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a b s t r a c t 

Human microsomal prostaglandin E synthase (mPGES)-1 is a glutathione-dependent membrane-bound 

enzyme which is involved in the terminal stage of prostaglandin E2 (PGE 2 ) synthesis. It has been well 

reported as a key target for the discovery of new anti-inflammatory and anti-cancer drugs. Specific in- 

hibitors of mPGES-1 are anticipated to selectively restrain the generation of PGE 2 induced by the in- 

flammatory stimuli, without obstructing of the regular biosynthesis of other homeostatic prostanoids. 

Therefore, the design of mPGES-1 inhibitors can represent a better choice to take control of PGE 2 asso- 

ciated diseases, compared with conventional non-steroidal anti-inflammatory drugs and cyclooxygenase 

(COX) inhibitors, which are known for their serious side effects. Although there is an intensive effort for 

the identification of mPGES-1 inhibitors, none of the unveiled molecules so far have reached the clini- 

cal market. Therefore, the development of novel mPGES-1 inhibitors with proper drug-like properties is 

still an unmet medical need. As a continuation of our research for the identification of new chemotypes 

which might inhibit this enzyme, we now report the design and synthesis of 3-aryloxymethyl-5-[(2-oxo- 

2-arylethyl)sulfanyl]-1,2,4-triazoles and their oxime derivatives as inhibitors of human mPGES-1. All syn- 

thesized compounds were characterized by FTIR, 1 H NMR, 13 C NMR (for compounds 12, 14, 15, 26, 27) , 

HMBC (for compounds 6, 7, 8, 16, 19, 23, 28), and MS data. Twenty-four target compounds 7–30 were 

screened for their mPGES-1/COX-2 inhibitory activities as well as their cytotoxicity. Of these compounds, 

20 and 24 showed potent mPGES-1 inhibition by IC 50 values of 0.224 ±0.070 μM and 1.08 ±0.35 μM, re- 

spectively. These two compounds have also been observed to inhibit angiogenesis in matrigel tube forma- 

tion assay with no toxicity toward HUVEC cells. In silico studies were also held to understand inhibition 

mechanisms of the most active compounds using molecular docking, molecular dynamics calculations 

and ADMET predictions. 

© 2022 Elsevier B.V. All rights reserved. 
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. IntroductIon 

Prostaglandins (PGs) and leukotrienes are important bio-active 

erivatives of arachidonic acid which have essential roles in physi- 
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logical events in the human body such as homeostasis, fever, gas- 

rointestinal motility, pain, and inflammation [1] . Cyclooxygenases 

COX-1 and COX-2) are the key enzymes to produce PGH 2 from 

rachidonic acid. Several structurally related PGs including PGE 2 , 

GD 2 , PGF 2 α and PGI 2 are synthesized from PGH 2 with respective 

nzymes. 
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PGE 2 is the most abundant PG among them and has four 

ypes of E prostanoid receptors (EP)1–4 [2] . PGE 2 is responsible 

or vascular inflammation when it is expressed in large amounts. 

t is known that this process is carried out competitively by 

rostaglandin I synthase and microsomal prostaglandin E syn- 

hase (mPGES) −1 enzyme [3] . The isomerization from PGH 2 to 

GE 2 is catalyzed with three different PGE synthases: mPGES-1, 

PGES-2 and cPGES (cytosolic). In 1999, mPGES-1 was first char- 

cterized [4] and found responsible for various biological events 

ncluding hemostasis [5] . Normally, mPGES-1 is expressed in low 

mounts but is easily induced by endotoxins such as interleukin 

 β , lipopolysaccharides and epidermal growth factor in pre- 

nflammatory conditions [6] . COX-1 and mPGES-2 are responsible 

or the synthesis of the normal amount of PGE 2 , whereas COX-2 

nd mPGES-1 enzymes are responsible for the excessive production 

f PGE 2 . The relationship between COX-2 and mPGES-1 was also 

onverted to a measurement unit and found that the distinction 

etween the active sites of COX-2 and mPGES-1 enzymes is less 

han 14.4 Å. In inflammation, COX-2 and mPGES-1 are responsible 

or the production of pathogenic amounts of PGE 2 [3] . mPGES-1 

s an attractive target for many diseases such as Alzheimer’s 

isease, atherosclerosis, rheumatoid arthritis, and infant apnea, 

7] and studies have been going on for the development of 

ovel mPGES-1 inhibitors. However, none of these candidates has 

eached clinical trials except phase I studies [ 8 , 9 ] because of the

ifferences between species [10] . Three amino acids located on 

he active site of human and rodent enzymes are not compatible 

11] . These differences in human and mouse mPGES-1 enzymes 

xplain the reason that the two compounds known as MF63 [2-(6–

hloro-1 H -phenanthro-[9,10-d]imidazol-2-yl)isophthalonitrile] and 

F-9184 [N-(3 ′ ,4 ′ -dichloro[1,1 ′ -biphenyl] −4-yl) −4–hydroxy-2H- 

,2-benzothiazine-3-carboxamide 1,1-dioxide] inhibit the human 

PGES-1 whereas they do not inhibit the rodent enzyme [ 7 , 10 ].

o overcome this problem, many different mPGES-1 inhibition 

odels being used, such as gene deletion [12–14] and the usage 

f human xenografts on rodents [ 15 , 16 ]. Cell free assays are also

sed for the determination of IC 50 values tPGES-1. MK-886 [1-[(4- 

hlorophenyl)methyl] −3-[(1,1-dimethylethyl)thio]- α, α-dimethyl- 

-(1-methylethyl) −1H-indole-2-propanoic acid] inhibits mPGES-1 

n vitro in the nanomolar range, whereas no inhibitory effect 

as been detected in human whole blood assay due to strong 

rotein binding and poor cell permeability [17] . mPGES-1 enzyme 

as been reported to be associated with many types of cancer, 

uch as; colon [14] , lung [18] , breast [12] , prostate [19] , gastric

denocarcinoma [20] , and neuroblastoma [21] . Since it is known 

hat COX-2 enzyme can also be present in cancer cells, these 

wo enzymes have gained importance as new targets in cancer 

reatment [19] . It is also well known that mPGES-1 is related to 

he induction of tumor progression [ 4 , 20 , 22–25 ]. Genetic deletion

f mPGES-1 reduces proliferation and angiogenesis [15] . MK-886, a 

ell-known mPGES-1 inhibitor, was also found to induce apoptosis 

y activating caspase-3 [26] . 

In addition, PGs also play an important role in angiogenesis. 

GE 2 , which can act on cancer cells, stimulates angiogenic behav- 

or by prompting them to produce proangiogenic factors such as 

EGF, basic fibroblast growth factor (bFGF), and the chemokine 

XCL1 cells [27–30] . Recent studies have shown that the stromal 

GE 2 -EP3 receptor is essential for tumor growth and angiogene- 

is [31] . Studies revealed that tumor-induced angiogenesis was re- 

uced as well as inhibition of chronic inflammation in mPGES-1 

nzyme knocked-out mice [32–34] . 

Triazoles are biologically active heterocyclic compounds and 

how a wide variety of different biological effects including an- 

iviral [ 35 , 36 ], antituberculosis [37–39] , anti-inflammatory [40–43] , 

nticancer [44–47] anti-urease [48] , antifungal [49–51] , and anti- 

arasitic [ 52 , 53 ] effects. In a study of virtual screening of novel
2 
PGES-1 inhibitors, the compound containing 1,2,4-triazole and 

hioether structure showed an inhibitory effect at 9.3 nM in cell 

ree assay. However, in human whole blood assay, inhibitory con- 

entration of this molecule has been found 0.7 μM [54] . In our re-

ent work, we also reported the first thioether-oxadiazole hybrid 

s an mPGES-1 inhibitor [55] ( Fig. 1 ). 

Based on these knowledge regarding mPGES-1 and COX en- 

ymes as possible targets, we designed and synthesized 1,2,4- 

riazole-3-thiones and their thioether derivatives containing ketone 

nd oxime groups. We wish to report for first time both mPGES-1 

nhibition and anti-angiogenesis effect of triazole-thioether conju- 

ates containing ketone and oxime functions. 

. Material and methods 

.1. Chemistry 

All solvents and reagents were obtained from commercial 

ources and used without further purification. The purity of the 

ompounds was confirmed by thin-layer chromatography (TLC) 

erformed on Merck silica gel 60 F254 aluminum sheets (Merck, 

armstadt, Germany), using developing systems either S1: chlo- 

oform/methanol/acetic acid (8:2:400 μL v/v/v) or S2: petroleum 

ther/ethyl acetate (5:5 v/v) or S3: petroleum ether/ethyl acetate 

7:3 v/v). Spots were detected under UV light at 254 nm. All melt- 

ng points were determined using Thermo Scientific IA9300 ba- 

ic model point apparatus and are uncorrected. Elemental analyses 

ere obtained by using Leco CHNS-932 and were consistent with 

he assigned structures. Infrared spectra were recorded on Shi- 

adzu FT-IR 8400 s and data are expressed in wavenumber (cm 

−1 ). 
 H and 

13 C NMR spectra were recorded on Brüker AVANCE DPX 

0 0 or 60 0 MHz for 1 H NMR and 150 MHz or 75 MHz for 13 C NMR

n DMSO–d 6 using tetramethylsilane as the internal standard. All 

hemical shifts were recorded as δ (ppm). All coupling constants 

re reported as Hertz. The high-pressure liquid chromatographic 

ystem consists of a Shimadzu LC-20AT series instrument equipped 

ith quaternary solvent delivery system and a model SPD-M20A 

DA detector. A Rheodyne syringe loading injector with 50 μL 

ample loop was used for the injection of the compounds. Chro- 

atographic data were collected and processed using Shimadzu 

abSolutions software. The separation was performed at ambient 

emperature by using reversed phase GL Sciences Inertsil ODS-3 

46 × 260 mm, 5 μm) column. All experiments were performed in 

socratic mode. The mobile phase was prepared by mixing acetoni- 

rile and water (70:30, v/v) and filtered through a 0.45 μm pore fil- 

er, and subsequently degassed by ultrasonication, before use. Sol- 

ent delivery was employed at a flow rate of 1 mL/min. Detection 

f the compounds was carried out at 254 nm. 

.1.1. Synthesis of compound 1 

Carvacrol (0.06 mol) and anhydrous potassium carbonate 

0.09 mol) were dissolved in dry acetone and refluxed for 4 h. 

fter dropwise addition of ethyl bromoacetate (0.063 mol) within 

 h, the solution was stirred for further 8 h. The solvent was 

vaporated, then crushed ice was added to the reaction medium. 

he mixture was stirred for half an hour and extracted with di- 

thyl ether afterward. The organic layer was dried with anhydrous 

a 2 SO 4 , then evaporated under vacuum to leave a yellowish oil. 

he compound was used without further purification [56] . HPLC t R 
min): 13.92, TLC R f : 0.74 (S1) yield 80%. IR ν: 1760 (C 

= O), 1197

C 

–O 

–C). 1 H NMR (300 MHz, DMSO–d 6 ): δ 1.16 (d, 6H, J = 6.9 Hz , -

H(C H 3 ) 2 ); 1.21 (t, 3H, J = 7. 2 Hz, -CH 2 –C H 3 ), 2.14 (s, 3H, Ar-C H 3 );

.80 (septet, 1H , J = 6.9 Hz, - C H (CH 3 ) 2 ); 4.17 (q, 2H, J = 7. 2 Hz , -

 H 2 –CH 3 ); 4.78 (s, 2H, –S –CH 2 –); 6.68 (s, 1H, Ar- H ), 6.73 (d, 1H,

 = 7.8 Hz , Ar –H ); 7.04 (d, 1H, J = 7.8 Hz , Ar- H ). 
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Fig. 1. Design strategy of the new mPGES-1 inhibitors. 
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.1.2. Synthesis of compound 2 

Compound 1 (0.03 mol) and hydrazine hydrate (0.06 mol) in 

0 mL ethanol refluxed for 2 h. Then the solution was cooled, fil- 

ered, dried and recrystallized from ethanol:water mixture [56] . 

PLC t R (min): 4.38, M.p: 128–130 °C, TLC R f: 0.29 (S1), yield 73%. 

R ν: 3309 and 3200 (N 

–H str), 16 6 6 (C 

= O), 1 H NMR (300 MHz,

MSO–d 6 ): δ 1.17 (d, 6H, J = 6.9 Hz , –CH(C H 3 ) 2 ); 2.14 (s, 3H, Ar-

 H 3 ); 2.80 (septet, 1H, J = 6.9 Hz , –C H (CH 3 ) 2 ); 4.34 (s, 2H, –N H 2 –);

.48 (s, 2H, –S –CH 2 –); 6.72–6.74 (m, 2H, Ar- H ); 7.04 (d, 1H,

 = 8.1 Hz , Ar- H ); 9.20 (s, 1H, CO 

–N H 

–). Anal. Calcd. for C 12 H 18 N 2 O 2 :

, 64.84; H, 8.16; N,12.60. Found: C, 63.34; H, 7.49; N, 12.35. 

.1.3. General synthesis of compounds 3 and 4 

A mixture of compound 2 (0.03 mol) and ethyl/methyl isothio- 

yanate (0.03 mol) in ethanol (40 mL) was heated under reflux for 

 h. Then the solution was cooled, filtered, and recrystallized from 

thanol [47] . 

N -Methyl-2-[2-methyl-5-(propan-2-yl)phenoxy]acetyl] 

ydrazinecarbothioamide (3) . W hite solid. HPLC t R (min): 

.57, M.p: 178–182 °C, TLC R f: 0.61 (S1), yield 65%. IR ν: 3374, 

360 and 3170 (N 

–H str), 1699 (C 

= O), 1554 (N 

–H bnd). 1 H NMR

300 MHz, DMSO–d 6 ): δ 1.18 (d, 6H, J = 6.9 Hz , –CH(C H 3 ) 2 ); 2.15

s, 3H, Ar-C H 3 ); 2.81–2.88 (m, 4H, –C H (CH 3 ) 2 , –NH 

–C H 3 ); 4.62 (s,

H, –S –CH 2 –); 6.74 (d, J = 8.1 Hz ,2H, Ar –H ); 7.04 (d, 1H, J = 7.5 Hz ,

r- H ); 7.95 (s, 1H, –N H 

–CH 3 ); 9.33 (s, 1H, CONH 

–N H) ; 9.88 ( s, 1H,

CON H ). Anal. Calcd. for C 14 H 21 N 3 O 2 S: C, 56.92; H, 7.17; N, 14.22;

, 10.85. Found: C, 56.71; H, 6.60; N, 14.17; S, 10.83. 

N -Ethyl-2-[2-methyl-5-(propan-2-yl)phenoxy]acetyl] 

ydrazinecarbothioamid (4) . White solid. HPLC t R (min): 6.10, 

.p: 138–142 °C, TLC R f: 0.30 (S1), yield 62%. IR ν: 3340, 3327 

nd 3153 (N 

–H str), 1693 (C 

= O), 1546 (N 

–H bnd). 1 H NMR

300 MHz, DMSO–d 6 ): δ 1.05 (t, 3H, J = 7.2 Hz , –NCH 2 C H 3 ); 1.18

d, 6H, J = 6.9 Hz , -CH(C H 3 ) 2 ); 2.15 (s, 3H, Ar-C H 3 ); 2.82 (septet,

H, J = 6.9 Hz , -C H (CH 3 ); 3.45 (q, J = 6.6 Hz 2H, –NC H 2 CH 3 ); 4.60 (s,

H, –S –CH 2 –); 6.74 (d, J = 7.2 Hz 2H, Ar –H ); 7.05 (d, 1H, J = 7.5 Hz ,

r -H ); 7.95 (s, 1H, –N H 

–CH 2 ); 9.26 (s, 1H, CONH 

–N H ); 9.88 ( s, 1H,

CON H ). Anal. Calcd. for C 15 H 23 N 3 O 2 S: C, 58.22; H, 7.49; N,13.58;

, 10.36. Found: C, 58.15; H, 7.28; N, 13.56; S, 10.34. 

.1.4. General synthesis of compounds 5 and 6 

Compounds 5 and 6 were obtained by refluxing compound 3 

r 4 (0,015 mol) in 2 N NaOH for 4 h. After neutralization with 10%

Cl, the solid product was filtered, dried, and recrystallized from 

thanol [47] . 
3 
4-Methyl-5-{[2-methyl-5-(propan-2-yl)phenoxy]methyl}2,4- 

ihydro-3 H -1,2,4-triazole-3-thione (5) . White solid. HPLC t R (min): 

.55, M.p: 149–152 °C, TLC R f: 0.51(S2), yield 54%. IR ν: 3157 and 

130 (N 

–H str), 1614 (C 

= N), 1585 (N 

–H bnd), 1276 (C 

= S) 1 H NMR

300 MHz, DMSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz , -CH(C H 3 ) 2 ); 2.09

s, 3H, Ar-C H 3 ); 2.84 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 3.51 (s,

H, –N-C H 3 ); 5.22 (s, 2H, –S –CH 2 –); 6.77 (d, 1H, J = 7.5 Hz , Ar- H ),

.98 (s, 1H, Ar- H ); 7.05 (d, 1H, J = 7.8 Hz , Ar- H ); 13.85 (s, 1H,

riazole = N 

–N H 

–). Anal. Calcd. for C 14 H 19 N 3 OS. ¼ H 2 O: C, 59.65; H,

.97; N, 14.91; S,11.38. Found: C, 59.73; H, 6.45; N, 15.11; S, 10.23. 

4-Ethyl-5-methyl}2,4-dihydro-3 H -1,2,4-triazole-3-thione (6) . 

hite solid. HPLC t R (min): 8.29, M.p: 100–103 °C, TLC R f: 

.57(S2), yield 58%. IR ν: 3089 and 3055 (N 

–H str), 1615 (C 

= N),

576 (N 

–H bnd), 1277 (C 

= S). 1 H NMR (300 MHz, DMSO–d 6 ): δ 1.19

d, 6H, J = 6.9 Hz , -CH(C H 3 ) 2 ); 1.28 (t, 3H, J = 7.2 Hz , –N-CH 2 –C H 3 );

.09 (s, 3H, Ar-C H 3 ); 2.82 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 4.05

q, 2H, J = 7.2 Hz , –N-C H 2 –CH 3 ); 5.22 (s, 2H, –S –CH 2 –); 6.78 (d, 1H,

 = 7.5 Hz , Ar- H ), 6.99 (s, 1H, Ar- H ); 7.06 (d, 1H, J = 7.8 Hz , Ar- H );

3.87 (s, 1H, triazole = N 

–N H 

–). 13 C NMR (150- MHz, DMSO–d 6 ):

13.85, 16.11, 24.36, 33.89, 39.31, 60.32, 110.65, 119.40, 123.52, 

30.97, 148.07, 152.11 (triazole-C 5 ), 155.76, 167.57 (C 

= S). Anal. 

alcd. for C 15 H 21 N 3 OS. ½ H 2 O: C, 59.97; H, 7.38; N, 13.99; S,10.67.

ound: C, 59.71; H, 7.38; N, 13.99; S, 10.67. 

.1.5. General synthesis of compounds 7–18 

An equimolar mixture of 5 or 6 and substituted phenacyl bro- 

ide (0.01 mol) and TEA (0.012 mol) in acetonitrile (50 mL) was 

eated at reflux for 4–8 h. The reaction mixture was evaporated to 

ryness. The residue was crystallized from aqueous ethanol [57] . 

1-Phenyl-2-[(4-methyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]methyl} −4 H -1,2,4-triazole-3-yl)sulfanyl]etan-1-one 

7) White solid. HPLC t R (min): 9.96, M.p: 119–121 °C, TLC R f : 

.60(S3), yield 61%. IR ν: 1615 (C 

= O), 1579 (C 

= N str), 1203 (C 

–O-

), 690 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ): δ 1.18 (d, 6H, 

 = 6.9 Hz, -CH(C H 3 ) 2 ); 2.09 (s, 3H, Ar-C H 3 ); 2.83 (septet, 1H, 6H,

 = 6.9 Hz, -C H (CH 3 ) 2 ); 3.63 (s, 3H, N 

–C H 3 ); 4.93 (s, 2H, -S-C H 2 - );

.27 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz , Ar- H );

.03–7.06 (m, 2H, Ar- H ); 7.55 (t, 2H, J = 7.5 Hz, J = 7.8 Hz, Ar- H ); 7.69

t, 1H, J = 7.2 Hz, J = 7.5 Hz, Ar- H ); 8.02 (dd, 2H, J = 7.2 Hz, J = 1.2 Hz,

r- H ) . 
13 C NMR (150 MHz, DMSO–d 6 ): δ 16.06, 24.37, 30.95, 33.91, 

0.80, 60.52, 110.93, 119.22, 123.75, 128.98, 129.29, 130.84, 134.23, 

35.69, 148.06, 150.94 (triazole C 3 ), 152.71 (triazole-C 5 ), 155.98, 

93.71. LR-MS ( m/z ): calculated for ( M + H ) + :396.174, found:

96, calculated for (M-H) −:394.159, found: 394. Anal. Calcd. for 
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 22 H 25 N 3 O 2 S. ½ H 2 O: C, 65.32; H, 6.48; N, 10.39; S, 7.93. Found:

, 65.19; H, 6.36; N, 10.53; S, 7.64. 

1-(4-Chlorohenyl) −2-[(4-methyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

8) White solid. HPLC t R (min): 14.68, M.p: 128–130 °C, TLC 

 f : 0.42(S3), yield 77%. IR ν: 1671 (C 

= O), 1587 (C 

= N str), 1128

C 

–O-C), 679 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ): δ 1.18 (d, 

H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H,

 = 6.9 Hz, -C H (CH 3 ) 2 ); 3.63 (s, 3H, N 

–C H 3 ); 4.91 (s, 2H, -S-C H 2 - );

.27 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz, Ar –H );

.03–7.07 (m, 2H, Ar- H ); 7.64 (dd, 2H, J = 6.9 Hz, J = 1.8 Hz , Ar- H );

.03 (dd, 2H, J = 6.9 Hz, J = 1.8 Hz, Ar –H ) . 
13 C NMR (150 MHz,

MSO–d 6 ): δ 16.03, 24.37, 30.93, 33.90, 40.95, 60.55, 110.96, 

19.22, 123.76, 129.40, 130.81, 130.84, 134.42, 135.69, 148.06, 

50.81 (triazole C 3 ), 152.75 (triazole-C 5 ), 155.98, 192.86. LR-MS 

 m/z ): calculated for ( M + H ) + :430.135, found: 430, calculated for

M-H) −: 428.120, found: 428. Anal. Calcd. for C 22 H 24 ClN 3 O 2 S. ¼
 2 O: C, 60.82; H, 5.68; N, 9.67; S, 7.38. Found: C, 60.15; H, 5.81;

, 9.67; S, 7.73. 

1-(3,4-Dichlorophenyl) −2-[(4-methyl-5-{[2-methyl-5-(propan- 

-yl)phenoxy]metlhy} −4H-1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

9) White solid. HPLC t R (min): 17.72, M.p: 113–117 °C, TLC R f : 0.30

S3), yield 74%. IR ν: 3089, 3065 (Ar C 

–H str), 1686 (C 

= O), 1571

C 

= N str), 1199 (C 

–O-C), 691 (C-S-C). 1 H NMR (300 MHz, DMSO–

 6 ): δ 1.19 (d, 6H, J = 6.9 Hz , -CH(C H 3 ) 2 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84

septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.63 (s, 3H, N 

–C H 3 ); 4.91 (s, 2H,

S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.5 Hz, J = 1.2 Hz

r- H ); 7.02–7.06 (m, 2H, Ar- H ); 7.84 (d, 1H, J = 8.4 Hz , Ar- H ); 7.97

dd, 1H, J = 8.4 Hz, J = 2.1 Hz , Ar -H ); 8.25 (d, 1H, J = 2.1 Hz, Ar- H ) . LR-

S ( m/z ): calculated for ( M + H ) + :46 4.096, found: 46 4, calculated

or (M-H) −: 462.081, found: 462. Anal. Calcd. for C 22 H 23 Cl 2 N 3 O 2 S.

H 2 O: C, 55.81; H, 5.11; N, 8.88; S, 6.77. Found: C, 55.34; H, 5.24;

, 8.94; S, 7.41. 

1-(4-Fluorophenyl) −2-[(4-methyl-5-{[2-methyl -5-( propan -2 - 

l ) phenoxy ]metlhy} −4H-1,2,4-triazole-3-yl) sulfanyl]ethan-1-one 

10) White solid. HPLC t R (min): 11.35, M.p: 136–138 °C, TLC 

 f : 0.23 (S3), yield 65%. IR ν: 1678 (C 

= O), 1593 (C 

= N str), 1159

C 

–O-C), 678 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ): δ 1.19 (d, 

H, J = 6.9 Hz -CH(C H 3 ) 2 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H,

 = 6.9 Hz -C H (CH 3 ) 2 ); 3.63 (s, 3H, N 

–C H 3 ); 4.91 (s, 2H, -S-C H 2 - );

.27 (s, 2H, –S –CH 2 –); 6.75 (d, 1H, J = 7.5 Hz, Ar- H ); 7.03–7.07

m, 2H, Ar- H ); 7.39 (t, 2H, J = 9 Hz , Ar- H ); 8.11 (dd, 2H, J = 9 Hz,

 = 5.4 Hz, Ar- H ) . LR-MS ( m/z ): calculated for ( M + H ) + : 414.165,

ound: 414, calculated for (M-H) −: 412.150, found: 412. Anal. Calcd. 

or C 22 H 24 FN 3 O 2 S. ½ H 2 O: C, 62.54; H, 5.96; N, 9.95; S, 7.59.

ound: C, 62.40; H, 5.86; N, 10.09; S, 7.86. 

1-(4-Methoxyphenyl) −2-[(4-methyl-5-{[2-methyl-5-(propan- 

-yl)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

11) White solid. HPLC t R (min): 9.84, M.p: 72–75 °C, TLC R f : 0.30

S3), yield 61%. IR ν: 3312 and 3213 (Ar C 

–H str), 1689 (C 

= O),

598 (C 

= N str), 1179 (C 

–O-C), 689 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz -CH(C H 3 ) 2 ); 2.09 (s, 3H, Ar-

 H 3 ); 2.84 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 3.63 (s, 3H, N 

–C H 3 );

.86 (s, 3H, Ar–OC H 3 ); 4.86 (s, 2H, -S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –);

.76 (d, 1H, J = 7.5 Hz, Ar- H ); 7.04–7.011 (m, 4H, Ar- H ); 8.09 (d,

H, J = 9.0 Hz, Ar- H ) . LR-MS ( m/z ): calculated for ( M + H ) + : 426.185,

ound: 426, calculated for (M-H) −: 424.170, found: 424. Anal. 

alcd. for C 23 H 27 N 3 O 3 S: C, 64.92; H, 6.40; N, 9.87; S, 7.54. Found:

, 64.88; H, 6.46; N, 9.43; S, 7.48. 

1-(4-Bromophenyl) −2-[(4-methyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

12) White solid. HPLC t R (min): 15.79, M.p: 122–124 °C, TLC R f : 

.35 (S3), yield 66%. IR ν: 3086 (Ar C 

–H str), 1678 (C 

= O), 1583

C 

= N str), 1178 (C 

–O-C), 678 (C-S-C). 1 H NMR (300 MHz, DMSO–

 6 ): δ 1.18 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.09 (s, 3H, Ar-C H 3 ); 2.85

septet, 1H, J = 6.9 Hz -C H (CH 3 ) 2 ); 3.63 (s, 3H, N 

–C H 3 ); 4.90 (s, 2H,
4 
S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz,

r- H ); 7.03–7.06 (m, 2H, Ar- H ); 7.77 (d, 2H, J = 8.7 Hz , Ar- H ); 7.95

d, 2H, J = 8.7 Hz, Ar- H ) . 
13 C NMR (75 MHz, DMSO–d 6 ): δ 16.65,

4.38, 30.93, 33.90, 40.83, 60.51, 110.92, 119.21, 123.74, 128.37, 

30.82, 130.89, 132.35, 134.72, 148.04, 150.81 (triazole C 3 ), 152.73 

triazole-C 5 ), 155.96, 193.06. LR-MS ( m/z ): calculated for ( M + H ) + :
74.084, found: 474, calculated for (M-H) −: 472.070, found: 472. 

nal. Calcd. for C 22 H 24 BrN 3 O 2 S: C, 55.70; H, 5.10; N, 8.86; S, 6.76.

ound: C, 55.37; H, 5.14; N, 8.87; S, 7.69. 

1-Phenyl-2-[(4-ethyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

13) Off-white solid. HPLC t R (min): 12.62, M.p: 116–118 °C, TLC 

 f : 0.28 (S3), yield 66%. IR ν: 3070 (Ar C 

–H str), 1681 (C 

= O), 1593

C 

= N str), 1176 (C 

–O-C), 686 (C-S-C). 1 H NMR (300 MHz, DMSO–

 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 1.32 (t, 3H, J = 7.2 Hz ,

 

–CH 2 –C H 3 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H, J = 6.9 Hz,

C H (CH 3 ) 2 ); 4.01 (q, 2H, J = 7.2 Hz , N 

–CH 2 –C H 3 ); 4.99 (s, 2H,

S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.8 Hz, J = 1.2 Hz,

r- H ); 7.04–7.07 (m, 2H, Ar- H ); 7.55 (t, 2H, J = 7.2 Hz , Ar- H ); 7.69 (t,

H, J = 7.5 Hz, Ar- H ); 8.03 (dd, 2H, J = 7.2 Hz, J = 1.2 Hz, Ar - H ) . LR-MS

 m/z ): calculated for ( M + H ) + : 410.190, found: 411, calculated for

M-H) −: 408.175, found: 408. Anal. Calcd. for C 23 H 27 N 3 O 2 S: C,

7.45; H, 6.65; N, 10.26; S, 7.83. Found: C, 67.10; H, 6.61; N, 9.80; 

, 8.10. 

1-(4-Chlorophenyl) −2-[(4-ethyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

14) White solid. HPLC t R (min): 16.98, M.p: 131–133 °C, TLC R f : 

.30 (S3), yield 83%. IR ν: 3100 (Ar C 

–H str), 1681 (C 

= O), 1590

C 

= N str), 1199 (C 

–O-C), 690 (C-S-C). 1 H NMR (300 MHz, DMSO–

 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 1.32 (t, 3H, J = 7.2 Hz ,

 

–CH 2 –C H 3 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H, J = 6.9 Hz,

C H (CH 3 ) 2 ); 4.09 (q, 2H, J = 7.2 Hz , N 

–CH 2 –C H 3 ); 4.98 (s, 2H,

S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.77 (d, 1H, J = 7.8 Hz, Ar- H );

.04–7.07 (m, 2H, Ar- H ); 7.63 (dd, 2H, J = 9 Hz, J = 2.1 Hz , Ar- H );

.04 (dd, 2H, J = 9 Hz, J = 2.1 Hz, Ar - H ) . 
13 C NMR (75 MHz, DMSO–

 6 ): δ 15.57, 16.17, 24.38, 33.91, 40.81, 60.23, 110.69, 119.12, 123.44, 

29.41, 130.81, 130.86, 134.72, 139.14, 148.06, 150.32 (triazole C 3 ), 

52.12 (triazole-C 5 ), 156.61, 192.75. LR-MS ( m/z ): calculated for 

 M + H ) + : 4 4 4.151, found: 4 4 4, calculated for (M-H) −: 4 42.136,

ound: 442. Anal. Calcd. for C 23 H 26 ClN 3 O 2 S. ½ H 2 O: C, 60.98; H,

.01; N, 9.28; S, 7.08. Found: C, 60.67; H, 5.89; N, 9.33; S, 6.08. 

1-(3,4-Dichlorophenyl) −2-[(4-ethyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

15) White solid. HPLC t R (min): 23.33, M.p: 124–126 0 C, TLC R f : 

.16 (S3), yield 87%. IR ν: 3100, 3086 (Ar C 

–H str), 1686 (C 

= O),

583 (C 

= N str), 1193 (C 

–O-C), 695 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 1.33 (t, 3H,

 = 7.2 Hz , N 

–CH 2 –C H 3 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H,

 = 6.9 Hz, -C H (CH 3 ) 2 ); 4.09 (q, 2H, J = 7.2 Hz , N 

–CH 2 –C H 3 ); 4.99

s, 2H, -S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.77 (dd, 1H, J = 7.5 Hz,

 = 1.2 Hz, Ar- H ); 7.04–7.07 (m, 2H, Ar- H ); 7.85 (d, 1H, J = 8.4 Hz , Ar-

 ); 7.98 (dd, 1H, J = 8.4 Hz, J = 2.1 Hz, Ar- H ); 8.25 (d, 1H, J = 2.1 Hz,

r- H ). 13 C NMR (75 MHz, DMSO–d 6 ): δ 15.58, 16.16, 24.37, 33.91, 

0.81, 60.23, 110.69, 119.11, 123.44, 128.37, 130.82, 130.86, 131.62, 

32.36, 135.95, 137.02, 148.05, 150.17 (triazole C 3 ), 152.16 (triazole- 

 5 ), 156.01, 192.09. LR-MS ( m/z ): calculated for ( M + H ) + : 478.117,

ound: 478. calculated for (M-H) −: 476.097, found: 476, Anal. 

alcd. for C 23 H 25 Cl 2 N 3 O 2 S. ½ H 2 O: C, 56.67; H, 5.38; N, 8.62; S,

.58. Found: C, 56.61; H, 5.57; N, 8.58; S, 6.00. 

1-(4-Fluorophenyl) −2-[(4-ethyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

16) White solid. HPLC t R (min): 13.01, M.p: 134–137 °C, TLC R f : 

.33 (S3), yield 63%. IR ν: 3100 and 3061 (Ar C 

–H str), 1676 (C 

= O),

593 (C 

= N str), 1224 (C 

–O-C), 691 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 1.33 (t, 3H,

 = 7.2 Hz , N 

–CH 2 –C H 3 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H,
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 = 6.9 Hz, -C H (CH 3 ) 2 ); 4.09 (q, 2H, J = 7.2 Hz , N 

–CH 2 –C H 3 ); 4.99

s, 2H, -S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.77 (d, 1H, J = 7.5 Hz,

r- H ); 7.05–7.07 (m, 2H, Ar- H ); 7.39 (t, 2H, J = 9 Hz , Ar- H ); 8.12

dd, 2H, J = 9 Hz, J = 5.7 Hz , Ar- H ). 13 C NMR (150 MHz, DMSO–d 6 ): δ
5.58, 16.17, 24.38, 33.92, 39.66, 40.89, 60.23, 110.69, 116.28–116.43 

d, J = 22.5 Hz ), 119.12, 123.45, 130.87, 131.62–132.01 (d, J = 9 Hz ),

32.52–132.54 (d, J = 3 Hz ), 148.08, 150.39 (triazole C 3 ), 152.11

triazole-C 5 ), 156.02, 164.94–166.62 (d, J = 252 Hz ), 192.28. LR-MS 

 m/z ): calculated for ( M + H ) + : 428.180, found: 429, calculated for

M-H) −: 426.166, found: 426. Anal. Calcd. for C 23 H 26 FN 3 O 2 S. ¾
 2 O: C, 62.63; H, 6.28; N, 9.53; S, 7.27. Found: C, 62.97; H, 6.08;

, 9.71; S, 7.56. 

1-(4-Methoxyphenyl) −2-[(4-ethyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4H-1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

17) White solid. HPLC t R (min): 12.46, M.p: 100–104 0 C, TLC R f : 

.5(S3), yield 64%. IR ν: 3086, 3006 (Ar C 

–H str), 1664 (C 

= O),

597 (C 

= N str), 1201 (C 

–O-C), 697 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 1.32 (t, 3H,

 = 7.2 Hz , N 

–CH 2 –C H 3 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H,

 = 6.9 Hz, -C H (CH 3 ) 2 ); 3.86 (s, 3H, –OC H 3 ); 4.09 (q, 2H, J = 7.2 Hz ,

 

–CH 2 –C H 3 ); 4.94 (s, 2H, -S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.76

d, 1H, J = 7.5 Hz, Ar- H ); 7.05–7.09 (m, 4H, Ar- H ); 8.00 (d, 2H,

 = 9.0 Hz, Ar- H ). LR-MS ( m/z ): calculated for ( M + H ) + : 440.200,

ound: 440, calculated for (M-H) −: 438.186, found: 438. Anal. 

alcd. for C 24 H 29 N 3 O 3 S. ½ H 2 O: C, 64.26; H, 6.74; N, 9.37; S, 7.15.

ound: C, 64.37; H, 6.70; N, 9.59; S, 7.45. 

1-(4-Bromophenyl) −2-[(4-ethyl-5-{[2-methyl-5-(propan-2- 

l)phenoxy]metlhy} −4 H -1,2,4-triazole-3-yl)sulfanyl]ethan-1-one 

18) White solid. HPLC t R (min): 18.25, M.p: 131–133 °C, TLC R f : 

.35 (S3), yield 83%. IR cm 

−1 : 30 6 6 (Ar C 

–H str), 1681 (C 

= O),

585 (C 

= N str), 1208 (C 

–O-C), 689 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 1.33 (t, 3H,

 = 7.2 Hz , N 

–CH 2 –C H 3 ); 2.09 (s, 3H, Ar-C H 3 ); 2.84 (septet, 1H,

 = 6.9 Hz, -C H (CH 3 ) 2 ); 4.09 (q, 2H, J = 7.2 Hz , N 

–CH 2 –C H 3 ); 4.97 (s,

H, -S-C H 2 - ); 5.27 (s, 2H, –S –CH 2 –); 6.77 (d, 1H, J = 7.5 Hz, Ar- H );

.04–7.07 (m, 2H, Ar- H ); 7.78 (dd, 2H, J = 6.9 Hz, J = 1.8 Hz , Ar- H );

.96 (dd, 2H, J = 6.9 Hz, J = 1.8 Hz , Ar- H ). LR-MS ( m/z ): calculated

or ( M + H ) + : 488.100, found: 488, calculated for (M-H) −: 486.086,

ound: 486. Anal. Calcd. for C 23 H 26 BrN 3 O 2 S. 3/4 H 2 O: C, 55.03; H,

.52; N, 8.77; S, 6.39. Found: C, 54.88; H, 5.33; N, 8.47; S, 5.65. 

.1.6. General synthesis of compounds 19–30 

A mixture of equimolar amounts of the appropriate ketone 

erivatives ( 7–18 ) (0.01 mol) and hydroxylamine hydrochloride 

0.03 mol) in absolute ethanol (30 mL) in presence of pyridine 

0.03 mol) was heated under reflux for 8–24 h. The mixture was 

oured onto the crushed ice and the precipitated solid was washed 

ith distilled water, dried, and recrystallized from ethanol [57] . 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-methyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(phenyl)ethanone oxime ( 19 ) 

hitesolid. HPLC t R (min): 7.63; M.p: 176–178 0 C, TLC R f : 0.54 

S3), yield 86%. IR ν: 3128 ( = N 

–OH str), 1610 (C 

= O), 1587 (C 

= N

tr), 950 (N 

–O); 680 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ): δ 1.20 

d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.07 (s, 3H, Ar-C H 3 ); 2.85 (septet, 1H,

 = 6.9 Hz, -C H (CH 3 ) 2 ); 3.53 (s, 3H, N 

–C H 3 ); 4.40 (s, 2H, -S-C H 2 - );

.25 (s, 2H, –S –CH 2 –); 6.77 (dd, 1H, J = 7.5 Hz, J = 1.2 Hz, Ar- H );

.04–7.06 (m, 2H, Ar- H ); 7.34–7.39 (m, 3H, Ar- H ); 7.62–7.68 (m, 

H, Ar- H ); 11.82 (s, 1H, = N 

–O H ). 13 C NMR (150 MHz, DMSO–d 6 ):

16.01, 24.39, 26.34, 30.88, 33.91, 60.59, 110.87, 119.20, 123.77, 

26.88, 128.94, 129.57, 130.82, 134.15, 148.06, 150.78 (triazole C 3 ), 

52.62 (C 

= N), 152.91 (triazole-C 5 ), 155.98. LR-MS ( m/z ): calculated 

or ( M + H ) + : 411.185, found: 411, calculated for (M-H) −: 409.170,

ound: 276. Anal. Calcd. for C 22 H 26 N 4 O 2 S: C, 64.36; H, 6.38; N,

3.65; S, 7.81. Found: C, 63.75; H, 6.03; N, 13.40; S, 7.60. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-methyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-chlorophenyl)ethanone oxime 
5

 20 ) White solid. HPLC t R (min): 10.15; M.p: 185–186 °C, TLC R f :

.65 (S3), yield 25%. IR ν: 3159 ( = N 

–OH str), 1608 (C 

= O), 1577

C 

= N str), 956 (N 

–O); 682 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ):

1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.07 (s, 3H, Ar-C H 3 ); 2.84

septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.54 (s, 3H, N 

–C H 3 ); 4.38 (s, 2H,

S-C H 2 - ); 5.25 (s, 2H, –S –CH 2 –); 6.77 (dd, 1H, J = 7.5 Hz, J = 1.2 Hz,

r- H ); 7.04–7.06 (m, 2H, Ar- H ); 7.42 (d, 2H, J = 8.7 Hz, Ar- H ); 7.66

d, 2H, J = 9.0 Hz, Ar- H ); 11.92 (s, 1H, = N 

–O H ). LR-MS ( m/z ): cal-

ulated for ( M + H ) + : 445.146, found: 445, calculated for (M-H) −:

 43.131, found: 4 43, 276. Anal. Calcd. for C 22 H 25 ClN 4 O 2 S. ½ H 2 O:

, 58.20; H, 5.77; N, 12.34; S, 7.06. Found: C, 58.40; H, 5.49; N, 

2.50; S, 7.02. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-methyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(3,4-dichlorophenyl)ethanone 

xime ( 21 ) White solid. HPLC t R (min): 13.46; M.p: 171–172 °C, 

LC R f : 0.73 (S3), yield 34%. IR ν: 3140 = N 

–OH str), 1610 (C 

= O),

581 (C 

= N str), 952 (N 

–O); 693 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.08 (s, 3H,

r-C H 3 ); 2.84 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 3.56 (s, 3H,

 

–C H 3 ); 4.38 (s, 2H, -S-C H 2 - ); 5.25 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H,

 = 7.5 Hz, J = 1.2 Hz, Ar- H ); 7.03–7.06 (m, 2H, Ar- H ); 7.63–7.64 (m,

H, Ar- H ); 7.87–7.90 (m, 1H, Ar- H ); 12.07 (s, 1H, = N 

–O H ). LR-MS

 m/z ): calculated for ( M + H ) + : 479.107, found: 479, 481 [ M + 2] + ,
alculated for (M-H) −: 477.092, found: 477, 276. Anal. Calcd. for 

 22 H 24 Cl 2 N 4 O 2 S: C, 55.12; H, 5.05; N, 11.69; S, 6.69. Found: C,

4.70; H, 4.88; N, 11.55; S, 6.58. 

2-{[3-[1-[5-Methyl-2-(propan-2- yl )phenoxy]methyl] −4-methyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-fluorophenyl)ethanone oxime 

 22 ) White solid. HPLC t R (min): 8.06; M.p: 190–192 0 C, TLC R f :

.67 (S3), yield 47%. IR ν: 3160 ( = N 

–OH str), 1608 (C 

= O), 1587

C 

= N str), 952 (N 

–O); 702 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ):

1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.07 (s, 3H, Ar-C H 3 ); 2.85

septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.54 (s, 3H, N 

–C H 3 ); 4.39 (s, 2H,

S-C H 2 - ); 5.25 (s, 2H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.5 Hz, J = 1.2 Hz,

r- H ); 7.03–7.06 (m, 2H, Ar- H ); 7.20 (t, 2H, J = 9.0 Hz, Ar- H ); 7.70

dd, 2H, J = 7.8 Hz, J = 5.4 Hz Ar- H ); 11.82 (s, 1H, = N 

–O H ). LR-MS

 m/z ): calculated for ( M + H ) + : 429.175, found: 429, calculated for

M-H) −: 427.161, found: 276. Anal. Calcd. for C 22 H 25 FN 4 O 2 S: C,

1.66; H, 5.88; N, 13.07; S, 7.48. Found: C, 61.15; H, 5.69; N, 12.87; 

, 7.42. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-methyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-methoxyphenyl)ethanone 

xime ( 23 ) White solid. HPLC t R (min): 7.48; M.p: 160–162 0 C, TLC 

 f : 0.53 (S3), yield 49%. IR ν: 3150 ( = N 

–OH str), 1606 (C 

= O), 1575

C 

= N str), 950 (N 

–O); 680 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ):

1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.07 (s, 3H, Ar-C H 3 ); 2.85

septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.54 (s, 3H, N 

–C H 3 ); 3.77 (s,

H, –OC H 3 ); 4.37 (s, 2H, -S-C H 2 - ); 5.25 (s, 2H, –S –CH 2 –); 6.76

dd, 1H, J = 7.5 Hz, J = 1.5 Hz, Ar- H ); 6.94 ppm (d, 2H, J = 9 Hz, Ar- H );

.03–7.06 (m, 2H, Ar- H ); 7.61 (d, 2H, J = 9 Hz, Ar- H ); 11.60 (s, 1H,

 N 

–O H ). 13 C NMR (150 MHz, DMSO–d 6 ): δ 16.01, 24.39, 26.21, 

0.90, 33.91, 55.65, 60.60, 110.85, 114.39, 119.21, 123.76, 127.11, 

27.69, 130.83, 148.05, 150.91 (triazole C 3 ), 152.16 (C 

= N), 152.90 

triazole-C 5 ), 155.97, 160.48. LR-MS ( m/z ): calculated for ( M + H ) + :
 41.195, found: 4 41, calculated for (M-H) −: 439.181, found: 276. 

nal. Calcd. for C 23 H 28 N 4 O 2 S: C, 62.70; H, 6.41; N, 12.72; S, 7.28.

ound: C, 62.44; H, 6.17; N, 12.62; S, 7.25. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-methyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-bromophenyl)ethanone oxime 

 24 ) White solid. HPLC t R (min): 10.88; M.p: 180–182 0 C, TLC R f :

.65 (S3), yield 22%. IR ν: 3100 ( = N 

–OH str), 1608 (C 

= O), 1577

C 

= N str), 954 (N 

–O); 693 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ):

1.19 (d, 6H, J = 6.9 Hz, -CH(C H 3 ) 2 ); 2.08 (s, 3H, Ar-C H 3 ); 2.85

septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.54 (s, 3H, N 

–C H 3 ); 4.37 (s, 2H,

S-C H 2 - ); 5.25 (s, 2H, –S –CH 2 –); 6.77 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz,

r- H ); 7.04–7.06 (m, 2H, Ar- H ); 7.46–7.62 (m, 4H, Ar- H ); 11.93
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s, 1H, = N 

–O H ). LR-MS ( m/z ): calculated for ( M + H ) + : 489.095,

ound: 4 89, 4 91 [ M + 2] + , calculated for (M-H) −: 487.080, found:

76. Anal. Calcd. for C 22 H 25 BrN 4 O 2 S: C, 53.99; H, 5.15; N, 11.45; S,

.55. Found: C, 53.85; H, 4.78; N, 11.23; S, 6.44. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-ethyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(phenyl)ethanone oxime ( 25 ) 

hite solid. HPLC t R (min): 9.25; M.p: 131–132 0 C, TLC R f : 0.62 

S3), yield 41%. IR ν: 3182 ( = N 

–OH str), 1610 (C 

= O), 1587 (C 

= N

tr), 950 (N 

–O); 690 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ): δ
.19 (m, 9H, -CH(C H 3 ) 2; –N-CH 2 –C H 3 ); 2.07 (s, 3H, Ar-C H 3 ); 2.85

septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.95 (q, 2H, J = 7.2 Hz , –N-

 H 2 –CH 3 ); 4.48 (s, 2H, -S-C H 2 - ); 5.26 (s, 2H, –S –CH 2 –); 6.77 (dd,

H, J = 7.8 Hz, J = 1.2 Hz, Ar- H ); 7.04–7.06 (m, 2H, Ar- H ); 7.35–7.39

m, 3H, Ar- H ); 7.66 (m, 2H, Ar- H) ; 11.88 (s, 1H, = N 

–O H ). LR-MS

 m/z ): calculated for ( M + H ) + : 425.200, found: 425, calculated

or (M-H) −: 423.186, found: 290. Anal. Calcd. for C 23 H 28 N 4 O 2 S: C,

5.07; H, 6.65; N, 13.20; S, 7.55. Found: C, 64.94; H, 6.17; N, 12.62;

, 7.44. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-ethyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-chlorophenyl)ethanone oxime 

 26 ) White solid. HPLC t R (min): 12.73; M.p: 152–154 0 C, TLC R f :

.70 (S3), yield 41%. IR ν: 3180 ( = N 

–OH str), 1612 (C 

= O), 1575

C 

= N str), 964 (N 

–O); 698 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ):

1.19 (m, 9H, -CH(C H 3 ) 2; –N-CH 2 –C H 3 ); 2.07 (s, 3H, Ar-C H 3 );

.85 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 3.98 (q, 2H, J = 7.2 Hz ,

N-C H 2 –CH 3 ); 4.46 (s, 2H, -S-C H 2 - ); 5.26 (s, 2H, –S –CH 2 –); 6.77

dd, 1H, J = 7.8 Hz, J = 1.5 Hz, Ar- H ); 7.04–7.06 (m, 2H, Ar- H ); 7.43

d, 2H, J = 9 Hz , Ar- H ); 7.67 (d, 2H, J = 9 Hz , Ar- H ); 11.98 (s, 1H,

 N 

–O H ). 13 C NMR (75 MHz, DMSO–d 6 ) δ 15.64, 16.13, 24.38,

6.29, 33.92, 39.14, 60.27, 110.61, 119.12, 123.44, 128.07, 128.99, 

30.87, 133.62, 134.29, 148.05, 150.22 (triazole C 3 ), 152.88 (C 

= N), 

52.31 (triazole-C 5 ), 155.99. LR-MS ( m/z ): calculated for ( M + H ) + :
59.162, found: 459, calculated for (M-H) −: 457.147, found: 457, 

90. Anal. Calcd. for C 23 H 27 ClN 4 O 2 S: C, 60.18; H, 5.93; N, 12.21; S,

.99. Found: C, 60.19; H, 5.70; N, 12.14; S, 6.98. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-ethyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(3,4-dichlorophenyl)ethanone 

xime ( 27 ) White solid. HPLC t R (min): 17.25; M.p: 125–127 0 C, 

LC R f : 0.58 (S3), yield 41%. IR ν: 3099 ( = N 

–OH str), 1616 (C 

= O),

585 (C 

= N str), 983 (N 

–O); 696 (C-S-C). 1 H NMR (300 MHz, 

MSO–d 6 ): δ 1.22 (m, 9H, -CH(C H 3 ) 2; –N-CH 2 –C H 3 ); 2.06 (s,

H, Ar-C H 3 ); 2.85 (septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 4.01 (q,

H, J = 7.2 Hz , –N-C H 2 –CH 3 ); 4.46 (s, 2H, -S-C H 2 - ); 5.26 (s, 2H,

S –CH 2 –); 6.77 (dd, 1H, J = 7.8 Hz, J = 1.2 Hz, Ar- H ); 7.04–7.06 (m,

H, Ar- H ); 7.61–7.67 (m, 2H, Ar- H ); 7.89–7.90 (m, 1H, Ar- H ); 12.14

s, 1H, = N 

–O H ). 13 C NMR (75 MHz, DMSO–d 6 ): δ 15.66, 16.11,

4.38, 26.13, 33.91, 39.14, 60.29, 110.62, 119.12, 123.44, 126.47, 

28.07, 128.16, 130.86, 131.13, 131.88, 132.14, 135.43, 148.05, 149.97 

triazole C 3 ), 151.18 (C 

= N), 152.36 (triazole-C 5 ), 155.99. LR-MS 

 m/z ): calculated for ( M + H ) + : 4 93.123, found: 4 93, calculated for

M-H) −: 4 91.108, found: 4 91, 290. Anal. Calcd. for C 23 H 26 Cl 2 N 4 O 2 S:

, 55.98; H, 5.31; N, 11.35; S, 6.50. Found: C, 55.54; H, 5.08; N, 

1.19; S, 6.47. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-ethyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-fluorophenyl)ethanone oxime 

 28 ) White solid. HPLC t R (min): 9.85; M.p: 141–144 0 C, TLC R f :

.68 (S3), yield 41%. IR ν: 3166 ( = N 

–OH str), 1610 (C 

= O), 1597

C 

= N str), 960 (N 

–O); 687 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ):

1.22 (m, 9H, -CH(C H 3 ) 2; –N-CH 2 –C H 3 ); 2.06 (s, 3H, Ar-C H 3 );

.85 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 3.99 (q, 2H, J = 7.2 Hz ,

N-C H 2 –CH 3 ); 4.47 (s, 2H, -S-C H 2 - ); 5.26 (s, 2H, –S –CH 2 –); 6.77

dd, 1H, J = 7.8 Hz, J = 1.2 Hz, Ar- H ); 7.04–7.06 (m, 2H, Ar- H ); 7.20 (t,

H, J = 9 Hz , Ar- H ); 7.71 (dd, 2H, J = 9 Hz, J = 5.4 Hz , Ar- H ); 11.88 (s,

H, = N 

–O H ). 13 C NMR (150 MHz, DMSO–d 6 ): δ 15.62, 16.11, 24.38,

6.43, 33.92, 39.13, 60.26, 110.63, 115,74–116,03 (d, J = 21.75 Hz ), 

19.11, 123.43, 128.47–128.58 (d, J = 8.4 Hz ), 130.86, 131.24–131.28 
6 
d, J = 3.2 Hz ), 148.06, 150.31 (triazole C 3 ), 151.91 (C 

= N), 152.30

triazole-C 5 ), 155.99, 161.53–164.87 (d, J = 250.5 Hz ). LR-MS ( m/z ): 

alculated for ( M + H ) + : 443.191, found: 443, calculated for (M- 

) −: 441.177, found: 290. Anal. Calcd. for C 23 H 27 FN 4 O 2 S: C, 62.42;

, 6.15; N, 12.66; S, 7.25. Found: C, 61.67; H, 6.33; N, 12.50; S, 

.15. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-ethyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-methoxyphenyl)ethanone 

xime ( 29 ) Off-white solid. HPLC t R (min): 8.92; M.p:155–157 0 C, 

LC R f : 0.65 (S3), yield 63%. IR ν: 3140 ( = N 

–OH str), 1608 (C 

= O),

573(C 

= N str), 954 (N 

–O); 690 (C-S-C). 1 H NMR (300 MHz, DMSO–

 6 ): δ 1.22 (m, 9H, -CH(C H 3 ) 2; –N-CH 2 –C H 3 ); 2.07 (s, 3H, Ar-C H 3 );

.85 (septet, 1H, J = 6.9 Hz , -C H (CH 3 ) 2 ); 3.77 (s, 3H, –OC H 3 ), 3.99

q, 2H, J = 7.2 Hz , –N-C H 2 –CH 3 ); 4.45 (s, 2H, -S-C H 2 - ); 5.26 (s,

H, –S –CH 2 –); 6.76 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz, Ar- H ); 6.94 (d,

H, J = 9 Hz, Ar- H ), 7.04–7.06 (m, 2H, Ar- H ); 7.62 (d, 2H, J = 9 Hz ,

r- H ); 11.66 (s, 1H, = N 

–O H ). LR-MS ( m/z ): calculated for ( M + H ) + :
55.211, found: 455, calculated for (M-H) −: 453.197, found: 290. 

nal. Calcd. for C 24 H 30 N 4 O 3 S: C, 63.41; H, 6.65; N, 12.32; S, 7.05.

ound: C, 63.12; H, 6.21; N, 12.33; S, 7.06. 

2-{[3-[1-[5-Methyl-2-(propan-2-yl)phenoxy]methyl] −4-ethyl- 

 H -1,2,4-triazole-3-yl]sulfanyl} −1-(4-bromophenyl)ethanone oxime 

 30 )White solid. HPLC t R (min): 8.26; M.p:163–166 0 C, TLC R f : 0.74

S3), yield 45%. IR ν: 3100 ( = N 

–OH str), 1608 (C 

= O), 1577 (C 

= N

tr), 954 (N 

––O); 684 (C-S-C). 1 H NMR (300 MHz, DMSO–d 6 ): 

1.20 (m, 9H, -CH(C H 3 ) 2; –N-CH 2 –C H 3 ); 2.07 (s, 3H, Ar-C H 3 );

.85 (septet, 1H, J = 6.9 Hz, -C H (CH 3 ) 2 ); 3.99 (q, 2H, J = 7.2 Hz , –N-

 H 2 –CH 3 ); 4.45 (s, 2H, -S-C H 2 - ); 5.26 (s, 2H, –S –CH 2 –); 6.77 (dd,

H, J = 7.5 Hz, J = 1.2 Hz, Ar- H ); 7.00–7.08 (m, 2H, Ar- H ); 7.54–7.62

m, 4H, Ar- H ); 11.99 (s, 1H, = N 

–O H ). LR-MS ( m/z ): calculated for

 M + H ) + : 503.111, found: 503, 505 [ M + 2] + , calculated for (M-H) −:

01.096, found: 290. Anal. Calcd. for C 23 H 27 BrN 4 O 2 S: C, 54.87; H, 

.41; N, 11.13; S, 6.37. Found: C, 54.41; H, 5.76; N, 11.01; S, 6.71. 

.2. Biological methods 

.2.1. Cell culture 

Human breast cancer (MCF-7), human lung cancer (A549), hu- 

an prostate cancer (PC-3), human cervix cancer (HeLa), human 

hronic myelogenous leukemia (K562), and mouse embryonic fi- 

roblast (NIH/3T3) cells were used. Cells were cultured in Dul- 

ecco’s modified eagle medium (DMEM) (Gibco, Rockville, MD, 

SA) containing 10% fetal bovine serum (FBS) (Gibco, Rockville, 

D, USA) and maintained in a 37 °C, 5% CO 2 incubator. Cell pas- 

age was conducted at 80–90% confluence. 

.2.2. Cell viability assay 

Cell viability was determined by the 3-(4,5-dimethylthiazol-2- 

l) −2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, the cells 

1 × 10 4 cells/well) were seeded onto 96-well plates and incubated 

vernight. Then, the cells were treated with different concentra- 

ions (1–50 μM) of compounds for 48 h. After the incubation pe- 

iod, MTT was added to each well to a final concentration of 

.5 mg/mL and incubated for 4 h. The culture medium was then 

emoved and 100μL of the SDS buffer was added to solubilize the 

urple formazan product. Absorbances at wavelengths of 570 and 

30 nm were measured by a microplate reader (BioTek, Winooski, 

T, USA). 

.2.3. Measurement of caspase enzymes activities 

Caspase-3, 8, and 9 activities were measured by the caspase 

olorimetric assay kits following the procedure provided by the 

anufacturer (Millipore, USA). Briefly, treated (50 and 100 μL) and 

ntreated cells were collected after 24 h and resuspended in ready 

o use chilled lysis buffer for 15 min. Next, centrifugation was per- 

ormed, and supernatants were collected and used for caspase ac- 
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ivation assays. Before samples were incubated at 37 °C for 2 h, re- 

ction buffer, DTT and DEVD-p-NA, Ac-IETD-pNA, and Ac-LEHD- 

NA substrates for caspase-3, 8, and 9, respectively were added. 

he principle was that caspase-3 derived from cellular lysate rec- 

gnizes the sequence Asp-Glu-Val-Asp (DEVD). The assay is based 

n spectrophotometric detection of the chromophore p-nitroaniline 

p-NA) after cleavage from the labelled substrate (DEVD-p-NA). 

he p-NA light emission can be quantified using a microtiter plate 

eader at 405 nm. Comparison of the absorbance of p-NA from an 

poptotic sample with an untreated control sample allows deter- 

ination of the fold increase in caspase-3, 8, and 9 activities. 

.2.4. Determination of mitochondrial membrane potential (MMP) 

The loss of MMP was detected by JC-1 mitochondrial membrane 

otential (MMP) kit (MitoPT JC-1, ImmunoChemistry Technologies, 

LC). The lipophilic cation JC-1 is widely used in apoptosis stud- 

es to monitor mitochondrial health. The membrane-permeant JC- 

 dye exhibits potential-dependent accumulation in mitochondria, 

ndicated by a fluorescence emission shift from green ( ∼529 nm) 

o red ( ∼590 nm). Depending on MMP, JC-1 forms J-aggregates 

hat are associated with a large shift in emission (590 nm). Color 

ye changes reversibly from orange to green as mitochondrial 

embranes become depolarized. For JC-1 staining, after the in- 

ubation of compounds, cell suspensions were adjusted to a den- 

ity of 0.5 × 10 6 cells/ml and incubated in assay buffer with JC-1 

10 μg/ml) for 15 min at 37 °C in the dark. The cells were collected

y centrifugation at 10 0 0 rpm for 10 min. Fluorescence intensity at 

10 and 585 nm was measured, and the ratio of 585/510 was cal- 

ulated to determine the changes in MMP. 

.2.5. mPGES-1 and COX-1/2 enzyme inhibition assays 

.2.5.1. Preparation of mPGES-1 enzymes. The cloning of mPGES-1 

nzyme and the preparation of protein followed the same proto- 

ols as described in our previous reports [58] Briefly, FreeStyle Max 

xpression system was used to express wild-type human mPGES-1 

nzymes. FreeStyle 293-F cells were cultured following the man- 

facturer’s manual in FreeStyle 293 expression medium on orbit 

otate shaker in 8% CO 2 incubator at 37 °C. Cells were transfected 

ith 1.5 μg/mL of mPGES-1/pcDNA3 construct using FreeStyle Max 

eagent at a cell density of 1 × 10 6 for two days. Transfected cells 

ere collected, washed, and sonicated in TSES buffer (15 mM Tris–

Cl, pH 8.0 plus 0.25 M sucrose, 0.1 mM EDTA, and 1 mM DTT) on

ce. The broken cells were first centrifuged at 12.500 × g for 10 min. 

he supernatant was further centrifuged at 105,0 0 0 × g for 1 h at 

 °C. The residual pellet was washed and homogenized in PBS 

uffer. The crude microsomal mPGES-1 was aliquoted and stored 

t −80 °C before use. 

.2.5.2. Activity assay using a recombinant mPGES-1. The enzyme 

ctivity assay was performed using the same protocol as described 

n our previous reports [59–62] . Briefly, the mPGES-1-catalyzed re- 

ction was performed in 1.5 mL microcentrifuge tubes with reac- 

ion mixture of 0.2 Na 2 HPO 4 /NaH 2 PO 4 , pH 7.2 (10 μL); 2.5 mM GSH

2.5 μL); diluted microsomal human mPGES-1 enzyme (80 μg/mL, 1 

L); inhibitor in DMSO solution (1 μL); 0.31 mM PGH 2 in DMF (5 

L) and distilled deionized water in a final volume of 100 μL. An 

nhibitor was incubated with the enzyme for 15 min at ambient 

emperature followed by the addition of substrate PGH 2 (stored in 

ry ice). The enzymatic reaction was started immediately upon the 

ddition of PGH 2 . After 1 min of reaction, solution (40 mg/mL SnCl 2 
n absolute ethanol, 10 μL) was added to cease the reaction by con- 

erting excess PGH 2 to PGF 2 α . The produced PGE 2 from the enzy- 

atic reaction was quantified by the PGE 2 enzyme immunoassay 

s described earlier [63] . 
7 
.2.5.3. COX-1/2 enzyme activity assay. The inhibitor potential of 

ompounds towards COX-1 and COX-2 enzymes was evaluated us- 

ng a colorimetric COX Inhibitor Screening Kit (Cayman Chemical, 

nn Arbor, MI, USA). The samples and control were dissolved in 

MSO and diluted with reaction buffer to their final concentra- 

ions. DMSO served as a negative control for 100% initial activ- 

ty. Inhibitor interference was tested by adding the inhibitor to a 

oiled enzyme sample as a control. The assay was conducted in 

uplicate. 

.2.6. Tube formation assay 

Matrigel was thawed at 4 °C the night before the experiment. 

8-well plates were coated with matrigel and let polymerize at 

7 °C for 1 h. Cells were seeded onto the wells at a density of

50 × 10 3 /well in culture media consisting of two different com- 

ounds ( 20 and 24 ) in each and incubated at regular culturing con- 

itions for 10 h. Images for each compound well were captured un- 

er an inverted microscope and analyzed. 

.3. Molecular modeling methods 

.3.1. Preparation of the ligands 

The structures of molecules were drawn and saved with mole 

xtensions using Biovia Discovery Studio (DS) program (Dassault 

ystemes BIOVIA, 2017). Their geometries were optimized and pre- 

ared using the “Clean Geometry” toolkit of DS. AutoDockTool 1.5.6 

ADT) [64] was used to assign Gasteiger partial charges to each 

tom of the ligands in the PDB format to generate a pdbqt file. ADT 

nterface was then used to generate grid parameter file (gpf) and a 

ocking parameter file (dpf) to use as input files for grid mapping 

nd docking steps. 

.3.2. Preparation of the enzyme and molecular docking calculations 

The enzyme mPGES-1 used in this study (PDB ID: 5K0I, res- 

lution: 1.30 Å) [65] was retrieved from the Protein Data Bank 

 https://www.rcsb.org ), an online database of proteins. The protein 

as cleaned of water molecules, co-crystallized inhibitor, and non- 

nteracting ions, and the missing residues inserted. All hydrogens 

ere added, and Biovia DS 4.5 Studio was used to optimize by se- 

ecting "Clean Geometry" toolkit with a fast, Deriding-like force- 

eld. Further, energy minimization of the protein was carried out 

tilizing "Prepare Macromolecule" protocol of DS with the assign- 

ent of CHARMM force field based on the protonation state of 

he titratable residues at physiological pH 7.4. The enzyme COX-2 

lso used in this study (PDB ID: 3NT1, resolution: 1.73 Å) [66] was 

etrieved from the Protein Data Bank ( https://www.rcsb.org ), and 

repared in the same way as mPGES-1. Ligands and enzyme struc- 

ures were then used as input files for grid mapping and docking, 

espectively. 

AutoDock 4.2.6 docking program ( http://autodock.scripps.edu ) 

64] was utilized for all docking experiments. All ligands were set 

o be flexible, but the protein was set to be rigid. The region where 

PW ligand occupies volume during crystallization was accepted 

s the active site of the enzyme. The grid center coordinates of 

he enzyme were generated during the preparation of the gpf as 

.697, 15.296, 27.28, x, y, z respectively. Energy grid box of dimen- 

ion 50 × 50 × 50 Å were selected covering the entire active site of 

he enzyme. 

Autodock 4.2 ′ s Lamarckian Genetic Algorithm [67] with 

0,0 0 0,0 0 0 energy evaluations was used for ligand conformational 

earch. Ten independent runs were performed for each ligand, and 

he different conformers generated were docked randomly into the 

ctive site of these enzymes. Biovia Discovery studio visualizer pro- 

ram was used to render the interactions between ligands and pro- 

ein complexes. 

https://www.rcsb.org
https://www.rcsb.org
http://autodock.scripps.edu
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.3.3. Molecular dynamics simulation 

MD simulation was performed using NAMD software to ex- 

mine the stability of the ligand binding mode of the mPGES- 

 protein ( http://www.ks.uiuc.edu/Research/namd/ ) [68] . Since the 

PGES-1 is a membrane bound protein therefore it was inserted 

nto the 1,2-palmitoyl-oleoyl–sec glycero–3-phosphocholine (POPC) 

embrane using the OPM web service ( http://opm.phar.umich. 

du/ ) [69] before preparation of the input files. CHARMM-GUI web 

ervice ( http://www.Charmm.org ) [70] was used for the input pa- 

ameter files used in NAMD MD simulation software. The system 

as solvated using the TIP3P water model, water molecules were 

reserved and neutralized by adding 0.15 M NaCl. In the first min- 

mization (10 0 0 steps), the lipid tails were left mobile to induce 

he structure of the membrane, and other parts (lipid head groups, 

on, etc.) were kept constant. After the first minimization, the sys- 

em was restarted using Langevin dynamics at 310.15 K tempera- 

ure. The balance of the system was achieved with a time step of 

 fs for 1 ns. In the second minimization (10 0 0 steps) the protein

ackbone was limited by harmonic constraints. Water molecules 

ere prevented from entering the hydrophobic zone of the mem- 

rane, and the system was balanced for 1 ns. With the release of 

armonic constraints in the final minimization, the system is bal- 

nced more. The production run was conducted at 310.15 K and 

 atm for 50 ns without any restrictions. The stability of ligand 

inding modes in the system was investigated by calculating the 

oot mean square deviation (RMSD), root mean square fluctuation 

RMSF), radius of gyration (Rg). All these examinations were per- 

ormed using Visual Molecular Dynamics (VMD) software. 

.4. In silico prediction of molecular properties 

.4.1. Determination of predicted solubility and molecular descriptors 

The solubility properties and molecular descriptors of com- 

ounds 7 –30 were screened in compliance with Lipinski’s Rule 

f 5 and Veber’s rule. All synthesized thioether derivatives were 

ontrolled for their molecular weight, molecular volume, LogP, 

olubility, number of hydrogen bond donors/acceptors, topologi- 

al polar surface area, number of rotatable bonds,%ABS, etc. All 

forementioned data were obtained from online web server Swis- 

ADME [71] except volume values which were calculated by using 

nline web server Molinspiration ( http://www.molinspiration.com/ 

gi-bin/properties ). 

.4.2. ADMET and drug-likeness profile 

ADMET parameters and drug-likeness profile of the active com- 

ounds 9 –11, 20, 21, 23, 24 , were screened according to in vitro 

ssays. ADMET profile that Caco-2 permeability and P-glycoprotein 

ubstrate (absorption); BBB and CNS permeability (distribution); 

YP450 enzyme inhibition (metabolism); total Clearance (excre- 

ion); mutagenic, tumorigenic, reproductive, and irritant effect 

ith AMES (toxicity) and drug-likeness properties of selected ac- 

ive compounds were evaluated by using online web server pkCSM 

72] and OSIRIS Datawarrior software [73] besides SwissADME . 

. Results and discussion 

.1. Synthesis and characterization of compounds 

The synthesis of compounds 7–30 is outlined in Scheme 1 . 

he compounds were synthesized starting with carvacrol ether- 

fication. Ethyl-2-[2-methyl-5-(propan e -2- yl )phenoxy]acetate 1 

btained from the reaction of carvacrol and ethyl 2-bromoacetate 

s reported earlier [ 47 , 56 ]. Heating compound 1 with hy- 

razine hydrate in ethanol afforded 2-[2-methyl-5-(propan e -2- 

l )phenoxy]acetohydrazide 2 . Adding this hydrazide derivative to 

thyl or methyl isothiocyanate, corresponding thiosemicarbazides 
8 
 and 4 were obtained. [47] . 4-Ethyl/methyl-5-{[2-methyl-5- 

propane-2-yl)phenoxy]methyl} −2,4-dihydro- 3H- 1,2,4-triazole- 

-thione derivatives ( 5, 6 ) were obtained by base catalyzed 

yclization of 3 and 4 in the presence of 2 N NaOH [47] . Syn-

hesis of 2-{[3-[1-[5-methyl-2-(propane-2-yl)phenoxy]ethyl] −4- 

ubstituted-4,5-dihydro-1,2,4-triazole]sulfanyl} −1-(substituted 

henyl)ethanone derivatives ( 7–18 ) were carried out by the 

eaction of appropriate bromoacetophenone derivatives and 1,2,4- 

riazoles ( 5,6 ) [57] . As the final step of the synthesis, ethanone

erivatives 7–18 were reacted with hydroxylamine hydrochlo- 

ide in presence of pyridine to obtain triazole-ethanone oxime 

onjugates 19–30 [57] . 

The structure of synthesized compounds were characterized by 

PLC, IR, 1 H NMR. All ethanone derivatives 7–18 and oximes 19–

0 were also characterized by LC-MS spectral data to confirm cor- 

ect molecular ion peaks corresponding to ( M + H ) + in positive 

onization and (M-H) − in negative ionization mode in each com- 

ound. For compounds 12, 14, 15, 26, and 27 13 C NMR spectra 

ere recorded. HMBC data was also recorded for compounds 6, 7, 

, 16, 19, 23 , and 28 . 

The N 

–H and -C 

= N- stretching bands of the triazole compounds 

 and 6 at 3157–3055 cm 

1 and 1615–1614 cm 

−1 were consistent 

ith the literature [ 36 , 47 , 74 ]. 1,2,4-Triazole-3-thiones might have 

lso existed in thiol form due to the tautomerization. Compounds 5 

nd 6 showed C 

= S stretching bands at 1276 cm 

−1 and 1277 cm 

−1 

espectively. These values indicated that the compounds exist in 

hione form, rather than thiol form [ 36 ,- 74 ]. The absence of S-H

tretching bands in the region 2600–2550 cm 

−1 is another evi- 

ence of formationf the thione form [75] . 1 H NMR data of these 

ompounds also supported the occurrence of thione form and the 

 

–H protons of 1,2,4-triazole-3-thione were observed at 13.85 ppm 

nd 13.87 ppm whereas S-H proton was not identified [76] . In 

13 C 

MR spectra of compound 6, C 5 carbon of the triazole ring ap- 

eared at 152.11 ppm while the thiocarbonyl carbon was detected 

t 167.57 ppm in accordance with the literature [ 36 , 38 , 47 ]. 

Compounds 7–18 showed C 

= O stretching bands between 1686 

nd 1658 cm 

−1 and the –C 

–S –C 

– absorption bands were de- 

ected at 692–678 cm 

−1 . Lack of C 

= S and N 

–H bands also proved

he framework of the compounds. –S –CH 2 – protons ofethanone 

erivatives 7–18 ,resonated in the region 4.86–4.99 ppm whereas 

S –CH 2 – protons resonated at 5.27 ppm for all compounds. 13 C 

MR spectra of represented compounds 7, 8, 12, 14, and 15 , depict 

he signal of carbonyl carbons in the region 192.09–193.71 ppm. - 

-CH 2 - carbons appeared at 40.81–40.95 ppm range. The C 5 and C 2 

arbons of the triazole ring were identified in the region 152.11–

52.75 ppm and 150.17–150.94 ppm, respectively. 

Formation of oxime structure was confirmed by the lack of C 

= O 

ands in relevant region. and, observing O 

–H and C 

= N stretch- 

ng bands at 3180–3099 cm 

−1 and 1616–1606 cm 

−1 respectively. 

n the 1 H NMR spectra of oxime derivatives, O 

–H protons observed 

t 11.60–12.14 ppm indicates the formation of oxime. -S-CH 2 - pro- 

ons resonated downfield area (4.37–4.48 ppm) compared to the 

orresponding ketones due to shielding effect of the newly added 

H group and diamagnetic anisotropic effect of N atom, 13 C NMR 

pectra showed conversion of the ketone C 

= O (192.09–193.51 ppm) 

o the oxime C 

= N (151.18–152.62 ppm). In the ESI-mass spectra of 

hese compounds, m/z 276 peaks of compounds 19–24 and m/z 290 

eaks in compounds 25–30 were observed in negative ion spectra. 

hese peaks occur due to fragmentation of the structure via the 

hioether bond and removal of hydrogen. 

.2. Biological activity studies 

.2.1. Inhibition of mPGES-1 enzyme and COX-1/2 enzymes 

Compounds 5–30 were screened for their inhibitory ac- 

ivity towards mPGES-1. Compound 4b [5-{[3–chloro-4-(4- 

http://www.ks.uiuc.edu/Research/namd/
http://opm.phar.umich.edu/
http://www.Charmm.org
http://www.molinspiration.com/cgi-bin/properties
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Scheme 1. Synthetic route to compounds 1–30. Key to reagents: a. BrCH 2 COOC 2 H 5 , K 2 CO 3 , acetone; b. NH 2 NH 2 .H 2 O, EtOH; c. R 1 NCS, EtOH; d. 2 N NaOH,%10 HCl; e. TEA, 

acetonitrile, substituted acetophenone derivatives, f: NH 2 OH.HCl, pyridine/EtOH. 
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yclohexylbutoxy)phenyl]methylidene} −1,3-diazinane-2,4,6-trione] 

s a potent mPGES-1 inhibitor developed by the Zhan’s Lab [ −59] 

nd was used as reference compound. MK-886 is also another 

ell-recognized inhibitor used for the comparison of IC 50 values. 

C 50 values of MK-886 and reference compound 4b were found 

s 2.58 ±0.48 and 0.034 ±0.014 μM, respectively. The results are 

resented in Table 1 . In the first line screening, compounds that 

aused an inhibition greater than 70% were further screened at 

 concentration of 10 μM. IC 50 values were determined for the 

ompounds that showed ≥70% inhibition at 10 μM. Among com- 

ounds 5–30 , the most potent derivative was 20 with an inhibitory 

oncentration of 0.224 ±0.070 μM. Compounds 5 and 6 showed 

o inhibition or marginal effect on mPGES-1. This confirms the 

mportance of phenacyl moiety via thioether linkage. On the other 

and, first line results for compounds 13–18 and 25–30 revealed 

he unfavorable effect of ethyl group at R 1 position as none of 

he compounds from these series exhibited significant activity. 

his might be related to moieties bulkier than methyl group are 

ot tolerated at the binding site.. mPGES-1 inhibitory activity has 

een observed to be increased when ketones 7–12 were converted 

nto their oxime derivatives 19–24 , except for compounds 10 and 

2 which had fluorine substitution at R 2 position. In most cases, 

xime derivatives showed better inhibition compared to their 

etone precursors. As a next step for the selected compounds 

hich showed promising inhibitory activity against mPGES-1 

reater than 70%, COX-1 and COX-2 inhibition profiles were also 

creened. Compounds 9–11, 20, 21, 23 and 24 were screened for 

heir potential inhibition and the results are given in Table 1 . 

ll tested compounds displayed %inhibition between 52 and 67 

or COX-1 and 84–86inhibition of COX-2 at 100 μM concentration. 

OX-1 inhibitory potential of all tested compounds was remarkably 

ower at the same concentration. 

.2.2. Measurement of angiogenesis by the tube formation assay 

Angiogenesis involves the three main processes known as pro- 

iferation, migration, and tube-like structure formation of endothe- 
9 
ial cells [77] . As it is known, PGE 2 promotes migration, vascu- 

ar sprouting, and tube formation, enhances endothelial survival, 

nd directly stimulate the synthesis of proangiogenic factors [78] . 

he three different experimental approaches can be used namely 

n vitro tube formation, in vivo chicken chorioallantoic membrane 

CAM) blood vessel formation, and ex vivo mouse thoracic aorta 

ing outgrowth to probe angiogenic effects of PGE 2 [30] . Tube for- 

ation assay is one of the most used in vitro assays to determine 

he extent of angiogenesis. The assay is based on the ability of en- 

othelial cells to form a three-dimensional capillary like structure 

nd measures the ability of compounds to promote or inhibit the 

ormation of these tubes [79] . Due to the reported relationship be- 

ween inhibition or deletion of mPGES-1 enzyme responsible for 

GE 2 production and angiogenesis [ 34 , 80 ], Matrigel tube formation 

ssay was performed to understand the anti-angiogenic properties 

f compounds 20 and 24 . As shown in Fig. 2 , compounds 20 and

4 significantly prevented the tube formation. 

To reveal the mechanism under this prevention, the viability of 

UVEC cells was measured in a dose dependent manner (5 nM- 

0 μM). No significant difference was observed between cell viabil- 

ty values for treated and untreated cells at all dose values. These 

esults indicated that compounds 20 and 24 did not effect on cell 

iability. ( Fig. 3 ). 

.2.3. Cytotoxic activity of the synthesized compounds 

Compounds 5–30 were screened for their antiproliferative activ- 

ty against MCF-7, A549, PC-3, HeLa, K562, and NIH/3T3 cells. MTT 

ssay was used for this study. The results of initial screening data 

t 10 μM were summarized in Table S1 (see supplementary mate- 

ial). The compounds which have an inhibitory effect greater than 

0%, were selected for the determination of IC 50 values in respec- 

ive cell lines ( Table 2 ). Compound 15 exhibited anticancer activity 

ith an IC 50 value of 23.77 μM against HeLa cell line while com- 

ound 18 showed activity against A549 cell line at 16.28 μM. These 

ompounds were also chosen for apoptotic pathway studies. Unlike 

he results of mPGES-1 enzyme inhibition data, none of the com- 
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Table 1 

Inhibition profile of compounds 5–30 against mPGES-1 and COX-1/2. 

Compound R 1 R 2 Lab ID Code 

mPGES-1% 

Inhibition at 10 

μM 

a 

mPGES-1 IC 50 (μM, 

Mean ±SD) b 
% Inhibition of 

COX-1 (at 100 μM) COX-2 (at 100 μM) 

5 CH 3 – KUC16GE1 0 – – –

6 C 2 H 5 – KUC16GE2 21 ±9.5 – – –

7 CH 3 H KUC16F061 22 ±0.1 – – –

8 CH 3 4-Cl KUC16F064 16 ±8.4 – – –

9 CH 3 3,4-Cl 2 KUC16F066 73 ±8.6 3.83 ±1.66 62.94 85.77 

10 CH 3 4-F KUC16F069 69 ±12 3.051 ±1.10 63.12 85.20 

11 CH 3 4–OCH 3 KUC16F071 84 ±8.5 1.46 ±0.44 57.09 86.27 

12 CH 3 4-Br KUC16F075 0 – – –

13 C 2 H 5 H KUC16F081 2.0 ± 6.5 – – –

14 C 2 H 5 4-Cl KUC16F084 0 – – –

15 C 2 H 5 3,4-Cl 2 KUC16F086 30 ±2.7 – – –

16 C 2 H 5 4-F KUC16F089 14 ±13 – – –

17 C 2 H 5 4–OCH 3 KUC16F091 22 ±9.0 – – –

18 C 2 H 5 4-Br KUC16F095 53 ±9.1 – – –

19 CH 3 H KUC16G061 55 ±20 – – –

20 CH 3 4-Cl KUC16G064 83 ±3.5 0.224 ±0.070 67.73 85.96 

21 CH 3 3,4-Cl 2 KUC16G066 97 ±7.1 1.54 ±0.28 66.67 84.39 

22 CH 3 4-F KUC16G069 0 – – –

23 CH 3 4–OCH 3 KUC16G071 88 ±17 2.44 ±0.98 66.31 84.76 

24 CH 3 4-Br KUC16G075 85 ±9.4 1.08 ±0.35 52.13 85.89 

25 C 2 H 5 H KUC16G081 6.5 ± 8.6 – – –

26 C 2 H 5 4-Cl KUC16G084 50 ±30 – – –

27 C 2 H 5 3,4-Cl 2 KUC16G086 35 ±3.3 – – –

28 C 2 H 5 4-F KUC16G089 32 ±13 – – –

29 C 2 H 5 4–OCH 3 KUC16G091 0 – – –

30 C 2 H 5 4-Br KUC16G095 22 ±14 – – –

MK-886 c 2.58 ±0.48 – – –

4b c 0.034 ±0.014 – – –

a Data are expressed as means ± SD of single determinations obtained in triplicate. 
b IC 50 values were determined only for the compounds that showed ≥70% inhibition at 10 μM. Data are expressed as means ± SD of single determinations obtained in 

triplicate. 
c Compounds MK-886 and compound 4b were used as reference compounds for the determination of IC 50 values. MK-886 is a well-recognized inhibitor against mPGES-1 

and reference compound 4b is the inhibitor developed by Chang Guo Zhan’s lab. 

Fig. 2. Inhibition of tube formation by mPGES-1 inhibitors 20 and 24 in HUVEC cells. (A) cells treated with compound 20 ; (B) cells treated with compound 24 ; (C) untreated 

cells. 

Table 2 

In vitro cytotoxic effects of selected compounds against human cancer cell lines and mouse embryonic fibroblast cells. 

Compound Code IC 50 (μM) 

A549 PC-3 HeLa NIH/3T3 

9 42.25 – – 74.66 

10 – 47.65 – 86.59 

11 76.86 – – 69.88 

12 95.35 – – 33.25 

14 – – 57.89 61.55 

15 36.83 – 23.77 55.83 

16 40.16 – – 86.35 

17 38.32 – 92.89 42.30 

18 16.28 – – 66.12 

Imatinib 53.61 25.48 29.37 > 300 

10 
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Fig. 3. Cytotoxicity testing of compounds 20 and 24 on HUVEC cells. 

Table 3 

Binding energy values of all synthesized compounds for mPGES-1 and COX-2. 

Compound 

Ketone derivatives Binding energy (kcal/mol) 

Compound 

Oxime derivatives Binding energy (kcal/mol) 

Lab ID Code mPGES-1 COX-2 Lab ID Code mPGES-1 COX-2 

MK886 – −6.19 −5.17 

7 KUC16F061 −6.64 −5.59 19 KUC16G061 −6.46 −5.61 

8 KUC16F064 −6.56 −5.69 20 KUC16G064 −7.12 −5.45 

9 KUC16F066 −6.87 −6.12 21 KUC16G066 −7.54 −5.95 

10 KUC16F069 −6.49 −5.64 22 KUC16G069 −6.28 −5.30 

11 KUC16F071 −6.13 −5.44 23 KUC16G071 −6.59 −6.29 

12 KUC16F075 −7.06 −5.70 24 KUC16G075 −7.4 −5.88 

13 KUC16F081 −6.32 −5.48 25 KUC16G081 −6.37 −4.97 

14 KUC16F084 −6.78 −6.02 26 KUC16G084 −6.23 −5.70 

15 KUC16F086 −6.95 −5.66 27 KUC16G086 −6.6 −5.60 

16 KUC16F089 −6.31 −5.29 28 KUC16G089 −6.66 −5.39 

17 KUC16F091 −6.77 −5.67 29 KUC16G091 −6.87 −5.35 

18 KUC16F095 −6.85 −5.74 30 KUC16G095 −6.73 −5.95 

Table 4 

Types of interactions of the inhibitors and MK-886 with the binding site residues of mPGES-1 enzyme. 

Compound Lab ID Code Number of H-bonds Distance of 

H-bonds ( ̊A) 

H-bonds interactions Hydrophobic interactions 

MK886 – 1 1.88 TYR130: H (COOH) THR130 (pi-pi stacking) 

9 KUC16F066 3 3.06 ASN74: Cl THR130 (pi-pi stacking) 

2.54 THR131: O (C = O) 

3.29 THR131: Triazole (N) 

10 KUC16F069 4 2.81 THR131: O (C = O) TYR130 (pi-pi stacking) 

2.96 ASN74: F 

2.99 SER137: Triazole (N2) HIS113(halogen:fluorine) 

2.82 ARG126: Triazole (N3) 

11 KUC16F071 2 2.94 THR131: O (C = O) TYR130 (pi-pi stacking) 

2.89 THR131: Triazole (N) GLN134 (pi-pi stacking) 

ARG126 (pi-cation) 

20 KUC16G064 4 2.69 ARG126: Carvacrol-O TYR130 (pi-pi stacking) 

2.69 ASN74: Triazole (N2) 

2.77 ARG73: Triazole (N3) 

2.24 GLU77: H (N 

–O-H) 

21 KUC16G066 3 3.60 TYR130: S ARG126 (pi-cation) 

3.22 ARG73: Cl TYR130 (pi-pi stacking) 

1.73 GLU77: H (N 

–O-H) ARG73 (pi-anion) 

GLU77 (pi-anion) 

23 KUC16G071 4 2.87 SER127: Carvacrol-O ARG126 (pi-cation) 

2.75 TYR130: N (N 

–O-H) 

2.00 GLU77: H (N 

–O-H) TYR130 (pi-pi stacking) 

2.70 ARG73: O (OCH3) 

24 KUC16G075 3 3.28 ARG126: Carvacrol-O TYR130 (pi-pi stacking) 

2.29 SER127: H (N 

–O-H) 

1.97 THR131: H (N 

–O-H) 

p

t

t

i

t

l

l

3

t

w

f

i

a

ounds carrying oxime group showed significant activity as well as 

he compounds carrying methyl substituent at the 4th position of 

he triazole ring. No significant cell inhibitory effect was observed 

n DMSO treated samples. The compounds were also tested for cy- 

otoxic effects in NIH-3T3. According to cytotoxicity results, the se- 

ectivity index of compound 18 was determined as 4 for A549 cell 

ine (NIH3T3-IC 50 / A549-IC 50 ). 
11
.2.4. Apoptosis 

Compound 15 caused reduction in MMP and triggered apop- 

osis, especially through the mitochondrial internal pathway 

here caspase-9 was active. As caspase-8 activity did not dif- 

er compared to control, it was concluded that compound 15 

nduced caspase-9-mediated apoptosis and increased caspase-3 

ctivity. 
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Fig. 4. Caspase activities of compounds 15 and 18 . 

w

o

d
Fig. 5. Mitochondrial membrane potential changes for compounds 15 and 18 . 

F

a

On the other hand, the effect of compound 18 on A549 cells 

as found to be occurred by both internal and external pathways 

f apoptosis. It was found that caspase-9 activity increased due to 

isruption of MMP and activated caspase-9 stimulated activation 
ig. 6. Binding mode compound 20 to mPGES-1 in the 3D space (a); and the corresponding interaction diagram shown in the 2D scheme (b); to COX-2 in the 3D space (c); 

nd the corresponding interaction diagram shown in the 2D scheme (d). 

12 
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Fig. 7. Binding mode of compound 21 to mPGES-1 in the 3D space (a); and the corresponding interaction diagram shown in the 2D scheme (b); to COX-2 in the 3D space 

(c); and the corresponding interaction diagram shown in the 2D scheme (d). 
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f caspase-3, the terminating molecule of the apoptotic pathway. 

nlike compound 15 , compound 18 caused an increase in caspase- 

 activity ( Figs. 4 and 5 ). 

.3. In silico studies 

.3.1. Molecular docking and conformation analysis 

Although mPGES-1 enzyme exists as a homotrimer, only one 

onomer is active at a time in the open conformation of the en- 

yme which was used for modeling studies. mPGES-1 catalyzes 

he isomerization of PGH 2 to PGE 2 and glutathione (GSH) is an 

ssential cofactor for its catalytic turnover. GSH is bound within 

he active site in a U-shaped conformation via hydrogen bonds 

ARG 38, ARG73, ASN74, GLU77, HIS113, TYR117, ARG126, and 

ER127), pi-pi stacking (TYR130) interactions as well as other hy- 
13 
rophobic and polar interactions. The experimental results indi- 

ated that in a structure-based design, a potential inhibitor can 

ct as a false substrate (PGH 2 ) and a cofactor analog (GSH). Thus, 

he U-shape conformation of ligands in the active site is impor- 

ant for the inhibition of this enzyme. Most of the known mPGES- 

 inhibitors bind to the substrate and glutathione (GSH) cofac- 

or binding sites simultaneously [81] . Therefore, the substrate and 

ofactor binding pockets volume were utilized for the docking 

tudies. 

The computational binding energies of compounds for mPGES- 

 and COX-2 enzymes are presented in Table 3 . The computational 

inding energies of compounds 7–19 were slightly lower than that 

f experimental values. On the other hand, all compounds showed 

etter binding values against mPGES-1, compared to COX-2 en- 

yme. MK-886 was used as a reference compound. Compounds 20, 
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Fig. 8. Binding mode of compound 24 to mPGES-1 in the 3D space (a); and the corresponding interaction diagram shown in the 2D scheme (b); to COX-2 in the 3D space 

(c); and the corresponding interaction diagram shown in the 2D scheme (d). 
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Table 5 

Solubility and molecular descriptors of compounds 7 –30 from SwissADME. 

Compound MW (g/mol) LogP o/w LogS (ESOL) nON nOHN nRot TPSA %ABS Lipinski Rule nviol Veber’s Rule nviol 

7 395.52 4.14 −5.16 4 0 8 82.31 79.60 – –

8 429.96 4.61 −5.75 4 0 8 82.31 79.60 – –

9 464.41 5.21 −6.35 4 0 8 82.31 79.60 – –

10 413.51 4.42 −5.31 5 0 8 82.31 79.60 – –

11 425.54 4.15 −5.23 5 0 9 91.54 77.42 – –

12 474.41 4.76 −6.06 4 0 8 82.31 79.60 – –

13 409.54 4.47 −5.35 4 0 9 82.31 79.60 – –

14 443.99 4.97 −5.95 4 0 9 82.31 79.60 – –

15 478.43 5.52 −6.54 4 0 9 82.31 79.60 – –

16 427.53 4.78 −5.51 5 0 9 82.31 79.60 – –

17 439.57 4.42 −5.43 5 0 10 91.54 77.42 – –

18 488.44 5.08 −6.27 4 0 9 82.31 79.60 – –

19 410.53 4.06 −5.40 5 1 8 97.83 75.25 – –

20 444.98 4.67 −5.99 5 1 8 97.83 75.25 – –

21 479.42 5.20 −6.59 5 1 8 97.83 75.25 – –

22 428.52 4.43 −5.56 6 1 8 97.83 75.25 – –

23 440.56 4.11 −5.47 6 1 9 107.06 72.06 – –

24 489.43 4.74 −6.31 5 1 8 97.83 75.25 – –

25 424.56 4.38 −5.59 5 1 9 97.83 75.25 – –

26 459.00 4.90 −6.19 5 1 9 97.83 75.25 – –

27 493.45 5.51 −6.79 5 1 9 97.83 75.25 – –

28 442.55 4.75 −5.75 6 1 9 97.83 75.25 – –

29 454.59 4.33 −5.67 6 1 10 107.06 72.06 – –

30 503.46 4.98 −6.50 5 1 9 97.83 75.25 – –

MW: Molecular weight; LogP o/w: Consensus; LogS (ESOL): Estimating aqueous solubility from molecular structure; nON: Number of hydrogen acceptors; nOHN: Number 

of hydrogen donors; nRot: Number of rotatable bonds; TPSA: Topological polar surface area;%ABS: Percentage of absorption. 

Table 6 

Predicted ADMET properties and drug-likeness of 9–11, 20, 21, 23 and 24 . 

ADMET Properties 9 10 11 20 21 23 24 

Absorption Caco2 permeability (10 −6 cm/s) a High High High High High High High 

% Human intestinal absorbtion a High High High High High High High 

P-glycoprotein substrate b No No No No No No No 

Distribution BBB permeability b No No No No No No No 

CNS permeability a Yes No No No Yes No No 

Metabolism CYP1A2 inhibitior b No No No No No No No 

CYP2C19 inhibitior b Yes Yes Yes Yes Yes Yes Yes 

CYP2C9 inhibitior b Yes Yes Yes Yes Yes Yes Yes 

CYP2D6 inhibitior b No Yes No No No No No 

CYP3A4 inhibitior b Yes Yes Yes Yes Yes Yes Yes 

Excretion Total Clearance a (log ml/min/kg) 0.068 −0.129 0.053 0.031 0.159 0.081 0.01 

Toxicity AMES toxicity a No No No No No No No 

Mutagenic c None None None None None None None 

Tumorigenic c None None None None None None None 

Reproductive c None None None None None None None 

Irritant c High High High High High High High 

Medicinal 

Chemistry 

PAINS b – – – – – – –

Brenk b – – – 3 3 3 3 

Drug-likeness c 3.12 1.71 3.13 2.53 2.53 2.55 0.67 

a These studies were performed by using online webserver pkCSM ( http://biosig.unimelb.edu.au/pkcsm ). 
b These studies were performed by using online webserver SwissADME ( http://www.swissadme.ch ). 
c These studies were performed by using OSIRIS data warrior software ( http://www.openmolecules.org/datawarrior ). 
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1, and 24 have better binding energy values than the reference 

ompound MK-886. 

The docking poses of the compounds 9–11, 20, 21, 23, 24 and 

eference compound MK-886, were rendered in detail to see their 

nteraction with the residues lining the active site of the enzyme 

 Table 4 ). As a result of molecular docking studies, it has been

ound remarkable that the most active compounds 20, 21, and 24 

ave a U-shaped conformation in the active site and exhibit hy- 

rogen bond interactions, like glutathione. In particular, the fact 

hat compound 20 forms four strong hydrogen bond interactions 

ARG73, ASN74, GLU77, and ARG126) besides a pi-pi stacking in- 

eraction, supports the determination of this compound as the 

ost active inhibitor in the in vitro enzyme assay studies ( Fig. 6 a,

). Compound 21 which has the highest binding energy, exhib- 

ted three hydrogen bonds (ARG73, GLU77, TYR130) besides vari- 

us strong hydrophobic interactions with the active site residues 
15 
uch as ARG126 (pi-cation), TYR130 (pi-pi stacking), ARG73 (pi- 

nion), GLU77 (pi-anion) and ARG126 (pi-cation) ( Fig. 7 a, b). Like 

ompound 21 , compound 24 displayed three strong hydrogen 

onds with the active site residues (THR131 1.97 Å, SER127 2.29 Å 

nd ARG126 3.28 Å). In addition, a pi-pi stacking interaction with 

YR130 indicates that compound 24 is one of the best inhibitors 

 Fig. 8 a, b). 

Hydrogen bond interactions detected with the active site of 

OX-2 enzyme were as follows: between triazole nitrogen of com- 

ound 20 and LEU145 ( Fig. 6 d); between H ( = N 

–OH) atom of com-

ound 21 and ASN144 ( Fig. 7 d); between O ( = N 

–OH) atom of com-

ound 24 and ARG216 ( Fig. 8 d). Moreover, hydrophobic interac- 

ions of all compounds with COX-2 binding site were observed 

eakly compared to mPGES-1. Considering both in vitro and in sil- 

co mPGES-1 enzyme inhibition results of the compounds, molecu- 

ar dynamics studies of compound 20 were carried out. 

http://biosig.unimelb.edu.au/pkcsm
http://www.swissadme.ch
http://www.openmolecules.org/datawarrior
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Fig. 9. RMSD (a), RMSF (b) and Rg (c) of free mPGES-1 (purple) and mPGES-1– compound 20 (green) complexes. 
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.3.2. Molecular dynamics simulation analysis 

To evaluate the structural stability of the simulated-docked sys- 

em, (RMSD), (RMSF), and (Rg) of all orbits were analyzed. RMSD 

rofiles show the structural stability of the protein. The RMSDs of 

he unbound mPGES-1 and mPGES-1-compound 20 complex were 

ompared ( Fig. 9 a). Both free protein and complex RMSD values 

ere in the range of 4.5–1.5 Å. The mPGES1-compound 20 com- 

lex showed higher stability by the end of the simulation. The 

MSF profile shows residual fluctuation with time. Two residues of 

ree mPEGS-1 showed high fluctuations of 2.7 and 3 Å, respectively 

 Fig. 9 b). Less fluctuations of residues observed in the complex 

tructure indicate that the complex is more stable. In other words, 

esidues involved in the interaction with the inhibitor showed less 

uctuation, proving that the complex is more stable. The (Rg) 

hows the compactness of the protein structure, reflecting the 3D 

tructural stability. The Rg profile of the complex was found to be 

n the range of 1.3–1.45 Å, while free mPGES-1 varied between 1.3 

nd 1.44 Å throughout the simulation. Consequently, the Rg was 

ound to be consistent with the RMSD and RMSF distributions for 

PGES-1-compound 20. ( Fig. 9 c). 

.3.3. In silico admet studies 

ADMET properties were calculated by using SwissADME calcu- 

ation software ( http://www.swissadme.ch ) [71] , online web server 
16 
kSCM ( http://biosig.unimelb.edu.au/pkcsm ) [72] . In silico toxicity 

ata was evaluated by OSIRIS Data warrior software ( http://www. 

penmolecules.org/datawarrior ). SMILES codes of the compounds 

ere generated from the structures using the ACD/ChemSketch 

ersion 12.0 molecular editor. 

ADME properties were performed for LogP, LogS, number of hy- 

rogen bond acceptors (nON) and donors (nOHN), number of ro- 

atable bonds (nRot), topological polar surface area (TPSA), absorp- 

ion (%ABS) and simple molecular descriptors used by Lipinski’s 

ule of five and Veber ( Table 5 ). LogP is an important value that

ndicating lipophilicity and according to Lipinski’s rule of five, logP 

alue should be ≤5. LogP value was found smaller than 5 for all 

creened compounds except for compounds 9, 15, 18, 21, and 27 . 

ogS is estimated aqueous solubility from molecular structure and 

ll molecules were found moderately soluble. 

The number of hydrogen bond donors varied from 0 to 1 and 

he number of hydrogen bond acceptors varied from 4 to 6. Ac- 

ording to Lipinski’s rule of five, these values should be smaller 

han 5 and 10 respectively. None of the compounds violated this 

ipinski rule. All the tested compounds have less than 10 rotatable 

onds which indicates low conformational flexibility. 

Total polar surface area (TPSA) is an important property of a 

olecule in transportation through biological membranes. High 

PSA values give rise to poor bioavailability and absorption of a 

http://www.swissadme.ch
http://biosig.unimelb.edu.au/pkcsm
http://www.openmolecules.org/datawarrior
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rug. Calculated percentages of absorption for compounds 7 –30 

anged between 82 and 107%. For compounds 11, 17, 23, and 29 

hich carry –OCH 3 substituent, TPSA values were found too high. 

herefore, the absorption value of these drugs was found lower 

han other compounds. Estimated intestinal absorption (%ABS) was 

alculated by:%ABS = 109 − [0.345 x topological polar surface area 

TPSA)] according to the method of [82] , %ABS values found be- 

ween 72.06 and 79.60%. 

P-glycoprotein (P-gp) is an ATP-dependent transmembrane pro- 

ein and plays important role in drug absorption and penetration 

hrough blood-brain barrier (BBB). This protein can be excessively 

ound in tumor cells and leads to drug resistance [83] . None of the

elected compounds was substrate for P-gp and have no BBB per- 

eability. 

Caco-2 cell line is derived from human colon carcinoma and 

aco-2 permeability assay was used to predict human intestinal 

ermeability [84] . All tested compounds showed high Caco-2 per- 

eability. 

Even though all active compounds were found to be safe based 

n the in silico toxicity studies for AMES toxicity, mutagenicity, 

umorigenicity, and reproductive effects, these active compounds 

ave been observed to have a potential for irritant effects ( Table 6 ).

It is known that PAINS [85] and Brenk [86] alert data can rec- 

gnize the portion in a molecule that may cause some undesirable 

ffects in vivo . When lead-like properties were investigated for se- 

ected active compounds, no PAINS alert was detected. The drug- 

ikeness value of these compounds is given in Table 6 . 

. Conclusion 

Novel 1,2,4-triazoles and their oxime derivatives were synthe- 

ized and characterized by appropriate spectral analysis and eval- 

ated their biological applications. Compounds 9 –11, 20, 21, 23, 

nd 24 , prominently inhibited ( > 70) mPGES-1 enzyme with IC 50 

alues between 0.224 ±0.070 and 3.83 ±1.66 μM in contrast to the 

eference compound MK-886 (2.58 ±0.48 μM). Compounds carrying 

xime group ( 20, 21, 23, 24 ) showed better activity compared to 

he thioether derivatives ( 9–11). None of the compounds carrying 

thyl substituent at 4th position of the triazole ring ( 13–18 and 

5–30 ) showed inhibition greater than 50%. The structure-activity 

elationships pointed, methyl substitution at the fourth position of 

he 1,2,4-triazole ring seems to be important for mPGES-1 inhibi- 

ion. Among all compounds, compound 20 carrying methyl sub- 

tituent on triazole ring and oxime group showed significant in- 

ibitory activity against mPGES-1 at 0.224 ±0.070 μM. Molecular 

ynamics studies of compound 20 supported that this compound 

ould be a potential inhibitor for mPGES-1 enzyme. 

Since both mPGES-1 and COX-2 enzymes have a significant role 

n PGE 2 biosynthesis, compounds 9–11, 20, 21, 23, and 24 were 

lso screened for their inhibitory activity towards COX-1 and COX- 

 to investigate their selectivity. At 100 μM concentration, all tested 

ompounds showed inhibitory activity greater than 80% against 

OX-2. These data indicated that compounds may also have an in- 

ibitory effect against COX-2. 

Due to the side effects reported with angiogenesis inhibitors 

argeting VEGF, less cytotoxic novel agents are needed. Compounds 

0 and 24 significantly prevented tube formation without any tox- 

city on the HUVEC cells. Therefore, these compounds can be con- 

idered as new candidates for angiogenesis inhibitors. 

For compounds 5–30 , cytotoxicity assays were also evaluated 

gainst MCF-7, A549, PC-3, HeLa, K562 and NIH/3T3 cell lines. 

mong them, compound 15 showed inhibition at 23.77 μM against 

eLa and compound 18 showed activity against A549 cell line 

t 16.28 μM. Compound 15 also induced apoptosis by increasing 

aspase-3 activity as well as compound 18 . Compound 18 also in- 
17
reased caspase-8 activity. Both compounds reduced mitochondrial 

embrane potential. 

Although molecular modeling studies of 20 and 24 compounds 

greed well with the experimental results, interactions of 20 were 

ound stronger than that of 24 . Molecular dynamics studies of 

ompound 20 also generated additional support indicating that 

his compound was the best inhibitor for mPGES-1, as in exper- 

mental results. Concerning in silico ADMET and drug similarity 

tudies, the active compounds 9–11, 20, 21, 23, and 24 which have 

een predicted to show high Caco-2 permeability and human in- 

estinal absorption, are not P-gp substrates. For the most active 

ompound 20 which has no BBB and CNS permeability, any viola- 

ion of Lipinski’s and Veber’s rules has not been observed. Finally, 

ompound 20 was found to be safe except for its high irritant ef- 

ect, based on the in silico toxicity studies. 
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Özakpinar, İ. Küçükgüzel, Synthesis, in silico studies and cytotoxicity evalua- 
tion of novel 1,3,4-oxadiazole derivatives designed as potential mPGES-1 in- 

hibitors, J. Res. Pharm. 24 (2020) 436–451, doi: 10.35333/jrp.2020.187 . 

56] S.D. Bagul, J.D. Rajput, M.M. Patil, R.S. Bendre, Synthesis, characterization and 
antioxidant activity of carvacrol based sulfonates, Med. Chem. (Los Angeles) 7 

(2017) 294–298, doi: 10.4172/2161-04 4 4.10 0 0470 . 
57] M. Abdel-Aziz, G.E.D.A .A . Abou-Rahma, E.A .M. Beshr, T.F.S. Ali, New nitric 

oxide donating 1,2,4-triazole/oxime hybrids:synthesis, investigation of anti- 
inflammatory, ulceroginic liability and anti-proliferative activities, Bioorg. Med. 

Chem. 21 (2013) 3839–3849, doi: 10.1016/j.bmc.2013.04.022 . 
58] A. Hamza, M. Tong, M.D.M. Abdulhameed, J. Liu, A.C. Goren, H.H. Tai, C.G. Zhan, 

Understanding microscopic binding of human microsomal prostaglandin e 

synthase-1 (mPGES-1) trimer with substrate PGH2 and cofactor GSH: insights 
from computational alanine scanning and site-directed mutagenesis, J. Phys. 

Chem. B. 114 (2010) 5605–5616, doi: 10.1021/jp100668y . 
59] K. Ding, Z. Zhou, S. Hou, Y. Yuan, S. Zhou, X. Zheng, J. Chen, C. Loftin, F. Zheng,

C.G. Zhan, Structure-based discovery of mPGES-1 inhibitors suitable for pre- 
clinical testing in wild-type mice as a new generation of anti-inflammatory 

drugs, Sci. Rep. 8 (2018) e5205, doi: 10.1038/s41598- 018- 23482- 4 . 

60] K. Ding, Z. Zhou, S. Zhou, Y. Yuan, K. Kim, T. Zhang, X. Zheng, F. Zheng,
C.G. Zhan, Design, synthesis, and discovery of 5-((1,3-diphenyl-1H-pyrazol- 

4-yl)methylene)pyrimidine-2,4,6(1H,3H,5H)-triones and related derivatives as 
novel inhibitors of mPGES-1, Bioorg. Med. Chem. Lett. 28 (2018) 858–862, 

doi: 10.1016/j.bmcl.2018.02.011 . 
61] A. Hamza, X. Zhao, M. Tong, H.H. Tai, C.G. Zhan, Novel human mPGES-1 

inhibitors identified through structure-based virtual screening, Bioorg. Med. 

Chem. 19 (2011) 6077–6086, doi: 10.1016/j.bmc.2011.08.040 . 
62] Z. Zhou, Y. Yuan, S. Zhou, K. Ding, F. Zheng, C.G. Zhan, Selective inhibitors of

human mPGES-1 from structure-based computational screening, Bioorg. Med. 
Chem. Lett. 27 (2017) 3739–3743, doi: 10.1016/j.bmcl.2017.06.075 . 

63] L. Harding, Z. Wang, H. Tai, Stimulation of prostaglandin E 2 synthesis by inter- 
leukin-1/3 is amplified by interferons but inhibited by interleukin-4 in human 

amnion-derived WISH cells, Biochim. Biophys. Acta. 1310 (1996) 48–52 . 

64] G.M. Morris, R. Huey, W. Lindsrom, M.F. Sanner, R.K. Belew, D.S. Goodsell, 
A.J. Olson, AutoDock4 and AutoDockTools4: automated docking with selective 

receptor flexibility, J. Comput. Chem. 30 (2009) 2785–2791, doi: 10.1002/jcc. 
21256 . 
19 
65] S.L. Kuklish, S. Antonysamy, S.N. Bhattachar, S. Chandrasekhar, M.J. Fisher, 
A.J. Fretland, K. Gooding, A. Harvey, N.E. Hughes, J.G. Luz, P.R. Manninen, 

J.E. McGee, A. Navarro, B.H. Norman, K.M. Partridge, S.J. Quimby, M.A. Schiffler, 
A .V. Sloan, A .M. Warshawsky, J.S. York, X.P. Yu, Characterization of 3,3-dimethyl 

substituted N-aryl piperidines as potent microsomal prostaglandin E synthase- 
1 inhibitors, Bioorg. Med. Chem. Lett. 26 (2016) 4 824–4 828, doi: 10.1016/j.bmcl. 

2016.08.023 . 
66] K.C. Duggan, M.J. Walters, J. Musee, J.M. Harp, J.R. Kiefer, J.A. Oates, L.J. Mar- 

nett, Molecular basis for cyclooxygenase inhibition by the non-steroidal anti- 

inflammatory drug naproxen, J. Biol. Chem. 285 (2010) 34950–34959, doi: 10. 
1074/jbc.M110.162982 . 

67] G.M. Morris, D.S. Goodsell, R.S. Halliday, R. Huey, W.E. Hart, R.K. Belew, A.J. Ol- 
son, Automated docking using a Lamarckian genetic algorithm and an em- 

pirical binding free energy function, J. Comput. Chem. 19 (1998) 1639–1662 
10.1002/(SICI)1096-987X(19981115)19:14 ≤1639::AIDJCC10 ≥3.0.CO;2-B . 

68] J.C. Phillips, R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, 

R.D. Skeel, L. Kalé, K. Schulten, Scalable molecular dynamics with NAMD, J. 
Comput. Chem. 26 (2005) 1781–1802, doi: 10.1002/jcc.20289 . 

69] A.L. Lomize, I.D. Pogozheva, M.A. Lomize, H.I. Mosberg, Positioning of proteins 
in membranes: a computational approach, Protein Sci 15 (2006) 1318–1333, 

doi: 10.1110/ps.062126106 . 
70] J. Lee, X. Cheng, J.M. Swails, M.S. Yeom, P.K. Eastman, J.A. Lemkul, S. Wei,

J. Buckner, J.C. Jeong, Y. Qi, S. Jo, V.S. Pande, D.A. Case, C.L. Brooks, A.D. MacK-

erell, J.B. Klauda, W. Im, CHARMM-GUI input generator for NAMD, GROMACS, 
AMBER, OpenMM, and CHARMM/OpenMM simulations using the CHARMM36 

additive force field, J. Chem. Theory Comput. 12 (2016) 405–413, doi: 10.1021/ 
acs.jctc.5b00935 . 

[71] A. Daina, O. Michielin, V. Zoete, SwissADME: a free web tool to evaluate 
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small 

molecules, Sci. Rep. 7 (2017) 1–13, doi: 10.1038/srep42717 . 

72] D.E.V. Pires, T.L. Blundell, D.B. Ascher, pkCSM: predicting small-molecule phar- 
macokinetic and toxicity properties using graph-based signatures, J. Med. 

Chem. 58 (2015) 4066–4072, doi: 10.1021/acs.jmedchem.5b00104 . 
73] T. Sander, J. Freyss, M. Von Korff, C. Rufener, DataWarrior: an open-source pro- 

gram for chemistry aware data visualization and analysis, J. Chem. Inf. Model. 
55 (2015) 460–473, doi: 10.1021/ci500588j . 

[74] M. Koparir, A. Çetin, A. Cansiz, 5-Furan-2yl[1,3,4]oxadiazole-2-thiol, 5-furan- 

2yl-4h [1,2,4] triazole-3-thiol and their thiol-thione tautomerism, Molecules 10 
(2005) 475–480, doi: 10.3390/10020475 . 

75] G. Lacesse, J.M. Muchowski, Five-membered Heterocyclic Thiones. Part II, Oxa- 
zole-2-thione 50 (1972) 3082–3083 . 

[76] M.S. Behalo, M.S. Amine, I.M. Fouda, Regioselective synthesis, antitumor and 
antioxidant activities of some 1,2,4-triazole derivatives based on 4-phenyl-5- 

(quinolin-8-yloxy)methyl-4H-1,2,4-triazole-3-thiol, Phosphorus, Sulfur Silicon 

Relat. Elem. 192 (2017) 410–417, doi: 10.1080/10426507.2016.1247087 . 
77] S. Namkoong, S.J. Lee, C.K. Kim, Y.M. Kim, H.T. Chung, H. Lee, J.A. Han, K.S. Ha,

Y.G. Kwon, Y.M. Kim, Prostaglandin E2 stimulates angiogenesis by activating 
the nitric oxide/cGMP pathway in human umbilical vein endothelial cells, Exp. 

Mol. Med. 37 (2005) 588–600, doi: 10.1038/emm.2005.72 . 
78] L. Zhao, Y. Wu, Z. Xu, H. Wang, Z. Zhao, Y. Li, P. Yang, X. Wei, Involvement

of COX-2/PGE2 signalling in hypoxia-induced angiogenic response in endothe- 
lial cells, J. Cell. Mol. Med. 16 (2012) 1840–1855, doi: 10.1111/j.1582-4934.2011. 

01479.x . 

79] Y. Kubota, H.K. Kleinman, G.R. Martin, T.J. Lawley, Role of laminin and base- 
ment membrane in the morphological differentiation of human endothelial 

cells into capillary-like structures, J. Cell Biol. 107 (1988) 1589–1598, doi: 10. 
1083/jcb.107.4.1589 . 

80] M.D. Salvado, A. Alfranca, J.Z. Haeggström, J.M. Redondo, Prostanoids in tu- 
mor angiogenesis: therapeutic intervention beyond COX-2, Trends Mol. Med. 

18 (2012) 233–243, doi: 10.1016/j.molmed.2012.02.002 . 

81] P. Khurana, S.M. Jachak, Chemistry and biology of microsomal prostaglandin 
E2 synthase-1 (mPGES-1) inhibitors as novel anti-inflammatory agents: recent 

developments and current status, RSC Adv 6 (2016) 28343–28369, doi: 10.1039/ 
c5ra25186a . 

82] Y.H. Zhao, M.H. Abraham, J. Le, A. Hersey, C.N. Luscombe, G. Beck, B. Sher- 
borne, I. Cooper, Rate-limited steps of human oral absorption and QSAR stud- 

ies, Pharm. Res. 19 (2002) 1446–1457, doi: 10.1023/A:1020444330011 . 

83] M.F. Froom, P-glycoprotein: a defense mechanism limiting oral bioavailability 
and CNS accumulation of drugs, J. Clin. Pharmacol. Ther. 38 (20 0 0) 69–74 . 

84] R.B. van Breemen, Y. Li, Caco-2 cell permeability assays to measure drug ab- 
sorption, Expert Opin. Drug Metab. Toxicol. 1 (2005) 175–185 . 

85] J.B. Baell, G.A. Holloway, New substructure filters for removal of pan assay in- 
terference compounds (PAINS) from screening libraries and for their exclusion 

in bioassays, J. Med. Chem. 53 (2010) 2719–2740, doi: 10.1021/jm901137j . 

86] R. Brenk, A. Schipani, D. James, A. Krasowski, I.H. Gilbert, J. Frearson, P.G. Wy- 
att, Lessons learnt from assembling screening libraries for drug discovery 

for neglected diseases, ChemMedChem 3 (2008) 435–4 4 4, doi: 10.1002/cmdc. 
20 070 0139 . 

https://doi.org/10.1016/j.ejmech.2008.03.006
http://refhub.elsevier.com/S0022-2860(22)01805-1/sbref0045
https://doi.org/10.5530/ijper.47.4.7
https://doi.org/10.1016/j.ejmech.2016.05.017
https://doi.org/10.1016/j.ejmech.2010.08.034
https://doi.org/10.1016/j.bmc.2006.07.015
https://doi.org/10.1016/j.bmc.2007.10.082
https://doi.org/10.1080/14756360701408697
https://doi.org/10.1007/s00706-010-0281-9
https://doi.org/10.1155/2008/394737
https://doi.org/10.1021/jm301900x
https://doi.org/10.35333/jrp.2020.187
https://doi.org/10.4172/2161-0444.1000470
https://doi.org/10.1016/j.bmc.2013.04.022
https://doi.org/10.1021/jp100668y
https://doi.org/10.1038/s41598-018-23482-4
https://doi.org/10.1016/j.bmcl.2018.02.011
https://doi.org/10.1016/j.bmc.2011.08.040
https://doi.org/10.1016/j.bmcl.2017.06.075
http://refhub.elsevier.com/S0022-2860(22)01805-1/sbref0063
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1016/j.bmcl.2016.08.023
https://doi.org/10.1074/jbc.M110.162982
http://refhub.elsevier.com/S0022-2860(22)01805-1/sbref0067
https://doi.org/10.1002/jcc.20289
https://doi.org/10.1110/ps.062126106
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1038/srep42717
https://doi.org/10.1021/acs.jmedchem.5b00104
https://doi.org/10.1021/ci500588j
https://doi.org/10.3390/10020475
http://refhub.elsevier.com/S0022-2860(22)01805-1/sbref0075
https://doi.org/10.1080/10426507.2016.1247087
https://doi.org/10.1038/emm.2005.72
https://doi.org/10.1111/j.1582-4934.2011.01479.x
https://doi.org/10.1083/jcb.107.4.1589
https://doi.org/10.1016/j.molmed.2012.02.002
https://doi.org/10.1039/c5ra25186a
https://doi.org/10.1023/A:1020444330011
http://refhub.elsevier.com/S0022-2860(22)01805-1/sbref0083
http://refhub.elsevier.com/S0022-2860(22)01805-1/sbref0084
https://doi.org/10.1021/jm901137j
https://doi.org/10.1002/cmdc.200700139

	Synthesis, in vitro and in silico studies on novel 3-aryloxymethyl-5-[(2-oxo-2-arylethyl)sulfanyl]-1,2,4-triazoles and their oxime derivatives as potent inhibitors of mPGES-1
	1 IntroductIon
	2 Material and methods
	2.1 Chemistry
	2.1.1 Synthesis of compound 1
	2.1.2 Synthesis of compound 2
	2.1.3 General synthesis of compounds 3 and 4
	2.1.4 General synthesis of compounds 5 and 6
	2.1.5 General synthesis of compounds 7-18
	2.1.6 General synthesis of compounds 19-30

	2.2 Biological methods
	2.2.1 Cell culture
	2.2.2 Cell viability assay
	2.2.3 Measurement of caspase enzymes activities
	2.2.4 Determination of mitochondrial membrane potential (MMP)
	2.2.5 mPGES-1 and COX-1/2 enzyme inhibition assays
	2.2.6 Tube formation assay

	2.3 Molecular modeling methods
	2.3.1 Preparation of the ligands
	2.3.2 Preparation of the enzyme and molecular docking calculations
	2.3.3 Molecular dynamics simulation

	2.4 In silico prediction of molecular properties
	2.4.1 Determination of predicted solubility and molecular descriptors
	2.4.2 ADMET and drug-likeness profile


	3 Results and discussion
	3.1 Synthesis and characterization of compounds
	3.2 Biological activity studies
	3.2.1 Inhibition of mPGES-1 enzyme and COX-1/2 enzymes
	3.2.2 Measurement of angiogenesis by the tube formation assay
	3.2.3 Cytotoxic activity of the synthesized compounds
	3.2.4 Apoptosis

	3.3 In silico studies
	3.3.1 Molecular docking and conformation analysis
	3.3.2 Molecular dynamics simulation analysis
	3.3.3 In silico admet studies


	4 Conclusion
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


