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SUMMARY 

Research on enzyme inhibitors has an enormous potential to introduce new drug candidates 

against enzyme related diseases. Keeping this in view, present study was designed to identify 

natural and synthetic compounds as leads against two clinically important enzymes, carbonic 

anhydrase-II (CA-II) and dipeptidyl peptidase-IV (DPP-IV). Carbonic anhydrases (CAs), and 

dipeptidyl peptidase-IV (DPP-IV) have pathological roles in the emergence of number of 

diseases, particularly glaucoma and diabetes, respectively. The results of the study are 

summarized below: 

PART A 

CA-II is an important enzyme for many physiological processes. Inhibitors of CA-II are used 

for the treatment of many diseases, such as epilepsy, mountain sickness, and glaucoma. During 

this study, over 350 fully characterized compounds were evaluated against BCA-II enzyme. Out 

of which 58 compounds showed a good inhibitory activity. Among these compounds, bisindoles 

and thiourea derivatives of bisindolyl showed the most significant activity with IC50 values in the 

range of 14.4 – 70.36 µM. To study the mechanism of action of inhibitors, most active inhibitors 

of these classes were further subjected to kinetic studies. Inhibition constants and type of 

inhibition were deduced by using Lineweaver-Burk plot, secondary re-plot of Lineweaver-Burk 

plot, and Dixon plot. Inhibition type and dissociation constants were deduced by Lineweaver-

Burk plot, secondary re-plot, and Dixon plot. Bisindole derivatives, such as 23 (N-(4-(bis(5-

chloro-1H-indol-3-yl)methyl)phenyl)-2,4-dinitrobenzenesulfonamide), 28 (N-(4-(bis(5-chloro-

1H-indol-3-yl)methyl)phenyl)-3,5-dichloro-2-hydroxybenzenesulfonamide), and 38 (N-(4- 

(bis(5-bromo-1H-indol-3-yl)methyl)phenyl)-2,4-dinitrobenzenesulfonamide) showed a 

significant inhibition of enzyme CA-II (IC50 = 15.6 – 28.86 µM). To assess their safety profile, 

cytotoxic studies were conducted on mouse fibroblast cell line (3T3). Fortunately some of the 

good active compounds were found non-cytotoxic, and thus can serve as leads for further studies 

on CA inhibitor drug design and development.  

 

 

 



  SUMMARY 

viii 

 

PART B 

 

Epidemic prevalence of diabetes at national and global level emphasizes the need of urgent 

therapeutic intervention. In the second part of our work, we targeted an important enzyme of 

incretin pathway, dipeptidyl peptidase-IV (DPP-IV). Inhibitors of DPP-IV occupy center stage 

in the current anti-diabetic drug market. We screened over 1,800 fully characterized natural and 

synthetic compounds, through a mechanism-based colorimetric assay. This led to the 

identification of 87 new inhibitors. Significant inhibition was shown by the compounds of 

semicarbazones, thiosemicarbazone, benzophenone Schiff bases classes, and gold complexes. 

New inhibitors, identified through initial screening, were further subjected to mechanism-based 

kinetic studies. Lineweaver-Burk plot, secondary re-plot of Lineweaver-Burk plot, and Dixon 

plots were constructed to determine the type of inhibition, inhibition constant, and other kinetic 

parameters. Cytotoxic studies of active compounds were also conducted on mouse fibroblast 

cell line (3T3). Some potent inhibitors were also subjected to in situ DPP-IV inhibition assay by 

using Caco-2 cellular model. Synthetic compounds of different classes and Gold complexes 

were found to be active. Compounds (R)-2-phenyl-2,3-dihydrobenzo [d] imidazo[2,1-b] thiazole 

gold (I) triphenylphosphine tetrafluoro borate (204), (S)-2-phenyl-2,3-dihydrobenzo[d]imidazo 

[2,1-b]thiazole gold (I) triphenylphosphine tetrafluoro borate (207), and (S)-2-phenyl-2,3-

dihydrobenzo[d] imidazo [2,1-b] thiazole gold (I) chloride (209) were identified as most potent 

inhibitors with IC50 values  in the range of 22.0 – 35.6 µM.  

Earlier studies on DPP-IV inhibitors were restricted to selected number of compounds with 

limited structural variations. Present study presents comprehensive screening of different classes 

of synthetic compounds for the discovery of new inhibitors of DPP-IV. This is a cost effective, 

easy, reliable, and fast approach for the discovery of new drug candidates.  
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1 GENERAL INTRODUCTION 

1.1 Enzymes  

It is well known that almost all biochemical processes are catalyzed by special types of enzymes. 

Enzymes are made up of 62 to 2,500 amino acid residues, and are well known for their ability 

to lower the activation energy for various biochemical reactions (Zhang, Fonslow, Shan, Baek, 

and Yates III, 2013). However, this fascinating power of catalysis, shown by enzymes, has long 

remained a mystery. Certain questions about how enzymes exhibit specificity for substrates, 

which are just enantiomer of each other, and highly accelerated rates of enzyme catalyzed 

reactions for different chemical transformations remained unanswered for a long time 

(Benkovic and Hammes-Schiffer, 2003).  

In 1928, Linus Pauling suggested that enzymes can accelerate reaction rates via preferential 

binding of enzymes with transition state. Resulting in an activated complex, referred as enhanced 

transition-state (TS) binding (Karplus and Kuriyan, 2005). This theory formed the basis for 

understanding enzyme catalysis. Many studies supported the validity of this key concept. From 

this the idea of enzyme-targeted drug discovery has emerged (Zhang, Fonslow, Shan, Baek, and 

Yates III, 2013)). 

1.2 Mechanism(s) of Enzymatic Reactions 

Many vital reactions in living system are catalyzed by enzymes. Enzymes accelerate rate of 

reactions by a factor of up to 10
19

, with remarkable diversity of substrates, and specificity in their 

reactions. This requires molecular recognition at its highest level (Wolfenden and Snider, 

2001). Many non-covalent interactions, such as hydrophilic and hydrophobic properties, and 

Vander waal interactions, play key role in enzyme-substrate complex formation (Zhang and 

Houk, 2005). 

Many theories have been proposed to explain mechanism of enzyme action (Kim, Clark, and 

Dordick, 2000). Earlier models of “lock-and-key” and ‘’induced-fit” suggested that an 

interaction between enzyme and substrate is responsible for their function. Increasing evidences 

from enzyme kinetic and mutational studies support evidence, linking protein dynamics with its 
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substrate’s specificity. These studies also revealed that the proteins are dynamically active 

assemblies with a link between structure and properties (Kohen, 2003; Liang, Lee, Resing, Ahn, 

and Klinman, 2004). 

Various theories were presented to explain the mechanism of an enzyme’s action. Following are 

the most accepted theories for mechanism of action of enzymes. 

1.2.1 Lock and Key Hypothesis 

Fischer in 1894 proposed the lock and key model. According to lock and key theory, substrate 

is a key which fits into specific lock (enzyme). This model, therefore, implies a greater degree 

of enzyme specificity for the substrate. This theory, however failed to explain the behavior of 

many substrates, especially when substrate has bulkier substituents. The lock and key hypothesis 

also failed to rationalize the mechanism of action of enzymes with two substrates (Odriozola 

and Lozada-Cassou, 2013). 

1.2.2 The Induced Fit Model 

The most common model of enzyme catalysis was proposed by Daniel Koshland in 1958. It 

postulates that substrate is capable of inducing the proper alignment and conformational 

changes in the enzyme’s active site to perform its catalytic activity. This is contrary to lock and 

key hypothesis, which implies a rigid active site of enzyme. Hence, this model explains binding 

of bimolecular substrates, where the first substrate can induce conformational changes for 

binding of the second substrate (Johnson, 2008). 

1.2.3 Transition State Theory 

Haldane in 1930 suggested that the additional energy required by enzyme-substrate complex 

for its activation is provided by the substrate strain on enzyme. This is in accordance with 

Pauling’s hypothesis which states that an enzyme is a flexible template, and is complementary 

to substrate in transition state rather than in ground state. This theory explains the transition-

state stabilization effect, and implies that substrate binds more effectively with the enzyme at 

transition state rather than at ground state (Zhang and Houk, 2005). 
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In the framework of transition state theory, enzymes decrease activation energy of a reaction 

thus increasing the rate of chemical reaction which is complementary to theoretical 

investigations of enzyme catalyzed reactions (Benkovic and Hammes-Schiffer, 2003). 

Thus, the concepts of transition-state theory enables scientist to analyze general enzymatic 

reactions.  

1.3 Structural Biology of Enzymes 

Structural biology plays an important role in the drug discovery process. James Summer, in 

1926 showed that enzymes are proteins by determining the first crystal structure of jack bean 

urease.  In 1957, John Kendrew determined the crystal structure of myoglobin (Shi, 2014). 

Since then, many studies have provided valuable insights into the detailed structure of enzymes. 

Invent of modern techniques, such as NMR spectroscopy, electron microscopy, and X-ray and 

neutron diffraction revealed fascinating details about 3D structure of several proteins (Karplus 

and Kuriyan, 2005).  

Folding and interfolding of polypeptide chain is critically important. Simple misfolding in 3D 

structure of a protein can lead to many diseases. Computational modeling of protein structure 

complements the knowledge obtained from experimental studies. Monte Carlo simulation 

program provide description of how a newly formed polypeptide chain is able to fold to its 

native structure ( Perez, Morrone, Simmerling, and Dill, 2016). Discrete algorithms are used to 

represent a protein chain and potential for bonding between bonded and non-bonded residues 

(Khan, Wei, Gu, Hassan, et al., 2016). Currently agenerase and viracept drugs were developed 

against AIDS, based on the crystal structure of HIV protease (Lockhat, Silva, Alves, Govender, 

et al., 2016). 

1.4 Enzyme Inhibition as Drug Discovery Approach 

Nowadays, drug discovery involves multifaceted approaches combining several biological and 

molecular techniques. In the past few years, structure-based drug discovery has become a main-

stream approach, alternative to high throughput screening (Balunas and Kinghorn, 2005). Many 

drugs in clinical trials or available for clinical use have been originated from the structure-based 

drug designing approach. More than forty compounds, discovered by Hardy and Malikayil using 
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drug designing approach, were approved for clinical trials (Hardy and Malikayil, 2003). 

Deficiency or hyperactivities of many enzyme is the cause of many diseases. This indicated the 

role of enzyme inhibitors in modern drug discovery. Relenza, a flu drug, is a potent inhibitor of 

enzyme neuraminidase (Zhang, Fonslow, Shan, Baek, et al., 2013). Recently, Astex discovered 

a compound AT9283, now in clinical trials, as a potent aurora kinase inhibitor. 

 Urokinase is trypsin-like serine protease. Bioavailibilty is the major problem associated with 

urokinase inhibitors. Recently crystallographic screening identified mexiletine, a known drug, 

with good oral bioavilibility as weak urokinase inhibitor (IC50 < 1mM).  Structure-based 

optimization of this molecule has improved its affinity to 72 nM (Murray and Blundell, 2010). 

The final feature that adds importance of enzyme inhibition in drug developmental processes 

is its historical precedence. Both in random hit and trial attempts and systematic approaches of 

modern pharmacology, enzyme inhibition has emerged as the preferred approach and many 

enzymes have been successfully targeted for the discovery of medicine with desired 

pharmacological outcome. 
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2 INTRODUCTION TO CARBONIC ANHYDRASES 

(CAs)  

Carbonic anhydrase (CA; EC. 4.2.1.1) was first isolated from bovine erythrocytes in 1933 as a 

catalytic factor for the rapid breakdown of bicarbonates into carbon dioxide and water 

(Kupriyanova, Pronina, and Los, 2017). Carbon dioxide-bicarbonate conversion is an important 

reaction for several biological processes. These enzymes, thus play a key role in many 

physiological processes, such as respiration, pH homeostasis, ion transport, bone resorption, 

and calcification, tumourogenesis, and a range of biosynthetic reactions like gluconeogenesis 

and ureagenesis (Supuran and Scozzafava, 2007). 

2.1 Classification  

Carbonic anhydrases are ubiquitous across the entire phylogenic tree, and are classified into 

following five basic families: 

i. α-Carbonic anhydrases: they are present in algae, bacteria, cytoplasm of all plants, 

and vertebrates (Winum, Rami, Scozzafava, Montero, and Supuran, 2008). 

ii. β-Carbonic anhydrases: this type is mainly present in the chloroplast of plants and 

algae, and in bacteria. 

iii. γ-Carbonic anhydrase: this type is distributed mainly in archae, and also present in 

some types of bacteria. 

iv. δ-Carbonic anhydrase: this type is found in some aquatic diatoms. 

v. ε-Carbonic anhydrase: this type is rare, and found only in chemolithoautotrophic 

and cyanobacteria. 

All CA families represent convergent evolution for their catalytic activities as no significant 

homology is found among the families (Bharatiy, Hazra, Paul, Mohapatra et al., 2016). 

 α and β CAs are Zn dependent metalloenzymes. α- CAs is the most commonly occurring 

family in mammals with 16 isoforms. These isoforms vary in their tissue specificity, and 

pharmacological and physical properties (Chegwidden and Carter, 2000). Most of these 
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isoforms are localized in cytosol whereas a few of them are membrane bound, and 

mitochondrial origin, and are also secreted in milk and saliva (Capasso and Supuran, 2015). 

Among these, the most studied are isozymes CA I, CA II, CA III, CA IV and CA IX. These 

isozymes are studied for design of their inhibitors as drug target for diseases, such as glaucoma, 

epilepsy, cancer, obesity, and convulsions (Svastova, Hulikova, Rafajova, Zat'ovicova et al., 

2004).  

2.2 Structural Biology of CAs 

The X-ray structure of CA-II from human erythrocyte is refined to 1.54 A°, which provide 

detailed insight into the structure. General structure for all isoforms of α-CAs is almost the same. 

Their molecular weight is ranged between 26 to 58 KDa, with Zn in their catalytic sites (Figure-

2.1). The surface of enzyme contains a few short α-helices, while catalytic site is spherical at its 

core, and dominated by a twisted 10 stranded β-sheet which bisects the molecule (Esbaugh and 

Tufts, 2006). 

 

Figure-2.1: Structural representation of CA-II. Red sphere represents zinc ion, active site residues His 

and Thr (light green and pink, respectively), and ligand-CA complex (yellow) are presented in stick 

model. ( Hassan, Shajee, Waheed, Ahmad, and Sly, 2013). 
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Active site of enzyme CA II is located in the center of the molecule in a cone-shaped cavity with 

hydrophobic residues at one side of the molecule, while Thr 199 and Glu 106 form hydrophilic 

side of CAs molecule. Zn
+2

 is located near the bottom of the cavity in a tetrahederal geometry 

with three histidine residues (His-94, His-96, and His-119), and a hydroxyl ion ( Hassan, Shajee, 

Waheed, Ahmad, and Sly 2013). 

2.3 Catalytic Mechanism of CAs 

CAs are the most efficient enzymes with CA II being the fastest among all other isoforms having 

a catalytic turnover of 10
6
s

-1

. All α-CAs have Zn in their active site, which is responsible for the 

catalytic activity (Supuran and Scozzafava, 2007). 

 

Figure-2.2: Reversible hydration of CO2 to HCO3

-

 ions and protons. 

Lesburg and Christianson in 1995 showed that hydroxyl ligand form hydrogen bonds with the 

hydroxyl group of Thr 199 residue, which interacts with carboxylate group of Glu 106. As a 
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result of these interactions nucleophilicity of zinc bounded –OH group increased, and thus 

substrate is placed in favorable environment for further nucleophilic reactions. Thr 199 and 

Glu 106 are therefore also termed as “gate keeping residues” (Supuran and Scozzafava, 2007). 

To study the efficiency of catalysis in active site, Zheng and coworkers have focused on Asn62, 

and created site-specific mutants and replaced Ala, Val, Thr, Leu, and Asp at position 62. X-

Ray crystallography revealed that these substitutions produce no change in the enzyme’s catalytic 

site. A comparative study of site-specific mutants showed that the role of Asn62 is to provide 

specific conformations for side chains, to maintain efficient catalysis of enzyme (Roy and 

Taraphder, 2008).  

2.3.1 Mechanism of Inhibition of CAs 

 Specificity of active site in CA isozyme presents a challenge in drug discovery to synthesize 

compounds with high specificity. 

Two types of CA inhibitors are reported in literature till now: 

i) Metal complexing anions, such as cyanides, cyanate, and thiocyante. 

ii) Sulfonamide and sulfanamates with the general formula of R-SO2NH2 and R-

OSO2NH2. 

Many known CA inhibitors represents class of aromatic and heteroaromatic sulfonamide 

compounds. Sulfonamides are known to bind with Zn
+2

 in a tetrahederal geometry, in 

deprotonated state (Akbaba, Akıncıoğlu, Göçer, Göksu,  et al., 2014). The –R group of 

sulfonamide moiety binds with the hydrophobic and hydrophilic residues of the active site. This 

blocks the normal catalytic cycle of enzyme (Capasso and Supuran, 2015). 

Anions may bind with tetrahederal or trigonal-bipyrimidal geometry with the catalytic zinc ion 

(Figure-2.3), depending, whether inhibitor binds to the fourth or fifth co-ordination site of zinc 

ion (Supuran and Scozzafava, 2007). 
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2.3.2 Crystal Structure of CA-II Complexed with Acetazolamide 

Acetazolamide (ACZ) is a well-known sulfonamide carbonic anhydrase inhibitor. This drug is 

used as an anti-glaucoma agent and also used to control seizures for the treatment of epilepsy. 

It is the first non-mercurial diuretic drug used clinically. Mountain climbers also use ACZ to 

prevent mountain sickness. Crystallographic studies have revealed many significant interactions 

of ACZ with CA-II. Acetazolamide binds directly with Zn and showed many other hydrophobic 

and hydrophilic interactions with residues in active site. Figure-2.4 depicts two direct hydrogen 

bonds of ACZ with water molecules (Sippel, Robbins, Domsic, Genis et al., 2009).  

 

 

Figure 2.3: Representation of α-CAs inhibition by A) sulfonamides  

and B) anionic inhibitors (Supuran and Scozzafava, 2007). 
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Figure-2.4: Structure of acetazolamide (ACZ) complexed with HCA-II. 

              (Fisher, Aggarwal, Kovalevsky, Silverman, and McKenna, 2012). 

2.4 Physiological Role of CA-II 

Carbonic anhydrase isozymes are distributed among human body, and responsible for several 

important processes of life. CAs are important for homeostasis regulation and removal of CO2 

from pulmonary vessels. CAs also maintain intraocular pressure by providing bicarbonate rich 

aqueous humour within the eye (Winum, Casini, Mincione, Starnotti, et. al. 2004). CA-IX is 

known to be involved in tumor progression and oncogenesis (Svastova, Hulikova, Rafajova, 

Zat'ovicova, et al, 2004), while CA-II is involved in calcification and osteoclast differentiations 

processes of body (Supuran and Scozaffava, 2007). Importance of carbonic anhydrase isozymes 

in various physiological processes of life suggests the use of carbonic anhydrase inhibitors in 

clinical use. Since the middle of the last century discovery of the catalytic mechanism of CAs 

inhibition opens up new ways for the development of carbonic anhydrase inhinbitors. High 

specificity is required for the tight binding of inhibitors with certain isozymes. This is the main 

reason that there is still an active research for the development of new inhibitors with enhanced 

specificity in their binding properties. 
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2.5 Clinical Inhibitors of CAs 

There are about 25 approved clinical inhibitors of CAs at present. Members of sulfamates, 

sulfonamides, and sulfamides are known clinical inhibitors of CAs. These inhibitors are used 

for the treatment of many diseases, such as antiepileptic, diuretics, mountain sickness, and 

edema.  Acetazolamide (specifically inhibit CA-II), dorzolamide, methazolamide, and 

brinzolamide are used for the treatment of glaucoma. Carbonic anhydrase inhibitors are also 

used for the management of metastatic tumor and hypoxia. Girentuximab, a sulfonamide CAs 

inhibitor is currently in clinical trials as potential anticancer agent (Supuran 2016). Structures of 

some important clinical inhibitors of carbonic anhydrases are presented in Figure-2.5. 

 

 

Figure-2.5: Some important clinical inhibitors of CA.
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2.6 Objectives of the Present Research Work 

Carbonic anhydrase is a ubiquitous metalloenzyme, present in all kingdoms from plants to 

humans. 15 isoforms of this enzyme are found in humans. This versatile enzyme is involved in 

important physiological processes, such as pH regulation, respiration, and fluid secretion by 

catalyzing the hydration of CO2 (dehydration of bicarbonate). Inhibitors of CAs have been used 

for decades as diuretics and as anti-glaucoma agents. CA inhibitors have also found their role in 

treatment of many other diseases, such as obesity and convulsions.  

CA isoforms are closely related to each other and their inhibition therefore require specificity 

towards single isoform. CA-II, being the most expressed isoform and due to its highest catalytic 

rate among all other isoforms of enzyme, is targeted by most of the inhibitors. 

Present clinical inhibitors are also associated with many adverse effects, and therefore it is 

needed to design and explore new inhibitors of carbonic anhydrase enzyme. Present research 

is focused on the discovery of new inhibitors specifically for BCA-II as lead molecules for the 

development of effective drugs against CAs-associated diseases. Objective of this study include: 

 To screen libraries of synthetic compounds of different classes against BCA-II. 

 To determine mechanism and type of inhibition of the most active inhibitors through kinetic 

studies of enzyme. 

 To evaluate cytotoxic potential of newly identified inhibitors. 

.  
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3 EXPERIMENTAL TECHNIQUES 

Enzyme inhibition could be monitored by using several techniques. Standard methods include 

flourometry, radiometric, and spectrophotometric measurements. Spectrophotometry is not 

only the most convenient method but also found to give the most accurate and reproducible 

results. Chromogenic substrates are used commonly when no colored product is formed during 

enzymatic reaction. Changes in the system due to enzymatic reactions are monitored at specific 

conditions of temperature and wavelength. 

3.1 Assay Protocol of Bovine Carbonic Anhydrase-II Inhibition 

Inhibition of CA-II (EC 4.2.1.1) is monitored by using chromogenic substrate, 4-Nitrophenyl 

acetate (4-NPA), a white colored compound is hydrolyzed in the presence of enzyme CA into 

CO2 and 4-nitrophenol, a yellow colored compound detectable at 400 nm. HEPES-TRIS buffer 

(20 mM, pH 7.4). 20 µL of test sample (prepared in DMSO), 20 µL of freshly prepared BCA-

II (prepared 0.1 mg/mL), and 140 µL of buffer were incubated for 15 min at 25 °C. After 

incubation, reaction was initiated by addition of 20 µL of 0.7 mM substrate, prepared in 95% 

ethanol (Shank, Doose, Streeter, and Bialer, 2005). Amount of product was monitored at 400 

nm for 30 min., with an interval of 1 min. using multiplate reader (Spectra Max M2, Molecular 

Devices, Sunnyvale, CA, USA). Reaction was performed in 96-well flat bottom plates in 

triplicate.  

 Materials  

Bovine carbonic anhydrase-II, and standard acetazolamide were purchased from Sigma Aldrich 

(St. Louis, USA) Cat# C-3934 and A6011, respectively. Substrate 4-nitrophenyl acetate was 

purchased from MP Bio (Illkirch-Graffenstaden, France) Cat# 160888. HEPES salt was 

purchased from Research Organics (Cleveland, USA) Cat # 6003H, Tris-(hydroxymethyl)-

aminomethane (reagent grade) was purchased from Scharlau (Cat# TR0423). All solvents 

(DMSO and ethanol) were of reagent grade. 
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 Protocol for IC50 Value Determination  

Standard potocols were used with slight modifications to determine IC50 values of the most active 

compounds. Serial dilutions of test samples were prepared, and incubated for 15 min. with 

enzyme (0.1 mg/mL) and buffer at 25 °C. Amount of product formation was measured after 

adding 20 µL of 0.7 mM substrate at 400 nm using a spectrophotometer (Spectra Max M2, 

Molecular Devices, Sunnyvale, CA, USA). 

3.2 Assay Protocol for Kinetic Parameters 

Kinetic reactions were performed by incubating enzyme with different concentrations of test 

compounds for 15 min, and initiating reaction after addition of different concentrations of  

substrate (0.175, 0.35, 0.7, and 1.4 mM). Degradation of substrate to product was observed 

continuously for 30 min at 25 °C, using an ELISA plate reader  (Carrie and Gilmour, 2016; 

Mirjafari, Asghari, and Mahinpey, 2007) 

Competitive, non-competitive, mixed, and uncompetitive type of inhibition is observed in 

different inhibitors with the enzyme. Mechanism of inhibition was investigated by finding out 

various kinetic parameters like Km, Ki, and Vmax values. 

 Determination of Type of Inhibition 

Effect of different inhibitor concentrations on Km and Vmax (see glossary) values was observed 

to determine type of inhibition, with the help of Lineweaver-Burk plot. Slope of each line of 

Lineweaver-Burk plot was plotted against different inhibitor concentrations for determination 

of dissociation constant (Ki) (see glossary), in secondary replot of Lineweaver-Burk plot. 

Dissociation constant (Ki) and type of inhibition were further confirmed by Dixon plot, which 

is constructed between reciprocal of rate of reaction and different inhibitor concentration.  

3.3 MTT Assay for Cytotoxicity Evaluation 

3.3.1 Principle  

MTT (3-[4, 5-Dimethylthiazole-2-yl]-2, 5-diphenyl-tetrazolium bromide) colorimetric assay was 

used to evaluate the cytotoxicity of active compounds. Reduction of yellow colored MTT to 
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purple colored insoluble formazan salt by succinate dehydrogenase, a mitochondrial enzyme, 

is characteristic of live cells (Figure-3.1). Viability of cells is therefore measured through this 

assay (Vega-Avila and Pugsley, 2011). 

Figure 3.1: Principle of MTT Assay (Ebada, Edrada, Lin, and Proksch, 2008). 

3.3.2 Protocol 

3T3 mouse fibroblast cell line was cultured using DMEM, supplemented with 10% FBS, 100 

µg/mL of streptomycin and 100 IU/mL of penicillin, and incubated at 37 °C and 5% CO2. At 

confluence, cells were seeded at density of 1 x 10
4
 cells/mL into each well of 96- well flat-

bottomed plate with 100 µL of cell culture media. After overnight incubation, media was 

replaced with 200 µL of fresh media containing test samples, and incubated for further 48 hr. 

After careful aspiration of this media, 200 µL of MTT (0.5 mg/mL) was added and kept for 4 

hrs.  Amount of reduction of MTT to formazan was measured at 560 nm using ELISA plate 

reader (Spectra Max-384, Molecular Devices, CA, USA) (van Meerloo, Kaspers, and Cloos, 

2011). Cytotoxicity index was measured as the concentration giving 50% growth inhibition (IC50) 

for 3T3 cells.  

3.4 Statistical Analysis 

Each reaction was performed as triplicate. Suitable controls of standard inhibitor acetazolamide 

(positive control) and DMSO (negative control) were used with each assay. Results were 
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reported as mean of three independent experiments, and standard error of mean (SEM) was 

calculated for each value. 

Percent inhibition was calculated by the following formula; 

 

Compounds which exhibited more than 50% activity at 200 µM were selected for IC50 

experiments. IC50 values were calculated after suitable dilutions of the compounds. The EZ-fit 

enzyme kinetics software from Perrella Scientific (Amherst, NH, USA) was used to calculate 

the IC50 values. Graphs for determination of kinetic parameters (Km, Ki, and Vmax) were 

plotted, by using Grafit 7 software (Erithacus Software Limited, UK).

% Inhibition = [100 - (Absorbance of test sample/Absorbance of control) x 100] 
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4 RESULTS AND DISCUSSION  

4.1 Screening for Carbonic Anhydrase-II Inhibition 

Primary structure and basic amino acid sequence of bovine carbonic anhydrase is 87% similar 

to that of human carbonic anhydrase (Bijari, Ghobadi, Mahdiuni, Khodarahmi, and Ghadami, 

2015). Therefore bovine carbonic anhydrase II was used as a model in present study to identify 

new inhibitors of CA-II enzyme for human use. 

Over 350 fully characterized synthetic compounds of different classes were evaluated for their 

CA-II inhibitory potential, through a mechanism-based biochemical assay. This led to the 

identification of 58 new inhibitors. These inhibitors belong to different chemical classes, and 

were identified as new inhibitors of CA-II. 

4.1.1 Bis-Indoles  

4.1.1.1 Introduction 

Indole and its derivatives are well known for their diverse biological activities and their uses in 

therapeutics. Indoles and bisindole moieties are found in natural and synthetic chemical 

compounds. Bisindolylmethanes are important derivatives of indoles, and have attracted 

attention of various researchers (Imran, Taha, Ismail, Fayyaz, et al., 2016). They are useful for 

the treatment of various diseases and known for several biological activities, such as: 

 

 Anti-cancer (Grosso, Cardoso, Lemos, Varela,  et al., 2015) 

 Analgesic (Baig, Shelke, Kumar, and Sah, 2016) 

 Antioxidant (DPPH radical scavenger), (Khan, Rahim, Wadood, et al., 2014) 

 Anti-inflammatory (Sarva, Harinath, Sthanikam, Ethiraj,  et al., 2016) 

 Anti-tumor (Carbone, Parrino, Barraja, Spanò,  et al., 2013) 

 Anti-protozoal (Khan, Rahim, Shah, et al., 2014) 

 Anti-bacterial (Sarva, Harinath, Sthanikam, Ethiraj et al., 2016) 
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4.1.1.2 Results  

 Bisindolylmethanes derivatives were synthesized by the research group of Prof. Dr. Khalid M. 

Khan S.I., T.I., at H. E. J. Research Institute of Chemistry. A total of 45 derivatives were evaluated 

against bovine carbonic anhydrase-II. Results showed that halogen group at C-5 significantly 

increases the inhibitory activity.  

 Compounds 23, 24, 27, 28, and 43, showed potent inhibition with IC50 values in the range 

of 14.4 to 20.22 µM, when compared with standard acetazolamide (IC50 = 0.18 ± 0.4 µM). 

 Compounds 6, 13, 21, 26, 38, 39, and 42 showed a moderate activity against BCA-II (IC50 

= 28.86 to 58.12 µM). 

 While compounds 25,29, 34, 36, 37, and 38 weakly inhibited CA-II (IC50 = 63.92 – 176.0 

µM), as compared to standard acetazolamide (IC50 = 0.18 ± 0.4 µM). 

  All other compounds were found to be  inactive with less than fifty percent inhibition. 

Complete results are shown in Table-4.1. 

Table-4.1: BCA-II Inhibition by bisindoles derivatives 1-45. 

 

Compound R R1/R2 
IC50 ± SEM* 

µM 

1  
 

H NA** 

2  

 

H NA 
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3  

 

H NA 

4  

 

H NA 

5  

 

H NA 

6  

 

H 35.93 ± 0.39 

7  

 

H NA 

8  

 

H NA 

9  

 

H NA 

10  

 

H NA 

11  

 

H NA 

12  

 

H NA 
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13  

 

H 58.12 ± 0.52 

14  

 

H NA 

15  

 

H NA 

16  
 

Cl NA 

17  

 

Cl NA 

18  

 

Cl NA 

19  

 

Cl NA 

20  

 

Cl NA 

21  

 

Cl 44.53 ± 0.86 

22  

 

Cl NA 

23  

 

Cl 15.6 ± 0.79 
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24  

 

Cl 14.3 ± 2.4 

25  

 

Cl 68.9 ± 0.14 

26  

 

Cl 45.52 ± 0.84 

27  

 

Cl 16.3 ± 0.09 

28  

 

Cl 20.22 ± 0.39 

29  

 

Cl 176.0 ± 0.34 

30  

 

Cl NA 

31  
 

Br NA 

32  

 

Br NA 

33  

 

Br NA 

34  

 

Br 90.36 ± 2.78 
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35  

 

Br NA 

36  

 

Br 65.16 ± 1.3 

37  

 

Br 63.92 ± 1.73 

38  

 

Br 28.86 ± 0.71 

39  

 

Br 44.28 ± 1.27 

40  

 

Br 83.14 ± 0.71 

41  

 

Br NA 

42  

 

Br 40.31 ± 0.29 

43  

 

Br 18.8 ± 0.49 

44  

 

Br NA 
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45  

 

Br NA 

Acetazolamide 

(Standard) 
 

0.18 ± 0.04 

 

        *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 

4.1.1.3 Structure-Activity Relationship (SAR) 

Initial SAR proposed for these bisindole derivatives suggested that the presence of halogen 

substituents on indole ring increases the activity as compared to their unsubstituted analogue. 

Electron donating effect of halogens may activate the indole ring for π-π interactions with 

aromatic residues in the active site of enzyme. These halogens may also increase the hydrogen 

bonding ability of indole nitrogen with surrounding residues of active site. 

 Effect of Alkyl, Phenyl, and Naphthalene Substitution 

Compounds bearing alkyls or unsubstituted phenyl substituents (Compounds 1 - 3, 31 - 33, and 

16 - 18) were found to be inactive. Except compound 34 (IC50 = 90.36 ± 2.36 µM) all other 

compounds with substituted or unsubstituted naphthalene (compounds 4, 5, 19, 20, and 35) 

were found to be inactive.   

 Effect of Nitro Substitution 

Nitro substitution on extended part of sulfonamide was found to be particularly important for 

inhibitory activity. Compounds bearing ortho nitro substitution were found to be more active 

(Compound 6 IC50 = 35.93 ± 0.39 µM, compound 21 IC50 = 44.53 ± 0.86 µM, and compound 

36   IC50 = 65.16 ± 1.3 µM) than para nitro substituted derivatives (compounds 7, 22, and 37 IC50 

= 63.92 ± 1.73 µM). 
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Compounds 23, and 38 bearing dinitro substitutions on extended part of sulfonamide were 

found to be more active (IC50 = 15.6 ± 0.79, and 28.86 ± 0.71 µM, respectively) when compared 

with the mono substituted derivatives. Oxygen of the nitro group may be involved in 

coordination with the zinc in catalytic site of enzyme resulting in inhibition of enzyme’s activity. 

 Combined Effect of Nitro and Methyl Substituents 

Comparable changes in inhibitory activities were observed when methyl was substituted at ortho 

position along with nitro at meta position in compounds 24 and 39 (IC50 = 14.3 ± 2.4, and 44.28 

± 1.27 µM, respectively).  

 Combined Effect of Nitro and Chloro Groups 

Only weak inhibition of enzyme with IC50 = 68.9 - 83.14 µM was observed when nitro is present 

at meta position and chloro at para position in compounds 25, and 40. Oxygen of o-nitro group 

seems to be involved in hydrogen bonding with important side chain residues, resulting in better 

inhibitory activity when compared with chloro and methyl substituted derivatives. 

 Effect of mono and tri-Chloro Substitutions 

Among mono chloro substituted derivatives (compounds 11, 26, and 41), only compound 26 

showed a moderate inhibition (IC50 = 45.52 ± 0.84 µM), when compared with standard drug 

acetazolamide (IC50 = 0.18 ± 0.04 µM).   

Substitution of tri-chloro (compounds 12, 26, and 42) resulted in increased inhibitory activity, 

when compared with mono chloro substituted derivatives. Compounds 26, and 42 showed IC50 

values of 16.3 ± 0.09 and 40.31 ± 0.29 µM, respectively. Electron donating effect of chlorine, 

when present on benzene ring, might also increase its ability to interact hydrophobically with 

amino acids in the active site or in the hydrophobic pocket of the enzyme CA-II. 

 Combined Effect of Hydroxyl and Chloro Groups 

Significant increase in inhibitory activity was observed when one of the chloro group is replaced 

with a hydroxyl group at ortho position (compounds 13, 28, and 43). These derivatives showed 
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a good to moderate inhibition (IC50 values in the range of 18.8 - 58.12 µM).  Hydroxyl group 

may form hydrogen bonds with residues present in the active site of enzyme CA-II.  

 Combined Effect of Methoxy and Halogen Groups 

Substitution of methoxy group reduces the inhibitory activity in compounds 14, 15, 29, 30, 44, 

and 45. As methoxy is weak hydrogen bond acceptor than hydroxyl, only compound 29 showed 

a low inhibition (IC50 = 176.0 ± 0.34 µM).  When compared with compound 30 bearing a bromo 

at the same position as chloro, it was found to be inactive. Therefore it could be suggested that 

chloro group is responsible for inhibitory activity.  These results signifies the effect of different 

substituents, and their position on phenyl ring on inhibitory activities of bisindole derivatives. 

4.1.2 Thiourea Derivatives 

4.1.2.1 Introduction 

Thiourea moiety is known to possess tremendous importance in the synthesis of various 

important molecules, such as guanidines, amides, and many other heterocyclic molecules. 

Therefore thiourea derivatives are a subject of great interest in medicinal, pharmaceutical, and 

synthetic chemistry (Imran, Taha, Ismail, Fayyaz,  et al., 2015). Reported biological activities of 

thiourea are present below: 

 

 Fungicides (Min, Yang, Sun, Tan,  et al., 2014) 

 Herbicides (Paunescu, Zgurschi, Soare, Man,  et al., 2016) 

 Rodenticides  (Kamalulazmy, Mutalib, Nasir, and Hassan, 2016) 

 Anti-inflammatory (Moneer, Mohammed, and El‐Nassan, 2016) 

 Analgesic (Shoaib, Bari, Tahir, and Shah, 2014) 

 Anti-microbial (Bielenica, Stefańska, Stępień, Napiórkowska, et al., 2015)  

 Anti-cancer (Ansari, Deshmukh, Khan, and Musaddiq, 2014) 
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4.1.2.2 Results  

Thiourea derivatives of bisindoles were synthesized by the collaborating research group of Prof. 

Dr. Khalid M. Khan S.I., T.I., at the H. E. J. Research Institute of Chemistry. Total 29 derivatives 

were screened, out of which 14 derivatives were found active against bovine carbonic   

anhydrase-II.  

 Compounds 47, 53 – 56, 58, 64, and 70 showed a good inhibition with IC50 values in the 

range of 30.1 ± 1.31 µM to 45.9 ± 2.86 µM. 

 Compounds 49, 57, and 59 moderately inhibited the BCA-II enzyme (IC50 = 54.36 ± 3.08  

µM to 70.36 ± 0.49 µM) 

 While compounds 48, 50, 60, and 62 weakly inhibited the BCA-II, and showed IC50 values 

greater than 100 µM.  

Complete results are shown in Tables-4.2 and 4.3. 

 

Table-4.2: BCA-II Inhibition by type-I thiourea derivatives 46 – 68. 

 

 

Compound R R1/ R1’ R2/ R2’ 
IC50 ± SEM* 

µM 

46 

 

H H NA** 
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47 

 

H H 45.9 ± 2.86 

48 

 

H H 112.0 ± 2.4 

49 

 

H H 68.3 ± 1.14 

50 

 

H H 131.0 ± 2.06 

51 

 

H H NA 

52 

 

Br H NA 

53 

 

Br H 32.3 ± 0.61 

54 

 

Br H 42.9 ± 0.69 

55 

 

Br H 33.0 ± 0.65 

56 

 

Br H 30.1 ± 1.31 

57 

 

Br H 70.36 ± 0.49 
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58 

 

Cl H 39.67 ± 0.43 

59 

 

Cl H 54.36 ± 3.08 

60 

 

Cl H 138.81 ± 2.37 

61 

 

Cl H NA 

62 

 

Cl H 136.77 ± 2.24 

63 

 

H CH3 NA 

64 

 

H CH3 44.09 ± 1.37 

65 

 

H CH3 NA 

66 

 

H CH3 NA 

67 

 

H CH3 NA 

68 

 

H CH3 NA 
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       *IC50 Values are given as mean (n = 3) ± standard error of mean; ** NA = Not active 

 
 

Table-4.3: BCA-II Inhibition by type-II thiourea derivatives 69 – 74. 

Compound R R1/R1' R2/ R2' 
IC50 ± SEM* 

µM 

69 

 

H H NA** 

70 

 

H H 32.88 ± 1.4 

71 

 

H H NA 

72 

 

H H NA 

73 

 

H H NA 

74 

 

H H NA 
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Acetazolamide 

(Standard) 
 

0.18 ± 0.04 

              *IC50 Values are given as mean (n = 3) ± standard error of mean; ** NA = Not active 

4.1.2.3 Structure-Activity Relationship 

Two types of derivatives were present in the series of thiourea derivatives. Type-I contains 

compound 46 – 68 with thiourea group attached at para to bisindolyl moiety. Type-II in which 

thiourea group is attached meta to bisindolyl moiety (compounds 69 – 74). SAR obtained from 

the bioassay results indicated the role of halogen substitutions on bisindole ring, as observed in 

the previous class as well. Halogens might affect hydrogen bonding ability of -NH of indole ring 

during the formation of ligand-receptor complex. 

 

 

Compounds 46, 52, 63, and 69 with unsubstituted phenyl ring showed less than 50% inhibition, 

and therefore considered as inactive. It is therefore suggested that suitable substitutions are 

necessary for the inhibitory activity of CA-II enzyme. 

 Effect of Nitro Group 

Figure-4.1: General SAR proposed for thiourea derivatives 46-74. 
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Four derivatives with nitro substitution at para position were screened; all of them showed a 

significant inhibition of CA-II enzyme (IC50 values in the range of 32.3 to 45.9 µM). Compound 

64 was the only compound which showed a significant inhibition (IC50 = 44.09 ± 1.37 µM) of 

enzyme CA II, when methyl was present instead of halogens at indole ring (compounds 63 - 

68). Similarly among type-II derivatives (69 - 74), only compound 70, bearing a para nitro 

substitution, showed a good enzyme inhibition (IC50 = 32.88 ± 1.4 µM). All other type -II 

derivatives were found to be inactive. Oxygen of nitro group apparently interact directly with Zn 

ion at the active site of enzyme and inhibits its activity. Second oxygen of nitro may also form 

hydrogen bonds with the side chain residues. 

 Effect of Halogen Substitutions 

Compound 48 with a chloro at meta position, showed only a weak inhibition (IC50 = 112.0 ± 2.4 

µM) of enzyme CA-II. Activity increases significantly (IC50 = 42.9 ± 0.69 µM) in compound 54, 

which showed a comparable activity to compound 59 (IC50 = 54.36 ± 3.08 µM). Only structural 

difference in these compounds is the presence of different substituents at C-5 of bisindole ring. 

Dichloro substituted derivatives 49, 55, and 60 were found to be more active (IC50 values in the 

range of 33.0 - 138.81 µM) than mono substituted compounds. Electron donating effect of two 

chloro groups might increase the ability of these compounds to interact via π-π interactions with 

the aromatic amino acid residues in the active site of enzyme CA II. 

Compound 50, bearing a bromo group at meta position showed only a weak inhibition (IC50 = 

131.0 ± 2.06 µM).Compound 56 (IC50 = 30.1 ± 1.31 µM) showed the highest activity among all 

derivatives, bearing same substitution at phenyl (m-bromo) but bromo at C-5 of bisindole ring. 

Surprisingly when chlorine is present at C-5 position of bisindole group as in compound 61, it 

was found to be inactive. 

 Effect of Ester Group 

Compounds in which an ester substituent is attached to thiourea instead of aryl, showed a 

moderate to weak enzyme inhibition. Compound 57 showed a moderate enzyme inhibition 

(IC50 = 70.36 ± 0.49 µM). Two fold decrease in activity (IC50 = 136.77 ± 2.24 µM) was observed 

in the presence of chloro at C-5 of indole ring in compound 62.  
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Generally enzyme inhibitory activities of all derivatives decreased when bromine is replaced 

with a chlorine. It further decreased when halogens were replaced with hydrogen at C-5 of 

indole ring. Increased hydrophobicity of bromine, as compared to chlorine, may be responsible 

for the observed behaviour. 

Substituents like chloro or nitro increase the activity when present at para position of phenyl. 

Nitro substituted analogues were found to be good inhibitors, nitro group can also act as 

hydrogen bond acceptor and interact with the residues in the active site of enzyme, resulting in 

significant inhibition of CA-II activity. 

4.1.3 Benzophenone Sulfonamides  

4.1.3.1 Introduction  

Members of the benzophenone class are found in nature with diverse structural and medicinal 

properties. The core structure of benzophenone possess a phenyl-carbonyl-phenyl ring. 

Benzophenone and its derivatives are known to possess a wide range of biological activities (Wu, 

Long, and Kennelly, 2014). Some important biological activities of this class are: 

 

 Anti-fungal (Lal, Gupta, Thavaselvam, and Agarwal, 2013) 

 Antioxidant (Hou, Feng, Zhuo, and Sun, 2015) 

 Anti-cancer (Sales, Pezuk, Borges, Brassesco,  et al., 2015) 

 Anti-viral (Lei, Lin, Han, Ma, et al., 2017) 

 As UV-light filters (Kim and Choi, 2014) 

 Anti-bacterial (Ukwueze, Osadebe, and Okoye, 2015) 

 Anti-HIV (Ge, Xu, Song, and Ma, 2016) 

4.1.3.2 Results  

In the present study, 40 derivatives of benzophenone sulfonamides were evaluated for CA-II 

enzyme inhibitory activity. These derivatives were synthesized by the research group of Prof. 
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Dr. Khalid M. Khan S.I., T.I., at the H. E. J. Research Institute of Chemistry. Total 13 derivatives 

showed inhibition activity against BCA-II enzyme. Complete results are presented in Table-4.4. 

 

 Compounds 87, 77, 81, 108, 98, and 110 showed a good inhibition with IC50 values in the 

range of 31.77 to 50.79 µM. 

 Compounds 111 and 112 moderately inhibted the CA-II enzyme (IC50 = 68.05 ± 0.8, and 

62.45 ± 1.22 µM, respectively). 

 Weak inhibition activity was observed for compounds 96, 101, 100, and 113, and 114 with 

IC50 values in the range of 118.2 to 154.7 µM. 

 All other compounds were found to be inactive with enzyme inhibition less than 50%. 

Table-4.4: BCA-II Inhibition by benzophenone sulfonamide derivatives 75-114. 

 

Compound R R1 
IC50 ± SEM* 

µM 

75 

 

H NA** 

76 

 

H NA 

77 

 

H 41.2 ± 0.83 

78 

 

H NA 
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79 

 

H NA 

80 

 

H NA 

81 

 

H 50.79 ± 1.59 

82 

 

H NA 

83 

 

H NA 

84 

 

H NA 

85 

 

H NA 

86 

 

H NA 

87 

 

H 31.77 ± 0.83 

88 

 

H NA 
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89 

 

H NA 

90 

 

H NA 

91 

 

H NA 

92 

 

H NA 

93  H NA 

94 

 

H NA 

95 

 

OH NA 

96 

 

OH 118.2 ± 1.65 

97 

 

OH NA 

98 

 

OH 37.08 ± 0.23 

99 

 

OH NA 
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100 

 

OH 154.7 ± 1.69 

101 

 

OH 138.9 ± 0.04 

102 

 

OH NA 

103 

 

OH NA 

104 

 

OH NA 

105 

 

OH NA 

106 
 

OH NA 

107  OH NA 

108 
 

OH 44.17 ± 0.51 

109 

  

NA 

110 

  

37.4 ± 1.68 
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111 

 
 

68.05 ± 0.8 

112 

  

62.45 ± 1.22 

113 

  

103.7 ± 1.58 

114 

 

NO2 136.7 ± 0.8 

Acetazolamide 

(Standard) 
 

0.18 ± 0.04 

 
*IC50 Values are given as mean (n = 3) ± standard error of mean 

                  ** NA = Not active 

4.1.3.3 Structure-Activity Relationship 

Results from this study indicated that substitutions at C-4 of benzophenone ring is important for 

activity of compounds. Three types of substitutions were present in these compounds. Several 

important structural features were identified during initial SAR studies. 

 Unsubstituted Benzophenone Ring 

Three compounds with unsubstituted benzophenone ring showed a good inhibition of CA-II 

enzyme, while others having bulkier substituents, such as naphthalene and amino naphthalene, 

methoxy, or either alkyl substitutions (75, 78 - 80,  82 - 86, and 89 - 94) were found to be inactive. 

Compound 76 with para chloro substituent was found to be inactive. While presence of chloro 
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group adjacent to a sulfonamide in compound 77 increases its activity (IC50= 41.2 ± 0.94 µM), 

due to electron donating effect of chlorine. Steric crowding apparently dominated in compound 

81, and resulted in slightly decreased activity (IC50 = 50.79 ± 1.59 µM), as compared to 

compound 77. Compound 87 with two nitro groups at ortho and para positions showed the 

most potent activity (IC50 = 31.77 ± 0.83 µM) in the series.  Oxygen of nitro group might be 

involved in direct binding with Zn in the catalytic site of enzyme CA-II. 

 Substitution of Hydroxyl at Benzophenone Ring 

Compound 95, having unsubstituted phenyl ring, was found to be inactive.  Five compounds 

showed a good to weak inhibition, as compared to standard acetazolamide (IC50 = 0.18 ± 0.04 

µM), when hydroxyl group is substituted at C-4 of benzophenone ring. Compound 96 bearing 

mono chloro substitution at ortho position showed only a weak enzyme inhibition (IC50 = 118.2 

± 1.65 µM), while enzyme inhibition activity increases (IC50 = 37.08 ± 0.23 µM) in compound 98 

bearing two chloro substituents at ortho and meta positions. Increased hydrophobicity due to 

two chloro groups might increase the hydrophobic interactions with surrounding residues of 

active site. Several fold decrease in activity was observed in compounds 100, and 101 (IC50 = 

154.7 ± 1.69 and 138.9 ± 0.04 µM, respectively). Increased steric hinderance may lead to 

decreased activity. When aryl group was replaced with a propyl in compound 108, good 

inhibitory activity (IC50 = 44.17 ± 0.51 µM) was observed. Propyl being more activating as 

compared to methyl in compound 107 increases the ability of sulfonamide group to coordinate 

with Zn in the active site of CA-II enzyme. Compounds 99, and 104 - 106 with bulkier groups, 

such as tri-chloro, methoxy, ethyl chloride, and dimethylamino naphthalene, were found to be 

inactive. Nitro substituted derivatives 102 and 103 also showed less than 50% enzyme inhibition, 

and thus considered inactive against CA-II enzyme. 

 Substitution of N, N-Dimethyl at Benzophenone Ring 

Electron donating effect of dimethyl amino might activated the benzophenone ring for π-π 

stacking with aromatic amino acid residues present in the active site of CA-II. 

Five derivatives, bearing dimethylamino group at C-4 of benzophenone, were screened. Out of 

which four compounds showed some level of inhibition of CA-II enzyme. Parent compound 
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109 with unsubstituted phenyl was found to be inactive. Compound 110 was found to be the 

most active compound (IC50 = 37.48 ± 1.68 µM). Combined effect of two methyls and chloro 

groups might increase the ability of a compound to interact hydrophobically with the side chain 

residues of CA-II enzyme.  Decrease in activity was observed in compounds 111, and 112 (IC50 

= 68.05 ± 0.8 and 62.45 ± 1.22 µM, repectively).Oxygen of nitro  might involve in hydrogen 

bonding but electron withdrawing effect of nitro group may cause decreased enzyme inhibition 

activity. Further decrease in activity (IC50 = 103.7 ± 1.58 µM) was observed when methoxy was 

present para to sulfonamide as in compound 113.  Decreased hydrophobicity in the presence 

of methoxy might be responsible for lower activity. 

 Substitution of Nitro at Benzophenone Ring 

When nitro was substituted at C-4 of benzophenone ring, only compound 114, showed a weak 

(IC50 = 136.7 ± 0.8 µM) enzyme inhibition activity. Presence of activated naphthalene adjacent 

to sulfonamide group may be responsible of the observed activity. 

SAR presented above is not conclusive due to limited number of compounds. Better 

understanding of SAR for this class requires a much larger library of compounds to understand 

the effect of various structural features on the inhibition of CA-II enzyme. 

4.1.4 Imidazolones 

4.1.4.1 Introduction 

Imidazoles are important heterocyclic compounds. Five membered heterocylic ring of 

imidazolones consists of two nitrogen atoms with carbonyl group. This makes it attractive for 

derivatization and synthesis of many important lead molecules (Kortiwala, Patel, and Desai, 

2016). 5-Imidazolones are specially known for their biological activities, a few of them are 

presented below: 

 Antioxidant (Sadula and Peddaboina, 2015) 

 Anti-epileptic (Poojitha, Mounika, Raju, and Rao, 2015; Rundfeldt and Löscher, 2014) 

 Anti-microbial (Dhingra, Chopra, Dass, and Mittal, 2016) 
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 Anti-cancer (AK, Bodke, Gowda, Sambasivam, and Bhat, 2016) 

 Anticonvulsant (Poojitha, Mounika, Raju, and Rao, 2015) 

 Anti-bacterial (Chandrashekarachar, Chaitramallu, Rekha, Kesagudu, and Ranjini, 2016) 

 Anti-inflammatory ( Dhingra, Chopra, Dass, and Mittal, 2016) 

 Herbicidal (Braga, Chelazzi, Grepioni, Nanna, et al., 2014) 

 Anti-fungal (Voosala, Yellajyosula, Uppuleti, and Kilaru, 2014) 

 Xanthine oxidase inhibitor (Chopra, Dhingra, Kapoor, and Parsad, 2015) 

4.1.4.2 Results  

Series of twenty five (25), 5-substituted imidazolones were synthesized at H. E. J. Research 

institute by the research group of Prof. Dr. Khalid M. Khan. All derivatives which showed 

inhibition were found to be new inhibitors of BCA-II enzyme. 10 compounds showed a 

moderate to weak inhibition of BCA-II enzyme. Results of selected compounds are shown in 

Table-4.5. 

 Compounds 116, and 123 showed a moderate enzyme inhibition (IC50 = 88.7 ± 2.17 and 

97.4 ± 5.3 µM, respectively). 

  Most of the compounds (117, 118, 119, 122, 124, 125, 126, and 128) showed a weak 

enzyme inhibition with IC50 values in the range of 107.0 to 193.0 µM. 

 All other compounds showed insignificant inhibition i.e. less than 50% inhibition. 

Table-4.5: BCA-II Inhibition by imidazolone derivatives 115 - 128. 
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Compound R R1 
IC50 ± SEM* 

µM 

115 

 

OH NA** 

116 

 
 

88.7 ± 2.17 

117 

  

179.5 ± 3.92 

118 

  

177.0 ± 1.5 

119 

  

164.0 ± 5.11 

120 

 

 

NA 

121 

 

 

NA 

122 

 
 

141.0 ± 4.87 
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123 

 
 

97.4 ± 5.3 

124 

 
 

112.0 ± 5.48 

125 

  

107.0 ± 8.84 

126 

  

152.0 ± 1.27 

127 

  

NA 

128 

 

 

193.0 ± 2.48 

Acetazolamide 

(Standard) 
 

0.18 ± 0.04 

 

       *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 
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4.1.4.3 Structure-Activity Relationship 

Derivatization of these imidazolones was largely carried out by substituting either at alpha 

nitrogen or by placing different substituents on the benzylidene ring. Inhibition activity of 

imidazolones largely dependent on the nature of substitution at benzylidene ring.  

 

 

Figure-4.2: General SAR of imidazolone derivatives 115 - 128. 

Compound 115 is the only compound bearing hydroxyl substituent at nitrogen. However, this 

compound showed was found to be inactive against CA II enzyme. Moderate inhibition was 

shown by compound 116 (IC50 = 88.17 ± 2.17 µM) bearing para hydroxyl group at benzylidene. 

Di-methyl substituted phenyl ring was apparently involved in the inhibition of enzyme activity.  

The only compound in which benzylidene ring was replaced with a heterocycle is compound 

117 which exhibited a weak (IC50 = 179.5 ± 3.92 µM) enzyme inhibition activity. Electronegativity 

of furan ring, as compared to phenyl, could be the reason for this weak enzyme inhibition. 

However due to unavailability of any other derivative with heterocyclic substitution, complete 

SAR cannot be proposed. 

 Effect of Ethoxy Group 

Three derivatives bearing ethoxy group attached at ortho position of benzylidene ring were 

evaluated. Compounds 118, and 119 showed only weak enzyme inhibition (IC50 = 177.0 ± 1.5 

and 164.0 ± 5.11 µM, respectively) CA-II enzyme, whereas compound 120 was inactive. 

Dimethoxy substitutions in compounds 118, and 119 apparently activated the phenyl ring for 
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π-π interactions with aromatic amino acid residues of CA-II enzyme. This effect increases as  

two methyl moved to ortho and para positions in compound 119, as compared to compound 

118, where these methyls were present at ortho and meta positions.  

 

 

 

 Combined Effect of Methoxy and Benzyloxy Groups 

When benzylidene ring was substituted with a para methoxy and meta benzyloxy group, three 

out of four derivatives showed a moderate to weak inhibition. Compound 123 bearing methyl 

groups at ortho and para positions showed highest activity (IC50 = 97.4 ± 5.3 µM) among four 

derivatives. Di-ortho substitution of these methyl groups in compound 124 slightly decreased 

the inhibition potential (IC50 = 112.0 ±5.48 µM). While activity further decreased in compound 

122 (IC50 = 141.0 ± 4.87 µM). Different positions of these methyl substituents may affected the 

inhibition activity of these compounds.  

 Combined Effect of Chloro and Methoxy Groups 

When benzylidene ring was substituted with three substituents, chloro at ortho position and two 

methoxy at meta and para positions in compounds 125 – 128. Three of four of these derivatives 

showed a weak inhibition with IC50 values in the range of 107.0 – 193.0 µM. 

These results suggested that, compounds with dimethylated ring were more active than their 

monosubstituted analogues. Ring activating effect of methyl is highest at para position, and 

therefore compounds bearing methyl group at para position showed highest activity irrespective 

of substitution at benzylidene moiety.  

Compounds in which benzylidene ring is substituted with acetyl, nitro, methoxy and bromo 

substituent were found inactive. Dichloro substitutions at benzylidene ring also showed 

insignificant inhibition. 
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4.2 Results of Enzyme Kinetic/Mechanistic Studies 

We have performed systematic screening of more than 350 synthetic compounds against BCA-

II during the preliminary phase. For better understanding of therapeutic potential of newly 

identified inhibitors, we performed mechanistic studies on selected active compounds.  

To determine the type of inhibition and dissociation constant (Ki) values, three different 

methods were employed i.e., Lineweaver- Burk plot, secondary re-plot of Lineweaver- Burk 

plot, and Dixon plot, as explained in Section 3.2. 

4.2.1 Kinetic Parameters during Different Modes of Inhibition 

Enzyme kinetic studies determined the mode of inhibition of specific inhibitor. Rates of reaction 

was monitored, and certain parameters were calculated. 

 Determination of Type of Inhibition and Ki Values 

Type of inhibition and Ki values were determined by using three different methods. Lineweaver-

Burk plot was used to determine the effect of substrate concentrations on Vmax and Km values, 

reciprocal of reaction rates were plotted against reciprocals of substrate concentration. Secondly, 

Ki values were determined by using secondary re-plot of Lineweaver-Burk plot, slope of each 

different concentrations of inhibitors were plotted against inhibitor concentrations. Finally, 

Dixon plot was used to further confirm the Ki values, and type of inhibition. 

 Changes in Kinetic Parameters during Different Modes of Inhibition 

An inhibitor can inhibit enzyme’s activity either by inhibiting the formation of enzyme-substrate 

complex, i.e. by competing with substrate for active site or it may binds with enzyme-substrate 

complex at allosteric site. Changes observed in different parameters and possible binding sites 

of inhibitors during different modes of inhibition are presented in Table-4.6. 

Table-4.6: Kinetic parameters in different mode of inhibition. 
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S. No. TYPE OF INHIBITION 
BINDING SITE 

OF INHIBITOR 

APPARENT 

Km 

APPARENT 

Vmax 

01 Competitive Free enzyme Increases Unaffected 

02 Non-Competitive 
Free enzyme or 

ES complex 
Unaffected Decreases 

03 Uncompetitive ES complex Decreases Decreases 

04 Mixed inhibitors 
Free enzyme or 

ES complex 

Increases/ 

Decreases 

Decreases 

 

4.2.2 Kinetics Studies on Acetazolamide (Standard Inhibitor)  

Acetazolamide (ACZ), 5-acetamido-1,3,4-thiadiazole-2-sulfonamide, is clinically used for the 

treatment of glaucoma. It is also used for the treatment of high altitude sickness, chronic macular 

edema, central sleep apnea, and epilepsy. Acetazolamide was used as a standard to optimize 

kinetic parameters. Concentration of substrate 4-nitrophenyl acetate was varied between 0.175 

- 1.40 mM.  Km, Vmax, and Ki values were determined by using Grafit software version, 7.0. 

Km remained same throughout the experiment, while Vmax was gradually decreased. These 

results further confirmed the non-competitive mode of inhibition by acetazolamide. This means 

that the inhibitor binds with allosteric site of the enzyme rather than active site. Kinetic 

parameters are presented in Table-4.7, and Figure-4.3. 

4.2.3 Kinetic Studies on Bisindoles 

Mechanism-based kinetic studies were performed on most active bisindole derivatives 23, 27, 

28, 38, and 43. These derivatives inhibited BCA-II with Ki values in the range of 8.6 – 18.2 µM. 

Compounds 38, 43, 27, and 23 showed a mixed-type inhibition, as changes observed in values 

of Km, and Vmax both. This suggested that these compounds can bind to either allosteric or 

active sites of enzyme. Presence of halogens and hydroxyl substitutions on these derivatives 

activated the ring to interact with residues in the active site, such as His 119, His 94, and His 96 
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through hydrophobic interactions. Compounds with nitro substitution may interact via π-π 

interactions with these aromatic amino acids. Only compound 28 showed non-competitive 

mode of inhibition, as Km remains constant while a constant decrease was observed in Vmax 

values. Kinetic parameters of these derivatives are shown in Table-4.7, and Figure-4.4. 

4.2.4 Kinetic Studies on Thiourea Derivatives 

Thiourea derivatives 56, 58, and 70 were subjected to mechanistic studies using standard kinetic 

protocol, described in Section 3.2. Compound 56 and 70 showed non-competitive mode of 

inhibition, whereas compounds 58 showed mixed-type inhibition against BCA-II enzyme. 

Results from these mechanistic studies indicated that inhibitors can effectively bind to all 

possible interactive sites of enzyme i.e. allosteric as well as active site. Compounds 58 and 70 

bearing p-NO2 substitution showed a significant Ki values, which is consistent to our previous 

results. Kinetic parameters are shown in Table-4.8. Figure-4.5, -4.6, and -4.7 showed graphical 

values of these inhibitors.  

Table-4.7: Kinetic parameters of bisindole derivatives 

Compound  
Vmax 

(µM/L/min)
-1

 

Km 

mM 

Vmax app 

(µM/L/min)
-1

 

Km app 

mM 

Ki ± S.E.M. 

(µM) 

Type of 

Inhibition 

23 33.7 3.66 27.5 10.9 8.5 ± 0.001 Mixed 

27 31.5 2.71 12.14 1.9 18.2 ± 0.056 Mixed 

28 34.96 4.15 22.87 4.07 11.32 ± 0.043 
Non-

competitive 

38 15.29 3.29 8 1.74 10.10 ± 0.005 Mixed 

43 16.18 1.9 5.4 0.77 17 ± 0.003 Mixed 
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Table-4.8: Kinetic parameters of thiourea derivatives. 

Compound 
Vmax 

(µM/L/min)
-1

 

Km 

mM 

Vmax app 

(µM/L/min)
-1

 

Km app 

mM 

Ki ± S.E.M. 

( µM) 

Type of 

Inhibition 

56 74 2.9 39.75 2.5 40.0 ± 0.0003 
Non-

competitive 

58 123 4.97 194.5 15.7 23.4 ± 0.0006 Mixed  

70 83.3 4.35 57.6 3.52 28.86 ± 0.005 
Non-

competitive 

Acetazolamide  45.45 3.47 23.2 3.5 0.09 ± 0.003 
Non-

competitive 

 



 RESULTS AND DISCUSSION 

51 

 

    

 

 

 

 

1/S

-6 -4 -2 0 2 4 6

-2

0

2

1/Substrate (4-Nitrophenyl acetate) 

(A) 

 

1
/V

 

S
lo

p
e
 

(K
m

/V
m

ax
) 

   

-0.4 -0.2 0 0.2 0.4

-0.4

-0.2

0

0.2

0.4

Inhibitor (Acetazolamide) 

(B) 

 

Inhibitor (Acetazolamide) 

    (C)  

 

1
/V

 

-0.4 -0.2 0 0.2 0.4

-2

0

2

Figure-4.3: Steady state non-competitive inhibition by standard inhibitor acetazolamide.  

(A) Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (4- nitrophenyl acetate) in the 

presence of different concentrations of inhibitor, I = 10 μM (○), I = 1 μM (●), I= 0.5 μM (□), I= 0.25 μM (■), 

I= 0.125 μM (∆), I= 0.06 μM (▲), I= 0.03 μM ( ), and in the absence of the inhibitor I = 0.00 μM (▼), (B) 

Secondary re-plot from reciprocal plot for Ki between slope vs [I], (C) Dixon plot, which further confirms the 

Ki and type of inhibition, which is non-competitive type for acetazolamide against the BCA-II. 
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Figure-4.4: Steady state non-competitive inhibition by inhibitor 28.  

(A) Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (4- nitrophenyl acetate) in 

the presence of different concentrations of inhibitor, I= 13.33 μM (■), I = 6.67 μM (●), I= 3.33 μM 

(∆), and in the absence of the inhibitor I = 0.00 μM ( ), (B) Secondary re-plot from reciprocal plot 

for Ki between slope vs [I], (C) Dixon plot, which further confirmed the Ki and type of inhibition, as 

non-competitive type for inhibitor 28. 
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Figure-4.5: Steady state non-competitive inhibition by inhibitor 56.  

 (A) Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (4- nitrophenyl acetate) in the 

presence of different concentrations of inhibitor, I = 100 µM (○), I= 52 μM (●), I = 26 µM (□), I= 7.5 μM (∆), 

and in the absence of the inhibitor I = 0.00 μM (▲), (B) Secondary re-plot from reciprocal plot for Ki between 

slope vs [I], (C) Dixon plot, which further confirms the Ki and type of inhibition, which is non-competitive for 

inhibitor 56. 
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Figure-4.6: Steady state mixed-type inhibition by inhibitor 58.  

(A) Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (4- nitrophenyl acetate) in the 

presence of different concentrations of inhibitor, I= 50 μM (●), I = 26 µM (□),I= 13.33 μM (■), and in the 

absence of the inhibitor I = 0.00 μM (∆), (B) Secondary re-plot from reciprocal plot for Ki between slope vs 

[I], (C) Dixon plot, which further confirms the Ki and type of inhibition, which is mixed-type for inhibitor 58. 

 



 RESULTS AND DISCUSSION 

55 

 

 

 

 

 

-60 -40 -20 0 20 40 60

-0.2

0

0.2

1
/V

 

S
lo

p
e
 (

K
m

/V
m

ax
) 

1/Substrate (4-Nitrophenyl acetate)                                          Inhibitor (70)                                         

                   (A)                                                                            (B) 

 

1
/V

 

Inhibitor (70) 

(C) 

Figure-4.7: Steady state non-competitive inhibition by inhibitor 70.  

 (A) is the Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (4- nitrophenyl 

acetate) in the presence of different concentrations of inhibitor, I= 50 μM (○), I = 25 µM (●), I = 12.5 

µM (□), I = 6.67 μM (■), and in the absence of the inhibitor I = 0.00 μM (▲), (B) Secondary re-plot 

from reciprocal plot for Ki between slope vs [I], (C) is the Dixon plot, which further confirms the Ki and 

type of inhibition, which is non-comptitive for inhibitor 70. 
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5 CYTOTOXICITY EVALUATION OF CA-II 

INHIBITORS 

Inhibitors identified during in vitro screening against CA-II enzyme were subjected for 

cytotoxicity studies. Compounds which showed IC50 <100 µM were selected for evaluation of 

their cytotoxicity.  These compounds were selected from different synthetic classes, such as 

bisindoles, thiourea derivatives, and benzophenone sulfonamides. Mouse fibroblast 3T3 

normal cell line was used for evaluation of cytotoxicity of test compounds. The results are 

presented in Table-5.1. 

Table-5.1: Cytotoxicity profile of inhibitors identified against BCA-II 

Compound IC50 ± S.D.  (µM)* Compound IC50 ± S.D.  (µM)* 

6    NC** 50 27.0 ± 0.5  

13 NC 53 13.2 ± 0.2 

21 NC 54 10.8 ± 1.1 

23 NC 55 13.7 ± 1.1 

24 11.9 ± 0.4 56 27.0 ± 2.2 

25 11.6 ± 0.6 57 5.1 ± 0.3 

26 6.4 ± 0.7 59 18.5 ± 2.6 

27 24.0 ± 0.4 60 15.2 ± 0.009 

28 NC 61 NC 

29 6.7 ± 0.15 62 10.5 ± 0.8 

34 8.2 ± 2.8 64 6.7 ± 0.5 

36 24.0 ± 0.4 70 NC 

37 13.2 ± 0.07 77 21.3 ± 1.1 

38 NC 81 28.5 ± 0.9 

39 12.2 ± 1.3 98 NC 

40 21.3 ± 0.8 101 NC 

42 10.6 ± 0.8 108 NC 

43 NC 110 NC 
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47 11.0 ± 0.3 111 NC 

48 23.08 ± 1.5 112 27.1 ± 1.1 

49 21.0 ± 2.1 Cycloheximide*** 0.8 ± 0.2 

 

 

 Compounds 6, 13, 21, 23 – 29, 34, 36 – 40, 42, and 43 are bisindole derivatives. Most 

of these derivatives showed cytotoxic behavior (IC50 = 6.4 – 24.0 µM) against normal cell 

line. However compounds 6, 13, 21, 23, 24, 28, 38, and 43 were found to be non-

cytotoxic. 

 Compounds 47 – 50, 53 - 57, 59 – 62, 64, and 70 are thiourea derivatives. Only 

compounds 61, and 70 were non-cytotoxic. All other compounds showed a good to 

weak cytotoxic potential with IC50 values in the range of 5.1 – 27.0 µM, as compared to 

standard drug cycloheximide (IC50 = 0.8 ± 0.2 µM). 

 Benzophenone sulfonamide derivatives 77, 81, 98, 101, 108, 110 – 112 were largely 

found to be non-cytotoxic. Only compound 77, 81, and 112 showed a weak (IC50 = 21.3 

± 1.1, 28.5 ± 0.9, and 27.1 ± 1.1 µM, respectively) cytotoxicity against 3T3 cell line. 

Thus compounds which are found to be non-cytotoxic can be used in further studies for the 

development of carbonic anhydrase inhibitors. These derivatives can also serve as lead 

molecules towards the development of new drugs against glaucoma, epilepsy, cystic fibrosis, and 

leukemia.

*IC50 Values are given as mean (n = 3) ± standard error of mean 

** NC = Non Cytotoxic; ***Standard used in cytotoxic studies. 
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6 CONCLUSION 

50 new inhibitors of CA-II were identified during the course of study. Benzophenone 

sulfonamides, imidazolones, bisindoles, and thiourea derivatives of bisindolylmethanes showed 

a significant enzyme inhibition. All these classes were found to be new classes of CA-II 

inhibitors. Compounds 6, 38, 43, 27, 23, 24, 28, 56, 53, 55, 58, 70, 87, 98, and 110 showed 

significant CA-II inhibition, with IC50 values in the range of 14.4 to 39.67 µM. SAR studies 

proposed that the presence of halogens and nitro groups had significant contribution in 

inhibitory activity against CA II enzyme.  

 Most of the inhibitors showed non-competitive or mixed-type mode of inhibition during 

mechanistic studies. IC50 and Ki values were used to determine the inhibition potential of newly 

identified inhibitors. 

Most of the compounds were found to be cytotoxic against mouse fibroblast 3T3 cell line. 

However few inhibitors with good inhibitory activity were found to be non-cytotoxic. Therefore 

these inhibitors can serve as lead for further studies for the treatment of CAs associated 

disorders. The potent inhibitors identified in this study are listed below. These compounds 

need to be optimized for the discovery of potent inhibitors against CA-II enzyme. 
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8 INTRODUCTION 

8.1 Diabetes 

Diabetes mellitus is one of the oldest and most common metabolic disorder. Increased 

urbanization and changes in life style has increased the burden of diabetes mellitus throughout 

the world (Whiting, Guariguata, Weil, and Shaw, 2011). According to International Diabetes 

Federation (IDF), by 2035, upto 55% (591.9 million approx.) people in the world will be 

suffering from diabetes (Beagley, Guariguata, Weil, and Motala, 2014). 

Glucose homeostatsis in the body is attributed to the hormone insulin, secreted by the pancreas. 

Diabetes mellitus is characterized by hyperglycemia either due to defective insulin secretion, 

insulin resistance, or both. Diabetes mellitus is termed as the disease of the millennia. During 

last decades several studies have been carried out to understand the pathophysiology, etiology, 

gene, and environmental risk factors contributing to the prevalence and progression of this 

disease (O'Rahilly, 2009). 

 

 

Figure-8.1: Factors contributing to the high prevalence of diabetes (Jain and Saraf, 2010). 
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Chronic diabetes is associated with complications in other organs, mainly kidney and heart 

(Wideman and Kieffer, 2009). Diabetes falls in two broad categories: 

8.2 Type I Diabetes Mellitus 

This type of diabetes resulted from impaired insulin secretion. Therefore, it was formerly 

known as insulin-dependent diabetes mellitus. Genetic markers and pathological processes in 

the pancreatic region can be used to identify the individuals who have a risk of developing type 

I diabetes mellitus (Ozougwu, Obimba, Belonwu, and Unakalamba, 2013). 

8.3 Type II Diabetes Mellitus (T2DM) 

This type of diabetes is more prevalent. It is caused by a combination of either insulin resistance 

or inadequate insulin secretory response. Type 2 diabetes can be present in an individual for a 

long period before its diagnosis, this stage is called pre-diabetic condition.  

According to the International Diabetes Federation, the prevalence of diabetes has an epidemic 

proportion. Fat and carbohydrate rich diet, lifestyle, lack of physical activity, and obesity are key 

risk factors for type 2 diabetes mellitus.  

It is difficult to define a therapeutic approach for T2DM, as insulin resistance and pancreatic β-

cell dysfunction both play key roles in the disease progression. Oral anti-diabetic drugs, insulin 

sensitizer, weight reduction, and exercise are used as pharmacological therapy for T2DM 

(Association, 2014; Wideman and Kieffer, 2009). 

8.4 Prevalence of Diabetes 

According to an estimate by the International Diabetes Federation (IDF), in 2013, 382 million 

people were suffering from diabetes. This estimate extends for the prevalence of diabetes and 

demonstrated significantly increasing burden of the disease with regional variability. Projected 
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number of hyperglycemic patients is estimated to rise up to 592 million in 2035 (Guariguata, 

Whiting, Hambleton, Beagley, et al., 2014). 

Figure-8.2: Worldwide Prevalence of Diabetes (Guariguata, Whiting, Hambleton, Beagley, et al., 

2014). 

 Prevalence of Diabetes in Pakistan 

Pakistan is a developing South-Asian country having a population of over 185 million, 

approximately. Our country is unfortunately included in the list of high diabetes prevalence 

region. Pakistan bears 7
th

 position among countries with increasing burden of diabetes with an 

estimate of 6.3 million people with diabetes. If proper preventive interventions have not been 

taken, in 2030 this number will increase to 11.4 million with 8.9 % prevalence of the disease 

(Siddiqui, Avan, Mahmud, Nanan, et al., 2015). 

8.5 Management of Diabetes 

Type 2 diabetes mellitus is associated with progressive physiological changes. Thus, for efficient 

treatment, pathogenesis of hyperglycemia is more important to understand, than type of 

diabetes. Different pharmacological agents are therefore used for the treatment of T2DM, but 

initial glycemic improvement of these compounds is not sustained. Moreover, most of these 

compounds are associated with side effects, such as GIT disturbances, weight gain, and 

hypoglycemia. There is a need to develop better treatments to achieve normal glycemic control.  
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To avoid side effects associated with present medications, and assist control on cardiovascular 

disease (Stumvoll, Goldstein, and van Haeften, 2005). 

8.5.1 Type 2 Diabetes Mellitus - The Need for New Therapeutics 

Given the high rate of prevalence of T2DM, environmental, and genetic risk factors, diagnosis 

of the disease in young people is not surprising. Management of the disease generally includes 

non-medication approaches like diet and exercise, followed by oral agents which are 

combinations of antihypertensive, lipid lowering, and anti-hyperglycaemic drugs (Stumvoll, 

Goldstein, and van Haeften, 2005). Thus, different pharmacological compounds having 

different mechanisms of action are required at different stages of the disease with continuous 

complement with exercise and diet control. This could be beneficial but difficult to maintain. 

Limitations and side effects of drugs, such as hypoglycemia, weight gain, and potential 

cardiovascular effects, demands the development of new pharmacological entities to overcome 

the side effects associated with current therapies (Nathan, 2002). 

Thus for efficient treatment pathogenesis of hyperglycemia is more important to understand the 

type of diabetes. 

Following strategies are used to control hyperglycemia: 

 Insulin Therapy 

Insulin therapy is the most important, potent, and durable treatment for hyperglycemia, 

but as it is administered by injection. It is used during the later stages. Type 2 diabetes 

patients are insulin resistant and by the time disease is diagnosed, they usually have 

already developed complications (Meneghini, 2013). 

 Oral Agents 

A variety of oral agents are now available such as: 

 Sulphonylureas: 

The most common oral hypoglycemic agents are sulphonylureas in combination with 

some, such as metformin. They both have a similar effect while having different 

mechanism of action. These drugs are effective for a limited time. Patients usually 

require change of medication after a few years of therapy (Krentz and Bailey, 2005). 
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 Alpha-glucosidase Inhibitors 

Alpha-glucosidase inhibitors are also available but they offer only supporting role. They 

can be used in combination therapy rather than in primary or monotherapy (Nathan, 

2002). 

8.6 Role of Incretin Therapy in Type 2 Diabetes  

8.6.1 Incretins 

Type 2 diabetes mellitus is characterized by severe hyperglycemia. This hyperglycemia is a result 

of the influence of two pathogenic mechanisms i.e., insufficient insulin secretion and insulin 

resistance. In the early 20
th

 century, it was suggested that certain intestinal factors are responsible 

for lowering the glucose levels in response to nutrients. These factors were named as incretins 

(INtestine seCRETtion Insulin) (Tahrani, Bailey, Del Prato, and Barnett, 2011).  

These hormones act as important secretagogues of insulin, after meal ingestion. This 

amplification of insulin is termed as “incretin effect” (Holst, Vilsboll, and Deacon, 2009) 

Glucose-dependent insulinotropic polypeptide (GIP, formerly known as gastric inhibitory 

polypeptide), and glucagon-like peptide-1 (GLP-1) are the two most important incretins and 

together they are responsible for more than 50% of total incretin effect (Deacon, 2005) 

8.6.2 Gastric Inhibitory Polypeptide (GIP) 

GIP was the first incretin discovered. It is a 42-amino acid hormone, released from upper small 

intestine. GIP was known to inhibit gastric acid secretion. Later it was discovered that it can 

increase the insulin secretion in a glucose dependent manner (Yabe and Seino, 2011). 

8.6.3 Glucagon-Like Peptide-1 (GLP-1) 

The second incretin discovered was GLP-1, a 31-amino acid hormone secreted from the lower 

intestine and colon, and responsible for insulin secretion from islets. It is found predominantly 

as GLP-1 (7-36 amide) in human plasma. Amino acid sequence of GLP-1 is 50% homologous 

to glucagon. GLP-1 is normally secreted in response to meal ingestion, and the most active 



INTRODUCTION 

80 

 

secretion is triggered by lipids and carbohydrates. The incretin effect of GLP-1 appears to be 

more dominant from that of the GIP (Koole, Wootten, Simms, Miller et al., 2015; Mann and 

Bellin, 2016; Moffett, Vasu, Thorens, Drucker, and Flatt, 2014). 

8.6.3.1 Actions of GLP-1 

Among all other incretins, GLP-1 is the most potent stimulator of insulin. Role of GLP-1 as 

insulin secretagogue is dependent on glucose concentration i.e. insulin secretion is augmented 

as glucose levels rise, and decreases with fall in glucose levels. Thus, incretins can protect 

hypoglycemia (Meloni, DeYoung, Lowe, and Parkes, 2013).  

GLP-1 also has several extra-pancreatic functions on central nervous system, and gastro-

intestinal tract. GLP-1 delays stomach emptying by delaying nutrients’ transit from stomach to 

duodenum. It may also act as neuro-protective as it activates anti-apoptotic signaling pathways 

in specific neurons. There is also evidence that GLP-1 improves heart beat and blood pressure 

when administered intra-ventrically (Sandoval and D'Alessio, 2015).  

8.6.3.2 Anti-diabetic Effect of GLP-1 

Insulinotropic effect of incretins and retention of this incretin activity of GLP-1 in patients with 

type 2 diabetes mellitus made them an attractive targets for the treatment of diabetes mellitus. 

GLP-1 also inhibits the gastric emptying, and thus overcomes the problem of weight gain, which 

is useful for the management of type 2 diabetes mellitus, considering a strong correlation 

between diabetes and obesity (Green and Flatt, 2007). Continuous administration GLP-1 is 

required, as it is inactivated almost instantly by an enzyme dipeptidyl peptidase IV (DPP-IV) 

Wideman and Kieffer, 2009).  

To overcome inactivation of GLP-1, following two incretin-based therapies have emerged in the 

last decade: 

 Incretin Mimetics: 

DPP-IV resistant incretin mimetics were generated by slight modification in the amide 

terminal of GLP-1. This increases plasma half-life of endogenous GLP-1. FDA 
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approved incretin mimetic are used in combination therapy with metformin or 

sulphonylureas (Tahrani, Piya, Kennedy, and Barnett, 2010). 

 DPP-IV Inhibitors: 

Another strategy to benefit from the therapeutic potential of incretins is the development 

of DPP-IV inhibitors. These are highly selective, orally available inhibitors which 

increase the circulating levels of bioactive GLP-1. 

DPP-IV has a diverse list of substrates, including hormones, neuropeptides, and 

chemokines. It is, therefore, of great interest to study the effects of these inhibitors on 

other substrates of DPP-IV(Samson and Garber, 2016). On the other hand, observation 

that GLP-1R agonists increase the survival of cardiomyocytes in patients with type 2 

diabetes emphasizes the need of further studies. 

Incretin therapy has shown great potential as drug candidate in type 2 diabetes. However,  long 

term clinical studies are required to understand their mechanism in the treatment of type 2 

diabetes mellitus (Holst, Deacon, Vilsboll, Krarup, and Madsbad, 2008).
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9 ENZYME BACKGROUND 

9.1 Proteases 

Protease, peptidase, or proteolytic enzymes are members of a class of enzymes called hydrolase. 

They are responsible of the hydrolysis of amide (peptide) bonds. These enzymes are found in 

all living beings from viruses to humans, and thus form the largest class of enzymes. There are 

almost 600 different types of proteases found in humans (Hedstrom, 2002). They can attack 

terminal amino acids or an internal peptide bond, and are named as exopeptidase or 

endopeptidase, respectively (Rawlings, 2013). Proteases are involved in several functions, such 

as activation or deactivation of signaling pathways, metabolic regulation, digestion of food 

proteins, and bacterial pathogenesis (Heutinck, ten Berge, Hack, Hamann, and Rowshani, 

2010) 

9.2 Serine Proteases 

“Serine proteases” are enzymes having serine residue in their active. Serine proteases form a 

widespread and diverse group of proteases. They are involved in many biological processes, and 

found in all organisms from viruses and bacteria to humans. Many physiological functions in 

humans are regulated by serine proteases in normal, as well as in diseased conditions (Heutinck, 

ten Berge, Hack, Hamann, et al., 2010). They have specific amino acid sequence of histidine, 

aspartic acid, and serine, which allows transfer of proton easily in and out of the active site.  

Serine protease are further classified on the basis of their substrate specificity; this specificity is 

attributed to a much more variable regions (Heutinck, ten Berge, Hack, Hamann, et al., 2010; 

Neitzel, 2010). 

9.3 Dipeptidyl Peptidases 

The family dipeptidyl peptidase includes enzymes which are all serine proteases. It represents 

a subclass of family prolyl-oligo-peptidase (POP).  The dipeptidyl peptidase IV (DPP-IV) family 

constitutes other enzymatic members, such as DPP-2 (QPP or DPP-7), DPP-IV, DPP-8, DPP-
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9, DPP-6, and DPP-10, and fibroblast activation protein (FAP). All of these proteases hydrolyse 

a prolyl bond from the N-terminus of a protein. Therapeutic importance of the family is 

attributed to the rare catalytic ability of proline due to its cyclic nature (Mika, Zorn, and Rühl, 

2015). 

These enzymes are differentiated on the basis of their catalytic activity and substrate specificity 

(Bronckaers, Gago, Balzarini, and Liekens, 2009). 

9.4 Dipeptidyl Peptidase-IV 

9.4.1 Occurrence  

Dipeptidyl peptidase is found both in membrane-bound form, and in plasma. It is widely 

distributed in organs, such as gastrointestinal tract, pancreas, and kidney. It is also expressed by 

endothelia of liver, spleen, lungs, and brain.  Its expression on T-cell increases 5-10 fold 

following an antigenic stimulation (Mulvihill and Drucker, 2014). 

9.4.2 Structure  

Dipeptidyl peptidase IV (DPP-IV) is a 766-amino acid containing protein, weighing 110 KDa.    

DPP-IV is active in its homodimeric form found in human body. The structure of DPP-IV 

consists of three main parts; a cytoplasmic tail, a transmembrane region, and an extracellular 

region.  

Crystal structure of the extracellular domain was resolved at a resolution of 2.1 Å by Aertgeets 

and coworkers. This extracellular part is responsible for the catalytic activity of enzyme and 

consists of two domains: A catalytic residue, and an N-terminal 8-bladed β-propellar chain 

residue that contributes in the inhibitor binding site. β8 is involved in hydrophobic interactions 

via hydrophobic residues present at the center of the dimer interface (Aertgeerts et al., 2004) 
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Figure-9.1: Structure of DPP-IV (Kirby, Yu, O'Connor, and Gorrell, 2009). 

9.4.2.1 Catalytic Residues in the Active Site  

Computational studies, and X-ray crystallography have revealed the specific sequence of amino 

acids of DPP-IV enzyme (Figure-9.2). Three binding sites (S1, S2, and S3) are located in the 

center of DPP-IV structure. Amino acid residues (Ser630, Asn710, and His740) in the S1 

binding pocket, are specifically responsible for the catalytic activity. These residues are involved 

in hydrophobic interactions with the incoming substrate or inhibitors. Glu205, Glu206 and 

Tyr662 comprises S2 pocket of the enzyme DPP-IV. The S3 binding pocket of DPP-IV consists 

of Arg 358, Phe 357, and Ser 209. X-Ray co-crystal structure of the present inhibitors with DPP-

IV revealed that these inhibitors bind with S1 and S2 sub-sites. Whereas S3 pocket provides 

access to the active site of enzyme. The outside position of S3 favours larger groups, and inside 

position allows access of smaller groups (Fan, Johnson, Lila, Yousef, et al., 2013; Nabeno, 

Akahoshi, Kishida, Miyaguchi, et al., 2013). 
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Figure-9.2: Amino acid residues in the active site of enzyme DPP-IV (Feng, Zhang, Wallace, Stafford, 

et al., 2007). 

9.4.3 Substrate 

DPP-IV catalytic triad consist of residues Asp708, His740, and Ser630. This triad is present in 

the end of the C-terminal region (Cai, Li, Liu, Du, et al., 2017). Mass spectrometry based 

protease assays were performed to determine catalytic cleavage of different physiological 

substrates. These studies indicated the presence of proline or alanine at penultimate position 

from N-terminus, necessary for DPP-IV activity (Frerker, Wagner, Wolf, Heiser, et al., 2007). 

Incretin hormones (GLP-1 and GIP) are the most common and validated substrates of DPP-

IV in human body. However, these are not the only substrate of DPP-IV.  Studies reveal that 

many other bioactive peptides also serve as potential substrate of DPP-IV. Peptide YY, 

neuropeptide Y, pituitary adenylate cyclase- activating polypeptide, insulin like growth factor-I, 

gastrin releasing polypeptide, various chemokines, and substance P are also metabolized by 

DPP-IV (Kopcho, Kim, Wang, Liu, et al., 2005). DPP-IV also acts as a receptor for transmitting 

signals from extracellular to intracellular pathways (Hayes, 2012). 

9.4.4 Functions  

Dipeptidyl peptidase IV is involved in many homeostatic mechanisms of the body, such as 

neurogenic inflammation and blood pressure, and has a well-known role in immune system 
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(Zhong, Rao, and Rajagopalan, 2013). Biological effects of DPP-IV are attributed via two 

different mechanisms of action: DPP-IV as a membrane bound protein where it binds with 

adenosine de-aminase, and transfers intracellular signals in its dimeric form. Membrane–

spanning and soluble forms of the molecule, exhibits enzymatic activity of DPP-IV. However, 

no evidence suggests role of catalytic activity of the enzyme in immune functions(Kshirsagar, 

Aggarwal, Harle, and Deshpande, 2011). 

9.5 DPP-IV Inhibition for the Treatment of Type-II Diabetes Mellitus  

Considering the increasing prevalence of diabetes, inability of present medications to achieve 

treatment goals, and identification of DPP-IV as a major enzyme in the degradation of incretin 

hormone suggested inhibition of DPP-IV as an effective approach for the treatment of type 2 

diabetes mellitus. Inhibitors of DPP-IV, such as sitagliptin, linagliptin, saxagliptin, and alogliptin, 

have been approved by US-FDA to be used in combination therapy with metformin or 

sulphonylureas (Inzucchi, Bergenstal, Buse, Diamant et al., 2015). 

According to a report of UK Prospective Diabetes Study (UKPDS), treatment of diabetes 

significantly decreases micro and macro-vascular complications. This study also emphasize the 

development of normal glycemic treatment for type 2 diabetes, without the risk of weight gain 

or hypoglycemia (Group, 1998). Therefore, DPP-IV inhibitors have been included in 

numerous national guidelines, including American Diabetes Association (Odriozola and 

Lozada-Cassou), European Association for the Study of Diabetes (EASD), and British National 

Institute for Health and Clinical Excellence (NICE). According to a report of NICE, 

hypoglycemia may lead to incidence of dementia (Gallwitz, 2013). 

9.5.1 Clinical Inhibitors of DPP-IV 

First DPP-IV inhibitor approved by the FDA was sitagliptin, in 2006. Approval of sitagliptin was 

followed by the development and approval of saxagliptin, linagliptin, and alogliptin. These 

inhibitors of DPP-IV come with the advantage of being neutroglycemic, body-weight neutral, 

and orally available. Hence, they overcome all the aforementioned problems presented by 

current medications. 
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Fixed dose combinations of vildaglitpin, sitagliptin, and saxagliptin, with metformin are already 

available. The fixed-dose combinations with metformin have shown well tolerance by patients 

(Yabe and Seino, 2016). 

 

Figure -9.3: Clinically approved DPP-IV inhibitors. 

1) Alogliptin (2) Vildagliptin (3) Saxagliptin (4) Sitagliptin (5) linagliptin (Tanwar, Tanwar, 

Shaquiquzzaman, Alam, and Akhter, 2014). 

9.5.1.1 Mechanism of Actions of DPP-IV Inhibitors  

Drugs which use incretin systems could be GLP-1 agonists, incretin mimetic, and DPP-IV 

inhibitors. Efficacy of these drugs varies in their glucose-lowering ability, their effect on body 

weight, and their side effects. DPP-IV inhibitors do not affect directly on the target tissues. These 

inhibitors inhibit the degradation of GLP-1, which improves glucose-induced insulin secretion, 

and glucagon suppression. This has now been demonstrated in numerous studies that DPP-IV 

inhibitors have comparable glucose lowering efficacy with other available oral antidiabetic drugs; 

but without adverse effects of weight gain or hypoglycemia (Deacon and Lebovitz, 2016). 



ENZYME BACKGROUND 

 

89 

 

Increased level of incretin results in an improved responsiveness of β-cell. However, gastric 

emptying abilities of GLP-1 remains ineffective via DPP-IV inhibitors. This is a significant 

difference between DPP-IV inhibitors and GLP-1 agonists, although the reason behind it is not 

completely understood (Mulvihill and Drucker, 2014). 

9.5.1.2 SAR Studies of DPP-IV Inhibitors 

Several DPP-IV inhibitors have been reported from structurally diverse classes, but they can be 

broadly divided into two groups:  

a) Peptidomimetics include inhibitors having penultimate dipeptide structure. This group 

includes inhibitors, such as sitagliptin, vildagliptin, and saxagliptin. 

b)  Non-peptidomimetics do not mimic dipeptide substrate structure of DPP-IV, but are 

found as a result of high throughput screening.  Xanthine-based inhibitor linagliptin and 

alogliptin, a modified pyrimidinedione are examples of non-peptidomimetic inhibitors 

(Patel and Ghate, 2014). 

So far all clinically approved inhibitors (Sitagliptin, linagliptin, alogliptin, saxagliptin and 

vildagliptin) of DPP-IV are competitive reversible inhibitors with inhibition constants in 

nanomolar range. There is a difference among them in the mechanism of interaction with the 

catalytic site of enzyme. Sitagliptin, linagliptin, and alogliptin interact via non-covalent 

interactions with the catalytic residue, whereas, covalent inhibition of DPP-IV by saxagliptin and 

vildagliptin involves a two-step slow and reversible mechanism, i.e. inhibitor binding, and 

dissociation. This generates an equilibrium between active and inactive forms of enzyme. This 

is significant as it inhibits the catalytic activity of enzyme even after removal of the drug. This 

explains the longer efficacy of these drugs despite their short half-lives (Wu, Li, and Liu, 2014). 

9.5.2 Risks and Side Effects of Current DPP-IV Drugs 

Good tolerability and minimal side effects is generally associated with DPP-IV inhibitors. 

Because of their glucose dependent mode of action, and the severity of hypoglycemia, 

associated with other drugs, like metformin and sulphonylurea is considerably low.  
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Due to large structural diversity among the inhibitors, their pharmacokinetics has differences in 

metabolism, half-lives, and routes of elimination. Common inhibitors, such as sitagliptin and 

alogliptin, rely completely on renal clearance. Biliary tract is the eliminatory route for linagliptin, 

as it is protein-bound at its therapeutic dose. This could have clinical relevance, as a common 

problem associated with diabetes is impaired kidney function (Aroor, Sowers, Jia, and 

DeMarco, 2014). 

9.6 Future Perspective of DPP-IV Inhibitors in Diabetes Therapy 

Current interventions for treatment of type 2 diabetes mellitus aim to normalize the levels of 

haemoglobin A1c (HbA1c), which can reduce the risk of micro-, and possibly, macro-vascular 

complications. However, normal level of HbA1c alone is not sufficient to reduce the risk of 

hyperglycemic complications. Modern therapies should aim to achieve normal glycemic levels 

as safely as possible, relating to HbA1c, fasting, and postprandial glucose concentrations. 

Postprandial glucose levels are much more important at lower concentrations of HbA1c than at 

higher values. Current medications, including sulphonylureas, glinides, and insulin therapy, are 

associated with risk of hypoglycemia and weight gain. Insulin secretagogue, combined with 

metformin was therefore approved and recommended as first line therapy. Main attraction in 

incretin-based therapies is their glucose dependent mode of action, which implies minimal risk 

of hypoglycemia. Data from the United Kingdom Prospective Diabetes Study (UKPDS) also 

indicates cardioprotective outcomes of incretin based therapies. Thus, potential of DPP-IV 

inhibitors stretches far beyond the treatment of diabetes to the related pathologies of diabetes, 

such as cardiovascular disorders and hypertension (Garcia-Ramos and Lubell, 2013; Irwin and 

Flatt, 2015; Thornberry and Gallwitz, 2009). 
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9.7 Aims of Current Study 

Hyperglycemia is a major health challenge of 21
st

 century. Changes in life styles, and diet have 

increased the prevalence of disease in recent years. Diabetic complications due to uncontrolled 

and prolonged hyperglycemic condition is also a major problem. Present anti-hyperglycemic 

agents, such as sulfonyl urea and thiazolidinones, are associated with severe adverse effects, 

including hypoglycemia, and weight gain. Development of DPP-IV inhibitors emerged as 

promising approach for the treatment of diabetes. Extensive research is underway globally to 

identify new inhibitors of DPP-IV. Till now eleven DPP-IV inhibitors of different synthetic 

classes have been approved clinically. It has been observed that DPP-IV inhibitors showed 

diversity in their structures, this prompted further investigation for the discovery of lead 

molecules against DPP-IV enzyme through a systematic search of chemical space. Goals of 

current study are as follows: 

 To conduct preliminary screening of in house synthetic and natural libraries of 

compounds using in vitro assay against human recombinant DPP-IV enzyme. 

 To employ Michealis-Menten kinetics for investigation of mode of inhibition of most 

active compounds. 

 To investigate cytotoxic potential of active lead molecules. 

 To select active compounds for further screening through cellular model of DPP-IV 

inhibition assay.  
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10 MATERIALS AND METHODS 

10.1 Experimental Condition 

Standard procedure of 96-well plates was used to perform all experiments. Aseptic conditions 

were applied for incubation at 37 °C, and absorbance measurements were taken using multiplate 

reader (Spectra Max M2, Molecular Devices, Sunnyvale, CA, USA). HPLC grade solvents were 

used, while buffer was prepared using deionized water, purified from Simplicty Purification 

Water Assembly (Millipore, USA). 

Chemicals 

Human recombinant DPP-IV (32 units/mg protein) (EC 3. 4. 14. 5) was obtained from Prof. 

Dr. Mark D. Gorrell (Centenary Institute, Australia), Gly-Pro-pNA .p-tosylate was purchased 

from Nanjing ChemLin Chemical Co. Ltd., Sitagliptin phosphate monohydrate was obtained 

from Selleck chemicals (Houston, TX, USA) Catalog No.S4002, Tris-(hydroxymethyl)-

aminomethane (reagent grade) was purchased from Scharlau (Cat # TR0423). 

10.2 Dipeptidyl Peptidase – IV Inhibition Studies 

10.2.1 Assay Principle 

Inhibition of DPP-IV significantly reduces hyperglycemia, and related complications. Substrates 

of DPP-IV include peptides, which have alanine or glycine at penultimate position. Release of 

p-nitroanilide, a light yellow colored compound, due to cleavage of substrate by the enzyme 

increases absorption. This change in absorption was monitored at 400 nm, which is an 

indication of reaction progress. Increase in absorption indicated a significant enzyme activity 

while in the presence of inhibitor absorbance decreased significantly. 

http://www.guidechem.com/trade/pdetail3296993.html
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Figure-10.1: Mechanism of cleavage of Gly-pro-pNA by DPP-IV. 

10.2.2 Assay Protocol 

Assay was performed using method described by Nongonierma (2013) with slight modification. 

Test samples and enzyme DPP-IV (0.025 U mL
-1

) diluted in Tris-HCl buffer (50 mM pH 8.0), 

were pipetted into a 96-well micro plate. Reaction mixture was pre-incubated at 37°C for twenty 

minutes. Substrate gly-pro-pNA (0.2 mM) was added to initiate the reaction. Absorbance was 

measured continuously for 60 minutes at 400 nm. Three sets of experiment were run; a blank 

or negative control which contained no test sample or standard inhibitor. Second set or positive 

control contained standard inhibitor, enzyme, and substrate. In the third set test compounds 

were used instead of the standard inhibitor (Nongonierma, Mooney, Shields, and Fitzgerald, 

2013). 

 

Figure-10.2: Assay protocol for DPP-IV inhibition assay. 
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 Limitations of The Assay 

i. Enzyme solution must be stored at -20 °C. 

ii. Enzyme should be used with chilled buffer. 

10.2.3 Protocol for the Determination IC50 Values 

The IC50 values for test compounds, which showed more than 50% inhibition, were determined 

by monitoring the inhibitory potential of test compounds at different concentrations. EZ-FIT 

Enzyme Kinetics Software (Perrella Scientific Inc., Amherst, USA) was used for calculation of 

IC50 values.  DPP-IV inhibitory potential of test compounds was compared with sitagliptin, which 

was used as the standard inhibitor. 

10.3 Assay Protocol for Kinetic Studies 

Reaction was performed by incubating enzyme with different concentrations of potential 

inhibitors for 20 min., and initiating the reaction through the addition of different substrate 

concentrations (0.05, 0.1, 0.2, and 0.4 mM). Degradation of substrate to product was observed 

continuously for 1 hr at 37 °C, using an ELISA plate reader. Enzyme concentration was 

maintained constant at 0.025 units/mL (Davis, Singh, Sethi, Roy, et al., 2010). 

Three types of graphs were plotted to determine Vmax, Km (Lineweaver-Burk plot, 1/S vs 

1/Vmax), Ki values (double reciprocal plot, between inhibitor concentration [I] and slope 

[Km/Vmax]), and the Dixon plot, which was constructed between inhibitor concentration [I] 

and 1/Vmax to determine the type of inhibition. 

10.4 Cytotoxicity Evaluation of Potent Compounds 

3T3-adherent rat fibroblast cells and MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) colorimetric assay was used for cytotoxic analysis of competent 

inhibitors. Cytotoxicity percentage was calculated by calculating the ratio of relative optical 

densities, as described in Section 3.3. 
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10.5 Cell-Based Enzyme Inhibition Assay 

10.5.1 Human Colorectal Adenocarcinoma Cell (Caco-2) Culture and 

Maintenance. 

Human carcinoma colon (Caco-2) cells are rich source of membrane bound DPP IV. Caco-2 

cells (ATCC-HTB37) were cultured in Dulbecco’s modified Eagle’s essential medium 

(DMEM, Cassion labs, US), 10% fetal bovine serum (GIBCO, South America), 1% non-

essential amino acids (NEAA, Sigma-Aldrich), penicillin (100 U/mL), and streptomycin (100 

mg/mL). Cells were grown at 37°C in 5% CO2 environment. Fresh medium was added after 

every two day until cells become confluent (Brandt, Joossens, Chen, Maes, et al., 2005). 

10.5.2 In Situ Caco-2 Cell DPP-IV Inhibition Assay 

Caco-2 cells were seeded at a density of 1 x 10
5

 cells per well in a 96-well flat-bottom plate with 

200 µL of growth media until confluence. Media was then removed and cells were washed with 

sterile phosphate buffer (PBS). Enzymatic activity was determined using gly-pro-pNA as 

chromogenic substrate. The inhibitor was pre-incubated with cells for 4 hr at 37 °C, prior to the 

addition of the substrate. 50 µL of 0.2 mM substrate was added and read was taken at 400 nm 

(Figure-10.3). All experiments were performed in triplicates. Positive and negative control 

experiments were run in parallel (Sadir, Imberty, Baleux, and Lortat-Jacob, 2004). 
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Figure-10.3: Schematic representation of DPP-IV inhibition assay on Caco-2 cell line. 

10.6 Statistical Analysis  

Experiments were performed in triplicates using 96-well microplate reader Spectra Max M2, 

Molecular Devices, Sunnyvale, CA, USA). Results were presented as mean of three values ± 

standard error of mean. Microsoft Excel and SoftMax Pro 4.8 were used to process the data of 

obtained results.  

Following formula was used to calculate the percent inhibition: 

 

EZ-FIT (Software for enzyme kinetics by Perrella Scientific, Inc., USA) was used to calculate 

IC50 values. Grafit verion 7.0 (Erithacus Software Ltd., Wilmington House, High Street, East 

Grinstead, West Sussex RH19 3AU, UK) was used to fit our experimental data into linear and 

non-linear regressions for mechanism-based kinetic studies. 

Measurement of substrate cleavage at 400 nm

Add substrate 0.2 mM

Incubate for 4 hr.

50 µL of test sample in 20mM HEPES

Wash with PBS

At confluence, aspirate media

Cells (1 x 105/well) added to ELISA 96-well plate

Culturing of Caco-2 cells

% Inhibition = 100 - (Absorbance of Test / Absorbance of Control) ×100 
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11 RESULTS AND DISCUSSION 

During this study, over 1,800 fully characterized natural and synthetic compounds were 

screened for their DPP-IV inhibitory activity during the initial phase of study. Out of which less 

than 100 compounds showed a significant DPP-IV inhibition potential. Compounds which 

showed a significant inhibition were subjected to kinetic-based mechanistic studies. After 

cytotoxic evaluation, these inhibitors were further studied to check their inhibitory potential on 

cellular model. 

11.1 Selection of Standard Inhibitor for DPP-IV Inhibition Assay 

Diabetes mellitus type 2 is a progressive metabolic disorder, emerged as major health challenge 

globally. Treatment with single pharmacotherapeutic agents have failed to provide long-term 

glycemic control. DPP-IV inhibition was proposed as validated approach for the drug discovery 

since 2 decades. The main rationale behind the use of DPP-IV inhibitors, is to suppress the 

inactivation of incretin hormones. Since 1998, research is focused for the development of safe 

clinical DPP-IV inhibitors as antidiabetic agents. These efforts have resulted in eleven clinically 

approved inhibitors. Five inhibitors (sitagliptin, linagliptin, vildagliptin, saxagliptin, and 

alogliptin) have approved all over the world, while other are approved in specific countries. 

Many other DPP-IV inhibitors are at different clinical stages (Deacon and Lebovitz, 2016; 

Kushwaha, Haq, and Katti, 2014).  

In the present study, some of the known DPP-IV inhibitors were re-evaluated for their DPP-IV 

inhibitory potential (Figure-11.1).  
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Figure-11.1: Structures of key inhibitors re-evaluated through DPP-IV inhibition assay; a) Sitagliptin; b) 

Vildagliptin; and c) Diprotin A. 

 Diprotin A 

Diprotin A is a tripeptide (ile-pro-ile). In 1984, this tripeptide was reported as an inhibitor 

of DPP-IV. Later it was discovered that diprotin A can also act as a substrate of DPP-IV 

with low turnover rate of 1.3 s
-1

. Presence of proline at penultimate position resulted in 

competitive inhibition of DPP-IV. It was suggested that diprotin A can be used to investigate 

substrate specificity and binding, and mechanism of action of DPP-IV (Hunziker, Hennig, 

and Peters, 2005). 
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Figure-11.2: Effect of various concentrations of diprotin A on DPP-IV activity (in vitro enzymatic 

assay). Each bar represents the value obtained from three experiments. 

 Vildagliptin 

Vildagliptin (LAf-237) was launched by Novartis, and approved by European Medicines Agency 

in 2008. By 2011, vildagliptin was approved in most parts of the world, but it is still waiting FDA 

approvals for use in Canada, and USA. It is a cyanopyrolidine-based DPP-IV inhibitor. 

Introduction of bulkier adamantly group increased its half-life. Vildagliptin forms a covalent 

adduct in the active site of enzyme, and thus inhibit DPP-IV enzyme via substrtate-blocker type 

mechanism. Adverse effects associated with the drug include headache, dizziness, and 

constipation (Kushwaha, Haq, and Katti, 2014). 
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Figure-11.3: Effect of various concentrations of vildagliptin on DPP-IV activity (in vitro enzymatic 

assay). Each bar represents the value obtained from three experiments. 

 Sitagliptin 

Merck has launched a series of highly potent and selective compounds based on 

phenethylamine moiety as second generation inhibitors of DPP-IV inhibitors. Most promising 

and prominent representative of the series is now known as sitagliptin. Sitagliptin was the first 

DPP-IV inhibitor approved in 2006 by FDA, and used throughout the world. It inhibits the 

DPP-IV enzyme in dose dependent manner via reversible, competitive mode of inhibition, and 

follows simple Michaelis-Menten kinetics.  

Sitagliptin is used in either combination with metformin or in monotherapy. It enhances 

pancreatic β-cell functions, and increase post-prandial glycemic control. Very few side effects 

are known, and it is generally well tolerated (Ahrén, Schweizer, Dejager, Villhauer, et al., 2011; 

Hunziker, Hennig, and Peters, 2005; Kushwaha, Haq, and Katti, 2014). 
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Figure-11.4: Effect of various concentrations of sitagliptin on DPP-IV activity (in vitro enzymatic assay). 

Each bar represents the value obtained from three experiments 

Results from our in vitro model suggested that sitagliptin is more active than vildagliptin (IC50 = 

0.033 ± 0.1 v/s 0.05 ± 0.004 µM). Sitagliptin is reported as an irreversible, competitive inhibitor, 

whereas vildagliptin is a covalent inhibitor. Therefore we selected sitagliptin as a standard 

inhibitor for our studies. 

11.2 Inhibitors of DPP-IV from Synthetic Origin 

More than 1,700 synthetic compounds of different synthetic classes were screened in an in vitro 

DPP-IV inhibition assay. Classes which showed promising activity include: 

 Semicarbazones 

 Thiosemicarbazones 

 Benzophenone Schiff base 

 Benzimidazoles  

 Gold complexes  
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Except benzimidazoles, none of these classes were reported previously for DPP-IV inhibition. 

Complete results, and proposed SAR of these lead molecules are discussed in following 

sections. 

11.2.1 Thiosemicarbazone Derivatives 

11.2.1.1 Introduction 

Medicinal chemistry approaches for the discovery of biologically active compounds are 

generally focused on small heterocyclic molecules. They are dominated by organo-nitrogen and 

sulfur species (Singhal, Arora, Agarwal, Sharma, and Singhal, 2013). Thiosemicarbazones, 

therefore have attracted attention of synthetic and medicinal chemists for several decades, 

considering remarkable biological importance associated with them. Triapine, a 

thiosemicarbazone based drug, is in clinical phase II against advanced cancers (Dias, de Lima, 

Pinheiro, Rodrigues et al., 2015; Pelosi, 2010). Following are some of the important biological 

activities showed by thiosemicarbazones; 

 Anti-viral (Padmanabhan, Khaleefathullah, Kaveri, Palani et al., 2017) 

 Anti-bacterial (Verma, Ram, Sharma, and Bhojak, 2016)  

 Anticonvulsant (Kaplancikli, Altıntop, Sever, Cantürk, et al., 2016)  

 Anticancer (Fischer, Kryeziu, Kallus, Heffeter, et al., 2016)  

 Antiplasmodial (Adams, Barnard, de Kock, Smith et al., 2016) 

 Anti-tubercular (Kaplancikli, Altıntop, Sever, Cantürk, et al., 2016) 

 Anti-HIV (Hossain, Zakaria, and Kudrat-e-Zahan, 2017) 

 Against Alzheimer’s (Mckenzie-Nickson, Bush, and Barnham, 2016) 

11.2.1.2 Results  

Thiosemicarbazone series of 24 derivatives was synthesized by the collaborating research group 

of Prof. Dr. Khalid M. Khan S.I., T.I., at H. E. J. Research Institute of Chemistry. DPP-IV inhibitory 

activity of these compounds was evaluated using standard assay protocol, described in section 

10.2.2. These compounds showed weak to moderate inhibition potential with IC50 values in the 

range of 15.0 to 161.7 µM against dipeptidyl peptidase-IV, as compared with the standard 
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inhibitor, sitagliptin monophosphate (IC50 0.033 ± 0.04 µM). Their enzyme inhibitory activities 

are presented in Table-11.1. 

Table-11.1: DPP-IV Inhibitory activity of thiosemicarbazone derivatives 129 – 151. 

 

Compound R1 R2 
IC50 ± SEM* 

(µM) 

129 H 

 

NA** 

130 H 

 

NA 

131 H 

 

NA 

132 H 

 

NA 

133 H 

 

NA 

134 H 

 

NA 
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135 H 

 

NA 

136 H 

 

NA 

137 H 

 

NA 

138 OH 

 

69.9 ± 1.01 

139 OH 

 

15.0 ± 0.6 

140 OH 

 

38.27 ± 1.84 

141 OH 

 

79.0 ± 1.3 

142 OH 

 

39.2 ± 1.55 

143 OH 

 

NA 

144 OH 

 

NA 

145 OH 

 

28.9 ± 0.32 
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146 OH 

 

73.0 ± 0.27 

147 OH 

 

34.0 ± 2.06 

148 OH 

 

49.6 ± 0.07 

149 OH 

 

161.7 ± 6.47 

150 OH 

 

NA 

151 OH 

 

NA 

Sitagliptin 

(Standard) 

 

0.033 ± 0.4 

 

             *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 
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11.2.1.3 Structure-Activity Relationship (SAR) 

Benzophenone thiosemicarbazones have been of great academic and pharmaceutical 

importance. They possess tridentate system of conjugated N,N,S, which attracts great interests 

due to their biological activities. 

 

Figure-11.5: Role of hydroxyl group in thiosemicarbazones derivatives 129 - 151. 

Compounds 129 – 137, with unsubstituted bezophenone part, were found to be inactive against 

DPP-IV enzyme. This suggests that hydroxyl group is vital for the activity of thiosemicarbazone 

derivatives (Figure-11.5), at C-4 of benzophenone. Therefore it could be suggested that strong 

electron donating effect of hydroxyl group may activates the ring for π-π interactions with the 

aromatic amino acid residues in the active site of enzyme. However due to limited number of 

compounds only preliminary structure-activity relationship was developed. 

 Effect of Halogen Substitutions 

Compound 138 having an unsubstituted phenyl ring showed an IC50 value of 69.9 ± 1.01 µM. 

Substitution of chloro group at  ortho position  in compound 139  causes increase in inhibitory 

activity (IC50 =15.0 ± 0.6 µM). Inhibition activity decreases (IC50 = 38.27 ± 1.84, and 79.0 ± 1.3 

µM) when chlorine moves to meta and para positions as in compounds 140 and 141, 

respectively. Compounds 142 - 144 with dichloro substitutions were found to be inactive. 

Increased steric bulk might be the reason.  Similar trend was observed in fluoro and bromo 

substituted derivatives. Compound 145 (IC50= 28.9 ± 0.32 µM) was more active than compound 

146 (IC50 =73.0 ± 0.27 µM).  
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Halogens at ortho position may resulted in an increased electrophilicity of the thioamide group. 

Based on these observations order of reactivity of thiosemicarbazone can be presented as 

follows: 

Ortho-substiuted derivatives > meta-substituted derivatives > para-substituted derivatives 

                                           Inhibitory potential against DPP-IV 

Substitution of halogens on aryl part showed an inhibition potential against the enzyme DPP-

IV.  Whereas ethyl formate or nitro substituted derivatives (compounds 150 and 151) showed 

no inhibition of enzyme.     

11.2.2. Semicarbazones 

11.2.2.1 Introducion 

Semicarbazones form a class of organic compounds which is well known for its medicinal and 

pharmacological importance (Raghav and Kaur, 2015). Reported biological activities of 

semicarbazones include: 

 Anti-bacterial  (Nain, Sharma, Mathur, Sharma, and Paliwal, 2015) 

 Anticonvulsant (Song, Wu, and Deng, 2016) 

 Anti-inflammatory (Ali, Jesmin, Azad, Islam, and Zahan, 2012) 

 Hepato-protective agents (Islam, Ali, and Khanam, 2013) 

 Anti-leishmanial (Dias, de Lima, Pinheiro, Rodrigues, et al., 2015) 

 Anti-malarial  (Dias, de Lima, Pinheiro, Rodrigues, et al., 2015) 

 Anti-tubercular (Pavan, Leite, Deflon, Batista, et al., 2010) 

 Anti-epileptic (Rajak, Jain, Singh, Singh, 2017) 

 Anti-cancer (Ali, Azad, Jesmin, Ahsan, et al., 2012) 

 Analgesic  (Ali, Jesmin, Azad, Islam, et al., 2012) 
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11.2.2.2 Results  

29 Semicarbazone derivatives were synthesized by the research group of Prof. Dr. Khalid M. 

Khan S.I., T.I., at H. E. J. Research Institute of Chemistry. These derivatives were evaluated for their 

DPP-IV inhibitory activity.  

 Compounds 153, 157, 159, and 163 showed a moderate inhibition activity with IC50 values 

in the range of 37.6 – 59.37 µM.  

 Compounds 161 and 162 only weakly inhibited the DPP-IV enzyme (IC50 = 136.4 ± 2.89 

and 87.5 ± 0.7 µM, respectively).  

Results of selected compounds are shown in Table-11.2. 

Table-11.2: DPP-IV Inhibitory activity of semicarbazone derivatives 152 - 163. 

 

Compound R1 R2 

IC50 ± SEM* 

(µM) 

152 H H NA** 

153 H 

 

43.5 ± 0.44 

154 H 

 

NA 

155 H 

 

NA 
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156 H 

 

NA 

157 H 

 

37.46 ± 0.97 

158 H 

 

NA 

159 H 

 

66.04 ± 0.77 

160 OH 

 

NA 

161 OH 

 

87.5 ± 0.7 

162 OH 

 

136.4 ± 2.89 

163 OH 

 

59.37 ± 0.17 

Sitagliptin 

(Standard) 

 

0.033 ± 0.4 

 

             *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 
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11.2.2.3 Structure-Activity Relationship (SAR) 

Preliminary structure-activity relationship was developed for the active derivatives of 

semicarbazone. Semicarbazones pharmacophore consists of four important binding sites, as 

shown in Figure-11.6. 

 

Figure-11.6: Important binding sites of semicarbazone based pharmacophore. 

i. Hydrocarbon moiety, hydrophobic-hydrophilic site (A) 

ii. Electron donor moiety (B) 

iii. Hydrogen bonding domain (C) 

iv. Aryl hydrophobic/aryl binding site (D) with halo substituents  

For derivatization substitution was carried out mainly on aryl part. Whereas in compounds 160 

- 163 hydroxyl group is present at C-4 of benzophenone part.  

Parent compound, naphthalene substituted derivative, and compounds bearing only chloro 

group at phenyl ring (Compounds 152 - 155, and 160) were found to be inactive. Substitution 

of trifluoromethyl group is apparently responsible for inhibitory activity of these semicarbazone 

derivatives. In the series, compound 157 having a trifluoromethyl at para position, showed the 

most potent activity (IC50= 37.46 ± 0.97 µM). Surprisingly activity decreases in compound 161 

(IC50= 87.5 ± 0.7 µM), where a hydroxyl group is present at C-4 of benzophenone ring along 

with a p-trifluoromethyl group at aryl part. Compound 156 bearing a trifluoromethyl group at 

meta position was found to be inactive.  Trifluoromethyl group may increases the hydrogen 

bonding ability of amide nitrogen with side chain amino acid residues of enzyme. 
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Moderate inhibition was observed in compounds 159, and 163 (IC50 = 66.04 ± 0.77 and IC50 = 

59.37 ± 0.17 µM, respectively). The electron donating effect of chloro at ortho position of 

benzene may be responsible for this behavior. Compound 158 bearing a trifluoromethyl group 

at ortho, and chloro group at para position with unsubstituted benzophenone ring was found to 

be inactive. Weak inhibitory activity (IC50 = 136.4 ± 2.89 µM) was shown by compound 162 

bearing same substitution at aryl part but a hydroxyl was present at C-4 of benzophenone part.  

This can be concluded from the preliminary SAR studies that trifluoromethyl substitution is 

particularly important for the inhibition of enzyme DPP-IV. 

11.2.3. Benzophenone Schiff Bases  

11.2.3.1 Introduction 

Schiff bases are important ligands in modern medicinal and pharmaceutical chemistry. 

Azomethine (-C=N-) moiety, typically formed by condensation of aldehyde and primary amine, 

is responsible for stitching biologically active scaffolds to form molecular hybrids (Subbaraj, 

Ramu, Raman, and Dharmaraja, 2015). Schiff bases are known to possess many interesting 

biological activities, some of which are listed below: 

 Antioxidant (Tamer, Hassan, Omer, Baset, et al., 2016) 

 Antibacterial (Islam, Das, Chakrabarty, Hazra, et al., 2016) 

 Anti-cancer (Khan, Rasheed, Fatima, Hayat, et al., 2016) 

 Anti-tubercular (Meenatchi, Muthu, Rajasekar, and Meenakshisundaram, 2014) 

 Anticonvulsant (Meenatchi, Muthu, Rajasekar, and Meenakshisundaram, 2014) 

 Anti-pyretic (Singh, Sinha, Prasad, Kumar,  et al., 2011) 

 Anti-microbial (Tamer, Hassan, Omer, Baset, et al., 2016) 

 Anti-allergic (against photosensitization) (Kunisue, Chen, Louis, Sundaram, et al., 2012) 

11.2.3.2 Results  

Benzophenone Schiff bases were synthesized by the research group of Prof. Dr. Khalid M. 

Khan S.I., T.I., at H. E. J. Research Institute of Chemistry, University of Karachi. 45 derivatives of 

benzophenone Schiff bases were evaluated for their DPP-IV inhibitory activity.  
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 20 derivatives showed good to weak inhibition of DPP-IV enzyme. IC50 values were 

found to be in the range of 31.5 to 134.0 µM. 

 Compounds 176, 171, 178, 166, 177, 165, 167, 168, 192, 185, 187, 169, and 188 

showed less than 50% inhibition of the enzyme, and therefore considered as inactive 

against DPP-IV. Complete results are shown in Table-11.3. 

Table-11.3: DPP-IV Inhibitory activity of benzophenone Schiff base derivatives 164 - 195. 

 

Compound  R1 
IC50 ± SEM* 

(µM) 

164 

 

70.7 ± 7.3 

165 

 

NA** 

166 

 

NA 

167 

 

NA 

168 

 

NA 
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169 

 

NA 

170 

 

NA 

171 

 

NA 

172 

 

30.15 ± 5.1 

173 

 

59.9 ± 0.2 

174 

 

77.47 ± 1.17 

175 

 

95.0 ± 9.1 

176 

 

64.7 ± 3.5 

177 

 

NA 
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178 

 

NA 

179 

 

90.5 ± 1.97 

180 

 

125.0 ± 1.27 

181 

 

46.0 ± 0.52 

182 

 

67.6 ± 1.26 

183 

 

69.3 ± 0.3 

184 

 

31.5 ± 0.25 

185 

 

43.5 ± 0.7 

186 

 

NA 
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187 

 

NA 

188 

 

NA 

189 

 

67.9 ± 1.5 

190 

 

134 ± 6.75 

191 

 

127 ± 1.22 

192 

 

NA 

193 

 

74.4 ± 0.2 

194 

 

92.5 ± 4.17 

195 

 

64.4 ± 3.45 
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Sitagliptin 

(Standard) 

 

0.033 ± 0.4 

 

             *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 

11.2.3.3 Structure-Activity Relationship 

Initial SAR study proposed that the enzyme inhibition activity of benzophenone Schiff bases 

mainly depends on substitution pattern on aromatic ring (R1). Substitutions ortho to azomethine 

(-C=N) group significantly effected activities of different analogues (Figure-11.7). Compounds 

186, 171, 178, 166, 177, and 187 with unsubstituted ortho position were found to be inactive.  

 

Figure-11.7: Effect of ortho substitution in Benzophenone Schiff base derivatives 164 – 195. 

 Effect of Hydroxyl Substitution 

Presence of hydroxyl group at C-2 of phenyl ring increased the activity against DPP-IV enzyme. 

Compound 164 (IC50 = 70.7 ± 7.3 µM) with monohydroxy substituent showed a moderate 

activity. Analogues with di- and tri-hydroxy groups, or hydroxy along with isopropyl 
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(Compounds 166 - 168, and 170) were found to be inactive. Increased steric bulk may have 

resulted in inactivation of these compounds. 

 Combined Effect of Hydroxyl and Halogens 

Compound 172 was the most active compound of the series (IC50 = 30.15 ± 5.1 µM). Electron 

donating chloro substituent, para to hydroxyl, apparently resulted in its increased activity. 

Activity decreased two fold (IC50 = 59.9 ± 0.2 µM) when fluorine was present in place of a 

chlorine in compound 173. It further decreased when bromine replaced fluorine as in 

compound 174 (IC50 = 77.47 ± 1.17 µM). With the substitutions of dichloro and a hydroxyl 

group in compound 176, resulted in moderate inhibition (IC50 = 64.7 ± 3.5 µM) of DPP-IV 

enzyme. Increased steric bulk due to bromo substitution at ortho position in compound 175 

apparently attributed for a decreased activity (IC50 = 95.0 ± 9.1 µM). 

 Combined Effect of Hydroxy and Methoxy Groups 

Activity decreased several folds when halogens were replaced with methoxy groups. Two 

electron donating groups in addition to hydroxyl in compound 181 resulted in a good inhibitory 

activity (IC50 = 46.0 ± 0.52 µM). Presence of electron donating methoxy group, para to 

azomethine (-C=N) in compound 179 resulted in better inhibitory activity (IC50 = 90.5 ± 1.97, 

and 125.0 ± 1.27 µM, respectively), as compared to compound 180.  

 Combined Effect of Hydroxy and Nitro Groups 

Compound 192 with ortho nitro substitution was found to be inactive. However, when nitro 

group was present along with a hydroxyl as in compounds 193, and 194, a weak inhibitory 

activity (IC50 = and 74.4 ± 0.2, and 92.5 ± 4.17) was observed. Nitro group may involve in 

conjugation with hydroxyl (when present para to each other) and activated the ring for π-π 

interactions with aromatic residues in the active site of DPP-IV enzyme. 

 Combined Effect of Halogen and Methoxy Groups 

Good to moderate activity was observed (IC50 = 31.5 - 69.3 µM), when halogens replaced the 

hydroxyl group at ortho position of phenyl. Compounds 182, and 183 showed comparable 

activity (IC50 = 67.6 ± 1.26 and 69.3 ± 0.3 µM, respectively). Compounds 184, and 185 with di-
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methoxy and halogen substitutions showed a good inhibitory activity (IC50 = 31.5 ± 0.25, and 

43.5 ± 0.7 µM, respectively). Electron donating effect of two methoxy groups, along with 

halogen, resulted in good inhibitory activity when compared with their mono methoxy analogues 

(182 and 183). 

 Effect of Halogens 

Compound 188 with a mono bromo substitution was found to be inactive. Only weak inhibition 

of enzyme DPP-IV was observed in case of dihalogen substituted derivatives (Compounds 189 

- 191) with IC50 values in the range of 67.9 – 134.0 µM. 

 Combined Effect of Halogens and Amino Groups 

Compound 195 is the only derivative with an amino substitution, ortho to azomethine group. It 

showed a moderate enzyme inhibition (IC50 = 64.4 ± 3.45 µM) when compared with standard 

sitagliptin (IC50 = 0.033 ± 0.4 µM). Steric bulk offered by two bromo groups might have 

dominated the strong electron donating effect of amino group. Hydrogen of amino group might 

also be involved in hydrogen bonding with the amino acid residues in the active site or 

hydrophobic pocket of enzyme DPP-IV. 

11.2.4 Gold Complexes 

11.1.4.1 Introduction 

Role of metal ions in various important cellular and biological processes have long been known.  

Therapeutic application of metals have also been known since 3000 BC (Basu, 2015). 

During the last few decades there has been significant development in the field of metallo-drugs. 

Metal ion incorporation yield significant advantages over conventional therapeutics. Gold 

complexes are well known pharmaceuticals (Zhang and Lippard, 2003). Some of important 

biological activities of gold complexes are presented below: 

 Anti-arthritic (Yeo, Sim, Khoo, Goh, et al., 2013) 

 Anti-leukemia (Basu, 2015) 

 Anticancer (Altaf, Mehboob, Kawde, Corona, et al., 2017) 
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 Anti-microbial (Glišić and Djuran, 2014) 

 Anti-bacterial (Oehninger, Rubbiani, and Ott, 2013) 

 Anti-fungal (Glišić and Djuran, 2014) 

 Anti-malarial (Hemmert, Fabié, Fabre, Benoit-Vical, and Gornitzka, 2013) 

11.2.4.2 Results  

Complexes of gold (I) and gold (III) were synthesized by the research group of Prof. Dr. Daniela 

Gasperini, Sri Lanka. These metal complexes exhibited a good to weak inhibition of human 

DPP-IV enzyme. IC50 values were found to be in lower micromolar range (IC50 = 22.0 - 99.0 µM). 

The inhibitory activities of gold complexes against human DPP-IV are presented in Table-11.4. 

Table-11.4: DPP-IV Inhibitory Activity of Gold Complexes 196 - 213. 

Compound  Structure  
IC50± SEM* 

(µM) 

196 

 

99.0 ± 0.3 

197 

 

NA** 
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198 

 

59.13 ± 0.2 

199 

 

66.53 ± 0.2 

200 

 

NA 

201 

 

37.46 ± 0.1 
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202 

 

29.88 ± 2.0 

203 

 

NT 

204 

 

22.0 ± 0.5 

205 

 

23.0 ± 0.89  
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206 

 

NT 

207 

 

35.6 ± 1.0 

208 

 

45.88 ± 0.39 

209 

 

35.2 ± 0.9 

210 

 

81.8 ± 4.7 

211 

 

76.9 ± 3.7 
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212 

 

NA 

213 

 

80.5 ± 1.5 

Standard 

(Sitagliptin) 

 

0.033 ± 0.04 

 

             *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 

11.2.4.3 Structure-Activity Relationship 

These results indicated that all the complexes tested during this study inhibited the activity of 

DPP-IV enzyme at a concentration <100 µM. With the exception of compounds 212, and 213, 

all other complexes were chloro gold (I) complexes with tetrahederal geometry, coordinated to 

different ligands. These results indicated that the activity of gold complexes to inhibit DPP-IV 

enzyme was governed by three factors: 

 Type of ligand 

 Nature of counter anion 

 Stereochemistry of substitution 
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Type of ligands attached to gold atom can profoundly alter the enzyme inhibitory activity of 

resulting complexes. These results showed that phosphine-coordinated complexes were good 

inhibitors as compared to their non-phosphine substituted analogues (196, and 198; 199, and 

201; 202, and 204). However, comparable activity was observed in compounds 204 and 205. 

Similar trend was observed in compounds 198 and 199.  

Complexes with ditrflimide [NTf2] as counter anion were found to be inactive, as compared to 

tetrafluoroborate [BF4] (compounds 196 and 197; 199 and 200). 

Stereochemistry of molecules, coordinated with gold, also affected their enzyme inhibitory 

activity. Complexes with (R)-configuration of phenyl substituted carbon were found to be more 

active (compounds 202 vs 205; 208 vs 209; 204 vs 207), with the exception of compounds 210 

vs 211, where complexes with (S)-configuration were found to be more active. 

  Compounds 212, and 213 are gold (III) complexes with square planar geometry. Only 

compound 213 showed a weak enzyme inhibition (IC50 = 80.5 ± 1.5 µM).  

11.2.5. Benzimidazoles  

11.2.5.1 Introduction 

Benzimidazole and its derivatives are well known for a wide range of biological activities. In 

1872, Hobrecker reported the first synthesis of benzimidazole (Gaba, Singh, and Mohan, 2014). 

Since then benzimidazole based compounds have played an important role in medicinal and 

pharmaceutical chemistry; 

 Anti-bacterial (Fang, Jeyakkumar, Avula, Zhou, et al., 2016) 

 Antioxidant (Üstün, Ayvaz, Çelebi, Demir, et al., 2016) 

 Anti-cancer (Kumar, Gupta, Paitandi, Singh, et al., 2016) 

 Anti-ulcer (Fang, Jeyakkumar, Avula, Zhou, et al., 2016) 

 Anti-tubercular (Shingalapur, Hosamani, and Keri, 2009)   

 Anti-coagulant (Bansal, and Silakari 2012) 

 Anti-glycation (Taha, Ismail, Jamil, Rashwan, et al., 2014) 
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11.2.5.2 Results 

Benzimidazole derivatives were synthesized at the H. E. J. Research Institute of Chemistry by 

research group of Prof. Dr. Khalid M. Khan S.I., T.I. Total 27 derivatives were evaluated for their 

DPP-IV inhibitory activity. Only 7 derivatives showed good to weak inhibition against DPP-IV 

enzyme with IC50 values in the range of 30.14 to 116.7 µM. Results of selected compounds are 

shown in Table-11.5. 

Table-11.5: DPP-IV Inhibitory activity of benzimidazole derivatives 214 - 233.  

 

Compound  R1 R2 R3 
IC50 ± SEM* 

(µM) 

214 H Cl 

 

NA** 

215 H Cl 

 

NA 

216 H Cl 

 

NA 

217 H Cl 

 

30.14 ± 1.32 

218 H Cl 

 

NA 

219 H Cl 

 

NA 
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220 Me Me 

 

116.7 ± 4.53 

221 H Cl 

 

65.2 ± 2.32 

222 H Cl 

 

78.4 ± 5.15 

223 H Cl 

 

NA 

224 H Cl 

 

NA 

225 H Cl 

 

NA 

226 H Cl 

 

NA 

227 H Cl 

 

NA 

228 H Cl 

 

NA 
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229 H Cl 

 

NA 

230 H Cl 

 

NA 

231 H Cl 

 

73.7 ±1.91 

232 H Cl 

 

87.5 ± 1.58 

233 H Cl 

 

70.5 ± 1.5 

Sitagliptin 

(Standard) 

 

0.033 ± 0.4 

 

             *IC50 Values are given as mean (n = 3) ± standard error of mean 
** NA = Not active 

11.2.5.3 Structure-Activity Relationship 

Preliminary SAR developed for benzimidazole derivatives, showed that substituent present 

ortho to imidazole ring is particularly important for the activity (Figure-11.8). All the compounds 

with unsubstituted ortho position (compounds 216, 223 - 225, 227 - 230) were found to be 

inactive. 
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Figure-11.8: Structural requirements of benizimidazole nucleus for DPP-IV inhibition. 

 Effect of Hydroxyl Group 

Unsubstituted and mono hydroxyl derivatives 214 - 216 were found to be inactive. Compound 

217 (IC50 = 30.14 ± 1.32 µM) was the most potent compound of the series. Presence of two 

hydroxyls ortho and para to the imidazole ring were apparently responsible for the inhibition of 

enzyme. Insignificant inhibition was observed when two hydroxyls were present at ortho and 

meta positions in compound 218. 

 Combined Effect of Halogen and Hydroxyl Groups 

Compound 220 showed a weak enzyme inhibition (IC50 = 116.7 ± 4.53 µM). This was the only 

compound where two methyl were present at C-6 and C-7 of benzimidazole skeleton. Presence 

of bromo group also seems to effect the enzyme inhibtory activity. Compounds 221 and 222 

showed a moderate enzyme inhibitory activity (IC50 = 65.2 ± 2.34, and 78.4 ± 5.15 µM, 

respectively). Presence of chloro in compound 221, para to hydroxyl resulted in increased 

enzyme inhibitory activity as compared to compound 222. Compound 226 was inactive, may 

be due to increased steric hindrance due to two chloro groups, present at ortho and para to 

hydroxyl. 

 Combined Effect of Hydroxyl and Methoxy Groups 

Presence of electron donating methoxy on phenyl ring also resulted in a moderate inhibitory 

activity in compound 231 and 232 (IC50 = 73.7 ± 1.91, and 87.5 ± 1.58 µM, respectively). 
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Hydroxyl group in compound 231 resulted in a better activity as compared to compound 232, 

where a methoxy replaced the hydroxyl at ortho position. 

 Combined Effect of Chloro and Nitro Groups 

Compound 233 (IC50 = 70.5 ± 1.5 µM) showed a moderate inhibition of enzyme. Electron 

donating effect of chloro at ortho apparently activated the ring while nitro group might be 

involved in π-π interactions with aromatic amino acid residues in the active site of the enzyme.  

SAR proposed from these results suggested that electron donating groups, such as –OH,                 

-OCH3, and –Cl, activated the phenyl ring and resulted in increased enzyme inhibitory activity. 

These groups have profound effect when present at ortho to imidazole ring. Substitutions like -

OH and -OCH3 may also form hydrogen bonding with residues present in the hydrophobic 

pocket or active site of enzyme. Substitution at C-5, and C-6 of benzimidazole skeleton were 

also important for enzyme inhibitory activity.  

11.2.6 Miscellaneous Inhibitors 

Some compounds belonging to various classes of compounds, such as pyridines, acridine dione, 

and dihydropyridine were also evaluated for their DPP-IV inhibitory activity. 

 37 Derivatives of pyridines were evaluated, and only four compounds showed a 

moderate to weak inhibition of enzyme (IC50 = 42.3 – 81.7 µM). Compound 237 (IC50 = 

42.3 ± 0.64 µM) was the most active compound, with bromo substitution para to thiazole 

ring.  
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 53 Derivatives of acridine dione were evaluated for their DPP-IV inhibitiory activity. 

Only 3 derivatives showed significant inhibition. Compound 239 (IC50 = 29.6 ± 1.55 µM) 

was the most active compound of the series. However compound 240 was found to be 

more active than compound 238 (IC50 = 46.5 ± 0.55 vs 72.1 ± 1.08 µM). Electron 

donating alkoxy groups may be involved in the enzyme inhibitory activity. 
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 25 Derivatives of 1,4-dihydropyridines were evaluated, only 3 derivatives showed 

inhibition of DPP-IV. Only compound 241 showed a moderate inhibition (IC50 = 79.8 

± 1.27).  

 83 derivatives of coumarin sulphonates were evaluated and only two compounds were 

found active. Compound 242 showed a significant inhibition of enzyme DPP-IV (IC50 = 

48.2 ± 0.47 µM).  

 

11.3 Inhibitor of DPP-IV from Natural Products 

Plants have always been a source of structurally diverse and biologically active compounds. Most 

of the drugs used in modern medicines have been derived from plant sources, directly or 

indirectly. Therefore it is always beneficial to search natural products for the discovery of new 

drug lead molecules. These phyto-constituents can be used in combination or as an alternative 

to conventional drugs (Obolskiy, Pischel, Siriwatanametanon, and Heinrich, 2009). 

Compound α - mangostin was isolated from aerial parts of Garcinia mangostana, and is well 

known for its pharmacological activities. Following are reported biological activities of this 

compound:  

 Anti-cancer (Aisha, Abu-Salah, Ismail, and Majid, 2012) 

 Anti-allergy (Pedraza-Chaverri, Cárdenas-Rodríguez, Orozco-Ibarra, and Pérez-Rojas, 

2008) 

 Anti-glycation (Abdallah, El-Bassossy, Mohamed, El-Halawany, et al., 2016) 
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 Anti-obesity (Ibrahim, Hashim, Mariod, Mohan et al., 2016) 

 Antimicrobial (Taher, Susanti, Rezali, Zohri, et al., 2012) 

 Analgesic (Ibrahim, Hashim, Mariod, Mohan et al., 2016) 

 Anti-inflammatory (Tousian, Razavi, and Hosseinzadeh, 2017) 

 For the treatment of Alzheimer’s disease (Ibrahim, Hashim, Mariod, Mohan et al., 

2016). 

 Antioxidant (Taher, Susanti, Rezali, Zohri, et al., 2012) 

 

Inhibition of DPP-IV by α-mangostin (compound 243) is presented in Figure-11.9. Electron 

donating groups, such as hydroxyls and methoxy, might be involved in the inhibition of DPP-

IV enzyme. Center ring of α-mangostin may also involve in interactions with the active site of 

enzyme. 

 

 

- 
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Figure-11.9: Effect of various concentrations of α-mangostin (243) on DPP-IV inhibitory activity (in 

vitro enzymatic assay). Each bar represents the value obtained from three experiments. 

11.4 Results of Enzyme Kinetic Studies  

Enzyme kinetic studies were performed to investigate the catalytic mechanism of newly 

identified inhibitors against DPP-IV. During these studies, different concentrations of substrate 

were used, and rate of reaction was monitored. Reciprocal of rate of reaction [V] was plotted 

against reciprocal of substrate concentrations [S], while enzyme concentration was kept constant. 

 The most active inhibitors were subjected to mechanistic studies for a better understanding of 

their mechanism of enzyme inhibition. Mode of inhibition, and inhibition constants were 

determined, as described in section-4.2.1. 

11.4.1 Kinetics Studies on Sitagliptin (Standard Inhibitor)  

Sitagliptin ((R)-3-Amino-1-(3-(trifluoromethyl)-5,6-dihydro-[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-

yl)-4-(2,4,5-trifluorophenyl)butan-1-one) was approved by the US-FDA in 2006 for the 

treatment of diabetes type II. Sitagliptin was used as the standard inhibitor during our work. It 

was initially used to optimize kinetic parameters. Concentration of substrate (Gly-pro-pNA) was 
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varied between 0.05 - 0.4 mM. Km, Vmax, and Ki (see glossary) values were determined by 

using Grafit software version, 7.0. Km for the substrate, Gly-pro-pNA. pTosylate was found to 

be 0.16 mM, while Ki for the standard inhibitor was found to be 0.034 ± 0.0001 μM. 

Competitive inhibition of enzyme was inferred from Lineweaver-Burk plot. Vmax remained the 

same throughout the experiment, while Km gradually increased. This result further confirmed 

the competitive mode of inhibition by sitagliptin. These observations are consistent with the 

literature reported. Kinetic parameters are presented in Table-11.6, and Figure-11.10. 

Table-11.6: Kinetics parameters for standard (Sitagliptin). 

STD. 
Vmax 

(µM/L/min)
-1
 

Km 

mM 

Vmax app 

(µM/L/min)
-1

 

Km app 

mM 

Ki ± S.E.M. 

µM 

Type of 

Inhibition 

Sitagliptin 3.9 0.16 4.3 1.01 
0.034 ± 

0.0001 
Competitive 

 

 

 

Km = Michaelis-Menten constant in the absence of inhibitor Ki = dissociation constant of inhibitor, Km app = 

Michaelis-Menten constant in the presence of inhibitor, Vmax = the maximal velocity at which enzyme show 

catalysis per unit time, Vmax app = the apparent maximal velocity in the presence of inhibitor. 
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Figure-11.10: Steady state competitive inhibition by standard inhibitor, sitagliptin. 

(A) Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (Gly-pro-pNA) in the 

presence of different concentrations of inhibitor, I = 0.124 μM (○), I = 0.051 μM (●), I= 0.024 μM (□), 

I= 0.013 μM (■), and in the absence of inhibitor I= 0.00 μM (▲). (B) Secondary re-plot from reciprocal 

plot for Ki between slope vs [I], (C) Dixon plot, which further confirms the Ki and type of inhibition, 

which is competitive type for sitagliptin against the DPP-IV. 
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11.4.2 Kinetic Studies on Gold Complexes 

Gold complexes 201, 202, 204, 205, 207, and 209 were subjected to kinetic studies. The type 

of inhibition was determined by using Lineweaver-Burk plots. Compounds 204 showed a 

mixed-type inhibition, which suggested that this compound can either bind to the active site or 

with the allosteric site of the enzyme to inhibit its activity. For compounds 201, 202, 205, and 

209 Km remains unaffected whereas Vmax decreased, which indicated a non-competitive type 

of inhibition. In the presence of compound 207, Vmax was unaffected, whereas Km increased 

significantly. This indicated a competitive type of inhibition. This also suggested that the 

inhibitor bind with free enzyme, and inhibits its activity. Kinetic parameters are shown in Table-

11.7, while Figures 11.11, and 11.12 represent the kinetic graphs for compounds 209, and 207 

respectively. 

Table-11.7: Kinetics parameters for gold complexes. 

Compound 
Vmax 

(µM/L/min)
-1
 

Km 

mM 

Vmax app 

(µM/L/min)
-1

 

Km app 

mM 

Ki ± S.E.M. 

µM  
Type of Inhibition 

201 9.35 0.23 16.35 0.19 35.89 ± 0.3 Non-competitive 

202 5.88 0.18 4.5 0.19 42.3 ± 0.001 Non-competitive 

204 11.75 0.24 7.45 0.48 7.4 ± 0.002 Mixed  

205 13.42 0.19 8.92 0.21 7.18 ± 0.004 Non-competitive 

207 5.03 0.25 4.99 9.8 59.2 ± 0.0002 Competitive  

209 4.9 0.2 2.1 0.28 17.7 ± 0.01 Non-competitive  

 

Km = Michaelis-Menten constant in the absence of inhibitor Ki = dissociation constant of inhibitor, Km app = 

Michaelis-Menten constant in the presence of inhibitor, Vmax = the maximal velocity at which enzyme show 

catalysis per unit time, Vmax app = the apparent maximal velocity in the presence of inhibitor. 
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Figure-11.11: Steady state non-competitive inhibition by inhibitor 209.  

(A) Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (gly-pro-pNA) in the presence of 

different concentrations of inhibitor, I = 100 μM (●), I= 50 μM (□), I=15 μM (∆), and in the absence of inhibitor 

I= 0.00 μM (▲). (B) Secondary re-plot from reciprocal plot for Ki  between slope vs [I], (C) Dixon plot, which 

further confirms the Ki and type of inhibition, which is non-competitive for compound 209 against the DPP-

IV. 
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Figure-11.12: Steady state competitive inhibition by inhibitor 207.  

(A)  Lineweaver–Burk plot between the reciprocal of 1/Vmax vs 1/substrate (gly-pro-pNA) in the presence 

of different concentrations of inhibitor, I = 100 μM (○), I = 0.050 μM (●), I= 0.025 μM (□), I= 0.006 μM 

(■), and in the absence of inhibitor, I = 0.00 μM (∆). (B) Secondary re-plot from reciprocal plot for Ki 

between slope vs [I], (C) Dixon plot, which further confirms the Ki and type of inhibition, which is 

competitive for compound 207 against the DPP-IV. 
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11.5 Cytotoxicity of Newly Identified Inhibitors of DPP-IV 
Mouse fibroblast 3T3 normal cell line was used for evaluation of cytotoxicity of newly identified 

DPP-IV inhibitors. Assay principle is based on a number of viable cells after the treatment with 

test compounds, as described in Section 3.3. Cycloheximide was used as an internal standard. 

Compounds from different synthetic classes, such as thiosemicarbazone, semicarbazone, Schiff 

base, and gold complexes with a good enzyme inhibitory activity were selected for the 

determination of their cytotoxic potential. Compounds which were found to be non-cytotoxic 

or weakly cytotoxic were selected for further studies on cellular model.  

Table-11.8: Cytotoxicity profile of inhibitors identified against DPP-IV 

Compound IC50 ± S.D.  (µM)* Compound IC50 ± S.D.  (µM)* 

138 19.0 ± 0.2 180 NC 

139 NC 181 NC 

140 NC 182 NC 

141 NC 184 20.02 ± 2.1 

142 25.7 ± 0.3 185 27.1 ± 1.5 

145 NC 189 NC 

146 NC 193 29.1 ± 0.5 

147 27.8 ± 1.9 194 NC 

149 20.88 ± 1.0 195 29.5 ± 1.0 

153 NC 196 7.9 ± 2.0 

157 NC 198 0.6 ± 0.01 

159 NC 199 9.8 ± 0.6 

161 24.66 ± 0.3 204 4.8 ± 0.2 

162 20.34 ± 0.38 205 0.6 ± 0.8  

163 8.2 ± 0.5 207 5.4 ± 1.1 

164 NC 208 4.0 ± 3.1 
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172 28.7 ± 1.7 209 4.0 ± 0.3 

173 NC 210 15.0 ± 0.2 

174 20.7 ± 1.5 211 14.0 ± 0.2  

175 26.9 ± 1.1 213 NC 

176 NC 237 NC 

178 26.7 ± 1.0 239 NC 

179 NC Cycloheximide*** 0.8 ± 0.2 

 

 

 Derivatives 138 – 142, 145 – 147, and 149 are member of thiosemicarbazone class. Four 

of these derivatives 138, 142, 147, and 149 showed a weak cytotoxicity potential with 

IC50 values in the range of 19.0 to 27.8 µM against 3T3 cell line. While others were 

found to be non-cytotoxic. 

 Semicarbazone derivatives 153 – 159 were found to be non-cytotoxic. Compounds 161 

and 162 showed only a weak cytotoxic activity (IC50 = 24.66 ± 0.5, and 20.34 ± 0.38 µM, 

respectively) whereas compound 163 showed a good cytotoxic activity with IC50 = 8.2 ± 

0.5 µM.  

 Compounds 172 - 176, 178 – 182, 184, 185, 189, and 193 – 195 are benzophenone 

Schiff base. These inhibitors showed a weak cytotoxic activity (IC50 = 20.02 – 29.5 µM). 

While compounds 173, 176, 179 – 182, and 194 were found to be non-cytotoxic. 

 Gold complexes 196 – 199, 204, 205, and 207- 211 were found to be highly cytotoxic. 

With IC50 values in the range of 0.6 – 15.0 µM. only compound 213 was found to be 

non-cytotoxic. 

11.6 In Situ Caco-2 Cell DPP-IV Inhibition Assay 

Human carcinoma colon (Caco2) cells have been widely studied due to their resemblance to 

enterocytic cells, though their true origin is colonic cells. Caco-2 is particularly known to express 

many membrane bound peptidases, such as AP-P, AP-W, MDP, DPP-IV, AP-N, ACE, and  

*IC50  Values are given as mean (n = 3) ± standard error of mean 

** NC= Non Cytotoxic; ***Standard used in cytotoxic studies. 
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γ -GT (Howell, Kenny, and Turner, 1992). This cell line is a reliable model for drug absorption, 

toxicity testing, and to investigate the proteolytic activity of certain enzymes. Caco-2 is a rich 

source of membrane bound DPP-IV enzyme as well (Caron, Domenger, Dhulster, Ravallec, 

and Cudennec, 2017). 

11.6.1 DPP-IV Inhibition Studies on In Situ Caco-2 Cells by Standard Sitagliptin  

In the first step of this study, human recombinant DPP-IV enzyme was used in standard 

enzymatic assay. This assay did not simulate certain physiological parameters that might affect 

the DPP-IV inhibitory properties of identified inhibitors. Aim of this study was to validate the 

use of Caco-2 cells for the study of inhibition of DPP-IV, to evaluate the activity of our most 

promising inhibitors in the presence of certain physiological barriers. 

Sitagliptin was used as standard in in situ Caco-2 cell assay. This assay was optimized as 

described in Section 10.5. Results of inhibition of DPP-IV in Caco-2 cell-based assay by 

standard inhibitor, sitagliptin, is presented in Figure-11.13. These results were compared with 

inhibition results obtained with the purified enzyme. Linear dose dependent inhibition of DPP-

IV activity was observed in both assays. The IC50 value for sitagliptin enzyme inhibitory activity 

in in situ Caco-2 cells was 7.6 ± 0.72 µM. Significant variation in IC50 values were due to more 

complex environment as compared to in vitro assay. 

file:///F:/thesis/final%20of%20dpp.docx%23_ENREF_37
file:///F:/thesis/final%20of%20dpp.docx%23_ENREF_15
file:///F:/thesis/final%20of%20dpp.docx%23_ENREF_15
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11.6.2 DPP-IV Inhibition in In Situ Caco-2 Cells by Gold Complexes 

Gold complexes which showed potent inhibition in the initial biochemical assay were selected 

to study their inhibitory potential against DPP-IV enzyme in Caco-2 cell-based assay. Results 

indicated that the in situ enzyme inhibition potential of these compounds was lower than their 

inhibitory potential against purified DPP-IV enzyme in in vitro assay. 

 Compound 207 showed the most potent activity (IC50 = 20.5 ± 0.49 µM). Presence of 

phenyl group might have increased the lipophilicity, and attributed for high inhibitory 

activity. 

 Compounds 204, 208, and 209 showed a good inhibition of enzyme DPP-IV in situ 

cellular model, with IC50 values in the range of 45.8 – 53.6 µM. 

Results are shown in Table-11.8, while % inhibition of these complexes are presented 

in Figure-11.14. 
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Figure-11.13: DPP-IV Inhibition in in situ Caco-2 cell by standard (Sitagliptin). 

Each bar represents the mean value obtained from three experiments. 
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Figure-11.14: DPP-IV Inhibition in in situ Caco-2 cell by gold complexes at 0.5 mM concentration, 

except compound 208, which was at 0.3 mM concentration. Each bar represents the mean value 

obtained from three experiments. 

Table-11.9: Inhibitory activities of gold complexes in in situ Caco-2 DPP-IV inhibition assay. 

Compound 
IC50 ± S. E. M.* 

(µM) 

204 45.8 ± 1.83 

207 20.5 ± 0.49 

208 48.7 ± 5.4 

209 53.6 ± 1.07 

Sitagliptin (STD.) 7.6 ± 0.72 

*IC50 values are expressed as mean ± S. E. M. (Standard Error of Mean) where n=3 

11.6.3 DPP-IV Inhibition in In Situ Caco-2 Cells by Miscellaneous Inhibitors 

Selected inhibitors identified during the initial phase of this study, were assayed using Caco-2 

cellular model. 
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Total 10 inhibitors were selected from different classes including pyridine, acridine dione, 

thiosemicarbazone, and semicarbazone. Five compounds 139, 147, 172, 239, and 237 exhibited 

a moderate to weak inhibitory activity (IC50 = 55.6 – 326.4 µM), while all others were found to 

be inactive in in situ Caco-2 assay (Figure-11.15). These compounds belong to different synthetic 

classes. Compounds 139 and 147 are thiosemicarbazone derivatives, compound 172 is a 

benzophenone Schiff base, compound 237 is a pyridine, and compound 239 belongs to acridine 

dione. Structure and IC50 values of these inhibitors are represented in Figure-11.16. 

 

 

 

0

10

20

30

40

50

60

70

80

90

%
 I

n
h

ib
it
io

n

Compounds

THIOSEMICARBAZONE SEMICARBAZONE

BENZOPHENONE SCHIFF BASE PYRIDINE

ACRIDINE DIONE SITAGLIPTIN (STD)

Figure-11.15: DPP-IV Inhibition in in situ Caco-2 cell by inhibitors of different 
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Figure-11.16: Structures and IC50 values of compounds tested in in situ Caco-2 cell-based assay. 
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12 CONCLUSION  

87 new inhibitors of DPP-IV were identified through systematic screening of over 1,800 fully 

characterized natural and synthetic compounds. These inhibitors belong to different classes of 

compounds, such as semicarbazones, thiosemicarbazones, benzimidazoles, pyridines, and 

benzophenone Schiff base. Gold complexes also showed a good DPP-IV inhibitory activity. 

Compounds 139, 140, 142, 145, 147, 157, 184, 201, 202, 204, 205, 207, 209, and 217 showed 

a significant inhibitory potential against DPP-IV enzyme with IC50 values in the range of 15.0 to 

38.27 µM. It could be proposed from SAR studies that halogens and hydroxyl substituents play 

a significant role on DPP-IV inhibitory activity. 

Mixed and non-competitive mode of enzyme inhibition was observed by gold complexes during 

mechanistic studies. Only compound 207 was found to be a competitive inhibitor. 

9 compounds showed a significant inhibition of DPP-IV in in situ Caco-2 cellular model. 

Compounds 204, 207, 208, and 209 showed the most active inhibition with IC50 values in the 

range of 20.5 – 45.8 µM. 

This study is an example of a systemic search for DPP-IV inhibitors. These newly identified 

inhibitors can be used as leads optimization against DPP-IV associated diseases. These 

inhibitors can also be evaluated further by using different animal models in order to explore 

their biochemical and physiological properties, and mechanisms of action. The potent 

inhibitors identified in this study are listed below, these compounds offer excellent starting point 

for medicinal chemists to explore new chemical scaffolds, and/or optimize existing chemical 

entities with improved therapeutic profile. 
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 GLOSSARY  

 

Active site  A small portion of the enzyme structure, which interacts with 

substrate and through which reaction proceeds.  

Competitive Inhibitors  Competitive inhibitors are a type of reversible inhibitors that 

dissociate from the enzyme-inhibitor complex as soon as 

possible. They have similarity with the substrate, and bind 

directly to the active site of an enzyme in place of substrate.  

Cytotoxicity  Cytotoxicity is the quality of being toxic to cells. Examples 

of toxic agents are an immune cell or some types of venom 

(e.g. from the puff adder or brown recluse spider).  

Dixon plot  A plot of the reciprocal of the rate of reaction against 

different concentrations of inhibitors.  

Druggable Term used to describe the ability of target molecule to 

interact with high affinity with the drug molecule.  

Enzyme They are biological molecules involved in almost all 

chemical processes inside the living system. 

Enzyme Inhibition  Area of research where inhibition of enzymes (which are 

associated with particular disease) is studied.  

Enzyme Kinetics  Enzyme kinetics is the study of the chemical reactions that 

are catalysed by enzymes. In enzyme kinetics, the reaction 

rate is measured and the effects of varying the conditions of 

the reaction are investigated. Studying an enzyme's kinetics 

in this way can reveal the catalytic mechanism of this 

enzyme, its role in metabolism, how its activity is controlled, 

and how a drug or an agonist might inhibit the enzyme.  

IC50  The concentration of an inhibitor that inhibits the enzyme-

catalyzed reaction by 50%.  
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Inhibitor  An inhibitor is a molecule that decreases the activity of 

enzymes by binding with specific position of enzymes.  

Ki  Ki is the inhibition constant of enzyme for a particular 

inhibitor. Ki values are used to characterize and compare 

the effectiveness of inhibitors, relative to Km.  

Km  Km is the dissociation constant of substrate and is equal to 

the substrate concentration at which half of the active site of 

enzymes are saturated.  

Kmapp  Kmapp is the apparent Km of enzyme in the presence of 

inhibitors.  

Ligand  Any small molecule, which binds with the receptor.  

Lineweaver–Burk plot  A plot of the reciprocal of the rate of the reaction versus the 

reciprocal of different substrate concentrations to monitor 

the 180  

effect of inhibitor on both Km and Vmax 

values.  
 

Mix-type Inhibitors  The mixed-type inhibitors bind to the enzyme and alter the 

binding affinity for substrate and vice versa.  

Non-Competitive 

Inhibitors  

Non-competitive inhibitor is a reversible inhibitor, binds to 

an enzyme other than the active site. By binding of this type 

of inhibitors, the conformation of an enzyme, as well as its 

active site, is changed, which makes the substrate unable to 

bind to the enzyme effectively and enzyme efficiency 

decreases.  

Receptor  Any target molecule to which a ligand binds.  

S.E.M  Standard error of the mean represents the degree of 

experimental error.  
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Structure-Activity 

Relationship 

The structure-activity relationship (SAR) is the relationship 

between chemical structure of molecule with its biological 

activity. 

Substrate  In biochemistry, a substrate is a molecule upon which an 

enzyme acts. Enzymes catalyzed chemical reactions, 

involving the substrate(s). In the case of a single substrate, the 

substrate binds with the enzymes active site, and an enzyme-

substrate complex is formed. The substrate is transformed 

into one or more products, which are then released from the 

active site.  

Turnover number  Turnover number is the number of substrate molecules 

converted into product molecules by an enzyme, in a unit 

time when the enzyme is fully saturated with substrate.  

Uncompetitive Inhibitors  The uncompetitive inhibitor binds only with the substrate-

enzyme complex only.  

Vmax  Vmax is maximal rate of enzymes at which the enzyme 

catalyzes a reaction.  

Vmaxapp  Vmaxapp is the apparent Vmax of enzyme in the presence 

of inhibitors. 
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