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hybridized with some pharmacophoric anticancer fragments, as first-in-class simultaneous inhibitors
of COX-2, 15-LOX and tumor associated carbonic anhydrase enzymes. Results revealed that compounds
5a, 5d, 8b and 8c were potent inhibitors of COX-2 and 15-LOX enzymes. COX-2 inhibitory activity was
further demonstrated by the inhibition of the accumulation of 6-keto-PGFla, a metabolite of COX-2
products in two cancer cell lines. The sulfonamide bearing derivatives 5d and 8c were effective nano-

E:J;‘:Srr s molar and submicromolar inhibitors of tumor associated hCA XII isoform, respectively. Strong to mod-
1.2.3-Triazoles erate inhibitory activities were observed in the in vitro antiproliferative assay on lung (A549), liver
MTDL (HepG2) and breast (MCF7) cancer cell lines (ICsg 2.37—28.5 uM) with high safety margins on WI-38 cells.
Cyclooxygenase-2 A cytotoxic advantage of CA inhibition was observed as an increased activity against tumor cell lines
15-Lipoxygenase expressing CA IX/XIL Further mechanistic clues for the anticancer activities of compound 5a and its
Carbonic anhydrase sulfonamide analog 5d were derived from induction of cell cycle arrest at G2/M phase. They also trig-
Apoptosis gered apoptosis via increasing expression levels of caspase-9 and Bax together with suppressing that of

Bcl-2. The in vitro anti-tumor activity was reflected as reduced tumor size upon treatment with 8c in an
in vivo cancer xenograft model. Docking experiments on the target enzymes supported their in vitro data
and served as further molecular evidence. In silico calculations and ligand efficiency indices were
promising. In light of these data, such series could offer new structural insights into the understanding
and development of multi-target COX-2/15-LOX/hCA inhibitors for anticancer outcomes.

© 2020 Elsevier Masson SAS. All rights reserved.
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recently supported by many genetic and epidemiological studies
[2]. As a matter of fact, the majority of precancerous and cancerous
tissues are abundant in innate immune cells and inflammatory
mediators such as chemokines and cytokines [3]. Both immune
cells and inflammatory mediators influence different stages of tu-
mor growth, starting from tumor initiation till metastasis [4].
Around 20% of cancer deaths are correlated to inflammation and
chronic infections as exemplified by inflammatory bowel diseases,
bronchitis and prostatitis [2]. Interestingly, the genetic stability of
most of the cell types engaged in cancer-associated inflammation
has been the focus of many anticancer drug design programs, owing
to the decreased likelihood of rapid development of drug resistance
[5].

In addition to their key role in inflammation and tissue ho-
meostasis, eicosanoids, produced from arachidonic acid meta-
bolism, have been implicated in the pathophysiology of cancer [2].
Cyclooxygenases (COX-1/2) and lipoxygenases (5/8/12/15-LOX) are
among the major enzymes involved in the formation of eicosanoids
[2].

COX-2 plays a crucial role in oncogenesis [2], whereby it con-
tributes to initiation of cancers, promotion of angiogenesis and
downregulation of apoptosis [6]. Increased COX-2 expression levels
were experienced with human colorectal cancer and mouse models
of adenomas [7], as well as a wide range of cancers such as breast,
prostate, pancreatic cancers, esophageal, lung carcinomas and
melanoma [2]. For this reason, several research groups thoroughly
investigated the anticancer potential of selective COX-2 inhibitors
in inflammation-related experimental tumor models [2]. Besides,
the anticancer activity of some conventional chemotherapeutic
agents and radiation was potentiated by the use of celecoxib [8,9].
Also, COX-2 inhibitors demonstrated potential to overcome multi-
drug resistance via reducing the expression of some efflux pumps,
adding a new dimension to their therapeutic utility [6].

The second pathway comprises lipoxygenases which exist in
humans mainly as 3 different isozymes; 5-LOX, 12-LOX, and 15-LOX
(present in at least 2 isoforms 15-LOX-1 and 15-LOX-2) [2]. The
complex interplay among LOX enzymes and their AA metabolites in
tumor microenvironment has been clearly described in many re-
ports [2,10,11]. Although 15-LOX seems to be pro-tumorigenic and
antitumorigenic depending on the tissue [2,10], the selective 15-
LOX inhibitor, PD146176, showed antiproliferative activity against
prostatic cancer cells [11]. In addition, most reports targeting ei-
cosanoids for anticancer effects focused on dual COX-2/LOX inhi-
bition [2,12—15]. These inhibitors proved to be superior to their
corresponding single pathway inhibitors [16]. This follows the
premise that suppressing only COX-2 branch, would shift the AA
metabolic machinery towards excessive production of LOX down-
stream inflammatory mediators and hence aggravate the incidence
of side effects [16].

Apart from eicosanoids, carbonic anhydrases (CAs) represent a
superfamily of zinc metalloenzymes that are widely spread in all
living organisms. Seven distinct genes families encode CAs of which
sixteen «CA isozymes have been characterized hitherto in humans
[17]. Of particular interest to this study, hCA IX and XII have been
linked to tumors and some of their inhibitors are in clinical trials as
anticancer and antimetastatic agents [18].

Hence, in seeking multi-targeting directed ligands (MTDLs) for
future application as anticancer agents and probes, we herein
report the design and synthesis of first-in class MTDLs as potential
simultaneous COX2/15-LOX as well as carbonic anhydrase in-
hibitors. It is noteworthy that, combining activities towards two
(out of three) of the selected targets have been previously
attempted [19]. Indeed, the anti-tumor properties of celecoxib were
attributed, at least partially, to hCA inhibitory activity in addition to
COX-2 inhibition [20]. Moreover, some dual COX-2/hCA inhibitors

were designed for potential anti-tumor and anti-inflammatory ef-
fects [17,19]. Also, we successfully designed dual COX-2/15-LOX
inhibitors, either acting merely on these two targets [21] or
acting on additional targets within complex inflammatory disor-
ders, such as Alzheimer’s [22] and diabetes [23].

Consequently, we adopted a pharmacophoric hybridization
strategy to modulate these structurally distinct targets. Our as-
sembly relied on 1,2,3-triazole as the main scaffold by virtue of its
recognized anticancer properties [24] as well as COX-2 and 15-LOX
inhibitory activities, featured by our anti-inflammatory endeavors
[21—-23] (Fig. 1, Structure A). Also, a sulfonamide-incorporating
1,2,3-triazole showed tumor-associated hCA inhibitory activity
[18] (Fig. 1, Structure B). We also envisaged incorporating the
bioactive (thio)semicarbazone [25], thiazole [26] and pyrazole [14]
pharmacophoric elements, at position-4 of the 1,2,3-triazole either
directly or through a linker. They were selected on account of their
contribution to some previously reported anticancer lead com-
pounds (Structures C [25], D [26] and E [14], respectively). There-
fore, three target structures were designed, based on the 1,2,3-
triazole anchoring an aryl moiety at position-1. Para position of
the latter was substituted with some electron-withdrawing groups,
including CA zinc binders [27].

Our rationale of triple targeting of COX-2, 15-LOX and carbonic
anhydrase is very relevant, and in fact, might extend the scope of
the current anticancer MTDL toolbox. This is due to the fact that
complex pathological conditions, such as cancer, are characterized
by interrelated pathways along with redundancies, compensatory
mechanisms and development of drug resistance [28]. Hence, using
the “one-molecule-one-target” approach in such complicated sce-
narios turned out to be unproductive and even counterproductive
in many instances [29]. As a matter of fact, MTDLs have manifested
themselves as bona fide tools for the management of multifactorial
diseases such as cancer [28]. Additionally, a recent report
confirmed the interplay between level of expression of COX-2 and
carbonic anhydrase IX within colorectal cancer [30]. However, the
exact molecular details underlying this interplay is not fully eluci-
dated [30,31]. Hence, compounds targeting both arachidonate and
carbonic anhydrase pathways can be used as probes to provide
more insights and better understanding of this interplay. To
conclude, the outcome of this study might help in both combating
and expanding our knowledge of this disease.

Accordingly, we present the synthesis of the designed ligands
along with their in vitro COX-2/15-LOX inhibitory activities. In
addition, compounds bearing CA binding functional groups were
tested for hCA 1, 11, IX and XII inhibition. The most active compounds
were then assessed for their in vitro antiproliferative activities to-
wards lung, liver and breast cancer cell lines followed by their
toxicity towards normal human lung fibroblasts to evaluate their
safety. As well, molecular docking studies were conducted to define
binding interactions essential for biomolecular target recognition.
Furthermore, in silico predictions of physicochemical and phar-
macokinetic parameters were carried out to estimate their capacity
as drug/lead-like candidates. Finally, representatives from the most
active compounds were tested for their susceptibility to induce
apoptosis and to modulate some underlying apoptotic markers.

2. Results and discussion
2.1. Chemistry

Dimroth triazole synthesis, or more specifically azide-enolate
cycloaddition, was employed to obtain 1,4,5-trisubstituted 1,2,3-
triazoles with variable chemical handles for derivatization [32].
The synthetic routes for the preparation of the intermediates and
target compounds are outlined in Scheme 1. The key intermediates,



PA. Elzahhar et al. / European Journal of Medicinal Chemistry 200 (2020) 112439 3

- AG ,
{ ’@W - \I Target Structures
. O ¢ 1 NH.
! I iy S WN N 2
&) EH s 5
i N N H N N X
H ! : o\
i Br . ! N.y”CH,
i SO Main scaffold |
‘\COX-Z and 15-LOX inhibitor (A) hCA IX inhibitor (B) /I‘
T
(0% e g k) o
_ Triapine NeghN R 7HN*<\ p
Anticancer drug (C) PNy =N X HC HN—¢ ]
=N g
Motif | N:{
O o
N N {
Anticancer activity 0, HN'<’SI /4
COX-2 inhibitor (D) N‘h:'}ﬂ O S m
—~ ) Motif It R
HOP\
,N’@
=N
Anti i 4 }N ‘ N,
nticancer activity N ‘N~ ~CHj
COX-2 & 5-LOX inhibitor (E) |
i Il
Motif Il (i)
SONH, R
Fig. 1. Rationale for the design of the target compounds.
NH, i For1-7:a; R=-Cl, b; R=-F
HaC HN—\< i
=N i ¢; R= -COOH, d; R= -SO,NH,
N Y
N’ \ For1-6:e;R= 8 T )
*N7 TCHa 2 5

(i)

/ R
3a-e

For 7: e; R=-SO;H :
For 8: a: R=-Cl, b; R=-F. ¢; R=-SO,NH,,

d; R=-SO;H
cl
HsC
N; 3 o HN-\<
0 N i) { @
N\~ —CHs
R
1a-e
R HON
2a-e 4a-e \
OHC—~ N,Ph Z~N-Ph
NNHPh =N
(v) N (vii) N
—> —_— N
CHs  7ab,de "N~ TCH
6a-e Ta-e 8a-d

Scheme 1. Synthesis of the target 1,2,3-triazoles. Reagents and conditions: i) CH;COCH,COCHs, CH30Na, CH3OH, stir overnight. ii) NH;CONHNH,.HCl, CH3COONa, C;Hs0H, reflux for
8 h iii) NH2CSNHNH, glacial CH3COOH, reflux for 812 h, or fusion at 180 °C for 20 min. iv) 4-ClCsH4COCH;Br, few drops of (CzHs)sN or pyridine, CzHs0H, reflux for 3-5 h. v)
CgHsNHNH;, few drops of CH3COOH, C;HsO0H, reflux for 12—16 h. vi) POCl;, DMF, heat at 60—65 °C for 8 h vii) NH;OH.HCl, CH3COONa, CH30H, reflux for 8—12 h.

1-[1-(4-substituted phenyl)-5-methyl-1H-1,2,3-triazol-4-yl]etha-
nones (2a-e), were synthesized in good yields and with pure
regioselectivity, via reacting aryl azides (1a-e) with acetylacetone
in the presence of sodium methoxide/methanol. Condensation of
the appropriate ketone (2a-e) with semicarbazide hydrochloride in
the presence of sodium acetate in ethanol afforded the corre-
sponding semicarbazones (3a-e). Whereas refluxing the ketones
(2a,c-e) with thiosemicarbazide in glacial acetic acid or fusion of
thiosemicarbazide with 2b at 180 °C for 20 min yielded the corre-
sponding thiosemicarbazones (4a-e). In addition, cyclization of

thiosemicarbazones (4a-e) with p-chlorophenacyl bromide in
ethanol using catalytic amount of triethyl amine or pyridine fur-
nished the corresponding thizaoles (5a-e). Hydrazones (6a-e) were
synthesized by reacting the appropriate ketone (2a-e) with phenyl
hydrazine in ethanol containing catalytic amount of acetic acid.
Synthesis of the target pyrazole carbaldehydes (7a-e) was achieved
by heating the appropriate phenylhydrazone derivative (6a-e) in a
mixture of dimethylformamide and phosphorous oxychloride,
following Vilsmeier Haack reaction conditions [33]. For compound
7e, the N-thiazoly-2-yl sulfonamide was hydrolyzed to sulfonic acid



4 PA. Elzahhar et al. / European Journal of Medicinal Chemistry 200 (2020) 112439

(see supporting information). Finally, the target aldoximes (8a-d)
were attained by treating the respective carbaldehydes (7a,b,d,e)
with a slight excess of hydroxylamine hydrochloride in the pres-
ence of sodium acetate/ethanol.

It is noteworthy to mention that compounds 4a-e, 5a-e, 6a-e
and 8a-d exist solely as the favorable E geometric isomers as re-
ported in literature for similar compounds [34—38]. Moreover,
integrity of the structures of the newly synthesized compounds
was substantiated by microanalytical analyses, IR, 'H NMR, >C NMR
and MS data (refer to chemistry experimental section and sup-
porting information).

2.2. Biological evaluation

2.2.1. In vitro COX-1 and COX-2 inhibitory activities

Compounds 2a-e, 3a-e, 4a-e, 5a-e and 8a-d were tested for
in vitro COX-1/COX-2 inhibitory activities using an ovine COX-1/
human recombinant COX-2 assay kit (Catalog no. 560131;
Cayman Chemicals Inc. Ann Arbor, MI, USA). Activities were
expressed as concentrations producing 50% enzyme inhibition (ICsq
uM). Selectivity index (SI) values were also calculated as IC5g (COX-
1)/IC5¢ (COX-2) to gauge their safety. The non-selective cyclo-
oxygenase inhibitors (indomethacin and diclofenac) and the COX-2
selective inhibitor celecoxib were used as positive controls.

As outlined in Table 1; all compounds were more potent COX-2
inhibitors than indomethacin and diclofenac with two-digit
nanomolar to submicromolar ICsp values (0.04—0.42 puM). They
displayed weak inhibition of COX-1 in comparison to indomethacin
and diclofenac with IC5g values in the range of 5.6—14.2 M.

In comparison to celecoxib, compounds 5d, 5e, 8c and 8d were
more potent as COX-2 inhibitors while compounds 4c-e, 5b, 8a and
8b were equipotent. In addition, compounds 4b, 5a and 5c¢ were
nearly comparable to celecoxib.

Interestingly, all compounds displayed balanced weak COX-1
and more potent COX-2 inhibition with selectivity indices (SI)
varying from 14 to 260. Compounds 5d, 5e, 8c and 8d had their SI
values more than celecoxib (310—355 vs 294 for celecoxib,
respectively). The aforementioned SI values are superior to non-
selective COX inhibitors while those inferior to celecoxib, could
also be regarded as advantageous by potentially avoiding the car-
diovascular events associated with the highly selective COX-2 in-
hibitors [39].

A careful inspection of the structures of the tested compounds
revealed that the starting triazolyl ethanones 2a-e displayed sub-
micromolar [Csp values for COX-2 inhibition in the range of
0.11—-0.42 uM, albeit operating at one order of magnitude of activity
higher than celecoxib. Among this series, the highest activity was
observed with the chloro- and sulfonamide-substituted derivatives
2a and 2d while the carboxylic acid congener 2c was the least
active.

Condensation of 2a-e into the semicarbazones 3a-e did not
improve COX-2 inhibitory activity (ICsg = 0.27—0.42 uM). They
showed 12—19% the activity of celecoxib with their potencies in the
following descending order: 3b (F) > 3c (COOH) > 3a (Cl) > 3e
(sulfathiazole) > 3d (SO,NH,).

Meanwhile, except for the chloro thiosemicarbazone 4a,
condensation of the ethanones 2b-e into the thiosemicarbazones
4b-e resulted in remarkable enhancement of COX-2 inhibitory ac-
tivity expressed as two-digit nanomolar ICsg values and higher
selectivity indices (137.1—260). Replacement of the semicarbazone
oxygen atom with a sulfur atom in compounds 4b-e seemed to
greatly influence the activity. This might be conferred to the larger
size of the sulfur atom which is capable of occupying the wider
cavity of COX-2 binding site along with the resultant molecular
interactions. The carboxylic acid (4c), sulfonamido (4d) and

sulfathiazole (4e) derivatives 4e were equipotent to the positive
control celecoxib (ICsp = 0.05 pM). Whereas, the fluoro thio-
semicarbazone 4b exerted approximately 71% the activity of
celecoxib.

Furthermore, cyclization of the thiosemicarbazones into the
thiazole derivatives 5a-e proved to be a favorable structural
modification producing strong COX-2 inhibition with.

1C50 values ranging from 0.04 to 0.07 uM. As observed with their
precursors 4d and 4e, the sulfonamido 5d and sulfathiazole 5e
derivatives were the most potent (ICsq = 0.04 uM) in this series.
They were even more potent (20% increase) and selective than
celecoxib (SI = 310 and 355 Vs 294 for celecoxib). Other derivatives
in this series displayed comparable potency to celecoxib
(IC50 = 0.05—0.07 pM) and were in the following order of activity;
5b (F) > 5a (Cl) > 5¢ (COOH).

Hybridization between triazole ring and pyrazole-4-
carbaldehyde oxime fragment afforded compounds 8a-d, which
were effective nanomolar inhibitors of COX-2 enzyme
(IC50 = 0.04—0.05 pM). Intriguingly, the sulfonamide 8c and the
sulfonic acid derivative 8d achieved both 20% increase in activity
and higher SI when compared to celecoxib. The sulfonamide de-
rivative 8c demonstrated superior activity to celecoxib
(IC50 = 0.042 puM). The halogen-bearing derivatives 8a (Cl) and 8b
(F) were equipotent to celecoxib.

Collectively, the thiosemicarbazones 4b-e, thiazoles 5a-e and
pyrazoles 8a-d exhibited potent nanomolar inhibition of COX-2
enzyme with ICsg values ranging from 0.04 to 0.07 pM.

2.2.2. In vitro 15-LOX inhibitory activity

The same twenty-four compounds were examined for their
capability to inhibit 15-LOX enzyme in vitro using soybean 15-LOX
inhibitor screening assay kit (Catalog no. 760700; Cayman Chem-
icals Inc. Ann Arbor, MI, USA). Both soybean and human 15-LOX
enzymes share a high degree of structural homology reaching
more than 50% around 10°A from the catalytic binding site [23]. The
12/15-LOX inhibitor, quercetin, was used as reference positive
control [23]. Overall, all compounds operated at the same order of
magnitude of activity as that of quercetin. More specifically, the
thiosemicarbazones 4b-e, thiazoles 5a-e and pyrazole oximes 8a-
d were significantly potent with ICsg values ranging from 1.19 (for
5e) to 2.42 (for 4b) uM, corresponding to approximately 2.8 and 1.4
times the activity of quercetin (ICsp = 3.34 uM), respectively.
Compounds 2a and 2d (ICsg = 3.65 uM) were nearly as active as
quercetin while the ethanones 2b, 2c and 2e, the semicarbazones
3a-e and the thiosemicarbazone 4a were less potent than quercetin
(ICs50 = 4.51—6.84 uM). Intriguingly, 15-LOX inhibitory activities of
the test compounds were concordant with their respective COX-2
inhibitory activities.

The following structure-activity correlations could be high-
lighted; cyclization of the thiosemicarbazone derived from the 4-
chlorophenyl azide 4a into the triazolyl thiazole 5a had a positive
impact on activity shifting the 1Cso value from 5.33 to 1.68 pM.
Along the same track, both the fluoro and sulfonamide thiazoles
5b,d displayed higher activity than the precursor thio-
semicarbazones 4b,d (1.83, 1.34 vs 2.42, 1.51, respectively). As for
the sulfathiazole congener, its conversion from the thio-
semicarbazone 4e to the thiazole 5e afforded the most potent 15-
LOX inhibitor in the whole study (ICsg = 1.19 vs 3.34 uM for quer-
cetin). The only exception for that trend was noticed with the
carboxylic acid derivative where shifting from the thio-
semicarbazone 4c¢ to the thiazole 5c slightly reduced the activity.
Regarding the triazolyl pyrazole oximes 8a-d, the highest activity
was achieved by the sulfonamido derivative 8¢ showing ICsg value
of 1.29 uM making it the second most potent 15-LOX inhibitor in
the study. Replacement of the —SO;NH> group in 8¢ with -Cl group
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Table 1
In vitro COX-1, COX-2, 15-LOX inhibitory 1C5y values and COX SI values of the target compounds.
Cpd ID Structure 1C50 uM*? SI COX-1/COX-2°
COX-1 COX-2 15-LOX
Celecoxib — 14.7 0.05 — 294.0
Indomethacin — 0.04 0.49 — 0.08
Diclofenac Na - 39 0.8 - 49
Quercetin — — — 334 —
2a Nepy 79 0.12 3.65 65.8
ferHa
HG  §
2b Ney 7.3 0.23 4.75 31.7
F N
=\ CHz
HC o
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e
HiC g
2e 5.8 0.29 4.72 20.0

N, Nap
N
[S}—HNOESQ %T/CHa
HC &
3a Ny 5.6 0.32 6.84 17.5
] o]
o~
>Q},Nw A

~ N7 “NH,
H:C hac :
3b Ny 8.4 027 472 311
F N a
%/N\ Py
~ N7 “NH,
HeC &
3c Nen 6.9 0.29 451 23.8
HOOC N N j‘\
~ N7 ONH,
HC e
3d Noy 5.9 0.42 474 14.0
HZNOZS—Q—N Ll j
\H\(4 NTUNH,
HC pe
3e N Ny 79 0.34 6.52 232
[‘}—HNOZS@—N L j
s “ N7 UNH
HC c :
4a Ney 79 0.24 533 32.9
cl Nl i
“ NN,
HC 6
4b Nz 9.6 0.07 242 137.1
F N S
N
/ Z N7 NH
2
HC Hye
4c Ney 116 0.05 1.65 232.0
HOOC@N N j\
“ N7 NH,
H:C p.c
ad Ney 13.0 0.05 151 260.0
HQNOQSQN L JSL
~ N7 UNH,
HiC H,e
4e N Nz 103 0.05 1.69 206.0
[ \)—HNOZSAQN B 3
s YJ\I”N‘N’[LNH
HC e :
5a . N'N:N S/@' . 119 0.06 1.68 198.3
<:> }%\r/N\N);‘N
HeC e H

(continued on next page)
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Table 1 (continued )

Cpd ID Structure 1C50 uM* SI COX-1/COX-2"
COX-1 COX-2 15-LOX
5b Ny > ¢l 119 0.05 1.83 238.0
F‘@W)/\,N )\N <’
HaC e N
5¢c 109 0.07 1.76 155.7
HOOC—@ \/N /j[} J\ﬁ -cl
Ha o HyC o
5d = 124 0.04 1.34 310.0
o
HaNO,S— /_\\—N /‘ I:X &_J/
&/ ‘)’\/ Nf
HiC e H
5e N- =\ 142 0.04 1.19 355.0
r ‘) HNO, Sﬁm BJ\ { c
fN
HG HyC B
8a _NOH 129 0.05 147 258.0
N=N
WN Y
ol CHa N-N
8bh _NOH 109 0.05 1.98 218.0
N=N
F N N-N
CHs
o
8c n _-NOH 124 0.04 1.29 310.0
N\’/)\{%
H,NO,S o, N
D
8d _NOH 139 0.04 191 3475

¢ 1Csp is the concentration (uM) required to produce 50% inhibition of COX-1, COX-2 and 15-LOX enzymatic activity. All values are expressed as mean of three replicates with

standard deviation less than 10% of the mean.
b Selectivity index (SI) = 1Csq (COX-1)/1Cs0 (COX-2).

in 8a slightly decreased the activity, which was further reduced
upon substitution with —F (8b) and —SOsH groups (8d).

Exhaustively, 15-LOX inhibition assay results proposed com-
pounds 4c-e, 5a-e and 8a-d as good single-digit micromolar in-
hibitors with ICsq values in the range of 1.19—1.98 pM.

Cognizant of our aim to target human LOX, we acknowledge the
necessity of validating the activity of these compounds against the
human enzyme. As well, it is equally important to confirm LOX
inhibition via gauging its downstream products in cell-based as-
says. Indeed, our selection of targeting 15-LOX enzyme in the
present study was based on the fact that our group previously
proved the ability of some 1,2,3-triazoles to reduce 20-HETE pro-
duction in THP-1 monocytes [23].

2.2.3. Carbonic anhydrase inhibition

The most active compounds in COX/LOX inhibition assays as
well as those carrying CA-binding functionalities were tested
in vitro for their inhibitory activity against the physiologically
relevant hCA isoforms I, II, IX and XII by means of the stopped-flow
carbon dioxide hydration assay [40]. Their activities were
compared to the standard CA inhibitor acetazolamide (AAZ).

On the basis of the kinetic data reported in Table 2, triazole

derivatives 2d-e, 3d-e, 4b-e, 5a,c-e and 8a-d showed remarkable
variation among the different CA isoforms and the following
structure—activity-relationships (SARs) can be drawn:

i) As far as the activity against the cytosolic widespread
enzyme hCA I was concerned, it was efficiently inhibited by
compounds carrying primary sulfonamide moiety (2d, 3d, 4d
and 5d) in the medium nanomolar range (K;j 73.0—252.0 nM),
with the exception of compound 8c (K; 4626 nM). On the
other hand, introduction of secondary sulfonamide group on
compounds 2e, 3e, 4e and 5e led to either a drastic decrease
in their potency, showing high micromolar range (K;
46,328—51001 nM) or a complete loss of activity as seen with
derivatives 4e and 5e. An interesting inhibition profile was
observed for compound 5c in which it was capable of
inhibiting this isoform in the medium nanomolar range (K;
550.8 nM) as well as hCA I (K; 565.7 nM), without bearing
the well-known sulfonamide zinc binding group. Moreover,
the sulfonic acid derivative (8d) showed a weak inhibition
against hCA I (K; 18,340 nM).

ii) The second abundant human cytosolic isoform, hCA II, was
strongly inhibited by derivatives carrying primary
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Table 2

Inhibition data of human CA isoforms hCA I, II, IX and XlI for 2d-e, 3d-e, 4b-e, 5a,c-e
and 8a-d derivatives using the standard acetazolamide (AAZ) by a stopped flow CO,
hydrase assay.

Table 3

Cytotoxicity (1Csq, tM) of selected compounds towards human lung fibroblast non-
tumoral cell line (WI-38) and their percentage inhibition (at 100 uM) of lung A549,
liver HepG2 and breast MCF7 cancer cell lines.

Cpd ID K (nM)* Cpd ID 1Cs0 (M) % Inhibition® (100 pM)

hCA hCAll hCA IX hCA XII WI-38 A549 HepG2 MCF7
2d 73.0 79 9118 82.6 2d 390.6 NIP 361 17.68
2e 51,001 6280 >100,000 >100,000 3d 364.9 18.17 NI 5.80
3d 212.6 164 4218 19.8 4b 405.8 NI 19.76 6.52
3e 46,328 6864 >100,000 >100,000 4c 4796 NI NI 46.64
4b >100,000 >100,000 >100,000 >100,000 ad 3775 3.88 NI 36.12
4c >100,000 416.1 >100,000 >100,000 4e 4583 11.33 22.12 20.71
ad 835 319 7270 153 5a 3789 77.53 74.4 91.30
4e >100,000 62,533 >100,000 >100,000 5b 413.7 11.95 20.73 33.46
5a >100,000 >100,000 >100,000 >100,000 5¢ 460.7 67.00 141 40.44
5¢ 550.8 565.7 >100,000 >100,000 5d 388.4 68.10 59.05 37.20
5d 252.0 14.1 7893 134 5e 467.7 51.14 56.01 39.94
5e >100,000 >100,000 >100,000 >100,000 8a 4025 69.73 78.98 97.85
8a >100,000 >100,000 >100,000 >100,000 sh 3934 92.42 88.99 98.21
sb >100,000 >100,000 »100,000 >100,000 8c 3789 12.29 768 83.44
8c 4626 2392 2254 154.4 8d 4495 NI 12.47 4354
8d 18,340 7710 »100,000 >100,000 Celecoxib 4329 86.15 77.88 89.86
AAZ 250 121 258 5.7 5-FU 785 89.29 80.67 90.72

* The inhibition constant, K;, denotes the equilibrium constant of the dissociation
of the inhibitor-bound enzyme complex.

4 Mean from 3 different assays, by a stopped flow technique (errors were in the
range of + 5-10% of the reported values).

sulfonamide moiety (2d, 3d, 4d and 5d) in low nanomolar
range (Kj 7.9—31.9 nM) and, as mentioned above, when pri-
mary sulfonamide is replaced by a secondary one, the po-
tency drastically decreased to the micromolar range (K;
6280—62533 nM). The medium nanomolar activities of de-
rivatives 4c¢ and 5c¢ (Kj 416.1-565.7 nM) might be attributed
to the good zinc binding capability of carboxylic group.
Interestingly, compound 4c showed selective inhibition
against this isoform. Again, sulfonic acid 8d showed a weak
inhibition against hCA II (K; 7710 nM).

iii) The membrane-bound, tumor-associated, hCA IX, was
weakly inhibited by primary sulfonamide compounds 2d, 3d,
4d and 5d (K; 2254—9118 nM) and the remaining com-
pounds, here reported, did not show any significant inhibi-
tion against this isoform.

iv) The second membrane-bound, tumor-associated, hCA XII,
was efficiently inhibited by compounds with primary sul-
fonamide moiety (2d, 3d, 4d and 5d) in the low nanomolar
range (K; 13.4—82.6 nM) and derivative 8c in medium
nanomolar range with K; 154.4 nM. On the other hand,
compounds bearing a secondary sulfonamide or other zinc
binding groups did not show any significant inhibition
against hCA XII.

2.2.4. In vitro anti-proliferative activity

The most active compounds in the aforementioned in vitro
enzymatic assays were evaluated for their cytotoxic effects against
normal human lung fibroblasts (WI-38) using 5-fluorouracil (5-FU)
as reference applying sulforhodamine B (SRB) assay protocol
[41,42]. As shown in Table 3, ICsg values recorded for the test
compounds were in the range of 364.9—479.6 uM, compared to
78.5 uM for 5-FU, and hence, indicating their safety. In comparison
to celecoxib (ICsg = 432.9 uM), compounds 4c, 4e, 5¢, 5e and 8d
exhibited higher safety margin (ICsg = 449.5—479.6 uM).

Anti-proliferative activity of compounds 2d, 3d, 4b-e, 5a-e and
8a-d was evaluated against three cancer cell lines namely; non-
small cell lung cancer A549, liver cancer HepG2 and breast cancer
MCE-7 cell lines. Celecoxib and 5-FU were used as reference drugs.

2 All values are expressed as mean of three replicates with standard deviation less
than 10% of the mean.
5 NI - no inhibition.

Results are listed in Table 3, and expressed as percentage inhibition
values at a concentration of 100 uM.

Generally speaking, anticancer activity was more pronounced
among the triazolyl thiazoles (5a,c-e) and triazolyl pyrazoles (8a-c).
Regarding activity against A549 cell line, compound 8b showed the
highest % inhibition (92.42%) compared to 86.15 and 89.29% for
celecoxib and 5-FU, respectively. Compounds 5a,c-e and 8a dis-
played percentage growth inhibition in the range of 51.14—77.53%.
As for HepG2 cell line, almost the same pattern of activity was
observed with 89% inhibition shown by compound 8b. While
compounds 5a,d,e and 8a exhibited 56.01—78.98% inhibition,
compared to 77.88 and 80.67% for celecoxib and 5-FU, respectively.
As far as MCF7 cell line was concerned, it was the most susceptible
cell line, with compounds 5a and 8a,b showing higher magnitude
of activity (91.30—98.21% inhibition) with respect to both reference
drugs (89.86 and 90.72% for celecoxib and 5-FU, respectively) and
other cell lines as well. As an exception, compound 8c exerted
lower percentage inhibition (83.44%) than the reference drugs.

The most potent seven compounds showing more than 50%
inhibition on the respective sensitive cell lines were further tested
for ICs5p values calculations as illustrated in Table 4. Compounds 5a
and 8b,c showed significant growth inhibitory activity with single-
digit micromolar ICsg values in the range of 2.37—8.9 uM. In detail,

Table 4
In vitro anti-proliferative activity of the most active compounds 5a,c-e and 8a-c
against lung A549, liver HepG2 and breast MCF7 cancer cell lines.

Cpd ID IC50 (uM)?

A549 HepG2 MCF7
5a 8.9 237 2.69
5¢ 73.1 - -
5d 28.5 724 -
S5e 993 895 -
8a 55.7 26.5 21.97
8b 27 31.1 5.32
8¢ — — 3.2
Celecoxib 17.5 0.36 2.56
5-FU 0.69 0.52 0.59

2 All values are expressed as mean of three replicates with standard deviation less
than 10% of the mean.
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IC5p values for compound 5a were 8.9, 2.37 and 2.69 pM against
A549, HepG2 and MCF7 cell lines, respectively. It was two times as
potent as celecoxib (17.5 uM) on A549 and almost equipotent on
MCF7 (2.56 uM) cell line. Other triazolyl thiazoles 5c-e displayed
weak activities with ICsp values in the range of 72.4-99.3 uM
except for compound 5d which exhibited moderate activity on
A549 cell line (28.5 uM). With regard to the triazolyl pyrazole ox-
imes series, compound 8a exerted moderate activity against both
HepG2 and MCF7 cell lines (26.5 and 21.97 uM, respectively) while
its activity against A549 cell line was weak (55.7 uM). Whereas
compound 8b demonstrated moderate activity against A549 and
HepG2 cell lines (27 and 31.1 uM, respectively). Additionally, it
showed almost one half the potency of celecoxib on MCF7 cell line
(5.32 and 2.56 uM, respectively). Along the same line, compound 8c
showed 80% the activity of celecoxib on MCF7 cell line. Generally,
all compounds were less potent than the standard 5-FU on the
three tested cell lines.

2.2.5. Inhibition of 6-keto-prostaglandin-F1« expression cell-based
assay

To further confirm the inhibitory activity of 5a and 5d on COX-2
enzyme, the effect of these compounds on the production of 6-
keto-PGF1a was evaluated. 6-Keto-PGF1a. is a prostacyclin metab-
olite commonly used in the literature to reflect endogenous COX-2
activity [43,44]. For this purpose, two COX-2 expressing cancer cell
lines, HT-29 and THP-1 macrophages, were used [45,46]. Prior to 6-
keto-PGF1a ELISA, a cytotoxicity assay of the compounds was
conducted for each cell line. Compounds 5a, 5d, and the reference
diclofenac demonstrated a concentration-dependent cytotoxicity
(Fig. 2A). Thus, drug concentrations yielding equal cell viability
were selected for the ELISA assay for relevant comparison. In line
with the differences in the measured IC5q values of COX-2 inhibi-
tion between diclofenac, 5a, and 5d (0.8, 0.06, and 0.04 pM,
respectively), treatment of cells by 5a and 5d led to a great
reduction in 6-keto-PGF1la concentration compared to diclofenac.
LPS-challenged HT-29 cells treated with 5a and 5d produced much
less 6-keto-PGF1a. (Cs; = 2.1 pg/ml and Csq = 3.2 pg/ml) in com-
parison to the COX inhibitor diclofenac (Cgjclo = 26.98 pg/ml). A
similar observation was seen with THP-1 cells (Cs; = 3.31 pg/ml,
Csq = 8.15 pg/ml, and Cgjclo = 21.65 pg/ml). Altogether, these results
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confirm the inhibitory actions of these drugs on the production of
COX-2 metabolites, hence COX-2 enzyme activity.

Of peculiar interest in this experiment is the difference in
cytotoxic effect between the two cell lines despite equal inhibition
of the COX-2 product metabolite by 5a and 5d (Fig. 2A). Particularly,
5d did not lead to any appreciable cell death in THP-1 cells despite
that both 5a and 5d showed potent cytotoxicity on HT-29 cell. This
might be attributed to the CA inhibitory effect exerted by 5d, since
HT-29 cells are known to have a much higher basal expression of CA
than THP-1 cells [47].

2.2.6. Investigation of apoptotic capacity of compounds 5a and 5d
in MCF-7 cells

Apoptosis is a type of programmed cell death. Its dysregulation
is commonly connected to diseased states such as cancer [48]. It is
mediated through the activation of a proteolytic caspase cascade,
which can be grouped into initiator and effector caspases. Initiator
caspases (2, 8, 9, and 10) launch the process and effector caspases
(3, 6, and 7) break down molecules that are vital for cell survival
[48].

This quality control machinery is also regulated by the Bcl family
of proteins which comprise proapoptotic and antiapoptotic pro-
teins. Bcl-2 associated X protein (Bax) and Bcl-2 antagonist Killer
(Bak) belong to the proapoptotic members [48]. While, Bcl-2 and
Bcl-xL possess antiapoptotic functions. The balance between pro-
and antiapoptotic proteins dictates the fate of a cell [48].

On the other hand, the correlation between the arachidonate
pathway enzymes (COX-2 and LOX) and downregulation of
apoptosis, has been recently established [6,15]. In addition, prior
studies pointed out the role of carbonic anhydrase XII inhibition in
induction of apoptosis in T-cell lymphomas [49]. Hence, we inves-
tigated the apoptosis-inducing capability of two of the most active
compounds (5a and 5d) via cell cycle analysis and determination of
levels of expression of some representative apoptotic markers.

2.2.6.1. Flow cytometric cell cycle analysis. Targeting phases of the
cell cycle of cancerous cells has been largely pursued for anticancer
outcomes. Hence, the effect of the most active compounds 5a and
5d on cell cycle distribution in MCF-7 and A549 cells, respectively,
was analyzed (Fig. 3). Results of the DNA flow cytometric assay
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Fig. 2. A, Cytotoxicity of diclofenac, 5a, and 5d on THP-1 cells (human acute monocytic leukaemia) and HT-29 cells (human colorectal adenocarcinoma). B, Inhibition of 6-keto-
PGF1a production in THP-1 and HT-29 cells by 100 uM of 5a and 5d compared to diclofenac (300 pM, a concentration yielding equal cytotoxicity). * denotes a P-value < 0.05 vs.
diclofenac assessed by one-way ANOVA followed by Tukey multiple comparisons test.
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Fig. 3. Effect of compounds 5a (left panel) and 5d (right panel) on the phases of cell cycle in comparison to 5-FU and control in MCF7 and A549 cells, respectively.
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showed that the percentage of MCF-7 cells in GO/G1 phase of the
cell cycle was reduced from 51.72% in the control to 36.41% and
34.09% (corresponding to 1.4- and 1.5-folds decrease compared to
control) after treatment with compound 5a and 5-FU, respectively.
As for the S phase, the percentage of cells slightly decreased from
29.88% to 24.89% and 23.84% for the untreated, 5a-treated and 5-
FU-treated cells, respectively. This was accompanied by a notable
rise in percentage of MCF-7 cells at the G2/M phase from 18.4% to
38.7% and 42.07% (corresponding to 2.1- and 2.3-folds increase
compared to control) for the control, 5a-treated and 5-FU-treated
cells, respectively. Besides, Pre-G1 phase recorded an increase in
DNA content from 1.96% to 19.36% and 27.52% (corresponding to
9.9- and 14-folds increase compared to control) for the untreated,
5a-treated and 5-FU-treated cells, respectively. Along the same line,
compound 5d affected cell cycle phases of A549 cells in a similar
fashion to 5a on MCF7. Of particular interest, G2/M phase demon-
strated an increase in DNA content from 9.86% to 44.85%, corre-
sponding to 4.5-folds increase with respect to control while 5-FU
led to only 37.82%. Intriguingly, DNA content observed in Pre-G1
phase was 31.22% (for 5d) and 28.08% (for 5-FU) from 1.93% for
control cells.

Based on the aforementioned data, increased DNA content at
Pre-G1 and G2/M phases clearly suggested that apoptosis induction
and G2/M cell growth arrest to be partially responsible for the
anticancer effect of compounds 5a and 5d.

2.2.6.2. Annexin V-FITC/propidium iodide analysis of apoptosis.
To further confirm the apoptotic-inducing potential of compounds
5a and 5d in MCF-7 and A549 cells, respectively, dual staining assay
with annexin V-FITC/propidium iodide (AV/PI) was conducted
(Fig. 4 and Table 5).

This analysis revealed that treatment of MCF-7 cells with
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compound 5a afforded a considerable increase in the percentage of
annexin V-FITC-positive apoptotic cells, comprising both the early
(from 0.4% to 5.88% and 7.26% for compound 5a and 5-FU, respec-
tively) and late apoptotic (from 0.29% to 11.29% and 17.71% for
compound 5a and 5-FU, respectively) phases. Hence, compound 5a
displayed about 25-folds total apoptotic increase, when compared
to control along with showing 70% the apoptotic capacity of 5-FU. In
A549 cells, the percentage of annexin V-FITC-positive early
apoptotic cells increased from 0.63% to 9.15% and 4.29% upon
treatment with 5d and 5-FU, respectively. While, late apoptotic
cells changed from 0.29% to 19.56% (for 5d) and 20.68% (for 5-FU).
Therefore, compound 5d produced an overall apoptotic increase of
31- and 1.2-folds in comparison to control and 5-FU, respectively.

2.2.6.3. Effect on the expression levels of the initiator caspase-9 and
mitochondrial apoptotic markers Bcl-2 and bax. Being one of the
components of the intrinsic signaling pathway activating apoptosis
[48], the expression level of the initiator caspase-9 was probed
upon treatment of MCF-7 and A549 cells with compounds 5a and
5d, respectively, and compared to 5-FU. Data presented in Table 6
showed that compounds 5a and 5d produced 7.36- and 10.56-
folds increase in the expression level of caspase-9 in comparison
to controls. This represented 62% and 91% of the increase caused by
5-FU.

In order to gain more clues about the mechanisms by which
these compounds can induce apoptosis, we examined their impact
on the proapoptotic Bax and antiapoptotic Bcl-2 proteins. Results
demonstrated that compounds 5a and 5d upregulated the
expression of Bax by 5- and 7.82-folds in comparison to control,
representing around 78% and 88% of the increase brought about by
5-FU, respectively. Furthermore, Bcl-2 expression level was down-
regulated upon treatment with compound 5a, from 7.49 to 4.02 and
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Fig. 4. Effect of compounds 5a (upper panel) and 5d (lower panel) on the percentage of annexin V-FITC-positive staining in MCF-7 and A549 cells, respectively. Experiments were
performed in triplicates. The four quadrants identified as: LL: viable; LR: early apoptotic; UR: late apoptotic; UL: necrotic.
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Table 5
Distribution of apoptotic cells in the annexin V-FITC experiment.
Cell line Cpd ID Apoptosis Necrosis
Early (Lower Right %) Late (Upper Right %) Total
S5a 5.88 11.29 17.17 2.19
MCF7 5-FU 7.26 17.71 2497 255
Control 0.4 0.29 0.69 1.27
5d 9.15 19.59 28.74 248
A549 5-FU 4.29 20.68 24.97 3.11
Control 0.63 0.29 0.92 1.01
Table 6
Effect of compounds 5a and 5d on the expression levels of active caspase-9, Bax and Bcl-2 in MCF-7 and A549 cancer cells, respectively.
Cell line Cpd ID Caspase-9 Bax Bcl-2
Conc. (ng/ml) Fold change Conc. (pg/ml) Fold change Conc. (ng/ml) Fold change
MCF7 5a 13.02 + 0.8 7.36 2272+ 134 4.99 402 +0.2 0.54
5-FU 2087 + 15 11.80 2899 + 8.6 6.37 223 +02 03
Control 1.77 + 0.1 1 4546 + 3.6 1 749 + 0.1 1
A549 5d 12.69 + 0.3 10.56 329.7 + 6.3 7.82 4.59 + 0.2 0.51
5-FU 1398 + 0.2 11.63 376.9 + 8.2 8.93 6.21 +0.2 0.68
Control 1.2 + 01 1 42.16 + 6.2 1 9.04 + 0.1 1

2.23 ng/ml for the control, compound 5a and 5-FU, respectively.
Whereas compound 5d afforded more reduction in Bcl-2 expres-
sion than 5-FU (from 9.04 (control) to 4.59 and 6.21 ng/ml,
respectively) (Table 6).

2.2.7. In vivo antitumor activity in MCF-7 xenograft model

Given the significant CA XII and COX-2/15-LOX inhibitory ac-
tivities and in vitro anti-proliferative effect of compound 8c (as a
representative of the most active compounds), MCF-7 xenograft
model in immunocompromised BALB/c mice was established to
assess if the in vitro activity could be mirrored in vivo. First, LDsg
values were determined in newborn BALB/c mice [50] and found to
be 61.67 mg/kg for compound 8c and 57.2 mg/kg for 5-FU.

For immunosuppression, the mice received cyclosporin A (CsA,
Abcam) [51]. About 1 million MCF-7 cells in 100 pl of DMEM were
injected subcutaneously in abdominal fats of each animal
(26—38 g) to establish the xenograft model [52]. When the tumor
volume reached around 1 cm?, the tumor-bearing mice were
randomly divided into three groups; the control (vehicle-treated)
group, compound 8c-treated group and 5-FU treated group. An
intraperitoneal injection [ 14] of 23 mg/kg thrice a week, for each of
8c and 5-FU for 28 days was given. Tumor volume and mice body
weights were recorded every 7 days and the whole treatment
period lasted for four weeks.

As shown in Fig. 5, there was a rapid increase in tumor volume
for the control group, while both 8c and 5-FU treated groups
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showed decrease in tumor volume. Similar patterns for tumor
volume reduction were observed for both drugs along the treat-
ment period. After 28 days, the final tumor volumes for these two
groups were 0.45 and 0.41 cm?, respectively. Furthermore, only
slight decrease was observed in the body weight of 8c-treated
group (from 29.8 g at day 0—27.3 g at day 28) indicating low-grade
toxicity when compared to the control group (from 31.3 g at day
0—22.9 g at day 28). Whereas the decrease in body weight for the 5-
FU treated group was from 31.3 g at day 0—24.5 g at day 28. Hence,
compound 8c demonstrated promising potential for the develop-
ment of CA XII, COX-2/15-LOX multi-target inhibitors for cancer
therapy.

2.3. Molecular modeling

In order to explain the possible binding modes and molecular
interactions behind the inhibitory activities of the most active
compounds (5a, 5d, 8b and 8c), molecular docking studies were
conducted using Molecular operating environment software (MOE,
2016.0802).

Choice of the docking poses relied on the top-scored confor-
mations along with favorable binding interactions. Binding affin-
ities to the studied enzymes were estimated based on docking
scores, hydrogen bonds, and the relative positioning of the docked
compounds with respect to the co-crystallized ligands.

Molecular docking protocol was validated by re-docking the co-
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Fig. 5. In vivo antitumor effect of 8¢ and 5-FU on MCF-7 xenograft model. Tumor volumes (A) and body weights (B) were recorded on days 0, 7, 14, 21 and 28 after ip administration
of 8c and 5-FU at a dose of 23 mg/kg thrice a week. * denotes a P-value < 0.05 vs. control assessed by two-way ANOVA followed by Sidak multiple comparisons test.
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crystallized ligands; S58 (for COX-2), RS7 (for 15-LOX), A6N (for CA
II) and AZM (for CA XII) into the respective enzyme binding sites
(refer to Figures SM1-SM4, supporting information for interactions
of crystal structures). The original poses generated from PDB were
retrieved with root mean square deviation (RMSD) values in the
range of 0.218—16 A  and binding energy scores of —7.17
to —9.31 kcal/mol. This proved the robustness and reliability of the
used docking protocols.

The postulated docked poses for compounds 5a and 5d (Figs. 6
and 7) in their E-configuration, into COX-2 enzyme (PDB code
1CX2), showed that they occupied COX-2 active site and were
stabilized by a number of hydrophobic and polar interactions. The
p-chloro or sulfonamidophenyl ring lied deeply into the hydro-
phobic pocket formed by amino acid residues Arg120, Leu359 and
Leu531. Further stabilization of 5a occurred via pi-cation interac-
tion between p-chlorophenyl ring and Argl120 while for 5d a
hydrogen bond was formed between one of the sulfonamide oxy-
gens and Arg120 as well. Other interactions like pi-hydrogen bonds
were observed between thiazole ring of 5a and the key amino acids
Val523 and Ser353 along with hydrogen bond between imine ni-
trogen and Ser353. As for 5d, hydrogen bonds were noticed be-
tween sulfonamide oxygen and Tyr355, thiazole ring nitrogen and
Gly354 and hydrazineyl NH and GIn192. In addition, pi-hydrogen
contacts were formed between p-sulfonamidophenyl ring and
Tyr355 and triazole ring and Ser353.

With regard to the binding modes of compounds 8b and 8c
(Figs. 8 and 9), they perfectly lodged into the inner hydrophobic
cleft of the active site formed by amino acid residues Argl20,
Leu359 and Leu531. Binding was strengthened by formation of pi-
cation interaction between phenyl ring and the essential amino
acid residue Arg120. Also, pi-hydrogen bond was detected between
phenyl ring and Tyr355 and hydrogen bond between triazole ring
nitrogen and Phe518. For compound 8c, extra hydrogen bond
interaction was found between p-sulfonamidophenyl ring and
Leu352.

Analysis of the most energetically profitable poses of com-
pounds 5a, 5d, 8b and 8c into 15-LOX enzyme (PDB code 1LOX)
showed that they accommodated perfectly into the hydrophobic U-
shaped cavity of the enzyme active site, where the catalytic iron sit
near to its base, in coordination with histidines 361, 366, 545 and
11e663.

The four compounds were surrounded by side chains of hy-
drophobic amino acids Phe175, Phe353, Leu362, Phe415, Met419,
[le593 and Leu597. For compounds 5a and 5d (Figs. 10 and 11), they
showed exactly the same binding pattern where hydrogen bond
was formed between Ala404 and triazole ring nitrogen. Also, four
pi-hydrogen bonds were formed between thiazole ring and Glu357,

the pharmacophoric thiazole and triazole rings and Leu 408 and
finally between p-chloro or sulfonamidophenyl rings and Phe175.
An extra hydrogen bond was noticed between one of the sulfon-
amide oxygens of 5d and GIn596.

Upon docking the pyrazole oxime 8b (Fig. 12), pi-hydrogen
interaction was observed between p-fluorophenyl ring and
Glu357. Moreover, two hydrogen bonds were established; one of
them between oxime OH group and Asn401 and the other between
phenyl ring and Ile663. Whereas, compound 8c showed Dpi-
hydrogen bonds between sulfonamide nitrogen and Phe415 and,
phenyl ring and Leu408. Arene-arene contacts were set up between
1,2,3-triazole ring and His361. Besides, formation of hydrogen
bonds occurred between oxime nitrogen and Asn401 and, one of
the pyrazole hydrogens and Ile 400 and one of the sulfonamide
oxygens and Phe353 (Fig. 13).

For docking into COX-2 and 15-LOX enzymes, it should be
pointed out that the binding poses of triazolyl thiazoles (5a over
5d) or the triazolyl pyrazoles (8b over 8c) were almost superim-
posable on one another, as shown in Fig. 14 as a representative
example.

Molecular docking experiment of the sulfonamide derivative 5d
into hCA Il enzyme (PDB code: 5LJT) and hCA XII (PDB code: 1JDO),
showed that it lied deeply into the active sites of both enzymes.
They were bound to neighboring amino acids in a classical mode for
sulfonamide zinc binder carbonic anhydrase inhibitors (Figs. 15 and
16). In detail, the nitrogen atom of the sulfonamide group bonded
directly to the zinc atom of CA II (distance = 2 A) distorting the
tetrahedron Zn coordination. Furthermore, an extra ionic contact
occurred between one of sulfonamide oxygen and Zn atom. Also,
the other sulfonamide oxygen participated in hydrogen bond
(distance =2.9 A) with the backbone nitrogen atom of Thr199.
Moreover, more contacts were observed in case of hCA XII enzyme
such as pi-hydrogen interaction between p-sulfonamidophenyl
ring and Leu198 in addition to hydrogen bond formed between the
latter ring and Thr200. Also, hydrogen bond was established be-
tween oxygen atom of sulfonamide group and Thr200.

To sum up, the best-docked poses of compounds 5a, 5d, 8b and
8c in the active sites of COX-2, 15-LOX, hCA Il and hCA XII enzymes
showed that most of the interactions adopted by these compounds
were shared with S58, RS7, A6N and AZM crystal structures (refer
to Figures SM1-SM4, supporting information for interactions of
crystal structures), respectively. For COX-2 enzyme, these key in-
teractions were exemplified by Arg120, Tyr355, Leu352 and Ser353
and Val523. Whereas for 15-LOX enzyme, all the compounds
occupied the U-shaped hydrophobic channel formed by side chains
of hydrophobic amino acids Phe175, Phe353, Leu362, Phe415,
Met419, I1e593 and Leu597 in addition to arene-arene interaction

Fig. 6. Docking and binding pattern of compound 5a into COX-2 active site (PDB 1CX2) in 3D (left panel), 2D (right panel) views.
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Fig. 7. Docking and binding pattern of compound 5d into COX-2 active site (PDB 1CX2) in 3D (left panel), 2D (right panel) views.

o@o

Fig. 8. Docking and binding pattern of compound 8b into COX-2 active site (PDB 1CX2) in 3D (left panel), 2D (right panel) views.
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19120

Fig. 9. Docking and binding pattern of compound 8c into COX-2 active site (PDB 1CX2) in 3D (left panel), 2D (right panel) views.

with His361 (for 8c). For hCA II and hCA XII enzymes, 5d showed
the same interaction patterns as A6N (for hCA II) and AZM (for hCA
XII) where the sulfonamide nitrogen anchor zinc atom in addition
to binding with the key amino acids Thr199 and Leu198 (for hCA II)
and Thr199, Thr200 and Leu198 (for hCA XII).

2.4. Insilico prediction of physicochemical properties, drug likeness,
pharmacokinetic profile and ligand efficiency metrics

Early determination of physicochemical and pharmacokinetic
characters is of paramount importance in drug development

programs as it can dramatically enhance the efficiency of lead
optimization step [53].

Accordingly, in silico physicochemical properties, drug likeness
and pharmacokinetic parameters of the most active compounds 5a,
5d, 8b and 8c were predicted by FAF-drugs4 online server [54,55],
Pre-ADMET [56] and Datawarrior software [57] (Table 7). They
showed good oral bioavailability in light of Lipinski’s rule of five,
Veber and Egan rules [58—60]. Compounds 5a and 8b showed
medium Caco-2 permeability while 5d and 8c showed low Caco-2
permeability. The four compounds exhibited low MDCK perme-
ability and high percentage of intestinal absorption. A positive
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Fig. 10. Docking and binding pattern of compound 5a into 15-LOX active site (PDB 1LOX) in 3D (left panel), 2D (right panel) views.

sn4gl
His366

Fig. 12. Docking and binding pattern of compound 8b into 15-LOX active site (PDB 1LOX) in 3D (left panel), 2D (right panel) views.

drug-likeness score was predicted for compounds 5d and 8c
whereas those for compounds 5a and 8b were negative. No PAINs
were detected indicating genuine activity. The structural alerts are
of low risk making the compounds of intermediate toxicity.

Other metrics, relating ligand’s potency to its physicochemical
properties, such as ligand efficiency (LE) and lipophilic ligand effi-
ciency (LLE), have been devised. The former dictates if molecular
size is responsible for potency while the latter employs lipophilicity
[61].

LE values of the four compounds regarding the three studied
enzymes, ranged from 0.25 to 0.37 which conform to the approved
minimum LE either for lead compounds (around 0.3) or more than
0.3 for drug candidates [62,63]. Moreover, LLE values for both COX-
2 and 15-LOX inhibitory activities for compounds 8b and 8c, as well
as the values for hCA XII inhibition for compounds 5d and 8c,
shown in Table 7, varied from 3.08 to 6.18, which agree with the cut-
off standard values either for lead compounds (>3) or drug can-
didates (>=5) [63]. Intriguingly, the aforementioned in silico
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Enmy: 21756

Fig. 13. Docking and binding pattern of compound 8¢ into 15-LOX active site (PDB 1LOX) in 3D (left panel), 2D (right panel) views.

predictions verified the convenience of these compounds as lead-

like candidates.
3. Conclusions

= : In order to tackle cancer via modulating different molecular
targets, we designed 1,2,3-triazole-based molecular frameworks

that would simultaneously inhibit COX-2, 15-LOX and tumor asso-
Figure 14. 3D diagram for overlaid docking poses of 8b (fuchsia) and 8¢ (cyan) in COX- ciated carbonic anhydrase enzymes. We envisioned that such
2 active site (PDB code: 1CX2) (left panel) and for overlaid docking poses of 5a (cyan) MTDLs would be more powerful tools to combat the complex
and 5d (fuchsia) in 15-LOX active site (PDB code: 1LOX) (right panel). multifaceted nature of cancer. The synthesized compounds based

Fig. 15. Docking and binding pattern of compound 5d into hCA Il active site (PDB 5LJT) in 3D (left panel, hydrogen bond appear as red dots and Zn atom appear as cyan sphere), 2D
(right panel) views. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig.16. Docking and binding pattern of compound 5d into hCA XII active site (PDB 1JD0) in 3D (left panel, hydrogen bond appear as red dots and Zn atom appear as cyan sphere), 2D
(right panel) views. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 7

In silico physicochemical properties, ADME and ligand efficiency data of compounds 5a, 5d, 8b and 8c.

5a 5d 8b 8c

LogP*" 62 414 323 17
M.wt** 44335 487.99 362.36 423.45
tPSA*I 96.23 164.77 83.95 152.49
NROTB** 5 6 4 5
HBD*! 1 3 1 3
HBA® 6 9 7 10
Lipinski violation®" 1 0 0 0
Drug likeness -0.24 1.82 -2.33 0.98
Solubility*! 659.84 2229.49 51939 12129.84
VEBER oral bicavailability™’ Good Good Good Good
EGAN oral bioavailability™* Good Good Good Good
Caco-2'™ 31.1 0.5 13.8 0.7
MDCK"" 0.2 0.12 0.7 1.7
HIA® 96.9 96.9 96.4 94.7
PAINs detection®? 0 0 0 0

Low risk oxime

Result intermediate intermediate intermediate intermediate
LE" (COX-2) 0.34 0.32 0.37 0.34
LLE* 0.62 258 474 6.18
LE (15-LOX) 0.27 0.25 0.29 0.27
LLE -0.86 1.08 3.17 4.69
LE (hCA XII) - 0.34 - 031
LLE - 3.08 - 5.61
< Physicochemical properties predicted by FAF-drugs4 server.

b Octanol-water partition coefficient predictor by XLOGP3 method.

¢ Molecular weight.

¢ Topological polar surface area.

j Number of rotatable bonds.

Number of H-bond donors.
Number of H-bond acceptors.

A

Solubility in mg/L.

Veber rule (rotatable bonds <10, tPSA <140).

Egan rule (tPSA <132 and -1<logP <6).
Physicochemical properties predicted by Pre-ADMET.

o=

Lr: Lipinski Rule violation (log P <5, H-bond donors <5, H-bond acceptors <10, and a molecular weight <500).

™ Apparent Caco-2 permeability (nm/sec) Permeability through cells derived from human colon adenocarcinoma; < 4 nm/sec (low permeability), values from 4 to 70 nm/sec

(medium permeability) and > 70 nm/sec (high permeability).

" Apparent MDCK permeability (nm/sec) Permeability through Madin—Darby canine kidney cells; < 25 nm/sec (low permeability), values from 25 to 500 nm/sec (medium

permeability) and > 500 nm/sec (high permeability).

° Human intestinal absorption %; values from 0 to 20% (poorly absorbed), values from 20 to 70% (moderately absorbed) and values from 70 to 100% (well absorbed).
P Pan Assay Interference Compounds are compounds that appear as frequent hitters (promiscuous compounds) in many biochemical high throughput screens.
9 Undesirable moieties and substructures involved in toxicity problems; intermediate means low-risk structural alerts with a number of occurrences below the threshold.

" Ligand efficiency.
* Lipophilic ligand efficiency.

on our design, were challenged in vitro at the abovementioned
molecular targets. The four compounds 5a, 5d, 8b and 8c have been
identified as both highly potent COX-2 inhibitors (ICsp ranging from
0.04 to 0.06 uM, COX-2 SI from 198 to 310), and moderately potent
15-LOX inhibitors (ICsg ranging from 1.29 to 1.98 uM). COX-2
inhibitory activity was confirmed in tumor cell-based model.
Interestingly, compounds 5d and 8c were capable of inhibiting the
tumor associated isoform hCA XII in low (Ki 13.4 nM) and medium
(Ki 154.4 nM) nanomolar ranges, respectively. Moreover, results of
in vitro antiproliferative activities on cancer cell lines showed that
compound 5a inhibited the growth of A549, HepG2 and MCF7 cells
with single digit micromolar ICs5g values (2.37—8.9 uM) while its
sulfonamide congener 5d was moderately active on A549 cells
(28.5 UM 1Csq value). Compounds 8b and 8c possessed significant
inhibitory activity on MCF7 cells (5.32 and 3.2 uM, respectively).
Significantly, CA inhibitory activity of 5d afforded an enhanced
cytotoxic activity against HT-29, with a high level of basal CA
expression, compared to other cell lines with low or no basal
expression. Besides, flow cytometric cell cycle analysis confirmed
compounds 5a and 5d to both arrest G2/M cell growth and trigger
apoptosis. They effectively increased the expression levels of
caspase-9 and the proapoptotic protein Bax and at the same time,

downregulated that of the antiapoptotic protein Bcl-2. Compound
8c reduced tumor size in an in vivo cancer xenograft model. Mo-
lecular docking experiments of the most active compounds on the
three targets substantiated their in vitro inhibitory activities,
highlighting essential binding interactions. Appropriate In silico
predictions and ligand efficiency indices provided additional sup-
port for their lead-like characters. Hence, these compounds
demonstrated their structural convenience to advance to further
optimization cycles as potential multi-target anticancer agents.

4. Experimental
4.1. Chemistry

All chemicals were purchased from commercial sources and
directly used without purification. Melting points were determined
in open-glass capillaries on Stuart Scientific melting point appa-
ratus (SMP10) and are uncorrected. Follow up of the reactions’ rates
was performed by thin-layer chromatography (TLC) on silica gel
pre-coated Merck aluminum GF;s4 plates, and the spots were
visualized by exposure to iodine vapors or UV-lamp at A 254 nm for
few seconds. Infrared spectra (IR) were recorded, using KBr discs,
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on a PerkinElmer 1430 infrared spectrophotometer at Institute of
Graduate Studies and Research, Alexandria University. Proton nu-
clear magnetic resonance spectra ('"H NMR) were scanned on
Bruker Avance III 400 MHz spectrometer. Data were analyzed using
MestRe-C and Topspin 3.1 software at NMR unit at the Faculty of
Pharmacy, Beni Suef University and at the microanalytical unit,
Faculty of Pharmacy, Cairo University using deuterated dime-
thylsulfoxide (DMSO-dg) as a solvent. Data were recorded as
chemical shifts expressed in ¢ values (ppm) relative to tetrame-
thylsilane (TMS) as internal standard. The type of signal splitting
was indicated by one of the following letters: s = singlet,
d = doublet, t = triplet, q = quartet, dd = doublet of doublet and
m = multiplet. 3C NMR spectra were scanned on Bruker spec-
trometer (100 MHz) at Center for Clinical Pharmacology, Wash-
ington University, School of Medicine. High resolution mass spectra
were run on Bruker 10 T APEX-Qe FTICR-MS at the College of Sci-
ence Major Instrumentation Cluster (COSMIC) LAB, Old Dominion
University, Norfolk, Virginia. Electrospray ionization mass spectra
(ESI-MS) were run on liquid chromatograph/mass spectrometer
Agilent 1100 LC/MS at Center for Clinical Pharmacology, Washing-
ton University, School of Medicine. Electron impact mass spectra
(EIMS) were carried out using direct inlet unit (DI-50) in the Shi-
madzu QP-5050 GC-MS at the Regional Center for Mycology and
Biotechnology, Al-Azhar University. Checking purity of the new
compounds was performed by elemental analyses (C, H, N and S)
using FLASH 2000 CHNS/O analyzer, Thermo Scientific at the
Regional Center for Mycology and Biotechnology (RCMB), Al-Azhar
University. The results were within +0.4% of the calculated values
for the proposed formulae. Compounds were named based on the
naming algorithm developed by CambridgeSoft Corporation and
used in ChemDraw Professional 16.0.1.4. Aryl azides (1a-e) [64] and
compounds 2a [65], 2b [66], 4a [67], 5a [68], 6a and 7a [33] were
prepared as previously reported.

4.1.1. General procedure for the synthesis of compounds 2a-e

A mixture of the appropriate aryl azide (1a-e) (5 mmol) and
acetylacetone (0.65 g, 0.64 ml, 5 mmol) was added to sodium
methoxide solution (7.5 mmol, prepared from 0.17 g of sodium and
10 ml of methanol). The mixture was stirred at room temperature
overnight until a precipitate was formed. For derivatives 2c-e, the
precipitate was washed with dil. HCl then dried and crystallized
from aqueous ethanol.

4.1.2. 4-(4-Acetyl-5-methyl-1H-1,2,3-triazol-1-yl )benzoic acid (2c)

Off white powder; yield 63%, m.p. 244—246 °C. IR (KBr, cm™1):
1699 (C=0 carboxylic acid), 1682 (C=0), 1553 (C=C). 'H NMR
(400 MHz, DMSO-dg): 6 2.57 (s, 3H, COCH5), 2.65 (s, 3H, CH3), 7.77
(d,] = 8.4 Hz, 2H, phenyl-C3 5-H), 8.18 (d, ] = 8.4 Hz, 2H, phenyl-C; 5-
H). 3C NMR (100 MHz, DMSO-dg): 4 10.3, 28.2, 125.8, 131.1, 133.4,
138.3, 138.5, 143.5, 167, 193.8. ESI-MS m/z: 246.1 [M* 1], 244.1
[M*"-1]. Anal. Calcd for Cy2Hy1N304 (245.23) C, 58.77; H, 4.52; N,
17.13. Found: C, 58.95; H, 4.78; N, 17.29.

4.1.3. 4-(4-Acetyl-5-methyl-1H-1,2,3-triazol-1-yl)
benzenesulfonamide (2d)

Buff powder; yield 66%, m.p. 222—224 °C. IR (KBr, cm™'): 3358,
3284 (NH,), 1689 (C=0), 1554 (C=C), 1359, 1168 (50,). 'H NMR
(400 MHz, DMSO-dg): 6 2.58 (s, 3H, COCH3), 2.66 (s, 3H, CHs), 7.62
(s, 2H, NHa, D20 exchangeable), 7.89 (d, ] = 8.4 Hz, 2H, phenyl-C; 5-
H), 8.08 (d, ] = 8.4 Hz, 2H, phenyl-Css-H). 3C NMR (100 MHz,
DMSO-dg): 6 10.2, 28.2, 126.5, 127.7, 137.8, 138.5, 143.5, 145.8, 194.
ESI-MS m/z: 281 [M* 1], 279 [M™ -1]. Anal. Calcd for C;;H12N403S
(280.30) C,47.13; H, 4.32; N, 19.99; S, 11.44. Found: C, 47.32; H, 4.59;
N, 20.16; S, 11.58.

4.1.3.1. 4-(4-Acetyl-5-methyl-1H-1,2,3-triazol-1-yl)-N-(thiazol-2-yl)
benzenesulfonamide (2e). Light brown powder; yield 70%, m.p.
212—213 °C. IR (KBr, cm™'): 3458 (NH), 1684 (C=0), 1540 (C=C),
1311, 1148 (S=0). 'H NMR (400 MHz, DMSO-dg): 6 2.56 (s, 3H,
COCH3), 2.65 (s, 3H, CH3), 6.90 (d, ] = 4.8 Hz, 1H, thaizolyl-C5-H),
730 (d, ] = 4.8 Hz, 1H, thaizolyl-C4-H), 7.84 (d, ] = 8.4 Hz, 2H,
phenyl-C,6-H), 8.05 (d, ] = 8.4 Hz, 2H, phenyl-C35-H). 3¢ NMR
(100 MHz, DMSO-dg): 6 10.3, 28.2, 109.2, 125.2, 126.4, 127.7, 138.0,
138.5, 143.5, 144.1, 169.7, 193.8. ESI-MS m/z: 364 [M* +1], 362
[M*-1]. Anal. Calcd for Ci4H3N503S, (363.41) C, 46.27; H, 3.61; N,
19.27; S, 17.65. Found: C, 46.51; H, 3.87; N, 19.53; S, 17.51.

4.14. General procedure for the synthesis of compounds 3a-e

A solution of semicarbazide hydrochloride (0.22 g, 2 mmol) in
10 ml of water was added to a mixture of the appropriate ketone
(2a-e) (2 mmol) and sodium acetate (0.2 g, 2.5 mmol) in ethanol
(20 ml). The reaction mixture was refluxed for 8 h. After the reac-
tion completion, the separated solids were filtered, washed with
water, dried and crystallized from ethanol.

4.1.4.1. 2-[1-[1-(4-Chlorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl]
ethylidene]hydrazine-1-carboxamide (3a). White powder; yield
55%, m.p. 272—273 °C. IR (KBr, cm™'): 3486, 3179, 3159 (NH,, NH),
1755 (C=0), 1654 (C=N), 1589 (C=C). 'H NMR (400 MHz,
DMSO0-dg): 6 2.36 (s, 3H, CH;—C=N), 2.48 (s, 3H, CH3), 6.30 (s, 2H,
NHy, D20 exchangeable), 7.64 (d, ] = 8.4 Hz, 2H, phenyl-C; 5-H), 7.72
(d, J = 8.4 Hz, 2H, phenyl-C, 6-H), 9.48 (s, 1H, NH, D0 exchange-
able). ESI-MS mj/z: 2931 [MT +1]. Anal. Calcd for Ci2H13CINgO
(292.72) C, 49.24; H, 4.48; N, 28.71. Found: C, 49.52; H, 4.67; N,
28.57.

4.1.4.2. 2-[1-[1-(4-Fluorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl]
ethylidene]hydrazine-1-carboxamide (3b). White powder; yield
52%, blackens at 211 °C and melts >300 °C. IR (KBr, cm ™ !): 3486,
3179, 3153 (NH,, NH), 1752 (C=0), 1654 (C=N), 1590 (C=C). 'H
NMR (400 MHz, DMSO-dg): 6 2.36 (s, 3H, CH3—C=N), 2.46 (s, 3H,
CH3), 6.36 (s, 2H, NH; D,0 exchangeable), 7.47—7.51 (m, 2H,
phenyl-C3 5-H), 7.65—7.68 (m, 2H, phenyl-C;6-H), 9.53 (s, 1H, NH,
D,0 exchangeable). 3C NMR (100 MHz, DMSO-dg): 6 11.0, 14.4,
116.4,128.4,131.9,132.5, 141.0, 143.4, 157.8, 161.5. ESI-MS m/z: 2771
[M* +1]. Anal. Caled for Ci2H13FNgO (276.27) C, 52.17; H, 4.74; N,
30.42. Found: C, 52.49; H, 4.85; N, 30.18.

4.14.3. 4-[4-[1-(2-Carbamoylhydrazineylidene )ethyl]-5-methyl-1H-
1,2,3-triazol-1-yl]benzoic acid (3c). White powder; yield 53%, m.p. >
300 °C. IR (KBr, cm™'): 3479 (OH), 3256, 3144 (NH,, NH), 1751 (C=
0), 1693 (C=0 acid), 1593 (C=N). 'TH NMR (400 MHz, DMSO-dg):
6 2.37 (s, 3H, CH3—C=N), 2.53 (s, 3H, CH3), 6.30 (s, 2H, NH, D,0
exchangeable), 7.74 (d, ] = 8 Hz, 2H, phenyl-C3 5-H), 8.18 (d, ] = 8 Hz,
2H, phenyl-C;6-H), 9.50 (s, 1H, NH, D,0 exchangeable). BC NMR
(100 MHz, DMSO-dg): 6 11.2, 14.5, 125.7, 131.2, 132.5, 132.5, 139.3,
140.9, 143.4, 157.5, 166.9. ESI-MS m/z: 303.1 [M*"+1], 301.1 [M*"-1].
Anal. Caled for Ci3Hi4NgO3 (302.29) C, 51.65; H, 4.67; N, 27.80.
Found: C, 51.88: H, 4.81:; N, 28.09.

4.1.4.4. 2-[1-[5-Methyl-1-(4-sulfamoylphenyl)- 1H-1,2,3-triazol-4-yl]
ethylidene]hydrazine-1-carboxamide (3d). White powder; yield
51%, m.p. 252—253 °C. IR (KBr, cm~!): 3348 (NH), 3362, 3266 (NH>),
1752 (C=0), 1692 (C=N), 1585 (C=C), 1308, 1161 (50,). '"H NMR
(400 MHz, DMSO-dg): 6 2.37 (s, 3H, CH3—C=N), 2.53 (s, 3H, CHa),
6.30 (s, 2H, NHy, D20 exchangeable), 7.60 (s, 2H, SO;NH», D20
exchangeable), 7.83—-7.93 (m, 2H, phenyl-C55-H), 8.06—8.1 (m, 2H,
phenyl-C;5-H), 9.50 (s, 1H, NH, D,O exchangeable). 13C NMR
(100 MHz, DMSO-dg): ¢ 11.3, 14.5, 126.5, 127.7, 134.8, 138.4, 140.9,
143.2, 145.5, 157.6. ESI-MS m/z: 336.0 [M" -1]. Anal. Calcd for
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Ci2H15N703S (337.36) C, 42.72; H, 4.48; N, 29.06; S, 9.50. Found: C,
42.96; H, 4.69; N, 28.87; S, 9.43.

4.1.4.5. 2-[1-[5-Methyl-1-(4-(N-(thiazol-2-yl)sulfamoy!)phenyl)-1H-
1,2,3-triazol-4-ylJethylidene Jhydrazine-1-carboxamide (3e).
White powder; yield 48%, m.p. 260—263 °C. IR (KBr, cm™'): 3359,
3411 (NHy, NH), 1694 (C=0), 1679 (C=N), 1574 (C=C), 1309, 1141
(S=0). '"H NMR (400 MHz, DMSO-dg): 6 2.36 (s, 3H, CH3—C=N),
2.52 (s, 3H, CHs), 6.29 (s, 2H, NHy, D20 exchangeable), 6.89 (d,
J = 4.8 Hz, 1H, thiazolyl-C5-H), 7.31 (d, ] = 4.8 Hz, 1H, thiazolyl-Cy4-
H), 7.77 (d, ] = 8 Hz, 2H, phenyl-Cs5-H), 8.02 (d, ] = 8 Hz, 2H,
phenyl-C; 6-H), 9.49 (s, 1H, NH, D,0 exchangeable), 12.91 (s, 1H,
SO,NH, D0 exchangeable). 13C NMR (100 MHz, DMSO-dg): 6 11.2,
14.5,109.2,125.2,126.2,126.4,127.7,132.5,138.6, 140.8, 143 4, 143.8,
157.4, 169.7. EI-MS m/z: 420.93 [M" +1]. Anal. Caled for
Ci15H16Ng0sS;, (420.47) C, 42.85; H, 3.84: N, 26.65; S, 15.25. Found:
C,43.09; H, 3.97; N, 26.81; S, 15.49.

4.1.5. General procedure for the synthesis of compounds 4a-e

A mixture of the appropriate ketone (2a and 2c-e) (5 mmol) and
thiosemicarbazide (0.46 g, 5 mmol) was refluxed in glacial acetic
acid (15 ml) for 8—12 h, then left to cool, poured onto ice water. The
formed precipitate was filtered and dried. The product was then
crystallized from ethanol.

For 4b, an equimolar mixture of 2b and thiosemicarbazide was
fused at 180 °C for 20 min, left to cool, triturated with ethanol,
filtered, dried and crystallized from ethanol.

4.1.5.1. 2-[1-[1-(4-Fluorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl]eth-
ylidene Jhydrazine-1-carbothioamide (4b). White powder; yield 67%,
m.p. 218—220 °C. IR (KBr, cm™1): 3450 (NH), 3273, 3176 (NH3), 1585
(C=N), 1507 (C=C), 1269 (C=S). '"H NMR (400 MHz, DMSO-dg):
6248 (s, 3H, CH3—C=N), 2.49 (s, 3H, CH3), 7.35 and 8.37 (s, 2H, NH,,
D;0 exchangeable), 7.48—7.52 (m, 2H, phenyl-C35-H), 7.64—-7.68
(m, 2H, phenyl-C;6-H), 1045 (s, 1H, (=N—NH, D0 exchangea-
ble).BC NMR (100 MHz, DMSO-dg): 6 11.2, 15.1, 117.17, 128.2, 132 4,
133.6, 142.6, 145.2, 161.7, 179.5. ESI-MS m/z: 293.1 [M* 1], 291.1
[M*'-1]. Anal. Calcd for C12Hq3FNgS (292.34) C, 49.30; H, 4.48; N,
28.75; S, 10.97. Found: C, 49.56; H, 4.63; N, 28.94; S, 11.24.

4.1.5.2. 4-[4-[1-(2-Carbamothioylhydrazineylidene )ethyl]-5-methyl-
1H-1,2,3-triazol-1-yl]benzoic acid (4c). White powder; yield 67%,
m.p. 276—278 °C. IR (KBr, cm~!): 3500 (OH), 3436 (NH), 3297, 3152
(NH,), 1688 (C=0), 1575 (C=N), 1503 (C=C), 1285 (C=S). '"H NMR
(400 MHz, DMSO-dg): 6 2.50 (s, 3H, CH3—C=N), 2.54 (s, 3H, CHj3),
7.37 and 8.39 (s, 2H, NH;, D0 exchangeable), 7.74 (d, ] = 8.4 Hz, 2H,
phenyl-C35-H), 8.18 (d, ] = 8.4 Hz, 2H, phenyl-C; 6-H), 10.44 (s, 1H,
C=N-—NH, D,0 exchangeable), 13.34 (s, 1H, COOH, D,0 exchange-
able). *C NMR (100 MHz, DMSO-dg): 6 114, 15.2, 125.8, 131.2,132.3,
133.5, 139.3, 143.0, 145.0, 166.8, 179.5. ESI-MS m/z: 317.1 [M*-1].
Anal. Caled for C13H14Ng05S (318.35) C, 49.05; H, 4.43; N, 26.40; S,
10.07. Found: C, 49.32; H, 4.59; N, 26.23; S, 10.16.

4.1.5.3. 2-[1-[5-Methyl-1-(4-sulfamoylphenyl)-1H-1,2,3-triazol-4-yl]
ethylidenehydrazine-1-carbothioamide (4d). White powder; yield
67%, m.p. 218—221 °C. IR (KBr, cm™!): 3466 (NH), 3346, 3128 (NH3),
1600 (C=N), 1501 (C=C), 1272 (C=S), 1350, 1164 (S0,). 'H NMR
(400 MHz, DMSO-dg): 4 2.50 (s, 3H, CH3—C=N), 2.54 (s, 3H, CH3),
7.37 and 8.39 (s, 2H, NH;, D0 exchangeable), 7.60 (s, 1H, SO,NH>,
D0 exchangeable), 7.83 (d, ] = 8.4 Hz, 2H, phenyl-C3 5-H), 8.08 (d,
J = 8.4 Hz, 2H, phenyl-C;6-H), 1045 (s, 1H, C=N—NH, D,0
exchangeable). 3¢ NMR (100 MHz, DMSO-dg): 6 11.4, 15.2, 126.4,
127.7, 133.6, 138.3, 143.0, 145.0, 145.5, 179.5. ESI-MS m/z: 352.0
[M*-1]. Anal. Calcd for C;2H15N70,S; (353.42) C, 40.78; H, 4.28; N,
27.74; S, 18.15. Found: C, 41.04; H, 4.37; N, 27.85; S, 18.07.

4.1.5.4. 2-[1-[5-Methyl-1-(4-(N-(thiazol-2-yl)sulfamoyl )phenyl)-1H-
1,2,3-triazol-4-ylJethylidene [hydrazine-1-carbothioamide (4e).
White powder; yield 67%, m.p. 230—232 °C. IR (KBr, cm™!): 3417
(NH), 3257, 3155 (NHy), 1510 (C=C), 1595 (C=N), 1275 (C=S), 1301,
1100 (S=0). 'H NMR (400 MHz, DMSO-dg): 8 2.48 (s, 3H, CH3—C=
N), 2.53 (s, 3H, CH3), 6.90 (d, ] = 4.8 Hz, 1H, thiazolyl-Cs-H), 7.31 (d,
J = 4.8 Hz, 1H, thiazolyl-C4-H), 7.39 and 8.39 (s, 2H, NHy D,0
exchangeable), 7.79 (d, ] = 8.4 Hz, 2H, phenyl-C35-H), 8.05 (d,
J = 8.4 Hz, 2H, phenyl-C;6-H), 1044 (s, 1H, C=N—-NH, D,0
exchangeable).’>C NMR (100 MHz, DMSO-dg): ¢ 11.4, 15.2, 109.2,
125.2,126.3,127.8,133.6, 138.4, 143.0, 143.8, 145.0, 169.7, 179.5. ESI-
MS m/z: 435.0 [M""-1]. Anal. Calcd for C;5HgNg0,S3 (436.53) C,
41.27; H, 3.69; N, 25.67; S, 22.04. Found: C, 41.50; H, 3.85; N, 25.84;
S, 22.19.

4.1.6. General procedure for the synthesis of compounds 5a-e

A mixture of the appropriate thiosemicarbazone (4a-e)
(2 mmol), p-chlorophenacyl bromide (2 mmol, 0.47 g) and catalytic
amount of triethylamine or pyridine (for 5b) in ethanol (15 ml) was
refluxed for 3—5 h, left to cool. The formed product was filtered,
washed and dried. The separated solid was then crystallized from
ethanol.

4.1.6.1. 4-(4-Chlorophenyl)-2-[2-[1-(1-(4-chlorophenyl)-5-methyI-
1H-1,2,3-triazol-4-yl)ethylidene Jhydraziney!|thiazole (5a).
White powder; yield 67%, m.p. 220—221 °C. IR (KBr, cm ™ 1): 3447
(NH), 1628 (C=N), 1565 (C=C), 724 (C—=S—C). '"H NMR (400 MHz,
DMSO0-dg): 6 2.51 (s, 3H, CH3—C=N), 2.58 (s, 3H, CHs), 741 (s, 1H,
thiazolyl-Cs-H), 7.48 (d, ] = 8.4 Hz, 4-chlorophenyl-C35-H),
7.69—7.74 (m, 4H, triazolyl-4-chlorophenyl), 7.90 (d, ] = 8.4 Hz, 4-
chlorophenyl-C;6-H), 11.39 (s, 1H, NH, D,0 exchangeable). B¢
NMR (100 MHz, DMSO-dg): 6 11.3, 14.9, 105.3, 127.7, 129.1, 130.2,
130.3,132.4,132.7,134.9, 135.0, 142.7, 150.1, 170.2. HRMS-ESI: Calcd
for CooHi6CoNgSNa [M-+Na]t 465.042642, Found: 465.042671.
Anal. Calcd for CooH16CloNgS (443.35) C, 54.18; H, 3.64: N, 18.96; S,
7.23. Found: C, 54.37; H, 3.87; N, 19.20; S, 7.36.

4.1.6.2. 4-(4-Chlorophenyl)-2-[2-[1-(1-(4-fluorophenyl)-5-methyl-
1H-1,2,3-triazol-4-yl)ethylidene Jhydrazineyl|thiazole (5b).
White powder; yield 67%, m.p. 209—211 °C. IR (KBr, cm!): 3458
(NH), 1620 (C=N), 1556 (C=C), 679 (C—S—C). 'H NMR (400 MHz,
DMSO-dg): 6 2.51 (s, 3H, CH3—C=N), 2.56 (s, 3H, CHs3), 7.40 (s, 1H,
thiazolyl-Cs-H), 7.47 (d, ] = 8.4 Hz, 2H, 4-chlorophenyl-Cs5-H),
7.50-7.52 (m, 2H, 4-fluorophenyl-C35-H), 7.70—-7.73 (m, 2H, 4-
fluorophenyl-C, 5-H), 7.89 (d, | = 8.4 Hz, 2H, 4-chlorophenyl-C; 6-
H), 11.39 (s, 1H, NH, D,0 exchangeable). *C NMR (100 MHz,
DMSO-dg): 6 11.2, 14.8, 105.3, 117.0, 124.0, 127.8, 128.4, 129.1, 132 4,
132.5, 132.8, 142.5, 149.7, 161.7, 170.2. ESI-MS m/z: 427.0 [MT +1].
Anal. Caled for CagH5CIFNGS (426.90) C, 56.27; H, 3.78; N, 19.69; S,
7.51. Found: C, 56.13; H, 3.96; N, 19.87; S, 7.42.

4.1.6.3. 4-[4-[1-(2-(4-(4-Chlorophenyl)thiazol-2-yl)hydrazineyli-
dene)ethyl]-5-methyl-1H-1,2,3-triazol-1-yl|benzoic acid (5¢).
Creamy powder; yield 67%, m.p. 291—293 °C. IR (KBr, cm ™ 1): 3448
(NH, OH), 1691 (C=0), 1630 (C=N), 15,836 (C=C), 695 (C—S—C). 'H
NMR (400 MHz, DMSO-dg): é 2.51 (s, 3H, CH3—C=N), 2.62 (s, 3H,
CH3), 740 (s, 1H, thiazolyl-Cs-H), 747 (d, | = 8.4 Hz, 2H, 4-
chlorophenyl-C3 5-H), 7.80 (d, ] = 8.4 Hz, 2H, 1-carboxyphenyl-
C35-H), 7.89 (d, ] = 8.4 Hz, 2H, 4-chlorophenyl-C; s-H), 8.18 (d,
J = 8.4 Hz, 2H, 1-carboxyphenyl-C,5-H), 11.59 (s, 1H, NH, D20
exchangeable). 3C NMR (100 MHz, DMSO-dg): ¢ 11.4, 14.9, 100.0,
105.3,125.8,127.7,129.1,131.1, 132.3,132.4, 132.6, 134.1, 139.4, 142.9,
1432.2,166.9, 170.1. ESI-MS m/z: 453.1 [M*"+1],451.1 [M*'-1]. Anal.
Caled for C,1H17CINg0,S (452.92) C, 55.69; H, 3.78; N, 18.56; S, 7.08.
Found: C, 55.88; H, 3.91; N, 18.69; S, 7.23.
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4.1.6.4. 4-[4-[1-(2-(4-(4-Chlorophenyl)thiazol-2-yl)hydrazineyli-
dene )ethyl]-5-methyl-1H-1,2,3-triazol-1-yl[benzenesulfonamide (5d).
Brick red powder; yield 67%, m.p. 209—211 °C. IR (KBr, cm~!): 3465
(NH), 3346, 3265 (NH3y), 1635 (C=N), 1557 (C=C), 1274, 1104 (5=
0), 688 (C—S—C). 'H NMR (400 MHz, DMSO-dg): 6 2.51 (s, 3H,
CH3—C=N), 2.63 (s, 3H, CH3), 7.42 (s, 1H, thiazolyl-Cs-H), 7.48 (d,
J = 8.4 Hz, 2H, 4-chlorophenyl-C55-H), 7.60 (s, 2H, SO,NH;, D20
exchangeable), 7.83 (d, ] = 8.4 Hz, 2H, 1-sulfamoylphenyl-C, g-H),
7.90 (d, ] = 8.4 Hz, 2H, 4-chlorophenyl-C, 6-H), 8.08 (d, J = 8.4 Hz,
2H, 1-sulfamoylphenyl-C; 5-H), 11.54 (s, 1H, NH, D,0 exchangeable).
13C NMR (100 MHz, DMSO-dg): 6 11.4,14.9,105.2,126.4,126.4,127.7,
127.8, 129.1, 132.8, 133.6, 138.3, 138.5, 143.0, 145.5, 145.5, 170.1.
HRMS-ESI: Caled for CaoHpgCIN7O2S;Na [MNa]* 510.054413,
Found: 510.054412. Anal. Calcd for CyoHigCIN;O5S, (487.99) C,
49.23; H, 3.72; N, 20.09; S, 13.14. Found: C, 49.54; H, 3.84; N, 19.87;
S, 13.38.

4.1.6.5. 4-[4-[1-(2-(4-(4-Chlorophenyl)thiazol-2-yl)hydrazineyli-
dene)ethyl]-5-methyl-1H-1,2,3-triazol-1-yl]-N-(thiazol-2-yl)benze-
nesulfonamide (5e). Buff powder; yield 67%, m.p. 188—190 °C. IR
(KBr, cm™"): 3445 (NH), 1640 (C=N), 1530 (C=C), 1290, 1141 (5=
0), 693 (C—S—C). 'H NMR (400 MHz, DMSO-dg): 6 2.51 (s, 3H,
CH;—C=N), 2.61 (s, 3H, CH3), 690 (d, ] = 48 Hz, 1H, 2-
sulfamoylthiazolyl-Cs-H), 731 (d, J] = 48 Hz, 1H, 2-
sulfamoylthiazolyl-C4-H), 7.41 (s, 1H, thiazolyl-Cs-H), 7.48 (d,
J] = 8.4 Hz, 2H, 4-chlorophenyl-C3, s-H), 7.84—791 (m, 4H, 1-
sulfamoylphenyl-C; 6-H,  4-chlorophenyl-C6-H),  8.05 (d,
J = 8.4 Hz, 2H, 1-sulfamoylphenyl-C35-H), 11.44 (s, 1H, NH, D20
exchangeable), 12.96 (s, 1H, SO,NH, D,0 exchangeable). 3¢ NMR
(100 MHz, DMSO-dg): 6 11.4, 14.9, 105.3, 109.2, 125.2, 126.3, 127.7,
127.8,129.1,132.4,132.7,134.1, 134.1, 142.9, 143.8, 149.5, 169.7, 170.1.
EI-MS mfz: 572.59 [M* +2], 571.97 [M* 41]. Anal. Calcd for
Cy3H19CINg0,53 (571.1) C, 48.37; H, 3.35; N, 19.62; S, 16.84. Found:
C, 48.51; H, 3.47; N, 19.79; S, 17.01.

4.1.7. General procedure for the synthesis of compounds 6a-e

A mixture of the appropriate ketone (2a-e) (5 mmol), phenyl
hydrazine (0.54 g, 0.49 ml, 5 mmol) and few drops of glacial acetic
acid was refluxed in ethanol (20 ml) for 12—16 h, left to cool. The
formed precipitate was filtered, dried and used for next step
without purification.

4.1.7.1. 1-(4-Fluorophenyl)-5-methyl-4-[1-(2-
phenylhydrazineylidene)ethyl]-1H-1,2,3-triazole (6b). Creamy pow-
der; yield 67%, m.p. 193—195 °C. IR (KBr, cm !): 3385 (NH), 1638
(C=N), 1595 (C=C). 'H NMR (400 MHz, DMSO-dg): & 2.45 (s, 3H,
CH3—C=N), 2.57 (s, 3H, CHs), 6.74—6.78 (m, 1H, pheny-Cs-H),
717-725 (m, 4H, phenyl-Cy356-H), 7.47—7.52 (m, 2H, 4-
fluorophenyl-C35-H), 7.69—7.73 (m, 2H, 4-fluorophenyl-C;s-H),
9.31 (s, 1H, NH, D0 exchangeable). *C NMR (100 MHz, DMSO-dg):
0 11.2,13.8,113.0, 117.0, 119.3, 128.2, 129.4, 131.5, 132.7, 137.5, 143.8,
146.4, 161.6. ESI-MS m/z: 310.0 [M* +1], 308.0 [M*"-1]. Anal. Calcd
for C17H16FN5 (309.34) C, 66.01; H, 5.21; N, 22.64. Found: C, 65.96;
H, 5.34; N, 22.50.

4.1.7.2. 4-[5-Methyl-4-[1-(2-phenylhydrazineylidene )ethyl]-1H-
1,2,3-triazol-1-yl]benzoic acid (6c). Light yellow powder; yield 67%,
m.p. 234—236 °C. IR (KBr, cm~'): 3464 (OH), 3359 (NH), 1691 (C=
0), 1654 (C=N), 1599 (C=C). 'H NMR (400 MHz, DMSO-ds): 0 2.45
(s, 3H, CH3—C=N), 2.65 (s, 3H, CHs), 6.75—6.78 (m, 1H, pheny-C4-
H), 717—7.25 (m, 4H, phenyl-C,,356-H), 7.80 (d, ] = 8.4 Hz, 2H, 1-
carboxyphenyl-C35-H), 8.18 (d, ] = 8.4 Hz, 2H, 1-carboxyphenyl-
Cy5-H), 9.34 (s, 1H, NH, D,0 exchangeable), 13.36 (s, 1H, COOH, D,0
exchangeable). °C NMR (100 MHz, DMSO-dg): & 11.4, 13.9, 113.0,
119.3,125.7,129.7,131.1,131.3, 132.2, 1374, 139.6, 144.2, 146.4, 166.9.

ESI-MS mjfz: 3341 [M" +1], 3361 [M*-1]. Anal. Calcd for
CisH7Ns0; (335.36) C, 64.47; H, 5.11; N, 20.88. Found: C, 64.63; H,
5.28; N, 21.12.

4.1.7.3. 4-[5-Methyl-4-[1-(2-phenylhydrazineylidene )ethyl]-1H-
1,2,3-triazol-1-yl]benzenesulfonamide (6d). Yellow powder; yield
67%, m.p. 265—268 °C. IR (KBr cm™}): 3410 (NH), 3325, 3176 (NHy),
1628 (C=N), 1594 (C=C), 1250, 1155 (S=0). 'H NMR (400 MHz,
DMSO0-dg): 6 2.45 (s, 3H, CH3—C=N), 2.65 (s, 3H, CH3), 6.75—6.79
(m, 1H, pheny-C4-H), 7.17—7.26 (m, 4H, phenyl-C;35¢6-H), 7.60 (s,
2H, SO2NHz, D20 exchangeable), 7.89 (d, ] = 8.4 Hz, 2H, 1-
sulfamoylphenyl-C,¢-H), 8.05 (d, J = 84 Hz 2H, 1-
sulfamoylphenyl-Cs 5-H), 9.35 (s, 1H, NH, D,0 exchangeable). 3C
NMR (100 MHz, DMSO-dg): 6 11.4, 13.9, 113.0, 1194, 126.2, 1276,
129.5, 1314, 137.3, 138.6, 144.3, 145.3, 146.4. ESI-MS m/z: 369.1
[M* 1], 371.1 [M*'-1]. Anal. Caled for Cy7H1gNgO,S (370.43) C,
55.12; H,4.90; N, 22.69; S, 8.66. Found: C, 55.30; H, 5.17; N, 22.86; S,
8.79.

4.1.7.4. 4-[5-Methyl-4-[1-(2-phenylhydrazineylidene )ethyl]-1H-
1,2,3-triazol-1-yl]-N-(thiazol-2-yl)benzenesulfonamide (6e).
Creamy powder; yield 67%, m.p. 250—253 °C. IR (KBr cm™!): 3436,
3337 (NH), 1667 (C=N), 1589 (C=C), 1269, 1136 (5=0). 'H NMR
(400 MHz, DMSO-dg): & 2.44 (s, 3H, CH3—C=N), 2.63 (s, 3H, CHs),
6.74—6.78 (m, 1H, pheny-C4-H), 6.9 (d, ] = 4.8 Hz, 1H, thiazolyl-Cs-
H), 717—7.25 (m, 4H, phenyl-C; 356-H), 7.31 (d, ] = 4.8 Hz, 1H,
thiazolyl-C4-H), 7.84 (d, ] = 8.4 Hz, 2H, 1-sulfamoylphenyl-C; -H),
8.04 (d, J = 8.4 Hz, 2H, 1-sulfamoylphenyl-Cs 5-H), 9.35 (s, 1H, NH,
D»,0 exchangeable), 12.94 (s, 1H, SO,NH, D,0 exchangeable). B3¢
NMR (100 MHz, DMSO-dg): 6 11.4, 109.2, 113.0, 119.3, 125.1, 126.1,
127.7,129.4,131.4,137.3, 138.8, 143.6, 144.3, 146.4, 169.6. ESI-MS m/
z:454.1 [M* 41]. Anal Calcd for CzoH19N702S; (453.54) C, 52.96; H,
4.22; N, 21.62; S, 14.14. Found: C, 53.20; H, 4.35; N, 21.84; S, 14.36.

4.1.8. General procedure for the synthesis of compounds 7a-e

To an ice-cold solution of the appropriate hydrazone derivative
(6a-e) (3 mmol) in dimethylformamide (5 ml), phosphorous oxy-
chloride (2 g, 1.2 ml, 13 mmol) was added dropwise. After the
addition was completed, the reaction mixture was stirred for
30 min at room temperature and then stirred at 60—65 °C for 8 h.
The reaction mixture was quenched into ice cold water. The solids
thus precipitated were filtered, dried and crystallized from DMEF/
water.

4.1.8.1. 3-[1-(4-Fluorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl]-1-
phenyl-1H-pyrazole-4-carbaldehyde (7b). Buff powder; yield 67%,
m.p. 157—159 °C. IR (KBr, cm~!): 1701 (C=0), 1668 (C=N), 1604
(C=C). "H NMR (400 MHz, DMSO-dg): 6 2.64 (s, 3H, CH3), 7.42—7.45
(m, 1H, phenyl-C4-H), 7.51—7.60 (m, 4H, 4-fluorophenyl-Cs 5-H and
phenyl-C35-H), 7.78-781 (m, 2H, 4-fluorophenyl-C;s-H),
8.02—-8.04 (m, 2H, phenyl-Cy-H), 9.29 (s, 1H, pyrazolyl-Cs-H),
10.57 (s, TH, CHO). '*C NMR (100 MHz, DMSO-dg): 10.2, 117.1, 119.7,
123.6,128.3,128.4,130.2,131.1,132.5,134.0,137.7,139.0, 146.3, 161.7,
187.1. ESI-MS m/z: 3481 [M' +1]. Anal. Calcd for Ci9H14FN5O
(347.35) C, 65.70; H, 4.06; N, 20.16. Found: C, 65.87; H, 4.24; N,
20.39.

4.1.8.2. 4-[4-(4-Formyl-1-phenyl-1H-pyrazol-3-yl)-5-methyl-1H-
1,2,3-triazol-1-yl]benzoic acid (7c). Off white powder; yield 67%,
m.p. 225—227 °C. IR (KBr, cm™!): 3425 (OH), 1717 (C=O0 carbalde-
hyde), 1685 (C=0 carboxylic acid), 1654 (C=N), 1609 (C—=C). 'H
NMR (400 MHz, DMSO-dg): 6 2.70 (s, 3H, CH3), 7.41-7.45 (m, 1H,
phenyl-C4-H), 7.55—7.59 (m, 2H, phenyl-C3 5-H), 7.86 (d, ] = 8.4 Hz,
2H, 1-carboxyphenyl-C35-H), 8.01-8.03 (m, 2H, phenyl-C;6-H),
8.20 (d, ] = 8.4 Hz, 2H, 1-carboxyphenyl-C;6-H), 9.31 (s, 1H,
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pyrazolyl-Cs-H), 10.57 (s, 1H, CHO). 3C NMR (100 MHz, DMSO-dg):
010.4,119.7,123.6,125.7,128.3,130.2,131.1,131.2,132.5, 133.9, 138.0,
139.0, 139.3, 146.1, 166.9, 187.1. ESI-MS m/z: 374.1 [M™ +1], 372.1
[M*-1]. Anal. Calcd for C3oH5N503 (373.36) C, 64.34; H, 4.05; N,
18.76. Found: C, 64.58; H, 4.18; N, 19.03.

4.1.8.3. 4-[4-(4-Formyl-1-phenyl-1H-pyrazol-3-yl)-5-methyl-1H-
1,2,3-triazol-1-yl]benzenesulfonamide (7d). Buff powder; yield 67%,
m.p. 209-211 °C. IR (KBr cm™'): 3358, 3256 (NH3), 1703 (C=0),
1679 (C=N), 1637 (C=C), 1282, 1149 (S0;), 'H NMR (400 MHz,
DMSO-de): 6 2.71 (s, 3H, CHs), 7.42—7.46 (m, 1H, phenyl-C4-H),
7.57-761 (m, 2H, phenyl-C35-H), 791 (d, ] = 8.4 Hz, 2H, 1-
sulfamoylphenyl-C; 5-H), 8.03—8.07 (m, 4H, phenyl-C;s-H, 1-
sylfamoylphenyl-Cs 5-H), 9.31 (s, 1H, pyrazolyl-Cs-H), 10.56 (s, 1H,
CHO). *C NMR (100 MHz, DMSO-ds): ¢ 10.4, 119.7, 123.7, 126.2,
128.0,128.3,130.2,131.2,134.1,138.0, 138.4, 139.0, 144.6, 146.1,187.1.
EI-MS m/z: 408.32 [M""]. Anal. Calcd for Cy9H16NgO3S (408.43) C,
55.87; H, 3.95; N, 20.58; S, 7.85. Found: C, 56.09; H, 4.11; N, 20.75; S,
7.92.

4.1.8.4. 4-[4-(4-Formyl-1-phenyl-1H-pyrazol-3-yl)-5-methyl-1H-
1,2,3-triazol-1-yljbenzenesulfonic acid (7e). Beige powder; yield
67%, m.p. >300 °C. IR (KBr cm™1): 1703 (C=0), 1669 (C=N), 1598
(C=C), 1359, 1122 (5=0). "H NMR (400 MHz, DMSO-dg): 6 2.68 (s,
3H, CH3), 7.42—7.46 (m, 1H, phenyl-C4-H), 7.56—7.6 (m, 2H, phenyl-
C35-H), 769 (d, ] = 7.6 Hz, 2H, 1-sulfophenyl-C;6-H), 7.88 (d,
J = 7.6 Hz, 2H, 1-sulfolphenyl-C3 5-H), 8.03—8.05 (m, 2H, phenyl-
Ca6-H), 9.29 (s, 1H, pyrazolyl-Cs-H), 10.58 (s, 1H, CHO).*C NMR
(100 MHz, DMSO-dg): 6 10.3, 119.7, 123.7, 125.3, 127.4, 128.3, 130.2,
131.1,133.8,135.9, 137.8, 139.0, 146.4, 150.0, 187.1. ESI-MS m/z: 410.1
[M* +1]. Anal Calcd for C;9H15N504S (409.42) C, 55.74; H, 3.69; N,
17.11; S, 7.83. Found: C, 55.98; H, 3.81; N, 17.24; S, 7.81.

4.1.9. General procedure for the synthesis of compounds 8a-d

A mixture of the appropriate aldehyde 7a,b,d,e (2 mmol), hy-
droxylamine hydrochloride (0.17 g, 2.5 mmol) and sodium acetate
(0.2 g, 2.5 mmol) in ethanol (10 ml) was refluxed for 8—12 h, then
left to cool. The separated solid was then filtered, dried and crys-
tallized from aqueous ethanol.

4.1.9.1. 3-[1-(4-Chlorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl]-1-
phenyl-1H-pyrazole-4-carbaldehyde oxime (8a). Beige powder;
yield 65%, m.p. 197—199 °C. IR (KBr, cm~!): 3488 (OH), 1645 (C=N),
1594 (C=C). '"H NMR (400 MHz, DMSO-dg): 6 2.65 (s, 3H, CH3),
7.37—7.41 (m, 1H, phenyl-C4-H), 7.54—7.58 (m, 2H, phenyl-Cs 5-H),
7.73—7.79 (m, 4H, 4-chlorophenyl-H), 7.95—7.97 (m, 2H, phenyl-
Cy6-H), 8.34 (s, 1H, CH=N), 9.21 (s, 1H, pyrazolyl-Cs-H), 11.79 (s, 1H,
N—OH, D,0 exchangeable). B¢ NMR (100 MHz, DMSO-dg): ¢ 10.4,
112.9,119.4,127.5,127.6,130.2,130.2,131.7,133.5,134.9,135.1, 137.9,
138.4, 139.5, 144.0. ESI-MS m/z: 379.1 [M" +1]. Anal. Calcd for
C19H15CINGO (378.82) C, 60.24; H, 3.99; N, 22.19. Found: C, 60.13; H,
4.16; N, 22.41.

4.1.9.2. 3-[1-(4-Fluorophenyl)-5-methyl-1H-1,2,3-triazol-4-yl]-1-
phenyl-1H-pyrazole-4-carbaldehyde oxime (8b). Beige powder;
yield 58%, m.p. 182—184 °C. IR (KBr, cm~'): 3511 (OH), 1642 (C=N),
1603 (C=C). '"H NMR (400 MHz, DMSO-dg): & 2.63 (s, 3H, CHs),
7.37—7.41 (m, 1H, phenyl-C4-H), 7.50—7.57 (m, 4H, 4-fluorophenyl-
C35-H and phenyl-C35-H), 7.77—-7.81 (m, 2H, 4-fluorophenyl-C; 6-
H), 7.95—7.97 (m, 2H, phenyl-Cy-H), 8.35 (s, 1H, CH=N), 9.21 (s,
1H, pyrazolyl-Cs-H), 11.79 (s, 1H, N—OH, D,0 exchangeable. °C
(100 MHz, DMSO-dg): ¢ 10.2, 112.9, 117.0, 119.4, 127.5, 128.3,
130.2131.7,132.6, 133.6, 137.9, 139.5, 144.0, 161.7. ESI-MS m/z: 363.1
[M* +1], 3611 [M"-1]. Anal. Calcd for CygH15FNgO (362.36) C,
62.98; H, 4.17; N, 23.19. Found: C, 63.24; H, 4.23; N, 23.45.

4.1.9.3. 4-[4-[4-((Hydroxyimino)methyl)-1-phenyl-1H-pyrazol-3-yl]-
5-methyl-1H-1,2,3-triazol-1-yl]benzenesulfonamide (8c). Beige
powder; yield 64%, m.p. 241—-243 °C. IR (KBr, cm~'): 3512 (OH),
3358, 3230 (NHy), 1644 (C=N), 1602 (C=C), 1286, 1150 (5=0). 'H
NMR (400 MHz, DMSO-dg): 6 2.69 (s, 3H, CHs), 7.36—7.42 (m, 1H,
phenyl-C4-H), 7.53—7.57 (m, 2H, phenyl-C3 5-H), 7.89—8.06 (m, 6H,
1-sulfamoylphenyl-H and phenyl-C35-H), 8.31 (s, 1H, CH=N), 9.21
(s, 1H, pyrazolyl-Cs-H). *C NMR (100 MHz, DMSO-dg): 6 10.4, 113.0,
119.4,126.1,126.2,127.9,130.1, 130.2, 131.7, 133.1,138.5, 138.7, 139.5,
139.5, 143.9, 144.5. EI-MS mfz: 423.33 [M*"']. Anal. Calcd for
Ci9H17N703S (423.45) C, 53.89; H, 4.05; N, 23.15; S, 7.57. Found: C,
54.16; H, 4.31; N, 23.42; S, 7.70.

4.1.9.4. 4-[4-[4-((Hydroxyimino)methyl)-1-phenyl-1H-pyrazol-3-yl]-
5-methyl-1H-1,2,3-triazol-1-yl]benzenesulfonic acid (8d). Off white
powder; yield 56%; m.p. 250—252 °C. IR (KBr, cm~!): 3508 (OH),
3436 (NH), 1645 (C=N), 1597 (C=C), 1322, 1165 (5=0). 'H NMR
(400 MHz, DMSO-dg): & 2.65 (s, 3H, CHs), 7.37—7.41 (m, 1H, phenyl-
C4-H), 7.54—7.57 (m, 2H, phenyl-Cs 5-H), 7.68 (d, J = 7.6 Hz, 2H, 1-
sulfophenyl-C,5-H), 7.87 (d, J] = 7.6 Hz, 2H, 1-sulfophenyl-Cs 5-H),
7.96—7.98 (m, 2H, phenyl-C;6-H), 8.34 (s, 1H, CH=N), 9.20 (s, 1H,
pyrazolyl-Cs-H). >C NMR (100 MHz, DMSO-ds): 6 10.4, 112.9, 119.4,
125.3,127.3,127.5,130.2,131.7,133.4,136.1,137.9, 138.4, 139.5, 144.1,
149.9. ESI-MS m/z: 4251 [M* +1]. Anal. Calcd for CigH1gNg04S
(424.43) C, 53.77; H, 3.80; N, 19.80; S, 7.55. Found: C, 54.03; H, 3.94;
N, 19.64; S, 7.63.

4.2. Biological evaluation

4.2.1. In vitro COX-1, COX-2 and 15-LOX inhibitory activities
Cayman colorimetric COX (ovine) inhibitor screening assay kit
(Catalog No. 560131) supplied by Cayman chemicals, Ann Arbor, MI,
USA, was used to screen all the synthesized target compounds for
their COX-1 and COX-2 inhibitory activities. Similarly, Cayman lip-
oxygenase inhibitor screening assay kit Catalog No. (760,700)
supplied by Cayman chemicals, Ann Arbor, MI, USA, was used to
screen for the ability of the same compounds to inhibit soya bean
15-LOX.All test solutions and reagents as well as experimental
procedures were carried out in agreement with both the manu-
facturer’s instructions and our previously reported studies [22,23].

4.2.2. Carbonic anhydrase inhibition

Applied Photophysics stopped-flow instrument was used to
measure the CA catalysed CO, hydration activities of the selected
compounds (2d-e, 3d-e, 4b-e, 5a,c-e and 8a-d), as described earlier
[40].

4.2.3. In vitro anti-proliferative activity

MCF-7: Breast Adenocarcinoma cell line, A549: Lung cancer cell
line, HepG2: Hepatocellular carcinoma and WI-38: Normal Human
Lung Fibroblasts cell lines were obtained from Nawah Scientific Inc.,
(Mokatam, Cairo, Egypt). Cells were maintained in DMEM media
supplemented with 100 mg/mL of streptomycin, 100 units/mL of
penicillin and 10% of heat-inactivated fetal bovine serum (FBS) in
humidified, 5% (v/v) CO, atmosphere at 37 °C. Cell viability was
assessed by SRB assay according to previously reported studies
[41,42]. In brief, aliquots of 100 pL cell suspension (5 x 10> cells)
were in 96-well plates and incubated in complete media for 24h.
Cells were treated with another aliquot of 100 pL media containing
test compounds at various concentrations (0.01, 0.1,1,10,100 uM).
After 72 h of drug exposure, cells were fixed by replacing media
with 150 pL of 10% TCA (Trichloro acetic acid) and incubated at 4 °C
for 1 h. After the removal of TCA solution followed by appropriate
washing with distilled water, aliquots of 70 pL SRB (Sulforhodamine
B) solution (0.4% w/v) were added and incubated in a dark place at
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room temperature for 10 min. Plates were washed 3 times with 1%
acetic acid and allowed to air-dry overnight. Then, 150 pL of 10 mM
Tris—base was added to dissolve protein-bound SRB stain; the
absorbance was measured at 540 nm using a BMG LABTECH®-
FLUOstar Omega microplate reader (Ortenberg, Germany). Dose-
response curves were plotted for each compound using SigmaPlot
software and ICsg values were determined and reported as the
average from three replicates + SD.

4.2.4. Inhibition of 6-keto-PGF1a expression cell-based assay

Cell culture: THP-1 Cell culture and differentiation were con-
ducted as previously described [69]. Briefly, THP-1 cells (human
acute monocytic leukaemia lineage, American Type Culture
Collection, Manassas, VA) were cultured in RPMI-1640 (Lonza,
Basel, Switzerland) containing 10% fetal bovine serum (FBS),
glucose (11 mmol/L), t-glutamine (4 mmol/L), pyruvate (1 mM),
penicillin (100 U/mL), and streptomycin (100 mg/mL) and incu-
bated at 37 °C in a humidified atmosphere of 5% CO2 and 95% air.
Furthermore, HT-29 cells human colorectal adenocarcinoma cells
were cultured in High glucose Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% FBS and 1% penicillin/strepto-
mycin, and incubated in a humidified incubator at 37 °C with 5%
CO2 atmosphere and 95% air.

Cytotoxicity assay: In order to select the concentration of
compounds, a cytotoxicity assay was conducted. THP-1 cells were
seeded in a 96-well plate at a density of 20,000 cells/well. After
challenging of THP-1 cells with 25 nM PMA for 24 h and 100 ng/ml
lipopolysaccharide (LPS, invivogen, San Diego, CA, USA) for 24 h,
the differentiated macrophages were treated with different drug
concentrations for 24 h. HT-29 cells were seeded in a 96-well plate
at a seeding density of 10,000 cells/well. Following adhesion, HT-
29 cells were then treated with different drug concentrations for
24 h. Untreated cells were used as a negative control. Diclofenac
was used as a positive control. Cell viability was evaluated using
MTS colorimetric cell viability kit (Abcam, Cambridge, UK). Cell
viabililty experiments were conducted in triplicates from three
different cell batches. Best fit IC5qy values were determined by non-
linear regression using GraphPad Prism 8 Software (GraphPad, San
Diego, CA).

6-keto-Prostaglandin F1 alpha levels: THP-1 cells were seeded
in a 12-well plate at a density of 300,000 cells/well. THP-1 mono-
cytes were differentiated into macrophages by incubation with
25 nM of phorbol myristate-acetate (PMA, Calbiochem, Darmstadt,
Germany) for 24 h, followed by LPS 100 ng/ml for 3 h. THP-1 cells
were then treated with compounds 5a (300 uM) and 5d (300 uM)
for 48 h. HT-29 cells were seeded in a 12-well plate at a density of
250,000 cells/well and treated with 1 pg/ml LPS [14]. Following
adhesion, cells were treated with compounds 5a (100 uM) and 5d
(100 pM) for 48 h. Diclofenac (300 pM) was used as a positive
control. Afterwards, supernatants were centrifugated at
14,000 rpm for 10 min at 4 °C. 6-keto-Prostaglandin F1 alpha (6-
keto-PGF1a) production was evaluated using the 6-keto-PGFla
Enzyme linked immunosorbent assay (ELISA) kit (Abcam, Cam-
bridge, UK) according to the manufacturer’s protocol. In view of the
cytotoxic nature of the compounds, the obtained values were
compared to that of the known COX-inhibitor diclofenac, whose
selected concentration (300 uM) demonstrated comparable cell
viability levels. 6-keto-PGFla. concentration was measured in
triplicates from three different cell batches.

4.2.5. Flow cytometric cell cycle analysis

As described earlier [70], MCF-7 and A549 cells were seeded
into six-well plates at a density of 2 x 10° cells per well and
incubated for 24 h. The cells were cultured in RPMI 1640 supple-
mented with fetal bovine serum (FBS, 10%) and incubated at 37 °C

and 5% CO,. The medium was removed and replaced with media
(final DMSO concentration, 1% v/v) containing compounds 5a and
5d (used at their corresponding uM ICsp). After incubation for 24 h
the cell layer was trypsinized and washed with cold PBS and fixed
with 70% ethanol. The fixed cells were rinsed with PBS and then
stained with the DNA fluorochrome PI in a solution containing Tri-
ton X-100 as well as RNase, and kept for 15 min at 37 °C, according
the instruction’s manual. Then the samples were analyzed with a
FACS Caliber flow cytometer (Becton Dickinson & Co., Franklin
Lakes, NJ). The number of cells analyzed for each sample was
10,000.

4.2.6. Annexin V-FITC/propidium iodide analysis of apoptosis

Staining and counterstaining of MCF-7 cells were performed
with Annexin V- fluorescein isothiocyanate (FITC) and propidium
iodide (PI), respectively, using Annexin V-FITC/PI apoptosis detec-
tion kit and as described earlier [70]. 2 x 10° Cells were exposed to
compound 5a and 5d (used at their corresponding uM ICsq) for 24 h.
After trypsinization, appropriate washing with PBS and staining
with FITC and PI (5 pL each in binding buffer for 15 min at 37 °C in
the dark), samples were analyzed with FACS Caliber flow cytometer
(Becton Dickinson Biosciences & Co., Franklin Lakes, NJ). The
number of cells analyzed for each sample was 10,000.

4.2.7. Effect on the expression levels of Bcl-2, Bax and caspase-9

After growing the MCF-7 and A549 cells in RPMI 1640 con-
taining 10% fetal bovine serum at 37 °C, they were treated with
compounds 5a and 5d (used at their corresponding pM ICsg)
respectively, and lysed with cell Extraction Buffer. This lysate was
diluted in Standard Diluent Buffer over the range of the assay and
measured for human active Bax, Bcl-2 and caspase-9 content using
DRG Human Bax ELISA Kit (EIA-4487), DRG®, USA and Zymed Bcl-2
ELISA Kit (99—0042), Zymed® Laboratories, Invitrogen Immuno-
detection, Canada, and DRG Caspase-9(human) ELISA (EIA-4860)
DRG®, USA respectively, following manufacturer’s instructions for
each kit.

4.2.8. In vivo antitumor activity in MCF-7 xenograft model

LDs5q calculation: Six serial concentrations of both test and
reference compounds (8c and 5-FU) were prepared starting with
10 mg/kg up to 60 mg/kg. Each concentration was injected intra-
peritoneally to a group of 10 newborn BALB/c mice of both sexes
and demonstrated after 24 h and followed for 3 days. Then, LDsg
values were calculated [50].

Mature BALB/c mice, bred in a specific pathogen-free environ-
ment, given access to food and water ad libitum, were purchased
from VACSERA R&D animal house (Egypt). Mice were housed in
12 h dark/light cycle under controlled conditions and fasted over-
night. For immunosuppression, cyclosporin A (CsA, Abcam) dis-
solved in ethanol at a concentration of 500 mg/mL was used. An
intraperitoneal injection containing 2.5 mg of CsA in emulsion of
15% v/v ethanol/castor oil, was given to the mice daily for four days
before MCF-7 cell injection [51]. About 1 million MCF-7 cells in
100 pul of DMEM were injected subcutaneously in abdominal fats of
each animal (26—38 g) to establish the xenograft model [52]. When
the tumor mass was palpable, with a volume of around 1 cm?, the
tumor-bearing mice were randomly divided into three groups; the
control (vehicle-treated) group (3 mice), compound 8c-treated
group (10 mice) and 5-FU treated group (10 mice). Drugs were
administered by intraperitoneal injection [ 14] at a dose of 23 mg/kg
thrice a week, for 28 days. After the start of dosing, mice were
weighed every seven days and tumor volume was estimated by
measuring with a Vernier caliper and calculated by the formula
(tumor volume = (length = width?)/2) [71]. As a gross indicator of
toxicity, body weights were tracked throughout the study [72].
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After drug treatment, all mice were euthanized as per the adopted
Animal welfare and experimental procedures and in accordance
with the “Guide for the Care and Use of Laboratory Animals pub-
lished by US National Institute of Health (NIH publication No.
83-23, revised 1996)” and the related ethical regulations of VAC-
SERA (IACUC protocol number 00202), Alexandria and Damanhour
Universities.

4.3. Molecular modeling

Computer-guided docking experiments were carried out using
Molecular Operating Environment (MOE 2016.0802) software,
Chemical Computing Group, Montreal, Canada. X-ray crystal co-
ordinates of COX-2 (PDB code 1CX2, in complex with S58) and 15-
LOX enzymes (PDB code 1LOX, in complex with RS7) were down-
loaded from Protein Date Bank. As well, crystal structures for hu-
man carbonic anhydrases Il and XII ((hCA II-A6N complex, PDB code
5LJT) and (hCA XII-AZM complex, PDB code 1JD0)) were used. The
active compounds, in their E-configuration, were prepared by hy-
drogens addition, partial charges calculation and energy minimi-
zation using Force Field MMFF94x. In addition, preparation of
proteins was performed by omitting the repeating chains, water
molecules and surfactants. MOE QuickPrep functionality was used
for correcting structural issues, 3D protonation and calculation of
partial charges. The default procedure in the MOE Dock protocol
was utilized to detect the profitable binding poses of the studied
ligands, using triangle matcher as placement method and London
dG as the primary scoring function. An extra refinement step was
set to rigid receptor method with GBVI/WSA dG scoring function in
order to retain poses with the highest hydrophobic, ionic, and
hydrogen-bond interactions with the protein. The output database
comprised the scores of ligand-enzyme complexes in kcal/mol.
Then, the resulting docking poses were visually examined and in-
teractions with binding pocket residues were studied. Poses fitting
into the binding pocket with the top scores and showing good
ligand enzyme contacts were selected.

4.4. In silico prediction of physicochemical properties, drug likeness,
pharmacokinetic profile and ligand efficiency metrics

Prediction of physicochemical properties was performed using
FAF-drugs4 server, pharmacokinetic parameters by PreADMET
calculator and Ligand efficiency metrics and drug likeness by Data
warrior software.
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