RESULTS AND DISCUSSION

The present research work entitldgational design, synthesis, in-silico screening and
evaluation of some heterocyclic compounds as neurotherapeutic agents’ aimed to
design new chemical entities fulfilling the struetu requirements as multi-target-
directed-ligands possessing multifunctional monoenoxidase and acetylcholinesterase
inhibitory activities. The various aspects of swtibh work, characterization and

biological testing results for each series of sgathed compounds are discussed below.

5.1 2-AMINO-6-NITROBENZOTHIAZOLE DERIVED EXTENDED
HYDRAZONES [BTA-1 to BTA-30]

5.1.1. Synthesis

2-Amino-6-nitrobenzothiazole derived extended hydrees BTA-1 to BTA-30) were
obtained by refluxing hydrazide with appropriatdedlyde or ketone according to the
reaction scheme depicted 8theme 4.4.by optimizing the various reaction variables,
viz. solvents, catalyst, temperature, stirring tiete.

All the final products were stable to open air eoniment. The intermediateBTE and
BTH) and final products were obtained in good yieli8 {0 86%) except compounds
BTA-2 (49.42%), BTA-4 (48.33%), BTA-8 (48.59%), BTA-20 (48.57%), BTA-22
(46.08%),BTA-23 (36.72%) andBTA-26 (23.98%).

All the products BTA-1 to BTA-30) were obtained as crystalline solids. The final
compounds were of yellowBTA-1 to BTA-24 and BTA-30), reddish brownBTA-25),
maroon BTA-26 to BTA-28) or dark brown BTA-29) colour. The final compounds

were recrystallized using ethanol as a solvent.

5.1.2. Characterization

5.1.2.1. Physicochemical characterization

5.1.2.1.1. Melting point

Melting points were determined in one end openligapitubes on Sonar melting point

apparatus and were uncorrected. All the synthesamdpounds displayed a phase
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change from solid to liquid state and thus exhditeelting range between 2 to 5 °C
indicating the purity of compounds. The observedltimge point ranges for the
synthesized compound@TA-1 to BTA-30 are presented in thieable 4.4.

5.1.2.1.2. Solubility

The solubility of all the synthesized compounds weatermined in number of solvents at
room temperature. All intermediateBTE andBTH) and final compoundsBTA-1 to
BTA-30) were insoluble in water and chloroform but soluiblenethanol and ethanol (a
few required slight warming), DMSO and DMF. ThetisdragmentdSN-1, ISN-2 and
ISN-3 were soluble in chloroform, methanol and ethanaddition to DMSO and DMF.
The observed solubility data is listedTiable 4.4.

5.1.2.1.3. Thin layer chromatography

Thin layer chromatography (TLC) was performed dgrthe synthesis to monitor the
progress of the reaction. For each reaction, sidigiénct spot of product and absence of
reactant spot in TLC analysis indicated the conmubebf reaction and the purity of
synthesized compounds. TLC was also performedHerfinal compoundsBTA-1 to
BTA-30) after purification to determine their; Ralues. The observed; Ralues are
presented in th&able 4.4. Depending upon the polarity of compounds, the casitiom

of eluents used for TLC analysis were (i) ChlorafoMethanol: Toluene (8:2:1); (ii)
Chloroform: Methanol: Toluene (8:1:2).

5.1.2.1.4. Determination of partition coefficient logP)

The synthesized compounds were found to exhibieexpental LogP values in the range
1.2 — 3.9 (Shake flask method) indicating that thmssess adequate lipophilicity
necessary for their solubility in the lipid pha3de experimental (determined through
Shake flask method) and calculated LogP (softwareerated) values are listedTable
4.4,

5.1.2.2. Spectral characterization and elemental atysis

5.1.2.2.1. Ultraviolet (UV) spectroscopy

All the compounds showed prominent absorption bavitsrespect to the chromophore.
The compounds oBTA series exhibited absorption bands due to C=N ar® C
chromophores atimax 250-300 nm and 290-393 nm respectively owing ternh
transition.
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5.1.2.2.2Infrared (IR) spectroscopy

The extended hydrazones showed characteristic @titsoin the functional group region
at 3200-3550 cfh and 1600-1700 cthwhich confirmed the presence of NH (str) and
C=0 (str) of the amide (hydrazino linker) respesiyv Further, formation of extended
hydrazones was confirmed by the presence of ststregching of -C=N at 1520-1640
cm’ due to imine (C=N str) group. The presence of attaristic absorptions around
2850-3000 crit (BTA-1 to BTA-30) confirmed the presence @fH, stretching. The
characteristic absorption in the range 1300-1460 and 1500-1560 cthconfirmed the
presence of Ar-N@(str) while the absorption in the range 1150-18060 confirmed the
presence of C-N (str) respectively. The presenceDbf (str) and OCH (str) was
confirmed by the presence of absorption in the eaB400-3700 cih (BTA-6, BTA-9,
BTA-12 andBTA-24) and 1000-1300 cth(BTA-13, BTA-18, BTA-19 and BTA-20)
respectively. The presence of C=0 group of indolg of isatin was confirmed by the
characteristic absorption in the range 1680-1740 @WA-28 to BTA-30).

The presence of halogens was confirmed by the ptisos in the range of 500-850 €m
for C-Cl BTA-4, BTA-15, BTA-16, BTA-17, BTA-21, BTA-23, BTA-25 andBTA-29)
and C-Br BTA-3, BTA-10 andBTA-26) and 950-1200 cthfor C-F BTA-5) groups.

5.1.2.2.3. Nuclear magnetic resonance (NMR) specswopy

'H NMR spectra of all the 2-amino-6-nitrobenzothégzderived extended hydrazones
showed a characteristic singlet peak 6t26-7.75 ppm andl 8.37-8.69 ppm indicating —
NH— and —CONH- protons, respectively. The singleb &.40-8.45 ppmETA-8 to
BTA-21), 6 2.21-2.91 ppmBTA-1 to BTA-7) andd 3.34-4.12 ppm(BTA-1 to BTA-

30) indicated the C-H, C-CHand CH; protons respectively. The appearance of
multiplets até 8.01-8.98 ppmp 6.54-8.54 ppm and 6.35-8.62 ppm confirmed the
presence of benzothiazol8TA-1 to BTA-30), aromatic BTA-2 to BTA-26) and
isatinyl BTA-28 to BTA-30) protons respectively. Singlet &t2.91 ppm indicated the
presence of N-Cklprotons BTA-11). In *H NMR spectra of extended hydrazones
having indolyl group, a singlet was observed 410.33-10.99 ppmBTA-28 andBTA-

30) due to >NH of indole ring. The singlet &t3.87-3.91 ppmETA-13, BTA-18 to
BTA-20) andé 4.46-5.12 ppmETA-6, BTA-9, BTA-12 and BTA-24) indicated the

presence of OCHand OH protons, respectively. The disappearancggofls of amino
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NH and carbimino NH indicated the presence of ergbable protonsB(TA-7; Figure
4.7)

In 3C NMR spectra of extended hydrazones, the appeaminsignals in the range &f
158.20-158.96 ppm confirmed the presence of calbgryup. Moreover*C NMR
spectra showed signals in the ranges df40.84-160.68 ppm which was due to C=N
carbon. Characteristic signals &t13.98-23.35 ppmBTA-1 to BTA-7, BTA-11), &
76.88-79.91(BTA-1 to BTA-30), § 167.72-167.83 ppmB(TA-28 to BTA-30) and &
23.48-29.38 ppmBTA-27) corresponded to CGHCH,, oxindole C=0 and cyclohexyl
CH; respectively. Clustered signals in the raldgel2.63-171.74 ppm corresponded to
the presence of benzothiazole and aromatic car(®ha-1 to BTA-30). The presence
of —OCH; groups was also confirmed by presence of sigmakhe range ob 56.05—
56.95 ppm BTA-13, BTA-18 to BTA-20).

5.1.2.2.4. Mass spectrometry

CompoundBTA-26 andBTA-28 were subjected to mass analy8i§A-26 (Mol. wt. =
527.19) showed an [M+1peak at 528.42 while the presence of 2 atomsarhiore was
indicated by the [M+2] and [M+4] peaks at 529.8% &82.02 respectivelyF{gure
4.25). BTA-28 (Mol. wt. = 396.38) showed an [M+1peak at 397.65Fjgure 4.29),
thereby confirming the structure of the compounds.

5.1.2.2.5. Elemental analysis

All the compoundsBTA-1 to BTA-30 were subjected to elemental analysis and the
observed values were within =+ 0.4% of the calcadat@ues.

5.1.2.2.6. Powder X-ray diffraction analysis
N'-(2,6-dichlorobenzylidene)-2-(6-nitrobenzothia2sl/lamino)acetohydrazide B[ A-
17) was subjected to the powder X-ray diffraction aselyo confirm the crystallinity of
the compoundThe diffraction pattern oBTA-17 (Figure 4.15) indicated the crystalline

nature of the compound.

5.1.3. Biological evaluation

5.1.3.1. MAO enzyme inhibition studies

5.1.3.1.11n-vitro MAO inhibition assay

Thein-vitro activity of 2-amino-6-nitrobenzothiazole derivedended hydrazondBTA-

1 to BTA-30 against MAO isozymes was determined using crudbreah mitochondrial
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suspensions by a UV-based spectrophotometric metlodgyline and selegiline were
used as reference inhibitors for MAO-A and MAO-Bpectively Table 5.1).
Table 5.1.In-vitro and computational MAO inhibition data fBTA-1 to BTA-30

MAO-A MAO-B
In-vitro Computational In-vitro Computational
Code Si?
IC,, (M) % . K, IC,, (UM) * - K,
SEM (LM) SEM (UM)
BTA-1 | 7716 +12.69| -5.84 5225 137.80+ 581 -5.18 1%59.855.99
BTA-2 | 82.82+7.83 -6.320  23.3] 4.68 + 0.62 -6.94 8.12 697
BTA-3 | 0.42 +0.003 -7.59 2.71 0.097 +£0.002 -6.81 10.14 .334
BTA-4 | 9.99+0.034 | -6.07 35.27 1.14 +0.018 -6.38 21713 .768
BTA-5 | 2.39 +0.008 -6.66f 13.15 0.088 +£0.007 -7.03 7.01 7.1@
BTA-6 | 7.25+0.003 -6.86 9.3 0.59 +0.014 -71.22 5.09 92
BTA-7 | 181.0+£0.921| -5.3| 130.69 10.62+0.009 -5.83 53]2117.04
BTA-8 1272 +7.84 -5.85| 51.66 1.472+0.003 -6.7 12.6 4.B%
BTA-9 | 47.81+3.86 -6.29  24.45 4.68 £ 0.028 -6.12 32.[79 0.22
BTA-10| 23.37 +2.99 -5.53  89.13 1.39 £0.01) -6.45 18.76 6.81
BTA-11| 1780+9.87 | -5.82 | 53.79 | 13.40+0.075| -5.49 | 94.32 | 132.84
BTA-12| 19.99+452 | -6.36 | 21.86 | 1.85+0.001 | -6.36 21.9 10.80
BTA-13| 52.46+132 | -6.71 | 11.97 1.99+0.005 | -6.36 21.96 | 26.36
BTA-14| 16.40+0.26 | -6.62 | 13.97 | 5.46 +0.014 -5.0 217.66 | 3.00
BTA-15| 1.005+0.008| -7.32 | 4.28 1.043 +0.008| -6.68 12.66 0.96
BTA-16| 19.87+0.25 | -5.91 | 46.29 | 0.071+0.001| -6.86 9.5 279.86
BTA-17| 2.55+0.007 | -6.55 | 15.77 | 0.022 £0.004| -7.04 6.88 115.91
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4

BTA-18| 263.7+6.79 | -6.01 | 39.38 | 2.07+0.012 | -6.36 | 21.63 | 127.39
BTA-19 | 323.31 +11.3]] -4.08 | 1010 452+0.016 | -5.96 | 42.73 | 71.583
BTA-20| 7114+15.29| -3.59 | 2330 | 14.95+0.011| -53 129.87 | 475.85
BTA-21| 579.9+9.85| -5.64 | 103.05| 2.84+0.003 | -6.31 | 23.85 | 204.19
BTA-22| 87.90+4.76 | -7.83 | 1.83 00044 -7.79 1.95 (19977.27
0.0002
BTA-23| 2.06+0.037 | -6.63 | 13.87 | 0.019+0.001| -7.75 2.09 | 108.42
BTA-24| 4.31+0.045| -6.91 | 8.56 0.53+0.005 | -7.26 4.75 8.13
BTA-25| 9.54+0.017 | -6.31 | 23.86 | 0.73+0.003 | -7.39 3.81 13.07
BTA-26| 9.26+0.013 | -6.51 | 16.97 | 3.26+0.001 | -6.18 | 29.43 2.84
BTA-27 NT -5.88 | 48.64 NT -6.6 14.52 -
BTA-28| 1.82+0.003 | -6.92 8.4 | 0.135+0.0002 -6.83 9.8 13.48
BTA-29| 1.38+0.002 | -7.2 5.31 00018 = -7.78 1.97 | 766.67
0.0003
BTA-30| 19.75+0.016| -6.25 | 26.09 | 2.25+0.0018| -6.33 | 23.05 8.78
CLG | 0.0044 +0.462 - - - - - -
SEL 67.25 +1.02 - - 0.020 +0.0008 - - -
HRM 3.00 -5.3 | 130.82 7000 - - -
SAF - - - 0.100 -5.93 | 45.23 -

*AG is expressed in kcalmbl Reference inhibitors: CLG: Clorgyline, SEL: Sdleg, HRM: Harmine,
SAF — Safinamide?SI — The selectivity index is the selectivity ftiet MAO-B isoform and is given as the
ratio of experimental Ig(MAO-A)/ICso(MAO-B); NT: Not tested.

NOTE: Each IG value is the mean + SEM. It refers to the assancentration of test compound which
leads to 50% inhibition of enzyme activity. Levetl statistical significance: P < 0.05 versus the
corresponding I, values obtained against MAO-A and MAO-B, as detead by ANOVA/Dunnett’s.

The inhibition data are expressed in terms af Malues Table 5.1). The IG, values

suggested that most of these molecules were sedectinibitors of MAO-B with their
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inhibitory activities in the nanomolar to micromolange. The Ig values were in the
range 0.42 + 0.003 pMB{TA-3) to 7716 + 12.69 pPMETA-1) for MAO-A, and 0.0018 +
0.0003 pM BTA-29) to 137.80 + 5.81 pMETA-1) for MAO-B. Incorporation of
methylene spacer onto the semicarbazone templsidted in increased inhibition and
selectivity towards MAO-B compared to MAO-A, wheseastructural variations
attempted at the carbimino terminal by incorporatad monoaryl or diaryl or isatin
residue in all compounds of the series generafiylted in variations in the activity.
Among the synthesized compounds, N'-(1-(4-bromophethylidene)-2-(6-
nitrobenzothiazol-2-ylamino)acetohydrazidsT@A-3) was found to be most active MAO-
A inhibitor with 1Csy value of 0.42 + 0.003 pM, whereas the most acMa&O-B
inhibitor, N'-(5-chloro-2-oxoindolin-3-ylidene)-ZB{nitrobenzothiazol-2-ylamino)aceto-
hydrazide BTA-29) was found to exhibit an Kgvalue of 0.0018 + 0.0003 uM with the
selectivity index of 766.67 against MAO-B in theudy, followed by N'-
(diphenylmethylene)-2-(6-nitrobenzothiazol-2-ylamjacetohydrazideBTA-22, 1Cso =
0.0044 £ 0.0002 pM) with the selectivity index 099r77.27 against MAO-B. On
comparing the potency of these compounds to thexeete inhibitor, it was found that
compoundBTA-29 was ~11-fold and compounBTA-22 was ~4.5-fold more potent
than selegiline.

The in-vitro MAO inhibitory data Table 5.1.) suggested that structural variations
attempted at the imino terminal of the hydrazoradfetd (in terms of hydrophobic sites)

resulted in interesting inhibitory profile agaitsith the isozymes.

SAR for MAO-A inhibition
< Among the compound8TA-1 to BTA-30, the presence of G+or phenyl ring at R
and a halogen substituted phenyl ring afa¥oured MAO-A inhibition than others.

1

N R ON—NH
LN IO WP
~ // ~ 2 .
ON s H/\ﬂ/ N R O,N s N VN
o) H o

3
BTA-1to BTA-27 BTA-28 to BTA-30 R
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« The monoaryl and methyl or diaryl substitution giedl better inhibition than
dimethyl BTA-1) or diphenyl BTA-22) or monoaryl substitutionsBTA-2 and
BTA-8).

< Among the monoaryl and methyTA-2 to BTA-7 andBTA-26) or diaryl BTA-18
to BTA-21) derivatives (R and R), the bromo BTA-3) and chloro BTA-23)
substituents showed superior MAO-A activity whil@&hwnitro (BTA-7) substituent

caused a dramatic decrease in the activity.

% Further, among the monoaryl derivatives with —HRtcompounds with the bulky
substituents such as N@BTA-14), OCH; (BTA-13, BTA-18 to BTA-20) and
N(CHjs), (BTA-11) groups caused a drastic decrease in the MAO-/itndn. This
clearly justifies the requirement of optimal hydnopic feature in the form of aryl
ring with less bulky and electronegative substitagBr, F, Cl, in compound8TA-
3, BTA-5 andBTA-23) for MAO-A inhibition.

« Replacement of isolated hydrophobic moieties wildrge rigid hydrophobic isatinyl
residue BTA-28 to BTA-30) retained the MAO-A activity with an exception of

nitro derivative BTA-30) which caused a decrease in the MAO-A activity.
SAR for MAO-B inhibition

% In general, better MAO-B inhibitory activity was s#rved by replacing H at'Rvith
the CH group (compar®TA-3 to BTA-6, BTA-26, andBTA-8 to BTA-15, BTA-
18to BTA-21). However, compound8TA-16 (ICso = 0.071 + 0.00uM) andBTA-
17 (ICso = 0.022 £ 0.004uM) were the exceptions, as they displayed excellent
activity when R = H.

% An increase in the methoxy substitutions on thengheng at the imino terminal
caused a decrease in inhibitory activity towards ®AB (compareBTA-13 with
BTA-18, BTA-19 andBTA-20).

< In contrast, fluoroBTA-5, ~0.22 times less active than selegiline) or broBidA-

3, ~0.2 times less active than selegiline) or chi@®A-4) substitution at the para
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position of the phenyl ring at®Pon the imino terminal with the presence of £t

R' increased inhibitory potency towards MAO-B.

% Hydroxyl substitution at para position on the pHerigg at the imino terminal
resulted in slight reduction in the activity (conymalsBTA-6 andBTA-12) whereas
NO, substitution caused a further decrease in thebitony activity (compounds
BTA-7 andBTA-14) towards MAO-B.

< However, dichloro substitutions on the phenyl ratg® with H at R on the imino
terminal increased the inhibitory activity of conymals BTA-17, BTA-16 and
BTA-15). The ranking order of these dichloro derivativdsserved was 2,6-¢l
(BTA-17, inhibition activity almost equivalent to selegiline 2,4-C}p (BTA-16,
~0.28 times less active than selegiline) > 2,3(BTA-15).

< Among the diphenyl substituted derivativeBTA-22 to BTA-25), unsubstituted
derivative BTA-22) was found to be the most active one (~4.54 timege active
than selegiline) followed by 4-chloroBTA-23, ~1.05 times more active than
selegiline) and 4-hydroxyB(TA-24) substituted diphenyl derivatives, while dichloro
substitution BTA-25) reduced the activity slightly.

« Among the compoundBTA-28 to BTA-30, 5-CI derivative (compoun@1) was
found to be highly potent against MAO-B (~11.11dsmore active than selegiline)
followed by its unsubstituted analod@TA-28). However, 5-NQ@ substitution
reduced the activitygTA-30).

Thus, it was observed that introduction of the tetecwithdrawing groups like Cl, F, Br
on the hydrophobic aryl ring at the imino terminatreased the activity, while the
presence of bulkier substituents such as methoitsg and N(CH). groups greatly

reduced the MAO-B inhibition. Overall, incorporaticof methylene (—Cl) spacer

increased the potency of some hydrazones and isdiect all the compounds against
MAO-B.
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5.1.3.1.2. Kinetic analysis of lead MAO inhibitordTA-3 and BTA-29

To determine the type of inhibition mechanism oésh compounds against rat brain
MAO-A and MAO-B, kinetic studies were carried outlwthe representative lead MAO-
A and MAO-B inhibitors,BTA-3 andBTA-29, respectively. The type of inhibition was
established from the analysis of Lineweaver-Burkipmcal plots Figure 5.1.)
indicating the plot for compound3TA-3 (Figure 5.1. (A) and BTA-29 (Figure 5.1.
(B)) to be linear and intersected at Y-axis,(iicreases while Max remains unaffected),
indicating a competitive type of inhibition for BloBTA-3 andBTA-29 against MAO-A
and MAO-B respectivelyThese results further proved tHATA-3 and BTA-29 were
reversible MAO-A and MAO-B inhibitors respectively.

5.1.3.1.2.1. Determination of K

To get information regarding the strength of intéians between the enzyme and the
inhibitor, the dissociation constant{Kvas calculated for the inhibitor for each type of
mode of inhibition. K values for competitive inhibitor8TA-3 and BTA-29 were
computed using the GraphPad Prism software. Theakie of 37.86 + 0.125 nM was
estimated foBTA-3 against MAO-A and 3.997 + 0.003 nM fBITA-29 against MAO-

B. On comparing the 1§ values with the Kvalues, an 11-fold difference was observed
for BTA-3 and 0.45-fold difference was observed ®TFA-29 which reflects tight
binding of these inhibitors to the enzyme.

5.1.3.1.3. Reversibility and irreversibility study

The lead MAO-A and MAO-B inhibitorsBTA-3 and BTA-29 respectively, were
subjected to time-dependent inhibition studies $seas the reversibility of enzyme
inhibition. The reversibility studies was carriedtasing the slightly modified method
described by Legoabst al. WhenBTA-3 andBTA-29 were preincubated with MAO-A
and MAO-B enzymes respectively for various periofiime viz. 0, 15, 30 and 60 min;
no time-dependent drop in the rates of MAO-A caatl/oxidation of serotonin BTA-

3 (Figure 5.1. (C) and MAO-B catalyzed oxidation of benzylamine ®JA-29 (Figure
5.1. (D) was observed, indicating that the inhibition esarsible for both MAO-A and
MAO-B at least for the time period of 60 min. Irgstingly, an increase in the catalytic
rates of MAO-A and MAO-B was observed with incre@sehe preincubation time of
BTA-3 andBTA-29 with the respective enzymes.
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Figure 5.1.Kinetics of rat brain MAC-A inhibition by BTA-3 and MAC-B inhibition by
BTA-29. (A) Lineweave-Burk plot of the rat brain MAGA catalyzed oxidation ¢
serotonin in the absenccontrol) and presence of various concentrationBTA-3 (2.5
UM, 5 pM, 10 pM). (B) Lineweav-Burk plot of the rat brain MA-B catalyzed
oxidation of benzylamine in the absence (controf) presence of various concentrati
of BTA-29 (0.5 pM, 1 pM, 5 ub). Time-dependant MA@ inhibition by BTA-3 and
MAO-B inhibition by BTA-29 (C) MAO-A catalyzed oxidation of serotonin IBTA-3
(D) MAO-B catalyzed oxidation of benzylamine BTA-29. Rate dati(V) are expressed
as nmol product formed/min/mg prote

5.1.3.1.4Molecular modeling studies of MAO inhibitors

We proceeded to expand cinvestigationto this series of extended hydrazones agi
human MAOA (hMAO-A) and human MAO-B (hMACB), in order to understand the
interactions within the active sitef MAO-A and MAO-B isozymes. Ligand dockin
studies were performed with AutoDock 4.2 usingragla catalytic su-unit of hLMAO-A
and hMAOB isoforms The co-crystallized structures of hMA®{PDB Code: 2Z5X
and hMAOB (PDB Code: 2V5Zwas obtained from the Bokhaven Protein Data Bar
The conformers possessing the best score amorigrgest cluster were considered

further structural and binding interaction studi€ke results of the docking studies w
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expressed theoretically as binding free eres AG) and inhibition constants ; values)
for each of the ligang@rotein complex and are presenteTable 5.1.
5.1.3.1.4.1Binding pose analysis of MAC-A inhibitors

Evaluation of the virtual ligar-protein complexes of all compounds within the ggtic
site of MAO-A resulted in the below mentioned interpretatiddarticularly, all the tes
compounds occupied the active site cavity of -A and were framed within tr
binding pocket surrounded by the amino acid resdle180, Asn181, Phe208, Val2
GIn215, lle 325, 11e335, Phe352, Tyr407, Tyr444 &#&D which was almost similar
the reference MAGA inhibitor, harmine Figure 5.2. (A) and(B)). CompoundsBTA-1,
BTA-3, BTA-4, BTA-5, BTA-6, BTA-7, BTA-26, BTA-9, BTA-10, BTA-12, BTA-13,
BTA-14, BTA-15, BTA-17, BTA-19, BTA-21, BTA-23, BTA-24, BTA-25, BTA-28,
BTA-29 andBTA-30 (Figure 5.2. (A)); andBTA-2, BTA-8, BTA-11, BTA-16, BTA-18,
BTA-20 andBTA-22 (Figure 5.2. (B) shared a common binding orientation within
active site of MAOA.

(A) (B8)

Phe208 Tyrd44

7 lle325
Tyr444 ; 1le335
Phe208 - Phe352
© ®) Phe208
Val210 U
Phe20s GIN21S gy
7 4 ™ £
\\\_—\—q E :—(/_b‘

Asn181 §

\ Phe352

Phe352

Figure 5.2. Structural screenshot of superimposed MA inhibitors docked into th
binding pocket of MACG-A. FAD is displayed in cyanin. Selected amino acate
depicted in black. (A) Shared binding orientatidnBTA-1, BTA-3, BTA-4, BTA-5,
BTA-6, BTA-7, BTA-26, BTA-9, BTA-10, BTA-12, BTA-13, BTA-14, BTA-15, BTA-
17, BTA-19, BTA-21, BTA-23, BTA-24, BTA-25, BTA-28, BTA-29 and BTA-30
displayed in dark blue, dark brown, pink, dark grdeght brown (sandy brown), orang
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maroon, fluorescent green, light blue, gray, ligkgnge, light pink, fluorescent blue, red,
light violet, yellow, light green, peacock greeradk, dark pink, skin and dirty green
color respectively. (B) Shared binding orientataBTA-2, BTA-8, BTA-11, BTA-16,
BTA-18, BTA-20 and BTA-22 displayed in sky blue, fluorescent green, yellow)et,
orange, dark brown and dark pink color respectiv@B) Binding orientation oBTA-3
(yellow) within the MAO-A binding pocket showing— = (orange colored lines) and H-
bond (green dashes) interactions. (D) Superimpdsiading orientation ofBTA-3
(yellow) within the MAO-A binding pocket originallgocked with harmine (maroon).

In all the compounds oFigure 5.2. (A) the 6-nitrobenzothiazole moiety is located
towards the gateway of the MAO-A cavity while thgdhazino linker containing the
arylidene or diarylmethylene or isatin residue qued the centre of the cavity towards
FAD. Whereas in all the compoundsFagure 5.2. (B) the binding orientation is exactly
the reverse i.e. the hydrazino linker containing &nylidene or diarylmethylene or isatin
residue is situated towards the opening of thetgapace and the 6-nitrobenzothiazole
moiety extended towards the FAD. Residues Tyr4dOyt444 and FAD formed the
bottom of the aromatic cage which is accountablgh® binding orientation of the
compounds and consequently their activity, bindaffinity, selectivity and stability. In
addition, almost all the inhibitors are stabilizzdH-bond andt —x interactions.

In most of the potent compounds, preferably botbddd andr — = interactions were
found to be accountable for mediating inhibitionaiagt MAO-A isozyme. For our
convenience, we focused our attention only on thdibg mode of most active inhibitor
BTA-3.

5.1.3.1.4.2. Binding mode of the lead MAO-A inhibdr BTA-3

The best-ranked docking solutions revealed thatttiee site of MAO-A can effectively
accommodate the lead MAO-A inhibitoBTA-3 (Figure 5.2. (C) with 6-
nitrobenzothiazole moiety positioned towards th&ate of the MAO-A cavity space
while the 4-bromo phenyl moiety facing towards FABd the hydrazino linker occupies
the centre space of the cavity. The protein-inbibBTA-3 complex was found to be
stabilized mainly by the H-bond amd- = stacking interactions. The most energetically
favourable binding mode dBTA-3 within the active site of MAO-A is illustrated in
Figure 5.2. (C) In the complex, the benzene and thiazole ringenizothiazole moiety of
the ligand allowed & — & stacking interaction with the phenyl ring of Ph@20kewise

similar interaction has been found between the yhamg at the carbimino terminal and
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the phenyl ring of Tyr444. An -bond interaction between the oxygen of , of 6-
nitrobenzothiazole allowed -bond interaction with NH of Val210 is also obserea
Further the docked pose (BTA-3 (yellow) within the MAC-A binding pocket
superimposed with tl docked pose of harmine (maroon) is illustrateFigure 5.2. (D)

which indicated a similar binding pattern as thateference inhibitor, harmin

A B
(A) Tyr60 (B)

GIn206

" ® Tyr188
lle199 €198 Tyr188
. ’GIHZOG =y,
| _Qﬁx S Tyra35
¢ ) -~ -
lle31e " A = rfj,
< Leut71y -
T‘-’Tm = Tyr3g N

Figure 5.3. Structural screenshot of superimposed N-B inhibitors docked into th
binding pocket of M/O-B. FAD is displayed in cyanin. Selected amino acae
depicted in black. (A) Shared binding orientatidnBTA-1, BTA-2, BTA-3, BTA-5,
BTA-6, BTA-7, BTA-26, BTA-8, BTA-9, BTA-10, BTA-12, BTA-15, BTA-17, BTA-19,
BTA-23, BTA-24, BTA-25 andBTA-30 displayed in black, dark blue, dark brown, d
violet, red, dark pink, light green, dark greeny $#ue, dirty green, dark orange, lic
pink, fluorescent green, light orange, gray, skpeacock green and maroon cc
respectively. (B) Shared bindinrientation ofBTA-4, BTA-11, BTA-13, BTA-14, BTA-
16, BTA-18, BTA-20, BTA-21, BTA-22, BTA-28 and BTA-29 displayed in dark blue
fluorescent green, dark orange, dark violet, skiark brown, dark green, yello
fluorescent blue, parrot green and light vi color respectively(C) Binding orientatior
of BTA-29 (yellow) within the MAC-B binding pocket showing — = (orange colored
lines) and Hbond (green dashes) interactions. (D) Superimpbgating orientation o
BTA-29 (yellow) within the MAC-B binding mcket originally docked with safinamic
(dark green).
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5.1.3.1.4.3. Binding pose analysis of MAO-B inhilwits

All the inhibitors were accommodated within theadgtic binding pocket of MAO-B.
The binding mode of all the test compounds withilA®AB traverses both the
hydrophobic pockets, an entrance cavity borderethéyesidues Leul71, lle198, 11e199,
lle316 and Tyr326; and substrate cavity enclosethbyesidues Tyr60, Cys172, GIn206,
Tyr398 and Tyr435 which is almost analogous to ltiveling sites of safinamide, the
reference MAO-B inhibitor Kigure 5.3. (A) andFigure 5.3. (B). CompoundsBTA-1,
BTA-2, BTA-3, BTA-5, BTA-6, BTA-7, BTA-26, BTA-8, BTA-9, BTA-10, BTA-12,
BTA-15, BTA-17, BTA-19, BTA-23, BTA-24, BTA-25 andBTA-30 (Figure 5.3. (A));
andBTA-4, BTA-11, BTA-13, BTA-14, BTA-16, BTA-18, BTA-20, BTA-21, BTA-22,
BTA-28 andBTA-29 (Figure 5.3. (B) shared a common binding orientation within the
active site of MAO-B.

In all the compounds oFigure 5.3. (A), the arylidene or diarylmethylene or isatin
residue is located in the entrance cavity spaddAD-B while the 6-nitrobenzothiazole
nucleus extended towards the substrate cavity daEfD and the flexible hydrazino
linker occupied the central region of the cavityMAO-B. Whereas in all the compounds
of Figure 5.3. (B) the case is exactly the reverse i.e. the 6-rgémabthiazole scaffold
lies in the entrance cavity of MAO-B and the arghe or diarylmethylene or isatin
residue is situated in the substrate cavity towandsFAD. Moreover, H-bonds — =
stacking and hydrophobic interactions impart sightib these inhibitors.

All the compounds possessed H-bond interactionsptBTA-2, BTA-3, BTA-4, BTA-

5, BTA-7, BTA-26, BTA-9, BTA-10, BTA-12, BTA-16, BTA-19, BTA-22, BTA-23 and
BTA-25. H-bond interactions were observed with Glu84 BFA-6 and BTA-24,
likewise with Pro102 foBTA-30; with Cys172 forBTA-20 and BTA-28; with Tyr188
for BTA-29; with 11e198 for BTA-8, BTA-15 and BTA-17; with Thr201 forBTA-11,
BTA-13 andBTA-18; with GIn206 forBTA-1, BTA-11, BTA-20, BTA-21 and BTA-30;
with Tyr326 forBTA-1, BTA-11, BTA-14, BTA-17, BTA-29 andBTA-30; with Tyr435
for BTA-15 and BTA-17; and with FAD for compoun®TA-15. Also, all compounds
showedr — &t interactions exce@TA-15. © — & interactions were observed with Tyr60
for BTA-25; likewise with Glu84 foBTA-24; with Tyr119 forBTA-8; with Tyr326 for
BTA-18; with Tyr398 for BTA-1, BTA-2, BTA-3, BTA-4, BTA-5, BTA-6, BTA-26,
BTA-10, BTA-12, BTA-13, BTA-18, BTA-19, BTA-20, BTA-28, BTA-29 andBTA-30;
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with Tyr435 forBTA-2, BTA-3, BTA-4, BTA-5, BTA-7, BTA-26, BTA-8, BTA-9, BTA-

10, BTA-11, BTA-14, BTA-16, BTA-17, BTA-19, BTA-23, BTA-28, BTA-29 andBTA-

30; and with FAD for BTA-25. Additionally, = — o interaction were observed with
Phel68 forBTA-22; likewise with 11e199 forBTA-21; with Tyr326 for BTA-19; with
Leu328 forBTA-18; and with FAD forBTA-1, BTA-2, BTA-3, BTA-5, BTA-6, BTA-8,
BTA-10, BTA-12, BTA-17 and BTA-28. Thus, in most of the potent compounds,
preferablyr — n stacking and H-bond interactions were found torésponsible for
imparting stability and inhibition against MAO-BofFour convenience, we focused our
attention only on the binding mode of the mostwcinhibitorBTA-29.

5.1.3.1.4.4. Binding mode of lead MAO-B inhibitor BA-29

The most energetically favourable binding moddB®A-29, shown inFigure 5.3. (C)
places the ligand within the active site cavityMAO-B occupying the entrance and
substrate binding sites. Docking simulations shoaetlear preference to accommodate
the 6-nitrobenzothiazole moiety within the entrancavity of MAO-B while the
hydrophobic pocket forming the substrate cavityembedded by the 5-chloroisatin
moiety facing towards the FAD and the flexible lazino linker lies in the central region
of the active cavity space. The main stabilizingtdes that keep stable the protein-ligand
complex were found to be the hydrophobic contagts; n stacking and hydrogen
bonding interactions. In the complex, the 5-memibateg of isatin moiety is stacked
against the aromatic rings of Tyr398 and Tyr435e Tdxygen atom of N@Oof 6-
nitrobenzothiazole scaffold is hydrogen bonded tatéin of OH of Tyr326; likewise H
of NH of isatin is hydrogen bonded to oxygen of @HI'yr188. Also, in this orientation,
this complex is involved in hydrophobic contactsthwile199, Tyr326 and Leul71.
Because the addition of chlorine would enhancdipmphilicity of the heteroaryl ring at
the carbimino terminal, these interactions may &xplthe observation that chlorine
substitution enhances MAO-B inhibitory potency. $&enteractions as a whole resulted
in the firmness of the ligand-protein compl&gure 5.3. (D)illustrates the docked pose
of BTA-29 (yellow) within the catalytic site of MAO-B supetposed with the docked
pose of safinamide (dark green) pointing out tof#ue thatBTA-29 possess similarity in

the binding mode with safinamide further supportg findings.
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5.1.3.2. AChE enzyme inhibition studies

5.1.3.2.11n-vitro AChE inhibition assay

The in-vitro activity of extended analogs of 2-amino-6-nitrabathiazole derived
hydrazoneBTA-1 to BTA-30 against rat AChE was determined using a colorimetr
method of Ellmaret al., with donepezil and tacrine as reference compoqihalsle 5.2).

The results of AChE inhibition are expressed im&pf 1G, values.

Table 5.2.In-vitro and computational AChE inhibition data B8TA-1 to BTA-30

In-vitro Computational

Code

IC,, (M) + SEM AG* K. (UM)
BTA-1 73.70 £ 4.62 -5.03 204.8
BTA-2 16.36 +0.019 -5.55 85.54
BTA-3 11.84 +£0.014 -5.57 81.97
BTA-4 19.01 +0.018 -5.1 182.07
BTA-5 8.09 + 0.009 -5.55 85.51
BTA-6 15.03 £0.011 -5.46 99.66
BTA-7 7834 +10.97 -3.83 1560.0
BTA-8 4.65 +0.005 -5.73 63.52
BTA-9 2454 +1.98 -4.25 773.05
BTA-10 3.025 +0.002 -5.65 72.19
BTA-11 31.76 £0.17 -5.47 98.22
BTA-12 2.093 £0.006 -5.98 41.09
BTA-13 18.19 + 0.015 -5.3 130.53
BTA-14 96.48 + 0.038 -4.72 348.15
BTA-15 43.74 = 0.024 -5.1 183.04
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BTA-16 164.5 + 1.32 -4.47 526.62

BTA-17 1.95 = 0.004 -6.02 38.95

BTA-18 286.5 + 2.29 -4.67 374.94

BTA-19 20.39

I+

0.007 -5.13 174.72

BTA-20 5850 = 10.31 -4.09 997.12
BTA-21 0.84 + 0.002 -6.8 10.38
BTA-22 0.3367 = 0.001 -7.16 5.68
BTA-23 4.881 + 0.008 -5.59 80.33
BTA-24 1.550 = 0.012 -7.03 6.99
BTA-25 3.45 + 0.009 -5.71 65.53
BTA-26 12.28 + 0.013 -5.51 91.39
BTA-27 NT NT NT
BTA-28 1.302 = 0.002 -6.57 15.18
BTA-29 0.035 + 0.005 -7.01 7.22
BTA-30 2966 * 3.68 -4.34 658.71
DPZ 0.021 + 0.01 -6.01 39.45
TAC 0.225 +0.04 - -

*AG values are expressed in kcal hoReference inhibitors: DPZ: Donepezil, TAC: TaeriNT: Not
tested. Each I§ value is the mean + SEM. Level of statistical #igance: P < 0.05 versus the
corresponding I, values obtained against AChE, as determined by YWA/Dunnett's.

From the AChE inhibition data some interesting SARs obtained. The Kg values
suggested that all the synthesized compouBitia-1 to BTA-30 displayed inhibitory
activities in the nanomolar to micromolar rangee T@so values were in the range 0.035
+ 0.005 pM (BTA-29) to 7834 + 10.97 uM(BTA-7). Among the synthesized
compounds, N'-(5-chloro-2-oxoindolin-3-ylidene)@-itrobenzothiazol-2-ylamino)ace-

tohydrazide BTA-29) was obtained as the lead candidate showing highbgition
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with 1Csp value of 0.035 + 0.00pM, which was ~0.6 fold active compared to dondpezi
and -~6.43 fold stronger compared to tacrine; foddw by BTA-22 (N'-
(diphenylmethylene)-2-(6-nitrobenzothiazol-2-ylamjacetohydrazide) arBTA-21 (N'-
(4-(4-chlorobenzyloxy)benzylidene)-2-(6-nitroberfaarol-2-ylamino)acetohydrazide)
with 1Csp values of 0.3367 £ 0.001M and 0.84 + 0.002 uM respectively. Among these
three compoundBTA-29 and BTA-21 possessed chloro group on the heteroaryl/aryl

ring present at the carbimino terminal of the hydra template.

Structural variations attempted in all compoundstled series generally resulted in
improvement in the activity. Incorporation of th€H,— linker to the amino terminal of
hydrazino template along with increase in the ligbgity caused by the incorporation of
monoaryl or diaryl rings or isatin residue at therbemino terminal of the hydrazino

template resulted in diverse inhibition against ACh

A careful insight and analysis of the results of &Cinhibition activity presented in

Table 5.2.led to several eventual structure-activity relasioips (SAR).

Structure-activity relationship (SAR)

N R ON—NH
oooont O H
N, TN 2 .
O,N s H/\ﬂ/ N"TOR O,N s N NN
o) H o
3
BTA-1 to BTA-27 BTA-28 to BTA-30 R

+ In general, improvement in AChE inhibitory activitsas observed by substituting
H at R with the methyl group (compai&TA-2, BTA-3, BTA-4, BTA-5, BTA-
6, BTA-26 andBTA-9, BTA-11, BTA-13, BTA-14, BTA-15, BTA-16, BTA-18,
BTA-19, BTA-20) with the exception 0BTA-21, BTA-17, BTA-12, BTA-10
andBTA-8 which possess good activity.

+ An increase in the methoxy substitutions on thengheing at the carbimino
terminus of hydrazino template decreased the #gttewards AChE (compare
BTA-13, BTA-18, BTA-19, BTA-20).
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< In contrast, introduction of fluoroBTA-5) or bromo BTA-10 and BTA-3) or
chloro group BTA-4) at the para position of the phenyl ring tafong with the
methyl group at Rincreased potency with the exceptiorBdfA-10 andBTA-21
which possess good activity wheh=RH.

+« Hydroxyl group substitution at para position on gheenyl ring at the carbimino
terminus resulted in increase in the activigTA-24, BTA-12 and BTA-6)
whereas N@group substitution reduced the activiBTA-14 andBTA-7).

% Further, dichloro substitutions on the phenyl ratgR® with H at R expressed
variations in activity of compound8TA-15 to BTA-17). The ranking order of
dichloro derivatives was observed to be 2,6{BITA-17) > 2,3-C} (BTA-15) >
2,4-CL(BTA-16).

< Among the diphenyl substituted derivativ&TA-22 to BTA-25), unsubstituted
derivative BTA-22) was found to be the most active one followed rtiki
hydroxy BTA-24) and 4,4- dichloro BTA-25) analogs, while 4-chloro
substitution BTA-23) reduced the activity slightly.

< Among the isatin-3-substituted analoB3A-28 to BTA-30, 5-Cl derivative
(BTA-29) was found to be highly potent against AChE fokalvby its
unsubstituted analog BTA-28). However, 5-NQ@ substitution excessively
reduced the activitygTA-30).

Thus, it was observed that compounds bearing ctdabhydroxyl substituents on the
heteroaryl/aryl ring at the carbimino terminal b&thydrazino template displayed better
inhibitory potency against AChE while introductiaf bulkier substituents such as
methoxy or nitro groups reduced the activity. Thessults guided us towards the
influence of the steric groups and electronic stuestts on the AChE inhibitory profile.

5.1.3.2.2. Kinetic analysis of lead AChE inhibitoBTA-29

To determine the type of inhibition mechanism oésh compounds against rat brain
AChE, a kinetic study was carried out wiBTA-29, the selected representative lead
AChE inhibitor. The type of inhibition was establesl from the analysis of Lineweaver-
Burk reciprocal plotsKigure 5.4) showing both increasing slopes (decreasgg)\and

intercepts (higher k) with higher inhibitory concentration suggestingnaed-type of
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AChE inhibition Figure 5.4) and therefore supporting the dual binding sitetho$
compoundThese results further proved that BiEA-29 was reversible AChE inhibitor.

5.1.3.2.2.1. Determination of K

To get information regarding the strength of intéiens between the enzyme and the
inhibitor, the dissociation constant;{Kvas calculated for the inhibitor for each type of
mode of inhibition. K value for mixed inhibitorBTA-29 was computed using the
GraphPad Prism software and was estimated to 8et601005 nM.

—a— Control
—e— 30 uM
—&— 60 uM
—¥— 90 pM

-

-30 -20 -10 0 10 20 30 40 50
11[S]

Figure 5.4.Kinetics of rat brain AChE inhibition bBTA-29. Lineweaver-Burk plot of
the rat brain AChE catalyzed oxidation of ATCI iretabsence (control) and presence of
various concentrations &TA-29 (30 uM, 60 uM, 90 uM). Rate data are expressed as
nmol product formed/min/mg protein.

5.1.3.2.3. Reversibility studies of lead AChE inhikor BTA-29

The most active AChE inhibitoBTA-29, was subjected to time-dependent inhibition
studies to assess the reversibility of enzyme itibibh WhenBTA-29 was preincubated
with AChE for various periods of time viz. 0, 15) a&nd 60 min; no time-dependent
decrease in the rates of AChE catalyzed oxidatioA®T| by BTA-29 was observed
(Figure 5.5), indicating that the inhibition is reversible f&IChE at least for the time
period of 60 min. Interestingly, an increase in tiaalytic rates of AChE was observed
with increase in the preincubation timeB¥fA-29.
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Figure 5.5. Time-dependant inhibition of AChE catalyzed oxidatof ACTI by BTA-
29. Rate data are expressed as nmol product formeghmiprotein.

5.1.3.2.4. Molecular modeling studies of AChE inhikors

To further investigate the binding mode of the Ioitars, molecular docking study was
carried out to this series of hydrazones againsbmbinant human AChE (rhAChE)
using the automated docking program AutoDock 4.thva view to get information
regarding the various molecular interactions oarigs within the active site gorge of
AChE. The crystallographic structure of the recamabt human AChE (rhAChE) in
complex with donepezil (PDB code: 4EYWas retrieved from the Brookhaven Protein
Data Bank (PDB). The conformers possessing the dmest among the largest cluster
were considered for further structural and bindintgraction studies. The results of
molecular docking studies for AChE stated in tewh®stimated binding free energies
(AG) and theoretical inhibition constants; ({lues) for each virtual rhAChE-inhibitor

complex are listed iable 5.2.

5.1.3.2.4.1. Analysis of AChE inhibitors

Inspection of the computationally docked bindingsé® of all compounds within the
binding pocket of AChE resulted in the followingnsequences (observations/findings):
All the test inhibitors were found to occupy theding pocket of the gorge of AChE
formed by catalytic anionic site (CAS) and peri@eanionic site (PAS) and were
surrounded (enclosed) by the residues Asp74, Tri386L21, Gly122, Tyrl24, Gly126,
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Tyrl33, Ser203, Trp286, Phe295, Arg296, Phe29733%rPhe338, Tyr341 and His4
(Figure 5.6). Almost in all the test inhibitors the-nitrobenzothiazole moiety binds
peripheral anionic site (PAS) while the arylidenedmrylmethylene or isatin residi
present at the carbimino terminus of hydrazinofetdfis flipped towards the cataly
anionic site Figure 5.6 (A)). This revealedhat most of the test inhibitors exhibit t
analogous orientation as reference inhibitor, donepeziHowever, a few exceptior
are found with the inhibitorBTA-2, BTA-3, BTA-4, BTA-8, BTA-10, BTA-11, BTA-
12, BTA-16, BTA-19 and BTA-20 for which the orientation is completely the reve
(Figure 5.6.(B)). Further, these inhibitors are stabilized by logdm bonding (-bond)
and hydrophobic interactiot

(A) (B)

Phe295 Tyr33]. "”34487 203
L B er

c (D)
Trp286 Tyri24 Asp74
Sl125 Tip286 ~ Trp86
§] = 125
< Gly121,Trp86 R e

Arg296 k(S ; i1
el & i /”‘ I ‘ AIG296" @\/
NG I 4 | Phe295 - (Ser203
\Tyr341 .
Y™ Phesss ™ { Phe33s/ \
“Tyr337 Tyras7  His447

Figure 5.6. Structural screenshot of superimposed AChE inhifitdocked into th
active site gorge of AChE. Selected amino acidslaepacted in black. (ABTA-1, BTA-
5, BTA-6, BTA-7, BTA-26, BTA-9, BTA-13, BTA-14, BTA-15, BTA-17, BTA-18,
BTA-21, BTA-22, BTA-23, BTA-24, BTA-25, BTA-28, BTA-29 and BTA-30 are
displayed in black, dirty green, maroon, light eldark pink, orange, light blue, de
blue, fluorescent green, skin, gray, red, dark lordwght fluorescent blue, peacock gre
dark violet, light orange, raw green and yellow color respectively. BTA-2, BTA-3,
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BTA-4, BTA-8, BTA-10, BTA-11, BTA-12, BTA-16, BTA-19 and BTA-20 are
displayed in yellow, dark brown, dark blue, redhti pink, light brown, dark violet, dirty
green, fluorescent blue and fluorescent green aefgpectively. (C) Binding orientation
of BTA-29 (yellow) within the active site gorge of AChE shogit —n (orange colored
lines) and H-bond (green dashes) interactions.Sijerimposed binding orientation of
BTA-29 (yellow) within the active site gorge of AChE anglly docked with donepezil
(fluorescent green).

All compounds showed one or more H-bond interastiéftbond interaction with residue
Thr75 is observed fABTA-5 andBTA-21; likewise with Asp74 foBTA-1; with Gly120
for BTA-24; with Gly121, Glyl22 and Ala204 f@TA-2 andBTA-12; with Tyr124 for
BTA-7, BTA-12, BTA-14, BTA-23 andBTA-30; with Ser125 foBTA-15; with Tyr133
for BTA-3, BTA-4, BTA-7, BTA-8, BTA-10, BTA-11, BTA-19, BTA-20, BTA-23,
BTA-24, BTA-25, BTA-29 and BTA-30; with Trp286 forBTA-12, BTA-19, BTA-20,
BTA-22, BTA-25 and BTA-28; with Ser293 forBTA-26, BTA-9 and BTA-15; with
Phe295 forBTA-1, BTA-5, BTA-6, BTA-26, BTA-14, BTA-15, BTA-17, BTA-18,
BTA-21, BTA-22, BTA-23 andBTA-29; with Arg296 forBTA-6, BTA-12, BTA-15,
BTA-17, BTA-20, BTA-22, BTA-24, BTA-25, BTA-28 and BTA-29; with Ser298 for
BTA-13; with Tyr337 forBTA-28; with Tyr341 forBTA-3, BTA-5, BTA-6, BTA-16
and BTA-21; and with His447 forBTA-9, BTA-10 and BTA-14. Moreover, all the
compounds showed — = interactions excepBTA-26, BTA-15, BTA-16, BTA-18,
BTA-19 and BTA-25. © — & interaction with residue Tyr72 is observed ®FA-21;
likewise with Trp86 forBTA-3, BTA-8, BTA-10, BTA-14, BTA-21, BTA-24, BTA-28,
BTA-29 and BTA-30; with Trp286 for BTA-3, BTA-4, BTA-9 and BTA-13; with
Tyr337 forBTA-13; with Phe338 foBTA-5; with Tyr341 forBTA-1, BTA-6, BTA-7,
BTA-10, BTA-11, BTA-17, BTA-20, BTA-23 andBTA-24; and with His447 foBTA-

2. Moreover,t — cation interaction with His447 is found BT A-12. Additionally, both
the compound8TA-13 andBTA-22 are stabilized byt — ¢ interaction with residues
Trp86 and Phe297. Thus, in most of the potent camg®s, preferably H-bond amd-n
interactions have been found to be accountablemiediating inhibitory action against
AChE. For our convenience, we focused our attentioly on the binding mode of the
most active inhibitor8 TA-29 andBTA-22.
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5.1.3.2.4.2. Binding mode of lead AChE inhibitor BA-29

Analysis of the optimal binding mode fBTA-29 places the ligand within the active site
cavity of rhAChE spanning both the cavities viz. $?And CAS. Docking simulations
showed a clear preference to accommodate the @saitrzothiazole moiety within the
PAS while the binding pocket forming the CAS is emiled by the 5-chloroisatin moiety
with the flexible hydrazino linker lying in the ndteé of the gorge between CAS and
PAS. The main stabilizing factors that keep stabke enzyme-ligand complex were
found to be ther —x stacking and hydrogen bonding interactions. Indhmplex, the 5-
membered ring of isatin moiety is stacked agaimsh lthe aromatic rings of Trp86. In
addition, the oxygen atom of C=0 and H of NH otiisés hydrogen bonded to H atom
and oxygen atom respectively of OH of Tyrl33; likesvsimilar interaction has been
found between both the oxygen atoms of ,MD6-nitrobenzothiazole scaffold and H of
NH of Phe295. Further, an H-bond interaction betwase of the oxygen atoms of NO
of 6-nitrobenzothiazole scaffold and H of NH of 268§ is also observabl&igure 5.6.
(C)). Besides, the higher potency of the molecule taybecause of the addition of
chlorine since it enhances the lipophilicity of theteroaryl ring at the carbimino terminal
of hydrazino template, these interactions may empthe observation that chlorine
substitution enhances AChE inhibitory potency. Ehiegeractions as a whole resulted in
the firmness of the ligand-enzyme complEéigure 5.6.(D) illustrates the docked pose of
BTA-29 (yellow) within the active site gorge of AChE supgosed with the docked
pose of donepezil (fluorescent green) pointingtouhe fact that both contributes to the

similarity in their binding mode.
5.1.3.3. Behavioural studies

5.1.3.3.1. Antidepressant activity (Forced swim t&s

The synthesized compounds were evaluated for tth@epnessant activity using Porsolt’s
forced swim test and the results are presentedrigure 5.7. Among the tested
compoundsBTA-3, BTA-15, BTA-17 andBTA-29 were found to be more active than
the reference drug citalopram, thereby indicatimg; these compounds produce no CNS
depression. Rest of the compounds were found tagames CNS depressants as they

increased the immobility time.
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Figure 5.7. Antidepressant activity of 2-amino-6-nitrobenzattile derived extended
hydrazones. The results are expressed as mean {ISEM). The statistical significance
was calculated by one-way ANOVA followed by Dunfeetest. CIT — CitalopranP <
0.001 when compared with the control group.

5.1.3.3.2. Anxiolytic activity (Elevated plus mazéest)

All the compounds were subjected to anxiolytic \atti using elevated plus maze
apparatus and the results are presenteBignre 5.8. CompoundsBTA-3, BTA-26,
BTA-22, BTA-23, BTA-24, BTA-28, BTA-29 and BTA-30 possessed significantly
greater anxiolytic potency than diazepam (DZM) widTA-12 andBTA-14 expressed
potency equivalent to diazepam. Rest of the comg®uvas found to be less active than

diazepam.
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Figure 5.8. Anxiolytic activity of 2Z-amino-6-nitrolenzothiazole derived extend
hydrazonesThe results are expressed as mean + Sn = 6). The statistical significanc
was calculated by o-way ANOVA followed by Dunnett's tesDZM — DiazepamP <
0.001 when compared with control grot
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5.1.3.3.3. Sedative-hypnotic activity (Pentobarbitze potentiation test)

All the synthesized compounds were evaluated iatsegland hypnotic test at a dose of
30 mg/kg and the results are presente&igure 5.9. Most of the compounds showed
significant variation from control. All the compads resulted in elongation of mean
sleeping time than control confirming that thesenpounds do not potentiate narcosis
exceptBTA-4, BTA-5, BTA-6, BTA-9, BTA-12, BTA-22 and BTA-29. Thus, the
compoundsBTA-4, BTA-5, BTA-6, BTA-9, BTA-12, BTA-22 and BTA-29 showed
antagonistic properties to barbiturates indicatimgt they lack the sedative side effect.
Rests of the compounds (exc&XA-4, BTA-5, BTA-6, BTA-9, BTA-12, BTA-22 and
BTA-29) were found to potentiate narcosis.
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Figure 5.9.Sedative hypnotic activity of 2-amino-6-nitrobertzarole derived extended
hydrazones. The results are expressed as mean H{ISEM). The statistical significance
was calculated by one-way ANOVA followed by Dunigetest. PB — Pentobarbitorie.
< 0.001 when compared with control group.

5.1.3.4. Neurotoxicity screening (Rotarod test)

Selected compounds were screened for neurotoXigitptarod apparatus at a dose of 30
mg/kg at four time intervals viz. 0.5 h, 1 h, 2 ida4 h. The results are presented in

Table 5.3. Among the tested compounds, all compounds weradfoto be non-
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neurotoxic except compoundsTA-3, BTA-29 and BTA-30 which were found to be
mildly neurotoxic compared to standard drug pheimyto

Table 5.3.Neurotoxicity screening results of selected conmoisuwfBTA series

Code Neurotoxicity (Time in h)*
0.5 1 2 4

BTA-3 2/4 0/4 0/4 1/4
BTA-5 0/4 0/4 0/4 0/4
BTA-6 0/4 0/4 0/4 0/4
BTA-16 0/4 0/4 0/4 0/4
BTA-17 0/4 0/4 0/4 0/4
BTA-22 0/4 0/4 0/4 0/4
BTA-23 0/4 0/4 0/4 0/4
BTA-24 0/4 0/4 0/4 0/4
BTA-25 0/4 0/4 0/4 0/4
BTA-28 0/4 0/4 0/4 0/4
BTA-29 1/4 0/4 0/4 0/4
BTA-30 0/4 1/4 2/4 0/4

PHT 0/4 0/4 0/4 0/2

* The figures indicate the number of animals exinilgi toxicity/total number of animals tested. Refere
drug: PHT — Phenytoin

5.1.3.5. Antioxidant activity (DPPH radical scavenimg assay)

The percentage antioxidant activity of some ofgbkected compounds is listedTable
5.4. The DPPH radical was scavenged by antioxidamta donation of hydrogen
resulting in the formation of DPPH-HThe colour of the DPPH is changed from purple
to yellow after reduction, which was quantified Hye decline of absorbance at a

wavelength of 517 nm. From the experimental resthts enhancement in the antioxidant
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activity is observed for all the tested compourimong the tested compound®TA-3,
BTA-10, BTA-26, BTA-28, BTA-29 and BTA-30 showed more antioxidant activity
(Table 5.4.).

Table 5.4.Antioxidant activity of selected compoundsB¥A series

Code % Inhibition Code % Inhibition
BTA-3 61.62 BTA-22 51.41
BTA-5 41.80 BTA-23 59.28
BTA-6 46.89 BTA-24 58.83
BTA-7 53.67 BTA-25 56.12
BTA-10 63.65 BTA-26 62.25
BTA-15 38.15 BTA-28 63.54
BTA-16 44.93 BTA-29 64.74
BTA-17 49.22 BTA-30 63.13
BTA-18 46.10 Ascorbic acid 61.24

The statistical significance was calculated by wag- ANOVA followed by Dunnett’s tesP < 0.05 when
compared with control.

5.1.3.6. Liver toxicity studies

Enzyme estimation and histopathological studiethefselected compounds were done to

check the magnitude of liver toxicity.

5.1.3.6.1. Assessment of liver function

Table 5.5.shows the liver function tests with reference tostrpotent compounBTA-

29. The estimation revealed that there was no st increase in SGOT, SGPT,
alkaline phosphatase and decrease in protein Iev&rum as compared to the control
level (Table 5.5). The results clearly indicated th&TA-29 did not show any

malfunctioning or toxicity of the liver as comparedcontrol.
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Table 5.5. Estimation of biochemical parametersBafA-29

Code | SSOT || SGPTE | gy | Abumin | Gibuin |0l
(g/dl)
Range | 25.880.¢ 17.5-90 62-190 3.3-4.8/ 1.5-35 5.2-7.6
BTA-29 | 46.83 +1.6' | 69.26+3.63| 107.76+4.8 3.5+0.203.26+0.23| 6.23+0.2¢
Control | 38.56+1.6. | 51.73+2.17| 151.56+2.7% 3.94#0.121.86+0.14| 6.8+0.17

Results are expressed as Mean + SEM. The mean Vea®lcalculated using ANOVA followed |
Dunnett’s test;*Serum glutamate oxaloacetate transaminase (S; "Serum glutamate pyruvate
transaminase (SGPTBerum alkaline phosphatase (Al

5.1.3.6.2. Liver histopathological studie

The Lucas technique was used to access the livenat,ovhich was administered wi
test compounds at the dose level of 30 mg/kg boeight for 15 days and a comparis

was ane with the control group. Liver samples from cohgroup andBTA-29 were

within normal histopathological limits thus indicad thatBTA-29 was non-hepatotoxic
(Figure 5.10)

Figure 5.10.Microphotograph of the section of hematoxylin andie staind rat liver.
Group: (A) Control (B) C(,-treated (CBTA-29. Magnification: 10x

5.1.4.In-silico molecular property analysis and ADMET prediction studies

In order to meet the criteria of synthesized conmgisuas possible drug candidatin-

silico molecular properties were calculated using Molirpn online propert

calculation toolkit and are presentecTable 5.6.All the structures showed suitable M

values (MW < 500) necessary for a successful patietrto CNS with the exception
compoundsBTA-26 and BTA-25. All the compounds obeyed Lipinski's rule f
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lipophilicity (expressed as MiLogP) except for caoupdsBTA-21, BTA-23 andBTA-

25, which violated the ruleThe number of hydrogen bond acceptors (HBA) ancboon

(HBD) for all the compounds were in accordance it Lipinski’s rule of five with the
exception of compound8TA-7, BTA-14, BTA-20 and BTA-30 in which HBA

exceeded the defined limit. Further, the topoldgixdar surface area (TPSA) for all the

compounds was observed to fall within the rangespéor compoundBTA-30. Thus,
apart from the compound®TA-7, BTA-26, BTA-14, BTA-20, BTA-21, BTA-23, BTA-
24 andBTA-30; the predicted values for all other compounds ifalb the appropriate

range indicating good bioavailability of the ligamblecules. Thus it was predicted that

most of the compounds are likely to be orally aztiv

Table 5.6.In-silico drug-likenes3prediction studies foBTA-1 to BTA-30

Code MW | MiLogP | HBA | HBD | Nyioations | TPSA | Volume
Rule | <500 <5 <10 | <5 <1 <160 K
BTA-1 | 307.33 2.06 8 2 0 112.20 254.90
BTA-2 | 369.41 3.27 8 2 0 112.20 309.7b
BTA-3 | 448.30 4.08 8 2 0 112.20 327.68
BTA-4 | 403.85 3.95 8 2 0 112.20 323.28
BTA-5 | 387.40 3.44 8 2 0 112.20 314.68
BTA-6 | 385.40 2.80 9 3 0 132.43 317.76
BTA-7 | 414.40 3.23 11 2 1 158.03 333.08
BTA-8 | 355.38 3.36 8 2 0 112.20 293.18
BTA-9 | 371.38 3.30 9 3 0 132.43 301.20
BTA-10 | 434.27 417 8 2 0 112.20 311.0y
BTA-11 | 398.45 3.46 9 2 0 115.44 339.09
BTA-12 | 371.38 2.88 9 3 0 132.43 301.20
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BTA-13 | 385.40 3.42 9 2 0 121.44 318.78
BTA-14 | 400.38 3.32 11 2 1 158.03 316.52
BTA-15 | 424.27 4.62 8 2 0 112.20 320.25
BTA-16 | 424.27 4.64 8 2 0 112.20 320.2b
BTA-17 | 424.27 4.62 8 2 0 112.20 320.25
BTA-18 | 415.43 3.40 10 2 0 130.67 344.2/7
BTA-19 | 415.43 3.40 10 2 0 130.67 344.277
BTA-20 | 445.46 2.99 11 2 1 139.91 369.82
BTA-21 | 495.95 5.69 9 2 1 121.44 403.92
BTA-22 | 431.48 4.49 8 2 0 112.20 364.50
BTA-23 | 465.92 5.17 8 2 1 112.20 378.18
BTA-24 | 447.48 4.01 9 3 0 132.43 372.61
BTA-25 | 500.37 5.85 8 2 2 112.20 391.66
BTA-26 | 527.20 4.45 8 2 1 112.20 345.76
BTA-27 | 347.40 3.22 8 2 0 112.20 294.94
BTA-28 | 396.39 2.60 10 3 0 145.071 313.78
BTA-29 | 430.83 3.25 10 3 0 145.071 327.26
BTA-30 | 441.38 2.43 13 3 1 190.89 337.06

™MW = Molecular weight, MiLogP = octanol-water ptidn coefficient, HBA = Number of hydrogen
bond acceptor, HBD = Number of hydrogen bond dongfasions = Violations from Lipinski's rule, TPSA =
Topological Polar Surface Area

Further, the results of ADMET (Absorption, Distrtimn, Metabolism, Excretion and
Toxicity) properties calculated by PreADMET onliserver are listed iffable 5.7.and
Table 5.8.respectively.

Human intestinal absorption (HIA) property is thetetminant for those drugs that

purport oral administration. All the compounds eeqsed greater than 70% HIA values
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indicating good permeation across the membranepéxaempoundsBTA-7, BTA-14
andBTA-30 which exhibited moderate permeation.

The in-vitro Caco-2 cell permeability is an important parameéterassess intestinal
absorption of the drug since Caco-2 cells are ddrivtom human colon adenocarcinoma,
possessing transportgia the intestinal epithelium. The results indicatdthtt all
compounds exhibited low permeation with the exacgptf compound8TA-3, BTA-26
andBTA-10 which exhibited moderate permeation.

Thein-vitro MDCK cell permeability test utilizes canine kidneglls for the analysis of
permeability. All the compoundBTA-1 to BTA-30 showed permeation less than 25
nm/s indicating low permeability.

The skin permeability is an important factor foe tbelivery of drugvia transdermal
administration. All the compound8TA-1 to BTA-30 exhibited negative permeability
values, indicating that transdermal mode of adrtraii®n is not the suitable means to
administer these drugs.

The percent of drug bound with plasma proteins wstimated and almost all the
compounds (exce@TA-1) was predicted to possess > 90% plasma proteidirgn

indicating decreased excretion and increased tielf-|

Table 5.7.In-silico ADME prediction dataof compound8TA-1 to BTA-30

Absorption Distribution
. ) In-vivo
Code . I n-vitro In-vitro SP .
I n-vitro I n-vitro BBB
HIA (%) MDCK (log Ko, 0 .
CP (nm/s) (nm/s) cm/h) PPB (/0) (Cbram/
Chiood)
>90
0-20 (poor
(poor) <4 (low) <25 (low) (strongly >0.1 _(CNS
20-70 active)
4-70 25-500 bound)
Rule (moderate) <0.1
(moderate)| (moderate) <90
70-100 1 o, (high) | >500 (high) (weakly (CNS
(well) bound) inactive)
BTA-1 77.69 0.39 4,14 -4.37 67.96 0.029
BTA-2 92.37 0.59 1.23 -3.58 100.0(¢ 0.033
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BTA-3 96.35 12.97 0.03 -3.45 100.0( 0.027
BTA-4 95.44 0.69 0.49 -3.52 100.0d 0.027
BTA-5 92.44 0.59 0.62 -3.76 100.0d 0.034
BTA-6 83.37 0.38 131 -4.09 100.0( 0.021
BTA-7 65.78 0.36 0.98 -3.65 100.0d 0.063
BTA-8 91.44 0.51 2.49 -3.66 100.0d 0.029
BTA-9 81.47 0.38 3.41 -4.09 100.0( 0.022
BTA-10 96.17 12.87 0.03 -3.52 100.0( 0.025
BTA-11 93.19 1.83 0.83 -3.36 100.0( 0.042
BTA-12 81.47 0.38 2.09 -4.12 100.0d 0.019
BTA-13 89.59 0.75 1.79 -3.59 100.0( 0.050
BTA-14 62.30 0.37 1.50 -3.70 100.0( 0.062
BTA-15 96.42 1.80 0.25 -3.38 100.0d 0.026
BTA-16 96.42 1.61 1.14 -3.39 100.0( 0.028
BTA-17 96.42 2.12 2.19 -3.37 100.0( 0.034
BTA-18 87.38 1.33 0.81 -3.54 100.0d 0.065
BTA-19 87.38 1.33 0.45 -3.53 100.0( 0.059
BTA-20 84.83 2.55 0.17 -3.55 100.0( 0.063
BTA-21 96.85 1.24 0.94 -2.93 100.0d 0.023
BTA-22 96.44 1.55 0.42 -2.89 100.0( 0.049
BTA-23 96.43 0.82 0.63 -2.87 97.32 0.044
BTA-24 93.01 0.48 0.14 -3.26 100.0d 0.028
BTA-25 96.06 1.02 0.96 -2.77 94.00 0.048
BTA-26 96.20 19.40 0.05 -3.23 97.35 0.024
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BTA-27 84.54 0.43 6.54 -4.11 98.45 0.036
BTA-28 84.86 0.38 1.09 -4.64 100.0d 0.049
BTA-29 90.96 1.62 0.13 -4.64 100.0d 0.048
BTA-30 47.03 0.36 1.66 -4.53 100.0( 0.0446

®HIA — Human Intestinal Absorption, CP — Caco2 gaimeability, MDCK — MDCK cell permeability,
SP — skin permeability, PPB — Plasma protein bigdBBB — Blood brain barrier.

The blood brain barrier (BBB), an important factelich connects the central nervous
system (CNS) and peripheral tissues, is respongdyeimiting and regulating the
exchange of substances between the CNS and blobdhé compounds analyzed
showed BBB penetration values less than 0.1 indigdhat they are inactive in the CNS.
Hence predicts that they are devoid of CNS sidecesf

The Ames test assesses mutagenicity of the compouhidl the compounds were
predicted as mutagen. Besides, carcinogenicity Wt performed to identify the
tumerogenic potential of compounds in animals (reoasid rat). When analyzing
carcinogenicity in mice, all the compounds weredpted as negative excepTA-9 and
BTA-14. By analyzing rat carcinogenicity, compoun8i$A-3, BTA-26 and BTA-10
were predicted positive while rest of the compoupdssented negative predictions.
Human ether-a-go-go-related gene (hERG) encodeassatn channels, which are
responsible for normal repolarization of cardiatcacpotentialsBlockage or any other
impairment of these channels in the heart cantieéatal cardiac problems. Hence, drug-
induced blockage of potassium channels has beeaj@ woncern. Compound&TA-1,
BTA-8, BTA-9, BTA-14 and BTA-27 presented low riskBTA-12 presented medium
risk; compound88TA-3, BTA-4, BTA-5, BTA-6, BTA-26, BTA-10, BTA-11, BTA-13,
BTA-15 to BTA-21, BTA-25 andBTA-29 presented high risk; while compour8$A-

2, BTA-7, BTA-22, BTA-23, BTA-24, BTA-28 and BTA-30 presented ambiguous
results against hERG inhibition.
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Table 5.8.In-slico toxicity prediction data of compoun&3JA-1 to BTA-30

code | Ames test Carcinogenicity | Carcinogenicity hERG
(Mouse) (Rat) inhibition
BTA-1 Mutagen Negative Negative Low risk
BTA-2 Mutagen Negative Negative Ambiguous
BTA-3 Mutagen Negative Positive High risk
BTA-4 | Mutagen Negative Negative High risk
BTA-5 Mutagen Negative Negative High risk
BTA-6 Mutagen Negative Negative High risk
BTA-7 Mutagen Negative Negative Ambiguous
BTA-8 Mutagen Negative Negative Low risk
BTA-9 Mutagen Positive Negative Low risk
BTA-10 | Mutagen Negative Positive High risk
BTA-11 | Mutagen Negative Negative High risk
BTA-12 | Mutagen Negative Negative Medium risk
BTA-13 | Mutagen Negative Negative High risk
BTA-14 | Mutagen Positive Negative Low risk
BTA-15 | Mutagen Negative Negative High risk
BTA-16 | Mutagen Negative Negative High risk
BTA-17 | Mutagen Negative Negative High risk
BTA-18 | Mutagen Negative Negative High risk
BTA-19 | Mutagen Negative Negative High risk
BTA-20 | Mutagen Negative Negative High risk
BTA-21 | Mutagen Negative Negative High risk

Department of Pharmaceutics, IIT (BHU), Varanasi

242



Results and Discussion

BTA-22 | Mutagen Negative Negative Ambiguous
BTA-23 | Mutagen Negative Negative Ambiguous
BTA-24 | Mutagen Negative Negative Ambiguous
BTA-25 | Mutagen Negative Negative High risk
BTA-26 | Mutagen Negative Positive High risk
BTA-27 | Mutagen Negative Negative Low risk
BTA-28 | Mutagen Negative Negative Ambiguous
BTA-29 | Mutagen Negative Negative High risk
BTA-30 | Mutagen Negative Negative Ambiguous

To sum up, despite other compounds exhibiting dwath penetration profiles, it can be
concluded that compoun®8TA-29 presents the best drug-like characteristics and
however, ADMET property analysis indicated the higgk of BTA-29 against hERG
inhibition among all the compounds of the series.
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5.2. 2-AMINO-5-NITROTHIAZOLE DERIVED SEMICARBAZONES [NTA-1 to
NTA-18]

5.2.1. Synthesis

2-Amino-5-nitrothiazole derived semicarbazon®3 A-1 to NTA-18) were obtained by
refluxing semicarbazideNTS) with appropriate aldehyde or ketone accordingh®
reaction scheme depicted 8theme 4.5.by optimizing the various reaction variables,
viz. solvents, catalyst, temperature, stirring tinegc. The final compounds were
recrystallized using ethanol as a solvent.

All the final products were stable to open air eaniment. The intermediateSITU and
NTS) and final products were obtained in good yiel@ (6 80%) except compounds
NTA-4 (25.61%), NTA-6 (38.23%), NTA-8 (49.56%), NTA-11 (33.27%), NTA-14
(48.86%) andNTA-15 (29.75%).

All the products NTA-1 to NTA-18) were obtained as solid. Some of the compounds
were obtained as amorphous powdefA-4, NTA-8, NTA-12 andNTA-15) while the
rest NTA-1 to NTA-3, NTA-5 to NTA-7, NTA-9 to NTA-11, NTA-13, NTA-14 and
NTA-16 to NTA-18) were obtained as crystals. The final compoundee voé maroon
(NTA-1, NTA-6 andNTA-7), brown NTA-2 to NTA-5 andNTA-8 to NTA-16) or dark
brown NTA-17 andNTA-18) colour.

5.2.2. Characterization

5.2.2.1. Physicochemical characterization

5.2.2.1.1. Melting point

Melting points were determined in one end openligapitubes on Sonar melting point
apparatus and were uncorrected. All the synthesamdpounds displayed a phase
change from solid to liquid state and thus exhditeelting range between 2 to 5 °C
indicating the purity of compounds exceNTA-13 which charred at 286 °C. The
observed melting point ranges for the synthesizmdpoundsNTA-1 to NTA-18 are
presented in th&able 4.6.

5.2.2.1.2. Solubility

The solubility of all the synthesized compounds wetermined in number of solvents at
room temperature. All intermediateNTU andNTS) and final compoundsNTA-1 to

NTA-18) were insolublan water and chloroform and partially soluble inth@anol but
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soluble in ethanol (a few required slight warminpMSO and DMF. The observed
solubility data are listed imable 4.6.

5.2.2.1.3. Thin layer chromatography

For each reaction, single distinct spot of prodaretl absence of reactant spot in TLC
analysis indicated the completion of reaction dmel purity of synthesized compounds.
TLC was also performed for the final compounN3 A-1 to NTA-18) after purification
to determine their Rvalues. The observed; Ralues are presented in tiable 4.6.
Depending upon the polarity of compounds, the caitipm of eluents used for TLC
analysis were (i) Chloroform: Methanol: Toluene2(®); (B) Chloroform: Methanol:
Toluene (8:1:2); (C) Benzene: Acetone (8:2); (DhBene: Acetone (9:1).

5.2.2.1.4. Determination of partition coefficient logP)

The synthesized compounds were found to exhibieexpental LogP values in the range
1.2 — 3.9 (shake flask method) indicating that thpmssess adequate lipophilicity
necessary for their solubility in the lipid pha3de experimental (determined through
shake flask method) and calculated LogP (softwaleutated) values are listed Trable
4.6.

5.2.2.2. Spectral characterization and elemental atysis

5.2.2.2.1. Ultraviolet (UV) spectroscopy

All the compounds showed prominent absorption watspect to the chromophore. The
compounds Of NTA series exhibited absorption bands due to C=N amD C
chromophores abmax 250-300 nm and 290-330 nm respectively owing ternh
transition.

5.2.2.2.2Infrared (IR) spectroscopy

The semicarbazones showed characteristic absortitdme functional group region at
3150-3500 cnt and 1600-1700 crthwhich confirmed the presence of NH (str) and C=0
(str) of the amide respectively. Further, the faioraof semicarbazones was confirmed
by the presence of stretching at 1520-1640" cdue to imine (C=N) group. The
characteristic absorption in the range 1300-1460 and 1500-1560 cthconfirmed the
presence of -N@(str) while that at 1116.82 ¢m(NTA-12) confirmed the presence of
O-CH; (str). The characteristic absorption in the raBg@0-3600 cii (NTA-4, NTA-8
andNTA-15) confirmed the presence of OH (str) respectivEhe presence of C=0 (str)
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group of indole ring of isatin was confirmed by tttearacteristic absorption in the range
1680-1700 cni (NTA-17 and NTA-18). The presence of characteristic absorptions
around 2890-3100 cinconfirmed the presence of aryl C-H (str) while tiresence of C-
N (str) was confirmed by the strong peaks in theyeal100-1300 cth The presence of
halogens was confirmed by the peaks in the ran§e888 cni for C-Br (NTA-1, NTA-

6, NTA-7 and NTA-18) and C-Cl NTA-2, NTA-9, NTA-10, NTA-11, NTA-14 and
NTA-16) and 950-1100 cthfor C-F (NTA-3) groups.

5.2.2.2.3. Nuclear magnetic resonance (NMR) specsaopy

'H NMR spectra of all the 2-amino-5-nitrothiazolerided semicarbazones showed a
characteristic singlet peak &B.98-9.90 ppm andl 9.75-10.86 ppm indicating —NH— and
—CONH- protons, respectively. The appearance oftiphetis at 6 6.85-8.28 ppm
confirmed the presence of aromatic protons. Thglairato 8.09-8.36 ppmNTA-8 to
NTA-12), 6 1.03-2.22 ppmNTA-1 to NTA-5) ands 8.13-8.89 ppmNTA-1 to NTA-

18) indicated the C-H, C-CHand thiazole protons respectively.'tA NMR spectra of
semicarbazones having indolyl group, a singlet alaserved ab 9.77-8.36 ppmNTA-

17 andNTA-18) due to >NH of indole ring. The singlet@B8.36 ppm NTA-12), 6 4.92-
4.99 ppm NTA-4, NTA-8 and NTA-15) and 6 3.56 ppm KNTA-6) indicated the
presence of OCHl OH and CH protons respectively. The disappearance of sigofals
amino NH and carbimino NH indicated the presencexahangeable protonsITA-16;
Figure 4.44)

In C NMR spectra the appearance of signals in theerarf@ 154.45-159.93 ppm
confirmed the presence of carbonyl group of serb&zsne linker. Moreovef?C NMR
spectra showed signals in the rangé d#44.66-171.72 ppnI\TA-1 to NTA-18) which
was due to C=N carbon. The signalsdatl11.73-148.53 ppm corresponded to the
presence of thiazole carbons. The presence of {ffblips was also confirmed by the
signal atdé 59.93 ppm NTA-12). Clustered signals in the rangedo107.63-167.88 ppm
corresponded to the presence of aryl carbons. Cleaistic signals ai 19.03-19.31 ppm
(NTA-1 to NTA-5),  74.77 NTA-6) andd 168.96-171.74 ppmNTA-17 andNTA-18)
corresponded to GHICH, and oxindole C=0 respectively.

5.2.2.2.4. Mass spectrometry

CompoundsNTA-5, NTA-10 and NTA-17 were subjected to mass analysiElA-5
(Mol. wt. = 350.31) showed an [M+1peak at 351.39Ffgure 4.37.) NTA-10 (Mol. wt.
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= 360.18) showed an [M+1]peak at 361.14Fgure 4.41.)and NTA-17 (Mol. wt. =
332.29) showed an [M+1]peak at 333.10 Figure 4.49.) respectively, thereby

confirming the structure of the compounds.

5.2.2.2.5. Elemental analysis

All the compoundsNTA-1 to NTA-18 were subjected to elemental analysis and the

observed values were within + 0.4% of the calcuatues.

5.2.2.2.6. Powder X-ray diffraction analysis

CompoundNTA-5 was subjected to the powder X-ray diffraction as&lyo confirm the

crystallinity of the compoundThe diffraction pattern oNTA-5 comprised of sharp

peaks Figure 4.37) indicating the crystalline nature of the compound.

5.2.3. Biological evaluation

5.2.3.1. MAO enzyme inhibition studies
5.2.3.1.11n-vitro MAO inhibition assay
To achieve a better understanding of the structe@lirements for both inhibition and

selectivity towards the two MAO isoforms, all thenthesized semicarbazone3 A-1 to
NTA-18 were assessed for their ability to inhibit botle {AO isozymesTable 5.9.
lists thein-vitro rat brain MAO-A/B inhibitory activity data of fila&compounddNTA-1

to NTA-18 as well as the reference compounds clorgyline M&O-A) and selegiline
(for MAO-B).

Table 5.9.In-vitro and computational MAO inhibition data fNTA-1 to NTA-18

Code MAO-A MAO-B si#
In-vitro Computational In-vitro Computational
IC,, (UM) = AGH K, IC,, (UM) + AGH | K. (M)
SEM (LM) SEM
NTA-1 | 70.19 + 0.045 -5.93 | 44.63 | 0.212+ 0.004 -6.63 | 13.84 | 331.08
NTA-2 | 4761 +10.83| -5.64 | 73.85 | 0.601 +0.015| -6.43 | 19.46 |7921.79
NTA-3 | 46066 +16.72 -5.29 | 131.54| 19.89 +0.032| -5.45 | 100.78 |2316.04
NTA-4 | 5899+9.84 | -549 | 94.27 | 14.75+0.018 -5.67 | 70.06 | 399.93
NTA-5 | 2743 +3.65| -6.28 | 25.09 | 23.88 +0.022| -5.55 | 84.89 | 114.86
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NTA-6 | 314+1.89 | -5.85 | 51.78 | 0.313 +£0.007| -6.56 | 15.49 |1003.19
NTA-7 | 5153+8.82 | -5.51 | 90.88 | 5.451 +0.009| -7.8 1.92 | 945.33
NTA-8 | 11342 +11.65 -5.28 | 134.91| 241.5+231| -6.75| 11.19 | 46.96
NTA-9 | 3369+6.43 | -5.74 | 62.48 | 8.512 +0.132| -7.32 43 | 395.79
NTA-10 | 10465 +13.92 -5.49 | 94.68 | 3.487 £0.098 -6.53 | 16.22 | 3001.15
NTA-11| 13915 +19.68 -5.24 | 144.64| 16.94+0.37| -5.31 | 127.39 | 821.43
NTA-12 | 55048 + 24.77 -4.99 | 220.79| 11.13+0.19 | -5.85 | 51.52 [4945.91
NTA-13| 89.29+1.26| -6.5 | 17.11 | 28.29+0.45| -5.41 | 109.05 | 3.15
NTA-14| 4872+5.81 | -5.63 | 74.36 | 28.52 +0.079| -5.5 | 93.15 | 170.83
NTA-15 | 34305 +17.3§ -5.25 | 141.62 | 157.9+3.71| -5.06 | 194.35 | 217.26
NTA-16 | 50716 +21.75 -5.06 | 195.81 | 1.476 +0.063| -6.56 | 15.63 343360'4
NTA-17 | 2250 +12.81| -5.89 | 47.83 | 4.507 +0.086 -5.95 | 43.86 |499.22
NTA-18| 57.21+1.36| -5.91 | 46.69 | 0.734 +0.006| -6.26 | 25.6 | 77.94

_ 0.0044 + _ _ _ _ _ -

0.462
SEL | 67.25+1.02| - - 0020 - - )
0.0008
HRM 3.00 5.3 | 130.82 7000 - - -
SAF - - - 0.100 -5.93 | 45.23 -

*AG is expressed in kcal mbl

°Sl — The selectivity index is the selectivity fliet MAO-B isoform and is

given as the ratio of experimentals}MMAO-A)/IC5o(MAO-B); Reference inhibitors: CLG — Clorgyline,

SEL — Selegiline, HRM — Harmine, SAF — Safinamide

NOTE: Each IGo value is the mean + SEM. It refers to the assancentration of test compound which
leads to 50% inhibition of enzyme activity. Levetl statistical significance: P < 0.05 versus the
corresponding 1€ values obtained against MAO-A and MAO-B, as detead by ANOVA/Dunnett’s.

The inhibitory activities against MAO-A and MAO-Bsazymes were examined by
measuring the effects of each derivative on thelyeton of 5-hydroxyindole acetic acid
from serotonin (5-HT) for MAO-A and benzaldehdyerfr benzylamine for MAO-B,

using the UV based spectrophotometric MAO enzynmébition assay method by using

crude rat brain mitochondrial suspension.
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The MAO inhibition data are expressed asylaluesBased on the MAO screening data
(Table 5.9), it was observed that most of the synthesizedpoamds exhibited improved
inhibitory potential towards MAO-B than MAO-A wittihe 1G, values in the micromolar
to sub-micromolar range. The MAO-B selectivity oatiare presented ifable 5.9.The
ICsp values towards MAO-A range from 57.21 + 1.36 pMnipoundNTA-18) to 55048

+ 24.77 pM (compoundNTA-12) while for MAO-B range from 0.212 + 0.004 pM
(compoundNTA-1) to 157.9 +3.71 uM (compourdiTA-15).

Among the synthesized compounds, 1-(5-bromo-2-adain-3-ylidene)-4-(5-
nitrothiazol-2-yl)semicarbaziddNT A-18) was found to be most active MAO-A inhibitor
with 1Cso value of 57.21 + 1.36 uM, whereas the most adiiMeO-B inhibitor, 4-(5-
nitrothiazol-2-yl)-1-(1-phenylethylidene)semicarithz (NTA-1) was found to exhibit an
ICsp value of 0.212 + 0.004 puM with the selectivitgléx of 331.08 against MAO-B in
the study. InterestinglyNTA-16 showed excellent selectivity (SI = 34360.43) tadgar
MAO-B with an 1Gso value of 1.476 £ 0.063 puM.

With a view to illuminate the SARs, focused struatwariations were endeavored at the
carbimino terminal of the semicarbazone templasilting in the alterations in the
activity. Indeed, increase in the lipophilicity c@a by the incorporation of monoaryl
(NTA-1 to NTA-12) or diaryl rings NTA-13 to NTA-16) or an isatin residueNTA-17
and NTA-18) at the carbimino terminal resulted in increaseikition and selectivity
towards MAO-B compared to MAO-A.

Very poor MAO-A inhibitory activity was obtained f®NTA-3, NTA-8, NTA-10, NTA-

11, NTA-12, NTA-15 andNTA-16. NTA-12 was observed to be the least active MAO-A
inhibitor among all the synthesized semicarbazoft=sice, we have focused on the
MAO-B inhibition activity exhibited by the compousdof this series for structure-

activity relationship studies.

SAR for MAO-B inhibition

N O
N O | i
| | 1 )\ N
I O,N" ST ONT NS
O,N S)\NJ\N'NYR 2 H H
H H ) N
R o N
NTA-1 to NTA-16 NTA-17 and NTA-18
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¢ Introduction of bromo group on the phenyl ring &e tcarbimino terminal
increased the activity towards MAO-BITA-1, NTA-6, NTA-7 andNTA-18).

¢ Reduction in the MAO-B inhibition activity to an nt was observed with chloro
substitution on the phenyl ring at the carbiminoni@al NTA-2, NTA-9, NTA-
10, NTA-11, NTA-14 andNTA-16).

¢ Monochloro substituted derivativeNTA-2) expressed better MAO-B activity
than the dichloro substituted derivativéSfA-9, NTA-10 andNTA-11).

¢+ Substitution with F groupNTA-3) also lead to less active compound.

+ Introduction of bulky groups like -=NKINTA-5) and dimethoxyNTA-12) on the
phenyl ring at the carbimino terminal also resultedhe decrease in the activity
towards MAO-B.

« Remarkable reduction in the MAO-B inhibition actwiwas observed on
substitution of hydroxyl groupNTA-4, NTA-8 andNTA-15) at para position of
the phenyl ring on the carbimino terminal.

< Among the diaryl analogues, the dichloro substituderivative was found to be
most active 'TA-16) while the —OH substituted derivative was foundéoleast
active NTA-15) against MAO-B.

“ Among the isatin-3-substituted semicarbazones, 5sBbstituted derivative
(NTA-18) was found to be more potent for MAO-B than theubstituted one
(NTA-17).

These results evidenced the influence of the stgoaps with electronic substituents at
the carbimino terminal of semicarbazone scaffoldrenMAO-B inhibitory profile.

5.2.3.1.2. Kinetic studies of lead MAO inhibitors

Sets of Lineweaver-Burk plots were constructed uather examine the modes of
inhibition of MAO-A enzyme byNTA-18 and MAO-B by NTA-1, the selected
representative lead MAO-A and MAO-B inhibitor respeely (Figure 5.11).
Assessment of Lineweaver-Burk plots indicated thatplot ofNTA-18 was linear and
intersected at the X-axis (Kremains unaffected while )\x decreases) while that for
NTA-1 was linear and intersected at the Y-axis, (iKcreases while Max remains
unaffected). Thus, the pattern indicated thafiITA-18 inhibited MAO-A non-
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competitively whileNTA-1 inhibited MAOB competitively, and these results furtl
proved that they were reversible M-A and MAO-B inhibitors.

5.2.3.1.2.1Determination of K; for lead MAO inhibitors

The dissociation constant ) was determined for théead MAC-A and MAO-B
inhibitors for each type of inhibitic using GraphPad Prism softw, revealing the
strength of interactions between the enzyme and inhéitor. K; value for non-
competitive MAO-Ainhibitor NTA-18 was estimated to b&7.30 + 1.79 ul while the
competitive MAO-Binhibitor NTA-1 exhibited K value of11.69 + 0.58 pMagainst
MAO-B.

(A) = Control (B) —&— Control
109 S 25uM B g
A-5pM 0.454 ¥ 50 uM
4 v 10 uM
0.8 4
0.40 4
-
~ 0.6 2 0.35-
%/ 0.30 4
T T T T T T r % T T T T
-0.02 0.00 0.02 0.04 0.06 0.08 0.2 01 0.0 0.1 0.2 03 0.4

1[8] 1s]

Figure 5.11.Kinetics of rat brain MAC(-A inhibition by NTA-18 and MAC-B inhibition
by NTA-1. (A) Lineweave-Burk plot of the rat brain MAGA catalyzed oxidation ¢
serotonin in the absence (control) and presensarafus concentrations NTA-18 (2.5
UM, 5 puM, 10 pM). (B) Lineweav-Burk plot of the rat brain MA-B catalyzed
oxidation of benzkmine in the absence (control) and presence adwsiconcentration
of NTA-1 (5 puM, 10 pM, 50 uM). The rates (V) are expressedneol produc
formed/min/mg proteil

5.2.3.1.3Reversibility studies for lead MAO inhibitors

Time-dependent inhibition sties were performed on the most active N-A and
MAO-B inhibitors, NTA-18 and NTA-1 respectively to inspect whether the obser
enzyme inhibition is reversible or irreversitTime-dependent inhibitic was determined
using the slightly modified method ccribed by Legoabest al. No time-dependent
reduction in the rates of MA-A catalyzed oxidation of serotonin and M-B catalyzed

oxidation of benzylamine respectivewas observed wheNTA-18 and NTA-1 were
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preincubated with the MA-A and MAO-B enzymes reggtively for various periods ¢
time (0, 15, 30, and 60 min). Thus, the above figdispeculated that the inhibition

both MAO-A and MAC-B wasreversible, at least for the above t period (60 min).
Fascinatingly, an enhancement of catalytic rate$180-A and MAC-B was noticed
with increased preincubation time NTA-18 and NTA-1 with the respective enzynr

(Figure 5.12).

(A) (B)
2.04 2.01
E3 0 E3 o
&3 15 & 15
1.54 1.5
—— = 30 = 30
—— —
o I 60 o 0D 60
é 1.0 § 1.0
0.5 0.5
0.0 - T 0.0- :
Incubation time (min) Incubation time (min)

Figure 5.12. Time-dependant inhibition of (A) MA-A catalyzed oxidation of seroton
by NTA-18 (B) MAO-B catalyzed oxidation of benzylamine NTA-1. Rate data are
expressed as nmol product formed/min/mg pro

5.2.3.1.2Molecular docking studies of MAO inhibitors

In order to explore the nature of lige-receptor interactionsjirtual molecular docking
experiments were performed within the active sitedM®AO-A and MAC-B isoforms
using an automated docking program AutoDock 4.2 €t-crystallized structures ¢
hMAO-A (PDB Code: 275X) and hMA-B (PDB Code: 2V5Zere used to dock the
synthesized compounds. The conformers acquiringttipe score among the large
cluster were considered for further structural Bmdling interaction studie

A satisfactory correlatn was observed between the experimental and cotigmaE
MAO-B inhibition data. However, MA-A inhibition results were found to va
dramatically and exhibited poor correlaticThe outcomes of the docking studies w
theoretically stated in terms of iibition constants (Kvalues) and free binding energ
(AG) for each of the virtual ligarreceptor complex and the results ipresented in
Table 5.9.
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5.2.3.1.2.1. Pose analysis of MAO-A inhibitors

Assessment of the virtual ligand-receptor complerésall compounds within the
catalytic site of MAO-A resulted in the below meamted interpretations: On the whole,
all the test compounds occupied the active sitMAD-A and were framed within the
binding pocket constituted by the residues Ile1l88n181, Tyr197, Phe208, Val210,
GIn215, Cys323, lle 325, 11e335, Phe352, Tyr407r484 and FAD which was
analogous to the reference MAO-A inhibitor, harmiffegure 5.13. (A) and (B)).
CompoundsNTA-1, NTA-2, NTA-3, NTA-5, NTA-6, NTA-7, NTA-9, NTA-10 and
NTA-12 (Figure 5.13. (A); andNTA-4, NTA-8, NTA-11, NTA-13, NTA-14, NTA-15,
NTA-16, NTA-17 andNTA-18 (Figure 5.13. (B) shared a common binding orientation
within the active site of MAO-A.

In all the compounds dfigure 5.13. (A) the 5-nitrothiazole nucleus occupied the centre
of the cavity towards FAD while the carbimino temali of the semicarbazino linker is
situated towards the opening of the cavity. Wheneasl the compounds dfigure 5.13.
(B), the case was exactly the reverse i.e. the canbingrminal is located towards the
FAD and the 5-nitrothiazole moiety extends towattls opening of the cavity space.
Residues Tyr407, Tyr444 and FAD formed the bottoihthe aromatic cage which
accounted to the binding orientation of the compisuand consequently their activity,
binding affinity, selectivity and stability.

All compounds showed one or more H-bond interastiexcluding compoundsTA-3,
NTA-12, NTA-14, NTA-15 and NTA-16. H-bond interactions were observed with
residue Tyrl97 for compound$TA-1, NTA-4, NTA-6, NTA-7, NTA-8, NTA-9, NTA-

10 andNTA-12; likewise with Val210 for compoundsTA-2, NTA-5 andNTA-8; with
Asn181 for compountiTA-4, NTA-8 andNTA-11; with Thr336 for compountlTA-5;
with Tyr407 for compoundNTA-7; with GIn215 for compounddiTA-6, NTA-8 and
NTA-11; with Cys323 for compounddsTA-11 andNTA-18; with Tyr444 for compound
NTA-13; and with FAD for compounddNTA-2, NTA-5, NTA-17 and NTA-18.
Additionally, all the compounds showead-  interactions apart frorNTA-8 andNTA-

11 n — = interaction with residue Tyr407 was observed fampoundsNTA-1, NTA-3,
NTA-4, NTA-6, NTA-7, NTA-9, NTA-10, NTA-15, NTA-17 and NTA-18; likewise
with Tyr444 for compoundBITA-1, NTA-3, NTA-4, NTA-6, NTA-7, NTA-9, NTA-10,
NTA-12 andNTA-15; with Phe208 for compound$TA-5, NTA-7 andNTA-12; with
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Phe352 for compouncNTA-13 andNTA-16; and with FAD for compoundNTA-14
and NTA-16. Furthermore, compourNTA-1 was stabilized byt — ¢ interaction with
FAD; likewise compoundsNTA-2 and NTA-18 with Phe352. Thus, in thactive
compoundsiz. NTA-1, NTA-13 andNTA-18 (ICso < 100 puM) preferably F-bond andt
—m interactions were found to be accountable for atédi inhibition against MAO-A.

(4) GIn215 )
Vai210 5/ )’/ $ Val210  gjn215

le180 ? . Tyr407
Phe9627

Asn181 ‘Tyr‘] 97

Tyr197

Figure 5.13. Structural screenshot of superimposed MA inhibitors docked into th
binding pocket of MA(G-A. FAD is displayed in cyanin. Selected amino acate
depicted in black. (A) Shared binding orientatidnNTA-1, NTA-2, NTA-3, NTA-5,
NTA-6, NTA-7, NTA-9, NTA-10 andNTA-12 are displayed in dark blue, dark brov
fluorescent green, red, dark orange, sky blue, gank, dark green and gray col
respectively. (B) Shared binding orientation NTA-4, NTA-8, NTA-11, NTA-13,
NTA-14, NTA-15, NTA-16, NTA-17 andNTA-18 are displayed in dark violet, sky blt
light brown, yellow, maroon, skin, black, light \&b and light pink color respectivel

A B
(A) Phe352 (B) GIn215
\ Val210

lle335

Cys323 u»HQ’&O

Tyr407

: Phe208
y GIn215 lle180
Val210

Figure 5.14. Structural screenshot of superimposed MA inhibitors docked int the
binding pocket of MACG-A. FAD is displayed in cyanin. Selected amino acate
depicted in black(A) Binding orientation ofNTA-18 (yellow) within the MAC-A
binding pocket showingt — n (orange colored lines) and-bond (green dashes)
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interactions. (B) Superimposed binding orientatdNTA-18 (yellow) within the MAO-
A binding pocket originally docked with harmine (gink).

5.2.3.1.2.2. Binding mode of lead MAO-A inhibitoiNTA-18

Assessment of one of the best-ranked docking solsitof lead MAO-A inhibitoNTA-
18 (Figure 5.14. (A)) (AG = -5.91 kcal mol, K; = 46.69 uM) revealed that
semicarbazone linker occupied the centre of thetycavith the 5-bromoisatin moiety
facing towards FAD while the 5-nitrothiazole moietgs positioned towards the opening
of the MAO-A receptor. The 5-membered ring of isatias involved it — = interaction
with Tyr407 at an inter-plane distance of approxiha4.64 A. In addition, the molecule
was also stabilized by H-bond interactions betw@e® of NO, of 5-nitrothiazole and H
of SH of Cys323 and (ii) O of C=0 of isatin and bISFAD. Figure 5.14.(B) illustrated
the docked pose of compoumdTA-18 (yellow) within the MAO-A binding pocket
superimposed with the docked pose of harmine (dexk) which indicated the similarity

in their binding orientation further supporting oesults.

5.2.3.1.2.3. Pose analysis of MAO-B inhibitors

All the inhibitors were located within the catatytbinding pocket of MAO-B. The
binding mode of all the test compounds within MAOtBwversed both the binding
pockets, entrance cavity lined by the residues [Z&ylPhel68, 11198, 1le199 and
Tyr326; and substrate cavity bordered by the residlyr60, Cys172, GIn206, Tyr398
and Tyr435 which was almost analogous to the bopdites of safinamide, the reference
MAO-B inhibitor (Figure 5.15. (A)andFigure 5.15. (B). CompoundsNTA-1, NTA-2,
NTA-3, NTA-6, NTA-7, NTA-10, NTA-13 andNTA-15 (Figure 5.15. (A); andNTA-

4, NTA-5, NTA-8, NTA-9, NTA-11, NTA-12, NTA-14, NTA-16, NTA-17 andNTA-18
(Figure 5.15. (B) shared a common binding orientation within thevacsite of MAO-B.

In all the compounds dfigure 5.15. (A) the 5-nitrothiazole nucleus was located in the
substrate cavity while the carbimino side chairerged towards the entrance cavity of
MAO-B. Whereas in all the compounds Bigure 5.15. (B) the case was exactly the
reverse i.e. the carbimino terminal bearing arooiaiteroaromatic ring occupied the
cavity situated towards the FAD and the 5-nitratblea moiety flipped towards the

entrance cavity space of MAO-B.
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All the compounds showed H-bond interactions exé¢pA-9 and NTA-10. H-bond
interactions with Leul71 was observed for compoNiié-12; likewise with Cys172 for
compoundsNTA-15, NTA-15 andNTA-17; with Tyrl88 for compoundNTA-8; with
[1le198 for compound®TA-1, NTA-2, NTA-3, NTA-5, NTA-6, NTA-7 andNTA-17,
with Thr201 for compoundBITA-8 andNTA-16; with GIn206 for compoundsITA-4,
NTA-11, NTA-16 and NTA-18; with residue Tyr326 were observed with compounds
NTA-5 and NTA-14; with Tyr398 for compound8iTA-13 and NTA-15; with Tyr435
for compoundsNTA-1, NTA-2, NTA-3, NTA-6 and NTA-7; and with FAD for
compoundaNTA-4, NTA-5, NTA-16 and NTA-18. Also, all compounds showed—n
interactions except compoumdTA-3, NTA-5, NTA-13, NTA-14 and NTA-15. &t — =
interactions were observed with Tyr326 for compaNdA-1, NTA-2 and NTA-10;
likewise with Tyr398 for compounddTA-1, NTA-4, NTA-8, NTA-9, NTA-10, NTA-
12 andNTA-16; with Tyr435 for compoundBITA-1, NTA-2, NTA-6, NTA-7, NTA-8,
NTA-9, NTA-10, NTA-11, NTA-12 andNTA-16. Additionally, = — ¢ interaction has
been observed with GIn206 for compouNd@A-11; with Phe208 for compounNTA-
17; with Tyr435 for compoundNTA-18; and with FAD for compound8iTA-4 and
NTA-18. Thus, in most of the MAO-B active compoun®TA-1, NTA-2, NTA-6 and
NTA-18), preferablyr — n and H-bond interactions were found to be respémditr
mediating inhibition against MAO-B.

5.2.3.1.2.4. Binding mode of lead MAO-B inhibitoNTA-1

Visual inspection of one of the best-ranked doclsotution of lead MAO-B inhibitor
NTA-1 revealed that the entire molecule was stabilizetiiwiboth the cavities with the
rigid hydrophobic 5-nitrothiazole moiety caged intiee substrate cavity, while the
arylidine ring present at the carbimino terminaleexied towards the entrance cavity of
the MAO-B. The compound was found to be stabiliagdd-bond andt —r interactions.
H-bond interactions have been observed betweeneoxgficarbimino C=0 and H of OH
of Tyr435; and H of NH in carbimino linker and oxyg of lle198. In additiong — x
interactions between the thiazole ring and the pheng of Tyr398 and Tyr435; and
phenyl ring at carbimino terminal with phenyl rin§ Tyr326 Figure 5.16. (A). These
interactions, overall, resulted in the firmnesstte ligand within the MAO-B catalytic

site and hence confirmed the stability of the Idmeceptor complextigure 5.16. (B)
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demonstrated the docked poseNTA-1 (yellow) within the catalytic site cMAO-B

superimposed with the docked pose of safinamidek(deeen) NTA-1 was found to
occupy the active site of the MAB enzyme but not in exactly similar mode to tha
the reference inhibitosafinamide (dark green)

(A) Phe168 (B)

Phe168 Cys172 Tyr398

Feutzy 1CY8172

Tyr326

Tyr326

Figure 5.15. Structural screenot of superimposed MA®- inhibitors docked into th
binding pocket of MA(-B. FAD is displayed in cyanin. Selected amino acale
depicted in black. (A) Shared binding orientatidnNTA-1, NTA-2, NTA-3, NTA-6,
NTA-7, NTA-10, NTA-13 and NTA-15 are displayd in dark blue, dark brow
fluorescent green, dark orange, gray, dark grg@tipow and skin color respectively. (|
Shared binding orientation (NTA-4, NTA-5, NTA-8, NTA-9, NTA-11, NTA-12,
NTA-14, NTA-16, NTA-17 andNTA-18 are displayed in dark violet, red, sky blue, d
pink, light brown, gray, maroon, black, light vibknd light pink color respectivel

(A) Tyr435 (B)  Phe168
lle198 Opia Tyr398
; Leui71 §t‘
o
lle199, 2 4 <~
(‘ G172 '
: | o g
~ = !
Phe168
Leu171 GIn206 _ Tyr60
Tyr326

Tyr326

Figure 5.16. Structural screenshot of superimposed N-B inhibitors docked into th
binding pocket of MA(-B. FAD is displayed in cyanin. Selected amino acae
depicted in black. (ABinding orientation oNTA-1 (yellow) within the MAC-B binding
pocket showingt — n (orange colored lines) and Ibbnd (green dashes) interactions.
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Superimposed binding orientation MTA-1 (yellow) within the MAO-B binding pocket
originally docked with safinamide (dark green).

5.2.3.2. AChE enzyme inhibition studies

5.2.3.2.11n-vitro AChE inhibition assay

All the synthesized compounds were subjected tmdils test in order to evaluate their

potency to inhibit the rat AChE by the colorimetmethod but with minor modifications.

Donepezil and tacrine were used as reference stisdehe data are displayed in terms

of IC5p values inTable 5.10.

Table 5.10.In-vitro and computational AChE inhibition data féTA-1 to NTA-18

AChE

Code In-vitro Computational

IC_, (UM) £ SEM | AG (kcal mol™) | K, (LM)
NTA-1 0.340 £ 0.007 -6.29 24.54
NTA-2 356.1 +4.73 -5.29 132.58
NTA-3 467.9 £ 4.98 -5.05 197.98
NTA-4 12.69 + 0.62 -6.16 30.68
NTA-5 4553 +1.36 -6.21 28.08
NTA-6 3.926 + 0.014 -6.51 16.96
NTA-7 96.37 +£2.81 -5.6 78.3
NTA-8 584.4 + 7.92 -5.03 205.05
NTA-9 101.2 + 1.58 -5.63 74.59
NTA-10 140.7 = 3.11 -5.46 99.58
NTA-11 10.67 + 0.56 -6.08 34.85
NTA-12 872.0 + 4.38 -5.4 109.84
NTA-13 4.864 + 0.81 -6.68 12.76
NTA-14 11.54 £ 0.35 -6.38 21.08
NTA-15 2.662 + 0.084 -7.3 4.46
NTA-16 1.450 + 0.047 -7.05 6.8
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NTA-17 54.85 + 0.92 -5.77 58.85

NTA-18 | 0.2645 +0.009 -6.71 11.97
DPZ 0.021 + 0.005 -6.01 39.45
TAC 0.225+0.04 - -

Reference inhibitors: DPZ — Donepezil, TAC — Taerin

NOTE: Each IG, value is the mean + SEM. Level of statistical #figance: P < 0.05 versus the
corresponding I€; values obtained against AChE, as determined by YWA/fDunnett's.

All the synthesized compound$TA-1 to NTA-18 were found to show activity against
AChE displaying inhibition in micromolar to submienolar range. Among therfTA-

18, 1-(5-bromo-2-oxoindolin-3-ylidene)-4-(5-nitrothidz®-yl)semicarbazide (1§ =
0.264 + 0.00uM) emerged as the most active inhibitor in thelgtdollowed byNTA-

1, (1-(1-(4-bromophenyl)ethylidene)-4-(5-nitrothi&yl)semicarbazide, 1§ = 0.340 +
0.007 uM). The activity of NTA-18 was observed to be almost equivalent to the
reference inhibitor tacrine. It was noted that btitese compounds possessed bromo
substituent at the carbimino terminal of the senbaaone template.

A thorough examination of the statistics presentediable 5.10.guided us to eventual

structure-activity relationships (SAR).

Structure-activity relationship

N H

N (0]
N O |
| L .Y
OZNJ:S)\HJ\H,N R ON” ST INTINTS
2

N
R o N

NTA-1to NTA-16 NTA-17 and NTA-18

< In general, improvement in AChE inhibitory activias observed by substituting
the H atom with a methyl group at RrompareNTA-1, NTA-4, NTA-5, NTA-6
with NTA-7, NTA-8, NTA-9, NTA-10, NTA-12; exception -NTA-2, NTA-3
andNTA-11).

¢ Substitution of the distal phenyl ring at the caripio terminal with —Br group
(NTA-1 andNTA-6) increased the activity, while —QNTA-2, NTA-9, NTA-10,
NTA-11 andNTA-14) and —F substitutiorNTA-3) decreased the activity.
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% Introduction of —OH group at para position of theepyl ring at R along with the
methyl group at R(NTA-4) increased the activity.

+« In contrast, bulky groups like -NQNTA-5) and methoxy substitution®NTA-
12) excessively reduced the activity.

« Among the diaryl substituted analo@$T{A-13 to NTA-16), chloro substitution at
para position of both the phenyl rings at the cambo terminal lead to most
active derivative \TA-16) followed by the monohydroxyl substitute TA-15)
and unsubstituted derivativélTA-13) while monochloro substituted derivative
(NTA-14) was found to be least potent.

« Among the isatin-3-subsituted semicarbazones, Bdivative NTA-18) was
found to be more potent than by the unsubstitueztvative NTA-17).

Thus, the presence of bulkier substituents sucmethoxy or nitro groups lead to
reduction in the activity, whereas the compoundaribg bromo substituent on the
carbimino terminal aryl ring/isatin ring displaydettter potency against AChE likely
demonstrating the role of electronegative bromaosstuent in the stabilization of the

hydrophobic ring into the active site gorge of AChE

5.2.3.2.2. Kinetic study of lead AChE inhibitor NTA18

In order to enlighten the mechanism of action @ tamily of compounds on AChE, a
kinetic study was performed with the most promistiognpound of the serieBlTA-18,
using rat AChE. Graphical analysis of the reciptddaeweaver-Burk plots Kigure
5.17) demonstrated increased slopes (decreasgg) ¥nd intercepts (higher ¥ at
increasing concentration of the inhibitor signifyina mixed-type inhibition and

consequently supported the dual site binding &f ¢tbmpound.

5.2.3.2.3. Reversibility studies of lead AChE inhitor NTA-18

Time-dependent inhibition study of the most ac\@hE inhibitor, compoundNTA-18,
was done to explore whether the observed enzymditioh was reversible or
irreversible. No time-dependent reduction in theesaof AChE catalyzed oxidation of
ACTI was observed when compoumNTA-18 was preincubated with the AChE for
various periods of time i.e. 0, 15, 30, and 60 (Rigure 5.18). From this result it may
be deduced that the inhibition of AChE was revéesiht least for the timperiod (60
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min). An increase of AChE catalytic rates was obseérwith the increase in the

preincubation time dNTA-18 with the enzymeKigure 5.18).

#— Control
e 20 uM
A 40 UM
¥— 80 uM

2.5+

Figure 5.17.Kinetics of rat brain AChE inhibition bMTA-18. Lineweaver-Burk plot of

the rat brain AChE catalyzed oxidation of ATCI retabsence (control) and presence of
various concentrations ™NTA-18 (20 uM, 40 uM, 80 uM). Rate data are expressed as
nmol product formed/min/mg protein.

1.5+
E3 0

=== [T &= 15
=JE0
m 60

1
Incubation time (min)

Figure 5.18.Time-dependant inhibition of AChE catalyzed oxidatiof ACTI byNTA-

18 Rate data are expressed as nmol product formethgiprotein.

5.2.3.2.4. Molecular docking studies of AChE inhilbors

To better understand the molecular mechanism @mémant human AChE (rhAChE)

inhibition, docking simulations were performed fall the test compounds. The test
compounds were docked into the binding pocket &QihE in order to estimate the

ligand binding affinity by means of AutoDock 4.2n X-ray model of the rhAChE with
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the PDB code 4EY7 co-crystallized with donepezilanted from the Protein Data Bank.
For each compound the corresponding theoreticabitidn constants (Kvalues) and
estimated binding energiedA@) for each virtual enzyme-ligand complex has been
considered, and in accordance to the biological,dainfirmed the better accommodation
into the active site of rhAChH @ble 5.10).

5.2.3.2.4.1. Pose analysis of AChE inhibitors

Investigation of the computationally docked bindpagses of all compounds within the
rhAChE active site gorge resulted in the subseqtiadings: All the test compounds
were found to fit into the gorge of rhAChE formey ¢atalytic anionic site (CAS) and
peripheral anionic site (PAS) and were surroundethb residues Tyr72, Asp74, Trp86,
Gly121, Glyl122, Tyrl24, Serl25, Ser203, Tyrl33,288r Trp286, Phe295, Arg296,
Phe297, Tyr337, Phe338, Tyr341, Hisd4&ig(re 5.19. (A) and (B)) revealing a
similarity in the orientation as the reference ddogepezil.

All compounds showed one or more H-bond interastiod-bond interactions with
residue Asp74 and Trp86 was observed for compdind-17; likewise with Gly121
and Gly122 for compounddTA-4, NTA-5 andNTA-15; with Tyr124 for compounds
NTA-1, NTA-4, NTA-5, NTA-8, NTA-13, NTA-14, NTA-15, NTA-16 andNTA-18;
with Ser125 for compounddTA-12 and NTA-18; with Ser203 for compoundsTA-4
and NTA-8; with Ala204 for compounddNTA-5 and NTA-15; with Trp286 for
compoundNTA-2; with Phe295 for compound$TA-1, NTA-2, NTA-3, NTA-5, NTA-

6, NTA-7, NTA-10, NTA-11, NTA-12, NTA-13, NTA-14, NTA-16, NTA-17 andNTA-
18, with Arg296 for compound8IiTA-4, NTA-6, NTA-8, NTA-9, NTA-10, NTA-14,
NTA-15 andNTA-16; with Tyr337 for compoundsSITA-3 andNTA-7; and with Tyr341
for compoundNTA-5.

In addition, all the compounds showed— = interactions except compouriiTA-1,
NTA-3, NTA-4, NTA-6 and NTA-8. = — = interaction with residue Phe297 was
observed for compound$TA-2 andNTA-5; with Tyr341 for compoundBSITA-2, NTA-

5, NTA-13 andNTA-15; with Trp86 for compoundBITA-7, NTA-10, NTA-11, NTA-
12, NTA-13, NTA-17 andNTA-18.
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Moreover,n — cation interaction was observed with His447 for poomdsNTA-9 and
NTA-15. Also, n — o interaction with Trp86 was observed for compoiNTA-13; with
Phe297 for ompoundNTA-14; and with His447 for compoundTA-15.

(A) (B)

e Phe297 _ His447
B AR Tyri24 < Tyralr
Gly122 ; =,Phe33% ) Ser203
. Phe295 —

]
VEhleZQE ‘ ~ Gly121Ser125

Arg296 Tyr341

AL~
Gly121
Tyr72 y Trp8s
= T Asp74 '
Tyr341 by [ Ser125
» Trp286 A Tyr124

Figure 5.19. Structural screenshot of superimposed AChE inhibitdocked into th
binding pocket of AChE. Selected amino acids aseldied in black. (A) Shared bindi
orientation of NTA-1, NTA-2, NTA-3, NTA-6, NTA-7, NTA-8, NTA-9, NTA-10,

NTA-11, NTA-12, NTA-13, NTA-14, NTA-16, NTA-17 andNTA-18 are displayed in
dark blue, dark brown, dark violet, red, orangekdank, dark green, light brown, ligl
pink, gray, skin, sky blue, black, fluorescegreen, and yellow color respective (B)

Shared binding orientation (NTA-4, NTA-5 and NTA-15 are displayed in maroo
violet and straw green color respectiv

(A) Tyr124 (B) . 5
Phe297 o N Trp8s
Sert2s ’Tyr3:‘37‘“ A~ ki

Phe295 A
ft(\\ L ‘ \L Ser125
// Tyr124

~Phe295

Tyr337

Phe297

Figure 5.20. Structural screenshot of superimposed AChE inhibitdocked into th
binding pocket of AChE. Selected amino acids are displaiye black. (A) Binding
orientation ofNTA-18 (yellow) within the AChE binding pocket showin¢-bond (green
dashes) andt — n (orange colored lines) interactions. (B) Superisgzb binding
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orientation ofNTA-18 (yellow) within the AChE binding pocket originaltjocked with
donepezil (maroon).

5.2.3.2.4.2. Binding mode of lead AChE inhibitoNTA-18

Evaluation of the virtual complex between the |#4ChE inhibitor NTA-18 and AChE
(Figure 5.20. (A) revealed that the thiazole moiety was bound ¢ogbrge forming the
PAS while the 5-bromoisatin moiety occupied the CABereas the linker lies in the
middle of the gorge between CAS and PAS. The bmavas further stabilized by H-
bond interactions between oxygen of carbimino Cr@ ld of OH of Tyr124; oxygen of
C=0 of isatin and H of OH of Serl25; oxygen of NGf thiazole and H of NH of
Phe295; and H of NH of isatin and oxygen of OH ef125. Further, 5-membered ring of
isatin was involved im —x interaction with benzene and 5-membered ring pB&rat an
inter-plane distance of approximately 5.38 A arRB4A respectively. Superimposition of
rhAChE: NTA-18 complex with the rhAChE: donepezil complex sugeesthat
compoundNTA-18 mimiced the binding mode of donepe&idure 5.20. (B).

5.2.3.3. Behavioural studies

5.2.3.3.1. Antidepressant activity (Porsolt’s forog swim test)

&3 Control = NTA-10
200 &= crT IO NTA-11
m . == NTA-1 D NTA-12
o 150 c = I NTA-2 NTA-13
-§ 1 = § NTA-3 &3 NTA-14
_;- 100§ _ ? E ; =SS NTA-4 &= NTA-15
o ° ‘ = 2 CID NTA5 &3 NTA-16
g 50 g = ‘ = 2 220 NTA-6 =3 NTAA17
E E é “ g a = § S NTA7 &= NTA-18
- HRHUANHANNME e =2 NTA
Drug (Dose = 30 mg/kg) D NTA-9

Figure 5.21.Antidepressant activity of 2-amino-5-nitrothiazalerived semicarbazones.
The results are expressed as mean = SEM (). The statistical significance was
calculated by one-way ANOVA followed by Dunnettast. CIT — Citalopram’P <
0.001 when compared with the control group.
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The synthesized compounds were evaluated foir antidepressant activity usir
Porsolt’s forced swim test and the resultsillustrated inFigure 5.21 The compounds
NTA-9 andNTA-18 were found to be more active than the referenceg ditalopram
thereby indicating that these compounds produceChNE depression. Rest of tl
compounds was found to emerge as CNS depressatiteyagicreased the immobili

time.

5.2.3.3.2. Anxiolytic activity (Elevated plus mazéest)
All the compounds were subjected to anxiolytic \atti screeningusing elevated plus

maze apparatus and the resultsillustrated inFigure 5.22.

(A)
801 EZE Control CE NTA-9
c . == Std (DzM) =3 NTA-10
E -
60+ c . = NTA-1 oo NTA-11
3 % H o oI NTA-2 oon NTA-12
a C g 4 e
° 404 & N A g &z NTA-3 E=E NTA-13
c 4 £
> : é § 4 t A& = U NTA-4 B3 NTA-14
= 4 - E
£ a é § AN - 2 IO NTAS =3 NTA-15
o 204 S NHE = =
X ] %% és HHIKIEE e NTA-6 EZ3 NTA-16
! \ ': u 4 =
g ? N % § HHIMEE =S NTA-7 =) NTA-17
0-E ARNHEIN alnltlZ|E \Tars
NTA-8 == -
Drug (Dose =30 mg/kg) =2
(B)
m 80+ £33 Control m NTA-9
E &= DZM =3 NTA-10
S
2 60 Cc - 5 = NTA-1 CIm NTA-11
.
g. c © . ’ c c — XD NTA-2 D NTA-12
) ¢ —
AN ’
S 40+ ANHE - ez NTA-3 NTA-13
2401 < HIIANHE s
c Z% 5 = £SI NTA-4 B3 NTA-14
2 ANHFE
N -
o és 2 = CID NTA-S E=3 NTA-15
: §§ : = &2 NTA-6 X3 NTA-16
= ANEIF -
® NI 7 = O NTA-7 = NTAA17
€22 NTA-8 E=3 NTA-18

Drug (Dose = 30 mg/kg)

Figure 5.22.Anxiolytic activity of Z-amino-5-nitrothiasle derived semicarbazor. The
results are expressed as mean + Sn = 6). The statistical significance was calcula
by one-way ANDVA followed by Dunnett’s test. DZM -Diazepamr ‘P < 0.001 when
compared with control grot
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CompoundsSNTA-1, NTA-2, NTA-3, NTA-4, NTA-5, NTA-6, NTA-7, NTA-9, NTA-

13, NTA-14, NTA-15, NTA-17 and NTA-18 possessed significantly greater anxiolytic
activity than diazepam (DZM). Rest of the compourf3 A-8, NTA-10, NTA-11,
NTA-12 andNTA-16) was found to be less active than diazepam.

5.2.3.3.3. Sedative-hypnotic activity (Pentobarbitze potentiation test)

All the synthesized compounds were evaluated iatsegland hypnotic test at a dose of
30 mg/kg and the results are illustratedrigure 5.23.Most of the compounds showed
significant variation from control. None of the cpaunds resulted in elongation of mean
sleeping time than control confirming that thesenpounds do not potentiate narcosis
except NTA-1, NTA-5 to NTA-7, NTA-16 and NTA-18. Instead, the compounds
showed antagonistic properties to barbituratescatatig that they lack the sedative side
effect. However,NTA-1, NTA-5 to NTA-7, NTA-16 and NTA-18 were found to
potentiate narcosis.

&3 std (PB) D NTA-10
- =23 NTA-1 = NTA-11
° == NTA-2 O NTA-12
.‘g CID NTA-3 X NTA-13
2 ¢, > C Al NTA-4 NTA-14
= cm - RHAHEHE
o % = HIMEE NTA-5 3 NTA-15
3 A e AITHBIKEE
b 4 ’ =|s :: g CID NTA-6 3 NTA-16
- d -
5 % ‘ HHKEE &2 NTA-7 NTA-17
% M KJ =
2} 4 / K = NTA-8
s 25 ‘ HHKMEE = = NTA-18
T 3 NTA9

30 mg/kg)

Figure 5.23. Sedative hypnotic activity of 2-amino-5-nitrothiégo derived

semicarbazones. The results are expressed as m&HM+( = 6). The statistical
significance was calculated by one-way ANOVA folledv by Dunnett's test. PB —
PentobarbitonéP < 0.05, °P < 0.01, °P < 0.001 when compared with control group.

5.2.3.4. Neurotoxicity screening (Rotarod test)
Selected compounds were screened for neurototigitptarod apparatus at a dose of 30
mg/kg at four time intervals viz. 0.5 h, 1 h, 2 ida4 h. The results are presented in

Table 5.11 All the tested compounds were found to be norrgtedic exceptNTA-6
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andNTA-18. NTA-6 wasfound to be moderately neurotoxic whN&'A-18 was mildly
neurotoxicrespectivelycompared to standard drug phenytoin.

Table 5.11.Neurotoxicity screening results of selected conmasuofNTA series

Code Neurotoxicity (Time in h)*
0.5 1 2 4

NTA-1 0/4 0/4 0/4 0/4
NTA-2 0/4 0/4 0/4 0/4
NTA-4 0/4 0/4 0/4 0/4
NTA-6 2/4 1/4 0/4 0/4
NTA-9 0/4 0/4 0/4 0/4
NTA-10 0/4 0/4 0/4 0/4
NTA-13 0/4 0/4 0/4 0/4
NTA-15 0/4 0/4 0/4 0/4
NTA-16 0/4 0/4 0/4 0/4
NTA-17 0/4 0/4 0/4 0/4
NTA-18 1/4 0/4 0/4 0/4

PHT 0/4 0/4 0/4 0/2

* The figures indicate the number of animals exinilgi toxicity/total number of animals tested. Refere
drug: PHT — Phenytoin

5.2.3.5. Antioxidant activity (DPPH radical scavenimng assay)

The antioxidant activity data of the selected teshpounds is listed iable 5.12.The
DPPH radical was scavenged by antioxidavies donation of hydrogen resulting in the
formation of DPPH-H The colour of the DPPH is changed from purplgetiow after

reduction, which was quantified by the decline lsd@bance at a wavelength of 517 nm.

Table 5.12.Antioxidant activity of selected compoundsNTA series

Code % inhibition Code % inhibition
NTA-1 58.68 NTA-11 55.29
NTA-2 51.83 NTA-12 10.58
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NTA-3 30.43 NTA-15 10.77
NTA-5 11.60 NTA-16 24.03
NTA-6 35.89 NTA-17 47.16
NTA-9 42.56 NTA-18 65.65
NTA-10 39.39 Ascorbic acid 61.24

The statistical significance was calculated by oag- ANOVA followed by Dunnett's
test.P < 0.05 when compared with control.

From the experimental results, the enhancemerttarantioxidant activity was observed
with most of the tested compounds. Among the teswmdpoundsNTA-18 showed
better antioxidant activity than ascorbic aci@lple 5.12).

5.2.3.6. Liver toxicity studies
Enzyme estimation and histopathological studiesthef lead MAO-A and MAO-B
inhibitors NTA-1 andNTA-18) were done to check the magnitude of liver toyicit

5.2.3.6.1. Assessment of liver function

Table 5.13.shows the liver function tests with reference tosmpotent compounds
NTA-1 andNTA-18. The estimation revealed that there was no siamti increase in
SGOT, SGPT, alkaline phosphatase and decreaset@irptevel in serum as compared
to the control level {able 5.13). The results clearly indicated thBifTA-18 showed
malfunctioning or toxicity of the liver where&sl'A-1 was found to be non-toxic to liver

as compared to control.

Table 5.13.Estimation of biochemical paramet®&3$A-1 andNTA-18

Code | SO0 || SGPT" | gy | Abumin | Globuin p(T,d.)l
Range | 25.8-80.8 17.5-90 62-190 3.3-4.8 1.5-3.b : 5.2-7/6
NTA-1 | 31.07+2.33 48.47+1.72| 157.93+2.95 3.87+0.23| 3.3+0.26 6.1+0.18
NTA-18 | 49.27+3.14] 29.67+2.62| 208.9+4.17| 4.17+0.26 3.31+0.15| 7.83+0.23
Control | 38.56+1.62| 51.73+2.17| 151.56+2.75 3.9+0.12 | 1.86+0.14 6.8+0.17%
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Results are expressed as Mean * SEM. The mean Vea®lcalculated using ANOVA followed |
Dunnett’s test®Denotes serum glutamate oxaloacetate transamis3OT; "Denotes serum glutamate
pyruvate transaminase (SGI, “Denotes serum alkaline phosphatase (ALP)

5.2.3.6.2. Liver histopathological studie

The Lucas technique was used to access the lifam,ovhich was administered wi
test compounds at the dose level of 30 mg/kg boeight for 15 days and a comparis
was madewith the control group. Liver samples froNTA-1 treated raiwere within
normal histopathological limits while the samplesnfi NTA-18 treated rawere found to

be hepatotoxic; though less than that of ,-treated samplesFigure 5.2<)

Figure 5.24.Microphotograph of the section of hematoxylin andie stained rat live
Group: (A) Control (B) C(-treated (CNTA-1 (D) NTA-18. Magnification: 10x

5.2.4.In-silico molecular property analysis and ADMET prediction studies

In order to meet the criteria of synthesized conmgisuas possible drug candidatin-
silico molecular properties were calculated using Moliremn online propert
calculation toolkit and are esented inTable 5.14.The molecular properties includ
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molecular weight (MW), lipophilicity (MiLogP), nunds of hydrogen bond acceptors
(HBA) and number of hydrogen bond donors (HBD) apihski's rule of five
(reference), topological polar surface area (TP&#) molecular volume.

The lipophilicity (expressed as MiLogP) predicted &ll the compounds were found to
be well the traditionally cut-off value of 5 used drug design with the exception of
compoundNTA-16, which violated the Lipinski’s ruleall the structures reported herein
show suitable MW values (MW < 500) necessary fauecessful penetration to CNS.
The topological polar surface area (TPSA) for la tompounds was observed to be in
the range 112.20-158.03 Avhich is well below the limit of 160 A Thus, the predicted
values for all compoundSITA-1 to NTA-18 fall into the appropriate range indicating
good bioavailability of the drug molecule. With tle&ception of compountiTA-5 in
which HBA was calculated to be 11, all other compisiwere predicted to possess the
number of hydrogen bond acceptors (HBA) and dorBi8D) within the Lipinski’'s

limit. Thus it was predicted that almost all compds are likely to be orally active.

Table 5.14.In-silico drug-likenes3prediction studies foNTA-1 to NTA-18

Code MW | MiLogP | HBA | HBD |nNyiations| TPSA | Volume

Rule <500 <5 <10 | <5 <1 <160 X -
NTA-1 | 384.21 3.27 8 2 0 112.20 266.84
NTA-2 | 339.76 2.14 8 2 0 112.20 262.4P
NTA-3 | 323.31 2.63 8 2 0 112.20 253.88
NTA-4 | 321.32 1.99 9 3 0 132.43 256.97
NTA-5 | 350.32 2.42 11 2 1 158.03 272.29
NTA-6 | 463.11 3.63 8 2 0 112.20 284.96
NTA-7 | 370.19 3.36 8 2 0 112.20 250.28
NTA-8 | 307.29 2.07 9 3 0 132.43 240.41
NTA-9 | 360.18 3.81 8 2 0 112.20 259.4p
NTA-10 | 360.18 3.83 8 2 0 112.20 259.4p
NTA-11 | 360.18 3.81 8 2 0 112.20 259.4p
NTA-12 | 351.34 2.59 10 2 0 130.67 283.48
NTA-13 | 367.39 3.68 8 2 0 112.20 303.8D
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NTA-14 | 401.83 4.36 8 2 0 112.20 317.38
NTA-15 | 383.39 3.20 9 3 0 132.43 311.8p
NTA-16 | 436.28 5.04 8 2 1 112.20 330.8)
NTA-17 | 332.30 1.78 10 3 0 145.07 252.98
NTA-18 | 411.20 2.57 10 3 0 145.07 270.82

W = Molecular weight, MiLogP = octanol-water p&dn coefficient, HBA = Number of hydrogen bond
acceptor, HBD = Number of hydrogen bond dongpfdns = Violations from Lipinski's rule, TPSA =
Topological Polar Surface Area

Furthermore, the synthesized compounds were sebjedd in-silico ADMET
(Absorption, Distribution, Metabolism, Excretion carToxicity) property calculation
using online PreADMET serverhe results are presentedTiable 5.15.andTable 5.16.
respectively.

All the compounds expressed greater than 70% humtestinal absorption (HIA) values
indicating good permeation across the membraneatidg that the compounds purport
to oral administration with the exception of compdsaNTA-4, NTA-5, NTA-8, NTA-

12 andNTA-17.

The in-vitro Caco-2 cell permeability is an important parameterassess intestinal
absorption of the drug since Caco-2 cells are ddrivtom human colon adenocarcinoma,
possessing transpons the intestinal epithelium. The results indicatledttcompounds
NTA-1, NTA-6, NTA-7 and NTA-18 exhibited moderate permeation while rest of the
compounds indicated low permeation.

Thein-vitro MDCK cell permeability test utilizes canine kidneglls for the analysis of
permeability. All the compounds showed permeatiess Ithan 25 nm/s indicating low
permeability except compouMil A-5 exhibiting moderate permeation.

All the compoundNTA-1 to NTA-18 exhibited negative permeability values, indicating
that transdermal mode of administration is not shgable means to administer these
drugs.

The percent of drug bound with plasma proteins wstimated and almost all the
compounds (excepTA-14 and NTA-16) were predicted to bind weakly to plasma
proteins, thereby, indicating that the compoundd e available for diffusion or

transport across cell membranes and hence finehlyact with the target.
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The blood-brain barrier (BBB) is a separation a€wiating blood and cerebrospinal fluid

in the CNS, and is responsible for limiting andulagjng the exchange of substances

between the CNS and blood. Predicting BBB peneinatneans predicting whether

compounds pass across the blood-brain barrier.rdotgpto the computed values, all the

compounds were predicted to be inactive to CNS.

Table 5.15.In-silico ADME prediction dathof compoundNTA-1 to NTA-18

Absorption Distribution
Cod In-vitro | In-vitro n-vivo
O e . = = .
In-vitro In-vitro BBB
HIA (%) MDCK SP (log 0 _
CP (nm/s) (nm/s) Kp, cm/h) PPB (/0) (Cbram/
Chiood)
>90 >0.1
0-20 (poor) <4 (low) <25 (low) (strongly (CNS
20-70 25-500 .
4-70 bound) active)
Rule (moderate) (moderate)
(moderate) <90 <0.1
70-100 . >500
(well >70 (high) (high) (weakly (CNS
g bound) inactive)
NTA-1 89.55 9.56 0.05 -3.96 79.01 0.014
NTA-2 84.25 0.52 1.27 -4.05 75.95 0.014
NTA-3 72.05 0.39 8.91 -4.28 67.73 0.016
NTA-4 48.97 0.36 19.36 -4.45 57.88 0.014
NTA-5 25.18 0.35 27.08 -4.11 76.11 0.054
NTA-6 95.59 19.71 0.07 -3.66 86.94 0.011
NTA-7 88.25 7.59 0.04 -4.03 81.17 0.018
NTA-8 45.17 0.34 21.61 -4.46 58.90 0.017,
NTA-9 90.17 0.58 0.24 -3.89 85.96 0.058
NTA-10 90.17 0.50 0.13 -3.90 85.76 0.037
NTA-11 90.17 0.50 0.18 -3.88 87.35 0.099
NTA-12 57.71 0.50 17.91 -3.99 61.53 0.069
NTA-13 90.31 0.49 0.08 -3.34 87.52 0.011
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NTA-14 94.39 0.49 0.05 -3.28 90.06 0.012
NTA-15 79.15 0.37 0.07 -3.78 88.51 0.012
NTA-16 96.12 0.54 0.05 -3.12 93.30 0.014
NTA-17 53.32 0.42 19.89 -4.87 62.08 0.016
NTA-18 79.87 15.97 0.08 -4.82 79.93 0.016

®HIA — Human Intestinal Absorption, CP — Caco2 gefmeability, MDCK — MDCK cell permeability,
SP - skin permeability, PPB — Plasma protein bigdBBB — Blood brain barrier.

The Ames test assesses mutagenicity of the compouhidl the compounds were
predicted as mutagen. Besides, carcinogenicity Wt performed to identify the
tumerogenic potential of compounds in animals (reoasid rat). When analyzing
carcinogenicity in mice, all the compounds weredpted as negative. By analyzing rat
carcinogenicity, all the compounds were predicteditive except compoundsTA-5,

NTA-15, NTA-16 andNTA-17 which presented negative predictions. Human edher-
go-go-related gene (hERG) encodes potassium chgnmdlich are responsible for
normal repolarization of cardiac action potenti#d®ckage or any other impairment of
these channels in the heart can lead to fatal aardroblems. Hence, drug-induced
blockage of potassium channels has been a majaeownAll the compounds presented
medium risk except compourdITA-5, NTA-13, NTA-15, NTA-17 and NTA-18 which

presented low risk while compouiNITA-16 presented high risk and compouddA-14

presented ambiguous results against hERG inhibition

Table 5.16.In-silico toxicity prediction data of compoun8islA-1 to NTA-18

Carcinogenicity | Carcinogenicity hERG
Code | Ames test o
(Mouse) (Rat) inhibition
NTA-1 Mutagen Negative Positive Medium rigk
NTA-2 Mutagen Negative Positive Medium rigk
NTA-3 Mutagen Negative Positive Medium risk
NTA-4 Mutagen Negative Positive Medium risk
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NTA-5 Mutagen Negative Negative Low risk
NTA-6 Mutagen Negative Positive Medium risk
NTA-7 Mutagen Negative Positive Medium rigk
NTA-8 Mutagen Negative Positive Medium rigk
NTA-9 Mutagen Negative Positive Medium risk
NTA-10 | Mutagen Negative Positive Medium rigk
NTA-11 | Mutagen Negative Positive Medium rigk
NTA-12 | Mutagen Negative Positive Medium rigk
NTA-13 | Mutagen Negative Positive Low risk
NTA-14 | Mutagen Negative Positive Ambiguous
NTA-15 | Mutagen Negative Negative Low risk
NTA-16 | Mutagen Negative Negative High risk
NTA-17 | Mutagen Negative Negative Low risk
NTA-18 | Mutagen Negative Positive Low risk

Thus, it can be concluded that compouNd®-1 and NTA-18 presents the good drug-
like characteristics and ADMET properties amongeath
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5.3. 3,4-(METHYLENEDIOXY)ANILINE DERIVED SEMICARBAZ ONES
[MDA-1 to MDA-14]

5.3.1. Synthesis

3,4-(Methylenedioxy)aniline derived semicarbazon@dDA-1 to MDA-14) were
obtained by refluxing semicarbazide with approgrialdehydes or ketones according to
the reaction scheme depicted 8cheme 4.6. by optimizing the various reaction
variables,viz. solvents, catalyst, temperature, stirring time,. dthe final compounds
were recrystallized using methanol as a solvent.

All the final products were stable to open air earwment. The intermediate$1IDU and
MDA) and final products were obtained in moderatedy({d0 to 60%) excedVIDA-4
(39.31%).

The products NIDA-1 to MDA-14) were obtained as crystalline solidsIlfA-2 to
MDA-7 and MDA-9 to MDA-14) or amorphous powdeMDA-1 and MDA-8). The
final compounds were of blackMDA-1 to MDA-11) or reddish black MIDA-12 to
MDA-14) colour.

5.3.2. Characterization

5.3.2.1. Physicochemical characterization

5.3.2.1.1. Melting point

Melting points were determined in one end openligapitubes on Sonar melting point
apparatus and were uncorrected. All the synthesamdpounds displayed a phase
change from solid to liquid state and thus exhibiteelting range of 2 to 5 °C indicating
the purity of compounds exceRIDA-1 which charred at 180 °C. The observed melting
point ranges for the synthesized compouMi3A-1 to MDA-14 are presented in the
Table 4.8.

5.3.2.1.2. Solubility

The solubility of all the synthesized compounds wagrmined in various solvents at
room temperature. All intermediatddPU andMDS) and final compoundd{DA-1 to
MDA-14) were insoluble or partially soluble in water butldde in chloroform,
methanol, ethanol, dichloromethane, DMSO and DM#e ©bserved solubility data are
listed inTable 4.8.
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5.3.2.1.3. Thin layer chromatography

Thin layer chromatography (TLC) was performed darthe synthesis to monitor the
progress of the reaction. . For each reaction]eidigtinct spot of product and absence of
reactant spot in TLC analysis indicated the conmubebf reaction and the purity of
synthesized compounds. TLC was also performedherfinal compoundsMDA-1 to
MDA-14) after purification to determine their; Ralues. The observed: Ralues are
presented in th&able 4.8. Depending upon the polarity of compounds, the casitiom

of eluents used for TLC analysis was (i) Dichlordiname: Methanol (9.8:0.2).

5.3.2.1.4. Determination of partition coefficient logP)

The synthesized compounds were found to exhibieexpental LogP values in the range
0.9 — 3.5 (shake flask method) indicating that thmssess adequate lipophilicity
necessary for their solubility in the lipid pha3de experimental (determined through
Shake flask method) and calculated LogP (softwaleutated) values are listed Trable
4.8.

5.3.2.2. Spectral characterization and elemental atysis

5.3.2.2.1. Ultraviolet (UV) spectroscopy

All the compounds exhibited prominent absorptionndsa with respect to the
chromophore. The compounds MDA series exhibited absorption bands due to C=N
and C=0 chromophores at.x 248-270 nm and 290-320 nm respectively owing to
n—m* transition.

5.3.2.2.2. Infrared (IR) spectroscopy

The semicarbazones showed characteristic absortitdme functional group region at
3200-3500 cnt and 1600-1680 crthwhich confirmed the presence of NH (str) and C=0
(str) of the amide respectively. Further, the fatioraof semicarbazones were confirmed
by the presence of -C=N (str.) at 1520-1640"cffihe characteristic absorption in the
range 1300-1350 cmand 1450-1475 cth(MDA-14) confirmed the presence of Ar-NO
(str) while that in the range 1000-1300 tronfirmed the presence of C-O-C (str). The
presence of C=0 (str) group of indole ring of isatias confirmed by the characteristic
absorption in the range 1680-1740 trnMDA-12 to MDA-14). The presence of
characteristic absorptions around 2890-3000" coonfirmed the presence of GH

stretching while the presence of C=C (str) in thenatic ring was confirmed by the
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characteristic absorptions in the range 1400-16@0. cThe presence of halogens was
confirmed by the absorptions in the range 500-850 tor C-Cl (MDA-2, MDA-5 to
MDA-7, MDA-10 to MDA-11 andMDA-13) and 950-1100 cthfor C-F groups §IDA-

3) while the presence of OH str was confirmed byahgorption at 3478.26 ch{MDA-

4).

5.3.2.2.3. Nuclear magnetic resonance (NMR) specswopy

'H NMR spectra of all the 3,4-(methylenedioxy)argliderived semicarbazones showed
a characteristic singlet peak &B.32-3.62 ppm¢ 5.84-6.05 ppm and 9.63-9.98 ppm
indicating —CH—, —NH- and —CONH- protons, respectively. The appe® of
multiplets ats 6.28-8.71 ppm confirmed the presence of aromatitops. The singlet at
8 7.55-8.80 ppm NIDA-5 to MDA-8) and & 1.96-1.98 ppm NIDA-1 to MDA-4)
indicated the C-H, and C-GHgroups respectively. In'H NMR spectra of
semicarbazones having indolyl group, a singlet elaserved ad 8.19-8.28 ppmNIDA-

12 to MDA-14) due to >NH of indole ring which was supportedthg N-H str. The
singlet ats 3.29 ppm MDA-8) andé 4.91 ppm MDA-4) indicated the presence of
OCH; and OH protons respectively. The disappearancsigsfals of amino NH and
carbimino NH indicated the presence of exchanggaioti®ns MIDA-12; Figure 4.73)

In C NMR spectra, the appearance of signals in thgeraf 156.28-168.53 ppm
confirmed the presence of carbonyl group of serbazsne linker. Moreovef?C NMR
spectra showed signals in the rangebaf33.13-167.90 ppm which was due to C=N
carbon. The presence of OgHroup was also confirmed by the signab&7.51 ppm
(MDA-8). Clustered signals in the range ®©fL01.22-151.25 ppm corresponded to the
presence of aryl carbons. Characteristic signads2#.82-23.84 ppmDA-1 to MDA-

4) ando 179.01-179.62 ppmMDA-12 to MDA-14) corresponded to GHand oxindole
C=0 respectively.

5.3.2.2.4. Mass spectrometry

CompounddMDA-3 andMDA-8 were subjected to mass analy8dA-3 (Mol. wt. =
315.3) showed an [M+1jpeak of 316.58Higure 4.60.)andMDA-8 (Mol. wt. = 443.33)
showed an [M+1] peak of 344.98Rigure 4.67.)thereby confirming the structure of the

compounds.
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5.3.2.2.5. Elemental analysis

All the compoundsVIDA-1 to MDA-14 were subjected to elemental analysis and the
observed values were within £ 0.4% of the calcdat@ues.

5.3.2.2.5. Powder X-ray diffraction analysis

CompoundDA-2 was subjected to the powder X-ray diffraction aselyo confirm the
crystallinity of the compoundThe diffraction pattern ofMIDA-2 (Figure 4.56)

comprised of sharp peaks thereby indicating thetalyne nature of the compound.

5.3.3. Biological evaluation

5.3.3.1. Monoamine oxidase (MAO) enzyme inhibitiostudies

5.3.3.1.11n-vitro MAO inhibition assay

The inhibitory activities against MAO-A and MAO-Bazymes were investigated by
measuring the effects of each compound on the ptmtuof 5-hydroxyindole acetic acid
from serotonin (5-HT) for MAO-A and benzaldehdyerfr benzylamine for MAO-B,
using the UV based spectrophotometric MAO enzynigbition assay. Clorgyline and
selegiline were used as reference inhibitors for®AA and MAO-B respectively. The

corresponding I6; values and MAO-B selectivity ratios are presemtetiable 5.17.

Table 5.17.In-vitro and computational MAO inhibition data fdDA-1 to MDA-14

MAO-A MAO-B
Code I n-vitro Computational I n-vitro Computational g
IC50 (UM) AGH Ki IC50 (UM) AGH Ki
SEM (UM) SEM (LM)

MDA-1 52.46 £ 2.36 -6.35 22.3 22.89 +1.2 -7.16 5.66 292.
MDA-2 | 32.83 +1.43 -6.55 15.81 1.107 £0.004 -7.42 3.629.66
MDA-3 47.81 +£3.21 -6.29 24.49 128.2 + 2.7 -6.62 13(98.37
MDA-4 NT -6.4 20.27 NT -6.75 11.2 -
MDA-5 2.25+0.016 -7.01 7.26 0.54 +0.00 -7.46 3.41 174.
MDA-6 1.99 £0.010 -6.77 10.82 31.46 £1.7 -6.56 15(40.06
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MDA-7 | 452+0.032| -6.82 9.98/ 0.059 +0.002 -7.8 1.92 .6%¢

\> )

MDA-8 | 225.0+5.82| -5.82 54.1 89.85 +3.1

[{®)

-6.75 11/19.502

MDA-9 | 0.24+0.003| -7.17 5.53 2.552 +0.034 -7.32 413 090.

MDA-10 | 82.82+4.53| -6.02| 38.61 54.29 +1.12 -6.53 16{22.53

MDA-11 NTP -5.28 | 135.3 NT -5.82 | 54.37 -

MDA-12 | 3.26 +0.031| -6.82 | 10.1 | 13.40 +0.015 -7.0 7.34 | 0.24

MDA-13 | 16.40 £0.011] -6.64 | 13.62 | 7.253+£0.002| -7.17 5.57 | 5.04

MDA-14 | 32.17 £ 0.064 -6.33 | 22.8 | 14.95+0.011| -7.26 | 4.77 | 2.15

+
we | R
SEL 67.25+1.02 - - 0.020 £+ 0.0008 - - -
HRM 3.00 -5.3 | 130.82 7000 - - -
SAF - - - 0.100 -5.93 | 45.23 -

*AG is expressed in kcalmbl’SI — The selectivity index is the selectivity ftvet MAO-B isoform and is
given as the ratio of experimentalsh§MMAO-A)/IC5o(MAO-B); NT — not tested; Reference inhibitors: CLG
— Clorgyline, SEL — Selegiline, HRM — Harmine, SAFSafinamide.

Note: Each 1Gg value is the mean + SEM. It refers to the assaycentration of test compound which
leads to 50% inhibition of enzyme activity. Levef statistical significance: P < 0.05 versus the
corresponding I€; values obtained against MAO-A and MAO-B; as detead by ANOVA/Dunnett’s.
Based on the screening dafBalple 5.17), it could be seen that most of the tested
compounds displayed better inhibitory potentialiagaMAO-B than MAO-A with the
ICs0 values in the micromolar to nanomolar range. T@g halues towards MAO-A
range from 0.24 + 0.003 pMMDA-9) to 225.0 + 5.82 uMNIDA-8) while for MAO-B
range from 0.059 £ 0.002 uNVDA-7) to 128.2 + 2.73 uMNIDA-3).

Among the synthesized compounds, 4-(benzo[1,3]dibxg)-1-(diphenylmethylene)-
semicarbazideMDA-9) delivered highest potency against MAO-A withsd@alue of
0.24 = 0.003 pM, whereas the most active MAO-B hitbr, 1-(2,6-

dichlorobenzylidene)-4-(benzo[1,3]dioxol-5-yl)semibazide MDA-7) was found to
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exhibit an IGp value of 0.059 + 0.002 uM with the highest selattiindex of 76.61
against MAO-B in the study.
To shed some light into the SARSs, focused struttacalifications were attempted at the

carbimino terminal of the semicarbazone resultingthe variations in the activity.

Particularly, increase in the lipophilicity causdy the incorporation of halogen-

substituted (-Cl) aryl systems or diaryl or isatiesidues preferably with halogen

substituents (-Cl) at the carbimino terminal resdilin increased inhibition against MAO-
B compared to MAO-A.

Structure-activity relationship (SAR)

7
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7
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o
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MDA-1 to MDA-11 MDA-12 to MDA-14

Introduction of chloro groups on the phenyl ringtize carbimino terminal (&
increased the activity towards both the isozymes$h wnore potency and
selectivity towards MAO-BNIDA-7, MDA-5 andMDA-2) rather than MAO-A
(MDA-6).

Dichloro substituted compoundMDA-7 and MDA-5) exhibited more MAO-B
inhibition activity than the monochloro substitui@erivative UDA-2).

Fluoro substitution on the phenyl ring at the canibb terminal (B) (MDA-3)
resulted in a remarkable reduction in the actitotyards MAO-B.

Dimethoxy substitution on the phenyl ring at thebmino terminal (R) caused
an excessive decrease in the activity towards thatlenzymesMDA-8).

The unsubstituted benzophenone derivatM®A-9) expressed better MAO-A
activity than the monochloro substituted deriva{ivViDA-10).

Among the isatin-3-substituted semicarbazone®A-12 to MDA-14), 5-ClI
substituted derivative MDA-13) was found to be more potent for MAO-B
followed by unsubstitutedDA-12) and —NQ substituted derivativeMDA-14).

Whereas, the unsubstituted derivatiWéDA-14) was found to be more potent
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against MAO-A. 5-Cl substitutionMDA-13) resulted in decrease in the activity
towards MAO-A while —-NQ substitution IDA-14) further reduced the activity.

These results guided us towards the influence efsteric groups and electronegative
substituent(s) on the MAO inhibitory profile.

5.3.3.1.2. Kinetic studies of lead MAO inhibitors IDA-9 and MDA-7)

To further examine the modes of MAO-A and MAO-B ilmtion, sets of Lineweaver-
Burk plots were constructed for the inhibition oA-A enzyme byMDA-9 and MAO-
B by MDA-7, the representative lead MAO-A and MAO-B inhibitespectively Figure
5.25). Inspection of Lineweaver-Burk plots suggesteat the plots oMDA-9 (Figure
5.25. (A) andMDA-7 (Figure 5.25. (B) were linear and intersected at the Y-aXise
pattern indicated tha¥IDA-9 and MDA-7 respectively inhibited MAO-A and MAO-B
competitively, and these results further proved thay were reversible MAO-A and
MAO-B inhibitors.

5.3.3.1.2.1. Determination of Kfor lead MAO inhibitors (MDA-9 and MDA-7)

For each type of mode of inhibition, the dissooiatconstant (i can be calculated for
the inhibitor that reflects the strength of intémags between the enzyme and the
inhibitor. K; for the lead inhibitors MDA-9 and MDA-7) was calculated using the
GraphPad Prism resulting in the Yalue of 12.504 = 0.004 nM fdviIDA-9 against
MAO-A and 8.862 + 0.003 nM foMDA-7 against MAO-B. On comparing the 4
values with the Kvalues, a 19-fold difference was observed NiDA-9 and a 6-fold
difference was observed fMDA-7 which reflects tight binding of these inhibitocsthe

enzyme.
5.3.3.1.3. Reversibility and irreversibility experments for lead MAO inhibitors

Further the lead MAO-A and MAO-B inhibitorMDA-9 andMDA-7) were subjected to
time-dependent inhibition studies to investigateethier the observed enzyme inhibition
is reversible or irreversible. Reversibility teshsvperformed using the slightly modified
method described by Legoabeal. There is no time-dependent reduction in the rates o
MAO-A catalyzed oxidation of serotonirFigure 5.26. (A) and MAO-B catalyzed
oxidation of benzylamineS{gure 5.26. (B) respectively wheiMDA-9 andMDA-7 was
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preincubated with the MA-A and MAO-B enzymes respectively for various periods
time i.e. 0, 15, 30, and 60 min. From this restltan be concluded that the inhibition
both MAO-A and MAC-B by MDA-9 andMDA-7 respectively is reversible, at least
the time period (60 min). Interestingly, an incread MAC-A and MAC-B catalytic
rates with increased preincubation timeMDA-9 and MDA-7 with the enzyme was

observed.
(A) [ (B)
1.0 =— Control 1.04 —a— Control
—e—25uM —e— 0.5 M
A 5uM —A— 1 uM
10 pM -y
=¥ M 0.8 v— 5 uM
0.84
0.6
2 =
- -
064 0.44
% 0.2+
L) ' et v x / T T T T 1
-0.04 -0.02 0.00 0.02 0.04 0.1 0.0 0.1 0.2 0.3 0.4 0.5
11[8] 1/[S]

Figure 5.25.Kinetics of rat brain MACA inhibition by MDA-9 and MAC-B inhibition
by MDA-7. (A) Lineweave-Burk plot of the rat brain MAGA catalyzed oxidation ¢
serotonin in the absence (control) and presensamdus concentrations MDA-9 (2.5
UM, 5 puM, 10 pM). (B) Lineweav-Burk plot of the rat brain MA-B catalyzed
oxidation of benzylamine in the absence (controf) presence of various concentrati
of MDA-7 (0.5 pM, 1 uM, 5 pM).Rates (V) are expressed as nmol pros
formed/min/mgprotein

(A) (B)

3 2.5
B3 0
& 15 2.0 & 15
—
= 30 = 30

o 60 1.5

Rate

) T
Incubation time (min) Incubation time (min)

Figure 5.26.Time-dependent inhibition of (A) MA-A catalyzed oxidation of seroton
by MDA-9. (B) MAO-B catalyzed oxidation of benzylamine MDA -7. Rates (V) are
expressed as nmol product formed/min/mg prc
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5.3.3.1.4. Molecular docking studies of MAO inhibibrs

In order to explore the peculiar binding modes amedractions of these semicarbazones
with MAO-A and MAO-B and to gain insights into theffinity, a structure based
molecular modeling study was carried out using hMAGind hMAO-B cocrystals
obtained from PDB. The crystallographic structurééO-A (PDB: 225X)and MAO-B
(PDB: 2Vv5Z)was used to dock the derivatives under study. Tolkecunlar docking study
was performed using automated docking program AocbtkD4.2. The conformers
possessing the best score from the largest cluster considered for further structural
and binding orientation and feasible enzyme-inhibibteraction studies. The results of
molecular modeling studies for both MAO-A and MAO-&pressed in terms of
theoretical inhibition constants {Kalues) and estimated free energies of bindix@)(

for each virtual enzyme-inhibitor complex are présd inTable 5.17.

5.3.3.1.4.1. Pose analysis of MAO-A inhibitors

Visual inspection of the computationally dockeddang poses of all compounds within
the MAO-A active site resulted in the following @bgations: Overall, all the test
inhibitors occupied the active centre cavity of MAO-A enzyme and were surrounded
by the residues Tyr69, lle 180, Asnl181, Phe20824al GIn215, Cys323, lle 325,
l1e335, Phe352, Tyr407, Tyr444 and FABidure 5.27. (A) and (B)) which was
analogous to the binding site of the harmine, aregfce MAO-A inhibitor. Almost in all
the test inhibitors the (methyelenedioxy)phenyl @tpioccupies the cavity extending
towards FAD while the arylidene or diarylmethylamreisatin residue is located towards
the opening of the cavityr{gure 5.27. (A). A few exceptions are found witiDA-10,
MDA-12, MDA-13 and MDA-14; for which the binding orientation is completelet
reverse igure 5.27. (B). Further, these inhibitors are stabilized by loggm bonding
(H-bond) and hydrophobia = stacking) interactions.

All compounds showed one or more H-bond interastiexcepMDA-1 andMDA-3. H-
bond interaction with residue Tyr197 is observethMDA-2, MDA-4, MDA-5, MDA-

6, MDA-7, MDA-8, MDA-9, MDA-11 andMDA-14; likewise with Alal1l inMDA-4;
with Asn181 inMDA-10 andMDA-12; with Cys323 inMDA-14; with Tyr407 inMDA-

7 and MDA-11; with Tyr444 in MDA-14; and with FAD inMDA-10, MDA-12 and

MDA-13. In addition, all the compounds showed- n interactionsz — x interactions
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with residue Tyr407 is observed wiMDA-1, MDA-2, MDA-3, MDA-4, MDA-5,
MDA-6, MDA-7, MDA-8, MDA-9, MDA-11, MDA-12, MDA-13 and MDA-14;
likewise with Tyr444 inMDA-1, MDA-2, MDA-3, MDA-4, MDA -5, MDA-6, MDA-7,
MDA-9, MDA-11 and MDA-12; and with Phe352 iMDA-10 and MDA-11. Besides,
MDA-11 is stabilized byr — o interaction with Met350; antMDA-12 with FAD
respectively. Thus, in most of the potent compourpieferablyr — = and H-bond
interactions have been found to be responsiblenfediating the inhibitory activit
against MAO-A.

(B) Tyr69

Vai210 }Rl\nm D
Cys323 A

lle180
Asn181
(o] D 197
S ©) Phe208 oty
i GIn215 |
Val210
GIn215
PheZOi&
11335
X : \
= o
v

\ Phe352

Figure 5.27.Structural screenshot of superimposed MA inhibitors docked into the
active site of MAOA. FAD is displayed in cyanin. Selected amino a@ds depicted il
black. (A) Shared binding modesMDA-1, MDA-2, MDA- 3, MDA-4, MDA-5, MDA-
6, MDA-7, MDA-8, MDA-9 and MDA-11 displayed in dark blue, dark brow
fluorescent green, maroon, dark pink, sky blue, skamk @range, light brown and gr.
color respectively. (B) Shared binding modes MDA-10, MDA -12, MDA-13 and
MDA-14 displayed in yellow, maroon, dark green and darik giolor respectively(C)
Binding orientation ofMDA-9 (yellow) within MAO-A active site showing —r (orange
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colored lines) and H-bond (green dashes) intenagti(D) Superimposed binding mode
of MDA-9 (yellow) within MAO-A originally docked with harmie (orange).

5.3.3.1.4.2. Binding mode of lead MAO-A inhibitor MDA-9

Inspection of the virtual complex of the lead MAO#hibitor MDA-9 and MAO-A
(Figure 5.27. (C) reveals that semicarbazone linker is situatatiéncentre of the cavity
with the (methylendioxy)phenyl moiety located todafFAD while the diarylmethylene
moiety is situated towards the opening of the MAQe&eptor. The benzene ring of the
(methylendioxy)phenyl moiety is involved in— = interaction with Tyr407 and Tyr444 at
an inter-plane distance of approximately 3.71 A 4 A respectively. Besides this, the
molecule is also stabilized by H-bond interactietween O of dioxole ring and H of OH
of Tyr197 at an inter-plane distance of approxirya2el4 A.Figure 5.27. (D)shows the
docked pose oMDA-9 (yellow) within the MAO-A active site superimposadth the
docked pose of harmine (orange) which indicates bwdh share a similar binding

orientation further strengthening our finding.

5.3.3.1.4.3. Pose analysis of MAO-B inhibitors

All the inhibitors are located within the activetesicavity of MAO-B. The binding
orientation of all the test inhibitors within MAO-Baverses both the entrance cavity
surrounded by the residues Leul7l, Phel68, llell®B99 and Tyr326; and substrate
cavity surrounded by the residues Tyr60, Cys1722@, Phe343, Tyr398 and Tyr435
which is almost similar to the binding orientatioh the reference MAO-B inhibitor,
safinamide. Almost in all the test inhibitors teethylenedioxy)phenyl moiety occupies
the cavity extending towards FAD while the arylideor diarylmethylene or isatin
residue is located towards the opening of the gd¥igure 5.28. (A). A few exceptions
are found with theVIDA-6, MDA-11 andMDA-13 for which the binding orientation is
completely the reversd-igure 5.28. (B). Additionally, the inhibitors are stabilized by
H-bond and/or —r stacking interactions.

All the compounds showed H-bond interactions exddmA-1, MDA-3, MDA-8,
MDA-9, MDA-10 andMDA-12. H-bond interactions with residue Phel68 is olesdin
MDA-14; likewise with Cys172 inMDA-13 and MDA-14; with 11e198 in MDA-2,
MDA-4, MDA-5, MDA-6, MDA-7, and MDA-14; with GIn206 in MDA-11; with
Tyr326 in MDA-11 and MDA-14; with Tyr398 in MDA-4; with Tyr435 in MDA-2,
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MDA-4, MDA-5, MDA-7, and MDA-14; and with FAD inMDA -6. Besides,t — n
interactions is observed with Tyr398 MDA-1, MDA-2, MDA -3, MDA-4, MDA-5,
MDA-6, MDA-7, MDA -8, MDA-10, MDA-11, MDA-12 and MDA -14; likewise with
Tyr326 in MDA-1 and MDA-7; with Tyr435 in MDA-2, MDA -4, MDA-5, MDA-7,
MDA-9, MDA-12 andMDA-13. Additionally, = — ¢ interaction is observed with llel!
in MDA-13. Thus, in most of the potent inhibitors, prefeyall — = and H-bond

interactions have been found to be responsiblenatiating inhibition against MA-B.

(A) - \Cys172
0 "/- )

Tyr326

(C) (D) ~Cys172
lle198 I

. 118198 ~_ Tyr398

\_lleT99

LA ¢ S MTyraas
Iy,r;!é £\
GIn206 -
" re0
v

Figure 5.28. Structural screenshot of superimposed N-B inhibitors docked into th
active site of MAOB. FAD is displayed in cyanin. Selected amino aeidsdisplayed il
black. (A) Shared binding modesMDA-1, MDA-2, MDA-3, MDA -4, MDA-5, MDA-
7, MDA-8, MDA-9, MDA -10, MDA-12 and MDA-14 are displayed in dark blue, de
brown, fluorescent green, maroon, dark pink, sétark orange, light brown, yellow, da
green and black color respectively. (B) Shared inmanodes oMDA -6, MDA-11 and
MDA-13 are displayed in ky blue, gray and red color respective(C) Binding
orientation ofMDA- 7 (yellow) within MAO-B active site showing — = (orange colored
lines) and Hbond (green dashes) interactions. (D) Superimpbseting mode oMDA-
7 (yellow) within MAO-B originally docked with safinamide (dark gree
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5.3.3.1.4.4. Binding mode of lead MAO-B inhibitor MDA-7

Examination of one of the best-ranked docking sofubf lead MAO-B inhibitorMDA-

7 reveals that the entire molecule is stabilized othbthe cavities with the rigid
hydrophobic (methylenedioxy)phenyl moiety caged itite substrate cavity, while the
arylidene ring is extended towards the entrancety}caf MAO-B. The compound is
found to exhibitr — & interactions between the phenyl ring present atdarbimino
terminal of the semicarbazone scaffold and the ylheng of Tyr326 at an inter-plane
distance of approximately 4.16 A; and the benzeng of (methylenedioxy)phenyl
moiety with Tyr398 and Tyr435 at an inter-planetalice of approximately 4.19 A and
4.18 A respectively. In addition, H-bond interanohave been observed between
oxygen of C=0 in carbimino linker and H of OH of ®¥5; and H of NH in carbimino
linker and oxygen of 1le198 at an inter-plane dis@of 2.12 A and 2.86 A respectively
(Figure 5.28. (C). These interactions, as a whole, resulted irfitheness of the ligand
within the MAO-B and hence confirm the stability tife complex.Figure 5.28. (D)
shows the docked pose dMDA-7 (yellow) within the active site of MAO-B
superimposed with the docked pose of safinamidan(g®) indicating that both share a

similar binding orientation.

5.3.3.2. Acetylcholinesterase (AChE) enzyme inhilain studies

5.3.3.2.11n-vitro AChE inhibition assay

Inhibitory activities of the target compounds aghimat AChE was tested by the
spectrophotometric method of Ellmatnal. but with minor modifications using donepezil
and tacrine as reference standards. Thg \&lues for AChE inhibition are summarized
in Table 5.18.

Table 5.18.In-vitro and computational AChE inhibition data for compdsiNIDA-1 to

MDA-14
In-vitro Computational
Code I
IC,, (UM) = SEM AG (kcal mol™) K., (UM)
MDA-1 1176 £ 7.41 -6.38 21.06
MDA-2 14.0 £0.83 -6.35 22.09
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MDA-3 70.06 +2.90 -5.77 59.21
MDA-4 114.5 +3.28 -5.62 76.28
MDA-5 0.037 + 0.004 -7.46 3.39
MDA-6 26.51 £ 0.86 -6.23 27.32
MDA-7 0.0087 +0.0002 -6.56 15.47
MDA-8 2010 +6.57 -5.19 156.77
MDA-9 0.388 + 0.002 -7.01 7.24
MDA-10 0.071 +0.001 -7.3 4.43
MDA-11 2.578 +0.061 -7.65 2.48
MDA-12 3.26 +0.087 -6.51 16.97
MDA-13 0.307 +0.003 -6.95 8.06
MDA-14 569.4 +3.92 -5.51 92.16
DNP 0.021 + 0.005 -6.01 39.45
TRN 0.225 +0.04 - -

Reference inhibitors: DNP — Donepezil, TRN — Tagrin

Note: Each IG, value is the mean + SEM. It refers to the assaycentration of test compound which
leads to 50% inhibition of enzyme activity. Levef statistical significance: P < 0.05 versus the
corresponding 1€ values obtained against AChE; as determined by YXADunnett'’s.

All the synthesized compound$81DA-1 to MDA-14) were found to show activity
against AChE displaying inhibition abilities in ranolar to micromolar range. Among
them,MDA-7 was obtained as the lead candidate showing highk#tition with 1Cso
value of 0.0087 + 0.0002 puM, which is ~2.4-fold mqotent as compared to donepezil
and ~26-fold more potent in comparison to tacriodpwed by MDA-5 and MDA-10
respectively with 1G values of 0.037 + 0.004 uM and 0.071 + 0.001 pMileiking
about ~6.1 fold and ~3.2 fold potency comparedatwine. All these compoundsDA-

5, MDA-7 andMDA-10) possessed one or more chloro substituent onheeypring at

the carbimino terminal of the semicarbazone tereplat
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A careful insight and analysis of the data listedlable 5.18.led to several eventual
structure-activity relationships (SAR).

Structure-activity relationship (SAR)

R3
o

o) o)
{ e IS
o) .N._R N™ "N° =

N™ "N° N H H

H H N

MDA-1 to MDA-11 MDA-12 to MDA-14

¢+ Substitution of the distal phenyl ring with —Cl gp(MDA-7, MDA-5, MDA-10,
MDA-2 andMDA-6) increased the activity, while —F substitution @esed the
activity (MDA-3).

¢+ Substitution with —OH group further led to reduatio the activity MDA-4).

¢+ Substitution of carbimino terminal phenyl ring withulky group like —OCHl
group abolished the activityDA-8).

« Presence of diaryl substituent@A-9, MDA-10 andMDA-11) at the carbimino
terminal favored AChE activity. Interestingly, tlaetivity increased 5.46 times
due to the inclusion of chloro grouMDA-10); whereas the activity decreased
6.64 times due to dichloro substitutioNMDA-11). This clearly indicates the
requirement of “hydrophobic aryl binding moiety” thi an optimum
electronegativity (one —Cl substitution) at theboaino terminal for effective
AChE inhibition. This is also evidenced by the paotivity displayed byiDA-1
andMDA-2.

< Among the compoundgIDA-12 to MDA-14, 5-Cl substituted derivativé{DA-
13) was found to be most potent followed by the ussitited derivative NIDA-
12) while substitution with —-N@group reduced the activitfiDA-14).

5.3.3.2.2. Kinetic study of lead AChE inhibitor MDA-7
To gain further insight into the mechanism of actwf this family of compounds on
AChE, kinetic studies were carried out with the mpsomising compoundiDA-7,

using rat brain AChE. Graphical analysis of theimexcal Lineweaver-Burk plots
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(Figure 5.29. (A) showed both increased slopes (decreasmay and intercepts (highe
Km) at increasing concentration of the inhibitor. Shgattern indicates a mix-type

inhibition and therefore supports the dual site bindingreatf this compounc

(A) (8)

—a— Control
2.0
®— 30 uM
. &3 0
, v 90 M &3 15
= 30
m 60

Rate

T T T T T 1
-60 -40 -20 0 20 40 60
1/[S]

T

T
Incubation time (min)

Figure 5.29. (A) Kinetics of rat brain AChE inhibition by compod MDA-7.
LineweaverBurk plot of the rat brain AChE catalyzed oxidatiohATCI in the absenc
(control) and presence of various concentrationsoofipouncMDA -7 (30 uM, 60 uM,
90 uM). (B) Timedependant inhibition of AChE catalyzed oxidation ACTI by
compoundMDA-7. Rate data are expressed as nmol product formeahgiprotein

5.3.3.2.3Reversibility experiment for lead AChE inhibitor MDA -7

Further, the most active AChE inhibittMDA-7, was subjected to tir-dependent
inhibition studies to investigate wher the observed enzyme inhibition is reversiblt
irreversible. As shown iFigure 5.29. (B) there is no timelependent reduction in tl
rates of AChE catalyzed oxidation of acetylthiocheliodide (ACTI) wherMDA-7 was
preincubated with the AChE for various periodsimigti.e. 0, 15, 30, and 60 miFigure
5.28. (B). From this result it may be concluded that thelition of AChE is reversible
at least for the time period (60 min). An increa$ChE catalyticrates with increased

preincubation time d¥DA -7 with the enzyme was observed.

5.3.3.2.4Molecular docking studies of AChE inhibitors

To further investigate the binding orientation ohibitors, molecular docking study w
performed using AutoDock 4..The X+ay crystal structure of the recombinant hur
AChE (rhAChE) in complex with donepezil (PDB codi¥Y7) was obtained from tf

Protein Data BankThe results of molecular docking studies for ACsEekpressed i
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terms of theoretical inhibition constants;(Kalues) and estimated free energies of

binding AG) for each virtual enzyme-inhibitor complex and ahown inTable 5.18.

5.3.3.2.1.1. Pose analysis of AChE inhibitors

Examination of the computationally docked bindirgs@s of all compounds within the
AChE active site resulted in the following obseiwas: All the test inhibitors were found
to fit into the gorge of AChE formed by catalytioianic site (CAS) and peripheral
anionic site (PAS) and were enclosed by the residAsp74, Trp86, Glyl21, Glyl22,
Tyrl24, Serl25, Glyl126, Tyrl33, Glu202, Ser203,28 Trp236, Trp286, Phe295,
Arg296, Phe297, Tyr337, Phe338, Tyr341, His4digre 5.30). Almost in all the test
inhibitors the (methylenedioxy)phenyl moiety bintts peripheral anionic site (PAS)
while the arylidene or diarylmethylene or isatisidele is flipped towards the catalytic
anionic site Figure 5.30. (A). This reveals almost all the test inhibitors éxha similar
binding orientation as the reference drug donepdailvever, a few exceptions are found
with the MDA-4, MDA-5, MDA-11 and MDA-12 for which the orientation is
completely the reverseFigure 5.30. (B). Further, these inhibitors are stabilized by
hydrogen bonding (H-bond) and hydrophobic-(t stacking) interactions.

All compounds showed one or more H-bond interastidftbond interaction with residue
Asp74 is observed witiMDA-3, MDA-11, MDA-12 and MDA-13; likewise with
Gly121, Gly122 and Ala204 iNMDA-5; with Gly122 inMDA-14; with Tyr124 inMDA-

1, MDA-5, MDA-6, MDA-8, MDA-9, MDA-12 andMDA-13; with Ser125 inVIDA-13;
with Tyr133 inMDA-12; with Glu202 and Ser203 iMDA-4; with Trp286 inMDA-10
and MDA-14; with Phe295 inMDA-1, MDA-2, MDA-4, MDA-6, MDA-8, MDA-8,
MDA-13 andMDA-14; with Arg296 inMDA-1 andMDA-7; and with Tyr341 irMDA-

3.

In addition, all the compounds showed— & interactions excepMDA-10. &t — =
interaction with residue Trp86 is observed WiWtDA-2, MDA-3, MDA-4, MDA-6,
MDA-11 and MDA-13; likewise with Trp286 inMDA-9; with Phe337 inMDA-3 and
MDA-7; with Phe338 inMIDA-11; with Tyr341 inMDA-1, MDA-2, MDA-5, MDA-6,
MDA-12 and MDA-13; and with His447 inMDA-4. Moreover,n — cation interaction
with His447 is found irMDA-4.
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Figure 5.30. Structural screenshot of superimposed AChE inhibitdocked into th
active site of AChE. Selected amino acids are digg in black. (A) Shared bindir
mode of MDA-1, MDA -2, MDA-3, MDA-6, MDA-7, MDA-8, MDA-9, MDA-10,
MDA-13 andMDA- 14 displayed in darkiolet, dark brown, dark green, dark pink, li¢
violet, sky blue, fluorescent green, skin, darkebland yellow color respectively. (I
Shared binding mode (MDA-4, MDA-5, MDA-11 andMDA- 12 are displayed in light
blue, gray, light pink and red color respective(C) Binding orientation olMDA-7
(yellow) within AChE active site showing— = (orange colored lines) anc-bond (green
dashes) interactions. (D) Superimposed binding maidMDA -7 (yellow) in AChE
originally docked with donepezil (orang

5.3.3.2.12. Binding mode of lead AChE inhibitor MDA-7

Assessment of the virtual complex of the lead Adhkibitor MDA-7 and AChE
(Figure 5.30. (C) reveals that the (methylenedioxy)phenyl nty was bound to the
gorge forming the PAS while the arylidene ring ques the CAS, whereas the lini
was situated in the middle of the gorge between @A& PAS. The phenyl ring at t
carbimino terminal is involved in — = interaction with Tyr337 atn inter-plane distance

of approximately 3.91 A. Besides this, the O atdrdioxole ring is bridged to H of N,
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of Arg296 via H-bonding Figure 5.30. (C). Superimposition of rhAChEMDA-7
complex with the rhAChE:donepezil complex suggéiséd MDA-7 mimics the binding
mode of donepeziKigure 5.30. (D).

Comparison of the experimental and computationsiilte indicated almost a good to
better correlation between thevitro and computational data for MAO-A, MAO-B and

AChHE inhibition as observed from the above results.

5.3.3.3. Behavioural studies

5.3.3.3.1. Antidepressant activity (Forced swim tés

The synthesized compounds were evaluated for taefidepressant activity using
Porsolt’s forced swim test and the results arestitated inFigure 5.31. The compounds
MDA-7 and MDA-9 were found to be more active than the referencg dit@lopram
(CIT), thereby indicating that these compounds poedno CNS depression. Rest of the
compounds was found to emerge as CNS depressatitgyagicreased the immobility

time.

/4 &3 Control =9 MDA-7
0 /
2 c ’ == crT 2 MDA-8
g = ’ = MDA-1 D MDA-9
- = ? CID MDA-2 = MDA-10
= E - N E = MDA-3 oD MDA-11
8 = A U E =
g = % ’ = = £S9 MDA-4 X MDA-12
= - ==
= = 2 ‘ — = CID MDA-5 MDA-13
= = % =
= % X é = = &2 MDA-6 &3 MDA-14

Drug (Dose = 30 mg/kg)

Figure 5.31. Antidepressant activity of 3,4-(methylenedioxy)er@ derived

semicarbazones. The results are expressed as m&HM+( = 6). The statistical
significance was calculated by one-way ANOVA folledvby Dunnett's test. CIT —
Citalopram.’P < 0.001 when compared with the control group.

5.3.3.3.2. Anxiolytic activity (Elevated plus mazéest)
All the compounds were subjected to anxiolytic \atti screening using elevated plus
maze apparatus and the results are illustrate@ignre 5.32. CompoundsMDA-9,
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MDA-5, MDA-7, MDA-2, MDA-6 and MDA-13 possessecsignificantly greater
anxiolytic activity than diazepam (DZM). Rest oktlkcompounds was found to be |

active than diazepam.
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z % § £ MDA-4 D™ MDA-13
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2 ?i s ? €D MDAS MDA-14
S P
” ZINIZ ez woas
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o % N &= MDA-1 D MDA-9
(/]
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Figure 5.32.Anxiolytic activity of 3,4-(methylenedioxy)aniline derived semicarbazc.
The results are expressed as mean + Sn = 6). The statistical significance w.
calculated by ongray ANOVA followed by Dunnett's testDZM — Diazepam.P <
0.001 when compared with control grot

5.3.3.3.3. Sedativéwpnotic activity (Pentobarbitone potentiation test

All the synthesized compounds were evaluated iatsegland hypnotic test at a dose
30 mg/kgand the results are illustrated Figure 5.33.Most of the compounds show
significant variation from control. None of the cpaunds resulted in elongation of me
sleeping time than control confirming that thesenpounds do not potentiate narco:
Instead, the compounds showed antagonistic piies to barbiturates indicating tr

they lack the sedative side eff
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Figure 5.33. Sedative hypnotic activity of 3,4-(methylenedioxy)me derived

semicarbazones. The results are expressed as m&HM+( = 6). The statistical

significance was calculated by one-way ANOVA folkdv by Dunnett's test. PB —
Pentobarbitone, NT — Not testé®.< 0.05, °P < 0.01, °P < 0.001 when compared with
control group.

5.3.3.4. Neurotoxicity screening (Rotarod test)

Selected compounds were screened for neurotoXigitptarod apparatus at a dose of 30
mg/kg at four time intervals viz. 0.5 h, 1 h, 2 tda4 h. The results are presented in
Table 5.19. All test compounds were found to be non-neurotaecept compounds
MDA-12 and MDA-14. MDA-12 was found to be moderately neurotoxic while
compoundMDA-14 was found to be mildly neurotoxic compared to stadddrug
phenytoin.

Table 5.19.Neurotoxicity screening results of selected conmgisuof MDA series

Neurotoxicity (Time in h)*
Code
0.5 1 2 4
MDA-2 0/4 0/4 0/4 0/4
MDA-5 0/4 0/4 0/4 0/4
MDA-6 0/4 0/4 0/4 0/4
MDA-7 0/4 0/4 0/4 0/4
MDA-9 0/4 0/4 0/4 0/4
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MDA-10 0/4 0/4 0/4 0/4
MDA-12 0/4 1/4 2/4 2/4
MDA-13 0/4 0/4 0/4 0/4
MDA-14 0/4 1/4 1/4 2/4

PHT 0/4 0/4 0/4 0/2

* The figures indicate the number of animals exinilgi toxicity/total number of animals tested. Refere
drug: PHT — Phenytoin

5.3.3.5. Antioxidant activity (DPPH radical scavenmg assay)

The antioxidant activity data of the selected teshpounds is listed ifable 5.20.The
DPPH radical was scavenged by antioxidavies donation of hydrogen resulting in the
formation of DPPH-FH The colour of the DPPH changed from purple tdoyelafter
reduction, which was quantified by the decline lof@bance at a wavelength of 517 nm.
From the experimental results, the enhancemerttarantioxidant activity was observed
with most of the tested compounds. Among thBtDA-5, MDA-6, MDA-7 andMDA-

9 showed better antioxidant activity than ascorlsid &rable 5.19).

Table 5.20.Antioxidant activity data of selected compound$/dA series

Code % Inhibition Code % Inhibition
MDA-2 47.72 MDA-10 60.60
MDA-5 62.59 MDA-12 52.39
MDA-6 63.27 MDA-13 58.09
MDA-7 65.98 MDA-14 32.99
MDA-9 64.37 Ascorbic acid 61.24

The statistical significance was calculated by arag- ANOVA followed by Dunnett’s tesP < 0.05 when
compared with control.
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5.3.3.6. Liver toxicity studies
Enzyme estimation and histopathological studiekeadl inhibitorsMDA-7 andMDA-9

were done to check the magnitude of liver toxicity.

5.3.3.6.1. Assessment of liver function

Table 5.21.shows the liver function results with referencentost potent compounds
MDA-7 and MDA-9. The estimation revealed that there was no siamti increase in
SGOT, SGPT, alkaline phosphatase and decreaset@irptevel in serum as compared
to the control level{able 5.21). The results clearly indicated thdDA-7 and MDA-9

showed no malfunctioning or toxicity of the lives eompared to control.

Table 5.21.Estimation of biochemical parametersMiDA-7 andMDA-9

Total
SGOT? SGPT° Albumin | Globulin .
Code |y oy | AP O ay | mord p(rglt;')”

Range | 25.8-80.8 17.5-90 62-190 3.3-4.8 1.5-3.b6 5.2-7\6

MDA-7 | 49.23+£3.58| 85.53+3.24 128.1+2.95| 3.83+0.18 3.26+0.23| 7.2+0.21

MDA-9 | 59.83+2.44 76.27+4.51] 108.73+4.18 3.83+0.22| 3.17+0.26| 5.86%0.46

Control | 38.56+1.62| 51.73+2.17| 151.56+2.75 3.9+0.12 | 1.86+0.14 6.8+0.17%

Results are expressed as Mean + SEM. The mean Vea®lcalculated using ANOVA followed by

Dunnett’s test;®Serum glutamate oxaloacetate transaminase (SGESdrum glutamate pyruvate

transaminase (SGPTBerum alkaline phosphatase (ALP)

5.3.3.6.2. Liver histopathological studies

The Lucas technique was used to access the livenat,ovhich was administered with

test compounds at the dose level of 30 mg/kg boeight for 15 days and a comparison
was done with the control group. Liver samples fraontrol group and all the

experimental group81DA-7 and MDA-9 were within normal histopathological limits

(Figure 5.34).
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Figure 5.34.Microphotograph of the section of hematoxylin andie stainecrat liver.
Group: (A) Control (B) C(s-treated (CMDA-7 (D) MDA-9. Magnification:10x.
5.3.4.In-silico molecular property analysisand ADMET prediction studies

All the structural elementwere selected toheck their adherence Lipinski’s rules for
possible drudikeness usinmolinspiration softwareTable 5.22).

The lipophilicity (expressed as MiLogP) predicted for all the complsuwere found ti
be well the traditionally croff value of 5 used in drug design with the excaptof
compoundsviDA-10 andMDA-11, which violated the Lipinski’s rule All the structures
reported hereirshow suitable MW values (MW < 500) necessary fosugcessfu
penetration to CNS. The topological polar surfaceag TPSA) for all the compoun
was observed to be in the range 7-150.64 & which is well below the limit of 160 %
Thus, the predicted alues for all compoundsMDA-1 to MDA-14 fall into the
appropriate range indicating good bioavailabilifytiee drug molecule. The number
hydrogen bond acceptors (HBA) and donors (HBD) ddirthe compounds were

accordance with the Lipinski’'s rule five with the exception of compourMDA-14 in
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which HBA was calculated to be 11. Thus it was mted that almost all compounds are

likely to be orally active.

Table 5.22.In-silico drug-likenesprediction studies failDA-1 to MDA-14

Code MW | MiLogP | TPSA HBA | HBD | Nyiglations | Volume

Rule | <500 <5 <160X | <10 | <5 <1
MDA-1 | 297.31 3.22 71.96 6 2 0 262.99
MDA-2 | 331.76 3.90 71.96 6 2 0 276.53
MDA-3 | 315.30 3.38 71.96 6 2 0 267.92
MDA-4 | 299.29 2.82 92.19 7 3 0 254.4%
MDA-5 | 352.18 4.56 71.96 6 2 0 273.50
MDA-6 | 352.18 4.59 71.96 6 2 0 273.50
MDA-7 | 352.18 4.56 71.96 6 2 0 273.50
MDA-8 | 343.34 3.35 90.42 8 2 0 297.52
MDA-9 | 359.38 4.44 71.96 6 2 0 317.84
MDA-10 | 393.83 5.11 71.96 6 2 1 331.38
MDA-11 | 428.27 5.79 71.96 6 2 1 344.91
MDA-12 | 324.30 2.54 104.82 8 3 0 266.9Y
MDA-13 | 358.74 3.19 104.82 8 3 0 280.51
MDA-14 | 369.29 2.47 150.64 11 3 1 290.31

"MW = Molecular weight, MiLogP = octanol-water ptidn coefficient, TPSA = Topological Polar

Surface Area, HBA = Number of hydrogen bond acaepttBD = Number of hydrogen bond donor,
Nviolations = Violations from Lipinski’s rule

The results of ADMET property calculation are lgte Table 5.23.and Table 5.24.
respectively.
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Human intestinal absorption (HIA) property is thetetminant for those drugs that
purport oral administration. All the compountitbA-1 to MDA-14 expressed greater
than 70% HIA values indicating good permeation ssithe membrane.

The in-vitro Caco-2 cell permeability is an important parameéterassess intestinal
absorption of the drug since Caco-2 cells are ddrivtom human colon adenocarcinoma,
possessing transportgia the intestinal epithelium. The results indicatdthtt all
compoundd$viDA-1 to MDA-14 exhibited moderate permeation.

Thein-vitro MDCK cell permeability test utilizes canine kidneglls for the analysis of
permeability. All the compoundsiDA-1 to MDA-14 showed permeation less than 25
nm/s indicating low permeability.

The skin permeability is an important factor foe tbelivery of drugvia transdermal
administration. All the compounddDA-1 to MDA-14 exhibited negative permeability
values, indicating that transdermal mode of adrtraii®n is not the suitable means to
administer these drugs.

The percent of drug bound with plasma proteins wstimated and almost all the
compounds (exceg¥IDA-9 and MDA-11) were predicted to bind weakly to plasma
proteins, thereby, indicating that the compoundd e available for diffusion or

transport across cell membranes and hence fimahlyact with the target.

Table 5.23.In-silico ADME prediction datdof compound$1DA-1 to MDA-14

Absorption Distribution
In-vitro In-vitro In-vivo
Code HIA (%) | n-vitro MDCK SP (log | In-vitro | BBB
i CP (nm/s) (nm/s) Kp, PPB (%) (Cbrain/
cm/h) Cblood)
0-20 >90 >0.1
(poor) <4 (low) <25 (low) (strongly | (CNS
Rule 20-70 4-70 25-500 bound) | active)
(moderate)| (moderate)| (moderate) <90 <0.1
70-100 | >70 (high) | >500 (high) (weakly (CNS
(well) bound) | inactive)
MDA-1 92.87 21.69 6.39 -3.62 78.09 0.32
MDA-2 93.84 21.71 0.25 -3.60 83.89 0.67
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MDA-3 92.88 21.56 0.37 -3.85 80.49 0.37
MDA-4 88.07 20.02 5.09 -4.41 76.09 0.37
MDA-5 94.54 22.38 0.43 -3.51 88.81 1.57
MDA-6 94.54 21.30 0.13 -3.52 87.33 1.52
MDA-7 94.54 21.30 0.23 -3.49 89.59 1.56
MDA-8 93.32 24.03 451 -3.79 75.23 0.19
MDA-9 94.58 22.92 0.44 -2.78 91.39 1.02
MDA-10 95.31 23.68 0.11 -2.78 88.97 2.03
MDA-11 95.85 24.59 0.06 -2.72 93.52 3.48
MDA-12 91.14 20.19 6.04 -4.81 78.13 0.09
MDA-13 92.36 20.85 0.69 -4.77 89.43 0.13
MDA-14 74.26 18.12 4.10 -4.78 79.56 0.05

*HIA — Human Intestinal Absorption, CP — Caco2 gefmeability, MDCK — MDCK cell permeability,
SP — skin permeability, PPB — Plasma protein bigdBBB — Blood brain barrier.

The blood-brain barrier (BBB) is a separation o€alating blood and cerebrospinal fluid
in the CNS, and is responsible for limiting andulegjng the exchange of substances
between the CNS and blood. Predicting BBB penetnatneans predicting whether
compounds pass across the blood-brain barrier.i$hgrucial in drug design since CNS
active compounds must pass across it. Accordinghto computed values; all the
compounds exceptiDA-12 andMDA-14 were predicted to be CNS active and could be

good candidates for CNS penetration.

The Ames test assesses mutagenicity of the compouhll the compounds were
predicted as mutagen. Besides, carcinogenicity Wt performed to identify the
tumerogenic potential of compounds in animals (reoasd rat). When analyzing
carcinogenicity in mice, all the compounds weredted as negative. By analyzing rat
carcinogenicity, compounddDA-1, MDA-3, MDA-4, MDA-8, MDA-9, MDA-12 and

MDA-14 were predicted positive while rest of the compaumiesented negative

predictions. Human ether-a-go-go-related gene (hEB&odes potassium channels,
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which are responsible for normal repolarizatiorcafdiac action potentialBlockage or

any other impairment of these channels in the hemntlead to fatal cardiac problems.
Hence, drug-induced blockage of potassium charredsbeen a major concern. All the
compounds presented medium risk except compMiDA-10 which presented high risk

while compoundDA-9 presented ambiguous results against hERG inhibitio

Table 5.24.In-silico toxicity prediction data of compound4DA-1 to MDA-14

Code Ames test Car((:ll\;llggseg)lcny Caru(nsggnlcny inzili?ti(én
MDA-1 Mutagen Negative Positive Medium ris
MDA-2 Mutagen Negative Negative Medium risk
MDA-3 Mutagen Negative Positive Medium ris
MDA-4 Mutagen Negative Positive Medium ris
MDA-5 Mutagen Negative Negative Medium risk
MDA-6 Mutagen Negative Negative Medium risk
MDA-7 Mutagen Negative Negative Medium risk
MDA-8 Mutagen Negative Positive Medium ris
MDA-9 Mutagen Negative Positive Ambiguous

MDA-10 | Mutagen Negative Negative High risk

MDA-11 Mutagen Negative Negative Medium risk
MDA-12 Mutagen Negative Positive Medium risk
MDA-13 | Mutagen Negative Negative Medium risk
MDA-14 | Mutagen Negative Positive Medium risk

To sum up, despite other compounds exhibiting dmath penetration profiles, it can be
concluded thaMDA-7 presents the best drug-like characteristics anBD properties
among all the compounds of the series.
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5.4. 3-HYDROXY-3-SUBSTITUTED OXINDOLE ANALOGUES OF ISATIN &
ITS DERIVATIVES [HPO -1 to HPO-14]

5.4.1. Synthesis

3-Hydroxy-3-substituted oxindole analogues of isgdPO-1 to HPO-7 andHPO-13)
and 5-bromoisatin HPO-8 to HPO-12 and HPO-14) were obtained through
Knoevenagel condensation of the appropriate isatith acetone or substituted
acetophenones or cyclohexanone in the presenceietliydmine as basic catalyst
according to the reaction scheme depicte8dheme 4.7andScheme 4.8by optimizing
the various reaction variables, viz. solvents, lgatatemperature, stirring time, etc. The
final compoundsHPO-1 to HPO-14) were recrystallized using ethanol as a solvent.

All the final products were stable to open air eonment. Considering the percentage
yield of synthesized compounds, 3-hydroxy-3-subtdd oxindole analogues of isatin
(HPO-1 to HPO-7 andHPO-13) were obtained in moderate to moderate to gooldgjie
(20-90%) while 3-hydroxy-3-substituted oxindole lmgmes of 5-bromoisatirHPO-8 to
HPO-12 andHPO-14) were obtained in extremely low to moderate yi€li¥to 60%).

All the products KIPO-1 to HPO-14) were obtained as solid and in the powdered form.
The final compounds were of orangdRO-1, HPO-2 and HPO-6), maroon HPO-3,
HPO-7, HPO-8, HPO-13 andHPO-14) and red IHPO-4, HPO-5 and HPO-9to HPO-

12) colour.

5.4.2. Characterization

5.4.2.1. Physicochemical characterization

5.4.2.1.1. Melting point

Melting points were determined in one end openligapitubes on Sonar melting point
apparatus and were uncorrected. All the synthesamdpounds displayed a phase
change from solid to liquid state and thus exhditeelting range between 2 to 5 °C
indicating the purity of compounds. The observedltimg point ranges for the
synthesized compoundO-1 to HPO-14 are presented in thieable 4.10.

5.4.2.1.2. Solubility

The solubility of all the synthesized compounds wagrmined in various solvents at

room temperature. All were insoluble in water aridomform, partially soluble in
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methanol but soluble in ethanol, DMSO and DMF. Tieserved solubility data are
presented iffable 4.10.

5.4.2.1.3. Thin layer chromatography

Thin layer chromatography (TLC) was performed darthe synthesis to monitor the
progress of the reaction. A single distinct sposwaserved which indicated the purity
and confirmation of the product formation in ea@aation, by comparing with the
reactant spot as the Bf the product which was different from that oé treactant. TLC
was also performed for the final compoun#d?Q-1 to HPO-14) after purification to
determine their Rvalues. The observed: Ralues are presented in tAable 4.10.
Depending upon the polarity of compounds, eluestddudor TLC analysis included (A)
Chloroform: Methanol: Toluene — 7:1:2 (B) ChlorafarMethanol: Toluene — 7:2:1.
5.4.2.1.4. Determination of partition coefficientLogP)

The synthesized compounds were found to exhibieexpental LogP values in the range
1.1 — 2.7 (shake flask method) indicating that thegsess suitable lipophilicity necessary
for their solubility in the lipid phase. The expadntal (determined through shake flask

method) and calculated LogP (software calculatetl)es are presentedTable 4.10.

5.4.2.2. Spectral characterization and elemental atysis

5.4.2.2.1. Ultraviolet (UV) spectroscopy

All the compounds showed prominent absorption watspect to the chromophore. The
compounds oHPO series exhibited absorption bands due to C=0 cbhphores abmax
274-383 nm owing to-rr* transition

5.4.2.2.2Infrared (IR) spectroscopy

The 3-hydroxy-3-substituted oxindole derivativesraveonfirmed by the presence of
characteristic absorptions in the rar800-3500 crif, 3150-3400 crm and 1600-1700
cm® for the O-H (str), N-H (str) and C=0 (str) groups respectively. Tiresence of
C=0 (str) group of indole ring of isatin was confed by the characteristic absorption in
the range 1680-1740 ¢émThe presence of characteristic absorptions ar@a8®-3000
cm™ confirmed the presence of Gldtretching while the presence of C=C (str) in the
aromatic ring was confirmed by the characterisbsaaptions in the range 1400-1620
cm®. The characteristic absorptions at 1523.82, 1344HP0-6) and at 1464.02,
1346.36 HPO-12) confirms the presence of —N@str). The presence of halogens was
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confirmed by the absorptions in the range 400-7080" ¢or C-Br HPO-3, HPO-7,
HPO-8 to HPO-12 andHPO-14), 500-850 crit for C-Cl (HPO-4 andHPO-9) and 950-
1100 cni for C-F groupsKIPO-5 andHPO-10).

5.4.2.2.3. Nuclear magnetic resonance (NMR) specswopy

'H NMR spectra of the 3-hydroxy-3-substituted oxiledaderivatives showed a
characteristic singlet @t4.04-5.12 ppm¢ 1.17-3.90 ppm andl 2.76 ppm corresponding
to hydroxyl (OH), methylene (—CGH) and methyl (-Ck) (HPO-1) protons respectively.
Oxindole protons and aromatic protons showed detingoublet or doublet of doublets
in the range 6.03-8.02 ppm andl 6.85-7.98 ppm respectively. tH NMR spectrum of
3-hydroxy-3-substituted oxindole derivatives havimgdolyl group, a singlet was

observed ad 7.12-8.33 ppm due to secondary amino (N-H) grdupdwle ring.

In C NMR spectra, the appearance of signals in thgeraf 155.89-179.60 ppm
confirmed the presence of oxindole carbonyl grong signals in the rang& 190.29-
199.73 ppm confirmed the presence of aliphatic @4PO-1 to HPO-12) or cyclohexyl
C=0 group HPO-13 andHPO-14). Signals ab 60.20-85.91 ppmHPO-1 to HPO-14),

6 45.18-64.29 ppmHPO-1 to HPO-14), 5 35.81 ppm KIPO-1) andd 21.85-61.53 ppm
(HPO-13 andHPO-14) corresponded to oxindole hydroxyl (oxindole C-QHhtlethylene
(-CHx-), methyl (—CH) and cyclohexyl —CH- respectively. The presence of oxindole
C-H and aromatic C-H was confirmed by presenceeakp in the rang& 102.14-154.85
ppm and 111.16-166.73 ppm respectively.

5.4.2.2.4. Mass spectrometry

CompoundsHPO-4 and HPO-9 were subjected to mass analy$t®0-4 (Mol. wt. =
301.72) showed an [M+1peak of 302.78 and a peak at 303.87 indicategrisence of
Cl group thereby confirming the structure of thempmund HPO-4 (Figure 4.79).
Further, HPO-9 (Mol. wt. = 380.62) showed an [M+1peak of 381.88 and peaks at
382.78 and 383.57 indicated the presence of ClEBmdroup thereby confirming the
structure of the compourtdPO-9 (Figure 4.87).

5.4.2.2.5. Elemental analysis

All the compoundsHPO-1 to HPO-14 were subjected to elemental analysis and the

observed values were within + 0.4% of the calculat@ues.

Department of Pharmaceutics, IIT (BHU), Varanasi 305



Results and Discussion

5.4.2.2.6. Powder X-ray diffraction analysis
CompoundHPO-4 wassubjected to the powder X-ray diffraction analysi€onfirm the
crystallinity of the compoundrlhe diffraction pattern oHPO-4 (Figure 4.80) showed

sharp peaks indicating the crystalline nature efabmpound.

5.4.3. Biological evaluation

5.4.3.1. MAO enzyme inhibition studies

5.4.3.1.11n-vitro MAO inhibition assay

MAO-A and MAO-B inhibitory activities of test compads HPO-1 to HPO-14
expressed in terms of d¢Cvalues are reported ihable 5.25 The inhibitory activity of
test compounds was measuili@evitro through a spectrophotometric method, by using
crude rat brain mitochondrial suspensions as regoftor comparison, the inhibitory
potencies of reference inhibitors isatitSNl), clorgyline CLG), harmine HRM),

selegiline SEL) and rasagilineRAS) are also presented in thable 5.25.

Table 5.25.In-vitro and computational MAO inhibition data feiPO-1 to HPO-14

MAO-A MAO-B
Cod In-vitro Computational In-vitro Computational | Expt.
ode
IC 50 (UM) IC 50 (UM) si#
oM = | o K (UM) oM = | o K (UM)
SEM SEM

HPO-1 | 18.75+1.319] -4.1 986.24 349+2181 -54 110.p51.86

HPO-2 | 1.057 £0.019] -4.95 235.65 5.654+0.043 -6j21 &8.2 5.35

HPO-3 | 0.265 +0.003] -6.31 23.51 0.391+0.0p5 -7/08 6.4/7 1.48

HPO-4 | 0.738 +0.008 -5.63 74.05 0.787 +0.013 -6493 8.26 1.07

HPO-5 | 0.911 +0.006| -5.57 82.75 3.615+0.0p2 -6.6 14.49 3.97

HPO-6 | 4.921 +0.143] -6.36 21.91 6.741+£0.211 -6.6 14.58 1.37

HPO-7 | 0.092 +0.002] -6.43 19.41 0.192+£0.0p6 -7),67 2.38 2.09

HPO-8 | 0.301 +0.012] -6.14 31.57 0.342 +0.008 -7,27 4.60 1.14

HPO-9 | 0.071 +0.003] -6.49 17.36 0.235+0.003 -7/33 4.2 3.31
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HPO-10| 0.681 +0.007| -5.86 50.62 0.925+0.007 -6/89 8.86 1.36
HPO-11| 0.591 £0.002] -6.06 35.85 1.326 £0.029 -6,81 10.182.24
HPO-12| 0.148 £0.004| -6.31 23.66 0.513+0.016 -7/04 6.92 3.47
HPO-13| 1.075+0.041] -5.05 197.627 0.732+0.012 -6/96 7.92 0.68
HPO-14| 1.478 £0.092] -5.24 143.35 4.874+1.315 -6/33 2.7 3.29
ISN 31.8+4.50 - - 12.4+0.693 -4.74 333.71
CLG 0.00042 - - 0.26 - - -
HRM 3.00 -5.3 130.82 7000 - - -
0.019 +
SEL 67.25+1.02 - - - - -
0.0008
0.004 +
RAS | 0.412 +0.123 - - -6.51 16.8 -
0.0009

AG values are expressed in kcalhdThe selectivity index is the selectivity for the MAA isoform and
is given as the ratio of experimentakd@BIAO-B)/IC5o(MAO-A); Reference inhibitors: ISN — Isatin, CLG
— Clorgyline, HRM — Harmine, SEL — Selegiline, RASRasagiline
NOTE: Each IGq value is the mean + SEM. It refers to the assancentration of test compound which
leads to 50% inhibition of enzyme activity. Levetl statistical significance: P < 0.05 versus the
corresponding 1€ values obtained against MAO-A and MAO-B, as deteed by ANOVA/Dunnett’s.

The test compounds exhibited significant MAO intoby activity with the I1G, values at

micromolar (LM) to submicromolar range. ThesJ®@alues are in the range of 0.071 £
0.003 uM HPO-9) to 18.757 + 1.319 pMHPO-1) for MAO-A and 0.192 + 0.006 uM
(HPO-7) to 34.9 + 2.181 uMHPO-1) for MAO-B. Also noteworthy is the observation
that all the compounds displayed mild to moderalecsivity for the MAO-A isoform
over MAO-B (Table 5.25).

To gain more insights into the SARs, focused stmatmodifications were attempted on

the isatin scaffold to vary the lipophilic, eleatio and steric properties. In general, all

structural variations attempted in the scaffolduliesl in improved inhibitory activity.

Particularly, the enhancement of lipophilicity obnespounds by incorporating bromo

group at position 5 and chloro aryl or dibromo aybstitution at position 3 of isatin

scaffold has resulted in improved inhibitory adinagainst MAO isozymes.
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5-bromo-3-hydroxy-3-(4’-chlorophenacyl)oxindolelfO-9, ICso = 0.071 £ 0.003 pM)
emerged as the most active inhibitor examined tdsvaMAO-A. Whereas the most
active MAO-B inhibitor, 3-hydroxy-3-(2’,4’-dibromdgenacyl)oxindole HPO-7), was
found to exhibit an 16 value of 0.192 + 0.006 pM.

Structure-activity relationship (SAR)
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The alterations in the electronic and steric fezguafforded by the presence of
various mono- KIPO-3 to HPO-6, HPO-8 to HPO-12) or disubstituted phenyl
ring (HPO-7) or cyclohexanone ringHPO-13 to HPO-14) at C3 significantly
influenced the MAO inhibitory profile of these comynds.

Interestingly, the 4-chloro-substituted analogt#©-9) was found to be the
most potent MAO-A inhibitor among the other analeguvith the selectivity
index of 3.31. This potential activity and seleittivcan be attributed to the
presence of 4-chloro substitution on the phenadg shain.

However, bromo HIPO-7, HPO-12 and HPO-3 which are 1.3, 2.08 and 3.73
times less potent respectively th&0O-9) and fluoro HPO-10 and HPO-5,
almost 10 and 13 times less potent ti#PO-9) substitutions on the phenacyl
side chain resulted in reduction in the inhibitpgtency against MAO-A which
may be because of the variation in the electromapgrty imparted by these
groups.

Moreover, nitro HPO-6) substitution on the phenacyl side chain resuited
decrease in the inhibitory potency against MAO-A.

However, introduction of bromo group at positiomfiisatin ring along with the
presence of nitro on the phenacyl side ch&lP@-12) increased the potency
towards MAO-A.

In contrast to its effect on the MAO-A inhibitiorofency, the presence of methyl

group on the phenacyl side chaitdRO-1) did not exhibit pronounced
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enhancement in MAO-B inhibition potencyHPO-7, 3-hydroxy-3-(2’,4'-
dibromophenacyl)oxindole only moderately inhibitddO-B with an 1G, value
of 0.192 puM, approximately 10-fold less potent thhe inhibition potency of
selegiline.

+« Introduction of unsubstituted cyclohexanone ringasition 3 HPO-13) lead to
increased potency towards MAO-B while incorporatioh bromo group at
position 5 in addition to cyclohexanone ring ortirsanoiety HPO-14) increased
the potency towards MAO-B.

+ Thus, substitution with functionalized groups likgdroxyl, bromo, chloro and
fluoro on the C3 phenacyl ring in addition to brogrup at position 5 of isatin
moiety increased the potency towards MAO-A.

¢ MAO inhibition results also indicated the cruciale of the rigid -CH-CO- linker
on the potent MAO-A inhibitory activity.

These results guided us towards the influence ef dteric groups and electronic
substituents on the MAO inhibitory profile.

5.4.3.1.2. Kinetic studies of lead MAO inhibitors

To further examine the modes of MAO-A and MAO-B ilmition, sets of Lineweaver-
Burk plots were constructed for the inhibition oA-A enzyme byHPO-9 and MAO-

B by HPO-7, the selected representative MAO-A and MAO-B iitioits respectively
(Figure 5.35). Inspection of Lineweaver-Burk plots suggesteat tHPO-9 andHPO-7
inhibited respectively MAO-A and MAO-B competitiyekince the plots are linear and
intersect at the Y-axis.

5.4.3.1.2.1. Determination of Kfor lead MAO inhibitors (HPO-9 and HPO-7)

For each type of mode of inhibition, the dissooiatconstant (i can be calculated for
the inhibitor that reflects the strength of intémags between the enzyme and the
inhibitor. K; for the lead inhibitors HPO-9 and HPO-7) was calculated using the
GraphPad Prism resulting in the Walue of 7.802 + 0.005 nM fdiPO-9 against MAO-

A and 18.952 + 0.015 nM fadPO-7 against MAO-B. Comparison of the € values
with the K values reflects tight binding of these inhibittwghe enzyme.
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Figure 5.35.Kinetics of rat brain MAC-A inhibition by HPO-9 and MAC-B inhibition
by HPO-7. (A) Lineweave-Burk plot of the rat brain MAGA catalyzed oxidation ¢
serotonin in the absence (control) and presenesamdus concentrations HPO-9 (2.5
UM, 5 pM, 10 pM). (B) LieweaverBurk plot of the rat brain MA-B catalyzed
oxidation of benzylamine in the absence (controf) presence of various concentrati
of HPO-7 (0.5 puM, 1 pM, 5 uM). The rates (V) are expressednanol produc
formed/min/mg proteil

5.4.3.1.3Reversibility and irreversibility experiments
FurtherHPO-9, the most active MA-A inhibitor andHPO-7, the most active MA-B
inhibitor was subjected to tir-dependent inhibition studies to investigate whetihe:

observed enzyme inhibition is reversibr irreversible.

(A) (B)

4+ 4-
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Figure 5.36. Time-dependant inhibition of (A) MA-A catalyzed oxidation of seroton
by compoundHPO-9 (B) MAO-B catalyzed oxidation of benzylamine by compol
HPO-7. Rate data are expressed as nmol product formethhgiprotein

Reversility test was determined using the slightly nfeei method described t
Legoabeet al. As shown inFigure 5.36, there is no timelependent reduction in tl

rates of MAOA catalyzed oxidation of serotonin and M-B catalyzed oxidation ¢
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benzylamine wheHPO-9 and HPO-7 were preincubated with MAO-A and MAO-B
enzyme respectively for various periods of time Qe 15, 30, and 60 min. From this
result it may be concluded that the inhibition ottbbMAO-A and MAO-B is reversible,

at least for the time period (60 min). Interestingnarked increase of MAO-A and
MAO-B catalytic rate with increased preincubatiang of HPO-9 andHPO-7 with the

respective enzymes was observed.

5.4.3.1.4. Molecular modeling studies

Molecular docking studies were carried out to skenhe light on the peculiar binding
modes and interactions of MAO inhibitors into thé®l isozymes in addition to affinity
and selectivity.

All the experimentally tested inhibitorsiPO-1 to HPO-14 were docked successfully
into the catalytic site of MAO-A and MAO-B isozymessing the automated docking
program AutoDock 4.2 as per the protocol. The Besting conformers from the largest
cluster were considered for further structural amdraction studies. The results of the
molecular docking studies for both MAO-A and MAO-8xpressed in terms of
theoretical inhibition constants {Kalues) and estimated binding energi®&) for each
virtual enzyme — inhibitor complex are givenTiable 5.25.Visual inspection of binding
modes of all inhibitors within the active site ofA®@-A and MAO-B was done to gain
more insight on the binding orientation and possibhibitor-enzyme interactions.
5.4.3.1.4.1. Pose analysis of MAO-A inhibitors

The inhibitor binding site of MAO-A represented imgle cavity extending from the
flavin ring to the cavity-shaping loop. The volurokthis cavity was estimated to be ~
500 cnf and is quite hydrophobidll the inhibitors were found to be located in thetive
center cavity of the MAO-A. CompounddPO-2, HPO-3, HPO-4, HPO-5, HPO-6,
HPO-7, HPO-9, HPO-12 and HPO-14; and HPO-1, HPO-8, HPO-10, HPO-11 and
HPO-13 (Figure 5.37) shared a common binding mode within the active savity of
MAO-A.

Further investigation of interactions of all inhdiis HPO-1 to HPO-14) with the
anchoring amino acid residues present in the asiteeof MAO-A lead to the following
observations. The potential binding sites of theséitors was found to be surrounded
by the residues Tyr69, 11e180, Asn181, Phe208, W&lZIn215, Cys323, lle325, 1le335,
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Met350, Phe352, Tyr407, Tyr444 and FAFigure 5.37.)which was very much simile

to the binding sites of reference M/-A inhibitor, harmine.

lle325

Phe352

Figure 5.37.Structural screenshot of superimposed MA inhibitors docked into th
active site of MAOA. FAD is displayed in cyanin. Selected amino a@ds depicted il
black. HPO-1, HPO-2, HPO-3, HPO-4, HPO-5, HPO-6, HPO-7, HPO-8, HPO-9,
HPO-10, HPO-11, HPO-12, HPO-13 andHPO-14 are displayed in dark orange, di
blue, dark brown, dark viol, dark pink, dark green, light brown, light pinkegzock
green, red, parrot green, skin, gray and yellolwra@spectively

(A) ) (B) \ W Ties
Y Tyr69 NaN
- Ty &‘ el

Phe3s2 § NN 216 Phe352
\\} .‘ N He -“: A /
lle335 "”Jk GIn215 .
lle325 W/ = \— gy =C—
] =

_ lle180"
Y - AsnT81
< 7' Pné20s"
= S\ 7

Figure 5.38. Structuralscreenshot of superimposed MAO##hibitors docled into the
active site of MAO-A FAD is displayed inyanin. Selected amino acids are displaye
black.(A) Binding orientation oHPO-9 (yellow) within MAO-A active site showing —
n (orange colored lines) and-bond (green dashes) interactions. (B) Superimp
binding mode ofHPO-9 (yellow) within MAO-A originally docked with harmin

(orange).
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Almost in all compounds the oxindole moiety occupibe cavity extending towards
FAD while the substituted phenacyl group occuples apening of the cavityF{gure
5.37). At the bottom of the cavity, Tyr444, FAD and %97 formed an aromatic cage
which decided the final orientation of the inhilbgoand hence their stabilization and
activity. This proved that the effective complimamnyt binding sites for MAO-A were
present in the 3-hydroxy-3-substituted oxindolel@maes. Further, these inhibitors were
stabilized byr —=n stacking and hydrogen bonding (H-bond) interastion

HPO-1, HPO-4, HPO-7, HPO-8, HPO-9, HPO-10and HPO-11 showedn — =©
interactionszt — & interaction with residue Tyr407 was observed WitRO-4, HPO-7,
HPO-8, HPO-9, HPO-10, HPO-11 andHPO-12; likewise with Tyr444 in compounds
HPO-8, HPO-10 andHPO-11. BesidesHPO-1 was stabilized by — ¢ interaction with
Tyr444; HPO-9 with Phe208; andHPO-10 with FAD respectively. All compounds
showed one or more H-bond interactions exddpO-8. Thus, in most of the potent
compounds, preferably —, 1 — ¢ and hydrogen bonding interactions were found to be
responsible for mediating the inhibitory activityaanst MAO-A isozyme.

5.4.3.1.4.2. Binding mode of lead MAO-A inhibitor HPO-9

Examination of one of the best-ranked docking sofubf lead MAO-A inhibitorHPO-9
(Figure 5.38. (A)) revealed that oxindole nucleus is located towalds opening of
MAO-A receptor while the phenacyl side chain extertdwards the FAD. From the
molecular modeling study, it was depicted tH&O-9 has good access into deep inside
the cavity of MAO-A. Entire molecule seems to bérgpped by the amino acid residues
Tyr69, Asnl181, Phe208, lle325, 11e335, Phe352, Uyrdlyr444 and FAD. The benzene
ring of oxindole was observed to possessr interaction with the phenyl ring of Tyr407
at an inter-plane distance of 6.18 A. Additionatlye C-2 of the phenyl ring at phenacyl
side chain exhibiteet — ¢ interaction with Phe208 at an inter-plane distaoic8.93 A.
Besides this, the molecule was found to be staillzy several H-bond interactions also.
Hydrogen of 3-OH group on the oxindole ring wasoiwed in H-bond interactions with
oxygen of C=0 of Phe208 at an inter-plane distasfc2.24 A. Moreover oxygen of 3-
OH group on the oxindole ring also stabilized theleoule by forming H-bond
interactions with hydrogen of Nbbf GIn215 at an inter-plane distance of 2.14 AeJéh
interactions, as a whole, resulted in the firmresthe ligand in the active site cavity of
MAO-A and hence proved the greater stability of ttmplex. The docked pose of
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HPO-9 in the MAO-A cavity superimposed with docked pasfe harmine (yellow)
showed that both share a similar binding orienta{feigure 5.38. (B) which further
strengthened our findings.

5.4.3.1.4.3. Pose analysis of MAO-B inhibitors

In contrast to MAO-A, the active site of MAO-B casied of two cavities, a 420°A
hydrophobic substrate cavity interconnected to mtmaace cavity of 290 A HPO-2,
HPO-3, HPO-4, HPO-5, HPO-6, HPO-7, HPO-9, HPO-10, HPO-11, HPO-12and
HPO-14 and HPO-1, HPO-8 and HPO-13 (Figure 5.39.) shared a common binding
mode within the active site cavity of MAO-B.

Almost all the inhibitors were situated in the weticentre cavity of MAO-B. The
inhibitors HPO-1 to HPO-14) were found to be embedded in the space surroubged
the residues Leul71, Cysl172, and Tyr398 on oneasideby lle198, 11e199, and Tyr435
on the other side in addition to the aromatic nes&dTyr60, Tyr326 and Phe343. Visual
inspection revealed that the binding sites of thighitors HPO-1 to HPO-14) were
almost similar to the binding sites of standard MBGnhibitor, rasagiline. Furthet, —xt
stacking and hydrogen bonding (H-bond) interactiomgparted stability to these
inhibitors.

All compounds showea — & interactions exceptPO-1, HPO-2, HPO-6, HPO-11,
HPO-12 and HPO-14. = — = interactions with residue Tyr398 was observed in
compoundHPO-3, HPO-4, HPO-5, HPO-7, HPO-8, HPO-9 andHPO-10. Moreover,
HPO-13 showedn — = interactions with Phe343; likewisdPO-3, HPO-4, HPO-5,
HPO-7 and HPO-10 with Tyr435. HPO-9 was stabilized byt — ¢ interaction with
Tyr326;HPO-4 andHPO-8 with FAD; andHPO-8 with 11e199. Besides, all compounds
showed H-bond interactions. H-bond interactionsenayserved with Tyr435 iHPO-9;
with FAD in HPO-11, HPO-12 and HPO-13, with Tyr326 inHPO-1 andHPO-2; with
Pro102 inHPO-1 andHPO-2; with Cys172 inHPO-3, HPO-4, HPO-7 and HPO-1%
with GIn206 inHPO-3, HPO-4, HPO-7, HPO-11 and HPO-8 with 11e198 inHPO-3,
HPO-4, HPO-7, HPO-10, HPO-11 and HPO-12; with Tyr188 inHPO-5; with Tyr398

in HPO-5, HPO-10 andHPO-14; with Leul71 inHPO-5, HPO-6, HPO-13 and HPO-
14; andwith Phe168 irHPO-12.
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Figure 5.39. Structural screenshot of superimposed N-B inhibitors docked into th
active site of MAOB. FAD is displayed in cyanin. Selected amino acd depicted in
black. HPO-1, HPO-2, HPO-3, HPO-4, HPO-5, HPO-6, HPO-7, HPO-8, HPO-9,
HPO-10, HPO-11, HPO-12, HPO-13 andHPO-14 are displayed in dark orange, di
blue, dark brown, dark violet, dark pink, dark greéght brown, light pink, peacoc
green, rd, parrot green, skin, gray and yellow color resipely.

(A) (B)
In206 Tyr60
lle198 S5 A 206 Tyr60

lle199

“Leut71

Phe168

Figure 5.40. Structural screenshot of superimposed N-B inhibitors docked into th
active site of MAOB. FAD is displayed in cyanin. Selected amino aeidsdisplayed il
black. (A) Binding orentation olHPO-7 (yellow) within MAO-B active site showing —
7 interactions (orange colored lines). (B) Superisgzbbinding mode (HPO-7 (yellow)
in MAO-B originally docked with rasagiline (dark gree

Thus, in most of the potent compounpreferablyr —m and Hbond interactions were
be responsible for mediating the inhibitory activitgainst MA(-B enzyme. Good van

der Waals and electrostatic interactions were @lsrved for all the docked molecu
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5.4.3.1.4.4. Binding mode of lead MAO-B inhibitor HPO-7

Inspection of the virtual complex between the |&0-B inhibitor HPO-7 and MAO-

B revealed that, in the substrate cavity, the osi@ding was oriented towards the
entrance cavity and the 3-phenacyl side chain pdimut towards the flavin cofactor
(Figure 5.40. (A). This suggested that the whole molecule travels#is cavities. The
entire molecule was stabilized in both the cavisasrounded by the residues Leul71,
Cysl172, 11e198, 1le199 and Tyr326 towards the ewmteacavity space and residues Tyr60,
Tyr398 and Tyr435 framed the aromatic cage in tiessate cavity. The binding was
further stabilized by various — & interactionsz — & interaction was observed between
the aromatic ring at phenacyl side chain and thmamcid residues Tyr398 and Tyr435
respectively at an inter-plane distance of appraxéty 4.03 A and 4.54 A. Moreover, H-
bond interactions were observed between oxyger@H3f phenacyl side chain and H
of NH, of GIn206; and between H of 3-OH of phenacyl siti@in and O of C=0 of
lle198. Also, oxygen of 2C=0 of isatin was also éhtded to H of SH of Cys172. Thus,
H-bond andt — = interactions were found to be involved in disptaythe overall activity
towards MAO-B. The docked pose HPO-7 in the MAO-A cavity superimposed with
docked pose of rasagiline (dark green) showed bwh share a similar binding
orientation Figure 5.40. (B) which further strengthened our findings.

Overall analysis of interactions of all inhibitgitdPO-1 to HPO-14) with the anchoring
amino acid residues present in the active site AOMB lead to the following
observations. (i) H-bond and-— z interactions were found to play an important riole
mediating activity against MAO-B. (ii) In additioto the oxindole skeleton, another
hydrophobic aryl ring with electronegative subgiits such as bromo, chloro and fluoro
groups is crucial for their effective binding an@lslization in the active site cavity of
MAO-B.

Thus, a good correlation between thevitro and computational data was observed for
both MAO-A and MAO-B inhibition.

5.4.3.2. Acetylcholinesterase (AChE) enzyme inhiladin studies
5.4.3.2.11n-vitro AChE inhibition assay
Inhibitory activities of the target compounds aghimat AChE was tested by the

spectrophotometric method of Ellmatnal. but with minor modifications using donepezil
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and tacrine as reference standards. Theg ¥&lues for AChE inhibition are summarized
in Table 5.26.

Table 5.26.In-vitro and computational AChE inhibition data for compdsHPO-1 to

HPO-1
Code In-vitro Computational
ICs0 (UM) £ SEM | AG (kcal mol™) | K;(uM)

HPO-1 195.8 £ 2.77 -4.16 890.39
HPO-2 44.44 + 1.85 -5.37 115.84
HPO-3 3.529 £ 0.093 -6.29 24.61
HPO-4 3.599 +0.079 -5.86 50.27
HPO-5 6.527 £ 0.097 -5.84 52.19
HPO-6 11.73+1.138 -5.61 7777
HPO-7 2.361 £ 0.069 -6.26 25.61
HPO-8 1.736 £ 0.058 -6.45 18.63
HPO-9 0.967 £ 0.004 -6.97 7.72
HPO-10 3.894 £+ 0.094 -6.11 33.35
HPO-11 4,401 +0.28 -5.91 46.2
HPO-12 14.49 +1.65 -5.29 131.96
HPO-13 7.215 = 0.55 -5.94 44.27
HPO-14 34.82+1.41 -5.63 74.09

DNP 0.021 + 0.005 -6.01 39.45

TRN 0.225+0.04 - -

Reference inhibitors: DNP — Donepezil, TRN — Taerin

Note: Each 1Gq value is the mean + SEM. It refers to the assaycentration of test compound which
leads to 50% inhibition of enzyme activity. Levetl statistical significance: P < 0.05 versus the

corresponding I€; values obtained against AChE; as determined by YXADunnett'’s.

All the synthesized compounddRO-1 to HPO-14) were found to show activity against
AChE displaying inhibition abilities in micromolaange. Among themHPO-9 was
obtained as the lead candidate showing highesbitidn with ICso value of 0.9672 +
0.004 pM, which is ~46-fold less potent as comparedlonepezil and ~4.3-fold less
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potent in comparison to tacrine; followed bPO-8 and HPO-7 with 1Cso values of
1.736 £ 0.058 uM and 2.361 + 0.069 uM respectivally.these compoundsHPO-9,

HPO-8 and HPO-7) possessed both chloro and bromo substitutionwar bromo

substitution in the ligand.

A careful insight and analysis of the data listadlable 5.26.led to several eventual

structure-activity relationships (SAR).

Structure-activity relationship (SAR)
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The variations in the electronic and steric featuméforded by the presence of
various mono- KIPO-3 to HPO-6, HPO-8 to HPO-12) or disubstituted phenyl
ring (HPO-7) or cyclohexanone ringHPO-13 to HPO-14) at C3 significantly
influenced the AChE inhibitory profile of these cpounds.

5-Bromoisatin substituted analogues were foundetonbre potent than the isatin
substituted analogues.

Interestingly, the 4-chloro-substituted analogt#Q-9) was found to be the
most potent AChE inhibitor among the other analsguéhis potential activity
and selectivity can be attributed to the preserfcé-chloro substitution on the
phenacyl side chain and the presence of bromo gabygwsition 5 of the isatin
moiety.

However, bromo IPO-8) and fluoro HPO-10) substitutions on the phenacyl
side chain along with the presence of bromo graupoaition 5 of the isatin
moiety resulted in slight reduction in the inhilsitgpotency against AChE which
may be because of the variation in the electromapgrty imparted by these

groups.
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+«+ Dibromo substitution on the phenacyl side ch&PQ-7) decreased the potency
against AChE compared HPO-9.

++ Hydroxy substitution also reduced the potency tawaChE HPO-11).

« Moreover, nitro HPO-6 and HPO-12) substitution on the phenacyl side chain
resulted in excessive decrease in the inhibitotgmoy against AChE.

+ However, unsubstituted phenyl ring on the phenagé chain KIPO-2) also
decreased the potency.

« Replacement of phenyl group at phenacyl side chgimethyl group KIPO-1)
abolished the AChE activity.

¢ Introduction of unsubstituted isatin incorporatedhwcyclohexanone ring at
position 3 HPO-13) was found to be more potent towards AChE while
substitution of isatin moiety with bromo group absgion 5 was less potent
(HPO-14).

¢ The presence of rigid -GHCO- linker may contribute to the variations in the

results towards AChE inhibitory activity.

5.4.3.2.2. Kinetic study of lead AChE inhibitor HPG9

To gain further insight into the mechanism of actwf this family of compounds on
AChE, kinetic studies were carried out with the trm®mising compoun#iPO-9, using
rat brain AChE. Graphical analysis of the reciptdeaeweaver-Burk plotsKigure 5.41.
(A)) showed both increased slopes (decreasgg)\and intercepts (higher ¥ at
increasing concentration of the inhibitor. This tpat indicates a competitive-type

inhibition.

5.4.3.2.3. Reversibility and irreversibility experiment for lead AChE inhibitor HPO-

9

Further, the most active AChE inhibitoHPO-9, was subjected to time-dependent
inhibition studies to investigate whether the olasdrenzyme inhibition is reversible or
irreversible. As shown iifrigure 5.41. (B) there is no time-dependent reduction in the
rates of AChE catalyzed oxidation of acetylthiocheliodide (ACTI) wherHPO-9 was
preincubated with the AChE for various periodsimiti.e. 0, 15, 30, and 60 miRigure
5.41. (B). From this result it may be concluded that tHgbrtion of AChE is reversible,
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at least for the time period (60 min). An increa$ChE catalytic rates with increas

preincubation time ofiPO-9 with the enzyme was observed.

(A) (B)
—a— Control 4-
30 uM 0
A 60 M
2.5- v 90 M 3- B3 15
- B= 30
[ 60

Rate

2.04

"y T
Incubation time (min)

3 20 10 0 10 20 30 40 50
11[S]

Figure 5.41. (A) Kinetics of rat brain AChE inhibition bHPO-9. Lineweaver-Burk plot
of the rat brain AChE catalyzed oxidation of ACTlthe absence (control) and prese
of various concentrations (HPO-9 (30 uM, 60 uM, 90 uM),(B) Time-dependant
inhibition of AChE catalyzed oxidation of ACTI byompoundHPO-9. Rate data are
expressed as nmol product formed/min/mg prc

5.4.3.2.4Molecular docking studies of AChE inhibitors

To further investigate the binding orientation ohibitors, molecular docking study w
performed using AutoDock 4.2. The-ray crystal stucture of the recombinant hum
AChE (rhAChE) in complex with donepezil (PDB cod¥Y7) was obtained from tf
Protein Data BankThe results of molecular docking studies for AClsEekpressed i
terms of theoretical inhibition constants; values) and esnated free energies

binding (AG) for each virtual enzyn-inhibitor complex and are shown Table 5.26.

5.4.3.2.4.1Pose analysis of AChE inhibitor

Examination of the computationally docked bindiras@s of all compounds within tl
AChE active siteesulted in the following observations: All thettaghibitors were fount
to fit into the gorge of AChE formed by catalyticianic site (CAS) and peripher
anionic site (PAS) and were enclosed by the residAsp74, Trp86, Gly121, Glyl2
Tyrl24, Serl25Gly126, Tyrl33, Glu202, Ser203, Ala204, Trp236p286, Phe29t
Arg296, Phe297, Tyr337, Phe338, Tyr341, HisdFigure 5.42). All the test inhibitors
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were found to occupy both the catalytic anionie sihd the peripheral anionic site (PAS)
(Figure 5.42). Superimposition of the reference drug donepeitiiin the AChE binding
site revealed that almost all the test inhibitaxkileit a similar binding orientation to
donepezil Further, these inhibitors are stabilized by hydrogending (H-bond) and —

© stacking interactions.

All compounds showed one or more H-bond interastidfbond interaction with residue
Asp74 was observed witHPO-1, HPO-2, HPO-4 and HPO-9 likewise with Trp86 in
HPO-12; with Tyr124 inHPO-4, HPO-7, HPO-10, HPO-11 andHPO-14; with Gly122
and Ala204 irHPO-6; with Ser293 irHPO-13; with Ser298 irHPO-10; with Phe295 in
HPO-5, HPO-10, HPO-11, HPO-12, HPO-13 and HPO-14; with Arg296 in HPO-5
andHPO-13; with Tyr337 inHPO-1, HPO-2 andHPO-9; and with Tyr341 irHPO-3,
HPO-6 and HPO-8. In addition, all the compounds showed- = interactions.t — n
interaction with residue Trp86 was observed in HEQHPO-2, HPO-8, HPO-9 and
HPO-12; likewise with Trp286 irHPO-10; with Phe297 inHPO-6; with Tyr337 in
HPO-3; with Phe338 irHPO-5 andHPO-8; and with Tyr341 irHPO-4, HPO-6, HPO-

7, HPO-10, HPO-11, HPO-12 and HPO-14.  In addition,n — ¢ interactions were
observed with Phe297 iHPO-10; likewise with Tyr337 inHPO-10 andHPO-14; and
with Tyr341 inHPO-13 andHPO-14.

5.4.3.2.4.2. Binding mode of lead AChE inhibitor H®-9

Assessment of the virtual complex of the lead A@itibitor HPO-9 and AChE Figure
5.43. (A) revealed that the entire molecule occupies thieeasite cavity gorge of the
AChE receptor spanning both the PAS and the CA®reds the —CHC=0 linker was
situated in the middle of the gorge between CASRAB. The benzene ring of oxindole
was involved int — = interaction with both the rings of Trp86 at anemplane distance
of approximately 4.73 A and 5.78 A respectively.sies this, the H atom of NH of
dioxole ring was bridged to O of Asp74; and H dDB} of oxindole moiety was found to
bridge with O of OH of Tyr33%ia H-bonding Figure 5.43. (A). Superimposition of
rhAChE: HPO-9 complex with the rhAChE:donepezil complex suggebtt HPO-9
mimics the binding mode of donepe#igure 5.43. (B).
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7 N 337
. Phe3g<

Figure 5.42. Structural screenshot of superimposed AChE inhibitdocked into th
active site of AChE. Selected amino acids are degim black HPO-1, HPO-2, HPO-
3, HPO-4, HPO-5, HPO-6, HPO-7, HPO-8, HPO-9, HPO-10, HPO-11, HPO-12,
HPO-13 andHPO-14 are displayed in fluorescent green, red, dark grigin pink, dark
pink, dark brown, dark violet, dark orange, fluaest blue, light brown, parrot gree
skin, gray and yellow color respective

R ®)  Trp2se

ASP74 ser125

Phe297
= / \n\ .\\:‘// o ¥
321 | Trp86
Gly120 4
[| ) A
" Tyr34i NA
[f =r-— ‘ “ '
Fyr341 = ‘ £ 9 v \J
\ _ Phe338
\\ A
Tyr337

Figure 5.43. Structural screenshot of superimposed AChE inhibitdocked into th
active site of AChE. Selected amino acids are diggl in black(A) Binding orientatior
of HPO-9 (yellow) within AChE active site showing— n (orange colored lines) anc-
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bond (green dashes) interactions. (B) Superimpbseting mode oHPO-9 (yellow) in
AChE originally docked with donepezil (maroon).

5.4.3.3. Behavioural studies

5.4.3.3.1. Antidepressant activity (Porsolt’s forog swim test)

The synthesized compounds were also evaluatedh®rahtidepressant activity using
Porsolt’s forced swim test and the results aregmtesl inFigure 5.44.The compounds
HPO-9, HPO-7 andHPO-3 were found to be most active compounds amongehess
but less active than citalopram (CIT), thereby @ating that these compounds produce
less CNS depression. Rest of the compounds werel ftmiemerge as CNS depressants

as they increased the immobility time.

200 c ° €= Control = HPO-7
= &= cT =2 HPO-8
@ 150 b = = HPO-1 am HPO-9
g i : = @D HPO-2 = HPO-10
= \ =
> 1004 § c = HPO-3 D HPO-11
% § ] 5 EE HPO-4 XX HPO-12
) NFAE - =
£ 504 § g E = gD HPO5 =@ HPO-13
£ § ZIN14 H = 23 HPO6 &3 HPo-14
\ % ’ " =
. INEEINAIIE B R E E
Drug (Dose = 30 mg/kg)

Figure 5.44. Antidepressant activity of 3-hydroxy-3-substitutexindole analogues of
isatin. The results are expressed as mean + SEMEG). The statistical significance was
calculated by one-way ANOVA followed by Dunnett&st. CIT — CitalopranfP < 0.01,
°P < 0.001 when compared with control group.

5.4.3.3.2. Anxiolytic activity (Elevated plus mazéest)

All the compounds were subjected to anxiolytic \atti using Elevated plus maze
apparatus and the results are presenteBiganre 5.45. CompoundsHPO-9, HPO-7,
HPO-3 and HPO-6 possessed greater anxiolytic activity than diazega#am). HPO-
12 expressed potency equivalent to diazepam. Redteotdmpounds was found to be

less active than diazepam.
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Figure 5.45.Anxiolytic activity of 3-hydroxy-3-substituted»indole analogues of isati
The results are expressed as mean + Sn = 6). The statistical significance w.
calculated by ongray ANOVA followed by Dunnett's testDZM — Diazepam P <
0.001 when compared with control grot

5.4.3.3.3. Sedativéwypnotic activity (Pentobarbitone potentiation test

All the synthesized compounds were evaluated iatsegland hypnotic test at a dose
30 mg/kg andhe results are presentedFigure 5.46.Most of the compounds show
significant variationfrom control. None of the compounds excHPO-6 and HPO-8
resulted in elongation of mean sleeping time thamtrol confirming that all compounc
exceptHPO-6 andHPO-8 do not potentiate narcosis. Thus, all the compownaepi
HPO-6 and HPO-8 showed anigonistic properties to barbiturates indicating ttiay

lack the sedative side effe
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Figure 5.46.Sedative hypnotic activity of 3-hydroxy-3-substéd oxindole analogues of
isatin. The results are expressed as mean + SEMEG). The statistical significance was
calculated by one-way ANOVA followed by Dunnettast. PB — PentobarbitonéP, <
0.05, °P < 0.001 when compared with control group.

5.4.3.4. Neurotoxicity screening (Rotarod test)

Selected compounds were screened for neurototigitptarod apparatus at a dose of 30
mg/kg at four time intervals viz. 0.5 h, 1 h, 2 idad h. The results are presented in
Table 5.27. Among the tested compounds, all compounds weradfolo be non-
neurotoxic exceptiPO-12. CompoundHPO-12 was found to be moderately neurotoxic

compared to standard drug phenytoin (PHT).

Table 5.27.Neurotoxicity screening results of selected conmaisuofHPO series

Code Neurotoxicity (Time in h)*
0.5 1 2 4
HPO-3 0/4 0/4 0/4 0/4
HPO-7 0/4 0/4 0/4 0/4
HPO-8 0/4 0/4 0/4 0/4
HPO-9 0/4 0/4 0/4 0/4
HPO-10 0/4 0/4 0/4 0/4
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HPO-11 0/4 0/4 0/4 0/4
HPO-12 1/4 1/4 2/4 0/4
PHT 0/4 0/4 0/4 0/2

* The figures indicate the number of animals exinilgi toxicity/total number of animals tested. Refere
drug: PHT — Phenytoin

5.4.3.5. Antioxidant activity (DPPH radical scavenimg assay)

The percentage antioxidant activity of some ofgbkected compounds is listedTable
5.28. The DPPH radical was scavenged by antioxidanta donation of hydrogen
resulting in the formation of DPPH-HThe colour of the DPPH is changed from purple
to yellow after reduction, which was quantified Hye decline of absorbance at a
wavelength of 517 nm. From the experimental resthts enhancement in the antioxidant
activity is observed foHPO-7, HPO-9 andHPO-10 (Table 5.28).

Table 5.28.Antioxidant activity data of selected compound$i®O series

Code % inhibition Code % inhibition
HPO-3 50.77 HPO-9 63.76
HPO-4 42.71 HPO-10 61.35
HPO-5 56.23 HPO-11 55.29
HPO-6 28.02 HPO-12 28.92
HPO-7 62.03 Ascorbic acid 61.24
HPO-8 44.70

The statistical significance was calculated by wag- ANOVA followed by Dunnett’s tesP < 0.05 when
compared with control.
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5.4.3.6. Liver toxicity studies

Enzyme estimation and histopathological studiethefselected compounds were done to
check the magnitude of liver toxicity.

5.4.3.6.1. Assessment of liver function

Table 5.29.shows the liver function results with referencentost potent compounds
HPO-7 and HPO-9. The estimation revealed that there was no swanifi increase in
SGOT, SGPT, ALP and decrease in protein level inregn HPO-9 as compared to the
control level while SGPT, ALP and total proteindéin HPO-7 was found to exceed the
limits. Results indicated that compouH&O-7 showed malfunctioning or toxicity of the

liver whereadHPO-9 was found to be non-toxic to liver as compareddotrol.

Table 5.29.Estimation of biochemical parametersH®#O-7 andHPO-9

. ) Total
SGOT? SGPT° . Albumin | Globulin )
Code (UIL) (UIL) ALP™ (U/L) (g/dl) (mg/di) protein
(g/dl)
Range | -5 5808 17.5-90 62-190 3.3-4.8 1.5-35 5.2-7.6

HPO-7 | 80.3+2.53 | 112.87+2.1) 273.6+1.43| 4.53+0.1Y 3.56+0.08| 8.13+0.23

HPO-9 | 39.86+1.35 95.1+1.5 | 146.26+1.852.93+0.14| 3.13+0.14| 5.36+0.26

Control | 38.56%1.62| 51.73+2.17| 151.56+2.753.9+0.12 | 1.86+0.14 6.8+0.17

Results are expressed as Mean + SEM. The mean Vea®lcalculated using ANOVA followed by
Dunnett’s test;®Serum glutamate oxaloacetate transaminase (SGESdrum glutamate pyruvate
transaminase (SGPTBerum alkaline phosphatase (ALP)

5.4.3.6.2. Liver histopathological studies
The Lucas technique was used to access the lifawr,ovhich was administered with

test compounds at the dose level of 30 mg/kg boeight for 15 days and a comparison
was done with the control group. Liver samples fidRO-7 were found to show signs
of hepatotoxicity though less than G@ieated liver samples. While liver samples from

HPO-9 were within normal histopathological limitEigure 5.47)
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Figure 5.47.Microphotograph of the section of hematoxylin andie staine rat liver.
Group: (A) Control (B) C(,-treated (CHPO-7 (D) HPO-9. Magnification: 10x

5.4.4.1n-silico molecular property and ADMET prediction studies

All the structural elements were selected to chteelk adherence to Lipinski’s rules f
possible drudikeness using molinspiration softwaTable 5.30).

The lipophilicity (expressed as MiLogP) predictedre/found to be well the traditional
cut-off value of 5 indicating that none of the composinelated the Lipinski’'s rule All
the structuresshow suitable MW values (MW < 500) necessary fosuzcessfu
penetration to CNS. The topological polar surfaeadTPSA) was observed to be in
range 66.4012.22 # which is well below the limit of 160 2 Thus, the predicted
values for all compours HPO-1 to HPO-14 fall into the appropriate range indicati
good bioavailability of the drug molecule. The nwentof hydrogen bond acceptc
(HBA) and donors (HBD) for all the compounds wemeaccordance with the Lipinski

rule of five. Thus it was précted that almost all compounds are likely to bellgractive.
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Table 5.30.In-silico drug-likenes3prediction data foHPO-1 to HPO-14

Code MW MiLogP | TPSA HBA | HBD | Nyiglations | Volume

Rule <500 <5 <160X | <10 | <5 <1
HPO-1 205.21 0.14 66.40 4 2 0 181.46
HPO-2 267.28 1.74 66.40 4 2 0 236.30
HPO-3 | 346.18 2.55 66.40 4 2 0 254.19
HPO-4 | 301.73 2.42 66.40 4 3 0 249.84
HPO-5 285.27 191 66.40 4 2 0 241.23
HPO-6 312.28 1.70 112.22 7 2 0 259.64
HPO-7 | 425.08 3.29 66.40 4 2 0 272.07
HPO-8 425.08 3.34 66.40 4 2 0 272.0Y
HPO-9 | 380.62 3.21 66.40 4 2 0 267.72
HPO-10 | 364.17 2.69 66.40 4 2 0 259.12
HPO-11 | 362.18 2.05 86.62 5 3 0 262.21
HPO-12 | 391.18 2.49 112.22 7 2 0 277.5Q
HPO-13 | 245.28 1.28 66.40 4 2 0 221.29
HPO-14 | 324.17 2.06 66.40 4 2 0 239.17

™MW = Molecular weight, MiLogP = octanol-water pé#idin coefficient, TPSA = Topological Polar
Surface Area, HBA = Number of hydrogen bond acaepBD = Number of hydrogen bond donor,
Nviolations = Violations from Lipinski’s rule

The results of ADMET prediction studies are lisiedTable 5.31.and Table 5.32.
respectively.

Human intestinal absorption (HIA) property is thetetminant for those drugs that
purport oral administration. All the compound$O-1 to HPO-14 expressed greater

than 70% HIA values indicating good permeation ssithe membrane.
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The in-vitro Caco-2 cell permeability is an important parameterassess intestinal
absorption of the drug since Caco-2 cells are ddrivtom human colon adenocarcinoma,
possessing transportgia the intestinal epithelium. The results indicatdthtt all
compoundd$dPO-1 to HPO-14 exhibited moderate permeation.

Thein-vitro MDCK cell permeability test utilizes canine kidneglls for the analysis of
permeability. All the compounds excepPO-2, HPO-4 andHPO-5 showed permeation
less than 25 nm/s indicating low permeabiligPO-2, HPO-4 and HPO-5 showed
moderate permeability for MDCK cell

The skin permeability is an important factor foe tbelivery of drugvia transdermal
administration. All the compounddPO-1 to HPO-14 exhibited negative permeability
values, indicating that transdermal mode of adrtrai®n is not the suitable means to
administer these drugs.

Table 5.31.In-silico ADME prediction datafor compound$iPO-1to HPO-14

Absorption Distribution
Code In-vitro I n-vitro In-vitro SP N N
HIA (%) CcP MDCK (log Ko, P'gé"g/o) ('g V'_V;)CBBB)
(nm/s) (nm/s) cm/h) ° brain”-blood
0-20 <4 (low) >90
(poor) 4-70 <25 (low) (strongly| >0.1 (CNS
Rule 20-70 | (moderate] 25-500 bound) active)
(moderate ) (moderate) <90 <0.1 (CNS
70-100 >70 >500 (high) (weakly inactive)
(well) (high) bound)
HPO-1 89.66 19.03 2.11 -4.55 26.28 0.33
HPO-2 92.92 20.15 144.03 -3.49 87.62 0.53
HPO-3 94.46 20.55 3.71 -3.27 91.39 0.36
HPO-4 93.86 20.73 137.24 -3.39 86.33 0.33
HPO-5 92.93 20.9 56.66 -3.72 85.98 0.18
HPO-6 86.71 17.49 14.21 -3.65 84.15 0.01
HPO-7 95.57 19.85 0.57 -3.02 100.00 0.89
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HPO-8 95.57 19.85 0.26 -2.98 91.86 0.88
HPO-9 95.18 20.33 0.43 -3.22 95.49 0.78
HPO-10 94.47 20.58 0.21 -3.51 96.29 0.38
HPO-11 91.94 20.41 0.29 -3.91 94.34 0.38
HPO-12 94.58 18.15 0.06 -3.49 97.05 0.01
HPO-13 91.32 20.89 21.98 -4.26 58.82 0.46
HPO-14 93.39 15.59 1.88 -4.07 82.53 0.76

*HIA — Human Intestinal Absorption, CP — Caco2 gefmeability, MDCK — MDCK cell permeability,
SP — skin permeability, PPB — Plasma protein bigdBBB — Blood brain barrier.

The percent of drug bound with plasma proteins estsimated andHPO-1, HPO-2,
HPO-4, HPO-5, HPO-6, HPO-13andHPO-14 were predicted to bind weakly to plasma
proteins, thereby, indicating that the compoundd & available for diffusion or
transport across cell membranes and hence finatydct with the target. While rest of
the compounds were strongly bound to plasma pratein

Predicting BBB penetration means predicting whettmenpounds pass across the blood-
brain barrier. According to the computed valuekthed compounds exceptPO-12 were
predicted to be CNS active and could be good caesdfor CNS penetration.

The Ames test assesses mutagenicity of the compouhidl the compounds were
predicted as mutagen. Besides, carcinogenicity Wt performed to identify the
tumerogenic potential of compounds in animals (reoasid rat). When analyzing
carcinogenicity in mice, all the compounds weredpted as negative. By analyzing rat
carcinogenicity, compounddPO-3 and HPO-10 were predicted positive while rest of
the compounds presented negative predictions. Hueiaer-a-go-go-related gene
(hERG) encodes potassium channels, which are regperior normal repolarisation of
cardiac action potentialBlockage or any other impairment of these chaninetlse heart
can lead to fatal cardiac problems. Hence, drugéed blockage of potassium channels
has been a major concern. All the compounds predemiedium risk excegtdPO-1,
HPO-2, HPO-13andHPO-14 which presented low risk against hERG inhibition.
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Table 5.32.In-silico toxicity prediction data of compoun#$2O-1to HPO-14

a)

Code Ames test Carcinogenicity | Carcinogenicity hERG
(Mouse) (Rat) inhibition
HPO-1 | Mutagen Negative Negative Low risk
HPO-2 | Mutagen Negative Negative Low risk
HPO-3 | Mutagen Negative Positive Medium ris
HPO-4 | Mutagen Negative Negative Medium ris
HPO-5 | Mutagen Negative Negative Medium ris
HPO-6 | Mutagen Negative Negative Medium ris
HPO-7 Mutagen Negative Negative Medium ris
HPO-8 | Mutagen Negative Negative Medium ris
HPO-9 | Mutagen Negative Negative Medium ris
HPO-10 | Mutagen Negative Positive Medium ris
HPO-11 | Mutagen Negative Negative Medium ris
HPO-12 | Mutagen Negative Negative Medium ris
HPO-13 | Mutagen Negative Negative Low risk
HPO-14 | Mutagen Negative Negative Low risk

To sum up, despite other compounds exhibiting dmath penetration profiles, it can be

concluded thaHPO-9 presented the best drug-like characteristics aDBT properties

among all the compounds of the series.
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