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Abstract:

Based on superoxide dismutase (SOD) structure, it has metal ions as cofactors for
catalyzing mechanism or function of the enzymes. Therefore, metal complexes as SOD
mimic have been designed and synthesized to act as SOD-like activity. Transition metal
complexes (i.e., Cu, Mn, Ni) of 2-thiouracil (2TU), and 2- and 8-hydroxyquinolines (8-HQ and
2-HQ) (1-6); and copper complexes of sulfonamide analogs (7-16) were synthesized and
evaluated for their biological activities (i.e., antioxidant, antimicrobial and anticancer
activities). The synthesis of metal complexes was carried out using chemical method.
Biological activities were performed i.e., antioxidants using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and superoxide dismutase (SOD) assays; antimicrobials using agar dilution method
and anticancers using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) assays.
The metal complexes 1-6 displayed SOD activity in ranges of ICsy of 1.81-516.56 uM.
Interestingly, metal complex 5 (2TU-Cu-2HQ) has the highest SOD activity with 1Cs, of 1.81
MM. The complexes 1 (2TU-Ni-8HQ), 5 and 2 (2TU-Cu-8HQ) exhibited radical scavenging



activity (DPPH) with ICsy of 171.31, 194.25 and 388.56 pM, respectively, but the other
complexes 3, 4 and 6 were shown to be inactive compounds. The metal complex 3 (2TU-
Mn-8HQ) showed good antimicrobial activity with the minimal inhibitory concentration (MIC)
range of 11.07-708.64 uM against gram-positive and gram negative bacteria as well as
diploid fungus, followed by metal complexes 2 (MIC of 23.68-757.70 yM) and 1 (MIC of
350.67-701.35 pM). In addition, copper (Cu) complexes (7-16) of 4-substituted (NO,, OCHj,
CH; and Cl) benzenesulfonamide of anthranilic acid were synthesized and determined for
antioxidant, antimicrobial and cytotoxic activities. The Cu complexes 7-16 elicited antioxidant
activity (SOD) in range of ICs, of 0.062-0.152 uM, and cytotoxic activity with 1C5, of 21.60-
28.92 yM against MOLT-3 cell lines. The complex 10 (sulfonamides with NO, and CI
substituents) has the strongest SOD activity with I1C5, of 0.062 yM and complex 16 (with ClI
group) showed the best cytotoxicity against MOLT-3 cell lines with ICs, of 21.60 uM.
Furthermore, insight into structure-activity relationship was investigated to elucidate
molecular structures governing their biological activities. Therefore, a data set of 20
pyrazolopyridine derivatives with antioxidant activity was employed to construct a QSAR
model. The obtained significant descriptors composed of 3D-MoRSE-signal 11/weighted by
atomic masses (Mor11m), 3D-MoRSE-signal 25/weighted by atomic van der Waals volumes
(Mor25v), mean topological charge index of order 5 (JGI5), H autocorrelation of lag 8/
weighted by atomic polarizabilites (H8p), Geary autocorrelation—lag 5/weighted by atomic
polarizabilities (GATS5p), and Ghose-Viswanadhan-Wendoloski drug-like index at 50%
(GVWAI-50) were used for generating the predictive model. The statistical qualities showed
good predictive performance of Q2 = 0.9370 and RMSE =4.7414 for internal validation
(LOO-CV set). Moreover, the highest antioxidant activity required the compound with the
highest JGI5 and GATS5p but with low Mor25v, that are well correlated to 3-aminopyrazole
pharmacophore of the compounds. Furthermore, pyridine and pyrimidine derivatives as
privileged scaffolds with anticancer activity have been reported. The body of knowledge is
benefit for the design and development of novel bioactive pyridine and pyrimidine-based
compounds. The findings afforded new potential candidate metal complexes (1-16), QSAR
study for the rational design of new pyrazole analogs with potent antioxidant activity, and
outlook of pyridines and pyrimidines for medicinal applications.

Keywords: metal complexes, hydroxyquinolines, sulfonamides, pyridines, pyrimidines,

biological activities, QSAR, medicinal chemistry
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CHAPTERI
INTRODUCTION

Advancements in sciences and technology have been led to significant changes
in environment, society, behavior and lifestyle. Finally, population may encourage to risk
factors associated with diseases such as non-communicable diseases (i.e. diabetes
mellitus, cardiovascular diseases and cancers). Free radicals have been documented as
risk factors correlated with progression of diseases. In biological systems, superoxide
dismutase (SOD) is an enzyme that converts superoxide anion, deriving from external
and internal sources of the body, to oxygen and hydrogen peroxide. Interestingly, SOD
occupies transition metal as a cofactor to be responsible for metabolism and function of
enzyme. It has been found that manganese (Mn), copper (Cu) and zinc (Zn) are
transition metals in SOD enzymes (1-3). However, an excessive of free radicals may
cause imbalance between antioxidant enzyme (SOD) and free radicals leading to
pathophysiological conditions and end with diseases. Therefore, drugs/compounds have
been designed and synthesized to solve these problems. Considering the SOD
enzymes have metal ion in the structure, consequently, syntheses of compounds as
SOD-like activity have been developed using transition metal ion as a centered atom
that coordinated with ligands i.e., compounds containing electron donor atoms (nitrogen
(N), sulfur (S) and oxygen (O)), to form metal complexes. The metal complexes have
been successfully synthesized and determined for their bioactivities. For example, metal
complexes of uracil derivatives exhibited cytotoxic, antimicrobial and antioxidant
activities (4, 5); metal complexes of cefdinir displayed antibacterial activity (6); metal
complexes of pyridine derivatives showed antioxidant and antimicrobial activities (7, 8)
and metal complexes of monomethyl succinate exhibited antimicrobial activity (9).
Interestingly, 8-hydroxyquinoline (8-HQ) and its derivatives (i.e. 2-HQ) are ligands
constituting O and N electron donor atoms that are capable of forming coordinated
metal complexes with metal ions (10). In addition, sulfonamides containing O and N
atoms that can form metal complexes with metal ions. These ligands (i.e., 8-HQ, uracils
and sulfonamides) displayed diverse biological activities such as antioxidant,
antimicrobial and anticancer activities. To search for new bioactive compounds, these
known bioactivities of ligands (8-HQ, uracil and sulfonamide derivatives) are interested
compounds to be used for the synthesis of metal complexes for value-added of

compounds. This project aims to synthesize transition metal complexes as potential new
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lead compounds for medicinal applications using 8-HQ (and its derivative; 2-HQ) and 2-
thiouracil (Appendix A), and sulfonamides ligands (Appendix B); and evaluate for their
biological activities including antioxidant, antimicrobial and cytotoxic activities, and to
construct QSAR and insight into relationship between physicochemical properties and
antioxidant activity of 3-aminopyrazole of pyrazolopyridine derivatives using
computational analysis (Appendix C). In addition, pyridine and pyrimidine as privileged
scaffolds with attractive anticancer activities were described for the searching of new

anticancer agents (Appendix D).
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CHAPTERII
OBJECTIVES

This research project aims:

1. To synthesize transition metal (Cu, Ni, Mn) complexes of 2-thiouracil and
8-hydroxyquinoline/2-hydroxyquinoline.

2. To synthesize transition metal (Cu) complexes of sulfonamide analogs

3. To determine antioxidant, antimicrobial and anticancer activities of transition metal
complexes

4. To elucidate structure-activity relationship of the transition metal complexes with their
bioactivities.

5. To construct QSAR model for 3-aminopyrazole scaffold of pyrazolopyridine

derivatives with antioxidant activity using computational approaches
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CHAPTERIII
LITERATURE REVIEW

3.1 Free radical and antioxidant systems

Free radical is an unstable molecule containing unpaired valence electrons that
can damage biomolecule in the body such as protein, lipid and deoxyribonucleic acid
(DNA) (11-13). Free radical is divided into 2 types: reactive oxygen species (ROS) and
reactive nitrogen species (RNS). The free radicals are produced from external (i.e.
pollution, UV light and smoking) and internal (i.e. metabolism and inflammation) sources
(11-13). Normally, free radical is eliminated by antioxidant systems that were
categorized into 2 groups: i) enzymatic system such as superoxide dismutase (SOD),
superoxide reductase and catalase and ii) non-enzymatic system such as vitamins C
and E and flavonoids (14, 15). However, excessive of free radicals lead to imbalance
between free radical and antioxidant systems, eventually, to develop diseases as
pathological conditions such as neurodegenerative disease, atherosclerosis, cardiovascular

disease and cancer (12, 13)

3.2 Enzymatic antioxidant system (Superoxide dismutase: SOD)

SOD is an important enzyme as found in living organisms that are divided into 3
classes depend on location and catalytic metal ions: manganese (Mn) in mitochondria,
copper (Cu)/zinc (Zn) in cytoplasm and extracellular. Furthermore, nickel (Ni) SOD was
found in prokaryotic organisms (1). The SODs are responsible for converting superoxide
anion to oxygen and hydrogen peroxide which is a substrate of catalase and glutathione
peroxidase enzymes as presented in Figure 3.1. It was found that SOD is an essential
enzyme to remove free radical or chain reaction of free radicals serving as a substrate

for other antioxidant enzymes.
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Figure 3.1. The mechanism of superoxide dismutase and catalase enzymes eliminated free

radicals (16).

3.3 Non-enzymatic antioxidant system

Non-enzymatic antioxidant system such as vitamins (i.e. vitamins C and E) and
carotenoids (i.e. lycopene and B-carotene) are nutrient antioxidants for detoxifying free
radicals. Moreover, insufficiency of exogenous antioxidants lead to diseases derived
from oxidative stress. Furthermore, discovery and development of compounds are
considered as important process for exploring new candidate compounds (13).

3.3.1 Drug discovery and development process

Drug discovery and development have extensive historical evidences for the use
of bioactive compounds from botanical sources in ameliorating conditions and treating
diseases. There are started in the late 1800s and there are a few drugs available for
treatment of diseases at the beginning of 1900s (17, 18). Based on early days, most
drugs were obtained from herbs and extracted ingredients from plant, until 1900s, the
synthetic compounds were achieved from chemical methods. Moreover, drug discovery
is also focused on bioactive metabolites from natural products. After the advancements
and breakthroughs in science and technology lead to the development of specific or
broad spectrum of drugs in targeting of interested diseases or pathogenic organisms.
The process of drug discovery are composed of target identification and validation, lead
discovery and optimization, preclinical tests, clinical trials, manufacturing and marketing
application (17, 18). The general strategy used in preclinical drug discovery and
development (19) is shown in Figure 3.2. The main objective is to select drug
candidates having efficacy in humans and avoid problems in clinical trials such as

bioavailability and toxicity.
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Figure 3.2. General strategy used in preclinical drug discovery and development (19).

3.3.2 Synthetic and natural antioxidant compounds

Synthetic and natural antioxidant compounds have been discovered and
developed for new lead compounds. Natural compounds as bioactive metabolites with
antioxidant, antimicrobial and anticancer activities have been identified in natural source
such as Spilanthes acmella Murr. (20), Hydnophytum formicarum Jack. (21), Saraca
thaipingensis (22), Polyalthia cerasoides (23) and Pterocarpus indicus (24).
Furthermore, chemical synthesis is an important method for obtaining a variety of new
bioactive compounds belonging to pyridine (25), pyrimidine (26), triazole (27), quinoline
and isoquinoline (28) based compounds and metal complexes have been successfully
synthesized as potent and promising bioactive compounds such as antioxidants,
anticancers, antimicrobials and vasorelaxants. Interstingly, metal complexes have been
synthesized as SOD mimetic. These metal complexes composed of a variety of
transition metal ions such as Mn, Cu, Zn, Fe and Ni displaying pharmacological
activities (4-7, 9, 29, 30). There are several ligands bearing N, S and O atoms that can
bind to metal ions via coordination bond.

Uracil and its derivatives were found to be bioactive compounds displaying
antioxidant (31), antimicrobial (32), anticancer (33)and antiviral (34) activities. For
example, uracils (Figure 3.3) possessing halogen substituents at the 5- or 6-position
(35) exhibited interesting bioactivities e.g. 5-fluorouracil as known anticancer drug (36),
antimetabolites (37) and its N1-substituted derivative 1 (38), as well as nucleoside
analogs 2 and 3 of 5-iodouracil and 5-trifluoromethyluracil, which are antivirals (39).

Acyclic-nucleoside analogs were shown to be anti HIV-1 agents. Examples are acyclic
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5,6-disubstituted uracils 4a-g (Figure 3.3) (39, 40). Furthermore, a series of thiouracil
(i.e., 2-thiouracil) derivatives (Figure 3.4) was reported to exhibit diverse bioactivities

(26, 32, 41).
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3, X= CF3, R = 2'-deoxyribosyl 4c, Ry =CHj3 Ry = CgHg

4d, Ry =C,Hs, Ry =CHj3
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49, Ry =i-C3H7, Rz = CgHs

Figure 3.3. Chemical structures of substituted uracil analogs 1-4 (33).
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Figure 3.4. Chemical structures of 2-thiouracil derivatives (26).

It is known that substituted uracils play a vital role in many metabolic processes
(42-44). Therefore, considerable interest has been drawn for using uracils as ligands for
coordinated metal complexes with pharmacological activities (4, 5). Such ligands
constitute O and N atoms that can form coordination complex with metal ions.

Quinolines are a chemical moiety that displayed a variety of pharmacological
properties such as broad spectrum antibacterial (45), anticancer (46) and antiviral (47)
activities. Quinoline is a used as scaffold for the synthesis of its derivatives, especially,
8-hydroxyquinoline (8-HQ) that exhibited bioactivities such as fungicidal and antibacterial
activities (10). 8-HQ was considered as a ligand for metal complexes that it has O and
N atoms in the molecule (10) atoms. The 8-HQ is a quinoline derivative found in natural
products, therapeutic drug/compounds and chelating agents (10). It has been
documented to show strong antioxidant and antimicrobial activities (5, 48). In addition,
2-hydroxyquinoline (2-HQ) is an isomeric from of 8-HQ that can form coordinated bond
with metal ions. Chemical structures of quinoline and its derivatives are outlined in

Figure 3.5.
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Figure 3.5. Chemical structures of quinoline and its derivatives.

In addition, synthesis and biological activities of metal complexes of quinolone
derivatives have been documented, for example, fluoroquinolones analogs with mixed-
ligand Cu (ll) complexes displayed antimicrobial, antioxidant and DNA cleavage activities
(49). Furthermore, metal complexes of 8HQ with 5-iodouracil/5-nitrouracil exhibited
cytotoxic, antimicrobial, antioxidant and aromatase inhibitory activities (4, 5, 48).

Sulfonamide (Figure 3.6) is an important pharmacophore found in many drugs
and bioactive compounds. sulfonamides exhibited a diverse biological activities such as
antimicrobial (50), anticancer (51) and antiviral (52) activities. Considering the
sulfonamide structure, it is interesting to use as the ligand to form metal complexes and

evaluate for their bioactivities.

V4

H
HoN

Figure 3.6. Chemical structure of sulfonamide.

Sulfonamide derivatives were used as a ligand to coordinate with metal ions
(ie., moononuclear complexes of 5-chloro-2-hydroxybenzylidene)
aminobenzenesulfonamides with various metal ions, Cu complexes of N-substituted
sulfonamides and Zn complexes of tosyl sulfonamide derivatives). It has found that
metal complexes of sulfonamide derivatives exhibited biological activities such as anti-
parasitic (53), DNA cleavage and cytotoxic activities (54).

Pyridine is a chemical moiety found in living organisms, it is a six-membered
ring of five carbon atoms and one nitrogen atom (55). It has been used as a core
structure for the synthesis of new compounds with pharmacological properties (25, 56-
58). In addition, pyrazole is a five-membered ring of three carbon atoms and two
nitrogen atoms, which has been considerable used as core structure for the drug design

(59-61). Therefore, a fused ring of pyridine and pyrazole gave rise to the
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pyrazolopyridine scaffold, which was shown to exert various biological activities such as

antimicrobial (62); , anticancer (63) and kinase inhibitory (64) properties.

3.4 Computational approaches

Advanced computational technology, computer-aided drug discovery and
development (CADDD), was applied for screening the interesting compounds with their
biological or chemical properties in silico (65, 66). Particulary, quantitative structure-
activity relationship (QSAR) was widely used to generate predictive models as well as
insight into the correlation of chemical structural features that involved in governing their
biological activities. The QSAR studies have been successfully demonstrated for
developing the QSAR models such as antioxidant, anticancer, antimicrobial and anti-
parasitic activities. The advantages of QSAR models are used as guideline for rational

design of novel compounds with potential chemical/biological activities (65, 66).
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CHAPTER IV
SYNTHESIS, ANTIOXIDANT AND ANTIMICROBIAL ACTIVITIES OF METAL
COMPLEXES OF 2-THIOURACIL-HYDROXYQUINOLINE DERIVATIVES

4.1 Abstract

Metal ions are cofactors found in antioxidant enzymes such as superoxide
dismutase (SOD), and are essential in catalytic mechanisms for scavenging the free
radicals. Therefore, synthetic compounds containing metal ions coordination are
designed for SOD mimic and other biological activities. The metal complexes 1-6
elicited SOD activity with 1C5, of 1.81-516.56 uM, particularly, complex 5 (2TU-Cu-2HQ)
showed the highest SOD activity with IC5y of 1.81 yM. In addition, complexes 1 (2TU-
Ni-8HQ), 5 and 2 (2TU-Cu-8HQ) displayed radical scavenging activity (RSA) with I1Cx, of
171.31, 194.25 and 388.56 uM, respectively, whereas the complexes 3, 4 and 6 were
shown to be inactive. Furthermore, the metal complex 3 (2TU-Mn-8HQ) exhibited good
antimicrobial activity with the minimal inhibitory concentration (MIC) range of 11.07-
708.64 uM against gram-positive and gram negative bacteria as well as diploid fungus,
followed by metal complexes 2 (MIC of 23.68-757.70 yM) and 1 (MIC of 350.67-701.35
MM). Interestingly, the similar mixed ligands with different metal ions of complexes 1
(Ni), 2 (Cu) and 3 (Mn), the complex 3 has the highest SOD (IC5, = 5.04 uM) and
antimicrobial activities, but Cu complex (5) of 2TU and 2HQ showed the highest SOD,
RSA and antimicrobial activities than Ni (4) and Mn (6) complexes. This finding reveals
novel transition metal complexes with a potential for further development as medicinal

compounds.

4.2 Introduction

Free radicals are a risk factor of various diseases such as diabetes mellitus,
cancer as well as cardiovascular and neurodegenerative diseases (67, 68). Biological
molecules in the body such as lipid, protein and deoxyribonucleic acid (DNA) can be
damaged by the free radicals. The endogenous defense mechanisms against the free
radicals can be overcomed by antioxidant enzymes i.e., superoxide dismutase (SOD),
catalase and glutathione peroxidase. In addition, antioxidant compounds can be

obtained from external sources i.e., supplement and dietary vitamins A, C and E (15,
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69). However, an excess of the free radicals in the body can cause undesirable effects
leading to physiological changes and eventually to clinical symptoms and diseases (67,
68)]. Therefore, antioxidant compounds can be recommended to reduce/neutralize the
overload of free radicals for preventing a progression of the diseases. Interestingly, the
SOD is an essential enzyme for catalyzing the dismutation of superoxide anion into
oxygen and hydrogen peroxide. Considering the SOD structure, it composes of
transition metal ions such as manganese (Mn) found in mitochondria, zinc (Zn) and
copper (Cu) found in cytosol, iron (Fe) and nickel (Ni) found in bacteria (1-3). These
metal ions are important cofactors for exerting the SOD activity, and are essential for
catalytic mechanisms. Therefore, synthetic compounds containing metal ion coordination
are attractive for designing SOD-like activity as well as other pharmacological activities.

Uracil is a heterocyclic compound acting as a nucleobase found in nucleic acid.
The uracil and its derivatives were reported to display biological activities i.e.,
antioxidant (31), antimicrobial (32), anticancer (33) and antiviral (34) properties. Uracils
possessing halogen substituents (70) were reported to exhibit interesting bioactivities
i.e., 5-fluorouracil as anticancer drug (36) and antimetabolites (71) including N1-
substituted derivatives of 5-iodouracil and 5-trifluoromethyluracil (72) are antivirals (73).
Furthermore, a series of thiouracil derivatives have been shown to exhibit diverse
bioactivities such as antioxidant, antimicrobial and anticancer activities (26, 41, 74). It is
noted that substituted uracils play a vital role in many metabolic processes (75-77).
Therefore, considerable interest has been drawn to use uracils (constitutes two oxygen
(O) and two nitrogen (N) atoms) as ligands for the synthesis of various transition metal
complexes (5, 29).

Quinoline is a bicyclic compound with a variety of pharmacological properties such
as antibacterial (45), anticancer (46) and antiviral (47) activities. Quinoline derivatives, for
example, 8-hydroxyquinoline (8HQ) exhibited various bioactivities such as fungicidal,
antibacterial and anticancer activities (10, 78, 79). The 8HQ is a ligand bearing O and N
electron donor atoms with metal chelating effect (10). It is found in natural products,
therapeutics/compounds and chelating agents (65). It has been reported to display strong
antioxidant, cytotoxic and antimicrobial activities (5, 48). In addition, 2-hydroxyquinoline
(2HQ) is an isomeric from of 8HQ that can form coordinated bond with metal ions.
Synthetic fluoroquinolones mixed-ligands Cu (ll) complexes were reported to display
antimicrobial, antioxidant and DNA cleavage activities (49). Furthermore, metal complexes
of 8HQ with 5-iodouracil/5-nitrouracil exhibited cytotoxic, antimicrobial, antioxidant and

aromatase inhibitory activities (5, 29, 48).
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To search for novel uracil-quinoline metal complexes, therefore, 2-thiouracil
(2TU) and hydroxyquinoline (HQ) including 8HQ and 2HQ were used as potential
ligands for the synthesis of metal complexes. Herein, the synthesis of mixed ligands
(2TU-8HQ/2HQ) transition metals (Ni, Cu, Mn) complexes as well as antimicrobial and

antioxidant activities have been reported.

4.3 Materials and methods

4.3.1 General

Infrared (IR) spectra were obtained on a Perkin Elmer System 2000 FTIR. Mass
spectra were recorded on a Finnigan INCOS50 and a Bruker Daltonics (Micro TOF).
Magnetic moment was performed on a Magnetic Susceptibility Balance, Mark 1, Serial
15257, Sherwood Scientific, Cambridge, UK. Melting points were determined on an
Electrothermal melting point apparatus and are uncorrected. Reagents for assays
included HEPES (N-2-hydroxyethylpiperazine-N “2-ethanesulfonic acid), vitamin E,
DPPH (2,2-diphenyl-1-picrylhydrazyl), nitroblue tetrazolium (NBT) salt, L-methionine,
riboflavin, Triton-100, superoxide dismutase (SOD) from bovine erythrocytes, DMSO
(dimethyl sulfoxide, 99.9%) and ampicillin from Sigma, USA; Mueller Hinton Broth and
Mdaeller Hinton Agar from Becton Dickinson, USA and sodium chloride from Merck,

German. Solvents were analytical grades.

4.3.2 Synthesis of 2-thiouracil and 8-hydroxyquinoline/2- hydroxyquinoline
metal complexes

A solution of metal salts (1 mmol) dissolved in methanol (2 mL) was added
dropwise to the solution of 2-thiouracil (1 mmol) in 70°C methanol (30 mL) and then
heated for 45 min. A solution of 8HQ/2HQ (1 mmol) in methanol (2 mL) was added
dropwise to the reaction mixture and further heated for 1 h. The precipitated solid was
collected by filtration, washed 4-5 times with cold methanol and dried in vacuo at room
temperature.

Complexes 1-3 were separately synthesized from 1 mmol of 2TU (128.2 mg)

and 8HQ (145.2 mg) and 1 mmol of metal salts; Ni(OAc),°4H,O (248.9 mg) for 1,

Cu(OACc),*H,0 (199.8 mg) for 2 and MnCl,*4H,0 (198.1 mg) for 3.
Complexes 4-6 were obtained from 1 mmol of 2TU (128.2 mg) and 2HQ (145.2

mg) and 1 mmol of Ni(OAc),*4H,0 for 4, of Cu(OAc),*H,0 for 5 and of MnCl,*4H,0 for

6. Yield and m.p. of the complexes are summarized: 1 as light yellow-green powder
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(C13H12N3NiO,S, MW 365.01 g/mol), 226.0 mg (61.9%), m.p. 282-284°C, 2 as dark
green powder (C43H{,CuN;0,S, MW 337.86 g/mol), 123.2 mg (36.9%), m.p.> 350°C, 3
as pale yellow powder (C43H,MnN5;0O,S, MW 361.25 g/mol), 120.4 mg (33.31%), m.p.
296-300°C, 4 as light yellow-green powder (C,3H,N3NiO,S, MW 333.01 g/mol), 251.8
mg (75.6%), m.p. 230-234°C, 5 as light green powder (C;3H;,CuN;0O,S, MW 337.86
g/mol), 181.8 mg (53.8%), m.p. 284-288°C, 6 as pale yellow powder (C43H,MnN;0,S,

MW 329.26 g/mol), 130.2 mg (39.5%), m.p. 286-290°C.

4.3.3 Antioxidant activity

Antioxidant activities of metal complexes (1-6) and ligands were evaluated using
1,1-diphenyl-2-picrylhydrazyl (DPPH) and superoxide dismutase (SOD) assays.

DPPH is a stable purple color compound, which reacted with antioxidants to give
light-yellow color product of 1,1-diphenyl-2-picrylhydrazine. Briefly, the reaction was
performed by adding 1 mL solution of DPPH in methanol (0.1 mM) to the tested
compounds (dissolved in DMSO) with the final concentration of 300 ug/mL. The reaction
was incubated in a dark room for 30 min, and the absorbance was measured at 517 nm
using UV-Visible spectrophotometer (UV-1610, Shimadzu). The percentage of

antioxidant or radical scavenging activity (RSA) was calculated (80) using equation (1):

RSA (%) = [1_ AbS. .. <100 (1)
Abs

“control

where AbS.conro IS the absorbance of the control reaction, and Abs.gymge is the
absorbance of the tested compound. Vitamin E was used as a control and methanol
was used as a blank reaction.

SOD activity was determined using SOD assay by measuring nitro blue
tetrazolium (NBT) reduction (81). The stock solution (1 mL) containing 27 mL of HEPES
buffer (50 mM, pH 7.8), 1.5 mL of L-methionine (30 mg/mL), 1 mL of NBT (1.41 mg/mL)
and 750 pL of Triton X-100 (1 %wt) was added to the solution of metal complexes (1-6)
dissolved in DMSO. The reaction was initially started by adding 10 uL of riboflavin (44
mg/mL) to the tested compounds with final concentration of 300 pug/mL, and followed by
illumination under a Philips Classic Tone lamp (60 W) in a light box for 7 min. The
absorbance of the reaction was measured at 550 nm using UV-Vis spectrophotometer

that measured the inhibition of photoreduction of NBT. The percentage of SOD activity
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was calculated using Eq. (1). The SOD enzyme from bovine erythrocytes was used as a
control and DMSO solvent was used as a blank reaction.

The 50% inhibition concentration (ICs,) was calculated in case of compounds
displayed antioxidant (RSA and SOD) activities greater than 50% at 300 ug/mL. It was

calculated by plotting %RSA or %SOD activity against metal complexes concentrations.

4.3.4 Antimicrobial activity

Antimicrobial activity testing of metal complexes (1-6) and ligands was
investigated by the agar dilution method (82). In parallel, Mieller Hinton Broth (MHB),
DMSO and ampicillin drug were used as the control in this study. The solution of tested
compounds was then transferred to the Muieller Hinton Agar (MHA) solution with final
concentrations of 4-256 ug/mL. The microorganisms were cultured in MHB at 37°C
overnight, and then were diluted with 0.9% normal saline for adjusting the density of
microorganism as 1><108 cell/mL compared to 0.5 McFarland standards. The
microorganisms were inoculated onto the agar plates containing various concentrations of
the tested compounds, and incubated at 37°C for 24-48 h. The minimum inhibitory
concentration (MIC) of the compounds was determined as the lowest concentration to
inhibit the growth of microorganisms. Twenty-seven microorganisms (reference strains
and clinical isolates) were used for the assay including Gram negative bacteria;
Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603, Serratia marcescens
ATCC 8100, Salmonella typhimurium ATCC 13311, Salmonella choleraesuis ATCC
10708, Pseudomonas aeruginosa ATCC 15442, Pseudomonas stutzeri ATCC 17587,
Shewanella putrefaciens ATCC 8071, Achromobacter xylosoxidans ATCC 27061, and
clinical strains: Shigella dysenteriae, Salmonella enteritidis, Morganella morganii,
Aeromonas hydrophila, Citrobacter freundii and Plesiomonas shigelloides, Gram positive
bacteria; Staphylococcus aureus ATCC 29213, Staphylococcus aureus ATCC 25923,
Staphylococcus epidermidis ATCC 12228, Enterococcus faecalis ATCC 29212,
Enterococcus faecalis ATCC 33186, Micrococcus luteus ATCC 10240, Corynebacterium
diphtheriae NCTC 10356, Bacillus subtilis ATCC 6633, and clinical strains: Bacillus cereus
and Listeria monocytogenes, and diploid fungus (yeast); Candida albicans ATCC 90028

and Saccharomyces cerevisiae ATCC 2601.
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4.4 Results and discussion

4.4.1 Chemistry

Metal complexes 1-6 (Figure 4.1) were synthesized using 1:1:1 molar ratio of
2TU:M:8HQ (2HQ) in which M = Ni (1 and 4), Cu (2 and 5) and Mn (3 and 6). These
complexes appeared as pale yellow-green to dark green powder.

IR spectra (Table 3.1) of 2TU-8HQ metal complexes 1 (Ni) and 3(Mn) showed
absorptions (cm_1) of CO at 1701-1702 and 1686, of C=S at 1422-1424, of C=N at 1629
and 1572-1578, of C—N at 1388 and 1368-1374, of C—O at 1281-1285, 1213-1214 and
1108-1111. These absorptions of compounds 1 and 3 remained the same as the
absorptions of 2TU free ligand, except for the stretchings of C-N and C-O at 1388 and
1281-1285 were shifted from 1381 and 1286 of 8HQ, respectively. This suggested that
metal centered atoms (Ni and Mn) coordinated with C5,6 double bond 7 donor of 2TU,
together with electron donor ring N atom and OH group of 8HQ. It was again confirmed
by the absence of OH bending (60OH) at 1410 of 8HQ. However, NH bending of 2TU
remained the same as the ONH of 2TU free ligand. Magnetic moments of metal
complexes 1 and 3 were 2.70 and 3.40 B.M., respectively. It was suggested that metal
complexes 1 and 3 were formed as octahedral geometry using bidentate ligands (2TU
and 8HQ) and two water molecules as shown by broad OH stretchings at 3358 and 3400.

Such 7 electron donor coordination was reported for metal complexes of uracils
such as 5-iodouracil-8HQ/8-aminoquinoline metal (Mn, Cu, Ni) complexes (4, 5) and Ru
complexes of 5-substituted (X) uracils, X = F, CI, Br, | and H (83).

Copper complex of 2TU-8HQ (2) showed the absorptions of CO at 1693, of C=N
at 1625 and 1575, of C—N at 1386 and 1375, and of NH at 3178 as well as the weak
bending dNH at 1527. These absorptions of Cu-complex (2) were shifted compared with
the free ligands (2TU and 8HQ). Apparently, only one strong CO of 2TU moiety was
noted at 1693. In addition, C=S of complex 2 was not observed. These suggested that
Cu-complex 2 was resulted from the coordination of 2TU through N1, S2 (as thiol form),
and 8HQ using ring N-atom and 80H group. This N1, S2 coordination complex was
described for 2-thiolumazine Cu-complex (84). The complex 2 had L value of 1.315
B.M., which was suggested as a square planar geometry.

Metal complexes (4-6) displayed the stretching absorptions of CO at 1701, 1962,
1682-1684 and 1654, of C=N at 1628, 1637-1638 and 1600-1601, of C=S at 1425-1428,
of C—N at 1395-1396, and NH at 3122-3126. These absorptions were shifted from the
free ligands (2TU and 2HQ), suggesting that metal complexes 4-6 were formed through
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the coordinations of 2TU using thione (C=S) and NH electron donors, and of 2HQ using
amino keto form of 2-quinolinol. Metal complex formation via amino thione electron
donors was previously reported for 6-hydroxy-2-thiouracil (thiobarbituric acid) (85) and
6-amino-2-thiouracil (86). In addition, the amino keto form involved in metal
complexation was previously described for 2-pyridinol metal complex (7). Magnetic
moments of complexes 4-6 were 0.953, 0.807 and 0.794, respectively. The results
suggested that Ni (4), Cu (5) and Mn (6) complexes were formed as a square planar
geometry. Based on the literature, metal complexes 1-6 have not been reported.

Antimicrobial and antioxidants activities of these compounds (1-6) were investigated.

4.4.2 Antioxidative activity

The metal complexes 1-6 and ligands (2TU, 2HQ and 8HQ) were investigated
for their antioxidative activities using DPPH and SOD assays in term of radical-and
superoxide-scavenging activities. The results (Table 3.2) showed that compounds 1, 2,
5 and 8HQ displayed the radical scavenging activity (RSA) with ICg, of 171.31, 388.56,
194.25 and 1113.75 pM, respectively, whereas compounds 3, 4, 6, 2TU and 2HQ
exhibited RSA <50% (24.56%, 34.92%, 21.68%, 33.00% and 10.10%, respectively) at
300 pg/mL. Compounds 1 (ICsy = 171.31 uyM) and 5 (ICsq = 194.25 yM) showed
stronger RSA than compound 2 (IC5, = 388.56 uM) and free ligands such as 8HQ (ICs,
= 1113.75 pg/mL).

SOD activity of the metal complexes (1-6) was determined using NBT reduction.
Most complexes (Table 4.2) exhibited good SOD activity with IC5, range of 1.81-69.07 puM,
except for Mn complex (6, IC5, = 516.56 pM). Interestingly, Cu complex 5 afforded the
strongest SOD activity with I1C5, of 1.81uM followed by 3>2>1>4>6 with 1C5, = 5.04, 10.06,
15.73, 69.07 and 516.56 uM, respectively. In a series of 2TU-8HQ metal complexes (1-3),
Mn complex 3 (ICsy = 5.04 uM) displayed the strongest SOD activity. However, Cu complex
(5, IG5y = 1.81 pM) of 2TU-2HQ was shown to be the most active antioxidant compared
with the other tested compounds. In addition, 8HQ showed SOD activity with 1C5, of 91.83
MM, but other ligands including 2TU (28.70%) and 2HQ (25.19%) displayed weak activity
<50% at 300 pg/mL. The results indicated that types of ligands and metal ions for metal

coordination played roles in antioxidant activities.
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4.4.3 Antimicrobial activity

The antimicrobial activity of metal complexes (1-6) was performed using the
agar dilution method against 27 strains of microorganisms. The results (Table 4.3)
showed that compounds 1-3 exerted antimicrobial activity, whereas complexes 4-6 were
inactive compounds. Complex 1 (Ni) displayed antimicrobial activity against gram
positive bacteria: S. aureus ATCC 29213, S. aureus ATCC 25923, E. faecalis ATCC
29212, E. faecalis ATCC 33186, M. luteus ATCC 10240, B. subtilis ATCC 6633, C.
diphtheriae NCTC 10356, and B. cereus as well as gram negative bacteria: C. fluendii
with MIC of 701.35 uM. At lower MIC (350.67 uM), S. epidermidis ATCC 12228 and P.
shigelloides were inhibited. Interestingly, complexes 2 (Cu) and 3 (Mn) showed better
antimicrobial property with a range of MIC values 23.68-757.70 uM and 11.07-708.64
MM, respectively. Compound 2 showed antigrowth activity with MIC of 757.70 uM
against gram negative bacteria: S. putrefaciens ATCC 8071 and M. morganii, with MIC
of 378.85 yM against E. coli ATCC 25922, S. macesens ATCC 8100, S. typhimurium
ATCC 13311, and C. fluendii, with MIC of 189.43 uM for S. cerevisiae ATCC 2601 and
A. hydrophila, with MIC of 94.71 uyM against S. aureus ATCC 25923, E. faecalis ATCC
29212, E. faecalis ATCC 33186, M. luteus ATCC 10240, C. diphtheriae NCTC 10356, B.
cereus and L. monocytogenes, with MIC of 47.36 uM against S. aureus ATCC 29213
and B. subtilis ATCC 6633, and with MIC of 23.68 uM against S. epidermidis ATCC
12228 and P. shigelloides. Complex 3 (Mn) showed activity against E. coli ATCC 25922,
P. stutzeri ATCC 17587, S. putrefaciens ATCC 8071, A. xylosoxidans ATCC 27061, M.
luteus ATCC 10240 and C. fluendii with MIC of 708.64 uM, against S. dysenteriae with
MIC of 354.32 uM, against S. cerevisiae ATCC 2601 with MIC of 88.56 uM, against E.
faecalis ATCC 29212, E. faecalis ATCC 33186, B. subtilis ATCC 6633, C. diphtheriae
NCTC 10356, B. cereus and L. monocytogenes with MIC of 44.29 uM, against S. aureus
ATCC 29213, S. aureus ATCC 25923 and S. epidermidis ATCC 12228 with MIC of
22.15 uM, and against P. shigelloides with MIC of <11.07 pM. In addition, the free
ligands (2TU, 8HQ and 2HQ) were also investigated for growth inhibition. It was shown
that 2HQ had no activity against the tested microorganisms, but 2TU inhibited only M.
luteus ATCC 10240 with MIC = 1997.62 pM. However, 8HQ showed antimicrobial
activity (MIC = <27.56-1763.60 M) against gram positive and gram negative bacteria
as well as dipoid fungi (48, 87). Particularly, the resistant gram positive bacteria such as

S. aureus ATCC 29213 and S. aureus ATCC 25923 displayed the activity with MIC
<27.56 uM. At higher MIC value (220.45 uM), E. coli ATCC 25922, S. typhimurium
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ATCC 13311, P. stutzeri ATCC 17587 and C. fluendii were inhibited by 8HQ. In
addition, 8HQ also showed antigrowth activity against K. pneumoniae ATCC 700603
(MIC = 440.90 uM) and P. aeruginosa ATCC 15442 (MIC = 1763.60 uM). Moreover, P.

shigelloides was inhibited by 8HQ with the lowest MIC ($27.56 uM). It should be noted
that Cu complex 2 (MIC = 23.68 uM against S. epidermidis ATCC 12228 and P.
shigelloides), and Mn complex 3 (MIC = 22.15 yM against S. aureus ATCC 29213, S.

aurues ATCC 25923 and S. epidermidis ATCC 12228, MIC <11.07 uM against P.
shigelloides) exerted better activity than the reference drug, ampicillin (MIC = 26.93
pMM). Furthermore, all active compounds (1-3 and 8HQ) expressed higher growth
inhibition against gram positive bacteria than gram negative bacteria. Notably, it was
found that 2TU-8HQ metal complexes (1-3) showed better antimicrobial activity than
2TU- 2HQ metal complexes (4-6). Particularly, compounds 2 (Cu) and 3 (Mn) displayed
higher activity than compound 1 (Ni). In case of 2TU-2HQ metal complexes (4-6), all
compounds exhibited no antimicrobial activity. In addition, the DMSO solvent was
determined in parallel with the tested compounds, but no antimicrobial activity was
observed.

An increase of antibiotic resistance in bacteria, causing either community-
acquired infections or hospital-acquired infections, is a major health problem worldwide.
Particularly, an attention has been focused on the multiple resistant pathogen i.e.,
E. coli, K. pneumoniae and methicillin-resistant Staphylococcus aureus (MRSA) (48, 88).

Currently, P. aeruginosa which is the common cause of nosocomial infection has
been reported to generate multidrug resistance because of its biofilm synthesis (89).
K. pneumoniae was found to be a causative agent of pneumonia, and a pathogen of
septicemia in patients (90). The spread of K. pneumoniae carbapenemase (KPC)
emerged in many countries has been reported (91).

There are many drug-resistant strains found in gram positive bacteria such as
MRSA, vancomycin-resistant Enterococci (VRE) and penicillin-resistant S. pneumoniae
(PRSP), and in gram negative bacteria i.e., extended spectrum [-lactamase (ESBL),
AmpC f-lactamase and carbapenemase-producing Enterobacteriaceae (CPE) (87).
ESBLs are enzymes capable of hydrolysing penicillins, broad spectrum cephalosporin
and monobactams, and are generally derived from TEM and SHV-type enzymes (92).
ESBL producing organisms are K. pneumoniae, P. aeruginosa, E. coli, P. stutzeri, S.
typhimurium and C. fruendii (88, 92).

Interestingly, 2TU-8HQ metal complexes (1-3) exerted the activity against

resistant gram positive (S. aureus) and gram negative ESBL (E. coli, S. typhimurium, P.



32

stutzeri and C. fluendii) bacteria. The higher activity against gram positive bacteria was
noted for Mn (3) complex, and against gram negative bacteria was noted for Cu (2)
complex. The results implied the potential of Cu (2) and Mn (3) complexes as
antimicrobials for resistant S. aureus and ESBL producing organisms, respectively. On
the other hand, the strongest antioxidant (SOD) activity was noted for 2TU-2HQ Cu
complex (5) with ICs, of 1.81 pM.

The strongest SOD activity was noted for metal complex of 2TU-2HQ ligands
compared with 2TU-8HQ metal complexes. It could be suggested that an inductive
effect of both ligands, 2TU (4-oxo function) and 2HQ (2-oxo moiety), can withdraw
electrons from the Cu centered atom (compound 5) and facilitate the superoxide
scavenging activity (5). In case of 2TU-8HQ, the inductive effect was resulted from one
ligand (2TU) using 4-oxo group (compounds 1 and 3), and using 2-thioimine moiety
conjugated with ¢, S-unsaturated keto (compound 2) as the superoxide scavenger.
Metal complexes with the same ligands, but different metal ions would provide the
compounds with different bioactivity (93) as seen for compounds 1-3 (3>2>1) and
compounds 4-6 (5>4>6). In a series of 2TU-8HQ (1-3), Mn complex (3) afforded the
strongest SOD activity (IC5, = 5.04 uM), whereas 2TU-2HQ Mn complex (6) displayed
the lowest SOD activity (IC5, = 516.56 uM). Besides the property of ligands, metal
centered atom also played important role in bioactivities of metal complexes [23]. Cu is
essential for SOD activity (8), therefore, an incorporation of Cu into the ligand structures
(2TU and 2HQ) increased the SOD activity as observed for Cu complex 5. This is due
to the change in oxidation state of Cu atom modulated through its coordination with
metal chelating ligands (7).

However, dissociation of the metal complexes (1-6) could give rise to 1:1

+ +

charged complexes, (8HQ-M) and (2HQ-M) , and free ligand (2TU) (94). The charged
complexes ((8HQ-M)+ and (2HQ-M)+) became toxic entity by interacting and blocking
the metal binding sites on enzymes that involved in the pteridine biosynthesis [50]. This
can account for antimicrobial activity of complexes 1-3 compared with complexes 4-6. It
is possibly due to (8HQ-M)+ of metal complexes 1-3 bearing 8HQ with the antimicrobial
effect. Inversely, 2HQ was inactive compound, thus, metal complexes 4-6 exerted no

antimicrobial activity.
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In summary, novel metal (Ni, Cu, Mn) complexes of 2TU-8HQ (1-3) and 2TU-
2HQ (4-6) were synthesized and investigated for antimicrobial and antioxidant (DPPH
and SOD) activities. These metal complexes contanined 2TU as a common ligand, but
different 8HQ or 2HQ ligands. These metal complexes exerted SOD activity, particularly,
Cu complex 5 bearing 2HQ displayed the strongest SOD activity with 1C5, of 1.81 puM.
The Mn complex 3 bearing 8HQ exhibited good antimicrobial activity against gram-
positive and gram negative bacteria as well as diploid fungus with MIC of 11.07-708.64
MM. This finding revealed the novel bioactive mixed ligand transition metal complexes
with SOD-mimic and antimicrobial activities, and has a potential for further development

as medicinal compounds.
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Figure 4.1. Chemical structures of 2-thiouracil-hydroxyquinolines metal complexes 1-6

(a) and ligands (b).



Table 4.1 IR spectra (cm-1) and L (B.M) of 2-thiouracil-hydroxyquinolines metal complexes (1-6).

Compound VC=0 VC=N VC=S VC-0 VC-N VOH VNH O0H ONH es
2-TU-Ni-8HQ 1701s 1629vw 1424s 1285m 1388m 3358s,br 3196br 1470s 1560m, br 2.70
(1) 1686s 1578s 1214s 1374s 3087sh, br 745s
111s
2-TU-Cu-8HQ 1693s 1625m — 1280m 13865 — 3178w, br 1464s 1527w 1.315
) 1575m 1113s 1375s 741m
2-TU-Mn-8HQ 1702s 1629w 1422s 1281w 1388s 3400br 3192sh, br 14665 1562s 3.40
@3) 16865 1572s 1213s 1368w 3135sh, br 743m
1108m
2-TU-Ni-2HQ 1701s, br 1628s, br 14255 12165 1395s — 3122s, br 1451s 1558w, br 0.953
() 1682s, br 1600vw, sh 1177s, br 1539w, br
1654s, br 1153s, br 761s
2-TU-Cu-2HQ 1692m 1638s 1428s 1202m 1396w — 3124w, sh 1449w 1559w 0.807
(5) 1654s 1601m 171w 1543w
1153w 7565
2-TU-Mn-2HQ 1701m 1637s 1428s 1214s 1396m — 3126w, sh 1469m 1559s 0.794
(6) 1684m 1601m 1175w 758s
1654s 1154w
2-TU 1700s 1628m 1421s 1214s 1394m 3510br 3086br 1450m 1560s —
1684s 11765 3048br 761s
1158s
2HQ 1652s, br 1599s, br — 1213s 1381s — 3255w, sh 14285 1554s —
1154m 759vs
1135s
8HQ — 1580m — 12865 1381s 3145br — 1410s — —

Note: 2-TU = 2-thiouracil, 2HQ = 2-hydroxyquinoline, 8HQ = 8-hydroxyquinoline, br = broad, m = medium, s = strong, sh = sharp, vs = very strong, vw = very weak and w = weak.

Ge
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Table 4.2 Antioxidant activities of 2-thiouracil-hydroxyquinolines metal complexes (1-6)

and ligands.

a Radical scavenging activity Superoxide scavenging activity
Compound

(ICs0, UM) (ICsp, UM)

2-TU-Ni-8HQ (1) 171.31 15.73
2-TU-Cu-8HQ (2) 388.56 10.06
2-TU-Mn-8HQ (3) ND 5.04
2-TU-Ni-2HQ (4) ND 69.07
2-TU-Cu-2HQ (5) 194.25 1.81
2-TU-Mn-2HQ (6) ND 516.56
2TU ND ND
2HQ ND ND
8HQ 1113.75 91.83

® Vitamin E was used as a control for DPPH assay displaying I1C5, = 1.40 uM, bsuperoxide dismutase (SOD) from

bovine erythrocytes was used as a control for SOD assay showing IC5, = 0.021 uM. Complexes 3, 4, 6 and ligands
(i.e., 2TU and 2HQ) exhibited RSA <50% at 300 pg/mL (24.56%, 34.92%, 21.68%, 33.00% and 10.10%,
respectively). The 2TU and 2HQ showed SOD activity <50% at 300 pg/mL (28.70% and 25.19%, respectively). ND =

not determined.



Table 4.3 Antimicrobial activity of 2-thiouracil-hydroxyquinolines metal complexes (1-6) and ligands.

Compound MIC (uM)a Microorganismb
2-TU-Ni-8HQ (1) 701.35 S. aureus ATCC 29213, S. aureus ATCC 25923, E. faecalis ATCC 29212, E. faecalis ATCC 33186,
M. luteus ATCC 10240, B. subtilis ATCC 6633, C. diphtheriae NCTC 10356, B. cereus, C. fluendii
350.67 S. epidermidis ATCC 12228, P. shigelloides
2-TU-Cu-8HQ (2) 757.70 S. putrefaciens ATCC 8071, M. morganii
378.85 E. coli ATCC 25922, S. macesens ATCC 8100, S. typhimurium ATCC 13311,C. fluendii
189.43 S. cerevisiae ATCC 2601, A. hydrophila
94.71 S. aureus ATCC 25923, E. faecalis ATCC 29212, E. faecalis ATCC 33186, M. luteus ATCC 10240,
C. diphtheriae NCTC 10356, B. cereus, L. monocytogenes
47.36 S. aureus ATCC 29213, B. subtilis ATCC 6633,
23.68 S. epidermidis ATCC 12228, P. shigelloides
2-TU-Mn-8HQ (3) 708.64 E. coli ATCC 25922, P. stutzeri ATCC 17587, S. putrefaciens ATCC 8071,
A. xylosoxidans ATCC 27061, M. luteus ATCC 10240, C. fluendii
354.32 S. dysenteriae
88.56 S. cerevisiae ATCC 2601
44.29 E. faecalis ATCC 29212, E. faecalis ATCC 33186, B. subtilis ATCC 6633,
C. diphtheriae NCTC 10356, B. cereus, L. monocytogenes
22.15 S. aureus ATCC 29213, S. aureus ATCC 25923, S. epidermidis ATCC 12228

L€



Table 4.3 Antimicrobial activity of 2-thiouracil-hydroxyquinolines metal complexes (1-6) and ligands (cont.)

Compound MIC (pM)a Microorganismb
<11.07 P. shigelloides
2-TU-Ni-2HQ (4) Inactive -
2-TU-Cu-2HQ (5) Inactive -
2-TU-Mn-2HQ (6) Inactive -
2-TU 1997.62 M. luteus ATCC 10240
2HQ Inactive -
8HQ 1763.60 P. aeruginosa ATCC 15442
440.90 K. pneumoniae ATCC 700603, S. choleraesuis ATCC 10708, M. morgamii
220.45 E. coli ATCC 25922, S. macesens ATCC 8100, S. typhimurium ATCC 13311, P. stutzeri ATCC 17587,
S. putrefaciens ATCC 8071, A. xylosoxidans ATCC 27061, S. enteridis, C. fluendii
110.22 A. hydrophila
55.11 M. lutens ATCC 10240
<27.56 S. aureus ATCC 29213, S. aureus ATCC 25923, S. epidermidis ATCC 12228, E. faecalis ATCC 29212,

E. faecalis ATCC 33186, B. subtilis ATCC 6633, C. diphtheriae NCTC 10356, S. cerevisiae ATCC 2601,
C. albicans ATCC 90028, S. dysenteriae, B. cereus, P. shigelloides, L. monocytogenes

*MIC : Minimum inhibitory concentration is the lowest concentration of a compound to inhibit growth of microorganisms. bAmpiciIIin at 26.93 uyM was used as a control of antimicrobial testing system
that showed growth inhibiton against S. typhimurium ATCC 13311, P. stutzeri ATCC 17587, C. diphtheriae NCTC 10356, S. aureus ATCC 29213, S. aureus ATCC 25923, S. epidermidis ATCC 12228,
M. luteus ATCC 10240, B. subtilis ATCC 6633, L. monocytogenes and P. shigelloides.

8¢
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CHAPTERV
ANTIOXIDANT AND CYTOTOXIC ACTIVITIES OF COPPER COMPLEXES
OF SULFONAMIDE ANALOGS

5.1 Abstract

Copper (Cu) complexes (7-16) of 4-substituted (NO,, OCHj;, CH; and CI)
benzenesulfonamide of anthranilic acid were synthesized and determined for
antioxidant, antimicrobial and cytotoxic activities. The Cu complexes 7-16 exhibited
antioxidant activity with IC5y of 0.062-0.152 uM and cytotoxic activity against MOLT-3
cell lines with IC5, of 21.60-28.92 uM. Particularly, complex 10 (sulfonamides with NO,
and CI groups) showed the strongest SOD activity as IC5y of 0.062 uM, whereas
complex 16 (sulfonamide with Cl group) displayed the best cytotoxicity as 1Cx, of 21.60
MM against MOLT-3 cell lines. Furthermore, the function groups of Cu-sulfonamide
complexes such as NO, and CI have influence for their biological activities interacting
with target which displayed good bioactive compounds. The finding reveals novel Cu-
sulfonamide complexes with a potential compounds for further development for

medicinal applications.

5.2 Introduction

Free radicals are defined as unstable molecules having unpaired electron (68, 95).
It has been associated with development of various diseases such as cancer, diabetes
mellitus, cardiovascular disease, aging and neurodegenerative diseases (67). Antioxidant
systems in human are used to protect free radicals that occur inside the body including
enzymatic system such as superoxide dismutase (SOD), catalase and glutathione
peroxidase, and non-enzymatic system from supplemental nutrition (69, 96). Furthermore,
transition metal ions (i.e., manganese (Mn), cobalt (Co), nickel (Ni), copper (Cu) and zinc
(Zn)) are essential elements to help catalytic reaction working with enzymes/protein as call
as metalloprotein such as found in SOD enzyme (2, 97). The development and discovery of
novel compounds has been interested as used as treatment and prevention of progression
of free radical-related diseases. Based on correlation between metal ions with enzyme, the
mimic compound coordinated with transition metal ions have been synthesized for exerting

interesting pharmacological activities. Particularly, mimic compounds (SOD-mimic) using
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metal ions with ligands having atoms coordination which has been synthesized of metal
complexes displaying a variety of biological activities. Interestingly, Copper is considered as
an essential element of several endogenous antioxidant enzymes, therefore, using transition
copper ions have been attractive target metal ion (98). Cu complexes of nicotinic with
aromatic carboxylic acids (i.e., phthalic, salicylic and anthranilic acids) have been shown of
antioxidant (SOD) and antimicrobial activities (7) as well as Cu complexes with pyridine
derivatives (i.e., nicotinic acid, 2-hydroxypyridine, 2-aminopyridine and picolinic acid) (8).
Furthermore, nicotinic acid-copper complex prevent gastric congestion (99), reduce lipids,
control levels of liver enzymes and lipid peroxidation (100), and nicotine-copper complexes
showed SOD-like antioxidant properties for Alzheimer’s disease (101).

Sulfonamide is an important pharmacophore found in many drugs and bioactive
compounds. lts derivatives exhibited various biological activities such as antimicrobial (50),
anticancer (51) and antiviral (52) properties. Considering the sulfonamide structure
containing aromatic ring, sulphonamide (-SO,NH,) and functional groups (R). It is interesting
to structural modification as use as the ligand to form metal complexes having
pharmacological properties. Sulfonamide derivatives were used as a ligand to coordinate
with metal ions (i.e., moononuclear complexes of 5-chloro-2-
hydroxybenzylidene)aminobenzenesulfonamides with various metal ions (Co, Cu, Zn, Ni
and Mn) (53) and Cu complexes of N-substituted sulfonamides (54)). It has found that metal
complexes of sulfonamide derivatives exhibited biological activiies such as anti-
Trypanosoma cruzi activity (53), DNA cleavage and cytotoxic activities (54).

Anthranilic acid is a scaffold to be attracted great interest which was synthesized
and displayed anticancer (102), antioxidant (103) and antimicrobial activities (104).
Furthermore, 4-substitueted benzenesulfonamide of anthranilic acid were synthesized and
exhibited antifungal, antioxidant and anticancer activities (105).

Therefore, this present study aims to synthesize of copper complexes (7-16) of 4-
substitueted benzenesulfonamide of anthranilic acid (ligands 1-4) and determine their
biological activities including antioxidant, antimicrobial and cytotoxic activities. In addition,
structure-activity relationship has been provided to insight into influence of function groups

in their activities.

5.3 Materials and methods
5.3.1 General
Infrared (IR) spectra were obtained on a Perkin EImer System 2000 FTIR. Mass

spectra were recorded on a Finnigan INCOS50 and a Bruker Daltonics (Micro TOF).
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Magnetic moment was performed on a Magnetic Susceptibility Balance, Mark 1, Serial
15257, Sherwood Scientific, Cambridge, UK. Melting points were determined on an
Electrothermal melting point apparatus and are uncorrected. Chemicals and reagents
were analytical grade included RPMI-1640 (Rosewell Park Memorial Institute medium
from Gibco and Hyclone laboratories, USA, MTT (3(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide salt), HEPES (N-2-hydroxyethylpiperazine-N “2-ethanesulfonic acid),
nitroblue tetrazolium (NBT) salt, L-methionine, riboflavin, Triton-100, superoxide
dismutase (SOD) from bovine erythrocytes, DMSO (dimethyl sulfoxide, 99.9%),
ampicillin, ciprofloxacin, tetracycline, L-glutamine, penicillin, streptomycin, sodium
pyruvate and glucose from Sigma, USA; Mdieller Hinton Broth and Mueller Hinton Agar
from Becton Dickinson, USA and sodium chloride from Merck, German. from Sigma,
USA; Ham’s/F12 (Nutrient mixture F-12), DMEM (Dulbecco’s Modified Eagle’s Medium)
and FBS (fetal bovine serum) from Hyclone laboratories, USA and gentamicin sulfate

from Government Pharmaceutical Organization, Thailand.

5.3.2 Synthesis of copper-sulfonamide complexes (7-16)

The 4-substitueted benzenesulfonamide of anthranilic acid (ligands 1-4: 11-14)
were synthesized by Doungsoongnuen et al. (105) which functional groups (R = NO,,
OCHjs;, CH; and CI) were substituted on benzenesulfonamides at position 4 (Figure 5.1).
It was used as ligands for coordinated with copper (Cu). Cu complexes of sulfonamide
ligands (11 — 14) were further synthesized. The solid products were collected by filtration
and dried at room temperature.

A solution of metal salts (1 mmol) dissolved in methanol (2 mL) was added

dropwise to the solution of ligands (1 mmol) in 70°C methanol (30 mL) and then heated
for 45 min. A solution of ligands (1 mmol) in methanol (2 mL) was added dropwise to
the reaction mixture and further heated for 1 h. The precipitated solid was collected by
filtration, washed 4-5 times with cold methanol and dried in vacuo at room temperature.

Complexes 7-16 were produced from 1 mmol of ligands (I1-14) and 1 mmol of

Cu(OAc),°H,0. Chemical structures and characterization of Cu complexes were

determined using IR, 1H NMR and mass spectra and magnetic moment.
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5.3.3 Biological activities
Metal complexes (7-16) were determined for their biological activities composed
of antioxidant, antimicrobial and cytotoxic activities.
5.3.3.1 Antioxidant activity
The transition metal complexes were evaluated for their antioxidant activity
using 2 superoxide dismutase (SOD) assays (81). The SOD assay was performed by
mixed 1 mL of solution (27 mL of HEPES buffer (50 mM, pH 7.8), 1.5 mL of L-
methionine (30 mg/mL), 1 mL of nitro blue tetrazolium (NBT, 1.41 mg/mL) and 0.75 mL
of Triton X-100 (1 wt%)) to 0.45 mL solution of a tested compound to a final
concentration of 300 ug/mL. The reaction was initiated by adding10 pL of riboflavin (44
pg/mL) and was excited under a Philips Classic Tone lamp (60 W) in a light box for 7
min. The absorbance at 550 nm was measured of the photoreduction of NBT using UV—
Vis spectrophotometer and the percentage of SOD activity will be calculated using

equation (1).

%Inhibition = (1_/?%}100 M
S.

control

where Abs...no is the absorbance of the control reaction, and AbS.sympie IS
the absorbance of the tested compound. Superoxide dismutase (SOD) from bovine
erythrocytes was used as a control.

In addition, 1Csq (50% inhibition concentration of radical and superoxide-
scavenging activities) was performed in which tested complexes at 300 pg/mL displayed

antioxidant activities more than 50% inhibition.

5.3.3.2 Antimicrobial activity

The metal complexes were determined of antimicrobial activity using agar
dilution method (82). The compounds were individually dissolved in DMSO. The two-fold
dilution was performed using Muller Hinton (MH) broth which was transferred to MH
agar solution to obtain the final concentrations of 256 to 4 mg/mL. In addition, the MH
Broth, DMSO, ampicillin, ciprofloxacin and tetracycline drugs were used as the control.
Microorganisms were cultured in MH broth at 37°C for 24 h and diluted with 0.9%
normal saline solution to adjust the cell density of 1><108 CFU/mL compared to 0.5
McFarland standards. Then, microorganisms were inoculated onto each plate of tested

compound with various concentrations using a multipoint inoculators and further
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incubated at 37°C for 24-48 h. The inhibition of microbial cell growth as well as the
minimum inhibitory concentration (MIC as the lowest concentration to inhibit the growth
of microorganisms) of the compounds was determined. Twenty-seven strains of
microorganisms composed of reference strain and clinical isolates as following: gram
positive bacteria: Staphylococcus aureus ATCC 29213, Staphylococcus aureus ATCC
25923, Staphylococcus epidermidis ATCC 12228, Enterococcus faecalis ATCC 29212,
Enterococcus faecalis ATCC 33186, Micrococcus luteus ATCC 10240, Corynebacterium
diphtheriae NCTC 10356, Bacillus subtilis ATCC 6633, Streptococcus pyogenes, Listeria
monocytogenes, Bacillus cereus; gram negative bacteria: Escherichia coli ATCC
25922, Klebsiella pneumoniae ATCC 700603, Serratia macescens ATCC 8100,
Salmonella typhimurium ATCC 13311, Shewanella putrefaciens ATCC 8071,
Achromobacter xylosoxidans ATCC 2706, Pseudomonas aeruginosa ATCC 15442,
Pseudomonas stutzeri ATCC 17587, Shigella dysenteriae, Salmonella enteritidis,
Morganella morganii, Aeromonas hydrophila, Citrobacter freundii, Plesiomonas
shigelloides and diploid fungus (yeast): Candida albicans ATCC 90028,

Saccharomyces cerevisiae ATCC 2601.

5.3.3.3 Cytotoxicity

Cytotoxicity of the metal complexes (7-16) was determined against four
human cancer cell lines composed of hepatocellular carcinoma (HepG2),
cholangiocarcinoma (HuCCA-1), lung carcinoma (A549) and T-lymphoblast (MOLT-3,
acute lymphoblastic leukemia) cell lines. The cancer cells including HUCCA-1 and A549
cells were grown in Hamm's/F12 medium containing L-glutamine (2 mM) supplemented
with 100 U/mL penicillin-streptomycin and FBS (10%); MOLT-3 cells were grown in
RPMI-1640 medium containing L-glutamine (2 mM), 100 U/mL penicillin-streptomycin,
sodium pyruvate, glucose and 10% FBS; and HepG2 cells were grown in DMEM
medium containing 100 U/ mL penicillin-streptomycin and 10% FBS. The assay was
performed using the cell lines suspended in RPMI-1640 containing 10% FBS, which
contained a density of 5><103-2><104 cells per well in a 96-well plate (Costar No. 3599,
USA). The cells were then incubated at 37°C under a humidified atmosphere with 95%
air and 5% CO, for 24 h. The tested compound and controls was added to the desired
final concentrations. The plates were incubated for 48 h. Cell viability was determined
by staining with MTT for adherent cell (A549, HUCCA-1 and HepG2 cells) [38-39], and
with XTT [40] assay for suspended cell (MOLT-3 cells). The plates were read on a

micro-plate reader (Molecular Devices, USA) and the absorbance was measured at 550
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nm. Furthermore, the IC5, values of the compound or drug concentration that provided
50% cell growth inhibition were performed. Doxorubicin and/or etoposide were used as

reference drugs (4, 106).

5.4 Results and discussion

5.4.1 Chemistry

The Cu complexes structures (7-16) were synthesized and IR spectra of the
complexes were analyzed. It was shown (Table 5.1) that the Cu-sulfonamide complexes
were successfully synthesized which compared to their ligands (I1-14). The chemical
structures of ligands and complexes (7-16) were displayed in Figure 5.1. In addition,
characteristics of Cu-sulfonamide complexes (7-16) composed of %yield and melting

point of the complexes were shown in Table 5.2

5.4.2 Antioxidant activity

The metal complexes 7-16 were determined of antioxidant activity using SOD
assays. It was found (Table 5.3) that all metal complexes (7-16) exhibited antioxidant
activity in ICsy range of 0.062-0.152 yM. Complex 10 showed the strongest SOD activity
(ICsq of 0.062 pM) compared with other complexes. Considering complexes 7-16 having
4-substitued benzenesulfonamide of NO,, OCH5;, CH; and CI. It was observed that form
coordinated with the same ligands showed low SOD activity than with different ligands,
for example, complex 10 contained ligand 1 (NO,) and ligand 4 (Cl) with IC5, of 0.062
MM and complex 7 consisted of ligand 1 (NO,) and ligand 1 (NO,) with IC5, of 0.152 yM
as well as in complexes 8 (ICs, of 0.074 pM) and 9 (ICs, of 0.076 pM). This
phenomenon displayed the fashion in the ligands 2, 3 and 4 which used to coordinate
with Cu ion such as complexes 11, 14 and 16 having low antioxidant activity of IC5, as
0.076, 0.104 and 0.121 yM compared with other complexes 12, 13 and 15 having ICs,
of 0.077, 0.075 and 0.077 uM, respectively, coordinated using different ligands. It was
implied that ligand with different functional groups in metal complexes have effect for
antioxidant activity. The ligands (11-14) reported weak antioxidant activity which ligands 2
and 4 have 15.7% of SOD activity at 300 pg/mL, respectively whereas ligands 1 and 3
were no activity (7, 8). This activity also depended on the asymmetric charge
localization in the complexes. It was observed that high asymmetric charge exhibited
high SOD activity (22). Furthermore, Cu complexes displayed high antioxidant (SOD)
activity (5, 7, 8).
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In addition, anthranilic acid was used as a ligand for coordination with Cu and
nicotinic acid. This complexes displayed good SOD activity in ICy, of 47.49 uM whereas
free antranilic acid has ICsy >236.25 yM (8). This evidence was also found that Cu
complexes of benzenesulfonamide of anthranilic acid exhibited good antioxidant activity

than its free ligands.

5.4.3 Antimicrobial activity

The Cu-sulfonamide complexes (7-16) were investigated of antimicrobial activity
using agar dilution method. The results showed that all metal complexes had no
antimicrobial activity. Previous studied, sulfonamide ligands showed antimicrobial activity
against C. albicans ATCC 90028 (25-50 %) at 4 pg/mL (105). It was found that these
effects may be depended on functional groups and position substituent on

benzenesulfonamide. However, metal complexes using ligands (11-14) were inactive.

5.4.4 Cytotoxic activity

The Cu-sulfonamide complexes (7-16) were determined of cytotoxic activity
against four cancer cell lines using MTT and XTT assays. It was found that compounds
7-16 displayed cytotoxic activity for MOLT-3 cells, whereas had no activity for HepG2,
HUCCA-1 and A549 as shown in Table 5.4. Interestingly, complex 16 (l14-14) exhibited
the strongest cytotoxicity (ICsq of 21.60 uM) than other complexes (ICs, range of 23.31-
28.92 uM), on the other hand, free ligand displayed low cytotoxic activity than its
complexes (Table 5.4). Although, free ligand 1 with NO, substituted at 4-position on
benzenesulfonamide has been reported of highest cytotoxicity (Table 5.4) than free
ligands 2 (OCHs3), 3 (CH3) and 4 (Cl), but Cu complexes with these ligands displayed
good cytotoxic activity than free ligand (Table 5.4). Interestingly, ligand 2 with OCH; has
been reported as inactive compounds (105), after used as ligand coordinated with Cu,
the complexes (8 and 11-13) showed cytotoxic activity against MOLT-3 cells. Both free
ligands and its complexes exhibited selectively MOLT-3 cells. In addition, it has found
that Cu complex (5Nu-Cu-8HQ) exerted most potent cytotoxic activity than other metal

complexes (5).
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In summary, copper-sulfonamide complexes (7-16) were synthesized and
determined of antioxidant, antimicrobial and cytotoxic activities. All complexes displayed
antioxidant and cytotoxic properties. Interestingly, complex 10 (coordinated with 11 (NO,)
and 14 (Cl) and Cu ion) exhibited the strongest SOD activity with IC5, of 0.062 uM and
complex 16 (coordinated with 14 (Cl) showed the best cytotoxic activity with 1C5, of
21.60 uM. Furthermore, the effect of biological activities was depended on functional
groups that substituted on benzenesulfonamide of anthranilic acid. This finding
demonstrated that Cu-sulfonamide complexes exhibited SOD-like activity and cytotoxic

activity, and could be potential for further development as medicinal compounds.
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Figure 5.1. Chemical structures of ligands (a) and Cu-sulfonamide complexes (7-16) (b)



Table 5.1 IR spectra (cm-1) and U (B.M) of copper complexes of sulfonamide analogs (7-16).

Compound vO-H vC-O vSO, vNO, vN-H vC-N vS-N vC=0 60-H ON-H s
SA01-Cu-SA01 (7) 3475m, br  1091m, sh 1314m 1531s — 1276s 945s — 1394s, sh — 0.82
1164vs 1394vs
SA01-Cu-SA02 (8) 3448s, br 1093s 1161s 1534s — 1274m 938s, br — 1396vs — 0.80
1024w 1350s
SA01-Cu-SA03 (9) 3449s, br 1091s 1163vs 12235 — 1274m 941m, br — 1396vs — 0.80
S
SA01-Cu-SA04 (10) 3450s, br 1093s 1161vs 12235 — 1274s 941m, br — 1396vs — 0.84
S
SA02-Cu-SA02 (11) 3471m, br ]:-I.(?29565 1330m, br — — 1264s 931s, br — 1397s — 0.79
m
SA02-Cu-SA03 (12) 3449s, br 1093m 1156s — — 1267m 934w, br — 1396s — 0.54
1024vw
SA02-Cu-SA04 (13) 3449m, br 1093s 1332w — — 1274s 938m, br — 1396vs — 0.82
1024w 1156vs
SA03-Cu-SA03 (14) 3554s, sh 1090s 1331m — — 1268s 927s — 1394vs — 0.93
3493m, sh 1169s
SA03-Cu-SA04 (15) 3448s, br 1094s ifggm — 3181w, br 1275s 936s, br — 1396vs — 0.82
VS
SA04-Cu-SA04 (16) 3465m, br 1095s ]:.L?;I-3559m — — 1279s 937s, br — 1396vs — 0.69
S
SA01 3449m, br 1086s 1318m 1531vs  3196m, sh 1264s 926s 1665s 1393m,sh 1582m
1162vs 1349s 758s
SA02 3492m, br 1092s 1344m — 3202s, sh 1261s 926s 1678s 1389s 1581s —
1022s 1160s 754s
SA03 3449w, br 1089s 1342s — 3201 1258s 922s 1675s 1389m 1585m
1162s 754s
SA04 3442w, br 1093s 1342s — 3188w, sh 1261m 929s 1662s 1380m 1585s —
1164s 753s

Note: br = broad, m = medium, s = strong, sh = sharp, vs = very strong, vw = very weak and w = weak.

8Y
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Table 5.2 Characteristics of Cu-sulfonamide complexes (7-16).

Compound %Yield mp (°C)
SA01-Cu-SA01 (7) 86 270-275
SA01-Cu-SA02 (8) 47 270-275
SA01-Cu-SA03 (9) 40 270-275
SA01-Cu-SA04 (10) 55 265-270
SA02-Cu-SA02 (11) S7 265-272
SA02-Cu-SA03 (12) 5 272-276
SA02-Cu-SA04 (13) 21 270-275
SA03-Cu-SA03 (14) 40 270-275
SA03-Cu-SA04 (15) 14 270-282
SA04-Cu-SA04 (16) 43 270-275

Table 5.3 Antioxidant activity (SOD) of Cu-sulfonamide complexes (7-16).

Compounda SOD (ICsp, pM)b
SA01-Cu-SA01 (7) 0.152
SA01-Cu-SA02 (8) 0.074
SA01-Cu-SA03 (9) 0.076
SA01-Cu-SA04 (10) 0.062
SA02-Cu-SA02 (11) 0.076
SA02-Cu-SA03 (12) 0.077
SA02-Cu-SA04 (13) 0.075
SA03-Cu-SA03 (14) 0.104
SA03-Cu-SA04 (15) 0.077
SA04-Cu-SA04 (16) 0.121

®SA01 and SA04 showed antioxidant activity of 15.7% and 6.07%SOD, respectively at 300 ug/mL. SA02 and SA04 were no
antioxidant activity at 300 pg/mL (105).

bSuperoxide dismutase (SOD) from bovine erythrocytes was used as a control in SOD assay (ICs, = 0.013 pM).



Table 5.4 Cytotoxic activity of Cu-sulfonamide complexes (7-16).
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Compound Cs0 (HM)a
MOLT-3 HuCCA-1 A549 HepG2

SA01-Cu-SA01 (7) 25.43+1.02 Inactive Inactive Inactive

SA01-Cu-SA02 (8) 25.84+0.33 Inactive Inactive Inactive

SA01-Cu-SAQ3 (9) 27.62+0.68 Inactive Inactive Inactive
SA01-Cu-SA04 (10) 27.11+£1.23 Inactive Inactive Inactive
SA02-Cu-SA02 (11) 28.6410.40 Inactive Inactive Inactive
SA02-Cu-SA03 (12) 28.9210.62 Inactive Inactive Inactive
SA02-Cu-SA04 (13) 26.21£1.13 Inactive Inactive Inactive
SA03-Cu-SA03 (14) 26.08+1.13 Inactive Inactive Inactive
SA03-Cu-SA04 (15) 23.31£18.00 Inactive Inactive Inactive
SA04-Cu-SA04 (16) 21.60£1.79 Inactive Inactive Inactive
sA01" 48.74+2.17 Inactive Inactive Inactive
sA02” Inactive Inactive Inactive Inactive
SA03 ° 112.86+6.01 Inactive Inactive Inactive
SA04 ° 108.9416.61 Inactive Inactive Inactive
Etoposide 0.04+0.01 - - 26.62+1.95
Doxorubicin - 0.42+0.15 0.24+0.15 0.98+0.11

®The assay was performed in triplicate; doxorubicin and/or etoposide was used as reference drugs.

®from (105).

MOLT-3: acute lymphoblastic leukemia cell line, HUCCA-1: human cholangiocarcinoma cancer cell, A549: human lung

carcinoma cell line and HepG2: human hepatocellular carcinoma cell line.
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CHAPTER VI
TOWARDS THE DESIGN OF 3-AMINOPYRAZOLE PHARMACOPHORE OF
PYRAZOLOPYRIDINE DERIVATIVES AS A NEW ANTIOXIDANTS

6.1 Abstract

Free radicals and oxidants can cause oxidative damage to physiologically important
biomolecules that subsequently leads to the development of a wide range of chronic and
degenerative diseases such as aging, cancer, cardiovascular and neurodegenerative diseases.
Antioxidants have been shown to be instrumental in counteracting the deleterious effects of
these reactive oxygen species. Herein, a series of 20 pyrazolopyridine derivatives with
antioxidant activity were utilized for constructing a quantitative structure-activity relationship
(QSAR) model as to unravel the origins of the antioxidant activity. Quantum chemical and
molecular descriptors were used to quantitate the physicochemical properties of investigated
compounds. Significant descriptors as identified by stepwise regression analysis consisted of
Mor11m, Mor25v, JGI5, H8p, GATS5p and GVWAI-50. Statistical parameters suggested that
the constructed QSAR models were robust with 02 = 0.9370 and RMSE =4.7414 as evaluated
via leave-one-out cross-validation (LOO-CV. The mechanistic basis of the antioxidant activity
as deduced from significant descriptors was rationalized. Particularly, compounds with the
highest antioxidant activity required compounds to have the highest mean topological charge
index of order 5 (JGI5) and Geary autocorrelation—-lag 5/weighted by atomic polarizabilities
(GATS5p) but necessitated low 3D-MoRSE-signal 25/weighted by atomic van der Waals
volumes (Mor25v). Such properties are well corroborated by the 3-aminopyrazole
pharmacophore from investigated compounds. Molecular insights unraveled herein is
anticipated to be useful as guidelines for further rational design of novel pyrazole analogs with

potent antioxidant activity.

6.2 Introduction

Oxidative stress causes deleterious effects to the body induced by an imbalance of free
radicals in relation to enzymatic and non-enzymatic antioxidant systems (13). This condition
leads to oxidation that subsequently damages biomolecules (e.g., DNA, proteins, lipids and
membranes), and give rise to physiological changes that eventually accelerate cell death. Free

radicals are a risk factor associated with the development of various diseases such as aging,
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cancer, diabetes mellitus, cardiovascular and neurodegenerative diseases (13). Therefore,
antioxidant compounds have drawn considerable attention as free radical scavengers. This had
attracted considerable interests in screening for the discovery of novel antioxidants either from
medicinal plants or by synthesis as to obtain novel bioactive compounds with promising
therapeutic potential (65). Particularly, the synthesis of new compounds with various
pharmacological activites has been achieved by chemical structural modification of
pharmacophoric nucleus (65, 66). Interestingly, pyridine (i.e. a six-membered ring of five carbon
atoms and one nitrogen atom) is a chemical moiety found in living organisms (55). It has been
used as a core structure for the synthesis of new compounds with pharmacological properties
(25, 56-58). Furthermore, pyrazole is a five-membered ring of three carbon atoms and two
nitrogen atoms, which has been considerable used as core structure for the drug design (59-61).
Therefore, a fused ring of pyridine and pyrazole gave rise to the pyrazolopyridine scaffold, which
was shown to exert various biological activities such as antimicrobial (62), anticancer (63) and
kinase inhibitory (64) properties. Previously, synthesized pyrazolopyridine derivatives with
antioxidant activity were reported (107). Most of the compounds were derived from 3-
aminopyrazolopyridine.

Computational drug design have been immensely useful in the discovery, design and
development of potentially interesting compounds by investigating their biological or chemical
properties in silico (65, 66). Particularly, quantitative structure-activity relationship (QSAR) has
been widely used to generate predictive models as well as provide insights on the contribution
of molecular features in governing their biological activities. Therefore, this study makes use of
QSAR modeling to correlate physicochemical properties derived from the chemical structure
with the antioxidant activity of pyrazolopyridine derivatives (1-20, Fig.6.1). Contributing factors
governing the antioxidant activity was dissected by scrutinizing the significant descriptors

derived from the QSAR model.

6.3 Materials and methods

6.3.1 Data set

A data set of 20 pyrazolopyridine derivatives (1-20) and their antioxidant activities were
obtained from the work of Gouda (107). Briefly, the antioxidant activity was evaluated using the

2,2"-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) assay.

6.3.2 Descriptors calculation
The structures of all compounds were drawn in GaussView version 3.09 (108).

Geometry optimization was performed using Gaussian 09 Revision A.02 (109) initially at the
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semi-empirical AM1 level followed by full optimization with no symmetry constraint at the
density functional theory (DFT) level using the Becke's three-parameter Lee-Yang—Parr
functional and with the 6-31g(d) basis set. Quantum chemical descriptors were obtained from
the resulting low-energy conformers. The quantum chemical descriptors composed of total
energy (E;), highest occupied molecular orbital (E,,,), lowest unoccupied molecular orbital
(E, umo)> energy gap of the HOMO and LUMO state (E,,,;—E, o), total dipole moment (u) of
the molecule, electron affinity (EA, calculated from -E, ), ionization potential (IP, calculated
from —E,.,o), mulliken electronegativity (x), hardness (1), softness (S), electrophilicity (w),
electrophilicity index (w,) and mean absolute charge (Q,,) (110). Furthermore, an additional set
of 3,224 molecular descriptors was calculated from Dragon software, version 5.5 (111). This
large set of descriptors can be classified into 22 categories including 48 constitutional
descriptors, 119 topological descriptors, 47 walk and path counts, 33 connectivity indices, 47
information indices, 96 2D autocorrelation, 107 edge adjacency indices, 64 burden
eigenvalues, 21 topological charge indices, 44 eigenvalue-based indices, 41 randic molecular
profiles, 74 geometrical descriptors, 150 RDF descriptors, 160 3D-MoRSE descriptors, 99
WHIM descriptors, 197 GETAWAY descriptors, 154 functional group counts, 120 atom-
centered fragments, 14 charge descriptors, 29 molecular properties, 780 2D binary fingerprints
and 780 2D frequency fingerprints. In addition, a subset of important descriptors was deduced

by stepwise multiple linear regression using SPSS statistics 18.0 (SPSS Inc., USA). The cutoff

was assigned to be |r| 2 0.8 for determining high correlation between the descriptors.

6.3.3 Data sampling

The pyrazolopyridine derivatives were selected for the training and testing sets. The
training set comprising of all compound was used to construct the QSAR model. On the other
hand, the testing set was performed using the leave-one-out cross-validation (LOO-CV) method.
The LOO-CV was performed by leaving out one sample from the data set and used as the
testing set while the remaining N - 1 samples were used as the training set. This process was

repeated iteratively until each sample of the data set was used as the testing set (106).

6.3.4 Multiple linear regression
Multiple linear regression (MLR) was used to generate QSAR model as summarized in

equation (1):
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Y =B, +> B X, (1)

where Y is the % inhibition of pyrazolopyridine derivatives, B, is the intercept and B, is
the regression coefficients of the descriptors X . MLR was performed using the Waikato

Environment for Knowledge Analysis (Weka), version 3.4.5. (112).

6.3.5 Statistical analysis

To evaluate the QSAR model, the statistical parameters included squared correlation
coefficient (Rz), crossed validated (QZ), which corresponded to the degree of correlation
between the predicted and experimental values, and root mean square error (RMSE) which

was used to measure the predictive error of the model and F-ratio (113).

6.4 Results and Discussion

6.4.1 Descriptors calculation and feature selection

The antioxidant activity of the pyrazolopyridine derivatives (1-20, Fig. 1) was
investigated using the ABTS assay (107). The compounds exhibited activity in the range of
14.41-86.94 % inhibition (at 1 mg/mL) as shown in Table 6.1.

A data set of the compounds with antioxidant property was employed in the QSAR
development. Quantum chemical and molecular descriptors were generated using Gaussian
and Dragon softwares, respectively, as mentioned in materials and methods. Such quantum
chemical and molecular descriptors have been successfully used to construct various QSAR
studies such as antioxidant (25, 114), antimicrobial (115), anticancer (106) and anti-inflammatory
(116) activities. Sets of molecular descriptors were expressed in quantitatively describing the
physicochemical properties of the investigated set of compounds. In addition, the descriptors
generating by the softwares displayed a number of representative structural features, therefore,
nonsignificant descriptors were eliminated. In doing so, the feature selection was performed to
select the descriptors that correlated with their antioxidant activities. The original molecular
descriptors generated from the Dragon software contained 3,224 molecular descriptors, which
were subjected to initial removal of multi-collinear and of the redundant descriptors of 1,713
descriptors. The remaining 1,511 descriptors were further combined with 13 quantum chemical
descriptors to obtain a set of 1,524 descriptors that were used as independent variables, while
the antioxidant activity (%inhibition) was used as the dependent variable, and the significant
descriptors were selected using the stepwise approach. The obtained descriptors with their

values were then used for developing the QSAR model using MLR in WEKA software, version
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3.4.5 (112) as shown in Table 6.1, and the definition of descriptors was described in Table 6.2.
The intercorrelation matrix between descriptors was performed using Pearson’s correlation in a
pairwise manner to determine correlation coefficient of each descriptor as presented in Table
6.3. It was found that each descriptor was independent from other descriptors as observed by

low correlation coefficient. The correlation coefficients between descriptors were less than 0.8

(the cutoff was assigned to be |r| 2 0.8). Therefore, the six important descriptors (Table 6.2),
composing molecular properties (GVWAI-50), topological charge indices (GVWAI-50), 3D-
MoRSE descriptors (Mor11m and Mor25v), GETAWAY descriptors (H8p) and 2D
autocorrelation (GATS5p), were employed to construct the QSAR model for predicting the

antioxidant activity of pyrazolopyridines derivatives.

6.4.2 QSAR modeling of antioxidant activity
The six descriptors were used to generate a multiparametric regression using MLR
method implemented in Weka software, version 3.4.5 (112). The linear regression derived from

the QSAR model is shown in equation (2):

%Inhibition = 1746.2843(JGI5) + 30.6893(GVWAI-50) + 28.1446(Mor11m) + 183.5802(H8p)
- 45.5842(Mor25v) + 27.2051(GAT5p) - 73.3343 (2)

n =20, R" = 0.9765, RMSE, = 2.8864, Q" = 0.9370, RMSE ooy = 4.7414, R - Q" =
0.0395, F-ratio = 32.22

To evaluate the quality of regression model, an internal validation of the QSAR model
was performed using LOO-CV method (117, 118) as the testing set. From the Eq. (2) the
results of predictive performance model for training and LOO-CV sets for predicting antioxidant
activity exhibited statistically good values as observed from the correlation coefficient with more
than 0.9 (0.9765 and 0.9370 for the training and the LOO-CV set, respectively), and low RMSE
values with 2.8864 and 4.7414 for the training and the LOO-CV sets, respectively. The
constructed model displayed .‘—'<‘2 >0.6 and QZ>O.5, which implied the good performance (113).
Furthermore, the model provided good predictability R2 - 02 value of 0.0395 (not exceed 0.3)
(119), and the reliable F-ratio was shown to be 32.22. The plot of experimental and predicted
activities based on the Eqg. (2) is shown in Figure 6.2, and the predicted activity values are
outlined in Table 6.1. It was found that the model has good correlation between the
experimental and the predicted activities as observed by statistical quality results as shown in

the Eqg. (2). Although value of RMSE was high number (4.7414), but its correlation coefficient
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showed high number of R’ (0.9765) and Q (0.9370) for training and LOO-CV sets,
respectively. However, the RMSE was found to be high value with high correlation coefficient,

which has been demonstrated as potential models for QSAR developments (25, 58, 120).

6.4.3 Structure-activity relationship

The MLR equation, Eq. (2), showed the important descriptors involved in the
antioxidant activity including 3D-MoRSE-signal 11/weighted by atomic masses (Mor11m), 3D-
MoRSE-signal 25/weighted by atomic van der Waals volumes (Mor25v), mean topological
charge index of order 5 (JGI5), H autocorrelation of lag 8/weighted by atomic polarizabilities
(H8p), Geary autocorrelation—lag 5/weighted by atomic polarizabilities (GATS5p), and Ghose-
Viswanadhan-Wendoloski drug-like index at 50% (GVWAI-50) as shown in Tables 6.1 and 6.2.
The relative important descriptors in Eq. (2) displayed the following order of significance,
JGI5 > H8p > GVWAI-50 > Mor11m > GAT5p > Mor25v, as observed by the coefficient values
of 1746.2843, 183.5802, 30.6893, 28.1446, 27.2051, -45.5842, respectively. The positive
coefficient values of JGI5, H8p, GVWAI-50, Mor11m and GAT5p in Eqg. (2) indicated that the
increase of descriptor values correlated with the increased activity as a positive effect. On the
other hand, Mor25v had the negative coefficient value indicating the increasing activity with the
decreasing value of this descriptor as a negative effect.

The investigated compounds (1-20) had a common pyrazolopyridine ring substituted
with amino (NH2) group at 3-position (1, 8, 9, 14, 18) or with various condensed rings at 2,3-
position on the pyrazole ring making the compounds as tricyclic derivatives including pyridine-
pyrazole-imidazole (2, 3, 4-7), pyridine-pyrazole-pyrimidine (10-13, 15-17, 19), and pyridine-
pyrazole-benzodiazepine (20). Considering the antioxidant activity of the compounds 1-20, it
was found that the most compounds with high JGI5, H8p and GATS5p values, but with low
value of Mor25v exhibited high activity as observed in the experimental and predicted activities
(Table 6.1). Particularly, 3-amino compound (1) with the highest antioxidant activity (86.94%)
had the highest mean topological charge index of order 5 (JGI5 = 0.066) and Geary
autocorrelation—lag 5/weighted by atomic polarizabilities (GATS5p = 1.375) as the positive
effect, but relatively with the lowest 3D-MoRSE-signal 25/weighted by atomic van der Waals
volumes (Mor25v = 0.164) as the negative effect. Such descriptor properties of compound 1
could be possibly due to the NH moiety of pyrazole ring, and 3-NH2 as electron releasing
group substituted on the pyrazole ring that participated in the electron delocalization and giving
rise to ionic charges resonant forms (1a and 1b, respectively, Figure 6.3) in exerting the

antioxidant activity by scavenging the radical cation of the ABTS. It should be noted that
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compound 1 is the smallest molecular size that correlated to the low value of 3D-MoRSE-signal
25/weighted by atomic van der Waals volumes (Mor25v = 0.164).

When the 3-NH, group of compound 1 was converted to electron withdrawing amide group
(compound 18), a remarkable reduced antioxidant activity (35.74%, Table 6.1) was noted as
correlated to the reduced values of JGI5 (0.041) and GATS5p (1.193) compared with compound 1.
The results suggested that the pyrazolopyridine with 3-NH, group (1) is required for the highest
antioxidant activity.

The investigated tricyclic scaffolds constitute a variety of substituents and/or fused aryl or
heteroaryl rings. Tricyclic pyridine-pyrazole-imidazole (2 and 3), resulting from 3-NH, group ring
closure of compound 1, displayed lower antioxidant activity than that of the parent compound
1. However, compound 3 had higher activity (74.29%) than compound 2 (33.31%), in which
high values of H8p (0.123) and Mor11m (0.788) but relatively low Mor25v (0.422) were
observed for compound 3. The highest H8p value of compound 3 could be due to the
polarizabilities of electron withdrawing CN group of the compound that is capable of interacting
with the radical cation of the ABTS.

Apart from the parent compound 1, compounds with relatively high antioxidant activity
(>50% inhibition) were noted for compounds 3, 5-6 (3>5>6) showing high values of JGI5
(0.037-0.04), GATS5p (0.830-1.198) and H8p (0.05-0.123).

Among the antioxidant quinone derivatives (4-7 in which 5>6>4>7), hydroxy-1,4-
naphthoquinone 5 had the highest antioxidant activity (64.25%) with high GATS5p (1.198). It
might be due to the polarizabilities of OH group on the 1,4-naphthoquinone 5 which provided
the high value of GATS5p in governing the high activity compared with the bromo-1,4-
naphthoquinone (4). In case of 1,4-quinone (6) containing diOH groups on the quinone ring, its
reduced activity (53.81%) with reduced GATS5p (0.830) and H8p (0.050) were observed
comparing with hydroxy-1,4-naphthoquinone (5). Remarkably, diacetoxy-1,4-quinone (7)
displayed lower activity (14.41%) with lower JGI5 (0.036) and H8p (0.029) compared with
diOH-1,4-quinone (6). It was suggested that 1,4-naphthoquinone (5) with ortho-OH group is an
appropriate moiety condensing with the tricyclic pyridinepyrazolimidazole core scaffold. This
might contribute to the H-bonding and lipophilic properties of the hydroxy-1,4-naphthoquinone
(5) in exerting its antioxidant activity. It should be noted that diacetoxy-1,4-quinone (7) with the
lowest Mor25v (0.169) had the lowest antioxidant activity compared with compounds 4-6
(56>6>4>7). This observed effect could be presumed that Mor25v is the last order of relative

important chemical descriptors as previously mentioned.
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Other compounds (8-20) with low antioxidant activity (<50% inhibition) mostly had low
values of JGI5 (0.025-0.042) and GATS5p (0.838-1.155), but high Mor25v (0.134-0.685)
compared with the most active compound 1 (JGI5 = 0.066, GATS5p = 1.375, Mor25v = 0.164),
and with the moderately active compounds 3, 5 and 6 (53.81-74.29% inhibition, JGI5 = 0.037-
0.041, GATS5p = 0.830-1.198, Mor25v = 0.196-0.422).

Notably, high Mor25v values of compounds 8-20 (except for 18) could be possibly due
to their more complexed ring structures leading to bulky molecules. The antioxidant activity of
8-20 and values of these chemical descriptors showed quite good correlation. Compounds 1-20
had H8p values in a range of 0.004-0.123 in which compound 3, the second ranked
antioxidant, had the highest H8p (0.123) value. Relatively high H8p values of 0.113 and 0.108
were also noted for compounds 9 and 4, respectively. This could be due to a diverse range of
chemical structures affecting their molecular influence matrices in governing the antioxidant
activity

Apparently, the compound (1) with the highest antioxidant activity had the important 3-
aminopyrazole pharmacophore that well correlated to certain chemical descriptors with high
topological charge index and atomic polarizabilities, but with low atomic van der Waals
volumes. In this regard, the properties of such descriptors could assist in searching and
designing novel antioxidants by modification of the 3-NH, group as other electron releasing
groups, and the ring structure of compound (1) as other heterocyclic rings. Possible structurally
modified derivatives of 1 could be displayed, for example, 1A resulting from a replacement of
3-NH, group by other electron donating groups (OH, OR, SH), 1B resulting from the
replacement of pyridine ring by pyrimidine ring, and 1C resulting from the substitution of phenyl
ring with electron withdrawing groups on the pyridine ring as shown in Fig. 6.4.

In summary, the underlying basis of the antioxidant activity of pyrazolopyridines was
explored by scrutinizing important descriptors obtained from QSAR model constructed using
MLR. It was found that a set of physicochemical parameters comprising of 3D-MoRSE-signal
11/weighted by atomic masses (Mor11m), 3D-MoRSE-signal 25/weighted by atomic van der
Waals volumes (Mor25v), mean topological charge index of order 5 (JGI5), H autocorrelation of
lag 8/weighted by atomic polarizabilities (H8p), Geary autocorrelation—lag 5/weighted by atomic
polarizabilities (GATS5p), and Ghose-Viswanadhan-Wendoloski drug-like index at 50%
(GVWAI-50) were important for the antioxidant activity. The compounds with the highest
antioxidant activity also had high JGI5 and GATS5p with low Mor25v as noted for the 3-
aminopyrazole pharmacophore (1). Interestingly, the highest H8p value was noted for the

second-ranked antioxidant (3). Such high atomic polarizabilities (H8p) may be due to the effect
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of the electron-withdrawing CN group and this can be used as a guideline for the rational

design of new antioxidants. The results revealed the importance of pharmacophore 1 as a lead

compound for further development as potent antioxidants. Structurally modified derivatives of 1

as shown in Fig. 6.4 is

antioxidant activity.

Figure 6.1.
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Table 6.1. Antioxidant activity and significant descriptors of pyrazolopyridine derivatives.

Inhibition (%)

Compound  JGI5 GVWAI-50 Mor11m H8p Mor25v  GATS5p

Exp. Pred.
1 0.066 0 0.477 0.007  0.164 1.375 86.94 84.84
2 0.035 1 0.455 0.029 0.573 1.033 33.31 39.96
3 0.037 1 0.788 0.123 0422 0.98 74.29 73.96
4 0.038 1 -0.760  0.108  0.349 1.038 31.32 4284
5 0.038 1 0.280 0.075  0.365 1.198 64.25 60.33
6 0.041 1 -0.010  0.050 0.196 0.830 53.81 49.93
7 0.036 0 -0.021 0.029  0.169 0.960 14.41 17.83
8 0.027 0 1.300 0.091 0.644 1.108 26.10 28.96
9 0.029 0 0.855 0.113  0.685 1.037 2228 16.77
10 0.029 1 1.053 0.019  0.652 0.967 40.16 36.87
11 0.029 1 0.206 0.013  0.306 0.977 28.11 29.03
12 0.03 0 0.888 0.059 0.644 1.155 14.41 11.51
13 0.026 1 0.554 0.035 0.618 1.189 3493 26.47
14 0.025 1 0.712 0.029 0.611 0.838 22.89 20.78
15 0.026 1 0.443 0.033  0.569 1.066 2530 2417
16 0.027 1 0.515 0.054  0.508 1.125 37.75 36.08
17 0.026 1 0.915 0.023  0.696 0.970 22.89 20.78
18 0.041 0 0.283 0.030 0.134 1.193 35.74 39.33
19 0.042 0 0.328 0.004  0.285 1.012 2590 23.94
20 0.028 1 0.700 0.046  0.350 1.059 43.17 49.28

Exp.; Experimental activity, Pred.; Predicted activity.
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Table 6.2. Description of important descriptors for constructing the QSAR model.

Description

Descriptors Type
JGI5 Topological charge indices
GVWAI-50 Molecular properties

Mor11m 3D-MoRSE descriptors
Mor25v 3D-MoRSE descriptors
H8p GETAWAY descriptors
GATS5p 2D autocorrelations

Mean topological charge index of order 5

Ghose-Viswanadhan-Wendoloski drug-like
index at 50%

3D-MoRSE-signal 11/weighted by atomic
masses

3D-MoRSE-signal 25/weighted by atomic
van der Waals volumes

H autocorrelation of lag 8/weighted by
atomic polarizabilities

Geary autocorrelation —lag 5/weighted by

atomic polarizabilities

Table 6.3. Intercorrelation matrix of significant descriptors.

Descriptors JGI5 GVWAI-50 Mor11m H8p Mor25v GATS5p
JGI5 1

GVWAI-50 -0.388 1

Mor11m -0.366 -0.148

H8p -0.161 0.02 0.012 1

Mor25v -0.705 0.223 0.656 0.22 1

GATS5p 0.449 -0.378 0.072 -0.028 -0.136 1
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CHAPTER VI
CONCLUSION AND FURTURE PERSPECTIVE

Drug design and development have been focused on this study to gear towards finding
novel compounds for biological activities. A variety of novel metal complexes (1-16) were
synthesized including 2-thiouracil (2TU) and 8-hydroxyquinoline/2-hydroxyquinoline (8HQ/2HQ)
transition metals (Ni, Cu, Mn) complexes (1-6), and Cu complexes (7-16) of 4-substituted (NO,,
OCH;, CH; and CI) benzenesulfonamide of anthranilic acid. These metal complexes were
investigated for their biological activities i.e, antioxidant, antimicrobial and anticancer activities.
The metal complexes 1-6 displayed SOD activity, particularly, complex 5 (2TU-Cu-2HQ)
exhibited the highest SOD activity (IC5, of 1.81 uM). Furthermore, complex 3 (2TU-Mn-8HQ)
displayed effective antimicrobial activity with the minimal inhibitory concentration (MIC) in range
of 11.07-708.64 uM against microorganisms (i.e., gram-positive bacteria, gram negative
bacteria and diploid fungus) (Appendix A). In addition, the Cu complexes 7-16 elicited
antioxidant (SOD) activity, and cytotoxic effect against MOLT-3 cell lines. The complex 10
(sulfonamides with NO, and CI groups) exhibited the strongest SOD activity with 1C5, of 0.062
MM, and complex 16 (sulfonamide with ClI group) had the best cytotoxicity against MOLT-3 cell
lines with IC5, of 21.60 uM (Appendix B). In addition, a data set of 20 pyrazolopyridine
derivatives with antioxidant activity was studied to develop QSAR model. The obtained
significant variables including Mor11m, Mor25v, JGI5, H8p, GATS5p and GVWAI-50 were used
for generating predictive model. The statistical results displayed good predictive performance of
02 = 0.9370 and RMSE =4.7414 for internal validation (LOO-CV set). Interestingly, the highest
antioxidant activity required the compound with the highest JGI5 and GATS5p but with low
Mor25v which related to 3-aminopyrazole pharmacophore of the compound (Appendix C).
Pyridine and pyrimidine as privileged scaffolds with attractive anticancer activity have been
reported (Appendix D). The body of knowledge is benefit for the design and development of
novel bioactive pyridine and pyrimidine-based compounds. For further study, the metal
complexes (1-16) will be studied to obtain informative significant descriptors for understanding
the influence of chemical structural features involved in their biological properties via
computational approaches. The outcome of this study could be benefit for drug discovery and

development as well as medicinal applications.
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Abstract: Introduction: Metal ions are cofactors found in antioxidant enzymes such as superoxide dismutase (SOD), and
are essential in catalytic mechanisms for scavenging the free radicals. Therefore, synthetic compounds containing metal
ions coordination are designed for SOD mimic and other biological activities.

Objective: To synthesize metal metals (Ni, Cu, Mn) complexes of mixed ligands of 2-thiouracil (2TU) with 8-
hydroxyquinoline (8HQ) (1-3) and with 2-hydroxyquinoline (2HQ) (4-6) and determined for antioxidant and
antimicrobial activities.

Results: The metal complexes 1-6 elicited SOD activity with ICsy of 1.81-516.56 UM, particularly, complex 5 (2TU-Cu-
2HQ) showed the highest SOD activity with ICsy of 1.81 uM. In addition, complexes 1 (2TU-Ni-8HQ), 5 and 2 (2TU-Cu-
8HQ) displayed radical scavenging activity (RSA) with ICsq 0f 171.31, 194.25 and 388.56 puM, respectively, whereas the
complexes 3, 4 and 6 were shown to be inactive. Furthermore, the metal complex 3 (2TU-Mn-8HQ) exhibited good
antimicrobial activity with the minimal inhibitory concentration (MIC) range of 11.07-708.64 pM against gram-positive
and gram negative bacteria as well as diploid fungus, followed by metal complexes 2 (MIC of 23.68-757.70 uM) and 1
(MIC of 350.67-701.35 puM). Interestingly, the similar mixed ligands with different metal ions of complexes 1 (Ni), 2
(Cu) and 3 (Mn), the complex 3 has the highest SOD (ICsq = 5.04 uM) and antimicrobial activities, but Cu complex (5) of
2TU and 2HQ showed the highest SOD, RSA and antimicrobial activities than Ni (4) and Mn (6) complexes.

Conclusion: This finding reveals novel transition metal complexes with a potential for further development as medicinal
compounds.

Keywords: 2-thiouracil, 2- and 8-hydroxyquinolines, metal complex, antioxidants, antimicrobials

1. INTRODUCTION

Free radicals are a risk factor of various diseases such as
diabetes mellitus, cancer as well as cardiovascular and
neurodegenerative diseases [1-2]. Biological molecules in
the body such as lipid, protein and deoxyribonucleic acid
(DNA) can be damaged by the free radicals. The endogenous

external sources i.e., supplement and dietary vitamins A, C
and E [3-4]. However, an excess of the free radicals in the
body can cause undesirable effects leading to physiological
changes and eventually to clinical symptoms and diseases [1-
2]. Therefore, antioxidant compounds can be recommended
to reduce/neutralize the overload of free radicals for
preventing a progression of the diseases. Interestingly, the

defense mechanisms against the free radicals can be
overcomed by antioxidant enzymes i.e., superoxide
dismutase (SOD), catalase and glutathione peroxidase. In
addition, antioxidant compounds can be obtained from

XXX-XXX/14 $58.00+.00

SOD is an essential enzyme for catalyzing the dismutation of
superoxide anion into oxygen and hydrogen peroxide.
Considering the SOD structure, it composes of transition

© 2017 Bentham Science Publishers
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metal ions such as manganese (Mn) found in mitochondria,
zinc (Zn) and copper (Cu) found in cytosol, iron (Fe) and
nickel (Ni) found in bacteria [5-7]. These metal ions are
important cofactors for exerting the SOD activity, and are
essential for catalytic mechanisms. Therefore, synthetic
compounds containing metal ion coordination are attractive
for designing SOD-like activity as well as other
pharmacological activities.

Uracil is a heterocyclic compound acting as a nucleobase
found in nucleic acid. The uracil and its derivatives were
reported to display biological activities i.e., antioxidant [8],
antimicrobial [9], anticancer [10] and antiviral [11]
properties. Uracils possessing halogen substituents [12] were
reported to exhibit interesting bioactivities i.e., 5-fluorouracil
as anticancer drug [13] and antimetabolites [14] including
N1-substituted derivatives of 5-iodouracil and 5-
trifluoromethyluracil [15] are antivirals [16]. Furthermore, a
series of thiouracil derivatives have been shown to exhibit
diverse bioactivities such as antioxidant, antimicrobial and
anticancer activities [17-19]. It is noted that substituted
uracils play a vital role in many metabolic processes [20-22].
Therefore, considerable interest has been drawn to use
uracils (constitutes two oxygen (O) and two nitrogen (N)
atoms) as ligands for the synthesis of various transition metal
complexes [23-24].

Quinoline is a bicyclic compound with a variety of
pharmacological properties such as antibacterial [25],
anticancer [26] and antiviral [27] activities. Quinoline
derivatives, for example, 8-hydroxyquinoline (8HQ)
exhibited various bioactivities such as fungicidal,
antibacterial and anticancer activities [28-30]. The 8HQ is a
ligand bearing O and N electron donor atoms with metal
chelating effect [28]. It is found in natural products,
therapeutics/compounds and chelating agents [28]. It has
been reported to display strong antioxidant, cytotoxic and
antimicrobial activities [23, 31]. In addition, 2-
hydroxyquinoline (2HQ) is an isomeric from of 8HQ that
can form coordinated bond with metal ions. Synthetic
fluoroquinolones mixed-ligands Cu (II) complexes were
reported to display antimicrobial, antioxidant and DNA
cleavage activities [32]. Furthermore, metal complexes of
8HQ with 5-iodouracil/5-nitrouracil exhibited cytotoxic,
antimicrobial, antioxidant and aromatase inhibitory activities
[23, 24, 31].

To search for novel uracil-quinoline metal complxes,
therefore, 2-thiouracil (2TU) and hydroxyquinoline (HQ)
including 8HQ and 2HQ were used as potential ligands for
the synthesis of metal complexes. Herein, the synthesis of
mixed ligands (2TU-8HQ/2HQ) transition metals (Ni, Cu,
Mn) complexes as well as antimicrobial and antioxidant
activities have been reported.

2. MATERIALS AND METHOD
2.1. General

Infrared (IR) spectra were obtained on a Perkin Elmer
System 2000 FTIR. Mass spectra were recorded on a
Finnigan INCOS50 and a Bruker Daltonics (Micro TOF).
Magnetic moment was performed on a Magnetic
Susceptibility Balance, Mark 1, Serial 15257, Sherwood
Scientific, Cambridge, UK. Melting points were determined
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on an Electrothermal melting point apparatus and are
uncorrected. Reagents for assays included HEPES (N-2-
hydroxyethylpiperazine-N ~2-ethanesulfonic acid), vitamin
E, DPPH (2,2-diphenyl-1-picrylhydrazyl), nitroblue
tetrazolium (NBT) salt, L-methionine, riboflavin, Triton-
100, superoxide dismutase (SOD) from bovine erythrocytes,
DMSO (dimethyl sulfoxide, 99.9%) and ampicillin from
Sigma, USA; Mieller Hinton Broth and Miueller Hinton
Agar from Becton Dickinson, USA and sodium chloride
from Merck, German. Solvents were analytical grades.

2.2. Synthesis of 2-thiouracil and 8-hydroxyquinoline/2-
hydroxyquinoline metal complexes

A solution of metal salts (1 mmol) dissolved in
methanol (2 mL) was added dropwise to the solution of 2-
thiouracil (1 mmol) in 70°C methanol (30 mL) and then
heated for 45 min. A solution of 8HQ/2HQ (1 mmol) in
methanol (2 mL) was added dropwise to the reaction mixture
and further heated for 1 h. The precipitated solid was
collected by filtration, washed 4-5 times with cold methanol
and dried in vacuo at room temperature.

Complexes 1-3 were separately synthesized from 1
mmol of 2TU (128.2 mg) and 8HQ (145.2 mg) and 1 mmol
of metal salts; Ni(OAC),-4H,O (248.9 mg) for 1,
Cu(OAC)»-H,0 (199.8 mg) for 2 and MnCl,-4H,0 (198.1
mg) for 3.

Complexes 4-6 were obtained from 1 mmol of 2TU
(1282 mg) and 2HQ (1452 mg) and 1 mmol of
Ni(OAc)»-4H,0 for 4, of Cu(OAc),-H,O for 5 and of
MnCl,-4H,0 for 6. Yield and m.p. of the complexes are
summarized: 1 as light yellow-green  powder
(C13H12N3NiIO,S, MW 365.01 g/mol), 226.0 mg (61.9%),
m.p. 282-284°C, 2 as dark green powder (C;3H1,CuNs0O,S,
MW 337.86 g/mol), 123.2 mg (36.9%), m.p.> 350°C, 3 as
pale yellow powder (Cy3H;,MnN3O,S, MW 361.25 g/mol),
120.4 mg (33.31%), m.p. 296-300°C, 4 as light yellow-green
pOWder (C13H12N3NiOZS, MW 333.01 g/mOl), 251.8 mg
(75.6%), m.p. 230-234°C, 5 as light green powder
(C13H12CUN3OZS, MW 337.86 g/mOI), 181.8 mg (538%),
m.p. 284-288°C, 6 as pale yellow powder (C13H;,MnN30,S,
MW 329.26 g/mol), 130.2 mg (39.5%), m.p. 286-290°C.

2.3. Antioxidant activity

Antioxidant activities of metal complexes (1-6) and
ligands were evaluated using 1,1-diphenyl-2-picrylhydrazyl
(DPPH) and superoxide dismutase (SOD) assays.

DPPH is a stable purple color compound, which reacted
with antioxidants to give light-yellow color product of 1,1-
diphenyl-2-picrylhydrazine. Briefly, the reaction was
performed by adding 1 mL solution of DPPH in methanol
(0.1 mM) to the tested compounds (dissolved in DMSO)
with the final concentration of 300 pug/mL. The reaction was
incubated in a dark room for 30 min, and the absorbance was
measured at 517 nm using UV-Visible spectrophotometer
(UV-1610, Shimadzu). The percentage of antioxidant or
radical scavenging activity (RSA) was calculated [33] using
equation (1):
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RSA (%) = 1— Abs'sample %100 (1)
Abs

“control

where Abs..oniror 1S the absorbance of the control reaction, and
AbS.ample IS the absorbance of the tested compound. Vitamin
E was used as a control and methanol was used as a blank
reaction.

SOD activity was determined using SOD assay by
measuring nitro blue tetrazolium (NBT) reduction [34]. The
stock solution (1 mL) containing 27 mL of HEPES buffer
(50 mM, pH 7.8), 1.5 mL of L-methionine (30 mg/mL), 1
mL of NBT (1.41 mg/mL) and 750 pL of Triton X-100 (1
%wt) was added to the solution of metal complexes (1-6)
dissolved in DMSO. The reaction was initially started by
addingl0 pL of riboflavin (44 mg/mL) to the tested
compounds with final concentration of 300 pg/mL, and
followed by illumination under a Philips Classic Tone lamp
(60 W) in a light box for 7 min. The absorbance of the
reaction was measured at 550 nm using UV-Vis
spectrophotometer that measured the inhibition of
photoreduction of NBT. The percentage of SOD activity was
calculated using Eq. (1). The SOD enzyme from bovine
erythrocytes was used as a control and DMSO solvent was
used as a blank reaction.

The 50% inhibition concentration (ICsy) was calculated
in case of compounds displayed antioxidant (RSA and SOD)
activities greater than 50% at 300 pug/mL. It was calculated
by plotting %RSA or %SOD activity against metal
complexes concentrations.

2.4. Antimicrobial activity

Antimicrobial activity testing of metal complexes (1-6)
and ligands was investigated by the agar dilution method
[35]. In parallel, Mieller Hinton Broth (MHB), DMSO and
ampicillin drug were used as the control in this study. The
solution of tested compounds was then transferred to the
Mieller Hinton Agar (MHA) solution with final
concentrations of 4-256 pg/mL. The microorganisms were
cultured in MHB at 37°C overnight, and then were diluted
with 0.9% normal saline for adjusting the density of
microorganism as 1x10° cell/mL compared to 0.5 McFarland
standards. The microorganisms were inoculated onto the
agar plates containing various concentrations of the tested
compounds, and incubated at 37°C for 24-48 h. The
minimum inhibitory concentration (MIC) of the compounds
was determined as the lowest concentration to inhibit the
growth of microorganisms. Twenty-seven microorganisms
(reference strains and clinical isolates) were used for the
assay including Gram negative bacteria; Escherichia coli
ATCC 25922, Kilebsiella pneumoniae ATCC 700603,
Serratia marcescens ATCC 8100, Salmonella typhimurium
ATCC 13311, Salmonella choleraesuis ATCC 10708,
Pseudomonas aeruginosa ATCC 15442, Pseudomonas
stutzeri ATCC 17587, Shewanella putrefaciens ATCC 8071,
Achromobacter xylosoxidans ATCC 27061, and clinical
strains:  Shigella dysenteriae, Salmonella enteritidis,
Morganella morganii, Aeromonas hydrophila, Citrobacter
freundii and Plesiomonas shigelloides, Gram positive

bacteria;  Staphylococcus aureus ATCC 29213,
Staphylococcus aureus ATCC 25923, Staphylococcus
epidermidis ATCC 12228, Enterococcus faecalis ATCC
29212, Enterococcus faecalis ATCC 33186, Micrococcus
luteus ATCC 10240, Corynebacterium diphtheriae NCTC
10356, Bacillus subtilis ATCC 6633, and clinical strains:
Bacillus cereus and Listeria monocytogenes, and diploid
fungus (yeast); Candida albicans ATCC 90028 and
Saccharomyces cerevisiae ATCC 2601.

3. RESULTS AND DISCUSSION
3.1. Chemistry

Metal complexes 1-6 (Fig. 1) were synthesized using
1:1:1 molar ratio of 2TU:M:8HQ (2HQ) in which M = Ni (1
and 4), Cu (2 and 5) and Mn (3 and 6). These complexes
appeared as pale yellow-green to dark green powder.

@ < o
$—NH HN o
HN (e]
TN i
S” "NH
HO——M——OH Cu \/
OH OH Ho /\
Ns N< N_O
I = | = @L)/
1, M =Ni 2 M = Ni
3, M =Mn 5 M=Cu
n
(b) o OH
S)\N @;J L
H
2-thiouracil 2-hydroxyquinoline 8-hydroxyquinoline
Fig. (1). Chemical structures of  2-thiouracil-

hydroxyquinolines metal complexes 1-6 (a) and ligands (b).

IR spectra (Table 1) of 2TU-8HQ metal complexes 1 (Ni)
and 3(Mn) showed absorptions (cm™) of CO at 1701-1702
and 1686, of C=S at 1422-1424, of C=N at 1629 and 1572-
1578, of C—N at 1388 and 1368-1374, of C-O at 1281-1285,
1213-1214 and 1108-1111. These absorptions of compounds
1 and 3 remained the same as the absorptions of 2TU free
ligand, except for the stretchings of C-N and C-O at 1388
and 1281-1285 were shifted from 1381 and 1286 of 8HQ,
respectively. This suggested that metal centered atoms (Ni
and Mn) coordinated with C5,6 double bond = donor of
2TU, together with electron donor ring N atom and OH
group of 8HQ. It was again confirmed by the absence of OH
bending (SOH) at 1410 of 8HQ. However, NH bending of
2TU remained the same as the SNH of 2TU free ligand.
Magnetic moments of metal complexes 1 and 3 were 2.70
and 3.40 B.M., respectively. It was suggested that metal
complexes 1 and 3 were formed as octahedral geometry
using bidentate ligands (2TU and 8HQ) and two water
molecules as shown by broad OH stretchings at 3358 and
3400.
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Such r electron donor coordination was reported for
metal complexes of uracils such as 5-iodouracil-8HQ/8-
aminoquinoline metal (Mn, Cu, Ni) complexes [23, 36] and
Ru complexes of 5-substituted (X) uracils, X = F, CI, Br, |
and H [37].

Copper complex of 2TU-8HQ (2) showed the absorptions
of CO at 1693, of C=N at 1625 and 1575, of C-N at 1386
and 1375, and of NH at 3178 as well as the weak bending
SNH at 1527. These absorptions of Cu-complex (2) were
shifted compared with the free ligands (2TU and 8HQ).
Apparently, only one strong CO of 2TU moiety was noted at
1693. In addition, C=S of complex 2 was not observed.
These suggested that Cu-complex 2 was resulted from the
coordination of 2TU through N1, S2 (as thiol form), and
8HQ using ring N-atom and 80H group. This N1, S2
coordination complex was described for 2-thiolumazine Cu-
complex [38]. The complex 2 had pe value of 1.315 B.M.,
which was suggested as a square planar geometry.

Metal complexes (4-6) displayed the stretching
absorptions of CO at 1701, 1962, 1682-1684 and 1654, of
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C=N at 1628, 1637-1638 and 1600-1601, of C=S at 1425-
1428, of C—N at 1395-1396, and NH at 3122-3126. These
absorptions were shifted from the free ligands (2TU and
2HQ), suggesting that metal complexes 4-6 were formed
through the coordinations of 2TU using thione (C=S) and
NH electron donors, and of 2HQ using amino keto form of
2-quinolinol. Metal complex formation via amino thione
electron donors was previously reported for 6-hydroxy-2-
thiouracil (thiobarbituric acid) [39] and 6-amino-2-thiouracil
[40]. In addition, the amino keto form involved in metal
complexation was previously described for 2-pyridinol metal
complex [41]. Magnetic moments of complexes 4-6 were
0.953, 0.807 and 0.794, respectively. The results suggested
that Ni (4), Cu (5) and Mn (6) complexes were formed as a
square planar geometry. Based on the literature, metal
complexes 1-6 have not been reported. Antimicrobial and
antioxidants activities of these compounds (1-6) were
investigated.

Table 1. IR spectra (cm™) and per (B.M) of 2-thiouracil-hydroxyquinolines metal complexes (1-6).

Compound vC=0 vC=N vC=S vC-O vC-N vOH vNH S0H SNH et
2-TU-Ni-8HQ 1701s 1629vw 1424s 1285m 1388m 3358s,br 3196br 1470s 1560m, br 2.70
@) 16865 1578s 1214s 1374s 3087sh, br 745s
1111s
2-TU-Cu-8HQ 1693s 1625m — 1280m 13865 — 3178w, br 1464s 1527w 1.315
2 1575m 1113s 1375s 741m
2-TU-Mn-8HQ  1702s 1629w 1422s 1281w 1388s 3400br 3192sh, br 1466s 1562s 3.40
3) 1686s 1572s 1213s 1368w 3135sh, br 743m
1108m
2-TU-Ni-2HQ 1701s, br 1628s, br 1425s 1216s 1395s — 3122s, br 1451s 1558w, br 0.953
4) 1682s, br 1600vw, sh 1177s, br 1539w, br
1654s, br 1153s, br 761s
2-TU-Cu-2HQ 1692m 1638s 1428s 1202m 1396w — 3124w, sh 1449w 1559w 0.807
(5) 1654s 1601m 1171w 1543w
1153w 7565
2-TU-Mn-2HQ 1701m 1637s 1428s 1214s 1396m — 3126w, sh 1469m 1559s 0.794
(6) 1684m 1601m 1175w 758s
1654s 1154w
2-TU 1700s 1628m 1421s 1214s 1394m 3510br 3086br 1450m 1560s —
1684s 1176s 3048br 761s
1158s
2HQ 1652s, br 1599s, br — 1213s 1381s — 3255w, sh 1428s 1554s —
1154m 759vs
1135s
8HQ — 1580m — 12865 1381s 3145br — 1410s — —

Note: 2-TU = 2-thiouracil, 2HQ = 2-hydroxyquinoline, 8HQ = 8-hydroxyquinoline, br = broad, m = medium, s = strong, sh = sharp, vs = very strong,

vw = very weak and w = weak.

3.2 Antioxidative activity

The metal complexes 1-6 and ligands (2TU, 2HQ and
8HQ) were investigated for their antioxidative activities
using DPPH and SOD assays in term of radical-and
superoxide-scavenging activities. The results (Table 2)
showed that compounds 1, 2, 5 and 8HQ displayed the
radical scavenging activity (RSA) with 1Cs, of 171.31,
388.56, 194.25 and 1113.75 uM, respectively, whereas
compounds 3, 4, 6, 2TU and 2HQ exhibited RSA <50%
(24.56%, 34.92%, 21.68%, 33.00% and 10.10%,
respectively) at 300 pg/mL. Compounds 1 (ICsp = 171.31
pUM) and 5 (ICsp = 194.25 pM) showed stronger RSA than

compound 2 (ICsy = 388.56 pM) and free ligands such as
8HQ (IC5 = 1113.75 pg/mL).

SOD activity of the metal complexes (1-6) was determined
using NBT reduction. Most complexes (Table 2) exhibited good
SOD activity with 1Csq range of 1.81-69.07 UM, except for Mn
complex (6, 1Csy = 516.56 uM). Interestingly, Cu complex 5
afforded the strongest SOD activity with ICsy of 1.81uM
followed by 3>2>1>4>6 with ICs, = 5.04, 10.06, 15.73, 69.07
and 516.56 pM, respectively. In a series of 2TU-8HQ metal
complexes (1-3), Mn complex 3 (IC5, = 5.04 pM) displayed the
strongest SOD activity. However, Cu complex (5, ICs, = 1.81
pM) of 2TU-2HQ was shown to be the most active antioxidant
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compared with the other tested compounds. In addition, 8HQ
showed SOD activity with 1Csy of 91.83 uM, but other ligands
including 2TU (28.70%) and 2HQ (25.19%) displayed weak

activity <50% at 300 pg/mL. The results indicated that types
of ligands and metal ions for metal coordination played roles
in antioxidant activities.

Table 2. Antioxidant activities of 2-thiouracil-hydroxyquinolines metal complexes (1-6) and ligands.

Radical scavenging activity

Superoxide scavenging activity

Compound?

P (ICso, UM) (ICsp, UM)
2-TU-Ni-8HQ (1) 171.31 15.73
2-TU-Cu-8HQ (2) 388.56 10.06
2-TU-Mn-8HQ (3) ND 5.04
2-TU-Ni-2HQ (4) ND 69.07
2-TU-Cu-2HQ (5) 194.25 1.81
2-TU-Mn-2HQ (6) ND 516.56
2TU ND ND
2HQ ND ND
8HQ 1113.75 91.83

#Vitamin E was used as a control for DPPH assay displaying ICs, = 1.40 pM, Psuperoxide dismutase (SOD) from bovine erythrocytes was used as a control for
SOD assay showing ICso = 0.021 puM. Complexes 3, 4, 6 and ligands (i.e., 2TU and 2HQ) exhibited RSA <50% at 300 pg/mL (24.56%, 34.92%, 21.68%,
33.00% and 10.10%, respectively). The 2TU and 2HQ showed SOD activity <50% at 300 pg/mL (28.70% and 25.19%, respectively). ND = not determined.

3.3 Antimicrobial activity

The antimicrobial activity of metal complexes (1-6)
was performed using the agar dilution method against 27
strains of microorganisms. The results (Table 3) showed that
compounds 1-3 exerted antimicrobial activity, whereas
complexes 4-6 were inactive compounds. Complex 1 (Ni)
displayed antimicrobial activity against gram positive
bacteria: S. aureus ATCC 29213, S. aureus ATCC 25923, E.
faecalis ATCC 29212, E. faecalis ATCC 33186, M. luteus
ATCC 10240, B. subtilis ATCC 6633, C. diphtheriae NCTC
10356, and B. cereus as well as gram negative bacteria: C.
fluendii with MIC of 701.35 uM. At lower MIC (350.67
pUM), S. epidermidis ATCC 12228 and P. shigelloides were
inhibited. Interestingly, complexes 2 (Cu) and 3 (Mn)
showed better antimicrobial property with a range of MIC
values 23.68-757.70 uM and 11.07-708.64 UM, respectively.
Compound 2 showed antigrowth activity with MIC of
757.70 uM against gram negative bacteria: S. putrefaciens
ATCC 8071 and M. morganii, with MIC of 378.85 pM
against E. coli ATCC 25922, S. macesens ATCC 8100, S.
typhimurium ATCC 13311, and C. fluendii, with MIC of
189.43 pM for S. cerevisiae ATCC 2601 and A. hydrophila,
with MIC of 94.71 uM against S. aureus ATCC 25923, E.
faecalis ATCC 29212, E. faecalis ATCC 33186, M. luteus
ATCC 10240, C. diphtheriae NCTC 10356, B. cereus and L.
monocytogenes, with MIC of 47.36 puM against S. aureus
ATCC 29213 and B. subtilis ATCC 6633, and with MIC of
23.68 pM against S. epidermidis ATCC 12228 and P.
shigelloides. Complex 3 (Mn) showed activity against E. coli
ATCC 25922, P. stutzeri ATCC 17587, S. putrefaciens
ATCC 8071, A. xylosoxidans ATCC 27061, M. luteus ATCC
10240 and C. fluendii with MIC of 708.64 uM, against S.
dysenteriae with MIC of 354.32 uM, against S. cerevisiae
ATCC 2601 with MIC of 88.56 uM, against E. faecalis

ATCC 29212, E. faecalis ATCC 33186, B. subtilis ATCC
6633, C. diphtheriae NCTC 10356, B. cereus and L.
monocytogenes with MIC of 44.29 uM, against S. aureus
ATCC 29213, S. aureus ATCC 25923 and S. epidermidis
ATCC 12228 with MIC of 22.15 uM, and against P.
shigelloides with MIC of <11.07 uM. In addition, the free
ligands (2TU, 8HQ and 2HQ) were also investigated for
growth inhibition. 1t was shown that 2HQ had no activity
against the tested microorganisms, but 2TU inhibited only
M. luteus ATCC 10240 with MIC = 1997.62 uM. However,
8HQ showed antimicrobial activity (MIC = <27.56-1763.60
M) against gram positive and gram negative bacteria as
well as dipoid fungi [31, 42]. Particularly, the resistant gram
positive bacteria such as S. aureus ATCC 29213 and S.
aureus ATCC 25923 displayed the activity with MIC <27.56
pUM. At higher MIC value (220.45 uM), E. coli ATCC
25922, S. typhimurium ATCC 13311, P. stutzeri ATCC
17587 and C. fluendii were inhibited by 8HQ. In addition,
8HQ also showed antigrowth activity against K. pneumoniae
ATCC 700603 (MIC = 440.90 pM) and P. aeruginosa
ATCC 15442 (MIC = 1763.60 uM). Moreover, P.
shigelloides was inhibited by 8HQ with the lowest MIC
(£27.56 pM). It should be noted that Cu complex 2 (MIC =
23.68 pM against S. epidermidis ATCC 12228 and P.
shigelloides), and Mn complex 3 (MIC = 22.15 uM against
S. aureus ATCC 29213, S. aurues ATCC 25923 and S.
epidermidis ATCC 12228, MIC <11.07 pM against P.
shigelloides) exerted better activity than the reference drug,
ampicillin (MIC = 26.93 pM). Furthermore, all active
compounds (1-3 and 8HQ) expressed higher growth
inhibition against gram positive bacteria than gram negative
bacteria. Notably, it was found that 2TU-8HQ metal
complexes (1-3) showed better antimicrobial activity than
2TU- 2HQ metal complexes (4-6). Particularly, compounds
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2 (Cu) and 3 (Mn) displayed higher activity than compound the DMSO solvent was determined in parallel with the tested
1 (Ni). In case of 2TU-2HQ metal complexes (4-6), all compounds, but no antimicrobial activity was observed.
compounds exhibited no antimicrobial activity. In addition,

Table 3 Antimicrobial activity of 2-thiouracil-hydroxyquinolines metal complexes (1-6) and ligands.

Compound MIC (uM)? Microorganism”

2-TU-Ni-8HQ (1) 701.35 S. aureus ATCC 29213, S. aureus ATCC 25923, E. faecalis ATCC
29212, E. faecalis ATCC 33186, M. luteus ATCC 10240,
B. subtilis ATCC 6633, C. diphtheriae NCTC 10356, B. cereus,

C. fluendii
350.67 S. epidermidis ATCC 12228, P. shigelloides
2-TU-Cu-8HQ (2) 757.70 S. putrefaciens ATCC 8071, M. morganii
378.85 E. coli ATCC 25922, S. macesens ATCC 8100,
S. typhimurium ATCC 13311, C. fluendii
189.43 S. cerevisiae ATCC 2601, A. hydrophila
94.71 S. aureus ATCC 25923, E. faecalis ATCC 29212,

E. faecalis ATCC 33186, M. luteus ATCC 10240,
C. diphtheriae NCTC 10356, B. cereus,
L. monocytogenes

47.36 S. aureus ATCC 29213, B. subtilis ATCC 6633,
23.68 S. epidermidis ATCC 12228, P. shigelloides
2-TU-Mn-8HQ (3) 708.64 E. coli ATCC 25922, P. stutzeri ATCC 17587,

S. putrefaciens ATCC 8071, A. xylosoxidans ATCC 27061,
M. luteus ATCC 10240, C. fluendii

354.32 S. dysenteriae
88.56 S. cerevisiae ATCC 2601
44.29 E. faecalis ATCC 29212, E. faecalis ATCC 33186,

B. subtilis ATCC 6633, C. diphtheriae NCTC 10356,
B. cereus, L. monocytogenes

22.15 S. aureus ATCC 29213, S. aureus ATCC 25923,
S. epidermidis ATCC 12228
<11.07 P. shigelloides
2-TU-Ni-2HQ (4) Inactive -
2-TU-Cu-2HQ (5) Inactive -
2-TU-Mn-2HQ (6) Inactive -
2-TU 1997.62 M. luteus ATCC 10240
2HQ Inactive -
8HQ 1763.60 P. aeruginosa ATCC 15442
440.90 K. pneumoniae ATCC 700603, S. choleraesuis ATCC 10708,
M. morgamii
220.45 E. coli ATCC 25922, S. macesens ATCC 8100,

S. typhimurium ATCC 13311, P. stutzeri ATCC 17587,
S. putrefaciens ATCC 8071, A. xylosoxidans ATCC 27061,
S. enteridis, C. fluendii

110.22 A. hydrophila
55.11 M. lutens ATCC 10240
<27.56 S. aureus ATCC 29213, S. aureus ATCC 25923,

S. epidermidis ATCC 12228, E. faecalis ATCC 29212,
E. faecalis ATCC 33186, B. subtilis ATCC 6633,

C. diphtheriae NCTC 10356, S. cerevisiae ATCC 2601,
C. albicans ATCC 90028, S. dysenteriae, B. cereus,

P. shigelloides, L. monocytogenes

AMIC : Minimum inhibitory concentration is the lowest concentration of a compound to inhibit growth of microorganisms. "Ampicillin at
26.93 UM was used as a control of antimicrobial testing system that showed growth inhibiton against S. typhimurium ATCC 13311,
P. stutzeri ATCC 17587, C. diphtheriae NCTC 10356, S. aureus ATCC 29213, S. aureus ATCC 25923, S. epidermidis ATCC 12228,
M. luteus ATCC 10240, B. subtilis ATCC 6633, L. monocytogenes and P. shigelloides.

An increase of antibiotic resistance in bacteria, causing Particularly, an attention has been focused on the multiple
either community-acquired infections or hospital-acquired resistant pathogen i.e., E. coli, K. pneumoniae and
infections, is a major health problem worldwide.
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methicillin-resistant Staphylococcus aureus (MRSA) [31,
43].

Currently, P. aeruginosa which is the common cause
of nosocomial infection has been reported to generate
multidrug resistance because of its biofilm synthesis [44]. K.
pneumoniae was found to be a causative agent of
pneumonia, and a pathogen of septicemia in patients [45].
The spread of K. pneumoniae carbapenemase (KPC)
emerged in many countries has been reported [46].

There are many drug-resistant strains found in gram
positive bacteria such as MRSA, vancomycin-resistant
Enterococci (VRE) and penicillin-resistant S. pneumoniae
(PRSP), and in gram negative bacteria i.e., extended
spectrum S-lactamase (ESBL), AmpC p-lactamase and
carbapenemase-producing Enterobacteriaceae (CPE) [42].
ESBLs are enzymes capable of hydrolysing penicillins,
broad spectrum cephalosporin and monobactams, and are
generally derived from TEM and SHV-type enzymes [47].
ESBL producing organisms are K. pneumoniae, P.
aeruginosa, E. coli, P. stutzeri, S. typhimurium and C.
fruendii [43, 47].

Interestingly, 2TU-8HQ metal complexes (1-3) exerted
the activity against resistant gram positive (S. aureus) and
gram negative ESBL (E. coli, S. typhimurium, P. stutzeri and
C. fluendii) bacteria. The higher activity against gram
positive bacteria was noted for Mn (3) complex, and against
gram negative bacteria was noted for Cu (2) complex. The
results implied the potential of Cu (2) and Mn (3) complexes
as antimicrobials for resistant S. aureus and ESBL producing
organisms, respectively. On the other hand, the strongest
antioxidant (SOD) activity was noted for 2TU-2HQ Cu
complex (5) with 1Cso of 1.81 uM.

The strongest SOD activity was noted for metal
complex of 2TU-2HQ ligands compared with 2TU-8HQ
metal complexes. It could be suggested that an inductive
effect of both ligands, 2TU (4-oxo function) and 2HQ (2-oxo
moiety), can withdraw electrons from the Cu centered atom
(compound 5) and facilitate the superoxide scavenging
activity [23]. In case of 2TU-8HQ, the inductive effect was
resulted from one ligand (2TU) using 4-oxo group
(compounds 1 and 3), and using 2-thioimine moiety
conjugated with «, S-unsaturated keto (compound 2) as the
superoxide scavenger. Metal complexes with the same
ligands, but different metal ions would provide the
compounds with different bioactivity [48] as seen for
compounds 1-3 (3>2>1) and compounds 4-6 (5>4>6). In a
series of 2TU-8HQ (1-3), Mn complex (3) afforded the
strongest SOD activity (ICso = 5.04 uM), whereas 2TU-2HQ
Mn complex (6) displayed the lowest SOD activity (ICsq =
516.56 puM). Besides the property of ligands, metal centered
atom also played important role in bioactivities of metal
complexes [23]. Cu is essential for SOD activity [49],
therefore, an incorporation of Cu into the ligand structures
(2TU and 2HQ) increased the SOD activity as observed for
Cu complex 5. This is due to the change in oxidation state of
Cu atom modulated through its coordination with metal
chelating ligands [41].

However, dissociation of the metal complexes (1-6)
could give rise to 1:1 charged complexes, (8HQ-M)* and
(2HQ-M)", and free ligand (2TU) [50]. The charged
complexes ((8HQ-M)* and (2HQ-M)") became toxic entity
by interacting and blocking the metal binding sites on
enzymes that involved in the pteridine biosynthesis [50].
This can account for antimicrobial activity of complexes 1-3
compared with complexes 4-6. It is possibly due to (8HQ-
M)" of metal complexes 1-3 bearing 8HQ with the
antimicrobial effect. Inversely, 2HQ was inactive compound,
thus, metal complexes 4-6 exerted no antimicrobial activity.

CONCLUSION

Novel metal (Ni, Cu, Mn) complexes of 2TU-8HQ (1-3)
and 2TU-2HQ (4-6) were synthesized and investigated for
antimicrobial and antioxidant (DPPH and SOD) activities.
These metal complexes contanined 2TU as a common
ligand, but different 8HQ or 2HQ ligands. These metal
complexes exerted SOD activity, particularly, Cu complex 5
bearing 2HQ displayed the strongest SOD activity with 1Cs
of 1.81 uM. The Mn complex 3 bearing 8HQ exhibited good
antimicrobial activity against gram-positive and gram
negative bacteria as well as diploid fungus with MIC of
11.07-708.64 uM. This finding revealed the novel bioactive
mixed ligand transition metal complexes with SOD-mimic
and antimicrobial activities, and has a potential for further
development as medicinal compounds.

LIST OF ABBREVIATIONS

2HQ = 2-Hydroxyquinoline

2TU = 2-Thiouracil

8HQ = 8-Hydroxyquinoline

MIC = minimum inhibitory concentration
RSA = Radical scavenging activity

SOD = Superoxide dismutase

CONFLICT OF INTEREST

The authors confirm that this article content has no
conflict of interest.

ACKNOWLEDGEMENTS

AW gratefully acknowledges the research grant
supported by the Thailand Research Fund (Grant No.
TRG5880143) and this project is partially supported by the
Office of the Higher Education Commission and Mabhidol
University under the National Research Universities
Initiative.

REFERENCES

[1] Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free
radicals, antioxidants in disease and health. Int. J.
Biomed. Sci., 2008, 4, 89-96.

[2] Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free
radicals, antioxidants and functional foods: Impact on
human health. Pharmacogn. Rev., 2010, 4, 118-126.



8 Letters in Drug Design & Discovery, 2017, Vol. 0, No. 0

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Winyard, P.G.; Moody, C.J.; Jacob, C. Oxidative
activation of antioxidant defence, Trends Biochem.
Sci., 2005, 30, 453-461.

Birben, E.; Sahinerm, U.M.; Sackesen, C.; Erzurum,
S.; Kalayci, O. Oxidative stress and antioxidant
defense. World Allergy Organ. J., 2012, 5, 9-19.
Abreu, I.A.; Cabelli, D.E. Superoxide dismutases-a
review of the metal-associated mechanistic variations.
Biochim. Biophys. Acta., 2010, 1804, 263-274.

Sheng, Y.; Abreu, I.A.; Cabelli, D.E.; Maroney, M.J.;
Miller, A.-F.; Teixeira, M.; Valentine, J.S.
Superoxide dismutases and superoxide reductases.
Chem. Rev., 2014, 114, 3854-3918.

Perry, J.J.P.; Shin, D.S.; Getzoff, E.D.; Tainer, J.A. The
structural biochemistry of the superoxide dismutases.
Biochim. Biophys. Acta., 2010, 1804:, 245-262.
Gimadieva, A.R.; Myshkin, V.A.; Mustafin, A.G.;
Chernyschenko, Y.N.; Fattakhov, A.; Abdrakhmanov,
I.B.; Tolstikov, G.A. 5-Amino-6-methyluracil is a
promising pyrimidine antioxidant. Dokl. Biol. Sci.,
2013, 448, 7-9.

Mohamed, M.S.; Youns, M.M.; Ahmed, N.M.
Synthesis, antimicrobial, antioxidant activities of
novel 6-aryl-5-cyano thiouracil derivatives, Eur. J.
Med. Chem., 2013, 69, 591-600.

Prachayasittikul, S.; Sornsongkhram, N.; Pingaew,
R.;  Worachartcheewan, A.; Ruchirawat, S,
Prachayasittikul, V. Synthesis of N-substituted 5-
iodouracils as antimicrobial and anticancer agents,
Molecules, 2009, 14, 2768-2779.

Maruyama, T.; Demizu, Y.; Kozai, S.; Witvrouw, M.;
Pannecouque, C.; Balzarini, J.; Snoecks, R.; Andrei,
G.; De Clercq, E. Antiviral activity of 3-(3,5-
dimethylbenzyl)uracil derivatives against HIV-1 and
HCMV. Nucleo. Nucleot. Nucl., 2007, 26, 1553-1558.
Bardagi, J.1.; Rossi, R.A. Advances in the synthesis of
5- and 6-substituted uracil derivatives. Org. Prep.
Proced. Int., 2009, 41, 479-514.

Zenker, N. Thyroid function and thyroid drugs. In:
Principles of Medicinal Chemistry. Foye, W.O.,
editor, 3rd ed.; Lea & Febiger: Philadelphia, London,
1990, pp.603-621.

Boncel, S.; Gondela, A.; Walczak, K. Michael-type
addition as a convenient method for regioselective N-
alkylation of ambident uracils. Synthesis, 2010, 10,
1573-1589.

del Carmen Nufeza, M.; Entrena, A.; Rodriguez-
Serrano, F.; Marchal, J.A.; Aranega, A.; Gallo, M.A;
Espinosa, A.; Campos, J.M. Synthesis of novel 1-
(2,3-dihydro-5H-4,1-benzoxathiepin-3-yl)-uracil and
-thymine, and their corresponding S-oxidized
derivatives. Tetrahedron, 2005, 61, 10363-10369.

De Clercq, E. Antiviral drugs in current clinical use.
J. Clin. Virol., 2004, 30, 115-133.

Prachayasittikul, ~S.;  Worachartcheewan, A,;
Nantasenamat, C.; Chinworrungsee, M.;
Sornsongkhram, N.; Ruchirawat, S.; Prachayasittikul,
V. Synthesis and structure-activity relationship of 2-
thiopyrimidine-4-one analogs as antimicrobial and

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Worachartcheewan et al.

anticancer agents. Eur. J. Med. Chem., 2011, 46, 738-
742.

Fathalla, O.A.; A. Zaghary, W.A.; Radwan, H. H;
Awad, S.M., Mohamed, M.S. Synthesis of new 2-
thiouracil-5-sulfonamide derivatives with biological
activity. Arch. Pharm. Res., 2002, 25, 258-269.

Choi, H.J.; Yu, S.T.; Lee, K.I.; Choi, J.K.; Chang,
B.Y.; Kim, S.Y.; Ko, M.H.; Song, H.O.; Park, H. 6-
Trifluoromethyl-2-thiouracil possesses anti-
Toxoplasma gondii effect in vitro and in vivo with
low hepatotoxicity. Exp. Parasitol., 2014, 143, 24-29.
Fabrissin, S.; de Nardo, M.; Nisi, C.; Morasca, L.;
Dolfini, E.; Franchi, G. Synthesis and anticancer
activity of 5-diethylaminomethyl derivatives and
nitrogen mustards of uracil and 2-thiouracils. J. Med.
Chem., 1976, 19, 639-642.

Kamalakannan, P.; Venkappayya, D.;
Balasubramanian, T. A new antimetabolite, 5-
morpholinomethyl-2-thiouracil-spectral ~ properties,
thermal  profiles, antibacterial, antifungal and
antitumour studies of some of its metal chelates. J.
Chem. Soc., Dalton. Trans., 2002, 17, 3381-3391.
Motawia, M.S.; Abdel-Megied, A.E.S.; Pedersen,
E.B.; Nielsen, C.M.; Ebbesen, P. Synthesis of 5-
alkoxymethyl derivatives of 3'-amino-2',3'-
dideoxyuridine and evaluation of their activity against
HIV and cancer. Acta Chem. Scand., 1992, 46, 77-81.
Prachayasittikul, S.; Worachartcheewan, A.; Pingaew,
R.; Suksrichavalit, T.; Isarankura-Na-Ayudhya, C.;
Ruchirawat, S.; Prachayasittikul, V. Metal complexes
of uracil derivatives with cytotoxicity and superoxide
scavenging activity. Lett. Drug Des. Discov., 2012, 9,
282-287.

Prachayasittikul, V.; Pingaew, R.; Nantasenamat, C.;
Prachayasittikul, S.; Ruchirawat, S.; Prachayasittikul, V.
Investigation of aromatase inhibitory activity of metal
complexes of 8-hydroxyquinoline and uracil derivatives.
Drug Des. Devel. Ther., 2014, 8, 1089-1096.

Mitscher, L.A. Bacterial topoisomerase inhibitors:
quinolone and pyridone antibacterial agents. Chem.
Rev., 2005, 105, 559-592.

Xia, Y., Yang, Z.Y.; Xia, P.; Bastow, K.F;
Nakanishi, Y.; Nampoothiri, P.; Hamel, E.; Brossi,
A.; Lee, K.H. Antitumor agents. Part 226: synthesis
and cytotoxicity of 2-phenyl-4-quinolone acetic acids
and their esters. Bioorg. Med. Chem. Lett., 2003, 13,
2891-2893.

Lucero, B.; Gomes, C.R.; Frugulhetti, I.C.; Faro,
L.V.; Alvarenga, L.; de Souza, M.C.; de Souza, T.M.;
Ferreira, V.F. Synthesis and anti-HSV-1 activity of
quinolonic acyclovir analogues. Bioorg. Med. Chem.
Lett., 2006, 16, 1010-1013.

Prachayasittikul, V.; Prachayasittikul, S.; Ruchirawat,
S.; Prachayasittikul V. 8-Hydroxyquinolines: a
review of their metal chelating properties and
medicinal applications. Drug Des. Devel. Ther., 2013,
4,1157-1178.

Oliveri, V.; Vecchio, G. 8-Hydroxyquinolines in
medicinal chemistry: a structural perspective. Eur. J.
Med. Chem., 2016, 120, 252-274.



Synthesis, antioxidant and antimicrobial activities of metal complexes of 2TU-HQ derivatives Letters in Drug Design & Discovery, 2017, Vol. 0, No.0 9

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Song, Y.; Xu, H.; Chen, W.; Zhan, P.; Liu, X. 8-
hydroxyquinoline: a prilegde structure with a broad-
ranging pharmacological potential. Med. Chem.
Comm., 2015, 6, 61-74.

Srisung, S.; Prachayasittikul, S.; Suksrichavalit, T.;
Ruchirawat, S.; Prachayasittikul, V. Antimicrobial
activity of 8-hydroxyquinoline and transition metal
complexes. Int. J. Pharm., 2013, 9, 170-175.

Patel, M.N.; Parmar, P.A.; Gandhi, D.S. Third
generation fluoroquinolones antibacterial drug based
mixed-ligand Cu(ln) complexes: structure,

antibacterial activity, superoxide dismutase activity
and DNA-interaction approach. J. Enzyme Inhib.
Med. Chem., 2011, 26, 188-197.

Prachayasittikul, S.; Wongsawatkul, 0.
Worachartcheewan, A Nantasenamat, C.;
Ruchirawat, S.; Prachayasittikul, V. Elucidating the
structure-activity relationships of the vasorelaxation
and antioxidation properties of thionicotinic acid
derivatives. Molecules, 2010, 15, 198-214.

Piacham, T, Isarankura-Na-Ayudhya, C,;
Prachayasittikul, V.; Bilow, L.; Ye, L. A polymer
supported manganese catalyst useful as a superoxide
dismutase mimic. Chem. Commun., 2003, 11, 1254-125.
Baron, E.J.; Peterson, L.R.; Finegold, S.M. Methods
for testing antimicrobial effectiveness. In: Bailey
and Scott’s diagnostic microbiology, 9" ed.; St.
Louis: Mosby-Year Book, Inc., 1994, pp. 168-193.
Pingaew, R.; Worachartcheewan, A
Prachayasittikul, V.; Prachayasittikul, S.; Ruchirawat,
S.; Prachayasittikul, V. Transition metal complexes of
8-aminoquinoline-5-substituted uracils with
antioxidative and cytotoxic activities. Lett. Drug Des.
Discov., 2013, 10, 859-864.

Shepherd, R.E.; Zhang, S.; Lin, F.-T.; Kortes, R.A.
Influence of the 5-substituent of uracils and uridines
on 77 coordination of Rull(hedta)at the C-5-C-6
bonds. Inor. Chem., 1992, 31, 1457-1462.
Al-Masoudi, NA, Saleh BA, Abdul Karim N, Issa
AY, Pannecouque C. Synthesis and anti-HIV activity
of new 2-thiolumazine and 2-thiouracil metal
complexes. Heteroatom Chem., 2011, 22, 44-50.
Yamanari, K.; Kida, M.; Fuyuhiro, A.; Kita, M.;
Kaizaki, S. Cobalt(lll) promoted ligand fusion
reactions of thiobarbituric acid and 4,6-diamino-2-
thiouracil (or 4-amino-2-thiouracil). Inorg. Chim.
Acta., 2002, 332, 115-122.

Angustias Romero, M.; Purificacién Sanchez, M.;
Quirds, M.; Sanchez, F.; Salas, J. M.; Moreno, M.N.;
Faure, R. Transition metal complexes of 6-amino 2-
thiouracil; crystal structure of bis(6-amino-2-

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

thiouracilato)aquazinc(ll) dihydrate. Can. J. Chem.,
1993, 71, 29-33.

Suksrichavalit, T, Prachayasittikul, S.;
Nantasenamat, C.; Isarankura-Na-Ayudhya, C.;
Prachayasittikul, V. Copper complexes of pyridine
derivatives  with  superoxide scavenging and
antimicrobial activities. Eur. J. Med. Chem., 2009,
44, 3259-3265.

Cherdtrakulkiat, R.; Boonpangrak, S.; Sinthupoom,
N.;  Prachayasittikul, S.; Ruchirawat,  S.;
Prachayasittikul, V. Derivatives (halogen, nitro and
amino) of 8-hydroxyquinoline with highly potent
antimicrobial and antioxidant activities. Biochem.
Biophys. Rep., 2016, 6, 135-141.

Shaikh, S.; Fatima, J.; Shakil, S.; Rizvi, S.M.; Kamal,
M.A. Antibiotic resistance and extended spectrum
beta-lactamases: types, epidemiology and treatment.
Saudi J. Biol. Sci., 2015, 22, 90-101.

Taylor, P.K.; Yeung, A.T.; Hancock, R.E. Antibiotic
resistance in Pseudomonas aeruginosa biofilms:
towards the development of novel anti-biofilm
therapies. J. Biotechnol., 2014, 191, 121-30.

Ahmad, S.; Abulhamd, A. Phenotypic and molecular
characterization of nosocomial K. pneumoniae isolates
by ribotyping. Adv. Med. Sci., 2015, 60, 69-75.

Lerner, A.; Adler, A.; Abu-Hanna, J.; Cohen Percia,
S.; Kazma Matalon, M.; Carmeli, Y. Spread of KPC-
producing carbapenem-resistant Enterobacteriaceae:
the importance of super-spreaders and rectal KPC
concentration. Clin. Microbiol. Infect., 2015, 21,
470.e1-470.e7.

Shah, A.A.; Hasan, F.; Ahmed, S.; Hameed, A.
Extended-spectrum beta-lactamases (ESbLs):
characterization, epidemiology and detection. Crit.
Rev. Microbiol., 2004, 30, 25-32.

Colak, A.; Terzi, U.; Col, M.; Karaoglu, S.A;
Karabocek, S.; Kigciukdumlu, A.; Ayaz, F.A. DNA
binding, antioxidant and antimicrobial activities of
homo- and heteronuclear copper(ll) and nickel(Il)
complexes with new oxime-type ligands. Eur. J. Med.
Chem., 2010, 45, 5169-5175.

Suksrichavalit, T.; Prachayasittikul, S.; Piacham, T.;
Isarankura-Na-Ayudhya, C.; Nantasenamat, C.;
Prachayasittikul V. Copper complexes of nicotinic-
aromatic carboxylic acids as superoxide dismutase
mimetics. Molecules, 2008, 13, 3040-3056.
Anjaneyulu, Y.; Rao, R.P.; Swamy, R.Y.; Eknath, A,;
Rao Narasimha, K. In vitro antimicrobial activity
studies on the mixed ligand complexes of Hg(ll) with
8-hydroxyquinoline and salicylic acids. Proc. Indian
Acad. Sci. (Chem. Sci.), 1982, 91, 157-163.

Received: XX XX, 2017

Revised: XX XX, 2017

Accepted: XX XX, 2017



Antioxidant and cytotoxic activities of copper complexes of sulfonamide analogs

Apilak Worachartcheewan™***, Ratchanok Pingaew”, Sutanun Doungsoongnuen®,

Supaluk Prachayasittikul®, Somsak Ruchirawat >®, Virapong Prachayasittikul

'Department of Community Medical Technology, Faculty of Medical Technology, Mahidol
University, Bangkok 10700, Thailand

Department of Clinical Chemistry, Faculty of Medical Technology, Mahidol University, Bangkok
10700, Thailand

*Center of Data Mining and Biomedical Informatics, Faculty of Medical Technology, Mahidol
University, Bangkok 10700, Thailand

“Department of Chemistry, Faculty of Science, Srinakharinwirot University, Bangkok 10110,
Thailand

*Laboratory of Medicinal Chemistry, Chulabhorn Research Institute, and Program in Chemical
Biology, Chulabhorn Graduate Institute, Bangkok 10210, Thailand

®Center of Excellence on Environmental Health and Toxicology, Commission on Higher Education
(CHE), Ministry of Education, Thailand

"Department of Clinical Microbiology and Applied Technology, Faculty of Medical Technology,

Mahidol University, Bangkok 10700, Thailand

< apilak.woa@mahidol.ac.th; Tel: +662-441-4371 ext. 2720; Fax: +662-441-4380



Abstract: Copper (Cu) complexes (1-10) of 4-substituted benzenesulfonamide (NO,, OCHjs,
CH; and CI) of anthranilic acid were synthesized and determined for antioxidant,
antimicrobial and cytotoxic activities. The Cu complexes 1-10 exhibited antioxidant activity
with 1Csp of 0.062-0.152 puM and cytotoxic activity against MOLT-3 cell lines with 1Csy of
21.60-28.92 puM. Particularly, complex 4 (sulfonamides with NO, and CI groups) showed the
strongest SOD activity as 1Csp of 0.062 pM, whereas complex 10 (sulfonamide with CI
group) displayed the best cytotoxicity as 1Cso of 21.60 uM against MOLT-3 cell lines.
Furthermore, the function groups of Cu-sulfonamide complexes such as NO, and Cl have
influence for their biological activities interacting with target which displayed good bioactive
compounds. The finding reveals novel Cu-sulfonamide complexes with a potential

compounds for further development for medicinal applications.

Keywords: metal complex, copper, sulfonamide, cytotoxicity, antioxidants,



Introduction

Free radicals are defined as unstable molecules having unpaired electron (1,2). It has been
associated with development of various diseases such as cancer, diabetes mellitus,
cardiovascular disease, aging and neurodegenerative diseases (3). Antioxidant systems in
human are used to protect free radicals that occur inside the body including enzymatic system
such as superoxide dismutase (SOD), catalase and glutathione peroxidase, and non-enzymatic
system from supplemental nutrition (4,5). Furthermore, transition metal ions (i.e., manganese
(Mn), cobalt (Co), nickel (Ni), copper (Cu) and zinc (Zn)) are essential elements to help
catalytic reaction working with enzymes/protein as call as metalloprotein such as found in
SOD enzyme (6,7). The development and discovery of novel compounds has been interested
as used as treatment and prevention of progression of free radical-related diseases. Based on
correlation between metal ions with enzyme, the mimic compound coordinated with
transition metal ions have been synthesized for exerting interesting pharmacological
activities. Particularly, mimic compounds (SOD-mimic) using metal ions with ligands having
atoms coordination which has been synthesized of metal complexes displaying a variety of
biological activities. Interestingly, Copper is considered as an essential element of several
endogenous antioxidant enzymes, therefore, using transition copper ions have been attractive
target metal ion (8). Cu complexes of nicotinic with aromatic carboxylic acids (i.e., phthalic,
salicylic and anthranilic acids) have been shown of antioxidant (SOD) and antimicrobial
activities (9) as well as Cu complexes with pyridine derivatives (i.e., nicotinic acid, 2-
hydroxypyridine, 2-aminopyridine and picolinic acid) (10). Furthermore, nicotinic acid-
copper complex prevent gastric congestion (11), reduce lipids, control levels of liver enzymes
and lipid peroxidation (12), and nicotine-copper complexes showed SOD-like antioxidant

properties for Alzheimer’s disease (13).



Sulfonamide is an important pharmacophore found in many drugs and bioactive
compounds. Its derivatives exhibited various biological activities such as antimicrobial (14),
anticancer (15) and antiviral (16) properties. Considering the sulfonamide structure
containing aromatic ring, sulphonamide (-SO,NH,) and functional groups (R). It is
interesting to structural modification as use as the ligand to form metal complexes having
pharmacological properties. Sulfonamide derivatives were used as a ligand to coordinate with
metal ions (i.e., moononuclear complexes of 5-chloro-2-
hydroxybenzylidene)aminobenzenesulfonamides with various metal ions (Co, Cu, Zn, Ni and
Mn) (17) and Cu complexes of N-substituted sulfonamides (18)). It has found that metal
complexes of sulfonamide derivatives exhibited biological activities such as anti-
Trypanosoma cruzi activity (17), DNA cleavage and cytotoxic activities (18).

Anthranilic acid is a scaffold to be attracted great interest which was synthesized and
displayed anticancer (19), antioxidant (20) and antimicrobial activities (21). Furthermore, 4-
substitueted benzenesulfonamide of anthranilic acid were synthesized and exhibited
antifungal, antioxidant and anticancer activities (22).

Therefore, this present study aims to synthesize of copper complexes (1-10) of 4-
substitueted benzenesulfonamide of anthranilic acid (ligands 1-4) and determine their
biological activities including antioxidant, antimicrobial and cytotoxic activities. In addition,
structure-activity relationship has been provided to insight into influence of function groups

in their activities.

Materials and methods
General
Infrared (IR) spectra were obtained on a Perkin Elmer System 2000 FTIR. Mass spectra

were recorded on a Finnigan INCOS50 and a Bruker Daltonics (Micro TOF). Magnetic



moment was performed on a Magnetic Susceptibility Balance, Mark 1, Serial 15257,
Sherwood Scientific, Cambridge, UK. Melting points were determined on an Electrothermal
melting point apparatus and are uncorrected. Chemicals and reagents were analytical grade
included RPMI-1640 (Rosewell Park Memorial Institute medium from Gibco and Hyclone
laboratories, USA; MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
XTT  (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide  salt),
HEPES (N-2-hydroxyethylpiperazine-N ~2-ethanesulfonic acid), nitroblue tetrazolium (NBT)
salt, L-methionine, riboflavin, Triton-100, superoxide dismutase (SOD) from bovine
erythrocytes, DMSO (dimethyl sulfoxide, 99.9%), ampicillin, ciprofloxacin, tetracycline, L-
glutamine, penicillin, streptomycin, sodium pyruvate and glucose from Sigma, USA; Mueller
Hinton Broth and Mueller Hinton Agar from Becton Dickinson, USA and sodium chloride
from Merck, German. from Sigma, USA; Ham’s/F12 (Nutrient mixture F-12), DMEM
(Dulbecco’s Modified Eagle’s Medium) and FBS (fetal bovine serum) from Hyclone
laboratories, USA and gentamicin sulfate from Government Pharmaceutical Organization,

Thailand.

Synthesis of copper-sulfonamide complexes (1-10)

The 4-substitueted benzenesulfonamide of anthranilic acid (ligands 1-4: 11-14) were
synthesized by Doungsoongnuen et al. (22) which functional groups (R = NO,, OCH3;, CH3
and CI) were substituted on benzenesulfonamides at position 4 (Figure 1). It was used as
ligands for coordinated with copper (Cu). Cu complexes of sulfonamide ligands (11 — 14)
were further synthesized. The solid products were collected by filtration and dried at room
temperature.

A solution of metal salts (1 mmol) dissolved in methanol (2 mL) was added dropwise

to the solution of ligands (1 mmol) in 70°C methanol (30 mL) and then heated for 45 min. A



solution of ligands (1 mmol) in methanol (2 mL) was added dropwise to the reaction mixture
and further heated for 1 h. The precipitated solid was collected by filtration, washed 4-5 times
with cold methanol and dried in vacuo at room temperature. Complexes 7-16 were produced
from 1 mmol of ligands (11-14) and 1 mmol of Cu(OAc),-H,0. Chemical structures and
characterization of Cu complexes were determined using IR, *H NMR and mass spectra and

magnetic moment.

Biological activities
Metal complexes (1-10) were determined for their biological activities composed of

antioxidant, antimicrobial and cytotoxic activities.

Antioxidant activity

The transition metal complexes were evaluated for their antioxidant activity using 2
superoxide dismutase (SOD) assays (23). The SOD assay was performed by mixed 1 mL of
solution (27 mL of HEPES buffer (50 mM, pH 7.8), 1.5 mL of L-methionine (30 mg/mL), 1
mL of nitro blue tetrazolium (NBT, 1.41 mg/mL) and 0.75 mL of Triton X-100 (1 wt%)) to
0.45 mL solution of a tested compound to a final concentration of 300 pg/mL. The reaction
was initiated by addingl0 pL of riboflavin (44 pg/mL) and was excited under a Philips
Classic Tone lamp (60 W) in a light box for 7 min. The absorbance at 550 nm was measured
of the photoreduction of NBT using UV—-Vis spectrophotometer and the percentage of SOD

activity will be calculated using equation (1).

%Inhibition = (1_ //:Esip jxlOO @
S.

control



where AbS.conrol IS the absorbance of the control reaction, and ADbS.sampie is the
absorbance of the tested compound. Superoxide dismutase (SOD) from bovine erythrocytes
was used as a control.

In addition, 1Cso (50% inhibition concentration of radical and superoxide-scavenging
activities) was performed in which tested complexes at 300 pg/mL displayed antioxidant

activities more than 50% inhibition.

Antimicrobial activity

The metal complexes were determined of antimicrobial activity using agar dilution
method (24). The compounds were individually dissolved in DMSO. The two-fold dilution
was performed using Muller Hinton (MH) broth which was transferred to MH agar solution
to obtain the final concentrations of 256 to 4 mg/mL. In addition, the MH Broth, DMSO,
ampicillin, ciprofloxacin and tetracycline drugs were used as the control. Microorganisms
were cultured in MH broth at 37°C for 24 h and diluted with 0.9% normal saline solution to
adjust the cell density of 1x10® CFU/mL compared to 0.5 McFarland standards. Then,
microorganisms were inoculated onto each plate of tested compound with various
concentrations using a multipoint inoculators and further incubated at 37°C for 24-48 h. The
inhibition of microbial cell growth as well as the minimum inhibitory concentration (MIC as
the lowest concentration to inhibit the growth of microorganisms) of the compounds was
determined. Twenty-seven strains of microorganisms composed of reference strain and
clinical isolates as following: gram positive bacteria: Staphylococcus aureus ATCC 29213,
Staphylococcus aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228,
Enterococcus faecalis ATCC 29212, Enterococcus faecalis ATCC 33186, Micrococcus
luteus ATCC 10240, Corynebacterium diphtheriae NCTC 10356, Bacillus subtilis ATCC

6633, Streptococcus pyogenes, Listeria monocytogenes, Bacillus cereus; gram negative



bacteria: Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603, Serratia
macescens ATCC 8100, Salmonella typhimurium ATCC 13311, Shewanella putrefaciens
ATCC 8071, Achromobacter xylosoxidans ATCC 2706, Pseudomonas aeruginosa ATCC
15442, Pseudomonas stutzeri ATCC 17587, Shigella dysenteriae, Salmonella enteritidis,
Morganella morganii, Aeromonas hydrophila, Citrobacter freundii, Plesiomonas shigelloides
and diploid fungus (yeast): Candida albicans ATCC 90028, Saccharomyces cerevisiae

ATCC 2601.

Cytotoxicity

Cytotoxicity of the metal complexes (1-10) was determined against four human cancer cell
lines composed of hepatocellular carcinoma (HepG2), cholangiocarcinoma (HUCCA-1), lung
carcinoma (A549) and T-lymphoblast (MOLT-3, acute lymphoblastic leukemia) cell lines.
The cancer cells including HUCCA-1 and A549 cells were grown in Hamm's/F12 medium
containing L-glutamine (2 mM) supplemented with 100 U/mL penicillin-streptomycin and
FBS (10%); MOLT-3 cells were grown in RPMI-1640 medium containing L-glutamine (2
mM), 100 U/mL penicillin-streptomycin, sodium pyruvate, glucose and 10% FBS; and
HepG2 cells were grown in DMEM medium containing 100 U/ mL penicillin-streptomycin
and 10% FBS. The assay was performed using the cell lines suspended in RPMI-1640
containing 10% FBS, which contained a density of 5x10%-2x10" cells per well in a 96-well
plate (Costar No. 3599, USA). The cells were then incubated at 37°C under a humidified
atmosphere with 95% air and 5% CO,, for 24 h. The tested compound and controls was added
to the desired final concentrations. The plates were incubated for 48 h. Cell viability was
determined by staining with MTT for adherent cell (A549, HUCCA-1 and HepG2 cells) [38-
39], and with XTT [40] assay for suspended cell (MOLT-3 cells). The plates were read on a

micro-plate reader (Molecular Devices, USA) and the absorbance was measured at 550 nm.



Furthermore, the ICso values of the compound or drug concentration that provided 50% cell
growth inhibition were performed. Doxorubicin and/or etoposide were used as reference

drugs (25,26).

Results and discussion
Chemistry

The Cu complexes structures (1-10) were synthesized and IR spectra of the complexes
were analyzed. It was shown (Table 1) that the Cu-sulfonamide complexes were successfully
synthesized which compared to their ligands (11-14). The chemical structures of ligands and
complexes (7-16) were displayed in Figure 1. In addition, characteristics of Cu-sulfonamide
complexes (7-16) composed of %yield and melting point of the complexes were shown in

Table 2

Antioxidant activity

The metal complexes 1-10 were determined of antioxidant activity using SOD assays. It
was found (Table 3) that all metal complexes (1-10) exhibited antioxidant activity in 1Csg
range of 0.062-0.152 uM. Complex 4 showed the strongest SOD activity (ICso of 0.062 uM)
compared with other complexes. Considering complexes 1-10 having 4-substitued
benzenesulfonamide of NO,, OCHsj, CH3 and Cl. It was observed that form coordinated with
the same ligands showed low SOD activity than with different ligands, for example, complex
4 contained ligand 1 (NO,) and ligand 4 (CI) with 1Cs, of 0.062 uM and complex 1 consisted
of ligand 1 (NO,) and ligand 1 (NO,) with ICsy of 0.152 uM as well as in complexes 2 (ICsg
of 0.074 uM) and 3 (ICso of 0.076 uM). This phenomenon displayed the fashion in the
ligands 2, 3 and 4 which used to coordinate with Cu ion such as complexes 5, 8 and 10

having low antioxidant activity of 1Csy as 0.076, 0.104 and 0.121 pM compared with other



complexes 6, 7 and 9 having ICsy of 0.077, 0.075 and 0.077 uM, respectively, coordinated
using different ligands. It was implied that ligand with different functional groups in metal
complexes have effect for antioxidant activity. The ligands (11-14) reported weak antioxidant
activity which ligands 2 and 4 have 15.7% of SOD activity at 300 pg/mL, respectively
whereas ligands 1 and 3 were no activity (9,10). This activity also depended on the
asymmetric charge localization in the complexes. It was observed that high asymmetric
charge exhibited high SOD activity (22). Furthermore, Cu complexes displayed high
antioxidant (SOD) activity (9,10,27).

In addition, anthranilic acid was used as a ligand for coordination with Cu and nicotinic
acid. This complexes displayed good SOD activity in ICsy of 47.49 uM whereas free
antranilic acid has ICsp >236.25 UM (10). This evidence was also found that Cu complexes of
benzenesulfonamide of anthranilic acid exhibited good antioxidant activity than its free

ligands.

Antimicrobial activity

The Cu-sulfonamide complexes (1-10) were investigated of antimicrobial activity using
agar dilution method. The results showed that all metal complexes had no antimicrobial
activity. Previous studied, sulfonamide ligands showed antimicrobial activity against C.
albicans ATCC 90028 (25-50 %) at 4 pug/mL (22). It was found that these effects may be
depended on functional groups and position substituent on benzenesulfonamide. However,

metal complexes using ligands (11-14) were inactive.

Cytotoxic activity
The Cu-sulfonamide complexes (1-10) were determined of cytotoxic activity against

four cancer cell lines using MTT and XTT assays. It was found that compounds 1-10



displayed cytotoxic activity for MOLT-3 cells, whereas had no activity for HepG2, HUCCA-1
and A549 as shown in Table 4. Interestingly, complex 10 (14-14) exhibited the strongest
cytotoxicity (ICs of 21.60 M) than other complexes (ICso range of 23.31-28.92 uM), on the
other hand, free ligand displayed low cytotoxic activity than its complexes (Table 4).
Although, free ligand 1 with NO, substituted at 4-position on benzenesulfonamide has been
reported of highest cytotoxicity (Table 4) than free ligands 2 (OCHj3), 3 (CH3) and 4 (Cl), but
Cu complexes with these ligands displayed good cytotoxic activity than free ligand (Table 4).
Interestingly, ligand 2 with OCHj3 has been reported as inactive compounds (22), after used as
ligand coordinated with Cu, the complexes (2 and 5-7) showed cytotoxic activity against
MOLT-3 cells. Both free ligands and its complexes exhibited selectively MOLT-3 cells. In
addition, it has found that Cu complex (5Nu-Cu-8HQ) exerted most potent cytotoxic activity

than other metal complexes (27).

Conclusion

Copper-sulfonamide complexes (1-10) were synthesized and determined of antioxidant,
antimicrobial and cytotoxic activities. All complexes displayed antioxidant and cytotoxic
properties. Interestingly, complex 4 (coordinated with 11 (NO,) and 14 (CI) and Cu ion)
exhibited the strongest SOD activity with 1Csp of 0.062 uM and complex 10 (coordinated
with 14 (Cl) showed the best cytotoxic activity with ICsq of 21.60 puM. Furthermore, the effect
of biological activities was depended on functional groups that substituted on
benzenesulfonamide of anthranilic acid. This finding demonstrated that Cu-sulfonamide
complexes exhibited SOD-like activity and cytotoxic activity, and could be potential for

further development as medicinal compounds.
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Figure 1 Chemical structures of ligands (a) and Cu-sulfonamide complexes (1-10) (b)



Table 1. IR spectra (cm™) and per (B.M) of copper complexes of sulfonamide analogs (1-10).

Compound vO-H vC-O vSO, vNO, vN-H vC-N vS-N vC=0 60-H ON-H et
SA01-Cu-SA01 (1) 3475m, br  1091m, sh 1314m 1531s — 1276s 945s — 1394s, sh — 0.82
1164vs 1394vs
SA01-Cu-SA02 (2) 3448s, br 1093s 1161s 1534s — 1274m 938s, br — 1396vs — 0.80
1024w 1350s
SA01-Cu-SA03 (3) 3449s, br 1091s 1163vs igggs — 1274m 941m, br — 1396vs — 0.80
S
SA01-Cu-SA04 (4) 3450s, br 1093s 1161vs 12235 — 1274s 941m, br — 1396vs — 0.84
S
SA02-Cu-SA02 (5) 3471m, br ]:-|§29568 1330m, br — — 1264s 931s, br — 1397s — 0.79
m
SA02-Cu-SA03 (6) 3449s, br 1093m 1156s — — 1267m 934w, br — 1396s — 0.54
1024vw
SA02-Cu-SA04 (7)  3449m, br 1093s 1332w — — 1274s 938m, br — 1396vs — 0.82
1024w 1156vs
SA03-Cu-SA03 (8) 3554s, sh 1090s 1331m — — 1268s 927s — 1394vs — 0.93
3493m, sh 1169s
SA03-Cu-SA04 (9) 3448s, br 1094s ifggm — 3181w, br 1275s 936s, br — 1396vs — 0.82
VS
SA04-Cu-SA04 (10) 3465m, br 1095s :Ll?;]-?grém [ [ 1279s 937s, br — 1396vs [ 0.69
S
SA01 3449m, br 1086s 1318m 1531vs  3196m, sh 1264s 926s 1665s 1393m,sh  1582m
1162vs 1349s 758s
SA02 3492m, br 1092s 1344m — 3202s, sh 1261s 926s 1678s 1389s 1581s —
1022s 1160s 754s
SA03 3449w, br 1089s 1342s — 3201 1258s 922s 1675s 1389m 1585m
1162s 754s
SA04 3442w, br 1093s 1342s — 3188w, sh 1261m 929s 1662s 1380m 1585s  —
1164s 753s

Note: br = broad, m = medium, s = strong, sh = sharp, vs = very strong, vw = very weak and w = weak.



Table 2. Characteristics of Cu-sulfonamide complexes (1-10).

Compound %Yield mp (°C)
SA01-Cu-SAO01 (1) 86 270-275
SA01-Cu-SA02 (2) 47 270-275
SA01-Cu-SA03 (3) 40 270-275
SA01-Cu-SA04 (4) 55 265-270
SA02-Cu-SA02 (5) 57 265-272
SA02-Cu-SA03 (6) 5 272-276
SA02-Cu-SA04 (7) 21 270-275
SA03-Cu-SA03 (8) 40 270-275
SA03-Cu-SA04 (9) 14 270-282

SA04-Cu-SA04 (10) 43 270-275




Table 3. Antioxidant activity (SOD) of Cu-sulfonamide complexes (1-10).

Compound® SOD (ICsp, UM)°
SA01-Cu-SAO01 (1) 0.152
SA01-Cu-SA02 (2) 0.074
SA01-Cu-SA03 (3) 0.076
SA01-Cu-SA04 (4) 0.062
SA02-Cu-SAQ2 (5) 0.076
SA02-Cu-SA03 (6) 0.077
SA02-CuU-SA04 (7) 0.075
SA03-Cu-SA03 (8) 0.104
SA03-Cu-SA04 (9) 0.077
SA04-Cu-SA04 (10) 0.121

®SA01 and SA04 showed antioxidant activity of 15.7% and 6.07%SOD, respectively at 300 pg/mL. SA02 and
SA04 were no antioxidant activity at 300 pg/mL (Ref).
*Superoxide dismutase (SOD) from bovine erythrocytes was used as a control in SOD assay (ICs, = 0.013

uM).



Table 4. Cytotoxic activity of Cu-sulfonamide complexes (1-10).

Compound ICo0 (HM)*

MOLT-3 HuUCCA-1 A549 HepG2
SA01-Cu-SA01 (1) 25.43+1.02 Inactive Inactive Inactive
SA01-Cu-SA02 (2) 25.84+0.33 Inactive Inactive Inactive
SA01-Cu-SA03 (3) 27.62+0.68 Inactive Inactive Inactive
SA01-Cu-SA04 (4) 27.11+1.23 Inactive Inactive Inactive
SA02-Cu-SA02 (5) 28.64+0.40 Inactive Inactive Inactive
SA02-Cu-SAO03 (6) 28.92+0.62 Inactive Inactive Inactive
SA02-Cu-SA04 (7) 26.21+1.13 Inactive Inactive Inactive
SA03-Cu-SA03 (8) 26.08+1.13 Inactive Inactive Inactive
SA03-Cu-SA04 (9) 23.31+18.00 Inactive Inactive Inactive
SA04-Cu-SA04 (10) 21.60+1.79 Inactive Inactive Inactive
SA01° 48.74%2.17 Inactive Inactive Inactive
SA02° Inactive Inactive Inactive Inactive
SA03" 112.86+6.01 Inactive Inactive Inactive
SA04P 108.9416.61 Inactive Inactive Inactive
Etoposide 0.04+0.01 - - 26.62+1.95
Doxorubicin - 0.42+0.15 0.24+0.15 0.98+0.11

zThe assay was performed in triplicate; doxorubicin and/or etoposide was used as reference drugs.

from (22).

MOLT-3: acute lymphoblastic leukemia cell line, HUCCA-1: human cholangiocarcinoma cancer cell, A549:
human lung carcinoma cell line and HepG2: human hepatocellular carcinoma cell line.
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Abstract

Free radicals and oxidants can cause oxidative damage to physiologically important biomolecules that
subsequently leads to the development of a wide range of chronic and degenerative diseases such as
aging, cancer, cardiovascular and neurodegenerative diseases. Antioxidants have been shown to be
instrumental in counteracting the deleterious effects of these reactive oxygen species. Herein, a series of
20 pyrazolopyridine derivatives with antioxidant activity were utilized for constructing a quantitative
structure-activity relationship (QSAR) model as to unravel the origins of the antioxidant activity.
Quantum chemical and molecular descriptors were used to quantitate the physicochemical properties of
investigated compounds. Significant descriptors as identified by stepwise regression analysis consisted of
Morllm, Mor25v, JGI5, H8p, GATS5p and GWWAI-50. Statistical parameters suggested that the
constructed QSAR models were robust with Q = 0.9370 and RMSE =4.7414 as evaluated via leave-one-
out cross-validation (LOO-CV. The mechanistic basis of the antioxidant activity as deduced from
significant descriptors was rationalized. Particularly, compounds with the highest antioxidant activity
required compounds to have the highest mean topological charge index of order 5 (JGI5) and Geary
autocorrelation—lag 5/weighted by atomic polarizabilities (GATS5p) but necessitated low 3D-MoRSE-
signal 25/weighted by atomic van der Waals volumes (Mor25v). Such properties are well corroborated
by the 3-aminopyrazole pharmacophore from investigated compounds. Molecular insights unraveled
herein is anticipated to be useful as guidelines for further rational design of novel pyrazole analogs with

potent antioxidant activity.

Keywords: pyrazolopyridine; antioxidant activity; oxidative stress; QSAR; multiple linear regression;

data mining



Introduction

Oxidative stress causes deleterious effects to the body induced by an imbalance of free radicals in
relation to enzymatic and non-enzymatic antioxidant systems (Valko et al., 2007). This condition leads to
oxidation that subsequently damages biomolecules (e.g., DNA, proteins, lipids and membranes), and
give rise to physiological changes that eventually accelerate cell death. Free radicals are a risk factor
associated with the development of various diseases such as aging, cancer, diabetes mellitus,
cardiovascular and neurodegenerative diseases (Valko et al., 2007). Therefore, antioxidant compounds
have drawn considerable attention as free radical scavengers. This had attracted considerable interests in
screening for the discovery of novel antioxidants either from medicinal plants or by synthesis as to obtain
novel bioactive compounds with promising therapeutic potential (Prachayasittikul et al., 2015).
Particularly, the synthesis of new compounds with various pharmacological activities has been achieved
by chemical structural modification of pharmacophoric nucleus (Nantasenamat et al., 2015;
Prachayasittikul et al., 2015). Interestingly, pyridine (i.e. a sixmembered ring of five carbon atoms and
one nitrogen atom) is a chemical moiety found in living organisms (Kaiser et al., 1996). It has been used
as a core structure for the synthesis of new compounds with pharmacological properties (Al-Omar et al.,
2005; Anr et al., 2006; Worachartcheewan et al., 2012, 2014; Prachayasittikul et al., 2016). Furthermore,
pyrazole is a five-membered ring of three carbon atoms and two nitrogen atoms, which has been
considerable used as core structure for the drug design (Cai et al., 2013; Kumar et al., 2013; Wu et al.,
2012). Therefore, a fused ring of pyridine and pyrazole gave rise to the pyrazolopyridine scaffold, which
was shown to exert various biological activities such as antimicrobial (Abu-Melha 2013), anticancer
(Gudmundsson et al., 2008) and kinase inhibitory (Deng and Gray, 2012) properties. Previously,
synthesized pyrazolopyridine derivatives with antioxidant activity were reported (Gouda 2012). Most of
the compounds were derived from 3-aminopyrazolopyridine (1).

Computational drug design have been immensely useful in the discovery, design and development of
potentially interesting compounds by investigating their biological or chemical properties in silico
(Nantasenamat et al., 2015; Prachayasittikul et al., 2015). Particularly, quantitative structure-activity
relationship (QSAR) has been widely used to generate predictive models as well as provide insights on

the contribution of molecular features in governing their biological activities. Therefore, this study makes



use of QSAR modeling to correlate physicochemical properties derived from the chemical structure with
the antioxidant activity of pyrazolopyridine derivatives (1-20, Fig.1). Contributing factors governing the
antioxidant activity was dissected by scrutinizing the significant descriptors derived from the QSAR

model.

Materials and methods

Data set

A data set of 20 pyrazolopyridine derivatives (1-20) and their antioxidant activities were obtained from
the work of Gouda (2012). Briefly, the antioxidant activity was evaluated using the 2,2"-azino-bis-3-

ethylbenzthiazoline-6-sulphonic acid (ABTS) assay.

Descriptor calculation

The structures of all compounds were drawn in GaussView version 3.09 (Dennington et al., 2003).
Geometry optimization was performed using Gaussian 09 Revision A.02 (Frisch et al., 2004) initially at
the semi-empirical AM1 level followed by full optimization with no symmetry constraint at the density
functional theory (DFT) level using the Becke's three-parameter Lee—Yang—Parr functional and with the
6-31g(d) basis set. Quantum chemical descriptors were obtained from the resulting low-energy
conformers. The quantum chemical descriptors composed of total energy (Er), highest occupied
molecular orbital (Enomo), lowest unoccupied molecular orbital (E umo), energy gap of the HOMO and
LUMO state (Enomo—ELumo), total dipole moment (ux) of the molecule, electron affinity (EA, calculated
from -E_ ymo), ionization potential (IP, calculated from —Epomo), mulliken electronegativity (x), hardness
(n), softness (S), electrophilicity (w), electrophilicity index (w;j) and mean absolute charge (Qm)
(Worachartcheewan et al., 2011). Furthermore, an additional set of 3,224 molecular descriptors was
calculated from Dragon software, version 5.5 (Talete 2007). This large set of descriptors can be
classified into 22 categories including 48 constitutional descriptors, 119 topological descriptors, 47 walk

and path counts, 33 connectivity indices, 47 information indices, 96 2D autocorrelation, 107 edge



adjacency indices, 64 burden eigenvalues, 21 topological charge indices, 44 eigenvalue-based indices, 41
randic molecular profiles, 74 geometrical descriptors, 150 RDF descriptors, 160 3D-MoRSE descriptors,
99 WHIM descriptors, 197 GETAWAY descriptors, 154 functional group counts, 120 atom-centered
fragments, 14 charge descriptors, 29 molecular properties, 780 2D binary fingerprints and 780 2D
frequency fingerprints. In addition, a subset of important descriptors was deduced by stepwise multiple
linear regression using SPSS statistics 18.0 (SPSS Inc., USA). The cutoff was assigned to be |r| > 0.8 for

determining high correlation between the descriptors.

Data sampling

The pyrazolopyridine derivatives were selected for the training and testing sets. The training set
comprising of all compound was used to construct the QSAR model. On the other hand, the testing set
was performed using the leave-one-out cross-validation (LOO-CV) method. The LOO-CV was
performed by leaving out one sample from the data set and used as the testing set while the remaining N -
1 samples were used as the training set. This process was repeated iteratively until each sample of the

data set was used as the testing set (Prachayasittikul et al., 2014).

Multiple linear regression

Multiple linear regression (MLR) was used to generate QSAR model as summarized in equation (1):
Y=B,+> BX, )
where Y is the % inhibition of pyrazolopyridine derivatives, By is the intercept and B, is the
regression coefficients of the descriptors X,. MLR was performed using the Waikato Environment for

Knowledge Analysis (Weka), version 3.4.5. (Witten et al., 2011).

Statistical analysis

To evaluate the QSAR model, the statistical parameters included squared correlation coefficient (R?),

crossed validated (Q?), which corresponded to the degree of correlation between the predicted and



experimental values, and root mean square error (RMSE) which was used to measure the predictive error

of the model and F-ratio (Nantasenamat et al., 2010).

Results and Discussion

Descriptor calculation and feature selection

The antioxidant activity of the pyrazolopyridine derivatives (1-20, Fig. 1) was investigated using the
ABTS assay (Gouda 2012). The compounds exhibited activity in the range of 14.41-86.94 % inhibition
(at 1 mg/mL) as shown in Table 1.

A data set of the compounds with antioxidant property was employed in the QSAR development.
Quantum chemical and molecular descriptors were generated using Gaussian and Dragon softwares,
respectively, as mentioned in materials and methods. Such quantum chemical and molecular descriptors
have been successfully used to construct various QSAR studies such as antioxidant (Amic et al., 2007;
Worachartcheewan et al., 2014), antimicrobial (Alam et al., 2014), anticancer (Prachayasittikul et al.,
2014) and anti-inflammatory (Hanna 2012) activities. Sets of molecular descriptors were expressed in
quantitatively describing the physicochemical properties of the investigated set of compounds. In
addition, the descriptors generating by the softwares displayed a number of representative structural
features, therefore, nonsignificant descriptors were eliminated. In doing so, the feature selection was
performed to select the descriptors that correlated with their antioxidant activities. The original molecular
descriptors generated from the Dragon software contained 3,224 molecular descriptors, which were
subjected to initial removal of multi-collinear and of the redundant descriptors of 1,713 descriptors. The
remaining 1,511 descriptors were further combined with 13 quantum chemical descriptors to obtain a set
of 1,524 descriptors that were used as independent variables, while the antioxidant activity (%inhibition)
was used as the dependent variable, and the significant descriptors were selected using the stepwise
approach. The obtained descriptors with their values were then used for developing the QSAR model
using MLR in WEKA software, version 3.4.5 (Witten et al, 2011) as shown in Table 1, and the
definition of descriptors was described in Table 2. The intercorrelation matrix between descriptors was

performed using Pearson’s correlation in a pairwise manner to determine correlation coefficient of each



descriptor as presented in Table 3. It was found that each descriptor was independent from other
descriptors as observed by low correlation coefficient. The correlation coefficients between descriptors
were less than 0.8 (the cutoff was assigned to be |r| > 0.8). Therefore, the six important descriptors (Table
2), composing molecular properties (GVWAI-50), topological charge indices (GVWAI-50), 3D-MoRSE
descriptors (Morllm and Mor25v), GETAWAY descriptors (H8p) and 2D autocorrelation (GATS5p),
were employed to construct the QSAR model for predicting the antioxidant activity of pyrazolopyridine

derivatives.

QSAR modeling of the antioxidant activity

The six descriptors were used to generate a multiparametric regression using MLR method implemented
in Weka software, version 3.4.5 (Witten et al., 2011). The linear regression derived from the QSAR

model is shown in equation (2):

%Inhibition = 1746.2843(JG15) + 30.6893(GVWAI-50) + 28.1446(Mor11m)

+ 183.5802(H8p) - 45.5842(Mor25v) + 27.2051(GATSS5p) - 73.3343 @

n = 20, R® = 0.9765, RMSE+, = 2.8864, Q 2 = 0.9370, RMSE go.cy = 4.7414, R? - Q% = 0.0395, F-ratio =
32.22

To evaluate the quality of regression model, an internal validation of the QSAR model was performed
using LOO-CV method (Deodhar et al., 2013; Abdel-Hamid et al., 2009) as the testing set. From the Eq.
(2) the results of predictive performance model for training and LOO-CV sets for predicting antioxidant
activity exhibited statistically good values as observed from the correlation coefficient with more than
0.9 (0.9765 and 0.9370 for the training and the LOO-CV set, respectively), and low RMSE values with
2.8864 and 4.7414 for the training and the LOO-CV sets, respectively. The constructed model displayed
R? >0.6 and Q°>0.5, which implied the good performance (Nantasenamat et al., 2010). Furthermore, the
model provided good predictability R? - Q® value of 0.0395 (not exceed 0.3) (Eriksson and Johansson,
1996), and the reliable F-ratio was shown to be 32.22. The plot of experimental and predicted activities

based on the Eqg. (2) is shown in Fig. 2, and the predicted activity values are outlined in Table 1. It was



found that the model has good correlation between the experimental and the predicted activities as
observed by statistical quality results as shown in the Eq. (2). Although value of RMSE was high number
(4.7414), but its correlation coefficient showed high number of R? (0.9765) and Q? (0.9370) for training
and LOO-CV sets, respectively. However, the RMSE was found to be high value with high correlation
coefficient, which has been demonstrated as potential models for QSAR developments (Branhamet al.,

2012; Worachartcheewan 2012, 2014).

Structure-activity relationship

The MLR equation, Eq. (2), showed the important descriptors involved in the antioxidant activity
including 3D-MoRSE-signal 11/weighted by atomic masses (Morllm), 3D-MoRSE-signal 25/weighted
by atomic van der Waals volumes (Mor25v), mean topological charge index of order 5 (JGI5),
H autocorrelation of lag 8/weighted by atomic polarizabilities (H8p), Geary autocorrelation—lag
5/weighted by atomic polarizabilities (GATS5p), and Ghose-Viswanadhan-Wendoloski drug-like index
at 50% (GVWAI-50) as shown in Tables 1 and 2. The relative important descriptors in Eq. (2) displayed
the following order of significance, JGI5 > H8p > GVWAI-50 > Morllm > GATS5p > Mor25v, as
observed by the coefficient values of 1746.2843, 183.5802, 30.6893, 28.1446, 27.2051, -45.5842,
respectively. The positive coefficient values of JGI5, H8p, GWVAI-50, Morllm and GATS5p in Eq. (2)
indicated that the increase of descriptor values correlated with the increased activity as a positive effect.
On the other hand, Mor25v had the negative coefficient value indicating the increasing activity with the
decreasing value of this descriptor as a negative effect.

The investigated compounds (1-20) had a common pyrazolopyridine ring substituted with amino
(NH,) group at 3-position (1, 8, 9, 14, 18) or with various condensed rings at 2,3-position on the pyrazole
ring making the compounds as tricyclic derivatives including pyridine-pyrazole-imidazole (2, 3, 4-7),
pyridine-pyrazole-pyrimidine  (10-13, 15-17, 19), and pyridine-pyrazole-benzodiazepine (20).
Considering the antioxidant activity of compounds 1-20, it was found that most compounds with high
JGI5, H8p and GATS5p values, but with low value of Mor25v exhibited high activity as observed in the
experimental and predicted activities (Table 1). Particularly, 3-amino compound (1) with the highest

antioxidant activity (86.94%) had the highest mean topological charge index of order 5 (JGI5 = 0.066)



and CGeary autocorrelation—lag 5/weighted by atomic polarizabilities (GATS5p = 1.375) as the positive
effect, but relatively with the lowest 3D-MoRSE-signal 25/weighted by atomic van der Waals volumes
(Mor25v = 0.164) as the negative effect. Such descriptor properties of compound 1 could be possibly due
to the NH moiety of pyrazole ring, and 3-NH, as electron releasing group substituted on the pyrazole
ring that participated in the electron delocalization and giving rise to ionic charges resonant forms (la
and 1b, respectively, Fig. 3) in exerting the antioxidant activity by scavenging the radical cation of the
ABTS. It should be noted that compound 1 is the smallest molecular size that correlated to the low value
of 3D-MoRSE-signal 25/weighted by atomic van der Waals volumes (Mor25v = 0.164).

When the 3-NH, group of compound 1 was converted to electron withdrawing amide group
(compound 18), a remarkable reduced antioxidant activity (35.74%, Table 1) was noted as correlated to
the reduced values of JGI5 (0.041) and GATS5p (1.193) compared with compound 1. The results
suggested that the pyrazolopyridine with 3-NH; group (1) is required for the highest antioxidant activity.

The investigated tricyclic scaffolds constitute a variety of substituents and/or fused aryl or heteroaryl
rings. Tricyclic pyridine-pyrazole-imidazole (2 and 3), resulting from 3-NH, group ring closure of
compound 1, displayed lower antioxidant activity than that of the parent compound 1. However,
compound 3 had higher activity (74.29%) than compound 2 (33.31%), in which high values of H8p
(0.123) and Morllm (0.788) but relatively low Mor25v (0.422) were observed for compound 3. The
highest H8p value of compound 3 could be due to the polarizabilities of electron withdrawing CN group
of the compound that is capable of interacting with the radical cation of the ABTS.

Apart from the parent compound 1, compounds with relatively high antioxidant activity (>50%
inhibition) were noted for compounds 3, 5-6 (3>5>6) showing high values of JGI5 (0.037-0.04),
GATS5p (0.830-1.198) and H8p (0.05-0.123).

Among the antioxidant quinone derivatives (4-7 in which 5>6>4>7), hydroxy-1,4-naphthoquinone 5
had the highest antioxidant activity (64.25%) with high GATS5p (1.198). It might be due to the
polarizabilities of OH group on the 1,4-naphthoquinone 5 which provided the high value of GATS5p in
governing the high activity compared with the bromo-1,4-naphthoquinone (4). In case of 1,4-quinone (6)
containing diOH groups on the quinone ring, its reduced activity (53.81%) with reduced GATS5p
(0.830) and H8p (0.050) were observed comparing with hydroxy-1,4-naphthoquinone (5). Remarkably,

diacetoxy-1,4-quinone (7) displayed lower activity (14.41%) with lower JGI5 (0.036) and H8p (0.029)
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compared with diOH-1,4-quinone (6). It was suggested that 1,4-naphthoquinone (5) with ortho-OH
group is an appropriate moiety condensing with the tricyclic pyridinepyrazolimidazole core scaffold.
This might contribute to the H-bonding and lipophilic properties of the hydroxy-1,4-naphthoquinone (5)
in exerting its antioxidant activity. It should be noted that diacetoxy-1,4-quinone (7) with the lowest
Mor25v (0.169) had the lowest antioxidant activity compared with compounds 4-6 (5>6>4>7). This
observed effect could be presumed that Mor25v is the last order of relative important chemical
descriptors as previously mentioned.

Other compounds (8-20) with low antioxidant activity (<50% inhibition) mostly had low values of
JGI5 (0.025-0.042) and GATS5p (0.838-1.155), but high Mor25v (0.134-0.685) compared with the most
active compound 1 (JGI5 = 0.066, GATS5p = 1.375, Mor25v = 0.164), and with the moderately active
compounds 3, 5 and 6 (53.81-74.29% inhibition, JGI5 = 0.037-0.041, GATS5p = 0.830-1.198, Mor25v =
0.196-0.422).

Notably, high Mor25v values of compounds 8-20 (except for 18) could be possibly due to their more
complexed ring structures leading to bulky molecules. The antioxidant activity of 8-20 and values of
these chemical descriptors showed quite good correlation. Compounds 1-20 had H8p values in a range of
0.004-0.123 in which compound 3, the second ranked antioxidant, had the highest H8p (0.123) value.
Relatively high H8p values of 0.113 and 0.108 were also noted for compounds 9 and 4, respectively.
This could be due to a diverse range of chemical structures affecting their molecular influence matrices
in governing the antioxidant activity (Talete 2007).

Apparently, the compound (1) with the highest antioxidant activity had the important 3-
aminopyrazole pharmacophore that well correlated to certain chemical descriptors with high topological
charge index and atomic polarizabilities, but with low atomic van der Waals volumes. In this regard, the
properties of such descriptors could assist in searching and designing novel antioxidants by modification
of the 3-NH, group as other electron releasing groups, and the ring structure of compound (1) as other
heterocyclic rings. Possible structurally modified derivatives of 1 could be displayed, for example, 1A
resulting from a replacement of 3-NH, group by other electron donating groups (OH, OR, SH), 1B
resulting from the replacement of pyridine ring by pyrimidine ring, and 1C resulting from the

substitution of phenyl ring with electron withdrawing groups on the pyridine ring as shown in Fig. 4.
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Conclusions

The underlying basis of the antioxidant activity of pyrazolopyridines was explored by scrutinizing
important descriptors obtained from QSAR model constructed using MLR. It was found that a set of
physicochemical parameters comprising of 3D-MoRSE-signal 11/weighted by atomic masses (Morllm),
3D-MoRSE-signal 25/weighted by atomic van der Waals volumes (Mor25v), mean topological charge
index of order 5 (JGI5), H autocorrelation of lag 8/weighted by atomic polarizabilities (H8p), Geary
autocorrelation—lag 5/weighted by atomic polarizabilities (GATS5p), and Ghose-Viswanadhan-
Wendoloski drug-like index at 50% (GVWAI-50) were important for the antioxidant activity. The
compounds with the highest antioxidant activity also had high JGI5 and GATS5p with low Mor25v as
noted for the 3-aminopyrazole pharmacophore (1). Interestingly, the highest H8p value was noted for the
second-ranked antioxidant (3). Such high atomic polarizabilities (H8p) may be due to the effect of the
electron-withdrawing CN group and this can be used as a guideline for the rational design of new
antioxidants. The results revealed the importance of pharmacophore 1 as a lead compound for further
development as potent antioxidants. Structurally modified derivatives of 1 as shown in Fig. 4 is proposed

as putative compounds (LA — 1C) that may exert promising antioxidant activity.
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Table 1 Antioxidant activity and significant descriptors of pyrazolopyridine derivatives

Inhibition (%)

Compound JGI5 GVWAI-50 Morllm H8p Mor25v GATSbHp
BExp. Pred.
1 0.066 0 0.477 0.007 0.164 1.375 86.94 84.84
2 0.035 1 0.455 0.029 0.573 1.033 3331 3996
3 0.037 1 0.788 0.123 0.422 0.98 7429  73.96
4 0.038 1 -0.760 0.108 0.349 1.038 3132 4284
5 0.038 1 0.280 0.075 0.365 1.198 6425 60.33
6 0.041 1 -0.010 0.050 0.196 0.830 5381 49.93
7 0.036 0 -0.021 0.029 0.169 0.960 1441 1783
8 0.027 0 1.300 0.091 0.644 1.108 26.10 28.96
9 0.029 0 0.855 0.113 0.685 1.037 2228 16.77
10 0.029 1 1.053 0.019 0.652 0.967 40.16  36.87
11 0.029 1 0.206 0.013 0.306 0.977 2811  29.03
12 0.030 0 0.888 0.059 0.644 1.155 1441 1151
13 0.026 1 0.554 0.035 0.618 1.189 3493 2647
14 0.025 1 0.712 0.029 0.611 0.838 2289 20.78
15 0.026 1 0.443 0.033 0.569 1.066 2530 24.17
16 0.027 1 0.515 0.054 0.508 1.125 37.75  36.08
17 0.026 1 0.915 0.023 0.696 0.970 2289 20.78
18 0.041 0 0.283 0.030 0.134 1.193 35.74 3933
19 0.042 0 0.328 0.004 0.285 1.012 2590 2394
20 0.028 1 0.700 0.046 0.350 1.059 4317 49.28
Bxp.; BExperimental activity, Pred.; Predicted activity.
Table 2 Description of important descriptors for constructing the QSAR model
Descriptors Type Description
JGIS Topological charge indices Mean topological charge index of order 5
GVWAI-50 Molecular properties Ghose-Viswanadhan-Wendoloski drug-like index
at 50%
Morllm 3D-MoRSE descriptors 3D-MoRSE-signal 11/weighted by atomic masses
Mor25v 3D-MoRSE descriptors 3D-MoRSE-signal 25/weighted by atomic van der
Waals volumes
H8p GETAWAY descriptors H autocorrelation of lag 8/weighted by atomic
polarizabilities
GATS5p 2D autocorrelation descriptors Geary autocorrelation —lag 5/weighted by atomic

polarizabilities




Table 3 Intercorrelation matrix of significant descriptors
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Descriptors JGI5 GVWAI-50 Morllm H8p Mor25v GATS5p
JGI5 1

GVWAI-50 -0.388 1

Morllm -0.366 -0.148 1

H8p -0.161 0.02 0.012 1

Mor25v -0.705 0.223 0.656 0.22 1

GATS5p 0.449 -0.378 0.072 -0.028 -0.136 1
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Abstract: Cancer has been considered to be a global health concern due to the impact of disease on the
quality of life. The continual increase of cancer cases as well as the resistance of cancer cells to the ex-
isting drugs have driven the search for novel anticancer drugs with better potency and selectivity, im-

proved pharmacokinetic profiles, and minimum toxicities. Pyridine and pyrimidine are presented in
natural products and genetic materials. These pyridine/pyrimidine core structures have been noted for
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their roles in many biological processes as well as in cancer pathogenesis, which make such com-
pounds become attractive scaffolds for discovery of novel drugs. In the recent years, pyridine- and
oI pyrimidine-based anticancer drugs have been developed based on structural modification of these core
10.2174/1389357516666160923125801  gtryctures (i.e., substitution with moieties and rings, conjugation with other compounds, and coordina-
tion with metal ions). Detailed discussion is provided in this review to highlight the potential of these
small molecules as privileged scaffolds with attractive properties and biological activities for the search
of' novel anticancer agents.
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1. INTRODUCTION [4, 5]. Hence, the continuous search for novel anticancer

o agents is essential, and is a global impact issue.
In the recent years, the trend of global health situation J ’ g P

has been directed towards non-communicable diseases in-
cluding cancers [1]. Cancer is a chronic disease in which its
sequelae affect long-term quality of life [2]. Cancer has been
reported by the World Health Organization (WHO) as one of
the Global Burden of Diseases [3]. New cases are estimated
to be continuously increasing, and cancers are predicted to
be one of the main causes of death in the next decades
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For decades, great attention has been focused on the
search for novel anticancer drugs due to impacts of the dis-
ease on human life. Many classes of novel anticancer agents,
acting at various therapeutic targets via several mechanisms
of action, have been discovered. However, some of the com-
pounds do not fall into any types of the classical classifica-
tion system [6]. In this regard, anticancer drugs have been
reclassified based on their mechanisms of action [7], and
their therapeutic targets [8].

1.1. Classification of Anticancer Drugs Based on Mecha-
nism of Action

Regarding the mechanism of action, anticancer drugs are
classified into many types i.e., alkylating agents, antimetabo-
lites, cytotoxic antibiotics, spindle poisons and topoisomerase

© 2017 Bentham Science Publishers
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Table 1.
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Classification of anticancer drugs based on mechanism of action.

Type Mechanism of Action

Example Drug

Alkylating agents [7] Form crosslinks (adducts) with cancer DNA

Nitrogen mustards, nitrosoureas, tetrazines, oxazaphosphorenes, aziridines,
alkyl alkanes sulphonates, procarbazines, platinum agents, cytotoxic antibiot-
ics (actinomycin D, mitomycin C)

Antimetabolites [7] Compete with natural substances to bind
with receptors or enzymes and/or incorpo-

rate into DNA/RNA of cancer

Folic acid antagonist (methotrexate) pyrimidine analogues (5-fluorouracil,
cytarabine, gemcitabine), purine analogs (6-mercaptopurine, thioguanine)

Spindle poisons [7] Inhibit mitosis via binding to tubulin

Vinca alkaloids (vinblastine), toxoids (paclitaxel)

Topoisomerase inhibitors
[7,11]

Inhibit topoisomerase I

Inhibit topoisomerase 11

Camptothecin, topotecan, rubitecan, irinotecan, belotecan, anthracyclines
(doxorubicin, etoposide)

Antiangiogenic agents [9] | Inhibit growth of endothelial cell

Thalidomide, endostatin, combretastatin A4

Block angiogenesis signaling

Antibodies against VEGF (bevacizumab), antibodies against EGFR (cetuxi-
mab, panitumumab), tyrosine kinase inhibitor (erlotinib), mTOR inhibitor
(rapamycin)

Block break down of extracellular matrix

MMPs inhibitors

Vasculogenic mimicry
inhibitors [12-19]

Inhibit vasculogenic mimicry formation

Galunisertib, fasudil, ginsenoside Rg3, incarvine, norcantharidin, hinokitiol,
doxycycline, curcumin

Inhibit PI3K/Akt/mTOR
Pathway [20, 21]

Inhibitors of signaling
intermediates

GSK690693, afuresertib, uprosertib, ipatasertib, MK-2206, triciribine phos-
phate, BEZ-235, everolimus

Inhibit tyrosine kinases [9, 22]

Sunitinib, sorafenib, pazopanib, sutent, gefitinib, erlotinib, imatinib, semax-
inib

Inhibit Ras/Raf/MEK/ERK pathway [20]

R115777, MEK 162, selumetinib, trametinib, vemurafenib

Inhibit hedgehog signaling pathway [10, 23,
24]

Cyclopamine, saridegib, vismodegib, arsenic trioxide, robotnikinin,
NVP-LDE225

Proteasome inhibitors
[9,25]

Inhibit proteasome function leading to can-
cer cell apoptosis

Bortezomib, carfilzomib, isazomib, delanzomib, marizomib

HSP90 inhibitors
[10,26]

Inhibit heat shock protein HSP90

Geldanamycin, ganetespib, 17-AAG, NVP-AUY922, valproic acid, her-
bimycin A, radicicol

Epigenetic modifiers Inhibit histone deacetylase [27, 28]

Vorinostat, entinostat, depsipeptide, valproic acid, benzamides, romidepsin

Inhibit DNA methyltransferase [29, 30]

Cytidine analogs (azacytidine, decitabine,zebularine), hydralazine, procaine,
RG108, epigallocatechin gallate (EGCG)

inhibitors, antiangiogenetic agents [9], and vasculogenic
mimicry inhibitors (Table 1). Drugs targeting other therapeu-
tic targets such as signaling intermediates, protein folding,
proteasome function, and epigenetic modifications also are
summarized herein [10] (Table 1).

1.2. Classification of Anticancer Drugs Based on Thera-
peutic Targets

According to Espinosa ef al., anticancer agents are classi-
fied by their target sites of action at various levels ranging
from cancer cells, endothelium, extracellular matrix, and
host cells [8] as provided in Fig. (1).

Most of the classical anticancer drugs are cytotoxic
agents which have low selectivity towards cancer cells
thereby leading to considerable adverse effects (i.e., bone
marrow suppression, alopecia, nausea and vomiting). In ad-
dition, most of the drugs are mainly active against proliferat-
ing cells but do not affect cancer cells in the resting phase
[7]. Hence, novel drugs acting at various targets have been
continuously developed for improving disease control and
prevention. Anticancer drugs of later generations are devel-

oped to achieve higher potency and selectivity, better phar-
macokinetics as well as minimum toxicity.

Pyridine and pyrimidine are attractive scaffolds for drug
design and development. Many currently used anticancer
drugs contain these privileged structures. Such anticancer
drugs acting at various drug targets were designed and de-
veloped. For example, the nucleic acids of genetic materials
(DNA and RNA) are pyrimidine and purine derivatives. In
this regard, many antimetabolites anticancer drugs have been
developed based on mimicking natural substrate to competi-
tively bind with the targets i.e., receptors or enzymes [7].

Anticancer drugs were also developed based on the role
of compounds in modulating cancer-related biological path-
ways. Nicotinamide, an amide form of niacin or vitamin B3,
is a pyridine derivative which plays several roles in biologi-
cal processes [31]. Nicotinamide elicits anticancer effect via
two main mechanisms, Fig. (2). First, nicotinamide serves
as a primary substrate for production of poly ADP-ribose
polymerase-1 (PARP-1) enzyme [32], which is an essential
enzyme requiring for DNA repair and maintenance of
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Fig. (2). Anticancer effects of nicotinamide via two main roles as PARP-1 substrate and sirtuin inhibitor. PARP-1: poly ADP-ribose polym-

erase-1 enzyme, NAD': nicotinamide adenine dinucleotide.

genomic stability [32]. Second, the nicotinamide is a non-
competitive sirtuin inhibitor [33, 34]. Sirtuins are a family of
nicotinamide adenine dinucleotide (NAD")-dependent deace-
tylases which play important roles in many biological proc-
esses including cell survival and apoptosis [35-37]. Sirtuins
deacetylate many classes of protein including tumor suppres-
sor genes [34], and the function of these proteins are inacti-
vated upon deaceylation [38]. Sirtuin overexpression was
noted to increase lifespan of many organisms (i.e., yeast,
worms and files) whereas inverse effect was observed for its
deletion or inhibition [39-41]. In addition, overexpression or
upregulation of sirtuins is found in many types of cancer
[42]. Sirtuins have been noted for their tumor promoting
effects with respect to their abilities to promote survival of

cancer cells [43]. The promotion of cancer cell survival is
elicited by the deactivation of tumor suppressor genes [43]
(i.e., p53 [36] and FOXO1 [44]), Fig. (2). In this context, the
regulation regarding apoptosis of the cancer cells is altered,
thereby promotes their survival and growth. Anticancer
mechanism of nicotinamide as sirtuin inhibitor is outlined in
Fig. (2). As an enzyme, sirtuin utilizes NAD" as a substrate
for production of nicotinamide, the activity of enzyme is
modulated by intracellular levels of NAD" and nicotinamide
[34]. Therefore, the nicotinamide itself also acts as a non-
competitive sirtuin inhibitor [34]. The inhibition of sirtuin by
nicotinamide also suppresses tumor promoting effect of the
surtuin, thereby, promoting cancer cell apoptosis [35, 43],

Fig. (2).
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Several classes of anticancer agents such as 1,2 3-triazole-
based sulfonamide [45], 1,4-naphthoquinone derivatives [46,
471, quinolines [48], coumarins [49], and derivatives of pyri-
dine [49-51] and pyrimidine [52-54] as well as fused pyri-
dines/pyrimidines [55-57] have been developed in the recent
years. However, only pyridine- and pyrimidine-based com-
pounds are discussed in this review.

2. PYRIDINES

Pyridine, a simple six membered heterocycle containing
one nitrogen (N) atom in the ring, has been found in a vari-
ety naturally occurring compounds, and in therapeutics such
as niacin (nicotinic acid) and NAD" acting as a substrate or
cofactor in biological processes [31], Recently, a number of
substituted pyridines have been synthesized and reported for
their anticancer activities [49-51, 58, 59].

2.1. Monosubstituted Pyridines

Recently, a variety of monosubstituted pyridines with
cytotoxic activity was reported, for example, thiosemicarbazone
analogs of pyridine (1-2) were synthesized by a condensation
of the corresponding carbonyl compound with thiosemicar-
bazides [60]. In addition, analogs of quinoline (3) and iso-
quinolines (4-5) were synthesized [60]. The synthesized
compounds (1-5, Fig. 3) displayed potent cytotoxicity
against four cancer cell lines (HuCCA-1, HepG2, A549 and
MOLT-3). Promisingly, the condensed pyridine analog 2
was shown to be the most potent compound with ICs, value
of 4 ng/mL toward MOLT-3 cell line.

B B
N7 | N7 | H
N\N,H N\N/H
SJ\NHR S)\NHPh S NH,
1,R=H 3 4, R = OMe
2,R=Ph 5 R=H

Fig. (3). Chemical structures of thiosemicarbazone analogs of pyri-
dine and condensed pyridines.
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It was also reported that coumarin-based hydrazide-
hydrazone derivative of monosubstituted pyridine (6, Fig. 4)
displayed inhibitory activity against non-small cell lung can-
cer (NCI-H460) with Glso value of 10 uM in comparison
with doxorubicin [49].

Fig. (4). Chemical structure of monosubstituted pyridine containing
coumarin.

Moreover, 1,3-disubstituted (thio)urea derivatives of
monosubstituted pyridines (7-12) have been synthesized by
treatment of the amines (13, 14) with iso(thio)cyanates (15)
as shown in Scheme 1 [61]. The obtained compounds (7-12)
exhibited moderate cytotoxic activity against HepG2 and
MOLT-3 cancer cell lines.

Recently, the synthesis of a series of 1,4-naphthoquinones
(16-19) tethered by monosubstituted pyridine sulfonamide
moieties (Scheme 2), and evaluation of their bioactivities
have been reported by Pingaew et al. [46]. The compounds
were synthesized by nucleophilic substitution of 2,3-dichloro-
1,4-naphthoquinone (20) with the appropriate aminobenzene-
sulfonamide derivatives (21-24) in refluxing ethanol. The
compounds 16-19 displayed a broad spectrum of cytotoxic
activities against all of the tested cell lines (HuCCA-1,
HepG2, A549, MOLT-3) with ICsy range of 1.37-31.37 uM,
and exerted stronger anticancer activity against HepG2 cell
than that of the etoposide.

Additionally, 1,2,3,4-tetrahydroisoquinoline bearing 3-
pyridyl moiety (25, Scheme 3), derived from the Pictet-
Spengler reaction of sulfonamide 26 with 3-formylpyridine,
exerted cytotoxicity against HuCCA-1, HepG2, A549 and
MOLT-3 cancer cell lines with ICsy values of 12.42-117.61
uM [62].

X:CZNOR

X=0,S
| X R =NO,, CI | N 4 H
A NH A N_N
N f 2 acetone, reflux N ; \)ﬂ(/ \©\
R

13, 2-pyridylethylamine , n = 2
14, 2-picolylamine ,n=1

7,R=NO,,X=S,n
8,R=Cl ,X=S,n
9,R=Cl ,X=0,n
10,R=NO,,X=S,n
11,R=Cl ,X=S,n
12,R=Cl ,X=0,n

1]
NI NIV R N

=1

Scheme (1). Synthesis of monosubstituted pyridine derivatives of (thio) ureas.
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21,4-NH,, n=2
22,4-NHy ,n=1
23, 3-NH2 ,N= 2
24,3-NH,, n =1

O
|\ "N/S|\n o
A O
Cl
(0]

16, 4-NH, , n =2
17,4-NHy , n =1
18, 3-NH2 ,N= 2
19, 3-NH, , n =1

Scheme (2). Synthesis of monosubstituted pyridines bearing 1,4-naphthoquinones.

MeOm /©/ Me N
MeO HN.o TFA, reflux

Y

[OJN©)
26

MeO Me
N /©/
MeO >SS
H O/ \O
[
_N

25

Scheme (3). Synthesis of monosubstituted pyridine analog of 1,2,3,4-tetrahydroisoquinoline.

Breast cancer is one of the leading causes of cancer-
related mortality among women worldwide [45]. Aromatase
is an enzyme involved in the final step of the estrogen bio-
synthetic pathway. Therefore, aromatase inhibitors (Als)
have been developed and used as antibreast cancer agent
[63]. Als can be classified into two classes based on their
chemical structures including steroidal and nonsteroidal de-
rivatives [45, 63]. Currently, several non-steroidal Als are in
clinical use i.e., anastrozol, letrozole and exemestane [45,
63].

o}
7 N\
0 =N
27 28
0
o
y
N7 |
X HO
o O<_NH
HO
=
o
N
29 30

Fig. (5). Chemical structures of monosubstituted pyridines bearing
steroidal moieties.

Steroidal Als bearing pyridine moieties (Fig. S) have
been reported [63]. For example, 2-picolinylidene substituted
at 17-position on ring D of the steroid (27) displayed the
most effective aromatase inhibitory activity among the tested
series. A new series of arylidene derivatives were synthe-
sized and investigated for the activity, 4-pyridyl derivative
28 was shown to be the most potent Al with ICsy value of 5.2
uM [63]. In case of pyridyl amides substituted on ring A of
the steroid, compounds 29 and 30 exerted potent aromatase
inhibitory activity with ICs, values of 31 and 28 uM, respec-
tively [63].

For non-steroidal Als, a number of potent Als bearing
pyridine rings (Fig. 6) were reported [63]. 4-Pyridyl com-
pound containing tetralone (31), and tetraline (32) exhibited
potent antiaromatse activity. Interestingly, the condensed
pyridine derivative (33) was shown to be the potent Al (ICsg
=0.50 uM).

)

¢
N
7\ N
o _
= | S MeO X
_N |N/

31 32 33

Fig. (6). Chemical structures of 4-pyridyl and condensed pyridine
derivatives.

4-Pyridylmethylthio analog of isoflavone (34) was re-
ported to be the most potent Al (ICso =210 uM) in the tested
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series. In addition, 3-pyridyl derivative of chroman-4-ones
(35 and 36) exerted the most potent aromatase inhibitory
activity with ICso values of 2.5 and 0.8 uM, respectively
[63]. These pyridyl derivatives are shown in Fig. (7).

[::T/\O 0 s
| X
34 2N

(¢} /I (0] /I
MeO N F N
(e} (0]

35 36

Fig. (7). Chemical structures of pyridyl analogs of isoflavone and
chroman-4-ones.

Furthermore, 3,5-dipyridyl-1,2,4-thiadiazole derivatives
37 and 38 (Fig. 8) were reported to be the potent Als with
1Cs values of 0.2 and 0.8 uM, respectively [63].

N-S N-S

N 3//5 <N // =

LT N TN

— / N/ Vs
37 38

Fig. (8). Chemical structures of 3,5-dipyridyl-1,2,4-thiadiazoles.

Previously, histone deacetylase (HDAC) inhibitors (Fig.
9) belonging to monosubstituted pyridine derivatives such as
MS-275 (39) and SB-379278A (40) were reported [64].

S‘}—NH

(0]
WOJ\H " NH, HN_
N” N X
o |

—

N
39 40

Fig. (9). Chemical structures of monosubstituted pyridines as
HDAC inhibitors.

2.2. Disubstituted Pyridines

3-Aminopyridine-2-carboxaldehyde thiosemicarbazone
(41 or 3-AP), 2,3-disubstituted pyridine, was developed for
cancer therapy (Triapine®, Vion Pharmaceuticals) [65].
Anticancer activity of 3-AP was resulted from the inhibition
of ribonucleotide reductase (RNR) which is a key enzyme
required for DNA synthesis [66, 67]. The 3-AP is one of the
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important RNR inhibitors, used in the treatment of various
cancers [68].

M
Fig. (10). Chemical structure of 3-aminopyridine thiosemicarbazone.

2,6-Disubstituted pyridine derivative of thiocoumarin 42
(Fig. 11) exhibited potent antiproliferative activity with Gls
value of 2.11 uM against A549 lung cancer cell lines in
comparison with paclitaxel [49].

Fig. (11). Chemical structure of disubstituted pyridine analog of
thiocoumarin.

Many series of pyridine derivatives as promising new
glycogen synthase kinase-3 (GSK-3) inhibitors have been
recently reported [50]. For example, 2,4-disubstituted pyri-
dines such as thiazolylpyridine 43 and pyridylpyridine 44
(Fig. 12) displayed potent GSK-38 inhibitory activity with
1Cs0 values of 0.29 nM and 4.4 nM, respectively. Both com-
pounds (43 and 44) constitute a common acylaminopyridine
core structure. GSK-3, a serine/threonine kinase enzyme, has
been implicated in many diseases such as cancer, stroke,
diabetes, bipolar disorders and neurodegenerative diseases
[69-71].

43 44

Fig. (12). Chemical structures of disubstituted pyridines as GSK-3
inhibitors.

Previously, 2,4-disubstitited pyridine containing anthra-
nilic acid derivatives (45-47, Fig. 13) were reported to ex-
hibit cytotoxic activity against a panel of human cancer cell
lines [72]. It was found that esters 46 and 47 displayed po-
tent activity against MCF-7 cell line with GlIs, values of 0.28
and 0.16 uM, respectively. On the other hand, carboxylic
acid 45 was shown to be an inactive compound.
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R = OH, OMe, OEt,
R = OCgH4-X, X = Me, OMe, OPy, Cl, diCl, triCl, SMe

R = 0-3Py
R = NH-Py
=z R = NHCH,-Py, NHCH,COOEt, NH(CH,);0Me
|
N~ >CF,
45,R = OH

46, R= OC6H4-C|-O
47, R = O-pyridyl-3

Fig. (13). Chemical structures of disubstituted pyridine analogs of
anthranilic acids.

Urea derivative of 2,5-disubstituted pyridine 48 was
documented to show high antitumor activity in vivo (P388
leukemia). The activity of compound 48 arose from the inhi-
bition of tubulin polymerization thereby causing microtubule
depolymerization [73]. In addition, acylthiourea derivative of
quinoline 49 was reported to be a promising inhibitor of cer-
tain types of cell proliferative disorder [74]. Compounds 48
and 49 are shown in Fig. (14).

o O

N N
cl |
0" SN

48

MeO

MeO N
49

Fig. (14). Chemical structures of disubstituted pyridine and con-
densed pyridine bearing acylurea.

A series of 2,6-diaminopyridine derivatives (50-57, Fig.
15) were synthesized from 2,6-diaminopyridine [75]. The
pyridine derivatives (50-55) were shown to be the most ef-
fective compounds against HepG2 cell line compared with 5-
fluorouracil (5-FU) and doxorubicin.

Previously, the opened chain bispyridinium dienes (58
and 59, Fig. 16) were reported to display higher HDAC in-
hibitory potency than the natural products (cyclostellet-
tamine bispyridinium macrocyclic alkaloid) [64]. The diene
58 is a HDAC subclass Ila-selective inhibitor, and 59 is a
HDACI-selective inhibitor.

Various aminopyridine derivatives were synthesized by
the reductive amination of aminopyridine with benzaldehyde.
The obtained compounds such as 3,5-disubstituted pyridine
60 (Fig. 17) exhibited excellent inhibitory activity against
many cancer cell lines i.e., A2780, A549 and B16-F1 at <5
uM; and HT at <15 uM [76].
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52, R=H 55, R = CH(CHj3),
53, R = CH,CO,H 56, R = (CH2)3CH3

N 57,R= COC6H5
54,R = CH,—<( :@\
N COyH

Fig. (15). Chemical structures of 2,6-diaminopyridine derivatives.

X
| X
N” /N|
kM/\ A z A
5\
58,X=3,Z2=2
59, X=3,Z2=3

Fig. (16). Chemical structures of bispyridinium dienes as HDAC
inhibitors.

OH
HO
0 O
X N
|
N
60

Fig. (17). Chemical structure of 3,5-disubstituted pyridine.

A series of disubstituted pyridines bearing 1-
adamantylthio (1-AdmS) group at various positions with
substitutents (R) at 3-position (61-67, Fig. 18) were synthe-
sized [77, 78] and investigated for their cytotoxic activities
against 4 human cancer cell lines (HuCCA-1, HepG2, A549,
MOLT-3). It was found that thiopyridine compound 65 ex-
hibited a broad spectrum cytotoxic activity against all of the
tested cells. However, compound 61 selectively displayed
activity against MOLT-3 cells [79].

In addition, a series of picolines and phenylpyridines
containing 1-AdmS group (68-75, Fig. 19) were synthesized
[78, 80] and tested for their cytotoxicities [81]. The results
showed that compounds 68-75 exerted cytotoxicity against
MOLT-3 cell lines. Compound 75 possessed the highest cy-
totoxicity followed by compound 70 with ICs, values of 8.02
and 15.84 pg/mL, respectively.
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.
L or @S\@/Br
6 2

N” s@ @\s N” N”

61, R = N(COCH3), 65, R = OH 67
62, R = COOH 66, R = CN

63, R = CONH,

64, R=CN

Fig. (18). Chemical structures of disubstituted pyridines bearing 1-
AdmsS group.

A
fj/cH3 O/@
SN @\s |N/
71

68,1-AdmS at C-2
69,1-AdmS at C-6
70,1-AdmS at C*®

L

74, 1-AdmS at C-2
75, 1-AdmS at C-3

72, 1-AdmS at C-6
73, 1-AdmS at C-4

Fig. (19). Chemical structures of picolines and phenylpyridines
containing 1-AdmsS group.

2.2. Trisubstituted Pyridines

In recent years, 2,4,6-trisubstituted pyridines have been
synthesized and studied for their topoisomerase (Topo) I and
IT inhibitory activities, and cytotoxicity [S1, 58, 59, 82-85].
The substituted groups on pyridine ring are triphenyls (76)
[82], triheterocyclic rings (77) [85]; and a combination of
diphenyls and heterocyclic rings (78) [58, 59, 83, 84] and
(79) [51]. However, most of the pyridine derivatives consti-
tute diphenoxy groups at 2, 4-, and 2, 6-positions with het-
erocyclic rings at either 6- or 4-position (78 and 79, respec-
tively). General structures of these trisubstituted pyridines
(76-79) are shown in Fig. (20).

2.2.1. 2,4,6-Triphenyl Pyridines

A series of 2,4,6-trighenyl pyridines (76) bearing hy-
droxyl groups, R* and R® at ortho- (0-), meta- (m-) or para-
(p-) position were synthesized and investigated for their
Topo I and II inhibitory activities, and cytotoxicity against
five human cancer cell lines [82]. The results showed that
most dihydroxylated pyridine derivatives displayed stronger
Topo II inhibitory activity and cytotoxicity compared with
those of monohydroxylated 2,4,6-trisubstituted pyridines.
Structure-activity relationships (SAR) revealed that signifi-
cant Topo II activity and cytotoxicity were noted for com-
pounds with OH group at m- or p-position on the 2-phenyl
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ring. For example, compounds 80 and 81 (Fig. 21) displayed
Topo II inhibitory activity (at 100 uM) with 96.8 and 100%,
respectively.

Art

X
‘ X
6 2
AS N7 AR
77

R*=H, OH (o-, m-, p-)
R8 = H, OH (o-, m-, p-)
OH also at o- and p-

Ar? = furan, thiophene
Ar* = furan, thiophene, pyridine
Ar® = pyridine

Ar® = furan, thiophene, pyridine Ar* = furan, thiophene, pyridine

Fig. (20). Chemical structures of trisubstituted pyridines.

For cytotoxicity, most of the investigated compounds
were effective against HCT-15 and K562 cell lines. Particu-
larly, compounds with OH group at p-position on 2-phenyl
ring were more favorable than ortho- (0-) and/or m-position
as noted for compounds 82-84 (Fig. 21), which exerted
strong cytotoxic activity (HCT-15, ICso range 0.79-0.88 uM)
compared with the control drugs, etoposide and adriamycin,
1Cs0=1.33 and 1.28 uM, respectively [82].

X

R4 =H, OH (o-, m-, p-)
R®=H, OH (o-, m-, p-)
OH also at o- and p-

!OH

81 82, R* = 0-OH
83, R* = m-OH
84, R* = p-OH

Fig. (21). Chemical structures of 2,4,6-triphenyl pyridines.

2.2.2. 2,4,6-Triheteroaryl Pyridines

Previously, 2,4,6-trisubstituted pyridines (77, Fig. 22)
were reported to show significant Topo I or II inhibitory ac-
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tivities. Compounds 77 with various Ar groups (Ar® = thio-
phene, Ar* = furan, thiophene, Ar® = pyridine) exerted con-
siderable cytotoxicity against several human cancer cell lines
[85].

Mostly, significant Topo I inhibitors were noted for com-
pounds with thiophene ring at 4-position, for example, com-
pounds 85 and 86. However, significant Topo II inhibitory
activity was observed for compounds bearing pyridine and
furan moieties at 4-position such as compounds 87 and 88.

Considerable cytotoxic activity against four human can-
cer cell lines (A549, SK-OV-3, SK-MEL-2 and HCT-15),
especially on HCT-15, was noted for 2,4-dithiopheneyl pyri-
dines such as compounds 89 and 90 compared with the
etoposide. Among these, compound 89 had stronger activity
(ICsp = 1.72 uM) than that of the etoposide (ICsy = 2.43 uM)
[85]. The SAR study revealed that 4-pyridyl group substi-
tuted at 6-position on the central pyridine ring (Fig. 22) play
a key role in the bioactivity.

2.2.3. 2,6-Diphenyl-4-heteroaryl Pyridines

Recently, a new series of 2,6-diphenyl-4-heteroaryl pyri-
dines containing OH groups at o-, m- or p-position on 2- and
6-phenyl rings (79) [51] were synthesized and investigated
for Topo I and II inhibitory activities as well as cytotoxic
activity against several human cancer cell lines [51]. It was
found that compounds with 2-thiopheneyl ring substituted at
4-position on the pyridine core structure (91) exhibited
strong Topo I inhibitory activity at 100 UM, in which com-
pound 92 (2- and 6-phenyl rings with OH groups at m-
positions) was shown to be the strongest Topo I inhibitor.
However, some of the series compound 91 had stronger ac-
tivity than that of the control drug, camptothecin. In addition,
compound series 91 showed moderate to significant Topo II
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inhibitory activity. A series compound 94 bearing 3-
thiopheneyl ring at 4-position on the pyridine ring exerted
stronger Topo II inhibitory activity than the etoposide at 100
UM concentration [51].

Similarly, 2-furanyl substituted at 4-position of trisubsti-
tuted pyridines with dihydroxylated phenyls at 2- and 6-
positions in a series compound 96 displayed stronger Topo I
inhibitory activity compared with the control, camptothecin.
Particularly, compounds 97 and 98 showed 100% inhibition
at 100 uM [51].

In case of 3-furanyl substituted at 4-position of 2,4,6-
trisubstituted pyridine, compound 100 showed significant
Topo II inhibitory activity (95% at 100 uM). Moreover, 2- or
3-thiopheneyl substituted at 4-position of trisubstituted pyri-
dines (92, 93 and 95) exerted considerable cytotoxicity
against DU 145, HCT-15 and HeLa cells. However, such
compounds (92, 93 and 95) displayed much stronger activity
(ICsp = 0.78 uM) in T47D cell lines compared with the
etoposide, ICsp = 13.17 uM. In addition, compound 102 was
shown to exhibit strong cytotoxicity against all of the four
tested cell lines (DU 145, HCT-15, T47D and HeLa) [51].
Chemical structures of pyridines 91-102 are shown in Fig.
(23).

2.2.4. 2,4-Diphenyl-6-aryl/heteroaryl Pyridines

Recently, Karki ef al. [58] described the synthesis, Topo
I and II inhibitory activities, and cytotoxicity against several
human cancer cell lines of 2,4-diphenoxy-6-aryl pyridines.
Most compounds in series 78 exhibited significant antipro-
liferative activity against HCT-15 and K562 cell lines, and
potent Topo II inhibitory activity comparable to or stronger
than the etoposide [58]. Compound 103 was shown to be

77, Ar? = furan, thiophene
Ar* = furan, thiophene, pyridine
Ar® = pyridine

Fig. (22). Chemical structures of 2,4,6-triheteroaryl pyridines.
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101, OH at o-, m-, p-positions

Fig. (23). Chemical structures of 2,6-diphenyl-4-heteroaryl pyridines.

the most potent Topo II inhibitor at low concentration (20
uM), and functioned as a topoisomerase poison like action of
the etoposide [58]. Among the tested compounds, compound
104 displayed the strongest Topo II inhibitory activity (98.2
%) at 100 UM concentration. In addition, compound 104 was
the most potent cytotoxic agent against HCT-15 with 1Csg
value of 0.08 uM. Pyridine derivatives 103 and 104 are
shown in Fig. (24).

The structure-activity relationship suggested that 2.4-
diphenyl rings with OH groups at o-, m- or p-position dis-
played the most potent Topo II inhibitory and cytotoxic ac-
tivities [58].

Prachayasittikul et al.

Previously, the synthesis, Topo I and II inhibitory and
cytotoxic activities of a series of forty-five 2,4,6-
trisubstituted pyridines were reported by Karki et al. [83].
Triphenylpyridine 105 containing OH group at m-position of
2,6-diphenyl rings showed the strongest Topo II inhibitory
activity (86.5 % at 100 uM and 49.0 % at 20 uM), which is
stronger than that of the etoposide. Conversly, compounds
106 and 107 showed significant Topo I inhibitory activity
comparable to the activity of camptothecin. It was found that
trisubstituted pyridines (107-114) bearing p-OH group (phe-
noxy) at 2- or 4-position, and various Ar groups on the cen-
tral pyridine ring displayed significant cytotoxicity in most
of the tested cell lines with similar or slightly weaker activity



Roles of Pyridine and Pyrimidine Derivatives as Privileged Scaffolds

78, OH at o-, m-, p-positions
Ar8 = furan, thiophene, pyridine

Fig. (24). Chemical structures of 2,4-diphenoxyl-6-heteroaryl pyridines.

than the etoposide [83]. Compounds 105-114 are shown in
Fig. (25).

Apparently, p-OH group on the phenyl ring at 2- or 4-
position on the central pyridine ring showed relatively strong
cytotoxic activity against several human cancer cell lines.
Additionally, the number of OH groups increased the Topo
I inhibitory activity in the order of m > p > o [83].

The SAR study revealed that substitution with OH group
(s) increased Topo I and II inhibitory activities in the order
of m > p > o position. 2-Phenyl ring with OH group at m- or
p-position, and 4-phenyl ring with OH group at o-, m- or p-
position displayed the most potent Topo II inhibitory and
cytotoxic activities [83].

107 108, Ar = 2-thiophenyl
109, Ar = 3-thiophenyl
110, Ar = 2-furanyl

111, Ar = 3-pyridyl
112, Ar = ,D-OHCGH4

113, Ar = 2-furanyl
114, Ar = 4-pyridyl

Fig. (25). Chemical structures of 2,4,6-triphenyl pyridines and 2,4-
diphenyl-6-heteroaryl pyridines.

It was reported that a series of 2,4-diphenoxyl groups of
trisubstituted pyridines containing 2-thiopheneyl group at
6-position (115) exerted excellent activity toward Topo II
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compared with Topo I, in which compound 116 had the
highest Topo II inhibitory activity [59]. In addition, the
compounds in series 115, except for compound 116, exhib-
ited cytotoxic activity against five human cancer cell lines
(HCT-15, K 562, DU 145, MCF-7 and HeLa). Particularly,
compound 117 displayed the highest cytotoxicity with ICs, <
6 UM as well as inhibited cell migration and induced Gl
arrest [59]. These compounds (115-117) are presented in Fig.
(26).

Fig. (26). Chemical structures of 2,4-diphenoxy pyridines bearing
6-thiophenyl moiety.

In case of 2-chlorophenyl-4-phenoxypyridines (Fig. 27)
with 6-aryl (phenyl, thiopheneyl, furanyl, pyridyl) groups
(118), most of the synthesized compounds showed better
Topo II inhibitory activity compared with Topo I [84]. Nota-
bly, compounds with m-Cl and m-OH (119 and 120); p-Cl
and m-OH (121-124); and p-Cl and p-OH (125-128) groups
at 2,4-diphenyl groups, and substituents at 6-position
(phenyl, 2- and 3-thiopheneyl, and 2-furanyl) of the central
pyridine ring showed stronger Topo II inhibitory activity (at
100 and 200 uM) than that of the etoposide [84].

Additionally, most compounds in the series 118 dis-
played moderate cytotoxicity with ICs, range of 1.48-39 uM
against four human cancer cell lines (HEK 293, DU 145,
HCT-15, T47D), in which the compound 124 exerted the
most significant cytotoxic activity [84].
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OH

118, Cl at o-, m-, p-positions
OH at o-, m-, p-positions
Ar = phenyl, furanyl, thiopheneyl, pyridyl

119, Ar = phenyl
120, Ar = 2-thiophenyl

121, Ar = phenyl

122, Ar = 2-thiophenyl
123, Ar = 3-thiophenyl
124, Ar = 4-pyridyl

125, Ar = phenyl

126, Ar = 2-thiophenyl
127, Ar = 3-thiophenyl
128, Ar = 2-furanyl

Fig. (27). Chemical structures of 2,4-diphenyl pyridines containing
6-aryl/heteroaryl moieties.

3. PYRIMIDINES

Pyrimidine, a six membered heterocyclic compound
bearing two N-atoms in the ring, constitutes an important
component of nucleic acid, and it is used as an important
pharmacophore for the synthesis of many drugs i.e., antican-
cer, antiviral and antibacterial agents [86].

3.1. Disubstituted Pyrimidines
3.1.1. 2,4-Disubstituted Pyrimidines

Previously, 2-thiopyrimidine-4-one analogs (129-133,
Fig. 28) were synthesized and evaluated for their cytotoxic
activities against eleven cancer cell lines (KB, HuCCA-1,
MDA-MB231, T47D, A549, H69AR, HeLa, HepG2, HCC-
S102, HL-60 and P388) [86]. It was found that compounds
129, 131 and 133 exhibited anticancer activity in which
compound 133 was the most potent cytotoxic compound
against multidrug-resistant small cell lung cancer (H69AR).
This is presumably due to a hydrophobic effect of sterically
hindered 1-adamantyl group (1-Adm) that enhances the
penetration of compound 133 to the cancer cell.

0
HN)j
Reg Sy

129, R = n-C4H5
130, R = 5-C4Hg
131, R= CH2C6H11

132, R= CH2C6H5
133, R = 1-Adm

Fig. (28). Chemical structures of 2-thiopyrimidine-4-one analogs.

3.1.2. 2,5-Disubstituted Pyrimidines

A series of 2,5-disubstituted pyrimidines have been syn-
thesized using the Suzuki coupling of 2-substituted benzy-
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loxy-5-bromopyrimidines with various arylboronic acids in
the presences of catalytic amount of PdPCl, (PPh;), with
aqueous Na,CO;in water at 80°C. The 2,5-disubstituted
pyrimidines 134-140 (Fig. 29) displayed moderate cytotoxic
activity against HeLa cell line. Among the tested com-
pounds, compound 135 exhibited more potent anticancer
activity than compounds 136, 139, 137 and 138, respectively
[87].

134 135
R=H,F, Cl, diF
R = OCHg, OCF3, triOCH;

136, R = 2,4-diF 139
137, R=3-F
138, R =4-OCHj

140

R = F,Cl, diF, CF3
R = OCHj,, OCFj
R' = CF3 NO,

Fig. (29). Chemical structures of 2,5-disubstituted pyrimidines.

Pyrimidine analogs of benzoylureas (Fig. 30) [73] such
as compound 141 showed antitumor activity (orally admini-
stration) and is free from cross resistance to any known anti-
tumor agents [88]. Its mode of action was reported to be the
inhibition of DNA polymerase. Compound 142 exhibited
effective cell growth inhibition of BxPC3 and Hep2 cell

lines [89].
I )OJ\
Cl s B
CHKH H\©: Néi/ r
NO, 0)2\\N

141

(e} 0}

/U\ CH
N 3
NH O/J\\N

CH
3 142

Fig. (30). Chemical structures of pyrimidines bearing benzoylureas.
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Fig. (31). Chemical structures of trisubstituted pyrimidine containing gemcitabine-lipoic acid linkage.

3.2. Trisubstituted Pyrimidines
3.2.1. 1,2,4-Trisubstituted Pyrimidines

The interlinkage of oxidative stress and cancer has been
reported [52]. Recently, molecular hybrid strategy using co-
valently link two distinct potent moieties into one molecule,
is a promising area of drug design [90-95]. For example,
1,2,4-trisubstituted pyrimidine, gemcitabine-5"-O-lipoate
(143) was achieved from an enzymatic regioselective cou-
pling of the chemotherapeutic drug gemcitabine (144) which
is the first line for cancer therapy, and a-lipoic acid (145)
which is a potent antioxidant. The hybrid ester 143 was
found to be superior to the parent compounds (GEM and
LA) against both non-small cell lung cancer and bladder
cancer cells [52]. These compounds 143-145 are shown in
Fig. (31).

3.2.2. 2,4,5- and 2,4,6-Trisubstituted Pyrimidines

Aurora kinases, a family of serine/ threonine, have been
served as potential therapeutic targets in oncology [96, 97].
The family includes 3 kinase, Aurora kinases A, B and C. It
has been known that the expressions of Aurora kinases A
and B are elevated in various human cancers, and are associ-
ated with poor prognosis [98]. The Aurora kinases play po-
tential roles in regulating cell mitosis and tumorigenesis
thereby making them attractive targets for anticancer ther-
apy. Pyrimidine is the important pharmacophore in the
Aurora kinases. Therefore, a number of pyrimidine Aurora
kinase inhibitors have been developed and introduced to
clinical trials, for example, VX-680 (146) and ENMD-2076
(147) [53] as shown in Fig. (32).
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Fig. (32). Chemical structures of trisubstituted pyrimidines as
Aurora kinase inhibitors.

Recently, a series of 2,4-diaminopyrimidines substituted
with 5-halo (F, Cl, Br) and NO, groups (148-151, Fig. 33)
have been synthesized, and investigated for their antiprolif-
erative activities and Aurora kinase inhibitory activity [53].

Generally, the compounds exhibited more potent cytotoxic
activity against tumor cell lines compared with the control
drug, VX-680 (146). Particularly, compound 150 displayed
the highest cytotoxicity against four human cancer cell lines
(HeLa, A549, HCT-8 and HepG2) with ICs, values of 0.5-
4.0 pM. Moreover, the pyrimidine 150 had more than 35-
fold more selectivity for Aurora kinase A over Aurora kinase
B, and induced G2/M cell cycle arrest in HeLa cells. This
series of compounds (148-151) have the potential for further
development as selective Aurora kinase A inhibitors for anti-
cancer activity [53].

6
H |
HJQ\N/4 NH

148, X = F
149, X = Cl
150, X = Br
151, X = NO,

H3C

Fig. (33). Chemical structure of 2,4-diaminopyrimidine analogs.

Previously, 2,4,5-trisubstituted pyrimidines (152 and 153,
Fig. 34) were reported to be the potent thymidylate synthase
inhibitors. Particularly, the compound 153 was shown to be
the most potent inhibitor [99].

Cl OCHj3

N)E/Br Néﬁ/Br
Cl)\\N H3CO)\\N
152 153

Fig. (34). Chemical structures of 2,4,5-trisubstituted pyrimidines.

However, a large number of pyrimidine-based antime-
tabolites were reported [100]. 5-Fluorouracil (5-FU, 154) is
one of the well-known antimetabolites, which has been
widely used as anticancer drug in the treatment of solid tu-
mors such as colon and breast cancers [101]. Other 5-
substituted uracils possess anticancer activity such as tegafur
(155) and uramustine (156) [100]. These uracils (154-156)
are displayed in Fig. (35).

It is well known that S-substituted uracils play a vital
role in many metabolic processes [102-104]. Previously,
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5-iodouracils substituted (R = nC4Hy, sC4Hy, CH,C¢H;y,
CH,Cg¢Hs) at N1 or N1 and N3 were achieved through an
alkylation reaction of 5-iodouracil [105]. The synthesized
compounds (157 and 158, Fig. 36) were reported to show
inhibitory activity against many tested cancer cell lines
(T47D, KB, HepG2, P388 and HeLa; and HepG2, A549 and
HuCCA-1). Notably, the growth of HepG2 cell lines was
selectively inhibited by compounds 157 and 158, in which
the N1, N3-disubstituted uracil 158 exhibited the most potent
anticancer activity [105].
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Fig. (35). Chemical structures of 5-substituted uracils.
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157, R = CH2C6H11 158, R = CH2C6H11

Fig. (36). Chemical structures of N1 and N1, N3-substituted uracils.

Trisubstituted pyrimidines with various substituents at
positions 2-, 4- and 6- were reported to show anticancer ac-
tivity. For example, 2-amino-4,6-diarylpyrimidine (159)
[106] displayed anticancer activity against prostate cancer
cell line (DUI145), and 2-mercapto-4,6-diarylpyrimidines
160 and 161 [107] are active against non-small cell lung
cancer (HOP-92). In addition, compound 162 has significant
antiproliferative activity against breast cancer cell lines
(MCF-7) compared with the reference drug, SFU [108].
These pyrimidines 159-162 are shown in Fig. (37).

Ar

159 160, Ar = 4-CICgHs
161, Ar = 4-OMeCgHs

162

Fig. (37). Chemical structures of trisubstituted pyrimidines.
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Moreover, 2-thio-6-n-propylpyrimidine-4-ones 163-166
(Fig. 38) were synthesized and reported to exhibit cytotoxic
activity against 11 cancer cell lines [109]. Particularly, com-
pound 165 was shown to be the most potent cytotoxic
against multidrug-resistant small cell lung cancer cell lines
(H69AR) [109].

0
R
\S/k\N CH

165, R= CH206H11
166, R = 1-Adm

3

163, R = n-C4Hg
164, R = s-C4Hg

Fig. (38). Chemical structures of 6-substituted 2-thiouracils.

The selectivity towards killing cancer cells while not
affecting normal cells is a crucial goal for chemotherapy
[110]. This goal leads to the use of compounds that are capa-
ble of differentiating cancer cells into non-proliferating or
normal phenotype [110]. HDAC enzyme is well-known to
play roles in activating and repressing transcriptions of genes
including genes that regulate cell cycle, differentiation and
apoptosis [110]. Alterations of HDAC expression, function
and binding were noted to determine cellular fate of cancer
cells i.e., tumor onset and progression [111, 112]. In this
regard, inhibition of HDAC is a strategy to modulate fate of
cancer cells by reversing inappropriate HDAC-mediated
transcription as well as facilitating expression of differentia-
tion-inducing genes. Such compounds were reported as
HDAC inhibitors including trichostatin A (TSA) [113] or
suberoylanilide hydroxamic acid (SAHA) [114]. A series of
HDAC inhibitors belonging to hydroxamates were reported
to display the activity at low nanomolar concentrations. It
was found that 2,4,6-trisubstituted pyrimidine analogs of
hydroxamates (167 and 168, Fig. 39) exerted more potent
activity than the SAHA [110].

O
HN)E\
HOHN\[(x\S)\\N .
o}

167, R = Bz, X = (CHy)s
168, R = Ph, X = (CH,)s

Fig. (39). Chemical structures of thiopyrimidine hydroxamates.

3.3. Tetrasubstituted Pyrimidines
3.3.1. 2,4,5,6-tetrasubstituted Pyrimidines

A number of 2.4,5,6-tetrasubstituted pyrimidines were
developed based on the structural modification of SFU and
5-chlorouracil or 5CIU (which are the first pharmacological
active compounds) at positions N1, N3, C5 and C6 [54].
Such tetrasubstituted pyrimidines (Fig. 40) i.e., 6-amino-5-
chlorouracil and 6-amino-5-bromouracil (169, X = CI, Br)
were the first thymidine phosphorylase inhibitors (TPI) [54].
However, the compounds were not further developed into
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Fig. (40). Chemical structures of uracils bearing 5,6-disubstituents.

drug candidates due to their relatively less favorable 1Cs,
values. Previously, 6-[1-(2-iminopyrrolidinyl)methyl analog
of 5-CIU (170) acting as a very potent TPI was reported
[115]. TP (thymidine phosphorylase) is an enzyme that cata-
lyzes the reversible phosphorolysis of pyrimidine nucleoside.
In addition, 6-methylthiopyrazolo[1,5-a][1,3,5]triazin-4-one
analogs of 5CIU (171) displayed the inhibition of TP with
1Cs value as low as 0.36 £ 0.1uM [116].

Recently, various 2.4,5,6-tetrasubstituted pyrimidines
such as 2-thio-4-amino-5-cyano-6-arylpyrimidines have been
synthesized and investigated for their anticancer activities
[117-120]. The synthesized compounds (Fig. 41) were
pyrimidine-urea (thiourea) hybrids. Among a series of tested
compounds (172), the pyrimidine-thiourea hybrid bearing
terminal alkyne moiety 173 was shown to be the most potent
(ICso= 0.65 uM) and selective LSDI inhibitor [117]. LSD1
(histone lysine specific demethylase 1) has been reported to
be overexpressed in many human cancers and recognized as
a promising anticancer drug target. The compound 173 also
displayed marked inhibition of cell migration and invasion
including significant in vivo tumor suppressing and antime-
tastasis role without significant side effects by oral admini-
stration [117].

HN__X
HN__S
AN \H HN
NH
N CN CN
_ PP i\
= S N A 7
Z4 —R! X
l z TN | g
=
172,X=0,8 173
R' = H, p-CHg, propyl, F, NO,, CI, Br R' = m-, p-, m-trilOCH3
= m-Br, Cl, OCHs
=m, p-diF

Fig. (41). Chemical structures of pyrimidine-urea (thiourea) hy-
brids.

A novel series of 1,2,3-triazole-pyrimidine-urea hybrids
(174), mostly, exhibited moderate to potent activity against
all of the cancer cell lines (MGC-803, BE109, MCF-7 and
B16-F10). Particularly, compounds 175-177 displayed excel-
lent growth inhibition against B16-F10 with 1Csy values of
32, 35 and 42 nM, respectively [118]. These pyrimidine ana-
logs (174-177) are shown in Fig. (42).

In addition, a series of 1,2,3-triazole-pyrimidine hybrids
(178, Fig. 43) displayed moderate to good activity against
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four cancer cell lines, in which the hybrid 179 exerted the
most potent and selective anticancer activity against three
cancer cell lines (EC-109, MCF-7 and MGC-803), and even
more potent than the reference drug (5FU) [119]. Further-
more, the pyrimidine 179 could obviously inhibit the prolif-
eration of EC-109 cancer cells by inducing cell apoptosis
and arresting cell cycle at G2/M phase [119].
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Fig. (42). Chemical structures of triazole-pyrimidine-urea hybrids.

Benzimidazole-pyrimidine derivatives containing 4-
substituted-5-cyano-6-phenyl substituents were studied, and
4-phenylhydrazino compound 180 (Fig. 44) was shown to be
one of the most potent compounds against melanoma (G361)
and neuroblastoma (NB-1) cell lines [121].

A series of 2-alkylthio-4-substituted (Cl, amino)-5-
carbonitrile-6-phenylpyrimidines (181-187, Fig. 45) were
investigated for cytotoxic activity using the National Cancer
Institute (NCI) 60 cell lines panel assay at 10 uM. The re-
sults showed that compounds 183 and 185 exhibited high
inhibitory activity against leukemia, whereas compounds
182, 186 and 187 displayed moderate activity [120].

In case of 4-oxo substitution of 2-thio-5-carbonitrile-6-
phenylpyrimidines (188 and 189), the analog 188 displayed
moderate activity against MOLT-4 leukemia tumor cell line
and UO-31 renal cancer cell line, whereas the compound 189
exerted selective activity against leukemia (K-562 and
RPMI-8226) and renal cancer (ACHN and UO-31) cell lines
at 10 uM concentration [122]. Notably, N3-alkylated com-
pounds 190 and 191 displayed promising anticancer activity
against leukemia, non-small cell lung, melanoma and renal
cancers [122]. These pyrimidine derivatives are outlined in
Fig. (46).
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Fig. (44). Chemical structure of benzimidazole
analog of pyrimidine.

188, R=CH;z, R'=3-Br
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Fig. (46). Chemical structures of 2-thiouracils containing 5,6-
disubstituents.

Moreover, a series of 4-oxothiouracilcarbonitrils bearing
6-aryl substituents (192) were reported to exhibit growth
inhibitory effect against some cancer cell lines, for example,
compounds 193 and 194 (Fig. 47) at 10 pM displayed potent
activity against non-small cell lung cancer HOP-92 and leu-
kemia MOLT-4 cell lines, respectively [123].
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Fig. (47). Chemical structures of 4-oxothiouracilcarbonitrile bear-
ing 6-aryls.
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Fig. (45). Chemical structures of 2,4,5,6-tetrasubstituted pyrimidines.

4. FUSED PYRIMIDINES/PYRIDINES

Pyridine and pyrimidine rings can be fused or condensed
with other five or six membered heterocyclic rings (i.e., pyr-
role, pyrazole, pyrimidine, imidazole), and even with a
phenyl ring. A variety of fused heterocyclic compounds pos-
sess anticancer activity has been discussed.

4.1. Pyrrolo-Pyrimidines

Recently, a new series of S-substituted thiopheneylpyr-
rolo[2,3-d|pyrimidines (195-200, Fig. 48) were designed and
synthesized as hybrid molecules of the clinically used anti-
cancer drug (pemetrexed or PMX, 201) and 6-substituted
thiopheneyl pyrrolo[2,3-d]pyrimidines [56]. Compounds in
series 195-200 displayed inhibitory activity against KB hu-
man tumor cells, in which compounds 198 and 199 had the
most potent activity. The compounds 197-199 were also
shown to be inhibitors of purine nucleotide biosynthesis
rather than thymidylate biosynthesis. The antiproliferative
effect of compounds 197 and 198 appeared to be due to their
dual inhibitions of p-glycinamide ribonucleotide formyl-
transferase (GARFTase) and 5-aminoimidazole-4-carboxamide
ribonucleotide formyltransferase [56].

4.2. Pyrazole-Pyrimidines

It is known that pyrazole-pyrimidine derivatives 202
(PP242), 203 (PP30) and 204 (PDES) have possessed good
kinase selectivity profiles as cyclin-dependent kinase (CDK)
and ATP-competitive mTORCI1/mTORC?2 inhibitors [124].
Recently, pyrazole-pyrimidine derivatives (205 and 206) have
been reported to display cytotoxic activity against SGC-7901,
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Fig. (48). Chemical structures of pyrrolo-pyrimidines.
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Fig. (49). Chemical structures of pyrazole-pyrimidines.

MGC-803 and Beap-37 cell lines [55]. In addition, compounds
206 and 207 exhibited inhibitory effects against telomerase.
The telomerase is an enzyme active in the early stages of
life. Such enzyme represents one of the promising targets in
drug discovery [125, 126]. Telomere and telomerase have
been reported to be closely related to the occurrence and
development of gastric cancer [127]. These pyrazole-
pyrimidines (202-207) are shown in Fig. (49).

Previously, a new series of pyrazolo[3,4-d]pyrimidines
(208-216, Fig. 50) were synthesized and investigated for
their antiproliferative activities against human breast adeno-
carcinoma (MCF-7) cell lines [128]. Most of the investigated
compounds showed potent to moderate growth inhibitory
activity, particularly, compound 212 displayed superior po-
tency (ICsp= 7.60 uM) to the reference drug (cisplatin, ICso=
13.29uM). Moreover, sulfone derivative 213 almost had the
same activity as compound 208. However, compounds 214-
216 exhibited lower activity compared with the compounds
209-212, probably due to lower stability of the pyrazole-
sulfone linkage [128]. So far, phenyl pyrazole analog 217
(Fig. 50) bearing 3-quinolinyl group at 5-position was re-
ported to exert potent cytotoxic activity against MCF-7 cell
line [128].

A series of new hydrazone derivatives of pyrazolo[3,4-
d]pyrimidines (218-224, Fig. 51) were synthesized and stud-
ied for their antitumor activities against 60 different human
tumor cell lines [129]. It was found that pyrazole-pyrimidine
hydrazone 218 displayed the most effective antitumor activ-
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ity with 1Cs, values of 0.326-4.31 uM towards 57 different
cell lines. The activity (Glsp) against CCRF-CEM, NCI-
H322M and UO-31 cell lines were shown to be 0.326, 0.335
and 0.348 uM, respectively. In addition, substituted pyra-
zole-pyrimidine (223) was reported to exhibit anticancer
activity against cervical carcinoma (HeLa53) [130].

4.3. Thienopyrimidines

Thieno[2,3-d]pyrimidines were reported to exhibit potent
anticancer activity [131-134]. Recently, a series of 17 newly
synthesized thienopyrimidines (225-229, Fig. 52) were
evaluated for their anticancer activities against 59 different
human tumor cell lines, representing leukemia, melanoma
and cancers of lung, colon, central nervous system, ovary,
kidney, prostate and breast [57]. The results showed that
compound 230 displayed a broad spectrum potent anticancer
activity against 56 human tumor cell lines with Gls, less than
10 uM ranging from 0.495 to 5.57 uM. Moreover, the com-
pound 230 had the marked highest selectivity against two
cell lines (T-47D and MDA-MB-468) belonging to breast
cancer with Glso values of 0.495 and 5.57 uM, respectively.
In addition, compound 230 induced cell cycle arrest at G2/M
phase, and also showed accumulation of cells in pre-Gl
phase which may result from fragmentation of genetic mate-
rials indicating a possible role of apoptosis in compound 230
induced cancer cell death and cytotoxicity [57]. Compound
228 was selective against K-562, SR and MOLT-4 cell lines
belonging to leukemia as well as displayed lethal activity
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Fig. (50). Chemical structures of pyrazolo[3,4-d]pyrimidines.

against HOP-92 cell line (non-small cell lung cancer). Addi-
tionally, compound 229 exhibited lethal activity to HOP-92
[57].
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222, Ar' = Ph, Ar2 = 4-CI-Ph
223, Ar! = 4-CI-Ph, Ar2 = Ph
224, Ar' = 4-CI-Ph, Ar? = 4-CI-Ph

Fig. (51). Chemical structures of hydrazone derivatives of pyrazole-
pyrimidines.

Previously, a series of thienopyrimidine urea analogs
were reported as receptor tyrosine kinase inhibitors [73,
135]. For example, compound 231 exhibited potent inhibi-
tion of KDR with ICs, value of 36 nM. Compounds 232 and
233 bearing m-CH; (R) group on the phenyl urea moiety
displayed better potency of KDR inhibition with 1Cs, values
of 6 and 3 nM, respectively. In addition, both urea analogs
232 and 233 had potent antitumor efficacy against the HT
1080 human fibrosarcoma xenograft tumor growth model
[73]. In this regard, heterocyclic urea derivatives play an
important role in anticancer activity due to their good inhibi-
tory activity against receptor tyrosine kinase, protein tyrosine
kinase and NADH oxidase [73]. These thienopyrimidines
231-233 are shown in Fig. (53).
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Fig. (52). Chemical structures of thienopyrimidines.

4.4.Quinazolin-4-one Derivatives

Quinazolinone (234) is a core structure found in diverse
arrays of bioactive natural products [136, 137]. Quinazolines
play a key role in medicinal chemistry as promising scaf-
folds in the search for new bioactive compounds such as
anticancer, antimicrobial, anti-inflammatory and antidiabetic
[138].
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Fig. (53). Chemical structures of urea-thienopyrimidine analogs.

Recently, quinazolin-4-one scaffold linked to oxadiazole
(235), and to pyrazole (236) were synthesized and reported
to exhibit anticancer activity (ICso = 23 and 22 nmole/mL,
respectively) against human breast cancer cell line (MCF-7)
with comparable activity to doxorubicin (ICsy = 22 nmole/mL
[138]. Moreover, the most active hybrid compounds linked
by quinazolin-4-one and thiazolidinone i.e., compounds 237-
240 which showed their 1Csy range of 3-9 nmol/mL [138].
Quinazoline derivatives 234-240 are displayed in Fig. (54).

A series of quinazolin-4-one derivatives 241 were de-
signed and synthesized in one step using standard micro-
wave-assisted three components one pot reaction from an-
thranilic acid, N-Boc amino acid and aldehyde as shown in
Scheme 4 [139]. The synthesized compounds in series 241
were screened for their bioactivities.
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Fig. (54). Chemical structures of quinazolin-4-one derivatives.
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Cytotoxic activity of compounds in series 241 against
five cancer cell lines (NCI-H460, A549, DU145, MDA-MB-
231, SF-268) revealed that the highly oxygenated substitu-
tion pattern of the pendant phenyl ring of compound 241 (R?
= 4-OH, 3,5-diOMe) play an important role in the activity
[139]. The active compounds 242-250 (Fig. 55) displayed
cytotoxic activity with ICsy values less than 20 uM in most
tested cancer cell lines. Remarkably, the quinazolone deriva-
tive 242 showed promising cytotoxic activity [139].

4.5. Pyridopyrimidines

Pyridopyrimidines are fused 6,6-bicyclic heterocyclic
compounds containing a pyridine fused to a pyrimidine, and
there are four isomeric structures of the pyridopyrimidines
(A-D) as shown in Fig. (56).

These compounds (A-D) are interesting core structures
which have found applications in pharmaceutical products
such as anticancer, CNS disorders and antiviral therapies
[140-142]. Examples of the pyridopyrimidines such as com-
pound 251 (Ku 0063794) was reported to be a potent inhibi-
tor of the mammalian target of rapamycin (mTOR) kinase
[140]. This kinase is a central regulator of cell growth and
proliferation [143]. In addition, compound 252 (AZD 2014)
possessed the best pharmacokinetic parameters and was se-
lected for clinical development [140]. Compounds 251 and
252 are shown in Fig. (57).
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Scheme (4). Synthesis of quinazoline-4-one derivatives.
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Fig. (56). Chemical structures of pyridopyrimidines.
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Fig. (57). Chemical structures of pyridopyrimidine bearing diamino
groups.

As other kinase inhibitors, compound 253 was reported
to be the best inhibitor with nanomolar range of activity
against MAP4K4 (mitogen activated protein kinase) [144].
The MAP4K4 is a seronine threonine kinase involved in a
variety of signaling pathways. Such inhibition might be
beneficial in pathological processes including cancer [140].

The ErbB protein family and epidermal growth factor
receptor (EGFR) family are transmembrane receptor tyrosine

pyrido[4,3-d]pyrimidine

pyrido[3,2-d]pyrimidine

kinases involved in signal transductions and cellular func-
tions, and are associated with many types of cancer. Thus,
inhibitors of the growth factor signaling pathway via ErbB2
or EGFR have been designed as potential anticancer drugs
[1401].

Pyrido[3,4-d]pyrimidine scaffold i.e., compounds 254
and 255 as dual ErbB2/EGFR tyrosine kinase inhibitors were
studied as potential anticancer agents [145]. However, the
pyridopyrimidine ErB2 inhibitor 256 was found to be 200
fold more selective over EGFR kinase [146]. These pyri-
dopyrimidines 253-256 are shown in Fig. (58).

Among the tested pyrido[4,3-d]pyrimidines, compound
257 displayed the most potent cytotoxic activity against KB
cell lines (human oral carcinoma), CHE2 cells (human naso-
pharyngeal carcinoma) and MGC-803 cells (human gastric
carcinoma) with ICso values of 0.48, 0.15 and 0.59 uM, re-
spectively [147]. Compound 258, pyrido[2,3-d]pyrimidine-
2,4-diamino analog, exhibited good anticancer activity as an
apoptosis inducer associated with activating caspase-3 and
inducing DNA fragmentation [140]. In addition, compound
259 exerted marked cytotoxic activity against leukemia
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Fig. (58). Chemical structures of aminopyridopyrimidines.
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Fig. (59). Chemical structures of pyridopyrimidines bearing amino, methoxy and thio moieties.

CCFF-CEM, colon HT-29, lung HTB-54 and breast MCF-7
cell lines [140]. Compounds 257-259 are shown in Fig. (59).

4.6. Thiosubstituted Purines

Purines bearing thio moiety have been considered as ef-
fective anticancer drugs [148, 149]. Recently, new thio-
purines with various thio groups substituted on the
pyrimidine ring were synthesized and evaluated for their
anticancer activities against three cancer cell lines including
glioblastoma SNB-19, melanoma C-32, and human ductal
breast epithelial tumor T47D [150]. It was found that pyr-
rolidino thiopurine 260 was the most potent compound
against SBN-19 and C-32 cell lines with comparable activity
to cisplatin [150]. Dialkylaminothio derivatives (261-264)
displayed good activity against SBN-19 cell line with ECs, <
10 ug/mL. The azathioprine analogs (265 and 266) were
more active than the azathioprine against SBN-19 and C-32
cells [150]. Thiopurine derivatives 260-266 are shown in
Fig. (60).

4.7. Imidazopyridines

Nitrogen-bridgehead fused heterocycles bearing an imi-
dazole ring have been shown as a common core structure in
bioactive compounds. For example, imidazopyridines (267-
269, Fig. 61) were shown to be the most active compounds
with modest cytotoxic activity against six human cancer cell

lines i.e., U251 (glioma), PC-3 (prostate), K-562 (leukemia),
HCT-15 (colon), MCF-7 (breast) and SK-LU-1 (lung) [151].
In addition, these compounds (267-269) displayed signifi-
cant arrest in G2/M phase, followed by apoptotic cell death
in SK-LU-1 cells.
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260,R = CHZ—NG 261,R=Cl NR, = NMe,
262, R = S(CH,),NEt, NR = NEt,

263, R = S(CHZ)TNG :
264, R=S(CH)7N ),

NR, = 7Ng
NRy=—N )

N NO,
1
cl Me 5\1 S Me
Me N Me N
YT V)
/
%\S*N N C|)\\N N
O,5N
265 266

Fig. (60). Chemical structures of thiopurines.
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Fig. (61). Chemical structures of imidazopyridine amides.

A series of imidazo[2,1-b]pyridine chalcone derivatives
(270) were synthesized and investigated for their anticancer
activities [152]. The results showed that compound 271 ex-
erted promising antiproliferative activity with Glsy values
less than 1 M against many tested cancer cell lines such as
MCF-7 and DU-145 with GIs, values of 0.56 and 0.65 uM,
respectively. Interestingly, compound 271 induced G1 cell
cycle arrest, down regulation of G1 phase cell cycle regula-
tory proteins i.e., cyclin D1, El, and CDK2. Furthermore,
compound 271 showed the characteristic features of apopto-
sis such as enhancement in the levels of p27 and TNFR1
proteins with concomitant down regulation of procaspase-9
[152]. Compounds 270 and 271 are outlined in Fig. (62).

270 271
R = CF3, 4-OMe-Ph, 3,4-diOMe-Ph, 4-F-Ph
R = thiopheneyl
R' = 3,4-diOMe-Ph, 3,4,5-trilOMe-Ph

Fig. (62). Chemical structures of imidazopyridine chalcone deriva-
tives.

AuL C
LAu ] \
s N
@
276, L= PTA 280, L = PTA
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278, L = PPh, 282, L = PPh;
279, L = TPPTS 283, L = TPPTS

PTA = 1,3,5-triaza-7-phosphaadamantane
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5. PYRIDINE AND PYRIMIDINE METAL COM-
PLEXES

Metal ions play a very important role in biological proc-
esses as well as homeostasis in life [153]. Particularly, tran-
sition metal complexes have shown diverse bioactivities i.e.,
anticancer, antioxidant, antimicrobial and anti-inflammatory
activities [154-160]. Generally, molecules bearing electron
donor atoms (O, N, S) can act as ligands that are capable of
reacting with metal ions to form coordinated compounds. For
example, heterocyclic compounds i.e., pyridine, pyrimidine

and quinoline including drugs and bioactive compounds
[31].

Recently, a series of pincer-type platinum (II) complexes
of deprotonated ligands deriving from 1,3-di(2-pyridyl)
benzenes 272-275 (Fig. 63) were synthesized and evaluated
for their anticancer activities against HeLa cells [161]. It was
found that Pt (II) complex 274 exerted high cytotoxicity with
1Cs¢ value of 0.46 uM. However, the ICsy values of com-
pounds 272-275 were shown in the range of 0.46-2.45 uM
which are 22-fold more potent than cisplatin (ICso = 10 uM).

R?

‘ PFs
S N—Pt—Ny

2 2
RZ\“N-R
\—/
272,R'=H R2 = nC4Hq
273,R'=H . R2=iCgH;
274,R'=H R2 = cyclohexyl
275,R'=CF, R2 = nC4Hq

Fig. (63). Chemical structures of pincer-type platinum (II) com-
plexes.

B

BF, AuPPh; | NO3

I\

PhsP L

284, L =PTA
285, L = DAPTA

DAPTA = 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane

PPhj3 = triphenylphosphine
TPPTS = sodium triphenylphosphane trisulfonate

Fig. (64). Chemical structures of gold (I) and copper (II) complexes of S-propagylthiopyridines.
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New heteronuclear gold (I) and copper (II) complexes of
S-propagylthiopyridine 280-285 (Fig. 64) were synthesized
from metalloligand (Au) 276-279, and investigated for their
anticancer activities against human colon cancer cell lines
[162]. Most of the thiopyridine metal complexes (280-285)
exerted more potent cytotoxicity (PD7 and TC7 cancer cell
lines) with ICs, values of 10% to 1.17 UM compared with the
reference drug, cisplatin [162].

Triphenyltin 2-pyridylthiolate 286 (Fig. 65) was reported
to show antitumor activity against a number of human cancer
cells (MCF-7, EVSA-T, WiDr, IGROV, MI9MEL and
A498) with comparable activity to the control methotrexate
and doxorubicin, but with higher activity than that of the
carboplatin and cisplatin [163].

| X _Ph
Sn—pn
NS Ph

286

Fig. (65). Chemical structure of 2-pyridylthio metal complex.

(Pyrazolylmethyl)pyridine platinum (II), (287-290) and
gold (III), (291-296) complexes (Fig. 66) were synthesized
and investigated for their anticancer activities against HeLa
cell [164]. The results showed that platinum complexes 287

Mini-Reviews in Medicinal Chemistry, 2017, Vol. 17, No. 0 23
and 289 were less active than those with aryl substituents,
288 and 290. The ICsy values of compounds 288 (ICsy =
3.849 uM) and 290 (ICs, = 8.920 pM) were approximately
eight and nineteen times lower than that of the cisplatin.
However, the gold (IIT) complexes (291-296) exhibited much
lower cytotoxic activity compared with the cisplatin [164].

5-Substituted (CHj, NO,, CO,H, 1) uracils were reported
to form complexes with metal ions (Cu, Zn, Ni, Mn, Cr, Fe)
[165, 166]. Transition metal complexes of mixed ligands such
as S-iodouracil (5Iu)/5-nitrouracil (5Nu)-8-hydroxyquinolines
(8HQ) 297-302 (Fig. 67) have been reported to exert signifi-
cant cytotoxic activity against four human cancer cell lines
(HepG2, A549, HuCCA-1 and MOLT-3) [160]. Notably, the
cytotoxicity of these metal complexes 297-302 against
HepG2 has been shown to be higher than that of the control
drug, etoposide. Copper complex of 5Nu (301) is the most
potent and promising cytotoxic compound [160]. Moreover,
the copper complexes (298 and 301) have been reported to
be a novel class of aromatase inhibitor, exerting the activity
higher than that of the reference drug (ketoconazole) but less
active than the letrozole [167].

Instead of 8HQ, 8-aminoquinoline (8AQ) metal com-
plexes of 5Iu and 5Nu (303-308, Fig. 68) were synthesized
and investigated for their cytotoxic activities [154]. It was
found that nickel complex of 8AQ-5Nu (308) displayed cy-
totoxic activity against MOLT-3 cell line [154].

XN B
. L. N
Cl—p Cl—,' AN
Pt — Au -
/OSSR X /SNy NS R | X |
o N o N N
R R Au\
c” | e
Cl
287,R=R'=CH; , X =[AuClJ 291,R=R"'"=CH; , X =[AuCl] 295, R=R =CHj
288, R=R'=CgHs , X' =CI 292, R=R'=CgHs , X =CI 296, R = R = CgHs
289,R=R'=tBu , X' =CI 293, R=R'=fBu , X =Cr

290, R = 4CHy-CgHs , R = H, X- = [AuCly]

294, R = 4CHy-CgHs ,

R'=H, X =[AuCly]

Fig. (66). Chemical structures of (pyrazolylmethyl)pyridine metal complexes.
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Fig. (67). Chemical structures of uracil-8-hydroxyquinoline metal complexes.
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305 306, M = Mn
307, M =Cu
308 M = Ni

Fig. (68). Chemical structures of uracils-8-aminoquinoline metal complexes.

6. RECENT DRUGS INTRODUCED TO THE MAR-
KET

Pyridine- and pyrimidine-based compounds have been
extensively explored for development of new anticancer drugs.
Examples of recent drugs, bearing pyridine and pyrimidine
pharmacophores, have been introduced to the market as
summarized in Table 2 [168-172].

7. LINKAGES OF ANTICANCER AND OTHER BIO-
LOGICAL ACTIVITIES

Recently, it has been reported that several drugs have a
similar mode of treatment may shift the paradigm of drug

discovery from one drug-one target-one mechanism to one
drug-multiple targets-common mechanism [173]. Various
drugs and bioactive compounds i.e., derivatives of quinine,
curcumin [173] and 8-hydroxyquinoline [153] have been
found to exert anticancer and antimalarial activities. Moreo-
ver, some pyridine- and pyrimidine-based compounds have
shown such related bioactivities. For example, thiopyridine
derivatives (61, 65 and 67, Fig. 18) displayed anticancer and
antimalarial activities [79]. A series of 3-picolyl and phen-
ylpyridines bearing 1-adamantylthio moiety (68-75, Fig. 19)
exhibited anticancer and antioxidant activities [81]. Further-
more, pyrimidine metal complexes 297, 299, 300 and 302
(Fig. 67) as well as 308 (Fig. 68) exerted anticancer and an-
tioxidant activities [154, 160].

Table2. Pyridine- and pyrimidine-based drugs have been introduced to the market [168-172].
Pyridine and s
Pyrimidine Drugs Structure Type/Indication Reference
Abiraterone acetate -Treatment of castration resistant prostate cancer [168]
-An oral PDES inhibitor
Avanafil . . [168]
-Treatment of erectile dysfunction (ED)
(0]
-Treatment of advanced renal cell carcinoma (RCC)
Axitinib (specifically after the failure of other systemic treat- [169]
ments)

(Table 2) Contd....
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Pyridine and

* 2 HCI

Pyrimidine Drugs Structure Type/Indication Reference
NH
’;"N -A potent and selective mesenchymal epithelial transi-
7 tion factor/anaplastic lymphoma kinase (c(MET/ALK)
Crizotinib P inhibitor [168]
¢ ‘N -Treatment of advanced or metastatic non-small cell
o lung cancer (NSCLC)
al NH,
F
Dabrafenib mesylate Q[/ X \©/?\ -Treatment of metastatic BRAF-mutant melanoma [170]
« CH3SO3H -
Cﬂzs
o]
Dexlansoprazole | AN CY) -A dual relerzzlszf; lforrr(r;:lolstl(l)lr;n of itrkllgit()li{tz)-rls((f))rsgr of lanso- [171]
~ s"\( N p p pump
N =
)
i
e SONT
N N | .. . s
‘ N H -An orally administered coagulation factor Xa inhibitor
Edoxaban tosilate o NF 0 HN. O - o Sz0 -Preventive treatment of venous thromboembolic [168]
N events (VTE) in patients undergoing total knee arthro-
S N H.0 plasty, total hip arthroplasty, or hip fracture surgery
>_f H,
N
/
Br
X Br -An endothelin receptor antagonist
Macitentan H o H NW Treatment of pul terial hypertension (PAH) [170]
-Treatment of pulmonary arteria ertension
AN N A O\/\O)\\N p ry Yp
_N
\\ 0 *HCI -A potent and selective multi-targeted receptor tyrosine
Pazopanib hydro- HoN \( \ kinase inhibitor of VEGFR-1, VEGFR-2, VEGFR-3,
chloride J ©/\< — PDGFR-@, PDGFR-f and c-kit (171]
-Blocks tumor growth and inhibits angiogenesis
=
~ | -A selective, non-competitive o-amino-3-hydroxy-
N Z "N . Lo
5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
Perampanel hydrate X o ° 3/4 H,0 antagonist [169]
CN -Approved for partial-onset seizures in patients with
epilepsy
Radotinib dihydro- ]/(\ jg\m/ \)\ -Treatment of patients with Philadelphia chromosome- [169]
chloride positive chronic myeloid leukemia (CML)

(Table 2) Contd....
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Pyridine and s
Pyrimidine Drugs Structure Type/Indication Reference
CFs o)
“ o NN Treatment of metastatic colorectal d gast
. -Treatment of metastatic colorectal cancer and gastro-
Regorafenib hydrate N Jk N /Q/ | _N H intestinal stromal tumors [169]
H H E e H,0
N.__N.__N -A non-nucleoside reverse transcriptase inhibitor
Rilpivirine g (NNRTI) 168
hydrochloride _N . . [168]
NC™ X Hel CN -Treatment of HIV-1 infection
0 “NAN . . .
A/ o “ | -A selective, long-acting PDE-4 inhibitor
Roflumilast ” -Treatment of inﬂammatm"y conditiqns of the lungs [172]
o Cl such as asthma and chronic obstructive pulmonary
disorder
F A F
| X
N
Vismodegib cl o ¢l -Treatment of metastatic basal-cell carcinoma (BCC) [169]
N
H
S()z“ﬂe
N _ -An orally-administered, non-purine, selective xanthine
NI N N oxidase (XO) inhibitor
Topiroxostat N\ / . . . . [170]
X H -Treatment of hyperuricemia (specifically for patients
'\} P with gout in Japan)
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Fig. (69). Development of pyridine/pyrimidine-based anticancer agents.

CONCLUSION

Pyridine and pyrimidine are attractive scaffolds in drug
discovery and development due to their roles in biological
processes, their diverse biological activities and their coordi-

nating abilities. The summary regarding development of
pyridine/pyrimidine-based anticancer agents is provided in
Fig. (69). As a starting point, strategy of mimicking natural

substance was applied for the

development

of
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pyrimidine/purine analogs that exhibited their anticancer
activities via competing with natural substance to bind with
target receptors or enzymes. Later on, the strategy of substi-
tution with various types of moieties and rings on the core
structure was employed to obtain a variety of pyri-
dine/pyrimidine derivatives and fused pyridines/ pyrimidi-
nes. Regarding trend of polypharmacology, the conjugation
of pyridine/pyrimidine core structures with the existing bio-
active compounds was conducted to develop novel com-
pounds with multiple medicinal applications. Pyridine and
pyrimidine contain lone pair electrons which contribute to
their coordinating abilities. In this regard, many pyri-
dine/pyrimidine-based metal complexes were developed as
anticancer metal-based agents. It should be noted that these
small molecules, pyridine and pyrimidine, are promising
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scaffolds for the development of anticancer agents against
several targets and are noted to be potential pharmacophores
for the discovery of novel bioactive compounds for therapeu-
tic applications.

In summary, the most active compounds with their ICs,
or Gl values are outlined in Table 3.

FUTURE DIRECTIONS
PYRIMIDINE SCAFFOLDS

OF PYRIDINE AND

A variety of pyridine and pyrimidine analogs as potential
anticancer agents has been disclosed. Based on the reported
data, more and new compounds with anticancer and/or re-
lated biological activities can be achieved by many aspects.
Interestingly, rational design and synthesis of novel bioactive

Table3. The most active compounds with ICs, values and target cell lines.
Type of Compound ICs Tzzz%e};lfizt;}:nléi)ne References
Condensed pyridine (isoquinoline) 4 4 ng/mL MOLT-3 [60]
Condensed pyridine 33 0.50 uM Aromatase [63]
2,4-Disubstituted pyridines 46 and 47 *0.28 and 0.16 uM MCF-7 [72]
Pyridine
2,4,6-Trisubstituted pyridines 82-84 °0.79-0.88 uM HCT-15 [82]
92,93, 95 °0.78 uM T47D [51]
104 %0.08 uM HCT-15 [58]
Pyrimidine 2,4,5-Trisubstituted pyrimidine 150 0.5-4.0uM HeLz’n 2?;3;18 [53]
'0.326 UM CCRF-CEM
Fused pyrimidines Pyrazole-pyrimidine 218 ’0.335 uM NCI-H322M [129]
’0.348 uM UO-31
Thienopyrimidines 230 0495 1M 47D [57]
'5.57 uM MDA-MB-468
232,233 6.0,3.0 nM Tyrosine kinase [73, 135]
Quinazoline-4-ones 235, 236 23,22 nmole/mL MCF-7 [138]
Quinazoline linked thiazolidinones 237-240 3-9 nmole/mL MCF-7 [138]
Pyridopyrimidine 253 nM range (seroninévtll?r epjrlliir‘:e kinasc) [144]
Imidazopyridine chalcone 271 *0.56, 0.65 uM MCF-7, DU-145 [152]
Metal complexes Pincer-type Pt (II) complexes 272-275 f0.46-2.45 uM HeLa [161]
274 0.46 uM HeLa [161]
Thiopyridine metal complexes 280-285 £10*-1.17 uM PD7, TC7 [162]
Pyrazolylpyridine Pt (II) complexes 288, 290 "3.847, 8.920 uM HeLa [164]

Gls value is presented instead of ICs, value.

"More active than the reference drugs etoposide (ICsp = 1.33 uM) and adriamycin (ICs, = 1.28 uM).

“More active than etoposide (ICs) = 13.17 uM).

{Among the tested compounds, 104 was the strongest Topo II inhibitor with 98.2% at 100 uM.

“The activity is comparable to doxorubicin (ICsy = 22 nmole/mL).

These Pt (II) complexes are 22 folds more potent than cisplatin (ICsy = 10 uM).
#More active than cisplatin.

"Their ICs, values are about 18 and 19 times lower than that of cisplatin.
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compounds can be performed by computational methods,
structural modification and molecular hybrids of the bioac-
tive core scaffolds. Chemical descriptors obtained from the
computational methods can give insight into structural fea-
tures influencing their bioactivities as the quantitative struc-
ture-activity relationship (QSAR) for development of prom-
ising novel compounds. Furthermore, regarding the drug
repositioning, the existing pyridine/pyrimidine drugs (or
compounds) for new medicinal usages or for old drugs with
new therapeutic values should be explored.
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