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ABSTRACT 

Background: The chalcone scaffold (1,3-diaryl-2-propen-i-ones) has the advantage of easy 

chemical modification and has been shown to possess biological activity against a variety of 

organisms, including a wide range of anti-TB activity. The focus of this study was 2-fold: firstly, 

to compare the performance of the colorimetric MTT and MABA assays for screening synthetic 

chalcones, and secondly, to evaluate the activity of fluorinated and non-fluorinated chalcones 

against drug susceptible and resistant clinical strains of M. tuberculosis. 

Materials and methods: Twenty seven chalcones and chromenochalcones were screened 

against the laboratory strain M. tuberculosis H37Rv, using a microtitre plate MTT assay at 7 

days. The MIC for 20 active compounds was subsequently determined using the MABA, MTT 

and the macroscopic broth assays at 7, 14 and 21 days, extracellular activity against clinical 

isolates of varying drug susceptibility patterns and genotypes using the MTT assay, intracellular 

activity in a macrophage model and eukaryotic cytotoxicity using Vero cells. 

Results and discussion: No significant difference in the MICs, or increase in the MICs was 

observed over time between the MABA (p = 0.209) and the MTT (p = 0.207) assays, in contrast 

to the gold standard, the macroscopic broth assay (p = 0.000). Fluorinated and non-fluorinated 

chalcones displayed moderate activity (32- 128 µg/mL) against MDR- and XDR-TB isolates, no 

significant activity against intracellular H37Rv and low selectivity for M. tuberculosis. The 

elevated MICs and lack of intracellular activity may be explained by the precipitation of the 

compounds indicating low solubility, with the exception of IV and XVI.   

Conclusions: The MTT assay is a more cost effective drug susceptibility testing method than the 

MABA assay for the rapid in vitro screening of the activity of chalcones against M. tuberculosis. 
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Compound XIX and XI have the most potential for reformulation to improve their biological 

activity to yield a more potent drug candidate.  
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INTRODUCTION 

 Mycobacterium tuberculosis, the causative agent of tuberculosis (TB), latently infects over 30% 

of the global population (WHO, 2013a). HIV co-infection, the emergence of multiple and 

extensive drug resistance (MDR and XDR) and diagnostic delays have confounded the 

successful treatment of TB (Gillespie, 2002). Adverse effects of the first and second line TB 

drugs and prolonged treatment resulted in patient noncompliance with treatment regimen 

(O'Brien and Spigelman, 2005).  

In the last approximately 40 years, only 1 new class of drug has been approved by the 

Food and Drug administration (FDA) for use against M. tuberculosis, especially MDR and XDR-

TB. Although Bedaquiline offers new hope, like most of the new and existing TB drugs in the 

drug pipeline, it is disadvantaged by adverse effects (Stehr, et al., 2014). The challenge posed by 

rapidly evolving drug resistant M. tuberculosis strains (Gillespie, 2002) has to be overcome by 

consistently maintaining the TB drug pipeline with potential novel lead candidates.  

In vitro screening is an important step in TB drug discovery because some synthetic 

compounds display difficulty in penetrating the lipid rich mycobacterial cell wall and display 

cytotoxicity against eukaryotic cells (Cole and Riccardi, 2011). In addition, compounds should 

also be screened for intracellular activity in macrophage models as M. tuberculosis is an 

intracellular pathogen that can infect and replicate in alveolar macrophages and epithelial cells 

(Smith, 2003). 

Rapid, reliable in vitro screening of possible lead candidates is vital in the initial 

evaluation of compounds. The use of colorimetric assays such as Microplate-based Alamar Blue 

Assay (MABA) (Collins and Franzblau, 1997), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) (Martin, et al., 2005) and resazurin microtitre assay (REMA), also 
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referred to as the resazurin method (Martin, et al., 2005) in high throughput screening of possible 

lead compounds has negated the expense associated with the automated  (BACTEC and MGIT) 

and agar and broth based conventional methods while maintaining the speed and sensitivity.  

Synthetic compound libraries from pharmaceutical companies and medicinal and organic 

chemistry research groups represent a rich source of lead compounds and high throughput 

screening of similar libraries have led to the discovery of bedaquiline and SQ-109 (Kolyva and 

Karakousis, 2012). Chalcones, a class of flavonoids, provide an attractive scaffold for lead 

optimisation as it displays biological activity against various organisms (Li, et al., 1995; Lopez, 

et al., 2001; Wu, et al., 2003; Narender and Gupta, 2004; Nielsen, et al., 2004). Their 

characteristic amenability to structural alteration has resulted in derivatives with varying degrees 

of activity against M. tuberculosis (Lin, et al., 2002; Sivakumar, et al., 2007; Chiaradia, et al., 

2008; Trivedi, et al., 2008; Hans, et al., 2010; Sharma, et al., 2009a; Mascarello, et al., 2010; 

Marrapu, et al., 2011; Anand, et al., 2012; Ahmad, et al., 2013).  

Complications associated with solubility and metabolic degradation of compounds has 

previously been resolved by fluorine substitution (Begue and Bonnet-Delpon, 2008). The 

inclusion of fluorine substituents was also shown to improve lipophilicity that facilitates 

permeation of lipid membranes (Smart, 2001) which is important in the case of M. tuberculosis 

with its complex, lipid rich cell wall and membrane (Brennan and Nikaido, 1995). The role of 

fluorine substitution on the in vitro activity of the chalcone scaffold against M. tuberculosis has 

not been previously evaluated. 

Various drug susceptibility tests have been used to screen chalcones against M. 

tuberculosis including the MABA assay (Trivedi, et al., 2008; Hans, et al., 2010), luciferase 

reporter phage assay (Sivakumar, et al., 2007), agar proportion method (Sharma, et al., 2009a; 
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Marrapu, et al., 2011), BACTEC 460 radiometric assay (Lin, et al., 2002; Ahmad, et al., 2013), 

enzyme kinetic assays (Chiaradia, et al., 2008; Mascarello, et al., 2010) and the macroscopic 

broth assay using Sauton’s media (Anand, et al., 2012). Due to the lack of a standard drug 

susceptibility test for screening, the level of improvement of substitutions is difficult to compare 

in different studies. The performance of the MTT colorimetric assay in comparison to the MABA 

has not yet been evaluated on chalcones. 

This study compared the effectiveness of the MABA and MTT assays with the 

macroscopic broth assay as a gold standard in screening the activity of a series of synthetic 

chalcone compounds against M. tuberculosis. The MTT assay was then used to evaluate their in 

vitro extracellular activity against clinical strains of M. tuberculosis of varying drug 

susceptibility and genotype profiles. A few selected compounds were further evaluated for 

intracellular activity in macrophages and for cytotoxicity in the vero cell line. 
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DISSERTATION OUTLINE 

This dissertation is written in a publication format. The first chapter presents a review of the 

relevant literature. Chapters 2 and 3 present 2 original research manuscripts that are ready for 

submission. Chapter 4 provides a general discussion which integrates the findings of both 

chapters 2 and 3 and highlights conclusions and recommendations.    
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CHAPTER 1: LITERATURE REVIEW 

 

1.1.  Epidemiology of Mycobacterium tuberculosis  

Mycobacterium tuberculosis, an airborne pathogen, is the causative agent of tuberculosis 

(TB). Human immunodeficiency virus (HIV) co-infection and the emergence of multiple and 

extensive drug resistance (MDR and XDR) have resulted in rapidly escalating burdens of TB, 

especially in developing countries. An estimated 8.6 million new cases of TB and 1.3 million 

deaths globally in 2012 were due to TB. South Africa has been identified as a country with 

high burdens of TB, MDR-TB and HIV (WHO, 2013a). This is evident from the TB 

prevalence, incidence (Fig. 1.1) and mortality rates (includes HIV+TB) per 100 000 

population per year (857, 1 003, 227 cases respectively) in 2012 (WHO, 2013a). KwaZulu-

Natal had the highest reported cases of TB per 100 000 population per year in 2012 (Table 

1.1). The new smear positive cure rate in 2010 for South Africa, KwaZulu-Natal and the 

eThekwini District was 73.1%, 71.3% and 63.65% respectively (Massyn, et al., 2013). 

 

Fig. 1.1. Estimated TB incidence rates in 2012 (WHO, 2013a).  
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Table 1.1. Reported cases of TB per 100 000, 2012 (National Department of Health 

Notification System, 2012). 

EC: Eastern Cape, FS: Free State, GP: Gauteng, KZN: KwaZulu-Natal, LP: Limpopo, MP: Mpumalanga, NC: Northern Cape, NW: North 

West, WC: Western Cape. 

 

1.1.1. MDR- and XDR-TB 

Approximately 450 000 new cases of MDR-TB were reported globally in 2012 with 3.6% of 

these being new cases and 20% previously treated (WHO, 2013a). In 2012, 15 419 South 

Africans were diagnosed with MDR-TB, with 1.8% new (Fig. 1.2.A) and 6.7% previously 

treated cases (Fig. 1.2.B). 

MDR is defined as M. tuberculosis strains that are “resistant to isoniazid (INH) and 

rifampicin (RIF)”
 

and XDR refers to MDR strains that are also “resistant to any 

fluoroquinolone and to at least one of the three following injectable drugs used in anti-TB 

treatment: capreomycin, kanamycin and amikacin”
 
(WHO, 2013b). 

 

 EC FS GP KZN LP MP NC NW WC 

Cases of TB per 100 000 831.7 708.5 448.3 971.0 382.3 551.8 712.1 720.2 800 
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Fig. 1.2. Number of MDR-TB cases among new (A) and previously treated (B) cases of 

pulmonary TB, 2012 (WHO, 2013a). 

 

1.1.2. Drug resistance mechanisms 

Monotherapy and patient noncompliance with treatment regimens (Gillespie, 2002) often 

result in the selection of naturally occurring, drug resistant, spontaneous mutants from a 

population of M. tuberculosis. The mutation rate in the presence of anti-TB drugs is 

dependent on the specific drug, and the mutation type is dependent on the concentration of 

the drug (Gillespie, 2002). Drug resistance is a consequence of mutations in genes coding for 

drug targets or prodrug activating enzymes (Joloba and Bwanga, 2010).  

Efflux pumps are associated with intrinsic resistance. Efflux pump encoding genes 

have been identified in M. tuberculosis for the following 5 families: the small multidrug 

resistance family, the resistance-nodulation-cell division family, the multidrug and toxic 

compounds extrusion ATP-binding cassette superfamily and the major facilitator superfamily 

(Li and Nikaido, 2004). Efflux pumps have been implicated in the resistance of anti-TB 

drugs; RIF and ofloxacin (Siddiqi, et al., 2004; Louw, et al., 2011), INH (Pasca, et al., 2005), 

fluoroquinolones (Pasca, et al., 2004), ethambutol (Colangeli, et al., 2005), streptomycin, 
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norfloxacin, chloramphenicol, tetracycline, erythromycin (Choudhuri, et al., 2002), 

aminoglycosides (Ainsa, et al., 1998) and β-lactams (Dinesh, et al., 2013); other drugs, 

anthracyclines (Choudhuri, et al., 2002) and other compounds; tetraphenyl phosphonium, 

ethidium bromide, acriflavine, safranin O, pyronin Y (De Rossi, et al., 1998) and pyrrole and 

pyrazolone (Balganesh, et al., 2012). Efflux pumps have been identified in clinical isolates 

(Siddiqi, et al., 2004; Gupta, et al., 2006; Jiang, et al., 2008; Gupta, et al., 2010; Hao, et al., 

2011). Efflux inhibitors reduced in vitro Minimum Inhibitory Concentrations of isoniazid, 

ciprofloxacin, ofloxacin, streptomycin, and linezolid in resistant strains (Escribano, et al., 

2007; Richter, et al., 2007; Spies, et al., 2008; Singh, et al., 2011; Machado, et al., 2012; 

Rodrigues, et al., 2012) and addition of verapamil restored the in vivo activity of isoniazid, 

rifampicin, and pyrazinamide against MDR isolates in the mice model (Louw, et al., 2011). 

Efflux pumps that are required for growth in macrophages facilitate a state of induced drug 

tolerance that is inhibited by the addition of efflux pump inhibitors (Adams, et al., 2011).  

 

1.1.3. Lineages of M. tuberculosis 

Specific lineages of M. tuberculosis have been implicated in MDR- and XDR-TB throughout 

the world (Glynn, et al., 2002; Pillay and Sturm, 2007; Chihota, 2011). Beijing strains are 

distributed worldwide but are most prevalent in Asia. These strains are associated with drug 

resistance in Cuba, Vietnam, New York and Estonia (Glynn, et al., 2002).  

The presence of F15/LAM4/KZN strains in KwaZulu-Natal (KZN) and their strong 

association with MDR strains was detected as early as 1994 (Pillay and Sturm, 2007). This 

strain has been characterised with the spoligotype ST60 and has been found in 12 locations 

on the North American, South American and European continents (Filliol, et al., 2003). 

In South Africa, the Beijing, S, and F15/LAM4/KZN strains have been commonly 

associated with MDR- and XDR-TB (Chihota, 2011). Of the MDR isolates (Table 1.2), the 
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Beijing strains were found predominantly in Eastern (42.5%) and Western Cape (47.9%), the 

S strains in KwaZulu-Natal (33.7%) and LAM in Gauteng (26.7%)  (Chihota, 2011). 

Table 1.2. Genotypes of MDR-TB strains isolated from the four provinces (Chihota, 2011). 

 

 In KwaZulu-Natal, the LAM genotype was found in 24.9%, 41.7% and 80% of 

MDR, preXDR and XDR isolates respectively. Within this clade, the LAM4 specifically 

comprised 79.6%, 80% and 90% of MDR, preXDR and XDR isolates respectively (Chihota, 

2011). This highlights the strong association of the F15/LAM4/KZN with drug resistance in 

KwaZulu-Natal (Fig. 1.3).  

  In Gauteng, LAM genotype was found in 26.7% of MDR isolates and of these, 63.2% 

was LAM4 (Chihota, 2011). The presence of F15/LAM4/KZN in Gauteng and KZN suggests 

cross border transmission of this strain due to migratory labour practices. 
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Fig. 1.3. Percentage of M. tuberculosis genotypes associated with MDR-TB, pre-XDR-TB 

and XDR-TB in KwaZulu-Natal, South Africa (Chihota, 2011). 

 

1.2.  Cell envelope of M. tuberculosis and its role in antibiotic resistance 

The structure of the cell envelope of M. tuberculosis (Fig. 1.4) is composed of three major 

components: a plasma membrane; a mycolic acid, arabinogalactan and peptidoglycan 

complex (MAP) and a capsule-like material which is polysaccharide-rich (Brennan and 

Nikaido, 1995). A branched-chain arabinogalactan has been identified as a major cell wall 

polysaccharide in mycobacterial species. This polysaccharide is covalently attached to 

muramic residues through a phospho-diester linkage, arabinose residues forming the non-

reducing termini to which mycolic acids are linked (Lederer, et al., 1975). The arabinose and 

galactose residues in the arabinogalactan are in the furanose configuration which is unusual 

due to the distinct structural motifs, lack of repeating units and elemental form which differs 

from other bacterial polysaccharides (Vilkas, et al., 1973; Daffe, et al., 1990). 

  The cell envelope polymers: MAP, lipoarabinomannan (LAM) and arabinomannan 

(AM) consist of unusual carbohydrate residues such as α-L-rhamnose, succinylated 

arabinose, and N-glycolylmuramic acid (Lederer, et al., 1975). 
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The plasma membrane consists of peptidoglycan which is linked to linear D-

galactofuran via phophodiester linkage which is facilitated by N-acetylglucosamine and α-L-

rhamnose. Highly branched D-Arabinose is attached to this peptidoglycan and linear D-

galactofuran complex and mycolic acids are attached to the nonreducing terminus. The 

orientation of these mycolic acids is perpendicular to the plane of the plasma membrane 

(Nikaido, et al., 1993).  

The capsule like layer is composed of free carbohydrates, lipids and proteins such as 

phthiocerol-containing mannan, lipids, glucan, and AM, lipomannan, sulfolipids, trehalose 

dimycolate (TDM), diacyl- and polyacyl-trehaloses, LAM, phosphatidylinositol mannosides 

and trehalose monomycolate (Nikaido, et al., 1993). 

The mycolic acids were thought to be covalently bound and the inner leaflet of an 

asymmetrical bilayer and other lipids form the outer leaflet, either intercalating with the 

mycolates or forming a more clearly defined interlayer plane (Minnikin, 1982). An alternate 

model suggests that the noncovalently-linked lipids form a monolayer that does not 

intercalate with the mycolic acids (Rastogi, 1991). The use of cryo-electron tomography to 

study the Mycobacterium smegmatis cell envelope has challenged these models of 

mycobacterial outer membrane and suggested the following possible revisions with regards to 

the positions of mycolic acids: the meromycolates may spread across the entire hydrophobic 

region and only the α-chain is covered by fatty acids from the other leaflet or the mycolic 

acid layer contributes to the inner leaflet by the extended branches of the meromycolates, 

whereas the major part is located below the outer membrane (Hoffmann, et al., 2008). 

Antigen 85 complex which is secreted protein is involved in the transfer of mycolates onto 

the cell wall of the M. tuberculosis (Jackson, et al., 1999). The cell wall lipid structure is 

disrupted by Mce1 proteins that are involved in the re-importering of mycolic acid in limited 

conditions of growth (Forrellad, et al., 2014). The structure of the central domain of the 
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protein Rv0899 (OmpATb) suggests that it may employ an alternate mode of membrane 

association than the outer membrane porin that was previously described (Teriete, et al., 

2010). UDP-galactopyranose mutase and galactofuranosyl transferase are essential enzymes 

for growth and are involved in the attachment of the outer lipid layer by arabinogalactan to 

peptidoglycan (Pan, et al., 2001). Lipoglycans that are exposed at the cell surface of 

mycobacteria are most likely inserted in the outer leaflet of the outer membrane (Pitarque, et 

al., 2008). Phosphatidylinositol and phosphatidylinositol mannosides have essential functions 

in the mycobacterial cell wall (Jackson, et al., 2000). Phosphatidyl-myo-inositol mannosides, 

lipomannan and LAM are suggested to be involved in more than one critical function in 

mycobacterial cells (Guerin, et al., 2009). 

The presence and organisation of the mycolic acids in the cell envelope is essential for 

the cell wall function as a permeability barrier which confers intrinsic drug resistance to M. 

tuberculosis (Wang, et al., 2000). Therefore, INH and ethambutol that target the biosynthesis 

of mycolic acid and arabinogalactan respectively are important first line TB drugs. β-lactam 

and aminoglycoside resistance of Mycobacterium chelonae has been attributed to this 

permeability barrier (Jarlier and Nikaido, 1990; Jarlier, et al., 1991).  
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Fig. 1.4. A schematic diagram of the cell envelope of mycobacteria (Crick, et al., 2010). 

 

1.3.  Interaction between macrophage and Mycobacterium tuberculosis: antimicrobial 

activity  

Contact of the bacteria with the mannose or complement receptors on the macrophage results 

in phagocytosis (Schlesinger, 1993). In addition, the Human toll-like receptor 2 also 

participates in the phagocytosis of the bacteria (Noss, et al., 2001).  

Upon entry into the macrophage, the bacteria reside in a phagosome, which is an 

endocytic vacuole. The maturation of the phagsome results in the formation of a phagosome-

lysosome. The accumulation of V-ATPase complexes in the phagosome membrane results in 

acidification, that is important for the functioning of the phagosome (Hackam, et al., 1997). 
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The phagosome maturation is modulated by mycobacterial cell wall lipids such as LAM 

(Hayakawa, et al., 2007), the phenolic glycolipid phenolphthiocerol diester (Robinson, et al., 

2007), the isoprenoid edaxadiene (Mann, et al., 2009), and TDM (Axelrod, et al., 2008). The 

phagosome-lysosome contains an acidic pH, reactive oxygen intermediates, lysosomal 

enzymes, toxic peptides and reactive nitrogen intermediates resulting in a hostile environment 

(Nathan and Hibbs, 1991).  

   Upon infection of the macrophage, M. tuberculosis upregulates expression of genes 

for adaptation to oxidative and nitrosative stresses, growth limitation and alternative nutrient 

sources (Fig. 1.5) (Schnappinger, et al., 2003). The initial antimicrobial activity of the 

macrophage is the superoxide burst, mediated by the Nicotinamide adenine dinucleotide 

phosphate (NADPH) complex I as part of phagocytosis (El-Benna, et al., 2009). However, M. 

tuberculosis is able to overcome the effect of superoxide, by various mechanisms, including 

the secretion of superoxide dismutase (Spagnolo, et al., 2004) and the scavenging properties 

of lipidoglycans present in the cell wall (Chan, et al., 1989).  

 

 

 

 



11 
 

 
 

 

Fig. 1.5. The interaction between macrophage and mycobacterial cell. The active recruiting 

of the host protein coronin 1/TACO (yellow), secretion of phosphatase SapM and 

serine/threonine kinase PknG to prevent the mycobacterial phagosome (light-yellow circle) 

fusion with lysosomes. The effect of nitric oxide is neutralised by the M. tuberculosis 

proteasome. Phagosome-lysosomal fusion can be mediated via the Toll-like receptor 

signalling activation of p38MAPK however; it is unclear if mycobacteria counteract this 

pathway. The activation of the vitamin D receptor by 1, 25-dihydroxyvitamin D3 results in 

TLR signalling which induces cathelicidin (antimicrobial peptide) (Pieters, 2008). 

 

1.4.  Current recommended treatment regimen 

The current WHO recommended regimen for drug susceptible TB involves treatment with 

first line drugs namely: rifampicin, isoniazid, pyrazinamide and ethambutol for the initial two 

months followed by 4 months with isoniazid and rifampicin (WHO, 2010). The treatment of 

MDR- and XDR-TB involves a combination of first and second line drugs namely; 

aminoglycosides, cycloserine, terizidone, ethionamide, protionamide, capreomycin, para-
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aminosalicylic acid and fluoroquinolones. The treatment duration for MDR- and XDR-TB is 

substantially longer at 18 months or more, which contributes to patient non-compliance 

(WHO, 2010) leading to the development of drug resistance incurring mutations.
 
The severe 

adverse side effects of both first and, especially, second line drugs
 
also exacerbate non-

compliance.  

 

1.5.  First line Anti-TB drugs 

1.5.1. Isoniazid 

The clinical activity of isonicotinic acid hydrazide (isoniazid or INH) was first reported in 

1952 (Seilkoff and Robitzek, 1952). The structure of INH contains a pyridine ring and 

hydrazide group (Fig. 1.6). INH, ethionamide and pyrazinamide are structural analogs. INH 

is one of the important first line drugs for TB treatment. INH, which is initially in a pro-drug 

form, is oxidised by the M. tuberculosis catalase-peroxidase enzyme KatG resulting in its 

active form (Zhang, et al., 1992). The main mechanism of action of INH is inactivation of the 

enoyl-acyl carrier protein reductase (inhA) during mycolic acid synthesis (Winder and 

Collins, 1970). Resistance to INH has been most frequently observed compared to any other 

anti-TB drug (Karakousis, 2009). Mutations in the katG (Marttila, et al., 1998), inhA (Basso, 

et al., 1998), ndh (Miesel, et al., 1998), nat (Ramaswamy, et al., 2003), furA (Pym, et al., 

2001), ahpC (Sherman, et al., 1996), fasE24 (Wilson, et al., 1999) and efpA (Wilson, et al., 

1999)  genes have been reported to be responsible for the development of resistance to INH.  
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Fig. 1.6. The structure of INH (http://pubchem.ncbi.nlm.nih.gov). 

1.5.2. Rifampicin 

Rifamycin was isolated from Amycolatopsis mediterranei in 1957. The initial extraction of 

rifamycin contained rifamycin A, B, C and D (Sensi, et al., 1959). Rifamycin B was isolated 

from the mixture and A. mediterranei was able to produce rifamycin B together with a small 

amount of inactive rifamycin Y when exposed to 0.2% sodium diethylbarbiturate (Margalith 

and Pagani, 1961). Rifamcyin B demonstrated a low level of toxicity and therapeutic activity 

against infections in animals. Rifamycin B is converted to rifamycin O which is hydrolyzed 

to rifamycin S, which in turn is reduced to rifamycin SV (Sensi, et al., 1961). Rifamycin SV 

displayed activity against M. tuberculosis but was not well absorbed in the gastrointestinal 

tract and rapidly excreted by the liver (Bergamini and Fowst, 1965). This led to the chemical 

modification of rifamycin SV to form rifampicin (RIF). RIF (Fig. 1.7) is the hydrazone of 3-

formylrifamycin SV with N-amino-N’-methylpiperazine (Maggi, et al., 1966). Rifampicin 

retains activity against M. tuberculosis with increased oral absorption compared to rifamycin 

SV (Binda, et al., 1971). The mechanism of action of rifampicin is by the inhibition of 

bacterial DNA-dependent RNA polymerase encoded by the rpoB gene (Wehrli and Staehelin, 

1971). Resistance to RIF is rare, and is normally accompanied by resistance to INH, and thus, 

is often used as a surrogate marker for MDR-TB. Resistance is commonly due to single point 

mutations in the rpoB gene, with more than 90% occurring in the 81 bp region (Telenti, et al., 

1993). 

http://pubchem.ncbi.nlm.nih.gov/
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Fig. 1.7. The structure of RIF (http://pubchem.ncbi.nlm.nih.gov). 

 

1.5.3. Pyrazinamide 

Pyrazinamide (PZA) was first discovered in 1952, alongside isoniazid and ethionamide 

(Yeager, et al., 1952). PZA (Fig. 1.8) is an amide derivative of pyrazine-2-carboxylic acid 

and nicotinamide analog (Zhang and Mitchison, 2003). PZA possessed activity in in vivo 

studies in murine models but not in vitro due to the requirement of an acidic pH environment 

(Yeager, et al., 1952). PZA is converted to pyrazinoic acid by the action of bacterial 

pyrazinamidase (Konno, et al., 1967). The target of pyrazinoic acid is ribosomal protein S1 

(RpsA), which is participates in protein translation and the ribosome-sparing process of trans-

translation (Shi, et al., 2011). Resistance to PZA is often due to mutations in the pncA gene 

that encodes pyrazinamidase (Scorpio and Zhang, 1996).  

 

 

Fig. 1.8. The structure of PZA (http://pubchem.ncbi.nlm.nih.gov). 

http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/
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1.5.4. Ethambutol 

The anti-TB activity of ethambutol (EMB) was first discovered in 1961 (Thomas, et al., 

1961). EMB (Fig. 1.9) is a D-2, 2’- (ethylenediimino) -di- 1-butanol (Kolyva and Karakousis, 

2012). EMB inhibits the cell wall arabinan polymerization thus affecting the arabinogalactan 

biosynthesis (Mikusova, et al., 1995). Resistance to EMB has most often been attributed to 

mutations in the embCAB operon (Belanger, et al., 1996). Varying degrees of resistance have 

been conferred by mutations in the different loci: embB306- variable (Safi, et al., 2008), 

embCAB- low to moderate (Safi, et al., 2010), Rv3806c- high-level, embC highest level and 

Rv3792- increases expression of embC (Safi, et al., 2013).  

 

Fig. 1.9. The structure of EMB (http://pubchem.ncbi.nlm.nih.gov). 

 

1.6. Second line Anti-TB drugs  

1.6.1. Aminoglycosides 

 Aminoglycosides (streptomycin, kanamycin and amikacin) form part of the second line 

treatment regimen. The aminoglycoside (Fig. 1.10) basic structure comprises of different 

aminated sugars joined in glycosidic linkage to a dibasic cyclitol (Mingeot-Leclercq, et al., 

1999). Streptomycin was the first drug with anti-TB activity that was discovered in the 1940s 

(Kolyva and Karakousis, 2012). The dibasic cyclitol in streptomycin (Fig. 1.10.A) is 2-

deoxystreptidine (Mingeot-Leclercq, et al., 1999). Aminoglycosides inhibit protein 

translation by attaching to the 30S ribosomal subunit (Kolyva and Karakousis, 2012). 

Resistance to streptomycin has resulted mainly through mutations in the following genes: 

http://pubchem.ncbi.nlm.nih.gov/
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rpsL gene (Nair, et al., 1993), the rrs (Douglass and Steyn, 1993) and the gidB gene (Wong, 

et al., 2011). However, a study in Cape Town, South Africa showed the presence of 

mutations in the rrs gene in clinical isolates that do not display resistance to streptomycin 

(Victor, et al., 2001). 

 

Fig. 1.10. Structure of aminoglycosides; A: Streptomycin, B: Kanamycin and C: Amikacin 

(http://pubchem.ncbi.nlm.nih.gov). 

 

1.6.2. Fluoroquinolones 

Fluoroquinolones are nalidixic acid derivatives that contain fluorine (Neu, 1987). The 

structures of quinolones contain a 4-oxo-1,4-dihydroquinolone nucleus (Fig. 1.11). The new 

generation fluoroquinolones (gatifloxacin and moxifloxacin) possess a methoxy addition to 

the carbon 8 and display lower MICs than the older generation (levofloxacin, ciprofloxacin, 

and ofloxacin) (Ji, et al., 1998). The new generation fluoroquinolones are currently in clinical 

trials with the aim of reducing the 6 month treatment to 4 months (Stehr, et al., 2014). 

Fluoroquinolones act on the bacterial topoisomerases II and IV, thus inhibiting DNA 

synthesis (Cole, et al., 1998). Resistance is commonly due to mutations in the quinolone 

http://pubchem.ncbi.nlm.nih.gov/
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resistance-determining region where the interaction between the DNA gyrase and drug takes 

place (gyrA and gyrB) (Ginsburg, et al., 2003). 

 

 

 

Fig. 1.11. Fluoroquinolone structures; A: Sparfloxacin, B: Moxifloxacin, C: Gatifloxacin, D: 

Sitafloxacin, E: Ciprofloxacin, F: Ofloxacin (http://pubchem.ncbi.nlm.nih.gov). 

 

1.6.3. Ethionamide 

Ethionamide is a structural analog of INH. INH contains a carbonyl functional group and 

ethionamide contains sulphur double bonded to the carbon at same position (Fig. 1.12). 

Monooxygenase EthA (ethA) is responsible for the activation of ethionamide (Baulard, et al., 

2000). The mechanism of action of ethionamide is similar to INH. Common mutations in the 

http://pubchem.ncbi.nlm.nih.gov/
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ethA or inhA genes lead to the development of resistance in this antibiotic (Morlock, et al., 

2003). 

 

 

Fig. 1.12. The structure of ethionamide (http://pubchem.ncbi.nlm.nih.gov).  

 

1.6.4. Capreomycin 

Capreomycin (Fig. 1.13) was isolated from Streptomyces capreolus and is a macrocyclic 

polypeptide antibiotic (Karakousis, 2009). The mechanism of action of capreomycin involves 

the inhibition of protein synthesis via alteration of ribosomal structures at the 16S rRNA 

(Wade and Zhang, 2004). Resistance to capreomycin has been attributed largely to mutations 

in the tlyA gene which encodes 2’-O-methyltransferase of 16S rRNA (Johansen, et al., 2006) 

and the rrs gene (Taniguchi, et al., 1997).  

 

Fig. 1.13. The structure of capreomycin (http://pubchem.ncbi.nlm.nih.gov). 

http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/
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1.6.5. Cycloserine 

Cycloserine (Fig. 1.14) is a structural analogue of d-alanine and it acts by inhibiting d-alanine 

racemase (AlrA) and d-alanine: d-alanine ligase (Ddl) enzymes that play a role in 

peptidoglycan synthesis (Caceres, et al., 1997). In M. smegmatis and Mycobacterium bovis 

BCG, resistance was due to a multicopy vector overexpressing AlrA and Ddl. However, it is 

still unclear if this mechanism is also present in M. tuberculosis (Feng and Barletta, 2003). 

 

Fig. 1.14. The structure of cycloserine (http://pubchem.ncbi.nlm.nih.gov).  

 

1.6.6. Para-aminosalicylic acid 

The antituberculous activity of para-aminosalicylic acid (PAS) was discovered in the 1940s. 

PAS (Fig. 1.15) contains an aromatic amide with carboxyl and hydroxyl substitution 

(Eastlake and Barach, 1949). However, due to gastrointestinal toxicity, its use has been 

limited. The mechanism of action of PAS involves the inhibition of the folate biosynthesis by 

replacing the substrate of dihydropteroate synthase (Chakraborty, et al., 2013; Zheng, et al., 

2013). In addition, folate biosynthesis is inhibited by dihydrofolate synthase, which generates 

a hydroxyl dihydrofolate antimetabolite which inhibits dihydrofolate reductase enzymatic 

activity (Zheng, et al., 2013). Resistance to PAS is due to mutations in the thyA, folC and 

ribD genes. The thyA gene encodes the enzyme thimidylate synthetase which plays a role in 

the folate biosynthesis pathway (Rengarajan, et al., 2004), whilst the folC and ribD genes 
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encode dihydrofolate synthase and riboflavin biosynthesis protein respectively (Zheng, et al., 

2013). 

 

Fig. 1.15. The structure of PAS (http://pubchem.ncbi.nlm.nih.gov). 

 

1.7. Drug pipeline 

Bedaquiline is the first new class of drug to be approved by the FDA in the last 40 years. This 

is mainly due to the decline of TB incidence in industrialized countries like the United States 

of America and in Europe. The result of this decline was the reduction of active research and 

development of new drugs despite the increasing TB burden in the developing nations in sub-

Saharan Africa, India and China. When XDR-TB emerged in 2005, it was virtually 

untreatable because of the lack of effective drugs. However, in recent years there have been 

10 compounds that are being processed in the clinical development pipeline (Fig. 1.16) 

(Working group on new TB drugs, 2013).
 
 

http://pubchem.ncbi.nlm.nih.gov/
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Fig. 1.16. Current TB drug pipeline (Working group on new TB drugs, 2013). 

 

1.7.1. Rifamycin  

Rifapentine (Fig. 1.17) belongs to the rifamycin class of antibiotics and has demonstrated 

long-lasting ability for intracellular accumulation. When rifamycin is compared to rifapentine 

the latter shows better bacteriostatic and bactericidal activities than the former in both broth 

and agar culture. This action was also observed in human monocyte-derived macrophages 

that were infected by M. tuberculosis (Rosenthal, et al., 2007). 
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Fig. 1.17. The structure of rifapentine (http://pubchem.ncbi.nlm.nih.gov). 

 

1.7.2. Nitroimidazopyrans 

PA-824 (Fig. 1.18) which belongs to the nitroimidazopyrans class, displays activity against 

clinical isolates of MDR as well as drug susceptible M. tuberculosis. Activity was also 

observed against M. tuberculosis grown in an oxygen depleted model; thus, it could 

potentially be active against latent TB (Lenaerts, et al., 2005). The mechanism of action of 

PA-824 involves the inhibiting of the terminal step in mycolic acid synthesis (Stover, et al., 

2000) and in addition, the generation of reactive nitrogen species by des-nitroimidazole 

metabolites (Singh, et al., 2008). Resistance is attributed to mutations in the Rv0407 and 

Rv3547 genes that encode the activating enzymes, F420-dependent glucose-6-phosphate 

dehydrogenase and deazaflavin-dependent nitroreductase respectively (Kolyva and 

Karakousis, 2012). 

 

http://pubchem.ncbi.nlm.nih.gov/
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Fig. 1.18. The structure of PA-824 (http://pubchem.ncbi.nlm.nih.gov). 

 

1.7.3. Ethylenediamine 

SQ-109 (Fig. 1.19) belongs to the ethylenediamine class and displays activity against drug 

susceptible, ethambutol-resistant and MDR- M. tuberculosis (Protopopova, et al., 2005). The 

mechanism of action of SQ-109 involves the inhibition of the membrane transporter 

(MmpL3) of trehalose monomycolate which is the precursor of cell wall mycolates (Tahlan, 

et al., 2012).  

 

Fig. 1.19. The structure of SQ-109 (http://pubchem.ncbi.nlm.nih.gov). 

 

1.7.4. Diarylquinoline 

 Bedaquiline (Fig. 1.20), a diarylquinoline, previously called R207910 and TMC-207, 

demonstrated activity against drug susceptible and MDR- M. tuberculosis (Timmerman, et 

al., 2005). Bedaquiline inhibits adenosine tri-phosphate (ATP) synthase (Andries, et al., 

2005). Bedaquiline is the first new class of drug to be approved by the FDA in the last 40 

years. Side effects of bedaquiline include tissue accumulation, induction of arrhythmia and 

elevated transaminase levels (Cohen, 2013). 

http://pubchem.ncbi.nlm.nih.gov/
http://pubchem.ncbi.nlm.nih.gov/
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Fig. 1.20. The structure of bedaquiline (http://pubchem.ncbi.nlm.nih.gov). 

 

1.7.5. Nitroimidazoles 

OPC-67683 (Delamanid) (Fig. 1.21), belonging to the nitroimidazoles class, demonstrated 

activity against both drug susceptible and MDR-M. tuberculosis (Matsumoto, et al., 2006). In 

addition to inhibiting mycolic acid biosynthesis, its use in combination drug treatment 

regimens was reported to potentially result in shorter treatment duration (Matsumoto, et al., 

2006). Delamanid displays mild to moderate QT interval (measure of the time between start 

of the Q wave and the end of the T wave in the heart) prolongation (Diacon, et al., 2011).  

 

Fig. 1.21. The structure of OPC-67683 (http://pubchem.ncbi.nlm.nih.gov). 

 

 

http://pubchem.ncbi.nlm.nih.gov/
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1.7.6. Oxazolidinone 

Linezolid (Fig. 1.22.A), AZD-5847 and PNU-100480 (sutezolid) (Fig. 1.22.B) belong to the 

oxazolidinone class. Linezolid demonstrated activity against drug susceptible as well as 

MDR- M. tuberculosis (Erturan and Uzun, 2005). The mechanism of action of linezolid is the 

inhibition of protein synthesis (Zhang, 2005). AZD-5847 was expected to display better 

activity against M. tuberculosis than linezolid. Sutezolid use in combination drug treatment 

regimens with second line drugs was also expected to result in shorter treatment duration, 

including against MDR- and XDR-TB strains (Williams, et al., 2009). Linezolid has 

displayed numerous adverse effects such as anemia, neutropenia, optic neuropathy, peripheral 

neuropathy and rhabdomyolysis (Lee, et al., 2012).  

 

Fig. 1.22. The structure of A: linezolid and B: Sutezolid (http://pubchem.ncbi.nlm.nih.gov). 

 

1.8. Synthetic Compounds 

Synthetic compound libraries are an important reservoir of possible lead compounds. 

Synthetic compounds offer the advantage of chemical modification leading to improvement 

of lead compound properties (for example: fluoroquinolones (Sharma, et al., 2009b)), aiding 
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in the fight against resistance (Bevan, et al., 1995). In an effort to reduce the current 

treatment regimen duration, the ideal drug or combination of drugs should be able to 

permeate the bacterial cell wall, lesions and immune cells that are characteristic niches of 

bacterial subpopulations (Dartois and Barry 3
rd

, 2013; Dartois, 2014). However, some 

synthetic compounds also display inability to permeate the cell wall of bacteria and might 

display cytotoxicity against eukaryotic cells (Cole and Riccardi, 2011) and therefore in vitro 

screening is a vital step in drug discovery. Screening of synthetic compound libraries have 

yielded some promising anti-TB drug candidates such as bedaquiline and SQ-109 (Kolyva 

and Karakousis, 2012). 

 

1.8.1. Chalcones  

Chalcones belong to the class of flavonoids (Dhar, 1981).
 
The basic structure of a chalcone is 

“C-15, α, β, unsaturated carbonyl compounds that contain two aromatic rings” (Fig. 1.23) 

(Nowakowska, 2007). Chalcones with various substitution patterns have displayed a range of 

biological activity against bacteria (Nielsen, et al., 2004), malaria (Li, et al., 1995), fungi 

(Lopez, et al., 2001), cancer (Narender and Gupta, 2004), leishmania (Wu, et al., 2003) and 

viruses (Mishra, et al., 2001). The crystal structure of chalcones has a dihedral angle between 

the two phenyl rings of 13.0 (1)°, and a dihedral angle from the plane of C7/C8/C9 to the C1 

to C6 of A ring of 2.6 (1)° and C1 to C6 of B ring of 13.8 (1)°, respectively. This indicates 

that the central C7-C8-C9 fragment lies nearly in the phenyl ring plane of B ring carbons, but 

rather further away from the other benzene ring of A ring. The arene hydrogen bonds along 

the c axis make the molecule form a zigzag chain and a three-dimensional network is formed 

by the intermolecular hydrogen bonding interactions (Wu, et al., 2006).  
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Fig. 1.23. Basic chalcone structure (Moodley, 2011). 

 

1.8.1.1. Anti-Cancer activity of chalcones 

Hydroxy substituted chalcones displayed increased activity against tumours and methyl 

substituted chalcones decreased activity against tumours (Anto, et al., 1995). Methoxy 

substitution at positions 3’ and 5’ contributed to inhibition of breast cancer resistance protein, 

but had a negative effect at position 4’. However, methoxy groups at positions 3’, 4’, and 5’ 

of the B-ring markedly increased cytotoxicity (Valdameri, et al., 2012). Thiophene chalcones 

exhibited better inhibition of MDA-MB231 breast cancer cells than chalcones derived from 

bioisoteric replacement of furan chalcones (Solomon and Lee, 2012). Indolyl chalcones; 

3,4,5-trimethoxyphenyl, 4-pyridyl and N,N-dimethylphenyl displayed superior selectivity and 

activity against cancer (Kumar, et al., 2010). A chalcone with an A ring amino substitute 

displayed potent and selective inhibition of breast, cervical, ovarian, lung, liver, colorectal, 

nasopharyngeal, erythromyeloblastoid and T-lymphoblastoid cancer cells (Mai, et al., 2014). 

Halogenated chalcones; 1-(4-Bromo-phenyl)-3-(2,4-dimethoxy-phenyl)-propenone, 3-(2-

Fluoro-6-methoxy-phenyl)-1-(4-phenoxyphenyl)-propenone and 3-(2-Bromo-5-methoxy-

phenyl)-1-(4-methoxyphenyl)-propenone displayed inhibition of colon cancer cell line (Jain, 

et al., 2014).  
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1.8.1.2. Antioxidant activity of chalcones 

Chalcones with 2,4,5-Trimethoxy substitutions (Shenvi, et al., 2013), olefin chalcones 

(Bandgar, et al., 2012), chalcones that contained a hydroxy and methoxy group on the phenyl 

moiety (Naik, et al., 2013) and chalcone fatty acid esters (Lahsasni, et al., 2014) possess 

antioxidant activity. Zinc chalcone complexes are better antioxidants than copper chalcone 

complexes (El Sayed Aly, et al., 2014). Studying the antioxidant activity of a series of 

polyphenolic 2’-hydroxychalcones revealed that the hydroxyl group in position 5’ induced 

the highest antioxidant activity and 2,2’,5’-trihydroxychalcone is a potent and selective 

antioxidant (Rossi, et al., 2013).  

 

1.8.1.3. Antibacterial activity of chalcones 

The following substitutions in the chalcones: C-4 hydroxyl, C-40 oxygenated and C-30 

isoprenoid have demonstrated antibacterial activity and the substitution of C-20 hydroxyl 

group could be involved in the stability of the chalcone structure (Ávila, et al., 2008). The 

following substitutions have demonstrated increased activity: hydroxyl in B ring, any 

substitution at R4, and benzyloxy in the A-ring. The substitution of chlorine in A-ring leads 

to decreased activity (Sivakumar, et al., 2010). Chalcones with bromo and chloro 

substitutions displayed potent antibacterial activity (Abdullah, et al., 2014). Hydrazone 

derivatives displayed improved antibacterial activity compared to their chalcone precursors 

(Fadare, et al., 2014). Thiazole-based chalcones displayed activity against both gram negative 

and positive bacteria (Liaras, et al., 2011). Substitutions of electron donating groups like 

methoxy and hydroxy, exhibited potent antibacterial activity (Parikh and Joshi, 2013). 

Activity of heterocyclic chalcone analogues on Staphylococcus aureus seems to require a free 

hydroxyl group in position 2’/3’ in the B ring (Tran, et al., 2012). Fluorine substitution on the 
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phenyl ring in the 5-chlorothiophene moiety displayed increased antibacterial activity 

(Kumar, et al., 2013). 

 

1.8.1.4. Antifungal activity of chalcones 

Electron withdrawing groups that were substituted in their para substitution in B-ring resulted 

in antifungal activity. Disruption of the cell wall could possibly be the possible mechanism of 

action (Sivakumar, et al., 2009). Bromo substituents in chalcones containing 5-

chlorothiophene moiety displayed decreased antifungal activity (Kumar, et al., 2013). 

Chalcones containing a benzimidazole motif and chloro, bromo, and nitro substitutions 

displayed weak antifungal activity (Parikh and Joshi, 2013). Chalcone based sulfone and 

bisulfone derivatives with chloro, bromo and nitro susbstitutions displayed potent activity 

against Candida albicans (Konduru, et al., 2013). Chalcones containing a phenothiazine ring 

and electron donating group substitutions (Saranya and Ravi, 2013) wand 6-quinolinyl N-

oxide chalcones (De Carvalho Tavares, et al., 2011) displayed antifungal activity.  

 

1.8.1.5. Anti-HIV activity of chalcones 

The chalcone analogs displayed decreased activity compared to their unsubstituted thiophenyl 

derivatives, whilst the derivatives that contain a methyl and halo group substition at position 

5’ of thiophenyl ring displayed improved activity against HIV (Rizvi, et al., 2012). The 3-

keto salicylic acid chalcone derivatives with aryl ring B with a 2,3,6-trichloro substitution 

display activity against HIV (Sharma, et al., 2011). Quinolinyl chalcones with 2,5-

dichlorothiophenyl moieties or benzofuran ring only displayed potent anti-HIV-1 activity 

(Rizvi, et al., 2014). 
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1.8.1.6. Anti-malarial activity of chalcones 

Acetylenic chalcones with a methoxy group ortho to the acetylenic group displayed activity 

against the W2 strain of Plasmodium falciparum (Hans, et al., 2010). Sulfonamide 4-

metychalcone derivatives require a morpholine ring substitution for optimal binding site 

interaction (De Oliveira, et al., 2013). The 4-aminoquinolinyl-chalcone amides displayed 

activity against P. falciparum (Smit and N'da, 2014). Chalcone derivatives with methoxy 

groups at position 2’ and 4’ displayed better antimalarial activity than other methoxy-

substituted chalcones (Yadav, et al., 2012). 

 

1.8.1.7. Antileishmanial activity of chalcones 

Chalcones with methoxy di-ortho substitution at phenyl ring A and chlorine atom at phenyl 

ring B displayed antileishmanial activity (Bello, et al., 2011). Sulfonamide 4-

methoxychalcone derivatives with benzylamino derivative displayed better antileishmanial 

activity than pentamidine derivatives (Andrighetti-Frohner, et al., 2009). Oxygen analogs of 

dihydrochalcones displayed antileishmanial activity (Ansari, et al., 2012). 

 

1.8.1.8. Anti-TB activity of chalcones 

Naphthyl groups (Chiaradia, et al., 2008), quinolinyl (Sharma, et al., 2009a), acetylenic 

(Hans, et al., 2010), benzyloxyl and imidazolyl (Marrapu, et al., 2011), triazolyl (Anand, et 

al., 2012), halogens (Lin, et al., 2002), dimethylamino, methoxy, thiomethyl, nitro and 

hydroxyl groups (Sivakumar, et al., 2007), nitro and methoxy (Trivedi, et al., 2008) 

substitutions have displayed the ability to increase the activity of chalcones against M. 

tuberculosis. Substitutions of halogens at a specific position on the A ring (R4) resulted in the 

inactivation of the activity of the derivatives (Sivakumar, et al., 2007). Recently, chalcones 

that were conformationally restricted displayed enhanced activity when compared to the 
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analogues containing open chains. This could be a result of the molecular flexibility of these 

compounds (Ahmad, et al., 2013). Chalcones with a benzyloxy moiety and 2,4-difluoro and 

2,4-dichloro substituent displayed high selectivity for M. tuberculosis (Marrapu, et al., 2011). 

The effect of fluorine substitution on the basic structure on the activity of chalcones against 

M. tuberculosis has not yet been fully explored. The variation of drug susceptibility testing 

methods in different studies makes it challenging to ascertain the exact level of activity.   

 

1.8.2. Fluorine substitution 

Fluorine substitution in compounds has been previously shown to resolve solubility and 

metabolic degradation problems (Begue and Bonnet-Delpon, 2008). In addition, it confers 

lipophilicity to the compound, thereby allowing for improved permeation of lipid membranes 

(Smart, 2001). The MIC of a fluorinated chalcone against Staphylococcus aureus was 2 μM 

compared to 75 μM of its non-fluorinated derivative (Nielsen, et al., 2004). 

 

1.9. Drug susceptibility testing (DST) 

Screening of high volumes of compounds entails rapid detection of the growth of M. 

tuberculosis when different compounds at varying concentrations are used, thus enabling 

rapid Minimum Inhibitory Concentration (MIC) determination. Methods for detection of the 

growth of M. tuberculosis include conventional agar and broth methods, automated methods 

and colorimetric methods. Colorimetric methods such as the MTT, Alamar Blue and 

resazurin dyes have bridged the gap between rapid, automated methods such as BACTEC and 

mycobacterial growth indicator tube method (MGIT) and low cost conventional methods 

such as the proportion agar and broth based methods. Recently, a survey amongst 

investigators at laboratories involved with in vitro evaluation of potential anti-TB drugs 

showed that one third of them used visual readouts in liquid culture, and alamar blue or 

resazurin was used for assays in microtitre plate format (Franzblau, et al., 2012). Although 
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bedaquiline was discovered using M. smegmatis, studies have shown that only 20- 50% of 

compounds that displayed activity against M. smegmatis are active against M. tuberculosis 

and therefore it is recommended that M. tuberculosis be used for screening new anti-TB 

drugs (Goldman, 2013). 

 

1.9.1. Conventional Methods  

1.9.1.1. Agar methods 

The absolute, resistant ratio and proportion agar methods have been used as conventional 

drug susceptibility testing methods for M. tuberculosis (Canetti, et al., 1963). The absolute 

method can be carried out using broth, agar media or Lowenstein-Jensen medium. MICs are 

obtained via comparison of growth in drug free media and media with varying concentrations 

of drug. 

The resistant ratio method involves reporting a ratio of MICs of the test isolate and a 

susceptible laboratory strain (H37Rv) (Canetti, et al., 1963). The proportion method 

calculates the drug resistant mutants in a population from comparison of growth on media 

with and without drugs. The agar methods are cumbersome and labour intensive, taking up to 

21 days or longer for results to be obtained (Canetti, et al., 1963). 

 

1.9.1.2. The macroscopic broth method 

The macroscopic broth method entails the observation of turbidity of the broth that contains 

the inoculum in the presence of the test compound. However, a result is available after 21 

days and, thus, is not rapid enough as a screening method (Heifets, 1996).  
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1.9.2. Automated methods 

1.9.2.1. Mycobacterial grow indicator tube method (MGIT) 

The mycobacterial growth indicator tube method utilizes tubes that contain silicone 

embedded with a fluorescent oxygen-quenched sensor at the bottom. Growth of mycobacteria 

results in use of oxygen. This expenditure of oxygen causes fluorescence which is 

subsequently measured (Palomino, et al., 1999).  

 

1.9.2.2. BACTEC 460 

The BACTEC 460 is a radiometric method of measuring the growth of bacteria. C14 labelled 

fatty acid is utilized by the bacteria producing radiolabeled CO2 which is subsequently 

measured by the machine. Results are obtained in 5 to 7 days but the use of radiometric 

material makes it expensive (Roberts, et al., 1983). 

 

1.9.3. Colorimetric methods 

1.9.3.1. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 

In 1983, Mossmann developed a colorimetric method using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) for the measurement of cell survival. This method has 

since been modified by Mshana, et al., 1998 to an assay using a 96-well microtitre plate for 

the detection of drug susceptibility in M. tuberculosis. MTT is an oxidation-reduction 

indicator that undergoes a colour change from yellow to violet which denotes the presence of 

bacterial viability (Mosmann, 1983). MTT is reduced to form formazan by NADPH, flavin 

adenine dinucleotide (FADH), flavin MonoNucleotide (FMNH), and nicotinamide adenine 

dinucleotide (NADH), but not by the cytochromes (Rampersad, 2012). 
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1.9.3.2. Resazurin Microtiter Assay (REMA) 

Resazurin is an oxidation- reduction indicator, which is similar in mechanism to MTT but a 

colour change from blue to pink is indicative of bacterial viability. This method has been 

previously used for detection of contamination and since been adapted into a microtitre plate 

for detection of drug susceptibility in M. tuberculosis (Palomino, et al., 2002). MTT and 

REMA displayed similar efficiencies for the drug susceptibility testing against the first line 

anti-TB drugs. On the other hand, the colour change displayed by MTT was noted to be more 

pronounced, which assisted in data capture (Martin, et al., 2005). Resazurin was identified to 

be a component of Alamar blue (O’Brien, et al., 2000). Resazurin is reduced to resorufin by 

NADPH, FADH, FMNH, NADH, cytochromes, dihydrolipoamine dehydrogenase, 

NAD(P)H:quinone oxidoreductase and flavin reductase (Rampersad, 2012). 

 

1.9.3.3. Alamar blue (MABA) 

Alamar blue is also an oxidation- reduction indicator which works on a similar principle to 

the MTT assay but a colour change from blue to pink is indicative of bacterial viability 

(Yajko, et al., 1995). Resazurin, the main component of alamar blue, is reduced to resorufin 

by NADPH, FADH, FMNH, NADH, cytochromes, dihydrolipoamine dehydrogenase, 

NAD(P)H:quinone oxidoreductase and flavin reductase (Rampersad, 2012). A comparative 

study demonstrated that the efficiencies of both the BACTEC system and MABA assay were 

similar (Collins and Franzblau, 1997). Compared to the MGIT, the MABA was found to be 

cheaper and required less equipment. The MTT assay was reported to be a potentially more 

cost effective assay than Alamar blue (Collins and Franzblau, 1997).
  

 

1.10. Significance of this work 

Koul, et al., 2011 stated that the “ideal TB drug” should possess the ability to treat 

susceptible, MDR- and XDR-TB with a shorter duration, lower dose, reduced pill burden and 
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limited interaction with other drugs taken. In the current regimen, however, there is no drug 

that satisfies all of these criteria. This also applies to the promising candidates in the drug 

pipeline, many of which do not offer a reduction of the pill burden as they require 

combination treatment regimens and thus, will still not satisfy these criteria. Therefore, there 

is a global need for efforts to be channelled into the development of novel, more powerful 

and effective drugs that could possibly shorten the current drug regimen and be effective 

against MDR and XDR-TB, and this has been supported by the WHO initiated STOP TB 

STRATEGY. This has resulted in the synthesis of a large number of synthetic compounds 

and drug candidates that require rapid screening. 

In this study the following hypotheses were formulated:   

1. Fluorine substitution would improve the anti-tuberculosis activity of chalcones.  

2. MTT would perform better than, and be more cost effective than the MABA for the drug 

susceptibility testing of chalcones. 

3. The series of fluorinated and non-fluorinated chalcone compounds (Chapter 2, Page 45) 

that exhibited activity against H37Rv, would also be active against clinical strains of M. 

tuberculosis of varying genotype and drug susceptibility.  

4. The compound activity in M. tuberculosis infected macrophages would be increased due 

to the antimicrobial activity of these cells. 

Aims of study:  

1. To evaluate the in vitro activity of novel, synthetic fluorinated and non-fluorinated 

chalcones against Mycobacterium tuberculosis. 

2. To compare colorimetric methods, Alamar Blue and MTT and the macroscopic broth 

method for the evaluation of the in vitro anti-tuberculous activity of chalcones. 
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Specific objectives: 

1. To determine the Minimum Inhibitory Concentration (MIC) of the compounds 

against laboratory and clinical strains, including multi- and extensively drug 

resistant M. tuberculosis. 

2. To evaluate the utility of the MTT and alamar blue assays as rapid screening tests 

for synthetic compounds using the broth macroscopic test as the gold standard. 

3. To determine the cytotoxicity of active compounds. 

4. To determine the in vitro activity of active compounds in infected macrophages. 
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CHAPTER 2:  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) 

assay is a rapid, cheap, screening test for the in vitro anti-tuberculous 

activity of chalcones  
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Abstract: 

Rapid and reliable drug susceptibility testing facilitates replenishment of the TB drug pipeline 

in the fight against drug resistant M. tuberculosis. This study compared the performance of 

the MTT and MABA assays on the anti-tuberculous activity of a set of chalcones. Twenty 

seven chalcones and chromenochalcones were screened against the laboratory strain M. 

tuberculosis H37Rv, using a microtitre plate MTT assay at 7 days. The MIC for 20 active 

compounds was subsequently determined using the MABA, MTT and the macroscopic broth 

assays at 7, 14 and 21 days. No significant difference in the MICs, or increase in the MICs 

was observed over time between the MABA (p = 0.209) and the MTT (p = 0.207) assays, in 

contrast to the gold standard, the macroscopic broth assay (p = 0.000). The MICs (16 to >128 
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µg/ml) were much higher than the currently used TB drugs. In conclusion, the MTT assay is 

a cost effective method (R0.06/well) for the rapid in vitro screening of chalcones against M. 

tuberculosis, producing reliable results in 8 days. The chalcone with a MIC of 16 µg/mL 

shows promise as a potential lead compound and should be investigated further. 

 

Introduction: 

Mycobacterium tuberculosis, the etiological agent of tuberculosis (TB) has resulted in an 

estimated 8.6 million new cases and 1.3 million deaths in 2012 (WHO, 2013a).
 
Diagnostic 

delays, due to the slow growth rates of the pathogen and a lack of rapid point of care tests 

leading to delays in treatment, have been largely responsible for this high disease burden. 

High rates of HIV co-infection and the emergence of multiple and extensive drug resistance 

(MDR and XDR) have compounded this problem and pose a serious threat to TB control 

(Gillespie, 2002). MDR- and XDR-TB are associated with prolonged treatment periods that 

favour patient noncompliance (Duncan, 2003), second line drug therapy which is toxic and 

costly (O'Brien and Spigelman, 2005), and low cure and high mortality rates (WHO, 2013a).  

Limited progress had been achieved in identifying and developing new drugs and 

compounds to combat TB in the past 40 years. The emergence of virtually untreatable MDR 

and XDR strains of M. tuberculosis (Zager and McNerney, 2008) has stimulated a renewed 

interest in drug discovery and development, resulting in a number of promising candidates. 

The current drug pipeline consists of the repurposed drugs gatifloxacin, moxifloxacin, 

linezolid and metronidazole, as well as new compounds OPC-67683, PA-824, SQ-109, PNU-

100480, AZD-5847 and TMC-207 (Stehr, et al., 2014). TMC-207 (Bedaquiline) is a 

diarylquinoline and the first new class of drug to be approved by the FDA in the last 40 years 

(Cohen, 2013). The fluoroquinolones, gatifloxacin and moxifloxacin are currently in phase III 

TB clinical trials, whilst the nitroimidazoles, metronidazole, PA-824 and OPC-67683 are in 
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phase II and III clinical TB trials respectively. SQ-109, an analogue of ethambutol is 

currently in phase II clinical trials. Linezolid, PNU-100480 (phase II clinical trials) and AZD-

5847 (phase I clinical trials) belong to the class of oxazolidinones (Stehr, et al., 2014). 

Major pharmaceutical companies possess compound libraries of thousands of 

compounds (Goldman, 2013). Similarly, medicinal and organic chemistry research groups 

synthesise compounds in efforts to target various diseases and these compounds form a 

library of possible lead compounds. High throughput screening of 70 000 compounds using a 

whole cell assay against Mycobacterium smegmatis led to the discovery of bedaquiline 

(Andries, et al., 2005). This highlights the role of high throughput screening as an essential 

step in the rapid production of lead compounds. The expense associated with high throughput 

screening has been overcome by the use of colorimetric methods such as Microplate-based 

Alamar Blue Assay (MABA) (Collins and Franzblau, 1997), 3-(4,5-dimethylthiazol-2-yl)-2, 

5-diphenyl tetrazolium bromide (MTT) (Martin, et al., 2005) and resazurin microtitre assay 

(REMA), also referred to as resazurin method (Martin, et al., 2005). Antimicrobial testing of 

compounds using these methods have the advantage of speed, low cost and ease of 

performance compared to the BACTEC, and agar and broth based methods (Yajko, et al., 

1995; Collins and Franzblau, 1997; Abate, et al., 1998).  

Chalcones belong to the class of flavonoids (Dhar, 1981).
 
Chalcones with various 

substitution patterns have displayed a range of biological activity against bacteria (Nielsen, et 

al., 2004), malaria (Li, et al., 1995), fungi (Lopez, et al., 2001), cancer (Narender and Gupta, 

2004) and leishmania (Wu, et al., 2003), as well as M. tuberculosis (Lin, et al., 2002; 

Sivakumar, et al., 2007; Chiaradia, et al., 2008; Trivedi, et al., 2008; Hans, et al., 2010; 

Sharma, et al., 2009a; Mascarello, et al., 2010; Marrapu, et al., 2011; Anand, et al., 2012; 

Ahmad, et al., 2013). Fluorine substitution in compounds has been previously shown to 

resolve solubility and metabolic degradation problems (Begue and Bonnet-Delpon, 2008). In 
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addition, it confers lipophilicity to the compound, thereby allowing for improved permeation 

of lipid membranes (Smart, 2001). The MIC of a fluorinated chalcone against Staphylococcus 

aureus was reduced to 2 μM compared to that of 75 μM displayed by its non-fluorinated 

derivative (Nielsen, et al., 2004).  

Drug susceptibility methods used to screen chalcones include the MABA assay 

(Trivedi, et al., 2008; Hans, et al., 2010), luciferase reporter phage assay (Sivakumar, et al., 

2007), agar proportion method (Sharma, et al., 2009a; Marrapu, et al., 2011), BACTEC 460 

radiometric assay (Lin, et al., 2002; Ahmad, et al., 2013), enzyme kinetic assays (Chiaradia, 

et al., 2008; Mascarello, et al., 2010) and macroscopic broth assay using Sauton’s media 

(Anand, et al., 2012). The performance of the MTT colorimetric assay in comparison to the 

MABA has not yet been evaluated on chalcones. Comparison of the MTT and REMA assay 

noted that the distinct colour change of the MTT assay facilitated visual reading and REMA 

assay did not require the solubilisation of precipitate step (Martin, et al., 2005). A comparison 

of MABA and MTT performance in cytotoxicity assays on eukaryotic cells displayed that the 

former was slightly more sensitive than the latter assay for most compounds tested (Hamid, et 

al., 2004). However, unpublished data by Collins and Franzblau suggest that the MTT assay 

is more cost effective than the Alamar Blue assay (Franzblau, et al., 1998), an important 

consideration in high throughput testing in poorly resourced countries. In the present study, 

we hypothesized 1: that fluorine substitution would improve the anti-tuberculosis activity of 

chalcones and 2: that both MTT would perform better than, and be more cost effective than 

the MABA for the drug susceptibility testing of chalcones. We screened 27 synthetic 

chalcone compounds, including those with fluorine substituents for anti-TB activity by the 

MTT assay initially. We then compared the performance of the MABA and MTT assays by 

measuring the MIC’s of the 20 active compounds for anti-TB activity using the macroscopic 

broth assay as the gold standard. 
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Materials and Methods: 

Compounds 

The chalcones (Table 2.1) were synthesized by Moodley, 2011, using the base catalysed 

Claisen –Schmidt condensation method with the exception of compounds IV and XVI (acid 

catalysed).  

 

Preparation of compounds 

Stock solutions (51.2 mg/mL) of the compounds dissolved in dimethyl sulfoxide (DMSO) 

(Merck) were stored at -80 
o
C.  

 

Preparation of standardized inoculum 

Experimental work was carried out in Biosafety 2+ Laboratory at Medical Microbiology and 

Infection Control at the University of KwaZulu-Natal, South Africa. Infectious material was 

handled only in Class II biosafety cabinets and personal protective equipment (N95 masks or 

Powered air-purifying respirators) were worn during this time. 

The laboratory strain M. tuberculosis H37Rv (ATCC 27294) was grown aerobically at 37 
o
C 

with shaking in Middlebrook 7H9 (Difco) broth containing 0.2% (v/v) glycerol (Sigma), 

0.05% (v/v) Tyloxapol (Sigma), and 10% (v/v) oleic acid-albumin-dextrose-catalase (OADC)  

(Becton Dickinson) to an optical density (OD)600nm of 1 (approximately 3 x 10
8
 organisms per 

mL) (Larsen, et al., 2007). This was serially diluted in broth to a concentration of 1 x 10
6
 

organisms per mL for use in the assays. Serial dilutions of an aliquot was plated onto 

Middlebrook 7H11 (Difco) agar plates to obtain the number of colony forming units (CFU) 

per mL (Larsen, et al., 2007). 
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Assay controls 

Positive (isoniazid (Sigma) and rifampicin (Sigma) at 1 µg/mL with inoculum, negative 

(inoculum only and no compound/drug) and solvent only (inoculum only and DMSO 

(Merck)) controls were included in all assays. A drug only control was included for 

macroscopic broth test.  

 

MTT screening assay 

Prior to performing the comparative assays, the activity of all 27 compounds (Table 2.1), 

including the intermediate, was evaluated against the laboratory strain M. tuberculosis 

H37Rv, using the MTT assay (Martin, et al., 2005). The assay was performed in triplicate on 

the same day. Briefly, aliquots of 100 µL of Middlebrook 7H9 (Difco) broth were added to 

each well of a 96-well microtitre plate (Porvair). The stock compounds were diluted two-fold 

in the broth, resulting in a range of 128 µg/mL to 0.125 µg/mL. The inoculum (100 µL) was 

added to the appropriate wells (final concentration of 1 x 10
6
 organisms/mL). Plates were 

incubated at 37 °C for 7 days. Thereafter, 10 µL of the MTT (Sigma) solution (5 mg/mL) was 

added to the wells followed by overnight incubation at 37 °C. If a violet precipitate was 

observed, 50 µL SDS-DMF [20% sodium dodecyl sulfate (SDS) (Sigma) and 50% of N,N-

dimethylformamide (DMF) (Sigma)] was added and the plate was incubated for another 3 h. 

The MIC was defined as the lowest concentration devoid of a colour change from yellow to 

purple (Fig. 2.1). 

 

 

Comparison of the MABA, MTT and macroscopic broth assays 

In order to compare performance of the 3 techniques, MICs of the 20 active compounds were 

determined in triplicate in 3 separate biological assays. 
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MABA and MTT assays 

The MABA (Collins and Franzblau, 1997) and MTT assays (Martin, et al., 2005) were 

carried out with minor modifications. The 96 well microtitre plates were prepared as 

described for the screening assay.
 
Plates were incubated at 37 °C for 7, 14 and 21 days 

respectively. For the MABA assay, after the addition of 10 µL of Alamar blue (Invitrogen) to 

the wells, plates were incubated at 37 °C for 24 h. The MIC was defined as the lowest 

concentration without a colour change from blue to pink (Fig. 2.1). The MTT conditions were 

described in the screening assay. 

 

Fig. 2.1. Example of colour changes of MTT (A) and MABA (B). A positive test is 

denoted by a colour change to purple for the MTT and pink in the MABA assays. 

 

Macroscopic broth based tube method
 

The macroscopic broth based tube method was carried out as previously described with 

minor modifications (Onajole, et al., 2009). Two-fold dilutions of the compounds were 

prepared in sterile 30 mL universal tubes (Sterilin) containing Middlebrook 7H9 (Difco) 

broth supplemented with 0.2% (v/v) glycerol (Sigma), 1.0 g of Casitone (Difco) per litre, and 

10% (v/v) OADC (Becton Dickinson). Aliquots of 100 µL of standardized inoculum were 

added to each tube, followed by incubation for 21 days at 37 °C. Results were documented 

macroscopically every 7 days. The MIC was defined as the tube equal in turbidity to the drug 

only control. 
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Statistical analysis 

The MIC values were converted to log (base 2). All statistics were calculated using SPSS 

software 21.0. (IBM). One-way analysis of variance (ANOVA) was used for comparisons of 

mean log2 (MIC) for each method at different time points and to each other.  

 

Ethics approval 

Approval was granted by the Biomedical Research Ethics Committee, University of 

KwaZulu-Natal (BE107/12). 

 

Results: 

MTT screening assay 

Of the 27 compounds screened, 20 possessed activity against H37Rv with MICs ranging from 

32 to 64 µg/mL (Table 2.1). The remaining 7 compounds, including the intermediate (I), 

were inactive against the susceptible laboratory strain at the highest concentration tested. 
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Table 2.1. The in vitro anti-tuberculous activity of chalcones and the effect of substituents on activity against M. tuberculosis H37Rv 

using the MTT assay. 

 
O

B A

1'
2'

3'

4'

5'

6'

1
2

3

4

5

6

7
8

9

I-XXIV

    

O

B A

1'
2'

3'

4'
5'

6'

1
2

3

4

5

6

7
8

9

O

O

XXV-XXVII

HO

Compound 

numeral 

                                    Name of compound  A ring 

Substituents 

B ring 

Substituents 

MIC 

(µg/mL) 

I Chromene Intermediate   No activity 

II 1,3-di(phenyl) prop-2-ene-1-one - - 32 

III 1-(4-methoxyphenyl)-3-phenyl prop-2-ene-1-one 4'-OMe - 32 

IV 1-(4-hydroxyphenyl)-3-phenyl prop-2-ene-1-one 4'-OH - 32 

V 1-(4-fluorophenyl)-3-(phenyl) prop-2-ene-1-one 4'-F - 32 

VI 1-(2-fluoro-4-methoxyphenyl)-3-phenyl prop-2-ene-1-one 4'-OMe, 2'-F - 32 

VII 1-(3-fluoro-4-methoxyphenyl)-3-phenyl prop-2-ene-1-one 4'-OMe, 3'-F - No activity 

VIII 1-phenyl-3-(2-chlorophenyl) prop-2-ene-1-one - 2-Cl 32 

IX 1-phenyl-3-(4-fluorophenyl) prop-2-ene-1-one - 4-F 32 

X 1-phenyl-3-(4-fluoro-2-chlorophenyl) prop-2-ene-1-one - 2-Cl, 4-F 32 

XI 1-phenyl-3-(6-fluoro-2-chlorophenyl) prop-2-ene-1-one - 2-Cl, 6-F 32 

XII 1-(4-fluorophenyl)-3-(4-fluorophenyl) prop-2-ene-1-one 4'-F 4-F 32 

XIII 1-(4-methoxyphenyl)-3-(4-fluorophenyl) prop-2-ene-1-one 4'-OMe 4-F No activity 

XIV 1-(2-fluoro-4-methoxyphenyl)-3-(4-fluorophenyl) prop-2-ene-1-one 4'-OMe,2'-F 4-F 32 

XV 1-(3-fluoro-4-methoxyphenyl)-3-(4-fluorophenyl) prop-2-ene-1-one 4’-MeO,3’-F 4-F 64 

XVI 1-(4-hydroxyphenyl)-3-(4-fluorophenyl) prop-2-ene-1-one 4'-OH 4-F 32 

XVII 1-(4-fluorophenyl)-3-(2-fluoro-3-methoxyphenyl) prop-2-ene-1-one 4'-F 2-F, 3-OMe 32 

XVIII 1-(4-fluorophenyl)-3-(2-chlorophenyl) prop-2-ene-1-one 4'-F 2-Cl 32 

XIX 1-(4-fluorophenyl)-3-(4-fluoro-2-chlorophenyl) prop-2-ene-1-one 4'-F 2-Cl, 4-F 32 

XX 1-(4-fluorophenyl)-3-(2-chloro-6-fluorophenyl) prop-2-ene-1-one 4'-F 2-Cl, 6-F 64 

XXI 1-(4-methoxyphenyl)-3-(2-chlorophenyl) prop-2-ene-1-one 4'-OMe 2-Cl 32 

XXII 1-(2-fluoro-4-methoxyphenyl)-3-(2-chlorophenyl) prop-2-ene-1-one 4'-OMe, 2'-F 2-Cl 32 

XXIII 1-(4-methoxyphenyl),3-(4-fluoro-2-chlorophenyl) prop-2-ene-1-one 4'-OMe 2-Cl,4-F 32 

XXIV 1-(2-fluoro-4-methoxyphenyl)-3-(4-fluoro-2-chlorophenyl)prop-2-ene-1-one 4'-OMe, 2'-F 2-Cl,4-F No activity 

XXV 1-(dichromenophenyl)-3-(phenyl) prop-2-ene-one - - No activity 

XXVI 1-(dichromenophenyl)-3-(4-fluorophenyl) prop-2-ene-one - 4-F No activity 

XXVII 1-(dichromenophenyl)-3-(2-fluorophenyl) prop-2-ene-one - 2-F No activity 
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Comparison of the MICs of the MABA, MTT and Macroscopic broth assays at 7, 14 

and 21 days 

Day 7 

The median MICs of thirteen compounds were identical in all 3 assays at 7 days (Table 2.2).  

A 2-fold dilution change was observed in the MICs of compounds II and XVII in the MABA 

and VI, XI and XXIII in the macroscopic broth assay compared to the other assays. The MIC 

of compound XV in the macroscopic broth assay differed from the others by a 4-fold dilution. 

The MICs of compound XIX were discordant in all 3 assays with a difference of a 2-fold and 

4-fold dilution in the MTT and Macroscopic Broth Assays respectively compared to MABA. 

 

 Day 14 

The median MICs of nine compounds were identical in all 3 assays at 14 days (Table 2.3). 

The MICs of compounds (XII, XVIII, XX, XXI and XXII) and (II, VIII, XI, XIV and XIX) 

and compound III in the macroscopic broth assay differed from the MTT and MABA by a 2-; 

4; and >4-fold dilution respectively.  

 

  Day 21 

The median MICs of only 2 compounds were concordant in all 3 assays at this time-point 

(Table 2.4). The MICs in the macroscopic broth assay differed from the other 2 by a 4-; 8-; 

>2-; >4-fold dilution for the rest of the compounds respectively: (II, VIII, IX, X, XIV, XVII 

and XXII); (XI); (XX and XXIII); and (III, V, VI, XVIII and XIX). There was a 4-fold and 2-

fold difference in the MIC of XII in the macroscopic broth assay compared to the MABA and 

the MTT assay respectively, whilst that of XV was greater than the MICs of both colorimetric 

assays. Compound XXI MIC for the macroscopic broth assay was >4 times that of MABA 

and >2 of MTT. 
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                     Table 2.2. Comparison of the MIC of 20 compounds using the MABA, MTT and Macroscopic Broth assays on Day 7.  

MIC (µg/mL) 

 MABA Day 7 MTT Day 7 Macroscopic Broth Day 7 

Compounds Median % COV Median % COV Median % COV 

II 16 12 32 12 32 0 

III 32 9 32 9 32 7 

IV 32 0 32 0 32 0 

V 32 7 32 0 32 12 

VI 16 12 16 12 32 0 

VIII 32 11 32 11 32 10 

IX 32 9 32 11 32 9 

X 32 0 32 0 32 7 

XI 16 12 16 12 32 7 

XII 32 0 32 0 32 7 

XIV 32 11 32 7 32 7 

XV 128 8 128 8 32 0 

XVI 32 7 32 14 32 0 

XVII 16 12 32 11 32 7 

XVIII 32 0 32 11 32 0 

XIX 16 8 32 19 64 7 

XX 64 9 64 9 64 0 

XXI 32 11 32 11 32 0 

XXII 32 12 32 11 32 7 

XXIII 32 9 32 9 64 0 

Average   7.95  8.85  4.35 

 

 

 

 



48 
 

 
 

                     Table 2.3. Comparison of the MIC of 20 compounds using the MABA, MTT and Macroscopic Broth assays on Day 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            

MIC (µg/mL) 

 MABA Day 14 MTT Day 14 Macroscopic Broth Day 14 

Compounds Median % COV Median % COV Median % COV  

II 32 0 32 8 128 5 

III 32 13 32 9 >128 14 

IV 32 7 32 7 32 0 

V 32 0 32 9 32 9 

VI 32 7 32 7 32 8 

VIII 32 9 32 11 128 8 

IX 32 11 32 0 32 0 

X 32 9 32 0 32 0 

XI 16 12 16 12 64 8 

XII 32 13 32 9 64 8 

XIV 32 9 32 9 128 0 

XV 128 13 128 7 128 7 

XVI 32 0 32 7 32 0 

XVII 32 12 32 12 32 9 

XVIII 32 7 32 0 64 17 

XIX 32 12 32 9 128 8 

XX 64 10 64 8 128 7 

XXI 32 11 32 7 64 12 

XXII 32 11 32 16 64 0 

XXIII 64 9 64 9 64 8 

Average   8.75  7.8  6.4 
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                          Table 2.4. Comparison of the MIC of 20 compounds using the MABA, MTT and Macroscopic Broth assays on Day 21. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MIC (µg/mL) 

 MABA Day 21 MTT Day 21 Macroscopic Broth Day 21 

Compounds Median % COV Median % COV Median % COV  

II 32 11 32 11 128 0 

III 32 9 32 13 >128 7 

IV 32 9 32 10 32 0 

V 32 8 32 9 >128 12 

VI 32 9 32 0 >128 0 

VIII 32 11 32 11 128 10 

IX 32 7 32 0 128 9 

X 32 0 32 0 128 7 

XI 16 12 16 12 128 7 

XII 32 10 64 9 128 7 

XIV 32 9 32 9 128 7 

XV 128 7 128 7 >128 0 

XVI 32 0 32 7 32 0 

XVII 32 9 32 11 128 7 

XVIII 32 0 32 0 >128 0 

XIX 32 11 32 13 >128 7 

XX 64 8 64 8 >128 0 

XXI 32 9 64 16 >128 0 

XXII 32 9 32 9 128 7 

XXIII 64 9 64 9 >128 0 

Average   7.85  8.2  4.35 
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 Comparison of the MABA assay at 7, 14 and 21 days 

The MICs of 15 compounds were identical at all three time points (Table 2.5). A 2-fold 

increase in the MIC of compounds II, VI, XVII, XIX and XXIII was observed on day 14 

compared to day 7. However, the MIC of these 5 compounds remained the same on day 21 

compared to day 14.  

 

Comparison of the MTT assay at 7, 14 and 21 days 

The MICs of 16 compounds were identical at the three time points (Table 2.5). The MICs of 

compounds VI and XXIII increased by a 2-fold dilution on day 14 when compared to day 7 

and remained the same on day 21. A 2-fold dilution increase in the MIC was observed for 

compounds XII and XXI on day 21 compared to days 7 and 14. 

 

Comparison of the macroscopic broth assay at 7, 14 and 21 days 

Only 2 of the 20 compounds displayed identical MICs at the three time points (Table 2.5). 

MICs increased with time for 18 compounds: (II, VIII and XIV) 4-fold dilution increase on 

days 14 and 21; (III) >4-fold dilution increase on days 14 and 21; (V and VI) >4-fold dilution 

increase on day 21 compared to days 7 and 14; (IX, X and XVII) 4-fold dilution on day 21 

compared to days 7 and 14; (XI, XII and XXII) 2-fold dilution increase on each of days 14 

and 21; (XV) 4-fold and >4-fold dilution increases on days 14 and 21; (XVIII and XXI) 2-

fold and >4-fold dilution increases on days 14 and 21; (XIX and XX) 2-fold and >2-fold 

dilution increases on days 14 and 21; (XXIII) >2-fold dilution increase on day 21 compared 

to days 7 and 14. 
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MABA, MTT and Macroscopic Broth assay comparison 

The mean log2 (MIC) for the MABA and MTT method were similar (p = 1.000), whereas 

that of the macroscopic broth assay compared to MABA (p = 0.000), and MTT (p = 0.000) 

were significantly different. The mean log2 (MIC) for the macroscopic broth assay (p = 

0.000) increased significantly over time compared to MABA (p = 0.209) and MTT (p = 

0.207). 

 

Inter and Intra assay variability 

The greatest variation observed among the 3 technical repeats within each assay and among 

assays repeated on 3 different days, was a 2x fold increase or decrease. The average 

percentage coefficient of variation between replicates for the MABA, MTT and Macroscopic 

broth assay at the three time points were under 10% (Tables 2.2, 2.3 and 2.4). 
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Table 2.5. Comparison of the MIC of 20 compounds using the MABA, MTT and Macroscopic Broth assay on Days 7, 14 and 21.  

MIC (Median, µg/mL) 

MABA MTT Macroscopic Broth 

Compound Day 7 Day 14 Day 21 Day 7 Day 14 Day 21 Day 7 Day 14 Day 21 

II 16 32 32 32 32 32 32 128 128 

III 32 32 32 32 32 32 32 >128 >128 

IV 32 32 32 32 32 32 32 32 32 

V 32 32 32 32 32 32 32 32 >128 

VI 16 32 32 16 32 32 32 32 >128 

VIII 32 32 32 32 32 32 32 128 128 

IX 32 32 32 32 32 32 32 32 128 

X 32 32 32 32 32 32 32 32 128 

XI 16 16 16 16 16 16 32 64 128 

XII 32 32 32 32 32 64 32 64 128 

XIV 32 32 32 32 32 32 32 128 128 

XV 128 128 128 128 128 128 32 128 >128 

XVI 32 32 32 32 32 32 32 32 32 

XVII 16 32 32 32 32 32 32 32 128 

XVIII 32 32 32 32 32 32 32 64 >128 

XIX 16 32 32 32 32 32 64 128 >128 

XX 64 64 64 64 64 64 64 128 >128 

XXI 32 32 32 32 32 64 32 64 >128 

XXII 32 32 32 32 32 32 32 64 128 

XXIII 32 64 64 32 64 64 64 64 >128 
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Discussion: 

The TB drug pipeline requires a constant supply of new drug candidates due to the efficiency 

of M. tuberculosis in acquiring resistance to anti-TB drugs. Sensitive and rapid drug 

susceptibility testing methods are essential to test the vast number of compounds produced in 

response to this need and to obtain valuable structure-activity relationship information 

timeously.  

Numerous drug susceptibility testing (DST) methods have been used to evaluate the 

activity of chalcones against M. tuberculosis (Lin, et al., 2002; Sivakumar, et al., 2007; 

Chiaradia, et al., 2008; Trivedi, et al., 2008; Sharma, et al., 2009a; Hans, et al., 2010; 

Mascarello, et al., 2010; Marrapu, et al., 2011; Anand, et al., 2012; Ahmad, et al., 2013). 

Both the MABA (Collins and Franzblau, 1997) and the MTT (Martin, et al., 2005) assays that 

are based on colorimetric dyes have been reported to significantly reduce the time to 

determine in vitro activity of novel drug candidates compared to conventional DSTs. 

However, to our knowledge, they have not been compared for use with chalcones.  

In this study, no significant difference in the MICs, or increase in the MICs over time, 

was observed between the MABA and the MTT assays in contrast to the gold standard, the 

macroscopic broth assay. Concordance between the MABA and tetrazolium microplate 

(TEMA) assays was also reported for the MICs of rifampin and isoniazid against M. 

tuberculosis. The difference between TEMA and other MTT assays is that the MTT salt in 

the former is dissolved in ethanol and solubilisation with SDS-DMF is not required 

(Caviedes, et al., 2002).  

The MABA and MTT assay displayed 75% and 80% concordance respectively at the 

7 day time intervals. For both assays, a 7 day initial incubation and 1 day incubation with dye 

seemed to suffice for MIC determination, similar to other studies on standard anti-TB drugs 

(Collins and Franzblau, 1997; Martin, et al., 2005). In our study, the MICs of 15 (75%) and 
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18 (90%) of 20 compounds in the MABA and MTT assays respectively, remained identical 

on days 7 and 14, suggestive of the superiority of the latter. On day 14, concordance of both 

assays was 100%. Therefore, the potential for inaccurate lower MIC reporting has to be taken 

in cognisance of the context of the need for rapid turnaround times. These findings indicate 

the need for evaluation of rapid tests on novel anti-tuberculous candidates in specific settings 

prior to their implementation as high throughput screening assays.   

MICs obtained by the gold standard macroscopic broth assay at day 7 were identical 

to those on day 14 for 18 compounds for the MABA/MTT assays. The MICs of 15 

compounds on day 7 were identical to the MABA/MTT assays at the same interval. 

Macroscopic broth results for days 14 and 21 remained the same as day 7 for only 8 (40%) 

and 2 (10%) of the compounds respectively. This increase in the MICs with time may have 

resulted from the precipitation of all compounds, with the exception of IV and XVI in 

Middlebrook 7H9 broth, despite completely dissolving in DMSO during stock preparation. 

The precipitation may have been due to binding to protein components in the 7H9 broth or 

solubility problems. The ensuing challenges posed by the precipitation in macroscopic 

visualisation of the results were overcome by the inclusion of a drug and broth only control. 

It is highly likely that the precipitation could have led to time dependent sub-optimal 

availability of the active ingredient and/or evolution and selection of drug resistant mutants 

over the incubation period leading to the high MICs. This effect could have been significantly 

amplified in the larger volume of broth used in the macroscopic broth assay compared to the 

microtitre plate methods. Reliance solely on the macroscopic broth assay to evaluate the 

activity of this subset of compounds would have led to the false results, thus highlighting the 

significant role of compound properties in the choice of a drug susceptibility test. 

Modification of compounds with even slight activity can be potentially yield a potent drug 

candidate. 



55 
 

 
 

The MTT reagent is significantly cheaper (R0.06/well) compared to the MABA 

reagent (R1.31/well). Moreover, the colour change is more outstanding even in absence of the 

SDS-DMF, such that the insoluble precipitate allows for an unequivocal interpretation of 

MICs. Unpublished, preliminary data by Collins and Franzblau cited by Franzblau et al. 1998 

also alluded to the cost effectiveness of the MTT assay. 

The in vitro anti-tuberculous activity of the subset of chalcones evaluated in this study 

displayed MICs much higher than the TB drugs in current treatment regimen. However, one 

compound, XI, with constant activity at 16 g/mL, at all 3 time intervals for both MABA and 

MTT, holds great promise as a potential lead compound. This compound had chloro and 

fluoro groups respectively at both ortho positions on the phenyl ring adjacent to the double 

bond. It is possible that reformulation of all the compound structures may lead to lower 

MICs, particularly, in light of the incomplete solubility of the compounds in the assay 

medium. The reformulation could include retaining the substitution on the B ring and varying 

the substitutions on the A ring. It must be noted however; that inclusion of a fluorine atom in 

the para position of the A ring (compound XX) resulted in a 4-fold decrease in activity to XI.  

It would be interesting to see the effects of combining this substitution pattern (as in XI) with 

that of the A ring in compounds III, IV and VI to see the effects of these combinations in the 

same assays. 

Similar to the findings of Hans, et al., 2010, but contradictory to that of Lin, et al., 

2002, the activity against M. tuberculosis in this study was not restricted to halogen 

substituted compounds. Addition of fluorine (F) at the 4’ position of A (V) and B ring (IX) 

had no effect on the activity of the parent compound (II). F substituent addition, removal and 

movement in compounds resulted in a loss of activity completely or increased MIC in 

compounds: VII, XIII, XV, XX and XXIV. The addition of F at the 4’ position of the B ring 

resulted in activity (XV) when compared to VII (no activity) but decreased when compared to 
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XIV. Both compounds VII and XV have an A ring 3’-F substituent. The addition of F at the 

2’ position of the A ring resulted in activity (XIV) when compared to XIII (no activity) and 

the activity was equivalent to XII. The addition of F at the 6’ position of the B ring resulted in 

decreased activity (XX), but addition of F at the 4’ position of the B ring instead of 6’ 

position had no effect on activity (XIX) when compared to XVIII. The addition of F at the 2’ 

position of the A ring resulted in a loss of activity (XXIV) when compared to XXIII, but 

XXII with a methoxy at 4’, F at 2’of the A ring and chlorine at 2’ position of the B ring and 

XXI with a methoxy at the 4’ position of the A ring and chlorine at 2’ position of the B ring 

displayed equivalent activity to XXIII. None of the substitutions (methoxy, hydroxyl, 

chlorine or F) improved activity by more than a 2-fold dilution.  

Substitutions, other than fluorine, have been shown to improve activity of chalcones 

against M. tuberculosis: naphthyl groups (Chiaradia, et al., 2008), nitro (Trivedi, et al., 2008), 

quinolinyl (Sharma, et al., 2009a), acetylenic (Hans, et al., 2010), benzyloxyl (Marrapu, et 

al., 2011) and triazolyl (Anand, et al., 2012). Due to the variation of DST methods, it is 

difficult to compare the level of improvement of these substitutions. It is worth investigating 

whether these substitutions together with the substitutions made in this study, would improve 

chalcone activity. 

In conclusion, the MTT assay is a cost effective method for the rapid in vitro 

screening of chalcones against M. tuberculosis, producing reliable results in 8 days. Further 

in vitro, including intracellular studies of the activity of this subset of chalcones against drug 

susceptible and resistant clinical isolates would be worth performing despite the high MICs. 

If the permeability properties of the compounds in macrophages are optimal, the combined 

effect of the antimicrobial properties of the cells and compound activity may serve to 

significantly reduce MICs. Early cytotoxicity tests would also determine the worthiness of 

continued investigations into these compounds.   
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CHAPTER 3: 

 

Fluorinated and non-fluorinated chalcones display moderate in vitro 

extracellular activity, but poor selectivity against multiple and extensive 

drug resistant Mycobacterium tuberculosis 
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Abstract: 

The chalcone scaffold (1,3-diaryl-2-propen-i-ones) has the advantage of easy chemical 

modification and has been shown to possess biological activity against a variety of 

organisms, including a wide range of anti-TB activity. A series of synthetic fluorinated and 

non-fluorinated chalcones that previously displayed activity against the laboratory strain M. 

tuberculosis H37Rv was evaluated for extracellular activity against clinical isolates of 

varying drug susceptibility patterns and genotypes using the MTT assay, intracellular activity 

in a macrophage model and eukaryotic cytotoxicity using Vero cells. Fluorinated and non-

fluorinated chalcones displayed moderate activity (32- 128 µg/mL) against MDR- and XDR-

TB isolates, no significant activity against intracellular H37Rv and low selectivity for M. 
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tuberculosis. Reformulation of these compounds is essential to improve their biological 

activity before further testing can be conducted. Compound XIX displays the most promise in 

this study for reformulation to yield a potential lead compound. 

 

Introduction: 

Global Tuberculosis (TB) control is threatened by the escalating disease burden (8.6 million 

new cases) and corresponding high mortality (1.3 million deaths) in 2012 (WHO, 2013a). 

This is largely due to the prolonged, multi-drug treatment regimen, diagnostic delays, HIV 

co-infection (Gillespie, 2002) and the emergence of multiple and extensive drug resistance 

(MDR and XDR) (Zager and McNerney, 2008). Globally, approximately 450 000 new cases 

of MDR-TB were reported in 2012. New and previously treated cases comprised 3.6% and 

20% of these respectively (WHO, 2013a). In South Africa, 15 419 patients were diagnosed in 

2012 with MDR-TB, with 1.8% new and 6.7% previously treated cases. XDR-TB was 

detected in 9.6% of MDR-TB cases worldwide and 10% of MDR-TB cases in South Africa 

(WHO, 2013a). The Beijing, S and F15/LAM4/KZN strains have been commonly associated 

with MDR- and XDR-TB in South Africa (Chihota, et al., 2012). Strains with differing drug 

resistance profiles, phenotypic and genotypic characteristics co-exist in patients (Warren, et 

al., 2004; van Rie, et al., 2005) and this is associated with poor outcomes due to the fact that 

incorrect treatment regimens are being used (van Rie, et al., 2005). 

This high burden of virtually untreatable drug resistant TB has escalated global efforts 

in developing new drugs to meet this challenge. Despite the availability of many promising 

repurposed drugs as well as new compounds (Stehr, et al., 2014), the ability of M. 

tuberculosis to rapidly acquire drug resistance (Kolyva and Karakousis, 2012) highlights the 

need for a steady stream of potential candidates in the drug pipeline. 
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Synthetic compound libraries serve as important reservoirs of possible lead 

compounds, with the advantage of potential chemical modification leading to improvement of 

antimicrobial properties such as in the evolution of fluoroquinolones (Sharma, et al., 2009b). 

Screening of synthetic compound libraries have yielded promising anti-TB drug candidates 

such as bedaquiline and SQ-109 (Kolyva and Karakousis, 2012). However, some synthetic 

compounds also display an inability to permeate the bacterial cell wall and might display 

cytotoxicity against eukaryotic cells (Cole and Riccardi, 2011) and therefore in vitro 

screening is a vital step in drug discovery.  

Chalcones, belonging to the class of flavonoids (Dhar, 1981), have been reported to 

have a wide repertoire of biological activity (Li, et al., 1995; Lopez, et al., 2001; Wu, et al., 

2003; Narender and Gupta, 2004; Nielsen, et al., 2004). The amenability of the chalcone 

scaffold (1,3-diaryl-2-propenones) that allows for easy chemical modification has been 

exploited in several studies to develop series of derivatives with a wide range of anti-TB 

activity (Lin, et al., 2002; Sivakumar, et al., 2007; Chiaradia, et al., 2008; Trivedi, et al., 

2008; Hans, et al., 2010; Sharma, et al., 2009a; Mascarello, et al., 2010; Marrapu, et al., 

2011; Anand, et al., 2012; Ahmad, et al., 2013). Chalcones with promising activity include 

those with iodo- or chloro groups (Lin, et al., 2002), methoxyl and naphthyl groups 

(Chiaradia, et al., 2008), amino linked quinolinyl groups (Sharma, et al., 2009a), hydroxyl, 

methyl and methoxyl groups (Pavan, et al., 2009), acetylenic groups (Hans, et al., 2010), 

chloro and thiomethyl substituents (Sivakumar, et al., 2007) and aryloxy azolyl moieties 

(Marappu, et al., 2011).  

The addition of fluorine substitutents in synthetic compounds increases solubility 

(Begue and Bonnet-Delpon, 2008) and lipophilicity in compounds, which improves 

permeability of lipid membranes (Smart, 2001). The latter property is important given the 

complex, highly lipid nature of the M. tuberculosis cell wall and membrane.  
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M. tuberculosis, an intracellular pathogen, encounters numerous host cells upon 

infection, including alveolar macrophages and epithelial cells (Smith, 2003). The organism 

not only survives, but also replicates in these immune cells (Armstrong and Hart, 1971). 

Within macrophages, M. tuberculosis up-regulates the expression of genes for adaptation to 

oxidative and nitrosative stresses, growth limitation and alternative nutrient sources and is 

able to resist the antimicrobial action of this cell (Schnappinger, et al., 2003). It is imperative 

therefore, that drugs targeting this pathogen possess both extracellular as well as intracellular 

activity. Thus, in vitro anti-TB screening of new compounds should also include macrophage 

infected models. In addition, since synthetic compounds may be cytotoxic against eukaryotic 

cells (Cole and Riccardi, 2011), early in vitro cytotoxicity screening is a vital step in drug 

discovery. 

Evaluation of chalcones against methicillin-resistant and susceptible Staphylococus 

aureus showed that some compounds can display resistance to resistant strains even though 

they active against susceptible strains and interestingly even though most compounds display 

elevated MICs against resistant strains,  two compounds displayed reduced MIC against the 

resistant strains compared to the susceptible strain (Osório, et al., 2012). 

In order for a compound to be used as a possible drug candidate, it would be 

necessary that the compounds be active against panel of globally representative strains from 

different genetic clades (Franzblau, et al., 2012). In addition, activity against MDR and XDR-

TB strains and intracellular bacteria in macrophages are desirable properties of drug 

candidates.   

  In this study, we hypothesized that the series of fluorinated and non-fluorinated 

chalcone compounds (Chapter 2, Page 45) that exhibited activity against H37Rv, would also 

be active against clinical strains of M. tuberculosis of varying genotype and drug 

susceptibility. Therefore, we evaluated the extracellular activity against clinical isolates of 
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varying drug susceptibility patterns and genotypes using the MTT assay, as well as 

intracellular activity in a macrophage model and host cytotoxicity using vero cells. We 

hypothesized that the compound activity in M. tuberculosis infected macrophages would be 

increased due to the antimicrobial activity of these cells.  

 

Materials and methods: 

Compounds 

The chalcones were synthesised according to the procedures outlined by Moodley, 2011, and 

the preparation and storage of the stock solutions were described previously (Chapter 2, Page 

41).  

 

Preparation of standardized inoculum 

The genotypes and the respective drug resistance profiles of 9 clinical isolates included in this 

study are listed in Table 3.1. Standardization of the inocula of the laboratory strain M. 

tuberculosis H37Rv and the clinical isolates was performed as previously described (Chapter 

2, Page 41). The number of colony forming units (CFU) per mL of the initial inoculum was 

verified by plating onto Middlebrook 7H11 (Difco) agar plates. 
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Table 3.1. Genotype and drug susceptibility patterns of clinical strains tested in the MTT 

assays. 

 I: isoniazid; R: rifampicin; S: Streptomycin; E: Ethambutol; O: Ofloxacin; K: Kanamycin; C: Capreomycin; N: 

Niacinamide 

 

In vitro activity of compounds against clinical isolates (MTT assay) 

The MTT assay (Martin, et al., 2005) was carried out in triplicate on 3 separate occasions 

with minor modifications as described previously (Chapter 2, Page 42). The compounds were 

tested in a range of 128 µg/mL to 8 µg/mL, based on the activity against H37Rv in the 

screening assay. Assay controls for susceptible isolates were isoniazid (INH) (Sigma) and 

rifampicin (RIF) (Sigma) at 1 µg/mL. MICs were determined for INH (Sigma) and RIF 

(Sigma) against MDR and XDR isolates using a range of 32- 0.125 µg/mL. A range of 128- 

0.5 µg/mL was tested to ascertain the MICs of kanamycin (KANA) (Sigma) and ofloxacin 

(OFLOX) (Sigma). The inoculum (100 µL) was added to the appropriate wells (final 

concentration of 1 x 10
6
 organisms/mL). Plates were incubated at 37 °C for 7 days. 

Thereafter, 10 µL of the MTT (Sigma) solution (5 mg/mL) was added to the wells followed 

by overnight incubation at 37 °C. Growth only control (negative) and solvent controls were 

also included for all the compounds tested. The MIC was defined as the lowest concentration 

in which a purple precipitate was absent.  

 

 

Genotype family Strain Resistance  Drug Resistance 

Profile 

F15/LAM/KZN V9124 Susceptible   

  V2475 MDR IR 

  605 XDR IRSEOKCN 

  X162 XDR IRSEOKCN 

F11 R271 MDR IR 

F28 R104 Susceptible   

  R262 XDR IRSEOKN 

Beijing B910  Susceptible   

  R283  MDR IR 
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Intracellular activity compounds IV, VI, XI, XVI and XIX in a macrophage model 

The intracellular activities of 5 compounds (IV, VI, XI, XVI and XIX) that displayed activity 

against all strains tested in the MTT assay were evaluated in the human THP-1 macrophage 

model with modifications (Matsumoto, et al., 2006). The THP-1 monocytic cell line (ATCC 

TIB-202) was cultured in RPMI-1640 medium (Lonza) containing 10% fetal bovine serum 

(FBS) (Biowest). Ninety six- well plates (Porvair) were seeded with 1 x 10
6 

cells/mL and 

were differentiated into macrophages with 20 ng/mL phorbol myristate acetate (PMA) 

(Sigma) for 1 day at 37 °C and 5% CO2.  

Log phase cultures of the laboratory strain M. tuberculosis H37Rv were centrifuged at 

2,000g for 20 min (Heraeus Multifuge 3S-R Centrifuge, Thermo Scientific) and reconstituted 

in fresh tissue culture media. The differentiated macrophages were infected at a multiplicity 

of infection (MOI) of 10 for 4 h at 37 °C. Post-infection, cells were washed twice with 200 

µL phosphate-buffered saline (PBS) (Oxoid) in order to remove non-adherent bacteria and 

treated with each of the above mentioned compounds at concentrations of 128 µg/mL to 8 

µg/mL. After incubation for 3 days, cells were lysed using 0.1% Triton X-100 (Sigma) and 

serial dilutions were plated on 7H11 (Difco) agar to obtain a count of viable bacteria. Colony 

forming units were counted after 21 days incubation at 37 °C and 5% CO2.  Assay controls 

included a negative (untreated), solvent only control and RIF and INH at 1 µg/mL activity 

against intracellular H37Rv. 

 

The cytotoxicity of compounds IV, VI, XI, XVI and XIX on vero cells 

The cytotoxicity of compounds on vero cells was assessed according to Falzari, et al., 2005 

with modification. Five compounds (IV, VI, XI, XVI and XIX) used in the intracellular assay 

were evaluated for cytotoxicity against vero cells. The vero cell line (ATCC number: CRL-
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1586) were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Lonza) and 10% FBS 

(Biowest) at 37 °C until confluent.  

Ninety six-well plates (Porvair) were seeded with 1 x 10
6 

cells/mL and incubated till 

80% confluent. Monolayers were washed with PBS (Oxoid) and DMEM (Lonza) containing 

compounds at concentrations (32- 8 µg/mL) was added to the respective wells, followed by 

incubation for 3 days at 37 °C and 5% CO2. Post-incubation, compound containing-media 

was removed and monolayers washed with PBS (Oxoid). This was followed by the addition 

of 100 µl of DMEM (Lonza) and 20 µl of the dye MTS-PMS [3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium and phenylmethasulfazone] 

(CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay kit, Promega). After 

incubation for 3 h at 37 °C and 5% CO2, absorbance was determined at 450 nm using the 

GloMax system (Promega). Percent cytotoxicity was calculated using the following equation: 

percent cytotoxicity =100 - [(OD of sample/OD of control) x 100%].  

 

Calculation of the selectivity index of compounds for M. tuberculosis 

The selectivity index (SI) of compounds for M. tuberculosis is the ratio of IC50 divided by 

MIC50. The MIC50 is defined as the median MIC of 50% of the isolates tested, whilst the IC50 

is the concentration of drug that inhibits 50% of healthy vero cells based on dose response 

cytotoxicity data. 

 

Statistical analysis 

All experiments were performed in triplicate at three independent times. MTT assay results 

were expressed as the median of replicates. Intracellular activities in the macrophage model 

were expressed as mean CFU/mL and analysed by one-way analysis of variance (ANOVA) 

to ascertain significant differences between treated and untreated macrophages. Cytotoxicity 
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in vero cells was expressed as a percentage and analysed using ANOVA to ascertain 

significant differences between compounds at specific concentrations.  All statistical analysis 

was performed using SPSS software 21.0. (IBM) and a p-value of less than 0.05 was 

considered statistically significant. 

 

Ethics approval 

Approval was granted by the Biomedical Research Ethics Committee, University of 

KwaZulu-Natal (BE107/12). 

 

Results: 

In vitro activity of compounds against clinical isolates 

Susceptible clinical isolates: R104, V9124 and B910 

All compounds with the exception of 2 inhibited all 3 strains at MICs of either 32 or 64 

ug/mL (Table 3.2). Identical MICs were observed for all compounds against R104 and 

V9124, with 2 of the compounds at 64 and >128 µg/mL, and the rest at 32 µg/mL 

respectively. The MICs of 9 compounds against B910 were identical to the other two strains 

at 32 µg/mL. A 2-fold increase in the MIC at 64 µg/mL was obtained for 9 compounds 

against B910 compared to the two susceptible strains. Compound XV was inactive at the 

highest concentration tested against all three strains whilst compound XXIII was inactive 

against B910 only.  

 

MDR isolates: V2475, R271 and R283 

Twelve compounds were able to inhibit all three MDR strains at MICs of 32 or 64 µg/mL 

(Table 3.2). Identical MICs were obtained by 17 of the 19 active compounds against V2475 

and R283. A 2-fold dilution difference in the MIC was observed for the other 2 compounds.  
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No activity was observed for 8 compounds against R271. The MICs of 4 and 1 compounds 

were identical for all three strains at 32 and 64 µg/mL respectively. The MIC of 1 compound 

was identical at 64 µg/mL against both R271 and R283. Eight compounds were inactive 

against V2475. A 2-fold increase in the MIC was observed for 6 compounds against R271 

compared to the other two strains. All three MDR strains were resistant to RIF and INH with 

MICs at >32 µg/mL for V2475 and R271 and 16 µg/mL for R283.  

 

XDR isolates: 605, X162 and R262 

Only 2 compounds, II and VIII, inhibited all three XDR strains at 32 µg/mL, whilst 1, XV 

was inactive at the highest concentration against all three strains (Table 3.2). Six compounds 

were active against both 605 and R262 at a MIC of 32 µg/mL. MICs of 64 µg/mL were 

observed for 4 compounds against 605 and X162, and for 1 compound against X162 and 

R262. Two compounds, XX and XXIII, were active at a MIC of 128 µg/mL against 605 and 

X162, and 605 and R262 respectively. MICs of 128 and >128 µg/mL were also observed for 

compounds XXI and XXII respectively against X162. The MIC of III varied for all 3 strains. 

RIF and KANA were inactive at the highest concentration tested and OFLOX showed 

inhibition at a MIC of 8 µg/mL for all three XDR-strains. INH was inactive at the highest 

concentration tested for 605 and X162 and displayed a MIC of 32 µg/mL against R262.
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 Table 3.2. The in vitro activity (MIC) of 20 compounds
1
 against the laboratory strain H37Rv and clinical isolates determined by the MTT assay. 

                                                           
1
  Compounds I, VII, XII, XIV, XXV, XXVI and XXVII were not tested against clinical isolates as they displayed no activity against H37Rv (Chapter 2, Page 45). 

Median MIC (µg/mL) 

 Susceptible MDR  XDR 

Compound H37Rv R104
α 

V9124
* 

B910
# 

V2475
* 

R271
β
 R283

# 
605* X162* R262

α 

II 32 32 32 64 32 64 32 32 32 32 

III 32 32 32 64 32 >128 32 64 >128 32 

IV 32 32 32 32 32 64 32 32 64 32 

V 32 32 32 64 32 64 64 32 64 64 

VI 16 32 32 64 32 >128 32 64 64 32 

VIII 32 32 32 32 32 64 32 32 32 32 

IX 32 32 32 32 32 32 32 64 64 32 

X 32 32 32 64 32 32 32 64 64 64 

XI 16 32 32 32 32 64 32 32 64 32 

XII 32 32 32 32 32 >128 32 32 64 32 

XIV 32 32 32 64 32 >128 32 32 64 32 

XV 128 >128 >128 >128 >128 >128 >128 >128 >128 >128 

XVI 32 32 32 32 32 32 32 32 64 32 

XVII 32 32 32 32 32 32 32 32 64 32 

XVIII 32 32 32 64 32 64 32 64 64 32 

XIX 32 32 32 32 32 64 32 64 64 32 

XX 64 64 64 64 64 64 64 128 128 64 

XXI 32 32 32 64 32 >128 32 32 128 64 

XXII 32 32 32 64 64 >128 32 64 128 64 

XXIII 32 32 32 >128 64 >128 64 128 >128 128 

RIF  ND ND ND ND >32 >32 16 >32 >32 >32 

INH ND ND ND ND >32 >32 16 >32 >32 32 

OFLOX ND ND ND ND ND ND ND 8 8 8 

KANA ND ND ND ND ND ND ND >128 >128 >128 

α
 
: F28; * :F15/LAM/KZN; #

 
: Beijing; β: F11; ND: Not Determined 
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Intracellular activity compounds IV, VI, XIX and XVI in macrophage model 

Five compounds were selected for determining intracellular activity based on their 

performance against all isolates tested. None of the compounds at all concentrations tested 

displayed significant reduction of mean CFU/mL when compared to untreated macrophages 

(Fig. 3.1). Intracellular growth in the 5 lower concentrations of compound IV was higher than 

the untreated control. Overall, the average activity of the other 4 compounds was lower than 

or similar to the untreated controls, with the exception of XVI with higher intracellular 

growth at 8 ug/mL. However, none of these intracellular growth increases was statistically 

different from the untreated control. RIF (p = 0.002) and INH (p = 0.000) displayed 

significant reduction of the mean CFU/mL compared to untreated macrophages.  

 

 



73 
 

 
 

 
 

 

 

Fig. 3.1. The intracellular activity of compounds IV, VI, XI, XVI, XIX, RIF and INH in the 

THP-1 macrophage model. THP-1 macrophages were exposed to compounds at 

concentrations ranging from 128- 8 µg/mL and RIF and INH at 1 µg/mL for 3 days at 37 °C. 

Results are expressed as mean CFU/mL derived from triplicate assays on 3 separate days. 

The error bars represent ± standard deviation. Treated and untreated mean CFU/ mL were 

evaluated with one-way analysis of variance (ANOVA). A p-value of less than 0.05 was 

considered statistically significant.  
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The cytotoxicity of compounds IV, VI, XI, XVI and XIX on vero cells 

The cytotoxicity of the 5 compounds ranged between 64-74% at 32 µg/mL, 13-66% at 16 

µg/mL, and 8-14% at 8 µg/mL respectively (Fig. 3.2). At 32 µg/mL, compound XIX was 

significantly less toxic than IV (p = 0.012), XI (p = 0.009) and XVI (p = 0.023), but was 

similar to VI (p = 1.000). At 16 µg/mL, compound XIX displayed significantly lower 

cytotoxicity than all 4 others (p = 0.000). At 8 µg/mL, cytotoxicity of compound XIX was 

significantly lower than IV (p = 0.000) and XVI (p = 0.000), but similar to compounds VI (p 

= 1.000) and XI (p = 1.000). The MIC50 of the 5 compounds range between 32 to 64 µg/mL, 

whilst the cytotoxicity levels are also correspondingly high at 64 to 74%. The MIC50 of the 5 

compounds was 32 µg/mL and the IC50 ranged between 10.06- 28.25 µg/mL (Table 3.2). The 

selectivity index of the compounds for M. tuberculosis over the vero cells ranged from 0.31- 

0.88. 
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Fig. 3.2. Cytotoxicity of compounds IV, VI, XI, XVI and XIX on the vero cell model. Vero 

cells were exposed to compounds at concentrations ranging from 128- 8 µg/mL for 3 days at 

37 °C and 5% CO2. After removal of compound containing-media post-incubation, 

monolayers washed, and DMEM and MTS-PMS were added. Following incubation for 3 h at 

37 °C and 5% CO2, absorbance was determined at 450 nm using the GloMax system. Results 

are expressed as mean percent cytotoxicity of treated relative to untreated vero cells and are 

derived from triplicate measurements on 3 separate days. Error bars represent ± standard 

deviation. The mean percent cytotoxicity of each compound was evaluated for significant 

differences with one-way analysis of variance (ANOVA). A p-value of less than 0.05 was 

considered statistically significant. 
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Table 3.3. The MIC50, IC50, and selectivity index of compounds IV, VI, XI, XVI and XIX 

against clinical strains of M. tuberculosis.  

 

 

 

 

 

 

MIC50: Median MIC of all isolates            IC50: Concentration that inhibits 50% of vero cells. 

 

Discussion: 

Effective treatment regimens that are active against MDR- and XDR-TB require drugs with 

fewer adverse effects and shorter duration of treatment. Chalcones have not been previously 

tested for activity against susceptible, MDR and XDR clinical isolates of M. tuberculosis 

(Lin, et al., 2002; Sivakumar, et al., 2007; Chiaradia, et al., 2008; Trivedi, et al., 2008; Hans, 

et al., 2010; Sharma, et al., 2009a; Mascarello, et al., 2010; Marrapu, et al., 2011; Anand, et 

al., 2012; Ahmad, et al., 2013).  

In this study, strains with different drug resistance as well as genotype profiles were 

tested. Amongst the susceptible strains, the compounds were less active against Beijing than 

the F15/LAM4/KZN and F28. The F11 was more resistant than the other 2 among the MDR 

strains, whilst the XDR-F15/LAM4/KZN strains were more resistant than the F28. Although 

no trend was observed, the results serve to show that differences do exist in the activity of 

some chalcones against different genotypes. This was further confirmed by the promising low 

MIC of 16 ug/mL of compound XI against H37Rv, but which increased by 2 to 4-fold for the 

clinical strains. This suggests that testing of chalcones should take strain identity into 

consideration. Of the 20 compounds that previously displayed activity against H37Rv 

Compound MIC50 IC50 SI 

IV 32 10.06 0.31 

VI 32 18.00 0.56 

XI 32 17.15 0.54 

XVI 32 10.93 0.34 

XIX 32 28.25 0.88 
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(Chapter 2, Page 45), 95% displayed activity against R104, V9124, V2475, R283, 605 and 

R262 and 90%, 85% and 60% displayed activity against B910, X162 and R271 respectively. 

MICs ranged between 32-128 µg/mL, which is comparable to the compounds’ activity 

against H37Rv. Compound XV displayed activity against H37Rv at 128 µg/mL but did not 

display activity against any of the clinical isolates tested. This compound contains a fluorine 

substitution at the 3’ position on the A ring and a methoxy group at the 4'-position, which is 

common with compound VII that previously displayed no activity against H37Rv. Compound 

III and XXIII, displayed no activity at the highest concentration tested for R271 and X162 

and B910, R271 and X162 respectively. Both these compounds contain a methoxy substituent 

at the 4’ position of the A ring. The differences in MIC of some compounds when 

susceptible, MDR and XDR isolates are compared could be due to the latter 2 possessing a 

thicker cell wall than susceptible isolates (Velayati, et al., 2009). 

The MICs displayed by this subset of chalcones (32-128 µg/mL) are high compared to 

first line anti-TB drugs; RIF (0.02-1.02 µg/mL), INH (0.02-0.48 µg/mL), ethambutol (1.3-1.8 

µg/mL) (Stehr, et al., 2014) and drugs in the drug pipeline; bedaquiline (0.002-0.06 µg/mL), 

PA-824 (0.013-0.81 µg/mL), OPC-67683 (0.006-0.024 µg/mL), SQ-109 (0.06-0.2 µg/mL), 

linezolid (0.99 µg/mL), PNU-100480 (0.49 µg/mL), AZD5847 (1.00 µg/mL), gatifloxacin 

(0.007-0.25 µg/mL) and moxifloxacin (0.031-0.5 µg/mL) (Stehr, et al., 2014). However, 

some of the compounds display MICs (32 µg/mL) which are within the range displayed by 

pyrazinamide (6.25–50 µg/mL) (Zhang and Mitchison, 2003). Pyrazinamide displays no in 

vitro activity at neutral pH but displays in vitro activity at pH 5.5 and activity in the murine 

model and has played an important role in reducing TB treatment from 9 to 6 months (Zhang 

and Mitchison, 2003).  

The high MIC values could be due to several factors, including poor solubility of the 

compounds due to binding of media components, thus reducing permeability of the 
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compound through the cell wall of M. tuberculosis, intrinsic mechanism of resistance 

displayed by M. tuberculosis such as efflux pumps and pH sensitive action of compounds 

such as pyrazinamide. Alternate drug susceptibility tests employing different media such as 

Sauton’s media and alteration of pH could be explored to counteract these factors. 

The similar activity of some of the chalcones against susceptible as well as MDR and 

XDR isolates may result from a different mechanism of action compared to the first line and 

second line drugs they are resistant to. All of these strains that display resistance to some of 

the chalcones tested belong to different genotypes but it is possible that they have common 

resistance mechanisms to these compounds.  

The mechanism of action of different chalcones varies widely against different 

organisms. Naphthyl substituted chalcones inhibit the M. tuberculosis protein tyrosine 

phosphatase PtpA (Chiaradia, et al., 2008) by competition with substrate for the active site of 

the enzyme (Mascarello, et al., 2010). Licochalcone A, 2,4-dimethoxy-49-allyloxychalcone 

and 2,4-dimethoxy-49-butoxychalcone inhibit Leishmania major and Leishmania donovani 

fumarate reductase, and affect the respiratory pathway, which results in alteration of 

ultrastructure and function of mitochondria, leading to death of the parasite (Chen, et al., 

2001). Cationic chalcones that contain aliphatic amino substituents disrupt cell membranes of 

gram-positive and -negative pathogens (Nielsen, et al., 2005).  

The mechanism of action of the subset of chalcones in this study could be similar to 

that of naphthyl substituted chalcones or Licochalcone A, 2,4-dimethoxy-49-

allyloxychalcone and 2,4-dimethoxy-49-butoxychalcone described above as acetylenic 

chalcones display activity against non-replicating M. tuberculosis that is equal to, or greater 

than replicating M. tuberculosis (Hans, et al., 2010) and fumurate reductase activity has been 

shown to be elevated under conditions of anaerobic persistence of M. tuberculosis 

(Watanabe, et al., 2011).  
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In this study, 5 compounds; IV, VI, XI, XVI and XIX, which displayed activity 

against all the clinical isolates were evaluated in a macrophage model. No significant 

difference was found between the macrophages treated with all concentrations of compounds 

and untreated infected macrophages. The high standard deviations displayed in the assays 

could be due to clumping of M. tuberculosis as a result of omission of tween or tyloxapol in 

PBS used in serial dilutions. Addition of detergent at this stage could have influenced 

permeability of M. tuberculosis cell wall (Masaki, et al., 1990) and may have resulted in loss 

of CFU through direct exposure to intracellular compounds present in lysate. Other factors 

that may have affected the intracellular activity of the compounds include the duration of 

assay and permeability of compounds into the THP-1 cell due to solubility problems. Since 

slight reductions were observed, it is possible that a longer assay duration may have resulted 

in significant reduction of the bacterial load. However, preliminary experiments indicated 

that longer incubation (5 or 7 days) of infected macrophages led to an increase in the number 

of extracellular bacteria exposed to and inhibited by the drug in media, thus possibly leading 

to false results (Data not shown). Chalcones with naphthyl (Mascarello, et al., 2010) and 

benzyloxy with 2,4 dichloro or 2,4 difluoro (Marappu, et al., 2011) substitutions have 

displayed significant activity against intracellular M. tuberculosis.  

The 5 compounds evaluated in the macrophage model were evaluated for cytotoxicity 

against vero cells which originated from kidney cells of the African green monkey 

(Ammerman, et al., 2008). Slight differences were observed in the low SI of the different 

compounds which reflect the poor selectivity of compounds for M. tuberculosis. The lowest 

selectivity of compounds IV and XVI (SI = 0.31 and 0.34 respectively) may be due to the 

hydroxyl substitutions at the 4’ position on the A ring. Compounds VI (SI = 0.56) (with a 

methoxy at C- 4’ and fluorine at C-2' on ring A) and XI (SI = 0.54) (with a chlorine at C-2' 

and fluorine at C-6' on ring B) had increased SI values compared to IV and VI, probably due 
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to different functional groups and atoms on the chalcones skeleton. Fluorine para substituted 

on each of the rings in addition to a chlorine at C-2' of ring B (compound XIX) was seen to 

be the best substitution pattern with regard to selectivity (SI =0.88). 

The very low selectivity of the compounds (0.31- 0.88) for M. tuberculosis is a strong 

indicator of high toxicity in the human host in their current form. Thus, further testing is not 

recommended without reformulation of these compounds and until they achieve a SI of 

greater than 10 (Tuberculosis Drug Screening Program, 2001). Chalcones with quinolinyl 

(Sharma, et al., 2009a), benzyloxy, imidazolyl and triazolyl (Marappu, et al., 2011) 

substituents have previously displayed lower cytotoxicity for vero cells thus displaying better 

selectivity for M. tuberculosis than chalcones tested in this study. Therefore, it is worth 

derivatising these compounds as this may increase the SI.  

 A limitation in this study was that the bacteriostatic or bactericidal action of 

compounds was not determined by measuring the Minimal Bactericidal Concentration 

(MBC). Since the MIC’s of this subset of compounds were higher than most anti-TB drugs in 

initial screening, and flavonoids have previously caused aggregation of bacterial cells which 

confounded MBC determination (Cushnie, et al., 2007), intracellular activity and cytotoxicity 

were determined instead.  

In conclusion, fluorinated and non-fluorinated chalcones display moderate activity 

against clinical, including MDR- and XDR- M. tuberculosis isolates, no significant activity 

against intracellular H37Rv and low selectivity indices. These results clearly show the need 

for reformulation of this compound series to improve activity against M. tuberculosis. 

Compound XIX with the highest selectivity index, shows the most potential for reformulation 

to improve its biological activity to yield a more potent drug candidate. 
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CHAPTER 4: GENERAL DISCUSSION 

Bedaquiline is the first drug in 40 years to be approved by the Food and Drug administration 

(FDA) for use against M. tuberculosis (Cohen, 2013). Adverse effects of bedaquiline and the 

evolution of resistance of M. tuberculosis to potent first- and second line TB drugs highlights the 

need for continual replenishment of the TB drug pipeline with novel potential lead candidates. 

Synthetic compound libraries have been an attractive source of lead candidates and led to 

discovery of both bedaquiline and SQ-109 (Kolyva and Karakousis, 2012). Chalcone derivatives 

have demonstrated promising activity as anti-bacterial (Nielsen, et al., 2004), anti-viral (Li, et 

al., 1995), anti-fungal (Lopez, et al., 2001), anti-parasitic (Wu, et al., 2003), anti-cancer 

(Narender and Gupta, 2004) and anti-TB agents (Lin, et al., 2002; Sivakumar, et al., 2007; 

Chiaradia, et al., 2008; Trivedi, et al., 2008; Hans, et al., 2010; Sharma, et al., 2009a; 

Mascarello, et al., 2010; Marrapu, et al., 2011; Anand, et al., 2012; Ahmad, et al., 2013). 

Substitutions such as halogens (Lin, et al., 2002), dimethylamino, methoxy, thiomethyl, nitro and 

hydroxyl groups (Sivakumar, et al., 2007), naphthyl groups (Chiaradia, et al., 2008), methoxy, 

nitro (Trivedi, et al., 2008), quinolinyl (Sharma, et al., 2009a), acetylenic (Hans, et al., 2010), 

benzyloxyl and imidazolyl (Marrapu, et al., 2011) and triazolyl (Anand, et al., 2012) have 

demonstrated improved activity against M. tuberculosis. However, the effect of fluorine 

substitution on the anti-TB activity of chalcones has not yet been evaluated.  

The lack of a standardised drug susceptibility testing technique for screening chalcones 

has posed an obstacle in evaluating the impact of specific substitution patterns on compound 

activity for comparative purposes. Athough a variety of techniques (Lin, et al., 2002; Sivakumar, 

et al., 2007; Chiaradia, et al., 2008; Trivedi, et al., 2008; Hans, et al., 2010; Sharma, et al., 

2009a; Mascarello, et al., 2010; Marrapu, et al., 2011; Anand, et al., 2012; Ahmad, et al., 2013) 
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have been used for screening chalcone activity against M. tuberculosis, the efficacy and cost 

effectiveness of the MTT assay has until now, not been evaluated against the MABA assay.  

The focus of this study was 2-fold: firstly, to compare the performance of the 

colorimetric MTT and MABA assays for screening synthetic chalcones, and secondly, to 

evaluate the activity of fluorinated and non-fluorinated chalcones against M. tuberculosis.  

Initially, the MICs of 27 compounds against laboratory strain, H37Rv was determined 

using the MTT assay. The rationale for using this assay was based on its widespread use in anti-

microbial testing (Yajko, et al., 1995; Caviedes, et al., 2002; Martin, et al., 2005). Twenty of the 

27 compounds which were active against H37Rv were subsequently retested using the MTT, 

MABA and the gold standard Macroscopic broth assays at time intervals of 7, 14 and 21 days. 

The in vitro extracellular activities of these 20 compounds against clinical isolates of various 

drug susceptibility and genotype profiles were evaluated using the MTT assay. Intracellular 

activity in macrophages and cytotoxicity in the vero cell line was further investigated for selected 

compounds. 

No significant difference was observed in the MIC obtained in the MABA and MTT 

assays, whereas this was significantly increased in the macroscopic broth assay compared to the 

other 2. This is possibly a result of compound precipitation in Middlebrook 7H9 broth of all 

compounds except compounds IV and XVI. The ensuing difficulty in the interpretation of the 

results was overcome by comparison with a drug and broth only control. Solubility problems 

and/or binding of compounds to protein components of the Middlebrook 7H9 broth are possible 

reasons for the observed precipitation. Furthermore, this precipitation could have resulted in both 

sub-optimal availability of the active ingredient and/or evolution and selection of drug resistant 

mutants resulting in elevated MICs over the incubation period. This implies that the sole reliance 
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on the macroscopic broth assay for the evaluation of the in vitro activity of this subset of 

compounds would have led to false negative results thus excluding potentially valuable 

candidates for lead optimisation. Therefore, compound properties play a significant role in the 

determination of an appropriate drug susceptibility test method.   

The ease, duration, plastic consumable requirements and performance of both the 

colorimetric assays in this study were comparable. However, MTT reagent (Sigma) was 

significantly cheaper (R0.06/well) than the MABA reagent (Invitrogen) (R1.31/well) and the 

MICs were definitive even without the SDS-DMF solubilisation, due to the distinctive colour of 

the insoluble precipitate. Thus, the MTT assay is a more cost effective assay compared to the 

MABA for rapid screening of chalcone and possibly other synthetic compounds. 

In previous studies, the activity of chalcones had been tested against the laboratory strain 

H37Rv (Lin, et al., 2002; Sivakumar, et al., 2007; Chiaradia, et al., 2008; Trivedi, et al., 2008; 

Hans, et al., 2010; Sharma, et al., 2009a; Mascarello, et al., 2010; Marrapu, et al., 2011; Anand, 

et al., 2012; Ahmad, et al., 2013). In this study, the compound series were tested against 

dominant KwaZulu-Natal susceptible, MDR and XDR strains belonging to different genotype 

families. Among the susceptible group, the chalcone compounds were less active against the 

Beijing than the F15/LAM4/KZN and F28 strains. The F11 was less susceptible to the 

compounds than the F15/LAM4/KZN and Beijing within the MDR strains, whilst both the XDR 

F15/LAM4/KZN strains were more susceptible than F28 XDR strain. This suggests that despite 

no trend being observed, the activity of chalcones differ between genotypes. Ninety five percent 

of the compounds were active against H37Rv and clinical strains R104, V9124, V2475, R283, 

605 and R262, whilst 90%, 85% and 60% were active against B910, X162 and R271 

respectively. The variation in MICs of some compounds when the different strains are compared 
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could be due to the denser cell wall of MDR and XDR isolates (Velayati, et al., 2009). The MICs 

displayed by this subset of chalcones are high compared to that of most of the standard anti-TB 

drugs except pyrazinamide. The high MICs values could be due to numerous factors including 

low solubility, binding to media components (Chung, et al., 1995), M. tuberculosis intrinsic 

mechanism of resistance (Kolyva and Karakousis, 2012) or pH dependent action similar to 

pyrazinamide (Zhang and Mitchison, 2003).  

The analysis of the structure-activity relationships of this subset of chalcones revealed 

that none of the substitutents (methoxy, hydroxyl, chlorine or fluorine) improved activity by 

more than a 2-fold dilution. Fluorine substitution at the 3’ position of the A ring seems to 

attenuate activity, as is seen in compounds VII (Chapter 2, Page 45) and XV (Chapter 3, Page 

71) in comparison to VI and XIV. Our findings are in agreement with previous studies showing 

activity of methoxyl and naphthyl (Chiaradia, et al., 2008), amino linked quinolinyl (Sharma, et 

al., 2009a), hydroxyl, methyl and methoxyl (Pavan, et al., 2009), acetylenic (Hans et al., 2010), 

thiomethyl (Sivakumar, et al., 2007) and aryloxy azolyl (Marappu, et al., 2011) substituted 

chalcones against M. tuberculosis. This is in contrast to the findings of Lin, et al., 2002, which 

showed that only halogenated chalcones displayed activity against M. tuberculosis. 

The mechanism of action of the subset of chalcones in this study can only be speculated 

to be the inhibition M. tuberculosis protein tyrosine phosphatase PtpA (Chiaradia, et al., 2008) or 

fumarate reductase (Chen, et al., 2001) as described in previous studies, since chalcones were 

reported to display activity against anaerobic M. tuberculosis (Hans, et al., 2010) and fumarate 

reductase has been shown to be active in these conditions (Watanabe, et al., 2011). 

Compounds IV, VI, XI, XVI and XIX, which displayed activity against all the clinical 

isolates were selected for evaluation in a macrophage model and for cytotoxicity against vero 
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cells. Comparison between treated and untreated macrophages displayed no significant 

difference for all compounds tested. Factors that may have influenced the intracellular activity 

include the duration of the assay and solubility problems that decreased permeation of 

compounds into the THP-1 cell. Extension of the assay duration may have resulted in false 

results due to the extracellular bacterial exposure to compounds. Other studies have reported 

significant intracellular activity by naphthyl (Mascarello, et al., 2010) and benzyloxy with 2,4 

dichloro or 2,4 difluoro (Marappu, et al., 2011) substituted chalcones. 

The 5 compounds tested for cytotoxicity displayed very low selectivity for M. 

tuberculosis (0.31- 0.88). Of these, XIX displayed the highest selectivity for M. tuberculosis (SI 

= 0.88). This may be due to a particular substitution pattern, having the presence of two fluorine 

substituents at the 4’ position of the A and B rings and a chlorine atom at the 2’ position of the B 

ring. Quinolinyl (Sharma, et al., 2009a), benzyloxy, imidazolyl and triazolyl (Marappu, et al., 

2011) substituted chalcones are known to possess higher selectivity for M. tuberculosis than vero 

cells when compared to chalcones tested in this study. Based on the requirement of SI >10 (TB 

drug screening program, 2001), the extremely low SI values indicate that despite the moderate 

activity of this chalcone series against clinical strains of MDR- and XDR- M. tuberculosis, they 

are extremely toxic to the human host and therefore, unsuitable as lead compounds in their 

current formulation. 

A limitation in this study was that the bactericidal activity of the compounds was not 

determined. However, the rationale behind this was that the MIC values were much higher than 

those of the standard anti-TB drugs used as controls, as well as the bacterial aggregative property 

of flavonoids that would negatively affect the MBC values (Cushnie, et al., 2007).  

 



91 
 

 
 

CONCLUSION AND FUTURE WORK 

 The MTT assay is a more cost effective drug susceptibility testing method than the MABA 

assay for the rapid in vitro screening of the activity of chalcones against M. tuberculosis. 

Fluorinated and non-fluorinated chalcones display moderate extracellular activity against clinical 

isolates, including MDR- and XDR- M. tuberculosis isolates, but no significant activity against 

intracellular H37Rv.  

Since the selectivity index is an indicator of toxicity, these compounds with low 

selectivity indices would be highly toxic to the human host in their current formulation.   

Because these chalcones do have moderate anti-TB activity, reformulation is recommended till 

they reach a SI of greater than 10 (Tuberculosis Drug Screening Program, 2001) before further 

testing is continued. Compound XIX with the highest selectivity index, shows the most potential 

for reformulation to improve its biological activity to yield a more potent drug candidate. 

Since compound XI displayed an MIC of 16 g/mL against H37Rv, reformulation could 

include variation of the substitutions (methoxy, hydroxyl or chlorine) on the A ring.  Fluorination 

as in XX did not enhance activity. Combinations of substitutions for compound XIX including 

naphthyl (Mascarello, et al., 2010), benzyloxy with 2,4 dichloro or 2,4 difluoro imidazolyl and 

triazolyl (Marappu, et al., 2011) or quinolinyl (Sharma, et al., 2009a) substitutions that have 

previously displayed significant activity against intracellular M. tuberculosis or less cytotoxicity 

against vero cells may result in a subset of chalcones displaying more potent and selective 

activity against M. tuberculosis. 
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