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Abstract

Background: The increasing emergence of multidrug-resistant Gram-positive bacterial infections necessitates new
antibacterial agents with novel mechanisms of action that can be used to treat these infections. Lomitapide has been
approved by FDA for years in reducing levels of low-density lipoprotein (LDL) in cases of familial hypercholester-
olemia, whereas the antibacterial effect of lomitapide remains elusive. In this study, the inhibitory activities of lomi-
tapide against Gram-positive bacteria were the first time explored. Quantitative proteomics analysis was then applied
to investigate the mechanisms of action of lomitapide.

Results: The minimum inhibitory concentration (MIC) values of lomitapide against Gram-positive bacteria including
both methicillin sensitive and resistant Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecalis, Entero-
coccus faecium, and Streptococcus agalactiae were range 12.5-50 uM. Moreover, lomitapide also inhibited anti-biofilm
activity against clinical S. aureus isolates. A total of 106 proteins with > 1.5-fold changes in expression were identified
upon 1/2 x MIC lomitapide exposure, including 83 up-regulated proteins and 23 down-regulated proteins. Based on
bioinformatics analysis, the expression of cell wall damage response proteins including two-component system VraS/
VraR, lipoteichoic acid (LPA) D-alanylnation related proteins D-alanyl carrier protein (dItC) and carrier protein ligase
(dItA), methionine sulfoxide reductases (mrsA1 and mrsB) were up-regulated. Moreover, the expression of SaeS and
multiple fibrinogen-binding proteins (SAOUHSC_01110, FnBPB, SAOUHSC_02802, SdrC, SdrD) which were involved

in the bacterial adhesion and biofilm formation, was inhibited by lomitapide. Furthermore, VraS/VraR deletion mutant
(AvraSR) showed an enhanced lomitapide sensitivity phenotype.

Conclusion: Lomitapide displayed broad antimicrobial activities against Gram-positive bacteria. The antibacterial
effect of lomitapide may be caused by cell wall destruction, while the anti-biofilm activity may be related to the inhi-
bition of surface proteins.
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one of the predominant causes of community-acquired
or hospital-acquired infection worldwide, as well as a top
lethal factor in treatment due to its common antibiotic
resistance [3]. Clinical S. aureus isolates have obtained
resistance against most beta-lactam antibiotics, most
commonly resistant to penicillin and methicillin [4, 5].
Recently, S. aureus with the resistance toward the last-
resorted antibiotics, such as linezolid, vancomycin, and
daptomycin, has also been increasingly reported [6-8].
The emergence of the multi-drug resistance S. aureus
complicates treatment by increasing cost and length of
stay [9], which drives us to develop novel antimicrobial
agents for the treatment of S. aureus.

The biofilm formation ability of S. aureus is another
challenge to its clinical treatment [10]. S. aureus biofilm
is formed by secreting extracellular macromolecules
mainly composed of lipid, protein, and a small amount
of sugar. The biofilm allows bacterial cells to cling to sur-
faces of indwelling medical equipment, such as artificial
valves and cardiac pacemakers, leading to chronic infec-
tions [11]. What's more, multiple studies have shown
that bacterial cells embedded within the biofilm are
able to withstand higher concentrations of antibiotics
than planktonic cells, making them harder to be killed
or removed [12, 13]. Therefore, it is necessary for clini-
cians to put attention to the effect of drugs against bacte-
rial biofilm when searching for novel choices to treat S.
aureus infection [14, 15].

A cost-effective and promising strategy for exploring
novel antibiotics is to re-explore formerly approved clini-
cal drugs for antibacterial effects, as they were already
tested on humans with relatively complete information
about their toxicity and pharmacology [16, 17]. The suc-
cesses of repurposed drugs have been proved in other
fields such as oncology and cardiovascular diseases
[18, 19]. Approved by the FDA in 2013, lomitapide has
long been used as a treatment for homozygous familial

hypercholesterolemia, with the highest dosage of 60 mg/
day after tolerance is established [20]. Lomitapide func-
tions in the human body by inhibiting a crucial part in
cholesterol formation, the microsomal triglyceride trans-
fer proteins (MTP), so to impede lipoprotein production
and decrease LDL cholesterol levels. In this paper, we
report the broad-spectrum inhibitory activities of lomi-
tapide against clinical Gram-positive bacteria including
S. aureus, S. epidermidis, E. faecalis, E. faecium, and S.
agalactiae, as well as its impacts on the biofilm formation
of S. aureus. Furthermore, mechanisms of antibacterial
action of lomitapide were explored by quantitative pro-
teomics. For clarity, the detailed steps employed in this
study is represented as a flowchart [21] (Fig. 1).

Results

Lomitapide exhibited antibacterial activity

against Gram-positive bacteria

In our screen of the FDA-approved drugs, we found
that lomitapide exhibited inhibitory activity on standard
strains ATCC29212 and ATCC29213. Further, the MICs
of 49 S. aureus strains (48 clinical isolates and one stand-
ard strain) were measured and the results were listed in
Table 1. MICs values of lomitapide for all S. aureus clini-
cal strains were ranged between 12.5 uM and 25 pM,
including these intermediate to daptomycin and linezolid
(Table S1). Moreover, MICs in 81.8% of MRSA clini-
cal isolates were showed with 25 pM and that in 81.3%
of MSSA isolates were 12.5 pM, indicating that MRSA
may have lower antimicrobial susceptibility than MSSA
toward lomitapide. In addition, MICs of lomitapide
against clinical S. epidermidis, E. faecalis, E. faecium, and
S. agalactiae were also measured, as showed in Table S2.
The MIC,, and MIC,, for the clinical Gram-positive
bacteria were both 25 pM. Moreover, MICs for all clini-
cal strains were showed with <50 pM, suggesting that
lomitapide showed broad-spectrum antibacterial activity
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Table 1 The MIC distribution of lomitapide against 49 clinical S. aureus strains

S. aureus No. of isolates No. (%) of isolates MIC;, (M) MICyq (M) MIC Range

tested
LTP MIC=12.5 pM LTP MIC =25 uM (uM)

MRSA 33 6(18.2%) 27 (81.8%) 25 25 12.5-25
MSSA 16 13 (81.3%) 3(18.7%) 125 25 12.5-25
Total 49 19 (38.8%) 30 (61.2%) 25 25 12.5-25

LTP Lomitapide, MIC Minimum inhibitory concentration

against Gram-positive bacteria. However, no inhibitory
activity was observed against Gram-negative bacteria
(Table S3).

Three clinical isolates, including YUSA139,
HAMRSA21, CHS712, and standard strain SA113 were
used to determine the inhibitory effect of lomitapide
at sub-inhibitory concentrations (from 1/8 x MIC to
1 x MIC) against the planktonic cell growth of S. aureus.
The data have been shown in Fig. 2, suggesting that S.
aureus growth was completely suppressed at 1 x MIC,

and obvious inhibition effects were showed at 1/2 x MIC,
although did not affect the biomass of stationary stage.
Furthermore, just slight or no inhibitory effect of lomi-
tapide at 1/4 x MIC and 1/8 x MIC against S. aureus was
showed in the control group.

The ability and efficiency of Lomitapide to kill S.
aureus bacteria was tested and compared with van-
comycin by time killing assay. Our data indicated that
vancomycin showed its rapid bactericidal effect and
killed the most bacteria after the exposure for 3 h at
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Fig. 2 The inhibitory effect of lomitapide against the S.aureus planktonic growth. The planktonic growth of four S. aureus strains were cultured
separately and measured under various concentrations of Lomitapide, including 1 x MIC, 1/2 x MIC, 1/4 x MIC, 1/8 x MIC, in SA113 (A), CHS712 (B),
HAMRSA21 (C) and YUSA139 (D). CHS712, YUSA139 and HAMRSA21 were MRSA clinical isolates. MIC for all strains in this experiment were showed
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Fig. 3 The anti-biofilm activity of lomitapide against S. aureus. A and B Four MRSA isolates (YUSA142, YUSA145, CHS350 and YUSA139), four MSSA
isolates (YUSA80, SA113,YUSA21 and CHS101) were tested for the inhibitory effect of lomitapide on the biofilm formation under sub-inhibitory
concentrations. C The anti-biofilm effect of lomitapide against 27 clinical MRSA isolates was assessed at 1/4 x MIC. The biofilm formation after 24 h
incubation was measured by optic density (ODs,,) after dyeing with crystal violet. Data are presented as means = SD. *: p<0.05; **: p <0.01

8 x MIC. By contrast, lomitapide displayed the mini-
mal bactericidal effect at 2 x and 4 x MIC and fur-
ther showed the slight bactericidal effect at 8 x MIC
(Fig. S1). This suggests that lomitapide is bacteriostatic
rather than bactericidal against S. aureus.

Lomitapide inhibited S. aureus biofilm formation

The inhibitory effect of lomitapide on S. aureus biofilm
formation was then determined. The biofilm biomass
was quantified by crystal violet staining. Lomitapide at
sub-inhibitory concentrations ranging from 1/2 x MIC
to 1/8 x MIC were added to the isolates, and bio-
film formation was determined after 24 h at ODg,,.
As showed in Fig. 3A and Fig. 3B, lomitapide signifi-
cantly inhibited the biofilm formation of all MSSA and
MRSA isolates at concentrations of 1/4 x MIC and
1/2 x MIC. Furthermore, The inhibitory activity of
lomitapide on the biofilm formation of S. aureus was
further investigated in 27 clinical S. aureus isolates. A
significant decrease of biofilm could be observed after
24 h at all tested clinical S. aureus isolates (Fig. 3C),

demonstrating the anti-biofilm capacity of lomitapide
against clinical S. aureus.

Quantitative proteomics analysis

Quantitative label-free proteomic analysis was per-
formed to investigate the impacts of lomitapide on
the global proteomic response of the S. aureus. The
expression profiles of proteins of clinical MRSA strain
YUSA139 treated with 1/2 x MIC (12.5 puM) of lomi-
tapide for 2 h were conducted for the quantitative
proteomics analysis. Totally, 1,430 proteins (matched
peptides > 1, and FDR<0.01) with 81,502 unique pep-
tides were identified. Among the proteins quantified,
the expression level of 106 proteins showed signifi-
cantly different expression levels (>|1.5]-fold change,
p <0.05), 83 proteins were up-regulated, and 23 pro-
teins were down-regulated in comparison to the con-
trol group (Fig. 4A and Table S4). Gene Ontology (GO)
enrichment analysis was then performed to analyze the
biological processes and molecular functions of the dif-
ferentially expressed proteins found between these two
groups. For biological processes, terms of cell adhe-
sion, response to oxidative stress, and regulation of
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DNA-templated transcription, elongation were sig-
nificantly enriched (Fig. 4B). The Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis showed that differentially expressed proteins
involved in virulence pathways of S. aureus infection
were significantly enriched in the lomitapide treatment
group (Fig. 4C). The most significantly enriched terms
and differentially expressed proteins involved within
each are showed in Table S5.

The interactions between proteins are showed by the
Protein—protein interaction (PPI) network, created by
STRING at confidence score =0.400. Overall, the top hub
of up-regulated proteins with the highest degree of con-
nectivity in the PPI network was enrichment in protein

biosynthesis, two-component regulatory system VraS/
VraR, D-alanine-D-alanyl carrier protein ligase dItA, and
D-alanyl carrier protein dltC involved in the D-alanyla-
tion of lipoteichoic acid (LTA), and urease (Fig. 5A). the
top hub of down-regulated proteins was enrichment in
ribosomal protein and two-component regulatory sys-
tem SaeS involved in the regulation of staphylococcal
virulence factors (Fig. 5B). Multiple proteins regulated by
SaeS are inhibited by lomitapide, including fibrinogen-
binding protein SAOUHSC_01110, fibronectin binding
protein B SAOUHSC_02802, MHC class II analog pro-
tein SAOUHSC_02161, fibrinogen-binding protein SdrC,
fibrinogen-binding protein SdrD, Immunoglobulin-bind-
ing protein Sbi, and Delta-hemolysin.
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Fig. 5 Protein — protein interaction network analysis for up-regulated proteins (A) and down-regulated proteins (B) after treated with 1/2 x MIC
lomitapide base on STING database. Line thickness indicates the strength of data support. The disconnected nodes in the network are hidden

The two-component regulatory system VraS/VraR

was involved in the antibacterial activity of lomitapide

To further validate the correlation of the VraS/VraR
two-component regulatory system and the antibacte-
rial activity of lomitapide, the susceptibility of VraS/
VraR deletion strain (AvraSR) of S. epidermidis was
examined by growth curve [23]. As showed in Fig. 6,
compared with that in the parent strain SE1457, the
exponential growth phase of AvraSR appeared late
after exposed to 12.5 uM lomitapide. In addition, the
maximum growth level of AvraSR was also smaller

than that of the parent strain SE1457 after cultured for
24 h, suggesting that the VraS/VraR two-component
regulatory system participated in the antibacterial
activity of lomitapide.

Discussion

In this study, lomitapide was fristly proven to exhibited
broad antibacterial activity against gram positive bacte-
ria in vitro, including S. aureus, S. epidermidis, E. faeca-
lis, E. faecium, and S. agalactiae. This study focused on
the antibacterial effect of lomitapide on S. aureus, both
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Fig. 6 Growth curves of SE1457 and VraS/VraR deletion mutant (AvraSR) with lomitapide. The planktonic growth of S. epidermidis parent strain
SE1457 and VraS/VraR deletion mutant (AvraSR) were monitored under various concentrations of lomitapide, including 6.25 uM, 12.5 uM, and
25 uM. Data are presented as means & SD
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MSSA and MRSA. Although the MICs of lomitapide
are relatively higher than last-resort antibiotics such as
daptomycin, vancomycin and linezolid, however, it has
been long approved by FDA for treating familial hyper-
cholesterolemia and reducing LDL level, meaning the
advantage of guaranteed safety and being backed up by
a large amount of clinical data. Nevertheless, its poten-
tial to be used as a clinical antibiotic needs further assess-
ment considering the dosage of lomitapide and its in vivo
drug concentrations. Lomitapide not only demonstrated
an inhibitory effect on planktonic cells, but also on the
biofilm formation of S. aureus. Biofilm formation often
causes chronic infection and impedes clinical treatment
by extending the length of stay, resulting in increased
expenses and high mortality [10, 11]. In this study, lomi-
tapide has shown strong biofilm formation inhibition
at 1/2x MIC and 1/4 x MIC against clinical S. aureus
isolates. Therefore, we supposed that lomitapide could
potentially be used for anti-infection treatment against S.
aureus infections. Meanwhile, further work would need
to be done to find lomitapide analogs with enhanced
antibacterial effects.

Mode of action studies has great significance in
improving the potency of antibacterial agents. With the
development of mass spectrometry (MS) technologies,
advanced MS-based proteomics has been extensively
applied to provide a comprehensive understanding of
the global response to bacteria to antimicrobial agents,
which will help illuminate the modes of action. Global
proteomics response of S. aureus to lomitapide reflects
a comprehensive view of the bacterial cellular response
under lomitapide stress, and the identified proteins
affected are an important step toward unraveling its
mechanism of efficacy. Following proteomics data
revealed that the two-component regulatory system
VraS/VraR members were both induced by lomitapide.
The VraS/VraR was the key regulatory system that
modulates the stress response of S. aureus elicited upon
exposure to cell wall antibiotics including vancomy-
cin, daptomycin, glycopeptides and [B-lactams, which
referred to as the cell wall stress stimulon [24-26]. In
line with that, D-alanyl carrier protein (dItC) and car-
rier protein ligase (dItA), associated with lipoteichoic
acid (LPA) D-alanylnation, which has an important
role in modulating properties of the cell wall, were
both increased after being treated with lomitapide [27].
LPA was commonly found in Gram-positive bacte-
ria as a molecular composition of the cell wall or cell
membrane [28]. Biosynthesis of LPA was catalyzed by
the two proteins where dltA facilitates the transfer of
D-alanine onto its peptidyl carrier protein dItC [27, 29].
The carrier protein then carries it to other proteins on
the pathway (supposedly dItB) to transport it across the
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membrane and modify it into LPA and wall teichoic
acids [30]. Furthermore, the enzymes involved in the
D-alanine modification have been identified as a poten-
tial target for the development of novel antibacterial
agents [31]. In addition, the repair enzymes methionine
sulfoxide reductases (mrsAl and mrsB), which are usu-
ally found as a result of cell wall active antibiotics [32],
were up-regulated by lomitapide. Further, deletion of
VraS/VraR significantly increased the susceptibility of
S. epidermidis against lomitapide. Taken together, all
these stress responses suggested that lomitapide may
act on the cell wall of S. aureus. Interestingly, this pos-
sible target of the pathway is very similar to that of
vancomycin, which acts by binding with D-alanyl-D-
alanine (D-ala-D-ala) and prevents its contact with the
transglycosylase, leading to failure in the assembly of
the cell wall [33].

Another significant change of S. aureus proteome
after lomitapide treatment was that the expression of
SaeS various virulence factors was inhibited, such as
fibrinogen-binding protein SAOUHSC_01110, FnBPB,
MHC class II analog protein SAOUHSC_02161, SdrC,
SdrD, Immunoglobulin-binding protein Sbi and Delta-
hemolysin. The SaeRS two component system plays
a major role in controlling the production of multi-
ple virulence factors including hemolysins, leukoci-
dins, superantigens, surface proteins, and proteases.
S. aureus fibrinogen-binding proteins belong to the
microbial surface component recognizing adhesive
matrix molecules, which were involved in bacterial
adhesion and virulence [34]. Furthermore, SdrC and
the fibronectin/fibrinogen-binding proteins have been
demonstrated to be implicated in biofilm matrix for-
mation [35-37]. For instance, SdrC was engaged in
low-affinity homophilic bonds that promote cell-cell
adhesion, as well as mediates strong cellular interac-
tions with hydrophobic surfaces when biofilm was
initial attaching and growing [35]. Besides, previous
studies showed that sdrC and sdrD are contributing
to its attachment on human nasal epithelial cells and
on medical equipment [38, 39]. The down-regulation
of these proteins after being treated by lomitapide
could be the potential reason for this drug’s inhibitory
effect against S. aureus biofilm formation, which could
be potentially applied to treat chronic S. aureus infec-
tions and reduce its transmission capabilities in clinic
settings. In addition, since these cell surface proteins
and Delta-hemolysin are also related to the S. aureus
invasiveness, immune response evasion and hemolysis
[40], it is speculated that lomitapide could also be used
to reduce the virulence of S. aureus.

In conclusion, this study first found lomitapide to
have antibacterial activities against S. aureus (both
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MSSA and MRSA) to planktonic cell growth and extra-
cellular biofilm formation. The molecular mechanism
was examined by proteomics analysis and points to
some possible directions, including LPA synthesis onto
the cell wall. Future investigations could dig deeper into
the mode of action of lomitapide by looking for its anti-
bacterial targets.

Methods

Bacteria strains and chemicals

A total of 49 clinical isolates of both MRSA and MSSA,
10 clinical strains of E. faecalis, E. faecium, and S. agalac-
tiae in this study, were retrospectively collected between
January 1, 2015 and December 31, 2018 at a general ter-
tiary hospital in Shenzhen (Guangdong District, China).
The genus and species of the isolates were identified by
VITEK 2 compact system (Biomérieux, Marcy I’Etoile,
France). Standard strain E. faecalis ATCC29212 and S.
aureus ATCC29213 were kept in our laboratory and used
as the representative control. All procedures involving
human participants were carried out in accordance with
the ethical standards of Shenzhen Nanshan People’s Hos-
pital. No formal consent is required for this type of study.
Lomitapide was purchased from MedChemExpress
(MCE, Shanghai, China).

Antimicrobial susceptibility testing (AST)

The MICs of vancomycin, daptomycin, linezolid and
lomitapide against S. aureus. E. faecalis, E. faecium,
and S. agalactiae were measured by the broth dilution
method [41]. Overnight cultures were adjusted to 0.5
McFarland turbidity, then diluted at 1:200 proportion
with cation-adjusted Mueller Hinton broth (CAMHB,
Huankai, Guangdong, China). Cultures experience a 24 h
incubation process in 96-well plates with descending
concentrations of drug. The MIC is defined as the lowest
concentration of drug that inhibited the visible growth
of bacteria. All of the MIC results of antibiotics were
referred according to Clinical and Laboratory Standards
Institute (CLSI) breakpoints.

Growth curve assay

Overnight cultures of S. aureus were diluted 1:2000 with
TSB (Tryptone soy broth, Huankai, Guangdong, China)
and added lomitapide until reached concentrations of
1x,1/2x,1/4x,and 1/8 x MIC. A control group with-
out any drug being added was then established to make
a comparison. They were cultured at 37 °C and shaken
at 200 rpm, optical density at 600 nm (ODy,) was meas-
ured for each well every 60 min for 24 h to determine
planktonic cell growth. Growth curves were expressed in
terms of ODg.
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Time kill studies

The bactericidal activities of lomitapide on the plank-
tonic cells were determined by time-kill studies. S. aureus
MRSA isolate YUSA145 with lomitapide MIC of 25 uM
were selected, concentrations of 2 x MIC, 4 x MIC or
8 x MIC lomitapide were tested. Lomitapide was added
to make the final concentration when the YUSA145 cul-
tured at the logarithmic phase. After exposure for 0, 2,
6, and 24 h, 100 pL bacterial cultures was taken out and
serially diluted with Mueller—Hinton broth, 5 pL aliquots
was plated onto Mueller—Hinton agar. The viable cell was
monitored by the CFUs counted after incubated 24 h at
370C.

Biofilm inhibition assay

Biomass of the biofilm formed by S. aureus was deter-
mined by optical density of 570 nm (ODs;,,) after dyeing
with crystal violet (Thermo Fisher Scientific, Ohio, USA)
staining according to the previous study [42]. This assay
was conducted in 96-well plates by adding 100 ul of
overnight cultures of S. aureus, 1:200 diluted with TSBG
(Tryptone soy broth with 2% glucose) added to stabilize
the biofilm, with 100 uL of descending concentration
of lomitapide. Concentrations of lomitapide at 1/2 x,
1/4 x , and 1/8 x MIC were used, as well as a control with
TSBG only. S. aureus strains were cultivated for 24 h and
then dyed with crystal violet staining to color the bio-
film formed. ODg,, were then measured and recorded
to determine the biomass of biofilm grown, ODy, were
measured as well to determine the growth of planktonic
cells.

Sample preparation for quantitative proteomics analysis

Clinically isolated MRSA strain YUSA139 was inoculated
and cultured to exponential growth phase (ODg, at 0.5)
in TSB and divided into two groups with three replicates,
the control group and the drug treated group. Lomi-
tapide was added to the drug treated group until a final
concentration of 1/2 x MIC (12.5 uM) reached, and sol-
vent DMSO added as the control group. Then, cultures in
both groups were cultivated for another 2 h at 180 rpm.
The microbial was centrifuged at 12,000 rpm for 10 min,
washed twice with Phosphate Buffer Saline (PBS) buffer
(Thermo Fisher Scientific, Ohio, USA), then kept at
-80 °C until further protein extraction. The cell pellets
were suspended in RIPA lysis buffer (Thermo Fisher
Scientific, Ohio, USA) with cOmplete protease inhibi-
tor cocktail (Roche, Switzerland). And then subjected
to three rounds of homogenization. After centrifuged
at 12,000 rpm for 20 min at 4 °C, the supernatants were
collected for protein concentration determination with
BCA protein assay kit (Beyotime Biotechnology, Shang-
hai, China). 100 pg protein was prepared and reduced
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with 10 mM DTT, followed by alkylation using 50 mM
iodoacetamide. Following by desalting, the proteins were
digested with trypsin overnight.

Nano LC-MS/MS

Proteins were resuspended in 30 pL 0.1% formic acid
(Thermo Scientific Pierce, Ohio, USA), 1 pg protein was
injected onto an LC system consisting of an UltiMate
3000 RSLC nano system and a C18 precolumn, followed
by separation using a C18 tip column (75 pm x 250 mm,
Acclaim PepMap RSLC, 2 pm). The column was coupled
to Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Ohio, USA) equipped with the Nano spray ion-
ization (NSI) interface. MS1 scans were covered a mass
range of 300—-1500 m/z with a resolution of 70,000 and
the MS2 spectra were acquired at a resolution of 17,500,
collected for maximally 50 ms.

Bioinformatics analysis

Proteome Discoverer 2.4 based with Sequest HT was
used for protein identification and quantification, con-
ducted against the Uniprot proteome of Staphylococcus
aureus (Strain: NCTC 8325). Up-regulated proteins and
down-regulated proteins were decided by calculating the
p-value<0.05 in at least two replicates and a 1.5-fold cut-off
value. GO annotation applied for differentially expressed
proteins was done with the DAVID database. The PPI net-
works were analyzed using the STRING database.

Statistical analysis

Data were analyzed by Student’s t-tests using SPSS soft-
ware (version 17.0, Chicago, IL, USA). P values<0.05
were regarded as statistically significant.

Abbreviations

MRSA: Methicillin-resistant Staphylococcus aureus; MSSA: Methicillin-sensitive
Staphylococcus aureus; MIC: Minimal inhibitory concentration; LPA: Lipoteichoic
acid; LDL: Low-density lipoprotein; PBS: Phosphate Buffer Saline; OD: Optical
density; GO: Gene Ontology; PPI: Protein—protein interaction; AST: Antimicrobial
susceptibility testing; MS: Mass spectrometry; TSB: Tryptone soy broth.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512866-022-02535-9.

Additional file 1.
Additional file 2.
Additional file 3.

Acknowledgements

We thank Prof. Di Qu, Dr. Youcong Wu, Prof. Yang Wu (Fudan University) for
providing the S. epidermidis VraS/VraR deletion mutant (AvraSR). And we like
to thank Shenzhen Weinafei Biotechnology Co. Ltd. for its help and support in
proteomics methods. Also, the authors would like to thank the reviewer(s) for

Page 9 of 10

their valuable comments and suggestions which has greatly improved on the
quality of the manuscript.

Authors’ contributions

ZW, JG and QD conceived and designed the project. YuZ,YiZ, and CC performed
the biofilm assay and MIC analysis. HC, XD, and DL performed the quantitative
proteomics experiment. BB and ZY performed the growth curve analysis. All
authors participated in data analysis. ZW and YuZ wrote the manuscript with
input from all authors. All authors have read and approved the manuscript.

Funding

This work was supported by the following grants: National Natural Sci-
ence Foundation of China (82172283); Natural Science Foundation of
Guangdong Province, China (2020A1515011049, 2020A1515111146,
2021A1515011727); Sanming Project of Medicine in Shenzhen
(SMGC201705029); Shenzhen Key Medical Discipline Construction Fund
(SZXK06162); Science, Technology and Innovation Commission of Shen-
zhen Municipality of key funds (JCYJ20180508162403996) and basic
research funds (JCYJ20190809110209389; JCYJ20190809102219774;
JCYJ20190809110622729; JCYJ20190809151817062).The Shenzhen
Nanshan District Scientific Research Program of the People’s Republic of
China (2020040; 20200598; 2020018; NS2021117; NS2021140; NS2021144;
NS2021066).

Availability of data and materials

All data generated or analyzed during this study are included in this published
article. The datasets generated and/or analysed during the current study

are available in the PRIDE repository with the dataset identifier PXD031706
(Project https://doi.org/10.6019/PXD031706).

Project Webpage: http://www.ebi.ac.uk/pride/archive/projects/PXD031706
FTP Download: http:/ftp.pride.ebiac.uk/pride/data/archive/2022/03/PXD031706

Declarations

Ethics approval and consent to participate

All methods were carried out in accordance with relevant guidelines and
regulations and were approved by the Ethics Committee of Shenzhen
Nanshan People’s Hospital and the 1964 Helsinki declaration and its later
amendments, or comparable ethical standards. All experimental procedures
involving human subjects were approved by the institutional ethical commit-
tee of Shenzhen Nanshan People’s Hospital. Bacterial strains were collected

as part of the routine clinical management of patients, according to the
national guidelines in China. Therefore, informed consent was not sought, and
informed consent waiver was approved by the institutional ethical committee
of Shenzhen Nanshan People’s Hospital.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Infectious Diseases and Shenzhen Key Lab of Endogenous
Infection, Shenzhen Nanshan People’s Hospital and the 6th affiliated Hospital
of Guangdong Medical University, Shenzhen 518052, China. 2Quality Control
Center of Hospital Infection Management of Shenzhen, Huazhong University
of Science and Technology Union Shenzhen Hospital, Shenzhen 518052,
China. 3Class of Biological Science, Futian District, Shenzhen College of Inter-
national Education, No. 3 Antuoshan 6th Rd, Shenzhen 518040, China.

Received: 15 February 2022 Accepted: 18 April 2022
Published online: 26 April 2022

References

1. Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG Jr. Staphylococ-
cus aureus infections: epidemiology, pathophysiology, clinical manifesta-
tions, and management. Clin Microbiol Rev. 2015;28(3):603-61.


https://doi.org/10.1186/s12866-022-02535-9
https://doi.org/10.1186/s12866-022-02535-9
https://doi.org/10.6019/PXD031706
http://www.ebi.ac.uk/pride/archive/projects/PXD031706
http://ftp.pride.ebi.ac.uk/pride/data/archive/2022/03/PXD031706

Zhang et al. BMC Microbiology

20.

21

22.

23

24.

25

26.

(2022) 22:114

Cheung GYC, Bae JS, Otto M. Pathogenicity and virulence of Staphylococ-
cus aureus. Virulence. 2021;12(1):547-609.

Chambers HF, Deleo FR. Waves of resistance: Staphylococcus aureus in the
antibiotic era. Nat Rev Microbiol. 2009;7(9):629-41.

Peacock SJ, Paterson GK. Mechanisms of Methicillin Resistance in Staphy-
lococcus aureus. Annu Rev Biochem. 2015;84:577-601.

Turner NA, Sharma-Kuinkel BK, Maskarinec SA, Eichenberger EM, Shah PP,
Carugati M, et al. Methicillin-resistant Staphylococcus aureus: an overview
of basic and clinical research. Nat Rev Microbiol. 2019;17(4):203-18.

Pillai SK, Sakoulas G, Wennersten C, Eliopoulos GM, Moellering RC

Jr, Ferraro MJ, et al. Linezolid resistance in Staphylococcus aureus:
characterization and stability of resistant phenotype. J Infect Dis.
2002;186(11):1603-7.

Gardete S, Tomasz A. Mechanisms of vancomycin resistance in Staphylo-
coccus aureus. J Clin Investig. 2014;124(7):2836-40.

Barros EM, Martin MJ, Selleck EM, Lebreton F, Sampaio JLM, Gilmore

MS. Daptomycin resistance and tolerance due to loss of function in
Staphylococcus aureus dsp1 and asp23. Antimicrob Agents Chemother.
2019,63(1):201542-18.

Inagaki K, Lucar J, Blackshear C, Hobbs CV. Methicillin-susceptible and
Methicillin-resistant Staphylococcus aureus Bacteremia: Nationwide Esti-
mates of 30-Day Readmission, In-hospital Mortality, Length of Stay, and
Cost in the United States. Clin Infect Dis. 2019;69(12):2112-8.

Schilcher K, Horswill AR. Staphylococcal biofilm development: structure,
regulation, and treatment strategies. Microbiol Mol Biol Rev: MMBR.
2020;84(3):e00026-19.

. Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol.

2010;8(9):623-33.

Lewis K. Riddle of biofilm resistance. Antimicrob Agents Chemother.
2001;45(4):.999-1007.

McCarthy H, Rudkin JK, Black NS, Gallagher L, O'Neill E, O'Gara JP. Methicil-
lin resistance and the biofilm phenotype in Staphylococcus aureus. Front
Cell Infect Microbiol. 2015;5:1.

Roy R, Tiwari M, Donelli G, Tiwari V. Strategies for combating bacterial
biofilms: A focus on anti-biofilm agents and their mechanisms of action.
Virulence. 2018;9(1):522-54.

. Koo H, Allan RN, Howlin RP, Stoodley P, Hall-Stoodley L. Targeting micro-

bial biofilms: current and prospective therapeutic strategies. Nat Rev
Microbiol. 2017;15(12):740-55.

. Savoia D. New antimicrobial approaches: reuse of old drugs. Curr Drug

Targets. 2016;17(6):731-8.

. Farha MA, Brown ED. Drug repurposing for antimicrobial discovery. Nat

Microbiol. 2019;4(4):565-77.

. Raje N, Anderson K. Thalidomide-a revival story. N Engl J Med.

1999;341(21):1606-9.

. Ishida J, Konishi M, Ebner N, Springer J. Repurposing of approved cardio-

vascular drugs. J Transl Med. 2016;14:269.

Kim SH, Baek SH. Lomitapide, relief pitcher for patients with homozygous
familial hypercholesterolemia. Eur J Prev Cardiol. 2020;27(2):155-6.
Behzadi P, Gajdacs M. Writing a strong scientific paper in medicine and
the biomedical sciences: a checklist and recommendations for early
career researchers. Biol Futur. 2021;72(4):395-407.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27-30.

Wu'Y, Meng Y, Qian L, Ding B, Han H, Chen H, et al. The Vancomycin Resist-
ance-Associated Regulatory System VraSR Modulates Biofilm Formation
of Staphylococcus epidermidis in an ica-Dependent Manner. mSphere.
2021,6(5):e0064121.

Boyle-Vavra S, Yin S, Daum RS. The VraS/VraR two-component regula-
tory system required for oxacillin resistance in community-acquired
methicillin-resistant Staphylococcus aureus. FEMS Microbiol Lett.
2006;262(2):163-71.

Belcheva A, Golemi-Kotra D. A close-up view of the VraSR two-compo-
nent system. A mediator of Staphylococcus aureus response to cell wall
damage. J Biol Chem. 2008,;283(18):12354-64.

McCallum N, Meier PS, Heusser R, Berger-Bachi B. Mutational analyses of
open reading frames within the vraSR operon and their roles in the cell
wall stress response of Staphylococcus aureus. Antimicrob Agents Chem-
other. 2011;55(4):1391-402.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42.

Page 10 of 10

Reichmann NT, Cassona CP, Griindling A. Revised mechanism of
D-alanine incorporation into cell wall polymers in Gram-positive bacteria.
Microbiology (Reading, England). 2013;159(Pt 9):1868-77.

Fisher JF, Mobashery S. -Lactams against the Fortress of the Gram-Posi-
tive Staphylococcus aureus Bacterium. Chem Rev. 2021;121(6):3412-63.
Percy MG, Griindling A. Lipoteichoic acid synthesis and function in gram-
positive bacteria. Annu Rev Microbiol. 2014;68:81-100.

Wood BM, Santa Maria JP, Jr, Matano LM, Vickery CR, Walker S. A partial
reconstitution implicates DItD in catalyzing lipoteichoic acid d-alanyla-
tion. J Biol Chem. 2018;293(46):17985-96.

Pasquina L, Santa Maria JP, Jr, McKay Wood B, Moussa SH, Matano LM,
Santiago M, et al. A synthetic lethal approach for compound and target
identification in Staphylococcus aureus. Nat Chem Biol. 2016;12(1):40-5.
Singh VK, Jayaswal RK, Wilkinson BJ. Cell wall-active antibiotic induced
proteins of Staphylococcus aureus identified using a proteomic approach.
FEMS Microbiol Lett. 2001;199(1):79-84.

Levine DP. Vancomycin: a history. Clin Infect Dis. 2006;42(Suppl 1):55-12.
Rivera J, Vannakambadi G, Ho6k M, Speziale P. Fibrinogen-binding pro-
teins of Gram-positive bacteria. Thromb Haemost. 2007;98(3):503-11.
Feuillie C, Formosa-Dague C, Hays LM, Vervaeck O, Derclaye S, Bren-

nan MP, et al. Molecular interactions and inhibition of the staphy-
lococcal biofilm-forming protein SdrC. Proc Natl Acad Sci U S A.
2017;114(14):3738-43.

O'Neill £, Pozzi C, Houston P, Humphreys H, Robinson DA, Loughman

A, et al. A novel Staphylococcus aureus biofilm phenotype mediated

by the fibronectin-binding proteins. FNBPA and FnBPB J Bacteriol.
2008;190(11):3835-50.

Gries CM, Biddle T, Bose JL, Kielian T, Lo DD. Staphylococcus aureus
fibronectin binding protein a mediates biofiim development and infec-
tion. Infect Immun. 2020;88(5):e00859-19.

Corrigan RM, Miajlovic H, Foster TJ. Surface proteins that promote adher-
ence of Staphylococcus aureus to human desquamated nasal epithelial
cells. BMC Microbiol. 2009;9:22.

Foster TJ, Geoghegan JA, Ganesh VK, H66k M. Adhesion, invasion and
evasion: the many functions of the surface proteins of Staphylococcus
aureus. Nat Rev Microbiol. 2014;12(1):49-62.

McCarthy AJ, Lindsay JA. Genetic variation in Staphylococcus aureus
surface and immune evasion genes is lineage associated: implications
for vaccine design and host-pathogen interactions. BMC Microbiol.
2010;10:173.

Clinical and Laboratory Standards Institute. Performance standards for
antimicrobial susceptibility testing, 29th ed CLSI supplement M100 Clini-
cal and Laboratory Standards Institute. 2019. CLSI, Wayne, PA.

Sun X, Lin ZW, Hu XX, Yao WM, Bai B, Wang HY, et al. Biofilm formation in
erythromycin-resistant Staphylococcus aureus and the relationship with
antimicrobial susceptibility and molecular characteristics. Microb Pathog.
2018;124:47-53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Antibacterial activities and action mode of anti-hyperlipidemic lomitapide against Staphylococcus aureus
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Lomitapide exhibited antibacterial activity against Gram-positive bacteria
	Lomitapide inhibited S. aureus biofilm formation
	Quantitative proteomics analysis
	The two-component regulatory system VraSVraR was involved in the antibacterial activity of lomitapide

	Discussion
	Methods
	Bacteria strains and chemicals
	Antimicrobial susceptibility testing (AST)
	Growth curve assay
	Time kill studies
	Biofilm inhibition assay
	Sample preparation for quantitative proteomics analysis
	Nano LC–MSMS
	Bioinformatics analysis
	Statistical analysis

	Acknowledgements
	References


