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ABSTRACT 1 

Background 2 

Chronic wound infections continue to plague the U.S. healthcare system, especially in trauma scenarios. 3 

Multidrug resistance and the capacity to form biofilm enables pathogens to survive clinical regimens of 4 

antibiotics prompting the need to find antibiotic alternatives. In past years, the cholesterol lowering class of 5 

drugs, statins, were identified to have antibacterial effects on pathogens responsible for various wound 6 

infections. The objective of this study was to screen all available statins against a panel of pathogens (S. 7 

aureus, P. aeruginosa, coagulase-negative staphylococcus (CoNS), E. coli, Klebsiella spp., and A. baumannii) 8 

associated with wound infections and their ability to inhibit biofilm formation. A top-drug candidate was 9 

identified and further characterized to determine potential for clinical application.   10 

Results 11 

Statins were most effective against S. aureus and A. baumannii with minimum inhibitory concentrations (MIC) 12 

ranging from 32 to 256 µg/mL. Simvastatin was the only statin to show efficacy against S. aureus, P. 13 

aeruginosa, CoNS, and A. baumannii with a MIC of 32 µg/mL. No statins were effective against E. coli and 14 

Klebsiella spp. Likewise, simvastatin had a relatively low minimum biofilm inhibition concentration (MBIC) of 8 15 

µg/mL for both S. aureus and CoNS. Moving forward, simvastatin was chosen as the top drug candidate due to 16 

its broad spectrum MICs and MBICs. Due to its particular potency against S. aureus, an in depth 17 

characterization was performed against S. aureus. However, further testing revealed minimal effects against 18 

established S. aureus biofilm and persister cells, as well as cytotoxicity against osteoblasts.  19 

Conclusion 20 

Among the 9 available statins, simvastatin demonstrated the highest antimicrobial potential with broad-21 

spectrum activity against S. aureus, P. aeruginosa, CoNS, and A. baumannii, as well as the ability to inhibit 22 

biofilm formation for S. aureus and CoNS. However, upon further in vitro characterization simvastatin was 23 

ineffective against established S. aureus biofilm, persister cells, and was found to be cytotoxic. This data 24 

demonstrates the small therapeutic window for simvastatin and the limited potential for direct application as an 25 

antimicrobial for orthopaedic-related infection. 26 

Keywords: statins, infection, biofilm, drug screen, trauma  27 
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1 BACKGROUND 28 

Civilian and military wound infections continue to have a substantial socioeconomic burden in the United 29 

States. Approximately 34% of all patients who sustained a deployment-related injury develop a trauma-related 30 

infection in U.S. military hospitals (1). Similarly in the civilian population, an infection rate of 28% is reported for 31 

lower extremity trauma (2). These trauma-related infections are associated with a recalcitrant nature attributed 32 

to multidrug-resistance-organisms (MDROs) and the capacity to form an extracellular matrix (ECM) known as 33 

biofilm, which both increase the longevity, persistence, and costs of infection (3, 4). In 2014, the total Medicare 34 

spending for chronic nonhealing wounds was estimated as high as $96.8 billion ($28.1 billion low-range 35 

estimate, $31.7 billion midrange estimate; (5)). Overall, wound infections ravage US healthcare costs despite 36 

today’s clinical standards. 37 

 During the incurrence of trauma- or ballistic-related wounding, the absence of antimicrobials leads to 38 

rapid colonization of resident gram-positive microbial flora, such as Staphylococcus aureus or Streptococcus 39 

pyogenes (6-8). Shortly thereafter, endogenous gram-negative bacteria, Pseudomonas aeruginosa, Klebsiella 40 

pneumoniae, and Escherichia coli, colonize the wound 48 – 72 h later (6-8). It is imperative that the correct 41 

antibiotics are administered as soon as possible in order to prevent the occurrence of infection. Management 42 

and treatment algorithms for high energy ballistic trauma follow the general framework of serial debridements 43 

(every 2-3 days), irrigation with saline, systemic antibiotics, fracture stabilization with local delivery of high dose 44 

antibiotics via polymethylmethacrylate cement beads, and negative pressure wound therapy utilizing distillation 45 

of antibiotics and/or antifungal solutions (9-13). However due to the uncontrollable medical care environment of 46 

a trauma-related scenario or an active battlefield, the immediacy and efficacy of these standards varies. 47 

Furthermore, the rise of MDROs limits susceptibility to conventional antibiotics for infection management and 48 

biofilm formation adds an additional factor of recalcitrance. 49 

 Within the past decade, observed trends of antimicrobial resistance have caused dire concern in both 50 

military and civilian medical fields. In the United States, MDROs cause at least 2 million infections, resulting in 51 

23,000 deaths per year (14). The rapid emergence of MDROs has led the Center for Disease Control (CDC) to 52 

declare in 2013 that the human race is in the “post-antibiotic era.” Further exacerbating the issue of chronic 53 

infection from drug resistance is the ability of pathogens to form biofilms. Biofilms act as an external barrier for 54 
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subpopulations of slow-growing cells with poor metabolic activity known as persister cells (15). Persister cells 55 

alone have a reduced susceptibility to antibiotics due to their slow metabolism (16). The added confinement 56 

within the biofilm provides both a drug diffusion barrier and the ability to evade host immune response (17, 18). 57 

Biofilm associated disease is commonplace with wound infections, typically seen in clinical cases of 58 

osteomyelitis, where biofilm is formed on stabilization hardware enabling persistence of infection despite 59 

regimens of systemic and local antibiotics (19). The sessile bacteria protected within biofilm require more than 60 

a thousand times that of the conventional antibiotic concentration required to kill planktonic cells of the same 61 

strain (20-22). By this mechanism, bacteria can tolerate antibiotic regimens and then disperse from within the 62 

biofilm enabling recurrence of infection (23). Collectively, the alarming rise of MDROs and the capacity of 63 

pathogens to create subpopulations of persister cells contained within biofilms incites the necessity to 64 

determine antibiotic alternatives to adequately treat infections. 65 

 An emerging strategy to identify new antimicrobial drugs is drug repurposing. Drug repurposing 66 

identifies existing drugs that have off-label effects such as antimicrobial activity. Identified drugs can then be 67 

validated, tested, and streamlined from bench to bedside. An example of drug repositioning is the 68 

antirheumatoid arthritis drug, auranofin. In 2012, the US Food and Drug Administration (FDA) granted 69 

auranofin orphan drug status (24). Since then, it had been reidentified to have broad spectrum antimicrobial 70 

activity and has undergone clinical trials for the treatment of gastrointestinal protozoa (24). Drug repositioning 71 

reduces the development cycle of a drug from 10 - 17 years to 3 – 12 years and greatly cuts down associated 72 

costs (25).  73 

Potential drugs for repositioning, specifically in the context of broad-spectrum antimicrobials, are the 74 

lipid-lowering statins used to treat high cholesterol. Statins have been found to have direct in vitro antibacterial 75 

effects on both Gram-positive and Gram-negative bacteria (26). Even more noteworthy is that statins, including 76 

simvastatin, lovastatin, rosuvastatin have shown to have antimicrobial activity against MDROs such as 77 

methicillin-resistant S. aureus (MRSA), vancomycin-resistant S. aureus (VRSA), and vancomycin-resistant 78 

enterococci (VRE) (27-32). Furthermore, simvastatin has been shown to have an effect and inhibit S. aureus 79 

and P. aeruginosa biofilm formation and also disrupt established S. aureus and S. epidermis biofilm. These 80 

data are also supported by clinical studies demonstrating that patients with prior treatment of statins have 81 
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reduced disease progression and/or mortality associated with sepsis, pneumonia, acute infections, and 82 

bacteremia (26). However, it is unknown which statins are most effective against which species of pathogens. 83 

Collectively, these studies indicate the potential of statins to be used as alternative antibiotics in clinical and 84 

military scenarios where chronic infections are plagued by biofilm formation and MDROs.   85 

 The objective of this study was to evaluate the antimicrobial and antibiofilm activity of a panel of 86 

commercially available statins against clinical strains of pathogens associated with chronic wounds. To achieve 87 

this goal, we screened the antimicrobial effects and biofilm inhibition of statins against various pathogens 88 

associated with wound infections. Based on the results of the preliminary screen, we then narrowed down top 89 

statin candidates for in-depth analysis against MDROs, established biofilm, persister cells, and cytotoxicity. We 90 

hypothesized that statins will outperform conventional antibiotics in the context of in vitro testing for 91 

applications in infected wound therapeutics, hence providing the foundation for preclinical testing. 92 

 93 

2 RESULTS 94 

Identification of statins that are effective against wound-related pathogens and inhibit biofilm 95 

formation. The minimum inhibitory concentration (MIC) of 9 statins (simvastatin, pravastatin, atorvastatin, 96 

mevastatin, cerivastatin, pitavistatin, lovastatin, fluvastatin, and rosuvastatin) was determined against a panel 97 

of 6 wound-related pathogens (S. aureus, P. aeruginosa, coagulase-negative staphylococcus (CoNS), E. coli, 98 

Klebsiella spp., and A. baumannii) from concentrations 0 to 256 µg/mL (Table 1). All statins were ineffective 99 

against P. aeruginosa, E. coli, and Klebsiella spp. with MICs exceeding the maximum concentration tested, 100 

256 µg/mL. The only exception to this was simavastatin’s MIC of 32 µg/mL for P. aeruginosa. Four out of the 101 

nine statins (44%; pravastatin, mevastatin, lovastatin, and rosuvastatin) were ineffective against CoNS with 102 

MICs exceeding 256 µg/mL. Atorvastatin, cerivastatin, pravastatin, and fluvastatin, had MICs of 256 against 103 

CoNS, while simvastatin was determined to have the lowest MIC against CoNS at 32 µg/mL. Statins were 104 

most effective against A. baumannii, with each statin tested registering a MIC below the maximum 105 

concentration tested. Simvastatin had the lowest MIC of 32 µg/mL, while the 8 other statins had a MIC of either 106 

64 or 128 µg/mL. Only three out of the nine (33%) tested statins (simvastatin, atorvastatin, and fluvastatin, had 107 

a MIC below 256 µg/mL for S. aureus. Amongst these simvastatin had the lowest MIC at 32 µg/mL. 108 
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 A secondary screen was then performed to determine the minimum biofilm inhibition concentration 109 

(MBIC) of each statin against 3 pathogens, S. aureus, CoNS, and A. baumannii (Table 2) at an identical 110 

concentration range from 0 to 256 µg/mL. P. aeruginosa, E. coli, and Klebsiella spp. were not investigated due 111 

to a lack of effect of statins against these species as determined in the first screen. Statins were largely 112 

ineffective against inhibition of A. baumannii biofilm with 3 statin’s MBIC, pravastatin, lovastatin, and 113 

rosuvastatin, exceeding a concentration of 256 µg/mL, while the 6 other statin’s MBIC was 256 µg/mL. Four 114 

out of the nine statins tested (44%), simvastatin, pravastatin, cerivastatin, and lovastatin, had a MBIC below 115 

256 µg/mL for CoNS, with simvastatin having the lowest MBIC of 8 µg/mL. Of the three pathogens tested, 116 

statins were most effective at inhibiting the biofilm formation of S. aureus. Seven out of the nine statins tested 117 

(78%) had a MBIC that was below 256 µg/mL. Simvastatin, fluvastatin, and rosuvastatin had MBIC’s of 8 118 

µg/mL, while mevastatin was evaluated to have the lowest MBIC of 4 µg/mL.    119 

 The results of these two screening panels indicated simvastatin as the lead drug candidate from the 9 120 

statins tested. This was based on its relative broad spectrum activity against the 6 pathogens tested as 121 

determined by its MIC. Specifically, simvastatin was the only statin that showed efficacy against 4 out of the 6 122 

pathogens tested (S. aureus, P. aeruginosa, CoNS, and A. baumannii). Furthermore, simvastatin had a MBIC 123 

of 8 µg/mL for both S. aureus and CoNS. Moving forward, it was determined to perform a thorough 124 

characterization of simvastatin with respect to S. aureus, to determine its clinical potential regarding S. aureus 125 

related infections. 126 

 127 

MIC of simvastatin against MSSA and MRSA strains in comparison to other statins and conventional 128 

antibiotics. To initially evaluate the antimicrobial activity of simvastatin, MIC assays were performed on two 129 

different strains of S. aureus including the methicillin-susceptible S. aureus (MSSA) strain UAMS-1 and the 130 

MRSA strain USA300. MIC results were compared to conventional antibiotics used for S. aureus-related 131 

infections (tobramycin, gentamicin, vancomycin, and rifampin), as well as other statins, fluvastatin, mevastatin, 132 

and rosuvastatin for comparative purposes (Table 3). Simvastatin had a MIC of 32 µg/mL for both UAMS-1 and 133 

USA300. This finding is consistent with the previous data demonstrating that simvastatin has the lowest MIC 134 
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when compared to other statins, regardless of strain of S. aureus, even in the comparison of MSSA to MRSA 135 

strains (Table 1). However, when compared to conventional antibiotics tobramycin, gentamicin, vancomycin 136 

and rifampin, simvastatin’s MIC was 64×, 64×, 32×, and 8,000× greater for each antibiotic respectively, 137 

regardless of MSSA or MRSA. 138 

 139 

Determining whether simvastatin is bacteriostatic or bactericidal against UAMS-1. Simvastatin’s mode of 140 

action was evaluated to be either bacteriostatic or bactericidal at 1, 2, 4, and 8× the MIC. This was determined 141 

by performing a modified minimum bactericidal concentration (MBC) assay. First a traditional MIC assay of 142 

simvastatin against a MSSA strain of S. aureus, UAMS-1 was performed. After the overnight incubation period, 143 

concentrations ranging from ½× to 8× the MIC of simvastatin were replated on agar plates and incubated 144 

overnight. The following day, bacterial growth was observed on all plates indicating that simvastatin’s 145 

mechanism of action was bacteriostatic up to 8× the MIC (Table 4).  146 

 147 

Investigation of drug interaction between simvastatin and conventional antibiotics for S. aureus 148 

infections. To investigate the drug interaction between simvastatin and antibiotics (tobramycin, gentamicin, 149 

vancomycin, and rifampin), fractional inhibition concentration (FIC) testing was performed to evaluate if drug 150 

pairings enabled synergistic, antagonistic, or equivalent antimicrobial effects on UAMS-1. Testing revealed that 151 

simvastatin pairing with vancomycin, and rifampin resulted in no interaction for both UAMS-1 and USA300 with 152 

FIC indices ranging between 1 and 4 (Table 5). However an additive effect was observed for gentamicin with 153 

UAMS-1 and USA300 (FIC = 0.57). Tobramycin interestingly had an additive effect (FIC = 0.84) for UAMS-1, 154 

but was indifferent for USA300 (FIC = 1.208).  155 

 156 

Antimicrobial potency of statins against established S. aureus biofilm. The ability of simvastatin to 157 

eradicate established S. aureus biofilm was assessed by performing a minimum biofilm eradication 158 

concentration (MBEC) assay. Fluvastatin and mevastatin were also included in this experiment due to their 159 

ability to inhibit biofilm at relatively low concentrations (MBICfluvastatin=8 µg/mL, MBICmevastatin=4 µg/mL, Table 2). 160 



8 

 

Rifampin was used as a positive control due to its known potency against S. aureus biofilm (33). UAMS-1 161 

biofilms were grown for 24 h with TSB supplemented with 10% plasma on polystyrene pegs. Afterwards, they 162 

were spiked with each of the indicated antimicrobials with concentrations ranging from 0 to 512 µg/mL and 163 

incubated for an additional 24 h. Pegs were then sonicated in a recovery plate, serially diluted, and then plated, 164 

and the resulting CFU were enumerated. At each concentration, rifampin had a significant log reduction 165 

relative to mock-treated growth controls (Fig. 1). Log-reductions ranged from 1.6 to 4.8 in a dose dependent 166 

manner. All statins demonstrated minimal potency against established biofilm with a <0.75 log-reduction for 167 

each concentration relative to mock-treated biofilm. Additionally, all statins demonstrated a MBEC that 168 

exceeded 512 µg/mL, while rifampin had a MBEC of 8 µg/mL (Table 6).  169 

 170 

Investigating the effects of simvastatin on S. aureus persister cells and stationary phase cells. To 171 

further investigate simvastatin’s efficacy against S. aureus related chronic infections, the ability to kill persister 172 

cells and stationary cells was evaluated. Persisters are phenotypic variants of normal cells with minimal 173 

metabolic activity that are a major factor for the drug tolerance of biofilms (34). Persister cells are a 174 

subpopulation found within the biofilm that survive antibiotic regimens due to their various dormant pathways. 175 

Removing the variable of drug diffusion through the ECM of the biofilm, a persister cell killing assay was 176 

performed to directly evaluate simvastin’s ability to kill persisters. To start, gentamicin was added to an 177 

exponentially growing culture of UAMS-1 (~2.5 × 108 CFU/mL) at 10× MIC. This produces a standard biphasic 178 

killing pattern with surviving persister cells after 6 h with a surviving population of approximately 4 × 104 179 

CFU/mL (Fig. 2a). At 6 h, a second antimicrobial was added to the culture at 10× MIC to evaluate the ability to 180 

eradicate the surviving persister cells. The added antimicrobials used in this experiment were rifampin, 181 

simvastatin, and CD437. CD437 is a retinoid antibiotic proven to be effective against persisters (35). The 182 

addition of rifampin and simvastatin did not kill the remaining persisters after 48 h of culture with 9.5 × 101 and 183 

8.7 × 102 CFU/mL surviving cells respectively. However, the addition of CD437 eradicated the persisters by 24 184 

h.  185 
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 In addition to investigating the ability of simvastatin to eradicate persisters, we examined the ability of 186 

this statin to kill stationary cells of UAMS-1. The reason for this is because stationary phase S. aureus cells 187 

behave similarly to persister cells due to their dormancy and are very challenging to kill with standard 188 

antibiotics, as well as a range of other various antimicrobials (35-37). Therefore, stationary phase cells provide 189 

an alternative model to challenge the efficacy of an antimicrobial to kill drug-tolerant phenotypes. To start, a 190 

population of nongrowing UAMS-1 at ~1010 × CFU/mL were spiked with 10× the MIC of gentamicin, rifampin, 191 

vancomycin, daptomycin, and simvastatin (Fig. 2b). Viable cells were sampled and counted for every 24 h for 192 

up to 4 days. All antimicrobials tested had minimal activity against the stationary phase cells and no significant 193 

differences were observed relative to the growth control.   194 

 195 

Cytotoxic effects of Simvastatin on mammalian cells. To determine the adverse effects of simvastatin on 196 

mammalian cells, the cytotoxicity was measured using an XTT proliferation assay. Viability of human 197 

osteoblasts were treated with either vancomycin, rifampin, or simvastatin at concentrations ranging from 0 to 198 

512 µg/mL. The antibiotics, vancomycin and rifampin, demonstrated favorable cell viability with all 199 

concentrations tested exceeding 61% cell viability except for 512 µg/mL of rifampin which had 60% cell viability 200 

(Fig. 3a-b, d). However, simvastatin had a limited viability profile with severe cytotoxicity with concentrations 201 

above the MIC of 32 µg/mL (Fig. 3c, d).      202 

 203 

3 DISCUSSION 204 

The association of MDROs with wound infection is a critical problem for both military and civilian medical 205 

practices. The ability of pathogens to self-produce biofilm protected communities coupled with the increasingly 206 

rising rate of antibiotic resistance greatly enhances the recalcitrance and persistence of wound infections. 207 

Therefore it is crucial to identify antibiotic alternatives that are effective against MDRO-associated infections. 208 

One possible avenue is the repurposing the cholesterol-lowering statin family of drugs as novel antimicrobials 209 

(26). Previous studies have shown the antibacterial activity of statins, but conflicting reported results for various 210 

species have prompted the need for a comprehensive screen encompassing various pathogens, as well as 211 
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their efficacy against dormant phenotypes such as biofilm and associated persister cells (27-29, 38). In this 212 

study, we evaluated the antimicrobial activity of nine statins against clinical pathogens associated with wound 213 

infections.  214 

 The antibacterial effects of statins was first reported in 2001 when Liappis et al. performed a 215 

restrospective study finding that mortality attributed to S. aureus bacteremia was reduced for patients taking 216 

statins (39). This initial finding led to a breakthrough of subsequent retrospective studies and meta-analyses 217 

that found similar results finding that the prior use of statins reduced the disease progression and/or mortality 218 

of pneumonia and sepsis in clinical cases (40-44). However, select retrospective and meta-analyses have 219 

reported confounding results and the limited amount of prospective randomized trials have also supported the 220 

finding of no improvement in clinical outcomes (45-49). Furthermore, trials investigating the de novo treatment 221 

of infections with statins have shown no favorable results (50). Yet all of these studies did not account for or 222 

adjust the type of statin with the pathogen causing the infection. Therefore, these clinical studies have 223 

prompted the need for in vitro characterization of statins to identify potency with specific pathogens and strains. 224 

 Various studies have been published reporting the antimicrobial effects of statins by determining the 225 

MIC on a wide spectrum of pathogens responsible for causing infections. Hennessy et al. published a 226 

comprehensive review encompassing the findings of all these studies (26). A major discrepancy amongst 227 

these studies is the large range of MICs reported ranging from 15 to 500 µg/mL. Additionally, limited studies 228 

have examined the relationship between antimicrobial concentrations of statins with viability of mammalian cell 229 

lines and also efficacy against biofilm and associated persister cells. Therefore, we determined the need to 230 

investigate a systematic approach to screen a panel of pathogens with all nine available statins, seven of 231 

which are FDA-approved, to determine the relationship between statin-pathogen efficacies. Additionally, effects 232 

on biofilm, persister cells, and mammalian cell cytotoxicity were also interrogated.    233 

 Studies that examined similar pathogens generally reported similar MICs to the ones reported here 234 

within (27-32, 51). With regards to MBICs, statins were most active against the clinical isolates of S. aureus 235 

and A. baumannii with MBICs being reported the lowest for gram-positive S. aureus. This is consistent with 236 

Wang et al who also found the ability of statins to inhibit S. aureus biofilm formation, as well as Hennessy et al. 237 

who determined the ability of simvastatin to inhibit the formation of P. aeruginosa biofilm (30, 51).  Interestingly 238 
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in this study, statin MBICs against S. aureus were lower to the MIC counterpart (MIC = 32 µg/mL, MBIC = 8 239 

µg/mL), however A. baumannii had generally higher MBICs (MIC = 32 µg/mL, MBIC = 256 µg/mL). One 240 

possibility contributing to the difference in  MBIC is the known ability of the statins to inhibit the expression of 241 

microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) expression in the quorum 242 

sensing pathway which has been shown to play a pivotal role in Staphylococcal biofilm formation (52). 243 

Furthermore, since this trend was only observed with S. aureus, it could be suggested that the statins were 244 

only able to inhibit the MSCRAMMs of S. aureus and not A. baumannii.  245 

 After the initial MIC and MBIC screening, it was determined that simvastatin was the top statin 246 

candidate due to its broad antimicrobial potency for all test pathogens, but more importantly its efficacy 247 

specifically against S. aureus (MIC = 32 µg/mL, MBIC = 8 µg/mL). Interestingly it has been identified by other 248 

groups that simvastatin appears to be the statin with the highest antimicrobial potential. For example, 249 

Thangamani et al performed a similar planktonic bacteria screening paradigm against S. aureus and P. 250 

aeruginosa and identified simvastatin as the lead drug candidate (31). Despite its potential, our study showed 251 

that further characterization of simvastatin against S. aureus revealed no potency against established S. 252 

aureus biofilm. This is not consistent with previous data that suggests that simvastatin is effective against 253 

established S. aureus biofilm (31, 32). However this can be explained by the methods used to interrogate 254 

efficacy against established biofilm. Graziano et al. and Thang et al. both utilized crystal violet (CV)-based 255 

biofilm assays, which enables the visualization of biofilm thickness and quantification of biomass after alcohol 256 

solubilization. However, this methodology is not accurate for calculating cell viability of the biofilm, which is the 257 

fundamental result to understand if recurrence of infection will occur in a biofilm-based infection, not biomass 258 

(53). Overall, the lack of potency for simvastatin against not only established biofilm, but also persister cells 259 

indicates the poor potential for treatment of chronic S. aureus-related infection which are defined by this 260 

bacterial phenotypes (54).  261 

 An alarming barrier to the antimicrobial repurposing of statins is the low plasma concentrations 262 

recorded for patients. Peak plasma concentrations range from 0.01 to 0.3 µg/mL for patients with high 263 

cholesterol prescribed oral statins (55, 56). Meanwhile, the lowest reported S. aureus MIC in this study for any 264 

statin is 8 µg/mL, which is 27 to 800 times the reported plasma levels. To achieve concentrations equivalent to 265 
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the MIC of statins and circumvent systemic toxicity issues, local delivery directly to infection site is a proposed 266 

alternative. A clinical example of this is in the scenario of implant-associated osteomyelitis, where antibiotic-267 

laden calcium cement spacers are utilized to deliver high concentrations of antibiotics to the infection site (57). 268 

These spacers enable both the management of infection, while simultaneously supporting bone formation. The 269 

addition of statins, specifically simvastatin, to these spacers can possibly enhance desired outcomes. 270 

Simvastatin does not only possess antimicrobial properties that can aid in the management of orthopedic 271 

infections, but it also has been shown to enhance BMP-2 expression in osteoblasts and bone healing at 272 

relatively low concentrations (58, 59). Additionally, Yoshii et al. demonstrated that polyurethane scaffolds 273 

incorporated with lovastatin enhanced bone regeneration in a critical-sized defect in rat femurs (60). These 274 

findings suggest that statins can aid in the two needed outcomes for osteomyelitis, infection management and 275 

bone growth. Yet, a major limitation is the small therapeutic window which statins produce. In the context of 276 

osteomyelitis, simvastatin’s MIC is 32 ug/mL, but it is also cytotoxic against bone forming osteoblasts at 277 

concentrations greater than 32 ug/mL. Osteoblast’s viability is critical for the success of treating osteomyelitis 278 

patients due to its essential role in bone formation. Therefore, in the context of statin local delivery to treat 279 

implant-associated osteomyelitis, the application of simvastatin is very limited based on its limited therapeutic 280 

window and additionally its lack of synergy with conventional antibiotics. It is also presumed that a similar 281 

cytotoxic effect of statins in any local delivery application would be a major limiting factor.  282 

 The limited therapeutic window is a major concern for the implementation of statins in both systemic 283 

and local delivery. The evidence demonstrated here showcased that statins have antimicrobial concentrations 284 

that greatly exceed the reported clinical ranges and also are ineffective against established biofilm. 285 

Furthermore, the effective MIC of simvastatin for MSSA and MRSA fall just within the maximum threshold for 286 

osteoblast cell viability. Unfortunately this result cannot be explained by the direct antibacterial mechanism of 287 

action for statins against S. aureus and other pathogens, for it is unknown. But the bacteriostatic effect is 288 

thought to be attributed to the binding and inhibition of the active site of 3-hydroxy-3-methylgutaryl-coenzyme A 289 

(HMF-CoA) reducatase (HMGR), which is the mechanism responsible for the cholesterol-lowering effect (61, 290 

62). However, statins have been shown to be effective against pathogens with and without the presence of 291 

HMGR (28, 29). An alternative theory is that clinical outcomes observed in patients prescribed with statins are 292 



13 

 

attributed to statin’s multi-faceted effects instead of direct antibacterial effects. The most notable effect that 293 

supports this theory is the ability of statins to modulate the host inflammatory response. For example, mice 294 

treated with simvastatin in a sepsis model had reduced secretion of proinflammtory chemokines that also 295 

resulted in reduced lung injury (63). Similar findings have also been observed in studies demonstrating the 296 

ability of cerivastatin to attenuate inflammatory responses (64, 65). With these findings in mind, it is best to 297 

focus research efforts on statin’s downstream effects on various inflammatory processes instead of direct 298 

antibacterial effects. For this avenue would best explain the observed prophylactic effects of statins in clinical 299 

scenarios and help maximize the research geared towards optimizing therapeutic potential. Lastly, it is 300 

important to note the limitations of in vitro studies and the differences observed comparing in vivo to in vitro 301 

studies. With that in mind, in vivo studies are warranted to investigate the toxic side-effects of statins at 302 

antimicrobial concentrations. 303 

  304 

4 CONCLUSION 305 

This study executed a screening methodology investigating the MIC and MBIC of statins against various 306 

bacterial clinical isolates associated with wound infections. Simvastatin was identified as a lead-drug candidate 307 

with the highest potential due to its broad antimicrobial potency against S. aureus, P. aeruginosa, CoNS, and 308 

A. naumannii, as well as its ability to inhibit S. aureus and CoNS biofilm. Due to its relatively low S. aureus MIC 309 

and MBIC, further in vitro characterization was performed investigating its effects against MSSA and MRSA 310 

strains, established biofilm, persisters cells, and mammalian cell cytotoxicity to further uncover its potential. 311 

However, characterization displayed limited antimicrobial capacity due to its relatively high MICs for MSSA and 312 

MRSA in comparison to conventional antibiotics, inefficiency against established biofilm, and cytotoxic effects 313 

against osteoblasts. Together this creates a minimal therapeutic window. Future studies should investigate the 314 

pleiotropic effects of statins to indirectly attenuate the disease progression of infection which would best 315 

explain the reported prophylactic effects in clinic instead of investigating direct antimicrobial effects. 316 

 317 

5 METHODS 318 

Study Design 319 
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Two separate screens were performed to identify statins that were effective against species of bacteria in 320 

planktonic and the ability to inhibit biofilm formation. The first screen performed a standard MIC screen to 321 

investigate the efficacy of nine of different statins against six different wound-related pathogens, S. aureus, P. 322 

aeruginosa, CoNS, E. coli, Klebsiella spp., and A. baumannii. Afterwards, a secondary screen was performed 323 

to investigate the minimal biofilm inhibitory concentration (MBIC) of three different biofilm forming species, S, 324 

aureus, CoNS, and A. baumannii. The results of these two screens were then analyzed to identify a lead 325 

candidate that was most effective in the two screens against bacterial species. A lead candidate was then 326 

thoroughly characterized against specific strains of bacteria to reveal potential in clinical applications. This 327 

characterization consisted of a MIC panel against a drug resistant strain, determination of the mode of action 328 

(i.e. bacteriostatic vs bactericidal), synergy with conventional antibiotics, efficacy against established biofilm, 329 

ability to kill persister cells, and lastly cytotoxicity against a mammalian cell line.  330 

 331 

Bacterial strains and growth conditions 332 

All clinical bacterial isolates used for the initial MIC and MBIC screening (S. aureus, P. aeruginosa, coagulase 333 

CoNS, E. coli, Klebsiella spp., A. baumannii) were obtained from a strain repository at the San Antonio Military 334 

Medical Center at Fort Sam Houston, TX USA, which were collected from patients as a part of care and not 335 

related to research. In subsequent experiments S. aureus, UAMS-1 and USA300 were used. UAMS-1 is a 336 

MSSA clinical isolate and USA300 is a community-associated (MRSA). All S. aureus strains used in this study 337 

are known biofilm forming strains (66). Overnight cultures of all bacterial isolates were grown for 16-18 h in 338 

tryptic soy broth (TSB) or cation-adjusted Mueller Hinton broth (MHB) at 37°C on an orbital shaker with 339 

aeration at 225 rotation per minute (RPM). Further detail on growth conditions specific to each experiment are 340 

described in the following respective sections. 341 

 342 

Drug Stocks 343 

Statins were obtained from Sigma Aldrich (St. Louis, MO) or Selleckchem (Houston, TX). Antibiotics were also 344 

purchased from Sigma Aldrich or Selleckchem. Additionally, CD437 was obtained from R&D Systems. All 345 
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antimicrobials were solubilized and prepared per the manufacturer’s recommendation and frozen and stored at 346 

-80°C until use.  347 

 348 

Minimum Inhibitory Concentration Assay 349 

The MIC was determined by the broth microdilution method in accordance to standards set by the Clinical and 350 

Laboratory Standards Institute (CLSI) (67). Briefly, individual wells of a 96-well plate contained 2-fold-351 

increasing concentrations (0 to 256 µg/mL) of antimicrobials in MHB. Overnight cultures of clinical isolates (16-352 

18 h; S. aureus, P. aeruginosa, CoNS, E. coli, Klebsiella spp., A. baumannii) were diluted and then used to 353 

inoculate each well achieving a final concentration of 5 x 105 CFU/mL. Following overnight static incubation at 354 

37°C, the lowest concentration of antimicrobial lacking visible bacterial growth was defined as the MIC. All MIC 355 

assays were performed in duplicate to confirm results. 356 

 357 

Minimum Biofilm Inhibitory Concentration 358 

Bacteria (S. aureus, CoNS, A. baumannii) were grown from overnight cultures (16-18 h) in MHB and adjusted 359 

to a concentration of ~108 CFU/mL. Bacteria were then diluted 1:100 in MHB and inoculated into individual 360 

wells of a 96 well MBEC plate (Innovotech, Edmonton, CA) containing increasing concentrations (0 to 256 361 

µg/mL) of statins, to achieve a final volume of 200 µL. Overnight incubation at 37°C enabled biofilm formation 362 

on the polystyrene pegs of the MBEC lid for each well. After the overnight incubation, media was removed, 363 

pegs were gently washed with 2× phosphate buffered saline (PBS), and then stained with 0.1% CV at room 364 

temperature.  Plates were then washed and biomass was quantified by measuring the OD570nm following 365 

solubilization of attached statins in 70% EtOH. MBIC was reported as reduction of ≥ 50% of the solubilized CV 366 

for the control untreated groups. 367 

 368 

Mode of Action: Bactericidal vs. Bacteriostatic 369 

To determine the mode of action of antimicrobials as bactericidal or bacteriostatic, a modified MBC assay was 370 

performed. First, a procedure identical to the previously described MIC assay was performed. Following 371 

overnight incubation (16-18 h), wells that contained concentrations of antimicrobials that exhibited no growth of 372 
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S. aureus UAMS-1 were enumerated and spot plated on blood agar (tryptic soy agar with 5% sheep blood). In 373 

addition to these concentrations, the highest concentration of antimicrobial that showed growth was also plated 374 

as a growth control. The next day following overnight incubation the blood agar plates were assessed for 375 

bacterial growth. If visible CFUs were observed then the mode of action was defined as bacteriostatic for the 376 

corresponding concentration. If no bacterial growth was observed after incubation, then the mode of action was 377 

defined as bactericidal. This experiment was performed in duplicate to confirm results. 378 

 379 

Fractional Inhibitory Concentration Assay 380 

Drug interactions between simvastatin and antibiotics were determined by performing a checkerboard test and 381 

calculating the FIC index, as established in literature (68). Individual wells of a 96-well microtiter plate were 382 

inoculated with ~1 × 105 CFU/mL of S. aureus UAMS-1 in MHB. Each row and column of the plate contained 383 

2-fold increasing increment concentrations of simvastatin (0×, 0.031×, 0.063×, 0.125×, 0.25×, 0.5×, 1×, and 2× 384 

the MIC) and either tobramycin, gentamicin, vancomycin or rifampin (0×, 0.031×, 0.063×, 0.125×, 0.25×, 0.5×, 385 

1×, 2×, and 4× the MIC). Plates with each possible combination of drug pairings with simvastatin were 386 

incubated for 16-18 h at 37°C. Growth was identified by the unaided eye. The FIC was determined using the 387 

following formula: 388 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝐴𝐴 +
𝐵𝐵𝑀𝑀𝑀𝑀𝑀𝑀𝐵𝐵 = 𝐹𝐹𝑀𝑀𝑀𝑀 𝑀𝑀𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 389 

where MICA and MICB are the MICs of the drugs being examined when acting alone and A and B are the MIC 390 

of the corresponding drug in combination. The average of the FIC indexes was taken and used to determine 391 

the overall interaction of the drugs. Synergy was defined as an FIC index less than or equal to 0.5, antagonism 392 

was defined as a FIC index greater than 4, and indifference was defined as an FIC index greater than 0.5 and 393 

less than 4. These experiments were conducted in duplicate.  394 

 395 

Persister Cell Antimicrobial Susceptibility Assay 396 

An overnight culture of S. aureus UAMS-1 was diluted in 5 mL of MHB to 1 × 108 CFU/mL and then treated 397 

with gentamicin at 10× the MIC. Treated cultures were then incubated 37°C with aeration at 225 rpm. At 398 

designated time points (0, 2, 4, and 6 h), 100 µL samples were removed and centrifuged for two minutes at 399 
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13.3×g. The resulting supernatant was removed and the cell pellet was resuspended in PBS. Serial dilutions 400 

were then preformed and 10µL of each dilution was plated in triplicate on blood agar plates for CFU analysis. 401 

Plates were statically incubated overnight at 37°C. At the 6 h time point, the surviving bacteria population of 402 

each culture consists of persister cells that survive the initial gentamicin treatment. At this point, an additional 403 

antimicrobial, either rifampin, simvastatin, or CD437, was added to target and eliminate the surviving persister 404 

cell population. Samples were taken and counted for CFUs at 24 and 48 h. This experiment was conducted in 405 

duplicate.   406 

 In addition to the persister killing assay, a stationary-phase killing assay was performed. Stationary-407 

phase cells of S. aureus have been used in literature to model persister cells and test antimicrobial 408 

susceptibility (35, 37). To execute this experiment, stationary phase populations of S. aureus UAMS-1 were 409 

prepared by preparing an overnight culture and incubation at 37°C with aeration at 225 rpm for 16-18 h. The 410 

following day, the stationary phase cultures were subdivided into individual culture tubes, tested for CFUs (time 411 

= 0 h) and spiked with 10× the MIC of conventional antibiotics, rifampin, vancomycin, daptomycin, and 412 

simvastatin. Viable cell numbers were calculated each day, for up to 4 days, by removing 100 µL from each 413 

culture, centrifuging at 10,000g for 3 min, then resuspended in PBS. Samples were then enumerated by spot 414 

plating serial dilution on blood agar plates. This experiment was repeated in duplicate.  415 

 416 

Minimum Biofilm Eradication Concentration Assay 417 

Established S. aureus UAMS-1 biofilms were tested for susceptibility against simvastatin, mevastatin, 418 

fluvastatin, and rifampin. Biofilm survival assays were performed in 96 well MBEC plates with a polystyrene 419 

pegged lid. Briefly, cultures of UAMS-1 were allowed to grow overnight and then adjusted to 5.5 × 105 CFU/mL 420 

in TSB supplemented with 10% human plasma. Each well was inoculated with 200 µL of bacteria suspension 421 

and allowed to incubate for 24 h at 37°C at 110 rpm. After incubation, the peg lid containing the biofilms was 422 

gently washed with PBS and was placed onto a challenge plate with fresh medium containing 2-fold serial 423 

dilutions of selected drugs in each well. The challenged biofilm was incubated for 24 hours under the same 424 

conditions. Biofilm pegs were then washed and sonicated at 50/60 Hz in a recovery plate containing 200 µL of 425 

TSB for 30 minutes. 100 µL of the recovery media was set aside and incubated overnight to determine the 426 
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MBEC. The remaining volume was assessed for viability of biofilm-associated cells by performing serial 427 

dilutions of each well and spotted on MHB agar for comparison of log reductions relative to a growth control 428 

mock treated with dimethyl sulfoxide (DMSO). The MBEC was defined as the concentration of antimicrobial 429 

that produced no visible bacterial growth in the recovery media after overnight incubation for all samples.  430 

  431 

Cytotoxicity Assay 432 

The cytotoxic effects of antimrobials on human osteoblasts were identified using the XTT (2,3-bis-(2-methoxy-433 

4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2Htetrazolium hydroxide) cell proliferation assay. Human 434 

osteoblasts (Lonza Biologics, Portsmouth, NH) were grown to confluency in phenol red free osteoblast basal 435 

medium (OBM; PromoCell, Heidelberg, DE) were seeded at a concentration of 1 × 105 CFU/mL into each well 436 

and allowed to attach overnight. Antimicrobials of interest were diluted in OBM without phenol red and used to 437 

treat the attached cells. The plate was statically incubated for 24h at 37°C. The following day the cells were 438 

washed three times with fresh 1× PBS and then new media was added. 50 µL of XTT/PMS was next added to 439 

each well. After another incubation period of three hours, solutions were transferred to a new well plate and the 440 

absorbance was measured at 495 nm. Toxicity was characterized as percent cell viability relative to mock-441 

treated growth control. 442 

 443 

6 LIST OF ABBREVIATIONS 444 

Coagulase-negative staphylococcus (CoNS), Center for Disease Control (CDC), colony forming units (CFU), 445 

Clinical and Laboratory Standards Institute (CLSI), crystal violet (CV), dimethyl sulfoxide (DMSO), extracellular 446 

matrix (ECM), Food and Drug Administration (FDA), fractional inhibition concentration (FIC), 3-hydroxy-3-447 

methylgutaryl-coenzyme A (HMF-CoA), 3-hydroxy-3-methylgutaryl-coenzyme A reducatase (HMGR), minimum 448 

bactericidal concentration (MBC), minimum biofilm eradication concentration (MBEC), minimum biofilm 449 

inhibition concentration (MBIC), multidrug-resistance-organisms (MDROs), Mueller Hinton broth (MHB), 450 

minimum inhibitory concentrations (MIC), methicillin-resistant S. aureus (MRSA), microbial surface 451 

components recognizing adhesive matrix molecules (MSCRAMMs), N-methyl dibenzopyrazine methyl sulfate 452 

(PMS), rotation per minute (RPM), tryptic soy broth (TSB), vancomycin-resistant enterococci (VRE), 453 
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vancomycin-resistant S. aureus (VRSA), (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) 454 

carbonyl]-2Htetrazolium hydroxide) (XTT). 455 
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Figure Legends 641 

 642 

Figure 1. Efficacy of rifampin, simvastatin, fluvastatin and mevastatin against established S. aureus UAMS-1 643 

biofilm using the MBEC assay. UAMS-1 biofilm was established on polystryene pegs after 24 h of culture with 644 

TSB supplemented with 10% (vol/vol) human plasma. Established biofilm was then challenged by 3 statins, 645 

simvastatin, fluvastatin, and mevastatin, and a rifamycin class of antibiotics, rifampin. Drugs were tested from 646 

concentrations 1 to 128 µg/mL. All concentrations of rifampin significantly killed biofilm in comparison to all 3 647 

statins. * indicates P < 0.05; versus simvastatni, fluvastatin, or mevastatin at each of the respective 648 

concentrations by 2-way ANOVA with Sidak’s multiple comparison test. n = 4-6/group. Data represented as 649 

mean ± standard error of the mean. 650 

 651 

Figure 2. Evaluation of simvastatin against stationary phase S. aureus and persister cells. (a) Stationary phase 652 

cultures of UAMS-1 S. aureus were prepared by overnight cultures and incubated with 10× the MIC of 653 

gentamicin, rifampin, vancomycin, daptomycin, and simvastatin for 4 days. No antimicrobial was effective 654 

against the stationary phase population. (b) An overnight culture of UAMS-1 was adjusted to 1 × 108 CFU/mL 655 

and spiked with 10× MIC of gentamicin. At 24 h, a second antimicrobial of either rifampin, simvastatin, or a 656 

retinoid antibiotic, CD437 was added. Only the proven retinoid antibiotic, CD437, was able to kill the surviving 657 

persister cell population. Data represented as means and ± standard deviation.  658 

 659 

Figure 3. Cytotoxicity of simvastatin, rifampin, and vancomycin against human osteoblasts. The average 660 

percent cell viability of human osteoblasts was categorized as viable (61-100%), fairly viable (40-60%), and 661 

cytotoxic (<40%). (a) Simvastatin demonstrated viable to farily viability at concentrations ranging from 1 to 32 662 

µg/mL. However, there was a drastic cytotoxic dropoff at all concentrations beyond 32 µg/mL. (b) All 663 

concentrations of rifampin had minimal cytotoxicity with only the highest concentration tested, 512 µg/mL, 664 

dropping to 60% viability. (c) Vancomycin demonstrated extremely favorable viability with all concentrations 665 

tested exceeding the cell viability of the mock-treated growth control. (d) Heat map summarizing the 666 

categorized viability of all concentrations for each drug. Numbers within the cells are percent viability (%). All 667 

bars represented are means and error bars are ± SEM.  668 



25 

 

Data Tables 669 

Table 1 – Minimum inhibitory concentrations of statins against pathogens associated with wound infections 670 

Drug  Staphylococcus aureus (n=5)  Pseudomonas aeruginosa (n=5) 
MIC (range, µg/mL) 

Simvastatin  32 (64-32) 32 (16-256) 
Pravastatin  256 (64-256) 256 (>256) 
Atorvastatin  64 (32-128) 256 (>256) 
Mevastatin  256 (>256) 256 (>256) 
Cerivastatin  256 (128-256) 256 (>256) 
Pitavistatin  256 (128-256) 256 (>256) 
Lovastatin  256 (>256) 256 (>256) 
Fluvastatin  64 (16-256) 256 (>256) 
Rosuvastatin  256 (>256) 256 (>256) 

Drug 
Coagulase-negative 
staphylococcus (n=5) Escherichia coli (n=5) 

MIC (range, µg/mL) 
Simvastatin  32 (8-64) 256 (>256) 
Pravastatin  256 (>256) 256 (>256) 
Atorvastatin  256 (64->256) 256 (>256) 
Mevastatin  256 (>256) 256 (>256) 
Cerivastatin  256 (128-256) 256 (>256) 
Pitavistatin  256 (64-256) 256 (>256) 
Lovastatin  256 (>256) 256 (>256) 
Fluvastatin  256 (128-256) 256 (>256) 
Rosuvastatin  256 (>256) 256 (>256) 

Drug Klebsiella spp (n=5) Acinetobacter baumannii (n=5) 
MIC (range, µg/mL) 

Simvastatin  256 (>256) 32 (8-256) 
Pravastatin  256 (>256) 64 (64-256) 
Atorvastatin  256 (>256) 64 (16-256) 
Mevastatin  256 (>256) 128 (64-256) 
Cerivastatin  256 (>256) 64 (32-256) 
Pitavistatin  256 (>256) 64 (8-256) 
Lovastatin  256 (>256) 64 (8-256) 
Fluvastatin  256 (>256) 128 (16-256) 
Rosuvastatin  256 (>256) 64 (16-256) 

671 
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Table 2 – Minimum biofilm inhibition concentration (MBIC) of statins against S. aureus, coagulase-negative 672 

staphylococcus (CoNS), and A. baumannii 673 

Drug  
Staphylococcus 
aureus (n=5)  

Coagulase-negative 
staphylococcus (n=5) 

Acinetobacter 
baumannii (n=5) 

 MBIC (range, µg/mL) 
Simvastatin  8 (1-128) 8 (4-64) 256 (128-256) 

Pravastatin  32 (8-256) 128 (8-256) 256 (>256) 

Atorvastatin  128 (4-256) 256 (32-256) 256 (128-256) 

Mevastatin  4 (1-8) 256 (>256) 256 (16-256) 

Cerivastatin  64 (4-256) 64 (4-256) 256 (128-256) 

Pitavistatin  256 (16-256) 256 (16-256) 256 (128-256) 

Lovastatin  256 (16-256) 64 (16-256) 256 (>256) 

Fluvastatin  8 (2-256) 256 (16-256) 256 (16-256) 

Rosuvastatin  8 (4-128) 256 (>256) 256 (>256) 

  674 



27 

 

Table 3 – Minimum inhibitory concentrations (MIC) of select statins and antibiotics against S. aureus strains 675 

UAMS-1 and USA300 676 

 Drug UAMS-1 USA300 

Simvastatin  32 µg/mL 32 µg/mL 

Fluvastatin 128 µg/mL 128 µg/mL 

Mevastatin 256 µg/mL 256 µg/mL 

Rosuvastatin 256 µg/mL 256 µg/mL 

Tobramycin  0.5 µg/mL 0.5 µg/mL 

Gentamicin  0.5 µg/mL 0.5 µg/mL 

Vancomycin  1 µg/mL 1 µg/mL 

Rifampin 0.004 µg/mL 0.004 µg/mL 
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Table 4 – Simvastatin mode of action for various concentrations relative to minimum inhibitory concentration 678 

(MIC) 679 

Concentration of Simvastatin Mode Of Action 

8X MIC Bacteriostatic 
4X MIC Bacteriostatic 
2X MIC Bacteriostatic 
1X MIC Bacteriostatic 
1/2X MIC (Growth Control) Bacterial Growth 
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Table 5 – Fractional inhibitory concentration (FIC) to determine synergy of simvastatin with select antibiotics 681 

 UAMS-1 USA300 

Drug FIC Effect FIC Effect 

Tobramycin  0.8437 Additive 1.208 Indifferent 

Gentamicin  0.9187 Additive 0.57 Additive 

Vancomycin  2 Indifferent 1.5 Indifferent 

Rifampin 1.25 Indifferent 2 Indifferent  

Note: Synergistic FIC ≤ 0.5, Additive FIC = 0.5-1.0, Indifferent FIC = 1.0-4.0, Antagonistic FIC > 4.0 682 

  683 



30 

 

Table 6 – Minimum Biofilm Eradication Concentration (MBEC) for established UAMS-1 S. aureus biofilm 684 

Drug MBEC (µg/mL) 

Rifampin 16 

Fluvastatin >512 

Mevastatin >512 

Simvastatin >512 
  685 
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Figures 686 

 687 

Figure 1. Efficacy of rifampin, simvastatin, fluvastatin and mevastatin against established S. aureus UAMS-1 688 

biofilm using the MBEC assay. UAMS-1 biofilm was established on polystryene pegs after 24 h of culture with 689 

TSB supplemented with 10% (vol/vol) human plasma. Established biofilm was then challenged by 3 statins, 690 

simvastatin, fluvastatin, and mevastatin, and a rifamycin class of antibiotics, rifampin. Drugs were tested from 691 

concentrations 1 to 128 µg/mL. All concentrations of rifampin significantly killed biofilm in comparison to all 3 692 

statins. * indicates P < 0.05 versus simvastatin, fluvastatin, or mevastatin at each of the respective 693 

concentrations by 2-way ANOVA with Sidak’s multiple comparison test. n = 4-8/group. Data represented as 694 

mean ± standard error of the mean (SEM).    695 

  696 



32 

 

 697 

Figure 2. Evaluation of simvastatin against stationary phase S. aureus and persister cells. (a) Stationary phase 698 

cultures of UAMS-1 S. aureus were prepared by overnight cultures and incubated with 10× the MIC of 699 

gentamicin, rifampin, vancomycin, daptomycin, and simvastatin for 4 days. No antimicrobial was effective 700 

against the stationary phase population. (b) An overnight culture of UAMS-1 was adjusted to 1 × 108 CFU/mL 701 

and spiked with 10× MIC of gentamicin. At 24 h, a second antimicrobial of either rifampin, simvastatin, or a 702 

retinoid antibiotic, CD437 was added. Only the proven retinoid antibiotic, CD437, was able to kill the surviving 703 

persister cell population. Data represented as means and ± standard deviation.   704 
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 705 

Figure 3. Cytotoxicity of simvastatin, rifampin, and vancomycin against human osteoblasts. The average 706 

percent cell viability of human osteoblasts was categorized as viable (61-100%), fairly viable (40-60%), and 707 

cytotoxic (<40%). (a) Simvastatin demonstrated viable to farily viability at concentrations ranging from 1 to 32 708 

µg/mL. However, there was a drastic cytotoxic dropoff at all concentrations beyond 32 µg/mL. (b) All 709 

concentrations of rifampin had minimal cytotoxicity with only the highest concentration tested, 512 µg/mL, 710 

dropping to 60% viability. (c) Vancomycin demonstrated extremely favorable viability with all concentrations 711 

tested exceeding the cell viability of the mock-treated growth control. (d) Heat map summarizing the 712 

categorized viability of all concentrations for each drug. Numbers within the cells are percent viability (%). All 713 

bars represented are means and error bars are ± SEM. 714 


	ABSTRACT
	Background
	Chronic wound infections continue to plague the U.S. healthcare system, especially in trauma scenarios. Multidrug resistance and the capacity to form biofilm enables pathogens to survive clinical regimens of antibiotics prompting the need to find anti...
	Results
	Statins were most effective against S. aureus and A. baumannii with minimum inhibitory concentrations (MIC) ranging from 32 to 256 µg/mL. Simvastatin was the only statin to show efficacy against S. aureus, P. aeruginosa, CoNS, and A. baumannii with a ...
	Conclusion
	Among the 9 available statins, simvastatin demonstrated the highest antimicrobial potential with broad-spectrum activity against S. aureus, P. aeruginosa, CoNS, and A. baumannii, as well as the ability to inhibit biofilm formation for S. aureus and Co...
	Keywords: statins, infection, biofilm, drug screen, trauma
	1 BACKGROUND
	2 RESULTS
	3 DISCUSSION
	4 CONCLUSION
	5 METHODS
	6 LIST OF ABBREVIATIONS
	DECLARATIONS
	The views expressed in this article (book, speech, etc.) are those of the author(s) and do not reflect the official policy or position of the U.S. Army Medical Department, Department of the Army, Department of Defense, or the U.S. Government.
	Ethics and approval to participate
	Not Applicable
	Consent for publication
	Not Applicable
	Availability of data and materials
	The datasets analyzed during the current study are available from the corresponding author on reasonable request.
	Competing Interests
	The authors declare that they have no competing interests.
	Funding
	This work was funded by the U.S. Army Medical Research and Materiel Command. Additionally, RPT was supported by a fellowship to the Postgraduate Research Participation Program at the U.S. Army Institute of Surgical Research (USAISR) administered by th...
	Author’s contributions
	RPT and KL were involved in the data collection, statistical analysis, and interpretation of all the S. aureus MIC, MBEC, persister cell, and cytotoxicity data. RL and DR assisted in the data collection of the MBEC assays. CJS and AA performed, collec...
	Acknowledgements
	The authors would like to thank Dr. Katrin Mende, Director of the Molecular Biology Laboratory at the San Antonio Military Medical Center, for contributing the clinical isolates used in this study.
	REFERENCES
	Figure Legends
	Figure 1. Efficacy of rifampin, simvastatin, fluvastatin and mevastatin against established S. aureus UAMS-1 biofilm using the MBEC assay. UAMS-1 biofilm was established on polystryene pegs after 24 h of culture with TSB supplemented with 10% (vol/vol...
	Figure 2. Evaluation of simvastatin against stationary phase S. aureus and persister cells. (a) Stationary phase cultures of UAMS-1 S. aureus were prepared by overnight cultures and incubated with 10× the MIC of gentamicin, rifampin, vancomycin, dapto...

