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ARTICLE INFO ABSTRACT

Keywords: Six heteroarylamide derivatives were synthesized in good yields and screened for several bio-
Antidiarrheal logical activities. Compounds 1-5 demonstrated analgesic activity with percentage inhibition of
CytotOchl ) writhing between 77.10 and 95.79 %, comparable to that of the standard aceclofenac having
?;:f}rlzzirsy amides 91.12 % writhing inhibition. Evaluation of anti-inflammatory activity unveiled that compound 4

exhibited 36.9 %, 64.17 %, 82.9 % and 93.9 % inhibition of paw edema as compared to ace-
clofenac’s inhibition of 35.5 %, 78.6 %, 79.3 % and 91.2 % at the 1st, 2nd, 3rd and 4th hours,
respectively. Compounds 5 and 6 exerted considerable antidiarrheal effects with 85.00 % and
71.67 % inhibition of defecation at 25 mg/kg dose, respectively, whereas, the standard loper-
amide showed 85.00 % inhibition. Compounds 4-6 manifested promising activity in brine shrimp
lethality bioassay as well as in trypan blue dye exclusion assay, resulting in 10-20 % cell viability
on HelLa cell line and compound 5 was found to have the lowest ICsg of 281.96 pM in the MTT
assay. Molecular docking analysis suggested that certain macromolecular targets such as
cyclooxygenase-2, muscarinic M3 receptor and matrix metalloproteinase 9 (MMP9) might be
involved for the observed activities. As predicted by in silico ADME/T analysis, the compounds
also possessed good pharmacokinetic properties.

Peripheral analgesic

1. Introduction

Carboxamides are well known functional entities that have been identified as important part of several existing medications
(Fig. 1a-f) and, thus, are interesting targets for new drug development. Several carboxamides are currently in use for mitigation of
diversified range of disorders. Nitazoxanide, a carboxamide derivative (Fig. 1a), is an FDA-approved antiprotozoal and antibacterial
drug [1] which is also reported to possess anticancer and antiviral activity [2,3]. Ahmed and co-workers recently reported the anti-
bacterial, anti-inflammatory and cytotoxic effects of heteroaryl derivatives of nitazoxanide [4,5]. Loperamide (Fig. 1b) which serves as
a long acting antidiarrheal agent also contains amide linkages [6]. Several tyrosine kinase inhibitors such as dasatinib, nilotinib
(Fig. 1c and d), and imatinib which are principally used in chronic myeloid leukemia (CML) treatment possess carboxamide functional
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Fig. 1. Structure of medicinally important drugs containing aryl amide group; a) nitazoxanide, b) loperamide, c) dasatinib, d) nilotinib, e) amide
prodrug of ibuprofen and f) niclosamide.

groups.

Pain, which can be considered as a part of body’s protective mechanism, is perceived as a sensation due to tissue damage and can
occur with or without inflammation. Often being associated with pain, inflammation is multifactorial and a wide range of features are
characteristic of inflammation including redness, swelling, tissue function loss, and heat [7,8]. Cyclooxygenase enzymes (COX) are
associated with inflammatory and pain responses as these enzymes are involved in the formation of prostanoids. As a result, COX
inhibitors are popularly used for the treatment of pain and inflammatory conditions. Although NSAIDs’ are the most popular group of
COX inhibitors, numerous side effects like stomach ulcer, cardiovascular events and renal disturbances are associated with them [9,
10]. Several analgesic and anti-inflammatory drugs when developed as their amide derivatives were found to possess better phar-
macokinetic and pharmacodynamic properties. The amide prodrug of naproxen and ibuprofen (Fig. 1e), for instance, showed better
activity than their parent drugs [11]. Some amide derivatives of indomethacin exhibited selectivity against the COX-2 enzyme and,
thus, are capable of reducing the side effects associated with the non-selectivity of the parent molecule [12].

Among the carboxamides, diarylamides are promising structural analogs possessing potential biological activities. Several diary-
lamides are found to possess promising anticancer activity [13]. Niclosamide (Fig. 1f) is another diarylamide derivative that has been
used as an anthelmintic drug and is now being indicated in several disorders including cancer, infectious diseases, metabolic disorders,
and others [14]. Thus, considering the prospect of the diarylamide moiety and the ease of their synthetic procedure we synthesized six
heteroarylamide derivatives for which different in vivo and in vitro pharmacological screening were accomplished.

In silico studies are computational methods widely applied for understanding potential mechanism underlying the given effects by
any substance. Finding of lead compounds and designing of drugs based on chemical structures are markedly dependent on in silico
approaches [15]. Previously many studies exploited the advantages of computational studies to verify their findings as well as for
potential mechanism of action and lead finding [16,17]. Thus, we aimed at in silico analysis to investigate the presumed molecular
mechanism accountable for the effects given by the synthesized molecules.

2. Materials and methods
2.1. General experimental procedure

The glassware and apparatus utilized in the synthesis procedure were well dried before use. The solvents (ethyl acetate, n-hexane,
dichloromethane, chloroform) were subjected to distillation prior to use. To track the progression of all reactions, thin layer chro-
matography (TLC), coupled with the requisite spot detection on TLC plates (Sigma-Aldrich) using UV light at 254 nm was utilized.
Silica gel 60 (0.06-0.2 mm, ROTH) was used in column chromatography for purification. "H NMR (400 MHz) spectroscopic analysis of
the synthesized compounds was done by Bruker 400 NMR instrument using CDCl3 solvent. >*C NMR was done by using Bruker 150
NMR instrument; CDCl3 and CD30D was used as solvent. Shimadzu IRSpirit was used to record Fourier-transform (FT-IR) spectra.
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Fig. 2. Scheme 1: Synthetic scheme for heteroarylamide derivatives.

Table 1
Synthesis of various heteroaryalamide derivatives.
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Reagents and solvents were purchased from Sigma Aldrich, Germany.

2.2. General synthetic procedure of the heteroarylamide derivatives

Calculated amount (200 mg/1 equivalent) of starting materials (various aniline derivatives) in dichloromethane along with the
catalysts triethyl amine (TEA) and 4-(dimethyl amino)-pyridine (DMAP) were stirred at 5 °C for 15 min. Rest of the reaction was
carried out at room temperature. 2-3 equivalents of acid chlorides were then added to that mixture with continuous stirring. Upon
completion of the reaction, the mixture was quenched by addition of 0.1N sodium hydroxide (NaOH). The resultant mixture was
subjected to extraction by using dichloromethane followed by washing with brine solution. The extract was dried using anhydrous
sodium sulphate. Finally, using a rotatory evaporator, solvent was removed and further purification of the test compounds was per-
formed by using column chromatography. The reaction scheme and products are shown in Fig. 2 and Table 1, respectively.

2.3. Spectroscopic characterization of synthesized heteroarylamide derivatives

'H NMR, !3C NMR and FTIR were employed to characterize the compounds. Data obtained were compared to previously reported
data for confirmation.

2.3.1. N-(4-nitrophenyl)thiophene-2-carboxamide (1)
4-nitroaniline, the starting material, and 2-thiophenecarbonyl chloride reacted in dichloromethane solvent at room temperature.
IR (cmfl): 3362, 3104, 2917, 2848, 1642, 1538; H NMR (400 MHz, TMS, CDCls, §/ppm): § 7.17 (t, J =4 Hz, 1 H), § 7.62 (dd, J =
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4.8Hz, 1.2 Hz, 1H), § 7.68 (dd, J = 3.6 Hz, 0.8 Hz, 1H), § 7.81 (m, 2H), § 7.92 (s, 1H), 5 8.26 (m, 2H). *C NMR (150 MHz, CDCls,
&8/ppm): 160, 144, 143, 139, 132, 129, 128, 125 (2C), 119 (2C).

2.3.2. N-(4-nitrophenyl)furan-2-carboxamide (2)

4-nitroaniline and 2-furancarbonyl chloride reacted under room temperature leading to the formation of N-(4-nitrophenyl)furan-2-
carboxamide (2).

IR (cm™Y): 3341, 3127, 2921, 2849, 1663, 1545; 'H NMR (400 MHz, TMS, CDCls, §/ppm): § 6.61 (dd, J = 3.6 Hz, 2 Hz, 1H), § 7.32
(dd, J=3.4 Hz, 0.8 Hz, 1H), 5§ 7.56 (dd, J = 2Hz, 0.8 Hz, 1H), § 7.84 (m, 2H), § 8.26 (m, 2H), § 8.32 (s, 1 H). 1I3C NMR (150 MHz, CDCls,
8/ppm): 156, 147, 144, 143.85, 143.27, 125 (2C), 119 (2C), 116, 113.

2.3.3. N-(4-chloro-2-nitrophenyl)thiophene-2-carboxamide (3)

4-chloro-2-nitroaniline which upon reaction with 2-thiophenecarbonyl chloride at room temperature using dichloromethane as
solvent resulted in formation of compound 3.

IR (cmfl); 3329, 31254, 3094, 1679, 1579; 'H NMR (400 MHz, TMS, CDClg, 6/ppm): § 7.19 (t, J = 4 Hz, 1H), 6 7.65 (m, 2H), §
7.745 (dd, J = 4Hz, 1.2 Hz, 1H), § 8.27 (d, J = 2.8 Hz, 1H), 6§ 8.93 (d, J = 9.2 Hz, 1H), § 11.21 (s, 1H). 13C NMR (150 MHz, CDCls3,
8/ppm): 160, 138, 136.26, 136.21, 133, 132, 129, 128.46, 128.27, 125, 123.

2.3.4. N-(4-chloro-2-nitrophenyl)furan-2-carboxamide (4)

Condensation reaction between 4-chloro-2-nitroaniline and 2-furancarbonyl chloride at room temperature using DMAP and TEA as
catalyst led to the formation of N-(4-chloro-2-nitrophenyl)furan-2-carboxamide (4).

IR (cm_l): 3333, 3130, 3085, 1679, 1585; 'H NMR (400 MHz, TMS, CDCls, 6/ppm): § 6.60 (dd, J = 3.2 Hz, 1.6 Hz, 1H), 5 7.32 (dd,
J = 3.6, 0.8 Hz, 1H), § 7.64 (m, 2H), § 8.26 (d, J = 2.8 Hz, 1H), § 8.95 (d, J = 9.2 Hz, 1H), § 11.36 (s,1H). 13C NMR (150 MHz, CDClg,
§/ppm): 158, 147, 145, 136.51, 135.99, 133, 128, 125, 125, 116, 112.

2.3.5. N-(3-nitrophenylthiophene-2-carboxamide (5)

3-nitroaniline and 2-thiphenecarbonyl chloride upon reaction under room temperature using TEA and DMAP as catalyst resulted in
the formation of N-(3-nitrophenyl)thiophene-2-carboxamide (5).

IR (cm™Y): 3380, 3088, 1655, 1595; 'H NMR (400 MHz, TMS, CDCls, 5/ppm): 6 7.16 (t, J = 4 Hz, 1H), § 7.54 (t, J = 8.4 Hz, 1H), §
7.61 (d, J = 4.8 Hz, 1H), 5 7.69 (d, J = 3.2 Hz, 1H), 6§ 7.93 (s, 1H), § 7.99 (d, J = 8.4 Hz, 1H), 6 8.07 (d, J = 8.4 Hz, 1H), § 8.45 (s, 1H).
13¢ NMR (150 MHz, CDCls, 5/ppm): 160, 148, 139, 138, 131, 129, 127, 126, 123, 118, 114.

2.3.6. N-(3-nitrophenyl)furan-2-carboxamide (6)

N-(3-nitrophenyl)furan-2-carboxamide (6) was formed using 3-nitroaniline and 2-furancarbonyl chloride as starting material.

IR (cm™1): 3306, 3140, 3084, 1658, 1563; 'H NMR (400 MHz, TMS, CDCls, §/ppm): §6.59 (dd, J = 3.6Hz, 1.6Hz, 1H), § 7. 30 (dd, J
= 3.6 Hz, 0.8 Hz, 1H), 5 7.53 (m, 2H), § 7.99 (m, 1H), 5 8.08 (m, 1H), § 8.26 (s, 1H), 6 8.49 (t, J = 2.4 Hz, 1H). '3C NMR (150 MHz,
CDCls, 6/ppm): 156, 148, 146, 144, 138, 129, 125, 118, 116, 114, 112.

2.4. Evaluation of analgesic activity

Evaluation of the analgesic activity was carried out by counting the numbers of squirms in mice treated with acetic acid and test
samples [18]. Aceclofenac, as standard, and the test samples were given orally to the experimental animals at two different doses, i.e.
low dose (25 mg/kg) and high dose (50 mg/kg) [19,20]. After 30 min, 0.7 % acetic acid was injected intraperitoneally to each of the
animals of every group. The number of squirms in each mouse was counted after 5 min of acetic acid injection for 15 min. Comparisons
were drawn among the average writhing count of test groups to that of the control.

2.5. Evaluation of anti-inflammatory activity

Carrageenan induced paw edema method was used for anti-inflammatory activity evaluation [21,22]. Eight groups (standard,
control, and the six test sample groups) consisting of 5 rats in each group received predetermined treatment by oral route. Aceclofenac
as the standard and the test samples were given at 100 mg/kg dose. The right hind paw volume of test animals was measured at ot
hour using a plethysometer (before the injection of carrageenan) which was the baseline reading. Paw volumes were recorded again at
1st, 2nd, 3rd and 4th hour followed by carrageenan injection. The mean increase in the volume of injected hind paw was calculated.

2.6. Cytotoxicity assay

The cytotoxic potential of the test samples was screened by brine shrimp lethality bioassay, trypan blue exclusion assay and MTT
assay on HeLa cell line. HeLa cell line was procured from the Graduate School of Medicine, Gunma University, Gunma, Japan. The cell
line was exclusively maintained in DMEM (Dulbecco’s Modified Eagles Medium) which contains 1 % penicillin-streptomycin (1:1), 0.2
% gentamycin and 10 % fetal bovine serum (FBS).
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Sample Code

Dose (mg/kg)

Number of Writhing (Mean + SEM)

% Inhibition of writhing

Control 0.1 ml/10 gm 21.4 £0.68 100
Standard (Aceclofenac) 25 1.9 £ 0.332%** 91.12
1 25 4.5 + 0.500 *** 78.97
50 1.4 £ 0.187%** 93.46
2 25 4.9 £ 0.332%** 77.10
50 2.2 £ 0.370%** 89.72
3 25 1.4 £ 0.240%** 93.46
50 85.05
4 25 93.46
50 0.9 &+ 0.245%** 95.79
5 25 1.4 + 0.240* 93.46
50 87.85
6 25 12.4 £+ 0.510%** 42.06
50 15.2 + 0.730** 28.97
Note: ***p < 0.001, **p < 0.01 compared to control.
Table 3
Evaluation of mean paw volume.
Sample code Mean Paw Volume in ml (Percentage inhibition)
0™ hour 1st hour 2nd hour 3rd hour 4th hour
Control 0.412 + 0.0191 0.688 + 0.0269 0.786 + 0.0121 0.788 + 0.0153 0.774 £ 0.022
Standard 0.516 + 0.0108** 0.694 + 0.0172 0.596 + 0.014*** (78.6) 0.564 + 0.0129%** 0.548 + 0.0215%***
(Aceclofenac) (35.5) (79.3) (91.2)
1 0.554 + 0.0439* 0.838 + 0.0159** (18.8) 0.928 + 0.0116*** (16) 0.712 + 0.0258* (73.9) 0.66 £ 0.0224** (87.3)
2 0.622 + 0.896 + 0.0232*** 0.894 + 0.0136*** 0.598 + 0.0252*** 0.522 + 0.0120
0.0242%** (0.725) (27.2) (93.6) (72.4)
3 0.63 £ 0.0161*** 0.720 + 0.0184* (67.4) 0.89 £+ 0.017** (30.5) 0.688 + 0.0128* (84.6) 0.692 + 0.0128* (82.9)
4 0.562 + 0.0136 0.736 + 0.0133* (36.9) 0.696 + 0.0068*** 0.626 + 0.0169*** 0.584 + 0.0117***
(64.17) (82.9) (93.9)
5 0.588 + 0.86 £ 0.0141*** (1.45) 0.854 + 0.0121** (28.9) 0.794 + 0.012* (45.2) 0.724 + 0.0154* (62.4)
0.0086***
6 0.628 + 0.9 £ 0.0107%** (21.7) 0.928 + 0.0156*** 0.9 + 0.0114%** (42.6) 0.856 + 0.0125*
0.0128%** (19.8) (37.01)
Note: ***p < 0.001, **p < 0.001, *p < 0.05 compared to control.
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Fig. 3. Cytotoxic effect of heteroarylamide derivatives measured by a) brine shrimp lethality bioassay (cytotoxicity measured by LCsg). b) MTT
assay (cytotoxicity measured by ICsp).
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Table 4

Survivability of HeLa cells upon treatment with synthesized samples.
Compound Concentration (pg/ml) Survival of cells
Negative control - 100 %
Positive control - >95 %
1 500 >95 %
2 500 >95 %
3 500 >95 %
4 500 10-20 %
5 500 10-20 %
6 500 10-20 %

Table 5
Anti-diarrheal activity of synthesized compounds.
Compound Dose (mg/kg) Mean number of defecated pellets of 5 mice in 4 h +SEM % Inhibition of defecation comparing against control
Control 0.1 ml/10 gm 12 +0.55 -
Standard (Loperamide) 25 1.8 + 0.37%** 85.00
1 25 10.8 £ 0.49 10.00
50 8.6 +£1.21* 28.33
2 25 6.6 + 1.40%* 45.00
50 7.8 +£1.16* 35.00
3 25 3 £ 0.45 *** 75.00

50 6.8 + 086*** 43.33
4 25 6.2 £ 0.49%** 48.33
50 2.6 £ 0.24%** 78.33
5 25 1.8 £0.37%** 85.00
50 1.6 £ 0.4%** 86.67
6 25 3.4 £ 0.68%** 71.67
50 2.00 £ 0.32%** 83.33

Note: ***p < 0.001, **p < 0.01, *p < 0.1 compared with control.

Table 6
Binding affinity and binding interaction of the synthesized compounds with COX-2 (PDB ID: 5IKT).
Ligand Binding Affinity (kcal/ H-bond (A) Hydrophobic Interactions and other Interactions
mol)
Aceclofenac -7.4 Tyr348A (2.65) Tyr385A, Ser530A, Leu352A, Val523A, Ala527A, Leu531A, Argl20A,
Ser530A (2.23) Val349A, Ser530A
1 -7.5 - Ala527A, Val349A, Leu352A, Trp387A, Met522A, Phe381A
2 -7.8 Ser530A (2.59), Arg120A (2.68) Leu352A, Leu359A, Ala527A, Val349A, Leu531A
3 -7.2 Tyr385A (1.80) His207A, His388A, GIn203A, Leu391A, Leu390A, Alal99A
4 —6.4 Thr212A (2.41), Asn382A (2.85) His386A, Lys211A, Leu294A, His207A, Val291A,
5 -7.6 His388A (2.66), Asn382A (2.39), His386A, Ala202A, His207A, His388A
Thr212A (2.91)
6 -7.8 His207A (2.74) GIn203A, Ala202A, His207A

2.6.1. Brine shrimp lethality bioassay

This test acts as an initial indicator of potential cytotoxic effects of sample compounds. Brine shrimp nauplii were treated with
divergent concentrations of the test samples and cell survival was counted afterward. Finally, the logarithmic values of the sample
concentration were plotted against the shrimp death percentage to determine the median lethal concentration (LCsp) [23]. From the
curve data, the best-fitted line was then determined by regression analysis.

2.6.2. Assessment of cytotoxic activity on HeLa cell line

2.6.2.1. Trypan blue dye exclusion test. Human cervical carcinoma cell line also known as HeLa, is popularly used in determination of
the cytotoxicity of any test compound. The test is a means of qualitative evaluation of cytotoxicity [24]. In this method, the cell line
was treated with DMEM or Dulbecco’s Modified Eagles’ Medium for their maintenance and test samples were added to the cell line
after incubation. 1 part of diluted cell suspension was then treated with 1 part of 0.4 % trypan blue and for 3 min incubation was done
[25]. An inverted microscope was used for visualization of cytotoxicity.

2.6.2.2. MTT assay. The compounds which gave positive results in qualitative analysis of cytotoxicity was subjected to quantitative
analysis. To calculate the ICsq of the test compounds, the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide)
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Table 7
Binding affinity and binding interaction with kappa opioid receptor (PDB ID: 6VI4).
Ligand Binding Affinity (kcal/mol) H-bond (&) Hydrophobic Interactions and other Interactions
Loperamide -9.2 - Leul84A, Ile191A, Val195A, Ser136B, tyr140B, 1le180B, Trp183B
1 —6.6 Leul84A (2.06) 1le191A, Ser 88A, Leul84A
2 —6.9 - 11e91A, Ser188A, Ser187A, 11e180B, Trp183B, Ser187B
3 -7.6 - 1le191A, Ser192A, Val195A, Phe99B, 11e180B, Trp183B
4 -7.5 - 1le191A, Ser192A, Val5A, Lys176B, 1le180B, Trp183B
5 -7.2 Ser188A, Ile191A, Val195A, Trp183B
6 -7.3 - Leul84A, Ile191A, 11e180B, Trp183B
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Fig. 5. Interaction between kappa opioid receptor with loperamide, compounds 3, 4, and 6. Green: conventional hydrogen bond, pink-violet:
hydrophobic, orange: pi-cation/pi-anion/pi-sulfur, cyan: carbon-hydrogen bond. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Table 8

Binding affinity and binding interaction with M3 muscarinic receptor (PDB ID: 4DAJ).
Ligand Binding Affinity (kcal/mol) H-bond (A) Hydrophobic Interactions and other Interactions
Darifenacin -7.7 - Leu497B, 11e500B, 11e501B, Trp251B, Thr504B, Pro505B
1 -7.3 - Tyr529B, Trp503B, Ser151B, Cys532B, Tyr 148B, Ala235B, Val510B
2 -7.5 - Tyr529B, Trp503B, Thr213B Cys532B, Tyr148B, Ala 235B, Val510B
3 -8.1 Asn507B (2.64) Tyr148B, Ala235B, Trp503B, Cys532B, Tyr533B
4 -8.1 - Ser151B, Ala235B, Trp510B, Val510B, Tyr529B, Cys532B
5 -8.0 - Ser151B, Ala235B, Ala238B, Trp503B, Tyr506B, Tyr529B, Cys532B
6 -8.0 - Ser151B, Ala235B, Ala238B, Trp503B, Tyr506B, Tyr529B, Cys532B

assay was performed. It is a technique used for the quantitative evaluation of cytotoxicity expressed as half maximal inhibitory
concentration (ICsg) [26]. Here the cell culture was treated with MTT substrate and incubated for 1-4 h. The process was then followed
by solubilizing the test cells and formazan products in DMSO and measurement of absorbance at 570 nm [27].

2.7. Evaluation of antidiarrheal activity

Antidiarrheal potential of the test samples was evaluated using the method of castor oil induced diarrhea [28]. Standard loper-
amide was given at a dose of 25 mg/kg. The synthesized test samples were given at 25 mg/kg and 50 mg/kg doses. Upon treating mice
with 0.5 ml castor oil orally, an observation period of 4 h was given. The fecal consistency and the frequency of defecation were
recorded.

2.8. Evaluation of antioxidant activity

2,2-Diphenyl-1picrylhydrazyl (DPPH) assay was employed for the evaluation of the antioxidant activity of the synthesized samples
[29]. Methanolic solution of the test samples at different concentrations were taken and to it DPPH (concentration 101.44 pM) was
incorporated. Upon completion of an incubation period at 37 °C for 30 min, measurement of absorbance was done at 517 nm
wavelength. Later, sample concentrations were plotted against the percentage inhibition from which the ICsy was calculated.

2.9. Molecular docking study

For molecular docking, crystallographic structures of the target proteins i.e. cyclooxygenase-2 (COX-2) (PDB ID: 5IKT), kappa
opioid receptor (PDB ID: 6VI4), muscarinic M3 receptor (PDB ID: 4DAJ), f tubulin (PDB ID:1SA0), human topoisomerase-1I (PDB
ID:3QX3), matrix metalloproteinase 9 (MMP9) (PDB ID: 4XCT), Src homology (PDB ID: 2H8H) and peroxisome proliferator-activated
receptor gamma/PPAR-y (PDB ID: 4HEE) were retrieved from RCSB Protein Data Bank (RCSB-PDB) in PDB format [30]. ChemDraw
Ultra (version 12.0.2) was used for drawing ligands. Receptor-ligand interactions were studied at corresponding active sites of target
proteins using AutoDock Vina. The coordinates of the grid box (X, Y, Z) for COX-2 (PDB ID: 5IKT), kappa opioid receptor (PDB ID:
6VI4), muscarinic M3 receptor (PDB ID: 4DAJ), § tubulin (PDB ID: 1SA0), human topoisomerase II (PDB ID: 3QX3), MMP9 (PDB ID:
4XCT), Src homology (PDB ID: 2H8H) and PPAR-y (PDB ID: 4HEE) were (158.98, 200.37, 209.54), (54.94, —51.57, —17.38), (—35.94,
10.66, —40.41), (30.05, 11.04, 49.98), (28.30, 102.87, 68.05), (—17.69, —10.42, 17.13), (19.89, —8.99, 14.40) and (19.48, 32.90,
66.72) respectively. Biovia Discovery Studio Client 2021 was utilized for the visualization of interactions.

2.10. ADME/T prediction

Five specific parameters i.e. molecular weight, lipophilicity, hydrogen bond donors’ number and number of acceptors of hydrogen
bond (H-bond), molar refractivity which are collectively known as Lipinski’s rule of five for drug-likeness were predicted by Swis-
SADME [31]. Absorption, distribution, metabolism, excretion (ADME) and toxicological properties were predicted for the synthesized
samples using online server admetSAR (http://lmmd.ecust.edu.cn/admetsar2/).
2.11. Statistical analysis

One way analysis of variance (ANOVA) was used for the evaluation of statistical significance of the obtained results. The values
were expressed in terms of mean + SEM (n = 5). The data for which p value was obtained as p < 0.05 were considered significant.
Microsoft excel (version 2011) and GraphPad prism (version 10.2.2) were used for analysis of the acquired data.
3. Results

3.1. Synthesis of heteroarylamide derivatives

The synthetic procedure utilized several aniline derivatives as starting material which upon reaction with different types of het-
eroaryl acid chlorides resulted in a variety of heteroarylamide derivatives. TEA and 4-DMAP were used as base and catalyst
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Fig. 6. Interaction between M3 muscarinic receptor with darifenacin, compounds 3, 4, and 6. Green: conventional hydrogen bond, pink-violet:

hydrophobic, orange: pi-cation/pi-anion/pi-sulfur, cyan: carbon-hydrogen bond. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

respectively in the reactions.

As shown in scheme-1 and Table 1, six heteroaryl amide derivatives (Compounds 1-6) were synthesized with good yields (68-85
%) following the procedure described in section 2.2. After purification, characterization was achieved by 'H NMR, 3C NMR, and FT-

IR. Experimentally obtained data was compared with previously published literature and the structures of the samples were finally
confirmed [32,33].

3.2. Evaluation of analgesic activity

In the case of compounds 1, 2, and 4 analgesic activity was observed in a dose-dependent manner. These compounds showed
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Table 9
Binding affinity and binding interaction with -tubulin (PDB ID: 1SA0).
Ligand Binding Affinity H-bond (A) Hydrophobic Interactions and other Interactions
(kcal/mol)
Combrestatin —6.3 Cys241B (2.74) Cys241B, Leu255B, Lys254B, Leu248B, Ala250B, Ala316B,
Val318B, Lys352B, Ala354B,
1 —-6.9 Asp179B (2.02), Cys12B (2.33) Ser178B, Prol173B, Vall71B, ser140B, Gly10B
2 -7.3 Gly144B (2.25), Thr145B (2.53), Asp179B (2.12) Ser140B, Val171B, Cys12B, Pro173B
3 —6.6 Gly144B (2.52), Asn101B (2.52), asp179B Vall71B, Pro173B, Cys12B, Ser140B
(2.25), Tyr224B (2.94)
4 —6.4 Asn258B (2.75) Leu248B, Ala250B, Leu255B, Met259B, Lys352B
5 —6.0 Ala250B (2.26) Leu248B, Lys254B, Ala316B, Val318B, Ala354B
6 —6.4 - Leu248B, Lys352B

considerable analgesic activity (p < 0.001) at both low and high doses with writhing inhibition values of 78.97 %, 93.46 %, 77.10 %,
89.72 %, 93.46 %, and 95.79 %, respectively, as compared to standard aceclofenac (91.12 %). Compounds 3 and 5 also demonstrated
analgesic activity although they did not show any dose dependency. Compound 6 showed very mild activity. The findings of the
writhing inhibition assay have been shown in Table 2.

3.3. Evaluation of anti-inflammatory activity

Compound 4 showed a gradual increase in its anti-inflammatory activity over time. It exerted promising anti-inflammatory activity
with 36.9 %, 64.17 %, 82.9 %, and 93.9 % paw edema inhibition at 1st, 2nd, 3rd and 4th hours, respectively. The values were almost
similar to that of the standard aceclofenac i.e.: 35.5 %, 78.6 %, 79.3 %, and 91.2 % in 1st, 2nd, 3rd and 4th hours, respectively. For
compound 2, paw inhibition values increased till 3rd hour and showed fall at 4th hour. At, 3rd hour % paw edema inhibition of
compound 2 was 93.6 % which was considerably high and statistically significant. Compounds 1 and 3 showed variable activity over
time. On the other hand, compounds 5 and 6 did not show encouraging findings. The findings of the analysis are summarized in
Table 3.

3.4. Evaluation of cytotoxicity

3.4.1. Brine shrimp lethality bioassay

The LCs for the positive control vincristine sulphate (VS), was determined to be 0.46 pM. Compounds 4, 5, and 6 showed LCsq of
6.34 uM, 2.78 uM and 28.38 pM, respectively concluding noticeable cytotoxicity of these compounds (Fig. 3a) which is comparable to
vincristine sulphate. Compounds 1, 2, and 3 did not show considerable activity compared to the standard.

3.4.2. Trypan blue dye exclusion test for cytotoxicity

Compounds 1-3 resulted in more than 95 % survival of cells thus indicating their lack of cytotoxicity, whereas, compounds 4-6
showed significant cytotoxic activity with only 10-20 % cell survival upon treatment with the test compounds at 500 pg/ml con-
centration (Table 4).

3.4.3. MTT assay
MTT assay was carried out for compounds 4-6 which showed promising result in trypan blue dye exclusion test. Compound 5

showed lowest ICsy which was 281.96 pM indicating its higher potential to act as cytotoxic agent. Compound 6 was found to possess
moderate activity for which ICsy was 637.41 pM. Fig. 3b summarizes the findings of MTT assay.

3.5. Evaluation of antidiarrheal activity

Among the synthesized diaryalamides, compounds 5 and 6 showed marked antidiarrheal effects with 85.00 % and 71.67 % in-
hibition of defecation, respectively, at the dose of 25 mg/kg and 86.67 % and 83.33 %, inhibition, respectively, at the dose of 50 mg/
kg. The obtained results are comparable to the standard loperamide (85.00 % inhibition of defection at 25 mg/kg dose). Other
compounds showed negligible antidiarrheal properties. Table 5 summarizes the findings of anti-diarrheal activity assay.

3.6. Evaluation of antioxidant activity

In the DPPH assay, ascorbic acid was found to have ICsq of 12.38 pM, whereas, synthesized compounds did not show antioxidant
potential with ICs ranging from 1022.73 to 141134.42 pM.

3.7. Molecular docking
Molecular docking studies were performed for the all the synthesized compounds. Since our synthesized samples exhibited
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Fig. 7. Interaction between f-tubulin with combrestatin, compounds 4, 5, and 6. Green: conventional hydrogen bond, pink-violet: hydrophobic,
orange: pi-cation/pi-anion, cyan: carbon-hydrogen bond. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

potential analgesic, antidiarrheal and cytotoxic effects, in silico studies were undertaken for gaining preliminary understanding of their

mechanism of action.
Synthesized compounds 1-6 and the standard aceclofenac were docked against the target protein cyclooxygenase-2 (COX-2) to
investigate if the observed analgesic and anti-inflammatory effect is related to this enzyme. As this enzyme is involved in the formation

of prostaglandins that are responsible for mediating pain and also aids inflammatory process. The binding score for aceclofenac was
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Table 10
Binding affinity and binding interaction with human topoisomerase-II (PDB ID: 3QX3).
Ligand Binding affinity (kcal/mol) H-bond (A) Hydrophobic interactions and other interactions
Etoposide -7.5 Arg820A (2.79) Tyr820A, Gly 776B, Glu777B, Tyr778B
1 —-6.3 Ala768B (2.29) Phe823A, Lys759A, Ala768B, Glu769B, Val758A
2 —6.4 Ala 769B (2.62) Phe823A, Lys759A, Ala768B, Glu769B, Val758A
3 —6.0 Ala768B (2.18) Ala768B, Lys759A, Phe823A, Val758A, Glu769B, Lys759A
4 -5.8 Lys759A (2.76) Val758A, Ala768B, Glu769B, Phe823A.
5 —6.1 Lys759A (2.06) Phe823A, Ala768B, Lys759A, Glu769B,
6 —6.6 GIn778A (2.48) Ala761A, GIn762A, Arg820A, Ala761B, Arg820B

GIn778B (2.71)

found to be —7.4 kcal/mol against COX-2, whereas, binding scores for compounds 1-6 against COX-2 ranged between —6.4 and —7.8
kecal/mol (Table 6). Binding interactions between aceclofenac and the synthesized compounds with COX-2 are illustrated in Fig. 4 and
Fig. S1.

Kappa opioid receptor and M3 muscarinic receptor were exploited for identifying the mechanism underlying antidiarrheal effects
of the test samples. All the synthesized compounds showed less binding affinity than standard loperamide as shown in Table 7. Fig. 5
and Fig. S2 outline the binding interactions of standards and compounds 1-6 against kappa opioid receptor (PDB ID: 6VI4).

Muscarinic receptor is also involved in gastrointestinal motility thus molecular docking was performed against M3 receptor (PDB
ID: 4DAJ). Table 8 and Fig. 6 and Fig. S3 summarize the findings of molecular docking of test compounds 1-6 against M3 receptor.
Compounds 3-6 were found to have strong binding affinity against M3 receptor with scores ranging from —8.0 kcal/mol to —8.1 kcal/
mol.

In order to elucidate the mechanism underlying cytotoxicity shown by the synthesized samples molecular docking of the com-
pounds was performed against several targets such as p-tubulin, human topoisomerase II, Src homology, MMP9 and others along with
respective control ligands.

The binding affinity of the synthesized compounds ranged between —6.0 kcal/mol to —7.3 kcal/mol, compared to —6.3 kcal/mol of
combrestatin against § tubulin. The binding affinities and interactions for the compounds against p-tubulin are shown in Table 9 and
binding interactions are presented in Fig. 7.

The binding affinities of the synthesized compounds were comparatively less than that of control ligand etoposide and among the
synthesized compounds compound 6 (Table 10) showed highest affinity towards human topoisomerase II (PDB ID 3QX3) The binding
interactions of the compounds are shown in Fig. 8.

When docked against another anticancer target Src kinase, compound 5 showed highest binding affinities among the synthesized
samples with a value of —7.9 kcal/mol, however, all compounds showed less affinity than the standard dasatinib (Table 11 and Fig. 9).

Research is still going on for development of a suitable inhibitor against PPAR-y. The binding interaction and affinities of syn-
thesized samples 1-6 are given in Table 12 and Fig. 10. Experimental inhibitor 14R was taken into consideration to compare the
obtained results. The binding affinities of samples ranged beteween —7.2 kcal/mol to —7.4 kcal/mol whereas 14R showed highest
binding affinity (—8.9 kcal/mol).

MMP?9 is a prospective target in the prognosis of cancer thus it was taken under consideration for molecular docking analysis.
Compounds 4, 5 and 6 have shown promising result in in silico analysis. Binding affinity of compound 5 was equal to the experimental
inhibitor N73 of MMP9 and compound 6 was greater than that of N73 with a value of —9.1 kcal/mol. Binding interaction and binding
affinities of test and standard compounds against MMP9 are shown in Fig. 11 and Table 13, respectively.

3.8. In silico ADME/T prediction

Pharmacokinetic properties of drugs have an intimate relation with the physicochemical nature of drug molecule. Current ap-
proaches in drug development are focused towards designing molecules which have favorable pharmacokinetic properties which will
in turn facilitate the drugs action inside the body. In terms of identifying lead molecule, ADME and toxicological evaluation of target
entity is an important factor [34]. All pharmacokinetic data of the synthesized samples are presented in Table 14.

4. Discussion

Overall, six heteroaryl amide derivatives were synthesized using condensation reaction between acid chlorides and heteroaryl
amines in good yields (68-85 %). Spectroscopic methods were exploited for the characterization purpose. Pharmacological screening
for analgesic, anti-inflammatory, antidiarrheal, antioxidant as well as cytotoxic potential was performed. The tested compounds
exhibited activities which ranged from mild to significant in cases of analgesic, anti-inflammatory, anti-diarrheal, and cytotoxic effects.
However, the synthesized samples lacked antioxidant activity.

Compounds 1-5 exhibited promising analgesic activity compared to the standard aceclofenac. COX-2 was selected as target for in
silico analysis as this enzyme is involved in the cyclooxygenase pathway responsible for mediation of pain and inflammation [35]. The
findings of the in silico study revealed that, all the synthesized derivatives exhibited comparable binding affinities similar to that of
standard aceclofenac. Despite the fact that, compound 6 did not possess any analgesic or anti-inflammatory activity in vivo, its binding
scores against COX-2 were considerable. This ambiguity maybe attributed to several factors. Previously it was found that, the higher
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Fig. 8. Interaction between human topoisomerase IIb with etoposide, compounds 4, 5, and 6. Green: conventional hydrogen bond, pink-violet:
hydrophobic, orange: pi-cation/pi-anion, cyan: carbon-hydrogen, grey: van-daar waals bond. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Table 11
Binding affinity and binding interaction with Src kinase (PDB ID: 2H8H).
Ligand Binding affinity (kcal/ H-bond (A) Hydrophobic interactions and other interactions
mol)
Dasatinib -8.7 Tyr340A (1.88), Lys401A (2.89), GIn251A Ser342A, Glu239A, Val399A, Leul61A, Arg318A, Tyr340A
(2.09)
1 -7.2 Asp404A (2.45) Val281A, Lys295A, Ala403A, Asp404A. Leu325A, Val323A
2 -7.6 Asp404A (2.08) Val281A, Lys295A, Ala403A. Leu325A, Val323A
3 —6.4 - Val281A, Lys295A, Ala403A. Leu393A, Asp404A, Ala390A,
Ile336A
4 —6.7 Asn397A (2.46), Val399A, Gly395A, Glu396A
Ser248A (2.29),
Glu396A (2.17, 2.19)
5 -7.9 Thr338A (2.46), Leu393A, Ala293A, Val281a, Asp404A, Ala403A, Lys295A,
Phe405A (2.54) 1le336A
6 —6.3 GIn251A (2.23), Lys401A (2.24) Arg318A

the number of residues involved in hydrophobic interactions, the higher would be the stability of the complex and presence of polar
residues increased the chance of positioning the ligand at the target site [36]. Another major factor is shorter hydrogen bonds tends to
be stronger and hydrogen bond less than 2.3 A are particularly important [37,38]. The only hydrogen bond with His207A in the
interaction of compound 6 with COX-2 is 2.74 A long and no polar residues were found to be involved in the process. The 2D diagram of
protein ligand complex showed that, a total of three amino acids i.e. His207A, Ala202A and GIn203A were involved in the overall
interaction. For the remaining five samples, the total number of amino acids of target protein responsible for interaction was higher
and among them compounds 2 and 3 involved interactions with polar amino acid residues. The hydrogen bond length was shorter in
majority of cases. The mentioned factors might have attributed to the instability of the compound 6-COX 2 complex which resulted in
failure of in vivo analgesic and anti-inflammatory activity.

Although some of the synthesized samples have shown a gradual increase in their anti-inflammatory effects with time but most of
them showed variable responses over time. The anti-inflammatory effect given by compound 4 can be considered the most promising
among the six synthesized compounds. Recently, several heteroarylamide derivatives have been found to possess promising cyclo-
oxygenase inhibitory activity in both in vitro and in silico studies [39,40]. Some of the previously synthesized carboxamides have been
found to be associated with both analgesic and anti-inflammatory effects by targeting COX-2 which was confirmed by in vivo, in vitro
and in silico studies [41,42]. Thus, considering the findings of the current study along with previously published literatures we can
assume COX inhibition as a probable mechanism for the analgesic and anti-inflammatory effects exerted by the synthesized
compounds.

None of the synthesized samples showed considerable antioxidant activity. Previously it was believed that, anti-oxidant activity
and anti-inflammatory activity were related. Reactive oxygen species (ROS) can result in certain type of injuries at cellular level, which
may cause or propagate inflammation by activating genes related to cytokines and adhesion molecules [43]. Thus, antioxidants can
indirectly reduce inflammation. On the other hand, inflammation gives rise to ROS by activating cGAS/STING pathway, so, by treating
inflammation, oxidative stress may be reduced [44]. However, recently it was identified that, it might not be the case i.e.
anti-inflammatory activity may not always be associated with anti-oxidant effects and vice versa [45].

GI opioid receptors as well as muscarinic receptor (M3) make substantial contribution in maintenance of peristaltic motion and are
thus, opioid receptor agonists and muscarinic receptor antagonists are associated with anti-diarrheal effects [46-49]. Among the
synthesized samples, compounds 5, and 6 showed comparable antidiarrheal activity to that of standard loperamide when tested in vivo.
In the molecular docking studies against kappa opioid receptor, the binding score for loperamide was —9.2 kcal/mol which was highest
of all, whereas, the synthesized samples possessed binding scores ranging from —6.6 to —7.6 kcal/mol. On the other hand, darifenacin
was taken as the standard to compare the binding affinities of the synthesized compounds against M3 muscarinic receptor. Darifenacin
is an FDA approved drug which shows selectivity and competitive inhibition towards M3 muscarinic receptor [50]. Compounds 3-6
showed higher binding affinities towards M3 receptor than darifenacin. The binding affinity of the control molecule darifenacin was
—7.7 kcal/mol, whereas, synthesized compounds showed binding affinities ranging from —7.3 kcal/mol to —8.1 kcal/mol. Compounds
3 and 4 had binding score of —8.1 kcal/mol and compounds 5 and 6 had equal binding affinity of —8.0 kcal/mol. The docking scores
against both kappa and muscarinic receptors reflect the findings of in vivo assay. In both cases compounds 3-6 showed promising
results whereas compounds 1 and 2 neither showed good binding score nor in vivo antidiarrheal activity. The synthesized compounds
showed greater affinity towards M3 receptor than kappa receptor, suggesting that their mechanism of action might be different from
that of loperamide. Furthermore, some synthesized carboxamide derivatives, as reported in previous studies, have shown potent M3
antagonistic activity which coincides with our findings of both in vivo and in silico studies [51,52].

Three of the synthesized samples, compounds 4, 5, and 6 have shown promising result in brine shrimp lethality bioassay and trypan
blue dye exclusion test with only 10-20 % cell viability when tested on HeLa cell Line. MTT assay revealed ICsy of mentioned com-
pounds ranging between 281.96 and 1410.14 uM. Among these, compound 5 has the lowest IC5yp which makes it the most potent
cytotoxic agent of the tested samples. According to the recent studies, tubulin polymerization has been inhibited by the use of different
carboxamide derivatives [53-56]. Some of the reported works suggest that carboxamides interact with tubulin in their colchicine
binding site [57]. Human topoisomerase-II is also an important target for synthesized carboxamide derivatives according to extensive
literature review [58]. Nitazoxanide is an antiprotozoal medication which have been extensively studied for its anticancer activity
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Fig. 9. Interaction between human Src with dasatanib, compounds 4, 5, and 6. Green: conventional hydrogen bond, pink-violet: hydrophobic,
orange: pi-cation/pi-anion, cyan: carbon-hydrogen, grey: van-daar waals bond, purple: pi-sigma. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

against several types of cancer. Not only nitazoxanide but also some of its derivatives have shown considerable affinity towards MMP9,
Src homology and PPAR-y in in silico study [5,59,60]. As our synthesized compounds share close structural resemblance with nita-
zoxanide analogs, these three targets were also considered for understanding the probable mechanism responsible for cytotoxicity.
Moreover, the chosen targets have been associated with several types of cancers, for example, human topoisomerase II is associated
with ovarian cancer, Src homology and MMP9 has been found to be associated with pancreatic cancer [61-63]. On the other hand,
PPAR-y upregulation is associated with prostatic cancer [64]. Microtubules and its associated proteins have been found to play key a
role in stress responses at cellular levels which in turn increases the survivability of the cancer cells [65]. Therefore, these five targets
were chosen for molecular docking analysis.

Combrestatin is a drug which acts by inhibiting p-tubulin and it was chosen for comparing the binding affinities of our samples with
B-tubulin. Binding affinity of combrestatin was —6.3 kcal/mol, whereas, binding affinity of compound 4 and 6 was —6.4 kcal/mol and
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Table-12
Binding affinity and binding interaction with PPAR-y (PDB ID: 4HEE).
Ligand  Binding affinity (kcal/ H-bond (A) Hydrophobic interactions and other interactions
mol)
14R -8.9 11e326X (2.96) 11e326X, Ala292X, Leu330X, Lys367X, Met364X, Cys285X, Ile341X, Ser342X, Leu228X,
Pro227X, Arg288X
1 -7.0 Arg288X (2.55), Cys285X Arg288X, Cys285X, Ala292X, Leu330X, Ile326X, Lys367X, Phe363X
(1.82)
2 -7.3 - Cys285X, Arg288X, Leu530X, Ile326X, Lys367X
3 —6.9 Arg288X (2.24) Leu228X, Leu333X, Arg288X, Ile326X, Ala292X, Leu330X
4 -7.2 Cys285X (2.23) Cys285X, Phe363X, Ser289X, Val339X, Leu333X, Arg288X, Leu330X
5 -7.3 Cys285X (2.37) Cys285X, Phe363X, Ser289X, Val119X, Leu333X, Arg288X, Leu330X
6 —7.4 Cys285X (2.00), Arg288X Cys285X, Arg288X, Leu330X, Phe363X
(3.85)

compound 5 was —6 kcal/mol. Despite having the lowest binding affinity towards target protein, compound 5 exerted cytotoxicity on
cell line. This can probably be explained that compound 5 formed a hydrogen bond with bond length shorter than 2.3 A. The short
bond length contributes to pronounced activity in the biological system [66]. Another, explanation could be that compound 5
functions through another target molecule more prominently.

In case of in silico studies against human topoisomerase-II, etoposide was chosen as standard, and it was found that the binding
affinity of etoposide was —7.5 kcal/mol, whereas, all other synthesized compounds showed lesser binding affinities than this, pre-
dicting that this might not be a target of the synthesized compounds. Similarly, docking with Src kinase and PPAR-y, where dasatinib
and an experimental inhibitor 14R were used as standards, yielded negative results with synthesized compounds having much less
affinity towards the targets than the aforementioned standard molecules. However, since docking results may sometimes vary due to
difference of conditions compared to biological systems, further in vivo and in vitro experiment is required.

MMP9 is an important driver of tumorigenesis for which no ideal inhibitor has been identified due to diversified reasons [67]. N73
is an experimental inhibitor to MMP9 which was considered as standard for current simulation [68]. Interestingly, compound 5 and
N73 both showed similar binding affinities of —8.8 kcal/mol towards MMP9 and compound 6 showed the highest binding score of
—9.1 kcal/mol. It is evident that compound 5 and 6 showed strong affinity towards MMP9 suggesting that it can be a target macro-
molecule of these compounds, yet further in vivo, in vitro and more in silico experiments are required to confirm these results.

There is a plethora of macromolecules that participate in cancer development. According to some literature carboxamides have
been identified to have effect against VEGFR2, MAPK1 protein kinase and CDK/A2 [69,70]. Some other amide based drugs like
niclosamide, nitazoxanide, mebendazole showed anticancer effects by interacting with m-Tor and hedgehog pathways [5,71,72]. In
silico analysis of the compounds 4-6 was also accomplished against some other proteins associated to cancer i.e. MEK1, and MEK 2,
MAPK, and DFFR. Although the results were unsatisfactory. So, to establish the exact mechanism underlying cytotoxic effects of
compounds 4, 5, 6 further experiments involving different cell lines and animal models are necessary.

Although it is difficult to deduce a precise structure activity relationship (SAR) based on limited number of derivatives, the SAR of
the synthesized samples was assumed on the basis of the position and nature of the substituents on the phenyl ring.

The synthesized compounds contain nitro and chloride substituents (Fig. 12a-c) on the phenyl ring. The compounds also contain
thiophene or furan ring as heteroaryl moiety. In the case of thiophene derivatives, placement of nitro group at ortho, meta and para
positions did not affect analgesic activity greatly. However, in the case of furan derivatives when nitro group was placed at meta
position (Compound 6), analgesic activity reduced remarkably. Chloro-substituent at para position enhanced both analgesic and anti-
inflammatory activity (Fig. 12¢). Thus, 2-nitro-4-chhlorophenyl derivatives (compounds 3 and 4) showed highest anti-inflammatory as
well as analgesic activity among the synthesized analogs. This might be due to significant halogen hydrophobic interactions as seen in
docking study.

The presence of -NO, group at the meta position of the phenyl ring (Fig. 12b) increases antidiarrheal activity irrespective of the
heteroaryl moiety (compounds 5 and 6). When the -NO, group is shifted to para position of the phenyl ring (Fig. 12a), antidiarrheal
activity is greatly reduced (compounds 1 and 2). These results are supported by molecular docking study, where compounds 5 and 6
showed greater binding affinity than compound 1 and 2. This observation may be explained as electron withdrawing effect of -NO2
group is more pronounced at para position than meta position resulting more availability of pi electrons at the aromatic ring with meta
substituent which might have led to stronger hydrophobic interactions. Introduction of -Cl group, which is also a deactivating group, at
para position and shifting -NO, group at ortho position of the benzene ring shows moderate anti-diarrheal activity. However, to draw
any definite conclusion and evaluate the role of -Cl and -NOy group more derivatives need to be synthesized.

Compounds with -NO5 group at the meta position of the phenyl ring provide greater cytotoxic ability to the synthesized samples 5
and 6 compared to para substituted compounds 1 and 2. Furan containing 2-nitro-4-chhlorophenyl derivative compound 4 also
exhibited cytotoxicity. However, complexity of anticancer drug mechanism impedes development of precise SAR and warrants further
synthesis of analogs along with determination of specific target macromolecule with detailed studies.

According to Lipinski’s rule of five, for a drug to be a good candidate for oral route must have molecular parameters within a
specific range. These parameters include molecular weight less than 500 Da, total number of hydrogen bond donors <5, the total
number of hydrogen bond acceptors <10, octanol-water partition ratio (LogP) < 5, molar refractivity ranging from 40 to 130 [73]. All
six synthesized samples pass the criteria of Lipinski’s rule of Five.
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Fig. 10. Interaction between human PPAR-y with 14R, compounds 4, 5, and 6. Green: conventional hydrogen bond, pink-violet: hydrophobic,
orange: pi-cation/pi-anion, cyan: carbon-hydrogen, grey: van-daar waals bond, purple: pi-sigma. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Caco-2 permeability is a measure which provides insights about a drugs permeability and absorption through the intestinal
membrane when taken orally [74]. Our synthesized compounds have shown acceptable values in terms of both human intestinal
absorption and human intestine colon cancer cell (caco2) permeation values. All six derivatives (1-6) were predicted to have very high
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Fig. 11. Interaction between human MMP9 with N73, compounds 4, 5, and 6. Green: conventional hydrogen bond, pink-violet: hydrophobic,
orange: pi-cation/pi-anion, cyan: carbon-hydrogen, grey: van-daar waals bond, purple: pi-sigma. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Table 13
Binding affinity and binding interaction with matrix metalloproteinase 9 (MMP9) (PDB ID: 4XCT).
Ligand  Binding affinity (kcal/ H-bond (A) Hydrophobic interactions and other interactions
mol)
N73 -8.8 Alal89A (2.52) His226A, Leu243A, Leu222A, Val223A, Leul87A, His236A,
Leu228A (2.17) Leu228A
1 -7.5 Leu288A (2.04) Leu288A, Val223A, His226A
2 -7.6 Arg249A (1.94) Arg249A, Met247A, Val223A, His226A, Tyr248A
3 —-6.9 Alal89A (2.25), His236A, Leul88A, Tyr248A, Val223A, Met247A, Glu227A.
Pro246A (2.55) His226A
4 -7.3 His236A (2.70) Leul87A, Pro246A, Leu288A, Tyr248A, Leu243A, His226A,
Met247A
5 -8.8 Leu243A (2.38), Arg249A (2.31), Tyr248A (2.21, Leu222A, Pro246A, Met247A, Val223A, His226A, Leu243A
3.85)
6 -9.1 Leu243A (2.28), Arg249A (2.25), Tyr248A (2.59) Leu222A, Met247A, Pro246A, His26A, Val223A, Leu243A,
Tyr248A
Table 14
ADME, physicochemical and toxicological properties of synthesized compounds.
Physicochemical and ADMET properties Compound
1 2 3 4 5 6
Molecular weight 248.26 232.19 282.71 266.64 248.26 232.19
LogP 1.96 2.44 3.56 1.96 2.02 1.29
H-bond acceptor 3 4 4 4 4 4
H-bond donor 1 1 1 1 1 1
Molar refractivity 67.36 61.74 72.37 66.75 67.37 61.74
Human intestinal absorption +0.9348 +0.8939 +0.9558 +0.9295 -+0.9303 +0.8883
Caco-2 permeability +0.8213 +0.8336 +0.6734 +0.669 +0.8324 +0.7724
Blood brain barrier +0.7750 +0.6500 -+0.800 +0.9295 +0.7750 +0.6750
CYP 1A2 Inhibition + + + + + +
CYP 2C19 inhibition - - + + - -
CYP 2C9 inhibition - - + - - -

CYP 2C9 substrate - - - - _ _
CYP 2D6 inhibition - - - - - -
CYP 2D6 substrate - - - - - -
CYP 3A4 inhibition - - - - - _
CYP 3A4 substrate - + + + - +
p-glycoprotein inhibitor - - - - - -
p-glycoprotein substrate - - - — - _
Carcinogenicity - - + + _ _

O2N NO,
OZN—Q—NH X O G
NH X cl NH X
Y |
o J‘@ OH\J
a b c

Fig. 12. Elucidation of Stricture activity relationship (SAR) (when X = S, a = compound 1, b = compound 3, ¢ = compound 5; when X = 0O, a =
compound 2, b = compound 4, ¢ = compound 6).

human intestinal absorption values (4+0.8883 to +0.9558) and satisfying caco2 permeability (+0.6734 to +0.9348).

Cytochrome enzymes are important regulators of metabolism for drugs and other chemical substances. From the ADME/T pre-
diction, most of the synthesized samples were identified to be substrates for CYP3A4. However, all the compounds were predicted to be
associated with CYP1A2 enzyme inhibition. The compounds were neither substrate nor inhibitor of P-gp, which is considered to be able
to efflux drugs from cells.

5. Conclusion
Six heteroaryl amide derivatives have been synthesized successfully in good yields and they were investigated for their pharma-
cological effects. Compounds 1-5 showed promising peripheral analgesic effect, compound 5 and 6 had notable antidiarrheal effect

and 4-6 showed significant cytotoxic properties with compound 5 being most potent with lowest ICso. Molecular docking analysis
confirmed the findings of in vivo and in vitro analysis. In silico ADMET analysis revealed that the synthesized compounds possessed

20



N. Tabassum et al. Heliyon 10 (2024) e40630

properties conducive to drug development. Thus, it can be concluded that our synthesized compounds hold potential to be developed
as potent therapeutic agents.
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