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Abstract
Non-steroidal anti-inflammatory drugs (NSAIDs) are considered one of the most commonly used medications globally. 
Seventeen isoxazole-containing compounds with various functional groups were evaluated in this work to identify which 
one was the most potent and which group was most selective toward COX-1 and COX-2 by using an in vitro COX inhibition 
assay kit. Their cytotoxicity was evaluated on the normal hepatic cell line (LX-2) utilizing the MTS assay. Moreover, these 
molecules' antibacterial and antifungal activities were evaluated using a microdilution assay against several bacterial and 
fungal species. In addition, molecular docking studies were conducted to identify the possible binding interactions between 
these compounds and their biological targets by using the X-ray crystal structure of the human COX enzyme and different 
proteins of bacterial and fungal strains. At the same time, the QiKProp module was used for ADME-T analysis. The results 
showed that all evaluated isoxazole derivatives showed moderate to potent activities against COX enzymes. The most potent 
compound against COX-1 and COX-2 enzymes was A13, with  IC50 values of 64 and 13 nM, respectively, and a significant 
selectivity ratio of 4.63. It was clear that the 3,4-dimethoxy substitution on the first phenyl ring and the Cl atom on the other 
phenyl pushed the 5-methyl-isoxazole ring toward the secondary binding pocket and created the ideal binding interactions 
with the COX-2 enzyme in comparison with the other compounds. Compound A8 showed antibacterial and antifungal 
activities against Pseudomonas aeruginosa, Klebsiella pneumonia, and Candida albicans with MIC values of 2 mg/ml. 
In fact, this compound showed possible binding interactions with the elastase in P. aeruginosa and KPC-2 carbapenemase 
in K. pneumonia. Furthermore, for better understanding, molecular dynamics simulations were undertaken to study the 
change in dynamicity of the protein backbone and ligand after the ligand binds to the protein and to ensure the stability of 
ligand–protein complexes.

Keywords Isoxazole · COX · LX-2 · Bacterial · Molecular docking

Introduction

The biosynthesis of prostaglandin H2 from arachidonic acid 
is catalyzed by the cyclooxygenase (COX) enzyme, result-
ing in mediating various pathogenic mechanisms (Park 
et al. 2006; Smith et al. 2011). Prostaglandin H2 is the first 
step in making different prostaglandins, prostacyclin, and 
thromboxane, which play important roles in many critical 
physiological and pathological processes via their revers-
ible interaction with G-protein coupled membrane recep-
tors (Burdan et al. 2006). The inhibition of COX confers 
relief from inflammatory, thrombotic, neurodegenerative, 
pyretic, and oncological disorders. COX enzymes are mem-
brane-bounded enzymes with two main isoforms: COX-1 
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and COX-2 (Paragi-Vedanthi and Doble 2010). The COX-1 
enzyme is involved in the production of prostaglandins, 
which are essential to maintain the function of cardiovas-
cular physiology through their vasodilatory, antiadhesive, 
antiplatelet, and antiproliferative properties.

Additionally, the COX-1 enzyme maintains the gastroin-
testinal system by protecting the stomach from the digestive 
juices and maintaining the normal lining of the stomach and 
intestines (Vane and Botting 2003; FitzGerald and Patrono 
2001; Linton and Fazio 2008). Also, the COX-1 isozyme 
stimulates neovascularization and tumor development in 
the ovary. Therefore, COX-1 inhibitors could be helpful as 
adjuvant therapy to control cancer pathogens such as ovar-
ian cancer. However, since the primary role of COX-1 is 
to protect the gastrointestinal tract and mediate blood clot-
ting, cyclooxygenase inhibitors can lead to unwanted side 
effects. The COX-2 enzyme is overexpressed in different 
pathophysiological conditions like cancer and inflammation 
(Zidar et al. 2009). While COX-1 isozymes are mainly found 
in the stomach, kidney, platelets, and intestinal endothelium, 
the COX-2 isozymes localize mainly in leukocytes, mac-
rophages, fibroblasts, and endothelial cells. Thus, the vari-
ant functions of both enzymes could be estimated (Seibert 
et al. 1997).

The structures of both COX enzymes are identical in 67% 
of their amino acid chains. The major difference between 
them is the presence of isoleucine (Ile523) in COX-1 instead 
of valine (Val523) in COX-2, which makes a greater availa-
ble region for binding in COX-2 in comparison to the COX-1 
enzyme (Vane and Botting 1998). Nowadays, the most pre-
scribed medications for pain relief and inflammation are 
non-steroidal anti-inflammatory drugs. Their mechanism of 
action is to inhibit the COX enzyme, which will decrease 
prostaglandin production (Bacchi et al. 2012). Because they 
inhibit the COX-1 enzyme and the COX-2 enzyme, their 
long-term use will lead to undesirable side effects such as 
GIT ulcers and damage to the liver and kidney (Kumar et al. 
2018). So, selective non-steroidal anti-inflammatory drugs 
will play an important role in overcoming the side effects of 
non-selective NSAIDs. Valdecoxib, celecoxib, and rofecoxib 
are marketed as selective NSAIDs (Mahboubi Rabbani and 
Zarghi 2019). These agents treat various inflammatory con-
ditions, including osteoarthritis and rheumatoid arthritis, 
with fewer side effects than non-selective NSAIDs (Rao 
and Knaus 2008).

On the other hand, chronic use of these selective COX-2 
inhibitors causes a decrease in the production of prostaglan-
din I2, which leads to cardiovascular side effects (Hermann 
and Ruschitzka 2006). Many of these agents were withdrawn 
from the market due to their cardiotoxicity. So there is a need 
for more safe and selective inhibitors. Studies showed that 
the ketoprofen analogs and tricyclic compounds had better 
COX-2/COX-1 ratios compared to ketoprofen (Zarghi and 

Ghodsi 2010). As many commonly used drugs containing 
heterocycles, such as rofecoxib and celecoxib, demonstrate 
COX inhibitory activity, we recently synthesized chemical 
structures of pyrazole or tetrazole derivatives as new promis-
ing COX inhibitors (Assali et al. 2020).

As various heterocycle scaffolds like benzodioxole 
(Khalil et al. 2021), benzoxazole (Nacak et al. 2005), or phe-
nyl-isoxazole (Panda et al. 2009; Eccles et al. 2008; Zhang 
et al. 2010; Santos et al. 2010; Mao et al. 2009) were found 
to play a decisive role in boosting the antimicrobial, antican-
cer, anti-tuberculosis activity besides the recently reported 
tertiary action of COX-2 inhibitors (e.g., Celecoxib) as anti-
inflammatory, antibacterial, and antifungal agents, a new and 
appealing field of drug research has been sparked that aimed 
to interfere with and effectively manage the inflammatory-
associated infections. Celecoxib's and ibuprofen's synergis-
tic antimicrobial and antifungal actions were demonstrated 
to be the result of blocking multi-drug resistance (MDR) 
transporters within the bacterial and fungal cell membranes, 
respectively. The accumulation of antibiotics inside the inva-
sion organisms led to enhanced sensitivity of antibiotics, 
besides reversing bacterial and fungal resistance via inhib-
iting the pumping of antibiotics out of the cell (Kalle and 
Rizvi 2011; Thangamani et al. 2015; Ricardo et al. 2009).

Previously, three series of isoxazole-carboxamide deriva-
tives, phenyl-isoxazole-carboxamide (A1-A5), fluoro-phe-
nyl-isoxazole-carboxamide (A6-A11), and chloro-phenyl-
isoxazole-carboxamide (A12-A14) (Fig. 1) were synthesized 
by our research team and were evaluated against a panel 
of cancer and normal cell lines. Almost all of these com-
pounds showed very weak negligible toxicity on the normal 
cell lines (Hek293t) with  IC50 values > 112 μM, and some 
of these compounds showed moderate to potent cytotoxic 
activities on some cancer cell lines with varying  IC50 values 
(Eid et al. 2021; Hawash et al. 2021a, 2021b).

Depending on the previous data, the current work aims 
to evaluate previously synthesized phenyl-isoxazole-car-
boxamide derivatives (A1-A14; Fig. 1) by our team on 
COX enzymes and their cytotoxicity on normal hepatic 
cell line (LX-2) as well as their antimicrobial activities 
against several bacterial and fungal species. However, the 
commercially available phenyl-isoxazole-carboxylic acid 
derivatives were evaluated on COX enzymes to create the 
structure–activity relationship (SAR) and find the phar-
macophore group, whether COOH or CONHR. Finally, 
molecular docking studies were performed to justify the 
possible binding interactions between the COX enzymes 
and our compounds. Thus, developing and discover-
ing new COX inhibitors that exhibit both antimicrobial 
and antifungal activity is warranted. The efforts here in 
our study to investigate the binding patterns of native 
and newly discovered agents within the binding domain 
of both COX-1 and COX-2 isozymes. Additionally, the 
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reported antimicrobial and antifungal activities have been 
supported by estimating the interaction behavior between 
bacterial administrative enzymes (P. aeruginosa elastase B 
and K. pneumonia KPC-2 carbapenemase) and cytochrome 
P450 14-α-sterol demethylase (Cyp51) which is a critical 
protein in the fungal type (ex. C. albicans). This newly 
achieved research here, along with previous studies, could 
finally pull off that supreme goal.

Methods

Chemistry

The phenyl-isoxazole-carboxamide series (A1-A14) 
were synthesized as outlined in Scheme 1. The coupling 
reaction to form isoxazole-carboxamide compounds was 
afforded by EDCI and DMAP as activating agents and 
covalent nucleophilic catalysts, respectively (Hawash 
et al. 2021c, 2021d). These compounds had already been 
studied with IR, HRMS, and NMR spectrometers, and the 
results of these studies are listed in the supplementary file 
Table S1 (Eid et al. 2021; Hawash et al. 2021a, 2021b).

Biological COX assay method

The COX-1 and COX-2 inhibitory activities were evaluated 
on the COX (human) Inhibitor Screening Assay Kit (sup-
plied by Cayman chemicals, Ann Arbor, MI, USA). The 
preparation of the reagents and the testing procedure were 
performed according to the manufacturer’s recommenda-
tions. In brief, various concentrations of the compounds and 
ketoprofen (concentration range of 100 μM–1 μM) dissolved 
in a minimum quantity of dimethylsulfoxide (DMSO) were 
incubated with a mixture of COX-1 or COX-2 enzyme. The 
reaction was initiated by adding 50 μl of arachidonic acid, 
followed by incubation at 37 °C for exactly 30 s. Then, the 
reaction was stopped by adding 30 μl of stannous chloride 
solution to each reaction tube, followed by incubation for 
5 min at room temperature. The produced PGF2a in the sam-
ples by COX reactions was quantified via enzyme-linked 
immunosorbent assay (ELISA). The 96-well plate was cov-
ered with plastic film and incubated for 18 h at room tem-
perature on an orbital shaker. After incubation, the plate 
was rinsed five times with the washed buffer followed by 
the addition of Ellman’s reagent (200 μl) and incubated for 
about 60–90 min at room temperature until the absorbance 
of the Bo well was in the range of 0.3–0.8 at 405 nm. The 

Fig. 1  Phenyl-isoxazole-carboxamide series’ main structures where R groups were H, methoxy substituent/s or t-butyl

Scheme 1  Acid + appropriate 
aniline derivatives, stirred in 
15 ml DCM, then DMAP and 
EDC were added under inert 
nitrogen gas and stirred for 
24–72 h (R1 = H, tri-OCH3, 
di-OCH3, Cl + di-OCH3, and 
t-butyl)
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plate was then read by an ELISA plate reader Unilab micro-
plate reader 6000. The inhibitory percentage was measured 
for the different tested concentrations against the control. 
The  IC50 was calculated from the concentration inhibition 
response curve, and the selectivity index (SI) was calculated 
by dividing the  IC50 values of COX-1 by the  IC50 values 
of COX-2. Ketoprofen and celecoxib were used as positive 
control drugs in this study (Assali et al. 2020; Hawash et al. 
2020b).

Cell culture cytotoxicity assay

Human hepatic stellate (LX-2), cells (ATCC, Rockville, 
MD, USA) were cultured in RPMI-1640 media and sup-
plemented with a 1% mixture of streptomycin, penicillin, 
1% l-glutamine, and 10% fetal bovine serum. Cells were 
grown at 37 °C in a humidified atmosphere with 5%  CO2. 
Cells were seeded at 2.6 ×  104 cells/well in a 96-well plate. 
After 48 h, cells were incubated with various concentra-
tions (300, 100, 50, 10, and 1 µM) of each compound for 
24 h. At the same concentration, doxorubicin (DOX) was 
used as a positive control. Cell viability was assessed by 
the CellTilter 96® Aqueous One Solution Cell Prolifera-
tion (MTS) Assay according to the manufacturer’s instruc-
tions (Promega Corporation, Madison, WI). In brief, at the 
end of the treatment, 20 μL of MTS solution per 100 μL of 
media was added to each well and incubated at 37 °C for 2 h. 
Absorbance was measured at 490 nm (Jaradat et al. 2018; 
Hawash et al. 2020a).

Antimicrobial assay

Microorganisms

The organisms used for the bacterial evaluation were 
Type Culture Collection (ATCC); Klebsiella pneumonia 
(ATCC13883), Staphylococcus aureus (ATCC 25,923), 
Pseudomonas aeruginosa (ATCC 9027), Proteus vulgaris 
(ATCC 8427), and Escherichia coli (ATCC 25,922), in addi-
tion to the clinical isolates of MRSA (Methicillin-Resist-
ant Staphylococcus aureus). Moreover, Candida albicans 
(ATCC 90,028) was used for the antifungal evaluation.

Culture media

Five milligrams of each compound was fully dispersed in 
5 ml of dimethyl sulfoxide (DMSO) to establish a final 
1 mg/ml concentration. Filter sterilization was carried out 
on the resulting solution by serial microdilution of two- and 
sixfolds in sterilized nutrient broth. The dilution processes 
were carried out using aseptic conditions in the available 
96-well dishes. The media were prepared by combining the 
components and then heating them with restlessness until 

they boiled accordingly. After that, the medium was then 
autoclaved at 121 °C for about 20 min. Following cooling, 
the agar was poured onto a flat surface in sterile Petri dishes, 
and held at a depth of 4 °C. Sabouraud dextrose agar con-
taining 40.0 g of dextrose, 10.0 g of peptone, and 20.0 g of 
agar/liter of distilled water was the medium used for fun-
gal production. As mentioned, the media were prepared. 
McFarland turbidity standards were used to standardize the 
inoculums. McFarland 0.50 standard was used for turbid-
ity comparison, which offers turbidity similar to that of a 
bacterial suspension containing 1.5 ×  108 CFU/mL (Jaradat 
et al. 2021). For all tested bacteria, we had four controls: 
(1) positive control, which contains media and bacteria; (2) 
negative control, which only contains media; (3) compound 
control (compound + media) to be sure that there is no con-
tamination and turbidity and that the changes are not due to 
the compound itself (so the compounds were serially diluted 
in this control), and (4) DMSO, which was tested for every 
microbe separately to check the effect on each one, and the 
antimicrobial activity of DMSO was also considered (Khalil 
et al. 2021; Hawash et al. 2022).

Molecular docking studies

To identify the predicted protein–ligand interactions of the 
synthetic compounds within the binding site, molecular 
docking studies were carried out using glide standard-preci-
sion mode (Glide score SP) Maestro 12.1 (Schrödinger, New 
York, NY, USA) running on a Windows 10 operating system 
(Kumar et al. 2021). Docking simulations were also utilized 
to realize the possible best binding poses of the docked mol-
ecules, so they could be used to explain the reported results 
and to distinguish the promising leads. Molecular docking 
studies usually follow a general procedure that starts with 
the selection and preparation of an appropriate protein, grid 
generation, and ligand preparation, followed by analyzing 
docking outcomes and investigating the ligand–receptor 
interaction patterns. The X-ray crystal-structure data applied 
for docking studies were taken from the Brookhaven pro-
tein data bank (PDB; http:// www. rcsb. org/ pdb. The human 
COX-1 (PDB ID 3KK6) and human COX-2 (PDB ID 5KIR) 
were selected based on their relevant binding orientations 
and high resolution (e.g., resolutions were 2.75 A˚ and 2.70 
A˚, respectively) for molecular docking studies regarding 
cyclooxygenase enzymes, which were previously applied in 
our previous work (Assali et al. 2020).

Also, the biological assay of antimicrobial activity of 
molecules was supported by conducting molecular dock-
ing studies within critical bacterial target enzymes present 
in Gram-negative bacteria like P. aeruginosa elastase B 
protein (PDB ID 1U4G) and K. pneumonia KPC-2 car-
bapenemase protein (PDB ID 2OV5) (Magpantay et al. 
2021). P. aeruginosa elastase B (pseudolysin), the main 

http://www.rcsb.org/pdb
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peptidase found in pseudomonal secretions, plays multi-
functional roles in different aspects of the pathogen–host 
interaction starting from the invasiveness stage through 
breaking the basolateral intercellular junctions present in 
the host tissues to the post-invasiveness stage via hydro-
lyzing of many immunologically relevant molecules like 
complement components and antibodies (Galdino et al. 
2019; Bommagani et al. 2021). K. pneumonia carbapen-
emases (KPC) are hydrolysis enzymes that are suggested 
to be the main reason for inactivation B -lactam antibiotics 
(including Carbapenems) and imipenem results in drug-
resistance generating (Malathi et al. 2019; Sharma et al. 
2021). Thus, P. aeruginosa elastase B and K. pneumoniae 
carbapenemase become highly attractive targets to defeat 
antibiotic-refractory infections as a recently urgent issue 
caused by P. aeruginosa and K. pneumonia.

Additionally, molecular docking studies were performed 
within the administrative fungal enzyme cytochrome P450 
14-α-sterol demethylase (Cyp51), which is found in a 
complex with fluconazole (PDB1 ID 1EA1), and it is a 
representative critical protein in C. albicans (Ghabbour 
et al. 2014). The final score was presented as a Glide score 
based on the energy-minimized poses. The lowest Glide 
score value related to the best-docked pose for each ligand 
was recorded (Friesner et al. 2004). Using the Graphi-
cal User Interface of Maestro 12.1 (Zervou et al. 2021), 
the ligands were drawn, followed by ligand preparation, 
including parameterizing the atom types and protonation 
states at target pH (7.0 ± 2.0) with the OPLS2005 force 
field using LigPrep (Assali et al. 2020; Panwar and Singh 
2021). The crystal structures were prepared using the Pro-
tein Preparation Wizard (Schrödinger 2016), which started 
with preprocessing that involved: filling in missing side 
chains using prime, creating zero-order bonds to metals, 
adding hydrogens, creating disulfide bonds, deleting water 
molecules beyond 5 Å from the hit group, and removing 
waters with less than 3 H-bonds to non-waters. The pre-
processing step was followed by optimizing the protein 
structure’s hydrogen bonds, followed by minimizing to a 
root-mean-square deviation of 0.3 Å. The receptor grids 
were generated using the prepared proteins; the default 
setup was conserved. The PLIP server was applied to eval-
uate the binding modes (Adasme et al. 2021). The final 
results were visualized with PyMOL 2.5.2 (Elokely and 
Doerksen 2013). In order to validate the docking method 
concerning each prepared protein, the native ligand was 
drawn, prepared, and re-docked into the binding pockets. 
Then, the native ligand was superimposed with the best 
pose of the re-docked ligand, followed by calculating the 
root mean square deviation (RMSD). Getting an RMSD 
value less than 2.0 Å indicates that the protein crystal 
structures and ligands were appropriately prepared and the 
docking method precisely works (Bell and Zhang 2019).

Molecular dynamics (MD) simulations

The molecular dynamics simulations were performed 
utilizing the online WEBGRO Macromolecular Simula-
tions server (https:// simlab. uams. edu/ Prote inWit hLiga 
nd/ index. html), available by the University of Arkansas 
for Medical Sciences (UAMS) as a public service. It is 
a GRACE High-Performance Computing Facility and is 
based on GROMAC (de Groot and Nadrchal 1993). After 
creating the ligand topology using the PRODRG 2.3 online 
server (http:// davap c1. bioch. dundee. ac. uk/ cgi- bin/ prodrg/ 
submit. html) (Van Aalten et al. 1996) and choosing the 
GROMOS96 54a7 force field, the ligand–protein complex 
structures and apo structures were subjected to the simu-
lation at 300 K in an explicit solvent. Then each system 
was subjected to the triclinic box and SPC water models 
for salvation. The Na + and/or  Cl− ions were added as salt 
types to neutralize the system. In the presence of solvent, 
the proteins were energetically minimized using the inte-
grator steepest descent to a max of 5000 steps. After that, 
the equilibration process was performed by applying the 
NVT and NPT ensemble at 300 k temperature. Finally, 
for each system, the molecular dynamics were performed 
for a simulation of time 100 ns and the frames per MD 
simulation were fixed to 5000. The MD simulations using 
the WEBGRO server output various trajectories such as 
the root mean-square deviation (RMSD) and the radius of 
gyration (Rg) to understand more the formation and stabil-
ity of complexes (Lindorff‐Larsen et al. 2010; Abraham 
et al. 2015).

ADME‑T calculations

In order to examine the future drug properties of our new 
tested molecules, a set of ADME-T calculations (molecu-
lar weight, dipole moment, octanol/gas partition coeffi-
cient, octanol/water partition coefficient, aqueous solu-
bility, brain/blood partition coefficient, binding to human 
serum albumin, oral absorption, polar surface area, num-
ber of violations of Lipinski's rule of 5, and number of 
violations of Jorgensen’s rule of 5) were performed. The 
QiKProp module (Schrödinger 12.1, LLC, NY) was used 
for ADME-T analysis (Bell and Zhang 2019).

Statistical analysis

The COX, antibacterial, antifungal, and cell culture assays 
were conducted in triplicates. The results were expressed 
as means of the standard deviation (± SD), while the 
results were considered significant when the p value 
was < 0.05.

https://simlab.uams.edu/ProteinWithLigand/index.html
https://simlab.uams.edu/ProteinWithLigand/index.html
http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg/submit.html
http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg/submit.html
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Result and discussion

Chemistry

About 19 compounds were evaluated against COX 
enzymes, and these compounds were classified into five 
groups: the first group includes five compounds (A1-A5) 
which belong to phenyl-isoxazole-carboxamide, and the 
second group consists of six compounds (A6-A11) which 
belong to fluoro-phenyl-isoxazole-carboxamide; the third 
group belongs to chloro-phenyl-isoxazole-carboxamide 
which includes three compounds (A12-A14); the fourth 
group belongs to phenyl-isoxazole-carboxylic acid that 
related to the three compounds B1-B3, and the final group 
as positive controls (ketoprofen and celecoxib). The first 
three groups were synthesized previously, as mentioned in 
Methods section, and the other groups were ordered from 

Sigma-Aldrich. The structures of all evaluated compounds 
are presented in Table 1.

In vitro COX‑1 and COX‑2 inhibition assay

All compounds were evaluated for inhibition assay on 
COX-1 and COX-2 enzymes using the COX-1 (human) 
Inhibitor Screening Assay Kit and COX-2 (human) Inhibi-
tor Screening Assay Kit (Cayman Chemical Company, Ann 
Arbor, MI, USA). The first three groups of evaluated com-
pounds (PICA, FPICA, and CPICA) have a tricyclic struc-
ture similar to celecoxib NSAID so that they could display 
some selectivity toward the COX-2 enzyme. Celecoxib, a 
selective COX compound, and ketoprofen, a non-selective 
compound, were used as positive controls to compare the 
biological activity and selectivity found in our newly evalu-
ated series. The results of the COX inhibitory assay are pre-
sented in Table 1.

Table 1  The structures of isoxazole derivatives and the  IC50 values against COX enzymes

 

Name R1 R2 IC50 COX-1 (µM) IC50 COX-2 (µM) Selectivity index

A1 H H 0.839 ± 0.04 1.214 ± 0.78 0.69
A2 H 3-OCH3, 4-OCH3, 5-OCH3 0.269 ± 0.17 3.949 ± 1.02 0.07
A3 H 3-  OCH3, 5-OCH3 0.122 ± 0.11 0.310 ± 0.25 0.39
A4 H 3-OCH3, 4-OCH3 0.076 ± 0.06 0.258 ± 0.28 0.29
A5 H 4-t-butyl 0.312 ± 0.16 0.486 ± 0.01 0.65
A6 4-F H 0.140 ± 0.05 0.218 ± 0.11 0.6418
A7 4-F 3-OCH3, 4-OCH3, 5-OCH3 0.350 ± 0.05 0.346 ± 0.24 1.0113
A8 4-F 3-OCH3,5-OCH3 0.317 ± 0.02 0.878 ± 0.47 0.3618
A9 4-F 3-OCH3, 4-OCH3 0.335 ± 0.07 0.829 ± 0.15 0.4047
A10 4-F 4-t-butyl 0.126 ± 0.10 0.370 ± 0.08 0.3403
A11 4-F 2-OCH3, 4-Cl, 5-OCH3 0.478 ± 0.21 0.334 ± 0.03 0.5604
A12 2-Cl 3-OCH3,5-OCH3 0.413 ± 0.19 0.293 ± 0.11 1.4117
A13 2-Cl 3-OCH3, 4-OCH3 0.064 ± 0.02 0.013 ± 0.01 4.6341
A14 2-Cl 2-OCH3, 5-OCH3 0.077 ± 0.01 0.376 ± 0.21 0.2066
B1 2-Cl – 1.210 ± 0.55 0.856 ± 0.15 1.414454
B2 4-F – 0.702 ± 0.28 0.033 ± 0.07 20.72017
B3 H – 0.668 ± 0.08 1.040 ± 0.85 0.642553
Ketoprofen – – 0.043 ± 0.02 0.066 ± 0.05 0.643249
Celecoxib – – 1.479 ± 0.47 0.004 ± 0.003 369.75
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All evaluated isoxazole derivatives showed moderate to 
potent activities, as presented in Table 1, with  IC50 values 
ranging < 4 µM against both COX enzymes. However, the 
most potent compound was A13 against COX-1 and COX-2 
with  IC50 equal to 64 and 13 nM, respectively, which was 
more active on COX-2 than Ketoprofen drug with a selectiv-
ity ratio of 4.63, as well as the most selective compound was 
B2 with a selectivity ratio value of 20.7.

Cytotoxic evaluation on LX‑2

MTS assay was used to determine the cytotoxicity effect of 
phenyl-Isoxazole-carboxamide derivatives on LX-2 (normal 
hepatic cells). The percentage of cell viability on LX-2 cell 
line of isoxazole-carboxamide derivatives, positive control 
(5-Fu), and negative control (DMSO) at a concentration of 
100 µM is shown in Fig. 2, as well as Fig. S1 (supplementary 

file), which showed the results of cell viability of the most 
cytotoxic compound (A6) and the least cytotoxic compound 
(A13), in comparison with 5-Fu at all used concentrations. 
The percentage was in the range of 55.12–90.47% for all 
carboxamide derivatives, in comparison with the positive 
control anticancer drug percentage value of 7.87%, which 
means that all of these compounds have very weak or neg-
ligible cytotoxic activities on the normal liver cell line, and 
these compounds seem safe at the effective dose.

Antimicrobial activity

The isoxazole-carboxamide derivatives were further evalu-
ated to observe their antibacterial activities. The antibacte-
rial activities were very weak or negligible, and all bacte-
rial strains showed resistance to the evaluated compounds 
(Table 2) except compounds A8 and A9. These two com-
pounds showed significant antibacterial activities against P. 
aeruginosa bacterial strain and C. albicans fungal strain at 
MIC 2.00 mg/ml, as well as compound A8, which showed 
antibacterial activities against K. pneumonia bacterial strain 
at the same concentration. Two positive controls were used 
to make a comparison, fluconazole as an antifungal agent 
and ciprofloxacin as an antibacterial agent.

Molecular docking study

The crystallized poses of native ligands were superimposed 
with reduced poses in order to confirm the authenticity of 
the molecular docking process used in this study for each 
prepared protein (Fig. 3). The RMSD values were calculated 
to be 0.40 for celecoxib docked to COX-1 (PDB ID 3KK6), 
0.01 for rofecoxib docked to COX-2 (PDB ID 5KIR), 
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Fig. 2  The cell viability percentage at a concentration of 100 µM of 
isoxazole-carboxamide derivatives, positive control (5-Fu), and nega-
tive control (DMSO) on the LX-2 normal cell line

Table 2  Microbial and fungal 
growth inhibition MIC values 
(mg/ml) of the synthesized 
compounds and positive 
controls

Microbial strains S. aureus E. coli K. pneumonia P. vulgaris P. aeruginosa MRSA C. albicans

A1 R R R R R R R
A2 R R R R R R R
A3 R R R R R R R
A4 R R R R R R R
A5 R R R R R R R
A6 R R R R R R R
A7 R R R R R R R
A8 R R 2 R 2 R 2
A9 R R R R 2 R 2
A10 R R R R R R R
A11 R R R R R R R
A12 R R R R R R R
A13 R R R R R R R
A14 R R R R R R R
Ciprofloxacin 0.78 1.56 0.125 3.12 0.015 0.125 R
Fluconazole R R R R R R 1.56
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0.90 for HPI docked to Elastase of P. aeruginosa (PDB 
ID 1U4G), 1.40 for BCN docked to K. pneumonia KPC-2 
carbapenemase (PDB ID 2OV5), and 1.43 for fluconazole 
docked to cytochrome P450 14 α-sterol demethylase (PDB 
ID 1EA1). As all RMSD values were located much lower 
than the acceptable limits of 2.0  Ao, the docking protocol 
was well optimized and could be confirmed.

Both COX-1 and COX-2 isoforms are highly related to 
each other, with amino acid sequence identity equaling 
67%. The selectivity of NSAIDs toward the COX-2 isozyme 
mainly stemmed from optimally occupying the additional 
secondary binding pocket that does exist only in the COX-2 
isoform. The conformational change presented as a result 
of replacing ILE-532 amino acid in COX-1 with VAL-532 
in COX-2 led to unlocking this secondary binding pocket 
and unveiling the polar amino acid ARG-513 which is con-
sidered the ameliorating COX-2 selectivity (Badrey et al. 
2015). The molecular docking studies here aimed to scru-
tinize the expecting binding profile of newly synthesized 
molecules besides the well-known controls within the bind-
ing site of crystallized human COX-1 (PDB code 3KK6) 
and COX-2 (PDB code 5KIR). Thus, understanding more 
about the structure–activity relationship (SAR) alongside 
finding differences and similarities is a fundamental strat-
egy to enhance the drug profile, including activity along-
side selectivity. The results of docking analysis scores of all 
tested docked ligands are summarized in Table S2 (in sup-
plementary data), and the docking figures for all evaluated 

compounds are shown in Figs S2 and S3. In Fig. 4, the 
crystal binding modes of celecoxib, ketoprofen, and the 
most potent compound A13 are shown, it was clear that the 
presence of Cl atom at the ortho position of the first phenyl 
ring and 3,4-dimethoxy on the other phenyl ring create ideal 
binding interaction between A13 compound and the crystal 
of COX enzymes, especially COX2, in comparison with the 
other compound. Regarding the docking studies within the 
COX-1 isozyme, the compounds A13, A14, and A4 revealed 
significant binding affinity toward the binding domain of 
COX-1 which was comparable to the binding affinity of 
ketoprofen (located within the range 0.064–0.076 μM) (Fig-
ure S3; supplementary data). The three compounds showed 
a low selectivity index (below 0.3) which means that have a 
higher affinity toward COX-1 than COX-2 except for com-
pound A13 which exhibited a reverse affinity with a selectiv-
ity index equaled to 4.6.

The aforementioned precious anti-inflammatory activity 
of A8 compound against COX-1 and COX-2 isozymes (0.31 
and 0.87 μM) was boosted via further reporting antimicro-
bial activity against two serious strains of gram-negative 
bacteria (P. aeruginosa and K. pneumonia) and antifungal 
activity against C. albicans within acceptable ranges. These 
observed activities are continued to be examined within 
selected decisive proteins related to gram-negative bacte-
ria, Elastase of P. aeruginosa and KPC-2 carbapenemase of 
K. pneumonia utilizing the crystallized enzymes of PDB ID 
1U4G and 2OV5, respectively. Additionally, the interaction 

Fig. 3  Superimposition of crystal form and docking result of (A) 
celecoxib for human COX 1(PDB ID 3KK6), (B) rofecoxib for 
human COX 2 (PDB ID 5KIR), (C) HPI for Elastase of Pseudomonas 

aeruginosa (PDB ID 1U4G), (D) BCN for Klebsiella pneumonia 
KPC-2 carbapenemase (PDB ID 2OV5), and (E) fluconazole for 
Cytochrome P450 14 alpha-sterol demethylase (PDB ID 1EA1)
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profile of the A8-molecule was compared to crystallized 
fluconazole within the Cytochrome P450 14 alpha-sterol 
demethylase (PDB ID 1AE1) in order to state the antifungal 
activity observed. All the docking data are shown in Fig. 5, 
various kinds of binding interactions were predicted between 
this compound and possible targets of strains.

In return to Fig. 4 and supplementary materials (Figs 
S2 and S3), discussing the molecular docking studies in 
more detail reveal that compound B2 and A13 exhibited 
the best COX-2 selectivity index  (IC50COX-1/  IC50COX-2) 
that equals 20.7 and 4.6, respectively. Compared to the 
tested FDA-approved drugs (celecoxib and ketoprofen) 
as controls, B2 and A13 compounds revealed a greater 
COX-2 inhibition activity than ketoprofen but with a lower 
selectivity index than celecoxib. Starting from investigat-
ing the interaction pattern of celecoxib as an ideal selec-
tive COX-2 ligand, the binding site is optimally fitted, 

including the secondary binding domain, and forms highly 
favorable five hydrogen bonds (bond lengths about 2  Ao) 
with ARG-513 (ameliorated COX-2 residue), HIS-90, 
SER-353, ILE-517, and PHE-518. Additionally, celecoxib 
ordinary set within the binding site via forming favorable 
hydrophobic interactions with eight residues that mainly 
participate in boosting affinity. Regarding the predicted 
interaction profile of ketoprofen, the inability to associate 
deeply with the secondary polar domain at the right side 
led to the loss of critical interactions with ARG-513 and 
HIS-90, resulting in loss of selectivity and decreased affin-
ity toward the COX-2 enzyme. The moderate activity of 
ketoprofen is mainly the result of forming a lot of hydro-
phobic interactions at the left side (with at least 8 residues) 
and two hydrogen bonds with TYR-385 and SER-530. 
The interaction patterns of both celecoxib and ketoprofen 
within the binding domain of the COX-2 enzyme were 

Fig. 4  Crystal binding mode 
and predicted binding orienta-
tions of (A) celecoxib, (B) 
ketoprofen, (C) A13 visualized 
in COX-2 active site (PDB 
code 5KIR); ligands are shown 
in orange and amino acids 
are shown in blue. Only the 
interacting residues and their 
interaction patterns are shown
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identical to the previously reported studies (Plount Price 
and Jorgensen 2000; Orlando et al. 2015).

Substituting the phenyl-amide ring with 3,4-dimethoxy 
in A13-compound led to pushing in the 5-methyl-isoxazole 
ring toward the secondary binding pocket and thus could 
occupy that domain partially and forming a hydrogen bond 
with ARG-513. The favorable conformation of A13 that 
exists within the binding site results in forming additional 
three hydrogen bonds with TYR-355, TYR-385, and SER-
530, besides many hydrophobic interactions. The presence 
of Cl at position-2 at the phenyl-isoxazole ring participated 
mainly in optimizing the ligand conformation to fit the 
binding domain more. A13 molecule showed better affinity 
than A12 or A14 when the 3,4-dimethoxy changed to 2,5 or 
3,5 dimethoxy, respectively. Docking studies here showed 
that the steric clashes of 2,5 or 3,5 dimethoxy pushed the 
isoxazole ring out of the secondary binding site leading to 
the loss of the ameliorating interactions with ARG-513. 
Replacing 2-Cl with 4-F in A9-compound led to a decrease 
in activity by fivefold due to the generated steric clashes 
with the surrounded residues. Removing the 2-Cl substitu-
ent at A4-compound resulted in a few decreases in potency 
but kept it in an arrange of 0.2 μM due to the favorable 
conformation of the 3,4-dimethoxy phenyl ring. Regarding 
the other non-substituted phenyl-isoxazole ring, shifting the 
4-methoxy in A4 to 5-methoxy in A3 resulted in changing 

some residues directions that led to a decrease in the number 
of hydrophobic interactions from eleven to just seven with 
the surrounding residues.

The addition of t-butyl at para-position at compound A5 
led to a further decrease in affinity due to flipping the mole-
cule and the t-butyl exposed to the second binding domain so 
losing more favorable interactions. The free substituted phe-
nyl-amide ring in compound-A1 showed better affinity than 
3,4,5 trimethoxy phenyl-amide in compound-A2 by three-
fold but lower than the dimethoxy substituted compounds. 
However, A2 molecules formed three favorable hydrogen 
bonds with the surrounding residues, including ARG-513. 
Just one methoxy formed a hydrogen bond interaction, and 
the other two methoxy groups paid desolvation and con-
formation penalties that resulted in a remarkable decrease 
in affinity. Compound A1 formed at least 13 hydrophobic 
interactions that participated mainly in the binding affin-
ity. As noticed in general, in all carboxamide derivatives, 
substituting the 4-position of the phenyl-amide ring with F 
(compounds—A6, A7, A8, A10, and A11) resulted in more 
conformation penalties and steric clashes inside the COX-2 
binding site resulted in decreasing the binding affinity, espe-
cially if the phenyl-amide ring is substituted with 3,4 or 3,5 
dimethoxy groups in A9 and A8, respectively. Concerning 
the carboxylic acid derivatives, the existence of fluor at para-
position (Compound-B2) led to increasing the lipophilicity 

Fig. 5  The predicted binding orientations of ciprofloxacin and A8, 
visualized in a the Elastase of P. aeruginosa (PDB ID 1U4G). and b 
K. pneumonia KPC-2 carbapenemase (PDB ID 2OV5). The crystal 
binding mode of c fluconazole and predicted binding orientations of 

A8, visualized in cytochrome P450 14 α-sterol demethylase (PDB ID 
1EA1); ligands are shown in orange and amino acids are shown in 
blue. Only the interacting residues and their interaction patterns are 
shown
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of the phenyl ring connected to the isoxazole ring as a result 
of blocking the π-resonance thus, creating sturdy hydropho-
bic interactions within the binding site and robust the affinity 
to about 0.033 μM (Meanwell 2018; Griffen et al. 2018).

Squandering these advantageous features by replacing 
F with Cl (larger size and could activate the resonance of 
π-electrons) at position-2 or removing the F atom in com-
pounds B1 and B3, respectively, resulted in highly dimin-
ished affinity. Compared to the other 4-fluoro carboxamide 
derivatives, B2 had a higher affinity. This is because it was 
able to get more favorable interactions and had the least 
number of conformations and steric penalties.

Regarding the docking studies within the COX-1 isozyme, 
the compounds A13, A14, and A4 revealed significant bind-
ing affinity toward the binding domain of COX-1, which was 
comparable to the binding affinity of ketoprofen (located 
within the range 0.064–0.076 μM). The three compounds 
showed a low selectivity index (below 0.3) which means that 
they have a higher affinity toward COX-1 than COX-2 except 
for compound A13, which exhibited a reverse affinity with a 
selectivity index equaled to 4.6.

The high affinity of ketoprofen toward the COX-1 bind-
ing site is retrieved via forming an extremely favorable salt 
bridge between the positively charged guanidine group of 
ARG-120 residue with the negatively charged carboxylate 
group of ketoprofen which greatly contributed to the further 
deepening of the molecule within the binding site. Addition-
ally, the biphenyl ketone fitted optimally within the binding 
residues and succeeded in forming hydrophobic interactions 
with VAL-116, VAL-349, LEU-352, LEU-359, TYR-385, 
TRP-387, PHE-518, and ALA-527. However, celecoxib 
within the COX-1 binding site can form many hydrogen 
bonds and hydrophobic interactions, but the presence of 
ILE-523 in COX-1 instead of VAL-523 in COX-2 isozyme 
caused to diminish the cavity space (by 25%) available to 
catch celecoxib optimally. This led to restricting the entrance 
of the sulfonamide group to the relatively polar side pocket 
beside the steric clashes exposed to the trifluoromethyl 
group (Plount Price and Jorgensen 2000).

Analyzing the docking data showed that all the carboxam-
ide derivatives (except A1) exhibited a binding affinity over 
the carboxylic acid derivatives and celecoxib. The incorpo-
ration of phenyl amide provided more favorable conforma-
tions and fit the binding site of COX-1more properly. The 
existence of Cl at position 2 of phenyl isoxazole ring coupled 
to 3,4 dimethoxy-phenyl amide caused to set A13-compound 
optimally at ideal binding distances. The 4-methoxy group 
entered perfectly into the relatively polar side pocket-form-
ing hydrogen bonds with HIS-90, GLN-192, and SER-516. 
The 3-methoxy group and carbonyl formed hydrogen bonds 
with ILE-517 and TYR-355, respectively. Comparing the 
binding pattern of other synthesized compounds to A13 as 
a reference, eliminating the Cl group or replacing the 3,4 

dimethoxy with 2,5 dimethoxy in compounds A4 and A14, 
respectively, led to a slight deviation in the conformation 
besides desolvation penalties that finally caused a minimal 
decrease in the binding affinity. Keeping the 2-Cl group 
in compound A13, but replacing 3,4 dimethoxy with 3,5 
dimethoxy resulted in flipping the conformation of the A12 
compound and creating high steric clashes exposed to the 
dimethoxy groups which led to decreased potency by sev-
enfold. Substituting position 4 of carboxamide derivatives 
(compounds A6-A10) instead of 2-Cl led to a decrease in 
the potency located within a narrow range (0.12–0.4 μM). 
It is expected that the large size and the preferred position 2 
of the Cl atom could play an essential role in directing the 
molecules to occupy and fit the binding site more optimally 
than F at position 4.

Non-substituting, the phenyl isoxazole ring of carboxam-
ide derivatives (compounds A1-A5) revealed various bind-
ing affinities that ranged from 0.076 μM in compound A4 
to 0.839 μM in compound A1. The affinity is differentiated 
according to the position and type of substituents at the phe-
nyl-amide ring. The 3,4 dimethoxy showed the best binding 
pattern within the non-substituting phenyl isoxazole group 
and could partially enter the relatively polar side pocket-
forming many favorable interactions. Replacing it with 3,5 
dimethoxy or 3,4,5-trimethoxy in compounds A3 and A2, 
respectively, resulted in pushing it away from the relative 
polar side and flipping the methoxy group to the lipophilic 
part, which led to losing the ability to form hydrogen bonds. 
Eliminating the halogen at the phenyl isoxazole ring and 
methoxy groups at the phenyl amide ring in compound-
A1 resulted in a further decrease in potency due to losing 
advantageous filling and conformation character caused by 
substituents.

The carboxylic acid derivatives (B1-B3) exhibited weaker 
affinity than carboxamide derivatives. Docking these com-
pounds to the COX-1 enzyme showed lower interacting 
residues without any propitious interactions besides paying 
desolvation penalties due to the non-bonding carboxylic acid 
group. This non-preferable interaction profile observed low 
inhibition activity when tested against COX-1 isozyme. The 
binding profiles of celecoxib and ketoprofen were similar to 
previously recorded data (Plount Price and Jorgensen 2000; 
Viegas et al. 2011).

Concerning both gram-negative strains, the ciprofloxa-
cin was used as a reference drug which is FDA-approved 
potent antimicrobial agent. Docking of ciprofloxacin 
against the Elastase of P. aeruginosa (PDB ID 1U4G) 
showed very favorably positively contributing binding 
interactions within the binding site including two salt 
bridges with HIS-140 and HIS-144 beside three optimally 
oriented and distanced hydrogen bonds with GLU-141, 
HIS-223, and ALA-113, and ASP-221 with the carboxylic 
acid group. The high basicity of terminal the nitrogen of 
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the piperazine ring is involved in fitting the molecule's 
conformation optimally inside the binding domain via 
forming a hydrogen bond with the carboxylate group of 
ASP-221. For the A8 molecule, a valuable interaction pro-
file was observed within the binding site of the Elastase 
enzyme. The four generated hydrogen bonds optimized the 
conformation, matching the space available for binding.

Regarding the docking studies within KPC-2 carbap-
enemase of K. pneumonia (PDB ID 2OV5), ciprofloxacin 
settled ordinary inside the binding domain via construct-
ing highly favorable binding interaction including two salt 
bridges with LYS-73 and LYS-235, five hydrogen bonds 
with SER-130, THR-237, THR-235, and GLU-276, sup-
ported with hydrophobic interaction with many residues. 
Otherwise, docking the A8 molecule did not show hydro-
gen bonds but was able to form a water bridge between the 
isoxazole ring and THR-216 residue. Therefore, the activ-
ity of the A8 molecule is expected to be retrieved from the 
hydrophobic interactions with the surrounding residues.

Docking of compound A8 to both enzymes (Elastase 
and KPC-2 carbapenemase) cleared that the methoxy sub-
stituents played a negative role through generating steric 
clashes with the exposed residues beside desolvation 
penalties that led to decreased affinity compared to cipro-
floxacin. It’s supposed that replacing the methoxy group 
with a smaller lipophilic group is supposed to enhance the 
antimicrobial activity of compound A8 against both gram-
negative bacterial strains.

The binding mode of crystallized fluconazole within 
the binding site of Cytochrome P450-14-alpha-sterol dem-
ethylase (PDB ID 1AE1) was investigated and taken as a 
control to explain the antifungal activity of the A8-com-
pound. Concerning fluconazole, the triazole ring coor-
dinated to heme iron (with a distance equal to 3.8  Ao) 
resulted in positioning fluconazole almost perpendicular 
to the porphyrin plan  (Fe+2-cofactor). Other polar inter-
actions were observed, including three salt bridges and 
hydrogen bonds with at least seven residues. Besides the 
ability to coordinate to heme cofactor, the capability to 
generate hydrophobic interactions is also crucial to match 
the binding site of Cytochrome P450-14-alpha-sterol dem-
ethylase (Hargrove et al. 2017), which could be observed 
here regarding fluconazole. This unique interaction profile 
succeeded in settling the molecule optimally inside the 
binding domain resulting in high antifungal activity. Dock-
ing the A8 molecule showed the proper accommodation 
over the porphyrin plan but with a longer distance (meas-
ured to 4.9  Ao), resulting in minimizing the participation 
of that critical bond in the binding energy. Ability to form 
sufficient hydrophobic interaction with surrounding lipo-
philic residues (PHE-78, PHE-83, and LEU-100 relatively 
boosted the binding affinity. A8 showed prorated fitting 
compared to fluconazole, concluded to slightly decrease in 

antifungal activity but still considered a promising ligand 
as an antifungal agent.

All the examined binding patterns of reference used drugs 
utilized in the cyclooxygenase COX-1 and COX-2, antibac-
terial, and antifungal assays besides the newly synthesized 
compounds are shown in Figs. 4, S2, and S3.

Molecular dynamics simulations

Molecular dynamic simulation is defined as a technique 
applied to investigate the conformation changes through sim-
ulating the whole protein–ligand within a course of a certain 
time (Lindorff‐Larsen et al. 2010). For a given period time 
of simulation, various trajectories are generated through 
applying Newton’s law of motion to the macromolecular 
system. As a result of analyzing the coordinates of trajecto-
ries points, certain parameters such as the root mean square 
deviation (RMSD) could be obtained and analyzed to realize 
the stability of protein–ligand complex (Meena et al. 2022; 
Kumar et al. 2019, 2020; Vishvakarma et al. 2015).

The RMSD plot in MD simulation is used to investigate 
the compactness of protein after the ligand-induced fit into.

it (Abraham et al. 2015). It is calculated by rooting the 
average value of the square of atomic coordinates of back-
bone atoms. The less fluctuation in the RMSD values (within 
3 angstroms) of the ligand–protein complex indicated greater 
stability, thus successful fit or docking.

The conformational stability of the A13-COX-2 (PDB 
ID 5KIR), A8-Klebsiella P. KPC-2 carbapenemase (PDB 
ID 2OV5), A8-Elastase of P. aeruginosa (PDB ID 1U4G), 
and A8-cytochrome P450 14 α-sterol demethylase (PDB ID 
1EA1) complexes along with the molecular dynamics trajec-
tories was evaluated from the backbone and ligand RMSD 
plots. The RMSD plots of the fitted ligands and proteins 
backbones were extracted, and the time series of RMSD val-
ues within 100 ns are shown in Fig. 6A–C, respectively. All 
the proteins’ backbones showed trivial fluctuations (within 
0.15 nm) as shown in RMSD plots that reached the plateau 
of equilibrium at approximately 20 ns of simulation trajec-
tory. The A13-COX-2 complex presented an ideal ligand 
and backbone RMSD plots which showed minimal RMSD 
fluctuation (0.2 nm) at the first 20 ns of molecular dynamic 
simulations and then retained a stable state. With respect to 
the A8- KPC-2 carbapenemase complex, the A8 structure 
revealed strong fluctuation at the initial simulation trajec-
tory and the plateau remained stable directly after that until 
80 ns of simulation trajectory then showed high dynamic-
ity (RMSD ranged within 1.5 nm) for a few nanoseconds 
and tried to return to the stable state within the last time of 
trajectory simulation. The A8 structure upon fitting to the 
binding site of elastase protein of P. aeruginosa presented 
high dynamicity (RMSD = 1.6 nm), especially at the pri-
mary simulation time and after 50 ns showed a weak plateau 



3 Biotech (2022) 12:342 

1 3

Page 13 of 16 342

and all fluctuations were within the normal range ( less than 
2 nm) which indicate the stability state of that complex. The 
A8-ligand revealed lighter dynamicity (RMSD = 0.3 nm) 
within the cytochrome P450 14 α-sterol demethylase protein 
and retained a plateau state after the first 5 ns of simulation 
trajectory.

Another parameter obtained to measure the strength of 
the ligand–protein complexes and macromolecular systems 
is the radius of gyration (Rg). Considering the trajectories 
points obtained from MD simulations, it calculates the dis-
tance between the center of mass and the axis of rotation. 
In term of Rg, less the average value of Rg indicates a more 
compact macromolecular system or ligand–protein complex, 
while less fluctuations in Rg values means more conforma-
tional stability of the system.

As shown in Fig.  7, the complexes A13-COX-2 and 
A8-cytochrome P450 14 α-sterol demethylase present an 
Rg average value within 2–2.5 nm, while the A8-Klebsiella 
P. KPC-2 carbapenemase and A8-Elastase of P. aeruginosa 
complexes showed Rg average values within 1.5 – 2 nm. All 
complexes showed less fluctuation in the Rg values and did 
not exceed 0.5 nm which indicates the high conformational 
stability and system compactness for a simulation trajectory 
of 100 ns and 300 K temperature..

ADME‑T analysis

The predictive ADME module (Qikprop) within the Maes-
tro-schrödinger software was applied to predict virtually a 
lot of physicochemical properties (ADME-T parameters) of 
our new molecules to check if they could proceed to the next 
stages of study potentially. As shown in supplementary data 
Table S3, all our new tested molecules (without any excep-
tions) demonstrated outstanding and optimum ADME-T val-
ues within the recommended doses. These data, alongside 
the previously reported biological results, give a hopeful 
conception of these newly designed ligands.

Conclusion

To sum up, this study demonstrates the discovery of a 
series of COX-1 and COX-2 inhibitors that was recorded 
with a moderate selectivity index (SI) toward the COX-2 
isozyme like B2- and A13-compounds, if compared to the 
FDA-approved COX-2 selective drug (celecoxib). But if 
compared to ketoprofen, as a non-selective COX inhibi-
tor, the compounds A13, A-14, and A4 showed compa-
rable inhibition activity against the COX-1 isozyme and 
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Fig. 6  The time-series of RMSD values of MD simulation trajec-
tory. The RMSD plot obtained for A A13—COX2 complex, B 
A8—K. Pneumonia KPC-2 carbapenemase, (C) A8—Elastase of 
Pseudomonas aeruginosa, and (D) A8—cytochrome P450 14 α-sterol 

demethylase for 100 ns of simulation trajectory at 300 K temperature. 
The figures present the RMSD plots of proteins’ backbones (red) and 
ligands (blue). The RMSD values were calculated with respect to the 
initial structures
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selectivity toward COX-2. Indeed, a feature that could be 
figured in this study is the discovery of new drugs with 
tertiary anti-inflammatory, antibacterial, and antifungal 
actions. Compound A8 could crucify two gram-negative 
invasion strains alongside the antifungal and anti-inflam-
matory activities toward C. albicans and COX, respec-
tively. Studying the safety and anti-proliferation of our 
newly discovered ligands against LX-2 cell cultures (nor-
mal hepatic cell line) did not show any cytotoxic effect. 
The results of the in vitro assays applied here were sup-
ported by investigating the ligand-receptor interaction pro-
file and stability within the binding domain via conduct-
ing molecular docking and molecular dynamic simulations 
studies. All the complexes studied showed favorable inter-
actions patterns within the binding pocket that explicated 
that distinctive results observed and showed high stability 
for 100 ns of molecular dynamic simulation trajectory. 
Additionally, analyzing the chemical structures utilizing 
the QiKProp module to check the future drug properties 
via calculating the ADME-T parameters showed the exist-
ence of all ligands within the ideal and optimal ranges, 
which supports the outcomes of the in vitro assay obtained 
here to push ahead to further investigation assays, includ-
ing clinical studies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13205- 022- 03408-8.
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