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CHAPTER 1 

                                        1. INTRODUCTION 

1.1. Diabetes mellitus (DMs) 

A medical condition where body become deficit of insulin either by incapability of 

producing insulin or due to unresponsiveness of the cells towards the produced insulin 

that results in increase in blood glucose level.  

Diabetes is classified into three types those are Type I diabetes (inability of insulin 

production), Type II diabetes (unresponsive for insulin production) and gestational 

diabetes (most common in all diabetes types) and Gestational diabetes occurs in 

women during pregnancy and mostly get resolves after delivery. 1, 2 

1. Type 1 Diabetes: During this condition, beta cells in pancreas were destroyed 

by immune system. Various factors are believed to result to this condition, but 

exact cause is unknown. The onset of the disorder is usually sudden and 

dramatic, usually occurring during childhood or adolescence.  Insulin therapy 

is necessity for regulation of sugar levels in people with Type 1 diabetes 

throughout their lives. Pumps and injections are two ways to administer 

insulin.3, 4 

2. Type 2 Diabetes: In this condition, cells in the body become irresponsive to 

insulin effectively as a result of insulin resistance, as well as insufficient 

production of insulin over time. A number of factors influence it, including 

genetics and lifestyle factors such as obesity and inactivity. It is typically seen 

in adults, but is becoming more prevalent among younger individuals. The 

treatment includes lifestyle changes, oral medications to enhance insulin 

sensitivity or stimulate insulin release, and sometimes insulin therapy.5 

3. Gestational Diabetes: When women produce less insulin than necessary to 

meet the increased insulin demand during pregnancy, they may suffer from 

gestational diabetes. Insulin resistance is linked to hormonal changes during 

pregnancy that cause the body to produce less insulin. Generally, it occurs in 

the mid trimester of a woman's pregnancy. It is important to monitor sugar 

levels, make dietary changes, and use insulin if necessary, in order to manage 

gestational diabetes.6 

https://food.ndtv.com/health/insulin-dose-not-linked-to-cardiovascular-death-experts-1232084
https://food.ndtv.com/health/low-blood-sugar-may-damage-your-heart-712648
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The International diabetes federation (IDF) Atlas 2022 predicts increase in number of 

diabetic patients aged 20-79 years between 2030 and 2045, to 643 million with 6.7 

million deaths in 2021. 7 The consequences of diabetes extend beyond individuals' 

health to their economies. The prevalence of diabetes will increase globally in the 

years ahead, posing a significant health threat. Therefore it is important to take 

precautionary measures with lifestyle modifications like regular physical activity, 

healthy diet, and maintenance of a body weight which will successfully manage Type 

II diabetes in long-term.8, 9  

Progression of Diabetes: Diabetes progresses through five stages, each marked by 

worsening beta-cell dysfunction. In Stage 1, beta-cells respond to insulin resistance or 

reduced cell mass by increasing insulin secretion to maintain normal blood glucose. 

This phase is defined by maintained beta-cell functionality and preserved acute 

glucose-stimulated insulin secretion (GSIS). In Stage 2, glucose levels start to 

increase, typically reaching 5.0-6.5 mmol/L, as beta-cell mass and function begin to 

decline, leading to diminished GSIS and beta-cell dedifferentiation. Stage 3 marks the 

onset of early decompensation, progressing into Stage 4, where stable 

decompensation occurs with significant beta-cell dedifferentiation. In Stage 5, beta-

cell mass is severely reduced, often resulting in ketosis. This progression is primarily 

driven by declining beta-cell function and increasing insulin resistance. New therapies 

aim to address these dysfunctions without promoting weight gain or hypoglycemia.10 

Apart from various precautionary measures drugs are available for treatment of 

diabetes with various modes of actions targeting different pathways. Present treatment 

to Type II diabetes includes various mechanisms.11 

1. Use of biguanides to inhibit gluconeogenesis (Metformin) 

2. The increase in insulin secretion by pancreatic beta cells with 

sulphonylureas (Glipizide, Glimepiride, Gliclazide, Glibenclamide), and 

with metaglinides (Replaglinide) 

3. Increasing the sensitivity of insulin in the muscles, adipose tissue, and 

liver with thiazolidinediones (Rosiglitazone, Pioglitazone) 
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4. The inhibition of the glucosidase enzyme with the use of an alpha-

glucosidase inhibitor (Acarbose) reduces carbohydrates absorption from 

the GIT. 

5. Inhibition of glucose reabsorption through the kidneys and removal of 

excess glucose from the body through urine using SGLT2 inhibitors 

(Canagliflozin, Dapagliflozin, Empagliflozin).  

Many drugs with different mechanism of actions are available for treatment of 

Diabetes Type II.12 

 

Table 1: List of Anti-diabetic drugs 

Class Mode of Action Structures of the drugs 

Sulfonylureas13 Increase in insulin 

secretion through 

stimulation of 

pancreas 

O

NH

O

S

O

O
NH NH

O

                         

Glyburide 

NH

O

NH
S

O

O

O

NH

N

N

 

Glipizide 

Peroxisome 

proliferator-activated 

receptor (PPAR) 

agonist14,15 Ex. 

Thiazolidinedione 

Regulate insulin 

secretion 

Pioglitazone 

Rosiglitazone 
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Dipeptidyl peptidase 

4 (DPP-IV) 

inhibitors16, 17 

It inhibit the  DPP-

4  enzyme which 

avoid the breakdown 

of GLP and thus 

regulate insulin 

secretion 
O

F
F

F N

N

NN
F

F

FNH2

Sitagliptin 

N

N N

N

O

O

N

N
N

NH2

 

Linagliptin 

Biguanides18 Reduction in 

concentration of 

glucose level by 

inhibiting the liver to 

produce glucose. 

N NH NH2

NH NH

 

Metformin 

α-glucosidase 

inhibitors19 

Slowdown the 

breakdown of 

dietary carbohydrate  
O

OH

OH

OH

OH

O
O

OH

OHOH

O

O

NH

OH
OH

OHOH

OH

OH

Acarbose 

SGLT2inhibitors.20,21 This does not allows 

the kidneys reabsorb 

blood glucose thus 

lower blood levels 

and the excess 

glucose in the blood 

is removed from the 

O

OHOH

OH

OH

O

Cl

 

Dapagliflozin 
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body through urine 
O

OH

OH

OH

OH S
F

 

Canagliflozin 

GLP1 receptor 

agonists22 

It lowers the 

secretion of 

glucagon and 

increase nutrient-

induced release of 

insulin. 

H-His-Gly-Glu-Gly-Thr-Phe-Thr--

Ser-Asp-Leu-Ser-Lys-Gln-Met--Glu-

Glu-Glu-Ala-Vla-Arg-Leu--Phe-Ile-

Glu-Trp-Leu-Lys-Asn--Gly-Gly-Pro-

Ser-Ser-Gly-Ala-Pro-Pro-Pro-Ser-

NH2 

Exenatide 

Protein tyrosine 

phosphate 1B 

(PTP1B) inhibitors23 

PTP1B hinders 

insulin signaling by 

promoting the 

dephosphorylation 

of tyrosine residues 

on insulin substrate 

and insulin and 

leptin receptors. 

O

O

O

OH

Br

Br

Br

 

Ertiprotafib 

Glucokinase 

activators24 

 

GK activators 

(GKAs) possess the 

ability to boost 

pancreatic insulin 

secretion and 

facilitate the 

glycogen synthesis 

in the liver,  

 

 

MK-0941 

 

In recent years, newer antidiabetic drugs have been developed, including DPP-IV 

inhibitors (Sitagliptin and Linagliptin) that inhibit the DPP-4 enzyme, which in turn 

avoids the breakdown of GLP and influences insulin secretion. Furthermore, 

Glycogen like protein-1 (GLP-1) agonists, such as Exenatide are also co-administered 
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with DDP-IV inhibitors to decrease glucagon release and stimulate glucose 

metabolism. Glucagon antagonists, glucokinase activators, fructose 1, 6 bisphosphate 

agonists, and fatty acid receptor agonists are also new approaches for lowering 

glucose in type II diabetes which may be used to develop new medications.25-27 There 

are, however, several side effects associated with current treatments, including weight 

gain, digestive problems, and edema. Sometime causes episodes of hypoglycemic 

conditions and over time causes loss of responsiveness.28 Despite these advances, 

development of safe and effective therapeutic anti-diabetic agents remain a great 

challenge. 

1.2. Discovery of TGR5  

In search of new therapy action, bile acid receptors emerged as a new 

pharmacological tool in the treatment of various metabolic disorders. In the year 

1999, bile acids were found to be signalling molecules, acting as hormones and 

regulatory ligands of lipid, glucose, and overall energy metabolism.29 The primary 

bile acids present in humans are Cholic acid (CA) and Chenodeoxycholic acid 

(CDCA) as well as the secondary bile acids deoxycholic acid (DCA) and lithocholic 

acid (LCA).30 The role that bile acids play in various metabolic disorders owes to its 

binding with the FXR receptor (nuclear receptor farnesoid X)31-33 and TGR5 receptor 

(Takeda G-protein-coupled) present in various organs. TGR5 identified as a cell 

surface bile acid receptor is also known as GPR131, GPBAR1, GPCR19, BG37; M-

BAR (Fig. 1).34, 35 The TGR5 gene code consists of 993 base pairs, encoding a 330 

amino acids protein with the seven transmembrane helices. It is a characteristic 

feature of GPCRs. The cDNA sequence of hTGR5 has >80% homology with that of 

bovid, rabbit, and rodent species.36-38 

TGR5 receptor is expressed in the kidney, liver, heart, lung, muscles, 

gallbladder, brown adipose tissue, and some selected areas of the CNS.40, 41 TGR5 

receptor gets activated by bile acid-like LCA, DCA, CDCA, and CA. Bile acids 

promote intracellularly cAMP production in enteroendocrine cell line STC-1 cells that 

result in GLP-1 secretion via activation of the TGR5 gene expressed in a murine 

enteroendocrine cell line.42 Adenylate cyclase inhibitors were used to examine this, 

and it was discovered that they suppressed bile acid-induced GLP-1 secretion. This 
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suggested that bile acids regulate insulin secretion in cells by affecting GLP-1 

production. The increase in insulin secretion reduces the liver's production of 

glucose.43 

In another study, it was proved that TGR5 activation also stimulates insulin 

secretion via activation of protein kinase A (PKA) and phosphorylation of CREB 

(CREB) (Hodge et al. 2016). In addition, TGR5 has various other potential roles that 

include modulation of inflammation, increases in the basal metabolic rate (Fig. 2). 

Furthermore, published data by Watanabe et.al.44, 45 suggested that activation of TGR5 

might be beneficial for the treatment of diabetes and obesity by increasing the energy 

expenditure in brown adipose tissue.46 

 

 

 

Figure 1: 3D structure of TGR5 39 
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                                 Figure 2: Role of TGR5 

 

1.3. Advantages of TGR5  

 In search of Type 2 diabetes alternative treatment, there is a recent surge for the 

therapy which includes increase in secretion of GLP-1 levels for diabetes 

treatment. 

 The secretion of GLP-I resulted due to activation of TGR5. Thomas et.al. 2009, 

demonstrated the rise in GLP level in an enteroendocrine cell line. The bile acids 

role in glucose homeostasis was confirmed.46 

 It increases the metabolic rate of muscle and brown adipose tissue that results in 

an increased metabolic rate.  A cAMP-dependent type 2 iodothyronine deiodinase 

(D2), is induced by administration of bile acids in Brown Adipose Tissue (BAT). 

 It is widely accepted that TGR5 is important target to treat metabolic diseases 

because of all these positive effects TGR5 has on metabolism. Therefore, TGR5 

can be considered as novel target which increases endogenous GLP-1 secretion 

and simultaneously manage body glucose levels, weight of body and associated 

complications 
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1.4. TGR5 interaction with ligand 

The TGR5- ligand coupling is believed to be many of the beneficial effects of bile 

acids, bile acid derivatives such as protecting against obesity, diabetes and reducing 

inflammation.47 INT777 is the first semi-synthetic bile acid derivative having high 

affinity for TGR5 with EC50 0.82 µM.48 

The cryo-EM structure of the TGR5 complex bound to the INT777 molecule 

(PDB ID: 7CFN) is deposited in RCSB PDB database in 2020 with a 3.0Å resolution 

using Electron microscopy. There are five heteromeric chains in the TGR5-Chain A, 

B, G, N and R. Each of which has a sequence length of 394 amino acids, 358 amino 

acids, 58 amino acids, 128 amino acids and 330 amino acids, respectively.48 The 

structure of the INT777-TGR5 complex can be used to study the interactions between 

other bile acids in TGR5. INT777 reveals the complete binding analysis and showed 

the presence of interactions such as hydrophobic and Hydrogen bonds. INT777 

showed hydrogen bond interactions with active site residues of TGR5 such as Tyr240, 

Ser247 (bond distance of 2.89Å and 2.69Å respectively). In addition, an active site 

residue contains Tyr89, Leu244, Leu263, Leu266, Leu166, Leu74, Trp75, Phe96, and 

Phe161. The binding mode of INT777-TGR5 is depicted in Fig. 3. 

 

Figure 3:  Structure of TGR5 receptor A) Structure with five heteromeric chains 

B) Ligplot of interaction of INT777 with TGR5 
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1.5. Drug Discovery 

Drug discovery aims at advancing the development of new medicines in order to cure 

and alleviate many symptoms, as well as treating some untreatable diseases, that still 

plague humankind to this day. From ideation to development to approval, the 

discovery process of a new drug involves a number of different phases and 

processes.49 Drug discovery uses a variety of ways to find possible new therapeutic 

entities. To list some, computational techniques are used in conjunction with 

experimental methods, translational studies, or clinical trials to identify potential new 

therapeutic entities.49 

Traditionally, a method of drug discovery would take years, to find effective 

drugs. As a rough estimate, the cost of drug discovery is estimated to be about US 

$2.8 billion, and it takes around 12-15 years for the entire process to be completed.49 

 

1.5.1. Computational Approach 

Computational approaches have become essential part of drug discovery and 

development process. Also, it improves understanding of chemical systems in 

different ways, and is considerably less expensive and time-consuming than a 

laboratory experiment.49 

Various methods, either individually or in combination, are employed for the design 

and discovery of drugs. These approaches encompass molecular modelling, ligand 

and structure based drug designs, screening virtually (VS), molecular dynamics (MD) 

simulation, as well as considerations of absorption, distribution, metabolism, 

excretion, and toxicity (ADMET).50 

Computer Aided drug design (CADD) is largely classified into two methods.51 

Ligand-based drug design (LBDD) 

A key aspect of the study involves understanding the impact of a ligand's 

chemical structure on the biological activity of that ligand. This procedure includes 

developing Quantitative Structure-Activity Relationship models and employing 

scaffold or lead hopping strategies. QSAR models seek to establish connections by 

analysing changes in a ligand's molecular structure and their impact on observed 

biological activity. Lead hopping is a strategic method in drug discovery, involving 
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the alteration or substitution of the chemical scaffold of a lead compound to generate 

new molecules with improved properties.52 

Structure-based drug design (SBDD) 

It depends on understanding the three-dimensional structures of biological 

macromolecules, primarily proteins. The goal is to create ligands that can bind 

selectively and with high affinity to specific protein targets. For this method, receptor 

structure is needed. NMR and X-ray crystallography are commonly used techniques 

to determine receptor's structure. Computational methods such as threading and 

homology modelling can be used if the protein structure is unknown.53 

 

1.5.2. Homology Modelling 

During the process of homology modelling, one or more known protein 

structures are identified that are likely to resemble a query sequence that has been 

given a homology model. The sequence alignment of target protein and selected 

templates produced a structural model of target protein. The homology model’s 

quality depends on alignment of sequences and structure of template. From the 

identification of templates to the alignment and prediction of protein structures, 

homology modelling incorporates the entire process.53 The steps involved in 

Homology Modelling shown in Fig. 4. 

 

Figure 4: Homology Modelling 
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In our present study, an iterative approach involving virtual screening was 

utilized to get scaffolds suitable for developing novel TGR5 modulators.54 Ligand-

based drug design, scaffold, and lead hopping are common strategies that researchers 

use to discover structurally novel compounds. The lead hopping method begins with a 

known active compound as a query molecule and then leads to a new novel compound 

that shares properties with the known active compound.54, 55 The Rapid Overlay of 

Chemical Structures (ROCS) is a shape comparison program that can be utilized to 

identify new scaffolds for a given target. The use of ROCS led to the identification of 

several novel compounds that share structural similarities with known active 

compounds. Thus, lead hopping is of great interest for lead identification in the drug 

discovery process.55 

 

1.6. Coumarin Derivatives 

The coumarin (1, 2-benzopyrone class) is versatile molecule that has been assessed 

for various pharmacological activities like antimicrobial activity, antidiabetic 

properties, and antioxidant, among others. The coumarin consists of benzene rings 

fused to the pyrone rings of 2-hydroxy-Z-cinnamic acid. The synthesis of coumarin 

derivatives involves a variety of methods, each offering unique advantages in terms of 

effectiveness, specificity, and scalability.  

Here's an overview of these methods (Fig. 10).56, 57 

 Pechmann condensation  

In the traditional method of coumarin synthesis, known as the Pechmann 

condensation, phenols undergo reaction with β-ketoesters or β-diketones under acidic 

conditions (Fig. 5). Numerous catalysts were explored for this reaction, including 

sulfuric acid, trifluoroacetic acid, phosphorous pentoxide, among others, all aiding in 

the facilitation of the Pechmann condensation process.This reaction typically proceeds 

through the generation of an intermediate oxocarbenium ion, followed by 

intramolecular cyclization to generate coumarin derivatives. 
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Figure 5: Pechmann condensation 

 

 Claisen condensation: 

The synthesis of coumarin derivative with claisen condensation involves reaction of 

phenol with allyl alcohol that achieved by employing trifluoroacetic acid (TFA) as a 

homogeneous promoter (Fig.6).  

 

Figure 6: Claisen condensation 

 

 Perkin Reaction: 

The Perkin reaction involved reaction of aromatic aldehyde with acetic anhydride or 

its equivalent, leading to the cyclization of the resulting α, β-unsaturated carboxylic 

acid intermediate (Fig. 7). Widely used for synthesizing coumarin derivatives with 

diverse substituents, this method offers versatility. 

 

Figure 7: Perkin reaction 

 

 Wittig Reaction: 

Another approach to synthesizing coumarin derivatives is the Wittig reaction, which 

entails reaction of phosphonium ylide with carbonyl compound, resulting in the 
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formation of an alkene product (Fig. 8). Subsequent intramolecular cyclization of the 

alkene intermediate leads to the production of coumarin derivatives. 

 

Figure 8: Wittig reaction 

 

 Knoevenagel Condensation: 

The Knoevenagel condensations involve the reaction of an aldehyde or ketone with 

compound containing a methylene group, such as malononitrile or ethyl cyanoacetate, 

in presence of base. The reaction requires the inclusion of 2-hydroxy benzaldehydes 

and a coupling reagent with an active methylene group, conducted under high 

temperatures. This method is suitable to synthesize coumarin derivatives by utilizing 

appropriate starting materials. 

 

Figure 9: Knoevenagel Condensation 

 

 Microwave-Assisted Synthesis: 

A microwave irradiation method has been used to accelerate coumarin synthesis 

reactions, resulting in shorter reaction times and greater yields than conventional 

heating. Microwave-assisted Pechmann and Knoevenagel condensation reactions have 

been successfully employed for synthesizing coumarin derivatives. 
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Figure 10: Reactions mediated synthesis of coumarin 
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CHAPTER 2 

2. LITERATURE REVIEW 

 

Literature review is structured into three sections, each delving into TGR5 agonistic 

effects of natural components sourced from plants58-60, semi-synthesized TGR5 

agonist, and synthetic alternatives. Steroidal ligands encompass a variety of 

compounds such as bile salts, bile salt derivatives,61 6-hydroxylated bile acids,63 CA 

derivative,64 CDCA acid,65 oleanolic acid derivatives,66 etc. Synthetic agonists include 

nicotinamide,68 oxadiazole,69 pyrimidine,70 Tetrahydrobenzimidazole,74 thiazole,75 

imidazole76 etc. 

 

2.1. Naturally-occurring TGR5 agonists 

This part of the review focuses on plants containing anti-diabetic phytochemicals 

acting as TGR5 agonists, considering their mechanisms of action. 

 

2.1.1. Chromolaena odorata 

Omotuyi et al. investigated TGR5 agonist activity of phytoconstituents derived from 

Chromolaena odorata (C. odorata).58 Docking studies were performed by authors on 

different phytoconstituents within the homology model of TGR5, yielding 5,7-

dihydroxy-6-4-dimethoxyflavanone (1) with dock score of -11.5 kcal/mol and 

homoesperetin-7-rutinoside (2) with -11.0 kcal/mol dock score. These 

phytoconstituents demonstrated stronger binding to TGR5 compared to INT-777 (Fig. 

11). Animal studies carried out by researchers revealed that the ingestion of 

phytoconstituents derived from C. odorata led to an elevated release of GLP-1 in 

bloodstream when compared to control. Specifically, there was a 128% increase at 10 

mg/kg dose and a 275% increase at 30 mg/kg in GLP-1 levels. 

 

Figure 11: Flavonoids from Chromolaena odorata 
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2.1.2. Olea europaea 

Genet, C., et al.59 established TGR5 agonist activity of Oleanolic acid (OA), Betulinic 

acid (BeA) and Ursolic acid (UA) triterpenoids derived from Olea europaea leaves. 

BeA (3) emerged as most potent TGR5 agonist, displaying an efficacy of 83% and an 

EC50 of 1.04 μM, surpassing other triterpenoids like OA (EC50 2.25 μM) and UA 

(EC50 2.2 μM). The authors investigated the structure-activity relationship (SAR) 

studies focused on BeA, specifically examining modifications at the 3rd position 

hydroxyl group, the 17-C carboxyl group, and the 20-C alkene group. The study's 

findings indicated that converting the hydroxyl group to a ketone group resulted in 

decreased activity (EC50 4.71 μM) in the formation of compound 4. Genet and 

colleagues, in their conclusion, underscored the importance of maintaining the 

hydrogen donor’s hydroxyl and carboxylic acid groups. Further alterations to the 

alkene involved substituting it with an epoxide (5), leading to an EC50 of 6.91 µM 

(Fig. 12). 

 

Figure 12: Triterpenoid extract from leaves of Olea europaea 

Additionally, Lo et al. examined the functional impact of BeA on hTGR5 (CHO) 

Chinese hamster ovary K1 cells. The study showed that BeA, like LCA, induced a 

dose-dependent increase uptake of glucose by activating the TGR5 receptor.60 

2.1.3. Fagonia cretica 

Jafri et al., investigated Fagonia cretica extract or it’s the GLP-1 secretary activity, 

and61 believed to possess anti-diabetic properties. The analysis by authors identified 

quinovic acid (compound 6) in the extract, as depicted in Fig. 13. Additionally, two 

glycoside derivatives of quinovic acid were recognized. These displayed notable and 

specific GLP-1 secretagogue activity in STC-1 cells. The crude extract of F. cretica 
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induced GLP-1 secretion. Importantly, there was a notable increase in TGR5 activity 

at concentrations of 100 µm of quinovic acid and two derivatives, resulting in 

increases in cAMP production.61 

 

Figure 13: Quinovic acid from Fagonia cretica 

 

2.2. Semi-synthesized TGR5 agonist 

2.2.1. Lithocholic Acid (LCA) derivatives 

Sato et al.62 explored the structure activity relationship of TGR5 agonists, comparing 

them to semi-synthetic bile acids derivatives. They used Luciferase assay in CHO 

cells expressing hTGR5 to evaluate potency. LCA (7), a derivative of natural bile 

acids, proved most potent with an EC50 of 0.58 µM, especially when the steroid 

nucleus lacked hydroxylation at positions 6, 7, and 12. A semi-synthetic BA 

derivative was constructed by modification in the main steroidal body and side chain 

of the molecule. A powerful TGR5 agonist, the body-modified 7-methyl derivative of 

LCA (8), displayed an EC50 of 0.076 µM. Authors also tried shortening the acidic 

side, as in compound 9 (EC50 10.14 µM), that further reduced TGR5 activity. LCA 

derivatives (7, 8) were identified as potent and selective TGR5 agonists, depicted in 

Fig. 14. 

 

Figure 14: LCA derivatives  
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2.2.2. Cholic acid (CA) derivatives 

In a different investigation, Pellicciari et al.63 conducted a study involving the 

integration of 23-methyl and 6R-ethyl groups into the chemical framework of CA (10) 

for improvisation in its potency, selectivity, and metabolic stability. Within this 

research, synthesis of 6R-ethyl-23(S)-methylcholic acid (INT-777, 11) was carried 

out and was subjected to both physicochemical and biological analysis. Further, 

authors evaluated the impact of compounds on TGR5 activities in hTGR5 transfected 

CHO cells with measuring their potential to boost luciferase reporter activity; INT-

777, with an EC50 of 0.82 µM, emerged as a newly identified potent and selective 

TGR5 agonist (Fig. 15). 

 

Figure 15: CA derivatives  

 

Rosatelli et al.64 conducted Fluorescence Resonance Energy Transfer assays in NCI–

H716 cells to further investigate the substitution of C7 and C23 in CA on TGR5 

ligands. The activation of TGR5 was evaluated by measuring cAMP levels using an 

FRET assay, with reference compounds INT-777 (11) and CA (10). The TGR5 

agonistic activity of C7β-alkyl and C23-modified CA derivatives was scrutinized. The 

FRET assay identified C7βbutyl-CA (12) and C23difluoro-CA (13) as among most 

selective and potent TGR5 agonists (Fig. 16). The most promising potency was 

observed with 7βbutyl-CA (12), exhibiting EC50 values of 5 µM. additionally, 

docking studies conducted by authors disclosed presence of hydrophobic pocket at C-

7 of BAs within TGR5, in addition to the selective binding pocket. 
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Figure 16: Cholic acid derivatives 

 

2.2.3. Chenodeoxycholic acid derivatives 

A screening of derivatives of chenodeoxycholic acid for their potency as TGR5 

agonists was conducted by Nakhi et al.65 The 7th position hydroxyl group of CDCA 

(14) was methylated, resulting in the EC50 value reduction and increase in potency. In 

camparison to CDCA, the pyrrolidine analogue (15) showed potency that was ten fold 

higher, and the 1,3,4-oxadiazole analogue (16) displayed potency that was 70 times 

greater. Moreover, alterations in the side chain resulted in the creation of analogue 16 

containing 1,3,4-oxadiazole, demonstrating significantly enhanced TGR5 agonistic 

activity in comparison to other derivatives, with an 0.223 μM EC50. When all 

modifications were combined, the 7-methylated oxadiazole analogue 17 demonstrated 

high receptor agonist activity with an EC50 of 5.6 nM (Fig. 17). 

 

Figure 17: Derivatives of Chenodeoxycholic acid 

 

2.2.4. Oleanolic acid derivatives 

Chen and colleagues66 extended the research of Genet, C et al., investigating the anti-

hyperglycaemic capabilities of the OA derivative DKS26 (18). In vivo administration 

of 100 mg/kg DKS26 resulted in decreased plasma glucose and GSP levels, improved 

oral glucose tolerance, and elevated levels of plasma insulin. Additionally, DKS26 
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was examined for its influence on intestinal L cells, specifically NCI-H716 cells 

undergoing endocrine differentiation. In vitro experiments indicated that treatment 

with 10 µM DKS26 elevated cAMP, GLP-1 and levels of phosphorylated PKA. In 

summary, DKS26 (Fig. 18) was found to elevate GLP-I and also expression in vivo by 

modulating cAMP/PKA pathway, thereby contributing to hypoglycaemic and islet-

protective effects. 

 

Figure 18: OA derivative DKS26 

 

2.2.5. 6α-hydroxylated bile acid derivatives 

Makki et al.67 recently explored the impact of oligofructose (OFS) on gut microbiota 

and the generation of 6α-hydroxylated bile acids (hyodeoxycholic acid 19) (Fig. 19), 

leading to increased TGR5-GLP1 receptor activity. This enhancement is 

advantageous for weight reduction and improved metabolism in mice. For 

determining the OFS effect on bile acid production directly, primary bile acids from 

mouse gallbladders were cultured in a growth medium containing output from a 

Western Style Diet (WSD) and WSD-OFS diet. Secondary bile acids produced by 

bacteria from OFS fed mice were more efficient than those from WSD-fed mice. The 

conclusion drawn from the present study was that oligofructose enriches bacteria 

responsible to produce 6α-hydroxylated bile acids. 

 

Figure 19: Hyodeoxycholic acid 



22 
 

2.3. Synthetic TGR5 agonists 

2.3.1. 2-Phenoxy nicotinamide derivatives 

Martin and colleagues conducted a high-throughput screening using collection from 

Roche's proprietary compound to identify new small molecule agonists for TGR5.68  

In hit-to-lead development, compound 20 displayed 0.396 µM EC50 and 2.02 µM 

against murine and human receptors, respectively. Authors further explored SAR by 

investigating pattern of substitution of the phenoxy side chain. Important SAR points 

are summarised below: 

In the study, achievement of TGR5 agonist activity was demonstrated by 

incorporating a halogen i.e. dichloro at 2, 5 position at phenoxy group, delivered the 

most potent compound 21 (hEC50 = 0.010 µM). Modification in the 

Tetrahydroquinoline side chain in compound 21. Modifications such as indole and 

benzoazepine of tetrahydroquinoline moiety resulted in compounds that lack activity 

with hEC50 1.71 µM and 3.56 µM respectively. The introduction of fluorine at 

positions 6 (21a) and 7 (21b), 6,7 difluoro (21c), 6 methyl 8 flouro (21d) at 

Tetrahydroquinoline side chain of compound 21 led to a reduction in compound 

potency. Notably, switching to tetrahydroquinoxalines side chain in compound 22 

showed hEC50 0.062 µM. Further substitution of free NH group from 22 with 

cyclopropyl (22a, hEC50 0.010 µM) displayed the highest reactivity, as depicted in 

Fig. 20. 

 

Figure 20: 2-Phenoxy nicotinamide derivatives 

 

2.3.2. Oxadiaxole derivatives 

Expanding on the foundation laid by Takeda's compounds (23) and their 3, 4, 5-

trisubstituted 4, 5-dihydro-1, 2, 4-oxadiazole core, Zhu, J., et al.69 unveiled a class of 

potent TGR5 agonists. Zhu et. al investigated various heterocyclic cores including 
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triazole, imidazole and oxadiazole followed by optimisation of the potent TGR5 

agonist.32 The SAR study of newly designed TGR5 agonists were conducted in vitro 

by authors as follows  (Fig. 21). 

Compound 24a (EC50 >10 mm) with triazole ring completely lost activity, compound 

24b with Oxadiazole scaffold (EC50 79 ± 0.009 nm) was more potent than imidazoline 

(EC50 1.461 ± 0.341 µM). Researcher found compound 26b most potent and selected 

for further exploration. Authors turned their focus on phenyl ring attached to 

oxadiazole ring. Substitution of electron-withdrawing (chloro) and donating groups at 

various positions on phenyl ring were tried. Results revealed 24c (EC50 0.015 ± 0.001 

µM) as most potent with 2 furanyl group attached to phenyl ring. Further focus turned 

to 4-phenylpyridine moiety. Removal of fluorine from phenyl ring (24c) resulted in 

loss of activity. This revealed that weak electron group like fluorine is important for 

optimum activity. Introduction of di or trifluoro substitution leads to enhanced 

activity. At last, 2, 6 diflouro (compound 24d) on phenyl ring substitution retained 

most potency (EC50 15 ± 0.001 nm). At last, modification of pyridine became 

important point of the study. 

 

Figure 21: Oxadiazole derivatives 
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2.3.3. 4-Phenoxy nicotinamide derivatives 

Inspired by structural similarities between Tekeda Corp (23) and Roche Corp (21), 

Duan, H., et al.70 investigated a novel scaffold i.e. (pyrimidine) to introduce 

variations. Author explored the potential role of central aromatic ring, for which 

different analogues were conceptualized and synthesized by incorporating either one 

(25a) or two nitrogen (25b) at different positions in the core ring as follows (Fig. 22). 

Replacement of core aromatic ring as morpholine (25a’) or thiomorpholine (25b’) 

decreased the TGR5 activity as compared to parent compounds. A cyclopropyl group 

was introduced at 4th position of central part of compound 25b'' and 25a'', which 

yielded potent compounds with 2.9 ± 0.43 nM and 1.5 ± 0.21 nM EC50 values on 

hTGR5, respectively. Larger alkyl substituent’s resulted in compounds with poor 

agonistic activity. The authors concluded from the above studies that the 4-

phenoxynicotinamide derivatives were superior to the 4-phenoxypyrimidine 5-

carboxamides in terms of TGR5 activation. Further author turned their attention 

toward upper phenoxy moiety modification. Mono and di substitutions were tried on 

phenoxy moiety with chloro (25c), methyl (25d) and 2, 5 dimethyl groups (25e). 

The most potent among them, was compound 25e with hTGR5 EC50 0.72 ± 0.08 

nM (Fig. 22). In vivo studies conducted by authors demonstrated that this compound 

induced dose-dependent GLP-1 secretion and reduced levels of blood sugar in oral 

glucose tolerance test. In comparison to control, oral administration of compound 25 

at three doses (25, 50, and 100 mg/kg) resulted in increases of 31%, 96%, and 282% 

in plasma GLP-1 levels. 
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Figure 22: 4-phenoxynicotinamide-5-carboxamide derivatives 

 

2.3.4. Pyridine derivatives 

Continuing with their previous work69, Zhu and colleagues directed their attention to 

the 4-phenyl pyridine scaffold found in compounds 21 and 23.71 consequently, the 

initial approach by researchers involved opening oxazepine ring of compound 23 and 

introducing an additional substituent on amide chain to alter the overall structure. A 

(CRE)-driven luciferase assay in HEK293 cells were carried out by the authors to 

study SAR by varying the nature of substitution as follows.  

Introduction of alkyl groups such as methyl resulted into moderate potency with 

EC50 0.91 ± 0.21 µM (compound 26a). Alteration of substitution to ethyl group 

showed decreased activity with EC50 1.27 ± 0.58 µM (compound 26b). Authors also 

electron withdrawing and electron donating substitutions on amide group but it 

resulted in diminished activity of all the resulted compounds. Substitution with phenyl 

ring improved the EC50 value to 0.35 ± 0.19 µM (compound 26c) and activity further 

increased with substitution of heterocyclic ring. 3-thienyl substituted compound 26d 

(EC50 0.12 ± 0.02 µM) was most potent in the series (Fig. 23). 
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Figure 23: 4-Phenyl pyridine derivatives 

 

In another study, Zou et al.72 identified potential TGR5 agonist (27), which 

demonstrated an EC50 of 2.3 nM against hTGR5 (Fig. 24). This discovery led to the 

creation of a double-ring structure attached to the phenoxy moiety and this structural 

alteration was suggested to be linked to an increased affinity for TGR5 by the authors. 

Benzo fused naphthyl, quinolyl 5-benzofuranyl analogues were synthesized and 

examined for ability to activate TGR5 by authors. Benzo1-naphthyl derivatives 28a 

(EC50 17 ± 3.6 nM) were found to have better potency as compared to Benzoquinoyl 

28b (EC50 40 ± 9.6 nM). A slight increase in potency was observed by addition of 5-

benzofuranyl to the phenoxy moiety EC50 10.7 ± 2.4 nM (compound 28c). According 

to the results, benzofuran may enhance the binding affinities of compounds with its 

oxygen atom. Furthermore, the Author explored the effects of substitutions on the 

benzofuran ring of compound 28c at positions 2 and 3. 

The study resulted in the discovery of derivative with 6-benzofuranyl and chloro atom 

at 2nd position of phenoxy ring (compound 28d) showed improved in the activity with 

0.28 ± 0.05 nM and 0.92± 0.05 nM EC50 values for  hTGR5 and mTGR5 respectively. 

Authors also conducted an OGTT study and found 33% reduction in blood glucose 

area under curve after administration of 28 (50 mg/kg) orally which was tested at 120 

minutes. 
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Figure 24: 4-Benzofuranyloxynicotinamide derivatives as TGR5 agonists 

 

2.3.5. Thiazole derivatives 

Chen and colleagues conducted another study in which they designed and evaluated a 

series of 2-Phenoxy-nicotinamides (21) as TGR5 agonists, demonstrating good 

potency, selectivity, and favourable pharmacokinetic profiles. Various derivatives 

with scaffolds, including pyrazoles (29a), triazoles (29b), and thiazoles (29c), were 

designed and evaluated by luciferase assay in HEK293 cells to identify potency. In 

vitro activity and variation in structures for all three scaffolds were studied by authors 

as follows. 

Various electron donating and electron withdrawing substitution at phenyl ring 

attached to pyrazole scaffold showed no activity in luciferase assay. Compound 29a’ 

(3-methoxy group on phenyl) showed moderate activity, with a hEC50 129 nM. 1, 2, 3 

triazole derivatives with dichloro and methoxy (29b’) substitution on phenyl ring was 

explored and found to be inactive in the assay for TGR5 agonistic activity. Further, 2-

methyl-thiazole series with substitution of chloro, bromo, methyl at 2, 5 position of 

phenyl ring attached to thiazole was evaluated for activity. Out of all compounds 

evaluated 29c’ and 29c” were found to be active with hTGR5 EC50 1.1 ± 0.07 nM and 

0.97 ± 0.15 nM respectively (Fig. 25).73 
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Figure 25:  Thiazole derivative as TGR5 agonist 

 

2.3.6. Benzimidazole derivatives 

Zhang et al.74 uncovered Tetrahydrobenzimidazoles scaffold (30) as a fresh and potent 

series of TGR5 agonists. In the process of optimizing lead compound, author studied 

SAR by studying substitution pattern on ring A and B (30). Substitution of 3, 4-di-

methoxy (R1) on Ring A provides optimal TGR5 agonistic activity. Even lipophilic 

linker S adjacent to Ring A (R) delivered potent TGR5 agonist (30a) with EC50 of 

0.16 µM in STC-1 cells. Replacing S with polar substituent’s like O and NH resulted 

in loss in demolished activity (compound 30b) with EC50 of 5.68 µM. Polar group 

substitution on ring B (R2) was explored. CN substitution on phenyl group gave 

analogue 30b with EC50 of 290 nM in STC-1 cells. Further, incorporating more polar 

carboxylic acid (30c) or tetrazole group (30d) produces analogue with EC50 6.08 µM 

and 2.06 µM in STC-1 respectively (Fig. 26). 

An optimized lead compound 30d with TGR5 activity was identified by 

researchers and further evaluated in vivo for OGTT and gall bladder filling capability.  
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Figure 26: Tetrahydrobenzimidazoles derivative 

 

2.3.7. Imidazole derivatives 

In their pursuit of discovering novel and selective TGR5 agonists, Agrawal and 

colleagues identified imidazole derivatives.75 To design new agonists, authors 

designed homology model of TGR5 receptor and modelling studies concluded that 

aryl group at the end 31 important from attachment point of view in the receptor 

pocket. Thus, exploration of SAR for designed compounds revealed that adding linker 

oxygen between the terminal phenyl ring and heterocyclic group leads to 

identification of numerous potent compounds. Addition of polar heterocyclic 

substitution on terminal phenyl ring were tried such as pyrrole (31a), pyrazole (31b), 

triazole (31c) that produce compounds with EC50 7.8 nM, 19.6 nM and 16.8 nM 

respectively indicating that nitrogen containing heterocycle induce a positive activity. 

Notably, among these compounds, compound 31d (EC50 0.057 nM) 

incorporating an imidazole substituent, emerged as most potent TGR5 agonist (Fig. 

27). The effectiveness of imidazole derivative in reducing glucose levels was 

demonstrated through orally administered OGTT. In vitro studies included luciferase 
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assays conducted in TGR5 over-expressing CHO K1 and NCI-H716 cells in a human 

GPBAR1 assay. The findings revealed that compound 31d, with an EC50 of 57 pM, 

corresponds to hTGR5, while the mTGR5 EC50 is 62 pM. 

In another study, Zhou and colleagues76, designed and synthesized series of 

imidazole 5-carboxamide derivatives. Attached amide at 2nd position of imidazole 

ring and phenylethyl at 1st position generate numbers of derivatives. The effectiveness 

of imidazole derivative in reducing glucose levels was demonstrated through GLP1 

assay and OGTT test. The finding revealed that compound 31e with hTGR5 EC50 6.8 

± 0.43 nM and compound 31f with EC50 9.5 ± 0.61 nM in in vitro biological 

evaluation (Fig. 27). 

 

Figure 27: Imidazole derivatives 

 

2.3.8. Triazole derivatives 

Continuing docking studies in homology model of TGR575, Agrawal et al., 

hypothesized that introducing an amide linker in 32 could improve binding affinity 

and facilitate development of novel, potent TGR5 agonists. To assess the impact of 

amide linker and substituent’s several compounds were synthesized, and evaluated for 

TGR5 agonistic activity (Fig. 28). Substitution of amide linker in imidazole gave 

compound 32a with hTGR5 EC50 16 nM. Different derivatives of imidazole ring were 
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synthesized and evaluated. Compound 32b, heteroaryl fused system attached to amide 

linker to the terminal end, found to be less potent with EC50 88 nM. 

Further, the substitution of imidazole ring with a triazole (32c) led to creation of 

innovative 2-mercapto-triazole derivatives with EC50 25 nM and clogP value (2.92) of 

its make it ideal drug for oral administration. Additionally, Schrodinger's Glide 

program to access the binding ability of 32c in the putative pocket of TGR5 homology 

model.  

The piperazine ring, flourophenyl group from 32c fitted best in the binding pocket 

with pi-pi interaction and hydrogen bonding.77 

 

Figure 28: 2-mercapto triazole derivatives 

 

2.3.9. Pyrimidine amide derivative 

Tetrahydropyrido[4,3-d]pyrimidine analogues were derived through high-throughput 

screening (HTS) of new class of collection compounds from Pfizer as a hit by 

Piotrowski and group.78 SAR was explored for compounds into three fragments i.e. A 

part –2-subsitution of pyrimidine, B part- acyl linker and C part- aryl group (Fig. 29). 

Part A: Substitution of ether, alkyl, or alkylamino, groups was tried at C-2 of 

pyrimidine core. Alkyamino substitution was found to be favourable for the activity 

(compound 33a). 

Part B: A change to the linking ethylene decreased the potency of compounds. 

Part C: Author explored aryl group for substitution in larger extends. Various 

substitutions like methyl (33b), ethyl (33c), methoxy (33d), triflouromethoxy (33e) at 

para position of aryl group. 
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All designed compounds were demonstrated in vitro using cAMP assays and 

compound 32e was found to be most potent with hTGR5 EC50 2.3 ± 1.5 nM (Fig. 29). 

 

Figure 29: Tetrahydropyrido[4,3-d]pyrimidine amide derivative 

 

2.3.10. Isooxazole derivative 

Budzik, B. W. and colleagues’79 conducted HTS on GSK proprietary compound 

collection, leading to identification of isooxazole scaffold (34) as starting point for 

designing and optimizing a new series with improved potency. Author explored SAR 

that revealed various substitutions on amide phenyl ring at ortho, meta, and para 

positions, were tried. The result revealed that substitution at para position (compound 

34a) is most preferred over ortho and meta. Para Substitution with chloro, methyl 

group is preferred over methoxy group. Compound 34a with para chloro substitution 

on amide phenyl ring demonstrated pEC50 7.5. 

Further, Variations of substitution on the isoxazole phenyl ring was explored. 

Ortho, meta and para substituted set of compounds were designed and tested for 

potency. The results revealed that meta and ortho substitution is preferred over para 

substitution on isoxazole phenyl ring. Through various optimizations in this series, 

researchers discovered most potent compound, compound 34b and 34a, with a pEC50 

of 9.0 and 7.5 respectively. 

Thus, they identified novelty in 3-aryl-4-isoxazolecarboxamides series of agonists 

of G-protein-coupled TGR5 receptor (Fig. 30). 
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Figure 30: 3-aryl-4-isoxazolecarboxamides derivatives 

 

Throughout all reviewed synthetic compounds, the carboxamide derivatives played a 

key role in achieving the lowest EC50 values. Furthermore, various natural and semi 

synthetic derivatives of bile acid were reviewed along with the synthetic TGR5 

agonists. Betulinic acid (3) potent natural TGR5 agonist exhibited an efficacy of 83% 

and an EC50 of 1.04 μM. In combination with all modifications in semi synthetic 

compounds, 7-methylated oxadiazole analogues of chenodeoxycholic acid (15) 

exhibited high receptor agonist activity. 

 

2.4.  Coumarin as Antidiabetic 

Over the years, the versatility of coumarin and its derivatives gained considerable 

attention. These properties include antimicrobial, antiviral, anticancer, anti-

hyperlipidemia, antioxidant, anti-inflammatory, anti-Alzheimer etc. Coumarin affects 

different targets associated with diabetes by inhibiting alpha-glucosidase and 

activating PPAR-γ, etc. potentially improving symptoms linked to diabetes.80 

As α-Glucosidase inhibitor: α-glucosidase inhibitors such as acarbose frequently 

trigger gastrointestinal adverse effects like nausea and vomiting. Consequently, 

researchers have investigated alternative compounds for their potential as antidiabetic 

agents. Among these alternatives are derivatives such as coumarin–hydrazone 

hybrids, 3-aryl coumarins, coumarin-triazole hybrids, and coumarin-1, 2, 3-triazole-

acetamide hybrids, which have shown effectiveness in inhibiting the α-glucosidase 

enzyme. 
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Tariq et al.81 synthesized various coumarin-hydrazone hybrids and tested for its α-

Glucosidase inhibitor activity. Out of all compounds, compound 35 showed 

significant IC50 values ranging between 2.39 -57.52 μM (Fig. 31). 

 

Figure 31: Coumarine-hydrazone derivative 

 

Khouzani and collaborators developed and produced derivatives of coumarin-

1, 2, 3-triazole-acetamide with the aim of assessing their antidiabetic potential. The in 

vitro α-glucosidase testing of these compounds revealed inhibitory activity for all of 

them. 

Furthermore, Xu et al.82 synthesized various coumarin derivatives by 

combining substituted cinnamic acid with 4-hydroxycoumarin and 7-

hydroxycoumarin, and then assessed their ability to inhibit α-glucosidase. The 

findings indicated that a majority of synthesized derivatives presented noteworthy 

inhibitory effects on α-glucosidase. Of particular interest were compound 36, which 

displayed most potent inhibition, with IC50 values 12.98 μM (Fig. 32). 

 

 

Figure 32: Cinnamic acid-coumarin hybrid derivative 

 

Zhang and co-authors83 developed potent coumarin derivatives that integrate 

oxime ester functionality, aiming to serve as inhibitors of α-glucosidase. Of particular 

note, compound 37, which contains a bromine substituent at 7th position of coumarin, 
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displayed remarkable inhibition against α-glucosidase. This compound, created oxime 

linkage between coumarin and cinnamic/benzoic acid, was engineered to generate 

novel α-glucosidase inhibitors. Compound 37 demonstrated an IC50 value of 2.54 ± 

0.04 μM, significantly lower than the IC50 value of 640.57 ± 1.13 μM observed for 

Acarbose (Fig. 33). 

 

Figure 33: Coumarin derivative with oxime ester 

 

AGEs (advanced glycation end products) inhibitory activity: Formation of AGEs 

played a pivotal role in development of diabetes. Consequently, targeting inhibition of 

AGE formation has become a therapeutic strategy for managing diabetes and its 

complications. Compounds like 3–(4′-benzoyl amino-phenyl) coumarin derivative 

(38)84 and 3-aryl coumarin are being investigated for their potential in this aspect. 

 

Figure 34: 3-(4′-benzoyl amino-phenyl) coumarin derivative 

In summary, coumarins and its derivatives exhibit potential as candidates for 

anti-diabetic agents. However, further investigation is necessary to develop a 

promising anti-diabetic drug based on coumarin structures as TGR5 agonist. 



 

 

 

 

 

RATIONAL, AIM AND 

OBJECTIVE 
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CHAPTER 3 

3. RATIONALE, AIM AND OBJECTIVE 

 

3.1. Rationale 

Type II Diabetes, a chronic condition characterized by inadequate insulin use and 

resistance. Many current treatments strategies are available for the diabetes treatment 

and are associated with various side effects. In search of novel therapy action, we 

found TGR5 (Takeda G-protein-coupled) as an unexplored target for Type II diabetes. 

Considering these factors and investigating TGR5 as a therapeutic target for diabetes 

may offer a new angle for developing innovative TGR5 agonists. 

As the TGR5 protein structure was not available in (RCSB PDB) Research 

Collaboratory for Structural Bioinformatics Protein Data Banka homology model of 

TGR5 receptor was constructed and validated. During the course of our research 

work, later in 2020, Yang et al. deposited crystal structure of TGR5 (PDB ID: 7CFN), 

including the native ligand 6a-ethyl-23(S)-methylcholic acid (INT777). INT777 

interacted with hydrogen bonding with Ser247, Tyr240 of TGR5. Additionally, an 

active site residue contains Tyr89, Leu244, Leu263, Leu266, Leu166, Leu74, Trp75, 

Phe96, and Phe161 (Fig. 35). Acknowledging this development, we conducted 

docking of our designed test compounds. 

 

Figure 35: LigPlot of interaction of TGR5 with INT777 
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Design model: During the literature review of synthetic TGR5 agonists, we came 

across pyridine derivatives developed by Roche (1) and Takeda group (2) and noticed 

that both showed structural similarities. The structural analysis of both TGR5 agonists 

i.e. compounds 1 and 2 unveiled distinctive features with pyridine ring as monocyclic 

hydrophobic central core moiety connected to a heteroaromatic ring through an amide 

linkage and a subsequent directly linked phenyl ring or via an oxygen atom to the 

opposite end of central core moiety. Thus, this comprehension of the structure of 1 

and 2, laid the groundwork for our conceptualization to include central core aromatic 

ring linked to phenyl ring via amide linkage (Ring A) and phenoxy substitution to 

other end (Ring B) led to design of compounds (Fig. 36a). 

For the purpose of further exploration, the created pharmacophore was divided into 

three fragments: the aryl amide moiety (Ring A), the central core and the phenoxy 

moiety (Ring B) 

 

Design approach for Central core: To initiate the identification of the central core, 

the observation was made that compounds 1 and 2 possess the central monocyclic 

ring containing one or two heteroatoms. In the past, structural investigations primarily 

concentrated on Ring A and Ring B, with limited exploration of the central core. In 

this study, we explored the modifications in the central core to produce more potent 

TGR5 agonists, paving the way for further research. We therefore hypothesized that 

replacement of pyridine scaffold from compound 1 and 2 with bi-cyclic rings may 

yield new TGR5 agonists with better or equivalent potency. 

OpenEye Scientific Software's ROCS v3.2.2 tool was used to explore a central 

core with shape-based virtual screening. INT777 was employed as the query molecule 

for screening compounds from ZINC database. It determined that best hit compound 3 

exhibited a 65.5% shape similarity and a 10% electrostatic similarity to the query 

molecule, with a coumarin ring and benzyloxy group (Fig. 36b). 

Further to confirm our hypothesis, the binding mode analysis of compound 3 with 

TGR5 receptor was also studied and compared with INT777. It was found that the 

central heterocycle (coumarin) of compound 3 aligns with the steroid core moiety of 

INT777. Thus, for new derivatives discovery, coumarin ring has been selected as 

central core. Considering the hydrophobic nature of binding site of TGR5 receptor 
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and binding analysis of INT777 with TGR5, it was hypothesized that more bulky 

group in the structure of designed compounds could increase its binding affinity (Fig. 

36b). 

 

Design approach for Ring B: In the literature it was reported that the binding pocket 

in TGR5 is predominantly hydrophobic. Therefore, it was hypothesized that an 

interring carbon chain linker (2-carbon atoms chain length) between Ring B and the 

central core might be able to fit satisfactorily in narrow channel and provide 

conformational and positional flexibility (Fig. 36c). 

 

Design approach for Ring A: Modifications on the phenyl ring (Ring A) linked by an 

amide group was undertaken to enhance comprehension of the impact of substitutions 

on this ring. In this context, it was hypothesized that substitution on Ring A with 

various electron donating and withdrawing groups may help us to give better designed 

compounds (Fig. 36c). 

 

3.2. Aim 

Design, Synthesis, and Evaluation of some new coumarin derivatives for antidiabetic 

activity 

 

3.3. Objectives: 

 To prepare homology model and validation of prepared model of TGR5. 

 Molecular docking studies of the designed compounds (coumarin derivatives) 

in the active site of TGR5 target. 

 Synthesis and characterization of compounds using IR, 1H NMR, Mass 

spectrometric analysis  

 In vitro and In vivo studies. 
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Figure 36: Design strategy of a) Pharmacophore model b) Central core c) Ring A 

and Ring B 



 

 

 

 

WORK PLAN 
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CHAPTER 4 

4. WORK PLAN 

4.1. Preparation and Validation of Homology model of TGR5 

Significance: During initial stages of our studies, as the TGR5 protein structure was 

not available in RCSB PDB Data Bank, a homology model of TGR5 receptor was 

constructed and validated. 

Homology modelling also known as comparative modelling is an in silico method in 

structural biology where a three-dimensional structure of a protein is predicted by 

using amino acid sequence of similar protein structure template.85 In present study, 

Homology modelling reveals the folding and functional structure of TGR5 coding 

protein, which would aid in understanding and combating the disease. As part of 

homology modelling, many known protein structures are identified that have similar 

structure to that of query sequence. The sequence alignment of target protein and 

selected templates produced a model of target protein. Homology models are 

dependent upon the alignment of sequences and the structure of templates. A 

homology modelling workflow includes the entire process of identifying templates, 

align them, and building models for protein structure. The complete homology 

modelling sequence includes 

 Prediction of protein structure 

 To identify template 

 Sequence alignment with template  

 Building of Model 

1. Sequence retrieval and analysis: The TGR5 sequence was extracted from 

Universe Protein Resource (UniProtKB) (http://www.uniprot.org/) with 

accession number Q8TDU6. 

2. The modelling workflow of Swiss Model: By using the protein sequence 

retrieved, search was carried out for related protein structures within Swiss 

Model template library. A comparison was made between top-ranked 

templates and alignments presented in order to determine if these represent 

different conformational states based on their ranking.  Every template was 

http://www.uniprot.org/
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automatically converted into a 3D protein model based on its alignment with 

the target template and ProMod3. 

3. The modelling workflow of I-Tasser: As a result of I-Tasser simulations, 

large assemblies of structural conformations were generated for each target. I-

Tasser uses pair-wise structure similarity to cluster all decoys and report up to 

five different models. 

4. Validation of Model: The best receptor model out of both servers was selected 

using the SAVES (Structure Analysis and Verification Server), RAMPAGE 

(Ramchandran plot Assessment) , ProSA (Protein Structure Analysis)  

 

4.2. Molecular Docking Studies 

Significance: Molecular docking integrates biological research with computational 

algorithms in a systematic approach designed to assess interactions between ligands 

and target biomolecules for drug design and development.86 We performed docking 

studies to study in silico interactions of designed compounds with amino acids present 

in the active site of TGR5 that can predict the biological actions of designed 

compounds in in vitro and in vivo studies..  

Steps involves in Molecular docking studies are, 

1. Preparation of Ligands: The database of 3D structures of all ligands was prepared 

using Chem Draw and minimization of ligands energy was carried out using 

Chem3D. All the optimised ligands were saved in PDB format. 

2. Preparation of Protein: The protein structure modelled from homology modelling 

was optimised by adding hydrogens, deleting water molecules, adding charges, 

energy minimised and saved in PDBQT format.  TheTGR5high-resolution crystal 

structure (PDB ID: 7CFN) was introduced in 2020, providing an excellent 

opportunity to determine potential agonists using computational methods. 

Docking studies of the designed compounds was done in PDB ID: 7CFN. With 

the use of Autodock Tools, optimization of ligands and proteins were done and 

grid box was generated. 
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3. Docking studies: Proteins and ligands were selected from a database, docking 

parameters were set, and docking calculations were performed after analysing the 

interactions between the proteins and ligands. 

4. Analysis of docking result: Results were analysed by comparing docking results 

of designed ligands with standard native ligands 

4.3. Synthesis and characterization of compounds 

On basis of docking studies and protein-ligand interaction, top compounds were 

selected for synthesis. The compound’s synthesis was carried out as shown in Fig. 41, 

Chapter 5. Characterization of the synthesized compounds will be carried out using 

FTIR, 1H NMR, 13C NMR, and HR-MS. 

4.4. In Vitro evaluation of synthesized compound 

Significance: Performing the in vitro GLP-1 secretion assay and TGR5 gene 

expression assay on synthesized compounds using the Human NCI-H716 

enteroendocrine cell line is crucial for evaluating their potential in managing 

metabolic disorders such as type 2 diabetes and obesity. 

GLP-1 (glucagon-like peptide-1) is a key incretin hormone that enhances 

insulin secretion, improves glucose tolerance, and promotes satiety.87 By measuring 

GLP-1 secretion, compounds can be evaluated for stimulating the release of GLP-1, 

an important function for glucose homeostasis and diabetes management.29 Testing 

TGR5 gene expression helps determine whether the synthesized compounds influence 

this receptor's activity, thereby potentially modulating metabolic pathways related to 

energy balance and glucose regulation.36 Together, these assays help identify the 

therapeutic potential of the compounds in modulating key metabolic pathways.88 In 

the present study, the results of synthesized compounds were compared with the 

selected standard. 

4.5. In Vivo evaluation of synthesized compound 

Significance: In vivo evaluation of a synthesized compound is essential for assessing 

its therapeutic potential, safety, and pharmacokinetic profile within a living organism.  
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While in vitro studies offer initial cellular insights, in vivo testing reveals how the 

compound functions within complex biological systems.89 In vivo testing allows to 

confirm if the compound achieves its intended therapeutic effects, assess its 

performance over time, and determine its targeting accuracy.90 

In the present study, In vivo evaluation was carried out on the compounds that 

showed potency in In-vitro assays. The acute toxicity of the test compounds was 

investigated in Wister rats. Several acute toxicity signs were evaluated in test mice, 

including lacrimation, blinking, hair erection, muscle weakness, urinations and 

convulsions, reduction in motor activity, diarrhoea, coma, and death. A further study 

of anti-hyperglycaemic activity was conducted on those compounds that were found 

to be non-toxic. Following the administration of the drugs, the glucose level in blood 

of the animals was determined. 

 



 

 

 

 

MATERIAL AND 

METHODS 
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CHAPTER 5 

5. MATERIAL AND METHODS 

The present work consists of several aspects, such as the homology modeling of the 

targeted receptor, the design of novel test compounds, as well as molecular docking 

studies. A further step was to synthesize selected test compounds in the lab through 

wet lab experiments and determine biological activity of resultant test compounds by 

in vitro and in vivo studies. 

5.1. MATERIALS 

Homology Modelling was performed using Swiss Model 

(https://swissmodel.expasy.org/) I-Tasser (https://zhanggroup.org/I-TASSER/) 

UniProt (http://www.uniprot.org/), SAVES v6.0 (https://saves.mbi.ucla.edu/), ProQ 

(https://proq.bioinfo.se/), Castp (http://sts.bioe.uic.edu/castp/index.htmL?2was). In a 

study, AutodockVina 1.5.7 (The Scripps Research Institute USA) was employed for 

performing docking studies. The process involved the utilization of drawing tools like 

ChemDraw, facilitating the creation and representation of molecular structures. For 

molecular docking, crystal structure of TGR5 complexed with INT777 obtained using 

electron microscopy with a 3.0A° resolution was downloaded from Protein Databank 

(PDB). TGR5 crystal structure consists of five heteromer chains make up TGR5 - 

chains A, B, C, D, and E - whose sequence length ranges from 394, 358, 58, 128, and 

330 amino acids. From all, Chain E was selected. For docking results visualization 

purposes, Biovia Discovery Studio visualizer was employed. In addition to docking 

and visualization, the study incorporated in silico ADME prediction tool. 

Molinspiration and Swiss ADME were applied to predict various pharmacokinetic 

properties of the ligands. Desmond (version: desmond/2020.4) simulation package of 

Schrodinger LLC was used to perform molecular dynamics study. 

All chemicals and reagents used in synthesis process were acquired from 

Merck (India) Ltd., S.D. Fine Ltd. (India). Analytical grade pure solvents were used. 

The synthesis of compounds was carried out using Parallel synthesizer (Radley’s 

Carousel 6 Plus reaction station). The compounds synthesized were characterised 

using FT-IR, melting point, 1H NMR, Mass spectroscopy, 13C NMR. FTIR spectra’s 

https://swissmodel.expasy.org/
http://sts.bioe.uic.edu/castp/index.html?2was
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were recorded using (Fourier Transform InfraRed Spectrometer Shimadzu (8400S). 

Bruker Avance III HD NMR 500 MHz was used to record 1H NMR i.e. proton 

nuclear magnetic spectra and 13C NMR i.e. carbon nuclear magnetic spectra using 

DMSO and CDCl3 as solvents. Bruker Impact II UHR-TOF Mass Spectrometer 

System was used to get HR-MS. Melting point in degree Celsius of test derivatives 

was done using Electronics Digital melting point apparatus. 

The entire work methodology was divided into three parts for ease of understanding 

and presentation: 

I. In Silico studies (Homology modelling and molecular docking) 

II. Synthesis and characterization of the identified test compounds 

III. Biological evaluation through In vitro and In vivo studies 

 

5.2. METHODS 

5.2.1. In-Silico studies (Homology modelling and molecular docking studies) 

5.2.1.1. HOMOLOGY MODELLING 

In this study, preparation and validation of Homology model of TGR5 

receptor was performed due to the unavailability of TGR5 protein structure in RCSB 

PDB database in the year 2019. During the course of our research work, later in 2020, 

Yang et al. deposited the crystal structure of TGR5 (PDB ID: 7CFN), including the 

native ligand 6α-ethyl-23(S)-methylcholic acid (INT777). Acknowledging this 

development, we conducted docking studies of our designed compounds. 

Steps involved in Homology Modelling 85 

Developing a homology model comprises a series of consecutive steps, summarized 

as follows (Fig. 37): 

 Retrieval of sequence 

 Template identification 

 Sequence alignment 

 Building a model for target using 3D structure of chosen template 

Validation of model 
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Figure 37: Flow diagram of Homology Modelling 

 

Sequence retrieval and analysis 

From UniProt, the TGR5 protein sequence was obtained (http://www.uniprot.org/) 

with accession number Q8TDU6.91, 92 UniProtKB serves as the primary repository for 

gathering functional information about proteins. The sequence of the Homosapiens 

protein was selected and downloaded with a length of 330 amino acids. 

 

The modelling workflow of Swiss Model 

By using the protein sequence retrieved, search was carried out for related protein 

structures within Swiss Model template library.93 For this purpose, Swiss Model 

utilizes two approaches to search databases: BLAST94, 95 for close homology of 

templates, and HHBLITS96 for remote homology. A template search was completed 

by selecting multiple templates, building and ranking different models according to 

global model quality estimates (GMQE)97 and quaternary structure quality estimates 

(QSQE).98 Swiss Model provided various templates, the highest-ranked six templates 

were elected based on its similarity and identity of the sequence of the TGR5 protein 

(Table 2). 

A comparison was carried out between the highest-ranked templates and alignments 

to determine if that represent different conformational states111 according to their 

ranking. Every template is automatically converted into a 3D protein model based on 
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its alignment with the target template. Full-atom protein models were generated by 

using ProMod3 and non-conserved amino acid side chains.99, 100 

 

The modelling workflow of I-Tasser (Iterative Threading ASSEmbly 

Refinement) 

During simulations, variety of structural conformations, referred to as decoys, were 

generated for each target. These decoys were then grouped based on pair-wise 

structural similarity, leading to the identification of five significant models (Table 3). 

A C-score, which ranges from -5 to 2, is determined from analysis of significant 

alignments between threading templates and convergence parameters. The TM-Score 

(Template Modelling Score) is another important parameter to consider. If TM-score 

falls from 0 to 1, where 1 indicates a model with a correct topology, but if the TM-

score falls below 0.17 it indicates a model with lower similarity.101-103 Best Homology 

model (Model 1) was selected based on its identity, coverage and C score. 

Table 2: List of Templates from Swiss model 

Template code 5mzj 5iu7 2r43 3emL 4ww3 3qak 

Identity 19.44% 19.93% 21.48% 19.49% 15.49 19.49 

Similarity 29% 30% 30% 29% 20% 25% 

Coverage 87% 85% 82% 84% 86% 84% 

 

Table 3: List of Models from I-Tasser 

Template code 

(Model) 

1 2 3 4 5 

Identity 1 21% 20% 18% 16% 15% 

Identity 2 22% 27% 23% 25% 25% 

Coverage 85% 88% 84% 88% 88% 

C  score -0.67 -1.17 -2.95 -1.00 -3.44 
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Validation of Model 

The best receptor model out of both servers was selected using the SAVES (Structure 

Analysis and Verification Server). In order to determine the overall quality score of a 

receptor structure, RAMPAGE (Ramachandran plot Assessment) 104, 105 was used 

along with ProSA (Protein Structure Analysis) 106 and ProQ (Protein Quality 

predictor). 

 

Prediction of active sites  

Based on Computed Atlas of Surface Topography of Proteins (CASTp) 3.0, active 

sites within protein structure were predicted. CASTp is specialized in recognizing and 

quantifying voids in 3D protein structures, was utilized for this purpose. The 3D 

protein structure underwent submission to the server, leading to the subsequent 

prediction of crucial amino acids for binding interactions. The residues are obtained 

from the active site prediction server includes Tyr 240, Tyr 89, Ser 270, Trp237, Trp 

75 (Fig. 38). 

 

5.2.1.2. MOLECULAR DOCKING STUDIES  

Yang et al. 107 presented cryo-electron microscopy structure of TGR5 complexed with 

bile acid derivative INT-777 (PDB ID: 7CFN) in 2020.In this current investigation, 

molecular docking were conducted utilizing the PDB ID: 7CFN for the designed test 

compounds. Fig. 39 illustrate structural view of the TGR5 protein. 

 

Preparation and optimization of Protein  

In order to prepare proteins, structure of protein was pre-processed, loops and residues 

were corrected, hydrogens and charges were added, and water molecules were 

extracted with Autodock Tools. Discovery Studio Biovia 2017 was used for protein 

optimization. Additionally, UCSF Chimera (www.cgl.ucsf.edu/chimera) was used to 

minimize energy.108 

 

Preparation and optimization of ligands 

Based on designing of test compounds, almost 42 compounds were designed and 

docked in TGR5 protein (PDB ID: 7CFN) (Table 4). Structures of compounds were 
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drawn using ChemBioDraw Ultra 14.0. After incorporating 3D coordinates, a .mol 

file was generated. Avogadro software was then employed to minimize energy of 

designed compounds using "force field" and a steepest descent algorithm. The results 

were converted into a PDB file.109 

 

Dataset preparation (Preparation of compound library) 

Series A, B, C, and D containing coumarin rings were designed (Table 4). These were 

designed by varying the substituents. This was done to determine the most probable 

active compound. 

 

Figure 38: Active sites in the modelled protein (indicated by red colour) 

 

 

 

Figure 39: Structural view of TGR5 complex with INT-777 (co-crystal ligand) 
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Table 4: Designed compounds library 

Sr. 

No. 

Designed 

series 

Compound Code R1 

 

1.  A 3 H 

2.  A 4 OH 

3.  A 5a 4-OCH3 

4.  A 5b 3-OCH3 

5.  A 5c 2-OCH3 

6.  A 5d 3,4-di OCH3 

7.  A 6a 4-CH3 

8.  A 6b 3-CH3 

9.  A 6c 2-CH3 

10.  A 7a 2,3-diCH3 

11.  A 7b 2,4-diCH3 

12.  A 7c 2,6-diCH3 

13.  A 8a 4-Cl 

14.  A 8b 3-Cl 

15.  A 8c 2-Cl 

16.  A 9a 4-Br 

17.  A 9b 3-Br 

18.  A 9c 2-Br 

19.  A 10a 4-NO2 

20.  A 10b 3-NO2 



51 
 

21.  A 10c 2-NO2 

22.  B 13a H 

23.  B 14a 4-OH 

24.  B 15a 3,4-diOCH3 

25.  B 16a 4-CH3 

26.  B 17a 4-Cl 

27.  B 18a 4-NO2 

28.  B 19a 4-Br 

29.  C 13b H 

30.  C 14b 4-OH 

31.  C 15b 3,4-diOCH3 

32.  C 16b 4-CH3 

33.  C 17b 4-Cl 

34.  C 18b 4-NO2 

35.  C 19b 4-Br 

36.  D 13c H 

37.  D 14c 4-OH 

38.  D 15c 3,4-diOCH3 

39.  D 16b 4-CH3 

40.  D 17c 4-Cl 

41.  D 18c 4-NO2 

42.  D 19c 4-Br 

 

In silico docking studies were conducted using Autodock Vina that uses the PDBQT 

molecular structure file format for input and output. A Lamarckian genetic algorithm 

(LGA) was implemented during the docking process, which combines a global search 

algorithm with a local search algorithm as well as a simulated annealing algorithm. 

Using the graphical user interface program Autodock Tools, the ligands and receptors 

were optimized and grid boxes were created. By arranging the grid coordinates (X, Y, 

and Z) around the active site of the receptor using the co-crystal ligand, a grid box 
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was generated. A grid size of 40 x 40 x 40 xyz points was specified for the target area, 

with the grid centre located at dimensions (x, y, z): (96.30,121.46,109.69) (Fig. 40).  

 

Figure 40: Flow diagram of Molecular docking study 

 

Validation of docking protocol 

Validation of docking protocol was conducted to understand the accuracy and 

reproducibility of the docking process and the target selections. The native ligand 

INT777 present in target protein (PDB ID: 7CFN) was removed from the receptor. 

The chemical structure of co-crystal ligand was re-drawn using ChemDraw, followed 

by energy minimization and docking at the active site of the receptor. Best pose 

Docked complex was superimposed on its co-crystallized reference complex, and the 

root mean square deviation (RMSD) was calculated.  

 

5.2.1.3. MOLECULAR DYNAMICS (MD) STUDY 

Desmond software is a powerful and flexible system for calculating forces, atomic 

motion, and binding energy.110, 111 Desmond, on the other hand, features a more 

comprehensive temperature, pressure, and volume system and offers more 

functionality to estimate protein-ligand interactions. The MD study illustrate the 

complex behaviours of proteins as they bind to ligands or macromolecules by 

following steps. 
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Set-up the process 

The MD simulation was run to 100 ns to obtain the binding strength of the TGR5-

compound complexes between the best docked designed compounds and the TGR5 

binding pocket.112, 113 

 

Energy minimization 

The steepest descent method is utilized in MD to minimize the overall energy of both 

the receptor and the ligand.  

 

Solvation and equilibration of system 

The cumulative charge of the solvent system was neutralized by the random addition 

of a counter ion sufficient to balance the cumulative charge. In this study, the OPLS-

2005 force field was selected, since it is an improved force field suitable for 

simulations of molecular dynamics calculations of proteins. For the same, the ligand 

and protein complexes are immersed in a water-filled cubic using a three-point water 

model (TIP3P) with periodic boundary conditions using Desmond's system builder 

(Schrodinger Release 2020-4). All the complex systems were solvated and neutralized 

by these parameters: TGR5-6a (TIP3P = 9564, Cl- =10 (19.011 mM) ); TGR5-16a 

(TIP3P = 9571, Cl- = 9 (10.097 mM)); TGR5-14b (TIP3P = 9568, Cl- =10 (19.003 

mM)); TGR5-16b (TIP3P = 9566, Cl- =10 (19.007 mM)); TGR5-14a (TIP3P = 9565, 

Cl- = 10(19.009 mM)); TGR5-INT777 (TIP3P = 9530, Cl- = 8 (13.813 mM)); and 

TGR5-Bile Acid (TIP3P =9580, Cl- = 8 (15.183 mM)). 

 

Examination of trajectories 

Once the system is equilibrated, the conformation trajectories are captured and 

examined. The conformational modifications induced by compounds binding were 

compared to the original conformations of the crystal structure (PDB ID: 7CFN) in 

terms of Root Mean Square Deviation (RMSD). Also, the Radius of Gyration (Rg), 

Solvent Accessible Surface Area (SASA) and the protein-ligand contact map during 

the simulation was performed. 
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Binding Free Energy Calculations 

The MM/GBSA method111 was used to calculate binding energies for TGR5-test 

compounds complex during the simulation. The changes in the binding free energy 

were calculating by capturing the trajectories generated during the simulation. For 

MM/GBSA calculations, trajectories at 10ns interval were considered along with the 

initial frame of docked complex. The free energy upon binding of lead compounds 

and the standards to the receptor was examined using the equation below: 

𝛥𝐺𝑏𝑖𝑛𝑑 = 𝐺𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐺𝑝𝑟𝑜𝑡𝑒𝑖𝑛 + 𝐺𝑙𝑖𝑔𝑎𝑛𝑑) 

Where, Gprotein stands for the energy of the unbound (free) protein, Gligand for 

the energy of the free ligand, and Gcomplex for the energy of the protein-ligand 

complex. 

 

5.2.1.4. IN SILICO DRUG-LIKENESS ANALYSIS 

Using a web-based application i.e., SwissADME, physiochemical properties, 

pharmacokinetic properties, ADME parameters (absorption, distribution, metabolism, 

and excretion) of all the designed compounds were predicted.114 herein, all designed 

compounds were uploaded in SMILES format to SwissADME website to predict 

drug-likeness and ADMET properties.  

 

5.2.2. Synthesis of the identified test compounds 

The designing of test compounds was done based on structure based drug design. 

Review of literature revealed that coumarin derivatives have not been explored TGR5 

agonist as anti-diabetic. After analysing the in silico studies, several hits were 

identified among all designed test compounds as potential TGR5 agonist. All potential 

hits were subjected to in silico drug-likeness analysis and 27 potential hits were 

identified for synthesis and characterization. 

The synthetic scheme was presented in Figure 41. 
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Figure 41: Synthetic Scheme 
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              2N NaOH 
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24h

Dibromoethane , DMF, K2CO, 75OC for 4hrs 

2,3dimethylphenol, DMF, K2CO, 75OC for 4hrs 2,5 dimethylphenol, DMF, K2CO, 75OC for 4hrs 

Hydrolysis using 2N NaOH 

DMF, HATU stir at 0OC for 30 min, 

add substituted anilines, DIPEA and stir 

24h

[1] [2a]

[3-9a]

[11]

[12a] [12b]

[13a-17a]
[13b-16b]

[2']

[12a'] [12b']

     2,4-dihydroxybenzaldehyde ethyl 7-hydroxy-2-oxo-2H-1-benzopyran-3-carboxylate ethyl 7-(benzyloxy)-2-oxo-2H-1-benzopyran-3-carboxylate
7-(benzyloxy)-2-oxo-2H-1-benzopyran

-3-carboxylic acid

ethyl 7-(2-bromoethoxy)-2-oxo-2H-1-benzopyran-3-carboxylate

ethyl 7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylate ethyl 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylate

7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylic acid 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylic acid

13a: R= H

14a: R= 4-hydroxy

15a: R= 3,4-dimethoxy

16a: R= 4-methyl

17a: R= 4-chloro 

13b: R= H

14b: R= 4-hydroxy

15b R= 3,4-dimethoxy

16b: R= 4-methyl

3: R=H

4: R= 4-hydroxy

5a: R= 4-methoxy

5c: R= 2-methoxy

5d: R= 3,4-dimethoxy

6a: R= 4-methyl

6b: R= 3-methyl

6c: R= 2-methyl

7a: R= 2.4-dimethyl

7b: R= 2,5-dimethyl

7c: R= 2,6-dimethyl

8a: R= 4-chloro

8b: R= 3-chloro

8c: R= 2-chloro

9: R= 4-bromo
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Synthesis of chemicals was performed using a Parallel Synthesizer. Purification of 

synthesized compounds was performed using column chromatography.  

 

5.2.2.1. Synthesis of Ethyl 7-hydroxy-2-oxo-2H-1-benzopyran-3-carboxylate (1) 

2, 4 dihydroxy benzaldehyde (2.0 mmol, 1 equiv) and Diethylmalonate (2.4 mmol, 1.2 

equiv) were mixed in 2mL of ethanol at room temperature. Subsequently, pyrrolidine 

2-3 drops and glacial acetic acid were added in order and mixture was refluxed for 

two hours. Once reaction completed, resulting product was poured into chilled water 

to obtain product. The product was filtered, then washed and further dried. The 

purified solid was obtained using column chromatography (hexane: ethyl acetate). 115-

117 Yellow solid; %Yield 85%; mp.140-141OC; Rf: 0.33 (7:13 EtOAc: hexane). 

 

5.2.2.2. Synthesis of ethyl 7-(benzyloxy)-2-oxo-2H-1-benzopyran-3-carboxylate 

(2a)  

Appropriate quantity ethyl 7-hydroxy-2-oxo-2H-chromene-3-carboxylate (0.236g, 

1.0mmol), dissolve in 2mL of dimethyl formamide (DMF) at room temperature. 

Subsequently, Benzyl bromide (0.171 mL, 1.2 mmol) was added. The potassium 

carbonate (0.151 g, 1.1 mmol) as catalyst was added in reaction mixture and stirred 

for 4 hrs at RT. Afterwards, product precipitate out using ice water and filtered, 

washed, and dried. Using hexane: ethyl acetate as a solvent, a column 

chromatography was performed to purify the crude solid.118 Yellow solid; %Yield: 

91%; mp. 180-182OC; Rf: 0.54 (7:13 EtOAc: hexane). 

 

5.2.2.3. Synthesis of 7-(benzyloxy)-2-oxo-2H-1-benzopyran-3-carboxylic acid 

(2a’) 

Appropriate quantity ethyl 7-(benzyloxy)-2-oxo-2H-chromene-3-carboxylate (2.0 

mmol) was dissolved in ethanol as a solvent. A solution of 40 mL 2N NaOH was 

added and stirring of solution was carried out overnight. In following step, 2N HCl 

was added to neutralize the solution, which resulted in precipitate that was filtrated, 

washed twice with water. The resulted product was used as it is for further reaction. 

118 Pale Yellow solid; %Yield: 85%; mp. 184-185OC; Rf: 0.45 (7:13 EtOAc: hexane). 
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5.2.2.4. Synthesis of Compounds (3-9a) 

An 7-(benzyloxy)-2-oxo-2H-1-benzopyran-3-carboxylic acid (1.0 mmol, 1 equiv) was 

dissolved in 4-5 mL of DMF previously kept in ice. Further Hexa fluorophosphates 

Azabenzotriazole Tetramethyl Uronium (HATU) (0.72 mmol) was added in above 

solution and it was stirred for 30 minutes. Next, corresponding substituted anilines 

(0.75 mmol) and N, N-Diisopropylethylamine (DIPEA) (1.4 mmol) were added and 

stirred overnight. This mixture was poured into chilled water, then extracted with 

ethyl acetate as solvent, and final product was obtained. After drying with magnesium 

sulphate, rotary evaporation was used to remove the ethyl layer. Through column, 

solvent system ethyl acetate: n-hexane was used for purification of crude product (3-

9a).119-121 

 

5.2.2.5. Synthesis of 7-(2-bromoethoxy)-3-propanoyl-2H-1-benzopyran-2-one (11) 

A suitable quantity ethyl 7-hydroxy-2-oxo-2H-1-benzopyran-3-carboxylate (0.236 g, 

1.0 mmol) and potassium carbonate (0.828 g, 6 mmol) were mixed in 10 mL of DMF 

and heated for 15 min at 75°C. In reaction mixture, 1, 2 dibromoethane (0.561 mL, 

1.5 mmol) dissolved in 5mL of DMF and then heated at 75°C for 2-3 hrs. As soon as 

reaction was complete, using water product was washed and dried. For purification of 

product, column chromatography (hexane: ethyl acetate) was used. White powder; % 

Yield 80%, Rf: 0.69 (7:13 EtOAc: hexane); mp. 120-121OC 

 

5.2.2.6.  Synthesis of ethyl 7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-

benzopyran-3-carboxylate (12a) 

2,3dimethylphenol (0.13 mL, 1.0 mmol) and potassium carbonate (0.414 g, 3 mmol) 

were mixed in DMF (10 mL) and was heated (75OC) for 15 min. Then 7-(2-

bromoethoxy)-3-propanoyl-2H-1-benzopyran-2-one (0.34 g, 1 mmol) dissolved in 

DMF (5 mL), added in above mixture and further heated upto 4 hrs. Once reaction 

had been completed, mixture was poured into cold water. The precipitated product 

was filtered, washed and dried. Product is purified using column chromatography. 

Brown powder; % Yield: 55%; mp. 112-113OC; Rf: 0.75 (7:13 EtOAc: hexane). 
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5.2.2.7.  Synthesis of ethyl 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-

benzopyran-3-carboxylate (12b) 

2,5dimethylphenol (0.122 g, 1.0 mmol) and potassium carbonate (0.414 g, 3 mmol) in 

10 mL of DMF was heated at 75OC for 15 minutes. Then 7-(2-bromoethoxy)-3-

propanoyl-2H-1-benzopyran-2-one (0.34 g, 1 mmol) dissolved in DMF (5 mL) was 

added in reaction mixture that further was heated (75OC) for next 4 hrs. After 

reaction, mixture was poured in chilled water. Using a vacuum, product was filtered, 

washed and dried. A column chromatography technique (hexane: ethyl acetate) is 

used for the purification of the product. Brown powder; % Yield: 60%; mp. 110-

111OC; Rf: 0.80 (7:13 EtOAc: hexane) 

. 

5.2.2.8. Synthesis of 7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-

3-carboxylic acid  (12a’) 

A suitable quantity of ethyl 7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-

benzopyran-3-carboxylate (0.237 g) was added in dimethyl sulfoxide (DMSO) as a 

solvent. 4 mL 2N NaOH was added and was refluxed at 100OCfor 2 hrs. In the 

following step, 2N HCl was added to neutralize the solution, which resulted in 

precipitation. The resulted precipitate was filtrated .The resulted product was used as 

it is for further reaction. Pale brown powder; % Yield: 75%; mp. 130-133OC; Rf: 0.48 

(7:13 EtOAc: hexane). 

 

5.2.2.9. Synthesis of 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-

3-carboxylic acid (12b’) 

A suitable quantity of ethyl 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-1-

benzopyran-3-carboxylate (0.237 g) was dissolved in dimethyl sulfoxide (DMSO) as 

a solvent. A solution of 4 mL 2N NaOH was added into it and was refluxed at 100OC 

for two hrs. In the following step, 2N HCl was added to neutralize the solution, which 

resulted in precipitation. It was filtrated, washed twice with water. Resulted product 

was used as it is for further reaction. Pale brown powder; % Yield: 80%; mp. 132-

134OC; Rf: 0.45 (7:13 EtOAc: hexane). 
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5.2.2.10. Synthesis of Compounds (13a, 14a, 15a, 16a, 17a) 121, 122 

An 7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylic acid 

(0.354 g, 1.0 mmol) was dissolved in 4-5 mL of DMF previously kept in ice. Further 

Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (HATU) (0.274 g, 0.72 

mmol) was added in above solution and it was stirred for 30 minutes. Then 

corresponding substituted anilines (0.75 mmol) and DIPEA (0.127 g, 1 mmol) were 

added and stirred at RT overnight. On reaction completion, mixture is dumped in ice 

and extracted with ethyl acetate. Ethyl layer was dried with magnesium sulphate and 

evaporated. The crude product was purified using column chromatography to afford 

final compounds (13a, 14a, 15a, 16a, 17a). 

 

5.2.2.11. Synthesis of Compounds (13b, 14b, 15b, 16b) 122 

An 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylic acid 

(0.354 g, 1.0 mmol) was dissolved in 4-5 mL of DMF previously kept in ice. Further 

Hexa fluorophosphates Azabenzotriazole Tetramethyl Uronium (HATU) (0.274 g, 

0.72 mmol) was added in above solution and it was stirred for 30 minutes. Then 

corresponding substituted anilines (0.75 mmol) and DIPEA (0.127 g, 1 mmol) were 

added and stirred at RT overnight. Mixture is then added to ice and extracted with 

ethyl acetate. Using magnesium sulphate, the ethyl layer was dried and rotary 

evaporated. Final pure compounds were obtained using column chromatography 

(Mobile Phase: ethyl acetate and n-hexane) (13b, 14b, 15b, 16b). 

 

5.2.3. Biological evaluation through In Vitro and In Vivo studies 

5.2.3.1. In Vitro studies 123 

In vitro assays are frequently used to assess potential drugs or therapies, understand 

basic biological mechanisms, identify drug targets, determine effective dosages, and 

evaluate toxicity, offering crucial insights for further in vivo studies. The current 

investigation involves conducting in vitro experiments, starting with a cell toxicity 

test to assess how test compounds affect a particular cell line. Subsequently, a GLP-1 

assay is carried out to measure the release of GLP-1 levels following treatment with 
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the test compounds. Finally, the chosen compounds undergo a TGR5 gene expression 

analysis. 

 

5.2.3.1.1. Nature of cell 

 Human NCI-H716 enteroendocrine cells were obtained and maintained in RPMI 

1640 with added L-glutamine (GenClone). The cell culture media comprised 100 

µg mL−1 of streptomycin (GenClone), 100 unit’s mL−1 of penicillin (FBS), and 10% 

fetal bovine serum. Cells were grown in 'complete' culture medium, containing both 

FBS and antibiotics, maintained in atmosphere of 5% CO2 at 37°C. 

 

5.2.3.1.2. Cell viability assay 

Human NCI-H716 cells were subjected to compounds in a full culture medium, 

maintaining a constant concentration of DMSO as the negative control. The cells 

underwent overnight treatment with the compounds in complete media, while being 

kept at a temperature of 37°C in a 5% carbon dioxide environment. Assessment of 

viability of cells was done using the Cell Titer-Glo Luminescent Cell Viability Assay 

(Fig. 39). Luminescence measurements were performed using a Flex Station III plate 

reader. The luminescence readings were compared to control and presented as relative 

cell viability. 

 

5.2.3.1.3. GLP-1 secretion assay 

NCI-H716 cells were seeded onto Matrigel-coated cell culture plates (Corning Life 

Sciences, catalog no. 356234) by adhering to the recommended Matrigel dilution 

guidelines in Hanks' balanced salt solution. For two days, cells were grown in RPMI 

media. Cells were washed on day of treatment with RPMI 1640 low-serum without 

antibiotics. DMSO-dissolved test samples were added to cells in low-serum medium. 

As a negative control, DMSO concentrations were kept constant across treatments. 

After 2-hour incubation, the medium was harvested into 96-well plates and for 

subsequent analysis was stored at -20 °C (Fig. 40). The secreted total GLP-1 levels 

were quantified using In-vitrogen Human GLP-1 (1-37a) ELISA Kit from 

ThermoFisher Scientific (catalog #EH221RB), following the manufacturer’s 

instructions. 
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Figure 42:  Flow diagram for Cell Titer-Glo assay  

 

Figure 43: Flow diagram for GLP-1 secretion Assay 

 

5.2.3.1.4. Real-time qPCR assay 

Human NCI-H716 enteroendocrine cells in complete media, with a consistent DMSO 

concentration serving as the negative control. The cells underwent overnight 

incubation with the compounds in complete media in 5% carbon dioxide environment 

at 37°C. Subsequently, cells were taken in RNase-free Eppendorf tubes, followed by 

washing with 1X PBS through centrifugation at 4°C at 500 g. TRIzol (Thermo Fisher 

Scientific) was added to cell pellets, and the tubes were promptly frozen in liquid 

nitrogen until further analysis. 

For RNA extraction, cells were thawed on ice and maintained on ice whenever 

possible. The tubes were vortexed for 30 seconds to release RNA and disrupt 

membranes. 200 mL Chloroform in TRIzol (1 mL) was introduced and stirred for 30 

seconds. At 4°C, tubes were centrifuged for 15 min at 12,000 rpm. After transfer to 
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Eppendorf tubes free from RNase containing 2-propanol (500 mL 2-propanol/1 mL 

TRIzol), the tubes were inverted to mix. Cells were centrifuged for 10 minutes at 4°C. 

The pellets were centrifuged at 4°C for 5 minutes at 14,000 rpm after washing with 

70% ethanol. As a final step, air-drying of the RNA pellet was followed by 

resuspension in RNase-free H2O. For cDNA synthesis, High Capacity cDNA Reverse 

Transcription Kit was employed. Quantitative PCR (qPCR) was performed using 

Light Cycler 480 SYBR Green I Master in 384-well format on Quant Studio Pro 

(ThermoFisher). For determining relative change in gene expression in the groups, the 

2-ΔΔCt method was used, and the data were campared to controls or estimates for 

comparison between the groups.  

qPCR primers used were human Tgr5: Forward: 5’-

CCTAGGAAGTGCCAGTGCAG-3’, Reverse: 5’-CTTGGGTGGTAGGCAATGCT-

3’; human Gapdh: Forward: 5’-GAAGGTGAAGGTCGGAGT-3’, Reverse: 5’-

CATGGGTGGAATCATATTGGAA-3’.  

 

5.2.3.1.5. Quantification and Statistical analysis 

GraphPad Prism was used to plot data and quantify the data using software linked to 

the instrument indicators. Microsoft Excel and GraphPad Prism were used for 

statistical analyses. Whenever possible, one-way ANOVA and Dunnett's multiple 

comparisons tests were used for assessing statistical significance. 

Further, based on results of In Vitro studies, test compounds 2a, 14a and 15a were 

selected for In Vivo studies. 

 

5.2.3.2. In vivo Studies 

The current research includes in vivo studies commencing with the Brine shrimp 

lethality assay. The bioassay operates on principle of assessing mortality induced in 

the basic aquatic organism, brine shrimp (Artemia salina), by the test compounds. It 

functions as an initial screening measure for toxicity prior to advancing to 

experiments involving mammalian animal models.119Afterward, acute toxicity 

experiments were carried out for compound 15a to assess its toxicity characteristics as 

per OECD guidelines. Subsequently, an OGTT was conducted to evaluate the 

antidiabetic properties of the compound. 
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5.2.3.2.1. Brine shrimp lethality assay 124, 125 

Sample preparation: Samples preparation was carried out by dissolving 10 mg in 2 

mL of DMSO and adjusting the volume to 10 mL with distilled water, resulting in a 

stock solution of 1000 μg/mL. From stock, 10 μL, 100 μL, and 1000 μL were 

withdrawn, make up volume upto 5 mL with water to achieve final concentrations of 

10, 100, and 1000 μg/mL, respectively. Three replicates for each dose level were 

prepared. In the control vials, equivalent volumes of distilled water were added. 

Preparation of Sea water: The solution of Crude sea salt was prepared in distilled 

water to get concentration of 25 g/L, and dried Brewer's yeast at a concentration of 6 

mg/L was added to create a solution for feeding brine shrimp. Subsequently, the 

solution was filtered before being put to use. 

Hatching of Brine shrimp eggs: The designated chamber was supplied with 2 litres of 

seawater, and 40 mg of eggs. Subsequently, these eggs were washed and dispersed 

into the shaded compartment. After 48-hour duration, phototropic nauplii were 

retrieved from illuminated side using a capillary and utilized for the bioassay. 

Bioassay: The bioassay was carried out as per protocol outlined by Meyer et al. The 

nauplii were extracted with water using a glass capillary, and after being counted in 

capillary against an illuminated background, 10 shrimps were transferred into each 

sample vial containing 4 mL of brine solution (in combination with a specific volume 

of brine and yeast suspension). At each concentration, 0.5 mL of test compound 

solution was added to brine solution (4.5 mL). For the control vial, 4.5 mL of artificial 

seawater with 0.2% DMSO was added, and 0.5 mL of artificial seawater without 

DMSO. The percentage of survivors was calculated using Ramachandran et al.'s 2011 

formula based on the number of survivors counted after 24 hours with 3x magnifying 

glasses. 

 

5.2.3.2.2. Acute Toxicity Studies 127 

Selection of animal: In the study, Albino Wister rats was used to carry out acute 

toxicity study (Fig. 44). The rats were acquired from the National Institute of 
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Biosciences, Pune 412205. It's noteworthy that Institutional Animal Ethical 

Committee approved experimental protocol under protocol number 

'BiRo/Sangli/IAEC/03’. All the procedures were followed as per the guidelines for 

guiding the care and use of animals in experimentations. 

 

Figure 44: Albino Wister rats 

Condition of housing: The animals were kept in cages made up with polycarbonate, 

and the animal rooms adhered to standard conditions of animal husbandry. Animal 

room’s temperature was maintained at 22±3°C, with a humidity ranging from 30 to 

70%. It was decided to maintain a period of 12 hours of light and 12 hours of 

darkness. 

Procedure: The procedure utilized the OECD 423 (Acute Toxic Class Method). 

Seven-week-old Wister rats were selected, ensuring weight variation within ± 20% of 

the mean body weight for each gender. The experimental group made up of 6 animals 

(3 males and 3 females). The objective of the sighting study was to establish the 

appropriate initial dose for the main study. A single animal received the test substance 

(15a) sequentially, starting from fixed dose levels of 5, 50, 300, and 2000 mg/kg. The 

dose intervals were determined by monitoring mortality and any of toxic signs over a 

24-hour period. This was done with a particular focus on the initial 4 hours. 

Observations: Food and water were provided four hours post-administration, and 

observations were made daily for 14 days, assessing factors such as duration, onset, 
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and severity of toxic signs, food, and water intake. Animal weights were recorded 

weekly. Subsequent experiments involved six animals per dose level based on 

mortality results from the sighting study. The animals were observed once during first 

half of an hour then for the first four hours after giving test compound. For clinical 

signs, if any, a 14-day period was monitored. 

 

5.2.3.2.3. Oral Glucose Tolerance Test (OGTT) 69 

This investigation aimed to assess the Oral Glucose Tolerance Test using a synthetic 

compound 15a, in experimental rats. The rats were accommodated in animal house 

facility with appropriate environmental conditions, maintaining a 20 ± 3°C 

temperature and 30-70%. RH. 12-hour light and dark cycle was manually upheld 

throughout the study.  

Grouping of animals: Animals were categorized into three groups, comprise of six 

rats in one, and the specific details of the treatment administered to each group are 

outlined in Table 5. Group I - the control, where Carboxy Methyl Cellulose (CMC) 

was administered at a concentration of 0.5% w/v. Group II - the positive control, 

receiving Sitagliptin at a dose of 10 mg/kg. Group III - the test group, receiving the 

test compound at a dosage of 400 mg/ kg. 

Procedure: The OGTT was performed on rats that had been fasting overnight. Three 

groups of rats received different treatments: Distilled water, Test compound (15a) at a 

dosage of 400 mg/kg, and Sitagliptin at a dosage of 10mg/kg. After pre-treatment, 

glucose (2 g/kg) was administered 30 minutes before measuring glucose levels in 

blood at 0, 30, 60, 90, 120, and 240 minutes following glucose load. The assessment 

involved using blood glucose test strips and a glucometer to determine the influence 

of the test compound on glucose levels in the glucose-loaded animals. 
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Table 5: Allocation of groups of animals 

 

 

 

 

Figure 45: Use of glucometer to determine blood glucose level 

 

Statistical Analysis: It was performed utilizing software GRAPHPAD PRISM 5.0. 

For evaluating statistical significance, ANOVA was employed, with subsequent 

comparison conducted through Dunnett’s t test. The test results were expressed as 

Mean ± Standard deviation (SD). The level of significance were defined as follows: P 

values if less than 0.05 were categorized as Significant, P values less than 0.01 very 

significant, P values less than 0.001 highly significant, while "ns" denoted non-

significance. 

 

Groups Treatment Dose & Route No. of animals 

G1 Control - 6 

G2 Standard (Sitagliptin) 10mg/kg,p.o. 6 

G3 Test compound (high dose) 400mg/kg,p.o. 6 



 

 

 

 

 

RESULT AND 

DISCUSSION 
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CHAPTER 6 

6. RESULT AND DISCUSSION 

 

6.1. IN-SILICO STUDIES  

6.1.1. Homology Modelling 

The purpose of current study was to perform homology modelling for revealing the 

folding and functional structure of TGR5 coding protein. In present study, best TGR5 

homology model was selected from models generated by two software tools: Swiss 

Model and I-Tasser., I-Tasser generated top five models and Swiss Model generated six 

homology models for TGR5. 

Table 2 and 3 showed the identity and similarity of the generated models from both the 

server. 

 

6.1.1.1. Protein modelling using Swiss Model 

In the process, among all generated templates, the highest-ranked six templates were 

elected based on its similarity and identity of the sequence of the TGR5 protein as shown 

in Table 2. The highest value of sequence similarity was found with the template 5mzj 

and 5iu7. The 5iu7 template, when compared to the 5mzj, showed greater structural 

similarity (Table 2). The sequence identity, sequence similarity, and range of protein 

sequences of 5iu7 were the highest. Therefore, by using template 5iu7, a three-

dimensional (3D) structure homology model was developed for TGR5.  In Fig. 46a, a 

sequence alignment of modelled protein and template 5iu7 was shown. Secondary 

structure of both 5iu7 and model were generated and shown in Fig. 46b and Fig. 46c 

respectively. 

Validation result for model (PDB ID: 5iu7) generated by Swiss Model 

The model generated was validated using PROCHECK, PROSA, SAVES. 

Ramachandran plot was generated by PROSA shown in Fig. 47. For further analysis, the 
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model with most residues in allowed region (red) and fewest in disallowed (yellow) was 

chosen. According to the Ramachandran plot generated for the selected model, 

225residues are present in the preferred region (94.5%), and 12 residues are present in the 

allowed region (5.0%). In the selected model, PROSA revealed a Z-score of -5.73, which 

indicates structures similar to native structures. The ERRAT server (Fig. 48) indicated an 

overall quality factor of 92.806. Identity and similarity index is 19.93% and 30% 

respectively. LG score calculated by ProQ was 3.030 (Table 2). 

6.1.1.2. Protein modelling using I-Tasser 

In the process of protein modelling, 3D model was generated from large assembly of 

structural conformations; TGR5 was modelled using the 3emL structure as a template for 

generating the 3D model structure. I-Tasser evaluates the model using two parameters: 

the C-score and the TM-Score.It has been found that the C-score for the homology model 

1 generated from template 3emL is adequate, and is found to be -0.67, making it the most 

confident model. The TM-score (0.63±0.14) and values (7.9±4.4Å) of the modelled 

protein are acceptable for a proper design. The alignment between the homology model 

and 3emL illustrated in Fig. 49a exhibits heightened levels of identity, similarity, and 

coverage. Secondary structure of both template 3emL and model were predicted using I-

Tasser and shown in Fig. 49b and Fig. 49c. 

Validation result for model 1 by I-Tasser 

The model was validated using PROCHECK, PROSA Web server and SAVES. 

Ramachandran plot was generated by PROSA shown in Fig. 50. A model with the 

maximum residues in allowed region (red) and lowest number in disallowed region 

(yellow) was selected for further analysis. Using Ramachandran plot generated for 

selected model, number of residues present in favoured regions is 221 (81.0%), number 

of residues present in allowed region is 39 (14.3%), residues in generously allowed 

region is 9 (3%) and residues in disallowed regions is 4. Residues in disallowed regions 

are Leu 246, Phe 161, Ser and Arg 254 (A). An assessment of the selected model with 
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PROSA revealed that it had structures similar to native structures with a Z –score of -

5.51. ERRAT server (Fig. 51) indicated an overall quality factor 93.458. Identity and 

similarity index is 21 and 22 percent respectively. LG score calculated by ProQ was 

4.173 (Table 3). 

 

a                                                   b                          c     

Figure 46: a) Sequence alignment of Chain A of model and Secondary structure of 

(b) 5iu7 and model using (c) Swiss model 5iu7  

 

 

Figure 47: Ramachandran Plot of Model (PDB ID: 5iu7) generated by Swiss Model 

server 
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Figure 48: ERRAT Results of Model generated by Swiss Model 

 

 

a                                                    b                              c     

 

Figure 49: a) Sequence alignment of model and template b) Secondary structure of 

template and (c) model generated using I- Tasser 
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Figure 50: Ramchandran Plot of Model generated by I-Tasser 

Figure 51: ERRAT Results of Model generated by I-Tasser 
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For selection of best model out of those generated by both Swiss Model and I-Tasser, a 

comparative study was carried out between the models generated by these two servers.  A 

comparison of results from Swiss Model and I-Tasser is presented in Table 6 that helps 

confirm which model is appropriate for further investigation. Comparative study of the 

model generated by both software’s was done for selection of best model among the 

model generated by two different servers. The model generated by Swiss Model does not 

have any residue in the disallowed region when compared with model generated by I-

Tasser which has 1.46 % outliers also had 93.458 overall quality factor. Therefore, model 

generated by Swiss model was selected for further studies. 

 

Table 6: Comparison results for TGR5 Model using Swiss Model and I- Tasser 

Homology modelling tools Swiss Model I-Tasser 

PROCHECK Allowed region 100% 98.53% 

disallowed region 0% 1.46% 

Z score -5.73 -5.51 

ERRAT 92.806 93.458 

 

6.1.2. MOLECULAR DOCKING STUDIES128 

 

The high-resolution TGR5 crystal (PDB ID: 7CFN) has been downloaded from RCB 

PDB database. Following this, docking studies were done out using Autodock Vina and 

docking results are presented in Table 7.  

 

6.1.2.1. Validation of docking studies 

The target validation performed using the selected target (PDB ID: 7CFN) and native co-

crystallized ligand (INT777) indicated low RMSD values (1.2Å) between runs, indicating 

the docking procedure is accurate and repeatable (Fig. 52a). The re-docking analysis of 

INT777 with TGR5 showed the docking score of -8.2 kcal/mol. INT777 showed H bond 
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interactions with active site residues of TGR5 such as Tyr240, Ser270 (bond distance of 

2.89Å and 2.69Å respectively). In addition, active site residues Leu263, Leu266, Leu166, 

Leu74, and Ala250 were involved in π-π stacking and π-alkyl interactions with INT777 

(Fig. 52b). 

 

 

Figure 52: (a) Superimposition of re-docked INT777 (red) onto co-crystallized form 

(yellow) in the active site (b) Molecular Interaction of INT777 with TGR5. 

 

From total docked compounds, all compounds showed binding energies ranging from -

10.2 to -9.0 kcal/mol toward the TGR5 receptor in comparison with standard INT777 

(Docking scores -8.2 kcal/mol). The binding scores and RMSD values of captured poses 

were used to select poses, especially those that were found to have very close binding 

modes when compared to INT777. Table 7 summarizes the detailed intermolecular 

interactions and binding affinity of the compounds for TGR5. The binding interaction of 

ten best molecules for TGR5 is given in Fig. 53. 
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Table 7: The intermolecular interactions and binding affinity of compounds for 

TGR5 

Sr. 

No. 

Compound 

Name 

Binding 

energy 

(kcal/mol)* 

Interacting 

Amino Acids 

Bond Type No. of H 

bonds 

1.  INT777 -8.2 

Tyr240 

Ser270 

Leu266 

Leu263,166 

Leu74 

Ala250 

H bond 

H bond 

 

 

2 

2.  6a -9.9 

Phe 96 

Leu 266 

Leu 262 

Leu 74 

Ala 250 

Pro 255 

π- π stacking 

 

0 

3.  
16b -9.8 

Trp75 

Ala250 

Leu244 

Leu166 

Leu74 

Leu174 

H bond 

π- π stacking 

 

1 

4.  
14b -9.8 

Ser 247 

Trp 75 

Ala 250 

Leu 244 

Leu 166 

Val170 

H bond 

H bond 

π- π stacking 

 

2 

5.  
14a -9.8 

Ser 157 

Tyr 240 

Trp 75 

Ala 250 

Leu 244 

Leu 74, 97 

Phe 96 

H bond 

H bond 

H bond 

π- π stacking 

 

3 

6.  
16a -9.8 

Trp 75 

Ala 250 

Leu 166 

Leu 244 

Leu 74 

Val 170 

H bond 

π- π stacking 

 

1 
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7.  
15a -9.8 

Ser 157 

Tyr 240 

Ala 250 

Leu 74 

Leu 266 

Leu174 

Leu97 

Phe 96 

H bond 

H bond 

π- π stacking 

 

2 

8.  6b -9.7 

Ser 247 

Ala 250 

Leu 262 

Pro 255 

Phe 96 

H bond 

π- π stacking 

 6b 

9.  6c -9.7 

Leu 244 

Leu166 

Leu 74 

Leu263 

Val170 

π- π stacking 

 

6c 

10.  
8a -9.7 

Ser 157 

Leu 166 

Ala250 

H bond 

π- π stacking 

 

1 

11.  
8b -9.6 

Ala 250 

Leu 262 

Leu166 

π- π stacking 

 

0 

12.  
8c 

-9.6 

Trp 75 

Leu 266 

Leu 74 

Leu 262 

Ala 250 

Phe 96 

Pro 255 

H bond 

π- π stacking 

 

1 

13.  9a -9.6 

Trp 75 

Leu 266 

Leu 74 

Phe 96 

H bond 

π- π stacking 

 

1 

14.  
7a -9.6 

Ser 27 

Ser 157 

Ala 250 

Leu 262 

Pro 255 

Pro 259 

Phe 96, 161 

H bond 

H bond 

π- π stacking 

 2 
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15.  
7b -9.6 

Leu 74 

Leu 266 

Ala 250 

Leu 262 

Phe 96 

Pro 255 

π- π stacking 

 

0 

16.  
7c -9.5 

Leu 74 

Leu 266 

Ala 250 

Leu 262 

Phe 96 

π- π stacking 

 

0 

17.  
5a -9.5 

Ser 247 

Ala 250 

Pro 259,255 

Ser 157 

Phe 96 

Phe 161 

H bond 

π- π stacking 

π- alkyl interaction 

H Bond 

π- π stacking 

 

 

18.  
5c 

 
-9.4 

Ser 247 

Ala 250 

Leu 266, Leu 262, 

263 

Ser 157 

Phe 96 

Phe 161 

H bond 

π- π stacking 

π- alkyl interaction 

 

H bond 

π- π stacking 

 

2 

19.  
5d -9.4 

Ser 247 

Ser 157 

Phe 161 

Phe 96 

Leu 263 

Ala 250 

Pro 259 

H bond 

H bond 

π- π stacking 

 

2 

20.  
13a -9.4 

Ser 157 

Tyr 240 

Ala 250 

Leu 244 

Phe 96 

H bond 

H bond 

π- π stacking 

 

2 

21.  
13b -9.4 

Ser 157 

Tyr 240 

Trp 75 

Ala 250 

Leu 244 

H bond 

H bond 

H bond 

π- π stacking 

 

3 

22.  17a -9.4 

Trp75 

Ala250 

Leu244 

H bond 

π- π stacking 

 

1 
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Leu166 

Leu74 

Leu174 

Val 170 

 

 

23.  
3 -9.4 

Trp 75 

Leu 266, Leu 262 

Leu 74 

Ala 250 

H bond 

π- π stacking 

 

1 

24.  
5b -9.4 

Ser 247 

Ala 250 

Leu 263 

Ser 157 

Phe 96 

Phe 161 

H bond 

π- π stacking 

π- alkyl interaction 

H Bond 

π- π stacking 

 

2 

25.  
4 -9.2 

Ser 157 

Ala 250 

Leu 166 

Leu 244,262 

Val 170 

H bond 

π- π stacking 

 

1 

26.  
9b -9.2 

Trp 75 

Leu166 

Leu 74 

Phe 96 

H bond 

π- π stacking 

 

1 

27.  
9c -9.2 

Trp 75 

Leu 266 

Leu 74 

H bond 

π- π stacking 

 

1 

28.  
10a -9.2 

Ser 247 

Ser 157 

Pro 259 

Ala 250 

Phe 96 

Phe 161 

H bond 

H bond 

H bond 

π- π stacking 

 

3 

29.  
10b -9.2 

Ser 247 

Ala 250 

Leu 266 

Leu 262 

Phe 96 

H bond 

π- π stacking 

 

1 

30.  
10c -9.2 

Leu 263 

Leu 266, 262 

Leu 74 

Ala 250 

Pro 255, 259 

H bond 

π- π stacking 

 

1 
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31.  15b -9.1 

Ser157 

Tyr240 

Ala250 

Leu74 

Leu244 

Leu174 

Phe96 

H bond 

H bond 

π- π stacking 

 

2 

32.  18a -9.1 

Ser157 

Tyr240 

Leu74 

Ala250 

H bond 

H bond 

π- π stacking 

 

2 

33.  18b -9.1 

Ser157 

Tyr240 

Leu74 

Ala250 

H bond 

H bond 

π- π stacking 

 

2 

34.  18c -9.1 

Ser247 

Ser157 

Tyr240 

Leu74 

Ala250 

H bond 

H bond 

H bond 

π- π stacking 

 

3 

35.  16c -9.1 

Ser157 

Trp75 

Leu174 

Leu74 

H bond 

H bond 

π- π stacking 

 

2 

36.  19a -9.1 

Ser247 

Trp75 

Leu244 

Leu74 

H bond 

H bond 

π- π stacking 

 

2 

37.  14c -9.0 

Ser247 

Ser1578 

Leu244 

Leu74 

Ala250 

H bond 

H bond 

π- π stacking 

 

2 

38.  15c -9.0 

Ser 157 

Ala 250 

Leu74 

Leu174 

Tyr240 

H bond 

π- π stacking 

 

1 

39.  17c -8.8 

Ser 157 

Ala 250 

Leu74 

H bond 

π- π stacking 

 

1 

40.  17b -8.8 
Trp75 

Ala250 

H bond 

π- π stacking 

1 
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Leu166 

Leu244 

Leu74 

Leu174 

π- π stacking 

 

41.  19c -8.7 

Ser247 

Leu244 

Leu74 

H bond 

π- π stacking 

 

1 

42.  19b -8.6 

Ser157 

Trp75 

Leu244 

Leu74 

H bond 

H bond 

π- π stacking 

 

2 

43.  13c -8.6 

Ser 157 

Ala 250 

Leu74 

Leu174 

Tyr240 

H bond 

H bond 

 

π- π stacking 

 

2 
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J 

Figure 53: 3D and 2D Intermolecular interactions between top 10 lead compounds 

with TGR5 (A) 6a, (B) 14a, (C) 14b, (D) 16a, (E) 16b, (F) 15a, (G) 6c, (H) 6b, (I) 8a 

and (J) 8b 

The molecular docking study reveal that compound 6a, compound 14a and 14b have the 

highest binding affinity towards TGR5 with docking scores of -9.9,-9.8 and -9.8kcal/mol 

respectively.  

In compound 6a, the oxo group, a part of the coumarin ring, forms hydrogen 

bonds with Ser 247 at a distance of 2.83Å. Another hydrogen bond was found between 

Ser157 and oxygen atom in amide linkage. Also, the coumarin and aniline rings present 

in 6a were found to form π-π stacking interactions with Phe96 and Ala250. Furthermore, 

amino acids such as Pro259, Leu262, and Pro255 interact with methyl groups on 

toluidine rings by means of π-alkyl interaction (Fig. 53A). A second lead hit compound 

14a, interacts with TGR5 through four stacked π-π interactions. In compound 14a 

coumarin ring, phenyl ring, and phenolic ring interact with Ala250, Leu74, Leu244, and 

Leu166 amino acids through a π-π stacking mechanism (Fig. 53B). Similarly, compound 

14b has been shown to interact with TGR5 via one hydrogen bond and five π- π stacking 

interaction (-9.8kcal/mol) (Fig. 53C). The polar residue Ser 247 forms hydrogen bond 

with the oxo group of the amide linkage of compound 14b. The coumarin ring form 
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interaction with Ala250 whereas Leu244, Leu166 and Leu74 were found to interact with 

the aromatic groups of compound 14b.  

Both the rings of coumarin present in 16a also established the hydrophobic 

contact with residue of Ala 250 and was found to have binding affinity of -9.8 kcal/mol 

towards TGR5 (Fig. 53D). It was also observed that methyl group attached to the aniline 

ring interacted with three amino acids namely Leu244, Leu174 and Val170 of TGR5.  

Leu 74, Leu 244 and Leu166 was found to form π-π stacking interaction with phenyl and 

aniline ring at the extreme end of compound 16a. 

Furthermore, docking studies revealed binding energies of -9.8 kcal/mol for 16b 

in the active site of TGR5 (Fig. 53E). The four amino acids residue namely Ala250, 

Leu166, Leu244 and Leu74 was observed to have hydrophobic interaction with aromatic 

rings present in compound 16b, which provided additional stability to the complex. The 

compound 15a was found to interact through two types of molecular interactions with 

TGR5: hydrogen bond and π-π interactions (Fig. 53F). The two hydrogen bonds are 

formed between Ser157- oxo group and Tyr240-methoxy group present in 15a with a 

bond length of 2.91 Å and 2.92Å. The coumarin and phenyl ring present in 15a was 

crucially important to form π-π interactions with residues Ala250, Leu74, Leu 266. 

Furthermore, Leu 174, Leu97, Phe96 form alkyl interaction with methoxy group present 

in 15a.  

Moreover, the docking studies of 6c, 6b, 8a and 8b revealed the binding energy of 

-9.6 to -9.7 kcal/mol each in the active site of TGR5. The coumarin ring present in 

compound 6c are involved in formation of π- π stacking interaction of 6c with Leu74 

(Fig. 53G). The docking results of compound 6b revealed the hydrogen bond interaction 

with Ser247 owing to the presence coumarin ring present in 6b.  The aniline and phenyl 

ring present in 6b was crucially revealed as important for hydrophobicity and established 

the hydrophobic contacts with amino acids like Ala 250, Leu262 and Phe96 present in the 

active site of TGR5. Additionally the methyl groups attached to the phenyl ring of 6b 

accounted for the interaction with Ala250 and Pro255 (Fig. 53H). The ten-membered ring 

of coumarin and six-membered ring of phenyl present in 8a was found to be important for 
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π-π stacking interaction with Ala250 and Leu 166. Moreover the oxygen atom present in 

amide group was found to be involved in hydrogen bonding with Ser157 at bond distance 

of 3.39 Å (Fig. 53I).  

Further, compound 8b has been found to docked with TGR5 via π-π and π-alkyl 

interaction (-9.6 kcal/mol) (Fig. 53J). Le166 and Ala250 from the active site of TGR5 

were involved in the π-π stacking interaction with the aromatic group present in 8b. 

Moreover the alkyl group on phenyl ring was also found to be crucial for forming the π-

alkyl interaction with Leu262 and Ala250. 

Thus, the molecular docking studies of designed compounds showed that the 

selected lead substances bind to TGR5 in a similar pattern as that of native ligand 

INT777. Active site residues includes Tyr240, Ser270, Leu263, Leu266, Leu166, Leu74, 

and Ala250 that were involved in π-π stacking and π-alkyl interactions with INT777.  

Many of the designed compounds with coumarin ring showed hydrophobic π-π stacking 

interactions with Leu166, Ala250. Thus, overall proposed compounds would be potent 

TGR5 agonist in comparison with the native ligand in the active site of the protein. 

6.1.3. Molecular dynamic studies:127 

The docked complexes structure of TGR5 had been simulated unconstrained for 

100ns using the best-docked poses of compounds 6a, 16a, 14b, 16b, 14a, INT-777, and 

Bile Acid. The thermodynamic stability of all the complex systems had been examined 

by using the parameters RMSD (Root Mean Square Deviation) and RMSFs (Root Mean 

Square Fluctuations), which were captured during a molecular dynamics simulation. The 

RMSD and RMSF are important parameters that provide data about structural stability 

and adaptability during the duration of the MD simulation. 

6.1.3.1. RMSD Plot evaluation: 

The RMSD plot of TGR5 C-α atoms illustrated in Fig. 54(a) suggested that, all the 

complexes equilibrated within 7 Å of RMSD and the selected lead compounds 

introducing higher stability to the TGR5 conformation upon binding. The co-crystal 
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ligand i.e., TGR5-INT777 complex equilibrated from 20ns to 60ns within 5 Å of RMSD, 

afterwards minimal deviation (within 6 Å) found in the structure in the production phase. 

In the case of Bile Acid, two equilibrations were found during the simulation. In the early 

stage, after 5ns the TGR5-complex started equilibrating within 4 Å - 6 Å till 60ns, after 

that the complex deviate little higher and started another equilibration in the production 

phase. In the other hand lead compounds 6a and 14a shows higher stability in comparison 

with others. The complexes, TGR5-6a, and TGR5-14a started equilibration from 20ns to 

production phase in the range of 3 Å -4 Å of RMSD. 

Likewise, the complexes TGR5-16a, TGR5-16b and TGR5-14a, shows similar 

patterns when compared with the standard one. The complex TGR5-16a started 

equilibrating from 10ns to 100ns within the range of 4 Å to 5.5 Å RMSD. In the case of 

complex TGR5-14b, the complex was not stable in the initial phase of simulation, but 

after 42ns, the complex reaches the equilibration state with 6 Å of RMSD till 100ns. The 

TGR5 showing unstable during the simulation after complexing with lead compound D9, 

but the deviation within the structure is not beyond the 7 Å of RMSD.  The average 

RMSD for TGR5-6a, TGR5-16a, TGR5-14b, TGR5-16b, TGR5-14a, TGR5-INT-777, 

and TGR5-Bile Acid complexes were 3.71 ±2.92Å, 4.82 ±3.99Å, 5.09 ±4.22Å, 4.45 

±4.68Å, 3.36 ±2.14Å, 4.40 ±2.68Å, and 5.14 ±4.42Å, respectively. In this result, it can be 

concluded that lead compounds 6a, 16a, and 14a undergo minimal structural 

conformational changes throughout the simulation event. 

 

6.1.3.2. RMSF Plot evaluation: 

The quality of local protein was assessed by comparing the time-averaged RMSF value 

of the selected lead compounds, co-crystal ligand and the standard Bile Acid (Fig. 54b), 

following its interaction with TGR5 against the number of residues found in the 100ns 

trajectory data. The average RMSFs values measured for TGR5-6a, TGR5-16a, TGR5-

14b, TGR5-16b, TGR5-14a, TGR5-INT-777, and TGR5-Bile Acid complexes were 1.86 

±0.96 Å, 1.60 ±0.82 Å, 2.04 ±1.39 Å, 2.28 ±1.34 Å, 1.66 ±1.08 Å, 1.88 ±1.09 Å, and 

2.19 ±1.36 Å, respectively, suggesting that the minimal fluctuation in the TGR5 structure 
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upon binding of the selected lead compounds, INT777 and Bile Acid (Fig. 54b). Based 

on RMSF values, all lead compounds exhibit relative stability in the binding site region 

of TGR5, as the interacting residues not fluctuating more than 3Å of RMSF. It is also 

noted that, after binding of Bile Acid to TGR5, fluctuation in the binding site residues 

viz.  Tyr240, Ser247, Ala250, Tyr251, and Pro255 RMSF values were more as compared 

to other compounds. 

6.1.3.3. Radius of gyration evaluation: 

The curve of the radius of gyration (Rg) as a function of time for all protein-ligand 

complexes was depicted in Fig. 55a. The average Rg value of the complexes TGR5-6a, 

TGR5-16a, TGR5-14b, TGR5-16b, TGR5-14a, TGR5-INT-777, and TGR5-Bile Acid 

were 21.50 ±0.29 Å, 21.60 ±0.17, 21.05 ±0.52, 21.47 ±0.77, 21.81 ±0.32, 21.93 ±0.29, 

and 21.63 ±0.33, respectively. When compared to the standard and co-crystal ligand, it 

was discovered that all lead complexes showed generally similar and consistent values of 

Rg (except TGR5-D9 complex), indicating that are perfectly overlapped and have good 

stability. Similarly, the SASA value was calculated to determine the percentage of the 

protein surface that was accessible by the water solvent during MD simulation. The plot 

of SASA value vs. time for all of the protein-ligand complexes during the simulation is 

shown in Fig. 55b. Comparing all of the complexes to the TGR5-INT777 and TGR5-Bile 

Acid complexes, SASA values were quite close. We infer that TGR5-Lead complexes are 

relatively constant from the SASA analysis. 
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Figure 54: (a) RMSD plot (b) RMSF plot for TGR5 – complex atoms upon binding 

of lead compounds, INT-777 and Bile Acid, during 100ns MD simulation. 

 

Figure 55: (a) Radius of gyration plot reflecting the changes observed in the 

conformational behaviour of the protein and all protein–ligand complexes (b) The 

SASA curve depicts the change in the protein-ligand complexes' solvent accessibility  
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6.1.3.4. Interaction profiling and per residue energy contribution 

Furthermore, the Protein interactions with the lead compounds were tracked 

throughout the simulation. Unlike molecular docking, where you obtain the optimal 

orientation for the binding of a ligand, MD simulation assesses all binding modes by 

averaging the interactions between proteins and ligands and determining the best 

interactions. The per-residue contribution was computed in terms of binding to examine 

the specific binding stability of a few lead molecules with the receptor. The protein-

ligand contact plot, shown in Fig. 56, is a timeline representation of the contacts and 

interactions (H-bonds, Hydrophobic, Ionic, Water bridges). 

From the docking analysis, the binding site residues were provided for all the 

compounds. Fig. 56 supports finding and string binding of these lead compounds to the 

TGR5. In case of TGR5-INT-777 complex, it is noted that the amino acid residues viz. 

Tyr89, Asn93, Ser157, Gln158 and Pro259 contacted majorly with INT-777 during 100ns 

of MD simulation (Fig.56a). Similarly, the standard compound i.e., Bile Acid binds very 

well in the TGR5 binding pocket by forming interactions with Leu74, Tyr89, Arg93, 

Ser157, Glu169, and Thr243 constantly during the simulation (Fig.56b). In case of all the 

selected lead compounds the similar binding patterns were observed. From the 

intermolecular interaction profile, it is noted that the key residues Leu74, Trp75, Tyr89, 

Arg93, Ser157, Leu166, Glu169, Thr243, Ala250, Pro259, and Leu263 play a crucial role 

in the strong binding of small molecules. 

Similarly, Table 8 and Fig.57 represent per residue energies contributed to the 

docking score.  

 

6.1.3.5. Binding Free Energies: 

The cumulative binding free energy for each complex system are described in 

Table 9. Remarkably, the selected lead compounds are having greater binding affinity (-

77.891 ±8.37 kcal/mol to -96.636 ±9.18 kcal/mol) and stability toward selected receptors 

than that of the INT-777 (-69.43 ±9.17 kcal/mol) and Bile Acid (-63.432 ±6.14  
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kcal/mol). The lead compounds are thermodynamically more stable inside the binding 

cavity, according to these MM/GBSA binding free energies. 

Table 8: Per residue interaction score contributed to the total docking score of the 

compound. 

Complex 

Name 

Residue Number and Interaction Energy in kcal/mol 

Trp7

5  

Tyr8

9  

Ser1

57  

Leu1

66  

Leu1

74  

Tyr2

40  

Ser2

47  

Ala2

50  

Tyr2

51  

Pro2

55  

Leu2

62  

Leu2

66  

Ser2

70  

TGR5-INT 
777 

0.41 -1.25 -5.49 -1.93 -0.32 0.15 -2.93 -1.59 -2.71 -2.37 -2.62 -2.93 -0.60 

TGR5-Bile 
Acid 

1.24 -4.11 -4.99 -1.88 -0.23 0.23 -1.94 -1.03 -1.62 -0.54 -0.80 -2.33 -0.27 

TGR5-6a -2.60 -2.37 -1.73 -0.62 -0.80 -1.13 -0.59 -0.48 -0.38 -0.20 -1.80 -3.38 -0.50 

TGR5-16a -3.18 -0.67 -2.83 -1.73 -0.59 -2.03 -3.40 -1.44 -3.73 -0.32 -1.62 -2.81 -0.01 

TGR5-14b -3.53 -2.01 -2.71 -1.56 -0.83 -0.10 -0.98 -1.87 -1.80 -1.52 -1.32 -0.56 0.07 

TGR5-16c -4.37 -1.09 -2.08 -1.36 -0.86 -0.45 -2.30 -2.36 -3.24 -0.32 -0.96 -0.88 0.06 

TGR5-14a -2.82 -1.63 -1.41 -1.39 -0.40 -2.36 -2.56 -1.72 -1.50 -0.18 -1.79 -2.78 -0.91 

 

Table 9: Data for the selected lead compound, INT-777, and bile acids cumulative 

binding free energies within the binding pocket of TGR5. 

Name of the 

complex 

ΔG_Bind 

ΔG_Bind Coulomb Covalent Hbond Lipo Solv_GB vdW 

TGR5-INT 777 -69.43±9.1 -58.2±16.7 1.70±1.0 -1.36±0.4 -27.44±3.2 69.48±14 -53.60±5.8 

TGR5-Bile 
Acid 

-63.43±6.1 -57.75±14.5 3.15±3.1 -3.07±1.1 -24.33±3.9 66.57±10 -47.96±3.4 

TGR5-6a -96.63±9.1 -10.25±4.0 2.26±1.1 -0.39±0.2 -37.18±5.4 17.15±1.3 -61.22±5.3 

TGR5-16a -93.95±9.3 -8.46±3.2 1.09±3.4 -0.23±0.2 -34.24±4.0 18.90±2.6 -63.76±6.1 

TGR5-14b -81.42±8.5 -17.71±4.9 1.877±3.7 -0.99±0.3 -26.33±5.9 19.81±2.7 -55.37±6.5 

TGR5-16c -77.89±8.3 -8.60±3.2 0.40±2.7 -0.27±0.3 -27.75±3.0 16.98±1.8 -54.43±4.1 

TGR5-14a -85.55±6.8 -8.33±3.7 4.48±2.4 -0.42±0.3 -32.39±2.1 18.06±2.6 -64.89±3.4 
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Figure 56: Protein-ligand contact plot: showing a timeline representation of 

the interactions and contacts (H-bonds, Hydrophobic, Ionic, Water bridges). (a) 

TGR5-INT-777, (b) TGR5-Bile Acid, (c) TGR5-6a, (d) TGR5-16a, (e) TGR5-14b, (f) 

TGR5-16b, and (g) TGR5-14a complexes.  
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Figure 57: Scatter Plot for the per residue interaction contribution to the total 

docking score. 

Thus, in the present study Molecular dynamics study offers valuable insights into the 

structural stability and conformational dynamics of TGR5-ligand complexes through 

molecular dynamics simulations. RMSD and RMSF analyses reveal that lead compounds 

6a, 16a, and 14a significantly enhance the stability of the TGR5 structure, showing 

minimal conformational changes and residue fluctuations compared to co-crystal and 

standard ligands. Additionally, consistent radius of gyration (Rg) and solvent-accessible 

surface area (SASA) values confirm the structural compactness and integrity of TGR5 

upon binding with these leads. These findings highlight the potential of the selected 

compounds to stabilize TGR5, making them promising candidates for therapeutic 

applications. 
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6.1.4. In silico Drug-likeness analysis of selected Lead compounds 

In the drug discovery process, understanding and modelling a compound's action 

is dependent on information about its physicochemical properties. The ADMET 

properties of an agent are determined by its physicochemical and biological 

characteristics. According to docking studies, the best lead compounds were selected to 

be studied for their drug likeliness properties using Swiss ADME online server, which 

has been shown to prevent the failure of drugs in clinical trials. A number of 

physicochemical properties, including lipophilicity (logP), gastrointestinal (GI) 

absorption etc., can be used to determine the compounds' drug-likelihood properties. 

To verify distribution profiles of the selected lead compounds, Swiss ADME 

calculates physicochemical properties like molecular weight, number of H bonds donor 

and acceptor, and logP. Additionally, pharmacokinetic parameters such as intestinal 

absorption, blood-brain barrier permeation, and metabolic parameter (Pgp substrate) was 

predicted. As displayed in Table 10, all the lead molecules showed unveiled drug-like 

properties as these inviolate Lipinski’s rule of 5 (Molecular weight ≤ 500, H bond 

acceptor < 10, and H bond donor ≤ 5) that support them to be a potential drug-like 

molecules. All the designed compounds showed high GI absorption. Compound 16a was 

predicted to be the Pgp substrate. 

 

Table 10: ADME properties predicted of top lead compounds 

Compound 

code 

Mol wt 

(g/mol) 
LogP Lipinski 

H bond 

acceptor 

H bond 

donor 

6a 385.41 3.48 Yes 4 1 

14a 445.46 3.45 Yes 6 2 

14b 445.46 3.41 Yes 6 2 

16a 425.52 4.55 Yes 3 1 

16b 425.52 4.35 Yes 3 1 

6c 385.41 3.26 Yes 4 1 

15a 489.52 3.96 Yes 7 1 
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6b 385.41 3.47 Yes 4 1 

8a 405.83 3.56 Yes 4 1 

8b 405.83 3.46 Yes 4 1 

 

6.2. Synthesis of most potent compounds 

Most potentially active compounds on basis of binding affinity and feasibility in chemical 

synthesis were identified and these were proposed for the synthesis. 

6.2.1. Synthesis of compounds from Series A 

Based on the molecular docking results we synthesized selected compounds. 

Ethyl 7-hydroxy-2-oxo-2H-1-benzopyran-3-carboxylate (1) was synthesized 

based on principle of Knoevenagel condensation of Diethylmalonate and 2, 4-

dihydroxybenzaldehyde in presence of a basic catalyst. 

When 2, 4-dihydroxybenzaldehyde underwent a reaction with diethyl malonate 

under reflux conditions lasting 4 hours in ethanol, utilizing pyrrolidine as base, it resulted 

in formation of compound 1, with good yield. Following completion of reaction, the 

introduction of chilled water led to precipitation of the product. In the reaction, Ethanol 

served as the solvent, providing a suitable medium for the reaction to take place under 

reflux conditions, ensuring efficient mixing and reaction kinetics. The use of pyrrolidine 

as a base likely assisted in catalysing the reaction by deprotonating the acidic proton of 

diethyl malonate, facilitating nucleophilic attack of enolate ion on carbonyl group of 2,4-

dihydroxybenzaldehyde. The resulting compound exhibited solubility in the reaction 

solvent, ethanol, and upon the addition of ice-cold water, its solubility decreased further, 

leading to the precipitation of the product. Further, purification of compound 1 was 

carried out, enabling further characterization and analysis. 

Furthermore, a reaction was attempted involving compound 1, potassium 

carbonate, and benzyl bromide using diverse solvents such as ethanol, acetonitrile, and 

acetone. The reaction progression was systematically observed through TLC; however, 

no observable reaction took place in ethanol as a solvent. In acetonitrile, the reaction does 
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not fully proceed. Notably, compound 1 was reacted in presence of potassium carbonate 

with benzyl bromide using DMF, as a polar solvent. A significant intermediate 2a was 

successfully formed under continuous stirring at room temperature for a duration of 4 

hours. DMF is acknowledged for its efficacy in facilitating reactions governed by polar 

mechanisms, including SN2 (substitution nucleophilic bimolecular) reactions. The 

described reaction aligns with the Williamson ether synthesis mechanism, employing an 

SN2 process. In this mechanism, a nucleophile initiates an attack on an electrophile 

through a backside, leading to a coordinated reaction. The SN2 mechanism requires a 

highly electronegative leaving group, typically a halide. In the Williamson ether 

synthesis, an alkoxide ion functions as the nucleophile, initiating an attack on the 

electrophilic carbon containing the leaving group, commonly an alkyl halide  

Followed by step II, ester derivative 2a was hydrolysed to carboxylic acid 

derivative 2a’ by dissolving it in ethanol and then 2N NaOH added and stirred overnight. 

2N HCl was added in resulting solution to neutralise NAOH till the product precipitate 

out. After filtering and vacuum drying, the product was ready. 

Finally, coupling of 2a’ with diverse anilines afforded the corresponding amide 

derivatives (3-9a) in moderate to excellent yields in presence of coupling reagent HATU 

and DIPEA. The DIPEA base removes a proton from the carboxylic acid, resulting in the 

formation of a carboxylate anion. This anion attacks HATU's carbon atom, resulting in a 

HOAt anion. It is through the reaction of HOAt anion with activated carboxylic acid 

intermediate that an OAt activated ester is formed, which is then reacted with an amine to 

form amide. 

The influence of electron donating (methyl, methoxy) and electron withdrawing 

(chloro, bromo) groups on yield of the final products was investigated. The results 

showed that in all instances, desired products were obtained in satisfactory to excellent 

yields. Compounds with electron-donating groups (5a, 6a, 6b, and 7a) exhibited superior 

yields compared to those containing electron-withdrawing groups (8a, 8b, 8c, 9a). 

However, when para-substituted compounds were compared, those with ortho-
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substituents yielded lower product yields, likely due to the steric hindrance caused by the 

ortho substituent. 

 

6.2.2. Synthesis of compounds from Series B and C 

In the first step of series B and C, the intermediate 7-(2-bromoethoxy)-3-propanoyl-2H-1-

benzopyran-2-one (compound 11)  was synthesized by reacting Ethyl 7-hydroxy-2-oxo-

2H-1-benzopyran-3-carboxylate (compound 1) and dibromoethane in presence of 

potassium carbonate stirring at 75oC for 2hrs. Diverse solvents such as ethanol, 

acetonitrile, and DMF were tried. The progression of reaction was carefully monitored 

using TLC; however, there was no observable reaction when ethanol was utilized as the 

solvent. In acetonitrile, the reaction goes incomplete. As a result, DMF was selected as 

the solvent. Initially, reaction mixture was agitated at room temperature, but no reaction 

occurred. Subsequently, heating with stirring was attempted at different temperatures. 

The best yield was attained by stirring the reactants at 75°C for 2 hours. 

The synthesis follows SN2 (nucleophilic substitution bimolecular) mechanism. 

Here, bromine acts as the electronegative leaving group, initiating the formation of a 

carbon electrophile. The electrophilic carbon then forms a bond with the alkoxide ion, 

generated in presence of a base. The alkoxide ion functions as the nucleophile, attacking 

the electrophilic carbon and facilitating the formation of compound 11. 

Moreover, compound 11 undergoes a conversion to ethyl 7-[2-(2,5-

dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylate (12a) and ethyl 7-[2-

(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylate (12b) (Fig. 55) 

This transformation occurred by reacting compound 11 with 2, 5-dimethylphenol and 2, 

3-dimethylphenol, respectively, in presence of a base at 75°C in dimethyl formamide 

(DMF). 

Hydrolysis of the ester derivatives 12a and 12b was performed that lead to 

formation of the carboxylic acid derivatives 12a’ and 12b’, respectively. This conversion 

was carried out by dissolving them in DMSO as solvent and subsequently adding 2N 

NaOH. The resulting solution was heated followed by stirring for 2hrs. 2N HCl was 
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incorporated into the solution until product precipitated. Resultant product was then 

filtered and dried.  

Ultimately, combining 12a’ and 12b’ with different anilines yielded the formation 

of corresponding amide derivatives: specifically, 13a-17a and 13b-16b, respectively. 

 

6.2.3. Spectral characterization of compounds (1-9a) 

Ethyl 7-hydroxy-2-oxo-2H-1-benzopyran-3-carboxylate (1):  

 

 

 

Yellow solid; %Yield 85%;  mp.140-141OC; Rf : 0.33 (7:13 EtOAc: hexane); IR (cm-1): 

3500.92(OH), 1724.42 (C=O Ester), 1600.97 (C=O lactone),1496.30 (C=C), 1242.20 (C-

C), 1026.16 1141.50 (C-O-C), 1H NMR (500MHz, CDCl3) δ: 1.39-1.42 (t, 3H, CH3), 

4.39-4.43 (q, 2H, CH2), 6.87-6.89 (d, J=10Hz, 1H, -C5H-chrom), 6.92 (s, 1H, C8H-

chrom.), 7.50-7.51 (d, J=5Hz, 1H, -C6H-chrom), 8.53 (s, 1H, C4H-chrom.), 13C NMR 

(500 MHz, CDCl3) δ:  165.55, 163.91, 157.78, 156.97, 149.74, 132.52, 114.91, 110.55, 

102.33, 61.17, 24.11, 14.62. 

 

Ethyl 7-(benzyloxy)-2-oxo-2H-1-benzopyran-3-carboxylate (2a):  

 

 

 

 

 

Yellow solid; %Yield: 91%; mp. 180-182OC; Rf: 0.54 (7:13 EtOAc: hexane); IR (KBr) 

(cm-1 ): 1745.64 (C=O ester), 1610.61 (C=O lactone), 1392.65 (C=C), 1024.26 1120.68 

(C-O-C); 1H NMR (500MHz, DMSO) δ:1.28-1.31 (t, 3H, CH3), 4.25-4.29 (q, 2H, CH2), 

O O O 

OC 2 H 5 

O 

O O 

OC 2 H 5 

O 

HO 
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5.26 (s, 2H, OCH2Ar), 7.07-7.09 (d, J =10Hz, 1H, C5H-chrom.), 7.13 (s, 1H, C8H-

chrom.), 7.35–7.37 (t, 1H, Ar), 7.40-7.43 (t, 2H, Ar), 7.47- 7.49 (d, J =10Hz, 2H, Ar), 

7.85-7.86 (d, J =5Hz, 1H, C6H-chrom.) , 8.72 (s, 1H, C4H-chrom.); 13C NMR (125 MHz, 

CDCl3) δ:  164.24, 163.29, 157.35, 156.71, 149.56, 136.45, 132.16, 129.03, 128.69, 

128.47, 114.31, 113.99, 112.08, 101.67, 70.69, 61.41, 14.59; HR-MS (m/z):m/z calcd for 

[M+H]
+

C
19

H
16

O
5
 325.45; found 325.10 

7-(benzyloxy)-2-oxo-2H-1-benzopyran-3-carboxylic acid (2a’):  

 

Pale Yellow solid; %Yield: 85%; mp. 184-185OC; Rf: 0.45 (7:13 EtOAc: hexane); IR 

(cm-1): 3043.77 (C-H), 1716.70 (C=O acid), 1595.18 (C=O), 1408.03 (C=C), 1246.05 (C-

C), 1132.25 (C-O-C) 

 

7-(benzyloxy)-2-oxo-N-phenyl-2H-1-benzopyran-3-carboxamide (3) : 

O

O

NH

OO
 

Pale Yellow solid; Yield: 43%; mp. 220-221 OC; Rf: 0.69 (7:13 EtOAc: hexane); IR (cm-

1): 3423.41 (N-H), 3047.32 (C-H), 1701.10 (C=O lactone),1608.52 (C=O amide),1496.66 

(C=C), 1373.22 (C-N), 1222.79(C-C), 1026.06 (C-O-C),1H NMR (500MHz, CDCl3) δ: 

5.19 (s, 2H, OCH2Ar), 6.97 (s,1H, C8H- chrom), 7.03-7.05 (d, J=10Hz, 1H, C5H-chrom.), 

7.14-7.17 (t,1H,Ar), 7.38-7.39 (t, 3H, Ar), 7.42-7.44 (d, J=10Hz, 4H, Ar), 7.62-7.64 (d, 

J=10Hz,1H, C6H-chrom), 7.73-7.74 (d, J=5Hz, 2H, Ar), 8.94 (s, 1H, C4H-chrom.), 10.79 

(s, 1H, amide); 13C NMR (125 MHz, CDCl3) δ: 164.04, 

162.21,159.63,156.61,148.82,135.29,131.15,129.03,128.61,128.87,127.56,124.63,122.07,
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120.50, 115.11, 114.88, 112.73, 101.39,70.85, 55.49; HR-MS (ESI): m/z calcd for 

[M+H]+ C23H18NO4 372.39; found 372.1234. 

7-(benzyloxy)-N-(4-hydroxyphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (4)  

O

O

NH

OO

OH

 

 

Yellow solid ; Yield: 60%; mp: 160-161OC; Rf: 0.64 (7:13 EtOAc: hexane); IR (cm-1): 

3419.56 (N-H), 3045.39 (C-H), 1693.38 (C=O lactone), 1622.02 (C=O amide), 1510.16 

(C=C), 1367.44 (C-N),1236.29 (C-C), 1020.27 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

5.19 (s, 2H, OCH2Ar), 6.83-6.85 (d, 2H, Ar), 6.97 (s, 1H, C
8
H-chrom.), 7.03-7.05 (d, 

J=10Hz,1H, C
5
H-chrom), 7.38-7.39 (d, J=5Hz, 2H, Ar), 7.41-7.44 (m, 3H, Ar), 7.59-7.61 

(d,J=10Hz, 2H, Ar.), 7.62-7.63 (d, J=5Hz,1H, C
6
H-chrom.), 8.93 (s, 1H, C

4
H-chrom.), 

10.66 (s, 1H, amide); ); 13C NMR (125 MHz, CDCl3) δ:  163.05, 159.65, 148.56, 131.08, 

130.40, 128.86, 128.61, 127.55, 122.30, 115.90,  115.64, 115.07, 114.84, 101.39, 89.08, 

70.86, 29.70, 29.67; HR-MS (ESI): m/z calcd for [M+H]+ C23H18NO5 388.39; found 

388.1181. 

 

7-(benzyloxy)-N-(4-methoxyphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (5a):  

O

O

NH

OO

O

 

Yellowish brown solid; Yield: 62%; mp: 170-172OC; Rf: 0.70 (7:13 EtOAc: hexane); IR 

(cm-1) 3788.88 (N-H), 2873.96 (C-H), 1704.62 (C=O),1573.23 (C=O),1490.74 (C=C), 

1374.31 (C-N), 1212.71 (C-C), 1068.59 (C-O-C); 1H NMR (500MHz, CDCl3) δ:3.82 (s, 

3H, OCH3), 5.20 (s, 2H, OCH2Ar), 6.90-6.92 (d, J=10Hz, 2H, Ar), 6.96 (s,1H, C8H- 
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chrom), 7.03-7.05 (d, J=10Hz, 1H, C5H-chrom.), 7.42-7.44 (d, J=10Hz , 4H, Ar), 7.61-

7.63 (d, J= 10Hz, 2H, C6H-chrom.), 7.63-7.65 (m,2H, Ar), 8.93 (s, 1H, C4H-chrom.), 

10.67 (s, 1H, amide) 

 

7-(benzyloxy)-N-(2-methoxyphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (5c): 

O

O

NH

OO O
 

Yellowish brown solid; Yield: 84%; mp: 164-165OC; Rf: 0.78 (7:13 EtOAc: hexane); IR 

(cm-1) 3781.39 (N-H), 2872.88 (C-H), 1710.65 (C=O),1610.26 (C=O),1442.30 (C=C), 

1373.20 (C-N), 1208.71(C-C), 1156.22 (C-O-C);1H NMR (500MHz, CDCl3) δ: 3.97(s, 

3H, OCH3), 5.18(s, 2H, OCH2Ar), 6.93-6.94(d, J=10Hz, 1H, C5H-chrom ), 6.96 (s, 1H, 

C8H-chrom ), 7.00-7.03(m,1H, Ar), 7.08-7.11(t, 1H, Ar), 7.41-7.43(m, 5H, Ar), 7.61-

7.63(d ,1H, C6H-chrom), 8.54-8.55(d ,1H, Ar), 8.92 (s, 1H, C4H-chrom.), 11.24 (s, 1H, 

amide) 

 

7-(benzyloxy)-N-(3,4-dimethoxyphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (5d)  

O

O

NH

OO

O

O
 

 

Yellow solid; Yield: 65%; mp. 180-181 OC; Rf: 0.56 (7:13 EtOAc: hexane); IR (cm-1): 

3419.56 (N-H), 3045.39 (C-H), 1693.38 (C=O lactone), 1622.02 (C=O amide), 1510.16 

(C=C), 1367.44 (C-N),1236.29 (C-C), 1020.27 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

3.89 (s, 3H, OCH
3
), 3.93(s, 3H, OCH

3
), 5.19(s, 2H, OCH

2
Ar), 6.85-6.87(s,1H,Ar), 6.97-

6.98(s, 1H, C
8
H-chrom.), 7.03-7.05(d, J= 10Hz, 1H, C

5
H-chrom), 7.17-7.19(d, J= 10Hz, 

1H, Ar),7.42-7.44(m, 5H, Ar), 7.50-7.51(s, 1H, Ar), 7.61-7.63(d, J= 10Hz, 1H, C
4
H-
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chrom), 8.93 (s, 1H, C
4
H-chrom.), 10.70(s, 1H, amide); 13C NMR (125 MHz, CDCl3) δ: 

164.11,162.23,159.60,156.61, 149.28, 148.53, 146.08, 135.24, 131.50,131.10, 128.88, 

128.63, 127.55, 115.05, 114.89, 112.72, 111.33, 105.05,101.4,70.86, 56.11, 29.70 ; HR-

MS (ESI): m/z calcd for [M+H]+ C25H22NO6 432.44; found 432.1441. 

 

7-(benzyloxy)-N-(4-methylphenyl)-2-oxo-2H-chromene-3-carboxamide (6a): 

O

O

NH

OO
 

Brown solid, Yield: 75%; mp: 220-222OC; Rf: 0.80 (7:13 EtOAc: hexane); IR (cm-1): 

3419.56 (N-H), 3033.82 (C-H), 1703.03 (C=O lactone), 1610.45 (C=O amide), 1508.23 

(C=C), 1373.22 (C-N), 1253.64 (C-C), 1074.28 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

2.34 (s,3H, CH), 5.19 (s, 2H, OCH2Ar), 6.96-6.97 (s,1H, C8H- ch3rom), 7.03-7.05 (d, 

J=10Hz, 2H, C5H-chrom.), 7.17-7.18 (d, J=5Hz, 2H, Ar), 7.42-7.44 (m, 4H, Ar), 7.61-

7.62 (d, 2H, C6H-chrom), 7.2-7.64 (d, 2H, Ar), 8.94 (s, 1H, C4H-chrom.), 10.71 (s, 1H, 

amide); 13C NMR (125 MHz, CDCl3) δ: 164.07, 162.20, 159.73, 156.62, 148.65, 135.29, 

134.29, 131.11, 129.54, 128.61, 128.87, 127.56, 120.50, 115.11, 114.84, 112.72, 101.9, 

70.86, 20.95; HR-MS (ESI): m/z calcd for [M+H]+ C24H20NO4 386.42; found 386.1399. 

The fragmentation pattern of compound 6a (C24H18NO4) exhibited molecular ion 

peak at m/z 386.1399 Da as [M + H]+ (calculated for , exact mass 386.42, Figure 58). It 

was further fragmented in collision cell (Q2) into major fragments at m/z 91.0544, 

161.1072, 206.1655, 318.1496, 386.1399. The elemental composition, exact mass, 

assigned structures of these major fragments was illustrated in Figure 58. The molecular 

ion peak (m/z 386.1399 Da) was fragmented in ion with m/z 318.1496 (calculated 

formula C19H13NO4
+) by the loss of C5H6, that further fragment into m/z 206.1655 

(calculated formula C10H7NO4
+) formed by loss of C14H12 and fragment ion m/z 91.0544 

(calculated formula C7H7
+). Further, fragment ion m/z 206.1655 resulted in formation of 

fragment ion m/z 161.1072 (calculated formula C9H6O3
+) with loss of CHON ion. 
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Fragmentation pathway described above and presented in figure is a probable pathway; 

formation of fragments can be simultaneous because of multiple transitions can occur 

simultaneously. 

C24H19NO4

[M+1] Mass: 386.1399

C19H13NO4

Mass: 318.1496

-C5H6

O O

NH

O

O

O O

NH

O

O

CH2

+

O

NH2

O

OH O
CH2

+

OOH O

C10H7NO4

Mass: 206.1655

C9H6NO3

Mass: 161.1072

C7H7

Mass: 91.0544

-C14H12

-CHON

 

 

Figure 58: Proposed fragments and probable fragmentation pathway for compound 

6a 

 

7-(benzyloxy)-N-(3-methylphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (6b): 

O

O

NH

OO
 

Brown solid; Yield: 77%; mp: 210-211OC; Rf: 0.77 (7:13 EtOAc: hexane); IR (cm-1): 

3687.98 (N-H), 2935.20 (C-H), 1742.98, 1705.69  (C=O lactone), 1609.73 (C=O amide), 
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1447.24 (C=C), 1369.64 (C-N), 1281.15 (C-C), 1160.78 (C-O-C); 1H NMR (500MHz, 

CDCl3) δ: 2.37 (s,3H, CH3), 5.18 (s, 2H, OCH2Ar), 6.96-6.97 (s, 2H, Ar, C5H- chrom), 

7.02-7.04 (d, 1H, C8H-chrom.), 7.41-7.43 (m, 5H, Ar), 7.53-7.55 (d, J=10Hz, 2H, Ar), 

7.61-7.63 (d, J=10Hz, 1H, C6H-chrom), 8.93 (s, 1H, C4H-chrom.), 10.71 (s, 1H, amide) 

 

7-(benzyloxy)-N-(2-methylphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (6c): 

O

O

NH

OO
 

Brown solid; Yield: 50%; mp: 180-182OC; Rf: 0.75 (7:13 EtOAc: hexane); IR (cm-1): 

3475.49 (N-H), 3045.39 (C-H), 1704.96(C=O lactone), 1693.38 (C=O amide), 1622.02 

(C=O), 1510.16 (C=C), 1367.44 (C-N), 1236.29 (C-C), 1020.27 (C-O-C); 1H NMR 

(500MHz, CDCl3) δ: 2.42 (s,3H, CH3), 5.19 (s, 2H, OCH2Ar), 6.98 (s,1H, C5H- chrom), 

7.03-7.06 (d, 1H, C8H-chrom), 7.07-7.10 (d, 2H, Ar),7.42-7.44 (m, 6H, Ar), 7.63-7.65 (d, 

J=10Hz, 1H, C6H-chrom), 8.24-8.25 (d, J=5Hz, 1H, Ar), 8.96 (s, 1H, C4H-chrom.), 10.73 

(s, 1H, amide). 

 

7-(benzyloxy)-N-(2,4-dimethylphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (7a): 

O

O

NH

OO
 

Brown solid; Yield: 85%; mp. 200-201OC; Rf: 0.71  (7:13 EtOAc: hexane); IR (cm-1): 

3789.33 (N-H), 2873.27 (C-H), 1704.44 (C=O lactone), 1610, 1573.50 (C=O amide), 

1438.51 (C=C), 1373.28 (C-N), 1211.81 (C-C), 1068.78 (C-O-C); 1H NMR (500MHz, 

CDCl3) δ: 2.31 (s,1H, CH3), 2.37 (s,1H, CH3), 5.19 (s, 2H, OCH2Ar), 6.96 (s,1H, C8H- 

chrom), 7.03-7.05 (d, J=10Hz, 1H, C5H-chrom.),7.05-7.07 (d, 3H, Ar), 7.43-7.44 (m, 

J=5Hz, 5H, Ar), 7.62-7.63 (d, J=10Hz, 1H, C6H-chrom), 8.07-8.08 (d, J=5Hz, Ar), 8.95 
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(s, 1H, C4H-chrom.), 10.64 (s, 1H, amide); 13C NMR (125 MHz, CDCl3) δ: 

164.02,162.31,159.73,156.57,148.63, 135.26, 134.58, 134.43, 133.65, 131.11, 130.88, 

128.84, 128.73, 128.66, 128.16, 129.03, 128.61, 128.87, 127.56, 121.99, 115.26, 114.77, 

112.71, 101.36, 70.65, 20.89, 18.00; HR-MS (ESI): m/z calcd for [M+H]+ C25H22NO4 

400.45; found 400.1555. 

 

7-(benzyloxy)-N-(2,5-dimethylphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (7b): 

O

O

NH

OO
 

Brown solid; Yield: 62%; mp. 171-172OC; Rf: 0.75 (7:13 EtOAc: hexane); IR (cm-1): 

3782.26 (N-H), 2876.28 (C-H), 1663.63 (C=O lactone),1609 (C=O amide),1490.00 

(C=C), 1380.72 (C-N), 1214.66(C-C), 1074.60 (C-O-C); 1H NMR (500MHz, CDCl3): 

2.36 (s,1H, CH3), 2.37 (s,1H, CH3), 5.19(s, 2H, OCH2Ar), 6.89-6.91 (d, J=10Hz, 1H, Ar), 

6.98 (s,1H, C8H- chrom), 7.03-7.05 (d, J=10Hz, 1H, C5H-chrom.),7.10-7.11 (d, J=5Hz, 

1H, Ar), 7.43-7.44 (d, J=5Hz, 5H, Ar), 7.63-7.65 (d, J=10Hz, 1H, C6H-chrom), 8.07 (s, 

1H, Ar), 8.95 (s, 1H, C4H-chrom.), 10.68 (s, 1H, amide). 

 

7-(benzyloxy)-N-(2,6-dimethylphenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (7c): 

Brown solid; Yield: 62%, mp. 172-173OC; Rf: 0.71 (7:13 EtOAc: hexane); IR (cm-1): 

3782.26 (N-H), 2876.28 (C-H), 1710.34 (C=O lactone), 1611.02 (C=O amide), 1490.00 

(C=C), 1380.72 (C-N), 1214.66(C-C), 1074.60 (C-O-C); 1H NMR (500MHz, CDCl3): 

2.30 (s,2H, 2CH3), 5.21 (s, 2H, OCH2Ar), 6.99-7.00 (s,1H, C8H- chrom), 7.05-7.07 (d, 

J=10Hz, 1H, C5H-chrom.), 7.14-7.15 (t, J=5Hz, 1H, Ar), 7.43-7.46 (m, J=5Hz, 5H, Ar), 

7.63-7.65(d, J=10Hz, 1H, C6H-chrom), 8.97 (s, 1H, C4H-chrom.), 10.14 (s, 1H, amide). 
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7-(benzyloxy)-N-(4-chlorophenyl)-2-oxo-2H-chromene-3-carboxamide (8a):  

O

O

NH

OO

Cl

 

 

Pale brown solid, Yield: 67%; mp. 220-221OC; Rf: 0.83 (7:13 EtOAc: hexane); IR (cm-1): 

3267.19 (N-H), 1706.88 (C=O amide), 1610.45 (C=O), 1236.29 (C-C), 1010.63, 1091.63 

(C-O-C); 1H NMR (500MHz, CDCl3) δ: 5.19 (s, 2H, OCH2Ar), 6.97 (s,1H, C8H- chrom), 

7.04-7.06 (d, J=10Hz, 1H, C5H-chrom.), 7.32-7.34 (d, J=10Hz, 3H, Ar), 7.43-7.44 (d, 

J=5Hz, 4H, Ar), 7.63-7.65 (d, J=10Hz, 1H, C6H-chrom), 7.68-7.70 (d, J=10Hz, 2H, Ar), 

8.93(s, 1H, C4H-chrom.), 10.83 (s, 1H, amide); HR-MS (ESI): m/z calcd for [M+H]+ 

C23H17NO4Cl 406.84; found 406.0841. 

 

7-(benzyloxy)-N-(3-chlorophenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (8b):  

O

O

NH

OO Cl
 

Pale brown solid; Yield: 83%; mp. 160-161OC; Rf: 0.78 (7:13 EtOAc: hexane); IR (cm-1): 

3291.32 (N-H), 2874.09, (C-H), 1701.97 (C=O lactone), 1683 (C=O amide),1571.46 

1489.39 (C=C), 1373.67 (C-N), 1210.84(C-C), 1072.41, (C-O-C); 1H NMR (500MHz, 

CDCl3) δ: 5.19 (s, 2H, OCH2Ar), 6.97 (s,1H, C8H- chrom), 7.04-7.06 (d, J=10Hz, 1H, 

C5H-chrom.), 7.12-7.13 (d, J=5Hz, 1H, Ar),  7.43-7.44 (d, J=5Hz, 5H, Ar), 7.35-7.55 (d, 

J=10Hz, 1H,Ar),7.63-7.65 (d, J=10Hz, 1H, C6H-chrom), 7.89 (s,1H, Ar), 8.93 (s, 1H, 

C4H-chrom.), 10.84 (s, 1H, amide) 
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7-(benzyloxy)-N-(2-chlorophenyl)-2-oxo-2H-1-benzopyran-3-carboxamide (8c): 

 

O

O

NH

OO Cl
 

 

Pale brown solid, Yield: 52%, mp. 120-122OC; Rf: 0.75 (7:13 EtOAc: hexane); IR (cm-1): 

2882.60, (C-H), 1708.89 (C=O lactone), 1611.68 (C=O amide), 1439.75 (C=C), 1374.85 

(C-N), 1207.47(C-C), 979.89 (C-O-C) ; 1H NMR (500MHz, CDCl3) δ: 5.21 (s, 2H, 

OCH2Ar), 6.99 (s,1H, C8H- chrom), 7.07-7.09 (d, J=10Hz, 1H, C5H-chrom.), 7.10-7.12 

(t, 1H, Ar),  7.32-7.35 (t, 1H, Ar), 7.44-7.46 (m, 5H, Ar), 7.65-7.66(d, J=5Hz, 1H, C6H-

chrom), 7.57-7.59 (d, J=10Hz, 1H, Ar), 8.96(s, 1H, C4H-chrom.), 11.30 (s, 1H, amide) 

 

7-(benzyloxy)-N-(4-bromophenyl)-2-oxo-2H-chromene-3-carboxamide (9a): 

O

O

NH

OO

Br

 

Brown solid; Yield: 45%; mp. 180-182OC; Rf: 0.80 (7:13 EtOAc: hexane); IR (cm-1): 

3496.13 (N-H), 3026.41(C-H), 1703.20 (C=O lactone), 1599.04 (C=O amide),1491.02 

(C=C), 1375.29 (C-N), 1257.63 (C-C), 1124.54, 1018.45 (C-O-C); 1H NMR (500MHz, 

CDCl3) δ: 5.19 (s, 2H, OCH2Ar), 6.97 (s,1H, C8H- chrom), 7.04-7.06 (d, J=10Hz, 1H, 

C5H-chrom.), 7.42-7.44 (m, 5H, Ar), 7.47-7.49 (d, J=10Hz, 2H, Ar), 7.63-7.65 (d, 

J=10Hz, 3H, Ar, C6H-chrom.), 8.93 (s, 1H, C4H-chrom.), 10.83 (s, 1H, amide); HR-MS 

(ESI): m/z calcd for [M+H]+ C23H16NO4Br 450.28; found 450.0329. 
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6.2.4. Spectral characterization of compounds (11-17a) 

 

7-(2-bromoethoxy)-3-propanoyl-2H-1-benzopyran-2-one (11):  

O

O

O

Br

O

O

 

 

White powder; % Yield 80%, Rf: 0.69 (7:13 EtOAc: hexane); mp. 120-121OC, IR (cm-1): 

1758.96(C=O), 1620.09(C=O), 1496.66(C=C), 1282.57(C-C), 1022.20(C-O-C), 669.25 

(C-Br); 1H NMR (500MHz, CDCl3) δ: 1.39-1.42(t, 3H, CH3), 3.67-3.69(t, 2H, CH2), 

4.37-4.40 (q, 2H, CH2), 4.40-4.42 (t, 2H, CH2), 6.81-6.82 (s,1H, C5H-chrom), 6.91-6.93 

(d, J=10Hz, 1H, C8H-chrom.), 7.52-7.53 (d, J=5Hz, 1H, C6H-chrom.), 8.50 (s, 1H, C4H-

chrom.) 

 

Ethyl7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylate 

(12a):  

OO O
O

O

O

 

Brown powder; % Yield: 55%; mp. 112-113OC; Rf: 0.75 (7:13 EtOAc: hexane); IR (cm-

1): 2941.24 (C-H), 1768.60 (C=O ester),1616.24 (C=O),1488.94 (C=C), 1201.57 (C-C), 

1037.63 (C-O-C);1H NMR (500MHz, CDCl3) δ: 1.39-1.42 (t, 3H, CH3), 2.13 (s, 3H, 

CH3), 2.27 (s, 3H, CH3), 4.34-4.36 (q, 2H, CH2), 4.39-4.41 (m, 1H, CH2), 4.42-4.44 (q, 

3H, CH2), 6.74-6.76 (d, J=10Hz, 1H, Ar),6.82-6.83 (d, J=5Hz, 1H, Ar) 6.89-6.90 (s, 1H, 

C8H-chrom.), 6.94-6.96 (d, J=10Hz, 1H, C5H-chrom),), 7.05- 7.08 (t, 1H, Ar), 7.51-7.52 

(d, J=5Hz, 1H,C6H-chrom),  8.51 (s, 1H, C4H-chrom.); 13C NMR (125MHz, CDCl3) δ: 
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164.27,163.46,157.49,157.10, 156.33, 148.89, 138.29, 130.76, 125.86, 123.09, 114.38, 

114.02, 111.87, 109.55, 103.44, 101.16, 99.54, 67.53, 66.75, 61.75, 20.09, 14.29, 11.70; 

HR-MS (ESI): m/z calcd for [M+H]+ C22H23O6383.41; found 383.1982. 

 

Ethyl 7-[2-(2,5-dimethylphenoxy)ethoxy]-2-oxo-2H-1-benzopyran-3-carboxylate 

(12b): 

OO O
O

O

O

 

 

Brown powder; % Yield: 60%; mp. 110-111OC; Rf: 0.80 (7:13 EtOAc: hexane); IR (cm-

1): 2941.24 (C-H), 1757.03 (C=O ester), 1610.45 (C=O), 1492.80 (C=C), 1218.9 (C-C), 

1041.49 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 1.39-1.42 (t, 3H, CH3), 2.16 (s, 3H, 

CH3), 2.33 (s, 3H, CH3), 4.34-4.36 (q, 2H, OCH2), 4.38-4.41 (m, 2H, CH2), 4.42-4.44 (m, 

2H, CH2), 6.69 (s, 1H, Ar), 6.71-6.72 (d, J=5Hz, 1H, Ar), 6.89-8.90 (s, 1H, C5H-chrom ), 

6.94-6.96 (d, J=10Hz, 1H, C8H-chrom), 7.01- 7.03 (d, J=10Hz, 1H, Ar), 7.51-7.52 (d, 

J=5Hz, 1H,C6H-chrom), 8.51 (s, 1H, C4H-chrom) 

 

7-[2-(2,3-dimethylphenoxy)ethoxy]-N-phenyl-2-oxochromene-3-carboxamide (13a): 

O

O

O

O

O

NH

 

 

Brown solid, Yield: 55%, mp. 180-181OC; Rf: 0.85 (7:13 EtOAc: hexane); IR (cm-1): 

3378.54 (N-H), 2872.87 (C-H), 1662.49 (C=O lactone ), 1570.35 (C=O amide), 1486.37 

(C=C), 1136.60 (C-C), 1394.37 (C-N), 1081.78 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

2.14 (s, 3H, CH3), 2.27 (s, 3H, CH3), 4.36-4.38 (t, 2H, CH2), 4.45-4.47 (t, 2H, CH2), 
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6.75- 6.77(d, J=10Hz, 1H, Ar), 6.82-6.84 (d, J=10Hz,1H, Ar), 6.99 (s, 1H, C8H-chrom.), 

7.02-7.04 (d, J=10Hz, 1H, C5H-chrom), 7.05-7.09 (t, 1H, Ar), 7.15-7.17 (t, 1H, Ar), 7.37-

7.40 (t, 2H, Ar), 7.64-7.65 (d, 1H, C6H-chrom ),  7.73-7.75 (d, J=10Hz,2H,Ar), 8.96 (s, 

1H, C4H-chrom.), 10.80 (s, 1H, amide); 13C NMR (125MHz, CDCl3) δ: 164.27,162.19, 

159.87, 156.67,156.30, 148.81,138.31, 131.29, 11.17, 129.04, 125.73, 124.63, 123.12, 

120.53, 115.08,114.63, 112.74, 109.54, 101.18, 67.62, 66.74, 20.09, 11.70; HR-MS 

(ESI): m/z calcd for [M+H]+ C26H24NO5 430.47; found 430.1653. 

 

7-[2-(2,3-dimethylphenoxy)ethoxy]-N-(4-hydroxyphenyl)-2-oxochromene-3-

carboxamide (14a):  

O

O

O

O

O

NH OH

 

 

Brown solid; Yield 45%; mp. 210-211OC; Rf: 0.60 (7:13 EtOAc: hexane); IR (cm-1): 

2918.40 (C-H), 1703.99 (C=O amide), 1599.04 (C=O), 1445.66 (C=C), 1232.56 (C-C), 

1373.52 (C-N), 1037.74 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 2.14 (s, 3H, CH3), 2.27 

(s, 3H, CH3), 4.36-4.38 (t, 2H, CH2), 4.45-4.47 (t, 2H, CH2), 6.75- 6.77 (d, J=10Hz, 1H, 

Ar), 6.82-6.86 (t,3H, Ar), 6.98 (s, 1H, C8H-chrom), 7.02-7.04 (d, 2H, J= 10Hz, C5H-

chrom) 7.05-7.07 (d, J= 10Hz, 1H, Ar), 7.60-7.61 (d, J= 10Hz, 1H,C6H-chrom),  7.63-

7.65 (d, J= 10Hz, 2H, Ar), 8.94 (s, 1H, C4H-chrom.), 10.68 (s, 1H, amide); 13C NMR 

(125MHz, CDCl3) δ: 164.16, 161.65, 159.84, 156.57, 154.56, 148.14, 137.87, 132.12, 

130.13, 126.42, 124.95, 122.95, 122.03, 115.82, 114.69, 112.87, 110.26, 101.51, 68.13, 

67.18, 20.17, 11.90. 
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N-(3,4-dimethoxyphenyl)-7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxochromene-3-

carboxamide (15a): 

O

O

O

O

O

NH O

O

 

Brown solid; Yield: 60%; mp. 140-141OC; Rf: 0.58 (7:13 EtOAc: hexane); IR (cm-1): 

2914.40(C-H), 1703.99 (C=O lactone),1583.51 (C=O amide),1450.52 (C=C), 1238.34 

(C-C), 1039.57 (C-O-C);1H NMR (500MHz, CDCl3) δ: 2.14 (s, 3H, CH3), 2.27 (s, 3H, 

CH3),3.89 (s, 3H, CH3),3.94 (s, 3H, CH3), 4.36-4.38(t, 2H, CH2), 4.45-4.47 (t, 2H, CH2), 

6.75-6.77 (d, J= 10Hz, 1H, C8H-chrom.), 6.82-6.84 (d, J=10Hz, 1H, Ar), 6.86-6.88 (d, 

J=10Hz, 1H, Ar), 6.99 (s,1H, Ar), 7.02-7.07 (m,2H, Ar), 7.17-7.19 (d, J=10Hz, 1H, Ar), 

7.51 (s,1H, Ar), 7.63-7.64 (d, J=5Hz, 1H,C5H-chrom),  8.94 (s, 1H, C4H-chrom.), 10.72 

(s, 1H, amide); 13C NMR (125MHz, CDCl3) δ: 164.23, 161.58, 160.09, 156.56, 149.17, 

148.31, 147.02, 146.01, 137.87, 132.15, 131.98, 126.42, 124.95, 122.95, 115.98, 114.67, 

112.94, 110.26, 105.40, 103.24, 101.53, 98.74, 68.15, 67.18, 56.16, 20.17, 11.89; HR-MS 

(ESI): m/z calcd for [M+H]+ C28H27O7N 490.52; found 490.1875 

The fragmentation pattern of compound 15a (C28H27NO7) exhibited molecular ion 

peak at m/z 490.1875 Da as [M + H]+ (calculated for , exact mass 490.52, Figure 59). It 

was further fragmented in collision cell (Q2) into major fragments at m/z 91.0544, 

130.1590, 207.1128, 252.1711, 283.1235, 408.1816 and 432.1455. The elemental 

composition, exact mass, assigned structures of these major fragments was illustrated in 

Figure 59. Predicted fragmentation pathway also presented in Figure 59; the molecular 

ion peak (m/z 490.1875 Da) was fragmented in ion with m/z 432.1455 (calculated 

formula C26H25NO5
+) by the loss of C2H2O2, that further fragment into m/z 406.1815 

(calculated formula C24H24NO5
+) formed by loss of C2H

+. Further, it fragments into two 

ions with m/z 283.1235 (calculated formula C16H13O4N
+) with loss of C8H11O

+ ion and 

ion with m/z 252.1711 (calculated formula C12H14O5N
+) with loss of C12H10

+ ion. 
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Additionally, the fragment ion m/z 283.1235 with loss of C6H5
+ ion resulted into fragment 

ion m/z 207.1128 (calculated formula C10H9O4N
+).  There is also simultaneous formation 

of fragment ion m/z 91.0544 (calculated formula C6H5N
+. Fragmentation pathway 

described above and presented in figure is a probable pathway; formation of fragments 

can be simultaneous because of multiple transitions can occur simultaneously. 
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Figure 59: Proposed fragments and probable fragmentation pathway for compound 

15a 
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7-[2-(2,3-dimethylphenoxy)ethoxy]-N-(4-methylphenyl)-2-oxochromene-3-

carboxamide (16a): 

O

O

O

O

O

NH

 

Brown solid; Yield 52%; mp. 230-231OC; Rf: 0.66 (7:13 EtOAc: hexane);  IR (cm-1): 

3417.14 (N-H), 2869.58 (C-H), 1702.95 (C=O lactone), 1572.63 (C=O amide),1488.26 

(C=C), 1154.90 (C-C), 1373.74 (C-N), 961.90 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

2.14 (s, 3H, CH3), 2.27 (s, 3H, CH3), 2.35 (s, 3H, CH3), 4.35-4.37 (t, 2H, CH2), 4.45-4.47 

(t, 2H, CH2), 6.75- 6.77 (d, J=10Hz, 1H, Ar), 6.82-6.84 (d,1H, Ar), 6.99 (s, 1H, C8H-

chrom.), 7.02-7.04 (d,1H, C5H-chrom), 7.05-7.09 (t,1H,Ar), 7.17-7.19 (t,1H,Ar), 7.61-

7.65 (d, 3H, Ar, C6H-chrom ), 8.95 (s, 1H, C4H-chrom.), 10.73 (s, 1H, amide); 13C NMR 

(125MHz, CDCl3) δ: 164.20, 162.20, 159.72, 156.63, 156.32, 148.64,138.31, 135.30, 

134.29, 131.13, 129.54, 128. 87, 127.56, 125.87, 125.12, 123.12, 120.50, 115.18, 114.84, 

112.77, 109.55, 101.39, 70.86, 67.61, 66.75, 22.95, 20.09, 11.70; HR-MS (ESI):  m/z 

calcd for [M+H]+ C27H26NO5  444.50; found 444.15. 

 

7-[2-(2,3-dimethylphenoxy)ethoxy]-N-(4-chlorophenyl)-2-oxochromene-3-

carboxamide (17a):  

O

O

O

O

O

NH Cl

 

Brown solid; Yield 82%; mp. 210-212OC; Rf: 0.81 (7:13 EtOAc: hexane); IR (cm-1): 

3783.71 (N-H), 2875.22 (C-H), 1710.24 (C=O lactone), 1605.84 (C=O amide), 1441.53 
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(C=C), 1143.52 (C-C), 1372.79 (C-N), 989.17 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

2.14 (s, 3H, CH3), 2.27 (s, 3H, CH3),4.36-4.38 (t, 2H, CH2), 4.46-4.48 (t, 2H, CH2), 6.75- 

6.77 (d, J=10Hz, 1H, Ar), 6.82-6.84 (d, J=10Hz, 1H, Ar), 6.99 (s, 1H, C8H-chrom.), 

7.02-7.04 (d,1H, C5H-chrom), 7.07-7.09 (t,1H,Ar), 7.33-7.35 (d, 2H, J=10Hz, Ar), 7.64-

7.66 (d, J=10Hz, 1H,C6H-chrom), 7.69-7.71 (d, J=10Hz, 2H, Ar,), 8.96 (s, 1H, C4H-

chrom.), 10.87 (s, 1H, amide); HR-MS (ESI):  m/z calcd for [M+H]+ C26H23NO5Cl  

464.92; found 464.11. 

 

7-[2-(2,5-dimethylphenoxy)ethoxy]-N-phenyl-2-oxochromene-3-carboxamide (13b):  

O

O

O

O

O

NH

 

Brown solid; Yield 65%; mp. 170-172OC; Rf: 0.75 (7:13 EtOAc: hexane); IR (cm-1) 

3278.04 (N-H), 2873.92 (C-H), 1705.14 (C=O lactone), 1573.13 (C=O amide), 1491.61 

(C=C), 1142.52 (C-C), 1374.34 (C-N), 1072.42 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

2.17 (s, 3H, CH3), 2.33 (s, 3H, CH3), 4.36-4.38 (t, 2H, CH2), 4.46-4.48 (t, 2H, CH2), 6.69 

(s, 1H, Ar), 6.72- 6.73 (d, J=5Hz, 1H, Ar), 6.99 (s, 1H, C5H-chrom.), 7.02-7.04 (d, 

J=10Hz, 1H, Ar), 7.14-7.16 (d, J=10Hz, 1H, C8H-chrom), 7.36-7.40 (t, 3H, Ar), 7.64-

7.65 (d, J=5Hz, 1H, C6H-chrom ),  7.73-7.75 (d, J=10Hz, 2H Ar), 8.96 (s, 1H, C4H-

chrom.), 10.80 (s, 1H, amide). 

7-[2-(2,5-dimethylphenoxy)ethoxy]-N-(4-hydroxyphenyl-2-oxochromene-3-

carboxamide (14b):  

O

O

O

O

O

NH OH

 



114 
 

Brown solid, Yield: 45%, mp. 180-182OC; Rf: 0.63 (7:13 EtOAc: hexane); IR (cm-1): 

3790.14 (N-H), 2880.17 (C-H), 1712.90 (C=O lactone), 1611.77 (C=O amide), 1496.42 

(C=C), 1207.96 (C-C), 1373.31 (C-N), 976.34 (C-O-C);  1H NMR (500MHz, CDCl3) δ: 

2.18 (s, 3H, CH3), 2.31 (s, 3H, CH3),4.36-4.38 (t, 2H, CH2), 4.45-4.47 (t, 2H, CH2), 6.69 

(s, 1H, Ar), 6.72- 6.73 (d, J=5Hz, 1H, Ar), 6.82-6.88 (d,3H, Ar), 6.98 (s, 1H, C5H-

chrom), 7.02-7.09 (m,2H, C8H-chrom), 7.58-7.64 ( d, 3H, Ar), 8.94 (s, 1H, C4H-chrom.), 

10.68 (s, 1H, amide); HR-MS (ESI): m/zcalcd for [M+H]+ C26H24O6 N 446.47; found 

446.1609 

 

7-[2-(2,5-dimethylphenoxy)ethoxy]-N-(4-methylphenyl-2-oxochromene-3-

carboxamide (16b):  

O

O

O

O

O

NH

 

Brown solid; Yield 55%; mp. 190-192OC; Rf: 0.65 (7:13 EtOAc: hexane); IR (cm-1): 

3758.39 (N-H), 2881.75 (C-H), 1703.20 (C=O lactone), 1600.97 (C=O amide), 1483.1 

(C=C), 1253.71 (C-C), 1383.01 (C-N), 1018.45 (C-O-C); 1H NMR (500MHz, CDCl3) δ: 

2.16 (s, 3H, CH3), 2.33 (s, 3H, CH3), 2.35 (s, 3H, CH3), 4.36-4.38 (t, 2H, CH2), 4.45-4.47 

(t, 2H, CH2), 6.69 (s, 1H, Ar), 6.71- 6.73 (d, J=10Hz, 1H, Ar), 6.98 (s, 1H, C5H-chrom), 

7.02-7.03 (d, J=5Hz, 2H, C8H-chrom), 7.17-7.19 (d, 2H, Ar), 7.61-7.64 (dd, 3H,C6H-

chrom, Ar),  8.94 (s, 1H, C4H-chrom.), 10.72 (s, 1H, amide). 
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6.3. Biological evaluation through In Vitro and In Vivo studies 

6.3.1. IN VITRO STUDIES 

6.3.1.1. Cell viability assay 

A cell-based assay is often used to analyse collections of compounds to determine if they 

exhibit direct cytotoxic effects or if they show effects on cell proliferation. The cell 

viability assay of the synthesized compound (1 to 17a) in Human NCI-H716 

enteroendocrine cells has been evaluated in-vitro. The relative cell viability percentage of 

the synthesized compounds with control vehicle was calculated at three different 

concentrations (0.1, 1 and10 μM). The concentration vs. relative cell viability percentage 

was plotted and cell viability was determined graphically (Fig. 60). The estimation of the 

cell viability at three concentrations for all synthesized compounds supported a 

noticeable analysis that none of the synthesized compounds are toxic towards Human 

NCI-H716 enteroendocrine cells lines (Table 11) 

 

Table 11: Results of cell viability assay 

Concentrations 0.1 µM 1 µM 10 µM 

Compound Code Mean*±S.D. 

Control 100.00±2.13 100.00±2.13 100.00±2.13 

1 95.59±7.38 89.78±4.58 96.1±5 

2a 101.52±3.44 93.6±0.22 84.84±4.12 

3 87.04±8.6 92.69±4.03 100.1±2.68 

4 95.01±4.58 83.1±7.42 88.56±4.74 

5a 113.39±6.75 121.76±3.42 120.99±2.57 

5d 90.59±0.74 84.38±8.42 92.72±7.85 

5c 114.22±6.56 119.23±0.98 118.19±2.05 

6a 93.98±2.64 88.51±3.57 94.65±0.08 

6b 107.97±6.79 101.75±3.17 100.28±5.4 
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6c 114.74±2.34 104.93±4.76 100.09±2.66 

7a 112.59±5.09 118.57±1.69 116.32±4.6 

7b 114.31±6.88 120.84±2.05 118.67±2.67 

7c 115.85±6.31 125.58±0.93 123.1±4.04 

8a 87.13±3.95 84.1±7.13 81.56±2.49 

8b 115.36±9.03 123.14±0.76 123.14±0.76 

8c 108.5±8.48 114.37±0.79 117.12±0.98 

9a 94.87±1.32 86.14±0.42 92.03±7.25 

12a 100.66±0.62 99.17±2 96.05±8.44 

12b 97.19±1.73 93.9±9.37 93.9±9.37 

13a 97.09±1.66 97.3±3.44 91.16±1.75 

13b 101.86±1.63 111.32±3.75 102.52±4.36 

14a 112.23±2.03 110.76±5.35 114.59±5.16 

14b 104±6.99 102.99±3.49 106.53±6.57 

15a 110.17±3.9 106.25±1.64 113.59±6.66 

16a 104.57±2.61 98.43±1.26 92.87±2 

16b 95.86±5.24 100.65±1.22 101.87±1.11 

17a 99.53±6.87 98.99±0.68 104.21±1.68 

*Mean of Five readings 
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Figure 60: Relative cell viability percentage vs synthesized compounds at three concentrations levels
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6.3.1.2. GLP-1 Assay 

After conducting a relative cell viability assay, all compounds (1-17a) were selected for 

GLP-1 assays in human NCI-H716 enteroendocrine cells, ensuring constant DMSO 

concentrations as a negative control. The benchmark for comparison with the test 

compounds was established using INT 777. 

Results indicated that compounds 2a and 15a demonstrated a progressive increase 

in GLP-1 levels across all three concentrations (0.1, 1, 10 µM) when compared to the 

standard INT777 (Table 12). Particularly noteworthy was the significant elevation in 

GLP-1 levels exhibited by compounds 2a and 15a at concentration of 10 µM, surpassing 

the levels noted with the standard compound. Compounds 6a and 9a displayed a nearly 

indistinguishable increase in GLP-1 levels in human NCI-H716 enteroendocrine cells as 

compared to standard. Conversely, compounds 14a and 15a demonstrated a proportional 

rise in GLP-1 levels as the concentrations varied from 0.1 µM to 10 µM (Fig. 61). 

In conclusion, the cumulative findings strongly indicate that compounds 2a, 6a, 

9a, 14a, and 15a exhibit promising potential as anti-diabetic agents, owing to their ability 

to enhance human NCI-H716 enteroendocrine cells GLP-1 levels. 

 

Table 12: Results of GLP 1 Assay 

Concentration 0.1 µM 1 µM 10 µM 

Compound code Mean*±S.D (pg/mL) 

Control 16.14±1.07 16.14±1.07 16.14±1.07 

INT777 17.15±0.93 19.49±1.20 23.17±1.65 

1 20.15±4.35 20.08±1.78 21.88±1.63 

2a 19.43±2.09 19.61±1.06 22.05±1.71 

3 18.05±1.43 16.30±1.69 20.56±1.83 

4 20.68±1.69 18.88±1.65 21.00±0.86 

5a 18.87±0.78 17.02±0.10 19.26±0.49 

5c 18.80±0.07 17.85±0.26 18.95±0.08 
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5d 19.55±1.97 18.00±1.06 19.24±1.03 

6a 17.58±1.65 18.21±1.06 19.60±1.08 

6b 19.52±0.20 17.93±0.08 19.47±0.29 

6c 18.58±0.67 17.64±0.80 19.99±0.27 

7a 18.32±0.44 16.44±0.35 18.87±0.64 

7b 19.46±0.80 17.43±0.28 18.08±0.26 

7c 19.50±0.34 21.80±0.36 19.58±0.09 

8a 16.97±1.54 17.38±1.08 19.29±1.35 

8b 18.61±0.52 18.20±0.71 18.01±0.81 

8c 18.18±0.95 18.82±0.55 21.77±0.83 

9a 16.52±0.74 17.58±1.11 19.65±1.95 

12a 19.89±1.56 20.39±1.93 22.77±1.52 

12b 18.89±1.49 19.05±1.79 21.83±1.41 

13a 18.33±0.31 16.05±0.52 19.20±0.36 

13b 16.44±0.47 16.28±0.47 18.27±0.84 

14a 16.49±1.16 16.30±1.99 21.38±1.47 

14b 17.59±1.09 15.08±0.59 17.26±0.62 

15a 18.32±1.15 18.89±1.43 23.90±1.04 

16a 17.41±0.43 17.53±0.48 18.92±0.42 

16b 16.95±0.51 17.36±0.23 19.51±0.84 

17a 17.93±0.79 17.58±0.24 20.39±0.86 

*Mean of Five readings 
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Figure 61: GLP 1 levels (pg/mL) vs synthesized compounds (1-17a) at three concentration levels 0.1 µm, 1 µm and 10 

µm. Each reading is taken in multiple of five. 
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6.3.1.3. TGR5 gene expression Assay 

Furthermore, the study sought to evaluate how compounds 2a, 6a, 9a, 14a, and 15a 

impact TGR5 expression.  

 To determine if these compounds not only function as agonists but also stimulate 

the expression of TGR5, a quantified TGR5 expression assay was carried out. 

 The results indicate that both compound 2a and 15a demonstrate a higher level of TGR5 

expression compared to the standard INT777 (Table 13). This finding supports the 

hypothesis that the observed elevation in GLP-1 levels is likely facilitated through the 

activation of TGR5, contributing to the expected anti-diabetic effects (Fig. 62) 

 

Table 13: Results of Relative gene expression of TGR5 

Compound code Control INT777 2a 6a 9a 14a 15a 

Concentration: 10 µM 

*Mean 1 0.97 4.04 0.10 0.21 1.25 3.97 

±S.D. 0.44 0.88 1.49 0.08 0.15 0.36 1.43 
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Figure 62: Relative gene expression of TGR5 for compounds. Each reading is the mean of four replicates. The 

significance level for the data was *** P<0.001, ns P>0.0
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6.3.2. IN VIVO STUDIES 

Based on In vitro results, top three compounds 2a, 15a and 14a were selected for in 

vivo studies. 

 

6.3.2.1. Brine shrimp lethality Assay 

Compound 2a, 15a and 14a was tested for Brine shrimp lethality Assay at three 

different concentrations (10, 100 and 1000 μg/mL). All sample showed less mortality, 

so the samples are nontoxic to the brine shrimp as percentage mortality is only 3.33% 

at 1000 μg/mL. Out of three compounds tested, compound 15a was found to be less 

toxic to brine /mL of concentration. Hence, compound 15a was selected for acute 

toxicity study in Albino rat. 

 

Table 14: Details of Brine shrimp lethality Assay 

Compound 

Conc. of 

Sample 

(μg/mL) 

Total No. of 

shrimp used/ 

3 Tubes  

Total no. of 

Shrimp 

survived 

Percentage 

mortality 

10 
2a 

Control 30 00 

10 30 3.33 

100 30 00 

1000 29 3.33 

15a 

Control 

10 

30 00 

10 29 00 

100 30 00 

1000 29 3.33 

14a 

Control 

10 

30 00 

10 29 3.33 

100 30 00 

1000 28 6.66 
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6.3.2.2. ACUTE TOXICITY STUDIES 

Test compound (15a) was administered at dose range from 5-2000 mg/kg for an acute 

toxicity study. No adverse effects were observed in any of tested dose groups. There 

were no instances of mortality recorded in the treated groups across all dose levels 

(i.e., from 5 mg/kg to 2000 mg/kg). Hence, LD50 of test compounds is likely higher 

than 2000 mg/kg. Consequently, acute exposure to the test compound can be 

considered relatively safe. 

The following parameters were observed in acute toxicity studies 

I. Pre-terminal deaths 

II. Physiological activity 

III. Clinical observations 

 

Pre-terminal deaths: The pre-terminal deaths were not observed during study period.  

 

Physiological activity: During the study period, the animals' food intake was normal, 

and no significant effects were observed. Average Food intake of treated animals was 

found to be 114 g in time span of 14 days. The animals gained weight normally and 

showed no significant effects. 

 

Clinical observations: A single dose (2000 mg/kg) administered of the test item once 

did not induce clinical symptoms of toxicity or cause mortalities in any of the treated 

animals. The observation includes observations of the skin, fur, eyes, mucous 

membranes, respiratory system, salivation, diarrhoea and behavioural patterns. The 

tremors, convulsions, and coma were particularly noted. 

There were no significant changes observed in physical, physiological and 

behavioural profile of animals (Table 15). 
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Table 15: Clinical observations in treated animals 

Sr. No. 
General signs 

Time (Hours) 

1 2 3 

1.  Posture assessment Normal 

2.  Convulsion (Limb paralysis) Normal 

3.  Body tone Normal 

4.  Lacrimation No sign 

5.  Salivation No sign 

6.  Tremor Normal 

7.  skin color change No sign 

8.  Piloerection No sign 

9.  Defecation Normal 

10.  Locomotion, Muscle 

gripnessRearing 

Normal 

11.  Food intake Normal 

 

6.3.2.3. ORAL GLUCOSE TOLERANCE TEST (OGTT) 

The most active compound 15a from in-vitro studies was subjected to in vivo studies 

in Wister rats at 400 mg/kg. The results revealed reduced the level of glucose to 

normal in blood at 400 mg/kg dose as compared to Sitagliptin (positive control) at 10 

mg/kg dose (Fig. 63A). Compound 15a showed better suppression of blood glucose 

level compared to Sitagliptin at 120 min (Table 16). The AUC0−240min (area under the 

curve) for glucose levels (for single administration of 15A orally) was calculated, 

which cause 17% reduction in glucose levels from a vehicle group (Fig. 63B). 
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Table 16: Results of OGTT test 

Groups Control Standard 

(Sitagliptin) 

Test (compound 

15a) 

Blood glucose level (mg/dL) 

Time 

Interval 

Mean±S.D. 

0 min 76.66±1.52 76.66±1.52 76.66±1.52 

30 min 135±3.6 108±4.35 107±7.0 

60 min 110±6.42 90±5.56 92±5.85 

90 min 102±5.03 78.66±6.35 83±4.93 

120 min 75.33±3.51 75±7.02 64±6.55 

240 min 70.33±4.04 62±3.6 60.33±4.93 
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Figure 63: Effect of 15a on OGTT: (A) Plasma blood glucose; (B) blood glucose AUC0−240 min. The significance level for the data 

was **** P<0.0001, *** P<0.001, **P<0.01, ns P>0.0
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6.4. STRUCTURE ACTIVITY RELATIONSHIP 

The synthesized coumarin derivatives were evaluated for human TGR5 (hTGR5) 

agonistic activity using GLP-1 assay in NCI-H716 enteroendocrine cells. For same, 

coumarin derivatives were assayed for GLP 1 assay at three concentrations (0.1, 1, 10 

µM) compared to the standard INT 777. 

SAR of Series A 

 

Figure 64: General structure of Series A 

In the initial stages of our investigation into Series A structure-activity relationships, 

we examined impact of 7-hydroxy coumarin ring on GLP-1 assays in NCI-H716 cells. 

Intermediate 1 yielded a GLP-1 level of 21.88±2.63 pg/mL at a 10µM concentration.  

Subsequent we began our SAR studies by substitution of the benzyloxy ring 

(Ring B) at the 7th position of the compound 1.benzyloxy ring at 7th position (as in 

compound 2a) led for increase in GLP-1 levels to 22.05±2.71 pg/mL at 10µM, 

indicating a gradual elevation in GLP-1 levels across 0.1 to 10 µM concentrations of 

the sample. Thus, the results demonstrate the significance of the benzyloxy group for 

the activity. In vitro findings of compound 2a align with the docking results of 2a with 

the TGR5 receptor (PDB ID: 7CFN), revealing hydrogen bonding with the benzyloxy 

ring and hydrophobic interactions with the coumarin ring.  

Moreover, the study examined SAR of substitutions on amide phenyl ring 

(Ring A). Compound 3 (no substitution on phenyl ring A) showed a slight decrease in 

GLP-1 levels (20.56±2.83 pg/mL) as compared to 2a. Various electron-donating 

(methyl, methoxy) and electron-withdrawing groups (chloro, bromo) were 
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incorporated at different positions on the ring to investigate their impact on the 

activity. Some substitutions notably enhanced potency by increasing GLP-1 levels. 

Introduction of electron donating group i.e. hydroxyl group at Ring A para 

position (Compound 4), displayed an elevation in GLP-1 levels to 21±0.86 pg/mL. 

Subsequent substitutions with more electron-donating group i.e. methoxy at para 

position of Ring A (5a: GLP-1 level 19.26±0.49 pg/mL) and at ortho position (5c: 

GLP-1 level 18.95±0.08 pg/mL) showed decrease in GLP-1 levels. Even, the di-

substitution of methoxy group in compound 5d (19.24±3.03 pg/mL) resulted in almost 

same activity as compared to mono substituted one (5a and 5c).  Introduction of 

another electron-donating methyl group at para (6a), at meta (6b) resulted in less 

promising activity compared to ortho substituted methyl group (6c). Compound 6c 

found to show GLP-1 levels of 19.99±0.27 pg/mL at 10 µM of sample. Further, the 

di-substitution of 2, 4-dimethyl (7a), 2,5-dimethyl (7b) showed remarkable decrease 

in GLP-1 levels but 2,6-dimethyl (7c) showed slight but uneven increase in GLP-1 

levels on exposure to 0.1-10 µM of sample.  

Moreover, substitution with an electron-withdrawing group (chloro) were also 

examined at ortho (8c), meta (8b) and para position (8a) of phenyl ring A. Compound 

8c identified as the most potent among the Series A compounds, with a GLP-1 level 

of 21.77±0.83 pg/mL. Notably, compound 8c, with chloro substitution at the ortho 

position, exhibited higher GLP-1 levels compared to para (8a: 19.29±2.35 pg/mL) 

and meta (8b: 18.01±0.81pg/mL) substitutions in Series A. 

Thus, it can be speculated that benzyloxy group at coumarin’s 7th position and 

electron withdrawing group at ortho position of Ring A might be favourable for 

binding with the receptor and enhance TGR5 agonistic activity by increasing GLP-1 

levels. 
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SAR of Series B and C 

 

Series B: R1- 2, 3-dimethyl 

Series C: R1- 2, 5-dimethyl 

 

Figure 65: General structure of Series B and C 

Following the SAR investigation of series A, characterized by a benzyloxy ring (Ring 

B) positioned at coumarin ring’s 7th position. Further, it was hypothesized that 

integrating a carbon chain (comprising 2 carbon atoms) as a linker between Ring B 

and the central core could provide conformational flexibility and adaptability in 

position, potentially offering advantages. Additionally, the introduction of methyl 

groups (2, 3 and 2, 5) on Ring B was explored, taking into account the hydrophobic 

nature of the binding pocket of the TGR5 receptor. 

Introducing a (2,3-dimethylphenoxy)ethoxy group at 7thposition of coumarin 

ring (Series B) led to compound 12a, showing higher GLP-1 levels (22.77±3.52 

pg/mL) compared to compound 12b from Series C, which contains a (2,5-

dimethylphenoxy)ethoxy group (GLP-1 level 21.83±2.41 pg/mL), as well as the 

compound 2a featuring benzyloxy substitution.  

Thus, it confirmed our hypothesis of introduction of 2, 3-dimethyl and 2, 5-

dimethyl on Ring A that increase the binding affinity of test compounds to TGR5 

receptor. 

Further, including the (2, 3-dimethylphenoxy)ethoxy group at the 7th position of the 

coumarin central core, 10 derivatives were synthesized with electron donating and 

withdrawing groups substitution on aryl amide Ring A of 12a as follows. Compound 

13a, with no substitutions on Ring A, experienced decrease in GLP-1 levels 
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(19.20±0.36 pg/mL).Conversely, Compound 14a, featuring a hydroxyl group (an 

electron donating group) substituted at Ring A’s para position, resulted in increase in 

GLP-1 levels to 21.38±5.47 pg/mL.  

Subsequent substitutions with more electron-donating groups such as 3, 4 

dimethoxy (compounds 15a) led to highest GLP-1 levels (23.90±5.04 pg/mL) 

compared to the standard and all compounds of series A. Moreover, substitution with 

an electron-withdrawing group (chloro) produced Compound 17a resulted in reduces 

in GLP-1 level to 20.39±0.86 pg/mL. The efficacy of 15a may also be attributed to its 

binding within the pocket of TGR5 receptor. Docking studies of 15a demonstrated a -

9.8 kcal/mol of binding energy at active sites. The coumarin ring’s oxo group within 

15a forms a hydrogen bond with Ser 157 and Tyr 240. Moreover, hydrophobic 

interaction between 15a and Ala250, Leu266, and Leu74, facilitated by the coumarin 

ring and Ring B, highlights their significance in hydrophobicity and interaction with 

Ala 250 and Leu74 at TGR5 active site. Moreover, methoxy groups on phenyl ring A 

of 15a contribute to hydrogen bond interactions with Tyr 240, further enhancing its 

interaction with the receptor (Figure 66). 

 

Figure 66: 3D and 2D Intermolecular interactions between lead compound 15a 

with TGR5. 

Furthermore, it was found that 15a demonstrated the greatest expression of the TGR5 

gene among the tested compounds. In vivo experiments validated the results obtained 

from in vitro studies. Compound 15a demonstrated enhanced regulation of blood 

glucose levels compared to Sitagliptin after 120 minutes, resulting in a 17% reduction 

in area under curve (AUC0−240 min) of glucose levels compared to control group. 
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CHAPTER 7 

7. SUMMARY AND CONCLUSIONS 

 

7.1. SUMMARY 

Diabetes represents a significant global health concern marked by diverse metabolic 

disorders, and currently available drugs often carry various side effects. A 

comprehensive literature review emphasized the importance of developing ligands 

with a strong affinity for the TGR5 receptor to enhance efficacy while reducing 

toxicity. To achieve this, a homology model was generated and validated, followed by 

docking and simulation studies using the TGR5 structure from the RCSB PDB 

database. 

Designing of compounds: The present study proposed a pharmacophore consisting of 

a bicyclic central core (Coumarin ring) linked to a hydrophobic phenyl ring with an 

amide group at one end and phenoxy substitution at other. Four series of compounds 

(Series A, B, C and D) were designed based on this pharmacophore.  

Homology Modelling: Due to unavailability of TGR5 protein structure in RCB 

Database, our study commenced with generation and validation of Homology model 

of TGR5 using Swiss Model and I-Tasser. Based on the validation results and 

Ramchandran plot, model generated from Swiss Model was finalised.  

Molecular Docking and Dynamic Studies: In 2020, Yang et.al deposited structure of 

TGR5 protein in database, this discovery laid our groundwork to perform molecular 

docking studied in TGR5 protein (PDB ID: 7DFN). Preliminary docking studies using 

Autodock Vina software and molecular simulation studies were conducted to assess 

ligand-receptor complex stability in TGR5 receptor (PDB ID: 7DFN). Ten 

compounds (6a, 14a, 14b, 16a, 16b, 15a, 6c, 6b, 8a and 8b) with favourable docking 

scores in range of -9.9 to -9.6 kcal/mol were identified through affinity score 

comparison with the standard INT777. Molecular dynamics (MD) studies highlighted 

Leu244, Leu166, Tyr89, Ser157, Leu74 residues as crucial for conformational 

stability within the TGR5 receptor's binding site. In silico ADME evaluations 
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indicated that the synthesized compounds exhibited physicochemical properties, water 

solubility, lipophilicity, and pharmacokinetics within acceptable ranges for 

therapeutic use. Consequently, compounds 6a, 16a, and 14a, possessing highest 

docking scores, were identified as potential for TGR5 agonistic activity. 

Synthesis of test compounds: The synthesis of the most feasible and potent 

compounds was undertaken based on their binding affinity, considering cost-

effectiveness and the availability of starting materials. Analysis and characterization 

of all synthesized compounds in each series included melting point, TLC, FT-IR, 

NMR, and Mass. 

In vitro studies: In vitro assays demonstrated the non-toxic nature of the synthesized 

compounds on the human NCI-H716 enteroendocrine cell line. GLP-1 assays 

highlighted compounds 2a, 6a, 9a, 14a, and 15a as promising anti-diabetic agents, 

enhancing GLP-1 levels across concentrations (0.1, 1, 10 µM) compared to the 

standard INT777. Further, TGR5 gene expression assays indicated higher levels of 

TGR5 gene expression for compounds 2a and 15a, suggesting activation of TGR5 

contributing to expected anti-diabetic effects. In vitro analysis identified compound 2a 

and 15a as the most potent on the TGR5 receptor. 

In vivo studies: For in vivo evaluation, compounds 2a, 15a, and 14a underwent 

toxicity studies using the Brine shrimp lethality assay and acute toxicity studies. Since 

compound 2a and 14a showed mortality in Brine shrimp, compound 15a was chosen 

for acute toxicity studies, revealing its non-toxic nature in Wister rats. Based on 

toxicity studies, Compound 15a was selected for its antidiabetic effect against 

Sitagliptin in a rat model. Compound 15a demonstrated superior suppression of blood 

glucose levels compared to Sitagliptin at 120 min, resulting in a reduction of 17% in 

blood glucose AUC0−240min compared with control group. 

N-(3, 4-dimethoxyphenyl)-7-[2-(2,3-dimethylphenoxy)ethoxy]-2-oxochromene-3-

carboxamide (15a) 

 

 

O 

O 

O 

O 

O 

N H O 
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Molecular weight: 489.52 

Logp: 3.96 

GI absorption: High 

H bond acceptor: 7 

H bond donor: 1 

In vitro cell toxicity: non-toxic 

GLP-1 levels at 10µM: 23.90±1.04 pg/mL 

TGR5 gene expression: 3.97±1.43 

Brime Shrimp lethality assay: Non-toxic 

Acute toxicity studies: Not toxic at dose of 2000mg/Kg 

OGTT test: 17% reduction in blood glucose compared to standard at 400 mg/kg/day 

 

7.2. CONCLUSION 

7.2.1. Introduction 

The prevalence of diabetes has increased significantly in the recent decades, and the 

condition has also been associated with a variety of metabolic disorders, such as 

weight gain, digestive problems, and an increase in edema. Currently available drugs 

often cause various side effects such as weight gain, digestion complications, and 

edema. In some cases, it causes episodes of hypoglycaemic conditions that increase 

over time to the point that responsiveness is lost. There has been significant progress 

in the development of therapeutic anti-diabetic agents in recent years, but the 

development of these agents remains a great challenge. 

 In a comprehensive review of the literature, it was revealed that the 

development of ligands with a strong affinity for the TGR5 receptor is key to 

increasing the efficacy of these drugs and reducing their toxicity during their 

development. Upon reviewing the literature on synthetic TGR5 agonists, we were 

able to identify compounds with monocyclic hydrophobic cores consisting of pyridine 

rings, which are linked to heteroaromatic rings by an amide bond, and that are linked 

to phenyl rings either directly or indirectly by oxygen atoms in the opposite direction 

(Fig.20, 22, 24). 
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7.2.2. Design of Compounds 

Considering the hydrophobic environment of the active site of the TGR5 receptor, it 

was hypothesized that a bicyclic ring structure would be well-suited as a central 

scaffold for ligand design. Among the various bicyclic scaffolds available, the 

coumarin ring system was selected due to its unique chemical and structural 

properties. Coumarins are known for their planar aromatic structure, which can 

facilitate π-π stacking interactions, and their potential to form hydrophobic contacts 

with the receptor's active site residues. Despite its widespread applications in 

medicinal chemistry for various biological targets, the coumarin ring has not been 

extensively investigated as a TGR5 agonist. This lack of exploration in the existing 

literature presented an opportunity to evaluate its efficacy in modulating TGR5 

activity. 

 

7.2.3. In Silico Studies 

Since the TGR5 protein structure is not available in the RCSB Protein Data Bank 

(PDB), our study began with the generation and validation of a homology model for 

TGR5. To achieve this, two widely used modelling tools, Swiss-Model and I-

TASSER, were employed. These tools were selected for their ability to generate 

reliable 3D protein models based on sequence homology with available template 

structures. A comparative analysis was performed to evaluate the models generated by 

both servers to identify the most suitable model for further studies. The assessment 

focused on key validation parameters, including the presence of residues in 

disallowed regions of the Ramachandran plot and the overall quality factor of the 

models. The model generated by Swiss-Model demonstrated superior structural 

quality, with no residues located in disallowed regions of the Ramachandran plot. In 

contrast, the model produced by I-TASSER had 1.46% residues in disallowed regions 

and an overall quality factor of 93.458. Given these results, the Swiss-Model-

generated structure was selected for subsequent studies due to its higher structural 

accuracy and reliability.  

 In 2020, Yang et.al deposited structure of TGR5 protein in database, this 

discovery laid our groundwork to perform molecular docking studied in TGR5 protein 

(PDB ID: 7DFN). Molecular docking studies identified compounds with favourable 
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docking scores in range of -9.9 to -9.6 kcal/mol were identified through affinity score 

comparison with the standard INT777. Molecular dynamics study offers valuable 

insights into the structural stability and conformational dynamics of TGR5-ligand 

complexes through molecular dynamics simulations. These findings highlight the 

potential of the selected compounds to stabilize TGR5, making them promising 

candidates for therapeutic applications.  

 

7.2.4. Synthesis  

All selected compounds were synthesized. Coumarin ring was synthesized using 

Knoevenagel condensation that further undergoes Williamson ether synthesis and 

coupling reactions to synthesize series of compounds. The analysis and 

characterization of all synthesized coumarin derivatives in each series were conducted 

using a comprehensive set of techniques. These included determining their melting 

points, performing thin-layer chromatography (TLC) to confirm purity, and utilizing 

Fourier-transform infrared spectroscopy (FT-IR) to identify functional groups. 

Additionally, nuclear magnetic resonance (NMR) spectroscopy was employed to 

elucidate structural details, while mass spectrometry was used to confirm molecular 

weights and assess the overall integrity of the compounds. 

 

7.2.5. Biological evaluation (In-vitro and In-vivo studies)  

Further in vitro experiments, including cell toxicity assays, GLP-1 secretion assays, 

and TGR5 gene expression assays, were conducted to evaluate the potential of the 

synthesized compounds to modulate pathways involved in glucose regulation. The 

results revealed that all synthesized compounds were non-toxic to the NCI-H716 cell 

line. Based on the relative cell viability assay, all compounds (1–17a) were selected 

for GLP-1 assays, with INT777 serving as the benchmark for comparison. 

The findings strongly suggest that compounds 2a, 6a, 9a, 14a, and 15a exhibit 

significant potential as anti-diabetic agents, as they demonstrated an ability to enhance 

GLP-1 secretion levels in human NCI-H716 enteroendocrine cells. Additionally, the 

study investigated the impact of these compounds on TGR5 expression. Notably, 

compounds 2a and 15a displayed a higher level of TGR5 expression compared to the 
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standard INT777, further highlighting their potential efficacy as therapeutic 

candidates for diabetes management. 

 

      

                        2a                                                  6a 

      

                         9a                                                 14a 

                              

                                                   15a 

 

In vivo assessments provided critical insights into the compound’s safety and 

effectiveness, showing that compound 15a not only had a favourable toxicity profile 

but also outperformed Sitagliptin—a widely used anti-diabetic drug—in reducing 

blood glucose levels. This improvement was evident in a more pronounced reduction 

of glucose levels compared to Sitagliptin, highlighting compound 15a’s potent 

glucose-lowering properties. Overall, compound 15a stands out as a promising 

candidate for type 2 diabetes treatment, offering a balanced profile of efficacy and 

safety, and warrants further investigation in preclinical and clinical studies to confirm 

its therapeutic potential. 

 

Future scope of work: In this study, potential active compounds were effectively 

designed, synthesized, characterized, and evaluated as TGR5 agonists with 

antidiabetic properties. However, animal studies, including GLP-1 and TGR5 
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luciferase assays are still required. Additionally, bulk synthesis needs to be tested for 

feasibility, cost-effectiveness, and reproducibility to facilitate the development of 

these compounds into lifesaving drugs. Further preclinical and clinical evaluations are 

necessary to advance these compounds as potential drug candidates for diabetes. 
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CHAPTER 9 

ANNEXURE 

Copies of FT-IR, 1 H NMR, 13C NMR, and HRMS spectrum of the final compounds 

CHARACTERIZATION OF COMPOUND 1 

 
 

IR Spectra of Compound 1 

 

1H NMR spectra of Compound 1 
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CHARACTERIZATION OF PRODUCT 2a: 

 

IR Spectra of Compound 2a 

 

 
1H NMR spectra of Compound 2a
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CHARACTERISATION OF COMPOUND 3 

 

IR spectra of compound 3

 

1HNMR spectra of compound 3

40060080010001200140016001800200024002800320036004000

1/cm

58

60

62

64

66

68

70

72

74

76

78

80

%T

39
90

.4
5

39
17

.1
6

38
57

.3
7

38
03

.3
6

37
22

.3
6

34
23

.4
1

32
76

.8
3

30
47

.3
2

29
23

.8
8

28
60

.2
4

27
17

.5
1

26
28

.8
0

24
37

.8
6

23
47

.2
1

20
73

.3
3

19
49

.9
0

18
72

.7
5

18
26

.4
6

17
01

.1
0

16
08

.5
2

15
31

.3
7

14
96

.6
6 13

73
.2

2

12
22

.7
9

10
81

.9
9

10
26

.0
6

91
2.

27

84
6.

69

80
2.

33

74
4.

47

68
8.

54

60
3.

68

46
0.

96

ANILINE I



155 
 

 

13C NMR spectra of compound 3 

 

HR MS spectra of compound 3 
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CHARACTERIZATION OF COMPOUND 4 

 

 

IR spectra of Compound 4 

 

 

1H NMR spectra of compound 4 
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HR MS spectra of compound 4 

 

CHARACTERISATION OF COMPOUND 5a 

 

 

1H NMR spectra of compound 5a 
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CHARACTERISATION OF COMPOUND 5c 

 

 

1H NMR spectra of compound 5c 

 

CHARACTERIZATION OF COMPOUND 5d 

 

1H NMR spectra of Compound 5d 
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13C NMR spectra of compound 5d 

 

HR-MS spectra of Compound 5d 
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CHARACTERIZATION OF COMPOUND 6A 

 

1H NMR spectra of compound 6a 

 

13C NMR spectra of compound 6a 
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HR-MS spectra of compound 6a 

 

CHARACTERISATION OF COMPOUND 6b 

 

IR spectra of compound 6b 
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1H NMR spectra of compound 6b 

 

CHARACTERISATION OF COMPOUND 7a 

 

 

1H NMR spectra of compound 7a 
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13C NMR spectra of compound 7a 

 

HR MS spectra of compound 7a 
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CHARACTERISATION OF COMPOUND 7b 

 

1H NMR spectra of compound 7b 

 

CHARACTERIZATION OF COMPOUND 8a 

 

1H NMR spectra of compound 8a 
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HR MS spectra of Compound 8a 

 

CHARACTERIZATION OF COMPOUND 9a 

 

IR spectra of compound 9a 
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1H NMR of compound 9a 

 

HR MS of compound 9a
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CHARACTERIZATION OF COMPOUND 11 

 

IR spectra of compound 11 

 

 

 

1HNMR spectra of compound 11  
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CHARACTERISATION OF COMPOUND 12a 

 

 

IR spectra of compound 12a 

 

 

1HNMR spectra of compound 12a 
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13C NMR spectra of compound 12a 

 

 

HR-MS spectra of compound 12a 
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CHARACTERISATION OF COMPOUND 12b 

 

IR spectra of compound 12b

 

 

1HNMR spectra of compound 12b 
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CHARACTERISATION OF COMPOUND 13a 

 

IR spectra of compound 13a 

 

 

1HNMR spectra of compound 13a 
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13C NMR spectra of compound 13a 

 

HR MS spectra of compound 13a 
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CHARACTERISATION OF COMPOUND 14a
 

 

1HNMR spectra of compound 14a 

 

13C NMR spectra of compound 14a 
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CHARACTERIZATION OF COMPOUND 15a 

 

1HNMR spectra of compound 15a 

 

13C NMR spectra of compound 15a 
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HR MS spectra of compound 15a 

 

CHARACTERISATION OF COMPOUND 16a 

  

IR spectra of compound 16a 
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1HNMR spectra of compound 16a 

 

13C NMR spectra of compound 16a 
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HR MS spectra of compound 16a 

 

CHARACTERISATION OF COMPOUND 17a 

 

 

1HNMR spectra of compound 17a  
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HR MS spectra of compound 17a 

 

CHARACTERISATION OF COMPOUND 13b 

 

1HNMR spectra of compound 13b  
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CHARACTERISATION OF COMPOUND 14b 

 

1HNMR spectra of compound 14b 

 

 
 HR MS spectra of compound 14b
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CHARACTERISATION OF COMPOUND 16b 

 

 

1HNMR spectra of compound 16b 
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