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ABSTRACT ARTICLE HISTORY

A library of 9-arylimino derivatives of noscapine was developed by Received 12 November 2020
coupling of Schiff base containing imine groups. Virtual screening Accepted 14 February 2021
using molecular docking with tubulin revealed three molecules, KEYWORDS

12-14 that.bin.d with high affinity. An improved predicted free Noscapine; 9-arylimino
energy of binding (FEB) of —5.390, —6.506 and —6.679 kcal/mol for hoscapinoids; tubulin

the molecules 12-14 was found compared to noscapine binding; anticancer agents;
(=5.135 kcal/mol). Furthermore, molecular dynamics simulation breast cancer

in combination with Molecular Mechanics Poisson-Boltzmann

Surface Area (MM-PBSA) revealed robust binding free energy of

—166.03, —169.75 and —170.63 kcal/mol for the molecules 12, 13

and 14, respectively. These derivatives were strategically synthe-

sized and experimentally validated for their anticancer activity.

Tubulin binding assay revealed substantial binding of molecules

12-14 with purified tubulin. Further, their anticancer activity was

demonstrated using two cancer cell lines (MCF-7 and MDAMB-231)

and a panel of primary breast tumour cells. All these derivatives

inhibited cellular proliferation in all the cancer cells that ranged

between 30.1 and 5.8 uM, which is 1.7 to 7.52 fold lower than that

of noscapine. Further, these novel derivatives arrest cell cycle in

the G2/M-phase followed by induction of apoptosis. Thus, 9-aryli-

mino noscapinoids 12-14 have a great potential to be a novel

therapeutic agent for breast cancers.

Introduction

Microtubule dynamics is absolutely crucial for the mitotic cell division of the cells.
Interference with microtubule dynamics often leads to programmed cell death and thus
microtubule-binding drugs are currently used to treat various malignancies in the clinic
[1]. Although useful, currently used microtubule drugs such as Vinca alkaloids and taxanes
are limited due to their undesirable toxicity [2-5]. The wonderful promise of taxol in
managing breast cancers justifies further effort to discover novel mitotic inhibitors that
may have fewer side effects and that can be easily administered.
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In quest of finding such a molecule, noscapine (an opium alkaloid, non-narcotic,
orally available, safe antitussive drug for over 40 years) was discovered that binds
tubulin dimer and arrests the dividing cells in mitosis [6]. However, the cancer cells
selectively undergo apoptosis because of the compromised cell cycle check points,
without hampering the normal dividing cells. It is well tolerated among healthy
volunteers without any significant side effects [7-9]. It has favourable pharmacoki-
netics in vivo (clearance within ~10 h) [7]. In vitro as well as in vivo mouse xenograft
model have shown that noscapine and its analogues are useful in treatment of
cancer of different tissues origin [7,10,11]. These properties enable its therapeutic
use at high concentrations (~150-300 mg/kg body weight) in murine models of
human cancer [11,12]. It is found to inhibiting proliferation and inducing apoptosis
in human ovarian carcinoma cell lines that are sensitive or resistant to paclitaxel [13].
The oral bioavailability of noscapine offers further support for its clinical advance-
ment as a novel chemotherapeutic agent [12]. Therefore, noscapine is a promising
anticancer drug with minimum toxicity.

Towards improvement of anticancer activity of noscapine, we have developed
several of its derivatives. Many of these derivatives were demonstrated to have
high tubulin binding and anticancer activity compared to noscapine without any
debilitating toxicities [11-16]. In this study, we approach to develop 9-arylimino
congeners of noscapine by strategically modifying its scaffold structure; followed
by screening of the most potent derivatives based on their predictive binding affinity
with tubulin. The screened out derivatives were then chemically synthesized and
validated their anticancer activity based on cellular study using two human breast
cancer cell lines (MCF-7 and MDAMB-231) and a panel of primary breast tumour cells.
The novel derivatives were found to bind tubulin heterodimer with increased binding
affinity, effectively inhibit proliferation of cancer cells, selectively arrest cancer cells at
G2/M phase and induced apoptosis.

Materials and methods
Protein preparation

The crystal structure of amino noscapine-tubulin complex (PDB ID: 6Y6D, resolution 2.20 A
[17]) was downloaded from the PDB databank and used for structure based designing of
novel derivatives of noscapine. It was prepared using protein preparation wizard work-
flow (Schrodinger). Further, an all atom molecular dynamics (MD) simulation of 100 ns in
explicit water was performed to refine the structure using GROMACS 4.5.4 software [18]
and the GROMOS96 force field with similar parameters as reported earlier [19]. Finally, the
last 2000 frames from the MD trajectory were used to generate an average structure of the
tubulin.

Rational design of 9-arylimino congeners of noscapine

We envisaged developing a library of 9-arylimino derivatives of noscapine by hybri-
dizing with arylimino groups (Schiff bases) as depicted in Figure 1. It is because Schiff
base analogues have been used in the pharma industry to develop potential
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Schiff base
tune anticancer activity

R % Variable substituent to
Pharmacophore '
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base) with improved activity

Figure 1. Strategic development of 9-arylimino noscapinoids by hybridizing Schiff base with natural
noscapine.

analogues for anticancer activity. As an example, Schiff bases obtained from cou-
marin and pyrazole aldehyde have been tested against cancer cell lines that showed
mild anticancer activities [20]. Furthermore, mono and bis-Schiff bases have been
reported efficacious against five cancer cell lines [21].

Preparation of molecular structure

Molecular structures of previously reported noscapinoids [15,16,22-24] (Figure 2) and the
newly designed 9-arylimino derivatives of noscapine (Figure 1) were built using
ChemDraw. These structures were imported into Maestro (Schrodinger package) and
were energy minimized using Macromodel (Schrédinger package) and OPLS 2005 force
field with PRCG algorithm (energy gradient of 0.001). The molecular structures were
further refined through geometric optimization using hybrid density functional theory
with Becke’s three-parameter exchange potential and the Lee-Yang-Parr correlation
functional (B3LYP) with basis set 3-21 G* using Jaguar (Schrodinger, package). The
appropriate bond order for each structure was defined and their various conformations
were generated using Ligprep (Schrodinger package).

:R=H R CF, COOEt
:R=Cl N
: R=Br |
=F =
:R=1 A A ooy Ao
: R=NH
. R= NOZ 8 9 10 1

Figure 2. The molecular structure of noscapine and its previously reported derivatives 2-11 used as
training set for the molecular modelling study.
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Molecular docking

Molecular docking of noscapinoids with af-tubulin heterodimer was performed using
Glide docking (Schrédinger package) [25,26]. Briefly, the binding site was defined
using a concentric grid box at the centroid of the binding site by selecting the co-
complex ligand, amino-noscapine using Glide grid-receptor generation program. An
outer grid box of 12 A x 12 A x 12 A was defined to confine the mass centre of the
docked ligand. Besides an enclosing grid box of 12 A x 12 A x 12 A was defined
which occupied all the atoms of the docked poses. The scale factor of 0.4 for van der
Waals radii was applied to atoms of protein with absolute partial charges less than or
equal to 0.25. The algorithm generated 10000 poses, out of which only 1000 poses
were used for the minimization (conjugate gradients) and the final 30 structures
having the lowest energy conformations were evaluated for the favourable Glide
docking score. All the molecules were docked using Glide XP (extra precision) and
evaluated using a Glide XPs.e function. The single best conformation for each
ligand was considered for molecular dynamics (MD) simulation and predicting the
binding affinity.

LIE-SGB model building

A predictive model was developed based on linear interaction energy model (LIE)
with a surface generalized Born (SGB) continuum solvation model [27] to calculate
the free energy of binding (AGpingipred) Of the newly designed 9-arylimino noscapi-
noids with tubulin. The LIE method employs experimental free energy of binding
(AGpingiexpy) for a training data set of noscapinoids (Figure 2) to estimate the
AGypingipred for the novel set of molecules. The method is based on the linear response
approximation, which indicates that free energy of binding of a protein-ligand
system is a function of polar and non-polar energy components that scale linearly
with the electrostatic and van der Waals interactions between a ligand and its
environment. The free energy of binding for the complex is derived from considering
only two states: (1) free ligand in the solvent and (2) ligand bound to the solvated
protein. The conformational changes and entropic effects pertaining to unbound
receptor are taken into account implicitly and only interactions between the ligand
and either the protein or solvent are computed during molecular mechanics calcula-
tions. The SGB-LIE method used in the study is based on the original formulation
proposed by Jorgensen [27] and is implemented in Liaison (Schrodinger package). It
also offers better accuracy in treating the long-range electrostatic interactions. The
empirical relationship used by LIE-SGB model is shown below.

AGypind, pred
= a((Uaw) = (Ulaw)) +B((Ubour) = (Uour)) + ¥{Unn) = (Upen) +6((Uea) — (Ucar))

Here () represents the ensemble average, b represents the bound form of the ligand,
frepresents the free form of the ligand, a, 3, y and 6 are the coefficients of various energy
terms, such as van der Waals (U,4,), Coulombic (U, reaction field (U,,) and cavity
energy (Uca) in the SGB continuum solvent model. The cavity energy term is proportional
to the exposed surface area of the ligand. Thus, the difference in cavity energy between
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Figure 3. A panel of 9-arylimino noscapinoids, 12-14 that are rationally designed and screened out to
have higher binding affinity with tubulin for chemical synthesis and experimental evaluation.

the free and bound form of the ligand measures the surface area lost by contact with the
receptor. In the SGB model of solvation, there is no explicit van der Waals or electrostatic
interaction between the solute and solvent. The contribution for net free energy of
solvation comes from two energy terms, namely, reaction field energy (U,.,) and cavity
energy (Ucay): Usgg = Upxn + Ucay- The cavity and reaction field energy terms implicitly take
into account the van der Waals and the electrostatic interactions between the ligand and
solvent. The above energy parameters from the docked complexes of the noscapinoids
were computed based on Hybrid Monte Carlo simulation technique as reported pre-
viously [22]. The values of the coefficients were determined based on multiple linear
regression techniques without intercept using Minitab statistical package (Minitab Inc.).
The AGpjngexpe Of NOscapinoids of the training set with tubulin was calculated from their
respective dissociation constant (K) values using the relation:

AGypind expt = RT In Ky

where R is gaseous constant (0.001986 kcal/mol) and T is temperature (298 K).

Finally, based on the docking score and the predictive free energy of binding, we have
screened out three most potent 9-arylimino noscapinoids (Figure 3) having enhanced
binding affinity with tubulin compared to noscapine for chemical synthesis and cellular
evaluation to determine their anticancer potential.

Molecular dynamics simulations

Co-complex of tubulin and 9-arylimino derivatives 12-14 were used for the MD
simulation using Amber 16 suite [28]. The parameters for the ligands were estimated
using Antechamber program of Amber 16 suite [29]. All atomic point charges were
calculated using AM1-BCC charge model [30]. Topologies and internal coordinates for
all complexes were generated using tleap program in Amber16. Each molecular
system was neutralized by adding counter-ions and was subsequently solvated
using TIP3P water model in a truncated octahedron with the distance of 12 A
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between the atoms of protein and wall of the box [31]. Three rounds of minimization
were performed on each complex to relax the system and amend the bad contacts.
Position restraints of 10 kcal/A® and 2 kcal/A? were imposed on the protein system
for the first and the second round, respectively, to relax the water molecules around
protein. No restraints were imposed in the third round. The molecular systems were
equilibrated at 300 K and 1 atm for 500 ps. The equilibrated systems were then run
for 100 ns each with time step of 2 fm. Throughout simulations, the cut-off for non-
bonded interaction was 10 A, electrostatics were calculated using Particle Mesh
Ewald (PME) and bonds were constrained using shake algorithm [32-34]. Langevin
thermostat was used to regulate the temperature of simulations. Co-ordinates were
written every 20 ps to write 5000 frames for each molecular system. CPPTAJ imple-
mented in Ambertools was used to analyse trajectories for root mean square devia-
tion analyses.

Predictive binding affinity

Predicted binding affinity (AGpingpreq) Of 9-arylimino derivatives 12-14 with tubulin was
calculated using Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) as the
ensemble average of the binding free energy of a total of 1000 snapshots, extracted every
20 ps from the last 20 ns of the MD simulation trajectory [35] as explained below:

AGbind.pred = AGcomplex - [AGRec + AGIig}
G = Eggs + Ggo1 — T5S.

Egas = Ejnt + Eete + Evaw

Gsol = GPB(GB) + Gsolfnp

Gsolfnp = VSAS

where G is Gibbs free energy, Eg. is the gas phase energy calculated as the sum of internal
energy (E;), energy generated as a result of the electrostatic interaction (E) and the van
der Waals interaction (E,4,). G, is the solvation free energy calculated as the sum of polar
(GpgpyY and non-polar contributions (Gso.np). Polar interaction contribution (Gpgigg)) was
calculated as the summation of electrostatic contribution (E.,) and polar solvation con-
tribution (Gpggg). The non-polar solvation contribution (G, is approximated as line-
arly dependent on the solvent accessible surface area (SAS) and y is the surface tension
constant that was set to 0.0072 kcal mol™" A 2,

Chemical synthesis of 9-arylimino derivatives 12-14

Chemical synthesis of the derivatives of noscapine is very difficult due to highly
sensitive C-C bond between isoquinoline and isobenzofuranone ring components
which is labile to strong acids and base. However, we have strategically designed the
synthetic scheme (Figure 4) for the amalgamation of the 9-arylimino derivatives
12-14 from noscapine as starting material without affecting the sensitive C-C bond.
Briefly, the natural a-noscapine was converted to 9-aminonoscapine via two reaction
steps involving bromination of noscapine using aqueous HBr/Br,-H,O followed by
amination using Cul, NaN3 and L-Proline in DMSO as reported earlier [14]. A solution
of 9-aminonoscapine #6 (1.0 mmol), in ethanol (15 mL) was refluxed with substituted
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Figure 4. General chemical reaction for chemical synthesis of 9-arylimino noscapinoids 12-14,
rationally designed in the study. Reaction conditions: (i) 48% HBr, Br,-water, rt, 2 h (ii) Cul, NaNs,
L-Proline, DMF, 140°C, 4 h, (iii) RCHO, EtOH, reflux, 24 h.

aryl/heteroaryl aldehydes (2,5-difluorobenzaldehyde or 5-bromothiophene- carboxal-
dehyde or p-bromo benzaldehyde, 1.0 mmol), for 12 h. The crude residue was
chromatographed over a triethylamine silica bed, using pet.ether/ethyl acetate (7:3)
as eluents to produce 9-arylimino noscapinoids 12-14 (Figure 4) as solid products in
very good yield. The details of chemical synthesis and the structural characterization
by 'H, ">*C NMR and mass (ESI and HRMS) spectral data of 9-arylimino derivatives
12-14 were included in supporting material.

Structural characterization of 9-arylimino noscapinoids, 12-14

(S)-3-((R)-9-((E)-([1,1"-biphenyl]-4-ylmethylene)amino)-4-methoxy-6-methyl-5,6,7,8-
tetrahydro-[1,3]dioxolo[4,5-glisoquinolin-5-yl)-6,7-dimethoxyisobenzofuran-1(3 H)-
one (12)

Nature: White solid. mp: 95-97°C. IR (KBr): 3447, 2933, 1759, 1626, 1491, 1436, 1384,
1122, 1033, 969, 840, 763, 695 cm-1. 1 H NMR (400 MHz, CDCI3): § 8.90 (s, 1 H, N = CH),
7.96 (d, J=8.3 Hz, 2H, Ar-H), 7.69 (d, J = 8.3 Hz, 2 H, Ar-H), 7.65 (d, J = 7.2 Hz, 2 H, Ar-H),
7.50-7.44 (m, 2 H, Ar-H), 7.39 (t, J=7.3 Hz, 1 H, Ar-H), 7.00 (d, /= 8.3 Hz, 1 H, Ar-H), 6.32
(d, J=8.3Hz, 1H, Ar-H), 6.00 (dd, J= 1.3, 16.2 Hz, 2 H, O-CH2-0), 5.59 (d, J=4.2 Hz, 1 H,
Ar-CH, (C3-phthalide)), 4.40 (d, J = 4.2 Hz, 1 H, Ar-CH, (C5'-isoquinoline)), 4.10 (s, 3 H, -
OCHS3), 4.05 (s, 3 H, -OCH3), 3.86 (s, 3 H, -OCH3), 3.05-2.97 (m, 1 H, -CHH-N-CH3 (C7'-
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isoquinoline)), 2.74-2.66 (m, 1 H, -CHH-N-CH3 (C7’-isoquinoline)), 2.56 (s, 3 H, N-CH3),
2.45-238 (m, 1 H, Ar-CHH (C8'-isoquinoline)), 2.09-2.00 (m, 1 H, Ar-CHH (C8'-
isoquinoline)). 13 C NMR (100 MHz, CDCI3): 6 168.1, 161.2, 152.1, 147.6, 143.7, 141.3,
140.2, 139.1, 138.7, 135.8, 134.5, 130.1, 129.1, 128.8, 128.7, 127.7, 127.2, 125.8, 119.8,
118.3,117.7,100.8, 81.8,62.2,59.4,56.7,49.4,45.9, 22.8. MS (ESI-MS) m/z: 593 [M + H]+
HRMS (ESI): Calcd for C35H33N207 [M + H]+: 593.22823, found: 593.22731.

(S)-6,7-dimethoxy-3-((R)-4-methoxy-6-methyl-9-((E)-(3,4,5-trimethoxybenzylidene)
amino)5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-glisoquinolin-5-yl)isobenzofuran-1(3 H)-
one (13)

Nature: White solid. mp: 124-126°C. IR (KBr): 3493, 2952, 2899, 2843, 2794, 1758, 1628,
1580, 1499, 1459, 1390, 1275, 1122, 1037, 1006, 975, 846, 798, 727 cm-1. 1 H NMR
(400 MHz, CDCI3): 6 8.73 (s, 1 H, N = CH), 7.15 (s, 2 H, Ar-H), 7.01 (d, J = 8.3 Hz, 1 H, Ar-
H), 6.35(d,J=8.3 Hz, 1 H, Ar-H), 5.99 (dd, J = 1.3, 16.0 Hz, 2 H, 0-CH2-0), 5.58 (d, J = 4.4 Hz,
1 H, Ar-CH, (C3-phthalide)), 4.39 (d, /= 4.4 Hz, 1 H, Ar-CH, (C5'-isoquinoline)), 4.10 (s, 3 H, -
OCH3), 4.03 (s, 3 H, -OCH3), 3.94 (s, 6 H, 2 x — OCH3), 3.91 (s, 3 H, -OCH3), 3.86 (s, 3 H, -
OCH3),3.01-2.91 (m, 1 H, -CHH-N-CH3 (C7'- isoquinoline)), 2.75-2.67 (m, 1 H, -CHH-N-CH3
(C7'- isoquinoline)), 2.55 (s, 3 H, N-CH3), 2.47-2.39 (m, 1 H, Ar-CHH (C8'-isoquinoline)),
2.09-2.00 (m, 1 H, Ar- CHH (C8'-isoquinoline)). 13 C NMR (100 MHz, CDCI3): 6 168.1, 161.4,
153.4,152.1,147.6, 141.4, 140.8, 138.9, 138.6, 134.5, 132.3, 128.6, 125.8,119.8,118.4, 117.7,
105.3, 100.8, 81.7, 62.2, 60.9, 59.5, 56.7, 56.1, 54.8, 49.3, 45.8, 22.6. MS (ESI-MS) m/z: 607
[M + H]+ HRMS (ESI): Calcd for C32 H35N2010 [M + H]+: 607.22862, found: 607.22803.

(S)-3-((R)-9-((E)-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methylene)amino)-4-methoxy-
6-methyl 5,6,7,8-tetrahydro-[1,3]dioxolo[4,5-glisoquinolin-5-yl)-6,7-dimethoxyiso
benzofuran-1(3 H)-one (14)

Nature: White solid. mp: 155-157 oC. IR (KBr): 3423, 2928, 2796, 1759, 1629, 1578, 1430,
1383, 1294, 1268, 1068, 1034, 1007, 971, 885 cm-1. 1 H NMR (400 MHz, CDCI3): 6 8.71 (s, 1 H,
N=CH), 746 (d,J=19Hz 1 H, Ar-H), 7.36 (dd, J= 1.9, 8.4 Hz, 1 H, Ar-H), 6.98 (d, J = 8.1 Hz,
1H, Ar-H),6.93 (d,/=8.3Hz, 1H, Ar-H), 6.27 (d, /= 8.1 Hz, 1 H, Ar-H), 5.98 (dd, J= 1.3, 15.5 Hz,
2 H, O-CH2-0), 5.58 (d, J = 4.2 Hz, 1 H, Ar-CH, (C3-phthalide)), 4.39 (d, /= 4.2 Hz, 1 H, Ar-CH,
(C5'- isoquinoline)), 4.34-4.28 (m, 4 H, O-CH2-CH2-0), 4.10 (s, 3 H, -OCH3), 4.03 (s, 3 H, -
OCH3), 3.86 (s, 3 H, -OCH3), 2.99-2.90 (m, 1 H, -CHH-N-CH3 (C7'-isoquinoline)), 2.70-2.62 (m,
1 H, -CHH-N-CH3 (C7'-isoquinoline)), 2.54 (s, 3 H, N-CH3), 2.42-2.33 (m, 1 H, Ar-CHH (C8'-
isoquinoline)), 2.02-1.92 (m, 1 H, Ar-CHH (C8’-isoquinoline)). 13 C NMR (100 MHz, CDCI3): §
168.1, 161.0, 152.1, 147.6, 146.4, 143.7, 141.3, 138.9, 138.4, 134.6, 130.8, 128.8, 125.9, 1224,
119.9,118.2,117.7,117.6,117.4,116.6, 100.8, 81.8, 64.5, 64.1,62.2, 60.9, 59.5, 56.7, 49.5, 45.9,
22.8. MS (ESI-MS) m/z: 575 [M + H]+ HRMS (ESI): Calcd for C31 H31N209 [M + H]+:
575.20241, found: 575.20129.

Tubulin purification

Microtubules were isolated and purified from the goat brain through alternative cycles of
GTP-dependent polymerization and depolymerization in PEM buffer (50 mM pipes, 3 mM
MgS04, 1 mM EGTA, pH 6.8) [36,37]. The purified microtubules were preserved at —80°C. The
purified tubulin was estimated using the Bradford method as well as by SDS PAGE [38].
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Tubulin binding assay using tryptophan quenching

Tubulin (2 pM) was incubated in a water bath with 9-arylimino noscapinoids 12-14 at
a concentration of 25 uM in PEM buffer (50 mM pipes, 3 mM MgS04, T mM EGTA, PH 6.8)
for 45 min at 35 °C. The samples were excited at 295 nm and emission was measured at
310-400 nm. For the spectrofluorometric titrations, a FlouroMax ® 4 spectrofluorometer
(Horiba Scientific, Edison, NJ) assisted by Fluor Essence 3.5 software was used. The
experiments were repeated twice.

Cellular proliferation using MCF-7 and MDAMB-231 cell lines

Antiproliferation activity of 9-arylimino noscapinoids, 12-14 was performed in 96-well
plates as described previously using two human breast cancer cell lines, MCF-7 and
MDAMB-231 [23]. In brief, cells were grown in DMEM culture medium supplemented
with 10% FBS, 1% penicillin/streptomycin and 2 mM I-glutamine at 37°C in a humidified
atmosphere with 5% CO-. Cells were plated at a density of 5 x 10> cells per well and were
treated with gradient concentrations (5 to 100 uM) of noscapine and its derivatives, 12-14
for 72 h. Measurement of cell proliferation was performed by sulforhodamine B (SRB)
assay, using the CellTiter96 AQueous One Solution Reagent (Sigma). The ICs, value that
stands for the drug concentration required to achieve a cell kill of 50% was determined
using the online tool Quest GraphTM ICs, Calculator (AAT Bioquest, Inc., Sunnyvale, CA,
USA, https://www.aatbio.com/tools/ic50-calculator).

Primary breast cancer cells (PBCs) culture and in vitro cell proliferation assay

Primary breast cancer cells were isolated from the patient’s samples (8 nos.) with different
stages of breast cancer before drug treatment in aseptic condition. The tumour tissues
were treated with 0.25% trypsin and filtered with 70-micron filter followed by centrifuga-
tion at 2000 rpm for 3 minutes with serum-free medium. The filtered cells were collected
and plated in T25 flask and incubated with complete DMEM culture medium, supplemen-
ted with 10% FBS and 1% pentrip (mixture of penicillin and streptomycin) at 37°C under
5% CO,. Fresh media was replaced every 3-4 days, and subsequent passages were
performed under the same conditions as mentioned above. The cultures were maintained
for homogeneous cell type at sub-confluence between 3 and 8 passages. Cells were
allowed to reach 80-90% confluence prior to experimental treatments. After the con-
fluence reached the desired level, the primary cells were plated at 2000 cells/well in 96
wells plate with culture media. The cells were maintained at 37°C in a humidified atmo-
sphere with 5% CO, and were treated with gradient concentrations (5 to 100 uM) of
noscapine and 9-arylimino noscapinoids, 12-14 for 72 h. Measurement of cell proliferation
was performed by sulforhodamine B (SRB) assay, using the CellTiter96 AQueous One
Solution Reagent (Sigma). Cells were stained with SRB for 30 minutes. The unbound dye
was removed by washing. The bound dye was extracted with 1 mM tris and absorbance
was measured using a SPECTRAmax PLUS 384 microplate spectrophotometer at 564 nm.
The percentage of cell survival as a function of drug concentration was plotted and the
ICso value was determined using the online tool, AAT Bioquest.
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Analysis of cell cycle progression

Inhibition of cell cycle progression with the treatment of 9-arylimino noscapinoids 12-14
was investigated using MDAMB-231 cells. The cells were maintained in DMEM culture
media with 4.5 g/L glucose and L-glutamine supplemented with 10% FBS and 1%
penicillin/streptomycin, at 37°C in a 5% CO, atmosphere. After reaching the 80-90%
confluence, cells were treated with noscapine and 9-arylimino noscapinoids, 12-14 dis-
solved in 1% phosphate buffer saline (PBS). After 72 h of treatment, cells were harvested
and analysed using flow cytometry. Briefly, 2 x 10° cells were centrifuged, washed twice
with ice-cold PBS and fixed in 70% ethanol at —20°C for 24 h. The cells were centrifuged at
1000 x g for 10 min and the supernatant was discarded. The pellet was resuspended in
30 pl of phosphate/citrate buffer (0.2 M Na,HPO,/0.1 M citric acid, pH 7.5) at room
temperature for 30 min. The cells were washed with 5 ml of PBS, incubated with 0.5 ml
of propidium iodide (20 pg/ml in 0.6% Triton-X in PBS) and 0.5 ml of RNase A (20 pg/ml in
PBS) for 45 min. in dark. Samples were analysed on a flow cytometer (BD FACS Aria-Ill) and
the progress in the cell cycle was determined.

Apoptosis assay

Apoptosis in cancer cells was detected by Annexin-V-FITC apoptosis detection method by
using Apoptosis detection kit (Sigma-Aldrich, USA) based on instruction provided by the
manufacturer. For experimental purpose, 3 x 10* cells per well were seeded on 12 well
culture plate and incubated for 24 h with complete medium. The cells were treated with
ICs concentration of noscapine and 9-arylimino noscapinoids, 12-14 and were harvested
at 72 h. Cells were typsinized and stained with surface marker antibodies (biotin-
conjugated Annexin V, FITC-conjugated streptavidin) and propidium iodide (PI) in 1X
binding buffer for 20 min in dark condition at room temperature. Flow cytometer data
with 488 nm excitation for Pl and emission at 530 nm were collected. Viable cells (Annexin
V7/PI7), early apoptotic cells (Annexin V*/PI7), late apoptotic/necrotic cells (Annexin V*/
PI*) and late necrotic cells (Annexin V7/PI*) were identified and their percentage was
determined.

DAPI staining

Apoptotic cancer cells were visualized by fluorescence microscopy following DAPI stain-
ing. Briefly, MDAMB-231 cells were grown on poly-L-lysine coated coverslips in 6-well
plates and were treated with test molecules at 25 uM for 72 h. After incubation, cover slips
were fixed in cold methanol, washed with PBS, stained with DAPI and mounted on slides.
Images were captured using a fluorescent microscope (Nikon Eclipse Ts2R-FL). Apoptotic
cells were identified by alterations of morphological features (e.g. nuclear condensation,
formation of membrane blebs and apoptotic bodies).

Results and discussion

After the establishment of anticancer activity of the lead molecule, noscapine, several
derivatives have been developed by various groups in order to increase its therapeutic
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outcome. Many of these derivatives were demonstrated to have higher binding affinity
with tubulin, antiproliferative activity and induction of apoptosis. As an example, the
tubulin-binding affinity and antiproliferative activity have been increased by 20 to 80
folds through developing halogenated, nitro, amino and biaryl noscapinoids by modifica-
tion at C-9 position of the scaffold [22,24,39,40] as well as by functionalization of ‘N’ in
isoquinoline unit of natural a-noscapine [41]. Structure-activity data of these derivatives of
noscapine led us to develop a reasonable predictive model for predicting the free energy
of binding of newly designed derivatives and screening of promising derivatives. We are
reporting in this study a panel of 9-arylimino noscapinoids, 12-14 as potent anticancer
agents.

Molecular docking and binding affinity of 9-arylimino noscapinoids with tubulin

The library of 9-arylimino noscapinoids designed in the study and the training set
molecules were docked onto the binding site of tubulin dimmer and were ranked
based on their docking score. The docked complexes were then used for hybrid Monte
Carlo simulation with SGB continuum solvation model to calculate the various interaction
energy terms (van der Waals energy (U,q,), Coulombic energy (U, reaction energy
(Upxn) and cavity energy (U.q,)) using Liaison (Schrodinger). These energy parameters of
the training set molecules (Table 1) were mapped with their experimental free energy of
binding (AGpingiexpr) through linear regression technique to develop the robust prediction
model for predicting the AGpnaipreq Of the noscapinoids with tubulin. The values obtained
for the four fitting parameters, a, B, y and & are 0.08446, —0.00223, —0.000872 and
-0.45601, respectively. The AGpjngpreq Of the training set molecules based on LIE-SGB
model is very close to the AGpjndiexpt (root mean square error was 0.243 kcal/mol) (Table 1).
The quality of the fit can also be judged by the value of the coefficient of determination
(") and analysis of variance (F-value).

AGping pred = 0.08446U,4,y — 0.00223Uoy1 — 0.00872Uxn — 0.45601Uqy

n= 11,2 = 0.998,s = 0.243,F = 3742.6,p < 0.001

Because of high predictability, the LIE-SGB model was used to predict the binding free
energy of the newly designed 9-arylimino noscapinoids. Based on the improved docking
score and predicted binding free energy compared to noscapine (Table 1) we have
selected three molecules, 12-14 for chemical synthesis and experimental evaluation.

MD simulation of co-complexes of molecules with tubulin

The complexes of 9-arylimino noscapinoids, 12-14 and tubulin obtained after mole-
cular docking were simulated for 100 ns to obtain a total of 10,000 frames. The
stability of the system was monitored by means of RMSD of Ca-atoms during the
entire duration of simulation as shown in Figure 5. All the systems observed to get
stabilized after 20 ns of simulation, since the relative fluctuation in the RMSD of Ca
carbon atoms (Ca-rmsd) is very small after equilibration. Overall, the RMSD ranges
from 0 to 2.582 A. Furthermore, root mean square fluctuations (RMSF) of Ca-atoms
were also calculated for all the systems to find any changes in the residue
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Table 1. Molecular docking results (Glide XP) as well as calculated energies using Liasion programme
(Schrodinger package) of noscapine and its derivatives: van der Waals energy (U,q,), Coulombic
energy (U, reaction energy (U, and cavity energy (Us,) as well as predicted free energy of

binding (AGpjngpreq) based on LIE-SGB prediction model and experimental free energy of binding

(AGpingexpr)- The newly designed 9-arylimino noscapinoids, 12-14 revealed improved AGpingpred

compared to the lead molecule, noscapine.

Glide

XPscore <Uygw> <Ucour> <Upn> <Ucav> AGbind, expt AGbind, pred.
Ligand (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 -1.927 —45.14 -330.8 135.5 2.097 —5.246 —5.212
2 -2.038 —49.00 -210.2 116.0 3.283 —6.006 -6.178
3 -2.766 —42.50 -362.1 155.9 4.208 —-5.827 —6.060
4 -2.940 —48.06 —355.8 168.7 2.548 —5.587 —5.899
5 —3.263 —47.69 —285.7 135.5 3.103 —6.360 —5.987
6 —4.492 —47.44 -77.3 118.2 3.954 —6.628 —6.668
7 —2.605 -33.39 -331.9 176.7 4.465 —5.551 —5.657
8 —-2.287 —45.57 -277.9 112.3 3.285 —5.665 —5.706
9 —2.350 —33.47 —324.5 152.5 3.766 —5.783 —5.151
10 -3.679 —45.41 —471.2 152.8 3.669 —-5.673 —5.790
1 —4.687 —42.69 —267.6 129.9 3.465 -5.518 —5.722
12 -2918 —40.60 —233.8 120.6 3.134 - —5.390
13 —3.948 —46.67 -318.1 141.7 4,468 - —6.506
14 —4.433 —45.05 —286.4 129.6 5224 - —6.679

<Uygw>r <Ucou>, <Uyn> and

Figure 5. Root mean square deviations (RMSD) of Ca carbon atoms of tubulin only and in complex
with 9-arylimino noscapinoids 12-14 during 100 ns of MD simulation. The relative fluctuation in the
RMSD of the Ca atoms is very small after ~20 ns of the simulation. The time step of 20 ps was used
during the simulation that generated 5,000 frames which were used to generate the average
structure.

AGpind pred = 0.08446U,gy, — 0.00223U oy — 0.00872U, — 0.45601Ucqy

<Uq> energy terms represents the ensemble average energy terms calculated as the
difference between bound and free state of the ligands and its environment. Experimental AGy;,q was calculated from
the dissociation constant (K4 value) using the relationship: AGy;,q = RTInK; where T = 298 K and R = 0.00199 (kcal/mol.K).
Predicted AGy,,q Was calculated using linear interaction energy (LIE) empirical equation:
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Figure 6. Root mean square fluctuation (RMSF) of the residues of tubulin of the docked ligands in the
bound form and in the unbound form of tubulin heterodimer. Different levels of flexibility of these
residues were noticed in the bound form of tubulin with 9-arylimino noscapinoids 12-14.

flexibilities. The RMSF values were plotted against residue numbers based on the 100
ns trajectory as shown in Figure 6. The residues with higher RMSF tend to show more
flexibility. The molecules 12-14 were observed to bind with the tubulin throughout
the simulation. They were found to accommodate well inside the binding cavity
(Figure 7) at the interface between a- and - tubulin. Their mode of interaction with
the binding site amino acids is depicted as ligplot (Figure 7). It explains the forma-
tion of different hydrogen bonds and hydrophobic interactions between the ligands
and the binding site amino acids.

Predicted binding free energy of 9-arylimino noscapinoids with tubulin

Predicted binding free energy (AGpingpreq) Of 9-arylimino noscapinoids, 12-14 with
tubulin were calculated using MM-PBSA and included in Table 2. Robust binding free
energy of —166.03, —169.75 and —170.63 kcal/mol was predicted for the molecules
12, 13 and 14, respectively. For all complexes, the binding free energy was decom-
posed into its various energy components (the electrostatic, van der Waals and
solvation). Both van der Waals (AE,py) and the electrostatic component (AEg )
were observed to make very significant contributions to the free energy of binding.
However, the solvation contribution (AGsp,_pg) Was rendered unfavourable while the
net non-polar component (AE,4,) and (AGse.,p) were observed to make highly
favourable contribution to the binding free energy.
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Table 2. Calculated binding free energy and its various components (kcal/mol) of 9-arylimino
noscapinoids, 12—14 with tubulin. The values in bold represent the AGy;,s energy of molecules with
tubulin based on MM-PBSA.

AEypy AEge AGsoy-pa AGsor-wp AGping-pasa
Compound (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Tubulin_12 -31.29 —-210.31 79.74 —4.17 —166.03
Tubulin_13 -31.57 —188.54 53.77 —4.30 -170.63
Tubulin_14 -41.81 —177.64 54.53 —4.82 -169.75
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Figure 8. Decrease of fluorescence intensity of tubulin by 9-arylimino noscapinoids 12-14. Tubulin
(2.0 uM) was incubated with molecules 12-14 (25 uM) and the emission spectra were collected
(310 nm - 400 nm). All the three molecules showed a quenching of the intrinsic tubulin fluorescence
emission intensity, indicating their binding to tubulin. The graph is a representative of three
independent experiments.

Tubulin binding of 9-arylimino noscapinoids

Tubulin is autofluorescence in nature due to the presence of many tryptophan amino
acids. Thus, decrease in emission fluorescence with ligand binding due to alteration in
its conformation could be useful in monitoring ligand binding with tubulin. The
reduced fluorescence intensity in the value of —5.74%, —15.11%, and —35.97%, respec-
tively, in the presence of 25 uM concentration of 9-arylimino noscapinoids 12-14
indicates binding with tubulin (Figure 8).

9-Arylimino noscapinoids inhibits proliferation of MCF-7 and MDAMB-231

We focused at the cellular level to determine if the 9-arylimino noscapinoids, 12-14,
affected cancer cell proliferation. The 9-arylimino noscapinoids 12-14 including the
parent compound, noscapine were analysed for their antiproliferative activity in two
human breast cancer cell lines, MCF-7 (oestrogen- and progesterone-receptor posi-
tive) and MDAMB-231 (oestrogen- and progesterone-receptor negative) (Figure 9).
The ICsq values of the molecules for both the cell lines are collated in Table 3. The ICsq
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Figure 9. The 9-arylimino noscapinoids 12-14 are more active compared to noscapine in inhibiting
the proliferation of human breast cancer cells. Both (A) MCF-7 and (B) MDAMB-231. Cancer cells were
treated with noscapine and 9-arylimino noscapinoids, 12-14 for 72 h. Each value represents the
average of 3 independent experiments.

Table 3. ICsy values of novel 9-arylimino noscapinoids, 12-14 using two human breast adenocarci-
noma cell lines, MCF-7 and MDAMB-231. All the novel derivatives were found to have improved
antiproliferative activity compared to noscapine.

1Cso (uM)
Noscapine 12 13 14
MCF-7 448 £43 23.1+ 21 108+ 1.3 6.4+ 0.6
MDAMB-231 518 £57 292+24 149 +1.2 76£05

value was found to be 44.8 uM, 23.1 uM, 10.8 uM and 6.4 uM for noscapine, 12, 13 and
14, respectively, for MCF-7 cells, which reflects a modest antiproliferative activity.
Similar modest ICsq value of 51.8 uM, 29.2 uM, 14.9 uM and 7.6 UM was measured
for noscapine, 12, 13 and 14, respectively, for MDAMB-231 cells. The closer ICsq values
obtained using both cells suggested that the tested molecules inhibit cancer cell
proliferation independent of hormone receptor status. Although significant correla-
tion of the sensitivity of cancer cells to these analogues cannot be established at this
stage, the study indicated that tubulin represents a potential target for these mole-
cules. The ICsq values did not show close correlation among these analogues due to its
cell-type dependency.

9-Arylimino noscapinoids inhibits proliferation of primary breast cancer cells

The inhibition of proliferation of primary tumour cells of different stages of breast cancer
was evaluated against the newly developed 9-arylimino noscapinoids, 12-14. The study
revealed that all the newly designed 9-arylimino noscapinoids exhibited potent cytotoxic
activity in comparison to noscapine using all the primary breast tumour cells (Figure 10).
The ICsq value ranges from 43.6 to 49.8 uM for noscapine, 24.1 to 30.1 uM for #12, 11.7 to
19.9 uM for #13 and 5.8 to 6.9 uM for #14 (Table 4).
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Figure 10. The 9-arylimino noscapinoids, 12-14 are more active compared to noscapine in inhibiting
the proliferation of a panel of human primary breast cancer cells. All the cells treated with 9-arylimino
noscapinoids, 12-14 for 72 h. Each value represents the average of 3 independent experiments.

Table 4. IC5y values of novel 9-arylimino noscapinoids, 12-14 using primary breast cancer cells
isolated from breast tumour tissue of different patients. All the derivatives were found to have
improved anti-proliferative activity compared to noscapine.

Patients Cso (uM)

No. Noscapine 12 13 14

1 479 +53 277 £29 199 +24 6.7 £ 0.7
2 436 £ 5.7 271 +£26 149+18 6.9 + 0.5
3 442 +48 256+ 2.7 148 +23 59+08
4 48.1 £43 30.1 £23 11.7+£13 6.4+04
5 49.8 +49 241 +22 132+15 6.4+ 0.6
6 458 £ 4.5 25.1 £ 3.1 152+ 1.7 59+03
7 498 +4.8 263 35 129+ 0.8 6.9 £ 0.5
8 478 £5.2 26.6 £ 2.6 125+ 0.6 58+04
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Table 5. Percentage of early apoptotic (Q1), late apoptotic (Q2), viable (Q3) and necrotic (Q4) cell
measured by flow cytometry using MDAMB-231 cells treated with 25 uM solution of 9-arylimino
noscapinoids, 12—14 for 72 hours.

Viability/

Apoptotic Control Noscapine 12 13 14
Q1 5% 30% 20% 23% 27%
Q2 2% 10% 30% 36% 39%
Q3 91% 50% 42% 35% 18%
Q4 2% 3% 5% 15% 12%

9-Arylimino noscapinoids induced apoptosis to cancer cells

The induction of apoptotic cell death to breast cancer cell by the 9-arylimino noscapi-
noids, 12-14 was determined by FACS analysis. Apoptosis of cell is characterized by the
alterations in lipid composition of cell membrane. Phosphatidylserine on the inner leaflet
of cell membrane translocates to outer leaflet, which can be measured using Annexin
V binding. In contrast, the cell impairment DNA binding fluorescent dye, propodium
iodide can only enter the cells at the stage of late apoptosis when the membrane
permeability is compromised. The percentage of early and late apoptotic cells using
MDAMB-231 cell line for treatment of noscapine and its 9-arylimino noscapinoids,
12-14 with a concentration of 25 puM for 72 h is collated in Table 5 and Figure 11. After
72 h of culture, the control untreated cell represented only few early apoptotic (2.5%) and
late apoptotic cells (1.0%) due to regular trauma during cell culture, which were con-
sidered as the background cell death. In contrast, the percentage of early apoptotic cells
of 30%, 20%, 23%, 27%; late apoptotic cells of 10%, 30%, 36%, 39% and necrotic cells of
3%, 5%, 15% and 12% treated with noscapine and its 9-arylimino noscapinoids, 12-14,
respectively, were found to be relatively higher compared to the control untreated cells.

The morphological examination using DAPI staining also revealed apoptotic cell death
of MDMB-231 cells which is characterized by chromatin condensation along with the
appearance of numerous fragmented nuclei (Figure 12).

Control Noscapine 12 13 14
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Figure 11. Flow cytometry analysis of phosphatidylserine (PS) exposure in MDAMB-231 cells treated
with noscapine and its 9-arylimino noscapinoids, 12—-14 with 25 uM for 72 hours and compared with
non treated control cells. Annexin-V and propidium iodide (Pl) were used to distinguish among three
subpopulations of cells: PI- and AnnexinV- cells represent viable cells with intact membrane and
preserved amino-phospholipid asymmetry, PI- and Annexin V+ cells represent early apoptotic cells
with intact cellular membrane exposing phosphatidylserine, whereas Pl+ and Annexin V+ cells

represent late apoptotic cells with compromised asymmetry and membrane permeability.
Representative results of three independent experiments.
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Noscapine

Figure 12. Alteration in morphological features such as chromatin condensation, plasma membrane
blebbing, and appearance of apoptotic bodies with treatment of noscapinoids indicate apoptotic cells.
Panels show morphological evaluation of nuclei stained with DAPI from control cells (upper panels)
and cells treated with 25 uM concentration of noscapine and 9-arylimino noscapinoids, 12-14 (lower
panels) for 72 hours using fluorescence microscopy.
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Figure 13. Noscapine and its 9-arylimino derivatives, 12-14 inhibit cell cycle progression at mitosis
followed by the appearance of a characteristic hypodiploid (sub-G1) DNA peak, indicative of apoptosis.
Panels A-E depict analyses of cell cycle profile, determined by flow cytometry using MDAMB-231 cells
treated with 25 uM concentration of noscapine and its derivatives at 72 hours of treatment. The cells
of populations P3 are in Sub-G1 phase, P4 are in G1 phase, P5 are in S phase and P6 are in G2/M phase.

9-Arylimino noscapinoids alter cell cycle and mitotic arrest at G,/M phase

The effect of noscapine and 9-arylimino noscapinoids 12-14 at a concentration of 25 uM on
the cell cycle profile of MDAMB-231 was examined based on FACS analysis (Figure 13). The
fluorescently labelled DNA accumulation is a good indicator of cell cycle progression and cell
death. The unreplicated cells with 2 N DNA represent the G1 phase, while duplicated cells with
4 N DNA represent G2 and M phases. The cells during DNA duplication with peaks between 2 N
and 4 N DNA represent S phase. The cells with less than 2 N DNA represent dying cells that
degrade their DNA to different extents. The treatment of MDAMB-231 cells with 25 uM of the
test compound for 72 h led to significant perturbations of cell cycle profile. The FACS analysis
revealed high accumulation of cells in the G2/M phase at 72 h of treatment with noscapine and
9-arylimino noscapinoids 12-14 compared to the untreated cells (Table 6). In contrast to G2/M
block, the characteristic hypodiploid DNA content peak (sub-G1) was observed to rise at 72 h of
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Table 6. Effect of noscapine and its 9-arylimino noscapinoids, 12-14 on cell cycle progression of
MDAMB-231 cells treated with 25 uM solution for 72 hours before being stained with propidium
iodide for cell cycle analysis.

72 hours
Sub-G,; Gy/G; S G/M
Control 15 133 14.4 9.2
Noscapine 43 18.1 103 153
12 73 154 11.7 224
13 1.7 16.3 10.6 25.9
14 13.7 20.2 13.6 31.1

treatment. The progressive generation of cells having hypodiploid DNA content reflects the
existence of fragmented DNA, indicating dying cells.

Conclusion

We have strategically designed 9-arylimino noscapinoids of natural lead molecule,
noscapine in quest of accelerating its anticancer activity. We have also provided the
simplest methods for the direct and regioselective modification of noscapine scaffold
to produce the 9-arylimino derivatives in high yields. All the three molecules, 12-14
developed have shown increased antiproliferative activity to cancer cells based on
our extensive cellular study using two human breast cancer cell lines (MCF-7 and
MDAMB-231) and a panel of primary breast tumour cells. Therefore, these novel
molecules may prove efficacious not only in the treatment of breast carcinoma, but
also for other type of cancers. Our results compel us to continue to examine the
effects of these novel molecules on in vivo animal experiment with the final goal of
taking it to the human clinical study.
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