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ABSTRACT

Methicillin-resistant Staphylococcus aureus (MRSA) is a major global health threat due to its resistance to multiple antibiot-
ics, making conventional treatments ineffective. The rise in antibiotic resistance highlights the urgent need for new therapies.
Sortase A (SrtA), a key virulence factor in Staphylococcus aureus (S. aureus), facilitates bacterial adhesion and infection by an-

choring surface proteins to host cells, making it a promising drug target. In this study, we investigated the potential of osmundac-

etone (OSC), a natural compound from Osmundae Rhizoma, as an SrtA inhibitor. Using fluorescence resonance energy transfer
(FRET), OSC was found to inhibit SrtA with an IC,, of 1.29 ug/mL (7.24 uM). Further in vitro assays confirmed the effectiveness
of OSC in inhibiting SrtA-mediated bacterial adhesion, invasion and biofilm formation. Fluorescence quenching and molecular
docking pinpointed the binding site of OSC on SrtA. In vivo, OSC improved survival rates in MRSA-infected mice and Galleria

mellonella (G. mellonella) while reducing bacterial loads in infected tissues. These results suggest OSC as a promising candidate

for anti-MRSA therapies.

1 | Introduction

Staphylococcus aureus (S.aureus), a pervasive commensal
bacterium (Wertheim et al. 2005), frequently colonises the
nasal mucosa and skin surface (Hanselman et al. 2009) of its
hosts, harbouring an innocuous presence in approximately
20%-30% of healthy individuals (Gonzalez-Garcia et al. 2022).
This bacterium, under ordinary circumstances, coexists with
its human host without incident. However, when the integ-
rity of the skin or mucosal barrier is compromised, S. aureus

transitions from a harmless bystander to a potent pathogen
(Wilson et al. 2011). It can infiltrate underlying tissues or
invade the bloodstream, precipitating a range of serious in-
fectious diseases (Cheung et al. 2021), such as cellulitis,
pneumonia, endocarditis and the potentially fatal conditions
of bacteremia and sepsis (Nagarajan et al. 2024; Yarovoy
et al. 2019). Moreover, individuals with compromised immune
systems or those reliant on invasive medical devices are par-
ticularly vulnerable to these infections (Howden et al. 2023;
Lowy 1998; Tong et al. 2015).
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Traditionally, antibiotics have been the cornerstone of ther-
apy against S. aureus infections (Liu et al. 2011), exerting their
effects through interactions with bacterial DNA, RNA, pro-
teins, or cell wall components to achieve bactericidal or bac-
teriostatic outcomes (Gatta et al. 2020; Gao and Zhang 2021).
Nevertheless, the landscape of bacterial resistance has
been dramatically altered by the production of antibiotic-
neutralising enzymes by bacteria, along with the widespread
increase in antibiotic use in clinical settings (Chan et al. 2013).
This has led to the emergence of formidable, multidrug-
resistant strains, notably methicillin-resistant Staphylococcus
aureus (MRSA) (Ahmad-Mansour et al. 2021), which is now
the principal agent of hospital- and community-acquired in-
fections worldwide (Turner et al. 2019). Alarmingly, projec-
tions indicate that by 2050 (Christaki et al. 2020), deaths due to
antibiotic-resistant infections could surpass those associated
with cancer. This resistance is driven principally by the mecA
gene (Ito et al. 1999), which encodes a modified penicillin-
binding protein (PBP2a) that renders bacteria impervious to
B-lactam (Chambers and Deleo 2009) antibiotics (Enright
et al. 2000). Furthermore, the rapid evolution of antibiotic re-
sistance in S. aureus has enabled the bacterium to also resist
other classes of antibiotics, including vancomycin and macro-
lides (Ito et al. 1999; Monecke et al. 2011), compounding the
challenge of effective treatment and underscoring the urgent
need for innovative therapeutic approaches.

In response to this escalating threat, the strategy of antiviru-
lence factor therapy has gained traction. This approach targets
the virulence factors of S.aureus—bacterially derived mole-
cules such as hemolysin (Hla) (Lakhundi and Zhang 2018),
multiple gene regulator A (MgrA), caseinolytic protease P
(ClIpP) (Song et al. 2022), sortase A (SrtA) and coagulase—
which are intimately linked to its pathogenicity (Beceiro
et al. 2013; Jenul and Horswill 2019; Tilouche et al. 2021).
These factors facilitate bacterial infection and proliferation
within the host (Nisar et al. 2021; Pan et al. 2020). By in-
hibiting these virulence factors, the strategy aims to attenu-
ate the ability of pathogens to cause disease, rendering them
more vulnerable to eradication by the immune system of the
host. This method aims to diminish the selective pressure that
drives the evolution of resistance, offering a sustainable path
forward in managing bacterial infections.

Central to the virulence of S.aureus is the enzyme SrtA,
which anchors over 20 different cell wall-anchored (CWA)
(Foster 2019) proteins to the bacterial surface. These proteins,
which include fibrinogen-binding proteins (FnbA and FnbB),
clumping factors (CIfA and CIfB) (Ganesh et al. 2011; Xiang
et al. 2012) and serine-aspartate repeat proteins (SdrC, SdrD
and SdrE) (Askarian et al. 2017), play critical roles in bacterial
colonisation, host invasion and immune evasion. The absence
of SrtA in S.aureus results in significantly reduced virulence
(Mazmanian et al. 2000; Weiss et al. 2004), suggesting that in-
hibition of this enzyme could be a potent therapeutic strategy.
Importantly, targeting SrtA does not impair bacterial viability
directly, nor does it exert selective pressure on human cells, thus
mitigating the risk of developing resistant strains (Cascioferro,
et al. 2014; Zecconi and Scali 2013). Additionally, SrtA is cru-
cial for the formation of biofilms, a major factor in chronic in-
fections. Therefore, therapies that inhibit SrtA could not only

curb bacterial virulence but also impede biofilm development
(Cascioferro, et al. 2014), substantially alleviating the severity of
infections (Maresso and Schneewind 2008).

Given its unique extracellular location and absence of homol-
ogous structures in eukaryotic cells (Ha et al. 2020), SrtA rep-
resents an ideal target for the development of novel antivirulence
agents designed to combat the formidable challenges posed by
S. aureus infections. This innovative approach holds promise for
the future, where the threat of antibiotic resistance can be effec-
tively managed, safeguarding global health outcomes.

Currently, several SrtA inhibitors, including natural com-
pounds, small peptides and other related substances, have been
identified as having significant therapeutic potential against
S. aureus infections in vivo (Cascioferro, et al. 2014; Maresso
and Schneewind 2008; Wallock-Richards et al. 2015). With the
continuous emergence of new drug development strategies, the
unique value and importance of natural products have become
increasingly prominent. Osmundacetone (OSC), a natural com-
pound, is derived from the rhizome of Osmundae Rhizoma
(Trinh et al. 2021). The rhizome of Osmunda japonica, referred
to as ‘Osmundae Rhizomathe’ or ‘Guan-Zhong' in Chinese
(Zhu and Woerdenbag 1995), has various effects, such as anti-
inflammatory effects, diuretic effects, skin protection and pre-
vention of gastrointestinal bleeding, and plays a significant role
in traditional Chinese medicine (TCM) (Marshall 2020). OSC
is known for its neuroprotective and antiapoptotic effects (Béni
et al. 2021). Additionally, OSC exhibits a range of activities, in-
cluding DPPH scavenging, antioxidant effects and the inhibi-
tion of immune cytokine and tumour necrosis factor production
(Kowalska et al. 2021).

In this study, the inhibitory activity of OSC against S.aureus
SrtA at a low IC,, was screened via FRET technology. These
results demonstrated that OSC effectively inhibited SrtA, sig-
nificantly reducing the pathogenicity of MRSA. Additionally,
the in vivo therapeutic efficacy of OSC was evaluated. Given the
critical role of SrtA in S. aureus infections, our findings support
OSC as a promising therapeutic agent with broad potential ap-
plications in the treatment of MRSA infections.

2 | Materials and Methods
2.1 | Reagents and Materials

S. aureus USA300 (ATCC BAA-1717) was obtained from the
American Type Culture Collection (ATCC) in Manassas,
Virginia, USA. The S. aureus USA300 strain lacking the SrtA
gene (AsrtA) srtA-deficient strain (AsrtA) and the Escherichia
coli (E. coli) BL21 (DE3) pET28a-srtA AN59 (Deng et al. 2014)
strains used in this study were obtained from our laboratory
and were cultured overnight in brain-heart infusion (BHI,
Qingdao, China) or Luria Bertani (LB, Qingdao, China) broth
in an incubator with shaking at 220rpm at 37°C unless oth-
erwise indicated. Osmundacetone was sourced from Letian
Mei Biology Co. Ltd. and was obtained from Chengdu, China
(Figure S1). It is a light yellow powder that was dissolved in
DMSO to prepare a 10 mg/mL stock solution before use. This
stock solution was then diluted to the desired concentrations
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for experimental applications. The fluorescent substrate
peptide Abz-LPATG-Dap (Dnp)-NH, was purchased from
LifeTein LLC (Beijing, China). Human non-small-cell lung
cancer cells (A549 cells) were grown in complete medium
containing 5% foetal bovine serum and 1% streptomycin and
penicillin and were grown in 5% CO, as well as in a 37°C cell
culture incubator for 24 h.

2.2 | Plasmid Construction

The pET28a prokaryotic expression vector was utilised for clon-
ing in this experiment. The DNA sequence that encodes the srtA
gene was amplified via PCR with S.aureus USA300 genomic
DNA as a template. The PCR products were then digested with
Xhol and BamHI (NEB, China) and cloned and inserted into
the same locus of pET28a. After the sequence was confirmed
via DNA sequencing, the pET28a-srtA AN59 plasmid was ob-
tained. A QuikChange Targeted Mutagenesis Kit (Stratagene,
USA) was used to target G167A SrtA, V168A SrtA, L175A SrtA
and Q178A SrtA in Table S2.

2.3 | Purification of SrtA and Its Mutants

The recombinant plasmid pET28a-srtA was incubated
with E.coli BL21 (DE3) in LB media at 220rpm and 37°C
with shaking until the concentration reached the range of
8x107-8 x 108 CFU/mL. Isopropyl-3-d-thiogalactopyranoside
(IPTG, BioWorks Biotech, China) was then added to the sus-
pension to a concentration of 0.5mM, which was subsequently
incubated overnight at 180rpm and 18°C with shaking to in-
duce the expression of the SrtA protein. The bacteria were col-
lected by centrifugation at 4°C, the supernatant was discarded,
and the bacteria were resuspended in reaction buffer (50 mM
Tris base, 150 mM NaCl, 5mM CaCl,, pH 7.4; Beyotime, China)
before being sonicated. After the cells were disrupted, the su-
pernatant was collected by centrifugation at low temperature.
The proteins were purified via an Ni-NTA system (Beyotime,
China). The heterogeneous proteins were eluted by adding
50mM imidazole, while the SrtA proteins were sequentially
eluted with 100, 200, and 400 mM imidazole, and the purifica-
tion results are shown in Figure S2. The mutant proteins were
purified following the same protocol.

2.4 | Screening of SrtA Inhibitors

FRET was utilised to screen for SrtA inhibitors, leveraging the
ability of srtA AN59 to identify and cleave LPXTG motifs tagged
with fluorescent and quenching groups at both ends. This pro-
cess yielded the products Abz-LPAT-Gly, and G-dnp, facilitating
the transfer of fluorescence. The process is depicted in Figure 1a.
AFRET assay was used to detect the activity of the purified SrtA
protein. A final volume of 100 uL of a mixture containing SrtA
reaction buffer, purified SrtA protein and various concentra-
tions of small molecule compounds was added to a black 96-well
plate and incubated for 30min at 37°C. The fluorescent sub-
strate peptide Abz-LPATG-Dap (Dnp)-NH, was subsequently
incubated at the same temperature for 20 min. Negative controls
were included in wells containing all the components except for

the SrtA protein. The fluorescence intensity was measured via
an enzyme marker (TECAN, M1000, Switzerland) at 420 nm for
emission and 309 nm for excitation. IC, values were calculated
with GraphPad Prism 8.0 software.

2.5 | Reversible Inhibition Assay of SrtA

The SrtA protein was added to the reaction buffer at a final con-
centration of 100 ug/mL, along with the 10-fold IC,,, concentra-
tion of OSC. The mixture was then incubated for 1h at 37°C,
protected from light and subsequently diluted 100-fold by the
addition of 9.9mL of reaction buffer. Following the final addi-
tion of 10uL of the fluorescent substrate peptide Abz-LPATG-
Dap (Dnp)-NH,, the fluorescence intensity was measured at
309nm excitation and 420nm emission wavelengths using an
enzyme marker. The degree of reversible inhibition was calcu-
lated from the measured values.

2.6 | Determination of the Minimum Inhibitory
Concentration (MIC) and Growth Curve

In accordance with the CLSI guidelines (Humphries et al. 2021),
the MIC of OSC was determined via the microbroth dilution
method to evaluate its antimicrobial activity, which was per-
formed as follows: using tryptic soy broth (TSB, HopeBio,
China), S. aureus was recovered overnight, inoculated the next
day at a ratio of 1:100 in cation-adjusted Mueller-Hinton broth
(CAMHB, Qingdao, China) and incubated at 37°C until a con-
centration of 8 x107-8x 108 CFU/mL was obtained. Next, the
bacterial suspension was diluted 1:1000 in CAMHB and inocu-
lated into sterile 96-well plates, and the concentration of OSC in
sterile 96-well plates ranged from 8 to 1024 ug/mL via the multi-
plicative dilution method. Then, 2uL of diluted azurophilic dye
(5mg/mL)was added to each well, and the plates were incubated
at 37°C in a temperature chamber for 16 h. Finally, the antimi-
crobial activity of the OSC was evaluated by observing the colour
change to assess the antimicrobial effect of the OSC. Moreover,
we established a group containing only S. aureus USA300 as a
positive control group and a group containing only CAMHB me-
dium as a negative control group. USA300 and AsrtA were cul-
tured overnight and transferred in proportion to TSB. They were
then incubated until they reached concentrations ranging from
3%107 to 3x 108 CFU/mL. The OD, , value was measured every
hour via an enzyme marker (Thermo Fisher Scientific, USA),
and a growth curve was plotted.

2.7 | MTT Cytotoxicity Assay

The MTT assay was employed to assess the cytotoxicity of the
natural products. A549 cells were seeded at a density of 5x10*
cells per well in a 96-well plate and incubated overnight until
they reached 80% confluence. The culture medium was sub-
sequently replaced with Dulbecco's modified Eagle’s medium
(DMEM) supplemented with various concentrations of OSC
(0-64pg/mL). After a 12-h incubation in the cell culture incu-
bator, 10uL of MTT (5mg/mL, Beyotime, China) solution was
added to each well, and the mixture was incubated at 37°C
for 4h. Following the removal of the supernatant, 100uL of
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FIGURE1 | Inhibitory effects of the compound OSC on SrtA activity. (a) FRET experiments were employed to assess the effects of compounds
on the ability of SrtA to cleave the LPXTG motif, a process that triggers energy transfer, leading to changes in fluorescence intensity. (b) The inhib-
itory effects of various compounds on SrtA were explored. Compounds with an inhibition rate exceeding 70% were considered to exhibit potential
inhibitory activity. (c) Chemical structural formula of the compound OSC, which has a CAS number of 37079—84—S8. (d) Effects of OSC on SrtA
activity, with an IC,, value of 1.29 ug/mL. (¢) MICs of the compound OSC against S. aureus. (f) Growth curves of the S. aureus USA300 strain and
the AsrtA mutant strain after treatment with 64 ug/mL OSC for 24 h. (g) Different concentrations of OSC (0-64 ug/mL) had no effect on the via-
bility of A549 cells.

dimethyl sulfoxide (DMSO) was added to dissolve the formazan
crystals in each well. The absorbance of each well at 570 nm was
then measured via a microplate reader.

2.8 | Fibrinogen Binding Assay

Fibrinogen (Fn, 20ug/mL, Yuanye, China) was added to a
96-well plate and incubated overnight at 4°C. The plate was

then washed with phosphate-buffered saline (PBS) and incu-
bated with 0.5% bovine serum albumin (BSA) for 2h. Next,
different concentrations of OSC (0-64ug/mL) were mixed
with USA300 bacterial suspensions at a concentration of
6Xx107-6x 103 CFU/mL, and the mixture was added to a 96-
well plate for incubation. The plate was incubated at 37°C for
2h, washed, fixed and then stained with crystal violet. The
plate was eluted with anhydrous ethanol, transferred to a new
96-well plate and detected via a microplate reader (Multiskan
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Go, Thermo Fisher, USA). The adhesion rate was calculated
on the basis of the absorbance value at 570 nm with GraphPad
Prism 8.0 software.

2.9 | Biofilm Formation Assay

S.aureus cultured overnight in BHI medium at 37°C with
shaking at 220rpm, along with AsrtA, will be diluted 1:100 in
BHI supplemented with glucose and sodium chloride. The cul-
tures were shaken until a concentration ranging from 3x107
to 3x 108 CFU/mL was reached. Simultaneously, S0uL of 20%
lyophilised rabbit plasma (Xiang et al. 2017) (HopeBio, China)
was added to a 96-well plate and incubated overnight at 4°C for
coating. The following day, bacterial cultures containing various
concentrations of OSC (0-64ug/mL) were added to a plasma-
coated 96-well plate. After incubation at 37°C for 16h, the su-
pernatant was removed, and the wells were washed with PBS.
Crystal violet staining will be performed for 20 min, followed by
washing with PBS. Subsequently, 200 uL of anhydrous ethanol
was added for elution of the bound dye, and the absorbance at
570nm was measured via a microplate reader.

2.10 | Confocal Laser Scanning Microscopy
(CLSM) Detection of Biofilms

The glycerol bacteria were revived at a 1:100 ratio in BHI medium
and incubated overnight on a shaker at 37°C. The next day, the
bacteria were inoculated at a 1:100 ratio into BHI. Five hundred
microlitres of bacterial suspension were inoculated into a six-
well plate coated with freeze-dried rabbit plasma and incubated
at 37°C for 24h to form a complete biofilm. The biofilms were
treated with different concentrations of OSC and PBS. The mix-
ture was incubated at 37°C for 24 h. After incubation, the super-
natant was removed, and the biofilms at the bottom were washed
three times with PBS (pH7.4). The samples were stained with
SYTO-9 (Yuanye, China) at room temperature for 30 min, and
three-dimensional fluorescence images were captured via CLSM
(Carl Zeiss, Germany).

2.11 | FITC-IgG-Labelled S. aureus Surface Protein
A (SpA)

After oscillation cultivation of S.aureus at 37°C and 220rpm
until a concentration ranging from 3x107 to 3x 108 CFU/mL
was reached, different concentrations of OSC (32-64ug/mL)
were added under the same conditions and cultured until the
concentration was within the range of 1x108-1x10°CFU/
mL. The bacterial cells were then collected by centrifugation,
washed once with PBS and blocked with 0.3% BSA for 20 min.
After centrifugation and another wash with PBS, the bacte-
rial cells were fixed with 4% paraformaldehyde for 20min.
After rinsing with PBS, the cells were resuspended by adding
50uL of FITC-labelled rabbit anti-sheep immunoglobulin G
(IgG) (Proteintech, China) diluted at a ratio of 1:200, and the
cells were incubated in the dark for 2h at room temperature.
After incubation, the cells were washed with PBS to eliminate
background fluorescence effects and resuspended in PBS, and
the fluorescence intensity was measured via flow cytometry
(CytoFlex; Beckman Coulter, USA).

2.12 | Invasion Assay

A549 cells were seeded at a density of 1 x 10° cells per well in a
24-well plate and cultured in F-12K medium containing foetal
bovine serum, streptomycin and penicillin for 24 h. Moreover,
S.aureus suspensions containing different concentrations
of OSC were shaken at 37°C and 220rpm until the concen-
tration was within the range of 1x108-1x10° CFU/mL, fol-
lowed by centrifugation to collect bacterial cells, which were
subsequently resuspended in F12-K medium. The cells were
subsequently infected with S.aureus at a concentration of
1% 103 CFU/mL. Five hundred microliters of the bacterial sus-
pension at the desired concentration were added to each well
of the 24-well plate and incubated at 37°C for 2h. After being
washed with PBS, the cells were incubated in F12-K medium
containing gentamicin (300 ug/mL) for 1h to eliminate extra-
cellular S. aureus. Following two PBS washes, the cells were
lysed with 5% (v/v) Triton X-100 (Sigma-Aldrich, Germany),
and the bacterial counts were determined by plating and incu-
bating the bacteria.

2.13 | Live-Dead Cell Experiment

A549 cells were seeded at a density of 5x 10° cells per well in
a 24-well plate and cultured at 37°C with 5% CO, until the
cell confluence reached 80%-90%. The cells were then washed
twice with PBS. Staphylococcus aureus was inoculated into
TSB medium at a 1:100 ratio and incubated overnight at 37°C
with shaking at 220 rpm. After overnight incubation, the bac-
terial cells were collected via centrifugation. The bacterial
pellet was subsequently resuspended in F-12K media, and the
bacterial concentration was adjusted to 1x10%-1x10° CFU/
mL. A total of 500uL of the bacterial suspension contain-
ing varying concentrations of OSC (32-64 ug/mL) was added
to each well of the 24-well plate. The plate was incubated
at 37°C for 5h, after which the supernatant was discarded.
The cells were then stained in the dark for 30 min via the
Calcein-AM/PI Live/Dead Cell Viability/Cytotoxicity Assay
Kit (Baiyoutian, China) according to the manufacturer's in-
structions. After staining, the cells were washed twice with
PBS and imaged under a fluorescence microscope (Leica
Microsystems, Germany).

2.14 | Quantitative Real-Time PCR (RT-qPCR)

Total RNA from S. aureus was extracted via the TRIzol method
according to the manufacturer's instructions (Rio et al. 2010).
The quantity of total RNA was confirmed via ultraviolet spec-
trophotometry. Purified S. aureus RNA was reverse-transcribed
into cDNA via Transcriptor First Strand cDNA Synthesis
Master Mix (5X) (with gDNA EZeraser) (Beyotime, China) fol-
lowing the manufacturer's protocol. RT-qPCR analysis was per-
formed via Fast Start Universal SYBR Green Master Mix (Roche
Molecular Biochemicals, Germany) and the CFX96 Touch Real-
Time PCR Detection System (Bio-Rad). The reference gene used
in RT-qPCR was 16S RNA. Each experiment was performed
independently and repeated three times. The sequences of the
primers used in the real-time PCR experiments are provided in
Table S2.
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2.15 | Western Blot Analysis

The S. aureus was diluted in TSB at a ratio of 1:100 and cultured
until the concentration ranged from 3x107 to 3x108CFU/mL.
Different concentrations of OSC (0-64 ug/mL) were added, and
the cultures were oscillated at 37°C until the concentration was
within the range of 2x108-2x10° CFU/mL. The AsrtA group
was used as the control group. After the bacterial cells were
collected via centrifugation, they were washed once with PBS.
Then, lysozyme (0.2mg/mL) and lysostaphin (0.01 mg/mL)
were added, and the mixture was incubated on ice for 30 min
for cell lysis. The supernatant was collected after centrifugation,
followed by gel electrophoresis. The proteins were then trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane, which
was blocked with 2.5% skim milk for 2h. The PVDF membrane
was subsequently incubated overnight at 4°C with polyclonal
serum antibodies against S.aureus SrtA (1:200; the polyclonal
anti-SrtA antibody was produced in-house). After the excess
proteins were washed away with TBS-T, the PVDF membrane
was incubated with horseradish peroxidase (HRP)-conjugated
secondary goat anti-rabbit antibody (1:10,000, Beyotime, China)
at room temperature for 2h. Finally, the bands were visualised
via ECL Plus (Beyotime, China) for exposure and recording.

2.16 | Fluorescence Quenching Assay

The purified SrtA protein was diluted to a concentration of
500ng/mL with PBS and added to a black 96-well plate. Various
concentrations of OSC (0.1-0.5 ug/mL) were subsequently added
and thoroughly mixed. After incubation at room tempera-
ture for 10min, the fluorescence spectrum of the mixture was
measured via a fluorescence spectrophotometer. Fluorescence
emission spectra in the range of 300-400nm were recorded,
and K , values were calculated on the basis of previous methods
(Papadopoulou et al. 2005).

2.17 | Molecular Docking

Three-dimensional structural data of the SrtA protein were
obtained from the PDB database (PDB ID: 1T2P). The three-
dimensional structure of the OSC was obtained from PubChem
(PubChem ID: 9942292), and ChemBio3D Ultra 12.0 software was
used to construct the three-dimensional structure of the SrtA pro-
tein. Moreover, ABEE was used to construct the three-dimensional
structure of OSC molecular docking simulations via AutoDock
Vina 1.57 software, with a configuration of specific parameters for
the docking programme: exhaustiveness was set to 8, and manu-
ally customised grid coordinates were set as centre_x=-30.329,
centre_y=-19.713 and centre_z=—0.456; dimensions were set as
size_x=47.75, size_y=45.75 and size_z=46.5, ensuring precise
and accurate analysis of molecular interactions. Nonpolar hydro-
gen atoms were merged, and rotatable bonds were constrained to
generate ligand—protein complexes.

2.18 | Protective Effect of OSC on MRSA-Infected
G. mellonella

To evaluate the potential of OSC in treating MRSA-induced
systemic infection in G. mellonella, this study established five

experimental groups: the WT infection group, the OSC treat-
ment group, the uninfected control group, the AsrtA mutant in-
fection group and the vancomycin treatment group. Each group
consisted of 10 larvae. The infection model was created by in-
jecting 10uL of an MRSA suspension containing 5x 108 CFU/
mL into the distal part of the left foreleg. One hour after injec-
tion, the OSC treatment group received 40 mg/kg OSC, whereas
the vancomycin treatment group received 40 mg/kg vancomy-
cin. The uninfected control group and the vancomycin treat-
ment group were also subjected to corresponding treatments to
ensure experimental rigour. During the experiment, the larvae
were kept at a temperature below 37°C. The survival rate of the
larvae was recorded every 12h over a 96h observation period.
Additionally, to assess treatment efficacy, larvae were collected
48h post infection, sterilised, homogenised and cultured on
TSA plates at 37°C for 24h to quantify the number of colony-
forming units. The extent of larval melanisation was also re-
corded through images to evaluate the severity of infection and
the effectiveness of the treatments.

2.19 | Mouse Model of Pneumonia Infection

All animal experiments in this study were conducted in strict ac-
cordance with the regulations of the Animal Ethics Committee
of Changchun University of Chinese Medicine. Female specific
pathogen-free (SPF)-grade C57BL/6] mice, aged 6-8weeks,
were selected as models for pneumonia infection. The mice were
acclimatised in a standard laboratory environment for 1week
with free access to food and water. The mice were randomly
divided into five groups: the blank control group, WT +DMSO
group, WT 4+ OSC group, vancomycin group and AsrtA group.
In the survival experiment, eight mice were used per group.
S. aureus USA300 was diluted 1:100 in TSB and cultured to con-
centrations ranging from 1x10% to 1x10°CFU/mL. After cen-
trifugation, the bacterial pellet was washed and resuspended in
PBS. The mice were anaesthetised with isoflurane gas and po-
sitioned upright, and 30 1L of bacterial suspension (2 x 103 CFU)
was introduced into the left nostril to induce natural inhalation,
thereby establishing the S.aureus pneumonia infection model.
Two hours later, the mice in the treatment and infection groups
were subcutaneously injected with OSC (40mg/kg) or an equiv-
alent volume of DMSO, followed by identical dosing every 12h.
Mouse survival was assessed every 12h, and a survival curve
was plotted over 96 h. The statistical significance of differences
between the treatment and control groups was assessed via the
log-rank test of the survival curves.

In this study, the mice were randomly assigned to each experi-
mental group (n=12) and intranasally infected with S. aureus
at a concentration of 1x108CFU/30uL. All the mice subse-
quently received drug treatment at the same dosage via the
same method. Twenty-four hours postinfection, four mice from
each group were randomly selected and euthanised via cervi-
cal dislocation. Lung tissue samples were aseptically collected,
and bacterial colony counts were performed on agar plates to
assess the bacterial load in the lungs. Simultaneously, the left
lungs of an additional four mice from each group were fixed in
10% formalin, followed by paraffin embedding, haematoxylin-
eosin (H&E) staining, or F4/80 staining for histopathological
examination under a light microscope. For the remaining four
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mice in each group, lung tissues were rapidly excised after eu-
thanasia, and the wet weight (W) was accurately measured. The
lung tissues were then dried for 24h in an oven preset to 65°C to
obtain the dry weight (D). The wet-dry weight ratio (W/D ratio)
was calculated to determine the lung W/D ratio for each group,
which serves as an important indicator for assessing the degree
of pulmonary oedema.

2.20 | Flow Cytometric Detection of Inflammatory
Markers in Mouse Lung Tissue

To establish a mouse model of pneumonia infection, female
C57BL/6J mice 6 to 8 weeks of age were used in this study. The
mice were spontaneously inhaled by dropping 30 uL of a bacte-
rial suspension (containing 1x 108 CFU) into the left nostril to
simulate a respiratory infection. Twelve hours after infection,
the mice were anaesthetised with 0.5% pentobarbital, and the
lung tissues were removed and sectioned. The tissue pieces
were digested in a solution containing digestive enzymes for
20 to 30min at 37°C and filtered through a cell sieve to obtain
a single-cell suspension. The cell suspension was centrifuged
at 1000 rpm for 10 min, and the supernatant was discarded. An
appropriate amount of erythrocyte lysate was then added to
lyse the cells on ice for 5min, followed by the addition of cul-
ture medium to complete the lysis process. After centrifugation
for another 10 min, the supernatant was discarded, and the cell
precipitate was resuspended in blocking solution and blocked
on ice for 10min. After the blocking solution was discarded,
the cells were mixed with appropriately diluted PE-labelled
anti-mouse/human CD11b antibody (Elabscience, China) and
FITC-labelled anti-mouse Ly6G antibody (Elabscience, China)
and incubated for 30 min at 4°C in the dark. After incubation,
the mixture was washed with buffer and finally resuspended in
buffer for flow cytometry analysis.

2.21 | Statistical Analysis

The experimental data of this study were statistically analysed
via GraphPad Prism 8.0, and the results are expressed as the
means+ standard deviations (means+SDs) (n>3). A signifi-
cance level of p<0.05 was considered statistically significant.
The Kaplan-Meier log-rank test was used to evaluate the statis-
tical significance of differences between the treatment and con-
trol groups on the basis of survival curves. Each experiment was
conducted with three parallel biological replicates.

3 | Results
3.1 | Identification of OSC as a SrtA Inhibitor

Using a FRET assay, we screened 40 compounds (Table S1)
and ultimately identified the compound OSC as an inhibitor of
SrtA (Figure 1b,c) because of its significant inhibitory activity
at low doses during the initial tests. The results indicated that
OSC markedly inhibited SrtA activity in a dose-dependent
manner, with an IC,; of 1.29ug/mL (Figure 1d). Although
OSC inhibits SrtA, it does not significantly affect the growth
rate of S.aureus USA300. The results of resazurin staining

revealed that the MIC of OSC against S.aureus exceeded
512pg/mL (Figure le), indicating a lack of antibacterial ac-
tivity. Furthermore, OSC did not exert selective pressure on
S.aureus, as evidenced by the unchanged growth rate of the
USA300 strain (Figure 1f).

To determine cytotoxicity, an MTT assay was performed on the
A549 cell line. The results revealed no significant deviations in
cell viability across different drug concentrations (0-64 ug/mL)
(Figure 1g), indicating that OSC has no cytotoxic effects and has
few cytotoxic effects. Furthermore, safety in vivo was assessed
via a rabbit erythrocyte assay. Notably, concentrations up to 32-
fold the IC,, value did not induce hemolysis of rabbit erythro-
cytes (Figure S3).

The collective evidence from these experiments compellingly
supports the conclusion that OSC is not acutely toxic in vivo at
the tested concentrations. This absence of toxicity underscores
the potential for further development of OSC as a pharmaceuti-
cal agent for treating S. aureus infections.

3.2 | Effect of OSC on S. aureus Pathogenicity

We assessed the impact of OSC on the SrtA activity of S. au-
reus through a series of experiments aimed at understand-
ing its role in reducing the pathogenicity of this bacterium.
Initially, a fibrinogen binding assay was performed to evalu-
ate the effect of OSC on the adhesion of S. aureus. Given that
Fibrinogen (Fn) acts as a crucial bridge between the bacterial
adhesin fibrinogen-binding protein (Fnbp) and mammalian
cell integrins, influencing phagocytosis, our results demon-
strated that OSC significantly diminished S.aureus adhe-
sion, reducing it to 18.15% at the highest concentration tested
(64 ug/mL) (Figure 2a). These findings suggest that the OSC
disrupts the interaction with fibronectin, thereby mitigating
the virulence of S. aureus.

To further explore the complex interplay between S.aureus
SrtA and host colonisation, particularly in the context of in-
vasive diseases, we investigated the impact of OSC on the in-
vasive potential of S. aureus in A549 cells. By utilising green
fluorescence-labelled bacteria, invasion assays revealed that
OSC treatment markedly reduced the invasion of host cells,
especially at the highest dosage (64 ug/mL) (Figure 2b,c). The
colony count on the blood agar plate showed the same results
(Figure 2d). The role of the SrtA protein extends to the for-
mation of biofilms, which serve as physical barriers that in-
crease bacterial resistance to antibiotics and survival. Crystal
violet staining was used to examine the effects of OSC on
both nascent and mature S.aureus biofilms. We observed a
dose-dependent reduction in biofilm formation in response to
OSC, with the lowest level of biofilm formation occurring in
the AsrtA group (Figure 2e). However, interestingly, changes
in the OSC concentration did not influence mature biofilms
(Figure S4). Using confocal laser scanning microscopy, we
assessed the structural integrity of the S.aureus biofilm and
discovered that treatment with OSC led to a deterioration
in biofilm integrity and thickness, which was particularly
evident compared with the robust biofilms of the WT group
(Figure 2f,g).
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FIGURE 2 | Inhibitory effects of the compound OSC on the SrtA-mediated virulence phenotypes of S. aureus. (a) Effects of the compound OSC
on the adhesion of S. aureus to fibronectin. The results showed that the presence of OSC significantly reduced the adhesion of S. aureus. (b) Effects
of different concentrations of OSC (32-64 ug/mL) on the internalisation of S. aureus into A549 cells. Staining of A549 cells with phalloidin (red) and
DAPI (blue) revealed that the number of S. aureus internalised into A549 cells decreased as the concentration of OSC increased. (c) Quantitative flu-
orescence statistics of S. aureus invasion into A549 cells confirmed the inhibitory effect of OSC on S. aureus. (d) Blood plate colony counting results
showing the inhibitory effects of different concentrations of OSC on the internalisation of S. aureus into A549 cells, providing quantitative data on
the inhibitory effects of OSC. (e, g) The ability of OSC to resist biofilm formation in S. aureus was evaluated via crystal violet staining, quantitative
fluorescence statistics of the biofilm revealing the destructive effect of OSC on the formation of biofilm. (f) Effects of different concentrations of OSC
(0-64ug/mL) on the formation of S. aureus biofilms. The biofilm membranes were stained with the nucleic acid dye SYTO-9 and then reconstructed
in three dimensions via confocal laser scanning microscopy (CLSM).

Moreover, the live-dead cell assay confirmed the protective ef- Additionally, the interaction of SrtA-mediated SpA with the host
fect of OSC against MRSA-infected A549 cells, which resulted immune system notably enhances the infectivity of S.aureus.
in a significant reduction in bacterial lethality towards host cells Since SpA specifically binds to the Fc region of IgG, we used
(Figure 3a,b). fluorescence cytometry to determine the effect of OSC on SpA
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genes, spA, clfA, fnbpA and fnbpB, were detected via RT-qPCR at concentrations of 64 pg/mL. The reference gene used for RT-qPCR was 16S RNA.

levels. The results showed that after OSC treatment, the fluores-
cence intensity of IgG gradually decreased (Figure 3c), indicat-
ing that OSC weakened the ability of SpA to anchor S. aureus.
This treatment not only reduced bacterial adhesion but also im-
paired immune evasion.

In this study, the transcription levels of virulence factor genes
(SpA, clfA, fnbpA and fnbpB) that play important roles in the
S. aureus infection process were detected via RT-qPCR at a con-
centration of 64 ug/mL. Compared with those in the untreated
group, the expression levels of the spA, clfA, fnbpA and fnbpB
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Experiments were repeated three times, and data are presented as mean + SDs.

genes in USA300 decreased to varying degrees after treatment
with 64ug/mL OSC (Figure 3d).

In conclusion, OSC showed significant efficacy in reducing the
pathogenic traits of S.aureus (especially MRSA) by inhibiting
S.aureus adhesion, invasion and biofilm formation processes.
Additionally, OSC can inhibit the expression of key virulence
genes on the surface of S.aureus. These findings highlight the
potential of OSC as a cornerstone for novel antimicrobial strate-
gies, providing a foundation for further therapeutic development.

3.3 | Direct Interaction Between OSC and SrtA

In this comprehensive study, we employed biochemical
techniques such as western blot analysis and fluorescence
quenching assay to explore the intricate effects of OSC on the
expression and functionality of the SrtA protein. Western blot
analysis robustly demonstrated that varying concentrations

of OSC did not markedly alter the expression levels of SrtA
(Figure 4a). The band intensity observed in the OSC-treated
samples closely paralleled that in the control samples, suggest-
ing that OSC does not directly modulate SrtA expression.

Intriguingly, our subsequent fluorescence quenching experi-
ments revealed a concentration-dependent attenuation of the
fluorescence intensity of SrtA, which was correlated with in-
creasing concentrations of OSC. By constructing a Stern-Volmer
plot from the linear relationship between F /F and the OSC,
we determined the binding constant (K,) to be a substantial
1.49x 10*L/mol (Figure 4b). This finding underscores a signif-
icant molecular interaction between the OSC and SrtA, high-
lighting the specificity of this interaction.

To further explore the dynamics of this interaction, we con-
ducted a reversible inhibition assay to determine whether the
inhibition of SrtA by the OSC could be reversed. After coincu-
bation with a fluorescent substrate peptide at 10X IC,, of the
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OSC, the SrtA activity substantially recovered to 81.93% +1.92%
(Figure 4c). This result indicates that the OSC functions as a
reversible inhibitor, binding noncovalently to the active site of
SrtA and allowing potential therapeutic modulation.

Moreover, molecular docking simulations and electrostatic po-
tential mapping pinpointed GLY-167, VAL-168, GLN-178 and
LYS-175 as pivotal binding sites for the interaction of SrtA with
OSC (Figure 4e), confirming the biochemical basis of their in-
teraction. The total binding free energy (AG,, ) of the SrtA-
OSC complex was calculated to be —7.6 kcal/mol (Figure 4d).

To validate these findings, we performed FRET assays using
wild-type SrtA (WT-SrtA) and several SrtA mutants and assessed
their activity in the presence of the OSC via the FRET technique.
The diminished SrtA protein activity observed in the G167A and
V168A mutants further confirmed that GLY-167 and VAL-168 are
critical active sites for the function of SrtA (Figure 4f).

3.4 | Assessment of the Toxicity and Protective
Effects of OSC Against S. aureus Infection in a
G. mellonella Model

In this study, we selected G. mellonella as a model organism
to evaluate the in vivo toxicity and efficacy of a novel anti-
microbial agent. The aim of this study was to investigate the
toxicity and protective effects of OSC against MRSA infection
in G. mellonella. Both MRSA and AsrtA were inoculated into
G. mellonella, and their survival rates, morphological changes,
degrees of melanisation and bacterial burdens were monitored
over a 96-h period (Figure 5a). The results revealed a signif-
icant decrease in the G.mellonella survival rate following
MRSA infection, dropping to 10% after 12h, accompanied by
a decrease in body colour (Figure 5b), indicating severe infec-
tion. However, treatment with OSC (40mg/kg) significantly
increased the survival rate of G. mellonella to 50%, which stabi-
lised after 24 h (Figure 5¢). Additionally, quantitative analysis
of the bacterial load in the hemolymph revealed a significant
reduction in the bacterial burden from 8.08 +1.0 to 5.72+1.24
lg CFUs/g after OSC treatment (Figure 5d). Compared with
the saline control group, the AsrtA group presented similar
levels of melanisation, survival rates and bacterial colony
counts, further confirming the crucial role of the virulence
factor SrtA in S. aureus infection. In addition, compared with
the WT group, the OSC-treated group (40mg/kg) presented
varying degrees of reduction in appearance, survival curves
and bacterial loads, suggesting that OSC effectively reduced
the pathogenicity of MRSA.

3.5 | Therapeutic Efficacy of OSC in Treating
MRSA-Induced Pneumonia

To further investigate the therapeutic potential of OSC against
MRSA infection, a mouse model of MRSA-induced pneumo-
nia was constructed, followed by a series of experimental anal-
yses. The experiments were divided into two dosage groups:
a lethal dose group (2x108CFU) and a sublethal dose group
(1x108CFU), with intranasal administration (Figure 6a).
Survival curve monitoring revealed that the survival rate

of the USA300 group in the lethal-dose infection group de-
creased to 20% within 96h, confirming the successful es-
tablishment of the pneumonia model. In contrast, the AsrtA
strain infected with a sublethal dose had a survival rate of 90%
at 24h, which remained stable, indicating that the virulence
factor SrtA plays a crucial role in MRSA-induced acute pneu-
monia (Figure 6b). OSC (40mg/kg) treatment significantly
improved the survival rate of the mice to 60%, demonstrating
protective effects against MRSA-induced pneumonia. The bac-
terial burden in the lungs significantly decreased in the OSC
group (Figure 6¢), indicating that OSC can reduce MRSA inva-
sion and lung damage. Additionally, the lung W/D weight ratio
decreased after OSC treatment (Figure 6d), suggesting an al-
leviation of pulmonary oedema and tissue damage. In our ex-
periments, the immune cell composition of mouse lung tissue
homogenates was analysed by flow cytometry. In particular,
we examined the expression levels of the macrophage-specific
antigen CD11b and the neutrophil-specific antigen Ly6G. In
WT mice, the proportion of both CD11b- and Ly6G-positive
cells was significantly greater than 50%, a phenomenon in-
dicative of a significant accumulation of macrophages and
neutrophils in the lung tissues of WT mice, which is consis-
tent with the expected pathological changes in the S. aureus-
induced acute pneumonia model (Figure 6e). Compared with
those in the WT group, the proportions of CD11b- and Ly6G-
positive cells in the groups treated with different doses of OSC
appeared to be reduced to different degrees, indicating that
OSC treatment attenuated S. aureus-induced inflammatory re-
sponses in the lungs. Notably, the degree of lung tissue inflam-
mation in the AsrtA mutant strain mice was similar to that in
the control group, highlighting the important role of SrtA in
S. aureus-induced lung infections and providing further evi-
dence for the anti-inflammatory effects of OSC.

The H&E staining results of the mouse lung tissues are shown in
Figure f. In the infection group, extensive infiltration of inflam-
matory cells was observed in the alveolar walls and interstitial
tissues, accompanied by significant thickening of the alveolar
walls, alveolar collapse and widening and oedema of the in-
terstitial tissues. In contrast, the lung tissues from the OSC-
treated group presented relatively intact alveolar structures,
with reduced infiltration of inflammatory cells and alleviated
oedema in the interstitial tissue. Compared with those in the
OSC-treated group, the lung tissue structure in the vancomycin-
treated group was more intact, with well-preserved alveolar
morphology, significantly reduced infiltration of inflammatory
cells and improved alleviation of lung tissue damage. These
results indicate that both vancomycin and OSC play a role in
alleviating inflammation and repairing lung tissue damage in
mice, although vancomycin has more pronounced therapeutic
effects. Immunohistochemical staining revealed a marked re-
duction in F4/80-positive macrophage expansion (Figure 6g),
further supporting the therapeutic potential of OSC in reducing
the severity of MRSA-induced pneumonia in mice.

4 | Discussion
The widespread use of antibiotics has resulted in a crisis in

global health due to the emergence of drug-resistant bacteria
such as MRSA. Recognised by the Infectious Diseases Society
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FIGURE 5 | Protective effect of OSC against infections induced by S. aureus with G. mellonella. (a) Schematic diagram showing the comprehen-
sive evaluation of the protective effect of the compound OSC against S. aureus infection in G. mellonella. There were five groups, each containing
10 larvae: The WT, control, OSC-treated, AsrtA mutant groups and vancomycin-treated. (b) Effects of different treatments on the survival rate of
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ening of G. mellonella. (c) Statistical graph of the effects of different treatments on the survival rate of S. aureus-infected G. mellonella within 96h.
Differences in survival rates between groups were compared via quantitative analysis. (d) Colony-forming units (n=5) in the body of G. mellonella
after infection with S. aureus, as determined by the agar dilution method.

of America as one of the seven high-priority ESKAPEE (Fymat  focusing on this enzyme, researchers have aimed to reduce the
and Res 2017; Pal et al. 2024) pathogens, MRSA poses a severe pathogenicity of MRSA without employing traditional bacteri-
threat to healthcare systems worldwide because of its resistance cidal or bacteriostatic methods (Moldoveanu et al. 2021). This
to multiple antibiotics. This situation has prompted a call from approach could reduce the selective pressure on bacteria, pos-
the World Health Organization for the development of new strat- sibly slowing resistance development (Schroeder et al. 2017).
egies to combat these resistant strains (Christaki et al. 2020). Inhibiting SrtA disrupts the expression and function of critical
virulence factors in MRSA, thereby diminishing its ability to
SrtA is a key virulence factor in S. aureus that anchors surface cause disease (Beceiro et al. 2013).
proteins to the bacterial cell wall and enhances adherence to host
cells, which facilitates infection (Bradshaw et al. 2015; Maresso Phytochemicals derived from plants, including secondary me-
and Schneewind 2008). The strategy of targeting SrtA for inhi- tabolites such asalkaloids (Khan et al. 2021), flavonoids and poly-
bition represents a novel approach in antimicrobial therapy. By phenols (Ayaz et al. 2019), have gained prominence as effective
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antimicrobial agents. These compounds exhibit a wide range of
mechanisms, including disruption of cell membranes, inhibition
of metabolic pathways, interference with signalling processes
and prevention of biofilm formation, thus effectively controlling

pathogenic activities (Hancock and Sahl 2006; Silver 2011). They
also enhance the host immune response, bolstering resistance to
infections (Cushnie et al. 2014). Phytochemicals provide a gentler
alternative to traditional antibiotics, offering broad-spectrum
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FIGURE 6 | Invivo therapeutic effect of OSC on mice with S. aureus-induced pneumonia. (a) Experimental flowchart outlining the experimental
design and steps of the S. aureus-induced pneumonia mouse model. (b) Effects of different treatments on the survival rate of mice with pneumonia
over a period of 96 h. The survival rates of the OSC-treated group were compared with those of the control group via observation and recording. (c)

Bacterial load of pneumonia-infected mice by the serial dilution method and homogenised lung tissue plate counting. The data are expressed as the

means + SDs, and each group contained six biologically independent animals. (d) Statistical plot of the dry and wet specific gravity of the lung tissue

in each group of mice, which was used to assess the extent of pulmonary oedema. (e) The proportions of neutrophils and lymphocytes in the lung

tissue of the mice in each group were detected by flow cytometry. FITC-labelled Ly6G and PE-labelled CD11b were used to distinguish and quanti-

fy different types of immune cells. (f) Microscopic changes in mouse lung tissues were demonstrated by H&E staining. (g) Microscopic changes in

mouse lung tissues were demonstrated by F4/80 staining. Histopathological changes in the lungs of the rats in the OSC (40 mg/kg)-treated group

were compared with those in the WT group, and the scale bar represents 50 um.

antimicrobial activity with reduced toxicity, which makes
them an excellent complement to existing antibiotic treatments
(Wagner and Ulrich-Merzenich 2009). Additionally, these com-
pounds can synergistically improve the efficacy of traditional
antibiotics, lower resistance thresholds and help curb the spread
of resistance genes (Rasko and Sperandio 2010).

OSC, a phenolic compound extracted from Osmunda japonica
(Zhang et al. 2010), is particularly notable for its antimicro-
bial properties among phytochemicals. Owing to their exten-
sive pharmacological activities (Lucchini et al. 1990), phenolic
compounds, including osmundacetone, exhibit antioxidant, an-
timicrobial, antiviral (Albano et al. 2016), anti-inflammatory
(LI et al. 2019; Wang et al. 2025), anticancer, cardiovascular
protective and immunomodulatory effects. Specifically, os-
mundacetone not only combats pathogens directly but also em-
ploys an antivirulence strategy by targeting virulence factors in
S. aureus rather than merely killing the bacteria. This method
significantly lowers the evolutionary pressure on bacteria, pre-
senting a novel direction for antimicrobial therapy that could
be essential for managing MRSA infections and potentially
other microbial threats.

Current SrtA inhibitors, which include substrate mimetic inhib-
itors, natural products and synthetic compounds (Cascioferro,
et al. 2014) from high-throughput and in silico screenings,
have shown promise in reducing the virulence of gram-positive
pathogens (Clancy et al. 2010). However, they face limitations,
particularly due to the irreversible nature of some compounds,
such as pyranoquinone derivatives. These inhibitors form per-
manent bonds with the active site, leading to potential off-target
effects and safety risks (Suree et al. 2009).

OSC, identified through a FRET-based screening assay, exhibits
potent inhibitory effects on SrtA at lower concentrations com-
pared to existing inhibitors, demonstrating greater inhibitory
potency. A significant advantage of OSC is its reversible mode
of action, which potentially reduces safety concerns associated
with irreversible inhibitors. This reversible inhibition allows for
better control over the drug's activity, minimising unintended
interactions and enhancing safety profiles.

Moreover, OSC has shown low cytotoxicity within its effective
dosage range, verified by hemolysis and MTT assays. Its low IC,
value indicates a strong binding affinity for the SrtA protein at
the molecular level with minimal off-target interactions. The
use of the SwissADME tool (http://www.swissadme.ch/index.
php) confirmed the absence of PAINS motifs in OSC, further

supporting its specificity in inhibiting SrtA and preventing the
anchoring of surface virulence factors.

One of the key virulence factors anchored by SrtA is SpA,
which binds to the Fc region of IgG (Mazmanian et al. 2001).
This enables S. aureus to evade host immune defences by dis-
rupting antibody-mediated immune responses. Additionally,
SpA activates B cells, which in turn lead to immune dysregu-
lation and exacerbation of bacterial infection severity. In this
study, we demonstrated that OSC significantly reduced the ex-
pression of SpA, which in turn impaired the ability of S. aureus
to evade host immune defences. This reduction in SpA expres-
sion led to decreased bacterial colonisation and dissemination
within the host, ultimately attenuating the clinical pathoge-
nicity of the bacteria.

The formation of biofilms is of fundamental importance in the
context of infections caused by S.aureus (Alharthi et al. 2021;
Cascioferro, et al. 2014; Uruén et al. 2020). In the initial phase
of biofilm formation, surface proteins such as fibronectin-
binding proteins (Fnbps) and Clfs bind to host tissues or med-
ical device surfaces, facilitating the initial adhesion of the
biofilm (Bhattacharya et al. 2015). These surface proteins are
recognised and anchored by SrtA, thereby promoting bacterial
adherence. In the AsrtA mutant strain, the capacity to form bio-
films is markedly diminished, resulting in a pronounced reduc-
tion in both pathogenicity and antibiotic resistance (Mazmanian
et al. 2000). Moreover, RT-qPCR experiments revealed that
treatment with OSC resulted in varying degrees of reduction in
the expression of biofilm-associated virulence genes, including
clfA and fnbpA. These findings indicate that OSC can disrupt
biofilm formation by inhibiting SrtA.

Fluorescence quenching experiments confirmed that the OSC
exerts a direct inhibitory effect on SrtA. To gain further in-
sight into the interaction mechanism between OSC and SrtA,
we employed molecular modelling techniques to investigate
their binding characteristics. The analysis revealed that GLY-
167, VAL-168, GLN-178 and LYS-175 are potential binding
sites for SrtA and OSC, a finding that was further validated by
site-directed mutagenesis. These noncovalent interactions are
of paramount importance for the inhibitory activity of OSC.
Furthermore, subsequent biological evaluations demonstrated
that OSC treatment significantly increased the survival rate
of mice infected with lethal doses of MRSA while also reduc-
ing the bacterial load and mitigating pathological damage and
pulmonary inflammation. The therapeutic effects observed are
likely attributable to the ability of OSC to inhibit SrtA, thereby
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reducing the adhesion and invasion of S.aureus into host lung
epithelial cells. The aforementioned mechanism was subse-
quently validated through invasion assays and live/dead cell as-
says in A549 cells. These results are consistent with the in vivo
data, collectively supporting the conclusion that OSC, by inhib-
iting SrtA activity, reduces S. aureus adhesion and invasion ca-
pabilities, thereby protecting host cells and increasing survival
rates in the infection model.

As antibiotic resistance becomes increasingly problematic, the
development of new anti-infection strategies is critical. This
study demonstrates for the first time that OSC effectively inhib-
its SrtA activity, reducing the pathogenicity of MRSA and estab-
lishing its potential as a therapeutic agent for MRSA infections.
Future research will focus on enhancing the pharmacological
properties and safety of OSC through structural modifications
and exploring its applications in the treatment of other related
diseases.

Notably, while OSC shows strong potential against MRSA,
its efficacy alone does not match that of common antibiotics.
Therefore, OSC could serve as a potential adjuvant to traditional
antibiotics, helping to reduce the occurrence of resistance when
used in combination therapy. This combined treatment ap-
proach could enhance the effectiveness of antibiotics and reduce
the selective pressure on resistant strains, thereby extending the
useful life of antibiotics and offering a more sustainable anti-
infection strategy for clinical use.

In summary, this study indicates that OSC, by inhibiting SrtA
activity and reducing the pathogenicity of S. aureus, provides
a promising new avenue for the treatment of MRSA infections.
Future work will continue to delve into optimising its pharma-
cological properties, enhancing its clinical applicability and ex-
panding its potential applications.
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