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Methicillin-resistant Staphylococcus aureus (MRSA) is a major inducement of nosocomial infections and its biofilm formation render the high tolerance to conventional antibiotics, which highlights the requirement to develop new antimicrobial agents urgently. In this study, we identified a fluorinated benzimidazole derivative, TFBZ, with potent antibacterial efficacy toward planktonic MRSA (MIC = 4 μg/mL, MBC = 8 μg/mL) and its persistent biofilms (≥99%, MBEC = 8 μg/mL). TFBZ manifested significant irreversible time-dependent killing against MRSA as characterized by diminished cell viability, bacterial morphological change and protein leakage. Furthermore, the results from CBD devices, crystal violet assay in conjunction with live/dead staining and scanning electron microscopy confirmed that TFBZ was capable of eradicating preformed MRSA biofilms with high efficiency. Simultaneously, TFBZ reduced the bacterial invasiveness and exerted negligible hemolysis and cytotoxicity toward mammalian cells, which ensuring the robust therapeutic effect on mouse skin abscess model. The transcriptome profiling and quantitative RT-PCR revealed that a set of encoding genes associated with cell adhesion, biofilm formation, translation process, cell wall biosynthesis was consistently downregulated in MRSA biofilms upon exposure to TFBZ. In conclusion, TFBZ holds promise as a valuable candidate for therapeutic applications against MRSA chronic infections.
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1 INTRODUCTION
The widespread abuse of antibiotics in medicine, agriculture, and veterinary practices have led to their accumulation in freshwater sources and wastewater, becoming a notable contaminant. Millions of tons of these emerging pollutants are discharged into aquatic environments annually, fostering the emergence of drug-resistant genes and bacteria (Kaur Sodhi and Singh, 2022; Sodhi et al., 2023). Concurrently, the COVID-19 pandemic has potentially diminished the efficacy of certain medications against specific pathogens (Singh and Sodhi, 2023). Consequently, there is heightened concern about multidrug-resistant (MDR) bacteria, especially in bacterial communities frequently exposed to antibiotics (Xu et al., 2021). In recent decades, MDR bacteria such as methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-resistant Staphylococcus epidermidis (MRSE) have become predominant in causing persistent infections across hospitals, communities, and livestock, leading to severe health issues like sepsis, pneumonia, and endocarditis with considerable morbidity and mortality (Hu et al., 2017; Qin et al., 2023).
Bacterial multidrug resistance emerges not only from the structural transformation or genetic mutation of planktonic bacteria but also from the biofilms formed by bacterial persister cells. Biofilms are three-dimensional communities of aggregated bacterial cells enveloped in self-produced extracellular polymeric substances (EPS), adhering irreversibly to both biotic and abiotic surfaces, thus facilitating evasion from the host immune response and enhancing tolerance to antimicrobial treatments (Cui et al., 2020; Chen et al., 2023). Remarkably, bacteria within biofilm exhibit antibiotic resistance that is 10 to 1,000 times greater than their planktonic counterparts (Shree et al., 2023).
Investigations into MRSA biofilm production have uncovered a complex signaling network regulating the upregulation and downregulation of adhesion genes involved in biofilm assembly and virulence factor synthesis throughout infection stages. This regulatory mechanism acts as a genetic seesaw to express the pivotal components for biofilm stability and MRSA pathogenesis including intercellular adhesin, extracellular DNA, wall teichoic acids, and so on (Patel and Rawat, 2023). The secretion of diverse virulence factors, like hemolysins, leukotoxins, enterotoxins, and Protein A, is regulated by agr and sae two-component systems, playing a crucial role in combating the host immune response. Regulatory factors such as the Agr regulatory system, the SarA protein family, the transcription factor σB, and the signal transduction system LuxS/AI-2 are involved in the quorum sensing system, the secretion of virulence factors, and biofilm dispersal and dissociation (Balamurugan et al., 2017). Moreover, genes like atlE, bap, sasG, and ica regulate the surface adhesion and cell accumulation (Yang et al., 2016).
At present, numerous approaches have been put forward to combat drug-resistant bacteria biofilms, involving antimicrobial peptides (AMPs), naturally derived compounds, and growth-neutral dispersants (Singh et al., 2023). Research into agents capable of eradicating biofilms is accelerating, with a focus on those that enhance existing therapeutic methods (Garrison et al., 2016; Deusenbery et al., 2023). Innovative non-chemotherapeutic approaches like photodynamic and photothermal therapy are also under exploration for their biofilm-disrupting potential. AMPs are particularly noted for their ability to disrupt bacterial cell membranes, thereby impeding biofilm formation. RN3, a natural AMP, is distinguished for its ability to permeabilize biofilm cells, highlighting the broader utility of AMPs in targeting microbial biofilms (Srinivasan et al., 2021). Compounds from amphibian skin secretions, akin to AMPs, have shown efficacy against various biofilm-forming pathogens. Japonicin-2LF from the skin secretion of the Fujian large-headed frog (Limnonectes fujianensis) not only disrupts MRSA biofilms by targeting the membrane but also effectively clears both planktonic and sessile bacterial populations, representing a promising approach for treating MRSA in cystic fibrosis patients (Yuan et al., 2019). However, the clinical application of AMPs for biofilm inhibition faces challenges, primarily due to their degradation by bacterial proteases, which affects their stability and efficacy in vivo. This issue underscores the necessity for more potent anti-biofilm agents and has spurred interest in bioactive compounds from alternative sources, particularly medicinal plants. Extracts from Indian medicinal plants like Cinnamomum glaucescens and Syzygium praecox are being explored for their anti-biofilm activities against S. aureus (Panda et al., 2020). Phytochemicals such as 12-Methoxy-trans-carnosic acid and carnosol, found in Salvia officinalis, have demonstrated potent in vitro anti-biofilm effects against Candida species (Kerkoub et al., 2018). Moreover, myrtenol, a monoterpenoid from certain plants, has shown efficacy in targeting the sarA gene, thereby inhibiting MRSA biofilm formation and highlighting the potential of plant-derived compounds as alternative therapeutic agents against biofilm-associated infections (Selvaraj et al., 2019). Despite these advancements, the journey towards FDA approval for these compounds remains challenging, with many promising candidates faltering in clinical trials due to non-selectivity, cytotoxicity, or hemolysis risks (Lu et al., 2019). Additionally, potential adverse effects such as inflammatory responses and oxidative DNA damage pose significant obstacles to their clinical utility (Yu et al., 2022).
Considering the abundant secondary metabolites of fungi are important resources for mining natural antimicrobial agents, it stands to reason that such sources and derivates are fertile grounds for the discovery of biofilm-eradicating agents. Here in this work, we screened from the long-accumulated library of diverse fungal natural products and pharmacophore-like compounds in our group, fortunately identified a fluorinated benzimidazole analogue TFBZ (2-(3,5-Bis(trifluoromethyl)phenyl)-4-nitro-6-(trifluoromethyl)-1H-benzo [d]imidazol-1-ol, the structure is illustrated in Figure 1), which displays outstanding antimicrobial activity and potent biofilm eradication property against MRSA. This compound was synthesized according to a catalytic trifluoromethoxylation method reported by Zheng et al., to finally get a quantity of 531 mg included in our library (Zheng et al., 2018). Benzimidazole derivatives, similar in structure to natural nucleosides, act as key intermediates in the synthesis of new chemical entities with biological interest. Previous literatures reported that benzimidazole derivatives possess extensive pharmacological activities as DNA binding agents, enzyme inhibitors (Zha et al., 2021), anti-malarial agents and biofilm-eradicating agents (Kong et al., 2018). Our comprehensive research aims to thoroughly investigate the in vitro and in vivo efficacy of TFBZ against both planktonic and persistent MRSA, shedding light on its potential mechanism of action and paving the way for novel therapeutic approaches against antibiotic-resistant bacterial infections.
[image: Figure 1]FIGURE 1 | The chemical structure of TFBZ.
2 MATERIALS AND METHODS
2.1 Synthesis of 2-(3,5-Bis (trifluoromethyl)phenyl)-4-nitro-6-(trifluoromethyl)-1H-benzo [d]imidazol-1-ol (TFBZ)
2-(3,5-Bis (trifluoromethyl)phenyl)-4-nitro-6-(trifluoromethyl)-1H-benzo [d]imidazol-1-ol (TFBZ) was synthesized following an existing procedure (Zheng et al., 2018). Yellow solid, 531 mg, 74% yield. 1H-NMR (500 MHz, DMSO-d6) δ 8.70 (s, 2H), 8.24 (d, J = 15.9 Hz, 2H), 8.12 (s, 1H); 13C-NMR (125 MHz, DMSO-d6) δ 149.4, 138.4, 136.5, 133.1, 131.2 (q, J = 33.4 Hz), 129.8, 128.9, 124.9, 123.9 (q, J = 271.3 Hz), 123.3 (q, J = 271.3 Hz), 123.1 (q, J = 33.8 Hz), 116.4 (q, J = 2.5 Hz), 113.8(q, J = 2.5 Hz). 19F NMR (471 MHz, DMSO-d6) δ −59.63 (s, 3F), −61.67 (s, 6F). HRMS (ESI): Calcd for: C16H7F9N3O3+ ([M + H] +) 460.0338, found: 460.0334.
2.2 Strains and cultural conditions
The bacterial strains used in the present study were E. coli (E. coli, ATCC 25922), S. aureus (S. aureus, ATCC 25923) and methicillin-resistant S. aureus (MRSA, ATCC 43300), P. aeruginosa (P. aeruginosa, ATCC27853) and Salmonella enterica subsp. enterica (Salmonella, ATCC14028). MRSA, P. aeruginosa and Salmonella was provided by Kunming Institute of Botany, Chinese Academy of Sciences (Kunming, China). S. aureus and E. coli were obtained from the microbial genetics’ laboratory, Wuhan University (Wuhan, China). Each bacterial strain was preserved in 30% glycerol solution (v/v) and frozen at −80°C. Before each experiment, the test strain was shake-cultured overnight at 37°C in medium (Luria–Bertani broth (LB) for S. aureus and E. coli, tryptic soy broth (TSB) for MRSA, Mueller-Hinton Broth (MHB) for P. aeruginosa, and Salmonella), and the bacterial suspensions in the mid-log phase (OD600 around 0.6–0.8) were harvested by centrifugation at 3,000 rpm for 10 min.
2.3 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) determination
Microtiter broth dilution testing was employed to detect the MIC following Clinical Laboratory Standards Institute (CLSI) M100-31st guidelines (Humphries et al., 2021). Briefly, 100 μL (104 CFU/mL) bacterial suspensions and equal volume of 2-fold serial diluted TFBZ or vancomycin were added into sterile 96-well plates and incubated at 37°C for 18 h, and then the bacterial viability was determined by OD600 using a microplate spectrophotometer (Spark 10 M, Tecan, Switzerland). Subsequently, the pretreated bacterial suspension was diluted at 1:10,000 and spread on agar plate medium for another 24-h incubation, then the CFUs were photographed and quantitatively analyzed. The MIC was deemed as the lowest sample concentration completely inhibiting the growth of visible microorganisms in the wells, the MIC50 was supported by measuring the turbidity at OD600 and the MBC was determined by observing no visible colony formation on the agar plate (Zhang et al., 2020). The concentration range of TFBZ tested during this study was 1–8 μg/mL for Gram-positive S. aureus and MRSA, 1–64 μg/mL for Gram-negative E. coli, P. aeruginosa, and Salmonella. Untreated and vancomycin-treated bacterial suspension were regarded as negative and positive control, respectively.
2.4 Time-dependent killing assay
MRSA suspension (104 CFU/mL) was co-cultured with varying final concentrations of TFBZ or vancomycin (0.5–8 μg/mL) in TSB broth at 37°C. At the designated time points of 0, 2, 4, 6, 12, 18, and 24 h, the cell growth was recorded at OD600 (Kang et al., 2020). After 24-h stationary culture, MTT was added in each well with the final concentration of 0.5 mg/mL, followed by 4-h incubation. Then, the supernatant was discarded and DMSO was added to dissolve the resultant crystal (Xu et al., 2023). The absorbance at 570 nm was measured with a microplate reader and MRSA viability was calculated as the following formula: MRSA viability (%) = [(ODblank–ODsample)/ODblank] × 100%.
2.5 Bacterial protein leakage determination
Typically, the bacterial suspensions were transferred to the sterile Eppendorf tubes which contained 2-fold serial dilutions of the test compounds (final concentrations: 0, 1, 2, and 4 μg/mL) and incubated at 37°C with 160 rpm shaking. Equal volume of bacteria mixture was taken out at different time intervals (0, 4, 8, and 12 h) and centrifuged for 10 min. The protein content was determined by the Enhanced BCA Protein Assay Kit (Beyotime, Shanghai, China) and corresponding protein concentration was extrapolated from the equation of best-fit linear regression line of the BCA standard curve (Liu et al., 2023).
2.6 Biofilm eradication assay
The minimum biofilms eradication concentrations (MBECs) of TFBZ and control compound vancomycin against MRSA were evaluated using the Calgary Biofilms Device (CBD) [Innovotech, product code: 19111)] as described previously (Garrison et al., 2016). In brief, MRSA biofilms were established on pegs that are submerged in inoculated mid log phase bacterial suspension overnight in 96-well plates. Subsequently, the CBD lid with forming biofilms was collected, washed twice by PBS, and transferred to a challenge plate which was contained serial dilutions of the test compounds and incubated for 24 h to dislodge biofilms. To determine MBEC values, CBD lid with remaining persisters was transferred to a recovery 96-well plate containing 200 μL nutrient TSB medium and incubated overnight at 37°C. The MBEC value is interpreted as the lowest concentration leading to the eradication of the biofilms (no turbidity after the final incubation period).
The biofilm eradication capability of TFBZ was further evaluated by crystal violet staining. Concisely, 200 μL bacterial suspension (105 CFU/mL) was transferred to a sterile 96-well plate and incubated for 48 h statically for cell attachment to the surface. Subsequently, the forming biofilms were washed three times with PBS and cultivated with TFBZ or vancomycin for another 24 h at the concentration ranging from 1 to 8 μg/mL. After methanol fixation, 150 μL of 1% (v/v) crystal violet solution (Servicebio, Wuhan, Hubei, China) was added for 15min, then rinsed away redundant dye with sterile water and dried naturally. In addition, residual biofilms were further destained in 33% acetic acid for 20 min and quantified at 595 nm by using a microplate reader. The amount of biofilm was directly proportional to the OD value of the crystal violet solution in wells (Jiang et al., 2022). The clearance rate of biofilms was calculated as following formula: Biofilms clearance rate (%) = [1-(OD Sample/OD PBS)] × 100%
2.7 Scanning electron microscopy (SEM)
The bacterial suspension (108 CFU/mL) was cultured in 6-well plates with coverslips (d = 1.0 cm) at 37°C for 24 h. The cover-glasses were then rinsed gently with sterile PBS and treated with 0, 4, and 8 μg/mL of TFBZ for 4 h and incubated without shaking at 37°C. Subsequently, samples were washed with PBS twice and submerged in a 2.5% glutaraldehyde solution for fixation overnight. After gradual dehydration with gradient ethanol (30%, 50%, 70%, 80%, 90%, and 100%) for 10 min each, the biofilms were freeze-dried and sputter-coated with gold (Huang et al., 2022). Finally, the morphology of specimens was imaged under a scanning electron microscope (Hitachi SU8010, Japan).
2.8 Live/dead staining
LIVE/DEAD BacLight bacterial viability kit (Bestbio, Shanghai, China)) was used to investigate the viability of the planktonic bacteria upon TFBZ treatment. In short, 1 mL of MRSA suspension (107 CFU/mL) was seeded in confocal dishes and cultured with different final concentrations of TFBZ (0, 4, and 8 μg/mL) over 2 h at 37°C, respectively. After treatment, the bacterial suspensions were centrifuged at 3,000 rpm for 5 min, washed twice and re-suspended with saline, and then stained with SYTO9 (N01) (λex = 500 nm, λem = 525 nm) and propidium iodide (PI) (λex = 535 nm, λem = 615 nm) for 30 min at room temperature (Zhang et al., 2021). The fluorescence of each sample was observed by Confocal laser scanning microscopy (Carl Zeiss LSM 900, Germany)
To determine the viability of persistent biofilms, the mature biofilms were developed statically at 37°C for 24 h on glass coverslips set in six-well plates. After removing the unbound cells, the coverslips were treated with TSB alone or TFBZ (4 and 8 μg/mL) for another 4 h. Then the coverslips were gently rinsed with PBS, followed by staining with N01 and PI in darkness for 30 min, and imaged on Confocal in Z-axis scan mode (Zhang D.-Y. et al., 2023).
2.9 Adhesion and infection assays
The adhesion and infection experiments were performed as described by Emeri and co-authors (Emeri et al., 2019) with minor modifications. Breast cancer cells (MCF-7) obtained from China Center for Typical Culture Collection (CCTCC, Wuhan, China), were seeded in a 6-well plate and incubated under a humidified 5% CO2 to form monolayer cells. For the adhesion assay, aliquots of 1 mL of MRSA solution containing different concentration of TFBZ (ranging from 0 to 8 μg/mL) were transferred to each well and co-cultivated with MCF-7 cells at 37°C for 2 h. After repeated rinse with sterile PBS, MCF-7 cells were harvested and lysed with 0.1% Triton X-100. Finally, 100 µL of diluted lysis was coated onto the TSB agar plate, and incubated overnight to evaluate the number of forming colonies. For the invasion assay, after 2 h bacterial infection (same methods and conditions as above), MCF-7 cells were cultured with DMEM medium containing gentamycin for another hour (Tan et al., 2016). The remaining procedure was the same as that for the adhesion test.
2.10 Hemolysis and cytotoxicity assay
100 μL of Fresh rabbit red blood cells (rRBCs, 8%, v/v) was incubated with different concentrations of TFBZ (0.78–100 μg/mL) for 2 h at 37°C and centrifuged at 3,000 rpm for 5 min. After photographing, the absorption of the supernatant was measured by a microplate reader at 572 nm. PBS (0% hemolysis) and deionized water (DI, 100% hemolysis) were set as the negative and positive control, respectively (Kim et al., 2022). The hemolysis was calculated as following formula: Hemolysis (%) = (OD Sample−OD pbs)/(OD DI−OD pbs) ×100%
In vitro cytotoxicity of TFBZ was evaluated against African green monkey kidney fibroblast cells (COS 7, also obtained from CCTCC) using MTT method. COS 7 cells were planked in 96-well plated at a density of 1 × 104 cells/well. Subsequently, COS 7 cells were cultivated by replaced medium containing different concentrations of TFBZ (0.78–100 μg/mL) for 24 h at 37°C. 20 μL of MTT (5 mg/mL in PBS) was pipetted in and further co-cultured with cells for 4 h. Finally, the supernatant was replaced by dimethyl sulfoxide to dissolve the purple formazan crystal and the cell viability was calculated on the basis of the absorbance at 568 nm (Li et al., 2020). The cell viability was calculated as following formula: Cell viability (%) = (OD Sample/OD PBS) ×100%
2.11 Skin abscess model
Animal experiments were approved by the Animal Ethics Committee of South-Minzu University for Nationalities (SYXK(Wuhan) 2016−0089, No. 2021-SCUEC-048) and performed in accordance with the Committee’s guidelines. Forty 5-week-old female BALB/c mice were purchased from Liaoning Changsheng Biotechnology Co., Ltd. (Certificate SCXK 2020−0001; Liaoning, China). Mice were pretreated with cyclophosphamide, at doses of 150 mg/kg for 96 h and then 100 mg/kg for 24 h, leading to the neutropenia and hypoimmunity. Subsequently, each mouse was subcutaneously injected with 100 μL of MRSA (108 CFU/mL) into the right flank, initiating an infection that was allowed to develop for 36 h before therapeutic intervention. After 36 h of infection, mice were randomly divided into four groups (n = 8): (i) Model (treated with PBS vehicle), (ii) Vancomycin (10 mg/kg), (iii) low-dose (10 mg/kg TFBZ), and (iv) high-dose (20 mg/kg TFBZ). In addition, a normal control group was included, which received no treatment. Subsequently, the corresponding TFBZ doses were administered twice via the caudal vein. The mice were weighed and scored every 24 h, and then sacrificed after 9 days of therapy. The mice were weighed and clinically scored every 24 h according to the established standards in previous literature (Herrero et al., 2011). The infected subcutaneous tissues were excised and homogenized in normal saline. The samples were then serially diluted and cultured on LB agar for 24 h, followed by the CFUs. Furthermore, the main organs were collected and evaluated for in vivo toxicity using hematoxylin and eosin (H&E) staining.
2.12 RNA sequencing (RNA-seq) and reverse transcription-quantitative PCR (RT-qPCR) validation
MRSA ATCC 43300 biofilms were cultured as described in the previous section, resulting in the formation of two groups (n = 3): TFBZ-treated group with a concentration of 1 μg/mL (1/4 MIC value) and control group with the same volume of DMSO (vehicle). Biofilm cells were harvested 24 h post-treatment, and total RNA was extracted using a Tiangen Biotech kit (Beijing, China). Subsequently, RNA quantification was determined on Qubit® 2.0 Fluorometer (Invitrogen, Grand Island, NY), and the quality control was performed using the Agilent 2,100 Bioanalyzer (Agilent Technologies, Inc.). The high-quality RNA was used for library preparation and Illumina sequencing, which was conducted at Berry Genomics Co., Ltd. (Beijing, China). Gene expression levels were quantified using fragments per kilobase of transcript per million mapped reads (FPKM) metrics, and differentially expressed genes (DEGs) was rigorously assessed utilizing HT-seq and edgeR algorithms. Statistical significance was determined by employing a false discovery rate (FDR) threshold of less than 0.05 and an absolute log2 fold change greater than 1. To elucidate the biological impact of TFBZ on MRSA, Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment analysis were employed to identify DEGs that were significantly enriched in metabolic pathways (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2023).
Moreover, real-time PCR was employed to validate RNA-seq results by detecting select gene transcripts associated with the biofilm formation. Specifically, the analysis focused on genes including sdrC, clfB, infC, dltB, groEL, murQ, moeA, rplN, icaD, and icaA. The 16S rRNA was chosen as internal reference and the corresponding primer sequences were designed in Primer Premier v5.0 and synthesized by Tsingke Biotechnology Co., Ltd (Supplementary Table S3). Briefly, total RNA was isolated from MRSA biofilms treated and untreated with TFBZ, and then the complementary DNA (cDNA) was synthesized using the cDNA Synthesis Kit (Thermo Fisher, United States) according to the manufacturer’s guidelines. Subsequently, qPCR assays were conducted in triplicate on an ABI 7500 system (Thermo, United States), using SYBR Green Master Mix (Thermo Fisher, United States). The thermal cycling conditions were initiated with a 2-min denaturation at 95°C, followed by 40 cycles of 15-s denaturation at 95°C and a 30-s extension at 60°C, and a subsequent melting curve analysis was executed under specified conditions. The internal reference gene was 16s rRNA. Relative gene expression changes were calculated using the 2^−∆∆CT method.
2.13 Statistical analysis
All data were expressed as the mean ± standard deviation (SD). Multiple comparisons were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test, and p-value <0.05 was considered to be statistically significant.
3 RESULTS AND DISCUSSION
3.1 Antimicrobial activities of TFBZ against planktonic growth
To investigate TFBZ antibacterial activity against planktonic MRSA, we performed MIC and MBC assays. As shown in Figure 2A, the colony numbers of MRSA upon exposure to TFBZ were decreased in a dose-dependent manner. According to the visible microorganisms or colony formation, the MIC and MBC value of TFBZ were determined as 4 μg/mL and 8 μg/mL, which was comparable with the positive drug vancomycin (MIC = 2 μg/mL, MBC = 4 μg/mL, Supplementary Table S1). To further explore the bactericidal speed and duration toward MRSA, the time-kill kinetics within 24 h of TFBZ compared to vancomycin were analyzed (Figure 2B). During the first 12 h after administration of 0.5 and 1 μg/mL TFBZ, the growth of MRSA showed an upward trend. Whereas at a concentration of 8 μg/mL, TFBZ exhibited a remarkably fast killing rate and the efficacy were comparable to 2 μg/mL of vancomycin. The turbidity value did not continuously increase with the passage of time, indicating that the sample could not only inhibit the growth rate of bacteria, but also delay the time to enter the logarithmic phase of growth (Du et al., 2020). At the end of 24-h incubation, the anti-MRSA activity of TFBZ was also evaluated by MTT assay (Figure 2C). The inhibitory effect of TFBZ on planktonic MRSA was positively correlated with concentration. TFBZ (4 μg/mL) could decrease the survival rate of MRSA by 95.73%, which was also consistent with MIC value, indicating that TFBZ could significantly affect the metabolic activity of MRSA.
[image: Figure 2]FIGURE 2 | Influence of TFBZ on planktonic MRSA activity. (A) Colony photographs and average logarithmic changes of MRSA treated with different concentrations of TFBZ for 24 h. (B) Influence of TFBZ on MRSA growth curve dynamics. (C) Viability rate of MRSA treated with TFBZ for 24 h. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
Besides, the antibacterial spectrum of TFBZ against a panel of pathogenic bacteria, including S. aureus, MRSA, P. aeruginosa, Salmonella and E. coli, were determined (Supplementary Table S2). Notably, TFBZ could potently inhibit the growth of both susceptible S. aureus and drug-resistant MRSA, with MIC50 of 0.99 and 1.15 μg/mL, respectively. However, it exhibited minimal antimicrobial activity toward Gram-negative bacteria (P. aeruginosa, Salmonella and E. coli), with less than 50% reduction even at a high dose of 64 μg/mL.
The antibacterial activity of TFBZ against MRSA was further demonstrated by Live/Dead staining (Supplementary Figure S1A). The green-fluorescent dye (SYTO9) could permeate freely through all the bacterial cell membranes, whereas the red-fluorescent PI penetrates only the dead bacterial membranes (Yu et al., 2022). As expected, almost all the bacteria in the control group exhibited intensive green fluorescence, while a large area of red fluorescence appeared in bacteria upon treated with 4 and 8 μg/mL of TFBZ. Since the cell membrane integrity is damaged, macromolecular substances such as proteins, nucleotides and other intracellular components will reduce, leading to gradual interruption of the cell metabolism (Kang et al., 2019). The protein leakage of MRSA upon exposure to TFBZ was determined by BCA quantifying. As described in Supplementary Figure S1B, the protein in the cell-free supernatant exposed to an increased TFBZ concentration (0–4 μg/mL) exhibited a persistent, significant and dose-dependent leakage within 12 h (Liu et al., 2023) These results indicated that TFBZ could disrupt the integrity of cell membrane, and destruct the growth and metabolic balance of MRSA, which ultimately contributing to bacterial death.
3.2 Elimination effect of TFBZ on mature MRSA biofilms
Bacterial biofilms were a three-dimensional community of bacterial cells that adhere to either biotic or abiotic surfaces, and it is aggregates of microorganisms surrounded by extracellular polymeric substances (EPS), contributing to the cumulative tolerance or resistance of bacterial to antibiotics (Tao et al., 2021). Based on these, the ability of TFBZ to disperse preformed biofilm of MRSA was evaluated using the biofilm morphology minimum biofilm eradication concentration (MBEC). Biofilms were established on CBD pegs, and then the pegs were soaked in wells containing TFBZ solution. According to the CBD assay, the relative killing dynamics for TFBZ against both planktonic and biofilm cells can be determined, and the values of MBEC and MBC measured were both 8 μg/mL (Supplementary Table S1), which was consistent with the results from microtiter broth dilution testing. Visualization of biofilms after staining with crystal violet (Figure 3A) indicated that TFBZ produced potent dose-dependent clearance effect on mature biofilms, which was superior to the equivalent concentration of vancomycin (MBEC >32 μg/mL).
[image: Figure 3]FIGURE 3 | Eradication effect of TFBZ on mature MRSA biofilms. (A) Clearance of MRSA biofilms with different concentrations of TFBZ or vancomycin (0, 1, 2, 4, and 8 μg/mL) for 24 h. Data are expressed as mean ± SD (n = 3). ***p < 0.001. (B,C) SEM (B) and CLSM (C) images of MRSA biofilms after treatment with TFBZ (0, 4, and 8 μg/mL) for 4 h.
Since effective biofilm penetration and retention are the preconditions for TFBZ to kill bacteria deeply, SEM and CLSM were utilized to further observe the effect of TFBZ on the mature biofilms morphology (Antonoplis et al., 2018). As illustrated in Figure 3B, MRSA cells in the control group were uniform with regular sphericity and smooth surface. By contrast, the adhesion and aggregation of biofilms were destructed in TFBZ-treated group, accompanied by surfaces collapse and contents exudation of bacterial cells (Qu et al., 2020). The degree of fluorescence staining on 3D scanning of CLSM reflects the number of bacteria and the thickness of the biofilms (Figure 3C). When MRSA biofilms were exposed to the suspensions of TFBZ (4 μg/mL), the proportion of dead cells (red fluorescence) increased significantly and the biofilms became thinner and looser compared with control, manifesting the accelerated death of MRSA. Both red and green fluorescence were extremely weak in 8 μg/mL TFBZ-treated group, indicating that most of the biofilms had been disrupted. Taken together, these phenomena verified that TFBZ could change permeability and integrity of bacterial cell membrane, leading to efficient eradication of the established MRSA biofilms (Yu et al., 2023).
3.3 Effects of TFBZ on bacterial invasiveness and mammalian cell viability
Bacterial adhesion and invasion of MCF-7 cells during exposure to TFBZ were quantified by dilution coating plate technique (Figure 4A). Strikingly, upon TFBZ treatment (2, 4, and 8 μg/mL), the initial adhesion of MRSA to MCF-7 cells were significantly suppressed, and the number of adhered MRSA compared with the control group decreased by 0.20, 0.43, and 0.80 Log10 CFU/mL, respectively. Meanwhile, the infection capacity of MRSA also inhibited by TFBZ in a concentration-dependent manner, the bacterial invasion amount decreased by 0.85 Log10 CFU/mL under cultivation with 8 μg/mL TFBZ.
[image: Figure 4]FIGURE 4 | Effects of TFBZ on bacterial invasiveness and mammalian cell viability. (A) Colony photographs and average logarithmic changes of MRSA adhering to and invading into MCF-7 cells upon treatment with different concentrations of TFBZ (0, 2, 4, and 8 μg/mL) for 2 h. (B) Photographs and hemolysis rate of rabbit whole blood after incubation with different concentrations of TFBZ (0.78–100 μg/mL) for 2 h. (C) Cell viability of COS7 cells after incubation with different concentrations of TFBZ (0.78–100 μg/mL) for 24 h. Data are expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
Taking into consideration that biological safety was an important property of antibacterial agents, hemotoxic and cytotoxic experiments were conducted separately to assess the biological safety of TFBZ. As shown in Figure 4B, TFBZ displayed no hemolytic activity toward rabbit red blood cells at the MIC, and still very low level (6.25%) of hemolysis at the concentration as high as 100 μg/mL (25 × MIC). Similarly, Figure 4C shows that TFBZ had no significant cytotoxicity toward COS-7 cells from African green monkey at 12.5 μg/mL (3 × MIC), and also a cell survival rate more than 75% at the highest tested concentration (100 μg/mL). These results elucidated that the benzimidazole derivative TFBZ might not exert bactericidal effect through non-specific membrane-lysing mechanism, moreover, it was biocompatible and propitious to in vivo therapeutical application as potential antimicrobial agents (Zhang A. et al., 2023).
3.4 Therapeutic effect of TFBZ on MRSA-infectious mice
Based on the superior antibacterial and biofilm eradication activities of TFBZ in vitro, a mouse pyomyositis model was utilized to further explore the therapeutic effectiveness on MRSA biofilm infection. The detailed therapeutic timelines are illustrated in Figure 5A. During the early stages of infection, mice in the model group experienced a significant decrease in body weight. Conversely, mice treated with TFBZ or vancomycin not only rapidly recovered from this weight decline but also steadily gained weight after the infection (Figure 6A). Meanwhile, the clinical scores were also determined daily in Figure 6B. Mice in the model group exhibited a rapid progression of symptoms, characterized by ruffled fur, hind limb degradation and weakness. In contrast, both vancomycin and TFBZ effectively arrested the dissemination of bacteria and recovered hind limb functionality, leading to significant reduction of clinical scores.
[image: Figure 5]FIGURE 5 | (A) Timeline and course of treatment with TFBZ in mice infected with MRSA. (B) Typical photographs of infected mice before and after 9 days of treatment by PBS, Vancomycin, TFBZ (10 mg/kg) and TFBZ (20 mg/kg). (C) H&E staining images of the infected tissues with different treatments. Scale bar is 10 μm.
[image: Figure 6]FIGURE 6 | (A) Curves of body weight change rate (%) of mice in various group during therapy (n = 6). (B) Clinical scores of mice after 11 days of treatment (n = 6). (C) The TSB agar of aliquots from the diluted homogenized infected tissue and average logarithmic changes in bacterial counts after therapy (n = 3). Data are expressed as mean ± SD.
Moreover, the representative photographs of the mice pre- and post-treatment are shown in Figure 5B. Obviously before therapy, large dermonecrotic area and abscess volume indicated the extensive tissue infections of MRSA and acute inflammatory response in all the groups. Upon treatment, the infection sites in both the vancomycin and TFBZ groups exhibited predominant scab and healing, distinguishing from the tissue abscesses and wound ulceration in the model group. Furthermore, in vivo therapeutic effects were assessed by H&E staining of the infected sites (Figure 5C). In the standard healthy group, the epidermal layer was cohesive, rich in collagen fibers, with clear hair follicles and sebaceous glands (Cao et al., 2020), while the model group exhibited epidermal thickening, dermal hyperplasia, and inflammatory cell infiltration. Nevertheless, the skin tissue structures were more intact in TFBZ-treated group when compared to the vancomycin-treated group, confirming that TFBZ could significantly relieve inflammation and promote wound recovery and skin regeneration. To further verify the efficacy of TFBZ against MRSA biofilm-infection, the bioburden in the infected tissue was quantified using a standard bacterial culture method (Guo et al., 2020) (Figure 6C).In comparison to the model group, both the low dose (10 mg/kg TFBZ) and high-dose (20 mg/kg TFBZ) groups were observed remarkable suppression of MRSA colonies at the infection site, with average log10 reductions of 1.21 and 1.42, respectively. This level of reduction surpassed that achieved by vancomycin treatment, which showed only a log10 reduction of 0.73. Besides, H&E staining was conducted on the major organs, including the heart, lungs, liver, kidneys, and spleen, to exclude obvious histopathological lesions or any potential systemic toxicity (Supplementary Figure S2). Given all above, TFBZ not only greatly improved the dermapostasis caused by MRSA biofilms, but also had desirable biocompatibility.
3.5 Expression regulation of TFBZ on genes associated with the survival of MRSA biofilms
To elucidate extensive mechanistic and biological relation regarding TFBZ and biofilms viability, we identified MRSA ATCC 43300 biofilm genes that were differentially expressed upon exposure to TFBZ at 1/4 MIC level through transcript profiling using RNA-seq. By employing a stringent threshold of (p < 0.05 and |log2fold change| > 1), a total of 140 differentially expressed genes (DEGs) were screened, among which 63 genes exhibited upregulated expression and 77 genes showed downregulated expression in response to TFBZ treatment (Figure 7A). Furthermore, KEGG enrichment analysis was exploited to reveal the functional information and potential impact on biological pathways of these DEGs. As illustrated in Figure 7B, the ribosome (ko03010) pathway emerged as the most enriched, followed by other significant pathways including histidine metabolism (ko00340), RNA degradation (ko03018), and messenger RNA biogenesis (ko03019).
[image: Figure 7]FIGURE 7 | Changes in the transcriptome of MRSA biofilms upon TFBZ treatment and qRT-PCR validation. (A) Statistical diagram of differentially expressed genes (DEGs) in the transcriptome of MRSA biofilms between control and TFBZ treatment. (B) Top 20 KEGG enrichment pathways for DEGs. (C) Relative expression levels of representative genes through real-time quantitative PCR. Data are expressed as mean ± SD (n = 3).
To validate the observed gene expression regulation of TFBZ in our transcriptome profiling data, quantitative real-time PCR (qRT-PCR) analysis was conducted on nine representative DEGs crucially involved in various biological processes (Figure 7C), including cell adhesion (sdrC, clfB), biofilm formation (icaD, icaA), coenzyme synthesis (moeA), ribosomal protein (rplN), protein synthesis (infC), and cell wall biosynthesis (murQ, dltB). As expected, the results consistently showed pattern-like downregulation of these selected DEGs, suggesting that TFBZ exerted multi-targeted inhibitory effect on MRSA survival and biofilm formation. In this study, TFBZ decreased the expression of sdrC and clfB, interfering with the adhesion and aggregation of MRSA on host cells or solid surface, thus preventing the initial formation of the biofilms (Foster et al., 2014; Kang et al., 2022). Meanwhile, downregulation of icaA and icaD genes derived from TFBZ treatment reduced the production of polysaccharide intercellular adhesin, thereby interfering the stability and motility of the bacterial biofilms (Hernández-Cuellar et al., 2023). Furthermore, TFBZ interfered with the expression of translation initiation factor-infC and ribosomal protein-rplN, attributing to impediment of key proteins synthesis required for microbial growth and biofilm formation (Korostelev et al., 2010). Additionally, downregulation of murQ and dltB genes hindered the biosynthesis of peptidoglycan precursors and affected the remodeling of the cell wall, reducing the resistance of MRSA biofilms toward the host immune system and antibiotics (Wood et al., 2018; Ma et al., 2022). Since MoeA protein is essential for production of active molybdoenzymes, TFBZ might perturb the assemble of molybdenum cofactor into the molybdoenzymes, leading to the metabolism disorder of nitrate reduction and sulfur compound conversion in MRSA (Hasona et al., 1998). Collectively, these findings imply that the TFBZ compound may eradicate MRSA biofilms through affecting various molecular pathways, which potentially reducing the risk of bacterial resistance to drugs.
4 CONCLUSION
In summary, we have illustrated that this fluorinated benzimidazole derivative TFBZ displayed potent antibacterial activity against both planktonic and persistent MRSA. Moreover, it exhibited robust ability to eliminate bacterial burden and reduce abscess lesions in murine subcutaneous abscess infection model. Subinhibitory concentration of TFBZ could effectively disrupt MRSA biofilms through transcriptionally regulating the gene expression involving cell adhesion, biofilm formation, translation process, cell wall biosynthesis. These rapid killing kinetics, robust anti-biofilms characteristics, gentle biocompatibility and low tendency to develop drug resistance highlight that the compound TFBZ merits further development as a novel antimicrobial.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/sra/PRJNA1043129, PRJNA1043129.
ETHICS STATEMENT
The animal study was approved by the Animal Ethics Committee of South-Minzu University for Nationalities (SYXK (Wuhan) 2016−0089, No. 2021-SCUEC-048). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
QC: Investigation, Writing–original draft. ZD: Methodology, Writing–original draft. XY: Formal Analysis, Investigation, Writing–original draft. HS: Resources, Writing–review and editing. XP: Funding acquisition, Writing–review and editing. JL: Project administration, Supervision, Writing–review and editing. RH: Conceptualization, Funding acquisition, Supervision, Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work received supports from the National Natural Science Foundation of China (22377152, 21502239) and the Fundamental Research Funds for the Central Universities, South-Central MinZu University (CZQ21019).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1342821/full#supplementary-material
REFERENCES
 Antonoplis, A., Zang, X., Huttner, M. A., Chong, K. K. L., Lee, Y. B., Co, J. Y., et al. (2018). A dual-function antibiotic-transporter conjugate exhibits superior activity in sterilizing MRSA biofilms and killing persister cells. J. Am. Chem. Soc. 140, 16140–16151. doi:10.1021/jacs.8b08711
 Balamurugan, P., Praveen Krishna, V., Bharath, D., Lavanya, R., Vairaprakash, P., and Adline Princy, S. (2017). Staphylococcus aureus quorum regulator SarA targeted compound, 2-[(Methylamino)methyl]phenol inhibits biofilm and down-regulates virulence genes. Front. Microbiol. 8, 1290. doi:10.3389/fmicb.2017.01290
 Cao, B., Lyu, X., Wang, C., Lu, S., Xing, D., and Hu, X. (2020). Rational collaborative ablation of bacterial biofilms ignited by physical cavitation and concurrent deep antibiotic release. Biomaterials 262, 120341. doi:10.1016/j.Biomaterials.2020.120341
 Chen, X., Li, W., Li, X., Li, K., Zhang, G., and Hong, W. (2023). Photodynamic cationic ultrasmall copper oxide nanoparticles-loaded liposomes for alleviation of MRSA biofilms. Int. J. Nanomedicine 18, 5441–5455. doi:10.2147/IJN.S426682
 Cui, H., Zhang, C., Li, C., and Lin, L. (2020). Inhibition mechanism of cardamom essential oil on methicillin-resistant Staphylococcus aureus biofilm. LWT 122, 109057. doi:10.1016/j.lwt.2020.109057
 Deusenbery, C., Carneiro, O., Oberkfell, C., and Shukla, A. (2023). Synergy of antibiotics and antibiofilm agents against methicillin-resistant Staphylococcus aureus biofilms. ACS Infect. Dis. 9, 1949–1963. doi:10.1021/acsinfecdis.3c00239
 Du, H., Zhou, L., Lu, Z., Bie, X., Zhao, H., Niu, Y. D., et al. (2020). Transcriptomic and proteomic profiling response of methicillin-resistant Staphylococcus aureus (MRSA) to a novel bacteriocin, plantaricin GZ1-27 and its inhibition of biofilm formation. Appl. Microbiol. Biotechnol. 104, 7957–7970. doi:10.1007/s00253-020-10589-w
 Emeri, F. T., de, A. S. de, Rosalen, P. L., Paganini, É. R., Garcia, M. A. R., Nazaré, A. C., et al. (2019). Antimicrobial activity of nitrochalcone and pentyl caffeate against hospital pathogens results in decreased microbial adhesion and biofilm formation. Biofouling 35, 129–142. doi:10.1080/08927014.2019.1574763
 Etayash, H., Alford, M., Akhoundsadegh, N., Drayton, M., Straus, S. K., and Hancock, R. E. W. (2021). Multifunctional antibiotic–host defense peptide conjugate kills bacteria, eradicates biofilms, and modulates the innate immune response. J. Med. Chem. 64, 16854–16863. doi:10.1021/acs.jmedchem.1c01712
 Foster, T. J., Geoghegan, J. A., Ganesh, V. K., and Höök, M. (2014). Adhesion, invasion and evasion: the many functions of the surface proteins of Staphylococcus aureus. Nat. Rev. Microbiol. 12, 49–62. doi:10.1038/nrmicro3161
 Garrison, A. T., Abouelhassan, Y., Norwood, V. M., Kallifidas, D., Bai, F., Nguyen, M. T., et al. (2016). Structure-activity relationships of a diverse class of halogenated phenazines that targets persistent, antibiotic-tolerant bacterial biofilms and Mycobacterium tuberculosis. J. Med. Chem. 59, 3808–3825. doi:10.1021/acs.jmedchem.5b02004
 Guo, X., Cao, B., Wang, C., Lu, S., and Hu, X. (2020). In vivo photothermal inhibition of methicillin-resistant Staphylococcus aureus infection by in situ templated formulation of pathogen-targeting phototheranostics. Nanoscale 12, 7651–7659. doi:10.1039/D0NR00181C
 Hasona, A., Ray, R. M., and Shanmugam, K. T. (1998). Physiological and genetic analyses leading to identification of a biochemical role for the moeA (molybdate metabolism) gene product in Escherichia coli. J. Bacteriol. 180, 1466–1472. doi:10.1128/JB.180.6.1466-1472.1998
 Hernández-Cuellar, E., Tsuchiya, K., Valle-Ríos, R., and Medina-Contreras, O. (2023). Differences in biofilm formation by methicillin-resistant and methicillin-susceptible Staphylococcus aureus strains. Diseases 11, 160. doi:10.3390/diseases11040160
 Herrero, L. J., Nelson, M., Srikiatkhachorn, A., Gu, R., Anantapreecha, S., Fingerle-Rowson, G., et al. (2011). Critical role for macrophage migration inhibitory factor (MIF) in Ross River virus-induced arthritis and myositis. Proc. Natl. Acad. Sci. U.S.A. 108, 12048–12053. doi:10.1073/pnas.1101089108
 Hu, D., Li, H., Wang, B., Ye, Z., Lei, W., Jia, F., et al. (2017). Surface-adaptive gold nanoparticles with effective adherence and enhanced photothermal ablation of methicillin-resistant Staphylococcus aureus biofilm. ACS Nano 11, 9330–9339. doi:10.1021/acsnano.7b04731
 Huang, R., Yu, Q. H., Yao, X. D., Liu, W. L., Cheng, Y. J., Ma, Y. H., et al. (2022). Self-deliverable peptide-mediated and reactive-oxygen-species-amplified therapeutic nanoplatform for highly effective bacterial inhibition. ACS Appl. Mat. Interfaces 14, 159–171. doi:10.1021/acsami.1c17271
 Humphries, R., Bobenchik, A. M., Hindler, J. A., and Schuetz, A. N. (2021). Overview of changes to the clinical and laboratory standards institute performance standards for antimicrobial susceptibility testing, M100, 31st Edition. J. Clin. Microbiol. 59, e0021321. doi:10.1128/JCM.00213-21
 Jiang, X., Li, W., Chen, X., Wang, C., Guo, R., and Hong, W. (2022). On-demand multifunctional electrostatic complexation for synergistic eradication of MRSA biofilms. ACS Appl. Mat. Interfaces 14, 10200–10211. doi:10.1021/acsami.2c00658
 Kanehisa, M. (2019). Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947–1951. doi:10.1002/pro.3715
 Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M., and Ishiguro-Watanabe, M. (2023). KEGG for taxonomy-based analysis of pathways and genomes. Nucleic Acids Res. 51, D587–D592. doi:10.1093/nar/gkac963
 Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi:10.1093/nar/28.1.27
 Kang, J., Liu, L., Liu, Y., and Wang, X. (2020). Ferulic acid inactivates Shigella flexneri through cell membrane destruction, biofilm retardation, and altered gene expression. J. Agric. Food Chem. 68, 7121–7131. doi:10.1021/acs.jafc.0c01901
 Kang, S., Kong, F., Liang, X., Li, M., Yang, N., Cao, X., et al. (2019). Label-free quantitative proteomics reveals the multitargeted antibacterial mechanisms of lactobionic acid against methicillin-resistant Staphylococcus aureus (MRSA) using SWATH-MS technology. J. Agric. Food Chem. 67, 12322–12332. doi:10.1021/acs.jafc.9b06364
 Kang, X., Ma, Q., Wang, G., Li, N., Mao, Y., Wang, X., et al. (2022). Potential mechanisms of quercetin influence the ClfB protein during biofilm formation of Staphylococcus aureus. Front. Pharmacol. 13, 825489. doi:10.3389/fphar.2022.825489
 Kaur Sodhi, K., and Singh, C. K. (2022). Recent development in the sustainable remediation of antibiotics: a review. Total Environ. Res. Themes 3–4, 100008. doi:10.1016/j.totert.2022.100008
 Kerkoub, N., Panda, S. K., Yang, M.-R., Lu, J.-G., Jiang, Z.-H., Nasri, H., et al. (2018). Bioassay-guided isolation of anti-Candida biofilm compounds from methanol extracts of the aerial parts of salvia officinalis (Annaba, Algeria). Front. Pharmacol. 9, 1418. doi:10.3389/fphar.2018.01418
 Kim, S., Lee, J.-H., Kim, Y.-G., Tan, Y., and Lee, J. (2022). Hydroquinones inhibit biofilm formation and virulence factor production in Staphylococcus aureus. IJMS 23, 10683. doi:10.3390/ijms231810683
 Kong, C., Chee, C.-F., Richter, K., Thomas, N., Abd. Rahman, N., and Nathan, S. (2018). Suppression of Staphylococcus aureus biofilm formation and virulence by a benzimidazole derivative, UM-C162. Sci. Rep. 8, 2758. doi:10.1038/s41598-018-21141-2
 Korostelev, A., Zhu, J., Asahara, H., and Noller, H. F. (2010). Recognition of the amber UAG stop codon by release factor RF1. EMBO J. 29, 2577–2585. doi:10.1038/emboj.2010.139
 Li, J., Zhong, W., Zhang, K., Wang, D., Hu, J., and Chan-Park, M. B. (2020). Biguanide-derived polymeric nanoparticles kill MRSA biofilm and suppress infection in vivo. ACS Appl. Mat. Interfaces 12, 21231–21241. doi:10.1021/acsami.9b17747
 Liu, X., Zhao, Y., Xu, Y., and Liu, C. (2023). Synthesis of γ-cyclodextrin-reduced Fe(iii) nanoparticles with peroxidase-like catalytic activity for bacteriostasis of food. Nano Lett. 23, 9995–10003. doi:10.1021/acs.nanolett.3c03103
 Lu, L., Hu, W., Tian, Z., Yuan, D., Yi, G., Zhou, Y., et al. (2019). Developing natural products as potential anti-biofilm agents. Chin. Med. 14, 11. doi:10.1186/s13020-019-0232-2
 Ma, R., Hu, X., Zhang, X., Wang, W., Sun, J., Su, Z., et al. (2022). Strategies to prevent, curb and eliminate biofilm formation based on the characteristics of various periods in one biofilm life cycle. Front. Cell. Infect. Microbiol. 12, 1003033. doi:10.3389/fcimb.2022.1003033
 Panda, S. K., Das, R., Lavigne, R., and Luyten, W. (2020). Indian medicinal plant extracts to control multidrug-resistant S. aureus, including in biofilms. South Afr. J. Bot. 128, 283–291. doi:10.1016/j.sajb.2019.11.019
 Patel, H., and Rawat, S. (2023). A genetic regulatory see-saw of biofilm and virulence in MRSA pathogenesis. Front. Microbiol. 14, 1204428. doi:10.3389/fmicb.2023.1204428
 Qin, J., Yu, L., Peng, F., Ye, X., Li, G., Sun, C., et al. (2023). Tannin extracted from Penthorum chinense Pursh, a potential drug with antimicrobial and antibiofilm effects against methicillin-sensitive Staphylococcus aureus and methicillin-resistant Staphylococcus aureus. Front. Microbiol. 14, 1134207. doi:10.3389/fmicb.2023.1134207
 Qu, X., Yang, H., Jia, B., Yu, Z., Zheng, Y., and Dai, K. (2020). Biodegradable Zn–Cu alloys show antibacterial activity against MRSA bone infection by inhibiting pathogen adhesion and biofilm formation. Acta Biomater. 117, 400–417. doi:10.1016/j.actbio.2020.09.041
 Selvaraj, A., Jayasree, T., Valliammai, A., and Pandian, S. K. (2019). Myrtenol attenuates MRSA biofilm and virulence by suppressing sarA expression dynamism. Front. Microbiol. 10, 2027. doi:10.3389/fmicb.2019.02027
 Shree, P., Singh, C. K., Sodhi, K. K., Surya, J. N., and Singh, D. K. (2023). Biofilms: understanding the structure and contribution towards bacterial resistance in antibiotics. Med. Microecology 16, 100084. doi:10.1016/j.medmic.2023.100084
 Singh, C. K., and Sodhi, K. K. (2023). Antimicrobial resistance in the time of COVID-19. Appl. Microbiol. 3, 1388–1391. doi:10.3390/applmicrobiol3040093
 Singh, C. K., Sodhi, K. K., and Mubarak, M. S. (2023). Editorial: new drugs, approaches, and strategies to combat antimicrobial resistance. Front. Pharmacol. 14, 1295623. doi:10.3389/fphar.2023.1295623
 Sodhi, K. K., Singh, C. K., Kumar, M., and Singh, D. K. (2023). Whole-genome sequencing of Alcaligenes sp. strain MMA: insight into the antibiotic and heavy metal resistant genes. Front. Pharmacol. 14, 1144561. doi:10.3389/fphar.2023.1144561
 Srinivasan, R., Santhakumari, S., Poonguzhali, P., Geetha, M., Dyavaiah, M., and Xiangmin, L. (2021). Bacterial biofilm inhibition: a focused review on recent therapeutic strategies for combating the biofilm mediated infections. Front. Microbiol. 12, 676458. doi:10.3389/fmicb.2021.676458
 Tan, M. S. F., White, A. P., Rahman, S., and Dykes, G. A. (2016). Role of fimbriae, flagella and cellulose on the attachment of Salmonella Typhimurium atcc 14028 to plant cell wall models. PLoS ONE 11, e0158311. doi:10.1371/journal.pone.0158311
 Tao, J., Yan, S., Zhou, C., Liu, Q., Zhu, H., and Wen, Z. (2021). Total flavonoids from potentilla kleiniana wight et arn inhibits biofilm formation and virulence factors production in methicillin-resistant Staphylococcus aureus (MRSA). J. Ethnopharmacol. 279, 114383. doi:10.1016/j.jep.2021.114383
 Wood, B. M., Santa Maria, J. P., Matano, L. M., Vickery, C. R., and Walker, S. (2018). A partial reconstitution implicates DltD in catalyzing lipoteichoic acid d-alanylation. J. Biol. Chem. 293, 17985–17996. doi:10.1074/jbc.RA118.004561
 Xu, L., She, P., Chen, L., Li, S., Zhou, L., Hussain, Z., et al. (2021). Repurposing candesartan cilexetil as antibacterial agent for MRSA infection. Front. Microbiol. 12, 688772. doi:10.3389/fmicb.2021.688772
 Xu, W., Shi, D., Chen, K., Palmer, J., and Popovich, D. G. (2023). An improved MTT colorimetric method for rapid viable bacteria counting. J. Microbiol. Methods 214, 106830. doi:10.1016/j.mimet.2023.106830
 Yang, Y., Li, H., Sun, H., Gong, L., Guo, L., Shi, Y., et al. (2016). A novel nitro-dexamethasone inhibits agr system activity and improves therapeutic effects in MRSA sepsis models without antibiotics. Sci. Rep. 6, 20307. doi:10.1038/srep20307
 Yu, Q.-H., Huang, R., Wu, K.-Y., Han, X.-L., Cheng, Y.-J., Liu, W.-L., et al. (2022). Infection-activated lipopeptide nanotherapeutics with adaptable geometrical morphology for in vivo bacterial ablation. Acta Biomater. 154, 359–373. doi:10.1016/j.actbio.2022.09.067
 Yu, X., Zhao, J., Ma, X., and Fan, D. (2023). A multi-enzyme cascade microneedle reaction system for hierarchically MRSA biofilm elimination and diabetic wound healing. Chem. Eng. J. 465, 142933. doi:10.1016/j.cej.2023.142933
 Yuan, Y., Zai, Y., Xi, X., Ma, C., Wang, L., Zhou, M., et al. (2019). A novel membrane-disruptive antimicrobial peptide from frog skin secretion against cystic fibrosis isolates and evaluation of anti-MRSA effect using Galleria mellonella model. Biochimica Biophysica Acta (BBA) - General Subj. 1863, 849–856. doi:10.1016/j.bbagen.2019.02.013
 Zha, G.-F., Preetham, H. D., Rangappa, S., Sharath Kumar, K. S., Girish, Y. R., Rakesh, K. P., et al. (2021). Benzimidazole analogues as efficient arsenals in war against methicillin-resistance staphylococcus aureus (MRSA) and its SAR studies. Bioorg. Chem. 115, 105175. doi:10.1016/j.bioorg.2021.105175
 Zhang, A., Wu, H., Chen, X., Chen, Z., Pan, Y., Qu, W., et al. (2023a). Targeting and arginine-driven synergizing photodynamic therapy with nutritional immunotherapy nanosystems for combating MRSA biofilms. Sci. Adv. 9, eadg9116. doi:10.1126/sciadv.adg9116
 Zhang, D.-Y., Cao, R.-G., Cheng, Y.-J., Liu, W.-L., Huang, R., Zhang, A.-Q., et al. (2023b). Programming lipopeptide nanotherapeutics for tandem treatment of postsurgical infection and melanoma recurrence. J. Control. Release 362, 565–576. doi:10.1016/j.jconrel.2023.09.009
 Zhang, L., Wen, B., Bao, M., Cheng, Y., Mahmood, T., Yang, W., et al. (2021). Andrographolide sulfonate is a promising treatment to combat methicillin-resistant Staphylococcus aureus and its biofilms. Front. Pharmacol. 12, 720685. doi:10.3389/fphar.2021.720685
 Zhang, S., Tang, H., Wang, Y., Nie, B., Yang, H., Yuan, W., et al. (2020). Antibacterial and antibiofilm effects of flufenamic acid against methicillin-resistant Staphylococcus aureus. Pharmacol. Res. 160, 105067. doi:10.1016/j.phrs.2020.105067
 Zheng, W., Morales-Rivera, C. A., Lee, J. W., Liu, P., and Ngai, M. (2018). Catalytic C−H trifluoromethoxylation of arenes and heteroarenes. Angew. Chem. Int. Ed. 57, 9645–9649. doi:10.1002/anie.201800598
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Chen, Dong, Yao, Sun, Pan, Liu and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1342821-g004.gif





OPS/images/fphar-15-1342821-g005.gif





OPS/images/fphar-15-1342821-g002.gif





OPS/images/fphar-15-1342821-g003.gif
L ]
Concentration (ug/mL)

‘Control






OPS/images/fphar-15-1342821-g006.gif
N
i
i

e

i,






OPS/images/fphar-15-1342821-g007.gif
i
i

FEPTITERPE





OPS/xhtml/nav.xhtml
Contents

		Cover

		Bactericidal and biofilm eradication efficacy of a fluorinated benzimidazole derivative, TFBZ, against methicillin-resistant Staphylococcus aureus		1 Introduction

		2 Materials and methods		2.1 Synthesis of 2-(3,5-Bis (trifluoromethyl)phenyl)-4-nitro-6-(trifluoromethyl)-1H-benzo [d]imidazol-1-ol (TFBZ)

		2.2 Strains and cultural conditions

		2.3 Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) determination

		2.4 Time-dependent killing assay

		2.5 Bacterial protein leakage determination

		2.6 Biofilm eradication assay

		2.7 Scanning electron microscopy (SEM)

		2.8 Live/dead staining

		2.9 Adhesion and infection assays

		2.10 Hemolysis and cytotoxicity assay

		2.11 Skin abscess model

		2.12 RNA sequencing (RNA-seq) and reverse transcription-quantitative PCR (RT-qPCR) validation

		2.13 Statistical analysis





		3 Results and discussion		3.1 Antimicrobial activities of TFBZ against planktonic growth

		3.2 Elimination effect of TFBZ on mature MRSA biofilms

		3.3 Effects of TFBZ on bacterial invasiveness and mammalian cell viability

		3.4 Therapeutic effect of TFBZ on MRSA-infectious mice

		3.5 Expression regulation of TFBZ on genes associated with the survival of MRSA biofilms





		4 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Bactericidal and biofilm
eradication efficacy of a
fluorinated benzimidazole
derivative, TFBZ, against
methicillin-resistant
Staphylococcus aureus





OPS/images/fphar-15-1342821-gx001.gif





OPS/images/fphar-15-1342821-g001.gif
Fic

CFs

cFs









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





