyli-
dene)-5-phenylisoxazole-3-carbohydrazide displayed reversible and competitive MAO-B inhibition. In molecular modeling
studies, compounds 5d and 5g exhibited strong binding affinity on MAO-B active site. The administration of compounds 5d
and 5g exhibited prevention of MPTP-induced Parkinsonism as indicated by footprint analysis and horizontal wire tests.
Further optimization studies are essential to exploit their potential for MAO-B associated neurodegenerative pathologies.

Keywords Carbohydrazide ● Isoxazole ● Parkinson’s disease ● Neurodegenerative diseases ● MAO-B inhibitor

Introduction

The monoamine oxidases (MAOs; EC 1.4.3.4) are the flavin
adenine dinucleotide (FAD)-dependent enzymes respon-
sible for the metabolism of dietary amines and neuro-
transmitters as well as oxidation of several xenobiotics.
They are preferentially present in the outer mitochondrial
membrane of neurons, glia, and many other mammalian
cells (Tipton 1986). These enzymes are involved in the
oxidative deamination of monoamines, eventually leading
to the generation of ammonia, corresponding aldehyde and
H2O2, that generates toxic hydroxyl radical leading to

further aggravation of neurodegeneration (Hauptmann et al.
1996; Jha et al. 2017). The catalytic activities of the MAO
enzymes can be blocked by MAO inhibitors, halting the
metabolism of monoamine neurotransmitters and thus
improving their concentration of in the nerve terminals.
This fundamental role of MAOs in neurotransmitter meta-
bolism renders them as potential targets for the exploration
of agents to treat psychiatric and neurological disorders.

In mammals, MAO-enzyme exists in two different iso-
forms in most tissues, i.e., MAO-A and MAO-B. They
share 70% similarity (Edmondson et al. 2007) and are dif-
ferentiated by their amino acid sequences (Bach et al. 1988)
tissue distribution (Grimsby et al. 1990), substrate specifi-
cities and inhibitor selectivity (Geha et al. 2001). MAO-A
preferentially metabolizes bulkier amines like serotonin,
adrenaline and noradrenaline and is inhibited by clorgyline
selectively. MAO-B preferentially metabolizes smaller
amines like β-phenylethylamine and benzylamine and is
selectively inhibited by l-deprenyl and pargyline (Shih et al.
1999). Some amines like dopamine, tryptamine, and tyr-
amine are the common substrates for both of the isoforms
(Weyler et al. 1990; Ma et al. 2004). MAO-A is primarily
present in catecholaminergic neurons, while MAO-B is
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largely present in astrocytes and serotonergic neurons (Bach
et al. 1988; Shih et al. 1999).

Due to the difference in substrate specificities, MAO-A
and MAO-B are involved in different pathologies; MAO-A
inhibitors are used as antidepressants and antianxiety agents
while MAO-B inhibitors are used to preclude the progres-
sion of Parkinson’s disease (PD) and symptoms associated
with Alzheimer’s disease (AD) (Youdim et al. 2006).
However, the nonselective inhibition of MAOs leads to
accumulation of tyramine and is associated with serious
hypertensive crisis called ‘cheese effect’ triggered by the
consumption of tyramine-rich food. And the irreversible
inhibition necessitates de novo biosynthesis of enzymes for
the recovery of enzymatic activity (Yamada and Yasuhara
2004). So there is a need for the development of novel
selective and reversible MAO inhibitors. Inspired by the
findings that on aging the expression of the MAO-B
enzyme but not of MAO-A increases in the brain (Nicotra
et al. 2004), the chemical compounds are consistently
investigated as MAO-B inhibitor for the treatment of neu-
rodegenerative diseases. The compounds with nitrogen and
oxygen-containing heterocyclic core are of the great interest
for the discovery of such agents (Maccioni et al. 2011;
Fabbri et al. 2016; Distinto et al. 2016; Meleddu et al. 2017;
Nam et al. 2017).

In the present work, we planned to modify the structure
of isocarboxazid (a well known non-selective MAO inhi-
bitor) in an effort to develop newer selective MAO inhibi-
tors from the nonselective one. The heterocyclic nucleus
present in isocarboxazid is isoxazole, which is a well-
recognized template in heterocyclic chemistry due to the
wide variety of activity of its derivatives (Agrawal and
Mishra 2018). The other structural feature of isocarboxazid
is hydrazide functionality, numerous studies on which have
explored its MAO inhibitory potential (Chimenti et al.
2010a, b; Evranos-Aksöz et al. 2014). These findings
intrigued the authors to design some new isoxazole deri-
vatives based on isocarboxazid and synthesize them to
explore their MAO inhibitory potential. As it is reported
that even a small change in the shape of the ligand may be a
powerful approach to gain selectivity (Huggins et al. 2012),
it was planned to carry out the following modifications on

isocarboxazid (i) substitution of methyl group of iso-
carboxazid with phenyl ring in order to increase the lipo-
philicity, (ii) introducing double bond between carbon and
nitrogen present at hydrazide terminal to lock molecule into
a conformation that may be better accommodated by one
target than another, (iii) addition of some substituents (such
as –Br, –CH3, –NO2) on the phenyl ring present at hydra-
zide terminal in order to explore the role of substituents
present on the phenyl ring in MAO inhibition (Fig. 1).

The synthesized compounds were evaluated for inhibi-
tory activity against MAO-A and MAO-B. The reversibility
and kinetic experiments were performed for the two most
active compounds to find out the mode of inhibition.
Moreover, the compounds showing good in vitro MAO-B
inhibitory activity were evaluated for their in vivo anti-
parkinsonian potential. The determination of the structure of
MAO-B by Binda et al. (2004) and the availability of
experimentally determined co-crystals of MAO-B with
various inhibitors in the RCSB protein data bank (PDB)
have allowed the researchers to carryout computational
studies for proposing the preferred binding modes. Thus,
molecular docking studies were carried out to gain struc-
tural insight into the binding modes of the synthesized
compounds in the enzyme active site.

Results and discussion

Chemistry

A series of ten isoxazole carbohydrazides (5a-j) was
designed and prepared, as shown in Scheme 1. The acet-
ophenone was reacted with diethyl oxalate in the presence
of sodium methoxide to give methyl 2,4-dioxo-4-phe-
nylbutanoate (2). The compound 2 was then refluxed with
hydroxylamine hydrochloride that resulted in cyclization to
form methyl 5-phenylisoxazole-3-carboxylate (3). The
compound 3 was then refluxed in methanol with hydrazine
hydrate to give 5-phenylisoxazole-3-carbohydrazide (4)
(Taha et al. 2015). The treatment of 4 with ten different
substituted acetophenones using 3–4 drops of glacial acetic
acid resulted in the formation of corresponding hydrazones
5a-j in very good yields (Taha et al. 2015).

The chemical structures of the synthesized compounds
were ascertained with FTIR, 1H NMR, 13C NMR, ESI-MS,
and elemental analysis. The IR spectra of the final com-
pounds exhibited a signal at 1698–1669 cm−1 belonging to
the carbonyl group of the hydrazone. The 1H NMR spectra
of the compounds showed the absence of the absorption
signal for NH2 group of hydrazide (δ= 4.6 ppm) of 4,
providing the evidence for the formation of hydrazones.

The literature suggests that the hydrazones exhibit E/Z
geometrical isomerism about C=N bond. However, the

Fig. 1 Design of target compounds
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analysis of 1H NMR spectra showed that no signal assign-
able to Z-isomer was observed. Generally, the resonance
signal for NH proton in hydrazones appears at 14–15 ppm
for Z and 9–12 ppm for E-configuration (Salgın-Gökşen
et al. 2013). The NMR spectra of the compounds 5a-j
exhibited a broad singlet between 9.56 and 11.32 ppm,
indicating that the preferred configuration in the synthesized
compounds is E-configuration. In addition, NOESY cross-
peaks were studied for compound 5e which had NH proton
signal at highest value of δ 11.32 ppm to further confirm the
configuration of synthesized hydrazones. The proton at δ
11.32 ppm displayed NOESY cross-peak with the methyl
protons, which confirmed the E-isomer. The mass spectra of
the compounds displayed the characteristic peaks. The
elemental analyses results were within ±0.4% of the cal-
culated values.

In vitro MAO-inhibition

The in vitro MAO-inhibitory activity and selectivity of new
isoxazole carbohydrazides (5a-j) and reference compounds
were determined using crude rat brain mitochondrial sus-
pension by a fluorimetric assay method (Chimenti et al.
2007). Clorgyline and pargyline were used as reference
inhibitors for MAO-A and MAO-B, respectively. The
results are expressed in terms of percentage inhibition and
IC50 values (Table 1). The IC50 values were determined
only for the compounds showing more than 50% inhibition
at 50 µM (the highest concentration tested). It can be seen
that all the compounds showed non-significant activity
against MAO-A at 50 µM while most of the compounds
inhibited MAO-B significantly in the micromolar to the
nanomolar range indicating the high selectivity of

compounds for MAO-B. Overall, our efforts in the tailoring
of the isocarboxazid molecule to impart selectivity for one
isoform of MAO were quite successful. The compounds 5a,
5b, 5d, 5f and 5g displayed about 95% inhibition; com-
pound 5j displayed 88% inhibition while rest of the com-
pounds exhibited less than 50% inhibition of MAO-B
activity at 50 µM. It is suggested that substituents like
halogen, methyl, methoxy (5b, 5d, 5f, 5g) at 4-position
might have strengthened the MAO-B inhibitory activity.
Compound 5d with a methyl group at the para position of
phenyl ring appeared as a most potent MAO-B inhibitor
(IC50 value of 0.0051 ± 0.0009 µM), followed by compound
5g with methoxy substituent at the 3- and 4-positions of
phenyl ring (IC50= 0.0059 ± 0.0007 µM).

The replacement of these groups with hydrogen (5a)
and electron withdrawing bromo substituent led to com-
pound 5b with less but appreciable MAO-B inhibitory
activity. However, substitutions of phenyl ring with
hydroxy at 3 or 4-positions (5c, 5h, 5i) dramatically
decreased the MAO-B inhibitory activity. Interestingly,
the introduction of a nitro substituent at 4-position (5e)
diminished the MAO-B inhibitory activity whereas at 3-
position led to compound 5j with significant retention of
the MAO-B inhibitory activity. Thus, it was observed that
the introduction of the lipophilic moieties such as bromo,
methyl and methoxy on the hydrophobic aryl ring at the
hydrazide terminal increased the MAO-B inhibitory
activity, whereas the presence of hydrophilic motifs like
hydroxy and nitro groups caused a decrease in the MAO-
B inhibitory activity. The results provide insight into the
important role of the nature of the substitution on phenyl
group present at hydrazide terminal for the development
of potent MAO-B inhibitors.
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Scheme 1 Synthesis of isoxazole carbohydrazides 5a-j
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Reversibility studies

Another aim of the present study was to determine whether
the compounds 5d and 5g are reversible or irreversible
enzyme inhibitor. As reversible MAO-B inhibitors pose
fewer side effects than irreversible ones, these are con-
sidered more promising (Kumar et al. 2016). A dilution
method was used with pargyline (irreversible inhibitor) as
the standard (Copeland 2005). Both the compounds 5d and
5g were found to be reversible as evidenced by the recovery
of MAO-B activity after dilution with the substrate
(Table 2).

Enzyme kinetic studies

The kinetic analysis was carried out for these two MAO-B
inhibitors 5d and 5g to have an understanding of the mode

of MAO inhibition. Sets of Lineweaver-Burk plots were
plotted in the absence and presence of different concentra-
tions (½ × IC50, 1 × IC50 and 1½ × IC50) of compounds 5d
and 5g. The set consisted of four graphs, each plotted by
estimating the MAO-B catalytic rate at various substrate
concentrations (250–1000 µM). The observations that the

Table 2 Reversibility studies of MAO-B inhibition by derivatives 5d,
5g and reference inhibitor

Compound Slope (AUF/t) [%]a

5d 72.90 ± 4.8

5g 92.77 ± 0.32

Pargyline 10.59 ± 0.19

aPercentage values represent the mean ± S.E.M. of three experiments
(n= 3) relative to control. ~91% indicates reversibility, whereas ~9%
indicates irreversible inhibition

Table 1 IC50 values and percentage inhibition for inhibitory effects of 5a-j on MAO-A and MAO-B

Compound R MAO-A

(% inhibition)a

MAO-B

(% inhibition)a

MAO-B

(IC50; µM)b

5a -H * 94.85 0.0634 ± 0.0026

5b 4-Br * 95.91 0.0663 ± 0.0019

5c 4-OH * 28.56 nd

5d 4-CH
3 

* 95.21 0.0051 ± 0.0009

5e 4-NO
2 

7.85 43.12 nd

5f 4-OCH
3 

* 95.64 0.0752 ± 0.0022

5g 3,4-diOCH
3 

* 95.85 0.0059 ± 0.0007

5h 3-OCH
3
,4-OH 27.85 18.90 nd

5i 3-OH * 35.90 nd

5j 3-NO
2 

12.47 88.04 0.710 ± 0.018

Clorgyline – 89.09 

(0.0011 ± 0.00084)c

– –

Pargyline – – 94.14 0.0234 ± 0.0021

a% inhibition at 50 µM (highest tested concentration)
bEach IC50 value is the mean ± S.E.M. (n= 3)
cIC50 value in µM

nd not determined

*Inactive at 50 µM (higher concentration of compounds led to precipitation)
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lines were linear and intersected on the y-axis (Fig. 2)
suggest that 5d and 5g are the competitive inhibitors of
MAO-B. The replots of the slopes of the Lineweaver-Burk
plots versus inhibitor concentration are shown in Fig. 2, and
the Ki was calculated as −0.0039 µM for 5d and
−0.0034 µM for 5g.

Molecular docking studies

The docking studies for all the compounds synthesized were
carried out to confirm the binding and orientations of
ligands against human MAO-B (PDB ID: 2V60). There are
two hydrophobic cavities in the active site of the enzyme,
the entrance cavity (~300 Å3) and the substrate cavity
(~400 Å3) which are separated by Phe168, Leu171, Ile199
and Tyr326 side chains (Kumar et al. 2016). The two nearly
parallel tyrosyl residues (Tyr398 and Tyr 435) and FAD
form an aromatic cage (Edmondson et al. 2007).

The docking was performed using Autodock 4.2, and the
validation of docking was performed by the super-
imposition of the co-crystallized ligand to the docked ligand
with RMSD less than 2 Å. Interestingly, all of the com-
pounds showed the same orientation, i.e., the phenyl ring at
imino terminal oriented towards the entrance cavity while
the aryl substituted isoxazole part oriented towards the
substrate cavity. Further investigation of the ligand-protein
complexes showed that the compounds were occupied at the

wide active site cavity formed by the amino acid residues
Gln206, Tyr326, Cys172, Ile316, Leu171 and Ile199. This
proves that the synthesized compounds possess significant
binding interaction at the active site of the MAO-B enzyme.
In addition, most of the inhibitors were stabilized by
hydrogen bonds, hydrophobic and π-π interactions in the
pocket of the enzyme.

We focused our attention on the binding interactions of
the most active compounds 5d and 5g (Fig. 3). The docking
score of 5d was found to be −7.93 Kcal/mol and its inter-
action revealed that the isoxazole and unsubstituted phenyl
rings displayed a π-π interaction with Tyr435 and Phe343
respectively. Further, a π-π interaction was also observed
between Tyr326 and methyl substituted phenyl ring. The
amino nitrogen atom of the hydrazone linker was stabilized
by H-bond interactions with the oxygen atom of Ile198.
Likewise, the oxygen atom of the isoxazole was hydrogen
bonded to the OH group of Tyr435. Moreover, the methyl
group present on phenyl ring was involved in π-alkyl
interactions with Leu167, Ile316 and Tyr326 that may
explain the observation that methyl substitution on the
phenyl side chain of 5d enhances MAO-B inhibitory
potency. It also showed important hydrophobic interaction
with Tyr60, Gln206, Leu328, and Met341 residues.

Similarly, the binding pose of 5g (docking score −6.88
Kcal/mol) at the MAO-B binding site revealed that the
dimethoxy phenyl group extends toward the entrance cavity

Fig. 2 Lineweaver-Burk plots of rat brain MAO-B-activity in the absence (control) and presence of different concentrations of compound 5d (a)
and compound 5g (b). Replots of the slopes of the Lineweaver-Burk plots versus inhibitor 5d concentration (c) inhibitor 5g concentration (d)
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leaving the Ile199 in the open-gate conformation and is
lined by residues Leu164, Leu167, Phe168, Leu171, Ile198,
and Ile199. The dimethoxy bearing phenyl group is sand-
wiched between Phe168 and Ile199 forming π-π and π-σ
interactions respectively. In addition, the unsubstituted
phenyl ring was involved in π-π interaction with Phe343.
Moreover, three hydrogen bond interactions were also
observed between isoxazole oxygen and hydroxy group of
Tyr398; amido and the carbonyl oxygen of Ile198; and
imine and sulfhydryl group of Cys172. The methoxy group
at 3-position showed interaction with Leu164. It also
showed the crucial hydrophobic interaction with residue
Tyr60, Cys172, Gln206, Met341, Tyr326, Leu328, Tyr398,
Tyr435, Leu164, and Leu167.

Prediction of ADME properties

Poor pharmacokinetic properties are one of the major rea-
sons for the failure of the development of drug candidates in
the early stages. Thus in the present study, in silico ADME
properties and drug-likeness for the synthesized compounds
5a-j were predicted using MedChem Designer 3.0
(http://www.simulations-plus.com). The values of predicted
parameters are present in Table 3. According to these data,
all designed compounds (5a-j) except 5b (MlogP > 4.15)
follow the Lipinski’s rule (Lipinski et al. 2012) without
causing any violation.

Ideally, the value of logP should not be greater than 5 for
tissue absorption and for brain penetration it should not be

Fig. 3 a Binding mode of 5d (green) in the MAO-B binding pocket. b
Binding interactions of 5d with the active site of MAO-B. c Binding
mode of 5g (green) in the MAO-B binding pocket. d Binding

interactions of 5g with the active site of MAO-B. The cofactor FAD is
displayed as purple ball and stick. Selected residues are labeled and
displayed as sticks

Medicinal Chemistry Research
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more than 4.0 (Waterhouse 2003). From the data presented
in Table 3, it can be seen that all compounds except 5b
fulfill these requirements and thus can be predicted to have
good oral bioavailability and brain penetration ability.

Acute toxicity

The compound 5d and 5g were then evaluated for their
acute oral toxicity in mice according to OECD425 guide-
lines (OECD 2008). The test compounds demonstrated
good safety margins, and the LD50 dose was found to be
2000 mg Kg−1.

Neurotoxicity screening

Compounds 5d and 5g were evaluated for neurotoxicity
using a rotarod apparatus. The animals fed with 5d and 5g
(200 mg Kg−1) were able to stay on accelerating rotarod for
more than 60 s leading to the conclusion that both the
compounds were non-neurotoxic.

Motor Behavioral test

To verify the in vivo efficiency of the compounds 5d and 5g
as a MAO-B inhibitor, experiments were conducted on
the MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)-
induced Parkinson’s animal model (Jackson-Lewis and
Przedborski 2007). The mice were treated with standard
drug Safinamide (30 mg Kg−1, p.o.) or compounds 5d and
5g at three dose levels of 50, 100 and 200 mg Kg−1, p.o. for
three consecutive days (day 0, 1 and 2). After the drug

administration on day 1, mice were administered MPTP
(20 mg Kg−1, i.p.) four times at 2 h intervals. The beha-
vioral evaluation of experimental animals was done on day
7 to assess the motor ability (Fig. 4).

PD patients may exhibit rigidity and abnormal gait with
trouble in walking and balancing and reduced stride length.
In the footprint test, the base width and stride length of both
fore and hind-paws were measured which are useful to
evaluate motor functions in mice treated with neurotoxins
such as MPTP (Geed et al. 2014). Figure 5 shows the effect
of 5d and 5g treatment on base width differences and mean
stride length in MPTP-treated mice. No significant differ-
ences among the groups were observed in the fore- and
hind-paw base width (p > 0.05) as revealed by one-way
ANOVA. However, a significant decrease in stride length
for both fore- and hind-paw (p < 0.05) was observed in mice
treated with MPTP, which were significantly improved by
the treatment of 5d and 5g. Post-hoc analysis revealed that
there was no significant difference between the 100 and
200 mg/Kg doses of the compounds 5d and 5g. Thus, the
inhibitors 5d and 5g (100 mg/Kg) were able to improve the
abnormal posture and gait of mice induced by MPTP.

Table 3 In silico ADME
evaluation of title compounds
5a-j

Compound MlogPa S+ logPb S+ logDc MWtd MNOe TPSAf HBDHg Rule of 5h

5a 3.715 3.833 3.832 305.338 5 67.49 1 0

5b 4.329 4.572 4.571 384.239 5 67.49 1 1

5c 3.211 3.961 3.948 321.338 6 87.72 2 0

5d 3.947 4.152 4.151 319.365 5 67.49 1 0

5e 3.801 4.254 4.253 350.336 8 113.31 1 0

5f 3.443 4.055 4.054 335.365 6 76.72 1 0

5g 2.911 3.956 3.956 365.391 7 85.95 1 0

5h 2.684 3.767 3.737 351.364 7 96.95 2 0

5i 3.211 3.946 3.941 321.338 6 87.72 2 0

5j 3.801 3.938 3.937 350.336 8 113.31 1 0

apredicted logP using Moriguchi’s model
bpredicted log of the octanol/water partition coefficient using the Simulation Plus ANNE model
cpredicted logD at pH 7.4 using the Simulation Plus ANNE model
dMolecular weight
ethe number of hydrogen bond acceptors (total number of nitrogen and oxygen atoms)
ftopological polar surface area
gnumber of hydrogen bond donor protons
hnumber of Lipinski’s rule of 5 violations

Fig. 4 The experimental schedule for in vivo antiparkinsonian activity
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Further, the horizontal wire test was performed to estimate
the muscle relaxation and motor coordination in experi-
mental animals. As shown in Fig. 6, MPTP decreased the
grip strength score in model mice. The decrease in the grip
strength was significantly improved in the experimental
animals treated with 5d and 5g, indicated by the improved
grip strength score in those animals. Thus, the inhibitors 5d
and 5g were able to improve the muscle strength of mice

that was impaired by MPTP. The results were parallel to
what was observed with the reference drug, safinamide.
Collectively, the motor behavioral study revealed that 5d
and 5g have the potential to improve MPTP-induced
impairment in motor functions in terms of improving gait
behavior and grip strength.

Conclusion

A new series of N’-(1-(substituted phenyl)ethylidene)-5-
phenylisoxazole-3-carbohydrazide derivatives (5a-j) was
prepared and screened for in vitro MAO inhibitory activity.
Our strategy to design selective compounds from non-
selective MAO inhibitor isocarboxazid was successful as
most of the compounds were selective towards MAO-B.
The enzyme kinetic studies revealed that the inhibitors 5d
and 5g were reversible and competitive. The docking stu-
dies further unlocked the binding site interactions of the
potent inhibitors, and it was found that compounds fit well
in the active site of MAO-B near the FAD cofactor. The
synthesized compounds were subjected to in silico ADME
evaluation. All the compounds displayed favorable ADME
profile and thus predicted to have good oral bioavailability.
Compounds 5d and 5g were able to significantly prevent
MPTP-induced neurodegeneration as revealed by motor
behavioral assessment using the footprint and horizontal

Fig. 5 a Fore-paw base width, b hind-paw base width, c fore-paw
stride length, and d hind-paw stride length in the footprint test. All
values are mean ± SD. ap < 0.05 compared to control, bp < 0.05

compared to MPTP group, and cp < 0.05 compared to Safinamide
group [one-way ANOVA followed by Student-Newman-Keuls test]

Fig. 6 Grip strength score in the horizontal wire test. All values are
mean ± SD. ap < 0.05 compared to control, bp < 0.05 compared to
MPTP group, and cp < 0.05 compared to Safinamide group [one-way
ANOVA followed by Student-Newman-Keuls test]

Medicinal Chemistry Research



wire tests. Consequently, we have fulfilled our initial
expectations, that highly selective MAO-B inhibitors have
been discovered having the capability to prevent MPTP-
induced neurodegeneration. Thus the active compounds 5d
and 5g obtained in this series can be promising leads for the
development of isoxazole-based potent MAO-B inhibitors
for the treatment of PD.

Experimental section

Materials and methods

All the chemicals, reagents and drugs were procured from
Sigma-Aldrich and Merck, and used as such. The comple-
tion of the reactions and the purity of compounds at each
step were verified using thin layer chromatography (TLC).
The adsorbent used was silica gel G and the detecting agent
used was iodine vapor. Melting points were determined by
open capillary melting point apparatus and presented
without correction. IR spectra (in KBr) were recorded on a
Shimadzu IR Affinity-1 FTIR spectrophotometer, using
DRS 8000A accessory technique. 1H NMR and 13C NMR
spectra were recorded in DMSO-d6 or CDCl3 at ambient
temperature on a Bruker Avance II spectrometer at
400MHz (100MHz for 13C) at Panjab University, Chan-
digarh (India). Chemical shifts (δ) are expressed in parts per
million (ppm) using TMS as an internal standard. Coupling
constants J are expressed in Hertz (Hz). Spin multiplicities
are reported as s (singlet), d (doublet), dd (doublet of
doublets), t (triplet), q (quartet) or m (multiplet). Mass
spectra were recorded on Waters, Q-TOF Micromass (ESI)
at Sophisticated Analytical Instrumentation Facility (SAIF),
Panjab University, Chandigarh (India). Elemental analyses
for C, H and N were determined with EuroVector E 3000
Elemental Analyzer at SAIF, CDRI, Lucknow (India).

Chemistry

Synthesis of methyl 2,4-dioxo-4-phenylbutanoate (2)

For the synthesis of compound 2, the procedure of Veer-
aswamy et al. (2012) was followed with some modifica-
tions. Sliced sodium metal (1.15 g) was added to methanol
(25 mL) maintained at 0–10 °C in an ice bath and was kept
stirring. Acetophenone (6.0 mL, 0.05 mol) was added
slowly and then the diethyl oxalate (8.0 mL, 0.06 mol) was
added drop-wise and stirred for an hour while maintaining
the temperature as stated above till the product separated.
The solid was dissolved in distilled water and then extracted
with diethyl ether to remove unreacted acetophenone, if
any. Then dilute acetic acid was added to precipitate out the
product which was separated and the recrystallization was

done using ethanol to give compound 2 (6.69 g; 65.0%; m.
p.: 60–61 °C, lit. 61 °C) (Veeraswamy et al. 2012).

Synthesis of methyl 5-phenylisoxazole-3-carboxylate (3)

Compound 2 (4.12 g, 0.02 mol) and hydroxylamine
hydrochloride (1.67 g, 0.024 mol) were and refluxed for
2–3 h in methanol (200 mL), while judging the completion
of the reaction by TLC (hexane:ethyl acetate 3:1). Methanol
was removed under vacuum and the content was poured
over crushed ice. The solid separated out was filtered,
washed with water and recrystallized from ethanol to obtain
compound 3 (3.66 g; 90.1%; m.p.: 86–87 °C, lit. 86–88 °C)
(Veeraswamy et al. 2012).

Synthesis of 5-phenylisoxazole-3-carbohydrazide (4)

The compound 3 (2.1 g, 0.010 mol) was dissolved in
50 mL of methanol, and then hydrazine hydrate (0.5 mL,
0.0015 mol) was added. The reaction mixture was
refluxed for 3–5 h. The completion of the reaction was
judged by running TLC (hexane:ethyl acetate 3:1). The
contents were cooled and poured on crushed ice. A fluffy
white precipitate obtained was filtered, washed with water
and dried to give 4 (1.81 g; 86.0%; m.p.: 148–149 °C, lit.
148–153 °C) (Taha et al. 2015).

General Procedure for the synthesis of final products (5a-j)

The carbohydrazide 4 (1.0 g, 0.005 mol) was dissolved in
methanol (100 mL) and the desired acetophenone
(0.005 mol) was added. Then 4–5 drops of glacial acetic
acid were added and the contents were refluxed for 3–4 h.
The product which got separated was filtered after cooling,
washed with ether to remove unreacted acetophenone, if
any and dried to get the final products 5a-j (Taha et al.
2015). Rf values for 5a-j were determined using CHCl3/
methanol/toluene in 7:1:2 as a solvent system.

5-phenyl-N′-(1-phenylethylidene)isoxazole-3-
carbohydrazide (5a)

Buff colored needle-shaped crystalline (94.4%); Rf= 0.75;
m.p.: 189–190 °C; 1H NMR (300MHz, CDCl3): δ= 2.41
(s, 3H, CH3), 7.11 (s, 1H, isoxazole CH), 7.40–7.42 (m, 3H,
Ar-H), 7.49–7.52 (m, 3H, Ar-H), 7.80–7.82 (m, 2H, Ar-H),
7.86–7.89 (m, 2H, Ar-H), 9.71 (s, 1H, CONH); 13C NMR
(75MHz, CDCl3): 19.66 (CH3), 99.87 (isoxazole CH),
126.15 (2C), 126.56, 126.86 (2C), 128.49 (2C), 129.24
(2C), 130.06, 130.95, 137.41, 154.05, 154.93, 158.98,
171.92; IR (KBr): ṽ= 3312.88 (NH), 3047.66 (Ar C-H),
1680.07 (NH-C=O), 1572.05 (C=N), 1518.04 (C=C, iso-
xazole), 1449.57 cm−1 (Ar C=C); ESI-MS (m/z): 306.19
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(M+ 1); Anal. for C18H15N3O2: calcd: C 70.81, H 4.95, N
13.76, found: C 70.94, H 5.18, N 13.48.

N′-(1-(4-bromophenyl)ethylidene)-5-phenylisoxazole-3-
carbohydrazide (5b)

White shiny needle-shaped crystalline (48.0%); Rf= 0.68;
m.p.: 214–215 °C; 1H NMR (400MHz, CDCl3): δ= 2.39
(s, 3H, CH3), 7.42 (s, 1H, isoxazole CH), 7.54–7.61 (m, 5H,
Ar-H), 7.80–7.82 (m, 2H, Ar-H), 7.93–7.95 (m, 2H, Ar-H),
11.03 (s, 1H, CONH). 13C NMR (100MHz, CDCl3):: δ=
14.37 (CH3), 99.99 (isoxazole CH), 123.42, 125.68 (2C),
126.23, 128.42 (2C), 129.10 (2C), 130.65, 131.19, 136.71
(2C), 155.50, 155.79, 158.77, 170.41; IR (KBr): ṽ=
3287.81 (NH), 3055.38 (Ar C-H), 1680.07 (NH-C=O),
1546.01 (C=N), 1485.25 (C=C, isoxazole), 1444.75 cm−1

(Ar C=C); ESI-MS (m/z): 385.30 (M+ 1), 386.28 (M+ 2);
Anal. for C18H14BrN3O2: calcd: C 56.27, H 3.67, N 10.94,
found: C 56.49, H 3.75, N 10.68.

N′-(1-(4-hydroxyphenyl)ethylidene)-5-phenylisoxazole-3-
carbohydrazide (5c)

Buff colored crystalline (85.7%); Rf= 0.52; m.p.:
235–236 °C; 1H NMR (300MHz. DMSO-d6): δ= 2.31 (s,
3H, CH3), 6.82–6.84 (m, 2H, Ar-H), 7.49–7.58 (m, 5H, 4
Ar-H, isoxazole CH), 7.73–7.75 (m, 2H, Ar-H), 7.96–7.98
(m, 1H, Ar-H), 9.90 (s, 1H, CONH), 10.99 (s, 1H, OH); 13C
NMR (75MHz. DMSO-d6): δ= 14.92 (CH3), 100.68
(isoxazole CH), 115.62 (2C), 126.28 (2C), 126.73, 128.18,
128.80 (2C), 129.86 (2C), 131.40, 155.74, 158.61, 159.64,
159.76, 170.76; IR (KBr): 3342.78 (OH), 3297.45 (NH),
3071.77 (Ar C-H), 1676.21 (NH-C=O), 1540.23 (C=N),
1514.19 (C=C, isoxazole), 1448.60 cm−1 (Ar C=C); ESI-
MS (m/z): 322.40 (M+ 1); Anal. for C18H15N3O3: calcd: C
67.28, H 4.71, N 13.08, found: C 67.45, H 5.04, N 12.71.

5-phenyl-N′-(1-(p-tolyl)ethylidene)isoxazole-3-
carbohydrazide (5d)

White shine crystalline (77.6%); Rf= 0.80; m.p.: 197–198 °C;
1H NMR (300MHz, CDCl3): δ= 2.37–2.42 (m, 6H, 2
CH3), 7.10 (s, 1H, isoxazole CH), 7.20–7.22 (m, 1H, Ar-H),
7.35–7.50 (m, 4H, Ar-H), 7.73–7.79 (m, 4H, Ar-H), 9.67 (s,
1H, CONH). 13C NMR (75MHz, CDCl3): δ= 13.33 (CH3),
21.34 (Ar-CH3) 99.51 (isoxazole CH), 125.96 (2C), 126.39,
126.58, 126.77 (2C), 129.19 (2C), 130.44, 130.88, 134.56,
140.27, 154.11, 154.83, 158.63, 171.85; IR (KBr): 3364.96
(NH), 3065.02 (Ar C-H), 1698.40 (NH-C=O), 1570.12
(C=N), 1511.29 (C=C, isoxazole), 1446.67 cm−1 (Ar
C=C); ESI-MS (m/z): 320.42 (M+ 1), Anal. for
C19H17N3O2: calcd: C 71.46, H 5.37, N 13.16, found: C
71.88, H 5.64, N 12.88.

N′-(1-(4-nitrophenyl)ethylidene)-5-phenylisoxazole-3-
carbohydrazide (5e)

Pale yellow crystalline (56.5%); Rf= 0.54; m.p.: 247–248 °C;
1H NMR (300MHz, DMSO-d6): δ= 2.50 (s, 3H, CH3),
7.38–7.59 (m, 4H, 3Ar-H, isoxazole CH), 7.97–7.98 (m, 2H,
Ar-H), 8.12–8.19 (m, 2H, Ar-H), 8.30–8.32 (m, 2H, Ar-H),
11.30 (s, 1H, CONH); 13C NMR (75MHz, DMSO-d6): δ=
18.88 (CH3), 101.76 (isoxazole CH), 123.26 (2C), 126.15
(2C), 127.67 (2C), 128.09, 128.69 (2C), 130.34, 141.08,
148.52, 149.18, 160.54, 162.39, 170.81; IR (KBr): 3345.67
(NH), 3077.56 (Ar C-H), 1698.40 (NH-C=O), 1558.55
(C=N), 1516.11 (C=C, isoxazole), 1492.00 (Ar N-O),
1448.60 (Ar C=C), 1346.37 cm−1 (Ar N-O); ESI-MS (m/z):
351.53 (M+ 1); Anal. for C18H14N4O4: calcd: C 61.71, H
4.03, N 15.99, found: C 62.01, H 4.34, N 16.24.

N′-(1-(4-methoxyphenyl)ethylidene)-5-phenylisoxazole-3-
carbohydrazide (5f)

White shiny needle-shaped crystalline (81.8%); Rf= 0.64;
m.p.: 201–203 °C; 1H NMR (300MHz, CDCl3): δ= 2.29
(s, 3H, CH3), 3.76 (s, 3H, OCH3), 6.83–6.85 (m, 2H, Ar-H),
7.02 (s, 1H, isoxazole CH), 7.38–7.43 (m, 3H, Ar-H),
7.77–7.78 (m, 4H, Ar-H), 9.56 (s, 1H, CONH). 13C NMR
(75MHz, CDCl3): δ= 13.26 (CH3), 55.36 (OCH3) 99.52
(isoxazole CH), 113.80 (2C), 125.97 (2C), 126.61, 128.39
(2C), 129.19 (2C), 129.89, 130.89, 153.86, 154.79, 158.68,
161.22, 171.84; IR (KBr): 3360.14 (NH), 3000.40 (Ar C-
H), 1695.50 (NH-C=O), 1539.26 (C=N), 1507.43 (C=C,
isoxazole), 1446.67 cm−1 (Ar C=C). ESI-MS (m/z): 336.42
(M+ 1); Anal. for C19H17N3O3: calcd: C 68.05, H 5.11, N
12.53, found: C 68.37, H 5.43, N 12.78.

N′-(1-(3,4-dimethoxyphenyl)ethylidene)-5-phenylisoxazole-
3-carbohydrazide (5g)

White shiny needle-shaped crystalline (64.6%): Rf= 0.68;
m.p.: 168–169 °C; 1H NMR (300 MHz, CDCl3): δ= 2.38
(s, 3H, CH3), 3.91 (s, 3H, OCH3), 3.97 (s, 3H, OCH3),
6.86 (d, 1H, Ar-H, J= 5.1 Hz), 7.27 (s, 1H, isoxazole CH),
7.33 (dd, 1H, Ar-H, J= 1.2 Hz, 1.2 Hz), 7.46–7.50 (m,
3H, Ar-H), 7.60 (d, 1H, Ar-H, J= 1.2 Hz) 7.80–7.82 (m,
2H, Ar-H), 9.66 (s, 1H, CONH). 13C NMR (75MHz,
CDCl3): δ= 13.31 (CH3), 55.99 (OCH3), 56.06 (OCH3),
99.46 (isoxazole CH), 109.31, 110.32, 120.25, 125.98
(2C), 126.58, 129.19 (2C), 130.20, 130.91, 148.99,
150.99, 153.97, 154.78, 158.64, 171.88; IR (KBr):
3319.63 (NH), 2999.44 (Ar C-H), 1684.89 (NH-C=O),
1595.51 (C=N), 1517.08 (C=C, isoxazole), 1442.82 cm−1

(Ar C=C); ESI-MS (m/z): 366.28 (M+ 1); Anal. for
C20H19N3O4: calcd: C 65.74, H 5.24, N 11.50, found: C
65.93, H 5.58, N 11.18.
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N′-(1-(3-hydroxy-4-methoxyphenyl)ethylidene)-5-
phenylisoxazole-3-carbohydrazide (5h)

Pale yellow crystalline (65.2%); Rf= 0.50; m.p.: 215–216 °C;
1H NMR (300MHz, DMSO-d6): δ= 2.33 (s, 3H, CH3), 3.83
(s, 1H, OCH3), 6.78 (dd, 1H, Ar-H, J= 4.8 Hz, 4.8 Hz),
7.09–7.40 (m, 1H, Ar-H), 7.48 (s, 1H, isoxazole CH),
7.55–7.58 (m, 4H, Ar-H), 7.92–7.97 (m, 2H, Ar-H), 9.53 (s,
1H, CONH), 11.02 (s, 1H, OH). 13C NMR (75MHz,
DMSO-d6): δ= 15.07 (CH3), 56.11 (OCH3), 100.65 (iso-
xazole CH), 110.57, 115.53, 121.04, 126.28 (2C), 126.73,
129.17, 129.85 (2C), 131.40, 147.92, 149.35, 155.70,
159.03, 159.64, 170.77. IR (KBr): 3329.28 (OH), 3288.77
(NH), 3051.52 (Ar C −H), 1682.00 (NH-C=O), 1571.09
(C=N), 1512.26 (C=C, isoxazole), 1448.60 cm−1 (Ar
C=C); ESI-MS (m/z): 352.38 (M+ 1); Anal. for
C19H17N3O4: calcd: C 64.95, H 4.88, N 11.96, found: C
65.14, H 5.03, N 11.77.

N′-(1-(3-hydroxyphenyl)ethylidene)-5-phenylisoxazole-3-
carbohydrazide (5i)

Buff colored crystalline (90.5%); Rf = 0.52; m.p.:
225–226 °C; 1H NMR (400 MHz, DMSO-d6): δ= 2.35 (s,
3H, CH3), 6.85–6.88 (m, 1H, Ar-H), 7.23–7.28 (m, 2H,
Ar-H), 7.36 (s, 1H, isoxazole CH), 7.51–7.56 (m, 1H, Ar-
H), 7.58–7.60 (m, 3H, Ar-H), 7.96–7.98 (m, 2H, Ar-H),
9.61 (s, 1H, CONH), 11.06 (s, 1H, OH). 13C NMR
(100 MHz, DMSO-d6): δ= 14.66 (CH3), 100.22 (iso-
xazole CH), 113.01, 117.09, 117.67, 125.78 (2C), 126.22,
129.34 (2C), 129.40 (2C), 130.91, 138.89, 155.54,
157.31, 159.05, 170.33; IR (KBr): 3336.99 (OH), 3280.09
(NH), 3055.38 (Ar C-H), 1669.46 (NH-C=O), 1603.88
(C=N), 1507.43 (C=C, isoxazole), 1444.75 cm−1 (Ar
C=C); ESI-MS (m/z): 322.39 (M+ 1); Anal. for
C18H15N3O3: calcd: C 67.28, H 4.71, N 13.08, found: C
67.54, H 4.82, N 13.41.

N′-(1-(3-nitrophenyl)ethylidene)-5-phenylisoxazole-3-
carbohydrazide (5j)

White shiny crystalline (73.9%); Rf= 0.46; m.p.: 222–223 °
C; 1H NMR (400MHz, DMSO-d6): δ= 2.47 (s, 3H, CH3),
7.53–7.61 (m, 4H, Ar-H), 7.74–7.78 (t, 1H, Ar-H, J=
8.0 Hz), 7.96–7.99 (m, 2H, Ar-H), 8.28–8.31 (m, 2H, Ar-
H), 8.65 (s, 1H, isoxazole CH), 11.28 (s, 1H, CONH). 13C
NMR (100MHz, DMSO-d6): δ= 14.65 (CH3), 100.27
(isoxazole CH), 120.83, 124.21, 125.79 (2C), 126.17,
129.35 (2C), 130.13, 130.94, 132.94, 139.23, 147.96,
154.68, 155.92, 158.86, 170.41. IR (KBr): 3336.03 (NH),
3064.06 (Ar C-H), 1696.47 (NH-C=O), 1570.12 (C=N),
1517.08 (C=C, isoxazole), 1496.83 (Ar N-O), 1448.60 (Ar
C=C), 1350.23 cm−1 (Ar N-O). ESI-MS (m/z): 351.34 (M

+ 1); Anal. for C18H14N4O4: calcd: C 61.71, H 4.03, N
15.99, found: C 61.95, H 4.45, N 16.15.

Ethical approval

Animal studies were performed after approval from the
Institutional Animal Ethical Committee of the GLA Uni-
versity, Mathura (Approval no. GLAIPR/CPCSEA/IAEC/
2016/ItemII/6; 2018/ItemII/3). Wistar rats (220–250 g) and
male mice (20–25 g) of at least eight weeks of age were
used for the study.

In vitro MAO inhibitory activity

Materials

p-Tyramine for the MAO-A and MAO-B assay, reference
inhibitors clorgyline (MAO-A), pargyline (MAO-B),
Amplex Red reagent and horseradish peroxidase were
procured from Sigma-Aldrich.

Isolation of mitochondria from rat brain

For isolation of MAO enzyme containing mitochondrial
fractions from rat brain, the procedure of Iglesias-González
et al. (Iglesias-González et al. 2013) was followed. Rats
were fasted overnight with free access to water and sacri-
ficed by cervical dislocation and decapitated. The brain was
then rapidly removed and kept in an ice-cold isolation
buffer. The ice-cold conditions were maintained throughout
the isolation procedure.

Forebrain was carefully removed and the remaining tis-
sues were chopped and homogenized using isolation buffer
(1/10, w/v) supplemented with 3 mM EDTA. The homo-
genate was suspended in 10 mL isolation buffer and cen-
trifuged at 600 × g for 10 min. The supernatant was
separated and reserved in a chilled recipient, and the pellet
was centrifuged again after resuspending in 10 mL of buf-
fer. The supernatants were pooled and further centrifuged at
12,000 × g for 10 min. The mitochondrial pellets so
obtained were washed three times with isolation buffer
supplemented with EDTA and stored at −20 °C until
the assay.

Enzyme inhibition assay

The mitochondrial pellet so obtained above was suspended
in a suitable amount of reaction buffer (0.1 M Phosphate
buffer, pH 7.2) and divided into two parts. One part was
incubated with clorgyline (1 μM, a selective inhibitor of
MAO-A) and another one with pargyline (1 μM, a selective
inhibitor of MAO-B) for 30 min to get MAO-B and MAO-A
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enzyme fractions, respectively (Chimenti et al. 2007).
Ten μL of each enzyme fractions were pre-incubated with
different concentrations (0.5 nM, 5 nM, 50 nM, 500 nM,
5 μM, and 50 μM) of test compounds (5a-j) for 15 min in a
black flat-bottomed 96-well micro test plate followed by
addition of Amplex Red reagent (200 μM), horseradish
peroxidase (1 U/mL) and p-tyramine (500 μM) to start the
reaction. The production of fluorescent resorufin in the
reaction mixture (total 100 μL) was measured at 37 °C in a
microplate fluorescence reader (Biotek, Synergy H1,
Winooski, VT, USA) over a 15 min period (excitation
540 nm, emission 590 nm). All the assays were performed
in triplicate.

Control experiments were carried out simultaneously
using vehicles in place of the test drugs, and the background
activity was determined without the mitochondrial fraction
replaced by sodium phosphate buffer solution. The back-
ground activity was found to be negligible. The possible
capacity of the test compounds and reference inhibitors to
modify the fluorescence (by directly interacting with
Amplex Red reagent) were determined by adding these
drugs to solutions containing only the Amplex Red reagent
in sodium phosphate buffer.

Statistical analysis

IC50 values are calculated using the non-linear curve-fitting
program of the GraphPad Prism 6.01 (San Diego, CA,
USA) from the sigmoidal plots of MAO catalytic rate versus
the logarithm of the inhibitor concentration, and results are
expressed in mean ± SEM (n= 3).

Reversibility study

To determine the reversibility of most active MAO-B
inhibitors, i.e. 5d and 5g, the dilution method was used
(Copeland 2005). A 100-fold concentration required for the
activity assay of the enzyme was incubated with the inhi-
bitor (10-fold concentration of its IC50 value). After 30 min,
the mixture was diluted 100-fold with reaction buffer con-
taining the substrate, Amplex Red reagent and horseradish
peroxidase. The reaction was monitored for 15 min.
Reversible inhibitors show linear progress with a slope
equal to ~91% of the slope of the control sample, whereas
irreversible inhibition reaches only ~9% of this slope.
Control tests were carried out by pre-incubating and diluting
the enzyme in the absence of inhibitor.

Kinetic analysis of inhibition

The Michaelis-Menten kinetic experiments were performed
to determine the mode of inhibition of most potent com-
pounds 5d and 5g. Briefly, the catalytic rate of MAO-B was

estimated taking different concentrations of the substrate
(250, 500, 750, 1000 µM) in the absence and presence of
three different concentrations (½ × IC50, 1 × IC50 and 1½ ×
IC50) of compounds 5d and 5g, i.e., 0.0025, 0.005 and
0.0075 µM; and the Lineweaver-Burk plots were generated.
The Ki values were estimated from a plot of the slopes of
the Lineweaver-Burk plots versus inhibitor concentration
(x-axis intercept equals –Ki). The protein content of the
mitochondrial homogenate was determined using the
Bradford assay method (Bradford 1976) in which bovine
serum albumin was used as a standard.

Molecular docking studies

In an attempt to acquire the understanding of possible
binding modes of the synthesized compounds with the
human MAO-B active site, molecular docking study was
performed using Autodock 4.2 program suite (Morris et al.
2009). The X-ray crystal structure of human MAO-B co-
crystallized with a coumarin analog (PDB ID: 2V60, reso-
lution: 2Ǻ) was retrieved from RCSB Protein Data Bank
(Binda et al. 2007). The protein was prepared for molecular
docking simulations by removing chain-B and bound ligand
from the dimeric complex structure of MAO-B. Further it
was subjected to the addition of hydrogen atoms and Gas-
teiger partial charges followed by merging non-polar
hydrogens. Nine water molecules that have been found
important for mediating the interactions of inhibitors were
conserved and thus included in the docking process (Dis-
tinto et al. 2012). All the residues of the MAO-B binding
site were considered as rigid while all the single bonds of
the ligands were considered rotatable for the docking
simulation. The receptor grid was generated with a grid box
size of 50 × 50 × 50, the spacing of 0.503Ǻ and centered on
the ligand. Before docking the test compounds, the docking
protocol was validated by running docking simulations with
the bound ligand. The RMSD below 0.2Ǻ indicates good
predictability power of docking protocol. The Lamarckian
genetic algorithm searches were used to perform 10 runs,
and the default docking protocol was used with an initial
population of 50 randomly placed individuals, a maximum
number of 2.5 × 106 energy evaluations and a maximum
number of 2.7 × 104 generations. A top scoring molecule
with the most favorable free energy of binding from the
cluster on the basis of lowest binding energy was con-
sidered for the further analysis. 2D and 3D interaction plots
between protein and ligand were generated using Biovia
Discovery Studio Visualizer 2017 R2.

Acute toxicity study

The acute toxicity of compounds 5d and 5g was per-
formed at dose levels of 175, 550 and 2000 mg Kg−1 body
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weight orally in mice, as per OECD-425 guidelines
(OECD 2008) and were observed for mortality after 24 h
for short-term toxicity and for 14 days to record the long-
term toxicity.

Neurotoxicity screening

To evaluate the possible neurotoxicity of the compounds 5d
and 5g, rotarod apparatus was employed (Krall et al. 1978).
For which, the albino mice (20–25 g) were used as experi-
mental animals and allowed food and water ad libitum.
Before screening the mice were trained to stay on a rotating
rod (3.2 cm diameter) rotating at six revolutions per minute
for the 60 s. Trained animals were grouped containing six
animals in each. The compounds under study were admi-
nistered by p.o. route suspended in 0.2% carbox-
ymethylcellulose (CMC) at a dose of 200 mg Kg−1. The
neurotoxicity was judged on the basis of the number of
animals falling within the stipulated time of the 60 s.

Motor behavioral test

The in vivo efficacy of compounds 5d and 5g to inhibit
MAO-B was evaluated in the MPTP-induced mouse model
of PD (Jackson-Lewis and Przedborski 2007). The detailed
experimental schedule is depicted in Fig. 4. Animals were
randomly divided into nine groups. The groups were control,
MPTP, Safinamide (standard), 5d-50, 5d-100, 5d-200, 5g-
50, 5g-100 and 5g-200. The mice (n= 6) were orally
administered standard Safinamide (30 mgKg−1), different
doses of compounds 5d or 5g (50, 100, 200mg Kg−1) sus-
pended in 0.2% CMC every 24 h for three consecutive days
(day 0, 1 and 2). On day 1, MPTP dissolved in saline (2 mg
mL−1) was administered intraperitoneally (20 mg Kg−1 for
one injection) four times at 2 h interval. On the seventh day
of MPTP administration, the mice were subjected to beha-
vioral tasks, i.e., footprint and horizontal wire tests with a
lag of 30 min between two tasks. These tests are used to
evaluate PD-like motor dysfunctions in mice (Kasahara
et al. 2017).

In the footprint test, the experimental mice were trained
to walk straight on a 60 cm long runway with a white paper
toward a dark goal-box at the end. On the test day, the fore-
and hind-paws of mice were dyed with different colors and
made to walk on the runway to the goal to analyze abnormal
gait. The footprint patterns obtained on the paper were then
manually analyzed for stride length and base width for both
fore- and hind-paws.

The horizontal wire test measures the motor coordination
and muscle relaxation in experimental animals. In this test,
mice are lifted by the tail and allowed to grasp a wire (30 cm
long) stretched 30 cm horizontally above the ground plat-
form with their fore-paws and then released. The grip

strength was scored according to the following scale: 0—if
the mice fall off the wire; 1—hangs onto wire by two fore-
paws; 2—attempts to climb on the wire while holding it
with fore-paws; 3—grasps the wire with one or both hind
paws too; 4—wraps the tail around the wire while holding it
with all the paws; 5—reaches to the one end of the wire and
escapes from the apparatus (Geed et al. 2014). The mice
were trained for this task for 2–3 times before MPTP
administration.
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