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Abstract

Background Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most widely prescribed medications for
the treatment of inflammation, pain, and fever, primarily acting as competitive inhibitors of the cyclooxygenase (COX)
enzymes.

Objectives The present study aimed to design a series of trifluoromethyl-pyrazole—carboxamide derivatives

as potential NSAID candidates, with a focus on achieving selective COX-2 inhibition and reduced cytotoxicity. In
addition, their potential anticancer effects and pharmacokinetic properties were evaluated through in vitro and in
silico analyses.

Methods The coupling reaction of aniline derivatives and pyrazole-carboxylic acid was used to synthesize a series
of trifluoromethyl-pyrazole—carboxamide derivatives. Initially, the newly synthesized compounds were characterized
using FTIR, HRMS, 'H-NMR, "*C-NMR, and MicroED techniques. Their inhibitory activities and potential selectivity
against the key isoenzymes COX-1 and COX-2 were evaluated in vitro using a COX inhibition assay kit. Furthermore,
the cytotoxicity of these compounds was assessed using an MTS assay against human normal cell lines (HEK293T)
and hepatic cell lines (LX-2), as well as molecular docking and ADMET analyses were conducted.

Results Based on the biological evaluation, compound 3b exhibited the most potent inhibitory activity against the
COX-1 enzyme, with an ICs, value of 0.46 uM. Additionally, it demonstrated notable COX-2 inhibitory activity, with an
ICsp value of 3.82 uM. In contrast, compound 3g showed the highest selectivity ratio for COX-2 (1.68), alongside potent
COX-2 inhibition (ICso = 2.65 uM), outperforming the reference drug ketoprofen, which displayed a selectivity ratio

of 0.21 and an ICs, value against COX-2 of 0.164 uM. Furthermore, compound 3d exhibited strong COX-2 selectivity
(selectivity ratio=1.14) with an ICs, value of 4.92 uM. All synthesized compounds demonstrated negligible cytotoxic
effects against the tested normal cell lines. However, compound 3a exhibited cytotoxic activity against CaCo-2,
MCF-7, Hep3B and HepG2 cancer cell lines with IC;, range 43.01-58.04 uM. Molecular docking studies revealed the
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formation of favorable interaction profiles within the respective binding sites, which were comparable to those of
the control agent ketoprofen, supporting the potent in vitro inhibitory activities observed. Pharmacokinetic analysis
of the newly synthesized compounds indicated favorable properties regarding absorption, distribution, metabolism,
excretion, and toxicity (ADMET), confirming the drug-like profiles of these chemical structures. Consequently, these
agents are highly recommended for further investigation in clinical studies.

Conclusion Compounds 3b, 3d, and 3g demonstrated potent COX inhibition with notable COX-2 selectivity,
supporting their promise as leads for safer anti-inflammatory drug development. Additionally, compound 3a
displayed moderate cytotoxic effects against several cancer cell lines, suggesting possible dual anti-inflammatory
and anticancer potential. Overall, the favorable drug-like properties and low toxicity profiles justify further preclinical

investigation of these pyrazole—carboxamide derivatives.
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Background

A minimum of 2,500 years ago, Hippocrates recom-
mended using willow bark extracts to treat fever and
ease childbirth pain, marking the earliest recorded use
of substances with analgesic, anti-inflammatory, and
antipyretic effects. The formal history of nonsteroidal
anti-inflammatory drugs (NSAIDs) began with the iden-
tification of salicin’s pharmacological properties, fol-
lowed by the discovery of salicylic acid and its synthetic
derivative, acetylsalicylic acid (aspirin), which remains
one of the most widely utilized over-the-counter medica-
tions [1]. A major milestone occurred in 1971, when the
mechanism of NSAIDs was elucidated as the inhibition
of prostaglandin synthesis via suppression of the cyclo-
oxygenase (COX) pathway [2, 3].

Subsequent research revealed that cyclooxygenase
enzymes, COX-1 and COX-2, share structural similari-
ties but possess distinct biological roles. Detailed analy-
sis of their amino acid sequences uncovered minimal
yet crucial differences: for example, at positions 434 and
523, COX-1 contains isoleucine (Ile), whereas COX-2
substitutes valine (Val) at these positions. This substitu-
tion enlarges the COX-2 binding site by approximately
25% compared to COX-1, providing a critical founda-
tion for designing bulky agents selective for COX-2 [4,
5]. Regarding physiological distribution, COX-1 is con-
stitutively expressed in tissues such as the stomach and
kidneys, playing a key role in maintaining gastric mucosal
integrity and renal function. In contrast, COX-2 is typi-
cally inducible and upregulated during inflammation.
Although non-selective NSAIDs effectively alleviate
inflammation, they often produce gastrointestinal and
renal side effects due to COX-1 inhibition. Recognizing
the protective functions of COX-1 spurred the devel-
opment of COX-2 selective inhibitors (coxibs) aimed at
minimizing toxicity while preserving anti-inflamma-
tory efficacy [6, 7]. Nevertheless, concerns regarding
NSAID-associated toxicity have continued to drive the
search for safer and more effective anti-inflammatory
agents [8]. Current COX-2 inhibitors, such as celecoxib,

while effective, have been associated with cardiovascular
risks, prompting the development of novel scaffolds with
improved selectivity and safety profiles [9].

Chemically, NSAIDs are diverse but generally classified
based on their COX selectivity and structural character-
istics. They are typically weak organic acids with hydro-
phobic properties, which facilitate their penetration into
inflammatory sites and access to the hydrophobic chan-
nels within COX enzymes [10]. Among these, trifluoro-
methyl (-CF;) substitutions are particularly valuable due
to their ability to enhance metabolic stability, improve
membrane permeability, and modulate binding affinity
in drug-like molecules. Depending on their inhibitory
potency ratio toward COX-1 and COX-2, NSAIDs are
broadly categorized as either non-selective or COX-2
selective inhibitors [11].

Pyrazole-based heterocycles have gained significant
interest in medicinal chemistry owing to their planar,
electron-rich structures, which facilitate target-specific
binding and versatile chemical modification. Within
medicinal chemistry, heterocyclic compounds — char-
acterized by ring structures containing atoms such as
nitrogen, oxygen, or sulfur — serve as key scaffolds. Their
incorporation enhances bioavailability, solubility, and
pharmacological activity, contributing to a wide range of
therapeutic effects including anti-inflammatory, analge-
sic, antimicrobial, anticancer, and antioxidant activities
[12, 13]. Several established anti-inflammatory agents,
such as indomethacin and piroxicam, incorporate hetero-
cyclic frameworks.

Among heterocyclic systems, the pyrazole nucleus
stands out for its versatility and biological significance.
Pyrazole derivatives have demonstrated a wide range of
pharmacological activities, including anti-cancer, anti-
inflammatory, antiviral, and antibacterial properties [14,
15]. Notably, many COX-2 selective inhibitors, such
as celecoxib and SC-558, incorporate a pyrazole scaf-
fold, leveraging its planar, lipophilic structure to achieve
potent bioactivity [10, 11]. This makes pyrazole chemistry
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an attractive platform for designing and developing novel
anti-inflammatory agents.

The dual role of COX-2 in both inflammation and
oncogenesis makes it an attractive target not only for
anti-inflammatory therapy but also for cancer chemo-
prevention. Beyond inflammation, the COX pathway has
also been implicated in carcinogenesis, influencing criti-
cal processes such as angiogenesis, invasion, and apop-
tosis [16]. COX-2 is frequently overexpressed in various
cancers, and inhibition of this pathway has shown poten-
tial in cancer prevention and therapy [17, 18]. Moreover,
recent studies have highlighted the efficacy of NSAID-
metal complexes in targeting cancer stem cells (CSCs),
offering promising new strategies against aggressive
tumors [19].

Preclinical studies further support the anti-cancer
potential of COX inhibitors. Agents such as mofezolac,
nimesulide, and sulindac have demonstrated significant
tumor-suppressive effects in animal models, primar-
ily through the modulation of apoptosis and angiogen-
esis pathways [20]. These findings underscore the pivotal
role of prostaglandin biosynthesis and COX inhibition
in regulating tumor growth and progression. Recent lit-
erature also highlights several pyrazole-based chemical
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structures exhibiting dual anti-inflammatory and anti-
cancer activities (e.g., Compounds St.1-St.6, Fig. 1)
[21-26], further reinforcing the therapeutic relevance of
pyrazole scaffolds in oncology and inflammatory disease
management.

To our knowledge, this is the first study to integrate
MicroED crystallographic analysis, in vitro enzyme inhi-
bition, cytotoxicity profiling, and computational model-
ing of trifluoromethyl-pyrazole—carboxamide derivatives
in a single comprehensive framework. Building upon
this background, the present study aims to design and
synthesize a series of novel trifluoromethyl-pyrazole—
carboxamide derivatives with potent inhibitory activity
against COX-1 and COX-2, specifically targeting high
COX-2/COX-1 selectivity profiles. The newly synthe-
sized compounds will be structurally characterized and
evaluated for their in vitro inhibitory activities against
COX enzymes, with a primary focus on achieving COX-2
selectivity and reduced toxicity. In parallel, cytotoxicity
assays will be performed on both normal and cancer cell
lines to assess their anticancer potential. Computational
docking studies will be undertaken to elucidate binding
modes within the COX active sites, and pharmacokinetic
profiling will be used to assess drug-likeness.
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Fig. 1 Chemical structures of pyrazole-based agents exhibiting potential dual anti-inflammatory and anticancer activities
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Methods

Reagents, materials and instruments

All chemicals were purchased from C.S. Chemicals Com-
pany, Alfa Aesar, and Sigma-Aldrich without any further
purification. Additional equipment included a Vacu-
ubrand rotary evaporator (complete set), RO UV lamp,
LABOMED inverted fluorescence microscope, ESCO
laminar flow cabinet, BIOBASE medical CO, incubator,
Lab Tech digital water bath, J.>. SELECTA digital vor-
tex, Memmert oven, and SHIMADZU analytical balance.
'H- and "*C-NMR spectra were obtained using a Bruker
DPX-400 high-performance digital FT-NMR spectrom-
eter, operating at 400 MHz for 'H and 100 MHz for **C
measurements. DMSO-ds was used as the solvent, and
chemical shifts (8) were reported in parts per million
(ppm) relative to tetramethylsilane (TMS), with cou-
pling constants (J values) expressed in Hertz (Hz). High-
resolution mass spectra (HRMS) were recorded using a
Waters LCT Premier XE mass spectrometer employing
the ESI (+) ionization mode. Both NMR and HRMS anal-
yses were performed at the Faculty of Pharmacy, Gazi
University, Ankara, Turkey. The COX inhibitor screen-
ing assay kit No. 560,131 (Cayman Chemical, USA) was
employed to evaluate the inhibitory activity against ovine
COX-1 and human recombinant COX-2 enzymes. The
enzymatic reaction was monitored by measuring the yel-
low chromophore product at 415 nm using a Bio-Rad
UV-visible spectrophotometer equipped with a micro-
plate reader.

MicroED: sample preparation, data collection, and
refinement procedure

Following synthesis, compounds 3b, 3d, and 3h were
obtained as crystalline powders, eliminating the need for
additional crystallization steps. A portion of each sam-
ple was manually ground using a mortar and pestle. For
MicroED analysis, the powdered material was directly
deposited onto glow-discharged lacey carbon-coated
copper grids (200 mesh). Diffraction data acquisition was
performed using a Thermo Fisher Scientific Glacios cryo-
TEM, operating at 200 kV with the sample maintained at
- 192 °C. The microscope featured a field emission elec-
tron source, a CETA-D camera (Thermo Fisher Scientific,
Waltham, MA, USA), and an automated loading system
capable of handling twelve grids simultaneously. Data
collection was controlled via EPU-D software (v1.15).
Instrument parameters included a 50 pm condenser
aperture, spot size 11, and gun lens 8. Low-dose parallel
illumination was employed to minimize beam damage.
Crystals were continuously rotated between - 60 ° and
+ 60° in diffraction mode. Images were acquired in roll-
ing shutter mode with 2x hardware binning and an expo-
sure time of 0.5 s per frame. The resulting datasets were
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converted to SMV format, including necessary metadata
for downstream crystallographic processing [20].

The unit-cell parameters determination, integration of
the reflection intensities, and data reduction were per-
formed using CrysAlis PRO software (Rigaku OD, 2025).
The structures were solved in SHELXT [27] and refined
using Olex2 [28] with the application of kinematical dif-
fraction theory. After standard IAM refinement in olex2.
refine, the TAAM refinement was applied using the
MATTS data bank through the DiSCaMB utility pro-
gram (discambMATTS2tsc.exe version 2.006) [29, 30],
and the NoSpherA2 [31] module of Olex2. It was shown
that TAAM refinement leads to better quality struc-
tural refinements than IAM [32]. Non-hydrogen atoms
were refined with anisotropic displacement parameters,
applying RIGU restraints to maintain reasonable thermal
motion constraints. Hydrogen atom positions were gen-
erated computationally and refined using a riding model,
with appropriate HFIX instructions to define their geo-
metric parameters. For precision, X-H bond distances
were fixed to standardized values derived from neutron
diffraction studies, ensuring consistency with experimen-
tally established geometries [33].

MicroED method

Compound 3b crystallized in a triclinic system featur-
ing a centrosymmetric space group, P-1, and the fol-
lowing lattice parameters: a=9.1572(4) A, b=10.0658(5)
A, ¢=12.0706(9) A, and «=87.064(5)°, p=68.385(5)",
y=72.076(4)°. However, compound 3d and 3h were crys-
tallized within the centrosymmetric space group of the
monoclinic crystal system, P2,/c, accompanied by the
lattice parameters of a=4.6946(7) A, b=16.9530(3) A,
€=23.2720(4) A, and B=93.166(15)° and a=15.4320(7)
A, b=10.0856(19) A, c=13.4930(2) A, and p=94.770(3)",
respectively. All of the compounds have one molecule in
their asymmetric unit. The R1 factors for compounds 3b,
3d and 3 h were recorded at 14.76%, 12.30% and 13.36%,
respectively, consistent with typical results for kinemati-
cal refinement on 3d ED data involving organic crystals.

General synthetic procedures

In a flame-dried round-bottom flask under an argon
atmosphere, 4-dimethylaminopyridine (DMAP, 36.3
mg, 0.297 mmol) was added to a stirred solution of
1-(4-nitrophenyl)-5-(trifluoromethyl)-1H-pyrazole-
4-carboxylic acid (300 mg, 0.99 mmol) in anhydrous
dichloromethane (15 mL). Subsequently, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride
(EDCI-HCI, 246.7 mg, 1.29 mmol) was introduced as the
coupling agent, followed by the dropwise addition of the
corresponding aniline derivative (1.1 equiv). The reaction
mixture was stirred for 30 min at ambient temperature
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and then allowed to proceed for 48—72 h under an inert
atmosphere to avoid oxidative degradation [34].

Reaction progress was monitored via thin-layer chro-
matography (TLC), employing ninhydrin staining to
detect residual amines and bromocresol green to assess
the presence of unreacted carboxylic acid. Upon comple-
tion, the reaction mixture was transferred to a separatory
funnel and washed with 32% hydrochloric acid to remove
excess amine. The organic phase was dried over anhy-
drous Na,SO,, filtered, and concentrated under reduced
pressure.

To facilitate purification, a small quantity of silica
gel was added to the concentrated residue prior to sol-
vent removal, considering the low boiling point of DCM
(39.6 °C). The resulting silica-adsorbed crude was sub-
jected to flash chromatography on silica gel using an
appropriate gradient elution system. Fractions containing
the desired product were pooled, evaporated, and dried
under vacuum to afford the corresponding pyrazole—car-
boxamide derivatives as solids.

Synthesis of N-(4-(tertbutylphenyl)-1-(4-nitrophenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxamide (3a)

The synthesis was carried out following the general pro-
cedure described above, using 4-tert-butylaniline (173.4
pL, 1.089 mmol) as the amine component. After comple-
tion of the reaction and workup, the crude product was
adsorbed onto silica gel and purified by flash column
chromatography using a 3:2 mixture of hexane and ethyl
acetate as the eluent. The target compound was obtained
as a beige solid (Rf=0.66; solvent system: ethyl acetate/
hexane=2:3) in 88.6% yield. HRMS (m/z): [M + H] + Calc.
for C,,H,oF3N,Os, 433.1488 found 433.1487. 'H-NMR
(DMSO-dg, 500 MHz) § ppm: 10.56 (s, 1H), 8.54—8.48
(m, 2 H), 8.46 (s, 1H), 7.97-7.90 (m, 2 H), 7.71-7.64 (m,
2 H), 7.47-7.41 (m, 2 H), 1.33 (s, 9 H). 13C-NMR (DMSO-
d6, 125 MHz) 6 ppm: 158.87, 148.39, 146.94, 143.83,
141.21, 136.50, 130.60, 130.29, 127.67, 125.90, 125.41,
123.02, 122.91, 120.76, 120.09, 118.61, 34.57, 31.65, 1.57.

Synthesis of N-(4-chloro-2,5-dimethoxyphenyl)-1-
(4-nitrophenyl)-5-(triflouromethyl)-1H-pyrazole-4-
carboxamide (3b)

Following the general synthetic procedure, 4-chloro-
2,5-dimethoxyaniline (204.3 mg, 1.089 mmol) was
employed as the aniline coupling partner. Upon comple-
tion of the reaction and standard aqueous workup, the
crude product was pre-adsorbed onto silica gel and puri-
fied by flash column chromatography using hexane/ethyl
acetate (3:2, v/v) as the eluent. The target compound was
isolated as a yellow solid with an Rf value of 0.60 (solvent
system: ethyl acetate/hexane=2:3), affording a yield of
89%. HRMS (m/z): [M +H] + Calc. for C,yH,,CIF;N,O;,
471.0683 found 471.0684. 'H NMR (400 MHz, DMSO)
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8 9.88 (s, 1H), 8.50-8.44 (m, 2 H), 7.94-7.84 (m, 2 H),
7.77 (s, 1H), 7.30-7.20 (m, 1H), 3.83 (s, 6 H). *C-NMR
(101 MHz, DMSO) 8: 159.34, 148.57, 148.39, 145.54,
143.88, 141.33, 127.70, 126.50, 125.38, 122.51, 121.00,
118.31,117.30, 114.12, 108.97, 57.12, 56.97.

Synthesis of N-(3,5-dimethoxyphenyl)-1-(4-nitrophenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxamide (3c)
According to the general procedure, 3,5-dimethoxy-
aniline (166.8 mg, 1.089 mmol) was used as the aniline
component. After completion of the reaction and stan-
dard aqueous extraction, the crude residue was adsorbed
onto silica gel and subjected to column chromatography
using hexane/ethyl acetate (3:2, v/v) as the mobile phase.
The product was obtained as a pale-yellow solid with
an Rf value of 0.43 (solvent system: ethyl acetate/hex-
ane=2:3), yielding 85.3%. HRMS (m/z): [M+H]" calc.
For C,oH,sF,N,O;, 437.1073 found 437.1076. 'H NMR
(400 MHz, DMSO) 8&: 10.50 (s, 1H), 8.50-8.39 (m, 3 H),
7.96-7.83 (m, 2 H), 6.99 (d, J=2.2 Hz, 2 H), 6.32 (s, 1H),
3.76 (s, 6 H). >*C-NMR (101 MHz, DMSO) &: 161.00,
159.09, 148.42, 143.79, 141.25, 140.72, 127.69, 125.41,
122.88, 120.99, 118.31, 98.59, 96.54, 55.65.

Synthesis of N-(3,4-dimethoxyphenyl)-1-(4-nitrophenyl)-5-
(triflouromethyl)-1H-pyrazole-4-carboxamide (compound

3d)

Following the general synthetic procedure, 3,4-dime-
thoxyaniline (166.8 mg, 1.089 mmol) was employed as
the aniline derivative. Upon completion of the reac-
tion and aqueous workup, the crude residue was
pre-adsorbed onto silica gel and purified by column chro-
matography using a 1:1 mixture of dichloromethane and
ethyl acetate as the eluent. The product was isolated as
a fine beige solid with an Rf value of 0.71 (solvent sys-
tem: DCM/ethyl acetate=1:1), yielding 55.4%. HRMS
(m/z): [M+H]+caled. For C;oH;;F;N,O; 437.1073
found 437.1076. "H-NMR (400 MHz, DMSO) §&: 10.38
(s, 1H), 8.51-8.43 (m, 2 H), 8.41 (s, 1H), 7.94-7.82 (m,
2 H), 7.40 (d, ] = 2.4 Hz, 1H), 7.26 (d, J=8.6, 2.4 Hz, 1H),
6.96 (d, ] =8.7 Hz, 1H), 3.77 (d, ] =5.3 Hz, 6 H). *C-NMR
(101 MHz, DMSO) & 158.59, 149.03, 148.40, 145.92,
143.85, 141.22, 132.62, 127.68, 125.40, 123.06, 121.04,
118.35,112.48, 112.36, 105.36, 56.21, 55.91.

Synthesis of N-(4-(methylthio)phenyl)-1-(4-nitrophenyl)-5-
(triflouromethyl)-1H-pyrazole-4-carboxamide (compound
3e)

In accordance with the general procedure, photosensitive
4-(methylthio)aniline (135.5 pL, 1.089 mmol) was used
as the aniline derivative. After completion of the reaction
and standard workup, the crude residue was adsorbed
onto silica gel and purified via flash column chromatog-
raphy using hexane/ethyl acetate (3:2, v/v) as the eluent.
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The final product was obtained as a soft white solid with
an Rf value of 0.53 (solvent system: ethyl acetate/hex-
ane=2:3), in 92.4% yield. HRMS (m/z): [M+H] * calcd.
For CgH;53F;N,0,S, 423.0739 found 423.0733. 'H-NMR
(400 MHz, DMSO) &: 10.58 (s, 1H), 8.53-8.39 (m, 3 H),
7.93-7.87 (m, 2 H), 7.69 (d, ]=8.8 Hz, 2 H), 7.34-7.28
(m, 2 H), 2.49 (s, 3 H). 3C-NMR (101 MHz, DMSO) &:
158.91, 148.42, 144.62, 143.81, 141.25, 136.47, 133.42,
130.72, 130.56, 130.33, 127.70, 127.43, 125.40, 120.98,
116.20, 115.82, 15.85.

Synthesis of N-([1,1’-biphenyl]-4-yl)-1-(4-nitrophenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxamide (compound
3f)

Following the general procedure, 4-aminobiphenyl
(184.3 mg, 1.089 mmol) was used as the aniline com-
ponent. After completion of the reaction and aqueous
workup, the crude product was adsorbed onto silica
gel and subjected to column chromatography using a
4.5:0.5 mixture of dichloromethane and methanol as
the mobile phase. The desired product was obtained as
a white crystalline solid with an Rf value of 0.90 (solvent
system: DCM/methanol=4.5:0.5), affording a yield of
53.1%. HRMS (m/z): [M+H]" calcd. For Cy3H;sF;N,O,,
453.1175 found 453.1177. '"H-NMR (400 MHz, DMSO) &
10.69 (s, 1H), 8.52-8.43 (m, 3 H), 7.91 (d, ] =8.6 Hz, 2 H),
7.83 (d, J=8.4 Hz, 2 H), 7.75-7.66 (m, 4 H), 7.53-7.45 (m,
2 H), 7.40-7.33 (m, 1H). 3C-NMR (101 MHz, DMSO)
8 159.08, 148.43, 143.81, 141.28, 140.06, 138.54, 136.22,
130.75, 129.41, 127.72, 127.67, 127.49, 126.82, 125.42,
122.90, 121.03, 120.68, 118.34.

Synthesis of N-(4-(2-methoxyphenyl)phenyl)-1-(4-
nitrophenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
carboxamide (compound 3 g)

In accordance with the general procedure, 4-(2-methoxy-
phenyl)aniline (234.4 mg, 1.089 mmol) was used as the
aniline derivative. Following completion of the reaction
and aqueous workup, the crude product was adsorbed
onto silica gel and purified by column chromatography
using a 1:1 mixture of dichloromethane and ethyl ace-
tate as the eluent. The target compound was obtained
as a fine white powder with an Rf value of 0.83 (solvent
system: DCM/ethyl acetate=1:1), affording a yield of
54.8%. HRMS (m/z): [M + H] + caled. For Cy,H;,F;N,O;,
499.1229 found 499.1228. 'H-NMR (400 MHz, DMSO)
8: 10.52 (s, 1H), 8.50-8.40 (m, 3 H), 7.93-7.85 (m,
2 H), 7.69-7.59 (m, 2 H), 7.24-7.16 (m, 2 H), 7.07-6.95
(m, 2 H), 6.92-6.84 (m, 2 H), 3.77 (s, 3 H). 3C-NMR
(101 MHz, DMSO) §&: 158.75, 154.50, 151.69, 148.40,
144.47, 143.83, 141.23, 133.63, 130.28, 127.69, 125.81,
125.40, 122.95, 121.98, 121.88, 121.65, 121.56, 121.03,
118.34, 117.05, 113.90, 56.10.
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Synthesis of 1-(4-nitrophenyl)-5-(trifluoromethyl)-N-
(3,4,5-trimethoxyphenyl)-1H-pyrazole-4-carboxamide
(compound 3 h)

Following the general synthetic procedure, 3,4,5-trime-
thoxyaniline (199.5 mg, 1.089 mmol) was used as the ani-
line coupling partner. Upon completion of the reaction
and standard aqueous workup, the crude product was
adsorbed onto silica gel and purified by gravity column
chromatography using a 1:1 mixture of dichloromethane
and ethyl acetate as the eluent. The desired compound
was obtained as a pale-yellow fine powder with an Rf
value of 0.63 (solvent system: DCM/ethyl acetate=1:1),
affording a yield of 61.6%. HRMS (m/z): [M + H] + calcd.
For C,H,,FsN,O,, 467.1178 found 467.1176. "H-NMR
(400 MHz, DMSO) &: 1048 (s, 1H), 8.53-8.38 (m,
3 H), 7.96-7.83 (m, 2 H), 7.13 (d, J=1.4 Hz, 2 H), 3.79
(d, J=1.4 Hz, 6 H), 3.66 (d, J=1.4 Hz, 3 H). *C-NMR
(101 MHz, DMSO) & 158.84, 153.24, 148.42, 143.82,
141.24, 135.23, 134.50, 130.74, 130.35, 127.69, 125.40,
122.90, 121.01, 118.32, 98.02, 60.62, 56.25.

Cell culture and cytotoxicity assay

To support the growth of human hepatic stellate (LX-2)
cells and HEK293T cells, RPMI-1640 medium was sup-
plemented with 1% L-glutamine, 10% fetal bovine serum
(FBS), and antibiotics (penicillin and streptomycin). Dur-
ing medium changes, the culture flasks were gently tilted
to carefully remove the spent medium without disrupting
the cell monolayer. Similarly, Dulbecco’s Phosphate-Buft-
ered Saline (DPBS) was carefully aspirated to avoid dam-
aging the cells. Following this, 1 mL of trypsin-EDTA
solution was added to the culture flask and gently rotated
before incubation at 37 °C for 5 min. Once the major-
ity of the cells had detached, 10 mL of complete growth
medium was added to neutralize the trypsin. The culture
suspension was gently mixed or pipetted to ensure com-
plete neutralization. After 24 h, the medium was carefully
replaced to minimize disturbance of the cell layer. Differ-
ent concentrations of the test compounds were added to
each well in 100 pL increments, followed by incubation
at 37 °C for 72 h without disturbing the cells. To assess
cell viability, the CellTiter 96° AQueous One Solution
Cell Proliferation (MTS) Assay (Promega Corporation,
Madison, WI, USA) was performed according to the
manufacturer’s instructions. After adding 20 puL of MTS
reagent to each well, plates were incubated for 2 h at 37
°C. Absorbance was measured at 490 nm using an ELISA
plate reader to determine cell viability and calculate I1Cs,
values. The remaining reagents and plates were stored at
-20°C [20].

Biological assay on COX enzyme screening kits
This study assessed the inhibitory effects of the synthe-
sized compounds on human recombinant COX-2 and
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bovine COX-1 using the COX (Human) Inhibitor Screen-
ing Assay Kit (Cayman Chemical, Cat. No. 560131). Due
to their structural resemblance to celecoxib, the prepared
products were compared against celecoxib, which served
as the positive control. All reagents were prepared, and
assay procedures were performed following the manufac-
turer’s instructions. The test compounds were dissolved
in dimethyl sulfoxide (DMSO) at two concentrations
(40 puM and 10 pM). Celecoxib was similarly prepared
as a reference. Subsequently, COX-1 or COX-2 enzymes
were incubated with the inhibitors for 10 min at 37 °C
in a diluted reaction buffer. The reaction was initiated
by the addition of 10 uL of arachidonic acid, followed by
incubation at 37 °C for 30 s. To terminate the enzymatic
reaction, 30 pL of stannous chloride solution was added,
and the mixture was allowed to sit at room temperature
for 5 min. The resulting prostaglandin levels were quan-
tified by ELISA. After loading the samples, the 96-well
plates were sealed with plastic film and incubated on an
orbital shaker at room temperature for 18 h. Plates were
then washed five times with wash buffer, and each well
received 200 pL of Ellman’s reagent along with 5 pL of
tracer solution, except for the total activity (TA) wells
[20].

The plate was incubated in the dark at room tempera-
ture for 60 to 90 min, or until the absorbance of the B,
wells reached between 0.3 and 0.8 at 405 nm. Absor-
bance was measured using a Microplate Reader 6000
Unilab. Inhibitory curves were generated to calculate the
ICs, values for COX-1 and COX-2. Finally, the selectivity
index (SI) was determined by dividing the IC;, value of
COX-1 by that of COX-2 [20].

Computational studies
The use of computers has proven to be a highly advan-
tageous tool, offering precision and speed across various
aspects of life. Over the past decades, computer-aided
drug design and development have emerged as valuable
investments and essential strategies for discovering new
pharmacologically active agents. Among these tech-
niques, molecular docking studies are considered one
of the most trusted tools for predicting biological activ-
ity and, in many cases, the binding affinity of small mol-
ecules with high accuracy. Molecular docking aims to
visualize the pose of ligands within the binding domain
of target proteins, providing a comprehensive picture of
occupied space, involved physical forces, environmental
setting, and the nature of surrounding residues. Conse-
quently, this technique can help explain observed in vitro
results and offer valuable insights to enhance the activity
profiles of therapeutic agents [35].

Protein Preparation: molecular docking studies began
with the selection of crystallographic structures of
the target proteins. For the cyclooxygenase I (COX-1)
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enzyme, the X-ray crystal structure with PDB ID: 3KK6
(resolution: 2.75 A, R-value observed: 0.208) was
selected. For the cyclooxygenase II (COX-2) enzyme, the
crystallographic structure with PDB ID: 5KIR (resolu-
tion: 2.70 A, R-value observed: 0.180) was chosen. Both
protein crystal structures had been previously optimized
and validated in our earlier studies, confirming their high
suitability and reliability for producing precise and repro-
ducible docking results [36-38]. Importantly, the Ovis
aries COX-1 shares a high degree of conservation with
the human COX-1 enzyme, particularly in the catalytic
binding site residues essential for ligand recognition and
activity. The active site residues such as Argl20, Tyr355,
Ser530, Tyr385, etc., are structurally conserved between
Ovis aries and human COX-1 (as inferred from sequence
alignments and previous structural comparisons using
PDB entries) [39]. For example, PDB entry 6Y3C is a
human COX-1 structure (Homo sapiens) with resolu-
tion ~ 3.36 A, which confirms similar spatial arrange-
ment of the active site portion [4]. Also, in the absence
of a higher-resolution human COX-1 crystal structure
that fully captures the active site, the Ovis aries struc-
ture 3KK6 serves as a valid and widely accepted surrogate
for docking studies. Its use enables reliable comparisons
and predictions of inhibitor binding that are expected
to translate well to the human enzyme [40, 41]. The
selected protein structures were modeled, refined, mini-
mized, and optimized using default parameters through
the Protein Preparation Wizard integrated into Maestro
(Schrodinger Suite). These steps aimed to refine incom-
plete or terminal amide groups, correct topological
states, assign missing hydrogen atoms, formal charges,
and bond orders. Subsequently, water molecules located
within 3 A of any heteroatoms were deleted, and the
ionization states were adjusted to simulate a physiologi-
cal pH of 7.0 + 2.0, ensuring the accuracy of the dock-
ing results. The orientations of retained water molecules
were corrected, and intramolecular hydrogen bonds were
properly assigned. Finally, to minimize steric clashes and
reorient hydroxyl side chains, the refined structures were
energy-minimized using the OPLS-2005 force field.

Receptor Grid Generation: following the preparation
of the extracted protein crystallographic structures, a
receptor grid was generated. Since the selected proteins
were obtained in their holo forms (complexed with crys-
tallographic ligands), these native ligands were utilized
to define the binding sites. The receptor grids were then
constructed by setting the grid box dimensions to 20 A x
20 A x 20 A, centered on the position of the co-crystal-
lized ligands.

Ligands Preparation: the chemical structures of the
synthesized agents were initially generated using Chem-
Draw in CDX format, followed by extracting their
SMILES strings and subjecting them to the LigPrep
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module integrated into Maestro (Schrodinger Suite).
Subsequently, 3d configurations for each structure were
generated, incorporating their ionization states at physi-
ological pH (using the Epik module), as well as possible
tautomeric and stereochemical variations. This step also
aimed to correct bond orders, refine chiral centers, and
address any missing structural elements to optimize and
minimize the molecules. Finally, the chemical struc-
tures were further optimized using the Impact package
(Schrodinger) under the OPLS-2005 force field, with
minimization proceeding until reaching a convergence
threshold of 0.001 A RMSD. The fully prepared ligands
were then saved for use in the docking studies.

XP-Glide Ligand Docking and Binding Free Energy:
using the previously prepared chemical structures of
the ligands and the receptor grids, extra precision (XP)
Glide docking in flexible mode was performed. Dock-
ing scores and binding poses for each ligand within its
respective binding site were recorded. To obtain more
accurate binding profiles and estimate the free energy of
binding, the docked complexes were further subjected to
the Prime Molecular Mechanics Generalized Born Sur-
face Area (Prime MM-GBSA) model, integrated within
the Maestro Schrodinger suite, and the corresponding
AG values were recorded. The procedure and parameters
previously applied in our earlier studies [37]. The top-
ranked ligand—protein complexes were then extracted
as PDB files and subjected to analysis using the free
Protein—Ligand Interaction Profiler (PLIP) server. This
analysis provided a thorough evaluation of each complex,
predicting the key physical interactions and measuring
the binding distances between the ligands and their cor-
responding binding sites [42, 43]. Although Schrodinger’s
Maestro suite includes a Ligand Interaction Diagram
module, PLIP was additionally employed because it offers
an automated, standardized, and publication-validated
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platform that ensures reproducibility and facilitates
independent verification of interaction patterns across
different docking environments. Furthermore, PLIP’s
open-access nature allows cross-validation of the
Schrodinger results while providing highly detailed inter-
action profiling (hydrogen bonds, hydrophobic contacts,
n—m stacking, salt bridges, halogen bonds) with precise
geometric parameters, thereby enhancing the robustness
and transparency of the analysis [44, 45].

ADMET Analysis: the in silico pharmacokinetic pro-
files of the synthesized chemical structures were evalu-
ated using the QikProp module integrated into the
Maestro Schrodinger 14.2 suite.

Results and discussion
Chemistry
In line with rational drug design principles, the synthe-
sis focused on introducing diverse electronic and steric
substituents to modulate COX-2 selectivity and opti-
mize drug-like behavior. Scheme 1 outlines the synthetic
steps involved in the preparation and characterization
of pyrazole—carboxamide derivatives from pyrazole acid
and various substituted aniline derivatives. The starting
materials include the pyrazole acid (referred to as “acid”)
and the aniline derivatives, bearing different substituents
(R groups such as —C,H,, —Cl, and —OCHj), which sig-
nificantly influence the properties of the final products
(e.g., compounds 3a, 3b, etc.). The pyrazole acid core
was selected due to its proven bioisosteric utility in anti-
inflammatory scaffolds and its potential to enhance n—-n
interactions and hydrophobic contacts within the COX
active sites. The reactions were conducted in dichloro-
methane (DCM) under stirring for 48—72 h.

The use of EDCI as a coupling agent in combina-
tion with DMAP was preferred for its efficiency under
mild conditions, minimizing by-product formation and

EDCI, DMAP

DCM

a: R1, R2=H, R3= t-butyl

b: Ry= OCHa, Ry=H, Ry= Cl, R;= OCHj

c: Ry, R3=H, Ry= OCH3, R4= OCHj;

d: Ry, Ry=H, R3= OCHj3, R4= OCHj;

e
f

Scheme 1 Synthesis of pyrazole-carboxamide derivatives (3a-h), stirring 72 h under inert gas
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preserving the functional integrity of both aromatic and
heterocyclic moieties. In the subsequent step, 4-dimeth-
ylaminopyridine (DMAP) and 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDCI) were introduced under
an inert argon atmosphere to facilitate the acylation reac-
tion. The successful formation of the targeted derivatives
was confirmed by high-resolution mass spectrometry
(HRMS), in which the experimentally observed masses
closely matched the calculated values, validating the
practical success of the synthetic approach.

The structures of the synthesized compounds were fur-
ther elucidated using proton nuclear magnetic resonance
(1 H NMR) spectroscopy. A characteristic amide pro-
ton signal appeared as a single peak within the range of
10.38-10.69 ppm, indicating successful acylation. Com-
plex patterns observed in the aromatic region reflected
the diverse substitutions on the aniline moiety. Signals
attributed to the pyrazole ring were evident between 6.32
and 7.50 ppm, while the methoxy groups gave a distinct
singlet around 3.77 ppm, further confirming the integrity
of the pyrazole core. These characteristic shifts not only
confirm the integrity of the target framework but also
provide critical structural evidence supporting the suc-
cess of the regioselective acylation strategy.

Additional structural insights were obtained from car-
bon-13 nuclear magnetic resonance (*C-NMR) spec-
troscopy. A strong peak around 170 ppm was assigned
to the carbonyl carbon of the amide group, affirming the
formation of the carboxamide linkage. The aromatic car-
bons displayed multiple signals in the range of 90-160
ppm, consistent with the presence of complex aromatic
frameworks. Such combined NMR analysis is crucial in
establishing structure—activity relationships (SAR) and
verifying the electronic influence of various R-groups on
the pyrazole core.

Overall, the synthetic pathway successfully led to the
generation of various aniline-derived pyrazole—carbox-
amide compounds. Characterization by HRMS, 'H NMR,
and ¥C-NMR strongly supports the structural integrity
and successful formation of the designed derivatives. This
detailed description not only verifies the chemical prop-
erties of the newly synthesized agents but also under-
scores the important spectroscopic features crucial for
future applications. The introduction of diverse aniline-
based substituents was designed to explore electronic
and steric effects on COX inhibition, setting the stage for
SAR analysis.

MicroED structural analysis

The key compounds in this study were analyzed using
Microcrystal Electron Diffraction (MicroED), a special-
ized 3d electron diffraction (3d ED) technique. This tech-
nique provides an advanced solution for pharmaceutical
compounds that fail to yield high-quality single crystals
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for traditional X-ray diffraction, yet require atomic-
resolution validation during early-stage drug discovery.
MicroED is particularly useful for characterizing small
molecules when sample quantities are limited or when
traditional crystallization proves difficult, such as cases
where only microcrystals form. It is particularly valu-
able in medicinal chemistry, where synthetic yields may
be low and rapid structural confirmation is essential
for guiding structure—activity relationship (SAR) stud-
ies. This method serves as a robust alternative to single-
crystal X-ray diffraction (SCXRD), enabling atomic-level
structural determination even for challenging samples via
transmission electron microscopy (TEM). The growing
application of MicroED in the pharmaceutical sciences
highlights its role in the rapid structural characterization
of novel heterocyclic drug candidates, such as pyrazole-
based scaffolds. In this work, MicroED was employed
because the compounds failed to produce crystals of
sufficient size for conventional X-ray diffraction (XRD)
analysis.

Microcrystals of compounds 3b, 3d, and 3h were indi-
vidually analyzed by electron diffraction (Figure S1),
yielding complete datasets of satisfactory quality (Table
S1). These compounds were selected based on their bio-
logical activity profiles and representative substitution
patterns, providing insight into structure—conforma-
tion relationships. The structural refinement process
employed a kinematical approximation, with anisotropic
displacement parameters (ADPs) being refined for all
non-hydrogen atoms in each compound. This enabled
the confirmation of key geometrical features, such as
the orientation of electron-donating and halogen sub-
stituents, which are hypothesized to affect binding affin-
ity and COX isoform selectivity. After the refinement,
all the ADPs of non-H atoms were positively defined,
though for some, the Hirshfeld Difference was not
acceptable. Therefore, the RIGU restrainers were used
(Fig. 2). MicroED analysis successfully verified both the
molecular composition and atomic connectivity of the
synthesized compounds. This technique additionally
enabled the first elucidation of their three-dimensional
structures, representing previously unreported spatial
configurations to the best of our knowledge. The struc-
tural overlay of compounds 3b, 3d, and 3h with respect
to the atoms N4-C11-O3 shows that the conformation of
these compounds is different, as shown in Fig. 3. These
conformational differences may influence ligand—protein
interaction profiles, particularly within the flexible side
pocket of COX-2. The crystallographic data and refine-
ment parameters are summarized in Table S1. Collec-
tively, MicroED provided rapid and reliable structural
confirmation of selected bioactive compounds, reinforc-
ing their suitability for further biological evaluation and
SAR analysis.
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Fig. 2 Thermal ellipsoid views with a 50% probability level for all crystal structures with the labels of atoms

Fig. 3 Structure overlay diagrams of the compound 3a (blue), 3d (green) and 3 h (magenta)

COX inhibition and selectivity profiling

To evaluate the anti-inflammatory potential and isoform
selectivity of the synthesized pyrazole—carboxamides,
in vitro COX inhibition assays were conducted using
human recombinant COX-2 and ovine COX-1 isoen-
zymes. Trifluoromethyl-pyrazole derivatives were known
for its strong role as a selective inhibitor of COX-2
enzyme, which is implicated in inflammatory pro-
cesses, these derivatives were characterized by its unique
molecular feature (CF,), that has garnered attention for

its potential as a nonsteroidal anti-inflammatory drug
(NSAID) that minimizes gastrointestinal side effects typi-
cally associated with nonselective COX inhibitors [46,
47]. The mechanism of these scaffolds involves a steric
hindrance introduced by the CF3 group, which interferes
with the binding interactions of substrates to the COX
enzymes, thereby selectively inhibiting COX-2 while not
fitting well with the COX-1 isoenzyme [48, 49]. Further-
more, the biological or pharmacological properties of this
family of compounds indicate their diverse therapeutic
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effects, which extend beyond pain reducing or relieving
to include immune modulation and/or potential antican-
cer applications, accordingly to [50, 51].

Our results indicate that compound 3a (bearing a
4-tert-butyl substituent) and compound 3e (bearing
a 4-methylthio substituent) exhibited similar inhibi-
tory profiles, with relatively low potency against both
COX-1 and COX-2. Their ICs, values were 6.62 +0.87 uM
and 6.67+1.81 uM for COX-1, and 9.03+0.66 pM and
8.98+1.85 uM for COX-2, respectively. However, both
compounds demonstrated favorable selectivity indices
when compared to the reference drug, ketoprofen, which
was utilized as a positive control. Table 1 summarizes the
calculated half-maximal inhibitory concentrations (ICs)
and selectivity indices (SI) for the synthesized trifluro-
methyl-pyrazole—carboxamide derivatives, and the cyto-
toxicity results against normal cell lines. The presence of
the trifluoromethyl group on the pyrazole scaffold likely
contributed to enhanced lipophilicity and selective bind-
ing within the COX-2 hydrophobic side pocket, favoring
isoform discrimination.

Ketoprofen, a widely used non-selective NSAID, served
as the reference compound to validate the assay perfor-
mance and benchmark compound selectivity. The intro-
duction of a chloro atom in compound 3b (bearing a
chloro—dimethoxy moiety) substantially enhanced its
inhibitory potency against COX-1, achieving approxi-
mately a fourfold improvement over compound 3c and
a tenfold improvement over compound 3d, which pos-
sess only dimethoxy groups. Against COX-2, compound
3b also exhibited slightly superior activity compared to
3c and 3d, with IC;, values of 3.82+1.36 uM, 5.78+0.47
uM, and 4.94+2.29 pM, respectively. Among this sub-
group, however, compound 3d demonstrated the highest
selectivity index (SI=1.14).
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Regarding COX-2 selectivity across all derivatives,
compound 3g exhibited the highest selectivity index
(SI=1.68), even higher than that of ketoprofen (SI=0.21).
The high selectivity index (SI=1.68) observed for com-
pound 3g underscores its potential as a selective COX-2
inhibitor, a key criterion for minimizing COX-1-asso-
ciated gastrointestinal toxicity. This marked selectivity
is attributed to the presence of the bulky 2-methoxy-
phenoxy group, which favors binding within the COX-2
side pocket. Moreover, compound 3g displayed the most
potent COX-2 inhibitory activity among the synthesized
compounds, with an IC, value of 2.65 + 1.55 uM.

Compounds 3f and 3 h also displayed favorable selec-
tivity indices (0.98 and 0.93, respectively), suggesting that
the introduction of a 4-aminobiphenyl group or trime-
thoxy substitution enhances COX-2 selectivity compared
to ketoprofen. Collectively, the data support the identifi-
cation of structurally optimized pyrazole—carboxamides
with improved COX-2 selectivity profiles and minimal
cytotoxicity against normal cell lines, thereby validating
their potential as safe anti-inflammatory leads.

Evaluation of cytotoxicity (MTS-based cytotoxic evaluation
of pyrazole-carboxamides)

Cytotoxicity (normal cell lines)

To assess the safety profile of the synthesized trifluoro-
pyrazole—carboxamide derivatives, in vitro cytotoxic-
ity assays were performed using MTS methodology on
human kidney (HEK293T) and hepatic stellate (LX-2) cell
lines. The assay was performed at five different concen-
trations (300, 100, 50, 10, and 1 uM). Test concentrations
extended up to 300 pM to capture any off-target toxic-
ity at supra-pharmacological levels, ensuring relevance to
potential therapeutic index calculations. Despite the fact
that the concentrations used for cytotoxicity testing were

Table 1 Shows ICg, values uM and selectivity (SI) for the synthesized derivatives against COX enzymes, and the Inhibition percentage

at normal cell lines (LX-2 and Hek293t)

1C5o UM S| % of inh. at 50 uM

CoX1 COoX2 LX-2 Hek293t
3a 4-tert-butyl 6.62+0.87 9.03+0.66 0.73 1451155 19.73£2.75
3b 4-chloro-2,5dimethoxy 046+0.25 3.82+1.36 0.12 2.08+0.25 20.14+1.65
3¢ 3,5-dimethoxy 1.74+£1.02 5.78+047 0.3 14.05+£2.88 7.79+0.81
3d 3,4-dimethoxy 559+2.14 492+229 1.14 4.78+1.04 740+0.69
3e 4-S-CH,4 6.67+1.81 8.98+1.85 0.74 11.25+0.99 13.08+1.08
3f 4-aminobiphenyl 591+1.11 6.00+1.33 0.98 1242+£1.25 13.29+£2.00
39 4-(2-methoxyphenoxy) 445+2.07 265+1.55 1.68 9.97+2.04 11.97+£1.68
3h 3,4,5-trimethoxy 4.51+045 4.82+0.99 093 10.99+0.15 10.60+1.89
+ ve control 0.035+0.01° 0.164+0.12° 0.21° 8136+242° 73.05+2.35°

2 ketoprofen, ® 5-FU, p Value <0.05
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tenfold higher than those used for COX enzyme inhibi-
tion assays, all compounds exhibited low inhibition per-
centages on HEK293T cells compared to the reference
drug 5-fluorouracil (5-FU). The detailed inhibition pro-
files are illustrated in Fig. 4.

All synthesized compounds displayed minimal cyto-
toxic effects against the evaluated normal cell lines, with
cell viability percentages remaining close to the levels
observed in the DMSO control group (vehicle control
without active drug). This finding is of particular interest
for NSAID development, where systemic exposure often
leads to gastrointestinal and renal toxicity due to off-tar-
get effects. Moreover, cytotoxicity testing of the trifluoro-
methyl-pyrazole—carboxamide derivatives against LX-2
cells at 50 uM (Fig. 5) revealed a similarly favorable safety
profile, further confirming the non-toxic nature of these
compounds. Overall, the low toxicity against non-can-
cerous cell lines supports the safety and drug-likeness of
these pyrazole-based agents, reinforcing their candidacy
for further in vivo investigation. The full cytotoxicity
results for all tested compounds, compared to the posi-
tive control 5-FU, are presented in Fig. 5.

Anticancer activity (cancer cell lines)

The anticancer activity of the newly developed trifluoro-
methyl-pyrazole—carboxamide derivatives was evaluated
against various cancer cell lines, as shown in Fig. 5. Most
compounds exhibited low anticancer activity; however,
compound 3a was an exception. At 50 uM concentration,
compound 3a reduced the viability of CaCo-2, HepG2,
and Hep3B cells to approximately 50%, suggesting selec-
tive cytotoxicity toward tumor cells. Its IC;, values
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ranged from 43.01 to 58.04 pM against CaCo-2, HepG2,
HeLa, MCEF-7, and Hep3B cell lines. The dose-dependent
inhibition patterns are illustrated in Fig. 6. The selective
cytotoxicity of compound 3a, particularly toward CaCo-2
and MCE-7 cells, highlights its potential for dual anti-
inflammatory and anticancer activity, meriting further
mechanistic exploration.

Computational studies

Molecular docking and binding energy analysis of pyrazole-
carboxamides in COX isoenzymes

To complement the in vitro COX inhibition data and
provide mechanistic insights into selectivity, molecu-
lar docking studies were performed using the XP-Glide
protocol within the Schrodinger Maestro suite. Molecu-
lar docking was performed to predict the binding modes
of compounds 3b, 3d, 3g, and ketoprofen within COX-1
and COX-2. Crystal structures of COX-1 (PDB ID: 3KK6)
and COX-2 (PDB ID: 5KIR) were selected due to their
resolution quality and prior validation in selective NSAID
docking studies. Docking scores, MM-GBSA binding free
energies (AG), and key molecular interactions were ana-
lyzed to interpret the observed biological activity and
selectivity (summarized in Table 2). The docking poses
within the COX-1 and COX-2 binding sites are illus-
trated in Figs. 7 and 8, respectively. Among the tested
compounds, the reference drug ketoprofen demonstrated
the strongest binding affinity toward both COX-1 (dock-
ing score: —9.185 kcal/mol; AG: -49.87 kcal/mol) and
COX-2 (-8.651 kcal/mol; AG: —60.59 kcal/mol), consis-
tent with its potent in vitro inhibition of both isozymes.

Hek293t

110
100

Inhibition %

3a
3b
3c
—0—3d
—0— e
—0—3f

—0—3g

0 50 100 150
Conc. pM

—0—3h

—0—5-Fu
200 250 300

Fig. 4 Inhibition percentage of pyrazole-carboxamide derivatives (3a-3h) using Hek293t cells in comparison to the positive control 5-FU
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Fig. 5 Inhibition percentages of pyrazole-carboxamide derivatives (3a-3h) against various cell lines, compared to the positive control 5-fluorouracil
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Fig. 6 Inhibition percentage of compound 3a using various cancer and normal cell lines

As shown in Fig. 7D, ketoprofen within the COX-1
binding site established a hydrogen bond with R120, sup-
ported by extensive hydrophobic contacts with V349,
L352, Y355, L359, Y385, W387, F518, and A527. In con-
trast, Fig. 8D shows its COX-2 binding mode, where it
formed two hydrogen bonds with R120 and Y355, along-
side multiple hydrophobic interactions with V349, Y355,

L359, W387, F518, V523, and V527. These more pro-
nounced interactions in COX-1 explain its lower COX-2/
COX-1 selectivity ratio (0.21) and confirm its non-selec-
tive inhibitory profile. The docking profiles of compound
3b are shown in Figs. 7A and 8A for COX-1 and COX-
2, respectively. Compound 3b exhibited strong affinity
toward COX-1, with a docking score of —5.066 kcal/mol
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Table 2 Docking profiles of the synthesized ligands against COX-1 and COX-2 enzymes:

Ligand cox H.Bs HPHO n-Cationic m-m Halo- Docking score MM-
stacking gen  (Kcal/mol) GBSA

bond (AG)

3b COX-1 R120,Y355 189,V116,R120,V349, L352,Y355, A527 1523 -5.066 -41.91
COX-2 R120,Y355 V89,193,V116,V349, L352, A527 Y355 -6.183 -36.80
3d COX-1 R83 R79,182,189 -2485 -27.56
COX-2 R120,Y355 L93,V116,V349, 1352, A527 Y355 -5.356 -3561
39 COX-1 189,192, L112,V119,R120, L123 R120 -4.203 -36.22
COX-2 R120 193, W100, 1112,Y115,V116,V349, Y355, Y355 -7.135 -58.39

Y355 L359,V523, A527
Ketoprofen COX-1 R120,Y355 V349, 1352.Y355, 359, Y385, W387, F518, 9.185 -60.59
A527

COX-2 R120,Y355 V349,Y355,1359, W387,F518,V523, A527 W387 -8.651 -49.68

H. Bs Hydrogen bonds, HPHO hydrophobic interactions

and AG of -41.91 kcal/mol, consistent with its potent in
vitro COX-1 inhibition (ICs, = 0.46 uM). Its weaker activ-
ity against COX-2 (IC;5, = 3.82 pM) and low selectivity
ratio (0.12) indicate a COX-1-biased inhibition profile.
In both enzymes, 3b formed hydrogen bonds with R120
and Y355, as well as hydrophobic interactions involving
V349, L352, and A527. Notably, in COX-1, 3b established
a unique halogen bond with 1523, which likely contrib-
utes to its enhanced stabilization and preferential affinity
for COX-1.

Compound 3g demonstrated a significantly stronger
binding affinity for COX-2 (docking score: —7.135 kcal/
mol; AG: -58.39 kcal/mol) than for COX-1 (—4.203 kcal/
mol; AG: -36.22 kcal/mol), aligning with its in vitro
potency (ICs, = 2.56 uM for COX-2) and highest selec-
tivity ratio (1.68) among the series. In COX-1 (Fig. 7B),
3g established limited polar contacts, while in COX-2
(Fig. 8B) it formed key hydrogen bonds with R83, Y355,
W100, and Y115, together with m—mn stacking and hydro-
phobic interactions with V349, 1359, and A527. These
interactions are well suited to the enlarged and more flex-
ible COX-2 active site, supporting its selective inhibition.

Compound 3d displayed moderate binding affini-
ties toward COX-1 (docking score: —2.485 kcal/mol;
AG: -27.56 kcal/mol) and COX-2 (-5.356 kcal/mol;
AG: -35.61 kcal/mol). This correlates with its relatively
weaker in vitro inhibition (ICs, = 5.59 uM for COX-1 and
4.92 uM for COX-2) and intermediate selectivity ratio
(1.14). In COX-1 (Fig. 7C), 3d formed a single hydrogen
bond with R120, whereas in COX-2 (Fig. 8C), it engaged
R120 and Y355, supported by hydrophobic contacts with
193, V116, and V349. These features explain its modest
preference for COX-2.

Overall, the molecular docking results strongly sup-
port the experimental findings, particularly in explaining
the observed selectivity trends. Compounds 3b and 3g
showed favorable binding interactions with COX-1 and
COX-2, respectively, and their predicted poses and bind-
ing energies closely mirrored their in vitro ICs, values

and selectivity profiles. Notably, the deep binding of com-
pound 3g within the expanded COX-2 pocket, stabilized
by m—m and polar interactions, highlights its promise as
a selective COX-2 inhibitor. In contrast, the chemical
structure 3b demonstrates a more non-selective binding
mode, with greater affinity for COX-1.

In silico ADMET profiling of pyrazole-carboxamide
derivatives

To assess the drug-likeness and pharmacokinetic feasi-
bility of the synthesized compounds, in silico ADMET
analyses were conducted using QikProp module of the
Schrodinger suite. The pharmacokinetic profiles of the
newly synthesized pyrazole—carboxamide derivatives
were evaluated using a set of key in silico parameters,
including predicted human oral absorption, aqueous
solubility (QPlogS, which indicates the solubility of the
compound in water and affects absorption and formu-
lation potential), and blood—brain barrier penetration
capability (QPlogBB, which predicts the likelihood of
central nervous system exposure and helps assess poten-
tial CNS-related toxicity or off-target effects). Addition-
ally, the compounds’ likelihood of drug—drug interactions
was estimated through their predicted binding affinity to
human serum albumin (QPlogKhsa), while their potential
cardiotoxicity was evaluated by predicting their ability to
block HERG K* channels, a key indicator of arrhythmo-
genic risk. Together, these parameters provide a compre-
hensive overview of the compounds’ pharmacokinetic
behavior and help assess their suitability for progression
into clinical development.

As summarized in Table 3, all synthesized trifluoro-
methyl-pyrazole—carboxamide derivatives demonstrated
favorable ADME-T profiles, with each evaluated parame-
ter falling within or close to the recommended ranges for
drug-likeness. The molecular weights (Mw) ranged from
422 to 498 Da, aligning well with the preferred limits for
orally active agents. Predicted human oral absorption (%)
was consistently high, between 90 and 100%, suggesting
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Fig. 7 Comparative docking poses of pyrazole—carboxamide derivatives and ketoprofen within the COX-1 binding site (PDB ID: 3KK6). Panels A-C cor-
respond to compounds 3b, 3 g, and 3d, respectively, while Panel D depicts the reference drug ketoprofen. Each panel shows both 2D and 3D interaction
views
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Fig. 8 Comparative docking poses of pyrazole—carboxamide derivatives and ketoprofen within the COX-2 binding site (PDB ID: 5KIR). Panels A-C corre-
spond to compounds 3b, 3 g, and 3d, respectively, while Panel D depicts the reference drug ketoprofen. Each panel presents both 2D and 3D interaction
views
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Table 3 ADME-T profiling of pyrazole—carboxamide derivatives (compounds 3a-3h)

Compound MW HumanOral  QPlogPo/w QPlogS QPlogBB  TPSA  QPlogKhsa QPPCaco QPlogHERG  Lipinski rule
Absorption (A?) violation;
(%) drug-likeness

3a 432401 100.000 4.949 -7.263 -1.033 94.608 1.000 376.214 -6.145 0;Yes

3b 470.792 100.000 4480 -6.969 -0.955 108961  0.627 382.353 -6.057 0O;Yes

3¢ 436.347 96.004 3.904 -6.062 -1.074 111.012 0481 381.333 -6.013 0;Yes

3d 436.347 96.069 3914 -6.100 -1.082 110369 0485 381.533 -6.049 0;Yes

3e 422381 100.000 4.335 -6.610 -0.922 94630  0.640 381.931 -6.271 O;Yes

3f 452392 90.965 5304 -7.631 -1.103 94.592 1.047 367.879 -7.388 1;Yes

39 498417 91415 5405 -7.713 -1.273 108958 0.996 361.155 -7.351 1;Yes

3h 466373 96.946 4.067 -6.324 -1.173 117901  0.509 380.687 -5.963 0O;Yes

Recom- 130- >80% is high, -2.0-6.5 -6.0-0.5 -3-1.2 90-140 -1.5-1.5 <25 poor >-5 Less than 2,

mended 725 <25% is low >500 great yes

values

excellent gastrointestinal bioavailability. The lipophilicity =~ SAR analysis

values (QPlogPo/w) fell within the range of 3-5, indicat-
ing a balanced hydrophilic-lipophilic profile favorable
for membrane permeability, while aqueous solubility
(QPlogS) a little bit exceeded the normal range (-6 to 0.5)
but still in the acceptable range of (-6 to —7), supporting
adequate solubility for oral administration.

Predicted blood-brain barrier penetration (QPlogBB)
values were approximately -1, indicating limited CNS
exposure, which is beneficial for reducing potential off-
target central nervous system effects. The topological
polar surface area (TPSA) ranged from 94 to 117 A2,
consistent with favorable absorption and bioavailabil-
ity. Protein-binding potential, assessed via QPlogKhsa,
was in the range of 0.4—1, suggesting appropriate plasma
protein interactions without excessive sequestration. Pre-
dicted Caco-2 cell permeability (QPPCaco) values ranged
from 361 to 382, indicating high intestinal permeability.
Cardiotoxicity risk, evaluated through QPlogHERG val-
ues, was low (=5 to —7), reflecting minimal likelihood of
HERG channel blockade.

All compounds satisfied Lipinski’s rule of five with zero
or only one violation, further supporting their oral drug-
likeness. Collectively, these ADMET parameters indi-
cate that the synthesized derivatives possess favorable
pharmacokinetic characteristics, low toxicity risk, and
suitable drug-like properties, justifying their further opti-
mization and preclinical evaluation.

Molecular weight (Mol._Mw), octanol/water partition
coefficient (QPlogPo/w), aqueous solubility (QPlogS),
brain/blood partition coefficient (QPlogBB), the abil-
ity to cross the blood-brain barrier (QPlogBB), the total
polar surface area (TPSA), the binding affinity to human
serum albumin (QPlogKhsa), Caco-2 cell permeability in
nm/sec, and QPlogHERG that predicts the IC50 value for
blockage of HERG K + channels.

To rationalize the observed inhibitory activities and
selectivity indices, a detailed SAR analysis was performed
based on the electronic and steric properties of the sub-
stituents. The structure—activity relationship (SAR)
analysis of the newly synthesized pyrazole—carboxamide
derivatives revealed several critical factors influencing
COX-1 and COX-2 inhibitory activity and selectivity.
The incorporation of a trifluoromethyl group onto the
pyrazole ring significantly enhanced hydrophobic stabili-
zation within the COX binding pockets, contributing to
increased ligand—receptor affinity. Additionally, the elec-
tron-rich pyrazole moiety facilitated favorable m—m stack-
ing and m-m-cation interactions with key aromatic and
charged residues, improving the anchoring and binding
strength of the ligands. Furthermore, the introduction
of nitrophenyl substituents mimicked, to some extent,
the sulfonamide-phenyl groups found in FDA-approved
COX-2 inhibitors such as celecoxib, assisting in proper
orientation within the COX-2 side pocket and promoting
favorable conformational stability and selectivity.

The presence of the trifluoromethyl group enhanced
hydrophobic stabilization and contributed to increased
binding affinity across both isoforms. The para-chloro
group in compound 3b likely contributed to enhanced
COX-1 affinity through halogen bonding interactions,
consistent with its low selectivity index.

Regarding phenyl ring substitution patterns, derivatives
bearing weak electron-donating groups such as tert-butyl
(compound 3a), methylthio (compound 3e), and phenyl
(compound 3f) at the para position exhibited relatively
poor inhibitory activities against both COX-1 and COX-
2, supporting previous findings that these groups pro-
vide stability but do not significantly enhance potency
or selectivity. In contrast, the introduction of strong
electron-donating methoxy groups at the meta posi-
tions (3,5-dimethoxy in compound 3c) improved inhibi-
tory potency. Expanding the substitution to include both
meta and para positions (3,4,5-trimethoxy in compound
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3h) further enhanced activity, particularly against COX-
2, when compared to compounds with fewer methoxy
groups (e.g., compound 3d, 3,4-dimethoxy). The intro-
duction of methoxy substituents at various positions on
the aryl ring increased COX-2 selectivity, with 3,4,5-tri-
methoxy (compound 3h) exhibiting more favorable activ-
ity than di-substituted analogues.

However, the most potent COX-1 inhibitor was com-
pound 3b, which combined methoxy groups at ortho
and meta positions with a chlorine atom at the para
position. The chloro substituent likely enhanced COX-1
binding affinity through favorable halogen bonding, con-
sistent with earlier studies highlighting the beneficial
role of halogens in COX-1 targeting [52]. Compound 3b
demonstrated strong inhibitory activity against COX-1
(ICs = 0.46 £ 0.25 puM) and moderate inhibition against
COX-2 (ICs = 3.82 + 1.36 uM), but with a lower selectiv-
ity index (SI = 0.12), suggesting non-preferential COX-2
inhibition.

In contrast, compound 3g, featuring a bulky
2-methoxyphenoxy group, exhibited the highest COX-2
selectivity (SI = 1.68), exceeding the selectivity of the ref-
erence drug ketoprofen (SI = 0.21). The bulkiness of the
methoxyphenoxy group likely promotes optimal fitting
within the larger COX-2 side pocket while restricting
access to the smaller COX-1 pocket, supporting reports
that bulky substituents enhance COX-2 selectivity [1].
The oxygen linker also contributes to the electronic dona-
tion and spatial orientation, enabling favorable alignment
within the COX-2 binding domain.

Additionally, compounds 3f (4-aminobiphenyl) and
3h (3,4,5-trimethoxy) demonstrated favorable selec-
tivity indices (0.98 and 0.93, respectively), further
supporting the idea that bulky, electron-donating sub-
stituents enhance COX-2 selectivity. Structural com-
parisons among dimethoxy-substituted derivatives
revealed that compound 3d (3,4-dimethoxy) exhibited
a better selectivity index (SI = 1.14) compared to com-
pound 3c (3,5-dimethoxy), highlighting the influence of
substitution position on enzyme selectivity. This trend is
consistent with previous observations that methoxy sub-
stituents positioned at meta and para sites can enhance
COX-2 binding affinity [53].

Overall, these SAR findings emphasize the crucial roles
of hydrophobicity, electronic effects, substituent size, ste-
ric factors, and positioning in modulating the potency
and isoform selectivity of the pyrazole—carboxamide
scaffold. These findings highlight the importance of fine-
tuning electronic and steric features to optimize COX
isoform selectivity, a key goal in designing safer anti-
inflammatory agents.
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Conclusion

In this work, a series of trifluoromethyl-substituted
pyrazole—carboxamide derivatives was designed, syn-
thesized, and comprehensively evaluated with the pri-
mary objective of developing selective COX-2 inhibitors
with favorable safety and drug-like properties. Several
compounds, particularly 3d and 3g, exhibited potent
COX-2 inhibition with high selectivity indices and mini-
mal activity against COX-1, indicating their promise as
safer anti-inflammatory agents. Structural validation of
selected derivatives via MicroED provided atomic-level
confirmation of the molecular architecture, supporting
the observed structure—activity relationships. Further-
more, the compounds demonstrated low cytotoxicity
against non-tumorigenic HEK293T and LX-2 cell lines,
while select molecules showed moderate antiproliferative
effects on CaCo-2 and HepG2 cells, suggesting potential
dual anti-inflammatory and anticancer profiles. In silico
ADMET predictions further corroborated the favorable
pharmacokinetic and safety characteristics, with all com-
pounds meeting key drug-likeness criteria and displaying
low predicted cardiotoxicity risks. Molecular docking and
MM-GBSA binding energy analyses further explained
the observed COX-2 selectivity through favorable bind-
ing orientations and interactions within the COX-2 active
site. Overall, this study successfully identified promising
COX-2-selective candidates with favorable pharmaco-
logical and safety profiles, thereby achieving its stated
objective and providing a strong foundation for further in
vivo validation and translational development.
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