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Abstract: 1,2,3-triazole skeleton is a privileged building block for the discovery of new promising
anticancer agents. In this report, new 1,4-disubstituted 1,2,3-triazoles with the bioisoster triazole moiety
were straightforwardly prepared under copper-catalyzed azide-alkyne [3+2] cycloaddition reactions
(CUAAC) regime using a variety of both functional organic azides and terminal alkynes. The resulting
functional 1,4-disubstituted 1,2,3-triazole compounds were fully characterized and subsequently tested
for their antiproliferative activity against four different cancer cell lines. The cytotoxicity tests carried
out with these 1,2,3-triazole derivatives show average ICso values ranging from 15 to 50 pM by
comparison with the standard reference drug, namely doxorubicin. The phosphonate 1,2,3-triazole
derivative was found to exhibit the best antiproliferative activity among the studied compounds against
the HT-1080 cell lines. It was chosen to evaluate its mode of action in these cancer cell lines. The cell
cycle study showed that the phosphonate derivative, compound 8, is the most active inhibitor of the cell
cycle at the GO/G1 phase, inducing apoptosis independently of Caspase-3 and causing an increase in
the mitochondrial membrane potential (A¥m) in the HT-1080 cell lines. Molecular docking studies of
this phosphonate derivative into the MMP-2 and MMP-9 metalloproteinases receptors demonstrated
the relevance of triazole scaffolds and the pendant phosphonate group in establishing w-anion, w-alkyl
and hydrogen bonding type interactions with residual components in the active MMP pocket.
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1. Introduction

Cancer is considered the most common cause of human deaths worldwide due to the
uncontrolled growth of abnormal cells [1], responsible for almost 9.6 million deaths in 2018
[2]. In this respect, the World Health Organization has declared that cancer diseases cause
about 1 in over 6 deaths worldwide. In recent decades, great advancements have been made in
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the search for chemotherapeutics as anticancer agents, but unfortunately, these chemical agents
are still causing serious health problems such as organ damage, hair and weight loss, as well
as side effects that include off-target toxicity and drug resistance with receptors [3,4]. Global
spending on cancer medicines continues to rise tremendously with therapeutic and supportive
care [5]. Consequently, the discovery of new cancer drugs based on the description of the
properties of cancer cells for the achievement of stronger inhibitory effectiveness without
disturbing normal cells urges the need to explore new drugs with low side effects and high
efficiency [6].

1,2,3-Triazole is one of the most important classes of nitrogen-rich heterocyclic
scaffolds, which can be regioselectively prepared by copper-catalyzed azide-alkyne
cycloaddition reactions (CuUAAC) under click chemistry regime through [7]. This heterocycle
compound class is considered amide bioisostere that could form diverse non-covalent
interactions, such as van der Waals forces and hydrogen bonds with various proteins, enzymes,
and receptors with high resistance to enzymatic degradation, which enables their potential use
in medicinal chemistry [8]. For example, 1,2,3-triazoles-containing carboxyamidotriazole (see
Figure 1) has been proven to be a potential anticancer agent via the cell cycle arrest of cancer
cells. This study suggests that 1,2,3-triazole moiety may improve anti lung cancer drug effects
with low toxicity and high efficiency [9].

Many heterocyclic compounds containing 1,4-disubstituted 1,2,3-triazole derivatives
have increasingly used as biologically active drugs, such as anti-malarial [10,11], -microbial
[12,13], -tubercular [14], -epileptic [15], -viral [16], -inflammatory [17], -HIV [18], -diabetic
[19,20], -oxidant [21], and -allergic ones [22]. Actually, the 1,2,3-triazole core is an excellent
building block in the discovery of potent anticancer agents, some of them such as Cefatrizine,
and 1,2,3-triazole-dithiocarbamate (see Figure 1) were already utilized as anticancer agent
against human cell lines such as colon, lung, prostate, and breast cancers [23,24].
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Carboxyamidotriazole Cefatrizine 1,2,3-Triazole-Dithiocarbamate

Figure 1. Some of the biologically active 1,2,3-triazole-containing drugs.

In the framework of our efforts for the development of new functional 1,2,3-triazole
compounds with anticancer potential and particularly 1,2,3-triazole-containing hybrids that
possess anticancer pharmacophore moieties on the triazole core, we carried out the synthesis
of a variety of functional 1,4-disubstituted 1,2,3-triazole-based anticancer pharmacophores,
with sterically demanding or electron-withdrawing/donating groups at 1,4-positions on triazole
moiety, via copper-catalyzed azide-alkyne [3+2] cycloaddition reaction by using a variety of
functional organic azides and terminal alkynes.

The molecular structures of the newly prepared 1,2,3-triazoles were investigated using
HNMR, C NMR, FTIR spectroscopies, and HRMS analysis. The evaluation of the cytotoxic
effect and the antiproliferative activity of the subject compounds, including newly prepared
and other reported 1,2,3-triazoles, on various human cancers, such as those of lung (A-549),
fibrosarcoma (HT-1080), and breast (MCF-7 and MDA-MB-231), were conducted.

Molecular docking calculations were performed to explain the biological activity of the
most active compound at the molecular level by using the active metalloproteinase receptors
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of the cancer cells. The ProtoMol is a Molecular Dynamics Framework that optimizes the
interactions of ligands into the receptor pocket in order to predict all binding modes. ProtoMol
is generally established by three methods: (i) the automatic one that relies on figuring out the
largest cavity in the protein; (ii) the coordinate space of ligand as the receptor; (iii) the residues
specifying the protein [25,26]. In the present study, automatic docking was applied.

2. Materials and Methods

2.1. Chemicals and techniques.

The reagents were purchased from Aldrich and Across. The melting points (MP) of the
prepared products were determined by the Kofler bench. High-resolution mass spectrometry
(HRMS) was carried out on a Q-TOF micro mass spectrometer. *H and *C NMR analyses
were investigated in CDCls with a 300 MHz Bruker Avance 111 spectrometer. Chemical shifts
(0) are expressed in ppm, and coupling constants (J) are given in Hz. They were recorded
relative to the solvent CDCls signal (7.26 and 77.1 ppm for *H NMR and C NMR,
respectively). FTIR spectra were carried out on a Thermo Nicolet FTIR Nexus
spectrophotometer using KBr pellets.

2.1.1. Synthesis of 1,2,3-triazoles (1-10).

Compounds 7-10 were synthesized according to the previously reported method 27—
29].

2.1.1.1. General procedure for the preparation of 1-4.

One equivalent of the alkyne (1 mmol) and 1.2 equivalent of azide (1.2 mmol) were
placed in a vial equipped with a magnetic stirrer; then 1 mol% of CuSO45H20 5 mol% of
sodium ascorbate were added together with 5 mL of water. The mixture was allowed to react
under continuous stirring at room temperature for eight hours while TLC monitored the
reaction. After removing the copper species by simple filtration, the reaction product was
extracted three times using CH2Cl», and each organic phase was dried over Na;SOas. After
filtration, CH2Cl, was evaporated under reduced pressure, affording the corresponding 1,2,3-
triazole compound, purified by recrystallization using hexane/ethyl acetate mixtures, if needed.

2.1.1.2. General procedure for the preparation of 5 and 6.

One equivalent of styrene oxide (1 mmol), one equivalent of the alkyne (1 mmol) was
introduced into a 25 mL round-bottom flask containing 10 mL of water; then sodium azide (72
mg, 1.1 mmol) was added, followed by Cu(OAc)2-H20 (5 mol %). The reaction mixture was
heated to 60 °C and monitored by TLC until complete reaction. Once the reaction was
completed, the mixture was diluted with water, and the product was extracted with ethyl acetate
(4x10 mL). The organic phases were combined and dried over Na>SO4, and the solvent was
removed under reduced pressure to yield the desired 1,4-disubstituted 1,2,3-triazole derivative,
which was purified by recrystallization in hexane/ethyl acetate mixed solvent if needed. The
prepared compounds were characterized by NMR, FI-IR and HRMS analyses (see
supplementary materials Figures S1-S30).

Caution! Sodium azide is a highly toxic chemical and should be handled with extreme
care.
https://biointerfaceresearch.com/ 7635
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2.1.2. Characterization of 1-6.
2.1.2.1. 4-Phenyl-1-(p-tolyl)-1H-1,2,3-triazole (1).

Yield: 91%; white solid. Re= 0.61 (hexane/ethyl acetate (2:1 v/v). MP 172-174 °C (L.it.
[30] MP 169-171 °C). FTIR (KBr, v/cm™): 3419 (O-H stretch, water); 3050 (C-H stretching,
sp?); 2916, 2855 and 1453 (C-H stretch, sp®); 1610 (C=C stretch); 1520 (C-C stretch, aromatic);
1232 and 1032 (C-N stretch). *H NMR: § (ppm): 2.46 (s, 3H, CHs), 7.36 (d, 2H, J = 8.1 Hz,
CHar), 7.40 (t, 1H, J = 7.3 Hz, CHa), 7.49 (t, 2H, J = 7.3 Hz, CHa), 7.69 (d, 2H, J = 8.4 Hz,
CHar), 7.94 (d, 2H, J = 7.1 Hz, CHa), 8.19 (5, 1H, CHuriazole). **C NMR: & (ppm): 21.1 (CHz),
112.7 (HCar), 120.4 (2 HCar), 125.8 (2 HCar), 128.9 (HCltriazole), 128.4 (2 HCar), 130.3 (2 HCa),
134.8 (Car), 138.9 (Car), 153.1 (Car), 153.1 (Car). HRMS: m/z [M+H]" Calcd. For CisH14Ns:
236.1182 Found: 236.1175.

2.1.2.2. 1-(4-Methoxyphenyl)-4-phenyl-1H-1,2,3-triazole (2).

Yield: 89%; white solid. Re= 0.53 (hexane/ethyl acetate (2:1 v/v). MP 171-173 °C (Lit.
[30] MP 162-164 °C). FTIR (KBr, v/cm™): 3411 (O-H stretch, water); 3119 (C-H stretching,
sp?); 2953, 2839 (C-H stretch, sp®); 1655 (C=C stretch); 1242-1106 (C-N stretch); 1038 (C-O
stretch); 828 (=C-H stretch). *H NMR: & (ppm): 3.91 (s, 3H, CHs), 7.07 (d, 2H, J = 9.0 Hz,
CHar), 7.38 (t, 1H, J = 7.4 Hz, CHa), 7.49 (t, 2H, J = 7.0 Hz, CHa), 7.72 (d, 2H, J = 9.0 Hz,
CHa), 7.95 (d, 2H, J = 6.8 Hz, CHa), 8.20 (s, 1H, CHuriazole). *C NMR: & (ppm): 55.6 (CHs),
114.8 (2 HC4), 122.2 (2 HCar), 125.8 (2 HCar), 128.3 (HCar), 128.9 (3 HCar), 131.3 (Car), 134.8
(Car), 138.9 (Car), 159.8 (HCrriazole). HRMS: m/z [M+H]* Calcd. for CisH14N30: 252.1131
Found: 252.1122.

2.1.2.3. 1-(4-Methoxyphenyl)-4-phenylsulfanylmethyl-1H-1,2,3-triazole (3).

Yield: 92%; white solid. Rr = 0.39 (hexane/ethyl acetate (2:1 v/v). MP 100-102 °C.
FTIR (KBr, v/icm™): 3417 (O-H stretch, water); 3130-3077 (C-H stretch, sp?); 3007, 2833,
1470-1442 cm™ (CHjs stretch); 1514 (C=C stretch); 1246 (C-N stretch); 1038 (C-O stretch). H
NMR: & (ppm): 3.88 (s, 3H, CHz3), 4.34 (s, 2H, CH»), 7.02 (d, 2H, J = 8.8 Hz, CHa), 7.22 (t,
2H,J = 7.1 Hz, CHa), 7.30 (t, J = 7.8 Hz, 1H, CHar), 7.41 (d, 2H, J = 7.5 Hz, CHar), 7.59 (d,
2H, J = 8.8 Hz, CHar), 7.68 (s, 1H, CHiuiazole). ) CNMR: & (ppm): 28.9 (CHy), 55.6 (CH3), 114.7
(2 HC4), 122.2 (2 HCa4r), 126.6 (HC), 129.1 (2 HC4), 129.6 (2 HC4), 132.1 (HCtriazole), 135.1
(Ca), 135.4 (Ca), 151.5 (Car), 159.8 (Ca). HRMS: m/z [M+H]". Calcd. for CicH1sN3OS:
298.1008 Found: 298.0998.

2.1.2.4. 4-Phenylsulfanylmethyl-1-p-tolyl-1H-1,2,3-triazole (4).

Yield: 95%; yellow solid. R = 0.50 (hexane/ethyl acetate (2:1 v/v). MP 93-95 °C. FTIR
(KBr, vicm™): 3421 (O-H stretch, water); 3052, 1627-1582, 733 (C-H stretch, sp?); 1475-1435
(CHjs stretch); 1518 (C=C, stretch); 1225-1039 (C-N stretch). *H NMR: & (ppm): 2.34 (s, 3H,
CHs), 4.24 (s, 2H, CHy), 7.00-7.17 (m, 2H, HC4), 7.18-7.25 (m, 3H, HCy), 7.27-7.34 (m, 2H,
HCa), 7.43-7.50 (m, 2H, HC4r), 7.66 (S, 1H, HCriazole). *C NMR: & (ppm): 21.1 (CHs), 28.9
(CHy2), 120.4 (2 HCa4), 126.6 (2 HC4), 129.1 (HC4), 129.6 (2 HC4), 130.2 (HCa), 132.1
(HCltriazote), 134.7 (Car), 135.4 (Car), 138.9 (Car), 145.1 (Ca). HRMS: m/z [M+H]" Calcd. for
C16H16N3S: 282.1059 found: 282.1049.
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2.1.2.5. 2-Phenyl-2-(4-phenyl-1H-1,2,3-triazol-1-yl)ethan-1-ol (5).

Yield: 92%; white solid. Rr = 0.54 (hexane/ethyl acetate (2:1 v/v). MP 119-120 °C (L.it.
[31] MP 125-127 °C). FTIR (KBr, v/cm™): 3383 (O-H stretch); 3094-2925 (C-H stretch, sp?);
1607-1459, 756 (C=C, =C-H stretch); 1065 (C-O stretch); 1214 (C-N stretch). *H NMR: &
(ppm): 4.16 (dd, 1H, J = 12.4, 3.7 Hz, CH>), 4.57 (dd, 1H, J = 12.4, 8.2 Hz, CH>), 5.61 (dd,
1H,J=8.2, 3.7 Hz, CH), 7.18-7.20 (m, 3H, CHa), 7.26-7.29 (m, 2H, CHar), 7.31-7.37 (m, 3H,
CHar), 7.71-7.74 (m, 2H, CHar), 7.63 (5, 1H, CHuiazole). *C NMR: & (ppm): 65.3 (CH>), 67.3
(CH), 125.7 (HC4), 127.1 (HCar), 128.3 (HCar), 128.9 (HClriazole), 129.1 (HCar), 129.2 (HCar),
130.2 (HCar), 136.0 (Car), 141.2 (Car), 148.1 (Car). HRMS: m/z [M+H]" Calcd. for C16H16N3O:
266.1288 Found: 266.1295.

2.1.2.6. 2-(4-(Phenoxymethyl)-1H-1,2,3-triazol-1-yl)-2-phenylethan-1-ol (6).

Yield: 90%; yellow solid. Rr = 0.51 (hexane/ethyl acetate (2:1 v/v). MP 90-92 °C. FTIR
(KBr, v/em™): 3415 (O-H stretch); 3094-2872 (C-H stretch, sp?); 1593, 853, (C=C, =C-H
stretch); 1234 (C-N stretch); 1060 (C-O stretch). *H NMR: § (ppm): 3.46 (s, 1H, OH), 4.22 (d,
1H, J = 10.9 Hz, CHy), 4.61 (dd, 1H, J =12 Hz, J = 8.5 Hz, CH), 5.20 (s, 1H, CH>), 5.68 (d,
1H,J=10.9 Hz, CH>), 6.99 (d, 2H, J = 7.8 Hz, CHa), 7.05-7.25 (m, 5H, CHar), 7.26 (d, 2H, J
=3.7 Hz, CHa), 7.32 (t, 1H, J = 7.8 Hz, CHa),7.67 (S, 1H, CHtriazole). *°C NMR: & (ppm): 61.9
(CHZ), 65.0 (CHZ), 67.4 (CH), 114.2 (2 HCar), 121.3 (HCar), 126.8 (HCtriazoIe), 127.1 (HCar)7
129.2 (2 HC4), 129.6 (2 HC4r), 135.9 (Car), 157.4 (Car), 158.2 (Car). HRMS: m/z [M+H]* Calcd.
for C17H18N302: 296.1393 Found: 296.1387.

2.1.2.7. 3-(4-(4-Dimethylaminophenyl)-1H-1,2,3-triazol-1-yl)-propylphosphonic acid diethyl
ester (7).

Yield: 88%; brown oil. R = 0.6 (hexane/ethyl acetate (1:6 v/v). FTIR (KBr, v/cm™):
3448 cm™ (O-H stretch, water); 3122 (C-H stretch, sp?); 1507—1450 (C=C stretch); 818 (=C-H
stretch). *H NMR: & (ppm): 1.21-1.27 (t, J = 7.2 Hz, 6 H, 2CH3), 1.64-1.75 (m, 2 H, CH,),
2.16-2.26 (m, 2 H, 2CHy), 3.03 (s, 6H, 2CH3), 3.99-4.16 (m, 4 H, 2CH>), 4.42-4.47 (t, J = 6.6
Hz, 2 H, CHy), 7.24-7.38 (s, 2 H, 2CHa/), 7.74 (s, 1 H, CH), 7.77-7.78 (s, 2 H, 2CHa). °C
NMR: 3 (ppm): 16.4-16.4 (2CHs), 20.8 (2CHs3), 23.4-23.7 (CHy), 21.5 (CH), 49.9-50.1
(CHy), 61.9-62.0 (2 CH2), 120.0 (Car), 125.7-128.8 (4 HCar), 130.4 (HCuiazole), 144.7 (Crriazole),
147.8 (Ca). HRMS (ESI) [M + H] * found m/z: Calcd for Ci7H2sN4OsP: 367.1894. Found
367.1897.

2.1.2.8. (3-(4-Phenyl-1H-1,2,3-triazol-1-yl)-propyl)phosphonic acid diethyl ester (8).

Yield: 86%, brown oil. Re = 0.71 (hexane/ethyl acetate (1:6 v/v). FTIR (KBr, v/cm™):
3449 cm™ (O-H stretch, water); 3132 (C-H stretch, sp?); 1456 (C=C stretch); 771 (=C-H
stretch); 2980 (C-H stretching, sp®); 1384 (CHs stretch); 1233 (C-N stretch); 1023 (C-O
stretch). 'H NMR: & (ppm): 1.24 (t, J = 7.2Hz, 6 H, 2CHs), 1.64-1.75 (m, 2 H, CHy), 2.16—
2.26 (M, 2 H, CH), 4.00-4.06 (M, 4 H, 2CHy), 4.44 (t, J= 6.6 Hz, 2 H, CH;), 7.20-2.38 (s, 3
H, 3CHar), 7.74 (5, 1 H, CH), 7.76-7.77 (s, 2 H, 2CHa). *C NMR: § (ppm):16.4-16.4 (2CHs),
21.5 (CH,), 23.4-23.6 (2 CHy), 49.8-50.1 (CH>), 61.9-62.0 (CH,), 119.0 (Car), 125.7-128.8 (4
HCa), 130.5 (HCuiazole), 147.8 (Car), 173.9 (Ctriazote), HRMS (ESI) [M + H] * found m/z: Calcd
for C15H23N303P: 324.1472. Found: 324.1477.
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2.1.2.9. (1-Benzyl-1H-1,2,3-triazol-4-yl) methyl benzoate (9).

Yield: 97%, white solid. Re = 0.23 (hexane/ethyl acetate (3:1 v/v). MP 122.5 °C (Lit.
[32] mp 122-123 °C). FTIR (KBr, v/em™): 3443 cm™ (O-H stretch, water); 3132 (C-H stretch,
sp?); 2980 (C—H stretching, sp®); 1597 (C=0 stretch); 1486 (C=C stretch); 1239 (C-N stretch);
1120 (C-O stretch). *H NMR: § (ppm): 5.47 (s, 2H, CHy); 5.54 (s, 2H, CHy); 7.28-7.38 (m, 5H,
CHar); 7.40 (s, 1H, CHar); 7.43 (s, 1H, CHar); 7.46 (s, 1H, CHiriazole); 7.57 (S, 1H, CHar); 8.03—
8.05 (d, 2H, CHar). °C NMR: & (ppm): 54.8 (CHy); 58.4 (CH2); 128.6 (CHiriazoke); 128.7 (2
CHar); 129.3 (2 CHar); 129.6 (2 CHar); 130.1 (4 CHar); 133.6 (Car); 134.7 (Curiazole); 153.2 (Car);
166.8 (Ccarbonyt). HRMS (ESI) [M + H] * found m/z: Calcd for C17H16N3O2 = 294.1237. Found:
294.1241.

2.1.2.10. (1-(4-Fluorobenzyl)-1H-1,2,3-triazol-4-yl) methyl benzoate (10).

Yield: 95%, White solid. Rr = 0.13 (hexane/ethyl acetate (3:1 v/v). MP 149-150°C.
FTIR (KBr, v/icm™): 3419 cm™ (O-H stretch, water); 3141 (C-H stretch, sp?); 3077 (C-H
stretching, sp®); 1708 (C=0 stretch); 1501 (C=C stretch); 1271 (C-N stretch); 1095 (C-O
stretch). 'H NMR: & (ppm): 5.46 (s, 2H, CHy); 5.51 (s, 2H, OCHy); 7.04-7.10 (m, 2H,CHa);
7.27-7.32 (m, 2H,CHa); 7.40-7.45 (m, 2H,CHar); 7.57 (t, J= 8.0 Hz, 1H, CHar); 7.59 (s, 1H,
CHuiazole); 8.02-8.05 (dd, J= 4.0 Hz, J= 1.6 Hz; 2H, CHa). 1*C NMR: § (ppm): 53.8 (CH>);
58.4 (OCHy); 116.4 (2 CHar); 116.7 (CHrriazote); 124.1 (2 CHar); 128.8 (2 CHar); 139.1 (Car);
130.4 (2 CHar); 130.6 (Car); 133.6 (CHar); 161.6 (Curiazole); 164.9 (Car); 166.8 (Cester). HRMS
(ESI) [M + H] * found m/z: Calcd for C17H15FN3O2: 312.1143; Found: 312.1142.

2.2. Biology assay.
2.2.1. Cell culture.

Fibrosarcoma lung carcinoma A-549, HT-1080, breast adenocarcinoma (MCF-7, and
MDA-MB-231) cancer lines were kindly provided by Dr. P. Cours from INSERM (Tours,
France). The Modified Eagle Medium (DMEM) was used to culture the MCF-7, A-549, and
MDA-MB-231 cells, and (MEM) for HT-1080 with supplement 10% (v/v) fetal bovine serum
(FBS) and 1% penicillin-streptomycin. The humidified atmosphere was used to incubate these
cells at +37 °C with 5% CO..

2.2.2. Cytotoxicity and antiproliferative activity.

A-549, MCF-7, HT-1080, and MDA-MB-231 cell lines were sowed in 96-well
microculture plates using a density of (5x10° cells/well, cultured) for 24 h at +37 °C. Then,
cells were treated with a concentration gradient of 1,2,3-triazole derivatives (100, 50, 25, 12.5,
and 6.25 uM) for 24 h. Doxorubicin (TEVA Pharma S.A., Courbevoie, France) was used as a
reference. For each treatment interval, viable cells were evaluated by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays. Thereby, 5 mg/mL of MTT was used to
incubate prepared cells for 4 h at +37 °C. The supernatant liquid was then discarded before
dissolving formazan (the product of the reaction) by using 150 pL of dimethyl sulfoxide
(DMSO). A microplate reader (Thermo Scientific, Paris, France) was used to measure the
absorbance at 570 nm, and the 1Cso was estimated using Graph Pad Prism7.
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2.2.3. Annexin V binding assay.

The HT-1080 cells were prepared at a density of 2 x 10°wells followed by their
incubation at +37°C, 5% CO2 overnight. The prepared cells were then treated with 8 at a
concentration of 15 and 20 uM for 24 h. Further, these cells were harvested and washed twice
with cold phosphate-buffered saline (PBS). Cells were detached and centrifuged for 5 min,
followed by their washing twice with cold PBS and before re-suspension in 100 pL of Annexin
V Binding Buffer (Annexin V Apoptosis Detection KIT with 7-AAD). Afterward, the
incubation of the prepared cells was carried out at room temperature for 20 min in the dark.
After staining, apoptotic cells were evaluated utilizing a Muse Cell Analyzer (Millipore).

2.2.4. Caspase-3 activity.

The caspase-3 activity was analyzed using the manufacturer's instructions. The
different concentrations of 8 (15 and 20 uM) were used to treat the prepared cells. After 24 h,
the cells were harvested and washed with PBS, scrapped with the ice-cold lysis buffer Promega
(Caspase assay kit). After staining, the apoptotic cells were examined by using a Muse Cell
Analyzer (Millipore).

2.2.5. Cell cycle assay.

The treatment of cells was performed with 15 and 20 uM of 8 for 24 h, then harvested
and washed with cold PBS. Ice-cold ethanol 70% was used to suspend the collected cells (10°
cells) for 12 h at -20 °C. After washing, a quick centrifugation was used to pellet these cells
and then were suspended once again in 1 mL of staining buffer (100 mM Tris, pH = 7.4, 150
mM NaCl, 1 mM CaCl,, 0.5 mM MgClz, 0.1% Nonidet P-40) containing 3 M propidium
iodide. The incubation of the prepared cells was performed 15 min at room temperature. Flow
cytometry FACS Calibur (Becton-Dickinson, San Jose, CA) was used to analyze the DNA
histograms and cell cycle phase distribution. The obtained data from 10,000 cells per sample
were recorded and analyzed.

2.2.6. Mitochondrial membrane potential measurement.

The lipophilic cationic probe was used to investigate the mitochondrial membrane
potential using JC-1 (Molecular Probes, Eugene, OR). Green fluorescence at 527 nm was
obtained in monomeric forms of the dye in mitochondria with depolarized membranes. 10 uM
JC-1 reagent was added to the HT-1080 cells seeded and treated with 15 and 20 uM of 8 for
24 h. Subsequently, these cells were incubated for 20 min at +37 °C under the dark. Cells were
then harvested and washed with PBS and centrifuged at 1500 rpm for 5 min, then suspended
once again in 1 mL of cold PBS. The measurements were carried out using the
Spectrofluorometer (RF-5301PC, Shimadzu, Tokyo, Japan).

2.3. Docking and molecular modeling.

The SYBYL-X 2.0 software (Tripos Inc., St. Louis, MO, USA) package installed on
Windows 10 workstations was used to prepare the protein and ligands [33]. The crystal
structure of human pro-matrix metalloproteinase-2 (PDB code: 1CK7) and metalloproteinase-
9 (PDB Code: 20VZ) were obtained from Protein Data Bank [34], the protein and co-

crystallized ligands were isolated from the complex. Each protein extracted from the complex
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was treated by removing all of the substructures, removing all of the water molecules, and
adding hydrogen atoms without any conformation change. The prepared protein was used as
the receptor for the docking experiment. Hydrogen atoms were added to ligands isolated from
the complex and geometrically optimized with three steps: Firstly, optimization using Steepest
Descent with Gasteiger-Marsili charges and Tripos force field; then optimization using
conjugate gradient; and finally, optimization using BFGS [35]. The structures of all other
molecules were built using the SKETCH model in sybyl-X 2.0, and geometrical optimizations
were carried out using the above procedure. All the minimized compounds were docked into
the active site with the created protomol derived from the co-crystallized ligand to generate the
proposal binding pose of ligands. The ligand-receptor complex with the highest total score was
considered the most stable binding conformation, which was selected to explore the possible
binding mechanisms relying on several key factors, such as hydrogen bonds, hydrophobic
interactions, and root-mean-square deviation (RMSD) values by SYBYL applications.

3. Results and Discussion

3.1. Synthesis and characterization.

The first step of our synthetic approach consisted of the preparation of organic azide
derivatives. As reported earlier [36], the diazotization of aromatic amines by using NaNO;
followed by the addition of NaN3 affords the corresponding aromatic azides with yields ranging
from 69 to 90%. In the case of the benzyl azides, the corresponding benzyl bromide derivative
reacted with NaN3 in water/acetone (1:3 v/v) at room temperature under vigorous stirring to
afford the desired benzyl azide derivatives as yellow oils. The diethyl (3-
azidopropyl)phosphonate was prepared by refluxing diethyl (3-bromopropyl)phosphonate with
NaNs in acetone/water solvent mixtures overnight. The chemical structures of the prepared
azide derivatives were confirmed by analyzing the crude product using FTIR spectroscopy, and
they were used directly in the next step without any further purification. They all exhibit a
strong absorption band at 2070-2110 cm™ which is attributed to the vas(N3) stretching vibration
of the azide group. Terminal alkyne derivatives were prepared either by simple alkylation of
commercially available phenol using propargyl bromide and K>COsz in acetone at room
temperature or by esterification of benzoyl chloride with propargyl alcohol in the presence of
triethylamine (NEts) as a base in dichloromethane [37] (see Scheme 1). The resulting terminal
alkynes were obtained in excellent yields.

The synthesis of the 1,2,3-triazole derivatives 1-4 and 7-10 was accomplished through
the copper-catalyzed [3+2] cycloaddition reaction between terminal alkynes and azides using
CuSO45H20 as precatalyst and sodium ascorbate as a reduction agent in water at room
temperature. The 1,4-disubstituted 1,2,3-triazole derivatives were obtained in good to excellent
yields. The remaining 1,4-disubstituted -hydroxytriazoles 5 and 6 were prepared by slightly
modifying the described protocol using a one-pot reaction from an epoxide, sodium azide, and
alkynes the presence of Cu(OAc)2H20 in water [38—40]. The structures of all products were
characterized using *H NMR, *C NMR, FTIR spectroscopies, and HRMS analysis (see Figures
1S-S30 in supplementary materials). The FTIR spectrum of 6 taken as an example, shows
absorption bands at 3415, 1234, 1060 cm™ indicating the presence of —OH, C-N, and C-O
groups, respectively. The *H NMR spectrum of compound 10 shows two distinctive singlet
signals at around 5.47 and 5.54 ppm, showing the attachment of two methylene groups (CH3)
to the 1,2,3-triazole moiety. Moreover, the presence of the triazole moiety was confirmed by
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the occurrence of the most informative singlet signal at 7.59 ppm. All hydrogen atoms of the
aromatic rings of the prepared 1,2,3-triazoles are displayed in the ranges 7.04-7.57 and 8.02-
8.05 ppm. The *C NMR spectrum of 10 indicates the presence of two methylene carbons
bonded to the phenolate ring's oxygen atom and the nitrogen atom of the triazole moiety,
respectively. The most prominent carbon signals (CHtiazole) Were observed around 116.7 ppm.
The *H NMR spectrum of compound 9 shows a slight shifting of the characteristics peaks
compared with compound 10. The signals for methylene groups were found at 5.21 and 5.55
ppm, respectively. The triazole moiety was confirmed by the presence of a singlet at 7.46 ppm.
The characteristic carbon signal assigned to the CH group of 1,2,3-triazole ring was shifted at
128.6 compared to compound 9, 116.7 ppm. Furthermore, high-resolution mass spectrometry
of 6 reveals a molecular ion peak [M+H]* at m/z = 296.1387, which coincides with the expected
molecular formula C17H15N30o.

N
!N
N’ 1:R;=CHs, 2:R,=OCH,
—————

N :N‘ Ny

HO

N & ; R
P 3
/\0/1\/\/ / - N\ /P\/\/N\/)\ 7:R= 8:R=
o iii
[o}
N(CHy),

o] o o
Cl /\‘
- (0] = R-N 0 =
d RS — /\\/.\-N'R 9:R= 10: R=
iii N=N

Scheme 1. Synthetic route of the 1,2,3-triazole derivatives 1-10 under study. Reagents and conditions: (i) NaN3,
acetone, 56 °C, 24 h, hexane/ethyl acetate (9:1 v/v); (ii) Conc. HCI, H20, NaNO;, NaNs, 0 °C; (iii) sodium
ascorbate (5 mol%), CuSO+5H,0 (1 mol%), H,O (5 mL), r.t., 8 h. (iv) NEts propargyl alcohol, CH,Cl;, 0-10 °C;
(v) NaNz (1.1 equiv), Cu(OACc)2H20 (5 mol%), H.O (10 mL), 60 °C.

3.2. Anticancer activity.
3.2.1. In vitro cytotoxic activity.

Antiproliferative activity was used to analyze the effects of the 1,2,3-triazole
derivatives 1-10 on the cell growth of four cancer cell lines, using breast adenocarcinoma
(MCF-7 and MDA-MB-231), lung carcinoma A-549, and fibrosarcoma HT-1080. The targeted
cells were treated with a wide range of concentrations [41,42] of 1-10 for 24 h. The MTT assay
was used to detect the cytotoxic activity of the synthesized compounds, and the ICso values
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(concentration required to inhibit tumor cell proliferation by 50%) are presented in Table 1
with doxorubicin as the standard reference drug.

Table 1. Cytotoxic activities of 1-10 against human MDA-MB-231, A-549, MCF-7, and HT-1080 cells for 24 h.

Compound 1Cs0 (UM)
HT1080 A549 MCF-7 MDA-MB-231

1 >50 >50 47.28 > 50
2 >50 > 50 39.96 > 50
3 > 50 > 50 35.21 > 50
4 > 50 > 50 > 50 46.19
5 18.32 22.59 31.65 25.61
6 > 50 45.29 >50 49.02
7 25.64 24.05 19.34 28.38
8 15.13 21.25 18.06 16.32
9 22.54 28.32 31.82 20.01
10 21.72 35.00 28.75 31.25
Doxorubicin 4.96 6.36 5.46 5.13

The results indicate that most compounds exhibit lower to moderate antiproliferative
activities against the four selected cancer lines by comparison with the known anticancer
chemotherapy drug doxorubicin. Compound 8 with the phosphonate group linked to the
triazole moiety is the most active compound, among the evaluated series of 1,2,3-triazoles 1-
10, for cell growth inhibition against the four tested cancer cell lines, HT-1080 = 15.13, A-549
=21.25, MCF-7 = 18.06, and MDA-MB-231 = 16.32 uM. Besides, 1,2,3-triazole derivatives
5 and 7 have revealed interesting ICso values between 18.32 and 31.65 uM versus all the
selected cells.

3.2.2. Annexin V-binding.

Cell death is an important factor in determining the potential mechanism of action for
the investigated compounds. To analyze apoptosis, we chose the most active compound 8 to
determine its mode of action in the HT-1080 cells. These cells were treated with 8 (15 and 20
K1M), and the selected cancer lines were analyzed using Annexin V-FITC/PI labeling by flow
cytometry. As shown in Fig. 2, 8 induced cell apoptosis in a dose-dependent manner with a
slight increase in early and late stages of apoptosis from 1.34 (Control) to 11.22% for 15 uM
and 18.60% for 20 uM.

3.2.3. Caspase-3 activity assay.

Caspase-3, or executioner caspase, is a family of conserved cysteine-aspartic acid
proteases that plays a fundamental role in the execution phase of apoptosis by involving one or
more caspases [43,44]. To confirm whether caspase-3 activation indicates an apoptotic mode
of cell death, we investigated the activation of caspase-3 in the presence of phosphonate-
containing 1,2,3-triazole 8 treated HT-1080 cells with 15 and 20 uM for 24 h. The obtained
data shown in Fig. 3 confirm no involvement of caspase-3 in the activation process of apoptosis
induced in HT-1080 cells by compound 8. In statistical terms, we notice a very small proportion
of caspase-3 activity (5.07%) after 24 h of treatment (15 uM). A slight increase has been noted
in the same time incubation with 20 uM (+0.48%). These results indicate that compound 8
apoptosis appeared by the apoptotic pathway independently on the caspase-3.

https://biointerfaceresearch.com/ 7642


https://doi.org/10.33263/BRIAC126.76337667
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC126.76337667

AN
Control: HT-1080 8: (15 uMm) 8: (20 um)
Dead Late Apop /Dead 9 Desd Late Apop /Dead Dead Late Apop /Dead
0.73% 012% 455% $81% 308% 1282 %
34 31 3}
Pl | 24 21 2] o
43k
W : 1
o7 TR 122% : 541 % 578 %
0 Live Early Apop 0 1 Early Apop Early Apop
6 4 2 3 4 & 4 2 & 4 0 H 2 2 4
N
&~

Annexin V fluorescence
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Figure 3. Colorimetric assay of the caspase-3 activity. HT-1080 cells were treated with 15 and 20 uM of 8 for

24 h.

3.2.4. Investigation of cell cycle distribution.

Appearances of two new indistinguishable cells come from a cell division through
several phases of the cell cycle progression, such as G1 (cell enlargement), S (DNA
replication), G2 (repairing of new DNA), and M phases (nuclear division). Further, we
evaluated the effect of 8 on the cell cycle distribution to determine whether a selected product
could cause alterations in the cell cycle progression of the HT-1080 cells by using flow
cytometric analysis after treatment with 15 and 20 uM for 24 h (Fig. 4). We observed an
increase in the proportion of cells in the GO/G1 phase by increasing concentrations of 8 (55.80
to 64.40%); on the other hand, the percentage of cells in the S and G2/M phases decreased
marginally after treatment (S: 11.50 to 9.10% & G2/M: 24.80 to 20.70%), by comparison to
the control cells. These data revealed that when treating HT-1080 with compound 8, the arrest
of the cell cycle at the GO/G1 phase occurs in a dose-dependent manner.
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Figure 4. Effects of compound 8 on the cell cycle phase distribution in HT-1080 cells after treatment with 15
and 20 uM during 24 h by using propidium iodide to determine the DNA fluorescence.

3.2.5. Mitochondrial membrane potential (A¥m) depolarization.

Dysfunction of the mitochondria membrane potential (MMP, A¥m) of the involved
cells in apoptotic cell death occurs by releasing various specific proteins to trigger apoptosis
[41]. To this end, mitochondrial disfunction was investigated based on the measurement of the
MMP index through flow cytometry using JC-1 dye as a fluorescent probe. HT-1080 cells were
treated with compound 8 at 15 and 20 uM concentrations for 24 h. As shown in Fig. 5, this
compound induces a mitochondrial membrane potential and an increase in a concentration-

dependent manner. As a consequence, it causes apoptosis independent of the mitochondrial
pathway.
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Figure 5. Compound 8 induces a potential mitochondrial loss in the HT-1080 fibrosarcoma cells after treatment
of various concentrations (15 and 20 uM) during 24 h.

3.3. Molecular docking study.

MMP-2 and MMP-9 matrix metalloproteinases are considered models for tumor
development and angiogenesis, which means that the set-up of potent MMP-2/MMP-9
inhibitors should be the major goal in cancer drug discovery. To explain the potential inhibition
activity of the 1,2,3-triazole derivative 8 as anticancer agent, the molecular docking study was
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applied using Surflex-Docking and Discovery studio package for visualization [33].
Compound 8 docked to the crystallographic structures of PDB ID:1CK7 for MMP-2, and PDB
ID:20VZ for MMP-9 downloaded from Protein Data Bank [34]. The docking protocol was
investigated by using the co-crystallized ligand into the active site with an RMSD of 1.42 A
and 0.46 A for both MMP-2 and MMP-9 receptors, respectively (Fig. 6). The binding affinities
were confirmed by the total scores expressed in —logl0(Kg) units. The protein structure
optimization occurred by adding hydrogen and eliminating the water molecules using the
Sybyl-x 2.0 software [45].

b)

Figure 6. The superimposed image of the redocked and co-crystal ligand of both MMP-9 receptor (a) and
MMP-2 receptor (b).

Figure 7. The interactions of compound 8 (a) and co-crystallized structure (b) with MMP-2 receptor (PDB ID:
1CK7).
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The in-silico results of molecular docking molecular compound 8 into the MMP-2
receptor (PDB ID: 1CK7) showed that the phenyl group stabilizes molecule 8 by alkyl and
n—m interactions with VAL A:41 and TRP A:176 residues with a distance of 4.3 and 4.67 A,
respectively. In addition, the triazole ring establishes w-anion and carbon-hydrogen bond
interactions with the ASP A:185 and LYS A:44 residues with distances of 4.49 and 4.45 A,
respectively. Remarkably, the presence of the phosphonate group stabilizes compound 8 by an
n—alkyl interaction with the ARG A:101; TYR A:53, PHE A:57 residues with distances of
3.87; 5.14 and 4.84 A, respectively, as well as carbon-hydrogen bond and hydrogen bonding
interactions with the GLY A:189 and LEU A:190 residues, with distances of 2.29 and 2.10 A,
respectively (Fig. 7). At the same time, the co-crystallized structure of the MMP-2 receptor
(sulfate) shows two interactions, namely w-anion interaction with ASP A:185 with a distance
of 4.33 A, and carbon-hydrogen interaction with TYR A:53 with a distance of 2.78 A. The
molecule 8 and co-crystallized structure are stabilized by carbon-hydrogen bond interactions
with ASP A:185 and TYR A:53 residues, showing score functions of 3.2 and 1.4, respectively.

Interactions

I conventional Hydrogen Bond [ Pi-piT-shaped
[_] carbon Hydrogen Bond ] Fi-alkyl
[ Pi-pi Stacked

Figure 8. The interactions of compound 8 (a) and co-crystallized structure (b) with the MMP-9 receptor (PDB
ID: 20V2).

The molecular docking of 8 into the MMP-9 receptor presented in Fig. 8 shows n—n
interactions between the phenyl group and HIS A:401 and TYR A:423 residues with distances
of 4.12 and 5.69 A, respectively. The triazole ring stabilizes the docking of 8 by different types
of interactions with the HIS A:401, VAL A:398, PRO A:421, and GLN A:402 residues with
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distances of 3.28; 5.07; 2.61 and 2.06 A, respectively. The presence of the phosphonate group
in 8 leads to w-alkyl interactions with the PHE A:110 residue with a distance of 3.68 A, carbon-
hydrogen bonds with the HIS A:190 and HIS A: 405 residues with distances of 2.30 and 4.46
A, respectively, and also hydrogen bonds with the GLN A: 402 residues with a distance of 2.13
A, causing the stabilization of 8 into the receptor pocket and explaining the inhibition observed
experimentally. While the co-crystallized structure of the MMP-9 receptor is stabilized by four
hydrogen bonds, including TYR A:393; LEU A:188; ALA A:189, and GLN A:402 residues,
with a distance of 1.96; 2.00; 2.79, and 2.00 A, respectively. The compound 8 and co-
crystallized structure are stabilized by hydrogen bonding with GLN A:402 residue showing a
score function of 3.7 and 5.1, respectively.

The blue and green colors around the phosphonate group shown in Fig. 9 for both
MMP-2 and MMP-9 receptors indicate this fragment's hydrophilic and hydrogen bond acceptor
characters, which stabilizes this molecule in the MMP receptors pocket. The blue and green
contours indicate that hydrophilic groups with hydrogen bond acceptor character stabilize
ligand into receptor pocket; this indicates the relevance of triazole moiety in stabilizing the
studied 1,2,3-triazole compound.

4)

-
Figure 9. Molecular docking of compound 8 with (A) 1CK7 (MMP-2) and (B) 20VZ (MMP-9).

4. Conclusions

A series of 1,2,3-triazole derivatives were straightforwardly synthesized by click
chemistry using copper-catalyzed azide-alkyne [3+2] cycloaddition reactions of various
functional organic azides and terminal alkynes and followed by the evaluation of their
anticancer activity against certain human cancer cell lines. The preliminary tests of cytotoxicity
showed that the prepared 1,2,3-triazole derivatives exhibit moderate anticancer activity.
Among them, the 1,2,3-triazole derivative 8 bearing phosphonate group exhibits the best
activity against HT-1080 cells with a value for ICsp of 15.13 uM. The phosphonate derivative
was selected for the study of its mechanism of action against HT-1080 cells. The results
obtained revealed that this derivative could induce apoptosis by an independent pathway of the
https://biointerfaceresearch.com/ 7647
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caspase-3 associated with increasing the mitochondrial membrane potential and arresting the
cell cycle at the GO/G1 phase. Molecular docking studies of 8 into the MMP-2 and MMP-9
metalloproteinases receptors demonstrated the relevance of the triazole scaffolds and the
pendant phosphonate group in establishing m-anion, m-alkyl, and hydrogen bonding type
interactions with residual components in the active MMP pocket. Although moderate in terms
of anticancer activities, these results may help in understanding the inhibition action of the
triazole framework against the cancer cell lines, in synergy with the two functional pendent
groups at the 1- and 4-positions at the 1,2,3-triazole moiety, especially when they are
potentially anticancer pharmacophores.
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Supplementary Materials

'H, 3C NMR, FTIR and HRMS spectra of 1,2,3-triazole derivatives 7-10 were assigned as reported in previously
published studies.
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Figure S1. The spectrums NMR proton, Carbone, and Dept 135 of Product 1.
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Figure S16. The spectrums NMR proton, Carbone, and Dept 135 of Product 6.
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Figure S17. FT-IR absorption spectrum of Product 6.

Spectrum from MHE wi¥f (sargle 1) « MHE, «TOF MS (100 - 350) from 1.258 %0 1.226 min
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Figure S18. The spectrum HRMS of Product 6.
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Figure S19. The spectrums NMR proton, Carbone, and Dept 135 of Product 7.
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Figure S20. FT-IR absorption spectrum of Product 7.
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Figure S21. The spectrum HRMS of Product 7.
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Figure S22. The spectrums NMR proton, and Dept 135 of Product 8.
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Figure S23. FT-IR absorption spectrum of Product 8.
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Figure S24. The spectrum HRMS of Product 8.
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Figure S25. The spectrums NMR proton, Carbone, and Dept 135 of Product 9.
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Figure S26. FT-IR absorption spectrum of Product 9.
Spectium from BLA4 wif [sample 1) - BLB4, +TOF MS (100 550) hom 1.301 to 1.422 min
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Figure S27. The spectrum HRMS of Product 9.
af peso
\
|-&000
2488 7 52 6000
NV Y o Lssoa
4000
| 5000
3000
; 2000 4500
n 1000
0 L4000
8.0 fl.?(.:pm] 7. | 3500
|- 3000
|-2500
|- 2z000
|- 1500
L1000
|- 500
| o
E -
‘I.O BI.S BI‘D 7'.5 7‘.0 5‘.5 6‘.0 5‘.5 5r . y ¥ y y y ¥

45 4.0
f1(ppm)

https://biointerfaceresearch.com/ 7665


https://doi.org/10.33263/BRIAC126.76337667
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC126.76337667

—san

% 6500
6000
5500
[-5000
4500
4000
3500
3000
2500
2000

+1500

: 1 500

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 S0 40 30 20 10 0 -10
f1 (ppm;

(ppm)

rize
1wt
Tioas
Mz
11672
16 @

<

6000

5000

4000

' 3000

2000

1000

1000

-2000

-3000

4000

e

— T S T T T
210 200 190 180 170 160 150 140 130 120 110"200)90 80 70 60 50 40 30 20 10 0 10
ppm;

Figure S28. The spectrums NMR proton, Carbone, and Dept 135 of Product 10.
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Figure S29. FT-IR absorption spectrum of Product 10.
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Spectium from BL78.vaf (sample 1) - BL78, +TOF MS (100 - 950) from 1.1 to 1.135 min
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Figure S30. The spectrum HRMS of Product 10.
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