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Abstract: To understand whether previously synthesized novel hydrazone and oxadiazole derivatives
have promising anticancer effects, docking studies and in vitro toxicity assays were performed on
A-549, MDA-MB-231, and PC-3 cell lines. The antiproliferative properties of the compounds were
investigated using molecular docking experiments. Each compound’s best-docked poses, binding
affinity, and receptor-ligand interaction were evaluated. Compounds’ molecular weights, logPs,
TPSAs, abilities to pass the blood-brain barrier, GI absorption qualities, and CYPP450 inhibition have
been given. When the activities of these molecules were examined in vitro, for the A-549 cell line,
hydrazone 1e had the minimum ICsy value of 13.39 uM. For the MDA-MB-231 cell line, oxadiazole 21
demonstrated the lowest ICs5q value, with 22.73 uM. For PC-3, hydrazone 1d showed the lowest C50
value of 9.38 uM. The three most promising compounds were determined as compounds 1e, 1d, and
2a based on their minimum ICsj values, and an additional scratch assay was performed for A-549
and MDA-MB-231 cells, which have high migration capacity, for the three most potent molecules; it
was determined that these molecules did not show a significant antimetastatic effect.

Keywords: hydrazone derivatives; oxadiazole derivatives; A-549; MDA-MB-231; PC-3; anticancer
activity; docking; molecular modeling studies

1. Introduction

Cancer is one of the most difficult diseases to which humans are exposed, as well as
one of the leading causes of mortality around the world. Lung, breast, and prostate cancer
are the most frequently seen cancer types [1]. Although progress has been made at an
incredible pace in the fight against cancer, unfortunately, the need for more potent and
selective treatment methods with fewer side effects has not been fully met yet. Millions of
people worldwide will benefit greatly from the discovery of more specific, target-based,
and therefore less adverse, treatments for many different types of cancer. To that end, drug
research and development studies against cancer are being conducted with great care in
our country and worldwide.

Hydrazones are chemical compounds with a structure similar to aldehydes and ke-
tones. They can be formed when the NNH, group replaces the oxygen in aldehydes
or ketones. Hydrazone derivatives have a broad range of pharmaceutical activities and
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are already being used in the market as anticancer, antiproliferative, antimicrobial, anti-
inflammatory, and antiviral agents [2-11].

Oxadiazoles are aromatic, heterocyclic chemical compounds. They have four isomers:
1,2,3 oxadiazoles, 1,2,4 oxadiazoles, 1,2,5 oxadiazoles, and 1,3,4 oxadiazoles. In particular,
1,3,4 oxadiazoles possess antibacterial, anti-inflammatory antioxidant, anticancer, analgesic,
and antiviral properties, and they have a broad range of applications [12-20].

As an important class of medicinal chemistry, many of the differently substituted acyl
hydrazones [21-26] and 1,3,4 oxadiazole derivatives [27-32] are already in the structures of
some agents that are being used against cancer. The structures of some of those agents are
shown in Figure 1 below.
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Figure 1. Structures of some hydrazones and 1,3,4-oxadiazoles used as pharmaceutical drugs in
the clinic.

In our previous study [33], we synthesized new N-acyl hydrazones 1a-o, and 2,5-
substituted 1,3,4-oxadiazoles 2a-d, 2f-i, and 2k-n, encouraged by the great pharmaceutical
potentials of acyl hydrazones and 1,3,4-oxadiazoles. The synthesis route is shown in
Scheme 1 below.

In this study, cell lines representing lung, breast, and prostate cancers, which are
among the most common cancer types, were selected to determine the anticancer activities
of the N-acyl hydrazones and 1,3,4-oxadiazoles shown in Scheme 1. The A549 cell line was
selected for lung cancer, MDA-MB-231, a triple-negative cell line was selected for breast
cancer, and finally, the PC-3 cell line was selected for prostate cancer. The MRC-5 lung
fibroblast cell line was also included in the study in order to see the damage the molecules
would cause to non-cancerous tissues.

According to the results obtained, an additional scratch assay was performed for the
three molecules that were found to have the most effect, and whether they were effective
against metastasis was also investigated.

When biological activity analyses and docking studies are evaluated together, further
studies can be carried out based on molecules that will be determined to be effective against
cancer. In addition, other molecules can be designed and synthesized based on these
molecules, and improvements can be made based on the results obtained.
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1f Ar= phenyl, R=-CN 2f Ar= phenyl, R=-CN

1g Ar=4-Cl-phenyl R= -CN 29 Ar=4-Cl-phenyl R=-CN
1h Ar= 3-piridyl, R= -CN 2h Ar= 3-piridyl, R=-CN
1i Ar=2-furyl, R=-CN 2i Ar=2-furyl, R=-CN

1j Ar=5-(4-methyl-1,2,3-thiadiazoyl), R= -CN

1k Ar= phenyl, R= -Cl 2k Ar= phenyl, R=-Cl

1l Ar=4-Cl-phenyl R=-Cl 2l Ar=4-Cl-phenyl R= -CI
1m Ar= 3-piridyl, R= -ClI 2m Ar= 3-piridyl, R=-ClI
1n Ar=2-furyl, R=-ClI 2n Ar=2-furyl, R=-ClI

1o Ar=5-(4-methyl-1,2,3-thiadiazoyl), R=-Cl
Scheme 1. Synthesis of N —acyl hydrazones and 2,5 —substituted 1,3,4 —oxadiazoles.

2. Results
2.1. Biologic Activities
2.1.1. In Vitro Cell Viability Assays

To determine the effect of N-acyl hydrazones and 2,5 substituted 1,3,4-oxadiazole
derivatives, a dose-response curve was produced for each and every molecule based on
the viability of A549 (lung carcinoma), PC-3 (prostate adenocarcinoma), and MDA-MB-
231(breast adenocarcinoma) cancerous cell lines by using the Cell Titer Glo assay. The
MRC-5 (lung fibroblast) cell line was used as the non-cancerous control group. For 48 h,
the cytotoxic effects of novel derivatives on all of the cell lines were investigated in a
dose-dependent manner.

The results are shown as ICs values in Table 1 below.

As can be seen in Table 1, different substances displayed varying ICsq values in each
cell line. Hydrazone 1e showed the best activity for the A-549 cell line, with an ICs value of
13.39 uM. The molecule with the best activity for the MDA-MB-231 cell line was oxadiazole
21, with an ICsg value of 22.73 uM. For the PC-3 cell line, the most effective molecule was
hydrazone 1d, with an ICs5( value of 9.389 pM.

When the activities of these molecules on other lines are examined, it is seen that
hydrazone 1e, which is effective on lung cancer, has an ICsy of 18.09 uM in the PC-3 cell line
and 108.3 uM in the MDA-MB-231 cell line. Another active molecule, hydrazone 1d, has an
ICs0 of 49.79 uM in the A549 cell line and 31.49 uM in the MDA-MB-231 cell line. Finally,
oxadiazole 21, which is the most effective among 27 molecules on breast cancer, has an ICs
of 38.42 uM on the PC-3 cell line and 36.26 uM on the A549 cell line. The concentrations of
these substances on the MRC-5 fibroblast cells used in this study as a control group were
found to be 44.66 uM for 1d, 86.96 uM for 1e, and 51.87 uM for 21.
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Table 1. A549, MDA-MB-231, PC-3, and MRC-5 cells were treated with N-acyl hydrazones and 2,5
substituted 1,3,4-oxadiazoles. The effect of the molecules on cell viability is expressed as ICsy values
(uM). Each experiment was performed in triplicate. Data are expressed as means.

Molecules * A549 MDA-MB-231 PC-3 MRC-5
1a 28.65 53.02 47.75 16.89
2a 29.28 24.02 65.96 74.45
1b 72.81 137.50 25.27 24.44
2b 152.20 46.92 82.23 36.02
1c 207.50 50.84 86.02 43.46
2c 109.40 42.62 120.90 12.82
1d 49.79 31.46 9.39 44.66
2d 102.10 78.60 54.31 40.07
1le 13.39 108.30 18.09 86.96
1f 36.90 77.20 65.91 56.82
2f 45.79 32.66 34.16 141.10
1g 31.84 45.08 66.53 62.75
2g 64.78 55.74 126.80 16.00
1h 73.04 65.80 78.34 66.87
2h 78.58 38.20 78.22 23.07
1i 208.50 20.70 84.56 31.66
2i 72.85 23.07 41.37 23.07
1j 26.56 25.90 18.39 37.06
1k 121.90 32.69 46.35 66.87
2k 89.98 79.20 65.83 58.34
11 39.43 77.70 30.20 14.55
21 36.26 22.73 38.42 51.87

1m 71.77 55.51 38.12 37.93
2m 137.47 108.50 124.10 124.10
1n 39.36 37.85 30.39 50.55
2n 28.84 30.37 25.60 35.59
1o 89.65 100.40 27.03 7.78

* The numbers 1 and 2 are given next to the molecules in the table to indicate whether they are hydrazones (1) or
oxadiazoles (2), as well as letters to understand which oxadiazole is produced from which hydrazone. As a result,
it is apparent from the table that, for instance, oxadiazole, encoded as 2a, was synthesized utilizing the hydrazone
encoded as 1a.

When N-acyl hydrazones and 2,5-substituted 1,3,4-oxadiazoles are compared based
on their activity on cell lines specifically, seven N-acyl hydrazones (1a, 1b, 1d, 1f, 1g, 1h,
and 1m) on A549 appear to have lower ICs, values than their respective 1,3,4,-oxadiazoles.
Based on cell viability results, it is possible to say that hydrazone derivatives are more
effective on A549 cell lines than oxadiazole derivatives. Contrary to A549, oxadiazoles
were found to be more effective on the MDA-MB-231 cell line than their respective N-acyl
hydrazones. Only four N-acyl hydrazones (1c, 1g, 1k, and 1m) were able to act at lower
concentrations than their respective 1,3,4-oxadiazoles in the MDA-MB-231 cell line. Finally,
in the PC-3 cell line, similar to the A549 cell line, N-acyl hydrazones are more effective than
1,3 ,4-oxadiazoles. Only four oxadiazoles (2f, 2h, 2i, and 2n) managed to have lower ICsg
values than their respective hydrazones. When the effects of synthesized compounds on the
non-cancerous MRC-5 cell line were examined, it was determined that seven oxadiazoles
(2¢, 2d, 2g, 2h, 2i, 2k, 2n) caused a more destructive effect than their respective hydrazones.
When all lines and molecules are considered, 2k and 2n oxadiazoles are found to be more
active than hydrazones in all cancerous cell lines and also in the control group. For the
remaining molecules, it is not possible to generalize the results that are valid for all of the
cell lines since activities vary based on the lines.

Because of the large number of molecules and the use of multiple cell lines in the
research, it is critical to portray the data in Table 1 over graphs. The effects of N-acyl
hydrazones on all cell lines are depicted in Figure 2, and 2,5-substituted 1,3,4-oxadiazoles
are depicted in Figure 3 as bar graphs.
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1C50's of N-acyl Hydrazone Derivatives
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Figure 2. IC50 values of N-acyl hydrazones on A549, MDA-MB-231, and PC3 cell lines and MRC5
healthy human cells. Cells were treated with increasing dosages of (25-300 M) compounds. Control
cells were treated with an equal amount of DMSO. Error bars show SEM.

IC50's of 2,5-Substituted 1,3,4-Oxadiazole Derivatives
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Figure 3. IC50 values of 2,5 substituted 1,3,4-oxadiazoles on A549, MDA-MB-231, and PC3 cell lines
and MRC5 healthy human cells. Cells were treated with increasing dosages of (25-300 M) compounds.
Control cells were treated with an equal amount of DMSO. Error bars show SEM.
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2.1.2. Scratch Assay

Because A-549 and MDA-MB-231 are two of the most metastatic cell lines tested in
this study, a scratch assay was performed to see if the three most active compounds (2a, 1d,
1e) had any antimetastatic effect on these lines.

The dosages for MDA-MB-231 were 40 uM for 1d, 120 uM for 1e, and 30 uM for 2a.
The dosages for A-549 were 55 uM for 1d, 15 uM for 1e, and 15 uM for 2a. Three photos
were taken: one immediately after the application, one 24 h later, and one 48 h later. The
images of each time stamp for all three molecules can be seen in Figure 4 for the A549 cell
line and Figure 5 for the MDA-MB-231 cell line.

4.a) 2a Immediate 4.b) 2a After 24h 4.c) 2a After 48h
Figure 4. Analysis of cell migration by scratch assay for molecules 1d, 1e, and 2a on A549 cell line.
Images were taken at 0 h, and 24 h, 48 h after incubation. Concentrations were 55 uM for 1d, 15 uM

for 1e, and 15 uM for 2a. Control groups were treated with an equal amount of DMSO solvent.



Molecules 2022, 27, 7309

7 of 26

Corll_trol ﬂgft r24h 1.c) Control Aftr 48 h
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3.c) 1e After 48h

a3

e After 24h

S
e -
o

)

4.a) 2a Immediate 4.b) 2a After 24h 4.c) 2a After 48h

Figure 5. Analysis of cell migration by scratch assay for molecules 1d, 1e, and 2a on MDA-MB-231
cell line. Images were taken at 0 h, and 24 h, 48 h after incubation. Concentrations were 40 tM
for 1d, 120 uM for 1e, and 30 uM for 2a. Control groups were treated with an equal amount of
DMSO solvent.

When the wound healing rates were compared, it was discovered that the added
molecules did not affect the wound healing rate. To make comparisons, each application
was performed in triplicate for all three molecules; the averages and standard deviations
were calculated, and the p values were calculated by considering the sample sizes.

2.2. Molecular Docking Studies

The binding capacities of these novel compounds were investigated with molecular
docking studies, and the best-docked poses of the molecules were thoroughly evaluated.
The best binding affinity and receptor-ligand interaction of every compound were assessed,
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and well-established good interactions of compounds within the receptor’s active pocket
of the target receptor proteins were demonstrated in Tables 2—4. We chose our targets
based on the previous research of similar structures possessing hydrazone derivatives. We
decided to look for possible binding motifs for Janus kinase 2 to investigate their anticancer
activity on breast cancer, phosphoinositide-dependent kinase-1 to investigate their activity
on prostate cancer, and human anaplastic lymphoma kinase to investigate their activity on
lung cancer [34-36]. We compared our results with the often-used anticancer medicines
doxorubicin, crizotinib, and tamoxifen.

Table 2. Docking results of phosphoinositide-dependent kinase-1 (1Z5M).

Docked Amino Acid
Comp No. Structures Residues Energy Score RMSD Value H Bond (Distance A)
(vdW Interactions)
H
o™
GLY89 O of Carbonyl with H of
0 4 _
1a é ALA162, LEU212 931 0.9 NH of TYR161 (1.772)
Cl
H
cabsd
1b o © TYR161, ALA162, GLY165 —9.66 1.00 None
N
v [
©(§“‘N ™ £ NH with O of
VAL96 Ho wit o
0 . _
Ie Ej ALA109, ALA162 047 1.62 Carbonyl of GLU166 (2.115)
Ho TN
oy
0 O of Carbonyl with H of
1d é LEU159, SER160, LEU212 —9.46 0.58 NH of ALA162 (2.241)
oo N
@C\N’N « VAL96
le é o ALA109, SER160 —8.89 0.33 None
N
X, N
T
1f o °© VAL96, 963 150 H of NH with O of
© ALA109, SER160 : : Carbonyl of GLU166 (2.149)
CN
Cl
H
©\/§N—N7\/©/
[¢]
1g o LYS86, ALA162, GLU166 —8.92 1.89 None
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Table 2. Cont.

Docked Amino Acid
Comp No. Structures Residues Energy Score RMSD Value H Bond (Distance A)
(vdW Interactions)

z

\

ZT

o Z;
o
4

1h © LEUS8, GLU166, LEU212 ~897 1.64 None
CN
Ho N
@N'N o
(o] .
. o) H of OH with O of
1 © VAL96, VAL143, THR222 ~10.50 0.50 Carbomgl of SERT60 (2.064)
CN
N
. o H of imine with H of OH of
O —
1§ © LEUSS, LYS111, GLU166 9.87 0.38 THEO2? (3.250)
CN
H
i
[}
1k é ALA109, ALA162, THR222 ~9.65 1.86 None
Cl
Cl
@%N,HY@
0 o H of NH with O of
11 © VAL96, ALA109, LEU212 —9.64 1.19 Carbonyl of GLU166 (2207)
Cl
/N
0 H of NH with O of
(0] —
1m © ALA109, ALA162, THR222 9.54 1.99 Carbonyl of GLU166 (2.168)
Cl
Ho Y
Qe
o] .
o O of Carbonyl with H of
1n © GLY89, LYS111, SER160, ~9.76 0.59 NH of ALA162 (2.220)
Cl
N
o] .
1o 0 LEUSS, GLY165, GLU166 —961 0.93 H of NH with O of

Carbonyl of GLU209 (2.072)

avs

Q
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Table 2. Cont.
Docked Amino Acid
Comp No. Structures Residues Energy Score RMSD Value H Bond (Distance A)
(vdW Interactions)
N-N
o
o
N of Oxazole with H of NH
2a é VAL96, LEU159, THR222 —10.47 0.12 of TYR161 (2.023)
N-N
1N\
o cl
N of Oxazole with H of NH
2b é LEU159, ALA162, THR222 10.78 0.15 of TYR161 (1.933)
N—-N
B \\
(I ~0 p
N N of Oxazole with H of NH
2¢ é VAL96, LEU159, THR222 —10.45 0.86 of ALA162 (1.912)
S
I
O)\@ N of Oxazole with H of NH
2d toj VAL96, LEU159, THR222 —10.31 0.17 of ALA162 (2.249)
N-N
o\
v
(o} N of Oxazole with H of NH
2f © VAL96, LEU159, THR222 —11.13 0.23 of ALA162 (1.964)
CN
.
1
o N of Oxazole with H of NH
2g © LEU159, TYR161, THR222 —11.47 0.09 of ALA162 (1.948)
CN
N-N
B
Qi
o N of Oxazole with H of NH
2h © VAL96, LEU159, THR222 —11.24 0.11 of ALA162 (1.687)
CN
S
|
S~
. (o} N of Oxazole with H of NH
2i © VAL96, LEU159, THR222 —11.07 0.27 of ALA162 (1.811)
CN
N-N
0
VAL96, LEU159, THR222 ~10.84 0.26 N of Oxazole with H of NH

(o)
2k é

of ALA162 (2.004)
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Table 2. Cont.

Docked Amino Acid
Comp No. Structures Residues Energy Score RMSD Value H Bond (Distance A)
(vdW Interactions)

o N of Oxazole with H of NH
21 © VAL96, LEU159, THR222 —-11.22 0.11 of ALA162 (1.966)
cl
NN~
G(/\O>\Q N of Oxazole with H of NH
o
2m © VAL96, LEU159, THR222 —10.88 0.13 of ALAT62 (1.967)

N-N
A\
QL
o N of Oxazole with H of NH

2n © VAL96, LEU159, THR222 -10.79 0.26 of ALA162 (1.957)

OH
C ‘ O‘ "om

. . " H of OH with O of
Doxorubicin e 8w, q VAL96, ALLA162, THR222 —-12.92 0.89 Carbonyl of GLU166 (2.035)

Table 3. Docking results of human anaplastic lymphoma kinase (2XP2).

Docked Amino Acid Residues . 2
Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)

’b

O of Carbonyl with H of

1a NH of MET1199 (1.932)

LEU1198, GLY1202, LEU1256 —8.72 1.93

ke

1b LEU1198, GLY1202, LEU1256 —9.23 0.75 None

@

NH of MET1199 (2.099)

%

H of NH with O of
MET1199, LEU1256, LEU1196, —-9.14 0.45 Carbonyl of
GLU1197 (2.075)

1d

1c @:\ LEU1198, GLY1202, LEU1256 —9.17 0.84 O of Carbonyl with H of
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Table 3. Cont.

Docked Amino Acid Residues

Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
N
. );[ >
N~ S’ . .
Te @C) 0 LEU1196, LEU1198, LEU1256 ~8.65 191 N Ofoﬁkﬁégllelg‘gtg 1;2‘5 NH
v
X, N
QA
o . .
1f (0> LEU1196, LEU1198, LEU1256 —9.18 0.41 N OfOTfl}vI“‘EZ%el;‘;t(g Blgzﬁ NH
CN
Cl
@an
1g (0> ° ALA1148, LEU1198, ASP1203 ~899 187 N °f0?§2§$1ﬁ;§t£ ?5% NH
CN
/N
sl
@\N—
! . .
1h é LEU1196, LEU1198, LEU1256 -8.71 1.95 N Ofon}I‘\l/f‘é?ﬁ;"g“g ]6158’)5 NH
CN
WD
! : .
1 (0> LEU1122, GLU1197, LEU1256 ~9.65 0.28 N OfOTftl‘\l/IaEzglﬁ‘g’Vg“a 514% NH
CN
H | N
o .
1j é GLU1197, MET1199, ASP1203 ~8.70 0.17 ON‘EE?%;S‘%I5V8”£‘OI; 6‘)’f
CN
"
o .
1k é LEU1122, MET1199, LEU1256 —8.47 0.77 ONﬁS?rﬁ)§;5;15Vgt§hglg6?f
Cl
Cl
. m/@
vy H of NH with O of
11 0 LEU1122, ALA1148, LEU1256 —9.18 0.34 Carbonyl of
MET1199 (2.122)

-

Q
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Table 3. Cont.

Docked Amino Acid Residues

Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
/N
H |
X, N S
@f\“ I H of NH with O of
1m é LEU1122, MET1199, LEU1256 —849 1.84 Carbonyl of GLU1197
(2.143)
Cl
H B
X, N
v H of NH with O of
1n (0> LEU1196, GLU1197, ASP1203 —9.07 0.81 Carbonyl of MET1199
(1.895)
Cl
N
Ho N
XN, N
@\”N WAIS H of NH with O of
10 ﬁj LEU1196, MET1199, LEU1256 —9.38 0.50 Carbonyl of GLU1197
(2.117)
Cl
N-N
O
(¢]
@ N of Oxazole with H of NH
2a é LEU1122, GLU1197, LEU1256 ~881 021 of mMET1199 (1.810)
N—-N
) i:
2b @:O ¢ LEU1198, GLU1197, LEU1256 925 0.13 N of Oxazole with H of NH
@ ‘ ’ : : of mMET1199 (1.742)
N—-N
ol
o” \ / .
N N of Oxazole with H of NH
2¢ o LEU1196, LEU1198, LEU1256 ~8.89 0.30 of mMET1199 (1.758)
| 7
]
2d coe LEU1122, LEU2298, GLY1202 —8.73 1.13 N of Oxazole with H of NH
Ej ’ ' : : of mMET1199 (1.758)
NN
U
o)
o N of Oxazole with H of NH
2f © LEU1198, ASP1203, LEU1256 —9.72 0.34 of MET1199 (2.208)
CN
N-N
-
Cl
2g LEU1198, ASP1203, LEU1256 —9.75 134 N of Oxazole with H of NH

0 4

(o]
z

of MET1199 (2.968)
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Table 3. Cont.

Docked Amino Acid Residues

Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
N-N
s
(o N of Oxazole with H of NH
2h © LEU1198, ASP1203, LEU1256 —9.81 0.11 of MET1199 (2.184)
CN
)
SO
. o N of Oxazole with H of NH
2i © LEU1198, ASP1203, LEU1256 —9.42 0.77 of MET1199 (1.840)
CN
N-N
I\
)
N of Oxazole with H of NH
0
2k © ALA1146, LEU1198, LEU1256 9.18 0.42 of MET1199 (1.791)
ol
N
QL o
N of Oxazole with H of NH
(0] —
21 © LEU1198, GLU1197, LEU1256 8.74 1.54 of MET1199 (1.973)
Cl
N-N
NS
S A
N of Oxazole with H of NH
o —
2m © ALA1148, LEU1198, LEU1256 9.26 0.43 of MET1199 (1.832)
Cl
Y
4
@o%{j
o N of Oxazole with H of NH
2n i ALA1148, LEU1198, LEU1256 -9.18 0.12 of MET1199 (1.780)
Cl
W ( J NH?H“ 7
Crizotinib (_} j@ LEU1196, LEU1198, MET1199 -9.93 1.25 None
Table 4. Docking results of Janus kinase 2 (3KRR).
Docked Amino Acid Residues . i
Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
H
oo
1a o o LEUS855, LEU932, GLY993 —9.68 1.11 None
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Table 4. Cont.

Docked Amino Acid Residues

Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
cl
H
¥
1b @\/O\ ° LEUS855, LEU932, LEU983 —10.08 1.10 None
N
v [
SOhe
1c on °© LEUS855, LEU932, GLY993 —9.68 1.38 None
Ho N
@N’N o
1d é ° LEUS855, LEU932, GLY993 -9.76 -0.29 None
N
N of Thiazole with H of NH
le é o ALA880, LEU932, GLY993 —9.47 0.87 of LEU932 (2.066)
N
X, N
QC Y :
o O of Carbonyl with H of
(] _
1f © VALS863, ALA880, LEU932 9.65 0.49 NH of SER936 (2.089)
CN
cl
H
©\/§N,Nm/©/
1g é ° LEUS855, LEU932, GLY993 -9.39 1.73 None
CN
N
H - |
©E§N,N S
o H of NH with O of
o _
1h © LEUS855, LEU932, GLY993 9.87 0.39 Carbonyl of ASN961 (2.204)
CN
Ho TN
@N'N o
0
1i é LEU855, LEU932, LEU983 —10.05 0.49 None
CN
N
@N’H [ s N
0
1j ? LEUS855, LEU932, LEU983 —9.68 0.84 None

as

(o]
z
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Table 4. Cont.

Docked Amino Acid Residues

Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
G(\\N . H Y@
o O of Carbonyl with H of
(o} _ o y
1k © LEUS855, GLY935, LEU983 10.09 0.51 NH of LEU932 (1.919)
Cl
vl )
H
\N’ N
@ ° O of Carbonyl with H of
(0] .
11 © LEUS855, GLY935, LEU983 10.57 0.93 NH of LEU932 (1.971)
Cl
/N
SRR
N
©\/\ o H of NH with O of
O —
1m © GLY856, GLY861, GLY993 10.05 1.40 Carbonyl of ASN961 (2.215)
cl
Hoo 1Y
@\/\\N,N o
o .
o H of NH with O of
1n © LEUS855, TYR931, LEU983 —10.02 0.49 Carbonyl of GLU930 (2.227)
Cl
Ho N
@%W N N
1o (0> ° LEU932, SER936, LEU983 -9.19 0.19 None
Cl
N—N
1\
v
@(/\ N of Oxadiazole with H of
2a é LEU855, MET929, LEU983 —10.39 0.14 NH of LEU932 (2.004)
N-N
I\
o)\©\c| . .
N of Oxadiazole with H of
2b é LEU855, MET929, LEU983 -10.70 0.11 NH of LEU932 (2.042)
N-N
aw
o\ 4 . .
N N of Oxadiazole with H of
2¢ é LEUS855, MET929, LEU983 -10.23 0.40 NH of LEU932 (2.193)
N-N
o J . .
2d @x/: ° LEUS55, MET929, LEU983 ~10.22 0.11 N of Oxadiazole with H of

NH of LEU932 (2.051)
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Table 4. Cont.

Docked Amino Acid Residues

Comp No. Structures (vdW Interactions) Energy Score RMSD Value H Bond (Distance A)
%
oo
2f E; LEU932, SER936, LEU983 -10.83 0.16 None
CN
s
I
o N of Oxadiazole with H of
2¢g © LEUS855, LEU932, LEU983 —11.11 0.12 NH of LEU932 (1.988)
CN
N-N
B
Qi
o N of Oxadiazole with H of
2h LEUS855, LEU932, LEU983 —10.85 0.06 NH of LEU932 (1.974)
CN
o
2~
. o N of Oxadiazole with H of
2i © LEUS855, LEU932, LEU983 —10.90 0.13 NH of LEU932 (2.078)
CN
N
o
o) N of Oxadiazole with H of
2k © LEUS855, LEU932, LEU983 —10.66 0.93 NH of LEU932 (1.849)
Cl
S
U
21 (°> LEUS855, LEU932, LEU983 —10.48 0.89 None
Cl
Y~
SOa¥
o N of Oxadiazole with H of
2m © LEUS855, LEU932, LEU983 —10.52 1.04 NH of LEU932 (1.855)
Cl
N
U
@\/k O)\{j
(3 N of Oxadiazole with H of
2n © LEUS855, LEU932, LEU983 —10.57 0.20 NH of LEU932 (2.159)
Cl
Tamoxifen —12.06 1.21 None

O ooy
N O \/\T LEUS855, LEU983, GLY993
»
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Molecular docking studies were carried out to provide a theoretical viewpoint on
potential molecular interactions between 1a-1o and 2a-2n series molecules and target
proteins. Energy minimization from docking calculation results was used to determine
theoretical binding affinities. The Autodock Vina software suite was used to perform
molecular docking computations, energy minimization, and molecular visualization of
docking data. The Chem Draw sketch program was used to prepare 1a-1o and 2a—2n series
and model inhibitor compounds for molecular docking. The Chem 3D suit program was
used to draw and edit the unique 1a-10 and 2a—2n series chemicals in the SD file format
prior to the docking process. These molecular structures were protonated and charged, and
conformation minimization using the root mean square gradient was conducted.

The target proteins” X-ray crystal structures as three-dimensional coordinates were
retrieved from the Protein Data Bank of the Research Collaboratory for Structural Bioinfor-
matics (RCSB) (https:/ /www.rcsb.org accessed on 1 October 2022). Structural defects in the
target proteins were eliminated with the Autodock Vina suite software. Default parameters
were used while docking calculations were in progress (temperature of 300 Kelvin, pH 7,
solvent 0.1 M, electrostatic energy cutoff 15 A). The final molecular docking score results
were calculated using the average score of the top 10 final docking postures determined by
the binding minimum energy (kcal/mol) for each chemical [37,38].

The compounds demonstrated the following binding free energies towards 1Z25M,
2XP2, and 3KRR: —8.89 to —11.47 Kcal/mol for 1Z5M, —8.47 to —9.81 Kcal/mol for 2XP2,
and —9.19 to —11.11 Kcal/mol for 3KRR.

As demonstrated in Figures 6-11, molecules bound to the active site and overlapped
with reference molecules. Our initial findings indicate that these compounds have reason-
able ligand-receptor binding interactions.

Figure 6. Interaction of the best-docked poses of compounds 4g, 4h, 41, and reference drug doxoru-
bicin to 1Z5M target.


https://www.rcsb.org
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»”

Figure 7. Superimposing poses of best-scored compounds with and without reference drug doxoru-
bicin against prostate cancer.

N

Crizotinib

r » -

Figure 8. Interaction of the best-docked poses of compounds 4f, 4g, 4h and reference drug crizotinib
to 2XP2 target.
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Figure 9. Superimposing poses of best scored compounds with and without reference drug crizotinib
against lung cancer.

Figure 10. Interaction of the best-docked poses of compounds 4g, 4h, 4i and reference drug tamoxifen
to 3KRR target.
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Figure 11. Superimposing poses of best scored compounds with and without reference drug tamox-
ifen against breast cancer.

Compounds 2f,2g, 2h, 2i, and 21 have the lowest binding energy scores, with small
RMSD scores in each target. Some of them created strong hydrogen bonds with similar
amino acid residues, as indicated in the tables. Active conformations of each compound
bonded active sites and overlapped with each other, as shown in the figures. These
compounds predicted the best ligand-receptor binding interactions, according to the results.

We also calculated RMSD values between the native structures in solvent and docked
structures as follows: 0.64 for 1Z5M, 0.78 for 2XP2, and 0.69 for 3KRR. All three re-docked
reference structure conformations showed high similarity to native conformations.

2.3. Drug-like Properties

To better understand the structure-activity relationships of compounds, drug-likeness
rankings have been calculated through the usage of the Swiss ADME Calculation program.
All of the compounds’ molecular weights, logP values, TPSAs, their abilities to pass through
the blood-brain barrier, GI absorption properties, and CYP450 subtype inhibition have
been provided in Table 5. Almost all substances have been identified to have relatively low
values that allow them to pass through the lipid barriers. Most substances have lipophilicity
values of less than four.

Table 5. Drug-like properties of 1a-1o, 2a-2n comps. calculated by the Swiss ADME online
software program.

Comp. No ( g/xz\ll) a LogPP TPSA ¢ BBB ¢ GI Abs. © Type of CYP Inh. f Rule of Five &
3a 316.35 4.03 50.69 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6 Yes
3b 350.80 4.58 50.69 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
3¢ 317.34 3.13 63.58 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6 Yes
3d 306.32 3.40 63.83 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6 Yes
3e 338.38 3.19 104.71 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
3f 341.36 3.87 74.48 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
3g 375.81 4.42 74.48 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
3h 342.35 2.90 87.37 No High CYP1A2, CYP2C19, CYP2C9 Yes
3i 331.32 3.17 87.62 No High CYP1A2, CYP2C19, CYP2C9 Yes
3j 363.39 2.98 97.27 No High CYP1A2, CYP2C19, CYP2C9 Yes
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Table 5. Cont.
Comp.No g,ﬁrl’) . LogP® TPSA¢ BBBY  GIAbs.® Type of CYP Inh. f Rule of Five &
3k 350.80 464 50.69 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
3l 385.24 5.17 50.69 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
3m 351.79 3.65 63.58 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
3n 340.76 3.83 63.83 Yes High CYP1A2, CYP2C19, CYP2C9 Yes
30 372.83 3.71 104.71 No High CYP1A2, CYP2C19, CYP2C9 Yes
4a 314.34 436 48.15 Yes High CYP1A2, CYP2C19, CYP2CY, CYP2D6 Yes
ab 348.78 488 18.15 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, Yes
4c 315.33 3.58 61.04 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
ad 304.30 3.66 61.29 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
af 339.35 4.04 71.94 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
1g 373.79 162 71.94 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
4h 34033 3.39 84.83 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
4 329.31 3.45 85.08 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
1K 348.78 473 4815 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, Yes
a 383.23 531 48.15 No High CYP1A2, CYP2C19, CYP2C9 Yes
4m 349.77 401 61.04 Yes High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes
4n 338.74 416 61.29 No High CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4 Yes

2 Molecular weight (recommended value <500). ® The logarithm of the compound’s partition coefficient between
n-octanol and water (recommended value <5). ¢ Polar surface area (recommended value <140A2). 4 Indicates
whether the molecule crosses the blood-brain barrier. © Degree of gastrointestinal absorption. f Represents CYP450
subtype inhibition. & Indicates whether or not the compound fulfills Lipinski’s Rule of Five.

3. Discussion

The anticancer activities of fifteen N-acyl hydrazones and twelve 2,5-substituted 1,3,4-
oxadiazoles were investigated in this study by calculating IC-50 values on A-549 (human
lung cancer epithelial cells), MDA-MB-231 (human breast carcinoma), and PC-3 (human
prostatic carcinoma) cell lines.

The cytotoxic activities of the synthesized compounds were studied at concentrations
of 300 uM, 200 uM, 100 pM, 50 pM, and 25 uM. When all the data obtained during the study
were reviewed together, the most potent compounds among the twenty-seven molecules
tested were determined to be hydrazones 1d and 1e and oxadiazole 2a. While making this
evaluation, the effects of the molecules on all the cancerous cell lines and their toxicity on
normal cells were taken into consideration.

A scratch assay was performed for the three most promising compounds, 1d, le, and
2a, based on the data obtained from these scans. In this way, it was anticipated to see if
these molecules have an antimetastatic effect.

It was discovered throughout the study that the hydrazones used in the production of
oxadiazoles did not exhibit a consistent difference in biological activity when compared
to their counterparts in any of the cell lines. According to research, molecules respond
differently in different types of cancer. As a result, it is not possible to draw a firm
assumption that applies to all cell lines.

If some modifications are made to the chemical structures of potent compounds to
reduce their toxicity and boost their activity against cancer, it may be possible to re-evaluate
selected candidate compounds as more promising anticancer agents.

The most potent molecule, hydrazone 1e, demonstrated a particularly selective effect
in PC-3 and A-549 cell lines. This molecule also has a low toxicity level on the MRC-
5 cell line. This hydrazone’s structure includes a thiadiazol heterocyclic aromatic ring.
Thiadiazols are frequently studied structures by medicinal chemists. This heterocyclic
ring has a mesoionic character, which allows candidate molecules with this ring in their
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structures to permeate the cell membrane more effectively and have a stronger connection
with biological targets. Therefore, it would be wise to investigate this thoroughly in other
cancer cell lines and further study the mechanism of action in biological systems.

MDA-MB-231 cells are triple-negative cells that do not express some hormone recep-
tors for HER2, estrogen, and progesterone on their surfaces, so this might be a reason why
1e has a lower impact on them than A-549 and PC-3 cells since the possible target might be
missing. Hence, it is believed that the heterocyclic structure of thiadiazol in the molecule
structure might influence receptor binding capacity and lower the effectiveness of the
molecule. In a study conducted by Du et al., activities of 1,3,4-oxadiazole-thioether deriva-
tives on various cancer lines were examined. Based on the obtained results, it was reported
that the activity of their most effective derivative (compound 3) against breast cancer-
representing cell line MCF-7 (18.3 uM) was less than that of the liver cancer-representing
cell line HepG2 (0.7 uM) [39].

In almost all of the 1,3,4 oxadiazole derivatives included in another study conducted
by Ashok and Vanaja, the activities on the lung cancer-representing cell line A549 were
better than MCF-7, similar to our study [40]. Another study comparing the level of activity
in the MCEF-7 cell line with that of A-549 was reported by Polothi et al. Additionally, in this
study, it was observed that the activity levels of 1,3,4 oxadiazole derivatives on A549 were
better than MCEF-7 [41].

More active molecules might be generated by synthesizing and analyzing the new
derivatives of this compound in the future.

4. Materials and Methods
4.1. Cell Culture

In this study, four adherent cell lines were used: three from different cancer types and
one from a regular fibroblast. The cancerous cells were human breast carcinoma (MDA-
MB-231, ATCC code: HTB-26), human prostatic carcinoma (PC-3, ATCC code: CRL-1435),
and human lung cancer epithelial cells (A549, ATCC code: CCL-185), while the fibroblasts
in the control group were human fetal lung (MRC-5, ATCC code: CCL-171) cells. All cells
were checked every few weeks for various sources of contamination.

MDA-MB-213, MRC-5, and PC-3 cell lines were cultured in T75 flasks with high
glucose DMEM medium (Pan Biotech, Aidenbach, Germany), and A549 cells were cultured
with RPMI-1640 (Pan Biotech) containing 10% fetal bovine serum (Gibco, Waltham, MA,
USA), 1% penicillin-streptomycin (Gibco), and 1% L-glutamine (Gibco) at 37 °C with 5%
CO;. All the cells were removed from the flask with Trypsin/EDTA 0.25% (Gibco) when
they reached 80% density.

4.2. Cell Viability Assay

To test the effect of different doses on cells, all types of cells were seeded into 96-well
plates at a density of eight thousand cells in 100 uL volume per well. Cells were incubated
at 37 °C with 5% CO; for 25 h_ After 24 h in the incubator, the medium on top of each
well was discharged. All of the cells were treated with 25, 50, 100, 200, or 300 uM of
fifteen N-acyl hydrazones and twelve 2,5-substituted 1,3,4-oxadiazole in a dose-increasing
manner. Molecules were studied in triplicate for each concentration. To assess the viability
of non-treated cells, a control group was placed in the setup with only cells and DMSO
control treatments without any candidate molecules introduced. Plates were incubated
for 48 h, and Cell Titer Glo reagent (Promega) was added on top of each well. Cells were
then evaluated in terms of viability with the Cell Titer-Glo Luminescent Cell Viability
Assay. Luminescence signals were detected with the SpectraMax i3x Multimode Detection
Platform to obtain the cell viability percentages.

4.3. Scratch Assay

MDA-MB-231 and A-549 cells were seeded for the scratch assay. A total of 100.000 cells
were cultured in 1.5 mL complete medium per well on a 6-well plate, as detailed above.
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The 6-well plates were then incubated for 24 h at 37 °C. After 24 h, accumulated cells were
scraped out with the tip of a 200 pL pipette. After discarding the media on top of the cells,
the cells were treated for 48 h with three molecules: 1d, 1e, and 2a.

The dosages for the MDA-MB-231 cell line were 40 uM for 1d, 120 uM for 1e, and
30 uM for 2a. The dosages for the A-549 cell line were 55 uM for 1d, 15 uM for 1e, and
15 uM for 2a.

The cell states were evaluated under the microscope, and markings were made to
obtain photos from the same location during the follow-up. Images of the determined
reference points were captured under the microscope immediately after treatment, 24 h
later, and 48 h later.

4.4. Statistical Analysis

Experiments were carried out in three separate sets, each with its own set of results,
and the findings were represented as mean standard errors. Statistical comparisons were
made using Student’s t-test, which claims equal variance. At p < 0.05, the differences were
accepted as statistically significant. The data were presented as a standard error of the
mean (SEM).

4.5. Molecular Docking Studies and Drug-like Properties

Molecular docking analyses were implemented to offer a theoretical perspective on
potential molecular encounters between hydrazone compounds of 1a-1o0 and oxadiazole
compounds of 2a-2n and related target proteins. Theoretical binding affinities were deter-
mined by using energy minimization from docking calculation outcomes. The Autodock
Vina software suite was used to perform molecular docking computations, energy mini-
mization, and molecular visualization of docking data. The Chem Draw sketch program
was used to prepare 1la—1o and 2a—2n series and model inhibitor compounds for molecular
docking. The Chem 3D suit program was used to draw and edit the unique 1a-1o and
2a-2n series chemicals in the SD file format before the docking process. These conforma-
tions were protonated and polarized, and conformation minimization was performed using
the root-mean-square gradient.

The X-ray crystal structures of the target proteins were obtained as three-dimensional
coordinates from the Protein Data Bank of the Research Collaboratory for Structural Bioin-
formatics (RCSB). A structure with the PDB ID of 1Z5M for PC-3, 2XP2 for A-549, and
3KRR for MDA-MB-231 were selected as the crystal structure model corresponding to this
target protein for use in docking calculations. The Autodock Vina suite program was used
to remove structural flaws in these target proteins. Default parameters were used while
docking calculations were in progress (temperature of 300 K, pH of 7, solvent concentration
of 0.1 M, and electrostatic energy cutoff of 15 A). The average score of the top ten final
docking postures defined by the binding minimum energy (kcal/mol) for each molecule
was used to generate the final molecular docking score values [37,38].

In order to gain a better understanding of compound structure-activity connections,
drug-likeness rankings were determined using the Swiss ADME Calculation program.

5. Conclusions

In this study, previously synthesized novel 2-arenoxybenzaldehyde N-acyl Hydrazone
and 1,3,4-Oxadiazole derivatives were evaluated for their anticancer activities in different
cancer cells. Compounds 1d and 1e contain hydrazone moieties, and 2a, which contains a
1,3,4-oxadiazole moiety, yielded the most promising findings among all molecules. Molecu-
lar modeling investigations on the synthesized compounds revealed further structural and
dynamic information about their possible target proteins. The activities of the compounds
synthesized in this study are not a better alternative than other available molecules on
the market.

However, the findings suggest that it is possible to synthesize several derivatives
that might be employed in future research to examine different cancer pathways. More
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research into these novel derivatives and their anticancer effects may offer more insights
into potential therapeutic applications.

Author Contributions: Conceptualization, M.G.; investigation, E.A., AM.§., HB.K., M.G.; writing—
original draft preparation, E.A., AM.S., HB.K., M.G,; writing—review and editing, M.G.; visualiza-
tion, E.A., AM.S.,, HB.K,, M.G,; supervision, M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article; additional data are available
from the corresponding author upon request.

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

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Siegel, R.; Miller, K.; Fuchs, H.; Jemal, A. Cancer Statistics, 2022. CA A Cancer ]. Clin. 2022, 72, 7-33. [CrossRef] [PubMed]

2. Li, L., Peng, J.; Zhou, W,; Qiao, H.; Deng, X.; Li, Z.; Li, J.; Fu, Y.; Li, S.; Sun, K; et al. Potent Hydrazone Derivatives Targeting
Esophageal Cancer Cells. Eur. |. Med. Chem. 2018, 148, 359-371. [CrossRef] [PubMed]

3. Halil, §.; Berre, M.; Rabia Biisra, $.; Halil Burak, K.; Ebru, H. Synthesis Of Oleanolic Acid Hydrazide-Hydrazone Hybrid
Derivatives And Investigation Of Their Cytotoxic Effects On A549 Human Lung Cancer Cells. Results Chem. 2022, 4, 100317.
[CrossRef]

4. Iliev, L; Kontrec, D.; Detcheva, R.; Georgieva, M.; Balacheva, A.; Gali¢, N.; Pajpanova, T. Cancer Cell Growth Inhibition By
Aroylhydrazone Derivatives. Biotechnol. Biotechnol. Equip. 2019, 33, 756-763. [CrossRef]

5. Swiatek, P.; Saczko, J.; Rembiatkowska, N.; Kulbacka, J. Synthesis Of New Hydrazone Derivatives And Evaluation Of Their
Efficacy As Proliferation Inhibitors In Human Cancer Cells. Med. Chem. 2019, 15, 903-910. [CrossRef] [PubMed]

6. Popiolek, L. Hydrazide-Hydrazones as Potential Antimicrobial Agents: Overview of The Literature Since 2010. Med. Chem. Res.
2016, 26, 287-301. [CrossRef]

7.  Pieczonka, A.; Strzelczyk, A.; Sadowska, B.; Mloston, G.; Staczek, P. Synthesis and Evaluation of Antimicrobial Activity of
Hydrazones Derived from 3-Oxido-1H-Imidazole-4-Carbohydrazides. Eur. |. Med. Chem. 2013, 64, 389-395. [CrossRef]

8.  Kajal, A; Bala, S.; Sharma, N.; Kamboj, S.; Saini, V. Therapeutic Potential of Hydrazones as Anti-Inflammatory Agents. Int. J. Med.
Chem. 2014, 2014, 76103. [CrossRef]

9. Alam, M,; Verma, G.; Shaquiquzzaman, M.; Marella, A.; Akhtar, M.; Ali, M. A Review Exploring Biological Activities Of
Hydrazones. J. Pharm. Bioallied Sci. 2014, 6, 69. [CrossRef]

10. El-Tombary, A.; El-Hawash, S. Synthesis, Antioxidant, Anticancer And Antiviral Activities Of Novel Quinoxaline Hydrazone
Derivatives And Their Acyclic C-Nucleosides. Med. Chem. 2014, 10, 521-532. [CrossRef]

11. Tian,].; Ji, R.; Wang, H.; Li, S.; Zhang, G. Discovery Of Novel A-Aminophosphonates With Hydrazone As Potential Antiviral
Agents Combined With Active Fragment And Molecular Docking. Front. Chem. 2022, 10, 911453. [CrossRef]

12.  Glomb, T,; Swiatek, P. Antimicrobial Activity Of 1,3,4-Oxadiazole Derivatives. Int. J. Mol. Sci. 2021, 22, 6979. [CrossRef] [PubMed]

13. Tresse, C.; Radigue, R.; Gomes Von Borowski, R.; Thepaut, M.; Hanh Le, H.; Demay, F.; Georgeault, S.; Dhalluin, A.; Trautwetter,
A.; Ermel, G,; et al. Synthesis And Evaluation Of 1,3,4-Oxadiazole Derivatives For Development As Broad-Spectrum Antibiotics.
Bioorg. Med. Chem. 2019, 27, 115097. [CrossRef] [PubMed]

14. Chawla, G.; Naaz, B.; Siddiqui, A. Exploring 1,3,4-Oxadiazole Scaffold For Anti-Inflammatory And Analgesic Activities: A
Review Of Literature From 2005-2016. Mini-Rev. Med. Chem. 2018, 18, 216-233. [CrossRef] [PubMed]

15.  Alisi, I; Uzairu, A.; Abechi, S. Free Radical Scavenging Mechanism Of 1,3,4-Oxadiazole Derivatives: Thermodynamics Of O-H
And N-H Bond Cleavage. Heliyon 2020, 6, 3683. [CrossRef] [PubMed]

16. Gumriikgtioglu, N.; Bilgin Sokmen, B. Synthesis and Antioxidant Activities of New 2-(4-Methylphenylsulphonyl)-5Aryll,3,4-
Oxadiazole Compounds. Erzincan Univ. ]. Sci. Technol. 2021, 14, 232-240. [CrossRef]

17.  Glomb, T.; Szymankiewicz, K; Swiatek, P. Anti-Cancer Activity Of Derivatives Of 1,3,4-Oxadiazole. Molecules 2018, 23, 3361.
[CrossRef]

18. Almasirad, A.; Shafiee, A.; Abdollahi, M.; Noeparast, A.; Shahrokhinejad, N.; Vousooghi, N.; Tabatabai, S.; Khorasani, R. Synthesis
And Analgesic Activity Of New 1,3,4-Oxadiazoles And 1,2,4-Triazoles. Med. Chem. Res. 2010, 20, 435-442. [CrossRef]

19. Peng, F; Liu, T.; Wang, Q.; Liu, F; Cao, X.; Yang, J.; Liu, L.; Xie, C.; Xue, W. Antibacterial And Antiviral Activities Of 1,3,4-
Oxadiazole Thioether 4H-Chromen-4-One Derivatives. J. Agric. Food Chem. 2021, 69, 11085-11094. [CrossRef]

20. Li, Z.; Zhan, P; Liu, X. 1,3,4-Oxadiazole: A Privileged Structure In Antiviral Agents. Mini-Rev. Med. Chem. 2011, 11, 1130-1142.

[CrossRef]


http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1016/j.ejmech.2018.02.033
http://www.ncbi.nlm.nih.gov/pubmed/29475156
http://doi.org/10.1016/j.rechem.2022.100317
http://doi.org/10.1080/13102818.2019.1608302
http://doi.org/10.2174/1573406415666190128100524
http://www.ncbi.nlm.nih.gov/pubmed/30686263
http://doi.org/10.1007/s00044-016-1756-y
http://doi.org/10.1016/j.ejmech.2013.04.023
http://doi.org/10.1155/2014/761030
http://doi.org/10.4103/0975-7406.129170
http://doi.org/10.2174/15734064113096660069
http://doi.org/10.3389/fchem.2022.911453
http://doi.org/10.3390/ijms22136979
http://www.ncbi.nlm.nih.gov/pubmed/34209520
http://doi.org/10.1016/j.bmc.2019.115097
http://www.ncbi.nlm.nih.gov/pubmed/31540826
http://doi.org/10.2174/1389557517666170127121215
http://www.ncbi.nlm.nih.gov/pubmed/28137242
http://doi.org/10.1016/j.heliyon.2020.e03683
http://www.ncbi.nlm.nih.gov/pubmed/32258501
http://doi.org/10.18185/ERZIFBED.823431
http://doi.org/10.3390/molecules23123361
http://doi.org/10.1007/s00044-010-9335-0
http://doi.org/10.1021/acs.jafc.1c03755
http://doi.org/10.2174/138955711797655407

Molecules 2022, 27, 7309 26 of 26

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

Noma, S.; Erzengin, M.; Tung, T.; Balcioglu, S. Synthesis, Characterization And Biological Assessment Of A Novel Hydrazone As
Potential Anticancer Agent And Enzyme Inhibitor. J. Mol. Struct. 2020, 1205, 127550. [CrossRef]

Liu, T; Sun, C.; Xing, X; Jing, L.; Tan, R.; Luo, Y,; Huang, W.; Song, H.; Li, Z.; Zhao, Y. Synthesis And Evaluation Of 2-[2-
(Phenylthiomethyl)-1H-Benzo[D] Imidazol-1-Y1) Acetohydrazide Derivatives As Antitumor Agents. Bioorg. Med. Chem. Lett.
2012, 22, 3122-3125. [CrossRef]

Cui, Z.; Li, Y;; Ling, Y,; Huang, J.; Cui, J.; Wang, R.; Yang, X. New Class Of Potent Antitumor Acylhydrazone Derivatives
Containing Furan. Eur. . Med. Chem. 2010, 45, 5576-5584. [CrossRef]

Tantak, M.; Klingler, L.; Arun, V.; Kumar, A.; Sadana, R.; Kumar, D. Design And Synthesis Of Bis(Indolyl)Ketohydrazide-
Hydrazones: Identification Of Potent And Selective Novel Tubulin Inhibitors. Eur. ]. Med. Chem. 2017, 136, 184-194. [CrossRef]
Das Mukherjee, D.; Kumar, N.; Tantak, M.; Das, A.; Ganguli, A.; Datta, S.; Kumar, D.; Chakrabarti, G. Development Of Novel
Bis (Indolyl)-Hydrazide-Hydrazone Derivatives As Potent Microtubule-Targeting Cytotoxic Agents Against A549 Lung Cancer
Cells. Biochemistry 2016, 55, 3020-3035. [CrossRef]

Nikolova-Mladenova, B.; Momekov, G.; Ivanov, D.; Bakalova, A. Design And Drug-Like Properties Of New 5-Methoxysalicylaldehyde
Based Hydrazones With Anti-Breast Cancer Activity. J. Appl. Biomed. 2017, 15, 233-240. [CrossRef]

Szczepankiewicz, B.; Liu, G.; Jae, H.; Tasker, A.; Gunawardana, I.; von Geldern, T.; Gwaltney, S.; Wu-Wong, J.; Gehrke, L.;
Chiou, W.; et al. New Antimitotic Agents With Activity In Multi-Drug-Resistant Cell Lines And In Vivo Efficacy In Murine Tumor
Models. J. Med. Chem. 2001, 44, 4416-4430. [CrossRef]

Aboraia, A.; Abdel-Rahman, H.; Mahfouz, N.; EL-Gendy, M. Novel 5-(2-Hydroxyphenyl)-3-Substituted-2,3-Dihydro-1,3,4-
Oxadiazole-2-Thione Derivatives: Promising Anticancer Agents. Bioorg. Med. Chem. 2006, 14, 1236-1246. [CrossRef]

Kumar, D.; Sundaree, S.; Johnson, E.; Shah, K. An Efficient Synthesis And Biological Study Of Novel Indolyl-1,3,4-Oxadiazoles As
Potent Anticancer Agents. Bioorg. Med. Chem. Lett. 2009, 19, 4492-4494. [CrossRef] [PubMed]

Sun, J.; Li, M,; Qian, S.; Guo, F; Dang, X.; Wang, X.; Xue, Y.; Zhu, H. Synthesis And Antitumor Activity Of 1,3,4-Oxadiazole
Possessing 1,4-Benzodioxan Moiety As A Novel Class Of Potent Methionine Aminopeptidase Type II Inhibitors. Bioorg. Med.
Chem. Lett. 2013, 23, 2876-2879. [CrossRef] [PubMed]

Puthiyapurayil, P; Poojary, B.; Chikkanna, C.; Buridipad, S. Design, Synthesis And Biological Evaluation Of A Novel Series Of
1,3,4-Oxadiazole Bearing N-Methyl-4-(Trifluoromethyl)Phenyl Pyrazole Moiety As Cytotoxic Agents. Eur. |. Med. Chem. 2012, 53,
203-210. [CrossRef]

Ren, J.; Wu, L; Xin, W.; Chen, X.; Hu, K. Synthesis and Biological Evaluation Of Novel 4B-(1,3,4-Oxadiazole-2-Amino)-
Podophyllotoxin Derivatives. Bioorg. Med. Chem. Lett. 2012, 22, 4778-4782. [CrossRef] [PubMed]

Kictik, H.B.; Alhonaish, A.; Yildiz, T.; Glizel, M. An Efficient Approach To Access 2,5-Disubstituted 1,3,4-Oxadiazoles By
Oxidation Of 2-Arenoxybenzaldehyde N-Acyl Hydrazones With Molecular Iodine. ChemistrySelect 2022, 7, €202201391. [CrossRef]
Lee, A.; Ramanujulu, P; Poulsen, A.; Williams, M.; Blanchard, S.; Ma, D.; Bonday, Z.; Goh, K.; Goh, K.; Goh, M.; et al. Thieno
[3,2-D]Pyrimidin-4(3H)-One Derivatives As PDK1 Inhibitors Discovered By Fragment-Based Screening. Bioorg. Med. Chem. Lett.
2012, 22, 4023-4027. [CrossRef]

Mahendran, P,; Jeya Rajendran, A.; Balachandran, C.; Stalin, A.; Rangan, S.; Kothandapani, L.; Chennakesava Rao, K.; Awale, S.;
Hiteshkumar, B. Synthesis Of Novel B-Amino Alcohols From Phenylacetylcarbinol: Cytotoxicity Activity Against A549 Cells
And Molecular Docking. Res. Chem. Intermed. 2017, 44, 535-552. [CrossRef]

Abu Bakar, A.; Akhtar, M.; Mohd Ali, N.; Yeap, S.; Quah, C.; Loh, W.; Alitheen, N.; Zareen, S.; Ul-Haq, Z.; Shah, S. Design,
Synthesis And Docking Studies Of Flavokawain B Type Chalcones And Their Cytotoxic Effects On MCF-7 And MDA-MB-231
Cell Lines. Molecules 2018, 23, 616. [CrossRef] [PubMed]

Daina, A.; Michielin, O.; Zoete, V. Swissadme: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness And Medicinal
Chemistry Friendliness Of Small Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Berman, H. The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235-242. [CrossRef] [PubMed]

Du, Q.; Li, D; Pi, Y;; Li, J.; Sun, J.; Fang, E; Zhong, W.; Gong, H.; Zhu, H. Novel 1,3,4-Oxadiazole Thioether Derivatives Targeting
Thymidylate Synthase As Dual Anticancer/Antimicrobial Agents. Bioorg. Med. Chem. 2013, 21, 2286-2297. [CrossRef] [PubMed]
Ashok, D.; Vanaja, B. Synthesis And Anticancer Activity Evaluation Of (E)-3-{[5-(Aryl)-1,3,4-Oxadiazol-2-Y1]Methyl}-5-(3,4,5-
Trimethoxybenzylidene)Thiazolidine-2,4-Diones. Russ. J. Gen. Chem. 2016, 86, 681-685. [CrossRef]

Polothi, R.; Raolji, G.; Kuchibhotla, V.; Sheelam, K.; Tuniki, B.; Thodupunuri, P. Synthesis And Biological Evaluation Of 1,2,4-
Oxadiazole Linked 1,3,4-Oxadiazole Derivatives As Tubulin Binding Agents. Synth. Commun. 2019, 49, 1603-1612. [CrossRef]


http://doi.org/10.1016/j.molstruc.2019.127550
http://doi.org/10.1016/j.bmcl.2012.03.061
http://doi.org/10.1016/j.ejmech.2010.09.007
http://doi.org/10.1016/j.ejmech.2017.04.078
http://doi.org/10.1021/acs.biochem.5b01127
http://doi.org/10.1016/j.jab.2017.04.004
http://doi.org/10.1021/jm010231w
http://doi.org/10.1016/j.bmc.2005.09.053
http://doi.org/10.1016/j.bmcl.2009.03.172
http://www.ncbi.nlm.nih.gov/pubmed/19559607
http://doi.org/10.1016/j.bmcl.2013.03.068
http://www.ncbi.nlm.nih.gov/pubmed/23582273
http://doi.org/10.1016/j.ejmech.2012.03.056
http://doi.org/10.1016/j.bmcl.2012.05.059
http://www.ncbi.nlm.nih.gov/pubmed/22687745
http://doi.org/10.1002/slct.202201391
http://doi.org/10.1016/j.bmcl.2012.04.080
http://doi.org/10.1007/s11164-017-3118-x
http://doi.org/10.3390/molecules23030616
http://www.ncbi.nlm.nih.gov/pubmed/29518053
http://doi.org/10.1038/srep42717
http://doi.org/10.1093/nar/28.1.235
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://doi.org/10.1016/j.bmc.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23490159
http://doi.org/10.1134/S1070363216030270
http://doi.org/10.1080/00397911.2018.1535076

	Introduction 
	Results 
	Biologic Activities 
	In Vitro Cell Viability Assays 
	Scratch Assay 

	Molecular Docking Studies 
	Drug-like Properties 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Cell Viability Assay 
	Scratch Assay 
	Statistical Analysis 
	Molecular Docking Studies and Drug-like Properties 

	Conclusions 
	References

