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Abstract

Retapamulin is one of the antibiotics recently developed semi-synthetically to inhibit protein synthesis in a specific manner dif-
ferent from other antibiotics. This pleuromutilin derivative shows magnificent anti-bacterial activity in Gram-positive pathogens,
especially Staphylococcus aureus and Streptococcus pyogenes, and now it is available in ointment formulations (1%) for clinical use
with negligible side effects. Despite the low potential for resistance development, antimicrobial susceptibility rates are significantly
high. This is especially important when the prevalence of mupirocin-resistant strains is increasing, and the need for new alterna-
tives is urgent. Unfortunately, due to its oxidation by cytochrome p450, this drug cannot be used systemically. However, another
pleuromutilin derivative with systemic use, lefamulin, was approved in August 2019 by the US Food and Drug Administration. In
addition to pharmacokinetic features, financial issues are also barriers to consider in the progress of new antimicrobials. In this
review, we attempt to take a brief look at the derivatives usable in humans and explore their structures, action mode, metabolism,
possible ways of resistance, resistance rates, and their clinical use to explain and highlight the valuable points of these antibiotics.

Keywords: Retapamulin, Antibiotic, Antibiotic Resistance, Topical Agents

1. Context

Reaching antibiotic resistance to critical status in re-
cent years brings the World Health Organization (WHO)
and the Centers for Disease Control (CDC) to declare that
antibiotic resistance is becoming a pandemic (1). There-
fore, alternative antimicrobial compounds are being de-
veloped to combat pathogens that already resist existing
antibiotics (2). Pleuromutilins are a class of antimicro-
bial agents that inhibit protein synthesis. One of the pleu-
romutilin compounds approved by the Food and Drug
Administration (FDA) in 2007 for human use is retapa-
mulin (RET). It is a semi-synthetic derivative of pleuro-
mutilin discovered by GlaxoSmithKline and known by the
commercial name Altabox in the USA and Altargo in Eu-
rope (3-6). Topical RET ointment (1%) is used to treat im-
petigo caused by methicillin-susceptible Staphylococcus au-
reus (MSSA) and Streptococcus pyogenes.

Moreover, it has been shown that RET effectively treats
secondarily infected wounds with negligible side effects.
Furthermore, retapamulin shows fine in vitro activity
against most facultative aerobic pathogens (2, 7). Besides,
with rising resistance to mupirocin and fusidic acid in S.
aureus and macrolides and clindamycin in S. pyogenes, re-
tapamulin could act as a potential alternative drug for top-

ical treatment and management of skin structure infec-
tions (2, 4, 8,9). This paper is a brief review of the structure,
action mode, metabolism, epidemiology of resistance, and
the clinical use of retapamulin as a new antibiotic in the
class of pleuromutilin anti-infective drugs.

2. Structure of Antibiotic

Pleuromutilin, first isolated from the fungi Pleurotus
mutilis and P. passeckerianus in the 1950s by Kavanagh and
his colleagues, is a tricyclic diterpenoid compound, as
shown in Figure 1. It inhibits the synthesis of proteins by
binding to the Peptidyl Transferase Center (PTC) of the ri-
bosome (10). Pleuromutilin has a medium effect on Gram-
positive bacteria and Mycoplasma, but the semi-synthetic
derivatives of pleuromutilin with changes in C-14 have im-
proved its activity against Gram-positive bacteria leading
to new derivatives such as tiamulin, valnemulin, and re-
tapamulin (RET). Only RET has been approved for human
medicine, and the rest are used in veterinary for poultry
and pigs. The C-14 side chain, in particular, can be consid-
ered the point of change in these compounds where the
extensions can achieve extra hydrogen bonds between the
drug and PTC and somehow overwhelm resistance mech-
anisms that are the result of mutations in the ribosome
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structure (5, 6, 11-14).

3. Mechanism of Action and Metabolism

As previously mentioned, retapamulin plays its role
by binding into the PTC of the ribosome, which causes
the inhibition of active 50s ribosomal subunit and protein
synthesis, contributing to growth inhibition and, in some
cases, cell death (5). This mechanism differs from other
antibiotic classes that inhibit protein synthesis by bind-
ing to the ribosome, like macrolides, lincosamides, pheni-
cols, oxazolidinones, and streptogramins (8). As presented
in Figure 2, retapamulin causes hydrogen-bonding inter-
actions with the target. It also prevents protein synthe-
sis by affecting three subjects: First by inhibiting the 50s
subunit from binding to the 30s subunit, second by dis-
rupting the peptidyl transferase and preventing fMet-tRNA
from setting on the P site of the ribosome, and third by
playing a role in impairing the tRNA binding to the P-site,
leading to the relocation of tRNA on the ribosome so that
tRNAwould notbe able to participate in the peptidyl trans-
fer. This mechanism is unique and different from other
antibiotics like macrolides and ketolides and diminishes
the cross-resistance phenomenon (8). Furthermore, reta-
pamulin has a high efficiency against isolates resistant to
other inhibitors of protein synthesis and different classes
of antibiotics like §-lactams, fusidic acid, erythromycin,
mupirocin, azithromycin, levofloxacin, mupirocin, and
quinolones. Additionally, RET has the advantage of not
binding to eukaryotic ribosomes, thus not affecting mam-
malian protein synthesis (15). In summary, retapamulin,
by making multiple interactions with the ribosome, plays
itsrole in inhibiting bacterial growth (9, 16-18).

With all good features, later on, it was found that reta-
pamulin cannot be used for systemic infections because of
the inadequate pharmacokinetic features such as low oral
absorption, low water solubility, and rapid metabolism
that results in a short lifetime (5). Data related to pharma-
codynamics and pharmacokinetics of RET are very sparse,
and the RET distribution in the human body is not well de-
termined. In healthy adults who used 1% retapamulin oint-
ment once daily, absorption, distribution, and metabolism
were investigated. The results indicated that systemic ex-
posure via the skin was shallow in topical use (5, 18). Fur-
thermore, due to the topical use and low systemic expo-
sure, the elimination from the body has not been analyzed
yet, and the effect on normal flora is unknown. However,
RET has been suggested to have too little interference with
the gastrointestinal flora (5, 8). A study conducted by Sun
et al. documented that cytochrome P450 enzymes metab-
olize RET in C-2 and C-8 positions, which accounts for low
bioavailability and short efficacy of the drug (12). Due to

its low exposure after topical use, interference with the
metabolism of other P450 substrates seems unlikely (19).

4. In Vitro Susceptibility

Retapamulin was initially developed for topical treat-
ment of skin infections caused by S. aureus and S. pyogenes.
Also, it can be effective against many Gram-positive bac-
teria like Streptococcus pneumoniae, Coagulase-Negative
Staphylococci (CoNS), Streptococcus agalactiae, Streptococci
viridans, Propionibacterium acnes, Corynebacterium spp.,and
Micrococcus spp. (2, 20). However, it almost does not
affect Gram-negative bacteria, except for Haemophilus in-
fluenza and Moraxella catarrhalis. It can be used against
vancomycin-susceptible strains of Enterococcus faecium,
whileitdoes notaffectE. faecalis (20). As the final point, RET
shows good activity against anaerobic Gram-positive cocci
and is as effective as Co-amoxiclay, imipenem, metron-
idazole, and clindamycin against Prevotella spp., Porphy-
romonas spp., and Fusobacterium spp. (2, 19). Notably, reta-
pamulin can maintain its activity against other pathogenic
strains that become resistant to methicillin, erythromycin,
fusidic acid, mupirocin, azithromycin, and levofloxacin
(20). Usually, RET is a bacteriostatic drug unless the concen-
tration rises by 1000 times, becoming a bactericidal agent
(19). The minimum inhibitory concentration (MIC) of reta-
pamulin is shown in Table 1.

5. Mechanisms of Resistance to Retapamulin

Bacteria are capable of gaining resistance to antimicro-
bial drugs after exposure to sub-lethal doses. In a multi-
step resistance selection study, the authors passaged four
MRSA strains in the presence of retapamulin with the ini-
tial MIC of 0.25 pg/mL. The final MIC at passage 55 was 8
pg/mL for three strains and 4 pg/mL for the leftover strains
(26). This research indicated the potential for mutational
resistance to RET, affecting the 50s ribosomal subunit. The
resistance can be acquired by various mechanisms, includ-
ing: (1) nucleotide substitution in rRNA or amino acid sub-
stitution in ribosomal proteins, thereby blocking peptide
formation directly by interfering with substrate binding;
(2) methylation of rRNA; (3) enzymatic inactivation of an-
tibiotic; and (4) efflux pumps that expel antibiotics from
the cell.

5.1. Protein Synthesis Inhibitor

The aforementioned antimicrobial agents bind to a
well-conserved region of the ribosome, which is formed
mainly of RNA. It is not expected that mutations occur in
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Figure 1. Chemical structure of retapamulin

the conserved regions. Besides, many bacteria have multi-
copy ribosomal RNA, which reduces the effect of a single
mutation, and the copy number of 23s rRNA can be a lim-
iting factor for drug-resistant mutants. Miller et al. inves-
tigated the mechanisms of linezolid and tiamulin cross-
resistance in S. aureus and found that mutations in multi-
copy ribosomal RNA (rrn) operons led to resistance to both
classes of antibiotics (27). Also, the mutations in ribosomal
proteins correlate with drug resistance. For example, the
L3 S158 mutation (rplC) in S. aureus favors the resistance to
tiamulin by deviating the conformation in the binding site
(27-29).

5.2. Methylation of rRNA

The cfr gene is a multidrug resistance gene, often lo-
cated on plasmids. It codes an enzyme that methylates the
adenine residue at position 2503 in the enzymatic center
of 23S rRNA, which is the binding site of antibiotics. The
existence of this gene in bacterial cells can cause multi-
resistance to phenicols, lincosamides, macrolides, oxazo-
lidinones, pleuromutilins, and streptogramin A (known as
PhLOPS phenotype) (30). Several studies have described
the presence of cfr in unexpected outbreaks of linezolid-
resistant Staphylococci and considered it an emerging
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global health threat, which can be associated with pleuro-
mutilins resistance (31, 32).

5.3. Enzymatic Inactivation of Antibiotic

Until now, there was not any report of an antibiotic-
inactivating enzyme that especially makes the pleuromu-
tilins inoperative. Such enzymes can modify the structures
of antibiotics by hydrolyzing, transferring diverse groups,
and performing oxidoreductase activity that hurdles the
target affinity, decompose the antibiotic, or block the cel-
lular uptake (33). Covalent modification of antibiotics can
perturb target affinity, block cellular uptake, trigger efflux
mechanisms, or lead to the decomposition of the antibi-
otic.

5.4. Efflux Pumps

Efflux pumps are active transporters that cause
multiple-drug resistance in pathogenic bacteria. They can
increase the MICs of their substrates, but not necessarily to
the levels indicative of clinical resistance. Efflux can be the
fastest and most effective resistance mechanism for antibi-
otics that act inside the bacterial cell. As known, Vga (A),
Vga (C), and Vga (E) are members of the ATP-binding cas-
sette (ABC) family of proteins that export streptogramins,
lincosamides, and pleuromutilins (34-38). Harrington et
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Figure 2. A, in a normal prokaryotic ribosome, translation begins with the interaction between the 30S subunit and the mRNA template when the initiation codon is placed
at the P site. The tRNA charged with N-formylmethionine enters the p site. With the collaboration of initiation factors, the 50S subunit joins and conformational changes
form the 70S subunit; B, when retapamulin exists in the cytoplasm, it can inhibit protein synthesis by causing hydrogen bonding interactions within the ribosomal complex,
especially with PTC. Firstly, the conformational changes would not let the 508 subunit join the 30S and form the 70S subunit. Secondly, it prevents fMet-tRNA from setting on
the Psite of the ribosome, and then, it relocates the tRNA on the ribosome and would not let it take part in the peptidyl transfer.
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Table 1. In vitro Activity of Retapamulin Against Different Pathogens

Study and Species MIC50 MIC90 MIC Range Ref.
Pankuch etal. (2006) (21)
Methicillin-susceptible Staphylococcus aureus 0.06 0.125 0.03-0.125
Methicillin-resistant S. aureus 0.06 0.125 0.06-0.25
Macrolide-susceptible Streptococcus pyogenes 0.016 0.03 0.016-0.03
Macrolide-resistant S. pyogenes 0.016 0.016 0.008-0.03
Harrington et al. (2016) (4)
Methicillin-resistant S. aureus 0.12 0.25 0.008t0 > 16
Jones etal. (2006) (22)
Erythromycin-resistant S. aureus 0.06 0.12 < 0.03-012
Mupirocin-resistant S. aureus 0.06 0.12 < 0.03-012
Oxacillin-resistant S. aureus 0.06 0.12 < 0.03-012
Erythromycin, mupirocin, and oxacillin susceptible S. aureus 0.06 0.12 < 0.03-012
Mupirocin-resistant CONS <o0.03 0.06 < 0.03-0.12
Oxacillin-resistant CONS < 0.03 0.06 < 0.03-0.12
Mupirocin-and oxacillin-susceptible CONS <0.03 0.06 < 0.03-0.25
Erythromycin-resistant S. pyogenes <0.03 <0.03 < 0.03-0.06
Saravolatz etal. (2013) (23)
Methicillin-resistant S. aureus 0.12 0.12 0.06-0.12
Vancomycin intermediate S. aureus 0.06 012 0.03-0.25
Vancomycin-resistant S. aureus 0.06 0.12 0.03-0.25
Daptomycin-nonsusceptible S. aureus 0.06 0.12 0.03-0.25
Mupirocin susceptible S. aureus 0.06 0.12 0.03-16
Mupirocin low-level resistance . aureus 0.06 0.03-1
Mupirocin high-level resistance S. aureus 0.12 0.12 0.06-0.25
linezolid nonsusceptible S. aureus 1 0.06-16
Park et al.(2015) (15)
Mupirocin-resistant . aureus 05 05 05
Rittenhouse et al. (2006) (24)
S. epidermidis 0.06 012 0.03-0.12
S. saprophyticus 0.12 0.12 0.03-2
S. pyogenes 0.008 0.016 < 0.004-0.12
S. agalactiae 0.016 0.03 0.008-0.03
Viridans group streptococci 0.03 0.12 0.008-> 4
S. pneumonia 0.06 0.2 0.03-0.12
Haemophilus influenza 0.5 2 0.25-2
Moraxella catarrhalis 03 03 0.016-0.06
Odou et al. (2007) ()
Bacteroides fragilis 0.25 64 0.03-64
Bacteroides thetaiotaomicron 16 > 64 < 0.015-> 64
Other Bacteroides spp. of the B. fragilis group 2 32 < 0.015-> 64
Clostridium perfringens 0.125 1 0.03-1
Other Clostridium spp. 0.5 64 < 0.015-> 64
Propionibacterium acnes 0.125 0.25 <o0.015-2
Goldstein et al. (2006) (25)
P. acnes < o.015 0.25 < 0.015-1

al. analyzed a single S. aureus isolate with an elevated RET
MIC by polymerase chain reaction (PCR) for the vgaA gene.
The sequenced amplified product was 100% identical to
vgaA of S. aureus, and they suggested that the elevated MIC
might be linked to the acquisition of vgaA (4). In a study
on S. agalactiae isolates from the USA, Hawkins et al. found
out that Inu (B) is invariably present in combination with
Isa (E) on the same transposable element (TE) and trans-
forms cross-resistance to lincosamides, streptogramins A,
and pleuromutilins among the isolates (39). Besides, Inu
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encodes the lincosamide O-nucleotidyltransferase, which
enzymatically inactivates the antibiotic (40). Also, Isa,
which codes for an ABC transporter, was first discovered
in E. faecalis (41). Since this TE has been discovered in S.
aureus (42), these genes are expected to act synergisti-
cally and produce cross-resistance in S. aureus (43, 44).
Recently, Schuster et al. evaluated the impact of RND-type
transporters on the susceptibility to available oxazolidi-
nones and pleuromutilins in E. coli. They showed different
pathways for oxazolidinones and pleuromutilin deriva-
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tives through resistance-nodulation-division (RND)-type
transporters, depending on the molecular weight of the
components (45). Unexpectedly, not all combined mech-
anisms increase the resistance to ribosome-targeting
antibiotics. For example, the degree of resistance achieved
from Cfr methyltransferase depended on L3 mutations,
and some of them could decrease the effect of methylation
and lower the MIC (46).

6. Epidemiology of Retapamulin Resistance

The data on the worldwide prevalence of RET resis-
tance between clinical isolates of Gram-positive cocci are
scanty, with rates of resistance ranging from less than 1 to
2.6% (brief data are shown in Table 2). The point is that
RET acts effectively on MRSA in vitro but shows poor out-
comes in clinical trials. Most studies reported negligible
RET-resistance rates among MRSA isolates, which may re-
sist the other antibiotics such as vancomycin, linezolid,
mupirocin, and fusidic acid. Epidemiologic findings sug-
gest that RET-resistant isolates cross-resist with linezolid
frequently (23, 47, 48). Furthermore, by examining the
presence of the smr, vga, and cfr genes by PCR and sequenc-
ing the 23S rRNA and the gene encoding ribosomal pro-
tein L3, rplC, in resistant isolates, the authors investigated
whether a particular gene or mutation is responsible for
the RET-resistance phenotype.

Over time, the expanding use of topical ointments con-
taining retapamulin caused a slight rise in the prevalence
of resistance to RET in the USA, where this alternative is
used in treatment regimens. However, in Asia, S. aureus
clinical isolates are pretty susceptible. In addition, data
have shown that the prevalence of mupirocin-resistant iso-
lates has dramatically increased via gene transfer between
strains, and thus, retapamulin as a promising alternative
can be applied to eradicate these resistant isolates (Table
2).

7. Clinical Treatment

By increasing resistance to well-known antibiotic
classes such as beta-lactams, the interest in pleuromu-
tilins has revived. In 2007, retapamulin was the first
pleuromutilin that got approval for clinical use in hu-
mans in the form of ointment 1% (Altabax) (52). For the
treatment of localized impetigo, a cutaneous infection
due to S. aureus and S. pyogenes, topical antibiotics with
fewer side effects are considered the drug of choice. Two
clinical trial studies (7, 9) have proven the efficacy and
safety of retapamulin ointment against bacteria, showing
no statistical differences between retapamulin and fusidic

acid for impetigo treatment (53). Although the use of
retapamulin for treating infections with other etiologies
is not recommended, evidence indicates the excellent
potential of this antibiotic for the treatment of skin and
soft-tissue infections related to anaerobe bacteria (2).

Furthermore, other clinical trial studies (54, 55) re-
vealed that RET is an effective drug for treating secondar-
ily infected traumatic lesions (SITLs), which has been non-
inferior to oral cephalexin. In a recent post-marketing
surveillance (PMS) study, the effectiveness rate was 96.1%
(1,697 out 0f 1,765 subjects) and the incidence of serious ad-
verse events was 0.28% (56), while adverse events were pri-
marily local, including irritation, burning, pruritus, pain,
erythema, eczema, and contact dermatitis. Despite these
advantages, the clinical efficacy of topical retapamulin for
the treatment of MRSA infections is doubtful compared to
other antibiotics like linezolid and cephalexin (57, 58). Nev-
ertheless, no studies have yet indicated the exact cause of
efficacy reduction in MRSA strains.

Nasal S. aureus (including MRSA) carriage is one of the
most important causes of the dissemination of nosoco-
mial infections in health care settings. Given the high
rate of nasal MRSA carriage (59), eradicating MRSA nasal
carriage from patients and hospital staff can help con-
trol outbreaks. Mupirocin has been applied for the nasal
decolonization of the carriers since the 1980s (60). The
mupirocin-resistant phenotype emerges when the muta-
tion of chromosomal gene ileS-2 (mupA) occurs, or the
bacteria gain the alternative gene by transferable plas-
mids (61). Therefore, new therapies are needed to replace
mupirocin (62). Harrington et al. evaluated the activity
of RET against MRSA isolates by in vitro experiments and
noticed that 99% of them were susceptible (4). A phase-
IV clinical trial of retapamulin as a topical decolonizing
agent for mupirocin-resistant MRSA was conducted in 2011
(NCT01461668), reporting the efficacy of retapamulin in
eight out of 25 (32%) participants versus four out of 25
(16%) in the placebo group. After a three-year follow-up,
no adverse effect was reported from subjects. The authors
also reported that RET significantly reduced mupirocin-
resistant MRSA strains for only one week, introducing it as
an excellent alternative to mupirocin in temporary risk pe-
riods such as surgeries and ICU stays (63).

8. Other Pleuromutilin Derivatives for Clinical Use

Among many pleuromutilin semi-synthetic analogs,
BC-3781, best known as lefamulin, is the first pleuromutilin
evaluated for clinical systemic uses. Lefamulin is devel-
oped by Nabriva Therapeutics for oral and intravenous ad-
ministration. It has been currently passed phase III clini-
cal trials for the treatment of community-acquired bacte-
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Table 2. Studies of the Epidemiology of Retapamulin Resistance in Different Years and Regions Showing Slight Increase in Specific Populations

Year Region Population Susceptibility Ref.
2008 UK Strains were submitted to the HPA Centre from the UK 99.9% (664/663) (6)
2008 USA 390 streptococcal strains and 344 staphylococcal strains collected from recent clinical isolates 100% (390/390); 95.6% (344[329) (49)
2011 Spain Collection of clinical isolates that 18 of them were linezolid-resistant and 10 were MRSA. 52.6% (38/20) (48)
2013 USA A diverse group of strains, including mupirocin, VRSA, VISA, and daptomycin-non-susceptible 97.4% (155[151) (23)
isolates
2014 USA Pediatric patients with a median age of 27 months 86.0% (400[344) (50)
2015 Korea Clinical MRSA isolates from patients of tertiary hospitals 100% (497/497) (15)
2018 Singapore Non-duplicate MRSA clinical isolates 100% (200/200) (51)

rial pneumonia (CABP), acute bacterial skin and skin struc-
ture infections (ABSSSIs), and sexually transmitted infec-
tions (64-66). Lefamulin has potent activity against Gram-
positive, Gram-negative, and atypical pathogens associ-
ated with respiratory tract infections (65, 67). Previous
studies have shown that lefamulin can reach a high con-
centration in the cell and has rapid accumulation into
murine macrophages while its potency would not be af-
fected by lung surfactants (65, 68). Also, it shows rapid
plasma absorption and fast, predictable penetration into
soft tissue and lung epithelial lining fluid (ELF) (66, 69).

Furthermore, it indicates that lefamulin is potentially
as effective as vancomycin in treating ABSSSIs caused by
Gram-positive pathogens (66, 70). Current data demon-
strate that lefamulin is safe and well-tolerated, and since it
reaches the therapeutic concentrations in the ELF, it can be
used to treat adults with CABP (66). Additionally, like other
pleuromutilins, it inhibits protein synthesis with a unique
mechanism, so the chance of cross-resistance with other
antibiotics would be minimized. The FDA approved lefa-
mulin in August 2019 based on results from the Lefamulin
Evaluation Against Pneumonia (LEAP1) (NCT02559310) and
LEAP 2 (NCT02813694) clinical trial studies, which com-
pared five-day oral lefamulin with seven-day oral moxi-
floxacin for the treatment of CABP. The efficacy of lefa-
mulin was non-inferior to that of moxifloxacin in adults
with CABP and was generally safe and well-tolerated (71,
72). Lefamulin empiric monotherapy gives high response
rates to typical and atypical CABP pathogens, and conse-
quently, clinicians can use it as a potential alternative for
the treatment of CAPB when antibiotic resistance limits
the primary antibiotics for treatment.

9. Conclusions

Increased antibiotic resistance has been one of the se-
vere issues in recent studies, prompting research to dis-
cover and introduce new antimicrobials with greater effi-
cacy and accuracy against resistant superbugs. The com-
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ponents of pleuromutilins have been used in veterinary
medicine for many years, and recently a semi-synthetic
derivative called retapamulin has introduced itself asan al-
ternative topical antibiotic. Experiments have shown that
it was as effective as common topical agents and super-
seded them due to the increased rate of "resistance" among
older antibiotics, and this point remains one of the most
common indications for using novel antibiotics. Although
it is not helpful for systemic use owing to rapid hepatic
metabolism, it can be used in topical ulcers with Gram-
positive etiology. It also can temporarily stop MRSA colo-
nization in patients and hospital staff. Research on bacte-
rial protein synthesis and ribosome profiling can use RET
due to its bacteriostatic properties (73,74), and since it has
a different binding site than have routine antibiotics such
as chloramphenicol, these studies may give us new data in
this field. Finally, a more recently pleuromutilin derivative
with systemic usability, lefamulin, is undergoing clinical
trials. In this review, we attempted to examine the deriva-
tives usable in humans briefly and explore their structures,
action mode, metabolism, possible ways of resistance, re-
sistance rates, and clinical use to explain and highlight the
valuable points of these antibiotics. It is suggested that fu-
ture in vivo studies and clinical trials focus on protecting
the RET structure against oxidation and examine its poten-
tial for eradicating other etiologies of wound infection.

Footnotes

Authors’ Contribution:  Study concept and design,
Mehdi Goudarzi; Analysis and interpretation of data,
Fateme Taheri, Amin Khoshbayan, and Mehdi Goudarzi;
Study supervision, Mehdi Goudarzi; Writing and draft-
ing the manuscript, Amin Khoshbayan and Fateme Taheri;
Writing and critical revision of the manuscript for im-
portant intellectual content, Fateme Taheri, Amin Khosh-
bayan, and Mehdi Goudarzi.

Conflict of Interests: The authors declare that there is no
conflict of interest regarding the publication of this paper.



Goudarzi M et al.

Funding/Support:

This work is financially supported

by a research grant from Research Deputy of Shahid Be-
heshti University of Medical Sciences, Tehran, Iran [Grant
No. 25941]. The funding agency has no role in the design of
the project, work execution, analyses, interpretation of the
data and manuscript writing and submission as well.

References

10.

1.

. Woappi Y, Gabani P, Singh A, Singh OV. Antibiotrophs: The complex-

ity of antibiotic-subsisting and antibiotic-resistant microorganisms.
Crit Rev Microbiol. 2016;42(1):17-30. doi: 10.3109/1040841X.2013.875982.
[PubMed: 24495094].

. Odou MF, Muller C, Calvet L, Dubreuil L. In vitro activity against

anaerobes of retapamulin, a new topical antibiotic for treatment
of skin infections. | Antimicrob Chemother. 2007;59(4):646-51. doi:
10.1093/jac/dkm019. [PubMed: 17350985].

. Champney WS, Rodgers WK. Retapamulin inhibition of trans-

lation and 50S ribosomal subunit formation in Staphylococ-
cus aureus cells. Antimicrob Agents Chemother. 2007;51(9):3385-7.
doi: 10.1128/AAC.00475-07. [PubMed: 17562806]. [PubMed Central:
PMC2043230].

. Harrington AT, Black JA, Clarridge JE. In Vitro Activity of Retapa-

mulin and Antimicrobial Susceptibility Patterns in a Longitudinal
Collection of Methicillin-Resistant Staphylococcus aureus Isolates
from a Veterans Affairs Medical Center. Antimicrob Agents Chemother.
2015;60(3):1298-303. doi: 10.1128/AAC.01568-15. [PubMed: 26666950].
[PubMed Central: PMC4775979].

. Jacobs MR. Retapamulin: A semisynthetic pleuromutilin compound

for topical treatment of skin infections in adults and children. Future
Microbiol. 2007;2(6):591-600. doi: 10.2217/17460913.2.6.591. [PubMed:
18041900].

. Woodford N, Afzal-Shah M, Warner M, Livermore DM. In vitro activity

of retapamulin against Staphylococcus aureus isolates resistant to fu-
sidic acid and mupirocin. ] Antimicrob Chemother. 2008;62(4):766-8.
doi: 10.1093/jac/dkn266. [PubMed: 18567573].

. Oranje AP, Chosidow O, Sacchidanand S, Todd G, Singh K, Scan-

garella N, et al. Topical retapamulin ointment, 1%, versus sodium
fusidate ointment, 2%, for impetigo: A randomized, observer-
blinded, noninferiority study. Dermatology. 2007;215(4):331-40. doi:
10.1159/000107776. [PubMed: 17911992].

. Jacobs MR. Retapamulin: Focus on its use in the treatment of uncom-

plicated superficial skin infections and impetigo. Expert Rev Dermatol.
2014;5(5):505-17. doi: 10.1586/edm.10.45.

. Koning S, van der Wouden ]C, Chosidow O, Twynholm M, Singh

KP, Scangarella N, et al. Efficacy and safety of retapamulin oint-
ment as treatment of impetigo: randomized double-blind multicen-
tre placebo-controlled trial. Br | Dermatol. 2008;158(5):1077-82. doi:
10.1111/j.1365-2133.2008.08485.X. [PubMed: 18341664].

LiYG, WangJX, Zhang GN, Zhu M, You XF, Hu XX, et al. Antibacterial Ac-
tivity and Structure-Activity Relationship of a Series of Newly Synthe-
sized Pleuromutilin Derivatives. Chem Biodivers. 2019;16(2).e1800560.
doi: 10.1002/cbdv.201800560. [PubMed: 30467968].

Shang RF, Wang GH, Xu XM, Liu S], Zhang C, Yi YP, et al. Syn-
thesis and biological evaluation of new pleuromutilin deriva-
tives as antibacterial agents. Molecules. 2014;19(11):19050-65. doi:
10.3390/molecules191119050. [PubMed: 25415471]. [PubMed Central:
PMC6271455].

. Sun F, Zhang H, Gonzales GB, Zhou J, Li Y, Zhang ], et al. Unravel-

ing the Metabolic Routes of Retapamulin: Insights into Drug Devel-
opment of Pleuromutilins. Antimicrob Agents Chemother. 2018;62(4).
doi: 10.1128/AAC.02388-17. [PubMed: 29358298]. [PubMed Central:
PMC5913982].

13.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Hu C, Zou Y. Mutilins derivatives:

Wang X, Ling Y, Wang H, Yu ], Tang |, Zheng H, et al. Novel pleu-
romutilin derivatives as antibacterial agents: Synthesis, biologi-
cal evaluation and molecular docking studies. Bioorg Med Chem
Lett. 2012;22(19):6166-72. doi: 10.1016/j.bmcl.2012.08.021. [PubMed:
22932314].

LongKS,Hansen LH, Jakobsen L, Vester B. Interaction of pleuromutilin
derivatives with the ribosomal peptidyl transferase center. Antimi-
crob Agents Chemother.2006;50(4):1458-62. doi: 10.1128/AAC.50.4.1458-
1462.2006. [PubMed: 16569865]. [PubMed Central: PMC1426994].
Park SH, Kim JK, Park K. In Vitro Antimicrobial Activities of Fu-
sidic Acid and Retapamulin against Mupirocin- and Methicillin-
Resistant Staphylococcus aureus. Ann Dermatol. 2015;27(5):551-6.
doi: 10.5021/ad.2015.27.5.551. [PubMed: 26512169]. [PubMed Central:
PMC4622889).

. Yan K, Madden L, Choudhry AE, Voigt CS, Copeland RA, Gontarek RR.

Biochemical characterization of the interactions of the novel pleu-
romutilin derivative retapamulin with bacterial ribosomes. Antimi-
crob Agents Chemother. 2006;50(11):3875-81. doi: 10.1128/AAC.00184-06.
[PubMed: 16940066]. [PubMed Central: PMC1635203].

from veterinary to human-
used antibiotics. Mini Rev Med Chem. 2009;9(12):1397-406. doi:
10.2174/138955709789957387. [PubMed: 19929813].

GlaxoSmithKline. Retapamulin™,10 mg/g ointment. UK: GlaxoSmithK-
line; 2007.

Langer C, Mahajan V, Gupta V. Retapamulin: New Topical Antibacte-
rial. JK Science. 2011;13(4):212.

Phillips OA, Sharaf LH. Pleuromutilin antibacterial agents: Patent
review 2001 - 2006. Expert Opin Ther Pat. 2007;17(4):429-35. doi:
10.1517[13543776.17.4.429.

Pankuch GA, Lin G, Hoellman DB, Good CE, Jacobs MR, Appelbaum
PC. Activity of retapamulin against Streptococcus pyogenes and
Staphylococcus aureus evaluated by agar dilution, microdilution, E-
test, and disk diffusion methodologies. Antimicrob Agents Chemother.
2006;50(5):1727-30. doi: 10.1128/AAC.50.5.1727-1730.2006. [PubMed:
16641442]. [PubMed Central: PMC1472194].

Jones RN, Fritsche TR, Sader HS, Ross JE. Activity of retapamulin
(SB-275833), a novel pleuromutilin, against selected resistant gram-
positive cocci. Antimicrob Agents Chemother. 2006;50(7):2583-6.
doi: 10.1128/AAC.01432-05. [PubMed: 16801451]. [PubMed Central:
PMC1489758].

Saravolatz LD, Pawlak ], Saravolatz SN, Johnson LB. In Vitro Activity
of Retapamulin against Staphylococcus aureus Resistant to Various
Antimicrobial Agents. Antimicrob Agents Chemother. 2013;57(9):4547-
50. doi: 10.1128/AAC.00282-13. [PubMed: 23796931]. [PubMed Central:
PM(C3754297].

Rittenhouse S, Biswas S, Broskey ], McCloskey L, Moore T, Vasey S, et al.
Selection of retapamulin, a novel pleuromutilin for topical use. An-
timicrob Agents Chemother. 2006;50(11):3882-5. doi: 10.1128/AAC.00178-
06. [PubMed: 17065625]. [PubMed Central: PMC1635201].

Goldstein EJ, Citron DM, Merriam CV, Warren YA, Tyrrell KL, Fernan-
dez HT. Comparative in vitro activities of retapamulin (SB-275833)
against 141 clinical isolates of Propionibacterium spp., including 117
P. acnes isolates. Antimicrob Agents Chemother. 2006;50(1):379-81. doi:
10.1128/AAC.50.1.379-381.2006. [PubMed: 16377717]. [PubMed Central:
PMC1346797].

Farrell D], Robbins M, Rhys-Williams W, Love WG. Investigation of the
potential for mutational resistance to XF-73, retapamulin, mupirocin,
fusidic acid, daptomycin, and vancomycin in methicillin-resistant
Staphylococcus aureus isolates during a 55-passage study. Antimi-
crob Agents Chemother. 2011;55(3):1177-81. doi: 10.1128/AAC.01285-10.
[PubMed: 21149626]. [PubMed Central: PMC3067113].

Miller K, Dunsmore CJ, Fishwick CW, ChopraI. Linezolid and tiamulin
cross-resistance in Staphylococcus aureus mediated by point muta-
tions in the peptidyl transferase center. Antimicrob Agents Chemother.
2008;52(5):1737-42. doi: 10.1128/AAC.01015-07. [PubMed: 18180348].
[PubMed Central: PMC2346621].

Arch Clin Infect Dis. 2021; 16(4):e114970.


http://dx.doi.org/10.3109/1040841X.2013.875982
http://www.ncbi.nlm.nih.gov/pubmed/24495094
http://dx.doi.org/10.1093/jac/dkm019
http://www.ncbi.nlm.nih.gov/pubmed/17350985
http://dx.doi.org/10.1128/AAC.00475-07
http://www.ncbi.nlm.nih.gov/pubmed/17562806
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2043230
http://dx.doi.org/10.1128/AAC.01568-15
http://www.ncbi.nlm.nih.gov/pubmed/26666950
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4775979
http://dx.doi.org/10.2217/17460913.2.6.591
http://www.ncbi.nlm.nih.gov/pubmed/18041900
http://dx.doi.org/10.1093/jac/dkn266
http://www.ncbi.nlm.nih.gov/pubmed/18567573
http://dx.doi.org/10.1159/000107776
http://www.ncbi.nlm.nih.gov/pubmed/17911992
http://dx.doi.org/10.1586/edm.10.45
http://dx.doi.org/10.1111/j.1365-2133.2008.08485.x
http://www.ncbi.nlm.nih.gov/pubmed/18341664
http://dx.doi.org/10.1002/cbdv.201800560
http://www.ncbi.nlm.nih.gov/pubmed/30467968
http://dx.doi.org/10.3390/molecules191119050
http://www.ncbi.nlm.nih.gov/pubmed/25415471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6271455
http://dx.doi.org/10.1128/AAC.02388-17
http://www.ncbi.nlm.nih.gov/pubmed/29358298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5913982
http://dx.doi.org/10.1016/j.bmcl.2012.08.021
http://www.ncbi.nlm.nih.gov/pubmed/22932314
http://dx.doi.org/10.1128/AAC.50.4.1458-1462.2006
http://dx.doi.org/10.1128/AAC.50.4.1458-1462.2006
http://www.ncbi.nlm.nih.gov/pubmed/16569865
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1426994
http://dx.doi.org/10.5021/ad.2015.27.5.551
http://www.ncbi.nlm.nih.gov/pubmed/26512169
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4622889
http://dx.doi.org/10.1128/AAC.00184-06
http://www.ncbi.nlm.nih.gov/pubmed/16940066
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1635203
http://dx.doi.org/10.2174/138955709789957387
http://www.ncbi.nlm.nih.gov/pubmed/19929813
http://dx.doi.org/10.1517/13543776.17.4.429
http://dx.doi.org/10.1128/AAC.50.5.1727-1730.2006
http://www.ncbi.nlm.nih.gov/pubmed/16641442
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1472194
http://dx.doi.org/10.1128/AAC.01432-05
http://www.ncbi.nlm.nih.gov/pubmed/16801451
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1489758
http://dx.doi.org/10.1128/AAC.00282-13
http://www.ncbi.nlm.nih.gov/pubmed/23796931
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3754297
http://dx.doi.org/10.1128/AAC.00178-06
http://dx.doi.org/10.1128/AAC.00178-06
http://www.ncbi.nlm.nih.gov/pubmed/17065625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1635201
http://dx.doi.org/10.1128/AAC.50.1.379-381.2006
http://www.ncbi.nlm.nih.gov/pubmed/16377717
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1346797
http://dx.doi.org/10.1128/AAC.01285-10
http://www.ncbi.nlm.nih.gov/pubmed/21149626
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3067113
http://dx.doi.org/10.1128/AAC.01015-07
http://www.ncbi.nlm.nih.gov/pubmed/18180348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2346621

Goudarzi Met al.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gentry DR, Rittenhouse SF, McCloskey L, Holmes D]. Stepwise ex-
posure of Staphylococcus aureus to pleuromutilins is associated
with stepwise acquisition of mutations in rplC and minimally af-
fects susceptibility to retapamulin. Antimicrob Agents Chemother.
2007;51(6):2048-52. doi: 10.1128/AAC.01066-06. [PubMed: 17404009].
[PubMed Central: PMC1891380].

Klitgaard RN, Ntokou E, Norgaard K, Biltoft D, Hansen LH, Traedholm
NM, et al. Mutations in the bacterial ribosomal protein 13 and their
association with antibiotic resistance. Antimicrob Agents Chemother.
2015;59(6):3518-28. doi: 10.1128/AAC.00179-15. [PubMed: 25845869].
[PubMed Central: PMC4432171].

Long KS, Poehlsgaard ], Kehrenberg C, Schwarz S, Vester B. The
Cfr rRNA methyltransferase confers resistance to Phenicols, Lin-
cosamides, Oxazolidinones, Pleuromutilins, and Streptogramin
A antibiotics. Antimicrob Agents Chemother. 2006;50(7):2500-5.
doi: 10.1128/AAC.00131-06. [PubMed: 16801432]. [PubMed Central:
PMC1489768].

Morales G, Picazo JJ, Baos E, Candel F], Arribi A, Pelaez B, et al. Resis-
tance to linezolid is mediated by the cfr gene in the first report of an
outbreak of linezolid-resistant Staphylococcus aureus. Clin Infect Dis.
2010;50(6):821-5. doi: 10.1086/650574. [PubMed: 20144045].

Gu B, Kelesidis T, Tsiodras S, Hindler ], Humphries RM. The emerg-
ing problem of linezolid-resistant Staphylococcus. | Antimicrob
Chemother. 2013;68(1):4-11. doi:  10.1093/jac/dks354. [PubMed:
22949625]. [PubMed Central: PMC8445637|.

Wright GD. Bacterial resistance to antibiotics: Enzymatic degrada-
tion and modification. Adv Drug Deliv Rev. 2005;57(10):1451-70. doi:
10.1016/j.addr.2005.04.002. [PubMed: 15950313].

Gentry DR, McCloskey L, Gwynn MN, Rittenhouse SF, Scangarella
N, Shawar R, et al. Genetic characterization of Vga ABC proteins
conferring reduced susceptibility to pleuromutilins in Staphylo-
coccus aureus. Antimicrob Agents Chemother. 2008;52(12):4507-9.
doi: 10.1128/AAC.00915-08. [PubMed: 18838584]. [PubMed Central:
PM(C2592886].

Jacquet E, Girard JM, Ramaen O, Pamlard O, Levaique H, Bet-
ton JM, et al. ATP hydrolysis and pristinamycin IIA inhibition of
the Staphylococcus aureus Vga(A), a dual ABC protein involved in
streptogramin A resistance. J Biol Chem. 2008;283(37):25332-9. doi:
10.1074/jbc.M800418200. [PubMed: 18562322].

Kadlec K, Pomba CF, Couto N, Schwarz S. Small plasmids carrying
vga(A) or vga(C) genes mediate resistance to lincosamides, pleu-
romutilins and streptogramin A antibiotics in methicillin-resistant
Staphylococcus aureus ST398 from swine. | Antimicrob Chemother.
2010;65(12):2692-3. doi: 10.1093/jac/dkq365. [PubMed: 20876620].
Schwarz S, Shen J, Kadlec K, Wang Y, Brenner Michael G, Fessler AT,
et al. Lincosamides, Streptogramins, Phenicols, and Pleuromutilins:
Mode of Action and Mechanisms of Resistance. Cold Spring Harb
Perspect Med. 2016;6(11). doi: 10.1101/cshperspect.a027037. [PubMed:
27549310]. [PubMed Central: PMC5088508].

Schwendener S, Perreten V. New transposon Tn6133 in methicillin-
resistant Staphylococcus aureus ST398 contains vga(E), a novel strep-
togramin A, pleuromutilin, and lincosamide resistance gene. Antimi-
crob Agents Chemother. 2011;55(10):4900-4. doi: 10.1128/AAC.00528-11.
[PubMed: 21768510]. [PubMed Central: PMC3187003].

Hawkins PA, Law CS, Metcalf BJ, Chochua S, Jackson DM, Westblade LF,
et al. Cross-resistance to lincosamides, streptogramins A and pleuro-
mutilins in Streptococcus agalactiae isolates from the USA. ] Antimi-
crob Chemother. 2017;72(7):1886-92. doi: 10.1093jac/dkx077. [PubMed:
28333320). [PubMed Central: PMC5733627].

Brisson-Noel A, Delrieu P, Samain D, Courvalin P. Inactivation
of lincosaminide antibiotics in Staphylococcus. Identification of
lincosaminide O-nucleotidyltransferases and comparison of the
corresponding resistance genes. | Biol Chem. 1988;263(31):15880-7.
[PubMed: 2846528].

Singh KV, Weinstock GM, Murray BE. An Enterococcus faecalis ABC ho-
mologue (Lsa) is required for the resistance of this species to clin-

Arch Clin Infect Dis. 2021; 16(4):e114970.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

damycin and quinupristin-dalfopristin. Antimicrob Agents Chemother.
2002;46(6):1845-50. doi: 10.1128/AAC.46.6.1845-1850.2002. [PubMed:
12019099]. [PubMed Central: PMC127256].

Lozano C, Aspiroz C, Saenz Y, Ruiz-Garcia M, Royo-Garcia G, Gomez-
Sanz E, et al. Genetic environment and location of the Inu(A)
and Inu(B) genes in methicillin-resistant Staphylococcus aureus
and other staphylococci of animal and human origin. J Antimi-
crob Chemother. 2012;67(12):2804-8. doi: 10.1093/jac/dks320. [PubMed:
22899804].

Li B, Wendlandt S, Yao |, Liu Y, Zhang Q, Shi Z, et al. Detection
and new genetic environment of the pleuromutilin-lincosamide-
streptogramin A resistance gene Isa(E) in methicillin-resistant
Staphylococcus aureus of swine origin. | Antimicrob Chemother.
2013;68(6):1251-5. doi: 10.1093[jac/dkt015. [PubMed: 23386262].
Wendlandt S, Lozano C, Kadlec K, Gomez-Sanz E, Zarazaga M, Torres
C, et al. The enterococcal ABC transporter gene Isa(E) confers com-
bined resistance to lincosamides, pleuromutilins and streptogramin
A antibiotics in methicillin-susceptible and methicillin-resistant
Staphylococcus aureus. | Antimicrob Chemother. 2013;68(2):473-5. doi:
10.1093/jac/dks398. [PubMed: 23047809].

Schuster S, Vavra M, Kern WV. Efflux-Mediated Resistance to New Ox-
azolidinones and Pleuromutilin Derivatives in Escherichia coli with
Class Specificities in the Resistance-Nodulation-Cell Division-Type
Drug Transport Pathways. Antimicrob Agents Chemother. 2019;63(9).
doi: 10.1128/AAC.01041-19. [PubMed: 31209014]. [PubMed Central:
PMC6709491].

Pakula KK, Hansen LH, Vester B. Combined Effect of the Cfr Methyl-
transferase and Ribosomal Protein L3 Mutations on Resistance
to Ribosome-Targeting Antibiotics. Antimicrob Agents Chemother.
2017;61(9). doi: 10.1128/AAC.00862-17. [PubMed: 28630201]. [PubMed
Central: PMC5571294].

Mendes RE, Deshpande LM, Farrell D], Spanu T, Fadda G, Jones RN.
Assessment of linezolid resistance mechanisms among Staphylo-
coccus epidermidis causing bacteraemia in Rome, Italy. | Antimi-
crob Chemother. 2010;65(11):2329-35. doi: 10.1093jac/dkq331. [PubMed:
20841419].

Candel FJ, Morales G, Picazo J]. In vitro activity of retapamulin against
linezolid and methicillin-resistant Staphylococcus aureus isolates.
Rev Esp Quimioter. 2011;24(3):127-30. [PubMed: 21947094].

Traczewski MM, Brown SD. Proposed MIC and disk diffusion mi-
crobiological cutoffs and spectrum of activity of retapamulin, a
novel topical antimicrobial agent. Antimicrob Agents Chemother.
2008;52(11):3863-7. doi: 10.1128/AAC.00399-08. [PubMed: 18725451].
[PubMed Central: PMC2573123].

McNeil JC,Hulten KG, Kaplan SL, Mason EO. Decreased susceptibilities
to Retapamulin, Mupirocin, and Chlorhexidine among Staphylococ-
cus aureus isolates causing skin and soft tissue infections in other-
wise healthy children. Antimicrob Agents Chemother. 2014;58(5):2878-
83. doi: 10.1128/AAC.02707-13. [PubMed: 24614375]. [PubMed Central:
PM(C3993237].

Chan MKL, Koo SH, Quek Q, Pang WS, Jiang B, Ng LSY, et al. Develop-
ment of a real-time assay to determine the frequency of qac genes
in methicillin resistant Staphylococcus aureus. ] Microbiol Methods.
2018;153:133-8. doi: 10.1016/j.mimet.2018.09.017. [PubMed: 30267717].
Daum RS, Kar S, Kirkpatrick P. Retapamulin. Nat Rev Drug Discov.
2007;6(11):865-6. doi: 10.1038/nrd2442.

Koning S, van der Sande R, Verhagen AP, van Suijlekom-Smit LW, Mor-
ris AD, Butler CC, et al. Interventions for impetigo. Cochrane Database
Syst Rev. 2012;1. CD003261. doi: 10.1002[14651858.CD003261.pub3.
[PubMed: 22258953]. [PubMed Central: PMC7025440].

Free A, Roth E, Dalessandro M, Hiram |, Scangarella N, Shawar R, et al.
Retapamulin ointment twice daily for 5 days vs oral cephalexin twice
daily for 10 days for empiric treatment of secondarily infected trau-
matic lesions of the skin. Skinmed. 2006;5(5):224-32. doi: 10.1111/j.1540-
9740.2006.05774.x. [PubMed: 16957433].


http://dx.doi.org/10.1128/AAC.01066-06
http://www.ncbi.nlm.nih.gov/pubmed/17404009
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1891380
http://dx.doi.org/10.1128/AAC.00179-15
http://www.ncbi.nlm.nih.gov/pubmed/25845869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4432171
http://dx.doi.org/10.1128/AAC.00131-06
http://www.ncbi.nlm.nih.gov/pubmed/16801432
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1489768
http://dx.doi.org/10.1086/650574
http://www.ncbi.nlm.nih.gov/pubmed/20144045
http://dx.doi.org/10.1093/jac/dks354
http://www.ncbi.nlm.nih.gov/pubmed/22949625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8445637
http://dx.doi.org/10.1016/j.addr.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15950313
http://dx.doi.org/10.1128/AAC.00915-08
http://www.ncbi.nlm.nih.gov/pubmed/18838584
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2592886
http://dx.doi.org/10.1074/jbc.M800418200
http://www.ncbi.nlm.nih.gov/pubmed/18562322
http://dx.doi.org/10.1093/jac/dkq365
http://www.ncbi.nlm.nih.gov/pubmed/20876620
http://dx.doi.org/10.1101/cshperspect.a027037
http://www.ncbi.nlm.nih.gov/pubmed/27549310
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5088508
http://dx.doi.org/10.1128/AAC.00528-11
http://www.ncbi.nlm.nih.gov/pubmed/21768510
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3187003
http://dx.doi.org/10.1093/jac/dkx077
http://www.ncbi.nlm.nih.gov/pubmed/28333320
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5733627
http://www.ncbi.nlm.nih.gov/pubmed/2846528
http://dx.doi.org/10.1128/AAC.46.6.1845-1850.2002
http://www.ncbi.nlm.nih.gov/pubmed/12019099
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC127256
http://dx.doi.org/10.1093/jac/dks320
http://www.ncbi.nlm.nih.gov/pubmed/22899804
http://dx.doi.org/10.1093/jac/dkt015
http://www.ncbi.nlm.nih.gov/pubmed/23386262
http://dx.doi.org/10.1093/jac/dks398
http://www.ncbi.nlm.nih.gov/pubmed/23047809
http://dx.doi.org/10.1128/AAC.01041-19
http://www.ncbi.nlm.nih.gov/pubmed/31209014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6709491
http://dx.doi.org/10.1128/AAC.00862-17
http://www.ncbi.nlm.nih.gov/pubmed/28630201
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5571294
http://dx.doi.org/10.1093/jac/dkq331
http://www.ncbi.nlm.nih.gov/pubmed/20841419
http://www.ncbi.nlm.nih.gov/pubmed/21947094
http://dx.doi.org/10.1128/AAC.00399-08
http://www.ncbi.nlm.nih.gov/pubmed/18725451
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2573123
http://dx.doi.org/10.1128/AAC.02707-13
http://www.ncbi.nlm.nih.gov/pubmed/24614375
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3993237
http://dx.doi.org/10.1016/j.mimet.2018.09.017
http://www.ncbi.nlm.nih.gov/pubmed/30267717
http://dx.doi.org/10.1038/nrd2442
http://dx.doi.org/10.1002/14651858.CD003261.pub3
http://www.ncbi.nlm.nih.gov/pubmed/22258953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7025440
http://dx.doi.org/10.1111/j.1540-9740.2006.05774.x
http://dx.doi.org/10.1111/j.1540-9740.2006.05774.x
http://www.ncbi.nlm.nih.gov/pubmed/16957433

Goudarzi M et al.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

10

Parish LC, Jorizzo JL, Breton JJ, Hirman JW, Scangarella NE, Shawar
RM, et al. Topical retapamulin ointment (1%, wt/wt) twice daily
for 5 days versus oral cephalexin twice daily for 10 days in the
treatment of secondarily infected dermatitis: results of a random-
ized controlled trial. ] Am Acad Dermatol. 2006;55(6):1003-13. doi:
10.1016(j.jaad.2006.08.058. [PubMed: 17097398].

Hong W, Lee YS, Park CW, Yoon MS, Ro YS. An Open Label, Multi-
Center, Non-Interventional Post-Marketing Surveillance to Monitor
the Safety and Efficacy of ALTARGO(R) (Retapamulin) Administered
in Korean Patients According to the Prescribing Information. Ann
Dermatol. 2018;30(4):441-50. doi: 10.5021/ad.2018.30.4.441. [PubMed:
30065584]. [PubMed Central: PMC6029962].

Tanus T, Scangarella-Oman NE, Dalessandro M, Li G, Breton JJ,
Tomayko JF. A randomized, double-blind, comparative study to
assess the safety and efficacy of topical retapamulin ointment
1% versus oral linezolid in the treatment of secondarily infected
traumatic lesions and impetigo due to methicillin-resistant Staphy-
lococcus aureus. Adv Skin Wound Care. 2014;27(12):548-59. doi:
10.1097/01.ASW.0000456631.20389.ae. [PubMed: 25396674].

Yang LP, Keam SJ. Retapamulin: A review of its use in the manage-
ment of impetigo and other uncomplicated superficial skin infec-
tions. Drugs. 2008;68(6):855-73. doi: 10.2165/00003495-200868060-
00008. [PubMed: 18416589].

Wertheim HF, Vos MC, Ott A, van Belkum A, Voss A, Kluytmans JA, et al.
Riskand outcome of nosocomial Staphylococcus aureus bacteraemia
in nasal carriers versus non-carriers. Lancet. 2004;364(9435):703-5.
doi: 10.1016/S0140-6736(04)16897-9. [PubMed: 15325835].

Casewell MW, Hill RLR, Duckworth GJ. The effect of mupirocin (pseu-
domonic acid) on the nasal carriage of Staphylococcus aureus. Ex-
cerpta Medica-Current Clinical Practice Series. 1985;(16):47-53.

Hurdle JG, O'Neill AJ, Ingham E, Fishwick C, Chopra I. Analysis
of mupirocin resistance and fitness in Staphylococcus aureus by
molecular genetic and structural modeling techniques. Antimicrob
Agents Chemother. 2004;48(11):4366-76. doi: 10.1128/AAC.48.11.4366-
4376.2004. [PubMed: 15504866 ]. [PubMed Central: PMC525403].
Coates T, Bax R, Coates A. Nasal decolonization of Staphylococcus au-
reus with mupirocin: Strengths, weaknesses and future prospects.
J Antimicrob Chemother. 2009;64(1):9-15. doi: 10.1093/jac/dkp159.
[PubMed: 19451132]. [PubMed Central: PMC2692503].

Singh R, Gombosev A, Dutciuc T, Evans K, Portillo LM, Hayden MK, et al.
Randomized Double-Blinded Placebo-Controlled Trial to Assess the Ef-
fect of Retapamulin for Nasal Decolonization of Mupirocin-Resistant
Methicillin-Resistant Staphylococcus aureus Nasal Carriers. Open Fo-
rum Infect Dis. 2016;3(suppl_1). doi: 10.1093/ofid/ofw172.167.

Dillon C, Guarascio A, Covvey JR. Lefamulin: A promising new
pleuromutilin antibiotic in the pipeline. Expert Rev Anti Infect
Ther. 2019;17(1):5-15. doi: 10.1080[14787210.2019.1554431. [PubMed:
30513017].

Wicha WW, Craig WA, Andes D. In vivo pharmacodynamics of
lefamulin, the first systemic pleuromutilin for human use, in a neu-
tropenic murine thigh infection model. J Antimicrob Chemother.

66.

67.

68.

69.

70.

71.

72.

73.

74.

2019;74(Suppl  3):ii5-iii10. doi:  10.1093/jac/dkz085.
30949706). [PubMed Central: PMC6449574].

Wicha WW, Prince WT, Lell C, Heilmayer W, Gelone SP. Phar-
macokinetics and tolerability of lefamulin following intravenous
and oral dosing. | Antimicrob Chemother. 2019;74(Suppl 3):ii19-26.
doi: 10.1093[jac/dkz087. [PubMed: 30949704]. [PubMed Central:
PMC6449572].

Paukner S, Gelone SP, Arends SJR, Flamm RK, Sader HS. Antibacte-
rial Activity of Lefamulin against Pathogens Most Commonly Caus-
ing Community-Acquired Bacterial Pneumonia: SENTRY Antimicro-
bial Surveillance Program (2015-2016). Antimicrob Agents Chemother.
2019;63(4). doi: 10.1128/AAC.02161-18. [PubMed: 30670415]. [PubMed
Central: PMC6437505].

Paukner S, Krause K, Gruss A, Keepers T, Gomez M, Bischinger A, et
al., editors. Accumulation of the pleuromutilin antibiotic BC-3781 in

murine macrophages and effect of lung surfactant on the BC-3781in
vitro activity. 53rd Interscience Conference on Antimicrobial Agents and
Chemotherapy. 2013; Colorado, USA. 2013.

Zeitlinger M, Schwameis R, Burian A, Burian B, Matzneller P, Muller
M, et al. Simultaneous assessment of the pharmacokinetics of a pleu-
romutilin, lefamulin, in plasma, soft tissues and pulmonary ep-
ithelial lining fluid. J Antimicrob Chemother. 2016;71(4):1022-6. doi:
10.1093/jac/dkv442. [PubMed: 26747098].

Prince WT, Ivezic-Schoenfeld Z, Lell C, Tack K], Novak R, Obermayr
F, et al. Phase II clinical study of BC-3781, a pleuromutilin antibi-
otic, in treatment of patients with acute bacterial skin and skin
structure infections. Antimicrob Agents Chemother. 2013;57(5):2087-
94. doi: 10.1128/AAC.02106-12. [PubMed: 23422913]. [PubMed Central:
PM(C3632892].

Alexander E, Goldberg L, Das AF, Moran GJ, Sandrock C, Gasink
LB, et al. Oral Lefamulin vs Moxifloxacin for Early Clinical Re-
sponse Among Adults With Community-Acquired Bacterial Pneumo-
nia: The LEAP 2 Randomized Clinical Trial. JAMA. 2019;322(17):1661-71.
doi: 10.1001/jama.2019.15468. [PubMed: 31560372]. [PubMed Central:
PMC6865224].

File TM, GoldbergL, Das A, Sweeney C, Saviski ], Gelone SP, et al. Efficacy
and Safety of Intravenous-to-oral Lefamulin, a Pleuromutilin Antibi-
otic, for the Treatment of Community-acquired Bacterial Pneumonia:
The Phase 11 Lefamulin Evaluation Against Pneumonia (LEAP 1) Trial.
Clin Infect Dis. 2019;69(11):1856-67. doi: 10.1093/cid/ciz090. [PubMed:
30722059]. [PubMed Central: PMC6853694].

Meydan S, Marks ], Klepacki D, Sharma V, Baranov PV, Firth AE,
et al. Retapamulin-Assisted Ribosome Profiling Reveals the Al-
ternative Bacterial Proteome. Mol Cell. 2019;74(3):481-493 e6. doi:
10.1016/j.molcel.2019.02.017. [PubMed: 30904393]. [PubMed Central:
PMC7115971].

Weaver |, Mohammad F, Buskirk AR, Storz G. Identifying Small Pro-
teins by Ribosome Profiling with Stalled Initiation Complexes. mBio.
2019;10(2). doi: 10.1128/mBi0.02819-18. [PubMed: 30837344]. [PubMed
Central: PMC6401488].

[PubMed:

Arch Clin Infect Dis. 2021; 16(4):e114970.


http://dx.doi.org/10.1016/j.jaad.2006.08.058
http://www.ncbi.nlm.nih.gov/pubmed/17097398
http://dx.doi.org/10.5021/ad.2018.30.4.441
http://www.ncbi.nlm.nih.gov/pubmed/30065584
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6029962
http://dx.doi.org/10.1097/01.ASW.0000456631.20389.ae
http://www.ncbi.nlm.nih.gov/pubmed/25396674
http://dx.doi.org/10.2165/00003495-200868060-00008
http://dx.doi.org/10.2165/00003495-200868060-00008
http://www.ncbi.nlm.nih.gov/pubmed/18416589
http://dx.doi.org/10.1016/S0140-6736(04)16897-9
http://www.ncbi.nlm.nih.gov/pubmed/15325835
http://dx.doi.org/10.1128/AAC.48.11.4366-4376.2004
http://dx.doi.org/10.1128/AAC.48.11.4366-4376.2004
http://www.ncbi.nlm.nih.gov/pubmed/15504866
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC525403
http://dx.doi.org/10.1093/jac/dkp159
http://www.ncbi.nlm.nih.gov/pubmed/19451132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2692503
http://dx.doi.org/10.1093/ofid/ofw172.167
http://dx.doi.org/10.1080/14787210.2019.1554431
http://www.ncbi.nlm.nih.gov/pubmed/30513017
http://dx.doi.org/10.1093/jac/dkz085
http://www.ncbi.nlm.nih.gov/pubmed/30949706
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6449574
http://dx.doi.org/10.1093/jac/dkz087
http://www.ncbi.nlm.nih.gov/pubmed/30949704
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6449572
http://dx.doi.org/10.1128/AAC.02161-18
http://www.ncbi.nlm.nih.gov/pubmed/30670415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6437505
http://dx.doi.org/10.1093/jac/dkv442
http://www.ncbi.nlm.nih.gov/pubmed/26747098
http://dx.doi.org/10.1128/AAC.02106-12
http://www.ncbi.nlm.nih.gov/pubmed/23422913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3632892
http://dx.doi.org/10.1001/jama.2019.15468
http://www.ncbi.nlm.nih.gov/pubmed/31560372
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6865224
http://dx.doi.org/10.1093/cid/ciz090
http://www.ncbi.nlm.nih.gov/pubmed/30722059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6853694
http://dx.doi.org/10.1016/j.molcel.2019.02.017
http://www.ncbi.nlm.nih.gov/pubmed/30904393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7115971
http://dx.doi.org/10.1128/mBio.02819-18
http://www.ncbi.nlm.nih.gov/pubmed/30837344
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6401488

	Abstract
	1. Context
	2. Structure of Antibiotic
	Figure 1

	3. Mechanism of Action and Metabolism
	Figure 2

	4. In Vitro Susceptibility
	Table 1

	5. Mechanisms of Resistance to Retapamulin
	5.1. Protein Synthesis Inhibitor
	5.2. Methylation of rRNA
	5.3. Enzymatic Inactivation of Antibiotic
	5.4. Efflux Pumps

	6. Epidemiology of Retapamulin Resistance
	Table 2

	7. Clinical Treatment
	8. Other Pleuromutilin Derivatives for Clinical Use
	9. Conclusions
	Footnotes
	Authors' Contribution: 
	Conflict of Interests: 
	Funding/Support: 

	References

