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Staphylococcus aureus is an important pathogen causing hospital-acquired infections. Methicillin-resistant S. aureus (MRSA), biofilms, and persisters are highly tolerant to traditional antibiotics and make it difficult to treat. Therefore, new antimicrobial agents are urgently needed to treat hard-to-eradicate diseases caused by this bacterium. In this study, candesartan cilexetil (CC), an angiotensin hypertension drug, had strong antimicrobial activity against S. aureus with minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations (MBCs) of 8–16 μg/ml and 16–32 μg/ml. CC exhibited limited cytotoxicity and low potential to induce drug resistance. In addition, it showed a synergistic antibacterial effect when combined with gentamicin and tobramycin. The effective concentrations to inhibit MRSA biofilm formation were 16–64 μg/ml, and intractable persisters were killed at 4–8 × MIC. Through the analysis of its mechanism of action, it was evident that the membrane permeability was disrupted as well as the cell structure was damaged. Furthermore, we demonstrated that CC had antibacterial effects in vivo in MRSA-infected murine skin abscess models. In conclusion, these results imply that CC might be a potential antibacterial agent for the treatment of S. aureus-associated infections.
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INTRODUCTION

Multidrug resistant (MDR) bacteria pose a huge therapeutic challenge to the currently available choices of treatment (Le et al., 2020). Staphylococcus aureus is a Gram-positive bacterium present in the human skin and mucosae with a pathogenic ability to cause multiple types of infections (Kim W. et al., 2020). S. aureus adheres to the surface of medical devices to cause biofilm-associated infections that are more difficult to treat and eradicate (Wi and Patel, 2018). The production of virulence factors and hemolysin aggravates its impact on life and health (Reddinger et al., 2016). What is more serious is that S. aureus forms persisters that reduce cellular biosynthesis and metabolism and prevent the entry of certain antibiotics. The persisters within biofilms generally are tolerant to the immune system, which increases the difficulty of treatment (Del Pozo, 2018; Kim et al., 2019).

Therefore, the introduction of novel antimicrobial agents is a pressing priority to control antibiotic-resistant bacteria (Kim W. et al., 2020). One of the strategies to solve this problem is repurposing existing drugs, which are easy to obtain and have known safety with a low price, thereby saving human, financial, and material resources, rather than by discovering new antibacterial classes (Chernov et al., 2019). Some of the repurposed drugs have attracted more attention as they can be used as novel alternatives for antibiotics. Ibuprofen, disulfiram, and carmofur have been found to exert antibacterial effect against S. aureus (Oliveira et al., 2019; Thakare et al., 2019).

Candesartan cilexetil (CC) is an angiotensin II receptor antagonist and transformed into an active form of candesartan after intestinal absorption (See and Stirling, 2000). It is clinically used for the treatment of hypertension with oral dose of 8–32 mg once a day (Ardiana et al., 2012). Recently, the efficacy of CC in the treatment of chronic heart failure (CHF) was reported (Fenton and Scott, 2005). Otherwise, CC exhibits potential antiviral effect against Zika virus by inhibiting the synthesis of RNA and protein. Moreover, its antiviral activity extends beyond Zika virus (Loe et al., 2019), but its antibacterial properties have not been reported hitherto. We primarily found that CC had antibacterial potential against S. aureus by using high-throughput screening in FDA-approved library. Subsequently, the antibacterial, antibiofilm effect and its synergistic effect in combination with conventional antibiotics were investigated. Antibacterial mechanism with regard to membrane was assessed by SYTOX Green, DISC3(5), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). Finally, we studied the antibacterial activity in vivo by subcutaneous abscess model.



MATERIALS AND METHODS


Strains and Cultural Conditions

Staphylococcus aureus Newman, ATCC 43300 and RJ-2 (MRSA) were provided by Min Li (Shanghai Jiao Tong University). Mingqiang Qiao (Nankai University) provided the Pseudomonas aeruginosa PAO1. Enterococcus faecalis ATCC 29212, Acinetobacter baumannii ATCC 1195, Klebsiella pneumoniae ATCC 700603, Escherichia coli ATCC 25922, and S. aureus ATCC 29213 were provided by Juncai Luo (Tiandiren Biotech). Staphylococcus epidermidis ATCC 12228 was provided by Di Qu (Fudan University). Clinical strains concluding SA 76 (MRSA) and PA47 were collected in the Third Xiangya Hospital, Central South University (She et al., 2020b). All the Gram-positive strains were cultured in tryptic soy broth (TSB) or brain–heart infusion broth (BHI) (Solarbio, Beijing, China). Gram-negative strains were cultured in Luria–Bertani broth (LB) (Solarbio) medium. CC, tobramycin, ciprofloxacin, clindamycin, vancomycin, teicoplanin, and oxacillin were purchased from the MedChem Express, while gentamicin and amikacin were bought from Aladdin (Shanghai, China) and were dissolved in DMSO or deionized water.



Determination of Minimal Inhibitory Concentration and Minimal Bactericidal Concentration

The detection of MIC was performed by the microbroth dilution method (Wang et al., 2020) with reference to Clinical and Laboratory Standards Institute [CLSI] (2012). The bacterial suspension was adjusted to an equivalent of 0.5 McFarland standard (1.5 × 108 CFU/ml) and then diluted 100 times. Bacterial suspension (50 μl) and equal volume of serial diluted drugs (1–128 μg/ml) were added into a 96-well cell plate (Corning Costar, United States) and incubated for 16–18 h. The bacterial suspension without compound was regarded as negative control. The lowest concentration of drug that inhibited the growth of visible bacteria was deemed as MIC. As for MBC, the suspension with a concentration higher than or equal to MIC was spotted on an agar plate and incubated for 24 h. The lowest concentration where no bacterial colonies grew on the plate was defined as MBC (She et al., 2020a). The concentration of Ca2+ was maintained at 50 μg/ml with daptomycin.



Drug Combination Assay

The checkerboard microdilution method was used to evaluate the synergetic effect between CC and different antibiotics. Concisely, two drugs with a maximum concentration of 2 × MIC were serially diluted and added into a 96-well plate horizontally or vertically. Bacterial cultures were diluted in broth to achieve a final concentration of roughly 5 × 105 CFU/ml. The mixture was incubated for 18 h and detected at OD630nm by a microplate reader (Bio-Rad, United States). The experiment was repeated in triplicate. The synergy was evaluated by the fractional inhibitory concentration index (FICI) according to the following formula:
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FICI < 0.5 indicates synergism; 0.5 ≤ FICI < 1 indicates partial synergy; FICI = 1 indicates additive effects; 1 < FICI ≤ 4 is irrelevant; FICI > 4 indicates antagonism (Dupieux et al., 2017).



Time-Kill Assay

Time-kill assay was performed as described previously by Ramchuran et al. (2018). A culture of S. aureus was suspended in 10 ml of TSB and incubated with CC at 0.25–2 × MIC. The final bacterial suspension concentration was approximately 1.5 × 106 CFU/ml. Subsequently, samples were harvested, respectively, at the time points of 0, 2, 4, 8, and 12 h for serial dilution, and spotted on blood agar plate to count the bacterial colonies. The colony counting was expressed as CFU/ml. The OD630nm was measured at those time points, and the experiments were repeated three times (Li et al., 2017).



Persister Killing and Membrane Permeability Assay

Persister cell analysis was based on the technique published by Kim et al. (2019) with slight modifications. Briefly, MRSA was cultured in TSB overnight to the stationary phase to form persisters. The cultures were washed twice and diluted to OD630nm = 0.2. Persisters were subsequently treated with 100 × MIC vancomycin, linezolid, gentamicin, ciprofloxacin, and 10 × MIC CC. After 6 h, the samples were diluted and spotted on a blood agar plate. The colonies were counted after 24-h incubation at 37°C. The same procedure was adopted for the persister killing assay as described above. After washing twice, CC with 2 × MIC, 4 × MIC, and 8 × MIC were added, vancomycin and no drug treatment served as controls. The suspension was diluted and spotted on a plate at 0, 2, 4, and 6 h (Ko et al., 2019). To determine the membrane permeability, the persisters, as mentioned above, were diluted to OD630nm = 0.15 with 5 mM HEPES buffer containing 2 μM SYTOX Green (Thermo Scientific, United States) for 30 min. The HEPES buffer with varying concentrations of CC were incubated with the bacteria/SYTOX Green suspension, while DMSO and melittin were used as controls. The fluorescence intensity was detected by a multimode plate reader (λex/em = 504/523 nm) (PerkinElmer, United States). The results were defined as the fluorescence value minus the background value. All experiments were repeated three times (Kim et al., 2018).



Biofilm Inhibition and Eradication Assay

The crystal violet (CV) was used to quantify biofilm mass. One hundred microliters of CC with appropriate concentrations (0–64 μg/ml) was added into a 96-well plate and inoculated with 1:50 dilution overnight of bacterial suspension for 24 h. The biofilms were washed and stained with 0.25% CV. Fifteen minutes later, the CV was discarded and washed to remove the remaining dye. Last, 95% ethanol was added to dissolve the dyed CV for 20 min. The absorbance was measured at 570 nm. XTT staining method was obtained following a previous protocol. Concisely, 100 μl of XTT (0.2 mg/ml) and PMS (0.02 mg/ml) (Shanghai Macklin Biochemical Co., Ltd., China) with 1 × PBS were added and incubated for 3 h in the dark. The result was measured at 490 nm using a microplate reader (Gao et al., 2020). In order to assess the viable cells in preformed biofilm, S. aureus ATCC 43300 was diluted 1:100 and added to 96-well plates for 24 h to construct mature biofilms. The planktonic bacteria were washed, and 100 μl of the required concentrations of premixed drug was added. After 24 h, the plates were washed, and the biofilms were broken up with tips. Ultimately, the viable cells were counted on the agar plate. The experiments were conducted with biological replicates (Tan et al., 2019).



Observation of Biofilm Morphology by Confocal Laser Scanning Microscope

The mature biofilm was formed on the sterile glass slides for 24 h. After removing unbound cells, TSB alone or with 64 μg/ml CC was used to treat the biofilm. Another 24 h later, the glass coverslips were washed and stained with a mixture of SYTO9 and PI (Thermo Scientific, United States) for 15 min. The morphology was visualized by CLSM (ZEISS, Germany), and the fluorescence intensity was calculated with ImageJ software (Jiang et al., 2014).



The Mechanism of Action of Candesartan Cilexetil on Staphylococcus aureus


Scanning Electron Microscopy and Transmission Electron Microscopy

The culture of S. aureus ATCC 43300 in mid-log phase was harvested with 1 × PBS at 3,000 × g for 15 min, then treated with 10 × MIC of CC for 1 h. The suspension was centrifuged, and the pellet was collected and fixed with 1 ml of 2.5% glutaraldehyde. The cellar morphology was examined under SEM and TEM (Hitachi, Japan) (Lu et al., 2020).



Membrane Permeability Assays and Cytoplasmic Membrane Electrical Potential Measurement

Mid-log-phase cells of S. aureus ATCC 43300 were adjusted to OD630nm = 0.05 and incubated with 2 μM SYTOX Green in 5 mM HEPES buffer (PH 7.2, containing 5 mM Glu) in the dark. The suspension was treated with CC (final concentration ranging from 8 to 64 μg/ml), whereas 0.1% DMSO and 10 μg/ml of melittin were used as controls. The fluorescence intensity was monitored for 30 min (λex/em = 504/523 nm) (Wu et al., 2019). The membrane potential measurement was slightly different from the above procedure. Briefly, mid-log-phase cells were washed and suspended in 5 mM HEPES buffer, 100 mM KCl, 5 mM Glu, and 2 μM DiSC3(5) (AAT Bioquest, United States) for 5 min. Bithionol (10 μg/ml) was used as control. The fluorescence intensity was measured at the excitation wavelength of 622 nm with emission wavelength of 670 nm (Zhou et al., 2020). The experiments were repeated in triplicate.



ATP Determination

Staphylococcus aureus ATCC 43300 was cultured for 6–8 h to mid-log phase and washed with 1 × PBS. Next, the bacterial cells were treated with serially diluted CC (8, 16, 32, 64 μg/ml) for 1 h and centrifuged at 10,000 rpm, 4°C, for 5 min. The bacterial precipitates were lysed with lysis buffer and centrifuged. The supernatants were used for intracellular ATP level determination according to the instructions of the Enhanced ATP Assay Kit (Beyotime, China) (Song et al., 2020).



Resistance Inducing Assay

The continuous passage assay was used to evaluate the appearance of resistance of S. aureus to CC. The MICs on the first day were determined as described above. On the next day, 2 μl of bacterial suspension at 0.5 × MIC was diluted 1,000 times and incubated with different concentrations of CC for 16–18 h; afterward, the value of MIC was determined. The experiment was carried out consecutively for 31 days as described above, whereas ciprofloxacin was used as the control (Martin et al., 2020). For one-step resistance screening, S. aureus ATCC 43300 and ATCC 29213 were cultured overnight and resuspended in the MH medium at a concentration of OD630 = 0.5. One hundred microliters of suspension was smeared on pre-prepared MH plate containing rifampicin, ciprofloxacin, or CC (2 ×, 4 ×), and the number of resistant colonies was calculated after 48 h (Ling et al., 2015).



Human Blood Cell Hemolysis Assay and CCK-8 Cell Cytotoxicity Test

Human red blood cells (RBCs) were purchased from the Hemo Pharmaceutical and Biological Co (Shanghai, China). Two milliliters of RBCs was centrifuged with 1 × PBS at 1,000 × g for 5 min at 4°C and then added to a 96-well plate. The RBCs (final concentration of 5% v/v) were treated with CC at a concentration of 2–64 μg/ml, while the positive and negative controls were 0.1% TritonX-100 and 1% DMSO, respectively. After incubation at 37°C for 1 h, the samples were centrifuged and measured at A570nm (Tan et al., 2020). The results were expressed as HC50 (concentration of 50% hemolysis of red blood cells) (Dey et al., 2019). The hemolysis rate was calculated as follows:
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As for cytotoxicity test, human bronchial epithelial cells (HBE), HepG-2, and human skin fibroblast (HSF) cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) or RPMI1640 supplemented with 10% fetal bovine serum (FBS) and 1% double antibiotics. One hundred microliters of log-phase cells was added to the microtiter plate to obtain a final concentration of 3 × 103 (HBE and hepG-2) and 7 × 103 (HSF) cells/well and cultured overnight at 37°C in 5% CO2 to make them attach. The supernatants were discarded, and the cells were treated with 1 to 128 μg/ml of CC and 0.3% DMSO for 24 h. CCK-8 reagent (Dojindo, Japan) was added to each well, and the absorbance was recorded at 450 nm after 1–4 h of incubation (Shin et al., 2019). The experiments were performed in triplicate. The results were presented as IC50 (the half maximal inhibitory concentration) (Weber et al., 2019). The cell viability was calculated as follows:
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Skin Abscess Model

The skin abscess model has been approved by the Ethics Committee of the Third Xiangya Hospital of Central South University (N0:2019sydw0211). Seven-week-old female ICR mice (Hunan SJA Laboratory Animal Co., Ltd., China) with an average weight of 25 g was used in this experiment. The mice (n = 5) were anesthetized with sodium pentobarbital (50 mg/kg) via intraperitoneal injection. Then 50 μl of S. aureus ATCC 43300 of approximately 1.5 × 108 CFU/ml was subcutaneously injected into the dorsum. At 1-h post-infection, 100 μl of CC (5, 10, and 15 mg/kg), 0.1% DMSO (vehicle), and vancomycin (15 mg/kg, positive control) were injected subcutaneously at the same site. The development of abscess was closely monitored daily. On the third day, the abscess was measured, incised, and homogenized in saline to quantify the viable bacterial cells. The tissue surrounding the abscess preserved in formalin was used for hematoxylin and eosin (H&E) staining (Pletzer et al., 2018). The abscess model of S. aureus ATCC 43300 persisters induced by 100 × MIC rifampicin was conducted as above. The mice were sacrificed after treatment of 6–8 h, and CFU counting was performed.



Statistical Analysis

The results were presented as mean ± standard deviation (SD). The statistical analysis was performed by GraphPad Prism 7 (GraphPad Software, San Diego, CA, United States), and the data were analyzed by Student’s t-test and one-way analysis of variance, and a p-value of < 0.05 was considered significant.



RESULTS


Antimicrobial Effects of Candesartan Cilexetil Against Staphylococcus aureus

The antibacterial spectrum of CC and daptomycin against a panel of strains was determined (Table 1). Among them, CC had strong antibacterial potency against type and clinical strains of S. aureus with MICs and MBCs of 8–16 and 16–32 μg/ml. Daptomycin was chosen to compare their antibacterial activity as daptomycin was one of the last-resort treatments for MRSA. The MICs and MBCs of daptomycin against S. aureus were 0.5–4 and 1–4 μg/ml. However, CC was not active against Gram-negative pathogens with MICs > 64 μg/ml. To study the time-dependent and dose-dependent effect against S. aureus, time-kill assays were conducted. CC (2 × MIC) exhibited a strong bactericidal effect against S. aureus within 12 h. Treatment with 0.5 × and 1 × MIC of CC inhibited the growth of S. aureus (Figure 1A). In keeping with the above results, the OD630nm was not detectable at 0.5 ×, 1 ×, and 2 × MIC (Supplementary Figure 1).


TABLE 1. The antimicrobial effect of candesartan cilexetil (CC) against a series of strains.
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FIGURE 1. The antibacterial effect of candesartan cilexetil (CC) toward Staphylococcus aureus. (A) S. aureus ATCC 43300, ATCC 29213, RJ-2, and SA 76 (MIC = 16 μg/ml) were exposed to CC at 0.5×, 1×, and 2× MIC; the bacterial abundance changed over time. (B) Time-kill assays of S. aureus ATCC 43300 treated with 4 μg/ml of CC alone or in combination with 8 μg/ml of gentamicin (left) or 32 μg/ml of tobramycin (right). The results were expressed in CFU/ml. The experiments were conducted in triplicate and presented as mean ± SD. (C) A continuous resistance passage of sub-inhibitory concentrations of CC and ciprofloxacin against S. aureus ATCC 43300 and ATCC 29213; this procedure was repeated for 31 days.


The synergistic antimicrobial activities between CC and antibiotics were evaluated by the checkerboard method. CC increased the susceptibility of S. aureus ATCC 43300 toward gentamicin and tobramycin (eightfold reduction in MIC) with both FICI of 0.375, displaying a rather considerable synergistic effect (Table 2). The interaction between CC and amikacin, methicillin and ciprofloxacin (FICIs ≤ 0.75) yielded a partial synergy. The results of the time-kill assays showed that the sub-inhibitory concentrations of tobramycin or gentamicin were ineffective in reducing the cell count. However, when CC was combined with tobramycin or gentamicin, the number of viable cells was reduced by 100- to 1,000-fold within 12 h (Figure 1B).


TABLE 2. CC combination with other antibiotics.
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In the continuous passage culture at sub-inhibitory concentrations, although the control antibiotic ciprofloxacin represented 8- to 16-fold shift in MIC against S. aureus ATCC 29213 and ATCC 43300 after 31 days of passages, the MIC value of CC remained almost unchanged over the whole process of the study (Figure 1C). As for one step resistance, the spontaneous resistance frequency of 4 × MIC rifampicin and ciprofloxacin against S. aureus ATCC 43300 was 4.76 × 10–9 (± 1.94 × 10–9) and 1.78 × 10–7 (± 4.32 × 10–8), respectively (Table 3). On other hand, there were almost no mutant colonies on the CC-treated agar. The results showed that CC was superior to rifampicin and ciprofloxacin in reducing S. aureus resistance mutation colonies both in the short-term and long-term development of resistance.


TABLE 3. Spontaneous resistance frequency of CC for S. aureus.
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Antibiofilm Activity of Candesartan Cilexetil Against Staphylococcus aureus Biofilm

CV and XTT staining (A570nm and A490nm) were used to quantify total biofilm biomass, and a significant reduction was observed when CC was 16 μg/ml (Figures 2A,B). A570nm decreased from 3.02 ± 0.44 to 0.7 ± 0.15 (t = 13.95, p < 0.05), and A490nm decreased from 1.00 ± 0.26 to 0.21 ± 0.11 (t = 7.95, p < 0.05), which indicated that CC significantly inhibited the formation of MRSA biofilm. Moreover, CC reduced bacteria amount on preformed biofilm (Figure 2C). CLSM was used to further observe the effect of CC on the mature biofilm morphology. The live and dead cells were dyed green and red, respectively, while using SYTO9 and PI. When CC concentration was 64 μg/ml, compared with control, the proportion of dead cells (red) increased significantly (Figure 2D). Consistent with the results of CLSM, the intensity of green fluorescence decreased, whereas the red fluorescence intensity increased (Figure 2E). Taken together, these results indicated that CC had antibiofilm activity.


[image: image]

FIGURE 2. The effect of CC on methicillin-resistant S. aureus (MRSA) biofilm. The bacterial suspension of S. aureus ATCC 43300 was treated with 0–64 μg/ml of CC for 24 h. (A) The biofilm was stained with CV and then measured at A570nm. (B) The biofilm was stained with XTT and then measured at A490nm. (C) The bactericidal effect of CC or vancomycin on the preformed biofilm. **p < 0.01, ****p < 0.0001. (D) The biofilm was treated with 64 μg/ml CC for 24 h and stained with SYTO9 (green) and PI (red). The images were processed with ImageJ. (E) The corresponding fluorescence quantitative result. The proportion of live cells (green) and dead cells (red) decreased and increased significantly after CC treatment. Results were presented as mean ± SD. *p < 0.05.




Persister Killing Effects of Candesartan Cilexetil

Staphylococcus aureus was susceptible to vancomycin and ciprofloxacin. However, the stationary phase cells showed resistance to these antibiotics at 100 × MIC, which indicated that resistance to conventional antibiotics was a common feature of persisters (Fisher et al., 2017). Still, 10 × MIC CC significantly reduced the colony counting of S. aureus ATCC 43300 persisters within 6 h compared with conventional antibiotics (Figure 3A). In persister killing assays, 4–8 × MIC CC retained antibacterial activity against MRSA at 6 h by reducing 2–3 log10 persister cells compared with the initial inoculum (Figures 3B–D). The killing effect against persisters induced by rifampicin was also pronounced as shown in Supplementary Figure 2. In contrast, vancomycin was unable to kill MRSA persister cells even at 10 × MIC.
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FIGURE 3. Antibacterial effect of CC on MRSA persisters. (A) The stationary-phase S. aureus ATCC 43300 persisters were treated with 10× CC and 100× MIC antibiotics for 6 h; no drug as a control. (B–D) S. aureus ATCC 43300, RJ-2, and SA-76 were treated with 2×, 4×, and 8× MIC CC and removed for serial dilution at 0, 2, 4, and 6 h.




The Mechanism of Action of Candesartan Cilexetil on Staphylococcus aureus

Daptomycin is one of last-line treatments targeting MRSA by membrane destruction, which is correspondent with our hypothesis that CC targets bacterial membrane. SYTOX Green is a fluorescence dye for detecting membrane permeability. The fluorescence intensity increases when it is passed through a defected membrane, uptake into bacterial cell, and bound to nucleic acid (Kim E. Y. et al., 2020). In a similar manner, melittin is a widely studied cell membrane disruptor and regarded as a positive control (Takahashi et al., 2013). As expected, in Figure 4A, S. aureus ATCC 43300 planktonic and persister cells treated with varying concentrations of CC showed remarkable SYTOX Green staining within 30 min of incubation as melittin, implying virtual membrane damage. MRSA cells incubated without compounds exhibited negligible fluorescent augmentation. DiSC3(5) dye assay reflecting plasma membrane potential change indicated that CC depolarized the bacterial membrane (Figure 4B). To prove the membrane-targeting traits of CC, cellular ATP leakage tests were executed. CC conspicuously reduced intracellular ATP levels in a dose-dependent manner as respected (Figure 4C). Under SEM, the surface morphology of untreated MRSA cells was intact and smooth. MRSA treated by 10 × CC was obviously distorted with an unclear profile, collapsed surface, and membrane disruption (Figure 4D). TEM showed that the bacterial membrane of the treated group was disturbed together with vacuole formation and narrow cytoplasm (Figure 4E). Overall, these results pointed to the fact that CC caused the membrane injury of MRSA and eventually led to the death of bacteria.
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FIGURE 4. Antibacterial mechanism of CC against S. aureus ATCC 43300. (A) To treat MRSA planktonic cells (left) and persisters (right), 0.5×, 1×, 2×, and 4× CC were used, and the fluorescence intensity of SYTOX Green changed. Melittin (10 μg/ml) and 0.1% DMSO were used as positive and negative controls. (B) The fluorescence intensity change trend of DISC3(5). (C) Intracellular ATP level after CC treatment. (D) Scanning electron microscopy (SEM) and (E) transmission electron microscopy (TEM) were used to observe the cell morphology of MRSA after treatment with CC and DMSO. The yellow arrow points to cell cavities and cell adhesion. Scale bars, 5 μm (left) and 1 μm (right).




Hemolysis Rate and Cytotoxicity

In RBC hemolytic test, the HC50 was 54.34 μg/ml (Figure 5A and Supplementary Table 1). The viability of HBE, Hep-G2, and HSF were inhibited by CC with IC50 of 70.36, 69.01, and 58.22 μg/ml, respectively (Figures 5B–D). The IC50 and HC50 values of CC were higher than its MICs and MBCs, showing the possibility that the antibacterial concentration in vivo could be potentially safe to apply for S. aureus.
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FIGURE 5. Hemolytic assay and mammalian cytotoxicity assay. (A) Red blood cells (RBCs) were treated with 0–64 μg/ml of CC with Tritonx-100 as positive control. (B–D) Three cell lines, including HBE, Hep-G2, and HSF, were treated with 0–128 μg/ml of CC. Their IC50 was > 50 μg/ml.




Effective Antimicrobial Effects of CC in vivo

The skin abscess model was performed to evaluate the potential therapeutic effect of CC in vivo. As a positive control, vancomycin significantly reduced the bacterial abundance more than 1,000-fold and the area of abscesses (p < 0.05) (Figures 6A,B). Compared with the vehicle group, a reduction in average bacterial load approximately six-fold, seven-fold, and 25-fold were observed when treated with 5, 10, and 15 mg/kg of CC, respectively (p < 0.0001). Consistent with the above results, histopathological analysis showed that after CC treatment, the inflammation of the skin abscess was significantly reduced (Figure 6C). As for MRSA persisters, 30 mg/kg of CC led to an approximately fourfold decrease (p < 0.01) (Figure 6D). The levels of inflammatory cytokines IL-1β, IFN-γ, and TNF-α were determined. As shown in Supplementary Figure 3, the IL-1β and IFN-γ levels made no significant difference after treatment with CC compared with those of the control group (p > 0.05). Though the level of TNF-α was lower than the control group, there was no distinct difference in quantity. These results proved that CC might present a potential therapy for S. aureus-infected diseases caused by antibiotic-resistant or persisters cells.


[image: image]

FIGURE 6. The effect of CC in vivo model. (A) Female mice (n = 5) was subcutaneously injected with 7.5 × 106 CFU/ml of S. aureus ATCC 43300 and treated with DMSO, 5, 10, and 15 mg/kg of CC, and 15 mg/kg of vancomycin. The results were expressed as CFU/ml. *p < 0.05, **p < 0.01, ****p < 0.0001. (B) The abscess area was measured. (C) Hematoxylin and eosin (H&E) staining (7×) showed that the histopathological change (abscess area and inflammatory cells) was significantly reduced after treatment. Scale bars, 200 μm. The blue arrow points to inflammatory cells. (D) Female mice (n = 5) were injected subcutaneously with approximately 7.5 × 106 CFU/ml of S. aureus ATCC 43300 persisters and treated with DMSO, 30 mg/kg of CC, and 15 mg/kg of vancomycin.




DISCUSSION

Rapid emergence of antibiotic-resistant bacteria to conventional antimicrobials leads to failure of traditional therapies to counter for bacterial infections (Kim W. et al., 2020). Therefore, new anti-infective agents should be introduced to bypass the shortcomings. As an FDA-approved drug, CC exhibited an antibacterial effect against Gram-positive bacteria especially MRSA with a low possibility of drug resistance, which might play a crucial role in the treatment of infections caused by S. aureus.

The conventional antibiotics face difficulties as effective therapeutic guidelines for biofilm-associated infections with vancomycin is of no exception (Zhang et al., 2019). Through CV and XTT staining assay, CC was found effectively to prevent biofilm formation. Moreover, microorganisms within mature biofilm treated with high concentrations of CC were reduced; nevertheless, the extracellular polymer secreted by the remaining bacteria caused no significant reduction in the biomass of the biofilm.

As already reported in the literature, new antimicrobial candidates that target bacterial cell membranes, including PQ401, CD437, and bithionol, etc., have been identified. Membrane-targeting molecules are able to penetrate into the membranes of bacteria and enter the cell due to the simple lipid layers of S. aureus cell membranes (Yuan et al., 2019). CC was able to compromise MRSA membrane integrity in a concentration-dependent manner. Due to membrane damage, antimicrobials currently generate a rapid loss of substances with low molecular weight (MW) from within the cell, for instance, ATP (MW 0.5 kDa). We actually found that CC reduced intracellular ATP levels. The results of SEM and TEM further confirmed that CC caused membrane damage, noticeable leakage of intracellular contents, and even the loss of bacterial structure (Figure 4). All the experiments supported our assumption that CC was a membrane-active agent and exhibited prominent properties such as rapid bactericidal effect, low possibility of bacterial resistance, and antipersister activity.

The antibacterial mechanism of most antibiotics is achieved through the influence of the structure and function of bacterial macromolecules (nucleic acids, lipids, carbohydrates, and proteins) (Zhang et al., 2019). Bacterial persisters are a subpopulation of cells that exhibit metabolically inactive state and antibiotic tolerance. Vancomycin, linezolid, and ciprofloxacin are commonly used for treating S. aureus-associated infections, yet their chemotherapy effect on persister processes is ineffective. CC was capable of killing persisters quickly due to its rapid membrane penetration, which is consistent with the characteristics of membrane-targeting antimicrobial agents. Gentamicin is an aminoglycoside antibiotic that binds to bacterial ribosomal subunits to inhibit protein synthesis (Tsai et al., 2013). In the field of antimicrobial application, the pathogenic microorganisms undergoing treatment with the combination therapy not only improve the efficacy of the anti-infective drugs but also reduce side effects and cytotoxicity. Studies have acknowledged that membrane-targeting agents synergize with aminoglycoside antibiotics against MRSA (Yarlagadda et al., 2020). CC was found to exert a synergetic effect with gentamicin and tobramycin via the checkerboard dilution method. The possible mechanism of action was that sufficient accumulation of CC on the membrane formed a prerequisite for the diffusion of antibiotics into the bacterial cell, thereby inhibiting the synthesis of ribosomal subunit proteins.

To our knowledge, no acute lethal toxicity was found in mice, rats, or dogs after a single oral dose of 2,000 mg/kg of CC. Toxicological experiments showed that CC had no carcinogenic, teratogenic, and mutagenic effects (Nishikawa et al., 1997). In combination with the results that the HC50 and IC50 were higher than its MIC or MBC (Supplementary Table 1), it was concluded that CC possessed limited hemolysis rate and cytotoxicity. Further exploration to improve its antibacterial activity and toxicity might be achieved by drug combination and chemical modification.

As far as we know, there was limited research on the efficacy of CC in the subcutaneous abscess model. In the MRSA infection model, a topical infection model was chosen to evaluate the treatment effect of CC in vivo for the reason that S. aureus was the common pathogen of skin infection. In our study, CC reduced the bacterial abundance in topical skin without acute damage in mice model. Previous studies reported that angiotensin-converting enzyme (ACE) inhibitors were able to inhibit the expression of the inflammatory factor tumor necrosis factor-alpha (TNF-α) (Aliper et al., 2017). The determination of cytokines showed that CC would not induce inflammatory response in RAW264.7. This leads us to speculate that CC may exert an important role in anti-inflammatory response in vivo. These assays showed that CC exhibited antibacterial and antipersister effect in vivo as well.

In summary, CC displayed strong antibacterial activity against multidrug-resistant and -persistent S. aureus. Moreover, CC had limited cytotoxicity and low possibility of drug resistance. In a subcutaneous abscess infection model, CC was effective in reducing bacterial burden. These findings highlight the possibility of CC for treating MRSA infection.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics Committee of the Third Xiangya Hospital of Central South University.



AUTHOR CONTRIBUTIONS

LX and PS designed all the experiments of this study. LX conducted most of the experiments and wrote the manuscript. LC and SL made data curation and figures. LZ was responsible for purchasing the reagents and materials. ZH and YL were responsible for the accounts and helped complete the supporting experiments. YW supervised the writing process and all the study. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the National Natural Science Foundation of China, grant number 82072350, and the Natural Science Foundation of Hunan Province, grant number 2019JJ80029.



ACKNOWLEDGMENTS

Thanks to all the staff and teachers who provided us with the experimental strains.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.688772/full#supplementary-material



REFERENCES

Aliper, A., Jellen, L., Cortese, F., Artemov, A., Karpinsky-Semper, D., Moskalev, A., et al. (2017). Towards natural mimetics of metformin and rapamycin. Aging (Albany N. Y.) 9, 2245–2268. doi: 10.18632/aging.101319

Ardiana, F., Lestari, M. L., and Indrayanto, G. (2012). Candesartan cilexetil. Profiles Drug Subst. Excip. Relat. Methodol. 37, 79–112. doi: 10.1016/b978-0-12-397220-0.00003-9

Chernov, V. M., Chernova, O. A., Mouzykantov, A. A., Lopukhov, L. L., and Aminov, R. I. (2019). Omics of antimicrobials and antimicrobial resistance. Expert Opin. Drug Discov. 14, 455–468. doi: 10.1080/17460441.2019.1588880

Clinical and Laboratory Standards Institute [CLSI] (2012). Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria that Grow Aerobically; Approved Standard-Ninth Edition. CLSI Document M07-A9. Wayne, PA: Clinical and Laboratory Standards Institute [CLSI].

Del Pozo, J. L. (2018). Biofilm-related disease. Expert Rev. Anti. Infect. Ther. 16, 51–65. doi: 10.1080/14787210.2018.1417036

Dey, R., De, K., Mukherjee, R., Ghosh, S., and Haldar, J. (2019). Small antibacterial molecules highly active against drug-resistant Staphylococcus aureus. Medchemcomm 10, 1907–1915. doi: 10.1039/c9md00329k

Dupieux, C., Trouillet-Assant, S., Camus, C., Abad, L., Bes, M., Benito, Y., et al. (2017). Intraosteoblastic activity of daptomycin in combination with oxacillin and ceftaroline against MSSA and MRSA. J. Antimicrob. Chemother. 72, 3353–3356. doi: 10.1093/jac/dkx314

Fenton, C., and Scott, L. J. (2005). Candesartan cilexetil: a review of its use in the management of chronic heart failure. Drugs 65, 537–558. doi: 10.2165/00003495-200565040-00007

Fisher, R. A., Gollan, B., and Helaine, S. (2017). Persistent bacterial infections and persister cells. Nat. Rev. Microbiol. 15, 453–464. doi: 10.1038/nrmicro.2017.42

Gao, R., van der Mei, H. C., Ren, Y., Chen, H., Chen, G., Busscher, H. J., et al. (2020). Thermo-resistance of ESKAPE-panel pathogens, eradication and growth prevention of an infectious biofilm by photothermal, polydopamine-nanoparticles in vitro. Nanomedicine 32:102324. doi: 10.1016/j.nano.2020.102324

Jiang, F., Deng, Y., Yeh, C. K., and Sun, Y. (2014). Quaternized chitosans bind onto preexisting biofilms and eradicate pre-attached microorganisms. J. Mater. Chem. B 2, 8518–8527. doi: 10.1039/c4tb01131g

Kim, E. Y., Kumar, S. D., Bang, J. K., and Shin, S. Y. (2020). Mechanisms of antimicrobial and antiendotoxin activities of a triazine-based amphipathic polymer. Biotechnol. Bioeng. 117, 3508–3521. doi: 10.1002/bit.27499

Kim, W., Zhu, W., Hendricks, G. L., Van Tyne, D., Steele, A. D., Keohane, C. E., et al. (2018). A new class of synthetic retinoid antibiotics effective against bacterial persisters. Nature 556, 103–107. doi: 10.1038/nature26157

Kim, W., Zou, G., Hari, T. P. A., Wilt, I. K., Zhu, W., Galle, N., et al. (2019). A selective membrane-targeting repurposed antibiotic with activity against persistent methicillin-resistant Staphylococcus aureus. Proc. Natl. Acad. Sci. U.S.A. 116, 16529–16534. doi: 10.1073/pnas.1904700116

Kim, W., Zou, G., Pan, W., Fricke, N., Faizi, H. A., Kim, S. M., et al. (2020). The neutrally charged diarylurea compound PQ401 kills antibiotic-resistant and antibiotic-tolerant Staphylococcus aureus. mBio 11:e01140-20. doi: 10.1128/mBio.01140-20

Ko, S. J., Kang, N. H., Kim, M. K., Park, J., Park, E., Park, G. H., et al. (2019). Antibacterial and anti-biofilm activity, and mechanism of action of pleurocidin against drug resistant Staphylococcus aureus. Microb. Pathog. 127, 70–78. doi: 10.1016/j.micpath.2018.11.052

Le, P., Kunold, E., Macsics, R., Rox, K., Jennings, M. C., Ugur, I., et al. (2020). Repurposing human kinase inhibitors to create an antibiotic active against drug-resistant Staphylococcus aureus, persisters and biofilms. Nat. Chem. 12, 145–158. doi: 10.1038/s41557-019-0378-7

Li, Z., Mao, R., Teng, D., Hao, Y., Chen, H., Wang, X., et al. (2017). Antibacterial and immunomodulatory activities of insect defensins-DLP2 and DLP4 against multidrug-resistant Staphylococcus aureus. Sci. Rep. 7:12124. doi: 10.1038/s41598-017-10839-4

Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P., et al. (2015). A new antibiotic kills pathogens without detectable resistance. Nature 517, 455–459. doi: 10.1038/nature14098

Loe, M. W. C., Lee, R. C. H., and Chu, J. J. H. (2019). Antiviral activity of the FDA-approved drug candesartan cilexetil against Zika virus infection. Antiviral Res. 172:104637. doi: 10.1016/j.antiviral.2019.104637

Lu, K., Hou, W., Xu, X. F., Chen, Q., Li, Z., Lin, J., et al. (2020). Biological evaluation and chemoproteomics reveal potential antibacterial targets of a cajaninstilbene-acid analogue. Eur. J. Med. Chem. 188:112026. doi: 10.1016/j.ejmech.2019.112026

Martin, J. K. II, Sheehan, J. P., Bratton, B. P., Moore, G. M., Mateus, A., Li, S. H., et al. (2020). A dual-mechanism antibiotic kills gram-negative bacteria and avoids drug resistance. Cell 181, 1518.e–1532.e. doi: 10.1016/j.cell.2020.05.005

Nishikawa, K., Naka, T., Chatani, F., and Yoshimura, Y. (1997). Candesartan cilexetil: a review of its preclinical pharmacology. J. Hum. Hypertens. 11(Suppl. 2) S9–S17.

Oliveira, I. M., Borges, A., Borges, F., and Simões, M. (2019). Repurposing ibuprofen to control Staphylococcus aureus biofilms. Eur. J. Med. Chem. 166, 197–205. doi: 10.1016/j.ejmech.2019.01.046

Pletzer, D., Mansour, S. C., and Hancock, R. E. W. (2018). Synergy between conventional antibiotics and anti-biofilm peptides in a murine, sub-cutaneous abscess model caused by recalcitrant ESKAPE pathogens. PLoS Pathog. 14:e1007084. doi: 10.1371/journal.ppat.1007084

Ramchuran, E. J., Somboro, A. M., Abdel Monaim, S. A. H., Amoako, D. G., Parboosing, R., Kumalo, H. M., et al. (2018). In vitro antibacterial activity of teixobactin derivatives on clinically relevant bacterial isolates. Front. Microbiol. 9:1535. doi: 10.3389/fmicb.2018.01535

Reddinger, R. M., Luke-Marshall, N. R., Hakansson, A. P., and Campagnari, A. A. (2016). Host physiologic changes induced by Influenza A Virus lead to Staphylococcus aureus biofilm dispersion and transition from asymptomatic colonization to invasive disease. mBio 7:e01235-16. doi: 10.1128/mBio.01235-16

See, S., and Stirling, A. L. (2000). Candesartan cilexetil: an angiotensin II-receptor blocker. Am. J. Health Syst. Pharm. 57, 739–746. doi: 10.1093/ajhp/57.8.739

She, P., Li, S., Zhou, L., Luo, Z., Liao, J., Xu, L., et al. (2020a). Insights into idarubicin antimicrobial activity against methicillin-resistant Staphylococcus aureus. Virulence 11, 636–651. doi: 10.1080/21505594.2020.1770493

She, P., Liu, Y., Luo, Z., Chen, L., Zhou, L., Hussain, Z., et al. (2020b). PA2146 gene knockout is associated with Pseudomonas aeruginosa pathogenicity in macrophage and host immune response. Front. Cell. Infect. Microbiol. 10:559803. doi: 10.3389/fcimb.2020.559803

Shin, J., Magar, K. B. S., Lee, J., Kim, K. S., and Lee, Y. R. (2019). Design, synthesis, and discovery of novel oxindoles bearing 3-heterocycles as species-specific and combinatorial agents in eradicating Staphylococcus species. Sci. Rep. 9:8012. doi: 10.1038/s41598-019-44304-1

Song, M., Liu, Y., Huang, X., Ding, S., Wang, Y., Shen, J., et al. (2020). A broad-spectrum antibiotic adjuvant reverses multidrug-resistant Gram-negative pathogens. Nat. Microbiol. 5, 1040–1050. doi: 10.1038/s41564-020-0723-z

Takahashi, T., Nomura, F., Yokoyama, Y., Tanaka-Takiguchi, Y., Homma, M., and Takiguchi, K. (2013). Multiple membrane interactions and versatile vesicle deformations elicited by melittin. Toxins (Basel) 5, 637–664. doi: 10.3390/toxins5040637

Tan, F., She, P., Zhou, L., Liu, Y., Chen, L., Luo, Z., et al. (2019). Bactericidal and anti-biofilm activity of the retinoid compound CD437 against Enterococcus faecalis. Front. Microbiol. 10:2301. doi: 10.3389/fmicb.2019.02301

Tan, P., Lai, Z., Jian, Q., Shao, C., Zhu, Y., Li, G., et al. (2020). Design of heptad repeat amphiphiles based on database filtering and structure-function relationships to combat drug-resistant fungi and biofilms. ACS Appl. Mater. Interfaces 12, 2129–2144. doi: 10.1021/acsami.9b19927

Thakare, R., Shukla, M., Kaul, G., Dasgupta, A., and Chopra, S. (2019). Repurposing disulfiram for treatment of Staphylococcus aureus infections. Int. J. Antimicrob. Agents 53, 709–715. doi: 10.1016/j.ijantimicag.2019.03.024

Tsai, A., Uemura, S., Johansson, M., Puglisi, E. V., Marshall, R. A., Aitken, C. E., et al. (2013). The impact of aminoglycosides on the dynamics of translation elongation. Cell Rep. 3, 497–508. doi: 10.1016/j.celrep.2013.01.027

Wang, B., Yao, Y., Wei, P., Song, C., Wan, S., Yang, S., et al. (2020). Housefly Phormicin inhibits Staphylococcus aureus and MRSA by disrupting biofilm formation and altering gene expression in vitro and in vivo. Int. J. Biol. Macromol. 167, 1424–1434. doi: 10.1016/j.ijbiomac.2020.11.096

Weber, N., Biehler, K., Schwabe, K., Haarhaus, B., Quirin, K. W., Frank, U., et al. (2019). Hop extract acts as an antioxidant with antimicrobial effects against propionibacterium acnes and Staphylococcus aureus. Molecules 24:223. doi: 10.3390/molecules24020223

Wi, Y. M., and Patel, R. (2018). Understanding biofilms and novel approaches to the diagnosis, prevention, and treatment of medical device-associated infections. Infect. Dis. Clin. North Am. 32, 915–929. doi: 10.1016/j.idc.2018.06.009

Wu, S. C., Yang, Z. Q., Liu, F., Peng, W. J., Qu, S. Q., Li, Q., et al. (2019). Antibacterial effect and mode of action of flavonoids from licorice against methicillin-resistant Staphylococcus aureus. Front. Microbiol. 10:2489. doi: 10.3389/fmicb.2019.02489

Yarlagadda, V., Medina, R., and Wright, G. D. (2020). Venturicidin A, A membrane-active natural product inhibitor of ATP synthase Potentiates aminoglycoside antibiotics. Sci. Rep. 10:8134. doi: 10.1038/s41598-020-64756-0

Yuan, Z., Ouyang, P., Gu, K., Rehman, T., Zhang, T., Yin, Z., et al. (2019). The antibacterial mechanism of oridonin against methicillin-resistant Staphylococcus aureus (MRSA). Pharm. Biol. 57, 710–716. doi: 10.1080/13880209.2019.1674342

Zhang, K., Du, Y., Si, Z., Liu, Y., Turvey, M. E., Raju, C., et al. (2019). Enantiomeric glycosylated cationic block co-beta-peptides eradicate Staphylococcus aureus biofilms and antibiotic-tolerant persisters. Nat. Commun. 10:4792. doi: 10.1038/s41467-019-12702-8

Zhou, M., Qian, Y., Xie, J., Zhang, W., Jiang, W., Xiao, X., et al. (2020). Poly(2-Oxazoline)-based functional peptide mimics: eradicating MRSA infections and persisters while alleviating antimicrobial resistance. Angew Chem. Int. Ed. Engl. 59, 6412–6419. doi: 10.1002/anie.202000505

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.

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.

Copyright © 2021 Xu, She, Chen, Li, Zhou, Hussain, Liu and Wu. 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/fmicb-12-688772-g003.jpg
Lg CFU/mL

Lg CFU/mL

ATCC 43300
10—

RJ-2

Time (h)

- 2xMIC - 4xMIC

B ATCC 43300

== 2xMIC
»——? - 4xMIC
E %7 ——— = &M
E -~ Control
O 6+ =+ \ancomycin
o
4
4 -
1 T 1
0 2 4 6
Time (h)
D SA76

Lg CFU/mL

=+ 8xMIC -©- Control == Vancomycin





OPS/images/fmicb-12-688772-e000.jpg
MIC, (combination) ~ MICg(combination)

FICI =
MICr@lone) | MICg(alone)






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Repurposing Candesartan Cilexetil as Antibacterial Agent for MRSA Infection



		INTRODUCTION



		MATERIALS AND METHODS



		Strains and Cultural Conditions



		Determination of Minimal Inhibitory Concentration and Minimal Bactericidal Concentration



		Drug Combination Assay



		Time-Kill Assay



		Persister Killing and Membrane Permeability Assay



		Biofilm Inhibition and Eradication Assay



		Observation of Biofilm Morphology by Confocal Laser Scanning Microscope



		The Mechanism of Action of Candesartan Cilexetil on Staphylococcus aureus



		Scanning Electron Microscopy and Transmission Electron Microscopy



		Membrane Permeability Assays and Cytoplasmic Membrane Electrical Potential Measurement



		ATP Determination







		Resistance Inducing Assay



		Human Blood Cell Hemolysis Assay and CCK-8 Cell Cytotoxicity Test



		Skin Abscess Model



		Statistical Analysis







		RESULTS



		Antimicrobial Effects of Candesartan Cilexetil Against Staphylococcus aureus



		Antibiofilm Activity of Candesartan Cilexetil Against Staphylococcus aureus Biofilm



		Persister Killing Effects of Candesartan Cilexetil



		The Mechanism of Action of Candesartan Cilexetil on Staphylococcus aureus



		Hemolysis Rate and Cytotoxicity



		Effective Antimicrobial Effects of CC in vivo







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-688772-g002.jpg
>
o]
(9]

%k %k %k %k * % %k %k 10

a ik 159 | Kk Kk kX kX m CC
] | . * |
E ? i Yo. o, Vancomycin
£ o _ )
$ 2 - Q" 5
= <, T 74
= c L
2 14 7 = 05 9 6
aa] o —
o .
” © P S S 0.0
L
RSN SEUS SNV e e R T A AR
[ex o
Congentration (ug/mL) Concentration (ug/mL)
P E
2100- svTo
2 g - Pl
2
£ 60
0
|
8 404
7]
g
. S 204
Y (um) Y (um) i .

T
Control cc






OPS/images/fmicb-12-688772-e001.jpg
Agample — A19%DMS
Hemolysis (%) = —mple ” TIDMSO 450,

ATritonX—100 — A1%DMSO





OPS/images/fmicb-12-688772-g005.jpg
HSF

Hep-G2

HBE

RBC

o
<]

o
=]

25

w0
~ B

0
25

0
~ )

(%) Angein

120

90

[0 R,

T T
w0 w0
= [

(%) Angein

100

T
w0
=

(%) sisAjowsH

CC (ug/mL)

CC (pg/mL)

CC (ug/mL)

CC (ug/mL)





OPS/images/fmicb-12-688772-e002.jpg
— Asample
Viability (%) = (1 = M) x 100%
Ag.3%DMSO





OPS/images/fmicb-12-688772-g004.jpg
>

Fluorescene units (AU)

w

Fluorescene units (AU)

SYTOX Green

2000+

30

500 ] L] L] L] L) 1
0 5 10 15 20 25
Time (min)

Disc3(5)

100
80
60
40
20 .

or—T—TTTT T 7T
0 30 60 90 120 150 180 210 240 270 300

Time (s)

0.5xMIC
1xMIC
2xMIC
4xMIC
Control
Bi

2500+

Fluorescene units (AU)

SYTOX Green

0.5xMIC
1xMIC
- 2xMIC
4xMIC
Control
Melittin

(9]

50000

40000+

30000+

20000+

10000+

Luminescene (RLU)

5 10

T T 1 1 1 11
15 20 25 30 35 40

Time (min)

Intracellular ATP
%k kK

—
T






OPS/images/fmicb-12-688772-t003.jpg
Strains Antimicrobial Spontaneous resistance frequency (+SD)
2 x MIC 4 x MIC

ATCC 43300 cc <952 x 10710 (£1.94 x 10719 <1.03 x 10710 (£2.24 x 1019
Rifampin 1.59 x 1078 (£7.36 x 1079) 4.76 x 1079 (£1.94 x 1079)
Ciprofloxacin 9.42 x 1077 (£2.19 x 1077) 1.78 x 1077 (+4.32 x 1078)

ATCC 29213 ol <8.33 x 10710 (£1.70 x 10719 <9.72 x 10710 (£2.60 x 10719
Rifampin 9.72 x 1079 (£3.54 x 1079) 6.94 x 1079 (£5.47 x 1079)
Ciprofloxacin 2.44 x 1077 (£3.68 x 1079) 9.72 x 1079 (£6.44 x 1079)






OPS/images/fmicb-12-688772-g001.jpg
Lg CFU/mL

Lg CFU/mL

ATCC 43300 ATCC 29213
10+
8: 8
5
3 5 o
'S
4 O 4
o
-
2 24
1) ] ¥ L ) v T T T T T 1
2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h)
ATCC 43300 ATCC 43300
10
8 o8
£
6 2 e
o
o
4 = 4
T T T T T 1 T T T T T 1
2 4 6 8 10 12 2 4 6 8 10
Time (h) Time (h)
-~ Gm -+ Gm+CC -e- Tob -+ Tob+CC
- CC -©- Control -= CC -9~ Control

RJ-2 SAT76
10 10
-»- 0.5xMIC
8 8 -= 1xMIC
t b= 2xMmIC
£ £ a
2 2 s -e- Control
O 4 8]
o o
- -
4 4
T T T T T T 1 T T T T T T 1
o 2 4 & 8 10 12 0o 2 4 6 8 10 12
Time (h) Time (h)
ATCC 43300 ATCC 29213
20; 10
-~ CC
15. 8 ~=- Ciprofloxacin
) =)
£ g°®
Q Q 4
= o
5 =
2
T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Passage

Passage





OPS/images/cover.jpg
’ frontiers
in Microbiology

Repurposing Candesartan
Cilexetil as Antibacterial Agent
for MRSA Infection







OPS/images/fmicb-12-688772-t002.jpg
Antibacterial agent MIC, (ng/ml) MICg (ng/ml) FICI Outcome

Alone Combination Alone Combination

Tobramycin 256 32 16 4 0.375 Synergism
Gentamicin 64 8 16 4 0.375 Synergism
Amikacin 16 2 16 8 0.625 Partial synergism
Oxacillin 64 16 16 8 0.75 Partial synergism
Ciprofloxacin 0.25 0.0625 16 8 0.76 Partial synergism
Clindamycin 8 4 16 8 1 Ad(ditivity
Vancomycin 1 0.5 16 8 1 Additivity

The checkerboard assay exhibited that CC had synergistic antibacterial effect with gentamicin or tobramycin with a fractional inhibitory concentration index (FICI) of 0.375
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