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ARTICLE INFO ABSTRACT

Keywords: Thalidomide and its analogs are immunomodulatory drugs that inhibit the production of certain inflammatory
Anticancer mediators associated with cancer. In the present work, a new series of thalidomide analogs was designed and
Apoptosis synthesized to obtain new effective antitumor immunomodulatory agents. The synthesized compounds were
}EZ}‘E;‘::;ZS“IHOH evaluated for their cytotoxic activities against a panel of four cancer cell lines (HepG-2, HCT-116, PC3 and MCF-

7). Compounds 33y, 33;, 42¢ and 42;, showed strong potencies against all tested cell lines with ICs, values
ranging from 14.63 to 49.90 uM comparable to that of thalidomide (ICso values ranging from 32.12 to
76.91 uM). The most active compounds were further evaluated for their in vitro immunomodulatory activities via
estimation of human tumor necrosis factor alpha (TNF-a), human caspase-8 (CASP8), human vascular en-
dothelial growth factor (VEGF), and nuclear factor kappa-B P65 (NF-kB P65) in HCT-116 cells. Thalidomide was
used as a positive control. Compounds 33;, and 42 showed a significant reduction in TNF-a. Furthermore,
compounds 33; and 42¢ exhibited significant elevation in CASP8 levels. Compounds 33; and 42¢ inhibited VEGF.
In addition, compound 42 showed significant decrease in levels of NF-kB p65. Moreover, apoptosis and cell
cycle tests of the most active compound 42, were performed. The results indicated that compound 42¢ sig-

nificantly induce apoptosis in HCT-116 cells and arrest cell cycle at the G2/M phase.

1. Introduction

Thalidomide was formerly recognized as a sedative and it was used
for the treatment of morning sickness especially in pregnant women
[1]. Nevertheless, its serious teratogenic side effects were reported in
1961 and 1962 [2]. Limb defects (amelia and phocomelia) were the
most well-known serious embryotoxic effects caused by the use of
thalidomide during early pregnancy [3]. Thalidomide was banned and
withdrawn from the market, but many studies have continued to reveal
the mechanism of its action [4-7]. Subsequently, thalidomide (1) has
been shown to be efficacious in the treatment of different diseases,
including cancer [8], acquired immunodeficiency syndrome (AIDS) [9],
leprosy [9], multiple myeloma [10], and other angiogenesis-dependent
disorders [11].

Thalidomide is considered as a prototype of the glutarimide-con-
taining immunomodulatory agents [12]. It inhibits the production of
many inflammatory mediators such as tumor necrosis factor-alpha
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(TNF-a) and can affect the production of the others, such as interleukin-
1b (IL-1b), IL-2, IL-4, IL-5, IL-6, IL-10, and interferon- y (IFN- y) [11].
Moreover, thalidomide and thalidomide analogs inhibit the secretion of
both beta fibroblast growth factor (bFGF) and vascular endothelial
growth factor (VEGF) from cancer cells and bone marrow stromal cells,
leading to reduction of endothelial cell migration and proliferation and
induction of apoptosis [13].

The concept of using thalidomide in the treatment of cancer
emerged after the discovery of its antiangiogenic effects in the early
1990s [3]. Although the mechanism of thalidomide in cancer treatment
is not fully clear, its analogs have demonstrated immunomodulatory
and anti-inflammatory properties in addition to their anti-angiogenic
effects [14,15].

Second-generation thalidomide analogs lenalidomide (2), is a po-
tent immunomodulator that is 50,000 times more potent than thali-
domide as an inhibitor of TNF-a [16]. Clinical studies have revealed
that lenalidomide demonstrates fewer side effects and almost neither
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neurological toxicity nor teratogenicity, compared to thalidomide [17].
Structural modification of thalidomide (1) via the addition of an amino
group at the 4-position of the phthaloyl ring forming pomalidomide (3)
which was 10-fold more potent than lenalidomide (2) as a TNF-a in-
hibitor and interleukin-2 (IL-2) stimulator [18]. It also showed better
anti-angiogenic results than thalidomide (1) and lenalidomide (2) [19].

Thalidomide and its analogs have displayed promising activity
against a wide variety of diseases, including cancer and inflammatory
diseases [20]. The known immunomodulatory and anti-angiogenic
properties of thalidomide analogs provided the motivation to explore
these agents in the treatment of both hematologic malignancies and
solid tumors [8]. Numerous early-phase trials in solid tumors have
shown activity in prostate cancer [21], breast cancer [22], Kaposi’s
sarcoma [23], renal cell cancer [24], melanoma [24], neuroendocrine
tumors [25], hepatocellular carcinoma [26], lung cancer, and gliomas
[27]. Furthermore, thalidomide and thalidomide analogs are effective
agents for the treatment of both lymphoid and myeloid carcinoma with
significant activity in non-Hodgkin’s lymphoma [28]. Also, thalidomide
and thalidomide analogs showed promising activity against acute
myeloid leukemia [29] and myelofibrosis with myeloid metaplasia
[28].

The recent reported mechanism of thalidomide (1), lenalidomide
(2) and pomalidomide (3) as immunomodulatory agents is that these
compounds co-stimulate T cells via the degradation of two DNA tran-
scription factors known as Aiolos and Ikaros [30]. In the absence of
thalidomide, lenalidomide and pomalidomide, Aiolos and Ikaros are
expressed and act as repressors of the IL-2 promoter. The presence of
thalidomide, lenalidomide and pomalidomide increases the interaction
of cereblon (CRBN) with Aiolos and Ikaros, causing their ubiquitination
and degradation resulting in de-repression of the IL-2 promoter and
increased expression of IL-2 [30].

In this work, thalidomide (1) was selected a lead compound for the
synthesis of new anticancer agents with immunomodulatory activities.
The synthesized compounds were designed to have the main essential
pharmacophoric features of thalidomide and its analogs. The structures
of thalidomide analogs consist of glutarimide and phthalimide moieties.

It was found that, thalidomide can be a guide for our design, be-
cause it has the following criteria. i) Immunomodulation: It can co-
stimulate T-cells resulting in synthesis of specific T-killer cells which
target the cancer cells [31]. ii) The common side effects of cytotoxic
anticancer agents were not reported for thalidomide [32]. iii) Different
mechanisms were reported for thalidomide as anticancer drug [33].
Beside immunomodulation, it was reported to cause ubiquitination of
Ikaros and Aiolos, resulting in apoptosis and arresting cell life cycle
[34]. It also was reported to have anti-angiogenic activity by inhibition
of both VEGF and bFGF-2 [35]. Moreover, it inhibits the adhesion be-
tween tumor cells and stromal cells preventing signals which stimulate
tumor cells survival, growth and development of drug resistance [36].
iv) The teratogenicity of thalidomide was reduced in rabbit model via
structural modification to produce lenalidomide with higher anticancer
activity [12].

1.1. Rationale of molecular design

For many years, our research group have many efforts to design and
synthesize new compounds with potential anticancer effect [37-47]. As
extension for such efforts, we carried out this work. Studying the
structure-activity relationship of thalidomide analogs (thalidomide (1),
lenalidomide (2) and pomalidomide (3)), it was found that they have
four common essential pharmacophoric features. These features in-
clude: i) hydrophobic domain, ii) five membered ring, iii) spacer, and
iv) glutarimide moiety (Fig. 1).

By literature survey, it was found that there are many efforts to
modify thalidomide with the primary aim of obtaining more effective
new immunomodulatory agents free from harmful effects.

Briefly, replacement of the glutarimide moiety of thalidomide with
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[B-aryl carboxamide derivative 4 and S-aryl acetate derivative 5 resulted
in significant inhibition of TNF-a by 500 times that exhibited by tha-
lidomide [48]. Other modifications were carried out by replacement of
the glutarimide moiety with phenyl ring to produce new compounds
with promising biological activity. For example, compounds 6 and 7
demonstrated improved anti-angiogenic and cancer activities [49,50].
Furthermore, variation of alkyl substituents strategy was performed to
get compound 8 as a modified thalidomide analog. Such compound
produced comparable TNF-a inhibitory effect to thalidomide [51].
Moreover, molecular hybridization of phthaloyl nucleus and 1,3,4-
thiadiazole moiety produced compound 9 which exhibited a significant
cytotoxic effect against HepG-2 cells comparable to thalidomide [52].

There is another pathway that has been taken to modify thalidomide
via the extension of extra functional groups strategy. Such extension
was carried out on the glutarimide moiety through the insertion of
dithiocarbamate derivative to produce compound 10. This compound
exhibited in vitro antitumor activity against an ascites carcinoma cell
line [53]. In 2009, Brana et al, synthesized compound 11 via ring
variation pathway, where the phthaloyl nucleus of thalidomide was
replaced by diphenylmaleimide moiety. Such compound showed a
strong inhibitory activity for TNF-a production [54].

Dramatic modifications of thalidomide were carried out to give
compound 12, 13, and 14, where the phthaloyl nucleus was replaced by
4,9-dihydro-2H-[1,2,5] thiadiazolo[2,3-b]isoquinolin-3(3aH)-one 1,1-
dioxide in compound 12, 1-(phenylsulfonyl)-1H-pyrrolo[2,3-b]pyridine
in compound 13, and 2-carboxybenzamide in compound 14. TNF-a
inhibitory effect and IL-10 stimulatory effect were reported in vitro on
account of these derivatives (Fig. 2) [55,56].

On the other side, bioisosteric modifications of thalidomide were
accomplished by replacement the glutarimide moiety by many bioi-
sosteres such as benzimidazole, benzothiazole, benzothiadiazole, urea,
thiourea, and thiazolidinone derivatives to afford compounds 15, 16,
17, 18, 19, and 20, respectively. Such derivatives showed promising
antiangiogenic  potential, and compound 20 revealed im-
munosuppressive effect [57-59].

Additionally, the potential anticancer activity of some bioactive
moieties was explored. 1,3,4-Oxadiazole nucleus was proven to have
potential anticancer effect [60,61]. Compounds 21 and 22 as examples
of compounds containing 1,3,4-oxadiazole moiety showed in vitro an-
ticancer activity against breast cancer (MCF-7) cell line. Thiazolidine-
2,4-dione is another example of interesting bioactive moieties having
potential anticancer effect. Compounds 23, 24 and 25 incorporated
such moiety were reported to possess in vitro anti-breast cancer activity
(Fig. 2) [62].

Depending on the previously mentioned structural modification and
ligand-based drug design approach, we used thalidomide 1 as a lead
compound to get new effective immunomodulatory anticancer agents.
The rational of molecular design was based on molecular hybridization
strategy which involves the coupling of two or more groups with re-
levant biological properties to produce new compounds with promising
activities [63,64]. Accordingly, the aminopiperidinedione moiety was
hybridized with thiazolidinedione derivatives to produce (Scaffold-I),
and with oxadiazole derivatives to obtain (Scaffold-II) (Fig. 3).

The main core of our molecular design rationale comprised mole-
cular modification of thalidomide at three different positions (Fig. 4).
The first position was the phenyl ring; where different substituted
phenyl derivatives were used. The substituted phenyl derivatives may
be directly attached to heterocyclic ring as compounds 42,; or sepa-
rated by one carbon-bridge as compounds 33,.. The second position
was the 1H-pyrrole-2,5-dione ring. This five-membered ring was re-
placed by different rings as thiazolidine-2,4-dione as compounds 33,
and 1,3,4-oxadiazole as compounds 42, ;. The third position was the
spacer region. The length of the spacer was modified to be three
(compounds 33,;), or four (compounds 42,;) atom bridges. Such
spacers were expected to increase flexibility of the designed com-
pounds.
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Fig. 1. Pharmacophoric features of thalidomide, lenalidomide, pomalidomide.

As shown in Fig. 5, our target compounds have the main the
pharmacophoric features of the lead compound (thalidomide).

In general, to examine the cytotoxic effect of the synthesized com-
pounds, they were evaluated in vitro against HepG-2, HCT-116, PC3,
and MCF-7 cell lines. The reported activities of thalidomide analogs to
activate CASP8 and to inhibit TNF-a, VEGF, and NF-kB P65 drove us for
further examinations to reach a deep insight about the im-
munomodulatory effect of the synthesized compounds. Hence, the most
cytotoxic agents were examined for their immunomodulatory activities
via determination of their effect on TNF-a, CASP8, VEGF, and NF-xB
P65 in HCT-116. Moreover, the effect of the most active compound 42¢
on apoptosis and cell cycle was investigated in HCT-116 cell line.

2. Results and discussion
2.1. Chemistry

For synthesis of the target compounds, reactions sequence is clar-
ified in Schemes 1 and 2. At first, the starting material thiazolidine-2,4-
dione (TZD) 28 was synthesized according to the reported procedures
by the reaction of chloroacetic acid 26 with thiourea 27 under reflux in
conc. HCl [65]. Condensation of compound 28 with certain aromatic
aldehydes namely, benzaldehyde, 2-chlorobenzaldehyde, 4-chlor-
obenzaldehyde, 2-methoxybenzaldehyde, 4-methoxybenzaldehyde, 4-
fluorobenzaldehyde, 4-methylbenzaldehyde, 4-nitobenzaldehyde, 3-ni-
tobenzaldehyde and 2,6-dichlorobenzaldehyde in absolute ethanol with
catalytic amount of piperidine yielded the corresponding compounds
29,, respectively [65-67]. Subsequent treatment of compounds 29,
with potassium hydroxide produced the corresponding potassium salts
30,, respectively based on the reported procedure of preparation of
organic slats [68,69]. Reflux of 30,; with methyl bromoacetate af-
forded the corresponding compounds 31, respectively [65,66] which
in turn were hydrolyzed in acidic medium providing the corresponding
acids 32, in high yields [65,66]. The obtained compounds 32,; were
allowed to react with ethyl chloroformate to give the corresponding
mixed anhydride. Then, 3-aminopiperidine-2,6-dione HCI reacted with
the obtained mixed anhydride to afford the final target compounds 33,.
j» respectively (scheme 1).

The IR spectra of 33, showed no bands for carboxylic group and
demonstrated stretching bands at a range of 3419-3202 cm ™! corre-
sponding to NH groups. Moreover, 'H NMR of these compounds ex-
hibited neither signals for carboxylic proton nor signals for free NH, of
3-aminopiperidine-2,6-dione. Instead, it showed a signal for single
proton at 8.72-8.74 ppm which indicates the presence of amidic proton
whereas the imidic proton of glutarimide ring appeared as a singlet
signal at a range of § 10.86-10.88 ppm. Moreover, the two protons of
CH,CO appeared as two multiplet signals around 2.48 and 2.75 ppm
due to enantiotropicity [70-72]. Mass spectroscopic analyses for

compounds 11b and 11d as representative examples exhibited mole-
cular ion peaks at 407 and 391, respectively.

Ester derivatives 35,; were prepared according to the reported
procedures [73] by refluxing the appropriate acid derivatives (34,.;)
namely, benzoic acid, 2-chlorobenzoic acid, 3-chlorobenzoic acid, 4-
chlorobenzoic acid, 4-nitrobenzoic acid, 4-aminobenzoic acid, picolinic
acid, nicotinic acid and/or isonicotinic acid in methanol in the presence
of sulfuric acid [73]. Reflux of 35,; with hydrazine hydrate afforded
the corresponding acid hydrazides 36,.;. [73] Moreover, reflux of 36, ;
in alcoholic mixture of carbon disulphide and potassium hydroxide
produced 37,; [73,74]. The treatment of compounds 37 ,; with alco-
holic solution of potassium hydroxide afforded potassium salt of 5-(un)
substituted aryl-1,3,4-oxadiazole-2-thiol 38,; [73,74]. On the other
hand, compound 41 was produced in two phase system (DCM and
water) in the presence of two molar equivalent of NaHCOj in ice-salt
bath. Then, heating a mixture of compound 41 with 38,; in dry DMF
yielded the corresponding target compounds 42,; respectively
(scheme 2).

IR spectra of compounds 42, ; showed stretching bands at a range of
3360-3198 cm ™' corresponding to NH groups. 'H NMR spectra of
compounds 42, ; exhibited singlet signals for amidic protons at a range
of 8.72-8.74 ppm. Also, singlet signals appeared at range of &
10.86-10.88 ppm corresponding to the imidic protons. Moreover, the
two protons of CH,CO appeared as two multiplet signals around 2.48
and 2.78 ppm due to enantiotropicity [70-72]. Mass spectroscopic
analyses for compounds 42, and 42}, exhibited molecular ion peaks at
379 and 347, respectively.

2.2. Biological testing

2.2.1. Invitro anti-proliferative activity

The synthesized compounds have been tested for their in vitro an-
ticancer activities via MTT method [75], against four human tumor cell
lines; hepatocellular carcinoma (HepG-2), colorectal carcinoma (HCT-
116), prostate cancer (PC3) and mammary gland cancer (MCF-7). The
results of cytotoxicity were stated as ICso values and summarized in
Table 1.

The cytotoxicity results indicated that the majority of the examined
compounds showed anti-proliferative activities against the tested cell
lines. In general, compounds 33y, 33;, 42¢ and 42;, were the most active
members of this study, showing promising anti proliferative activities
against HepG-2, HCT-116, PC3 and MCF-7 with ICs, far less than the
reference compound, thalidomide, (IC5p = 61.10 = 3.8,32.12 = 3.2,
76.91 * 4.2and 45.76 * 3.6, respectively). Compound 33y, exhibited
cytotoxic activities with ICso values of 21.34 =+ 1.8, 29.38 =+ 2.8,
42,96 = 2.9 and 19.62 * 1.6, respectively. Compound 33; had cy-
totoxic activities with ICso values of 23.96 = 2.0, 36.07 = 3.2,
49.90 = 3.4and 21.82 + 1.8 pM, respectively. Moreover, compound
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Fig.2. Literature based structures of modified thalidomide analogues and anticancer agents.

42; revealed ICs, values of 16.48 = 1.6, 23.94 + 2.3,28.43 = 2.0 32.60 * 2.9,46.81 * 3.0and 18.15 = 1.5 uM, respectively.
and 14.63 + 1.3, respectively. Furthermore, compound 42;, found to Moreover, several compounds such as 33,, 33¢, 33;, 42, and 42;
have cytotoxic activities with ICs, values of 19.47 =+ 1.7, showed moderate anti-proliferative activities with ICs, values ranging
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from 28.13 * 2.2 to 72.65 * 4.6 pM against all cell lines. On the
other hand, compounds 33, 334, 42..q and 42; showed weak anti-
proliferative activities against the tested cell. Finally, compounds 33,
33. and 33, were appeared to be inactive.

2.2.2. In vitro immunomodulatory assay

Four compounds 33y, 33;, 42¢ and 425, which exhibited cytotoxic
activities higher than thalidomide against HCT-116 cancer cell line
were selected and evaluated for their inhibitory effect on TNF-a and
NF-kB P65 as well as their apoptotic and antiangiogenic activities.
Thalidomide was used as a positive control in these procedures.

2.2.2.1. Estimation of human tumor necrosis factor alpha (TNF-a) in HCT-
116 supernatant. In this test, the effect of the synthesized compounds
334, 33;, 42 and 42, on TNF-a was examined. Thalidomide was used
as a positive control. Two negative controls were used, the first one was
untreated HCT-116 cells (control) and the second one was DMSO
treated HCT-116 cells (control-DMSO).

The data presented in Fig. 6 showed that, production of TNF-a was
significantly decreased in HCT-116 cells exposed to thalidomide and
the synthesized compounds 33;, 33;, 42¢ and 42;, compared with
control and control-DMSO cells. Comparing all the synthesized com-
pounds with thalidomide revealed that compounds 33;, and 42¢ showed

Thalidomide

Fig. 4. Summary of structural modification modification of thalidomide.
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(42a-i)

Fig. 5. New target compounds having the same essential pharmacophoric features of thalidomide.

remarkable significant reduction in TNF-a levels while compounds 33;
and 42, represented insignificant increase in TNF-a levels in relation to
thalidomide.

2.2.2.2. Estimation of human caspase-8 (CASP8) in HCT-116
supernatant. In this test, the effect of thalidomide and the synthesized
compounds 33y, 33;, 42¢ and 42;, on CASP8 was examined. As
illustrated in Fig. 7, thalidomide and the synthesized compounds
showed a statistically significant increase in CASP8 levels compared
with control and control-DMSO cells. Comparing the tested compounds
with thalidomide revealed that compounds 33; and 42¢ exhibited

significant elevation in CASP8 levels. Furthermore, insignificant
increase in CASP8 levels were presented after treatment with
compounds 33y, and 42;, as compared with thalidomide.

2.2.2.3. Estimation of human vascular endothelial growth factor (VEGF) in
HCT-116 supernatant. Assessment of the effect of thalidomide and the
synthesized compounds 33;, 33;, 42 and 42, on VEGF was
determined. The data in Fig. 8 indicated that, VEGF concentration
was significantly decreased in HCT-116 cells after exposure to
thalidomide and the synthesized compounds in comparison to the
control and control-DMSO cells. Compounds 33; and 42; induced
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Scheme 1. General procedure for preparation of target compounds 33,.j; Reagents and conditions: (i) 4 N conc. HCl/reflux/10 h, (ii) absolute ethanol/piperidine/
reflux/10 h, (iii) absolute ethanol/KOH/reflux, (iv) methyl bromoacetate/KI/Dry DMF/heating in water bath/4h, (v) glacial acetic acid/HCl/reflux/5h, (vi) TEA/

ethyl chloroformate/30 min/TEA/3-aminopiperidine-2,6-dione HCI /r.t./12 h.
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significantly lower levels of VEGF while compound 33; induced
significantly higher level of VEGF in relation to thalidomide. In
addition, compound 42;, showed insignificant increase in VEGF level
as compared to thalidomide.

2.2.2.4. Estimation of nuclear factor kappa-B P65 (NF-xB P65) in HCT-
116 cell lysate. The effect of thalidomide and the synthesized
compounds 33y, 33;, 42¢ and 42;, on protein expression of NF-kB p65
was evaluated in the cell lysate.

According to the data in Fig. 9, there is a statistically significant
decrease in NF-kB p65 levels after exposure of HCT-116 cells to thali-
domide and the synthesized compounds. Comparing the synthesized
compounds with thalidomide itself revealed that compound 42¢ showed
significant decrease in level of NF-kB p65, in contrast, compounds 33y,
and 42; demonstrated a significant increase in levels of NF-kB p65.

Compound 33; exhibited decrease in NF-kB p65 level although it’s
statistically insignificant.

2.2.3. Effect on cell cycle progression

Flow cytometric analysis technique [76] was used to examine the
effect of compound 42¢ on cell cycle in HCT-116 cell line. The HCT-116
cells had been incubated for 24 h with 10 uM of compound 42;. Then,
cell cycle parameters of incubated cells were compared with untreated
control cells. The results revealed that HCT-116 cells accumulated at
G2/M phase with percent of 40.52%. Moreover, the tested compound
showed good ability to induce apoptosis at pre-G1 phase (Table 2,
Figs. 10 and 12).

2.2.4. Induction of apoptosis
Annexin V/propidium iodide (PI) double staining assay method was
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Table 1
Anti-proliferative activities of the target compounds against HepG-2, HCT-116,
PC3 and MCF-7 cell lines.

Comp. In vitro Cytotoxicity ICso (uM)*
HepG-2 HCT-116 PC3 MCF-7

Thalidomide 61.10 * 3.8 3212 + 3.2 7691 + 42 4576 * 3.6
33, 4235 + 2.8  49.64 + 3.9 69.34 + 43 3548 = 2.7
33, NA" 90.78 + 56 NA" 88.92 + 5.5
33, 67.22 * 41 5926 + 45 7601 + 48 60.39 = 3.9
334 79.12 * 48 6275 + 46 8381 + 54 69.74 = 45
33, NAP 82,68 + 53 NA" 86.96 + 5.4
33; 63.04 * 40 5248 * 41 7265 + 46 5510 = 3.7
33, NA” NA® NA® NA”

33, 21.34 + 1.8 29.38 + 2.8 4296 = 29 19.62 * 1.6
33; 23.96 + 2.0 36.07 = 3.2 4990 = 3.4 21.82 * 1.8
33; 31.75 + 25  40.62 + 3.4 5578 * 3.8 29.87 * 2.1
42, 69.92 + 43 60.41 + 46 7836 + 50 6350 * 4.1
42, 65.58 + 4.0 5529 + 4.4 7450 + 47 5802 * 3.9
42, 56.70 + 3.7 4560 + 3.6 61.38 = 40 49.28 * 3.5
424 91.26 * 54 7811 + 50 9456 + 59  80.73 = 4.9
42, 2813 + 2.2 3826 + 3.3 5223 = 35 2549 * 1.9
42 16.48 + 1.6 2394 = 23 2843 * 2.0 1463 + 1.3
42, 81.84 * 48 66.28 + 48 8544 + 56 7203 * 4.7
42, 19.47 + 1.7 3260 = 29 4681 = 3.0 1815 * 1.5
42; 37.62 + 2.6 4633 + 3.7 6582 = 42 31.94 * 24

2 Three independent experiments were performed for each concentration.
> Compounds having ICs, value > 100 pM.

used to clarify the mechanism of induced cell death in HCT-116 cells at
pre-G1l phase. HCT-116 cells were treated with 10 uM of the tested
compound 42;. The results revealed that the percentage of total apop-
tosis induced by compound 42¢ was 21.34. In the early stage, there was
significant increase in the percentage of apoptotic cells from 0.42% for
control untreated cells up to 5.49%. Additionally, in the late phase,
there was an increase in the apoptotic cells to attain 13.1% in com-
parison to 0.51% in control HCT-116 cells. The obtained results re-
vealed that compound 42; induced pre-G1 apoptosis and arrested cell
cycle at G2/M phase (Table 3 & Figs. 11 and 12).

3. Conclusion

In summary, nineteen derivatives of 3-aminopiperidine-2,6-dione
derivatives have been designed and synthesized depending on
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thalidomide as a lead compound. Some derivatives exhibited anti-pro-
liferative activities higher than thalidomide against HepG-2, HCT-116,
PC3 and MCF-7 cell lines such as 33; (ICso = 21.34 + 1.8,
29.38 = 28,4296 = 2.9 and 19.62 * 1.6 uM, respectively), 33;

(ICsp = 2396 =+ 20, 36.07 = 3.2, 49990 =+ 3.4 and
21.82 * 1.8 uM, respectively), 42¢ (ICso = 16.48 = 1.6,
23.94 + 2.3,28.43 *= 2.0 and 14.63 1.3 uM, respectively) and

+
42, (ICsp = 19.47 *= 1.7, 32.60 *= 29, 46.81 =+ 3.0 and
18.15 = 1.5 pM, respectively). Moreover, some compounds showed a
significant reduction in TNF-a (compounds 33;, and 42¢), VEGF (com-
pounds 33; and 42¢) and NF-kB p65 (compounds 42¢). Furthermore,
some compounds exhibited significant elevation in CASP8 levels as
compounds 33; and 42(). Additionally, Flow cytometry analysis de-
monstrated that compound 42¢ could significantly induce apoptosis
(21.43%) of HCT-116 cells at a concentration of 10 uM and can arrest
the cell cycle at G2/M phase. Structure-activity relationship study re-
vealed that oxadiazole derivatives were more active than thiazolidine-
2,4-dione ones. These results indicate that the designed compounds can
act as promising immunomodulators and effective anticancer agents.
Additionally, further optimization of these derivatives may result in
discovering more promising immunomodulators.

4. Experimental
4.1. Chemistry

All melting points were performed by the open capillary method on
a Gallen kamp device. The infrared spectra were verified using the
potassium bromide disk technique on a pye Unicam SP 1000 IR spec-
trophotometer. Proton magnetic resonance 'H NMR spectra and **C
NMR spectra were recorded on a BRUKER 400 MHZ- NMR spectro-
meter. Chemical shifts were measured in § scale (ppm) and TMS was
used as internal standard. The mass spectra were recorded on Varian
MAT 311-A (70 e.v.). Elemental analyses (C, H, N) of the tested com-
pounds were carried out on a CHN analyzer. All compounds were
within + 0.4 of the theoretical values. The reactions were monitored
by thin-layer chromatography (TLC) using TLC sheets precoated with
UV fluorescent silica gel Merck 60 F254 plates and were envisaged
using UV lamp and different solvents as mobile phases. Compounds 28,
29,4, 30 4, 31 4, 324, 35.., 36.., 37.., and 38,; were synthesized
according to reported methods [65,66,73,74,77]

Fig. 6. Levels of TNF a in the cell supernatant after
exposure to 10 uM of thalidomide and the synthesized
compounds on HCT-116 cells. (a) Denotes group sta-
tistically significant from control cells, (b) Denotes
group statistically significant from control-DMSO
cells, (c) Denotes group statistically significant from
thalidomide. Results are expressed as mean + SEM.
*P < 0.05), **(P < 0.01),***(P < 0.001).

42f 42h

Tested compounds against thalidomide, DMSO and control
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Fig. 7. Levels of CASP8 in the cell supernatant after
exposure to 10 uM of thalidomide and the synthesized
compounds on HCT-116 cells. (a) Denotes group sta-

Fekekk

a tistically significant from control cells, (b) Denotes

group statistically significant from control-DMSO
cells, (c) Denotes group statistically significant from

** thalidomide. Results are expressed as mean *= SEM.
¢ *(P < 0.05), **(P < 0.01),***(P < 0.001).
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Fig. 8. Levels of VEGF in the cell supernatant after
exposure to 10 uM of thalidomide and the synthesized
compounds on HCT-116 cells. (a) Denotes group sta-
tistically significant from control cells, (b) Denotes
group statistically significant from control DMSO cells,
(c) Denotes group statistically significant from thali-
domide. Results are expressed as mean = SEM.
*P < 0.05), **(P < 0.01),***(P < 0.001).

42f 42h

Tested compounds against thalidomide, DMSO and control

4.1.1. General procedure for synthesis of compounds (11)

To a suspension of the appropriate acid 32,; (3 mmol) in DCM
(10 mL), Et3N (0.33 g, 0.46 mL, 3.30 mmol) was added. The reaction
mixture was stirred in ice-salt bath for 10 min. To the previous clear
solution, ethyl chloroformate (0.35 g, 0.31 mL, 3.30 mmol) was added
in a drop wise manner over a period of 20 min. and the reaction mixture
was stirred for 1 h in the ice-salt bath. A solution of 3-aminopiperidine-
2,6-dione HCl (0.49 g, 3 mmol) and Et3N (0.33 g, 0.46 mL, 3.30 mmol)
in DCM (10 mL) was added to the reaction mixture. The whole mixture
was allowed to stir for 12 h at r.t. and the obtained precipitates were
filtered, washed with water followed by hot DCM and dried to furnish
the corresponding target compounds 33,,, respectively.

4.1.1.1. 2-(5-Bengylidene-2,4-dioxothiazolidin-3-y)-N-(2,6-
dioxopiperidin-3-yl) acetamide (33,). White crystal (yield, 75%);

m.p. = 266-268 °C. IR (KBr, cm™1): 3360, 3225 (NH), 3134 (CH
aromatic), 2972 (CH aliphatic) and 1692 (C=O amide); 'H NMR
(DMSO-dg) & ppm: 1.91-1.97 (m, 2H, CH,CH of piperidine),
2.48-2.52 (m, 1H, CH,CO of piperidine), 2.68-2.75 (m, 1H, CH,CO
of piperidine), 4.36 (s, 2H, CH,CONH), 4.40-4.62 (m, 1H, CH of
piperidine), 7.49-7.53 (dd, 1H, C-4 phenyl, J = 8.4 Hz & 8.2 H2),
7.54-7.58 (dd, 2H, C-3 and C-5 phenyl, J = 8.4 Hz & 8 Hz), 7.64-7.66
(d, 2H, C-2 and C-6 phenyl, J = 8 Hz), 7.98 (s, 1H, —C=CH), 7.72-7.74
(d, 1H, J = 8.1 Hz, NHCO, D,0 exchangeable), 10.87 (s, 1H, CONHCO,
D,0 exchangeable); 13C NMR (DMSO-ds, 100 MHz) 8 (ppm): 24.71,
31.25, 43.85, 49.90, 121.58, 129.90(2C), 130.64(2C), 131.25, 133.35,
133.88, 165.61, 165.70, 167.51, 172.19, 173.32; Anal. Calcd. for
C17H15N305S (373.38): C, 54.69; H, 4.05; N, 11.25. Found: C, 54.30;
H, 4.09; N, 11.51%.
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Fig. 9. Levels of NF-xB p65 in the cell lysate after
exposure to 10 uM of thalidomide analogs on HCT-
116 cells. (a) Denotes group statistically significant
from control cells, (b) Denotes group statistically
significant from control DMSO cells, (c) Denotes
group statistically significant from thalidomide.
Results are expressed as mean + SEM. *(P < 0.05),
**(P < 0.01),**(P < 0.001).

o ol

Tested compounds against thalidomide, DMSO and control

Table 2
Effect of compound 42 on cell cycle progression in HCT-116 cells.

Sample Cell cycle distribution (%)

%G0/G1 %S %G2/M %Pre-G1
42¢/HCT-116 cell 41.29 18.19 40.52 21.34
Cont. HCT-116 cell 57.41 26.84 15.75 2.19

Cell Cycle Analysis

70  m42f/HCT-116 cell

27:41 60 M Cont. HCT-116 cell

50
40.52 1.29
40 %
26.84 30
21.34 819
15.7 - 20
| 0
%Pre-G1 %G2-M %S %G0-G1

Cell cycle distribution (%)

Fig. 10. Cell cycle analysis and apoptosis effect in HCT-116 cell line when
treated with compound 42

Table 3
Apoptosis and necrosis percent induced by compound 42¢ on HCT-116 cells.
Sample Apoptosis Necrosis
Total Early Late
42¢/HCT-116 21.34 5.49 131 2.75
Cont. HCT-116 2.19 0.42 0.51 1.26

4.1.1.2. 2-(5-(2-Chlorobenzylidene)-2,4-dioxothiazolidin-3-yl)-N-(2,6
dioxopiperidin-3-yDacetamide (33p). Grayish white crystal (yield, 67%);
m.p. = 245-247 °C. IR (KBr, cm_l): 3346, 3249 (NH), 3135 (CH
aromatic), 2990 (CH aliphatic) and 1695 (C=O amide); 'H NMR
(DMSO-dg) & ppm: 1.88-1.97 (m, 2H, CH,CH of piperidine),
2.50-2.54 (m, 1H, CH,CO of piperidine), 2.68-2.78 (m, 1H, CH,CO
of piperidine), 4.37 (s, 2H, CH,CONH), 4.56-4.62 (m, 1H, CH of
piperidine), 7.53-7.55 (dd, 1H, C-4 phenyl), 7.61-7.65 (m, 2H, C-5 and
C-6 phenyl), 7.65-7.67 (d, 1H, C-3 phenyl), 8.06 (s, 1H, —C=CH),
8.72-8.74 (d, 1H, J = 7.9 Hz, NHCO, D,0 exchangeable), 10.88 (s, 1H,
CONHCO, D,0 exchangeable); MS (m/z): 409 (M* +2, 4.58%), 407
(M™, 17.92%), 372 (100%, base peak); Anal. Calcd. for C;7H;4CIN3OsS
(407.83): C, 50.07; H, 3.46; N, 10.30. Found: C, 50.10; H, 3.26; N,
10.22%.

4.1.1.3. 2-(5-(4-Chlorobenzylidene)-2,4-dioxothiazolidin-3-yl)-N-(2,6-
dioxopiperidin-3-yDacetamide (33.). White crystal (yield, 75%);
m.p. = 256-258 °C. IR (KBr, cm ™) 3431, 3284 (NH), 3102 (C—H
aromatic), 2907 (C—H aliphatic) and 1690 (C=0O amide); H NMR
(DMSO-dg) 6§ ppm: 1.93-1.97 (m, 2H, CH,CH of piperidine), 2.50-2.51
(m, 1H, CH,CO of piperidine), 2.70-2.74 (m, 1H, CH,CO of piperidine),
4.36 (s, 2H, CH,CONH), 4.55-4.62 (m, 1H, CH piperidine), 7.61-7.63
(d, 2H, C-3 and C-5 phenyl, J = 8 Hz), 7.67-7.69 (d, 2H, C-2 and C-6
phenyl, J = 8 Hz), 7.98 (s, 1H, —C=CH), 8.70-8.72 (d, 1H, J = 8.1 Hz,
NHCO, D,O exchangeable), 10.86 (s, 1H, CONHCO, D,O
exchangeable); Anal. Calcd. for C;,H;4CIN3O5S (407.83): C, 50.07; H,
3.46; N, 10.30. Found: C, 50.25; H, 3.12; N, 10.24%.

4.1.1.4. N-(2,6-Dioxopiperidin-3-yl)-2-(5-(2-methoxybenzylidene)-2,4-

dioxothiazolidin-3-yDacetamide (334). Yellow crystal (yield, 69%);
m.p. = 272-274 °C. IR (KBr, cm ™) 3311, 3202 (2NH), 3090 (C—H
aromatic), 2935 (C—H aliphatic) and 1693 (C=O amide); 1H NMR
(DMSO-dg) 6§ ppm: 1.94-1.97 (m, 2H, CH,CH of piperidine), 2.50-2.51
(m, 1H, CH,CO of piperidine), 2.68-2.78 (m, 1H, CH>CO of piperidine),
3.90 (s, 3H, OCH3), 4.35 (s, 2H, CH,CO), 4.55-4.62 (m, 1H, CHCO),
7.10-7.14 (dd, 1H, C-5 phenyl, J = 8.1 Hz & 7.6 Hz), 7.17-7.19 (d, 1H,
J = 8.4 Hz, C-3 phenyl), 7.46-7.48 (d, 1H, C-6 phenyl, J = 8.1 Hz),
7.50-7.54 (dd, 1H, C-4 phenyl, J = 8.3 &7.1 Hz), 8.10 (s, 1H, —C=CH),
8.70-8.72 (d, 1H, J = 8.1 Hz, NHCO, D,0 exchangeable), 10.89 (s, 1H,

10
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Fig. 11. Percentage of induced cell death by compound 42¢ on HCT-116 cells.

CONHCO, D,O exchangeable); MS (m/z): 391 (M™*, 61.85%), 151
(100%, base peak); Anal. Calcd. for C;5H;7N306S (403.41): C, 53.59;
H, 4.25; N, 10.42. Found: C, 53.81; H, 4.09; N, 10.19%.

4.1.1.5. N-(2,6-Dioxopiperidin-3-yl)-2-(5-(4-methoxybenzylidene)-2,4-

dioxothiazolidin-3-yl)acetamide (33.). Yellowish white crystal (yield,
76%); m.p. = 276-278 °C. IR (KBr, cm™'): 3413, 3287 (NH), 3101
(C—H aromatic), 2926 (C—H aliphatic) and 1687 (C=O0 amide); H
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NMR (DMSO-dg) § ppm: 1.94-1.96 (m, 2H, CH,CH of piperidine),
2.48-2.53 (m, 1H, CH,CO of piperidine), 2.68-2.77 (m, 1H, CH,CO of
piperidine), 3.83 (s, 3H, OCH3), 4.35 (s, 2H, CH,CO), 4.55-4.61 (m,
1H, CHCO), 7.10-7.12 (d, 2H, C-3 and C-5 phenyl, J = 8.1 Hz),
7.60-7.62 (d, 2H, C-2 and C-6 phenyl, J = 7.8 Hz), 7.91 (s, 1H,
—C=CH), 8.70-8.72 (d, 1H, J = 8.2 Hz, NHCO, D,O exchangeable),
10.87 (s, 1H, CONHCO, D,O exchangeable); *C NMR (DMSO-ds,
100 MHz) 6 (ppm): 21.59, 24.71, 31.24, 43.81, 49.89, 120.33,
130.52(2C), 130.60(2C), 130.72, 133.94, 141.63, 165.64, 165.76,
167.54, 172.18, 173.32; Anal. Calcd. for C,gH;7N306S (403.41): C,
53.59; H, 4.25; N, 10.42. Found: C, 53.48; H, 4.32; N, 10.51%.

4.1.1.6. N-(2,6-Dioxopiperidin-3-yl)-2-(5-(4-fluorobenzylidene)-2,4-
dioxothiazolidin-3-ylacetamide (33p). White crystal (yield, 74%);
m.p. = 235-237 °C. IR (KBr, cm™1): 3289 (2NH), 3091 (C—H
aromatic), 2890 (C—H aliphatic) and 1688 (C=O amide); H NMR
(DMSO-dg) 6§ ppm: 1.91-1.97 (m, 2H, CH,CH of piperidine), 2.48-2.52
(m, 1H, CH,CO of piperidine), 2.69-2.78 (m, 1H, CH,CO of piperidine),
4.35 (s, 2H, CH,CONH), 4.55-4.62 (m, 1H, CH piperidine), 7.38-7.42
(d, 2H, J = 8 Hz, C-3 and C-5 phenyl), 7.71-7.75 (d, 2H, J = 8 Hz, C-2
and C-6 phenyl), 7.99 (s, 1H, —C=CH), 8.71-8.73 (d, 1H, J = 8.2 Hz,
NHCO, D,O exchangeable), 10.87 (s, 1H, CONHCO, D,O
exchangeable); MS (m/z): 391 (M™*, 61.85%), 151 (100%, base peak);
Anal. Calcd. for C;7H4FN305S (391.37): C, 52.17; H, 3.61; N, 10.74.
Found: C, 52.33; H, 3.35; N, 10.49%.
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Fig. 12. A) HCT-116 cells distribution upon treatment with compound 42;. B) Induced apoptosis on HCT-116 cells by compound 42;.
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4.1.1.7. N-(2,6-Dioxopiperidin-3-yl)-2-(5-(4-methylbenzylidene)-2,4-
dioxothiazolidin-3-yl)acetamide (33,). Off white crystal (yield, 68%);
m.p. = 230-232 °C. IR (KBr, cm_l): 3291, 3251 (2NH), 3105 (C—H
aromatic), 2950 (C—H aliphatic) and 1688 (C=O amide); 'H NMR
(DMSO-dg) 6 ppm: 1.94-1.95 (m, 2H, CH,CH of piperidine), 2.37 (s,
3H, CHs), 2.48-2.51 (m, 1H, CH,CO of piperidine), 2.68-2.76 (m, 1H,
CH,CO of piperidine), 4.35 (m, 2H, CH,CONH), 4.55-4.61 (m, 1H, CH
of piperidine), 7.37-7.39 (d, 2H, C-3 and C-5 phenyl, J = 7.8 Hz),
7.54-7.56 (d, 2H, C-2 and C-6 phenyl, J = 8.2 Hz), 7.93 (s, 1H,
—C=CH), 8.72-8.74 (d, 1H, J = 8 Hz, NHCO, D,0O exchangeable),
10.87 (s, 1H, CONHCO, D,O exchangeable); *C NMR (DMSO-dg,
100 MHz) § (ppm): 24.72, 31.25, 43.77, 49.90, 56.00, 115.49(2C),
118.24, 125.81, 132.80(2C), 133.88, 161.75, 165.69, 165.82, 167.59,
172.20, 173.33; Anal. Calcd. for C;gH;7N305S (387.41): C, 55.81; H,
4.42; N, 10.85. Found: C, 55.61; H, 4.63; N, 10.56%.

4.1.1.8. N-(2,6-Dioxopiperidin-3-yl)-2-(5-(4-nitrobenzylidene)-2,4-
dioxothiazolidin-3-yl)acetamide (33p). Shine yellow crystal (yield,
72%); m.p. = 240-242 °C. IR (KBr, cm™Y): 3432, 3291 (NH), 3098
(C—H aromatic), 2938 (C—H aliphatic) and 1695 (C=0 amide); H
NMR (DMSO-dg) 6 ppm: 1.91-1.96 (m, 2H, CH,CH of piperidine),
2.50-2.52 (m, 1H, CH,CO of piperidine), 2.69-2.76 (m, 1H, CH,CO of
piperidine), 4.33-4.42 (m, 2H, CH,CO), 4.53-4.62 (m, 1H, CHCO),
7.91-7.93 (d, 2H, C-2 and C-6 phenyl, J = 8.2 Hz), 8.09 (s, 1H,
—C=CH), 8.36-8.37 (d, 2H, C-3 and C-5 phenyl, J = 7.5 Hz),
8.72-8.75 (d, 1H, J = 12 Hz, NHCO, D,O exchangeable), 10.87 (s,
1H, CONHCO, D,0 exchangeable); MS (m/z): 418 (M", 95.58%), 55
(100%, base peak), 366 (53.41%), 290 (48.51%), 236 (53.42%), 178
(71.86%), 160 (48.74%), 120 (49.45%), 82 (54.04%); Anal. Calcd. for
C,7H;4N405S (418.38): C, 48.80; H, 3.37; N, 13.39. Found: C, 48.44; H,
3.00; N, 13.57%.

4.1.1.9. N-(2,6-Dioxopiperidin-3-yl)-2-(5-(3-nitrobenzylidene)-2,4-
dioxothiazolidin-3-yl)acetamide (33;). Yellow crystal (yield, 75%);
m.p. = 228-230 °C. IR (KBr, cm™'): 3292, 3248 (2NH), 3130 (C—H
aromatic), 3095 (C—H aliphatic) and 1696 (C=0 amide); 'H NMR
(DMSO-dg) 6 ppm: 1.88-1.95 (m, 2H, CH,CH of piperidine), 2.48-2.52
(m, 1H, CH,CO of piperidine), 2.69-2.77 (m, 1H, CH,CO of piperidine),
4.38 (s, 2H, CH,CO), 4.53-4.66 (m, 1H, CHCO), 7.83-7.87 (dd, 1H, C-5
phenyl, J = 8.2 Hz & 7.1 Hz), 8.06-8.07 (d, 1H, C-6 phenyl,
J = 8.2 Hz), 8.15 (s, 1H, —C=CH), 8.31-8.33 (d, 1H, C-4 phenyl,
J = 7.1 Hz), 8.51 (s, 1H, C-3 phenyl), 8.72-8.74 (d, 1H, J = 8.1 Hz,
NHCO, D,O exchangeable), 10.87 (s, 1H, CONHCO, D,O
exchangeable); Anal. Calcd. for C;7H;4N40,S (418.38): C, 48.80; H,
3.37; N, 13.39. Found: C, 48.64; H, 3.48; N, 13.53%

4.1.1.10. 2-(5-(2,6-Dichlorobenzylidene)-2,4-dioxothiazolidin-3-yl)-N-
(2,6-dioxopipe- ridin-3-yDacetamide (33;). White crystal (yield, 71%);
m.p. = 263-265 °C. IR (KBr, cm ™) 3353, 3242 (2NH), 3095 (C—H
aromatic), 2976 (C—H aliphatic) and 1699 (C=O amide); 'H NMR
(DMSO-dg) é ppm: 1.93-1.97 (m, 2H, CH,CH of piperidine), 2.50-2.53
(m, 1H, CH,CO of piperidine), 2.63-2.77 (m, 1H, CH»CO of piperidine),
4.36 (s, 2H, CH,CO), 4.37-4.61 (m, 1H, CHCO), 7.50-7.54 (dd, 1H, C-4
phenyl, J = 8.0 Hz & 7.8 Hz), 7.62-7.64 (d, 2H, C-3 and C-5 phenyl,
J = 8.0 Hz), 7.91 (s, 1H, —C=CH), 8.76-8.78 (d, 1H, J = 8 Hz, NHCO,
D,0O exchangeable), 10.87 (s, 1H, CONHCO, D,O exchangeable); MS
(m/2): 442 (M™*, 6.69%), 55 (100%, base peak), 405 (54.23%), 203
(32.26%), 166 (21.93%), 131 (20.87%), 122 (19.78%), 83 (44.55%).
Anal. Caled. for C;,H;5Cl;N305S (442.27): C, 46.17; H, 2.96; N, 9.50.
Found: C, 46.41; H, 3.19; N, 9.72%.

4.1.2. 2-Chloro-N-(2,6-dioxopiperidin-3-yl)acetamide (41)

A mixture of 3-aminopiperidine-2,6-dione HCI (3 g, 18.23 mmol)
and NaHCO; (3.06 g, 36.45 mmol) was dissolved in water (20 mL)
while stirring until complete dissolution. DCM (10 mL) was added to
the aqueous solution in an ice bath. A solution of chloroacetyl chloride
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(2.26 g, 1.59 mL, 20.05 mmol) in DCM (10 mL) was added drop wise to
the previous solution over a period of 0.5 h while stirring in the ice
bath. The reaction mixture was allowed to stir at r.t. for an extra 0.5 h.
The obtained precipitate was filtered, washed with DCM and dried to
afford a white product. The filtrate was extracted with ethyl acetate
(10 mL x 3), dried over MgSO4 anhydrous and filtered. Upon con-
centration of ethyl acetate a second crop of white product was obtained
to give compound 41.

Shine white crystal (yield, 80%); m.p. = 148-150 °C. IR (KBr,
cm™1): 3316, 3189 (2NH), 2871 (C—H aliphatic), 1708 (C=O0 imide),
1659 (C=0 amide); '"H NMR (DMSO-dg) § ppm: 1.92-1.97 (m, 2H,
CH,CH of piperidine), 2.50-2.51 (m, 1H, CH,CO of piperidine),
2.72-2.80 (m, 1H, CH,CO of piperidine), 4.16 (s, 2H, CICH,CO),
4.56-4.63 (m, 1H, CHCO), 8.57 (d, 1H, J = 8.0 Hz, NHCO), 10.86 (s,
1H, CONHCO).

4.1.3. General procedure for synthesis of compounds (42.)

A mixture of the appropriate potassium salt of 5-un(substituted)
aryl-1,3,4-oxadiazole-2-thiol (17,;) (2 mmol) and 2-chloro-N-(2,6-di-
oxopiperidin-3-yl)acetamide (42) (0.49 g, 2.40 mmol) in the presence
of catalytic amount of potassium iodide in acetonitrile (20 mL) was
stirred at r.t. for 12 h. The obtained precipitates were filtered off, wa-
shed with water, dried and crystallized from methanol to afford the
corresponding acetamide derivatives (42,.;) respectively.

4.1.3.1. N-(2,6-Dioxopiperidin-3-yD)-2-[(5-phenyl-1,3,4-oxadiazol-2-yl)
thio]acetamide 42,). Off white crystal (yield, 85%);
m.p. = 185-187 °C. IR (KBr, cm~1): 3288, 3198 (NH), 3097 (C—H
aromatic), 2878 (C—H aliphatic), 1708 (C=O imide) and 1676 (C=0
amide); 'H NMR (DMSO-dg) 8 ppm: 1.94-1.97 (m, 2H, CH,CH of
piperidine), 2.48-2.51 (m, 1H, CHCO of piperidine), 2.68-2.78 (m,
1H, CH,CO of piperidine), 4.20 (s, 2H, CH,CO), 4.58-4.64 (m, 1H,
CHCO), 7.59-7.61 (m, 3H, Ar-H), 7.97-7.99 (d, 2H, C-2 and C-6 phenyl,
J = 8 Hz), 8.72-8.75 (d, 1H, J = 12 Hz, NHCO, D,0 exchangeable),
10.86 (s, 1H, CONHCO, D,O exchangeable); *C NMR (DMSO-ds,
100 MHz) § (ppm): 24.60, 31.26, 36.04, 50.15, 123.50, 126.88(2C),
129.88(2C), 132.47, 163.72, 165.57, 166.68, 172.20, 173.30; Anal.
Calcd. for C;5H14N404S (346.36): C, 52.02; H, 4.07; N, 16.18. Found: C,
52.41; H, 4.35; N, 16.38%

4.1.3.2. 2-[(5-(2-Chlorophenyl)-1,3,4-oxadiazol-2-yl)thio]-N-(2,6-
dioxopiperidin-3-yDacetamide  (42,). White crystal (yield, 82%);
m.p. = 198-200 °C. IR (KBr, cm™Y): 3291 (br, 2NH), 3101 (C—H
aromatic), 2925, 2876 (C—H aliphatic), 1711 (C=O imide) and 1668
(C=0 amide); 'H NMR (DMSO-de) § ppm: 1.95-1.97 (m, 2H, CH,CH of
piperidine), 2.47-2.50 (m, 1H, CH>CO of piperidine), 2.69-2.77 (m,
1H, CH,CO of piperidine), 4.21 (s, 2H, CH,CO), 4.57-4.63 (m, 1H,
CHCO), 7.60-7.64 (dd, 1H, J = 8.2 Hz & 7.8 Hz, C-4 phenyl),
7.70-7.74 (dd, 1H, J = 8.2 & 8.0 Hz, C-5 phenyl), 7.94-7.96 (d, 1H,
J = 7.8 Hz, C-3 phenyl), 7.96-7.98 (d, 1H, J = 8.0 Hz, C-6 phenyl),
8.74-8.75 (d, 1H, J = 4 Hz, NHCO, D,0 exchangeable), 10.85 (s, 1H,
CONHCO, D,0 exchangeable); MS (m/z): 379 (M™", 26.04%), 111
(100%, base peak), 141 (92.13%), 271 (27.06%), 378 (21.31%), 75
(22.93%); Anal. Calcd. for C;5H,3CIN4O4S (380.80): C, 47.31; H, 3.44;
N, 14.71. Found: C, 47.52; H, 3.62; N, 14.45%.

4.1.3.3. 2-[(5-(3-Chlorophenyl)-1,3,4-oxadiazol-2-yDthio]-N-(2,6-

dioxopiperidin-3-yDacetamide (42.). Grayish white crystal (yield, 85%);
m.p. = 224-226 °C. IR (KBr, cm™'): 3289, 3199 (2NH), 3099 (C—H
aromatic), 2922, 2865 (C—H aliphatic), 1708 (C=O imide) and 1669
(C=0 amide); '"H NMR (DMSO-dg) § ppm: 1.92-1.97 (m, 2H, CH,CH of
piperidine), 2.49-2.51 (m, 1H, CH,CO of piperidine), 2.68-2.71 (m,
1H, CH,CO of piperidine), 4.19 (s, 2H, CH,CO), 4.59-4.63 (m, 1H,
CHCO), 7.66-7.68 (d, 1H, C-5 phenyl, J = 8.2 Hz), 7.70-7.72 (dd, 1H,
C-4 phenyl, J = 8.2 & 7.8 Hz), 7.76-7.78 (d, 1H, C-6 phenyl,
J = 8.2 Hz), 7.95 (s, 1H, C-2 phenyl), 8.71-8.73 (d, 1H, J = 8.0 Hz,
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NHCO, D,O exchangeable), 10.85 (s, 1H, CONHCO, D,O
exchangeable); Anal. Calcd. for C;5H;3CIN4O4S (380.80): C, 47.31; H,
3.44; N, 14.71. Found: C, 47.11; H, 3.22; N, 14.53%.

4.1.3.4. 2-[(5-(4-Chlorophenyl)-1,3,4-oxadiazol-2-yl)thio]-N-(2,6-

dioxopiperidin-3-yDacetamide (424). Off white crystal (yield, 89%);
m.p. = 234-236 °C. IR (KBr, cm™1): 3265 (br, 2NH), 3101 (C—H
aromatic), 2931, 2872 (C—H aliphatic), 1703 (C=O imide) and 1668
(C=0 amide); '"H NMR (DMSO-de) § ppm: 1.95-2.07 (m, 2H, CH,CH of
piperidine), 2.48-2.51 (m, 1H, CH>CO of piperidine), 2.68-2.77 (m,
1H, CH,CO of piperidine), 4.20 (s, 2H, CH,CO), 4.57-4.64 (m, 1H,
CHCO), 7.65-7.68 (d, 2H, C-3 and C-5 phenyl, J = 12 Hz), 7.98-8.00
(d, 2H, J = 8.2 Hz, C-2 and C-6 phenyl,), 8.73-8.75 (d, 1H, J = 8.0 Hz,
NHCO, D,O exchangeable), 10.86 (s, 1H, CONHCO, D,O
exchangeable); 13C NMR (DMSO-dg, 100 MHz) § (ppm): 24.58, 31.26,
36.01, 50.15, 122.37, 128.69(2C), 130.05(2C), 137.18, 164.01, 164.81,
166.66, 172.20, 173.30; Anal. Calcd. for C;5H,3CIN404S (380.80): C,
47.31; H, 3.44; N, 14.71. Found: C, 47.09; H, 3.49; N, 14.68%.

4.1.3.5. N-(2,6-Dioxopiperidin-3-yl)-2-[(5-(4-nitrophenyl)-1,3,4-
oxadiazol-2-yDthio] Acetamide (42.). Faint green crystal (yield, 87%);
m.p. = 276-278 °C. IR (KBr, cm ™) 3277 (br, 2NH), 3095 (C—H
aromatic), 2928, 2864 (C—H aliphatic), 1707 (C=O imide) and 1661
(C=O0 amide); 'H NMR (DMSO-dg) & ppm: 1.92-1.97 (m, 2H, CH,CH of
piperidine), 2.47-2.50 (m, 1H, CH>CO of piperidine), 2.68-2.77 (m,
1H, CH,CO of piperidine), 4.22 (m, 2H, CH,CO), 4.57-4.64 (m, 1H,
CHCO), 8.23-8.25 (d, 2H, J = 8 Hz, C-2 and C-6 phenyl), 8.39-8.42 (d,
2H, C-3 and C-5 phenyl, J = 12 Hz), 8.75-8.77 (d, 1H, J = 8 Hz,
NHCO, D,O exchangeable), 10.85 (s, 1H, CONHCO, D,O
exchangeable); Anal. Calcd. for C;5H;3Ns506S (391.36): C, 46.04; H,
3.35; N, 17.90. Found: C, 46.32; H, 3.55; N, 18.21%.

4.1.3.6. 2-[(5-(4-AminophenyD)-1,3,4-oxadiazol-2-yDthio]-N-(2,6-
dioxopiperidin-3-yl)acetamide (42¢). Orange crystal (yield, 87%);
m.p. = 255-257 °C. IR (KBr, cm™1): 3360, 3277 (2NH), 3092 (C—H
aromatic), 2884 (C—H aliphatic), 1706 (C=O imide) and 1635 (C=0
amide); 'H NMR (DMSO-ds) § ppm: 1.87-1.93 (m, 2H, CH,CH of
piperidine), 2.44-2.48 (m, 1H, CH,CO of piperidine), 2.65-2.87 (m,
1H, CH,CO of piperidine), 4.09 (s, 2H, CH,CO), 4.53-4.60 (m, 1H,
CHCO), 5.91 (s, 2H, NH,, D,O exchangeable), 6.62-6.64 (d, 2H, C-3
and C-5 phenyl, J = 8.2 Hz), 7.58-7.60 (d, 2H, C-2 and C-6 phenyl,
J = 8.3 Hz), 8.65-8.67 (d, 1H, J = 8.0 Hz, NHCO, D,0 exchangeable),
10.82 (s, 1H, CONHCO, D,O exchangeable); *C NMR (DMSO-dg,
100 MHz) § (ppm): 24.60, 31.25, 36.03, 50.13, 109.84, 114.00(2C),
128.42(2C), 152.81, 161.36, 166.42, 166.83, 172.20, 173.32; Anal.
Calcd. for C;5H;5N50,4S (361.38): C, 49.86; H, 4.18; N, 19.38. Found: C,
50.08; H, 4.39; N, 19.62%.

4.1.3.7. N-(2,6-Dioxopiperidin-3-yl)-2-[(5-(pyridin-2-yl)-1,3,4-oxadiazol-
2-yDthio] Acetamide (42,). white crystal (yield, 82%);
m.p. = 173-175 °C. IR (KBr, cm ™) 3308, 3219 (2NH), 3091 (C—H
aromatic), 2910 (C—H aliphatic), and 1689 (C=O0 amide); 'H NMR
(DMSO-dg) é ppm: 1.95-1.98 (m, 2H, CH,CH of piperidine), 2.48-2.51
(m, 1H, CH,CO of piperidine), 2.68-2.79 (m, 1H, CH,CO of piperidine),
4.21 (s, 2H, CH,CO), 4.59-4.65 (m, 1H, CHCO), 7.58-7.62 (dd, 1H, C-5
pyridine, J = 8 Hz), 8.04-8.08 (dd, 1H, C-4 pyridine, J = 8 Hz),
8.11-8.13 (d, 1H, C-3 pyridine, J = 8 Hz), 8.70-8.72 (d, 1H, J = 8 Hz,
NHCO, D,0 exchangeable), 8.72-8.74 (d, 1H, C-6 pyridine, J = 8 Hz),
10.84 (s, 1H, CONHCO, D,O exchangeable); Anal. Calcd. for
C14H:15Ns04S (347.35): C, 48.41; H, 3.77; N, 20.16. Found: C, 48.69;
H, 3.88; N, 20.31%.

4.1.3.8. N-(2,6-Dioxopiperidin-3-yl)-2-[(5-(pyridin-3-yl)-1,3,4-oxadiazol-
2-yDthio] Acetamide (42p). Greenish white crystal (yield, 82%);
m.p. = 176-178 °C. IR (KBr, cm™1): 3286 (br, 2NH), 3048, 3004
(C—H aromatic), 2923 (C—H aliphatic), 1703 (C=O imide) and 1673
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(C=O0 amide); '"H NMR (DMSO-dg) § ppm: 1.94-1.97 (m, 2H, CH,CH of
piperidine), 2.46-2.51 (m, 1H, CH>CO of piperidine), 2.67-2.77 (m,
1H, CH,CO of piperidine), 4.22 (m, 2H, CH,CO), 4.57-4.63 (m, 1H,
CHCO), 7.63-7.66 (dd, 1H, J = 4 Hz & 8 Hz, C-5 pyridine), 8.35-8.38
(d, 1H, J = 12 Hz, NHCO, D,O exchangeable), 8.74-8.76 (d, 1H,
J = 8 Hz, C-4 pyridine), 8.79-8.81(d, 1H, J = 8 Hz, C-6 pyridine), 9.15
(s, 1H, C-2 pyridine), 10.85 (s, 1H, CONHCO, D,0 exchangeable); MS
(m/2): 347 (M+, 51.34%), 49 (100%, base peak), 276 (22.31%), 149
(31.08%), 143 (30.46%), 121 (59.73%), 104 (67.68%), 97 (50.39%),
79 (73.70%), 66 (69.14%); Anal. Calcd. for C;4H;3N504S (347.35): C,
48.41; H, 3.77; N, 20.16. Found: C, 48.52; H, 3.97; N, 20.29%.

4.1.3.9. N-(2,6-Dioxopiperidin-3-yl)-2-[(5-(pyridin-4-yl)-1,3,4-oxadiazol-
2-yDthio]  Acetamide (42;). Bluish crystal (yield, 89%);
m.p. = 169-171 °C. IR (KBr, cm™1): 3295 (br, 2NH), 2998 (C—H
aromatic), 2917 (C—H aliphatic), 1708 (C=O0 imide) and 1653 (C=0
amide); 'H NMR (DMSO-d) & ppm: 1.94-1.98 (m, 2H, CH,CH of
piperidine), 2.49-2.51 (m, 1H, CH,CO of piperidine), 2.68-2.75 (m,
1H, CH,CO of piperidine), 4.23 (s, 2H, CH,CO), 4.59-4.63 (m, 1H,
CHCO), 7.91-7.93 (d, 2H, C-3 and C-5 pyridine, J = 8.2 Hz), 8.74-8.76
(d, 1H, J = 8 Hz, NHCO, D,O exchangeable), 8.80-8.82 (d, 2H,
J = 8.1 Hz, C-2 and C-6 pyridine), 10.84 (s, 1H, CONHCO, D,0
exchangeable); Anal. Calcd. for C;4H;3Ns504S (347.35): C, 48.41; H,
3.77; N, 20.16. Found: C, 48.59; H, 4.02; N, 20.42%.

4.2. Biological testing

4.2.1. In vitro anti-proliferative activities

Anti-proliferative activity screening of the synthesized compounds
was performed against four human cancer cell lines: hepatocellular
carcinoma (HepG-2), colorectal carcinoma (HCT-116), prostate cancer
(PC3), and mammary gland cancer (MCF-7), using MTT assay [78-81]
as follows:

The cells were cultured in RPMI-1640 medium with 10% fetal bo-
vine serum. Penicillin (100 units/ml) and streptomycin (100 pg/ml)
were added at 37 C in a 5% CO, incubator. The cells were seeded in a
96-well plate at a density of 1.0x10* cells/well. at 37 C for 48 h under
5% CO,. After incubation the cells were treated with different con-
centration of the synthesized compounds and incubated for 24 h. Then,
20 pL of MTT solution of a concentration of 5 mg/ml was added and
incubated for 4 h. DMSO (100 pL) was added into each well to dissolve
the formed purple formazan. The color intensity was measured and
recorded at absorbance of 570 nm using a plate reader (EXL 800, USA).
The percentage of cell viability in was calculated as (A570 of treated
samples/A570 of untreated sample) X 100. Results for ICsgvalues of the
tested compounds were summarized in Table 1.

4.2.2. Supernatant preparation

Cell culture supernatants were prepared from HCT-116 cell line.
Cells were cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated fetal bovine serum (FBS) having 100 U/ml of penicillin
and 50 pg/ml of streptomycin at 37 °C in a humidified 5% COy/air
mixture. The candidate compounds and thalidomide were dissolved in
DMSO as a stock solution at 100 mmol/L and diluted with an FBS-free
medium to achieve the designated concentrations (10 uM). The same
concentration of DMSO without any compounds was used as a control.
The HCT-116 cells were cultured onto 6-well plates (1x106 cells/ well),
allowed to adhere for 24 h followed by treatment with the tested
compounds. After 72 h, the media was collected and centrifuged for
15 min at 5000 rpm and equal volume of cell culture supernatants were
collected and utilized for immunoassay using different kits [82].

4.2.2.1. Estimation of TNF-a, CASP8, and VEGF in HCT-116
supernatant. The levels of TNF-a, CASP8, and VEGF in cell culture
supernatants were estimated by ELISA technique using commercially
available matched paired antibodies (R&D Systems Inc., Minneapolis,
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MN) according to reported procedure [83,84].

4.2.3. Cell lysate preparation

The tested compounds and thalidomide were incubated for 72 h
with HCT-116 cells. Then, the cells were treated with trypsin/EDTA
solution (0.25 mM trypsin and 1 mM EDTA dissolved in a phosphate
buffer). Cell lysate were washed three times with phosphate buffer
saline (PBS, Sigma Chemical Company, St. Louis, MO, USA) and lysed
by three repetitive freezing/thawing cycles (thawing at 37 °C for 2 min
and freezing at —80 °C for 15 min), followed by homogenization of the
cells by passing through a 20G needle [85].

4.2.3.1. Estimation of nuclear factor kappa-B P65 (NF-xB P65) in HCT-
116 cell lysate. The cell lysate samples were applied to the microtiter
plates in a concentration of 50 uL/well. The plates were incubated at
37 °C for 1 h, then kept at 4 °C for 12 h in a humidified chamber. Next,
the cell lysate was extracted from the wells and the plates were washed
three times with a buffer (PBS/0.05%Tween-20). Blocking buffer (PBS/
0.05%Tween-20/5% FBS) (200 pL) was added to each well and
incubated at 37 °C for 1.5 h then washed. Anti-rabbit NF-xB P65
polyclonal antibody was dispensed as 50 pL/well and incubated for 2 h
at 37 °C. The plates were washed and incubated for 1 h with 50 puL/well
of diluted polyclonal goat anti-rabbit-peroxidase conjugate (1:1000).
After that, the plates were washed four times followed by addition of
TMB and H,0, in equal volume (50 pL/well). After the development of
color, 50 uL of stopping buffer (1 M HCl) were added per well. The
absorbance was measured at 450 nm using the ELISA plate reader
(FLUOstar OPTIMA) [85].

4.2.4. Cell cycle analysis

HCT-116 cells were seeded at density of 2 x 10° cells per well and
incubated in six-well plates for 24 h. Fetal bovine serum (FBS, 10%)
was applied after incubation of cells at 37 °C and 5% CO,. The medium
was substituted with (DMSO 1% v/v) containing the compound 20¢
10 pM, then incubated for 48 h, washed with saline buffered with cold
phosphate (PBS), fixed with 70% ethanol, rinsed with PBS then stained
with the DNA fluorochrome PI, kept for 15 min at 37 °C. Then samples
were analyzed with a FACS Caliber flow cytometer [86,87].

4.2.5. Annexin V-FITC apoptosis assay

Annexin V-FITC / PI apoptosis detection kit was used to analyze the
effect of the most cytotoxic compound 42¢ on apoptosis induction. In
this experiment, HCT-116 cells were stained with Annexin V fluorescein
isothiocyanate (FITC) and counterstained with propidium iodide (PI).
Then, HCT-116 cells in a density of 2 x 10° per well were incubated
with compound 42¢ (10 pM) for 48 h. Next, the cells were trypsinized,
washed with phosphate-buffered saline (PBS), and stained for 15 min at
37 °C in the dark. Finally, FACS Caliber flow cytometer was used in
analysis process [88,89].

4.2.6. Statistical analysis

The statistical analyses were performed using GraphPad Prism 6.01
MM. Data were presented as means with corresponding SE.
Comparisons between different groups were performed by one-way
analysis of variance (ANOVA). Tukey’s test was used as a post-hoc test.
Correlation among variables was deter-mined using Pearson’s correla-
tion test. The level of significance was set at P < 0.05.
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