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ABSTRACT 

 

 

The studies herein investigated and characterized synthetic and natural products 

having efficacy against methicillin-resistant Staphylococcus aureus, which has become a 

significant threat to both hospital and community environments due to rapid drug 

resistance development. THAM-3ΦG is a synthetic compound that showed initial 

promise as a novel antibacterial against S. aureus (MIC 2 mg/L) through membrane 

disruption. However, following sub-lethal dosing with THAM-3ΦG, S. aureus was 

shown to develop resistance through a small colony variant phenotype, which was 

defined through 1D 1H NMR metabolomics. Natural products from age-old remedies 

having efficacy against S. aureus were also investigated in this study. Bald’s Eyesalve 

has shown efficacy against S. aureus; however, the active antibacterial agent(s) remained 

unknown. Through molecular size and solvent fractionation, activity was isolated to the 

small (< 3 kDa), non-polar molecule fraction which lost activity following cysteine 

treatment. Following NMR spectral analysis, the organosulfur garlic-derived compound, 

allicin, was identified as the active antimicrobial agent. GRA is a natural product found in 

licorice root, which was used in ancient Chinese medicine. GRA is known to have 

efficacy against S. aureus and to downregulate key virulence genes. Prolonged exposure 

of S. aureus to GRA revealed significant increases in the pigment staphyloxanthin. 

Furthermore, NMR metabolomics of short-term treatments revealed a dysregulation of 

the TCA cycle, which collectively suggests that treatment of S. aureus with GRA results 

in oxidative stress. The efficacy of GRA against S. aureus biofilms was also investigated 

and showed GRA to be ineffective at reducing biofilm CFUs; however, GRA effected 

biofilm stability. Planktonic studies revealed significant reductions in cell-to-cell 

interactions beginning at 7.8 mg/L GRA based on optical density measurements and 

microscopy. Therefore, GRA may serve as part of a novel therapeutic method for treating 

chronic wound infections. Collectively, these studies utilized NMR to define metabolic 

phenotypes of bacteria in response to drug treatment and to resolve the active agent in a 

complex mixture of an age-old remedy. While S. aureus was able to overcome the 

antibacterial activity of THAM-3ΦG, the studies of natural products from age-old 

remedies may provide future treatment options that require further investigation. 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

Antibiotics & Resistance Development: Sources & Costs 

 

 

 While Alexander Fleming is accredited with the start to the antibiotic era against 

bacteria in the early 1940s with the discovery of penicillin [1], there is documented 

evidence of these amazing compounds that dates back to the around 350 AD [2, 3]. 

Regardless of the origins, antibiotics have done wonders in the treatment of a plethora of 

infectious diseases [4]. The sources of antibiotics are numerous, encompassing marine 

life, plants, fungi, bacteria, and the human brain (i.e. synthetic compounds) [5, 6]. Based 

on this resource list it comes as no surprise that most antibiotics are either found in nature 

(natural products) or are derivatives of these natural products in the form of either semi-

synthetic or fully synthetic compounds with structures designed based on natural 

products [7]. A study from 2012 revealed that 69% of anti-infective compounds found 

from 1981-2010, were either a natural product or had some relation to a natural product 

(derivative or conception) [8] . Common examples of synthetic compounds derived from 

natural products include methicillin and ampicillin, which are derivatives of the well-

known natural product penicillin [9, 10]. The combination of discovery of natural 

products and synthesis of new derivatives has provided an ongoing source of antibiotics 

for decades. Antibiotics have provided cures for infectious diseases for many decades; 

however, this safe haven is beginning to collapse as bacteria have been developing 

resistance mechanisms faster than the rate of novel antibiotic discovery and development. 
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 Bacterial resistance was noted as early as the mid-1940s [1], although some 

phylogeny studies suggest that antibiotic resistance genes may have been present long 

before the antibiotic era [11, 12]. Today, bacterial resistance and methods to combat it are 

at the forefront of scientific research as they have become a personal health concern and 

an economic burden [13, 14]. In 2013, the Center for Disease Control warned that the age 

of antibiotics (or antibiotic era) might be coming to a close [15]. This was followed in 

2014 by the World Health Organization reporting that antibiotic resistance had become a 

crisis [16], suggesting that immediate action is necessary to combat this threat. This 

increase in bacterial resistance has been linked to several sources: microbe adaptability 

through mutations and genetic transfer; overuse in agricultural and personal settings 

(including inappropriate prescribing by doctors); population increases and advances 

(individuals living in closer proximity and travelling more); and reductions in novel 

antibacterial drug development due to low profit margins and regulatory barriers [17, 18]. 

These causes have led to resistance development in many bacterial organisms, including 

Staphyloccocus aureus, which was the focus of this study. 

 

Staphylococcus aureus: A Formidable Foe 

 

Staphylococcus aureus is a gram-positive cocci bacterium that is known to 

colonize about 30% of the population [1, 19]. Although usually found in the nares, S. 

aureus has been shown to colonize numerous anatomical sites, including armpits, groin, 

and hands [20]. Given the opportunity through a breach in the skin, S. aureus is capable 

of causing infections that range from the skin to bones and joints, and can even cause 
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endovascular disorders [21]. One of the most common strains of resistant S. aureus is the 

methicillin-resistant strain, referred to as MRSA, which was isolated in the early 1960s 

following the introduction of methicillin just a few years prior [1]. S. aureus’s ability to 

adapt and escape the bactericidal effects of almost every antibiotic it encounters has led it 

to be among of a short list of pathogens, known as the ESKAPE pathogens [22, 23]. 

Besides their ability to evade antibiotic treatment, they were also noted as causing a 

significant amount of US hospital infections [22]. It is for this reason that MRSA alone 

was responsible for about 80,000 cases of nosocomial infection in the United States in 

2012 [15]. While MRSA was originally isolated to hospital settings, referred to as 

hospital-associated MRSA (HA-MRSA), it is now well-known to have colonized the 

community (worldwide), referred to as community-associated MRSA (CA-MRSA) [21, 

24, 25]. Furthermore, S. aureus’s ability to readily form biofilms further complicates 

treatment measures as the complex extracellular matrix associated with biofilms inhibits 

antibiotics and immune cells from reaching their targets, often leading to chronic wound 

infections [26-28]. This matrix barrier, along with a quiescent metabolism and slow 

cellular growth rate [26, 29], is why biofilm formation acts as a non-specific mechanism 

of resistance to antibiotics [30]. These characteristics of S. aureus are the reason that it 

has plagued the medical community for so long and highlights the need to develop novel 

antibiotics and therapeutic methods as treatment measures against this bacterium. 

 

Resistant Phenotypes of S. aureus 

 

S. aureus is host to numerous genetic elements that confer resistance to many of  
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our current antimicrobials. These resistance mechanisms are very diverse, as they can be 

specific for a single antibiotic, a whole class of antibiotics, or even provide a phenotypic 

switch that protects the bacterium from antibiotics and/or the human immune system. 

β-lactam resistance is a classic example of the first two mechanisms. Following the 

introduction of penicillin, S. aureus initially developed resistance through the production 

of a penicillinase (encoded by blaZ), that cleaves the β-lactam ring of penicillin (49). 

While this enzyme was inactive against other penicillin derivatives, S. aureus developed 

resistance to the entire class of β-lactam antibiotics through mutation of the antibiotic 

target, penicillin-binding protein (PBP), to PBP2a, which is encoded by the mecA gene 

(28, 45, 49, 61). This mutation rendered all β-lactams useless against S. aureus. mecA is a 

part of a larger genetic element known as the Staphylococcal cassette chromosome 

(SSCmec) (13,34,38). Currently there are 8 variations of this mobile genetic element 

(SSCmecI-VIII), but all of them contain the mecA gene which classifies S. aureus strains 

as MRSA when present (13). Interestingly, these elements are different between the HA-

MRSA and CA-MRSA, with CA strains hosting the SSCmecIV or SSCmecV elements 

which contain a truncated mecR1 gene (13). Other mechanisms of resistance include 

more phenotypic shifts in bacterial growth, such as biofilm formation or small colony 

variants. 

Biofilm formation and generation of small colony variants in S. aureus are an 

ongoing concern in the medical community as these phenotypes further complicate the 

treatment of S. aureus infections. S. aureus biofilms represent a network of cells that are 

embedded in an extracellular matrix, which consists of extracellular DNA, 
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polysaccharides, and proteins [28, 31]. This matrix also acts as a source of protection 

against invading immune cells, as well as any source of antibiotic treatment, resulting in 

chronic wound infections [30, 31]. Additionally, these biofilms can be home to small 

colony variants (SCVs) of S. aureus, which further impairs treatment options [32-34]. 

SCVs were first brought to light in 1913 [35, 36] and are hallmarked by their pin-head 

colony formation, which is due to their reduced growth rate, and increased resistance to 

antibiotics (in particular aminoglycosides) [37, 38]. The SCV phenotype can be caused 

by prolonged exposure to an antibiotic, which is typically part of an antibiotic treatment 

regimen [38, 39]. Although SCVs tend to have lower bacterial fitness compared to their 

parent strain, their slower growth provides them with an advantage against many 

antibiotics [40]. Antibiotics tend to be most effective against actively growing bacteria 

[41], which makes them ineffective at treating S. aureus biofilms and SCVs because in 

both cases the cells are not dividing rapidly [31, 36, 38]. This highlights two points of 

concern, which should be at the forefront of novel antibiotic testing: 1) Does the novel 

compound have any efficacy against biofilm cultures? 2) Does sub-lethal dosing of the 

compound lead to the development of a SCV phenotype? 

 

Antimicrobial Targets 

 

 The biofilm and SCV phenotypes, in addition to S. aureus’s ability to acquire 

resistance so readily, pose a significant challenge in combatting S. aureus infections and 

may require a new strategy in the realm of treatment. Many antibiotics focus on targeting 

synthesis (i.e. protein or cell wall) and metabolism, which S. aureus has shown time and 
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time again to be able to alter in order to survive. Two methods to combat this challenge 

are through either a) design of synthetic compounds based on antibiotics that have shown 

limited resistance development over a prolonged period of time, or b) targeting survival 

and/or pathogenic genes [42, 43] which may significantly reduce the potential for 

resistant development. Chlorhexidine (CHX) is biguanide that has shown broad spectrum 

activity against gram-negative and gram-positive bacterium [44]. It consists of a 

chlorinated phenyl group attached to a biguanide group that is linked to a six carbon 

chain with another biguanide and chlorinated phenyl group at the other end [45]. The six 

carbon chain was proven to be critical as it is the approximate distance between two 

phosphate heads of the phospholipids that make up the bacterial membrane [44]. CHX 

acts through membrane disruption, resulting in leakage of cytoplasmic contents and 

eventual lysis of the bacteria [45]. The main use of CHX is as an antiseptic or disinfectant 

(i.e. mouthwashes), as it has proven to be toxic mammalian cells at high doses [46-48]. 

Interestingly, CHX has been in use for over 50 years with limited resistance detected 

[49], although there have been some potential S. aureus isolates exhibiting an elevated 

minimum inhibitory concentration [50, 51]. However, the fact that it has taken decades 

for even signs of resistance makes CHX a notable antibiotic to use as a model in the 

design of novel compounds. 

 While antibiotics showing limited resistance development may serve as a good 

resource for novel compounds, identifying compounds that target survival and/or 

pathogenic genes may prove more effective. Since these genes are required for survival 

and infection, they may be less prone to alterations for resistance. This may also serve as 
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a way to combat both biofilm and SCV phenotypes. Examples of these genes may 

include those involved in the numerous two-component systems of S. aureus, such as 

saeR/S. saeR/S is responsible for dermonecrosis in skin infections and plays an important 

role in the transcription of the hla gene (which encodes α-hemolysin, a virulence factor) 

[21, 52]. Previous studies have shown that a reduction or knockout of saeR/S 

significantly reduces the invasiveness and infectivity of MRSA [53, 54]. hla also has a 

role in biofilm maturation. A hla knockout has been shown to significantly reduce 

biofilm formation; this is believed to result from a lack of cell-to-cell interactions, which 

are crucial for the maturation process [55]. The accessory gene regulator (agr) offers 

another target as it also plays a role in biofilm formation. The agr system controls the 

production of cell-wall proteins and exoproteins that act as virulence factors against the 

host. It has been shown that agr activation triggers biofilm dispersal, resulting in 

planktonic cells that are more susceptible to antibiotic treatment [56]. Although agr 

activation leads to increased virulence, this approach to biofilm treatment could be used 

as part of a multi-drug therapeutic method where the biofilm is dispersed by one 

compound, but virulence is reduced by another compound [57]. Targeting these and other 

genes in a therapeutic manner may reduce the number of chronic infections. 

 

Metabolomics 

 

In recent years, novel methods have been developed that provide faster and 

greater insight into the state of a biological system. This holistic approach has allowed 

researchers to study cells and organism at a greater level of depth, resulting in significant 
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advances in health and disease [58, 59]. This approach has been made possible in part by 

the collective “omic” fields: genomics (genes), transcriptomics (mRNA), proteomics 

(proteins), and metabolomics (metabolites) [60, 61]. The knowledge and technologies in 

these fields have provided global views of organisms, from bacteria to humans, under 

different environmental conditions [61-63]. Each field provides a different source of 

information about the given state of an orgaism. By comparison, metabolomics is 

probably the most dynamic and sensitive of the “omic” fields [62, 63]. These 

characteristics make the metabolome of an organism the most difficult to define, but due 

to its sensitive nature it provides the closest phenotype (or “snapshot”) at a given time in 

the organism’s environment [60, 63]. This is important for ascertaining the immediate 

effects of a novel antibiotic on a given organism (including both bacterial and human). 

Metabolomics can provide an untargeted or targeted approach to understanding a given 

system under certain conditions based on a global metabolic profile [60, 62, 64]. A well-

defined metabolic profile is in part possible by the versatility of sampling made available 

by metabolomics, which includes numerous biofluids, tissue, and cell lysates [64-66].  In 

order to compile a global overview of all of these metabolites, nuclear magnetic 

resonance (NMR) and/or mass spectrometry coupled with chromatography are utilized to 

provide high quality and quantified data [62, 64, 67]. An example of how these global 

profiles are acquired is shown in Figure 1. If possible, metabolites are identified and 

quantified and then mapped to specific pathways to provide information on the current 

state of a system (see Figure 2 for an example of metabolite profiling). This has 

numerous applications, including the identification and treatment of human disease (such  
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Figure 1. Schematic of Metabolomics Workflow. This schematic represents the general 

workflow for the collection and analysis of aqueous extracellular (red box) and 

intracellular metabolites (green box) from bacterial cultures. Note that the intracellular 

metabolite extraction process provides both polar (aqueous) and non-polar (organic) 

metabolites, as well as crude protein extracts providing a wealth of information about 

the metabolic state of the bacterium 

 

as cancer and diabetes) [62, 65, 68] and in the understanding of bacterial response to 

novel antibiotics [67, 69, 70]. 
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Figure 2. Metabolic Profiling of 1D 1H NMR Spectra in ChenomxTM. The black line is 

representative of a 1D 1H NMR spectra collected from a 600 MHz NMR. The red line 

is the sum line, which is generated as metabolites are identified and fitted to the 

original spectra. The insights show examples of metabolite fitting for a select number 

of metabolites. DSS is the chemical shift indicator, 4,4-dimethyl-4-silapentane-1-

sulfonic acid, which is required to calibrate the spectra for metabolite identification and 

quantification. See Appendix A for notes on difficult regions to profile.  
 

Metabolomics has been used extensively to understand the effects of antibiotics 

against bacteria, especially in determining the mechanism of action (MOA) against the 

bacteria [69, 71, 72], as well as phenotypic characterization of the bacteria (i.e. biofilm 

and small colony variants) [73-75]. Determination of the MOA is important to advance 

phenotypic screenings (i.e. chemical library screening against whole microorganisms) of 

novel antibiotics as active compounds cannot be improved upon due to lack of 

mechanistic understanding [71]. Metabolic profiles of bacteria treated with antibiotics 

with known and unknown MOAs have been published [69, 72]. These profiles have been 
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shown to relate to the MOA based on the metabolic changes that occur and have been 

used to identify the MOA of compounds for which it was previously unknown [72]. 

Furthermore, metabolic phenotyping of bacterial strains that have altered metabolism due 

to changes in the environment can provide insights into new biomarkers and targets for 

combatting bacterial infection [74, 76]. 

 

Synthetic & Natural Product Options to Targeting S. aureus 

 

 As previously mentioned, there is a dire need for novel antibiotics to treat 

bacterial infections caused by S. aureus. Some methods to fill this need include the 

intelligent design and screening of synthetic compounds mimicking those that have 

shown limited resistance formation, screening for active compounds derived from natural 

sources (i.e. plants), or combination of these two methods. In the Teintze lab, a group of 

synthetic compounds were derived as part of an anti-HIV effort [77, 78]. Original designs 

of these compounds were based on antagonists of the CXCR4 receptor, which is present 

in human cells and required for HIV infection [79]. From the library of compounds 

synthesized, it was noted that some contained guanide or biguanide groups which are 

found in many commercially available antibacterials (like CHX). Again, CHX has been 

in use for over 50 years with minimal resistance detected [49]. Therefore, compounds 

with structural similarities to CHX, like those developed in the Teintze lab, may offer 

novel synthetic antibiotics to combat MRSA infections with reduced rates of resistance 

formation. More than 50 compounds from the HIV study were investigated for their 

antibacterial activity against S. aureus, and several other bacteria [78, 80]. Of those 
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compounds investigated, THAM-trisphenyl guanide (THAM-3ΦG) showed particular 

efficacy against S. aureus, including the CA-MRSA USA300 (LAC) strain [80]. This 

prompted further investigation into the activity (including mechanism of action) of 

THAM-3ΦG against S. aureus [80] and the potential for resistance development in 

MRSA against THAM-3ΦG.  

 Natural products also offer a broad source of potential antibiotics to combat 

bacterial infections, especially plants. Plants have served a medicinal purpose for 

thousands of years as part of various ancient remedies [81, 82]. The individual agent(s) 

responsible for the activity of a plant or plant remedy were not investigated until the 19th 

century; and to this day there is still much to be taken away from these age-old remedies 

[82]. An example of this can be seen with a 1,000-year old Anglo-Saxon remedy that was 

recently re-discovered to have efficacy against S. aureus planktonic and biofilms cultures 

[83]. This remedy consists of a collection of natural products and was used to treat eye 

sties, which are commonly caused by Staphylococcus spp [84]. Although the remedy was 

shown to have efficacy against planktonic and biofilm cultures of S. aureus using modern 

day testing methods, the active agent and mechanism of action were undetermined [83]. 

It was suggested that the activity was a result of synergy between all of the components, 

but further studies were required. Interestingly, garlic is one of the main components of 

this remedy [83], which is known to harbor antimicrobial activity due to the compound 

allicin [85, 86]. Allicin is an organsulfur, thio-reactive compound that is produced from 

alliin via alliinase. This production is triggered following cellular damage to the garlic 

plant, which releases alliin and alliinase from their individual compartments to form the 
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antimicrobial, allicin [87]. This type of fungal and bacterial defense mechanism has been 

seen in numerous Allium species, which have been shown to have activity against gram-

positive and gram-negative bacteria (including multi-drug resistant strains) [88, 89]. The 

mechanism of action of the thiol allicin is through reactivity with thiol-containing 

molecules and enzymes [90]. The activity of this remedy against S. aureus (and 

Pseudomonas aeruginosa) was investigated to identify if it was indeed the result of a 

synergistic effect between its components or if there was a single active agent (such as 

allicin) that could be identified through fractionation.  

The licorice root, Glycyrrhiza glabra, is another medicinal source that was part of 

a Chinese herbal remedy, called Gancao, which stems back to 200 A.D [91, 92]. The root 

has been shown to have multiple medicinal uses, including efficacy as an anticancer, 

antiviral, and antimicrobial [93, 94]. One these compounds is 18β-glycyrrhetinic acid 

(GRA), which is derived from the triterpenoid saponin, glycyrrhizin, that is found in the 

licorice root [93]. Glycyrrhizin is hydrolyzed by commensal gut bacteria to GRA, which 

has been shown to have anti-inflammatory and antimicrobial activity [93, 95, 96]. 

Licorice extracts and GRA alone have been previously shown to possess antibacterial 

activity against MRSA, as well as alter gene expression of key virulence factors both in 

vitro and in vivo [96, 97]. GRA was further evaluated in vitro against MRSA to 

understand the metabolic response in planktonic cultures. Furthermore, licorice extracts 

have been shown to have some efficacy against MRSA biofilms [97], which led to an 

investigation of GRA’s potential role in biofilm eradication. 
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ANTIBACTERIAL ACTIVITY OF THAM TRISPHENYLGUANIDE AGAINST 

METHICILLIN-RESISTANT STAPYLOCOCCUS AUREUS 
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Sarah K. Walton1, Amanda R. Radke1, Thomas J. Wright1, Milat B. Awel1, Catherine 
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Immunology2, Montana State University, Bozeman, Montana, USA;  Advanced 

BioDevices,  Princeton, New Jersey, USA3 

 

*Corresponding Author.  Mailing address: 103 Chemistry & Biochemistry Building, 
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4Current address: Department of Public Health & Human Services, Helena, Montana, 

USA 
5Current address: Department of Dermatology, Johns Hopkins University School of 

Medicine, Baltimore, Maryland, USA 

 

 

Abstract 

 

 

This study investigated the potential antibacterial activity of three series of 

compounds synthesized from 12 linear and branched polyamines with 2-8 amino groups, 

which were substituted to produce the corresponding guanides, biguanides, or 

phenylguanides, against Acinetobacter baumannii, Enterococcus faecalis, Escherichia 

coli, Pseudomonas aeruginosa and Staphylococcus aureus.  Antibacterial activity was 

measured for each compound by determining the minimum inhibitory concentration 

against the bacteria, and the toxicity towards mammalian cells was determined. The most 

mailto:mteintze@montana.edu
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effective compound, THAM trisphenylguanide, was studied in time-to-kill and 

cytoplasmic leakage assays against methicillin-resistant Staphylococcus aureus (MRSA, 

USA300) in comparison to chlorhexidine. Preliminary toxicity and MRSA challenge 

studies in mice were also conducted on this compound. THAM trisphenylguanide showed 

significant antibacterial activity (MIC ~1 mg/L) and selectivity against MRSA relative to 

all the other bacteria examined. In time-to-kill assays it showed increased antimicrobial 

activity against MRSA versus chlorhexidine. It induced leakage of cytoplasmic content at 

concentrations that did not reduce cell viability, suggesting the mechanism of action may 

involve membrane disruption. Using an intraperitoneal mouse model of invasive MRSA 

disease, THAM trisphenylguanide reduced bacterial burden locally and in deeper tissues. 

This study has identified a novel guanide compound with selective microbicidal activity 

against Staphylococcus aureus, including a methicillin-resistant (MRSA) strain. 

 

Introduction 

 

Ever since antibiotics were introduced into clinical practice, bacterial pathogens 

have been developing resistance which reduces or eliminates their effectiveness.  In 

addition, opportunistic pathogens with innate resistance to antibiotics have become 

emerging problems, particularly in hospital settings.  In developed countries, such as the 

United States, bacterial species that have acquired multiple drug resistance include the 

ESKAPE pathogens, aptly named for their ability to escape the effects of our current 

antimicrobial drugs.  These include Enterococcus faecium, Staphylococcus aureus, 

Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and 
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Enterobacter species [1].  As an example, methicillin-resistant Staphylococcus aureus 

(MRSA) was once thought to be problematic only in healthcare settings, but now 

community-associated MRSA infections are becoming more common. MRSA have 

become resistant to the multiple classes of antibiotics including beta lactams, macrolides, 

and quinolones [2], as well as the glycopeptide vancomycin, the common drug of last 

resort [3]. 

We have synthesized three series of compounds, derived from linear and branched 

polyamines with two to eight amino groups, which were substituted to produce the 

corresponding guanides, biguanides, or phenylguanides [4].  Some of these compounds 

were previously found to be effective as antagonists of CXCR4 and inhibited HIV 

infection by X4 strains [4, 5] and the formation of metastatic tumors [6]. The biguanide 

series of compounds are chemically related to some commercially important biocidal 

agents found in common household items such as disinfectants, mouthwashes, contact 

lens solutions, and cosmetics.  Examples include polyhexamethylene biguanide (PHMB), 

a heterogeneous polymer containing multiple positively charged biguanides, and the 

small-molecule bis-biguanides chlorhexidine and alexidine.  Our new compounds are 

also polycationic, and preliminary experiments had shown low cytotoxicity in vitro of 

many of the new compounds [4]; we hypothesized that our compounds might have more 

selective antibacterial activity than these other biguanides.  In the current study we 

investigate the antimicrobial potential of these compounds and demonstrate the efficacy 

of THAM trisphenylguanide against MRSA both in vitro and in vivo.   
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Materials and Methods 

 

Guanide, Biguanide and 

Phenylguanide Compounds 

The compounds were synthesized and purified as described previously [4], with 

the following additions:  Trisoctylaminomelamine (TOAM) was synthesized using 1,8-

diaminooctane as previously described for trishexylaminomelamine (THAM) except that 

an equal volume of acetonitrile was added to the reaction after 2h in refluxing water to 

help with solubility of the more non-polar compound and the reaction was allowed to 

reflux for an additional hour in 1:1 acetonitrile/water. The TOAM guanide derivatives 

were synthesized as described previously for the corresponding THAM compounds [4]. 

 

Bacterial Strains 

Bacterial strains used in these experiments were Escherichia coli (strain K91), 

Pseudomonas aeruginosa (strain PA01), Acinetobacter baumannii (strains ATCC 19606 

and ATCC BAA1605), Enterococcus faecalis (strains MSU#10 and ATCC V583 [7]), 

and Staphylococcus aureus (strains RN4220 [8] and community-associated MRSA strain 

LAC, pulsed-field gel-electrophoresis type USA300 [9]).  Three of the strains display 

known drug-resistant phenotypes.  Specifically, A. baumannii BAA1605 is a multi-drug 

resistant isolate [10, 11], with resistance to ceftazidime, gentamicin, ticarcillin, 

piperacillin, aztreonam, cefepime, ciprofloxacin, imipenem, and meropenem.  E. faecalis 

V583 is vancomycin and gentamicin resistant [7] and USA300 (strain LAC used in this 

study) is resistant to penicillin, oxacillin, erythromycin, and shows intermediate 

resistance to ciprofloxacin [9, 12, 13].  
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Minimum Inhibitory Concentration and 

Minimum Bactericidal Concentration Assays  

Minimum inhibitory concentration (MIC) values were determined for those 

compounds showing the most antibacterial activity in the bacterial viability assays (see 

Supplemental Materials) against each of the strains of bacteria using a microdilution 

method in 96 well plates with LB media according to guidelines published by the British 

Society for Antimicrobial Chemotherapy [14]. Minimum bactericidal concentrations 

(MBC) were determined by plating 10 μL and 100 μL from each well showing no signs 

of growth after overnight incubation of the MIC plates and determining the minimum 

concentration showing a 3-log reduction of viable bacteria. MIC and MBC were also 

determined in cation-adjusted Mueller-Hinton broth (Hardy Diagnostics, Santa Maria, 

CA) for some compounds and strains.  

 

Kill Curve Assay 

Bacteria were cultured to mid-log phase (OD600 ~0.4) in LB media with shaking 

and then diluted to approximately 104 to 105 CFU/mL.  Bacteria were then treated with 

compound at the MIC, 2× MIC, and 4× MIC (as determined by the MIC assays).  Over 

the course of 24 hours, bacteria were incubated at 37°C and aliquots removed at various 

time intervals, diluted, and plated on LB agar.  Plated bacteria were incubated overnight 

at 37°C and CFU/mL were calculated for each time interval. 

 

Cytoplasmic Leakage & Bacteriolysis Assay 

Bacteria were cultured to mid-log phase (OD600 ~0.4) in LB media with shaking.  

Bacteria were then harvested and resuspended in PBS to a concentration of ~108 
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CFU/mL.  Cultures were treated with compound at the MIC, 2× MIC, and 4× MIC and 

incubated at 37°C with shaking.  Bacteria were monitored over time for cytoplasmic 

leakage via A260 measurements and for cell viability.  For A260 readings, sample aliquots 

were centrifuged for 5 min at 10,000×g at room temperature to remove cellular debris.  

Viability was monitored by determining the CFU/mL during the first 3 hours post 

treatment as described above for the kill curve assays. 

 

Cell Toxicity Assays 

Compound cytotoxicity was evaluated using the CellTiter 96® Aqueous Non-

Radioactive Cell Proliferation Assay (MTS) following the manufacturer’s instructions 

(Promega, Madison, WI) using both the human breast cancer cell line MDA-MB-231 

(ATCC HTB-26) and HaCaT human keratinocytes [15].  The HaCaT cell line was grown 

in Epilife medium (MEPI500Ca) with human keratinocyte growth supplement 

(Invitrogen, San Diego, CA).  Both types of cells were harvested using Tryspin/EDTA 

and diluted to 1×105 cells per well in a 96-well plate. Ten concentrations covering five 

orders of magnitude were tested with six replicates per concentration. Cells were 

incubated for 48-72 hours at 37°C with 5% CO2. MTS/PMS solution (Promega, Madison, 

WI) was added to the wells and absorbance was measured at 490 nm two to four hours 

later.  Data was analyzed using GraphPad Prism version 5.0 (GraphPad Software, La 

Jolla, CA) using a variable slope inhibition dose response curve. 
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In Vivo MRSA Challenge Experiments 

Three groups of BALB/c mice (8 mice per group) were infected by intraperitoneal 

(i.p.) injection with 5×107 MRSA in 100 μl sterile PBS [16, 17].  The first treatment 

group was injected i.p. with 100 μl of 100 μM THAM trisphenylguanide in PBS 

immediately after infection.  The second group was injected i.p. with 100 μl of 100 μM 

THAM trisphenylguanide one hour post-infection.  The control group was injected with 

100 μl PBS.  At eight hours post-infection, all mice were euthanized.  An intraperitoneal 

lavage using 10 ml PBS was performed to recover bacteria within the peritoneal cavity 

and plated at multiple dilutions on TSA plates.  The heart and kidney were removed for 

evaluation of systemic infection.  Briefly, tissues were weighed, homogenized, and plated 

at multiple dilutions on TSA plates.  TSA plates were incubated overnight at 37°C at 5% 

CO2 and CFU enumerated the next day.  

 

Ethical Approval 

All studies conformed to National Institutes of Health guidelines and were 

approved by the Animal Care and Use Committee at Montana State University (MSU)-

Bozeman, MT (Protocol #2011-60). 

 

Statistics 

Statistical analysis was performed using GraphPad Prism version 6.0 (GraphPad 

Software, La Jolla, CA). Data for each analysis represents a minimum of 2 repetitions. 

Data sets were analyzed using one-way analysis of variance with Bonferroni post-test or 

using Student’s t-test. Error bars represent the standard error of the mean. 
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Results 

 

Antibacterial Activity In Vitro 

We initially screened all the guanide, biguanide, and phenylguanide compounds 

we had synthesized, and their parent amines, in a bacterial viability assay against three 

Gram- negative (E. coli, P. aeruginosa, and A. baumannii) as well as two Gram-positive 

species (S. aureus and E. faecalis).  The IC50 values (Supplemental Table S1) were used 

to estimate the relative activity level of the various compounds and determine which 

would be investigated further.  Chlorhexidine was used as a positive control with known 

bactericidal activity [18]. 

The most active compounds were then examined in an in vitro assay to determine 

their minimum inhibitory concentrations (MIC) against these pathogens (Table 1).  

Trishexylaminomelamine trisphenylguanide (THAM-3ΦG, Figure 1), which had shown 

antibacterial activity against almost all the strains in the viability assay, showed notable 

activity only against E. coli and S. aureus in the MIC assay, with some selectivity against 

S. aureus (2 mg/L) compared to E. coli (8 mg/L).  The anti-bacterial activity against 

MRSA shown by THAM-3ΦG is comparable to that shown by chlorhexidine. The 

slightly larger TOAM-3ΦG also displayed MIC values comparable to chlorhexidine 

against E. coli, E. faecalis, and S. aureus.  The derivatives of the DNT2300 and 

DNT2200 dendrimers showed almost no activity against any of the bacteria in the MIC 

assay. 

 



34 

 

T
ab

le
 1

. 
 M

in
im

u
m

 I
n
h
ib

it
o
ry

 C
o
n
ce

n
tr

at
io

n
s 

o
f 

th
e 

M
o
st

 A
ct

iv
e 

G
u
an

id
e 

(G
) 

an
d
 P

h
en

y
lg

u
an

id
e 

(Φ
G

) 
C

o
m

p
o

u
n
d
s 

M
IC

 (
m

g
/L

) 
M

R
S

A
 

U
S

A
3
0
0
 

1
 

2
 

N
D

 

2
5
6
 

N
D

 

4
8
 

1
 

2
 

V
al

u
es

 a
re

 t
h
e 

m
ed

ia
n
 o

f 
at

 l
ea

st
 3

 d
et

er
m

in
at

io
n
s.

 >
2
5
6
 i

n
d
ic

at
es

 n
o
 i

n
h
ib

it
io

n
 a

t 
th

e 
h
ig

h
es

t 
co

n
ce

n
tr

at
io

n
 t

es
te

d
. 

T
O

A
M

 w
as

 i
n
so

lu
b
le

 a
t 

>
6
4
 m

g
/L

. 

 

S
. 
au

re
u
s 

R
N

4
2
2
0
 

1
 

2
 

>
 2

5
6
 

2
5
6
 

>
 2

5
6
 

>
 6

4
 

2
 

2
 

E
. 
fa

ec
al

is
 

V
5
8
3
 

6
 

2
5
6
 

N
D

 

N
D

 

N
D

 

>
 6

4
 

>
 6

4
 

4
 

E
. 
fa

ec
al

is
 

M
S

U
#
1
0
 

4
 

3
2
 

>
 2

5
6
 

>
 2

5
6
 

N
D

 

>
 6

4
 

1
6
 

2
 

A
. 
b
au

m
an

n
ii

 

A
T

C
C

 B
A

A
1
6
0
5

 

1
6
 

>
 2

5
6
 

N
D

 

N
D

 

N
D

 

N
D

 

N
D

 

N
D

 

A
. 
b
au

m
an

n
ii

 

A
T

C
C

 1
9
6
0
6

 

1
6
 

>
 2

5
6

 

N
D

 

>
 2

5
6

 

N
D

 

>
 6

4
 

>
 6

4
 

>
 6

4
 

P
. 

ae
ru

g
in

o
sa

 

P
A

0
1
 

8
 

4
8
 

>
 2

5
6
 

>
 2

5
6
 

>
 2

5
6
 

>
 6

4
 

1
6
 

>
 6

4
 

E
. 
co

li
 

K
9
1
 

1
 

8
 

>
 2

5
6
 

>
 2

5
6
 

>
 2

5
6
 

>
 6

4
 

8
 

2
 

 

B
a
ct

er
ia

/S
tr

a
in

 

C
o
m

p
o
u

n
d

 

C
h
lo

rh
ex

id
in

e 

T
H

A
M

-3
Φ

G
 

D
N

T
2
3
0
0
-6

B
G

 

D
N

T
2
3
0
0
-6

Φ
G

 

D
N

T
2
2
0
0
-8

Φ
G

 

T
O

A
M

 

T
O

A
M

-3
G

 

T
O

A
M

-3
Φ

G
 



35 

 

 

 
 Figure 1. Structures of Chlorhexidine (Top) and THAM-3ΦG 

 

The MIC assays were repeated using Mueller-Hinton broth (MHB) for THAM-

3ΦG and chlorhexidine against E. coli and S. aureus (Table 2); the results were 

comparable to those obtained in LB (Table 1). The minimum bactericidal concentrations 

(MBC) of THAM-3ΦG, and chlorhexidine were also determined in MHB for S. aureus 

and E. coli (Table 2).  For S. aureus, the MBCs were similar to the MICs in each case; for 

E. coli the MBC was significantly higher than the MIC for THAM-3ΦG (Table 2). 

 

Cytotoxicity In Vitro  

The toxicity of the compounds to human cells was evaluated using an MTS dye 

reduction assay in both an epithelial (MDA-MB-231) and a keratinocyte (HaCat) derived 

cell line (Table 3).  Many of the compounds were not toxic to the human cells at the  



36 

 

Table 2. Median MICs and MBCs for Chlorhexidine and THAM-3ΦG in MHB 

Bacteria/Strain 
E. coli S. aureus MRSA 

K91 RN4220 USA300 

Compound MIC MBC MIC MBC MIC MBC 

Chlorhexidine 0.44 0.44 0.89 0.89 0.67 0.89 

THAM-3ΦG 8.0  16  1.0 2.0 1.0 1.0 

There were no significant differences between MIC and MBC for each S. aureus 

strain and no significant differences between the two S. aureus strains using 2-

tailed unpaired t-tests (p > 0.05, n ≥ 7). 

 

highest concentrations tested, and almost all of them were less toxic than chlorhexidine.  

The increased cytotoxicity (Table 3) of the TOAM compounds compared to the THAM 

compounds makes them less attractive as antibacterials, although the TOAM-3ΦG 

toxicity appeared to be no greater than that of chlorhexidine. 

 

 Time-to-Kill Assays   

THAM-3ФG was comparable in effectiveness at killing MRSA to chlorhexidine 

at their MIC, and slightly more effective at 4×MIC (Figure 2). A 3-log reduction in 

CFU/mL was seen within 4 hours post treatment with THAM-3ФG at 4×MIC and no 

viable cells remained after 24 hours at the MIC. Chlorhexidine showed no significant 

dose-dependence of the reduction in bacterial viability over the range of 1× to 4×MIC, 

although bactericidal activity was seen by 24 hours. Chlorhexidine killed E. coli more 

rapidly and at lower concentrations (Figure 2a and b). At 2 mg/L it caused a >3 log 

reduction in CFU/mL within 4 hours of treatment, and no viable cells remained after 6 

hours. At 4×MIC (32 mg/L), THAM-3ФG showed a >3 log reduction only after 4 hours 

of treatment, and it took 24 hours to kill all the cells at this concentration.  
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Table 3.  Cytotoxicities of the Guanide, Biguanide, Phenylguanide 

Derivatives, and the Parent Amines, Against a Human Breast Cancer Cell 

Line (MDA-231) and a Human Keratinocyte Cell Line (HaCat) 

Compound 
CC50

a (mg/L) Relative to chlorhexidineb 

MDA-231 HaCat MDA-231 HaCat 

Chlorhexidine 2.6 1.9 - - 

Spermidine 22 >150 8.5 >79 

Spermidine-3ΦG 430 400 170 210 

Spermine 10 >200 3.7 >110 

Spermine-4ΦG >110 110 >43 56 

THAM >770 200 >290 100 

THAM-3G 74 63 29 33 

THAM-BG >1000 72 >380 37 

THAM-3ΦG 7.6 14 3.0 7.1 

DNT2300 29 13 11 6.9 

DNT2300-6G >77 98 >30 51 

DNT2300-6BG 60 11 24 5.7 

DNT2300-6ΦG 280 400 110 210 

DNT2200 69 16 27 8.3 

DNT2200-8G >100 710 >38 370 

DNT2200-8BG 920 870 360 450 

DNT2200-8ΦG >260 210 >100 110 

TOAM ND 4.1 ND 2.1 

TOAM-3G ND 3.6 ND 1.9 

TOAM-2ΦG ND 3.1 ND 1.6 

TOAM-3ΦG ND 2.4 ND 1.3 
aCC50 is the concentration of compound which killed 50% of the cells in 

the MTS assay. 
bFactor by which cytotoxicity was reduced relative to chlorhexidine. 

 

 

Cytoplasmic Leakage Assay  

The potential for THAM-3ФG to interact with the cellular membrane of MRSA in 

a way that would cause leakage of cellular contents was investigated and compared to 

that of chlorhexidine. The cellular contents leaking out of the cell, specifically amino 

acids and nucleic acids, were detected by an increase in the absorbance of the cell 

supernatant at 260 nm over time compared to untreated controls. As shown in Figure 3, 

treatment with both THAM-3ФG and chlorhexidine at 4× MIC caused a significant  
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Figure 2. Time-to-Kill Assays. MRSA (a-b) and E. coli (c-d) treated with chlorhexidine 

(a, c) and THAM-3ФG (b, d). Significant differences between THAM-3ФG and 

chlorhexidine treatments were only seen at 4X MIC at 4 and 6 h with MRSA  

(p-value < 0.01) and at 1 and 2h with E. coli (p-value < 0.05). P-values were calculated 

for each time point and between compounds by one-way ANOVA. 

 

increase in A260 within the first 30 minutes of treatment, as compared to untreated 

controls. To verify that this leakage was not secondary to cellular death resulting from 

other mechanisms, the number of viable cells was also determined over the 3 hour period. 

There was no significant reduction in CFUs upon treatment with either THAM-3ФG or  
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chlorhexidine (Figure S1). To test the efficacy of this assay, antibiotics with known 

mechanisms of action that are not membrane related were also tested. Ampicillin and 

gentamicin, which are cell wall and protein synthesis inhibitors, respectively, showed no 

increase in A260 measurements over the same time period at four times their MIC (Figure 

S2). It should be noted that the cell densities used in these assays were 4 logs higher than 

those used in MIC determination in order to provide sufficient sensitivity for the A260 

measurements; this may explain the slight increase in MIC seen in this assay compared to 

data shown in Table 1.  

 

MRSA Challenge   

 

THAM-3ΦG was chosen for the in vivo challenge experiments, because it had the 

best combination of antibacterial activity and low toxicity (Tables 1 - 3).  In vivo toxicity 

studies were carried out prior to the start of experiments in mice challenged with MRSA.  

 
Figure 3. Cytoplasmic Leakage. Change in absorbance at 260nm (ΔA260) MRSA culture 

supernatants upon treatment with Chlorhexidine (a) and THAM-3ФG (b). Both 

compounds showed an immediate increase in A260 within a half hour after treatment at a 

concentration of 8 mg/L (4X MIC). Note that plots represent the difference between the 

absorbance of the supernatant from non-treated and treated cultures at each time point. 

*P-value < 0.05, **p-value < 0.01, and ***p-value < 0.001 versus USA300 as analyzed 

by one-way ANOVA. 
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Groups of three Balb/c mice each were injected i.p. with 0.1 ml of 0, 10, 50, and 100 μM 

THAM-3ФG in PBS.  The highest in vivo dose represented 0.36 mg/kg. Blood was drawn  

from the mice at two hours post injection and submitted for a standard panel of serum 

chemistry and enzyme levels.  The chemistry and enzyme levels were not elevated for 

any of the concentrations tested compared to the mock-treated control group (data not 

shown). 

Since the compound was not overtly toxic, we tested its ability to reduce bacterial 

burden in vivo using a mouse model of invasive staphylococcal disease [16, 17].  Mice 

were treated with 100 μM THAM-3ФG either at the same time or one hour after an i.p. 

challenge with a lethal dose of MRSA. The mice treated with THAM-3ФG immediately 

after the MRSA challenge demonstrated significantly reduced bacterial burdens in 

intraperitoneal lavage, kidneys, and heart.  They averaged an approximately 3-log 

reduction in both organs and IP lavage compared to PBS treated mice (Figure 4).  

Treatment of mice with THAM-3ФG one hour after MRSA infection also reduced 

bacterial burdens compared to untreated mice at 8h post infection. Mean CFUs were 

reduced 20-fold in kidneys, 3-fold in heart and 2-fold in IP lavages (Figure 4); these 

values were statistically significant for the kidney samples.    

 

Discussion 

 

Initial screening of our library of guanide, biguanide, and phenylguanide 

compounds showed that the higher molecular weight compounds had greater antibacterial 

activity.  The derivatives of the smaller amine starting materials (1,4-butanediamine, 1,6- 
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hexanediamine), as well as the short chain melamine derivatives 

(trisethylaminomelamine and trisbutylaminomelamine), and the small dendrimer 

PAMAM G0 were inactive at the highest concentration tested (100 μM). 

A wide variation in activity vs. species of bacteria for each of the compounds was 

observed.  The compounds ranged from being inactive against all of the bacteria tested to 

having antibacterial activity against both Gram-positive and Gram-negative species in the 

bacterial viability assays.  However, none of the compounds exhibited the broad 

antibacterial action of chlorhexidine (MIC values ≤ 16 mg/L against all of the pathogens) 

when the antibacterial was tested in a complex medium (LB) against actively growing 

bacteria.  However, THAM-3ΦG was as effective against S. aureus (including MRSA) as 

chlorhexidine and slightly less toxic to mammalian cells; this increased selectivity for 

MRSA gives it potential for further development. 

When all the compounds in Table 1, except TOAM and its derivatives, were 

tested against two eukaryotic pathogens, Candida albicans and Acanthamoeba 

castellanii, none of them showed any substantial toxicity at 100 µM against Candida, or 

at 200 µM against Acanthamoeba, whereas chlorhexidine and PHMB had IC50 values of 

approximately 10 μM and 10 μg/ml, respectively, against Acanthamoeba (data not 

shown). Others have previously shown that PHMB and chlorhexidine are effective 

against Acanthamoeba [19-21], and this provides further evidence for the selectivity of 

THAM-3ΦG compared to the biguanides. The reduced toxicity toward eukaryotic cells is 

consistent with the lack of in vivo toxicity observed in mice.  However, given the 
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preliminary nature of these experiments, it is difficult to know how the in vitro toxicity 

compares to the in vivo toxicity. 

The mechanism of action for the commonly used biguanide antiseptics, 

chlorhexidine and PHMB, is not well-defined.  Although they are thought to interact with 

the membrane surfaces [22] resulting in leakage of cellular contents, they do not have 

long alkyl chains that intercalate into the lipid bilayer like those of the common 

antibacterial cationic quaternary amine compounds.  A PHMB study [23] found induction 

of the rhs genes in E. coli, implicating enzymes involved in the repair/binding of nucleic 

acids, and another study reported cooperative binding of PHMB to nucleic acids [24].  A 

chlorhexidine study [25] found that the mechanism of action in P. aeruginosa may be 

multifaceted, involving changes in outer membrane permeability, the attenuation of 

virulence and environmental adaptation processes, and energy deprivation through the 

repression of genes involved in aerobic respiration.  Although the fact that some of our 

initially screened compounds were biguanides led us to infer a similarity to PHMB and 

chlorhexidine, the biguanides we synthesized had little or no antibacterial activity. This 

observation and the differences in specificity between the phenylguanides and 

chlorhexidine lead us to hypothesize that THAM-3ΦG may act by somewhat different 

mechanisms than chlorhexidine or PHMB.  Recently described compounds with multiple 

guanide groups, p-guanidinoethylcalix[4]arene [26], and Akacid plus, a mixture of 

polymeric guanides [27, 28], also exhibit broad spectrum activity against bacterial and 

eukaryotic pathogens, unlike THAM-3ΦG. 
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Since chlorhexidine has been observed to cause leakage of cellular contents [22], 

we compared its action to that of THAM-3ΦG in a cytoplasmic leakage assay. For both 

compounds, leakage of molecules absorbing at 260nm was observed at concentrations 

that did not decrease the number of viable cells, indicating that membrane leakage 

precedes cell death and likely causes it at higher concentrations.  In summary, THAM-

3ΦG may act to disrupt bacterial membranes, but it appears to be more specific against S. 

aureus than would be predicted by such a non-specific interaction. Future studies with 

our compounds are aimed at further exploring its mechanisms of action. 

The structural and mechanistic similarities to chlorhexidine suggested potential 

applications of our compounds as topical microbicides. However, quantifying effects on 

topical bacterial infections in vivo is difficult. Therefore, a preliminary study was done 

using inhibition of a systemic infection as a model for activity in a complex in vivo 

environment. The results from this initial in vivo antibacterial assay performed with 

THAM-3ΦG in mice infected with lethal doses of MRSA were promising.  Reductions in 

bacterial load were noted when the compound was given immediately after the bacterial 

inoculation as well as when the compound was given one hour post infection.  The 

smaller reduction in load seen in the latter case was likely due to the bacteria 

experiencing a lower exposure (concentration×time) to the compound when they had an 

hour to disseminate before it was administered. Although this experiment did not assess 

the effective dose (ED50), it demonstrated that the compound still exhibited antibacterial 

properties in a complex in vivo environment. Furthermore, the administration of only one 

dose at only one time point was likely sub-optimal, since the pharmacokinetics are 
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unknown. The proposed use of these compounds is to treat skin MRSA infections; further 

investigation will require optimizing dosage and topical application regimens in 

additional studies with appropriate infection models, such as skin and soft-tissue. 

Nonetheless, the current study demonstrates promise for in vivo application for this 

compound and potentially others with related structures.  
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Abstract 

 

This study investigated of the ability of Staphylococcus aureus (MRSA USA300 

(LAC)) to develop resistance against the novel antibacterial compound, 

trishexylaminomelamine trisphenylguanide (THAM-3ΦG). MRSA was initially 

incubated with sub-lethal doses of THAM-3ΦG (1 mg/L), which quickly resulted in the 

formation of a heterogeneous cell population of normal (WT) and small colonies (SC) 

exhibiting minimal inhibitory concentrations (MICs) 2X and 4X higher than the original 

MIC (2 mg/L). Continued cell passaging with increased concentrations of THAM-3ΦG 

resulted in the SC phenotype becoming the dominant phenotype and the acquired 

resistance to THAM-3ΦG increased to MIC > 64 mg/L. The effects of THAM-3ΦG and 

mechanisms of resistance were then investigated through NMR metabolomics analysis of 
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THAM-3ΦG treated and untreated WT and SC cells. Three distinct metabolic profiles 

were observed. Multivariate principal component analysis of the metabolite profiles 

revealed separate clustering of WT treated, WT untreated, and SC treated/untreated (i.e. 

the latter being indistinguishable). Comparison of the WT treated and untreated cells 

revealed increased intracellular levels of most amino acids following treatment, except 

for aspartate.  A similar increase in amino acid concentrations was observed within the 

SC isolate at mid-log phase compared to the WT. Quantitation of extracellular 

metabolites of the SC isolate revealed increased levels of lactate and uracil, accompanied 

with reduced levels of acetate and lower pH. Theses metabolic profiles match that of 

other small colony variants, a well-known phenotype and mechanism of resistance 

developed by S. aureus. While THAM-3ΦG held initial promise as an antibacterial 

against MRSA, the bacteria were able to rapidly acquire resistance through selection of a 

small colony variant. 

 

Introduction 

 

The development of antibiotic resistance has been a concern ever since the first 

antibiotics were discovered [1, 2]. Increased usage and misuse of antibiotics over the 

years has resulted in resistance becoming more widespread [3, 4]. Novel antibacterials 

effective against antibiotic resistant bacteria are needed [5, 6]. Therefore, it is important 

to assess how and when target bacteria are likely to develop resistance to newly 

developed antibacterial agents [7]. Staphylococcus aureus has become resistant to almost 

all available antibiotics, and is now a major health threat [8-10]. Both hospital- and 
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community-associated S. aureus infections originate most often from multi-drug resistant 

strains [8, 11, 12]. Furthermore, bacteria may contain resistance genes even prior to 

contact with novel antibacterials [13-15], highlighting the importance of evaluating the 

resistance potential for any novel compound prior to clinical use. 

Previously we reported that the polyguanide compound trishexylaminomelamine 

trisphenylguanide (THAM-3ΦG) exhibited promise as a novel antibacterial against S. 

aureus, including the methicillin-resistant strain USA300 (MRSA) [16, 17]. THAM-3ΦG 

was initially selected from a library of guanide and biguanide-containing compounds that 

were screened due to structural similarity to chlorhexidine and alexidine. Biguanides 

have been in use for decades in topical applications to treat both gram positive and gram 

negative bacterial infections without significant resistance developing [18]; however, 

concern for resistance against these compounds is beginning to emerge [19, 20]. THAM-

3ΦG was found to be selectively active against S. aureus, including MRSA (MIC 2mg/L) 

and its mechanism of action appeared to be due in part to its ability to disrupt cell 

membranes [16], a mechanism of action similar to that of chlorhexidine [21]. In this 

study, we sought to investigate the potential for MRSA to develop resistance against 

THAM-3ΦG and characterize potential resistant isolates.  
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Methods 

 

Bacterial Strains 

Community-associated MRSA strain LAC, pulsed-field gel-electrophoresis type 

USA300 [8, 22, 23] was used in all experiments and is referred to as the wild-type strain 

(WT). 

 

Synthesis of THAM-3ΦG 

The synthesis of THAM-3ΦG described previously [17] was modified from the 

original protocol to increase yields. All reactions and purification were performed as 

described previously [17], with the following exceptions: 1-BOC hexanediamine (1 

equiv.) was initially treated with S-methyl-phenylisourea (1.1 equiv.), prior to attachment 

to the cyanuric chloride. Following lyophilization, the BOC groups were removed using 

100% trifluoroacetic acid (TFA) for 2 hours at room temperature. The product (3.6 

equiv.) was treated with cyanuric chloride (1 equiv.) in water and refluxed at 120°C to 

obtain the final product (THAM-3ΦG). THAM-3ΦG was purified by preparative reverse 

phase HPLC under previously reported conditions (95% acetonitrile, 95% H2O, and 

0.1% TFA) [17]. THAM-3ΦG stocks were prepared at 5.33 mg/mL in 50% acetonitrile 

and H2O. 

 

MIC Testing Against THAM-3ΦG 

The minimum inhibitory concentration (MIC) of THAM-3ΦG was determined for 

each bacterial isolate generated during the resistance assay, and compared to the MIC of 

the WT strain. MICs were established using the microdilution method in 96-well plates 
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with tryptic soy broth (TSB) media according to the guidelines published by the British 

society for Antimicrobial Chemotherapy [24]. 

 

THAM-3ΦG Resistance Development  

This assay was adapted from that of Blair, et al. [25]. The S. aureus WT strain 

was initially cultured in a 10 ml test tube (0.2 volume:air ratio) to mid-log phase in TSB 

at 37°C with shaking at 250 rpm. At mid-log phase, an aliquot of cells was inoculated 

into fresh TSB (diluting between 102 and 103-fold) containing a sub-lethal dose of 

THAM-3ΦG at 1 mg/L. Cells were re-cultured to mid-log phase and then diluted again 

into fresh TSB containing a higher dose of THAM-3ΦG. The concentration of THAM-

3ΦG was increased by 1 mg/L at each passage, with the exception of passages 3 and 4, 

when the concentration of THAM-3ΦG was only increased by 0.5 mg/L. This process 

was repeated for 11 passages. At each passage, cell stocks were frozen as well as streaked 

onto LB agar plates. This permitted the monitoring of bacterial cell phenotypes and MIC 

testing of the different cell types. 

 

Population Dynamics Assay 

Aliquots of the heterogeneous frozen stocks collected during the resistance assay 

(above) were suspended in 1 mL 1X PBS, diluted as needed, and plated on LB agar 

plates. Plates were incubated overnight at 37°C, followed by colony forming unit (CFU) 

enumeration for each phenotype. The dilution chosen for CFU enumeration contained a 

minimum of 100 countable CFUs in order to obtain a reliable ratio of normal (WT) to 

small colony (SC) S. aureus cell populations. The percentage of SC compared to WT was 
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calculated as the number of small colonies divided by the total number of colonies 

growing on the LB agar plate. 

 

Growth Rates of WT and SC S. aureus 

WT and SC cells were grown from overnight cultures to an OD600 of ~0.45-0.5 in 

TSB at 37°C with shaking (250 rpm), and then diluted to a starting CFU/mL of ~8.5 x 

105 in 50 mL of fresh TSB in a 250 mL flask. These fresh cultures were grown as 

previously described. Bacterial growth was monitored by optical density at 600 nm 

(OD600) over the course of 12 hours, with OD600 measurements recorded every hour. 

 

Efficacy of THAM-3ΦG Against 

Cells in Stationary Phase of Growth 

The activity of THAM-3ΦG against non-growing but metabolically active 

(stationary) WT cells was evaluated. WT cells were initially cultured at 37°C in TSB 

with shaking at 250 rpm to mid-log phase. Mid-log cells were diluted to ~1.5 x 106 

CFU/mL into fresh TSB, treated at 8 mg/L THAM-3ΦG or an equivalent amount of 

acetonitrile alone, and then incubated for 5 hours under the same culturing conditions. 

For inactively growing cell conditions, cells from an overnight culture were removed 

from the TSB media via centrifugation at 10,000 rpm for 10 min at 4°C to obtain “spent” 

TSB. This spent TSB was then used to dilute stationary cells from an overnight culture to 

~1.5 x 106 CFU/mL, which were then treated with 8 mg/L THAM-3ΦG or an equivalent 

amount of acetonitrile alone and incubated for 5 hours under the same culturing 

conditions as the treated mid-log cells. Following the 5 hour incubation, cells of both 
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types were diluted as needed, and plated on LB agar plates to establish CFUs. Plates were 

incubated overnight at 37°C, followed by CFU enumeration.  

 

Metabolic Sampling of WT and SC 

S. aureus Treated with THAM-3ΦG 

WT and SC cells were grown to mid-log phase in TSB (50 mL in 150 mL flask) 

at 37°C with shaking at 250 rpm. At this point, cells were either immediately harvested 

by centrifugation (10,000 rpm for 5 min at 4°C) or diluted into fresh media containing 2 

mg/L THAM-3ΦG or an equivalent amount of acetonitrile alone to a final concentration 

of ~2.3 x 107 CFU/mL. Treated cultures were further incubated with shaking at 250 rpm 

for 1 hr at 37°C, harvested by centrifugation, and the resulting cell pellets washed twice 

with ice-cold 1X PBS. An aliquot (1 mL) of media supernatant from untreated mid-log 

cells for both WT and SC were collected following initial centrifugation. Supernatants 

were passed through 0.2 μm filters and stored at -80°C for further processing. Cell pellets 

of all samples were resuspended in 1 mL of 2:1 methanol:chloroform to extract 

intracellular metabolites [26]. At this and all subsequent steps, samples and reagents were 

kept on ice. 

Following cell resuspension in methanol:chloroform, cells were transferred to a 2 

mL bead beating tube containing 0.7 g of 0.1 mm silica beads. Tubes were placed in an 

MP Biomedicals FastPrep-24TM 5G and lysed for 2 x 40 sec cycles at a speed of 6.0, 

keeping tubes on ice between cycles. Following cell lysis, the resulting slurry was 

adjusted to a ratio of 1:1:0.2 methanol:chloroform:water by adding 300 μL of chloroform 

and 300 μL water, and centrifuged for 10 min at 14,000 rpm at 4°C to separate the 
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aqueous and non-polar phases. The aqueous fraction (top phase) was removed gently 

with a pipette, and subsequently dried using a vacuum centrifuge overnight with no heat. 

Resulting metabolite mixtures were stored at -80°C until NMR analysis. 

For cell growth media analysis, an aliquot (350 μL) of each supernatant from WT 

and SC cell culture collected at mid-log phase of growth was treated with 1.4 mL ice-cold 

acetone, vortexed briefly, and incubated for 1 hour at -20°C. Resulting samples were 

centrifuged for 10 min at 14,000 rpm at 4°C and then supernatants transferred to fresh 2 

mL microcentrifuge tubes. Samples were dried by vacuum centrifugation overnight with 

no heat and stored at -80°C for NMR analysis. 

 

NMR Metabolite Sample Preparation 

Intracellular metabolites samples collected from the treatment assay were 

dissolved in 1.1 mL of NMR buffer containing 10 mM NaH2PO4/Na2HPO4, 0.2-0.4 mM 

imidazole, and 0.25 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, chemical shift 

indicator) in 90% H2O/10% D2O, pH 7. Samples were spun at 13,000 rpm for 2 minutes 

to remove any debris, split into two 500 μL aliquots, and put into 5 mm NMR Wilmad 

tubes, to serve as technical duplicates (of 3 biological replicates). Cell and supernatant 

metabolites collected directly from the mid-log growth phase (no treatment) were 

dissolved in 750 and 650 μL of NMR buffer, respectively. From this metabolite mixture, 

only 700 and 600 μL were transferred to each NMR tube to avoid introducing solid debris 

in the NMR samples. Samples represented 6 biological replicates in each case. 
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NMR Metabolite Spectra 

Collection, Processing, & Analysis 

One dimensional (1D) 1H NMR spectra were recorded at 298 K using a Bruker 

600-MHz AVANCE III solution NMR spectrometer equipped with a SampleJetTM 

automatic sample loading system and a 5 mm liquid-helium-cooled TCI cryoprobe, and 

TopspinTM software (Bruker version 3.2). 1D 1H NMR experiments were performed using 

the Bruker supplied zgesgp pulse sequence with 256 scans, a 1H spectral window of 9600 

Hz, 32K data points, and a dwell time interval of 52 μsec amounting to an acquisition 

time of 1.7 sec, and a 1 sec relaxation recovery delay between acquisitions [27]. 

Resulting spectra were processed using Topspin 3.2; spectral features and 

metabolite identifications were analyzed using the ChenomxTM NMR Suite software 

(version 8.0). Following spectral phasing and baseline corrections, a line broadening 

function of no more than 0.5 Hz was used as needed, based on Chenomx recommended 

protocols and previously reported metabolomics analysis methods [28, 29]. The 

Chenomx shim correction function was applied on each spectrum (if needed) prior to 

metabolite spectral analysis. Metabolite profiling and quantification were conducted 

using the ChenomxTM library of metabolites for 600 MHz (1H Larmor frequency) 

magnetic field strength. DSS (0.25 mM) was used as an internal standard to calibrate the 

NMR spectra for metabolite quantification, while the imidazole NMR signals were used 

to correct for small chemical shift drifts due to slight pH changes. 
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NMR Statistical Analysis 

Metabolite concentrations were established relative to DSS in ChenomxTM and 

further normalized to CFU. Statistical analysis was performed using the open source 

software MetaboAnalyst [30-34], for which concentrations were normalized by log-

transformation and auto-scaling (mean centered divided by the standard deviation of 

variable), as performed by Metaboanalyst, prior to further analysis. Multivariate analysis 

was performed using principal component analysis (PCA) with established 95% 

confidence intervals. For hierarchal clustering analysis, distances were measured using a 

Euclidean correlation and clustering as established by the Ward algorithm. The top most 

significant 25 metabolites based on t-test and ANOVA were chosen to generate heatmap 

graphical representations of the data, and represented key metabolite changes 

discriminating between WT and SC cell types. 

 

Results & Discussion 

 

Sub-Lethal Dosing of MRSA with THAM-3ΦG 

Results in Increased MIC & Altered Phenotype 

MRSA cultures developed resistance rapidly upon exposure to sub-lethal doses of 

THAM-3ΦG. Following growth to mid-log phase in THAM-3ΦG at 1 mg/L (0.5X MIC), 

a heterogeneous bacterial population containing two different cell phenotypes was 

observed following dilution of cells onto agar: normal-sized colonies (WT) and small 

colonies (SC) (Figure 1A). MIC testing was carried out on individual isolates of the WT 

and SC phenotypes and revealed a 2-fold increase in the MIC of the WT (to 4 mg/L) and 

a 4-fold increase for the SC (to 8 mg/L), respectively, compared to the original WT MIC  
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Figure 1. MRSA Resistance Development against THAM-3ΦG. (A) Small colony (SC) 

S. aureus (right) developed upon prolonged exposure to THAM-3ΦG. (B) MIC testing 

on individual colony isolates revealed a mixed population of large (L) and small (S) 

colony forming cells resistant to different concentrations of THAM-3ΦG. (C) Further 

cell passaging of this heterogeneous population as a function of increasing THAM-

3ΦG resulted in a homogeneous population of small colony forming cells (shaded area) 

by passage 6 (P-6).  

 

of 2 mg/L (Figure 1B). Although the MICs remained constant over the next 4 cell 

passages with increasing doses of THAM-3ΦG, the proportion of the SC phenotype 

significantly increased with each cell passage and dominated the population by passage 3 

(Figure 1C). While the larger colonies were still observed at 4 mg/L (equivalent to the 

new MIC), at 5 mg/L (passage 6) 100% of the colonies had the SC phenotype. This 

suggests that the resistance mechanism induced in the WT phenotype cells was not 

effective at protecting the cell against THAM-3ΦG concentrations higher than 4mg/L. 
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The SC cells were passaged further with increasing doses of THAM-3ΦG until its 

solubility limit of 64 mg/L was reached. Unlike the original WT cells, which were 

eliminated from the population following growth at concentrations above 4 mg/L, the SC 

cells continued to adapt to the increasing doses of THAM-3ΦG. This was evident by the 

increased MIC observed at passages 8 and 11 (32 and > 64 mg/L, respectively; see Figure 

1B). Following growth at 64 mg/L THAM-3ΦG, MICs could no longer be established 

due to limited solubility of THAM-3ΦG at concentrations > 64 mg/L. The SC isolate 

obtained from the final passage (passage 11) was used in all subsequent studies and is 

referred to as the SC strain. Its growth rate was compared to the WT strain to assess any 

fitness costs associated with development of resistance (Figure 2A). The SC strain 

displayed a reduced growth rate compared to the WT, marked by a slightly longer lag 

phase and reduced exponential phase. Following 12 hours of incubation, SC cells were 

notably less dense than the WT based on OD600. This observation correlates with the SC 

phenotype shown in Figure 1A, and indicates that even with increased aeration and 

nutrient availability compared to growth on agar plates, the small colony THAM-3ΦG 

resistant cells exhibited reduced fitness compared to the WT strain. Although fitness was 

impaired, the reduced growth rate appeared to be beneficial for resistance. THAM-3ΦG 

was effective against mid-log phase WT cells, but not stationary phase WT cells (Figure 

2B), suggesting that THAM-3ΦG is active only against actively growing cells. Therefore, 

the slower growth rate of the SC isolate would appear to be advantageous in the 

development of resistance against the THAM-3ΦG treatment. However, additional 

increases in MIC at passages 8 and 11 without changes in the colony size suggest that a  



63 
 

 
Figure 2. (A) Growth Profiles of WT and SC Isolates. SC (triangles) displayed a 

slightly longer lag phase, a reduced exponential phase, and a lower density at 12 hours 

compared to the WT control (circles). Significant difference (p < 0.0001) in OD600 

between WT and SC was observed from 3 through 12 hours. (B) Activity of THAM-

3ΦG against Growing, but not Stationary Cells at 8 mg/L (4X MIC). CFU before 

incubation (white) and after incubation without (gray) and with THAM-3ΦG (black). 

Significant differences (p < 0.0001) were seen between mid-log pre-treatment, non-

treated, and treated cells only. CFU increased during incubation for untreated mid-log 

cells (gray). 

 

second resistance mechanism has developed at these higher THAM-3ΦG concentrations 

that is not correlated to growth rate. 

 

Metabolic Profiling of WT & SC Isolates 

Untreated & Treated with THAM-3ΦG 

In order to further elucidate the resistance mechanisms that evolved upon sub-

lethal exposure to THAM-3ΦG, metabolic phenotypes of WT and SC isolates untreated 

and treated with THAM-3ΦG were investigated using 1D 1H NMR spectroscopy. 

Metabolic profiles were established based on the identification and quantification of over 

30 metabolites using the ChenomxTM software and accompanying metabolite library. 

From the initial profiles, three distinct metabolic groups were identified through PCA as 

being metabolically different, with the SC untreated and treated clustering as a single 
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group in PC2 (Figure 3A and Table S2 for PCA loading factors). The lack of separation 

between the SC untreated and treated samples suggests the resistance mechanism that 

developed in the SC is constitutively expressed, rather than being upregulated upon 

exposure to THAM-3ΦG. This observation correlates with the phenotype of slower 

growth observed when comparing the WT and SC growth curves (Figure 2A). Distinct 

clustering patterns sample sets were further identified via dendrogram analysis, which 

revealed that the THAM-3ΦG-treated cells clustered separately (as previously seen in 

PC1 of the PCA) from both the untreated WT and the THAM-3ΦG treated and untreated 

SC samples (Figure 3B). In order to better understand the potential metabolic switches 

that occurred to generate resistance, two-way statistical analysis was performed with WT-

untreated and treated metabolic profiles. 

 

Initial Mechanisms of Resistance Following 

THAM-3ΦG Treatment of Wild-type 

Two-way analysis between the WT and WT-treated samples, utilizing hierarchal 

clustering and heatmap analysis in Metaboanalyst, revealed a set of intracellular 

metabolites that is dysregulated following treatment with THAM-3ΦG (Figure 4). Of the 

top 25 intracellular metabolites contributing to this clustering (as determined by t-test and 

one-way ANOVA), numerous amino acids were observed to be in relatively higher  

concentrations in the WT cells treated with THAM-3ΦG compared to the untreated WT 

control. Aspartate and glutamate were an exception and were found in relatively lower 

abundance in the THAM-3ΦG treated samples. This observation is similar to what has 

been observed in a previous study of S. aureus treatment with daptomycin, another  
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Figure 3. Multivariate Analysis of WT and SC Isolates Treated (+) and Untreated (-) 

with THAM-3ΦG. Intracellular metabolites were collected for WT and SC isolates 

treated (T) or untreated with 2 mg/L THAM-3ΦG for 1 hour. (A) PCA plot indicating 

the clustering pattern of each sample based on distinct metabolic profiles, with 95% 

confidence intervals (shading), accounting for 76.8% of the variability between PC1 

and PC2. PCA defined 3 metabolic profiles: WT (blue), WT-T (cyan), and SC/SC-T 

(red/green). (B) Hierarchal clustering supports the separation of these groups based on 

Euclidean distance measurements and Ward based clustering analysis. Data is 

representative of 3 biological replicates with 2 technical replicates of each treatment 

type. 

 

cationic antibacterial compound [35]. Following THAM-3ΦG  treatment, the SC S. 

aureus cells may not be able to catabolize these amino acids (and potential other carbon 

sources) for energy production as efficiently as the WT cells, which may be in part due to 

the metabolic shifts that occur during resistance development as detailed below. 

Compared to the catabolism of these amino acids, aspartate and glutamate require single-

step modifications (transaminase or dehydrogenase reactions) to be converted into 

metabolite intermediates that can be used in the TCA cycle, allowing cells to use Asp and 

Glu more efficiently compared to other amino acids [36, 37]. It is also possible that the 

Asp is being utilized to make Lys, as part of a S. aureus resistance mechanism against 
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THAM-3ΦG. This would be consistent with observations that S. aureus is known to 

upregulate the production of lysyl-phosphatidylglycerol (L-PG) upon exposure to 

cationic antimicrobials, which is synthesized and transferred to the outer membrane by  

L-PG synthetase (encoded by mprF) [38-40]. L-PG is a positively charged lipid, and its 

increased production relative to PG and other negatively charged lipids would effectively 

reduce the negative charge of the membrane, thereby reducing the binding affinity of 

cationic compounds like THAM-3ΦG [41, 42]. This mechanism of resistance has been 

observed in S. aureus strains that become resistant to cationic antimicrobials, such as 

daptomycin [41, 43, 44], and similarly may be activated upon treatment of the WT S. 

aureus cells with THAM-3ΦG. This process could explain why some of the large S. 

aureus WT colonies exhibit a rapid increase in MIC against THAM-3ΦG following sub-

lethal exposure. However, the loss of the large colony phenotype points to involvement 

of a second resistance mechanism which develops at higher THAM-3ΦG concentrations 

within the small colony phenotype. In order to further evaluate the metabolic features of 

this secondary mechanism(s), the SC and WT strains at mid-log phase were compared by 

a two-way analysis of their metabolic profiles. 

 

Small Colony Variant Phenotype as Primary 

Mechanism of Resistance Against THAM-3ΦG 

Small colony formation is known to occur in S. aureus following treatment with 

some antibacterials, and results in significantly higher MICs [45, 46]. This phenotype is 

commonly referred to as small colony variant (SCV). S. aureus SCVs result from a 

variety of mutations and are commonly characterized by pin-head size colonies, slower  
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Figure 4. 2-Way Analysis of Untreated WT and WT-T Metabolic Profiles. Heatmap 

depicting the top 25 metabolites contributing to the metabolic profile differences of the 

WT (red) and WT THAM-3ΦG Treated (WT-T) (green) samples. Many amino acids 

are in relatively higher abundance in the WT-T samples, with the exception of aspartate 

and glutamate. Hierarchal clustering analysis; distances were measured using a 

Euclidean correlation and clustering as established by the Ward algorithm. Data is 

representative of 3 biological replicates with 2 technical replicates of each treatment 

type. 
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growth rate, and increased resistance to other antibacterials, particularly aminoglycosides. 

[45-48]. This resistance can be ascribed in part to the fact that many antibacterials are 

most effective against cells that are actively growing, as was seen here with THAM-3ΦG 

(Figure 2B) [49, 50]. These common characteristics are accompanied by other metabolic 

changes that vary between SCV isolates [48, 51, 52]. The SC cells isolated in this study 

displayed both a decreased growth rate (Figure 2A) and an MIC of 4mg/L, 4X greater 

than that of the WT, with the aminoglycoside gentamicin. This suggests that the THAM-

3ΦG resistant SC strain isolated in this study shares properties with previously 

characterized SCVs and prompted a deeper metabolic analysis. 

Due to the differences in growth rate between the WT and SC samples, isolates 

were cultured to mid-log phase for each strain and both intracellular and extracellular 

metabolites were profiled. Intracellular metabolites revealed distinct clustering of the WT 

and SC samples (Figure 5 and Figure S3 for PCA loading factors). This clustering was 

explored through heatmap analysis, which attributed this separation to overall higher 

concentrations of all the analyzed metabolites within the SC, rendering the assessment of 

specific metabolic shifts challenging (Figure S4). A general increase in the relative 

abundance of amino acids and other metabolites was also seen in the WT THAM-3ΦG 

treated samples (Figure S4), reflecting the inability of the cells to utilize these carbon 

sources effectively, which is also characteristic of SCVs [53]. The delay in amino acid 

catabolism seen in SCVs has been attributed to a dysregulated tricarboxylic acid cycle 

(TCA), as well as an anaerobic phenotype [53]. The extracellular pool of polar 

metabolites was also analyzed using targeted 1D 1H NMR metabolomics approaches, 
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whereby a subset of key metabolites was profiled. Spectral analysis revealed a select 

number of NMR resonances with differing signal intensities between the WT and SC, 

which were subsequently attributed to specific metabolite and quantified. Interestingly, 

high levels of extracellular lactate were detected in the SC at mid-log phase (Figure 6), a 

feature usually not observed until the cells begin anaerobic metabolism following 

reduced oxygen availability at increased cell density [54, 55]. This “early anaerobic” 

feature has also been observed in other SCVs, including clinical isolates [52, 56]. The 

early accumulation of lactate has been proposed as the reason for the lower cell density 

observed in the growth profiles of SCV compared to WT; it has been attributed to 

acidification of the medium, which would lead to an impaired respiratory capacity [57, 

58]. This has been observed in hemB deficient SCVs, where lactate is the main end 

product even though the cells are cultured in an aerobic state [52]. The increased lactate 

levels correlated with a slightly more acidic pH in the SC samples as compared to the WT 

(Figure 6). Acetate was still significantly lower in the SC compared to WT (Figure 2A), 

suggesting that lower pH of the extracellular environment originates from the increased 

lactate levels. Uracil was notably higher both intra- and extracellularly in the SC strain 

(Figure 6 and Figure S4). Some SCV isolates are known to be thymidine-dependent due 

to a mutated thymidylate synthase (TS), which is needed in the conversion of uracil to 

thymidine [48, 59]. High levels of uracil may thus be indicative of a TS deficiency in the 

SC isolated in this study, which were clearly able to import uracil, but perhaps lacked the 

means to convert it to thymidine. Collectively these results suggest that the isolated SC 

displays a characteristic SCV phenotype resulting from dysregulation of the TCA cycle, 
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hemB deficiency, and/or a thymidine-dependency following prolonged exposure to 

THAM-3ΦG.  

 

 
Figure 5. Principal Component Analysis (2D PCA) Comparing the Intracellular 

Metabolic Profiles of WT and SC Isolates in Mid-Log Phase. PCA revealed distinct 

metabolic phenotypes of the WT (green) and SC (red) at the same growth phase, with 

PC-1 accounting for 81.3% of the variability. A total of 6 biological replicates was 

collected for each cell isolate. 

 

 

Conclusion 

 

While THAM-3ΦG displayed initial efficacy as a novel antibacterial against 

MRSA [16], its potential utility appears to be compromised by the ability of MRSA to 

rapidly develop resistance following exposure to sub-lethal doses of THAM-3ΦG. This 

resistance likely occurs through at least two mechanisms. The structure and physical 



71 
 

 
Figure 6. Extracellular Metabolites and pH of WT and SC Isolates in Mid-Log Phase. 

Lactate and uracil were significantly higher in the extracellular environment of the SC, 

while acetate levels and pH were significantly lower. Significance is based on t-test 

(p < 0.0001). Values were collected from a minimum of 5 biological replicates. 

 

properties of THAM-3ΦG suggest that it partitions into the lipid bilayers that make up S. 

aureus membranes, resulting in the membrane leakage observed previously [16], which 

could result in oxidative stress. S. aureus may respond to this cationic compound by 

upregulating the production of L-PG to generate a less negatively charged membrane, 

thereby reducing THAM-3ΦG’s affinity for the cell membrane. This mechanism could 



72 
 

help explain why some of the larger S. aureus cell colonies remain during the earlier 

passages with increasing doses of THAM-3ΦG. A more effective mechanism of 

resistance may be the development of slower growing SCVs. As with many other 

antibacterials, THAM-3ΦG is more active against actively growing cells, thus providing 

a selective advantage for SCV. In this study, we observed that the S. aureus cells most 

resistant to THAM-3ΦG exhibited a phenotype characteristic of S. aureus SCVs. The 

results of this study highlight the importance of monitoring novel antibacterials for 

resistance development and the emergence of SCVs. 
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Abstract 

 

 

Bald’s eyesalve is an old Anglo-Saxon remedy from Bald’s Leechbook believed 

to have been used to treat eye styes, which are commonly caused by Staphylococcus spp. 

While Bald’s eyesalve has previously been shown to exhibit antimicrobial activity 

against Staphylococcus aureus biofilm and planktonic cell cultures, the active component 

has remained unidentified. In this study, we investigated the antimicrobial activity of 

fractionated Bald’s eyesalve against both a methicillin-susceptible S. aureus strain 

(ATCC 6538) and a community-associated methicillin-resistant S. aureus strain (LAC), 

as well as the non-mucoid Pseudomonas aeruginosa strain (PAO1) and a clinical isolate 

P. aeruginosa (PA215), in order to identify the active antimicrobial compound(s). 

mailto:vcopie@montana.edu
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Minimum inhibitory concentration (MIC) assays demonstrated that the Bald’s eyesalve 

batch that did not contain onion or leek (ES-GBB) exhibited the greatest antimicrobial 

activity. Molecular size fractionation revealed that the < 3 kDa fraction retained all of the 

antimicrobial activity. Additional solvent fractionation demonstrated that the active 

compound could be extracted into the non-polar organic phase fraction. Allicin, an 

organosulfur garlic-derived compound, was identified as the main antimicrobial agent in 

Bald’s eyesalve, and was further confirmed when antimicrobial activity was inhibited 

upon incubation with cysteine. Allicin yields between batches were not significantly 

different. However, variations in final volume between batches resulted in different 

concentrations of allicin in each batch, and this variation in concentration correlated to 

antimicrobial efficacy. In conclusion, the present study identified the principal 

antimicrobial agent of Bald’s eyesalve to be allicin and demonstrated that the salve’s 

antimicrobial activity is dependent on allicin concentration. 

 

Introduction 

 

 

Bald’s eyesalve is one of many medieval recipes found in Bald’s Leechbook, a 

compilation of Anglo-Saxon physician recipes sourced from a wide variety of texts and 

indigenous recipes [1]. Although translated in 1864, by Oswald Cockayne, the contents 

of the Leechbook were not truly appreciated until 1985 [2]. At that time, M. L. Cameron 

contended that medical texts from the Anglo-Saxon period were a meticulous multi-

cultural anthology with greater clinical efficacy than previously acknowledged [1, 3-6]. 

The Bald’s eyesalve remedy for an eye stye, an infection found in the eyelash follicle, 

was identified by Cameron to be the most significant treatment established in Bald’s 
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Leechbook. He noted that styes are often caused by bacteria from the genus 

Staphylococcus and that several ingredients used in the recipe could serve as 

antimicrobial agents [2]. Bald’s eyesalve consists of garlic, onion or leek (Allium 

species), wine, oxgall (bovine bile salts), and brass that is incubated for a 9-day period 

before use [7].  

Previous work by Harrison et al. demonstrated that Bald’s eyesalve eradicated 

planktonic Staphylococcus aureus and reduced viable cell counts in S. aureus biofilms by 

several orders of magnitude [7]. From this study, the authors concluded that the overall 

antimicrobial activity requires the presence of all the above ingredients. One of the 

ingredients is garlic from which the organosulfur, thiol-reactive compound allicin is 

derived, as first isolated in 1944 by C. J. Cavallito and J. H. Bailey [13, 14]. Allicin 

production is dependent upon the conversion of the precursor alliin to allicin by the 

alliinase enzyme. Alliin and alliinase exist in separate compartments within the garlic 

clove; therefore, production of allicin only occurs once cellular damage causes the 

compartmental membranes to rupture resulting in contact of enzyme with substrate [15]. 

Garlic and other Allium species use alliinase as a defense mechanism against fungal and 

bacterial pathogens [16]. Allium species have also been shown to exhibit antimicrobial 

activity against a broad spectrum of both Gram-positive and Gram-negative bacteria, 

including several multi-drug resistant (MDR) strains which have become increasingly 

prevalent in clinical settings [17, 18]. The antimicrobial activity of allicin has been shown 

to be due to its thiol-reactive nature, leading to the inhibition of thiol-containing 

molecules and enzymes, such as the antioxidant glutathione and protein-degrading 

cysteine proteases, respectively [19]. 
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Antibiotic resistance by bacteria was recognized as early as the 1940s when 

isolates of penicillin-resistant S. aureus were first identified, just a few years following 

the discovery of penicillin [8]. S. aureus and P. aeruginosa are major MDR 

microorganisms, being classified in 2008 by Rice and colleagues as two of the 

“ESKAPE” pathogens, which have been particularly noted for their ability to evade the 

effects of numerous antibiotics [9, 10]. In a 2013 report from the Center for Disease 

Control and Prevention, it was estimated that methicillin-resistant S. aureus (MRSA) and 

MDR P. aeruginosa accounted for over 86,700 nosocomial infections in the United 

States [11]. Therefore, it is unsurprising that S. aureus and P. aeruginosa are amongst the 

most commonly found microorganisms in chronic wound infections, for which the 

standard of care typically includes limb amputation [12]. The grave nature of these 

infections highlights the importance of developing novel antimicrobials and targeted 

therapeutics for combating bacterial antimicrobial resistance. 

While Harrison et al. demonstrated the efficacy of Bald’s eyesalve as a potential 

antimicrobial agent against S. aureus, the active component remained to be established 

[7]. Further, the efficacy of the salve against gram negative bacteria was not investigated. 

In this study, we sought to identify the principal antimicrobial compound of Bald’s 

eyesalve through a multi-step fractionation process, 1D 1H NMR analysis, and minimum 

inhibitory concentration (MIC) assays, with the hypothesis that the activity might 

originate in part from garlic-derived allicin. In addition, we further demonstrated the 

efficacy of the salve against clinically-relevant strains of S. aureus and P. aeruginosa. 
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Materials and Methods 

 

Formulation of Bald’s Eyesalve 

All Bald’s eyesalve batches (see Table 1) were prepared as previously described 

[7] unless noted otherwise. In brief, equal volumes (25 mL) of peeled, finely chopped 

garlic bulb, peeled, finely chopped onion or finely chopped leek leaves, white wine (Pinot 

Grigio, La Fiera Veneto), and bovine bile salts (87 mg/mL dissolved in sterile water; 

Sigma Aldrich) were combined. The mixtures were placed into separate sterile 250 mL 

glass bottles, and nine 15-mm squares of 0.51-mm brass sheet purchased from a local 

Ace Hardware store were added to each bottle. Bottles were capped, wrapped in foil, and 

incubated at 4 °C for 9 days. Prior to use, each batch was centrifuged at 5,000 rpm for 10 

min. to pellet insoluble materials. The remaining liquid was transferred to a sterile 50 mL 

conical tube and stored at 4 °C (volumes collected were noted for concentration analysis). 

Batches with one or more ingredients removed were made in a similar manner (see Table 

1 for batch names and components). 

 

Table 1. Eyesalve (ES) Recipes. 

Batch Garlic Wine Onion Leek Bile Brass 

ES-O + + + - + + 

ES-L + + - + + + 

ES-GB + + - - + - 

ES-GBB + + - - + + 

 

 

Fractionation of Bald’s Eyesalve 

The same fractionation scheme was applied to each batch of salve with fractions 

stored at 4 °C before use. Specifically, small molecule (< 3 kDa in size) fractions were 

prepared by filtering 40 mL of crude salve through a pre-washed Amicon Ultra-15 
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(cellulose) centrifugal filter with a 3 kDa molecular weight cut-off. The greater than 3 

kDa (> 3 kDa) fraction was resuspended in sterile water to its original pre-filtered 

volume. Non-polar fractions were prepared by mixing 6 mL of the < 3kDa filtered salve 

with 3.6 mL of chloroform, vortexed for 1 min. and phase-separated by centrifugation at 

5,000 rpm for 10 min. The polar (upper) phase was removed and saved. The remaining 

non-polar/chloroform (lower) phase was dried under a stream of N2 gas. The non-polar 

fraction was then resuspended in sterile water to its original volume prior to extraction. 

 

Bacterial Strains and Growth Media 

Bacterial strains used in this study included Staphylococcus aureus [strains ATCC 

6538 (MSSA) and the community-associated methicillin-resistant (MRSA) strain LAC, 

pulsed-field gel-electrophoresis type USA300] and Pseudomonas aeruginosa (strains 

PAO1 and the clinical wound isolate PA215). Growth media for both S. aureus and P. 

aeruginosa consisted of cation-adjusted Mueller-Hinton broth (MHB) [20].  

 

Minimum Inhibitory Concentration (MIC) Assay 

MIC values for each Bald’s eyesalve batch/fraction were determined for each of 

the bacterial strains using a microdilution method in 96 well plates with cation-adjusted 

Mueller-Hinton broth (MHB). Inoculum culture growth conditions consisted of batch 

cultures grown at 37 °C, 220 rpm agitation to an OD600 of 0.45-0.5 for S. aureus and 0.48 

for P. aeruginosa. Inoculum was diluted 1:200 (v/v) with 2X MHB and then 1:1 (v/v) 

into 96 well plates containing serial diluted eyesalve [40% to 0.3125% (v/v)] along with 

positive and negative  control wells, containing no eyesalve with and without inoculum 

respectively, for a total of 200 µL per well. This method was based on the 
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recommendations of the Clinical and Laboratory Standards Institute® [20]. The allicin 

standard (LKT Labs) and cysteine-treated salve were assayed using the same protocol, 

but with LAC and PA215 (clinically-relevant) strains only. 

 

Cysteine Treatment of Bald’s Eyesalve 

ES-GBB Non-Polar Fraction and Allicin  

To assess the reactivity of the small molecule ES-GBB non-polar fraction to 

cysteine (indicative of a thiol reactive compound), 1 mL of the small molecule ES-GBB 

non-polar fractioned solution was titrated with L-cysteine to a final concentration of 15 

mM and incubated at 4 ˚C for 1 hour.  Allicin standard (0.5mM, diluted from the stock 

solution in sterile water) was also treated with cysteine in a similar manner to obtain the 

products formed from the thiol-specific reaction. NMR spectra were recorded prior to 

antibacterial activity assay.  

 

NMR Sample Preparation and 

Analysis of Bald’s Eyesalve Batches 

1D 1H NMR spectra were collected for each salve batch and their corresponding 

fractions. In preparation for NMR analysis, samples (1 mL) from each batch were 

centrifuged at 21,100 rpm for 10 min to remove insoluble debris. A 300 μL aliquot was 

added to 300 μL of 2X NMR stock buffer [50 mM NaH2PO4/Na2HPO4, 0.8 mM 

imidazole, and 0.5 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) in 20% D2O, 

pH 7] and then transferred to a 5 mm Bruker NMR tube. All NMR spectra were collected 

at 298 K (25 °C) on a Bruker 600 MHz (1H Larmor frequency) AVANCE III solution 

NMR spectrometer. The NMR spectrometer is outfitted with an automatic sample loading 

system (SampleJetTM), a 5 mm triple resonance (1H, 15N, 13C) liquid-helium-cooled TCI 
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NMR probe (CryoprobeTM), and Topspin software (Bruker version 3.1). 1D 1H NMR 

experiments were performed using the “zgesgp” Bruker pulse sequence and recorded 

with 256 scans and a  1H spectral window of 9615.38 Hz. Free induction decays (FIDs) 

were collected with 32K data points and a dwell time interval of 52 µsec amounting to an 

acquisition time of ~ 1.7 s, and a 1 s relaxation recovery delay between acquisitions. 

NMR spectra were phase corrected using TopspinTM software (Bruker version 3.1). 

Baseline correction was conducted following import of the NMR spectra into the 

ChenomxTM NMR Suite program (version 8.0; Chenomx, Inc., Alberta, Canada). The 

recorded 1H NMR spectrum of the allicin standard was added to the ChenomxTM small-

molecule library for 600 MHz (1H Larmor frequency) magnetic field strength NMR using 

the ‘Compound Builder’ module of the ChenomxTM NMR Suite program (version 8.0). 

Allicin and additional small molecules were identified and quantified using spectral 

pattern fitting for each sample. The internal DSS (0.25 mM) standard was used for 

quantification of metabolite concentrations. 

 

Statistical Analysis 

Statistical significance was established using the GraphPad Prism program 

version 7.1 (GraphPad Software, La Jolla, CA). Data analysis was performed on 4 

replicate batches. Data sets were analyzed using one-way analysis of variance with 

Tukey’s multiple comparisons post-test. Error bars represent the standard error of the 

mean. 
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Results and Discussion 

 

Antimicrobial Activity of 

Different Bald’s Eyesalve Batches 

Four different Bald’s eyesalve batches (Table 1) were initially tested for 

antimicrobial activity using a MIC assay against two strains of Staphylococcus aureus [a 

methicillin-susceptible strain (MSSA; ATCC 6538) and a methicillin-resistant strain 

(MRSA; LAC USA300)] and two strains of Pseudomonas aeruginosa [a non-mucoid, 

standard laboratory strain (PAO1) and a chronic wound isolate (PA215)] to determine 

which ingredients were critical for the antimicrobial activiy (Table 2). Overall, the 

antimicrobial activity of the different Bald’s eyesalve batches exhibited the following 

pattern: ES-GBB > ES-GB > ES-L > ES-O.  The ES-GBB batch, containing all 

ingredients except onion or leek, exhibited the highest antimicrobial activity against P. 

aeruginosa PA215. In addition, its antimicrobial activity against all other bacterial strains 

tested was equivalent or greater than that of the other Bald’s eyesalve batches. Both P. 

aeruginosa strains were observed to be more resistant to Bald’s eyesalve than either of 

the S. aureus strains, as demonstrated by the higher MIC values across all batches. This is 

consistent with the fact that Gram-negative bacteria, particularly Pseudomonads, are 

notably more resistant to antimicrobial agents than Gram-positive bacteria, such as 

Staphylococcus sp. [21]. However, to our knowledge, this result represents the first report 

of the antimicrobial activity of Bald’s eyesalve against P. aeruginosa. In contrast to 

previously reported [7], the addition of leek or onion either diminished the antimicrobial 

activity or had no detectable effect compared to the ES-GBB batch. This was 

demonstrated by observing increased MICs for all strains (except MSSA) when treated 
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with the ES-O batch, and when both P. aeruginosa strains were treated with the ES-L 

batch (Table 2). Based on these findings, the ES-GBB batch was selected for further 

fractionation to isolate and identify the active antimicrobial component(s). 

 

Table 2. Minimum Inhibitory Concentrations (MICs) of Unfractionated Eyesalve 

Batches. 

 MIC (% v/v) 

Bacteria/Strain S. aureus P. aeruginosa 

Batch ATCC 6538 LAC PAO1 PA215 

ES-O 0.625 2.5 5 10 

ES-L 0.625 1.25 5 5 

ES-GB 0.625 1.25 2.5 5 

ES-GBB 0.625 1.25 2.5 2.5 

Values are the median of at least 3 biological replicates. 

 

 

Small Molecule Fraction Retains 

Antimicrobial Activity of Bald’s Eyesalve 

The next approach in the investigation of the antimicrobial activity of Bald’s 

eyesalve involved the filtration of the ES-GBB batch into small molecule (< 3 kDa) 

filtrate (smES-GBB) and proteinaceous (> 3 kDa) filtrate (pES-GBB). MIC assays of the 

small molecule filtrate (smES-GBB) indicated that this filtrate retained all of the 

antimicrobial activity against all of the bacterial strains tested with the exception of P. 

aeruginosa PA215, where the MIC doubled (from 2.5% to 5% v/v) relative to the 

unfiltered ES-GBB (Table 3). Essentially no antimicrobial activity was detected for the 

proteinaceous filtrate (pES-GBB) when tested against either of the P. aeruginosa strains 

or the MRSA strain. Minimal antimicrobial activity was also detected for the pES-GBB 

filtrate when used to treat the MSSA strain; however, this MIC was still 16X greater than 

the original MIC of the unfiltered EB-GBB batch (Table 3). Therefore, we concluded that 
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the antimicrobial activity of Bald’s eyesalve’s resides within the small molecule (< 3 

kDa) compounds. 

 

Table 3. Minimum Inhibitory Concentrations (MICs) of Fractionated ES-GBB. 

 MIC (% v/v) 

Bacteria/Strain S. aureus P. aeruginosa 

Fraction ATCC 6538 LAC PAO1 PA215 

pES-GBB 10 > 40 > 40 > 40 

smES-GBB 0.625 1.25 2.5 5 

Polar smES-GBB 10 20 40 > 40 

Non-polar smES-GBB 1.25 2.5 5 10 

Values are the median of at least 3 biological replicates. > 40 indicates no inhibition at 

the highest concentration tested. 

 

 

Organic solvent phase extraction was then used to further fractionate the smES-

GBB filtrate. A mixture of chloroform and smES-GBB salve was mixed and phase 

separated into polar (upper) and non-polar (lower) fractions. The polar smES-GBB 

fraction displayed poor to undetectable antimicrobial efficacy against both P. aeruginosa 

and S. aureus strains, with MICs ≥16X the original smES-GBB filtrate (Table 3). 

Antimicrobial activity was preserved in the non-polar smES-GBB fraction with MICs 2X 

greater than the small molecule filtrate (smES-GBB) for all bacterial strains tested (Table 

3). Hence, it was concluded that the antimicrobial activity originated from the small (< 3 

kDa) non-polar compound(s) pool. 

 

Allicin Identified as the Primary 

Antimicrobial Compound in Bald’s Eyesalve 

Based on previously published reports [13, 14, 17], it was hypothesized that 

allicin, an antimicrobial compound found in garlic, may be the principal antimicrobial 

compound present in Bald’s eyesalve. To assess this hypothesis, 1D 1H NMR spectra 
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were recorded for the smES-GBB, polar smES-GBB, and non-polar smES-GBB (Fig. 

1A) fractions and compared to the 1H NMR spectrum of a 0.5 mM allicin standard (Fig. 

1B). The chemical shifts matching those of the allicin standard were observed in the 

smES-GBB and non-polar smES-GBB fractions, but not in the polar smES-GBB fraction. 

The presence or absence of allicin in each fraction was in agreement with the 

antimicrobial activity observed for these fractions. 

 

 
Figure 1. 1D 1H NMR spectra recorded at 600 MHz (1H Larmor frequency) illustrating 

the spectral changes observed as a result of cysteine treatment of the non-polar, smES-

GBB fraction (panel A) and allicin standard (panel B); black = pre-cysteine treatment 

and red = post-cysteine treatment. 
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Cysteine Treatment of the 

smES-GBB Non-polar Fraction 

To confirm that allicin was the major contributor to the antimicrobial activity of 

Bald’s eyesalve, the non-polar smES-GBB fraction was incubated with cysteine to 

inactivate allicin [22]. Previous studies have shown that allicin, an allyl thiosulfinate, 

rapidly reacts with free sulfhydryl groups to generate non-reactive by-products [14, 22]. 

Reaction of an allicin standard with cysteine showed the same changes in the 1D 1H 

NMR spectra as the non-polar smES-GBB fraction reacted with cysteine when compared 

to the pre-cysteine reaction spectra (Fig. 1A and B). This demonstrated the degradation of 

allicin to the same by-products in both samples, and therefore the absence of other thiol 

reactive compounds that could contribute to the antimicrobial activity of the fraction. 

MICs for the cysteine-treated, non-polar smES-GBB fraction were > 40% v/v for 

clinically-relevant strains S. aureus LAC and the P. aeruginosa PA215 (Table 4), which 

was more than 16X and 4X greater than the MICs of the non-cysteine treated, non-polar 

smES-GBB. These results unambiguously established that allicin is the major compound 

contributing to the antimicrobial activity of Bald’s eyesalve.   

 

Table 4. Minimum Inhibitory Concentrations (MICs) of Cysteine-Treated Non-Polar 

smES-GBB. 

Strain 

MIC (% v/v) 

Non-polar smES-GBB 

Non-Treated Cysteine-Treated 

LAC 2.5 > 40 

PA215 10 > 40 

Values are the median of at least 3 biological replicates. > 40 indicates no inhibition at 

the highest concentration tested. 
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Yields of Allicin in Modified Bald’s Eyesalve 

1D 1H NMR was further utilized to investigate whether different concentrations 

of allicin correlate with antimicrobial efficacy. The concentration of allicin in the ES-

GBB batch was determined to be the highest, with an average concentration of 9.10 mM 

(Fig. 2A). Allicin concentration in the ES-GBB batch was significantly higher than both 

the ES-L and ES-O batches. It was established based on MICS that the concentration of 

allicin in the original 4 batches of Bald’s eyesalve (Table 1) correlates with the 

antimicrobial activity of each batch, with ES-GBB having the highest and ES-O having 

the lowest antimicrobial activity and the lowest concentration of allicin. Due to 

variability in final volume between batches as a result of onion or leek addition, allicin 

yields were also evaluated in terms of total millimoles of allicin per batch. Taking 

volume into consideration, the production of allicin in the ES-GBB batch was not 

significantly different from any of the other Bald’s eyesalve batches (Fig. 2B). This 

established that the antimicrobial activity of the different Bald’s eyesalve formulations is 

dependent on the allicin concentration of each batch. 

 

Conclusion 

 

The focus of this study has been to further explore the antimicrobial properties of 

Bald’s eyesalve, which was originally discovered in the Anglo-Saxon medieval text 

Bald’s Leechbook [1]. Herein, antimicrobial activity was demonstrated for both S. aureus 

and P. aeruginosa, which to our knowledge, is the first report of antimicrobial activity 

against the latter. While previous reports suggested that the antimicrobial efficacy of 

Bald’s eyesalve was dependent on the collective antimicrobial activity of individual  
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Figure 2. Allicin yield differences between eyesalve batches represented as mM 

concentrations (panel A) and total millimoles produced (panel B). Asterisks denote 

batches whose results were significantly different from one another (*p < 0.05; 

**p < 0.01). 

 

ingredients, here we have demonstrated that the main active antimicrobial component is 

allicin.  

Future work with Bald’s eyesalve, beyond the scope of this report, could focus on 

further characterizing and improving the antimicrobial efficacy described herein and in 

the previous report by Harrison et al. [7]. Further investigation into the incubation time 

necessary for Bald’s eyesalve to reach optimal effectiveness should also be explored, as 

synergistic effects of ingredients may become more pronounced, as it has been shown 

that the mixture itself is not potent upon immediate preparation [7]. To the best of our 

knowledge, no time-course studies investigating Bald’s eyesalve’s efficacy have been 

conducted thus far. Lastly, the effects of combining Bald’s eyesalve with currently 

available antimicrobials (synthetic and natural) to enhance their effectiveness and 

potential synergistic efficacy against MDR bacterial strains could also be explored as 

potentially novel therapeutics. 
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Abstract 

 

The antibacterial activity of the natural product, 18-β-glycyrrhetinic acid (GRA), 

was investigated on planktonic and biofilm cultures of community-associated methicillin-

resistant Staphylococcus aureus (MRSA) USA300 (LAC). Prolonged exposure of 

planktonic MRSA cultures to 15.6 mg/L GRA revealed increased production of 

staphyloxanthin pigment, which has antioxidant and membrane stabilizing functions. 

Metabolic profiles of MRSA treated with 7.8 mg/L GRA for 1 hr revealed increased 

succinate and citrate levels within the treated cells, suggesting a dysregulation of the 

tricarboxylic acid (TCA) cycle. Reductions in the intracellular levels of aspartate and 

glutamate as well as numerous other amino acids that are potential carbon sources for the 

TCA cycle were observed in the treated cells. These results suggest GRA may induce 

oxidative stress via dysregulation of the TCA cycle and are supported by the observed 

increased production of staphyloxanthin. When applied to biofilms, GRA did not reduce 
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cell viability, but caused reductions in cell-to-cell interactions. Reduced aggregation, as 

monitored by optical density and microscopy, was observed in planktonic cultures with 

GRA concentrations as low as 7.8 mg/L. These results suggest that GRA serves as a 

biofilm dispersal agent, which could be used together with other antibiotics that normally 

have minimal efficacy against MRSA biofilms as an improved therapeutic method for 

treating MRSA infections. Collectively, these data add to our knowledge of the 

mechanism of action of GRA against MRSA.  

 

Introduction 

 

The rapid development of bacterial resistance to most commonly used antibiotics 

requires a renewed effort to discover new antibacterial compounds and to develop 

strategies to make existing ones more effective. Natural products and their derivatives 

have been the source of most antibiotics and continue to provide the richest source for 

new compounds [1, 2]. One plant genus that is making an important contribution to drug 

discovery is Glycyrrhiza spp., which are members of the licorice family [3, 4]. 

The fractionation of the Glycyrrhiza spp. roots has led to the discovery of numerous 

active compounds against a wide variety of ailments and diseases [3-5]. A therapy based 

on this root was originally used in Chinese herbal medicine [5, 6], with most of its 

bioactivity stemming from triterpene saponins and flavonoids [4]. Among these bioactive 

compounds is glycyrrhizic acid, which is actually inactive until it is hydrolyzed by 

commensal gut bacteria to 18-β-glycyrrhetinic acid (GRA) [3, 7]. GRA has shown 

efficacy against a variety of ailments including infectious diseases [3, 8]. The present 
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study focuses on the antibacterial activity of GRA against drug resistant Staphylococcus 

aureus (S. aureus).  

S. aureus is a Gram-positive, bacterium that is estimated to colonize 50-60% of 

the population [9]. It is the causative agent of diverse diseases ranging from mild 

abscesses to fatal invasive diseases [10]. The ability of this pathogen to rapidly develop 

resistance to antibiotics has made it difficult to combat infections [11, 12] and highlights 

the need for alternative treatments against S. aureus. In a previous study, we showed that 

GRA had bactericidal activity against methicillin-resistant S. aureus (MRSA) in vitro [8]. 

However, using a mouse model of skin and soft-tissue infection we demonstrated GRA 

reduced severity of infection but did not reduce bacterial burdens at the time points 

tested.  Reduction of severity was linked to reduction of key S. aureus virulence factors 

including the SaeR/S two-component gene-regulatory system and genes under its 

regulation, such as hla both in vivo and following exposure to a sub-lethal dose (i.e. 

below the MIC) of GRA in vitro [8]. GRA has also been shown to work synergistically 

with other antimicrobials [13]. This in vitro synergy and the ability to attenuate MRSA 

(in vivo and in vitro) through targeting non-essential genes, may offer GRA as a novel 

treatment for S. aureus with reduced potential for resistance development.   

In the present study, we advance our understanding of the effects of GRA on the 

community-associated MRSA strain USA300 (LAC) and demonstrate GRA effects both 

cell-cell and cell-surface interactions. Additionally, using metabolomics-based NMR we 

show GRA induces metabolic changes that suggest a dysregulation in the TCA cycle that 

may lead to oxidative stress.   
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Methods 

 

Bacterial Strains 

S. aureus strains were grown in tryptic soy broth (TSB) containing 0.5% glucose 

(unless indicated) with growth monitored by optical density measurements at 600 nm 

(OD600). Community-associated MRSA strain LAC, pulsed-field gel-electrophoresis type 

USA300 (WT) [14] and the USA300 (LAC) JE2 transposon mutant NE1444 (∆crtM) 

acquired from the Network on Antimicrobial Resistance in Staphylococcus aureus were 

used in this study. The WT strain is resistant to beta lactam antibiotics, erythromycin, and 

shows intermediate resistance to ciprofloxacin [14-16]. 

 

Stock Preparation of 

18-β-Glycyrrhetinic Acid 

18-β-glycyrrhetinic acid (GRA) was purchased from Sigma-Aldrich (G10105). 

All stocks were prepared in 100% DMSO at 25 mg/mL and stored at -20°C until needed. 

Control samples were dosed with equivalent amounts of 100% DMSO. 

 

Pigmentation Assay 

WT and ∆crtM strains were cultured to mid-log phase (OD600 ~0.35) in cation-

adjusted Mueller-Hinton Broth (MHB) at 37°C with shaking at 250 rpm, to allow for 

pigment production (reduced in TSB media). Cells were diluted to approximately 5.5 x 

105 CFU/mL in fresh MHB containing either 3.9 or 15.6 mg/L GRA (controls were 

treated with an equivalent volume of DMSO). Cell cultures were incubated as above and 

sampled at 12, 18, and 24 h for pigment analysis. At each time point, cells were 
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harvested, washed with 1X PBS, and then pelleted before freezing at -80°C. Pellets were 

thawed and resuspended in 1 mL of 100% methanol for pigment extraction. Cells were 

incubated at 55°C for 5-10 minutes in a water bath, vortexing before, during, and 

following incubation. Cells were pelleted and supernatants containing pigment collected 

for spectral analysis. Supernatants were scanned from 300-700 nm using a Thermo 

Scientific Genesys 10S UV-Vis Spectrophotometer. 

 

NMR Metabolic Sample Preparation and Analysis  

WT cells were grown to mid-log phase in TSB (50 mL in 150 mL flask) at 37°C 

with shaking at 250 rpm. At this point, cells were diluted into fresh media containing 7.8 

mg/L GRA or an equivalent amount of DMSO alone to a final concentration of ~2.3 x 

107 CFU/mL. Cultures were further incubated with shaking at 250 rpm for 1 hr at 37°C, 

harvested by centrifugation, and the resulting cell pellets washed once with ice-cold 1X 

PBS before freezing at -80°C. Cell pellets of all samples were resuspended in 1 mL of 2:1 

methanol:chloroform to extract intracellular metabolites [17]. At this and all subsequent 

steps, samples and reagents were kept on ice. 

Following cell resuspension in methanol:chloroform, cells were transferred to a 2 

mL bead beating tube containing 0.7 g of 0.1 mm silica beads. Tubes were placed in an 

MP Biomedicals FastPrep-24TM 5G and lysed for 2 x 40 sec cycles at a speed of 6.0, 

keeping tubes on ice between cycles. Following cell lysis, the resulting slurry was 

adjusted to a ratio of 1:1:0.2 methanol:chloroform:water by adding 300 μL of chloroform 

and 300 μL water, and centrifuged for 10 min at 14,000 rpm at 4°C to separate the 

aqueous and non-polar phases. The aqueous fraction (top phase) was removed gently 
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with a pipette, and subsequently dried using a vacuum centrifuge overnight with no heat. 

Resulting metabolite mixtures were stored at -80°C until NMR analysis. Samples 

collected represented 6 biological replicates. 

 For 1D 1H NMR analysis, samples were resuspended in 750 μL of NMR buffer 

containing 10 mM NaH2PO4/Na2HPO4, 0.4 mM imidazole (pH indicator), and 0.25 mM 

4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS, chemical shift indicator) in 10% D2O, 

pH 7.0. Samples were spun at 13,000 rpm for 2 minutes to remove any debris and then 

700 μL was transferred to a 5 mm Wilmad NMR tube. One dimensional (1D) 1H NMR 

spectra were recorded at 298 K on a Bruker 600-MHz AVANCE III solution NMR 

spectrometer equipped with a SampleJetTM automatic sample loading system, a 5 mm 

triple resonance liquid-helium-cooled TCI probe, and TopspinTM software (Bruker 

version 3.2). One-dimensional 1H NMR experiments were performed using the Bruker 

zgesgp pulse sequence with 256 scans, a 1H spectral window of 9600 Hz, 32K data 

points, and a dwell time interval of 52 μsec amounting to an acquisition time of 1.7 sec, 

and a 1 sec relaxation recovery delay between acquisitions [18]. 

Resulting spectra were processed using Topspin 3.2, and spectral features and 

metabolite identifications were analyzed using the ChenomxTM NMR Suite software 

(version 8.0). Following spectral phasing and baseline correction, a line broadening 

function no greater than 0.5 Hz was used as needed, based on Chenomx recommendation 

protocols and previously reported metabolomics analysis methods [19, 20]. Metabolite 

profiling and quantification were conducted using the ChenomxTM metabolic library for 

600 MHz (1H Larmor frequency) magnetic field strength. DSS (0.25 mM) was used as an 
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internal standard to calibrate the NMR spectra for metabolite quantification, while the 

imidazole NMR signals were used to correct for small chemical shift drifts due to slight 

pH changes. 

For NMR statistical analysis, metabolic concentrations were established relative 

to DSS in ChenomxTM and further normalized to colony forming units (CFU). Statistical 

analysis was performed using the open source software MetaboAnalyst [21-25], for 

which concentrations were normalized by log-transformation and auto-scaling (mean 

centered divided by the standard deviation of variable), prior to further analysis. 

Multivariate analysis was conducted using partial least squares-discriminant analysis 

(PLS-DA) with established 95% confidence intervals. For hierarchal clustering analysis 

(HCA), distances were measured using a Euclidean correlation and clustering as 

established by the Ward algorithm. The top most significant 25 metabolites based on t-

test and ANOVA were chosen to generate heatmap graphical representations of the data, 

and represented key metabolite changes discriminating between GRA treated and 

untreated S. aureus cell types. 

 

Biofilm Activity Assay 

Activity against MRSA biofilms was assayed using a tissue culture plate method 

modified from Kirker et al [26]. Cells were grown planktonically in TSB supplemented 

with 0.5% glucose for 18 hrs at 37°C with shaking at 250 rpm. Tissue culture inserts 

were inoculated with five 10 μL droplets (~2.6 x 108 CFU/insert) and allowed to set for 

20 minutes before adding 1.5 mL of TSB +0.5% glucose to each well below the insert. 

Plates were incubated for 48 hrs, refreshing the media at 24 hrs, before being treated with 
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62.5 or 125 mg/L GRA (or DMSO equivalent for controls) in TSB +0.5% glucose. 

Biofilms were harvested 24 hrs post-treatment and plated for CFUs on LB agar. Agar 

plates were incubated overnight at 37°C and CFUs enumerated the next day. 

 

Cell-Surface Adhesion & Disruption 

Biofilm adherence was measured using an assay modified from Cassat et al. [27]. 

Cells were grown planktonically in TSB +0.5% glucose for 18 h at 37°C with shaking at 

250 rpm and then diluted 1:200 into fresh media. A 24-well plate was inoculated with 1 

mL aliquots of this diluted culture (containing ~3.4 x 105 CFUs) and incubated statically 

for 24 hrs at 37°C. At the 24 h time point, the spent media was carefully removed and 

replaced with fresh media containing GRA (or DMSO equivalent for controls) at a range 

of concentrations. Following an additional 24 h of incubation, biofilms were washed with 

1X PBS and then either harvested with 1 mL 1X PBS for CFU plating/counting or 

stained with crystal violet to measure the degree of biofilm adherence. For CFU 

determination, each cell suspension collected from the inserts was diluted as needed and 

plated on LB agar. Plated cells were incubated overnight at 37°C and CFUs enumerated 

the next day.  

Biofilms were stained with 1% w/v crystal violet for 15 minutes. Excess stain was 

pipetted off and biofilms were gently rinsed 3x with 200 μL H2O to remove any residual 

stain. Stained biofilms were dried overnight and then de-stained with 30% acetic acid for 

15 minutes. The amount of extracted crystal violet from the de-staining procedure was 

assessed by measuring absorbance at 595 nm [27, 28]. 
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Cell-to-Cell Aggregation & Microscopy 

Cell-to-cell aggregation was measured using an assay modified from Geoghegan  

et al. [29]. The WT strain was initially cultured as described above for the cell-surface 

assay. At 18 h, cells were pelleted, resuspended in the same volume of fresh TSB +0.5% 

glucose, and diluted 1:3 (OD600 = ~1.0) into 10 mL tubes. Suspensions were treated with 

GRA (or DMSO equivalent as control) and then incubated statically for 24 h at 37°C. 

Following incubation, an OD600 was recorded for the top 1 mL of each sample. Samples 

were then vortexed vigorously to resuspend the cells and then OD600 was measured again. 

Percent aggregation was calculated as follows: 

% 𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑖𝑜𝑛 =
(𝑃𝑜𝑠𝑡𝑣𝑜𝑟𝑡𝑒𝑥𝑒𝑑 𝑂𝐷600 − 𝑃𝑟𝑒𝑣𝑜𝑟𝑡𝑒𝑥𝑒𝑑 𝑂𝐷600)

𝑃𝑜𝑠𝑡𝑣𝑜𝑟𝑡𝑒𝑥𝑒𝑑 𝑂𝐷600
∗ 100 

 

Cell-cell aggregation was confirmed by Gram-staining and microscopy analysis of treated 

and untreated samples at 100X using a Zeiss Axio Scope A1 and imaged with a Zeiss 

Axiocam digital camera. Prior to staining, samples were diluted 1:10 in 1X PBS and then 

10 μL was spread onto a glass slide. Slides were flame dried and allowed to cool before 

staining. 

 

Statistical Procedures 

Statistical analysis was performed using GraphPad Prism version 7 with error bars 

representing the standard deviation.  
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Results 

 

Increased Pigment Production 

Upon GRA Treatment 

When WT planktonic cultures were incubated with GRA at sub-lethal doses (3.9 

or 15.6 mg/L, based on previous findings [8]) and monitored for pigment production, 

visible wavelength scans of the extract showed an overall increase in absorbance in the 

treated samples compared to the untreated, with a broad absorbance peak at 463 nm 

(Figure 1A). The 463 and 490 nm peaks observed are characteristic of the 

staphyloxanthin pigment [30]. The identity of the pigment was further confirmed by 

assessing whether the characteristic OD profile was retained in the transposon mutant  

∆crtM, which is defective in the first enzyme of the biosynthetic pathway specific for 

staphyloxanthin [30, 31]. Both treated and untreated samples of the crtM mutant 

produced no significant amounts of staphyloxanthin as indicated by OD (Figure 1). 

Furthermore, monitoring the production of staphyloxanthin at 463 nm confirmed that 

staphyloxanthin is produced significantly more in treated samples (see Figure 1B). 

 

Metabolic Profiling of WT S. aureus 

Treated and Untreated with GRA 

Previous studies have demonstrated that GRA has antimicrobial activity against 

MRSA [3, 8], however, the mechanism of action is not fully understood. In order to gain 

further insight into the mechanism of action of GRA, we performed metabolic analysis of 

S. aureus following treatment with a sub-lethal concentration of GRA. Bacteria, were 

treated with 7.8 mg/L GRA for 1 h, at which point intracellular metabolites were  
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Figure 1. Pigment Production Post-Treatment with GRA. Cells were treated with 3.9, 

or 15.6 mg/L GRA and sampled every 6 h beginning at 12 h post-treatment. (A) 

Visible scans at 24 h show an overall increase in pigment with treated cells, with the 

max absorbance around 463 nm in the 15.6 mg/L treatment. The loss of absorbance at 

463 nm in the ∆crtM strain strongly suggests that this pigment is staphyloxanthin 

(STX), which has characteristic peaks at 463 and 490 nm as indicated by the stars. (B) 

STX production was monitored by the absorbance at 463 nm, which was significantly 

higher at 18 h post-treatment in the WT strains. Significance was established based on 

two-way ANOVA (*p ≤ 0.05, ****p ≤ 0.0001). 
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extracted and analyzed using 1D 1H solution NMR spectroscopy with sample 

normalization to individual CFUs. Multivariate analysis based on PLS-DA of metabolic 

profiles revealed distinct clustering of WT untreated from WT treated with GRA (Figure 

2A) (see Table S1 for Loading Factors). Clustering was confirmed by hierarchal 

clustering (HCA) and heatmap analysis of the top 25 most significant metabolites 

contributing to the statistical separation of treated and untreated cells. Many amino acids  

were found in relatively lower abundance in treated cells, with the exception of proline. 

Tricarboxylic acid (TCA) cycle intermediates, succinate and citrate, were relatively more 

abundant in treated cells compared to untreated cells suggesting a dysregulation of the 

TCA cycle (Figure 2). 

 

 Effect of GRA on Biofilms 

Although bactericidal activity of GRA on planktonic S. aureus has been 

demonstrated by us and others [3, 8], its effectiveness on biofilms has not been 

investigated. When WT biofilms were cultured on membrane inserts for 48 h and then 

treated with GRA at 62.5 and 125 mg/L, no effect on cell viability as assessed by CFUs 

was seen following treatment with GRA (Figure 3); however, the treated biofilms were 

observed to be less adhered to the surface during CFU collections as compared to the 

control biofilms. This observation and our previous studies demonstrating that GRA did 

not have direct bactericidal activity in vivo but did alter virulence gene expression led us 

to hypothesize that GRA may influence other properties of the biofilm including 

adherence and cell aggregation. 
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Figure 2. Metabolic Profiling of GRA Treatment on Planktonic Cultures. Aqueous 

intracellular metabolites from WT cells untreated and treated with 7.8 mg/L GRA were 

collected 1 h post-treatment. PLS-DA (left) revealed distinct clustering of untreated 

and treated cells. HCA and heatmap analysis (right) of top 25 significant metabolites as 

determined by t-test and one-way ANOVA scores. Red and blue represent fold 

increases or decreases, respectively, with darker shades indicating a greater fold-

change (up to 2-fold). Changes are based on the relative abundance of each metabolite. 

  

To investigate cell surface adhesion, biofilms were cultured for 24 h and treated with 

varied doses of GRA in order to evaluate the effect on cell surface adhesion. Following 

24 h post GRA treatment, duplicate biofilms were washed with PBS and either stained 

with crystal violet or harvested to establish CFUs. Unlike in the insert model, cells (live 

or dead) that have detached from either the surface or biofilm are washed away, leaving 

only those cells that are associated with the intact biofilm. Both staining and viable cell 

counting showed a significant decrease in cells adhered to the surface when biofilms 

were treated with GRA at 62.5 mg/L in a solid-liquid interface model (Figure 4A-B). 

Collectively, these results suggest that GRA may trigger biofilm dispersal. 
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Figure 3. GRA is Ineffective at Reducing Biofilms. Biofilms were cultured on tissue 

culture inserts in 6-well plates. Cells were harvested and plated 24 h post-treatment. No 

significant difference in CFUs was seen between untreated and GRA treated biofilms 

based on one-way ANOVA scores. 

 

 

 
Figure 4. GRA Disrupts Cell-Surface Interactions. Biofilms were grown for 24 h in 24-

well plates before being treated with 0, 15.6, 31.2, or 62.5 mg/L GRA. Crystal violet 

staining was measured at 595 nm and was found to be significantly lower at 62.5 mg/L. 

This correlated with a loss in cells from the surface, indicating that GRA may lead to 

biofilm dispersal. Significance was established based on one-way ANOVA scoring 

(**p ≤ 0.01, ****p ≤ 0.0001) 
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Cell-to-Cell Aggregation 

Following the observed reduction in cell adherence following GRA treatment in 

two different biofilm models, we quantified the amount of cell aggregation in planktonic 

cultures. Based on recorded OD600, aggregation of cells was significantly impaired 

following incubation with GRA at concentrations as low as 7.8 mg/L (Figure 5). The 

reduction in aggregates was confirmed by microscopy, which showed both reductions in 

the number of aggregates and average aggregate size at 31.3 mg/L (Figure 5). GRA 

concentrations of at 15.6 and 31.3 mg/L demonstrated significantly higher CFU counts 

compared to the control. We attribute this CFU increase to the fact that reduced 

aggregation without significant changes in cell viability would result in a greater number 

of single cells or aggregates as starting colonies following dilution and plating onto agar 

plates. Based on these results, we conclude that GRA treatment disrupts cell-to-cell 

interactions independent of its bactericidal activity that result in biofilm dispersal. 

 

Discussion 

 

Upon treatment with GRA, MRSA experiences a significant increase in 

production of staphyloxanthin pigment at 18 h, which is already notable by 12 h (Figure 

1B). This was initially noted as a strong reddish orange color in the cell pellets. UV-Vis 

scans further characterized this color as having characteristic peak absorbances at 463 

and 490 nm. This led us to conclude that the most prominent carotenoid pigment 

produced by S. aureus under GRA treatment is staphyloxanthin (STX) [30]. STX is 

naturally expressed in S. aureus during its stationary growth phase [32, 33]. However, the  



117 

 

 
Figure 5. GRA Disrupts Cell-to-Cell Aggregation. Bacteria were cultured statically in 

test tubes in TSB +0.5% glucose containing GRA for 24 h. Based on optical density 

measurements, cell-cell aggregation was being disrupted significantly beginning at 7.8 

mg/L. This was confirmed by microscopy of control (top), 7.8 mg/L (middle), and 15.6 

mg/L (bottom) samples using 100X magnification. Significance was established based 

on one-way ANOVA scoring (****p ≤ 0.0001) 

 

levels of pigment being observed were significantly higher in the samples treated with 

GRA. STX is known to act not only as an antioxidant, but also to provide stabilization to 

the bacterial cell membrane when the latter is compromised [34-36]. We thus postulate 
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that GRA is generating oxidative stress and/or membrane disruption when MRSA is 

exposed to the compound, and hypothesize that STX production contributes to the 

observed recovery from the initial bactericidal effects of GRA [8].  

To establish whether STX is in fact the pigment being upregulated and potentially 

providing protection against GRA, production of STX was monitored in the ∆crtM S. 

aureus mutant. The crt operon encodes genes whose expression results in the production 

of metabolic enzymes required for STX production. Specifically, crtM encodes for a 

dehydrosqualene desaturase, which converts two farnesyl diphosphates to 

dehydrosqualene, and represents the first step in the biosynthesis of STX [30, 31]. Upon 

treatment with GRA, no significant increase in absorbance at 463 or 490 nm was 

observed for the ∆crtM S. aureus mutant. Furthermore, corresponding cell pellets 

remained pale in color throughout the entire assay, while WT treated with GRA became a 

deeper, reddish orange over time (corresponding to the color of STX) [35]. This led us to 

conclude that STX expression is upregulated in WT S. aureus following prolonged 

exposure to GRA. However, STX is not required for bacterial survival in the presence of 

GRA, as there was no decrease in the MIC of GRA in the mutant (data not shown). This 

supports previous observations that GRA is probably working through a more specific 

mechanism of action than general cell membrane disruption [37]. 

Metabolomics analysis was utilized to investigate whether oxidative stress is 

induce in response to GRA exposure and as suggested by increased levels of STX, as 

well as to explore the metabolic responses to GRA treatment. WT cells were incubated 

with GRA for 1 hr and then collected for extraction of intracellular metabolites. Increased 
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levels of succinate and citrate in the treated cells compared to WT suggest increased TCA 

cycle activity [38, 39]. This was supported by reduced levels of aspartate and glutamate, 

which can directly fuel specific segments of the TCA cycle through the transamination of 

these metabolites to oxaloacetate and α-ketoglutarate, respectively [40]. Other amino 

acids may also be mobilized to fuel the TCA cycle through more complex pathways [41], 

which could provide a rational as to why an additional 10 amino acids were found in 

relatively lower abundance in the treated cells, compared to the untreated cells. 

Dysregulation of the TCA cycle accompanied by increases in amino acid catabolism has 

also been seen in response to treatment with other antibiotics, like ampicillin and 

vancomycin [42]. The TCA cycle is utilized to provide energy through the production of 

ATP and NADH, with the latter being utilized by the electron transport chain (ETC) to 

produce significantly more ATP [43, 44]. The increased activity of the TCA cycle 

suggests an impairment of the ETC, which may result in increased production of reactive 

oxygen species (ROS) that can damage DNA, protein, and membranes [44, 45]. 

Inhibition of DNA and protein synthesis have been previously implicated in the 

mechanism of action of GRA [37]. Elevated proline and choline abundance in the treated 

cells are also indicative of oxidative stress, because they act as osmolyte protectants when 

the membrane is compromised, which could occur due to increased ROS [46-48]. 

Elevated proline has also been observed in cells treated with ampicillin and vancomycin 

for unknown reasons [42]; however, both of these antibiotics work through disruption of 

cell wall synthesis, which may result in membrane perturbation, as secondary effect, 

causing recruitment of osmolytes (i.e. proline). Collectively, the data from both short and 
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prolonged exposure of cells to GRA suggest this treatment generates some level of 

oxidative stress within S. aureus.  

We assessed GRA activity in a biofilm insert model to identify its potential 

bactericidal effects on bacterial biofilms. For the latter, GRA had no significant effect on 

cell viability as measured by CFUs (Figure 3). These results are consistent with our 

previous in vivo study involving a murine soft-tissue infection, which showed no 

reductions in cell viability following treatment with GRA, but increased wound healing 

(or wound closure) overtime due to attenuation of MRSA [8]. Within the biofilm insert 

model, it was observed that the biofilms appeared less adherent to the inserts following 

treatment with GRA. This observations were confirmed and quantified based on the 

solid-liquid interface biofilm model, which showed significant reductions in CFUs of the 

intact biofilm following treatment at 31.3 mg/L GRA. These results suggest that GRA 

may trigger biofilm dispersal and while our previous study was focused on planktonic 

cultures, it should be noted that hla was among those genes downregulated by GRA in 

vivo and is known to play a role in biofilm maturation through cell-to-cell interactions 

[49]. Based on these current and previous studies, we investigated the effects of GRA on 

cell aggregation of planktonic cells and found significant reductions in aggregation 

following treatment at 7.8 mg/L or greater. These results suggest that while GRA exhibits 

less bactericidal activity against MRSA biofilms (compared to planktonic cells), it is 

capable of triggering biofilm dispersal through disruption of cell-to-cell interactions. 

GRA treatment was also shown to upregulate production of STX in planktonic 

cultures of S. aureus, as a result of an oxidative stress response observed from the distinct 
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metabolic profiles of WT GRA treated and untreated cell cultures. Furthermore, while 

GRA does not appear to inhibit the growth of S. aureus biofilms, it does appear to cause 

biofilm dispersal, which would suggest that GRA treated cells may be more susceptible 

to treatment with other antibiotics. It is believed that many antibiotics are ineffective 

against biofilms in part because they do not fully penetrate the extracellular polymer 

which encapsulates the biofilm associated cells and that this factor plays a major role in 

bacterial biofilms contributing to chronic infections [50-52]. As GRA appears to trigger 

biofilm dispersal, addition of GRA to these antibiotics could permit the latter to reach 

their targets more effectively. This would explain why GRA has a synergistic effect with 

other current antimicrobials against the growth of planktonic cell cultures [13]. Future 

studies are needed to develop a novel therapeutic strategy combining the use of 

antibiotics with a dispersal agent such as GRA to treat biofilm infection. 
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CHAPTER 6 

 

FUTURE WORK & CONCLUDING REMARKS 

 

THAM-3ΦG: Stability & Mutations of the Small Colony Variant Isolate 

 

While the use of THAM-3ΦG resulted in the formation of a SCV phenotype, the 

stability and deficiencies of the SCV isolate have yet to be investigated. Many SCVs are 

not stable once they are removed from the stressed environment that caused the SCV 

phenotype, resulting in a return to their parental phenotype [1-3]. Based on CFU plating 

for the growth curve and metabolomics assays conducted in the absence of selection with 

the THAM-3ΦG SCV isolate, it is the believed that the isolate is stable for at least one or 

two passages as no WT phenotypes were seen in any of the pure SCV isolate cultures. In 

order to truly evaluate the stability of the SCV phenotype, the SCV isolate will be 

initially cultured in TSB containing 2 mg/L THAM-3ΦG to ensure all cells remain SCVs 

until the first passage. Following the initial culture, the cells will be passaged at mid-log 

phase into fresh TSB containing no THAM-3ΦG. Passages will continue in this fashion, 

with CFU enumeration at each passage to monitor for reversion. Metabolomics revealed 

potential deficiencies of the THAM-3ΦG SCV, which included a dysregulation of the 

TCA cycle, a potential mutation of hemB, and possible thymidine dependency. In order to 

further verify and/or evaluate the isolate for these (and possibly other) 

deficiencies/mutations, the genome of the SCV isolate can be sequenced and compared to 

the parental strain. Sequencing of SCVs is important because many of the genetic 

mechanisms resulting in SCVs are still unknown [3] and it is possible that treatment with 
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THAM-3ΦG has resulted in a mutation that has generated a novel SCV [4]. Although S. 

aureus was able to circumvent the membrane disruptive effects of THAM-3ΦG through 

the development of a SCV phenotype, further characterization of this SCV isolate may 

reveal novel insights into genetic mutations and gene expression that could be targeted by 

therapeutic methods to inhibit or prevent development of this resistant phenotype. 

 

Bald’s Eyesalve: Understanding the Production of Allicin 

 

Through a molecular size and solvent fractionation, the major antimicrobial agent 

within the ancient Bald’s Eyesalve remedy was identified as allicin. Knowing the active 

component, it would be interesting to investigate the production rate of allicin within the 

mixture. The recipe calls for the salve to incubate for 9 days, and it was reported to be 

inactive at day 0 [5]. However, there have been no reported activity studies on the salve 

between day 0 and day 9. Future NMR studies could investigate the concentration of 

allicin over the 9 day period with daily sampling to ascertain if peak allicin levels are 

reached prior to the full incubation period and/or if allicin levels decrease after a certain 

time due to side reactions. Allicin was previously known to contain antimicrobial activity 

against both planktonic and biofilm cultures [6-8]. While it is also the main component in 

the salve, it is possible that there may be some other ingredients that would aid in the 

treatment of biofilms. Under planktonic conditions it was seen that the concentration of 

allicin in the salve reflected the same activity as an equivalent concentration of pure 

allicin. Future studies will compare the activity of the mixture and allicin alone against 

biofilm cultures in order to determine whether there are any additional anti-biofilm 
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compounds within the complex mixture. An example of this could be copper, which 

could leech out of the brass and is known to have efficacy against S. aureus through 

oxidative stress and disruption of protein function/folding [9]. Such findings may provide 

further considerations of this ancient remedy as the base for a novel therapeutic regiment. 

 

18-β-Glycyrrhetinic Acid: Biofilm Dispersal, Gene Regulation, & In Vivo Modeling 

 

Treatment of MRSA with GRA resulted in oxidative stress within planktonic cells 

and caused biofilm dispersal in two biofilm models. The lower metabolic rate of cells 

within a biofilm and the extracellular matrix render the cells less susceptible to 

antibiotics. Compounds that cause biofilm dispersal (i.e. GRA) have the potential to 

make these cells more susceptible to drug treatment and to act synergistically with other 

antimicrobials. GRA has already been shown to have efficacy against MRSA in vivo 

[10]. It also has synergism with other antibiotics in an in vitro airway model, in which 

bronchial epithelial cells were exposed to S. aureus and treated with GRA and/or 

tobramycin/polymyxin B  [11]. Future studies could be employed using a murine model 

of soft-tissue infection that was previously used to examine GRA activity, to see if 

similar synergistic effects are also seen under these conditions [10]. GRA has also been 

shown to have immunomodulatory effects on the host, such as an anti-inflammatory 

effect [10]. S. aureus is known to be able to survive and be protected within phagocytes, 

such as neutrophils, which are drawn to the site of infection in vivo [12]. Reduced 

inflammation could be a result of reduced neutrophil recruitment, which has been shown 

to reduce mortality rates and bacterial burden in S. aureus infections [12]. Resistance 
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development of S. aureus against GRA should also be investigated. Based on a murine 

model of soft-tissue infection, GRA treatment does not seem to reduce the bacterial 

burden in vivo, but does result in reduced expression of virulence genes [10]. The 

targeting of virulence genes, as well as those involved in adaptation, may reduce the risk 

of resistance development as they are not required for normal bacterial survival (in 

contrast to the targets of most antibiotics, such as proteins required for cell-wall 

synthesis) [13]. This is due to the fact that treatment with antibiotics that interfere with 

essential processes results in selective pressure for generation of cells that can resist the 

antibiotic treatment. Therefore, GRA may offer a form of treatment with reduced rates of 

resistance development. Although further in vitro and in vivo studies are still needed to 

fully understand the effect that GRA has on both the bacterial and host systems, GRA 

currently shows promise as an adjuvant to other antibiotics that can prevent the 

emergence of bacterial resistance. 

 

Concluding Remarks 

 

 The investigations herein focused on the characterization of both synthetic and 

natural products and their effects against multi-drug resistant S. aureus in an effort to 

identify novel therapeutic methods, which are desperately needed. Isolation of a S. aureus 

SCV following sub-lethal treatment with THAM-3ΦG served as a reminder of the 

adaptability of S. aureus and the bacterium’s rapid ability to confer resistance to even 

novel synthetic compounds. The results of the THAM-3ΦG study highlight the need for 

screening novel compounds (both synthetic and natural) prior to their use in clinical 
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settings, as bacteria may have resistance mechanisms already in place to combat novel 

antibiotics. The investigations into ancient Anglo-Saxon and Chinese remedies showed 

that while these concoctions may not have been fully understood at their time of 

development, they may provide the basis for novel treatments and deserve to be 

investigated to combat our current resistance threat. Furthermore, the diversity of active 

antimicrobial reagents found within these remedies offers potential methods of treatment 

that circumvent the mechanisms behind bacterial resistance through a multi-faceted 

approach, such as the down-regulation of virulence factors and promotion of the host 

immune system to combat bacterial infections, as in the case of GRA. In conclusion, the 

studies herein highlight the difficulty in designing efficacious synthetic antibiotics and 

the importance of testing for resistance development, while also drawing attention to 

ancient, natural remedies like Bald’s eyesalve and licorice root as resources to overcome 

the antibiotic resistance threat that plagues the world today. 
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Figure S1. Difficult Regions of 1D 1H NMR Spectra for Metabolic Profiling. As shown 

above, some regions of a metabolite spectra are prone to an elevated baselines due to the 

nature of the sample (see A and B insets). Other regions include those surrounding the 

water peak and carbohydrates region of the spectra. These areas should be avoided when 

establishing metabolite concentrations based on peak intensity. 
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Figure S1.  Cell Viability. The number of viable cells was monitored throughout the 

absorbance assay. MRSA treated with Chlorhexidine (a) or THAM-3ФG (b) showed 

no significant reductions in CFUs. 
 

 
Figure S2. Cell Leakage with Control Antibiotics. Ampicillin (a) and gentamicin (b) 

were tested to confirm the efficacy of the absorbance assay as a means to monitor 

potential membrane disruption. Significant increases in A260 were not seen in either 

case at concentrations ranging from 1× to 4×MIC (The MICs determined using the 

assay described in Material and Methods were 32 mg/L for ampicillin and 0.5 mg/L for 

gentamicin, respectively). 
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Table S1. Passage number, Passage 

Concentration of THAM-3ΦG, and 

Minimum Inhibitory Concentrations of Cell 

Isolates. 

Passage 

No. 

Passage 

[T3PG] 

MIC 

(mg/L) 
n 

P-0 0 mg/L 2 48 

P-1L 
1 mg/L 

4 8 

P-1S 8 10 

P-2L 
2 mg/L 

4 6 

P-2S 8 12 

P-3L 
2.5 mg/L 

4 6 

P-3S 8 12 

P-4L 
3 mg/L 

4 6 

P-4S 8 8 

P-5L 
4 mg/L 

4 6 

P-5S 8 6 

P6 5 mg/L 8 6 

P7 6 mg/L 8 9 

P8 8 mg/L 32 11 

P9 16 mg/L 32 8 

P10 32 mg/L 32 9 

P11 64 mg/L 64 7 

With each passage, the concentration of THAM-3ΦG was increased, which is reflected as 

the passage concentration. MICs were recorded for each cell type (denoted by L or S for 

large and small) isolated in the resistance assay. MIC is greater than or equal to the 

concentration of THAM-3ΦG at each passage. The number of technical replicates for each 

MIC test is represented by n. A minimum of 3 biological replicates were conducted for 

each isolate. 
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Table S2. Loading Factors from the PCA of WT 

and SC Treated and Untreated with THAM-3ΦG. 

Metabolite PC1 PC2 

2-Hydroxyisobutyrate -0.21931 0.066952 

AMP 0.20476 0.10556 

Acetate -0.09675 0.14288 

Alanine -0.21148 0.041895 

Asparagine -0.04029 0.30841 

Aspartate 0.19171 0.19284 

Betaine 0.078021 0.30806 

Choline -0.04716 0.16751 

Cystathionine -0.05587 0.082503 

Dimethylamine -0.15678 0.18598 

Formate -0.21685 0.10983 

Glucose-1-phosphate -0.24133 -0.0313 

Glutamate 0.085426 0.27294 

Glutamine -0.12531 0.048285 

Glycine -0.20279 0.10716 

Isoleucine -0.16718 0.23029 

Isovalerate -0.19481 0.003794 

Lactate 0.16269 0.23403 

Leucine -0.18304 0.20341 

Lysine -0.24527 -0.01398 

Methionine -0.07726 0.23719 

NAD+ 0.20178 0.16067 

NADP+ 0.20042 0.18237 

Niacinamide 0.15796 0.11186 

Phenylalanine -0.22942 0.10733 

Proline 0.18245 0.16791 

Succinate -0.23823 0.015148 

Trimethylamine 0.16618 0.23992 

Trimethylamine N-oxide 0.11707 0.28054 

UDP-galactose -0.24 0.023353 

Valine -0.16669 0.21628 

sn-Glycero-3-

phosphocholine 
-0.13242 0.25066 

pi-Methylhistidine -0.16544 0.024453 
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Table S3. Loading Factors from the PCA of WT 

and SC at Mid-log Phase. 

Metabolite PC1 PC2 

2-Hydroxyisobutyrate -0.21931 0.066952 

AMP 0.20476 0.10556 

Acetate -0.09675 0.14288 

Alanine -0.21148 0.041895 

Asparagine -0.04029 0.30841 

Aspartate 0.19171 0.19284 

Betaine 0.078021 0.30806 

Choline -0.04716 0.16751 

Cystathionine -0.05587 0.082503 

Dimethylamine -0.15678 0.18598 

Formate -0.21685 0.10983 

Glucose-1-phosphate -0.24133 -0.0313 

Glutamate 0.085426 0.27294 

Glutamine -0.12531 0.048285 

Glycine -0.20279 0.10716 

Isoleucine -0.16718 0.23029 

Isovalerate -0.19481 0.003794 

Lactate 0.16269 0.23403 

Leucine -0.18304 0.20341 

Lysine -0.24527 -0.01398 

Methionine -0.07726 0.23719 

NAD+ 0.20178 0.16067 

NADP+ 0.20042 0.18237 

Niacinamide 0.15796 0.11186 

Phenylalanine -0.22942 0.10733 

Proline 0.18245 0.16791 

Succinate -0.23823 0.015148 

Trimethylamine 0.16618 0.23992 

Trimethylamine N-oxide 0.11707 0.28054 

UDP-galactose -0.24 0.023353 

Valine -0.16669 0.21628 

sn-Glycero-3-

phosphocholine 
-0.13242 0.25066 

pi-Methylhistidine -0.16544 0.024453 
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Figure S1. Heatmap Analysis of Intracellular Metabolites of WT and SC at Mid-log 

Phase. Hierarchal clustering analysis, distances were measured using a Euclidean 

correlation and clustering as established by the Ward algorithm. Data is representative 

of 6 biological replicates of each cell isolates. 
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Table S1. Minimum Inhibitory Concentrations of Fractionated Eyesalve Batches. 

Batch 

Bacteria/Strain 
MIC (v/v%) 

S. aureus P. aeruginosa 

Fraction 

ATCC 

6538 

(MSSA) 

LAC 

USA300 

(MRSA) 

PAO1 PA215 

ES-O 

> 3 kDa > 40 > 40 > 40 > 40 

< 3 kDa 1.25 2.5 5 10 

< 3 kDa polar 20 40 > 40 > 40 

< 3 kDa non-polar 2.5 5 10 20 

ES-L 

> 3 kDa > 40 > 40 > 40 > 40 

< 3 kDa 1.25 2.5 5 5 

< 3 kDa polar 20 40 > 40 > 40 

< 3 kDa non-polar 2.5 10 10 20 

ES-GB 

> 3 kDa > 40 > 40 > 40 > 40 

< 3 kDa 1.25 2.5 5 5 

< 3 kDa polar 20 40 > 40 > 40 

< 3 kDa non-polar 2.5 5 10 20 

ES-GBB 

> 3 kDa 10 > 40 > 40 > 40 

< 3 kDa 0.625 1.25 2.5 5 

< 3 kDa polar 10 20 > 40 > 40 

< 3 kDa non-polar 1.25 2.5 5 10 
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Table S1. Loading Factors from the PLS-DA of WT 

Untreated & Treated with GRA. 

Metabolite PC1 PC2 

2-Hydroxyisobutyrate -0.10989 0.26625 

AMP 0.026298 0.24559 

Acetate -0.10859 -0.13335 

Adenosine -0.18543 0.15169 

Alanine 0.025034 0.20039 

Asparagine -0.01652 0.13006 

Aspartate -0.19211 -0.0058 

Betaine 0.075162 0.2661 

Choline 0.18348 0.16591 

Citrate 0.12376 0.1953 

Cystathionine 0.042468 0.003407 

Ethanol 0.07223 0.081786 

Formate 0.07273 -0.00793 

Glucose-1-phosphate 0.21274 -0.00125 

Glutamate -0.18622 0.11617 

Glutamine -0.19512 -0.05843 

Glycine 0.055408 0.14693 

Histidine -0.22161 0.084298 

Isobutyrate 0.067392 0.10457 

Isoleucine -0.23155 0.032435 

Isovalerate 0.099684 0.041842 

Lactate -0.0932 -0.0725 

Leucine -0.21754 -0.02905 

Lysine -0.17188 0.19454 

Methanol -0.06009 0.21885 

Methionine -0.21734 0.086417 

NAD+ -0.07138 0.28229 

NADP+ -0.06784 0.26926 

Nicotinate 0.072638 -0.15567 

Nicotinurate -0.12119 0.22247 

Phenylalanine -0.22782 0.047497 

Proline 0.20356 0.005574 

Succinate 0.21583 0.09391 

Threonine -0.17473 -0.0947 

Trimethylamine N-oxide -0.00566 0.21415 

Tryptophan -0.17373 0.0769 

Tyrosine -0.21232 0.097423 

UDP-N-Acetylglucosamine -0.0319 -0.08402 

UDP-galactose 0.16872 0.19002 

UMP -0.10197 0.22137 

Uracil -0.18479 0.14777 

Valine -0.23144 0.040621 

sn-Glycero-3-phosphocholine 0.17874 0.19961 

beta-Alanine 0.1231 0.16645 

 


