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Harnessing the antioxidant cellular machinery has sparked considerable interest as an efficient anti-
cancer strategy. Activating Nrf2, the master switch of the cellular redox system, suppresses ROS, alle-
viates oxidative stress, and halts cancer progression. 1,2,4-oxadiazoles are iconic direct Nrf2 activators
that disrupt Nrf2 interaction with its endogenous repressor Keap1. This study introduces rationally
designed 1,2,4-oxadiazole derivatives that inhibit other Nrf2 suppressors (TrxR1, IKKa, and NF-kB) thus
enhancing Nrf2 activation for preventing oxidative stress and carcinogenesis. Preliminary screening
showed that the phenolic oxadiazoles 11, 15, and 19 were comparable to ascorbic acid (ROS scavenging)
and EDTA (iron chelation), and superior to doxorubicin against HepG-2, MDA-MB231, and Caco-2 cells.
They suppressed ROS by 3 folds and activated Nrf2 by 2 folds in HepG-2 cells. Mechanistically, they
inhibited TrxR1 (IC50; 13.19, 17.89, and 9.21 nM) and IKKa (IC50; 11.0, 15.94, and 19.58 nM), and down-
regulated NF-kB (7.6, 1.4 and 1.9 folds in HepG-2), respectively. They inhibited NADPH oxidase (IC50; 16.4,
21.94, and 10.71 nM, respectively) that potentiates their antioxidant activities. Docking studies predicted
their important structural features. Finally, they recorded drug-like in silico physicochemical properties,
ADMET, and ligand efficiency metrics.

© 2021 Elsevier Masson SAS. All rights reserved.
1. Introduction

Dysregulation of cellular energetics is a distinct hallmark in
carcinogenesis [1]. As a consequence, cancer cells produce more
reactive oxygen species (ROS) [2,3], which cause oxidative stress
and promote various aspects of tumor progression ranging from
evasion of apoptosis to tissue invasion, angiogenesis, and metas-
tasis [4]. Hence, numerous anticancer agents were developed to
prevent oxidative stress promoting carcinogenesis via scavenging
ROS, inhibiting their production, and defending against their
destructive attacks [5e9]. ROS levels were found tightly related to
com, mohamed.salah@alexu.
(M. Teleb).

served.
the nuclear factor erythroid 2 p45-related factor 2 (Nrf2) [3,4]; a
cap’n’collar basic-leucine zipper transcription factor that amelio-
rates oxidative stress and restores redox homeostasis [10]. When
activated in response to oxidative stress, Nrf2 transits to the nu-
cleus and binds to Antioxidant/Electrophile Response Element
(ARE/EpRE) in the promoter regions of the target genes. Its portfolio
includes hundreds of genes expressing the key antioxidant en-
zymes and ROS scavengers; thioredoxin and glutathione systems
[11,12]. It can also regulate cytosolic and mitochondrial ROS pro-
duction by inhibiting NADPH oxidase (NOX) system [13,14]. Thus,
Nrf2 is considered the master redox switch that turns on the
cellular antioxidant signaling [15]. Accordingly, it has been vali-
dated as a druggable target for surmounting oxidative stress [16]
and cancer chemoprevention [17]. This boosted research to intro-
duce novel Nrf2 activators [18,19] and proceed to clinical trials [20].
Different chemical entities found their way as efficient Nrf2 acti-
vators [18,19,21] such as; fumaric acid esters [22], arylpyrazoles
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[23,24], 1,4-diaminonaphthalene-based compounds [25], cyanoe-
none triterpenoids [26], and notably 1,2,4-oxadiazoles (Fig. 1)
[18,27e31] that can also scavenge free radicals [32].

Nrf2 activation strategies rely on modulating its physiological
regulation. Direct activators have been designed to disrupt the
interaction between Nrf2 and its endogenous repressor Kelch-like
ECH-associated protein 1 (Keap1) [33e36] However, additional
Nrf2 regulationmechanisms do exist in parallel with or upstream of
Keap1. Thioredoxin reductase 1 (TrxR1); the main thioredoxin
system “engine” [37,38] operates in concert with Keap1 [34,35] and
acts as a gatekeeper to guard against Nrf2 activation. Hence, direct
TrxR1 inactivation, attenuation, or depletion promotes robust Nrf2
activation as supported by Txnrd1 knockout or knockdown exper-
iments [39e42]. Importantly, it was also observed that loss of TrxR1
activity can induce Nrf2 activation even in absence of general
oxidative stress. Being a potent regulator of Nrf2, various TrxR in-
hibitors (Fig.1) have been introduced as potential chemopreventive
agents for cancer therapy [43e47].

Besides, another important crosstalk exists between Nrf2 and
the transcription factor nuclear factor-kB (NF-kB) [48,49], where
NF-kB directly inhibits Nrf2 at its transcriptional level. Also, the
Fig. 1. Lead 1,2,4-oxadiazole-based Nrf2 activator [27], inhibitors of TrxR [45], IKK [54,64] an
derivatives.
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recruitment of histone deacetylase 3 by NF-kB causes local hypo-
acetylation that hinders Nrf2 signaling [50]. Further investigations
revealed that the physical association of the NF-kB p65 subunit
with Keap1 represses the Nrf2-ARE pathway [51] confirming that
active NF-kB can suppress Nrf2 via multiple mechanisms. The
classical and most known NF-kB pathway activation relies on
activation of the IKK complex consisting of IKKa, IKKb, and IKKg
[52]. In an alternative pathway, IKKa particularly plays a pivotal role
[53]. Therefore, IKK may be considered as a key element in the
interplay between Nrf2 and NF-kB, a regulator of Nrf2, and an
important anticancer target as well [54].

2. Design strategy

Taken together, we set out our research protocol to synthesize a
series of rationally designed 1,2,4-oxadiazole-based Nrf2 activators
(Fig. 1) endowed with the potential to indirectly activate Nrf2 via
suppressing Nrf2 negative regulators; TrxR, NF-kB, and IKK for
enhancing Nrf2 activation and subsequent anticancer potential. In
other words, the current study investigates expanding the antiox-
idant/anticancer potential of 1,2,4-oxadiazole scaffold beyond its
d NF-kB [62,64], and ROS scavenger [64], and the designed multitarget 1,2,4-oxadiazole
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intrinsic direct Nrf2 activation. Accordingly, we started from the
lead direct Nrf2 activator I [27] (Fig. 1) to tailor the target 1,2,4-
oxadiazole-based “all in one” antioxidants for halting carcinogen-
esis based on the following considerations:

� Firstly; the chemical entity of 1,2,4-oxadiazole, being intrinsi-
callyp-electron deficient andmay be susceptible to nucleophilic
attack [55], sparked our interest to probe its activity against TrxR
via possible interactionwith the enzyme nucleophilic active site
selenocysteine residue as commonTrxR inhibitors do (e.g. FHCA,
Fig. 1) [43e47,56].

� Secondly; the 1,2,4-oxadiazole core was rationalized as a non-
classical isostere of the pharmacophoric amide moiety [57,58]
in lead IKK inhibitors (e.g. IMD-0354, Fig. 1) that can also inhibit
NF-kB [54,59e61].

� The 1,2,4-oxadiazole scaffold was also investigated for possible
NF-kB targeting considering the structural resemblancewith the
reported 1,3,4-oxadiazole-based NF-kB inhibitors (e.g. CMO,
Fig. 1), where the oxadiazole core contributes to the potency of
NF-kB inhibition [58,62,63]. Furthermore, it was reported that
1,2,4-oxadiazole resveratrol analogs showed significant inhibi-
tory activities against NF-kB and ROS production. The phenolic
groups at 3 and 5 positions of the oxadiazole core (Compound II,
Fig. 1) conferred prominent NF-kB activation to the oxadiazole
core via inhibition of Ikk phosphorylation [64]. Another recent
study showed that substituting the 1,2,4-oxadiazole scaffold
with heterocyclic rings was also promising, where the 5-(furan-
2-yl)-3-(1H-indol-5-yl)-1,2,4-oxadiazole exhibited potent NF-
kB inhibition [65].

� Finally, the substitution pattern of the designed 1,2,4-
oxadiazoles was directed to agree with the reported SAR
studies on 1,2,4-oxadiazole-based Nrf2 activators [18,19], and to
possibly mimic lead TxrR, IKK, and NF-kB inhibitors (Fig. 1). For
instance, phenolic and fluorinated 1,2,4-oxadiazole derivatives
were designed to possibly enhance the potency against TrxR
based on the observation that hydroxylated and fluorinated
TrxR inhibitors are more active than unsubstituted ones
[45e47]. Interestingly, phenolic-substituted 1,2,4-oxadiazoles
also possess intrinsic radical scavenging activities [32,64] that
enhance their antioxidant potency.

All the target 1,2,4-oxadiazole derivatives (Fig. 1) were synthe-
sized (Scheme 1) and preliminarily screened for their antioxidant
and anticancer activities prior tomechanistic studies. In this regard,
the compounds were evaluated for free radical scavenging activity
and iron chelating efficiency that may be responsible for their
antioxidant activities by reducing iron accumulation, thereby
decreasing the hydroxyl radicals (ROS) generated by Fenton’s re-
action [66,67]. Besides, iron chelators are reported to inhibit NF-kB
activation [68], hence affecting Nrf2 signaling. The compounds
were then tested for their cytotoxic effect on normal fibroblasts
(Wi-38) to assess their safety profiles, followed by evaluating their
anticancer activities against three common human cancers, as
indicated by the 2018 global cancer statistics [69,70], namely; liver
(HepG-2), breast (MDA-MB231) and colon (Caco-2) via MTT assay
[71e73]. Flow cytometric analysis was also performed to study
their apoptotic induction potentials.

The most promising derivatives were evaluated for their po-
tential to suppress intracellular ROS. Then, they were selected for
further in-depth evaluation, where mechanistic studies were con-
ducted to investigate their potential to inhibit Nrf2 negative regu-
lators; TrxR, IKK, and NF-kB, and activate Nrf2. The compounds
were also tested for their inhibitory activities against NADPH oxi-
dase that reduces ROS. Docking simulations were conducted to
predict their most probable binding modes and essential structural
3

features contributing to interactions with the receptor sites. Also,
their physicochemical parameters, pharmacokinetic profiles, and
Ligand efficiency metrics namely; ligand efficiency (LE), lipophilic
ligand efficiency (LLE), and ligand efficiency-dependent lip-
ophilicity index (LELP) were also computed [74e80] for assessing
and comparing the drug-likeness of the evaluated compounds.

3. Results and discussion

3.1. Chemistry

In this work, our strategy to synthesize a new series of 1,2,4-
oxadiazole derivatives utilized an efficient economic method us-
ing DMSO/NaOH at ambient temperature under mild conditions
with a simple workup protocol that can offer a broad range of alkyl
or aryl derivatives [81]. The Amidoximes 2a-d were prepared as
previously described by refluxing the corresponding nitriles 1a-
d namely; benzonitrile, benzylnitrile, p-trifluoromethyl benzoni-
trile, and acetonitrile, respectively with hydroxylamine (50%) in
ethanol [82e84] (Scheme 1). The crude amidoximes were purified
by crystallization or by using silica gel. 3,5-Disubstituted 1,2,4-
oxadiazoles 8e21 were then prepared easily by stirring the corre-
sponding amidoximes 2a-d with various carboxylic esters of ben-
zoic, picolinic, isonicotinic, salicylic, or acetic acid 3e7 using the
DMSO/NaOH protocol [81].

The structures of 3,5-disubstituted 1,2,4-oxadiazoles 8e21were
established based on their spectral data. 1H NMR spectra of 8e21
showed aromatic protons signals at the range of dH: 8.89e7.01 ppm.
The benzylic protons of 12e15 appeared at dH: 4.21e4.06 ppm. 1H
NMR of 20 and 21 showed the methyl protons as singlet signals at
dH: 2.6 and 2.4 ppm, respectively. The phenolic protons of 11, 15,
and 19 appeared at dH: 10.57 and 10.7 ppm. 13C NMR spectra of all
the synthesized 1,2,4-oxadiazole derivatives showed the 1,2,4-
oxadiazole ring carbons at values ranging from dC: 177.0 to
167.2 ppm. The phenolic ring carbons (CeOH) of 11,15, and 19were
detected at dC: 157.2, 157.5, and 157.70 ppm, respectively. For all
products, methyl carbons of 20 and 21 appeared at dC: 11.2 and
12.3 ppm, respectively. The 13C NMR spectra of 16e20 showed
characteristic signals corresponding to CF3 at dC: 124.0e126.0 ppm.
All the synthesized derivatives were also confirmed by mass
spectroscopy. It is worth mentioning that the synthesis of 3-
methyl-1,2,4-oxadiazole derivatives utilizing amidoxime 2d with
various esters did not proceed successfully under the NaOH/DMSO
protocol.

3.2. Biological evaluation

3.2.1. Free radical scavenging and iron chelating activities
The antioxidant activities of all the synthesized 1,2,4-

oxadiazoles were studied in terms of measuring their free radical
scavenging and iron chelation potentials utilizing 1,1-Diphenyl-2-
picrylhydrazyl (DPPH) assay [85] and 1,10-phenanthroline
method [86], respectively. Results were reported as the inhibitory
concentration at 50% DPPH radical scavenging (IC50) and effective
concentration of 50% iron chelation (EC50) (Table 1). The free radical
scavenging results showed that 11, 15, and 19 exhibited the highest
antioxidant activities with submicromolar IC50 (0.912, 0.585, and
0.423 mM, respectively), followed by 10,12e14, 18, 20, and 21 (IC50 ˂
2 mM). Compounds 8, 9, and 17 were moderately active (IC50;
2.176e3.442 mM), whereas 16 recorded the lowest activity. Inter-
estingly, 15 and 19 were comparable to L-ascorbic acid. Regarding
iron chelation, 11, 15, and 19 were the most potent derivatives
(EC50; 0.103, 0.045 and 0.063 mM, respectively). 10, 12e14, 18, 20
(EC50 ˂ 0.2 mM) showed moderate activities, whereas the remaining
compounds were less active (EC50; 0.213e0.406 mM) (Table 1).



Scheme 1. Synthesis of 3,5-disubstituted 1,2,4-oxadiazoles 8e21.
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Again,15 and 19were as potent as the reference iron chelator EDTA.
Since free radicals are the main initiators and promoters of carci-
nogenesis and metastasis [4], then the powerful antioxidant po-
tential of 11, 15, and 19 represented by their efficient free radical
scavenging and iron chelating activities may confer potential in-
hibition of tumor initiation and progression.

3.2.2. Cytotoxicity screening and flow cytometric analysis
All the synthesized oxadiazoles were screened for cytotoxic ef-

fects on normal human lung fibroblasts (Wi-38) to evaluate their
4

safety profiles in terms of concentrations at 100% and 50% cell
viability (EC100 and IC50, respectively). Then, the compounds were
evaluated for potential anticancer activities against three human
cancers (HepG-2HepG-2, MDA-MB231, and Caco-2) compared to
the reference chemotherapy; doxorubicin utilizing MTT assay
(Table 2) [71e73] in an attempt to find a correlation between their
anticancer and antioxidant activities (Table 1). Such correlation is
usually highlighted in similar studies [87e90].

Interestingly, all the screened compounds were safer than
doxorubicin (EC100; 11.5 nM, IC50; 34.1 nM) with 19 (EC100; 72 nM,



Table 1
DPPH scavenging and iron chelating activities of the 3,5-disubstituted 1,2,4-
oxadiazoles 8e21.

Compound
No.

IC50 (mM) EC50 (mM)

8 3.041 ± 0.019 0.328 ± 0.023
9 2.176 ± 0.018 0.219 ± 0.019
10 1.973 ± 0.041 0.185 ± 0.005
11 0.912 ± 0.005 0.103 ± 0.010
12 1.343 ± 0.050 0.124 ± 0.004
13 1.164 ± 0.014 0.118 ± 0.010
14 1.288 ± 0.033 0.110 ± 0.005
15 0.585 ± 0.009 0.045 ± 0.001
16 5.625 ± 2.110 0.406 ± 0.017
17 3.442 ± 0.947 0.297 ± 0.004
18 1.693 ± 0.129 0.154 ± 0.003
19 0.423 ± 0.017 0.063 ± 0.000
20 1.896 ± 0.134 0.177 ± 0.002
21 1.966 ± 0.089 0.213 ± 0.008
L-ascorbic acid 0.461 ± 0.024 ND
Na2 -EDTA ND 0.055 ± 0.004

*All values are expressed as mean ± standard error of the mean (SEM). ND; not
determined.
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IC50; 352.3 nM) at the top of the list followed by 11 and 15. Obvi-
ously, the same compounds (11, 15, and 19) exhibited excellent
anticancer activities against the investigated cancer cell lines. 19
recorded the highest anticancer potency among the group and was
superior to doxorubicin against the three cancers followed by 11
and 15, respectively. 11 and 15 showed higher potency than doxo-
rubicin against MDA-MB231 and Caco-2 but were slightly less
active against HepG-2 cells. Other oxadiazoles showed different
activity profiles against the screened cell lines. Concerning HepG-
2 cells, compounds other than 11, 15, and 19 were less potent than
doxorubicin and showed moderate to low anticancer activities. On
the other hand, the activity pattern against MDA-MB231 seems to
be “all or none”, where all compounds were more active than
doxorubicin except 9, 10, and 16 which were inactive. Surprisingly,
10wasmore potent than doxorubicin against Caco-2 cells, followed
by 13, 12, and 9. The remainders were less active.

Besides, assessing the selectivity of compounds towards
cancerous cells rather than normal ones is a key to real anticancer
evaluation. Herein, the selectivity index (SI) values were calculated
(Table 1) as the ratio of IC50 values against normal and tumor cells.
SI � 3 generally acknowledges acceptable selectivity to the studied
compounds [91] All derivatives were more selective than
Table 2
Cytotoxicity of the 3,5-disubstituted 1,2,4-oxadiazoles 8e21.

Compound
No.

Wi-38 HepG-2

EC100 (nM)a IC50 (nM) IC50 (nM)

8 26.3 ± 3 116.9 ± 2 53.9 ± 2
9 28.2 ± 2 126.1 ± 1 50.7 ± 2

10 52.8 ± 2 186.8 ± 2 55.4 ± 6

11 65.1 ± 4 235.7 ± 7 23.5 ± 3
12 35.2 ± 2 166.4 ± 1 87.7 ± 7
13 35.1 ± 0.4 166.4 ± 1 42.2 ± 0.3
14 39.3 ± 0.5 174.2 ± 2 49.8 ± 5

15 45.4 ± 4 196.2 ± 1 27.3 ± 1
16 25.5 ± 2 110.8 ± 2 97.7 ± 19

17 19.0 ± 0.4 107.9 ± 2 38.8 ± 2

18 33.7 ± 2 148.1 ± 2 35.7 ± 3
19 72.0 ± 2 352.3 ± 2 14.9 ± 3
20 13.8 ± 1 62.9 ± 5 46.6 ± 3

21 33.7 ± 5 148.5 ± 2 80.4 ± 6
DOX. 11.5 ± 1 34.1 ± 1 22 ± 4

a All values are expressed as mean ± SEM.
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doxorubicin to HepG-2 (except 16 and 20), MDA-MB231 (except 9,
10, and 16), and Caco-2 cells (except 14,16e18, and 20). The highest
selectivity values were detected for 19, 11, and 15 against HepG-
2 cells, for 18, 8, and 17 against MDA-MB231, and 19, 10, and 11
against Caco-2 cells, respectively. The most potent anticancer de-
rivatives 11, 15, and 19 exceeded the acceptable SI limit against the
three cancer cell lines, except for 15 against MDA-MB231. Accord-
ingly, the three compounds were selected for further mechanistic
studies.

HepG-2, MDA-MB231, and Caco-2 cells were examined
morphologically after treatment with 11, 15, and 19 (at their
respective EC100; Table 2) in comparison with doxorubicin-treated
cells and the untreated ones (Fig. 2). As seen, the cancerous cells
treated with 11, 15, and 19 lost their characteristic shape and suf-
fered severe shrinkage due to the potent apoptotic potential of the
evaluated compounds relative to the control [80,92]. It is note-
worthy to refer to the healthy morphology of Wi-38 cells that were
treated with EC100 concentrations of these tested compounds to
assess the safety of the selected compounds.

The respective IC50 of 11, 15, and 19 (Table 2) were then tested
for their apoptotic induction potentials by flow cytometric annexin
V/propidium iodide analysis in HepG-2, MDA-MB231, and Caco-
2 cells. As illustrated (Fig. 3), 11 and 19 induced apoptosis-
dependent anticancer activity by more than 55% in HepG-2 and
Caco-2 cells, whereas 15 induced apoptosis by 64.2 and 47.4% in
HepG-2 and Caco-2, respectively. The lowest percentages of the
apoptotic cell population (28e37.9%) were recorded in the treated
MDA-MB231 cells. Interestingly, 11,15, and 19 revealed significantly
higher apoptosis percentages in all treated human cancer cell lines
(HepG-2, Caco-2, and MDA-MB231) than doxorubicin (45.3, 19.9,
and 31.7%, respectively).

3.2.3. Intracellular ROS scavenging activity
The correlation between the anticancer activities of the inves-

tigated oxadiazoles (11, 15, and 19) and their ROS scavenging po-
tencies was studied via quantifying the intracellular ROS levels in
HepG-2 cells treated with their respective IC50 doses (Table 2)
relative to controls (Fig. 4). The assay relies on the ability of the
tested compounds to prevent the intracellular ROS-mediated
oxidation of the non-fluorescent dichlorodihydrofluorescin diac-
etate (DCFH2-DA) to the highly fluorescent DCF. Consequently,
efficient intracellular ROS suppression indicates that the compound
under investigation was able to enter the cell and act as a strong
antioxidant. As declared (Fig. 4), the three promising anticancer
MDA-MB231 Caco-2

SI IC50 (nM) SI IC50 (nM) SI

2.1 13.5 ± 15 8.6 51.6 ± 0.4 2.3
2.4 Nil e 39.7 ± 0.4 3.2

3.3 Nil e 12.1 ± 1 15.4

10.0 64.3 ± 2 3.6 25.1 ± 5 9.4
1.9 23.5 ± 7 3.7 37.1 ± 0.7 4.5
3.9 11.8 ± 2 3.6 34.3 ± 0.2 4.9
3.5 17.0 ± 9 2.9 Nil e

7.2 78.6 ± 7 2.5 27.2 ± 0.7 7.2
1.1 Nil e 317.6 ± 7 0.3

2.8 13.9 ± 9 7.8 Nil e

4.1 11.2 ± 6 13.2 242.6 ± 21 0.6
23.6 61.8 ± 0.3 5.7 13.9 ± 0.6 25.3
1.3 18.6 ± 1 3.4 Nil e

1.8 49.6 ± 3 3.0 77.5 ± 7 1.9
1.5 106 ± 9 0.3 48.1 ± 3 0.7



Fig. 2. Morphological alteration of the most active derivatives (11, 15, and 19)-treated HepG-2, MDA-MB231, Caco-2, and Wi-38 cells (at their relevant EC100 doses; Table 2) in
comparison with doxorubicin-treated cells and the untreated control cells.
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compounds were able to decrease ROS levels (i.e., the oxidized DCF)
by about 3 folds compared to the untreated control HepG-2 cells.
Their potencies were almost comparable
(11.39 ± 1.15e11.99 ± 0.015%).

3.2.4. Nrf2 activation
A high throughput assay with a quick ELISA format was

employed to evaluate the possible Nrf2 activation potential of the
selected oxadiazoles (11, 15, and 19) at their respective safe (EC100)
doses (Table 2). As seen (Fig. 5), 11, 15, and 19 induced Nrf2 activity
by 2.36,1.78, and 2.04 folds, respectively in the treated HepG-2 cells
relative to the untreated cells. It is worth mentioning that the Nrf2
induction activities of the most active derivatives 11 and 19 at their
EC100 doses (65.1 and 72 nM, respectively) were comparable to that
of the lead 1,2,4-oxadiazole-based Nrf2 activator I (Fig.1) exhibiting
3.46 folds activation at 100 nM [27].

3.2.5. TrxR1 inhibition
In light of the previously mentioned results, in vitro TrxR1

inhibitory activities of the most promising oxadiazoles 11, 15, and
19 were also explored in comparison to staurosporine [93,94] uti-
lizing the specific colorimetric assay kit. Results (Table 3) showed
that they were more potent than the reference staurosporine as
well as the lead cinnamaldehyde derivative FHCA [45] (Fig. 1). 19
was nearly 2-fold more potent than 15, whereas 11 was relatively
moderate. Ligand efficiency metrics were also computed as re-
ported [74e80] for assessing and comparing the drug-likeness of
the evaluated compounds. The three derivatives succeeded to pass
the acceptable limits for LE (0.3) [74e76], score lead-like LLE (�3)
[76e78], and fall within the optimal LELP range�10<LELP<10 [76].
Obviously, 11 recorded the highest LE and LLE, whereas 19 scored
the highest LELP value.

3.2.6. IKKa inhibition
In vitro IKKa inhibition profiles of the selected oxadiazoles

(Table 4) were recorded employing a luminescent kinase assay. The
evaluated derivatives were more active than the reference; staur-
osporine [95].19was slightlymore active than 11 and 1.5-fold more
potent than 15. Their ligand efficiency metrics were acceptable
6

[74e80]. Again, 11 recorded the highest LE and LLE, whereas 19
scored the highest LELP.

3.2.7. Inhibition of NF-kB
Quantitative real-time PCR analysis revealed the NF-kB expres-

sion in HepG-2 cells incubated for 72 h with IC50 doses of the
studied derivatives 11, 15, and 19 was reduced to 13.1, 68.85, and
51.95%, respectively. In other words, 11, 15, and 19 downregulated
the expression level of NF-kB in the treated HepG-2 cells (at their
respective IC50 doses) by 7.6, 1.4, and 1.9 folds, respectively, relative
to the untreated cells (Fig. 6). In contrast, doxorubicin [96]
increased the expression level of NF-kB by 1.72 folds in the treated
HepG-2 cells relative to the untreated control cells. It is noted that
25 mM of the lead 1,3,4-oxadiazole-based NF-kB inhibitor CMO
(Fig. 1) downregulated NF-kB in HepG-2 cells to approximately 70%
after 12 h incubation [62]. Another study reported that the lead
1,2,4-oxadiazole derivative II (Fig.1) suppressed NF-kB signaling via
inhibiting IKKa phosphorylation at 25 mM [64].

3.2.8. NADPH oxidase inhibition
NADPH oxidase (NOX) inhibition profiles of the investigated

compounds were detected by quantitative sandwich enzyme
immunoassay technique utilizing the specific ELISA kit. Results
(Table 5) showed that 19 was the most potent among the group
[97], followed by 11.15was the least active derivative.19was 2-fold
more potent than 15. Their ligand efficiency metrics were accept-
able [74e80]. Again, 11 recorded the highest LE and LLE values,
whereas 19 scored the highest LELP.

3.3. Structure-activity relationship

The preliminary antioxidant screening pattern revealed that the
designed oxadiazole scaffolds (Fig. 1) conserved their intrinsic
antioxidant activities. The antioxidant potency in terms of free
radical scavenging and iron chelating activities was found to be a
function of substitution pattern (Fig. 7). As expected, the phenolic
derivatives 11, 15, and 19 exhibited the highest potential to sup-
press free radicals among the series. It is known that phenolic hy-
droxyl groups are good hydrogen donors that can react with ROS in



Fig. 3. (A) Flow charts of annexin-PI analysis of the HepG-2, MDA-MB231, and Caco-2 cells treated with the respective IC50 of 11, 15, and 19 (Table 2). (B) The relative apoptotic cell
population percentages. All values are expressed as mean ± SEM. Different letters are significantly different at P < 0.05.
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a termination reaction that breaks the cycle of new ROS generation.
After interaction with ROS, a relatively long-lived radical form of
the phenolic antioxidant compound that is much more stable than
the initial ROS is produced. This stability is attributed to the inter-
action with the aromatic p-electrons [98]. Within the studied
phenolic derivatives, the 3-trifluoromethylphenyl substituted
oxadiazole 19 was the most potent free radical scavenger followed
by the 3-benzyl derivative 15 and the 3-phenyl analog 11, respec-
tively. This may be due to the stabilizing effect of the tri-
fluoromethyl electron-withdrawing behavior on the corresponding
generated phenolic radical during participation in the antioxidant
process. Replacing the phenolic moieties in 11, 15, and 19 with
7

pyridin-2-yl in 9,13, and 17 or pyridin-4-yl groups in 10,14, and 18,
respectively decreased the ROS scavenging potency. It could be
postulated that the proximity of the pyridinyl nitrogen to the
oxadiazole core in the pyridin-2-yl derivatives compared to the
pyridin-4-yl derivatives can offer, in most cases, relatively higher
(or at least comparable) stability to the corresponding generated
radical as exemplified by the enhanced ROS quenching activity of
13 relative to 14. Deletion of the ring nitrogen i.e., substitution of
the pyridinyl group with phenyl group afforded relatively less
active derivatives 8, 12, and 16. This may be attributed to losing the
ROS quenching effect of the pyridinyl nitrogen. Replacing the aro-
matic ring at position 5 of the oxadiazole core in 18 and 19 with a



Fig. 4. (A) Flow charts of the level of the oxidized DCF (cellular ROS) in; (i) the untreated HepG-2 cells, (ii) 11 (23.5 nM)-treated HepG-2 cells, (iii) 15 (27.3 nM)-treated HepG-2 cells,
(iv) 19 (14.9 nM)-treated HepG-2 cells, and (v) DOX. (22 nM)-treated HepG-2 cells. (B) The relative oxidized DCF percentages.

Fig. 5. Nrf2 activation by the evaluated oxadiazoles 11 (65.1 nM), 15 (45.4 nM) and 19
(72 nM) in the treated HepG-2 cells relative to DOX. (11.5 nM)-treated HepG-2 cells
and untreated control. All values are expressed as mean ± SEM. Different letters are
significantly different at P < 0.05.

Table 3
In vitro TrxR1 inhibitory activities of the selected oxadiazoles 11, 15, and 19.

Compound No. IC50 (nM) pIC50a LEb LLEc LELPd

11 13.19 ± 0.55 7.879 0.599 5.759 3.539
15 17.89 ± 1.11 7.747 0.558 5.647 3.763
19 9.21 ± 1.45 8.035 0.500 5.025 6.020
Staurosporine 43.18 ± 1.23 e e e e

* All values are expressed as mean ± SEM.
a pIC50: negative logarithm of half-maximal inhibitory concentration (in molar

concentration).
b LE: ligand efficiency; representing the balance between potency and size

[74,75].
c LLE: lipophilic ligand efficiency; a link between potency and lipophilicity

[77,78].
d LELP: ligand efficiency-dependent lipophilicity index; a descriptor combining

molecular size, lipophilicity, and potency into one composite [76].
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methyl group in 20 decreased the free radical scavenging potency.
This highlights the stabilizing effect of the aromatic ring on the
corresponding formed radicals during the antioxidant process.
Unexpectedly, this observation wasn’t seen when comparing 20
with 16 and 17, where the latter derivatives were relatively devoid
8

of ROS scavenging potencies. Concerning the iron chelation activ-
ities, the phenolic derivatives 11, 15, and 19 were also the most
efficient iron chelators among the series, where the 3-benzyl
substituted oxadiazole 15 and the 3-trifluoromethylphenyl deriv-
ative 19 were comparable to EDTA. This could be correlated to the
intrinsic iron chelation ability of the phenolic compounds [99].
Another SAR was deduced when comparing the iron chelation
potency of remainder 1,2,4-oxadiazoles substituted with pyridinyl
groups namely, 9,10,13,14,17 and 18, to their phenyl analogs 8,12,



Fig. 6. Relative changes in the expression level of NF-kB in HepG-2 cells after treat-
ment with IC50 doses of 11 (23.5 nM), 15 (27.3 nM), 19 (14.9 nM), and DOX. (22 nM)
compared to untreated cells for 72 h. All values are expressed as mean ± SEM. Different
letters are significantly different at P < 0.05.

Table 5
In vitroNADPH oxidase inhibitory activities of the selected oxadiazoles 11,15, and 19.

Compound No. IC50 (nM) pIC50 LE LLE LELP

11 16.40 ± 0.46 7.785 0.592 5.665 3.581
15 21.94 ± 0.62 7.658 0.552 5.558 3.804
19 10.71 ± 0.30 7.970 0.496 4.960 6.068
Staurosporine 70.77 ± 0.20 e e e e

* All values are expressed as mean ± SEM.

Fig. 7. SAR of the synthesized 3,5-disu

Table 4
In vitro IKKa inhibitory activities of the selected oxadiazoles 11, 15, and 19.

Compound No. IC50 (nM) pIC50 LE LLE LELP

11 11.00 ± 0.31 7.958 0.605 5.838 3.504
15 15.94 ± 0.45 7.795 0.562 5.695 3.736
19 10.58 ± 0.30 7.975 0.496 4.965 6.068
Staurosporine 62.60 ± 0.17 e e e e

* All values are expressed as mean ± SEM.
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and 16. Obviously, the pyridinyl substituted derivatives were more
efficient than the corresponding phenyl substituted ones. This is in
accordance with previous studies reporting possible formation of
heavy metal complexes of oxadiazoles with various nitrogenous
heterocycles [100] Cytotoxicity screening revealed that the three
phenolic derivatives 11,15, and 19 exhibited good safety profiles on
normal cells and excellent anticancer activities even superior to the
reference chemotherapeutic agent; doxorubicin on all the screened
cell lines. These results were in accordance with the preliminary
in vitro antioxidant evaluation. It is worth mentioning that various
studies highlighted the correlation between antioxidant activities
of the phenolic compounds and their cytoprotective/anticancer
potencies [99,101,102]. The 3-trifluoromethylphenyl and the
unsubstituted phenyl groups conferred comparable anticancer
potencies to 19 and 11, respectively against MDA-MB231 cells, fol-
lowed by the slightly less active 3-benzyl derivative 15. Higher
selectivity was detected against HepG-2 and Caco-2 cells, where
the 3-trifluoromethylphenyl substituted oxadiazole 19 was the
most promising among the series followed by the 3-phenyl deriv-
ative 11 and the slightly less active 3-benzyl analog 15. Obviously,
other substitutions did not offer similar or higher safety profiles
together with broad anticancer activities. Further investigation of
the intracellular ROS scavenging potential of the selected three
phenolic oxadiazoles 11, 15, and 19 in HepG-2 cells showed that
they were nearly equipotent. Mechanistic studies showed that the
3-phenyl substitution in 11 had the highest potential to activate
Nrf2 in HepG-2 cells, followed by the trifluoromethylphenyl group
in 19 and the 3-benzyl group in 15. A similar pattern was observed
when assaying the activity of the studied derivatives on NF-kB
signaling. However, the 3-trifluoromethyl phenyl substitution in 19
endowed the highest TrxR1, IKKa, and NADPH oxidase inhibition,
closely followed by the unsubstituted phenyl in 11 and the 3-benzyl
moiety in 15. Taken together, it seems that the enhanced NF-kB
downregulation potential of 11 relative to the other derivatives
besides the detected minor differences between the enzymatic
inhibitory activities of the three derivatives, especially between 11
and 19, might have endowed relatively higher Nrf2 activation to 11,
however it is still comparable to 19.
bstituted 1,2,4-oxadiazoles 8e21.
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3.4. Molecular modeling studies

3.4.1. Docking
Docking simulations were performed by MOE 2015.10 [103] to

enrich the deduced structure-activity relationship with reasonable
explanations, predict the probable binding modes of the active
oxadiazole derivatives into the evaluated enzymes active sites, and
possibly justify the adopted design strategy.

3.4.1.1. Docking of the active oxadiazoles (11, 15, and 19) into TrxR.
Mammalian TrxR contains a unique carboxyl-terminal Gly-Cys-
SeCys-Gly motif that is essential for its catalytic activity [104].
Mechanistic studies showed that the enzyme is irreversibly
inhibited by dinitrohalobenzenes that can interact with both the
redox-active selenocysteine and its neighboring cysteine [105]. In
this study, the crystal structure of mammalian TrxR with the co-
factors FAD and NADP was retrieved from the protein data bank
(PDB ID: 1h6v [104]). The dimer formed of E and F chains was
considered due to the presence of more solved residues of EF
subunits compared to AB and CD [106]. Unwanted residues, ligands,
and solvents were eliminated then the dimer was prepared
employing the “QuickPrep” module with default settings. The
three-dimensional structure of the site containing the redox-active
SeCys498Cys sequence was located utilizing the ‘Site Finder’
feature of MOE 2015.10. Structures of the studied oxadiazoles 11,15,
and 19 were built in silico and subjected to default energy mini-
mization and geometry optimization. Docking was conducted with
induced fitting protocol to record the best docking scores and
molecular interactions. The best binding modes of the investigated
derivatives (Fig. 8) were nearly correlated with their in vitro TrxR
inhibition profiles (Table 3), where 19was slightly more active than
11 and 2-fold more potent than 15 (Table 3). Obviously, Cys498 of
the C-terminal tail interacted with the oxadiazole core nitrogen of
11 and 19 via hydrogen bonds of nearly similar length (3.25 and
3.58 Å, respectively). Interestingly, this observation agreedwith our
design rationale. The poses recorded good free binding energies
(�5.10 and �5.07 kcal/mol, respectively) at RMSD ˂ 2. On the other
hand, the less active 3-benzyl oxadiazole derivative 15 failed to
display these interactions but recorded similar free binding energy
(�5.09 kcal/mol). This encourages further research on the designed
1,2,4-oxadiazole scaffold for gaining more information on the
substitutes exhibiting important interactions with the Gly-Cys-
SeCys-Gly motif that probably will allow enhanced TrxR inhibi-
tory activity.

3.4.1.2. Docking of the active oxadiazoles (11, 15, and 19) into IKKa
active site. The non-canonical NF-kB-signaling depends on IKK1/a
[107]. The human IKK1 X-ray crystal structure (PDB ID: 5EBZ [108])
was detected as a hexamer in the presence of the Calbiochem IKK
inhibitor XII [109]. The IKK1 hexamer is a trimer of dimers. In the
current study, the crystal structure of Human IKK1 was retrieved
from the protein data bank (PDB ID: 5EBZ [108]). After eliminating
unwanted residues, ligands, and solvents, the IKK1 monomer was
prepared utilizing the default “QuickPrep” module. Structures of
the active oxadiazoles 11,15, and 19were built in silico, subjected to
default energy minimization, and flexibly docked into the co-
crystallized inhibitor’s binding site. As illustrated (Fig. 9), the
most active oxadiazoles 11 and 19 shared some key H-bond in-
teractions (Cys98 and Glu19) with the reference IKK inhibitor.
Interestingly, the phenolic hydroxyl groups of 11 and 19 offered
these H-bonding interactions at nearly similar distances (2.9 Å) to
those displayed by the co-crystallized IKK inhibitor (2.8 Å). The
oxadiazole core of 11 exhibited H-p interactions (4.36 Å) with the
receptor Asp102, whereas shorter H-p interactions (3.64 Å) were
shown between the trifluoromethylphenyl moiety of 19 and Leu21.
10
On the other hand, the least active derivative among the evaluated
group 15 missed the co-crystallized ligand interactions. However,
the best binding modes of 15 recorded more favorable free binding
energy (�6.28 kcal/mol) than those displayed by 11 and 19 (�5.56
and�5.69 kcal/mol, respectively). This may provide an explanation
to the detected relatively slight differences between their in vitro
IC50 values (Table 4). Based on these observations, it could be
postulated that the proximity of the oxadiazole core with respect to
the aromatic moieties allowed favorable interactions with the IKKa
active site.

3.4.1.3. Docking of the active oxadiazoles (11, 15, and 19) into NADPH
oxidase. NADPH oxidase is identified as a multimeric enzyme that
consists of gp91phox (renamed as Nox2), p22phox, three cytosolic
subunits (p40phox, p47phox, and p67phox), and the small G-pro-
teins (Rap1A and Rac1/2) [110,111]. NADPH oxidase mutations
studies suggested that p47phox requires at least three serines for
oxidase activation namely; Ser379, phosphorylated Ser303 or
Ser304, and phosphorylated Ser 359 or Ser370 [112]. Additionally,
various studies have been conducted to predict the possible in-
teractions between NADPH oxidase and its inhibitors. The potential
active site was not clear, except for some key amino acid residues.
Among these, Cys378 was accepted as a key residue directly related
to the inhibitory activities [113e116]. Accordingly, the potential
NADPH oxidase active site was previously identified as the pocket
containing Cys378 by the Site ID program of Sybyl7.0 applying the
flood-fill solvation technique [117]. Herein, the 3D structure of
NADPH oxidase consisting of the C-terminal SH3 domain of
p67phox complexedwith the C-terminal tail region of p47phoxwas
derived from the protein data bank (PDB ID: 1K4U [118]) and pre-
pared employing the “QuickPrep” module of MOE 2015.10. with
default settings. The ‘Site Finder’ feature was then used to seek all
the possible pockets considering the key amino acids (Cys378 and
Ser379). Oxadiazoles 11, 15, and 19 were built in silico, subjected to
the default geometry optimization protocols, and docked into the
selected potential active site. Docking simulation results (Fig. 10)
showed that the phenolic hydroxyl groups of the most active de-
rivatives 11 and 19 offered H-bonding interactions of similar
lengths (3 Å) with Ser379. On the other hand, the less active oxa-
diazole 15 missed considerable interactions. Besides, 11 and 19
recorded more favorable binding energies (�4.62 and �4.95 kcal/
mol, respectively) than 15 (�4.50 kcal/mol). These observations
were nearly consistent with NADPH oxidase inhibition profiles of
the investigated oxadiazoles, where 19 and 11 were more potent
than 15 (Table 5). Based on these results, it may be predicted that
the phenolic hydroxyl group participate in important interactions
with NADPH oxidase that will probably add to the intrinsic anti-
oxidant activity of the 1,2,4-oxadiazole scaffold. This observation
paves the road to further computational studies for better under-
standing of the SAR governing 1,2,4-oxadiazole-based NADPH ox-
idase inhibitors.

3.4.2. In silico prediction of physicochemical properties, ADMET and
drug-likeness parameters

Recently, the medicinal chemistry research programs involve in
silico prediction studies of physicochemical properties, ADMET, and
drug-likeness parameters as useful lead identification tools. Herein,
the physicochemical properties formulating various drug-likeness
parameters were computed for all the studied oxadiazoles utiliz-
ing SwissADME [119] software (Table 6). Interestingly, not only the
most active derivatives (11, 15, and 19), but also all the synthesized
oxadiazoles showed drug-like bioavailability prediction according
to Lipinski’s [120], Veber’s [121], and Muegge’s [122] parameters,
except for 21 regarding Muegge’s parameters.Molsoft software [66]
predicted excellent aqueous solubility for almost all the



Fig. 8. (A) 3D binding mode of 11 (green sticks), (B) 2D binding mode of 11, (C) 3D binding mode of 19 (cyan sticks), and (D) 2D binding mode of 19, in the redox-active site of TrxR
(PDB ID: 1h6v).
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investigated compounds. Moreover, Pre-ADMET software [91] was
employed for ADME prediction. All compounds were predicted to
have high intestinal absorption (>95%), medium to high CNS ab-
sorption, medium Caco2 model permeability values, low to me-
diumMDCKmodel ones, andweak plasma proteins binding (except
8, 12, and 14) indicating that much of the unbound compound will
be available for transport across various membranes. They were
predicted to be devoid of cytochromes P450 2D6 (CYP2D6) inhi-
bition activities but not CYP3A4. PROTOX [123], the toxicity pre-
dictor program, predicted the average lethal dose (LD50) of the
studied oxadiazoles in rodents and classified it according to the
Globally Harmonized System of Classification and Labeling of
Chemicals (GHS) as class IV concerning acute oral toxicity. 11, 15,
and 19 were predicted to be the safest among the group and could
be considered druggable.

4. Conclusion

This study investigates the potential of rationally designed 1,2,4-
oxadiazole derivatives to target Nrf2 negative modulators; TrxR,
IKK, and NF-kB, thus indirectly activating Nrf2 for treating cancer.
Among the evaluated series, the phenolic derivatives 11, 15, and 19
exhibited the highest ROS scavenging (zL-ascorbic acid) and iron
chelating activities (zEDTA). They suppressed ROS in HepG-2 cells
by 3 folds, in vitro inhibited TrxR1, IKKa, and NADPH oxidase at
nanomolar IC50 doses, and downregulated NF-kB in HepG-2 cells by
11
7.6, 1.4, and 1.9 folds, respectively. Hence, they activated Nrf2 in
HepG-2 cells by 2.36, 1.78, and 2.04 folds, respectively. This anti-
oxidant potential possibly contributed to their promising anti-
cancer potencies, where they were superior to reference
chemotherapy against HepG-2, MDA-MB231, and Caco-2 cells.
Docking simulations predicted their binding modes with TrxR1,
IKKa, and NADPH oxidase and explained SAR, particularly the
possible contribution of the phenolic groups to their binding af-
finities. This highlighted the importance of the phenolic 1,2,4-
oxadiazole derivatives that deserve further investigation. Finally,
they were in silico predicted to possess drug-like physicochemical
parameters, ADMET, and ligand efficiency metrics.

5. Experimental

5.1. Chemistry

5.1.1. Materials and equipment
All reactions were carried out in dried glassware. NMR spectra

were measured using a JEOLJNM ECA 500 or 400. The deuterated
solvent was used as an internal deuterium lock. 13C NMR spectra
were recorded using the UDEFT pulse sequence and broad band
proton decoupling at 100 or 125 MHz. All chemical shifts (d) are
stated in units of parts per million (ppm) and presented using TMS
as the standard reference point. Mass spectra were recorded on
direct probe controller inlet part to single quadropole mass



Fig. 9. (A) 3D binding mode of 11 (green sticks), (B) 2D binding mode of 11, (C) 3D binding mode of 15 (magenta sticks), (D) 2D binding mode of 15, (E) 3D binding mode of 19 (cyan
sticks), (F) 2D binding mode of 19, (G) 3D binding mode of IKK inhibitor XII (yellow sticks), and (H) 2D binding mode of IKK inhibitor XII in the co-crystallized inhibitor binding site
of IKK1/a (PDB ID: 5EBZ).

M.S. Ayoup, M.M. Abu-Serie, H. Abdel-Hamid et al. European Journal of Medicinal Chemistry 220 (2021) 113475

12



Fig. 10. (A) 3D binding mode of 11 (green sticks), (B) 2D binding mode of 11, (C) 3D binding mode of 19 (cyan sticks), and (D) 2D binding mode of 19, in NADPH oxidase (PDB ID:
1K4U) active site.
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analyzer in Thermo Scientific EIMS, Model: ISQ LT, using thermo x-
Calibur software. Values are reported as the ratio of mass to charge
(m/z) in Daltons. Melting points were recorded using Thermo Sci-
entific, Model NO: 1002D, 220-240v; 200 W; 50/60 Hz and are
uncorrected. IR (KBr) nmax (cm�1) data were recorded using Perki-
nElmer; FT-IR Spectrum BX and Bruker tensor 37 FT-IR. Reaction
time was monitored by TLC on Merck silica gel aluminum cards
(0.2 mm thickness) with a fluorescent indicator at 254 nm. Visu-
alization of the TLC during monitoring of the reaction was done by
UV VILBER LOURMAT 4w-365 nm or 254 nm tube.
5.1.2. General procedure for the synthesis of 3,5-disubstituted 1,2,4-
oxadiazoles (8�21)

To a solution of amidoxime 2a-d (1.0 mmol) and carboxylic ester
3e7 (1.5 mmol) in DMSO (2 mL), 80 mg (2.0 mmol) of powdered
NaOH was rapidly added. The reaction mixture was stirred at room
temperature for the required time. After completion of the reaction,
as indicated by TLC, the reaction mixture was diluted with cold
water (30e50 mL). The resulting precipitate was filtered off,
washed with water (30 mL), and recrystallized from ethanol [81].
For the phenolic derivatives 11, 15, and 19, the reaction was carried
out as mentioned. After completion, the reaction mixture was
diluted with cold water (30e50 mL), neutralized to pH ¼ 2 using
HCl (6.0 M). The resulting precipitate was filtered off, washed with
water (30 mL), and recrystallized from ethanol.
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5.1.2.1. 3,5-Diphenyl-1,2,4-oxadiazole (8). Yield 80% (178 mg), as a
white solid: m.p ¼ 107e108 �C (lit [129]. m.p ¼ 107e109 �C); IR
(KBr) nmax (cm�1) 3487, 3435, 2094, 1824, 1774, 1634, 1563, 1446,
1365, 1271, 1160, 727; 1H NMR (500 MHz, CDCl3) dH: 8.14e8.08 (m,
4H, AreH), 7.54e7.48 (m, 6H, AreH); 13C NMR (125 MHz, CDCl3) dC:
175.7, 168.8 (oxadiazole-C),132.6, 131.1, 129.0, 128.8, 128.1, 127.4,
126.9, 124.2; EIMS m/z [M]þ calcd for [C14H10N2O]þ: 222.07, found
222.05; Anal. Calcd for C14H10N2O: C, 75.66; H, 4.54; N, 12.60.
Found: C, 75.31; H, 4.72; N, 12.29.
5.1.2.2. 3-Phenyl-5-(pyridin-2-yl)-1,2,4-oxadiazole (9). Yield 77%
(172 mg), as a white solid: m.p ¼ 115e116 �C (lit [130].
m.p ¼116 �C); IR (KBr) nmax (cm�1) 3473, 3415, 3054, 2853, 2032,
1822, 1623, 1588, 1472, 1361, 1132, 733;1H NMR (400 MHz, CDCl3)
dH: 8.80 (d, J ¼ 4.5 Hz, 1H, Py -H), 8.24 (d, J ¼ 10 Hz, 1H, Py -H), 8.16
(d, J ¼ 8.5 Hz, 2H, AreH), 7.87 (t, 1H, J ¼ 10.5 Hz, Py -H), 7.48e7.43
(m, 4H, AreH, Py -H); 13C NMR (100 MHz, CDCl3) dC: 174.5, 169.2
(oxadiazole-C), 150.7, 143.6, 137.3 (Py -C), 131.3, 128.8, 127.6, 126.6,
126.5, 124.1 (AreC, Py -C); EIMS m/z [M]þ calcd for [C13H9N3O]þ:
223.07, found 223.18; Anal. Calcd for C13H9N3O: C, 69.95; H, 4.06; N,
18.82. Found: C, 70.24; H, 4.31; N, 19.05.
5.1.2.3. 3-Phenyl-5-(pyridin-4-yl)-1,2,4-oxadiazole (10). Yield 74%
(166 mg), as a white solid: m.p ¼ 160e162 �C; IR (KBr) nmax (cm�1)
3421, 3033, 2854, 1938, 1577, 1544, 1448, 1363, 1133, 835, 733; 1H



Table 6
In silico predicted physicochemical properties, ADMET and drug-likeness parameters of 3,5-disubstituted 1,2,4-oxadiazoles 8e21.

Compound No. Physicochemical parameters ADMET Drug-likeness

Log Pa M.Wtb HBAc HBDd NROTBe TPSAf Sg HIAh PPBi BBBj Caco2k MDCKl CYP3A4 inhibitor CYP2D6 inhibitor LD50
m Lipiniskin Vebero Mueggep

8 3.11 222.24 3 0 2 38.92 12.53 98.21 90.16 3.86 43.21 24.93 Yes No 1000 Yes Yes Yes
9 1.99 223.23 4 0 2 51.81 168.95 98.21 89.55 1.97 39.62 340.57 Yes No 1000 Yes Yes Yes
10 1.99 223.23 4 0 2 51.81 206.22 98.21 79.16 0.016 33.42 61.48 Yes No 1000 Yes Yes Yes
11 2.12 238.24 4 1 2 59.15 26.20 95.66 88.07 1.38 19.75 38.34 Yes No 2000 Yes Yes Yes
12 3.09 236.27 3 0 3 38.92 47.47 98.14 91.84 3.89 47.67 23.51 Yes No 1270 Yes Yes Yes
13 1.99 237.26 4 0 3 51.81 407.28 98.17 82.91 0.07 40.23 50.15 Yes No 1270 Yes Yes Yes
14 1.99 237.26 4 0 3 51.81 814.37 98.17 91.11 1.70 44.12 347.24 Yes No 1270 Yes Yes Yes
15 2.10 252.27 4 1 3 59.15 87.07 95.68 88.10 1.29 21.39 24.12 Yes No 2000 Yes Yes Yes
16 4.00 290.24 6 0 3 38.92 1.23 98.13 88.43 0.06 26.41 0.18 Yes No 1000 Yes Yes Yes
17 2.90 291.23 7 0 3 51.81 12.61 98.16 87.33 0.02 23.61 0.40 Yes No 1000 Yes Yes Yes
18 2.90 291.23 7 0 3 51.81 13.80 98.16 84.35 0.04 23.41 2.57 Yes No 1000 Yes Yes Yes
19 3.01 306.24 7 1 3 59.15 7.58 95.68 88.17 0.12 21.45 0.07 Yes No 2000 Yes Yes Yes
20 2.26 228.17 6 0 2 38.92 78.55 98.50 61.51 2.61 23.68 46.32 Yes No 1000 Yes Yes Yes
21 1.66 160.17 3 0 1 38.92 2405.26 98.32 68.96 1.73 30.96 59.57 Yes No 1000 Yes Yes No

a Log P: logarithm of compound partition coefficient between n-octanol and water.
b M.Wt: molecular weight.
c HBA: number of hydrogen bond acceptors.
d HBD: number of hydrogen bond donors.
e NROTB: number of rotatable bonds.
f TPSA: polar surface area. Drug-like TPSA <140e150 A2.
g S: aqueous solubility (mg/L).
h HIA: human intestinal absorption. HIA values < 20% (poorly absorbed), values z 20e70% (moderately absorbed) and values > 70% (well absorbed) [124].
i PPB: plasma protein binding. PPB values < 90% (poorly bound) and values > 90% (strongly bound) [91].
j BBB: blood-brain barrier penetration. BBB values < 0.1 (low CNS absorption), values z 0.1e2 (medium CNS absorption) and values > 2 (high CNS absorption) [125].
k Caco2: permeability through cells derived from human colon adenocarcinoma. PCaco2 values < 4 nm/s (low permeability), valuesz 4e70 nm/s (medium permeability) and values > 70 nm/s (high permeability) [126e128].
l MDCK: permeability through Madin-Darby Canin kidney cells. PMDCK values < 25 nm/s (low permeability), values z 25e500 nm/s (medium permeability) and values > 500 nm/s (high permeability) [127].

m LD50: themedian lethal dose (mg/Kg). Toxicity classes according to GHS are: Class I: fatal if swallowed (LD50� 5), Class II: fatal if swallowed (5 < LD50� 50), Class III: toxic if swallowed (50 < LD50� 300), Class IV: harmful if
swallowed (300 < LD50 � 2000), Class V: may be harmful if swallowed (2000 < LD50 � 5000), and Class VI: non-toxic (LD50 > 5000) [123].

n Lipinski rule: log P � 5, M.Wt � 500 Da, HBA �10 and HBD �5 [120].
o Veber rule: NROTB �10 and TPSA �140 [121].
p Muegge rule: 2 � log P � 5, 200 � M.Wt � 500 Da, TPSA �150, Num. rings �7, Num. carbons >4, Num. heteroatom >1, NROTB �15, HBA �10 and HBD �5 [122].
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NMR (500 MHz, DMSO‑d6) dH: 8.90 (dd, J ¼ 4.5 Hz, 1.5 Hz, 2H, Py
-H), 8.10e8.08 (m, 4H, AreH, Py -H), 7.65e7.58 (m, 3H, AreH); 13C
NMR (125 MHz, DMSO‑d6) dC: 173.9, 168.5 (oxadiazole-C), 151.2 (Py
-C), 131.9, 130.3, 129.4, 127.1, 125.7, 121.3 (AreC); EIMS m/z [M]þ

calcd for [C13H9N3O]þ: 223.07, found 223.01 Anal. Calcd for
C13H9N3O: C, 69.95; H, 4.06; N, 18.82. Found: C, 70.20; H, 4.42; N,
18.95.

5.1.2.4. 2-(3-Phenyl-1,2,4-oxadiazol-5-yl)phenol (11). Yield 59%
(141 mg), as a white solid: m.p ¼ 158e159 �C; IR (KBr) nmax (cm�1)
3471, 3415, 3039, 2963, 2927, 1965, 1808, 1614, 1544, 1459, 1362,
1113, 914, and 740; 1H NMR (500 MHz, DMSO‑d6) dH: 10.57 (s, 1H,
OH exchangeable with D2O), 8.08 (dd, J ¼ 7.5 Hz, 1.5 Hz, 2H,AreH),
7.98 (dd, J¼ 7.5 Hz,1.5 Hz,1H, AreH), 7.60e7.56 (m, 3H, AreH), 7.50
(td, J¼ 8.5 Hz, 2 Hz,1H, AreH), 7.10 (d, J¼ 8.5 Hz,1H, AreH), 7.01 (t,
J¼ 7.5 Hz,1H, AreH); 13C NMR (125 MHz, DMSO‑d6) dC: 175.0, 167.2
(oxadiazole-C), 157.2, 134.8, 131.6, 130.0, 129.2, 127.1, 126.0, 119.7,
117.4, 109.7 (AreC); EIMSm/z [M]þ calcd for [C14H10N2O2]þ: 238.07,
found 238.54; Anal. Calcd for C14H10N2O2: C, 70.58; H, 4.23; N,11.76.
Found: C, 70.37; H, 4.41; N, 11.51.

5.1.2.5. 3-Benzyl-5-phenyl-1,2,4-oxadiazole (12). Yield 70%
(164 mg), as a white solid: m.p ¼ 82e83 �C (lit [131]. m.p ¼
82e84 �C); IR (KBr) nmax (cm�1) 3432, 3061, 3030, 2963, 2930, 2251,
1967, 1821, 1771, 1609, 1557, 1509, 1484, 1361, 1272, 1104, 997, 833,
725; 1H NMR (500 MHz, CDCl3) dH: 8.01 (d, J ¼ 10 Hz, 2H, AreH),
7.44e7.17 (m, 8H, AreH), 4.06 (s, 2H, PhCH2); 13C NMR (125 MHz,
DMSO‑d6) dC: 175.0, 169.9 (oxadiazole-C), 135.7, 133.2, 129.5, 128.9,
128.5, 127.7, 126.9, 123.3, (AreC), 31.4 (PhCH2); EIMSm/z [M]þ calcd
for [C15H12N2O]þ: 236.09, found 236.42; Anal. Calcd for C15H12N2O:
C, 76.25; H, 5.12; N, 11.86. Found: C, 76.51; H, 5.37; N, 11.62.

5.1.2.6. 3-Benzyl-5-(pyridin-2-yl)-1,2,4-oxadiazole (13). Yield 58%
(138 mg), as a white solid: m.p ¼ 74e76 �C; IR (KBr) nmax (cm�1):
3549, 3475, 3415, 3026, 2928, 2246, 1963, 1887, 1802, 1615, 1572,
1443, 1363, 1308, 1285, 1073, and 734; 1H NMR (500 MHz,
DMSO‑d6) dH: 8.76 (d, J¼ 4.0 Hz,1H, Py -H), 8.16 (d, J¼ 7.5 Hz,1H, Py
-H), 8.02 (td, J ¼ 7.5 Hz, 2.0 Hz, 1H, Py -H), 7.65 (t, 1H, J ¼ 7.0 Hz, Py
-H), 7.33e7.29 (m, 4H, AreH),7.24e7.21 (m, 1H, AreH),4.17 (s, 2H,
PhCH2); 13C NMR (125 MHz, DMSO‑d6) dC: 174.1, 170.1 (oxadiazole-
C), 150.5, 142.7, 138.0, 135.6 (Py -C),128.9, 128.6, 127.4, 126.9, 124.3
(AreC, Py -C),31.4 (PhCH2); EIMS m/z [M]þ calcd for [C14H11N3O]þ:
237.09, found 237.28; Anal. Calcd for C14H11N3O: C, 70.87; H, 4.67;
N, 17.71. Found: C, 70.91; H, 4.76; N, 17.88.

5.1.2.7. 3-Benzyl-5-(pyridin-4-yl)-1,2,4-oxadiazole (14). Yield 65%
(152 mg), as a white solid: m.p ¼ 86e88 �C; IR (KBr) nmax
(cm�1):3415, 3039, 2963, 2927, 1965, 1808, 1614, 1544, 1459, 1362,
1113, 914, and 740; 1H NMR (500 MHz, DMSO‑d6) dH: 8.84 (dd, J ¼
5.0 Hz, 2 Hz, 2H, Py -H), 7.98 (dd, J ¼ 5.0 Hz, 2 Hz, 2H, Py -H),
7.35e7.33 (m, 4H, AreH), 7.25e7.24 (m, 1H, AreH), 4.21 (s, 2H,
PhCH2); 13C NMR (125 MHz, DMSO‑d6) dC: 173.5, 170.3 (oxadiazole-
C), 151.1 (Py -C), 135.5, 130.3, 128.9, 128.6, 128.0, 127.0, 121.2 (AreC,
Py -C),31.3 (PhCH2); EIMS m/z [M]þ calcd for [C14H11N3O]þ: 237.09,
found 237.90; Anal. Calcd for C14H11N3O: C, 70.87; H, 4.67; N, 17.71.
Found: C, 70.48; H, 4.88; N, 17.52.

5.1.2.8. 2-(3-Benzyl-1,2,4-oxadiazol-5-yl)phenol (15). Yield 60%
(142 mg), as a white solid: m.p ¼ 90e91 �C; IR (KBr) nmax (cm�1):
3415, 3174, 3030, 2929, 2861, 1960, 1809, 1660, 1627, 1590, 1551,
1479, 1319, 1243, 1028, and 704; 1H NMR (500 MHz, DMSO‑d6) dH:
10.57 (s, 1H, OH exchangeable with D2O), 7.90 (dd, J ¼ 10.0 Hz,
1.5 Hz, 1H, AreH), 7.51 (td, J ¼ 10.5 Hz, 2.0 Hz, 1H, AreH), 7.36e7.26
(m, 5H, AreH), 7.10 (d, J ¼ 10.5 Hz, 1H, AreH), 7.01 (t, J ¼ 9.5 Hz, 1H,
AreH), 4.19 (s, 2H, PhCH2); 13C NMR (125 MHz, DMSO‑d6) dC: 174.9,
15
169.3 (oxadiazole-C), 157.5, 136.2, 135.1, 130.2, 129.4, 129.0, 127.4,
120.2, 117.8, 110.1 (AreC), 31.7 (PhCH2); EIMS m/z [M]þ calcd for
[C15H12N2O2]þ: 252.08, found 252.53; Anal. Calcd for C15H12N2O2:
C, 71.42; H, 4.79; N, 11.10. Found: C, 71.80; H, 4.91; N, 11.29.

5.1.2.9. 5-Phenyl-3-(4-(trifluoromethyl)phenyl)-1,2,4-oxadiazole
(16). Yield 66% (193mg), as awhite solid: m.p¼ 91e93 �C (lit [129].
m.p ¼ 91e92 �C); IR (KBr) nmax (cm�1): 3550, 3475, 3415, 3065,
2098, 1928, 1807, 1614, 1554, 1451, 1418, 1321, 1171, 1111, 918, 848,
and 722; 1H NMR{19F} (500MHz, CDCl3) dH: 8.23 (d, J¼ 10.5 Hz, 2H,
AreH), 8.15 (d, J ¼ 11 Hz, 2H, AreH), 7.70 (d, J ¼ 10.0 Hz, 2H, AreH),
7.58e7.55 (m, 1H, AreH), 7.50 (t, J¼ 9 Hz, 2H, AreH); 13C NMR{19F}
(125 MHz, CDCl3) dC: 176.2, 168.0 (oxadiazole-C), 132.9, 132.7,
130.3129.1, 128.1, 127.8 (AreC), 125.8 (CF3), 123.9, 122.4 (AreC);
EIMS m/z [M]þ calcd for [C15H9F3N2O]þ: 290.06, found 290.03;
Anal. Calcd for C15H9F3N2O: C, 62.07; H, 3.13; N, 9.65. Found: C,
62.40; H, 3.28; N, 9.53.

5.1.2.10. 5-(Pyridin-2-yl)-3-(4-(trifluoromethyl)phenyl)-1,2,4-
oxadiazole (17). Yield 55% (160 mg), as a white solid:
m.p ¼ 109e111 �C; 1H NMR (500 MHz, DMSO‑d6) dH: 8.85 (dd, J ¼
4.5 Hz, 1.5 Hz, 1H, Py -H), 8.34 (d, J ¼ 8 Hz, 1H, Py -H), 8.32 (dd, J ¼
8 Hz, 2 Hz, 2H, AreH), 8.13 (td, J ¼ 7.5 Hz, 1.5 Hz, 1H, Py -H), 7.99 (d,
J ¼ 9 Hz, 2H, AreH), 7.74 (m, 1H, Py-H); 13C NMR (125 MHz,
DMSO‑d6) dC: 174.8, 167.4 (oxadiazole-C), 150.6, 142.5, 138.2, 131.6
(q, 2JCF¼ 32.1 Hz, C-CF3), 129.9,128.0,127.7,126.37,126.34 (AreC, Py
-C), 124.6 (q, 1JCF ¼ 271 Hz, CF3); EIMS m/z [M]þ calcd for
[C14H8F3N3O]þ: 291.06, found 291.22; Anal. Calcd for C14H8F3N3O:
C, 57.74; H, 2.77; N, 14.43. Found: C, 57.41; H, 2.91; N, 14.27.

5.1.2.11. 5-(Pyridin-4-yl)-3-(4-(trifluoromethyl)phenyl)-1,2,4-
oxadiazole (18). Yield 59% (174 mg), as a white solid:
m.p ¼ 119e120 �C; IR (KBr) nmax (cm�1): 3381, 3057, 2101, 1936,
1807, 1654,1577, 1322,1142, 1542,1417, 1059,1018, 848, and 766; 1H
NMR (500 MHz, DMSO‑d6) dH: 8.89 (dd, J ¼ 5 Hz, 2 Hz, 2H, Py -H),
8.28 (d, J ¼ 6.5 Hz 2H, AreH), 8.08 (dd, J ¼ 4.5 Hz, 1.5 Hz, 2H, Py -H)
7.96 (d, J¼ 8 Hz 2H, AreH); 13C NMR (125MHz, DMSO‑d6) dC: 174.4,
167.6 (oxadiazole-C), 151.3 (Py -C), 131.8 (q, 2JCF ¼ 32.2 Hz, C-CF3)
130.2, 129.6, 128.1, 126.44, 126.41,124.9 (AreC, Py -C), (q, 1JCF ¼
271 Hz, CF3), 121.4 (AreC); EIMS m/z [M]þ calcd for [C14H8F3N3O]þ:
291.06, found 291.47; Anal. Calcd for C14H8F3N3O: C, 57.74; H, 2.77;
N, 14.43. Found: C, 57.38; H, 2.93; N, 14.22.

5.1.2.12. 2-(3-(4-(Trifluoromethyl)phenyl)-1,2,4-oxadiazol-5-yl)
phenol (19). Yield 61% (185 mg), as a white solid:
m.p ¼ 162e163 �C; IR (KBr) nmax (cm�1): 3415, 3196, 1930, 2863,
1810, 1628, 1419, 1369, 1322, 1548, 1485, 1064, and 754; 1H NMR
{19F} (400 MHz, DMSO‑d6) dH: 10.70 (s, 1H, OH exchangeable with
D2O), 8.32 ((d, J¼ 10 Hz, 2H, AreH),8.03 (d, J¼ 8 Hz, 1H, AreH) 7.98
(d, J¼ 10.5 Hz, 2H, AreH), 7.56 (t, J ¼ 10.5 Hz, 1H, AreH), 7.15 (d, J ¼
10.5 Hz, 1H, AreH), 7.06 (t, J ¼ 9.5 Hz, 1H, AreH; 13C NMR{19F}
(100 MHz, DMSO‑d6) dC: 176.0, 166.8 (oxadiazole-C), 157.7, 135.4,
132.2, 131.7, 130.7, 130.5, 128.5 (AreC), 126.7 (CF3), 120.2, 117.9,
110.22 (AreC); EIMS m/z [M]þ calcd for [C15H9F3N2O2]þ: 306.06,
found 306.85; Anal. Calcd for C15H9F3N2O2: C, 58.83; H, 2.96; N,
9.15. Found: C, 58.61; H, 3.14; N, 9.29.

5.1.2.13. 5-Methyl-3-(4-(trifluoromethyl)phenyl)-1,2,4-oxadiazole
(20). Yield 72% (164 mg), as aWhite solid: m.p¼ 88e90 �C (lit [81].
m.p. 89e90 �C); 1H NMR{19F} (400 MHz, CDCl3) dH: 8.12 (d, J ¼
10 Hz, 2H, AreH), 7.67 (d, J¼ 10 Hz, 2H, AreH), 2.60 (s, 3H, CH3); 13C
NMR{19F} (100 MHz, CDCl3) dC: 177.0, 167.6 (oxadiazole-C), 133.1,
130.3, 127.7 (AreC), 125.9 (CF3), 122.5 (AreC), 12.2 (CH3); EIMS m/z
[M]þ calcd for [C10H7F3N2O]þ: 228.05, found 228.59; Anal. Calcd for
C10H7F3N2O: C, 52.64; H, 3.09; N, 12.28. Found: C, 52.90; H, 3.31; N,
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12.44.

5.1.2.14. 3-Methyl-5-phenyl-1,2,4-oxadiazole (21). Yield 79%
(126 mg), as a white solid: m.p ¼ 58e60 �C (lit [132]. m.p.
59e61 �C); IR (KBr) nmax (cm�1): 3549, 3475, 3415, 3060, 2925,
2853, 2086, 1824, 1778, 1615, 1561, 1480, 1338, 1273 and 786;1H
NMR (400 MHz, DMSO‑d6) dH: 8.08 (d, J¼ 6.5 Hz, 2H, AreH), 7.69 (t,
J ¼ 7.5 Hz, 1H, AreH), 7.61 (t, J ¼ 8 Hz, 2H, AreH), 2.40 (s, 3H, CH3);
13C NMR (100 MHz DMSO‑d6) dC: 174.6, 167.6 (oxadiazole-C), 133.1,
129.5, 127.7 (AreC), 123.4 (AreC), 11.2 (CH3); EIMS m/z [M]þ calcd
for [C9H8N2O]þ: 160.06, found 160.85; Anal. Calcd for C9H8N2O: C,
67.49; H, 5.03; N, 17.49. Found: C, 67.80; H, 5.34; N, 17.21.

5.2. Biological evaluation

5.2.1. In vitro antioxidant activity
5.2.1.1. Free radical scavenging activity by the 1,1-Diphenyl-2-
picrylhydrazyl (DPPH). Free radical scavenging activities of all the
synthesized 1,2,4-oxadiazole derivatives 8e21 were assayed uti-
lizing 1,1-Diphenyl-2-picrylhydrazyl (DPPH) as reported [85]. All
samples were incubated with DPPH (0.004% in methanol) for
30 min in the dark. Then, the sample absorbance was measured at
l ¼ 517 nm. The percentage of the free radical scavenging at the
corresponding Log concentration of each sample was used for
calculating the IC50 value (50% inhibitory concentration) using the
GraphPad Instat software.

5.2.1.2. Iron chelating activity. Fe2þ chelating activities of the
studied 1,2,4-oxadiazole derivatives 8e21 were determined by
measuring the decrease in the Fe2þ-phenanthroline complex for-
mation as reported [86]. Serial concentrations of the tested de-
rivatives were mixed with Tris buffer (84 ml of 0.1 M, pH 7.4), saline
(109 ml), and FeSO4 (1mM). After 10min,1,10 phenanthroline (10 ml)
was added. EDTA was utilized as a positive control. The generated
red colored complexwasmeasured using amicroplate reader (BMG
LabTech, Germany) at l ¼ 510 nm for estimating the percentage of
iron chelating activity. The effective concentration (EC50) values (at
50% iron chelation) of the evaluated 1,2,4-oxadiazoles were calcu-
lated by the Graphpad Instat software.

5.2.2. Cytotoxicity screening on normal human cells
Normal lung fibroblasts (Wi-38) cells were cultured in DMEM

medium-contained 10% fetal bovine serum (FBS), seeded as
5 � 103 cells per well in a 96-well cell culture plate, then incubated
at 37 �C in a 5% CO2 incubator. After 24 h. for cell attachment, serial
concentrations of all the synthesized 1,2,4-oxadiazoles 8e21 and
the reference chemotherapy (doxorubicin) were incubated with
Wi-38 cells for 72 h. then the cell viability was assayed by MTT
method [71e73], where twenty 20 mL of 5 mg/ml MTT (Sigma, USA)
was added to each well and the plate was incubated at 37 �C for 3 h.
Then, MTT solution was removed, 100 ml DMSO was added, and the
absorbance of each well was measured with a microplate reader
(BMG LabTech, Germany) at l ¼ 570 nm. The effective safe con-
centration (EC100) value (at 100% cell viability) and the half-
maximal inhibitory concentration (IC50) value (at 50% cell
viability) of the tested compoundswere estimated by the Graphpad
Instat software.

5.2.3. Anticancer evaluation
The studied 1,2,4-oxadiazoles were evaluated for their anti-

cancer potential, in comparison with doxorubicin against HepG-2,
MDA-MB231, and Caco-2 cells. HepG-2 and MDA-MB231 were
cultured in RPMI-1640 (Lonza, USA) supplemented with 10% FBS,
while Caco-2 cells were cultured in DMEM (Lonza, USA) contained
with 10% FBS. All cancer cells (4 � 103 cells/well) were seeded in
16
sterile 96-well plates. After 24 h, serial concentrations of the tested
compoundswere incubatedwith the three cancer cell lines for 72 h.
at 37 �C in a 5% CO2 incubator. MTTmethod [71e73] was performed
as described above. IC50 values of the studied compounds were
calculated using the Graphpad Instat software. Furthermore,
cellular morphological changes before and after treatment with the
most active and safest anticancer derivatives 11, 15, and 19 were
investigated using a phase-contrast inverted microscope with a
digital camera (Olympus, Japan).

5.2.4. Flow cytometric analysis of apoptosis
IC50 doses of the selected promising derivatives 11, 15, and 19

were incubated for 72 h with HepG-2, MDA-MB231, and Caco-
2 cells. After trypsinization, the untreated and treated cells were
incubated with annexin V/PI for 15 min. Then, cells were fixed and
incubated with streptavidin-fluorescein (5 mg/mL) for 15 min. The
apoptosis-dependent anticancer effect was determined by quanti-
fication of annexin-stained apoptotic cells using the FITC signal
detector (FL1) against the phycoerythrin emission signal detector
(FL2).

5.2.5. Intracellular ROS scavenging activity
The intracellular ROS level was quantified by incubation of the

untreated and treated HepG-2 cells with 5 mM of 2,7-
dichlorodihydrofluorescin diacetate (DCFH2-DA) [133] for 30 min
at 37 �C in the dark. Then, cells were trypsinized and suspended in
phosphate buffer saline. The intensity of the fluorescence was
analyzed by a flow cytometer with excitation and emission wave-
lengths at 488 nm and 530 nm, respectively.

5.2.6. Nrf2 activation
A high throughput assay combining a quick ELISA format with a

specific and sensitive non-radioactive assay was employed utilizing
Nrf2 Transcription Factor Assay Kit (ab207223) for transcription
factor activation in HepG-2 cells. Herein, a double-stranded DNA
sequence with Nrf2 consensus binding site
(50eGTCACAGTGACTCAGCAGAATCTGe30) was immobilized on a
96-well plate. The specified sample concentration (EC100 dose on
normal cells), positive control, and blank were added to the rele-
vant wells. The nuclear extract active Nrf2 binds specifically to the
oligonucleotide and is detected by a primary antibody that can
recognize a specific epitope of Nrf2 that is only accessible when the
protein is activated and bound to the target DNA. An HRP-
conjugated secondary antibody provides sensitive colorimetric
readout at OD 450 nm. The detailed procedures are described in the
supplementary data.

5.2.7. Thioredoxin reductase inhibition
In vitroTrxR inhibitory activities of the studied compounds were

evaluated utilizing Thioredoxin Reductase Colorimetric Assay Kit -
Cayman chemical (Cat # 10007892). The assay is based on the
reduction of 5,50-dithio-bis(2-dinitrobenzoicacid (DTNB) to 5-thio-
2-nitrobenzoic acid (TNB) with NADPH producing a yellow product
that can be measured at 405e414 nm. The procedure and data
analysis are detailed in the supplementary data.

5.2.8. In vitro IKKa inhibition
The studied compounds were evaluated for in vitro IKKa

inhibitory activities utilizing IKKa kinase Assay-Promega Corpora-
tion Kit comprising ADP-Glo™ Kinase Assay (Cat #V9101) and IKKa
Kinase Enzyme System (Cat #V4068). It is a luminescent kinase
assay that detects ADP resulted from kinase reaction. Then, ADP is
converted to ATP that is converted into light by Ultra-GloTM
Luciferase. The luminescent signal correlates with kinase activity
and ADP amount. The procedure and data analysis were carried out
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as described in the supplementary data.
5.2.9. Quantitative real-time PCR analysis of NF-kB
RNAs of untreated and the tested compounds-treated HepG-

2 cells were extracted using Gene JET RNA Purification Kit (Thermo
Scientific, USA). The cDNAwas synthesized frommRNA using cDNA
Synthesis Kit (Thermo Scientific, USA). Real-time PCR was per-
formed using SYBR green master mix and specific primers (For-
ward/Reverse) were 50-TACTCTGGCGCAGAAATTAGGTC-30/50-
CTGTCTCGGAGCTCGTCTATTTG-30 for NF-kappa B gene. The 2�DDCT

equation was used to estimate the change in gene expressions of
NF-kB.
5.2.10. In vitro NADPH oxidase inhibition
Compounds were tested for NADPH oxidase inhibitory activities

utilizing Human NADPH Oxidase 4 (NOX4) ELISA Kit (Cat #
MBS901457). The assay employs the quantitative sandwich enzyme
immunoassay technique, where a specific NOX antibody was pre-
coated onto a microplate. Then, samples were pipetted in the
specified wells. Any existing NOX remained bound by its immobi-
lized antibody. After washing unbound substances, a biotin-
conjugated NOX4 specific antibody was added to the wells, fol-
lowed by avidin-conjugated Horseradish Peroxidase (HRP). A sub-
strate solution was added to the wells after a wash. The color was
then detected in proportion to the initially bound NOX. The detailed
procedure and data analysis are mentioned in the supplementary
data.
5.3. Molecular modeling studies

5.3.1. Docking
Docking simulations were performed employing Molecular

Operating Environment (MOE) software package version 2015.10
[103], Chemical Computing Group, Montreal, Canada. The enzymes
crystal structures were obtained from the protein data bank.
Docking parameters were validated by first re-docking of the co-
crystallized ligand or the reported inhibitor with RMSD value <
2 Å whenever applicable. The ‘Site Finder’ feature was employed to
seek the binding site pockets considering the reported key amino
acids whenever needed. Energy minimization and geometry opti-
mization of the studied oxadiazoles were done through the MOE
dock tool prior to docking. The ligand placement method was set to
apply the Triangular matcher algorithm. Alpha HB scoring function
was employed as the default scoring function generating the top 5
non-redundant poses of the lowest binding energy conformers of
the test ligands.
5.3.2. In silico prediction of physicochemical properties, ADMET and
drug-likeness parameters

Physicochemical properties and drug-likeness were computed
by SwissADME [119] andMolSoft [66] software. ADME profiling was
performed by PreADMET calculator [91]. Toxicity was predicted by
PROTOX [123].
5.4. Data analysis and statistics

Data were expressed as mean ± standard error of the mean
(SEM). Statistical significance was estimated by the multiple com-
parisons Tukey post-hoc analysis of variance (ANOVA) using the
SPSS16 program. The differences were considered statistically sig-
nificant at p < 0.05 and expressed by different letters i.e., different
letters (a, b, c, and d) are significantly different at P < 0.05.
17
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