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Abstract

Synthesis of new anticancer candidates with protein kinases inhibitory potency is a major goal of pharmaceutical science and synthetic research.
This current work represents the synthesis of a series of substituted thiazolidinones incorporating a benzoate moiety, starting from 4-
formylphenyl benzoate 1a and 4-formyl-2-methoxyphenyl benzoate 1b. Most prepared thiazolidinones 5a+, 7a-h and 9a-, were evaluated in vitro
for their potential anticancer activity against three cell lines (HepG2, MCF-7 and HelLa). The most active cytotoxic compounds 3a, 3b, 5a, 5¢ and
5h were then further tested against the normal cell line WI38. All of these were shown be more effective toward anticancer cell lines.
Thiazolidinones 5¢ and 5h were further evaluated to be kinase inhibitors against EGFR showing effective inhibitory impact. Furthermore, 5¢ and
5h were tested for their effects on cell cycle and apoptosis induction capability in HepG2 cell lines by DNA-flow cytometry analysis and annexin
V-FITC apoptosis assay, respectively. The results showed that they have effect of disrupting the cell cycle and causing cell mortality by apoptosis
in the treated cells. Moreover, molecular docking studies by the Moe 2015 program showed better binding patterns for 5¢ and Shwith the active
site of the EGFR protein kinase [PDB code 1TM17]. Finally, toxicity risk and physicochemical characterization was performed for most of the
compounds, revealing excellent properties as possible drugs, especially compounds 5¢ and 5h.

1. Introduction

Cancer is a major problem affecting people’s lives worldwide, threatening both developed and developing countries and causing high ratio in
death incidence. [1] Its incidence is reported to reach about 29.5 million cases each year in 2040. [2, 3] Liver cancer ranks sixth in the world
among all malignancies. It's considered the third most deadly cancer type among all. [4] It is estimated that by 2025, more than 1 million people
will be diagnosed with liver cancer annually. [5] Hepatocellular carcinoma (HCC) is the most occurring type of liver cancer and causing about 90%
of cases. Unfortunately, chemotherapeutic agents used to treat cancer are not selectivity other than their toxicity and resistance. [6] Therefore,
extensive efforts has been devoted to developing new drugs that target only cancer cells. [7] Current drug discovery research targets protein
kinases [8], which play critical role in cell proliferation and mobility so any dysfunctions occurred because of kinases mutations lead to cellular
abnormalities and successively developing of cancer initiation, progression or even metastasis. [9] As such, protein kinases are considered as
drug targets for chemotherapeutic agents, one of which is EGFR. [10-12]

Epidermal growth factor receptor (EGFR) is a trans-membrane glycoprotein that belong to the category of receptor tyrosine kinases and plays a
key role in cell signaling pathways including cell proliferation, apoptosis, angiogenesis and metastatic invasion. [13] High-levels of his EGFR due
to its overexpression are found in many types of human cancers, such as hepatocellular carcinoma and brain cancer, so EGFR is a remarkable
target in the treatment of different types of cancer. [14-18] Late-stage of hepatocellular carcinoma shows, increased EGFR abundance that leads
to increased proliferation and tumor differentiation. [19, 20] Recent studies on EGFR inhibitors in human hepatocellular carcinoma cell lines have
enhanced our understanding of EGFR signaling mechanism in hepatocellular carcinoma and thus will improve the application of these inhibitors
in liver cancer therapy. [21-25] The EGFR pathway is inactivated by tyrosine kinase inhibitors (TKIs) like Gefitinib and Erlotinib (Fig. 1). They are
antagonists of binding to the EGFR adenosine triphosphate pocket, in turn inactivating EGFR auto-phosphorylation and downstream signaling.
[26—-29] Reportedly, resistance to cancer therapy arising from anticancer drugs, radiotherapy and even hormonal therapy was caused by over-
expression of EGFR in variety of human cancers. [30, 31] Therefor, in his case with advanced EGFR mutations, anti-EGFR drugs are the first line of
treatment, as they are highly effective and safe compared to other standard chemotherapeutic drugs. [32-34] The drug design research field
affirms that thiazoles and thiazolidinones are effective moieties in chemotherapeutic drugs. They participate in the construction of many
significant compounds with different biological activities. [35-39] There are thiazole-containing compounds that have been reported as potent
anticancer agents that target the kinases signaling pathway [40] such as Dasatinib and Dabrafenib (Fig. 1) that considered as thiazole selective
drugs with tyrosine kinase inhibitory activity. [41-42] In addition there are approved drugs containing thiazolidinone core structures such as
Etozoline and Ralitoline (Fig. 1). Moreover, many thiazolyl-containing compounds have been found to be potent cytotoxic agents against different
cell lines. As an example, compound | showed potent cytotoxic activity towards mammary gland breast cancer cell line MCF-7 (acronym for
Michigan Cancer Foundations-7) with IC5, of 0.07 pM besides being EGFR inhibitor with ICsq of 0.06 uM. [43, 44] Additionally, the thiazolyl-3-
arylpyrazole-4-carbaldehyde Il has a significant cytotoxic activity against the cervical epithelioid carcinoma cell line HeLa with IC5y of 5.75 M.
[45] Also, Channar et al. have designed and synthesized thiazolidinone lll with excellent cytotoxic activity in MCF-7 and HelLa cell lines. [46]
Furthermore, the indole-thiazolidinone IV revealed cytotoxic activity in MCF-7, colon cancer HCT116 and lung cancer A549. [47] Besides, the
thiazolone-pyrazoles V-Vl represented potent EGFR inhibition capability. [48] In addition, the arylidene derivatives of thiazolidinone Vlla-¢c showed
cytotoxic activity in MCF-7 and hepatocellular carcinoma HepG2. [49] It was alsorecently reported that thiazolidinone VIl exhibited
antiproliferative activity targeting HepG2, MCF-7 and HCT116 cell lines (Fig. 2). [50]

Taking into account the aforementioned data and as an extension of our ongoing research work on the designing biologically active heterocyclic
products that act anticancer agents and others, [51-64] herein we adopted design and synthesis of new compounds containing thiazolidinone
scaffold. Thiazolidinones 3a,b were synthesized from the starting thiosemicarbazones 2a,b, then 3a,b undergoing Knévenagel condensation with
different aryl and heteryl aldehydes by a two-step or multicomponent route to afford three series of thiazolidinones 5a+j, 7a-h and 9a-j bearing
substitution at position-5 (Fig. 3). Twelve of the newly synthesized products were examined for their cytotoxic activity towards MCF-7, HepG2 and
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Hel a, besides the most potent compounds were evaluated against the normal WI-38 cell line detected their safety character toward normal
human cells. Thiazolidinones 5¢ and 5h, the most potent anticancer candidates were evaluated as target protein kinase inhibitors against EGFR
and their effects on the cell cycle and their ability to induce apoptosis in the HepG2 cell line were also investigated. A docking study was also
operated to predict the binding modes of the compounds 5¢ and 5h within the binding site of EGFR using the PDB file (1M17 is the crystal
structure of epidermal growth factor receptor with the co-crystallized ligand Erlotinib). Furthermore, in silico toxicity potential by Osiris
methodology was performed on twelve synthesized compounds, all of which had zero toxicity risks and were predicted to have good
physicochemical properties, thus compounds 5c and 5h were detected to be safe as drug candidates with favorable properties.

2. Experimental
2.1. Chemistry

General

The equipment used for detecting the spectral (IR, "TH NMR, 3C NMR and Mass) and physical analyses (melting points, and color) are provided in
details in ESI. The elemental analyses and spectral analyses were carried out through the microanalytic center at Cairo University and
microanalytic unit-FOPC-NMR Unit-Faculty of Pharmacy-Cairo University. The anticancer investigations were carried out at Faculty of Pharmacy-
El Mansoura University. The aldehydes 4-formylphenyl benzoate 1a and 4-formyl-2-methoxyphenyl benzoate 1b were prepared according to the
reported method. [65, 66]

Procedure for the synthesis of thiosemicarbazones 2a,b

An equimolar of the aldehydes 1a,b (0.01 mol) and thiosemicarbazide (0.01 mol) was added to a solution of absolute ethanol (10 ml) and glacial
acetic acid (3 drops), then the reaction mixture was refluxed for 4 hrs. The reaction mixture was cooled and filtered off then the product was
recrystallized from ethanol-dioxane mixture.

Procedure for the synthesis of thiazolidinone derivatives 3a,b
Method A

Aldehydes 2a,b (0.01 mol) was refluxed with choloroacetic acid (0.01 mol) and fused sodium acetate (0.01 mol) in glacial acetic acid (10 ml) for
4 hours. Thiazolidinones 3a,b were collected through filtration, washed by ethanol and then recrystallized from glacial acetic acid.

Method B

Aldehydes 2a,b (0.01 mol) refluxed with ethyl bromoacetate (0.01 mol) in pure ethanol (10 ml) containing fused sodium acetate (0.01 mol) for 4
hours. Thiazolidinone derivatives 3a,b were collected through filtration and recrystallized from glacial acetic acid.

The detailed procedures and the spectral data together with the physical data for all the synthesized compounds were discussed in details in the
ESI

2.2, Biological activity
2.2.1. In Vitro Anticancer screening

MTT assay

It was operated in the Faculty of Pharmacy-El Mansoura University. The Cell lines used are HepG2, MCF-7, and Hela and they are provided
through VACSERA [Holding company for biological products and vaccines]. The MTT assay was conducted according to the literature. [67] The
procedure is discussed in details in the ESI.

2.2.2 The inhibitory assay for EGFR kinase

Compounds 5c¢ and 5h, were evaluated for their inhibitory activities against EGFR. The procedure is discussed in details in the ESI

2.2.3. Cell cycle by /n vitro DNA-flow cytometric analysis

The first step in the technique is to prepare the HepG2 cells in 25 cm? cell culture flask. The compounds 5¢ and 5h were prepared at their ICs, that
obtained from MTT assay then treated with RPMI-1640 medium separately. The procedure is discussed in details in the ESI.

2.2.4. The apoptosis assay by Annexin V-FITC analysis
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HepG2 cells were harvested and incubated with compound 5c and 5h separately. The experiment was carried by the BioVision Annexin V-FITC
Apoptosis Detection Kit. The procedure is discussed in details in the ESI.

2.3. Computational studies
2.3. 1. Molecular docking

The 2D structure of 5¢ and 5h was drawn through chemdraw program 2021 then each were saved as MDL Molfile (*.mol). The protonated 3D
structure of 5¢ and 5h were applied to measure their bond lengths and angles in their binding pattern with the active site of the co-crystallized
structure of EGFR protein kinase with its ligand erlotinib was downloaded (PDB code: 1TM17) using MOE program version 2015[Molecular
Operating Environment]. The co-crystallized structure of EGFR protein kinase with its ligand erlotinib was downloaded (PDB code: 1TM17) from
protein data bank ((www.rcsb.org/structure/1Tm17 ). The procedure is discussed in details in the ESI.

2.3.2. In silico toxicity potential.

Physicochemical characteristics and toxic hazards of 3-d, 5f, 5h, 5i, 7a, 7e and 9a were detected through Osiris methodology [68] and the details
were mentioned within the ESI.

3. Result And Discussion
3.1. Chemistry

Thiosemicarbazide reacted with each of 4-formylphenyl benzoate 1a and 4-formyl-2-methoxyphenyl benzoate 1b in ethanol containing a
catalytic amount of glacial acetic acid afforded the corresponding thiosemicarbazones 2a,b. In compound 2a’s IR spectrum, there are bands at
Umax 3455 and 3285 cm™" for NH, and NH functions besides a band for carbonyl group at v, 1734 cm™". The "H NMR showed a D,0 broad
signal at 6= 6.51 ppm for NH,'s protons besides another singlet D,0 band at 6 ~ 10.30 ppm for NH amide groups proton. Additionally, there are
three doublet bands at § =7.29, 7.80 and 8.12 ppm with J coupling; 8.7, 8.7 and 7.2 Hz, respectively, all together with another multiple signals at
&=7.58-7.74 ppm for aromatic protons. Its "3C NMR spectrum displayed significant signals at 6 = 151.5, 157.2 and 165.0 ppm for CO, =CH and
C = S respectively, with another expected signals at § =122.6, 128.2, 129.4, 129.5,130.3, 133.2, 134.6 and 138.8. (See exp., Scheme 1).

Furthermore, the reaction of the thiosemicarbazones 2a,b with chloroacetic acid in refluxing acetic acid containing equivalent amount of fused
sodium acetate afforded the respective thiazolidinones 3a,b (Scheme 2). In the IR spectrum of 3b, presented a broad band at 5, = 3421 cm™’
for imino group with other bands at up,,, = 1727 and 1633 cm™" for carbonyl groups. The "H NMR spectrum of 3b revealed singlet signals at & =
3.81 and 3.88 ppm for methoxys and methy < # s protons respectively, besides another three doublet signals at §=7.32,7.61 and 8.11
ppm with J coupling; 8.1, 7.8 and 7.2 Hz, respectively. Also, the spectrum showed a D,0 singlet signal at & ~ 12.01 ppm for NH's proton, in
addition to another expected signals for aromatic protons and a singlet signal at & = 8.43 ppm for vinylic proton. Its '3C NMR spectrum displayed
significant signals at 6 = 164.3, 155.8, 151.6, 56.3 and 33.5 ppm for two CO, C = N of the thiazolidinone ring, OCH3‘s and CH,'s carbon
respectively. The Mass spectrum of 3b revealed a molecular ion peak at m/z =369 (M*, 4.55%) which was constituent with the molecular formula
Cq1gH15N30,4S (See exp. Scheme 2). The thiazolidinones 3a,b were prepared through another alternative method through the reaction of
thiosemicarbazones 2a,b with ethyl bromoacetate and equivalent amount of fused sodium acetate resulted in thiazolidinones 3a,b after 4 hrs
under reflux with better yield% [ yield% of 3a; 80 and yield% of 3b; 78 ]. The physical aspects and spectral data for 3a,b obtained by this method
were similar as the method A.

Knovenagel condensation of thiazolidinones 3a,b with different aryl or heteryl aldehydes 4a-e in N,A-dimethylformamide concerning few drops of
piperidine formed the corresponding arylidenes 5a (Scheme 3). In the "TH-NMR spectrum of 5d, the CH,'s protons at & = 3.917 ppm were absent
instead the two OCH3‘s protons appeared at 6 = 3.80 and 3.85 ppm besides a D,0 exchangeable signal at 6 = 12.65 ppm for imino proton, also
another multiplet signals referred to aryl and vinylic signals at 6 = 6.86—7.09 and 7.76—7.80 ppm, respectively, besides three doublet signals at &
=7.44,7.92 and 8.15 ppm with J coupling constants 8.0, 8.0 and 7.2 Hz, respectively. The IR spectrum for 5d showed absorption bands at
wavelengths 3433, 1738 and 1635 cm™ ! for imino and carbonyl groups. There are significant signals in the 3C NMR spectrum of 5d at & = 174.9,
164.8,155.7,153.4, 55.8 and 56.2 ppm for two CO, two C = N and two C-OCHjs respectively, with another expected signals. The spectral data
together with elemental data were in agreement with the suggested structures 5a-j (See exp. Scheme 3). The alternative pathway of the
preparation of 5a- through multicomponent reaction (Method B). So an equimolar amounts of 2a,b, chloroacetic acid and the aldehydes 4a-ein
refluxing glacial acetic acid containing fused sodium acetate afforded the same products of the above pathway (Method A) in all physical and
spectral aspects (Scheme 3, See Table 1).
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Furthermore, compounds 3a,b were condensed with pyrazole-4-carbaldehyde derivatives 6a-d delivering the respective arylidene derivatives 7a-h
according to method A (Scheme 4). The structures of 7a-h were confirmed by spectral tools and elemental analyses, taken for example the
spectral data for 7g, its IR spectrum showed a broad band at v, = 3422 cm™ for NH group and bands at v, 1728 and 1648 cm™ for carbonyl
groups. In its TH-NMR spectrum there are two singlet signals at 6 = 3.85 and 3.91 ppm for two methoxy protons and a D,0 exchangeable singlet
signal at & = 12.55 ppm due to NH proton, with another expected multiplet signals at 6 = 7.34-7.54 and 7.69-7.80 ppm for aryl protons besides
doublet signals were found at d = 7.56, 7.60, 7.66, 8.03 and 8.14 ppm with J coupling constants 7.6, 7.6, 7.2, 7.6 and 7.2 Hz, repetitively besides
two singlet signals at d = 8.44 and 8.84 ppm for vinylic protons and one singlet signal at d = 8.56 ppm for pyrazole's proton. Alternatively, the
arylidene derivatives 7a-h were obtained through the multicomponent reaction through three components: 2a,b, chloroacetic acid and the
pyrazole-4-carbaldehydes 6a-d in refluxing glacial acetic acid and fused sodium acetate (Method B) affording the same products of the above
two step pathway similar in the physical and spectral aspects in different yield% (See Table 1, See Exp. Scheme 4).

Furthermore, compounds 3a,b were condensed with pyrazole-4-carbaldehyde derivatives 6a-d delivering the respective arylidene derivatives 7a-h
according to method A (Scheme 4). The structures of 7a-h were confirmed by spectral tools and elemental analyses, taken for example the
spectral data for 7g, its IR spectrum showed a broad band at v,,,, = 3422 cm™ for NH group and bands at v, 1728 and 1648 cm™ ! for
carbonyl groups. In its "H-NMR spectrum there are two singlet signals at &=3.85 and 3.91 ppm for two methoxy protons and a D,0 exchangeable
singlet signal at 6 = 12.55 ppm due to NH proton, with another expected multiplet signals at & = 7.34-7.54 and 7.69-7.80 ppm for aryl protons
besides doublet signals were found at 6 =7.56, 7.60, 7.66, 8.03 and 8.14 ppm with J coupling constants 7.6, 7.6, 7.2, 7.6 and 7.2 Hz, repetitively
besides two singlet signals at 6 = 8.44 and 8.84 ppm for vinylic protons and one singlet signal at & = 8.56 ppm for pyrazole's proton. Alternatively,
the arylidene derivatives 7a-h were obtained through the multicomponent reaction through three components: 2a,b, chloroacetic acid and the
pyrazole-4-carbaldehydes 6a-d in refluxing glacial acetic acid and fused sodium acetate (Method B) affording the same products of the above
two step pathway similar in the physical and spectral aspects in different yield% (See Table 1, See Exp. Scheme 4).

Finally, under the same reaction conditions of method A, the condensation of compounds 3a,b with 5-arylazo-2-hydroxybenzaldehydes 8a-e
afforded the respective arylidenes 9a+ (Scheme 5). The IR spectrum of 9¢ exposed absorption bands appeared at u,,,, 3412 and 3242 cm™’
attributed to imino and hydroxyl functions, also absorption bands at vy, 1736 and 1637 cm™ " attributed to CO functions, respectively. In the 'H
NMR spectrum of 9c there are five doublet signals at 6 6.81,7.13,7.47,7.92 and 8.13 ppm for aryl protons with J coupling constants = 8.1, 8.4,
8.1, 8.1 and 8.4 Hz and a multiplet signal at 7.30—7.44 ppm and 7.52-7.88 ppm for phenyl protons, and two exchangeable D,0 signals at =9.97
and 11.97 ppm due to imino and hydroxyl protons. Additionally, there were two singlet signals at 6 8.26 and 8.56 ppm due to vinylic protons. The
products 9a5 were obtained also alternatively through one-pot reaction of 2a,b, chloroacetic acid and arylazo salicyladehydes 8a-e (Method B)
(See Table 1, Scheme 5).

Table 1 Yield% of 5a-j, 7a-h and 9a obtained by Method A and Method B revealing the reaction time in each method
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Compound No. Method A Method B
Yield% Time (hrs) Yield% Time (hrs)

5a 70 4 90 9
5b 78 4 70 9
5c 78 4 78 10
5d 78 5 76 12
5e 55 6 52 14
5f 86 4 80 14
5g 74 5 72 12
5h 55 5 58 12
5i 64 6 60 12
5j 78 6 72 14
7a 75 6 78 12
7b 78 6 75 12
7c 78 6 76 15
7d 78 6 70 14
7e 52 6 60 14
7f 78 6 68 14
79 68 6 68 13
7h 80 6 76 18
9a 78 4 80 12
9%b 73 4 78 12
9c 80 5 78 12
od 52 6 68 16
9e 78 6 88 16
of 64 6 70 14
9g 56 6 68 14
9h 54 6 70 18
9i 88 6 82 18
9j 58 6 74 18

3.2. Biological activities
3.2.1. Cytotoxic activity assessment by in vitro MTT assay

The tested compounds’ cytotoxicity and anticancer activity against MCF-7, HepG2 and Hela was detailed in Table 2. The MTT assay was used
for screening the anticancer activity of the tested compounds. [67] Furthermore, these compounds were examined against normal lung fibroblast
(WI138) to find if they are safe towards the normal cells. Sorafenib was used as a reference drug and the obtained data for the cytotoxicity of the
compounds in the three cell lines (IC5o, pM) was detailed in Table 2. According to the revealed data the compounds under test displayed versatile
anticancer activity toward the three cell lines showing moderate to very strong activity. The starting thiazolidinones 3a and 3b showed strong
activity in MCF-7, HepG2 and HeLa with ICs values for 3a; 17.26 + 1.5, 14.50 + 1.1 and 11.66 + 0.9 pM, respectively, while IC5q for 83b;17.71+1.4
and 21.26 + 1.5 pyM in MCF-7 and HepG2, respectively. Compound 3b exhibited weak anticancer activity in HeLa with IC5y = 50.67 + 2.8 pM. The
compound 5¢ showed high potency in HepG2 and HelLa with ICsp; 9.15+ 0.6 and 9.18 + 0.7 pM, respectively. Compared with sorafenib, 5¢ was
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more potent in HepG2 with ICsq which was in an equipotent manner to sorafenib (IC5y; 9.18 £ 0.6 pM). The compound 5h produced the most
significant cytotoxic activity towards the cell lines under study among all the tested compounds. It showed more potency than the standard in
HepG2 and HelLa with ICsq values; 6.22 + 0.4 and 9.18 + 0.7 pM, respectively, comparing with sorafenib with ICsy values; 9.18 + 0.6 and 8.04 + 0.5
UM, respectively. The presence of 4-methoxyphenyl moiety in the thiazolidinone ring of 5¢ and 5h produced enhancement in the anticancer
activity.

The most active compounds 3a, 3b, 5a, 5¢ and 5h were examined for their cytotoxicity against the normal fibroblasts (WI38) cell line. The tested
compounds showed higher IC5, towards WI38 cell lines as they had cytotoxicity with IC5q; 80.07 + 3.9, 83.87 + 4.1, 38.20 + 2.4, 79.30 + 3.7 and
57.54 + 3.2 uM for 3a, 3b, 5a, 5c and 5h, respectively. From these results, it was concluded that 3a, 3b, 5a, 5¢ and 5h can be used as anticipated
anticancer agents targeting only the cancerous cells (Table 2, Fig. 4).

Table 2

Showed MTT anticancer assessment of some products against HepG2, MCF-7, HeLa and WI38
using sorafenib as a standard drug

3a 1450+ 1.1 17.26+1.5 11.66 0.9 80.07+3.9
Sorafenib 9.1810.6 7.26+0.3 8.0410.5 10.65+0.8
Compound  Cell line (HepG2)  Cell line (MCF-7)  Cell line (HeLa)  Cell line (WI38)
NO. ICs0 (uM) ICs0 (uM) ICs0 (M) ICs0 (M)

3b 21.26+1.5 1771114 50.671+2.8 83.8714.1

5a 26.98+1.9 20.73+1.8 19.07x1.4 38.20+24

5b 314721 25.50+2.0 86.01+4.0

5¢c 9.151+0.6 13.551+1.1 9.1810.7 79.30+3.7

5d 43.18+2.6 35.08+2.3 36.59+2.2

5f 98.90+4.4 5198129 7430+ 3.6

5h 6.22+04 9.39+0.7 7.7810.5 57.5413.2

5i 52.27+29 36.24+2.4 30.89+2.1

7a 78.65+3.6 4515+2.7 59.9813.3

7e 108.60+ 4.8 63.96+3.3 64.05+3.4

9a 63.86+3.2 41.38+25 23.79+1.9

IC50: Compound concentration required to cause cell death by 50%, ICs, values = mean + SD

3.2.2. The Inhibitory activity of compounds 5c and 5h towards EGFR tyrosine
kinase.

The most cytotoxic products 5¢ and 5h were examined as target protein kinase inhibitors for EGFR tyrosine kinase and erlotinib was used as
standard drug. [69, 70] The obtained data was summarized in Table 3. Compound 5c showed decrease in the inhibitory activity against EGFR
kinase protein with IC5, value; 0.2 pM compared to the reference drug erlotinib which had IC5, value; 0.037 pM. While, the thiazolidinone
derivative 5h appeared to be more potent inhibitor against EGFR kinase activity giving ICs, value; 0.098 puM. It could be noticed that the presence
of donating substitution in the pharmacophore of 5¢ and 5h caused a positive effect in the inhibition against EGFR kinase and the increase in the
number of that kind of substitution in turn increased the inhibitory effect as seen in 5h. [71]
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Table 3 Revealed data of inhibitory investigation of compounds 5c and Sh
for EGFR tvrosine kinase using erlotiib as a standard drug

Cpd. No. EGFR
ICs (mean + SD) pM
Erlotinib 0.037  0.002
¢ 0.2+ 0.009
5h 0.098 + 0.004

ICs0: Compound concentration required to cause enzyme mnhibition by 50%,
1Csp values = mean + SD (standard deviation)

3.2.3. Cell cycle analysis for 5¢c and 5h by DNA-flow cytometric assay

Moreover, the compounds 5¢ and 5h were evaluated for their effect on the cell cycle in HepG2 cell lines. The stages of cell cycle were detected
through flow cytometry after propidium iodide (PI) staining [69]. From the obtained results, it was concluded that 5¢ and 5h caused interruption in
the cell cycle progression in the treated HepG2 cells. The change in the cell content % was detected in the treated cells with 5¢ and 5h compared
to the control cells. It was observed that the content of the cells at pre-G1 stage increased in the treated HepG2 cells from 44.41-52.48% a
decrease in the quantity of cells at S phase and G2/M phase from in 35.49% and 19.7% (Fig. 5, B) so that it was clearly detected that 5¢ arrested
the cell cycle in G1 phase. While treatment of HepG2 cells with 5h, there was an increase in the quantity of cells was observed at pre-G1 and S
phases to reach 47.22% and 42.04%, respectively causing a remarkable decrease in the cell content in the G2/M phase to reach 10.74% in treated
cells, for that observation, it was clear that Sharrested the cell cycle at the late G1 phase and the beginning of S phase (Fig. 5, C).

3.2.4. Determination of apoptosis induction for 5¢ and 5h by annexin V-FTTC
method

The cell death of HepG2 cell line by apoptotic pathway induced by compound 5¢ and 5h was determined by annexin V/Pl assay [69]. Annexin V-
FITC stain was used to stain cells with Pl dye. The principle of this method is the cells that are in the late apoptosis stage are stained positive
with V/PI. The HepG2 cells were treated with compounds 5¢ and 5h at their IC5, concentrations 9.15+ 0.6 and 6.22 + 0.4 M, respectively for 24
hr after that the cells were stained by annexin V / Pl and then the corresponding red Pl and green FITC fluorescence was detected by flow
cytometry technique. The representative dot plots for compounds 5¢ and 5h of flow cytometric analyses showing four various distributions (Fig.
6). After treatment with 5c, 11.93% of the cells were in early apoptosis and 21.95% were in a late apoptosis phase, respectively (Table 5, Fig. 6, B).
While cells treated with 5h revealed that 28.51% of the cells were in early apoptosis and 16.36% were in a late apoptosis phase, respectively (Fig.
6, C). As concluded, the cell death of the treated HepG2 cells was caused mainly by apoptosis after treatment with compounds 5c and 5has low
content of these cells was in necrosis stage.

Table 4 Revealed cell content% of HepG?2 treated cells by Sc and Sh obtained
from cell cycle analysis
Compound DNA Content
No. 2 G0-G1 %8 % G2/M
Sc/ HepG2 52.48 31.66 15.86
5h /HepG2 47.22 42.04 10.74
Cont. HepG2 44.81 35.49 19.7

Table 5 Displayed the cell percentage of apoptosis and necrosis induction of HepG2 treated by
5c and 5h obtained by annexin V-FTTC/ PI assay
Cpd. No. Apoptosis Necrosis
Total Early Late
5c HepG2 42.16 11.93 21.95 8.28
5h HepG2 51.39 28.51 16.36 6.52
cont. HepG2 2.33 0.61 0.19 1.53
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3.3. Computational studies
3.3.1. Molecular modeling and Docking Study on EGFR

The anticancer investigated compounds 5¢ and 5h were subjected for Molecular docking using Molecular operating environment [MOE dock
2015] software. The docking studies were subjected to determine the possible binding pattern between the 3D structure of 5¢ and 5h with the
active site pocket of EGFR kinase. The self-docking of the active site of EGFR with the co-crystallized ligand erlotinib (PDB code: 1TM17) has an
energy score of -7.8094 Kcal mol~" and RMSD value of 0.9361A between erlotinib and its docked pose. As depicted in Fig. 7, the compound 5¢
was bonded to the active site of EGFR with energy score - 11.9196 Kcal mol~' and RMDS value 1.3455 A with the formation of hydrogen-arene
interaction through the thiazolidinone centroid and the amino acid Gly 772 with bond length equal 3.67 A.

By inspection of Fig. 8, the derivative 5h was bonded to the vicinity of EGFR

activesitewiththef or mationofo # hydro > nbondaep — rbetweenthe ® y > na — mofcarbonylgroup and thebackbo #
s amino acid Thr 830 with bond length value 2.59 A. The energy score of the interaction was - 12.1942 Kcal mol~ ' and the RMDS value 1.7160
A

Finally, regarding to the superimposition Fig. 7A and 8A, it was noted that the presence of thiazolidinone ring in compound 5¢ and the presence of
carbonyl group in 5h gave a chance for better insertion of these compounds into the active site of EGFR with similar bonding pattern as the co-
crystallized ligand erlotinib through hydrogen-arene and hydrogen bond formations.

3.3.1. In silico toxicity potential by Osiris property explorer

The newly synthesized compounds 3a, 3b, 53, 5b, 5¢, 5d, 5f, 5h, 5i, 7a, 7e and 9a were examined for detecting their toxic effects such as
mutagenic, tumorigenic properties and skin irritants besides predicting their physicochemical properties via Osiris methodology, [68] and the
obtained results were detailed in Table 6. From the obtained results, it was concluded that all the compounds under study have no tendency to be
mutagenic, tumorigenic or even cause skin irritation and have no reproductive effect except compound 9a which showed to have toxicity risks.
The compounds 3a and 3b showed to have a better drug score of values; 0.61 and 0.6 respectively with better TPSA values that are <140 A (3a
has TPSA =105.4 A, 8bhas TPSA=114.6 A). Compound 5a has drug score = 0.3 and TPSA value; 105.4 A. The most cytotoxic compounds 5¢
and 5h showed to have almost the same drug score of values; 0.29 and 0.28 respectively with TPSA values; 114.6 A and 123.8 A, respectively.
The compounds 5¢ and Shshowed their effectiveness and potentiality as new drugs.

Predicted toxicity risks and physicochemical propert-li—:‘?(fb?ained according to Osiris property explorer software
Comp. no. Mutagenicity = Tumorgenicity Imitancy  Reproductive effect  Solubility =~ Drug-likeness Drug score  TPSA
Toxicity risks

3a Green Green Green Green -4.98 4.35 0.61 105.4
3b Green Green Green Green -5.0 5.59 0.6 114.6
5a Green Green Green Green -6.81 4.35 0.3 105.4
5b Green Green Green Green -7.55 6.04 0.25 105.4
5¢c Green Green Green Green -6.83 543 0.29 114.6
5d Green Green Green Green -6.85 6.05 0.28 123.8
5f Green Green Green Green -6.83 5.53 0.29 114.6
5h Green Green Green Green -6.85 6.82 0.28 123.8
5i Green Green Green Green -6.86 6.85 0.26 133.1
7a Green Green Green Green -8.32 7.52 0.19 123.2
7e Green Green Green Green -8.34 8.59 0.18 132.4
9a Red Red Orange  Red 9.01 -2.94 0.02 150.3
Green color: shows less toxic, Orange color: shows mid toxic, Red color: shows high tendency of toxicity
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Conclusion

This research detailed synthesis of three series of thiazolidinone derivatives based on 4-formylphenyl benzoate 1a and 4-formyl-2-methoxyphenyl
benzoate 1b as key precursors and most of these compounds were subjected for MTT assay for investigating their cytotoxicity towards three
human cancer cell lines; hepatocellular HepG2, breast MCF-7 and cervical HelLa, using sorafenib as a reference standard. The compounds 5¢

and 5h revealed better inhibitory activities towards the three cancer cell lines with IC5q values for 5¢;9.15, 13.55 and 9.18 pM in HepG2, MCF-7
and Hel a, respectively and ICsq values for 5h; 6.22,9.39 and 7.78 pM in HepG2, MCF-7 and Hel a, respectively, comparing to sorafenib of ICgg;
9.18,7.26 and 8.04 uM in HepG2, MCF-7 and Hel a, respectively. Moreover, compounds 5¢ and 5h revealed an excellent safety pattern against the
normal WI38 cell line. Additionally, compounds 5¢ and 5h were examined as targeting protein kinase inhibitors against EGFR, the compound 5¢
showed inhibitory suppression effect of IC5q; 0.2 pM while 5h showed potent inhibition impact of ICs5y; 0.098 pM, comparing to the standard
erlotinib of ICsg; 0.037 pM. Additionally, both 5¢ and 5h were investigated for their effect on cell cycle progression and induction of cell death by
apoptosis in treated HepG2 cells and it was observed their ability in interrupting the cell cycle progression as 5¢ arrested it in G1 phase and 5h
arrested it in the end of G1 phase and the start of S phase and all together caused cell death by apoptosis mechanism. Molecular docking study
declared good fitting patterns with good binding energy in the active site of EGFR kinase protein [PDB file: TM17], in addition toxicity study using
Osiris property explorer revealed excellent drug like properties and no toxicity or hazards in humans.
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Schemes are available in the Supplementary Files section.
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Figure 1

Reported EGFR inhibitors (Gefitinib and Erlotinib), antitumor agents and approved drugs containing thiazole and thiazolidinone core
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Figure 2

Examples of various EGFR inhibitors and antitumor agents containing thiazole ring
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Molecular design of compounds depending on the thiazolidinones 3a,b
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Cytotoxic activity assessment for target compounds
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Figure 6

A representative plot of apoptosis induction of HepG2 treated by 5¢c and 5h by annexin V-FTTC/ Pl assay
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Figure 7

(A) Chart illustrated the 3D position between compound 5c (orange) and the co-ligand erlotinib (blue) within the active site pocket of EGFR (PDB
code 1M17) (B) Diagram illustrated the 2D binding of 5¢ with the active site pocket of EGFR (PDB code 1M17) and the interaction with Gly 772

Figure 8
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(A) Chart illustrated the 3D position between compound 5h (purple) and the co-ligand erlotinib (blue) within the active site pocket of EGFR (PDB
code TM17) (B) Diagram illustrated the 2D binding of 5h with the active site pocket of EGFR (PDB code 1M17) and the interaction with Thr 830
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