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Highlights

¢ Nine Isoniazid hydrazones have been synthesized and fully characterized.

e Crystal structure and Hirshfeld surface analysis of three derivatives namely INH4,
INHS8, and INH9.

e DFT and TD-DFT were performed for analysis of geometry, vibrational and
absorption spectra.

e Molecular docking studies reveal a strong binding affinity with MDM2 (4HG7)
protein.

e In-vitro anticancer activity through MTT, AO/EtBr staining, ROS estimation, and

mitochondrial membrane potential to investigate the mode of action.



Journal Pre-proof

Experimental, Spectroscopic, and theoretical investigation on structural and anticancer
activities of Schiff bases derived from isonicotinohydrazide

Seema Gupta®, Shivendra Kumar Pandey”, Sandeep Kumar®, Ram Nayan Gautam®, A. K.
Patel”, M. K. Bharty™", D. Kushwaha®, A. Acharya®, R. J. Butcher

*Department of Chemistry, Banaras Hindu University, Varanasi-221005, India.
°Department of Zoology, Banaras Hindu University, Varanasi-221005, India.
‘Department of Chemistry, MMV, Banaras Hindu University, Varanasi-221005, India.

dDepartment of Chemistry, Howard University, 525 College Street NW, Washington, DC
20059, USA.

*Corresponding author E-Mail: manoj vns2005@yahoo.co.in; mkbharty@bhu.ac.in.
Abstract

Isoniazid hydrazones are promising possibilities as medicines since they have preserved
efficacy and are less toxic and resistant to resistance than parent Isoniazid (INH). Here, we
have synthesized a series of Schiff bases (INH1-9) derived from a clinically approved
antitubercular drug Isoniazid (INH). These synthesized ligands have been characterized by
various spectroscopic techniques like IR, UV-vis., NMR, HRMS, etc. Moreover, single
crystal of three derivatives viz. INH4, INH8, and INH9 has been determined and they
crystallize in monoclinic crystal system. Hirshfeld surface analysis has been performed to
ascertain intermolecular interactions present in these compounds. The molecular geometry
optimization and vibrational analysis of these compounds were performed using density
functional theory (DFT) studies utilizing B3LYP/6-31++G(d, p) basis set. The TD-DFT
analysis was also performed to understand electronic transitions and the nature of FMO in
these compounds. There was a good correlation found between theoretical and experimental
values, thereby confirming the molecular structures of synthesized compounds. Molecular
docking studies were performed to obtain more insights on potential anticancer activities of
these compounds along with standard anticancer drugs 5-fluorouracil and Tamoxifen against
MDM2 (4HG7) protein. The outcome revealed a significant binding affinity of these

compounds with target protein even better than 5-fluorouracil and comparable to Tamoxifen.
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The compounds (INH4 and INH9) having the strongest binding affinity with the target
protein are further experimentally evaluated for their in-vitro cytotoxic action on Dalton’s
lymphoma cells employing MTT assay, fluorescence microscopy, and flow cytometry. 1Csg
value (150 pg/ml) of this compound is equated with before-reported
complexes/molecules/extracts and found it has better or comparable cytotoxicity.

Keywords: Isoniazid hydrazones, Crystal Structures, DFT study, Molecular Docking

Analysis, Anticancer activity, Hirshfeld Surface Analysis

1. Introduction

In Cancer, transformed cells divide uncontrollably and the balance between the cell cycle and
cell division is lost. There are various factors that cause cancer such as genetics, heredity,
chemical agents or carcinogen, UV radiation, lifestyle, etc. According to WHO, the incident
rate of cancer is about 19.3 million, and 9.6 million mortality rates of cancer took place in
2021 [1]. Various treatments of cancer are present but chemotherapy is widely accepted
because of their increased survival rate among all of them. Several metal complexes like
cisplatin, oxaliplatin, etc are being used for the treatment of different kinds of cancer cells but
they have numerous limitations. Due to acute side effects on the host body and low
therapeutics porthole, the non-platinum-based metal ion is being used last few years and it
gives promising results like ruthenium, gold, copper, cobalt, etc [2, 3]. In the recent era, drugs
based on organic moieties are becoming an emerging trend in the treatment of cancer owing
to their better bioavailability, efficacy, and fewer side effects [4].

In this era, in silico Structure-Based Drug Design (SBDD) has developed into one of
the well-known, successful, and incredibly eye-catching approaches utilized by the scientific
community across many disciplines for drug designing and development procedures [5].
Understanding the three-dimensional structures of the biological target protein and the ligand

as well as the spatial and energetic factors that influence the binding affinities of protein-
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ligand complexes are key components of this drug design strategy [6]. Isoniazid is a well-
known clinically approved antitubercular drug that has isonicotinic acid hydrazide (INH) as
an active component [7]. INH and its derivatives have shown its potential activity as
antimycobacterial, antiviral, and antimicrobial agents [8]. INH and its derivative are
successfully utilized as an excellent ligand in the preparation of metal coordinate complexes.
Metal complexes containing INH and its derivative also possess medicinal activities like anti-
tuberculosis, cytotoxic, anti-bacterial, anti-fungal, DNA binding, antioxidant, scavenging,
and antiviral activities [9-13]. Recently, Curotto et. al. has reported Schiff bases of INH with
vanillin, 5-bromovanillin, 5-chlorosalicylaldehyde, and 5-bromosalicylaldehyde and studied
them theoretically [14]. Baro et. al. has reported hydrazone of isoniazid with vanillin and o-
vanillin and performed DFT studies [15]. Dharmarajan et. al. has reported a series of 15
Isonicotinylhydrazones and found them as excellent antimycobacterial agent [16]. Rats were
used to test the pharmacokinetic characteristics of the isoniazid carvone Schiff base [17].

Several INH derivatives have been synthesized and tested for antimycobacterial and anti-
inflammatory activities [18, 19], but only a few are tested for their potential anticancer
activity. Two INH derivatives namely N-(4-fluorobenzylidene)isonicotinohydrazide and N-
(4-nitrobenzylidene)isonicotinohydrazide are reported to have antitumor activity against lung,
renal, and prostate cancer [20]. Bayan et. al has reported three new Schiff bases of isoniazid
with aromatic aldehydes and evaluated them for antiproliferative activity against MCF-7 cell
line [21]. A review of the literature reveals that there are no reports on INH and its
derivatives' ability to combat Dalton's lymphoma cells. Also, the detailed and clear
characterizations (HRMS, NMR, IR, DFT, TD-DFT) of these compounds and their spectral
assignments are scant. The previous reports explore INH-derived Schiff based either

experimentally or theoretically, combined studies are not reported. Furthermore, only one,
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two, or three derivatives are taken for studies, while we exploring nine derivatives with

experimental, spectroscopic, and theoretical studies.

Herein, in view of the above, INH-derived Schiff bases were synthesized and fully
characterized with the aid of different spectroscopic techniques (Uv-Vis, IR, NMR, HRMS)
also by single crystal X-ray data. The physicochemical properties of these compounds
(INH1-9) were also calculated using DFT/TD-DFT methods. The potential antiproliferative
activity of INH1-9 is investigated theoretically as well as experimentally. Molecular docking
analysis of anti-cancer activities of INH1-9 were performed with MDM?2 (4HG?7) protein and
displayed strong binding affinities. The lead compounds (INH4 and INH9) among these are
further investigated for in-vitro anticancer activity against Dalton’s Lymphoma DL cells.

2. Experimental

The supporting documentation includes information on chemicals, physical measurements,
and X-ray crystallography.

2.1. Synthesis of Compounds

In the ethanolic solution of isonicotinohydrazide (20 mmol, 2.74 g), an equimolar number of
corresponding carbonyls (20 mmol) in ethanol (20 mL) was added drop-wise with constant
stirring. The completion of the reaction was monitored by thin layer chromatography (TLC)
(CHCIl5:CH;30H, 8:2). After completion of the reaction, the reaction mixture was poured into
crushed ice and filtered through suction. The precipitates obtained were washed twice with
ice-cold distilled water and air-dried. The product obtained on recrystallization from ethanol

gave the almost pure corresponding Schiff bases (INH1-9) (Scheme 1).



Journal Pre-proof

O @ O
Ethanol
NN + Rs > /N
— HN—NH, R, Reflux, 4-6 hr — HN-—N\

R,=Rs=H; R, = -H(1), -OH(2), NO,(4)
R =R,= H; Ry= -OH(3), -NO(5), -OCH,(6), -CI(7), -CT,(8) INH1-9
R,= -CHj, R,= 1, Ry= -NH, (9)

Scheme 1: Preparation of Schiff bases based on Isoniazid

INH1: Yield 82 %, m.p. 200-202; IR (v cm™', KBr): 3198 »(NH); 3026 v(C-H,y); 2919 v(C-
Harom); 1693 V(C=0); 1683 v(C=N); 1598 v(C=C); 1556 v(N-Hyena); 1150 v(N-N). '"H NMR
(600 MHz, DMSO-dys) & 12.08 (s, 1H, NH), 8.79 (d, J = 4.5 Hz, 2Hpyridinc), 8.48 (s, 1H), 7.83
(d, J = 4.5 Hz, 2Hpysidgine), 7.75 (d, J = 7.6 Hz, 2Hppeny)), 7.47 (d, J = 6.9 Hz, 3Hppeny)). ~C
NMR (151 MHz, DMSO-ds) & 162.11 (C=0), 150.81, 149.52, 140.94, 134.50, 130.88,
129.32, 127.75, 122.01. UV-vis (hmax, DMSO, nm) 305. HRMS (ESI, m/z): calc 226.097,
found 226.095 [M+1]"; calc 248.079, found 248.078 [M+Na]".

INH2: Yield 84%, m.p. 247-249; IR (v cm™, KBr): 3348 w(OH); 3182 w(NH); 3002 v(C-
H,y); 2835 v(C-Harom); 1682 v(C=0); 1613 v(C=N); 1567 v(C=C); 1557 v(N—Hpena); 1158
v(N-N). 'H NMR (DMSO-ds 500 MHz) & (ppm): & 12.29 (s, 1H, -OH), 11.07 (s, 1H, -NH),
8.81 (d, J = 4.5 Hz, 2Hpyrdine), 8.69 (s, 1H), 7.85 (d, J = 4.4 Hz, 2H, Hpyiine), 7.61 (d, J = 7.7
Hz, 1Harom), 7.33 (t, J = 7.8 Hz, 1Harom), 6.97-6.91 (m, 2Harom). °C NMR (DMSO-ds 500
MHz) & (ppm): 161.47 (C=0), 157.60, 150.53, 149.06, 140.12, 131.88, 129.33, 121.64,
119.57, 118.84. UV-vis (Amax, DMSO, nm) 337. HRMS (ESI, m/z): calc 242.092, found
242.090 [M+1]"; calc 264.074, found 264.072 [M+Na]".

INH3: Yield 76%, m.p. 299-301; IR (v cm’™’, KBr): 3330 v(OH); 3233 v(NH); 3070 v(C-Hy);
2901 v(C-Harom); 1659 v(C=0); 1599 v(C=N); 1556 v(C=C); 1518 v(N—Hpenq); 1163 v(N-N).
'H NMR (600 MHz, DMSO-ds) 8 12.29 (s, 1H, NH), 11.07 (s, 1H, OH), 8.81 (d, J = 4.5 Hz,
2H), 8.69 (s, 1H), 7.85 (d, J=4.4 Hz, 2H), 7.61 (d, J= 7.7 Hz, 1H), 7.33 (t, J = 7.8 Hz, 1H),
6.97-6.91 (m, 2H). >C NMR (DMSO-ds 500 MHz) & (ppm): 161.17 (C=0), 159.59, 150.16,
148.23, 140.57, 128.98, 124.87, 121.37, 115.65. UV-vis (Amax, DMSO) 318. HRMS (ESI,
m/z): calc 242.092, found 242.090 [M+1]" ; calc 264.074, found 264.073 [M+Na]".

INH4: Yield 88%, m.p. 234-236; IR (v cm™, KBr): 3193 »(NH); 3014 v(C-H,,); 2919 v(C-
Harom); 1680 v(C=0); 1562 v(C=N); 1557 v(C=C); 1519 v(N—Hpena) 1150 v(N-N). '"H NMR
(600 MHz, DMSO-ds) 6 12.35 (s, 1H), 8.82 — 8.79 (m, 2H), 8.56 (s, 1H), 8.31 (d, /= 8.4 Hz,
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2H), 8.02 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 5.0 Hz, 2H). °C NMR (151 MHz, DMSO-d) &
162.12, 150.54, 148.20, 146.64, 140.42, 140.27, 128.36, 124.24, 121.71. UV-vis (Amax,
DMSO, nm) 280. HRMS (ESI, m/z): calc 271.075, found 271.079 [M+1]"; calc 293.064,
found 293.062 [M+Na]™.

INHS: Yield 86%, m.p. 280-282; IR (v cm'l, KBr): 3187 v(NH); 3099 v(C-H,y); 3002 v(C-
Harom); 1683 v(C=0); 1606 v(C=N); 1563 v(C=C); 1557 v(N-Hpena); 1144 v(N-N). '"H NMR
(600 MHz, DMSO) & 12.35 (s, 1H, NH), 8.82-8.79 (m, 2H), 8.56 (s, 1H), 8.31 (d, J = 8.4 Hz,
2H), 8.02 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 5.0 Hz, 2H). °C NMR (DMSO-ds 500 MHz) &
(ppm): 162.12 (C=0), 150.54, 148.20, 146.64, 140.43, 140.27, 128.36, 124.24, 121.71. UV-
Vis (Amax, DMSO, nm) 345. HRMS (ESI, m/z): calc 271.082, found 271.080 [M+1]".

INH6: Yield 78%, m.p. 166-168; IR (v cm™, KBr): 3204 v(NH); 3048 v(C-H,,); 3110 v(C-
Harom); 2874 V(C-Hpetny); 1657 v(C=0); 1608 v(C=N); 1598 v(C=Carom); 1551 v(N—Hpena);
1170 v(N-N). '"H NMR (600 MHz, DMSO-ds) 5 11.95 (s, 1H, NH), 8.78 (d, J = 4.5 Hz, 2H),
8.41 (s, 1H), 7.82 (d, J = 4.4 Hz, 2H), 7.70 (d, J = 8.7 Hz, 2H), 7.03 (dd, J = 8.6, 1.7 Hz, 2H),
3.80 (s, 3H, OCH3). >C NMR (151 MHz, DMSO- ds) & 161.47, 161.12, 150.33, 148.98,
140.65, 128.96, 126.60, 121.54, 114.42, 55.35. UV-vis (Amax nm, DMSO) 320. HRMS (ESI,
m/z): cale 256.108, found 256.105 [M+1]"; calc 278.090, found 278.088 [M+Na]".

INH7: Yield 80%, m.p. 216-218; IR (v cm™, KBr): 3310 v(NH); 3171 w(CH,y); 3070 v(C-
Harom); 1667 v(C=0); 1612 v(C=N); 1598 v(C=Carom); 1553 V(N—Hyena); 1158 v(N-N). 'H
NMR (600 MHz, DMSO-dg) & 12.11 (s, 1H, NH), 8.76 (d, J = 6.4 Hz, 2H), 8.43 (s, 1H), 7.79
(d, J = 6.5 Hz, 2H), 7.75 (d, J = 7.3 Hz, 2H), 7.52 (d, J = 7.4 Hz, 2H). °C NMR (151 MHz,
DMSO-ds) & 161.67, 150.35, 147.67, 140.37, 134.84, 132.98, 129.01, 128.91, 121.52. UV-vis
(Amax, DMSO, nm) 310. HRMS (ESI, m/z): calc 242.090, found 242.090 [M+1]"; calc
264.073, found 264.073 [M+Na]".

INHS: Yield 78%, m.p. 194-196; IR (v cm”, KBr): 3253 w(NH); 3060 v(CH,,); 2920
WCHarom); 2840 V(C-Hpemny)); 1682 v(C=0); 1662 v(C=N); 1605 v(C=Carom); 1568 v(N—
Hiend); 1150 v(N-N). "H NMR (600 MHz, DMSO) & 12.00 (s, 1H, NH), 8.78 (d, J = 6.2 Hz,
2H), 8.43 (s, 1H), 7.82 (d, J = 6.2 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.28 (d, J = 8.2 Hz, 2H),
2.35 (s, 3H, CH;); *C NMR (151 MHz, DMSO) § 161.52 (C=0), 150.33, 149.08, 140.55,
140.29, 131.33, 129.51, 127.26, 121.52, 21.01 (CH3); UV-Vis (Amax, DMSO, nm) 309. HRMS

(ESI, m/z): calc 240.113, found 240.111 [M+1]"; calc 262.095, found 262.094 [M+Na]".
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INHO: Yield 74%, m.p. 210-212; IR (v em™', KBr): 3428 v(NH,); 3310 v(NH,); 3189 w(NH);
3147 v(C-Hpy); 2939 v(C-Hauom); 2854 v(C-Hygemny); 1660 v(C=0); 1610 v(C=N); 1584
V(C=Carom); 1553 V(N=Hpena); 1146 v(N-N). '"H NMR (600 MHz, DMSO) & 10.82 (s, 1H,
NH), 8.75 (s, 1H), 8.70 (s, 1H), 7.79 (s, 1H), 7.72 (s, 1H), 7.60 (d, J = 8.4 Hz, 2H), 6.58 (d, J
= 8.4 Hz, 2H), 5.55 (s, 2H, NH,), 2.25 (s, 3H, CH3). ?C NMR (151 MHz, DMSO) & 164.18,
162.00, 159.13, 150.38, 141.67, 128.22, 122.01, 121.28, 113.41, 14.66. UV-vis (Amax, DMSO,

nm) 345. HRMS (ESI, m/z): calc 255.124, found 255.123 [M+1]"; calc 277.106, found
277.105 [M+Na]".

2.2. Hirshfeld Surfaces analysis
The complexes' cif files were used as input in Crystal Explorer 17.5's default Tonto mode to
create the Hirshfeld Surfaces [22].
2.3. Quantum Chemical Calculation

Density Functional Theory (DFT) calculations were performed using the Gaussian 09
program package [23]. The geometry optimization and frequency calculation has been
accomplished through the B3LYP functional [24, 25]. The 6-311++G(d,p) basis set was
employed for all calculations.
2.4. Molecular docking Analysis
Using the AutoDock Tools (ADT), a molecular docking investigation of the molecule was
carried out [26]. The 3D crystallographic structure of target protein MDM-2 (PDB: 4HG7)
was retrieved from the Protein data bank (www.pdb.org/pdb/). All the heteroatoms were
removed from the target proteins before the docking study. Next, protein is saved into
PDBQT format after the addition of polar hydrogen atoms and kollman charges to it. The 2D
diagram of the ligand was drawn using ACD/ChemSketch followed by 3D structure
conversion and energy minimization. Gasteiger charges were added on the ligand and
numbers of active torsions were set to maximum and the ligand was saved in PDBQT format.
AutoGrid was used to create a grid map using grid box. For MDM-2 (4HG7), a grid box of

size 40 A X 40 A X 40 A, centered on X, Y, Z = - -19.723, 14.012, -8.282 was built. A grid
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spacing of 0.375A was kept for all docking runs. The Lamarckian genetic algorithm (LGA)
with default parameters was implemented for carrying out molecular docking and the
receptor was kept rigid. The population size was set to 150 and a maximum of 2.5 million
energy evaluations were carried out. During each docking run, 10 different poses of the
ligand were generated and scored using AutoDock 4.2 scoring functions and were ranked
according to their binding energy. The docking result was analyzed and visualized by the
discovery studio visualizer.

2.5. Anticancer Studies

2.5.1 MTT assay

The cytotoxicity and cell proliferation of chemically synthesized compound INH4 and INH9
was assayed against Dalton’s Lymphoma (DL) cells by MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay as described earlier [27]. In brief DL cells
(2x10%/well) were plated in 96 wells culture plate and treated with various concentration (25,
50, 100, 125, 150, 175, and 200 pg/mL) of compounds INH4 and INH9 for 24 hrs treatment
in a 5% humidified CO, incubator at 37  temperature fter 24 h incubation, the media was
removed from each well, and subsequently added 10 puL (5 mg/mL stock concentration) of
MTT solution and further incubated for 4 hrs at 37 in Q incubator [28]. Aspirate the
MTT solution and added 100 pL DMSO (dimethyl sulphoxide) to each well. The absorbance
were then recorded at 595 nm using ELISA 680 microplate reader (Bio-Rad, USA). A
concentration that led to 50% killing (ICsp) and then ICsy values were calculated through the
formula given below:

Suinhibition Mean OD of untreated — Mean OD of treated cells 100
0 =
Mean OD of untreated cells

2.5.2 Acridine Orange/ Ethidium Bromide (AO/EtBr) staining
The alterations in the cellular and nuclear morphology of cancerous cells were visualized by

using AO/EtBr, a double fluorescent staining vital dye [29]. In brief, DL (1x10°) cells were
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treated with 75, 150, and 300 ng/mL concentrations of synthesized compound INH9 in 6 well
culture plates for 24 h under humidified environment consisting of 5% CO, at 37 °C
temperature. After 24 hrs, the cells were washed with chilled PBS (pH 7.4), finally, 20 pL
mixture of AO/EtBr dye was added to the cells and incubated for 15 min at 37 °C. The cells
were then observed under a fluorescence microscope (EVOS FL Microscopy by Life
technologies).

2.5.3 DAPI staining

Change in the morphology of nuclear DNA was seen through DAPI staining under
fluorescence microscopy. Briefly, the cells (1105) were planted on 6-well culture plates and
exposed to different doses of INH9 for 24 hours (75, 150, and 300 g/mL). After treatment
cells were rinsed twice with chilled PBS at 1200 rpm for 5 min. The cells were then re-
suspended into PBS and finally stained with DAPI (1 pg/mL in PBS) and incubate for 15 min
at 37 °C in the dark [29]. The image was captured and observed under fluorescence
microscopy (EVOS FL Microscopy by Life Tech imaging system) for changes in the
morphology of apoptotic cells.

2.5.4 Reactive oxygen Species (ROS) estimation

The estimation of intracellular ROS levels was assessed by using DCFH-DA staining, a
fluorescent dye that determines the peroxyl, hydroxyl, and other reactive oxygen species
(ROS) activity inside the cells [29]. In brief DL cells were treated with increasing
concentrations (75,150 and 300 pg/mL) of compound INH9 in 6 well culture plates for 24 h
treatment. After treatment, these cells were rinsed with chilled PBS twice and stained with
DCF-DA dye with a concentration of 5 uM for 30 min incubation in dark conditions. Then,
the intensity of DCF (green) fluorescence cells was examined under fluorescence microscopy
(EVOS FL Microscopy by Life technologies).

2.5.5 Mitochondrial Membrane Potential (MMP)
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Mitochondria play a significant role in the process of apoptosis, during this process loss in
mitochondrial membrane potential (A¥m) is well reported [29]. In this present study, the
effect of compound INH9 on mitochondrial membrane potential of DL cells was assessed by
Flow cytometry using rhodamine-123 fluorescent dye. Briefly, DL cells (6x10°) were treated
in 6 well culture plate for 24 hrs treatment in a humidified chamber having 5% CO, at 37
with different concentrations (75, 150, and 300 pg/mL) of compound INH4. After 24 hrs, the
treated cells were washed with chilled PBS and fixed cells in 4% paraformaldehyde for 20
min, then cells were stained with rhodamine-123 at a final concentration of 10 uM and
incubated for 30 min in dar condition at 37 . The stained images were photographed under
fluorescence microscopy (EVOS FL Microscopy by Life Technologies) and analysed by
Image (J) Software [29].

3. Results and Discussion

The compounds INH1-8 were prepared by refluxing a mixture of Isoniazid and corresponding
carbonyls in ethanol. The synthesized compound INH1-9 has been characterized by various
spectroscopic techniques including IR, NMR, and HRMS. The HRMS spectrum of
compounds has been given in supporting Fig. 28-36. The compounds INH1-9 have been
found to be air-stable that can be kept at room temperature for a longer time without any sign
of decomposition. Compounds INH1-9 were found to be soluble in polar organic solvents
(ethanol, methanol, DMSO). To understand the potential anti-cancer activity of INH1-9, the
molecular docking study of the compound was executed with p53-associated MDM2 (4HG7)
protein. The antiproliferative activity of compounds INH9 have been examined on Dalton's
lymphoma cells and determined by standard MTT assay.

3.1 Electronic Absorption Spectra
The electronic absorption spectra of INH1-9 were recorded in 10* M DMSO solution.

Compound INH1-9 displays bands at 305, 337, 318, 280, 342, 320, 310, 309, and 345 nm,

respectively (Fig. 1a). In order to test the nature of transitions, UV-vis. Spectra of INH9 have
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been recorded in less polar ethanol than DMSO and show the band at 326 nm (Fig. 1b). The
bathochromic shift observed upon changing solvent polarity suggests that observed

transitions may be assigned to m —m* transition [30].

0.4 1.0

ia) — [MH1 (b : .
— |NH2 ] I B0
— |NH3 —— |n EeOH |
0.6 < : -
0.3 - IMH4

ADSNTRANCe

S m s
Wavelength (nm) Wavlelength (nm)

Fig. 1: Electronic absorption spectra of (a) INH1-9 in 10* M DMSO. (b) INH9 in 10° M

DMSO and ethanol.

3.2 IR Spectrum

The IR spectrum of INH1-9 showed the characteristic bands of NH, CH, C=0, C=N, C=C,

and N-N stretching vibrations. The stretching modes of N-H (amide) were observed in the

range 3187-3310 cm™. The carbonyl stretching frequency was found in the range 1657-1693

cm’, indicating the presence of an amide group. The CHyromaic Stretching vibrations were

observed in range of 2919-3171 cm’!. In addition, INH6, INH8 and INH9 also shows CHethyi

vibrations bands at 2874, 2840, and 2854 cm’, respectively Further, v(N-N) stretching

vibrations were observed at 1150, 1158, 1163, 1150, 1144, 1170, 1158, 1150, and 1146 cm™,

respectively. The v( = ) and v( =N) stretching vibrations were observed in their

characteristic range (Supporting Fig. 1-9) [14, 15].

3.3 '"H and "C NMR spectrum

The 'H and *C NMR spectra of INH1-9 were recorded in DMSO-dg. '"H NMR spectrum of

INH1-9 shows highly deshielded signals at & 12.08, 12.29, 11.88, 12.40, 12.35, 11.95, 12.13,
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12.00, 10.82, respectively, ppm due to NH proton of the amide group. The OH proton of
INH2 and INH3 were observed at & 11.07 and 10.00 ppm, respectively. The aromatic ring
protons were observed in range of 6 6.57-8.90 ppm. The aromatic protons were most shielded
in INH9 and deshielded in INH4 owing to the presence of -NH, and -NO, groups in them.
The amine group (NH») protons in INH9 were found at 8 5.55 ppm. The -CH3 protons in
INH6, INH8 and INH9 were observed at 6 3.80 (OCH3), 2.35, and 2.25 ppm, respectively
(Fig. 3). °C NMR spectrum of INH1-9 shows a signal at & 161.75 and 158.84 ppm due to
C=0, respectively suggesting the presence of carbonyl carbon. Aromatic carbons were
observed in the range aromatic range of 6 113.59-150.38 ppm. The methyl (-CH3) carbon
present in INH6, INHS8, and INH9 were observed at 6 55.35 (-OCHj3), 21.01, and 14.84 ppm
(Supporting Fig. 10-27).

3.4 Crystal Structure description

The structure and geometry of the synthesized compounds INH4, INH8, and INH9 were
analysed by X-ray diffraction technique which confirms exactly the molecular structure of the
compounds. Table 1 lists the specific crystallographic parameters and structural refinement
information for the compounds INH4, INH8, and INH9. Some selected bond lengths and
bond angles for compounds INH4, INH8, and INH9 has been given in Table 2. Hydrogen
bonding parameters for compounds INH4, INH8, and INH9 are listed in Supporting table 1, 2
and 3 respectively.

Table 1: Structural refinement and crystal parameters for compounds INH4, INHS8, and INH9

Parameters INH9 INHS INH4
Empirical formula Ci4H14sN4O Ci14H5sN30, Ci3H10N4O3
Formula weight 254.29 257.29 270.25
Crystal system Monoclinic Orthorhombic | monoclinic
Space group P2i/n P2,2,2 P2/c

T (K) 293(2) 293(2) 293(2)
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A, Mo Ka (A) 1.54178 0.71073 0.71073

a(A) 7.9156(5) 6.3750(4) 7.4828(2)

b (A) 5.3548(4) 7.4205(5) 10.8993(3)

c(A) 29.7103(16) 28.2188(18) 15.4678(4)

a (°) 90 90 90

B(°) 95.47(5) 90 94.880(2)

7(°) 90 90 90.00

V, (A% 1253.58(14) 1334.91(15) 1256.94(6)

z 4 4 4

Pealed (g/cm’) 1.347 1.280 1.428

w(mm™) 0.722 0.088 0.106

F (000) 536 544 560

Crystal size(mm") 0.14x0.12x0.10 | 0.34x0.26x0.18 | 0.18x0.12x0.05

0 range for data 5.671-72.214 | 2.838-27.069 2.640-26.731

collections (°)

Index ranges -9<h<9 -8<h<7 -9<h<9
-6<k<5 9<k<9 -13<k<13
-27<1<36 -34<1<35 -19<1<18

No. of reflections 4487 7645 19298

collected

No. of independent 2422 2573 2645

reflections (Rixt)

No. of data/restrains/ 2422/0/173 | 2573/0/176 2645/0/185

parameters

Goodness-of-fit on F* 1.024 0.988 1.056

R, wRy’ [(I>26(I)] 0.0551, 0.1497 | 0.0532,0.1057 | 0.0470, 0.1198

R,*, wR,’ (all data) 0.0667, 0.1651 | 0.0928, 0.1265 | 0.0629, 0.1365

Largest difference in peak | 0.239,-0.310 0.184,-0.183 0.189, -0.225

/hole (e.A™)

Table 2: Selected bond length for compounds INH4, INH8, and INH9

Bond Lengths(A) INH4 INHS INH9
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Exp Calc. Exp. Calc. Exp. Calc.
O(1)-C(1) 1.2139(18) | 1.210 1.226(4) 1.212 1.217(2) 1.213
N(2)-C(1) 1.3546(19) | 1.388 1.338(4) 1.382 1.351(2) 1.382
N(2)-N(3) 1.3726(16) | 1.351 1.390(3) 1.359 | 1.3936(19) | 1.361
N(@3)-C(7) 1.268(2) 1.281 1.274(4) 1.280 1.288(2) 1.290
C(7)-C(8) 1.468(2) 1.470 1.459(4) 1.461 1.487(2) 1.478
C(1)-C(2) 1.502(2) 1.505 1.494(5) 1.507 1.502(2) 1.508
C(9)-N(4) 1.458(2) 1.479 - - - -
C(11)-C(14) - - 1.516(5) 1.508 - -
C(7)-C(14) - - - - 1.489(3) 1.513
C(11)-N(4) - - - - 1.380(2) 1.389
Table 3: Selected bond angles for compounds INH4, INHS8, and INH9
Bond Angle (°) INH4 INHS INH9
Exp. Calc. Exp. Calc. Exp. Calc.
C(1)-N(2)-N(3) | 118.38(12) | 120.842 | 118.4(3) | 121.183 | 118.10(15) | 120.34
C(7)-N(3)-N(2) | 116.05(13) | 117.177 | 115.1(3) | 117.014 | 116.58(15) | 118.647
N@3)-C(7)-C(8) | 118.67(14) | 119.458 | 121.1(3) | 122.303 | 114.59(16) | 116.503
O(1)-C(1)-N(2) | 123.08(14) | 123.509 | 123.6(3) | 124.022 | 124.11(16) | 124.302
O(1)-C(1)-C(2) | 121.11(14) | 122.472 | 120.1(3) | 122.073 | 121.27(16) | 121.820
N(2)-C(1)-C(2) | 115.80(13) | 114.015 | 116.3(3) | 113.922 | 114.58(16) | 113.876

3.4.1 INH4

Fig. 2a displays the ORTEP diagram for compound INH4 together with the crystallographic
numbering system and thermal ellipsoids at the 30% probability level. The molecular
structure of 2 crystallizes in the monoclinic system with the P 21/n space group. It is
discovered that the dihedral angle between the pyridine ring (C2, C3, C4, N1, C5, and C6)
and the phenyl ring (C2, C3, C4, N1, C5, and C6) is 73.20°, indicating that both rings are
perpendicular with regard to one another. The C=0O bond, which has a bond length of

1.217(2), is solely a double bond that participates in the expansion of supramolecular
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structures via intermolecular hydrogen bonding. The mean plane of the amide group is nearly
coplanar to the planes of their adjacent pyridine ring with dihedral angles of 38.92°. The C1-
N2 and C7-N3 bond lengths are 1.355(2) and 1.268(2) A, respectively which lie between the
typical single carbon-nitrogen and double carbon-nitrogen bonds and are well agreed with
other similar reported compounds [14]. The structure of INH4 is stabilized by intermolecular
C-H--O hydrogen bonding interactions found between CH hydrogens of the methyl group
and phenyl ring and the carbonyl oxygen of another nearby unit of compound INH4. The
structure is also stabilized by N-H---O hydrogen bonding interactions between the NH
hydrogen of the hydrazine moiety of the compound and the carbonyl oxygen atoms of the
compound (Supporting Fig. 37). Further, the N-H---N hydrogen bonding also stabilized the
structure, which is present between the NH hydrogen of the amine group and pyridine ring
nitrogen of another unit of the compound. In addition, INH4 is stabilized by stacking
interaction between pyridine ring and phenyl ring (Fig. 2b).

3.4.2 INH8

The ORTEP diagram together with the crystallographic numbering scheme of compound
INH4 is shown in Fig. 2¢ with thermal ellipsoids at the 30 % probability level. The molecular
structure of 1 crystallizes in the Orthorhombic system with P 2, 2, 2; space group. One water
molecule is also co-crystallized with compound INH8 and interlinked through intermolecular
hydrogen bonding. The dihedral angle between the pyridine ring (C2, C3, C4, N1, C5, and
C6) and phenyl ring (C8, C9, C10, C11, C12, and C13) is found to be 16.40° indicating that
both rings are nearly coplanar with respect to each other. The C=0O bond having bond length
1.217(2) A is purely a double bond that takes part in the construction of supramolecular
architectures through intermolecular hydrogen bonding. The C1-N2 and C7-N3 bond lengths
are 1.351(2) and 1.289(2) A, respectively, due to the extensive delocalization of 7 electron

over the C(1)-N(2)-N(3)—C(7) linkage. These bond distances lie between the typical —N
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and C=N values and are very similar to other reported hydrazone compounds 1.394(2),
1.299(2) A [14, 15]. The N(2)-N(3)-C(7) bond angle is (115.10(10)°) showing nearly planar
sp> hybridized behaviour of N3. The mean plane of the amide group is nearly coplanar to the
planes of their adjacent pyridine ring with dihedral angles of 32.92° separating their groups to
avoid steric hindrance. In the solid state, the structure of compound 1 is stabilized by C-H:--O
and O-H--O, and intermolecular hydrogen bonding occurs between the CH hydrogen of
phenyl ring /OH hydrogen of water molecules and the carbonyl oxygen of another unit of the
compound moiety leading to the formation of a supramolecular architecture (Supporting Fig.
38). In addition, the structure is further stabilized by N-H:--O hydrogen bonding between the
NH hydrogen of hydrazine moiety of the compound and oxygen atoms of water molecules
(Supporting Fig. 38).

3.4.3 INH9

Fig. 2d displays the molecular structure of INH9 along with the atomic numbering scheme
and thermal ellipsoids at the 30% probability level. INH9 crystallizes in the monoclinic
system with space group P21/c. The dihedral angle between the nitro phenyl ring (C8, C9,
C10, C11, C12, and C13) and pyridine ring (C2, C3, C4, N1, C5, and C6) is observed to be
8.11° representing that both rings are nearly planar with respect to each other. The mean
plane of the carbo amide group is approximately coplanar to the planes of their adjacent
pyridine ring with dihedral angles of 15.39° separating their groups to escape steric
hindrance. The C1-N2 and C7-N3 bond lengths are 1.355(2) and 1.268(2) A, respectively,
due to the wide delocalization of m electron over the (1)-N(2)-N(3)-C(7) moiety. These
distances lie between the typical —N single bond and =N double bond values and are well
agreed with other reported compounds [31]. The N(2)-N(3)-C(7) bond angle is 116.09(13) °
showing nearly planar sp® hybridized behaviour of N3. The C=0 bond length is 1.2117(18) A

which is a nearly double bond that involves the generation of a linear chain through
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intermolecular hydrogen bonding. In the solid state, the structure of compound 3 is stabilized
by C-H--S intermolecular hydrogen bonding occurs between the CH hydrogen of the phenyl
ring and nitrogen atoms of the nitro group of another unit of the compound leading to the

formation of a 2D framework (Supporting Fig. 39).
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Fig. 2: ORTEP diagram of (a) INH4, (c) INH8 and (d) INH9 at 30 % thermal ellipsoid, (d)
n---mstac ing interaction in INH4

3.5 Hirshfeld surfaces Analysis

Hirshfeld surfaces (HS) for INH4, INH8, and INH9 were generated employing the default
Tonto code. Fig. 4 displayed the HS over the dyom. The dporm surface's red, white, and blue
patches, respectively, depict areas where external atoms are in close proximity, moderate
closeness, and a distance away [32]. The dnorm of compounds INH4, INH8 and INH9, shows
intense red spots corresponding to strong intermolecular interactions O--H/H--O and
N---H/H-N that stabilizes them (Fig. 5). The nature and kind of intermolecular interactions
seen in the INH4, INHS, and INH9 were quantitatively summarized using 2-D fingerprint
plots, which were resolved from the original 3-D dnorm surfaces were shown in supporting
fig. 40-42. Fig. 4d shows the percentage contribution of contacts, including their reciprocal

contact The N--H/H---N contact in dominant interaction in INH& and INH9 whereas



Journal Pre-proof

O-H/H---O is dominant in INH4. In addition, there is the presence of C---C (pi-pi) interaction

(3.0%) in INH4 [33].

{a) (k)

QM Todal MM M
Tape of Interavtion

Fig. 3: dnom surfaces of (a) INH4, (b) INHS, and (c) INH9 and (d) % of individual contribution.

Fig. 4: Showing type of Intermolecular interactions present (a) C-H---O and N-H---N in INH4, (b) O-
H---O and N-H:--O in INHS8, (c) C-H:--O and N-H---O in INH9 and (d) N-H--N in INH9

3.5. DFT Studies
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The geometry optimization for INH derived Schiff bases has been carried out to get insights
about bond parameters and vibrational frequencies. The geometry of INH1-9 have been
optimized in the gas phase through B3LYP/6-311++G(d,p) basic set. The optimized structure
of INH1-9 has been shown in supporting materials (Supporting Fig. 43). The selected bond
lengths and bond angles of the optimized structures INH4, INHS, and INH9 has been
compared with their corresponding experimental data and shown in table 2 and 3
respectively. For rest of the derivatives selected bond length and angles has been given in
supporting Tables 4 and 5.

The vibrational frequencies were also calculated by DFT/B3LYP levels with 6-311-
G(+,7) basis set. The theoretical vibrational spectra of INH1-9 have been shown in
supporting material (Supporting Fig. 44-52). The comparison of important experimental and
calculated vibrational bands have been given in the Supporting material. The observed
experimental and theoretical vibrational frequencies were assigned for different modes of
vibrations, which have been presented in supporting Tables 6 and 7. The disagreement
observed between the theoretical and experimental values is since the DFT calculations have
been done for an isolated molecule in the gas phase, while IR spectra were recorded in the
solid phase with KBr pellets. Other factors such as hydrogen bonding interactions especially
in NH,, C=0, group vibrations due to C=0O/H-N interactions, and electron correlation effects
that can distort symmetry and normal values were also responsible for disagreement observed
[34].

3.6 TD-DFT Studies

Furthermore, time-dependent density functional theory studies are also performed to get an
in-depth understanding of electronic transitions involved in INH1-9. The TD-DFT studies has
been performed using CPCM model with DMSO as solvent. Results from TD-DFT and

experimental UV-vis spectra were found to be highly correlated and band assignments are



Journal Pre-proof

summarized in Table 4. Among the various transition observed theoretically in molecules
INH1-9 theoretically only transitions having highest oscillator strength are chosen and shown
in table 3 since these transitions having highest oscillator strength have dominant contribution
in electronic transition. For compound INH9 calculated absorption bands in DMSO and
ethanol are shown by the green line while corresponding experimental bands are shown by
blue lines in Supporting Fig. 71. A few deviations were described to the negligence of
anharmonicity in the B3LYP method [35].

Table 4: Comparative study of experimental UV—visible transitions with theoretical

transitions obtained from td b3lyp/6-311++g(d,p) scrf=(cpcm, solvent=dmso/ethanol)

calculation in INH1-9 with their assignments

Compound hmax hmax f= Transitions Assignments
(Exp)nm | ( alc)nm | Oscillator 5
strength
INH1 305 328 0 7400 HOMO-LUMO > *
INH2 337 341 05537 HOMO-LUMO o m*
INH3 318 348 04551 HOMO-LUMO+!1 |n—> & *
INH4 280 313 04371 HOMO-LUMO+1 |n—>=n*
INH5 342 379 0 8325 HOMO-LUMO - m*
INH6 320 355 07198 HOMO-LUMO T T *
INH7 310 330 06631 HOMO-LUMO T ¥
INHS 309 338 07556 HOMO-LUMO I
INHO9 345 389 05186 HOMO-LUMO T T *
(DMSO)
INH9 326 306 04281 HOMO-LUMO+1 |n->mw*
(ethanol)
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The HOMO and LUMO (frontier molecular orbitals) are important for a molecule's
chemical reactivity, optical polarizability, and chemical hardness-softness. To ascertain how
the charge is transferred within the molecule, HOMO and LUMO studies are also used. The
HOMO-LUMO gap of a molecule also determines the chemical hardness and softness of the
molecule. The large HOMO-LUMO gap signifies a hard molecule whereas a small HOMO-
LUMO gap indicates a soft molecule. The stability and reactivity of molecules also relate
with HOMO-LUMO gap, molecules with small HOMO-LUMO gaps are more reactive
molecules than molecules with large HOMO-LUMO gaps. Hard systems are often small and
significantly less polarizable than soft systems, which tend to be big and highly polarizable
[36, 37].

HOMO-LUMO analysis of lead compound INH9 (based on anticancer and docking study
discussed in later sections) has been performed and shapes of HOMO, LUMO and the energy
gap between them is shown in Fig 5. HOMO of compound INH9 shows that electron density
is mainly localized over the aniline ring, while LUMO of INH9 shows that the electron
density would be localized over the pyridine ring. Thus, the electronic transition from the
ground state to the excited state of INH9 attributes to m—n* transition The HOMO-LUMO
energy gap of 2.8291 eV was found in INH9. This smaller energy gap between HOMO and

LUMO suggests compound INH9 is soft and highly reactive.



Journal Pre-proof

@

LUMO E=-5.6124ev

F 3

AE = 2.8291 ev

3

noLO E =-8.4415ev

Fig. 5: Diagram shapes and the energy difference between HOMO and LUMO of INH9

3.7 Molecular docking description:

In order to understand the potential anti-cancer activity of INH and its Schiff base
derivatives, molecular docking study of these synthesized compounds were performed with
MDM2 (4HG?7) protein [38]. The tumour suppressor protein p53, a key protein that prevents
tumour formation and growth by inducing cell cycle arrest, and apoptosis. At the incident of
cancers, the p53 activity is lost either by mutation or by the inactivation due to the
overexpression of the main endogenous negative regulator, murine double minute 2
(MDM2). As the inhibitors of pS3—-MDM2 interaction restores the p53 activity, we studied
the binding affinity of INH and its derivative with MDM2 (4HG7) [38, 39]. The binding
affinity INH and its Schiff base derivatives (INH1-9) along with standard anticancer drugs 5-

fluorouracil and tamoxifen with MDM?2 obtained through molecular docking simulation has
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been given in table 5. The INH1-9 are found to inhibit the function of target protein than 5-
Fluorouracil and have comparable result more strongly with tamoxifen. The INH derivative
INH9 has been found to strongest binding affinity among others. Thus, its detailed docking
analysis is studied further. The docked diagram of other derivatives and standard drugs has
been shown in supporting material (Supporting Fig. 72-82).

INH9 showed effective binding within the binding pocket of MDM-2 via two
hydrogen bonds and six hydrophobic interactions having an overall free binding energy of -
6.7 kcal/mol. The —NH,; group behaved as a hydrogen donor to form H-bond with the residue
Tyr100 (bond length 2.34 A), whereas pyridyl nitrogen acted as an acceptor to H-bond with
GIn59 (bond length 2.10 A). Furthermore, INH9 stabilized itself in the binding pocket
through the al yl, n-al yl, n-donor H-bond, van der Waals and amide- & stac ed interactions

with the residues Lys51, Leu54, Gly58, and GIn59, respectively (Fig. 6).

P

Fig. 6: 3D docked pose of the INH9 in the active site of target MDM-2 (pdb: 4HG7) (a) with
receptor protein (b) with receptor amino acids

Table S: Binding scores of Compounds INH1-9 with target protein

S.N. Compound Binding Affinity (Kcal/mol)
1. INH -5.1

2 INH1 -6.2

3. INH2 -6.1

4 INH3 -6.3
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5. INH4 -6.5
6. INHS5 -6.5
7. INH6 -6.4
8. INH7 -6.3
9. INHS -6.7
10. 5-FU -4.2
11. Tamoxifen -7.1

3.7 Antitumor Studies

Based on docking studies, we check in vitro anticancer potential for the lead compounds
INH4 and INH9 having the highest binding affinity with MDM2 (4HG7) protein.

3.7.1 INH derivatives inhibit the proliferation of Dalton’s Lymphoma cells

The anti-proliferative activity of compound INH4 and INH9 were determined by standard
MTT assay, they react with succinate dehydrogenase in presence of NAPDH and forms
formazan crystal. After reacting with DMSO, they provide cell viability. After 24 hrs
treatment, the viability of Dalton’s lymphoma cells decreased in a dose-dependent manner is
shown in Fig. 7. The value of ICsy for INH9 was obtained at 150 pg/mL (Fig 7b), whereas
INH4 does not show any appreciable result (Fig. 7a). Further studies of this compound for
anticancer activity at a low and higher dose of ICs, were ta en as 75 pg/ml and 300 pg/mL,
respectively. Thus, the rest of the anticancer studies have been performed for the lead

compound INH9 [29].
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Fig. 7: Anti-proliferative effect of compound INH4 and INH9 on cell viability in DL cells at
several concentration ranges from (0, 25, 50, 100, 125, 150, 175, 200 pg/ml) for 24 h
treatment. Results are represented as a mean + SD of three independent experiments indicates
**p <0.01, *** p <0.001 as compared to control.

3.7.2 Acridine orange/ ethidium bromide (AO/EB) dual staining

Apoptosis is one of the most studied processes in biological science. During this process cell
shrinkage, nuclear condensation, blebbing of the plasma membrane, and the organelles
become more compactly packed [43]. DL cells were treated with INH9 compound for 24 h
treatment using dual AO/EtBr fluorescent staining, assessed the induction of apoptosis under
fluorescence microscopy (Supporting Fig. 83). These results revealed that no significant
apoptosis was found in the control (untreated) group while treated cells exhibited a number of
yellowish-green with disrupted membrane integrity showing early apoptosis in lower
concentrations. Late-stage apoptotic cells display orange/red fluorescence with the condensed
nucleus and fragmented DNA in the higher concentration of treated cells. Necrotic cells were
also observed with the increase in drug concentration and showed uneven orange-red
fluorescence at their outer surface.

3.7.3 Assay for Nuclear Morphology

DAPI (4,6-diamidino-2-phenylindole) is a fluorescent staining dye that strongly binds to the

A-T-rich repeats of DNA sequences. DAPI evaluates the condensation and fragmentation of



Journal Pre-proof

DNA and changes in the morphology of apoptotic cells [32] The Dalton’s Lymphoma cells
were treated with compound INHO for 24 hrs treatment. In this study, DAPI staining depicts
the morphological alterations associated with apoptosis. The control (untreated) cells showed
normal nuclear morphology, remain intact and evenly shaped however treated cells displayed
cell shrinkage, condensed chromatin, and nuclear fragmentation into discrete fragments
resulted in a concentration-dependent manner (Supporting Fig. 84).

3.7.4 ROS Estimation

The fluorescent product DCF (2', 7' dichlorofluorescein) was obtained from the oxidation of
DCFH-DA in the presence of ROS [29]. The amount of ROS produced by the dead cells was
relatively proportional to the intensity of spotted DCF (green) fluorescence. ROS production
at a minimal (basic) level initiates cell growth, proliferation, and differentiation but rather
than above this level promotes the activation of apoptotic pathways. The effect of compound
INHO on the condition of ROS production in DL cells for 24 hrs treatment was analysed by
DCF-DA staining shown in Supporting Fig. 85. The intensity of green fluorescence was
detected in a concentration-dependent fashion (75,150 and 300 pug/ml) in treated cells. The
compound INH9 displayed that the intracellular ROS production increased significantly as
compared to the control. For statistical analysis, ImageJ (NIH, USA) and GraphPad Prism 5.0
software were used.

3.7.5 INH9 decayed mitochondrial membrane potential (A¥Ym)

To investigate the induction of intrinsic apoptotic pathway loss in mitochondrial membrane
potential is the crucial event; changes in the mitochondrial membrane potential were assessed
by using rhodamine-123 fluorescent dye detected by flow cytometry in a concentration-
dependent manner [29]. The present outcome revealed that compound INH9 induced a

significant decrease in the membrane potential of mitochondria, which showed that



compound INH9 prompt apoptosis in DL cells as compare to control (untreated cells) in Fig.

8. For statistical analysis, ImageJ (NIH, USA) and GraphPad Prism 5.0 software were used.
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Fig. 8: (A) Rhodamine-123 staining exhibit that decreases in mitochondrial membrane
potential after treating DL cells with Compound INH9 for 24 hr and then analysed under
fluorescence microscopy (x40 magnification). (B) Graph showing the density of Rhodamine-
123 in a dose-dependent manner (significant at "p<0.001).

3.8 Comparison of Antitumor activity of INH9
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There are very few publications on the antiproliferative properties of synthetic chemicals or
metal complexes against DL cells. The antitumor activity of the compound INH9 against DL
cells has been compared in terms of ICsy values previously reported compounds/metal
complexes/traditional extracts under alike conditions (Table 6) [29, 40-43]. The higher
anticancer activity at a low dose is shown by a lower IC50 value. While, cis-platin has better
anticancer action than INH9 but platinum-based compounds are very costly, non-selective,
and have side effects [44]. Hppo is a more complex molecule that involves a number of
starting materials and multistep synthesis, whereas INH9 is synthesized more conveniently by
a single step with only two starting materials. Ruthenium and iridium complexes are not cost-
efficient and again involve multistep synthesis. The antitumor activity of INHS8 is much better
than medicinal extracts Garcinia morella and Dendrobium formosum. The better activity of

INH9 may be attributed to the isoniazid core and NH, interaction site [45].

Table 6. ICsy value of INH9 and previously reported compounds/metal complexes/extracts.

Compounds/Complexes/Extracts I1Cs values (ng/mL)
[26, 37-40]
Cis-platin 1
5(4-hydroxyphenyl)-2-(N-phenylamino)-1,3,4-oxadiazole 50
Doxorubicin 70.52 (or 129.3 uM)
Rh-Complex 20-30
Ru-Complex-1 >110
Ru-Complex-2 100-110
Ru-Complex-3 80-90
Ir-Complex >110
Garcinia morella 250
Ethanolic Extract of Dendrobium formosum 350
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INH9 150

4. Conclusion

Here, compounds INH1-9 have been synthesized and fully characterized. The UV-vis
spectrum of INH1-9 shows corresponding bands owing to n—n* transition, which is further
confirmed by TD-DFT calculations. A small energy gap between the HOMO and LUMO of
these compounds indicates their softness and high reactivity. The crystal structure of INH4,
INHS8, and INH9 shows the presence of various intermolecular interactions that are further
verified by Hirshfeld surface analysis. The molecular docking study suggested that
compounds INH1-9 have the potential to bind with MDM?2 protein, which can lead to
inhibition of p53—MDM?2 interaction thereby restoring of activity of tumor suppressor protein
p53. Among the various derivatives, INH9 binds most strongly with the target protein. /n-
vitro anticancer activities of lead compound INH9 against Dalton’s Lymphoma revealed that
the synthesized compound INH9 exhibits a potent anticancer and anti-proliferative activity in
an optimum dose and time-dependent kinetics. In addition, these findings also elucidate cell
shrinkage, chromatin condensation, nuclear fragmentation, and membrane blebbing which are
hallmarks of apoptosis, as well as intracellular ROS generation and mitochondrial membrane
potential. It induces apoptosis with increased ROS production and also reduces the
mitochondrial membrane potential of Dalton's lymphoma cells in vitro conditions. Therefore,
these current investigations will appreciably participate in designing anticancer therapeutic
drugs based on INH derivatives. These synthesized Schiff bases also have preferable binding
sites that can be utilized for the synthesis of metal complexes based on these.
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