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ABSTRACT 

The continual emergence of drug resistant strains of Mycobacterium tuberculosis has caused 

global public health concerns. This project establishes basis for deciphering diverse resistance 

mechanisms in mycobacteria which would lead to the development of novel therapeutic options. 

Unique classes of antipsychotic compounds have been found to possess antifungal and anti-

mycobacterial activities. The study sought to use antipsychotic compounds and a panel of 

phenotype modifying compounds to probe for resistance mechanisms in Mycobacterium 

smegmatis. Pairwise drug combinations (480 drug-pair conditions) between antipsychotic 

compounds/phenotypic compounds and antimicrobial agents produced resistance breaking 

interactions (37%) and resistance inducing interactions (6%) in M. smegmatis. The membrane 

disrupting antipsychotic compound, thioridazine, generated resistance breaking effects with a 

number of antibiotics with different antimicrobial profiles suggesting cell envelope homeostasis 

as a possible mechanism of antimicrobial tolerance and resistance. The DNA damaging agent 4-

nitroquinoline oxide produced resistance breaking effects in pairwise combinations with 20 

antibiotics tested in the study and disrupted biofilm in M. smegmatis, hence supporting the 

evidence that DNA damage repair is a possible mechanism of antibiotic tolerance. Deferoxamine 

and sulfometuron which induced biofilm formation in M. smegmatis also promoted 

mycobacterial resistance to a number of antibiotics. All antipsychotics tested promoted ethidium 

bromide uptake and reduced the rate of extrusion of ethidium bromide in M. smegmatis and 

erythromycin-resistant M .smegmatis A. DNA damaging agents inhibited biofilm formation in 

M. smegmatis and multidrug resistant erythromycin resistant M. smegmatis A, suggesting DNA 

disruption as a biofilm breaking strategy.  The study highlights the usefulness of unrelated drugs 

and natural products in TB drug discovery while unveiling other determinants of drug resistance.
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CHAPTER ONE 

INTRODUCTION 

Tuberculosis (TB) continues to be a global challenge due to the high morbidity and mortality 

rates associated with the disease. The disease poses significant threat to people in low income 

countries and is further complicated by co-infection with HIV/AIDS. One-third of the world 

population is infected globally, with new cases affecting 10 million people worldwide, causing 

an approximated 1.3 million deaths, among HIV-negative people. The disease caused an 

additional 300, 000 deaths among HIV-positive people in 2017 (WHO, 2018).    

Tuberculosis is transmitted by the inhalation of aerosol containing the tubercle nuclei (Wells et 

al., 1948). The introduction of potent anti-mycobacterial agents about fifty years ago apparently 

controlled the spread and prevalence of tuberculosis (Faustini et al., 2005). Since 1990, drug-

resistant tuberculosis (DR-TB) has become a major public health problem (Yadav and Rawal, 

2016; Pablos-Méndez et al., 1998). In 2015, an estimated 480, 000 new incidence of multidrug-

resistant tuberculosis (MDR-TB) and an additional 100, 000 people were reported to have 

rifampicin-resistant TB (RR-TB) treatment. The additional 100, 000 cases of rifampicin-

resistant TB were eligible for treatment against MDR-TB (WHO, 2016).  

The continual emergence of drug resistant Mycobacterium tuberculosis strains, co-infection 

with HIV and lengthy and complex treatment regimen all complicate and limit therapeutic 

options for TB. The continual emergence of drug resistant strains of Mycobacterium 

tuberculosis drives the urgent need to decipher diverse molecular mechanisms underlying the 

evolution of resistance. This would ultimately support the development of novel therapeutic 

agents needed to improve current treatment regimen for tuberculosis (Zhang et al., 2016). 

Furthermore, due to the slow pace of drug discovery, there is the urgent need for novel 
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combination therapies and drug ‘repurposing’ strategies which would encounter no cross-

resistance to existing and emerging Mycobacterium tuberculosis strains (Ramón-García et al., 

2011).  

Antipsychotic compounds are taken by special group of people with psychological disorders 

and have known pharmacological parameters of absorption, distribution, metabolism, excretion 

and toxicity profiles in the management of psychotic patients. High prevalence of psychological 

distress and psychosis has been recently associated with tuberculosis especially with patients 

infected with multi-drug resistant Mycobacterium tuberculosis (Lasebikan and Ige, 2015). 

Therefore, the inclusion of antipsychotic compounds in TB treatment provides opportunities for 

the effective management of multidrug-resistant (MDR) and extensively drug-resistant (XDR) 

tuberculosis using antipsychotic compounds with anti-tuberculosis activities. 

According to Gupta et al. (2013), verapamil (an FDA approved drug) potentiates bedaquiline 

activity by inhibiting efflux-mediated bedaquiline resistance. In addition, according to medical 

Xpress report (2017), a small drug-like molecule called SMARt-420 (Small Molecule Aborting 

Resistance) in combination with ethionamide in a mouse model has been shown to reverse 

resistance to ethionamide (Blondiaux et al. 2017). These observations support the idea that 

diverse means of probing for resistance in Mycobacterium tuberculosis could unveil resistance 

mechanisms. 

Mycobacterial phenotypic response to unique drug-drug interactions could be used as predictive 

indicators of resistance or stress response strategies in a number of drug resistant strains of 

Mycobacterium tuberculosis. These diverse means of probing for resistance in Mycobacterium 

tuberculosis would reveal new strategies for TB treatment. This would further expose classical 

or other resistance mechanisms employed by MTB in drug resistance.  
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Biologically active products and their derivatives have served as chief source of therapeutic 

agents for treating infectious diseases since historical times (Cragg and Newman, 2005). 

According to Cheng et al. (2012), bioactive compounds of fungal origin have been shown to be 

good candidates for tuberculosis treatment. Secondary metabolites produced by the endophytic 

fungus Phomopsis stipata have been shown potent anti-mycobacterial activities (de Prince et 

al., 2012). In a recent study, secondary metabolites from mangrove endophytic fungi exhibit 

promising activity against Mycobacterium tuberculosis (Demers et al., 2018). These findings 

support the strategy of considering bioactive compounds of fungal origin as potential candidates 

for treating drug-resistant tuberculosis and other bacterial infections. 

In earlier studies, sertraline, an antidepressant was shown to inhibit growth of different isolates 

of Candida albicans and was also found to enhance the activity of antibiotics against clinically 

relevant pathogens (Ayaz et al., 2015; Lass-Flörl et al., 2001). In a large compound screen 

against Mycobacterium tuberculosis, the antipsychotic bromperidol enhanced the activity of 

rifampicin, streptomycin, clofazimine, and clarithromycin against Mycobacterium tuberculosis 

(Ramón-García et al., 2011).  The antipsychotic compounds prochlorperazine and methdilazine 

have been shown to possess significant antibacterial action (Rani et al., 2005). This shows the 

usefulness of antipsychotics in antimicrobial drug discovery. Further to this earlier finding, 

antipsychotic compounds from three groups of antipsychotics (butyrophenones, phenothiazines 

and thioxanthenes), have been found to possess potent anti-mycobacterial effects mainly as 

bacterial efflux pump inhibitors (Vesenbeckh et al., 2016). Other studies revealed the potential 

of thioridazine in TB treatment since it alters the cell membrane permeability, inhibits efflux 

activity, affects respiratory chain components of mycobacteria and increases expression of 

sigma B regulon (Dutta et al., 2010; Dutta et al., 2011). Chlorpromazine, an antipsychotic has 
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been found to predominantly inhibit bacterial efflux activity and thus reduce drug resistance 

(Coelho et al., 2015). Trifluoperazine inhibits the synthesis of proteins, DNA and lipids in 

mycobacteria by restricting the incorporation of their respective synthetic precursors (Ratnakar 

and Murthy, 1992). The unique mechanism of action of these antipsychotics make them useful 

compounds that can be used to uncover new mechanisms of resistance towards the 

enhancement of their anti-mycobacterial effects and the patterns of expected phenotype. 

The study seeks to investigate the mechanisms of anti-mycobacterial drug resistance using 

antipsychotic compounds and diverse means of using antipsychotics to guide isolation of 

bioactive metabolites from fungal sources such as Terrestrial Endophytic Fungi (TEF) and Soil 

Borne Fungi (SBF). 

1.1 Problem statement 

Drug-resistant tuberculosis still remains a global challenge and has attracted serious public 

health concern (WHO, 2016). Treatment of Mycobacterium tuberculosis infections is lengthy 

and hindered by the emergence of drug resistance. Considering the slow pace of conventional 

drug discovery and development process, coupled with the global burden of continual detection 

of drug resistant Mycobacterium tuberculosis, lengthy and complex treatment regimen with 

MDR tuberculosis, therapeutic options for tuberculosis are limited. These drive the need to 

further understand resistance and stress response mechanisms in Mycobacterium tuberculosis 

towards the generation of novel therapeutic options. 

1.2 Justification 

According to Lass-Flörl et al. (2001), three patients with premenstrual dysphoric disorder 

(PMDD) and vulvovaginal candidiasis (VVC) but were undergoing treatment for PMDD only, 

surprisingly had no recurrent episodes of VVC during sertraline administration. However, a 
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relapse of VVC occurred when sertraline administration ceased. This serendipitous discovery 

identified sertraline as a potent antifungal agent in further studies against different species of 

Candida albicans by attenuating virulence (Lass-Flörl et al., 2003; Zhai et al., 2012). In a large 

compound library screen against Mycobacterium tuberculosis, bromperidol (an antipsychotic 

drug) was accidentally shown to enhance the anti-mycobacterial activities of a number of 

standard anti-TB drugs and antibiotics. Therefore antipsychotics with structural resemblance to 

bromperidol may produce similar or peculiar potentiating effects with a number of standard TB 

drugs and fungal extracts against drug-resistant tuberculosis. Antimicrobial activities have been 

described for antipsychotic compounds belonging to phenothiazine and thiozanthene classes 

(Cederlund and Mardh, 1993). Findings by Vesenbeckh et al. (2016), show that antipsychotic 

compounds demonstrate anti-mycobacterial activity by inhibiting efflux activity in MDR and 

XDR Mycobacterium tuberculosis. While there still remains a number of unknown drug 

resistance strategies in Mycobacterium tuberculosis (Palomino and Martin, 2014), further 

investigations are required to elucidate mycobacterium drug resistant mechanisms/stress 

response mechanisms in order to stimulate the search for lead anti-mycobacterial agents. 

Therefore employing diverse means of probing for resistance in mycobacterium tuberculosis 

can potentially unveil drug resistance strategies in mycobacteria. Biologically active secondary 

metabolites and their derivatives have been exploited as chief treatment options for infectious 

diseases (Saga and Yamaguchi, 2009; Tajkarimi et al., 2010; Gouda et al., 2016; Jin et al., 

2016). Hence, unique interactions between antipsychotics and fungal extracts would direct 

isolation of novel compounds from soil borne and terrestrial endophytic fungi. 
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1.3 Hypotheses 

The hypotheses of the study are: 

• Antipsychotic drugs would unveil new patterns of drug resistance in mycobacteria 

• Interactions of antipsychotic compounds and bioactive fungal extracts (SBF and TEF) 

will guide/indicate/ provide the basis of selecting extracts of the highest priority (the 

most efficacious and uncommon mechanism of action). 

1.4 Project concept 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Overview of project concept 

The project concept primarily highlights the usefulness of antipsychotics in unveiling drug 

resistance mechanisms. Initial pairwise combinations of antibiotics and antipsychotics at sub-
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minimum inhibitory concentrations (sub-MIC) levels would produce resistance breaking or 

resistance inducing effects or no interactions. Interactions producing resistance breaking effects 

(+) provides new regimen for therapeutic interventions. Interactions generating resistance 

inducing (-) or neutral effects (0) provide opportunities for isolating new resistance-breaking 

antibiotics of fungal origin based on interactions between fungal extracts and antipsychotics. 

Resistance breaking effects arising from interactions between antipsychotics provide the basis 

for the isolation of novel bioactive compounds. Molecular analysis of resistance breaking and 

resistance inducing effects unveils stress-induced antibiotic resistance mechanisms. 

1.5 AIM AND OBJECTIVES 

1.5.1 Aim 

Investigate resistance and susceptibility phenotypes mediated by drug-drug combinations 

involving antipsychotic compounds, anti-mycobacterials and active extracts from soil borne 

fungi (SBF) and terrestrial endophytic fungi (TEF). 

1.5.2 Objectives 

 To determine mycobacterial phenotypic response to specific drug-drug interactions 

using disc diffusion (standard anti-TB versus antipsychotic) on M. smegmatis. 

 To determine specific mycobacterial phenotypic response to active fungal extracts and 

generate priority lists of fungal extracts 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Tuberculosis 

Tuberculosis (TB) is a contagious airborne disease caused by inhalation of droplet nuclei of 

organisms of the Mycobacterium tuberculosis complex. Tuberculosis continues to be one of the 

major causes of morbidity in low-income countries (Figure 2.1), and drug-resistant tuberculosis 

is a major concern in many clinical settings (Pescarini et al., 2017). Although M. tuberculosis is 

for the most part a pulmonary pathogen (Figure 2.2), disease can progress other parts of the 

body causing extrapulmonary tuberculosis. Tuberculosis can advance from latent TB infection 

to active transmissible TB, at which point the patient manifests clinical symptoms such as 

cough, fever, weight loss and night sweats (Schluger and Burzynski, 2010). Only active 

pulmonary TB is contagious (Albert et al., 2016).  

2.2 Global burden of tuberculosis 

 

Figure 2.1: Global incidence of active tuberculosis disease (WHO, Tuberculosis report 2015)  

University of Ghana  http://ugspace.ug.edu.gh



 
 

        9 
 

 

      Figure 2.2: Mycobacterium tuberculosis infection (Pai et al., 2016). 

a) As shown in Figure 2.2, infection begins via the inhalation of aerosol containing tubercle nuclei. 

The tubercle bacilli upon arriving in the lung alveolar space are internalised by resident alveolar 

macrophages. Failure by macrophages to eliminate the bacteria enables the M. tuberculosis to 

progress to the lung interstitial tissue. Dendritic cells or inflammatory monocytes later move M. 

tuberculosis to pulmonary lymph nodes for prior recognition by T lymphocytes. This finally 

leads to the attraction of B and T lymphocytes, to the parenchyma of the lung to form granuloma 

b) The mycobacteria replicate inside the growing granuloma. In case the mycobacterial load 

becomes too heavy, the granuloma fails to handle the bacterial load. The bacteria eventually 

advances towards other organs, a situation called extrapulmonary tuberculosis. The infected 

person is said to be symptomatic and now has active transmissible tuberculosis.  

2.3 Therapeutic options for tuberculosis 

For new cases of drug-sensitive tuberculosis, the recently recommended treatment strategy is a 

four-drug regimen featuring rifampicin, isoniazid, pyrazinamide and ethambutol for two 

months, followed by rifampicin and isoniazid only for additional four months (WHO, 2010). 

Treatment for multidrug-resistant tuberculosis (MDR-TB) requires lengthier treatment period 
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(lasts for as long as twenty months) and requires more expensive and toxic drugs. For most 

patients with MDR tuberculosis (resistance to isoniazid and rifampicin), the recent prescribed 

course of treatment recommended by World Health Organization (WHO) has low success rates. 

At present, an effective vaccine that can be used in preventing tuberculosis remains elusive 

(Nagelkerke at al., 2006). 

2.4 Drug resistance in tuberculosis treatment 

Though mutations in a number of genes are associated with drug resistance in Mycobacterium 

tuberculosis (MTB) (Table 2.1), there are still a number of cases of unknown mutations and 

mechanisms conferring resistance. For instance, according to Merker et al. (2013), whole 

genome sequencing reveals that tuberculosis drug resistance is a phenomenon more complex 

than previously suggested. Therefore more investigations are needed to understand the role of 

other determinants of drug resistance and their contribution to the occurrence of multidrug-

resistant tuberculosis (MDR-TB) - or extensively drug-resistant tuberculosis (XDR-TB). Other 

studies suggest the involvement of mechanisms other than what is previously known (Fonseca 

et al., 2015). In Mycobacterium tuberculosis, both specific gene mutation and the efflux pump 

have been shown to play major roles in the resistance to anti-mycobacterial drugs (Machado et 

al., 2017).  
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Table 2.1: Anti-mycobacterial drug resistance mechanisms 

                                                                                                                                                                       (Hoagland et al., 2016) 

2.4.1 Efflux pump mediated anti-mycobacterial resistance  

Efflux pumps have become increasingly significant in drug resistance strategies. Bacterial 

efflux pumps are membrane proteins that are capable of actively pumping out a broad range of 

substances, including drugs, from the intracellular environment to the exterior of the cell. They 

are involved in physiological processes, such as division of cell wall, maintenance of hydrogen 

and ion balance and pumping of intracellular metabolites (Piddock, 2006). 

Efflux pumps are increasingly becoming attractive targets for drug discovery programs. The 

goal of identifying the role of efflux pumps in tuberculosis drug discovery programmes is to 
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find out whether new anti-mycobacterial drugs will be subject to efflux activity or may be 

potential efflux pump inhibitors. This is particularly relevant in a time when MDR-TB and 

XDR-TB continue to worsen therapeutic options for the treatment of serious forms of drug-

resistant tuberculosis (Rodrigues et al., 2012). 

For example, bedaquiline which acts as an ATP synthase inhibitor of drug sensitive, multi-drug 

and extensively drug resistant tuberculosis is made ineffective by efflux-mediated activity 

(Nagabushan and Roopadevi, 2014). 

Bacterial efflux pumps are categorized into five distinct super families with different structural 

architectures, substrate preference and energy requirements (Rossi et al., 2005). These include 

the major facilitator superfamily (MFS), the resistance–nodulation–cell division (RND) 

superfamily, the ATP-binding cassette (ABC) superfamily, the small multidrug resistance 

(SMR) superfamily, and the multidrug and toxic compound extrusion (MATE) superfamily. 

The MFS, RND, ABC, SMR and MATE efflux pumps are chromosomally encoded.  Efflux 

pumps belonging to the ABF family are  predominant in mycobacterial drug resistance and 

drives efflux by using the energy of hydrolysis of adenosine triphosphate (ATP) (Balganesh et 

al., 2012).  

Currently, efflux pump inhibitors have been described as potential synergistic partners in anti-

mycobacterial treatment since they have the ability to re-establish sensitivity to current anti-

mycobacterial agents. This re-establishment requires the presence of an efflux inhibitor in 

conjunction with the anti-tuberculosis drugs at sub-minimum inhibitory concentrations (sub-

MIC). The anti-mycobacterial drug combination is important as the efflux pump inhibitors 

alone at their sub-inhibitory concentrations produce little or no mycobacterial growth inhibition 
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(Viveiros et al., 2012). These findings present opportunities for the use of efflux pump 

inhibitors as synergistic partners in tuberculosis treatment (Pule et al., 2015). 

2.4.2 Biofilm mediated drug resistance 

Colonies of microbes joined to one another and attached to a surface are described as biofilms 

(Kumar et al., 2015). Formation of biofilm has been shown to be regulated by quorum sensing 

(Davies et al., 1998). Biofilm formation in mycobacteria is known to be one of the common 

factors affecting their pathogenesis (Hall-Stoodley and Stoodley, 2005). Formation of biofilms 

helps bacteria to become tolerant to antibiotics and persists in chronic infections (Brennan, 

2017). Bacterial biofilms affects the antibiotic pattern of a number of antimicrobials 

(Tabatabaei and Sohrabi, 2017). Catheter-associated pathogenic infections progresses to biofilm 

development with time and accounts for ineffective antibiotic treatment in Mycobacterium 

avium (Falkinham III, 2007). 

2.4.3 Repurposing of antipsychotic compounds in TB drug discovery 

One of the effective therapeutic and economic alternatives that have been suggested to combat 

antimicrobial drug resistance is drug repositioning and synergistic drug combinations (Jin et al., 

2014). Antipsychotic compounds are used to treat or manage patients with psychological 

disorders. However, antipsychotic compounds (butyrophenones, phenothiazines and 

thioxanthenes) have been shown to possess anti-mycobacterial activities via inhibition of a 

number of mycobacterial efflux pumps (Vesenbeckh et al., 2016). Efflux mediated resistance 

have been found to be an alternative mechanism of drug resistance in mycobacteria (da Silva et 

al., 2011; Kanji et al., 2018). According to Ramón-García et al. (2011), bromperidol, which is a 

butyrophenone, enhances the pairwise synergistic combinations with commonly used 

antibiotics against M. tuberculosis. Thioridazine and chlorpromazine, which are phenothiazines, 
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have been shown to be effective against multidrug-resistant and extensively drug-resistant 

tuberculosis, as well as enhancing the activity of some agents used for first line TB treatments 

(Rodrigues et al., 2008). Phenothiazines have been shown to enhance the activities of 

rifampicin and streptomycin (Amaral et al., 2001). Chlorpromazine have been shown to be 

involved in inhibiting components of the electron transport chain involved in ATP oxidative 

phosphorylation and target membrane proteins (Weinstein et al., 2005). 

Research findings by Ratnakar and Suryanarayana Murthy, (1993), show that trifluoperazine 

possesses a multi-mechanism of action by inhibiting incorporation of synthetic precursors of 

proteins, lipids and DNA. Trifluoperazine interferes with the activity of a novel calcium 

binding protein (calmodulin-like protein) in Mycobacterium tuberculosis (Koul et al., 2009). 

These calmodulin- like proteins occur in many mycobacterial species such as M. smegmatis, M. 

tuberculosis H37Rv and M. bovis (Advani et al., 2014). A number of studies on thioridazine 

show that this antipsychotic causes permeability of the cell envelope, inhibits efflux pump 

activity and target NADH:menaquinone oxidoreductase activity, which is involved in aerobic 

respiration in mycobacteria (de Keijzer et al., 2016). It is also known to target enzymes 

involved in fatty acid metabolism and membrane proteins in mycobacteria (Dutta et al., 2010). 

It has been observed that when immune cells are exposed to thioridazine, cytokines responsible 

for eliciting immune responses against tuberculosis are activated (Ordway et al., 2003). In a 

follow up study, these cytokines were associated with tuberculosis progression from latent state 

to active TB state (Ordway et al., 2004). Thioridazine, in combination with other antibiotics, 

has also been used to treat patients with totally drug resistant tuberculosis (Amaral, 2012). In 

mouse models, these phenothiazine antipsychotics have been found to possess antibacterial 
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activity against MDR and XDR TB (Van Soolingen et al., 2010). For these compounds, no 

resistance mechanisms have been reported yet to their activities in bacteria (Yano et al., 2006). 

Five of the antipsychotics chlorpromazine, thioridazine, trifluoperazine, triflupromazine and 

trimeprazine are phenothiazines (Figure 2.3). Flupenthixol is a thioxanthene and bromperidol 

belongs to the butyrophenone class of antipsychotics. All except bromperidol share structural 

similarities by possessing three fused ring system (Figure 2.3). Phenothiazines are largely 

known to be inhibitors of potassium and calcium channels, and to also reverse phenotypes of 

multidrug resistance in M. tuberculosis, M. smegmatis and M. avium (Amaral et al., 2001). 

Flupenthixol, a thioxanthene, with similar tricyclic ring system is also known to be a potent 

efflux pump inhibitor (Machado et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

           Figure 2.3 Partial structures of antipsychotic compounds 
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2.4.4 Mycobacterial phenotypic response to anti-TB agents and antipsychotic compounds 

A number of strategies have been employed to tackle the occurrence of drug resistance 

especially in combination therapies. According to Xu et al. (2017), verapamil which is an FDA-

approved efflux pump inhibitor apparently potentiate clearance of M. tuberculosis by 

bedaquiline. It has been suggested that one inexpensive but effective solution would be to 

explore new uses for existing drugs (“repurposing”), either alone or in combination therapies 

(Boguski et al., 2009).  

Antipsychotics have been shown to exhibit potent anti-mycobacterial activities with the 

majority acting as efflux pump inhibitors hence their potential application in TB treatment. An 

added advantage is that antipsychotics in use have known pharmacological profiles and any 

redirected use can be more rapidly assessed, thereby decreasing the overall average time for 

approval (Chong and Sullivan Jr, 2007). Currently, prescribed course of treatment for drug 

resistant tuberculosis are expensive, lengthy, costly and toxic compared to treatment course for 

drug-sensitive tuberculosis. These challenges drive the immediate need for the development of 

novel therapeutic options with little or no side effects. Most importantly, there is the pressing 

need to develop novel therapeutic treatment courses that are effective against drug-resistant TB 

and are physiologically tolerant. Phenotypic based assay utilising drug-drug interactions would 

expand knowledge of heterogeneity of cellular response playing important roles in drug 

resistance and other cellular behaviour (Slack et al., 2008). From the body of literature, a 

number of non-antibiotic compounds have been shown to possess antimicrobial properties 

(Table 2.2). Therefore, drug combinations involving these compounds (Table 2.2) could 

provide additional strategies in combating MDR and XTR tuberculosis. 
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Table 2.2: Systematic reviews on the 24 phenotypic compounds 
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2.4.5 Natural products in tuberculosis treatment 

Natural products have historically played significant roles in the drug discovery process and 

have become one of the treatment options for infectious diseases. According to Cragg and 

Newman, (2005), 80% of the world’s population largely depends on natural products for 

disease treatment and 60% of the conventional drugs currently in use were derived from natural 

products.  

Fungi and plants have been found to be rich sources of secondary metabolites. These secondary 

metabolites production are linked to biosynthetic gene clusters required for adaptive stress 

response in their microenvironments (Pusztahelyi et al., 2015). According to Cheng et al., 

(2012), secondary metabolites isolated from the endophytic fungus Biscogniauxia formosana 

possess potent antimycobacterial activities.  In addition, the compound 3-Nitropropionic acid, 

isolated from the extracts of endophytic fungi, possesses potent anti-mycobacterial activity 

(Chomcheon et al., 2005). Findings by Wang at al., (2013), shows two compounds, 4-

deoxybostrycin and nigrosporin, isolated from the fungus Nigrospora sp. with better anti-

mycobacterial activities than the first line TB drugs used to treat multidrug resistant 

tuberculosis. Three alkaloid compounds, gliotoxin, helvolic acid and 12,13-dihydroxy-

fumitremorgin C extracted from cultures of a deep-sea-derived fungus Aspergillus sp. SCSIO 

Ind09F01, were shown to possess potent anti-mycobacterial activity against Mycobacterium 

tuberculosis (Luo et al., 2017).  

These findings present the potential for promising anti-mycobacterial agents of fungal origin 

which can further stimulate the search for new bioactive compounds that would be useful for 

drug development against tuberculosis. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1.0 Bacterial strains: Mycobacterium smegmatis mc
2
 155 (obtained from ETH-Zurich, 

Switzerland) and erythromycin-derived drug-resistant M. smegmatis A (Ery M. smeg A) and 

erythromycin resistant M. smegmatis B (Ery M. smeg B) possessing multi-drug resistant 

phenotype. Erythromycin-resistant M. smegmatis A and B are laboratory generated drug-

resistant strains (Arthur et al., 2019), obtained from the Laboratory for Chemical Systems 

Biology of Infectious Pathogens at the Department of Biochemistry, Cell and Molecular 

Biology, University of Ghana, Legon. 

3.1.1 Standard TB/antibiotic drugs: Ampicillin, Amoxicillin, Vancomycin, Isoniazid, 

Ethambutol, Ethionamide, Pyrazinamide, Moxifloxacin, Rifampicin, Linezolid, Tetracycline, 

Chloramphenicol, Erythromycin, Streptomycin, Cycloserine, Metronidazole, Gentamycin, 

Paramomycin, 5-fluorouracil and Clindamycin were all obtained from Sigma Aldrich.  

3.1.2 Phenotypic compounds: Benomyl, estradiol, 4-nitroquinoline oxide, methotrexate, 

sulfometuron methyl, rifampicin, bromperidol, Chlorpromazine, thioridazine, flupenthixol, 

trimeprazine, trifluoperazine, triflupromazine, Hydroxyurea, deferrasirox, deferoxamine, 

Morphine, tramadol, pethidine, ibuprofen, paracetamol, praziquantel, albendazole and 1, 10 

phenanthroline were all obtained from Sigma Aldrich. 

3.1.3 Media preparation: According to manufacturer’s instructions, Middlebrook 7H9 (M 

7H9) broth base was supplemented with 0.085% (w/v) NaCl, 0.44% (v/v) glycerol and 0.25% 

(v/v) Tween 80 to prepare 7H9 liquid broth.   
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Middlebrook 7H10 (M 7H10) agar base was supplemented with 0.085% (w/v) NaCl and 0.5% 

(w/v) dextrose to prepare agar media for culturing mycobacterial cells. (See appendix A 1.0 – 

1.3 for components of 7H9/ 7H10 and detailed preparation of M 7H9/ M 7H10). 

3.1.4 Growth conditions: As described by Arthur et al. (2019), M. smegmatis and 

erythromycin resistant M. smegmatis A and B were streaked on 7H10 agar media and incubated 

for 24 hr at room temperature. The stock of inoculum was used to inoculate 50 ml 7H9 broth. 

After 24 hr of incubation at room temperature in the incubator shaker (140 rpm), the OD600nm of 

the mycobacterial suspension was readjusted to 0.1 by diluting with 7H9 broth. The OD600nm 

was readjusted to OD600nm of 0.1 in 50 ml 7H9 broth to prepare starter culture. After 24hrs of 

incubation, the OD600nm was readjusted to give a working OD600nm of 0.7 for the bioassay. 

Mycobacteria suspensions at this working OD600nm of 0.7 was used to plate 7H10 media for the 

bioassay.      

3.1.5 Preparation of compounds for bioassay: The phenotypic compounds were prepared as 

described by Arthur et al. (2019) for disc diffusion method. Discs were soaked with the 

respective concentrations of the compounds in a 96 well microtitre plate (Table 4.0). The plates 

containing soaked discs were allowed to air dry to allow solvents to evaporate. 

3.1.6 Bioassay: Mycobacterial suspensions at the working OD600nm (0.7) were spread on the 

surface of 7H10 media supplemented with NaCl and dextrose as described above (section 

3.1.4). Each antibiotic fused disc was gently pressed on the surface of the inoculated agar plates 

as described by Arthur et al. (2019) for the bioassay. The cultures were kept at room 

temperature and the zones of inhibition were measured at 48 hr. The sensitivity of the test 

organisms on the plates was determined by the disc diffusion method and zones of inhibition 
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were measured as a halo around each disc including the diameter of the disc. The standard anti-

mycobacterial agents/antibiotics (Section 3.1.1) were used as controls. 

3.1.7 Measurement of Minimum Inhibitory Concentration (MIC) of antipsychotic 

compounds: Each antipsychotic at the following concentrations from 400µg/µL to 0.5µg/µL 

was tested for their intrinsic antimicrobial properties. The minimum concentration of each 

antipsychotic/phenotypic compound producing no zone of inhibition was used as the MIC of 

each compound as described by Arthur et al. (2019). Compounds for which MICs were not 

obtained over the concentration ranges above were further diluted and tested at lower 

concentrations from 0.5 to 0.002 µg/µL. The MICs of the compounds are provided (Table 4.0). 

3.1.8 Phenotypic assay: The effects of other compounds on the activities of standard anti-

mycobacterial drugs were analysed by first spreading 200 µL sub MIC concentrations of 

phenotype modulating compounds on 7H10 media supplemented with NaCl and dextrose. Discs 

containing antibiotics were gently laid on the media containing the compounds. The effects of 

the phenotype modulating compounds on the activity of the standard anti-mycobacterial 

agents/antibiotics were analysed by measuring the zones of inhibition. Plates which were not 

modified with phenotypic compounds were used as controls. The lists of antipsychotic 

compounds and other phenotype modifying compounds used in the study are listed (Table 4.0). 

3.1.9 Analyses of resistance breaking and resistance inducing effects 

Unique resistance breaking and resistance inducing interactions from the pairwise drug-drug 

interactions were selected. Resistance breaking interactions were considered as those drug-drug 

interactions producing increase in zones of inhibition ≥ 4mm compared with the control. Drug-

drug interactions producing reduction in zones of inhibition of ≥ 4mm compared with the 

control were considered as resistance inducing interactions.  
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3.2.0 Fungal extracts: Archive ethylacetate extracts of 201 SBF and 306 TEF were obtained 

from the laboratory for Chemical Systems Biology of Infectious Pathogens, Department of 

Biochemistry, Cell and Molecular Biology, University of Ghana, Legon. As described by 

Arthur et al. (2019), discs were soaked with the ethylacetate extracts 201 SBF and 306 TEF and 

prepared for preliminary screening of the extracts and extracts against M. smegmatis mc
2
 155, 

Erythromycin-resistant M. smegmatis A (Ery M. smeg A)  

3.2.1 Collection of Soil Borne Fungi (SBF) and Terrestrial Endophytic Fungi (TEF) 

Archival fungal isolates of 201 SBF and 306 TEF were obtained from the Laboratory for 

Chemical Systems Biology of Infectious Pathogens, Department of Biochemistry, Cell and 

Molecular Biology, University of Ghana, Legon-Accra. These archival fungal isolates have 

been kept at + 4℃. Fungal isolates of SBF and TEF whose extracts generated high bioactivities 

against M. smegmatis and erythromycin-resistant M. smegmatis A were selected for inoculation. 

The colony morphology and appearance of each isolate on YPDA plates was rechecked to 

confirm their identity.  

3.2.2 Fermentation of fungal cultures SBF and TEF 

Yeast peptone dextrose agar (YPDA) plates were inoculated with 31 archival fungal isolates of 

SBF and TEF which generated highly active extracts in the preliminary screen (Figure 6.1 and 

6.2). The plate cultures were used to prepare expansion cultures of four YPDA plates per isolate 

to obtain high fungal load for large culture fermentation. The 2L YMPD cultures were 

incubated at room temperature with daily swirling to allow aeration and distribution of nutrients 

for 3 months. Fermentation reactions in 2L cultures were quenched with 200 mL ethyl acetate 

after 3 months (see Table 4.6) to be extracted using ethylacetate. 
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3.3 Uptake and efflux analysis in M. smegmatis mc2 155, erythromycin-resistant M. 

smegmatis A and erythromycin-resistant M. smegmatis B  

Effects of phenotypic compounds on the accumulation and efflux activity in the test organisms 

were carried out as described by Rodrigues et al. (2008). The procedure is summarised as 

follows; overnight cultures of mycobacteria were adjusted to an OD of 0.8. The culture was 

centrifuged at 13 000 rpm for 3 min and the pellet was washed twice in PBS. The OD was 

finally adjusted to 0.4 and ethidium bromide was added at a final concentration of 3 ug/mL.  

To investigate the effects of the phenotypic compounds on the accumulation of ethidium 

bromide, 990 uL of ethidium bromide (3 ug/mL) loaded cells in PBS (without glucose and 

verapamil) at an OD 0.4 were set up. The phenotypic compounds at a final concentration of 

0.001 ug/uL were added to each reaction tube. Verapamil at this final concentration was also 

added to one of the tubes as a positive control and compound free culture loaded with ethidium 

bromide was set up the negative control. From each reaction mixture, 100 uL was pipetted into 

96 well microtitre plates and fluorescence (Excitation wavelength 530 nm and emission 585 

nm) was measured at 0, 15, 30, 60 and 120 min using a Varioskan plate reader. 

To investigate the effects of the phenotypic compounds on efflux, 0.4% glucose was added to 

each of the reaction tubes to stimulate efflux activity. The fluorescence of the ethidium bromide 

accumulated cells was measured at excitation and emission wavelengths of 530 nm and 585 nm 

respectively. Each phenotypic compound was added at a final concentration of 0.001 ug/uL. 

Tubes that did not receive any phenotypic compounds were used as negative controls whereas 

tubes containing verapamil served as positive controls. From each reaction mixture, 100 uL was 

pipetted into 96 well microtitre plates and the fluorescence was measured at 0, 15, 30, 60 and 

120 min. 
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3.4 Biofilm inhibition and disruption assay 

Biofilm inhibition and disruption assay was performed as described by Sandberg et al. (2008). 

The conditions for biofilm formation were optimized to mycobacterial starting OD of 0.5 with 

incubation at room temperature and shaking at 60 rpm. Overnight cultures of M. smegmatis mc
2
 

155, erythromycin-resistant M. smegmatis A (Ery M. smeg A) and erythromycin-resistant M. 

smegmatis B (Ery M. smeg B) were adjusted to an OD of 0.5.  

To investigate the inhibitory effects of the phenotypic compounds on biofilm formation in the 

test organisms, 990 uL of the mycobacterial suspension (OD 0.5) was aliquoted into 2 mL 

microfuge tubes. To each mycobacterial suspension, 10 uL (final concentration 0.001 ug/uL) of 

the phenotypic compound was added. From each reaction mixture, 200 uL was pipetted into a 

96 well microtitre plate and the plate was incubated at room temperature with orbital shaking at 

60 rpm. After 72 hr incubation with shaking, the cultures in the microtitre plates were washed 

with PBS and the plate was air dried. To each well, 20 uL crystal violet was added and the plate 

was incubated at room temperature for 15 min. Each well was washed twice with distilled water 

to remove unbound cells and 95% ethanol was added to dissolve the crystal violet. The 

inhibitory effect of each compound on the biofilm formation was determined by measuring 

absorbance at 595 nm in the Varioaskan plate reader.  

The ability of each compound to disrupt already formed biofilm in the test organisms was 

carried. The procedure is summarised as follows; 200 uL of mycobacterial suspension (OD 0.5) 

was pippeted into each well in a 96 well microtitre plate. After 72 hr of incubation at room 

temperature with orbital shaking at 60 rpm, each plate was washed twice and 200 uL of 7H9 

broth containing 0.001 ug/uL of each phenotypic compound was added to their respective wells 

in the microtitre plate. The reaction mixture was incubated for 2 hr with shaking at 60 rpm. 

University of Ghana  http://ugspace.ug.edu.gh



 
 

        25 
 

Each well was washed twice with PBS and 20 uL crystal violet was added. The plate was 

incubated at room temperature for 15 min. Each well was washed twice with distilled water and 

95% ethanol was added to solubilise the crystal violet. The inhibitory effect of each compound 

on the biofilm formation was determined by measuring absorbance at 595 nm using the 

Varioskan plate reader. 
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CHAPTER FOUR 

RESULTS 

4.1.0 Resistance breaking and resistance inducing effects between antipsychotics and anti-

TB agents/antibiotics 

In a phenotypic array based screening assay involving pairwise combinations of antipsychotics 

with standard anti-mycobacterial agents, unique interactions producing resistance breaking 

effects were identified. Resistance breaking effects were defined as increase in zones of 

inhibition of 4mm or more relative to the control. Conversely resistance inducing effects were 

defined as reduction in the zones of inhibition of 4 mm or more compared with the 

corresponding control plate. The minimum inhibitory concentrations (MICs) of antipsychotic 

compounds and other phenotypic compounds were determined (Table 4.0). Pairwise drug 

combinations between phenotypic compounds at their sub-MICs (Table 4.0) and standard anti-

mycobacterial agents /antibiotics were carried out. The MICs of five modulators of fungal 

MDR/CDR gene expression, 4-nitroquinoline oxide, benomyl, methotrexate, rifampicin and 

1,10-phenanthroline were relatively smaller compared with the other phenotypic compounds 

(Table 4.0).  
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All antipsychotics used in the study produced resistance breaking effects upon interacting with 

rifampicin (RNA polymerase inhibitor) and chloramphenicol (a protein synthesis inhibitor) 

(Table 4.1). With the exception of chlorpromazine, all other antipsychotics produced resistance 

breaking effects with the protein synthesis inhibitors tetracycline and paramomycin (Table 4.1). 

Triflupromazine, bacterial metabolic energy targeting compound (Kigondu et al., 2014) and 

flupenthixol, a potent efflux pump inhibitor (Kaatz et al., 2003) enhanced the anti-

mycobacterial activity of the DNA replication inhibitor, Moxifloxacin (Table 4.1). Three cell 

wall synthesis inhibitors, ethionamide, ethambutol and pyrazinamide did not produce any 

interactions with the antipsychotics (Table 4.1). The thioxanthene based antipsychotic 

flupenthixol caused resistance breaking effects with moxifloxacin (known to block DNA 

replication) (Table 4.1). Resistance to 5-fluorouracil, a thymidine synthesis inhibitor was not 

challenged by any of the antipsychotic compounds. Resistance breaking effects was largely 

identified with drug-drug interactions between antipsychotics and protein synthesis inhibitor, 

tetracycline and paramomycin, as well as the RNA synthesis inhibitor, rifampicin. With the 

exception of chlorpromazine, all antipsychotic compounds generated resistance breaking effects 

when combined with tetracycline and paramomycin (Table 4.1). Thioridazine generated the 

highest number of resistance breaking interactions (with 9 antibiotics), followed by flupenthixol 

(with 8 antibiotics). Trifluoperazine generated resistance breaking effects in combination with 

chloramphenicol (bacterial protein synthesis inhibitor) against M. smegmatis (Figure 4.1).  

A number of resistance inducing effects arising from the drug-drug interactions between 

antipsychotics and standard antimycobacterial agents were identified in the phenotypic based 

screening. Generally few interactions produced resistance inducing effects (Table 4.1). Two 

bacterial efflux pump inhibitors chlorpromazine and thioridazine (Ratnakar and Murthy, 1993) 
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and bromperidol (mechanism not known), each in combination with ampicillin augmented 

resistance in M. smegmatis (Table 4.1). In addition, resistance inducing effects were identified 

in a pairwise combination involving chlorpromazine, triflupromazine, trimeprazine and the 

antibiotic erythromycin. Chlorpromazine which targets the NADH:menaquinone 

oxidoreductase in the electron transport chain of mycobacteria (Weinstein et al., 2005) 

produced resistance inducing effects upon  interacting with three inhibitors ampicillin (a cell 

wall synthesis inhibitor), vancomycin (a cell wall synthesis inhibitor), erythromycin (a protein 

synthesis inhibitor and the DNA replication inhibitor moxifloxacin as shown in table 4.1. The 

three ion channel blockers, Chlorpromazine, thioridazine and bromperidol induced resistance in 

pairwise combinations with ampicillin, a cell wall disrupting antibiotic (Table 4.1). 

Chlorpromazine in combination with the DNA replication inhibitor moxifloxacin generated 

resistance inducing effects (Table 4.1).  
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Resistance breaking interactions refer to drug combinations that result in increase in zones of inhibition ≥ 4 mm with respect to the 

corresponding control plate. 

Resistance inducing interactions refer to drug combinations that result in a decrease in zones ≥ 4 mm with respect to the control plate. 

Neutral interactions refer to drug combinations where the increase or decrease in zones of inhibition with respect to the control is < 4 mm. 

Amp 14 ( Ampicillin, 14 µg/µL), Amx 14 (Amoxicillin, 14 µg/µL), INH 10 (Isoniazid, 10 µg/µL), Emb 4 (Ethambutol, 4 µg/µL),                

Eth 18 (Ethionamide, 18 µg/µL), PZD 40 (Pyrazinamide, 40 µg/µL), Moxi 0.2 (Moxifloxacin, 0.2 µg/µL), Rif 4 (Rifampicin 4 µg/µL),           

Lin 1 (Linezolid 1 µg/µL), Tet 8 (Tetracycline, 8 µg/µL), Chlo 14 (Chloramphenicol, 14 µg/µL), Ery 14 (Erythromycin, 14 µg/µL),         

Strep 10 (Streptomycin, 10µg/µL), Cyser 20 (Cycloserine, 20 µg/µL), Met 10 (Metronidazole, 10 µg/µL), Gen 4 (Gentamycin, 4 µg/µL), 

Para 8 (Paramomycin, 8 µg/µL), 5-Fu 0.4 (5-Fluorouracil, 0.4 µg/µL), Clind 10 (Clindamycin 10 µg/µL). 
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4.1.1 Resistance breaking and inducing scenarios between selected antipsychotics and 

anti-TB/antibiotics  

Figure 4.1 shows typical resistance breaking and resistance inducing effects from drug-drug 

combinations involving antipsychotics and selected anti-TB/antibiotics. Trifluoperazine, a 

calcium binding antipsychotic compound and an inhibitor of bacteria energy metabolism, 

generated resistance breaking effects when combined with the protein synthesis inhibitor, 

chloramphenicol (Figure 4.1 A). Resistance breaking interactions similarly occurred between 

vancomycin, a cell wall synthesis inhibitor, and trifluoperazine (Figure 4.1 A).  Neutral 

interactions were observed especially with interactions involving the antibiotics amoxicillin, 

linezolid, ethambutol, pyrazinamide and cycloserine, and the antipsychotic, trifluoperazine 

(Figure 4.1A).  

Chlorpromazine, the other phenothiazine counterpart, generated resistance inducing effects 

when combined with the DNA replication inhibitor, moxifloxacin (Figure 4.1 B). In addition, 

erythromycin (a protein synthesis inhibitor) and ampicillin (inhibitor of cell wall synthesis) 

induced resistance effects in drug combination with chlorpromazine (Figure 4.1 B). Rifampicin, 

the DNA-dependent RNA synthesis inhibitor, generated resistance breaking effects in drug-

drug interactions with chlorpromazine (Figure 4.1B). In addition, streptomycin, a protein 

synthesis inhibitor, generated resistance breaking interactions in pairwise combination with 

chlorpromazine (Figure 4.1 B). Neutral interactions occurred with drug combinations involving 

the antipsychotic, chlorpromazine, and the antibiotics linezolid, pyrazinamide, cycloserine and 

tetracycline (Figure 4.1 B).  
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Figure 4.1: Bioassay plates showing (A) Resistance breaking (B) Resistance inducing interactions against M. smegmatis. 

Trifluoperazine in combination with chloramphenicol (chlo circled in green) generated resistance breaking effects and this is 

evident as increase in zones of inhibition (mm) compared with the control (Figure 4.1A).  

Chlorpromazine in combination with moxifloxacin (Moxi circled in yellow) produced resistance inducing effects (reduction in 

zones of inhibition) (Figure 4.1B). Drug pattern on unmodified agar media were used as control. Each drug combination was 

carried out in triplicates and the average was used for analysis. 
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4.1.2 Resistance breaking and resistance inducing effects between modulators of fungal 

multidrug resistance efflux pump and anti-TB agents/antibiotics 

 A panel of phenotype modulating compounds was tested for their ability to induce resistance 

breaking effects in pairwise combination with standard anti-mycobacterial drugs. Notably, 

compound PC04-03 (4-nitroquinoline oxide) produced resistance breaking effects with 

cycloserine (cell wall synthesis inhibitor) and metronidazole (a DNA synthesis inhibitor), an 

effect which was not observed for the antipsychotics-standard TB drug pairwise combinations. 

To a larger extent, compound 4-nitroquinoline oxide produced resistance breaking effects with 

all antibiotics (Table 4.2). Outstanding among the resistance breaking effects is drug-drug 

interactions involving compound PC04-03 (4-nitroquinoline oxide) and pyrazinamide (known 

to disrupt membrane transport and energetics) (Zhang et al., 2003). Next to 4-nitroquinoline 

oxide, the RNA synthesis inhibitor, rifampicin, induced resistance breaking effects with 14 

antibiotics with different antimicrobial profiles; cell wall synthesis inhibitors, protein synthesis 

inhibitors and DNA synthesis inhibitors (Table 4.2). A similar effect occurred with the fungal 

MDR/CDR efflux modulator, sulfometuron, which caused resistance breaking effects with 12 

antibiotics possessing diverse mechanisms of antimicrobial action (Table 4.2). Also, 1,10-

phenanthroline exhibited resistance breaking effects with 8 antibiotics belonging to cell wall 

synthesis inhibitors and protein synthesis inhibitors (Table 4.2). However, resistance inducing 

effects occurred when 1,10-phenanthroline was combined with the DNA synthesis inhibitor, 

moxifloxacin. Reducing inducing effects also occurred when rifampicin, estradiol and 1, 10-

phenathroline were each combined with ampicillin, a cell wall synthesis inhibitor. Three 

antibiotics, ethambutol, ethionamide and pyrazinamide in combination with the phenotypic 

compounds, rifampicin, methotrexate, sulfometuron, estradiol and 1, 10-phenanthroline 

generated resistance inducing effects (Table 4.2). 
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Resistance breaking interactions refer to drug combinations that result in increase in zones of inhibition ≥ 4 mm with respect to the 

corresponding control plate. 

Resistance inducing interactions were considered for drug combinations that result in a decrease in zones ≥ 4 mm with respect to the control 

plate. 

Neutral interactions refer to drug combinations where the increase or decrease in zones of inhibition with respect to the control is < 4 mm. 

Amp 14 ( Ampicillin, 14 µg/µL), Amx 14 (Amoxicillin, 14 µg/µL), INH 10 (Isoniazid, 10 µg/µL), Emb 4 (Ethambutol, 4 µg/µL),                

Eth 18 (Ethionamide, 18 µg/µL), PZD 40 (Pyrazinamide, 40 µg/µL), Moxi 0.2 (Moxifloxacin, 0.2 µg/µL), Rif 4 (Rifampicin 4 µg/µL),           

Lin 1 (Linezolid 1 µg/µL), Tet 8 (Tetracycline, 8 µg/µL), Chlo 14 (Chloramphenicol, 14 µg/µL), Ery 14 (Erythromycin, 14 µg/µL),         

Strep 10 (Streptomycin, 10µg/µL), Cyser 20 (Cycloserine, 20 µg/µL), Met 10 (Metronidazole, 10 µg/µL), Gen 4 (Gentamycin, 4 µg/µL), 

Para 8 (Paramomycin, 8 µg/µL), 5-Fu 0.4 (5-Fluorouracil, 0.4 µg/µL), Clind 10 (Clindamycin 10 µg/µL). 
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4.1.3 Resistance breaking effects between selected sickle cell management drugs and anti-

TB/antibiotics 

A number of sickle cell management drugs were tested for their ability to induce resistance 

breaking or inducing effects in combination with anti-mycobacterial agents and antibiotics 

(Table 4.3). Pethidine in pairwise drug combinations caused resistance breaking effects with 9 

antibiotics whose antimicrobial profiles are different (Table 4.3). Deferasirox generated 

resistance breaking effects with 8 mechanistically different antibiotics (Table 4.3) whereas its 

iron chelating counterpart deferoxamine generated resistance breaking effects with 6 antibiotics 

(Table 4.3). Praziquantel, an antischistosomal drug, produced resistance breaking effects only 

with 7 antibiotics with different antimicrobial profiles (Table 4.4). The sickle cell management 

compounds used in the study produced resistance breaking effects when paired with rifampicin 

(RNA synthesis inhibitor), tetracycline (protein synthesis inhihitor) and paramomycin (protein 

synthesis inhibitor) (Table 4.3). The compounds deferasirox, deferoxamine, tramadol, pethidine 

and ibuprofen induced resistance to the protein synthesis inhibitor, erythromycin (Table 4.4). 

Tramadol and Ibuprofen in combination with ampicillin, vancomycin and erythromycin 

generated resistance inducing effects (Table 4.3). Deferoxamine, an iron chelator, generated 

resistance inducing interactions when paired with the antibiotics ampicillin, moxifloxacin and 

erythromycin. Neutral interactions were occurred when the antibiotics ethambutol, ethionamide 

pyrazinamide, cycloserine, metronidazole and gentamycin produced neutral were each paired 

with 5 sickle cell management drugs (Table 4.3).   
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Resistance breaking interactions refer to drug combinations that result in increase in zones of inhibition ≥ 4 mm with respect to the 

corresponding control plate. 

Resistance inducing interactions refer to drug combinations that result in a decrease in zones ≥ 4 mm with respect to the control plate. 

Neutral interactions refer to drug combinations where the increase or decrease with respect to the control is < 4 mm. 

Amp 14 ( Ampicillin, 14 µg/µL), Amx 14 (Amoxicillin, 14 µg/µL), INH 10 (Isoniazid, 10 µg/µL), Emb 4 (Ethambutol, 4 µg/µL),                

Eth 18 (Ethionamide, 18 µg/µL), PZD 40 (Pyrazinamide, 40 µg/µL), Moxi 0.2 (Moxifloxacin, 0.2 µg/µL), Rif 4 (Rifampicin 4 µg/µL),           

Lin 1 (Linezolid 1 µg/µL), Tet 8 (Tetracycline, 8 µg/µL), Chlo 14 (Chloramphenicol, 14 µg/µL), Ery 14 (Erythromycin, 14 µg/µL),         

Strep 10 (Streptomycin, 10µg/µL), Cyser 20 (Cycloserine, 20 µg/µL), Met 10 (Metronidazole, 10 µg/µL), Gen 4 (Gentamycin, 4 µg/µL), 

Para 8 (Paramomycin, 8 µg/µL), 5-Fu 0.4 (5-Fluorouracil, 0.4 µg/µL), Clind 10 (Clindamycin 10 µg/µL). 
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4.1.4 Resistance breaking and inducing interactions generated by phenotypic compounds 

and anti-TB agents/antibiotics 

Other phenotypic compounds were tested for their ability to generate resistance breaking or 

resistance inducing effects in M. smegmatis (Table 4.4). on unmodified plates were used as 

control. The compounds benomyl, paracetamol and albendazole induced resistance when each 

was paired with the cell wall synthesis inhibitor vancomycin (Table 4.4). Compounds tramadol 

and ibuprofen induced resistance when each was combined with ampicillin (cell wall synthesis 

inhibitor), vancomycin (cell wall synthesis inhibitor) and erythromycin (protein synthesis 

inhibitor). The fungal multidrug resistance (MDR) efflux modulator, benomyl, and two sickle 

cell management drugs, paracetamol and hydroxyurea, induced resistance when combined with 

ampicillin. In addition benomyl induced resistance when paired with the ampicillin, 

vancomycin, tetracycline and erythromycin (Table 4.4). However, benomyl generated few 

resistance breaking interactions when paired with rifampicin, chloramphenicol and 

streptomycin. Praziquantel, an antischistosomal drug, generated resistance breaking interactions 

when paired with 8 antibiotics that are mechanistically diverse (Cell wall synthesis inhibitors, 

DNA synthesis inhibitors, RNA synthesis inhibitors and protein synthesis inhibitors) (Table 

4.4). Whilst praziquantel generated resistance breaking effects with ampicillin and vancomycin, 

benomyl and paracetamol generated resistance inducing effects when paired with the same 

antibiotics. The phenotype modifying compounds benomyl, paracetomol, albendazole, 

praziquantel and hydroxyurea generated resistance breaking effects when combined with the 

DNA-dependent RNA synthesis inhibitor, rifampicin. Neutral interactions occurred when these 

compounds paired with isoniazid, ethambutol, ethionamide, pyrazinamide, cycloserine and 

metronidazole (Table 4.4).  
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Resistance breaking interactions refer to drug combinations that result in increase in zones of inhibition ≥ 4 mm with respect to the 

corresponding control plate. 

Resistance inducing interactions refer to drug combinations that result in a decrease in zones ≥ 4 mm with respect to the control plate. 

Neutral interactions refer to drug combinations where the increase or decrease with respect to the control is < 4 mm. 

Amp 14 ( Ampicillin, 14 µg/µL), Amx 14 (Amoxicillin, 14 µg/µL), INH 10 (Isoniazid, 10 µg/µL), Emb 4 (Ethambutol, 4 µg/µL),                

Eth 18 (Ethionamide, 18 µg/µL), PZD 40 (Pyrazinamide, 40 µg/µL), Moxi 0.2 (Moxifloxacin, 0.2 µg/µL), Rif 4 (Rifampicin 4 µg/µL),           

Lin 1 (Linezolid 1 µg/µL), Tet 8 (Tetracycline, 8 µg/µL), Chlo 14 (Chloramphenicol, 14 µg/µL), Ery 14 (Erythromycin, 14 µg/µL),         

Strep 10 (Streptomycin, 10µg/µL), Cyser 20 (Cycloserine, 20 µg/µL), Met 10 (Metronidazole, 10 µg/µL), Gen 4 (Gentamycin, 4 µg/µL), 

Para 8 (Paramomycin, 8 µg/µL), 5-Fu 0.4 (5-Fluorouracil, 0.4 µg/µL), Clind 10 (Clindamycin 10 µg/µL). 
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4.2 Ranking of drug-drug interactions 

The phenotypic interactions were categorized into resistance breaking and resistance inducing 

interactions. The pairwise drug-drug interactions were ranked based on the number of 

antibiotics affected and their cumulative zones of inhibitions produced by each phenotypic 

compound (Table 4.5.1 and 4.5.2). Resistance breaking and resistance inducing scenarios from 

the pairwise interactions studies were ranked based on the number of antibiotics affected by a 

compound in producing resistance breaking effect (Table 4.5.1 - 4.5.4).  Based on the ranking 

(table 4.5.1), thioridazine (an antipsychotic), Hydroxyurea (PC04-15), and bromperidol (an 

antipsychotic) were selected for further investigations. The three phenotypic compounds 

namely thioridazine, hydroxyurea and bromperidol produced resistance breaking effects with 9, 

8 and 7 antibiotics respectively (Table 4.5.1). Thioridazine, Hydroxyurea and bromperidol 

produced cumulative increase in zones of 129 mm, 100 mm and 111 mm respectively. 

Interactions involving (thioridazine - vancomycin), (Hydroxyurea - chloramphenicol) and 

(bromperidol - vancomycin) were selected for further investigations (Table 4.5.2). The pairs 

were selected on the basis that they were mechanistically diverse. 

In the same manner, resistance inducing interactions were ranked based on the number 

antibiotics affected by a compound in inducing resistance (Table 4.5.3). Chlorpromazine (an 

antipsychotic compound), deferoxamine (sickle cell management compound, and sulfometuron 

(fungal phenotypic compound) produced cumulative zones of 50 mm, 23 mm and 12 mm 

respectively. Chlorpromazine, deferoxamine and sulfometuron were selected for further 

investigations. Resistance inducing interactions involving (chlorpromazine – erythromycin), 

(deferoxamine – ampicillin) and (sulfometuron – moxifloxacin) were validated in liquid 

cultures (Figure 4.2). 
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4.2.1 Validation of selected resistance breaking and inducing interactions 

Selected resistance breaking and resistance inducing interactions were validated in liquid 

cultures (Figure 4.2 A – F). For resistance breaking effects (Figure 4.2 A-C), drug combinations 

produced growth inhibitory effects compared with drug free cultures. The growth inhibitory 

effects contributed by phenotypic compounds only and antibiotics only were also analysed. As 

expected, the drug combinations had suppressive effects on the growth of mycobacterial cells 

(Figure 4.2 A-C). Drug combinations involving bromperidol and vancomycin caused 

suppressive effects on the growth of the cells compared with the drug free media (Figure 4.2 C). 

Though the phenotypic compound (bromperidol) and the antibiotic (vancomycin) separately 

caused a decrease in the growth rate of the cells, the drug combinations (bromperidol with 

vancomycin) further suppressed the growth rate of the cells compared with that generated by 

the each compound only (Figure 4.2 C). However the other two resistance breaking interactions 

did not produce a similar pattern (Figure 4.2 A and B), though the drug combinations caused a 

suppression in the growth rate of the cells. For such interactions (Figure 4.2 A and B), a down 

titration of vancomycin and chloramphenicol would be required to obtain optimum antibiotic 

concentration for validation in liquid cultures.  

Resistance inducing effects, combinations involving deferoxamine and ampicillin (Figure 4.2 

E) validated previous observations with the disc diffusion method. It was observed that cells 

exposed to the drug combinations grew more than cells in the drug free medium. Ampicillin 

(cell wall synthesis inhibitor) caused a reduction in the cell growth relative to the drug-free 

culture and the culture treated with deferoxamine. However, combinations involving ampicillin 

and deferoxamine boosted the growth of the cells with time (Figure 4.2 E). This validates 

observations made with the disc diffusion method where combinations involving deferoxamine 
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and ampicillin produced zones of inhibition higher than the control plates (Table 4.5.4). The 

other two drug-drug combinations (chlorpromazine – erythromycin) and (sulfometuron – 

moxifloxacin), did not produce a similar pattern. In these scenarios, the drug combinations 

suppressed the growth rate of the cells compared with the control. Therefore since these 

combinations are toxic to the cells, further down titration of the antibiotics would be required to 

obtain optimum antibiotic concentration for validation in liquid cultures.  
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Figure 4.2 Selected resistance breaking interactions (A – C) and resistance inducing interactions (D – F) 

To reaction mixtures containing drug combinations, 1% Alamar blue was added and the fluorescence measured at 15 min intervals at 

excitation and emission wavelengths of 550 and 590 nm respectively. The experiments were carried out in triplicates and averages were used 

to construct the graphs. Error bars represent standard error of the mean. 

(A) Thioridazine and Vancomycin (B) Hydroxyurea and chloramphenicol and (C) Bromperidol and vancomycin against M. smegmatis.                                             

Bromp- bromperidol, Van- Vancomycin,  Hydro- Hydroxyurea,    Chlo- chloramphenicol,  Thio- thioridazine 

D) chlorpromazine and erythromycin (E) Deferoxamine and ampicillin and (F) Sulfometuron and moxifloxacin against M. smegmatis.                                                                                 

CPZ-Chlorpromazine, Ery- erythromycin, Def- deferoxamine, Amp- ampicillin, Sulpho- sulfometuron, Moxi- moxifloxacin 
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4.3 Uptake of ethidium bromide  

The 24 phenotypic compounds were tested for their ability to induce uptake of ethidium 

bromide in M. smegmatis, erythromycin-resistant M. smegmatis A (Ery M. smeg A), and 

erythromycin-resistant M. smegmatis B (Ery M. smeg B). Accumulation of ethidium bromide 

by cells is considered as an indication of efflux disruption (Danquah et al., 2018). All 

antipsychotics caused increased uptake of ethidium bromide in M. smegmatis and 

erythromycin-resistant M. smegmatis B relative to the phenotypic compound free culture 

containing only ethidium bromide (Figure 4.3.1 A and B, 4.3.2 A and B). Notable among them, 

bromperidol, chlorpromazine, trifluoperazine, triflupromazine and trimeprazine caused 

approximately 2 fold increase in the levels of intracellular ethidium bromide compared with 

verapamil treated cells (Figure 4.3.1 A). The antipsychotic compounds bromperidol, 

thioridazine and trimeprazine promoted the accumulation of ethidium bromide in M. smegmatis 

and the two multidrug-resistant mutants (erythromycin-resistant M. smegmatis A and B) at 

levels higher than verapamil (standard efflux pump inhibitor) (Figure 4.3.1 A, 4.3.2 A and 4.3.3 

A). Five modulators of fungal MDR/CDR gene expression namely; benomyl, estradiol, 4-

nitroquinoline, methotrexate and sulfometuron induced accumulation ethidium bromide by 

approximately 2 fold relative to verapamil induced uptake in M. smegmatis (Figure 4.3.1 A). 

Two anti-schistosomal drugs, albendazole and praziquantel also caused approximately 2 fold 

increase in the levels of intracellular ethidium bromide compared with verapamil treated culture 

in M. smegmatis (Figure 4.3.1 B). Notably, four sickle cell management drugs hydroxyurea, 

deferasirox, deferoxamine and ibuprofen caused over 2 fold increase in the intracellular levels 

of ethidium bromide relative to ethidium bromide uptake in the presence of verapamil (Figure 

4.3.1 B). 
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In erythromycin-resistant M. smegmatis A (Ery M. smeg A), all antipsychotic compounds used 

in the study promoted accumulation of ethidium bromide compared with culture treated with 

ethidium bromide only (Figure 4.3.2). Notably, the antipsychotic compounds thioridazine, 

chlorpromazine, bromperidol, flupenthixol and trimeprazine enhanced uptake of ethidium 

bromide in erythromycin-resistant M. smegmatis A compared to verapamil treated culture 

(Figure 4.3.2 A). The levels of intracellular ethidium bromide mycobacterial culture in the 

presence of two antipsychotic compounds (thioridazine and flupenthixol) were 1.4 fold relative 

to verapamil treated erythromycin-resistant M. smegmatis A (Figure 4.3.2 A). Benomyl 

(modulator of MDR/CDR gene expression in Candida albicans) induced 1.6 fold increase in 

the levels intracellular ethidium bromide relative to verapamil treated cells (Figure 4.3.2 A). 

Compared with verapamil, 20 compounds increased intracellular levels of ethidium bromide in 

erythromycin-resistant M. smegmatis A (Figure 4.3.2 A and B). 

In erythromycin-resistant M. smegmatis B, bromperidol (an antipsychotic compound) caused 

1.6 fold accumulation of ethidium relative verapamil treated culture (Figure 4.3.3 A). In 

addition, three antipsychotic compounds thioridazine, trifluoperazine and trimeprazine 

relatively caused approximately 1.2 fold increase in intracellular ethidium bromide relative to 

verapamil treated culture (Figure 4.3.3A). The DNA dependent RNA polymerase inhibitor 

(rifampicin), two modulators of fungal MDR/CDR gene expression (sulfometuron and 

benomyl) and praziquantel (anti-schistosomal drug) caused increased uptake of ethidium 

bromide in M. smegmatis, and erythromycin-resistant M. smegmatis A and B relative to 

verapamil treated culture (Figure 4.3.1 - 4.3.3). In addition, two sickle cell management drugs, 

deferasirox and hydroxyurea (also known to be a ribonucluotide reductase inhibitor) enhanced 

uptake of ethidium bromide in all three test organisms (Figure 4.3.1 – 4.3.3). 
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Figure 4.3.1: Effects of antipsychotics and phenotypic compounds on the uptake of ethidium bromide in M. smegmatis.  

The phenotype modifying compounds were assessed for their ability to induce uptake of ethidium bromide in M. smegmatis. Fluorescence 

over time was measured at excitation and emission wavelengths of 530 and 585 nm respectively. Reaction mixture containing verapamil 

only were used as positive control whilst compound free liquid culture containing ethidium bromide served as negative control. The 

experiment was carried out in triplicates and the graph was constructed using their averages. All phenotypic compounds used are distributed 

across graphs A and B. Error bars represent the standard error of the mean. The horizontal red line indicates the level of ethidium bromide 

uptake in verapamil treated cells (positive control) used as a cutoff to assess the effects of other phenotypic compounds. 
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Figure 4.3.2: Effects of antipsychotic compounds and phenotypic compounds on the uptake of ethidium bromide in erythromycin-resistant 

M. smegmatis A  

The phenotype modifying compounds were assessed for their ability to induce uptake of ethidium bromide in erythromycin-resistant M. 

smegmatis A. The experiment was carried out in triplicates and the graph was constructed using their averages. Fluorescence was measured at 

excitation and emission wavelengths of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive 

control whilst compound free liquid culture treated with ethidium bromide were used as negative control. All phenotypic compounds used 

were distributed across graphs 4.4 A and B. The error bars represent the standard error of the mean. The horizontal red line indicates the level 

of ethidium bromide uptake in verapamil treated cells (positive control) used as a cutoff to assess the effects of other phenotypic compounds. 
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Figure 4.3.3: Effects of antipsychotics and phenotypic compounds on the uptake of ethidium bromide in erythromycin-resistant M. 

smegmatis B  

The phenotype modifying compounds were assessed for their ability to induce uptake of ethidium bromide in erythromycin-resistant  M. 

smegmatis. The experiment was carried out in triplicates and the graph was constructed using their averages. Fluorescence was measured at 

excitation and emission wavelengths of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive 

control whilst compound free liquid culture treated with ethidium bromide were used as negative control. All phenotypic compounds used 

were distributed across graphs A and B. The error bars represent the standard error of the mean. The horizontal red line indicates the level of 

ethidium bromide uptake in verapamil treated cells (positive control) used as a cutoff to assess the effects of other phenotypic compounds. 
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4.4 Effects of antipsychotic compounds on efflux 

Three antipsychotic compounds bromperidol, chlorpromazine and thioridazine produced 

inhibitory effects on the efflux of ethidium bromide in M. smegmatis and erythromycin-

resistant M. smegmatis A (Figure 4.3.4A and 4.3.5A). The percentage drop relative to the 

accumulated levels of intracellular ethidium bromide in the presence of these three 

antipsychotics (bromperidol, chlorpromazine and thioridazine) at 120 min were 13%, 11% and 

2% respectively in M. smegmatis (Figure 4.3.4 A). The amount (percentage change) of 

ethidium bromide extruded in the presence of bromperidol, chlorpromazine and thioridazine in 

M. smegmatis were relatively smaller than that extruded in the presence of verapamil (Figure 

4.3.4 A). In erythromycin-resistant M. smegmatis A, the amount (in percentage) of intracellular 

ethidium bromide effluxed at 120 min were 12%, 17% and 7% respectively (Figure 4.3.5 A), 

whereas the percentage drop in the presence of verapamil was 22%. Though trifluoperazine, 

triflupromazine and trimeprazine  caused increased uptake levels of ethidium bromide in M. 

smegmatis, efflux activity increased (as evident by the sudden drop in intracellular levels of 

ethidium bromide) at 15 min after addition of glucose (Figure 4.3.4 A and B), followed by 

gradual reduction in efflux rate till 120 min. Trifluoperazine induced an uptake of ethidium 

bromide to levels equal to that of chlorpromazine but upon efflux stimulation, it could not 

inhibit efflux activity to levels comparable to chlorpromazine (Figure 4.3.4 A). However, in 

erythromycin-resistant M. smegmatis A, trifluoperazine exhibited efflux inhibition profile in a 

manner closely similar to the standard efflux inhibitor verapamil except that trifluoperazine 

promoted accumulation of ethidium than verapamil (Figure 4.3.5 A). In M. smegmatis the 

amount of ethidium bromide effluxed in the presence of thioridazine at 120 min was 11% and 
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whereas in erythromycin resistant M. smegmatis A, 17% of accumulated ethidium bromide was 

effluxed (Figure 4.3.4 and 4.3.5 A).  

In erythromycin-resistant M. smegmatis A (Ery M. smeg A), the antipsychotics trimeprazine, 

triflupromazine and flupenthixol inhibited efflux activity by causing a gradual loss of 

intracellular ethidium bromide with time (Figure 4.3.5 B) relative to verapamil treated culture 

(Figure 4.3.5 B). In erythromycin-resistant M. smegmatis A, the percentage drop in the 

intracellular levels of ethidium bromide at 120 min in the presence of trimeprazine and 

triflupromazine were 10% and 9% respectively (Figure 4.3.5 B). In the presence of the standard 

efflux inhibitor verapamil, erythromycin-resistant M. smegmatis A effluxed 22% of intracellular 

ethidium bromide. However, compared with negative control (Ery M. smeg B treated with only 

ethidium bromide), there were efflux inhibition effects by the antipsychotic compounds against 

Ery M. smeg B (Figure 4.3.6 A and B). With all antipsychotic compounds, the levels of 

intracellular ethidium bromide dropped sharply after efflux stimulation in erythromycin-

resistant M. smegmatis B (Figure 4.3.6). This was similarly observed in M. smegmatis in the 

presence of trifluoperazine, triflupromazine and trimeprazine (Figure 4.3.4 A). Generally, in 

erythromycin-resistant M. smegmatis B (Ery M. smeg B), none of the antipsychotics produced 

relatively higher inhibitory effects on the extrusion of ethidium bromide relative to verapamil 

(Figure 4.3.6). However, all antipsychotics induced accumulation of ethidium bromide in 

erythromycin-resistant M. smegmatis B (Figure 4.3.6 A and B). 
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Figure 4.3.4: Effects of antipsychotics on efflux in M. smegmatis  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out in 

triplicates and the average was used to construct the graphs. Fluorescence was measured with time at excitation and emission 

wavelengths of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst 

compound free mycobacterial culture treated with ethidium bromide was used as negative control. The 7 antipsychotics have been 

distributed across graphs A and B. The error bars measure the standard error of the mean. 
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Figure 4.3.5: Effects of antipsychotic compounds on efflux in erythromycin-resistant M. smegmatis A.  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out in 

triplicates and the average was used to construct the graphs. Fluorescence was measured with time at excitation and emission 

wavelengths of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst 

compound free mycobacterial culture treated with ethidium bromide was used as negative control. The 7 antipsychotics have been 

distributed across graphs A and B. The error bars indicate the standard error of the mean. 

 

University of Ghana  http://ugspace.ug.edu.gh



 
 

        54 
 

 

 Figure 4.3.6: Effects of antipsychotics compounds on efflux in erythromycin-resistant M. smegmatis B  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out in 

triplicates and the average was used to construct the graphs. Fluorescence was measured at excitation and emission wavelengths of 

530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst compound free 

liquid culture containing ethidium bromide were used as negative control. The error bars represent the standard error of the mean. 

 

University of Ghana  http://ugspace.ug.edu.gh



 
 

        55 
 

4.5 Effects of phenotypic compounds on efflux activity in M. smegmatis 

The effects of other phenotypic compounds on the rate of efflux in the test organisms were 

assessed. Benomyl was observed to both stimulate uptake and impede extrusion of ethidium 

bromide in M. smegmatis (Figure 4.3.7 A). In M. smegmatis benomyl caused 13% reduction in 

the intracellular levels of ethidium bromide whilst in the presence of verapamil, M. smegmatis 

extruded 15% ethidium bromide. Apart from benomyl which challenged efflux activity at levels 

higher than verapamil, the rest of the phenotypic compounds did not challenge extrusion of 

ethidium bromide after stimulation of efflux in M. smegmatis (Figure 4.3.7 and 4.3.8). At 60 

min, the levels of intracellular ethidium bromide in the presence of 4-nitroquinoline oxide 

(DNA damaging agent), morphine, tramadol and pethidine were similar to the negative control 

(cells treated with ethidium bromide only) (Figure 4.3.7 and 4.3.8). Two DNA disrupting 

compounds 4-nitroquinoline oxide and methotrexate stimulated uptake of ethidium bromide in 

M. smegmatis but could not inhibit efflux (Figure 4.3.7 A). These two DNA disrupting 

compounds could not sustain gradual loss of intracellular ethidium bromide which is indicative 

of their weak propensity to inhibit efflux (Figure 4.3.7 A). Further to this, these two DNA 

disrupting agents inhibited sudden efflux of ethidium bromide in erythromycin-resistant M. 

smegmatis A after efflux stimulation at 15 min (Figure 5.1 A). Although estradiol is a weak 

efflux inhibitor in M. smegmatis (Figure 4.3.7), its efflux inhibitory effects is higher in 

erythromycin-resistant M. smegmatis A (Figure 5.1). The anti-schistosomal drug albendazole 

inhibited extrusion of ethidium bromide in erythromycin-resistant M. smegmatis A (Figure 5.1). 

Similarly, sickle cell management drugs hydroxyurea, deferasirox, deferoxamine and ibuprofen 

promoted accumulation ethidium in M. smegmatis but could not inhibit efflux at low rates 

comparable to standard efflux inhibitor verapamil (15%).  
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Figure 4.3.7: Effects of phenotypic compounds on efflux in M. smegmatis  

Efflux activity was stimulated by the addition of 0.4% glucose after ethidium bromide uptake. The experiment was carried out in 

triplicates and the average was used to construct the graphs. Fluorescence over time was measured at excitation and emission 

wavelengths of 530 and 585 nm respectively. The phenotypic compounds were distributed across graphs A and B. The error bars 

represent the standard error of the mean. 
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Figure 4.3.8: Effects of phenotypic compounds on efflux in M. smegmatis  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried 

out in triplicates and the average was used to construct the graphs. Fluorescence was measured at excitation and emission 

wavelengths of 530 and 585 nm respectively. The phenotypic compounds were distributed across A and B. The error bars 

represent the standard error of the mean. 
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4.6 Effects of phenotypic compounds on efflux in erythromycin-resistant M. smegmatis A 

Other phenotypic compounds were tested for their ability to inhibit efflux in erythromycin- 

resistant M. smegmatis A (Figure 4.3.9 and 4.4.0). The percentage decrease in the levels of 

intracellular ethidium bromide in benomyl treated cells was relatively smaller (10%) compared 

with that obtained with verapamil treated cells (22%) at 120 min of efflux induction. With 

deferasirox treated cells, percentage decrease in the intracellular levels of ethidium bromide 

relatively smaller (14%) compared with verapamil treated cells (22%) at 120 min of efflux 

stimulation (Figure 4.4.0A). With the exception of benomyl and deferasirox which caused 10% 

and 14% ethidium bromide respectively to be effluxed, other phenotypic compounds could not 

induce extrusion of relatively smaller amount of ethidium bromide compared with verapamil 

treated cells (Figure 4.3.9 and 4.4.0). Generally, all the phenotypic compounds induced 

accumulation of ethidium bromide in erythromycin-resistant M. smegmatis A at levels 

relatively higher than verapamil treated cells (Figure 4.3.9 and 4.4.0). Apart from benomyl and 

deferasirox, other phenotypic compounds caused a sharp drop in the intracellular levels of 

ethidium bromide after 15 min of efflux induction in erythromycin-resistant M. smegmatis A 

(Figure 4.3.9 A and B). It was observed that 4-nitroquinoline oxide and 1, 10 – phenanthroline 

generated efflux inhibitory effects against erythromycin-resistant M. smegmatis A by reducing 

the intracellular levels of ethidium bromide by 24% and 20% respectively (Figure 4.3.9 A and 

B).  Methotrexate, estradiol, sulfometuron and rifampicin caused relatively higher reduction in 

intracellular levels of ethidium bromide at 120 min compared with verapamil treated cells 

(Figure 4.3.9 A and B). Similarly, morphine, pethidine, ibuprofen, praziquantel and 

paracetamol caused a higher decrease in the intracellular levels of ethidium bromide compared 

with verapamil treated cells (Figure 4.4.0 A and B) 
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Figure 4.3.9: Effects of phenotypic compounds on efflux in erythromycin –resistant M. smegmatis A.  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out 

in triplicates and the average was used to construct the graphs. Fluorescence was measured at excitation and emission 

wavelengths of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst 

compound free mycobacterial culture containing ethidium bromide was used as negative control. The phenotypic compounds 

were distributed across A and B. The error bars represent the standard error of the mean. 
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Figure 4.4.0: Effects of phenotypic compounds on efflux in erythromycin-resistant M. smegmatis A.  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out 

in triplicates and the average was used to construct the graphs. Fluorescence was measured at excitation and emission wavelengths 

of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst compound free 

culture containing ethidium bromide was used as negative control. The phenotypic compounds were distributed across A and B. 

The error bars indicate the standard error of the mean. 
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4.7 Effects of phenotypic compounds on efflux in erythromycin-resistant M. smegmatis B 

The effects of other phenotypic compounds on efflux activity in erythromycin-resistant M. 

smegmatis B (possesses a relatively robust resistant background compared with erythromycin-

resistant M. smegmatis A) were analysed (Figure 4.4.1 and 4.4.2). None of the phenotypic 

compounds could maintain intracellular levels of ethidium bromide after efflux induction 

compared with verapamil treated cells (Figure 4.4.1 and 4.4.2). Generally all phenotypic 

compounds induced accumulation of ethidium bromide in erythromycin-resistant M. smegmatis 

B at 0 min. However after 0 min, a sharp drop in the levels of intracellular ethidium bromide 

occurred till the 120 min of efflux induction (Figure 4.4.1 and 4.4.2). Compared with the 

negative control (untreated cells), percentage decrease in intracellular levels of ethidium 

bromide by the phenotypic compounds in erythromycin-resistant M. smegmatis B was relatively 

lower (Figure 4.4.1 and 4.4.2). Notable among the efflux inhibitory effects of the phenotypic 

compounds was that generated by morphine which caused a percentage drop of 19% in the 

intracellular levels of ethidium bromide at 120 min in erythromycin-resistant M. smegmatis B 

(Figure 4.4.2 A). Compared with the negative control (untreated cells), the phenotypic 

compounds induced accumulation of ethidium bromide in erythromycin-resistant M. smegmatis 

B, however, these compounds could not inhibit extrusion of ethidium bromide in a steady 

fashion (Figure 4.4.1 and 4.4.2). Benomyl, sulfometuron, 1, 10 – phenanthroline, rifampicin, 

albendazole, praziquantel, hydroxyurea and deferasirox induced accumulation of ethidium to 

levels matching that generated by verapamil (Figure 4.4.1 and 4.4.2). The percentage drop in 

the intracellular levels of ethidium bromide at 120 min was highest when erythromycin-

resistant M. smegmatis B culture was treated with hydroxyurea and deferoxamine (Figure 4.4.1 

A).  
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Figure 4.4.1: Effects of phenotypic compounds on efflux in erythromycin-resistant M. smegmatis B  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out 

in triplicates and the average was used to construct the graphs. Fluorescence was measured at excitation and emission wavelengths 

of 530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst compound free 

liquid culture containing ethidium bromide were used as negative control. The error bars represent the standard error of the mean. 
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Figure 4.4.2: Effects of phenotypic compounds on efflux in erythromycin-resistant M. smegmatis B  

Efflux activity was stimulated by the addition of 0.4% glucose after uptake of ethidium bromide. The experiment was carried out in 

triplicates and the average was used to construct the graphs. Fluorescence was measured at excitation and emission wavelengths of 

530 and 585 nm respectively. Reaction mixture containing verapamil only were used as positive control whilst compound free 

liquid culture containing ethidium bromide were used as negative control. The error bars measure the standard error of the mean. 
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4.8.0 Biofilm inhibition and disruption by antipsychotic and other phenotypic compounds 

on M. smegmatis 

Biofilm formation has been shown to contribute drug resistance in mycobacteria (Bhunu et al., 

2017). The effect of the phenotypic compounds on biofilm formation in M. smegmatis, 

erythromycin-resistant M. smegmatis A and erythromycin-resistant M. smegmatis B was 

analysed. The conditions for biofilm formation were optimized and used for the biofilm 

inhibition and disruption experiment (Figure 4.5.0). The optimized conditions obtained were 

found to be using mycobacterial culture at an OD of 0.5 and incubating them for 72 hr with 

orbital shaking at 60 rpm for M. smegmatis, erythromycin-resistant M. smegmatis A and 

erythromycin-resistant M. smegmatis B (Figure 4.5.0).  

Biofilm formation in M. smegmatis was highly induced by deferoxamine, a sickle cell 

management drug, to eight-fold compared with compound free medium (Figure 4.5.1 B). 

Sulfometuron, fungal phenotype modifying compound, increased biofilm formation by two-fold 

relative to compound-free culture in M. smegmatis (Figure 4.5.1 A). However, 4-nitroquinoline 

oxide, methotrexate, bromperidol (butyrophenone antipsychotic compound), triflupromazine (a 

phenothiazine antipsychotic compound) and rifampicin inhibited biofilm formation (Figure 

4.5.1 A), and partially disrupted already formed biofilm in M. smegmatis (4.5.2 A). Generally, 

with the exception of trimeprazine, none of the antipsychotic compounds induced biofilm 

formation in M. smegmatis (Figure 4.5.1 A). The two anti-schistosomal drugs praziquantel and 

albendazole inhibited biofilm formation and reduced the levels of already formed biofilm in M. 

smegmatis (Figure 4.5.1 B and 4.5.2 A). Two sickle cell management drugs ibuprofen and 

pethidine induced two-fold increase in biofilm formation in M. smegmatis relative to the 

compound free culture (Figure 4.5.1 B). Whilst deferoxamine did not disrupt biofilm formation 

in M. smegmatis, its iron chelating counterpart deferasirox disrupted already formed biofilm by 
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36% in M. smegmatis (Figure 4.5.2 B). Two phenothiazine antipsychotic compounds, 

thioridazine and trimeprazine, could not disrupt already formed biofilm in M. smegmatis 

(Figure 4.5.2 A). In addition the fungal phenotypic compound, sulfometuron, was ineffective at 

disrupting biofilm formed in M. smegmatis (Figure 4.5.2 A).  

 

 

 

University of Ghana  http://ugspace.ug.edu.gh



 
 

        66 
 

 

 

 

 

 

Figure 4.5.0: Biofilm optimisation in (A) M. smegmatis, (B) erythromycin-resistant M. smegmatis A and (C) erythromycin- 

resistant M. smegmatis B.  

Mycobacterial cultures of M. smegmatis, erythromycin-resistant M. smegmatis A and erythromycin-resistant M. smegmatis B at 

ODs 0.5 and 0.7 were allowed to form biofilms over a period of 48 hr and 72 hr for both ODs. Planktonic cells were then washed 

and crystal violet added to the wells. The amount of biofilm formed was quantified by measuring absorbance at 595 nm. The 

experiments were carried out in triplicates and the averages were used to construct the graphs. The error bars represent the 

standard error of the mean. 
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Figure 4.5.1: Effects of antipsychotics and phenotypic compounds on biofilm formation in M. smegmatis.  

Mycobacteria culture (OD 0.5) was allowed to form biofilm in the presence of the 24 compounds. Following washing of planktonic 

cells, crystal violet was added to the biofilm formed cells and the absorbance was measured at 595 nm. The experiments were carried 

out in triplicates and the averages were used for constructing the graphs for analysis. Compound free liquid culture was used as a 

control. The error bars measure the standard error of the mean. The horizontal red line indicates the level of biofilm formation in 

compound free medium used as a cutoff to assess the effects of other phenotypic compounds on biofilm formation. 
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Figure 4.5.2 Biofilm disruption by phenotypic compounds against M. smegmatis  

Mycobacterial culture (OD 0.5) was allowed to form biofilm under optimum conditions. The biofilm was disrupted by adding 

phenotypic compounds.  Crystal violet was added after washing the planktonic cells and absorbance was read at 595 nm to quantify 

amount of biofilm formed. The phenotypic compounds were distributed across A and B. The error bars represent the standard error 

of the mean. The horizontal red line indicates the level of biofilm formation in compound free medium used as a cutoff to assess the 

extent of biofilm disruption by other phenotypic compounds. 
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4.8.1 Biofilm inhibition and disruption by antipsychotic and other phenotypic compounds 

on erythromycin-resistant M. smegmatis A. 

The 7 antipsychotics and other phenotypic compounds were tested for their ability to inhibit 

biofilm formation and disrupt biofilm in erythromycin-resistant M. smegmatis A (Figure 4.5.3 

and 4.5.4). Bromperidol (a butyrophenone antipsychotic compound) and methotrexate (a sickle 

cell management drug) inhibited biofilm formation in erythromycin-resistant M. smegmatis A 

(Figure 4.5.3 A). Further to this, the antipsychotic compounds thioridazine, trifluoperazine, 

flupenthixol and trimeprazine induced biofilm formation in erythromycin-resistant M. 

smegmatis A by respective increases of 2-fold, 1.6-fold, 1.5-fold and 2-fold (Figure 4.5.3 A and 

B). However, chlorpromazine and triflupromazine, could neither induce nor inhibit biofilm 

formation in erythromycin-resistant M. smegmatis A (Figure 4.5.3 A). Two sickle cell 

management drugs, deferoxamine and hydroxyurea, induced biofilm formation by three-fold 

and two fold respectively in erythromycin-resistant M. smegmatis A (Figure 4.5.3 B).  

The sickle cell management drugs morphine, tramadol, pethidine and paracetamol neither 

induced nor inhibited biofilm formation in erythromycin-resistant M. smegmatis A (Figure 4.5.3 

B). The fungal phenotypic modifiers benomyl, estradiol and 4-nitroquinoline neither inhibited 

nor induced formation of biofilm in erythromycin-resistant M. smegmatis A (Figure 4.5.3 A). 

However, benomyl and estradiol disrupted already formed biofilm in erythromycin-resistant M. 

smegmatis A by 28% (Figure 4.5.4 A). The sickle cell management drug, pethidine, and fungal 

phenotypic compound 1, 10-phenanthroline, disrupted already formed biofilm by 25% and 23% 

respectively in erythromycin-resistant M. smegmatis A (Figure 4.5.4 B). The two iron chelators 

deferoxamine and deferasirox could not disrupt biofilm formed in erythromycin-resistant M. 

smegmatis A (Figure 4.5.4 B). 
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Figure 4.5.3: Effects of antipsychotics and phenotypic compounds on biofilm formation in erythromycin-resistant M. 

smegmatis A. 

Mycobacterial culture (OD 0.5) was allowed to form biofilm under optimum conditions. Following washing of the planktonic cells, 

crystal violet was added to the biofilm formed cells and the absorbance was measured at 595 nm to estimate amount of biofilm 

formed. The experiments were carried out in triplicates the averages were used for constructing the graphs for analysis. Compound 

free liquid culture was used as a control. The error bars indicate the standard error of the mean. The horizontal red line indicates the 

level of biofilm formation in compound free medium used as a cutoff to assess the effects of other phenotypic compounds on biofilm 

formation. 
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Figure 4.5.4: Biofilm disruption by antipsychotics and phenotypic compounds against erythromycin-resistant M. smegmatis A 

Mycobacterial culture (OD 0.5) was allowed to form biofilm under optimum conditions. The biofilm was disrupted by adding 

phenotypic compounds.  Crystal violet was added after washing the planktonic cells and absorbance was read at 595 nm to quantify 

amount of biofilm formed. The experiments were carried out in triplicates and the averages were used in constructing the graphs.  

The error bars represent the standard error of the mean. . The horizontal red line indicates the level of biofilm formation in compound 

free medium used as a cutoff to assess the extent of biofilm disruption by other phenotypic compounds. 
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4.8.1 Biofilm inhibition and disruption by antipsychotic and other phenotypic compounds 

on erythromycin-resistant M. smegmatis B 

The ability of antipsychotic compounds and other phenotypic compounds to inhibit biofilm 

formation and disrupt already formed biofilm in erythromycin –resistant M. smegmatis B were 

tested (Figure 4.5.5 and 4.5.6). None of the antipsychotic compounds tested inhibited biofilm 

formation erythromycin-resistant M. smegmatis B (Figure 4.5.5 A). Benomyl, a modulator of 

fungal efflux pump, caused 0.4-fold increase in biofilm formation in erythromycin-resistant M. 

smegmatis B (Figure 4.5.5 A).  However, benomyl could not disrupt biofilm formation in 

erythromycin-resistant M. smegmatis B (Figure 4.5.6 A). Deferasirox, a sickle cell management 

compound (also an iron chelator) inhibited biofilm formation by 33% relative to compound free 

culture of erythromycin-resistant M. smegmatis B (Figure 4.5.5 B). Notably, apart from 

deferasirox, the other phenotypic compounds neither induced nor reduced biofilm formation in 

erythromycin-resistant M. smegmatis B (Figure 4.5.5A). 

None the 7 antipsychotic compounds tested disrupted biofilm formed by erythromycin-resistant 

M. smegmatis B (Figure 4.5.6 A). Deferasirox, an iron chelating compound which inhibited 

biofilm formation in erythromycin-resistant M. smegmatis B (Figure 4.5.5 B) increased biofilm 

formation when biofilm disruption assay was carried out in erythromycin-resistant M. 

smegmatis B (Figure 4.5.6 B). In addition, in the biofilm disruption assay, pethidine and 

estradiol caused 0.3-fold increases in the amount of biofilm formed in erythromycin-resistant 

M. smegmatis B in the biofilm disruption assay (Figure 4.5.6 B). Generally, none of the 24 

compounds tested disrupted biofilm formed in erythromycin-resistant M. smegmatis B (Figure 

4.5.6 B). 
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Figure 4.5.5: Effects of antipsychotics and phenotypic compounds on biofilm formation in erythromycin-resistant M. 

smegmatis B. 

Mycobacterial culture (OD 0.5) was allowed to form biofilm under optimum conditions. Following washing of the planktonic 

cells, crystal violet was added to the biofilm formed cells and the absorbance was measured at 595 nm. The experiments were 

carried out in triplicates and the averages were used for constructing the graphs for analysis. Compound free liquid culture was 

used as a control. The error bars represent the standard error of the mean. The error bars indicate the standard error of the mean. 

The horizontal red line indicates the level of biofilm formation in compound free medium used as a cutoff to assess the effects of 

other phenotypic compounds on biofilm formation. 
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Figure 4.5.6: Biofilm disruption by phenotypic compounds against erythromycin-resistant M. smegmatis B. 

Mycobacterial culture (OD 0.5) was allowed to form biofilm under optimum conditions. The biofilm formed was disrupted by 

addition of the phenotypic compounds.  Crystal violet was added after washing the planktonic cells and absorbance was read at 595 

nm to quantify the amount of biofilm formed. The experiments were carried out in triplicates and the averages were used in 

constructing the graphs. The error bars represent the standard error of the mean. The horizontal red line indicates the level of biofilm 

formation in compound free medium used as a cutoff to assess the extent of biofilm disruption by other phenotypic compounds. 
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4.9 Bioactivity of extracts from soil borne fungi (SBF) and terrestrial endophytic fungi 

(TEF) extracts  

Soil borne fungal extracts (201) and terrestrial endophytic fungal extracts (306) were screened 

against M. smegmatis and erythromycin-resistant M. smegmatis A (Figure 6.2 and 6.3). Of the 

201 SBF extracts screened, 172 SBF (85%) extracts showed activity against M. smegmatis and 

25 SBF (12%) extracts were active against erythromycin-resistant M. smegmatis A (Ery M. 

smeg A) respectively (Figure 6.2 A and B). 

Of the 306 TEF extracts screened, 208 (68%) were active against M. smegmatis whilst 57 TEF 

(19%) extracts were active against erythromycin-resistant M. smegmatis A (Ery M. smeg A) 

(Figure 6.3 A and B). The zones of inhibition of the active extracts were ranked from the 

highest to the lowest and extracts producing high zones of inhibition (high activity-generating 

extracts) were considered for further bioactivity guided isolation of active products. From the 

ranking, 32 highly active SBF and TEF extracts were selected and cultured for large scale 

secondary metabolites production over a period of three months (Table 4.6).  
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Figure 4.6: Bioactivity of 201 SBF extracts against (A) M. smegmatis and (B) erythromycin-resistant M. smegmatis A.  

Using disc diffusion method, bioactivity of SBF extracts were tested against M. smegmatis and erythromycin-resistant M. 

smegmatis A. The experiment was carried out in duplicates and the average zones of inhibition were used to construct the 

graphs. Fungal isolates producing the most active extracts were selected and cultured for large scale of secondary metabolites. 
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Figure 4.7: Bioactivity of 306 TEF extracts against (A) M. smegmatis and (B) erythromycin-resistant M. smegmatis A. 

The bioactivity of TEF extracts were tested against M. smegmatis and erythromycin-resistant M. smegmatis A using disc 

diffusion method. The experiment was carried out in duplicates and the average zones of inhibition were used to construct the 

graphs. Fungal isolates producing the most active extracts were selected and cultured for large scale of secondary metabolites. 
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CHAPTER FIVE 

DISCUSSIONS 

From the body of literature, previous studies pointed out the potential of sertraline (an 

antidepressant compound) in the treatment of fungal infections (Lass-Flörl et al., 2003; Zhai et 

al., 2012). In a different study, bromperidol (an antipsychotic compound) was identified to 

enhance the activity of clarithromycin and rifampicin against Mycobacterium tuberculosis 

(Ramón-García et al., 2011). Further studies suggested the potential of bromperidol derivatives 

in the treatment of fungal infections (Holbrook et al., 2017). It is against this background that 

the study was conducted to investigate the mechanisms of resistance in mycobacteria using 

unrelated compounds including antipsychotics and other phenotype modifying agents. 

In a phenotypic drug-drug interaction between 24 phenotypic compounds (including 7 

antipsychotic compounds) and anti-mycobacterial agents, 37% (178/480 conditions) resistance 

breaking and 6% (29/480 conditions) resistance inducing interactions were identified using M. 

smegmatis (Tables 4.1, 4.2, 4.3, 4.4). Of the 7 antipsychotics, thioridazine was found to 

generate resistance breaking effects with 9 antibiotics (amoxicillin, vancomycin, rifampicin, 

tetracycline, chloramphenicol, streptomycin, paramomycin, clindamycin and erythromycin) 

(Table 4.5.1). These antibiotics in resistance breaking scenarios with thioridazine belong to 

different classes of antibiotics. Thioridazine has been shown to alter membrane permeability of 

Mycobacterium tuberculosis and also enhance the activity of a number of antibiotics 

irrespective of the resistance profile of the bacteria (Amaral and Molnar, 2014; de Keijzer et al., 

2016). Thus better membrane permeability altering agents like thioridazine are potential 

adjuvants in breaking resistance in mycobacteria (Nasiri et al., 2017). Trifluoperazine, the 

calmodulin binding antipsychotic, generated resistance breaking effects with 7 antibiotics with 
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different antimicrobial profiles (Table 4.5.1). Of the five phenothiazines used in the study, 

thioridazine and trifluoperazine contain piperidine and piperazine respectively as one of the 

components in their side chains (Figure 2.3). Hence, it is likely these nitrogenous six membered 

rings (piperidine and piperazine) could play significant roles in enhancing their outstanding 

resistance breaking scenarios among other phenothiazenes used in the study. As presented in 

Table 4.5.1, flupenthixol (a thioxanthene antipsychotic compound) produced resistance 

breaking effects with 8 antibiotics with different antimicrobial profiles. The parent structure 

(fused tricyclic system) of a thioxanthene is closely related to that of a phenothiazine, except 

that the nitrogen atom in the parent structure of phenothiazines is replaced by a carbon atom in 

thioxanthenes (Figure 2.3).  Flupenthixol also possesses piperazine as one of the components in 

its side chains which further supports the earlier speculation that the nitrogenous six membered 

ring could play significant roles in their resistance breaking interactions. Previous findings 

showed that flupenthixol is a potent efflux pump inhibitor (ion channel inhibitor) in bacterial 

systems (Kaatz et al., 2003; Machado et al., 2016). These observations confirm one of the 

major determinants of drug resistance in mycobacteria as possessing very active efflux systems 

(Balganesh et al., 2012).  In sync with previous findings in the drug-drug interactions study, the 

efflux assays revealed thioridazine and bromperidol as efflux inhibitors in M. smegmatis and 

erythromycin-resistant M. smegmatis A (Figure 4.3.4 and 4.3.5). Notably, 4-nitroquinoline 

oxide induced resistance breaking effects with all 20 standard antimicrobial agents used in the 

study. From the body of literature, 4-nitroquinoline oxide  is a DNA-damaging agent in 

bacterial systems (Downes et al., 2014; Fronza et al., 1992), hence DNA-damaging agents will 

find potential in combination therapy for TB treatment. In addition hydroxyurea produced 

resistance breaking scenarios with 7 antibiotics with unique mechanisms of action (Table 
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4.5.1). Hydroxyurea is known to be an inhibitor of ribonucleotide reductase responsible for 

synthesis of deoxyribonucleotides for the synthesis and repair of DNA (Mowa et al., 2009). 

This confirms DNA damage repair mechanisms (bacterial SOS response mechanisms) as one of 

the essential factors promoting mycobacterial persistence in the host (Naran, 2015; Singh, 2017; 

Žgur-Bertok, 2013). All antipsychotics used in the study produced resistance breaking effects 

with rifampicin, a bacterial RNA polymerase inhibitor (Wehrli, 1983). DNA-dependent RNA 

transcription is essential for most bacteria since it drives synthesis of proteins for life processes 

(Crick, 1970). Phenothiazine and thioxanthene antipsychotics generally targets efflux pumps in 

bacterial systems (Kaatz et al., 2003; Rodrigues et al., 2011), therefore, it is possible bacterial 

systems that are secondarily challenged with RNA synthesis inhibitors will be weakened and 

made susceptible to the primary compounds/antibiotics. Though the mechanism of bromperidol 

is not yet known, its butyrophenone structurally similar counterpart haloperidol has been found 

to be a potent ion channel blocker in bacterial cells (Machado et al., 2016), suggesting its 

likelihood to act as an ion channel blocker. This may explain why bromperidol generated 

resistance breaking effects with 7 antibiotics with different antimicrobial activity backgrounds 

(Table 4.5.1). In addition, bromperidol also possesses piperidine (six membered nitrogenous 

ring) as similarly found in the phenothiazines (thioridazine and trifluoperazine). This further 

supports the suggestion that six membered nitrogenous rings (piperdidine or piperazine) could 

play significant roles in resistance breaking interactions. The effects of bromperidol-

vancomycin drug pair on the growth of M. smegmatis were further validated in liquid cultures 

(Figure 4.2 C). Bromperidol-vancomycin drug pair combination was found to suppress the 

growth rate of M. smegmatis relative to mycobacterial culture containing either compound 

(Figure 4.2 C). For phenotypic compound – antibiotic combinations that did not produce 
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expected resistance breaking interactions, lower concentrations of the antibiotics should be used 

to generate expected suppressive growth effects by the antibiotic-compound pair.  

A number of resistance inducing interactions from the pairwise drug-drug combinations were 

identified (Tables 4.1, 4.2, 4.3, 4.4). The two ion channel blockers, chlorpromazine, 

thioridazine and the proposed ion channel blocker bromperidol induced resistance in pairwise 

combinations with ampicillin, a cell wall disrupting antibiotic (Table 4.1). Since efflux pumps 

are mostly linked to cell membrane (Szumowski et al., 2012), it is possible using two agents 

that affect the permeability of the cell membrane will induce remarkable remodeling of the cell 

envelope as a stress response mechanism (Black et al., 2014). This could explain the resistance 

inducing effects observed with interactions between the three ion channel blockers (including 

proposed ion channel blocker bromperidol) and ampicillin. Notably, the iron chelator 

deferoxamine induced resistance effects in M. smegmatis when paired with erythromycin, 

ampicillin and moxifloxacin (Table 4.5.3 and 4.5.4). Resistance inducing effects on M. 

smegmatis in the presence of deferoxamine and ampicillin was further validated in liquid 

cultures (Figure 4.2 E). It was observed that in the presence of deferoxamine only the growth 

rate of M. smegmatis relative to drug free culture was enhanced. The drug-drug pair 

(deferoxamine-ampicillin) further enhanced the growth of M. smegmatis (Figure 4.2 E). Iron 

chelation has been found to modulate growth of mycobacteria (Cronjé et al., 2005). Iron 

deprivation has been shown to produce persistence in Mycobacterium tuberculosis, since under 

such conditions, the organism depend on the exclusive control of endogenous iron leading to 

the activation of a number of determinants of antibiotic resistance genes (Kurthkoti et al., 

2017). This observation is consistent with the ability of M. smegmatis to significantly form 

biofilm in the presence of deferoxamine (Figure 4.5.1 B). This suggests that iron deprivation 
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boosts the formation of biofilm in M. smegmatis as a mechanism of persistence and antibiotic 

resistance in mycobacteria. In addition sulfometuron (mechanism of action unknown in 

mycobacteria) which promoted biofilm formation in M. smegmatis (Figure 4.5.1 A) and 

erythromycin-resistant M. smegmatis A (Figure 5.8 A) produced resistance phenotypes when 

paired with the DNA replication inhibitor moxifloxacin in the interaction studies (Table 4.5.3 

and 4.5.4). Therefore, biofilm-induced tolerance contributes to drug resistance in mycobacteria. 

Mechanism of resistance by efflux is a common mechanism in most mycobacterial species (da 

Silva et al., 2011; Smith et al., 2012). Ethidium bromide (EtBr) transport assays were carried 

out to quantify efflux activity in the presence of the phenotypic compounds since its 

fluorescence is detectable within bacilli but loses fluorescence in an aqueous environment 

(Machado et al., 2016). Bromperidol, thioridazine and chlorpromazine enhanced accumulation 

of ethidium bromide and prevented abrupt efflux of ethidium bromide in M. smegmatis and 

erythromycin-resistant M. smegmatis A with time (Figure 4.3.4 A). In a similar fashion, 

bromperidol, thioridazine and chlorpromazine caused increased intracellular levels of ethidium 

bromide and inhibited sudden extrusion of ethidium bromide in erythromycin-resistant M. 

smegmatis A (Figure 4.3.5 A). Bromperidol and chlorpromazine were found to exhibit similar 

efflux inhibition pattern in M. smegmatis and erythromycin-resistant M. smegmatis A (Figure 

4.3.4 A and 4.3.5 A). Therefore it is possible a similar efflux modulating mechanism is 

exhibited by these two compounds in mycobacteria though they belong to different classes of 

antipsychotic compounds. As described earlier, haloperidol, an ion channel inhibitor (Machado 

et al., 2016), shares structural similarities with bromperidol, therefore, bromperidol is likely to 

act as an ion channel inhibitor. Thioridazine and chlorpromazine are phenothiazines which are 

mainly bacterial efflux pump inhibitors (Amaral et al., 2001; Black et al., 2014; Kaatz et al., 
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2003; Pule et al., 2015). Thioridazine has been shown to alter the permeability of mycobacterial 

cell membrane, thereby enhancing uptake of compounds (de Keijzer et al., 2016). Hence 

cellular strategies enhancing membrane homeostasis can possibly contribute to antibiotic 

tolerance in mycobacteria (Fonseca et al., 2015). From these observations, it is possible 

mechanisms of efflux in mycobacteria can be perturbed by cell envelope (membrane 

homeostasis) disrupting agents. Two other phenothiazine based antipsychotics trimeprazine and 

trifluoperazine and the thioxanthene flupenthixol, produced stronger efflux inhibitory effects in 

erythromycin-resistant M. smegmatis A than verapamil treated cells. These observations are 

consistent with their mode of action as efflux pump inhibitors (Kaatz et al., 2003). 

Trifluoperazine is also known to be a novel calcium binding protein in mycobacteria thereby 

affecting all calcium dependent cellular processes (Ratnakar et al., 1995). In a macrophage 

infection model, thioridazine, chlorpromazine and trifluoperazine are known to concentrate 

within the macrophage and kill phagocytosed mycobacteria by multi-mechanisms of action 

(van Ingen, 2011). However, in erythromycin-resistant Mycobacterium smegmatis B, none of 

the antipsychotics and other phenotypic compounds maintained a gradual loss of ethidium 

bromide in a manner similar to verapamil. This shows that the erythromycin-resistant M. 

smegmatis B has a stronger efflux system or highly resistant background compared with M. 

smegmatis and erythromycin-resistant M. smegmatis A or is not very sensitive to binding by the 

antipsychotics. Although, estradiol produced uptake and efflux profile similar to verapamil in 

M. smegmatis, its uptake and extrusion pattern is higher and well controlled in erythromycin 

respectively resistant M. smegmatis A (Figure 4.4.0 A and B). Drug resistance in mycobacteria 

is known to impart metabolic and fitness cost (Salvatore et al., 2015), therefore it is possible the 

multidrug resistance phenotype observed in erythromycin-resistant M. smegmatis A imposes 
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metabolic remodelling consequences thereby weakening the organisms efflux activity rate 

towards estradiol. 

M. smegmatis formed biofilm in the presence of the phenothiazine trifluoperazine. 

Trifluoperazine, a calmodulin binding compound has also been shown to possess other 

mechanisms of action in mycobacteria. Trifluoperazine has been shown to inhibit synthesis of 

ATP in vitro in Mycobacterium leprae (Katoch et al., 1998), and also possess multiple 

mechanisms of action on the biosynthesis of macromolecules (Ratnakar and Suryanarayana 

Murthy, 1993). Hence in the presence of trifluoperazine, its multifactorial mechanisms may 

induce cellular stress response that culminates in the formation of biofilm as was observed. The 

DNA damaging agent 4-nitroquinoline oxide (Fronza et al., 1992), RNA synthesis inhibitor 

rifampicin (White et al., 1971) and DNA synthesis inhibitor methotrexate (Stone et al., 1984) 

all inhibited biofilm formation in M. smegmatis in addition to the antipsychotic bromperidol 

(Figure 4.5.1 A). Hence it is very likely DNA and RNA disrupting agents are potential 

inhibitors of biofilm in mycobacteria. Hence DNA repair mechanisms are crucial in the 

formation of biofilms for bacterial persistence (Debbia et al., 2001). In addition rifampicin 

caused universal resistance breaking effects with all phenotypic compounds used in the study 

(Table 4.1 – 4.4). Since rifampicin is an inhibitor of DNA directed RNA synthesis, it causes 

extensive non-specific reduction in mRNA transcripts therefore in combination with a number 

for phenotypic compounds induces enhancement of activity. This reveals mechanisms that 

promote bacterial homeostasis of mRNA transcripts as essential for its survival and drug 

tolerance   

To mirror previous drug-drug interactions between phenotypic compounds and anti-

mycobacterial agents per the project concept (Figure 1.1), extracts obtained from soil borne 
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fungi and terrestrial endophytic fungi were tested against M. smegmatis and erythromycin-

resistant M. smegmatis A. Natural products have been suggested to be one of the dependable 

sources that can provide lead compounds for the development of anti-mycobacterial agents 

against the emergence of drug resistant tuberculosis (Salomon and Schmidt, 2012). From the 

preliminary screening (Figure 6.2 and 6.3), 12% of SBF and 19% of the TEF extracts 

respectively showed activity against the multidrug resistant M. smegmatis (A and B). This 

observation throws more light on the fact that natural products are potential sources for the 

development of novel TB drugs. 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusion 

The proportion of resistance breaking interactions and resistance inducing interactions 

generated from the drug-drug combinations were (37%; 178/480 conditions) and (6%; 29/480 

conditions) respectively against M. smegmatis. Drug combinations involving antipsychotics 

generated 9% (44/480 conditions) resistance breaking interactions and 2% (9/480 conditions) 

resistance inducing interactions. 

Two antipsychotic compounds, thioridazine and bromperidol induced uptake and inhibited 

extrusion of ethidium bromide in M. smegmatis and the multidrug-resistant M. smegmatis 

(erythromycin-resistant M. smegmatis A). Thioridazine, bromperidol and flupenthixol 

generated resistance breaking effects when combined with a number of antibiotics with 

different antimicrobial profiles, thus suggesting efflux activity and cell envelope homeostasis in 

mycobacteria as possible mechanisms of antimicrobial tolerance. It is possible that cellular 

factors driving influx of ethidium bromide are different from factors modulating efflux since 

most compounds could not inhibit efflux at levels where they stimulated uptake.  

The DNA disrupting agent, 4–nitroquinoline oxide induced resistance breaking effects with all 

antibiotics tested. Two DNA disrupting phenotypic compounds, methotrexate and 4-

nitroquniline oxide, and the RNA synthesis inhibitor rifampicin inhibited biofilm formations in 

M. smegmatis, therefore implying mechanisms of DNA repair and mRNA homeostasis to be 

relevant to biofilm formation and antibiotic tolerance.   
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Two biofilm inducing compounds deferoxamine and sulfometuron also induced resistance with 

a number of antibiotics in M. smegmatis during the drug interactions studies. Therefore, biofilm 

induction is one of the possible mechanisms mediating anti-mycobacterial tolerance and 

resistance.  

The activity profile of extracts from soil borne and terrestrial endophytic fungi shows secondary 

metabolites of fungal origin to gain promising potential in anti-mycobacterial drug discovery.  

The impacts of the study highlight the usefulness of antipsychotics and other non-antibiotics in 

tuberculosis drug discovery and the potential management of drug-resistant tuberculosis. The 

study further unveils the bioprospecting potential of fungi in tuberculosis drug discovery. 

6.2 Future directions 

1. Molecular analysis of antibiotic associated stress response and efflux pump to assess 

their role in the observed resistance and susceptibility phenotypes. 

2. Active fungal extracts from soil borne fungi (SBF) and terrestrial endophytic fungi 

(TEF) would be further fractionated using bioactivity guided procedure to obtain novel 

antimicrobials. 

6.3 Recommendation 

1. Drugs used in the management of other chronic diseases should be included to expand 

the usefulness of non-TB drugs in repurposing. 
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APPENDIX 

A 1.0: Components of Middlebrook 7H9 broth base (Sigma Aldrich) 

Ammonium sulfate (0.50 g/L), Disodium phosphate (2.50 g/L), Monopotassium phosphate 

(1.00 g/L), Sodium citrate (0.10 g/L), Magnesium sulfate (0.05 g/L), Calcium chloride (0.0005 

g/L), Zinc sulfate (0.001 g/L), Copper sulfate (0.001 g/L), Ferric ammonium citrate (0.04 g/L),                       

L-Glutamic acid (0.50 g/L), Pyridoxine (0.001 g/L) and Biotin (0.0005 g/L)  

A 1.1 Preparation of 7H9 broth for culturing mycobacteria 

According to manufacturer’s instructions, Middlebrook 7H9 broth was prepared by adding 50 

ml of distilled water to 0.261 g (0.522%) 7H9 in a conical flask. The resulting suspension was 

supplemented with 0.0425 g (0.085%) NaCl, 125 µL (0.25%) of 20% Tween 80 and 220 µL 

(0.44%) glycerol.  

A 1.2 Components of Middlebrook 7H10 agar base (Sigma Aldrich) 

Ammonium sulfate (0.50 g/L), L-Glutamic acid (0.50 g/L), Monopotassium phosphate (1.50 

g/L), Disodium phosphate (1.50 g/L), Sodium citrate (0.40 g/L), Ferric ammonium citrate (0.04 

g/L), Magnesium sulfate (0.025 g/L), Calcium chloride (0.0005 g/L), Zinc sulfate (0.001 g/L),                 

Copper sulfate (0.001 g/L), Pyridoxine hydrochloride (0.001 g/L), Biotin (0.0005 g/L),                  

Malachite green (0.00025 g/L) and Agar (15.00 g/L) 

A 1.3 Preparation of 7H10 agar medium for culturing mycobacteria 

According to manufacturer’s instructions, Middlebrook 7H10 agar media was prepared by 

adding 1.9g 7H10 to 100 mL distilled water to make 1.9% 7H10. The resulting suspension was 

supplemented with 0.5 g (0.5%) dextrose and 0.085 g (0.085%) NaCl. 
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