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ABSTRACT 

 

Background: The World Health Organization has warned that antimicrobial 

resistance (AMR) may herald a post-antibiotic era whereby last-line antibiotics may 

become ineffective. This crisis is compounded by the lack of novel antibiotics for 

over a decade. Finding new uses for existing drugs (drug repurposing) confers 

advantages such as significant financial savings, potential to impede AMR, and the 

prospect of connecting laboratory research with clinical practice research 

(translational research). 

 

Skin and soft tissue infections (SSTIs) are common infections that consume 

significant healthcare resources and require frequent antibiotic administration, 

potentially contributing to AMR. Amongst a myriad of risk factors for SSTIs, 

previous episodes of SSTIs and diabetes (which predisposes patients to 

Staphylococcus aureus colonisation and infections) increase the incidence of 

recurrent SSTIs, developing a vicious cycle of infections. 

 

The search for an effective solution led to the research question of whether statins, a 

class of medicines extensively prescribed globally to prevent cardiovascular diseases, 

could be repurposed as potential novel adjuvants/treatments for bacterial SSTIs, thus 

potentially impeding AMR and saving substantial healthcare resources. 

 

Objectives: This research on the association between statins and bacterial SSTIs 

sought to address the following aims in order to answer the overarching research 

question of whether statins may be repurposed as novel agents for bacterial SSTIs: 

1. To evaluate the effect of statins on AMR based on current literature and 

identify if there was sufficient evidence to support statins as novel 

antimicrobial agents (Chapter Two). 

2. To determine the antibacterial activity of statins against selected bacterial 

pathogens implicated in SSTIs, ascertain if the activity was bacteriostatic or 

bactericidal, and postulate a plausible mechanism of action (Chapter Three). 

3. To determine the direct relationship between statins and SSTIs, along with 

the association between statins and diabetes, a risk factor for S. aureus-related 
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SSTIs which predisposes patients to recurrent SSTIs (Chapters Four and 

Five). 

 

Methods: The relationship between statins and bacterial SSTIs was studied by 

adopting a translational research framework, whereby laboratory evidence was 

reconciled with clinical evidence to address whether statins may be repurposed as 

novel therapeutic agents for SSTIs. A comprehensive literature review was 

performed in accordance with the requirements of a systematic review using the 

keywords “statin” or “statins” combined with “minimum inhibitory concentration” 

(MIC) in six databases. Further analysis was performed to evaluate the impact of 

statins on bacteria, humans, and the environment (Objective 1). 

 

Laboratory experiments involved testing the direct antibacterial effects of all 

clinically approved statins (atorvastatin [ATV], fluvastatin [FLV], lovastatin [LVS], 

pitavastatin [PTV], pravastatin [PRV], rosuvastatin [RSV], and simvastatin [SMV]), 

together with three selected metabolites (LVS hydroxy acid sodium [LVS-OH acid], 

PTV-lactone, and SMV hydroxy acid sodium [SMV-OH acid]) against bacterial skin 

pathogens S. aureus, Escherichia coli, Pseudomonas aeruginosa, and Serratia 

marcescens using broth microdilution methods according to the guidelines stipulated 

by the Clinical Laboratory Standards Institute. A structure-activity relationship 

analysis was also performed by reconciling the chemical structure of statins and the 

selected metabolites with their respective MICs to postulate a plausible mechanism 

of antibacterial activity (Objective 2). 

 

A sequence symmetry analysis (SSA) was performed on outpatient prescription 

claims from the Australian Department of Veterans’ Affairs (DVA) to determine the 

interrelationships between statins, diabetes, and skin infections (Objective 3). A 

retrospective matched case-control study (SSTI cases, n = 165; controls without 

SSTIs, n = 165) was conducted on inpatients admitted in the Medical Ward of 

Rockingham General Hospital, Western Australia. The primary analysis of this study 

aimed to determine: (i) the association between statin use and the risk of SSTIs and 

(ii) whether the use of statins was associated with improved clinical outcomes. A 

secondary analysis on the subgroup of patients with an SSTI infection determined the 
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association between statin use and: (i) the incidence of diabetes and (ii) clinical 

outcome indicators (Objective 3). 

 

Results: The 16 studies used in the literature review showed that current evidence 

better supports statins as AMR breakers, with SMV demonstrating the most promise 

as a novel adjuvant antibiotic (Objective 1). However, further analysis within a 

statin-bacteria-human-environment continuum also raised the possibility of statins 

contributing to AMR. 

 

Laboratory experiments demonstrated that SMV (MIC = 64 μg/mL), PTV-lactone 

(MIC = 128 μg/mL), ATV, and FLV (MIC[ATV] = MIC[FLV] = 256 μg/mL) exerted 

bacteriostatic effects against S. aureus. None of the statins or metabolites exerted 

antibacterial effects against E. coli, P. aeruginosa, or S. marcescens. Through a 

structure-activity relationship analysis, it was postulated that statins’ antibacterial 

action may involve statins binding with alanine residues of teichoic acids present on 

Gram-positive bacterial cell surfaces. This may occur via interactions involving the 

combination of a hydrophobic statin ring system, a lactone ring moiety, and a gem-

dimethyl moiety or a cyclopropyl ring (Objective 2).  

 

From the SSA on DVA prescription data, statins were associated with: (i) 

significantly increased risks of SSTIs, (ii) significant increased risks of diabetes, and 

(iii) diabetic patients had significantly increased risk of SSTIs. Diabetic and non-

diabetic statin users had significantly increased risks of SSTIs, while the influence 

from socio-economic status was not significant for each of the three relationships 

(Objective 3). The primary analysis from the case-control study on inpatients 

demonstrated (i) the use of ATV, PRV, and SMV was not significantly associated 

with SSTIs, along with (ii) no significant differences in clinical outcomes between 

stain users and non-statin users. In the secondary analysis on inpatients with an SSTI, 

(i) the use of ATV was associated with a significantly increased risk of diabetes (RR 

= 2.854, p = 0.001) and (ii) no significant differences in clinical outcomes between 

statin users and non-statin users (Objective 3).  

 

Conclusions and Recommendations: By reconciling laboratory evidence with 

clinical evidence, it is unlikely that statins which are associated with significant risk 
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of diabetes (ATV, FLV, LVS, PRV, RSV, and SMV) may serve as novel therapeutic 

agents for SSTIs. Statins may increase the risk of SSTIs through a direct mechanism 

(reduction of innate immunity) or through an indirect mechanism (increasing the risk 

of diabetes, in turn a risk factor for SSTIs). The combined possibility of systemic 

absorption, lack of antibacterial activity against pathogens causing severe SSTIs, and 

risk of statin contribution to AMR collectively mitigate laboratory evidence for the 

use of statins as topical novel therapeutic agents. Further research on PTV in a 

country where it is registered for clinical use might corroborate if it is the only statin 

with potential for repurposing as a novel therapeutic agent for SSTIs due to its 

favourable effects on diabetes and obesity.  

 

Of greater concern however, this research unravelled the ominous possibility that 

extensive use of statins globally could contribute to AMR via selective pressures or 

co-selection for resistance, which warrants further investigation beyond the scope of 

this thesis. It is hoped that the postulated mechanism of statins’ antibacterial action 

and suggested common areas of research in the human gut microbiome and PXRs, 

amongst other contributions in this thesis, might support and invoke further research 

in the search for other novel SSTI treatments, in tandem with addressing statins’ 

influence on AMR. 



 

vi 

ACKNOWLEDGEMENTS

 

As I draw closer towards my hope of being a practising academic pharmacist, I am 

truly grateful to the following people who have and continue to shower me with 

immense Kindness and Love in my journey: 

 

     Prof Jeffery Hughes, for guiding, encouraging, and organising opportunities for 

me to work as a hospital pharmacist and sessional tutor even before my PhD course. 

     Dr Ricky Lareu, for motivating and mentoring me in my research, furthering my 

sessional opportunities, and training me to facilitate student learning. 

     Dr Brett Dix, for coaching me in the finer aspects of laboratory techniques and 

advice in establishing the foundation for my lab work. 

     Dr Richard Parsons, for tutoring me through statistics and inspiring me to further 

engage in this essential component of research.  

     Dr Nicole Pratt (University of South Australia) and her co-authors,
1
 who 

obligingly shared their sequence symmetry analysis SAS program codes. 

     The authorities of the Australian Government Research Training Program, for 

kindly funding my research.  

     My colleagues (especially Ms Angela Samec) at the School of Pharmacy and 

Biomedical Sciences in Curtin University and fellow PhD mates (especially Ms 

Martha Mungkaje) at the Curtin Health Innovation Research Institute Biosciences 

Research Precinct, for supporting me through technical trouble shooting and their 

amiable companionship. 

     The staff and ethics committees of the Australian Department of Veterans’ Affairs 

and Western Australian South Metropolitan Health Services, for patiently compiling 

and granting me access to the raw data for my research. 

     Mr Graham Stannard, for personifying empathy - I will pay it forward. 

     Mr Wu Tuck Seng, for shepherding me to be the best pharmacist I can be. 

     My communities from SJI, NJC, NUS, MM, NUH, TP, SMC, SC, RPH, SCGH, 

and RGH - acronyms are just institutions, but bonds formed therein remain always.  

     Ian and Aunty Ngoh, for taking care of me since my first day in Perth. 

     My family at home in Singapore, especially my mother (Suan Suan) and sister 

(Katherine), who have loved me all my life and moulded all that is good in me.



 

vii 

LIST OF PUBLICATIONS AND PRESENTATIONS 

 

The work leading to this thesis has contributed to the following publications and 

presentations: 

 

Publications on work which form this thesis 

Peer-Reviewed Manuscripts  

 Ko H, Lareu RR, Dix BR, Hughes JD, Parsons RW. A sequence symmetry 

analysis of the interrelationships between statins, diabetes, and skin infections. Br 

J Clin Pharmacol. 2019; 85(11):2559-2567. doi:10.1111/bcp.14077. 

 Ko H, Lareu RR, Dix BR, Hughes JD. In vitro antibacterial effects of statins 

against bacterial pathogens causing skin infections. Eur J Clin Microbiol Infect 

Dis. 2018; 37(6):1125-1135. doi:10.1007/s10096-018-3227-5. 

 Ko H, Lareu RR, Dix BR, Hughes JD. Statins: antimicrobial resistance breakers 

or makers? PeerJ. 2017;5:e3952. doi:10.7717/peerj.3952. 

 

Publications on reflections of other researchers’ work related to this thesis 

Letters to the Editor  

 Ko H, Lareu RR, Dix BR, Hughes JD. Effect of statins on sepsis outcome in a 

population-based cohort study. Chest. 2018;154:718-9. 

doi:10.1016/j.chest.2018.04.046.  

 Ko H, Lareu RR, Dix BR, Hughes JD. Statin use associated with a decreased risk 

of community-acquired Staphylococcus aureus bacteremia. Mayo Clinic 

Proceedings. 2018;93(4):541-2. doi:10.1016/j.mayocp.2017.12.024. 

 

Presentations 

 Ko H, Lareu RR, Dix BR, Hughes JD, Parsons R. Prescription of statins: A life 

trajectory to diabetes mellitus? Poster Presentation at the Science on the Swan 

Conference held from 1
st
 to 3

rd
 May 2018 in Fremantle, Perth, Australia. 

 Ko H, Lareu R, Dix B, Hughes J. Using prescription sequence symmetry analysis 

to determine if statins cause skin infections and/or diabetes. Oral presentation at 

the Mark Liveris Health Sciences Research Student Seminar held on 1
st
 

September 2016 in Curtin University, Perth, Australia. 



LIST OF PUBLICATIONS AND PRESENTATIONS 
 

viii 

 Ko H, Lareu R, Dix B, Hughes J. Statins – antimicrobial effects and resistance. 

Poster presentation at the Australian Society for Antimicrobials’ 17
th

 Annual 

Scientific Meeting – Antimicrobials 2016 held from 25
th

 to 27
th

 February 2016 in 

Melbourne Exhibition Centre, Melbourne, Australia. 

 Ko H, Lareu R, Dix B, Hughes J. My anti-cholesterol medicine is anti-bacterial 

too! Oral presentation at the Mark Liveris Health Sciences Research Student 

Seminar held on 3
rd

 September 2015 in Curtin University, Perth, Australia. 

 

 

 



 

ix 

TABLE OF CONTENTS 

 

DECLARATION ...................................................................................................................... i 

ABSTRACT ............................................................................................................................. ii 

ACKNOWLEDGEMENTS .................................................................................................... vi 

LIST OF PUBLICATIONS AND PRESENTATIONS ......................................................... vii 

TABLE OF CONTENTS ........................................................................................................ ix 

LIST OF ACRONYMS AND ABBREVIATIONS ............................................................... xv 

LIST OF FIGURES ............................................................................................................. xvii 

LIST OF TABLES ................................................................................................................ xix 

PREFACE .............................................................................................................................. xx 

CHAPTER ONE ...................................................................................................................... 1 

1. Introduction ...................................................................................................................... 2 

1.1 Research Overview .................................................................................................. 2 

1.2 Background .............................................................................................................. 4 

1.2.1 Pathogenesis of SSTIs ...................................................................................... 4 

1.2.2 Bacterial pathogens involved in SSTIs ............................................................ 5 

1.2.3 Classification of SSTIs ..................................................................................... 5 

1.2.4 Treatment of SSTIs .......................................................................................... 6 

1.3 Research problems and question .............................................................................. 7 

1.3.1 SSTIs diminish healthcare resources ............................................................... 7 

1.3.2 SSTIs associated with AMR ............................................................................ 8 

1.3.3 Urgent need for novel treatments ..................................................................... 9 

1.3.3.1     Obstacles to development of new antimicrobials ....................................... 10 

1.3.3.2     Efforts to develop novel treatments ........................................................... 11 

1.3.4 Repurposing statins for SSTIs? ...................................................................... 12 

CHAPTER TWO ................................................................................................................... 14 

2. Literature Review on Statins’ Antibacterial Effects ...................................................... 15 

2.1 Preamble ................................................................................................................ 15 

2.1.1 Objectives ...................................................................................................... 16 

2.1.2 Potential significance of review ..................................................................... 16 

2.2 Methods.................................................................................................................. 16 

2.2.1 Literature search ............................................................................................. 16 

2.2.2 Studies selection ............................................................................................. 18 

2.2.3 Data extraction ............................................................................................... 18 

2.3 Results .................................................................................................................... 19 



TABLE OF CONTENTS 

x 

2.3.1 Antibacterial activity of statins against Gram-positive bacteria .................... 19 

2.3.2 Antibacterial activity of statins against Gram-negative bacteria ................... 21 

2.3.3 Variations in MIC results amongst different studies ...................................... 23 

2.4 Discussion .............................................................................................................. 24 

2.4.1 AMR breaker: Intrinsic antibacterial activity ................................................ 25 

2.4.2 Knowledge gap: Contribution of statins as AMR makers via selective 

pressures or co-selection ................................................................................................ 25 

2.4.3 Knowledge gap: Mechanism of statins’ antibacterial action ......................... 26 

2.4.3.1    Fungal origin unlikely correlates with statins’ antibacterial activity .......... 27 

2.4.3.2    Inhibition of human or bacterial HMG-CoA reductase unlikely correlates 

with statins’ antibacterial activity .............................................................................. 27 

2.4.4 AMR breaker: Synergistic antibiotic effects .................................................. 29 

2.4.5 AMR breaker: Attenuated virulence factors .................................................. 29 

2.4.6 AMR breaker: Enhanced host immunity ........................................................ 29 

2.4.6.1    Knowledge gap: NET production ............................................................... 30 

2.4.6.2    Knowledge gap: Pleiotropic effects in sepsis .......................................... 30 

2.4.6.3    Knowledge gap: Nuclear receptor agonists ............................................. 31 

2.4.7 AMR breaker: Improved wound healing ....................................................... 32 

2.4.8 AMR maker: Dysbiosis of gut microbiota ..................................................... 32 

2.4.9 AMR maker: Statin plasma concentrations in bacteraemic patients being 

much lower than MIC .................................................................................................... 33 

2.4.10 AMR maker: Environmental impact due to extensive use of stains .............. 34 

2.5 Conclusions ............................................................................................................ 34 

CHAPTER THREE ............................................................................................................... 36 

3. Laboratory Evidence (Antibacterial Effects Against Skin Pathogens) .......................... 37 

3.1 Preamble ................................................................................................................ 37 

3.1.1 Objectives ...................................................................................................... 39 

3.1.2 Potential significance of the research ............................................................. 39 

3.2 Methods.................................................................................................................. 39 

3.2.1 Solvent for water-insoluble statins ................................................................. 40 

3.2.2 Preparation of statins ...................................................................................... 40 

3.2.3 Broth microdilution method ........................................................................... 41 

3.2.4 Unaided visual determination of MIC and test for bacteriostatic or 

bactericidal effects ......................................................................................................... 42 

3.2.5 Spectrophotometric analysis .......................................................................... 42 

3.2.6 Determining MIC with incompletely dissolved SMV ................................... 43 

3.2.6.1    Effect of undissolved SMV alone during incubation .............................. 43 



TABLE OF CONTENTS 

xi 

3.2.6.2    Effect of undissolved SMV incubated with inoculum during log phase . 43 

3.2.6.3    Comparing colony counts before and after incubation ........................... 43 

3.2.7 Statistical analysis .......................................................................................... 44 

3.3 Results .................................................................................................................... 44 

3.3.1 Solvent for water-insoluble statins ................................................................. 44 

3.3.2 Unaided visual determination of MIC and test for bacteriostatic or 

bactericidal effects ......................................................................................................... 45 

3.3.3 Spectrophotometric analysis .......................................................................... 47 

3.3.4 Determining MIC with incompletely dissolved SMV ................................... 50 

3.4 Discussion .............................................................................................................. 52 

3.4.1 Statins suitable as topical antibacterial agents ............................................... 52 

3.4.2 Structure-activity relationship analysis .......................................................... 54 

3.4.3 Postulated mechanism of antibacterial activity .............................................. 56 

3.4.4 Limitations of study ....................................................................................... 57 

3.5 Conclusions ............................................................................................................ 60 

CHAPTER FOUR .................................................................................................................. 62 

4.  Ambulatory Care Evidence (Sequence Symmetry Analysis) ....................................... 63 

4.1 Preamble ................................................................................................................ 63 

4.1.1 Objectives ...................................................................................................... 64 

4.1.2 Potential significance of the research ............................................................. 65 

4.2 Methods.................................................................................................................. 65 

4.2.1 Data source ..................................................................................................... 66 

4.2.2 Primary analysis ............................................................................................. 66 

4.2.3 Confirmatory analysis .................................................................................... 68 

4.2.4 Secondary analysis ......................................................................................... 68 

4.2.5 Statistical analysis .......................................................................................... 68 

4.2.6 Ethics approval ............................................................................................... 68 

4.3 Results .................................................................................................................... 69 

4.3.1 Primary analysis ............................................................................................. 69 

4.3.2 Confirmatory analysis .................................................................................... 72 

4.3.3 Secondary analysis ......................................................................................... 73 

4.4 Discussion .............................................................................................................. 75 

4.4.1 Statins and risk of SSTIs ................................................................................ 75 

4.4.1.1    Statins and risk of diabetes (plausible indirect SSTI mechanism) .......... 76 

4.4.1.2    Statins and the immune system (plausible direct SSTI mechanism) ...... 78 

4.4.2 Healthy user effect ......................................................................................... 79 

4.4.3 Limitations of study ....................................................................................... 79 



TABLE OF CONTENTS 

xii 

4.5 Conclusions ............................................................................................................ 81 

CHAPTER FIVE ................................................................................................................... 83 

5. Hospital Care Evidence (Case-Control Study) .............................................................. 84 

5.1 Preamble ................................................................................................................ 84 

5.1.1 Objectives ...................................................................................................... 85 

5.1.2 Potential significance of the research ............................................................. 85 

5.2 Methods.................................................................................................................. 85 

5.2.1 Study design ................................................................................................... 85 

5.2.1.1    Identification of cases and controls ......................................................... 86 

5.2.1.2    Primary and secondary analyses ............................................................. 87 

5.2.2 Data collection ............................................................................................... 88 

5.2.3 Sample size calculations and statistical analysis ............................................ 89 

5.2.4 Ethics approval ............................................................................................... 90 

5.3 Results .................................................................................................................... 90 

5.3.1 Baseline demographics .................................................................................. 90 

5.3.2 Primary analysis ............................................................................................. 93 

5.3.2.1    Statin use and the risk of SSTIs .............................................................. 93 

5.3.2.2    Statin use and clinical outcomes in total sample population ................... 94 

5.3.3 Secondary analysis ......................................................................................... 94 

5.3.3.1    Statin use and diabetes in SSTI cases only ............................................. 94 

5.3.3.2    Statin use and clinical outcomes in SSTI cases only .............................. 95 

5.3.4 Summary of results ........................................................................................ 96 

5.4 Discussion .............................................................................................................. 97 

5.4.1 Statin use and direct risk of SSTIs ................................................................. 97 

5.4.2 Statin use and risk factors for SSTIs .............................................................. 97 

5.4.3 Limitations ..................................................................................................... 99 

5.5 Conclusions .......................................................................................................... 100 

CHAPTER SIX .................................................................................................................... 101 

6. Discussion of Accumulated Evidence .......................................................................... 102 

6.1 Overview .............................................................................................................. 102 

6.2 Reconciliation of laboratory evidence with clinical evidence ............................. 102 

6.2.1 Most suitable statin(s) as novel adjuvant(s)/treatment(s) for SSTIs ............ 102 

6.2.1.1    Likelihood of ATV, FLV, PTV, and SMV ........................................... 103 

6.2.1.2    Likelihood of LVS, PRV, and RSV ...................................................... 105 

6.3 Strengths and limitations of accumulated evidence ............................................. 105 

6.3.1 Importance and limitations of clinical evidence .......................................... 106 



TABLE OF CONTENTS 

xiii 

6.3.2 Importance and limitations of laboratory evidence ...................................... 108 

6.4 Suggestions for future research ............................................................................ 110 

6.4.1 Research in the human gut microbiome ....................................................... 111 

6.4.2 Research in PXRs......................................................................................... 112 

CHAPTER SEVEN ............................................................................................................. 113 

7. Conclusions and Recommendations ............................................................................ 114 

REFERENCES .................................................................................................................... 117 

APPENDICES ..................................................................................................................... 138 

Appendix 1: PRISMA checklist for manuscript published in (PeerJ)
47

 .............................. 139 

Appendix 2: Compiled antimicrobial susceptibility results of statins against various Gram-

positive bacteria reported in literature ................................................................................. 141 

Appendix 3: Compiled antimicrobial susceptibility results of statins against various Gram-

negative bacteria reported in literature ................................................................................. 146 

Appendix 4: Co-authors’ permission to include published paper (PeerJ)
47

 as Chapter Two of 

thesis .................................................................................................................................... 149 

Appendix 5: License agreement for published paper (Eur J Clin Microbiol Infect Dis)
130

 to 

be used in thesis for examination (embargo period till 17
th
 May 2019) .............................. 150 

Appendix 6: Co-authors’ permission to include published paper (European Journal of 

Clinical Microbiology and Infectious Diseases)
130

 as Chapter Three of thesis ................... 152 

Appendix 7: License agreement for published paper (Br J Clin Pharmacol)
160

 to be used in 

thesis for examination (embargo period till 8
th
 October 2020) ............................................ 153 

Appendix 8: Co-authors’ permission to include manuscript submitted for consideration of 

publication in the Medical Journal of Australia as Chapter Four of thesis (subsequently 

accepted for publication in the British Journal of Clinical Pharmacology)
160

 .................... 158 

Appendix 9: Ethics approval from the Australian DVA for research work in Chapter Four of 

thesis .................................................................................................................................... 159 

Appendix 10: Calculating null-effect sequence ratio (NSR) for Chapter Four of thesis ..... 161 

Appendix 11: Anatomical Therapeutic Chemical codes and respective Daily Defined Dose 

used in Chapter Four of thesis ............................................................................................. 162 

Appendix 12: Admission diagnoses for control group in Chapter Five ............................... 164 

Appendix 13: Customised data collection form for research work in Chapter Five of thesis

 ............................................................................................................................................. 165 

Appendix 14: Ethics approval from the South Metropolitan Area Health Service for research 

work in Chapter Five of thesis ............................................................................................. 166 

Appendix 15: Reciprocal ethics approval for research from Curtin University .................. 167 

Appendix 16: Supplementary hospital data showing the relationship between statin use with 

obesity and diabetes respectively ......................................................................................... 168 



TABLE OF CONTENTS 

xiv 

Appendix 16-1: Supplementary hospital data showing the relationship between statin use 

with obesity
‡
 ..................................................................................................................... 168 

Appendix 16-2: Supplementary hospital data showing the relationship between statin use 

with diabetes
‡
 ................................................................................................................... 168 

 

 



 
 

xv 

LIST OF ACRONYMS AND ABBREVIATIONS 

 

ABSSSI: Acute bacterial skin and skin structure infection 

ACEI:  Angiotensin-converting enzyme inhibitor 

AMR:  Antimicrobial resistance  

ANOVA: Analysis of variance 

ARB:  Angiotensin II receptor blocker 

ASR:  Adjusted sequence ratio  

ATCC: American Type Culture Collection 

ATV:  Atorvastatin 

CAMHB: Cation-adjusted Mueller Hinton broth 

CFU:  Colony-forming unit 

CI:  Confidence interval 

CINAHL: Cumulative Index to Nursing and Allied Health Literature 

CLSI:  Clinical and Laboratory Standards Institute 

COPD: Chronic obstructive pulmonary disease 

CSR:  Crude sequence ratio 

DMSO: Dimethyl sulfoxide 

DVA:  Department of Veterans’ Affairs 

ESKAPE: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter 

species 

FDA:  Food and Drug Administration  

FLV:  Fluvastatin 

FPP:  Farnesyl pyrophosphate  

FXR:  Farnesoid X receptor 

GC:  Growth control 

GCR:  Glucocorticoid receptor 

HIV:  Human immunodeficiency virus 

HMG-CoA: 3-hydroxy-3-methylglutaryl Coenzyme A 

ICD-10: International Statistical Classification of Diseases and Related Health 

Problems, 10th revision  

IRSAD: Index of Relative Socio-economic Advantage and Disadvantage 

LDL:  Low-density lipoprotein 

LDL-C: Low-density lipoprotein cholesterol 



LIST OF ACRONYMS AND ABBREVIATIONS 
 

xvi 

LVS:  Lovastatin 

LVS-OH: Lovastatin hydroxy 

MIC:  Minimum inhibitory concentration 

MRCoNS: Methicillin-resistant coagulase negative Staphylococcus aureus  

MRSA: Methicillin-resistant Staphylococcus aureus  

MSSA:  Methicillin-susceptible Staphylococcus aureus 

NCCLS: National Committee for Clinical Laboratory Standards 

NET:  Neutrophil extracellular trap 

ns:  Not significant 

NSR:  Null-effect sequence ratio 

NT:  Not tested 

OD625: Optical density at wavelength 625 nm 

OR:  Odds ratio 

PAMP: Pathogen associated molecular pattern 

PPARγ: Peroxisome proliferator-activated receptor gamma 

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

PRV:  Pravastatin 

PTV:  Pitavastatin 

PXR:  Pregnane X receptor 

RR:  Relative risk 

RSV:  Rosuvastatin 

SC:  Sterility control 

SD:  Standard deviation 

SMV:  Simvastatin 

SMV-OH: Simvastatin hydroxy 

SSA:  Sequence symmetry analysis 

SSTI:  Skin and soft tissue infection 

Th1:  T helper cell type 1 

Th17:  T helper cell type 17 

TNTC:  Too numerous to count 

Treg:  T regulatory cells 

VDR:  Vitamin D receptor 

VISA:  Vancomycin-intermediate Staphylococcus aureus 

VRE:  Vancomycin-resistant Enterococci 

VRSA:  Vancomycin-resistant Staphylococcus aureus 



 
 

xvii 

LIST OF FIGURES 

 

CHAPTER ONE 

Figure 1-1: Overview of thesis research. ................................................................................. 3 

 

CHAPTER TWO 

Figure 2-1: Flow chart summarising literature search process performed in six databases on 

7th April 2017. ....................................................................................................................... 17 

Figure 2-2: Potential of statins as repurposed novel adjuvant antibiotics for infections in the 

statin-bacteria-human-environment continuum. .................................................................... 24 

 

CHAPTER THREE 

Figure 3-1: Comparing the effects of DMSO and methanol at different concentrations on 

various bacterial strains. ......................................................................................................... 45 

Figure 3-2: Susceptibility of various bacterial strains to specific statins after incubation for 

20 hours at 35°C. ................................................................................................................... 46 

Figure 3-3: Antibacterial activity of statins against E. coli after incubation for 20 hours at 

35°C as determined by spectrophotometry. ........................................................................... 48 

Figure 3-4: Antibacterial activity of statins against S. marcescens after incubation for 20 

hours at 35°C as determined by spectrophotometry. ............................................................. 49 

Figure 3-5: Antibacterial activity of statins against P. aeruginosa after incubation for 20 

hours at 35°C as determined by spectrophotometry. ............................................................. 50 

Figure 3-6: Determining MIC with incompletely dissolved SMV. ....................................... 51 

Figure 3-7: Structure-activity relationship analysis to identify functional groups responsible 

for antibacterial activity against S. aureus. ............................................................................ 55 

 

CHAPTER FOUR 

Figure 4-1: Using SSA to evaluate plausible interrelationships between statins, diabetes 

mellitus, and SSTIs. ............................................................................................................... 67 

Figure 4-2: Waiting time distribution graph for all drugs (statins, antidiabetics, and 

antibiotics) involved in this study. ......................................................................................... 69 

Figure 4-3: Results of SSA for the relationship between statins and SSTIs. ......................... 70 

Figure 4-4: Results of SSA for the relationship between statins and diabetes mellitus. ........ 71 

Figure 4-5: Results of SSA for the relationship between diabetes mellitus and SSTIs. ........ 72 

Figure 4-6: Confirmatory sequence symmetry analysis to determine the risk of SSTIs 

associated with non-diabetic statin users compared to diabetic statin users. ......................... 73 

Figure 4-7: Index of Relative Socio-economic Advantage and Disadvantage (IRSAD) scores 

reflecting socio-economic status of patients (with known residential electorates) who filled 

first prescriptions. .................................................................................................................. 74 

 

CHAPTER FIVE 

Figure 5-1: Diagram outlining methodology of study. .......................................................... 86 



LIST OF FIGURES  
 

xviii 

Figure 5-2: Flowchart summarising pertinent results of the primary and secondary analyses 

with relevant table references in bold. ................................................................................... 96 



 

xix 

LIST OF TABLES 

 

CHAPTER TWO 

Table 2-1: Summarised range of statins’ in vitro antibacterial activity against various Gram-

positive bacteria reported in literature. .................................................................................. 20 

Table 2-2: Summarised range of statins’ in vitro antibacterial activity against various Gram-

negative bacteria reported in literature. .................................................................................. 22 

 

CHAPTER FIVE 

Table 5-1: Demographics of 165 cases (patients with SSTIs) matched with 165 controls 

(patients without SSTIs).
 †
 ...................................................................................................... 92 

Table 5-2: Primary analysis (i) association between statin use and risk of SSTIs (n = 330).
†
93 

Table 5-3: Primary analysis (ii) association between statin use and clinical outcome 

indicators in total sample population (n = 330).
‡
 ................................................................... 94 

Table 5-4: Secondary analysis (i) association between statin use and diabetes in SSTI cases 

only (n = 165).
‡
 ...................................................................................................................... 95 

Table 5-5: Secondary analysis (ii) association between statin use and clinical outcome 

indicators in SSTI cases only (n = 165).
‡
 ............................................................................... 96 

 

CHAPTER SIX 

Table 6-1: Tabulated summary of evidence in a translational research framework to identify 

statin(s) suitable as novel adjuvant(s)/treatment(s) for SSTIs. ............................................ 106 

 

 

 



 

xx 

PREFACE

 

The primary investigator thanks all readers for taking the time to review this thesis, 

which is comprised of published and unpublished research material, conforms to the 

Vancouver referencing style, and has been written in British English. It details the 

hypothesis that statins, an extensively prescribed class of medicines for reducing the 

risk of cardiovascular diseases, may potentially be repurposed to serve as novel 

antibacterial agents to treat bacterial skin infections. In doing so, the need to use vital 

last-line antibiotics in this era of antimicrobial resistance would be reduced and 

significant healthcare resources could potentially be saved. 

 

Briefly, the thesis has been organised as follows: 

Chapter One:  Introduction  

Chapter Two:  Literature Review on Statins’ Antibacterial  

   Effects 

Chapter Three: Laboratory Evidence (Antibacterial Effects Against Skin 

   Pathogens) 

Chapter Four:  Ambulatory Care Evidence (Sequence Symmetry Analysis) 

Chapter Five:  Hospital Care Evidence (Case-Control Study) 

Chapter Six:  Discussion of Accumulated Evidence 

Chapter Seven: Conclusions and Recommendations 

 

Peer-reviewed publications from this research were derived from a comprehensive 

review in accordance with the requirements of a systematic review (Chapter Two), 

and results of laboratory experiments conducted at the Curtin Health Innovation 

Research Institute (Chapter Three). Further, a manuscript utilising sequence 

symmetry analysis of prescription data from the Australian Department of Veterans’ 

Affairs has been accepted for publication (Chapter Four). Lastly, a case-control study 

of hospitalised patients was conducted in Rockingham General Hospital, where the 

primary investigator works as a pharmacist. This study has recently been concluded 

and the unpublished findings are presented in Chapter Five of the thesis. 

 



PREFACE 

xxi 

In summary, this research found little evidence supporting the original hypothesis of 

statins serving as novel antibacterial agents. Rather, the accumulated evidence 

suggested an ominous possibility that statins may be associated with antimicrobial 

resistance instead. This is an important finding given the widespread global use of 

statins and as such, warrants further investigation beyond the scope of this thesis. 
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1. Introduction   

 

1.1 Research Overview  

As the world approaches a post-antibiotic era whereby last-line antibiotics may 

become ineffective due to antimicrobial resistance (AMR),
2
 compounded by the 

drought of novel antibiotics for over a decade,
3
 there exists a real threat of increased 

mortality from common infections and minor injuries which were once easily treated. 

The process of finding new uses for old drugs (drug repurposing or repositioning) 

has been shown to be a viable research area for bacterial infections,
3
 with advantages 

such as huge financial savings via established essential drug properties and safety 

information gleaned from previous clinical trials,
4
 the potential to impede AMR by 

serving as “AMR breakers”,
5
 as well as the prospect of bridging basic scientific 

research with applied research in clinical practice (translational research).
6
 

 

This introduction (Chapter One) expounds on the research problems (in red boxes; 

Figure 1-1), whereby skin and soft tissue infections (SSTIs) are common infections 

that consume significant healthcare resources and require frequent antibiotic 

administration, potentially contributing to AMR. The search for an effective solution 

led to the research question of whether statins, an extensively prescribed class of 

medicines to reduce cholesterol,
7
 could be repurposed as potential novel 

adjuvants/treatments for bacterial SSTIs via studying the relationship between statins 

and bacterial skin infections. 
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Figure 1-1: Overview of thesis research. 

Flowchart interweaving the research problems and question (in red boxes), specific 

research projects (in blue boxes), and overall research objectives (in green boxes) to 

evaluate the hypothesis that statins may potentially be repurposed to serve as novel 

antibacterial agents to treat bacterial SSTIs and mitigate SSTI recurrence, thereby 

conceivably reducing AMR and saving considerable healthcare resources. 

 

 

To the author’s knowledge, there are no known studies which examined the effect of 

statins and skin infections specifically. Adopting a translational (basic to applied, or 

“bench-to-bedside”) research framework, the overall objectives of this research (in 

green boxes; Figure 1-1) involved determining if basic research (whether statins 

exerted in vitro antibacterial effects against bacterial skin pathogens) aligned with the 
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results of applied research (whether statins demonstrated beneficial effects in the 

ambulatory and hospital care of patients with SSTIs). 

 

Specific research projects (in blue boxes; Figure 1-1) were thus undertaken to 

accumulate literature evidence on statins’ in vitro antibacterial effects (Chapter 

Two), laboratory evidence to evaluate statins’ antibacterial effects on skin pathogens 

(Chapter Three), clinical evidence from the community setting (Chapter Four), and 

clinical evidence from the hospital setting (Chapter Five). The accumulated evidence 

was analysed and discussed collectively (Chapter Six), then conclusions were 

derived as to whether repurposing statins as novel adjuvants/treatments for SSTIs 

was feasible, along with recommendations for further research (Chapter Seven). If 

repurposing was found to be viable, statins would potentially serve as AMR breakers 

and save substantial healthcare resources which could be diverted to other medical 

conditions. 

 

1.2 Background 

1.2.1 Pathogenesis of SSTIs 

The human skin confers an initial innate defence against pathogenic microorganisms 

by functioning as a mechanical barrier due to the tight junctions between epithelial 

cells, secreting acidic fluids and fatty acids which deter microbial growth, and 

interacting with its normal flora to impede colonisation by other microbes.
8, 9

 When 

the epidermal protective layer is compromised, the skin initiates cutaneous innate 

and adaptive immune defences.
10

 

 

SSTIs ensue when inflammatory lesions, microabrasions, or traumatic insults permit 

microorganisms to infiltrate the protective barrier, and these pathogens adhere to 

deeper tissue layers of the host, proliferate by escaping the host’s immune defence, 

and produce toxins which overstimulate the human immune system, triggering 

massive inflammatory responses.
8, 11

  

 

Although SSTIs may be caused by bacteria, fungi, viruses, or parasites, this research 

focused on bacterial SSTIs due to their predominance over the other types of 

pathogen-induced SSTIs.
8
 In addition, the skin microbiota is composed of mainly 
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bacteria such as Staphylococcus aureus,
12

 and colonisation of the skin with S. aureus 

increases the risk of invasive infections.
10

  

 

1.2.2 Bacterial pathogens involved in SSTIs 

Being in constant contact with environmental microorganisms, the human skin serves 

as a primary defence barrier against potential bacterial pathogens. Gram-positive 

bacteria such as S. aureus, Streptococcus pyogenes, Staphylococcus epidermidis, 

Corynebacterium species and Propionibacterium species usually colonise skin 

surfaces both above and below the waist, while Gram-negative enteric bacteria such 

as Enterobacteriaceae species and Enterococcus species usually colonise skin below 

the waist, likely because of proximity to the anorectal area (faecal veneer).
8, 13

 

 

S. aureus has been identified as the most common bacterial pathogen causing 

SSTIs,
13

 responsible for SSTIs acquired in both the community and hospital.
14

 S. 

pyogenes has been implicated for many community-associated SSTIs, while 

Pseudomonas aeruginosa, Enterococcus species, Escherichia coli, and coagulase 

negative S. aureus are of concern in hospital-associated SSTIs.
14, 15

 Klebsiella 

pneumoniae is an opportunistic pathogen of concern that is responsible for 

community and hospital-acquired infections. Severe skin infections in 

immunocompromised and diabetic patients have been increasingly associated with E. 

coli and Serratia marcescens,
16, 17

 whilst patients immunocompromised due to 

alcohol-induced cirrhosis have an increased susceptibility to developing 

Acinetobacter baumannii associated SSTIs.
18

 

 

1.2.3 Classification of SSTIs 

Recommendations have been made to organise SSTIs according to specific variables, 

such as anatomical location, causative agent, clinical presentation (primary or 

secondary infection), extent of condition (localised or disseminated), progression rate 

(acute or chronic condition), and severity (presence of comorbidities).
13

 Depending 

on the depth of infection, SSTIs may be further classified as uncomplicated 

superficial infections (limited to the epidermis and/or dermis, such as impetigo, 

folliculitis, or carbuncles), or complicated deep infections (involving the deep 

dermis, subcutaneous tissue, fascia, and/or muscle, such as cellulitis, myositis, or 

necrotising infections).
13
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However, a general consensus on the preferred classification for SSTIs has not been 

reached,
13

 probably because of the dynamic and complex nature of SSTIs. 

Uncomplicated superficial infections may deteriorate to complicated life-threatening 

infections (especially in immunosuppressed patients), or superficial infections at 

certain anatomical locations may need to be treated as complicated SSTIs, such as 

rectal abscesses, which carry a high risk of anaerobic and Gram negative infections.
13

  

 

Although the United States Food and Drug Administration (FDA) introduced the 

term “acute bacterial skin and skin structure infections” (ABSSSIs) to include 

cellulitis, wound infections, and cutaneous abscesses with a lesion size of at least 

75cm
2
, the ABSSSI classification was not utilised throughout the country as the 

Infectious Diseases Society of America categorised SSTIs by the presence of 

purulence and disease severity instead.
19

 Moreover, the ABSSSI classification 

excluded chronic polymicrobial infections such as diabetic foot infections, and 

milder SSTIs such as impetigo.
20

 To avoid multiple and ambiguous nomenclatures, 

this thesis used the term “SSTIs”, which may be further specified as superficial, 

deep, uncomplicated, or complicated where necessary. 

 

1.2.4 Treatment of SSTIs 

Depending on the type and severity of infection, early surgical intervention may be 

required to clean the wound.
9
 Upon establishing where and how the infection 

originated, empirical antibiotics with a spectrum effective against the most likely 

pathogen(s) are initiated, and changed if required according to culture and sensitivity 

tests.
13

 Empirical treatment for SSTIs should always be effective against 

Staphylococcus species and Streptococcus species (normal skin flora), but treatment 

for SSTIs below the waist should be also effective against E. coli, Enterococcus 

species, and other coliforms (faecal veneer).
8
  

 

A short course of topical and/or oral antibiotics may be sufficient for superficial 

uncomplicated SSTIs, but oral and/or parenteral antibiotics for a longer duration 

(depending on causative pathogen, infection severity and patient response) are 

usually required for deep complicated SSTIs.
13

 There are currently no guidelines on 

how long antibiotics should be used to treat bacterial SSTIs, hence the duration of 
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therapy is usually based on the severity of SSTIs and clinical response of the patient 

during physician follow-up sessions, with the average treatment ranging from 7 to 14 

days.
8, 13

 

 

Extracellular streptococcal toxins contribute to tissue damage, shock, and organ 

failure, hence attenuation of toxins may improve patient outcome.
21

 The role of 

intravenous immunoglobulin has not been established,
21

 but it has been used together 

with surgical debridement to manage streptococcal toxic shock syndrome because 

the immunoglobulin may theoretically bind to the exotoxin, neutralise streptococcal 

superantigens, and aid the host’s immunity in clearing S. pyogenes.
13

  

 

In addition, wound healing measures have been undertaken to significantly improve 

patient recovery.
9
 Hyperbaric oxygen might improve wound healing,

13
 but its 

effectiveness as a direct treatment for SSTIs is controversial.
22

 

 

1.3 Research problems and question 

1.3.1 SSTIs diminish healthcare resources 

SSTIs are one of the most frequent forms of infections across different age groups 

and consume considerable resources in both outpatient and inpatient care.
14

 The 

number of visits to the outpatient clinics and hospital emergency department for 

SSTI treatment could only be estimated as over 14 million per annum in the United 

States of America,
11

 as it is difficult to accurately determine the incidence of SSTIs 

due to their brief and diverse presentations.
13

 However, it has been reported that in 

the United States, 14.5 million cases of cellulitis annually resulted in ambulatory 

costs of $3.7 billion,
23

 while the total costs of hospitalisation due to SSTIs caused by 

S. aureus were approximately $4.5 billion for the year 2009, with the incidence of 

such hospitalisations expected to rise.
24

 

 

The high prevalence of SSTIs is likely due to the myriad of environmental and 

patient-related risk factors. Environmental risk factors include lifestyle or 

occupational activities involving close contact with SSTI patients, increased risk of 

skin colonisation by pathogenic microorganisms, and/or increased risk of trauma to 

the skin.
13

 Patient-related risk factors include diverse susceptible populations such as 

paediatrics or geriatrics, patients who are alcoholics or obese, patients with 
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cardiovascular diseases, chronic liver and kidney diseases, diabetes mellitus, 

compromised immunity, and/or who have peripheral vascular insufficiency.
13

 Such 

patient-related risk factors could influence treatment responses and may be 

associated with poorer prognosis, accelerated deterioration of disease, more resistant 

pathogens, and delayed healing.
8, 13

  

 

Diabetic leg infections, nosocomial infections, head and hand infections, and severe 

SSTIs have been correlated with escalated morbidity and mortality rates, and 

increased financial burden as a result of greater need for surgery, longer antibiotic 

treatment, and prolonged inpatient stay.
14, 22

 Even upon recovery, patients with 

diabetes or previous SSTI episodes are at risk of future S. aureus-related SSTIs, 

which predisposes to recurrent SSTIs,
11

 resulting in a vicious cycle which further 

depletes healthcare resources and increase antibiotic usage. 

 

1.3.2 SSTIs associated with AMR 

In the ambulatory setting, uncomplicated SSTIs are one of the most common causes 

of antibiotic prescribing, potentially resulting in excessive and often avoidable 

antibiotic exposure.
25

 Without guidelines for the duration of antibiotic treatment for 

SSTIs,
13

 inappropriate prescribing will likely contribute to the risk of AMR.
26

  

 

The increased use of antibiotics or protracted hospital admissions predispose patients 

to infections by resistant microorganisms such as methicillin-resistant S. aureus 

(MRSA), methicillin-resistant coagulase negative S. aureus (MRCoNS), 

Enterobacteriaceae species (including E. coli), Enterococcus species, or P. 

aeruginosa.
8, 15

  

 

Given the diverse species of bacteria involved in SSTIs and the various 

circumstances under which SSTIs may contribute to AMR, the incidence and 

resistance rates of common pathogens have been reported in various studies on 

SSTIs as: S. aureus (incidence = 23% to 61%, resistance = 25 to 74%); S. pyogenes 

(incidence = 4% to 32%, resistance = 1% to 3%); P. aeruginosa (incidence = 14% to 

62%, resistance = 7% to 48%); E. coli (incidence = 3% to 15%, resistance = up to 

28%); and K. pneumoniae (incidence = 6% to 10%, resistance = up to 6%).
27
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The pathogens responsible for SSTIs may also be associated with other infectious 

diseases, thus resistance caused within the SSTI context would extrapolate to AMR 

in general. S. aureus may also cause life-threatening conditions such as bacteraemia, 

pneumonia, and sepsis.
10

 Emergence of resistant S. aureus as MRSA complicates 

treatment and impedes patient recovery due to the pathogen’s growing resistance to 

multiple antibiotics.
10

 Its recent prevalence as community-associated MRSA in many 

parts of the world is perturbing, contributing substantially to the rising incidence 

rates of SSTIs, increased virulence via toxins such as Panton-Valentine leucocidin 

and alpha-haemolysin (α-toxin), together with its ability to infect usually healthy 

people.
10, 28

  

 

The group of Enterococcus faecium, S. aureus, K. pneumoniae, A. baumannii, P. 

aeruginosa, and Enterobacter species have been commonly referred to as 

“ESKAPE” microorganisms, due to their growing ability to “escape” the effects of 

many antibacterial agents as multidrug resistant bacteria (non-susceptible to at least 

one agent in three or more antimicrobial categories).
29, 30

 These highly resistant 

ESKAPE pathogens have been responsible for many life-threatening nosocomial 

infections around the world.
29

 In particular, systemic infections due to 

microorganisms producing extended-spectrum β-lactamases such as E. coli and K. 

pneumoniae have been reported to be independent risk factors for delayed 

administration of effective antibiotics, extended hospital stay, increased inpatient 

care costs, and mortality.
29

 

 

The threat of AMR has been deemed similar to that of global warming and 

terrorism.
5
 With the growing trend of resistant pathogens in both the community and 

hospital setting, there are fewer effective treatment options available, hence the risk 

of increased morbidity and mortality. The situation is more critical when coupled 

with a severe deficiency of effective new antimicrobials.  

 

1.3.3 Urgent need for novel treatments 

Despite the dire demand for new antibiotics, research and development of such novel 

agents has not been on the priority list of pharmaceutical companies due to strict 

drug approval regulations, meagre investment returns, and technical difficulties.
31
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1.3.3.1     Obstacles to development of new antimicrobials  

After a public scare of telithromycin which caused a very rare but potentially fatal 

adverse event (hepatotoxicity) in 2006, FDA regulations on clinical trials tightened 

considerably, posing stringent regulations for new antimicrobial drug approvals.
32

 

For infectious diseases, withholding treatment in the inactive drug group of placebo-

controlled clinical trials is unethical, hence trails to prove non-inferiority to existing 

antibiotics had to be conducted, requiring large sample sizes to achieve satisfactory 

statistical significance, accompanied by substantial expenses.
31

 

 

Potential returns from investments are limited as antibiotics are usually used only for 

short durations, compared to drugs used long term to treat chronic conditions such as 

hypertension.
33

 Besides the costly labour and time intensive pre-clinical and clinical 

trials involving large sample sizes, other financial considerations which may 

substantially reduce profits include most antibiotics being no longer under patent and 

thus sold as cheaper generics, restricted antibiotic prescribing due to antimicrobial 

stewardship in hospitals, and economic crises curtailing antibiotic development 

resources via the reduction of academic research funding and mergers of 

pharmaceutical companies.
31, 33

 Closure of departments in universities and 

pharmaceutical companies with specialised antibiotic research and development 

expertise resulted in the gradual loss of relevant skills and knowledge for over more 

than 30 years,
34

 further impeding the potential of new antibiotic development.   

 

The path of new antibiotic discovery has also been fraught with scientific challenges. 

New classes of antibiotics would be expected to be effective against a broad 

spectrum of bacteria, especially against the hazardous multidrug resistant pathogens 

such as the ESKAPE pathogens. Hence, new agents which are able to overcome the 

resistance mechanisms of current pathogens need to be identified. Genomics-based 

drug discovery involves determining the genetic codes of critical proteins essential 

for bacterial survival but non-essential to humans, then referencing these codes 

against compound libraries to find potential molecules which may bind to these 

critical bacterial proteins.
35

 Although this method is theoretically viable and initially 

received much financial support from pharmaceutical companies, it lost traction 

when no viable antibiotics were produced via this method after 20 years.
35
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1.3.3.2     Efforts to develop novel treatments 

Realising their stringent regulations on clinical trials contributed in part to the AMR 

crisis, the FDA reviewed and established a policy reform that focused on benefiting 

patients with infections caused by extensively drug resistant (susceptible to only one 

or two antimicrobial categories) or pan-drug resistant (non-susceptible to all agents 

in all antimicrobial categories) bacteria.
30, 32

 However, other measures had to be 

undertaken as the reform did not provide sufficient impetus for pharmaceutical 

companies to revive research and development of new antibiotics.
32

 

 

Current research in this area is now centred on novel classes or mechanisms of 

antimicrobial action such as peptides, bacteriophages, and attenuation of bacterial 

virulence via interference with signalling molecules which regulate bacterial gene 

expression according to bacterial population (i.e. quorum sensing).
3
 However, these 

research fields have also encountered their own challenges, namely: (i) antimicrobial 

peptides being costly, toxic to human cells, and susceptible to proteolysis; (ii) 

bacteriophages being targeted by the immune system; and (iii) bacteria developing 

resistance against bacteriophages and quorum sensing inhibitors.
3
  

 

One of the more promising developments has involved the repurposing of existing 

non-antibiotic drugs for infectious disease treatment, with drugs such as statins (used 

for treating high cholesterol), terfenadine (allergies), and zafirlukast (asthma) 

demonstrating in vitro efficacy at attenuating growth and/or virulence factors of 

bacteria.
3
 By repurposing existing non-antibiotic drugs as novel antimicrobials or 

virulence inhibitors, significant savings in time, labour, and financial resources can 

be achieved since such drugs already have pharmacokinetic, pharmacodynamics, and 

post-marketing safety data established through clinical trials and usage.
4
 

 

It has been suggested that AMR may be reduced or “broken” by repurposing certain 

non-antibiotic drugs to augment the antimicrobial effects of failing antibiotics, as 

proven by the co-administration of β-lactamase inhibitors with β-lactam antibiotics, 

such as clavulanic acid with amoxicillin respectively.
5
 Such non-antibiotic drugs may 

act as AMR breakers by possessing direct antibacterial activity, synergise with 
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antibiotics to overcome resistance mechanisms, and/or be able to stimulate the 

human immune system.
5
 

 

1.3.4 Repurposing statins for SSTIs? 

Statins, the common name for 3-hydroxy-3-methylglutaryl Coenzyme A (HMG-

CoA) reductase inhibitors, are taken daily by almost 200 million people worldwide 

for the primary and secondary prevention of cardiovascular disease.
7
 The use of 

statins for cardioprotection and their adverse effects have been reviewed and 

established.
36

 By competitively binding to HMG-CoA reductase in a dose-dependent 

manner, statins inhibit the rate limiting step of the mevalonate pathway, thus 

diminishing cholesterol production.
37

  

 

In the process however, important downstream isoprenoid intermediates such as 

geranylgeranyl pyrophosphate and farnesyl pyrophosphate (FPP) are also reduced, 

hence decreasing cell signalling proteins (e.g. Ras, Rac, and Rho) and causing 

multiple cholesterol-independent (pleiotropic) effects which are cardioprotective 

(e.g. antithrombotic, antioxidant, antiplatelet, and endothelial protection) and 

immunomodulatory (e.g. anti-inflammatory, neutrophil extracellular trap [NET] 

production, and improved wound healing).
38-41

  

 

Of particular interest, statins have been reported to possess the three aforementioned 

properties of AMR breakers: direct antibacterial activity against methicillin-sensitive 

S. aureus (MSSA) and MRSA,
42

 synergism with topical antimicrobials (mupirocin, 

fusidic acid, retapamulin, and daptomycin) against multidrug-resistant strains of S. 

aureus,
43

 and the ability to stimulate the human immune system by enhancing 

production of NETs.
40

 Together with their reported antibacterial activity against E. 

coli, Enterococcus, and Streptococcus species,
44

 anti-inflammatory effects which 

modulate sepsis,
45

 ability to augment wound healing,
41

 and suppress toxins such as 

Panton-Valentine leucocidin and alpha-haemolysin,
46

 statins should theoretically be 

potential AMR breakers and effective therapeutic agents for SSTIs. 

 

As such, the following research projects (Chapters Two to Five) were conducted to 

provide in vitro and in vivo evidence in a translational research framework to address 

the research question of whether statins may potentially be repurposed as viable 
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novel adjuvants/treatments for bacterial SSTIs, which could help curb AMR and save 

significant healthcare resources. 
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2. Literature Review on Statins’ Antibacterial Effects 

 

2.1 Preamble 

A comprehensive literature search to review currently published literature on statins’ 

direct antibacterial activity was conducted by the primary investigator in accordance 

with the evidence-based Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) standards (Appendix 1). The work was published as a 

narrative literature review in the open access and peer-reviewed journal PeerJ,
47

 

under the terms of Creative Commons Attribution 4.0 International Public License, 

which permits sharing and adaptation of the work if appropriate credit is given, link 

to the license is provided, and any changes indicated.
48

 

 

Relevant parts of the review paper have been edited and presented in this chapter 

from Section 2.2 onwards to facilitate flow of the thesis. All spellings have been 

changed from American to British spelling, labels for references and figures have 

been amended to align with the format for this thesis, and the two detailed tables 

from the published review are presented as Appendices 2 and 3 (with corresponding 

thesis reference numbers), whilst summarised tables (Tables 2-1 and 2-2) have been 

added in the Results (Section 2.3) for quick reference. To promote transition between 

thesis chapters, the abstract and introduction sections of the original paper have been 

abridged and adapted in this preamble, the original section on “Postulated 

mechanism derived from structure-activity relationship analysis” and corresponding 

original Figure 3 have been omitted in this chapter because the mechanism has been 

analysed later in Chapter Three. The original conclusion has been revised to facilitate 

flow to the following chapter. 

 

All authors had no competing interests to declare. The primary investigator 

performed the literature and reference searches, collected the data, prepared the 

figures and tables, wrote the manuscript, and contributed significantly to the design, 

analysis, and interpretation of findings as lead author in the peer-reviewed 

publication. Permission was obtained from all co-authors to include the contents of 

the published paper for this thesis (Appendix 4). 
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2.1.1 Objectives  

A detailed review of current literature was performed to evaluate the effect of statins 

on AMR and identify if there was sufficient evidence to support statins as novel 

antimicrobial agents. 

 

Statins may possess traits which appear to align with properties of AMR breakers, 

namely direct antibacterial activity, synergism with antibiotics to overcome 

resistance mechanisms, and/or the ability to stimulate the human immune system.
5
 

This potential of statins as AMR breakers, which albeit promising, could be limited 

by AMR acquired via selective pressures due to exposure of susceptible bacteria to 

varying concentrations of statins in the human body and the environment, ironically 

culminating in statins contributing as AMR “makers” instead.  

 

Statins’ potential roles as AMR breakers, AMR makers, and knowledge gaps were 

thus reviewed as a statin-bacteria-human-environment continuum. From the MIC 

data available in literature, the susceptibility of various bacteria to individual statins 

may be ascertained to reveal the most suitable statin for repurposing as a novel 

adjuvant antimicrobial. 

 

2.1.2 Potential significance of review  

By accumulating in vitro minimum inhibitory concentration (MIC) results of statins 

against various bacterial strains reported, the potential of statins as AMR breakers 

could be evaluated and knowledge gaps identified. If statins had potential to be 

repurposed as a novel adjuvant antimicrobial, further research projects involving 

laboratory work (basic science research) and collection of ambulatory and hospital 

clinical data (applied research) could be planned to bridge the gaps and address the 

research question of whether statins could serve as novel antibacterial 

adjuvants/treatments for SSTIs. 

 

2.2 Methods 

2.2.1 Literature search 

The keywords “statin” or “statins” were combined with “minimum inhibitory 

concentration” to identify studies which reported MIC values of statins when tested 
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against specific bacterial strains. “Minimum inhibitory concentration” was used as a 

keyword instead of a general term “antibacterial effect” because MIC values allow 

quantitative comparisons of antibacterial potency between individual statins.
49

 

Moreover, exposure of susceptible bacteria to antibacterial drug concentrations 

ranging from within eight to ten times above MIC to several hundred times below 

MIC may contribute to selective pressures for resistance,
50, 51

 a theory which could 

also be applicable to statins, which exert MICs against bacteria. The search was 

performed by the primary investigator (HK) in six databases on 7
th

 April 2017, 

namely the Cumulative Index to Nursing and Allied Health Literature (CINAHL), 

Cochrane Library, Embase, PubMed, Google Scholar, and Web of Science (Figure 2-

1).  

 

 

Figure 2-1: Flow chart summarising literature search process performed in six 

databases on 7th April 2017.  
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2.2.2 Studies selection 

Screening the titles and abstracts of the initial 793 results identified from the 

keywords, 756 studies were excluded because they covered unrelated topics such as 

drug interactions; antifungal or antiviral properties of statins; and antibacterial 

properties of mevastatin, cerivastatin, antibiotics, or natural products. Although 

antibacterial effects of mevastatin and cerivastatin have been studied,
46

 they are not 

currently used clinically and were therefore omitted in this review.
52

 Only 

antibacterial properties of atorvastatin (ATV), fluvastatin (FLV), lovastatin (LVS), 

pitavastatin (PTV), pravastatin (PRV), rosuvastatin (RSV), and simvastatin (SMV) 

were considered relevant for this review as these are currently registered drugs for 

lowering cholesterol in humans, thus likely to affect the statin-bacteria-human-

environment continuum. 

 

Upon reviewing the full text of the remaining 37 studies, 21 studies were further 

excluded as they contained duplicate information; studied the effects of statins on 

infected cells instead of direct bacterial exposure; or tested the combined effects of 

statins and antibiotics without reporting the MIC of statins alone. The resultant 16 

pertinent studies consisted of a thesis,
53

 a letter with unpublished MIC data,
54

 a 

Turkish study with relevant data in its English abstract,
55

 a patent application,
56

 a 

review article with information from a reference in press,
57

 and 11 in vitro studies.
42-

44, 58-65
 No new relevant studies were found after scrutinising the references of these 

16 studies. The relevance of references was reviewed by all the researchers. 

 

2.2.3 Data extraction 

From the 16 selected studies, the MIC values of statins against various Gram-positive 

and Gram-negative bacteria were detailed in Appendices 2 and 3 respectively, and 

summarised in Tables 2-1 and 2-2. The dilution methods for Alshammari,
53

 Bergman 

et al.,
58

 Quivey,
56

 Welsh et al.,
65

 and Ting et al.
57

 were described in the respective 

studies. All other studies were tested according to the broth microdilution method 

stipulated by the Clinical and Laboratory Standards Institute (CLSI), formerly known 

as National Committee for Clinical Laboratory Standards (NCCLS). The solvent 

types and solvent concentrations for water insoluble statins (ATV, LVS, PTV, and 

SMV) were listed wherever available, because different solvents or solvent 

concentrations may affect the MIC values.
61
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2.3 Results 

2.3.1 Antibacterial activity of statins against Gram-positive bacteria  

Statins exhibited antibacterial activity against a wide spectrum of Gram-positive 

bacteria including oral microbiota (S. epidermidis, Streptococcus anginosus, 

Streptococcus mutans, Streptococcus pneumoniae, S. pyogenes, Streptococcus 

salivarius, and Streptococcus sanguinis, formerly known as Streptococcus sanguis); 

gut microbiota (Enterococcus faecalis, E. faecium, Lactobacillus casei, and MSSA); 

drug-resistant bacteria (vancomycin-resistant enterococci [VRE], MRCoNS, MRSA, 

vancomycin-intermediate S. aureus [VISA], and vancomycin-resistant S. aureus 

[VRSA]); and environmental bacteria (Bacillus anthracis and Listeria 

monocytogenes) (Table 2-1). 
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Table 2-1: Summarised range of statins’ in vitro antibacterial activity against 

various Gram-positive bacteria reported in literature. 
Bacteria type  (Statin name)Reference(s) Lowest MIC (μg/mL) 

reported 
Highest MIC (μg/mL) 

reported 

 

Bacillus isolates (ATV)62 43.75 ± 17.12  Nil 

Bacillus anthracis (SMV)43 16  Nil 

Enterococcus faecalis 

(Vancomycin-resistant) 

(ATV)55, 65 

(RSV)44, 65 

(SMV)43, 44 

> 128 

100 

32  

250 

500 ± 0.00* 

291.67 ± 39.53* 

Enterococcus faecalis 

(Vancomycin-sensitive) 

(ATV)44, 60 

(PRV)60 

(RSV)44, 65 

(SMV)43, 44 

83.33 ± 36.08 

> 250 

100 

32 

> 250* 

Nil 

333.33 ± 144.33* 

291.67 ± 39.53* 

Enterococcus faecium 

(Vancomycin-resistant) 

(ATV)55 

(SMV)43, 55 

> 128 

32 

Nil 

> 128* 

Lactobacillus casei (SMV)57 7.8 Nil 

Listeria monocytogenes (SMV)43 32 Nil 

Staphylococci 

(Methicillin-resistant 

coagulase negative, 

MRCoNS) 

(ATV)55 

(SMV)55, 56 

 

> 128 

64 

Nil 

> 128 

Staphylococcus aureus 

(Methicillin-resistant, 

MRSA) 

(ATV)43, 62 

(FLV)42, 43 

(LVS)43 

(PTV)43 

(PRV)43, 60 

(SMV)44, 60 

37.5 ± 13.98 

> 200 

> 1024 

> 1024 

> 250 

31.25 

> 1024* 

> 1024* 

Nil 

Nil 

> 1024* 

166.67 ± 72.16* 

Staphylococcus aureus 

(Methicillin-sensitive, 

MSSA) 

(ATV)44, 60, 61 

(FLV)42, 61 

(LVS)61 

(PRV)60, 61 

(RSV)61, 65 

(SMV)55, 60 

41.67 ± 18.04 

> 200 

> 500 

> 250 

100 

15.65 

> 250* 

500 

Nil 

> 500 

> 500* 

> 128* 

Staphylococcus aureus 

(Vancomycin-intermediate, 

VISA) 

(SMV)43 32 

 

Nil 

Staphylococcus aureus 

(Vancomycin-resistant, 

VRSA) 

(SMV)43 32 

 

64 

 

Staphylococcus epidermidis (ATV)44 

(RSV)44 

(SMV)44 

19.78 ± 4.94 

166.67 ± 72.16 

26.04 ± 9.02 

20.83 ± 9.02 

233.33 ± 39.52 

35.41 ± 4.94 

Streptococcus anginosus (SMV)57 7.8 Nil 

Streptococcus mutans (ATV)53 

(PRV)53 

(RSV)53 

(SMV)53, 56, 57 

100 

200 

100 

15.6 

Nil 

Nil 

Nil 

16 

Streptococcus pneumoniae (ATV)44 

(FLV)58 

(PRV)58 

(RSV)44 

(SMV)44, 54 

104.17 ± 36.08 

> 100 

> 100 

333.33 ± 144.33 

15 

229.17 ± 60.38 

Nil 

Nil 

416.67 ± 0.00 

291.67 ± 39.53* 

Streptococcus pyogenes  (ATV)44 

(RSV)44 

(SMV)44 

83.33 ± 36.08 

166.67 ± 72.16 

62.5 ± 0.00 

133.33 ± 19.76 

275.00  ± 72.17 

145.83 ± 32.27* 

Streptococcus salivarius (ATV)53 

(PRV)53 

(RSV)53 

(SMV)53, 57 

100 

200 

100 

7.8 

Nil 

Nil 

Nil 

Nil 

Streptococcus sanguinis 

(Streptococcus sanguis) 

(ATV)53 

(PRV)53 

(RSV)53 

(SMV)53, 57 

100 

200 

100 

15.6 

Nil 

Nil 

Nil 

Nil 

(*) indicates discrepancies in reported MICs by more than two-fold. Further details regarding specific bacterial 

strains, dilution methods, and solvent/broth used are provided in Appendix 2. 
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The antibacterial activity of SMV was found to be generally the most potent (lowest 

MIC) compared to ATV and RSV, especially against Enterococcus species 

(MIC[SMV] ≈ 32 to 292 μg/mL, MIC[ATV] ≈ 83 to > 250 μg/mL, MIC[RSV] ≈ 100 to 500 

μg/mL); Staphylococcus species (MIC[SMV]  ≈ 16 to 167 μg/mL, MIC[ATV] ≈ 20 to > 

1024 μg/mL, MIC[RSV] ≈ 100 to > 1024 μg/mL); and Streptococcus species 

(MIC[SMV] ≈ 7.8 to 292 μg/mL, MIC[ATV] ≈ 83 to 229 μg/mL, MIC[RSV] ≈ 100 to 417 

μg/mL). FLV exhibited relatively weak antibacterial activity against Staphylococcus 

species (MIC[FLV] between > 200 to > 1024 μg/mL) and Streptococcus species 

(MIC[FLV] > 100 μg/mL). 

 

SMV has been the most widely studied, with researchers examining bacteria which 

were not tested against other statins such as B. anthracis (MIC[SMV] = 16 μg/mL), L. 

casei (MIC[SMV] = 7.8 μg/mL), and L. monocytogenes (MIC[SMV] = 32 μg/mL). Few 

studies have been performed on the other statins, but one study did compare the 

antibacterial effects of all seven registered statins (ATV, FLV, LVS, PTV, PRV, 

RSV, and SMV) against MRSA and found that only SMV exhibited antibacterial 

activity (MIC[SMV] = 32 μg/mL), while all the other six statins did not (MIC > 1024 

μg/mL).
43

 

 

2.3.2 Antibacterial activity of statins against Gram-negative bacteria  

As seen in Table 2-2, statins also displayed varying antibacterial activity against a 

range of Gram-negative bacteria, including oral microbiota (Aggregatibacter 

actinomycetemcomitans and Porphyromonas gingivalis); nasopharyngeal microbiota 

(Haemophilus influenzae and Moraxella catarrhalis); gut microbiota (Citrobacter 

freundii, Enterobacter aerogenes, Enterobacter cloacae, E. coli, K. pneumoniae, and 

Proteus mirabilis); and environmental bacteria (A. baumannii, P. aeruginosa, and 

Salmonella Typhimurium). 
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Table 2-2: Summarised range of statins’ in vitro antibacterial activity against 

various Gram-negative bacteria reported in literature. 
Bacteria type  
 

(Statin name)Reference(s) Lowest MIC (μg/mL) 

reported 

Highest MIC (μg/mL) 

reported 

 

Acinetobacter baumannii (ATV)44, 55 

(RSV)44 

(SMV)43, 44 

15.62 ± 0.00 

300.00 ± 79.05 

32.29 ± 6.38 

> 128* 

333.33 ± 144.33 

> 256* 

Aggregatibacter 

actinomycetemcomitans 

(SMV)57, 59 < 1 

 

3.95* 

 

Citrobacter freundii (ATV)44 

(RSV)44 

(SMV)44 

83.33 ± 36.08 

166.67 ± 72.16 

52.08 ± 18.04 

108.33 ± 27.36 

333.33 ± 79.06 

133.33 ± 39.58 

Enterobacter aerogenes (ATV)44 

(RSV)44 

(SMV)44 

15.62 ± 0.00 

104.17 ± 36.08   

26.04 ± 9.02 

19.78 ± 4.94 

183.33 ± 0.00 

33.33 ± 4.94 

Enterobacter cloacae (ATV)44 

(RSV)44 

(SMV)44 

41.67 ± 18.04 

166.67 ± 72.16 

62.5 ± 0.00 

113.54 ± 27.06 

316.67 ± 64.55 

143.75 ± 36.97* 

Escherichia coli (ATV)44, 60, 61 

(FLV)61 

(LVS)61 

(PRV)60, 61 

(RSV)61, 65 

(SMV)44, 61 

26.04 ± 9.02 

500 

> 500 

> 250 

100 

52.08 ± 18.04 

> 250* 

Nil 

Nil 

> 500 

> 500* 

> 500* 

Escherichia coli O157:H7 (SMV)43 > 256 

 

Nil 

Haemophilus influenzae (ATV)44 

(FLV)58 

(PRV)58 

(RSV)44 

(SMV)44, 58 

83.33 ± 36.08 

> 100 

> 100 

166.67 ± 72.16 

52.08 ± 18.04 

104.17 ± 36.08 

Nil 

Nil 

366.67 ± 0.00 

> 250* 

Klebsiella species  

(Not specified) 

(SMV)56 64 

 

Nil 

Klebsiella pneumoniae (ATV)44, 55 

(RSV)44 

(SMV)43, 55 

> 128 

258.33 ± 64.55 

> 128 

216.67 ± 51.03 

333.33 ± 144.33 

> 256 

Moraxella catarrhalis (FLV)58 

(PRV)58 

(SMV)58 

> 100 

> 100 

15.6 

Nil 

Nil 

Nil 

Porphyromonas 

gingivalis 

(SMV)59 2 

 

Nil 

Proteus mirabilis (ATV)44 

(RSV)44 

(SMV)44 

62.5 ± 0.00 

191.67 ± 32.27 

158.33 ± 32.27 

127.08 ± 25.51 

250 ± 0.00 

166.67 ± 72.16 

 

Pseudomonas aeruginosa (ATV)43, 44 

(FLV)43, 61 

(LVS)43, 61 

(PTV)43 

(PRV)43, 60 

(RSV)43, 65 

(SMV)43, 44 

83.33 ± 36.08 

500 

> 500 

> 1024 

> 250 

100 

120.83 ± 32.27 

> 1024* 

> 1024* 

> 1024 

Nil 

> 1024 

> 1024* 

> 1024* 

Salmonella Typhimurium (SMV)43 > 256 Nil 

(*) indicates discrepancies in reported MICs by more than two-fold. Further details regarding specific bacterial 

strains, dilution methods, and solvent/broth used are provided in Appendix 3.  

 

 

In general, ATV demonstrated similar or slightly greater antibacterial activity 

compared to SMV and both were more potent than RSV against A. baumannii 

(MIC[ATV] ≈ 16 to > 128 μg/mL, MIC[SMV] ≈ 32 to > 256 μg/mL, MIC[RSV] ≈ 300 to 

333 μg/mL) and E. coli (MIC[ATV] ≈ 26 to > 250 μg/mL, MIC[SMV] ≈ 52 to > 500 
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μg/mL, MIC[RSV] ≈ 100 to > 500 μg/mL). FLV exerted relatively weak antibacterial 

activity against E. coli (MIC[FLV] = 500 μg/mL) and P. aeruginosa (MIC[FLV] = 500 

to > 1024 μg/mL). One study evaluated the antibacterial effects of all seven 

registered statins against P. aeruginosa but did not find any antibacterial activity 

(MIC > 1024 μg/mL).
43

 

  

2.3.3 Variations in MIC results amongst different studies 

An error margin of up to a two-fold difference in MIC is generally acceptable.
66

 

However, greater differences have been reported in some cases amongst various 

researchers determining the MICs of statins as indicated by asterisks in Tables 2-1 

and 2-2. For example in Table 2-1 when SMV was tested against a specific reference 

American Type Culture Collection (ATCC) MRSA strain (ATCC 43300) (Appendix 

2), the highest MIC[SMV] (≈ 167 μg/mL) and lowest MIC[SMV] (≈ 31 μg/mL) differed 

by about five-fold.
44, 60

 Variations in MIC results of a statin against the same 

bacterial strain between different studies could be attributed to diversity in materials 

and methods employed, especially if materials were obtained from different 

manufacturers. Slight deviations in environmental conditions during manufacture, 

storage, or transport may affect drug and/or media purity which consequently 

influences MIC results. 

 

Protocols may not specify every minute detail. General instructions for water 

insoluble solvents allowed investigators to use various types of solvents and solvent 

concentrations of their choice, which may result in different MIC results.
61

 Most of 

the studies in Appendices 2 and 3 utilised the CLSI protocol, which recommends an 

incubation time of 16 to 20 hours for bacteria such as S. aureus, but it does not 

specify if microtiter plates should be subjected to continuous shaking during 

incubation for broth microdilution methods.
67

 A window of 4 hours may result in 

different MIC results between readings taken at 16 hours compared with 20 hours of 

incubation. Some researchers may choose to subject the plates to shaking during 

incubation to facilitate exposure of bacteria to the drug or reduce biofilm formation 

under static growth conditions. However, continuous shaking during incubation may 

cause more colonies to grow, affecting MIC results.
68, 69

 The CLSI protocol also 

stipulates that the MIC should be discerned as absence of turbidity with the unaided 
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eye.
67

 This may lead to subjective results, depending on the ability of individuals to 

detect minute disparities in turbidity. 

 

In view of the multiple factors hampering reproduction of results, it may be more 

meaningful to compare absolute quantitative results (e.g. MIC) within studies 

performed by the same researchers, whilst qualitative results or trends (e.g. spectrum 

of antibacterial efficacy) could be analysed between studies by different researchers. 

 

2.4 Discussion 

The positive factors which promote the use of statins as novel adjuvant antibiotics for 

infections (statins as AMR breakers), the negative factors whereby acquired 

antibacterial resistance against statins could culminate in AMR (statins as AMR 

makers), and knowledge gaps are summarised in Figure 2-2 and elaborated as 

follows. 

 

 
Figure 2-2: Potential of statins as repurposed novel adjuvant antibiotics for infections in the 

statin-bacteria-human-environment continuum. 

(+) refers to factors leading to potentially positive outcomes, whereby statins co-administered with 

antibiotics may impede AMR (AMR breakers). (-) refers to factors leading to potentially negative 

outcomes, whereby statin use may favour selective pressures or co-selection for resistance and 

possibly culminate in AMR (AMR makers). (?) refers to further research required to bridge 

knowledge gap.  
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2.4.1 AMR breaker: Intrinsic antibacterial activity 

The MIC values in Tables 2-1 and 2-2 provide in vitro evidence of individual statins’ 

inherent antibacterial effects against various Gram-positive and Gram-negative 

bacteria gleaned from literature thus far. SMV has been the most widely studied and 

demonstrated antibacterial activity against different types of microbiota (oral, gut, 

and nasopharyngeal) and environmental bacteria (Tables 2-1 and 2-2). SMV also 

exerted antibacterial effects against Gram-positive drug resistant bacteria such as 

MRCoNS, MRSA, VISA, VRE, and VRSA (Table 2-1). Therefore, SMV may prove 

to be an effective antibiotic adjuvant, but in vivo studies are required to confirm its 

clinical antibacterial efficacy. 

 

2.4.2 Knowledge gap: Contribution of statins as AMR makers via selective 

pressures or co-selection 

Despite evidence of statins’ intrinsic antibacterial effects, the life span of statins as 

novel adjuvant antibiotics serving as AMR breakers may be limited due to the 

widespread use of statins for non-antibiotic purposes (cardiovascular protection). 

Such extensive usage exposes susceptible bacteria in humans and the environment to 

varying concentrations of statins, favouring selective pressures for antibacterial 

resistance. The possible scenarios and repercussions of exposing susceptible bacterial 

strains to low (up to several hundred times below MIC) and high (within eight to ten 

times above MIC) statin concentrations are discussed later in this review. Emergence 

of AMR due to selective pressures are difficult to predict due to variable influences 

present in humans, animals, and the environment.
70

 However, it is certain that the 

development of AMR occurs naturally in bacteria when exposed to antimicrobials.
71

 

  

Antibiotics, biocides, metals, and non-antibiotic chemicals with antibacterial 

properties may also induce resistance to multiple antibiotic classes via co-selection.
72, 

73
 Bacteria may develop multidrug resistance via inheriting genes conferring various 

resistance mechanisms such as reduced cell permeability to antibiotics, increased 

efflux of antibiotics, modification of antibiotic targets, or direct inactivation of 

antibiotics.
71

 Co-selection occurs via cross-resistance (selection of a gene conferring 

multiple resistance mechanisms) or co-resistance (selection of physically linked 

genes which collectively confer various resistance mechanisms).
72, 73

 This is of 
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particular concern because bacteria may inherit multidrug resistance properties in the 

absence of selective pressures.
73

 

 

To date, there is evidence that exposure of bacteria to non-antibiotic chemicals with 

antibacterial properties (chlorite and iodoacetic acid) may induce AMR.
74

 Hence, 

there is a possibility of statins, as non-antibiotic chemicals with antibacterial 

properties, to similarly contribute as AMR makers, although there is currently little 

known evidence of such statin associations.  

 

It was found that ATV unlikely contributed to efflux-mediated resistance in 

multidrug-resistant Gram-negative bacteria.
75

 Hence if statins were to induce AMR, 

it would probably be via other resistance mechanisms. More studies on statins’ 

mechanism of antibacterial resistance, as well as the mechanism of antibacterial 

activity, are required to determine and thus control the extent of statins’ plausible 

role as AMR makers. 

 

2.4.3 Knowledge gap: Mechanism of statins’ antibacterial action 

Currently, the mechanism of action for statins’ antibacterial effects has yet to be 

elucidated. The nature of antibacterial activity for SMV against Gram-positive 

bacteria was found to be bacteriostatic at drug concentrations that equal MIC,
43

 but 

bactericidal at concentrations four times greater than MIC.
60

 Suggested mechanisms 

for statins’ antibacterial effects include the pleiotropic effects of statins repressing 

cell growth,
44

 or the hydrophobic nature of SMV disrupting bacterial membrane in a 

“soap-like” manner,
58

 or the reduction of biofilm viability and production.
60

 It has 

also been hypothesised that by lowering host cholesterol levels, statins may reduce 

the production of a protective membrane-stabilising metabolite in the mevalonate 

pathway, resulting in bacterial cell toxicity.
76

 A postulated mechanism based on the 

work undertaken for this thesis has been detailed in Chapter Three (Sections 3.4.2 

and 3.4.3).  

 

Statins were initially developed with the intention of developing new antibiotics, 

stemming from the hypothesis that fungi may produce substances which inhibit 

HMG-CoA reductase, thereby inhibiting the synthesis of isoprenoids essential to 

microbial life such as cholesterol, thus killing the microorganisms.
77

 There are 
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however, some reasons why statins from fungal origin or the inhibition of HMG-

CoA reductase per se are unlikely responsible for statins’ antibacterial action. 

 

2.4.3.1    Fungal origin unlikely correlates with statins’ antibacterial activity 

SMV, LVS, and PRV have been classified as Type 1 statins (derived from fungal 

origins and have similar chemical structures) while ATV, FLV, PTV, and RSV have 

been classified as Type 2 statins (synthetic compounds with chemical groups which 

bind more tightly with HMG-CoA reductase).
38

 If statins from fungal origins were 

responsible for the antibacterial activity, then SMV, LVS, and PRV would be 

expected to exert antimicrobial properties, but not ATV, FLV, PTV, or RSV. 

Although SMV, LVS, and PRV have similar chemical structures (shown later in 

Chapter Three, Figure 3-7), SMV exhibited antibacterial properties against S. aureus 

but LVS and PRV do not, despite all three being of fungal origin.
43

 Moreover, ATV 

and RSV are synthetic compounds and not of fungal origin, but both exhibited some 

antibacterial activity.
44

 As such, statins’ fungal origin unlikely correlates with their 

antibacterial activity. 

 

2.4.3.2    Inhibition of human or bacterial HMG-CoA reductase unlikely 

correlates with statins’ antibacterial activity 

When administered in humans, all statins competitively bind to the HMG-CoA 

reductase enzyme in a dose-dependent manner and inhibit the rate limiting step of the 

mevalonate pathway, thus lowering cholesterol synthesis.
37

 If the inhibition of 

human or bacterial HMG-CoA reductase enzyme contributed towards statins’ 

antibacterial activity, then stronger inhibition of the human enzyme (resulting in 

higher cholesterol-lowering potency in humans) or stronger binding and inhibition of 

the bacterial enzyme (theoretically resulting in death due to diminished sterols 

essential for survival) would correspond with greater antibacterial activity.  

 

However, not all statins exhibit antibacterial activity (Appendices 2 and 3), 

contradicting the hypothesis that inhibition of human HMG-CoA reductase 

contributes to antibacterial activity. The presence of the dihydroxy acid moiety is 

required to competitively inhibit the catalytic function of HMG-CoA reductase and 

reduce cholesterol synthesis.
78

 Statins with lactone groups (SMV and LVS) are 

prodrugs which must be metabolised to the active dihydroxy acid moiety before they 
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may inhibit HMG-CoA reductase.
78

 Yet SMV, being unable to directly inhibit HMG-

CoA reductase, exhibits antibacterial activity against MRSA whilst PRV and PTV, 

being direct HMG-CoA reductase inhibitors, do not exhibit antibacterial activity.
43

 

  

In addition, the degree of HMG-CoA reductase inhibition corresponds directly with 

the cholesterol-lowering capabilities of statins,
79

 but it does not seem commensurate 

with antibacterial potency. The cholesterol-lowering potency of statins has been 

established in the following order: PTV (most potent) > RSV > ATV > SMV > PRV 

> LVS > FLV (least potent).
80

 RSV is a more potent cholesterol-lowering drug 

compared to SMV, but SMV demonstrated greater antibacterial activity (Tables 2-1 

and 2-2), indicating that antibacterial activity may not correlate with the inhibition of 

human HMG-CoA reductase. 

 

Humans and some Gram-positive bacteria such as S. aureus synthesise essential 

isoprenoids similarly via the mevalonate pathway,
81

 depending on the HMG-CoA 

reductase enzyme as a catalyst in the rate determining step. However, humans and 

bacteria have different overall HMG-CoA reductase structures.
82

 When administered 

in humans, statins preferentially bind to human HMG-CoA reductase (Class I) 

instead of bacterial HMG-CoA reductase (Class II) because the affinity of statins is 

about 10,000 times stronger for human HMG-CoA reductase.
82

 This preferential 

binding of the human enzyme mainly spares inhibition of the bacterial enzyme, 

permitting the synthesis of essential bacterial sterol synthesis to continue via the 

mevalonate pathway. Hence, statins are not likely to exert antibacterial effects via 

inhibition of bacterial HMG-CoA reductase. 

 

Furthermore, many types of Gram-negative bacteria, for example E. coli and P. 

aeruginosa, synthesise isoprenoids via an alternative metabolic pathway (2C-methyl-

D-erythritol 4-phosphate [MEP]), which do not require HMG-CoA reductase.
81

 If 

inhibition of bacterial HMG-CoA reductase was responsible for statins’ antibacterial 

activity, then it would be expected that statins should exert no antibacterial effect 

over this class of bacteria, which do not depend on HMG-CoA reductase or the 

mevalonate pathway for survival. Yet, certain statins (ATV, RSV, and SMV) exert 

some antibacterial activity against E. coli, P. aeruginosa, and various other Gram-
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negative bacteria (Table 2-2). This suggests statins’ antibacterial activity is likely via 

a mechanism independent of bacterial HMG-CoA reductase inhibition.  

 

2.4.4 AMR breaker: Synergistic antibiotic effects 

The combination of antibiotics with drugs that possess direct antibacterial properties 

or synergistic activity may impede AMR,
5
 especially when local delivery of drugs 

with different mechanisms of action are utilised.
83

 SMV exerted synergistic 

antibacterial effects against S. aureus clinical isolates with the topical antibiotics 

daptomycin, fusidic acid, mupirocin, and retapamulin.
43

 However, no synergism was 

found when SMV was combined with vancomycin against S. aureus;
60

 when ATV, 

FLV, LVS, PRV, and SMV were each combined with amikacin, imipenem, or 

minocycline against A. baumannii;
84

 or when ATV and FLV were each combined 

with ciprofloxacin, cefepime, or piperacillin-tazobactam against E. coli,  K. 

pneumoniae, and P. aeruginosa respectively.
84

 

 

2.4.5 AMR breaker: Attenuated virulence factors 

Virulence factors enable bacteria to harm the host (via adhesion, invasion, 

colonisation, and toxin secretion) or protect bacteria from the host’s immune 

defences (via secretion of immune response inhibitors, formation of capsules, and 

biofilms).
85

 Instead of directly threatening bacterial survival with antibiotics that 

affect essential bacterial genes, it has been suggested that non-threatening approaches 

such as disarming bacteria by attenuating virulence factors may help reduce AMR.
86

 

 

Through the inhibition of Rho signalling activities and reduced cholesterol 

production, statins have been observed to attenuate virulence factors. Some examples 

include reducing bacteria motility and attachment, suppressing production of toxins 

(Panton-Valentine leucocidin and alpha-haemolysin), directly reducing bacterial 

translocation and invasion, or protecting against bacterial invasion indirectly via 

inhibiting lipid raft formation.
46

 Statins may also prevent biofilm formation, limit 

biofilm production, and reduce cell viability in matured biofilms.
60

 

 

2.4.6 AMR breaker: Enhanced host immunity 

Stimulation of the host’s defence mechanisms to help resolve infections may 

potentially break AMR.
5, 86

 Statins have been shown to directly improve the host’s 
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immune defence in humans as well as in animal models.
40, 87-90

 In humans, ATV and 

SMV may inhibit pro-inflammatory T cells and induce anti-inflammatory T 

regulatory cells via a novel method involving the downregulation of microRNA let-

7c.
91

 Clinical studies revealed that SMV enhanced neutrophil function and improved 

chronic obstructive pulmonary diseases.
89

 In addition, women taking statins were 

less likely to be hospitalised due to the activation of lung macrophage nitric oxide 

synthase-3, which increases bacterial killing, clearance, and host survival in 

pneumonia.
90

 In animal models, SMV was found to protect mice against Leishmania 

major via augmented phagosome maturation and increased levels of oxidative 

hydrogen peroxide.
87

 

 

However, statins may also unpredictably influence host immunity via factors such as 

NET production (Section 2.4.6.1), pleiotropic effects during sepsis (Section 2.4.6.2), 

and binding as agonists to nuclear receptors (Section 2.4.6.3) as discussed below. 

More studies are required in these ambiguous areas to determine the overall effects 

of statins on host immunity and consequently, whether statins potentially break or 

contribute to AMR. 

 

2.4.6.1    Knowledge gap: NET production 

FLV, LVS, and SMV have been shown to produce NETs, which are complexes of 

nuclear DNA, histones, antimicrobial peptides, and proteases capable of trapping and 

killing a wide spectrum of microorganisms.
40

 However, there is also conflicting 

evidence that statins do not affect NET production.
92

 Further studies may be required 

to confirm the effect of statins on NETs, as well as whether the NET complexes are 

in sufficient concentrations to be antibacterial.
92

  

 

2.4.6.2    Knowledge gap: Pleiotropic effects in sepsis 

Statins may potentially benefit sepsis by reducing inflammation via intracellular 

signalling,
45

 lowering catecholamine levels,
93

 or reducing Toll-like receptor 

activation by pathogen associated molecular patterns (PAMPs).
94

 Statins also possess 

antiangiogenic (at high doses) and antioxidant effects,
38

 which may prevent the 

progression of severe sepsis.
95

 However, sepsis is a complex condition and there 

have been conflicting results of statins’ effects from meta-analysis studies.
96-99
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During early sepsis, high levels of catecholamines and PAMPs such as 

lipopolysaccharides and lipoteichoic acids cause an initial pro-inflammatory 

response.
100, 101

 An anti-inflammatory response may be initiated concurrent to the 

initial inflammation and in some cases, secondary infections may cause a secondary 

pro-inflammatory response.
101

 As sepsis continues, pathogenic bacteria may induce 

vagal stimulation to decrease catecholamines and suppress the host’s immune 

system.
102

 There are also many other pro-inflammatory factors (protein catabolism, 

cachexia, and persistent inflammation) and anti-inflammatory factors (defects in 

adaptive immunity) that occur slightly later after the onset of sepsis.
103

 These 

variables make it difficult to appropriately administer statins to reduce inflammation 

or catecholamine levels because it is uncertain if the host is in an overall state of 

immunostimulation or immunosuppression at any one point in time during sepsis. 

 

Furthermore, the possibility of using statins in infections is further complicated by 

the potency of statins, whereby different types and doses of statins resulted in 

different outcomes.
104

 At low doses, statins exhibit proangiogenic effects,
38

 which 

may be detrimental in severe sepsis.
95

 Hence varying administration times, different 

types or doses of statin could have caused the conflicting results in meta-analysis 

studies. 

 

2.4.6.3    Knowledge gap: Nuclear receptor agonists 

Statins may indirectly influence the human immune system by binding as agonists to 

various nuclear receptors, namely farnesoid X receptors (FXRs), glucocorticoid 

receptors (GCRs), pregnane X receptors (PXRs), and vitamin D receptors 

(VDRs).
105, 106

 Statins may also indirectly induce peroxisome proliferator-activated 

receptor gamma (PPARγ) activity.
107

 The activation of FXRs and VDRs induce 

antimicrobial peptide gene expression,
108

 whilst activation of GCRs, PXRs, and 

PPARγ result in anti-inflammatory effects.
107-109

 

 

Although statins may bind as agonists to nuclear receptors, a direct increase in 

nuclear receptor activity may not be apparent because by inhibiting the mevalonate 

pathway, statins reduce the production of several nuclear receptor agonists such as 

cholesterol (precursor of glucocorticoids which are GCR and PXR agonists), bile 

acids (FXR agonist), and vitamin D (VDR agonist).
37

 Moreover, nuclear receptors 
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may also influence the production of other receptor agonists (e.g. activation of PXR 

reduces bile acid production),
108

 and nuclear receptor agonists are not receptor 

specific (e.g. bile acids are agonists at both FXRs and VDRs; vitamin D is an agonist 

at GCRs, PXRs, and VDRs).
106, 110, 111

 

 

Some nuclear receptor agonists which boost the human immune system may 

ironically influence bacterial morphology directly to cause antibiotic tolerance (e.g. 

bile acids may activate FXRs and VDRs to stimulate antimicrobial peptide 

production, but bile acids also induce biofilm changes resulting in antibiotic resistant 

chronic infections).
108, 112

 In view of the numerous variables, of which some are 

antagonistic, it is difficult to anticipate the net effect of statins on the immune system 

via nuclear receptor activity. 

 

2.4.7 AMR breaker: Improved wound healing  

Uncomplicated skin and wound infections are amongst one of the highest causes for 

outpatient antibiotic usage.
25

 As a result, inappropriate or prolonged antibiotic use 

may contribute to AMR. Antibacterial agents aiding in wound healing should serve 

to reduce bacterial infection and improve healing time, thus limiting exposure time to 

antibiotics. Statins are theoretically ideal for wound healing because they may act as 

PXR agonists to enhance wound healing in intestinal epithelial cells, inhibit FPP (an 

activator of GCR which impedes wound healing), reduce inflammation, regulate 

epithelial homeostasis, promote angiogenesis at low doses, reduce oxidative stress, 

increase vascular endothelial growth factors, and increase levels of nitric oxide.
41, 113-

117
 The effects of oral statins (ATV, SMV, LVS, PRV, and RSV) and topical statins 

(ATV, SMV, and LVS) have been examined and it was concluded that there was 

sufficient evidence to warrant clinical trials assessing the potential efficacy of statins 

in postoperative wound healing.
41

 

 

2.4.8 AMR maker: Dysbiosis of gut microbiota 

Antimicrobials disrupting the gut microbiota may cause AMR and potentially create 

a store of AMR genes in the gut microbiota, resulting in recalcitrant infections.
118

 

Statins have been shown to influence gut microbiota diversity in humans,
119, 120

 but 

the mechanism of dysbiosis of the human gut microbiota has not been elucidated. A 

recent animal study has shown that statin-induced bile acid alterations resulted in 
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mouse gut dysbiosis via a PXR-dependent mechanism.
121

 This review provides 

plausible evidence that statins may additionally disrupt the human gut microbiota via 

a direct antimicrobial effect.  

 

From Tables 2-1 and 2-2, Gram-positive (E. faecalis, E. faecium, L. casei, and S. 

aureus) and Gram-negative (C. freundii, E. aerogenes, E. cloacae, E. coli, K. 

pneumoniae, and P. mirabilis) gut microbiota were susceptible to various statins, 

whereby MIC[SMV] ≈ 8 to > 500 µg/mL,
57, 61

 MIC[ATV] ≈ 16 to > 1024 µg/mL,
43, 44

 

MIC[RSV] ≈ 100 to > 1024 µg/mL,
43, 65

 and MIC[FLV] = > 200 to > 1024 µg/mL.
42, 43

 

 

The licensed oral daily dose range of statins for cholesterol-lowering purposes are 

SMV = ATV = 10 mg to 80 mg, FLV = 40 mg to 80 mg, and RSV = 5 mg to 40 

mg).
80

 The laboratory conditions (35 °C and pH 7.2 to 7.4) at which MIC values 

were determined are attainable when gut microbiota are exposed to statins along the 

gastrointestinal tract (37 °C body temperature and pH 7.2 to 7.4 along various parts 

of the small intestines).
67, 122

 Although gut concentrations of orally administered 

parent statin drugs are reduced via absorption, distribution, and metabolism as they 

move along the gastrointestinal tract, the reduction in concentrations are limited by 

enterohepatic circulation, and statins are eventually excreted mainly in the faeces 

(SMV ≈ 60%, ATV > 98%, FLV ≈ 93%, and RSV ≈ 90%).
123, 124

 As such, statin 

concentrations along the gastrointestinal tract are likely sufficient to kill gut 

microbiota. Even if gut statin concentrations fall below MIC, prolonged gut 

microbiota exposure to low antimicrobial drug concentrations in general (up to 

several hundred times lower than MIC) may still result in selective pressures for 

resistance,
50

 a threat which theoretically includes statins as revealed in this scenario.   

 

2.4.9 AMR maker: Statin plasma concentrations in bacteraemic patients being 

much lower than MIC 

Oral doses of statins may be high enough to exert antimicrobial effects in the gut, but 

the peak statin plasma concentrations have been found to be much lower (SMV ≈ 

0.0209 µg/mL, ATV ≈ 0.01 µg/mL, RSV ≈ 0.037 µg/mL, and FLV ≈ 0.24 µg/mL) 

due to low bioavailability and high protein binding.
42, 65, 125

Comparing these typical 

peak statin plasma concentrations with MICs in Tables 2-1 and 2-2, the peak plasma 

concentrations range from hundred to thousand times lower than the reported MICs, 
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thus likely precluding statins’ use as an effective systemic antimicrobial. Of greater 

concern however, is the risk of exposing bacteraemic patients to such low systemic 

antimicrobial concentrations, which may result in selective pressures for resistance,
50

 

a threat which theoretically includes statins as revealed in this scenario. 

 

2.4.10 AMR maker: Environmental impact due to extensive use of stains 

The present usage of statins (ATV, RSV, and SMV) has resulted in residual levels 

(μg/mL to pg/mL) persisting in sewage for at least a few weeks.
126, 127

 Since the 

exposure of bacteria to antibiotic concentrations several hundred times below MIC 

(in the range of μg/mL to pg/mL) poses a risk of bacterial resistance,
50

 this lingering 

exposure of bacteria in the sewage system to current statin concentrations may thus 

contribute to selective pressures for resistance. 

 

2.5 Conclusions 

The potential roles of statins as AMR breakers, AMR makers, and knowledge gaps in 

the statin-bacteria-human-environment continuum have been summarised in Figure 

2-2. Literature has shown that SMV, ATV, RSV, and FLV exert varying antibacterial 

effects on Gram-positive and Gram-negative bacteria (Tables 2-1 and 2-2), especially 

SMV (against most of the Gram-positive bacteria tested) and ATV (against most of 

the Gram-negative bacteria tested). However, SMV currently appears to be the best 

candidate as a novel adjuvant antibiotic because it has been the most widely studied 

statin and demonstrated direct in vitro antibacterial activity against various types of 

microbiota (oral, gut, and nasopharyngeal), drug-resistant bacteria, and 

environmental bacteria.  

 

Current evidence better supports statins as AMR breakers by working synergistically 

with existing topical antibiotics, attenuating virulence factors, boosting human 

immunity, or aiding in wound healing. However, the paucity of data directly 

associating statins to AMR should not exclude statins’ role as plausible AMR 

makers. The widespread use of statins for non-antibiotic (cardioprotective) purposes 

may favour selective pressures or co-selection for resistance via dysbiosis of the 

human gut microbiota, sublethal plasma concentrations in bacteraemic patients, and 

persistence in the environment, all of which could culminate in AMR.  
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Perhaps the most urgent knowledge gap to address is determining the mechanism of 

statins’ antibacterial activity. If the antibacterial mechanism involves disarming 

bacteria instead of directly threatening bacterial survival, AMR is not likely to 

develop rapidly,
86

 and statins may still play an effective role as AMR breakers. 

However, if the antibacterial mechanism directly threatens bacterial survival, AMR 

is likely to develop rapidly. If so, statins’ role as AMR breakers will likely be 

limited, and may paradoxically function as AMR makers instead. 

 

These findings provided sufficient evidence to research deeper into the prospect of 

statins serving as repurposed novel adjuvants/treatments for SSTIs. As such, three 

further projects were undertaken, namely: (i) laboratory experiments to determine the 

antibacterial activity and plausible antibacterial mechanism of action of statins 

against skin pathogens (Chapter Three). (ii) data mining of outpatient prescriptions 

utilising sequence symmetry analysis ([SSA], Chapter Four), and (iii) a case-control 

study of hospitalised patients (Chapter Five); to evaluate the association between 

statin use and the risk of bacterial SSTIs. Reconciling the outcomes from all three 

studies would help verify if the in vitro effects of statins translated to in vivo effects, 

providing evidence that statins may potentially serve as novel adjuvant topical 

antibiotics. 
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3. Laboratory Evidence (Antibacterial Effects Against Skin 

Pathogens) 

 

3.1 Preamble 

From the earlier literature review in Chapter Two, it was found that most of the 

published studies evaluated the in vitro antibacterial activity (determined by the 

MIC) of only a limited number of statins. There has been only one known study on 

the antibacterial effects of PTV,
43

 one publication on simvastatin hydroxy acid 

sodium (SMV-OH acid),
61

 whilst there is no known data on other statin metabolites 

such as lovastatin hydroxy acid sodium (LVS-OH acid), pitavastatin lactone (PTV-

lactone), or the effect of statins against S. marcescens. The wide MIC discrepancies 

reported by different researchers shown in Tables 2-1 and 2-2 highlighted the 

importance of adherence to standardised method protocols for meaningful 

comparison and evaluation of statins’ in vitro antimicrobial effects. Further, since the 

reported MICs ranged from hundred to thousand times higher than typical peak statin 

plasma concentrations, it is unlikely that statins can serve as a safe, effective 

systemic antimicrobial. However, it may still be possible for statins to be repurposed 

as a novel adjuvant topical antimicrobial.   

 

Laboratory experiments were thus planned to expand current literature by examining 

the direct antibacterial effects of all seven statins currently approved for clinical use 

(ATV, FLV, LVS, PTV, PRV, RSV, and SMV), along with three selected statin 

metabolites LVS-OH acid, PTV-lactone, and SMV-OH acid, against the most 

common bacterial strain causing SSTIs (S. aureus), and three other strains which 

may result in complicated SSTIs (E. coli, P. aeruginosa, and S. marcescens).
128

 The 

broth microdilution antimicrobial susceptibility testing methods as stipulated by the 

CLSI guidelines were employed because the results obtained from these widely 

recognised standards could be directly compared with most other literature that 

utilised the same standard.
67

 Specific focus on a suitable solvent for statins was 

considered and recommended for non-water soluble statins to be repurposed as 

topical antimicrobials.  
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Although MRSA has been culpable for a significant percentage of SSTIs,
10

 the 

susceptibility of MRSA to statins were not studied in this research as the author 

worked as a pharmacist in a general hospital and it would be inexpedient to handle 

resistant microorganisms and risk infecting patients in the hospital. However, the 

susceptibility of MSSA to statins was examined in detail. Both E. coli and S. 

marcescens have been increasingly associated with severe skin infections in 

immunocompromised patients such as those with diabetes.
16, 17

 Since statins may 

potentially impair β-cell function and decrease insulin sensitivity,
129

 determining the 

susceptibility of E. coli and S. marcescens to statins would provide relevant 

information to aid risk/benefit considerations for clinical use. 

 

This work was published as an original research article in the peer-reviewed journal 

European Journal of Clinical Microbiology and Infectious Diseases,
130

 under a 

Copyright Agreement that this post-peer review, pre-copyedit version of the article 

may be submitted for thesis examination but cannot be made publicly available until 

after the Embargo Period (i.e. 12 months after 17
th

 May 2018; Appendix 5). The final 

authenticated version is available online at <http://dx.doi.org/DOI:10.1007/s10096-

018-3227-5>. 

 

Relevant parts of the original research article have been edited and presented in this 

chapter from Section 3.2 onwards to facilitate flow of the thesis. All spellings have 

been changed from American to British spelling, and the labels for references and 

figures have been amended to align with the thesis format. The abstract and 

introduction sections of the original article have been abridged and adapted in this 

preamble. The original discussion has been extended and edited due to the word limit 

of the journal, and the original conclusion has been revised in this thesis to promote 

transition of reading between chapters. 

 

All authors had no competing interests to declare. The primary investigator 

performed the literature and reference searches, conducted the experiments and 

collected the data, prepared the figures and tables, wrote the manuscript, and 

contributed significantly to the design, analysis, and interpretation of findings as lead 

author in the peer-reviewed publication. Permission was obtained from all co-authors 

to include the contents of the published article for this thesis (Appendix 6). 
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3.1.1 Objectives  

It has been advocated that the inhibition of bacterial cell growth and determination of 

the MIC constitutes the standard of early stage antibiotic discovery.
131

 As such, the 

following experiments were conducted to determine the respective MICs of statins 

and selected metabolites against selected bacterial pathogens responsible for SSTIs. 

 

In addition to identifying if statins exerted bactericidal or bacteriostatic activity, a 

structure-activity relationship analysis was also performed by reconciling the 

chemical structure of statins and the selected metabolites with their respective MICs 

to postulate a plausible mechanism of antibacterial activity. 

 

Topical antibiotics play a key role in the outpatient treatment of uncomplicated 

SSTIs because the drug may be directly applied to the infected site(s) at 

concentrations higher than oral or intravenous administration, resulting in reduced 

risks of systemic adverse effects, less drug interactions, lower healthcare costs, and 

increased medication compliance.
27

 Since the continuous discovery of new topical 

antimicrobials may help control AMR,
27

 the conditions which promote statins as 

suitable novel topical agents for SSTIs were also explored. 

   

3.1.2 Potential significance of the research 

This work not only supplements the available information on statins’ in vitro 

antibacterial effects, but also provides a scaffold for future research through 

discussions of a postulated mechanism of action based on structure-activity 

relationship analysis, issues on interactions of statins and other antibiotics used to 

treat SSTIs, addressing the insolubility of statins, choice of solvent for clinical use of 

novel topical antimicrobial agents, and the possibility of S. aureus exhibiting a 

paradoxical growth phenomenon when exposed to SMV. 

 

3.2 Methods 

Bacterial strains used in this study included S. aureus (ATCC 29213), E. coli (ATCC 

25922), P. aeruginosa (ATCC 27853), and S. marcescens (ATCC 21074/E-15). 

Statin powders of at least 98% purity were procured from various manufacturers, 
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namely Sequoia Research Products (ATV, PTV, PTV-lactone, and RSV), Tocris 

Bioscience (FLV, LVS, PRV, and SMV), and Toronto Research Chemicals (LVS-

OH acid and SMV-OH acid). Acceptable MIC limits for the bacteria were monitored 

with piperacillin-tazobactam (Alphapharm) and cefazolin (Sandoz) antibiotics. 

 

The susceptibility of bacteria to statins was performed in sterile 96-well microtiter 

plates (Nunc, Thermo Scientific) utilising broth microdilution and direct colony 

suspension methods according to the CLSI guidelines.
67

 Sterile Mueller-Hinton agar 

([MHA], Oxoid) was used for bacterial cultures and colony counting. Sterile 

Mueller-Hinton broth ([MHB], Oxoid) was supplemented with sterilised calcium 

chloride (Ajaz Chemicals) and magnesium chloride (Scharlau Chemie) to obtain 

sterile cation-adjusted Mueller-Hinton broth (CAMHB).
67

 A microtiter plate reader 

(EnSpire, Perkin Elmer) was used to adjust the initial inoculum to 0.5 McFarland 

Turbidity Standard and for spectrophotometric analyses. 

 

3.2.1 Solvent for water-insoluble statins 

Both dimethyl sulfoxide ([DMSO], Fisher Chemical) and methanol (Sigma-Aldrich) 

possess antimicrobial effects,
132, 133

 which may influence the MIC results.
61

 Hence, 

50 μL inoculum suspensions of S. aureus, E. coli, P. aeruginosa, and S. marcescens 

were each tested with 50 μL of DMSO 2.5%, DMSO 5%, methanol 2.5%, and 

methanol 5% respectively. Positive growth control (GC) wells (50 μL inoculum + 50 

μL of CAMHB) and sterility control (SC) wells (100 μL of CAMHB) were included 

in triplicates for each experiment. The plates were incubated without shaking at 35°C 

for 20 hours, and optical density at wavelength 625 nm (OD625) readings were taken 

before incubation (0 hour) and at two-hourly intervals. The experiment was repeated 

on another day to obtain two independent results.  

  

3.2.2 Preparation of statins 

Water-soluble statins (FLV, PRV, RSV, LVS-OH acid, and SMV-OH acid) were 

dissolved in sterile purified water as a stock solution, then diluted with CAMHB to 

obtain ten different final statin concentrations (256 μg/mL, 128 μg/mL, 64 μg/mL, 32 

μg/mL, 16 μg/mL, 8 μg/mL, 4 μg/mL, 2 μg/mL, 1 μg/mL, and 0.5 μg/mL) for each 

experiment.
67
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From (Section 3.2.1), methanol generally had less suppressive effects on the growth 

of all strains used in this study. Hence, water-insoluble statins (ATV, PTV, PTV-

lactone, LVS, and SMV) were dissolved in 100% methanol to make up several vials 

of respective stock solutions, each containing 5120 μg/mL drug in 100% methanol. 

Each working day’s final concentrations (256 μg/mL to 0.5 μg/mL with inoculum) 

for incubation were prepared from a fresh stock vial, diluted with CAMHB according 

to the method recommended by CLSI,
67

 such that the highest final statin 

concentration (256 μg/mL) contained 5% methanol, while the lower final statin 

concentrations (128 μg/mL to 0.5 μg/mL) contained 2.5% methanol or less.
67

  

 

For each dilution step, the more concentrated solution was vortexed immediately 

before sampling, followed by several times of up and down suction with the 

micropipette during sampling to obtain uniformed dilutions of the drug as far as 

possible. However, SMV was not completely dissolved at 256 μg/mL and 128 

μg/mL. Hence the vortexing and multiple suction action with the micropipette were 

essential to ensure reasonably accurate dilution and distribution of undissolved drug. 

The problem of undissolved SMV was further addressed in Section 3.2.6 below.  

 

3.2.3 Broth microdilution method  

Each statin-bacteria experiment consisted of triplicate test wells for each of the ten 

final statin concentrations (specific statin in 50 μL CAMHB + specific inoculum in 

50 μL CAMHB), triplicate positive growth control (GC) wells (50 μL inoculum + 50 

μL of CAMHB), and triplicate sterility control (SC) wells (100 μL of CAMHB). An 

aliquot (10 μL) was sampled from a GC well immediately after inoculation and 

diluted appropriately for colony counting.
67

  

 

Being incompletely soluble at 256 μg/mL and 128 μg/mL, SMV had much higher 

OD625 readings than the low baseline of the other wells (64 μg/mL to 0.5 μg/mL, 

GC, and SC) before incubation. As such, it was ensured that the OD625 readings of 

the triplicate 256 μg/mL wells were comparable amongst themselves, and the same 

was done for the triplicate 128 μg/mL wells. This was necessary to be reasonably 

assured that the dilution steps were as accurate as possible and that the undissolved 

drug was evenly distributed within each of the high concentrations before incubation. 
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The experimental microtiter plates and MHA plates for colony counting were 

incubated at 35°C for 20 hours. Continuous shaking of experimental plates was not 

performed during incubation as this was not specified in the CLSI guidelines.
67

 

Moreover, shaking may cause an increase in colony growth.
69

 All experiments were 

repeated on separate days to obtain a total of three independent results. 

 

3.2.4 Unaided visual determination of MIC and test for bacteriostatic or 

bactericidal effects 

The MIC is defined as the lowest antimicrobial drug concentration that completely 

inhibits microbial growth as detected by the unaided eye.
67

 After incubation, 

experimental plates were examined against a dark background and the lowest statin 

concentrations with clear wells were noted as the MIC. Each experiment was valid 

only if all GC wells were turbid (indicating bacterial growth); all SC wells were clear 

(indicating absence of contamination); and the MHA plates showed average colony 

counts of between 20 to 80 (x 10
4
 colony forming units [CFU]/mL), reflecting the 

inoculum size prior to incubation.
67

 

 

In order to evaluate whether the antimicrobial effect of statins was bacteriostatic or 

bactericidal, clear cultures of statin concentrations at MIC and higher were further 

sampled and plated on sterile MHA plates, then incubated at 35°C for 20 hours. The 

appearance of abundant colony growth after incubation would indicate bacteriostatic 

activity, while absence of colony growth would suggest statins are bactericidal at the 

respective drug concentrations from which they were sampled from. 

 

3.2.5 Spectrophotometric analysis 

Supplementary spectrophotometry was performed to determine potential antibacterial 

activity, which may present with significantly lower turbidity compared to GC, but 

indiscernible to the unaided eye. Turbidity was reported as percentage OD625, 

whereby OD625 of GC after incubation at 35°C for 20 hours was taken to be 100% 

for each experiment. Spectrophotometry was conducted at OD625 because the 

wavelength of 625 nm was used to determine 0.5 McFarland Turbidity Standard, and 

exposure to this wavelength does not kill S. aureus or E. coli.
67, 134
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3.2.6 Determining MIC with incompletely dissolved SMV 

Spectrophotometry was also necessary in this study because SMV was visibly 

incompletely dissolved at 256 μg/mL and 128 μg/mL before incubation, which 

contributed to baseline OD625 readings before incubation. The relative solvent 

concentrations were the same as the previous method of statin preparation, with the 

highest final statin concentration (256 μg/mL) containing 5% methanol, while the 

lower final statin concentrations (128 μg/mL and 64 μg/mL) containing 2.5% 

methanol or less. The following three methods may collectively help determine if 

SMV exerted antibacterial effects at these higher concentrations. 

 

3.2.6.1    Effect of undissolved SMV alone during incubation 

Monitoring changes in turbidity of undissolved SMV alone in sterile CAMHB during 

incubation would indicate if SMV was dissolving (decreasing turbidity), remains 

undissolved (constant turbidity), or precipitating out (increasing turbidity). A 

microtiter plate consisting triplicate test wells (50 μL SMV + 50 μL sterile CAMHB) 

of SMV concentrations 256 μg/mL and 128 μg/mL, and triplicate SC wells, was 

incubated at 35°C for 20 hours. Readings were taken before incubation and at four-

hourly intervals. The experiment was repeated on a separate day to obtain two 

independent results. 

 

3.2.6.2    Effect of undissolved SMV incubated with inoculum during log phase 

When undissolved SMV is incubated with inoculum, decreasing turbidity during 

active S. aureus growth at log phase would indicate SMV possesses antibacterial 

effects. A microtiter plate consisting triplicate test wells (50 μL SMV + 50 μL 

inoculum) each of SMV concentrations 256 μg/mL and 128 μg/mL, triplicate GC 

wells, and triplicate SC wells, was incubated at 35°C for 20 hours. Readings were 

taken before incubation, during exponential growth phase (after 6 and 8 hours of 

incubation), and after the CLSI-recommended incubation period (16, 18, and 20 

hours of incubation). The experiment was repeated on separate days to obtain three 

independent results. 

 

3.2.6.3    Comparing colony counts before and after incubation 

Compared against average colony counts before incubation, similar or lower counts 

after incubation would indicate SMV exerted antibacterial effects, whilst 
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significantly higher counts suggest otherwise. Experiments for SMV were repeated 

to obtain three independent results, each with the additional step of sampling 10 μL 

aliquots from SMV at 256 μg/mL, 128 μg/mL, and 64 μg/mL after 20 hours of 

incubation. The aliquots were diluted and incubated at 35°C for 20 hours, after which 

average colony counts were determined.
67

 

 

3.2.7 Statistical analysis 

Statistical data were analysed with GraphPad Prism version 7 for Windows 

(GraphPad Software, La Jolla, California, United States of America). Data for 

growth curves of bacteria in varying concentrations of solvent were presented as 

mean ± standard deviation. OD625 readings in varying drug concentrations were 

presented as mean ± standard error of the mean. One-way analysis of variance 

(ANOVA) with Dunnett’s post hoc test was performed to test for significant 

differences between GC and the various drug concentrations, whereby p < 0.05 (*), p 

< 0.01 (**), p < 0.001 (***), or p < 0.0001 (****). 

 

3.3 Results 

3.3.1 Solvent for water-insoluble statins 

Compared to methanol at 2.5% and 5%, DMSO at the same concentrations had 

greater suppressive effects on the growth of all bacterial strains used in this study 

(Figure 3-1). Hence methanol (maximum 5%) was chosen as the solvent for water-

insoluble statins. Although the OD625 reading of S. aureus in 5% methanol after 20 

hours of incubation was greater than the control experiment in Figure 3-1a, it was not 

statistically significant (one-way ANOVA with Dunnett’s post hoc test). Thus, any 

increase in S. aureus burden in the presence of 5% methanol (statins with 

concentrations of 256 μg/mL) was unlikely sufficient to affect the MIC results.



Chapter Three: Laboratory Evidence (Antibacterial Effects Against Skin Pathogens) 

45 

 

 

 
Figure 3-1: Comparing the effects of DMSO and methanol at different 

concentrations on various bacterial strains. 

Effects of solvents were tested on (a) S. aureus, (b) E. coli, (c) S. marcescens, and 

(d) P. aeruginosa. Growth of bacteria was monitored as turbidity, measured as 

OD625. Each panel shows the results of two independent experiments expressed as 

mean ± standard deviation. [Reprinted with permission from Springer, Eur J Clin 

Microbiol Infect Dis.
130

 Copyright (2018)] 

 

 

3.3.2 Unaided visual determination of MIC and test for bacteriostatic or 

bactericidal effects 

The lowest statin concentrations that completely inhibit bacterial growth (determined 

by the unaided eye) were presented in Figure 3-2a, whereby S. aureus was most 

susceptible to SMV (MIC = 64 μg/mL), followed by PTV-lactone (MIC = 128 

μg/mL), then ATV and FLV (MIC[ATV] = MIC[FLV] = 256 μg/mL). Gram-negative 

bacteria E. coli, P. aeruginosa, and S. marcescens were not susceptible to any of the 

statins at concentrations ≤ 256 μg/mL. 



Chapter Three: Laboratory Evidence (Antibacterial Effects Against Skin Pathogens) 

46 

 

Figure 3-2: Susceptibility of various bacterial strains to specific statins after incubation 

for 20 hours at 35°C. 

(a) Visual determination of MIC. (
‡
) MIC reported as the lowest statin concentrations (≤ 256 

μg/mL) which consistently exhibited no turbidity in three independent experiments as 

observed by the unaided eye. (b) Spectrophotometric results of statins exhibiting MIC 

against S. aureus. Absence of turbidity discerned by the unaided eye corresponded to OD625 

< 20% in this study. (#) Statin concentrations lower than 32 μg/mL did not show 

significantly lower OD625 relative to GC. (c) Spectrophotometric results of statins 

demonstrating potential antibacterial activity against S. aureus. (
†
) Statins with potential 

antibacterial activity against S. aureus (significantly lower OD625 relative to GC detected by 

spectrophotometry but turbidity indiscernible by the unaided eye). (d) Spectrophotometric 

results of statins demonstrating no antibacterial activity against S. aureus. (^) Large OD625 

value expressed with a break in the y-axis. For (b), (c), and (d), mean results of three 

independent experiments were presented, with error bars indicating standard error of the 

mean. One-way ANOVA with Dunnett’s post hoc test was used to compare OD625 

differences between GC and the various statin concentrations. Statistically significant results 

were annotated when p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) or p < 0.0001 (****). 

[Reprinted with permission from Springer, Eur J Clin Microbiol Infect Dis.
130

 Copyright 

(2018)]
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The clear cultures which were sampled from statins with reported MICs, when 

further plated on sterile MHA plates and incubated to determine bacteriostatic or 

bactericidal effects, resulted in abundant bacterial growth for all samples (data not 

shown).  

 

3.3.3 Spectrophotometric analysis 

The unaided visual determination of MIC for S. aureus (Figure 3-2a) whereby no 

turbidity was observed, corresponded to turbidity levels of OD625 < 20% (Figure 3-

2b). Spectrophotometric analysis detected significantly reduced turbidity at statin 

concentrations that were lower than the reported MICs, such as for PTV-lactone (32 

μg/mL) and FLV (64 μg/mL) (Figure 3-2b). However, since unaided visual 

observation discerned turbidity at these statin levels, these concentrations could not 

be reported as MICs in accordance with CLSI guidelines.
67

 Similarly, although there 

was significant reduction in turbidity detected by spectrophotometry for SMV-OH 

acid, PTV, and LVS-OH acid against S. aureus (Figure 3-2c), MIC values could not 

be reported for these statins. There was no antibacterial activity detected for LVS, 

PRV, and RSV against S. aureus at drug concentrations ≤ 256 μg/mL (Figure 3-2d). 

In addition, SMV-OH showed statistically significant activity against E. coli (Figure 

3-3) and S. marcescens (Figure 3-4). 
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Figure 3-3: Antibacterial activity of statins against E. coli after incubation for 

20 hours at 35°C as determined by spectrophotometry. 

Bacterial growth (turbidity) was expressed as percentage OD625, whereby OD625 of 

GC (absence of statin) was taken as 100%. (
†
) Statin with potential antibacterial 

activity (significantly lower OD625 relative to GC detected by spectrophotometry 

but turbidity indiscernible by the unaided eye). (#) Statin concentrations lower than 

32 μg/mL did not show statistically significant OD625 values relative to GC. Each 

chart shows the mean OD625 of three independent experiments, with error bars 

indicating standard error of the mean. One-way ANOVA with Dunnett’s post hoc 

test was used to compare OD625 differences between GC and the various statin 

concentrations after incubation. Statistically significant results were annotated when 

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), or p < 0.0001 (****). [Reprinted with 

permission from Springer, Eur J Clin Microbiol Infect Dis.
130

 Copyright (2018)]
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Figure 3-4: Antibacterial activity of statins against S. marcescens after 

incubation for 20 hours at 35°C as determined by spectrophotometry.  

Bacterial growth (turbidity) was expressed as percentage OD625, whereby OD625 of 

GC (absence of statin) was taken as 100%. (
†
) Statin with potential antibacterial 

activity (significantly lower OD625 relative to GC detected by spectrophotometry 

but turbidity indiscernible by the unaided eye). (#) Statin concentrations lower than 

32 μg/mL did not show statistically significant OD625 values relative to GC. Each 

chart shows the mean OD625 of three independent experiments, with error bars 

indicating standard error of the mean. One-way ANOVA with Dunnett’s post hoc 

test was used to compare OD625 differences between GC and the various statin 

concentrations after incubation. Statistically significant results were annotated when 

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), or p < 0.0001 (****). [Reprinted with 

permission from Springer, Eur J Clin Microbiol Infect Dis.
130

 Copyright (2018)]
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Finally, no antibacterial activity was detected for any of the statins against P. 

aeruginosa (Figure 3-5). 

 

 

Figure 3-5: Antibacterial activity of statins against P. aeruginosa after 

incubation for 20 hours at 35°C as determined by spectrophotometry.  

Bacterial growth (turbidity) was expressed as percentage OD625, whereby OD625 of 

GC (absence of statin) was taken as 100%. (#) Statin concentrations lower than 32 

μg/mL did not show statistically significant OD625 values relative to GC. Each chart 

shows the mean OD625 of three independent experiments, with error bars indicating 

standard error of the mean. One-way ANOVA with Dunnett’s post hoc test was used 

to compare OD625 differences between GC and the various statin concentrations 

after incubation. Statistically significant results were annotated when p < 0.05 (*), p 

< 0.01 (**), p < 0.001 (***), or p < 0.0001 (****). [Reprinted with permission from 

Springer, Eur J Clin Microbiol Infect Dis.
130

 Copyright (2018)] 

 

 

3.3.4 Determining MIC with incompletely dissolved SMV 

Incompletely dissolved SMV before incubation was found to dissolve over time 

(decreasing OD625) during incubation, but after 20 hours of incubation, some 

undissolved drug remained (residual OD625) for both SMV at 256 μg/mL and 128 

μg/mL (Figure 3-6a). 
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Figure 3-6: Determining MIC with incompletely dissolved SMV.  

(a) Effect of undissolved SMV (measured as OD625) at 256 μg/mL (in 5% methanol) and at 

128 μg/mL (in 2.5% methanol) in sterile CAMHB during 20 hours of incubation. Two 

independent experiments were conducted and the results were presented as mean ± standard 

error of the mean. (b) Monitoring the effect of various SMV concentrations (0 μg/mL, 256 

μg/mL, and 128 μg/mL) on bacterial growth (measured as OD625) during the estimated log 

phase of S. aureus (between 6 to 8 hours of incubation). The results of three independent 

experiments were expressed as mean ± standard error of the mean. (c) Comparing the 

average colony counts of the initial inoculum (N1, before incubation) against samples after 

incubation with SMV at 256 μg/mL (N2), 128 μg/mL (N3), and 64 μg/mL (N4). The results 

of three independent experiments were expressed as mean ± standard error of the mean. One-

way ANOVA with Dunnett’s post hoc test was used to compare OD625 differences between 

the positive growth control and the various statin concentrations after 20 hours of incubation. 

Statistically significant results were annotated when p < 0.05 (*), p < 0.01 (**), p < 0.001 

(***), or p < 0.0001 (****). TNTC, too numerous to count. [Reprinted with permission from 

Springer, Eur J Clin Microbiol Infect Dis.
130

 Copyright (2018)]
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In the absence of SMV, S. aureus demonstrated active growth during the log phase 

between 6 to 8 hours of incubation (Figure 3-1), and as shown by the respective 

increase in OD625 from 55% to 81% (Figure 3-6b; SMV = 0 μg/mL). However for 

SMV at 128 μg/mL, OD625 decreased from 55% to 48% between 6 to 8 hours 

respectively during what would have been the log phase (Figure 3-6b; SMV = 128 

μg/mL). The effect of SMV at 256 μg/mL on S. aureus growth could not be 

determined due to excessive cloudiness from the high concentration of undissolved 

drug, which obscured turbidity changes during what would have been the log phase 

(Figure 3-6b; SMV = 256 μg/mL; between 6 to 8 hours, OD625 decreased slightly 

from 115% to 111% respectively). 

 

Upon repeating the experiments to obtain a total of three experiments, the average 

colony count before incubation (initial inoculum size; N1 = 54 x 10
4
 CFU/mL) was 

comparable with the average count after incubation for SMV at 64 μg/mL (MIC; N4 

= 85 x 10
4
 CFU/mL). However, the average counts after incubation for SMV at 128 

μg/mL (N3) and 256 μg/mL (N2) were both too numerous to count (Figure 3-6c).  

 

3.4 Discussion 

3.4.1 Statins suitable as topical antibacterial agents 

Against Gram-positive S. aureus (ATCC 29213), SMV, PTV-lactone, ATV, and 

FLV demonstrated bacteriostatic effects, with MIC[SMV] = 64 μg/mL, MIC[PTV-lactone] 

= 128 μg/mL, and MIC[ATV] = MIC[FLV] = 256 μg/mL. The MIC results of SMV, 

ATV, and FLV were similar to other studies,
55, 60, 61, 64

 within an acceptable two-fold 

difference in MIC.
66

 At higher concentrations (4 x MIC), SMV has been shown to 

exert bactericidal effects against S. aureus.
60

 To our knowledge, there have not been 

any prior studies on the antimicrobial activity of PTV-lactone. Although SMV-OH 

did not achieve MIC at concentrations ≤ 256 μg/mL, spectroscopic analysis showed 

statistically significant activity against S. aureus, E. coli, and S. marcescens (Figures 

3-2c, 3-3, and 3-4), which suggests potential antibacterial activity whereby MIC 

might be achieved at drug concentrations above 256 μg/mL.   

 

For E. coli (ATCC 25922) and P. aeruginosa (ATCC 27853), MIC was not achieved 

for any of the statins at concentrations up to 256 μg/mL, similar to reports by other 
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researchers for both strains.
60, 61

 However, Welsh et al. demonstrated different results 

(MIC[ATV] = 250 μg/mL and MIC[RSV] = 100 μg/mL) for both strains, possibly due to 

the use of a different solvent and concentration (6.25% ethanol) for ATV and 

different culture medium for the bacterial strains (7% horse blood agar).
65

 There have 

been no other known studies on statins against Gram-negative S. marcescens (ATCC 

21074/E-15). 

 

The peak plasma concentrations attained for cholesterol-lowering purposes (SMV ≈ 

0.0209 µg/mL, PTV-lactone ≈ 0.025 µg/mL),
42, 135

 are at least 1,000 times lower than 

the in vitro MIC results reported in our study. This suggests that antibacterial effects 

are highly unlikely with the oral administration of SMV and PTV-lactone at doses 

for reducing cholesterol, and attempts to attain such high concentrations via the oral 

route escalates the risk of systemic toxicity. However, it may be feasible to achieve 

MIC concentrations by administering SMV and PTV-lactone as topical antibacterials 

directly onto the site of infection, especially since SMV is possibly effective against 

S. aureus resistant to methicillin or vancomycin as well.
43, 60

  

 

More studies are required to evaluate the safety of using high topical doses of statins, 

and the likelihood of adverse effects when combining statins with other antibiotics 

normally used to treat SSTIs, especially fluoroquinolones and macrolides. In 

particular, ciprofloxacin (a fluoroquinolone) inhibits the liver’s cytochrome P450 

enzyme system (strong inhibitor of CYP1A2 and weak inhibitor of CYP3A4) to 

elevate SMV levels, while macrolides may inhibit CYP3A4 and organic anion-

transporting polypeptides (uptake transporters) in the liver, and drug efflux pump P-

glycoprotein in the intestinal lumen to increase certain statins’ concentrations.
136

 

 

The choice of solvents for water-insoluble statins may influence antimicrobial 

results.
61

 Our choice of using methanol as a solvent was based on our finding that 

methanol exerted less suppressive effects on the bacterial strains tested in this study, 

compared to DMSO (Figure 3-1). Our results thus supplement other studies which 

utilised DMSO as a solvent,
60, 64

 showing that statins possess inherent antibacterial 

properties regardless of solvent used. Future clinical research may benefit from using 

DMSO (up to 10%) as a solvent because it has low toxicity and possesses 

antibacterial, analgesic, anti-inflammatory, and wound healing properties.
132, 137
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Utilising alcohol as a solvent for clinical use appears unfavourable as it may 

encourage biofilm formation and antibacterial resistance,
138

 or increase the risk of 

haemolysis in certain staphylococci strains, exacerbating skin infections.
139

  

  

3.4.2 Structure-activity relationship analysis  

By comparing the chemical structures of statins with antibacterial activity against 

those without, the chemical functional groups responsible for antibacterial activity 

may be identified, providing clues to statins’ mechanism of antibacterial activity. The 

combination of three aspects appear to govern statins’ antibacterial activity against S. 

aureus: hydrophobicity of the ring system; a lactone ring or dihydroxy acid moiety; 

and the presence of a gem-dimethyl moiety (two methyl groups on the same carbon 

atom) or a cyclopropyl ring (Figure 3-7).
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Figure 3-7: Structure-activity relationship analysis to identify functional groups 

responsible for antibacterial activity against S. aureus. 

(a) (
‡
) Statins with antibacterial activity against S. aureus, whereby MIC was determined 

visually with the unaided eye. (b) (
†
) Statins with potential antibacterial activity against S. 

aureus (statistically significant antibacterial effects were indiscernible to the unaided eye but 

detected via spectrophotometry). (c) Statins with no antibacterial activity against S. aureus. 

(*) A gem-dimethyl moiety (two methyl groups on the same carbon atom) with a tetrahedral 

molecular geometry. (#) A cyclopropyl ring. Lactone rings are marked with solid ovals; 

dihydroxy acid moieties with dotted ovals; hydrophobic ring systems with solid rectangles; 

and hydrophilic ring systems with dotted rectangles. The combined presence of a 

hydrophobic ring system, lactone ring, and (*) or (#) likely confers greatest antibacterial 

activity (SMV versus SMV-OH acid, or PTV-lactone versus PTV). A hydrophilic ring 

system likely reduces antibacterial activity (PRV versus LVS-OH). [Reprinted with 

permission from Springer, Eur J Clin Microbiol Infect Dis.
130

 Copyright (2018)]
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A hydrophobic ring system might be a prerequisite for antibacterial activity as the 

presence of a hydrophilic ring system does not appear to impart activity (PRV and 

RSV) but may instead, reduce antibacterial activity (PRV versus LVS-OH acid). 

SMV and LVS differ by only one methyl group in the ester side chain, yet SMV 

exerted antibacterial activity but LVS does not (Figure 3-7). This suggests the 

importance of an extra methyl group, specifically from a gem-dimethyl moiety. 

 

The lactone ring alone without a gem-dimethyl moiety or a cyclopropyl ring (LVS) 

does not confer antibacterial activity (Figure 3-7). A dihydroxy acid moiety and a 

gem-dimethyl moiety (or cyclopropyl ring) in a hydrophobic ring system may 

contribute activity (ATV and FLV) or potential activity (SMV-OH acid and PTV), 

but the effect is not as significant as when a lactone ring is present instead (SMV 

versus SMV-OH acid, or PTV-lactone versus PTV). Dihydroxy acid moiety 

combined with a gem-dimethyl moiety in a hydrophilic ring system however, did not 

demonstrate activity (RSV). The dihydroxy acid moiety alone without a gem-

dimethyl moiety or a cyclopropyl ring in a hydrophobic ring system may present 

potential antibacterial activity (LVS-OH versus LVS), but not when alone in a 

hydrophilic ring system (PRV). 

 

3.4.3 Postulated mechanism of antibacterial activity 

Bacteria may attach to environmental surfaces through non-polar interactions 

between a methyl group and an alanine residue.
140

 A cyclopropyl ring may also bind 

with an alanine residue through hydrophobic interactions.
141

 Wall teichoic acids and 

lipoteichoic acids are structures which protrude from Gram-positive bacteria cell 

membranes and contain alanine residues.
142

 Therefore, we hypothesise that statin’s 

antibacterial activity may involve the interaction of a methyl group from the gem-

dimethyl moiety (SMV, ATV, or FLV) or cyclopropyl ring (PTV-lactone) with the 

alanine residues of lipoteichoic acids from Gram-positive bacteria through van der 

Waals forces or hydrogen bonding.
143

 This may cause structural distortions of the 

lipoteichoic acids (resulting in cell division interference),
144

 or decrease the number 

of available alanine residues (thus reducing biofilm formation and bacterial adhesion 

to environmental surfaces).
142
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Several other observations, when viewed collectively, support our hypothesis. There 

are also other surface proteins responsible for various roles in S. aureus such as 

adhering to and invading host cells, evading host immune responses, and formation 

of biofilms.
145

 Statins are able to change their conformation and bind extensively to 

proteins (≥ 88% protein binding, except for PRV which exhibits about 43% to 54% 

protein binding) through van der Waals forces and hydrogen bonds.
38, 146

 Therefore, 

the binding of statins to bacterial surface proteins may influence various metabolic 

pathways to reduce bacteria proliferation and virulence. This might account for the 

lack of antibacterial activity of PRV, which possessed significantly lower protein 

binding properties. 

 

Propranolol (an antihypertensive) with a gem-dimethyl moiety also demonstrated 

antibacterial activity against S. aureus.
147

 The MIC[SMV] for MRSA is higher than 

MIC[SMV] for MSSA.
42

 Since MRSA cocci are smaller and have higher cell surface to 

plasma ratio compared to MSSA cocci,
148

 more SMV may be required to bind to the 

greater number of teichoic acid surface structures in MRSA, compared to MSSA 

cocci. 

 

Adding exogenous cholesterol to Gram-positive bacteria decreased the antibacterial 

effects of statins.
76

 Since S. aureus can integrate exogenous cholesterol into its 

membrane,
149

 the resultant increase in cell membrane rigidity may prevent statins 

from binding to or distorting cell surface structures. 

 

3.4.4 Limitations of study 

Our study had two main limitations, namely the inability to distinguish the impact of 

undissolved SMV particles on MIC results, and the inability to attain actual 

concentrations of 256 μg/mL and 128 μg/mL due to insolubility of SMV at these 

concentrations, which also limited the ability to determine a minimum bactericidal 

concentration for SMV. 

 

Although SMV at 64 μg/mL exerted antibacterial activity against S. aureus, we could 

not assume similar antibacterial effects at higher SMV concentrations. The 

incomplete dissolution of SMV at 256 μg/mL and 128 μg/mL before and after 

incubation (Figure 3-6a) introduced an additional variable (undissolved drug 
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particles), which could influence MIC results through plausible interactions with the 

broth, bacteria, and/or dissolved drug particles during incubation. We could not 

increase the solubility of SMV via increasing the solvent concentration (high 

concentrations of methanol may exert antibacterial effects), or changing conditions 

such as pH or temperature (regulated by CLSI guidelines). In addition, we decided 

not to use bacterial tracers, as these would also introduce additional variables such as 

chemical or physical interactions with the broth, bacteria, solvent, dissolved, or 

undissolved drug. 

 

The method described in Section 3.2.6 allowed us to determine that the turbidity at 

256 μg/mL and 128 μg/mL after incubation was attributed to both undissolved drug 

and bacterial growth (Figure 3-6). However, we could not distinguish if the 

undissolved SMV contributed to bacterial growth, for example, via physically 

protecting bacteria within flocculated undissolved drug particles, allowing bacteria to 

thrive. Conversely, if our results showed inhibition of bacterial growth at these 

concentrations, we would not be able to distinguish if the undissolved drug 

contributed to the antibacterial activity.  

 

The SMV concentrations labelled as “256 μg/mL” and “128 μg/mL” in our study 

effectively contained less dissolved drug than labelled because these wells contained 

excess undissolved drug particles before and after incubation for 20 hours (Figure 3-

6a). The saturated concentration of SMV before incubation was slightly less than 64 

μg/mL, since at this concentration, SMV appeared visually clear but slight turbidity 

was detected by the spectrophotometer (Figure 3-6c, OD625 was less than 20% at 0 

hours for SMV = 64 μg/mL). With the care taken during dilution and verification of 

similar OD625 amongst wells with the same concentration as described above 

(Sections 3.2.2 and 3.2.3), we could be reasonably assured that the actual 

concentration of the wells with undissolved SMV before incubation would be above 

the saturation concentration (approximately 64 μg/mL) but not higher than the 

respective 256 μg/mL and 128 μg/mL concentrations at which they were labelled.  

 

Despite these limitations, our MIC result (64 μg/mL) for SMV is still valid, which 

also revealed S. aureus exhibited a paradoxical growth effect, whereby SMV 

inhibited bacterial growth more effectively at a lower drug concentration (64 μg/mL) 
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rather than at higher drug concentrations (128 μg/mL or 256 μg/mL) (Figure 3-6). A 

paradoxical growth effect occurs when greater antimicrobial activity is exhibited at 

lower drug concentrations instead of higher concentrations.
150

 This anomaly is 

usually observed in vitro, and likely specific to the microorganism strain, species, 

and type of drug used.
150

 It is more pronounced for high protein binding drugs in 

culture media without albumin.
151

 Explanations for this phenomenon include drug 

insolubility at high concentrations; biofilm formation increasing antimicrobial 

resistance; activation/inactivation of certain metabolic pathways or resistance 

mechanisms attenuating antimicrobial effects; or programed altruistic death of 

bacteria at sufficiently high antibiotic concentrations resulting in cell lysis and 

release of materials to aid growth of other cells.
151-154

  

 

This anomaly was also observed in another study when S. aureus ATCC 29213 

(same strain used in this study) was tested in a different media without albumin 

(tryptic soy broth), utilised SMV from a different supplier, and was completely 

dissolved by a different solvent (DMSO).
64

 Although it was not specifically 

discussed, the results of Wang et al. showed that after 8 hours of incubation, bacterial 

density of SMV at 62.5 μg/mL was lower than at 125 μg/mL, and continued to be so 

when extrapolated to 20 hours of incubation as recommended by the CLSI 

guidelines.
64, 67

 Hence, a paradoxical growth phenomenon is plausible for S. aureus 

exposed to SMV in albumin-free culture media, despite utilising SMV from a 

different source or using a different solvent. 

 

Future laboratory research to confirm whether a paradoxical growth effect exists 

could involve reviewing the optimal antibacterial dose for SMV and simulating 

physiological conditions by supplementing culture media with human serum albumin 

(which may reduce the impact of the paradoxical phenomenon).
151

 The high protein 

binding (> 95%) properties of SMV and albumin-free CAMHB media could have 

amplified this phenomenon.
151

 Biofilm formation might not be a contributing factor 

to the paradoxical effect because although methanol as a solvent could have 

enhanced biofilm formation,
138

 SMV has been shown to reduce S. aureus biofilm 

formation and viability.
60

 Although the roles of specific metabolic pathways, 

resistance mechanisms, or programed altruistic cell death have also been proposed as 
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plausible explanations for the paradoxical growth phenomenon, this study is unable 

to categorically support any these aforementioned mechanisms.  

 

3.5 Conclusions 

The repurposing of SMV and PTV-lactone as topical antibacterial agents for S. 

aureus infections may be feasible as both drugs exerted the greatest bacteriostatic 

effects out of all the statins tested in this study. None of the tested statins 

demonstrated significant antibacterial activity against the selected Gram-negative 

bacteria (E. coli, P. aeruginosa, and S. marcescens) which may cause complicated 

SSTIs. However, spectrophotometry revealed that SMV-OH acid could be active 

against S. aureus, E. coli, and S. marcescens at higher drug concentrations (> 256 

μg/mL). 

 

A paradoxical growth phenomenon was observed when SMV inhibited S. aureus 

growth at a lower drug concentration (64 μg/mL) rather than at higher concentrations 

(128 μg/mL or 256 μg/mL), which could theoretically result in therapeutic failure at 

high drug concentrations. Through structure-activity relationship analysis, we 

postulate that statins’ antibacterial action may involve statins binding with alanine 

residues of teichoic acids present on Gram-positive bacterial cell surfaces via the 

combination of a hydrophobic statin ring system, a lactone ring moiety, and a gem-

dimethyl moiety or a cyclopropyl ring. Such interactions could disrupt teichoic acid 

structures or decrease the number of alanine residues, resulting in reduced biofilm 

formation, diminished bacterial adhesion to environmental surfaces, or impeded S. 

aureus cell division.  

 

For future research, the use of up to 10% DMSO may confer several clinical 

advantages over methanol as a solvent for water-insoluble statins. Further studies are 

also necessary to assess the safety of utilising high statin doses topically, especially 

when combined with other antibiotics to treat SSTIs such as fluoroquinolones and 

macrolides, which are known to increase SMV concentrations.  

 

Having demonstrated laboratory evidence of statins as a plausible novel topical 

antibiotic for SSTIs due to MSSA infections, the next step in the proposed 
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translational research framework involved evaluating applied research in clinical 

practice, which involves determining the effects of statins in patients with SSTIs. 
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4.  Ambulatory Care Evidence (Sequence Symmetry Analysis)  

 

4.1 Preamble 

It has been reported that statins may reduce the risk of community-acquired S. aureus 

bacteraemia and exert antibacterial effects against S. aureus.
155

 Together with the 

results of SMV and PTV-lactone demonstrating direct antibacterial activity in the 

previous chapter, it would be reasonable to hypothesise that statins could lower the 

risk of SSTIs or evolve into promising novel treatments for SSTIs. 

 

However, statins may also induce new-onset diabetes mellitus (“diabetes mellitus” 

referred as “diabetes hereafter),
129

 which is a risk factor for SSTIs.
13

 Additionally, 

skin colonisation with S. aureus predisposes diabetic patients to infections,
156

 as well 

as recurrent SSTIs.
11, 157

 By inhibiting HMG-CoA reductase, statins reduce 

cholesterol production, but the inhibition of epidermal cholesterol synthesis may 

compromise the skin’s barrier function,
158

 paradoxically raising the risk of SSTIs. 

Furthermore, it has been suggested that the observed benefits of statins with respect 

to infections might be a result of a “healthy user effect”, whereby statin users were 

more likely motivated to engage in healthy lifestyles, hence resulting in a biased 

positive effect.
159

 

 

Given the above plausible yet conflicting theories, the work in this chapter sought to 

determine whether statins manifested a beneficial or detrimental clinical outcome in 

outpatients with SSTIs by evaluating the interrelationships between statins, diabetes, 

and SSTIs.  

 

This chapter was initially submitted as a manuscript entitled “A sequence symmetry 

analysis of the interrelationships between statins, diabetes, and skin infections” for 

consideration of publication in the peer-reviewed Medical Journal of Australia but it 

was not accepted. The manuscript was subsequently resubmitted to another peer-

reviewed journal (British Journal of Clinical Pharmacology) and recently accepted 

for publication on 8
th

 October 2019.
160

 This is the peer reviewed version of the 

following article “A sequence symmetry analysis of the interrelationships between 

statins, diabetes and skin infections. Br J Clin Pharmacol. 2019; 85(11):2559-2567”, 
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which has been published in final form at < https://doi.org/10.1111/bcp.14077>. This 

article may be used for non-commercial purposes in accordance with Wiley Terms 

and Conditions for Use of Self-Archived Versions. Under a Copyright Agreement, 

this peer reviewed version of the article is subjected to an embargo period of 12 

months (i.e. 12 months after 8
th

 October 2019; Appendix 7). 

 

Relevant parts of the original manuscript have been edited and presented in this 

chapter from Section 4.2 onwards to facilitate flow of the thesis. The labels for 

references and figures have been amended to align with the thesis format. The 

abstract and introduction sections of the original manuscript have been abridged and 

adapted in this preamble. The methods, results, and discussions have been expanded 

in this chapter due to a word limit for the original article. The original conclusion has 

been revised in this thesis to promote transition between chapters. 

 

All authors had no competing interests to declare. The primary investigator 

performed the literature and reference searches, collected the data, prepared the 

figures and tables, wrote the manuscript, and contributed significantly to the design, 

analysis, and interpretation of findings as lead author in the peer-reviewed 

publication. Permission was obtained from all co-authors to include the contents of 

the published article for this thesis (Appendix 8). Ethics approval (E014/003; 

Appendix 9) has been granted by the Australian Department of Veterans’ Affairs 

(DVA). 

 

4.1.1 Objectives  

This work aimed to determine statins’ impact on outpatients with SSTIs, taking into 

consideration that statins might reduce the risk of S. aureus infections, but may also 

paradoxically increase SSTI risks due to statins’ association with new-onset diabetes, 

a risk factor for SSTIs. 

 

The SSA was chosen for this study, which served as a self-controlled design in 

pharmacoepidemiology.
161

 The interrelationship between statins, diabetes, and SSTIs 

were segregated into the three possible pairs (statins-SSTIs, statins-diabetes, and 

diabetes-SSTIs), and SSA was performed to ascertain if: [i] statins increased the risk 

of SSTIs; [ii] statins increased the risk of diabetes; and [iii] diabetic patients were 
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susceptible to SSTIs. The results from these three analyses would identify if each 

pair exerted a beneficial or detrimental clinical outcome. Collectively, they 

corroborate the likely association of statins and SSTIs. 

 

A secondary analysis on the influence of probable healthy user effects was also 

conducted for each of the studied pairs, using socio-economic status as a surrogate 

indicator, since the healthy user bias was closely aligned with socio-economic 

welfare.
162

  

 

4.1.2 Potential significance of the research  

By analysing a large database of prescriptions from the Australian DVA spanning 

over more than 10 years, the time taken to exhibit possible associations could be 

ascertained for each of the pairs studied (statins-SSTIs, statins-diabetes, and 

diabetes-SSTIs). This provides clinicians with useful information on the sensitive 

period, a time frame in which exposure to an event may be associated with the 

greatest risk of disease development.
163

 

 

The secondary analysis on socio-economic status serves to indicate whether the 

healthy user effect played a significant role in influencing the results for each pair 

studied. 

 

4.2 Methods 

The SSA was originally used as an economical and rapid means of reviewing adverse 

drug reactions using prescription drugs.
1
 The analysis was later expounded,

164
 and 

has since gained popularity in pharmacoepidemiology to detect adverse events.
1
 

Advantages of the SSA over other epidemiological study designs include controlling 

for confounding factors which do not vary considerably over the study period, such 

as age, gender, or genetics.
1, 165

  

 

To detect adverse events using SSA, the sequence of incident (first-time) 

prescriptions of patients taking both the drug of interest (index drug) and the drug 

specifically indicated for treating the adverse event (marker drug) is examined.
164, 165

 

Prescription sequences with intervals greater than 365 days between the index and 
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marker drugs were not analysed to minimise potential time-varying confounders such 

as age. If the index drug increases the probability of an event, the number of incident 

index drugs prescribed first (nindex→marker) will be expected to be significantly larger 

than the number of incident marker drugs prescribed first (nmarker→index). The crude 

sequence ratio (CSR) of incident prescriptions (nindex→marker)/(nmarker→index) will thus 

be greater than unity. The fundamental assumption for this analysis is that if there 

was no causal association, incident users of both the index and marker drugs follow 

similar incidence trends for each drug in the study population.
165

 

 

Incident prescribing trends may vary over time. Hence a null-effect sequence ratio 

(NSR), the expected sequence ratio in the absence of any causal relationship, is 

calculated to adjust for these trends (Appendix 10).
164, 165

 The adjusted sequence ratio 

(ASR), calculated as CSR/NSR, is the incidence rate ratio of marker drug prescribing 

in index drug exposed versus non-exposed person-time.
164

 Since the variance of the 

NSR is negligible compared to the variance of the CSR (which is much larger), the 

confidence interval (CI) of ASR is therefore largely determined by the CI of the CSR 

and calculated using the binomial distribution and crude number of sequences.
164

 

  

4.2.1 Data source  

Permission was obtained from DVA to study prescription claims made by over 

228,000 veterans, war widows, and widowers from 1
st
 January 2000 to 31

st
 

December 2012.
166

 Prescriptions filled for statins (ATV, FLV, PRV, RSV, and 

SMV), antidiabetic medication (insulins, insulin analogues, and oral blood glucose 

lowering drugs; Appendix 11), and antistaphylococcal antibiotics (dicloxacillin and 

flucloxacillin) were examined using non-identifiable client numbers, dates of 

prescriptions filled, residential electorates, and Anatomical Therapeutic Chemical 

codes as defined by the World Health Organization (Appendix 11).
167

 

 

4.2.2 Primary analysis 

A waiting-time distribution graph of the total number of all first-time prescriptions 

filled was plotted from 1
st
 January 2000 to 31

st
 December 2012 to determine the run-

in period, which was the initial short time frame containing both incident users (first-

time prescription claims which are relevant for analysis) and prevalent users (repeat 

prescription claims which are not relevant for analysis).
164, 165

 By excluding the run-
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in period from the study, the later remaining time frame would be the study period 

which consists of only incident users (the population of interest). 

 

Thereafter, SSA was performed on first-time prescription data from the study period 

(after the run-in period) to determine if: [i] statins increased risk of SSTIs 

(index[statins]; marker[antistaphylococcal antibiotics]); [ii] statins increased risk of diabetes 

(index[statins]; marker[antidiabetic medication]); and [iii] diabetic patients were susceptible to 

SSTIs (index[antidiabetic medication]; marker[antistaphylococcal antibiotics]) (Figure 4-1).  

 

               

Figure 4-1: Using SSA to evaluate plausible interrelationships between statins, 

diabetes mellitus, and SSTIs. 

[i] Between statins and SSTIs, index drug = statin, marker drug = antistaphylococcal 

antibiotics. [ii] Between statins and diabetes, index drug = statin, marker drug = 

antidiabetic medication. [iii] Between diabetes and SSTIs, index drug = antidiabetic 

medication, marker drug = antistaphylococcal antibiotics. Statins included ATV, 

FLV, PRV, RSV, and SMV; antidiabetic medication included insulins, insulin 

analogues, and oral blood glucose lowering drugs (Appendix 11); and 

antistaphylococcal antibiotics included dicloxacillin and flucloxacillin. [Reprinted 

with permission from John Wiley and Sons, Br J Clin Pharmacol.
160

 Copyright 

(2019)] 

 

 

The SSA was performed at window intervals of 91, 182, and 365 days for each 

relationship to identify variations in risk over time. For example, if statins are 

associated with an increased risk of SSTIs (Figure 4-1, direction [i] favoured) within 

91 days of statin use, the number of statins (index drug) prescribed first (nstatins first→ 

antistaphylococcal antibiotics second) will be expected to be significantly larger (ie. more 

people requiring antistaphylococcal antibiotics after taking statins) than the number 

of antistaphylococcal drugs (marker drug) prescribed first (nantistaphylococcal antibiotics 
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first→statins second) over any 91-day time frame. The CSR of incident prescriptions 

(nindex→marker)/(nmarker→index) and subsequently calculated ASR will thus be greater 

than unity. This analysis was repeated for any 182-day and 365-day time frames 

within the study period, and similar analyses were conducted for directions [ii] and 

[iii] as shown in Figure 4-1. 

 

4.2.3 Confirmatory analysis 

Amongst all first-time statin users in the study period, additional SSA was performed 

on diabetics (taking antidiabetic medication) and non-diabetics (not taking 

antidiabetic medication) to determine if statins contributed to the risk of SSTIs 

independently, regardless of diabetes status.  

 

4.2.4 Secondary analysis 

The Index of Relative Socio-economic Advantage and Disadvantage (IRSAD) 

provides a snapshot of the socio-economic status of inhabitants within a residential 

area in Australia.
168

 A low or high score suggests that residents are generally 

disadvantaged or advantaged respectively, with the overall average score being 

1006.
168

 By charting the number of patients with known residential electorates (at 

time of filling first prescriptions) against IRSAD scores, the graph gives an overview 

of whether socio-economic status influences the proportion of (nindex→marker) patients 

against (nmarker→index) patients. 

 

4.2.5 Statistical analysis 

Data were analysed using SAS version 9.2 (SAS Institute Inc., Cary, North Carolina, 

USA) and graphs drawn with GraphPad Prism version 7 (GraphPad Software, La 

Jolla, California, USA).  

 

4.2.6 Ethics approval 

This study was approved by the DVA Ethics Committee (E014/003, Appendix 9). 
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4.3 Results 

4.3.1 Primary analysis 

From the waiting-time distribution graph (Figure 4-2), a run-in period of six months 

was required to exclude prevalent users. Our study period was hence from 1
st
 July 

2001 to 31
st
 December 2011 inclusive, to allow the analysis of the 365 days window 

interval preceding the first drug prescribed, and 365 days window interval following 

the last drug prescribed (Figure 4-2).  

 

 
Figure 4-2: Waiting time distribution graph for all drugs (statins, antidiabetics, and 

antibiotics) involved in this study.  
The run-in period, time taken to differentiate incident users (evenly distributed over time) 

from prevalent users (clustered at initial phase of study), was identified as six months. Hence 

the effective study period was from 1
st
 July 2001 to 31

st
 December 2011. 
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Overall, statins were associated with a significant risk of SSTIs. This risk was similar 

over 91, 182, or 365 days (Figure 4-3: ASR = 1.40, 1.41, and 1.40 respectively; CI > 

1), with the greatest influence from ATV and SMV (Figure 4-3). 

 

 

 
Figure 4-3: Results of SSA for the relationship between statins and SSTIs. 

Index drugs used were statins (ATV, FLV, PRV, RSV, and SMV). Marker drugs 

used were antistaphylococcal antibiotics (dicloxacillin and flucloxacillin). Number of 

records for “any statin” will either be equal to or less than the summation of records 

for individual statins because two or more individual statins presented on the same 

day would still be considered as one record under the "any statin" analysis. 

[Reprinted with permission from John Wiley and Sons, Br J Clin Pharmacol.
160

 

Copyright (2019)] 
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Statins were also associated with a significant risk of new-onset diabetes, but the risk 

decreased gradually over 91, 182, and 365 days (Figure 4-4: ASR = 1.19, 1.14, and 

1.09 respectively; CI > 1). ATV and SMV were also the greatest contributors to this 

outcome, albeit the results were not statistically significant over 365 days (Figure 4-

4).  

 

 
Figure 4-4: Results of SSA for the relationship between statins and diabetes 

mellitus. 

Index drugs used were statins (ATV, FLV, PRV, RSV, and SMV). Marker drugs 

used were antidiabetic medication (insulins, insulin analogues, and oral blood 

glucose lowering drugs). Number of records for “any statin” will either be equal to or 

less than the summation of records for individual statins because two or more 

individual statins presented on the same day would still be considered as one record 

under the "any statin" analysis. [Reprinted with permission from John Wiley and 

Sons, Br J Clin Pharmacol.
160

 Copyright (2019)] 
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Patients with diabetes were associated with increased risk of SSTIs at the 182 and 

365 days window (Figure 4-5: ASR = 1.20 and 1.24 respectively, CI > 1 

respectively), but the risk was non-significant at the 91 days window (Figure 4-5: 

ASR = 1.14; CI overlaps unity). 

 

 
Figure 4-5: Results of SSA for the relationship between diabetes mellitus and 

SSTIs. 

Index drugs used were antidiabetic medication (insulins, insulin analogues, and oral 

blood glucose lowering drugs) as listed in Appendix 11. Marker drugs used were 

antistaphylococcal antibiotics (dicloxacillin and flucloxacillin). [Reprinted with 

permission from John Wiley and Sons, Br J Clin Pharmacol.
160

 Copyright (2019)] 

 

 

4.3.2 Confirmatory analysis 

Non-diabetic statin users were found to have significant risk of SSTIs at 91, 182, and 

365 days (Figure 4-6: ASR = 1.39, 1.41, and 1.37 respectively, CI > 1 respectively). 

Diabetic statin users were similarly shown to be at significant risk of SSTIs at 91, 

182, and 365 days (Figure 4-6: ASR = 1.43, 1.42, and 1.49 respectively, CI > 1 

respectively). 
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Figure 4-6: Confirmatory sequence symmetry analysis to determine the risk of 

SSTIs associated with non-diabetic statin users compared to diabetic statin 

users. 

Diabetic population was defined as patients on antidiabetic medication (insulins, 

insulin analogues, and oral blood glucose lowering drugs). Index drugs used were 

statins (atorvastatin, fluvastatin, pravastatin, rosuvastatin, and simvastatin). Marker 

drugs used were antistaphylococcal antibiotics (dicloxacillin and flucloxacillin). 

[Reprinted with permission from John Wiley and Sons, Br J Clin Pharmacol.
160

 

Copyright (2019)]  

 

 

4.3.3 Secondary analysis 

The proportion of (nindex→marker) patients to (nmarker→index) patients with relatively 

disadvantaged (IRSAD < 1006) and advantaged (IRSAD > 1006) socio-economic 

conditions did not differ significantly for: [i] statin and antibiotic users (p = 0.716; 

Figure 4-7i); [ii] statin and antidiabetic users (p = 0.07; Figure 4-7ii); and [iii] 

antidiabetic and antibiotic users (p = 0.94; Figure 4-7iii).
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Figure 4-7: Index of Relative Socio-economic Advantage and Disadvantage 

(IRSAD) scores reflecting socio-economic status of patients (with known 

residential electorates) who filled first prescriptions. 

Chi-square tests were performed for each of the three groups to detect significant 

differences (if p < 0.05) in the proportion of (nindex→marker) patients to (nmarker→index) 

patients with relatively disadvantaged (IRSAD < 1006) and advantaged (IRSAD > 

1006) socio-economic conditions. [i] Relationship between statins and skin 

infections: index drug = statin, marker drug = antistaphylococcal antibiotics. [ii] 

Relationship between statins and diabetes: index drug = statin, marker drug = 

antidiabetic medication. [iii] Relationship between diabetes and SSTIs: index drug = 

antidiabetic medication, marker drug = antistaphylococcal antibiotics. 
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4.4 Discussion 

To our knowledge, there are currently no known clinical studies of statins 

specifically associated with the risk of SSTIs. However, there are conflicting 

conclusions about the effect of statins on the risk of general infections, some 

supporting statins reducing the risk of infections,
155, 169

 while others refute this 

beneficial outcome.
170, 171

 By reconciling our results with available literature that 

utilise non-SSA related methodologies, clinical outcomes which align with our 

results would support plausible mechanism(s) of action for statins in SSTIs and 

diabetes. 

 

4.4.1 Statins and risk of SSTIs 

Current clinical literature supports direction [ii] of Figure 4-1 (statins being 

associated with diabetes),
129, 172

 as well as direction [iii] of Figure 4-1 (diabetes being 

associated as a risk factor of skin infections).
8, 13

 Our results showed that statin users 

were associated with an increased risk of SSTIs (Figure 4-3), as well as an increased 

risk of diabetes (Figure 4-4), and diabetes was associated with an increased risk of 

SSTIs (Figure 4-5). 

 

The confirmatory analysis revealed that both non-diabetic and diabetic statin users 

were associated with similar significantly increased risks of SSTIs (Figure 4-6). 

Diabetes is a risk factor for SSTIs in non-statin users, since diabetes has been shown 

to increase the risk of general infections,
173

 as well as specifically skin infections.
8, 13

 

As such, without influence from extraneous factors, it would be reasonable to expect 

non-diabetics (regardless of statin use) to have low to no risk of SSTIs. However, the 

confirmatory analysis showed that both non-diabetic and diabetic statin users had 

similar significantly increased risks of SSTIs, alluding to statin use as an important 

contributor to SSTI risk. Viewed collectively, it may be posited that statins are 

associated with an increased SSTI risk, whether indirectly (via diabetogenic 

mechanisms) (Figure 4-1, directions [ii] and [iii]), or directly (via non-diabetogenic 

mechanisms) (Figure 4-1, direction [i]). 

 

The findings of this study were in contrast to those reported by Pouwels et al.,
174

 who 

reported a reduction in antibiotic use in drug-treated type 2 diabetic statin users 
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compared to non-users. Although their research design also utilised SSA, they did 

not examine the effects of narrow spectrum antibiotics (such as dicloxacillin and 

flucloxacillin) which target mainly staphylococci, a major bacterial causative agent 

for SSTIs.
13

 By studying all beta-lactam penicillins as a group,
174, 175

 the effects of 

broad spectrum beta-lactam antibiotics on a variety of both Gram-positive and Gram-

negative bacteria may mask or confound the results specific to Gram-positive 

staphylococci. Hence, it is possible that our results differed despite using the same 

methodology.  

 

Interestingly, although the study by Liappis et al. concluded that statins may have a 

potentially therapeutic role in bacteraemic infections, they noted a statistically 

significant increase in SSTIs among patients with bacteraemia who were receiving 

statins, compared to those who were not using statins.
176

 The work of both Liappis et 

al. (not designed a priori to detect an association between statins and SSTIs) and our 

study (designed a priori to detect this association) demonstrating the same outcome 

suggests the association between statins and SSTIs is unlikely to be spurious. The 

clinical evidence presented in the following two sections provide plausible 

mechanisms by which statin use could increase SSTI risk, whether via indirect 

(diabetogenic) mechanisms (Figure 4-1, directions [ii] and [iii]), or via direct (non-

diabetogenic) mechanisms (Figure 4-1, direction [i]). 

 

4.4.1.1    Statins and risk of diabetes (plausible indirect SSTI mechanism) 

The diabetogenic mechanisms of statins may involve increased insulin resistance 

and/or diminished pancreatic β-cell function.
129

 Patients with diabetes have impaired 

immunity, undermining the defence against pathogens such as S. aureus, hence 

increasing the risk of SSTIs.
20

 Our study revealed that the sensitive period whereby 

statin exposure exerted the greatest risk, was within 91 days after statin 

commencement, especially for ATV and SMV (Figure 4-4). This suggests statin-

induced diabetogenic mechanisms may be completed as soon as within 91 days. 

 

The use of statins may upregulate low-density lipoprotein (LDL) receptors to reduce 

plasma LDL cholesterol (LDL-C), resulting in increased intracellular LDL-C burden 

and diminished pancreatic β-cell function.
129

 In addition, the reduction of coenzyme 

Q10 as a result of mevalonate pathway inhibition may disrupt mitochondrial electron 
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transport and impair insulin secretion.
129

 Clinical studies have shown that blood 

levels of LDL-C and coenzyme Q10 were reduced after daily doses of SMV (LDL-C 

↓34.7%, coenzyme Q10 ↓31.2% after 28 days) and ATV (LDL-C ↓51%, coenzyme 

Q10 ↓52% after 30 days).
177

 Since reduced plasma levels of LDL-C and/or coenzyme 

Q10 by statins are associated with an increased risk of diabetes,
129

 it is conceivable 

for statin users (especially users of ATV and SMV, in alignment with Figure 4-4) to 

be at increased risk of diabetes after 30 days,
129, 177

 and thereafter be at further risk of 

SSTIs over the next 60 days (in alignment with Figure 4-5) since diabetes is a risk 

for SSTIs.
13

 As such, the reduction of LDL-C and/or coenzyme Q10 levels could be 

indirectly associated with an increased SSTI risk within 91 days of statin 

commencement via diabetogenic mechanisms (Figure 4-1, directions [ii] and [iii] and 

Figure 4-6). 

 

Other studies utilising different research methods also supported the association of 

statins and diabetes in humans within time frames that aligned with this study. A 

study utilising pharmacometabolomics (quantification and analysis of metabolites 

produced by the body) reported that 40 mg of oral SMV daily for 6 weeks elevated 

the risk of increased plasma glucose.
178

 A network meta-analysis of randomised 

clinical trials over 12 weeks to 12 month reported that compared to placebo, high-

intensity ATV (dose range not specified) may exacerbate glycaemic control 

(increased glycated haemoglobin A1C and fasting plasma glucose levels), but 

moderate-intensity PTV may significantly improve glycaemic control in patients 

with type 2 diabetes.
179

 

 

Disruption of the human gut microbiome, or gut dysbiosis, has been associated with 

the impaired metabolism of bile acids, which may impede glucose control and 

diminish innate immunity.
180

 Bile acids regulate glucose homeostasis through the 

activation of nuclear receptors such as PXRs, and mount antimicrobial defences via 

activation of the vitamin D receptor.
108

 Statins have been found to influence the 

human gut microbiome.
120

 The clinical implications of this remains uncertain in our 

study, albeit remodelling of murine gut microbiota has been shown to increase the 

risk of diabetes in mice via PXR activation.
121
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A decrease in vitamin D levels may raise the risk of diabetes directly (via 

interference with insulin receptors, signalling, and glucose transport) or indirectly 

(secondary to hyperparathyroidism).
181

 However, the overall effect of statins on 

vitamin D levels in humans is ambiguous. Statins decrease cholesterol (a precursor of 

vitamin D), which theoretically limits downstream vitamin D production. Yet, 

conflicting results revealed that statins may raise vitamin D levels (via competitive 

inhibition of the cytochrome P450 enzyme activity and activation of cholesterol 

membrane transporters to increase intestinal absorption of vitamin D),
182

 as well as 

studies which showed that statins do not increase serum levels of vitamin D.
183

 

 

The net effects of vitamin D on infections also appear inconclusive. Vitamin D may 

prevent infections by boosting the innate immunity (rapid response) through 

augmenting chemotaxis, phagocytosis, and activation of antimicrobial peptides.
184

 

However, by increasing T regulatory cells (Treg), and inhibiting T helper cell type 

1(Th1) and type 17 (Th17),
184

 the adaptive immune system (delayed response) 

against pathogenic infections may be dampened. Thus, the influence of vitamin D in 

this study is unclear.  

 

4.4.1.2    Statins and the immune system (plausible direct SSTI mechanism) 

The T helper cell types 1 (Th1) and 17 (Th17) are responsible for mounting the 

host’s defence against pathogens, resulting in inflammatory responses.
185

 The T 

regulatory (Treg) cells on the other hand, play a role in homeostasis by suppressing T 

cells, exerting anti-inflammatory effects.
185

 Inhibition of HMG-CoA reductase by 

statins reduces cholesterol and downstream isoprenoids essential for intracellular 

signalling, which could result in the observed increase in anti-inflammatory Treg 

cells and decrease in pro-inflammatory Th1 and Th17 cells.
186

 Clinical data show 

that statins inhibit the induction of Th1 and Th17 cells,
186

 and may increase Treg 

cells within 4 to 12 weeks,
186, 187

 time frames which corresponded with our SSA 

results demonstrating that statin users were associated with increased risk of SSTIs 

within 91 days (Figure 4-3). Given the importance of Th1, Th17, and Treg cells in 

skin immunity,
188

 it is plausible that statin users may be directly associated with an 

increased SSTI risk within 91 days of statin commencement via non-diabetogenic 

mechanisms of reduced Th1, Th17 and increased Treg cell activities (Figure 4-1, 

direction [i] and Figure 4-6). 
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The skin functions as a crucial permeability barrier, providing innate immunity by 

protecting the host from noxious agents such as bacterial pathogens. Upon acute 

insult, epidermal cholesterol synthesis and HMG-CoA reductase activity increases 

swiftly to restore the protective barrier function.
158

 Studies on mice have shown that 

topical application of statins impeded epidermal cholesterol synthesis and 

consequently, delayed recovery of the skin barrier function.
189

 Additionally, high 

levels of cholesterol, in particular LDL-C, might confer immunoprotective effects 

against infections in mice.
190

  

 

Since clinical studies have shown that plasma LDL-C could be reduced after about 

30 days of ATV and SMV usage as discussed in Section 4.4.1.1,
177

 and our SSA 

results demonstrated the use of ATV and SMV is associated with an increased risk of 

SSTIs within 91 days (Figure 4-3), the reduction of plasma LDL-C could also be a 

possible direct, non-diabetogenic mechanism by which statins are associated with 

increased SSTI risks. However, since this negative effect of cholesterol lowering on 

skin barrier function was demonstrated predominantly in mice, verification from 

clinical studies are required.    

 

4.4.2 Healthy user effect 

The “healthy user effect” refers to selective bias whereby motivated patients are 

more inclined to undertake preventive healthcare, such as consuming healthy diets 

and exercising frequently, and such health-seeking attitudes correspond closely with 

socio-economic status.
162

 Since the residential electorate is reflective of patients’ 

socio-economic status,
168

 patients from electorates that are of above average IRSAD 

scores (> 1006) might be more likely than patients from below average IRSAD 

scores (< 1006) to exhibit traits such as reduced risk of infections or diabetes. 

However, the healthy user effect was not apparent because the role of socio-

economic status was non-significant within the relationships examined (Figure 4-7).  

 

4.4.3 Limitations of study 

Due to the nature of SSA, patients were assumed to commence their medication on 

the day of filling their prescription and that they were compliant with medication, 

which might not have occurred in reality. We also assumed that all medicines were 
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administered as a Defined Daily Dose per day (Appendix 11),
167

 thus we could not 

determine the impact of statin dosage on clinical outcomes.  

 

Some antibiotics used to treat SSTIs may also be prescribed for other types of 

infections. By narrowing our choice of marker antibiotics to dicloxacillin and 

flucloxacillin, we could be reasonably assured that the data generated would be 

specific for bacterial SSTIs, albeit this excludes signals from the other antibiotics and 

precludes patients with penicillin allergies. 

 

Confounding by indication is an inherent bias in SSA.
164

 Since diabetes is a risk 

factor for SSTIs,
8, 13

 an increased risk of SSTIs associated with statins could be 

confounded by an indication (diabetes) for taking statins. Diabetes is an important 

risk factor for cardiovascular diseases and statins are indicated in patients with 

diabetes to reduce the risk of cardiovascular diseases.
191

 Hence, the number of 

patients (nantidiabetics 1st→ statins 2nd) may be relatively high, creating a bias towards an 

underestimation of statins’ effect on diabetes, favouring the reverse of direction [ii] 

in Figure 4-1 and thereby, resulting in confounding by indication. 

 

However, recommendations for statin prescribing to manage cardiovascular disease 

risks target metabolic syndrome, a condition comprising three of any of the following 

five factors: elevated waist circumference, elevated serum triglycerides, reduced 

HDL-C, elevated blood pressure, and elevated fasting glucose (diabetes).
191

 As such, 

there are other conditions for prescribing statins which aim to control other 

components of metabolic syndrome but specifically exclude diabetes.
191

 In these 

situations, (nstatins 1st→ antidiabetics 2nd) would be relatively larger, favouring direction [ii] 

in Figure 4-1, which our results aligned with (Figure 4-4). Although we were unable 

to categorically rule out confounding by indication, our conclusion of stains being 

associated with diabetes via SSA methodology is supported by meta-analyses of 

randomised controlled trials.
192, 193

 

 

Lastly, prescriptions for fixed-dose combination medicines have to be excluded from 

SSA studies because the CSR or ASR calculated using fixed-dose combination 

medicines could be attributed to any of the combined drugs, confounding the results 

generated. If the drugs were prescribed separately however, they could be in included 
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in SSA studies, boosting the sample size of drugs analysed. Although there is 

evidence that statins have been safe and efficacious when combined with other lipid-

lowering drugs such as ezetimibe,
194

 or antihypertensives such as amlodipine,
195

 

doctors tend to prescribe individual medicines for treating hypertension and 

hyperlipidaemia.
196

 This could be due to guidelines for treating hypertension 

recommending angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin II 

receptor blockers (ARBs) as first-line therapy over the combination medication 

containing amlodipine, a calcium-channel blocker.
197

 Alternatively, a single statin at 

a higher dose may be sufficient for most patients in the prevention of cardiovascular 

diseases.
197

 As such, the exclusion of fixed-dose combination medicines would 

unlikely cause a significant impact on the results obtained in this study. 

 

4.5 Conclusions 

Our study supports the hypothesis that first-time statin users are at increased risk of 

SSTIs and this risk was likely independent of diabetes status or the healthy user 

effect. Statins may directly increase SSTI risk via direct or indirect mechanisms. 

Clinical evidence with time frames that aligned with our results include the reduction 

of innate immunity via increase of Treg cells and inhibition of Th1 and Th17 cells 

within 91 days (direct, non-diabetogenic mechanism; Figure 4-1, direction [i]);
186, 187

 

and reduction of LDL-C and coenzyme Q10 levels within 91 days of statin 

commencement,
177

 which increased the risk of diabetes, in turn a risk factor for 

SSTIs (indirect, diabetogenic mechanism; Figure 4-1, directions [ii] and [iii]). 

 

Further clinical studies are required to confirm these mechanisms, as well as to 

ascertain the effect of statins on gut dysbiosis, impaired bile acid metabolism, 

reduced vitamin D levels, and cholesterol inhibition on skin function. Regardless of 

the actual mechanism(s), it would seem prudent for clinicians to monitor blood 

glucose levels of statin users who are predisposed to diabetes, and be mindful of 

possible increased risk of SSTIs in such patients. 

 

Since statins may directly increase the risk of both SSTIs and diabetes, it appears the 

use of statins should ironically be avoided for patients with SSTIs. However, the 

results from this chapter do not include the study of PTV as it is currently not 
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registered in Australia for clinical use. The probable beneficial effect of PTV on 

blood glucose levels demonstrated by Cui et al.
179

 has been supported by other 

studies,
198, 199

 and this is of interest because its metabolite (PTV-lactone) 

demonstrated direct antibacterial effects as shown in Chapter Three of this thesis. 

The association between PTV and diabetes is being further investigated by other 

researchers in a randomised controlled trial,
200

 and their results would help clarify if 

PTV-lactone has potential to be repurposed as an adjuvant/treatment for SSTIs.  

 

The work done in the next chapter evaluated the effect of statins in patients 

hospitalised with SSTIs in Rockingham General Hospital, Western Australia. 

Although the effects of PTV were similarly not evaluated due to the drug being 

unregistered for clinical use in Australia, the work served to provide additional 

clinical evidence on the relationship between statin use and SSTIs. 
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5. Hospital Care Evidence (Case-Control Study) 

 

5.1 Preamble 

Severe or unmanageable SSTIs at the outpatient setting would be better treated in the 

hospital, especially for complicated or necrotising infections which affect the deeper 

tissue layers. With the increasing emergence of antibiotic-resistant bacterial strains 

such as S. aureus, novel therapeutic agents are required.
201

 This is especially crucial 

since S. aureus colonisation and infection is responsible for the majority of bacteria-

associated SSTIs,
13

 and an increased risk of SSTI recurrence, which impose a 

significant strain on healthcare resources.
11

 

 

Current measures to break the cycle of recurrent infection include the disruption of S. 

aureus colonisation via administration of topical antimicrobials at various anatomic 

sites such as the nostrils to reduce nasal carriage.
11

 The successful decolonisation of 

S. aureus however, has been hampered by the development of antimicrobial resistant 

strains over time, which subsequently makes it more difficult break the recurrent 

cycle of SSTIs.
11

 Hence, novel treatment approaches are required. 

 

If statins do serve as such novel agents, they should confer beneficial effects such as 

a reduced risk of SSTIs and/or a more rapid recovery from SSTIs for statin users 

compared to non-statin users. However, statins have also been associated with new-

onset diabetes,
129

 a risk factor for S. aureus-related SSTIs, which predisposes to 

recurrent SSTIs,
11, 157

 potentially attenuating any plausible SSTI benefits that might 

be demonstrated by statins. 

 

As such, the research reported in this chapter comprised of two separate analyses. A 

matched case-control study design was utilised in the primary analysis to evaluate 

the direct association between statin use and the risk of SSTIs. A secondary analysis 

was conducted to study the association between statin users who experienced SSTIs 

and the risk of diabetes. This chapter contains data which as yet, has not been 

submitted for publication.  
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5.1.1 Objectives  

This study sought to determine if statin use conferred beneficial effects such as a 

reduced risk of SSTIs and/or a more rapid recovery from SSTIs amongst patients 

hospitalised due to an SSTI. The primary analysis of this study aimed to examine: (i) 

the association between statin use and the risk of SSTIs and (ii) if the use of statins 

was associated with improved clinical outcome indicators such as length of hospital 

stay and duration of discharge antibiotics prescribed. 

 

Additionally, a secondary analysis was conducted within the SSTI cases only 

subgroup to determine if associations existed between statin use and: (i) the 

incidence of diabetes and (ii) clinical outcome indicators. 

 

5.1.2 Potential significance of the research 

Positive results from the primary analysis would potentially support a role for statins 

as viable novel therapeutic agents in the management of SSTIs, either through 

reducing the risk of severe SSTIs and/or facilitating a more rapid recovery from 

SSTIs. 

 

Results from the secondary analysis determines the association between statin use 

amongst patients with SSTIs and diabetes, which could potentially identify whether 

statins attenuate or contribute to diabetes, an important risk factor of SSTIs. 

 

5.2 Methods 

5.2.1 Study design  

A retrospective matched case-control study as outlined in Figure 5-1 was conducted 

on patients who were admitted as inpatients to the Medical Ward of Rockingham 

General Hospital, Western Australia, which is a public secondary hospital with 

slightly over 200 beds.  
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Figure 5-1: Diagram outlining methodology of study. 

The procedure of enrolling cases and controls is shown, along with the population 

group(s) which the primary and secondary analyses were performed on. ICD-10, 

International Statistical Classification of Diseases and Related Health Problems - 

10th revision. 

 

 

5.2.1.1    Identification of cases and controls 

Utilising a list containing provisional diagnosis according to the International 

Statistical Classification of Diseases and Related Health Problems, 10th revision 

(ICD-10) and admission dates of patients admitted in the medical ward between 

January 2002 and January 2018, patients with ICD-10 codes from L00 to L08 

(infections of the skin and subcutaneous tissue) were identified as potential cases. 

Although the list streamlined the process for the search of SSTI cases, coding of 

cases may sometimes be inaccurate. As such, the medical notes of these potential 

cases were reviewed by the primary investigator and thereafter, patients with 
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confirmed diagnosis of skin infections were enrolled as cases. Since the use of statins 

is recommended for adults aged 40 to 75 years to prevent cardiovascular diseases,
202

 

only patients who were 40 years and older admitted to the Medical Ward for SSTIs 

were selected as cases. 

 

Patients with ICD-10 codes other than from L00 to L08 were marked as a pool of 

potential random controls. Since spurious associations due to confounders may arise 

from random sampling of controls, matching of cases to controls is performed to 

minimise this problem.
203

 From the pool of controls, one potential control was 

matched to one selected case by age (±2 years) and gender. The potential control was 

confirmed as an enrolled control if the medical notes confirmed no prior diagnosis of 

SSTIs upon admission. A list of the various admission diagnoses for the confirmed 

controls have been included in Appendix 12. In situations where suitably matched 

controls admitted on the same day as cases could not be found, historic controls with 

other admission dates were utilised. 

    

Cases of SSTIs which required surgical intervention were transferred to a tertiary 

hospital and not included in the study. Patients whose medical records were not 

available for their entire hospital stay were also excluded from this study. 

 

5.2.1.2    Primary and secondary analyses 

The primary analysis of this study aimed to determine: (i) the association between 

statin use and the risk of SSTIs and (ii) whether the use of statins was associated with 

improved clinical outcomes. Examining data from patients with SSTIs against the 

matched controls, if statins conferred beneficial effects against SSTIs, a statistically 

significant odds ratio (OR) of less than unity would be expected. In addition, 

outcome indicators such as length of hospital stay and duration of discharge 

antibiotics were evaluated to determine if statin use was associated with better 

outcomes. For example, a longer mean length of hospital stay and/or discharge 

antibiotics lasting longer than the upper limit of typical treatment for SSTIs (i.e. 14 

days) would suggest poorer outcomes. 

 

For the secondary analysis, data within the case subgroup (only SSTI cases) were 

examined as an independent small sample as the data were unmatched. The aims 
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were to determine the association between statin use and: (i) diabetes in SSTI cases 

and (ii) clinical outcome indicators.  

 

5.2.2 Data collection  

A customised data collection form was devised to collect relevant information 

(Appendix 13). Baseline demographics such as age and gender of each patient were 

recorded with a de-identified patient number for matching purposes. The age of the 

patients was further categorised as < 65 years and ≥ 65 years to determine if there 

was any difference in the prevalence of elderly patients (≥ 65 years) between the case 

and control groups. Upon admission, the Charlson Comorbidity Index, comorbidities 

which may influence SSTI risk (asthma, cancer, cirrhosis, chronic obstructive 

pulmonary disease [COPD], connective tissue disease, diabetes, human 

immunodeficiency virus [HIV] infection, obesity, and smoking status), and 

concurrent exposure of drugs commonly co-prescribed with statins (antiplatelets, 

ACEIs or ARBs, and beta blockers) were noted. The length of hospital stay and 

duration of antibiotics prescribed upon discharge were appraised as outcome 

indicators. 

 

The Charlson Comorbidity Index contains 19 categories of comorbidities, each with 

an assigned weighted index, designed to reflect the cumulative probability of 1 year 

mortality.
204

 This index has been shown to be a good predictor of mortality in 

patients with S. aureus bacteraemia,
205

 and has been used to control comorbidities in 

studies investigating risk factors for death due to bacteremia.
155, 205

 A higher score is 

indicative of a more severe comorbidity burden. In this study, the index was 

calculated for each patient upon admission as a baseline reference of comorbidity 

severity for comparison between both case and control patients.  

 

Comorbidities may contribute to SSTI risk and severity as intrinsic risk factors or 

due to immunosuppression.
13

 Diabetes and obesity are not only risk factors for 

SSTIs,
13

 but they are also risk factors for impaired wound healing and wound 

complications, as is cigarette smoking.
206

 Patients with cancer, cirrhosis, and HIV 

infection are immunocompromised and thus susceptible to SSTIs.
13

 Patients with 

asthma or COPD may be susceptible to bacterial infections due to regular long term 

inhaled corticosteroids with occasional oral immunosuppressive corticosteroids for 
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exacerbation,
207

 while patients with connective tissue diseases such as systemic lupus 

erythematosus and rheumatoid arthritis are associated with chronic 

immunosuppressive treatment.
208

 As such, asthma, cancer, cirrhosis, COPD, 

connective tissue disease, diabetes, HIV infection, obesity, and cigarette smoking 

status were included as confounding factors in the primary analysis. 

 

Statins are commonly prescribed together with aspirin (an antiplatelet), ACEIs or 

ARBs, and beta blockers for primary and secondary prevention of cardiovascular 

diseases.
209, 210

 Thus upon admission, the use of statins, antiplatelets, ACEIs or 

ARBs, and beta blockers were factored into the primary analysis. 

 

Patients were classified as statin users if they were found to be on statins for at least 

three months immediately prior to admission, as determined by medication records. 

Non-statin users were defined as patients with no history of statin use within three 

months immediately prior to admission. Users and non-users of antiplatelets, ACEIs 

or ARBs, and beta blockers were similarly determined. 

 

5.2.3 Sample size calculations and statistical analysis 

Assuming a statin exposure of 40% in controls,
211

 in order to detect with 80% power 

a protective effect of OR of 0.5 with 95% CI and 1:1 ratio of cases to controls, it was 

determined that at least 152 cases and 152 controls (total sample size of 304 patients) 

would be required.
212

 

 

Demographic characteristics with continuous variables (age, Charlson Comorbidity 

Index, and length of stay) were tested with the Shapiro-Wilk’s test for normality. If 

the data were normally distributed, the two-sample t-test was utilised. Otherwise, the 

nonparametric Mann-Whitney U test was performed. Differences in categorical 

characteristics (gender, age groups, Charlson Comorbidity Index groups, 

comorbidities on admission, class of concurrent drug exposure on admission, and 

grouped duration of antibiotics on discharge) were determined by the Chi-square test.  

 

Since conditional logistic regression minimises sparse data bias and has become a 

standard for analysing matched case–control data,
203

 the method was employed with 

SSTI as the outcome in the primary analysis to determine if there was any significant 
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associations with variables such as statin use, by estimating the OR and 95% CI.
213

 

Matched by age (±2 years) and gender, comorbidities (asthma, cancer, cirrhosis, 

COPD, connective tissue disease, diabetes, HIV infection, obesity, and cigarette 

smoking status) and drug exposure to statins, antiplatelets, ACEIs or ARBs, and beta 

blockers on admission were used as covariates in the regression model. To detect 

significant relationships within statin users and non-statin users paired with clinical 

outcomes (length of hospital stay or duration of discharge antibiotics), the Fisher’s 

exact test (two-sided) was reported together with the OR and 95% CI. 

 

Due to the relatively small sample size for the secondary analysis (case subgroup 

with only SSTI patients), variables were stratified into a 2 x 2 contingency table and 

the Fisher’s exact test (two-sided) was reported along with the relative risk (RR) and 

95% CI. This helped indicate significant relationships within statin users and non-

statin users paired with risk factors (diabetes status) and outcome indicators (length 

of stay or duration of discharge antibiotics) in patients with SSTIs. 

 

Statistical analyses were performed using SPSS Statistics Version 25.0 (IBM Corp, 

Armonk, NY), with statistically significant associations defined as p < 0.05. 

 

5.2.4 Ethics approval 

This study was approved by the South Metropolitan Area Health Service, Western 

Australia (12/285, Appendix 14), and reciprocal ethics approval was granted by 

Curtin University, Western Australia (HR155/2015, Appendix 15) 

 

5.3 Results 

5.3.1 Baseline demographics 

The baseline demographics are presented in Table 5-1. A total of 330 patients 

comprising 165 cases of SSTIs matched with 165 controls by age (± 2 years) and 

gender were included in this study. Both groups had similar baseline parameters with 

no significant differences in terms of Charlson Comorbidity Index, length of stay 

upon discharge, comorbidities on admission (asthma, cancer, cirrhosis, COPD, 

connective tissue disease, diabetes, HIV infection, obesity, and cigarette smoking 

status), and concurrent drug exposures of statins, antiplatelets, ACEIs or ARBs, and 
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beta blockers (Table 5-1; Chi-square test, p > 0.051). However, the groups differed 

significantly in terms of obesity status (p < 0.001), which was factored in the 

conditional logistic regression analysis. 
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Table 5-1: Demographics of 165 cases (patients with SSTIs) matched with 165 

controls (patients without SSTIs).
 †

 
Variable Cases (%) 

n = 165 

Controls (%) 

n = 165 

p-value 

Gender 

   Male 

   Female 

 

86 (52.1) 

79 (47.9) 

 

86 (52.1) 

79 (47.9) 

 

1.000 

Age, years  

   Mean ± SD 

 

   < 65 years 

   ≥ 65 years 

 

63.48 ± 14.06 

 

84 (50.9) 

81 (49.1) 

 

63.58 ± 14.02 

 

85 (51.5) 

80 (48.5) 

 

0.946 

 

0.912 

Charlson Comorbidity Index 

   Mean ± SD 

 

   ≤ 3 

   > 3 

 

3.76 ± 2.95 

 

91 (55.2) 

74 (44.8) 

 

3.78 ± 2.71 

 

81 (49.1) 

84 (50.9) 

 

0.638 

 

0.270 

Outcome Indicator    

Length of stay, days  

   Mean ± SD 

 

6.11 ± 11.28 

 

6.10 ± 10.58 

 

0.415 

Comorbidities 

on admission 

  

Asthma 

   Yes 

   No 

 

25 (15.2) 

140 (84.8) 

 

24 (14.5) 

141 (85.5) 

 

0.877 

Cancer 

   Yes 

   No 

 

18 (10.9) 

147 (89.1) 

 

19 (11.5) 

146 (88.5) 

 

0.861 

Cirrhosis 

   Yes 

   No 

 

3 (1.8) 

162 (98.2) 

 

1 (0.6) 

164 (99.4) 

 

0.314 

COPD 

   Yes 

   No 

 

16 (9.7) 

149 (90.3) 

 

17 (10.3) 

148 (89.7) 

 

0.854 

Connective tissue diseases 

   Yes 

   No 

 

10 (6.1) 

155 (93.9) 

 

6 (3.6) 

159 (96.4) 

 

0.305 

Diabetes 

   Yes 

   No 

 

38 (23) 

127 (77) 

 

39 (23.6) 

126 (76.4) 

 

0.896 

HIV infection 

   Yes 

   No 

 

1 (0.6%) 

164 (99.4%) 

 

0 (0) 

165 (100) 

 

Nil positive cases in 

control group 

Obesity 

   Yes 

   No 

 

52 (31.5) 

113 (68.5) 

 

24 (14.5) 

141 (85.5) 

 

< 0.001 

Smoker (current) 

   Yes 

   No    

 

21 (12.7) 

144 (87.3) 

 

23 (13.9) 

142 (86.1) 

 

0.746 

Concurrent drug exposure 

on admission 

   

Statins 

   None 

   Atorvastatin 

   Pravastatin 

   Rosuvastatin 

   Simvastatin 

 

111 (67.3) 

28 (17) 

6 (3.6) 

10 (6.1) 

10 (6.1) 

 

108 (65.5) 

28 (17) 

4 (2.4) 

17 (10.3) 

8 (4.8) 

 

0.649 

Antiplatelets 

   Non-user 

   User 

 

121 (73.3) 

44 (26.7) 

 

116 (70.3) 

49 (29.7) 

 

0.541 

ACEIs or ARBs 

   Non-user 

   User 

 

105 (63.6) 

60 (36.4) 

 

110 (66.7) 

55 (33.3) 

 

0.564 

Beta blockers 

   Non-user 

   User 

 

137 (83) 

28 (17) 

 

135 (81.8) 

30 (18.2) 

 

0.772 

(
†
) Mann-Whitney U test was performed on continuous variables (age, Charlson Comorbidity Index, and length of stay). 

Chi-square test was performed on categorical characteristics (gender, age groups, Charlson Comorbidity Index groups, 

comorbidities on admission, and class of concurrent drug exposure). COPD, Chronic obstructive pulmonary disease; 

HIV, human immunodeficiency virus; SD, standard deviation. 
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5.3.2 Primary analysis 

5.3.2.1    Statin use and the risk of SSTIs 

It was found that only obesity status was significantly associated with an increased 

risk of SSTIs in this study (Table 5-2; OR = 2.968; 95% CI = [1.609 – 5.476]; p < 

0.001). The use of ATV, PRV, RSV, and SMV was not significantly associated with 

SSTIs (Table 5-2; p > 0.05). The other variables of comorbidities (asthma, cancer, 

cirrhosis, COPD, diabetes, and smoking statuses) or concurrent drug exposures 

(antiplatelets, ACEIs or ARBs, and beta blockers) were also not significantly 

associated with a risk of SSTIs (Table 5-2; p > 0.05). HIV infection status was 

omitted as it could not be calculated due to absence of this comorbidity in the control 

group. 

 

Table 5-2: Primary analysis (i) association between statin use and risk of SSTIs 

(n = 330).
†
 

Variable 

 

165 cases against 165 controls 

Odds ratio
# 

95% CI
# 

p-value 

Comorbidities    

   Asthma     

   Cancer 0.850 0.391 – 1.844 0.680 

   Cirrhosis 2.873 0.244 – 33.810 0.401 

   COPD  0.746 0.335 – 1.660 0.473 

   Connective tissue disease 1.554 0.407 – 5.938 0.519 

   Diabetes 0.860  0.456 – 1.619 0.640 

   Obesity 2.968 1.609 – 5.476 < 0.001 

   Smoker (current) 1.097 0.526 – 2.288 0.805 

Drug exposure    

   Non-statin user 

   Atorvastatin 

   Pravastatin 

   Rosuvastatin 

   Simvastatin 

1 

1.195 

1.756 

0.528 

1.353 

Reference 

0.566 – 2.526 

0.444 – 6.946 

0.202 – 1.380 

0.471 – 3.888 

 

0.640 

0.422 

0.192 

0.574 

Antiplatelet users 0.846 0.470 – 1.523 0.577 

ACEI or ARB users 1.206 0.694 – 2.093 0.507 

Beta blocker users 0.791 0.389 – 1.609 0.518 

(
†
) Conditional logistic regression was applied due to the matching of cases to controls by 

age (± 2 years) and gender. (
#
) Odds ratio and 95% CI matched for age and gender, and 

adjusted for  comorbidities (asthma, cancer, cirrhosis, COPD, connective tissue disease, 

diabetes, obesity, and smoking status)  and drug exposure (statins, antiplatelets, ACEIs or 

ARBs, and beta blockers) on admission. HIV infection status was omitted due to absence of 

this comorbidity in the control group. ACEI, angiotensin-converting enzyme inhibitor; ARB, 

Angiotensin II receptor blocker; COPD, Chronic obstructive pulmonary disease; HIV, 

human immunodeficiency virus. 
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5.3.2.2    Statin use and clinical outcomes in total sample population 

Compared to non-statin users, statin users were not associated with any significant 

improvements in clinical outcomes as shown in Table 5-3. The mean length of 

hospital stay (six days) and typical antibiotic treatment duration for SSTIs (i.e. 14 

days) were not statistically significant between statin users and non-statin users 

(Table 5-3; p > 0.05). 

 

Table 5-3: Primary analysis (ii) association between statin use and clinical 

outcome indicators in total sample population (n = 330).‡
 

Variable Statin users 

(%) 

n = 111 

Non-statin users 

(%) 

n =219 

Odds ratio
# 

(95% CI)
 

p-value 

Clinical outcome 

indicators 

   

Length of stay 

   ≤  6 days 

   > 6 days 

 

82 (73.9) 

29 (26.1) 

 

161 (73.5) 

58 (26.5) 

 

0.982 

(0.584 – 1.650) 

 

1.000 

 

Duration of discharge 

antibiotics 

   ≤ 14 days 

   > 14 days 

 

 

104 (93.7) 

7 (6.3) 

 

 

200 (91.3) 

19 (8.7) 

 

 

0.709 

(0.289 – 1.740) 

 

 

0.522 

(
‡ 
) Variables were stratified into a 2 x 2 contingency table and two-sided Fisher’s exact test 

was conducted for each variable. (
#
) Odds ratio was calculated due to samples being taken 

from a matched case-control study design. 
 

 

5.3.3 Secondary analysis 

5.3.3.1    Statin use and diabetes in SSTI cases only 

Within the unmatched subgroup of SSTI cases only, obesity (Table 5-4; RR = 2.173; 

95% CI = [1.261 – 3.746]; p = 0.009) and ATV (Table 5-4; RR = 2.854; 95% CI = 

[1.699 – 4.795]; p = 0.001) were significantly associated with an increased risk of 

diabetes.  
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Table 5-4: Secondary analysis (i) association between statin use and diabetes in 

SSTI cases only (n = 165).‡
 

Variable Diabetics 

(%) 

n = 38 

Non-diabetics 

(%) 

n = 127 

Relative risk# 

(95% CI) 

p-value 

Comorbidities 

on admission 

   

Asthma 

   Yes 

   No 

 

8 (21.1) 

30 (78.9) 

 

17 (13.4) 

110 (86.6) 

 

1.493 

(0.777 – 2.871) 

 

0.302 

Cancer 

   Yes 

   No 

 

5 (13.2) 

33 (86.8) 

 

13 (10.2) 

114 (89.8) 

 

1.237 

(0.554 – 2.763) 

 

0.566 

Cirrhosis 

   Yes 

   No 

 

1 (2.6) 

37 (97.4) 

 

2 (1.6) 

125 (98.4) 

 

1.459 

(0.287 – 7.413) 

 

0.547 

COPD 

   Yes 

   No 

 

5 (13.2) 

33 (86.8) 

 

11 (8.7) 

116 (91.3) 

 

1.411 

(0.643 – 3.099) 

 

0.531 

Connective tissue diseases 

   Yes 

   No 

 

0 (0) 

38 (100) 

 

10 (7.9) 

117 (92.1) 

 

Nil positive 

cases in diabetic 

group 

 

Nil positive 

cases in diabetic 

group 

HIV infection 

   Yes 

   No 

 

0 (0) 

38 (100) 

 

1 (0.8) 

126 (99.2) 

 

Nil positive 

cases in diabetic 

group 

 

Nil positive 

cases in diabetic 

group 

Obesity 

   Yes 

   No 

 

19 (50) 

19 (50) 

 

33 (26) 

94 (74) 

 

2.173 

(1.261 – 3.746) 

 

0.009 

Smoker (current) 

   Yes 

   No    

 

6 (15.8) 

32 (84.2) 

 

15 (11.8) 

112 (88.2) 

 

1.286 

(0.612 – 2.700) 

 

0.580 

Drug exposure 

on admission 

    

Statins 

   Atorvastatin users 

   Non-atorvastatin users 

 

   Pravastatin users 

   Non-pravastatin users 

 

   Rosuvastatin 

   Non-rosuvastatin users 

 

   Simvastatin users 

   Non-simvastatin users 

 

14 (36.8) 

24 (63.2) 

 

1 (2.6) 

37 (97.4) 

 

2 (5.3) 

36 (94.7) 

 

3 (7.9) 

35 (92.1) 

 

14 (11) 

113 (89) 

 

5 (3.9) 

122 (96.1) 

 

8 (6.3) 

119 (93.7) 

 

7 (5.5) 

120 (94.5) 

 

2.854 

(1.699 – 4.795) 

 

0.716 

(0.117 – 4.382) 

 

0.861 

(0.241 – 3.073) 

 

1.329 

(0.493 – 3.578) 

 

0.001 

 

 

1.000 

 

 

1.000 

 

 

0.698 

(
‡
) Due to the small sample size, variables were stratified into a 2 x 2 contingency table and two-sided 

Fisher’s exact test was conducted. (
#
) Relative risk was calculated due to samples being taken from an 

independent sample. 

 

 

5.3.3.2    Statin use and clinical outcomes in SSTI cases only 

Within the group of SSTI cases only, the mean length of hospital stay (six days) and 

typical antibiotic treatment duration for SSTIs (i.e. 14 days) were not statistically 

significant between statin users and non-statin users (Table 5-5; p > 0.05). 
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Table 5-5: Secondary analysis (ii) association between statin use and clinical 

outcome indicators in SSTI cases only (n = 165).‡
 

Variable Statin users  

(%) 

n = 54 

Non-statin users 

(%) 

n =111 

Relative risk
# 

(95% CI) 

p-value 

Outcome Indicators    

Length of stay 

   ≤  6 days 

   > 6 days 

 

43 (79.6) 

11 (20.4) 

 

75 (67.6) 

36 (32.4) 

 

0.642 

(0.363 – 1.135) 

 

0.141 

Duration of discharge 

antibiotics 

   ≤ 14 days 

   > 14 days 

 

 

48 (88.9) 

6 (11.1) 

 

 

94 (84.7) 

17 (15.3) 

 

 

0.772 

(0.374 – 1.594) 

 

 

0.633 

(
‡
) Due to the relatively small sample size, variables were stratified into a 2 x 2 contingency table and 

two-sided Fisher’s exact test was conducted. (
#
) Relative risk was calculated due to samples being 

taken from an independent sample. 

 

 

5.3.4 Summary of results 

The pertinent results of the primary and secondary analyses have been summarised in 

Figure 5-2 to facilitate the discussion that follows. 

 

    

Figure 5-2: Flowchart summarising pertinent results of the primary and 

secondary analyses with relevant table references in bold. 
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5.4 Discussion 

5.4.1 Statin use and direct risk of SSTIs 

In the primary analysis, the use of ATV, PRV, RSV, and SMV was not significantly 

associated with SSTIs (Table 5-2; p > 0.05). When compared to non-statin users, 

statin users did not demonstrate any significant benefits in clinical outcomes such as 

the mean length of hospital stay or typical duration of antibiotic treatment  (Table 5-

3; p > 0.05). 

 

Although there have been reviews which concluded that statins had potential to 

protect against infections,
96, 214, 215

 conflicting data from other reviews also exist.
98, 

171, 216
 There is a possibility of publication bias, whereby studies which demonstrate 

favourable effects of statins in infections were selected for publication over studies 

which showed neutral or even adverse statin effects of statins in patients with 

infections.
97, 216

 The evidence in this study aligned with the latter group which does 

not corroborate the hypothesis that statins exert beneficial effects on infections, 

specifically SSTIs. 

 

It was noted that many of the positive reports of statins’ favourable effects against 

infections were observational studies which could be subjected to the “healthy user 

effect”.
159, 171

 The healthy user effect refers to selective bias whereby motivated 

patients exhibit health-seeking traits such as consuming healthy diets and exercising 

regularly.
162

 This study was unable to evaluate the influence of the healthy user 

effect, elaborated later as a study limitation (Section 5.4.3). 

 

5.4.2 Statin use and risk factors for SSTIs  

Obesity status was significantly greater in the SSTI cases compared to the controls at 

baseline (Table 5-1). It was still found to be a significant risk factor for SSTIs after 

adjustment in the regression analysis (Table 5-2), and is also significantly associated 

with diabetes in SSTI patients (Table 5-4). These results would be anticipated 

because in addition to obesity and diabetes both being risk factors for SSTIs,
13

 

obesity is also a risk factor for diabetes.
217

 The other comorbities on admission 

(asthma, cancer, cirrhosis, COPD, and connective tissue diseases) were not shown to 

be significant risk factors for SSTIs (Table 5-2). 
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The significant association of obesity status and SSTIs shown in Table 5-2 aligned 

with a study which showed a strong association between obesity and SSTIs among 

men, confirmed with an increased risk of filled prescriptions for antibiotics 

specifically prescribed for SSTIs related to S. aureus (dicloxacillin and 

flucloxacillin).
218

  

 

Langley et al. demonstrated that both obesity and diabetes were indeed found to be 

important risk factors for SSTIs.
219

 This was likely because obese patients have 

impaired immune systems, skin barrier functions, and/or lung physiology, while 

patients with diabetes might be immunocompromised and have poor wound healing 

abilities.
219

  

 

Statins might reasonably be expected to benefit obese patients.
220

 The use of statins 

such as ATV, RSV, and SMV confer favourable lipid modifications in the 

management of obesity such as increasing the levels of high-density lipoprotein 

cholesterol and reduction of LDL-C and triglycerides.
221

 Although such desired lipid 

profiles are recommended in guidelines for obesity management,
222

 statins have not 

been specifically recommended in the pharmacological management of obesity.
222-224

  

 

On the contrary, statins have been associated with increased risk of obesity as well as 

diabetes.
225

 Statin users, compared to non-statin users, were more likely to be 

sedentary and less participative in moderate exercise,
225

 and the body mass index of 

statin users increased at a faster rate.
226

 It was hypothesised that statins were 

associated with obesity because patients started statins were under the impression 

that they did not have to restrict their current diet.
226

 However, the use of statins has 

been also associated with weight gain in mice,
121

 whereby the human psychological 

factor bears no influence. Further research could be performed to verify the 

association between statins and obesity in humans. In this study however, no 

significant association between statins and obesity status was found in patients with 

SSTIs (Supplementary data, Appendix 16-1).  

 

Although there were no direct significant associations detected between statin use 

and SSTI risk in the primary analysis (Table 5-2), ATV was associated with an 
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increased RR of diabetes in the subgroup of SSTI patients (Table 5-4; RR = 2.854; 

CI = [1.699 – 4.795]; p < 0.001). The increased risk of diabetes associated with ATV 

was in alignment with the results from Chapter Four and several other studies.
129, 227, 

228
 In the subgroup of controls without SSTIs, RSV was associated with a significant 

increased RR of diabetes as well (Supplementary data, Appendix 16-2). Since the 

risk of diabetes predisposes patients to S. aureus-related SSTIs, which in turn 

increases the probability of recurrent SSTIs,
11, 157

 the results suggest ATV is unlikely 

to mitigate diabetes to disrupt recurrent SSTIs, but rather, be associated with an 

increased risk of diabetes-induced recurrent SSTIs instead. 

 

Having found that statins confer no beneficial impact on direct SSTI risk but rather, 

positive associations with SSTI risk factors diabetes and possibly obesity, it would 

appear that statins are unlikely to either serve as novel therapeutic agents for SSTIs 

or curb the recurrent SSTI cycle.  

 

5.4.3 Limitations 

Despite efforts to identify and adjust for known confounding factors (Section 5.2.2), 

there may be other confounders which influenced the results of this retrospective 

case-control study, which was performed on a relatively small sample size of a total 

of 330 patients. This was slightly in excess of the calculated minimum sample size of 

304 patients to detect the protective effect of statins (Section 5.2.3). A larger sample 

size and matching of one case to more than one control might present more 

significant results of interest.  

 

The healthy user effect corresponds closely with socio-economic status.
162

 Although 

the residential electorate is reflective of patients’ socio-economic status,
168

 it could 

not be used in this study as a surrogate indicator of the healthy user effect because 

the data here would be biased towards the hospital district and its vicinity, where 

most of the patients lived. 

 

Due to the retrospective data for this study being collected over more than 10 years 

(2002 to 2018), there is a possibility of practice changes influencing the study 

outcomes. As such, the Charlson Comorbidity Index was utilised in the analysis at 

baseline. Since there were no significant differences between the cases and controls 
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(Table 5-1), we could be reasonably assured that despite possible practice changes 

over time, the cases and controls did not differ significantly in terms of comorbidities 

at baseline. Moreover, the empirical treatment guidelines for hospitalised patients 

with severe skin infections such as cellulitis has remained largely unchanged 

between 2003 to 2019 according to the Australian Therapeutic Guidelines for 

antibiotics.
229, 230

 For example, suspected S. aureus related infections are treated with 

intravenous flucloxacillin, patients with non-severe penicillin hypersensitivity are 

treated with intravenous cefazolin, and patients with severe penicillin 

hypersensitivity are treated with intravenous vancomycin.
229, 230

 

 

5.5 Conclusions 

Obesity status was found to be a significant risk factor for SSTIs. The use of statins 

(ATV, PRV, RSV, and SMV) was not significantly associated with SSTIs and statin 

users did not demonstrate better clinical outcomes compared to non-statin users.. 

However, ATV was significantly associated with diabetes in patients with SSTIs, 

which suggests ATV is more likely to contribute to the recurrence of SSTIs via 

association with diabetes as a risk factor for S. aureus-related SSTIs, which 

predisposes to recurrent SSTIs. There was no significant difference in clinical 

outcomes between statin users and non-statin users in the subpopulation of patients 

with SSTIs. 

 

The hypothesis of using statins (ATV, PRV, RSV, and SMV) as novel therapeutic 

agents appeared unlikely from this study. However, the clinical effects of two other 

statin members, LVS and PTV, have not been studied due to their unregistered status 

in Australia. The next chapter reconciles all the accumulated evidence and evaluates 

the likelihood of statins (including LVS and PTV) serving as a potential novel 

antibacterial agent against SSTIs. 
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6. Discussion of Accumulated Evidence 

 

6.1 Overview 

Having accumulated laboratory evidence (Chapter Three) and clinical evidence 

(Chapters Four and Five), the associations of statins and bacterial SSTIs are 

evaluated to determine if basic scientific research (laboratory evidence) translated to 

viable applied research (clinical evidence). 

 

Based on the reconciled evidence and reflections on the strengths and limitations of 

this study, suggestions for future research are recommended. 

 

6.2 Reconciliation of laboratory evidence with clinical evidence 

6.2.1 Most suitable statin(s) as novel adjuvant(s)/treatment(s) for SSTIs 

Drugs suitable as novel therapeutic agents for SSTIs may be identified when the 

antibacterial activity exhibited in the laboratory is complemented with beneficial 

clinical effects on SSTIs. The lack of evidence from either fields of research would 

mitigate the overall support for the hypothesis of statins’ potential as novel 

therapeutic agents, or even invalidate the hypothesis if evidence from one field 

contradicts that of the other.  

 

The ideal novel statin adjuvant/treatment for SSTIs should thus have a combination 

of: (i) potent antibacterial activity (low MICs) against a wide spectrum of bacterial 

pathogens causing SSTIs, especially strains which are drug resistant and/or cause 

complicated SSTIs (Chapter Three), (ii) the ability to reduce SSTI risk directly 

(Chapters Four and Five) and improve clinical outcomes in patients with SSTIs 

(Chapter Five), along with (iii) beneficial or neutral effects on the risk of diabetes 

and obesity, since diabetes is a risk factor for S. aureus-related SSTIs, which 

predisposes to recurrent SSTIs (Chapters Four and Five), and obesity is also a 

significant risk factor of SSTIs (Chapter Five). 

 

Using a translational framework, the path of each statin’s likelihood in realising the 

potential as a novel adjuvant/treatment for SSTIs will be assessed by reconciling 

positive in vitro antibacterial activity with beneficial in vivo effects on the direct risk 
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of SSTIs and risk factors of SSTIs such as diabetes. By the process of elimination, 

the most likely statin(s) suitable as novel adjuvants/treatments will emerge. 

 

6.2.1.1    Likelihood of ATV, FLV, PTV, and SMV 

Out of the seven parent statins (ATV, FLV, LVS, PTV, PRV, RSV, and SMV) and 

three selected statin metabolites (LVS-OH acid, PTV-lactone, and SMV-OH acid) 

tested, SMV (MIC = 64 μg/mL) and PTV-lactone (MIC = 128 μg/mL) exerted the 

greatest antibacterial activity against MSSA, followed by ATV and FLV (both MIC 

= 256 μg/mL; Figure 3-2a). 

 

Spectrophotometric analysis revealed that SMV-OH acid, PTV, and LVS-OH 

exerted potential antibacterial activity against MSSA, which could not be discerned 

by the unaided eye (Figure 3-2c). Furthermore, SMV-OH acid might be active 

against E. coli (Figure 3-3) and S. marcescens (Figure 3-4) at higher drug 

concentrations (> 256 μg/mL). 

 

As such, the clinical effects of SMV and PTV on SSTIs would be of greatest interest 

in identifying the most suitable statin as a novel adjuvant/treatment for SSTIs, 

because both the respective parent drug and metabolite demonstrated at least some in 

vitro antibacterial activity detectable by spectrophotometry. The clinical effects of 

ATV and FLV, which exhibited lower MICs compared to SMV or PTV-lactone, 

would also be of considerable interest. 

 

However, since none of the statins/metabolites exerted in vitro antibacterial activity 

(at drug concentrations ≤ 256 μg/mL) against E. coli (Figure 3-3), S. marcescens 

(Figure 3-4), or P. aeruginosa (Figure 3-5) which may cause complicated SSTIs, any 

beneficial clinical effect observed will be relevant only to MSSA-related SSTIs. 

 

Since PTV is currently not registered for clinical use in Australia,
231

 its association 

with SSTI risk could not be assessed. However, whilst different clinical studies 

reported conflicting effects of statins (ATV, FLV, PRV, RSV, and SMV) on total 

adiponectin levels, it was only PTV that consistently demonstrated significant 

increases in total adiponectin levels.
232
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Adiponectin is an adipokine (cytokine secreted by adipose tissues) which modulates 

the human innate immune system to confer protective effects against inflammation 

and insulin resistance,
233

 as well as regulate keratinocyte proliferation to improve 

wound healing.
234

 It has been proposed that by increasing adiponectin levels or 

activation of adiponectin receptors, the risk of diabetes and obesity may be 

reduced.
235, 236

 Since in vitro antibacterial activity has been demonstrated by PTV-

lactone along with potential activity by PTV (Figure 3-2), and both diabetes and 

obesity are significant risk factors of SSTIs (Section 5.4.2), it is plausible that PTV-

lactone (and perhaps PTV) could serve as novel adjuvant(s)/treatment(s) for SSTIs 

via intrinsic antibacterial activity and in vivo increase of adiponectin levels, which in 

turn reduces risk of diabetes and obesity. Further clinical research in a country which 

has PTV registered for clinical use would help corroborate the viability of PTV-

lactone and/or PTV as a novel therapeutic agent for SSTIs. 

 

Of all the statins tested, SMV exhibited the greatest in vitro antibacterial activity 

against MSSA in this study. Several other studies have demonstrated its activity 

against various other bacterial strains, including MRSA, E. coli, K. pneumoniae, A. 

baumannii, and P. aeruginosa, albeit higher MICs were required for the Gram-

negative bacteria (Tables 2-1 and 2-2). Based on outpatient evidence, SMV was 

associated with significant increases in risk of both SSTIs (at 91 days; Figure 4-3) 

and diabetes (at 91 days; Figure 4-4). There were no significant associations of SMV 

with the risk of SSTIs or diabetes from the inpatient data (Tables 5-2 and 5-4 

respectively), albeit reviews of other clinical studies have associated SMV use with 

significant risks of diabetes.
129, 237

 SMV-OH acid is an active metabolite of SMV,
78

 

hence its clinical effects would be akin to that of the parent statin. As such, despite 

SMV exhibiting antibacterial effects and SMV-OH acid demonstrating a potential 

antibacterial effect, significant increased clinical risks (SSTIs and diabetes) likely 

outweighs any benefit from SMV as a novel therapeutic agent for SSTIs.  

  

In this study, ATV exhibited significant in vitro antibacterial activity against MSSA, 

whilst other researchers have shown its activity against various other bacterial strains 

such as MRSA, E. coli, K. pneumoniae, A. baumannii, and P. aeruginosa (Tables 2-1 

and 2-2). However, ATV was associated with significant increases in risk of SSTIs 

(at 91 days; Figure 4-3) and diabetes (at 91 days; Figure 4-4), together with increased 
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risk of diabetes in patients with SSTIs (Table 5-4). Any benefits from ATV as a 

novel therapy therefore would unlikely prevail over the combined risks of SSTIs and 

diabetes associated with ATV use. 

 

Although FLV demonstrated in vitro antibacterial activity against MSSA and was not 

significantly associated with risks of SSTIs or diabetes at 91 days in this study 

(Figures 4-3 and 4-4), it has been associated with significant diabetes risk in other 

studies.
237

 The non-significant results at 91 days was likely due to the low use of 

FLV in Australia, as shown by the relatively small sample size of outpatient claims 

by veterans and their dependents across the nation (Figure 4-3 and 4-4) and no 

hospitalised patients using FLV in the inpatient data (Table 5-1). In view of the small 

sample size, yet being associated with increased SSTI risk at 365 days (Figure 4-3), 

being associated with significant diabetes risk in other studies,
237

 and having a 

relatively high MIC (256 μg/mL; Figure 3-2a) against MSSA, the clinical risks are 

still likely greater than potential benefits from use of FLV as a novel therapeutic 

agent for SSTIs. 

 

6.2.1.2    Likelihood of LVS, PRV, and RSV 

The remaining three parent statins (LVS, PRV, and RSV) were found to have no 

antibacterial activity against MSSA (Figure 3-2d). Hence, unless they demonstrate 

exceptional clinical benefits in patients with SSTIs, they would be unlikely 

candidates as novel adjuvants/treatments for SSTIs. Both RSV and PRV were 

associated with significant SSTI risk over 365 days (Figure 4-3), and studies have 

associated both RSV and PRV with significant risk of diabetes.
237

 The clinical effects 

of LVS could not be evaluated because like PTV, it is not registered for clinical use 

in Australia.
231

 Unlike PTV however, LVS has been associated with diabetes risk.
129

 

Hence LVS, PRV, and RSV would unlikely serve as viable novel 

adjuvants/treatments for SSTIs. 

 

6.3 Strengths and limitations of accumulated evidence 

The limitations pertaining to the individual laboratory and clinical work include 

issues involving the insolubility of SMV (Section 3.4.4), the conditions required for 

SSA studies (Section 4.4.3), and shortcomings of the case-control study conducted 
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(Section 5.4.3). These have been acknowledged and addressed as appropriately as 

possible in the respective Sections of the thesis. 

 

Having discerned the likelihood of each statin being a potential novel 

adjuvant/treatment for SSTIs in Section 6.2, the results are summarised in Table 6-1 

to facilitate reflections on the strengths and limitations of the overarching research on 

the relationships between statins and bacterial SSTIs. 

 

Table 6-1: Tabulated summary of evidence in a translational research 

framework to identify statin(s) suitable as novel adjuvant(s)/treatment(s) for 

SSTIs. 
 

 

Basic research `   Applied research  Outcome 

Statin 

 

Laboratory 

evidence 

 Outpatient 

evidence 

Inpatient 

evidence 

 Conclusion 

 Activity against 

MSSA? 

 ↑SSTI 

 risk? 

(91 days) 

↑diabetes 

risk? 

(91 days) 

↑diabetes 

risk with 

SSTI? 

 Novel therapy 

for SSTI? 

Parent 

drug 

       

   ATV Yes  Yes Yes Yes  Unlikely 

   FLV Yes  ns
†
 ns NT

‡
  Unlikely 

   LVS No  NT NT NT  Unlikely 

   PTV Potential  NT NT NT  Oral agent? 

   PRV No  Yes Yes ns  Unlikely 

   RSV No  Yes ns ns  Unlikely 

   SMV Yes  Yes Yes ns  Unlikely 

Metabolite 

 

       

   LVS-OH    

   acid 

Potential  NT 

(parent) 

NT 

(parent) 

NT 

(parent) 

 Unlikely 

   PTV- 

   lactone 

Yes  NT 

(parent) 

NT 

(parent) 

NT 

(parent) 

 Topical 

agent? 

   SMV-OH  

   acid 

Potential  Yes 

(parent) 

Yes 

(parent) 

ns 

(parent) 

 Unlikely 

(
†
) Although risk of SSTI for FLV was not significant at 91 days, the risk was significant at 365 days. 

The non-significant result at 91 days was likely due to the small sample size. (
‡
) Not tested in the 

hospital setting as none of the sampled patients were taking FLV. The parent statins LVS and PTV are 

not registered for clinical use in Australia, hence the clinical effects of LVS, PTV, and their 

metabolites were not tested. Abbreviations: ns, not significant; NT, not tested. 

 

 

6.3.1 Importance and limitations of clinical evidence 

Increased risks associated with SSTIs and diabetes were the main reasons for statins 

being assessed as unlikely novel therapies for SSTIs. Despite theoretical benefits of 

drug repurposing (Section 1.3.4), the clinical evidence gathered from this study and 

other literature for statins registered for clinical use in Australia (ATV, FLV, PRV, 
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RSV, and SMV) revealed a small but significant increased risk of diabetes (Table 6-

1), potentially predisposing patients to S. aureus-related SSTIs, which in turn raises 

the probability of recurrent SSTIs.
11, 157

 Additionally, obesity has been identified as a 

significant risk factor for SSTIs (Table 5-2). 

 

The SSA analysis in Chapter Four was instrumental in revealing that first-time statin 

users are at increased risk of SSTIs and this risk was likely independent of diabetes 

status or the healthy user effect (Section 4.4.2). Statins may increase the risk of 

SSTIs through a direct mechanism (plausibly via increase of Treg cells and inhibition 

of Th1 and Th17 cells, reducing innate immunity [Section 4.4.1.2]), or through an 

indirect mechanism (reduction of LDL-C and coenzyme Q10 levels within 91 days 

of statin commencement, which increases the risk of diabetes, in turn a risk factor for 

SSTIs [Section 4.4.1.1]). 

 

Furthermore, the evaluation of risks at different time periods of 91, 182, and 365 

days revealed the risk of SSTIs (Figure 4-3) and diabetes (Figure 4-4) occurred as 

soon as 91 days after statin commencement, particularly for ATV and SMV. The 

time period by which diabetes manifested after statins were started aligned with other 

studies which suggest reduced plasma levels of LDL-C and/or coenzyme Q10 being 

plausible mechanisms for the associated risk with diabetes. Hence there would be a 

need to increase awareness of this risk amongst physicians, who should monitor the 

blood glucose levels of statin users and advise accordingly. 

 

Although the case-control study in Chapter Five could not corroborate that statins 

increased the risk of SSTIs significantly, it validated that obesity was a significant 

risk factor for SSTIs (Table 5-2), and that SSTI patients using ATV were associated 

with significantly increased risk of diabetes (Table 5-4), which predisposes them to 

S. aureus-related SSTIs and eventually, recurrent SSTIs.
11, 157

 Literature suggests 

statins may increase the risk of obesity, but there was no significant association 

found between statins and obesity in this study (Section 5.4.2). 

 

Clinical effects of LVS and PTV could not be studied due to their unregistered status 

in Australia. From available literature however, LVS has been associated with 

diabetes,
129

 while PTV has been consistently associated with significant increases in 
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adiponectin levels, an effect suggested to exert beneficial effects on obesity and 

diabetes,
232

 which would in turn mitigate SSTI risk factors. With such favourable 

systemic effects on adiponectin levels, there may be a possibility that oral PTV could 

potentially serve as a novel therapeutic agent for SSTIs. Since it has been found that 

the high-molecular-weight adiponectin isoforms are responsible for the favourable 

effects, it would benefit future studies on PTV’s clinical effects to focus on the high-

molecular-weight to total adiponectin ratios rather than just total adiponectin levels 

alone.
235

 The association between PTV and diabetes is being further investigated by 

other researchers in a randomised controlled trial,
200

 and their results would help 

verify if PTV exerts favourable effects on diabetes as demonstrated by other 

studies.
179, 198, 199

  

 

6.3.2 Importance and limitations of laboratory evidence 

From the laboratory results, reaping any beneficial direct antibacterial effects exerted 

by statins would be confined to topical administration because the MICs for SMV, 

PTV-lactone, ATV, and FLV against MSSA were over a thousand-fold higher than 

the respective peak statin plasma concentrations achieved at oral doses consumed for 

cholesterol-lowering purposes (Section 3.4.1). The topical route of administration 

offers several advantages over systemic administration such as allowing the 

administration of high local drug concentrations at the site of infection and reducing 

systemic toxicity, side effects, and drug interactions with systemic medication.
27

 As 

such, this suggests the topical use of SMV, PTV-lactone, ATV, and FLV may be 

viable as novel therapeutic agents against SSTIs. However, there are several 

additional factors to consider. 

 

Firstly, despite minimal systemic absorption, topical antimicrobials are not absolved 

from the risks of systemic adverse effects because drug transportation occurs through 

the skin, hair follicle and appendageal glands, and eventually to systemic drug 

distribution.
27

 Drugs with low molecular weight (< 600 Da or < 600 g/mol) due to a 

high diffusion coefficient permeate the skin better.
238

 Hence if statins like FLV, LVS, 

PRV, PTV, and SMV with molecular weights < 450 g/mol were applied topically, 

there may be some systemic absorption. Moreover, solvents such as DMSO and 

alcohols used to dissolve water-insoluble statins are skin penetration enhancers,
239

 

which further increase the risk of systemic absorption. Given the massive drug 



Chapter Six: Discussion of Accumulated Evidence 

109 

concentrations required to achieve MICs and that drugs administered topically avoid 

rapid clearance in the gastrointestinal tract or first-pass metabolism (compared to oral 

administration),
27

 the amount of systemic absorption might be sufficient to induce 

the undesired clinical effects such as diabetes. 

 

Secondly, statins and the three selected metabolites did not exert any antibacterial 

activity against E. coli, S. marcescens, and P. aeruginosa (Figures 3-3, 3-4, and 3-5 

respectively), pathogens which are known to cause complicated SSTIs. It was shown 

from another study that all seven parent statins do not exert direct antibacterial 

effects against MRSA as well.
43

 Given the lack of activity against pathogens which 

are implicated in severe SSTIs, the use of statins, including the metabolite PTV-

lactone, as novel antibacterial agents appears limited. 

 

Thirdly, obtaining an MIC result at the highest tested concentration of 256 μg/mL 

does not allow confirmation that the next higher concentration (512 μg/mL) will also 

demonstrate absence of bacterial growth. This prevents testing for the minimum 

bactericidal concentration and also precludes detection of a possible paradoxical 

growth effect for ATV and FLV, which may result in therapeutic failure at higher 

doses. The anomaly was observed in SMV against MSSA for this study and another 

study (albeit not discussed),
64

 because bacterial growth was noted at drug 

concentrations higher than the MIC but not at MIC itself. However, the maximum 

concentration of 256 μg/mL was chosen for this study because this was the highest 

test concentration recommended in the CLSI guidelines.
67

 Moreover, water insoluble 

statins, such as SMV in our study, would be insoluble in 5% methanol at higher drug 

concentrations.  

 

Lastly, the use of statins (even as topical agents) could potentially contribute to 

AMR, since non-antibiotic chemicals with antibacterial properties may induce 

resistance to multiple antibiotic classes via co-selection (Section 2.4.2), along with 

statins’ ability to cause dysbiosis of the human gut microbiota (Section 2.4.8), statin 

exposure in bacteraemic patients (Section 2.4.9), and statins’ persistence in the 

environment (Section 2.4.10). The aforementioned considerations collectively 

diminish any clear advantages of using statins as novel topical therapeutic agents for 

SSTIs. 
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By testing the antibacterial effects of all seven statins registered for clinical use and 

three selected metabolites, a structure-activity relationship analysis could be 

performed on to postulate a mechanism of action for statins’ antibacterial action as a 

pharmacological class (Section 3.4.2). The suggested mechanism of statins binding 

with the alanine residues of teichoic acids present on Gram-positive bacterial cell 

surfaces to reduce biofilm formation, diminish bacterial adhesion to environmental 

surfaces, or impede S. aureus cell division (Section 3.4.3), contributes a fresh 

perspective to the available literature on statins’ plausible mechanisms of 

antimicrobial activity (Section 2.4.3). Even if statins prove non-viable as novel 

adjuvants/treatments for SSTIs, the active chemical moieties combining a 

hydrophobic ring system, lactone ring, and a gem-dimethyl moiety or a cyclopropyl 

ring may serve as a scaffold for future antibiotic studies (Section 3.4.2). 

 

6.4 Suggestions for future research 

Moving forward, evaluating the clinical effects of PTV in a country whereby it is 

registered for clinical use will help ascertain if PTV may be the only viable statin to 

serve as a novel adjuvant/treatment for SSTIs. Whilst the search for other novel 

adjuvants/treatments for SSTIs to serve as AMR breakers and save on significant 

healthcare resources should continue, the unravelling of statins conceivably 

contributing to AMR (Section 2.5), despite possessing properties of AMR breakers 

(Section 1.3.4), remains disturbing. 

 

The use of statins will likely increase with recent guidelines across the world which 

recommend increased statin use (for primary prevention of cardiovascular diseases) 

being associated with better outcomes than guidelines advocating reduced statin 

use.
240

 Escalating use of statins would increase the probability of susceptible bacteria 

being exposed to varying concentrations of statins in humans and the environment, 

favouring selective pressures or co-selection for AMR (Sections 2.4.2, 2.4.8, 2.4.9, 

and 2.4.10). 

 

As such, prioritising in vitro work to elucidate the statins’ antibacterial mechanism of 

action will provide valuable information because if the antibacterial mechanism 
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involves directly threatening bacterial survival instead of attenuating virulence 

factors, AMR is likely to develop more rapidly.
86

  

 

Further to confirming statins’ antibacterial mechanism of action, additional research 

on statins’ role in AMR need not preclude work on identifying a novel agent for 

SSTIs. The human gut microbiome and PXRs are common research areas involving 

statins and AMR, but also address diabetes, obesity, and infections, which could help 

in the continued search for novel SSTI treatments. 

 

6.4.1 Research in the human gut microbiome 

The human gut microbiota serves as a reservoir of resistant microorganisms.
118

 

Dysbiosis reduces bacterial diversity in the gut, changing dynamics such as gene 

expression, protein activity, and overall mechanism, which could result in AMR via 

the selection for resistant bacteria or new mutations and gene transfers.
118

 By 

disrupting levels of various human gut microbial species such as Coprococcus comes 

and Ruminococcus torques,
120

 statins potentially promote AMR.
241

 Further work 

could be done to elucidate the specific effects individual statins exert on the gut 

microbiota, then promote the use of statins with neutral effects on the gut microbiota, 

or supplement deficient microbiota induced by statins. 

 

Dysbiosis of gut microbiota may also result in increased permeability of the 

intestinal wall, allowing inflammatory factors such as lipopolysaccharides to pass 

through and travel through the blood to the liver, adipose tissues, and muscles to 

develop chronic low-grade inflammation, resulting in metabolic complications such 

as obesity and diabetes (metabolic endotoxaemia).
242

 Homeostasis of the innate and 

adaptive immune signalling functions is maintained in part via dynamic interactions 

between the gut microbiota and the intestinal epithelium.
243

 Additionally, stimulation 

of the vagus nerve via the gut microbe-brain-immune axis releases oxytocin which 

activates Treg cells, conferring wound healing capabilities.
244

  

 

Hence, an effective novel adjuvant to the usual treatment for SSTIs might include the 

modulation of gut microbiota to avoid obesity and diabetes complications, along with 

optimising the immune system and wound healing properties. 
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6.4.2 Research in PXRs 

The metabolism and excretion of many clinically used drugs are controlled by PXRs 

via the regulation of hepatic cytochrome P450 enzymes, organic anion-transporting 

polypeptides (uptake transporters) in the liver, and P-glycoprotein efflux pumps.
245

 

Activation of PXR has been associated with tuberculosis drug resistance via drug 

interactions which reduce the efficacy of anti-tuberculosis drugs, along with 

increased adverse effects which reduce patient compliance to medication.
245

  

 

Statins such as ATV, LVS, FLV, and LVS have demonstrated significant dose-

dependent activation of PXR,
105

 which could conceivably contribute towards 

tuberculosis drug resistance, an emerging global health crisis.
246

 Moreover, statin 

therapy in mice resulted in dysbiosis of gut microbiota via a PXR-dependent 

mechanism.
121

 Hence AMR due to dysbiosis of the gut microbiome via statin-

induced activation of PXR is plausible as well. It has been suggested that PXR 

antagonists might augment the effectiveness of anti-tuberculosis therapy.
247

 Thus, 

future studies could focus on identifying a viable PXR antagonist to supplement anti-

tuberculosis drugs and perhaps, statin therapy as well. 

 

The role of PXRs in regulating glucose and lipid metabolism has also been 

reported.
248

 Activation of PXR may increase lipogenesis, causing hepatosteatosis and 

eventually, diabetes.
248

 Conversely, PXR deficiency has been shown to increase 

energy consumption via amplified utilisation of oxygen and mitochondrial β-

oxidation, leading to anti-obesity effects.
248

 Incidentally, metformin (an anti-diabetic 

drug) demonstrated PXR antagonistic effects which are independent of its key anti-

diabetic mechanism (activation of adenosine monophosphate-activated protein 

kinase).
249

 Moreover, topical application of metformin was associated with wound 

healing in rats.
250

 As such, future work could examine the viability of metformin and 

other PXR antagonists as novel adjuvants/treatments for SSTIs, in conjunction with 

the theoretical potential to stem AMR. 
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7. Conclusions and Recommendations 

 

Upon reconciling laboratory evidence with clinical evidence between statins and 

bacterial SSTIs in a translational research framework, it is unlikely that ATV, FLV, 

PRV, RSV, and SMV may serve as novel adjuvants/treatments for SSTI treatment. 

The clinical effects of LVS and PTV could not be evaluated as they are not registered 

for clinical use in Australia. However, based on laboratory work in this study and 

clinical effects reported in other literature, oral PTV is possibly the only clinically 

used statin with potential to be a novel topical agent for SSTIs due to its favourable 

systemic effects on diabetes via increasing adiponectin levels. Although SMV, PTV-

lactone, ATV, and FLV demonstrated in vitro antibacterial effects against MSSA, the 

combined possibility of systemic absorption (due to massive drug concentrations 

required to achieve MICs), lack of antibacterial activity against pathogens causing 

severe SSTIs, and risk of statin contribution to AMR collectively do not support the 

use of statins as topical novel therapeutic agents for SSTIs.  

 

Statins are theoretically ideal as novel agents to reduce AMR and treat SSTIs due to 

a multipronged approach of possessing direct antibacterial activity against MRSA 

and pathogens such as E. coli, Enterococcus, and Streptococcus species which cause 

SSTIs, synergise with topical antimicrobials against MRSA, stimulate the human 

immune system, modulate sepsis via anti-inflammatory effects, promote wound 

healing, and suppress bacterial toxins. 

 

However, the outpatient clinical evidence gathered showed that statins may increase 

the risk of SSTIs through a direct mechanism (reduction of innate immunity) or 

through an indirect mechanism (increasing the risk of diabetes, in turn a risk factor 

for SSTIs). Inpatient clinical evidence demonstrated neither significant benefits of 

statin use on the risk of SSTIs nor better clinical outcomes compared to non-statin 

users. Instead, patients with SSTIs using ATV were associated with a significantly 

increased risk of diabetes, which being a risk factor for S. aureus-related SSTIs, 

would likely progress to recurrent SSTIs. 
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Viewing the outpatient and inpatient data collectively, the use of ATV, FLV, PRV, 

RSV, and SMV was paradoxically associated with an increased risk of SSTIs likely 

because of its small but significant association with diabetes. The sensitive period of 

greatest diabetes risk was found to be as short as 91 days after statin commencement, 

predisposing patients to S. aureus-related SSTIs, funnelling into a vicious cycle of 

recurrent SSTIs. Hence, it may be advisable for physicians to regularly monitor the 

blood glucose levels of patients on statins and be mindful of SSTI risks. 

 

Given the lack of support from laboratory evidence for topical statin use and risks of 

diabetes from clinical evidence, further research on the clinical effects of PTV in a 

country where it is registered for clinical use would help confirm whether oral PTV 

will emerge as the only statin viable for repurposing as a novel systemic therapeutic 

agents against SSTIs. Nevertheless, the identification of chemical moieties likely 

responsible for statins’ antibacterial activity (i.e. combination of a hydrophobic statin 

ring system, a lactone ring, and a gem-dimethyl moiety or a cyclopropyl ring), may 

serve as a scaffold for future antibiotic studies. 

 

Of greater concern, despite statins possessing theoretical properties which impede 

AMR, the exposure of susceptible bacteria to varying concentrations of statins within 

the human body and in the environment may instead, favour selective pressures for 

bacterial resistance or co-selection for resistant genes. With various countries’ 

guidelines affirming statin use for preventing cardiovascular diseases, the already 

extensive use of statins will likely be expanded, potentially compounding the AMR 

crisis. Prioritising research to elucidate statins’ antibacterial mechanism of action 

might be of greatest value to determine the imminence of statin-associated AMR, 

especially if the true mechanism directly threatens bacteria survival.  

 

The evidence presented in this thesis not only refuted the initial hypothesis of 

repurposing statins in general as novel therapeutic agents for SSTIs to help curb 

AMR, it also revealed the ominous possibility that statins may be associated with 

AMR instead. It is hoped that the postulated mechanism of statins’ antibacterial 

action and suggested areas of research in the human gut microbiome and PXRs, 

amongst other contributions, might support and invoke further research in the search 
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for other novel SSTI treatments, in tandem with addressing statins’ influence on 

AMR. 
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Appendix 10: Calculating null-effect sequence ratio (NSR) for Chapter Four of 

thesis 

 

The NSR is the expected sequence ratio in the absence of any causal relationship 

between the index and marker drugs, and it is used to adjust for incidence trend 

changes.
164, 165

 The overall average probability (Pa) of an index→marker sequence 

may be calculated as an average for all days, weighted by the number of incident 

index drug users on consecutive (m) days of the study as follows:
1
  

𝑃𝑎 =  
∑ [Im × (∑ Mn

m+d
n=m+1 )]u

m=1

∑ [Im × (∑ Mn + ∑ Mn
m+d
n=m+1

m−1
n=m−d )]u

m=1

 

where: 

m or n = consecutive days of the study period excluding the run-in period 

d = number of days for observation (window period of 91, 182, or 365 days in 

our study) 

u = last day of the study period 

Im  = number of people receiving their first index drug on the date 

Mn  = number of people receiving their first marker drug on the date 

 

NSR is thus calculated as: 

NSR =  
𝑃𝑎

(1 − 𝑃𝑎)
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Appendix 11: Anatomical Therapeutic Chemical codes and respective Daily 

Defined Dose used in Chapter Four of thesis

The Anatomical Therapeutic Chemical codes of medications and respective Daily 

Defined Dose as defined by the World Health Organization
167

 that were used in this 

study included: 

Drug name Anatomical 

Therapeutic  

Chemical code 

Daily  

Defined  

Dose 

Statins 

 

  

Atorvastatin C10AA05  20 mg 

Fluvastatin C10AA04  60 mg 

Pravastatin C10AA03  30 mg 

Rosuvastatin C10AA07  10 mg 

Simvastatin C10AA01  30 mg 

Antidiabetic medication  

 

  

Acarbose  A10BF01   0.3 g 

Exenatide   

  

A10BX04 

(before 2017) 

0.286 mg (depot) 

15 mcg 

Glibenclamide  A10BB01   10 mg 

Gliclazide A10BB09   60 mg 

Glimepiride A10BB12   2 mg 

Glipizide A10BB07   10 mg 

Insulin (human, fast-acting) A10AB01 40 units 

Insulin (beef, fast-acting)  A10AB02   40 units 

Insulin (lispro)  A10AB04  40 units 

Insulin (aspart) A10AB05 40 units 

Insulin (glulisine) A10AB06   40 units 

Insulin (human, intermediate-acting) A10AC01   40 units 

Insulin (beef, intermediate-acting) A10AC02   40 units 

Insulins and analogues for injection 

(intermediate or long-acting combined with fast-

acting) 

A10AD - 

Insulin (human, intermediate or long-acting 

combined with fast-acting)  

A10AD01   40 units 

Insulin (intermediate or long-acting combined 

with lispro)  

A10AD04   40 units 

Insulin (human, long-acting) A10AE01   40 units 

Insulin (glargine) A10AE04   40 units 

Insulin (detemir) A10AE05   40 units 

Linagliptin  A10BH05   5 mg 

Metformin  A10BA02   2 g 

Metformin and rosiglitazone   A10BD03   - 

Metformin and sulfonylureas  A10BD02   - 

Metformin and sitagliptin  A10BD07   - 

Metformin and vildagliptin  A10BD08   - 

Pioglitazone  A10BG03   30 mg  

Rosiglitazone  A10BG02   6 mg 

 (continued on next page) 
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Drug name Anatomical 

Therapeutic  

Chemical code 

Daily  

Defined  

Dose 

Antidiabetic medication  

(continued) 

  

Saxagliptin  A10BH03   5 mg 

Sitagliptin  A10BH01   0.1 g 

Tolbutamide A10BB03   1.5 g 

Vildagliptin  A10BH02   0.1 g 

Antistaphylococcal antibiotics 

 

  

Dicloxacillin J01CF01   2 g 

Flucloxacillin  J01CF05   2 g 
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Appendix 12: Admission diagnoses for control group in Chapter Five 

Admission diagnosis  Number of patients Admission diagnosis  Number of patients 

Pain (chest) 16 Drug overdose 1 

Community acquired 

pneumonia 

11 Dysphagia 1 

Chronic obstructive 

pulmonary disease 

exacerbation 

9 Endocarditis 1 

Urinary tract infection 6 Endothelial ablation 1 

Bronchitis 5 Fever 1 

Congestive heart failure  5 Fracture (clavicle) 1 

Pain (abdominal) 5 Fracture (hip) 1 

Senile cataract 5 Gastroscopy (polyps) 1 

Stroke 5 Haematuria 1 

Atrial fibrillation 4 Hyperglycaemia 1 

Falls 4 Hypotension 1 

Cognitive function decline 3 Inguinal hernia 1 

Gastroenteritis 3 Ligament rupture 1 

Gastro-oesophageal reflux 3 Mobility decreased 1 

Lower respiratory tract 

infection 

3 Neuropathy (ulnar) 1 

Urinary obstruction 3 Obstructive sleep apnoea 1 

Acute kidney injury 2 Odynophagia 1 

Anaemia (iron deficiency) 2 Pain (hip) 1 

Aspiration pneumonia 2 Pain (lower back) 1 

Asthma exacerbation 2 Pain (shoulder) 1 

Bleeding (gastrointestinal) 2 Postural hypotension 1 

Cancer (lungs, metastatic) 2 Presyncope 1 

Cholelithiasis 2 Schizophrenia 1 

Delirium 2 Shortness of breath 1 

Faecal abnormalities 2 Spinal cord compression 1 

Gastritis 2 Transurethral resection of 

prostate 

1 

Hypoglycaemia 2 Trauma (musculoskeletal) 1 

Neuropathy (peripheral) 2 Tremors 1 

Pain (knee) 2 Ulcerative oesophagitis 1 

Seizures 2 Ulcers (duodenal) 1 

Sepsis 2 Venous thromboembolism 1 

Syncope 2 Vertigo 1 

Vasectomy 2   

Bleeding (postmenopausal) 1   

Cancer (brain tumour) 1   

Cancer (breast, metastatic) 1   

Celiac disease 1   

Cholecystitis 1   

Colitis 1   

Diabetic ketoacidosis 1   

Diarrhoea and vomiting 1   

Discitis 1   
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Appendix 13: Customised data collection form for research work in Chapter 

Five of thesis 
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Appendix 14: Ethics approval from the South Metropolitan Area Health Service 

for research work in Chapter Five of thesis 
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Appendix 15: Reciprocal ethics approval for research from Curtin University 
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Appendix 16: Supplementary hospital data showing the relationship between 

statin use with obesity and diabetes respectively 

 

Appendix 16-1: Supplementary hospital data showing the relationship between 

statin use with obesity‡ 
 Cases only subgroup 

(with SSTIs), n = 165 

Controls only subgroup 

(without SSTIs), n = 165 

Variable Obese  

(%) 

n = 52 

Non-obese 

(%) 

n = 113 

Relative risk
# 

(95% CI) 

and p-value 

Obese  

(%) 

n = 24 

Non-obese 

(%) 

n = 141 

Relative risk
# 

(95% CI) 

and p-value 

Drug exposure 

on admission 

      

Atorvastatin 

   Users 

   Non-users 

 

7 (13.5) 

45 (86.5) 

 

21 (18.6) 

92 (81.4) 

 

0.761 

(0.384 – 1.510) 

p = 0.507 

 

1 (4.2) 

23 (95.8) 

 

27 (19.1) 

114 (80.9) 

 

0.213 

(0.030 – 1.511) 

p = 0.082 

Pravastatin 

   Users 

   Non-users 

 

2 (3.8) 

50 (96.2) 

 

4 (3.5) 

109 (96.5) 

 

1.060 

(0.334 – 3.363) 

p = 1.000 

 

0 (0) 

24 (100) 

 

4 (2.8) 

137 (97.2) 

 

Nil pravastatin 

users in obese 

group 

Rosuvastatin 

   Users 

   Non-users 

 

2 (3.8) 

50 (96.2) 

 

8 (7.1) 

105 (92.9) 

 

0.620 

(0.176 – 2.187) 

p = 0.507 

 

3 (12.5) 

21 (87.5) 

 

14 (9.9) 

127 (90.1) 

 

1.244 

(0.414 – 3.739) 

p = 0.717 

Simvastatin  

   Users 

   Non-users 

 

3 (5.8) 

49 (94.2) 

 

7 (6.2) 

106 (93.8) 

 

0.949 

(0.358 – 2.515) 

p = 1.000 

 

2 (8.3) 

22 (91.7) 

 

6 (4.3) 

135 (95.7) 

 

1.784 

(0.505 – 6.297) 

p = 0.329 

(
‡
) Due to the small sample size of each subgroup, variables were stratified into a 2 x 2 contingency 

table and two-sided Fisher’s exact test was conducted. (
#
) Relative risk was calculated due to samples 

being taken from an independent sample. 

 

Appendix 16-2: Supplementary hospital data showing the relationship between 

statin use with diabetes‡ 
 Cases only subgroup 

(with SSTIs), n = 165 

Controls only subgroup 

(without SSTIs), n = 165 

Variable Diabetics 

(%) 

n = 38 

Non-

diabetics 

(%) 

n = 127 

Relative risk
# 

(95% CI) 

and p-value 

Diabetics 

(%) 

n = 39 

Non-

diabetics 

(%) 

n = 126 

Relative risk
# 

(95% CI) 

and p-value 

Drug exposure 

on admission 

      

Atorvastatin 

   Users 

   Non-users 

 

14 (36.8) 

24 (63.2) 

 

 

14 (11) 

113 (89) 

 

 

2.854 

(1.699 – 4.795) 

p = 0.001 

 

9 (23.1) 

30 (76.9) 

 

19 (15.1) 

107 (84.9) 

 

1.468 

(0.786 – 2.740) 

p = 0.328 

Pravastatin 

   Users 

   Non-users 

 

1 (2.6) 

37 (97.4) 

 

 

5 (3.9) 

122 (96.1) 

 

0.716 

(0.117 – 4.382) 

p = 1.000 

 

1 (2.6) 

38 (97.4) 

 

3 (2.4) 

123 (97.6) 

 

1.059 

(0.190 – 5.915) 

p = 1.000 

Rosuvastatin 

   Users 

   Non-users 

 

2 (5.3) 

36 (94.7) 

 

8 (6.3) 

119 (93.7) 

 

 

0.861 

(0.241 – 3.073) 

p = 1.000 

 

10 (25.6) 

29 (74.4) 

 

7 (5.6) 

119 (94.4) 

 

3.002 

(1.795 – 5.022) 

p = 0.001 

Simvastatin  

   Users 

   Non-users 

 

3 (7.9) 

35 (92.1) 

 

7 (5.5) 

120 (94.5) 

 

1.329 

(0.493 – 3.578) 

p = 0.698 

 

4 (10.3) 

35 (89.7) 

 

4 (3.2) 

122 (96.8) 

 

2.243 

(1.057 – 4.758) 

p = 0.091 

(
‡
) Due to the small sample size of each subgroup, variables were stratified into a 2 x 2 contingency 

table and two-sided Fisher’s exact test was conducted. (
#
) Relative risk was calculated due to samples 

being taken from an independent sample. 
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