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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   A total of 44 prenylated flavonoids were evaluated for antimicrobial activity.

■   3'-C-geranylphloretin (GP) kills multi drug resistant S. aureus (MRSA) persister and induces apoptosis-like cell death.

■   GP activates the TCA cycle in S. aureus, disrupting fatty acid metabolism. FarR participates in GP-mediated bacterici-
dal cell death.

■   FarR is first reported as a critical regulator governing S. aureus persister cell development.
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Antibiotic resistance and bacterial  persistence threaten global  health,  with
methicillin-resistant Staphylococcus  aureus (MRSA)  being  a  particularly
challenging pathogen. In this work, 3'-C-geranylphloretin (GP), a prenylated
phenolic  compound,  showed  better  bactericidal  activity  against  dormant
MRSA  cells  than  vancomycin.  It  significantly  decreased  bacterial  loads,
lung  index,  and  improved  pathological  deterioration  mediated  by  MRSA
infection in vivo, and showed good safety to normal mice.  Bacterial  clear-
ance  was  directly  observed  by  two-photon  excitation  microscopy.  GP
disrupted  bacterial  persistence  by  targeting  the  transcriptional  regulator
FarR,  which  activated  fatty  acid  and  energy  metabolism.  Besides,  GP-
induced  cell  membrane  disruption  and  apoptosis-like  cell  death  in  MRSA
are caused by chromosomal condensation,  reactive oxygen species (ROS)
accumulation, and caspase-3/7 activation. Our research holds potential for
anti-persister drug development.
 

INTRODUCTION
Staphylococcus  aureus (S.  aureus),  a  significant  human  and  animal

pathogen, poses a global health threat due to its ability to develop antibiotic
resistance.1 Among its resistant strains, methicillin-resistant Staphylococcus
aureus (MRSA) is particularly concerned. MRSA infections are challenging to
treat, as these bacteria evade conventional  antibiotics by entering metaboli-
cally  dormant  "persister"  states  in  response  to  stressors  like  antimicrobial
agents.2,3 This dormancy enables persistent infections, contributing to signifi-
cant morbidity and mortality worldwide.

The global burden of MRSA is profound, with approximately 80,000 annual
cases  in  the  United  States  alone,  resulting  in  nearly  10,000  deaths.4 The
elderly population, particularly in healthcare settings, faces a heightened risk,
with  prevalence  exceeding  14.69%  in  geriatric  care  facilities.5 MRSA infec-
tions contribute to over 100,000 deaths worldwide each year.6 Among MRSA-
related  conditions,  respiratory  infections  such  as  pneumonia  and  lung
abscesses  are  particularly  concerning.7 The  incidence  of  MRSA  pneumonia
has  significantly  increased  over  the  past  two  decades,  now  accounting  for
nearly 30% of hospital-acquired pneumonia cases.8,9

A  key  challenge  in  MRSA  treatment  is  the  presence  of  metabolically
dormant persister  cells,  which  evade  antibiotics  and  drive  recurrent  infec-
tions.10,11 Conventional  antibiotics,  including β-lactams  and  glycopeptides,
show limited efficacy against these cells, while alternative treatments such as
antitumor antibiotics are hindered by toxicity.12-14 This underscores the urgent
need for safer, more effective therapies.

Prenylated  flavonoids,  with  the  distinct  structural  characteristics,  have
demonstrated substantial promise in tackling persistent MRSA infections due
to  their  ability  to  penetrate  bacterial  biofilms  and  demonstrate  efficacy

against  persistent  infections.15 Additionally,  their  advantageous  safety
reduces the likelihood of toxicity and side effects,  thereby increasing patient
adherence.16 Lastly, the adaptability of these compounds in pharmacological
applications reinforces their suitability as potential candidates in the formula
of  novel  anti-MRSA  treatments.  This  study  systematically  evaluated  the
antibacterial activity of 44 flavonoids, elucidating their mechanisms of action,
and  identifying  molecular  targets  in  dormant  MRSA.  The  findings  highlight
the  therapeutic  potential  of  prenylated  flavonoids  as  a  novel  antimicrobial
class, offering  a  critical  solution  to  address  the  growing  issue  of  antimicro-
bial resistance in clinical practice. 

MATERIALS AND METHODS 

Flavonoids preparation
The  synthesis  of  prenylated  flavonoid,  3'-C-geranylphloretin  (GP),  was

carried  out  according  to  the  reference  with  some  modifications.17 The
detailed procedure is provided in the supplemental information. 

Strains, plasmids, primers, chemicals, and commercial kits
The detailed information is provided in Table S1. 

Bacterial culture conditions and growth curve measurement
Bacterial  cells  were  grown,  killed  or  treated  in  Luria-Bertani  (LB)  medium

for in vitro tests. Bacterial cells were grown in liquid LB medium for infection
works in animal model. LB medium containing 1.5% agar was applied to form
individual colonies for CFUs enumeration at 37°C statically. Cells were grown
aerobically from single colonies at 37°C, 220 rpm with vigorous shaking at a
volume of 4 mL in a 14 mL of Falcon tube (Coring, Cat No. 352059). All plas-
mid  contracts  are  priorly  expanded  in  DH5α.  Details  of  growth  curve
measurement are provided in the supplemental information. 

High-throughput screening
Screening  method  followed  with  recent  reports  with  applying  on  strains

including changes from E. coli BW25113 to S. aureus.18
 

Antimicrobial susceptibility testing
The minimum  inhibitory  concentration  (MIC)  was  determined  anaerobi-

cally  for  all  the bactericides in  all  the strains listed in  the key resource table
following the same procedure. Protocol of MIC assay was referring to previ-
ous research with  some modifications.19 The detailed procedure is  provided
in the supplemental information. 

Bacterial killing & Biofilm assay
Details  of in  vitro bacterial  killing  against  exponential-phase,  stationary-

ARTICLE    

2  　　　The Innovation Life 3(3): 100154, August 25, 2025 www.the-innovation.org/life

mailto:yangbao@scbg.ac.cn
mailto:jeffyah@163.com
mailto:yangbao@scbg.ac.cn
mailto:jeffyah@163.com
https://doi.org/10.59717/j.xinn-life.2025.100154
https://doi.org/10.59717/j.xinn-life.2025.100154
https://doi.org/10.59717/j.xinn-life.2025.100154
https://creativecommons.org/licenses/by/4.0/
https://www.the-innovation.org/life
https://www.the-innovation.org/life
https://www.the-innovation.org/life


phase  or  bactericide-mediated  persister  cells,  biofilm  coated  inside  PE50
catheter or formed on glass-bottom 6-well plate are provided in supplemen-
tary  experimental  procedures  with  some  modifications  from  previous
study.20,21
 

Scanning Electron Microscopy (SEM) assay
Samples were observed using a cryo-scanning electron microscope (SEM)

(Hitachi  SU8100).  The  detailed  procedure  is  provided  in  the  supplemental
information. 

Bacterial apoptosis-like cell death (ALD) measurement
Intracellular  ATP  measurement  (Luciferase  luminescence),  caspase-

substrate  affinity  (FITC-DEVDG-peptide),  membrane  potential  change  (ΔΨ)
and ROS accumulation (Carboxy-H2DCFDA) are provided in  the supplemen-
tal information. 

Aggresome observation & statistics
The  observation,  figure  capture  and  reconstruction  of  bacterial  cells  with

aggresome  at  single  cell  level  was  implemented  via  a  commercial  super-
resolution  microscope  imaging  system  (HIS-SIM;  Guangzhou  CSR  Biotech
Co.  Ltd).  Imaging  procedure  was  performed  by  following  the  previous
report.22-24 The detailed  procedure  is  provided  in  the  supplemental  informa-
tion. 

Targeted metabolomics
Details of sample preparation, targeted energy or fatty acid metabolomics,

data acquisition and analysis are provided in the supplemeantary experimen-
tal procedures. Chromatographic separation was performed using an Agilent
1290II ultra-high-pressure liquid chromatography (UHPLC) system equipped
with 6546 quadrupole time-of-flight (QTOF) mass spectrometry.  The Agilent
5977B  GC/MSD  equipped  with  an  Agilent 8890 GC  and  an  Agilent  7693A
autosampler was used to quantify 37 fatty acid methyl  esters (FAMEs).  The
detailed procedure is provided in the supplemental information. 

S. aureus GP-resistant strain development assay
Resistance was  assessed  by  sequential  passaging,  as  described  previ-

ously.25,26 The detailed procedure is provided in the supplemental information. 

Whole-genome sequencing
Whole-genome  sequencing  was  performed  on  the  Illumina  HiSeq2000

platform at  Novogene (Novogene,  Beijing,  China)  using  MRSA 43300 as  the
reference strain. 

Homology modeling of FarR protein and docking
Details of Molecular Docking is provided in the supplemental information. 

Interactions of GP with FarR by bio-layer interferometry (BLI)
BLI  experiments  were  performed  as  detailed  previously.27 The  detailed

procedure is provided in the supplemental information. 

Animals test and ethics
All animal experiments were conducted according to the protocol approved

by the Animal Welfare and Research Ethics Committee of the First Affiliated
Hospital  of  Guangzhou  Medical  University  (20240039).  Details  of  bacterial
infection, treatment and intra-vital imaging of mouse lung are provided in the
supplemental information.28,29
 

Super resolution fluorescent microscope and images processing
ZEISS  Elyra  7  with  Lattice  SIM2 super  resolution  fluorescent  microscope

(ZEISS, Germany) with 63× oil immersion objective and a commercial super-
resolution  microscope  imaging  system  (HIS-SIM;  Guangzhou  CSR  Biotech
Co.  Ltd)  were applied for  imaging capture unless specially  indicated.  Details
of figure capture, reconstruction and fluorescence-based semi-quantification
are provided in the supplemental information. 

Statistical analyses
All  the  tests  for  this  study  were  conducted  at  least  three  times.  One-way

analysis of variance (ANOVA) is used for statistical  analysis,  and the data is
represented as  mean ±  SD.  Tukey's  test  is  used for  analysis  with  statistical
significance set at P < 0.05. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 

RESULTS 

Prenylated flavonoids eradicates S. aureus persister and biofilms in vitro
Prenylated flavonoids exhibit significant potential in treating chronic MRSA

infections,  due  to  their  unique  structural  features.30 However,  systematic
investigations  spanning  phenotypic  confirmation  to  mechanistic  discovery
remain lacking.  Consequently,  this  study investigated the capacity  of  preny-
lated flavonoids  to  eradicate  bacterial  persister  cells.  Primarily,  we  estab-
lished  a  whole  cell-based  high-throughput screening  platform  against  vari-
ous  bacterial  persister,  applying  forty-four prenylated  flavonoids,  as  illus-
trated  in  the Figure  1A.18 The  anti-persister  activity  of  flavonoids  1-44  were
tested  against  several  bacteria  including Pseudomonas  aeruginosa PAO1,
Escherichia coli BW25113, Acinetobacter  baumannii Ab19606,  carbapenem-
sensitive Klebsiella pneumoniae KP 13883, Escherichia coli 25922, S. aureus
RN4200, S.  aureus 29213 and  MRSA.  As  illustrated  in Figures  1B-G  and
supplemental  information Figure  S4, several  prenylated  flavonoids  demon-
strated  good  antibacterial  efficacy  against  MRSA, S.  aureus 29213,  and
RN4220.  However,  these  compounds  exhibit  no  effectiveness  against  the
aforementioned Gram-negative bacteria, thereby indicating a selective activ-
ity for Gram-positive bacteria. This specificity can be attributed to the struc-
tural features of prenylated flavonoids, including their lipophilic isoprenyl side
chains. The particular structures enable these compounds to interact with the
thick peptidoglycan layer and membrane of Gram-positive bacteria. However,
they are unable to penetrate the outer membrane of Gram-negative bacteria,
owing to the presence of lipopolysaccharides. Furthermore, we found that the
flavonoids with prenyl groups at the C-6 or C-3' position exhibited significant
antibacterial  effects,  particularly  for  dihydrochalcone  (Figures  1H  &
S5),�� a noteworthy structural feature.

Among  all  the  tested  compounds,  the  prenylated  flavonoid  3'-C-
geranylphloretin  (GP)  exhibited  the  most  significant  effect.  The  structural
information  of  GP  and  other  prenylated  flavonoids  were  listed  in Table  S2,
Figures  S1–S3.  At  10  μM,  GP  significantly  inhibited  the  persister  cells  of S.
aureus 29213 and MRSA (Figures 2A-B). As shown in Figures 2C-F, after 24-
h  treatment  with  2  μM  of  GP,  besides  showing  strong  bactericidal  activity
against  RN4220  in  mid-log  phase,  it  also  killed  the  stationary  phase  of
RN4220  and  MRSA  (MIC  <  1  μM).  In  comparison  to  the  commonly  used
antibiotics  such  as  glycopeptide  vancomycin  (Van), β-lactam  antibiotic
meropenem  (Mpm),  aminoglycoside  antibiotics  gentamicin  (Gen)  and
kanamycin (Kan), third generation quinolone antimicrobials levofloxacin (Lev),
ofloxacin  (Ofl)  and  norfloxacin  (Nor),  semi-synthetic  macrolide  antibiotic
azithromycin (Azm), and antitumor antibiotic mitomycin C (MMC), this unique
capability of GP is not possessed by these antibiotics.

Biofilm  formation  makes  the  sterilization  more  difficult  and  leads  to  the
chronicity  and  severity  of  many  clinical  diseases.  Consequently,  following
confirmation  of  its  specific  eradication  efficacy  against S.  aureus via  high-
throughput  phenotype  screening,  this  study  further  evaluated  the
compound's  activity  against  persister  cells  and  biofilms.  As  illustrated  in
Figures 2G-H & S6, MRSA, S. aureus 29213, and S. aureus RN4220 were pre-
formed into biofilms. The results showed that Gen and Nor had no effects on
the pre-formed biofilms of MRSA and S. aureus 29213 strains. In addition, at
certain  concentrations,  Mpm  (25  μM)  not  only  had  no  effect,  but  also
promoted the formation of bacterial  biofilms. GP significantly eradicated the
pre-formed biofilms of MRSA, S. aureus 29213 and S. aureus RN4220 at vari-
ous concentrations (Figures 2I–J).

Further  analysis  showed  (Figures  2K-R)  that  after  the  treatment  of  Van,
Mpm,  Gen  and  Lev,  both S.  aureus 29213 and  MRSA  reached  to  a  stasis
phase  (persister  cell  state)  in  the  bi-phasic  curve.  Then,  incubation  with  GP
eradicated persister  cells  formed in response to these antibiotics after  20 h,
indicating  the  activity  of  GP  to  eradicate  antibiotic-induced  persisters  and
suggesting  the  possible  synergistic  use  of  GP with  antibiotics  such  as  Van,
Mpm, Gen, and Lev.

Taking  together,  these  result  supported  that  GP  was  an  effective  anti-
persister chemical against S. aureus, even biofilm eradication in vitro. 
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Prenylated flavonoids eradicates MRSA persister in vivo
Accordingly, before further study on its mechanism, we aimed to evaluate

the in  vivo efficacy  of  GP  against  acute  pneumonia  induced  by  MRSA
stationary-phase  bacteria  cell,  which  is  abundant  in  persister  cell  and
metabolically  dormant.31 In  this  study,  6-7  weeks  female  C57  BL/6J  mice
were selected and infected with MRSA persister bacteria. Details of the infec-
tion  model  and  drug  administration  procedures  are  presented  in Figure  3A.
Besides, to ensure the safety of the chemicals, a toxicity test on the adminis-
tration concentration of 100 mg/kg/day of GP were conducted for one week,
focusing on the liver and kidney. As illustrated in Figures 3I-L, the GP admin-
istration  concentration  of  100  mg/kg/day  did  not  induce  any  pathological
abnormalities in the lung, liver, or kidney, thereby demonstrating its non-toxi-
city towards major organs.

Furthermore,  the  lung  index  and  bacterial  colony-forming  units  (CFU)  in
lung tissues were quantified to assess infection severity and therapeutic effi-
cacy.  As  shown  in Figures  3B-C,  MRSA  infection  significantly  increased
bacterial  load  in  the  lungs.  Treatment  with  the  positive  control  vancomycin
(50 mg/kg/day) effectively reduced both the lung index and CFU. Similarly, GP
administered  at  medium  (50  mg/kg/day)  and  high  (100  mg/kg/day)  doses
significantly  alleviated  lung  infection.  Importantly,  the  high-dose  GP  group
demonstrated  a  more  pronounced  reduction  in  lung  index  compared  to  the
vancomycin-treated  group.  The  results  of  the  histological  examinations
revealed a distinct  trend (Figures 3D-F).  Following MRSA persister  infection,
the alveolar epithelium demonstrated hyperplasia. There was significant infil-
tration  of  inflammatory  cells  and  hemorrhage  in  the  lungs,  with  neutrophils
being noticeable in the adjacent lung tissue. However, after treatment with GP

(100 mg/kg), the pathological changes were significantly improved, with only
a few inflammatory cells observed.

Beside determination at bulk culture level via CFU enumeration and patho-
logical change, we also analysed the bacterial  distribution at single cell  level
applying in  vivo two-photon  intra-vital  imaging  method.  We  made  a  naive
model by in-situ injecting 100 μL of S. aureus RN4220-GFP bacteria suspen-
sion  (stationary  phase,  107 CFU/mL)  directly  into  the  mouse  left  lung.  The
collagen presents in the lung had a clear second harmonic generation signal
(Figures  3G-H).  Regarding  the  infection  progression,  the  bacteria-infected
mouse succumbed within approximately one hour. We observed severe lung
infection  since  numerous  distinct  fluorescent  patches  from S.  aureus
RN4220-GFP  micro-colony  in  the  field  of  view  (Figure  3G).  Conversely,  the
number  of  fluorescent  patches  in  the  lungs  of  mice  receiving  only  bacteria
and  drug  injections  was  comparatively  lower  (Figure  3H),  suggesting  a  less
severe infection.

These  findings  supported  GP  could  be  an  effective  treatment  therapy  for
MRSA lung  infections  in  mice  model  either  at  macro- or  micro-perspective,
implying  its  developmental  potential  for  next-step  study  on  how  it  killed
bacteria. 

S. aureus morphological  change and surface deterioration at  single cell
level

To  study  how  GP  acted  on S.  aureus,  we  started  from  morphological
changes of bacterial cell  wall  surface at single cell  level (micro-perspective).
Scanning  electron  microscopy  (SEM)  was  used  to  observe  the  cell  surface
changes induced by GP or antibiotics. The morphology of untreated S. aureus

 

Figure 1.  Assessment of the antimicrobial properties of prenylated flavonoids in vitro (A) The dilution and regrowth-based screening assay to evaluate the antimicrobial effi-
cacy of isoprenylphenols. (B-D) A normalized OD600 value of less than 0.2 was employed as the criterion to differentiate between successful and unsuccessful hits. The section
that met this criterion was colored red, while the portion that did not meet the cut-off was colored blue. (E-G) Classifying compounds with antibacterial activity, identifying that
simultaneously  kill S.  aureus 29213, S.  aureus RN4220,  and  MRSA.  All  shown  are  the  means  of  three  biological  replicates.  (H)  The  chemical  structures  of  flavonoids  were
screened  for  activity.  This  was  achieved  through  the  evaluation  of  44  obtained  compounds.  The  isoprenyl  flavonoids  demonstrated  prominent  activities  highlighted  in  green
boxes. These flavonoids share a common prenyl substitutions position on Ring A.
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was characterized by a smooth and uniform spherical shape with intact cell
wall  and membrane,  appearing as grape-like clusters,  which was the typical
characteristics  of  normal S.  aureus cells  (Figure  4A).  Exposed  to  MMC  and
Mpm for one hour, the bacterial surface began to deform, with folds, depres-

sions  and  ruptures  becoming  apparent.  The  cell  membrane  was  apparently
loss of integrity causing cellular constituents’ leakage. When treated with GP,
it was obviously demonstrated that the shape of S. aureus cells was altered
and distorted with wrinkles and gullies distributed on cell surface. Meanwhile,

L f

 

Figure 2.  GP kills stationary phase MRSA and S. aureus cells directly (A-B) Compound GP kills common antibiotics tolerant S. aureus persister in a concentration-dependent
manner. (C-F) Bacterial survival enumeration (CFUs) post treated by various bactericides or GP. (G-J) Crystal violet staining of S. aureus 29213 (Sa29213) pre-formed biofilm
survival  level.  (K-R)  Time-dependent  killing  curve  of  GP  against  various  bactericide-mediated S.  aureus persister  cells.  The  antibiotics  used  employed  for  testing  included
vancomycin  (Van),  meropenem (Mpm),  gentamicin  (Gen),  kanamycin  (Kan),  levofloxacin  (Lev),  ofloxacin  (Ofl),  norfloxacin  (Nor),  azithromycin  (Azm),  and mitomycin  C (MMC).
Data are shown as mean ± SD (n ≥ 3). Statistical analysis of CFUs was conducted by application of ordinary One-way ANOVA multiple comparison. ns, no significant difference, P
> 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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it  was  noteworthy  to  mention  that  certain  cells  were  gathered  into  sizable
planktonic  aggregates,  wherein  visible  cell  autolysis  was  detected.  This
phenomenon  revealed  the  presence  of  cell  clusters  characterized  by  pores
and  web-like  formations,  implying  the  abandonment  on  replication  and  cell
cycle  arrest  (Figure  S7).  Abolishment  in  cell  division  and  filament  formation
are  hall  marks  of  apoptotic E.  coli cells.32 It  implied  that  GP  might  induce
apoptosis-like cell death (ALD) of S. aureus.

To further elucidate the disruption of cell membrane and biofilm formation
of S. aureus by GP, various dyes were utilized for optical imaging. DiBAC4, a
membrane  potential-sensitive  probe,  infiltrates  depolarized  and  apoptotic
bacterial  cells  and  binds  to  intracellular  components  such  as  proteins  or
membranes.  Fluorescent  ascend  represents  cell  membrane  depolarization
extent  and  positive  cell  quantity.  A  notable  increase  in  cellular  fluorescence
was observed following GP treatment, compared to the Ctrl group, indicating
that GP intensified membrane depolarization in S. aureus, thereby enhancing
membrane permeability (Figure 4B). It  was also confirmed by semi-quantifi-
cation  of  fluorescent  signal  (Figure  4C).  To  further  evaluate  the  bactericidal
effect of GP on the pre-formed biofilm of S. aureus, the bacterial membrane
integrity  post-treatment  was  analyzed  using  SYTO/PI  dual-staining  and
Hoechst33342. Once stained, dead bacteria exhibited red fluorescence, while
live bacteria displayed green fluorescence. The reconstructed images show-
ing 2D and 3D structure of biofilm (Figure 4D) demonstrated that, following a
3-h incubation with GP-L (12.5 μM) and GP-H (50 μM), there was a marked
reduction in  green fluorescence and a concomitant  rise in  red fluorescence.
This effect was more pronounced than those observed with MMC and Mpm,
further indicating that GP could effectively disrupt the bacterial membrane.

In summary,  GP  exerted  bactericidal  action  by  inducing  membrane  wrin-
kling,  fusion,  and  alterations  in  permeability,  further  leading  to  membrane
rupture,  perhaps  alongside  apoptotic  cell  death  phenotypes.  These  results
provided a clear direction on study about how GP killed S. aureus at next stage. 

Prenylated  flavonoids  triggers S.  aureus
apoptosis-like cell death

According  to  the  GP-induced  morphological
change and membrane permeability,  we spec-
ulated  that  GP  facilitated  apoptotic  like  cell
death  on S.  aureus.  Since  similar  phenotype
has  been  reported  in  mitomycin  C,  which  kills
persister,  biofilm  and  activates  ALD.32-34 To
confirm this hypothesis,  we started from chro-
mosome  status  observation  through  super-
resolution microscope.

As  assumed,  after  GP  treatment,  distinct
chromosomal condensation regions were observed, marked by intense fluo-
rescence  foci  (Figure  5A).  Reactive  oxygen  species  (ROS)  production  was
found  to  coincide  with  chromosomal  condensation,  which  indicated  ROS
accumulation insult facilitated stress against DNA. Similar patterns emerged
with  MPM  and  MMC  treatments,  suggesting  that  antibiotic-induced  stress
significantly  altered  bacterial  stress  response  pathways  and  metabolic
processes.  Besides  observation  at  single  cell  level,  fluorescent  change  at
bulk  culture  of S.  aureus 29213 and  MRSA  also  supported  our  finding
(Figures 5D-E).

Next,  we  applied  a  FITC-conjugated  multiple  peptides  containing  DEVDG
sequence, which was specifically recognized and digested by active caspase-
3/7.  Fluorescent  signal  enhancement  represents  apoptotic  eukaryotic  cell
number ascend, which is also found applicable in apoptotic E.  coli cells.32 In
this study, treatment of GP facilitated the intracellular fluorescence formation
and  accumulation,  indicating  apoptosis  among  GP-treated S.  aureus
(Figure 5B). Annexin-V staining further revealed the loss of membrane asym-
metry,  evidenced by  phosphatidylserine  (PS)  externalization  on  the  bacterial
membrane (Figure 5C), a hallmark of early apoptosis. Also, semi-quantitative
analysis  of  annexin-v  level  (Figure  5F)  and  caspase  substrate  affinity
(Figure 5G) further supported this result at another perspective.

Taking together, these results indicated the involvement of GP in initiating
apoptosis-like cell death phenotypes in S. aureus. Previous study has discov-
ered that intracellular ATP elevation is an hallmark of early apoptotic pheno-
type.35 Meanwhile, ATP decrease has been widely accepted as general char-
acteristic  alongside S.  aureus bacterial  persister  formation  and  the  latest
discovered and named bacterial liquid-liquid phase separation (LLPS)-driven
organelle, the aggresome, which is critical for bacterial persister survival.31,36,37

Therefore, we aimed to investigate if GP facilitates bacterial intracellular ATP
level ascend in the future. 

 

Figure 3.  Stationary phase  MRSA  eradication  effi-
cacy  of  GP In  vivo (A)  Scheme  of  experimental
protocol  for  testing  anti-MRSA  activity  of  GP  in
C57BL/6J mice. (B) Bacterial burdens in the lungs of
various  groups  following  stationary  phase  MRSA
infection. (C) Lung index of various groups following
the stationary phase of MRSA infection. (D-F) Histo-
logical  evaluation  of  infected  lung  in  different
groups.  PBS  treatment  group  (D);  stationary  phase
MRSA  infection  group  (E);  high-dose  GP  (100
mg/kg/day)  treatment  group  (F).  (G-H) The  maxi-
mum-intensity-projection  Figure  via  intra-vital  lung
imaging  to  visualize  the  lung  infection  situation
about 1 h after in-situ S. aureus RN4220-GFP bacte-
ria injection. the bacteria injection mouse died soon
and the lung had been heavily infected (G). The lung
of  both  bacteria  and  GP  injection  mouse  (H)  had
milder  infection.  SHG:  second harmonic  generation,
indicates  the  collagen  in  the  lung.  SA-GFP:  the S.
aureus RN4220-GFP bacteria. (I-L) In vivo drug toxi-
city evaluation of compound GP. Histological evalu-
ation  of  lung  (I),  liver  (J),  heart  (K),  and  kidney  (L)
after  ctrl  (PBS  treatment)  and  GP  (200  mg/kg/day)
treatment.Data  are  shown  as  mean  ±  SD  (n≥3).
Statistical  analysis  of  Lung  Index  &amp;amp;  CFUs
was  conducted  by  application  of  ordinary  One-way
ANOVA  multiple  comparison.  ns,  no  significant
difference, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤
0.001; ****, P ≤ 0.0001.
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Prenylated flavonoids  facilitated  intracellular  ATP  accumulation,  ener-
getic metabolism and aggresome decrease

Bacterial  protein  aggresome,  driven  by  LLPS  and  ATP  depletion,  forms
dynamic and  reversible  assemblies  under  stress  conditions.  These  aggre-
gates  contribute  to  bacterial  resilience  against  various  environmental
stresses, including antibiotic exposure.37 Since early apoptosis facilitates ATP
synthesis, and GP induces ALD and kills persister, we hypothesized GP treat-
ment facilitated intracellular  ATP elevation alongside aggresome decrease.35

To clearly  observe  the  bacterial  aggresome,  we  used  the  latest  commercial
Structure  Illumination  Microscopy  (SIM)  with  live  cell  imaging,  provided  by
HIS-SIM (resolution < 70nm) , and figures were processed and reconstructed
by  the  latest  sparse  deconvolution,  which  has  been  peer-reviewed  and
published (Figure 6A).38

According to the observation, under normal conditions, the sfGFP protein is
evenly  distributed  within  bacterial  cells,  which  has  been  reported.37 In  this
study,  44  %  of S.  aureus bacterial  cells  (N=1099)  at  stationary  phase  were
found with distinct fluorescent foci, indicating the formation of protein aggre-
gates.  Upon  meropenem  treatment,  aggregate  formation  was  further
promoted to enhance bacterial survival under extreme stress, increasing the
proportion  of  fluorescent  foci  to  59  %.  In  contrast,  treatment  with  GP  and
MMC significantly reduced the formation of these aggregates, particularly GP,
which lowered the proportion of  foci  to 33 % (Figure 6B).  This phenomenon
suggested that  GP  could  impair  the  formation  of  protective  protein  aggre-
gates,  which  is  an  important  survival  strategy  option  for  persister  cells  to
survive  antibiotic  treatment,  ultimately  leading  to  a  reduction  in  bacterial
survival under stress.

Previous  study  reported  that  protein  aggresome  formation  is  driven  by
intracellular ATP depletion.39 Accordingly, to investigate if GP affected bacte-
rial  energetic  metabolism,  targeted metabolomics were conducted,  focusing
on  central  carbon  metabolism,  amino  acid,  and  nucleotide  profiling  of  GP
treated S.  aureus bacterial  cells  MRSA  and  ATCC29213.  Each  analysis
included 8  biological  repeats.  The  PCA  analysis  revealed  significant  differ-
ences (2-fold changes, P < 0.05) in both negative and positive modes for all

the identified metabolites. Our findings highlighted the influence of GP on the
metabolome of MRSA and S. aureus 29213 (Sa29213), particularly in energy
metabolism, as evidenced by relative quantitative targeted metabolome anal-
ysis.  We  analyzed  data  from  both  positive  and  negative  modes.  Differential
and cluster  analyses  indicated  consistent  patterns  in  both  modes:  metabo-
lites  were notably  upregulated following treatment  with  the flavonoid.  In  the
negative  mode,  specific  metabolites  associated  with  the  TCA  cycle  and
nucleotides showed the most pronounced increase, as depicted in Figures 6
& S8. Furthermore, NADH, malonyl-CoA, biotin, NADPH, succinyl-CoA, NADP+,
and NAD+ experienced significant elevations. Uracil,  glycine, and L-allothreo-
nine  were  marginally  downregulated  in  the  treated  group,  whereas  other
amino acids displayed an upward trend, mirroring the majority of differential
metabolites. In contrast, most of differential metabolites in the positive mode
were upregulated.  Notably,  succinate  in  the  TCA  cycle,  flavine  mononu-
cleotide  in  the  pentose phosphate  pathway,  cAMP in  nucleotides,  thymidine
and  uridine  in  nucleosides  exhibited  marked  reductions  in  the  treatment
group.  Additionally,  L-allothreonine,  aminobutyric  acid,  dimethylglycine,  and
creatine in  amino acid  metabolism were slightly  decreased,  while  betaine in
the choline pathway showed a substantial increase. Meanwhile, ATP amount
measurement at bulk culture level of Sa29213 and MRSA also supported that
GP treatment drives ATP accumulation by a concentration- and time-depen-
dent manner (Figures 6B-C).

Since  intracellular  ATP  depletion  and  following-by  protein  aggregation
formation  or  metabolomic  dormancy  are  hall-marks  of  bacterial  persister
formation, our results supported that GP lowered number of cells with protein
aggregates  and  up-regulation  in  central  carbon  metabolism,  implied  its
significance in mechanism study as an effective anti-persister chemical.

However, the mechanism by which GP treatment simultaneously enhances
energy  supply  and  induces  ATP  depletion  remains  unclear.  Based  on
observed membrane deterioration, depolarization, and apoptosis initiation, we
hypothesized  that  GP-target  interactions  disrupted  fatty  acid  metabolism
homeostasis. This metabolic dysregulation compromises bacterial membrane
integrity and function – critical adaptations for survival in complex environments.40
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Figure 4.  Compound GP directly  disrupts  the cell  membrane of S.  aureus (A)  The scanning electron microscopy images of S.  aureus under  different  treatments.The arrow-
marked  part  illustrates  cellular  distortion  and  surface  damage.  (B)  The  membrane  potential  of S.  aureus. (C)  The  semi-quantitative  fluorescence  results  of  the  DiBaC4  to
Hoechst33342 ratio. (D) 3D structure images of bacterial biofilm integrity of S. aureus. Biofilms are stained with SYTO9 (green, live), PI (red, dead) and Hoechst33342 (blue, chro-
mosome). Data are shown as mean ± SD (n ≥ 3). Statistical analysis of Lung Index & CFUs was conducted by application of ordinary One-way ANOVA multiple comparison. ns,
no significant difference, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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Prenylated flavonoids accelerated S. aureus fatty acid metabolism
To  investigate  the  mechanism  underlying  GP-induced ATP  hypercon-

sumption, prompted by observations of membrane depolarization and apop-
tosis-like  phenotypes,  targeted  fatty  acid  metabolomics  was  performed  via
GC-MS  following  central  carbon  metabolomic  analysis.  As  illustrated  in
Figure  7A,  GP  treatment  led  to  a  significant  upregulation  of  fatty  acids  cis-
5,8,11,14,17-eicosapentaenoic  acid,  decanoate,  cis-11,14,17-eicosatrienoic
acid,  and linolelaidate in S.  aureus 29213,  which were crucial  for  membrane
stability  and  signal  transduction.  Conversely,  cis-10-heptadecenoate, elai-
date,  and  stearate  were  markedly  downregulated.  Stearate  is  not  only
involved  in  the  synthesis  of  fatty  acids,  but  can  also  be  broken  down  into
acetyl-CoA in mitochondria through the process of fatty acid β-oxidation, and
further participates in the tricarboxylic acid cycle and oxidative phosphoryla-
tion  to  provide  energy.  Downregulated  stearate  level  implied  that  GP  might
repair  cell  damage  and  improve  cell  function,  resulting  in  remarkably
increased energy demand. Elaidate could induce phospholipid turnover, lead-
ing  to  changes  in  the  physical  and  chemical  properties  of  cell  membranes,
and  ultimately  inducing  cell  apoptosis.  In  addition,  elaidate  mediates  Ca2+

level  disorder  through the  energy  endoplasmic  reticulum coupling  structure,

inducing  energy  dysfunction.  The  downregulation  of  elaidate  in  GP-treated
ATCC29213 suggested that GP might help preventing the interaction of elai-
date  with  cell  membranes  and  the  disturbance  of  Ca2+ levels  to  ensure  cell
functionality.

This result supported GP-treatment facilitated metabolomic chaos in fatty
acid,  which  is  critical  for  bacterial  membrane  normality  and  functionality.40

Accordingly, we assume the candidate drug target of GP has the capability in
regulation of the fatty acid metabolism homeostasis. 

FarR was identified as the antimicrobial target of GP
To  find  out  the  direct  drug  target  interacted  with  GP,  we  used  the  most

classical protocol, inducement of spontaneous mutant with survival capabil-
ity  under  GP  treatment  since  drug  target  site  modification  was  a  common
strategy adopted by bacterial cells.26,41

Specifically, we applied serial passage of bacterial cells treated with gradu-
ally  concentration-enhanced  GP  to  allow  spontaneous  mutation  in  whole
community.  Accordingly,  we  acquired  one  isolate  with  weak  GP  resistance.
This  isolate  was  sequenced  using  whole  genome  sequencing  to  determine
genetic  mutations  associated  with  the  persistent  phenotype.  Sequencing  of
genomic  DNA  revealed  mutation  in  FarR  gene,  encoding  a  transcriptional

 

Figure 5.  GP induces apoptotic-like cell death of S. aureus (A) The reactive oxygen species (ROS) production and chromosomal condensation of S. aureus. The arrow-marked
part illustrates ROS production accompanied by chromatin condensation. (B) Intracellular activity of caspase-3 like protease in S. aureus. (C) Apoptosis in S. aureus under differ-
ent treatments by Annexin V-FITC/PI staining. (D-E) The reactive oxygen species (ROS) assay evaluate the resistance of compound GP in S. aureus 29213 and MRSA strain. (F)
The semi-quantitative fluorescence results of Annexin V-FITC. (G) The semi-quantitative fluorescence results of caspase-3 like protease.Data are shown as mean ± SD (n≥3).
Statistical analysis of Lung Index & CFUs was conducted by application of ordinary One-way ANOVA multiple comparison. ns, no significant difference, P > 0.05; *, P ≤ 0.05; **, P ≤
0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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repressor that functions in regulating fatty acid metabolism, was associated
with  the  antibiotic  tolerance  phenotype.42 Interestingly,  FarR  has  been  well
identified and studied as regulator of bacterial cell fatty acid.42,43 Linking to the
results  above  including  membrane  deterioration,  ATP  level  enhancement,
central  carbon  and  fatty  acid  metabolism  elevation,  we  speculated  drug-
target interaction of GP-FarR is critical for the magic effects of GP against S.
aureus.

To confirm that FarR was the target of GP, we evaluated the binding affin-
ity between GP and FarR using bio-layer interferometry (BLI),  as depicted in
Figure 7B. The analysis revealed a dissociation constant (Kd) of 3.31*10−4 M,
indicating  a  measurable  interaction.  Subsequently,  we  constructed  a  pLI50-
FarR plasmid to  overexpress FarR in S.  aureus.  Notably,  the  overexpression
of  FarR  markedly  enhanced  the  bacterial  resistance  to  GP,  suggesting  that
FarR influences the sensitivity of S. aureus to the compound (Figures 7C-F &
S9).  These  findings  corroborated  the  hypothesis  that  FarR  was  a  primary
target  of  GP  and  played  a  pivotal  role  in  the  bacterial  response  to  this
compound.  Besides,  molecular  docking  studies  were  conducted  to  predict
potential  binding  sites  of  compound  GP  on  FarR.  The  analysis  successfully
pinpointed two primary binding sites, situated at residues Tyr69 and Glu151.
According to  the results,  residues Tyr69 and Glu151 could contribute  to  the
binding affinity via hydrogen bonding with the compound (Figure 7G).

Taking  together,  these  results,  with  the  above  ones,  supported  that  GP
directly  interacted  with  FarR,  alongside  fatty  acid  metabolism  chaos  and

finally leading to bacteria persister cell to programmed cell death. 

FarR promotes S. aureus persister formation
Since FarR was critical for GP-mediated bacterial cell killing, more than GP

alone,  we  aimed to  study  if  it  was  a  candidate  drug  target  for  further  study
against  persister  and  confirm  its  role  in  persister  formation.  To  investigate,
the growth  curves  and metabolic  activity  before  and after  FarR overexpres-
sion were conducted.

As shown in Figure 8A, FarR overexpression led to a significant alteration in
the bacterial  growth  curve.  Notably,  the  bacterial  growth  rate  was  substan-
tially  reduced,  and  the  lag  phase  was  markedly  prolonged,  suggesting  that
FarR  induces  a  metabolic  slowdown  or  shift  in  energy  usage.  In  addition,
intracellular levels of ROS and ATP in the stationary phase of S. aureus, both
with  and  without  plasmid-induced  FarR  expression,  were  assessed  under
meropenem  (Mpm)  stress  (Figures  8B–E).  In  control  strains,  both  ROS  and
ATP levels increased after meropenem treatment, indicating active metabolic
responses.  In  contrast,  comparing  to  the  Ctrl  group,  FarR-overexpressing
strains exhibited a significantly less enhancement in ROS and ATP levels after
2  hours  of  meropenem  exposure,  suggesting  a  metabolic  downregulation
characteristics of persister formation attributed to FarR protein. Furthermore,
Figures 8F-G show a significant increase in protein aggregates in FarR-over-
expressing  strains.  These  findings  suggest  that  FarR  plays  a  pivotal  role  in
regulating  multiple  facets  of  the  persister  phenotype  in S.  aureus,  including
metabolic activity, ROS management, and protein homeostasis. The ability of
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Figure 6.  GP causes protein aggregation and energy metabolic shift of S. aureus (A) Protein aggregates in S. aureus under different treatments using HIS-SIM microscopy. (B-
C) Bacterial cellular ATP level measurement. Data are shown as mean ± SD (n ≥ 3). Statistical analysis of Lung Index & CFUs was conducted by application of ordinary One-way
ANOVA multiple comparison. ns, no significant difference, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.(D-F) Hierarchical clustering heatmap of differential
metabolites (2-fold changes；P < 0.05) of MRSA & S. aureus 29213 (Sa29213) in positive mode. TCA cycle (D); pentose phosphate pathway metabolites (E); nucleotides metabo-
lites (F).

ARTICLE

The Innovation Life 3(3): 100154, August 25, 2025　　　  9



FarR  to  modulate  these  processes  positions  it  as  a  critical  player  in  the
survival  of S.  aureus under antibiotic  stress.  Given  its  central  role  in  persis-
tence, FarR may represent a potential target for therapeutic strategies aimed
at reducing  the  formation  of  persistent  populations  and  improving  the  effi-
cacy of antibiotic treatments. 

DISCUSSIONS
The data clearly  demonstrated that  prenylated flavonoids exhibited selec-

tive antibacterial activity against Gram-positive bacteria, including MRSA and
S.  aureus,  while  showing  no  efficacies  against  Gram-negative  species  such
as Pseudomonas aeruginosa and Escherichia coli. This specificity suggested
that these flavonoids might help preserving beneficial Gram-negative flora in
clinical settings.44-46 MRSA persister cells, which exhibit phenotypic tolerance
to antibiotics, pose a significant challenge in the treatment of chronic bacte-
rial  infections.  The  mechanisms  of  MRSA  persister  cells  including  biofilm
formation,  quorum  sensing,  and  stress  response  pathways.47,48 Biofilm
formation  significantly  diminishes  the  capacity  of  host  immune  system  to
eliminate  infections,  thereby  escalating  the  risk  of  persistent  infections.49

Notably,  GP  exhibited  bactericidal  activity  against  both  actively  dividing  and
dormant  MRSA  persisters  at  < 1  μM  concentrations.  Unlike  conventional
antibiotics  (vancomycin,  meropenem,  gentamicin),  GP  eradicated  antibiotic-
induced  persisters  by  disrupting  membrane  integrity  and  generating  ROS,
which together enhanced cellular lethality under stress conditions.50

Additionally,  GP  inhibited  biofilm  formation  and  disrupted  pre-formed
biofilms, further supporting its clinical relevance, as biofilms serve as a major
reservoir of persister cells.51 The study also highlighted the potential for GP to
synergize with  established  antibiotics,  particularly  glycopeptides,  aminogly-
cosides,  and  quinolones.  By  targeting  persister  cells  that  enter  a  dormant
state after antibiotic treatment, GP could enhance the efficacy of these drugs.
This  synergy  likely  arises  from  GP’s  distinct  mechanism  of  action,  which
complements  the  primary  mechanisms  of  conventional  antibiotics,  such  as
peptidoglycan synthesis and DNA replication.44

The morphological  changes  and  appearance  of  large  planktonic  aggre-
gates following GP treatment indicated that autolysis was a significant factor

in  the antibacterial  action of  GP.  In S.  aureus,  autolysis  is  mainly  caused by
the activation of autolysins, which are enzymes that degrade the peptidogly-
can layer of the bacterial cell wall.52 The pores and web-like structures within
the  aggregates  resemble  biofilms.  It  is  likely  that  autolysin  activity  can
degrade the cell wall and release the intracellular contents into the extracellu-
lar matrix.53 It  is worth noting that autolysis may also lead to the production
of  a  secondary  extracellular  matrix,  that  is  similar  in  structure  to  biofilms.54

However,  it  could  be  a  pathological  response  to  the  stress  and  membrane
disruption  caused  by  GP.  It  is  likely  that  the  presence  of  aggregates  is  a
stress response where the bacterial cells are drawn together to minimize the
damage from membrane disruption. This aggregation behavior may allow the
extracellular matrix created from lysed cells to support the survival of a popu-
lation of bacteria under unfavorable conditions.

The  GP-induced  alterations  in  protein  aggregation  and  metabolism  were
pivotal in regulating persister cell formation. ATP is crucial for LLPS, both as
an energy source for cellular activity, and in improving the solubility of partic-
ular proteins, ensuring their correct folding and inhibiting aggregation.55 When
ATP concentration diminishes, LLPS becomes more favorable, culminating in
protein condensation and the subsequent formation of aggregates that might
influence  stress  response  and  persistence,  especially  in  bacteria  like S.
aureus.56 By modifying  the  energy  metabolism and curtailing  protein  aggre-
gation  via  LLPS,  GP  could  potentially  disrupt  the  adaptive  responses  that
typically  safeguard  persister  cells.56 Such  interference  might  diminish  the
bacterial  capacity  to  endure  antibiotic  stress,  thereby  compromising  the
generation  of  dormant,  antibiotic-resistant  persister  cells.57 The  overall
decrease  in  protein  aggregate  formation  indicated  that  GP  might  directly
interact  vital  survival  strategies  in  persister  cells,  rendering  them  more
vulnerable  to  treatment.  Furthermore,  the  elevation  of  energy-related
metabolites, such as NADH and NADPH, suggested that GP treatment might
promote oxidative phosphorylation and cellular respiration,  which could help
restoring  cellular  homeostasis.58 This  was  consistent  with  studies  showing
that metabolic shifts play a significant role in bacterial resilience to stress.

Dormant  MRSA  associated  infection,  like  wound  infections,  urine  tract
infection  and  lung  infection  are  notorious  recalcitrance  against  antibiotic

 

Figure 7.  GP directly binds to FarR in S.aureus and modulates fatty acid metabolism (A) Heatmaps of differential fatty acids of GP-treated ATCC29213 strains. The fatty acids
marked with ★ are closely related to the physiological functions of cell membranes. The fatty acids marked with ● are involved in mitochondrial metabolism. (B) Biolayer interfer-
ometry (BLI) analysis evaluate the binding of compound GP to the FarR regulatory protein. (C) The MIC determinition of GP in S.aureus following the overexpression of the FarR
regulatory protein. (D-F) The colony-forming unit (CFU) assay evaluate the resistance of compound GP in S.aureus RN4220 wild-type, S.aureus RN4220 overexpressing pLI50-
FarR and S.aureus RN4220 pLI50 overexpression group. Data are shown as mean ± SD (n ≥ 3). Statistical analysis of Lung Index & CFUs was conducted by application of ordi-
nary One-way ANOVA multiple comparison. ns,  no significant difference, P > 0.05; *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. (G) The molecular docking analysis
between compound GP and the FarR regulatory protein.
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treatment.59,60 Killing  persisters  can  efficiently  eradicate  biofilm  infection,
which  is  ineffective  for  conventional  antibiotics  via  corruption  of  active
metabolic  processes.61 The magic  bullets  against  persisters  are  rare,  never-
theless via apoptosis activation.62,63 Our research provided a new approach in
persister  eradication  via  apoptosis  activation  with  clinical  development
potential. Whether bacterial apoptosis in eukaryotic cells include the intrinsic
pathway  and  extrinsic  pathway.64,65 While  the  extrinsic  pathway  is  typically
induced by developmental signals,  the intrinsic pathway is induced primarily
by  DNA  damage  and  oxidative  stress,  facilitating  the  mitochondrial  outer
membrane  permeabilization,  caspase-dependent  disassembly  of  cells.64

Mitochondrial  is  believed  to  originate  from  endosymbiotic  bacteria  during
evolution.66 Besides  clinical  significance,  our  study  provided  a  research  tool
option in study similarity of prokaryotic apoptosis-like cell death and eukary-
otic apoptosis. Both might have a common origin and it is likely that intrinsic
pathway of apoptosis in the mitochondria in eukaryotic cells is inherited from
its  evolutionary  ancestor  of  bacterial,  and  a  serial  of  specialized  enzymes
dominate the function during evolution, which can be further investigated via
GP treatment.

FarR,  a  TetR-family  transcriptional  regulator,  represses farE transcription
by  binding  its  promoter  under  basal  conditions.67 FarE  encodes  an  efflux
pump  essential  for  bacterial  tolerance  to  fatty  acids  and  the  regulation  of
fatty  acid  metabolism.42 Environmental  fatty  acids  or  toxic  metabolites  bind
FarR,  inducing  conformational  changes  that  trigger  promoter  dissociation
and farE activation.  This  enhances  efflux  of  toxic  metabolites,  maintaining

cellular  homeostasis.68 Dysregulation  of  FarR  affects  efflux  pump  activity,
alters  membrane  fatty  acid  composition,  impacts  antibiotic  sensitivity,  and
compromises  membrane  integrity.  Targeting  FarR  with  compounds  like  GP
offers  therapeutic  potential  by  disrupting  membrane  stability,  modulating
efflux pump expression, and inducing cell death in resistant bacterial popula-
tions.  In  addition,  FarR-overexpression  shifts  metabolic  states  toward
dormancy,  which  is  characteristic  for  persister  formation.69 During  this
metabolically  quiescent  lag  phase,  downregulated  biosynthesis  reduces
antibiotic target  availability,  consistent  with  metabolic  quiescence  in  persis-
tence.70 Inhibiting  FarR  or  downstream  targets  may  prevent  persistence-
associated  metabolic  shifts  and  protein  aggregation,  restoring  antibiotic
susceptibility,  particularly  relevant  for  biofilm-associated  chronic
infections.71,72 To  the  best  of  our  knowledge,  this  represents  the  first  report
linking FarR to bacterial persister formation, LLPS-driven aggresome assem-
bly,  and  their  bactericidal  implications.  This  work  reveals  fatty  acid
metabolism as  a  fundamental  component  of  bacterial  persistence,  which  is
distinct  from  established  ATP  depletion  and  central  carbon  metabolism
mechanisms, providing a novel dimension for therapeutic targeting.36,37

This  work  confirms  the  bactericidal  efficacy  of  prenylated  flavonoids
against  MRSA  persisters  and  elucidates  FarR's  critical  role  in  persister
formation.  Crucially,  it  establishes  a  novel  therapeutic  paradigm  targeting
bacterial  apoptosis  to  overcome  persister-mediated  antibiotic  relapse.
Furthermore, we introduce a flavonoid-based tool for investigating the evolu-
tionary  continuum  from  prokaryotic  apoptosis-like  death  to  mitochondria-

L f

 

Figure 8.  Effect of FarR protein on S. aureus persister formation (A) Growth curve of S. aureus with or without plasmid expressing FarR protein. (B-E) Intracellular ROS or ATP
accumulation of stationary phase S. aureus with or without plasmid expressing FarR protein under meropenem (Mpm) stress. (F-G) Representative Figures and semi-quantifica-
tion of bacterial  cell  percentage with aggresome (bright foci). S.  aureus with plasmid expressing GFP at different growth status were introduced with or without FarR protein.
Data are shown as mean ± SD (n ≥ 3). Statistical analysis was conducted by application of ordinary One-way ANOVA multiple comparison. ns, no significant difference, P > 0.05;
*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001.
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mediated eukaryotic apoptosis.
However,  limitation  of  this  study  is  also  clear.  Correlation  between  GP-

mediated apoptosis and FarR is still  unclear,  which requires further study in
discovery of  this  mechanism underlied.  To our  knowledge,  beside RecA,  the
putative  prokaryotic  caspase-3  protein  found  in  mitomycin-mediated E.  coli
apoptosis, FarR might be another important apoptosis-like cell death regula-
tor  found  in S.  aureus.  Future  research  should  elucidate  how  FarR-modu-
lated  fatty  acid  metabolism  intersects  with  RecA-mediated apoptotic  path-
ways.
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