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Abstract

The development and approval of new antimicrobials capable of being used to treat infections
caused by multidrug-resistant pathogens has not kept pace with the rapid emergence of bacterial
resistance. Without a doubt, there is a critical unmet need for the identification of novel

strategies to develop antimicrobials to deal with this new scourge. One strategy, which warrants
special attention as a unique method for identifying new antimicrobials, is drug repurposing.
Several approved drugs have been successfully repurposed for different ailments giving hope

that this strategy can also be utilized to uncover new antibacterials. To aid in this process, the
present review presents approved drugs, which have been shown to possess antimicrobial activity
against Staphylococcus aureus and their potential clinical applications. Additionally, approved
drugs with novel applications such as interference in staphylococcal pathogenesis and host
immunomodulators are also explained. The current review also discusses the challenges associated
with repurposing approved drugs as antibacterials and potential uses of approved drugs that can be
further explored to develop these existing drugs as novel therapeutics to treat multi-drug resistant
staphylococcal infections. Collectively, the information presented demonstrates that repurposing
approved drugs as antimicrobials may help to speed up the drug development process and save
years of expensive research invested in antimicrobial drug development.
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1. Introduction

Bacterial resistance to conventional antibiotics is a burgeoning global health epidemic that
necessitates urgent action. Reports by the Centers for Disease Control and Prevention

in the United States and the European Centre for Disease Control and Prevention

indicate more than two million individuals in the United States and nearly 400,000
individuals in Europe are stricken each year with infections caused by multidrug-resistant
pathogens, including methicillin-resistant Staphylococcus aureus (MRSA), carbapenem-
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resistant Klebsiella pneumonia (KPC) and vancomycin-resistant Enterococcus faecium
(VRE) [1, 2]. Treatment of these infections are often expensive costing residents an
estimated $55 billion in the United States and €1.5 billion in the European Union in total
costs every year [1, 2]. Furthermore, the issue of bacterial resistance to antibiotics around the
world appears to be getting worse with the emergence of pathogens exhibiting resistance to
agents of last resort (including glycopeptides, oxazolidinones, and carbapenems) [3-5]. Even
more alarming, the development and approval of new antimicrobials capable of being used
to treat infections caused by multidrug-resistant pathogens has not been able to keep pace
with the rapid emergence of bacterial resistance to currently efficacious antibiotics. Drug
development of novel compounds is a time-consuming, costly, and high-risk venture given
that few compounds successfully make it through stringent regulatory requirements to reach
the marketplace. Collectively, this points to a critical need for the identification of novel
strategies to develop antibiotics to deal with this challenging health issue. One strategy,
which warrants more attention as a unique method for identifying new antimicrobials, is
drug repurposing.

Drug repurposing is a clever strategy to identify new applications (“off” targets) for drugs
approved for other clinical diseases [6]. This strategy has been successfully employed to
unearth new potential treatment options for different diseases including cancer, amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease, and malaria [7]. On average, 20-30 new

drugs receive FDA-approval each year; of these, 30% are repurposed agents [8, 9]. Thus,
this points to repurposing being a quicker strategy to stock the drug discovery pipeline,
particularly for antibiotics, compared to the traditional process of de novo synthesis of

new compounds which can cost pharmaceutical companies $800 million to upwards of $1
billion in research and development expenditures and require 10-17 years to attain regulatory
approval [10, 11]. Repurposing existing approved drugs permits companies to bypass

much of the preclinical work and early stage clinical trials required for new compounds
(particularly toxicological and pharmacological analysis of drugs) thus cutting into the cost
(by nearly 40%) associated with bringing a drug to the marketplace [10].

In addition to lower drug discovery-associated costs, repurposing approved drugs
(particularly for identification of new antibiotics) has several additional benefits. Given
these drugs have already been tested in human patients, valuable information pertaining

to pharmacokinetic and pharmacodynamic parameters are known [7]. This permits a better
understanding of the overall pharmacology of the drug, potential routes of administration
(i.e. systemic versus local applications), and establishing an appropriate dosing regimen for
patients. Moreover, as the toxicity profile of these drugs in humans has been extensively
studied, valuable information has already been obtained regarding potential adverse side
effects present with using the drug at certain therapeutic doses. This information is important
as it pertains to antimicrobials as the concentration where toxicity is observed with host
tissues can be correlated with the minimum inhibitory concentration (MIC) values obtained
in standard bacterial susceptibility assays to determine if drugs are viable candidates for
repurposing as antimicrobials.

Interestingly, several approved drugs for different ailments that have been successfully
repurposed as anti-infective agents especially to treat parasitic and protozoal diseases (Table
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1). However, to date, not a single drug has been successfully repurposed for use as an
antibacterial, particularly for hard-to-treat infections caused by bacteria such as S. aureus.
Hence, given the significant problem posed by pathogenic bacteria, more effort and attention
needs to be focused on using drug repurposing as a tool to uncover new treatment options
for infections caused by multi-drug resistant pathogens, such as S. aureus. To aid in this
process, the present review will delve into approved drugs which have demonstrated promise
to be repurposed as agents for S. aureus infections, discuss alternative applications for drugs
possessing antimicrobial activity, and address current limitations to expedite the discovery
and development of approved drugs to be repurposed for use as antibiotics.

2. Approved non-antimicrobial drugs with activity against S. aureus

Several studies have presented approved non-antibiotic drugs that possess antimicrobial
activity, especially against S. aureus, indicating these drugs have potential alternative use for
treatment of staphylococcal infections. However, the major hindrance for repurposing these
drugs pertains to a lack of /in vivo studies to confirm these drugs do possess antibacterial
activity in an animal model. The primary criteria for /n vivo systemic studies pertain to

the availability of enough free drug in the plasma, when given at the clinical dose, to

ensure inhibition of bacterial growth. Hence considering the human plasma concentration of
the non-antimicrobial drugs, hereby we classify the antimicrobial activity of approved and
clinically-safe non-antibiotic drugs into two categories (a) drugs with activity in a clinical
range that can be achieved systemically and (b) drugs with activity that cannot be achieved
systemically (Table 2).

2.1. Drugs with activity in a clinical range that can be achieved systemically

Several of the approved drugs discussed below have antimicrobial activity (denoted as
the minimum inhibitory concentration (MIC) or lowest concentration of drug capable of
inhibiting bacterial growth) several folds lower than the plasma concentration of the drug
in humans. Therefore these particular drugs might be potential candidates to consider for
treatment of systemic staphylococcal infections.

2.1.1. Auranofin—Auranofin, a FDA-approved gold compound has been used for
treating rheumatoid arthritis for almost 30 years [12, 13]. However, its exact mechanism
of action (MOA) in treating rheumatoid arthritis still remains unclear [14, 15]. Interestingly,
independent of its anti-rheumatoid action, auranofin has also been shown to have anti-
parasitic effects. .Of particular interest, is the recent discovery of auranofin’s efficacy in
treatment of human amebiasis caused by Entamoeba histolytica. Auranofin exhibited anti-
Entamoeba activity with a half-maximal effective concentration (ECgy = concentration of
drug necessary to reduce the culture density to 50%) of 0.338 pg/ml. The ECsq for E.
histolyticawas seven-fold lower than the clinically achievable blood concentration of the
drug (2.37 pg/ml). Even though auranofin is rapidly metabolized and 60% is bound to
plasma proteins, it was found to be effective in two animal models of amebic colitis and
amebic liver abscess [16, 17]. Based on these studies, auranofin was granted orphan-drug
status from the FDA for treatment of human amebiasis in 2012 [16].
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With regards to auranofin’s antibacterial activity, two recent studies have demonstrated that
auranofin also possesses potent antimicrobial activity against S. aureus[18, 19]. The /n vitro
MIC reported for this drug ranges from 0.125 to 0.5 pg/ml [18, 19]. More importantly,
auranofin demonstrated bactericidal activity against several multidrug-resistant S. aureus
within an achievable clinical drug concentration in humans [16, 18, 19]. Based on these
promising preliminary studies, and its recent approval by the FDA as an anti-amoebic drug,
auranofin might be a potential agent to repurpose for the treatment of systemic and topical
staphylococcal infections. However, future studies are needed to reveal its mechanism of
action against S. aureus and establish its antibacterial activity /n vivo in different animal
models of S. aureus infection.

2.1.2. Ebselen—Ebselen, an organoselenium compound also known as PZ51 or
DR3305, has been widely investigated for its anti-inflammatory, anti-atherosclerotic and
antioxidative properties [20-23]. This particular non-approved but clinically safe drug has a
well-studied toxicology and pharmacology profile and is currently undergoing clinical trials
as a treatment option for different ailments including arthritis, cardiovascular disease, stroke,
atherosclerosis, cancer and bipolar disorder [21, 24-27]. In addition to being used as a
treatment for multiple diseases, ebselen has also been shown to possess potent antimicrobial
activity /n vitro [28, 29]. It has antimicrobial activity against yeast and Escherichia coli

and by interfering with proton-translocation and inhibiting the thioredoxin reducatse (TrxR)
enzyme respectively [29, 30]. Another interesting study has shown that it has potent
antimicrobial activity against S. aureus with a MIC of 0.20 pg/ml [28]. This MIC is several
folds lower than the plasma concentration (4-6ug/ml) of the drug. [31]. Considering its
potent anti-staphylococcal activity in vitro, studies on the antibacterial MOA of ebselen and
evaluating its activity /n7 vivo against S. aureus could be useful for developing ebselen as an
antibacterial agent to treat multidrug-resistant staphylococcal infections [28, 29].

2.1.3. 5-fluoro-2'-deoxyuridine—Antimetabolite such as 5-fluoro-2'-deoxyuridine
(FdUrd) belong to a class of antineoplastic drugs which is used for treatment of various
malignant diseases [32]. They primarily act by inhibiting DNA and RNA synthesis [32].
In addition to their anticancer activity, this drug also exhibit potent antimicrobial activity
below the concentration that can be achieved in human plasma [33]. FdUrd, is capable of
inhibiting S. aureus growth at a MIC ranging from 0.0007-0.002 pg/ml, which is several
hundred folds lower than the mean plasma concentration of 14.1 +2.7 pg/ml [34-36]. In
addition, FdUrd is a pro-drug which needs the deoxyribonucleoside kinase (ANK) enzyme to
exert its action; this enzyme is present in S. aureus [35, 36]. Hence, considering promising
in vitro antibacterial studies conducted this far, FdUrd warrant further evaluation as anti-
staphylococcal drugs. Future studies would need to be conducted to test their /n vivo
antibacterial efficacy in different animal models.

2.2. Drugs with activity that cannot be achieved systemically

Most of the approved non-antimicrobial drugs that possess anti-staphylococcal activity have
MIC values that are higher than their plasma concentration; thus, using these drugs for
treatment of systemic infections might not be a viable option. However, they can be used
for topical application for treating staphylococcal skin infections. Community-associated
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methicillin-resistant S. aureus (CA-MRSA) strains have become a significant source of
staphylococcal skin infections. In particular, the strain MRSA USA300 has emerged as

one of the most highly prevalent isolates in United States responsible for skin and soft
tissue infections [37, 38]. In addition to CA-MRSA, Panton-Valentine leukocidin (PVL), a
cytotoxin producing strains of S. aureus are of serious problem which also causes tissue
necrosis in the skin and lungs [39]. Moreover, MRSA colonization in the skin and mucosa is
considered an important risk factor for invasive infections [40]. Thus repurposing approved
drugs, with high MIC values that cannot be achieved systemically, for use to treat MRSA
skin infection and as decolonizing agents is a sensible approach, which warrants further
investigation. These drugs can be either used as single agents or can be combined with
conventional antimicrobials to enhance the efficacy and extend the life span of traditional
antimicrobials. Furthermore, several of these drugs have additional benefits that will permit
their use as a topical antimicrobial agent. For example, the drugs simvastatin and celecoxib
have been shown to inhibit the pro-inflammatory cytokines tumor necrosis factor-a. (TNF-a.)
and IL-6 [41, 42]. Controlling excess inflammation, particularly by limiting TNF-a and
IL-6 production, in chronic wounds plays a beneficial role in wound healing [43-48].
Additionally, simvastatin has been shown to enhance wound healing and angiogenesis in
diabetic mice [49]. Hence, taking into account the antimicrobial activities of these agents
combined with their beneficial properties (such as anti-inflammatory properties), further
investigation is warranted to test these approved drugs in topical for topical treatment of
MRSA skin infections in animal models.

3. Novel uses of approved drugs

For the past few decades, the development of new antimicrobials has slowed down while
the evolution of bacterial resistance has continued to rise; hence, there is an urgent need to
identify alternative strategies to combat infections caused by multidrug-resistant S. aureus
[50-52]. Emergent approaches that have drawn great interest recently include drugs with
indirect antimicrobial activity which work by (i) targeting virulence factors and toxins
(anti-virulence agents) [51, 53, 54], (ii) enhancing host immunity (immunomodulators) [52,
55], and (iii) enhancing entrance of other antimicrobials into target cells by increasing

the permeability of the outer membrane or by inhibiting efflux pumps (helper drugs)

[56]. These novel approaches can be combined with traditional antibiotics to enhance the
efficacy and extend the life span of antimicrobial drugs and to minimize the evolution of
bacterial resistance to these agents. Here we provide several examples of FDA-approved
non-antimicrobial drugs, which do not have direct antimicrobial activity or have very high
MIC Jn vitro that cannot be achieved clinically; though they cannot be used systemically,
they have potential for use to disrupt bacterial pathogenesis or to modulate a host’s immune
response to combat staphylococcal infections.

3.1. Targeting virulence factors

Targeting staphylococcal virulence factors and toxins is an important strategy to disarm the
pathogen in the host. The basic strategy involves inhibiting the mechanisms that play a role
in promoting S. aureus invasion, pathogenesis, and persistence [51, 54]. Even though, S.
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aureusis not killed directly by the drug in this strategy, it greatly reduces the ability of
bacteria to colonize and infect the host [51].

Several FDA-approved drugs that do not possess direct antimicrobial activity /n vitro have
been shown to inhibit important virulence factors and toxins. For example, salicylic acid,

the major metabolite of aspirin, inhibits the global regulators of virulence genes in S. aureus
such as sarA and agr[57]. Repression of these two genes, at a clinical achievable dose, leads
to the down regulation of various exotoxins and exoenzymes, such as fibronectin protein
binding genes (f16A and fmbB) and a-hemolysin (//a), which are responsible for S. aureus
adhesion and host tissue cytolysis[57, 58]. This may have the potential to be used as an
adjunctive agent for the treatment of multidrug-resistant S. aureus infections [57].

3.2. Efflux pump inhibitors

Efflux mediated resistance towards antibiotics in S. aureus has been gaining more attention
recently and is recognized as the first line of bacterial defense against antimicrobials

[59]. Several efflux pumps in staphylococci are associated with resistance to various
antimicrobials. Efflux pumps such as Tet(K) and Tet(L) contribute to tetracycline resistance,
NorA, NorB, NorC, MepA and MdeA are associated with fluoroquinolone resistance, while
Mef(A) and Msr(A) mediate resistance to macrolides [59, 60].

FDA-approved drugs have been shown to inhibit important efflux pumps in S. aureus.
For example, the phenothiazine group of drugs such as chlorpromazine, fluphenazine,
prochlorperazine, and thioridazine, which are primarily used for the treatment of
schizophrenia and other psychotic disorders, showed marked inhibitory activity against
efflux pumps in S. aureus [61, 62]. All four drugs have also been found to inhibit NorA-
mediated efflux in S. aureus and enhance the activity of norfloxacin several fold [63].
Chlorpromazine and thioridazine have also been shown to reduce MRSA resistance to
oxacillin [64]. Similarly, reserpine, an antipsychotic and antihypertensive drug, also inhibits
an efflux pump in S. aureus that subsequently makes it susceptible to both oxacillin and
norfloxacin [63, 64]. Another antihypertensive drug, verampil, has also been shown to
reduce fluoroquinolone-resistance in S. aureus [65, 66].

Proton pump inhibitors, such as omeprazole and lansoprazole, which are used for the
treatment of gastroesophageal efflux and dyspepsia in humans, have also been proven to be
potent inhibitors of S. aureus efflux pumps [67]. These drugs greatly enhance the activity

of fluoroquinolones such as levofloxacin, ciprofloxacin, and norfloxacin in strains of S.
aureus expressing NorA [67]. Therefore, therapeutic development of bacterial efflux pump
inhibitors (in combination with antimicrobials to permit entry of the antimicrobial into the
pathogen) is a useful strategy to consider as a treatment for S. aureus infections. However, a
limitation of the non-antibiotic drugs discussed above is none of these drugs possess activity
at a concentration lower than those achievable in human serum [67]. Hence, future studies
are needed to focus on making modifications to these drugs to enhance their activity against
S. aureus. Additionally, subtractive genome analysis and bioinformatics in silico can be used
to screen FDA-approved drug libraries to identify more potent efflux pump inhibitors within
the applicable clinical range in humans [68, 69].
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3.3. Immuno-modulatory drugs

S. aureus possesses diverse immune evading mechanisms to alter the host immune response
in such a way that favors their invasion, survival, and replication in the host [70, 71]. Hence,
modulation of this complex host immune response to the pathogen is another reasonable
approach to target these bacterial infections that has been widely investigated in recent
years [52, 55]. In general, pathogens develop strategies to become invisible to the host
immune system and in turn the host fails to mount an effective immune response to clear
the pathogen [70-72]. On the other hand, there are circumstances where pathogens, such

as S. aureusand its virulence factors, are capable of hyper stimulating the host immune
system, leading to the uncontrolled production of inflammatory markers and other mediators
which result in tissue damage and septic shock [73, 74]. This happens more often in acute
infections such as in sepsis where the strong inflammatory response and cytokine storm
that follows may lead to shock and death [75-77]. In addition, S. aureus is also known

to secrete various exotoxins such as a-hemolysin, toxic shock syndrome toxin (TSST-1)
and leukocidins which can activate antigen-presenting cells (APCs) and T-cells leading to
the induction of a strong inflammatory cascade reaction [73, 74, 78]. Superantigens such

as TSST-1 and enterotoxins also bypass normal antigen processing by APCs and induce
direct proliferation of T-cells, even at a picomolar concentration [78, 79]. Hence, finding
immunomodulatory agents that can be effectively combined with antibiotics may produce a
better outcome in patients afflicted with a S. aureus infection. [80-83].

Non-antibiotic FDA-approved drugs with immuno-modulatory activity to treat bacterial
infections have been investigated by various researchers. Even though some of these drugs
have no direct antimicrobial activity /n vitro, they have been shown to aid in achieving a
better resolution of staphylococcal infections by reducing toxin production or by modulating
host immune response to enhance bacterial clearance.

3.3.1. Statins—Statins are one of the major classes of FDA-approved lipid lowering
drugs that act on HMG-CoA reductase; these drugs have been widely used to prevent
cardiovascular disease in humans [84-86]. In addition to their role in cardiovascular disease,
numerous functions of statins, independent of their lipid lowering property, have been
studied recently [87]. The antibacterial activity of statins, particularly simvastatin, has been
explored by several groups [88-95]. However, the high MIC value obtained for statins is

a major concern with using statins directly as antimicrobial agents [96]; this has led to
researchers searching for alternative uses for statins for treating bacterial infections.

Statins act at various cellular and molecular levels and regulate multiple anti-inflammatory
actions, reduce oxidative stress, and inhibit leukocyte-endothelial interactions and leukocyte
migration. All these effect are beneficial in treating sepsis [97]. Furthermore, statins inhibit
several different cytokines including TNF-a, IL-1p, IL-6, and IL-8, thereby lowering

the inflammatory activity of neutrophils and macrophages and dampening the immune
response involved in sepsis [97-103]. In addition to the extensive inflammatory response,
the release of several mediators such as C-reactive protein also plays a major role in

sepsis [104]. C-reactive protein promotes thrombus formation by enhancing endothelial
cell-monocyte interaction, increases tissue factor expression, and activates the complement
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system leading ultimately to organ dysfunction and death [97, 104, 105]. However, statins
greatly reduce the levels of C-reactive protein and its subsequent actions in sepsis [106-108].
Statins also inhibit leukocyte migration by reducing various adhesion molecules such as
VLAA4, P-selectin, CD11b, CD11a and CD18 [109-111]. In addition, a study demonstrated
that simvastatin pre-treatment also reduces S. aureus a-toxin induced leukocyte rolling,
adhesion, and transmigration [112]. Furthermore, the overall beneficial role of statins in S.
aureus septicemia is supported by a retrospective and clinical study which demonstrated
significant reduction in mortality among patients with statin therapy compared with patients
not taking statins [96, 113, 114]. Hence, the promising evidence compiled thus far of
statins in limiting the effects of sepsis make it worthwhile to investigate the exact molecular
mechanism by which statins exhibit their action to propel them into clinical trials in the
future, as a novel therapeutic approach for sepsis management.

3.3.2. Nicotinamide—Beyond the use of nicotinamide (vitamin B3) as a supplement,
it inhibits inflammatory cytokines such as IL-1p, IL-6, IL-8, and TNF-a and is used

for the treatment of inflammatory skin disorders such as atopic dermatitis and acne
vulgaris [115, 116]. In addition, nicotinamide, in combination with nafcillin, improved
the survival outcome of staphylococcal septic shock in mice [117]. However, the exact
molecular mechanism behind this immune modulation activity remains unclear. Another
study showed nicotinamide enhanced S. aureus killing /n vivo by modulating host factors
[118]. Host factors, such as phagocytic ability of monocytes and macrophages, greatly
influence bacterial clearance. In particular, a higher expression of anti-staphylococcal
peptides such as lactoferrin (LTF) and cathelicidin in monocytes and macrophages greatly
increases their phagocytic ability and bacterial killing [118-121]. However, the expression
of antimicrobial peptides (LTF and cathelicidin) in phagocytic cells is regulated by CCAAT/
enhancer-binding protein e (C/EBPe), a myeloid-specific transcription factor [118-121].
Nicotinamide increases the activity of C/EBPe in neutrophils and enhances the killing of
S. aureus up to 1000-fold /n vivo [118]. Hence, by manipulating C/EBPe expression, the
phagocytic ability of certain immune cells can be enhanced, which further increases their
bactericidal activity. [118].

Additionally, nicotinamide also reduces staphylococcal enterotoxin (SEB)-induced
responses [122]. Nicotinamide inhibits the SEB-induced T-cell proliferation and
inflammatory cytokines such as IL-2 and IFN-vy, and protects mice from SEB-induced
toxicity [122]. Thus, taken collectively, nicotinamide with potent immunomodulatory
activities via increased S. aureuskilling and damping the SEB-induced inflammatory
response should have therapeutic value for the treatment of staphylococcal infections.

3.3.3. Dexamethasone—Dexamethasone is a steroid drug with potent anti-
inflammatory and immunosuppressive activity that has been used for the treatment of
various systemic and localized skin diseases. Being a potent anti-inflammatory drug, it also
inhibits staphylococcal enterotoxin (SEB)-induced inflammatory cytokines such as TNF-a,
IFN-7, IL-1a, IL-2, and IL-6 and protects mice from hypothermia and shock [123-126].

3.3.4. Rapamycin—Rapamycin, a FDA-approved immunosuppressive drug is used to
prevent graft rejection in renal transplantation [127]; it has also been shown to have a
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protective effect in a SEB-induced septic shock mice model by inhibiting cytokines such as
TNF-a, IFN-y, IL-2, IL-6, and IL-1a. Additionally, it inhibits production of chemokines
such as chemo attractant protein 1 (MCP-1) and macrophage inflammatory protein 1(MIP-1)
in peripheral blood mononuclear cell PMBC [128, 129]. When tested i vivo, rapamycin
protected all treated mice from lethal staphylococcal shock even when administrated 24
hours after SEB challenge [128, 129].

3.3.5. Pentoxifylline—Pentoxifylline, a FDA-approved drug used for the treatment of
intermittent claudication resulting from peripheral artery disease, has a protective role on
SEB or TSST-1 induced lethal effects [130, 131]. It suppresses T cell activation and inhibits
the cytokines TNF-a, IFN-y, and IL-1a [130]. Furthermore, pentoxifylline prevents mice
lethality in a SEB-induced shock model [130].

The examples described above demonstrate the great potential of FDA-approved non-
antimicrobial immunomodulators to be combined with traditional antimicrobials to modulate
the host immune response and can be further explored as a novel viable therapeutic strategy
for the treatment of staphylococcal infections.

3.4. Anti-biofilm agents

Biofilm-forming S. aureus often cause serious complications leading to life-threatening
infections [132]. Studies on staphylococcal biofilm present on indwelling medical devices
such as catheters, implanted devices, and prosthetic heart valves have drawn great interest
over the past few decades [132]. S. aureus biofilm-associated infections are challenging

to treat with conventional antibiotics [132, 133]. Hence, novel drugs and strategies are in
immediate need to deal with biofilm infections [133]. Several FDA-approved non-antibiotic
drugs have been shown to possess anti-biofilm activity. For example, nitazoxanide (NTZ),
an anti-protozoal agent approved for the treatment of Cryptosporidium parvum and Giardia
Intestinalis infections in humans, is shown to have anti-biofilm activity [134]. Nitazoxanide
exhibits anti-staphylococcal activity at a MIC ranging from 8 to 16 pg/ml. Additionally,

at sub inhibitory concentrations (ICgg of 1 to 3 ug/mL), NTZ is shown to inhibit biofilm
formation by Staphylococcus epidermidis [135].

Several FDA-approved drugs are known to disrupt adherent microbial biofilms.

Examples include auranofin (anti-rheumatoid drug), benzbromarone (gout drug), pyrvinium
pamoate (antihelminthic), yohimbine hydrochloride (mydriatic vasodilator), and zotepine
(antipsychotic) which have all been shown to be capable of inhibiting pre-formed microbial
biofilms [136]. Further testing of these drugs against different staphylococcal biofilms, both
alone and with conventional antimicrobials, should be considered as a new avenues to target
multidrug-resistant staphylococcal infections and associated biofilms.

4. Identifying new antibiotic leads from approved drugs, which can serve

as novel antibiotics

From 2008-2012, only three new antibiotics received approval from the FDA [137].
Interestingly, in 2014, thus far the FDA has already approved three new antibiotics
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(dalvance, tedizolid phosphate, and oritavancin) indicating the agency is recognizing the
urgent need for new antibiotics to treat difficult bacterial infections; all three approved

drugs are indicated for use in treating acute bacterial skin and skin structure infections
caused by pathogens such as MRSA [138, 139]. These antibiotics are not new drug

classes but rather modified derivatives of older antibiotics which interfere with the same
biochemical pathways and molecular targets known for many years. For example, dalvance
and oritavancin belong to the glycopeptide class of antibiotics (which interfere with bacterial
cell wall synthesis) while tedizolid phosphate is an oxazolidinone which inhibits bacterial
protein synthesis.

Though numerous new molecular/druggable targets inside bacteria have been identified in
recent years, no compounds have been successfully developed (and received approval) that
interact and bind to these targets. Given that only four new antibiotic classes have been
identified in the past 40 years using the traditional drug discovery approach, new techniques
need to be considered to discover drugs capable of binding to these unique targets [140].
Drug repurposing presents a new method to screen for existing drugs that can interact

with these critical targets inside pathogens. This could lead to the development of new
antimicrobial classes, which interact with different molecular targets compared to traditional
antibiotics. Understanding which moiety on the drug interacts with the molecular target

can also permit medicinal chemists to make rational modifications to the parent drug to
construct analogues with enhanced binding affinity for the target (with the hope of improved
antimicrobial activity), improved pharmacokinetic profile of the drug, and reduced toxicity
to host tissues. Also this could permit the identification of new bacterial targets which have
not been previously known.

5. Challenges for repurposing non-antibiotic drugs for S. aureus

Though repurposing approved drugs for use as antimicrobials is an exciting avenue for
discovery of new potential treatments for bacterial infections, there are multiple obstacles
hindering progress in identifying and developing these agents. One of the biggest challenges
in the field of antibiotic drug discovery is the lack of interest by pharmaceutical companies
and industry to invest resources in this area. The reality is that the vast majority of drugs
currently available in the market were discovered by the pharmaceutical industry. In the
United States alone, only 9% of new drugs discovered between the years of 1960 and 1969
came from government agencies, universities, and not-for-profit organizations [8]. This trend
continued to hold true in latter parts of the 20™ century as over 93% of new drugs approved
in the United States, from 1990 to 1992, were procured from industry; government agencies
and academic institutions each accounted for just over 3% of new drugs in this time span
[10]. Thus industry is a key cog in the identification and development of drugs which are
capable of reaching the healthcare setting. However, given the low return on investment for
antibiotics, companies, particularly Big Pharma, have moved away from developing new
antibiotics. This can be illustrated with a simple example; from 2009-2012, Merck’s leading
medication for diabetes (Januvia) outsold its top-selling antibiotic (Invanz, a carbapenem
antibiotic) by US$11 billion [141]. Moreover, a review of the top 100 best-selling drugs
from April 2013 through March 2014 revealed treatments for chronic diseases such as
rheumatoid arthritis depression, asthma, high-cholesterol, multiple sclerosis, Alzheimer’s
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disease, diabetes, AIDS, high blood pressure, and cancer generated the most sales for
pharmaceutical companies; interestingly no antimicrobials were found on this list. Given
the associated costs involved with drug discovery, the lack of sales generated by antibiotics
(in comparison to drugs developed for chronic diseases such as asthma, diabetes, and high
blood pressure), and stringent regulations required for new antibiotics to receive regulatory
approval, this significantly reduces the incentive needed by companies to pursue developing
novel antimicrobials [137]. This has led to several major companies, including Pfizer and
Roche, to terminate their antibiotics research & development division; as of 2013, only four
major pharmaceutical companies have active antimicrobial drug discovery programs [140,
141]. This leaves government agencies, academic institutions, and small companies with
the burden of filling this gap to generate new antimicrobials. While repurposing existing
drugs is a mechanism for these institutions to curb costs associated with the drug discovery
process, most of these agencies lack the resources available to industry for drug discovery.
Additionally, these organizations face a second major obstacle in the path to repurposing
drugs as antimicrobials.

A second major challenge to repurposing approved drugs as antimicrobials pertains to

the lack of accessibility to libraries containing clinical drug collections. As highlighted

by Chong and Sullivan, no single collection of the nearly 10,000 known clinical drugs
currently exists [7]. Instead these drugs are dispersed throughout several different collections
or are not available to researchers (in part due to existing patents present for certain

drugs). Among the publicly available compound collections include the National Institute of
Neurological Disorders and Stroke (NINDS) collection of 1,040 compounds, the Prestwick
Chemical Library in Washington, DC (containing more than 1,000 approved drugs), and the
Johns Hopkins Clinical Compound Library (consisting of more than 1,500 compounds) [7].
Combined with other drug collections available for commercial purchase, this amounts to
only 40% of the total known approved drugs and clinical molecules which are available for
screening for antimicrobial activity [7]. However, redundancy and overlap between these
different libraries presents an additional problem as a compound may be present in more
than one collection making screening these compounds more difficult.

Obtaining access to the remaining 60% of clinical drugs, for screening for antimicrobial
activity, is a significant impediment to identifying new clinical applications for these drugs.
Moreover, it would be valuable to researchers if they can gain access to libraries of
compound metabolites and drugs, which entered phase 11 and 111 clinical trials but failed

to receive approval for the initial clinical indication. Most drugs fail in phase |1 clinical
trials because they prove ineffective in treating the disease they were initially intended to

be used for [11]. Though these compounds may not have succeeded in gaining approval for
their initial clinical application, they may still have promise for alternative uses, for example
as antibiotics for S. aureus infections. Gaining access to these compounds, clinical data
generated for these compounds, and information pertaining to why they failed in clinical
trials will permit researchers to rationally design potential solutions to overcome these issues
in repurposing these compounds for other clinical applications. However, many of these
clinical failures are often not made publicly accessible by pharmaceutical companies (for
competitive and financial reasons); additionally given these companies often are focused

on developing drugs for specific diseases, they may not have the resources (i.e. models to
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study infectious diseases in humans) or personnel to identify new applications for these
failed compounds [11]. Establishing relationships and bridging the gap between industry
(who would provide these compounds and clinical data garnered), academic research
institutions (to screen these compound libraries for hits for antimicrobial activity), and
government agencies (to assist with sponsoring clinical trials to test drugs to be repurposed
as antimicrobials) is very important in order to find new applications for both approved
drugs and compounds which have entered into late stage clinical trials but ultimately failed.

6. CONCLUSION

Development of new antimicrobials is very slow and there are not enough new
antimicrobials in the drug pipeline to keep pace with the emergence of multidrug-resistant
bacterial strains. Moreover, pharmaceutical companies lacking interest in antimicrobial drug
discovery has contributed to the dearth of new and novel antibiotics. Therefore alternative
strategies are in urgent need to battle against multidrug-resistant infections such as those
caused by S. aureus. Repurposing approved drugs presents an emerging approach with
reduced cost, discovery time, and risk associated with antibiotic development. We presented
several approved drugs that possess potent anti-staphylococcal activity in vitro; with further
mechanistic and /n vivo studies, these drugs might be a potential candidate drugs that can be
considered for systemic and (or) topical applications. Independent of antimicrobial activity,
some drugs also have the ability to interfere with S. aureus pathogenesis and modulate host
immune response to enhance bacterial killing and clearance. This is an additional novel
application of the approved drugs which warrants further exploration. With the promising
activity and the past success in drug repurposing, repositioning existing drugs might form

a potential alternative strategy to discover new antimicrobials and might drive interest

of researchers both in academia and the pharmaceutical industry to invest more research
resources in this area.

References:

1. CDC, Antibiotic resistance threats in the United States, 2013, C.f.D.C.a. Prevention, Editor. 2013. p.
1-114.

2. ECDC, The bacterial challenge: time to react. A call to narrow the gap between multidrug-resistant
bacteria in the EU and the development of new antibacterial agents., E.C.f.D.P.a. Control, Editor.
2009: Stockholm. p. 1-54.

3. ECDC, Annual Epidemiological Report 2013. Reporting on 2011 surveillance data and 2012
epidemic intelligence data, E.C.f.D.C.a. Prevention, Editor. 2013: Stockholm. p. 1-260.

4. Hiramatsu K, Vancomycin-resistant Staphylococcus aureus: a new model of antibiotic resistance.
Lancet Infect Dis, 2001. 1(3): p. 147-55. [PubMed: 11871491]

5. Layer F, et al., Linezolid resistance in clinical isolates of Staphylococcus aureus and
Staphylococcus epidermidis. International Journal of Medical Microbiology, 2012. 302: p. 102-102.

6. Li X, et al., Ceftriaxone, an FDA-approved cephalosporin antibiotic, suppresses lung cancer growth
by targeting Aurora B. Carcinogenesis, 2012. 33(12): p. 2548-2557. [PubMed: 22962305]

7. Chong CR and Sullivan DJ Jr., New uses for old drugs. Nature, 2007. 448(7154): p. 645-6.
[PubMed: 17687303]

8. Cohen FJ, Macro trends in pharmaceutical innovation. Nat Rev Drug Discov, 2005. 4(1): p. 78-84.
[PubMed: 15688075]

9.Jin G and Wong ST, Toward better drug repositioning: prioritizing and integrating existing methods
into efficient pipelines. Drug Discov Today, 2014. 19(5): p. 637-44. [PubMed: 24239728]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

Page 13

DiMasi JA, Hansen RW, and Grabowski HG, The price of innovation: new estimates of drug
development costs. J Health Econ, 2003. 22(2): p. 151-85. [PubMed: 12606142]

Petsko GA, When failure should be the option. Bmc Biology, 2010. 8.

Bernhard GC, Auranofin Therapy in Rheumatoid-Arthritis. Journal of Laboratory and Clinical
Medicine, 1982. 100(2): p. 167-177.

Furst DE, et al. , Mechanism of Action, Pharmacology, Clinical Efficacy and Side-Effects of
Auranofin - an Orally-Administered Organic Gold Compound for the Treatment of Rheumatoid-
Arthritis. Pharmacotherapy, 1983. 3(5): p. 284-298. [PubMed: 6417628]

Shaw CF, Gold-based therapeutic agents. Chemical Reviewsy, 1999. 99(9): p. 2589-2600.

Berners-Price SJ and Filipovska A, Gold compounds as therapeutic agents for human diseases.
Metallomics, 2011. 3(9): p. 863-873. [PubMed: 21755088]

Debnath A, et al. , A high-throughput drug screen for Entamoeba histolytica identifies a new lead
and target. Nat Med, 2012. 18(6): p. 956—60. [PubMed: 22610278]

Gottlieb NL, Pharmacology of Auranofin - Overview and Update. Scandinavian Journal of
Rheumatology, 1986: p. 19-28.

Cassetta M, et al. , Drug repositioning: auranofin as a prospective antimicrobial agent for the
treatment of severe staphylococcal infections. Biometals, 2014. 27(4): p. 787-91. [PubMed:
24820140]

Hokai Y, et al. , Auranofin and related heterometallic gold(l)-thiolates as potent inhibitors of
methicillin-resistant Staphylococcus aureus bacterial strains. J Inorg Biochem, 2014. 138: p. 81-8.
[PubMed: 24935090]

Schewe T, Molecular actions of ebselen--an antiinflammatory antioxidant. Gen Pharmacol, 1995.
26(6): p. 1153-69. [PubMed: 7590103]

Azad GK and Tomar RS, Ebselen, a promising antioxidant drug: mechanisms of action and targets
of biological pathways. Mol Biol Rep, 2014. 41(8): p. 4865-79. [PubMed: 24867080]

Muller A, et al. , A novel biologically active seleno-organic compound--1. Glutathione peroxidase-
like activity in vitro and antioxidant capacity of PZ 51 (Ebselen). Biochem Pharmacol, 1984.
33(20): p. 3235-9. [PubMed: 6487370]

Maiorino M, Roveri A, and Ursini F, Antioxidant effect of Ebselen (PZ 51): peroxidase mimetic
activity on phospholipid and cholesterol hydroperoxides vs free radical scavenger activity. Arch
Biochem Biophys, 1992. 295(2): p. 404-9. [PubMed: 1586168]

Handa Y, et al. , Effect of an antioxidant, ebselen, on development of chronic cerebral vasospasm
after subarachnoid hemorrhage in primates. Surg Neurol, 2000. 53(4): p. 323-9. [PubMed:
10825515]

Kobayashi T, Ohta Y, and Yoshino J, Preventive effect of ebselen on acute gastric mucosal lesion
development in rats treated with compound 48/80. Eur J Pharmacol, 2001. 414(2-3): p. 271-9.
[PubMed: 11239928]

Parnham MJ and Sies H, The early research and development of ebselen. Biochem Pharmacol,
2013. 86(9): p. 1248-53. [PubMed: 24012716]

Singh N, et al. , A safe lithium mimetic for bipolar disorder. Nat Commun, 2013. 4: p. 1332.
[PubMed: 23299882]

Nozawa R, Yokota T, and Fujimoto T, Susceptibility of methicillin-resistant Staphylococcus
aureus to the selenium-containing compound 2-phenyl-1,2-benzoisoselenazol-3(2H)-one (PZ51).
Antimicrob Agents Chemother, 1989. 33(8): p. 1388-90. [PubMed: 2802564]

Lu J, et al., Inhibition of bacterial thioredoxin reductase: an antibiotic mechanism targeting
bacteria lacking glutathione. FASEB J, 2013. 27(4): p. 1394-403. [PubMed: 23248236]

Chan G, et al. , Evaluation of the antimicrobial activity of ebselen: role of the yeast plasma
membrane H+-ATPase. J Biochem Mol Toxicol, 2007. 21(5): p. 252—-64. [PubMed: 17912695]
Imai H, et al. , Ebselen protects both gray and white matter in a rodent model of focal cerebral
ischemia. Stroke, 2001. 32(9): p. 2149-54. [PubMed: 11546910]

Holohan C, et al. , Cancer drug resistance: an evolving paradigm. Nat Rev Cancer, 2013. 13(10): p.
714-26. [PubMed: 24060863]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

Page 14

33. Hamilton-Miller JM, Antimicrobial activity of 21 anti-neoplastic agents. Br J Cancer, 1984. 49(3):
p. 367-9. [PubMed: 6704313]

34. Barberi-Heyob M, et al. , Evaluation of plasma 5-fluorouracil nucleoside levels in patients
with metastatic breast cancer: relationships with toxicities. Cancer Chemother Pharmacol, 1995.
37(1-2): p. 110-6. [PubMed: 7497579]

35. Sandrini MP, et al. , Deoxyribonucleoside kinases activate nucleoside antibiotics in severely
pathogenic bacteria. Antimicrob Agents Chemother, 2007. 51(8): p. 2726-32. [PubMed:
17526755]

36. Roobol C, De Dobbeleer GB, and Bernheim JL, 5-fluorouracil and 5-fluoro-2'-deoxyuridine follow
different metabolic pathways in the induction of cell lethality in L1210 leukaemia. Br J Cancer,
1984. 49(6): p. 739-44. [PubMed: 6234011]

37. Daum RS, Clinical practice. Skin and soft-tissue infections caused by methicillin-resistant
Staphylococcus aureus. N Engl J Med, 2007. 357(4): p. 380-90. [PubMed: 17652653]

38. DeLeo FR, et al. , Community-associated meticillin-resistant Staphylococcus aureus. Lancet, 2010.
375(9725): p. 1557-68. [PubMed: 20206987]

39. Adler A, et al. , Panton-Valentine leukocidin-producing Staphylococcus aureus. Emerg Infect Dis,
2006. 12(11): p. 1789-90. [PubMed: 17283639]

40. Miller LG and Diep BA, Clinical practice: colonization, fomites, and virulence: rethinking the
pathogenesis of community-associated methicillin-resistant Staphylococcus aureus infection. Clin
Infect Dis, 2008. 46(5): p. 752—60. [PubMed: 18220477]

41. Gallelli L, et al. , The effects of nonsteroidal anti-inflammatory drugs on clinical outcomes,
synovial fluid cytokine concentration and signal transduction pathways in knee osteoarthritis. A
randomized open label trial. Osteoarthritis Cartilage, 2013. 21(9): p. 1400-8. [PubMed: 23973155]

42.Yan J, et al., Simvastatin prevents neuroinflammation by inhibiting N-methyl-D-aspartic acid
receptor 1 in 6-hydroxydopamine-treated PC12 cells. J Neurosci Res, 2014. 92(5): p. 634-40.
[PubMed: 24482148]

43. Jialal 1, et al. , Concomitant reduction of low-density lipoprotein-cholesterol and biomarkers of
inflammation with low-dose simvastatin therapy in patients with type 1 diabetes. J Clin Endocrinol
Metab, 2007. 92(8): p. 3136—-40. [PubMed: 17519305]

44. Wallace HJ and Stacey MC, Levels of tumor necrosis factor-alpha (TNF-alpha) and soluble TNF
receptors in chronic venous leg ulcers--correlations to healing status. J Invest Dermatol, 1998.
110(3): p. 292-6. [PubMed: 9506452]

45. Cowin AJ, et al. , Etanercept decreases tumor necrosis factor-alpha activity in chronic wound fluid.
Wound Repair Regen, 2006. 14(4): p. 421-6. [PubMed: 16939569]

46. Donath MY, Targeting inflammation in the treatment of type 2 diabetes: time to start. Nat Rev
Drug Discov, 2014. 13(6): p. 465-76. [PubMed: 24854413]

47. Khanna S, et al. , Macrophage dysfunction impairs resolution of inflammation in the wounds of
diabetic mice. PLoS One, 2010. 5(3): p. €9539. [PubMed: 20209061]

48. Fournier B and Philpott DJ, Recognition of Staphylococcus aureus by the innate immune system.
Clin Microbiol Rev, 2005. 18(3): p. 521-40. [PubMed: 16020688]

49. Bitto A, et al. , Simvastatin enhances VEGF production and ameliorates impaired wound healing in
experimental diabetes. Pharmacol Res, 2008. 57(2): p. 159-69. [PubMed: 18316203]

50. Fischbach MA and Walsh CT, Antibiotics for emerging pathogens. Science, 2009. 325(5944): p.
1089-93. [PubMed: 19713519]

51. Cegelski L, et al. , The biology and future prospects of antivirulence therapies. Nat Rev Microbiol,
2008. 6(1): p. 17-27. [PubMed: 18079741]

52. Lebeis SL and Kalman D, Aligning antimicrobial drug discovery with complex and redundant
host-pathogen interactions. Cell Host Microbe, 2009. 5(2): p. 114-22. [PubMed: 19218083]

53. Khodaverdian V, et al. , Discovery of antivirulence agents against methicillin-resistant
Staphylococcus aureus. Antimicrob Agents Chemother, 2013. 57(8): p. 3645-52. [PubMed:
23689713]

54. Weinandy F, et al. , A beta-lactone-based antivirulence drug ameliorates Staphylococcus aureus
skin infections in mice. ChemMedChem, 2014. 9(4): p. 710-3. [PubMed: 24678014]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

Page 15

55. Hilchie AL, Wuerth K, and Hancock RE, Immune modulation by multifaceted cationic host
defense (antimicrobial) peptides. Nat Chem Biol, 2013. 9(12): p. 761-8. [PubMed: 24231617]

56. Ejim L, et al. , Combinations of antibiotics and nonantibiotic drugs enhance antimicrobial efficacy.
Nat Chem Biol, 2011. 7(6): p. 348-50. [PubMed: 21516114]

57. Kupferwasser L1, et al. , Salicylic acid attenuates virulence in endovascular infections by targeting
global regulatory pathways in Staphylococcus aureus. J Clin Invest, 2003. 112(2): p. 222-33.
[PubMed: 12865410]

58. Needs CJ and Brooks PM, Clinical pharmacokinetics of the salicylates. Clin Pharmacokinet, 1985.
10(2): p. 164-77. [PubMed: 3888490]

59. Costa SS, et al. , Multidrug Efflux Pumps in Staphylococcus aureus: an Update. Open Microbiol J,
2013. 7: p. 59-71. [PubMed: 23569469]

60. Poole K, Efflux pumps as antimicrobial resistance mechanisms. Ann Med, 2007. 39(3): p. 162-76.
[PubMed: 17457715]

61. Davis JM and Casper R, Antipsychotic drugs: clinical pharmacology and therapeutic use. Drugs,
1977. 14(4): p. 260-82. [PubMed: 21069]

62. Lader M, Clinical pharmacology of antipsychotic drugs. J Int Med Res, 1989. 17(1): p. 1-16.
[PubMed: 2565264]

63. Kaatz GW, et al. , Phenothiazines and thioxanthenes inhibit multidrug efflux pump activity
in Staphylococcus aureus. Antimicrob Agents Chemother, 2003. 47(2): p. 719-26. [PubMed:
12543683]

64. Kristiansen MM, et al. , Thioridazine reduces resistance of methicillin-resistant staphylococcus
aureus by inhibiting a reserpine-sensitive efflux pump. In Vivo, 2006. 20(3): p. 361-6. [PubMed:
16724671]

65. Costa SS, et al. , Exploring the contribution of efflux on the resistance to fluoroquinolones
in clinical isolates of Staphylococcus aureus. BMC Microbiol, 2011. 11: p. 241. [PubMed:
22032541]

66. McGoon MD, et al. , The clinical use of verapamil. Mayo Clin Proc, 1982. 57(8): p. 495-510.
[PubMed: 7047918]

67. Aeschlimann JR, et al. , Effects of NorA inhibitors on in vitro antibacterial activities and
postantibiotic effects of levofloxacin, ciprofloxacin, and norfloxacin in genetically related strains
of Staphylococcus aureus. Antimicrob Agents Chemother, 1999. 43(2): p. 335-40. [PubMed:
9925528]

68. Vetrivel U, Subramanian G, and Dorairaj S, A novel in silico approach to identify potential
therapeutic targets in human bacterial pathogens. Hugo J, 2011. 5(1-4): p. 25-34. [PubMed:
23205162]

69. Amineni U, Pradhan D, and Marisetty H, In silico identification of common putative drug targets in
Leptospira interrogans. J Chem Biol, 2010. 3(4): p. 165-73. [PubMed: 21572503]

70. Foster TJ, Immune evasion by staphylococci. Nat Rev Microbiol, 2005. 3(12): p. 948-58.
[PubMed: 16322743]

71. Veldkamp KE and van Strijp JA, Innate immune evasion by staphylococci. Adv Exp Med Biol,
2009. 666: p. 19-31. [PubMed: 20054972]

72. Hornef MW, et al. , Bacterial strategies for overcoming host innate and adaptive immune
responses. Nat Immunol, 2002. 3(11): p. 1033-40. [PubMed: 12407412]

73. McCormick JK, Yarwood JM, and Schlievert PM, Toxic shock syndrome and bacterial
superantigens: an update. Annu Rev Microbiol, 2001. 55: p. 77-104. [PubMed: 11544350]

74. Fraser JD, Clarifying the mechanism of superantigen toxicity. PLoS Biol, 2011. 9(9): p. €1001145.
[PubMed: 21931531]

75. Cavaillon JM, et al. , Cytokine cascade in sepsis. Scand J Infect Dis, 2003. 35(9): p. 535-44.
[PubMed: 14620132]

76. van Hal SJ, et al. , Predictors of mortality in Staphylococcus aureus Bacteremia. Clin Microbiol
Rev, 2012. 25(2): p. 362-86. [PubMed: 22491776]

77. Kwiecinski J, et al. , Sulfatide attenuates experimental Staphylococcus aureus sepsis through a
CD1d-dependent pathway. Infect Immun, 2013. 81(4): p. 1114-20. [PubMed: 23340309]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

Page 16

78. Krakauer T, Update on staphylococcal superantigen-induced signaling pathways and therapeutic
interventions. Toxins (Basel), 2013. 5(9): p. 1629-54. [PubMed: 24064719]

79. Watson AR, Janik DK, and Lee WT, Superantigen-induced CD4 memory T cell anergy. I.
Staphylococcal enterotoxin B induces Fyn-mediated negative signaling. Cell Immunol, 2012.
276(1-2): p. 16-25. [PubMed: 22386537]

80. Bowdish DM, et al. , Immunomodulatory activities of small host defense peptides. Antimicrob
Agents Chemother, 2005. 49(5): p. 1727-32. [PubMed: 15855488]

81. Scott MG, et al. , An anti-infective peptide that selectively modulates the innate immune response.
Nat Biotechnol, 2007. 25(4): p. 465-72. [PubMed: 17384586]

82. van der Does AM, et al. , The human lactoferrin-derived peptide hLF1-11 exerts
immunomodulatory effects by specific inhibition of myeloperoxidase activity. J Immunol, 2012.
188(10): p. 5012-9. [PubMed: 22523385]

83. Cirioni O, et al. , IB-367 pre-treatment improves the in vivo efficacy of teicoplanin and daptomycin
in an animal model of wounds infected with meticillin-resistant Staphylococcus aureus. J Med
Microbiol, 2013. 62(Pt 10): p. 1552-8. [PubMed: 23813277]

84. Silva RR, et al. , Short-term therapy with simvastatin reduces inflammatory mediators and heart
inflammation during the acute phase of experimental Chagas disease. Mem Inst Oswaldo Cruz,
2012. 107(4): p. 513-21. [PubMed: 22666863]

85. Al-Siyabi K, et al. , Safety of simvastatin and goal attainment for low-density lipoprotein
cholesterol in sultan gaboos university hospital. Oman Med J, 2010. 25(4): p. 264-8. [PubMed:
22043355]

86. Zago AC, et al. , First-in-man study of simvastatin-eluting stent in de novo coronary lesions: the
SIMVASTENT study. Circ J, 2012. 76(5): p. 1109-14. [PubMed: 22354194]

87. Gazzerro P, et al. , Pharmacological actions of statins: a critical appraisal in the management of
cancer. Pharmacol Rev, 2012. 64(1): p. 102-46. [PubMed: 22106090]

88. Bergman P, et al. , Studies on the antibacterial effects of statins--in vitro and in vivo. PLoS One,
2011. 6(8): p. €24394. [PubMed: 21912631]

89. Masadeh M, et al. , Antibacterial activity of statins: a comparative study of atorvastatin,
simvastatin, and rosuvastatin. Ann Clin Microbiol Antimicrob, 2012. 11: p. 13. [PubMed:
22564676]

90. Farmer AR, et al. , Effect of HMG-CoA reductase inhibitors on antimicrobial susceptibilities for
gram-negative rods. J Basic Microbiol, 2013. 53(4): p. 336-9. [PubMed: 22736455]

91. Cabral ME, Figueroa LI, and Farifia JI, Synergistic antifungal activity of statin-azole associations
as witnessed by Saccharomyces cerevisiae- and Candida utilis-bioassays and ergosterol
quantification. Rev Iberoam Micol, 2013. 30(1): p. 31-8. [PubMed: 23069981]

92. Nalin DR, Comment on: unexpected antimicrobial effect of statins. J Antimicrob Chemother, 2008.
61(6): p. 1400. [PubMed: 18321843]

93. Menezes EA, et al. , In vitro synergism of simvastatin and fluconazole against Candida species.
Rev Inst Med Trop Sao Paulo, 2012. 54(4): p. 197-9. [PubMed: 22850990]

94. den Hollander WJ and Kuipers EJ, Commentary: simvastatin as the key to improving H. pylori
eradication rates? Aliment Pharmacol Ther, 2012. 36(5): p. 493; author reply 494. [PubMed:
22860610]

95. Wu BQ, et al. , Inhibitory effects of simvastatin on staphylococcus aureus lipoteichoic acid-induced
inflammation in human alveolar macrophages. Clin Exp Med, 2013.

96. Sun HY and Singh N, Antimicrobial and immunomodulatory attributes of statins: relevance in
solid-organ transplant recipients. Clin Infect Dis, 2009. 48(6): p. 745-55. [PubMed: 19193110]

97. Terblanche M, et al. , Statins and sepsis: multiple modifications at multiple levels. Lancet Infect
Dis, 2007. 7(5): p. 358-68. [PubMed: 17448939]

98. Wang HR, et al. , Fluvastatin inhibits the expression of tumor necrosis factor-alpha and activation
of nuclear factor-kappaB in human endothelial cells stimulated by C-reactive protein. Clin Chim
Acta, 2005. 353(1-2): p. 53-60. [PubMed: 15698590]

99. Grip O, Janciauskiene S, and Lindgren S, Atorvastatin activates PPAR-gamma and attenuates
the inflammatory response in human monocytes. Inflamm Res, 2002. 51(2): p. 58-62. [PubMed:
11926313]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120

121

Page 17

Rosenson RS, Tangney CC, and Casey LC, Inhibition of proinflammatory cytokine production by
pravastatin. Lancet, 1999. 353(9157): p. 983—-4.

Diomede L, et al. , In vivo anti-inflammatory effect of statins is mediated by nonsterol mevalonate
products. Arterioscler Thromb Vasc Biol, 2001. 21(8): p. 1327-32. [PubMed: 11498461]

Chang LT, et al. , Impact of simvastatin and losartan on antiinflammatory effect: in vitro study. J
Cardiovasc Pharmacol, 2007. 49(1): p. 20-6. [PubMed: 17261959]

Kanda H, et al. , Antiinflammatory effect of simvastatin in patients with rheumatoid arthritis. J
Rheumatol, 2002. 29(9): p. 2024-6. [PubMed: 12233907]

Devran O, et al. , C-reactive protein as a predictor of mortality in patients affected with severe
sepsis in intensive care unit. Multidiscip Respir Med, 2012. 7(1): p. 47. [PubMed: 23171626]

Lobo SM, et al. , C-reactive protein levels correlate with mortality and organ failure in critically
ill patients. Chest, 2003. 123(6): p. 2043-9. [PubMed: 12796187]

Chan KY, et al. , HMG-CoA reductase inhibitors for lowering elevated levels of C-reactive
protein. Am J Health Syst Pharm, 2004. 61(16): p. 1676-81. [PubMed: 15540478]

Arnaud C, et al. , Statins reduce interleukin-6-induced C-reactive protein in human hepatocytes:
new evidence for direct antiinflammatory effects of statins. Arterioscler Thromb Vasc Biol, 2005.
25(6): p. 1231-6. [PubMed: 15790934]

Marz W, et al. , Effects of statins on C-reactive protein and interleukin-6 (the Ludwigshafen Risk
and Cardiovascular Health study). Am J Cardiol, 2003. 92(3): p. 305-8. [PubMed: 12888140]

Pruefer D, Scalia R, and Lefer AM, Simvastatin inhibits leukocyte-endothelial cell interactions
and protects against inflammatory processes in normocholesterolemic rats. Arterioscler Thromb
Vasc Biol, 1999. 19(12): p. 2894-900. [PubMed: 10591666]

Weber C, et al. , HMG-CoA reductase inhibitors decrease CD11b expression and CD11b-
dependent adhesion of monocytes to endothelium and reduce increased adhesiveness of
monocytes isolated from patients with hypercholesterolemia. J Am Coll Cardiol, 1997. 30(5):

p. 1212-7. [PubMed: 9350917]

Yoshida M, et al. , Hmg-CoA reductase inhibitor modulates monocyte-endothelial cell interaction
under physiological flow conditions in vitro: involvement of Rho GTPase-dependent mechanism.
Arterioscler Thromb Vasc Biol, 2001. 21(7): p. 1165-71. [PubMed: 11451746]

Pruefer D, et al. , Simvastatin inhibits inflammatory properties of Staphylococcus aureus alpha-
toxin. Circulation, 2002. 106(16): p. 2104-10. [PubMed: 12379581]

Liappis AP, et al. , The effect of statins on mortality in patients with bacteremia. Clin Infect Dis,
2001. 33(8): p. 1352—7. [PubMed: 11565076]

Kruger P, et al. , Statin therapy is associated with fewer deaths in patients with bacteraemia.
Intensive Care Med, 2006. 32(1): p. 75-9. [PubMed: 16283159]

Niren NM, Pharmacologic doses of nicotinamide in the treatment of inflammatory skin
conditions: a review. Cutis, 2006. 77(1 Suppl): p. 11-6. [PubMed: 16871774]

Ungerstedt JS, Blomback M, and Soderstrom T, Nicotinamide is a potent inhibitor of
proinflammatory cytokines. Clin Exp Immunol, 2003. 131(1): p. 48-52. [PubMed: 12519385]

Smith IM and Burmeister LF, Biochemically assisted antibiotic treatment of lethal murine
Staphylococcus aureus septic shock. Am J Clin Nutr, 1977. 30(8): p. 1364-8. [PubMed: 142426]

Kyme P, et al. , C/EBPepsilon mediates nicotinamide-enhanced clearance of Staphylococcus

aureus in mice. J Clin Invest, 2012. 122(9): p. 3316-29. [PubMed: 22922257]

Gombart AF, et al. , Aberrant expression of neutrophil and macrophage-related genes in a murine

model for human neutrophil-specific granule deficiency. J Leukoc Biol, 2005. 78(5): p. 1153-65.

[PubMed: 16204633]

. Verbeek W, et al. , Myeloid transcription factor C/EBPepsilon is involved in the positive
regulation of lactoferrin gene expression in neutrophils. Blood, 1999. 94(9): p. 3141-50.
[PubMed: 10556201]

. Williams SC, et al. , C/EBPepsilon is a myeloid-specific activator of cytokine, chemokine, and

macrophage-colony-stimulating factor receptor genes. J Biol Chem, 1998. 273(22): p. 13493—

501. [PubMed: 9593684]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.
139.
140.

141.

142.

143.

Page 18

LeClaire RD, et al. , Protective effects of niacinamide in staphylococcal enterotoxin-B-induced
toxicity. Toxicology, 1996. 107(1): p. 69-81. [PubMed: 8597033]

Krakauer T and Buckley M, Dexamethasone attenuates staphylococcal enterotoxin B-induced
hypothermic response and protects mice from superantigen-induced toxic shock. Antimicrob
Agents Chemother, 2006. 50(1): p. 391-5. [PubMed: 16377721]

Krakauer T, et al. , Critical timing, location and duration of glucocorticoid administration rescue
mice from superantigen-induced shock and attenuate lung injury. Int Immunopharmacol, 2009.
9(10): p. 1168-74. [PubMed: 19539058]

Krakauer T, Differential inhibitory effects of interleukin-10, interleukin-4, and dexamethasone
on staphylococcal enterotoxin-induced cytokine production and T cell activation. J Leukoc Biol,
1995. 57(3): p. 450-4. [PubMed: 7884317]

Krakauer T and Buckley M, Efficacy of two FDA-approved drug combination in a mouse model
of staphylococcal enterotoxin B-induced shock. Mil Med, 2013. 178(9): p. 1024-8. [PubMed:
24005553]

Saunders RN, Metcalfe MS, and Nicholson ML, Rapamycin in transplantation: a review of the
evidence. Kidney Int, 2001. 59(1): p. 3-16. [PubMed: 11135052]

Krakauer T, et al. , Rapamycin protects mice from staphylococcal enterotoxin B-induced toxic
shock and blocks cytokine release in vitro and in vivo. Antimicrob Agents Chemother, 2010.
54(3): p. 1125-31. [PubMed: 20086156]

Krakauer T and Buckley M, Intranasal rapamycin rescues mice from staphylococcal enterotoxin
B-induced shock. Toxins (Basel), 2012. 4(9): p. 718-28. [PubMed: 23105977]

Krakauer T and Stiles BG, Pentoxifylline inhibits superantigen-induced toxic shock and cytokine
release. Clin Diagn Lab Immunol, 1999. 6(4): p. 594-8. [PubMed: 10391869]

Huisinga JM, et al. , Treatment with pharmacological agents in peripheral arterial disease patients
does not result in biomechanical gait changes. J Appl Biomech, 2010. 26(3): p. 341-8. [PubMed:
20841626]

Chung PY and Toh Y, Anti-biofilm agents: recent breakthrough against multi-drug resistant
Staphylococcus aureus. Pathog Dis, 2014. 70(3): p. 231-9. [PubMed: 24453168]

Chen M, Yu Q, and Sun H, Novel strategies for the prevention and treatment of biofilm related
infections. Int J Mol Sci, 2013. 14(9): p. 18488-501. [PubMed: 24018891]

Dubreuil L, et al. , In vitro evaluation of activities of nitazoxanide and tizoxanide against
anaerobes and aerobic organisms. Antimicrob Agents Chemother, 1996. 40(10): p. 2266-70.
[PubMed: 8891127]

Tchouaffi-Nana F, et al. , Nitazoxanide inhibits biofilm formation by Staphylococcus epidermidis
by blocking accumulation on surfaces. Antimicrob Agents Chemother, 2010. 54(7): p. 2767-74.
[PubMed: 20404119]

Siles SA, et al. , High-throughput screening of a collection of known pharmacologically active
small compounds for identification of Candida albicans biofilm inhibitors. Antimicrob Agents
Chemother, 2013. 57(8): p. 3681-7. [PubMed: 23689719]

Shlaes DM, et al. , The FDA Reboot of Antibiotic Development. Antimicrobial Agents and
Chemotherapy, 2013. 57(10): p. 4605-4607. [PubMed: 23896479]

FDA, FDA approves Sivextro to treat skin infections. 2014.

FDA, FDA approves Dalvance to treat skin infections. 2014.

Cooper MA and Shlaes D, Fix the antibiotics pipeline. Nature, 2011. 472(7341): p. 32-32.
[PubMed: 21475175]

May M, Drug Development Time for Teamwork. Nature, 2014. 509(7498): p. S4-S5. [PubMed:
24784427]

Smorenburg CH, et al. , Phase |1 study of miltefosine 6% solution as topical treatment of

skin metastases in breast cancer patients. Anticancer Drugs, 2000. 11(10): p. 825-8. [PubMed:
11142690]

Dorlo TP, et al. , Miltefosine: a review of its pharmacology and therapeutic efficacy in the
treatment of leishmaniasis. J Antimicrob Chemother, 2012. 67(11): p. 2576-97. [PubMed:
22833634]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Page 19

Meyerhoff A, U.S. Food and Drug Administration approval of AmBisome (liposomal
amphotericin B) for treatment of visceral leishmaniasis. Clin Infect Dis, 1999. 28(1): p. 42-8;
discussion 49-51. [PubMed: 10028069]

Bukirwa H, Garner P, and Critchley J, Chlorproguanil-dapsone for treating uncomplicated
malaria. Cochrane Database Syst Rev, 2004(4): p. CD004387. [PubMed: 15495106]

Olson KB, Thompson JF, and Zintheo CJ Jr., Treatment of pulmonary tuberculosis with diasone.
Am Rev Tuberc, 1945. 52: p. 474-82. [PubMed: 21008137]

Robitzek EH, Ornstein GG, and et al. , Diasone in the treatment of pulmonary tuberculosis. Dis
Chest, 1946. 12: p. 185-204. [PubMed: 21025501]

Kannan G, et al. , Drug usage evaluation of dapsone. Indian J Pharm Sci, 2009. 71(4): p. 456-60.
[PubMed: 20502558]

Abeloff MD, et al. , Phase 1l trials of alpha-difluoromethylornithine, an inhibitor of polyamine
synthesis, in advanced small cell lung cancer and colon cancer. Cancer Treat Rep, 1986. 70(7): p.
843-5. [PubMed: 3013400]

Paulson YJ, et al. , Eflornithine treatment of refractory Pneumocystis carinii pneumonia in
patients with acquired immunodeficiency syndrome. Chest, 1992. 101(1): p. 67-74. [PubMed:
1729113]

Burri C and Brun R, Eflornithine for the treatment of human African trypanosomiasis. Parasitol
Res, 2003. 90 Supp 1: p. S49-52. [PubMed: 12811548]

Chappuis F, et al. , Eflornithine is safer than melarsoprol for the treatment of second-stage
Trypanosoma brucei gambiense human African trypanosomiasis. Clin Infect Dis, 2005. 41(5): p.
748-51. [PubMed: 16080099]

Robays J, et al. , Eflornithine is a cost-effective alternative to melarsoprol for the treatment of
second-stage human West African trypanosomiasis in Caxito, Angola. Trop Med Int Health,
2008. 13(2): p. 265-71. [PubMed: 18304274]

Tan KR, et al. , Doxycycline for malaria chemoprophylaxis and treatment: report from the CDC
expert meeting on malaria chemoprophylaxis. Am J Trop Med Hyg, 2011. 84(4): p. 517-31.
[PubMed: 21460003]

Ben Salah A, et al. , Topical paromomycin with or without gentamicin for cutaneous
leishmaniasis. N Engl J Med, 2013. 368(6): p. 524-32. [PubMed: 23388004]

Monge-Maillo B and Lopez-Velez R, Topical paromomycin and gentamicin for new world
cutaneous leishmaniasis in Panama. Am J Trop Med Hyg, 2014. 90(6): p. 1191. [PubMed:
24898981]

Sosa N, et al. , Randomized, double-blinded, phase 2 trial of WR 279,396 (paromomycin and
gentamicin) for cutaneous leishmaniasis in Panama. Am J Trop Med Hyg, 2013. 89(3): p. 557—
63. [PubMed: 23857024]

Robert-Gangneux F and Darde ML, Epidemiology of and diagnostic strategies for toxoplasmosis.
Clin Microbiol Rev, 2012. 25(2): p. 264-96. [PubMed: 22491772]

Baltzan M, et al. , Randomized trial of prolonged chloroquine therapy in advanced pulmonary
sarcoidosis. Am J Respir Crit Care Med, 1999. 160(1): p. 192—7. [PubMed: 10390399]

Cohen HG and Reynolds TB, Comparison of metronidazole and chloroquine for the treatment
of amoehic liver abscess. A controlled trial. Gastroenterology, 1975. 69(1): p. 35-41. [PubMed:
168120]

Montoya JG and Liesenfeld O, Toxoplasmosis. Lancet, 2004. 363(9425): p. 1965-76. [PubMed:
15194258]

Baggish AL and Hill DR, Antiparasitic agent atovaquone. Antimicrob Agents Chemother, 2002.
46(5): p. 1163-73. [PubMed: 11959541]

Araujo FG, Huskinson J, and Remington JS, Remarkable in vitro and in vivo activities of

the hydroxynaphthoquinone 566C80 against tachyzoites and tissue cysts of Toxoplasma gondii.
Antimicrob Agents Chemother, 1991. 35(2): p. 293-9. [PubMed: 2024964]

Wilson T and Edeson JF, Treatment of acute malaria with pyrimethamine. Br Med J, 1953.
1(4804): p. 253-5. [PubMed: 13009162]

TOXOPLASMIC uveitis and pyrimethamine. Br Med J, 1957. 2(5052): p. 1042—-4. [PubMed:
13472044]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thangamani et al.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Page 20

Beuerman VA and Burnham CJ, Toxoplasmic uveitis; treatment with pyrimethamine and
sulfadiazine. Am J Ophthalmol, 1956. 42(2): p. 217-27. [PubMed: 13354693]

Jacobs JY, Michel J, and Sacks T, Bactericidal effect of combinations of antimicrobial drugs and
antineoplastic antibiotics against Staphylococcus aureus. Antimicrob Agents Chemother, 1979.
15(4): p. 580-6. [PubMed: 464589]

Phillips M, et al. , Disulfiram inhibits the in vitro growth of methicillin-resistant staphylococcus
aureus. Antimicrob Agents Chemother, 1991. 35(4): p. 785-7. [PubMed: 2069390]

Dastidar SG, et al. , Triflupromazine: a microbicide non-antibiotic compound. Acta Microbiol
Immunol Hung, 2004. 51(1-2): p. 75-83. [PubMed: 15362289]

Kruszewska H, Zareba T, and Tyski S, Search of antimicrobial activity of selected non-antibiotic
drugs. Acta Pol Pharm, 2002. 59(6): p. 436-9. [PubMed: 12669766]

Karak P, et al. , Antibacterial potential of an antispasmodic drug dicyclomine hydrochloride.
Indian J Med Res, 2003. 118: p. 192-6. [PubMed: 14723484]

Rani Basu L, et al. , Antibacterial property of the antipsychotic agent prochlorperazine, and its
synergism with methdilazine. Microbiol Res, 2005. 160(1): p. 95-100. [PubMed: 15782943]

Jerwood S and Cohen J, Unexpected antimicrobial effect of statins. J Antimicrob Chemother,
2008. 61(2): p. 362—4. [PubMed: 18086693]

Chiu HC, et al. , Development of novel antibacterial agents against methicillin-resistant
Staphylococcus aureus. Bioorg Med Chem, 2012. 20(15): p. 4653-60. [PubMed: 22750009]

Kruszewska H, Zareba T, and Tyski S, Estimation of antimicrobial activity of selected non-
antibiotic products. Acta Pol Pharm, 2006. 63(5): p. 457-60. [PubMed: 17357616]

Mandal A, et al. , An Investigation on in vitro and in vivo Antimicrobial Properties of

the Antidepressant: Amitriptyline Hydrochloride. Braz J Microbiol, 2010. 41(3): p. 635-45.
[PubMed: 24031539]

El-Nakeeb MA, et al. , In vitro antibacterial activity of some antihistaminics belonging to
different groups against multi-drug resistant clinical isolates. Braz J Microbiol, 2011. 42(3):
p. 980-91. [PubMed: 24031715]

Kruszewska H, Zareba T, and Tyski S, Search of antimicrobial activity of selected non-antibiotic
drugs, in Acta Pol Pharm. 2002. p. 436-9. [PubMed: 12669766]

Dutta NK, et al. , Potential management of resistant microbial infections with a novel non-
antibiotic: the anti-inflammatory drug diclofenac sodium. Int J Antimicrob Agents, 2007. 30(3):
p. 242-9. [PubMed: 17644318]

Mazumdar K, et al. , Antimicrobial potentiality of a new non-antibiotic: the cardiovascular drug
oxyfedrine hydrochloride. Microbiol Res, 2003. 158(3): p. 259-64. [PubMed: 14521236]
Al-Janabi AA, In vitro antibacterial activity of Ibuprofen and acetaminophen. J Glob Infect Dis,
2010. 2(2): p. 105-8. [PubMed: 20606962]

Kruszewska H, Zareba T, and Tyski S, Examination of antimicrobial activity of selected non-
antibiotic products. Acta Pol Pharm, 2010. 67(6): p. 733-6. [PubMed: 21229899]

Kruszewska H, Zareba T, and Tyski S, Examination of antibacterial and antifungal activity of
selected non-antibiotic products. Acta Pol Pharm, 2008. 65(6): p. 779-82. [PubMed: 19172867]
Munoz-Bellido JL, Munoz-Criado S, and Garcia-Rodriguez JA, Antimicrobial activity of
psychotropic drugs: selective serotonin reuptake inhibitors. Int J Antimicrob Agents, 2000. 14(3):
p. 177-80. [PubMed: 10773485]

Curr Pharm Des. Author manuscript; available in PMC 2021 December 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Thangamani et al.

Table 1:

List of drugs, which have been repurposed as anti-infective agent.
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Drugs Initial use Repurposed use References
Auranofin Antirheumatic agent Amoebiosis [16]
Miltefosine Skin metastases (breast cancer) Vischeral leishmaniasis [142, 143]
Amphotericin B | Antifungal Visceral leishmaniasis [144]
Dapsone Pulmonary tuberculosis Malaria and Leprosy [145-148]
Eflornithine Antitumour agent/P, carinii infection in AIDS patients | Human African sleeping sickness [149-153]
Doxycycline Antibacterial Malaria [154]
Paromomycin Antibiotic Visceral and cutaneous leishmaniasis [155-157]
Spiramycin Antibacterial Toxoplasmosis [158]
Chloroquine Malaria Amebiasis and sarcoidosis [159, 160]
Atovaquone Malaria Toxoplasmosis and £ carinii pneumonia | [161-163]
Pyrimethamine Malaria Toxoplasmosis [161, 164-166]
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Table 2:

Approved drugs with activity against S. aureus

Drugs Class/type MICs against S. aureus | References
(Hg/ml)
5-fluoro-2'-deoxyuridine antineoplastic 0.0007-0.002 [35]
Auranofin anti-rheumatoid 0.125-05% [18, 19]
Ebselen organoselenium compound 02% [28]
5-fluorouracil antineoplastic 05-0.8 [33]
Mitomycin-C antineoplastic 0.25 [167]
Mithramycin antineoplastic 0.25 [167]
Disulfiram alcohol deterrent 1.33 [168]
Triflupromazine antipsychotic 2-5 [169]
Dactinomycin antineoplastic 4 [167]
Oxymetazoline Vasoconstrictor(decongestant) 5 [170]
Daunorubicin antineoplastic 8 [167]
Doxorubicin antineoplastic 16 [167]
Levocabastine antihistamines 20 [170]
Emadastine antihistamines 20 [170]
Dicyclomine antispasmodic 25 [171]
Prochlorperazine antipsychotic 20-25 [172]
Simvastatin antihyperlipidemic 29-74 [173]
Celecoxib NSAIDs 32 [174]
Tetrahydrozoline vasoconstrictor (decongestant) 50 [175]
Methotrexate antineoplastic 64 -102 [33]
Tegaserol narcotic and analgesic 80 [170]
Amitriptyline hydrochloride antidepressant 100 [176]
Azelastine hydrochloride antihistaminic 125- 250 [177]
Mitpranolol antiarrhythmic, antiglucoma 140 [178]
Promethazine neuroleptic and antihistaminic 125- 250 [177]
Butorphanole narcotic and analgesic 180 [178]
Diclofenac anti-inflammatory 200 [179]
Tropicamide anticholinergic 200 [178]
Oxyfedrine vasodilator 200-250 [180]
Aminopterin antineoplastic 256 [167]
Fluvastatin antihyperlipidemic 400 [170]
Ticlopidine anticoagulant 450 [170]
Ketamine anesthetic 450 [170]
Proxymetacaine anesthetic 500 [170]
Mequitazine Antihistaminic and anticholinergic | 625-125 [177]
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Drugs Class/type MICs against S. aureus | References
(ng/ml)
Cyproheptadine hydrochloride | antihistaminic 625-125 [177]
Ibuprofen NSAIDs 1250 [181]
Acetaminophen NSAIDs 1250 [181]
Telmisartan antihypertensive 2000 [170]
Perazine antipsychotic 2000 [182]
Amlodipine antihypertensive 3000 [175]
Docusate sodium laxative 3000 [183]
Etodalac NSAIDs 4000 [170]
Alverine spasmolytic 4000 [170]
Fluvoxamine thymoleptic 4000 [182]
Tolfenamic acid NSAIDs 5000 [170]
Temozolomide antineoplastic 5000 [170]
Acepromazine antiemetic, sedative 5000 [175]
Riluzole anticonvulsive, antiepileptic 5000 [182]
Tamoxifen anti-neoplastic 6000 [182]
Solifenacin succinate spasmolytic 7000 [183]
Perphenazine antipsychotic 8000 [175]
Oxaprozin NSAIDs 13000 [170]
Citalopram antidepressant 13000 [183]
Zofenopril ACE inhibitor 15000 [182]
Sertraline antidepressant 16000 [184]
Chlorpromazine antipsychotic 20000 [175]
Acebutolol antihypertensive 23000 [175]
Clopidogrel anticoagulant 24000 [183]

*
MICs below the plasma concentration of the drug in humans
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