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Abstract 

 

New molecules are urgently required for the treatment of multidrug-resistant (MDR)-

Gram-positive (GPB) and Gram-negative bacteria (GNB) infections. In the latter, these efforts 

are further impeded due to the presence of an outer membrane (OM) in GNB, which prevents 

many antibiotics from gaining entry to reach their target sites. This challenge has led to the 

current shortfall of new antimicrobials with novel mechanisms of action to treat MDR-GNB 

infections in particular. The present study aimed to identify promising lead compounds with 

new modes of action for pharmaceutical development to treat MDR bacterial infections, 

particularly GNB infections. Here, we focused on four novel antibiotic entities, the robenidine 

analogues NCL195 and NCL179 and benzguinol A and B, which each exhibited potent 

antimicrobial activity against MDR-GPB as stand-alone entities and were active against MDR-

GNB when combined with adjuvants that perturb the OM. 

We previously reported in vitro activity for the robenidine analogue NCL195 against 

MDR-GPB with minimum inhibitory concentrations (MIC) from 1-4 µg/mL. Here, we found 

partially synergistic effects of NCL195 in combination with ethylenediaminetetraacetic acid 

(EDTA) or polymyxin B nonapeptide (PMBN) and fully synergistic activity of NCL195 when 

combined with sub-inhibitory concentrations of polymyxin (PMB) or colistin against all tested 

GNB isolates, whereas NCL195 alone had no activity. We further used fluorescence-based 

membrane potential measurements to clearly show the dual mechanism of action of the 

NCL195 + colistin/PMB combination against Escherichia coli. Moreover, we used transmission 

electron microscopy (TEM) to demonstrate the effect of NCL195 alone and in combination 

with colistin on GPB (Staphylococcus aureus) and GNB (E. coli and Pseudomonas aeruginosa) 
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membrane morphology, respectively. We observed specific membrane damage and the 

presence of mesosome-like membrane structures in TEM images of S. aureus cells treated 

with NCL195 that were not present in untreated bacteria. No membrane morphology changes 

were observed in E. coli and P. aeruginosa exposure to NCL195 alone, whereas the 

NCL195+colistin combination treatment caused significantly more cell membrane damage 

compared to colistin alone. TEM images mirrored the in vitro antimicrobial activity of NCL195 

against S. aureus and synergistic interaction of NCL195 + colistin against E. coli and P. 

aeruginosa. We also showed that NCL195 exhibited limited in vitro cytotoxicity (16 µg/mL) to 

mammalian cell lines, and low haemolytic activity (128 µg/mL) to human erythrocytes. 

Moreover, intraperitoneal (IP) treatment (50 mg/kg, 2 x injections, 4 h apart) of NCL195 alone, 

oral treatment (50 mg/kg, 4 x injections, 4 h apart) of NCL195 alone and the combination of 

oral NCL195 (50 mg/kg, 4 x infections, 4 h apart) with IP colistin (0.125-4 mg/kg, two-fold 

increasing, 4 x injections, 4 h apart) were safe to mice. Furthermore, we showed promising in 

vivo efficacy against MDR-GPB human pathogens when NCL195 was administered 

systemically (50 mg/kg x 2 injections, 4 h apart) and orally (50 mg/kg x 4 injections, 4 h apart) 

in bioluminescent mouse sepsis models, with greater potency observed via the latter route of 

administration. Subsequently, we found that the combination of oral NCL195 (50 mg/kg, 4 x 

injections, 4 h apart) with different IP doses of colistin (0.125, 0.25, 0.5, 1 or 2 mg/kg, 4 x 

injections, 4 h apart) resulted in a dose-dependent significant reduction in infectious load 

when mice were challenged with both colistin-susceptible and -resistant bioluminescent E. 

coli and prolonged survival times compared to treatment with colistin alone at similar 

concentrations in a GNB sepsis model.  

We further investigated the potential of another analogue of robenidine (NCL179) to 

expand chemical diversity of this potentially new class of antimicrobial to treat MDR bacterial 
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infections. We showed that NCL179 exhibited potent bactericidal activity against a wide range 

of GPB pathogens (MICs from 1-4 µg/mL) and synergistic activity combined with sub-

inhibitory concentrations of colistin against GNB (MICs return 0.5-4 µg/mL), whereas NCL179 

alone had no activity. NCL179 exhibited limited in vitro toxicity (16 µg/mL) to mammalian cell 

lines, and low haemolytic activity (32 µg/mL) to human erythrocytes. Oral treatment of mice 

with NCL179 (50 mg/kg, 4 x injections, 4 h apart) was safe and significantly reduced S. aureus 

populations in vivo and prolonged survival times in a mouse sepsis model. 

We also extended our research into further biological characterisation of the “lost 

antibiotic” unguinol and further chemical diversification of related nidulin-family fungal 

natural products which identified two semisynthetic derivatives, benzguinols A and B. 

Excellent in vitro activity against many clinical GPB pathogens (MICs, 0.25-1 µg/mL) and 

synergistic activity in combination with sub-inhibitory concentrations of colistin against GNB 

reference strains (MICs, 1-2 µg/mL) were observed, whereas the benzguinols alone had no 

activity against GNB. Moreover, benzguinol A and B showed low in vitro toxicity to mammalian 

cell lines (32 µg/mL), and low haemolytic activity (128 µg/mL) to human erythrocytes. 

Furthermore, IP treatment of benzguinol A or B (20 mg/kg, 4 x injections, 4 h apart) exhibited 

systemic safety in mice and significantly reduced bacterial loads and prolonged survival times 

compared to vehicle-only treated mice in a bioluminescent S. aureus murine sepsis challenge 

model. 

In conclusion, NCL195, NCL179 and benzguinols A and B are viable candidates for 

further pre-clinical development for specific treatment of MDR-GPB and GNB infections either 

as stand-alone antibiotics or in combination with sub-inhibitory concentrations of colistin, 

respectively. They represent excellent scaffolds for further medicinal chemistry development 

to improve potency.   
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Preamble 

 

The evolution and widespread dispersal of multidrug-resistant (MDR) bacteria 

urgently requires the discovery and development of new antibiotics. The situation is more 

critical in drug development for MDR-Gram-negative bacterial (GNB) infections due to 

exclusion of many molecules by the outer membrane (OM) (i.e. preventing antibiotic entry) 

together with efficient efflux pump systems (i.e. exporting any antibiotics that penetrate the 

OM). This thesis focused on four novel antibiotics as lead compound candidates to treat MDR 

bacterial infections. The thesis consists of six publications (five published and one is being 

prepared to submit) from two collaborative programmes. The robendine research 

programme was initially funded by an Australian Research Council (ARC; arc.gov.au) Linkage 

grant (LP110200770) to Prof. Darren Trott from the University of Adelaide, Dr. Stephen W 

Page from Neoculi Pty Ltd as the Partner Organization, Prof. Adam McCluskey from the 

University of Newcastle and Assoc. Prof. Henrietta Venter from University of South Australia. 

The unguinol/nidulin research programme was supported by a Cooperative Research Centre 

Projects scheme grant (CRCPFIVE000119) awarded to Dr. Ernest Lacey from Macquarie 

University. Under the supervision of Prof. Darren Trott and Dr. Abiodun David Ogunniyi, I 

performed a series of microbiological evaluations to determine the in vitro and in vivo 

antibacterial profiles of four novel chemical compounds (two robenidine analogues, NCL195 

and NCL179 and two nidulin analogues, benzguinols A and B).  

 This dissertation is presented in a publication format consisting of eight chapters. 

Chapter I is a literature review providing a comprehensive critical review on the development 

of new antibiotics with novel mechanisms of action with particular application against GNB 



xii 

infections to address the shortfall in novel agents against pathogens including Escherichia coli, 

Pseudomonas aeruginosa, Acinetobacter spp. and Klebsiella spp. Chapter II, III, IV, and V are 

four articles describing in vitro and in vivo antimicrobial activity of NCL195 (4,6-bis(2-((E)-4-

methylbenzylidene)hydrazinyl)pyrimidin-2-amine), a chemical analogue of the anticoccidial 

drug robenidine, against MDR pathogens. Chapter VI focused on further in vitro biological 

characterisation of NCL179 (2,2’-bis[(4-chlorophenyl)methylene] carbonimidic dihydrazide 

hydrochloride), another analogue of the anticoccidial robenidine, against Gram-positive 

bacteria (GPB) and GNB in the presence of a sub-inhibitory concentration of colistin as well as 

its efficacy against S. aureus in a bioluminescent infection mouse model as a proof-concept of 

in vivo activity. Chapter VII, focuses on in vitro activity of benzguinols against GPB and their 

combination with sub-inhibitory concentrations of colistin against GNB as well as their 

efficacy against GPB in the bioluminescent mouse infection model. The thesis concludes with 

chapter VIII, which provides a general discussion of the overall findings of this study in the 

context of the existing literature, including potential future directions. Our findings indicate 

all four novel antibiotic entities in this study are promising lead compounds (requiring further 

medicinal chemistry diversification) with potentially different mechanisms of action in 

bacteria compared to existing antibiotics for the future treatment of MDR infections, 

particularly for GNB infections when combined with sub-inhibitory concentrations of colistin.  
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 Introduction and literature review 

  



 

2 

Strategies to combat multidrug-resistant Gram-negative bacterial infections 

1.1. Antibiotic resistance: A global health and development threat 

The persistent use, misuse, and abuse of antibiotics for treating a wide range of 

infections in humans and animals, as well as food preservation, and agricultural applications 

over a sustained period have increased the prevalence MDR bacteria in clinical settings [1,2]. 

In Europe, AMR bacteria caused around 25,000 deaths in 2007 [3], followed by an increase to 

33,000 deaths in 2015 [4]. It is estimated that more than 2.8 million AMR infections associated 

with 35,000 deaths occur each year in the USA (CDC, 2019) [5]. In modelling undertaken by 

economist Jim O’Neill, antimicrobial resistance is likely to cause 10 million deaths per year by 

2050, exceeding combined deaths caused by cancers and diabetes, at a cost $100 trillion 

unless the issue is adequately addressed [6]. 

MDR bacterial infections have become a burden for healthcare systems. It has been 

estimated that the treatment for a patient infected by an AMR microorganism results in an 

extra US$ 10,000-40,000 in healthcare costs [7]. Antibiotic resistance also interrupts hospital 

activity and results in limited treatment options. In addition, increasing antibiotic resistance 

potentially threatens the safety and efficacy of surgical procedures and immunosuppressive 

chemotherapy. In the USA alone, it is estimated that 38.7% - 50.9% and 26.8% of pathogens 

causing surgical site and chemotherapy-associated infections, respectively are resistant to 

current antibiotics [8]. The situation is more dire when focusing on the six main pathogens 

associated with MDR, the so called ESKAPE pathogens (Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 

Escherichia coli/Enterobacter spp), which contribute to 700,000 deaths annually [9]. 

According to a 2019 CDC report, the national cost of treating ESKAPE infections is more than 
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$4.6 billion annually [10]. In reference to the ESKAPE pathogens, drug discovery to combat 

MDR-Gram-negative bacteria (GNB) encounters more challenges than MDR-Gram-positive 

bacteria (GPB) due to the presence of an OM in GNBs, which prevents many antibiotics from 

gaining entry to GNB cell and exerting their effect [11]. Moreover, it was reported that while 

the incidence of methicillin-resistant S. aureus (MRSA) has slightly decreased in recent times, 

the incidence of MDR- GNB infections has increased [12].  

Unfortunately, the rate of approval of new drugs by the FDA is not commensurate 

with the increasing pace of MDR pathogen evolution [13] (Figure 1.1). For example, K. 

pneumoniae immediately developed resistance to ceftaxidime-avibactam in the same year 

this new combination of β-lactam/β-lactamase inhibitor was approved for clinical use (Figure 

1.1). Moreover, the new drug discovery and development process can cost over US$ 2.6 

billion and may take up to 15 years from discovery to market [14-16]. Furthermore, novel 

drug development also carries a high risk (nearly 84%) of failure in the pre-clinical stage [17]. 

Some drugs have recently been approved for specific MDR infection indications such as 

plazomicin (aminoglycoside (AG) derivative) for complicated urinary tract infections, 

eravacycline (fluorocycline derivative) for complicated intra-abdominal infections, sarecycline 

(tetracycline derivative) for the treatment of non-nodular moderate to severe acne, 

omadacycline (tetracycline derivative) for skin infections and community-acquired bacterial 

pneumonia, rifamycin for complicated intra-abdominal infections (2018), imipenem + 

cilastatin + relebactam (new carbapenem + β lactamase inhibitor) combination used for 

complicated urinary tract infections, lefamulin (a first-in-class pleuromutilin) used in 

community-acquired bacterial pneumonia, and cefiderocol (cephalosporin derivative) for 

complicated urinary tract infections (2019) [18]. These all recently approved drugs are 

analogues of existing antibiotic classes. In addition, around one hundred new antibiotics are 
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in different stages of clinical development, with 19 current antibiotics showing potential to 

treat KAPE infections recorded up to December 2020 [19]. However, the suite of currently 

available and in development antimicrobials is not proceeding at a fast enough pace to fully 

combat the widespread emergence of MDR pathogens. Thus, there is a real need and urgency 

to develop novel antibiotic drugs and strategies to overcome MDR infections in particular 

those caused by GNB.  

 

Figure 1.1. Timeline of antibiotics approved and resistance found.  

Source: CDC, 2019 and modification by lgc standards [20]  

 

To ensure the problem posed by MDR infections is strategically and urgently 

addressed, the WHO collaborated with FAO of the United Nations and OIE, and published a 

global action plan in 2015 [21]. The plan draws upon five objectives relevant to the health 

care, industry, and veterinary sectors (Figure 1.2). The plan aims to preserve the effectiveness 

of currently available antimicrobials and develop new agents to prevent, treat, and diagnose 

microbial infections to create a sustainable future [21]. In addition, international institutions 
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such as the EU, G20, UN General Assembly, World Bank, WHO, and the US and UK 

governments have issued documents calling for action including developing new antibiotics 

with novel mechanisms of action against MDR-ESKAPE pathogens [22]. 

 

Figure 1.2. World Health Organization global action plan objectives  

(Geneva: World Health Organization, 2019). Adapted from Pierce et al., [21] 

 

 Given the distinctive structure of GNB (i.e. presence of an OM), fewer treatment 

options are available for GNB infections compared to GPB infections. GNB are also more likely 

to acquire resistance via mobile genetic elements compared to GPB, and cause more 

significant morbidity and mortality worldwide. Thus, new antibiotics to treat GNB infections 

are urgently needed. However, pharmaceutical research has tended to focus on developing 

new antibiotics against the less challenging MDR-GPB while the development of new 

antimicrobials to MDR-GNB infections has often been neglected [14-16]. Therefore, this 

literature review will specifically focus on providing an overview of strategies to address the 

shortfall of antibiotics to combat MDR-GNB infections and will not provide in depth analysis 
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of approaches for GPB infections. Firstly, the review will briefly describe critical GNB 

pathogens listed by WHO and their different antibiotic resistance mechanisms to identify the 

main challenges faced in drug discovery and development to treat GNB infections. After 

synthesising information on existing antibiotics and indicating the limitations of current 

approaches, the review will provide a comprehensive critical overview of novel antibiotics 

and new strategies for the future treatment of MDR-GNB infections.  

1.2. Gram-negative bacteria 

1.2.1. GNB infections 

GNB bacterial pathogens receive the highest clinical attention because infected 

patients often require intensive care and they are often associated with increased risk of 

mortality [23]. GNB pathogens including Enterobacteriales such as E. coli, K. pneumoniae, 

Enterobacter spp., Proteus spp. and Serratia spp., as well as non-fermenting opportunistic 

bacteria such as P. aeruginosa and A. baummanii, account for approximately half of all 

bacteraemias [24]. E. coli is the leading cause of hospital-acquired urinary tract infections and 

is often a component of the mixed flora found in intra-abdominal infections. P. aeruginosa, K. 

pneumoniae and Enterobacter spp. are important in nosocomial pneumonia, especially in 

patients with prolonged hospitalisation. A. baumannii notoriously causes outbreaks in the 

most vulnerable patients in intensive care units [22].  

 GNB are a major component of the ESKAPE pathogens that are a leading cause of 

nosocomial infections worldwide [9]. KAPE pathogens often cause severe and deadly 

conditions such as bloodstream infections and pneumonia and have developed resistance to 

a wide range of antibiotics [25,26]. Therefore, they are categorised in the most critical group 

of the WHO priority list of bacteria for which new antibiotic classes are urgently needed [27].  
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1.2.2. Critical GNB KAPE pathogens  

Carbapenemase-producing A. baumannii (CRAB) strains carrying metallo-β-

lactamases encoded by blaIMP, and oxacillinase serine β-lactamases encoded by blaOXA are of 

the most concern in health care settings due to their resistance to imipenem [28]. CRAB rates 

exceed 90% in Asia and Europe [29]. The mortality rate for CRAB infections (such as hospital-

acquired pneumonia and bloodstream infections), is about 60% higher than for carbapenem-

susceptible A. baumannii infections [30,31]. In addition, diseases caused by CRAB are of 

particular concern because they often are resistant to most traditional antibiotics as well as 

the last line options colistin and tigecycline [32]. Therefore, current options for CRAB 

infections are limited [33]. 

Carbapenem-resistant Enterobacteriales (CRE) represent another critical group of 

pathogens that produces carbapenemases such as K. pneumoniae carbapenemase (KPC)-

type, New Delhi Metallo-β-lactamase (NDM)-type and OXA-48-type enzymes [34]. 

Carbapenem-resistant K. pneumoniae (CRKP) pathogens, which are the most clinically 

prominent CREs [35], are common pathogens causing severe infections such as bloodstream 

infections, pneumonia, complicated urinary tract infections, and complicated intra-abdominal 

infections [36]. CRKP was first reported in the USA in 2001 [37], then spread across several 

locations such as Europe, Australia, India, Sri Lanka, and China from 2005 to 2010 [38-41]. 

Notably, AMR hyper-virulent K. pneumoniae strains, cause necrotising fasciitis associated with 

higher mortality first emerged in Taiwan [42] and have now been detected in many developed 

and developing countries [41,43,44]. Extended-spectrum β-lactamase (ESBL)-containing E. 

coli also contributes significantly to the developing threat of CRE, with more than one-third 

of community-associated infections occurring in patients without healthcare-associated risk 
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factors. ESBL and KPC-producing E. coli isolates also confer cross-resistance to many other 

common antibiotics currently used to treat GNB such as quinolones and AGs [35]. 

P. aeruginosa is an opportunistic pathogen associated with burn wound infections, 

biofilm formation on medical devices and lung infection in cystic fibrosis patients [45]. 

Carbapenemase-producing P. aeruginosa (CRPA) expressing KPC, active-on-imipenem (IMP), 

Metallo-β-lactamase (MBL), NDM and Verona integron-encoded Metallo-β-lactamase (VIM)-

producing CRPA have been identified [46]. Infections caused by P. aeruginosa result in higher 

morbidity than those caused by members of the Enterobacteriales. Moreover, infections with 

P. aeruginosa are often challenging for clinical treatments because of its intrinsic non-

susceptibility to many commonly used antimicrobial drugs [47]. 

1.2.3. The GNB outer membrane barrier. 

The OM is a distinct feature differentiating GNB from GPB (Figure 1.3) that acts as a 

barrier to protect GNB from the entry of many types of molecules including a number of 

antibiotic classes [48]. The OM is composed of a lipid bilayer divided into two leaflets. The 

inner leaflet of this membrane contains phospholipids and the outer leaflet is composed of 

glycolipids, principally lipopolysaccharide (LPS) [48]. An oligosaccharide unit, a part of the LPS, 

forms the O-antigen that is a major target for both the immune system and bacteriophages; 

therefore, it is one of the most variable cell membrane constituents [49]. The non-fluid 

continuum formed by the LPS molecules is a very effective barrier for hydrophobic molecules 

[50]. The OM is also characterised by the presence by various porin proteins that act as 

specific water-filled open channels to control the intake of hydrophilic molecules [48].  
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Figure 1.3. Structural differences of cell membrane between GNB and GPB.  

Envelope of GPB contains a thick peptidoglycan layer interlinked with teichoic and lipoteichoic 

acids anchored to the plasma membrane. GNB possess inner (analogous to the GPB plasma 

membrane) and outer cell membrane and only a thin peptidoglycan layer located between 

the two. The OM, which is the unique feature of GNB, is an extra protective layer to prevent 

the entry of many types of molecule including some antibiotics. Adapted from Steward [48] 

 

1.2.4. AMR mechanisms in GNB 

GNB pathogens have developed resistance to a wide range of antibiotics through 

several different mechanisms including efflux systems, enzyme inactivation, drug 

modification, target modification, lipopolysaccharide modification, permeability alternation 

and several others (Figure 1.4).  
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Figure 1.4. Mechanisms of antibiotic resistance in GNB.  

1) Drug transporter efflux systems can export many antimicrobials out of bacteria. 2) 

Antibiotic inactivation by β-lactamase enzymes. 3) Inhibition of drug uptake via permeability 

changes to the bacterial cell wall (resistance to polymyxins). 4) Target modifications allow the 

bacteria to function in the presence of the antibiotic (resistance to AG). 5) Porin loss or 

mutation can reduce antibiotic permeability (resistance to carbapenems). 6) Alteration of the 

drug target to stop antibiotics (resistance to quinolones) binding to the active site. Adapted 

from Zowawi et al., [51]. 

 

Multidrug resistance mediated by efflux pumps strongly contributes to the challenges 

posed in drug discovery to treat GNB infections. Efflux is initiated by active transporters 

localised in the cytoplasmic membrane and requires a chemical energy source to pump out 

unwanted compounds [52,53]. Efflux pumps are categorised into six different structural 

superfamilies: ATP binding cassette superfamily, major facilitator superfamily, the multidrug 

and toxic compound extrusion family, the small MDR superfamily, the resistance nodulation 
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division superfamily (RND), and the proteobacterial antimicrobial compound efflux family. 

Each family contains several critical efflux pumps, and each efflux pump can export more than 

one antibiotic [52-54]. For instance, MexAB-OprM, one of the RND family members, is 

responsible for resistance to meropenem, fluoroquinolones, sulfonamides, β-lactams, 

cephalosporins, fluoroquinolones, macrolides, novobiocin, tetracycline, chloramphenicol, 

and some detergents in P. aeruginosa [54,55]. 

The inactivation of β-lactam antibiotics by β-lactamases is another major MDR 

mechanism in GNB [26,56]. There are four classes of β-lactamases, including: (A) 

penicillinases, (B) ESBLs, (C) the AmpC cephalosporinases, and (D) the carbapenem-

hydrolysing enzymes or OXAs β-lactamases. Class B β-lactamases have a broad range and 

potent carbapenemase activity imparting resistance to all β-lactam antibiotics apart from 

monobactams; class C are resistant to cephamycins (cefoxitin and cefotetan), penicillins and 

cephalosporins, and class D are specific to oxacillin and also can hydrolyse extended-spectrum 

cephalosporins and carbapenems [26,56]. ESBL-producing organisms are able to readily 

acquire resistance to other antibiotic classes such as quinolones, tetracyclines, cotrimazole, 

trimethoprim, and AG through plasmid-mediated and/or chromosomally encoded 

mechanisms [56]. 

 Target modification mechanisms allows GNB to function in the presence of the 

antibiotics, which is commonly associated with AG resistance [57]. GNB produce plasmid- or 

transposon-encoded AG-modifying enzymes (acetyltransferases, adenyltransferases, and 

phosphotransferases) [57] to modify AG class resulting in decreasing the binding affinity of 

the drug for its target and losing antibiotic potency [58]. AG- modifying enzymes are 

commonly associated with antimicrobial resistance in A. baumannii [57].  
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Lipopolysaccharide modification is a mechanism conferring resistance to antimicrobial 

peptides (AMPs) such as polymyxins [59]. These modifications involve the addition of positive 

residues to LPS structure, often to lipid A, to mitigate its negative charge. Common positively-

charged additions to LPS are fatty acid, phosphoethanolamine and aminoarabinose to the 

lipid A components [59]. For example, P. aeruginosa develops resistance to AMPs by adding 

the amine containing sugar aminoarabinose to lipid A phosphate group [59]. . 

GNB can also alter OM permeability by changing envelope structure. Porins are 

proteins forming channels to transport molecules across the OM; therefore, reduced or 

absence of expression of porins such as CarO and Omp22-33 cause carbapenem resistance in 

A. baumannii [26] or mutation in OprD increases resistance in P. aeruginosa mediated by 

AmpC β-lactamases [61]. 

Gram-negative bacteria modify antibiotic target sites to render the bacteria less 

susceptible to fluoroquinolones [62]. Fluoroquinolones form complexes with DNA gyrase and 

topoisomerase IV, effectively blocking bacterial DNA replication [63]. Resistance to 

fluoroquinolones occurs primarily via mutations that lead to amino acid substitutions within 

the grlA/grlB and gyrA/gyrB genes encoding subunits of DNA topoisomerase IV and DNA 

gyrase, respectively [64]. 

Capsule expression and biofilm formation are other mechanisms that contribute to 

the challenges posed in the treatment of GNB infections [60]. The bacterial capsule is a 

protective layer external to the OM that acts as an additional barrier. For example, K. 

pneumoniae capsule provides increased resistance against cationic defensins, lactoferrins and 

polymyxins. Furthermore, bacteria can form biofilms on diverse surfaces that both aids in 

adherence to surfaces and act as a barrier to unwanted chemicals [14,26].  
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1.3. Current options for MDR-GNB infections 

1.3.1. Existing drug classes 

 Some currently registered antimicrobial classes including the polymyxins, AGs, 

tetracyclines (tigecycline only), fosfomycin, and carbapenems may still be an option in certain 

situations to treat complicated MDR-GNB infections, but they present limitations related to 

toxicity (e.g. polymixins, AGs) and rapid development of resistance (e.g. carbapenems, 

tigecycline) (Table 1.1). 

Polymyxins (colistin [polymyxin E] and polymyxin B [PMB]) were initially used in the 

1950s for the treatment of GNB infections [65]. However, polymyxins are associated with 

nephrotoxicity, neurotoxicity and neuromuscular blockade [66]. Therefore, polymyxins are 

considered as the last line reserved treatments for GNB infections resistant to other safer 

antimicrobial classes [14]. Despite high toxicity levels, polymixins have been frequently used 

to treat MDR-GNB infections, including CRE, CRPA, and CRAB in the past few decades when 

some or only one option for treatment is available. Therefore, it is necessary to optimise 

dosages and indications of polymyxins to maximise effectiveness, reduce toxicity and curb the 

emergence of further polymyxin resistance [67].  

The AG class represents antibacterial agents that kill GNB pathogens by interfering 

with the bacterial 30S ribosomal subunit, resulting in aberrant protein production and 

associated cell membrane damage [68]. The most commonly used AG is gentamicin, however, 

amikacin is particularly potent against MDR-GNB [14]. AGs are used to treat severe urinary 

tract infections, bacteraemia and endocarditis. In particular, AGs have been often used to 

treat CR or polymyxin-resistant GNB in recent years [69]. However, their toxicity 

(nephrotoxicity, ototoxicity and reduced lung concentrations) and increased resistance 
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development have limited effective use of the classical AGs (gentamicin, amikacin) in many 

clinical settings [14].  

Tigecycline is a bacteriostatic glycylcycline binding to the 30S ribosomal subunit with 

good tissue penetration but low serum concentrations. Tigecycline is usually used to treat CRE 

and CRAB infections, but not CRPA infection since P. aeruginosa is inherently resistant to 

tetracyclines. Tigecycline has also been used in combination with other agents to treat severe 

CRE and CRAB infections [70]. 

Finafloxacin is a pH-activated fluoroquinolone approved to treat severe bacterial 

infections associated with an acidic environment, including urinary tract infections and 

Helicobacter pylori infections [71-73]. It is highly selective for bacterial type II topoisomerases, 

including DNA gyrase and DNA topoisomerase IV [74]. The MIC of finafloxacin is equivalent to 

other class members, such as levofloxacin, ciprofloxacin, and moxifloxacin at pH 7.2–7.4 but 

is more potent at a pH of 5.8. This feature of finafloxacin makes it a preferred option in 

treating urinary infections due to the acidic environment in urinary tract [71,75,76]. 

Fosfomycin is an analogue of phosphoenolpyruvate that kills bacteria by inhibiting the 

early stages of cell wall synthesis [28]. Fosfomycin is usually used for urinary tract infections 

due to the high concentration of distribution this system [77]. However, the use of fosfomycin 

monotherapy for systemic infections may be problematic because of the potential for 

resistance development during treatment [78]. Therefore, it is often used with other 

antibiotics such as colistin and carbapenems in combination where few or no alternatives are 

available [14].  
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Carbapenems are β-lactam antibiotics commonly used to treat MDR-GNB due to their 

efficient broad-spectrum antibacterial effect rather than penicillin, cephalosporin, and β-

lactam + β-lactamase inhibitor combinations [79]. They bind to penicillin-binding proteins 

(PBP) to interrupt cell synthesis resulting in bacterial lysis [80]. Carbapenems exhibit better 

stability against β-lactamase enzymes than other β-lactam antibiotics [79]. Clinical studies 

demonstrated that carbapenems do not cross the gastrointestinal tract permeability barrier; 

thus, they must be administered intravenously (IV) or intramuscularly (IM) [81]. The 

traditional carbapenem antibiotics in the market are meropenem, ertapenem, doripenem, 

biapenem, panipenem/betamipron in addition to newer carbapenems such as razupenem, 

tebipenem, tomopenem, and sanfetrinem [81]. However, the preferential use of 

carbapenems in clinical healthcare settings for a very long period has led to an increase in the 

prevalence of CR-GNB pathogens such as CRE, CRPA, and CRAB [82]. 
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Table 1.1. Existing options for the treatment of MDR-GNB infections 

Class Antibiotic Mode of action Mode of resistance Target organism Toxicity References 

C
ar

b
ap

en
em

s 

Meropenem Binding to PBP to 

inhibit cell wall 

synthesis 

Efflux pump, inactivation by 

β-lactamases  

ESBL-producing GNB, 

limited activity against 

non-fermentative GNB 

Allergy, headache, 

gastrointestinal 

symptoms, blood count 

changes, cramp, 

nephrotoxicity 

[78] 

Ertapenem  ESBL-producing GNB but 

limited activity against P. 

aeruginosa, 

Acinetobacter species 

[83] 

Doripenem The most potent in vitro 

activity against P. 

aeruginosa 

Headache, nausea, 

diarrhoea, rash, and 

phlebitis 

[84] 

Imipenem Very active against P. 

aeruginosa and A. 

baumanni 

Histopathological 

changes in the testis, 

spermatogenesis 

dysfunction  

[85] 

P
o

ly
m

yx
in

 Colistin Change 

permeability of OM  

Alteration of the lipid A 

negative net charge to a 

neutral charge 

MDR-GNB including 

CRAB, CRE, CRPA 

Nephrotoxicity, 

neurotoxicity and 

neuromuscular blockade 

[66,86] 

PMB 
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Table 1.1 (continued) 

Class Antibiotic Mode of action Mode of resistance Target organism Toxicity Reference 

A
G

 

Gentamycin Biding to 30S 

ribosomal subunit to 

inhibit protein 

synthesis 

Producing AG modifying 

enzymes, alteration of 

target site, change of 

uptake and efflux 

MDR-GNB 

 

Nephrotoxicity and 

ototoxicity 

[87] 

Tobramycin 

Amikacin 

G
ly

cy
cy

cl
in

e 

Tigecycline Biding to 30S 

ribosomal subunit to 

inhibit protein 

synthesis 

Carry tetracycline 

resistance genes and 

efflux-mediated 

resistance 

Highly active against the 

Enterobacteriales, ESBL-

producing E. coli and K. 

pneumoniae 

Nausea, vomiting and 

diarrhoea 

[88] 

Ep
o

xi
d

es
 

Fosfomycin Inhibits the 

biosynthesis of 

peptidoglycan 

Inactivation in 

phosphonate transport 

or uptake pathways, 

antibiotic modification 

using several enzymes  

Common pathogenic GNB 

including E. coli, P. 

aeruginosa 

Gastrointestinal 

symptoms, headache, 

vaginitis, local pain and 

heart failure  

[89] 

FQ
 

Finafloxacin DNA gyrase and 

topoisomerase IV 

inhibitor 

Resistant breakpoints 

have not yet been 

defined 

Ciprofloxacin-resistant E. 

coli, ESBL-producing E. coli 

and K. pneumoniae strains 

Local pruritus and 

nausea 

[74,90] 

 

 

 

Note: CRAB, carbapenem-resistant A. baumannii; CRE, carbapenem-resistant Enterobacteriales; CRPA, carbapenem-resistant P. aeruginosa; ESBLs, extended spectrum β-

lactamases, AG, aminoglycoside; PBP, penicillin-binding protein; GNB, Gram-negative bacteria; FQ, fluoroquinolones
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1.3.2. Recently approved drugs 

Some new/current expanded-spectrum cephalosporins/carbapenems and new/current 

β-lactamase inhibitor combinations, and few new derivatives of existing antibiotic classes 

have significantly improved choices for antimicrobial agents with demonstrated activity 

against a variety of MDR-GNB (Table 1.2). However, none of these new drugs has overcome 

the issues associated with OM barrier permeability and antibiotic efflux in specific GNB 

pathogens. 

Ceftazidime-avibactam (CAZ-AVI) has been considered a promising treatment for MDR-

GNB infections, particularly infections caused by CRE expressing class A, class C, and some 

class D carbapenemases [91]. Unfortunately, resistance has been recorded in K. pneumoniae 

isolates from several patients in the same year CAZ-AVI was approved [86]. Meropenem–

vaborbactam is considered to be a first-line option to treat severe CRE infections caused by 

KPC-producing pathogens [92,93]. Ceftolozane-tazobactam is a novel cephalosporin + current 

β-lactamase combination that exhibits activity against AMR P. aeruginosa, ceftazidime-

resistant E. coli and K. pneumoniae [94]. Imipenem + cilastatin + relebactam combination is 

an IV administered combination of the carbapenem (imipenem), the renal dehydropeptidase-

I inhibitor (cilastatin), and a novel β-lactamase inhibitor (relebactam). Relebactam is a potent 

inhibitor of class A and class C β-lactamases, conferring imipenem activity against many 

imipenem-non-susceptible GNB [95,96]. Imipenem + cilastatin + relebactam combination has 

shown good antimicrobial activity against MDR-GNB including CRE and excluding MBL-

producing Enterobacterales and CRAB, was approved to treat complicated urinary tract 

infections in the absence of alternative treatment options [97]. In particular, cefiderocol 

appears to be well-positioned to treat CR- and MDR-GNB including ESBL- and carbapenemase-
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producing Enterobacteriale strains, KPC-producing P. aeruginosa, and A. baumannii. 

Cefiderocol is also more potent than ceftazidime-avibactam and meropenem against all 

resistance phenotypes of P. aeruginosa. The presence of a catechol group on the side chain 

at position 3 of cefiderocol is a major chemical difference compared to other β-lactams [98] 

Plazomicin (new AG derivatives), eravacycline and omadacycline (new tetracycline 

derivatives) have recently been approved to treat MDR-GNB infections. Plazomicin, has some 

attractive clinical features including better pharmacokinetics and less toxicity compared to 

other AG class members and a broad-spectrum of activity against aerobic GNB such as ESBL-

producing Enterobacteriales, CRAB, and organisms with AG-modifying enzymes [99-101]. 

Eravacycline has similar broad-spectrum activity compared to tigecycline but better 

pharmacokinetics [102-105] and good antimicrobial activity against difficult-to-treat GNB 

pathogens in preclinical studies such as CRE and CRAB [106,107]. Omadacycline has a similar 

chemical structure to tigecycline with an alkylaminomethyl group replacing the glycylamido 

group at the C-9 position of the D-ring of the tetracycline core. Omadacycline exhibits broad-

spectrum activity against MDR-GNB, including CRE and CRAB and remains active against GNB 

isolates resistant to tetracycline and other antibiotics [108]. 
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Table 1.2. Recently approved antibiotics for MDR-GNB infections  

Class Antibiotic Mode of action Mode of resistance Target organism Toxicity Approval  Reference 

N
e

w
/c

u
rr

en
t 

ce
p

h
al

o
sp

o
ri

n
/c

ar
b

ap
en

em
s 

 

+ 
n

ew
/c

u
rr

en
t 

β
-l

ac
ta

m
as

e
s 

Ceftazidime + 

avibactam 

(novel 

inhibitor) 

Inhibiting the activity of 

β-lactamases 

CAZ-AVI resistance 

was found in K. 

pneumoniae clone 

ST307 harbouring 

blaKPC-2  

ESBL-, AmpC-, KPC- 

and OXA-48-

producing 

Enterobacterales and 

MDR-P. aeruginosa  

Nausea, vomiting 

and positive 

Coombs test 

Feb  

2015 

[109] 

Meropenem+ 

vaborbactam 

(novel 

inhibitor) 

Inhibiting the activity of 

β-lactamases 

Modification of 

intrinsic (AmpC) 

and horizontally 

acquired β-

lactamases  

Serious GNB such as 

CRAB, CRE and CRPA 

Nausea, vomiting, 

gastrointestinal 

symptoms, 

headache, positive 

comb test, fever 

and elevated liver 

values 

Aug 

2017 

[110] 

Ceftolozane + 

tazobactam 

(new β-

lactam) 

Binding to PBP to 

interrupt cell wall 

synthesis 

Expressing ESBLs, 

plasmid-mediated 

AmpC enzymes, 

and carbapenem-

hydrolyzing β-

lactamases 

ESBL-producing 

Enterobacterales, 

off-label for CRPA 

Nephrotoxicity Jun  

2019 

[111,112] 

Imipenem +  

cilastatin + 

relebactam 

(MK-7655) 

Inhibiting the activity of 

β-lactamases 

Expressing ESBLs MDR-GNB, CRE, 

CRKP 

Less nephrotoxicity 

than colistin 

Jun 

 2019 

[95,97] 
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Table 1.2 (continued) 

Class Antibiotic Mode of action Mode of 

resistance 

Target organism Toxicity Approval  Reference 

β
-l

ac
ta

m
s Cefiderocol Binding to PBP to inhibit cell 

wall synthesis 

Producing β-

lactamases  

KPC-producing E. coli, CRAB 

and MDR GNB, MDR P. 

aeruginosa, A. baumannii. 

No serious or 

clinically 

significant 

adverse events  

Nov 

2019 

[98,113,114] 

A
G

 

Plazomicin Binding to bacterial 

ribosome 30S subunit to 

inhibit protein synthesis 

Modification of 

the target site, 

alteration of AG 

uptake and efflux, 

producing AG-

modifying 

enzymes 

Aerobic GNB including ESBL-

producing Enterobacteriales, 

CRE, and organisms with AG-

modifying enzymes 

Less 

nephrotoxicity 

and ototoxicity 

than other 

class members 

Jun 

 2018 

[99-101] 

Te
tr

ac
yc

lin
e

 

Eravacycline 

(TP-434) 

Binding to bacterial 

ribosome 30S subunit to 

inhibit protein synthesis 

Not yet reported CRE, CRAB and GNB 

pathogens exhibiting TET-

specific acquired resistance 

mechanisms 

Nausea and 

vomiting  

Aug 

2018 

[18,105,115,116] 

Omadacycline Binding to bacterial 

ribosome 30S subunit to 

inhibit protein synthesis 

Not yet reported E. coli Nausea and 

vomiting 

Oct 

 2018 

[108,117,118] 

Note: CAZ-AVI, ceftazidime + avibactam; KPC, K. pneumoniae carbapenemase; CRAB, carbapenem-resistant A. baumannii; CRE, carbapenem-resistant Enterobacteriales; 

CRPA, carbapenem-resistant P. aeruginosa; ESBLs, extended spectrum β-lactamases; AG, aminoglycoside; PBP, penicillin binding protein.
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1.4. Antibiotic therapy advances to combat MDR-GNB 

 Obviously, currently used and newly approved antibiotics cannot completely deal with 

the looming AMR crisis, particularly those posed by MDR-GNB. Therefore, scientists are 

targeting several approaches to develop new classes of antibiotics to fight and control 

resistant GNB infections, including (1) discovery of natural antibiotics; (2) expanding new 

chemical entities; (3) finding new efflux inhibitors; (4) combination therapy; (5) drug 

repurposing; and (6) “lost antibiotics” strategy.  

1.4.1. Natural products as sources of new antibiotics  

Microbial natural products have historically been crucial in identifying and developing 

antibacterial agents [119]. An estimated two-thirds of antimicrobial molecules currently used 

in human medicine, were originally extracted from Actinobacteria and fungi [120]. In the early 

stage of natural antimicrobial discovery from microorganisms, new antibiotics were found 

using low-throughput fermentation and whole-cell screening methods. In the following stage, 

molecular genetics and medicinal chemistry approaches were used to modify and improve 

the activities of important chemical scaffolds. Later, advances in bioinformatics, proteomics, 

mass spectrometry, metabolomics, transcriptomics, and gene expression have driven the new 

field of microbial genome mining for applications in natural product discovery and 

development [121].  

Antimicrobial peptides (AMPs), which are the most potent sources of natural products 

isolated and purified from bacteria, fungi, marine organisms, insects, herbs, and mammals 

[122], are evolutionary well-conserved amphipathic molecules with hydrophobic and cationic 

amino acids [123]. AMPs show high selectivity, efficiency, tolerance, and they use many 

modes of action to interfere with multiple biological processes in bacterial pathogens 
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resulting in less resistance in bacteria [124]. These properties make AMPs an attractive 

alternative in drug development. So far, several AMPs have been developed to treat bacterial 

infections [123,125]. Overall, 2,478 AMPs were already known (updated to 2016), which are 

mainly used for oncological and metabolic diseases [126] with only a few compounds showing 

potential activity against GNB pathogens presented in Table 1.3.  

There are several disadvantages associated with an approach based on finding new 

natural products. Firstly, only a limited number of discovered natural antibiotics were actually 

suitable for downstream antibiotic development [127]. The significant technical challenges in 

the identification, purification, synthesis, and scale-up production of natural products are the 

second issue that requires high manufacturing costs. Peptide stability and toxicity are the 

third major concern that has not yet been adequately addressed [123]. Therefore, synthetic 

peptides mimicking natural antibiotics is considered to be the most viable future strategy to 

overcome these challenges [128]. 

Lipids, isolated from plants and marine organisms, demonstrating a broad spectrum 

of antimicrobial activities, are another source of natural products [129,130]. For example, 

fatty acids and their derivatives from n-hexane and chloroform extracts from the heartwood 

of Albizia adianthifolia exhibit antimicrobial activity against E. coli and P. aeruginosa [131-

133]. These biomolecules are promising alternatives to further treat GNB infections due to 

demonstrating in vitro activity, microorganisms do not develop resistance to them, and they 

have high safety levels when exposed to mammalian cell lines [133]. However, natural source-

derived antimicrobial lipids are complex to extract and exhibit difficulty in purification, 

structural characterisation, and mechanism of action investigation [129]. 
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Table 1.3. Peptide-based antimicrobial compounds against GNB in preclinical/clinical trials. 

Name Target organisms Class Mode of action Stage of 

development 

Reference 

Murepavadin 

(POL7080) 

CRPA and colistin-resistant 

P. aeruginosa 

Antimicrobial 

peptide mimetic 

OM disruption via binding to protein 

transporter LptD 

Phase II [134-140] 

Enterocin A-

Colicin E1 

E. coli, P. aeruginosa Bacteriocins The permeabilisation of the 

cytoplasmic membrane, or inhibition 

of protein synthesis 

Preclinical [141] 

SB006 P. aeruginosa Multimeric peptide Fragmentariness and loss of solidarity 

of the membrane wall  

Preclinical [142] 

Dorapactin Colistin-resistant E. coli, K. 

pneumoniae, MDR-E. coli 

and  

Recombinant 

peptide 

Stabilising a closed lateral gate upon 

binding to BamA (an OM protein) to 

prevent the exit of substrates into the 

OM 

Preclinical [143] 

Note: CRPA, carbapenem-resistant P. aeruginosa; ESBLs, extended spectrum β-lactamases; MDR, multidrug-resistant; OM, outer membrane 
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1.4.2. Expanding antibiotic chemical diversity 

Expanding the chemical diversity of antibiotics offers a path for the exploitation and 

improvement of natural products, including semi-synthesis, full synthesis, and synthesis 

biology [144]. The semi-synthesis approach is widely used to modify chemical structures of 

natural antimicrobial scaffolds utilising a variety of chemical reactions [127,145]. However, 

structures of natural products are always complex; thus, specific chemical modification is 

inherently challenging, resulting in the markedly slow development of this route in drug 

discovery [146]. Full synthesis, an alternative approach, has enabled deep-seated structural 

modifications that are not achievable by semi-synthesis to create many new classes of 

antibiotics including new derivatives of carbapenems, quinolones, chloramphenicol, 

oxazolidinones, metronidazole, fosfomycin, and trimethoprim [146]. Another approach is 

synthetic biology where gene clusters are inserted into microbes as compound-making 

factories to create libraries of natural products by manipulating and mutating these 

biosynthetic genes. This method enables the construction of chemical libraries suitable for 

screening and optimising any promising compounds as drug candidates [144,147]. 

Synthesis pathways can provide many potential compounds that medicinal chemists 

can readily modify in the laboratory [127]. In this approach, drug discovery foregoes the 

diverse bioactivity of natural products and their associated chemical complexes in favour of 

predictions in outcomes of totally synthetic chemistry [127]. Many examples of new antibiotic 

entities are summarised in Table 1.4. For instance, SPR206, a novel PMB derivative, exhibited 

superior potency to colistin and PMB, with 2- to 4-fold lower MIC50/90 values against MDR, 

tigecycline-resistant and non-MDR clinical isolates of GNB pathogens [148].  
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Table 1.4. New antibiotics entities in different stages of development for future treatment of GNB infections 

Class Antibiotic Target organism Development Stage Reference 

 

QPX9003 MDR P. aeruginosa, A. baumannii and K. pneumoniae Phase 1 clinical development has commenced [149] 

P
o

ly
m

yx
in

s 

SPR206 2-4-fold lower MIC than colistin and PMB against A. 

baumannii, P. aeruginosa and Enterobacteriales 

Phase I: generally well-tolerated after single and 

multiple doses without serious adverse events.  

[148,150] 

SPR741 MIC (16 μg/mL) against most species but in 

combination with azithromycin, fusidic acid, 

vancomycin, doxycycline, and minocycline shows 

activity against ESBL, carbapenemase-producing and 

colistin-resistant GNB 

Phase I: generally well tolerated at doses up to 

1,800 mg/day 

[151,152] 

NAB739 and 

NAB815 

2-fold higher MIC than PMB against polymyxin-

susceptible E. coli and K. pneumoniae; 4-fold higher 

MIC than PMB against polymyxin-susceptible 

Acinetobacter spp. and P. aeruginosa 

Preclinical trial: better efficacy than PMB for the 

treatment of murine E. coli pyelonephritis 

[153-155] 

CB-182, 804 2-fold higher MIC than PMB against MDR-GNB Phase I: failed due to unacceptable toxicity [156] 

CA824 Similar MIC to PMB against E. coli, K. pneumoniae, and 

P. aeruginosa but 4-fold higher MIC than PMB against 

A. baumannii 

Preclinical trial: similar efficacy to PMB in CRAB 

infected thigh mouse model but better efficacy 

than PMB in CRAB and CRPA mouse lung infection 

models  

[156] 

MicuRx 12 and 

MicuRx 18 

Similar MIC to PMB against E. coli, A. baumannii, and 

P. aeruginosa  

Preclinical trial: lower nephrotoxicity than PMB [156] 
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Table 1.4 (continued) 

Class Antibiotic Target organism Development Stage Reference 

Te
tr

ac
yc

lin
e

  

KBP-7072 CRAB, colistin-resistant A. baumannii, 

tetracycline-resistant A. baumannii, 

ESBL and MBL-producing A. baumannii 

Preclinical trial: significant reductions in bacterial 

growth and a significant increase in survival rate and 

prolonged median in a K. pneumoniae, S. pneumoniae 

pneumonia model 

[157-159] 

TP-6076 Better activity than other tetracycline 

members against CRAB and colistin, 

amikacin, tobramycin, and levofloxacin-

resistant A. baumannii 

Preclinical trial: potent efficacy against A. baumannii 

in murine neutropenic thigh/lung infection models 

[107,160]  

β
-l

ac
ta

m
 

LYS228 

(a derivative of 

monobactam) 

32-fold lower MICs than aztreonam, 

ceftazidime-avibactam, ceftazidime, 

meropenem and cefepime against 

Enterobacteriales strains, including 

KPC-producing and CRE 

Phase I: showing efficacy in a neutropenic murine 

thigh infection model against E. coli and K. 

pneumoniae strains, including strains expressing KPC 

and NDM carbapenemases  

First in human study indicated favourable safety, 

tolerability, and PK profile 

[161,162] 

GSK3342830 

(a derivative of 

cephalosporin) 

MDR and CRAB isolates Phase I: first-time-in-human study indicated its safety, 

tolerability, and PK profiles in healthy adults 

[163] 

Sulopenem 

(a derivative of 

carbapenems) 

ESBL-producing (MDR) 

Enterobacteriales 

Phase III: superior activity than ciprofloxacin to treat 

quinolone non-susceptible pathogens causing urinary 

tract infections  

[164,165] 

Note: MIC, minimum inhibitory concentration; MBL, metallo-β-lactamase; KPC, K. pneumoniae carbapenemase; CRAB, carbapenem-resistant A. baumannii; CRPA, 

carbapenem-resistant P. aeruginosa; ESBLs, extended spectrum β-lactamases; NDM, New Delhi Metallo-β-lactamase; PK, Pharmacokinetics
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1.4.3. Efflux inhibitors 

The efflux mechanism is mainly responsible for decreasing the effectiveness of almost 

all antibiotic classes in common use, thus there is an urgent need for research and 

development into compounds to circumvent or block this activity and restore/preserve 

antibacterial potency [166]. Several molecules are able to inhibit bacterial efflux pumps 

(known as efflux inhibitors) and these operate through many different mechanisms (Figure 

1.5), leading to inactive drug transports or being a component of inhibitor + antibiotic 

combinations to treat MDR-GNB infections by potentiating antimicrobial activity [167-170].  

 

 

Figure 1.5. Different mechanisms of actions of efflux inhibitors.  

1) Blocking the OM channels responsible for efflux systems; 2) Disrupting the assembly of the 

efflux systems; (3) Inhibiting antibiotic binding by using other compounds; 4) Interfering with 

the regulatory steps needed for the expression of the efflux transporters; (5) Interfering with 

the energy required for the pump activity; (6) Chemical changes in the antibiotic structure 

hence hindering its attachment as specific substrates. Adapted from Mottawea et al., [171]. 
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Development of efflux inhibitors is a potential approach in drug discovery to treat 

MDR-GNB infections for several reasons. Firstly, combining efflux inhibitors with well-known 

antibiotics with well-established pharmacological properties saves a lot of time, effort, and 

cost associated with discovering novel antibiotics [172,173]. Secondly, antibiotic + efflux 

inhibitor combinations can restore many current antibiotics to which bacteria have become 

resistant to; this would represent an excellent example of antimicrobial stewardship if such 

inhibitors are ultimately developed and used clinically [174]. Another significant advantage of 

efflux inhibitors is the low frequency of generating resistant mutants [168,171].  

Unfortunately, although many efflux inhibitors have been investigated (Table 1.5), 

thus far none have been approved for use in human or veterinary medicine [175]. Limits to 

their in vivo application are mainly toxicity concerns to eukaryote transporters. Therefore, 

this gap in capacity building will take considerably more effort before efflux inhibitors are in 

widespread clinical use [171].
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Table 1.5. Potential efflux inhibitors for further treatment of GNB infections 

Inhibitors Target efflux pumps Target Organisms Antibiotics Reference 

Natural sources 

Pheophorbide A  NorA, MexAB‑OprM 
P. aeruginosa 

E. coli 
Berberine, ciprofloxacin [176] 

Theobromine  AcrAB‑TolC K. pneumoniae Ciprofloxacin, tetracycline [177] 

Artesunate  AcrAB‑TolC E. coli 
Penicillin G; ampicillin, cefazolin, 

cefuroxime, cefoperazone 
[178] 

Conessine  MexAB‑OprM, AdeIJK 
P.aeruginosa 

A. baumannii  

Cefotaxime, levofloxacin, tetracycline, 

novobiocin and rifampicin 
[179,180] 

Synthetic efflux inhibitors (chemically synthesised) 

Piperazine Arylideneimidazolones  AcrAB Tol‑C and AcrEF  E. coli  Fluoroquinolones [181] 

4‑(2‑(piperazin‑1‑ylethoxy)‑2‑(4‑prop

oxyphenyl) quinolone 
PQQ4R and AcrAB‑TolC E. coli Ofloxacin, tetracycline [182] 

13‑cyclopentylthio‑5‑OH‑TC 

(13‑CPTC), semisynthetic tetracycline 

(TC) analogues 

TetA or TetB  E. coli  Tetracycline [183] 
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Table 1.5 (continued) 

Inhibitors Target efflux pumps Target Organisms Antibiotics Reference 

PAβN (phenylalanine-arginine β-

naphthylamide, also called MC207 

110) 

MexAB‑OprM  P. aeruginosa  

A. baumannii 

E. coli 

Levofloxacin, chloramphenicol, 

rifaximin, tigecycline, fluoroquinolones 

[184] 

Pyridoquinolines  AcrAB‑ToIC  K. pneumoniae Tetracycline, norfloxacin, 

chloramphenicol 

[185] 

Pyridopyrimidine analogues 

(D13‑9001) 

AcrB and MexB  P. aeruginosa Fluoroquinolones [186] 

Pyranopyridine derivatives 

(MBX2319)  

AcrAB  E. coli  Ciprofloxacin, piperacillin [187] 

(E)‑N‑(3,4‑difluorophenyl)‑2‑(2‑(3‑(m

ethylthio)phenylimino)‑4‑oxothiazolid

in‑5‑yl 

AbeM  A. baumannii  Fluoroquinolones [188] 

Dihydroartemisinine 27 (DHA 27)  AcrB  E. coli  β-lactam antibiotics [189] 

Sertraline  AcrAB, AcrEF, MdtEF 

and MexAB 

E. coli Tetracycline [190] 

Pimozide (neuroleptic drug)  AcrAB‑TolC  E. coli  Ethidium bromide  [181] 
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1.4.4. Combination therapy 

1.4.4.1. Existing β-lactam antibiotics paired with new β-lactamase inhibitors 

β-lactam + β-lactamase inhibitor (BLI) combinations is an approach to bypass the 

resistant mechanism mediated by β-lactamases possessed by many GNB pathogens [191]. 

The first generation of BLIs used in the clinic include clavulanic acid, sulbactam, and 

tazobactam [192]. However, these BLIs have limited spectra of activity, only working against 

class A [193] but not class B, C, and D enzymes [194-196]. Therefore, many β-lactam + BLI 

combinations have lost effectiveness against carbapenemases, ESBLs or multiple β-

lactamases. Some current BLIs such as avibactam, vaborbactam, relebactam, zidebactam, 

relebactam, and nacubactam have key chemical differences compared to old BLIs. For 

example, avibactam has no β-lactam core that is structurally distinct from currently used BLIs, 

leading to a unique mechanism that is covalent and reversible inhibition contrasting to other 

BLIs [197]. Some newly approved β-lactam + BLI combinations including ceftolozan + 

tazobactam, ceftazidime + avibactam, meropenem + vaborbactam, imipenem + relebactam, 

and aztreonam + avibactam are now registered for clinical treatment of GNB infections [191] 

and others currently in the development process include sulbactam + durlobactam, cefepime 

+ zidebactam, meropenem + nacubactam, cefepime + nacubactam, cefepime + 

enmetazobactam (Table 1.6). 
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Table 1.6. New β-lactamase inhibitors couple with current cephalosporins and carbapenems  

β-lactamase inhibitor Drug class Target organism Development stage Reference 

Cefepime/zidebactam (WCK 5222) β-lactam (cephalosporin) + β-

lactamase inhibitor 

(diazabicyclooctane) 

CRAB and MDR-GNB Phase I [198] 

Sulbactam (SUL)/durlobactam (SUL-

DUR)  

Diazabicyclooctenone β-lactamase 

inhibitor 

A. baumannii Phase II [199] 

Meropenem/nacubactam, 

cefepime/nacubactam 

β-lactamase inhibitor MBL-producing 

Enterobacteriales 

Preclinical [200,201] 

Tebipenem (SPR859) Carbapenem inhibitor (ESBL)-Enterobacteriales Preclinical [202] 

VNRX-5133 (taniborbactam) β-lactamase inhibitor β-lactamase-producing 

CRE and CRPA 

Preclinical [203-210] 

Cefepime + enmetazobactam β-lactamase inhibitor CRE Phase II [211-216] 

Note: CRAB, carbapenem-resistant A. baumannii; CRE, carbapenem-resistant Enterobacteriales; CRPA, Carbapenem-resistant P. aeruginosa; ESBLs, extended spectrum β-

lactamases; MBL, metallo-β-lactamase
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1.4.4.2. Combination of existing and new antibiotics with polymyxins 

Polymyxins are one of the last line drugs used for treating extensively drug-resistant 

GNB infections. However, the regrowth and the emergence of polymyxin resistance 

associated with polymyxin monotherapy and their inherent toxicities (associated with higher 

doses) have limited their use for the treatment of GNB infections [217,218]. Combining 

polymyxins with other antibiotics has been suggested as a potential alternative [218] 

associated with an increase in antimicrobial activity, and a reduction in resistant development 

and toxicity [219]. In combination, polymyxins are known to interact with lipopolysaccharide 

on the surface of GNB and then across the OM via the self-promoted uptake pathway, 

resulting in disruption of the normal barrier property of the OM of GNB [219,220]. 

Subsequently, the affected OM is hypothesised to transiently “crack”, thereby allowing 

passage of other antibiotics into the cell to meet the drug target sites (Figure 1.6) [221].  

 

Figure 1.6. Proposed mechanism of action of polymyxins in combination with other 

antibiotics against GNB  

The positively charged polymyxins competitively displace native divalent cations (Ca2+ and 

Mg2+) to interact with negatively charged divalent cation binding sites on the OM LPS of GNB. 
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This results in translocation of polymyxins across the OM, leading to permeability changes in 

the cell envelope, thereby allowing penetration of the combined antibiotics through the OM 

to act on the inner membrane. Adapted from Dandie et al. [222] 

 

 There are a variety of in vitro studies indicated the synergistic activities of colistin or 

PMB with other agents against GNB pathogens [223-239]. These include the combination of 

either colistin or PMB with many traditional antimicrobials such as meropenem, tigecycline, 

imipenem, chloramphenicol, carbapenem, doripenem, telavancin, daptomycin, minocycline, 

rifampicin, fosfomycin, tobramycin, imipenem, teicoplanin, vancomycin, tigecycline, 

imipenem, sulbactam, fosfomycin, amikacin, sitafloxacin, azidothymidine [223-234], 

endolysin (a peptidoglycan degrading enzyme) [235], pentamidine (a drug developed for 

trypanosomiasis, leishmaniasis, and Balamuthiainfection) [236], N-acetylcysteine 

(lactobezoar drug) [237], pterostilbene (efflux inhibitor) [238], zidovudine (antiretroviral 

drug) [239] or gramicidin S (antifungal) [240]. These studies provide evidence that the 

approach of combining existing antibiotics with polymyxins is beneficial in broadening the 

range of treatment options for MDR-GNB infections. 

 Accordingly, many pre-clinical studies indicated the superiority of combination 

therapy vs monotherapy (Table 1.7) [241-246], together with in vitro studies supporting the 

potential applications of combination therapy to treat MDR- GNB infections in clinical health 

care settings. However, the superior efficacy of combination therapy vs monotherapy remains 

controversial in data from clinical studies (Table 1.8). Some clinical studies have indicated that 

combination therapy decreased treatment time while increasing the overall survival rate 

[96,247-250]. Others concluded non-inferiority of colistin monotherapy compared with 

combination therapy [251-253]. Therefore, there is an urgent need for appropriately designed 

and powered clinical trials to provide further evidence of positive vs negative effects [254]
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Table 1.7. Pre-clinical studies comparing antibiotic + colistin combination therapy vs monotherapy 

Antibiotic Study design Target organism Result Reference 

Colistin + 

imipenem 

Galleria mellonella 

model 

MDR E. cloacae The combination was highly active against E. cloacae both in 

vitro and in vivo in the model 

[241] 

Colistin + 

rifampicin 

Pneumonia mouse 

model 

MDR- P. 

aeruginosa  

The combination produced maximum survival protection against 

critical MDRP infections 

[202] 

Colistin+ 

refampicin  

Murine thigh 

infection model 

MRD- A. 

baumannii  

The combination showed a 100% synergistic effect after 24 h of 

treatment 

[242] 

Colistin + 

levofloxacin  

Galleria mellonella 

model 

 

A. baumannii  Synergistic or additive effect of the combination was observed in 

vitro and in vivo against A. baumannii strains but not against 

colistin-resistant strains 

[243] 

Colistin + 

tigecycline 

Murine thigh 

infection model 

 

Colistin-resistant 

E. coli 

 

The combination showed a significant decrease in bacterial 

density of colistin-resistant E. coli and was more active than each 

drug alone  

[244] 

Colistin + 

lysophosphatidy

lcholine  

Murine sepsis 

models 

 

A. baumannii  Combination enhanced bacteria clearance from spleen, lungs 

and blood and reduced mice mortality compared with colistin 

monotherapy.  

[245] 

Colistin + 

telavancin 

Galleria 

mellonella model  

A. baumannii  The combination was superior to colistin monotherapy in the 

treatment of larvae infected with A. baumannii 

[246] 
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Table 1.8. Clinical studies comparing antibiotic + colistin combination therapy vs monotherapy 

Combination Study design Type of infection Result Reference 
C

o
lis

ti
n

 +
 m

er
o

p
en

em
 

Retrospective cohort 

study 

CRAB infections Combination resulted in a reduction in 30-day 

mortality, higher clinical and microbiological 

responses and no increase in nephrotoxicity 

compared to colistin monotherapy 

[96] 

Randomised controlled 

superiority trial 

Hospital-acquired pneumonia and 

ventilator-associated pneumonia 

caused by MDR-K. pneumoniae 

The combination indicated a significant 

decrease in mortality vs colistin alone; no 

significant differences in nephrotoxicity, 

hepatotoxicity or neurotoxicity between 

combination and mono drugs 

[247] 

Randomised controlled 

trial  

Hospital-acquired pneumonia, 

ventilator-associated pneumonia, 

bloodstream infection and urinary 

tract infection caused by colistin-

susceptible, CRAB, CRE and CRPA  

Observation of the synergistic activity of 

colistin and meropenem but no significant 

differences between combination and stand-

alone drugs into clinical studies 

[251] 

Randomised controlled 

superiority trial 

Severe A. baumannii infections Combination therapy was not superior to 

monotherapy. 

[252] 
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Table 1.8 (continued) 

Combination Study design Type of infection Result Reference 

Colistin + carbapenem Retrospectively 

collected data  

CRAB pneumonia. No significant differences in mortality between combination 

and stand-alone drug 

[253] 

Colistin+ 

sulbactam 

Retrospective 

study 

MDR A. baumannii 

ventilator-associated 

pneumonia 

Clinical cure rates or bacteriological clearance rates were 

better in the combination than in colistin monotherapy 

[248] 

Colistin + sulbactam/ 

carbapenem 

Randomised 

controlled 

superiority trial 

MDR A. baumannii 

pneumonia 

 

No significant differences in mortality rates between colistin 

+ sulbactam and colistin + carbapenems combination 

[255] 

Colistin+ tobramycin 

 

Randomised 

controlled 

superiority trial 

MDR P. aeruginosa 

osteomyelitis 

 

Combinations are more efficient than respective single 

antibiotics for killing P. aeruginosa in biofilms in vitro. 

The combination significantly reduced P. aeruginosa cell 

counts in a rat lung infection model and in patients with 

cystic fibrosis. 

[249] 

Colistin/PMB + 

tigecycline/carbapenem, 

respectively 

Retrospectively 

collected data 

KPC-producing K. 

pneumoniae 

infections 

Combination therapy (colistin or PMB with tigecycline or 

carbapenem) showed a survival benefit in a critically ill 

population 

[250] 

Note: MDR, multidrug-resistance; KPC, K. pneumoniae carbapenemase; CRAB, carbapenem-resistant A. baumannii; CRPA, carbapenem-resistant P. aeruginosa
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1.4.5. Old drug repurposing  

Repurposing well-known, approved medications for new indications or new 

commercial opportunities is a potential alternative to overcome the challenges in treating 

MDR-GNB infections [256-258]. Principally, many drugs have various biological activities yet 

to be investigated, and many different diseases share common molecular pathways or genetic 

factors.[259]. The repurposed drugs can be developed in combination as drug adjuvants or in 

a new formulation that allows different biological effects to be enhanced [260]. Avoiding high 

costs and long development due to published pharmacokinetics, pharmacodynamics, and 

toxicity profiles of the drugs are the main advantages of drug repurposing [259]. The new drug 

discovery and development process costs over USD $2.6 billion and can take up to 10- 17 

years to be marketed, whereas drug repurposing saves 15% of the overall cost and only a 3-

12 year process to registration [261]. However, the rapidly emerging resistance in bacteria to 

repurposed drugs is a major concern because these antibiotics are already investigated in 

clinical healthcare settings for an extended period, resistant genes may be already present 

among the pathogenic bacterial community. 

A classic example of repurposing drugs for GNB infections concerns azidothymidine 

(an antiretroviral drug), which shows synergistic antimicrobial activity in combination with 

colistin against ESBL-producing E. coli and K. pneumoniae strains, NDM-producing strains, and 

mobilized colistin resistance (mcr-1)-producing E. coli strains [262]. Similarly, seven non-

antibacterial compounds: three antineoplastics (5-fluorouracil, 6-thioguanine and pifithrin-

μ), one anti-rheumatic (auranofin), one antipsychotic (fluspirilene), one anti-inflammatory 

(Bay 11-7082), and one alcohol deterrent (disulfiram) inhibited the growth of an A. baumannii 

strain resistant to most antibiotics [263]. Furthermore, ciclopirox (an antifungal agent) also 



 

40 

showed antimicrobial activity against MDR E. coli, K. pneumoniae, and A. baumannii utilizing 

a novel mechanism of action [264]. In addition, gallium, known for more than 80 years as an 

anti-cancer agent [265], exhibited in vitro and in vivo antimicrobial activity against P. 

aeruginosa and A. baumannii [266-268]. 

1.4.6. “Lost antibiotics” 

“Lost antibiotics” is a term to describe an approach to rediscovery of molecules with 

interesting antimicrobial properties investigated decades ago but which stalled in clinical 

development. For example, octapeptins are a family of cyclic lipopeptides, structurally similar 

to the polymyxins, isolated from Bacillus circulans and Paenibacillus tianmuensis in the 1970s 

[269] then largely ignored [270]. However, the widespread emergence of polymyxin-resistant 

GNB has prompted their “rediscovery”. Recently, Velko et al., [271] reported octapeptin C4, 

a new octapeptin derivative showed antimicrobial activity against GNB by binding to and 

depolarizing membranes.  

1.5. Models for testing pre-clinical efficacy of new antibiotics against bacterial infections 

The development of novel antibiotics in pre-clinical testing requires an assessment of 

the infectious process and the antibiotic efficacy in different models. This process typically 

introduces an infectious agent, followed by treatment with the new antibiotic being 

investigated and quantifying the in vivo clearance of the infection from various sites 

depending on the model being studied. 

1.5.1. Galleria mellonella larvae model 

G. mellonella is an insect from the order Lepidoptera and the family Pyralidae (snout 

moths). Over the recent decade, the G. mellonella model has become increasingly popular to 
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study the efficacy of antibiotic treatments on various GPB and GNB [272]. This model has 

several advantages, including the insects having similar immune systems and innate immune 

responses as mammals. Therefore, the assessment of virulence of bacterial pathogens may 

be identical to those in mammalian models. Moreover, the larvae are not expensive to 

purchase, easy to use, and do not require ethical approval [273]. However, this model is still 

in its infancy with several disadvantages including lack of stock centres that supply reference 

strains, standard protocols for comparison of experiments carried out by different research 

groups, and limited genomic information of G. mellonella [272]. Furthermore, G. mellonella 

larvae are supplied by independent breeders, who sell the larvae as pet food. The difference 

in genotypes, breeding conditions or maintenance of G. mellonella may well affect their 

susceptibility to infections and antibiotic treatments. In addition, many factors such as 

housing temperature, diet and light sources, which are not easy to control, can influence the 

response G. mellonella to novel treatments [274-276]. Finally, a G. mellonella infection model 

has been held back by the lack of standardised procedures for recording morbidity and 

mortality and for studying antimicrobial PK/PD [277] 

1.5.2. Traditional mouse model.  

 Traditional animal model procedures have been utilised to determine the results of in 

vivo antibiotic treatment for bacterial infections with the assistance of in vitro methods [278]. 

Mice and human genomes are 90% similar and the pathophysiology of disease in mice is 

similar to that of humans. The small size of the mouse facilitates large scale/high throughput 

studies making it a cost-effective and efficient model that resembles disease in humans [279]. 

However, these techniques have many limitations. Firstly, the standard in vitro susceptibility 

tests does not predict therapeutic outcomes. Secondly, conventional in vivo models of 
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antibiotic efficacy assessment lack the non-destructive, reproducible, longitudinal monitoring 

system that allow assessing the antibiotic efficacy in the same animal throughout the study. 

Finally, the major concern of the traditional method is an ethical one because mice are killed 

at each sampling time point, and organs are harvested for bacterial enumeration, which is 

labour-intensive, expensive and often involve the use of many experimental animals at each 

time point, including challenges associated with animal handling during experiments [280]. 

1.5.3. Bioluminescent mouse model 

Recently, bioluminescent mouse models are considered a state of the art approach 

for screening antibiotic candidates in vivo to accelerate the development of novel antibiotics 

[281]. Bioluminescence imaging is a sensitive technique for rapid, non-destructive, exact and 

real-time monitoring of antibiotic efficacy in living animals. This method permits observation 

of the changes in the number of microorganisms and significantly minimises the number of 

animals sacrificed throughout studies [282]. A wide range of genetically modified 

bioluminescent bacterial strains with high virulence, pathogenesis and susceptibility similar 

to that of clinical isolates are commercially available, facilitating the establishment of a variety 

of infection models such as scald injury, thigh, lung, ear, sepsis models to test the efficacy of 

many antimicrobials [283,284]. However, most commercially available platforms for 

measuring bioluminescence such as in vivo imaging systems (IVIS) are designed only for 

imaging small animals such as mice and rats, which is a limitation of bioluminescent infection 

models. 

The bioluminescent in vivo imaging system (BIS) contains a charge-coupled digital 

device camera cooled to -90 oC for highly sensitive photon acquisition and advanced computer 

software to acquire image data and analysis (Figure 1.7). BIS responds to capture photons of 
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light emitted by gene-modified bacteria to produce bioluminescence. Bioluminescent 

organisms are transformed bacteria with plasmid DNA that contain a luminescent gene 

cassette from Photorhabdus luminescens or Vibrio harveyi containing all the machinery 

required for emission of light [285]. 

 

Figure 1.7. Schematic representation of bioluminescent mouse model of antimicrobial 

efficacy testing. 

Mice are challenged with bioluminescent bacteria such as S. aureus Xen29 or E. coli Xen14 

then receive treatment of tested antibiotics. Thereafter, mice are imaged on the in vivo 

imaging systems to quantify the in vivo clearance of the infection from the mice in real-time. 

 

1.6. Novel antibiotics assessed in the present study 

NCL195 (4,6-is(2-((E)-4-methylbenzylidene)hydrazinyl)pyrimidin-2-amine), the first 

new antibiotic entity, was redesigned from the anticoccidial robenidine, NCL812 (2,2’-bis[(4-

chlorophenyl)methylene] carbonimidic dihydrazide hydrochloride), an oral antibiotic used 

since the 1970s to control coccidiosis in commercial poultry and rabbit production [286]. This 
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was achieved by installation of a 2,4,6-triaminopyrimidine as a guanidyl moiety bioisostere 

and replacement of the chloride halogen at position C4 on each phenyl ring with methyl 

groups (Figure 1.8) [287,288]. These changes in chemical structure resulted in NCL195 

becoming less cytotoxic (at least four-fold lower IC50s in mammalian cell culture and 

haemolysis assays) whilst achieving similar potency against bacteria compared to the NCL812 

parent compound [288]. Our previous data indicated that NCL195 exhibited in vitro 

antimicrobial activity against MRSA (MIC 1-2 µg/mL), VRE (MIC 2-4 µg/mL), and Streptococcus 

pneumoniae (MIC 2-8 µg/mL), as well as against GNB-KAPE pathogen reference isolates (A. 

baumannii, E. coli, K. pneumoniae and P. aeruginosa) (MICs of 0.25-8 μg/mL) in the presence 

of sub-inhibitory concentrations of adjuvants targeting the OM of GNB 

(ethylenediaminetetraacetic acid (EDTA), polymyxin nanopeptide (PMBN) and PMB) [288]. 

Meanwhile, NCL195 showed no activity against the GNB-KAPE pathogens in the absence of 

these adjuvants [288]. This promising in vitro antimicrobial activity of NCL195 directed our 

interest in testing its in vivo efficacy against GPB pathogens in mouse bioluminescent infection 

models as a proof of concept study. Additionally, we sought to further investigate the in vitro 

activity of NCL195 in combination with OM permeabilising adjuvants including colistin against 

a wide range of clinical GNB isolates followed by in vivo efficacy testing of the NCL195/colistin 

combination in bioluminescent mouse GNB infection models. 

The second novel robenidine analogue is NCL179 (2,2’-bis[(4-

chlorophenyl)methylene] carbonimidic dihydrazide hydrochloride), which is identical to 

NCL195, except that the halogens (Cl) characteristic of NCL812 have been retained on the 

phenyl rings. (Figure 1.8) 
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Figure 1.8. Chemical structures of NCL812, NCL179, and NCL195.  

Red colouration highlights the structural changes in NCL179 and NCL195 relative to NCL812. 

The guanidine to triaminopyrimidine bioisosteric modification of NCL812 yielded NCL179 

(2,2’-bis[(4-chlorophenyl)methylene] carbonimidic dihydrazide hydrochloride) and NCL195 

(4,6-is(2-((E)-4-methylbenzylidene)hydrazinyl)pyrimidin-2-amine). NCL195 is characterised by 

a methyl group in the C-4 position of the phenyl rings that distinguishes it from NCL179, where 

the original halogens (Cl) from NCL812 are maintained in this position. 

 

 Benzguinol A (3-O-(2,4-difluorobenzyl)unguinol) and benzguinol B (3-O-(2-

fluorobenzyl) unguinol, two additional new antibiotic candidates, were also tested in this 

project. These were two semisynthetic analogues of the fungal depsidone antibiotics, 

unguinol and the related nidulin-family fungal metabolite (Figure 1.9) [289]. Our preliminary 

data indicated that benzguinols exhibited potent activity against MSSA and MRSA (MIC 0.25–

1 µg/mL) [289], and in the present study we further investigated in vivo activity of benzguinols 

against GPB and potential against GNB in the presence of sub-inhibitory concentrations of 

colistin. 
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Figure 1. 9. Structures of fungal metabolites nidulin and unguinol and semisynthetic 

unguinol derivatives, benzguinol A and benzguinol B.  

 

1.7. Conclusion 

The reviewed literature highlights the challenges encountered in drug discovery 

research and focusses on finding new treatments for MDR bacterial infections, particularly 

GNB infections. In addition, it highlights that the novel antibiotic + low dose polymyxin 

combination approach is a major potential alternative route in drug discovery to overcome 

the outer membrane barrier inherent in GNB [24]. The combination exhibits advantages by 

increasing the spectrum of activity of newly discovered chemical entities, reducing resistance 

development via dual targeting and the potential for reducing polymyxin toxicity due to the 

low dose used in combination [24]. Therefore, the present study focussed on this latter 

strategy for confirming in vitro and in vivo efficacy of four novel chemical entities in animal 

models. Firstly, the in vitro/in vivo activity of the novel antibiotics against GPB was confirmed. 

Secondly, each compound was combined with low concentrations of colistin as an OM 

permeabilising adjuvant to confirm in vitro/in vivo activity against selected GNB. 
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1.8. Aims of the present study 

The aims of this PhD project were to: (i) microbiologically evaluate the above four 

novel chemical entities consisting of two rebenidine analogues (NCL195 and NCL179) and two 

3-benzyl analogues of benzguinols (benzguinol A and benzguinol B); and (ii) develop 

bioluminescent mouse GNB infection models for pre-clinical in vivo efficacy testing of NCL195, 

NCL179, benzguinol A, and benzguinol B as proof-of-concept of their suitability for further 

preclinical development for the treatment of bacterial infections. 

Chapter II describes the in vitro activity of robenidine analogue NCL195 combined with 

several adjuvants against GNB pathogens and its in vivo impact on systemic GPB infection in 

mice (via systemic route) as a proof-of-concept of in vivo activity. Chapter III presents in vitro 

synergistic antimicrobial activity of NCL195 in combination with colistin against GNB 

pathogens. Chapter IV compares different TEM methods to visualise the effect of NCL195 + 

colisin interaction on GNB membrane morphology. Chapter V describes the efficacy of oral 

NCL195 treatment against GPB infections and the impact of a combination of NCL195 and 

sub-inhibitory colistin concentrations in treating GNB infections, including those caused by 

colistin-susceptible and colistin-resistant bioluminescent E. coli in mouse sepsis models. 

Chapter VI investigates in vitro activity of NCL179 against GPB and NCL179 + colistin 

combination against GNB and its in vivo impact in the mouse bioluminescent S. aureus sepsis 

infection model. Chapter VII evaluates both in vitro and in vivo efficacy of benzguinol A and 

benzguinol B as next-generation antibiotics to treat MDR infections. Chapter VIII (General 

Discussion) outlines the implications of the significant findings of this thesis and proposes 

future directions.  
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Chapter II 

In vitro activity of robenidine analog NCL195 in 

combination with outer membrane permeabilizers 

against Gram-negative bacterial pathogens and 

impact on systemic Gram-positive bacterial 

infection in mice 
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Multidrug-resistant (MDR) pathogens, particularly the ESKAPE group (Enterococcus
faecalis/faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Escherichia coli, and Enterobacter spp.), have
become a public health threat worldwide. Development of new antimicrobial classes
and the use of drugs in combination are potential strategies to treat MDR ESKAPE
pathogen infections and promote optimal antimicrobial stewardship. Here, the in vitro
antimicrobial activity of robenidine analog NCL195 alone or in combination with different
concentrations of three outer membrane permeabilizers [ethylenediaminetetraacetic
acid (EDTA), polymyxin B nonapeptide (PMBN), and polymyxin B (PMB)] was
further evaluated against clinical isolates and reference strains of key Gram-negative
bacteria. NCL195 alone was bactericidal against Neisseria meningitidis and Neisseria
gonorrhoeae (MIC/MBC = 32 µg/mL) and demonstrated synergistic activity against
P. aeruginosa, E. coli, K. pneumoniae, and Enterobacter spp. strains in the presence
of subinhibitory concentrations of EDTA, PMBN, or PMB. The additive and/or
synergistic effects of NCL195 in combination with EDTA, PMBN, or PMB are
promising developments for a new chemical class scaffold to treat Gram-negative
infections. Tokuyasu cryo ultramicrotomy was used to visualize the effect of NCL195
on bioluminescent S. aureus membrane morphology. Additionally, NCL195’s favorable
pharmacokinetic and pharmacodynamic profile was further explored in in vivo safety
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studies in mice and preliminary efficacy studies against Gram-positive bacteria. Mice
administered two doses of NCL195 (50 mg/kg) by the intraperitoneal (IP) route 4 h
apart showed no adverse clinical effects and no observable histological effects in major
organs. In bioluminescent Streptococcus pneumoniae and S. aureus murine sepsis
challenge models, mice that received two 50 mg/kg doses of NCL195 4 or 6 h apart
exhibited significantly reduced bacterial loads and longer survival times than untreated
mice. However, further medicinal chemistry and pharmaceutical development to improve
potency, solubility, and selectivity is required before efficacy testing in Gram-negative
infection models.

Keywords: bacterial sepsis, bioluminescence, cryo-ultramicrotomy, membrane potential, multidrug resistance,
NCL195, polymyxin B, transmission electron microscopy

INTRODUCTION

Multidrug-resistant (MDR) pathogens, in particular the ESKAPE
pathogens (Enterococcus faecalis/faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, Escherichia coli, and Enterobacter spp.), are becoming
a public health threat in both hospitals and the community. In
particular, MDR Gram-negative ESKAPE pathogens significantly
impact the standard care of septic patients, owing to high
morbidity and mortality rates worldwide (ranging from 30 to
70%) (Giamarellou, 2010; Tamma et al., 2012; Bhattacharya,
2013; Zilberberg et al., 2014; Frieri et al., 2017). Studies have
consistently identified MDR Gram-negative ESKAPE pathogens
as the main cause of additional hospital-acquired infections, such
as respiratory tract, urinary tract, and postsurgical infections
(Cardoso et al., 2012; Pendleton et al., 2013; Santajit and
Indrawattana, 2016). Moreover, therapeutic options for these
infections are becoming more limited, resulting in high health
care costs resulting from protracted hospital stays (Ventola, 2015;
Centers for Disease Control and Prevention [CDCP], 2019).

In the past, the availability of new antimicrobials kept pace
with the evolution of antibiotic-resistant bacteria. However,
while there is an increasing trend of multidrug resistance
in both Gram-negative and Gram-positive bacteria, there has
been a significant global decline of investment into new drug
development (Livermore, 2012; Woolhouse and Farrar, 2014). As
a result, there are only a limited number of registered alternatives
for MDR Gram-negative ESKAPE pathogens and few truly novel
classes of antimicrobial agents undergoing preclinical testing in
the drug development pipeline (Lepore et al., 2019). Furthermore,
within the new classes of antimicrobial agents being developed,
most have activity only against Gram-positive pathogens, mainly
due to the presence of an outer membrane in Gram-negative
bacteria that deters the penetration and retention of antibiotics
(Pushpakom et al., 2019; Theuretzbacher et al., 2019).

Previously, our laboratory reported that NCL 195 (4,6-bis-
(2 -((E) -4-methylbenzylidene)hydrazinyl)pyrimidin-2-amine),
which was developed as a chemical analog of the anticoccidial
drug robenidine, possessed antimicrobial activity against MRSA,
vancomycin-resistant enterococci (VRE), and Streptococcus
pneumoniae. This selectivity is likely attributable to the mode
of action of NCL195, which permeabilizes the cytoplasmic

membrane of S. pneumoniae, VRE, and S. aureus, thereby
hindering the establishment and maintenance of essential
energy sources for cell functioning (Ogunniyi et al., 2017).
In the presence of subinhibitory concentrations of outer
membrane permeabilizers targeting the outer membrane of
bacteria (EDTA, PMBN, and PMB), NCL195 was bactericidal
against Gram-negative ESKAPE pathogens reference isolates
(A. baumannii, E. coli, K. pneumoniae, and P. aeruginosa)
(MICs of 0.25–8 µg/mL). Meanwhile, in the absence of these
outer membrane permeabilizers, NCL195 was also bactericidal
against eight Acinetobacter calcoaceticus isolates (MIC range
from 4 to 32 µg/mL) and one Acinetobacter anitratus isolate
(MIC = 4 µg/mL) (Abraham et al., 2016; Ogunniyi et al., 2017).
Here, we further evaluated the in vitro antimicrobial activity
of NCL195 in the presence of EDTA, PMBN, or PMB against
an expanded panel of Gram-negative pathogens isolated from
clinical cases. As a first proof of concept testing of the in vivo
efficacy of NCL195 against bacterial pathogens, we assessed
its in vivo safety and efficacy using our established/optimized
bioluminescent models of Gram-positive bacterial infection.

MATERIALS AND METHODS

Antimicrobial Agents
Analytical grade NCL195 (Figure 1) was synthesized in house
at the University of Newcastle as reported previously (Ogunniyi
et al., 2017) and stored in a sealed sample container out
of direct light at 4◦C at the study site at the Infectious
Diseases Laboratory, Roseworthy campus, the University of
Adelaide. Polymyxin B (PMB) and its derivative, polymyxin
B nonapeptide (PMBN), which is devoid of the N-terminal
fatty acyl chain and the L-α-γ-diaminobutyric acid residue (and
therefore lacks antibacterial activity except against Pseudomonas
spp.) (Velkov et al., 2010), were purchased from Sigma-Aldrich
(NSW, Australia). Stock solutions [containing 25.6 mg/mL of
PMBN or PMB in dimethyl sulfoxide (DMSO)] were prepared
and stored in 1-mL aliquots at−80◦C and defrosted immediately
prior to use. Ethylenediaminetetraacetic acid (EDTA, disodium
salt) was purchased from Chem-Supply Pty. Ltd., South Australia
and was dissolved in Milli-Q water to 200 mM.
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FIGURE 1 | Chemical structure of NCL195 (4,6-bis-(2-((E)-4-methylbenzylidene)hydrazinyl)pyrimidin-2-amine).

Bacterial Strains
A total of 101 Gram-negative bacteria were collected from
government, private, and university diagnostic laboratories
throughout Australia. These organisms were speciated using
biochemical testing and matrix-assisted laser desorption/
ionization–time-of-flight (MALDI-TOF) mass spectrometry
(Bruker, Preston, VIC, Australia). The organisms were 18
A. baumannii (including two reference strains A. baumannii
ATCC19606 and A. baumannii ATCC 12457), 10 A. calcoaceticus,
1 A. anitratus and 4 Neisseriae (N. meningitidis 423,
N. meningitidis 424, N. gonorrhoeae ATCC 16599, and
N. gonorrhoeae ATCC 49226). These organisms were kindly
provided by Professor Mary Barton (University of South
Australia) and the Australian Group on Antimicrobial
Resistance (AGAR) for testing the antimicrobial activity of
NCL195. Other antimicrobial-resistant bacteria comprising
18 K. pneumoniae, 18 E. coli, and 19 P. aeruginosa human
clinical isolates were obtained from the Australian Centre for
Antimicrobial Resistance Ecology (ACARE) collection. The
following additional 11 Gram-negative reference strains were
also used for combination experiments: E. coli ATCC 10763,
E. coli ATCC 25922, E. coli ATCC 11229, Pseudomonas putida
ATCC 17428, P. aeruginosa PAO1, P. aeruginosa ATCC 27853,
P. aeruginosa ATCC 33347, Proteus mirabilis ATCC 43071,
K. pneumoniae ATCC 13883, K. pneumoniae ATCC 33495, and
K. pneumoniae ATCC 4352. Bioluminescent E. coli (Xen14)
(PerkinElmer Inc., Waltham, MA, United States), derived
from the parental strain E. coli WS2572, and bioluminescent
P. aeruginosa (Xen41) (PerkinElmer Inc., Waltham, MA,
United States), derived from the parental strain P. aeruginosa
PAO1, were used for the time-dependent killing assays.

For in vivo efficacy evaluation of NCL195, bioluminescent
S. aureus (Xen29), derived from the parental strain S. aureus
ATCC 12600 (PerkinElmer Inc., Waltham, MA, United States),
and bioluminescent S. pneumoniae, derived from the
parental strain S. pneumoniae D39 (D39LUX) (Henken et al.,
2010), were used.

Antimicrobial Susceptibility Testing
Minimum inhibitory concentrations (MICs) were determined
in round-bottom 96-well microtiter trays (Sarstedt 82.1582.001),

using the modified broth microdilution method recommended
by the Clinical and Laboratory Standards Institute [CLSI],
2017. Testing concentrations were as follows: NCL195: 256–
0.25 µg/mL; EDTA: 3,800–45 µg/mL; PMBN: 32–0.06 µg/mL;
PMB: 32–0.06 µg/mL. Luria–Bertani (LB) broth (Oxoid, VIC,
Australia) was used instead of cation-adjusted Mueller–Hinton
broth as it was shown previously that robenidine can chelate
calcium ions resulting in loss of activity. In addition, twofold
serial dilutions of NCL195 were performed in 100% DMSO,
with 1 µL added to each well, as NCL compounds have very
low solubility in aqueous environments (Abraham et al., 2016).
The MICs for ampicillin, gentamicin, and apramycin against
each isolate were determined for each test to serve as an
internal quality control. The MICs of isolates were determined
by visual reading and using an EnSpire Multimode Plate Reader
2300 at A600 nm. MIC50, MIC90, and MIC ranges for NCL195,
EDTA, PMBN, PMB, or combinations were then determined
(Venter, 2019).

Minimum Bactericidal Concentration
Determination
The minimum bactericidal concentration (MBC) of NCL195
alone or in combination with EDTA, PMBN, or PMB was
determined against both Gram-positive and Gram-negative
bacteria. Briefly, 10-µL aliquots from each duplicate well from
the MIC assays (starting from the MIC for each compound) were
inoculated onto a sheep blood agar (SBA) plate and incubated at
37◦C. Plates were examined at 24 and 48 h and the MBC was
recorded as the lowest concentration of each test compound at
which a 99.95% colony count reduction was observed on the plate
(Clinical and Laboratory Standards Institute [CLSI], 2017).

Synergy Testing by Checkerboard
Microdilution and Dose Reduction
Analysis
To assess potential synergistic activity of NCL195, MICs for a
range of Gram-negative ATCC strains and clinical isolates of
K. pneumoniae, E. coli, A. baumannii, and P. aeruginosa were
determined in the presence or absence of 23.2–11,400 µg/mL
(0.06–30 mM) of EDTA and 0.25–128 µg/mL of PMBN or
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PMB in a modified standard checkerboard assay as described
previously (Hamoud et al., 2015; Khazandi et al., 2019). Briefly,
antimicrobial stock solutions were prepared at a concentration
of 25.6 mg/mL in DMSO for NCL195, 12.8 mg/mL in Milli-
Q water for PMBN and PMB, and 30 mM in Milli-Q water
for EDTA. Then, a twofold serial dilution of each antimicrobial
stock solution was prepared in its appropriate solvent from wells
12 to 3 (starting from 25.6 to 0.25 mg/mL for NCL195, 12.8
to 0.25 mg/mL for PMBN and PMB, and 30 to 0.06 mM for
EDTA). One microliter of each concentration was then added to
each well in the challenge plate using an electronic multichannel
pipette followed by 89 µL of the LB broth. Ten microliters
of bacterial suspension of 1.5 × 106 colony forming units per
milliliter (CFU/mL) was added to each well of the plate, which
was subsequently incubated at 37◦C for 24 h.

The fractional inhibitory concentration index (FICI) describes
the results of combination, and was calculated as follows: FICI
of combination = FIC A + FIC B. Where FIC A is the MIC
of NCL195 in the combination/MIC of NCL195 alone, FIC B is
the MIC of EDTA in the combination/MIC of EDTA alone. The
results indicate synergism when the corresponding FICI ≤ 0.5,
additivity when 0.5 < FICI ≤ 1, indifference when 1 < FICI ≤ 4,
and antagonism when the FICI > 4. In this study, the FICI
for NCL195 and PMBN against Gram-negative bacteria was
calculated to be zero (e.g., 1÷> 256 = 0), where they did not show
any antibacterial activity alone against Gram-negative bacteria at
the highest concentration (256 µg/mL).

The dose reduction index (DRI) shows the difference between
the effective doses in combination in comparison to its individual
dose. DRI was calculated as follows: DRI = MIC of drug
alone/MIC of drug in combination. Given that NCL195 and
PMBN did not show any antimicrobial activity against the
majority of Gram-negative bacteria, the highest concentration
of each compound tested against each isolate was used as
its MIC alone for calculating the DRI (e.g., MIC of NCL195
alone against E. coli 103 was >256 µg/mL and its MIC in
combination with PMBN was 1 µg/mL; DRI = 256/1). DRI is very
important clinically when the dose reduction is associated with
a toxicity reduction without changing efficacy (Eid et al., 2012).
Commonly, a DRI higher than 1 is considered beneficial.

Time-Dependent Killing Assays
Initial time kill assays were performed (in duplicate) for
the NCL195 in the presence of PMB against a range of
human ESKAPE pathogen reference strains (E. coli ATCC
25922, P. aeruginosa PAO1, K. pneumoniae ATCC 33495,
and A. baumannii ATCC 19606) as described previously
(Clinical and Laboratory Standards Institute [CLSI], 2017)
with slight modifications. Briefly, a few colonies of each
strain from overnight SBA plates were emulsified in normal
saline and adjusted to A600 nm = 0.10 (equivalent to approx.
5 × 107 CFU/mL) and the bacterial suspensions were further
diluted 1:20 in saline. NCL195 and PMB were serially diluted
in 100% DMSO or Milli-Q water at 100 × the final
desired concentration and a 100-µL aliquot of appropriate
concentrations added to each 10 mL preparation. NCL195 and
PMB solutions were prepared in 10-mL volumes at MIC and

2 × MIC concentrations in LB broth. After addition of the
inoculum dose to each tube, duplicate cultures were incubated
at 37◦C, with samples withdrawn at 0, 0.5, 1, 2, 4, 6, 8, and 24 h,
serially diluted 10-fold, and plated on SBA overnight at 37◦C for
bacterial enumeration. The time kill assay was further refined
by testing the NCL195-PMB combination on bioluminescent
E. coli WS2572 (Xen14) and bioluminescent P. aeruginosa PAO1
(Xen41). According to CLSI, an antimicrobial agent is considered
bactericidal if it causes a ≥3 × log10 (99.95%) reduction in
CFU/mL after 18–24 h of incubation, and the combination is
considered synergistic when it causes a ≥2 × log10 reduction in
CFU/mL compared with either constituent alone.

Dual Mechanism of Action of
NCL195-PMB Combination
Polymyxin B has been demonstrated to disrupt the outer
membrane of Gram-negative bacteria (Lin et al., 2018, 2019;
Wang et al., 2020), while NCL195 has been shown to disrupt the
inner membrane potential of Gram-positive bacteria (Ogunniyi
et al., 2017). Thus, we hypothesized that a combination of PMB
and NCL195 will disrupt the outer membrane (PMB), allowing
penetration of NCL195 into the inner membrane, as shown
in Figure 2.

To prove this hypothesis, the membrane potential of E. coli
Xen14 cells was measured by fluorescence spectrometry in a LS 55
Fluorescence Spectrometer (PerkinElmer) using the fluorescent
membrane potential probe 3,3-diethyloxacarbocyanine iodide
[DiOC2(3)]. A combination of Gram-negative and Gram-
positive membrane potential measurement approaches was used
as described previously (Venter et al., 2003; Ogunniyi et al., 2017;
Wang et al., 2020). Briefly, E. coli Xen14 cells were prepared and
resuspended in 50 mM potassium phosphate buffer (pH 7.0) to
A600 nm = 5. PMB was used at 6.4 µg/mL, while NCL195 was used
at either 12.8 or 25.6 µg/mL. The test compounds and/or their
combination were incubated with the cells for either 5 or 30 min,
after which DiOC2(3) was added and the fluorescence monitored
until it plateaued. The cells were then energized by the addition
of glucose to establish a proton motive force (negative and basic
inside the cell). This led to an increase in fluorescence associated
with aggregation of the DiOC2(3). The membrane potential was
then disrupted by the addition of the proton ionophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP).

Transmission Electron Microscopy to
Visualize the Effect of NCL195 on
Bioluminescent S. aureus ATCC12600
(Xen29) Cell Membrane
Treatment Preparation
Xen29 was grown on horse blood agar containing 200 µg/mL of
kanamycin at 37◦C. A single colony was transferred to 10 mL
of LB broth in 50-mL Falcon tubes and grown at 37◦C under
continuous agitation in a reciprocating shaker at 150 rpm. The
overnight culture was then diluted 1:30 in 40 mL of LB broth
and incubated at 37◦C in 50-mL Falcon tubes as previously
described until A600 nm = 0.1 was obtained. Xen29 was incubated
with NCL195 (2 and 4 µg/mL) for 1 h at 37◦C, with manual

Frontiers in Microbiology | www.frontiersin.org 4 August 2020 | Volume 11 | Article 1556



fmicb-11-01556 August 3, 2020 Time: 17:16 # 5

Pi et al. NCL195 As a Broad-Spectrum Antibacterial Drug

FIGURE 2 | Proposed dual mechanism of action of NCL195 in combination with PMB on Gram-negative bacteria. NCL195 alone is unable to penetrate the outer
membrane of Gram-negative bacteria; however, a subinhibitory concentration of PMB can permeabilize the outer membrane and allow penetration of NCL195,
resulting in disruption of the inner membrane.

mixing every 10 min. A treatment time of 1 h was chosen
based on the time kill kinetic and MIC of NCL195 to ensure
Xen29 cells were not killed at the time of harvest. Cells were
harvested by centrifugation at 2900 × g for 5 min at 4◦C.
Control cells were harvested at A600 nm = 0.1 without the
addition of compound. Cells were washed twice in phosphate-
buffered saline (PBS) buffer; fixed in 4.0% formaldehyde, 1.25%
glutaraldehyde, 0.01 M CaCl2, 4% sucrose, and in the presence
of 0.075% ruthenium red and 0.075% L-lysine acetate (to
stabilize the peptidoglycan layer and aid in locating the bacteria
during sectioning); and then stored at 4◦C until processing
for transmission electron microscopy (TEM). Thereafter, cells
were washed twice in PBS and embedded in 12% gelatin. Small
gelatin blocks containing bacteria (<1 mm3) were cut and
infiltrated with 2.3 M sucrose in PBS overnight at 4◦C with
gentle rocking. Blocks were stored in 2.3 M sucrose at 4◦C prior
to sectioning.

Cryo-Ultramicrotomy and TEM
Blocks were transferred to aluminum cryo-sectioning pins (Leica)
and quickly plunge-frozen in liquid nitrogen. Thin cryo-sections
(80 nm) were cut at −100◦C with an EM-UC6/FC7 cryo-
ultramicrotome (Leica) using a cryo-diamond knife (Diatome).
Cryo-sections were removed from the knife with 2.3 M sucrose
using a wire loop and transferred to formvar/carbon-coated,
plasma cleaned, 200-mesh copper EM grids (Proscitech). Grids
were stored in an airtight container on sucrose droplets at 4◦C.
To stain, grids were floated face down on 2% gelatin for 30 min at
37◦C before washing in PBS (3 min × 2 min) and staining with
2% uranyloxalicacetate, pH 7 (5 min, room temperature) and
methyl cellulose–uranyl acetate pH 4 on ice (10 min). Grids were
looped out, drained, and allowed to dry. Samples were imaged

with a Tecnai G2 Spirit electron microscope (FEI Company)
operated at 100 kV at Adelaide Microscopy, the University of
Adelaide, South Australia.

Ethics Statement
For NCL195 safety and efficacy testing experiments, outbred 5-
to 6-week-old male CD1 (Swiss) mice (weighing between 25 and
32 g), obtained from the Laboratory Animal Services breeding
facility of the University of Adelaide, were used. Mice had access
to food and water ad libitum throughout the experiments. The
Animal Ethics Committee of the University of Adelaide (approval
numbers S-2013-053 and S-2015-151) reviewed and approved
all animal experiments. The study was conducted in compliance
with the Australian Code of Practice for the Care and Use of
Animals for Scientific Purposes (8th edition, 2013) and the South
Australian Animal Welfare Act 1985.

Safety Testing of NCL195 Following
Parenteral Administration
We previously determined the pharmacokinetic parameters for
NCL195 after a single intraperitoneal administration of 43 mg/kg
NCL195 dissolved in 20% (v/v) DMSO in PEG400 with no
observed adverse reactions or compound-related side effects
(Ogunniyi et al., 2017). It was then assumed that a twofold
increase in dose would result in a proportional increase in
NCL195 exposure. To test that a two-dose regime would be
safe to administer to mice, a safety study was conducted by
administering two intraperitoneal doses of NCL195 at either
10 mg/kg or 50 mg/kg 4 h apart to three mice, using two
intraperitoneal doses of either PBS or 6 mg/kg daptomycin as
controls. Mice were observed for clinical signs and data recorded
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on a Clinical Record Sheet (CRS) approved by the Animal Ethics
Committee of the University of Adelaide. At the conclusion of
the experiment, mice were humanely killed and sections of liver,
kidneys, spleen, heart, and brain were collected and subjected to
histopathological examination.

Histopathological Examination
Mouse tissues (including liver, spleen, kidneys, heart, and
brain) collected from the intraperitoneal safety challenge
were fixed in 10% neutral-buffered formalin and processed
routinely. The specimens were embedded in paraffin
blocks and sections of 4 µm thickness were cut using a
microtome. Hematoxylin and eosin staining of the sections was
performed and the slides were observed and recorded under
light microscopy.

Efficacy Testing of NCL195 Following
Systemic Challenge of Mice With
Bioluminescent Gram-Positive Bacteria
For the NCL195 efficacy testing experiments against
S. pneumoniae challenge, luminescent strain D39 (D39LUX),
which emits light constitutively at λmax = 490 nm in metabolically
active cells, was used, and has been described previously (Henken
et al., 2010). Before infection, D39LUX was grown statically
in serum broth (10% heat-inactivated horse serum in nutrient
broth) at 37◦C, 5% CO2 to A600 nm of 0.16 (equivalent to
approx. 5 × 107 CFU/mL). Three groups of mice (n = 10
mice per group) were then challenged intraperitoneally with
approx. 2.5 × 104 CFU of D39LUX in 100 µL of serum
broth. At 12 h postinfection, the conditions of all mice in
each group were recorded on a CRS approved by the Animal
Ethics Committee of the University of Adelaide. All mice were
subjected to bioluminescent imaging in a ventral position
on either the Xenogen IVIS 100 system (Xenogen) or the
IVIS Lumina XRMS Series III system (Caliper Life Sciences).
Immediately after, group 1 mice were administered the drug
vehicle only, group 2 received NCL195 at 50 mg/kg i.p., while
group 3 received daptomycin at 6 mg/kg i.p. The clinical
conditions of all mice were then closely monitored every 2 h,
and at 18 h postinfection, all animals in each group were
again subjected to bioluminescent imaging. Thereafter, group
1 mice received a second dose of drug vehicle only, while
group 2 received a second dose of NCL195 at 50 mg/kg, and
mice were further monitored frequently for signs of distress.
The daptomycin-treated group did not receive a second dose,
as their clinical conditions and bioluminescent imaging data
indicated a healthy status. At 24, 30, and 60 h postinfection,
mice were further subjected to bioluminescent imaging, and
mice that had become moribund or showed any evidence of
distress [such as loss of balance, extreme hyperactivity, severe
weight loss (>20% body weight), ear temperature falling below
24◦C, paralysis, or extreme reluctance or inability to move
freely, and/or refusal or inability to eat or drink] were humanely
killed by cervical dislocation. A second experiment (n = 5)
was also performed essentially as described above, but with
antimicrobial administration at 8 and 12 h postinfection to

assess whether earlier intervention might further prolong the
survival times for mice.

For the NCL195 efficacy testing experiments against S. aureus,
luminescent ATCC12600 strain (Xen29, PerkinElmer) was used,
essentially as described previously (Ogunniyi et al., 2018). Briefly,
bacteria were grown in LB broth at 37◦C to A600 nm of 0.5
(equivalent to approx. 1.5 × 108 CFU/mL). Three groups of
mice (n = 5 mice per group) were challenged intraperitoneally
with approx. 2.5 × 107 CFU of Xen29 in 200 µL of PBS
containing 3% hog gastric mucin type III (Sigma-Aldrich). At
2 h postinfection, all mice were subjected to bioluminescent
imaging in both ventral and dorsal positions on the IVIS Lumina
XRMS Series III system. Immediately after, group 1 mice received
the drug vehicle only, group 2 received NCL195 at 50 mg/kg
i.p., while group 3 received daptomycin at 6 mg/kg i.p. The
clinical conditions of all mice were closely monitored, and at
6 h postinfection, all animals in each group were subjected
to bioluminescent imaging, after which a second dose of drug
vehicle only, NCL195, or daptomycin was administered. Mice
were further monitored frequently for signs of distress and
those that had become moribund or showed any evidence
of distress were humanely killed by cervical dislocation. At
10 and 16 postinfection, living mice were further subjected
to bioluminescence imaging. In all experiments, signals were
collected from a defined region of interest and total flux
intensities (photons/s) analyzed using Living Image Software 2.5
(for IVIS 100) and 4.4 (for Lumina XRMS). Differences in median
survival times (time to moribund) for mice between groups
were analyzed by the log-rank (Mantel–Cox) tests. Differences
in luminescence signals between groups were compared by
multiple t-tests.

RESULTS

NCL195 Alone Shows Antimicrobial
Activity Against N. meningitidis and
N. gonorrhoeae
The activity of NCL195 against a range of Gram-negative
bacteria (A. baumannii ATCC 19606, A. baumannii ATCC
12457, E. coli ATCC 10763, E. coli ATCC 25922, K. pneumoniae
ATCC 33495, K. pneumoniae ATCC 4352, P. aeruginosa ATCC
27853, P. aeruginosa PAO1, N. meningitidis 423, N. meningitidis
424, N. gonorrhoeae ATCC 16599, and N. gonorrhoeae ATCC
49226) was investigated. The results show that NCL195 alone
demonstrated antimicrobial activity against the Neisseria isolates
and type strains tested at 32 µg/mL, but no activity was
observed against the other Gram-negative bacteria tested at up
to 256 µg/mL (data not shown).

Combination of NCL195 With EDTA
Demonstrates Antimicrobial Activity
Against Gram-Negative Pathogen Strains
The modified checkerboard assay was used to assess the
combination of NCL195 and EDTA against a range of
human Gram-negative pathogen reference strains (E. coli
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ATCC 25922, E. coli ATCC 11229, P. putida ATCC 17428,
P. aeruginosa PAO1, P. aeruginosa ATCC 27853, Proteus
mirabilis ATCC 43071, K. pneumoniae ATCC 13883,
A. baumannii ATCC19606, and A. baumannii ATCC 12457),
and one A. calcoaceticus clinical isolate. The results indicate
a synergistic interaction of NCL195 and EDTA for E. coli
ATCC 25922, E. coli ATCC 11229, K. pneumoniae ATCC
13883, P. putida ATCC 17428, P. aeruginosa PAO1, and
P. aeruginosa ATCC 27853. An additive interaction was observed
for P. mirabilis ATCC 43071, A. baumannii ATCC19606,
A. baumannii ATCC 12457, and the clinical A. calcoaceticus
isolate (Table 1).

Combination of NCL195 With Polymyxins
(PMBN and PMB) Also Demonstrates
Synergistic Activity Against a Range of
Gram-Negative ESKAPE Pathogen
Reference Strains
The antimicrobial activity of NCL195 in the presence of
PMBN was investigated against a range of human ESKAPE
pathogen reference strains: 3 E. coli strains (E. coli ATCC
25922, E. coli ATCC 11229, and E. coli ATCC 10763), 3
P. aeruginosa strains (P. aeruginosa ATCC 27853, P. aeruginosa
ATCC 33347, and P. aeruginosa PAO1), 2 K. pneumoniae strains
(K. pneumoniae ATCC 33495 and K. pneumoniae ATCC 4352),
and 2 A. baumannii strains (A. baumannii ATCC 19606 and
A. baumannii ATCC 12457). The combination of NCL195 and
PMBN resulted in a synergistic interaction against E. coli ATCC
11229, P. aeruginosa ATCC 27853, and K. pneumoniae ATCC
4352. An additive interaction was recorded against P. aeruginosa
PAO1 (Table 2). No interaction was detected against the rest of
the reference strains tested.

Owing to the high cost of PMBN, we hypothesized that PMB
would be a more easily acquired and cost-effective choice of outer
membrane permeabilizer with similar efficacy in combination
with NCL195 against Gram-negative bacteria. Therefore, the

antimicrobial activity of NCL195 and PMB in combination
was tested against a larger range of human ESKAPE pathogen
isolates (18 K. pneumoniae clinical isolates plus K. pneumoniae
ATCC 33495 and K. pneumoniae ATCC 4352, 18 E. coli clinical
isolates plus E. coli ATCC 10763 and E. coli ATCC 25922, 16
A. baumannii clinical isolates plus A. baumannii ATCC 19606
and A. baumannii ATCC 12457, 19 P. aeruginosa clinical isolates
plus P. aeruginosa PAO1) (Table 3). The results revealed a
synergistic interaction of NCL195 and PMB in combination
against all Gram-negative isolates tested (reducing the MIC
of NCL195 by 64- to 1,024-fold against all Gram-negative
species tested).

Time Kill Kinetics of the Combination of
NCL195 and PMB Shows Bactericidal
Antimicrobial Activity Against E. coli and
P. aeruginosa Reference Strains
Initial time kill kinetics of the NCL195-PMB combination against
E. coli ATCC 25922, P. aeruginosa PAO1, K. pneumoniae ATCC
33495, and A. baumannii ATCC 19606 showed rapid, time-
dependent killing of the bacteria (Supplementary Figure S1).
The assay was further refined using bioluminescent E. coli
WS2572 (Xen14) and bioluminescent P. aeruginosa PAO1
(Xen41). For Xen14, NCL195/PMB at 1/0.125 µg/mL showed
no antimicrobial activity; NCL195/PMB at 2/0.125 µg/mL
reduced the CFU/mL by 5 × log10 by 1 h post-treatment
but then growth started again after 8 h; NCL195/PMB at
1/0.25 µg/mL reduced the CFU/mL by 5 × log10 by 6 h post-
treatment but then growth started again after 8 h; NCL195/PMB
at 2/0.25 µg/mL reduced the CFU/mL by 5 × log10 by
30 min post-treatment and totally cleared the bacterial growth
(Figure 3A). For Xen41, NCL195/PMB at 2/1 µg/mL reduced
the CFU/ml by 5 × log10 within 1 h of treatment but then
growth started again after 8 h; NCL195/PMB at 4/1 µg/mL
reduced the CFU/mL by 5 × log10 by 30 min post-treatment
and totally cleared the bacterial growth; NCL195/PMB at

TABLE 1 | MIC values for NCL195 alone, EDTA alone, and in combination for Gram-negative bacteria reference strains and clinical isolates.

Isolates MIC (µg/mL; mM concentrations in parentheses) FICI DRI

Single drug Combination

EDTA NCL195 EDTA NCL195 EDTA:NCL195

E. coli ATCC 25922 3800 (10) >256 950 (2.5) 4 0.27a 4:64

E. coli ATCC 11229 950 (2.5) >256 228 (0.6) 8 0.27a 4:32

P. putida ATCC 17428 1900 (5) >256 950 (2.5) 1.25 0.50a 2:204

P. aeruginosa PAO1 1900 (5) >256 475 (1.25) 1.25 0.25a 4:204

P. aeruginosa ATCC 27853 3800 (10) >256 1900 (5) 2 0.50a 2:128

P. mirabilis ATCC 43071 228 (0.6) >256 228 (0.6) 0.5 1.00b 1:512

K. pneumoniae ATCC 13883 11 400 (30) >256 3800 (10) 4 0.35a 3:64

A. baumannii ATCC19606 380 (1) >256 190 (0.5) 2 0.51b 2:128

A. baumannii ATCC 12457 190 (0.5) >256 95 (0.25) 4 0.52b 2:64

A. calcoaceticus (a clinical isolate) 228 (0.6) >256 228 (0.6) 8 1.00b 1:32

Synergy testing by checkerboard microdilution and dose reduction analysis. DRI, dose reduction index. aSynergistic effect. bAdditive effect. The results indicate synergism
when the corresponding FICI ≤ 0.5, additivity when 0.5 < FICI ≤ 1, indifference when 1 < FICI ≤ 4, and antagonism when the FICI > 4.
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TABLE 2 | MIC values for NCL195 alone and PMBN alone and in combination for Gram-negative bacteria reference strains and clinical isolates.

Isolates Single drug (µg/mL) Combination (µg/mL) FICI DRI

PMBN NCL195 PMBN NCL195 PMBN:NCL195

P. aeruginosa PAO1 1 >256 0.5 4 0.5a 2:64

P. aeruginosa ATCC 27853 2 >256 0.5 4 0.27a 4:64

E. coli ATCC 11229 >128 >256 8 32 0.19a 16:8

K. pneumoniae ATCC 4352 >128 >256 0.125 4 0.03a 1024:64

DRI, dose reduction index. aSynergism effect. The results indicate synergism when the corresponding FICI ≤ 0.5, additivity when 0.5 < FICI ≤ 1, indifference when
1 < FICI ≤ 4, and antagonism when the FICI > 4.

TABLE 3 | MIC range and MIC50, MIC90, and DRI values for NCL195 alone, PMB alone, and in combination against 20 K. pneumoniae, 20 E. coli, 18 A. baumannii, and
20 P. aeruginosa clinical isolates.

Isolates Value Antimicrobial concentration (µg/mL) Combination Effect DRI

Single drug Combination

PMB NCL195 PMB NCL195 PMB NCL195

K. pneumoniae (n = 20) MIC range 0.125–1 >256 0.06–0.5 0.25–4 Synergism 2–4 64–1024

MIC50 0.5 >256 0.125 2 4 128

MIC90 1 >256 0.25 4 2 64

E. coli (n = 20) MIC range 0.125–1 >256 0.06–0.125 0.25–2 Synergism 2–8 128–1024

MIC50 0.5 >256 0.06 1 8 256

MIC90 0.5 >256 0.125 2 4 128

A. baumannii (n = 18) MIC range 0.5–1 >256 0.125 0.5–4 Synergism 4–8 64–512

MIC50 1 >256 0.125 2 8 128

MIC90 1 >256 0.125 2 4 128

P. aeruginosa (n = 20) MIC range 0.25–1 >256 0.06–0.25 1–2 Synergism 4–8 128–256

MIC50 0.5 >256 0.125 1 4 256

MIC90 0.5 >256 0.125 2 4 128

1/2 µg/mL reduced the CFU/ml by 5 × log10 by 30 min
post-treatment but then growth started again after 8 h;
NCL195/PMB at 2/2 µg/mL reduced the CFU/mL by 5 × log10
by 30 min post-treatment and totally cleared the bacterial
growth (Figure 3B).

Combination of PMB and NCL195
Disrupts the Inner and Outer Membrane
Potential of E. coli
We tested the hypothesis that a combination of PMB and
NCL195 will disrupt the outer membrane (PMB), allowing
penetration of NCL195 into the inner membrane of Gram-
negative bacteria by measuring the membrane potential of E. coli
Xen14 cells using fluorescence spectrometry as described in
Section “Materials and Methods” (see section “Dual Mechanism
of Action of NCL195-PMB Combination”). We showed that
preincubation of the cells with PMB at 6.4 µg/mL permeabilized
the outer membrane so that greater quantities of the DIOC2(3)
could gain entry into the cells without affecting the inner
membrane (Figures 4A,B). Preincubation of the cells with the
NCL195 + PMB combination resulted in a time-dependent
and NCL195 concentration-dependent disruption of the inner
membrane potential, clearly demonstrating the dual mechanism
of action of NCL195-PMB combination.

NCL195 Exerts Its Antibacterial Action
on the Cell Membrane of S. aureus
We previously showed that NCL195 acts on the cell membranes
of S. pneumoniae (MIC range of 2–8 µg/ml) and S. aureus
(MIC range of 1–2 µg/mL) via disruption of the membrane
potential (Ogunniyi et al., 2017) and demonstrated changes
in the appearance and thickness of the NCL195-treated cell
membrane for S. pneumoniae by TEM, but this was not
carried out for S. aureus. In this study, we used Tokuyasu
ultrathin cryo-sections to visualize the effect of NCL195 on
bioluminescent S. aureus Xen29 membrane morphology. TEM
images showed optimal structural preservation with clear
delineation of the plasma membrane and cell wall peptidoglycan
layer. Samples treated with NCL195 clearly show perturbation
of the membrane consistent with its membrane-acting property.
In the treated sample, mesosome-like membrane structures were
also observed (Figure 5).

NCL195 Shows Systemic Safety in Mice
There were no observable histopathological changes in the heart,
liver, spleen, kidneys, or brain (not shown) of any of the mice
in the treated groups (NCL195 10 mg/kg, NCL195 50 mg/kg,
and daptomycin) compared to the control group treated with
PBS (Figure 6).
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FIGURE 3 | Time kill curves of NCL195 and PMB combinations against (A) bioluminescent E. coli (Xen14): NCL195/PMB: 1/0.125 µg/mL; NCL195/PMB:
2/0.125 µg/mL; NCL195/PMB: 1/0.25 µg/mL; NCL195/PMB: 2/0.125 µg/mL and (B) bioluminescent P. aeruginosa (Xen41): NCL195/PMB: 2/1 µg/mL;
NCL195/PMB: 4/1 µg/mL; NCL195/PMB: 1/2 µg/mL; NCL195/PMB: 2/2 µg/mL.

FIGURE 4 | Dual mechanism of action of NCL195-PMB combination. E. coli Xen14 cell suspensions were exposed to 6.4 µg/mL of NCL195 or 6.4 µg/mL of PMB
alone or a combination of NCL195 and PMB at the indicated concentrations for either 5 min (A) or 30 min (B) after which DiOC2(3) was added and the fluorescence
monitored until it plateaued. Cells were then reenergized with 0.5% glucose and the establishment of a membrane potential was measured as an increase in
fluorescence until it plateaued. The membrane potential was then disrupted by the addition of the proton ionophore (CCCP).

Treatment of Mice With NCL195 Reduces
S. pneumoniae and S. aureus
Populations and Significantly Prolongs
Survival Times
We evaluated the potential of NCL195 as a therapeutic
drug against systemic S. pneumoniae infection, using a well-
characterized luminescent strain (D39LUX) (Henken et al., 2010)
in an intraperitoneal sepsis challenge model. We found that

at 24 h postinfection, two doses of NCL195 at 50 mg/kg
i.p. (administered at 12 and 18 h postinfection) resulted in a
statistically significant reduction in S. pneumoniae populations
(p = 0.018, multiple t-tests; Figure 7A) and a concomitant
significant increase in median survival time compared to
the vehicle only control in this model (p = 0.008; Mantel–
Cox test; Figure 7B). In a repeat experiment, intraperitoneal
administration of two doses of NCL195 at 50 mg/kg at 8
and 12 h postinfection resulted in an earlier and statistically
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FIGURE 5 | Morphology of bioluminescent S. aureus Xen29 prepared using Tokuyasu cryo-ultramicrotomy and visualized by TEM. (A1–A3) Xen29 without
treatment. (B1–B3) Xen29 treated with NCL195 at 2 µg/mL. (C1–C3) Xen 29 treated with NCL195 at 4 µg/mL. Arrows show peptidoglycan layer (PG), plasma
membrane (PM) and mesosome-like structures (M). NCL195 treatment of Xen29 (A600 nm = 0.1) at either 2 µg/mL (1 × MIC) or 4 µg/mL (2 × MIC) for 1 h causes
detachment of the cell wall from the cell membrane. Scale bars: (A1,B1,C1): 500 nm; (A2,B2,C2): 200 nm; (A3,B3,C3): 100 nm.

significant reduction in S. pneumoniae populations at 18 h
postinfection (p = 0.002, multiple t-tests; Figures 7C, 8) as well
as significant increase in median survival time compared to the
vehicle only control (p = 0.003; Mantel–Cox test; Figure 7D).
Furthermore, intraperitoneal administration of two doses of
NCL195 at 50 mg/kg at 2 and 6 h postinfection resulted in a
statistically significant reduction in S. aureus populations in the
blood and mouse kidneys at 6 h postinfection (p = 0.006 and
0.021, respectively, multiple t-tests; Figures 7E, 9) as well as a
significant increase in median survival time compared to the
vehicle only control (p = 0.009; Mantel–Cox test; Figure 7F). No

adverse effects attributable to drug treatment were observed in
the three rodent studies.

DISCUSSION

There is an urgent need to develop new broad-spectrum
antimicrobials with activity against pan resistant ESKAPE
pathogens, particularly Gram-negative members, with a
view to overcoming the permeability barrier of the Gram-
negative outer membrane (Willyard, 2017; Venter, 2019;
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FIGURE 6 | Selected histological images of heart, liver, spleen, and kidneys from treated and control mice. No morphological abnormalities or changes were
observed in mice subject to NCL195 (10 mg/kg), NCL195 (50 mg/kg), or daptomycin compared with PBS. Scale bars: heart: 50 µm; liver, spleen, and kidneys:
200 µm.

World Health Organization [WHO], 2019). Previously, we
reported that NCL195 showed potential as a new drug scaffold
for the treatment of infections caused by Gram-positive
bacteria on the basis of its favorable pharmacokinetic and
pharmacodynamics profile compared to the parent compound
robenidine (Ogunniyi et al., 2017). Here, we extended our
analyses by assessing in vitro efficacy of NCL195 against a range
of clinical human Gram-negative pathogens in the presence or
absence of subinhibitory concentrations of EDTA, PMBN, or
PMB and by conducting preliminary in vivo safety and efficacy
studies against two prominent Gram-positive bacteria. This
study had three major findings. First, NCL195 demonstrated
antimicrobial activity against a variety of Gram-negative ESKAPE
pathogens in the presence of outer membrane permeabilizers
(EDTA, PMB, and PMBN). In particular, combination of
NCL195 with PMB showed the best synergistic activity against
all the bacteria tested. Second, NCL195 showed systemic safety
in mice without any apparent morphological effects on the major
organs examined. However, as this study has only examined
histomorphology but not clinical chemistry and hematology,
sublethal effects not resulting in morphological changes of tissues
cannot be excluded. Third, systemic treatment of mice with

NCL195 reduced bioluminescent S. pneumoniae and S. aureus
populations in vivo and significantly prolonged survival times.

We demonstrated that the combination of EDTA with
NCL195 resulted in a synergistic interaction when tested against
E. coli, K. pneumoniae, P. putida, and P. aeruginosa type and
clinical strains. In combination, NCL195 MICs ranged from 0.5
to 8 µg/mL in the presence of EDTA concentrations ranging
from 190 to 11,400 µg/mL. However, the lowest dose of EDTA
to cause a toxic effect in animals is reported to be 750 mg/kg/day
(Lanigan and Yamarik, 2002). In addition, oral exposure to
EDTA produced adverse reproductive and developmental effects
in animals (Lanigan and Yamarik, 2002). Therefore, EDTA in
synergistic combination with NCL195 is not considered to be
a viable option for administration by the oral, intravenous, and
intramuscular routes in humans and animals.

In combination with PMBN (which alone had no
antimicrobial activity against the tested Gram-negative bacteria
except for P. aeruginosa), NCL195 exhibited a synergistic
interaction against less than half of the tested Gram-negative
bacteria, with the NCL195 MICs ranging from 4 to 32 µg/mL.
The lack of activity of PMBN against Gram-negative bacteria
has been attributed to the absence of N-terminal fatty acyl chain
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FIGURE 7 | Luminescence signal comparisons between groups of CD1 mice challenged intraperitoneally with S. pneumoniae (D39LUX) treated 6 h apart (A,B) or
treated 4 h apart (C,D), and bioluminescent S. aureus ATCC 12600 (Xen29) treated 4 h apart (E,F). Mice were subjected to bioluminescent imaging on an IVIS
Lumina XRMS Series III system. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

present in PMB and highlights the importance of both the
electrostatic and hydrophobic interactions for the mechanism
of PMB action (Velkov et al., 2010). Our results demonstrated
that the combination of PMBN with NCL195 is not ideal for

the treatment of human systemic Gram-negative bacterial
infections. PMB, with antimicrobial activity against Gram-
negative bacteria, could be a better and less expensive choice to
be used in combination with NCL195 to treat Gram-negative
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FIGURE 8 | Ventral images of representative CD1 mice challenged with approx. 1 × 107 CFU of bioluminescent S. pneumoniae (D39LUX). Mice were subjected to
bioluminescence imaging on an IVIS Lumina XRMS Series III system at the indicated times.

bacteria, reducing the required concentrations for both drugs,
and resulting in better cytotoxicity profiles (Deris et al., 2014;
Brown and Dawson, 2017; Lin et al., 2018, 2019).

Previous studies investigating the metabolic pathways
impacted by PMB alone or in combination with enrofloxacin
was carried out to discover the mechanism of action of
the combination against Gram-negative bacteria (Lin et al.,

2019). It was found that a large number of metabolites
associated with fatty acid and lipid metabolism pathways were
significantly perturbed following treatment of P. aeruginosa with
subinhibitory concentration of PMB alone or in combination
with enrofloxacin at 1 and 4 h, consistent with the mode of
action of PMB in the disruption of the bacterial outer membrane
(Lin et al., 2018, 2019). These pathways play an important role
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FIGURE 9 | Ventral and dorsal images of representative CD1 mice challenged with approx. 1 × 107 CFU of bioluminescent S. aureus ATCC 12600 (Xen29). Mice
were subjected to bioluminescence imaging on an IVIS Lumina XRMS Series III system at the indicated times.

in the DNA repair process; therefore PMB alone can disrupt
these processes to prevent the self-repair mechanisms in the
bacteria. On the other hand, we previously showed that NCL195
disrupts the inner membrane potential of Gram-positive bacteria
and inhibits DNA and RNA synthesis, thereby hindering the
establishment and maintenance of essential energy sources for
cell functioning (Ogunniyi et al., 2017). Thus, we hypothesized
that a combination of PMB and NCL195 will disrupt the outer

membrane (PMB), hence allowing penetration of NCL195 to the
inner membrane, where it will exert its mechanism of action in
preventing DNA/RNA synthesis and altering energy metabolism
and cell envelope biogenesis. The combined action of PMB
and NCL195 was expected to be synergistic, resulting in the
antimicrobial activity of the combination against Gram-negative
bacteria, as was demonstrated in the MIC results reported here.
The proposed dual mechanism of action of the NCL195-PMB
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combination was proven in this study by demonstrating a time-
dependent and NCL195 concentration-dependent disruption of
the inner membrane potential of E. coli cells.

Further screening of a broader range of clinical Gram-negative
bacteria isolated from humans (18 K. pneumoniae, 18 E. coli, 16
A. baumannii, and 19 P. aeruginosa) proved our hypothesis that
in the presence of PMB, NCL195 could inhibit the growth of
the ESKAPE pathogens (MICs ranging from 0.25 to 4 µg/mL)
(Ogunniyi et al., 2017). The current results show that the MIC of
NCL195 was significantly reduced 32- to 512-fold, and the MIC
of PMB was reduced 2- to 8-fold. Although it was previously
reported that PMB is toxic for humans at a concentration of
4 µg/mL, the lowest concentration required in combination with
NCL195 ranged from 0.0625 to 0.25 µg/mL, which is 64- to 16-
fold lower than its cytotoxic dose (Roberts et al., 2015; Ahmed
et al., 2017). Overall, PMB was the best choice among the three
outer membrane permeabilizers, due to the subinhibitory activity
against all Gram-negative species, as well as lower MICs and less
toxicity potential.

We previously used fluorescence-based membrane potential
measurements to show that NCL195 and other NCL compounds
permeabilize the cytoplasmic membrane of S. pneumoniae and
S. aureus, and hence hinder the establishment and maintenance
of essential energy sources for cell functioning (Ogunniyi et al.,
2017). In this study, we extended our investigation on the
effects of NCL195 on bioluminescent S. aureus morphology
prepared using Tokuyasu cryo-ultramicrotomy. TEM images
show membrane morphology changes and the presence of
mesosome-like membrane structures in NCL195-treated but not
in untreated bacteria. The presence of mesosomes is possibly a
consequence of cell membrane perturbation through disruption
of the membrane potential, consistent with the effects of other
antibiotic treatments reported by other workers (Friedrich et al.,
2000; Li et al., 2008; Morita et al., 2015; Gao et al., 2019).

We also found that two intraperitoneal administrations of
NCL195 at 50 mg/kg at 4 h apart was safe in mice without any
demonstrable clinical signs or observable morphological effects
on the main organs examined. Given these findings, there is a
possibility of using PMB in combination with NCL195 for human
use after appropriate testing in animal models of infection.

Based on the above, we evaluated the potential of NCL195
as a therapeutic drug against acute systemic S. pneumoniae
or S. aureus infection, using luminescent derivatives of
highly virulent pneumococcal strain (D39LUX) and S. aureus
ATCC12600 (Xen29) in an intraperitoneal challenge infection
model. Our results show that two 50 mg/kg i.p. doses of
NCL195 resulted in a statistically significant reduction in both
S. pneumoniae or S. aureus populations and prolonged survival
times compared to the vehicle-only control. These results suggest
that while plasma binding increases the MIC for NCL195 by
fourfold against S. aureus in vitro, it does not appear to affect its
in vivo activity, as judged by the statistically significant increase
in the median survival times of mice that received NCL195
compared to the vehicle only group. While NCL195 did not
achieve the level of potency seen with daptomycin, we have
shown that no resistance developed above the MIC for S. aureus
over 24 serial passages, whereas resistance to daptomycin

developed by day 5, and increased up to 8 × MIC by day 12
of the serial passage (Ogunniyi et al., 2017). A low propensity
to select resistance is a desirable characteristic for further
exploration of NCL195 as a novel antimicrobial class to treat
acute bacterial infections in humans. Furthermore, it is reported
that daptomycin, which is active against resistant Gram-positive
bacteria, does not have antimicrobial activity against most Gram-
negative bacteria, even in combination with antimicrobials and
outer membrane permeabilizers (Phee et al., 2013). Together, our
findings demonstrate that the new antibacterial class represented
by NCL195 could provide promising new scaffolds for further
pharmaceutical and medicinal chemistry development. Further
chemical diversification of the NCL195 scaffold is desirable to
increase solubility and reduce plasma binding and potential
toxicity, as well as improve potency against the antimicrobial
resistant pathogens currently listed as most urgent priority for
antibacterial drug discovery and development (Willyard, 2017;
World Health Organization [WHO], 2019).
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a b s t r a c t 

In this study, the potential of using the novel antibiotic NCL195 combined with subinhibitory con- 

centrations of colistin against infections caused by Gram-negative bacteria (GNB) was investigated. We 

showed synergistic activity of the combination NCL195 + colistin against clinical multidrug-resistant 

GNB pathogens with minimum inhibitory concentrations (MICs) for NCL195 ranging from 0.5–4 μg/mL 

for Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa , whereas 

NCL195 alone had no activity. Transmission electron microscopy of the membrane morphology of E. 

coli and P. aeruginosa after single colistin or combination drug treatment showed marked ultrastructural 

changes most frequently in the cell envelope. Exposure to NCL195 alone did not show any change com- 

pared with untreated control cells, whereas treatment with the NCL195 + colistin combination caused 

more damage than colistin alone. Direct evidence for this interaction was demonstrated by fluorescence- 

based membrane potential measurements. We conclude that the synergistic antimicrobial activity of the 

combination NCL195 + colistin against GNB pathogens warrants further exploration for specific treatment 

of acute GNB infections. 

© 2021 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 

1. Introduction 

Bacterial infections continue to pose challenges to healthcare 

systems in all countries. Overuse of antibiotics in the treatment 

of bacterial infections has resulted in the development of nu- 

merous multidrug-resistant (MDR) bacterial pathogens [1] . In par- 

ticular, infections due to MDR ESKAPE ( E nterococcus faecium, 

S taphylococcus aureus, K lebsiella pneumoniae, A cinetobacter bauman- 

nii, P seudomonas aeruginosa and E scherichia coli / E nterobacter spp.) 

pathogens contribute significantly to morbidity and mortality as- 

sociated with antimicrobial resistance worldwide (700 000 deaths 

∗ Corresponding authors. Tel.: + 61 8 8313 7989, fax: + 16 8 8313 7956. 
∗∗ tel.: + 61 43 233 1914. 

E-mail addresses: david.ogunniyi@adelaide.edu.au (A.D. Ogunniyi), 

darren.trott@adelaide.edu.au (D.J. Trott). 
1 These two authors should be considered as joint senior authors. 

annually) [2] . While the incidence of methicillin-resistant S. aureus 

(MRSA) has slightly decreased, the incidence of infections caused 

by MDR Gram-negative bacteria (GNB) ( E. coli, K. pneumoniae, P. 

aeruginosa, A. baumannii, Enterobacter spp.) is reported to have in- 

creased [3] . Unfortunately, the rate of approval of new anti-GNB 

drugs by the US Food and Drug Administration (FDA) is not com- 

mensurate with the increasing pace of MDR-GNB infections [4] . 

The numerous challenges posed by MDR-GNB pathogens com- 

pared with MDR-Gram-positive bacteria (GPB) infections in new 

drug discovery and healthcare settings are attributable to the pres- 

ence of an outer membrane in GNB that prevents antibiotics from 

gaining entry and exerting their effect [5] . Given that the discov- 

ery and development process of new drugs costs over US$2.6 bil- 

lion and can take up to 15 years to be marketed, pharmaceuticals 

have focused their research and development mostly on develop- 

ing new antibiotics against MDR-GPB, while the development of 

https://doi.org/10.1016/j.ijantimicag.2021.106323 

0924-8579/© 2021 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved. 
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Fig. 1. C hemical structure of NCL195 [4,6- bis (2-((E)-4-methylbenzylidene) 

hydrazinyl)pyrimidin-2-amine]. 

new antimicrobials for treatment of MDR-GNB infections has been 

neglected [6–8] . Furthermore, novel drug development also carries 

a high risk (nearly 84%) of failure in the preclinical stage [9] . 

The majority of recently approved agents against MDR-GNB 

infections have been modifications of existing chemical classes, 

rather than new chemical classes with a novel mechanism of 

action [10] . Polymyxins, such as polymyxin B (PMB) and col- 

istin, as well as other drugs such as ceftolozane/tazobactam, cef- 

tazidime/avibactam and meropenem/vaborbactam are considered 

as last-resort antibiotic classes for the treatment of GNB infec- 

tions [ 11 , 12 ]; however, resistance to polymyxins is emerging via 

different mechanisms [ 11 , 13 ]. Studies have also reported that the 

use of polymyxins is associated with nephrotoxicity, neurotoxic- 

ity and neuromuscular blockade [ 14 , 15 ]. A number of studies have 

provided evidence that combination of polymyxins with other an- 

tibiotics showed fully synergistic or partially synergistic activity 

against MDR-GNB pathogens [16–19] . 

Notwithstanding the current advances, it is critical that new an- 

tibiotic classes with novel mechanisms of action against GNB infec- 

tions are developed to address the shortfall in novel agents against 

MDR ESKAPE, particularly GNB, pathogens [20] . Our team has de- 

veloped a very promising robenidine pharmacophore, prototypes 

of which exhibit bactericidal activity [21] . Of these, the robenidine 

analogue NCL195 exhibits bactericidal activity against Streptococ- 

cus pneumoniae [minimum inhibitory concentration (MIC) range 2–

8 μg/mL] and S. aureus (MIC range 1–2 μg/mL) via disruption of 

the cell membrane potential [22] . Importantly, NCL195 is less cy- 

totoxic to a variety of mammalian cell lines than the parent com- 

pound (NCL812), is not toxic to erythrocytes at the highest concen- 

tration tested (128 μg/mL), and showed no resistance development 

after 24 daily sequential in vitro subcultures [22] . Our recent data 

also confirm that NCL195 kills the GNB pathogens A. baumannii, 

E. coli, K. pneumoniae and P. aeruginosa in the presence of subin- 

hibitory concentrations of PMB (MICs of 0.25–1 μg/mL) or ethylene 

diamine tetra-acetic acid (EDTA) (MICs of 0.125–8 μg/mL), agents 

known to permeabilise the outer membrane of GNB [23] via dis- 

ruption of the membrane potential [24] . We hypothesised that a 

combination of NCL195 with subinhibitory concentrations of col- 

istin may result in a reduction in the toxicity of colistin and over- 

come colistin resistance by taking advantage of the synergistic ac- 

tion of the antimicrobial combination, hence this study. 

2. Materials and methods 

2.1. Antibiotics and chemicals 

NCL195, an analogue of aminoguanidine robenidine NCL812 

[ 21 , 22 ] ( Fig. 1 ), was synthesised at the University of New- 

castle (Callaghan, NSW, Australia). Colistin sulfate, daptomycin, 

kanamycin and tetracycline were purchased from Sigma-Aldrich 

(Australia). Stock solutions containing 25.6 mg/mL of each com- 

pound [NCL195 dissolved in dimethyl sulfoxide (DMSO); colistin, 

kanamycin and daptomycin dissolved in water; and tetracycline 

dissolved in 70% ethanol] were stored in 1 mL aliquots at –20 °C 

away from direct light. Ruthenium red, l -lysine acetate and sucrose 

were purchased from Sigma-Aldrich and were dissolved in water 

to the appropriate concentrations. Fixatives and cacodylate buffer 

were provided by Adelaide Microscopy, The University of Adelaide 

(Adelaide, SA, Australia). 

2.2. Organisms and growth conditions 

Acinetobacter baumannii (NCIMB 12457 and ATCC 19606), E. coli 

(ATCC 35218 and ATCC 25922), K. pneumoniae (ATCC 13883 and 

ATCC 33495) and P. aeruginosa (ATCC 27853 and PAO1) were pro- 

vided by SA Pathology (Adelaide, SA, Australia). Bioluminescent 

E. coli Xen14 (derived from the parental strain E. coli WS2572) 

and bioluminescent P. aeruginosa Xen41 (derived from the parental 

strain PAO1) were purchased from PerkinElmer Inc. (Hopkinton, 

MA, USA); S. aureus ATCC 29213 and a bioluminescent derivative 

of S. aureus ATCC 12600 (Xen29; PerkinElmer) were used as in- 

ternal quality controls for testing activity of NCL195 and dapto- 

mycin; 16 clinical human isolates of A. baumannii were provided 

by SA Pathology; 20 clinical human E. coli isolates, 18 clinical hu- 

man K. pneumoniae isolates and 22 clinical human P. aeruginosa 

isolates were collected from Flinders Medical Centre (Bedford Park, 

SA, Australia). All bacteria were stored at –80 °C in brain–heart in- 

fusion (BHI) broth with 15% glycerol at the Australian Centre for 

Antimicrobial Resistance Ecology (ACARE), School of Animal and 

Veterinary Sciences, The University of Adelaide. 

All bacterial identities were confirmed by matrix-assisted laser 

desorption/ionisation time-of-flight mass spectroscopy (MALDI- 

TOF/MS) (microflex® LT/SH Biotyper; Bruker Daltonik, Leipzig, Ger- 

many) at ACARE prior to antimicrobial susceptibility testing. Bacte- 

ria were grown overnight on horse blood agar (HBA) and in Luria–

Bertani (LB) broth. Escherichia coli Xen14 was grown on HBA con- 

taining 30 μg/mL kanamycin, P. aeruginosa Xen41 was grown on 

HBA containing 60 μg/mL tetracycline and S. aureus Xen29 was 

grown on HBA containing 200 μg/mL kanamycin. Colistin-resistant 

Xen14 and Xen41 were generated by daily serial subculture in in- 

creasing concentrations of colistin from 0.25 μg/mL to 256 μg/mL 

over 12–15 days as described previously [22] . 

2.3. Antimicrobial susceptibility testing 

2.3.1. Determination of antimicrobial resistance profiles of clinical 

Gram-negative bacterial isolates 

The MIC of antibiotics ( Table 1 ) was determined against 76 clin- 

ical GNB isolates (16 A. baumannii , 20 E. coli , 18 K. pneumoniae 

and 22 P. aeruginosa ) as described previously [24] . Additionally, 

the resistance profiles of the 22 P. aeruginosa isolates were deter- 

mined using Sensititre TM plates (CMV3AGNF; Thermo Fisher Sci- 

entific, Australia) using a Sensititre TM AIM platform and manually 

read using the Sensititre TM Vizion 

TM plate reader. 

MIC and minimum bactericidal concentration (MBC) determi- 

nations for NCL195 (concentration range 0.5–256 μg/mL), col- 

istin (concentration range 0.008–8 μg/mL) and the combination 

were performed in round-bottom 96-well microtitre trays (Sarstedt 

82.1582.001) using a modified broth microdilution method recom- 

mended by the Clinical and Laboratory Standards Institute (CLSI) 

[25] as described previously [22] . LB broth was used in this work 

instead of cation-adjusted Mueller–Hinton broth because it has 

been shown that NCL compounds chelate cations [26] . Each MIC 

test against all isolates was performed in duplicate and repeated 

twice; the negative growth control was LB broth only and the pos- 

itive growth control was bacterial suspension in LB broth. The MBC 

of NCL195 alone or in combination with colistin was recorded as 

the lowest concentration of each test compound at which a 99.9% 

colony count reduction was observed on the plate [27] . Time–kill 

assays were performed in duplicate as described previously [ 22 , 28 ] 

using clinical A. baumannii 248-84-D, clinical E. coli -14, Xen14, 

2 
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Table 1 

Resistance profile of clinical Gram-negative bacterial isolates used in this study 

Antibiotic Class 

Acinetobacter baumannii 

( n = 16) Escherichia coli ( n = 20) 

Klebsiella pneumoniae 

( n = 18) 

Pseudomonas aeruginosa 

( n = 22) 

R (%) I (%) S (%) R (%) I (%) S (%) R (%) I (%) S (%) R (%) I (%) S (%) 

AMC β- 

Lactam 

– a – – 20 0 80 0 0 100 100 0 0 

Ampicillin – – – 70 0 30 100 0 0 100 0 0 

Cefepime 62.5 0 37.5 20 0 80 0 0 100 13.6 9.1 77.3 

Cefoxitin – – – – – – – – – 100 0 0 

Ceftazidime 56.3 6.3 37.4 10 5 85 0 5.6 94.4 22.7 4.5 72.8 

Ceftiofur – – – 20 0 80 0 5.6 94.4 100 0 0 

Ceftriaxone 50 43.7 6.3 20 0 80 0 0 100 100 0 0 

Cefazolin – – – 20 0 80 11.1 0 88.9 – – –

Piperacillin 68.8 31.2 0 45 15 40 0 5.6 94.4 4.5 13.6 81.9 

TZP 68.8 0 31.2 – – – – – – – – –

TCC 68.8 0 31.2 – – – – – – – – –

Amikacin Aminoglycoside 56.3 0 43.7 0 0 100 0 0 100 0 0 100 

Gentamicin 56.3 6.3 37.4 40 45 5 0 0 100 0 13.6 86.4 

Streptomycin – – – 35 0 65 11.1 0 88.9 100 0 0 

Tobramycin 56.2 0 43.8 15 75 10 0 11.1 88.9 0 0 100 

Doripenem Carbapenem 62.4 6.3 31.3 – – – – – – – – –

Imipenem 62.4 6.3 31.3 15 65 20 – – – 18.2 22.7 59.1 

Meropenem 62.4 6.3 31.3 0 0 100 0 5.6 94.4 4.5 9.1 86.4 

Chloramphenicol Phenicol – – – 70 25 5 50 0 50 100 0 0 

Azithromycin Macrolide – – – – – – – – – 100 0 0 

Doxycycline Tetracycline 31.3 6.3 62.4 – – – – – – – – –

Tetracycline 62.5 0 37.5 30 0 70 27.8 0 72.2 100 0 0 

Minocycline 12.5 12.5 75 15 30 55 27.8 16.7 55.5 100 0 0 

Ciprofloxacin Quinolone 62.5 0 37.5 25 5 70 5.6 0 94.4 18.2 0 81.8 

Levofloxacin 56.3 6.3 37.4 0 5 95 5.6 0 94.4 9.1 0 90.9 

Nalidixic acid – – – – – – – – – 100 0 0 

Nitrofuran Nitrofurantoin – – – 25 0 75 16.7 0 83.3 – – –

Sulfisoxazole Sulfonamide – – – – – – – – – 100 0 0 

SXT 50 6.3 43.7 35 0 65 5.6 0 94.4 100 0 0 

R, resistant; I, intermediate; S, susceptible; AMC, amoxicillin/clavulanate; TZP, piperacillin/tazobactam; TCC, ticarcillin/clavulanate; SXT, trimethoprim/sulfamethoxazole. 
a – indicates not determined. 

NOTE: K. pneumoniae , urine (83.2%), sputum (5.6%), wound (5.6%) and peritoneal fluid (5.6%); E. coli , urine (100%); A. baumannii , skin and soft tissue; P. aeruginosa : Flinders 

Medical Centre collection. 

colistin-resistant Xen14, Xen41, clinical P. aeruginosa -93, colistin- 

resistant Xen41 and clinical K. pneumoniae -13. 

2.3.2. Synergy testing by checkerboard assay 

Synergy testing was performed by a modification of the stan- 

dard checkerboard assay [ 24 , 29 , 30 ] (Supplementary material). The 

fractional inhibitory concentration index (FICI) for the interaction 

of two antibiotics was calculated as described previously (Supple- 

mentary material). Further analysis was carried out by plotting an 

isobologram for each isolate as described previously [ 30 , 31 ]. The 

dose reduction index (DRI) formula was used to determine the dif- 

ference between the effective doses of a single compound in com- 

bination from its individual dose [30] (Supplementary material). 

2.4. Transmission electron microscopy (TEM) 

Escherichia coli Xen14 and P. aeruginosa Xen41 cells were pre- 

pared and samples were processed for TEM using a modifica- 

tion of protocols from previous studies [ 32 , 33 ] as described in the 

Supplementary material. Cell sections were viewed between 25 

0 0 0 × and 130 0 0 0 × on a Tecnai G2 Spirit 120 kV transmission 

electron microscope (FEI Company). Images were obtained at 130 

0 0 0 × magnification and were analysed using Olympus Soft Imag- 

ing System. 

2.5. Mechanism of action studies 

The membrane potential of Xen14 was measured by flu- 

orescence spectrometry using the membrane potential probe 

DiOC 2 (3) (3,3 ′ -dihexyloxacarbocyanine iodide) as described previ- 

ously [ 24 , 34 ]. For this assay, NCL195 was used at 64, 128 or 256 

μg/mL, while colistin was used at either 6.4 μg/mL or 12.8 μg/mL. 

Cells were treated with the individual compounds or their combi- 

nations at ambient temperature for 15 min or 30 min with stirring 

before and during the assay. 

2.6. In vitro cytotoxicity assays 

We assayed NCL195 alone and in combination with colistin 

at 0.5 μg/mL for in vitro cytotoxicity using a panel of adherent 

mammalian cell lines: Hep G2 (human hepatocellular carcinoma 

cell line); and HEK293 (human embryonic kidney cell line) as de- 

scribed previously [22] . Assays were performed in duplicate in 

black flat-bottom 96-well tissue culture trays (Eppendorf Cat No. 

0030741013) seeded with ~1.5 × 10 4 cells per well. The viability of 

each cell line in the presence of NCL195 alone or NCL195 + col- 

istin combination (using 1% DMSO only and 64 μg/mL ampicillin 

as controls) was assessed at 1 h intervals for 20 h at 37 °C, 5% CO 2 

on a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) using the 

RealTime-Glo TM MT Cell Viability Assay reagent (Promega). 

2.7. Determination of optimal colistin concentration for mouse 

efficacy studies 

Preliminary investigations to determine the subinhibitory con- 

centration of colistin to be used in the colistin + NCL195 combi- 

nation was carried out using three doses of colistin at 0.125, 0.25 

and 0.5 mg/kg in a Xen14 mouse infection model. The protocol for 

preparation of the bacteria and infection is described in the Sup- 

plementary material. 

3 
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Table 2 

Synergistic activity of the combination NCL195 + colistin against Gram-negative bacterial pathogens (ATCC strains and clinical isolates) 

Isolate 

MIC range ( μg/mL) MBC range ( μg/mL) 

Single antibiotic Combination FICI a DRI b Single antibiotic Combination 

Colistin NCL195 Colistin NCL195 Colistin NCL195 Colistin NCL195 Colistin NCL195 

Acinetobacter 

baumannii ( n = 18) 

0.5–64 > 256 0.015–2 0.5–4 0.01–0.5 ∗ 32–128 64–512 0.5–64 > 256 0.015–2 0.5–4 

Escherichia coli 

( n = 23) 

0.125–0.25 > 256 0.008–0.125 0.5–4 0.12–0.5 ∗ 2–16 64–512 0.125–0.25 > 256 0.015–0.125 0.5–4 

Klebsiella pneumoniae 

( n = 20) 

0.125–0.25 > 256 0.015–0.125 0.5–4 0.12–0.5 ∗ 2–8 64–512 0.125–0.25 > 256 0.06–0.125 0.5–4 

Pseudomonas 

aeruginosa ( n = 25) 

0.25–2 > 256 0.03–1 0.5–4 0.12–0.5 ∗ 2–8 64–512 0.25–4 > 256 0.06–2 1–8 

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration. 
a FICI, fractional inhibitory concentration index: ∗ synergistic, FICI ≤ 0.5; additive or partially synergistic, 0.5 < FICI ≤ 1; indifferent, 1 < FICI ≤ 4; and antagonistic, FICI 

> 4. 
b DRI, dose reduction index. Bioluminescent Staphylococcus aureus Xen29 was used as control each time the MIC and checkerboard assays were performed; the MIC of 

NCL195 against S. aureus Xen29 in each of these assays was always 2 μg/mL. 

3. Results 

3.1. Clinical Gram-negative bacteria exhibit multidrug resistance 

profiles 

The drug resistance profiles of the 76 clinical GNB isolates used 

in this study against multiple classes of antimicrobials were eval- 

uated. Unsurprisingly, a very high proportion of the clinical GNB 

isolates (particularly A. baumannii and P. aeruginosa ) exhibit resis- 

tance to multiple drug classes ( Table 1 ). 

3.2. NCL195 is potent against Gram-negative bacterial pathogens in 

the presence of subinhibitory concentrations of colistin 

The activity of NCL195 alone, colistin alone and NCL195 + col- 

istin combination was tested on the 76 clinical isolates listed in 

Table 1 as well as 10 reference strains (2 A. baumannii , 3 E. coli , 2 

K. pneumoniae and 3 P. aeruginosa ). NCL195 had no activity against 

any of the GNB; therefore, the MIC of NCL195 was considered as 

256 μg/mL for calculation of the FICI and DRI. The MIC of col- 

istin alone ranged from 0.125–0.25 μg/mL against K. pneumoniae 

and E. coli , 0.5–64 μg/mL against A. baumannii and 0.25–2 μg/mL 

against P. aeruginosa . In combination with colistin, the MIC range 

for NCL195 was 0.5–4 μg/mL against all of the GNB, while the MIC 

range for colistin was 0.015–2 μg/mL against A. baumannii , 0.008–

0.125 μg/mL against E. coli , 0.015–0.125 μg/mL against K. pneumo- 

niae and 0.03–1 μg/mL against P. aeruginosa ( Table 2 ). The FICIs 

of all combinations for all GNB ranged from 0.01–0.5 indicating a 

synergistic effect of the NCL195 + colistin combination. In addi- 

tion, the dose of NCL195 and colistin reduced by 64–512-fold and 

2–128-fold, respectively, if combined, compared with either drug 

alone. MBC values were similar to MIC results except for P. aerug- 

inosa where the MBC was generally two-fold higher than the MIC, 

further confirming that NCL195 is bactericidal against GNB in the 

presence of subinhibitory concentrations of colistin. We also inves- 

tigated whether the combination of NCL195 + colistin remains ef- 

fective against colistin-resistant A. baumannii, E. coli and P. aerugi- 

nosa . We found that the FICI of the combination was still synergis- 

tic for all strains ( Table 3 ). 

It was shown previously that the MIC of NCL195 against S. au- 

reus isolates ranged from 1–2 μg/mL [22] , while the MIC of dap- 

tomycin (a well-known inner membrane active GPB drug) against 

S. aureus isolates ranged from 0.06–2 μg/mL [35] . However, it was 

reported that a combination of daptomycin and PMB nonapeptide 

or colistin is not effective against E. coli or other GNB pathogens 

(except against A. baumannii ) [ 36 , 37 ]. Therefore, checkerboard as- 

says were performed using a combination of NCL195 + colistin 

or daptomycin + colistin against the 10 GNB reference strains. 

Staphylococcus aureus Xen29 and S. aureus ATCC 29213 were used 

as controls. As expected, no synergy was observed for the dapto- 

mycin + colistin combination (except for A. baumannii ), whereas 

synergistic activity was observed for the NCL195 + colistin com- 

bination for all strains (Supplementary Fig. S2; Table 3 ), strongly 

indicating that the NCL195 target in the inner membrane differs 

from that of daptomycin. 

3.3. NCL195 + colistin combination exhibits time- and 

concentration-dependent killing of Gram-negative bacteria 

In a time–kill kinetic assay for Xen14 ( Fig. 2 a), the combination 

NCL195 + colistin resulted in more rapid killing than colistin alone. 

The combination of NCL195 at 2 μg/mL and colistin at 0.06 μg/mL 

(0.25 × MIC) killed all of the cells at 2 h post-treatment, similar to 

the kill time by colistin alone at 0.5 μg/mL (2 × MIC). The com- 

bination of NCL195 at 4 μg/mL and colistin at 0.06 μg/mL killed 

all of the bacteria at 0.5 h, while a combination of NCL195 at 1 

μg/mL and colistin at 0.25 μg/mL killed cells slightly faster than 

colistin alone at 0.25 μg/mL. Finally, the time to kill for colistin 

alone at 0.25 μg/mL was 4 h, while the combination of NCL195 at 

2 μg/mL + colistin at 0.25 μg/mL (1 × MIC) killed all Xen14 cells 

at 0.5 h. 

In a time–kill kinetic assay using P. aeruginosa Xen41 ( Fig. 2 b), 

the NCL195 + colistin combination killed P. aeruginosa Xen41 more 

rapidly than colistin alone. NCL195 at 2 μg/mL in combination 

with colistin at 2 μg/mL killed cells at 0.5 h, similar to the kill 

time for colistin alone at 4 μg/mL. At these concentrations, there 

was no re-growth of the Xen41 cells up to 24 h. 

The time–kill kinetic assay using colistin-resistant Xen14 

( Fig. 3 a), clinical E. coli -14 ( Fig. 3 b), colistin-resistant Xen41 

( Fig. 3 c), clinical P. aeruginosa -93 ( Fig. 3 d), clinical A. bauman- 

nii 248-84-D ( Fig. 3 e) and clinical K. pneumoniae -13 ( Fig. 3 f) also 

showed that the NCL195 + colistin combination kills GNB, whereas 

colistin alone at the same concentration did not kill the bacteria. 

3.4. Escherichia coli and Pseudomonas aeruginosa cells treated with 

NCL195 + colistin combination exhibit marked changes in 

ultrastructural morphology 

3.4.1. Morphological changes in Escherichia coli Xen14 cells 

TEM images revealed that the cell envelope in untreated of 

Xen14 cells (controls) was clearly visible and consisted of the 

plasma membrane, cell wall and outer membrane ( Fig. 4 a; Supple- 

mentary Fig. S3a 1 -a 3 ). The cell envelope of Xen14 cells treated with 

NCL195 at 2 μg/mL also had a similar appearance ( Fig. 4 b; Supple- 
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Table 3 

Synergistic activity of NCL195 or daptomycin in combination with colistin against ATCC strains of Gram-negative bacteria. 

Strain 

MIC ( μg/mL) 

FICI a 

DRI b MIC ( μg/mL) 

FICI a 
Single antibiotic Combination 

Colistin:NCL195 

Single antibiotic Combination 

Colistin NCL195 Colistin NCL195 Daptomycin Colistin Daptomycin 

Acinetobacter 

baumannii NCIMB 

12457 

1 > 256 0.25 1 0.25 ∗ 8:256 > 256 0.5 16 0.5 ∗

A. baumannii ATCC 

19606 

1 > 256 0.25 1 0.25 ∗ 8:256 > 256 0.5 8 0.5 ∗

A. baumannii 248-84-D 64 > 256 0.5 1 < 0.01 ∗ 128:256 ND ND ND ND 

Escherichia coli ATCC 

35218 

0.25 > 256 0.06 1 0.24 ∗ 4: 256 > 256 0.25 > 256 > 4 # 

E. coli ATCC 25922 0.25 > 256 0.06 1 0.24 ∗ 4:256 > 256 0.25 > 256 > 4 # 

E. coli Xen14 0.25 > 256 0.06 1 0.24 ∗ 4:256 > 256 0.25 > 256 > 4 # 

E. coli Xen14 

colistin-resistant 

32 > 256 1 4 < 0.05 ∗ 32:64 ND ND ND ND 

Klebsiella pneumoniae 

ATCC 33495 

0.25 > 256 0.06 1 0.24 ∗ 4:256 > 256 0.25 > 256 > 4 # 

K. pneumoniae ATCC 

13883 

0.25 > 256 0.125 1 0.50 ∗ 2:256 > 256 0.25 > 256 > 4 # 

Pseudomonas 

aeruginosa Xen41 

0.5 > 256 0.125 1 0.25 ∗ 4:256 > 256 0.5 > 256 > 4 # 

P. aeruginosa Xen41 

colistin-resistant 

8 > 256 2 2 0.25 ∗ 4:128 ND ND ND ND 

P. aeruginosa ATCC 

27853 

0.5 > 256 0.125 1 0.25 ∗ 4:256 > 256 0.5 > 256 > 4 # 

P. aeruginosa PAO1 0.5 > 256 0.125 1 0.25 ∗ 4:256 > 256 0.5 > 256 > 4 # 

MIC, minimum inhibitory concentration; ND, not determined. 
a FICI, fractional inhibitory concentration index: ∗ synergistic, FICI ≤ 0.5; additive or partially synergistic, 0.5 < FICI ≤ 1; indifferent, 1 < FICI ≤ 4; and # antagonistic, 

FICI > 4. 
b DRI = dose reduction index. The MIC of NCL195 and daptomycin against Staphylococcus aureus Xen29 was 2 μg/mL and 1 μg/mL, respectively. Luria–Bertani broth 

supplemented with CaCl 2 at 100 μg/mL was used for MIC and checkerboard assay testing of daptomycin alone and in combination with colistin. 

Fig. 2. Time–kill kinetics of the combination NCL195 + colistin against (a) Escherichia coli Xen14 and (b) Pseudomonas aeruginosa Xen41. (a) For Xen14, colistin alone was 

prepared at 0.25 ×, 1 × and 2 × MIC. Combinations were prepared as follows: NCL195 at 2 μg/mL and colistin at 0.06 μg/mL; NCL195 at 4 μg/mL and colistin at 0.06 

μg/mL; NCL195 at 1 μg/mL and colistin at 0.25 μg/mL; and NCL195 at 2 μg/mL and colistin at 0.25 μg/mL. (b) For Xen41, colistin alone was prepared at 2 ×, 4 × and 

8 × MIC. Combinations were prepared as follows: NCL195 at 1 μg/mL and colistin at 1 μg/mL; NCL195 at 1 μg/mL and colistin at 2 μg/mL; NCL195 at 2 μg/mL and colistin 

at 1 μg/mL; and NCL195 2 μg/mL and colistin 2 μg/mL . Samples were withdrawn at indicated times and plated overnight on horse blood agar at 37 °C. MIC, minimum 

inhibitory concentration. 
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Fig. 3. Time- and concentration-dependent killing of Gram-negative bacteria (GNB) by NCL195 + colistin combination. Time–kill kinetic assay using (a) colistin-resistant 

Xen14, (b) clinical E. coli -14, (c) colistin-resistant Xen41, (d) clinical P. aeruginosa -93, (e) clinical A. baumannii 248-84-D and (f) clinical K. pneumoniae -13, showing that the 

NCL195 + colistin combination kills the GNB, whereas colistin alone at the same concentration did not kill the bacteria. MIC, minimum inhibitory concentration. 
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Fig. 4. Effect of NCL195 treatment on cellular morphology of Escherichia coli Xen14 (~5 × 10 8 cells) treated for 1 h: (a) cells without treatment clearly showing intact outer 

membrane (o), cell wall (c) and plasma membrane (p); (b) cells treated with NCL195 alone at 2 μg/mL showing similar morphology as the untreated (control) cells; (c,d), 

cells treated with colistin at 0.25 μg/mL and 0.5 μg/mL showing a swollen envelope with tubular and fimbria-like radiant appendages; (e–h) cells treated with a combination 

of NCL195 at 1 μg/mL or 2 μg/mL and colistin at 0.25 μg/mL or 0.5 μg/mL showing a swollen envelope, coronate tubular and fimbria-like radiant appendages, and broken 

and detached plasma membrane. 
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mentary Fig. S3b 1 -b 3 ). Cells exposed to colistin had a swollen en- 

velope with tubular and fimbria-like radiant appendages ( Fig. 4 c,d; 

Supplementary Figs S4, S5 and S6a 1 -a 3 ). The combined NCL195 and 

colistin treated groups exhibited coronate tubular appendages and 

also a swollen envelope as seen with exposure to colistin alone. In 

addition, the plasma membrane of cells treated with the combina- 

tion was partly detached from the cell wall at low concentrations 

and broken or circular at increasing concentrations of the combi- 

nation treatment ( Fig. 4 e,h; Supplementary Figs S4, S5 and S6b 1 -b 3 
& c 1 -c 3 ). 

3.4.2. Morphological changes in Pseudomonas aeruginosa Xen41 cells 

TEM images of control (untreated) cells also clearly showed 

the cell envelop as consisting of the inner membrane, cell wall 

and outer membrane ( Fig. 5 a; Supplementary Fig. S7a 1 -a 3 ). As ex- 

pected, cells treated with NCL195 alone showed similar ultrastruc- 

tural morphology to control cells, with the minor exception of a 

slightly wavy appearance ( Fig. 5 b; Supplementary Fig. S7b 1 -b 3 ). 

Colistin exposure induced more ruffling around the cells and the 

cell membrane was wavier with a 1 μg/mL treatment ( Fig. 5 c; Sup- 

plementary Fig. S8a 1 -a 3 ), while a 2 μg/mL treatment resulted in 

more broken fragments detached from the cells and a leaky ap- 

pearance ( Fig. 5 d; Supplementary Fig. S9a 1 -a 3 ). The NCL195 + col- 

istin combination treatment caused changes similar to single col- 

istin treatment, but with more ruffling surrounding the cells, more 

tubular appendages and loss of differentiation of the cell envelope 

layers ( Fig. 5 e,f; Supplementary Figs S8b 1 -b 3 and S9b 1 -b 3 ). 

3.5. Combination of NCL195 and colistin cause perturbation of the 

inner and outer membrane potential of Escherichia coli 

Our earlier work using a NCL195 + PMB combination showed 

disruption of the outer membrane of E. coli Xen14 cells by subin- 

hibitory concentrations of PMB, allowing penetration of NCL195 

into the inner membrane [24] . We hypothesised that a sim- 

ilar mechanism would be operational with a combination of 

NCL195 + colistin (Supplementary Fig. S10). We tested this hy- 

pothesis by measuring the membrane potential of Xen14 after 

treatment with NCL195 and/or colistin using fluorescence spec- 

trometry as described previously [ 24 , 34 ] and in Section 2.5 . We 

showed that pre-incubation of the cells with colistin at 6.4 μg/mL 

or 12.8 μg/mL permeabilised the outer membrane of Xen14 so 

that greater quantities of the membrane potential probe DiOC 2 (3) 

could gain entry into the cells without affecting the inner mem- 

brane ( Fig. 6 ). As expected, pre-incubation of the cells with the 

NCL195 + colistin combination resulted in a time-dependent and 

NCL195 concentration-dependent disruption of the inner mem- 

brane potential, clearly showing the dual mechanism of action of 

the NCL195 + colistin combination. 

3.6. Combination of NCL195 and colistin show limited cytotoxicity to 

mammalian cell lines 

We have previously shown that NCL195 demonstrates limited 

cytotoxicity to a variety of mammalian cell lines and no acute tox- 

icity to mice [ 22 , 24 ]. In this work, we investigated any potential 

toxic effects of the combination of NCL195 + colistin to Hep G2 

(liver) and HEK (kidney) cell lines as a prelude to in vivo effi- 

cacy testing of the combination in mouse models of GNB sepsis. 

We showed that at the concentrations tested, the presence of col- 

istin in the combination did not cause any additional toxicity to the 

HEK293 cell line ( Fig. 7 a), and in the case of Hep G2 cells the ad- 

dition of colistin appears to reduce the toxicity of NCL195 ( Fig. 7 b). 

3.7. Low-dose colistin administration is unable to clear Escherichia 

coli infection in mice 

Results of preliminary investigations to determine the subin- 

hibitory concentration of colistin that would be used in the 

NCL195 + colistin combination show that four doses of colistin at 

0.125 mg/kg was unable to clear the infection up to 10 h post- 

infection, whereas the effects of colistin at 0.25 mg/kg and 0.5 

mg/kg were already apparent from 4 h post-infection ( Fig. 8 ). Al- 

most complete clearance of the bacteria was observed after four 

doses of colistin at 0.25 mg/kg, with complete clearance of the bac- 

teria after four doses of colistin at 0.5 mg/kg ( Fig. 8 ). 

4. Discussion 

In this work, we examined the in vitro activity of the 

aminoguanidine robenidine analogue NCL195 in combination with 

subinhibitory concentrations of colistin against a wide range 

of clinical human GNB to address the global need to de- 

velop new classes of antimicrobials against GNB pathogens. 

The NCL195 + colistin combination exhibited a time- and 

concentration-dependent killing of GNB, providing a useful plat- 

form for drug combination optimisation for preclinical testing. The 

synergistic effect of the NCL195 + colistin combination against 

colistin-resistant A. baumannii, E. coli and P. aeruginosa is encourag- 

ing, suggesting a reduced likelihood of failure of drug combination 

during therapy. 

The dual action of colistin and NCL195 on the outer and inner 

membrane of GNB was clearly demonstrated by TEM of treated 

E. coli and P. aeruginosa cells. TEM of untreated cells and cells 

treated with NCL195 alone showed intact structural membrane in- 

tegrity, whereas cells exposed to colistin exhibited a swollen en- 

velope with tubular and fimbria-like radiant appendages similar to 

that reported by others [33] . Cells treated with NCL195 + colistin 

combination showed disruption of membrane integrity, including 

membrane detachment and appearance of dislodged cytoplasmic 

contents, observations that are accentuated by increasing concen- 

trations of NCL195 in the combination. 

We further ascertained the biochemical mechanism underlying 

the killing of GNB owing to interaction of NCL195 and colistin on 

the GNB membrane by membrane potential measurements. Col- 

istin is known to interact with lipopolysaccharide on the surface 

of GNB and then cross the outer membrane via the self-promoted 

uptake pathway, resulting in disruption of the normal barrier prop- 

erty of the outer membrane of GNB [ 38 , 39 ]. Subsequently, the 

outer membrane is hypothesised to transiently lose its structural 

integrity thereby allowing the passage of NCL195 into the cell to 

the drug target site(s), likely to be located on the plasma mem- 

brane, as we recently described [24] . 

The results of this study are significant for a number of rea- 

sons. The concentration of colistin in the combination is very much 

lower than the toxic concentration of colistin reported by Nagh- 

mouchi et al. [40] , and it has been reported that colistin is toxic 

to Vero cells at 1 mg/mL. Furthermore, we previously showed that 

no resistance developed against NCL195 above the MIC for S. au- 

reus over 24 serial subcultures, whereas resistance to daptomycin 

developed by Day 5 and increased up to 8 × MIC by Day 12 of se- 

rial subculture [22] . A low propensity to select resistance is a de- 

sirable characteristic for further exploration of NCL195 as a novel 

antimicrobial class to treat acute bacterial infections. Additionally, 

there is potential for combination therapy using NCL195 + colistin 

in the face of emergence of colistin resistance among MDR-GNB 

pathogens, as colistin is likely to be administered as an adjuvant to 

permeabilise the outer membrane. As a first in vivo proof of con- 

cept for future investigation, we showed here that low-dose col- 

istin administration was unable to clear bioluminescent E. coli in- 
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Fig. 5. Cellular morphology of Pseudomonas aeruginosa Xen41 (~5 × 10 8 cells) treated for 1 h: (a) cells without treatment clearly showing intact outer membrane (o), cell 

wall (c) and plasma membrane (p); (b) cells treated with NCL195 at 2 μg/mL showing the same ultrastructural membrane morphology as the control group; (c,d) cells 

treated with colistin at 1 μg/mL and 2 μg/mL showing ruffled material surrounding the cells and tubular appendages (t); (e,f) cells exposed to a combination of NCL195 at 

2 μg/mL and colistin at 1 μg/mL or 2 μg/mL showing more ruffling surrounding the cells, more tubular appendages and loss of differentiation of the cell envelope layers, 

and broken membrane causing discharge of cellular constituents. 
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Fig. 6. Membrane potential measurement of Escherichia coli Xen14 after treatment with NCL195 and/or colistin. Cells were treated with NCL195 and/or colistin at the 

indicated concentrations for either 15 min (a,b) or 30 min (c), after which DiOC 2 (3) was added and the fluorescence was monitored as described in Section 2.5 . The 

membrane potential was disrupted by addition of the proton ionophore carbonyl cyanide m -chlorophenyl hydrazone (CCCP). 

Fig. 7. Cytotoxicity assessment of the NCL195 + colistin combination. Real-time cell viability measurements for (a) HEK293 and (b) Hep G2 cells after treatment with 

different concentrations of NCL195 and/or colistin. Cell viability was measured every 60 min for 20 h at 37 °C and 5% CO 2 on a Cytation 5 Cell Imaging Multi-Mode Reader 

(BioTek) using the RealTime-Glo TM MT Cell Viability Assay reagent (Promega). Data are relative light units (RLU) for each treatment per time point. DMSO, dimethyl sulfoxide. 

fection in mice, providing a platform for efficacy testing of various 

NCL195 + colistin combinations. 

The NCL195 + colistin combination showed 100% synergis- 

tic effect among all the ‘KAPE’ organisms in vitro and compared 

favourably with the synergy reported recently with a combination 

of colistin and an antibacterial peptide [19] and a combination of 

colistin and 16 conventional antibiotics [18] against MDR-GNB. The 

apparent better in vitro synergy of the combination against A. bau- 

mannii compared with the other GNB is noteworthy given the in- 

creasing incidence of MDR A. baumannii in clinical settings. We in- 

dicated previously that the lipid A in the outer membrane of A. 

baumannii is more hydrophobic and could render it more suscep- 

tible to amphiphilic antimicrobials such as novobiocin, tetracycline 

and robenidine [30] . These findings suggest that NCL195 represents 

a new antibacterial class that could provide promising new scaf- 

folds for further pharmaceutical and medicinal chemistry develop- 

ment, including improvements in its solubility and potency whilst 

retaining drug-like qualities and low cytotoxicity. 

5. Conclusion 

The results of this study suggest that NCL195 may be an appro- 

priate candidate as a component of a combination with colistin for 

the treatment of GNB infections. Preclinical efficacy testing of this 

combination is therefore warranted. This would represent a good 

example of antimicrobial stewardship (5Rs: Responsibility, Reduc- 

tion, Refinement, Replacement and Review) when the compound 

is ultimately developed and used clinically. NCL195 and the results 

of this study contribute to ‘Refinement’ by showing that a combi- 

nation of NCL195 and low-dose colistin has the potential to over- 

come resistance to monotherapy with colistin, which also has tox- 

icity concerns. 

10 



H.T. Nguyen, H. Venter, T. Veltman et al. International Journal of Antimicrobial Agents 57 (2021) 106323 

Fig. 8. Preliminary mouse infection studies to determine the appropriate colistin concentration for efficacy testing. (a) Luminescence signal comparisons between groups of 

CD1 mice ( n = 3) challenged intraperitoneally with bioluminescent Escherichia coli Xen14 and treated at 0, 4 and 8 h apart with the indicated colistin concentrations. (b) 

Ventral and dorsal images of representative CD1 mice challenged with ~3 × 10 7 CFU of Xen14. Mice were subjected to bioluminescent imaging on an IVIS Lumina XRMS 

Series III system at the indicated times. Broken segment on the y -axis represents the limit of detection. 
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Synergy testing by checkerboard assay. Interaction activity between NCL195 or daptomycin 

with colistin was determined by a modification of the standard checkerboard assay described 

previously [25, 27, 28]. In all assays for daptomycin, CaCl2 was added to the LB medium at 

100 µg/mL. A typical example of checkerboard assay of combined NCL195 and colistin 

against E. coli 25922 is depicted in Figure S1. 

 

Fractional inhibitory concentration index. The interaction of two antibiotics was calculated as 

the fractional inhibitory concentration index (FICI) using the following formula: 

FICI = MIC!	#$	%&'(#$)*#&$
MIC!	)+&$,

+MIC-	#$	%&'(#$)*#&$MIC-	)+&$,
 

A is NCL195 or daptomycin and B is colistin. According to FICI, the interaction 

between two antibiotic agents were interpreted as follows: synergistic (FICI ≤ 0.5); additive or 

partially synergistic (0.5 < FICI ≤ 1); indifferent (1 < FICI ≤ 4); and antagonistic (FICI > 4) 

[29]. NCL195 or daptomycin did not show antibiotic activity against GNB; therefore 256 

µg/mL (the highest concentration NCL195 or daptomycin) was used to calculate FICI. 

Further analysis was carried out by plotting an isobologram for each isolate. This 

creates a graphical interpretation of the results and is achieved by plotting the MIC for drug A 

(NCL195 or daptomycin) on the y-axis and drug B (colistin) on the x-axis. A dotted line is then 

drawn between the intercepts of the x- and y-axis to indicate the line of indifference of activity 

between the two drugs, as described previously [28, 30]. 

 

Dose reduction index. The dose reduction index (DRI) was used to describe the difference 

between the effective doses of a single compound in combination from its individual dose. DRI 

was calculated using the following formula: 

DRI = MIC!	)+&$,
MIC!	#$	%&'(#$)*#&$

 



Evaluation of DRI is important clinically because it can allow the dose of a drug to be reduced 

that may result in toxicity of drug in combination without changing the efficacy. DRI (>1) is 

considered beneficial [28]. 

 

Transmission electron microscopy (TEM) 

Preparation of bacterial cells. Bioluminescent E. coli (Xen14) was cultured on HBA plate containing 

30 µg/mL kanamycin overnight at 37oC in normal air. A single colony was taken from the overnight 

growth and emulsified in 10 mL LB broth in a 50 mL flask and incubated at 37oC under continuous 

agitation in an orbital shaker at 150 rpm. The overnight bacterial culture was diluted 1:30 in 40 mL LB 

broth in 50 mL flask of LB broth and then incubated again at 37oC under continuous agitation until A600 

nm = 0.1. Untreated Xen14 cells were harvested at this time point and placed on ice as controls. The rest 

of the bacterial samples were then aliquoted and treated as follows: (i), NCL195 alone (2 µg/mL); (ii), 

colistin alone (0.125 µg/mL); (iii), colistin alone (0.25 µg/mL); (iv), colistin alone (0.5 µg/mL); (v), 

colistin (0.125 µg/mL) + NCL195 (2 µg/mL) combination; (vi), colistin (0.125 µg/mL) + NCL195 (4 

µg/mL) combination; (vii), colistin (0.25 µg/mL) + NCL195 (1 µg/mL) combination; (viii), colistin 

(0.25 µg/mL) + NCL195 (2 µg/mL) combination; (ix), colistin (0.5 µg/mL) + NCL195 (1 µg/mL) 

combination; (x), and colistin (0.5 µg/mL) + NCL195 (2 µg/mL) combination and incubated for 1 h at 

37oC under continuous agitation in a shaker at 150 rpm. During the treatment time, each sample was 

manually mixed every 10 min to ensure adequate antibiotic contact with the cells. A treatment time of 

1 h was determined empirically to be optimal for visualisation of the effects of the single and mixed 

treatments of the Xen14 cells. 

Bioluminescent P. aeruginosa (Xen41) cells were prepared for TEM essentially as described above 

for Xen14, but with slight modifications, as follows. Xen41 cells were cultured on HBA plates 

containing 60 µg/mL tetracycline for selection. A few colonies were taken from the HBA and grown 

overnight in 40 mL LB broth in several 50 mL Falcon tubes at 37oC under continuous agitation in a 

shaker at 150 rpm for 12 h. The bacteria were then harvested by centrifugation at 2,900 × g for 10 min 

and washed twice in PBS to reduce the polysaccharide layer of Xen41 in order to allow easier contact 



between antibiotics and the cells. The pellet was then resuspended in LB broth and adjusted to A600 nm 

= 0.1 and an aliquot taken as a no-treatment control. Other aliquots were treated as follows: (i), NCL195 

alone (2 µg/mL); (ii), colistin alone (1 µg/mL); (iii) colistin alone (2 µg/mL); (iv) colistin (1 µg/mL) + 

NCL195 (2 µg/mL) combination; and (v) colistin (2 µg/mL) + NCL195 (2 µg/mL) combination and 

incubated for 1 h at 37oC under continuous agitation as described above for Xen14. 

 

Sample processing for TEM. The TEM protocol was modified from previous studies [37-39]. Briefly, 

all cells with or without antibiotic treatment were harvested by centrifugation at 2,900 × g for 5 min at 

4 oC to avoid cell damage and washed twice in PBS. The cells were then fixed in 1 mL fixative 

containing 4.0% paraformaldehyde, 1.25% glutaraldehyde, CaCl2 0.01M, 4% sucrose and 0.075% 

ruthenium red, 0.075% L-lysine acetate in 0.1M cacodylate buffer. Xen14 cells were fixed overnight 

while Xen41 cells were washed twice in cacodylate buffer followed by fixing in 1 mL fixative for 1.5 

h on ice as overnight fixation of Xen41 cells resulted in dark TEM images.  

Fixed cells were washed twice for 5 min at 2,900 × g in cacodylate buffer and then post fixed in 

1% osmium tetroxide in cacodylate buffer containing 0.075% ruthenium red for 1 h. Subsequently, all 

samples were washed twice in cacodylate buffer. Then cells were dehydrated using a graded series of 

50%, 70%, 90% and 100% ethanol for 10 min (2× for each step but 3× for 15 min when using 100% 

ethanol). Thereafter, the cells were infiltrated using a 50:50 ratio of 100% ethanol:LR white resin for 1 

h and subsequently left in 100% LR white resin overnight, which was then changed twice, 5 h apart, 

the following day. Subsequently, the cells were polymerized in fresh LR white resin at 50oC for 48 h. 

Sections were cut to 1 μm using a glass knife, stained with 1% toluidene blue containing 1% borax 

and viewed under a light microscope at 400× magnification to identify stained bacteria. At least four 

ultra-thin sections were then cut to 80 nm with an ultramicrotome (Leica) using a diamond knife 

(Diatome) and placed on 200-mesh copper EM grids (Proscitech). Sections were sequentially stained 

with uranyl acetate (4% in dH2O) and Reynolds lead citrate for 10 min each, with three washes in 

distilled water in-between each stain. Sections were then viewed between 25000× and 130000× on a 



Tecnai G2 Spirit 120 kVolt Transmission Electron Microscope (FEI Company). Images were obtained 

at 130000× magnification and analyzed using Olympus Soft Imaging Systems. 

Mouse infection and challenge studies. Outbred 5 to 6-week-old male CD1 (Swiss) mice 

(weighing between 25 g to 32 g) were obtained from the Laboratory Animal Services breeding 

facility of The University of Adelaide, and had access to food and water ad libitum throughout. 

The Animal Ethics Committee of The University of Adelaide (S-2015-151) reviewed and 

approved all animal experiments. The study was conducted in compliance with the Australian 

Code of Practice for the Care and Use of Animals for Scientific Purposes (8th Edition 2013) 

and the South Australian Animal Welfare Act 1985. 

Before infection, E. coli Xen14 was grown in LB broth at 37°C to A600nm = 0.5 (equivalent 

to approx. 1.5 ´ 108 CFU/mL). Four groups of mice (n= 3 mice per group) were challenged IP 

with approx. 3.0 ´ 107 CFU of Xen14 in 200 µl PBS containing 3% hog gastric mucin type III 

(Sigma Aldrich). All mice were then subjected to bioluminescent imaging in both ventral and 

dorsal positions on the IVIS Lumina XRMS Series III system. Immediately thereafter, group 

1 mice received the drug vehicle only, group 2 received colistin at 0.125 mg/kg IP, group 3 

received colistin at 0.25 mg/kg IP while group 4 received colistin at 0.5 mg/kg IP. At 4 h and 

8 h post-infection, an identical course of treatment regimen was administered to each  group. 

Surviving animals in each group were also subjected to bioluminescence imaging at 4 h, 6 h, 

10 h, 12 h, 24 h, 48 h and 72 h post infection. Mice were monitored frequently for signs of 

distress and those that had become moribund or showed any evidence of distress were 

humanely killed by cervical dislocation. In all groups, signals were collected from a defined 

region of interest and total flux intensities (photons/s) analyzed using Living Image Software 

2.5 (for IVIS 100) and 4.4 (for Lumina XRMS). 

 



 

1 2 3 4 5 6 7 8 9 10 11 12 NCL195 (µg/mL) 

A 1.64 1.64 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.07 0.04 8 

B 1.67 1.68 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 4 

C 1.67 1.67 1.66 1.36 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 2 

D 1.66 1.69 1.67 1.58 1.68 0.04 0.04 0.04 0.04 0.04 0.04 0.04 1 

E 1.68 1.68 1.66 1.66 1.65 0.80 0.04 0.04 0.04 0.04 0.04 0.04 0.5 

F 1.68 1.64 1.63 1.63 1.69 1.57 0.97 0.04 0.04 0.04 0.04 0.04 0.25 

G 0.04 1.52 1.48 1.50 1.56 1.52 1.47 0.04 0.04 0.04 0.04 0.04 

 
H 0.04 1.58 1.51 1.56 1.52 1.54 1.10 0.04 0.04 0.04 0.04 0.04 

 

 

Growth (-) Growth (+) 0.008 0.015 0.03 0.06 0.125 0.25 0.5 1 2 4 Colistin µg/mL 

Figure S1. Checkerboard assay of NCL195 + colistin combination against E. coli ATCC 25922. Values represent A600 nm measurements. Colistin 

concentration ranged from 0.008 to 4 µg/mL (columns 3 to 12); NCL195 concentration ranged from 0.25 to 8 µg/mL (rows A to F); blue wells, NCL195 alone; 

green wells, colistin alone; red wells, bacterial growth control containing only E. coli and LB broth; yellow wells, LB broth only (no growth control, also 

representing the A600 nm value at the MIC of colistin alone or NCL195 + colistin combination). 



 3 

Figure S2. Isobologram analysis showing the interaction of colistin with NCL195 or daptomycin at different combined MICs. MIC of colistin is 4 

plotted on X-axis and MIC of NCL195 or daptomycin is on the Y-axis, MIC of NCL195 or daptomycin alone is higher than 256 µg/mL (not 5 

shown on the graph). The blue curves below the indifference (dotted) line represent synergistic (FICI ≤ 0.5), additive or partially synergistic (0.5 6 

< FICI ≤ 1). Therefore, no blue curve (i.e. no synergy) was observed for the daptomycin + colistin combination for E. coli, K. pneumoniae or P. 7 

aeruginosa. 8 



 

Figure S3. Morphology of E. coli Xen14 cells at 1 µm, 500 nm and 200 nm. Approximately 

5 × 108 cells were treated for 1 h. (a1–a3), Xen14 cells without treatment clearly show intact 

outer membrane (o), cell wall (c) and plasma membrane (p); (b1–b3), Xen14 cells treated with 

NCL195 alone at 2 µg/mL show similar morphology as the untreated (control) cells.  

 

 

 



 

Figure S4. Morphology of E. coli Xen14 cells at 1 µm, 500 nm and 200 nm. Approximately 

5 × 108 cells were treated for 1 h. (a1–a3), Xen14 cells treated with colistin at 0.125 µg/mL 

show swollen envelope with tubular and fimbria like radiant appendages; (b1–b3), Xen14 cells 

treated with a combination of NCL195 at 2 µg/mL and colistin at 0.125 µg/mL exhibit swollen 

envelope with tubular (t) and fimbria-like radiant appendages and broken plasma membrane 

(bp); (c1–c3), Xen14 cells exposed to a combination of NCL195 at 4 µg/mL and colistin at 

0.125 µg/mL showing swollen envelope with tubular and fimbria-like radiant appendages and 

curved plasma membrane (cp). 

 



 

 

Figure S5. Morphology of E. coli Xen14 cells at 1 µm, 500 nm and 200 nm. Approximately 

5 × 108 cells were treated for 1 h. (a1–a3), Xen14 cells treated with colistin at 0.25 µg/mL show 

swollen envelope with tubular (t ) and fimbria-like radiant appendages; (b1–b3), E. coli Xen14 

cells treated with a combination of NCL195 at 1 µg/mL and colistin at 0.25 µg/mL exhibit a 

swollen envelope with tubular and fimbria-like radiant appendages and detached plasma 

membrane (dm); (c1–c3), Xen14 cells treated with a combination of NCL195 at 2 µg/mL and 

colistin at 0.25 µg/mL exhibit a swollen envelope with tubular and fimbria-like radiant 

appendages, detached plasma membrane (dm) and broken membrane (bm).  



 

 

Figure S6. Morphology of E. coli Xen14 cells at 1 µm, 500 nm and 200 nm. Approximately 

5 × 108 cells were treated for 1 h. (a1–a3), Xen14 cells treated with colistin at 0.5 µg/mL 

showing a swollen envelope with tubular (t) and fimbria-like radiant appendages; (b1–b3), 

Xen14 cells treated with a combination of NCL195 at 1 µg/mL and colistin at 0.5 µg/mL 

showing a swollen envelope with tubular and fimbria-like radiant appendages as well as broken 

and detached plasma membrane (dm and bm); (c1–c3), Xen14 cells treated with a combination 

of NCL195 at 2 µg/mL and colistin at 0.5 µg/mL exhibiting a swollen envelope with tubular 

and fimbria-like radiant appendages and curved membrane (cm). 



 

Figure S7. Morphology of P. aeruginosa Xen41 cells at 1 µm, 500 nm and 200 nm. 

Approximately 5 × 108 cells were treated for 1 h. (a1–a3), Xen41 cells without treatment clearly 

showing intact outer membrane (o), cell wall (c) and plasma membrane (p); (b1–b3), Xen41 

cells treated with NCL195 at 2 µg/mL maintain the same ultrastructural membrane morphology 

as the control group. 

 



 

Figure S8. Morphology of P. aeruginosa Xen41 cells at 1 µm, 500 nm and 200 nm. 

Approximately 5 × 108 cells were treated for 1 h. (a1–a3), Xen41 cells treated with colistin at 1 

µg/mL showing fluffy materials surrounding the cells and tubular appendages (t); (b1–b3), 

Xen41 cells exposed to a combination of NCL195 at 2 µg/mL and colistin at 1 µg/mL show 

more of the fluff surrounding the cells, more tubular appendages, loss of clear delineation of 

the cell envelope layers and broken membrane (bm) 

 



 

Figure S9. Morphology of P. aeruginosa Xen41 cells at 1 µm, 500 nm and 200 nm. 

Approximately 5 × 108 cells were treated for 1 h. (a1–a3), Xen41 cells treated with colistin at 2 

µg/mL showing fluffy materials surrounding the cells and tubular appendages (t); (b1–b3), 

Xen41 cells exposed to a combination of NCL195 at 2 µg/mL and colistin 2 µg/mL showing 

more of the fluff surrounding the cells, more tubular appendages and loss of differentiation of 

the cell envelope layers and broken membrane (bm) causing discharge of cellular constituents 

(cc). 

 



 

Figure S10. The hypothesized mechanism of action of NCL195 in combination with colistin 

on the cell membrane of GNB (modified from Dandie et al. [40]. The positively charged 

colistin competitively displaces native divalent cations (Ca2+ and Mg2+) to interact with 

negatively charged divalent cation binding sites on the outer membrane LPS of GNB. This 

results in translocation of colistin across the outer membrane, leading to permeability changes 

in the cell envelope thereby resulting in penetration of NCL195 through the outer membrane 

to act on inner membrane. 
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Abstract: In this study, we optimized and compared different transmission electron microscopy
(TEM) methods to visualize changes to Gram-negative bacterial morphology induced by treatment
with a robenidine analogue (NCL195) and colistin combination. Aldehyde-fixed bacterial cells
(untreated, treated with colistin or NCL195 + colistin) were prepared using conventional TEM
methods and compared with ultrathin Tokuyasu cryo-sections. The results of this study indicate
superiority of ultrathin cryo-sections in visualizing the membrane ultrastructure of Escherichia coli
and Pseudomonas aeruginosa, with a clear delineation of the outer and inner membrane as well as
the peptidoglycan layer. We suggest that the use of ultrathin cryo-sectioning can be used to better
visualize and understand drug interaction mechanisms on the bacterial cell membrane.

Keywords: transmission electron microscopy; bacterial cell wall; bacterial membrane; Gram-negative
bacteria; colistin; drug interaction; Tokuyasu cryo-ultramicrotomy

1. Introduction

Gram-negative bacterial pathogens exhibit high-level resistance to most classes of
antibiotics due to the presence of an impermeable outer membrane [1,2]. Polymyxins are
considered as last-line agents for the treatment of Gram-negative infections due to their
unique mechanism of action targeting the outer membrane [3–6]. However, polymyxins
are highly nephrotoxic and neurotoxic agents if high doses are used [7,8], resulting in a
narrow therapeutic window for Gram-negative infections. The usage of polymyxins in
combination with other agents is being considered as a strategy for overcoming reduced
polymyxin susceptibility and toxicity without increasing polymyxin exposure [3,9]. The
mechanism of beneficial combination treatment is proposed to involve complete integration
of polymyxins into the outer membrane causing disorganization and neutralization of
cell surface charge and consequently loss of envelope barrier function. Subsequently, the
affected outer membrane is hypothesized to transiently open, allowing entry of the second
antibiotic and interaction with otherwise inaccessible drug target sites [2,10–13].
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Our ongoing studies have indicated potential therapeutic options using the novel
pyrimidine NCL195, 4,6-bis(2-((E)-4-methylbenzylidene)hydrazineyl)pyrimidin-2-amine
(Figure 1) combined with subinhibitory concentrations of polymyxin B (PMB) or colistin
against Gram-negative infections [10,11]. We showed synergistic activity of the NCL195-
PMB or NCL195-colistin combination against clinical Gram-negative bacterial pathogens,
with MICs for NCL195 ranging from 0.25–4 µg/mL for Acinetobacter baumannii, Escherichia
coli, Klebsiella pneumoniae and Pseudomonas aeruginosa, whereas NCL195 alone had no
activity.
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Figure 1. Chemical structure of novel pyrimidine NCL195, 4,6-bis(2-((E)-4-methylbenzylidene)
hydrazinyl)pyrimidin-2-amine.

For decades, transmission electron microscopy (TEM) has been a valuable research
tool in microbiology for high-resolution structural studies of bacteria and their compo-
nents [14,15]. TEM was applied to study the effect of drug treatment on both Gram-negative
and Gram-positive bacteria [16,17]. We have also used TEM to study NCL195-colistin inter-
actions on the Gram-negative cell membrane [10]. During the investigation, the stability of
Gram-negative bacterial cell morphology was affected by several factors, including buffer
conditions, selected fixatives, type of resin and the embedding method. Cryo-EM and
Tokuyasu cryo-ultramicrotomy have been shown to offer some advantages over conven-
tional TEM for investigating bacterial ultrastructure, including better resolution, artifact
reduction, clearer visualization of bacterial cytoskeleton and better preservation of bac-
terial structural integrity [18–23]. Therefore, determining the most effective technique
to accurately visualize and elucidate drug interactions on bacteria is essential. The ob-
jective of the present investigation was to compare two sample preparation methods for
TEM (conventional resin embedding and Tokuyasu cryo-ultramicrotomy) to visualize the
morphological changes occurring on the cell membrane of E. coli and P. aeruginosa after
exposure to NCL195 alone, colistin alone or NCL195-colistin combination.

2. Materials and Methods
2.1. Antibiotics and Chemicals

NCL195, a novel pyrimidine compound [24,25] (Figure 1), was synthesized at the
University of Newcastle. The compound was stored in a sealed container in the dark
at 4 ◦C at the Infectious Diseases Laboratory, Roseworthy campus, The University of
Adelaide. Colistin sulphate, kanamycin and tetracycline were purchased from Sigma-
Aldrich (Australia). Stock solutions containing 25.6 mg/mL of each compound (NCL195
dissolved in DMSO, colistin and kanamycin dissolved in water and tetracycline dissolved in
70% of ethanol) were stored in 1 mL aliquots at −20 ◦C away from direct light. Ruthenium
red, L-lysine acetate and sucrose were purchased from Sigma-Aldrich, Australia, and
dissolved in water to the appropriate concentrations. Fixatives and cacodylate buffer were
provided by Adelaide Microscopy, The University of Adelaide, Adelaide, South Australia,
Australia.

2.2. Bacterial Strains and Growth Conditions

Bioluminescent E. coli Xen14 (derived from the parental strain E. coli WS2572) and
bioluminescent P. aeruginosa Xen41 (derived from the parental strain PAO1) were purchased
from PerkinElmer Inc. (Waltham, MA, USA). E. coli Xen14 was grown on horse blood
agar (HBA) containing 30 µg/mL kanamycin and P. aeruginosa Xen41 was grown in HBA
containing 60 µg/mL tetracycline overnight at 37 ◦C in normal air for selection. A single
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colony was taken from the overnight growth, suspended in 10 mL Luria-Bertani (LB) broth,
Miller (Becton Dickinson, Sparks, MD, USA) in a 50 mL flask and incubated at 37 ◦C under
continuous agitation in an orbital shaker at 150 rpm. The overnight bacterial culture was
diluted 1:30 in 40 mL LB broth in 50 mL flask of LB broth and then incubated again at 37 ◦C
under continuous agitation until A600nm = 0.1 or 0.5.

2.3. Transmission Electron Microscopy
2.3.1. Xen14 Processing for TEM

Xen14 was prepared in five different ways (Table 1) to minimize factors that may
affect the quality of TEM images. The Xen14 cells were cultured as described above, and
then harvested by centrifugation at 2900× g for 5 min at 4 ◦C to avoid cell damage. The
cells were initially resuspended in either cacodylate buffer (pH 7.0) or phosphate-buffered
saline (PBS; pH 7.0) and centrifuged twice for 5 min at 2900× g. Thereafter, cell pellets
were fixed overnight in fixative containing 3.0% formaldehyde, 0.035% glutaraldehyde,
4% sucrose in cacodylate buffer (Procedure 1); fixative containing 4.0% formaldehyde,
1.25% glutaraldehyde, 4% sucrose in PBS buffer (Procedure 2); fixative containing 4.0%
formaldehyde, 1.25% glutaraldehyde in cacodylate buffer without sucrose supplementation
(Procedure 3); fixative containing 4.0% formaldehyde, 1.25% glutaraldehyde, 4% sucrose
and 0.01 M CaCl2 in cacodylate buffer (Procedures 4 and 5), as detailed in Table 1. The fixed
cells were then washed in the corresponding buffer as described above, and post-fixed
in 1% osmium tetroxide in cacodylate buffer or PBS containing 0.075% ruthenium red for
1 h, and subsequently washed as described above. Cells were then dehydrated in graded
series of ethanol (50%, 70%, 90%, 2× each for 10 min and 100%, 3× for 15 min). Thereafter,
the cells were infiltrated for 1 h each in propylene oxide: Epon-Araldite resin (50:50 ratio;
Procedures 2, 3 and 5) or 100% ethanol: LR-White resin (50:50 ratio; Procedures 1 and 4).
Samples were incubated in 100% Epon-Araldite resin (Procedures 2, 3 and 5) or LR-White
resin (Procedures 1 and 4) overnight, followed by two resin changes 5 h apart the following
day. Subsequently, the cells were polymerized in fresh Epon-Araldite resin or LR-White
resin at 70 ◦C or 58 ◦C, respectively, for 48 h.

Table 1. Optimization of sample preparation for TEM and cryo-ultramicrotomy.

Method Buffer Fixation Post-fixation Resin

Procedure 1 (TEM) Cacodylate + 4%
sucrose

3.0% formaldehyde, 0.035% glutaraldehyde,
4% sucrose and 0.075% ruthenium red, 0.075%

L-lysine acetate

1% osmium
tetroxide; 0.075%

ruthenium red
LR-White

Procedure 2 (TEM) PBS + 4% sucrose
4.0% formaldehyde, 1.25% glutaraldehyde,

0.01 M CaCl2, 4% sucrose and 0.075%
ruthenium red

1% osmium
tetroxide; 0.075%
ruthenium red;

Epon-Araldite

Procedure 3 (TEM) Cacodylate
4.0% formaldehyde, 1.25% glutaraldehyde,
0.01 M CaCl2 and 0.075% ruthenium red,

0.075% L-lysine acetate

1% osmium
tetroxide; 0.075%

ruthenium red
Epon-Araldite

Procedure 4 (TEM) Cacodylate + 4%
sucrose

4.0% formaldehyde, 1.25% glutaraldehyde,
0.01 M CaCl2, 4% sucrose and 0.075%

ruthenium red, 0.075% L-lysine acetate

1% osmium
tetroxide; 0.075%

ruthenium red
LR-White

Procedure 5 (TEM) Cacodylate + 4%
sucrose

4.0% formaldehyde, 1.25% glutaraldehyde,
0.01 M CaCl2, 4% sucrose and 0.075%

ruthenium red, 0.075% L-lysine acetate

1% osmium
tetroxide; 0.075%

ruthenium red
Epon-Araldite

Procedure 6 (Cryo-
ultramicrotomy)

Cacodylate + 4%
sucrose

4.0% formaldehyde, 1.25% glutaraldehyde,
0.01 M CaCl2, 4% sucrose and 0.075%

ruthenium red, 0.075% L-lysine acetate
N/A N/A
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2.3.2. Xen41 Processing for TEM

Xen41 cells were prepared essentially as described for Xen14, then processed for TEM
using Procedure 4 (Table 1) with either 1 h fixation or overnight fixation followed by post
fixation in 1% osmium tetroxide for 1.5 h on ice.

Sections of Xen14 and Xen41 embedded in resin were cut to 1 µm using a glass knife,
stained with 1% toluidine blue containing 1% borax and viewed under a light microscope
at 400× magnification to identify stained bacteria. Ultrathin sections were then cut to 90 nm
with an ultramicrotome EM-UC6 (Leica) using a diamond knife (Diatome) and placed on
200-mesh copper EM grids (Proscitech). Sections were sequentially stained with uranyl
acetate (4% in distilled H2O) and Reynolds lead citrate for 10 min each, with three washes
in distilled water in-between each stain. Sections were then viewed on a Tecnai G2 Spirit
(FEI Company, Hillsboro, OR, USA) Transmission Electron Microscope operated at 100 KV
at Adelaide Microscopy, The University of Adelaide.

2.3.3. Cryo-Ultramicrotomy

Xen14 and Xen41 cells were prepared as described above before being fixed in 1 mL
cacodylate buffer containing 4.0% formaldehyde, 1.25% glutaraldehyde, 0.01 M CaCl2, 4%
sucrose and 0.075% ruthenium red, 0.075% L-lysine acetate (to stabilize the peptidoglycan
layer and aid in locating the bacteria during sectioning) [26,27]. Samples were then stored at
4 ◦C until processing for cryo-ultramicrotomy. Thereafter, cells were washed twice in buffer
and embedded in 12% gelatin. Small gelatin blocks containing bacteria (<1 mm3) were cut
and infiltrated with 2.3 M sucrose in phosphate buffer overnight at 4 ◦C with gentle rocking.
Blocks were stored in 2.3 M sucrose at 4 ◦C prior to sectioning. Blocks were transferred to
aluminum sectioning pins (Leica) and quickly plunge-frozen in liquid nitrogen. Thin cryo-
sections (80 nm) were cut at −100 ◦C with an EM-UC6/FC7 cryo-ultramicrotome (Leica)
using a cryo-diamond knife (Diatome). Cryo-sections were removed from the knife with
2.3 M sucrose using a wire loop and transferred to formvar/carbon-coated, plasma-cleaned
200-mesh copper EM grids. Grids were stored in an airtight container on sucrose droplets
at 4 ◦C. To stain, grids were floated face down on 2% gelatin for 30 min at 37 ◦C before
washing in PBS (3 × 2 min) and staining with 2% uranyloxalate acetate pH7 (5 min, 22 ◦C)
and methyl cellulose–uranyl acetate (pH 4) on ice (10 min). Grids were looped out, drained
and allowed to dry. Samples were imaged with a Tecnai G2 Spirit electron microscope (FEI
Company) operated at 100 kV at Adelaide Microscopy, The University of Adelaide.

2.4. Treated Samples Processing for TEM and Cryo-Ultramicrotomy

To determine the optimal conditions to observe NCL195-colistin interaction on Gram-
negative membranes, Xen14 cells were initially grown until A600nm = 0.1 (early logarithmic
phase) and 0.5 (mid logarithmic phase) and then treated with colistin at 0.5 µg/mL for 1 h.
Subsequently, Xen14 cells grown to A600nm = 0.1 were chosen for further analysis and were
incubated with 0.5 µg/mL colistin for 2 h and 4 h to determine optimal treatment time.

To determine NCL195–colistin interaction on the cell membrane, bacterial samples
were treated as follows: For Xen14, (i) no treatment, (ii) NCL195 alone (2 µg/mL); (iii),
colistin alone (0.125 µg/mL); (iv), colistin alone (0.25 µg/mL); (v), colistin (0.25 µg/mL)
+ NCL195 (2 µg/mL) combination. For Xen 41, cells were washed twice in cacodylate
buffer and resuspended in LB broth to A600nm = 0.1. Aliquots were then treated as follows:
(i) no treatment, (ii) NCL195 alone (2 µg/mL); (iii) colistin alone (1 µg/mL); (iv) colistin
(1 µg/mL) + NCL195 (2 µg/mL) combination. Aliquots of Xen14 and Xen41 were then
incubated for 1 h at 37 ◦C under continuous agitation in a shaker at 150 rpm. During
the treatment time, each sample was manually mixed every 10 min to ensure adequate
antibiotic contact with the cells. Following treatment, Xen14 cells were washed in buffer
and then fixed overnight according to Procedures 4 or 5 (Table 1), whereas treated Xen41
cells were initially fixed for 1 h then washed twice, fixed again for 1.5 h and subjected to
processing as described in Procedure 4 (Table 1). For cryo-ultramicrotomy, both Xen14-
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and Xen41-treated cells were fixed using Procedure 6 (Table 1) and stored at 4 ◦C until
processing as described above.

3. Results and Discussion
3.1. Bacterial Cell Morphology Is Affected by the Fixative Used, Buffer Conditions and the
Embedding Method

In this work, we sought to determine the most effective technique to accurately
visualize drug interactions on the bacterial membrane as part of our on-going research
aimed at gaining a better understanding of the complex interactions between membrane-
active drugs and the consequent morphological changes occurring on the bacterial surface.
To accomplish this, we compared two sample preparation methods for TEM (conventional
resin embedding and cryo-ultramicrotomy) to visualize the cell membrane of E. coli and P.
aeruginosa after exposure to NCL195 alone, colistin alone or NCL195-colistin combination.
For this study, we examined the morphological changes to bacterial cells exposed to the
test drugs using bioluminescent derivatives of E. coli and P. aeruginosa used routinely in our
real-time in vivo assessments of drug efficacy. We initially used Xen14 cells to optimize the
best TEM protocol for observing NCL195-colistin interaction on Gram-negative membranes.
We found that several factors affected the morphology of the bacterial cells.

i. Fixative: Fixative containing 3.0% formaldehyde, 0.035% glutaraldehyde, 4% su-
crose and 0.075% ruthenium red, 0.075% L-lysine acetate (Procedure 1) caused
shrinkage of the bacterial cell as well as detachment and perturbation of the cell
membrane (Figure 2A,B). Therefore, the low concentration of formaldehyde and glu-
taraldehyde used in this procedure was not high enough to preserve cell membrane
structure and could have affected the cell size. To circumvent this, Li, et al. [28]
described a 4.0% formaldehyde solution in fixative as optimal for preservation of
bacterial cell size, and our result supports this observation.

ii. Buffer: We also found that the type of buffer used resulted in altered cell membrane
morphology. PBS buffer caused detachment of the cell membrane (Figure 2C,D; Pro-
cedure 2), a similar observation as those described by others [14,29]. Furthermore,
the addition of sucrose to the buffer improved preservation of cell morphology,
as the cell membrane appeared brittle if sucrose was omitted from the fixative
(Figure 2E,F; Procedure 3), in agreement with a previous study [30].

iii. Embedding method: Following from the optimized fixative and buffer conditions
above (Procedure 2), we observed that a TEM protocol using cacodylate buffer with
fixative containing 4.0% formaldehyde, 1.25% glutaraldehyde, 0.075% ruthenium
red, 0.075% L-lysine acetate, and 4% sucrose followed by embedding in LR-White
resin (Procedure 4) provided the best delineation of the outer membrane, cell wall
and inner membrane, with no wavy, detached or shrunk membranes (Figure 3A).
This protocol is similar in some respects to that described by Voget et al. [14],
but differs in the buffer and fixative composition, treatment time and embedding
method. The use of Epon-Araldite resin (Procedure 5) did not appear to make a
difference to the overall TEM result (Figure 3A vs. Figure 3B). However, given
our findings, we suggest using LR-White resin due to its ease of use during TEM
processing.
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Figure 2. Effect of fixatives and buffer conditions on morphology of Xen14 cells by TEM. (A,B)
TEM (Procedure 1) using fixatives containing 3.0% formaldehyde, 0.035% glutaraldehyde and 4%
sucrose in LR-White resin; (C,D) TEM (Procedure 2) using PBS buffer containing 4.0% formaldehyde,
1.25% glutaraldehyde, 4% sucrose and embedded in Epon resin; (E,F) TEM (Procedure 3) using
cacodylate buffer 4.0% formaldehyde, 1.25% glutaraldehyde and Epon resin embedding without
sucrose supplementation.
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Figure 3. Effect of resin embedding on the morphology of Xen14 cells under optimized TEM
conditions. TEM comparison of Xen14 morphology using cacodylate buffer and fixative containing
4.0% formaldehyde, 1.25% glutaraldehyde, 4% sucrose and 0.01 M CaCl2 and following different
embedding techniques: (A) LR-White resin embedding; and (B) Epon resin embedding. Cells clearly
showed outer membrane (o), cell wall (c) and plasma membrane (p).
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Having optimized the best TEM protocol for visualizing Xen14 morphology (Proce-
dure 4), this was then applied to P. aeruginosa Xen41. However, due to the production of
exopolysaccharide by P. aeruginosa [15], which may prevent access of fixatives to bacterial
cell membrane, Xen41 was grown overnight on horse blood agar to reduce the amount
of polysaccharide produced. Cells were washed twice in PBS buffer as described before
fixation. Overnight fixation resulted in darker images which masked cell membranes/walls
(Figure 4A). Therefore, the procedure was modified by first fixing cells for 1 h, followed
by washing in PBS buffer and a subsequent fixation step for 1.5 h before continuing the
process as described in Procedure 4. Using this method, the inner membrane, cell wall and
outer membrane could clearly be observed under TEM (Figure 4B).
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Figure 4. Effect of fixation duration and growth medium on the morphology of Xen41 cells. TEM
comparison of Xen41 morphology using cacodylate buffer and fixative containing 4.0% formaldehyde,
1.25% glutaraldehyde, 4% sucrose and 0.01 M CaCl2 and following different fixation times and growth
in different media: (A) Xen41 was cultured overnight in LB broth, washed and fixed overnight and
then processed according to Procedure 4; (B) Xen41 was grown overnight on horse blood agar
initially, washed and fixed for 1 h, washed, and fixed again for an additional 1.5 h and then processed
according to Procedure 4.

3.2. Bacterial Cell Morphology Is Affected by Cell Density and Exposure Time to Drugs

It is known that colistin interacts with the lipopolysaccharide on the surface of Gram-
negative bacteria and then across the outer membrane via the self-promoted uptake path-
way, resulting in disruption of the normal barrier property of the outer membrane [2,31].
Subsequently, the outer membrane is hypothesized to transiently open thereby allowing
passage of NCL195 into the cell to the drug target site(s), likely to be located on the plasma
membrane, as we described recently [11]. Based on this hypothesis, we initially determined
the optimal time point of colistin treatment that would result in the disruption of the
outer membrane using two growth stages of Xen14 (A600nm = 0.1 or A600nm = 0.5). For this
initial analysis, the Xen14 cells were treated with colistin at 0.5 µg/mL for 1 h. Significant
morphological changes were observed following 1 h incubation in colistin at A600nm = 0.1.
Compared to untreated cells (Figure 5A,B), the majority of cells showed a swollen enve-
lope morphology with tubular and fimbria-like radiant appendages; different layers of
membrane structure could also be distinguished (Figure 5C,D) under these conditions.
However, treatment at A600nm = 0.5 showed less effect (Figure 5E,F). Therefore, A600nm = 0.1
was used for subsequent experiments as it gave better results.
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Figure 5. Effect of cell density on morphology of Xen14 cells after treatment with colistin at 0.5 µg/mL
for 1 h. (A,B) Untreated cells; (C,D) cells grown to A600nm = 0.1; (E,F) cells grown to A600nm = 0.5.
Cacodylate buffer and fixative containing 4.0% formaldehyde, 1.25% glutaraldehyde, 4% sucrose and
0.01 M CaCl2 was used and embedded in Epon resin.

The effect of 2 h and 4 h colistin treatments on Xen14 cells grown to A600nm = 0.1
was also investigated. Compared to untreated cells (6A,B), the majority of the tubular
and fimbria-like radiant appendages were broken and had disappeared, although layered
membrane structure could still be observed (Figure 6C,D) after 2 h treatment. Following
4 h treatment, all tubular and fimbria-like radiant appendages had disappeared, membrane
layers could not be distinguished, and shrinkage of cell contents and detached/wavy mem-
brane structures were observed (Figure 6E,F). These results are similar to those reported
previously for polymyxin B [14], a drug with a similar mechanism of action to colistin [32].
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Figure 6. Effect of exposure time on morphology of Xen14. Cells were grown to A600nm = 0.1 and
then treated with colistin at 0.5 µg/mL. (A,B) untreated cells; (C,D) cells treated for 2 h; (E,F), cells
treated for 4 h. Cacodylate buffer and fixative containing 4.0% formaldehyde, 1.25% glutaraldehyde,
4% sucrose and 0.01 M CaCl2 was used and embedded in Epon resin.
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3.3. Comparison of TEM and Cryo-Ultramicrotomy for Visualizing NCL195-Colistin Interaction
on Cell Membrane

On the basis of the foregoing outcomes, subsequent experiments to determine the effect
of NCL195 + colistin combination were conducted on Xen14 and Xen41 at A600nm = 0.1
followed by a 1 h drug treatment. TEM of Xen14 sections cut under cryo conditions
provided a clear delineation of the membrane structure, showing the outer and inner
membrane and wall peptidoglycan layer, typical of Gram-negative bacteria compared with
a more traditional, resin embedded TEM preparation (Figure 7A vs. Figure 7B). This result
was observed in both the untreated and NCL195-treated cells (Figure 7C vs. Figure 7D).
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Figure 7. Comparison of Xen14 cells with and without antibiotic treatment and processed by
Tokuyasu cryo-ultramicrotomy vs. conventional TEM. Approximately 5 × 108 cells were treated for
1 h; Xen14 cells. Cryo-ultramicrotomy images are indicated on the left, corresponding TEM images
on the right. (A) vs. (B) cells without treatment; (C) vs. (D) treatment with NCL195 at 2 µg/mL
showing no effect of NCL195 treatment on cell morphology; (E) vs. (F) cells treated with colistin at
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at µg/mL + NCL195 at 2 µg/mL.
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For Xen14 cells exposed to colistin at 0.125 µg/mL and sectioned under cryo condi-
tions, mesosome-like structures and swollen membranes were observed, whereas conven-
tional TEM micrographs of cells exposed to colistin at 0.125 µg/mL showed no difference
in membrane morphology compared to untreated cells (Figure 7E vs. Figure 7F). With
increased colistin concentration (0.25 µg/mL), swollen envelopes and mesosome-like struc-
tures (m) were observed following cryo preparation (Figure 7G) in addition to the presence
of tubular appendages (t) observed using the traditional TEM technique (Figure 7H). Cells
treated with a combination of NCL195 (2 µg/mL) and colistin (0.25 µg/mL) and processed
under cryo conditions exhibited increased morphological damage including coronate
tubular appendages and mesosome-like structures (Figure 7I). Cells treated with the com-
bination and visualized using conventional TEM also showed increased morphological
damage, coronate tubular appendages and a swollen and detached membrane (Figure 7J)
similar to that observed with cells treated with 0.25 µg/mL colistin alone. These results are
summarized in Table 2.

Table 2. Comparison of cryo-ultramicrotomy preparation and traditional TEM methods for visualizing the effect of drug
treatments on Xen14 cell membrane.

Treatment Cryo-Ultramicrotomy Traditional TEM

No treatment clear delineation of outer and inner membrane, cell
wall and peptidoglycan layer poor delineation of membrane structure

NCL195 (2 µg/mL) same as a control same as a control

Colistin (0.125 µg/mL) mesosome-like structures; swollen membranes same as a control

Colistin (0.25 µg/mL) mesosome-like structures; more swollen membranes presence of tubular appendages

NCL195/colistin
(2/0.25 µg/mL)

increased morphological damage; coronate tubular
appendages; mesosome-like structures

increased morphological damage; coronate
tubular appendages; swollen and detached

membrane

The observed morphological effects of NCL195 in the NCL195 + colistin combination
are consistent with the dissipation of inner cell membrane potential demonstrated in our
recent work [10], potentially resulting in leakage of vital metabolites [25].

As seen with Xen14, untreated Xen41 cells processed under cryo conditions produced
a clear image of bacterial morphology with cell walls and inner and outer membranes
clearly distinguishable (Figure 8A) compared to traditional TEM processing methods
(Figure 8B). Cells treated with NCL195 alone under cryo conditions showed similar ultra-
structural morphology as the control cells (Figure 8C), although a slightly wavy membrane
morphology was observed when using traditional TEM preparations (Figure 8D).

The addition of colistin (1 µg/mL) produced clearly visualized membrane damage in
cells processed under cryo conditions (Figure 8E), whereas a ruffling of the cells and wavy
cell membrane structure was observed following traditional TEM embedding (Figure 8F).
Increased ultrastructural damage was observed following treatment with the combined
colistin and NCL195 treatment (Figure 8G vs. Figure 8H). Again, cells processed under cryo
conditions showed clearer increased morphological changes with broken outer membranes
and mesosome-like structures within the cell (Figure 8G vs. Figure 8H). These results are
summarized in Table 3.
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Figure 8. Comparison of Xen41 cells with or without antibiotic treatment and processed by Tokuyasu
cryo-ultramicrotomy vs. conventional TEM. Approximately 5 × 108 cells were treated for 1 h. (A)
vs. (B) cells without treatment; (C) vs. (D) treatment with NCL195 at 2 µg/mL showing clearer
delineation of intact outer membrane, cell wall and plasma membrane than TEM images and no effect
of NCL195 treatment on cell morphology; (E) vs. (F), Xen41 cells treated with colistin at 1 µg/mL and
(G) vs. (H) Xen41 cells exposed to a combination of NCL195 at 2 µg/mL and colistin at 1 µg/mL.
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Table 3. Comparison of TEM using cryo-ultramicrotomy and traditional preparation methods to visualize the effect of drug
treatments on Xen41 cell membrane.

Treatment Cryo-Ultramicrotomy Traditional TEM

No treatment clear delineation of outer and inner membrane, cell
wall and peptidoglycan layer poor delineation of membrane structure

NCL195 (2 µg/mL) same as control slightly wavy membrane morphology

Colistin (1 µg/mL) clearly visualized membrane damage; presence of
tubular appendages

ruffling of the cells; wavy cell membrane
structure; presence of tubular appendages

NCL195/colistin
(2/1 µg/mL)

clearer increased morphological changes; broken outer
and inner membrane; mesosome-like structures

increased ultrastructural damage; damaged
outer and inner membrane

4. Conclusions

In this study, we describe optimized TEM conditions for visualizing changes to Gram-
negative bacterial morphology induced by treatment with a combination of NCL195, a
novel pyrimidine, and colistin. We show that cacodylate buffer works better than PBS buffer,
and that fixative containing 4.0% formaldehyde, 1.25% glutaraldehyde, CaCl2 0.01 M, 4%
sucrose and 0.075% ruthenium red, 0.075% L-lysine acetate is the optimal mixture for the
stability of bacterial cell membrane. We also suggest using LR-White resin due to its ease
of use during TEM processing. Additionally, we show the cryo-ultramicrotomy technique
provides higher resolution, artifact reduction, clearer visualization of bacterial cytoskeleton
and better preservation of bacterial structural integrity compared to conventional TEM
processing methods. To our knowledge, this study is the first to use Tokuyasu cryo-
ultramicrotomy to examine the effects of multiple drug-interactions on the bacterial cell
surface. Cryo-ultramicrotomy can also be employed in conjunction with other imaging
techniques such as that described for correlative light and electron microscopy [33]. We
suggest cryo-ultramicrotomy can be used for a wide range of applications including
host-pathogen interaction studies and high-resolution visualization of macromolecular
interactions occurring on the prokaryotic surface or other biological membranes. These
should promote a better understanding of complex cellular and molecular interactions.
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Synopsis 24 

Objectives: We have previously reported promising in vivo activity of the first-generation 2-25 

aminopyramidine robenidine analogue NCL195 against Gram-positive bacteria (GPB) when 26 

administered via the systemic route. In this study, we examined the efficacy of oral treatment 27 

with NCL195 (-/+ low dose colistin) in comparison to oral moxifloxacin in bioluminescent 28 

Staphylococcus aureus and Escherichia coli peritonitis-sepsis models. 29 

Methods: Four oral doses of 50 mg/kg NCL195, commencing immediately post-infection, 30 

were administered at 4 h intervals in the S. aureus peritonitis-sepsis model. We used a 31 

combination of four oral doses of 50 mg/kg NCL195 and four intraperitoneal doses of colistin 32 

at 0.125 mg/kg, 0.25 mg/kg or 0.5 mg/kg in the E. coli peritonitis-sepsis model. Subsequently, 33 

the dose rates of four intraperitoneal doses of colistin were increased to 0.5 mg/kg, 1 mg/kg, or 34 

2 mg/kg at 4 h intervals to treat a colistin-resistant E. coli infection. 35 

Results: In the S. aureus infection model, oral treatment of mice with NCL195 resulted in 36 

significantly reduced S. aureus infection loads (p<0.01) and longer survival times (p<0.001) 37 

than vehicle-only treated mice. In the E. coli infection model, co-administration of NCL195 38 

and graded doses of colistin resulted in a dose-dependent significant reduction in colistin-39 

susceptible (p<0.01) or colistin-resistant (p<0.05) E. coli loads compared to treatment with 40 

colistin alone at similar concentrations. 41 

Conclusions: Our results confirm that NCL195 is a potential candidate for further preclinical 42 

development as a specific treatment for multidrug-resistant infections either as a stand-alone 43 

antibiotic for GPB or in combination with sub-inhibitory concentrations of colistin for GNB. 44 

  45 
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Introduction 46 

Multidrug-resistant (MDR) infections constitute a serious public health problem worldwide 1-47 

3. It is estimated that deaths caused by MDR bacteria will reach 10 million per year by 2050 48 

unless urgent action is taken 4, 5. The situation with MDR-Gram-negative bacterial (GNB) 49 

infections is more problematic given the limited range of drug classes and ever-increasing 50 

resistance. Moreover, the outer membrane of GNB, a largely asymmetric bilayer composed of 51 

glycolipid lipopolysaccharides and glycerol phospholipids, serves as a barrier to protect GNB 52 

from unwanted compounds and promotes antimicrobial resistance 6. Therefore, comparatively 53 

fewer antimicrobial classes (aminoglycosides, polymyxins, tetracyclines, β-lactams and 54 

fluoroquinolones) are able to penetrate the outer membrane of GNB, limiting treatment options 55 

7. Additionally, GNB pathogens have quickly acquired resistance to most, and in some cases, 56 

to all these antibiotics via multiple mechanisms 2, 8. 57 

 Due to the distinctive structure of GNB, no novel antibiotics with a new chemical 58 

structure or a new mode of action against GNB infections has been developed and marketed 59 

for several decades 9. To date, there are 19 potential antibiotics in clinical development for the 60 

treatment of GNB pathogens but none of them has a new mode of action 10. Among currently 61 

used antibiotics, polymyxins (such as polymyxin B [PMB] and colistin [polymyxin E]) are 62 

highly efficacious against GNB and are considered the last line antimicrobials for the treatment 63 

of GNB infections due to their specific targeting of the outer membrane 11, 12; nonetheless, 64 

resistance to polymyxins is emerging via different mechanisms 11, 13. In addition, the use of 65 

high doses of polymyxins is associated with nephrotoxicity, neurotoxicity and neuromuscular 66 

blockade 14, 15. To address the shortfall in effective antibiotics, to overcome the emerging 67 

resistance and outer membrane protection, and to reduce toxicity of polymyxins, an antibiotic 68 

combination approach provides an alternative and complementary strategy to effectively and 69 

more safely control serious infections caused by MDR-GNB 16-18. While several studies have 70 
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indicated that combinations of polymyxins with other antibiotics elicit full or partially 71 

synergistic activities against MDR-GNB pathogens 19-24, we report here a novel combination 72 

approach. 73 

 In line with a combination strategy, we previously reported in vitro synergistic activity 74 

of the anticoccidial aminoguanidine robenidine (NCL812) 25 analogue NCL195 with different 75 

adjuvants against clinical MDR-GNB pathogens 26-28. NCL195 showed 100% synergistic 76 

activity when combined with sub-inhibitory concentrations of colistin and PMB against clinical 77 

MDR-GNB pathogens (including colistin-resistant isolates), with MICs for NCL195 ranging 78 

from 0.5–4 mg/L for Acinetobacter baumannii, Escherichia coli, Klebsiella pneumoniae and 79 

Pseudomonas aeruginosa, whereas NCL195 alone had no activity 27, 28. This strongly suggests 80 

that NCL195 is a promising candidate as a component of a combination with colistin for the 81 

treatment of GNB infections. 82 

Our earlier investigations have shown better toxicity profiles to mammalian cell lines 83 

and erythrocytes for NCL195 than NCL812 and it did not elicit observable histological effects 84 

in major organs of mice 28, 29. Furthermore, mice that received two intraperitoneal doses of 50 85 

mg/kg NCL195 exhibited significantly reduced S. aureus loads compared to untreated mice, 86 

but still succumbed to infection 28. Interestingly, we recently showed that mice treated with 87 

four 50 mg/kg oral doses of a closely-related robenidine analogue (NCL179) had significant 88 

increase in overall survival rate after S. aureus challenge compared to the vehicle-only control 89 

30. This provided the opportunity to investigate the efficacy of oral NCL195 and intraperitoneal 90 

colistin combination as a proof of concept of in vivo antimicrobial activity against GNB in a 91 

bioluminescent mouse peritonitis-sepsis model. 92 

  93 
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Materials and methods 94 

Antibiotics and chemicals 95 

NCL195, an analogue of robenidine NCL812 26, 29 was synthesised at the University of 96 

Newcastle, NSW, Australia. Colistin sulfate, daptomycin and kanamycin were purchased from 97 

Sigma-Aldrich (Australia). Stock solutions containing 25.6 g/L of each compound (NCL195 98 

and daptomycin dissolved in DMSO; colistin and kanamycin dissolved in water) were stored 99 

in 1 mL aliquots at -20 °C away from direct light. Moxifloxacin was used as a control drug in 100 

the GPB mouse model and was prepared in almond oil (BovaVet, Australia). 101 

 102 

Organisms and growth conditions 103 

A bioluminescent derivative of Staphylococcus aureus ATCC 12600 (SaXen29) and 104 

bioluminescent E. coli (EcXen14; derived from the parental strain E. coli WS2572) were 105 

purchased from PerkinElmer. Colistin-resistant EcXen14 (colR-EcXen14) was generated by 106 

daily serial passages in increasing concentrations of colistin from 0.06 mg/L to 256 mg/L over 107 

15 days as described previously 29. All bacteria were stored at -80 oC in Luria Bertani (LB) 108 

broth with 50% (vol/vol) glycerol at the Microbiology Laboratory, Health and Biomedical 109 

Innovation, Clinical and Health Sciences, University of South Australia, Australia. Bacteria 110 

were routinely grown on horse blood agar (HBA) and LB broth. SaXen29 was grown on HBA 111 

containing 200 mg/L kanamycin while EcXen14 and colR-EcXen14 were grown on HBA 112 

containing 30 mg/L kanamycin for selection. 113 

 114 

DNA extraction and Whole Genome Sequencing 115 

Genomic DNA of EcXen14 and colR-EcXen14 were extracted using the PureLink® Genomic 116 

DNA Kit (Invitrogen, Australia). Whole genome sequencing was performed at Public Health 117 

and Epidemiology, Microbiology and Infectious Diseases, SA Pathology, Australia using the 118 
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Illumina NextSeq 500/550 Mid-Output kit v2.5 (300 cycles) (Illumina Inc., USA). Raw paired-119 

end reads were assembled and annotated using the TORMES pipeline v.1.3.0 31. Amino acid 120 

sequence alignments were generated using CLUSTAL OMEGA version 1.2.4 32 to assess the 121 

presence of mutations and visualised using ESPript v3.0 33. 122 

 123 

Ethics statements 124 

Outbred 5 to 6-week-old male CD1 (Swiss) mice (25–30 g), obtained from the Laboratory 125 

Animal Services breeding facility of the University of Adelaide, were used for safety and 126 

efficacy assessments of NCL195, colistin and NCL195+colistin administration. Mice had 127 

access to food and water ad libitum. The Animal Ethics Committee of The University of 128 

Adelaide (approval number S-2015-151) reviewed and approved all animal experiments. The 129 

study was conducted in compliance with the Australian Code of Practice for the Care and Use 130 

of Animals for Scientific Purposes (8th Edition 2013) and the South Australian Animal Welfare 131 

Act 1985. 132 

 133 

Safety testing of NCL195 alone and in combination with colistin and histopathological 134 

examination 135 

To ascertain the safety of a regimen of 4 consecutive oral doses of 10 mg/kg or 50 mg/kg 136 

NCL195 at 4 h intervals of NCL195 in mice, a safety study was conducted, using the vehicle 137 

(20% (v/v) DMSO in PEG400) as a control agent. Subsequently, safety of 4 oral doses (4 h 138 

apart) of NCL195 (50 mg/kg) combined with 4 intraperitoneal doses (4 h apart) colistin at 139 

0.125, 0.25 or 0.5 mg/kg was conducted. Later, safety of oral NCL195 (50 mg/kg) combined 140 

with intraperitoneal colistin at 1, 2 or 4 mg/kg was assessed. The group that received 141 

NCL195+colistin was compared with the group that received NCL195 alone or colistin alone 142 

at the same concentrations or stand-alone colistin at 8 mg/kg. 143 
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 Mice were monitored for clinical signs of adverse effects and observations recorded 144 

every 4 h for the first 24 h, then at 48 h and 72 h on a Clinical Record Sheet approved by the 145 

Animal Ethics Committee of The University of Adelaide. At the conclusion of the experiment 146 

(72 h after the initial treatment), mice were humanely killed. Mouse organs (heart, lung, liver, 147 

kidneys, spleen, stomach, small intestines and large intestines) were collected, fixed in 10% 148 

neutral-buffered formalin and processed routinely. The specimens were embedded in paraffin 149 

blocks and sections of 4 µm thickness were cut using a microtome. Hematoxylin staining of 150 

the sections was performed and the slides were observed and recorded under light microscopy. 151 

 152 

Agar well diffusion method 153 

All formulations of NCL195 and colistin used for safety and efficacy assessments were tested 154 

for antibacterial activity using the agar well diffusion method to ensure that the drugs were 155 

released from the vehicle as a reference for the interpretation of in vivo activity in mice as 156 

detailed in Supplementary Materials. 157 

 158 

Efficacy testing of NCL195 oral administration following systemic challenge with SaXen29 159 

To test the efficacy of 50 mg/kg NCL195 (four oral doses, 4 h apart) against S. aureus, mouse-160 

passaged SaXen29 was used. Oral 6 mg/kg moxifloxacin (four doses, 4 h apart) suspension in 161 

almond oil (prepared by BovaVet, Australia, 6 mg/mL) was used as drug control. Three groups 162 

of mice (n=6 mice per group) were challenged intraperitoneally with approx. 3  107 CFU of 163 

SaXen29 in 200 l saline containing 3% porcine stomach mucin type III (Sigma Aldrich), then 164 

immediately subjected to bioluminescence imaging in both ventral and dorsal positions on the 165 

IVIS Lumina XRMS Series III system. Subsequently, group 1 received the drug vehicle only, 166 

group 2 received oral NCL195 at 50 mg/kg, while group 3 received oral moxifloxacin 6 mg/kg. 167 

At 2 h post-infection, all mice were imaged as above and their clinical conditions closely 168 
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monitored and recorded. At 4 h post-infection, all mice were similarly imaged and received the 169 

second dose. At 6 h post-infection, all mice were imaged again and the clinical conditions 170 

monitored and recorded. At 8 h post-infection, all surviving mice in each group were imaged 171 

and given a third identical dose. At 10 h post-infection, all surviving animals in each group 172 

were imaged followed by an identical treatment regimen at 12 h as described above. Mice were 173 

further monitored frequently for signs of distress at 18, 24, 28, 36, 48 and 72 h post-infection, 174 

their clinical conditions recorded, imaged and those that had become moribund or showed any 175 

evidence of distress were humanely killed by cervical dislocation. In all experiments, signals 176 

were collected from a defined region of interest and total flux intensities (photons/s) analysed 177 

using Living Image Software 4.7.2. Differences in median survival times (time to moribund) 178 

for mice between groups were analysed by the Log-rank (Mantel-Cox) tests. Differences in 179 

luminescence signals between groups were compared by Mann-Whitney U-tests, two-tailed. 180 

 181 

Efficacy testing of oral NCL195+intraperitoneal colistin combination following systemic 182 

challenge with EcXen14 or colR-EcXen14 183 

We have previously determined the lowest colistin dose that was unable to clear 184 

EcXen14 infection in a mouse model 27. In this study, we extended our investigation to 185 

determine the lowest colistin dose unable to clear colR-EcXen14 in an identical mouse 186 

peritonitis-sepsis model, as described in Supplementary Materials. In all experiments, 187 

EcXen14 and colR-EcXen14 were grown in LB broth at 37 °C to A600 nm of 0.5 (equivalent to 188 

approx. 5  108 CFU/mL) and each mouse was challenged intraperitoneally with approx. 1  189 

108 CFU in 200 L PBS containing 3% porcine stomach mucin type III (Sigma Aldrich). 190 

 Efficacy testing of NCL195 (4 oral doses, 4 h apart)+colistin (4 intraperitoneal doses, 191 

4 h apart) in a EcXen14 peritonitis-sepsis mouse model was performed using the following 192 

treatment groups: (i) NCL195 50 mg/kg; (ii) NCL195 50 mg/kg+colistin 0.125 mg/kg; (iii) 193 
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colistin 0.125 mg/kg; (iv) NCL195 50 mg/kg+colistin 0.25 mg/kg; (v) colistin 0.25 mg/kg; (vi) 194 

NCL195 50 mg/kg+colistin 0.5 mg/kg; (vii) colistin 0.5 mg/kg. The colR-EcXen14 peritonitis-195 

sepsis challenge model enrolled the following treatment groups: (i) NCL195 50 mg/kg; (ii) 196 

NCL195 50 mg/kg+colistin 0.5 mg/kg; (iii) colistin 1 mg/kg; (iv) NCL195 50 mg/kg+colistin 197 

2 mg/kg; (v) colistin 2 mg/kg; (v) colistin 8 mg/kg (two doses at 0 and 4 h post-infection). 198 

Bioluminescence imaging, treatment regimen and analysis followed the procedure described 199 

above. 200 

  201 
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Results 202 

Oral administration of NCL195 alone or in combination with intraperitoneally-administered 203 

colistin demonstrate systemic safety in mice 204 

As a prelude to efficacy testing of orally administered NCL195 in a GPB peritonitis-sepsis 205 

model, the safety of 4 orally-administered NCL195 at 10 mg/kg or 50 mg/kg, 4 h apart) in 206 

comparison with the vehicle was assessed over a 72 h period. We found there were no 207 

observable histopathological changes in heart, lung, liver, spleen, stomach, kidneys, small and 208 

large intestines of mice treated with either 10 mg/kg or 50 mg/kg NCL195 in comparison with 209 

the vehicle at 72 h after initial treatment (Figure 1a). Subsequent administration of a 210 

combination of NCL95 (4 oral doses, 50 mg/kg, 4 h apart) with colistin (4 intraperitoneal doses, 211 

0.125, 0.25, 0.5, 1, 2 or 4 mg/kg, 4 h apart) showed no observed histopathological changes in 212 

harvested organs from mice in comparison with vehicle, NCL195 alone or colistin alone at 213 

similar concentrations (Figure 1b & c and Figure S1a & b). 214 

 215 
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216 

Figure 1. Selected histological images of organs from treated and control mice. No morphological abnormalities or no apparent changes were 217 

observed in mice orally treated NCL195 (10 or 50 mg/kg, 4 doses, 4 h apart) alone (a); treated with NCL195 (4 oral doses, 50 mg/kg, 4 h apart) 218 

combined with colistin (4 intraperitoneal doses, 0.125, 0.25, 0.5 or 1 mg/kg, 4 h apart) in comparison with vehicle, NCL195 (50 mg/kg) and 219 

colistin at the same concentrations after 72 h post-treatment (b & c). Scale bar: 200 µm. 220 

 221 
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Oral treatment of mice with NCL195 reduces S. aureus populations and significantly 222 

prolongs survival times 223 

As a proof of concept for efficacy testing of NCL195+colistin combination in GNB peritonitis-224 

sepsis models, the efficacy of orally-administered NCL195 at the safe dose of 50 mg/kg in a 225 

bioluminescent SaXen29 mouse infection model was examined. We observed increasing 226 

reduction of SaXen29 photon intensities after the first (p<0.05), second and third NCL195 227 

treatments (p<0.01) compared to the vehicle-only group (Figure 2a). Treatment of mice with 228 

four doses of NCL195 resulted in significant increase in median survival time and overall 229 

survival rate compared to the vehicle-only control (p<0.001; Figure 2b). As expected, treatment 230 

with moxifloxacin (control drug) showed progressively significant reduction in SaXen29 231 

photon intensities, increase in survival time and overall survival rate (Figure 2a-c). 232 

 233 

Figure 2. Oral efficacy of NCL195 in a bioluminescent SaXen29 mouse peritonitis-sepsis 234 

model. (a) Comparison of luminescence signals between groups of CD1 mice (n=6) challenged 235 
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intraperitoneally with SaXen29 and orally treated with vehicle only, 50 mg/kg NCL195 or 6 236 

mg/kg moxifloxacin (4 doses 4 h apart), starting at 0 h post-infection. Mice were subjected to 237 

bioluminescence imaging on IVIS Lumina XRMS Series III system at the indicated times (ns, 238 

no significant; *, p<0.05; **, p< 0.01; ***, p<0.001, ****, p<0.0001, Mann-Whitney U-test, 239 

two-tailed). (b) Survival analysis for mice orally treated with NCL195, moxifloxacin and 240 

vehicle (ns, no significant; *, p<0.05; **, p<0.01, ***, p<0.001, ****, p<0.0001; Log-rank 241 

(Mantel-Cox) test. (c) Ventral and dorsal images of representative CD1 mice challenged with 242 

approx. 3  107 CFU of bioluminescent SaXen29. Broken segment on y-axis represents limit 243 

of detection. 244 

 245 

Low dose colistin is unable to clear EcXen14 or colR-EcXen14 infection in mice 246 

Preliminary investigations to determine the appropriate sub-inhibitory concentrations of 247 

colistin to test the efficacy of NCL195+colistin combination in a bioluminescent EcXen14 248 

mouse model have been reported previously 27. To ensure that a NCL195+colistin combination 249 

will work against a colistin-resistant GNB in vivo, a stable colR-EcXen14 strain with MIC of 250 

32 mg/L was generated which produced a similar bioluminescence emission profile as the 251 

parent EcXen14 (Figure S2). Whole genome sequence comparison of the colR-EcXen14 strain 252 

with the parent revealed an amino acid substitution (Gly53Val53) in PmrA (Figure S3) of the 253 

PmrAB two-component system that remodels the composition and charge of lipid A and the 254 

barrier properties of the outer membrane 34, 35. Additionally, agar well diffusion results confirm 255 

that NCL195 and colistin retain their antimicrobial activity when formulated (Figure S4). 256 

The optimal sub-inhibitory concentration of colistin to be used for efficacy testing of 257 

NCL195+colistin combinations in a colR-EcXen14 mouse challenge model was then explored. 258 

We found 4 intraperitoneal doses of colistin 0.5 or 2 mg/kg were unable to clear the infection 259 

up to 12 h post-infection, whereas almost complete bacterial clearance was observed after 4 260 
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intraperitoneal doses of colistin 4 mg/kg, with complete bacterial clearance after 2 261 

intraperitoneal doses of colistin 8 mg/kg by 12 h post-infection (Figure S5a & b). Therefore, 262 

colistin at 0.5, 1 mg/kg or 2 mg/kg were used in subsequent efficacy testing of 263 

NCL195+colistin combinations against colR-EcXen14 intraperitoneal challenge. 264 

 265 

Treatment of mice with NCL195+colistin combination reduces EcXen14 populations and 266 

significantly prolongs survival times 267 

The efficacy of orally-administered NCL195 (4 doses, 50 mg/kg, 4 h apart) was tested 268 

against both EcXen14 and colR-EcXen14 using colistin 0.5 mg/kg and 8 mg/kg as drug controls 269 

(Figure S6). We previously demonstrated that NCL195 has no in vitro activity against GNB 270 

except for Neisseria meningitidis and N. gonorrhoeae (MIC, 32 µg/ml) 27, 28. Here, NCL195-271 

treated mice succumbed as rapidly as vehicle only-treated mice to EcXen14 (Figure S6a & b) 272 

or colR-EcXen14 (Figure S6c & d) challenge, confirming NCL195 has no activity against E. 273 

coli. 274 

 The results of efficacy experiments with 50 mg/kg oral NCL195 (4 doses, 4 h apart) in 275 

combination with colistin 0.125, 0.25 or 0.5 mg/kg (4 intraperitoneal doses, 4 h apart) in a 276 

EcXen14 peritonitis-sepsis model are shown in Figure 3 and Figure S7. Overall, 277 

NCL195+colistin combinations cleared bacteria faster than colistin alone at similar 278 

concentrations. All NCL195+colistin combination treatments showed statistically significant 279 

reduction in EcXen14 photon signals from 4 to 12 h in comparison with NCL195 alone (p<0.01 280 

to p<0.001) (Figure S7a). Furthermore, all NCL195+colistin combination treatments resulted 281 

in a significant increase in median survival times for mice compared to NCL195 alone 282 

(p<0.0001) (Figure S7b). Specifically, the NCL195 (50 mg/kg)+colistin (0.125 mg/kg) 283 

combination showed statistically significant reduction in EcXen14 photon intensities at 10, 12 284 

and 24 h (p<0.01) in comparison with colistin alone at the same concentration (Figure 3a). 285 



 
 

138 
 

Additionally, treatment with 4 doses of a combination of NCL195 (50 mg/kg)+colistin (0.125 286 

mg/kg) 4 h apart resulted in a significant increase in median survival time compared to 287 

treatment with 4 doses of NCL195 50 mg/kg (p<0.0001) or treatment with 4 doses of colistin 288 

0.125 mg/kg (p<0.05, Log-rank (Mantel-Cox) test) (Figure 3b). The bacterial reduction caused 289 

by different treatments could be clearly observed in bioluminescent images of mice (Figure 3c 290 

and Figure S7c). 291 

 292 

Figure 3. Efficacy of NCL195+colistin combination in a bioluminescent EcXen14 peritonitis-293 

sepsis mouse model. (a) Luminescence signal comparisons between groups of CD1 mice (n=6) 294 

challenged intraperitoneally with bioluminescent EcXen14 and treated at 0 h, 4 h, 8 h & 12 h 295 

with the indicated drug concentrations. Mice were subjected to bioluminescence imaging on 296 

IVIS Lumina XRMS Series III system at the indicated times (ns, no significant; *, p<0.05; **, 297 

p<0.01; ***, p<0.001, ****, p<0.0001, Mann-Whitney U-test, two-tailed). (b) Survival 298 

analysis for mice treated with the indicated drugs (ns, no significant; *, p<0.05; **, p<0.01, 299 
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***, p<0.001, ****, p<0.0001; Log-rank (Mantel-Cox test)). (c) Ventral and dorsal images of 300 

representative CD1 mice challenged with approx. 1  108 CFU of bioluminescent EcXen14. 301 

Broken segment on y-axis represents limit of detection (2  104 photons/s). Col, colistin. 302 

 303 

Next, we assessed the efficacy of NCL195 (4 oral doses, 50 mg/kg, 4 h apart) in 304 

combination with colistin (4 intraperitoneal doses, 0.5, 1 or 2 mg/kg, 4 h apart) in a mouse 305 

colR-EcXen14 peritonitis-sepsis challenge model. Overall, the NCL195+colistin combinations 306 

cleared bacteria faster than colistin alone at the same concentrations. NCL195+colistin at 0.5 307 

mg/kg combination showed statistically significant reduction in colR-EcXen14 photon signals 308 

from 8 h and significant reduction in photon signals from 4 h when NCL195 was combined 309 

with 1 or 2 mg/kg colistin in comparison with NCL195 alone (p<0.01 to p<0.001; Figure S8a). 310 

Furthermore, all NCL195+colistin combination treatments resulted in significant increase in 311 

median survival time for mice compared with NCL195 treatment alone (p<0.0001; Figure 312 

S8b). 313 

 NCL195 (50 mg/kg)+colistin (1 mg/kg) combination showed statistically significant 314 

reduction in colR-EcXen14 photon signals at 12 and 24 h (p<0.05) in comparison with a similar 315 

concentration of colistin alone (Figure 4a). Treatment with NCL195 (50 mg/kg)+colistin (1 316 

mg/kg) combination resulted in significant increase in median survival time compared to 317 

colistin alone at 1 mg/kg (p<0.01; Figure 4b). NCL195 (50 mg/kg)+colistin (2 mg/kg) 318 

combination showed statistically significant reduction in colR-EcXen14 populations at 8, 12 319 

and 24 h (p<0.05) compared to treatment with 2 mg/kg colistin alone (Figure S8a). Treatment 320 

with NCL195 (50 mg/kg)+colistin (2 mg/kg) combination resulted in significant increase in 321 

median survival time compared to colistin alone at 2 mg/kg (p<0.01; Figure S8b), clearly 322 

observed in bioluminescent images of mice (Figure 4c and Figure S8c). 323 
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  324 

Figure 4. Efficacy of NCL195+colistin combination data in bioluminescent colR-EcXen14 325 

peritonitis-sepsis mouse model. (a) Luminescence signal comparisons between groups of CD1 326 

mice (n=6) challenged intraperitoneally with bioluminescent colR-EcXen14 and treated at 0 h, 327 

4 h, 8 h & 12 h with the indicated drug concentrations. Group received two doses of colistin 8 328 

mg/kg at 0 h and 4 h. Mice were subjected to bioluminescence imaging on IVIS Lumina XRMS 329 

Series III system at the indicated times (ns, no significant; *, p<0.05; **, p<0.01; ***, p<0.001, 330 

****, p<0.0001, Mann-Whitney U-test, two-tailed). Broken segment on y-axis represents limit 331 

of detection (2  104 photons/s).(b) Survival analysis for mice treated with the indicated drugs 332 

(ns, no significant; *, p<0.05; **, p<0.01, ***, p<0.001, ****, p<0.0001; Log-rank (Mantel-333 

Cox test)). (c) Ventral and dorsal images of representative CD1 mice challenged with approx. 334 

1  108 CFU of bioluminescent colR-EcXen14. Col, colistin. 335 

  336 



 
 

141 
 

Discussion 337 

In this study, we show that four oral doses of 50 mg/kg NCL195 and combination with four 338 

intraperitoneal doses of two-fold increasing colistin concentrations (0.125–4 mg/kg) at 4 h 339 

intervals could be administered to mice without any observable histopathological changes in 340 

comparison to vehicle only, NCL195 alone or colistin alone at similar concentrations. We also 341 

demonstrate that administration of four oral doses of NCL195 after an otherwise lethal S. 342 

aureus systemic challenge significantly increased overall mouse survival. Furthermore, we 343 

show that co-administration of four oral NCL195 doses with four intraperitoneal sub-inhibitory 344 

colistin doses resulted in a significant dose-dependent reduction in colistin-susceptible and 345 

colistin-resistant E. coli infection loads and significantly increased survival of mice compared 346 

to treatment with colistin alone at similar concentrations. The in vivo efficacy was correlated 347 

with previous in vitro time-kill kinetics showing that NCL195+colistin combinations killed 348 

bacteria faster than colistin alone at similar concentrations and was associated with 349 

ultrastructural damage of the outer and inner membrane of cells as assessed by transmission 350 

electron microscopy 27, 36. 351 

 Robenidine is an oral antibiotic used to control coccidiosis in poultry 25, but chemically 352 

modified to yield NCL195 to enhance potency and systemic delivery 26, 29. However, while 353 

intraperitoneally-administered NCL195 led to significantly reduced S. aureus loads compared 354 

to untreated mice, this did not result in increased overall survival 28. Our recent finding that 355 

oral delivery of a closely-related robenidine analogue (NCL179) resulted in increased overall 356 

survival after S. aureus challenge 30 provided the impetus for testing oral administration of 357 

NCL195 in this study, which showed a significantly increased overall mouse survival. The 358 

reason(s) for the superior efficacy of oral administration over the systemic route is yet 359 

uncertain, but will be investigated. 360 
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The use of colistin therapy alone or in combination with other antibiotics for GNB 361 

infections is still controversial 16, 17. Although polymyxins (including colistin) are considered 362 

last line drugs for the treatment of GNB infections, the high risk of nephrotoxicity 37, 363 

neurotoxicity and neuromuscular blockade 14, 15 are a major reason for debate and concern about 364 

use. Our results agree with other studies reporting that colistin combination therapy 365 

demonstrated superiority in safety and efficacy profiles compared with monotherapy against 366 

GNB infections 37-42. Of note, the sub-inhibitory concentration of colistin used in the 367 

combination was as effective as a higher concentration of colistin alone, and the combination 368 

of colistin at 1 mg/kg with NCL195 successfully treated colR-EcXen14 infection in mice 369 

whereas colistin alone at the same concentration showed no effect. Therefore, NCL195 having 370 

a proposed site of action on the bacterial inner membrane is a promising strategy to address the 371 

shortfall in antibiotics for GNB infections when combined with low concentration of colistin, 372 

particularly in the environment of increasing colistin-resistance among GNB. 373 

 We demonstrated previously that NCL195 has low propensity to select for resistance 374 

in S. aureus 29, a desirable characteristic for further investigation as a novel antimicrobial class 375 

to treat acute bacterial infections. Our current results add to those findings on the antibacterial 376 

efficacy of NCL195 and provide further support for combination therapy with colistin in the 377 

presence of colistin resistance among MDR-GNB pathogens by administering colistin as an 378 

adjuvant to permeabilize the outer membrane allowing increased exposure to NCL195. 379 

Together, our findings demonstrate that the new antibacterial class represented by NCL195 380 

provides a promising new scaffold. Pre-clinical studies to optimise 381 

pharmacokinetic/pharmacodynamic profiles and dose regimens of NCL195+colistin 382 

combinations as well as cumulative toxicity testing in appropriate animal models will allow 383 

refinement of dosing schedules. 384 

  385 
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 386 

Supplementary Materials 387 

 388 

Supplementary Methods 389 

 390 

Agar well diffusion method 391 

NCL195 was prepared as 50 mg/mL solutions in 20% (v/v) DMSO in PEG400 (vehicle). 392 

Colistin was prepared as 0.037, 0.075, 0.15, 0.3, 0.6, 1.2 and 2.4 mg/mL in water corresponding 393 

to 0.125, 0.25, 0.5, 1, 2, 4 and 8 mg/kg, respectively, based on consideration of later 394 

administration to a 30 g mouse for the mouse safety and efficacy studies. All formulations were 395 

tested for antibacterial activity using the agar well diffusion method to ensure that the drugs 396 

were released from the vehicle as a reference for the interpretation of in vivo activity in mice. 397 

For this assay, colonies from of an overnight HBA culture of SaXen29, EcXen14 and colR-398 

EcXen14 were suspended in saline equivalent to 0.5 McFarland Standard (A600 nm = 0.1). A 399 

sterile swab was then dipped in the 0.5 McFarland Standard bacterial suspension and then 400 

streaked over the entire surface of a sterile plate count agar. Duplicate holes (on each of two 401 

separate occasions of safety and efficacy trials) were then punched on the agar plates using an 402 

8 mm diameter biopsy punch (Livingstone International Pty Ltd, NSW, Australia). Each well 403 

contained 0.03 mL of each formulation. The antimicrobial activity of each drug was then 404 

determined by measuring and comparing the zone of inhibition with that of vehicle only after 405 

20 h incubation at 37 °C in air. 406 

 407 

Determination of the lowest colistin dose unable to clear colistin-resistant E. coli 408 

ColR-EcXen14 cells were grown in LB broth at 37 °C to A600 nm of 0.5 (equivalent to approx. 5 409 

 108 CFU/mL) and four groups of mice (n=3) were challenged intraperitoneally with approx. 410 
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1.0  108 CFU of the colR-EcXen14 in 200 L saline containing 3% porcine stomach mucin 411 

type III (Sigma Aldrich, Australia). All mice were then subjected to bioluminescence imaging 412 

in both ventral and dorsal positions on the IVIS Lumina XRMS Series III system. Immediately 413 

thereafter, group 1 received the drug vehicle only, groups 2, 3 and 4 received colistin at 0.5, 2 414 

and 4 mg/kg intraperitoneally, respectively, at 0, 4, 8 and 12 h while group 5 received colistin 415 

at 8 mg/kg at 0 and 4 h and mice further subjected to bioluminescence imaging at 4, 6, 10, 12, 416 

24, 48 and 72 h post-infection. Mice were monitored frequently for signs of distress and those 417 

that had become moribund or showed any evidence of distress were humanely killed by 418 

cervical dislocation. In all groups, signals were collected from a defined region of interest and 419 

total flux intensities (photons/s) analysed using Living Image Software 4.7.2. 420 

 421 

 422 

Supplementary Results 423 

 424 

Oral administration of NCL195 alone or in combination with intraperitoneally-425 

administered colistin demonstrate systemic safety in mice 426 
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 428 
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 429 

Figure S1. Selected histological images of organs collected from treated and control mice in 430 

the safety trial of NCL195+colistin combination. No morphological abnormalities or changes 431 

were observed in mice treated with all NCLl95+colistin combination in comparison with 432 

vehicle, NCL195 alone and colistin alone at the same concentrations after 72 h post-treatment. 433 

Col, colistin. Scale bar: 200 µm. 434 

 435 

Generation of colistin resistant-EcXen14 436 

Daily colistin resistance development in EcXen14 was determined using the MIC as shown in 437 

Figure S2a. EcXen14 started to grow in the presence of 0.06 mg/L colistin (0.25×MIC), after 438 

which it was exposed to a higher concentrations of colistin. Subsequently, colR-EcXen14 (MIC 439 

32 mg/L) was passaged in colistin-free LB broth for 15 days. The results indicate that the colR-440 

EcXen14 was stable at 32 mg/L (Figure S2b) and it produced a similar bioluminescence 441 

emission profile as the original EcXen14 (Figure S2c). 442 
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 443 

Figure S2. Colistin resistance development and bioluminescent emission of colR-EcXen14 in 444 

comparison with EcXen14. (a) EcXen14 cells started to grow in LB broth in the presence of 445 

0.25×MIC, 0.5×MIC, 1×MIC, 2×MIC of colistin. On subsequent days, EcXen14 cells that 446 

grew at the highest concentration of colistin were sub-cultured in LB containing 2–fold higher 447 

concentration of colistin. Norfloxacin (32 mg/L) was used as a control drug to ensure colR-448 

EcXen14 was still sensitive to norfloxacin while resistant to colistin. (b). ColR-EcXen14 (32 449 

mg/L) passaged in colistin-free LB for 15 days; (c) bioluminescence emission intensity 450 

comparison between EcXen14 and colR-EcXen14. 451 

 452 

Whole genome sequencing of the colR-EcXen14 revealed an amino acid substitution 453 

(Gly53Val53) in PmrA (Figure S3). 454 

 455 

Figure S3. G53V53 mutation in PmrA was found in colR-EcXen14. ColR-EcXen14 cells at 456 

MIC 32 mg/L were grown overnight in LB in the absence (EcXen14R32C0S59) or presence 457 
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(EcXen14R32C32S60) of 32 mg/L colistin and subjected to whole genome sequencing. 458 

Genome sequences of the two isolates were aligned against original EcXen14 (MIC 0.25 mg/L) 459 

(EcXen14_S92) for analysis. 460 

 461 

Agar well diffusion shows that NCL195 and colistin retain antimicrobial activity in 462 

formulations 463 

In order to ascertain that NCL195 and colistin remained active in the vehicle used, an agar 464 

diffusion test of the formulations was carried out. NCL195 showed clear inhibitory zones of 465 

15 mm against S. aureus Xen29 (Figure S4a1). As expected, no inhibitory zone of NCL195 466 

against EcXen14 or colR-EcXen14 was observed. All NCL195+colistin combinations showed 467 

a 3 mm larger inhibitory zone than for colistin alone at similar concentrations against EcXen14 468 

(Figure S4a2–a4) and 1–3 mm larger inhibitory zones than for colistin alone at similar 469 

concentrations against colR-EcXen14 (Figure S4b1–b4). 470 

 471 

Figure S4. Selected agar well diffusion evaluation of NCL195 alone and NCL195+colistin 472 

formulations used in the efficacy trial. Each well contained 0.03 mL of one formulation of 473 

NCL195, colistin or vehicle only. NCL195 was prepared as a 50 mg/mL solution in vehicle 474 
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(20% (v/v) DMSO in PEG400). Colistin was prepared at different concentrations in water such 475 

that a 0.1 mL intraperitoneal administration to a 30 g mouse would correspond to 0.125, 0.25, 476 

0.5, 1, 2, 4 and 8 mg/kg, respectively. (a1) NCL195 formulation vs SaXen29; (a2–a4) 477 

formulations vs EcXen14; (b1–b4) formulations vs colR-EcXen14. 478 

  479 
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Low dose colistin is unable to clear colR-EcXen14 infection in mice 480 

 481 

Figure S5. Dose-response testing of colistin in a bioluminescent colR-EcXen14 mouse 482 

peritonitis-sepsis model. (a) Ventral and dorsal images of representative CD1 mice challenged 483 

with approx. 1  108 CFU of colR-EcXen14. (b) Luminescence signal comparisons between 484 

groups of CD1 mice (n=3) challenged intraperitoneally with bioluminescent colR-EcXen14 485 

and treated with colistin at 0.5, 2 & 4 mg/kg at 0 h, 4 h, 8 h & 12 h; colistin (8 mg/kg) at 0 h & 486 

4 h. Mice were subjected to bioluminescence imaging on IVIS Lumina RMS Series III system 487 

at the indicated times. Broken segment on y-axis represents limit of detection (2  104 488 

photons/s). Col, colistin. 489 

 490 
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Treatment of mice with NCL195+colistin combination reduces EcXen14 populations and 491 

significantly prolongs survival times 492 

 493 

Figure S6. Preliminary efficacy of NCL195 in a bioluminescent Gram-negative mouse 494 

peritonitis-sepsis model. (a & c) Ventral and dorsal images of representative CD1 mice 495 

challenged with approx. 1  108 CFU of EcXen14 or colR-EcXen14. (b & d) luminescence 496 

signal comparisons between groups of CD1 mice (n=3) challenged intraperitoneally with 497 

EcXen14 and colR-EcXen14 following treatments with vehicle only, NCL195 (50 mg/kg) and 498 

colistin at 0.5 mg/kg at 0 h, 4 h & 8 h apart. The group that received colistin at 8 mg/kg were 499 
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treated at 0 h and 4 h. Mice were subjected to bioluminescence imaging on IVIS Lumina RMS 500 

Series III system at the indicated times. Broken segment on y-axis represents limit of detection 501 

(2  104 photons/s).  502 

 503 

 504 
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 505 

Figure S7. Efficacy of NCL195+colistin combination in a bioluminescent EcXen14 mouse 506 

peritonitis-sepsis model. (a) Luminescence signal comparisons between groups of CD1 mice 507 

(n=6) challenged intraperitoneally with bioluminescent EcXen14 and treated at 0 h, 4 h, 8 h & 508 

12 h with the indicated drug concentrations. Mice were subjected to bioluminescence imaging 509 

on IVIS Lumina XRMS Series III system at the indicated times (ns, no significant; *, p<0.05; 510 

**, p<0.01; ***, p<0.001, ****, p<0.0001, Mann-Whitney U-test, two-tailed); Broken segment 511 

on y-axis represents limit of detection (2  104 photons/s). (b) Survival analysis for mice treated 512 

with the indicated drugs (ns, no significant; *, p<0.05; **, p<0.01, ***, p<0.001, ****, 513 

p<0.0001; Log-rank (Mantel-Cox test)). (c) Ventral and dorsal images of representative CD1 514 

mice challenged with approx. 1  108 CFU of bioluminescent EcXen14. Col, colistin. 515 

 516 
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 517 

 518 

 519 
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 520 

 521 

Figure S8. Efficacy of NCL195+colistin combination in a bioluminescent colR-EcXen14 mouse 522 

peritonitis-sepsis model. (a) Luminescence signal comparisons between groups of CD1 mice 523 

(n=6) challenged intraperitoneally with bioluminescent colR-EcXen14 and treated at 0 h, 4 h, 524 

8 h & 12 h with the indicated drug concentrations. Mice were subjected to bioluminescence 525 

imaging on IVIS Lumina XRMS Series III system at the indicated times (ns, no significant; *, 526 

p<0.05; **, p<0.01; ***, p<0.001, ****, p<0.0001, Mann-Whitney U-test, two-tailed). Broken 527 

segment on y-axis represents limit of detection (2  104 photons/s). (b) Survival analysis for 528 

mice treated with the indicated drugs (ns, no significant; *, p<0.05; **, p<0.01, ***, p<0.001, 529 

****, p<0.0001; Log-rank (Mantel-Cox test)). (c) Ventral and dorsal images of representative 530 

CD1 mice challenged with approx. 1  108 CFU of bioluminescent colR-EcXen14. Col, colistin. 531 

 532 

 533 
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Abstract: In this study, we investigated the potential of an analogue of robenidine (NCL179) to
expand its chemical diversity for the treatment of multidrug-resistant (MDR) bacterial infections. We
show that NCL179 exhibits potent bactericidal activity, returning minimum inhibitory concentra-
tion/minimum bactericidal concentrations (MICs/MBCs) of 1–2 µg/mL against methicillin-resistant
Staphylococcus aureus, MICs/MBCs of 1–2 µg/mL against methicillin-resistant S. pseudintermedius
and MICs/MBCs of 2–4 µg/mL against vancomycin-resistant enterococci. NCL179 showed synergis-
tic activity against clinical isolates and reference strains of Acinetobacter baumannii, Escherichia coli,
Klebsiella pneumoniae and Pseudomonas aeruginosa in the presence of sub-inhibitory concentrations of
colistin, whereas NCL179 alone had no activity. Mice given oral NCL179 at 10 mg/kg and 50 mg/kg
(4 × doses, 4 h apart) showed no adverse clinical effects and no observable histological effects in any
of the organs examined. In a bioluminescent S. aureus sepsis challenge model, mice that received
four oral doses of NCL179 at 50 mg/kg at 4 h intervals exhibited significantly reduced bacterial
loads, longer survival times and higher overall survival rates than the vehicle-only treated mice.
These results support NCL179 as a valid candidate for further development to treat MDR bacterial
infections as a stand-alone antibiotic or in combination with existing antibiotic classes.

Keywords: NCL179; colistin; robenidine; Gram-positive bacteria; Staphylococcus aureus; Gram-
negative bacteria; multidrug-resistance; bioluminescence; antibiotic combination

1. Introduction

Extensive use of antibiotics for the treatment of bacterial infections in humans and
animals, for food preservation and in agricultural industries over many decades has
resulted in the emergence and increase of multidrug-resistant (MDR) bacteria [1,2]. In
particular, MDR ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and E. coli/Enterobacter spp.) pathogens
are associated with high mortality rates and increased health care setting costs [3–6]. It is
estimated that antimicrobial resistance may cause 10 million deaths per year worldwide,
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exceeding the estimated combined deaths from cancers and diabetes and an investment of
$100 trillion US dollars annually after 2050 unless adequately addressed [7].

It is becoming increasingly evident that the golden era of antibiotics for the treatment
of MDR bacterial infections has lapsed [8], and the effectiveness of single and combina-
tion therapy against MDR ESKAPE pathogens is declining [8,9]. Many recommended
antibiotics against ESKAPE pathogens have been withdrawn, and few antibiotics or an-
tibiotic combinations have been added to the Clinical and Laboratory Standards Institute
(CLSI) guidelines since 2010 [10]. Alarmingly, there is an increasing incidence of resistance
reported against critically important antibiotics, such as the carbapenems: doripenem,
imipenem, meropenem and ertapenem [10,11]. The antimicrobial resistance crisis has been
worsened by Gram-negative bacterial (GNB) infections, particularly KAPE infections, as
the GNB outer membrane often prevents antibiotics from gaining entry to their site of
action [12]. There are several recently approved antibiotics, such as ceftazidime-avibactam,
cefiderocol, imipenem + cilastatin + relebactam, and plazomicin, for the treatment of GNB
infections [13–17]. However, these antibiotics are far from ideal therapeutic options to
fully combat the emergence of MDR GNB infection [18]. Currently, polymyxins (such
as polymyxin B (PMB) and colistin) are considered last-resort antibiotics for the treat-
ment of MDR GNB infections particularly due to their specific targeting of the outer
membrane [19–21]. Nonetheless, resistance to polymyxins is emerging via multiple mech-
anisms [19,20,22]. Moreover, many studies have reported that the use of polymyxins is
associated with nephrotoxicity, neurotoxicity and neuromuscular blockade [23]. Conse-
quently, it is imperative to find alternative options for the treatment of MDR bacterial
infections, particularly those caused by GNB KAPE pathogens [18,24]. Given the current
magnitude of MDR infections, international institutions such as the European Union, G20,
UN General Assembly, World Bank, World Health Organization (WHO), and the USA and
UK governments have issued documents calling for urgent action and development of new
antibiotics with novel mechanisms of action against MDR ESKAPE pathogens [25,26].

To address the critical need for new antimicrobials, our team has developed structure–
activity data associated with the anticoccidial robenidine (NCL812), used since the 1970s
to control coccidiosis in commercial poultry and rabbit production. To date, we have
generated > 270 analogues with selected members showing antimicrobial activity [27].
Among these, NCL195 and NCL179 are particularly promising pyrimidine analogues
differing in the presence of a methyl group (CH3) at C4 of the terminal aromatic moieties of
NCL195, while NCL179 conserved the original halogen (chlorine) of robenidine (Figure 1).

To date, we have performed several in vitro and in vivo studies that indicate NCL195
is a promising candidate for further pharmaceutical development for the treatment of MDR
Gram-positive bacterial (GPB) infections and have shown its in vitro activity against MDR
GNB in the presence of sub-inhibitory concentrations of different adjuvants [4,5,28,29]. In
particular, the NCL195 + colistin combination has shown efficacy against both colistin-
susceptible and -resistant E. coli in mouse models (manuscript in preparation). Given the
close chemical relationship between NCL195 and NCL179, we postulated that NCL179 is
likely to show in vitro and in vivo antimicrobial profiles similar to NCL195 but with poten-
tially unique characteristics, thereby expanding the clinical utility of robenidine analogues.
Thus, this study aims to evaluate the in vitro activity of NCL179 against human and animal
MDR GPB pathogens, including methicillin-resistant S. aureus (MRSA), methicillin-resistant
S. pseudintermedius (MRSP) and porcine vancomycin-resistant enterococci (VRE), as well as
examine its activity against MDR GNB in the presence of sub-inhibitory concentrations of
colistin. In addition, the efficacy of NCL179 against GPB was investigated in our validated
bioluminescent mouse model of S. aureus sepsis.
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Figure 1. Chemical structures of NCL812 (Robenidine), NCL179 and NCL195. Red coloura-
tion highlights the structural changes in NCL179 and NCL195 relative to NCL812. The
guanidine to triaminopyrimidine novel bioisosteric modification of NCL812 yielded NCL179
(2,2′-bis[(4-chlorophenyl)methylene] carbonimidic dihydrazide) and NCL195 (4,6-bis(2-((E)-4-
methylbenzylidene)hydrazinyl)pyrimidin-2-amine). NCL179 contains a halogen (chlorine) that
distinguishes it from NCL195.

2. Materials and Methods
2.1. Antimicrobials and Chemicals

NCL179, an analogue of NCL812, was synthesised at the University of Newcastle
(Callaghan, NSW, Australia). Amikacin, daptomycin, kanamycin, tetracycline and col-
istin were purchased from Sigma-Aldrich (Australia). These antibiotics were prepared
as 25.6 mg/mL stock solutions as follows: NCL179, tetracycline and daptomycin were
dissolved in DMSO while amikacin and kanamycin were dissolved in water. All com-
pounds were aliquoted in 1 mL quantities and stored at −20 ◦C in the dark. The NCL179
formulation used in efficacy experiments was prepared as a 50 mg/mL solution in a vehicle
at Clinical and Health Sciences, University of South Australia, SA 5000, Adelaide, Australia.
Moxifloxacin (drug control) was obtained as Avelox IV 400, 1.6 mg/mL (Bayer, Australia)
or prepared in almond oil at 6 mg/kg (BovaVet, Caringbah, NSW, Australia).

2.2. Organisms and Growth Conditions

Clinical MRSP isolates from skin wounds, ears, abscessed joints and dog urine and
clinical MRSA isolates were provided by the Australian Centre for Antimicrobial Resis-
tance Ecology (ACARE), School of Animal and Veterinary Sciences, The University of
Adelaide, Roseworthy, SA. Vancomycin-resistant enterococci (VRE) were obtained from
the University of South Australia collection. Bioluminescent S. aureus ATCC 12600 (Xen29;
PerkinElmer) was used for the efficacy testing of NCL179. Reference strains S. aureus ATCC
29213, A. baumannii NCIMB 12457, A. baumannii ATCC 19606, E. coli ATCC 35218, E. coli
ATCC 25922, E. faecalis ATCC 29212, K. pneumoniae ATCC 13883, K. pneumoniae ATCC 33495
and P. aeruginosa ATCC 27853, PAO1 were obtained from SA Pathology, Adelaide, Australia.
Bioluminescent E. coli (Xen14, a derivative of E. coli WS2572) and bioluminescent P. aerugi-
nosa (Xen41, a derivative of strain PAO1) were purchased from PerkinElmer Inc (Waltham,
MA, USA). Clinical human A. baumannii isolates (n = 16) were provided by South Australia
Pathology; clinical human E. coli isolates (n = 20), clinical human K. pneumoniae isolates
(20) and clinical human P. aeruginosa isolates (n = 22) were collected from Flinders Medical
Centre (Bedford Park, SA, Australia). All bacteria were stored at −80 ◦C in Luria–Bertani
(LB) broth containing 50% glycerol at the Microbiology laboratory, Level 4, Basil Hetzel
building, University of South Australia, SA 5000, Adelaide, Australia.
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All bacterial identities were confirmed by matrix-assisted laser desorption/ionisation
time-of-flight mass spectroscopy (MALDI-TOF/MS) (microflex®®LT/SH Biotyper; Bruker
Daltonik, Leipzig, Germany) at ACARE prior to antimicrobial susceptibility testing. Bac-
teria were grown overnight on horse blood agar (HBA) and in LB broth. E. coli Xen14
was grown on HBA containing 30 µg/mL kanamycin, P. aeruginosa Xen41 was grown on
HBA containing 60 µg/mL tetracycline and S. aureus Xen29 was grown on HBA containing
200 µg/mL kanamycin. Colistin-resistant Xen14 were generated by daily serial subculture
in increasing concentrations of colistin from 0.25 µg/mL to 256 µg/mL over 12–15 days as
described previously [28].

2.3. Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MIC) for NCL179, daptomycin and amikacin
against clinical MRSP, MRSA, VRE and GNB isolates were determined in round-bottom
96-well microtitre plates (Sarstedt 82.1582.001, Nümbrecht, Germany), using the modified
broth micro-dilution method recommended by the Clinical and Laboratory Standards
Institute [30], as described previously [5]. Briefly, antimicrobial challenge plates were
prepared by serial two-fold dilutions of 100× stock solutions (25.6 mg/mL) of NCL179 and
daptomycin in DMSO, with the amikacin in water. Each dilution was then further diluted
1:100 in LB broth in 96-well plates. NCL179, daptomycin and amikacin concentrations
ranged from 0.03 µg/mL to 256 µg/mL, and each MIC test was carried out in duplicate
and performed on two separate occasions. Negative growth control was LB broth only;
positive growth control was a bacterial suspension in LB broth. The MICs for NCL179 or
daptomycin against Xen29 or S. aureus ATCC 29213 in the presence of 10% (vol/vol) foetal
bovine serum (FBS) was also examined. The minimum bacterial concentration (MBC) was
recorded as the lowest concentration of each test compound, at which a 99.9% colony count
reduction was observed on the plate [31].

The interaction between NCL179 and colistin for anti-GNB activity was assessed
by a modification of the standard checkerboard assay described previously [32,33]. The
antibiotic challenge plates were prepared as described for the MIC testing above. One
microliter of NCL179 solution from each combination was dispensed along the abscissa
(from row A to F) of the 96-well microtiter plates; the second compound (colistin) was
dispensed along the ordinate (from column 3 to column 12) using a 12.5 µL electronic
multichannel pipette (VIAFLO Voyager II, Biotools) followed by the addition of 88 µL of LB
broth. Thereafter, 10 µL of bacterial suspension was added to each well. One plate was used
for each isolate, and the plates were incubated at 37 ◦C for 20 h and observed visually and
by A600nm measurements. The interaction of two antibiotics was calculated as the fractional
inhibitory concentration index (FICI) described previously [32–34]. The dose reduction
index (DRI) was used to describe the difference between the effective dose of NCL179
in combination with colistin from the individual dose of each compound [33]. A DRI is
beneficial if it is higher than 1. An example of a checkerboard assay of NCL179 + colistin
combination against E. coli ATCC 35218 is depicted in Figure S1 (Supplementary Materials).

2.4. Time-Dependent Growth Inhibitory Assay

The time- and concentration-dependent activity of NCL179 against one clinical MRSP
isolate, one clinical MRSA isolate, one clinical VRE isolate, and against one reference
E. coli Xen14, one colistin-resistant E. coli Xen14, one reference A. baumannii strain, one
colistin-resistant A. baumannii clinical isolate, one reference P. aeruginosa strain and one
reference K. pneumoniae strain in the presence of sub-inhibitory concentrations of colistin
was determined in a kinetics assay by optical density (A600nm) measurements for 18 h on a
Cytation 5 Multi-Mode Reader (BioTek, Winooski, VT, USA).

2.5. In Vitro Cytotoxicity Assays

We assayed NCL179 alone and in combination with colistin at 0.5 µg/mL for in vitro
cytotoxicity using a panel of adherent mammalian cell lines: Hep G2 (human hepatocel-
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lular carcinoma cell line) and HEK293 (human embryonic kidney cell line) as described
previously [28]. Briefly, cell lines were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM; Gibco Cat No: 12430, Thermo Fisher Scientific, SA, Australia) supplemented
with 10% FBS and 1% PenStrep (100 U/mL Penicillin and 100 µg/mL Streptomycin) at
37 ◦C, 5% CO2 and passaged every three days. Assays were performed in duplicates in
black flat-bottom 96-well tissue culture trays (Eppendorf Cat No: 0030741013, Hamburg,
Germany) seeded with ~1.5 × 104 cells per well. After 24 h incubation, the media was
removed, the cells were washed once with a medium without antibiotics, and the fresh
medium supplemented with 10% (v/v) FBS was added. Then, either NCL179 alone or
in combination with colistin was added to each well in doubling dilutions starting at the
same concentrations used for MIC testing, using wells containing 1% DMSO only, colistin
alone at 0.5 µg/mL and 64 µg/mL ampicillin as controls. The viability of each cell line
in the presence of NCL179 alone, NCL179 + colistin combination or colistin alone (using
1% DMSO only and 64 µg/mL ampicillin as controls) was assessed at 1 h intervals for 20 h
at 37 ◦C, 5% CO2 on a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Winooski, VT,
USA) using the RealTime-Glo TM MT Cell Viability Assay reagent (Promega, Madison,
WI, USA).

2.6. Hemolysis Assay

The potential for NCL179 to lyse red blood cells (RBCs) was examined on fresh
donor human RBCs using serial 2–fold dilutions of NCL179 (starting at 128 µg/mL) in
quadruplicates in a round-bottom 96-well microtiter plate (Sarstedt 82.1582.001, Nümbrecht,
Germany) according to the protocol described previously [28]. Serial 2–fold dilutions of
ampicillin (starting at 128 µg/mL), 1% Triton X100 or PBS only served as controls. The
experiment was carried out on two separate occasions using different fresh donor human
RBCs. The hemolytic titer for NCL179 was determined as the reciprocal of the dilution at
which 50% of erythrocytes were lysed as determined at A450nm.

2.7. Ethics Statements

Outbred 5 to 6-week-old male CD1 (Swiss) mice (weighing between 25 g to 30 g), ob-
tained from the Laboratory Animal Services breeding facility of the University of Adelaide,
were used to test the safety of NCL179 and assess its efficacy against S. aureus. The mice
had access to food and water ad libitum. The Animal Ethics Committee of The University
of Adelaide (approval number S-2015-151) reviewed and approved all animal experiments.
The study was conducted in compliance with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes (8th Edition 2013) and the South Australian
Animal Welfare Act 1985.

2.8. Safety Testing of NCL179 Following Oral Administration to Mice

In order to ascertain that two oral doses (8 h apart) or four oral doses (4 h apart) of
either 10 mg/kg or 50 mg/kg NCL179 would be safe to administer to the mice, safety
studies were conducted using oral administrations of 10 mg/kg or 50 mg/kg of NCL179
to three mice, using the vehicle (20% [v/v] DMSO in PEG400) as a control. The mice were
observed for clinical signs (weight loss, dull/ruffled coat, poor posture, pale or sunken
eyes, change in behaviour, dehydration, bleeding from the orifice, diarrhoea, breathing
and reluctance to move) and the data recorded on a Clinical Record Sheet approved
by the Animal Ethics Committee of The University of Adelaide. At the conclusion of
the experiment, the mice were humanely killed, and sections of the heart, lung, liver,
kidneys, spleen, stomach and small and large intestines were collected and subjected to
histopathological examination.
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2.9. Agar Well Diffusion Method

The NCL179 and moxifloxacin (drug control) formulations were tested for antibacterial
activity using the agar well diffusion method to ensure that the drugs were released from
the vehicle as a reference for the interpretation of in vivo activity in mice. For this assay, a
few colonies of an overnight HBA culture of Xen29 were suspended in saline equivalent to
0.5 McFarland standard (A600nm = 0.1). A sterile swab was then dipped in the 0.5 McFarland
standard bacterial suspension and used to streak over the entire surface of a sterile plate
count agar plate. Punch holes were then made on the agar plates using an 8 mm diameter
biopsy punch (Livingstone International Pty Ltd., Sydney, NSW, Australia), and a 30 µL
amount of the NCL179 formulation equivalent to a single treatment dose in mice was placed
in the well. The antimicrobial activity of each drug was then determined by measuring and
comparing the zone of inhibition with that of the vehicle only.

2.10. Histopathological Examination

Mouse organs (heart, lung, stomach, liver, spleen and small and large intestine) col-
lected from the oral safety experiment were fixed in 10% neutral-buffered formalin (Chem-
Supply Australia Pty Ltd., Gillman, SA, Australia) and processed routinely, embedded in
paraffin blocks and sectioned to a thickness of 4 µm. The hematoxylin and eosin-stained
sections were observed and recorded under light microscopy. Photomicrographs were
captured using a DP25 camera and LabSens software (Olympus, Tokyo, Japan).

2.11. Oral Efficacy Testing of NCL179 Following Systemic Challenge of Mice with Bioluminescent
S. aureus

For efficacy testing experiments of NCLl79 against S. aureus, mouse-passaged Xen29
was used. Bacteria were grown in LB broth at 37 ◦C to A600nm of 0.5 (equivalent to approxi-
mately 1.5 × 108 CFU/mL). Three groups of mice (n = 6 mice per group) were challenged
intraperitoneally (IP) with approximately 3 × 107 CFU of Xen29 in 200 µL PBS containing
3% hog gastric mucin-type III (Sigma Aldrich, St. Louis, MO, USA) and immediately
imaged in both ventral and dorsal positions on the IVIS Lumina XRMS Series III system.
Immediately thereafter, the mice in group 1 were orally administered with the vehicle, the
mice in group 2 received oral NCL179 at 50 mg/kg, while the mice in group 3 received
oral moxifloxacin at 6 mg/kg. The clinical conditions of all mice were closely monitored,
and all mice were imaged at 2 h post-infection. In a preliminary investigation, a two-dose
regime was designed for NCL179 such that the second dose was to be administered at
8 h post-infection with vehicle and moxifloxacin treatments given at 4 h, 8 h and 12 h
post-infection. In a subsequent experiment, a four-dose regime was designed such that
the 2nd, 3rd and 4th doses of the vehicle, NCL179 and moxifloxacin were given to the
surviving mice in group 1, group 2 and group 3 at 4 h, 8 h and 12 h, respectively. At 4 h,
6h and 10 h post-infection, all surviving animals in each group were imaged. The mice
were frequently monitored for signs of distress, and those that had become moribund or
showed any evidence of distress were humanely killed by cervical dislocation. At 18 h,
24 h, 28 h, 36 h, 48 h and 72 h post-infection, the surviving mice were monitored and
further subjected to bioluminescence imaging. At all imaging time points, signals were
collected from a defined region of interest, and the total flux intensities (photons/s) were
analyzed using Living Image Software 4.7.2. Differences in median survival times (time
to moribund) for mice between groups were analyzed by the log-rank (Mantel-Cox) tests.
Differences in luminescence signals between groups were compared by Mann-Whitney
U-tests, two-tailed.

3. Results
3.1. NCL179 Shows In Vitro Activity against Gram-Positive Pathogens and also against
Gram-Negative Pathogens in the Presence of Sub-Inhibitory Concentrations of Colistin

The antimicrobial activity of NCL179 was tested against GPB reference strains
and clinical isolates, including 20 MRSA, 2 methicillin-sensitive S. aureus (ATCC 12600
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[Xen29] and ATCC 29213), 20 MRSP, 20 VRE and 1 E. faecalis ATCC 29212. NCL179
showed MIC/MBCs of 1–2 µg/mL against MRSA and MRSP, MIC/MBCs 2–4 µg/mL
against VRE compared to drug controls daptomycin (MIC/MBCs 0.5–2 µg/mL vs MRSA
and VRE) and amikacin (MIC/MBCs 8–16 µg/mL vs MRSP) (Table 1). The MIC for
NCL179 against Xen29 and S. aureus ATCC 29213 increased to 16 µg/mL in the presence
of 10% FBS (Supplementary Materials Table S1).

Table 1. In vitro activity of NCL179 against Gram-positive ATCC strains and clinical isolates.

Strain/Isolate
1 MIC and 2 MBC Range (µg/mL)

NCL179 Daptomycin Amikacin
3 MRSA (n = 20) 1–2 0.5–2 ND
4 MSSA (n = 2) 1 0.5 ND

5 MRSP (n = 20) 1–2 7 ND 8–16
6 VRE (n = 20) 2–4 0.5–2 ND

1 MIC, minimum inhibitory concentration; 2 MBC, minimum bactericidal concentration; 3 MRSA, methicillin-
resistant S. aureus; 4 MSSA, methicillin-sensitive S. aureus; 5 MRSP, methicillin-resistant S. pseudintermedius; 6 VRE,
vancomycin-resistant enterococci; and 7 ND, not determined. E. faecalis ATCC 29212 was used as a control
Gram-positive strain, and it returned MIC and MBC values of 4 µg/mL for NCL179 and MIC and MBC values of
2 µg/mL for daptomycin.

The activity of the NCL179 + colistin combination was tested against GNB reference
strains and clinical isolates (18 A. baumannii, 24 E. coli, 22 K. pneumoniae and 25 P. aeruginosa),
and the results are presented in Table 2. NCL179 alone had no activity against GNB;
therefore, its MIC was nominally taken as 256 µg/mL (the highest concentration tested)
for FICI and DRI calculations. The MIC range of colistin alone against GNB was as
follows: A. baumannii (0.5–2 µg/mL); colistin-resistant A. baumannii (64–128 µg/mL); E. coli
(0.125–0.5 µg/mL); colistin-resistant E. coli (32 µg/mL); K. pneumoniae (0.25–2 µg/mL) and
P. aeruginosa (0.25–2 µg/mL). However, for the NCL179 + colistin combination, the MIC
range of NCL179 was 0.5–4 µg/mL against all tested GNB, whereas the MIC range of
colistin was 0.008–0.5 µg/mL against A. baumannii, 0.5–1 µg/mL against colistin-resistant
A. baumannii, 0.008–0.125 µg/mL against E. coli, 0.5 µg/mL against colistin-resistant E. coli
and 0.015–0.5 µg/mL against K. pneumoniae and P. aeruginosa. The FICI of the NCL179
+ colistin combination against all GNB showed synergistic activity, and all DRIs were
beneficial (Table 2).

Table 2. Synergistic activity of NCL179 in combination with colistin against reference strains and
clinical isolates of Gram-negative bacteria.

Strain/Isolate

1 MIC Range (µg/mL)

2 FICI
3 DRI

Single Antibiotic Combination

Colistin NCL179 Colistin NCL179 Colistin NCL179

A. baumannii (n = 14) 0.5–2 >256 0.008–0.5 0.5–4 0.016–0.25 * 4–64 64–512
Colistin-resistant A. baumannii
(n = 4) 64–128 >256 0.5–1 1–4 0.008 * 64-128 64–256

E. coli (n = 23) 0.125–0.5 >256 0.008–0.125 0.5–4 0.064–0.25 * 4–16 64–512
Colistin-resistant E. coli (n = 1) 32 >256 0.5 2 0.016 * 64 128
K. pneumoniae (n = 22) 0.25–2 >256 0.015–0.5 0.5–4 0.06–0.25 * 4–16 64–512
P. aeruginosa (n = 25) 0.25–2 >256 0.015–0.5 0.5–4 0.06–0.25 * 4–16 64–512

1 MIC, minimum inhibitory concentration; 2 FICI, fractional inhibitory concentration index: * synergistic,
FICI ≤ 0.5; additive or partially synergistic, 0.5 < FICI ≤ 1; indifferent, 1 < FICI ≤ 4; and antagonistic, FICI > 4;
3 DRI, dose reduction index. Bioluminescent S. aureus Xen29 was used as control each time the MIC and checker-
board assays were performed; the MIC of NCL179 against S. aureus Xen29 in each of these assays was 1 µg/mL.

3.2. NCL179 Exhibits Time- and Concentration-Dependent Kill Kinetics of Bacterial Growth

A time-kill kinetics assay was used to measure the time- and concentration-dependent
activity of NCL179 against clinical MRSA isolate QLDpvl+, clinical MRSP isolate VDL1290
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and clinical VRE isolate 49FR (Figure 2). Daptomycin was used as a drug control for the
MRSA and VRE kill kinetics assay, while amikacin was used as a control drug for the MRSP
kill kinetics assay. Our results show that NCL179 exhibited a time- and concentration-
dependent killing of the bacteria as observed for the bactericidal control dugs.
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The time- and concentration-dependent activity of NCL179 + colistin combinations
against GNB was also investigated in the kinetics assay using A. baumannii ATCC 19606,
colistin-resistant clinical A. baumannii 246-53D, E. coli Xen14, colistin-resistant E. coli Xen14,
K. pneumoniae ATCC 33495 and P. aeruginosa Xen41 (Figures 3 and S2). The results indicate
that, in each case, the NCL179 + colistin combination worked faster than colistin alone at
the corresponding concentration. In addition, the NCL179 + colistin combination killed
GNB, whereas cells treated with colistin alone at the corresponding concentrations still
grew. As expected, NCL179 alone was not active against any of the GNB.
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Figure 3. Time-and-concentration-dependent kill kinetics of NCL179 alone and in combination with
colistin against Gram-negative bacteria. (A), NCL179 alone or in combination with colistin against A.
baumannii ATCC 19606; (B), clinical colistin-resistant A. baumannii 246-53D; (C), E. coli Xen14; and
(D), colistin-resistant E. coli Xen14. The concentrations of NCL179 and colistin for each combination
were chosen based on data presented in Table 2. Assays were performed on a Cytation 5 Multi-Mode
Reader (BioTek, Winooski, VT, USA) by optical density (A600nm) measurements; Col, colistin.

3.3. Combination of NCL179 and Colistin Shows Limited Cytotoxicity to Mammalian Cell Lines

The effects of various concentrations of NCL179 alone or in combination with 0.5µg/mL
colistin to Hep G2 (liver) and HEK293 (kidney) cell lines were examined in an in vitro cell
toxicity assay. The results indicate an IC50 value of 16 µg/mL for NCL179 at the concentra-
tions tested. In addition, the presence of colistin in the combination did not alter the IC50
value (Figure 4).

The hemolytic titer (HC50) for NCL179 was 32 µg/mL to human RBCs, whereas the
HC50 for ampicillin was >128 µg/mL (the highest concentration used).
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Figure 4. In vitro toxicity assessment of NCL179 alone and in combination with colistin. Real-time
cell viability measurement for Hep G2 (A) and HEK293 (B) cells after treatment with different
concentrations of NCL179 alone and in combination with 0.5 µg/mL of colistin. The cell viability
was determined using the RealTime-GloTM MT Cell Viability Assay reagent (Promega, Madison, WI,
USA) and measured every hour for 20 h at 37 ◦C in 5% CO2 on a Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek, BioTek, Winooski, VT, USA). Data are relative light units (RLU) for each treatment
per time point; col, colistin; Amp, ampicillin.

3.4. Agar Well Diffusion Shows NCL179 Remains Active in Formulations

In order to ascertain that NCL179 retained its antimicrobial activity when formulated
in the vehicle (20% [v/v] DMSO in PEG400), an agar diffusion test was performed. The
formulations of NCL179 formed an inhibitory zone of 15 mm (Figure 5), indicating that
NCL179 was released from the vehicle into the agar.
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Figure 5. Selected well diffusion of NCL179 used in the efficacy trial. (A), to each well, 30 µL of either
NCL179 formulation or vehicle only was added; (B), 30 µL of moxifloxacin (BovaVet, Caringbah,
NSW, Australia). Concentrations of NCL179 in formulations were prepared as a 50 mg/mL solution
to achieve 50 mg/kg in mice (30 g); moxifloxacin is a drug control and was prepared as a 6 mg/mL
solution to achieve 6 mg/kg in mice (30 g); Xen29, S. aureus Xen29.

3.5. Oral Administration of NCL179 Shows Systemic Safety in Mice

There were no observable histopathological changes in the heart, lung, liver, spleen,
stomach, kidneys and small and large intestines of mice orally treated with two doses
of 10 mg/kg or 50 mg/kg NCL179 at 8 h apart (Figure 6A) or four doses of 10 mg/kg
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or 50 mg/kg NCL179 at 4 h apart (Figure 6B) in comparison with the vehicle at 72 h
post-initial treatment.
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Figure 6. Representative histological images of heart, lung, liver, stomach, spleen, kidneys and small
and large intestines from NCL179-treated and vehicle-treated mice. No histopathological changes
were observed in mice treated orally with (A), 10 mg/kg, 50 mg/kg (2× doses, 8 h apart), or (B), with
10 mg/kg, 50 mg/kg (4 × doses, 4 h apart) of NCL179 in comparison with vehicle. S-intestine, small
intestine; L-intestine, large intestine. Scale bars: 200 µm.

3.6. Oral Treatment of Mice with NCL179 Reduces S. aureus Populations and Significantly
Prolongs Survival Times

The potential of NCL179 as an oral therapeutic drug against systemic S. aureus in-
fection was examined in an IP sepsis challenge mouse model using a well-characterized
bioluminescent S. aureus strain (Xen29). Our preliminary investigations showed that an 8 h
gap between the first and second NCL179 treatment was suboptimal as all mice treated
with the first dose of NCL179 had succumbed to infection by the 8 h time point, similar to
the vehicle-only treated group (Figure S3).

In a subsequent experiment, four oral doses of NCL179 at 4 h apart showed good
efficacy (Figure 7). After the second NCL179 dose (at 4 h post-infection), there was a statis-
tically significant reduction in S. aureus photon counts when measured at 6 h (*, p < 0.05,
Mann-Whitney U-test, two-tailed). After a third NCL179 dose (at 8 h post-infection), S.
aureus photon counts continued to reduce significantly when measured at 10 h (**, p < 0.01,
Mann-Whitney U-test, two-tailed) (Figure 7A). The treatment of mice with four oral doses
of NCL179 at 4 h apart also resulted in a significant increase in median survival time
compared to the vehicle-only control (* p < 0.05; Mantel-Cox test; Figure 7B). The bacterial
reduction caused by the different treatments could be clearly observed on bioluminescent
images of the mice (Figure 7C).
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Figure 7. Oral efficacy of 4 doses of NCL179 given 4 h apart in a bioluminescent S. aureus Xen29
sepsis mouse model. (A), Comparison of luminescence signals between groups of CD1 mice (n = 6)
challenged IP with Xen29 and treated with NCL179, moxifloxacin and vehicle at 0 h, 4 h, 8 h and 12 h
post-infection. Mice were subjected to bioluminescence imaging on IVIS Lumina XRMS Series III
system at the indicated times (ns, no significant; *, p < 0.05; **, p < 0.01; ***, p < 0.0002, ****, p <0.0001,
Mann-Whitney U-test, two-tailed). (B), Survival analysis for mice treated with NCL179, moxifloxacin
and vehicle (ns, no significant; *, p < 0.05; ***, p < 0.0002; Log-rank (Mantel-Cox test)). (C), Ventral and
dorsal images of representative CD1 mice challenged with approx. 3 × 107 CFU of bioluminescent
S. aureus ATCC 12600 (Xen29). Moxifloxacin used as a control drug was prepared in almond oil at
6 mg/mL by BovaVet, Australia.

4. Discussion

The increasing resistance of ESKAPE pathogens to commonly used antimicrobials in
health care settings has led to a decrease in treatment options and continues to generate a
high level of global public health concern [10]. Therefore, there is an urgent need to develop
new broad-spectrum antimicrobials with activity against pan-resistant ESKAPE, particu-
larly GNB pathogens, with a novel approach to overcoming the permeability barrier of the
GNB outer membrane [12,25,35–37]. In this study, we demonstrate that a second robenidine
analogue, NCL179, has the potential for further development as a future treatment for
bacterial infections based on three major findings. Firstly, NCL179 demonstrated potent
antimicrobial activity against a variety of GPB pathogens and also against GNB pathogens
in the presence of a sub-inhibitory concentration of colistin. Secondly, NCL179 showed
limited in vitro toxicity to mammalian cell lines, showed low hemolytic activity to human
erythrocytes and demonstrated systemic safety in mice with no observed morphological
effects on the major organs examined. Thirdly, the oral treatment of mice with NCL179
reduced S. aureus populations in vivo and significantly prolonged survival times.

In clinical settings, bacterial co-infection and superinfections are common, reducing
treatment options [38], while the use of broad-spectrum antibiotics is advantageous for
wider coverage of GNB and GPB pathogens [39]. In this study, we demonstrated that
NCL179 showed bacterial activity against a wide range of clinical MDR GPB pathogens, in-
cluding MRSA, MRSP and VRE. Importantly, a combination of NCL179 with sub-inhibitory
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concentrations of colistin resulted in a synergistic interaction against many GNB clinical
isolates and reference strains, including A. baumannii, E. coli, K. pneumoniae and P. aerug-
inosa on the critical WHO priority list of bacteria for which new antibiotics are urgently
needed [25,40].

The outer membrane is a distinctive feature of GNB that provides a barrier protecting
GNB from exposure to unwanted chemical compounds, resulting in limited treatment
options [12,41]. Among several proposed therapies for the further treatment of GNB in-
fections [42,43], a combination of colistin with other antibiotics is considered a potential
approach associated with overcoming the outer membrane permeability barrier, a broader
antibacterial spectrum, synergistic effects and reduced risk for emerging resistance dur-
ing therapy [20,44,45]. In addition, many studies have demonstrated that, in contrast
to monotherapy, combination therapy may enhance antimicrobial effects and provide
synergism [46–50]. In this study, the NCL179 + colistin combination showed synergis-
tic activity against all tested GNB pathogens, including colistin-resistant A. baumannii
and E. coli isolates, comparable to other synergy reports of combining colistin with other
antibiotics [44,46,51]. In addition, it has been suggested that IV colistimethate sodium
monotherapy may not be an optimal option if the MIC against GNB pathogens is higher
than 1 µg/mL [46,52]. However, our results indicate that the MICs of colistin are from
0.008–1 µg/mL (representing a 4-128-fold dose reduction) in combination with NCL179.
These results suggest that a combination of NCL179 with sub-inhibitory concentrations
of colistin could potentially increase activity against colistin-resistant KAPE and other
GNB. The combination could also reduce colistin toxicity levels, lower the likelihood of
resistance development and decrease treatment time while increasing overall survival rate,
as suggested by similar in vitro and in vivo models and analytical frameworks [53–56].
Therefore, the synergistic effect of NCL179 in combination with colistin is a promising
development for a new chemical class scaffold to treat GNB infections.

The stringent criteria of a successful antibiotic require a balance between high in vivo
efficacy and broad-spectrum antibacterial activity and safety to host targets (humans and
animals) [57]. Here, we demonstrated the limited toxicity of NCL179 to mammalian cell
lines, its low hemolytic activity, in vivo safety in mice, as well as the significant reduction in
S. aureus populations in vivo and prolonged survival times of NCL179-treated mice. This
opens the possibility of exploring NCL179 for human use after further testing in animal
models of infection and chemical modification to identify more potent isosteres. Interest-
ingly, the MIC of NC179 against S. aureus increases 16–fold in the presence of 10% FBS,
suggesting a high level of protein binding, which could result in a low free NCL179 concen-
tration in plasma, thereby limiting its systemic bioavailability. Nonetheless, this does not
appear to have completely limited its effectiveness. Therefore, detailed pharmacokinetic
studies of NCL179 in appropriate models need to be investigated, and the chemical modifi-
cation of NCL179 is desirable to reduce plasma binding and potential toxicity and improve
potency against the MDR pathogens. Together, this study demonstrates that NCL179 is a
potential new chemical entity for further pharmaceutical development for the treatment of
ESKAPE pathogens, either alone or in combination with existing antibiotic classes.

5. Conclusions

In this study, we demonstrated the in vitro antimicrobial activity of NCL179 against
GPB and GNB in the presence of a sub-inhibitory concentration of colistin. The combi-
nation of NCL179 + colistin is expected to be another promising therapeutic option for
the treatment of drug-resistant bacteria that pose the greatest health threats, particularly
in the era of colistin-resistant GNB infections. By showing that the NCL179 + low dose
colistin combination could safely and effectively overcome resistance to monotherapy with
colistin, NCL179 provides a good example of the “5R” antimicrobial stewardship element,
“Refinement” (5Rs: Responsibility, Reduction, Refinement, Replacement and Review) [58].
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Supplementary materials: 

Table S1. Effect of serum on in vitro activity of NCL179 against S. aureus. 

Strain 

1 MIC (µg/mL) for: 

NCL179 Daptomycin 
2 LB LB + 3 10% FBS LB LB + 10% FBS 

S. aureus Xen29 1 16 0.5 0.5 

S. aureus ATCC 29213 1 16 0.5 0.5 
1 MIC, minimum inhibitory concentration; LB, Luria–Bertani broth; FBS, foetal bovine serum 

  



 

 

1 2 3 4 5 6 7 8 9 10 11 12 NCL179 (µg/mL) 

A 1.7512 1.7298 0.0649 0.0564 0.0522 0.0577 0.0545 0.0602 0.0516 0.0626 0.0483 0.0508 8 

B 1.7078 1.7108 1.6885 0.0524 0.0501 0.0459 0.0499 0.0523 0.0505 0.0534 0.0464 0.0468 4 

C 1.6975 1.6986 1.6818 1.6416 0.0503 0.0403 0.0428 0.0429 0.0433 0.0431 0.0411 0.0405 2 

D 1.6764 1.6804 1.6618 1.6124 1.6318 0.0398 0.0407 0.0415 0.0406 0.0418 0.0398 0.0403 2 

E 1.665 1.6677 1.645 1.6302 1.6325 1.595 0.042 0.0424 0.0426 0.0414 0.0469 0.0429 0.5 

F 1.6554 1.6418 1.6331 1.621 1.6303 1.5876 1.3484 0.0424 0.0418 0.0426 0.0411 0.0433 0.25 

G 0.0414 1.5469 1.5311 1.5403 1.5766 1.5486 1.4634 0.0392 0.0393 0.0415 0.0404 0.0408 

 
H 0.0464 1.562 1.5558 1.5403 1.5645 1.5139 1.4283 0.0399 0.0407 0.043 0.0409 0.0424 

 

 

Growth (-) Growth (+) 0.008 0.015 0.03 0.06 0.125 0.25 0.5 1 2 4 Colistin µg/mL 

Figure S1. Representative checkerboard assay of NCL179 + colistin combination against E. coli ATCC 35218. Values represent A600 nm measurements. Colistin 

concentration ranged from 0.008 to 4 µg/mL (columns 3 to 12); NCL179 concentration ranged from 0.25 to 8 µg/mL (rows A to F); blue wells, NCL179 alone; 

green wells, colistin alone; red wells, bacterial growth control containing only E. coli and Luria–Bertani (LB) broth; orange wells, LB broth only (no growth 

control, also representing the A600 nm value at the MIC of colistin alone or NCL179 + colistin combination) 

 



 

 

Figure S2. Time- and concentration-dependent kill kinetics of NCL179 alone and in combination 

with colistin against Gram-negative bacteria. (A), NCL179 alone or in combination with colistin 

against P. aeruginosa Xen41, and (B) K. pneumoniae ATCC 33495. Assays were performed on a Cytation 

5 Multimode reader (BioTek) by optical density (A600 nm) measurements. Col, colistin 

 



 

Figure S3. Oral efficacy of NCL179 (2 × doses, 8 h apart) in a bioluminescent S. aureus (Xen29) mouse 

sepsis model. (A) Comparison of luminescence signals between groups of CD1 mice (n = 6) challenged 

IP with Xen29 and treated with NCL179 and vehicle at 0 h post-infection; moxifloxacin at 0 h, 4 h, 8 h 

and 12 h post-infection. Mice were subjected to bioluminescence imaging on IVIS Lumina XRMS Series 

III system at the indicated times (ns, no significant; *, p < 0.05; **, p < 0.01; ***, p < 0.0002, ****, p <0.0001, 

Mann-Whitney U-test, two-tailed); broken segment represents limit of detection (2  104 photons/s). (B) 

Survival analysis for mice treated with NCL179, moxifloxacin and vehicle (ns, no significant; *, p < 0.05; 

**, p < 0.01, ***, p < 0.0002, ****, p < 0.0001; Log-rank (Mantel-Cox test)). (C) Ventral and dorsal images 

of representative CD1 mice challenged with approx. 3  107 CFU of bioluminescent S. aureus ATCC 

12600 (Xen29). Moxifloxacin (Avelox IV400 1.6 mg/mL; Bayer, Australia) was used as a control drug. 



 

186 

Chapter VII 

Evaluation of benzguinols as next-generation 

antibiotics for the treatment of multidrug-resistant 

bacterial infections 

  



 

 

Statement of Authorship
Title of Paper Evaluation of benzguinols as next-generation antibiotics for the treatment of multidrug-

resistant bacterial infections 

Publication Status Published Accepted for Publication
 

Submitted for Publication
Unpublished and Unsubmitted work written in 
manuscript style

 

Publication Details 
Nguyen, H.T.; Morshed, M.T.; Vuong, D.; Crombie, A.; Lacey, E.; Garg, S.; Pi, H.; Woolford, L.; 

Venter, H.; Page, S.W.; Piggott, A.M.; Trott, D.J.; Ogunniyi, A.D. Evaluation of benzguinols as 

next-generation antibiotics for the treatment of multidrug-resistant bacterial infections. 

Antibiotics (Basel) 2021, 10, doi:10.3390/antibiotics10060727. Journal Impact Factor = 5.222. 

Principal Author 

Name of Principal Author (Candidate) Hang Thi Nguyen 

Contribution to the Paper 

 

Contributed to the study design, performed experiments, wrote the preliminary manuscript and 

editing 

Overall percentage (%) 70% 

Certification: This paper reports on original research I conducted during the period of my Higher Degree by 

Research candidature and is not subject to any obligations or contractual agreements with a 

third party that would constrain its inclusion in this thesis. I am the primary author of this paper. 

Signature Date 01/12/2021 

Co-Author Contributions 

By signing the Statement of Authorship, each author certifies that: 

i. the candidate’s stated contribution to the publication is accurate (as detailed above); 

ii. permission is granted for the candidate in include the publication in the thesis; and 

iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.  

 

Name of Co-Author Prof. Darren Trott on behalf of Mahmud T. Morshed 

Contribution to the Paper Responsible for synthesizing benzguinols, contributed to editing and discussion 

Signature Date 07/02/2022 

 

Name of Co-Author Daniel Vuong 

Contribution to the Paper Responsible for synthesizing benzguinols, contributed to editing and discussion 

Signature Date 19/01/2022 

 

 



 

 

Name of Co-Author Ernest Lacey 

Contribution to the Paper Contributed to editing, discussion and provided financial support for the study 

Signature Date 19/01/2022 

 

Name of Co-Author Sanjay Garg 

Contribution to the Paper Contributed to formulations 

Signature 

 

Date 06/01/2022 

 

Name of Co-Author Hongfei Pi 

Contribution to the Paper Contributed to editing and discussion 

Signature Date 04/01/2022 

 

Name of Co-Author Lucy Woolford 

Contribution to the Paper Contributed to histopathology examinations, editing and discussion 

Signature Date 05/01/22 

 

Name of Co-Author Henrietta Venter 

Contribution to the Paper Contributed to study design, editing and discussion 

Signature 

 

Date 15/12/2021 

 

Name of Co-Author Stephen W. Page 

Contribution to the Paper Contributed to editing, discussion and provided financial support for the study 

Signature Date 02/02/2022 

 

Name of Co-Author Andrew M. Piggott 

Contribution to the Paper Contributed to editing, discussion and provided financial support for the study 



 

 

Signature Date 10/01/2022 

 

Name of Co-Author Darren J. Trott  

Contribution to the Paper Contributed to study design, supervision, editing, discussion, and provided financial support for 

the study acted as a corresponding author 

Signature 

 

Date 07/02/2022 

 

Name of Co-Author Abiodun D. Ogunniyi 

Contribution to the Paper Contributed to study design, experiments, technical guidance, supervision, editing, discussion 

and acted as a corresponding author 

Signature Date 08/12/2021 

 



antibiotics

Article

Evaluation of Benzguinols as Next-Generation Antibiotics for
the Treatment of Multidrug-Resistant Bacterial Infections

Hang Thi Nguyen 1,2 , Mahmud T. Morshed 3 , Daniel Vuong 4 , Andrew Crombie 4, Ernest Lacey 3,4,
Sanjay Garg 5 , Hongfei Pi 1 , Lucy Woolford 6, Henrietta Venter 7 , Stephen W. Page 8, Andrew M. Piggott 3 ,
Darren J. Trott 1,* and Abiodun D. Ogunniyi 1,*

����������
�������

Citation: Nguyen, H.T.; Morshed,

M.T.; Vuong, D.; Crombie, A.; Lacey,

E.; Garg, S.; Pi, H.; Woolford, L.;

Venter, H.; Page, S.W.; et al.

Evaluation of Benzguinols as

Next-Generation Antibiotics for the

Treatment of Multidrug-Resistant

Bacterial Infections. Antibiotics 2021,

10, 727. https://doi.org/10.3390/

antibiotics10060727

Academic Editor: Carlos M. Franco

Received: 12 May 2021

Accepted: 10 June 2021

Published: 16 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Australian Centre for Antimicrobial Resistance Ecology, School of Animal and Veterinary Sciences,
Roseworthy Campus, The University of Adelaide, Roseworthy, SA 5371, Australia;
hang.t.nguyen@adelaide.edu.au (H.T.N.); hongfei.pi@adelaide.edu.au (H.P.)

2 Department of Pharmacology, Toxicology, Internal Medicine and Diagnostics, Faculty of Veterinary Medicine,
Vietnam National University of Agriculture, Hanoi 100000, Vietnam

3 Department of Molecular Sciences, Macquarie University, Sydney, NSW 2109, Australia;
mahmud.morshed@hdr.mq.edu.au (M.T.M.); elacey@microbialscreening.com (E.L.);
andrew.piggott@mq.edu.au (A.M.P.)

4 Microbial Screening Technologies Pty. Ltd., Smithfield, NSW 2164, Australia;
dvuong@microbialscreening.com (D.V.); acrombie@microbialscreening.com (A.C.)

5 Clinical and Health Sciences, University of South Australia, Adelaide, SA 5000, Australia;
Sanjay.Garg@unisa.edu.au

6 School of Animal and Veterinary Sciences, Roseworthy Campus, The University of Adelaide,
Roseworthy, SA 5371, Australia; lucy.woolford@adelaide.edu.au

7 Health and Biomedical Innovation, Clinical and Health Sciences, University of South Australia,
Adelaide, SA 5000, Australia; rietie.venter@unisa.edu.au

8 Advanced Veterinary Therapeutics, Newtown, NSW 2042, Australia; swp@advet.com.au
* Correspondence: darren.trott@adelaide.edu.au (D.J.T.); david.ogunniyi@adelaide.edu.au (A.D.O.);

Tel.: +61-883-137-989 (D.J.T.); +61-432-331-914 (A.D.O.)

Abstract: Our recent focus on the “lost antibiotic” unguinol and related nidulin-family fungal natural
products identified two semisynthetic derivatives, benzguinols A and B, with unexpected in vitro
activity against Staphylococcus aureus isolates either susceptible or resistant to methicillin. Here, we
show further activity of the benzguinols against methicillin-resistant isolates of the animal pathogen
Staphylococcus pseudintermedius, with minimum inhibitory concentration (MIC) ranging 0.5–1 µg/mL.
When combined with sub-inhibitory concentrations of colistin, the benzguinols demonstrated syn-
ergy against Gram-negative reference strains of Acinetobacter baumannii, Escherichia coli, Klebsiella
pneumoniae, and Pseudomonas aeruginosa (MICs of 1–2 µg/mL in the presence of colistin), whereas the
benzguinols alone had no activity. Administration of three intraperitoneal (IP) doses of 20 mg/kg
benzguinol A or B to mice did not result in any obvious adverse clinical or pathological evidence of
acute toxicity. Importantly, mice that received three 20 mg/kg IP doses of benzguinol A or B at 4 h
intervals exhibited significantly reduced bacterial loads and longer survival times than vehicle-only
treated mice in a bioluminescent S. aureus murine sepsis challenge model. We conclude that the ben-
zguinols are potential candidates for further development for specific treatment of serious bacterial
infections as both stand-alone antibiotics and in combination with existing antibiotic classes.

Keywords: Staphylococcus pseudintermedius; Staphylococcus aureus; benzguinols; nidulins; Gram-
negative; antimicrobial resistance; colistin; bioluminescent mouse model; cytotoxicity; minimum
inhibitory concentration

1. Introduction

Infections caused by pathogenic bacteria represent an increasingly significant chal-
lenge to public health worldwide [1]. Effective treatment of bacterial infections is becoming
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increasingly difficult due to the overuse of antibiotics, which has resulted in multidrug-
resistance development among many bacterial pathogens [2–4]. For example, accord-
ing to the Centers for Disease Control and Prevention, each year more than 2.8 million
multidrug-resistant (MDR) infections occur in the United States, associated with more
than 35,000 deaths [5]. It is estimated that, unless urgent action is taken, infections due
to pathogens with antimicrobial resistance (AMR) could result in 10 million deaths per
year and an economic collapse comparable to the 2008–2009 global financial crisis by
2050 [6,7]. For instance, Staphylococcus aureus is the second most clinically important
antibiotic-resistant bacterial pathogen in developed countries (behind Escherichia coli) and
is a major public health concern due to the increasing prevalence of methicillin-resistant
S. aureus (MRSA) in the hospital environment and within the community [8,9]. The costs
associated with MRSA infections are estimated at $10 billion US, averaging about $60,000
per patient [10]. There are also increasing zoonotic risks of methicillin-resistant Staphylococ-
cus pseudintermedius (MRSP), i.e., transfer from dogs to owners, making it a potential threat
to public health [11,12]. While the situation facing human medicine is dire, the problem is
exacerbated in livestock medicine by the limited range of registered drug classes, the risk
of transfer of resistance genes through the food chain [13], and the rapid development of
pan resistance in one of the most important animal pathogens, enterotoxigenic E. coli [14].
The situation is made worse by very few new antibiotics being developed to treat Gram-
negative bacterial (GNB) infections [15]. Most newly approved agents against MDR-GNB
pathogens are derivatives of existing chemical classes with potential for rapid onset of
resistance [16,17]. Polymyxins and some beta lactam–beta lactamase inhibitor combinations
including ceftolozane–tazobactam, ceftazidime–avibactam, and meropenem–vaborbactam
are used as last resort drug classes for the treatment of GNB infections [18,19].

It is clear that the problems posed by MDR pathogens require rapid development
of new, broad-spectrum anti-infectives. Medicinal chemists have been highly successful
over the last 50 years in reshaping the scaffolds of earlier antibiotics, both natural and
synthetic, including the fourth and fifth generations of β-lactams and third generation of
macrolides [20–22]. However, significantly new approaches and strategies for breakthrough
molecules have not been forthcoming [15,23,24].

As part of our investigations into expanding the chemical space around the “lost
antibiotic” nidulin and its related fungal natural products [25], our team recently re-
ported the semisynthesis and in vitro biological evaluation of thirty-four derivatives of
the parent fungal depsidone antibiotic, unguinol [26]. Fifteen first-generation unguinol
analogs were synthesized and screened against a panel of bacteria, fungi, and mammalian
cells to formulate a basic structure–activity relationship for the unguinol pharmacophore.
In vitro antibacterial activity testing of these compounds revealed that 3-benzyl analogs,
“benzguinols” (Figure 1), 3-O-(2,4-difluorobenzyl)unguinol (benzguinol A), and 3-O-(2-
fluorobenzyl)unguinol (benzguinol B) showed potent activity against both MRSA and
methicillin-susceptible S. aureus (MSSA) with minimum inhibitory concentration (MIC)
ranges of 0.25–1 µg/mL. Based on these results, we concluded that the two compounds
are promising candidates for further evaluation of in vivo efficacy [26]. As an extension
of that study, we explored the spectrum of activity of benzguinols A and B against the
animal health pathogen, MRSP, and examined their potential activity against GNB when
combined with sub-inhibitory concentrations of colistin. We also evaluated the efficacy of
the benzguinols against S. aureus sepsis in a bioluminescent mouse infection model.
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Figure 1. Structures of fungal metabolites nidulin and unguinol and semisynthetic unguinol deriv-
atives benzguinol A and benzguinol B. 

2. Materials and Methods 
2.1. Antibiotics and Chemicals Used in this Study 

Benzguinol A and benzguinol B were synthesized as described previously [26]. Ami-
kacin, ampicillin, kanamycin, tetracycline, and colistin were purchased from Sigma-Al-
drich (Australia). These antibiotics were prepared as 25.6 mg/mL stock solutions as fol-
lows: benzguinols A and B were dissolved in 100% DMSO; amikacin, ampicillin, and kan-
amycin were dissolved in water; and tetracycline was dissolved in 70% ethanol. The anti-
biotics were aliquoted in 1 mL quantities and stored at −20 °C in the dark. 

2.2. Organisms and Growth Conditions 
Clinical MRSP isolates were obtained from infected skin wounds, ears, abscessed 

joints, and the urine of dogs as part of the first nation-wide survey on antimicrobial re-
sistance in animal pathogens in Australia [27] at the Australian Centre for Antimicrobial 
Resistance Ecology (ACARE), School of Animal and Veterinary Sciences, The University 
of Adelaide, Roseworthy, South Australia. MRSA USA300, Enterococcus faecalis ATCC 
29212, and 20 porcine vancomycin-resistant enterococci (VRE) were obtained from the 
University of South Australia collection [28]. Each organism was identified by MALDI-
TOF at ACARE before antimicrobial susceptibility testing. For efficacy testing of 
benzguinol A and benzguinol B, bioluminescent S. aureus ATCC 12600 (Xen29; Perki-
nElmer, Waltham, MA, USA) was used. Reference strains Acinetobacter baumannii NCIMB 
12457, A. baumannii ATCC 19606, E. coli ATCC 35218, E. coli ATCC 25922; Klebsiella pneu-
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2. Materials and Methods
2.1. Antibiotics and Chemicals Used in this Study

Benzguinol A and benzguinol B were synthesized as described previously [26].
Amikacin, ampicillin, kanamycin, tetracycline, and colistin were purchased from Sigma-
Aldrich (Australia). These antibiotics were prepared as 25.6 mg/mL stock solutions as
follows: benzguinols A and B were dissolved in 100% DMSO; amikacin, ampicillin, and
kanamycin were dissolved in water; and tetracycline was dissolved in 70% ethanol. The
antibiotics were aliquoted in 1 mL quantities and stored at −20 ◦C in the dark.

2.2. Organisms and Growth Conditions

Clinical MRSP isolates were obtained from infected skin wounds, ears, abscessed
joints, and the urine of dogs as part of the first nation-wide survey on antimicrobial
resistance in animal pathogens in Australia [27] at the Australian Centre for Antimicrobial
Resistance Ecology (ACARE), School of Animal and Veterinary Sciences, The University
of Adelaide, Roseworthy, South Australia. MRSA USA300, Enterococcus faecalis ATCC
29212, and 20 porcine vancomycin-resistant enterococci (VRE) were obtained from the
University of South Australia collection [28]. Each organism was identified by MALDI-TOF
at ACARE before antimicrobial susceptibility testing. For efficacy testing of benzguinol A
and benzguinol B, bioluminescent S. aureus ATCC 12600 (Xen29; PerkinElmer, Waltham,
MA, USA) was used. Reference strains Acinetobacter baumannii NCIMB 12457, A. baumannii
ATCC 19606, E. coli ATCC 35218, E. coli ATCC 25922; Klebsiella pneumoniae ATCC 13883,
K. pneumoniae ATCC 33495, Pseudomonas aeruginosa ATCC 27853, and P. aeruginosa PAO1
were provided by SA Pathology, Adelaide, Australia. Bioluminescent E. coli Xen14 (a
derivative of E. coli WS2572) and bioluminescent P. aeruginosa Xen41 (a derivative of strain
PAO1) were purchased from PerkinElmer Inc (Waltham, MA, USA). The reference strains
and clinical isolates were grown on horse blood agar (HBA) and in Luria–Bertani (LB)
broth, Miller (Becton Dickinson, Sparks, MD, USA) overnight. E. coli Xen14 was grown on
HBA containing 30 µg/mL kanamycin, P. aeruginosa Xen41 was grown in HBA containing
60 µg/mL tetracycline, and S. aureus Xen29 was grown on HBA containing 200 µg/mL
kanamycin for selection.

2.3. Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) of benzguinols A and B against MRSP
and selected GNB were determined in round bottom 96-well microtiter plates (Sarst-
edt 82.1582.001; Mawson Lakes, SA, Australia), using the modified broth micro-dilution
method according to recommendations by the Clinical and Laboratory Standards Insti-
tute [29] as described previously [30]. Briefly, antimicrobial challenge plates were prepared
by serial two-fold dilutions of stock solutions of benzguinol A or B in DMSO. Each dilution
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was then further diluted 1:100 in LB broth in 96-well plates (Thermo Fisher Scientific,
Thebarton, SA, Australia). Benzguinols A and B and amikacin concentrations ranged from
0.03 to 256 µg/mL, and each MIC test was carried out in duplicate and performed on two
separate occasions. Negative growth control was LB broth only; positive growth control
was bacterial suspension in LB broth. The minimum bactericidal concentration (MBC) was
recorded as the lowest concentration of each test compound at which a 99.9% colony count
reduction was observed on the plate [31].

Interaction activity between benzguinol A or B with colistin was determined by a
modification of the standard checkerboard assay described previously [32–34]. Briefly,
the antibiotic challenge plates were prepared as described in antimicrobial susceptibility
testing. One microliter of benzguinol A or B solution from each combination was dispensed
along the abscissa (from Rows A–F) of the 96-well microliter plates and the second com-
pound (colistin) was dispensed along the ordinate (from Columns 3–12) using a 12.5 µL
electronic multichannel pipette (VIAFLO Voyager II, Biotools, Loganholme QLD, Australia)
followed by addition of 88 µL of LB broth. Thereafter, 10 µL of bacterial suspension were
added to each well. One plate was used for each isolate and the plates were incubated
at 37 ◦C for 20 h and observed visually and by A600nm measurements. The interaction of
two antibiotics was calculated as the fractional inhibitory concentration index (FICI) as
described previously [32–34] using the following formula:

FICI =
MICA in combination

MICA alone
+

MICB in combination
MICB alone

A is benzguinol A or B, while B is colistin. According to FICI, the interaction between
two antibiotic agents was interpreted as follows: synergistic (FICI ≤ 0.5); additive or
partially synergistic (0.5 < FICI ≤ 1); indifferent (1 < FICI ≤ 4); and antagonistic (FICI > 4).

The dose reduction index (DRI) was used to describe the difference between the
effective dose of benzguinol A or B in combination with colistin from the individual dose
of each compound. DRI was calculated using the following formula:

DRI =
MICA alone

MICA in combination

A DRI (>1) is considered beneficial [34,35].

2.4. Time-Dependent Growth Inhibitory Assay

The time- and concentration-dependent activities of the benzguinols against one
MRSP clinical isolate, one MRSA clinical isolate (and against one reference E. coli and one
reference P. aeruginosa strain in the presence of sub-inhibitory concentrations of colistin)
were determined in a kinetics assay by optical density (A600nm) measurements for 18 h
on a Cytation 5 Multimode reader (BioTek, Millennium Science Pty Ltd, Mulgrave, VIC,
Australia). Plates for the Gram-positive time-dependent growth inhibitory assays were
prepared as described for MIC determinations above, while the plates for the Gram-
negative time-dependent growth inhibitory assays were prepared as described for standard
checkerboard assays above.

2.5. Cytotoxicity Assays

We previously reported the cytotoxicity profiles of benzguinols A and B to Hep G2
(human hepatocellular carcinoma cell line) and HEK293 (human embryonic kidney cell
line) [26]. Here, we examined benzguinol A or B in combination with colistin at 0.5 µg/mL
for in vitro cytotoxicity using Hep G2 and HEK293 cell lines following the procedure
described earlier [28]. Briefly, cell lines were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco Cat No: 12430) supplemented with 10% (vol/vol) fetal bovine
serum (FBS) and 1% (vol/vol) PenStrep (100 U/mL penicillin and 100 µg/mL streptomycin)
at 37 ◦C, 5% CO2, and passaged every 3 days. Assays were performed in duplicates in
black flat bottom 96-well tissue culture trays (Eppendorf Cat No: 0030741013) seeded with
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~1.5 × 104 cells per well. After 24 h incubation, the media was removed, the cells were
washed once with medium without antibiotics, and fresh medium supplemented with
10% (vol/vol) FBS was added. Then, either benzguinol A or B alone or in combination with
colistin was added to each well in doubling dilutions starting at the same concentrations
used for MIC testing, using wells containing 1% DMSO only and 64 µg/mL ampicillin as
controls. The effect of benzguinol alone or in combination with colistin on the viability of
each cell line was monitored at 1 h intervals for 20 h at 37 ◦C in 5% CO2 on a Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek, Winooski, VT, USA) using the RealTime-GloTM MT
Cell Viability Assay reagent (Promega, Madison, WI, USA).

2.6. Agar Well Diffusion Method

Each benzguinol formulation was prepared as a 6 mg/mL solution and daptomycin
as a 1.8 mg/mL solution in 20% (vol/vol) DMSO in PEG400 (vehicle). All formulations were
tested for antibacterial activity using the agar well diffusion method [36] to ensure that
the drugs were released from vehicle as a reference for interpretation of in vivo activity in
mice. For this assay, several colonies of an overnight HBA culture of S. aureus Xen29 were
suspended in saline equivalent to 0.5 McFarland standard (A600nm = 0.1). A sterile swab
was then dipped in the 0.5 McFarland standard bacterial suspension and used to streak
over the entire surface of a sterile plate count agar plate. Punch holes were then made on
the agar plates using an 8 mm diameter biopsy punch (Livingstone International Pty Ltd.,
Sydney, NSW, Australia) and a 100 µL equivalent amount of each formulation to a single
treatment dose in mice was placed in the well. Agar plates were then incubated at 37 ◦C
for 20 h, and the antimicrobial activity of each drug was determined by measuring and
comparing the zone of inhibition with that of vehicle only.

2.7. Ethics Statements

To test the safety of the benzguinols and assess their efficacy against challenge with
bioluminescent S. aureus Xen29, outbred 5–6-week-old male CD1 (Swiss) mice (weighing
25–30 g), obtained from the Laboratory Animal Services breeding facility of the University
of Adelaide, were used. Mice had access to food and water throughout the experiment
period. The Animal Ethics Committee of The University of Adelaide (approval number
S-2015-151) reviewed and approved all animal experiments. The study was conducted
in compliance with the Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (8th Edition 2013) and the South Australian Animal Welfare Act 1985.

2.8. Safety Testing of Benzguinols A and B Following Parenteral Administration

To ensure a three-dose regimen would be safe to administer to mice, a safety study
was conducted using three intraperitoneal (IP) injection of 20 mg/kg benzguinol A or
benzguinol B at 4 h intervals to three mice. Three IP doses of vehicle were used as a
control. Mice were observed for clinical signs and the data recorded on a Clinical Record
Sheet approved by the Animal Ethics Committee of The University of Adelaide. The
mice were monitored every 2 h for the first 12 h, and then at 24, 36, 48, and at 72 h
post-treatment. At the conclusion of the experiment (72 h post-treatment), mice were
humanely killed and sections of liver, kidneys, spleen, lung, and heart were harvested for
histopathological examination.

2.9. Histopathological Examination

Mouse organs (liver, kidneys, spleen, lungs, and heart) collected from the IP safety
experiment were fixed in 10% neutral-buffered formalin (ChemSupply Australia Pty Ltd.,
Gillman, SA, Australia) and processed routinely, embedded in paraffin blocks, and sec-
tioned to a thickness of 4 µm. Hematoxylin and eosin-stained sections were observed and
recorded under light microscopy. Photomicrographs were captured using a DP25 camera
and LabSens software (Olympus, Tokyo, Japan).
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2.10. Efficacy Testing of Benzguinols A and B after IP Challenge of Mice with Bioluminescent
Gram-Positive Bacteria (GPB)

For in vivo efficacy testing of benzguinols A and B in a murine bioluminescent in-
fection model, we used mouse-passaged bioluminescent S. aureus ATCC strain 12600
(Xen29, PerkinElmer). Bacteria were grown in LB broth at 37 ◦C to an A600nm of 0.5
(1.5 × 108 CFU/mL). Four groups of mice (n = 6 mice per group) were infected IP with
3 × 107 CFU of S. aureus Xen29 in 200 µL PBS containing 3% hog gastric mucin type III
(Sigma Aldrich, St. Louis, MO, USA). The mice were then imaged immediately in both ven-
tral and dorsal positions on the IVIS Lumina XRMS Series III system. At 2 h post-infection,
all mice were imaged again as above. Immediately thereafter, mice in Group 1 were injected
IP with the drug vehicle only; mice in Groups 2 and 3 were injected with either benzguinol
A or benzguinol B at 20 mg/kg IP; and mice in Group 4 were treated with daptomycin
at 6 mg/kg IP. Mice were closely monitored for their clinical conditions and then imaged
at 4 h post-infection. At 6 and 10 h post-infection, all surviving mice in each group were
imaged and immediately followed by an identical drug and vehicle treatment regimen as
described above. In addition, 20 µL of blood were withdrawn from the submandibular
vein of each mouse at 2, 6, and 8 h post-infection and serial dilutions of the blood samples
plated on HBA to estimate bacterial burden. Mice were further monitored frequently for
signs of distress and those that had become moribund or showed any evidence of distress
were humanely killed by cervical dislocation. At 18, 24, 28, 36, 48, and 72 h post-infection,
surviving mice were monitored and further subjected to bioluminescence imaging. In
all experiments, signals were collected from a defined region of interest and total flux
intensities (photons/s) analyzed using Living Image Software 4.7.2. Differences in median
survival times (time to moribund) for mice between groups were analyzed by the log-rank
(Mantel–Cox) tests. Differences in luminescence signals and blood counts between groups
were compared by Mann–Whitney U-tests.

3. Results
3.1. In Vitro Activity of Benzguinols A and B Alone against GPB and in Combination with
Sub-Inhibitory Concentrations of Colistin against GNB

We previously showed potent activity of benzguinols A and B against MRSA and
MSSA, with MICs ranging 0.25–1 µg/mL [26]. In this study, benzguinols A and B showed
antimicrobial activities against MRSP (MICs of 0.5–1 µg/mL and MBCs of 4–8 µg/mL) in
comparison to the control drug amikacin (MICs and MBCs of 8–16 µg/mL) (Table 1). Both
benzguinols have activity against E. faecalis ATCC 29212 at 8 µg/mL, but MIC ≥16 µg/mL
against all the 20 VRE.

Table 1. In vitro activities of benzguinols A and B against methicillin-resistant Staphylococcus pseudin-
termedius.

Compounds 1 MIC Range (µg/mL) 2 MBC Range (µg/mL)

Benzguinol A 0.5–1 4–8
Benzguinol B 0.5–1 4–8

Amikacin 8–16 8–16
1 MIC, minimum inhibitory concentration; 2 MBC, minimum bactericidal concentration.

The activities of benzguinol A or B alone, colistin alone, benzguinol A + colistin
combination, and benzguinol B + colistin combination were tested against 10 reference
GNB strains (two A. baumannii, three E. coli, two K. pneumoniae, and three P. aeruginosa), and
the results are shown in Table 2. Benzguinol A or B alone had no activity against any of the
tested GNB; therefore, their MICs were set as 256 µg/mL to calculate FICI and DRI. For
colistin alone, its MIC was 1 µg/mL against the A. baumannii strains, 0.25 µg/mL against
the E. coli strains, and 0.5 µg/mL against the K. pneumoniae and P. aeruginosa strains. How-
ever, in combination, the MIC of benzguinol A and benzguinol B was 1–2 µg/mL against
all the GNB (a 128–256-fold reduction), whereas the MIC of colistin in the combination was
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0.25 µg/mL against the A. baumannii strains, 0.06 µg/mL against the E. coli strains, and
0.125 µg/mL against the K. pneumoniae and P. aeruginosa strains, representing a four-fold
dose reduction for colistin against all the GNB (Table 2). The FICI of all combinations was
0.25, showing the synergy of the benzguinol–colistin combinations.

3.2. Benzguinols A and B Exhibit Time- and Concentration-Dependent Inhibition of
Bacterial Growth

The antimicrobial activities of benzguinols A and B were investigated in a time–
kill kinetics assay to measure the time and concentration dependent activity of the two
compounds against clinical MRSA isolate USA300 and clinical MRSP isolate VDL-828,
using daptomycin and amikacin as comparators, respectively. The results show a time- and
concentration-dependent inhibition of growth for benzguinols A and B, consistent with
features of bacteriostatic drugs. As expected, daptomycin and amikacin displayed patterns
of bactericidal drugs (Figure 2).
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Figure 2. Kinetic assay showing time and concentration-dependent inhibition of MRSA USA300
(A–C) and MRSP VDL-828 (D–F) for benzguinol A (A,D) and benzguinol B (B,E) using daptomycin
(C) and amikacin (F) as control drugs. The sub-minimum inhibitory concentrations for benzguinols
A and B = 0.25 µg/mL; daptomycin = 0.25 µg/mL; and amikacin = 8 µg/mL.
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Table 2. In vitro activities of benzguinols A and B against Gram-negative bacteria in the presence of sub-inhibitory concentrations of colistin.

Bacteria

MIC (µg/mL)
FICI a DRI b

MIC Alone MIC in Combination

Colistin Benzguinol A or
Benzguinol B Colistin Benzguinol A Benzguinol B Colistin +

Benzguinol A
Colistin +

Benzguinol B
Colistin:

Benzguinol A
Colistin:

Benzguinol B

A. baumannii ATCC 19606 1 >256 0.25 2 1 0.25 * 0.25 * 4:128 4:256
A. baumannii NCIMB

12457 1 >256 0.25 2 2 0.25 * 0.25 * 4:128 4:128

E. coli Xen14 0.25 >256 0.06 1 2 0.25 * 0.25 * 4:256 4:128
E. coli ATCC 35218 0.25 >256 0.06 1 2 0.25 * 0.25 * 4:256 4:128
E. coli ATCC 25922 0.25 >256 0.06 1 2 0.25 * 0.25 * 4:256 4:128

K. pneumoniae ATCC
13883 0.5 >256 0.125 2 2 0.25 * 0.25 * 4:128 4:128

K. pneumoniae ATCC
33495 0.5 >256 0.125 2 2 0.25 * 0.25 * 4:128 4:128

P. aeruginosa Xen41 0.5 >256 0.125 2 2 0.25 * 0.25 * 4:128 4:128
P. aeruginosa PAO1 0.5 >256 0.125 2 2 0.25 * 0.25 * 4:128 4:128

P. aeruginosa ATCC 27853 0.5 >256 0.125 2 2 0.25 * 0.25 * 4:128 4:128

MIC, minimum inhibitory concentration. a FICI, fractional inhibitory concentration index: * synergistic, FICI ≤ 0.5; additive or partially synergistic, 0.5 < FICI ≤ 1; indifferent, 1 < FICI ≤ 4; and antagonistic,
FICI > 4. b DRI, dose reduction index. Bioluminescent S. aureus Xen29 was used as the control strain each time the MIC and checkerboard assays were performed; MIC of benzguinol A or B against S. aureus
Xen29 in each of these assays was 0.5 µg/mL.
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The time- and concentration-dependent activities of benzguinols A and B in combina-
tion with colistin against GNB was also investigated in a kinetic assay. In this assay, the
growth pattern of E. coli Xen14 cells treated with benzguinol A (Figure 3A) or benzguinol
B (Figure 3B) alone at 32 µg/mL was similar to that of untreated cells. Cells treated with
colistin alone at 0.03 µg/mL (0.125 × MIC), 0.06 µg/mL (0.25 × MIC), or 0.125 µg/mL
(0.5 × MIC) started to grow at 6, 10, and 14 h, respectively, whereas cells treated with
colistin alone at 0.25 µg/mL did not grow. Additionally, cells treated with the benzguinol
A + colistin or benzguinol B + colistin combination inhibited bacterial growth more quickly
than colistin alone at the same concentration. For example, cells treated with a combination
benzguinol A at 1 µg/mL + colistin at 0.03 µg/mL began to grow at around 12 h (approx-
imately 6 h later than colistin alone at 0.03 µg/mL). However, E. coli Xen14 cells treated
with a benzguinol A at 2 µg/mL + colistin at 0.03 µg/mL combination (Figure 3A) or a
combination of benzguinol B at 2 µg/mL + colistin at 0.06 µg/mL (Figure 3B) did not grow.
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Figure 3. Time- and concentration-dependent antibacterial activities of benzguinols A and B alone
and in combination with colistin. Growth inhibitory kinetics of the benzguinols alone or in combi-
nation with colistin against E. coli Xen14 (A,B) and P. aeruginosa Xen41 (C,D) were performed on a
Cytation 5 Multimode reader (BioTek, Millennium Science Pty Ltd, Mulgrave, VIC, Australia) by
optical density (A600nm) measurements.

In a similar time- and concentration-dependent kinetic assay of the combination
benzguinol A + colistin or benzguinol B + colistin against P. aeruginosa Xen41, the com-
bination with colistin worked more quickly than colistin alone at the same concentra-
tion (Figure 3C,D). Xen41 treated with colistin alone at 0.125 µg/mL (0.25 × MIC) and
0.25 µg/mL (0.5 × MIC) started to grow at 9 and 12 h, respectively, whereas cells treated
with 0.5 µg/mL colistin alone did not grow. Cells treated with a combination of benzguinol
A or benzguinol B at 1 µg/mL + colistin at 0.125 µg/mL started to grow at approximately
13–15 h, which is 4–6 h later than colistin alone, while Xen41 cells treated with a combina-
tion of benzguinol A or benzguinol B at 2 µg/mL + colistin at 0.125 µg/mL did not grow.
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As expected, the growth patterns of Xen41 cells treated with benzguinol A or benzguinol B
at 2 µg/mL were similar to those for untreated cells.

3.3. Benzguinol A and Benzguinol B in Combination with Colistin Show Low Cytotoxicity to
Mammalian Cell Lines

In a previous experiment, we showed that benzguinols A and B demonstrate very low
cytotoxicity to Hep G2 (liver) and HEK293 (kidney) cell lines, with both compounds giving
IC50 value at 32 µg/mL [26]. In this study, we further examined toxicity profiles of the
combination of colistin with benzguinol A or benzguinol B to the Hep G2 and HEK293 cell
lines (Figure 4). At the concentrations tested, the addition of colistin in the combination
did not change the IC50 of benzguinol A or benzguinol B. For Hep G2 cells, the presence of
colistin appears to reduce the toxicity of benzguinols A and B further (Figure 4A,B).
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Figure 4. Cytotoxicity assessment of benzguinols A and B alone and in combination with colistin. Real-time cell viability
measurements for Hep G2 (A,B) and HEK293 (C,D) cells after treatment with different concentrations of benzguinols A
and B alone and with 0.5 µg/mL of colistin. The viability of each cell line was measured hourly for 20 h at 37 ◦C in the
presence of 5% CO2 on a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Millennium Science Pty Ltd, Mulgrave, VIC,
Australia) using the RealTime-GloTM MT Cell Viability Assay reagent (Promega, Madison, WI, USA). Data presented are
relative light units (RLU) for each treatment per time point. Abbreviations: Amp, ampicillin; Col, colistin; Benz, benzguinol.
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3.4. Benzguinols Show Systemic Safety in Mice

There were no observable histopathological changes in the liver, heart, spleen, kidneys,
and lungs in any mice treated with three IP doses of benzguinol A or benzguinol B at
20 mg/kg (Figure 5).
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Figure 5. Representative histological images of heart, liver, spleen, lung, and kidneys from
benzguinol-treated and control mice harvested at 72 h post-treatment. No morphological abnormali-
ties or changes were observed in mice treated IP with 20 mg/kg benzguinol A, 20 mg/kg benzguinol
B, or with vehicle alone. Scale bars: 200 µm.

3.5. Agar Well Diffusion Test of Benzguinol Formulations Shows Antibacterial Activity

In order to ascertain that the benzguinols are active in the vehicle used, an agar
diffusion test of the formulations was carried out. All formulations of benzguinols A and
B showed clear inhibitory zones of 22–23 mm, while daptomycin as a control showed an
inhibitory zone of 27 mm (Table 3 and Figure 6), indicating that all drugs were released
from the vehicle into the agar.
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Table 3. Inhibitory zones of benzguinols A and benzguinol B formulations used for safety and
efficacy trials.

Drug

Inhibitory Zone (mm)

Safety Trial Efficacy Trial

Vehicle 20 mg/kg Vehicle 20 mg/kg 6 mg/kg

Benzguinol A 8 23 8 22 ND a

Benzguinol B 8 23 8 23 ND

Daptomycin 8 ND 8 ND 27
a ND, not determined. Each well contained 100 µL of each formulation of benzguinol A or B (600 µg), daptomycin
(180 µg), and 100 µL vehicle only.
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Figure 6. Selected well diffusion of benzguinol A and benzguinol B formulations used in efficacy
trial. Each well contained 100 µL of each formulation of benzguinol A or B (600 µg), daptomycin
(180 µg) and 100 µL vehicle only. Xen29, bioluminescent S. aureus Xen29.

3.6. Treatment of Mice with Benzguinol A or Benzguinol B Reduces S. aureus Populations and
Significantly Prolongs Survival Times

The potential of benzguinols A and B as therapeutic drugs against systemic S. au-
reus infection was examined in an IP sepsis challenge model using a well characterized
bioluminescent S. aureus strain (Xen29). We found that, after the first dose of benzguinol
A at 20 mg/kg, there was a statistically significant reduction in S. aureus photons at 4 h
(p = 0.0086, Mann–Whitney U-test, one-tailed) and 6 h (p = 0.0121, Mann–Whitney U-test,
one-tailed) (Figure 7A) and significant decrease in number of bacteria at 6 h (p = 0.0043,
Mann–Whitney test, one-tailed). The second dose of benzguinol A at 6 h post-infection
also resulted in significant reduction in bacterial counts at 8 h post-infection (p = 0.0022,
Mann–Whitney U-test, one-tailed) (Figure 7B). Three doses of benzguinol A resulted in
significant increase in median survival time compared to the vehicle only control (p = 0.017;
Mantel–Cox test; Figure 7C).

For benzguinol B, the first dose at 20 mg/kg given at 2 h post-infection resulted in a
statistically significant reduction in S. aureus photons (p = 0.0342, Mann–Whitney U-test,
one-tailed, Figure 7A), and a significant decrease in the number of bacteria (p = 0.0303,
Mann–Whitney test, one-tailed) at 6 h post-infection. The second dose of benzguinol B
(given at 6 h post-infection) resulted in a significant reduction in the number of bacteria at 8
h post-infection (p = 0.0206, Mann–Whitney U-test, one-tailed) (Figure 7B) but no significant
difference in median survival time compared to the vehicle only control (Figure 7C).

Data of photon analysis and bacteria counts are shown up to 6 and 8 h, respectively,
due to the number of surviving mice remaining in each group (Figure 7C). The bacterial
reduction caused by benzguinols A and B could be clearly observed on images of mice
(Figure 8).
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Figure 7. Benzguinol efficacy data. (A) Comparison of luminescence signals and (B) bacterial load in
blood between groups of CD1 mice (n = 6) challenged IP with bioluminescent S. aureus ATCC 12600
(Xen29) and treated with the indicated drugs. Mice were subjected to bioluminescence imaging on
IVIS Lumina XRMS Series III system at the indicated times. ns, not significant; *, p < 0.05; **, p < 0.01;
Mann–Whitney U-test (one-tailed). (C) Survival analysis for mice treated with the indicated drugs.
ns, not significant; *, p < 0.05; **, p < 0.01; Log-rank (Mantel–Cox test).
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Figure 8. Ventral and dorsal images of representative CD1 mice challenged with approximately
6 × 107 CFU of bioluminescent S. aureus ATCC 12600 (Xen29). Mice were treated with benzguinol A
or benzguinol B (20 mg/kg), daptomycin (6 mg/kg), or vehicle at 2, 6, and 10 h. Mice were subjected
to bioluminescence imaging on IVIS Lumina XRMS Series III system at the indicated times. At 8 h
post-infection, all mice treated with vehicle only had become moribund, indicated by “no surviving
mice” at 10 h.
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4. Discussion

The rise in bacterial infections that are resistant to almost all known antibiotics is
alarming [37], while at the same time the antibiotic development pipeline has remained
stagnant [38]. This global wake-up call has stimulated a debate about how best to combat
antibiotic resistance [37]. With this in mind, we have been exploring a strategy involving
revisiting some of the old antibiotic scaffolds that were discovered many decades ago but
abandoned in favor of more promising leads using modern drug discovery methods to
bring new antibiotic classes to the market [39]. In this work, we extended our previous
in vitro studies on two semisynthetic analogs of unguinol (benzguinols A and B) [26] to
investigate their potential as novel antibiotics for future treatment of bacterial infections.

This study shows three major findings. Firstly, benzguinols A and B demonstrated low
MICs against an opportunistic GPB pathogen (MRSP) and also against key strains of GNB
(A. baumannii, E. coli, K. pneumoniae, and P. aeruginosa) in the presence of sub-inhibitory
concentrations of colistin. Secondly, the benzguinols alone or in combination with colistin
showed in vitro safety to mammalian (Hep G2 (liver) and HEK293 (kidney)) cell lines and
also demonstrated clinical safety in mice with no observed morphological effects on the
major organs after three IP doses at 20 mg/kg. Thirdly, treatment of mice with three IP
doses of benzguinol A or benzguinol B at 20 mg/kg reduced bioluminescent S. aureus
populations in vivo and significantly prolonged survival times.

We previously demonstrated that benzguinols A and B show potent activity against
MSSA and MRSA at MIC range of 0.25–1 µg/mL (comparable to daptomycin standard).
However, unlike daptomycin, the two drugs were shown to have bacteriostatic activity [26].
In this study, we extended our investigation to test the activity of the benzguinols against
MRSP clinical isolates and GNB reference strains. The two drugs produced a MIC range
of 0.5–1 µg/mL against the MRSP clinical isolates, compared to the amikacin standard
with a MIC range of 8–16 µg/mL. Furthermore, while benzguinols A and B alone have
no antimicrobial activity against GNB, combination with sub-inhibitory concentrations of
colistin resulted in a synergistic interaction when tested against A. baumannii, E. coli, K.
pneumoniae, and P. aeruginosa ATCC strains, returning MICs of 1–2 µg/mL.

Effective treatment of GNB infections presents a greater challenge than for GPB
treatment mainly due to the presence of the outer membrane in GNB, which presents
a barrier preventing antibiotic access [40]. Colistin has been shown to interact with the
lipopolysaccharide on the surface of GNB. It can then traverse the outer membrane through
the self-promoted uptake pathway, resulting in GNB outer membrane disruption [41,42].
For the benzguinol A or benzguinol B + colistin combination, it is hypothesized that the
sub-inhibitory concentration of colistin transiently ruptures the outer membrane, thereby
allowing passage of the drugs into the cell to reach the drug target site(s). Therefore, a
combination of colistin with benzguinol A or benzguinol B could serve as a potential
combination for future treatment of bacterial infections. To date, the mode of action
of benzguinols is not known or their target(s) identified. However, structure–activity
relationship data from our recent work [26] suggest benzguinols and other related family
of depsidones may act by binding to a target shared by prokaryotes. Given the lack of
information on their target(s), it is quite difficult to speculate the nature of resistance
development against benzguinols. As such, identifying the target(s) of benzguinols will be
the subject of future investigation.

We previously demonstrated that the benzguinols did not cause hemolysis of human
red blood cells (RBCs) at the highest concentration (128 µg/mL) used and both returned
IC50 values of 32 µg/mL against the HEK293 and Hep G2 cell lines [26]. Further investi-
gation of cell cytotoxicity profiles of combination of benzguinol A or benzguinol B with
colistin at 0.5 µg/mL demonstrated no difference in IC50 values of either benzguinol alone
or in combination with colistin on HEK293 cells and slightly better IC50 values against Hep
G2 cells. Subsequent in vivo safety testing using three doses of benzguinol A or benzguinol
B at 20 mg/kg did not reveal any adverse clinical signs or observable histopathological
changes within the main internal mouse organs examined.
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Based on the findings above, we investigated the potential of the benzguinols for the
treatment of acute sepsis resulting from intraperitoneal inoculation with a bioluminescent
derivative of S. aureus ATCC 12600 (Xen29). Our results reveal that three IP doses of
benzguinol A or B at 20 mg/kg elicited a statistically significant reduction in S. aureus
populations and prolonged survival times of mice compared to the vehicle-only treated
mice. We observed that benzguinol A showed slightly better efficacy, especially in terms
of survival percentage. While both compounds have similar MICs of 0.5 µg/mL against
S. aureus as daptomycin, they were not as effective as daptomycin, associated with a 32-
fold increase in MICs in the presence of 10% FBS [26]. This suggests the bioavailability of
benzguinols A and B may be quite low in the blood of mice. In addition, the low aqueous
solubility of the benzguinols could be a limiting factor in the bioavailability of the drug in
the mouse model.

5. Conclusions

The study reported here is an extension of previous in vitro investigations of the
antibacterial activities of unguinol derivatives benzguinols A and B against GPB pathogens
to include evaluation of their potency against MRSP at low concentrations. Our results
also show that the combination of benzguinol A or benzguinol B with sub-inhibitory
concentrations of colistin resulted in potent activity against key GNB in vitro, suggesting
either benzguinol could be combined with colistin for the treatment of GNB infections. In
addition, IP treatment of mice with benzguinol A or benzguinol B after systemic S. aureus
challenge resulted in significant reduction in S. aureus populations and prolonged survival
times compared to the vehicle-only control, but without clearing the bacterial infection
from the bloodstream, suggesting bacteriostatic activity in vivo at the dose administered.
Preclinical efficacy testing of a combination of benzguinol A or benzguinol B with colistin is
also warranted, potentially overcoming resistance to colistin monotherapy while mitigating
toxicity concerned with its use.

Overall, our findings demonstrate that the benzguinols could provide promising
new actives evolved from the “lost antibiotic” nidulin family of fungal metabolites for
further pharmaceutical and medicinal chemistry development and dose optimization.
An intensified effort to enhance the properties of our leads towards improved solubility,
reduced plasma binding, and a broader spectrum of action against resistant pathogens is
under investigation.

Author Contributions: Conceptualization, H.T.N., M.T.M., D.V., A.C., E.L., H.V., S.W.P., A.M.P., D.J.T.
and A.D.O.; data curation, H.T.N., D.V., A.C., H.P., L.W. and A.D.O.; formal analysis, H.T.N., M.T.M.,
D.V., A.C., E.L., S.G., H.P., L.W., S.W.P., A.M.P., D.J.T. and A.D.O.; funding acquisition, A.C., E.L.,
S.W.P., A.M.P. and D.J.T.; investigation, H.T.N., M.T.M., H.P., L.W., D.J.T. and A.D.O.; Methodology,
H.T.N., M.T.M., D.V., A.C., L.W. and A.D.O.; project administration, E.L.; resources, A.C., E.L., S.G.,
L.W., H.V., S.W.P., A.M.P. and D.J.T.; supervision, D.V., A.C., E.L., S.G., H.V., A.M.P., D.J.T. and A.D.O.;
validation, H.T.N., M.T.M., D.V., A.C., E.L., S.G., H.P., L.W., S.W.P., A.M.P. and D.J.T.; visualization,
H.T.N., H.V., S.W.P. and D.J.T.; writing—original draft, H.T.N. and A.D.O.; and writing—review and
editing, H.T.N., D.V., A.C., E.L., S.G., H.P., L.W., H.V., S.W.P., A.M.P., D.J.T. and A.D.O. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded, in part, by the Cooperative Research Centres Projects scheme
(CRCPFIVE000119).

Institutional Review Board Statement: The Ethics statement associated with this work is indicated
in Section 2.7 of the manuscript. The Animal Ethics Committee of The University of Adelaide
(approval number S-2015-151) reviewed and approved all animal experiments. The study was
conducted in compliance with the Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (8th Edition 2013) and the South Australian Animal Welfare Act 1985.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy and access restrictions.



Antibiotics 2021, 10, 727 16 of 17

Acknowledgments: The authors would like to thank Amanda Ruggero, Lora Bowes, Anh Hong
Nguyen, and Max McClafferty at the University of South Australia, South Australia 5000, Australia
for their technical assistance. The authors would also like to thank to Tania Veltman and Bhumi
Savaliya at the Australian Centre for Antimicrobial Resistance Ecology (ACARE), The University
of Adelaide, Roseworthy, SA 5371, Australia for providing MRSP isolates. In addition, the authors
would like to thank Ankitkumar Parikh and Krishna Kathawala at the University of South Australia,
South Australia 5000, Australia for help with preparing benzguinol and daptomycin formulations.

Conflicts of Interest: S.W.P. is a director of Advanced Veterinary Therapeutics, E.L. is a director of Mi-
crobial Screening Technologies, and A.C. and D.V. are employees of Microbial Screening Technologies.

References
1. WHO. Antimicrobial Resistance; World Health Organization: Geneva, Switzerland, 2020.
2. Chopra, I.; Schofield, C.; Everett, M.; O’Neill, A.; Miller, K.; Wilcox, M.; Frère, J.-M.; Dawson, M.; Czaplewski, L.; Urleb, U.; et al.

Treatment of health-care-associated infections caused by Gram-negative bacteria: A consensus statement. Lancet Infect. Dis. 2008,
8, 133–139. [CrossRef]
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Chapter VIII 

General discussion and further directions  
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8.1. General summary 

The increasing prevalence of bacterial pathogens that are MDR to commonly used 

antimicrobials in health care settings has led to a decrease in treatment options and continues 

to generate a high level of global health concern [290]. In particular, MDR-ESKAPE pathogens 

are associated with high mortality rates and increased health care setting costs [9,291]. The 

problem is further exacerbated by the slow progress in new drug development by the 

pharmaceutical industry [18]. Moreover, the discovery and development process for the 

introduction of new drugs to the market can cost over $2.6 billion USD and can take up to 15 

years [14-16]. However, in many cases, bacterial pathogens resistant to the new drug are 

found shortly after clinical application [13]. 

Drug discovery for the treatment of MDR-GNB infections has posed numerous 

challenges in comparison to MDR-GPB infections due to the presence of an OM in GNBs, 

which prevents antibiotics from gaining entry and exerting their effect [11,292]. In addition, 

GNB can develop resistance to a wide range of antibiotics through several different 

mechanisms, but most commonly through acquisition of mobile genetic elements containing 

MDR genes [25,26]. Current options for the treatment and management of MDR infections 

include polymixins, AG, fosfomycin, tigecycline, finafloxacin, and carbapenems, and new 

approvals for the treatment of GNB infection include compounds or combinations of 

compounds such as ceftazidime-avibactam, cefiderocol, imipenem + cilastatin + relebactam, 

and plazomicin, which represent new chemistry based on modifications to existing drug 

scaffolds [98-101]. Given this caveat, these new antibiotics are far from sufficient therapeutic 

options to fully combat the emergence and persistence of MDR-GNB infections [66,86,109]. 

Currently, polymyxins (PMB and colistin) are considered as last resort antibiotics for the 
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treatment of GNB infections [293,294]; nonetheless, resistance to polymyxins is emerging via 

different mechanisms [293,295]. Moreover, there is increasing evidence of transferable 

colistin resistance being a significant issue to human health, particularly associated with 

recently discovered plasmid-borne mcr genes, which are now prevalent worldwide and are 

often co-located with other antimicrobial resistance genes on MDR plasmids [296]. Therefore, 

it is critically important to preserve and prolong the life of this last-resort antibiotic where 

enhanced combination therapy is a promising option. A synergistic combination of polymyxins 

with well-known or new drugs such as antibiotics, antifungals with antibiotic activity, and/or 

efflux inhibitors can increase therapeutic efficacy, broaden the antibiotic spectrum, restore 

resistant drugs to full efficacy, reduce the risk of toxicity due to lower concentration required 

for individual drugs, and decrease resistance development [218,219,297]. Several studies 

have provided evidence that the combination of polymyxins with other antibiotics showed 

fully synergistic or partially synergistic activities against MDR-GNB pathogens [298-301]. 

In line with the combination therapy approach, this thesis explored a number of novel 

compounds, including NCL195, NCL179 and two benzguinol derivatives, as potential 

alternatives for future stand-alone treatments of GPB infections and GNB infections when 

combined with low dose colistin. We firstly examined an in vitro synergistic combination of 

NCL195 with different adjuvants against GNB pathogens to determine the optimal choices for 

combination therapy as well as confirming promising in vivo efficacy of NCL195 against GPB 

infection in mouse models when administered via the systemic route (chapter II) [288]. 

Secondly, we investigated in vitro synergistic activity of the combination NCL195 and colistin 

(identified as the ideal adjuvant to use with the robenidine analogue) and then used 

fluorescence membrane potential and TEM to obtain a more detailed understanding of the 

interactions of NCL195 and colistin with bacterial cell membranes (chapter III). Thirdly, we 
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compared the traditional TEM technique and TEM using CryO sections to identify the optimal 

method for visualising NCL195-colistin interactions with the GNB membrane (chapter IV). 

Fourthly, we tested the in vivo efficacy of NCL195 against S. aureus in a GPB mouse model 

using the oral route of drug delivery that was followed by efficacy testing of (oral) NCL195 + 

(IP) colistin combination against both colistin-susceptible and -resistant bioluminescent E. coli 

in mouse sepsis models (chapter V). Fifthly, we presented an in vitro characterization of 

NCL179 activity against GPB and NCL179 + colistin combination against GNB followed by in 

vivo efficacy testing of NCL179 administered via the oral route in a bioluminescent S. aureus 

mouse sepsis model as a proof-of-concept study (chapter VI). Finally, in vitro activity of 

benzguinols against GPB and GNB in the presence of sub-inhibitory concentrations of colistin 

and their impact on GPB pathogens in the same systemic S. aureus infection model were 

described in chapter VII. Detailed discussions have been included in the relevant papers from 

chapters II to VII, and only the main findings are summarised here. 

8.2. Major findings 

We found that combining NCL195 with EDTA, PMBN, PMB, and colistin showed 

synergistic interaction against GNB pathogens while NCL195 alone had no activity against GNB 

(chapter II). Among these adjuvants, we identified that colistin and PMB showed the best 

synergistic activity, were less expensive choices than PMBN, and had greater applicability than 

EDTA, which can only be used topically when combined with NCL195 to treat GNB. This 

reduced the required concentrations needed for both drugs to kill/inhibit the growth of 

bacteria and resulted in better mammalian cell cytotoxicity profiles [302-305] (chapters II and 

III). 
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Interaction of NCL195 with colistin and PMB was further investigated using 

fluorescence-based membrane potential measurements. The results showed that NCL195 

disrupted the membrane potential of GNB in the presence of sub-inhibitory concentrations 

of PMB or colistin, while NCL195 alone had no effect (chapter II and III). In addition, NCL195 

permeabilised the cytoplasmic membrane of S. pneumoniae and S. aureus by disrupting 

membrane potential [288]. Therefore, it is likely that colistin and PMB interact with the 

lipopolysaccharide on the surface of GNB and then across the OM via the self-promoted 

uptake pathway, resulting in disruption of its normal barrier property [219,220]. 

Subsequently, the OM transiently loses its structural integrity, thereby allowing passage of 

NCL195 into the cell to the drug target site(s), likely to be located on the plasma (inner) 

membrane. This hypothesis of the mode of action of robenidine/polymixin combinations 

aligns with previous reports describing similar interactions for colistin-azidothymidine [306] 

and colistin-vancomycin [307]. 

Our hypothesis was further supported by TEM images showing the effects of NCL195 

alone on S. aureus morphology and NCL195 + colistin combination on E. coli and P. aeruginosa 

morphology (chapter II, III and IV). TEM with CryO section images showed S. aureus 

membrane morphology changes and the presence of mesosome-like membrane structures in 

NCL195-treated, but not in untreated bacteria (chapter II). The presence of mesosomes is 

possibly a consequence of cell membrane perturbation through disruption of the membrane 

potential, consistent with the effect of other antibiotic treatments reported previously [308-

311]. Subsequently, we indicated that TEM of the membrane morphology of E. coli and P. 

aeruginosa after NCL195 + colistin combination treatment showed increased cell membrane 

damage with a pathognomonic ruffling surrounding the cells, more tubular appendages, and 
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loss of differentiation of cell envelope layers than colistin alone. In contrast, TEM images of 

cells exposed to NCL195 alone did not show any differences compared to untreated control 

cells, which correlated with a lack of in vitro activity against GNB (chapter III and IV). In this 

study, TEM of the membrane morphology of E. coli and P. aeruginosa after treatment with 

colistin is consistent with the findings of a previous report [312]. However, the exact 

membrane components affected by the NCL195 + colistin combination are still unclear, 

requiring further molecular investigation to identify the specific NCL195 target sites and mode 

of action (See section 8.4). 

The stringent criteria for a new antibiotic to successfully proceed to clinical 

development require a balance between high in vivo efficacy in animal models, broad-

spectrum antibacterial activity and safety to host target cells [313,314]. Here, NCL195 

demonstrated limited toxicity to mammalian cell lines, low haemolytic activity [288], in vivo 

safety (systemic and oral route) in mice, as well as a significant reduction of S. pneumoniae 

(via the systemic route) and S. aureus (via systemic and oral routes) infecting populations in 

vivo using well established bioluminescent infection models. These correlated with prolonged 

survival times of NCL195-treated mice following sepsis challenge in comparison with control 

groups (chapter II and V). In vivo efficacy of NCL195 also correlated well with the results of in 

vitro susceptibility testing against GPB pathogens (chapter II, III and V). Likewise, the promising 

outcome of the in vivo efficacy of NCL195 (oral) + colistin (IP) combination in mouse GNB 

infection models mirrored the results of in vitro synergy testing of the same combination. 

Accordingly, we investigated the safety of NCL195 combined with a range of colistin 

concentrations in mice prior to efficacy testing. Nephrotoxicity is a well-known feature of 

colistin due to the tight binding and accumulation of colistin to tissue membranes when given 
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as a continuous infusion [315,316]. Therefore, it is crucial to adjust dosing regimens of colistin 

to prevent renal failure and other untoward side effects. Here, we showed that combinations 

of four oral doses of NCL195 at 50 mg/kg at 4 h apart and four IP doses of two-fold increasing 

colistin concentrations from 0.125-4 mg/kg at 4 h apart were safe to mice with no apparent 

differences compared to mice receiving the vehicle only, NCL195 alone or colistin alone at 

similar concentrations (chapter V). Subsequently, simultaneous administration of four oral 

doses of 50 mg/kg NCL195 and four IP doses of colistin at 0.125 mg/kg, 0.25 mg/kg or 0.5 

mg/kg 4 h apart resulted in dose-dependent, a significant reduction in colistin-susceptible E. 

coli loads compared to treatment with colistin alone at similar concentrations. 

Correspondingly, co-administration of four oral doses of 50 mg/kg NCL195 and four IP doses 

of colistin at 0.5 mg/kg, 1 mg/kg or 2 mg/kg resulted in a dose-dependent significant reduction 

in colistin-resistant E. coli loads compared to treatment with colistin alone at similar 

concentrations. In addition, colistin displayed in vivo concentration-dependent killing against 

both colistin-susceptible and-resistant E. coli, as described in previous reports [317-319]. For 

efficacy testing, we used colistin instead of PMB even though they have a similar chemical 

structure and antibacterial spectrum against GNB [320,321], because colistin is slightly more 

potent, colistin PK data are more available, it is commonly used in clinical practice, and it is 

the preferred polymyxin for IV and intrathecal administration [319].  

Colistin currently plays a significant role as a “salvage” therapy to treat extremely 

drug-resistant GNB infections that are refractory to all other treatments such as carbapenems 

and tigecycline [317]. However, colistin resistance development and toxicity are significant 

concerns in devising dosing regimens [317]. Therefore, it is necessary to administer colistin 

therapy in a way that maximises antimicrobial activity, reduces the risk of resistance 
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development and minimises the potential for adverse effects [317]. Our results satisfied all 

these requirements because all doses of colistin used in combination with NCL195 were safe 

to mice and were much lower than the recommended IV-delivered colistin dose of 9 MU 

(approximately 300 g of colistin base activity or 720 mg of colistin) [318], but still showed 

excellent in vivo efficacy against both colistin-susceptible and -resistant GNB infections.  

Chapter VI investigated the potential of another analogue of robenidine (NCL179) to 

expand the chemical diversity of the potential new antibiotic class (aminopyrimidines) to treat 

MDR bacterial infections. We demonstrated that NCL179 showed antibacterial activity against 

a wide range of clinical MDR-GPB pathogens, including MRSA, MRSP, and VRE. Notably, the 

combination of NCL179 with sub-inhibitory colistin concentrations resulted in a 100% 

synergistic interaction against all tested GNB pathogens, including colistin-resistant A. 

baumannii and colistin-resistant E. coli isolates. Moreover, we demonstrated the limited 

toxicity of NCL179 to mammalian cell lines, its low haemolytic activity, in vivo safety in mice, 

and the significant reduction in S. aureus populations in vivo together with prolonged survival 

times of NCL179-treated septic mice. These findings contributed crucial biological data for a 

second novel structure within the collection of 26 initial aminopyrimidine analogues designed 

to primarily explore structure/function relationships. The results confirm that the 

replacement of the robenidine aminoguanidine core with a 2-aminopyrimidine isostere has 

resulted in the generation of a new class of safer, biologically active and orally effective 

antimicrobials that is now ripe for further secondary medicinal chemistry improvements to 

attain greater levels of potency, safety and improved pharmacokinetics [287]. Although 

NCL179 contains halogen (i.e. chlorine) rather than methyl residues at the C4 position of the 

phenyl rings when compared to NCL195, we observed similar in vitro antimicrobial activity 
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against GPB and GNB when combined with a sub-inhibitory concentration of colistin. 

Moreover, we observed that NCL195 and NCL179 exhibited similar activity against S. aureus 

in vitro but in vivo efficacy of NCL195 was slightly better than NCL179 against S. aureus in a 

GPB mouse model. A significant reduction in bioluminescent S. aureus populations (in 

comparison to the untreated group) was observed starting at 4 h post-infection in the mouse 

group receiving NCL195 (chapter V), whereas this occurred at 6 h post-infection in the group 

treated with NCL179 (chapter VI), despite the same dosing regimen. This may possibly be due 

to the NCL195 MIC increasing 4-fold due to plasma-protein binding (chapter II); whereas for 

NCL179 (chapter VI), the MIC increase was much larger (16-fold).  

Chapter VII extended our focus on the “lost antibiotic” strategy outlined in the CRC-P 

proposal (CRCPFIVE000119) to rediscover natural molecules produced by microorganisms 

with interesting antimicrobial properties investigated decades ago, but which stalled in 

clinical development [269,270]. We investigated the “lost antibiotic” unguinol and the related 

nidulin-family of fungal natural products and then focused on two semisynthetic derivatives, 

benzguinols A and B, that were shown to have excellent in vitro activity against both MSSA and 

MRSA isolates [322]. In this thesis, we further showed activity of the benzguinols against MRSP 

isolates, and their combination with sub-inhibitory concentrations of colistin resulted in a 

synergistic interaction when tested against A. baumannii, E. coli, K. pneumoniae, and P. 

aeruginosa ATCC strains, while benzguinols A and B alone had no antimicrobial activity against 

these GNB. Moreover, we previously demonstrated that benzguinols exhibited a high degree 

of safety to mammalian cell lines in vitro as well as low haemolytic activity [322]. Furthermore, 

administration of three IP doses of benzguinols at 20 mg/kg at 4 h apart in mice showed no 

adverse effects and elicited a statistically significant reduction in S. aureus populations 

following challenge in a sepsis model and prolonged survival times compared to the vehicle-
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only treated mice. Our findings with these two early-stage (i.e. first generation) analogues 

strongly support the potential of the “lost antibiotic” strategy to address the urgent medical 

need to treat MDR infections. 

The compiled data for NCL195, NCL179 and benzguinols obtained during this study 

represent significant contributions to the literature for a number of reasons. A broad 

spectrum of activity is one favourable characteristic for an antibiotic being developed for use 

in the treatment of bacterial sepsis, including co-infections and superinfections that 

commonly occur in clinical settings [323,324]. Here, all these compounds showed narrow-

spectrum activity against a wide range of clinical MDR-GPB pathogens. Furthermore, the 

combination of all four antibiotics with sub-inhibitory concentrations of colistin resulted in a 

synergistic interaction against many GNB clinical isolates and reference strains (including A. 

baumannii, E. coli, K. pneumoniae, and P. aeruginosa); that are all on the critical WHO priority 

list of bacteria for which new antibiotics are urgently needed [22,325]. In addition, our 

findings strongly support the potential approach of combination therapy of sub-therapeutic 

colistin with other antibiotics to provide a solution to overcoming the OM permeability barrier 

[298,326,327]. Our in vivo efficacy data further support the NCL195 + colistin combination 

against GNB pathogens, which is in line with previous studies that demonstrated the 

superiority of combined therapy (with greater potential for eradicating GNB infection and no 

evidence of drug accumulation over time) vs monotherapy with polymyxins which risks rapid 

resistance development and potential toxicity associated with higher doses 

[96,249,250,328,329]. Lastly, we have shown that robenidine analogues in which the 

aminoguanidine core is replaced with a 2-aminopyrimidine structure appear to be more 

effective agents against bacterial sepsis when administered by the oral compared to the 

systemic route.  
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8.3. Limitations  

Despite the progress made in the biological characterisation of four novel antibiotics, 

there were some limitations encountered in this body of work. Our safety studies were limited 

to confirmation that the concentration of each compound to be used in the efficacy trials for 

pre-clinical screening purposes that was safe. Consequently, we are yet to perform a 

comprehensive safety assessment, including acute toxicity testing, genetic toxicity testing, 

toxicokinetics, sub-chronic toxicity testing and chronic toxicity testing to provide detailed 

information on toxicity characteristics, the toxicity to specific target organs, the dose-

response relationship, and cumulative side-effects that are used to extrapolate the safety of 

these novel antibiotics in humans or other animal species. Secondly, we are yet to perform 

detailed pharmacokinetic studies to provide information on the absorption, metabolism, 

distribution, and excretion (ADME) pattern of these compounds for appropriate dose 

selections. Such ADME studies will require a validated high performance liquid 

chromatography assay for qualitative and quantitative analysis of these compounds in blood 

to determine pharmacokinetic data such as the area under the curve, drug distribution ratio, 

Cmax, tmax, t1/2 and other parameters. Finally, time and funding limits prevented us from testing 

further 2-aminopyrimidine analogues with promising in vitro activity and modifications 

including halogen replacement (chlorine to bromine) on the phenyl C4 positions. Therefore, 

the following studies and further development are planned to provide more comprehensive 

information on these novel compounds that may represent a new antimicrobial class. 

8.4. Future directions  

Firstly, we provided additional membrane potential and TEM experimental evidence 

that robenidine analogues (NCL195 and NCL179) target the cytoplasmic membrane of GPB 
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and the corresponding inner membrane of GNB; however, the exact target site and 

mechanism of membrane depolarization is yet to be determined. Therefore, the mode of 

action of NCL195 should be further deciphered by conducting controlled bacterial gene 

expression studies during early-stage interactions with GPB together with labelling NCL195 

and or NCL179 with fluorescence probes to characterise and explore potential drug targets in 

bacteria (utilising “click” chemistry).  

Secondly, we demonstrated safety profiles of the four compounds at maximum doses 

based on MICs (NCL195 and NCL179 at 50 mg/kg, benzguinols at 20 mg/kg) but their no-

observed-adverse-effect level (NOAEL), the highest dose producing no noticeable side effects, 

has not been evaluated to identify maximum tolerated dose (MTD) in mice. Therefore, 

additional in vivo safety mouse models with different groups treated with a range of 

increasing doses of the four novel chemicals need to be undertaken to identify MTD. 

Subsequently, the in vivo efficacy of each compound at MTD will be evaluated, followed by 

further pharmacokinetics and pharmacodynamics studies using mouse infection models to 

guide later dose selection for use in other animal species and humans.  

Lastly, despite significant improvements over the parent compound (NCL812), we 

indicated some toxicity to mammalian cell lines and high plasma-protein binding still remain 

as the main limitations of current NCL195/NCL179 analogues. Therefore, these new chemical 

derivatives can be regarded as first-generation medicinal chemistry scaffolds that now require 

further molecular diversification and testing to identify analogues with improved potency, 

pharmacokinetics and safety.  
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8.5. Conclusions 

This thesis demonstrated that all four novel antibiotic entities are promising 

therapeutic options with potentially different mechanisms of action in bacteria compared to 

existing antibiotics for the future treatment of MDR bacterial infections, particularly for MDR-

GNB infections when combined with sub-inhibitory concentrations of colistin, which pose the 

greatest health threat, especially in the era of rapid and widespread colistin resistance. 

However, our research now requires further investigation into deciphering the molecular 

modes and target sites of action, which will inform further changes in the pharmacophore to 

explore structure/activity relationships and gain a better understanding of the difference in 

selectivity for prokaryote and eukaryote membrane targets. Further pharmaceutical 

development and subsequent safety and efficacy studies utilising different dose regimes will 

generate improved robenidine and unguinol formulations, particularly given the promising 

results obtained from oral delivery of NCL195/179 utilising a simple formulation in the present 

study. Lastly, these four new chemical compounds represent promising chemical scaffolds 

ripe for a more detailed and nuanced medicinal chemistry programme to further satisfy the 

pre-clinical assessment criteria required to progress towards clinical trials, either as stand-

alone antibiotics for MDR-GPB infections, or in combination with sub-inhibitory 

concentrations of colistin for MDR-GNB infections.   
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In this study, we report the semisynthesis and in vitro biological evaluation of thirty-four derivatives of the

fungal depsidone antibiotic, unguinol. Initially, the semisynthetic modifications were focused on the two

free hydroxy groups (3-OH and 8-OH), the three free aromatic positions (C-2, C-4 and C-7), the butenyl

side chain and the depsidone ester linkage. Fifteen first-generation unguinol analogues were synthesised

and screened against a panel of bacteria, fungi and mammalian cells to formulate a basic structure activity

relationship (SAR) for the unguinol pharmacophore. Based on the SAR studies, we synthesised a further

nineteen second-generation analogues, specifically aimed at improving the antibacterial potency of the

pharmacophore. In vitro antibacterial activity testing of these compounds revealed that 3-O-(2-fluoro-

benzyl)unguinol and 3-O-(2,4-difluorobenzyl)unguinol showed potent activity against both methicillin-

susceptible and methicillin-resistant Staphylococcus aureus (MIC 0.25–1 µg mL−1) and are promising can-

didates for further development in vivo.

Introduction

Infections caused by multidrug-resistant bacteria are a major
threat to global health. In the clinical setting, methicillin-
resistant Staphylococcus aureus (MRSA) continues to be a
leading cause of infection-related mortality.1 While vancomy-
cin has been the treatment of choice for serious MRSA infec-
tions for decades, there have been increasing reports of vanco-
mycin treatment failures due to the emergence and dissemina-
tion of resistant strains.2,3 Concerningly, treatment failure with
daptomycin, a drug of last resort for MRSA, can occur in more
than 20% of cases.3,4 Therefore, there is a pressing need for
the discovery and development of new antibiotics with novel
modes of action to combat these deadly superbugs.5

There are many approaches currently being explored to ident-
ify new classes of antibiotics, including in situ cultivation of
uncultured microbes,6,7 identification and prioritisation of

novel organisms by chemotaxonomy8–14 and activation of silent
biosynthetic gene clusters (BGCs) using synthetic biology and
bioinformatics tools.15,16 An alternate strategy involves revisiting
some of the old antibiotic scaffolds that were discovered many
decades ago, during a time of plenty, that were abandoned in
favour of more promising leads. Re-examining these neglected
historic scaffolds through the lens of modern drug discovery
platforms has proven to be an effective method of bringing new
antibiotic classes to the market.17 Notable antibiotic revivals
include linezolid (2000), daptomycin (2003) and lefamulin
(2019), which belong to chemical classes first reported in
1978,18 198719 and 1952,20 respectively.

In our ongoing search for new antibiotic leads, we recently
reported our work on expanding chemical space around the
nidulin antibiotic pharmacophore.21 Nidulin is a trichlorinated
depsidone antibiotic, first identified in 1945 from the fungus
Aspergillus unguis.22 While nidulin has reported antibacterial
activity against Mycobacterium tuberculosis23 and MRSA,24 the
compound has received only modest attention since its initial dis-
covery and the scaffold has not been systematically investigated
as an antibiotic lead. In our recent study, manipulating the
halide ion concentration in the cultivation medium of A. unguis
led to the production of 12 previously unreported nidulin ana-
logues, along with 11 known nidulin analogues. Biological testing
of this small library revealed a number of interesting trends in
potency and selectivity that warranted further investigation. In
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this study, we have employed a semisynthetic approach to expand
the structure activity relationship (SAR) of the nidulin pharmaco-
phore. Starting from the closely related metabolite unguinol, we
have generated a library of 15 analogues by modifying 7 different
locations around the unguinol core (Fig. 1). All semisynthetic ana-
logues were screened for in vitro activity against a panel of bac-
teria, fungi and mammalian cell lines. In vitro antimicrobial
testing revealed 3-O-benzylunguinol is fifteen times more potent
than ampicillin against S. aureus. Further exploration of benzyla-
tion of unguinol with halogen-substituted benzyl bromide yielded
more potent antibiotics, 3-O-(2-fluorobenzyl)unguinol and 3-O-
(2,4-difluorobenzyl)unguinol.

Results and discussion
First-generation semisynthetic unguinol analogues

We initiated our semisynthetic program starting with unguinol
(1), which is the major metabolite of A. unguis and could be

isolated in reasonable quantities by large-scale cultivation of
the organism. Compound 1 is a nonchlorinated analogue of
nidulin, containing two free hydroxy groups (3-OH and 8-OH),
three unsubstituted aromatic positions (H-2, H-4 and H-7),
one double bond (Δ1′,2′) in the butenyl side chain and one
ester linkage. These 7 locations were selected as the initial
sites for semisynthetic modification to assess the contri-
butions of each group towards the antibiotic activity of the
depsidone scaffold.

Oxidation and reduction. Initially, the Δ1′,2′ double bond in
the butenyl side chain of 1 was reduced by catalytic hydrogen-
ation (H2, Pd/C), to give a racemic mixture of 1′,2′-dihydroun-
guinol (2a) in quantitative yield (Scheme 1). Next, the Δ1′,2′

double bond of 1 was oxidised at 25 °C with dimethyldioxirane
(DMDO), which was generated in situ from basic acetone and
Oxone, to give cis-1′,2′-epoxyunguinol (2b) as a racemic mixture
in 53% yield. Repeating the DMDO oxidation at 50 °C yielded
a small quantity of 1′,2′-dihydroxyunguinol (2c), formed from
2b by nucleophilic ring-opening of the epoxide under the
basic reaction conditions. LCMS analysis of crude reaction
mixture revealed two diastereomers had formed in a 3 : 1 ratio,
although only the major could be isolated in sufficient quan-
tities for characterisation. Oxidation of the Δ1′,2′ double bond
of 1 by molecular oxygen in the presence of UV light (254 nm)
and Rose Bengal photosensitizer in aqueous MeCN, MeOH
and anhydrous MeCN yielded three unguinol derivatives, 2′-
hydroxy-Δ1′,4′-unguinol (2d), 2′-oxo-Δ1′,4′-unguinol (2e) and 2′-
hydroperoxy-Δ1′,4′-unguinol (2f ), respectively. The dye-sensi-
tized photooxidation of alkenes has been studied
extensively25,26 and the distribution of products observed can

Fig. 1 Chemical structures of nidulin and unguinol (1) and the initial
sites selected for semisynthetic modification of 1 (arrowed).

Scheme 1 Oxidation and reduction of the butenyl side chain of unguinol (1).
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be rationalised by addition of singlet oxygen to the Δ1′,2′

double bond of 1 to yield allylic hydroperoxide 2f (Schenck ene
reaction), followed by subsequent thermal decomposition to
give alcohol 2d or dehydration to give ketone 2e.

Halogenation. In our previous paper,21 we reported a series
of novel brominated depsidones (mono- and dibromoungui-
nol), which were obtained by supplementing the culture
media with potassium bromide. Significantly, we found that
these brominated depsidones showed improved antibacterial
activities against Bacillus subtilis and S. aureus when compared
with unguinol. To explore this effect more fully, we synthesised
several brominated and iodinated unguinol analogues, as
shown in (Scheme 2). As reduction of the butenyl side chain of
1 did not have any significant effects on antibacterial activity,
we conducted the halogenation reactions on hydrogenated
analogue 2a to avoid complicating side reactions. Treatment of
2a with bromine in chloroform at 25 °C yielded a mixture of
2,7-dibromo-1′,2′-dihydrounguinol (3a) and 2,4,7-tribromo-
1′,2′-dihydrounguinol (3b) in 16% and 19% yield, respectively.
While LCMS analysis of the crude reaction mixture suggested
that trace amounts of monobrominated products had formed
under these reaction conditions, varying the reaction tempera-
ture, solvent and equivalents of bromine did not yield
sufficient quantities of these products for isolation and charac-
terisation. Similarly, treatment of 2a with NaI and H2O2 in
acetic acid at 25 °C yielded 2,4-diiodo-1′,2′-dihydrounguinol
(3c) in 56% yield. LCMS analysis of the crude reaction mixture
suggested trace amounts of monoiodinated products had
formed, but there was no evidence for the formation of the
triiodinated product, suggesting iodination at C-7 is not
favoured under these conditions.

Nucleophilic ring opening. The depsidone scaffold contains
a central seven-membered ring consisting of one ether and
one ester linkage. Cleavage of the ether linkage yields dep-
sides, while cleavage of the ester linkage yields diphenyl
ethers. In our previous paper,21 we reported several naturally
occurring depsides and diphenyl ethers with moderate to weak

antibacterial activities. Therefore, to gain further insights into
the SAR of diphenyl ethers, we next explored cleaving the ester
linkage of 1 with sodium hydroxide in methanol and
ammonium hydroxide in water to yield methyl unguinolate
(4a) and unguinolamide (4b), respectively (Scheme 3). The
presence of an additional exchangeable resonance in the 1H
NMR spectra (δH 8.36 for 4a and 9.38 for 4b) attributable to 9a-
OH confirmed that the depsidone ester linkages had been
cleaved in both compounds. The presence of a methyl ester in
4a was evident from signals at δC 167.9 and 51.6 in 13C NMR
spectrum, while the presence of a primary amide in 4b was
evident from two additional exchangeable signals at δH 7.71
and 7.94. The free acid was isolated and characterised in our
previous work21 as a natural product (unguinolic acid) and
hence was not prepared synthetically in this work.

Methylation and benzylation. We next turned our attention
to derivatising the two free hydroxy groups (3-OH and 8-OH) of
1 (Scheme 4). Treatment of 1 with methyl iodide (2 eq.) in
K2CO3 resulted in a mixture of 3-O-methylunguinol (5a) and
3,8-di-O-methylunguinol (5b), but not the 8-O-monomethylated
product. The structure of 5a was confirmed by diagnostic
ROESY NMR correlations between 3-OMe and aromatic
protons H-2 and H-4. Attempts to access 8-O-methylunguinol
by first protecting 3-OH as the tert-butyldimethylsilyl (TBDMS)
ether were unsuccessful. This apparent regioselectivity is inter-
esting given the preference for 8-O-methylation in Nature, with
the only naturally occurring 3-O-methylated unguinol analogue
reported to date being aspergillusidone B.27,28 Next, benzyla-
tion of 1 was carried out using benzyl bromide and K2CO3 at
50 °C in THF (Scheme 4). Under these reaction conditions, a
mixture of mono- and dibenzylated products was formed, with
3-O-benzylunguinol (6a) isolated as the major product. The
position of benzyl group on 3-OH was confirmed by diagnostic
HMBC correlations from the benzyl methylene protons to C-3
(δC 161.7) and a ROESY correlation from the methylene
protons to H-2. Interestingly, repeating the benzylation reac-
tion using either acetone or acetonitrile as the solvent yielded
3,8-di-O-dibenzylunguinol (6b) as the major product.Scheme 2 Halogenation of 1’,2’-dihydrounguinol (2a).

Scheme 3 Nucleophilic opening of the ester linkage of unguinol (1).
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Bioassay of first-generation semisynthetic unguinol analogues

The fifteen first-generation semisynthetic unguinol analogues
were tested for in vitro activity against the Gram-positive bac-
teria B. subtilis (ATCC 6633) and S. aureus (ATCC 25923), the
Gram-negative bacterium Escherichia coli (ATCC 25922), the
fungi Candida albicans (ATCC 10231) and Saccharomyces cerevi-
siae (ATCC 9763), and mouse NS-1 myeloma (ATCC TIB-18)
cells (Table 1). The compounds exhibited a wide range of anti-
bacterial activities against the Gram-positive bacteria, but no
activity was observed for any of the analogues against E. coli or
C. albicans.

Reduction of the butenyl side chain of 1 by catalytic hydro-
genation yielded 2a, which was equipotent against B. subtilis
but two-fold less potent against S. aureus. Oxidation of the

butenyl side chain of 1 yielded five oxygenated derivatives, 2b–
2f. While epoxidation (2b) and dihydroxylation (2c) of the
double bond significantly reduced antibacterial activity, the
allylic ketone (2e) and hydroperoxide (2f ) derivatives showed
similar activity against B. subtilis and up to eight-fold
increased activity against S. aureus. This was also accompanied
by significantly increased cytotoxicity against mammalian
tumour cells, with activities more potent than the positive
control 5-fluorouracil. Dibromination (3a) and tribromination
(3b) of 2a also significantly improved the antibacterial activity
against both of the Gram-positive bacteria, but again was
accompanied by increased cytotoxicity against NS-1 cells.
Interestingly, 3a also showed twelve-fold improved activity
against S. cerevisiae compared to 2a, while 3b showed no anti-
fungal activity. Di-iodination (3c) of 2a yielded a similar
improvement in antibacterial activity as dibromination, but
with no increase in cytotoxicity. Nucleophilic opening of the
ester linkage of 1 with NaOH/MeOH and NH4OH/MeCN to
give methyl unguinolate (4a) and unguinolamide (4b),
respectively, resulted in a significant decrease in antibacterial
activity against both of the Gram-positive bacteria, highlight-
ing the importance of the seven-membered depsidone ring
system.

Methylation of 1 at 3-OH (5a) resulted in a two-fold decrease
in activity against B. subtilis, with no change in activity against
S. aureus. However, methylation of 1 at both 3-OH and 8-OH
(5b) abolished activity against both of the Gram-positive bac-
teria, suggesting at least one free hydroxy group is essential for
activity. Benzylation of 1 at 3-OH (6a) resulted in a modest
increase in activity against B. subtilis, but a very significant
increase in activity against S. aureus. Indeed, 6a (MIC 0.2 µg
mL−1) was found to be over thirty-fold more active than
nidulin (MIC 6.3 µg mL−1) and over sixty-fold more active than

Scheme 4 Methylation and benzylation of unguinol (1).

Table 1 In vitro biological activities of first-generation semisynthetic unguinol analogues

Compounds

MIC (µg mL−1)

B. subtilis (ATCC 6633) S. aureus (ATCC 25923) S. cerevisiae (ATCC 9763) NS-1 (ATCC TIB-18)

Nidulin 0.8 6.3 — 27.2
Unguinol (1) 3.1 12.5 50 25
1′,2′-Dihydrounguinol (2a) 3.1 25 50 25
cis-1′,2′-Epoxyunguinol (2b) 25 100 — 25
1′,2′-Dihydroxyunguinol (2c) — — — —
2′-Hydroxy-Δ1′,4′-unguinol (2d) 50 100 — 50
2′-Oxo-Δ1′,4′-unguinol (2e) 1.6 1.6 — <0.1
2′-Hydroperoxy-Δ1′,4′-unguinol (2f) 3.1 3.1 — <0.1
2,7-Dibromo-1′,2′-dihydrounguinol (3a) 2.1 2.1 4.2 4.2
2,4,7-Tribromo-1′,2′-dihydrounguinol (3b) 1.2 4.6 — 9.2
2,4-Diiodo-1′,2′-dihydrounguinol (3c) 1.1 4.6 9.1 36.4
Methyl unguinolate (4a) 25 100 — 50
Unguinolamide (4b) 25 — — <0.1
3-O-Methylunguinol (5a) 6.3 12.5 12.5 25
3,8-Di-O-methylunguinol (5b) — — — 16.1
3-O-Benzylunguinol (6a) 1.6 0.2 — 3.1
3,8-Di-O-benzylunguinol (6b) 50 — — a

Ampicillin 0.2 3.1 a a

Clotrimazole a a 0.4 a

5-Fluorouracil a a a 0.1

aNot tested; – no activity up to 100 µg mL−1.
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unguinol (MIC 12.5 µg mL−1) against S. aureus. Benzylation of
1 at both 3-OH and 8-OH (6b) also abolished all antibacterial
activity, as was observed for dimethylation.

Second-generation semisynthetic unguinol analogues

From our preliminary SAR studies, it was evident that benzyla-
tion of the 3-OH group of 1 significantly improved antibacter-
ial activity, particularly against S. aureus. Inspired by these
initial results, we next explored benzylation of 1 with a range
of ortho-, meta- and para-substituted benzyl bromides
(Scheme 5). Reaction of 1 with five equivalents of each benzyl
bromide in THF at 50 °C yielded ten second-generation 3-O-
benzylated derivatives, 7a–7j as the major products. Three
picolyl derivatives (7k–7m) were also synthesised by reaction of
1 with 2-, 3-, and 4-picolyl chloride in MeCN at 25 °C.
Alkylation of the 3-OH group of 1 by reaction with 4-(2-chlor-
oethyl)morpholine, 1-(2-chloroethyl)piperidine and 1-(2-chlor-
oethyl)pyrrolidine in MeCN at 25 °C yielded 7n–7p. Finally,
benzylation of the 3-OH of 2a was performed using three
different benzyl bromides, yielding 8a–8c.

Bioassay of second-generation semisynthetic unguinol
analogues

The nineteen second-generation unguinol congeners were
initially tested for in vitro against the same panel of bacteria,
fungi and mammalian cells as the first-generation analogues
(Table 2). No activity was observed for any of the second-gene-
ration compounds against the tested Gram-negative bacterial
or fungal species. The ten 3-O-benzylated unguinol analogues
7a–7j exhibited significant antibacterial activity against Gram-

positive bacteria, with MICs ranging from <0.1–6.3 µg mL−1,
and showed modest cytotoxicity against mouse NS-1 myeloma
cells, with MICs ranging from 6.3–12.5 µg mL−1. Significantly,
all ten benzylated analogues showed potent activity against
S. aureus, with MICs ranging from <0.1–0.8 µg mL−1. The fluor-
obenzyl analogues 7d and 7f were the most promising leads,
with activities superior to the antibiotic standards gentamicin
(MIC 0.4 µg mL−1) and ampicillin (MIC 3.1 µg mL−1), and a
selectivity index of 125. The 2-, 3- and 4-picolyl derivatives of 1
(7k–7m, respectively) showed 8- to 16-fold less activity against
S. aureus compared to 6a, with only 7k retaining any activity
against B. subtilis (MIC 6.3 µg mL−1). The 3-O-alkylamino
derivatives 7n–7p also exhibited significantly reduced antibac-
terial activity compared to 6a. Intriguingly, this was
accompanied by a dramatic increase in cytotoxicity against
mouse myeloma NS-1 cells (MIC 0.2 µg mL−1), comparable in
potency to the standard compound 5-fluorouracil (MIC 0.1 µg
mL−1). The appearance of this potent and selective mamma-
lian cytotoxicity is indicative of a mode of action distinct from
the antibacterial activity of the unguinol scaffold. It has been
recently reported that 8-O-alkylation of nornidulin results in
moderate cytotoxicity against African green monkey kidney
(Vero) cells.29 Similarly, the 1′,2′-dihydro analogues of 6a, 7d
and 7f (8a–8c, respectively) showed slightly decreased antibac-
terial activities accompanied by markedly increased cyto-
toxicity against NS-1 cells (MIC 0.8 µg mL−1).

We next explored the activity of the nineteen second-gene-
ration unguinol analogues against MRSA (ATCC 33592).
Encouragingly, all ten 3-O-benzylated unguinol analogues 7a–
7j retained equal potency against MRSA (MICs 0.1–0.8 µg

Scheme 5 Synthesis of second-generation unguinol analogues.
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mL−1) and were significantly more active than the standard
gentamicin (MIC 25 µg mL−1). The picolyl derivatives 7k–7m
also showed similar potencies against MRSA, while the alkyla-
mino derivatives 7n–7p and the hydrogenated benzyl deriva-
tives 8a–8c showed slightly improved potencies against MRSA.
A subset of the 3-O-benzylated unguinol analogues (6a, 7a, 7c,
7d and 7g) was screened against one additional strain of MRSA
(USA300), one additional strain of methicillin-sensitive
S. aureus (MSSA; ATCC 49775) and two strains of Enterococcus
faecium (ATCC 19434, E734) (Table 3), as well as two strains of
Pseudomonas aeruginosa (PA01, ATCC 27853) and two
additional strains of E. coli (ATCC 25322, ATCC 35218). No
Gram-negative activity, or activity against either E. faecium, was
detected for any of the compounds up to 16 µg mL−1. The ana-
logues all showed good activities against both MRSA and
MSSA (MICs 0.5–2 µg mL−1), comparable to the control com-

pound daptomycin (MIC 0.5 µg mL−1). It is noteworthy that
the MICs for the 3-O-benzylated unguinol analogues increased
32-fold in the presence of 10% foetal calf serum.

Given these findings, further in-depth evaluation of the
antibacterial activities of 7d and 7g was carried out with an
expanded list of S. aureus isolates and strains to obtain a
clearer picture of the potency and selectivity of these ana-
logues. The results show potent activity for both compounds,
returning MIC range, MIC50 and MIC90 values comparable to
the daptomycin standard (Table 4). The potency of 7d and 7g
was further investigated in a kinetic assay to measure the time-
and concentration-dependent activity of the two compounds
against two S. aureus ATCC strains using daptomycin as a com-
parator. The results show a time- and concentration-dependent
inhibition of growth for 7d and 7g, consistent with features of
bacteriostatic drugs. As expected, daptomycin displayed pat-
terns of a bactericidal drug (Fig. 2).

A preliminary investigation into the suitability of 7d and/or
7g for administration as a drug was conducted by assessing

Table 2 In vitro biological activities of second-generation semisynthetic unguinol analogues

Compound

MIC (µg mL−1)

B. subtilis (ATCC 6633) S. aureus (ATCC 25923) MRSA (ATCC 33592) NS-1 (ATCC TIB-18)

3-O-Benzylunguinol (6a) 1.6 0.2 0.4 3.1
3-O-(2-Chlorobenzyl)unguinol (7a) 3.1 0.2 0.2 12.5
3-O-(3-Chlorobenzyl)unguinol (7b) 3.1 0.8 0.4 6.3
3-O-(4-Chlorobenzyl)unguinol (7c) 1.6 0.2 0.2 12.5
3-O-(2-Fluorobenzyl)unguinol (7d) 0.8 0.1 0.1 12.5
3-O-(3-Fluorobenzyl)unguinol (7e) 1.6 0.4 0.4 6.3
3-O-(4-Fluorobenzyl)unguinol (7f) 1.6 <0.1 0.1 12.5
3-O-(2,4-Difluorobenzyl)unguinol (7g) 0.8 0.2 0.2 12.5
3-O-(3-Bromobenzyl)unguinol (7h) 6.3 1.6 1.6 6.3
3-O-(3-Methylbenzyl)unguinol (7i) 3.1 0.8 0.8 6.3
3-O-(3-Methoxybenzyl)unguinol (7j) 6.3 1.6 1.6 6.3
3-O-(2-Picolyl)unguinol (7k) 6.3 1.6 1.6 12.5
3-O-(3-Picolyl)unguinol (7l) — 3.1 6.3 25
3-O-(4-Picolyl)unguinol (7m) — 1.6 3.1 12.5
3-O-(4-Morpholinoethyl)unguinol (7n) 6.3 12.5 6.3 0.2
3-O-(1-Piperidinylethyl)unguinol (7o) 6.3 25 6.3 0.2
3-O-(1-Pyrrolidinylethyl)unguinol (7p) 12.5 100 50 0.2
3-O-Benzyl-1′,2′-dihydrounguinol (8a) 3.1 3.1 1.6 0.8
3-O-(2-Fluorobenzyl)-1′,2′-dihydrounguinol (8b) 3.1 3.1 1.6 0.8
3-O-(4-Fluorobenzyl)-1′,2′-dihydrounguinol (8c) 3.1 3.1 1.6 0.8
Ampicillin 0.2 3.1 — a

Gentamicin a 0.4 25 a

5-Fluorouracil a a a 0.1

aNot tested; – no activity up to 100 µg mL−1.

Table 3 In vitro antibacterial activity of benzylunguinol derivatives
against MSSA, MRSA and E. faecium

Compound

MIC (µg mL−1)

MRSAa MSSAb E. faeciumc E. faeciumd

1 8 8 >16 >16
6a 1 1 >16 >16
7a 1 2 >16 >16
7c 0.5 1 >16 >16
7d 0.5 1 >16 >16
7g 0.5 0.5 >16 >16
Daptomycin 0.5 0.5 >2 >2

aUSA300. b ATCC 49775. c ATCC 19434. d E734.

Table 4 MIC range, MIC50 and MIC90 against S. aureus (20 MRSA and 3
MSSA)

Compound

MIC (µg mL−1)

MIC range MIC50 MIC90

7d 0.25–1 0.5 0.5
7g 0.25–1 0.5 0.5
Daptomycin 0.25–1 0.5 0.5
Ampicillin 0.125–>16 >16 >16
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their cytotoxicity to mammalian cells in fresh human red
blood cells (RBCs), human embryonic kidney (HEK293) cell
line and human epithelial liver (Hep G2) cell line. At the
highest concentration (128 µg mL−1), 7d and 7g did not result
in haemolysis of RBCs and both returned IC50 values of 32 µg
mL−1 against the HEK293 and Hep G2 cell lines. These desir-
able cytotoxicity profiles promote exploration of 7d and 7g for
in vivo safety and subsequent efficacy testing in relevant
animal models.

Conclusions

In this study, we have completed the semisynthesis and in vitro
biological evaluation of thirty-four derivatives of the fungal
depsidone antibiotic, unguinol. Our SAR studies against a
panel of microorganisms and mammalian cells revealed that
at least one free hydroxy group is essential for antibacterial

activity. We have demonstrated that by modification of the
butenyl side chain of unguinol, we can target more potent and
selective antitumor activity, while the introduction of bulkier
halogens abolishes selectivity. Most notably, we have demon-
strated that introduction of a 3-O-benzyl group exploits a puta-
tive additional hydrophobic pocket present in Gram-
positive bacteria, affording a more potent and selective anti-
biotic class. The binding pocket appears to be optimal for fluo-
rine-substituted benzyl analogues. Two of these analogues, 3-
O-(2-fluorobenzyl)unguinol and 3-O-(2,4-difluorobenzyl)ungui-
nol, demonstrated potent activity against MSSA and MRSA at
concentrations comparable to those of a leading clinically
effective Gram-positive antibiotic, daptomycin. Our assays also
show these two compounds appear to be bacteriostatic and
exhibit desirable mammalian cytotoxicity profiles, supporting
their consideration for in vivo safety and drug efficacy testing
in animal models of disease. While the mode of action of
unguinol and its analogues remains unknown, our SAR results
suggest this family of depsidones may act by binding to a

Fig. 2 Kinetic assay showing time- and concentration-dependent inhibition of S. aureus ATCC 12600 (Xen29; A, C and E) and ATCC 29213 (B, D and
F) by 7d and 7g, with daptomycin as a comparator. Results show 7d and 7g are bacteriostatic, while daptomycin is bactericidal.
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target shared by prokaryotes, lower eukaryotes and higher
eukaryotes. It is noteworthy that many lichen symbionts use
variants of the depsidone scaffold to similar effect.30–32 This
broad chemotherapeutic specificity represents an efficient use
of resources, enabling the fungus to ward off a wide taxonomic
framework of competitors. In Nature, potency and selectivity
are implicit to each metabolite, which is an inverse template
of its site of action. Employing a cohort of bioassays to help
illuminate previously unrecognised aspects of potency and
selectivity is an effective strategy for reviving existing chemical
classes as potential new drugs.

Experimental
General experimental details

UV–vis spectra were acquired in MeOH on a Varian Cary 4000
spectrophotometer or a Jasco V-760 spectrophotometer in a 10
× 10 mm quartz cuvette. IR spectra were recorded on a Jasco
FT/IR-6000 FTIR (ATR) spectrometer. Photooxidation reactions
were performed using a Philips TUV PL-S 11 W/2P UVC light.
1H NMR and 13C NMR spectra were recorded in 5 mm Pyrex
tubes (Wilmad, USA) on either a Bruker Avance II DRX-600K
600 MHz or Bruker Avance III HD 500 MHz spectrometer. All
NMR spectra were obtained at 25 °C, processed using Bruker
Topspin 3.5 software and referenced to residual solvent signals
(DMSO-d6 δH 2.49/δC 39.5 ppm). High resolution electrospray
ionisation mass spectra (HRESIMS) were obtained on a Q
Exactive Plus hybrid quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) by direct infu-
sion. Electrospray ionisation mass spectra (ESIMS) were
acquired on an Agilent 1260 UHPLC coupled to an Agilent
6130B single quadrupole mass detector. Analytical HPLC was
performed on a gradient Agilent 1260 Infinity quaternary
HPLC system equipped with a G4212B diode array detector.
The column was an Agilent Poroshell 120 EC-C18 (4.6 ×
50 mm, 2.7 μm) eluted with a 1 mL min−1 gradient of
10–100% MeCN/water (0.01% TFA) over 8.33 min.
Semipreparative HPLC was performed on a gradient Agilent
1260 Infinity quaternary HPLC system coupled to a G4212B
diode array detector. The column used in the purification of
the compounds was an Agilent Zorbax SB-C18 (9.4 × 250 mm,
5 μm) eluted isocratically at 4.18 mL min−1. Preparative HPLC
was performed on a gradient Shimadzu HPLC system
comprising two LC-8A preparative liquid pumps with static
mixer, SPD-M10AVP diode array detector and SCL-10AVP
system controller with standard Rheodyne injection port. The
columns used were a Grace Discovery Hypersil C18 spring
column (150 × 50 nm, 5 µm) eluted isocratically at 60 mL
min−1, an Agilent Zorbax SB-C18 column (150 × 50 nm, 5 µm)
eluted isocratically at 60 mL min−1 and an Agilent Zorbax
SB-C18 column (2 × 250 mm, 5 µm) eluted isocratically at
20 mL min−1. Silica flash chromatography was performed on a
Biotage Isolera Four system coupled with a variable UV
(200–400 nm) detector.

Isolation and purification of unguinol

A. unguis MST-FP511 was grown on pearl barley, which had
been boiled in distilled water for 12 min and sterilised (120 °C
for 40 min), in 60 × 250 mL Erlenmeyer flasks, with each flask
containing 50 g of barley. Agar squares from a 7-day-old Petri
plate of A. unguis were used as the inoculum for the flasks. The
cultures were incubated for 21 days at 24 °C, then the grains
were pooled and extracted with acetone (2 × 4 L) and the com-
bined extracts were evaporated under vacuum to produce an
aqueous slurry (2 L). The slurry was partitioned against ethyl
acetate (2 × 2 L) and the ethyl acetate was reduced in vacuo to
give the crude extract (55.6 g). The crude extract was redis-
solved in 90% MeOH/H2O (500 mL) and partitioned against
hexane (2 × 500 mL) to remove lipids, yielding an enriched
extract (35.7 g). The enriched extract was adsorbed onto silica
gel (40 g), which was then loaded onto a silica gel column
(100 g, 300 × 50 mm). The column was washed once with
hexane (500 mL), then eluted with 50% hexane/CHCl3
(500 mL), 25% hexane/CHCl3 and CHCl3 (500 mL), followed by
a stepwise gradient of 1, 2, 4, 8, 16, 32 and 100% MeOH/CHCl3
(500 mL each step), to yield 11 fractions (Fr. 1–11). Fraction 6
(2.1 g) was purified by isocratic preparative HPLC (Hypersil
C18, isocratic 60% MeCN/H2O containing 0.01% TFA, 60 mL
min−1) to yield 1 (tR 14.62 min; 384 mg).

Semisynthesis of unguinol analogues

1′,2′-Dihydrounguinol (2a). Unguinol (1; 50 mg, 0.15 mmol)
was dissolved in methanol (5 mL) and 10% palladium on
carbon catalyst (3.2 mg) was added. The reaction mixture was
stirred overnight under an atmosphere of H2 (balloon) at
25 °C. The reaction mixture was filtered through Celite and the
solvent was removed in vacuo to yield 1′,2′-dihydrounguinol
(2a; 50 mg, quant.) as a colourless solid, which was used
without further purification. UV (MeOH) λmax (log ε) 203 (5.08),
223 (4.78), 265 (4.43) nm; IR (ATR) νmax 3310, 2963, 1698, 1608,
1576, 1427, 1336, 1256, 1210, 1151, 1108, 1086 cm−1; 1H NMR
(600 MHz, DMSO-d6): δ 10.61 (s, 1H), 9.49 (s, 1H), 6.57 (dd, J =
2.4, 0.8 Hz, 1H), 6.54 (d, J = 2.4 Hz, 1H), 6.49, (s, 1H), 3.25 (m,
1H), 2.33 (s, 3H), 2.03 (s, 3H), 1.51 (m, 2H), 1.11 (d, J = 7.0 Hz,
3H), 0.79 (t, J = 7.3 Hz, 3H), 13C NMR (150 MHz, DMSO-d6): δ
163.1, 162.5, 161.8, 152.9, 144.7, 142.8, 141.0, 136.1, 115.6,
113.6, 111.6, 108.0, 104.4, 32.4, 29.8, 21.4, 20.7, 12.1, 9.1.
HRESI(+)MS m/z 329.1381 [M + H]+ (calculated for C19H21O5

+

329.1384).
cis-1′,2′-Epoxyunguinol (2b). To a stirred mixture of unguinol

(1; 15 mg, 46 µmol), NaHCO3 (23 mg, 0.27 mmol) and acetone
(5 mL) at 0 °C, a solution of Oxone (84 mg, 0.27 mmol) in
water (3 mL) was added dropwise. The resulting mixture was
stirred at 25 °C for 18 h and then extracted with ethyl acetate
(3 × 3 mL). The organic layer was dried over MgSO4 and the
solvent was evaporated under nitrogen. The residue (13.8 mg)
was purified by semipreparative C18 HPLC with isocratic 80%
MeCN/H2O (4.18 mL min−1), yielding a racemic mixture of cis-
1′,2′-epoxyunguinol (2b; tR = 17.5 min; 8.0 mg, 53%) as white
amorphous solid. UV (MeOH) λmax (log ε) 202 (4.92), 221
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(4.57), 267 (4.23) nm; IR (ATR) νmax 3461, 2989, 1699, 1619,
1579, 1424, 1384, 1381, 1254, 1217, 1188, 1160, 1104 cm−1; 1H
NMR (500 MHz, DMSO-d6): δ 10.76 (br s, 1H), 9.72 (br s, 1H),
6.58 (s, 1H), 6.57 (d, J = 2.4 Hz, 1H), 6.46 (d, J = 2.4 Hz, 1H),
2.85 (q, J = 5.4 Hz, 1H), 2.33 (s, 3H), 2.03 (s, 3H), 1.56 (s, 3H),
1.47 (d, J = 5.4 Hz, 3H); 13C NMR (125 MHz, DMSO-d6): δ

162.6, 162.2, 162.1, 152.8, 144.9, 142.9, 140.2, 132.7, 115.9,
115.4, 111.1, 108.3, 104.4, 59.4, 59.0, 20.7, 18.8, 13.8, 9.2.
HRESI(−)MS m/z 341.1032 [M − H]− (calculated for C19H17O6

−,
341.1031).

1′,2′-Dihydroxyunguinol (2c). To a stirred solution of ungui-
nol (1; 15 mg, 46 µmol) in acetone (5 mL) was added NaHCO3

(38 mg) and a solution of Oxone (141 mg, 0.46 mmol) in water
(2 mL). The reaction mixture was stirred at 50 °C for 18 h and
then extracted with ethyl acetate (3 × 3 mL). The organic layer
was dried over anhydrous MgSO4, and reduced to dryness
under nitrogen. The residue (12.5 mg) was purified by semipre-
parative HPLC with isocratic 80% MeCN/H2O plus 0.01% TFA
(4.18 mL min−1), yielding 1′,2′-dihydroxyunguinol (2c; tR =
15.8 min; 2.2 mg, 14.7%) as a colourless solid. UV (MeOH)
λmax (log ε) 203 (4.91), 222 (4.59), 268 (4.28) nm; IR (ATR) νmax

3674, 2985, 2901, 1393, 1251, 1066 cm−1; 1H NMR (600 MHz,
DMSO-d6): δ 10.56 (s, 1H), 9.44 (s, 1H), 6.88 (s, 1H), 6.73 (d, J =
2.4 Hz, 1H), 6.56 (d, J = 2.4 Hz, 1H), 4.23 (p, J = 6.4 Hz, 1H),
2.36 (s, 3H), 2.05 (s, 3H), 1.43 (s, 3H), 1.02 (d, J = 6.4 Hz, 3H);
13C NMR (150 MHz, DMSO-d6): δ 163.3, 162.5, 161.5, 151.7,
145.0, 143.4, 141.1, 136.7, 115.5, 114.6, 111.3, 110.6, 105.7,
75.8, 70.9, 24.5, 21.1, 17.7, 9.3. HRESI(−)MS m/z 359.1135 [M −
H]− (calculated for C19H19O7

−, 359.1136).
2′-Hydroxy-Δ1′,4′-unguinol (2d). Unguinol (1; 40 mg,

123 µmol) was dissolved in 95% aqueous MeCN (10 mL) and
Rose Bengal (4 mg, 4 µmol) was added. The reaction mixture
was irradiated with UV light (254 nm) for 4 h then reduced to
dryness under nitrogen. The residue was redissolved in MeOH
(1 mL) and purified by preparative HPLC running with iso-
cratic 60% MeCN/H2O, 20 mL min−1 yielding 2′-hydroxy-Δ1′,4′-
unguinol (2d; tR = 5.75 min, 3.5 mg, 8.75%) as a colourless
solid. UV (MeOH) λmax (log ε) 206 (5.11), 243 (4.62) nm; IR
(ATR) νmax 2976, 1724, 1607, 1576, 1422, 1332, 1247, 1213,
1153, 1104 cm−1; 1H NMR (500 MHz, DMSO-d6): δ 10.55 (s,
1H), 9.63 (s, 1H), 6.54 (d, J = 2.4 Hz, 1H), 6.49 (s, 1H), 6.44 (d, J
= 2.4 Hz, 1H), 5.52 (s, 1H), 5.12 (d, J = 4.7 Hz, 1H), 4.95 (s, 1H),
4.59 (p, J = 6.5 Hz, 1H), 2.32 (s, 3H), 2.05 (s, 3H), 1.05 (d, J =
6.5 Hz, 3H); 13C NMR (125 MHz, DMSO-d6): δ 163.0, 162.3,
161.7, 152.4, 150.3, 144.4, 143.2, 140.2, 131.1, 115.6, 115.3,
113.2, 111.4, 111.3, 104.9, 67.9, 22.7, 20.6, 9.23. HRESI(−)MS
m/z 341.1032 [M − H]− (calculated for C19H17O6

−, 341.1031).
2′-Oxo-Δ1′,4′-unguinol (2e). Unguinol (1; 60 mg, 184 µmol)

was dissolved in MeOH (10 mL) and Rose Bengal (20 mg,
20 µmol) was added. The reaction mixture was transferred to
glass reaction chamber and exposed to UV light (254 nm) for
4 h. The solution was then reduced to dryness under nitrogen
and purified via preparative HPLC running with an isocratic
gradient 60% MeCN/H2O (60 mL min−1) yielding 2′-oxo-Δ1′,4′-
unguinol (2e; tR = 6.35 min, 1.8 mg, 3.0%) as a colourless
solid. UV (MeOH) λmax (log ε) 204 (4.71), 222 (4.39), 263 (4.08)

nm; IR (ATR) νmax 3398, 2920, 2851, 1698, 1673, 1618, 1575,
1427, 1352, 1328, 1256, 1197, 1157, 1105 cm−1; 1H NMR
(600 MHz, DMSO-d6): δ 6.51 (d, J = 2.1 Hz, 1H) 6.47 (s, 1H),
6.32 (s, 1H), 6.17 (d, J = 2.1 Hz, 1H), 5.85 (s, 1H), 2.40 (s, 3H),
2.30 (s, 3H), 2.08 (s, 3H); 13C NMR (150 MHz, DMSO-d6): δ
198.3, 162.5, 162.1, 152.7, 145.5, 144.6, 142.9, 140.1, 128.0,
127.5, 116.4, 115.9, 111.7, 110.6, 104.3, 26.9, 20.7, 9.3. HRESI
(−)MS m/z 339.0871 [M − H]− (calculated for C19H15O6

−,
339.0874).

2′-Hydroperoxy-Δ1′,4′-unguinol (2f). Unguinol (1; 65 mg,
199 µmol) was dissolved in MeCN (10 mL) and Rose Bengal
(0.5 mg, 0.5 µmol) was added. The reaction mixture was trans-
ferred to glass UV reaction chamber and exposed to UV light
(254 nm) for 1 h. The solution was reduced to dryness under
nitrogen, redissolved in MeCN (1 mL) and purified by prepara-
tive HPLC running with an isocratic gradient running 50%
MeCN/H2O (20 mL min−1), yielding 2′-hydroperoxy-Δ1′,4′-ungui-
nol (2f; tR = 8.02 min, 9.4 mg, 14.5%) as a colourless solid. UV
(MeOH) λmax (log ε) 205 (4.95), 226 (4.66), 264 (4.32) nm; IR
(ATR) νmax 3166, 2984, 1726, 1608, 1576, 1424, 1331, 1284,
1214, 1153, 1105 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 11.66
(br s, 1H), 9.97 (br s, 1H), 6.54 (s, 1H), 6.51 (d, J = 2.3 Hz, 1H),
6.42 (d, J = 2.3 Hz, 1H), 5.53 (dq, J = 1.6, 1.2 Hz, 1H), 5.13 (d, J
= 1.6 Hz, 1H), 4.81 (q, J = 6.5 Hz, 1H), 2.31 (s, 3H), 2.06 (s, 3H),
1.16 (d, J = 6.5 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ

163.1, 162.6, 162.3, 152.4, 145.2, 144.4, 143.2, 140.3, 130.2,
116.5, 115.8, 115.6, 111.6, 110.7, 104.9, 81.9, 20.6, 17.9, 9.24.
ESI; HRESI(−)MS m/z 357.0980 [M − H]− (calculated for
C19H17O7

−, 357.0980).
2,7-Dibromo-1′,2′-dihydrounguinol (3a) and 2,4,7-tribromo-

1′,2′-dihydrounguinol (3b). 1′,2′-Dihydrounguinol (2a; 10 mg,
30 µmol) was dissolved in chloroform (3 mL) and a solution of
bromine in chloroform (2.1 M; 33 µL, 70 µmol) was added.
The reaction mixture was stirred at 25 °C for 6 h. The crude
reaction mixture was washed with brine (3 × 3 mL) and the
organic layer was dried over MgSO4, filtered and reduced to
dryness under nitrogen. The residue (9.1 mg) was purified by
semipreparative HPLC with isocratic 60% MeCN/H2O plus
0.01% TFA (4.18 mL min−1). After separation, 2,7-dibromo-
1′,2′-dihydrounguinol (3a; tR = 22.8 min; 1.64 mg, 16.4%) and
2,4,7-tribromo-1′,2′-dihydrounguinol (3b; tR = 23.5 min;
1.9 mg, 19%) were isolated. Compound 3a was isolated as
white solid; UV (MeOH) λmax (log ε) 203 (4.74), 221 (4.58), 283
(4.05), 322 (4.10) nm; IR (ATR) νmax 2965, 1732, 1596, 1567,
1418, 1338, 1226, 1179 cm−1; 1H NMR (600 MHz, DMSO-d6): δ
11.63 (s, 1H), 9.23 (s, 1H), 6.86 (s, 1H), 3.74 (br s, 1H), 2.44 (s,
3H), 2.16 (s, 3H), 1.99 (m, 1H), 1.81 (m, 1H), 1.34 (d, J = 7.2 Hz,
3H), 0.82 (br s, 3H); 13C NMR (150 MHz, DMSO-d6): δ 161.7,
161.3, 158.6, 149.9, 143.5, 142.3, 134.0, 116.7, 113.2, 111.3,
104.6, 34.1, 26.2, 21.6, 18.0, 12.7, 10.7. HRESI(−)MS m/z
482.9443 [M − H]− (calculated for C19H17

79Br2O5
−, 482.9448).

Compound 3b was isolated as white solid; UV (MeOH) λmax

(log ε) 205 (4.54), 223 (4.36), 251 (4.07), 322 (4.14) nm; IR (ATR)
νmax 2963, 1732, 1560, 1419, 1363, 1338, 1289, 1227 cm−1; 1H
NMR (600 MHz, DMSO-d6): δ 11.15 (s, 1H), 9.30 (s, 1H), 4.44
(br s, 1H), 2.41 (s, 3H), 2.19 (s, 3H), 2.00 (m, 1H), 1.76 (m, 1H),
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1.30 (d, J = 7.2 Hz, 3H), 0.70 (t, J = 7.3 Hz, 3H); 13C NMR
(150 MHz, DMSO-d6): δ 161.3, 158.7, 156.0, 150.4, 143.4, 142.2,
141.8, 134.2, 116.7, 114.1, 113.0, 108.4, 100.4, 33.6, 25.7, 22.3,
18.0, 12.3, 10.7. HRESI(−)MS m/z 560.8553 [M − H]− (calcu-
lated for C19H16

79Br3O5
−, 560.8553).

2,4-Diiodo-1′,2′-dihydrounguinol (3c). 1′,2′-Dihydrounguinol
(2a; 10 mg, 30 µmol) was dissolved in acetic acid (3 mL) and
NaI (130 mg, 88 µmol) was added. An aqueous solution of
H2O2 (30%; 0.5 mL, 0.15 mmol) was added dropwise to the
well-stirred solution, and the reaction mixture was stirred at
25 °C for 6 h. The mixture was treated with an aqueous
sodium thiosulfate solution (2 × 3 mL) and extracted with
ethyl acetate (3 × 3 mL). The organic layer was dried over anhy-
drous MgSO4, and reduced to dryness under nitrogen. The
residue was purified by silica flash chromatography using a
SNAP-10 g cartridge. The whole reaction product was dissolved
in 1 mL n-hexane/ethyl acetate (50 : 50) and separated with
n-hexane and ethyl acetate gradient system (7% to 60%),
12 mL min−1, yielding 2,4-diiodo-1′,2′-dihydrounguinol (3c; tR
= 12.5 min, 5.6 mg, 56%) as a colourless solid. UV (MeOH)
λmax (log ε) 205 (4.85), 231 (4.41), 281 (3.88) nm; IR (ATR) νmax

2961, 1727, 1590, 1560, 1420, 1334, 1226, 1177 cm−1; 1H NMR
(600 MHz, DMSO-d6): δ 10.47, (br s, 1H), 9.61 (s, 1H), 6.52 (s,
1H), 3.98 (m, 1H), 2.45 (s, 3H), 2.06 (s, 3H), 1.49 (m, 2H), 1.05
(d, J = 6.9 Hz, 3H), 0.79 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz,
DMSO-d6): δ 163.0, 162.1, 160.4, 153.4, 146.3, 142.5, 142.1,
136.5, 113.9, 108.3, 92.3, 76.9, 32.9, 29.8, 28.2, 21.6, 11.7, 9.1.
HRESI(−)MS m/z 578.9172 [M − H]− (calculated for
C19H17I2O5

−, 578.9171).
Methyl unguinolate (4a). Unguinol (1; 50 mg, 153.0 µmol)

was dissolved in 2 M KOH in MeOH (10 mL) and transferred to
clear glass scintillation vial and the reaction mixture was
heated to 60 °C for 18 h. The reaction was quenched by dilut-
ing with H2O (50 mL) and recovered with ethyl acetate (50 mL).
The organic layer was dried over Na2SO4 and reduced to
dryness in vacuo followed by purification with preparative
HPLC (Alltima, 20 mL min−1, 0.01% TFA) with an isocratic gra-
dient running 50% MeCN/H2O, yielding methyl unguinolate
(4a; tR = 23.89 min, 8.7 mg, 11.9%) as white residue. UV
(MeOH) λmax (log ε) 215 (4.48), 248 (4.00), 285 (3.37) nm; IR
(ATR) νmax 3231, 2918, 1695, 1605, 1429, 1327, 1265, 1208,
1152 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.56 (s, 1H), 9.09
(s, 1H), 8.36 (s, 1H), 6.19 (s, 1H), 6.19 (d, J = 2.2 Hz, 1H), 5.73
(d, J = 2.2 Hz, 1H), 5.41 (qq, J = 6.8, 1.4 Hz, 1H), 3.77 (s, 3H),
2.17 (s, 3H), 1.96 (s, 3H), 1.75 (dq, J = 1.4, 1.1 Hz, 3H), 1.55
(dq, J = 6.8, 1.1 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ

167.9, 159.0, 157.7, 152.6, 148.0, 137.9, 136.0, 133.2, 131.8,
123.5, 113.4, 110.7, 110.0, 105.8, 98.8, 51.6, 19.7, 16.6, 13.7,
9.0. HRESI(−)MS m/z 357.1340 [M − H]− (calculated for
C20H21O6

−, 357.1343).
Unguinolamide (4b). Unguinol (1; 60 mg, µmol) was dis-

solved in MeCN (10 mL) and transferred to clear glass scintil-
lation vial. Concentrated aqueous ammonia (25%; 8 mL) was
added and reaction mixture was heated to 100 °C for 18 h. The
reaction mixture was neutralised with HCl, diluted with H2O
(50 mL) and extracted with ethyl acetate (50 mL). The organic

layer was dried over Na2SO4 and reduced to dryness in vacuo.
The residue purified via preparative HPLC (Alltima, 20 mL
min−1, 0.01% TFA) with an isocratic gradient running 60%
MeCN/H2O, yielding unguinolamide (4b; tR = 11.99 min,
7.1 mg, 12.1%) as white residue. UV (MeOH) λmax (log ε) 208
(4.62), 244 (4.09), 283 (3.49) nm; IR (ATR) νmax 3172, 1648,
1588, 1425, 1378, 1320, 1267, 1209, 1157, 1104 cm−1; 1H NMR
(600 MHz, DMSO-d6): δ 9.43 (s, 1H), 9.38 (s, 1H), 9.03 (s, 1H),
7.94 (s, 1H), 7.71 (s, 1H), 6.22 (d, J = 2.2 Hz, 1H) 6.17 (s, 1H),
5.82 (d, J = 2.2 Hz, 1H), 5.54 (qq, J = 6.8, 1.5 Hz, 1H),
2.22 (s, 3H), 1.91 (s, 3H), 1.79 (dq, J = 1.5, 1.1 Hz, 3H), 1.59,
(dq, J = 6.8, 1.1 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ

170.2, 158.0, 156.5, 152.6, 148.4, 136.7, 135.8, 133.5, 132.5,
123.7, 118.5, 110.6, 110.2, 105.0, 100.0, 19.6, 16.6, 13.8, 8.8.
HRESI(−)MS m/z 342.1341 [M − H]− (calculated for
C19H20NO5

−, 342.1347).
3-O-Methylunguinol (5a) and 3,8-di-O-methylunguinol (5b).

Unguinol (1; 15 mg, 46 µmol) was dissolved in acetone (5 mL)
and iodomethane (6 µL, 0.09 mmol) and excess K2CO3 (5 mg)
were added. The reaction mixture was stirred at 25 °C for
12 hours then filtered. The filtrate was reduced to dryness
under nitrogen. The residue was purified by silica chromato-
graphy using a SNAP-10 g cartridge. The whole reaction
product was dissolved in 1 mL n-hexane/ethyl acetate (50 : 50).
The mixture was separated with n-hexane and ethyl acetate gra-
dient system (2% to 20%), 12 mL min−1, yielding 3-O-methyl-
unguinol (5a; 3.6 mg, tR = 23.5 min, 24%) and 3,8-di-O-methyl-
unguinol (5b; 3.0 mg, tR = 17.8 min, 20%) as solid white
powder. 3-O-Methylunguinol (5a): UV (MeOH) λmax (log ε) 205
(4.81), 225 (4.55), 263 (4.20) nm; IR (ATR) νmax 3385, 2927,
2353, 1710, 1602, 1424, 1333, 1253, 1205, 1144, 1101,
102.3 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.62 (s, 1H), 6.77
(d, J = 2.5 Hz, 1H), 6.42 (s, 1H), 6.39 (d, J = 2.5 Hz, 1H), 5.45
(qq, J = 6.8, 1.5 Hz, 1H) 3.76 (s, 3H), 2.38 (s, 3H), 2.04 (s, 3H),
2.00 (dq, J = 1.5, 1.2 Hz, 3H), 1.78 (dq, J = 6.8, 1.2 Hz, 3H); 13C
NMR (150 MHz, DMSO-d6): δ 162.8, 162.6, 162.2, 152.6, 144.4,
143.0, 140.1, 135.3, 132.4, 125.0, 114.6, 114.2, 113.2, 110.7,
103.0, 55.6, 20.5, 17.6, 13.6, 9.1. HRESI(−)MS m/z 339.1237 [M
− H]− (calculated for C20H19O5

−, 339.1238). 3,8-Di-O-methyl-
unguinol (5b): UV (MeOH) λmax (log ε) 205 (4.81), 225 (4.55),
263 (4.20) nm; IR (ATR) νmax 2934, 1731, 1607, 1573, 1484,
1445, 1415, 1378, 1324, 1296, 1235, 1216, 1198, 1147,
1126 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 6.78 (d, J = 2.5 Hz,
1H), 6.57 (s, 1H), 6.42 (d, J = 2.5 Hz, 1H), 5.53 (qq, J = 6.8, 1.5
Hz, 1H) 3.77 (s, 3H), 3.76 (s, 3H), 2.38 (s, 3H), 2.07 (s, 3H), 2.04
(dq, J = 1.5, 1.2 Hz, 3H), 1.80 (dq, J = 6.8, 1.2 Hz, 3H); 13C NMR
(150 MHz, DMSO-d6): δ 162.7, 162.6, 162.0, 154.2, 144.6, 142.8,
141.2, 135.5, 132.4, 125.6, 116.3, 114.3, 113.0, 107.2, 103.0,
56.0, 55.7, 20.5, 17.7, 13.7, 9.0. HRESI(+)MS m/z 355.1535 [M +
H]+ (calculated for C21H23O5

+, 355.1540).
General procedure for benzylation of unguinol. A mixture of

unguinol (1; 15 mg, 46 μmol), benzyl bromide (0.43 mmol)
and excess K2CO3 (5 mg) in tetrahydrofuran (5 mL) was stirred
at 50 °C for 12 h. The crude reaction mixture was filtered and
the filtrate was reduced to dryness under nitrogen. The crude
reaction mixture was purified by silica chromatography using a
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SNAP-10 g cartridge with a n-hexane/ethyl acetate gradient
system (1% to 20%), 12 mL min−1, yielding a mixture of 3-O-
benzylated unguinol and 3,8-di-O-benzylated unguinol.

3-O-Benzylunguinol (6a). Isolated as white powder, tR =
22.3 min, 6.0 mg, 40%. UV (MeOH) λmax (log ε) 206 (5.08), 262
(4.50) nm; IR (ATR) νmax 2923, 2360, 1728, 1605, 1569, 1420,
1378, 1323, 1291, 1252, 1215, 1176, 1145, 1103 cm−1; 1H NMR
(600 MHz, DMSO-d6): δ 9.62 (br s, 1H), 7.39, (m, 2H), 7.38 (m,
2H), 7.32 (m, 1H), 6.87 (d, J = 2.6 Hz, 1H), 6.46 (d, J = 2.6 Hz,
1H) 6.41 (s, 1H), 5.45 (qq, J = 6.7, 1.5 Hz, 1H), 5.14, (s, 2H),
2.32 (s, 3H), 2.04 (s, 3H), 1.93 (dq, J = 1.5, 1.1 Hz, 3H), 1.75,
(dq, J = 6.7, 1.1 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ

162.8, 162.2, 161.7, 152.6, 144.4, 143.0, 140.1, 136.0, 135.2,
132.2, 128.5, 128.0, 127.5, 125.1, 115.2, 114.6, 113.4, 110.7,
103.7, 69.6, 20.5, 17.5, 13.7, 9.1. HRESI(+)MS m/z 417.1689 [M
+ H]+ (calculated for C26H25O5

+, 417.1696).
3,8-Di-O-benzylunguinol (6b). Isolated as white powder, tR =

12.8 min, 4.0 mg, 27%. UV (MeOH) λmax (log ε) 206 (4.94), 260
(4.34) nm; IR (ATR) νmax 3673, 2924, 2360, 2339, 1733, 1650,
1607, 1573, 1484, 1452, 1417, 1377, 1324, 1252, 1218, 1146,
1120 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 7.39 (m, 2H), 7.38
(m, 4H), 7.33 (m, 1H), 7.41 (m, 2H), 7.31 (m, 1H), 6.88, (d, J =
2.4 Hz, 1H), 6.68 (s, 1H), 6.48, (d, J = 2.4 Hz, 1H), 5.51 (qq, J =
6.8, 1.4 Hz, 1H), 5.15 (s, 2H), 5.08, (s, 2H), 2.38 (s, 3H), 2.13 (s,
3H), 1.96 (dq, J = 1.4, 1.1 Hz, 3H), 1.77, (dq, J = 6.8, 1.1 Hz,
3H); 13C NMR (150 MHz, DMSO-d6): δ 162.6, 162.0, 161.8,
153.3, 144.6, 142.9, 141.4, 137.0, 136.1, 135.3, 132.1, 128.5,
128.4, 128.1, 127.8, 127.5, 127.3, 125.7, 116.9, 115.4, 113.3,
108.8, 103.9, 69.9, 69.6, 20.6, 17.6, 13.8, 9.2. HRESI(+)MS m/z
507.2162 [M + H]+ (calculated for C33H31O5

+, 507.2166).
3-O-(2-Chlorobenzyl)unguinol (7a). Isolated as white

powder, tR = 21.5 min, 7.8 mg, 52%. UV (MeOH) λmax (log ε)
204 (4.82), 258 (4.25) nm; IR (ATR) νmax 3673, 3364, 2972, 2360,
2339, 1701, 1606, 1570, 1420, 1380, 1326, 1253, 1216, 1147,
1101 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.62 (br s, 1H),
7.50, (m, 2H), 7.39 (m, 1H), 7.36 (m, 1H), 6.90 (d, J = 2.6 Hz,
1H), 6.45 (d, J = 2.6 Hz, 1H) 6.41 (s, 1H), 5.45 (qq, J = 6.8, 1.4
Hz, 1H), 5.19, (s, 2H), 2.39 (s, 3H), 2.04 (s, 3H), 1.93 (dq, J =
1.4, 1.2 Hz, 3H), 1.73, (dq, J = 6.8, 1.2 Hz, 3H); 13C NMR
(150 MHz, DMSO-d6): δ 162.8, 162.2, 161.4, 152.6, 144.5, 143.0,
140.1, 135.2, 133.3, 132.4, 132.1, 130.0, 129.8, 129.4, 127.4,
125.1, 115.2, 114.7, 113.7, 110.7, 103.4, 69.1, 20.5, 17.5, 13.6,
9.1. HRESI(+)MS m/z 451.1306 [M + H]+ (calculated for
C26H24

35ClO5
+, 451.1306).

3-O-(3-Chlorobenzyl)unguinol (7b). Isolated as white
powder, tR = 21.7 min, 7.7 mg, 51.3%. UV (MeOH) λmax (log ε)
203 (4.62), 263 (4.01) nm; IR (ATR) νmax 3356, 2926, 2360, 1696,
1610, 1567, 1478, 1417, 1378, 1366, 1323, 1293, 1265, 1215,
1197, 1146 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.63 (br s,
1H), 7.45 (m, 1H), 7.41 (m, 1H), 7.40 (m, 1H), 7.34 (m, 1H),
6.89 (d, J = 2.6 Hz, 1H), 6.45 (d, J = 2.5 Hz, 1H), 6.41 (s, 1H),
5.45 (qq, J = 6.7, 1.2 Hz, 1H), 5.17 (s, 2H), 2.38 (s, 3H), 2.04 (s,
3H), 1.91 (dq, J = 1.2, 1.0 Hz, 3H), 1.75 (dq, J = 6.7, 1.0 Hz, 3H);
13C NMR (150 MHz, DMSO-d6): δ 162.8, 162.2, 161.4, 152.6,
144.5, 143.0, 140.1, 138.7, 135.2, 133.2, 132.1, 130.4, 127.9,
127.0, 125.9, 125.1, 115.2, 114.7, 113.6, 110.7, 103.7, 68.6, 20.5,

17.5, 13.7, 9.1. HRESI(−)MS m/z 449.1162 [M − H]− (calculated
for C26H22

35ClO5
−, 449.1161).

3-O-(4-Chlorobenzyl)unguinol (7c). Isolated as white
powder, tR = 21.4 min; 5.3 mg, 35.3%. UV (MeOH) λmax (log ε)
202 (4.91), 258 (4.37) nm; IR (ATR) νmax 3672, 2971, 2901, 2360,
1730, 1607, 1570, 1491, 1421, 1379, 1324, 1255, 1218, 1148,
1102 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.61 (br s, 1H),
7.44, (m, 2H), 7.40 (m, 2H), 6.87 (d, J = 2.6 Hz, 1H), 6.43 (d, J =
2.6 Hz, 1H) 6.41 (s, 1H), 5.45 (qq, J = 6.8, 1.4 Hz, 1H), 5.15 (s,
2H), 2.38 (s, 3H), 2.04 (s, 3H), 1.92 (dq, J = 1.4, 1.0 Hz, 3H),
1.74, (dq, J = 6.8, 1.0 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ
162.8, 162.2, 161.5, 152.6, 144.5, 143.0, 140.1, 135.2, 135.1,
132.6, 132.1, 129.2, 128.5, 125.1, 115.2, 114.7, 113.5, 110.7,
103.8, 68.7, 20.5, 17.5, 13.7, 9.1. HRESI(−)MS m/z 449.1164 [M
− H]− (calculated for C26H22

35ClO5
−, 449.1161).

3-O-(2-Fluorobenzyl)unguinol (7d). Isolated as white
powder, tR = 22.1 min; 6.5 mg, 43.3%. UV (MeOH) λmax (log ε)
205 (4.87), 263 (4.31) nm; IR (ATR) νmax 3672, 2971, 2360, 1729,
1606, 1570, 1493, 1421, 1380, 1325, 1253, 1216, 1181, 1146,
1104, cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.62 (br s, 1H),
7.48 (ddd, J = 7.5, 7.5, 1.7 Hz, 1H), 7.42 (m, 1H), 7.25 (ddd, J =
10.9, 8.2, 1.1 Hz, 1H), 7.22 (ddd, J = 7.5, 7.5, 1.1 Hz, 1H), 6.89
(d, J = 2.5 Hz, 1H) 6.48 (d, J = 2.5 Hz, 1H), 6.42 (s, 1H), 5.46
(qq, J = 6.8, 1.4 Hz, 1H), 5.18 (s, 2H), 2.38 (s, 3H), 2.04 (s, 3H),
1.96 (dq, J = 1.4, 1.0 Hz, 3H), 1.75 (dq, J = 6.8, 1.0 Hz, 3H); 13C
NMR (150 MHz, DMSO-d6): δ 162.8, 162.2, 161.4, 160.2, 152.6,
144.5, 143.0, 140.1, 135.2, 132.2, 130.6, 130.4, 125.1, 124.6,
122.9, 115.4, 115.1, 114.7, 113.6, 110.7, 103.6, 63.9, 20.5, 17.5,
13.6, 9.1. HRESI(+)MS m/z 435.1603 [M + H]+ (calculated for
C26H24FO5

+, 435.1602).
3-O-(3-Fluorobenzyl)unguinol (7e). Isolated as white powder,

tR = 22.8 min; 6.3 mg, 42.0%. UV (MeOH) λmax (log ε) 207
(4.75), 262 (4.23) nm; IR (ATR) νmax 2919, 2360, 2340, 1719,
1608, 1568, 1488, 1475, 1416, 1376, 1347, 1324, 1290, 1254,
1238, 1218, 1147, 1128 cm−1; 1H NMR (600 MHz, DMSO-d6): δ
9.62 (br s, 1H), 7.42 (m, 1H), 7.22 (m, 2H), 7.15 (dddd, J = 9.2,
7.5, 2.5, 1.0 Hz, 1H), 6.88 (d, J = 2.4 Hz, 1H) 6.45 (d, J = 2.4 Hz,
1H), 6.41 (s, 1H), 5.44 (qq, J = 6.7, 1.3 Hz, 1H), 5.18 (s,
2H), 2.38 (s, 3H), 2.04 (s, 3H), 1.92 (dq, J = 1.3, 1.0 Hz,
3H), 1.74 (dq, J = 6.7, 1.0 Hz, 3H); 13C NMR (150 MHz, DMSO-
d6): δ 162.8, 162.2, 162.1, 161.2, 152.6, 144.5, 143.0, 140.1,
139.0, 135.2, 132.1, 130.6, 125.1, 123.3, 115.2, 114.8, 114.7,
114.0, 113.6, 110.7, 103.8, 68.7, 20.5, 17.5, 13.7, 9.1. HRESI(−)
MS m/z 433.1454 [M − H]− (calculated for C26H22FO5

−,
433.1456).

3-O-(4-Fluorobenzyl)unguinol (7f). Isolated as white powder,
tR = 23.4 min; 7.1 mg, 47.3%. UV (MeOH) λmax (log ε) 205
(4.82), 262 (4.29) nm; IR (ATR) νmax 3673, 2971, 2901, 2360,
1730, 1607, 1571, 1511, 1420, 1379, 1325, 1254, 1222, 1147,
1103 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.61 (br s, 1H),
7.44, (m, 2H), 7.21 (m, 2H), 6.87 (d, J = 2.5 Hz, 1H) 6.45 (d, J =
2.5 Hz, 1H), 6.41, (s, 1H), 5.46 (qq, J = 6.7, 1.4 Hz, 1H), 5.12 (s,
2H), 2.38 (s, 3H), 2.04 (s, 3H), 1.94 (dq, J = 1.4, 1.0 Hz, 3H),
1.75, (dq, J = 6.7, 1.0 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ
162.8, 162.2, 161.8, 161.6, 152.5, 144.5, 143.0, 140.1, 135.2,
132.3, 132.2, 129.8, 125.1, 115.3, 115.1, 114.7, 113.4, 110.7,
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103.8, 68.9, 20.5, 17.5, 13.7, 9.1. HRESI(−)MS m/z 433.1456 [M
− H]− (calculated for C26H22FO5

−, 433.1457).
3-O-(2,4-Difluorobenzyl)unguinol (7g). Isolated as white

powder, tR = 23.1 min; 8.4 mg, 56%. UV (MeOH) λmax (log ε)
205 (5.00), 262 (4.45) nm; IR (ATR) νmax 3673, 3377, 2971, 2901,
2360, 2339, 1702, 1606, 1571, 1506, 1421, 1381, 1327, 1255,
1217, 1147, 1100 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.62
(br s, 1H), 7.56 (m, 1H), 7.31 (ddd, J = 10.6, 9.3, 2.5 Hz, 1H),
7.12 (m, 1H), 6.89 (d, J = 2.5 Hz, 1H) 6.47 (d, J = 2.5 Hz, 1H),
6.42 (s, 1H), 5.46 (qq, J = 6.8, 1.4 Hz, 1H), 5.14 (s, 2H), 2.38 (s,
3H), 2.04 (s, 3H), 1.97 (dq, J = 1.4, 1.1 Hz, 3H), 1.76 (dq, J = 6.8,
1.1 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ 162.8, 162.4,
162.2, 161.3, 160.5, 152.6, 144.5, 143.0, 140.1, 135.2, 132.2,
131.9, 125.1, 119.4, 115.4, 115.0, 114.7, 113.7, 111.7, 110.7,
104.1, 103.6, 63.5, 20.5, 17.5, 13.6, 9.1. HRESI(−)MS m/z
451.1363 [M − H]− (calculated for C26H21F2O5

−, 451.1363).
3-O-(3-Bromobenzyl)unguinol (7h). Isolated as white

powder, tR = 22.5 min; 6.8 mg, 45.3%. UV (MeOH) λmax (log ε)
203 (4.76), 260 (4.17) nm; IR (ATR) νmax 2922, 2360, 2340, 1727,
1606, 1575, 1510, 1416, 1383, 1346, 1317, 1295, 1263, 1217,
1142, 1107 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.62 (br s,
1H), 7.59 (dd, J = 1.6, 1.6 Hz, 1H), 7.52 (ddd, J = 7.7, 1.6, 1.3
Hz, 1H), 7.39 (ddd, J = 7.7, 1.6, 1.3 Hz, 1H), 7.34 (t, J = 7.7 Hz,
1H), 6.88 (d, J = 2.5 Hz, 1H), 6.44 (d, J = 2.5 Hz, 1H) 6.41 (s,
1H), 5.45 (qq, J = 6.8, 1.2 Hz, 1H), 5.16 (s, 2H), 2.38 (s, 3H),
2.04 (s, 3H), 1.91 (dq, J = 1.2, 1.1 Hz, 3H), 1.75 (dq, J = 6.8, 1.1
Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ 162.8, 162.2, 161.4,
152.6, 144.5, 143.0, 140.1, 138.9, 135.2, 132.1, 130.8, 130.7,
129.9, 126.3, 125.1, 121.7, 115.2, 114.7, 113.6, 110.7, 103.7,
68.5, 20.5, 17.5, 13.7, 9.1. HRESI(−)MS m/z 493.0656 [M − H]−

(calculated for C26H22
79BrO5

−, 493.0656).
3-O-(3-Methylbenzyl)unguinol (7i). Isolated as white powder,

tR = 22.1 min; 6.5 mg, 43.3%. UV (MeOH) λmax (log ε) 205
(4.88), 262 (4.30) nm; IR (ATR) νmax 2920, 2360, 2340, 1723,
1608, 1586, 1568, 1493, 1422, 1383, 1348, 1327, 1288, 1257,
1238, 1225, 1217, 1188, 1149 cm−1; 1H NMR (600 MHz, DMSO-
d6): δ 9.62 (br s, 1H), 7.26 (t, J = 7.4 Hz, 1H), 7.19, (m, 1H), 7.16
(m, 1H), 7.14 (m, 1H), 6.86 (d, J = 2.5 Hz, 1H), 6.44 (d, J = 2.5
Hz, 1H), 6.41 (s, 1H), 5.45 (qq, J = 6.8, 1.4 Hz, 1H), 5.09 (s, 2H),
2.37 (s, 3H), 2.29 (s, 3H), 2.04 (s, 3H), 1.93 (dq, J = 1.4, 1.0 Hz,
3H), 1.75 (dq, J = 6.8, 1.0 Hz, 3H); 13C NMR (150 MHz, DMSO-
d6): δ 162.8, 162.2, 161.7, 152.6, 144.4, 143.0, 140.1, 137.7,
136.0, 135.2, 132.2, 128.7, 128.4, 128.0, 125.1, 124.5, 115.2,
114.7, 113.4, 110.7, 103.7, 69.6, 20.9, 20.5, 17.5, 13.7, 9.1.
HRESI(−)MS m/z 429.1706 [M − H]− (calculated for C27H25O5

−,
429.1707).

3-O-(3-Methoxybenzyl)unguinol (7j). Isolated as white
powder, tR = 20.8 min; 5.7 mg, 38.0%. UV (MeOH) λmax (log ε)
203 (4.80), 263 (4.23), 281 (4.08) nm; IR (ATR) νmax 3399, 2926,
2360, 2340, 1708, 1608, 1570, 1503, 1477, 1419, 1395, 1347,
1324, 1290, 1274, 1242, 1221, 1184, 1145, 1130 cm−1; 1H NMR
(600 MHz, DMSO-d6): δ 9.62 (br s, 1H), 7.29 (t, J = 8.1 Hz, 1H),
6.94 (m, 2H), 6.89 (m, 1H), 6.88 (d, J = 2.5, 1H), 6.44 (d, J = 2.5,
1H), 6.41 (s, 1H), 5.45 (qq, J = 6.7, 1.1, 1H), 5.16 (s, 2H), 3.73 (s,
3H), 2.38 (s, 3H), 2.04 (s, 3H), 1.91 (dq, J = 1.2, 1.1 Hz, 3H),
1.75 (dq, J = 6.7, 1.2 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ

162.8, 162.2, 161.7, 159.3, 152.6, 144.4, 143.0, 140.1, 137.6,
135.2, 132.1, 129.6, 125.1, 119.4, 115.2, 114.7, 113.4, 113.4,
112.9, 110.7 103.8, 69.4, 55.0, 20.5, 17.5, 13.7, 9.1. HRESI(−)MS
m/z 445.1656 [M − H]− (calculated for C27H25O6

−, 445.1656).
3-O-(2-Picolyl)unguinol (7k). A mixture of unguinol (15 mg,

46 μmol), 2-(bromomethyl)pyridine (23 mg, 2 eq.) and excess
K2CO3 (5 mg) in MeCN (5 mL) was stirred for 12 h at 25 °C.
The crude reaction mixture was filtered and the filtrate was
reduced to dryness under nitrogen. The residue was purified
by semipreparative HPLC with isocratic 40% MeCN/H2O plus
0.01% TFA (4.18 mL min−1), yielding 3-O-(2-picolyl)unguinol
(7k; tR = 17.8 min; 4.1 mg, 27.3%). UV (MeOH) λmax (log ε) 205
(4.92), 263 (4.44) nm; IR (ATR) νmax 3673, 2985, 2901, 2360,
2339, 1730, 1608, 1572, 1420, 1326, 1252, 1215, 1150,
1105 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.61 (s, 1H), 8.57
(d, J = 4.4 Hz, 1H), 7.81 (td, J = 7.7, 1.7 Hz, 1H), 7.42 (d, J = 7.7
Hz, 1H), 7.34 (ddd, J = 7.7, 4.4, 1.0 Hz, 1H), 6.89 (d, J = 2.5 Hz,
1H) 6.46 (d, J = 2.5 Hz, 1H), 6.41 (s, 1H), 5.43 (qq, J = 6.7, 1.4
Hz, 1H), 5.21 (s, 2H), 2.38 (s, 3H), 2.04 (s, 3H), 1.91 (dq, J = 1.4,
1.0 Hz, 3H), 1.73 (dq, J = 6.7, 1.0 Hz, 3H); 13C NMR (150 MHz,
DMSO-d6): δ 162.8, 162.2, 161.5, 155.6, 152.5, 149.2, 144.4,
143.0, 140.1, 137.0, 135.2, 132.1, 125.1, 123.1, 121.5, 115.3,
114.7, 113.6, 110.7, 103.6, 70.5, 20.5, 17.5, 13.6, 9.1. HRESI(+)
MS m/z 418.1644 [M + H]+ (calculated for C25H24NO5

+,
418.1649).

3-O-(3-Picolyl)unguinol (7l). A mixture of unguinol (15 mg,
46 μmol), 3-(bromomethyl)pyridine (46 mg, 4 eq.) and excess
K2CO3 (5 mg) in MeCN (5 mL) was stirred at 25 °C for 12 h.
The crude reaction mixture was filtered and the filtrate was
reduced to dryness under nitrogen and purified by semipre-
parative HPLC with isocratic 30% MeCN/H2O plus 0.01% TFA
(4.18 mL min−1), yielding 3-O-(3-picolyl)unguinol (7l; tR =
19.4 min; 1.2 mg, 8.0%). UV (MeOH) λmax (log ε) 204 (4.48),
260 (4.00) nm; IR (ATR) νmax 3673, 2985, 2901, 2360, 2339,
1732, 1606, 1407, 1251, 1148 cm−1; 1H NMR (600 MHz, DMSO-
d6): δ 9.61 (br s, 1H), 8.69 (br s, 2H), 7.83 (d, J = 7.7 Hz, 1H),
7.47 (br s, 1H), 6.90 (d, J = 2.5 Hz, 1H), 6.48 (d, J = 2.5 Hz, 1H),
6.41 (s, 1H), 5.45 (qq, J = 6.7, 1.4 Hz, 1H), 5.21 (s, 2H), 2.38 (s,
3H), 2.04 (s, 3H), 1.94 (dq, J = 1.4, 1.1 Hz, 3H), 1.76, (dq, J =
6.7, 1.1 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ 162.8, 162.2,
161.4, 152.6, 149.1, 148.7, 144.5, 143.0, 140.1, 135.6, 135.2,
132.2, 132.2, 125.1, 124.1, 115.1, 114.7, 113.6, 110.7, 103.8,
67.3, 20.5, 17.5, 13.7, 9.1. HRESI(+)MS m/z 418.1643 [M + H]+

(calculated for C25H24NO5
+, 418.1649).

3-O-(4-Picolyl)unguinol (7m). A mixture of unguinol (1;
15 mg, 46 μmol), 4-(bromomethyl)pyridine (23 mg, 4 eq.) and
excess K2CO3 (5 mg) in MeCN (5 mL) was stirred at 25 °C for
12 h. The crude reaction mixture was filtered and the filtrate
was reduced to dryness under nitrogen and purified by semi-
preparative HPLC with isocratic 35% MeCN/H2O plus 0.01%
TFA (4.18 mL min−1), yielding 3-O-(4-picolyl)unguinol (7m; tR
= 22.1 min; 4.6 mg, 30.7%). UV (MeOH) λmax (log ε) 204 (4.84),
256 (4.33) nm; IR (ATR) νmax 3671, 3203, 2986, 2901, 2359,
2090, 1611, 1517, 1410, 1253, 1150 cm−1; 1H NMR (600 MHz,
DMSO-d6): δ 9.62 (s, 1H), 8.68 (br s, 2H), 7.41 (br s, 2H), 6.89
(d, J = 2.5 Hz, 1H) 6.44 (d, J = 2.5 Hz, 1H), 6.40 (s, 1H), 5.42
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(qq, J = 6.7, 1.4 Hz, 1H), 5.24 (s, 2H), 2.38, (s, 3H), 2.04 (s, 3H),
1.89 (dq, J = 1.4, 1.1 Hz, 3H), 1.71 (dq, J = 6.7, 1.1 Hz, 3H); 13C
NMR (150 MHz, DMSO-d6): δ 162.8, 162.2, 161.2, 152.6, 149.6,
145.4, 144.6, 143.0, 140.1, 135.2, 132.0, 125.1, 121.8, 115.2,
114.7, 113.8, 110.7, 103.7, 67.8, 20.5, 17.5, 13.7, 9.1. HRESI(+)
MS m/z 418.1643 [M + H]+ (calculated for C25H24NO5

+,
418.1649).

3-O-(4-Morpholinoethyl)unguinol (7n). A mixture of ungui-
nol (1; 20 mg, 61 µmol), 4-(2-chloroethyl)morpholine (11.4 mg,
1.0 eq.), K2CO3 (8.5 mg, 1.0 eq.) and KI (7.64 mg, 1.0 eq.) in
MeCN was stirred for 72 h at 25 °C. The crude reaction mixture
was filtered and the filtrate was reduced to dryness under
nitrogen and purified by semipreparative HPLC with isocratic
15% MeCN/H2O plus 0.01% TFA (4.18 mL min−1), yielding 3-
O-(4-morpholinoethyl)unguinol (7n; tR = 17.1 min; 5.3 mg,
34.6%). UV (MeOH) λmax (log ε) 205 (5.05), 263 (4.51) nm; IR
(ATR) νmax 2927, 1728, 1605, 1570, 1420, 1323, 1251, 1214,
1151, 1106 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.61 (s, 1H),
6.79 (d, J = 2.5 Hz, 1H) 6.42 (s, 1H), 6.40 (d, J = 2.5 Hz, 1H),
5.45 (qq, J = 6.7, 1.5 Hz, 1H), 4.11 (br s, 1H), 3.55 (br s, 4H),
2.66 (br s, 1H), 2.43 (br s, 2H), 2.37, (s, 3H), 2.04 (s, 3H), 2.00
(dq, J = 1.5, 1.1 Hz, 3H), 1.78 (dq, J = 6.7, 1.1 Hz, 3H); 13C NMR
(150 MHz, DMSO-d6): δ 162.8, 162.2, 161.8, 152.6, 144.4, 143.0,
140.2, 135.3, 132.5, 125.0, 114.8, 114.7, 113.2, 110.7, 103.4,
66.0, 65.8, 56.4, 53.4, 20.5, 17.6, 13.7, 9.1. HRESI(+)MS m/z
440.2059 [M + H]+ (calculated for C25H30NO6

+, 440.2068).
3-O-(1-Piperidinylethyl)unguinol (7o). A mixture of unguinol

(1; 15 mg, 46 µmol), 1-(2-chloroethyl)piperidine (8.5 mg, 1.0
eq.) K2CO3 (9.53 mg, 1.5 eq.) and KI (7.64 mg, 1.0 eq.) in
MeCN was stirred at 25 °C for 24 h. The crude reaction mixture
was filtered and the filtrate was reduced to dryness under
nitrogen and purified by semipreparative HPLC with isocratic
15% MeCN/H2O plus 0.01% TFA (4.18 mL min−1), yielding 3-
O-(1-piperidinylethyl)unguinol (7o; tR = 18.8 min; 3.4 mg,
22.7%). UV (MeOH) λmax (log ε) 205 (4.97), 261 (4.45) nm; IR
(ATR) νmax 2969, 2360, 2339, 1728, 1673, 1606, 1573, 1420,
1324, 1253, 1199, 1153, 1106 cm−1; 1H NMR (600 MHz, DMSO-
d6): δ 9.64 (s, 1H), 6.82 (s, 1H), 6.42 (s, 2H), 4.30 (br s, 2H),
5.46 (qq, J = 6.7, 1.3 Hz, 1H), 2.38 (s, 3H), 2.05 (s, 3H), 2.00
(dq, J = 1.3, 1.1 Hz, 3H), 1.78 (dq, J = 6.7, 1.1 Hz, 3H); 13C NMR
(150 MHz, DMSO-d6): δ 162.8, 162.2, 152.6, 144.5, 143.0, 140.1,
135.3, 132.4, 125.0, 114.7, 114.7, 110.8, 103.7, 20.5, 17.6, 13.7,
9.1. HRESI(+)MS m/z 438.2272 [M + H]+ (calculated for
C26H32NO5

+, 438.2275).
3-O-(1-Pyrrolidinylethyl)unguinol (7p). A mixture of ungui-

nol (1; 15 mg, 46 µmol), 1-(2-chloroethyl)pyrrolidine (7.8 mg,
1.0 eq.) K2CO3 (9.53 mg, 1.5 eq.) and KI (7.64 mg, 1.0 eq.) was
stirred at 25 °C for 24 h. The crude reaction mixture was fil-
tered and the filtrate was reduced to dryness under nitrogen
and purified by semipreparative HPLC with isocratic 15%
MeCN/H2O plus 0.01% TFA (4.18 mL min−1), yielding 3-O-(1-
pyrrolidinylethyl)unguinol (7p; tR = 19.5 min; 1.3 mg, 8.7%).
UV (MeOH) λmax (log ε) 205 (4.84), 226 (4.54), 266 (4.21) nm; IR
(ATR) νmax 3673, 2971, 2901, 2360, 2339, 1730, 1675, 1607,
1418, 1253, 1201, 1156, 1105 cm−1; 1H NMR (600 MHz, DMSO-
d6): δ 9.66 (s, 1H), 6.85 (d, J = 2.4 Hz, 1H), 6.44 (d, J = 2.4 Hz,

1H), 6.43 (s, 1H), 5.46 (qq, J = 6.8, 1.5 Hz, 1H), 4.32 (br s, 2H),
3.57 (br s, 4H), 3.07 (br s, 2H), 2.40 (s, 3H), 2.05 (s, 3H), 2.00
(dq, J = 1.5, 1.0 Hz, 3H), 1.79 (dq, J = 6.8, 1.0 Hz, 3H); 13C NMR
(150 MHz, DMSO-d6): δ 162.8, 162.2, 152.6, 144.6, 143.0, 140.1,
135.3, 132.4, 125.0, 114.7, 110.8, 103.8, 63.6, 53.8, 52.5, 22.4,
20.5, 17.6, 13.7, 9.1. HRESI(+)MS m/z 424.2111 [M + H]+ (calcu-
lated for C25H30NO5

+, 424.2118).
3-O-Benzyl-1′,2′-dihydrounguinol (8a). Isolated as white

powder, tR = 20.5 min; 5.1 mg, 34%. UV (MeOH) λmax (log ε)
203 (5.09), 265 (4.45) nm; IR (ATR) νmax 3356, 2962, 2929, 1728,
1607, 1570, 1428, 1378, 1336, 1256, 1214, 1149, 1112 cm−1; 1H
NMR (600 MHz, DMSO-d6): δ 9.50 (br s, 1H), 7.41 (m, 2H), 7.37
(m, 2H), 7.32 (m, 1H), 6.88 (d, J = 2.5 Hz, 1H) 6.83 (d, J = 2.5
Hz, 1H), 6.48 (s, 1H), 5.19 (d, J = 12.0 Hz, 2H) 3.32 (m, 1H),
2.39 (s, 3H), 2.03 (s, 3H), 1.48 (m, 2H), 1.05 (d, J = 6.8 Hz, 3H),
0.75 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ 162.9,
162.3, 161.8, 152.9, 144.6, 142.7, 140.9, 136.2, 136.1, 128.4,
128.0, 127.5, 115.3, 113.6, 113.5, 108.1, 103.9, 69.7, 32.2, 29.8,
21.5, 20.6, 12.0, 9.1. HRESI(+)MS m/z 419.1848 [M + H]+ (calcu-
lated for C26H27O5

+, 419.1853).
3-O-(2-Fluorobenzyl)-1′,2′-dihydrounguinol (8b). Isolated as

white powder, tR = 19.8 min; 5.7 mg, 38%. UV (MeOH) λmax

(log ε) 203 (5.08), 263 (4.44) nm; IR (ATR) νmax 3341, 2962, 2360,
2339, 1727, 1606, 1570, 1493, 1427, 1379, 1335, 1256, 1214, 1148,
1111 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.51 (br s, 1H), 7.52
(ddd, J = 7.6, 7.6, 1.7 Hz, 1H), 7.42 (m, 1H), 7.25 (ddd, J = 10.9,
8.2, 1.1 Hz, 1H), 7.21 (ddd, J = 7.6, 7.6, 1.0 Hz, 1H), 6.90 (d, J = 2.5
Hz, 1H) 6.88 (d, J = 2.5 Hz, 1H), 6.49, (s, 1H), 5.22 (d, J = 12.0 Hz,
2H) 3.32 (m, 1H), 2.39 (s, 3H), 2.04 (s, 3H), 1.49 (m, 2H), 1.07 (d, J
= 6.8 Hz, 3H), 0.76 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, DMSO-
d6): δ 162.9, 162.3, 161.6, 160.3, 152.9, 144.7, 142.7, 140.9, 136.2,
130.6, 124.5, 122.9, 115.4, 115.2, 113.7, 113.6, 108.1, 103.8, 64.1,
32.2, 29.8, 21.5, 20.6, 11.9, 9.1. HRESI(+)MS m/z 437.1756 [M +
H]+ (calculated for C26H26FO5

+, 437.1758).
3-O-(4-Fluorobenzyl)-1′,2′-dihydrounguinol (8c). Isolated as

white powder, tR = 22.9 min; 6.4 mg, 42.6%. UV (MeOH) λmax

(log ε) 203 (5.10), 265 (4.43) nm; IR (ATR) νmax 3673, 3378,
2966, 2360, 2339, 1728, 1606, 1570, 1511, 1427, 1378, 1336,
1256, 1219 cm−1; 1H NMR (600 MHz, DMSO-d6): δ 9.50 (br s,
1H), 7.47 (m, 2H), 7.20 (m, 2H), 6.87 (d, J = 2.5 Hz, 1H) 6.82 (d,
J = 2.5 Hz, 1H), 6.48, (s, 1H), 5.17 (d, J = 12.2 Hz, 2H) 3.28, (m,
1H), 2.39 (s, 3H), 2.03 (s, 3H), 1.48 (m, 2H), 1.05, (d, J = 6.8 Hz,
3H), 0.74 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, DMSO-d6): δ
162.9, 162.3, 161.8, 161.7, 152.9, 144.6, 142.7, 140.9, 136.2,
132.4, 129.8, 115.3, 115.3, 113.6, 113.5, 108.1, 103.8, 68.9, 32.2,
29.8, 21.5, 20.6, 11.9, 9.1. HRESI(+)MS m/z 437.1756 [M + H]+

(calculated for C26H26FO5
+, 437.1758).

Biological screening

Purified metabolites were dissolved in DMSO to provide stock
solutions (10 000 µg mL−1 or 1000 µg mL−1 depending on the
amount of material available). An aliquot of each stock solu-
tion was transferred to the first lane of Rows B to G in a
96-well microtitre plate and two-fold serially diluted with
DMSO across the 12 lanes of the plate to provide a 2048-fold
concentration gradient. Bioassay medium was added to an
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aliquot of each test solution to provide a 100-fold dilution into
the final bioassay, thus yielding a test range of 100 to 0.05 µg
mL−1 in 1% DMSO. Row A contained no test compound (as a
reference for no inhibition) and Row H was uninoculated (as a
reference for complete inhibition).

MIC determination and time-dependent inhibition assays.
B. subtilis (ATCC 6633), five S. aureus (ATCC12600, ATCC
25923, ATCC 33592, ATCC 49775 and USA300), two E. faecium
(ATCC 19434 and E734), two P. aeruginosa (PAO1 and ATCC
27853) and three E. coli (ATCC 25322, ATCC 25922 and ATCC
35218) strains were used as indicative species for antibacterial
activity. A bacterial suspension (50 mL in 250 mL flask) was pre-
pared in nutrient media by cultivation at 28 °C for 24 h with
shaking at 250 rpm. The suspension was diluted to an absor-
bance of 0.01 absorbance units per mL, and 10 µL aliquots were
added to the wells of a 96-well microtitre plate containing the test
compounds dispersed in nutrient broth (Amyl) with resazurin
(12.5 µg mL−1). The plates were incubated at 28 °C for 48 h,
during which time the control wells with no test compound
changed colour from a blue to light pink colour. MIC end points
were determined visually. The absorbance was measured using
Spectromax plate reader (Molecular Devices) at 605 nm and the
IC50 values determined graphically. Our preliminary testing
clearly showed 7d and 7g exhibited potent activity against the
selected S. aureus strains. Therefore, these two compounds were
subjected to MIC testing against an expanded panel of 20 clinical
MRSA isolates plus 3 ATCC S. aureus strains in a standard plate
microdilution MIC assay, using the Clinical Laboratory Standards
Institute guidelines (CLSI 2017),33 essentially as described
previously.6,34 The time- and concentration-dependent activities
of 7d and 7g against two S. aureus ATCC strains were also deter-
mined in a kinetics assay by optical density (A600 nm) measure-
ments on a Cytation 5 Multimode reader (BioTek).

Antifungal assay. The yeasts C. albicans (ATCC 10231) and
S. cerevisiae (ATCC 9763) were used as indicative species for
antifungal activity. A yeast suspension (50 mL in 250 mL flask)
was prepared in 1% malt extract broth by cultivation for 24 h
at 250 rpm, 24 °C. The suspension was diluted to an absor-
bance of 0.005 and 0.03 absorbance units per mL for
C. albicans and S. cerevisiae, respectively. Aliquots (20 µL and
30 µL) of C. albicans and S. cerevisiae, respectively were applied
to the wells of a 96-well microtitre plate, which contained the
test compounds dispersed in malt extract agar containing bro-
mocresol green (50 µg mL−1). The plates were incubated at
24 °C for 48 h during which time the control wells containing
no test compound change colour from a blue to yellow colour.
MIC end points were determined visually. The absorbance was
measured using Spectromax plate reader (Molecular Devices)
at 620 nm and the IC50 determined graphically.

Cytotoxicity assay. NS-1 (ATCC TIB-18) mouse myeloma cells
were inoculated in 96-well microtitre plates (190 µL) at 50 000
cells per mL in DMEM (Dulbecco’s Modified Eagle Medium +
10% fetal bovine serum (FBS) + 1% penicillin/streptomycin
(10 000 U mL−1/10 000 µg mL−1, Life Technologies Cat. no.
15140122), together with resazurin (250 µg mL−1; 10 µL) and
incubated in 37 °C (5% CO2) incubator. The plates were incu-

bated for 72 h during which time the control wells containing
no test compound changed colour from a blue to pink colour.
The absorbance of each well was measured at 605 nm using a
Spectromax plate reader (Molecular Devices).

Haemolysis and real-time in vitro cytotoxicity assays.
Haemolysis assays for 7d and 7g were performed using fresh
donor human red blood cells (RBCs), essentially as described
previously.6,34 The toxicity profiles of the 2 compounds were
also evaluated by measuring viability of HEK293 kidney and
Hep G2 liver cell lines over a 20 h period in the presence of
two-fold increasing concentrations of the compounds (2 µg
mL−1–64 µg mL−1) on a Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek) using the RealTime-Glo™ MT Cell Viability
Assay reagent (Promega), as described previously.34
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Abstract: One approach to combat the increasing incidence of multidrug-resistant (MDR) bacterial
pathogens involves repurposing existing compounds with known safety and development pathways
as new antibacterial classes with potentially novel mechanisms of action. Here, triclabendazole
(TCBZ), a drug originally developed to treat Fasciola hepatica (liver fluke) in sheep and cattle, and later
in humans, was evaluated as an antibacterial alone or in combination with sub-inhibitory concentra-
tions of polymyxin B (PMB) against clinical isolates and reference strains of key Gram-positive and
Gram-negative bacteria. We show for the first time that in vitro, TCBZ selectively kills methicillin-
sensitive and methicillin-resistant Staphylococcus aureus and Staphylococcus pseudintermedius at a
minimum inhibitory concentration (MIC) range of 2–4 µg/mL, and vancomycin-resistant enterococci
at a MIC range of 4–8 µg/mL. TCBZ also inhibited key Gram-negative bacteria in the presence of sub-
inhibitory concentrations of PMB, returning MIC90 values of 1 µg/mL for Escherichia coli, 8 µg/mL for
Klebsiella pneumoniae, 2 µg/mL for Acinetobacter baumannii and 4 µg/mL for Pseudomonas aeruginosa.
Interestingly, TCBZ was found to be bacteriostatic against intracellular S. aureus but bactericidal
against intracellular S. pseudintermedius. Additionally, TCBZ’s favourable pharmacokinetic (PK) and
pharmacodynamic (PD) profile was further explored by in vivo safety and efficacy studies using a
bioluminescent mouse model of S. aureus sepsis. We show that repeated four-hourly oral treatment
of mice with 50 mg/kg TCBZ after systemic S. aureus challenge resulted in a significant reduction
in S. aureus populations in the blood to 18 h post-infection (compared to untreated mice) but did
not clear the bacterial infection from the bloodstream, consistent with in vivo bacteriostatic activity.
These results indicate that additional pharmaceutical development of TCBZ may enhance its PK/PD,
allowing it to be an appropriate candidate for the treatment of serious MDR bacterial pathogens.

Keywords: multidrug resistance; triclabendazole; polymyxin B; bacterial pathogens; bioluminescence;
sepsis

1. Introduction

The increasing public health threat posed by antimicrobial resistance (AMR) and the
rise in the incidence of multidrug-resistant (MDR) bacterial pathogens has stimulated novel
research strategies to combat MDR infections. However, the discovery, development and
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marketing approval process for new drugs is very challenging and can cost over 2.8 billion
USD and take over 10 years to reach the market [1]. There is a high risk of failure (82.7%)
in the preclinical stage alone, which may take up to 6 years [2–4].

Repurposing currently registered drugs for new indications is one of the alternative ap-
proaches to overcoming these challenges whilst adhering to the principles of antimicrobial
stewardship [5–8]. Using existing drugs with known toxicological and pharmacokinetic
profiles and an acceptable level of safety and tolerability is a much cheaper and efficient
option than developing entirely new antibiotics [9–11] and has become a more common
strategy in recent years [4,12–14]. One such agent is triclabendazole (TCBZ), a benzim-
idazole anthelminthic agent, with narrow spectrum activity against trematodes in the
genus Fasciola, approved for use in animals (especially cattle, sheep and goats) [15–17]
and humans [18–20]. TCBZ has previously been identified as having potential antibacterial
activity against Gram-positive bacteria when it was included in a mass screening of Food
and Drug Administration (FDA)-approved non-antibacterial drugs [21], and has more
recently been shown to have anticlostridial activity [22].

The mechanism by which TCBZ exhibits its effect against Fasciola species is not fully
elucidated. Both in vitro and in vivo studies suggest that TCBZ and its metabolites (sul-
foxide and sulfone) are absorbed across the tegument of immature and mature worms,
leading to a decrease in the resting membrane potential, inhibition of tubulin function
and inhibition of protein and enzyme synthesis. These metabolic disturbances are asso-
ciated with inhibition of motility, disruption of cell wall ultrastructure and inhibition of
spermatogenesis and vitelline cells [18].

Given indications that TCBZ has potential as an antibacterial agent, to our knowledge,
there have been no published studies that directly demonstrate this potential in vivo. A
preliminary evaluation of in vitro efficacy of a variety of TCBZ derivatives was therefore
carried out against representative Gram-positive (methicillin-resistant and methicillin-
susceptible Staphylococcus spp., vancomycin-resistant Enterococcus spp. and Streptococcus
pneumoniae) and Gram-negative organisms (Escherichia coli, Klebsiella pneumoniae, Pseu-
domonas aeruginosa and Acinetobacter baumannii), including in the presence of polymyxin
B (PMB). PMB was used as it is a well-known Gram-negative outer membrane perme-
abilizer [23,24] and because we have successfully used it for this purpose in previous
published work [25]. From the collection of TCBZ and metabolites, TCBZ was chosen as
the most active, and further antibacterial activity was explored in vitro. Efficacy testing
using a mouse bioluminescent S. aureus infection model was also undertaken to better
investigate its antibacterial properties in vivo.

2. Materials and Methods
2.1. Antimicrobial Agents

TCBZ and four derivatives (TCBZ-SH, TCBZ-SO, TCBZ-SO2 and TCBZ-OH; Figure 1)
were prepared by conjugation of 5-chloro-2-nitroaniline [26] with 2,3-dichlorophenol [27],
followed by reduction to the diamine using sodium dithionite and cyclization, which
gave TCBZ-SH [28]. TCBZ-SO and TCBZ-SO2 were prepared by oxidation with hydrogen
peroxide in a mixture of acetic acid and chloroform at a ratio of 4:1, while TCBZ-OH was
prepared by reaction of the diamine with potassium cyanate [29]. These analogs were
stored in a sealed sample container out of direct light at 4 ◦C in the Microbiology Laboratory
at Clinical and health Sciences, City East Campus, University of South Australia, Australia.

PMB was prepared as a stock solution of 25.6 mg/mL in DMSO, stored in 1 mL
aliquots at −80 ◦C and defrosted immediately prior to use. TCBZ as Fasinex® 240 Oral
Flukicide for Cattle (240 g/L) was purchased from Elanco Australia Pty Ltd (Macquarie
Park, NSW, Australia) and stored at room temperature in the original container, tightly
closed in a cool dry place. Fresh stock solutions of TCBZ (50 mg/kg and 10 mg/kg) were
prepared as oral treatments and diluted in phosphate-buffered saline (PBS) with vigorous
mixing. Moxifloxacin hydrochloride was purchased from Bayer Ltd. as Avelox 400 mg in
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a 250 mL solution (equivalent to 1.6 mg/mL moxifloxacin hydrochloride) and stored at
room temperature.
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2.2. Bacterial Strains

A total of 138 bacterial isolates (55 Gram-positive and 83 Gram-negative) were col-
lected from government, private and university diagnostic laboratories throughout Aus-
tralia (Table S1). The Gram-positive bacterial collection included 4 vancomycin-resistant
enterococci (VRE), 24 S. aureus isolates (including 21 methicillin-resistant S. aureus (MRSA)),
2 S. pneumoniae, 13 S. pseudintermedius (including 10 methicillin-resistant S. pseudintermedius
(MRSP)), 3 coagulase-negative Staphylococcus spp. (CoNS) and 9 Streptococcus spp. iso-
lates from cases of bovine mastitis. The Gram-negative bacteria collection included 21
E. coli, 20 K. pneumoniae, 18 A. baumannii, 20 P. aeruginosa, 2 Neisseria meningitidis and 2
N. gonorrhoeae isolates. All organisms were identified to species level using biochemical
testing and Matrix-Assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF)
mass spectrometry (MicroflexTM LT/SH BioTyper Bruker Daltonics, Leipzig, Germany) at
the Australian Centre for Antimicrobial Resistance Ecology (ACARE), The University of
Adelaide, Australia.

2.3. Minimum Inhibitory Concentration (MIC) Determination

Minimum inhibitory concentrations (MICs) were determined in round-bottom 96-well
microtiter trays (Sarstedt 82.1582.001; Mawson Lakes, SA, Australia), using the modified
broth microdilution method recommended by the Clinical and Laboratory Standards
Institute [30]. Testing concentrations were as follows: TCBZ-256 to 0.25 µg/mL; PMB-
32 to 0.06 µg/mL. Cation-adjusted Mueller–Hinton broth (CAMHB; Becton Dickinson,
Sparks, MD, USA) was used for MIC testing against all organisms except S. pneumoniae and
other Streptococcus spp., for which CAMHB supplemented with 3% lysed horse blood and
5% horse serum was used. To test the effect of ultra-heat-treated (UHT) milk on the MICs
of TCBZ against Streptococcus spp., CAMHB supplemented with 3% lysed horse blood and
10% UHT milk was used. To test the effect of pH on the MICs of TCBZ against Streptococcus
spp., RPMI 1640 medium (Sigma-Aldrich, NSW, Australia) was used instead of CAMHB.

Serial two-fold dilutions of the compounds were performed in 100% DMSO, with
1 µL added to each well. In selected experiments, the MICs for ampicillin, daptomycin,
gentamicin and apramycin against each isolate were determined as an internal quality
control. The MICs against all isolates were determined by visual reading and using an
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EnSpire Multimode Plate Reader 2300 (PerkinElmer) at A600 nm. MIC50, MIC90 and MIC
ranges for TCBZ, PMB or combinations were then determined [31].

2.4. Synergy Testing by Checkerboard Microdilution and Dose Reduction Analysis

The potential activity of TCBZ against clinical and ATCC Gram-negative pathogens
was determined in the presence or absence of 0.25–128 µg/mL PMB in a modified standard
checkerboard assay as described previously [32,33]. Briefly, antimicrobial stock solutions
were prepared at a concentration of 12.8 mg/mL in DMSO for TCBZ and 12.8 mg/mL in
Milli-Q water for PMB. Then, a two-fold serial dilution of each antimicrobial stock solution
was prepared in its appropriate solvent from wells 12 to 3 (from 12.8 to 0.25 mg/mL) and
1 µL of each concentration was added to each well in the challenge plate using an electronic
multichannel pipette followed by 89 µL of the LB broth. Thereafter, 10 µL of bacterial
suspension of approx. 2 × 106 colony-forming units per milliliter (CFU/mL) was added to
each well of the plate, which was subsequently incubated at 37 ◦C for 24 h.

The fractional inhibitory concentration index (FICI) described the results of combi-
nation and was calculated as follows: FICI of combination = FIC A + FIC B. Where FIC
A is the MIC of TCBZ in the combination/MIC of TCBZ alone, FIC B is the MIC of PMB
in the combination/MIC of PMB alone [25,33]. The results indicate synergism when the
corresponding FICI ≤ 0.5, additivity when 0.5 < FICI ≤ 1, indifference when 1 < FICI ≤ 4
and antagonism when the FICI > 4. In this study, the FICI for TCBZ and PMB against
Gram-negative bacteria was calculated to be zero (e.g., 1 ÷ > 256 = 0) where they did
not show any antibacterial activity alone against Gram-negative bacteria at the highest
concentration (256 µg/mL).

The dose-reduction index (DRI) shows the difference between the effective doses
in combination in comparison to its individual dose. DRI was calculated as follows:
DRI = MIC of drug alone/MIC of drug in combination. Given that TCBZ did not show
any antimicrobial activity against the majority of Gram-negative bacteria, the highest
concentration of each compound tested against each isolate was used as its MIC alone
for calculating the DRI (e.g., MIC of TCBZ alone against E. coli 10763 was > 256 µg/mL
and its MIC in combination with PMB was 1 µg/mL; DRI = 256/1). DRI is significant
clinically when the dose reduction is associated with a toxicity reduction without changing
efficacy [34]. Commonly, a DRI higher than 1 is considered beneficial.

2.5. Minimum Bactericidal Concentration (MBC) Determination

The minimum bactericidal concentration (MBC) for TCBZ against Gram-positive bac-
teria alone or against Gram-negative bacteria (in combination with PMB) were determined
as follows. Briefly, 10 µL aliquots from each duplicate well from the MIC assays (starting
from the MIC for each compound) were inoculated onto a sheep blood agar (SBA) plate
and incubated at 37 ◦C. Plates were examined at 24 and 48 h and the MBC was recorded as
the lowest concentration of each test compound at which a 99.9% colony count reduction
was observed on the plate [34].

2.6. Time-Dependent Killing Assays

Time-kill assays were performed (in duplicate) for TCBZ against Gram-positive bacte-
ria (MRSP-1, S. aureus ATCC 29213 and VRE 35C) and for TCBZ in the presence of PMB
against Gram-negative bacteria (E. coli ATCC 25922) as described previously [34]. Briefly, a
few colonies of each strain from overnight SBA plates were emulsified in normal saline and
adjusted to A600 nm = 0.10 (equivalent to approx. 5 × 107 CFU per mL) and the bacterial
suspensions were further diluted 1:20 in saline. TCBZ and PMB were serially diluted
in 100% DMSO or Milli-Q water at 100 × the final desired concentration and a 100 µL
aliquot of each appropriate concentration was added to each 10 mL preparation. TCBZ
and PMB solutions were prepared in 10 mL volumes at 1 × MIC, 2 × MIC and 4 × MIC
concentrations in LB broth. After adding inoculum dose to each tube, duplicate cultures
were incubated at 37 ◦C, with samples withdrawn at 0, 0.5, 1, 2, 4, 6, 8 and 24 h, serially
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diluted 10-fold and plated on SBA overnight at 37 ◦C for bacterial enumeration. According
to CLSI, an antimicrobial agent is considered bactericidal if it causes a ≥ 3 × log10 (99.9%)
reduction in colony-forming units per milliliter (CFU/mL) after 18–24 h of incubation,
and the combination is considered synergistic when it causes a ≥ 2 × log10 reduction in
CFU/mL.

2.7. Multi-Sub-Culture Resistance Selection

Multi-sub-culture resistance selection studies (21 days sequential culturing of S. aureus
ATCC 29213) were undertaken using enrofloxacin as a control antibiotic, as described
previously [35]. Each day an MIC test concentration range of antibiotics from 0.25 to
8 µg/mL on 48 well plates was used. On the first day, the same method described for
MIC microdilution was used to determine the MIC and the plate was incubated at 37 ◦C
for 24 h. Sub-cultures were performed at 24 h intervals for up to 21 days by transferring
20 µL aliquot of culture, containing 5 × 105 CFU, from the well nearest the MIC (usually
1 to 2 dilutions below) which had the same turbidity as antibiotic-free controls. During
the sub-culture, the resistant mutants that emerged were stored at −80 ◦C for subsequent
analysis.

2.8. Intracellular MIC Testing

The mouse J774A.1 macrophage cell line was maintained in DMEM (Dulbecco’s
Modified Eagle Medium) with heat-inactivated fetal bovine serum in cell culture flasks
(75 cm2), as described previously [36]. Cells were allowed to grow to 90% confluency and
were then passaged and transferred to a 48-well cell culture plate. Cells were then allowed
to grow up to a concentration of 5–8 × 105 cells/mL.

S. aureus strain ATCC 29213 was sub-cultured on SBA and incubated at 37 ◦C for
18–20 h. A number of isolated colonies were then resuspended in RPMI medium, adjusted
to 0.5 McFarland standard and opsonized in 10% freshly collected human serum (stored at
−80 ◦C until use) at 37 ◦C for 30 min. Cell culture medium was replaced with the opsonized
bacterial suspension to allow phagocytosis at 37 ◦C for 1 h at a macrophage:bacterium ratio
of 1:2. Macrophage cells were then washed twice in DMEM to remove extracellular bacteria
and exposed to TCBZ at concentrations ranging from 0.5–32 µg/mL, while cells were also
exposed to monensin at concentrations ranging from 0.25–16 µg/mL as a control. At this
stage, 50 µg/mL gentamicin was added to kill any remaining extracellular bacteria and the
infected macrophage cells were incubated for a further 20–24 h. After incubation, infected
macrophage cells were washed with PBS three times to remove any carryover antibiotics
and then collected by scraping. Two protocols were then undertaken in parallel: (i) after
1:10, 1:100 and 1:1000 dilutions, 10 µL aliquots of the harvested cells were spot-plated onto
SBA for determination of CFU. Plates were then incubated at 37 ◦C for 24 h. The colonies
were counted the next day and CFUs were determined. (ii) The protein concentration was
determined as per manufacturer’s instructions with bovine serum albumin as a standard
(DC protein assay kit, Bio-Rad Catalog No 500-0112). All results were then calculated as
CFU/mg of cell protein and these values were plotted using ‘R’ software (version: 3.6.1).

2.9. Haemolysis Assay

This was performed using fresh human red blood cells (RBCs) from donors as de-
scribed previously [25,37]. Fresh RBCs were washed in PBS three times at 500 × g for 5 min,
and then resuspended 1% (w/v) in PBS. Serial two-fold dilutions of each compound (2 µL
each) were added into the respective wells, in quadruplicates, in a round-bottom 96-well
microtiter tray (Sarstedt 82.1582.001; Mawson Lakes, SA, Australia), starting at 128 µg/mL
for each compound using ampicillin as a control. Thereafter, 198 µL of the 1% RBC solution
was added to each well, and the mixture was incubated for 1 h at 37 ◦C with shaking at
100 rpm. Quadruplicate wells containing either 1% Triton X100 or PBS only served as
controls. After incubation, the trays were centrifuged at 1000 × g for 3 min and 100 µL
of supernatant from each well was transferred into a new 96-well tray. Absorbance was
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measured at A450nm on a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Millennium
Science Pty Ltd., Mulgrave, VIC, Australia) and plotted against each dilution. Hemolytic
titer was determined as the reciprocal of the dilution at which 50% of erythrocytes were
lysed at A450nm.

2.10. In Vitro Cytotoxicity Assays

We assayed TCBZ for in vitro cytotoxicity using a panel of adherent mammalian cell
lines hEK293 (human embryonic kidney cell line), Detroit 562 (human nasopharyngeal
carcinoma epithelial cell line) and MCF-7 (human mammary gland adenocarcinoma cell
line), as described previously [35]. Assays were performed in duplicates in flat-bottom
black 96-well tissue culture trays (Costar) seeded with ~1 × 104 cells per well. After 24 h
incubation, media was removed, washed once with medium without antibiotics and fresh
medium supplemented with 10% (vol/vol) FBS was added. Viability of each cell line in the
presence of each compound was assessed starting at 64 µg/mL (for hEK293 and Detroit
562 cell lines) or starting at 16 µg/mL (for MCF-7) at 1 h intervals for 20 h at 37 ◦C and in
5% CO2 on a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Millennium Science Pty
Ltd., Mulgrave, VIC, Australia) using the RealTime-Glo™ MT Cell Viability Assay reagent
(Promega, Madison, WI, USA).

2.11. Ethics Statements

For TCBZ safety and efficacy testing experiments, outbred 5- to 6-week-old male
CD1 (Swiss) mice (weighing between 25 g to 32 g) obtained from the Laboratory Animal
Services breeding facility of the University of Adelaide were used. Mice had access to
food and water ad libitum throughout the experiments. The Animal Ethics Committee
of The University of Adelaide (approval number S-2015-151) reviewed and approved all
animal experiments. The studies were conducted in compliance with the Australian Code
of Practice for the Care and Use of Animals for Scientific Purposes (8th Edition 2013) and
the South Australian Animal Welfare Act 1985.

2.12. Oral Safety Assessment of TCBZ following Parenteral Administration

Mice were placed in individually ventilated cages in 3 treatment groups as follows:
(i) 10 mg/kg of TCBZ (n = 3); (ii) 50 mg/kg of TCBZ (n = 3); (iii) PBS (n = 3); and (iv)
1.6 mg/mL of moxifloxacin (n = 3). Mice in group (i) were treated with a total of 25 µL of
10 mg/kg of TCBZ. Mice in group (ii) were treated with 125 µL of 50 mg/kg of TCBZ, mice
in group (iii) were treated with 25 µL of PBS while mice in group (iv) were treated with
a total of 94 µL of moxifloxacin. All mice were treated three times per day for 5 days. At
the conclusion of the experiment (5 days from the start), mice were humanely killed and
sections of tissues (lung, heart, liver, spleen, kidney and small intestinal) were collected
and subjected to histopathological analysis.

2.13. Histopathological Examination

Mouse tissues (including lung, heart, liver, spleen, kidney and small intestinal) col-
lected from the oral safety challenge were fixed in 10% neutral-buffered formalin and
processed routinely. The specimens were embedded in paraffin blocks and sections of 4 µm
thickness were cut using a microtome. Hematoxylin and Eosin staining of the sections were
performed and the slides were observed and recorded under light microscopy.

2.14. Oral Efficacy Testing of TCBZ following Systemic Challenge of Mice with Bioluminescent
Gram-Positive Bacteria

For oral efficacy testing experiments against S. aureus, bioluminescent ATCC12600
strain (Xen29, PerkinElmer) was used as described previously [25,38], but with some modi-
fications. Bacteria were grown in LB broth at 37 ◦C to A600 nm of 0.5 (equivalent to approx.
1.5 × 108 CFU/mL). Three groups of mice (n = 6 mice per group) were challenged IP
with approx. 2.5 × 107 CFU (first experiment) or approx. 1 × 107 CFU (second experi-
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ment) of Xen29 in 200 µL PBS containing 3% hog gastric mucin type III (Sigma Aldrich,
NSW, Australia). At 2 h post-infection, approx. 50 µL of blood was withdrawn from
the submandibular plexus of all mice for bacterial enumeration after which they were
subjected to bioluminescence imaging in both ventral and dorsal positions on the IVIS
Lumina XRMS Series III system (Caliper LifeSciences, hopkinton, MA, USA). Immediately
thereafter, group 1 mice received 25 µL of PBS orally, group 2 mice received 125 µL of
TCBZ at 50 mg/kg orally and group 3 mice received 94 µL of moxifloxacin orally. At
6 h, 10 h, 18 h and at 72 h post-infection (or during humane killing of moribund mice),
approx. 50 µL blood was again withdrawn, followed by bioluminescence imaging. After
imaging at 6 h post-infection, a second dose of PBS/TCBZ/moxifloxacin was administered.
Further treatments were given at 10 h, 18 h and 24 h post-infection. Mice were monitored
frequently (every 4 h) for signs of distress throughout the experiment, and the clinical
conditions were recorded on a clinical record sheet approved by The University of Adelaide
Ethics Committee. Mice that had become moribund or showed any evidence of distress
were humanely euthanized by cervical dislocation.

The first experiment showed a lack of efficacy for TCBZ post-24 h, which was partly
due to the high bacterial challenge dose. Therefore, a repeat experiment using a lower
bacterial dose (1 × 107 of Xen29) (n = 6 mice per group) was carried out as described above.
In both experiments, signals were collected from a defined region of interest and total
flux intensities (photons/s) were analyzed using Living Image Software 4.5. Differences
in luminescence signals between control and drug-treated groups were compared by the
Mann–Whitney U test (one-tailed).

3. Results
3.1. TCBZ Derivatives Demonstrate Antibacterial Activity

The potential of TCBZ as an antibacterial agent was initially examined by conducting
MIC testing of five of its derivatives against two VRE isolates and two S. aureus isolates.
The MIC determination showed that three of the five analogs possessed antimicrobial
activity against the four Gram-positive isolates selected (Table 1).

Table 1. MIC values for TCBZ derivatives against 2 MRSA and 2 VRE isolates.

Compound Identity

MIC (µg/mL)

VRE
60FR

VRE
252

ATCC 49775
(MSSA)

USA300
(MRSA)

TCBZ * Triclabendazole, 2-methyl thio 4 8 2 2

TCBZ-SO * Triclabendazole,
2-methylsulphoxide 16 16 8 8

TCBZ-SO2
Triclabendazole,

2-methylsulphone >256 >256 8 >256

TCBZ-SH * Triclabendazole, 2 thio 16 8 2 4
TCBZ-OH Triclabendazole, 2-hydroxy >256 >256 >256 >256
Ampicillin Ampicillin 0.125 0.5 <0.125 64

MIC test was performed in duplicate. *, Compounds selected for further screening.

MICs were repeated with the parent compound (TCBZ) and its thiol (TCBZ-SH) and
sulphoxide (TCBZ-SO) derivatives showing promising activity against three VRE, three
MRSA and two S. pneumoniae isolates, essentially confirming the initial results (Table 2).
Notably, only TCBZ showed antimicrobial activity against both S. pneumoniae isolates.
Therefore, TCBZ was chosen as the most promising analog for further evaluation.



Microorganisms 2021, 9, 1697 8 of 20

Table 2. MIC values for TCBZ, TCBZ-SO and TCBZ-SH against 3 VRE, 3 MRSA and 2 S. pneumoniae
isolates.

Bacterial
Strain/Isolate

MIC (µg/mL) for:

TCBZ TCBZ-SO TCBZ-SH

VRE35C 4 32 16
VRE60FR 8 32 16
VRE252 4 16 16

MRSA USA 300 2 8 2
MSSA 49775 2 8 2
MRSA 610 2 16 2

S. pneumoniae A66.1 16 >64 >64
S. pneumoniae D39 16 >64 >64

3.2. TCBZ Shows Antimicrobial Activity against an Expanded Range of Staphylococcus spp. and
Vancomycin-Resistant Enterococci

Given the promising antibacterial activity of TCBZ in the initial screen, its spectrum of
activity was further investigated against a range of clinical coagulase-positive Staphylococcus
spp., including human MRSA (n = 20; Table 3 and Table S2) and canine MRSP (n = 13;
Table S3) isolates. TCBZ inhibited the growth of all tested S. aureus and S. pseudintermedius
including MRSA and MRSP isolates at concentrations ranging from 2–4 µg/mL. The
MBC values of TCBZ against the S. aureus and S. pseudintermedius isolates were between
1–4 times the MIC values, confirming that TCBZ is bactericidal against coagulase-positive
Staphylococcus spp. (Table S3). However, in the presence of UHT milk, TCBZ did not
show any antimicrobial activity against S. aureus ATCC29213 at the highest concentration
(64 µg/mL) tested.

Table 3. MIC values for TCBZ against 20 MRSA isolates.

Compound
Concentration (µg/mL)

MIC range MIC50 MIC90 MBC

TCBZ 2–4 2 4 2–16
Daptomycin 0.25–1 0.5 0.5 ND

ND, not determined.

3.3. TCBZ Shows Limited Antimicrobial Activity against Streptococcus spp. Causing
Bovine Mastitis

We initially obtained a MIC of 16 µg/mL activity for TCBZ against two S. pneumoniae
clinical isolates. Therefore, further evaluation of its activity against other streptococci
causing bovine mastitis (S. uberis, S. agalactiae and S. dysgalactiae) was conducted. However,
no antimicrobial activity was detected for these streptococci, except for a single isolate of S.
dysgalactiae (MIC and MBC both 32 µg/mL). In addition, the effect of ultra-heat-treated
(UHT) milk in CAMHB medium and pH (RPMI medium) on the MIC of TCBZ against
the S. uberis, S. agalactiae and S. dysgalactiae isolates was also determined; however, no
antimicrobial activity was detected.
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3.4. TCBZ in Combination with PMB Demonstrates Synergistic Activity against a Range of
Gram-Negative ESKAPE Pathogens

The antimicrobial activity of TCBZ in the presence of PMB was investigated against a
range of clinical and reference human ESKAPE pathogens. These included E. coli strains
ATCC 10763 and ATCC 25922, P. aeruginosa strain PAO1, K. pneumoniae strains ATCC 33495
and ATCC 4352, A. baumannii strains ATCC 19606 and ATCC 12457, N. meningitidis clinical
isolates 423 and 424 as well as N. gonorrhoeae strains ATCC 16599 and ATCC 49226. The
combination of TCBZ and PMB resulted in a synergistic interaction against all the isolates
tested except for N. meningitidis and N. gonorrhoeae (Table 4).

Table 4. MIC (µg/mL) values for TCBZ, PMB and in combination against Gram-negative reference strains.

Isolates

MIC (µg/mL)
Combination
Effect (FICI) a

DRI b

PMB: TCBZ
Single Drug Combination

PMB TCBZ PMB: TCBZ

E. coli ATCC 10763 0.5 >256 0.125:0.25 Synergism (0.25) 4:1024
E. coli ATCC 25922 0.5 >256 0.125:0.125 Synergism (0.25) 4:2048
P. aeruginosa PAO1 0.5 >256 0.125:2 Synergism (0.25) 4:128

K. pneumoniae ATCC 33495 0.5 >256 0.125:1 Synergism (0.25) 4:256
K. pneumoniae ATCC 4352 0.5 >256 0.125:1 Synergism (0.25) 4:256
A. baumannii ATCC 19606 1 >256 0.125:0.5 Synergism (0.125) 8:512

A. baumannii NCIMB 12457 1 >256 0.125:1 Synergism (0.125) 8:256
N. meningitidis 423 >256 32 4:16 Additivity (0.516) 64:2
N. meningitidis 424 >256 32 4:16 Additivity (0.516) 64:2

N. gonorrhoeae ATCC 16599 >256 >256 4:32 Additivity (0.516) 64:8
N. gonorrhoeae ATCC 49226 >256 >256 4:32 Additivity (0.516) 64:8

MIC, minimum inhibitory concentration. a FICI, fractional inhibitory concentration index: synergistic, FICI ≤ 0.5; additive, 0.5 < FICI ≤ 1;
indifferent, 1 < FICI ≤ 4; and antagonistic, FICI > 4. b DRI, dose-reduction index.

The antimicrobial activity of the TCBZ and PMB combination was tested against a
larger collection of human ESKAPE pathogens (18 K. pneumoniae clinical isolates plus ATCC
33495 and ATCC 4352, 18 E. coli clinical isolates plus ATCC 10763 and ATCC 25922, 16
A. baumannii clinical isolates plus A. baumannii ATCC 19606 and NCIMB 12457 as well as
19 P. aeruginosa clinical isolates plus PAO1) (Table 5). The results reveal a synergistic or
additive interaction of TCBZ and PMB against all Gram-negative isolates tested (reducing
the MIC of TCBZ by 16- to 2048-fold against all Gram-negative species tested).

Table 5. MIC range, MIC50 and MIC90 values for TCBZ and PMB alone and in combination against 20 E. coli, 20 K. pneumoniae,
18 A. baumannii and 20 P. aeruginosa from humans.

Isolates Values

Antimicrobial Concentration (µg/mL)
Combination Effect

(FICI) a
DRI b

Single Drug Combination

PMB TCBZ PMB TCBZ PMB TCBZ

E. coli
(n = 20)

MIC range 0.125–1 >256 0.06–0.125 0.25–2 2–8 128–2048
MIC50 0.5 >256 0.125 0.5 4 512
MIC90 0.5 >256 0.125 1 Synergism (0.25) 4 256

K. pneumoniae
(n = 20)

MIC range 0.125–1 >256 0.06–0.5 0.5–16 2–8 16–512
MIC50 0.5 >256 0.25 4 2 64
MIC90 1 >256 0.5 8 Additivity (0.53) 2 32

A. baumannii
(n = 18)

MIC range 0.5–1 >256 0.125–0.125 0.5–2 4–8 128–512
MIC50 1 >256 0.125 2 8 128
MIC90 1 >256 0.125 2 Synergism (0.13) 8 128

P. aeruginosa
(n = 20)

MIC range 0.25–1 >256 0.06–0.25 0.125–4 2–4 64–2048
MIC50 0.5 >256 0.125 2 4 128
MIC90 0.5 >256 0.25 4 Additivity (0.516) 2 64

MIC, minimum inhibitory concentration. a FICI, fractional inhibitory concentration index: synergistic, FICI ≤ 0.5; additive, 0.5 < FICI ≤ 1;
indifferent, 1 < FICI ≤ 4; and antagonistic, FICI > 4. b DRI, dose-reduction index.
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3.5. TCBZ Kinetic Assays Confirm Bactericidal Activity

TCBZ was further investigated in kinetic assays to measure the time- and concentration-
dependent activity against S. aureus Xen 29 (Figure 2A,B), S. aureus ATCC 29213 (Figure 2C,D),
MRSA USA300 (Figure 2E,F), and MRSP-1 (Figure 2G,H), using norfloxacin or amikacin
as a comparator. The results confirm the MBC results showing that TCBZ is bactericidal
against Staphylococcus spp.
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Figure 2. Kinetic assay showing time- and concentration-dependent inhibition of S. aureus Xen29
(A,B), S. aureus ATCC 29213 (C,D), MRSA USA300 (E,F) and MRSP-1 (G,H), using norfloxacin or
amikacin as a comparator. The results show TCBZ is bactericidal against the four bacteria tested.
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The synergistic activity of TCBZ in combination with PMB against Gram-negative
bacteria was further evaluated in a time-kill assay using E. coli ATCC 25922. PMB/TCBZ at
0.25/0.25 µg/mL and at 0.5/0.5 µg/mL showed no antimicrobial activity while PMB/TCBZ
at 1/1 µg/mL reduced the CFU/mL by 6 × log10 by 4 h post-treatment and totally cleared
the bacteria, which demonstrated that TCBZ was bactericidal in the combination against
E. coli ATCC 25922 (Figure 3).
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Figure 3. Time-kill curves of TCBZ in combination with PMB against E. coli ATCC 25922.

3.6. No TCBZ-Resistant Mutants Developed after 21 Daily Sequential In Vitro Sub-Cultures

Multi-sub-culture resistance selection was conducted to determine if TCBZ-resistant
mutants could develop. For this assay, 21 daily sequential in vitro sub-cultures were per-
formed with TCBZ against S. aureus ATCC 29213, using enrofloxacin as a control antibiotic.
After 21 days, no TCBZ-resistant mutants were identified. However, enrofloxacin-resistant
mutants (2 × the MIC) had developed by day five and increased gradually to 16 × MIC by
days 18–21 (Figure 4).
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Figure 4. Resistance development of S. aureus ATCC 29213 to TCBZ. S. aureus ATCC 29213 was
challenged with TCBZ at a concentration range of 0.25 to 8 µg/mL over 21 daily sequential in vitro
sub-cultures. Enrofloxacin was used as a control antibiotic.
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3.7. Intracellular MIC Testing of TCBZ Shows Bacteriostatic Activity against S. aureus but
Bactericidal Activity against MRSP

The intracellular activity of TCBZ against S. aureus ATCC 29213 and two MRSP isolates
was examined in the mouse J774A.1 macrophage cell line. TCBZ was found to be bacte-
riostatic against intracellular S. aureus ATCC 29213 (Figure 5A). TCBZ exerted the lowest
effect on intracellular bacteria with a maximal decrease in bacterial counts of approximately
0.2 log10 at a concentration of 8 × MIC. By contrast, the positive control antimicrobial
(monensin) revealed a slowly developing bactericidal effect towards intracellular S. aureus
ATCC 29213 that was concentration dependent. Monensin showed a decrease in bacterial
counts of approximately 1.1 log10 at 8 × MIC in broth. Monensin showed a 0.5 log10
decrease in intracellular bacterial counts when examined at 1 × MIC (2 µg/mL) in broth
(Figure 5B).
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Figure 5. Intracellular activity of TCBZ using mouse J774A.1 macrophage cell line. (A) Intracellular
activity of TCBZ against S. aureus ATCC 29213; (B) intracellular activity of monensin against S. aureus
ATCC 29213; (C) intracellular activity of TCBZ against MRSP 1; and (D) intracellular activity of TCBZ
against MRSP 2.
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The intracellular activity of TCBZ against two MRSP isolates (isolate 1 and 2) was also
examined. At the highest concentration used (32 µg/mL (16 × MIC)), TCBZ showed a
bactericidal effect with a decrease in bacterial counts of 1.1 log10 and 1.4 log10 for isolate 1
and isolate 2, respectively (Figure 5C,D). Intracellular MRSP isolates were unaffected by
TCBZ when cells were incubated with a drug concentration equal to 1 × MIC (2 µg/mL).

3.8. TCBZ Is Non-Hemolytic and Non-Cytotoxic

A hemolytic activity assay for TCBZ against fresh human RBCs from donors showed
that it is non-hemolytic, with a hC50 higher than 128 µg/mL. Cytotoxic assay results
also show that the IC50 value for TCBZ was greater than the highest concentration tested
(16 µg/mL) against the MCF-7 (human breast cancer) cell line, suggesting non-cytotoxicity
against this cell line, while the IC50 values were 16 µg/mL against the hEK293 (human
embryonic kidney) and Detroit 562 (human pharyngeal epithelial) cell lines, suggesting
limited cytotoxicity against these two cell lines.

3.9. TCBZ Shows Oral Safety in Mice

Safety studies performed on mice using three doses of either 10 mg/kg or 50 mg/kg
TCBZ orally daily for 5 days showed no significant pathological changes in the lungs, heart,
liver, spleen, kidneys or small intestine of the treated groups compared to the group treated
with a similar dosing regimen of 1.6 mg/mL of moxifloxacin or the control group treated
with PBS.

3.10. Treatment of Mice with TCBZ Reduces S. aureus Population with Repeated Treatments
within 24 h Post-Infection

We evaluated the potential of TCBZ as an oral drug against systemic S. aureus infection,
using a well-characterized luminescent strain (Xen29) [25,38], by photon intensity mea-
surements. In the first experiment, mice were challenged IP with 2.5 × 107 CFU of Xen29
and treated with TCBZ at 50 mg/kg or with moxifloxacin at 6 mg/kg orally (administered
at 2, 6, 10 and 18 h post-infection), with untreated mice receiving an identical course of
PBS orally. The TCBZ treatment regimen resulted in a statistically significant reduction
in S. aureus populations at 10 and 18 h post-infection (p = 0.0483 and p = 0.0296, respec-
tively; Mann–Whitney U test, one-tailed) compared to the PBS control group. However,
the S. aureus populations gradually increased from 24 h post-infection upon withdrawal of
TCBZ treatment, consistent with a bacteriostatic action (not shown). Furthermore, mice
were found to have severe breathing difficulties and were reluctant to move from 36 h
post-infection onwards. Therefore, the mice were humanely killed, blood samples were
collected, and no bioluminescent total flux values were recorded for these time points.
By contrast, oral administration of moxifloxacin (drug control) resulted in a statistically
significant reduction in S. aureus populations at 6, 10 and 18 h post-infection (p = 0.0042;
p = 0.0125 and p = 0.0006, respectively; Mann–Whitney U test, one-tailed) and there was no
regrowth of the bacterial population post-moxifloxacin withdrawal (Figure 6), illustrated
by images of representative mice at selected time points (Figure 7).
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Figure 6. Luminescence signal comparison between groups of CD1 mice challenged IP with 2.5 × 107

CFU of bioluminescent S. aureus Xen29 (n = 6) (treated at 2, 6, 10 and 18 h post-infection). Mice were
subjected to bioluminescence imaging on IVIS Lumina XRMS Series III system. Dashed horizontal
line indicates limit of detection (2.0 × 104 photons/s). Data are mean (±SEM) photons/s. * p < 0.05;
** p < 0.01; *** p < 0.001; ns = not significant; Mann–Whitney U test, one-tailed.

We attributed the overall lack of efficacy for TCBZ post-24 h to be partly due to
the high bacterial challenge dose. Therefore, a repeat experiment using a lower bacterial
dose (1 × 107 of Xen29) was carried out. In this experiment, repeated treatment with
TCBZ at 50 mg/kg up to 24 h post-infection (administered at 2, 6, 10, 18, and 24 h post-
infection) also resulted in a gradual reduction in S. aureus populations. However, this
reduction was not statistically significant compared to the untreated (PBS) control group
(Figure S1). By contrast, oral administration of moxifloxacin (drug control) resulted in a
statistically significant reduction in S. aureus populations at 18 h post-infection (p = 0.0014
and p = 0.0031, respectively, Mann–Whitney U test) and there was no regrowth of the
bacterial population post-moxifloxacin withdrawal (Figure S1).
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Figure 7. Ventral and dorsal images of representative CD1 mice challenged with 2.5 × 107 CFU of
bioluminescent S. aureus Xen29. Mice were subjected to bioluminescent imaging on IVIS Lumina
XRMS Series III system at the indicated times (0, 2, 6, 10 and 18 h).

4. Discussion

The global rise in multidrug-resistant ESKAPE infections continues to pose signifi-
cant health and economic problems worldwide. However, no novel antibiotic with a new
chemical structure, unexploited target or a new mode of action has been developed and
marketed for several decades [39,40]. Modification of existing drug classes has resulted in
the registration of several new drugs that are active against Gram-positive and some Gram-
negative pathogens; however, antimicrobial access through the outer membrane barrier of
Gram-negative bacteria still remains an important challenge [37,41,42]. Drugs in advanced
clinical development include modification of existing antibiotic classes, new antibiotic
classes, well-known combinations or novel drugs with adjuvants. Other recent and promis-
ing approaches include repurposing old compounds with known safety and development
pathways as new antimicrobial classes with potentially novel mechanisms of action [21], an
approach taken here. In developing new broad-spectrum antimicrobial agents that can over-
come the permeability barrier in Gram-negative bacterial pathogens [31,43,44], one strategy
being employed is combination of antibiotics with outer membrane permeabilizers [45].

In this work, we evaluated the antibacterial potential of TCBZ, a benzimidazole an-
thelmintic agent, which is the active ingredient of registered drugs for treating liver fluke in
animals (Fasciola spp.) and lung fluke in humans (Paragonimus spp.). TCBZ was previously



Microorganisms 2021, 9, 1697 16 of 20

suggested as a potential antibacterial agent in a repurposing study involving the mass
screening of FDA-registered drugs [21]; however, it was not until quite recently that it was
demonstrated to have potent antimicrobial activity against C. difficile as well as being active
against representative strains of normal human gut microbiota [22]. In our study, a range
of TCBZ derivatives were generated for an initial screen to identify the candidate with
the best antibacterial activity. An investigation of the antibacterial activity of a family of
TCBZ analogs incorporating the synthetic precursor thiol, TCBZ’s sequential oxidation
sulphoxide (TCBZ-SO) and sulphone (TCBZ-SO2), together with the final hydrolytic prod-
uct (TCBZ-OH), highlighted that the bioactivity is not restricted to the parent anthelmintic
but extends to its recognised in vivo metabolites. From the initial screening of the com-
pound series, TCBZ was found to be the most promising derivative with antimicrobial
activity demonstrated against Gram-positive bacteria including methicillin-resistant strains,
as well as Gram-negative bacteria in the presence of an outer membrane permeabilizer.
This corroborates the previous report [22], but also expands the antibacterial spectrum of
activity of TCBZ.

The mechanism of action of TCBZ has not been fully clarified. However, in vitro
and/or animal infection studies using TCBZ and its active metabolites (sulphoxide and
sulfone) against Fasciola species point to its effect on multiple targets resulting in reduced
membrane potential, inhibition of tubulin function and protein and enzyme synthesis [43].
Interesingly, it appears the sulphoxide metabolite (which is largely predominant in human
plasma following pre-systemic biotransformation of TCBZ) has a delayed but more potent
effect on parasite motility than the parent TCBZ compound, leading to the suggestion that
TCBZ likely acts primarily through the sulphoxide metabolite [46]. It is likely that TCBZ
and its metabolites have a similar mechanism of action on the membrane of bacteria, and
this will be the subject of future investigations.

This study had four major findings. Firstly, TCBZ was bactericidal against a range of
methicillin-susceptible and methicillin-resistant Staphylococcus spp. and VRE, and was also
shown to maintain antimicrobial activity against intracellular Staphylococcus spp. in vitro.
Secondly, no resistance to TCBZ was developed by S. aureus after 21 daily sequential in vitro
sub-cultures, a desirable characteristic for its further exploration as a novel antimicrobial
class to treat acute bacterial infections. Thirdly, TCBZ inhibited the growth of key Gram-
negative ESKAPE pathogens including E. coli, K. pneumoniae, A. baumannii and P. aeruginosa
in the presence of sub-inhibitory concentrations of PMB, indicating that the antimicrobial
target is present in both Gram-positive and Gram-negative bacteria. Fourthly, repeated oral
treatment of mice infected with bioluminescent S. aureus with TCBZ significantly reduced
S. aureus populations within 24 h post-infection, but did not eliminate infection with the
selected dosage regimen.

TCBZ demonstrated bactericidal antimicrobial activity (MICs of 2 µg/mL and MBCs
ranging from 2–16 µg/mL) against a range of methicillin-susceptible and methicillin-
resistant strains of coagulase-positive Staphylococcus spp., including the canine commensal
pathogen Staphylococcus pseudintermedius. Here, MICs/MBCs established for TCBZ were
several-fold lower than previously reported for triclabendazole [21], but the same trends
were observed (low uniform MICs with MBCs several-fold higher). Furthermore, TCBZ was
active at higher concentrations against VRE and S. pneumoniae. Demonstrated intracellular
activity against S. aureus suggested that TCBZ may have potential as a treatment for bovine
mastitis, which is most commonly caused by S. aureus strains adapted for intracellular
survival within polymorphonuclear cells of the bovine mammary gland. However, the
promising activity shown against human streptococci did not extend to the three main
species of streptococci causing bovine mastitis (S. uberis, S. agalactiae and S. dysgalactiae)
and furthermore, antibacterial activity was not demonstrated in the presence of milk, a key
disqualifier for further development as an intramammary mastitis formulation.

Despite these potential drawbacks, an important finding of this work was the demon-
stration that S. aureus did not develop resistance following 21 serial sub-cultures in the
presence of sub-inhibitory concentrations of TCBZ. By comparison, serial stepwise resis-
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tance was observed for enrofloxacin, a registered fluoroquinolone for animal treatment with
broad-spectrum bactericidal antimicrobial activity. Stepwise resistance to fluoroquinolones
develops via the accumulation of point mutations in the chromosomal target genes [47].
In this context, our results may indicate that similar chromosomal point mutations in the
putative target gene/s of triclabendazole in bacteria may not result in resistance. However,
this needs to be further investigated as it is quite possible that point mutations conferring
resistance could arise under the right selection pressure. Whilst the exact mechanism of
action of triclabendazole in flukes remains to be determined, development of resistance in
Fasciola hepatica has been recently observed [43]. Further research such as use of differential,
timed exposure RNAseq, fluorescence-based protein and lipid binding experiments and
electron microscopy studies could potentially unlock the target/s and mechanism of action
of triclabendazole in susceptible bacteria.

The observed in vitro synergistic antimicrobial activity of TCBZ in combination with
sub-inhibitory concentrations of PMB against a large panel of Gram-negative human
ESKAPE pathogens provides additional opportunities for treatment of Gram-negative
infections in clinical settings whilst also reducing the amount of PMB needed for effective
targeting. Although it was previously reported that PMB is toxic for humans at a concen-
tration of 4 µg/mL, the lowest concentration required in combination with TCBZ ranged
from 0.0625 to 0.25 µg/mL, which is 64- to 16-fold lower than its cytotoxic dose [45,48].
The finding that multiple oral administrations of TCBZ to mice at 50 mg/kg over 5 days
was safe without any demonstrable clinical signs or observable morphological effects on
the main organs examined also provides the possibility of using PMB in combination with
TCBZ for human use after robust testing in animal models of infection. Additionally, the
fact that no resistance developed to TCBZ by S. aureus after 21 daily sequential in vitro
sub-cultures also suggests that its synergistic antimicrobial activity with PMB against
Gram-negative pathogens warrants further exploration for specific treatment of acute
Gram-negative bacterial infections. This will be of further benefit in the colistin resistance
era as polymyxins are among the last line of antimicrobials used to treat multidrug-resistant
Gram-negative bacterial infections.

The in vivo efficacy data show that repeated treatment of mice resulted in a substantial
reduction in S. aureus populations over the 24 h period, with regrowth occurring once
treatment was withdrawn. This result suggests that TCBZ is bacteriostatic when the effec-
tive concentration in vivo is low (possibly due to poor host cell membrane penetration)
and could further explain the in vitro intracellular MIC result of TCBZ against S. aureus
ATCC 29213, where it was also found to be bacteriostatic. It is known that neutrophils
are recruited to the site of invading bacterial pathogens by host pattern recognition re-
ceptors through recognition of lipoteichoic acid (LTA), a component of the cell wall of all
Gram-positive bacteria [49,50]. Cell-wall-active β-lactam antimicrobials such as imipenem,
flucloxacillin and cefamandole significantly enhance the release of LTA compared to pro-
tein synthesis, inhibiting drugs such as gentamicin and erythromycin [51]. Furthermore,
together with glycopeptides, rifamycins, lincosamides, quinolones and fosfomycin, these
β-lactam antibiotics can penetrate human neutrophils and kill and/or inhibit intracellular
S. aureus without adversely affecting neutrophil function [51]. By contrast, we hypothesise
that TCBZ does not target the bacterial cell wall and may not initiate release of LTA to the
same extent. It would therefore be informative to investigate if a combination of any of
these antibiotics with TCBZ could be synergistic in eradicating intracellular S. aureus.

5. Conclusions

In this study, we showed that TCBZ, a benzimidazole anthelmintic agent, is bacterici-
dal against coagulase-positive staphylococci, including S. aureus (including MRSA) and
S. pseudintermedius (including MRSP), at relatively low concentrations and demonstrates
good intracellular activity at higher concentrations. In addition, oral treatment of mice with
TCBZ after systemic S. aureus challenge resulted in a significant reduction in S. aureus pop-
ulations in the blood of mice up to 18 h post-infection compared to control (untreated) mice
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but did not clear the bacterial infection from the bloodstream, suggesting bacteriostatic
activity in vivo. Future studies of pharmacokinetics and dosage optimisation of TCBZ may
identify a reliable and effective oral administration regimen.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9081697/s1, Figure S1. Luminescence signal comparison between groups of
CD1 mice challenged IP with 1 × 107 CFU of S. aureus (Xen29) (n = 6) (treated at 2, 6, 10 and 18 h
post-infection). Mice were subjected to bioluminescence imaging on IVIS Lumina XRMS Series III
system. Dashed horizontal line indicates limit of detection (2.0 × 104 photons/s). Table S1. Gram-
positive and Gram-negative bacterial collection used in this study (n = 138). Table S2. MIC values of
TCBZ against 20 MRSA isolates. Table S3. MIC and MBC values of TCBZ against S. pseudintermedius
isolates (n = 13).
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There are renewed global calls for the development of new antimicrobial drugs with novel mechanisms of action, which

also prevent further resistance to existing classes against multi-drug resistant pathogens. In this study, the potential of

a novel chemical analogue of the anticoccidial robenidine (NCL195) as a drug against multi-drug resistant Gram-positive

and Gram-negative bacterial infections was investigated. We showed the minimum inhibitory concentration (MIC)

range of NCL195 against methicillin-resistant Staphylococcus aureus isolates was 1-2 μg/mL1. NCL195 demonstrated

synergistic activity in combination with subinhibitory concentration of colistin against clinical multidrug-resistant Gram-

negative bacterial pathogens, with MICs for NCL195 ranging from 0.5-4 μg/mL for Acinetobacter baumannii, Escherichia
coli, Klebsiella pneumoniae and Pseudomonas aeruginosa in the presence of subinhibitory concentrations of colistin,

whereas NCL195 alone had no activity2. Transmission electron microscopy of S. aureus cells after treatment with

NCL1951, or of E. coli and P. aeruginosa after treatment with NCL195+colistin combination confirmed marked

ultrastructural changes in membrane morphology, most frequently in the cell envelope2,3. In bioluminescent mouse

sepsis challenge models, administration of four oral doses of 50 mg/kg NCL195 (4 hours apart) resulted in significantly

reduced S. aureus loads and longer survival times than vehicle-only treated mice. Furthermore, administration of four

oral doses of 50 mg/kg NCL195 (4 hours apart) combined with four intraperitoneal doses (4 hours apart) of colistin (0.125

mg/kg) resulted in significant reduction in E. coli loads compared to treatment with NCL195 alone. In addition,

treatment with the NCL195+colistin combination resulted in better E. coli clearance than treatment with colistin alone at

the same concentrations. We conclude that NCL195 is a potential alternative for further development for specific

treatment of Gram-positive bacterial infection or treatment of Gram-negative infection in combination with

subinhibitory concentrations of colistin.
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Making every electron count - New Science enabled by Pixel Array Detectors 

David Muller1, 2

1. Cornell University, Ithaca, NY, United States

2. Kavli Institute at Cornell for Nanoscale Science, Cornell University, Ithaca, NY, United States

The past three decades have seen the rapid development and maturation of aberration-corrected electron lenses. A new 
generation of high-speed, high-dynamic-range, electron microscope detectors have allowed us to record the full momentum 
distribution at every position of scanned, atomic-scale electron beam.  The resulting (and very large) four-dimensional phase 
space contains complete information about the underlying scattering potential. Phase retrieval algorithms such as ptychography 
offer an approach to using all of these scattered electrons – potentially enhancing both the resolution and dose-efficiency.  Here 
we show how in-focus ptychography enables imaging at more than double the diffraction limit of the lens, and how out-of-focus 
ptychography improves the dose efficiency compared to all traditional imaging modes.   

The increased speed and dynamic range of the new detectors also makes sub-picometer precision strain mapping possible at 
sub-nanometer resolution for data sets recorded in under a minute.  High precision imaging of magnetic, electric and polarization 
fields with these detectors has provided uniquely detailed maps of topological textures in polar and magnetic Skyrmions. 

1. Jiang et al, Nature 559, (2018), p343.
2. Das et al, Nature 568, (2019), p. 368.

2 

Invited talk -  SPED and HAADF- STEM used to aid aluminium alloy developments 

Randi Holmestad1

1. Norwegian Univesrity of Science and Technology (NTNU), Trondheim, TRøNDELAG, Norway

Age-hardenable aluminium alloys - based on Al-Mg-Si, Al-Mg-Zn and Al-Cu - are important structural materials for construction 
and automotive applications due to properties like high strength/weight ratio and good formability, often combined with good 
corrosion resistance. Our overall objective is to improve the understanding of the fundamental physics, taking place at the atomic 
scale in these alloys – which decides nucleation, phase stabilization and precipitation [1]. The distribution, number density, 
morphology, structure and interfaces of age-hardening precipitates depend on the alloy composition and the thermo-mechanical 
history of the material, and to a large extent decide the material’s physical properties. If we are able to map the atomic structure 
of precipitates and predict how they develop, we can design new or optimize chemical compositions of existing alloys to get 
desired properties for given applications. Our research group at NTNU and SINTEF in Trondheim has over a long period worked 
together with the Norwegian light metal industry on nanoscale studies of these alloys. We are using several advanced (scanning) 
transmission electron microscopy ((S)TEM) based techniques to study the alloy precipitates and micro-structures. Atomic 
structure is determined using aberration-corrected high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), often in combination with density functional theory calculations [1]. The scanning precession electron diffraction 
(SPED) technique, combined with effective machine learning approaches and digital post-processing [2] is a very useful 
methodology to get comprehensive information about precipitate morphology and phase compositions, as well as crystallite 
orientations, also in deformed materials. 

The TEM work was conducted using the NORTEM infrastructure (NFR 197405) at the TEM Gemini Centre, Trondheim, Norway. 

1. SJ Andersen et al. Advances in Physics: X 3:1 (2018) 1479984; T Saito et al. Adv. Eng. Mater. (2018) 1800125.
2. JK Sunde et al. Mater. Charact. 142 (2018) 458; E Christiansen et al. Mater. Charact. 144 (2018) 522; E Thronsen et al.

Materials & Design (2019) accepted.
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Nitridation of commercial austenitic stainless steel: the need for multi-scale microstructural 
characterisation 

Alice M. Young1, Milo V. Kral1, Catherine M. Bishop1

1. University of Canterbury, Christchurch, CANTERBURY, New Zealand

Service conditions in methanol production plants create a driving force for nitrogen uptake in austenitic stainless steel piping, 
resulting in formation of internal nitride precipitates. Nitrides have been associated with loss of ductility in steels. However, their 
effects on the performance of specific commercial alloys such as the widely used Alloy 800H have not been studied. Hence any 
resulting degradation of properties is unaccounted for in component lifetime calculations, potentially leading to unexpected and 
costly failures. Characterisation of the nitrided microstructure is a critical first step towards understanding the evolution of 
mechanical properties during service. Limited existing information on microstructural development of Alloy 800H during nitridation 
restricts the current ability to correlate microstructural features and mechanical performance. 

In this work, a multi-scale approach was taken to comprehensively characterise the microstructure of 800H following nitridation 
at service-relevant temperatures. Samples were nitrided at 800-1000 °C for 50-750 hrs in a 95%N2/5%H2 atmosphere. Optical, 
scanning electron, and transmission electron microscopy techniques were used for analysis, which focussed on AlN, Cr2N and 
CrN nitride phases. Features such as precipitate morphology, crystallography, orientation relationships, location, and penetration 

ISBN: 978-0-9580408-7-7

ACMM Australian Conference on Electron Microscopy and Microanalysis,
26th Australian Conference on Microsopy and Microanalysis in Canberra 16th-20 Feb 2020
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Noninvasive metabolic imaging of oocytes and early embryo development using confocal 
microscopy 

Fabrizzio Horta1, Giulia Ballerin2, Sarah Creed2, Peter Temple-Smith1 
1. EPRD, Obstetrics and Gynecology, Monash University, Melbourne, VIC, Australia 

2. Monash Micro Imaging-MHTP, Hudson institute of medical research, Melbourne, Victoria, Australia 

Developing reliable noninvasive methods to assess oocyte and embryo quality has been a critical goal for assisted reproductive 
technologies in in vitro fertilization (IVF). The low success rate of clinical pregnancy is consistent with the fact that normal 
transferred embryos fail to implant because of underlying metabolic defects. Changes in metabolic activity could lead to cell death 
or abnormal embryo development which could be potentially predicted by incorporating noninvasive measurements of 
metabolism. Metabolic imaging is a well-tested method for detecting metabolic changes in cells and tissues, however, scientific 
evidence for its use in oocyte and embryo assessments is limited. Measurements of nicotinamide adenine dinucleotide (NADH) 
could be a useful tool as the auto-fluorescence of NADH is a straightforward representation of mitochondrial function and cellular 
redox status. The aim of this study was to measure the NADH levels in oocytes and early embryos in development from female 
mice of different age through live imaging. Oocytes from two groups of mice (Young: 5-8 weeks, Old: 42-45 weeks) were 
inseminated with control spermatozoa. Then, NADH levels were measured every 2hrs post in vitro fertilisation using confocal 
microcopy. Fertilisation and embryo development was also assessed. Metaphase II oocytes from young and old females showed 
significantly different NADH levels of auto-fluorescence (Young: 9469AU, Old: 8793AU, AU: arbitrary units of auto-fluorescence; 
p<0.05) 2hrs post-fertilisation. Interestingly, there was an increased NADH activity in presumed zygotes from young females that 
was not observed in old zygotes 4hrs post-fertilisation (Young: 10144AU, Old: 8587AU, p<0.05) as well as 6hrs post-fertilisation 
(Young: 9679AU, Old: 8546AU, p<0.05). Our study indicates different levels of NADH during early embryo development 
associated to ageing and metabolic function, demonstrating that noninvasive measurements of NADH could be applied to 
determine embryo metabolic activity. 
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A Comparison of Different Methods for TEM Analysis of Gram-Negative Bacterial Membrane 
Structure 

Lisa A O'Donovan1, 2, Hang T Nguyen3, Gwen Mayo1, David D Ogunniyi3, Darren J Trott3 
1. Adelaide Microscopy, The University of Adelaide, Adelaide, SA, Australia 

2. Current address, ARC Centre of Excellence in Plant Energy Biology, School of Agriculture, Food and Wine, The University of 
Adelaide, Glen Osmond, SA, Australia 

3. Australian Centre for Antimicrobial Resistance Ecology, School of Animal and Veterinary Sciences, The University of 
Adelaide, Roseworthy, SA, Australia 

Effective treatment of bacterial infections is becoming increasingly difficult with the emergence of resistance to multiple classes 
of antimicrobial drugs. In particular, sepsis due to the multidrug-resistant ESKAPE pathogens (Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and E. 
coli/Enterobacter species) causes significant morbidity and mortality worldwide. During an investigation of drug interactions, multi-
drug resistant E. coli proved difficult to embed for transmission electron microscopy (TEM), using conventional resin embedding. 
In addition to infiltration problems, traditional resin embedding destroyed ultrastructure and created artefacts. In this study we 
compared different methods for preparing the Gram-negative bacteria, E. coli for TEM analysis of morphology. Aldehyde-fixed 
bacteria were prepared using conventional embedding in Epon-Araldite or LR White resin at ambient temperature, and compared 
with ultrathin Tokuyasu cryo-sections. Results of this study indicate the superiority of ultrathin cryo-sections, with a clear 
delineation of the outer and inner membrane as well as the peptidoglycan layer. This technique opens opportunities for visualising 
drug interaction mechanisms on the bacterial cell membrane. 
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SPATIO-TEMPORAL LOCALIZATION OF PROTEIN DROPLETS IN CELLS 

Eugene Marfo Obeng1, Alex Fulcher1, Bhuvana Shanbhag1, Ian Harper1, Lizhong He1 
1. Monash University, Clayton, VICTORIA, Australia 

Coacervation of biomolecules is an important mechanism within cells for the organization of intracellular space and the 
maintenance of cellular homeostasis. Herein, biomolecular liquids coexist in a state of demixing in a phenomenon called liquid-
liquid phase separation (LLPS). The phase transition mechanism is an intrinsic characteristic of membraneless organelles (such 
as stress granules, germ granules, and nuclear bodies) and plays a critical role in cell physiology and pathology. The intracellular 
LLPS phenomenon putatively facilitates the protection, preservation, and regulation of genetic information and the trafficking of 
other materials within cells. In other words, it is a natural means to sequester, concentrate, transport, and release protein and 
nucleic acid cargoes for premium cell integrity. However, the understanding of the phenomenon is still embryonic. Particularly, it 
is not clear what the local and global drivers of the coacervation process are. This, therefore, demands the investigation of droplet 
localization and assembly dynamics in addition to their mechanical and transport characteristics with super-resolution precision. 
This work presents preliminary observations of the spatiotemporal characterization of protein droplets in cells using confocal and 
STED microscopy. 
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A comparison of different methods for TEM analysis of 
gram-negative bacterial membrane structure 

Lisa A. O’Donovan, Hang T. Nguyen, Gwenda Mayo, Abiodun D. Ogunniyi and Darren J. Trott

A: E.coli fixed in 4% paraformaldehyde, 1.25% glutaraldehyde, 4% sucrose in the presence of 0.075% ruthenium red and 0.075% L-lysine acetate in PBS Buffer, embedded in Epon-Araldite
resin. 70nm section, Leica UC6. Bacterial outer membrane and cell wall have a wavy appearance and appear to have separated from the inner membrane.
B and C: E.coli fixed in 4% paraformaldehyde, 1.25% glutaraldehyde, 4% sucrose in the presence of 0.075% ruthenium red and 0.075% L-lysine acetate in cacodylate buffer containing
0.01M CaCl2, embedded in B: LR White and C: Epon-Araldite resin. 70nm sections Leica UC6. Bacterial cell walls and outer membrane still appear to be wavy however, separation from
the inner membrane has not occurred.
D: E.coli fixed in 4% paraformaldehyde, 1.25% glutaraldehyde, 4% sucrose in the presence of 0.075% ruthenium red and 0.075% L-lysine acetate in cacodylate buffer containing 0.01M
CaCl2, embedded in 12% gelatin, infiltrated with 2.3M sucrose at 4oC overnight, plunge frozen in liquid nitrogen and sectioned (80nm, Leica FC7) at -100oC. Freezing of cells into a matrix
of amorphous ice (i.e., vitrification) results in optimal specimen preservation and allows the clear observation of outer membrane, cell wall and inner membrane.
E and F: E.coli incubated with antimicrobial drug before processing as for D. Inner membrane morphology changes included E: periplasmic space filled with electron-dense material,
possibly from the cytosol, and F: additional membrane structures observed in the polar region.
Scale Bar A-E:100nm, F:200nm. Images taken on a FEI Tecnai G2 Spirit operating at 100KV at Adelaide Microscopy.

CONCLUSION
These results indicate the usefulness of TEM in the study of effective antimicrobial drugs on bacteria, particularly on intracellular morphology. Sample preparation
procedures can produce artefacts, which may influence the interpretation of results. Ultrathin cryo-sections provide a clear delineation of the outer and inner
membrane as well as the cell wall peptidoglycan layer, and creates opportunities to visualise drug interaction mechanisms on bacterial cell membrane.

RESULTS
TEM comparison of E.coli morphology following different fixation, embedding and sectioning techniques.

METHOD
MDR GNB E. coli was subjected to different fixation, embedding and sectioning techniques for morphological analysis by TEM. Aldehyde-fixed bacteria were prepared using conventional
embedding in PBS or cacodylate buffer in Epon-Araldite or LR White resin at ambient temperature, and compared with ultrathin Tokuyasu cryo-sections.

INTRODUCTION
The development of novel agents with new modes of action against multi-drug resistant (MDR) pathogens, particularly gram-negative bacteria (GNB; which
possess an outer membrane as an extra protective layer), is of the highest global priority. One strategy being explored for specific treatment of GNB infections
involves a combination of new antimicrobial agents with existing outer membrane active anti-infectives (e.g. colistin). Determining the most effective technique to
accurately visualise and elucidate these drug interactions is essential. During our investigation of drug interactions, MDR-GNB E. coli proved difficult to embed for
transmission electron microscopy (TEM) using conventional resin embedding. In addition to infiltration problems, traditional resin embedding destroyed
ultrastructure and created artefacts.

A B C

Inner cell membrane FD E

Outer  cell membrane 

Cell wall 

Inner cell membrane 

Membrane structures 

Inner cell membrane 
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Biocide tolerance is linked to multidrug resistance in Pseudomonas aeruginosa through 

 enhanced expression of drug efflux pumps 
Anteneh Amsalu Geremew, University of South Australia 

 
Initially disrupted preterm infant oral microbiota is restored within three months 

Caitlin Selway, University of Adelaide 
 

Combating antibiotic resistance with fish oil 
Maoge Zang, Flinders University 

 
The unique type-I interferon-epsilon (IFN-𝜺) constitutively protects the female reproductive tract from 

Zika Virus infection 
Rosa Coldbeck-Shackley, University of Adelaide 

 
Redesigning an anticoccidial drug for treatment of multi-drug resistant bacterial infections 

Hang Thi Nguyen, University of Adelaide 
 

The development of gut microbiota in commercial layer flocks: multiple routes to high performance 
flocks 

Nitish Joat, University of Adelaide 
 

The bacterial invisibility cloak lifted- The development of an intracellular osteocyte model for viable-but-
not-culturable S. aureus in osteomyelitis. 

Anja Zelmer, University of Adelaide 
 

Old anti-alcoholic drug to fight biofilms on hernia meshes 
Laurine Kaul, University of Adelaide 

 
Attendance is FREE 

For catering purposes, please book through Trybooking: https://www.trybooking.com/BPVSO 
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Congratulations: Accepted into Ingenuity 2021

Nicole Eleftheriou <nicole.eleftheriou@adelaide.edu.au>
Wed 1/09/2021 4:51 PM
To:  Hang Thi Nguyen <hang.t.nguyen@adelaide.edu.au>; Billie-Jaye Brougham <billie-jaye.brougham@adelaide.edu.au>;
Jessica Thea Turner <jessica.t.turner@adelaide.edu.au>; Bobbie Emilia Lewis Baida <bobbie.lewisbaida@adelaide.edu.au>;
Amy Laurel Munn <amy.munn@adelaide.edu.au>; Johanna Ellen Aldersey <johanna.aldersey@adelaide.edu.au>; Bianca
Agenbag <bianca.agenbag@adelaide.edu.au>
Cc:  Gordon Howarth <gordon.howarth@adelaide.edu.au>; Bec Forder <bec.forder@adelaide.edu.au>

3 attachments (19 MB)
A0 landscape template.pptx; A0 portrait template.pptx; WHAT IS INGENUITY.docx;

Hi everyone,
 
Thank you for submitting an expression of interest in the 2021 Ingenuity event, your application
has been successful and we can’t wait to have you showcase your research at the event.
 
From here, we will be adding you to the My Uni page dedicated to Ingenuity 2021, please
accept this invitation when it is sent to you, to stay up to date with all the latest event
information and prep sessions we will be running before the expo.
 
OVERVIEW OF EVENT
As a reminder the Ingenuity Expo will be hosted on Monday 25 and Tuesday 26 October 2021 at
the Adelaide Convention Centre, attached is a quick overview of what Ingenuity is and the
deliverables for the event (both virtually and in-person events).  
 
POSTER TEMPLATE
Also attached is the poster template (both landscape and portrait options) for you to create
your research display poster. This poster can be used as a PDF on the virtual platform and
printed in your booth for the in-person event. If you would like your poster printed for your booth
can you please get artwork to me by COB Friday 15 October 2021 so we can arrange printing.
 
REMAINING QUESTIONS FOR BOOTHS
There are a few final pieces of information I require from you to get your booth set up at the
Convention Centre, can you please provide me with the following information by COB Friday 10
September.

1. If your project needs to be exhibited adjacent to another project, please specific their
project name and the school they're exhibiting under.

 
2. How many powerpoints will you require at your booth? (Please note: a powerboard can be

attached to each powerpoint and all electrical equipment will need to be electrically tested before the event)
0 (I don't require power)
0.5 (I could share a powerboard as I only need 1-2 powerpoints)
1
2

 
3. Will your project display possibly require:

a. a continuous supply of water (or a volume of water > 30L)
b. a continuous supply of compressed air
c. 3 phase power

Please note: This doesn't have to be confirmed until closer to the event, but your booth will be placed closer to
a utility pit in case you require access.
 

4. Will you be displaying a device at your stand that could pose any hazards (even if they're
minor or unlikely)? (e.g. water leakage, moving parts, tripping hazards, excessive noise or risk of burns.) If
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so, please describe the potential risk(s) with your display and an event coordinator will be
in contact with you.

 
If you have any additional questions about Ingenuity, what’s required or would like more
information about the event, please contact myself or your school reps: Gordon Howarth and
Bec Forder.
 
We can’t wait for you to be involved!
 
Warmly,
Nicole.
 
 
Nicole Eleftheriou
Events Coordinator | Faculty of Sciences
 
THE UNIVERSITY OF ADELAIDE 
Adelaide SA 5005 Australia 
T: 61 8 8313 4325
 
CRICOS Provider Number 00123M

-----------------------------------------------------------

IMPORTANT: This message may contain confidential or legally privileged information. If you think it was sent to you by mistake, please
delete all copies and advise the sender. For the purposes of the SPAM Act 2003, this email is authorised by The University of Adelaide. 
Think green: read on the screen.
 
 



Method

A bioluminescent S. aureus sepsis mouse model

Mice were treated with benzguinol A or benzguinol B
(20 mg/kg), daptomycin (6 mg/kg), or vehicle at 2, 6,
and 10 h post-infection and imaged at 0 h, 2 h, 4 h, 6 h,
8 h, 10 h, 12 h, 24 h, 36 h, 48 h and 72 h.

Evaluation of benzguinols as next-
generation antibiotics for the treatment 
of multidrug-resistant bacterial infections

Hang Nguyen, Msc, PhD candidate

Research Problem

Multidrug resistance is a global health and
development threat. It is estimated that
multidrug-resistant bacterial infections could
result in 10 million deaths per year and an
economic collapse comparable to the 2008–
2009 global financial crisis by 2050 if no
action is taken.

It is clear that the problems posed by
multidrug-resistance pathogens requires
rapid development of new, broad-spectrum
antibiotics.

Result

• Three intraperitoneal doses of benzguinol A or B at
20 mg/kg elicited a statistically significant reduction
in S. aureus populations and prolonged survival
times of mice compared to the vehicle-only treated
mice (figure 2).

• Benzguinol A showed slightly better efficacy,
especially in terms of survival percentage.

Figure 2. Benzguinol Efficacy Data

(A) Comparison of luminescence signals between group of mice (n=6)
challenged with bioluminescent S. aureus and treated with indicated
drugs. ns, not significant; *, p < 0.05; **, p < 0.01; Mann–Whitney U-test
(one-tailed).

(B) Survival analysis for mice treated with the indicated drugs, ns, not
significant; *, p < 0.05; **, p < 0.01; Log-rank (Mantel–Cox test).

(C) Ventral and dorsal images of representative CD1 mice challenged
with bioluminescent S. aureus Xen29. At 8 h post-infection, all mice
treated with vehicle only had become moribund, indicated by “no
surviving mice” at 10 h.

Novel Antibiotics Tested

Figure 1. Structures of fungal metabolites
nidulin and unguinol and semisynthetic
unguinol derivatives benzguinol A and
benzguinol B.

C

Conclusion

This study demonstrates that the new antibacterial
class represented by benzguinols could provide
promising new scaffolds for further pharmaceutical
and medicinal chemistry development for the
treatment of multidrug-resistance development.

Supervisors: Prof. Darren Trott, Dr. David Ogunniyi, Dr. Stephen Kidd, Dr. Torben Dahl Nielsen | School of Animal and Veterinary Sciences | AVS001| 2021

Aim

Evaluate the efficacy of novel antibiotics
(benzguinols) against S. aureus sepsis in a
bioluminescent mouse infection model
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Publication award outcome

Gordon Howarth <gordon.howarth@adelaide.edu.au>
Wed 24/11/2021 3:05 PM
To:  Hang Thi Nguyen <hang.t.nguyen@adelaide.edu.au>
Cc:  Michele Landers <michele.landers@adelaide.edu.au>

Hi Hang,
Congratulations! You will be pleased to hear that you have won one of the Research Committee’s publication
incentive awards.
 
Please discuss accessing the funds with your supervisor (contact Michele Landers: School Finance Officer).
 
Well done!
 
Regards,
 
Gordon (on behalf of the Research Committee)
Professor Gordon S Howarth PhD, AGAF, ARCPA

Associate Head (Research)

Postgraduate Coordinator

School of Animal and Veterinary Sciences

Director of Postgraduate Education 

Faculty of Sciences

University of Adelaide (Roseworthy Campus)

SOUTH AUSTRALIA 5371

Ph    : +61 8 8313 7885

e-mail: gordon.howarth@adelaide.edu.au
Affiliate Professor

Gastroenterology Department

Women's and Children's Hospital

72 King William Road

North Adelaide

SOUTH AUSTRALIA 5006

Ph    : +61 8 8161 6872
CRICOS Provider Number 00123M

IMPORTANT:
This message may contain confidential or legally privileged information. If you think it was sent to you by mistake, please
delete all copies and advise the sender. For the purposes of the SPAM Act 2003, this email is authorised by The University
of Adelaide.
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