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ABSTRACT 

Eight pyrazole-1-carbothioamide nucleosides were synthesized through conensation of 3-(4-aminophenyl)-pyrazole-1-carbothioamide 

derivative 2 with four aldoses (arabinose, mannose, glucose and galactose) and acetylation of the produced nucleosides 3a-d with acetic 

anhydride in pyridine at room temperature to give their corresponding acetyl derivatives 4a-d. Their chemical structures were confirmed 

by spectroscopic and elemental analysis. The antiproliferative activity was screened against various human cancer cell lines (MCF-7, 

HepG2 and HCT-116) in vitro; compound 4b showed a significant IC50 values (8.5±0.72 for MCF-7, 9.4±0.84 for HepG2 and 11.7±0.89 

µg/ml for HCT-116) which were close to the reference drug 5-fluorouracil (5-FU). Molecular docking study was utilized to illustrate the 

ability of the more active compounds 3b and 4b to inhibit thymidylate synthase and compare the results with an antimetabolite drug used 

in cancer chemotherapy "Raltitrexed".  
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1. INTRODUCTION 

 There are over 100 different types of cancer, classification 

depends on the kind of affected cells, cancer destroys the body 

through the uncontrolled division to form masses or lumps; called 

tumors (except leukemia). Tumors can grow and interfere with the 

digestive, nervous, and circulatory systems, and they can release 

hormones that alter body function [1]. According to the World 

Health Organization (The latest world cancer statistics 

(Lyon/Geneva, 12 December 2013) "Cancer is the second most 

common cause of death in the US and accounts for nearly 1 of 

every 4 deaths". The World Health Organization estimates that, 

worldwide, there were 14 million new cancer cases and 8.2 

million cancer-related deaths in 2012.  

 Different categories of drugs used in cancer treatment, 

according to the nature of the organ affected, such as tamoxifen 

(TAM), 5-fluorouracil (5FU), adriamycin (ADR) and vincristine 

(VCR), each one has a certain mechanism of treatment [2-4]. 

Pyrazoles constitute an essential heterocyclic family has some effects 

in a wide area such as; antipyretic, anti-inflammatory, antiviral, 

antimicrobial, antidepressant, anticonvulsant, antitumor [5-12]. 

For example, celecoxib demonstrates anti-inflammatory effects and 

inhibits cyclooxygenase-2 (COX2); sildenafil inhibits 

phosphodiesterase, and fomepizole inhibits alcohol dehydrogenase 

[13], tozasertib and barasertib are potent protein kinase inhibitors 

[14], and many studies have been done to design new and potent 

anticancer drugs. In addition, C-nucleosides resemble a class of 

sugar moiety attached to the heterocycle through a carbon-carbon 

bond. Which is different from ribonucleosides, where only the 

pentosyl ring is absent to give an open-chain residue. They have 

valuable biological activities [15,16].   

 Furthermore, many sugar modified nucleoside analogs are 

clinically useful chemotherapeutics [17]. N- nucleoside, C-

nucleoside, and capecitabine, are applied in the treatment of 

metastatic hairy cell leukemia and breast cancer [18]. Many of S- 

glycosides have been proved to be potential anticancer agents 

against many cell lines [19-21]. Dihydropyridine -S-glycoside B 

has significant cytotoxic activity against human colon carcinoma 

cells [22]. Moreover, the triazin S- glycoside C was found to have 

significant cytotoxic activity against various cancer cell line 

especially breast carcinoma MCF-7 and liver carcinoma HEPG-2 

cell lines [23].    

 Research in the field of cancer chemotherapy has been 

aided by many computer programs that are becoming increasingly 

important and complementary to wet laboratory experiments in 

studying the structure and function of biomolecules. Molecular 

docking is a frequently used tool in drug design. These methods 

contributed to the development of several drugs to treat HIV 

infection, Alzheimer's disease, rheumatoid arthritis [24,25]. 

Docking programs simulate how a target macromolecule interacts 

with small ligand molecules, such as substrates and inhibitors. By 

using molecular mechanics, the programs usually determine the 

binding energy between the host's binding site and the ligand, a 

feature used to predict and describe the efficacy of the binding 

[26]. Through this work, we based on pyrazole moiety to fabricate 

new glycoside derivatives and scanning their cytotoxic activity 

against breast carcinoma MCF-7, hepatocellular cancer HepG2, 

and colon cancer HTC-116 cell lines along with performing 

molecular docking of Thymidylate synthetase against the prepared 

pyrazole compounds as well as the native inhibitor that co-

crystalized with the protein. 
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2. MATERIALS AND METHODS 

All melting points (m.p.) were measured on an electrothermal 

Gallenkamp instrument. The IR spectra were determined on a 

Thermo Scientific Nicolet iS10 FTIR spectrometer. 1H NMR 

spectra (DMSO-d6) were recorded on a Bruker WP spectrometer 

(USA) (300 MHz) using TMS as an internal standard. Elemental 

analyses (C, H, and N) determined on Perkin-Elmer 2400 

analyzer. 

2.1. Chemistry. 

Synthesis of 1-(4-aminophenyl)-3-(fur-2-yl)prop-2-en-1-one (1): 

The synthetic method was carried out according to the previous 

literature [27]. m.p. 118-119°C; lit. m.p. 119–120°C [27]. 

Synthesis of 3-(4-aminophenyl)-5-(fur-2-yl)-4,5-dihydro-1H-

pyrazole-1-carbothioamide (2): 

The synthetic method was carried out according to the previous 

literature [27]. m.p. 199-201°C; lit. m.p. 198–201°C [27]. 

General procedure for the preparation of pyrazole-1-

carbothioamide nucleosides (3a-d): 

To a suspension of amino-pyrazole 2 (1.43 g, 5 mmol) in ethanol 

(30 ml), was added a solution of the appropriate sugar (5 mmol) in 

10 ml ethanol acidified by drops of acetic acid. The mixture 

refluxed for 2-6 h, controlled by TLC. The formed product filtered 

off, washed by small amount of EtOH, dried and recrystallized 

from ethanol to obtain the corresponding pyrazole-1-

carbothioamide nucleosides 3a-d. The physical constants and the 

spectral data of the products are listed below: 

3-(4-N-Arabinfuranosylamino-phenyl)-5-(furan-2-yl)-4,5-dihydro-

1H-pyrazole-1-carbothioamide (3a): 

Pale yellow powder, m.p. = 243-245°C, yield 60%. IR (KBr) νmax: 

3394, 3286 (NH and NH2), broad near 3200 (O-H), 3058 (CH 

aromatic), 1626 cm-1 (C=N). 1H NMR (300 MHz, DMSO-d6) δ: 

3.14, 3.16 (dd, J = 10.6, 6.7 Hz, 1H), 3.25-3.64 (m, 5H, H-2, H-3, 

H-4, H-5), 3.76, 3.80 (dd, J = 10.6, 6.7 Hz, 1H), 3.94 (d, J = 2.5 

Hz, 1H, H-1), 4.08 (d, 2H, 2OH, exchangeable), 4.83 (s, 1H, OH, 

exchangeable), 5.76 (t, J = 1.6 Hz, 1H), 6.57 (t, J = 1.6 Hz, 1H, 

furan-H4), 6.71 (d, J = 3.6 Hz, 1H, furan-H3), 6.84 (d, J = 8.0 Hz, 

2H, Ar-H), 7.22 (d, J = 8.0 Hz, 2H, Ar-H), 8.07 (d, J = 3.6 Hz, 

1H, furan-H5), 9.41 (s, 2H, NH2, exchangeable), 10.18 ppm (s, 

1H, NH, exchangeable). Analysis calcd. for C19H22N4O5S 

(418.47): C, 54.53; H, 5.30; N, 13.39%. Found: C, 54.39; H, 5.37; 

N, 13.28%. 

3-(4-N-Mannopyranosylamino-phenyl)-5-(furan-2-yl)-4,5-

dihydro-1H-pyrazole-1-carbothioamide (3b): 

Pale yellowish white powder, m.p. = 231-233°C, yield 63%; IR 

(KBr) νmax: 3386, 3294 (NH and NH2), broad near 3212 (O-H), 

3085 (CH aromatic), 1631 cm-1 (C=N). 1H NMR (300 MHz, 

DMSO-d6) δ: 3.21, 3.23 (dd, J = 10.7, 6.7 Hz, 1H), 3.28-3.81 (m, 

6H, H-2, H-3, H-4, H-5, H-6), 3.92, 3.94 (dd, J = 10.7, 6.7 Hz, 

1H), 3.98 (d, J = 2.6 Hz, 1H, H-1), 4.33 (d, 2H, 2OH, 

exchangeable), 4.89 (s, 1H, OH, exchangeable), 5.27 (t, 1H, OH, 

exchangeable), 5.68 (t, J = 1.8 Hz, 1H), 6.47 (t, J = 1.8 Hz, 1H, 

furan-H4), 6.55 (d, J = 3.6 Hz, 1H, furan-H3), 6.78 (d, J = 8.0 Hz, 

2H, Ar-H), 7.34 (d, J = 8.0 Hz, 2H, Ar-H), 7.93 (d, J = 3.8 Hz, 

1H, furan-H5), 9.37 (s, 2H, NH2, exchangeable), 10.24 ppm (s, 

1H, NH, exchangeable). Analysis calcd. for C20H24N4O6S 

(448.49): C, 53.56; H, 5.39; N, 12.49%. Found: C, 53.71; H, 5.44; 

N, 12.38%. 

3-(4-N-Galactopyranosylamino-phenyl)-5-(furan-2-yl)-4,5-

dihydro-1H-pyrazole-1-carbothioamide (3c):  

Pale yellowish white powder, m.p. = 236-238°C, Yield 65%; IR 

(KBr) νmax: 3388, 3274 (NH and NH2), broad near 3224 (O-H), 

3108 (CH aromatic), 1630 cm-1 (C=N).  1H NMR (300 MHz, 

DMSO-d6) δ: 3.31, 3.33 (dd, J = 10.8, 6.7 Hz, 1H), 3.40-3.82 (m, 

6H, H-2, H-3, H-4, H-5, H-6), 3.92, 3.94 (dd, J = 10.8, 6.7 Hz, 

1H), 4.08 (d, J = 2.5 Hz, 1H, H-1), 4.37 (d, 2H, 2OH, 

exchangeable), 4.82 (s, 1H, OH, exchangeable), 5.46 (t, 1H, OH, 

exchangeable), 5.61 (t, J = 1.6 Hz, 1H), 6.49 (t, J = 1.6 Hz, 1H, 

furan-H4), 6.61 (d, J = 3.6 Hz, 1H, furan-H3), 6.85 (d, J = 8.0 Hz, 

2H, Ar-H), 7.42 (d, J = 8.0 Hz, 2H, Ar-H), 7.97 (d, J = 3.8 Hz, 

1H, furan-H5), 9.64 (s, 2H, NH2, exchangeable), 10.31 ppm (s, 

1H, NH, exchangeable). Analysis calcd. for C20H24N4O6S 

(448.49): C, 53.56; H, 5.39; N, 12.49%. Found: C, 53.40; H, 5.32; 

N, 12.56%. 

3-(4-N-Glucopyranosylamino-phenyl)-5-(furan-2-yl)-4,5-dihydro-

1H-pyrazole-1-carbothioamide (3d): 

Pale yellow powder, m.p. = 239-241°C, yield 75%. IR (KBr) νmax: 

3406, 3384, 3274 (NH and NH2), broad near 3227 (O-H), 3116 

(CH aromatic), 1637 cm-1 (C=N). 1H NMR (300 MHz, DMSO-d6) 

δ: 3.19, 3.21 (dd, J = 10.7, 6.8 Hz, 1H), 3.29-3.78 (m, 6H, H-2, H-

3, H-4, H-5, H-6), 3.90, 3.92 (dd, J = 10.7, 6.8 Hz, 1H), 4.08 (d, J 

= 2.4 Hz, 1H, H-1), 4.43 (d, 2H, 2OH, exchangeable), 4.82 (s, 1H, 

OH, exchangeable), 5.39 (t, 1H, OH, exchangeable), 5.56 (t, J = 

1.8 Hz, 1H), 6.43 (t, J = 1.8 Hz, 1H, furan-H4), 6.58 (d, J = 3.6 

Hz, 1H, furan-H3), 6.84 (d, J = 8.5 Hz, 2H, Ar-H), 7.30 (d, J = 8.5 

Hz, 2H, Ar-H), 7.88 (d, J = 3.8 Hz, 1H, furan-H5), 9.56 (s, 2H, 

NH2, exchangeable), 10.31 ppm (s, 1H, NH, exchangeable). 

Analysis calcd. for C20H24N4O6S (448.49): C, 53.56; H, 5.39; N, 

12.49%. Found: C, 53.77; H, 5.47; N, 12.35%. 

General procedure for the synthesis of peracetylated sugar 

pyrazole-1-carbothioamides 4a-d: 

To a solution of the appropriate sugar amino-pyrazoles, 3a-d (3 

mmol) in the minimum amount of pyridine (4 ml), acetic 

anhydride (10 ml) was added. The mixture was stirred for 12 hr at 

room temperature. The mixture poured into ice to precipitate a 

yellowish-white solid. The product filtered, washed with water, 

dried and recrystallized from ethanol to afford the peracetylated 

sugar pyrazole-1-thioamides 4a-d, the physical constants and the 

spectral data of the products 4a-d are listed below. 

3-(4-(2,3,5-Tri-O-acetyl)-N-arabinfuranosylamino-phenyl)-5-

(furan-2-yl)-4,5-dihydro-1H-pyrazole-1-carbothioamide (4a): 

Pale yellow powder, m.p. = 210-212°C, yield 65%. IR (KBr) νmax: 

3371, 3228 (NH and NH2), 3124 (CH aromatic), 1742 cm-1 (C=O). 
1H NMR (300 MHz, DMSO-d6) δ: 2.04-2.14 (m, 9H, 3 COCH3), 

3.27, 3.29 (dd, J = 10.7, 6.8 Hz, 1H), 3.82, 3.84 (dd, J = 10.7, 6.8 

Hz, 1H), 4.11-4.64 (m, 5H, H-2, H-3, H-4, H-5), 4.94 (d, J = 2.6 

Hz, 1H, H-1), 5.58 (t, J = 1.8 Hz, 1H), 6.49 (t, J = 1.8 Hz, 1H, 

furan-H4), 6.62 (d, J = 3.6 Hz, 1H, furan-H3), 6.96 (d, J = 8.5 Hz, 

2H, Ar-H), 7.41 (d, J = 8.5 Hz, 2H, Ar-H), 7.93 (d, J = 3.8 Hz, 

1H, furan-H5), 9.48 (s, 2H, NH2, exchangeable), 10.27 ppm (s, 

1H, NH, exchangeable). Analysis calcd. for C25H28N4O8S 

(544.58): C, 55.14; H, 5.18; N, 10.29%. Found: C, 54.95; H, 5.26; 

N, 10.20%. 

3-(4-(2,3,4,6-Tetra-O-acetyl)-N-mannopyranosylamino-phenyl)-5-

(furan-2-yl)-4,5-dihydro-1H-pyrazole-1-carbothioamide (4b): 
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Pale yellow powder, m.p. = 199-201°C, yield 70%. IR (KBr) νmax: 

3385, 3241, 3193 (NH and NH2), 3112 (CH aromatic), 1751 cm-1 

(C=O). 1H NMR (300 MHz, DMSO-d6) δ: 2.02-2.18 (m, 12H, 4 

COCH3), 3.25, 3.27 (dd, J = 10.8, 6.9 Hz, 1H), 3.81, 3.84 (dd, J = 

10.8, 6.9 Hz, 1H), 4.14-4.72 (m, 6H, H-2, H-3, H-4, H-5, H-6), 

5.06 (d, J = 2.4 Hz, 1H, H-1), 5.53 (t, J = 2.0 Hz, 1H), 6.57 (t, J = 

2.0 Hz, 1H, furan-H4), 6.72 (d, J = 3.8 Hz, 1H, furan-H3), 7.04 (d, 

J = 8.0 Hz, 2H, Ar-H), 7.48 (d, J = 8.0 Hz, 2H, Ar-H), 7.81 (d, J = 

3.8 Hz, 1H, furan-H5), 9.40 (s, 2H, NH2, exchangeable), 10.08 

ppm (s, 1H, NH, exchangeable). Analysis calcd. for C28H32N4O10S 

(616.64): C, 54.54; H, 5.23; N, 9.09%. Found: C, 54.75; H, 5.16; 

N, 9.21%. 

3-(4-(2,3,4,6-Tetra-O-acetyl)-N-galactopyranosylamino-phenyl)-

5-(furan-2-yl)-4,5-dihydro-1H-pyrazole-1-carbothioamide (4c): 

Pale yellow powder, m.p. =209-211°C, yield 68%. IR (KBr) νmax: 

3406, 3348 (NH and NH2), 3104 (CH aromatic), 1748 cm-1 (C=O). 
1H NMR (300 MHz, DMSO-d6) δ: 2.04-2.18 (m, 12H, 4 COCH3), 

3.31, 3.33 (dd, J = 10.7, 6.8 Hz, 1H), 3.80, 3.82 (dd, J = 10.7, 6.8 

Hz, 1H), 4.14-4.71 (m, 6H, H-2, H-3, H-4, H-5, H-6), 4.97 (d, J = 

2.6 Hz, 1H, H-1), 5.64 (t, J = 2.0 Hz, 1H), 6.44 (t, J = 2.0 Hz, 1H, 

furan-H4), 6.64 (d, J = 3.8 Hz, 1H, furan-H3), 6.98 (d, J = 8.0 Hz, 

2H, Ar-H), 7.46 (d, J = 8.0 Hz, 2H, Ar-H), 7.90 (d, J = 3.6 Hz, 

1H, furan-H5), 9.43 (s, 2H, NH2, exchangeable), 10.18 ppm (s, 

1H, NH, exchangeable). Analysis calcd. for C28H32N4O10S 

(616.64): C, 54.54; H, 5.23; N, 9.09%. Found: C, 54.36; H, 5.31; 

N, 9.17%. 

3-(4-(2,3,4,6-Tetra-O-acetyl)-N-glucopyranosylamino-phenyl)-5-

(furan-2-yl)-4,5-dihydro-1H-pyrazole-1-carbothioamide (4d): 

Pale yellow powder, m.p. = 214-216°C, yield 64%. IR (KBr) νmax: 

3394, 3246 (NH and NH2), 3118 (CH aromatic), 1750 cm-1 (C=O). 
1H NMR (300 MHz, DMSO-d6) δ: 2.04-2.18 (m, 12H, 4 COCH3), 

3.26, 3.29 (dd, J = 10.9, 6.8 Hz, 1H), 3.80, 3.83 (dd, J = 10.9, 6.8 

Hz, 1H), 4.18-4.66 (m, 6H, H-2, H-3, H-4, H-5, H-6), 4.96 (d, J = 

2.8 Hz, 1H, H-1), 5.64 (t, J = 1.8 Hz, 1H), 6.47 (t, J = 1.8 Hz, 1H, 

furan-H4), 6.66 (d, J = 3.8 Hz, 1H, furan-H3), 6.96 (d, J = 8.5 Hz, 

2H, Ar-H), 7.48 (d, J = 8.50 Hz, 2H, Ar-H), 7.90 (d, J = 3.8 Hz, 

1H, furan-H5), 9.41 (s, 2H, NH2, exchangeable), 10.34 ppm (s, 

1H, NH, exchangeable). Analysis calcd. for C28H32N4O10S 

(616.64): C, 54.54; H, 5.23; N, 9.09%. Found: C, 54.66; H, 5.27; 

N, 9.23%. 

2.2. Anticancer screening. 

The cytotoxicity effects of the newly synthesized pyrazole-1-

carbothioamide nucleosides 3a-d and 4a-d were estimated against 

human breast cancer (MCF-7), hepatocellular cancer (HepG2), 

and colon cancer (HTC-116) cell lines, obtained from the Holding 

company for biological products and vaccines (VACSERA), 

Cairo, Egypt. The cells were maintained in a suitable medium at 

37° C in humidified atmosphere containing 5% CO2. Cells were 

grown in a 25 cm2 flask in 5 mL of culture medium. 

2.2.1. MTT Assay. 

The synthesized products were subjected to a screening system for 

evaluation of their anticancer activity against breast carcinoma 

(MCF-7), hepatocellular cancer (HepG2), and colon cancer (HTC-

116) cell lines in comparison to the known anticancer drug; 5-FU. 

Cells survival were further assessed by the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dye reduction 

assay which was based on the ability of viable cells to metabolize 

the yellow tetrazolium salt to the violet form azan product that 

could be detected spectrophotometrically. Exponentially growing 

cells (MCF-7, HepG2, and HTC-116) were plated in triplicate in 

96-well sterilized plates, 5 x 104 cells / mL (100 µL/ Well). After 

24 h, cells were treated with escalating doses of the synthesized 

compound (1.5, 3.5, 6.5, 12.5, 25, 50 and 100 µg/ml DMSO) and 

incubated at 37°C and 5% CO2 atmosphere with high humidity. 

After 72 h, the cells were incubated with MTT (0.5 mg/mL) for 

another 4 h at 37°C. The blue MTT formazan precipitate was then, 

solubilized in detergent and incubated for an additional 2 h. 

Absorbance was measured at 570 nm on a multi-well ELISA plate 

reader. The mean absorbance of medium control was blank and 

was subtracted. IC50 values (concentration of compound causing 

50% inhibition of cell growth) were estimated after 72 h exposure 

of compound. The absorbance of control cells was taken as 100% 

viability and the values of treated cells were calculated as a 

percentage of control. The 5-fluorouracil (5-FU) anticancer drug 

was used as positive control, and cells without samples were used 

as negative control. The relation between surviving fraction and 

drug concentration is plotted to get the survival curve of both 

cancer cell lines with the specified compound [28-30]. 

2.3. Docking methodology.  

Molecular modeling studies carried out with MOE software 

version 2010.12, available from Chemical Computing Group Inc., 

1010 Sherbrooke Street West, Suite 910, Montreal, QC. 

2.3.1 Selection of protein crystal structures 

The ligand-bound crystallographic structures of Thymidylate 

synthase were available from the Protein Data Bank 

(https://www.rcsb.org). In this study, 1HVY crystal structure was 

evaluated and selected for docking. The errors of the structure of 

the protein were corrected using MOE structure preparation 

process. The first step in the generation of suitable protein 

structures for docking was the assignment of hydrogen positions; 

this was done based on default rules (Temperature of the system is 

300K, pH is 7.0, the Dielectric constant is 1.0). Partial charges 

were assigned using the AMBER10:EHT methodology; the crucial 

step was the active site determination of the ensemble, it was 

defined as the collection of residues within a distance of 6.5 Å of 

the bound co-crystallographic inhibitor and comprised the union 

of all ligands of the ensemble. All atoms of the residues located 

less than 6.5 Å from any ligand atom were considered.    

2.3.2. Preparation of the ligand. 

MOE builder tool was used in building the ligand structures. Next, 

the correct atom types (including hybridization states) and 

correction of the bond types were defined, hydrogen atoms were 

added, charges were assigned to each atom, and then the structures 

were subject to energy minimization using AMBER10:EHT 

method until a gradient of 0.01 was reached, this process was 

applied for co-crystallographic or the ligand structures [31,32]. 

2.3.3. Docking experiment. 

The docking experiment on 1HVY (Thymidylate synthase) was 

carried out by superimposing the energy minimized ligand on the 

active site in the PDB file 1HVY, after which the ligand was 

deleted. The method of docking calculations in MOE was the 

default Triangle Matcher placement. Ranking of the final poses 

was carried out according to the free energy of binding of the 

ligand using GBVI/WSA dG scoring function. For each ligand 10 

poses were selected and the ligand–enzyme complex with the 

lowest score (binding energy) was selected. 
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3. RESULTS  

3.1. Chemistry. 

The key of this study, 1-(4-aminophenyl)-3-(fur-2-

yl)prop-2-en-1-one (1), has been prepared as previously described 

in the literature [27] according to Claisen-Schmidt condensation 

between furfural and 4-aminoacetophenone. The reaction of this 

α,β-unsaturated ketone 1 with thiosemicarbazide to afford the 

corresponding furyl-pyrazole-1-carbothioamide 2 was achieved by 

heating in ethanol and sodium hydroxide (Scheme 1). 

Determination of the reaction product structure 2 was performed 

using IR and 1H NMR spectroscopy. The IR spectrum of 2 

exhibited characteristic absorption bands at 3411 and 3251 cm-1 

due to the amino function (NH2). The presence of two doublet-

doublet signals (δ 3.16-3.18 and 3.78-3.82 ppm) and triplet signal 

(δ 5.82 ppm) in the 1H NMR spectrum clearly indicated the 

protons of pyrazole-methylene function that attached to the 

asymmetric carbon CH.  

 The reactivity of amino group in the synthesized scaffold, 

furyl-pyrazole-1-carbothioamide 2, was investigated towards 

various types of sugar. It was readily condensed with sugar 

derivatives (D-(+)-arabinose, D-(+)-mannose, D-(+)-glucose and 

D(+)-galactose) in ethanol and in the presence of a glacial acetic 

acid as a catalyst to afford the corresponding pyrazole-1-

carbothioamide nucleosides 3a-d in 75-85% yields. The structures 

of synthesized nucleosides 3a-d were elucidated using IR and 1H 

NMR analyses. The IR spectra of nucleosides 3a-d exhibited 

absorption bands in the region 3406-3394 and 3294-3274 cm-1 due 

to the imino and amino groups (NH and NH2), in addition to broad 

band near 3200 cm-1 for the hydroxyl groups. The 1H NMR 

spectra indicated the protons of -CHOH functions, they resonated 

as a broad signal at δ = 3.25-3.82 ppm (CH protons) and 4.08-5.64 

ppm (OH protons). 

 
Scheme (1). Synthesis of the pyrazole-1-carbothioamide nucleosides. 

 

The synthesized nucleosides 3a-d were acetylated by 

acetic anhydride in pyridine by stirring at room temperature to 

afford the corresponding acetylated nucleosides 4a-d in 85-90% 

yields. The synthesized peracetylated nucleosides 4a-d were 

elucidated using IR and 1H NMR spectroscopy as well. The IR 

absorptions of the acetylated nucleosides 4a-d exhibited 

absorption bands in the carbonyl frequency region at 1751-1742 

cm-1 indicating the introduction of O-acetyl groups. Their 1H 

NMR spectra exhibited signals in the region of δ = 2.02-2.18 

confirming the presence of methyl protons related to the acetate 

functions.  

3.2. In vitro antitumor activity.  

The pharmacological activities of the synthesized 

pyrazole-1-carbothioamide nucleosides 3a-d and 4a-d were 

performed against MCF-7 (breast cancer), HepG2 (hepatocellular 

cancer), and HTC-116 (colon cancer) using MTT colorimetric 

assay [28-30]. 5-Fluorouracil (5FU) was included in the 

experiment as a market reference cytotoxic compound for the 

tested cell lines. The outline data in table 1 indicated that the 

tested nucleosides displayed a valuable effect ranging from very 

strong to moderate as anti-proliferative against the tested cell 

lines. In general, compound 4b was found to be the most potent 

derivative against the cell lines, compounds 3a, 3b, 3c and 4a 

displayed strong activity, while 3d, 4c, and 4d showed moderate 

activities toward MCF-7, HepG2 and HCT-116.  

 

Table 1. Cytotoxic activity of the synthesized pyrazole-1- carbothioamide 

nucleosides. 

Compound 
In vitro Cytotoxicity IC50 (µg/ml) 

MCF-7 HepG2 HCT-116 

5-FU 5.5±0.21 7.9±0.28 5.2±0.14 

3a 18.8±1.81 17.3±1.87 21.6±1.52 

3b 11.8±0.91   15.2±0.76   13.8±0.82   

3c 12.3±1.10 21.4±1.26 19.5±1.16 

3d 31.6±1.94 28.2±1.37 34.2±1.67 

4a 15.6±1.22 26.4±1.05 28.9±1.35 

4b 8.5±0.72 9.4±0.84 11.7±0.89 

4c 21.8±1.68 25.3±1.16 22.8±1.62 

4d 29.2±2.05 27.1±1.65 31.1±1.45 

IC50 (µg/ml): 1 – 10 (very strong); 11 – 20 (strong); 21 – 50 

(moderate); 51 – 100 (weak); above 100 (non-cytotoxic); 5-

FU = 5-fluorouracil 

  

The majority of our synthesized pyrazole scaffolds reveal 

very strong to moderate cytotoxic effects toward the tested human 

cancer cell lines, and that may due to the presence of sugar 

terminal molecules with (OH) or (acetyl) groups, which may 

increase the ability of hydrogen bond formation.  

 
Figure 1. Raltitrexed (native ligand) located in the thymidylate synthase  

X-ray crystal structure, the ligand is re-docked to validate the docking 

methodology, the root-mean-square deviation is found to be ≤0.95 Å. 

 

 Compound 4b exhibited the highest cytotoxic effect against the 

tested cell line MCF-7 (IC50  8.5±0.72), HepG2 (IC50  9.4±0.84), 

and HCT-116 (IC50 11.7±0.89). These IC50 values are close to that 
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of the reference anticancer drug 5-Fluorouracil (5-FU). From table 

1 one can conclude that the nucleoside-pyrazole derivatives 3a, 3b 

and 3c have strong cytotoxic effect, their IC50 values range from 

11.8 to 21.4 µg/ml. Compounds 3d, 4a, 4c and 4d showed 

moderate cytotoxic effect, their IC50 values range from 11.7 to 

34.2 µg/ml. The synthesized compounds have the ability to form 

H-bond from different locations such as; different sugar OH or 

acetyl groups, thioamide pyrazole nitrogens, and furan ring 

oxygen, and that may lead to expectation of strong binding 

between ligand compounds and target proteins in general.   

3.3 Docking analysis. 

The level of antitumor activities of the compounds 3b 

and 4b over cancer cell lines prompted us to perform molecular 

docking into the 1HVY inhibitor binding site to predict if these 

compounds had analogous binding mode to the native inhibitor 

(Ratitrexed, is an inhibitor of thymidylate synthase). Assuming 

that the active target compounds 3b and 4b might demonstrate 

antiproliferative activity against breast cancer cell lines through 

inhibition of Thymidylate synthase as it can be seen from table 1.  

 

 
Figure 2. Docking of the active compound 4b (open sugar form) against 

the thymidylate synthase inhibitor active site using MOE. 

 
Figure 3. Docking of the active compound 4b (closed sugar cycle) against 

the thymidylate synthase inhibitor active site using MOE. 

 

Compounds 3b and 4b were docked into receptor active 

site of the thymidylate synthase along with their inhibitor (Figures 

2-6), in this case, sugar moiety in open or closed forms had been 

used, no significant differences in the binding free energy 

(docking score) was observed. All calculations were performed 

using MOE 2010.12 software. The automated docking program of 

MOE 2010.12 was used to dock compound 4b along with the 

inhibitor raltitrexed into inhibitor binding site (Fig.2). The good 

matching between native co-crystallized raltitrexed and the re-

docked ligand showed in figure 1, this matching is commonly used 

in the evaluation of the docking procedure, the RMSD value of the 

redocked ligand is 1.0692 which is almost the same of that of the 

co-crystallized one, this indicates the validity of the docking 

procedure [33]. 

 
Figure 4. Docking of the co-crystal inhibitor Raltitrexed against the 

thymidylate synthase inhibitor active site using MOE. 

 

 

 

 
Figure 5. Docking of the active compound 3b (open sugar form) against 

the thymidylate synthase inhibitor active site using MOE 

 

 
 

Figure 6. Docking of the active compound 3b (closed sugar cycle) against 

the thymidylate synthase inhibitor active site using MOE 

 

The complexes (ligand and target protein) were energy-

minimized with a AMBER10:EHT force field (this force field 

combination was widely used for proteins and nucleic acids and 

small ligand molecules) till the gradient convergence of 0.01 

kcal/mol was reached. The binding energies of compounds 3b, 4b 

in the open and closed sugar cycles and Raltitrexed were showed 

in table 2. 

From table 2, Ki is the inhibition constant which is 

calculated from the formula Ki = exp(-binding free energy/RT), 

hence R is the gas constant (1.986 cal/mol.kelvin) and T is room 
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temperature (298.15 kelvin). Strong ligand binding can be 

revealed from the value of Ki, the ligand less in Ki value the 

stronger in binding interaction, p-docking score is calculated same 

way as it calculated from the pH formula, p-docking score = -log 

docking score (Binding free energy). The ligand higher in p-

docking score value the stronger in binding interaction, stronger 

binding can be revealed as well from the value of H-bond value, 

the less in the H-bond value the stronger in binding, beside the H-

bond interaction shown in table 2. There are couples of H2O 

bridging H-Bonds (ligand- H2O-residue), from figure 4 Raltitrexed 

gave ten H2O H-bond bridging which strongly shared in the 

binding interaction. Figures (2-6) showed hydrophobic 

interactions between benzene ring in the ligands and other benzene 

ring from the neighbor residue, even in case of ligand 3b in its 

both forms (open and closed sugar cycle) gave hydrophobic 

interaction by the furan and benzene rings. From table 2 and 

figures 2-6, we could conclude that there were no significant 

differences between open and closed sugar moieties structures in 

binding interactions, although the results were very close there 

was a simple preference for compound 4b. 

 

Table 2. Comparative docking score, Ki values, and H-bond interaction between ligands and residues allocated in the binding site of thymidylate 

synthase (1HVY) RMSD, root-mean-square deviation. 

Ligand 

Code 

Docking 

score 

(kcal/mol) 

P-docking 

score 
Ki value 

H-bond interaction 

RMSD Ǻ Involved 

residue 
Residue atoms  Ligand atoms 

H-bond 

length 

3b open 

sugar  
-7.9845 0.902 1.383E-6 

Glu87 
Hydrogen of 

COOH 

Hydrogen of 

NH2C=S 
2.33 

2.4892 

Lys308 
Hydrogen of 

CHC=O  

Hydrogen of 

sugar OH 
1.91 

3b closed 

sugar  
-8.0220 0.904 1.298E-6 

Asp226 
Hydrogen of 

NH2C=O 
Sulfur of C=S 3.32 

1.4570 

Thr306 
Hydrogen of 

CH2OH 

Oxygen of sugar 

OH 
2.28 

4b open 

sugar  
-8.4486 0.9268 0.631E-6 

Lys308 
Amino hydrogen 

of CH2NH3 

Oxygen of 

CH3C=O 
2.45 

1.5031 

Arg78 
Oxygen of 

CH2C=O 

Hydrogen of 

CH3C=O 
1.93 

4b closed 

sugar 
-8.5985 0.9344 0.491E-6 

Asp226 
Hydrogen of 

NH2C=O 
Sulfur of C=S 3.88 

1.9130 

Lys308 
Amino hydrogen 

of CH2NH3 

Oxygen of 

CH3C=O 
1.78 

Raltitrexed -10.5739 1.0242 0.017E-6 Asp218 
Oxygen of 

COOH 

Hydrogen of 

NH ring 
1.88 1.0692 

 

4. CONCLUSIONS 

 The main goal of the present work is to synthesize a new 

nucleoside pyrazole derivatives and investigate their cytotoxicity 

against various human cancer cell lines (MCF-7, HepG2 and 

HCT-116) in vitro. The synthesized compounds are confirmed 

through elemental and spectroscopic analysis.  The 

antiproliferative activity data of the tested compounds indicate 

that; the presence of nucleoside attached to an effective 

heterocyclic moiety like pyrazole and furan, increase its 

cytotoxicity. Where the experimental data showed a significant 

value for all tested compounds. compound 4b showed a favorable 

IC50 values (8.5±0.72 for MCF-7, 9.4±0.84 for HepG2 and 

11.7±0.89 µg/ml for HCT-116) which is very close to the 

reference drug used in this study (5FU), the MOE Score Binding 

energy in Kcal/mol indicate the same concept. Further preparation 

will be done, depends on the previous concepts to afford more 

active compounds. 

 

5. REFERENCES 

1. Tyagi, N.; Sharma, G.N.; Shrivastava, B.; Chaudhary, N.; 

Sahu, N. Cancer: An Overview. IJRDPL, 2017, 6, 2740- 2747, 

https://doi.org/10.21276/IJRDPL.2278-0238.2017.6(5).2740-

2747. 

2. Senapati, S.; Mahanta, A.K.; Kumar, S.; Maiti, P. Controlled 

drug delivery vehicles for cancer treatment and their 

performance, Signal Transduct Target Ther. 2018, 3, 1-19, 

https://doi.org/10.1038/s41392-017-0004-3. 
3. Milczarek, M.; Mielczarek, L.; Lubelska, K.; Dabrowska, A.; 

Chilmonczyk, Z.; Matosiuk, D.; Wiktorska, K. In Vitro 

Evaluation of Sulforaphane and a Natural Analog as Potent 

Inducers of 5-Fluorouracil Anticancer Activity, Molecules 2018, 

23, 3040-3052, https://doi.org/10.3390/molecules23113040. 

4. Farahat, O.O.M.; Atta, K.F.M. Synthesis, Characterization 

and Anticancer Activity of Novel 1, 3, 4- Oxadiazolyl- and 

Pyrazolylquinoxalines. Journal of Chemistry and Biochemistry, 

2014, 2, 139-160, https://doi.org/10.15640/jcb.v2n2a7. 

5. Tewari, A.; Mishra. A. Synthesis and anti-inflammatory 

activities of N4,N5-disubstituted-3-methyl- H-pyrazolo[3,4-

c]pyridazines. Bioorg. Med. Chem, 2001, 9, 715-718, 

https://doi.org/10.1016/S0968-0896(00)00285-6. 

6. Mashevskaya, I.V.; Kol'tsova, S.V.; Voronina, E.V.; 

Odegova, T.F.; Maslivets, A.N. Synthesis and Antimicrobial 

Activity of the Products of Interaction of 3-Aroyl-2,4-dihydro-

1h-pyrrolobenzoxazine-1,2,4-triones with Urea and Thiourea. J. 

Pharm. Chem., 2001, 35, 18-21, 

https://doi.org/10.1023/A:1010494525001. 

7. Park, H.; Lee, K.; Park, S.; Ahn, B. Identification of 

antitumor activity of pyrazole oxime ethers. Bioorg.                      

Med. Chem. Lett., 2005, 15, 3307-3312, 

https://doi.org/10.1016/j.bmcl.2005.03.082. 

8. Kumar, R.S.; Arif,  I.A.; Ahamed, A. Anti-inflammatory and 

antimicrobial activities of novel pyrazole analogues.                       

https://doi.org/10.21276/IJRDPL.2278-0238.2017.6(5).2740-2747
https://doi.org/10.21276/IJRDPL.2278-0238.2017.6(5).2740-2747
https://www.ncbi.nlm.nih.gov/pubmed/29560283
https://doi.org/10.1038/s41392-017-0004-3
https://doi.org/10.3390/molecules23113040
https://doi.org/10.15640/jcb.v2n2a7
https://doi.org/
https://doi.org/10.1016/S0968-0896(00)00285-6
https://doi.org/10.1016/S0968-0896(00)00285-6
https://doi.org/10.1023/A:1010494525001
https://doi.org/
https://doi.org/10.1016/j.bmcl.2005.03.082
https://doi.org/10.1016/j.bmcl.2005.03.082


Ahmed Radwan, Mohamed Khalid, Hamada Amer 

Page | 4648  

Saudi J Biol Sci., 2016, 23, 614-620, 

https://doi.org/10.1016/j.sjbs.2015.07.005. 

9. Sil, D.; Kumar, R.; Sharon, A.; Malik, P.R.; Ram, V. 

Stereoselective alkenylation of a 1,3-disubstituted pyrazol-5-one 

through ring transformation of 2H-pyran-2-ones.                  

Tetrahedron Lett., 2005, 46, 3807-3809, 

https://doi.org/10.1016/j.tetlet.2005.03.207. 

10. Karrouchi, K.; Radi, S.; Ramli, Y.; Taoufik, J.; Mabkhot, Y. 

N.; Al-aizari, F. A.; Ansar, M. Synthesis and Pharmacological 

Activities of Pyrazole Derivatives: A Review. Molecules 2018, 

23, 134 - 222; https://doi:10.3390/molecules23010134. 

11. Dai, H.; Ge, S.; Guo, J.; Chen, S.; Huang, M.; Yang, J.; Sun, 

S.; Ling, Y.; Shi, Y. Development of novel bis-pyrazole 

derivatives as antitumor agents with potent apoptosis induction 

effects and DNA damage, Eur. J. Med. Chem. 2018, 143, 1066-

1076, https://doi.org/10.1016/j.ejmech.2017.11.098. 

12. Nitulescu, G.M.; Draghici, C.; Olaru, O.T. New Potential 

Antitumor Pyrazole Derivatives: Synthesis and Cytotoxic 

Evaluation. Int. J. Mol. Sci., 2013, 14, 21805-21818, 

https://doi.org/10.3390/ijms141121805. 

13. Mert, S.; Kasimogullari, R.; Ica, T.; Colak, F.; Altun, A.; Ok, 

S. Synthesis, structure-activity relationships, and in vitro 

antibacterial and antifungal activity evaluations of novel 

pyrazole carboxylic and dicarboxylic acid derivatives.                         

Eur. J. Med. Chem., 2014, 78, 86-96, 

https://doi.org/10.1016/j.ejmech.2014.03.033. 

14. Martens, S.; Goossens, V.; Devisscher, L.; Hofmans, S.; 

Claeys, P.; Vuylsteke, M.; Takahashi, N.; Augustyns, K.; 

Vandenabeele, P.  RIPK1-dependent cell death: a novel target of 

the Aurora kinase inhibitor Tozasertib (VX-680). Cell Death and 

Disease, 2018, 9, 211-218, https://doi.org/10.1038/s41419-017-

0245-7. 

15. Temburnikar, K.; Seley-Radtke, K.L. Recent advances in 

synthetic approaches for medicinal chemistry of C-nucleosides, 

Beilstein J Org Chem. 2018, 14, 772–785, 

https://doi.org/10.3762/bjoc.14.65. 

16. Mosselhi, A.M.; Abdallah, M.A.; Metwally, N.H.; El-

Desoky, I.A.; Break, L.M. Synthesis, structure and antimicrobial 

evaluation of new derivatives of theophylline sugar hydrazones. 

ARKIVOC, 2009, 14, 53-63, 

https://doi.org/10.3998/ark.5550190.0010.e05. 
17. Kren, V.; Martinkova, L. Glycosides in Medicine: “The Role 

of Glycosidic Residue in Biological Activity”.                                 

Curr Med Chem., 2001, 8, 1303-1328,  

https://doi.org/10.2174/0929867013372193. 

18. Tiwari, K.N.; Shortnacy-Fowler, A.T.; Parker, W.B.; Waud, 

W.R.; Secrist, J.A. Synthesis and anticancer evaluation of 4'-C-

methyl-2'-fluoro arabino nucleosides. Nucleosides Nucleotides 

Nucleic Acids, 2009, 28, 657-677,  

https://doi.org/10.1080/15257770903091946. 

19. Rashad, A.E.; Mahmoud, A.E.; Ali, M.M. Synthesis and 

anticancer effects of some novel pyrazolo[3,4-d]pyrimidine 

derivatives by generating reactive oxygen species in human 

breast adenocarcinoma cells. Eur J Med Chem., 2011, 46, 1019-

1026, https://doi.org/10.1016/j.ejmech.2011.01.013. 

20. Saad, H.A.; Moustafa, A.H. Synthesis and anticancer activity 

of some new s-glycosyl and s-alkyl 1,2,4-triazinone derivatives. 

Molecules, 2011, 16, 5682-5700,  

https://doi.org/10.3390/molecules16075682. 

21. Akihino, I.; Yuichi, M.; Yukishige, I. Synergistic solvent 

effect in 1,2-cis-glycoside formation. Tetrahedron, 2008, 64, 92-

102, https://doi.org/10.1016/j.tet.2007.10.087. 

22. Goto, R. N.; Sobral, L. M.; Sousa, L. O.; Garcia, C. B.; 

Lopes, N. P.; Prida, J.M.; Rodríguez, E. O.; Reyes, Y. V.; 

Andreu, Gilberto L. P.; Curti, C.; Leopoldino, A. M. Anti-cancer 

activity of a new dihydropyridine derivative, VdiE-2N, in head 

and neck squamous cell carcinoma. Eur. J. Pharmacology, 2018, 

819, 198 – 206, https://doi.org/10.1016/j.ejphar.2017.12.009  

23. Elgemeie, G.H.; Kamal, E.A. Pyrimidinethione nucleosides 

and their deaza analogues. Nucleosides Nucleotides Nucleic 

Acids 2002, 21, 287-325, https://doi.org/10.1081/NCN-

120006827. 

24. Clark, D.E. What has virtual screening ever done for drug 

discovery?. Drug Discov., 2008, 3, 841-851, 

https://doi.org/10.1517/17460441.3.8.841. 

25. Jorgensen, W.L. Efficient Drug Lead Discovery and 

Optimization. Acc. Chem. Res., 2008, 42, 724-733, 

https://doi.org/10.1021/ar800236t. 

26. Meng, X.Y.; Zhang, H.X.; Mezei, M.; Cui. M. Molecular 

docking: a powerful approach for structure-based drug 

discovery. Curr. Comput. Aided Drug Des.,2011, 7, 146-157, 

https://doi.org/10.2174/157340911795677602.   

27. Radwan, A.S. Synthesis, Docking, and Anticancer Activity 

of New Thiazole Clubbed Thiophene, Pyridine, or Chromene 

Scaffolds, Heterocycles, 2019, 98, 1200-1214, 

https://doi.org/10.3987/COM-19-14144. 

28.  Saravanan, B.C.; Sreekumar, C.; Bansal, G.C.; Ray, D.; Rao, 

J.R.; Mishra, A.K.  A rapid MTT colorimetric assay to assess the 

proliferative index of two Indian strains of Theileria annulata. 

Veterinary Parasitology, 2003, 113, 211-216, 

https://doi.org/10.1016/S0304-4017(03)00062-1. 

29. Rita M. Borik, R. M.; Fawzy, N. M.; Abu-Bakr, S. M.; Aly, 

M. S. Design, Synthesis, Anticancer Evaluation and Docking 

Studies of Novel Heterocyclic Derivatives Obtained via 

Reactions Involving Curcumin. Molecules 2018, 23, 1398 – 

1415, https://doi:10.3390/molecules23061398.    

30. Luis, C.; Castaño-Guerrero, Y.; Soares, R.; Sales, G.; 

Fernandes, R. Avoiding the Interference of Doxorubicin with 

MTT Measurements on the MCF-7 Breast Cancer Cell Line. 

Methods Protoc. 2019, 2, 29-33, 

https://doi.org/10.3390/mps2020029. 

31. Chen, Y.C. Beware of docking! Trends Pharmacol Sci. 

2015, 36, 78-95, https://doi.org/10.1016/j.tips.2014.12.001. 

32.  Radwan, A.S.; Khalid, M. A.A. Synthesis, Docking, and 

Anticancer Activity of New Thiazole Clubbed Thiophene, 

Pyridine, or Chromene Scaffolds. J. Heterocyclic Chem. 2019, 

56, 1063-1075, https://doi.org/10.1002/jhet.3493. 

33. Lin, H.; Siu, S. W. I. A Hybrid Cuckoo Search and 

Differential Evolution Approach to Protein–Ligand Docking. 
Int. J. Mol. Sci. 2018, 19, 3181- 3193, 

https://doi:10.3390/ijms19103181. 

 

 
© 2019 by the authors. This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

https://doi.org/10.1016/j.sjbs.2015.07.005
https://www.sciencedirect.com/science/article/pii/S0040403905007550
https://www.sciencedirect.com/science/article/pii/S0040403905007550
https://doi.org/
https://doi.org/10.1016/j.tetlet.2005.03.207
https://doi.org/10.1016/j.tetlet.2005.03.207
https://doi:10.3390/molecules23010134
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
https://www.sciencedirect.com/science/article/pii/S0223523417310012#!
file:///F:/A.%20Radwan%20Projects/HA-%20paper/biointerface%20research%20of%20applied%20chemistry/Eur.%20J.%20Med.%20Chem
https://doi.org/10.1016/j.ejmech.2017.11.098
https://doi.org/
https://doi.org/10.3390/ijms141121805
https://doi.org/10.3390/ijms141121805
https://doi.org/10.1016/j.ejmech.2014.03.033
https://doi.org/10.1038/s41419-017-0245-7
https://doi.org/10.1038/s41419-017-0245-7
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5905277/
https://dx.doi.org/10.3762%2Fbjoc.14.65
https://doi.org/
https://doi.org/10.3998/ark.5550190.0010.e05
https://doi.org/10.3998/ark.5550190.0010.e05
https://doi.org/
https://doi.org/10.2174/0929867013372193
https://doi.org/10.2174/0929867013372193
https://doi.org/
https://doi.org/10.1080/15257770903091946
https://doi.org/10.1080/15257770903091946
https://doi.org/
https://doi.org/10.1016/j.ejmech.2011.01.013
https://doi.org/10.1016/j.ejmech.2011.01.013
https://doi.org/10.3390/molecules16075682
https://doi.org/
https://doi.org/10.1016/j.tet.2007.10.087
https://doi.org/10.1016/j.tet.2007.10.087
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/article/pii/S0014299917307884#!
https://www.sciencedirect.com/science/journal/00142999
https://doi.org/10.1016/j.ejphar.2017.12.009
https://doi.org/10.1081/NCN-120006827
https://doi.org/10.1081/NCN-120006827
https://doi.org/10.1517/17460441.3.8.841
https://doi.org/
https://doi.org/10.1021/ar800236t
https://doi.org/10.1021/ar800236t
https://doi.org/10.2174/157340911795677602
https://doi.org/10.3987/COM-19-14144
https://doi.org/
https://doi.org/10.1016/S0304-4017(03)00062-1
https://doi.org/10.1016/S0304-4017(03)00062-1
https://doi:10.3390/molecules23061398
https://doi.org/10.3390/mps2020029
http://www.cell.com/trends/pharmacological-sciences/issue?pii=S0165-6147(14)X0014-3
https://doi.org/10.1016/j.tips.2014.12.001
https://doi.org/10.1002/jhet.3493
https://doi:10.3390/ijms19103181

