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A B S T R A C T   

Methicillin-resistant Staphylococcus aureus (MRSA), biofilms, and persisters are three major factors leading to 
recurrent and recalcitrant implant infections. Although antibiotics are still the primary treatment for chronic 
implant infections in clinical, only few drugs are effective in clearing persisters and formed biofilms. Here, 
felodipine, a dihydropyridine calcium channel blocker, was reported for the first time to have antibacterial ef-
fects against MRSA, biofilm, and persisters. Even after continuous exposure to sub-lethal concentrations of 
felodipine, bacteria are less likely to develop resistance. Besides, low doses of felodipine enhances the anti-
bacterial activity of gentamicin by inhibiting the expression of protein associated with aminoglycoside resistance 
(aacA-aphD). Next, biofilm eradication test and persisters killing assay suggested felodipine has an excellent 
bactericidal effect against formed biofilms and persisters. Furthermore, the result of protein profiling, and 
quantitative metabonomics analysis indicated felodipine reduce MRSA virulence (agrABC), biofilm formation 
and TCA cycle. Then, molecular docking showed felodipine inhibit the growth of persisters by binding to the H 
pocket of ClpP protease, which could lead to substantial protein degradation. Furthermore, murine infection 
models suggested felodipine in combination with gentamicin alleviate bacterial burden and inflammatory 
response. In conclusion, low dose of felodipine might be a promising agent for biomaterial delivery to enhance 
aminoglycosides efficacy against implant infections caused by MRSA, biofilm, and persisters.   

1. Introduction 

With the increased use of indwelling medical devices, implant in-
fections have become one of the most severe post-surgery complications. 
Device-associated infections have been found to account for 25.6% of all 
healthcare-associated infections in the USA [1]. According to research, 
the average rate of infection in joint prosthesis is about 2% [2]. Besides, 
a report by the National Institutes of Health also pointed out that bio-
films account for more than 80% of microbial infections in humans [3]. 
Once an implant infection occurs, patients must undergo multiple sur-
gical debridement’s and prolonged antibiotic treatments, and they also 

face an increased risk of disability and mortality [2]. The most common 
causal pathogens of implant infections are methicillin-resistant Staphy-
lococcus aureus (MRSA), methicillin-sensitive Staphylococcus aureus 
(MSSA), methicillin-resistant Staphylococcus epidermidis (MRSE), and 
methicillin-sensitive Staphylococcus epidermidis (MSSE) [4]. Since MRSA 
contains multiple antibiotic resistance genes, it is tolerant to almost all 
conventional antibiotics, including aminoglycosides [5]. 

Currently, although many new treatments for drug-resistant in-
fections have been developed, only few drugs are clinically available to 
remove persisters and biofilms from the surface of implants [6]. It has 
been reported that even the use of 100-fold minimum inhibition 
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concentration of vancomycin, a first-line antibiotic for drug-resistant 
Staphylococcus aureus, was not effective in removing persisters and 
biofilms [7]. Because biofilms are heterogeneous structures consisting of 
bacterial cells enclosed within a self-produced matrix of hydrated 
extracellular polymeric substances [8], they can effectively reduce the 
penetration of antibiotics and evade being killed by immune cells. 
Compared to their planktonic counterparts, the removal of biofilms 
often requires 1000 times the concentration of antibiotics [9]. In addi-
tion, due to insufficient oxygen levels and nutrient supplies in the deep 
layers of biofilms, a small fraction of transiently antibiotic-tolerant 
phenotypical variants called persisters have emerged [10]. Persisters 
are a subpopulation of dormant bacteria that can survive under high 
doses of antibiotics and resume growth after the antibiotic pressure 
drops [11]. 

Nowadays, antibiotics are still the main approach to clinical treat-
ment of chronic implant infections, although many antimicrobial ap-
proaches have been designed [12–14]. However, owing to the arduous 
process of developing entirely new antibiotics, few compound have been 
approved for the treatment of biofilm infections during the last 20 years 
[15,16]. Therefore, we urgently need a strategy that can accelerate the 
development of antibiotics to catch up with the pace at which resistance 
mutations are being developed by bacteria. Drug repurposing screens 
and synergistic drug combinations are useful alternatives for the treat-
ment of severe infections caused by drug-resistant bacteria, biofilm and 
persisters [17,18]. This strategy helps to avoid attrition in clinical trials 
due to drug toxicity and unfavorable issues in pharmacokinetics, but 
also enhances the antibacterial activity of conventional antibiotics [19], 
such as aminoglycosides. 

Therefore, we performed phenotype-based screening of a preclini-
cal/clinical compound library containing more than 3000 compounds. 
After excluding drugs with significant cytotoxicity towards mammalian 
cells in vitro, we found a compound with an excellent antibacterial effect 
against MRSA, namely felodipine. Felodipine is an FDA-approved, 
dihydropyridine class of calcium channel blocker (CCB), which has 
been well studied in patients with essential hypertension [20]. 
Compared with other available CCBs, felodipine is one of the most 
vascular selective drugs, and has no negative inotropic effect at 

clinically administered doses [21]. Additionally, felodipine has been 
found to induce autophagy in mouse brains when used as a treatment for 
neurodegenerative diseases [22]. 

In this study, felodipine was reported for the first time to have 
antibacterial effects against MRSA, MRSE and persisters. Even low doses 
of felodipine could re-sensitize MRSA to aminoglycoside antibiotics. As 
shown in Fig. 1, the result of RNA sequencing, proteomics profiling, and 
quantitative metabonomic analysis demonstrated that felodipine could 
inhibit the TCA cycle and translation of aminoglycoside modifying 
enzyme (aacA-aphD). Therefore, felodipine has a synergistic effect with 
gentamicin against MRSA. Next, felodipine could bind to the casein-
olytic protease proteolytic subunit (ClpP) and activate its catalytic ac-
tivity to regulate biofilm formation and persisters. Furthermore, the 
result of murine skin and soft tissue infection models and periprosthetic 
joint infection models also proved that felodipine combined with 
gentamicin ameliorate implant infections and inflammatory response. 

2. Methods 

2.1. Bacterial strains and growth conditions 

The MSSA (ATCC 25923), MRSA (ATCC 43300), and MRSE (ATCC 
35984) strains were obtained from the American Type Culture Collec-
tion. Bacteria were added to trypticase soy broth (TSB; Hopebio; Qing-
dao, China) and incubated at 37 ◦C overnight with shaking. 
Subsequently, the bacterial suspensions were diluted 1:10,000 times 
with fresh TSB, and then incubation was continued for 4–6 h to allow 
them to reach exponential growth phases. 

2.2. Antimicrobial agents and chemicals 

Vancomycin and gentamicin were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Preclinical/Clinical Compound Library and felo-
dipine were purchased from Selleck Chemicals (Houston, TX, USA). The 
LIVE/DEAD™ BacLight™ Bacterial Viability Kit and Membrane Poten-
tial Kit were purchased from Thermo Fisher Scientific (USA), while the 
Microbial Viability Assay Kit, Biofilm Formation Assay Kit, and Biofilm 

Fig. 1. Scheme illustration of drug repurposing screens and synergistic drug-combination. Felodipine in combination with gentamicin alleviate chronic implant 
infections caused by biofilms and persisters. The proposed mechanism showed that felodipine activate ClpP protease and reduce the protein level of aminoglycosides 
modifying enzyme (aacA-aphD). 
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TestPiece Assay Kit were purchased from Dojindo (Japan). 

2.3. Antimicrobial susceptibility testing 

The minimal inhibitory concentrations (MICs) and minimum bacte-
ricidal concentrations (MBCs) for the agents used in this study were 
examined using the standard microdilution method following the 
guidelines outlined by the Clinical and Laboratory Standards Institute 
[23]. Briefly, log-phased bacteria were resuspended to approximately 5 
× 105 CFU/mL using Mueller-Hinton broth (MHB). Next, 2-fold serial 
dilutions of the agent (64 μg/mL- 0.06 μg/mL) were prepared with a 
final volume of 100 μL. Then 96-well plates were incubated at 37 ◦C for 
24 h, and then the bacterial viability was examined using the Microbial 
Viability Assay Kit (DOJINDO, Japan). The MIC value was determined as 
the lowest concentration of the agent that completely inhibited the 
visible growth of bacteria. Then, 10 μL of bacterial suspension (≥MIC 
value) was passaged onto an antibiotic-free tryptic soy agar (TSA) plate 
and incubated at 37 ◦C for 24 h before counting the number of viable 
colonies. MBC indicates the lowest concentration of an agent that is 
bactericidal to ≥99.9% of the initial inoculum. 

2.4. Time kill assay 

Time-kill experiments against MRSA (ATCC 43300) and MRSE 
(ATCC 35984) were performed as previously described [24]. Briefly, 50 
μL of felodipine was added to the wells of a 96-well plate. Then, 50 μL of 
log-phased bacterial suspension (1 × 106 CFU/mL) was added to the 
above well and incubated at 37 ◦C. At specific time points, the bacterial 
suspensions were serially diluted with PBS and inoculated onto TSA 
plates. After incubation overnight at 37 ◦C, the number of viable bac-
teria remaining in the original culture was calculated by counting the 
bacterial colonies. 

2.5. Resistance induction assay 

The frequency of resistance mutations was examined by sequential 
passaging over a 20-day period, as previously described [25]. Briefly, 
2-fold serial dilutions of felodipine and vancomycin (control) were 
added to 96-well plates containing 100 μL of log-phased MRSA (ATCC 
43300) suspension (105 CFU/mL). After incubation at 37 ◦C for 24 h, the 
OD value at 600 nm was measured using a spectrophotometer (BioTek, 
VT, USA). Bacterial growth was defined as an OD600 of ≥0.1. For the 
following day’s MIC assay, 10 μL of 1/2 MIC for the MRSA suspension 
was diluted with 10 mL of fresh TSB medium and incubated overnight at 
37 ◦C. The remaining bacterial cultures were stored in 20% glycerol at 
− 80 ◦C. 

2.6. Flow cytometry 

The viability and quantity of the bacterial populations were exam-
ined using flow cytometry, as previously described [26]. Briefly, 
log-phased bacteria (106 CFU/mL) were treated with different concen-
trations of felodipine at 37 ◦C and 220 rpm for 6 h. Next, the bacterial 
suspension was stained with the LIVE/DEAD™ BacLight™ Bacterial 
Viability Kit for 15 min according to the manufacturer’s instructions. 
After washing twice with sterile saline, the samples were detected using 
a flow cytometer with FITC and PI channels (Beckman Coulter, USA). 
Data were analyzed using FlowJo software (TreeStar, USA). 

2.7. RNA extraction and real time-PCR 

Total RNA was extracted from MRSA (ATCC 43300) using the 
RNeasy Mini Kit (Qiagen, Frankfurt, Germany) according to the manu-
facturer’s instructions. Next, a total of 500 ng of purified RNA was 
reverse transcribed into cDNA using an RT Master Kit (Takara, Shiga, 
Japan). Subsequently, the PCR reaction mixture was prepared using the 

TB Green Premix Ex Taq™ Kit (Takara, Shiga, Japan) following the 
manufacturer’s instructions, and real-time PCR was performed in trip-
licate using the QuantStudio™ 7 Flex system (Applied Biosystems, 
Norwalk, USA). The amplification parameters were set as follows: initial 
denaturation at 95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 5 s, 
60 ◦C for 30 s, and 72 ◦C for 45 s. The expression of 16s rRNA was used as 
a standard to analyze the changes in other genes using the comparative 
CT method. The primers used for the PCR are listed in Table S4 and were 
synthesized by Sangon Biotech (Shanghai, China). 

2.8. RNA sequencing 

The transcriptome expression levels of MRSA (ATCC 43300) were 
analyzed after treatment with felodipine (4 μg/mL) or 0.1% DMSO 
(control). Briefly, three independent biological replicates of the MRSA 
cultures were treated for 8 h. Next, bacterial suspensions were precipi-
tated by centrifugation (5000×g, 5 min) and RNA sequencing was per-
formed using the Illumina TruSeq RNA sample prep kit and HiSeq 4000 
SBS kit (Illumina, Inc.). After sequencing, differentially expressed genes 
between samples were analyzed using edgeR software. A false discovery 
rate (FDR) < 0.05 and |log2Fold change | ≥ 1 were the criteria used to 
define significant differentially expressed genes. 

2.9. Antibiotic synergy assay 

The synergistic activity between felodipine and conventional anti-
biotics was determined using a checkerboard assay, as previously 
described [6]. Briefly, 2-fold serial dilutions of each compound in the 
appropriate range of concentrations were combined with 2-fold serial 
dilutions of felodipine to form an 8 × 8 matrix in a 96-well plate. Con-
ventional antibacterial drugs were diluted along the longitudinal di-
rection, whereas felodipine was diluted along the lateral direction. After 
incubation at 37 ◦C for 18 h, the OD value of each well was measured 
using a spectrophotometer at 600 nm. An OD600 nm ≥ 0.1 was defined 
as bacterial growth. The fractional inhibitory concentration index (FICI) 
of two compounds (A and B) was calculated as follows: FICI = (MIC of 
compound A in combination/MIC of compound A alone) + (MIC of 
compound B in combination/MIC of compound B alone). The interaction 
between the two compounds was interpreted as follows: FICI ≤0.5 in-
dicates “synergy”; 0.5 < FICI ≤4 indicates “no interaction; ” FICI >4 
indicates “antagonism”. 

2.10. Gentamicin-Texas red uptake 

Gentamicin-Texas Red was prepared as described previously [27]. 
Briefly, Texas Red-succinimidyl ester (Invitrogen) was dissolved in 
high-quality anhydrous N, N-dimethylformamide to a final concentra-
tion of 20 mg/mL. Gentamicin was dissolved in a K2CO3 solution (100 
mM, pH = 8.5) to give a final concentration of 10 mg/mL. Next, 10 μL of 
Texas Red was slowly added to 350 μL of the gentamicin solution and 
incubated at 4 ◦C for the conjugation reaction. Then, the 
Gentamicin-Texas red conjugate from the reaction was added to the 
bacterial suspension to a final concentration of 50 μg/mL and incubated 
at 37 ◦C for 4 h. Gentamicin uptake was measured by washing bacteria 
twice with sterile PBS and analyzed using flow cytometry with mCherry 
voltage. 

2.10.1. Scanning electron microscopy 
The morphological changes of the bacteria after the felodipine 

treatment were observed using SEM according to a previously described 
method [28]. Briefly, log-phased bacterial cultures (106 CFU/mL) were 
incubated with felodipine (8 μg/mL), the combination of 1/8 MIC 
felodipine (1 μg/mL) and 1/8 MIC gentamicin (4 μg/mL) or 0.1% DMSO 
(control) at 37 ◦C for 8 h. Then, the bacterial suspension was centrifuged 
(5000×g, 5 min) and gently washed twice with PBS. Next, the bacterial 
precipitates were fixed with 2.5% glutaraldehyde (Solarbio, Beijing, 
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China) for 24 h at 4 ◦C. Subsequently, the bacteria were dehydrated with 
an alcohol gradient series (40%, 50%, 60%, 70%, 80%, 90%, and 100%; 
10 min each). After the sample was sprayed with gold, the bacterial 
morphology was observed using a scanning electron microscope (Hita-
chi S-4800, Japan). 

2.11. Transmission electron microscopy 

The ultrastructural changes in the bacteria after felodipine treatment 
were examined using Transmission electron microscope (TEM), as pre-
viously described [29]. Briefly, log-phased bacterial cultures were 
treated with felodipine (8 μg/mL), a combination of 1/8 MIC felodipine 
(1 μg/mL) and 1/8 MIC gentamicin (4 μg/mL), or 0.1% DMSO (control) 
for 8 h at 37 ◦C. Next, the bacterial suspension was centrifuged and 
resuspended in 1 mL of a fixative solution consisting of 2.5% glutaral-
dehyde and 5% formaldehyde. Then, fixed bacteria were washed three 
times with 0.1 M cacodylate buffer and post-fixed with 1% osmium te-
troxide for 1 h. The bacteria were washed three times with water and 
further dehydrated with an alcohol gradient series (10 min each: 50%, 
60%, 70%, 80%, 90%, and 100%). Subsequently, the samples were 
infiltrated with Epon™ resin and polymerized at 75 ◦C for 48 h. Ultra-
thin sections were cut with a diamond knife, picked up on a copper grid, 
and stained with lead citrate. Micrographs of the cells were observed 
using a JEM 1011 TEM (JEOL, Tokyo, Japan). 

2.12. Membrane potential assay 

A membrane potential kit (B34950, Thermo Fisher) was used to 
assess changes in the proton-motive force following the manufacturer’s 
instructions. Briefly, 106 CFU/mL of log phase bacteria were incubated 
with CCCP (positive control), felodipine (8 μg/mL), or a combination of 
1/8 MIC felodipine (1 μg/mL) and 1/8 MIC gentamicin (4 μg/mL) for 1 
h. The bacterial suspensions were then collected, resuspended in sterile 
PBS containing DiOC2 (30 μM), and stained at 37 ◦C for 30 min. The 
stained bacteria were detected by flow cytometry and CLSM. When 
bacteria have a large membrane potential, DiOC2 dye molecules self- 
associate at higher cytosolic concentrations and fluoresce at 630 nm 
(red). When the membrane potential is disrupted, the dye fluoresces at 
530 nm (green). 

2.13. Membrane permeability assay 

The bacterial membrane permeability was examined as previously 
described [30]. Briefly, log-phased MRSA (ATCC 43300) were washed 
three times with PBS and adjusted to 107 CFU/mL. Next, SYTOX green 
dye (Molecular Probes, MA, USA) was added to the diluted bacterial 
suspension to a final concentration of 5 μM and incubated for 30 min at 
37 ◦C in the dark. Then, 50 μL of the bacterial/SYTOX green mixture was 
added to 50 μL of the indicated concentrations of felodipine solution in 
black, clear-bottom, 96-well plates (Corning, NY, USA). The fluores-
cence of the suspension was monitored continuously using a spectro-
photometer (BioTek, ex = 485 nm, em = 525 nm). All biological 
experiments were performed in triplicate. 

2.14. Membrane fluidity assay 

Bacterial membrane fluidity was examined according to a previously 
described method [7]. Briefly, Laurdan was added to the log-phased 
bacterial cultures at a final concentration of 10 μM. After incubation 
at 37 ◦C in the dark for 10 min, the stained MRSA (ATCC 43300) were 
harvested by centrifugation and washed 4 times with pre-warmed buffer 
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 0.2% glucose, 1% DMF). 
Next, 100 μL of bacterial culture was added to each well of a black, 
clear-bottom, 96-well plate, which containing twice the indicated con-
centration of felodipine. Then, the Laurdan fluorescence intensities were 
measured after 1 h incubation at 37 ◦C in the dark using a 

spectrophotometer (excitation: 350 nm, emission: 435 nm and 490 nm). 
Laurdan GP = (I435–I490)/(I435+I490). 

2.15. Minimum biofilm inhibitory concentration (MBIC) testing 

The MBIC of felodipine was examined using the Biofilm Formation 
Assay Kit following the manufacturer’s instructions. Briefly, log-phased 
bacterial cultures were collected and adjusted to approximately 107 

CFU/mL in MHB. Next, felodipine was 2-fold serially diluted with MHB 
containing bacteria to a concentration of 128–0.125 μg/mL. A 180-μL 
mixture was added to each well of a 96-well plate and covered with a 96- 
peg lid (DOJINDO, Japan). After incubation at 37 ◦C for 24 h, the 96-peg 
lid was gently washed twice with sterile saline and stained with crystal 
violet solution for 30 min. To further quantify the biofilm mass, crystal 
violet was dissolved in ethanol and the OD at 595 nm was measured 
using a spectrophotometer. MBIC is the minimum concentration of the 
antibiotic required to inhibit bacterial biofilm formation, and it can be 
determined by observing the color changes on the peg lid. 

2.16. Eradication of biofilm on titanium discs 

To further explore the ability of felodipine or gentamicin to remove 
the biofilms from the surfaces of the metal implants, the Biofilm Test-
Piece Assay Kit was used following the manufacturer’s instructions. 
Briefly, 1.8 mL/well of log-phased bacterial culture was added to a 24- 
well plate. The test piece holder with loaded titanium discs (commer-
cially Ti6Al4V) was placed on a 24-well plate and incubated at 37 ◦C for 
48 h to allow for biofilm formation. Subsequently, the titanium discs 
were washed twice with sterile saline and incubated with indicated 
concentrations of felodipine or gentamicin for 24 h at 37 ◦C. After gently 
washing once with sterile saline, the titanium discs were incubated with 
crystal violet solution for 30 min. To further quantify the biofilm mass, 
the crystal violet on the surface of the titanium discs was dissolved in 
ethanol and the OD values at 595 nm for the suspensions were measured 
using a spectrophotometer. Besides, the number of bacteria within the 
biofilm was calculated using spread plate method. 

2.17. Persisters killing assay 

According to a previously described method, stationary-phased 
bacteria were used to model persisters [25]. Briefly, MRSA and MRSE 
persisters were generated by incubating bacterial cultures at 37 ◦C, 220 
rpm for 24h. Then, the stationary phased bacteria were centrifuged and 
washed three times with PBS buffer. Next, 107 CFU/mL of persisters 
suspension was added to the wells of a 96-well plate, which containing 
the indicated concentration of felodipine or gentamicin. After incuba-
tion at 37 ◦C, 220 rpm for specified times, 50 μL suspensions were 
harvested and serially diluted with sterile saline. Then, 10 μL of each 
dilution was spot plated in duplicate onto TSA plate and incubated at 
37 ◦C for 24h. The colonies were counted to calculate the number of 
bacteria remaining in the original culture. 

2.18. Data-independent acquisition-based SWATH mass spectrometry test 

After treatment with 1/2 MIC felodipine (4 μg/mL) or DMSO (con-
trol) for 8 h, proteins were extracted from MRSA (ATCC 43300) strains 
for quantitative proteomic analysis. For each group three independent 
biological replicates of each strain were used. Bacterial precipitates were 
collected by centrifugation (10,000×g, 10 min, 4 ◦C) when the OD600 
reached 0.6. Then, an Easy-nLC 1200 system coupled to a Q Exactive HF 
mass spectrometer (Thermo Fisher Scientific, Germany) was applied. 
Mass spectrometry experiments were performed according to a label- 
free strategy in the SWATH data-independent acquisition mode. For 
MS1, 3e6 ions were accumulated in the Orbitrap cell over a maximum 
injection time of 100 ms and scanned at a resolution of 120,000 at half 
maximum from 350 to 1650 m/z. SWATH spectra were identified by 
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comparison with a reference spectral library obtained from traditional 
data-dependent acquisition experiments. Differentially expressed pro-
teins were considered to meet the following conditions: foldchange 
>1.2-fold and p-value < 0.05. The UniProt database (http://www.unip 
rot.org/) was used to analyze the functionality of the differentially 
expressed proteins. 

2.19. Parallel reaction monitoring (PRM) assay 

To further validate the protein levels inhibited by felodipine, 30 
proteins that were identified as candidate targets were examined using 
the PRM assay. The PRM method includes a complete MS1 scan and a 
targeted MS2 scan with the following setup parameters: The MS1 scan 
was collected from 350 to 1650 m/z at a resolution of 120,000 (AGC 
target: 3e6; maximum injection time: 100 ms), and the MS2 scans were 
collected from 200 to 2000 m/z at a resolution of 30,000 (AGC target: 
1e5, maximum injection time: 80 ms). The targeted peptides were iso-
lated within a 1.2 m/z window and fragmented by high-energy colli-
sional dissociation using a normalized collision energy of 27. The raw 
data were imported to the Skyline software, and the quantification re-
sults were manually inspected for each peptide of the targeted proteins. 

2.20. Metabolomic analysis 

The intracellular metabolites of MRSA (ATCC 43300) were extracted 
as previously described [31]. Briefly, after treatment with 1/2 MIC 
felodipine (4 μg/mL) or DMSO for 8 h, the bacterial culture was 
centrifuged at 140,00×g for 5 min. Next, the precipitate was washed 
three times with PBS and rapidly frozen with liquid nitrogen to quench 
the metabolism. Six biological replicates from each group were prepared 
for metabolon-based energy metabolism detection using a UHPLC (1290 
Infinity LC, Agilent Technologies) coupled to a QTRAP (AB SCIEX 5500). 
For LC-MS analysis, 100 μL of acetonitrile/water (1:1, v/v) was added to 
the dried metabolites and vortexed vigorously for 1 min. After centri-
fugation at 140,00×g for 15 min, the supernatants were collected for 
LC-MS analysis. 

2.21. Molecular docking 

The chemical structure of felodipine (PubChem CID:3333) was pre-
pared using LigPrep 3.4 software. (Schrödinger, USA). The crystal 
structure of Staphylococcus aureus caseinolytic protease P (ClpP) (PDB 
ID: 5W18) was prepared using the Protein Preparation Wizard software 
(Schrödinger, USA). The H pocket region of ClpP was selected to 
generate the receptor grid. In silico molecular docking was performed 
using the standard precision scoring function of Glide 5.5 software 
(Schrödinger, USA), and the best pose with a docking score of − 3.73 
kcal/mol was chosen for the interaction analysis and structural figures 
were generated using UCSF Chimera software. 

2.22. Cytotoxicity assay 

For determine the cytotoxicity of felodipine at its MIC level, the 
viability of HepG2 (ATCC HB-8065), human keratinocytes (HaCaT) and 
rat bone marrow mesenchymal stem cells (rBMSC) were examined as 
previously described [32–34]. Briefly, 100 μL of HepG2, HaCaT and 
rBMSC cells were inoculated into a 96-well plate at a density of 1.0 ×
104/well and incubated at 37 ◦C 5% CO2 for 24 h to allow cells to adhere 
to the plate. Next, a 2-fold serial dilution of felodipine (ranging from 64 
μg/ml to 0 μg/ml) were added to the 96-well plates and incubated for 
another 24 h. Then, the viability of mammalian cells was examined 
using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) and the Viabi-
lity/Cytotoxicity Kit (Invitrogen, CA, USA) following the manufacturer’s 
instructions. Fluorescence microscopy (Nikon, Japan) was used to 
visualize the labeled cells. Live cells were stained with Calcein-AM 
(green), while dead cells were stained with Ethidium homodimer-1 

(EthD-1; red). 

2.23. Hemolysis assay 

The hemolytic activity of felodipine was determined using a previ-
ously described procedure with slight modifications [29]. Fresh rat 
venal blood containing heparin was centrifuged (2000×g, 20 min) and 
the precipitated erythrocytes were washed five times with PBS (1:1). 
The erythrocytes were diluted to 5% with PBS, and 100 μL was added to 
100 μL of two-fold serial dilutions of felodipine in PBS, 0.2% DMSO 
(negative control), or 1% Triton-X 100 (positive control) in a 96-well 
plate. The plate was incubated at 37 ◦C for 1 h and then centrifuged at 
1000×g for 10 min. The supernatant (100 μL) was transferred to a new 
96-well plate, and the absorbance was measured at 540 nm using a 
spectrophotometer. Percentage hemolysis was calculated using the 
following equation: (OD540nm of felodipine − OD540nm of 
DMSO)/(OD540nm of TritonX-100 − OD540nm of DMSO) × 100. 

2.24. Murine skin and soft tissue infection model 

All in vivo animal experimental procedures were approved and 
performed in accordance with the guidelines of the Animal Ethics 
Committee of Renji Hospital, Shanghai Jiao Tong University School of 
Medicine, China. To examine the antibacterial effects of felodipine 
alone, skin and soft tissue infections caused by S. aureus were conducted 
following a previously described protocol [35–37] with some modifi-
cations. Briefly, eight-week-old female CD1 ICR outbred mice (25–30 g) 
were purchased from Shanghai JieSiJie Laboratory Animal Co., Ltd. and 
randomly divided into four groups: 1) vehicle, 2) gentamicin, 3) 
low-dose felodipine, and 4) high-dose felodipine. To observe the der-
monecrotic infection in real-time, we used the bioluminescent Staphy-
lococcus aureus Xen29 (PerkinElmer), which possesses a stable copy of 
the Photorhabdus luminescens luxABCDE operon in its bacterial chromo-
some. Next, the log-phased bacterial culture was mixed with an equal 
volume of autoclaved Cytodex 3 microcarrier beads (Sigma, St. Louis, 
USA) in PBS buffer. Microbeads were used as a foreign material to 
ensure localized and uniform lesions in dermonecrotic infections [38]. 
After general anesthesia with ketamine and xylazine, the mouse flanks 
were shaved, sterilized, and 200 μL of the suspension (1 × 106 CFU/mL) 
was injected subcutaneously into each flank. Next, the mice were 
administered a single dose of gentamicin (80 mg/kg, s.c.), low dose 
felodipine (20 mg/kg, s.c.), high dose felodipine (40 mg/kg, s.c.), or 
saline after 2 h of infection. Subsequently, treatment was administered 
every 24 h for 7 days. 

2.24.1. Abscess evaluation 
Magnitude: After infection, the abscess area and volume were 

measured every other day in each mouse flank. The lesion site length (l) 
and width (w) were measured to quantify the abscess area (cm2). Then, 
the abscess volume (cm3) was calculated using the formula for a 
spherical ellipsoid: [v = (π/6) × l × w2]. Next, to noninvasively monitor 
bacterial burden, bioluminescence images were detected using an in 
vivo imaging system (IVIS; Caliper Life Sciences). Luminescence signals 
from regions of interest of each infection site were quantified using the 
IVIS Living Image software, where the total flux (number of photons/s) 
was calculated. 

2.24.2. CFU determination 
Seven days after the infection, the mice were euthanized, and each 

flank was aseptically dissected. The abscesses were then removed and 
prepared for quantitative culture. After individually homogenizing and 
serially diluting the suspensions in sterile PBS, the dilutions were spread 
onto TSA plates. Then, the plates were incubated at 37 ◦C for 24 h and 
the resulting colonies were enumerated as Log10 CFU/abscess. 
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2.24.3. Histological evaluation 
Seven days after the infection, histological staining of the skin tissue 

was performed to assess the inflammatory response and bacterial load 
around the abscess. Briefly, aseptically dissected skin specimens were 
rapidly fixed in 4% paraformaldehyde, dehydrated in gradient ethanol 
and embedded in paraffin. After staining with hematoxylin and eosin 
(H&E), Gram and immunohistochemistry (IL-6, TNF-α), tissue sections 
were observed using a microscope (Nikon, Japan). 

2.25. Murine periprosthetic joint infection model 

To further examine the antibacterial effects of the felodipine and 
gentamicin against MRSA, persisters, and biofilm, a murine peri-
prosthetic joint infection model was established as previously described 
[39], with some modifications. Briefly, 8-week-old CD1 ICR male mice 
were obtained from Shanghai JieSiJie Laboratory Animal Co., Ltd. and 
randomly assigned to 5 groups: 1) vehicle; 2) vancomycin; 3) genta-
micin; 4) felodipine; and 5) felodipine + gentamicin. After anestheti-
zation with ketamine and xylazine, the right knee of the mice was 
shaved and sterilized with iodophor. A vertical incision was made along 
the medial parapatellar, and the distal part of the femur was revealed 
after the patella was dislocated laterally. Next, the femoral medullary 
canal was reamed with a needle, and sterilized titanium Kirschner wire 
(0.5 × 9 mm) was inserted in a retrograde fashion with 1 mm protruding 
into the knee. Subsequently, 2 μL of MRSA suspension (103 CFU) was 
inoculated onto the exposed Kirschner wire in the knee, and the incision 
was sutured layer by layer. After a 2-week infection period to allow for 
biofilm formation on the Kirschner wire, a single dose of vancomycin 
(80 mg/kg, i.p.), gentamicin (80 mg/kg, s.c.), felodipine (40 mg/kg, s. 
c.), felodipine (40 mg/kg, s.c.) + gentamicin (80 mg/kg, s.c.), or saline 
was administered. Antibiotic therapy was administered every 24 h until 
8-weeks after the surgery. 

2.25.1. Radiographic evaluation 
To assess the changes in bone mass, the right legs of the mice were 

examined using an X-ray machine and high-resolution micro-CT scanner 
(SkyScan 1072; Kontich, Belgium) as previously described [40–42]. 
Radiographic analysis was based on a previously described criterion 
[43] and scored by an observer blinded to the treatment groups. The 
evidence for evaluation included the following five aspects: (i) periosteal 
elevation, (ii) widening of the bone shaft, (iii) architectural deformation, 
(iv) soft tissue deformation, and (v) new bone formation. Each aspect 
was scored on a five-point scale (0–4), where 4 represented the most 
severe. 

2.25.2. CFU determination 
To examine the bacterial burden, the Kirschner wire and soft tissue 

surrounding the right knee were separately removed and immersed in 
sterile saline. Next, SEM and CLSM were conducted to observe the 
bacterial viability and biofilm distribution on the implant surface, 
respectively. Then, the soft tissue was individually homogenized and the 
Kirschner wire was sonicated for 10 min to detach the adherent bacteria. 
After serial dilution of the bacterial suspension with saline, 10 μL of 
bacterial suspension was spread onto TSA plates. Next, the plates were 
incubated at 37 ◦C for 24 h, and the number of bacteria was counted. 

2.25.3. Histological evaluation 
To further examine the inflammation level surrounding the infected 

joint, tissue sections and immunohistochemical staining were per-
formed. Briefly, the harvested soft tissues and femurs were separately 
fixed in 4% paraformaldehyde for 48 h. Then the femur was decalcified 
with 10% EDTA solution (Servicebio, Wuhan, China) for 2 weeks and 
dehydrated with an alcohol gradient. After embedding in paraffin, the 
samples were cut at 5 μm intervals and stained with H&E, Masson, 
Gram, TRAP, Giemsa and immunohistochemistry (IL-6, TNF-α). 

2.26. Statistical analysis 

The results were analyzed using Prism 8 (GraphPad Software Inc., 
CA, USA), and the data are presented as the mean ± standard deviation 
(SD). Statistical significance was determined using an unpaired two- 
tailed Student’s t-test when there were only two groups or by one-way 
ANOVA with Dunnett’s or Tukey’s post-hoc test if there were more 
than two groups. Differences between groups were considered signifi-
cant at p < 0.05. (*p < 0.05, **p < 0.01, ***p < 0.001). 

3. Result 

3.1. Felodipine inhibits the growth of MRSA and MRSE 

The chemical structure of felodipine is shown in Fig. 2A. To further 
examine the antibacterial efficacy of felodipine against MSSA, MRSA, 
and MRSE, antimicrobial susceptibility testing was conducted. As shown 
in Table S1, the MIC and MBC of felodipine against MSSA, MRSA, and 
MRSE is 8 μg/mL and 16 μg/mL, respectively. This suggests that the 
antibacterial efficacy of felodipine may not be affected by the mode of 
bacterial resistance. However, felodipine failed to inhibit the growth of 
E. coli, which might be attributed to the specific extracellular membrane 
of Gram-negative bacteria. Next, the result of bacterial viability assay 
suggested that felodipine at 8 μg/ml could effectively reduce the 
viability of MRSE and MRSA (Fig. 2B–C). Besides, other drugs belonging 
to the CCB category were also examined for their antimicrobial poten-
tial, and the results are shown in Table S2. We found that felodipine had 
better antibacterial properties against MSSA, MRSA and MRSE 
compared to other drugs. Next, to examine the bactericidal kinetics of 
felodipine over 24 h, a time-kill kinetics assay was conducted, and the 
results revealed that the bacterial growth of MRSA and MRSE were both 
inhibited after 8 h of felodipine treatment (Fig. 2D). Additionally, 
resistance mutations are also an important factor that affect the anti-
microbial efficacy of felodipine. By incubating MRSA at sublethal con-
centrations for 20 days, a lower frequency of resistance mutations was 
found in the felodipine solution when compared with the vancomycin 
group (Fig. 2E). Furthermore, the live/dead ratios of bacteria were also 
analyzed by flow cytometry and confocal laser scanning microscopy 
(CLSM), respectively. As shown in Fig. 2F–G, 2-fold MIC of felodipine 
induced more bacterial death when compared to other groups. 

3.2. Felodipine inhibits gene expression associated with aminoglycoside 
resistance and biofilm formation 

After treatment with felodipine, the transcriptome changes in the 
MRSA were examined using RNA sequencing to explore its antibacterial 
mechanisms. The results of the correlation analysis between the samples 
indicates that felodipine-treated MRSA had good biological reproduc-
ibility (Fig. 3A). As shown in Fig. 3B, the distribution of the differentially 
expressed genes (DEGs) was presented in the volcano map. A total of 
1162 DEGs were identified after the felodipine treatment, of which 501 
were upregulated and 661 were downregulated. Then, the DEGs were 
cluster analyzed; a heatmap include some of the important DEGs is 
presented in Fig. 3C. Besides, the gene ontology enrichment analysis of 
the DEGs showed that felodipine could affect the Go terms associated 
with the biological process (protein metabolic process), cellular 
component (membrane), and molecular function (Fig. 3D). Next, RT- 
PCR was performed to validate the result of RNA-seq. As shown in 
Fig. 3E, felodipine could reduce the gene expression associated with 
energy metabolism (sucA, sucB, sdhA, pckA, atpE), biofilm formation 
(fbp, clfA, fnbP, sdrD), aminoglycoside resistance (aacA-aphD), and 
bacterial virulence (agrA, agrB, agrC, hld, hlg) and increase the gene 
expression associated with protein degradation (clpX, clpP). 
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Fig. 2. Felodipine inhibits the growth of MRSA and MRSE. (A) Chemical structure of felodipine. (B) After treated with felodipine for 24h, the bacterial viability was 
determined by monitoring the color intensity of WST formazan dye. (C) The bacterial inhibition rate of felodipine was determined by a colorimetric method. (D) 
Time-kill kinetics assay of felodipine at MIC level against MRSA and MRSE. The detection limit of the experiment was ≥ 102 CFU/mL. CON, Control; Fd, Felodipine. 
(E) Resistance development of MRSA after serial passaging in the presence of sub-lethal concentrations of felodipine. Vancomycin served as the control. Each point 
represents the average value of three independent trials. (F) After treated with different concentration of felodipine for 6h, the live/dead ratios of bacteria were 
examined by flow cytometry. (G) Representative confocal laser scanning microscopy (CLSM) images of bacteria after treatment with felodipine at MIC level for 6h. 
Live bacteria are stained green and dead bacteria are stained red. 
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3.3. Felodipine enhance gentamicin efficacy against MRSA and MRSE 

To further examine the synergistic effect of felodipine with amino-
glycosides, we performed a broth microdilution checkerboard assay. As 
shown in Fig. 4A–B and Table S3, the value of the fractional inhibitory 
concentration index (FICI) was 0.25, which means that felodipine has a 

synergistic antibacterial effect with gentamicin. Only 1/8 MIC of felo-
dipine (1 μg/mL) combined with 1/8 MIC of gentamicin (4 μg/mL) could 
inhibit the proliferation of MRSA and MRSE. Similar results were also 
found in other drugs belonging to aminoglycosides. This synergistic ef-
fect not only reduces the dose of both drugs, but also minimizes the side 
effects to some extent. Next, to investigate whether felodipine affects the 

Fig. 3. Changes in the transcriptome of MRSA treated with felodipine or DMSO (control). (A) Heatmap of correlation between samples. The different colors of the 
squares represent the different correlation coefficients of the two samples. (B) Volcano map of differentially expressed genes (DEGs). Each dot represents a specific 
gene. Red indicates significant upregulation, blue indicates significant downregulation, and gray indicates non-significant differential expression. (C) Clustering 
heatmap of some important DEGs. The shade of color indicates the amount of gene expression. Each group contains data for three independent samples. (D) Go 
enrichment analysis of DEGs. Each bubble represents a GO Term. The size of the bubble is proportional to the number of genes enriched to the GO Term. The different 
colors represent the three major classifications of GO. BP = biological process; CC = cellular component; MF = molecular function. (E) Validation of gene expression 
by RT-PCR. Felodipine inhibited the gene expression associated with energy metabolism, biofilm formation, aminoglycosides resistance, and bacterial virulence. And 
felodipine increased the gene expression associated protein degradation. Data analysis was performed using the comparative CT method, with 16S rRNA serving as 
the comparator. The results are presented as fold-changes relative to the control, which was set to a value of 1. Data are expressed as the mean ± SD. n = 3; **p <
0.01; ***p < 0.001. 
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Fig. 4. Felodipine enhance antibacterial efficacy of gentamicin and disrupt the ultrastructure of bacteria. (A) Synergy testing of felodipine and gentamicin against 
MRSA. OD600nm was measured after 18h incubation at 37 ◦C and fractional inhibitory concentration index (FICI) value is 0.25. Synergy, FICI ≤0.5; no interaction, 
0.5 < FICI ≤4; antagonism, FICI >4. Experiments were independently repeated twice. (B) Synergy testing of felodipine and gentamicin against MRSE and the FICI 
value is 0.25. (C) After incubated with 1MIC felodipine, 1/8 MIC felodipine (Fd) combined with 1/8 MIC gentamicin (Gen), the Gentamicin-Texas red uptake was 
detected using flow cytometry. (D) After incubated with 1MIC felodipine (8 μg/mL), 1/8 MIC felodipine (Fd) and 1/8 MIC gentamicin (Gen), the morphological 
changes of bacteria were observed using SEM. Red arrowheads indicate bacteria with damaged structure. (E) The ultrastructure changes of bacteria were observed 
using TEM. The experiment was repeated three times. (F) MRSA membrane potential was examined by detecting the change of fluorescent dye, DiOC2(3), using 
CLSM and flow cytometer. DiOC2(3) exhibits green fluorescence in all bacterial cells, but in healthy cells its fluorescence shift to red. The proton ionophore CCCP 
served as positive control. (G) Bacterial membrane permeability was assessed by monitoring the uptake of SYTOX Green dye using a spectrophotometer. Data are 
expressed as the mean ± SD; n = 3; ***p < 0.001. (H) The membrane fluidity of MRSA was evaluated based on Laurdan generalized polarization (Laurdan GP). The 
benzyl alcohol (50 mM) was used as a positive control. Data are expressed as the mean ± SD; n = 3; ***p < 0.001. 
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uptake of gentamicin by MRSA, the Gentamicin-Texas Red conjugate 
was synthesized. As shown in Fig. 4C, low doses of felodipine could 
increase the uptake of gentamicin by the MRSA. 

3.4. Felodipine combined with gentamicin disrupt ultrastructure of MRSA 
and MRSE 

To observe the ultrastructural changes of MRSA and MRSE treated 
with felodipine, SEM was performed (Fig. 4D). The bacteria in the 
control group showed a regular, round, and intact surface, while the 
bacteria in the drug treatment group had a collapsed and irregular 
shape. Next, the internal structures of the bacteria were observed using 
TEM (Fig. 4E). In the control group, the bacteria showed a circular and 
smooth shape with a clear septal midline within the nascent septum. 
However, the bacteria treated with felodipine showed “balloon-like” 
changes, accompanied by disruptions of the bacterial wall and mem-
brane integrity. Next, the bacterial membrane potential was detected 
using the carbocyanine dye DiOC2(3), which exhibits green fluorescence 
in all bacteria, but shifts to a red fluorescence as the dye becomes more 
concentrated due to larger membrane potentials. As shown in Fig. 4F 
and Fig. S1, low dose of felodipine in combination with gentamicin 
destroyed the membrane potential of MRSA, like the positive control 
CCCP. Then, to further verify the membrane permeability of MRSA, 
SYTOX Green nucleic acid stain was used (Fig. 4G). In contrast to 
gentamicin alone group, 1/8 MIC felodipine combined with 1/8 MIC 
gentamicin exhibited a higher fluorescence intensity. Furthermore, to 
examine the effect of felodipine on bacterial membrane fluidity, Laur-
dan GP was used. As shown in Fig. 4H, 1/8 MIC felodipine combined 
with 1/8 MIC gentamicin could increase the fluidity of bacterial mem-
brane, which facilitate the removal of persisters. 

3.5. Felodipine combined with gentamicin against biofilm 

Biofilm and persisters are another important factor associated with 
chronic implant infections. Thus, minimum biofilm inhibitory concen-
tration (MBIC) testing was performed to evaluate the anti-biofilm effi-
cacy of felodipine. As shown in Fig. 5A–B, felodipine at 8 μg/mL could 
reduce MRSA adhesion and prevent biofilm formation. While the MBIC 
of the felodipine for MRSE was 16 μg/mL, probably due to the strong 
adherence ability of Staphylococcus epidermidis. Next, to further 
investigate whether felodipine cold inhibit biofilm formation on the 
surface of medical implants (Ti6Al4V disks), live/dead bacterial staining 
was performed. As shown in Fig. 5C, only 1/8 MIC felodipine combined 
with gentamicin could effectively reduce the viability of biofilm. Be-
sides, the result of SEM also suggests that 1/8 MIC of felodipine in 
combination with 1/8 MIC gentamicin could reduce the adherence of 
biofilm (Fig. 5D). Then, to determine whether felodipine could remove 
the established biofilm from Ti6Al4V disks, crystal violet staining was 
performed. As shown in Fig. 5E–F, 16-fold MIC of felodipine has better 
efficacy against established biofilms. In contrast, 100-fold MIC of 
gentamicin did not show the same effect. Besides, the bacterial counts 
within biofilms also showed the same trend (Fig. 5G). Next, persisters 
killing assay was performed to evaluate the bactericidal effect of felo-
dipine against dormant bacteria. As shown in Fig. 5H–I, felodipine at its 
16-fold MIC level significantly reduce the number of persisters. How-
ever, 100-fold MIC of gentamicin did not show the same antibacterial 
effect against persisters. 

3.6. Felodipine induces proteolysis of MRSA and decreases energy 
metabolism 

To further validate the antibacterial mechanism of felodipine from 
protein level, data-independent acquisition-based SWATH-MS was per-
formed. As shown in Fig. 6A, the result of PCA analysis suggested that 
samples within the felodipine treatment group had good reproducibility. 
Next, the distribution of differentially expressed proteins (DEPs) was 

presented in the volcano plot (Fig. 6B). After treatment with felodipine, 
a total of 441 DEPs were identified, of which 192 were down-regulated 
and 249 were up-regulated. Then, after cluster analysis of some DEPs, 
we found felodipine could reduce the levels of aminoglycoside resis-
tance proteins (aacA-aphD) and inhibit the production of virulence 
proteins (sbi; rot), which have a similar trend with the results of RNA- 
seq (Fig. 6C). Besides, KEGG enrichment analysis indicated that felodi-
pine could inhibit the TCA cycle pathway that is a crucial component of 
energy metabolism (Fig. 6D). Meanwhile, the purine metabolism 
pathway associated with persisters infection was also inhibited. Next, to 
further validate the proteomics results, parallel reaction monitoring 
(PRM) was applied to quantify the levels of targeted DEPs. The mass 
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium with the dataset identifier PXD029484. As 
shown in Fig. 6E, the result of PRM indicated felodipine could reduce the 
level of protein associated with energy metabolism, aminoglycoside 
resistance, and biofilm formation, which showed consistent trends with 
results of data-independent acquisition mass spectrometry. Then, the 
TCA cycle of MRSA was further examined using targeted metabolomics. 
As shown in Fig. 6F and Fig. S2, compared with the control group, MRSA 
in the felodpine treated group had lower energy metabolites (isocitrate, 
citrate, succinate, GMP), which associated with TCA cycle. Besides, to 
determine whether felodipine could regulate the growth of persisters by 
activating ClpP protease, molecular docking was conducted. The struc-
tural mode in Fig. 6G and Fig. S3 suggested that felodipine could bind to 
the H pocket of ClpP protease and activate its hydrolysis which induce 
persisters death. 

3.7. Felodipine at its MIC value has acceptable safety to mammalian cells 

To evaluate the toxicity of felodipine on mammalian cells in vitro, 
the viability of cultured cells was examined using LIVE/DEAD staining 
and CCK-8 assay. As shown in Fig. S4A, felodipine at its MIC level did not 
induce significant cell death in contrast to control group. Besides, the 
evaluation of half maximal inhibitory concentration (IC50) also indi-
cated that mammalian cells have good tolerance to MIC level of felo-
dipine (Fig. S4B). Furthermore, EdU cell proliferation kit was used to 
determine the proliferation rate of mammalian cells after treated with 
felodipine at MIC level (Fig. S4C). As we can see, the number of green 
cells within the felodipine treated group did not show a significant 
decrease compared to the control group. Next, the result of hemolysis 
assay also indicated that felodipine at its MIC value did not induce 
erythrocyte lysis (Fig. S5). 

3.8. Felodipine reduces murine skin and soft tissue infections 

To explore the antibacterial effects of felodipine in vivo, a mouse skin 
and soft tissue infection model caused by bioluminescent Staphylococcus 
aureus Xen29 was constructed. As shown in Fig. 7A–B, A high dose of 
felodipine was found to significantly reduce the fluorescence intensity at 
the site of infection when compared to the low doses of felodipine. 
Furthermore, when compared to vehicle group, both groups of felodi-
pine alleviated the dermonecrotic area and abscess volume after 7 days 
of infection (Fig. 7C–D). After homogenization of infected tissues, bac-
terial counts also showed that felodipine reduced the number of viable 
bacteria in contrast to the vehicle group (Fig. 7E). Additionally, hema-
toxylin and eosin (H&E), Gram staining, and immunohistochemistry (IL- 
6, TNF-α) were conducted to detect the inflammatory responses and 
bacterial loads. A high dose of felodipine was found to significantly 
reduce the number of inflammatory cells and bacteria around the 
infected tissues (Fig. 7F). 

3.9. Felodipine in combination with gentamicin alleviates murine 
periprosthetic joint infection 

To evaluate the antibacterial effects of felodipine combined with 
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Fig. 5. Felodipine combined with genta-
micin against biofilm. (A) Minimum biofilm 
inhibitory concentration (MBIC) testing of 
felodipine against MRSA and MRSE. Biofilms 
was stained with crystal violet. (B) Biofilm 
mass was quantified by measuring sample 
absorbance at 595 nm using a spectropho-
tometer. Data are expressed as the mean ±
SD; n = 3; ***p < 0.001. (C) After treated 
with felodipine or gentamicin, the biofilm 
formation on the surface of medical implant 
(Ti6Al4V disks) was stained with a bacterial 
viability kit and detected by CLSM. (D) SEM 
was conducted to observe the effect of felo-
dipine or gentamicin in preventing biofilm 
formation. (E) Crystal violet staining was 
applied to examine the antibacterial efficacy 
of felodipine against established biofilms on 
the surface of implants. (F) Biofilms were 
quantified by measuring the absorbance of 
the samples at 595 nm using spectropho-
tometer. Data are expressed as the mean ±
SD; n = 3; ***p < 0.001. (G) After treatment 
with different concentration of felodipine or 
gentamicin, the number of bacteria within 
the established biofilm was enumerated by 
the spreading plate method. Data are 
expressed as the mean ± SD; n = 3; ***p <
0.001. (H) After treatment with different 
concentration of felodipine or gentamicin, 
the number of MRSA persisters was counted 
at indicated time. (I) After treatment with 
felodipine or gentamicin, the number of 
MRSE persisters was counted at indicated 
time.   
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Fig. 6. Felodipine induces proteolysis of MRSA and decreases energy metabolism. (A) PCA analysis of samples from each group. The relationship between samples is 
presented in different dimensions. Each point represents one replicate of a treatment group, with different colors for different groups. The samples within the 
felodipine treatment group had good similarity. (B) The distribution of differentially expressed proteins (DEPs) are presented in volcano plot. Blue dots indicate 
down-regulated proteins, red dots indicate up-regulated proteins. (C) Cluster heat map of some important DEPs. The protein level of aacA-aphD was reduced after 
treatment with felodipine. (D) KEGG pathway enrichment analysis of DEPs. The ordinate is the top 20 pathways that are significantly enriched. Pathways associated 
with TCA cycle, purine metabolism, arginine and proline metabolism were significantly influenced. (E) Parallel reaction monitoring was conducted to quantify the 
expression levels of some DEPs associated with energy metabolism, biofilm formation, aminoglycosides resistance, bacterial virulence. (F) Metabolon-based energy 
metabolism detection of MRSA after treatment with felodipine for 8h. Box plot shows the distribution of metabolites for each sample. Each group contains 6 bio-
logical replicates of the sample. **p < 0.01. ***p < 0.001. (G) Structural model of the ClpP complexed with Felodipine. In the close-up view, felodipine binds to the 
H pockets [Protein Data Bank (PDB) ID: 5 W18]. The amino acid residues involved includes Tyr61, Tyr63, and His83. 
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Fig. 7. Felodipine reduces murine skin and soft tissue infections caused by bioluminescent Staphylococcus aureus Xen29. (A) Bioluminescence images were observed 
using an in vivo imaging system after treated with low dose of felodipine (20 mg/kg, s.c.), high dose of felodipine (40 mg/kg, s.c.) or gentamicin (80 mg/kg, s.c.). (B) 
Luminescence signals from regions of interest of each infection sites were quantified with the IVIS Living Image software. (C) After 7 days of treatment, the der-
monecrosis areas were measured. Data are expressed as mean ± SD; n = 10; *p < 0.05; ***p < 0.001. (D) After 7 days of treatment, the abscess volume was 
measured. Data are expressed as the mean ± SD; n = 10; *p < 0.05; ***p < 0.001. (E) After 7 days of treatment, the number of bacteria within the abscesses was 
quantified. Data are expressed as the means ± SD; n = 10; ns, not significant; *p < 0.05; **p < 0.01. ***p < 0.001. (F) After 7 days of treatment, histological staining 
of infected tissues was conducted to evaluate the inflammatory response and bacterial loads. S. aureus was stained purple in Gram-stained tissues. 
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gentamicin against chronic biofilm infection, murine periprosthetic 
joint infection caused by MRSA was constructed. The schematic diagram 
is shown in Fig. 8A. X-ray analysis revealed that chronic biofilm infec-
tion in the vehicle group caused a significant periosteal reaction and 
osteolysis, which led to the sinking of the Ti6Al4V rods (Fig. 8B–C). 
Next, the trabecular bone around the implant and cortical bone pa-
rameters were analyzed using micro-CT. When compared with the 
groups treated with vancomycin or gentamicin alone, felodipine com-
bined with gentamicin reduced the osteolysis caused by the biofilm 
infection and maintained a higher bone mineral density and bone vol-
ume fraction (BV/TV) (Fig. 8D–E). Next, the bacteria on the surface of 
the Ti6Al4V rods were examined using SEM and CLSM. As shown in 
Fig. 8F, the combination of felodipine and gentamicin could reduce the 
adhesion and viability of MRSA on the surface of implants. However, 
felodipine alone did not show a superior antibiofilm effect than that of 
vancomycin alone or gentamicin alone. Furthermore, the bacterial 
counts showed that felodipine combined with gentamicin significantly 
reduced the number of bacteria per implant and per tissue (Fig. 8G–H). 
Additionally, histopathological analysis was conducted to evaluate 
bacterial load and inflammatory response from tissue level. As shown in 

Fig. 9A–C, femur and soft tissues in the combination group showed less 
bacterial load, inflammatory response, and neutrophil infiltration than 
those in the single drug group. Meanwhile, the histological staining of 
the heart, liver, spleen, lungs, and kidneys further suggested that the 
combination of felodipine and gentamicin did not cause severe organ 
failure (Fig. S6). 

4. Discussion 

Currently, antibiotic-resistant bacteria, biofilms, and persisters are 
serious concerns when considering implant infections that must be 
addressed. This has been made difficult, however, by the arduous and 
costly processes involved in developing novel antibiotics which has 
consequently contributed to the reduction in clinically available anti-
biotics [16,44]. Drug repurposing screens and synergistic drug combi-
nations offer a creative strategy by which to develop treatments for 
drug-resistant bacterial infections. In this study, we report for the first 
time that felodipine, a dihydropyridine calcium antagonist, has anti-
bacterial effects against MRSA, biofilm and persisters. Even after 
continuous exposure to sub-lethal concentrations of felodipine, bacteria 

Fig. 8. Felodipine in combination with genta-
micin alleviates murine periprosthetic joint 
infection. (A) Schematic diagram of the treat-
ment of implant infections in mice. (B) After 
treatment with felodipine (40 mg/kg, s.c.), 
gentamicin (80 mg/kg, s.c.), or the combination 
of felodipine (40 mg/kg, s.c.) and gentamicin 
(80 mg/kg, s.c.), the infected joint was examined 
using X-ray and Micro-CT to evaluate periosteal 
reaction, osteolysis and the position of Ti6Al4V 
rod. (C) Radiographic scores of infected joints. 
The evidence for scoring includes five aspects. 
Each aspect was scored on a five-point scale 
(0–4), where 4 represented the most severe. (D) 
Bone mineral density and (E) bone volume frac-
tion (BV/TV) were measured using Micro-CT. 
Data are expressed as the means ± SD; n = 10; 
ns, not significant; **p < 0.01, ***p < 0.001. (F) 
Bacterial morphology and biofilm viability on the 
surface of Ti6Al4V rod were detected by SEM and 
CLSM. (G) Distribution of CFU density per 
implant was determined by spread plate method. 
Data are expressed as the means ± SD; n = 10; 
*p < 0.05; ***p < 0.001. (H) Distribution of CFU 
density per soft tissue was determined by spread 
plate method. Data are expressed as the means ±
SD; n = 10; ns, not significant; **p < 0.01, ***p 
< 0.001.   
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Fig. 9. Histological evaluation of infected femur and soft tissues. (A) After decalcifying the femur, H&E and Masson staining were used to evaluate the inflammatory 
response of the bone. Giemsa and Trap staining were used to observe the number of bacteria and osteoclasts, respectively. (B) Soft tissues around the infected joint 
were stained with H&E and Gram for evaluating bacteria load. MRSA was stained purple. Immunohistochemical staining of TNF-alpha, and IL-6 was performed to 
examine the inflammatory response within soft tissues. (C) Immunofluorescence staining of myeloperoxidase (MPO) was conducted to examine the neutrophil 
activity within soft tissues. 
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are less likely to develop resistance mutations to felodipine. As shown in 
Fig. 10, a low dose of felodipine could reduce the protein level associ-
ated with aminoglycoside resistance (aacA-aphD), thereby enhancing 
the antibacterial activity of gentamicin against MRSA, and reducing its 
MIC value to 1/8. Furthermore, felodipine could bind to the H pocket of 
the ClpP protease and activate its ability to regulate the growth of per-
sisters. Additionally, a murine infection model indicated that felodipine 
combined with gentamicin ameliorated implant infections caused by 
MRSA. 

In recent years, clinically isolated bacteria have become frequently 
resistant to conventional antibiotics [45]. According to research, up to 
46.7% of Staphylococcus aureus isolates are methicillin resistant in the 
United States [46]. Although high doses of vancomycin are a last resort 
that can eradicate clinically resistant bacteria, the emergence of 
vancomycin-resistant Staphylococcus aureus (VRSA) has further under-
mined the effectiveness of conventional antibiotics [47]. In this study, 
low doses of felodipine inhibited the gene expression of aacA-aphD and 
had a synergistic antibacterial effect with gentamicin. Compared to 
antibiotics or small molecule inhibitors, this effect not only enhanced 
the antibacterial effect of felodipine and gentamicin, but also reduced 
the doses of both drugs and side effects at the same time. Since the 
pharmacokinetics, pharmacodynamics, and safety of felodipine in 
humans are already known, the time and financial investment required 
for drug development could be reduced. Furthermore, felodipine could 
also inhibit the growth of MRSA through multiple targets, which can 
effectively prevent drug-resistant mutations. 

Biofilm formation and persisters emergence are important factors 
associated with recalcitrant or recurrent implant infections. According 
to research, the removal of the biofilm of S. aureus requires a 600-fold 
increase in the concentration of sodium hypochlorite, one of the most 
effective antibacterial agents, when compared to the planktonic bacteria 
of S. aureus [48]. Furthermore, the treatment of chronic 
biofilm-associated infections in clinical settings often requires multiple 
surgical debridement’s and a high dose of antibiotics. This not only 
causes many serious side effects for patients, such as disability, but also 
leads to high medical costs and extended hospital stays. In this study, we 
found that felodipine has a similar role to that of acyldepsipeptide 
antibiotic ADEP4, which is a potent activator of the ClpP protease. The 
felodipine-activated ClpP protease exhibits nonspecific protease 

activity, cleaves essential proteins, and regulates virulence, resistance, 
and persistence of MRSA infection. In contrast to other antibiotics that 
act on metabolically active bacteria, felodipine could effectively elimi-
nate dormant persisters by regulating the metabolic processes of MRSA 
through ClpP protease. 

Periprosthetic joint infections are a catastrophic complication after 
arthroplasty and lead to an elevated risk of disability in patients. Ac-
cording to research, more than 25% of revisions are attributed to peri-
prosthetic joint infections, and this is expected to increase [49]. 
Although antibiotic-loaded bone cement has been used in primary total 
knee arthroplasty, its ability to reduce periprosthetic joint infections 
remains controversial [50]. It is estimated that up to 40% of 
S. epidermidis and 32% of S. aureus strains isolated from implant in-
fections are resistant to gentamicin, which is a common antibiotic 
loaded in bone cement [51,52]. Therefore, using gentamicin-loaded 
bone cement alone is no longer effective in preventing implant in-
fections caused by drug-resistant staphylococci. In future clinical prac-
tice, felodipine combined with gentamicin might be an effective regime 
reducing the incidence of periprosthetic joint infections. This synergistic 
effect not only eradicates drug-resistant bacteria and biofilm infections, 
but also reduces the dosage and side effects of an individual drug. When 
performing primary total knee arthroplasty in patients with high risk of 
infection, we can attempt to locally use gentamicin-loaded bone cement 
combined with felodipine to achieve intra-articular concentrations 
exceeding the MIC thresholds. In addition, felodipine and gentamicin 
could be loaded into bioactive materials for targeted bacterial killing to 
further improve the antibacterial effect against MRSA and MRSE. 

As regards the clinical problem of recalcitrant biofilm-associated 
infections, the combination of gentamicin and felodipine has been 
shown to be effective in removing the biofilm from the implant surface. 
It has been reported that vancomycin could not effectively eradicate 
biofilms even after using 100-fold MIC [7]. However, only 16-fold MIC 
level of felodipine could effectively remove biofilm, which provides a 
novel approach for the treatment of biofilm-associated infections. In the 
future clinical practice, gentamicin and felodipine coatings can be pre-
pared to prevent biofilm formation on the implant surface. For implants 
that have already formed biofilms, we can locally inject nanoparticles 
loaded with both felodipine and gentamicin to remove the biofilm more 
effectively in a targeted manner [53]. In addition, drug-carrying 

Fig. 10. Schematic diagram showing the antibacterial mechanism of felodipine in combination with gentamicin against MRSA and persisters. Low dose of felodipine 
reduce the TCA cycle and protein level of aacA-aphD. Besides, it binds to the active site of ClpP subunit, leading to protein degradation. 
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nanorobots with penetrating function can also be used to increase the 
concentration of drugs within biofilms, thus further enhancing the ef-
ficacy of removing biofilms [54]. Of course, more drug-loaded bioactive 
materials might be developed to enhance the anti-biofilm efficacy of 
felodipine, such as 3D printed biomaterials [37]. 

Although the phenomenon and mechanisms of felodipine against 
MRSA have been explored from different perspectives, there are still 
some shortcomings that need to be addressed in future studies. First, the 
antibacterial effects of felodipine have not been examined in human 
tissues, and thus relevant clinical trials are required to investigate its 
antibacterial effects in combination with gentamicin. Second, the anti-
bacterial efficacy of felodipine alone were not superior to vancomycin. 
Thus, the chemical structure of felodipine should be modified by me-
dicinal chemistry to enhance its activity against drug-resistant bacteria. 
Furthermore, the specific antibacterial mechanism of felodipine is still 
needed to explore using CRISPR genetic editing. Therefore, we will 
evaluate the antibacterial effect of felodipine against MRSA which has a 
ClpP protease mutation in the future. 

5. Conclusion 

In conclusion, felodipine, a dihydropyridine calcium antagonist, was 
reported for the first time to have antibacterial effects against MRSA, 
MRSE and persisters. Bacteria were less likely to develop resistance 
mutations to felodipine, even after continued exposure to sub-lethal 
concentrations. Next, low dose of felodipine inhibited the gene expres-
sion associated with aminoglycoside resistance (aacA-aphD), thereby 
enhancing the antibacterial activity of gentamicin, and reducing its MIC 
value to 1/8. Besides, felodipine could also inhibited the TCA cycle and 
activate ClpP protease by binding to its H pocket, which regulated the 
growth of biofilm and persisters. Then, murine infection models were 
conducted to suggest that felodipine combined with gentamicin could 
alleviate implant infections caused by MRSA and persisters. Taken 
together, felodipine is a promising compound against MRSA, MRSE, and 
persisters. The multi-target antibacterial effects of felodipine might have 
more advantages than traditional antibiotics in the treatment of peri-
prosthetic joint infections. 
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