

[image: image1]
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Methicillin-resistant Staphylococcus epidermidis (MRSE) strains are increasingly emerging as serious pathogens because they can be resistant to many antibiotics called multidrug resistance (MDR) that limit the therapeutic options. In the case of vancomycin- and rifampin-resistant MDR-MRSE, the physicians are not allowed to increase the doses of antibiotics because of severe toxicity. Accordingly, we investigated the synergistic activity of melittin antimicrobial peptide with vancomycin and rifampin against vancomycin-resistant, and rifampin-resistant MDR-MRSE isolates. Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), fractional inhibitory concentration index (FICi), and fractional bactericidal concentration index (FBCi) of antimicrobial agents against isolates were determined. Coagulate activities and serum and salt stability as well as melittin cytotoxicity on the human embryonic kidney (HEK) 293 cells and human red blood cells (RBCs) at their synergistic concentrations. MIC and MBC values for melittin were in the range of 0.312–2.5 and 0.312–5, respectively. Results also showed that the interaction of melittin with drugs was highly synergistic in which the geometric means of FICi and FBCi were < 0.5. Induced synergism led to a decrease in melittin, rifampin, and vancomycin concentrations by 8–1,020, 2–16, and 4–16-folds, respectively. This phenomenon caused a reduction in melittin toxicity by which the synergistic concentration of melittin needed to kill bacteria did not show cytotoxicity and hemolytic activity. Besides, no coagulation activity was found for the synergistic and alone concentrations of melittin in both Prothrombin Time (PT) and Partial Thromboplastin Time (PTT). Interestingly, the antibacterial activity of melittin in Mueller Hinton Broth (MHB) containing human serum did no significant differences between MIC and MBC values of melittin in MHB and MHB containing 10% human serum. The present findings showed that the therapeutic index of melittin was improved by 32.08- and 12.82-folds when combined with vancomycin and rifampin, respectively. Taken together, the obtained data show that melittin alone was effective against MDR-MRSE isolates and this antimicrobial peptide showed highly synergistic effects with vancomycin and rifampin without causing toxicity. Therefore, the combination of melittin and traditional antibiotics could be a promising strategy for the treatment of infections caused by MDR-MRSE.
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INTRODUCTION

Staphylococcus epidermidis is a permanent part of the skin and mucous membranes microbiota which, by adhering to human tissue components by specific adhesins, could establish a prolonged commensal communication with humans (Otto, 2009). Currently, with the increase of indwelling medical device applications, this bacterium has been emerged as a crucial opportunistic pathogen responsible for nosocomial and implant-related infections, particularly in immune-compromised and hospitalized patients (Otto, 2009; Rasoul et al., 2019). Noticeably, S. epidermidis belongs to the bacterial species reported to be at first place (or second place after Staphylococcus aureus) of etiological agents of causing infections in orthopedic implants (Arciola et al., 2002, 2006). Moreover, S. epidermidis is well-known for its wide antimicrobial resistance and the ability to form biofilms, resulting in difficulty of treatment in S. epidermidis associated infections (Gómez-Sanz et al., 2019; Mirzaei et al., 2022). In this regard, methicillin-resistant S. epidermidis (MRSE) strains have emerged as infectious pathogens as they are commonly endowed with additional antibiotic resistance (Cherifi et al., 2013; Sabaté Brescó et al., 2017). Of note, this ability could provide a risk for the transfer of drug- resistance toward highly pathogenic bacterium, S. aureus (Bloemendaal et al., 2010). On top of this, nowadays, multidrug-resistant MRSE (MDR-MRSE) strains drastically limit the available therapeutic options and represent a crucial challenge for human health (Miragaia et al., 2007; Ibrahem et al., 2008; Li et al., 2009).

The antibiotic of choice for MDR-MRSE infections is glycopeptides, such as vancomycin. Also, the addition of rifampin has been shown to enhance therapeutic indices, particularly against slow-growing organisms in chronic biofilm infections (Eom and Kim, 2001). Nevertheless, in current decades, vancomycin-resistant S. epidermidis (VRSE), as well as rifampin-resistant S. epidermidis infections were reported over the world (Cherubin et al., 1981; Tuazon and Miller, 1983; Sanyal et al., 1991; Krcmery et al., 1996; Zimmerli et al., 1998, 2004). In this regard, bacterial resistance commonly develops with monotherapy with either agent; hence, these antibiotics should always be administrated in combination with other effective agents (Howden et al., 2010). Antibiotic therapy alone often fails to treat MDR-MRSE infections, and the removal of medical devices may be the only way. Besides, vancomycin-induced nephrotoxicity and ototoxicity at high serum concentrations urge the careful monitoring of vancomycin in patients (Ong and Nicolau, 2004). It has been described that vancomycin at plasma levels higher than 20 μg/mL is related to nephrotoxicity (Barceló-Vidal et al., 2018). Rifampicin has been found to cause renal, hepatic, hematological disorders, and convulsions (Sridhar et al., 2012). Rifampin should also be used in combination with other appropriate antimicrobial agents to prevent the emergence of resistant strains during the treatment of infectious pathogens (Ju et al., 2006; Gidari et al., 2020).

Accordingly, it has been found that the combination of antimicrobial peptides (AMPs) with conventional antibiotics can be a promising strategy against MDR bacterial pathogens (Zusman et al., 2013; Schmid et al., 2019). Currently, AMPs are found as novel developing antibacterial agents that could serve as an alternative to antibiotics (Bardbari et al., 2018; Memariani et al., 2018; Aghazadeh et al., 2019; Akbari et al., 2019; Bevalian et al., 2021; Zarghami et al., 2021a). Furthermore, the application of AMPs along with conventional antibiotics usually enhances the results of mono drug therapies (Bardbari et al., 2018; Akbari et al., 2019). Melittin as an amphipathic, alpha-helical, and cationic AMP (Dezfuli et al., 2014) could act against a wide variety of Gram-positive, and Gram-negative pathogens (Choi et al., 2015; Karaaslan et al., 2016; Khozani et al., 2019; Memariani et al., 2019; Pashaei et al., 2019; Zarghami et al., 2021b). It has been found that this highly potent antibacterial peptide has acceptable synergistic effects on the killing of MDR pathogens (Jamasbi et al., 2016; Akbari et al., 2019). Hence, in the present study, we aimed to assess the effects of melittin alone and in combination with vancomycin and rifampin against vancomycin-resistant and rifampin-resistant MDR-MRSE isolates.



MATERIALS AND METHODS


Media, Chemical Reagents, and Antibiotics

All the antibiotic disks were purchased from MAST Company (United Kingdom). Vancomycin and rifampin powders were obtained from Sigma-Aldrich [Saint Louis (St. Louis), Missouri (MO), United States]. Mannitol Salt Agar, Blood Agar, DNA agar, Mueller-Hinton Agar (MHA), Mueller-Hinton broth (MHB), NaCl, and MgCl2 were purchased from Merck (Merck Company, United States). The human embryonic kidney cells (HEK-293) were kindly provided by Dr. Ali Teimoori (Hamadan, Iran). The Dulbecco’s Modified Eagle’s Medium (DMEM), 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2 H-tetrazolium bromide (MTT), fetal bovine serum (FBS), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, United States). S. epidermidis ATCC (American Type Culture Collection) 35984 was kindly provided by Dr. Eyup Dogan (Biotechnology Institute, Ankara, Turkey) and Dr. Fereshteh Saffari (Kerman University of Medical Sciences, Kerman, Iran). S. epidermidis DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) 3,270 was kindly provided by Prof. Bibi Sedigheh Fazly Bazzaz (Mashhad University of Medical Sciences, Mashhad, Iran). S. epidermidis ATCC 12228, S. aureus ATCC 25923, and ATCC 29213 were purchased from the Pasteur Culture Collection of Tehran, Iran.



Peptide Synthesis

Melittin (GIGAVLKVLTTGLPALISWIKRKRQQH2) was synthesized in > 96% purity using the solid-phase synthesis technique (DGpeptides Co., Ltd., China). The purity of the synthetic peptides was analyzed via reversed-phase high-performance liquid chromatography that was performed by the DGpeptides company. The accuracy of synthesis was controlled by mass spectrometry on a liquid chromatography-mass spectrometry (LC-MS) instrument by the DGpeptides company. The peptide concentration and its purity were reconfirmed using bicinchoninic acid assay (BCA) and Reversed-phase high-performance liquid chromatography (RP-HPLC), respectively, as described earlier (Eisapoor et al., 2016).



Collection, and Confirmation of Staphylococcus epidermidis Isolates

From April 2019 to August 2019, 97 S. epidermidis isolates were collected from hospitalized patients at various wards from different hospitals in Hamedan, Iran. The isolates were taken from patients of both gender and various age ranges. Also, the isolates were not duplicated, and only one sample was obtained from each patient. The S. epidermidis isolates were isolated from blood (n = 46), catheter (n = 17), wound (n = 15), urine (n = 14), and sputum (n = 5). In the present study, the inclusion criteria were in line with guidelines established by the Center for Disease Control (Atlanta, United States) (Horan et al., 2008). Briefly, all isolates were directly cultured on Blood Agar at 37 ° C for 24 h, and then S. epidermidis isolates were characterized using Gram staining, catalase reaction, coagulase test, colony morphology, resistance to bacitracin disks and polymyxin B, sensitivity to novobiocin disk, negative-mannitol fermentation, and -DNAase activity (Murray et al., 2009; Talebi et al., 2016).



Susceptibility Assays for Isolates

In the present study, for the detection of MRSE, the disk diffusion method was carried out. Finally, antibacterial susceptibility patterns of chosen isolates were determined based on disk diffusion, minimum inhibitory concentration (MIC), and minimum bactericidal concentration (MBC).


Disk Diffusion

Staphylococcus epidermidis isolates were monitored in terms of their resistance to methicillin by cefoxitin (30 μg), and oxacillin (1 μg) via disk diffusion method according to the Clinical and Laboratory Standards Institute (CLSI) recommendations (Wayne, 2010). In brief, fresh bacterial isolates were grown in the MHB at 37°C overnight with shaking at 180 rpm, and the next day, the number of mid-logarithmic bacterial cells was adjusted to the 0.5 McFarland turbidity standard. In this regard, the optical density (OD) that is conventionally in a range between 0.08 and 0.1 [equal to 108 Colony-forming units (CFUs)/mL], was set to 0.09 in the current study to enhance the accuracy of cell quantification. Then, the suspension 0.5 McFarland standard was swabbed onto the Mueller–Hinton agar plates, and antibiotic disks were placed on top of the agar plates. The plates were incubated at 37°C for 18–24 h based on examined agents. After incubation, the size of the inhibition zone formed around each disk was measured. Finally, 20 isolates were selected for further evaluation.

To determine the antibiotic susceptibility pattern of selected isolates, as mentioned earlier, the disk diffusion method was conducted based on the CLSI recommendations for the following disks: tetracycline (30 μg), clindamycin (2 μg), gentamicin (10 μg), trimethoprim-sulfamethoxazole (1.25 μg), erythromycin (15 μg), penicillin (10 units), and linezolid (30 μg). The S. aureus ATCC 25923 strain was applied as the control strain (Wayne, 2010). In addition, MDR isolates were characterized by observing the resistance against at least one or more antibiotics in three or more classes of antibiotics (Magiorakos et al., 2012).



Minimum Inhibitory Concentration

The broth microdilution assay was performed according to the CLSI recommendations to survey the MIC values of melittin, vancomycin, and rifampin in selected S. epidermidis isolates (Wayne, 2010). In summary, fresh bacterial isolates were grown in the MHB medium at 37°C overnight with shaking at 180 rpm, and the next day, the number of mid-logarithmic bacterial cells was adjusted to 0.5 McFarland turbidity standard. In this regard, the OD which is conventionally in a range between 0.08 and 0.1 (equal to 10 8 CFUs/mL), was set at 0.09 in the current study to enhance the accuracy of cell quantification, and then the numbers of bacterial cells were adjusted to 106 CFUs/mL quickly in the same medium. Besides, at the same time, two-fold serial dilutions of antibiotics and melittin were prepared in the same medium at a volume of 100 μL in a 96-well flat-bottom microplate (Jet Biofil, Guangzhou, China). The melittin, vancomycin, and rifampin ranged from 0.0391–20 μg, 0.25–128 μg, and 0.00075–1,024 μg, respectively. Finally, 100 μl of the bacterial stock containing 10 5 CFUs/mL was inoculated into each well of the serially diluted melittin or antibiotics, and the microplates were incubated at 37°C for 18–24 h based on examined agents. For the determination of MIC, based on the CLSI definition, the lowest value of the examined agents that completely inhibited the visible bacterial growth was considered (Wayne, 2010). The MIC experiments were repeated three times for all isolates.



Minimum Bactericidal Concentration and Determination of MBC/MIC Ratio

The MBC values were measured for rifampin, vancomycin, and melittin according to the CLSI recommendations (Wayne, 2010). In brief, fresh bacterial isolates were grown in the MHB medium at 37°C overnight with shaking at 180 rpm, and the next day the number of mid-logarithmic bacterial cells was adjusted to the 0.5 McFarland turbidity standard, and then 10 6 CFUs/mL, as mentioned above. Besides, at the same time, two-fold serial dilutions of vancomycin, rifampin, and melittin were prepared in the same medium at a volume of 100 μL in a 96-well flat-bottom microplate (Jet Biofil, Guangzhou, China). Finally, 100 μl of the bacterial stock containing 105 CFUs/mL was inoculated into each well of the serially diluted melittin or antibiotics, and then the microplates were incubated at 37°C for 24 h. Afterward, to determine the MBC values, after 24 h of incubation, 10 μL of each well was cultured on the MHA medium and the grown colonies were completely counted. The MBC values of melittin, vancomycin, and rifampin were considered as the lowest amount of agents required to kill 100% of the cultured isolates.

Finally, the MBC/MIC ratio was calculated to characterize the existence/absence of antimicrobial agent tolerance in isolates. The antimicrobial agent tolerance was defined by an MBC/MIC ratio of ≥ 32 and/or an MBC/MIC ratio of ≥ 16 when the MBC value was ≥ to the resistance breakpoint offered by CLSI (Traczewski et al., 2009).




Measurement of Synergistic Effects

The synergistic effects of melittin, vancomycin, and rifampin were assessed using broth microdilution checkerboard with major modifications based on MIC values for 6 selected S. epidermidis isolates, including MDR-MRSE 1, Non-MDR-MRSE 4, MDR-MRSE 5, Non-MDR-MSSE 1, MDR-MRSE 8, and S. epidermidis ATCC 35984.

Briefly, the checkerboard microdilution method was performed according to the obtained MIC values with major modifications as follows: dilutions of each of melittin (from 5 to 0.0049 μg), rifampin (from 256 to 0.03125 μg), and vancomycin (from 32 to 0.0125 μg) were added to the wells of 96-well flat-bottom microplates (Jet Biofil, Guangzhou, China) at a volume of 100 μL, and at the same time, the bacterial stock was prepared, as mentioned earlier. Then, 100 μL of the diluted bacterial stock containing 105 CFUs/mL was added to each well and the microplate was incubated at 37°C for 24 h. Afterward, the lowest value of the examined agents that completely inhibited the visible bacterial growth was considered, and in the following step, the fractional inhibitory concentration index (FICi) of the two combined anti-bacterial agents was calculated as follows: FIC = (MIC drug A in combination/MIC drug A alone) + (MIC drug B in combination/MIC drug B alone). FIC indices pointed to the type of drug interaction if the following data are established: Synergy, values n ≤ 0.5; Partial synergy, values 0.5 < n < 1; Additive effect, for a value n = 1; Indifferent effect, for values 1 < n < 4; Antagonistic effect, for a value 4 ≤ n (Akbari et al., 2019).

Most importantly, it should be noted that we used broth microdilution checkerboard with major modifications based on the MBC values, so-called fractional bactericidal concentration index (FBCi) to detect interactions between antibacterial agents based on the MBC values. Briefly, the antibacterial agents-interaction method was carried out similar to the method used for FIC, and, at the same time, the bacterial stock was prepared as previously mentioned, and then, 100 μL of the diluted bacterial stock containing 105 CFUs/mL was added to each well and the microplate was incubated at 37°C for 24 h. After that, 10 μL from each well was cultured on MHA and the MBC values of melittin, vancomycin, and rifampin were characterized as the lowest concentration of agent required to kill 100% of the cultured isolates. Finally, FBCi was calculated as follows: FBCi = (MBC drug A in combination/MBC drug A alone) + (MBC drug B in combination/MBC drug B alone). FBC indices pointed to the type of antibacterial agents’ interaction as mentioned for FICi (Mackay et al., 2000).



Serum, and Salt Stability Testing for Melittin

To survey the stability of melittin for possible clinical trials, the antibacterial activity of this peptide after encounter to serum, and salt against selected strains was determined (Memariani et al., 2016). In this regard, mid-logarithmic bacterial strains diluted to 105 CFUs/mL as above mentioned in MHB, added to MHB containing 10% human serum, and/or 150 mM NaCl and 1 mM MgCl2, and incubated at 37°C for 2 h (Memariani et al., 2016). Afterward, the MIC and MBC of melittin against strains were again determined as above mentioned.



In vitro Toxicity Assay

To confirm the safe administration of melittin for possible future clinical trials, cytotoxicity of melittin at the synergistic concentrations was assessed by MTT. Besides, to monitor the effect of the entry of melittin into the bloodstream, the hemolysis rate of human Red Blood Cells (RBCs) was assessed at the synergistic concentrations. Finally, coagulation effects of melittin at the synergistic concentrations was assessed by prothrombin time (PT) and partial thromboplastin time (PTT).


MTT Assay for Melittin

The cytotoxicity of melittin (at the MIC, MBC, and the best selected synergistic concentrations) was assessed by MTT assay, as previously described (Akbari et al., 2019). In brief, the HEK-293 cells were cultured in the DMEM medium supplemented with 10% Fetal-Calf Serum (FCS) and antibiotics (100 U/mL streptomycin, and 100 U/mL penicillin). Then, the cells were with 5% CO2 and 95% humidity incubated at 37°C. In brief, the cells were seeded at a density of 4 × 104 cells/well and incubated for 24 h. Melittin at concentrations of 0.004, 0.009, 0.019, 0.039, 0.156, 2.5, and 5 μg was added to the wells of microplate and incubated at 37°C for 24 h. Next, 20 μL of MTT stock solution (5 mg/ml) was added to each well and incubated for 4 h. The supernatants were then discarded followed by the addition of 100 μL of DMSO to the wells. The absorbance of the wells was measured at a wavelength of 570 nm using a microplate spectrophotometer (Synergy™ HTX Multi-Mode Microplate Reader-BioTek Co., United States). All experiments were conducted in triplicate. The percentage of cell survival was calculated according to the following formula:
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Hemolytic Activity of Melittin

For the survey of hemolytic activity, melittin at the MIC, MBC, and the best selected synergistic concentrations was used according to the previously described method (Zarrinnahad et al., 2018). In summary, human RBCs (hRBCs) were obtained from an individual participant, who signed the informed consent for venipuncture procedure, into a glass tube containing heparin and harvested by centrifugation. After separation, 200 μl of packed erythrocytes were re-dispersed in 9.8 ml of PBS (0.08 M NaCl, 0.043 M Na2HPO4, 0.011 M KH2PO4), at pH 7.4 to get a 2% suspension of erythrocytes. The fresh hRBCs were rinsed thrice and resuspended in PBS (pH 7.4) to yield a 2% (v/v) erythrocytes/PBS suspension. In this regard, heparinized blood from a healthy volunteer was collected, centrifuged at 3,500 × rpm for 10 min, and washed with PBS (0.08 M NaCl, 0.043 M Na2HPO4, 0.011 M KH2PO4) three times, and the supernatant was discarded and 2% RBCs suspension prepared with PBS, and then 100 μL of this 2% RBC suspension was transferred to a 96-well microplate.

Then melittin at concentrations of 0.004, 0.009, 0.019, 0.039, 0.156, 2.5, and 5 μg was added to the RBCs, and the microplate was incubated at 37°C for 2 h and then centrifuged at 3,000 × rpm for 10 min. One hundred μl of supernatant from each well was moved gently to a new 96-well microplate and the OD of liberated hemoglobin was detected at 540 nm with a microplate spectrophotometer (Synergy™ HTX Multi-Mode Microplate Reader-BioTek Co., United States). The results were compared with the positive control (100 μL RBC and 100 μL Triton X-100 1%) and negative control (100 μL RBC and 100 μL PBS), and all experiments were performed in triplicate. Finally, the percent of hemolysis for melittin was determined by the following formula: [(OD sample-OD negative control)/(OD positive control-OD negative control)] × 100(Zarrinnahad et al., 2018).



Determination of Coagulation Effects on Human Plasma

Effect of melittin alone and in synergistic concentrations with vancomycin and rifampin on extrinsic and intrinsic pathways of coagulation were evaluated in human plasma by PT and partial PTT, respectively. To confirm the health situations of the donor, PT and PTT assays were performed and controlled with standard control reagent recommended by the manufacturer (Fisher Scientific Co., United States).

Briefly, PT assay was done as follow: Plasma was collected from a healthy donor, and different amounts of melittin (0.004, 0.009, 0.019, 0.039, 0.156, 2.5, and 5 μg) were added to citrated plasma (100 μL) and incubated for 5 min at 37°C in a water bath. Thromboplastin-D (200 μL) was then added, and clotting time was registered by a digital timer. Citrated plasma and PT control reagent were used as normal control. Additionally, PTT assay was done as follows: different amounts of melittin (0.004, 0.009, 0.019, 0.039, 0.156, 2.5, and 5 μg) were added to 100 μL of citrated plasma and incubated for 5 min at 37°C. One hundred μL of a PTT reagent was then added and mix, and then 100 μL of 0.1 M calcium chloride was added and clotting time was registered by a digital timer. Citrated plasma and PTT control reagent were also used as a control.




Calculation of Therapeutic Index of Melittin

The therapeutic index was calculated according to Memariani et al. (Chen et al., 2005) with major modification as the ratio of the minimum hemolytic concentration to MBC of melittin alone or combination with antibiotics.



Statistical Analysis

The GraphPad Prism (version 9) was used for the statistical analyses. In this regard, a paired-sample T-test was applied to analyze the statistical significance between melittin and melittin-antibiotic combinations in terms of antibacterial activities, as well as between the FIC and FBC indices. Besides, the one-way ANOVA was utilized to compare the differences in survival percent of the HEK-293 between various concentrations of melittin and the control. Quantitative data of the MIC and MBC in each antimicrobial agent were statistically represented as a minimum, maximum, median, and range. The results are generally expressed as the means and standard deviation (SD) unless otherwise indicated. All the statistical analyses were performed at a CI of 95%, and the statistical significance was set at the p-value < 0.05.




RESULTS


MRSE Isolates

In the present study, the result of the antibacterial susceptibility pattern of S. epidermidis isolates toward cefoxitin, and oxacillin showed that 72.1% (n = 70) of S. epidermidis isolates were detected as MRSE. In particular, 78.2% (n = 36), 73.3% (n = 11), 64.2% (n = 9), 64.7% (n = 11), and 60% (n = 3) of blood, wound, urine, catheter, and sputum derived isolates were methicillin-resistant, respectively.



Disk Diffusion, and MDR S. epidermidis Isolates

According to the result of the disk diffusion method, the antibiotic resistance rate of S. epidermidis isolates toward erythromycin, trimethoprim-sulfamethoxazole, penicillin, tetracycline, clindamycin, and gentamicin was 75, 55, 95, 30, 30, and 20%, respectively. Besides, all S. epidermidis isolates were susceptible to linezolid. Also, 5, 5, 5, and 15% of isolates were intermediated for erythromycin, tetracycline, clindamycin, and gentamicin antibiotics, respectively. The highest and lowest rates of antibiotic resistance were related to penicillin (95%), and linezolid (0%), respectively. In all, 70% (n = 14) of S. epidermidis isolates were MDR. Further details of the antibacterial susceptibility pattern of S. epidermidis isolates are shown in Table 1.


TABLE 1. Antimicrobial susceptibility test in Staphylococcus epidermidis isolates.
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MIC, MBC, and MBC/MIC Ratio

The findings indicated that melittin inhibited the growth of all S. epidermidis isolates, with MIC values ranging from 0.312 to 2.5 μg/ml. Besides, the results also showed the bactericidal activity for melittin against all S. epidermidis isolates, with MBC values ranging from 0.312 to 5 μg/ml. The geometric means of MIC values of melittin, vancomycin, and rifampin for S. epidermidis isolates were 1.85, 7.3, and 102.5 μg/ml, respectively. The geometric means of the MBC values of melittin, vancomycin, and rifampin for all S. epidermidis isolates were 2.85, 8.6, and 103.25 μg/ml, respectively. On the other hand, the MIC50 values for melittin, rifampin, and vancomycin were 2.5, 0.125, and 8 μg/ml, respectively, and also, MBC50 values for melittin, rifampin, and vancomycin, were 2.5, 1, and 8 μg/ml, respectively. The MIC90 values for melittin, rifampin, and vancomycin were 2.5, 0.25, and 16 μg/ml, respectively. And also, MBC90 values for melittin, rifampin, and vancomycin, were 5, 2, and 16 μg/ml, respectively. In addition, 45% of isolates were susceptible to vancomycin while 50% of isolates were intermediated (MIC equal to 8–16 μg/ml) to vancomycin, and, unfortunately, we found one vancomycin-resistant MDR-MRSE isolate with MIC equal to 32 μg/ml. Most importantly, our results found rifampin had the MIC range equal to 0.00156- > 1,024 μg/ml. Besides, 10% (n = 2) of isolates were resistant to rifampin with MIC higher than 1,024 μg/ml. The geometric means MBC/MIC ratios for vancomycin, rifampin, and melittin were 1.31, 8.41, and 1.41 μg/ml. Further details are displayed in Table 2 and Figures 1, 2.


TABLE 2. MBC/MIC ratios for vancomycin, rifampin, and melittin against Staphylococcus epidermidis.
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FIGURE 1. Minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC) values for vancomycin, rifampin, and melittin against Staphylococcus epidermidis. In panel (A), MIC value of rifampin was higher than 1,024 μg/ml for MRSE 1 and MRSE 4 but was not shown due to the space of the graph. In (B), MBC value of rifampin was higher than 1,024 μg/ml for MRSE 1 and MRSE 4 but was not shown due to the space of the graph. ATCC, American Type Culture Collection; DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkulturen, MRSE, methicillin-resistant S. epidermidis; MSSE, methicillin sensitive S. epidermidis.
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FIGURE 2. Frequency distribution of MIC and MBC in Staphylococcus epidermidis isolates toward vancomycin, rifampin, and melittin. MIC, Minimum inhibitory concentration; MBC, minimum bactericidal concentration.




Measurement of Synergistic Effects

In the present study, we applied the modified microbroth dilution method to assess the antimicrobial agent interactions by calculating FICi and FBCi values which represent the interaction coefficients. These values indicate whether the combined inhibitory and bactericidal effects of drugs are synergistic, additive, indifferent, and/or antagonistic against selected isolates. In general, combination indexes based on FIC values for melittin–rifampin, and melittin-vancomycin against all isolates were 0.5, and 0.34, respectively. The geometric means of FICi for various melittin–rifampin synergistic concentrations for MDR-MRSE 1, Non-MDR-MRSE 4, ATCC 35984, Non-MDR-MSSE 1, and MDR-MRSE 8 isolates were calculated as 0.24, 0.24, 2, 0.56, and 0.52, respectively (Table 3). The geometric means of FICi for various melittin–vancomycin synergistic concentrations for MDR-MRSE 1, Non-MDR-MSSE 1, MDR-MRSE 8, MDR-MRSE 5, and ATCC 35984 were calculated as 0.32, 0.31, 0.39, 0.3, and 0.42, respectively (Table 4). An unpaired sample t-test showed a significant difference between the MIC values of melittin alone and melittin–vancomycin, and melittin–rifampin combinations against MRSE isolates (p < 0.0001).


TABLE 3. The best synergistic concentrations of Rifampin-Melittin based on MIC against selected isolates.
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TABLE 4. The best synergistic concentrations of Vancomycin-Melittin based on MIC against selected isolates.
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In particular, based on MIC values, in the two highly rifampin-resistant isolates, MDR-MRSE 1, and Non-MDR-MRSE 4, the maximum synergistic effect with a FICi = 0.12 was found for 128, and 0.0049 μg/ml of rifampin and melittin, respectively, which their MIC values was decreased > 8- and 255.1-fold, respectively. For the MDR-MRSE 8, the maximum synergistic effect with a FICi = 0.31 was found for 0.156, and 0.0312 μg/ml of melittin, and rifampin, respectively, which their MIC values were decreased 4- and 16-fold and, respectively. For the Non-MDR-MSSE 1, the maximum synergistic effect with a FICi = 0.5 was found for 0.0049, and 0.03125 μg/ml of melittin, and rifampin, respectively, which their MIC values were decreased by 2- and 255-fold and, respectively. Interestingly, the S. epidermidis ATCC 35984 did not have synergistic effects for all concentration ranges. However, for this strain, the MIC value of the combined form of melittin was decreased 510-fold.

Besides, based on MIC values, for the vancomycin-intermediate MDR-MRSE 1, the maximum synergistic effect with a FICi = 0.12 was found for 0.0049, and 2 μg/ml of melittin, and vancomycin, respectively, which their MIC values were decreased 255- and 8-fold, respectively. For the vancomycin-resistant MDR-MRSE 5, the maximum synergistic effect with a FICi = 0.0.09 was found for 0.039, and 2 μg/ml of melittin, and vancomycin, respectively, which their MIC values were decreased 32- and 16-fold, respectively. For the vancomycin-sensitive S. epidermidis ATCC 35984, the maximum synergistic effect with a FICi = 0.18 was found for 0.0049, and 0.5 μg/ml of melittin, and vancomycin, respectively, which their MIC values were decreased 510- and 4-fold, respectively. For the vancomycin-intermediate MDR-MRSE 8, the maximum synergistic effect with a FICi = 0.15 was found for 0.078, and 1 μg/ml of melittin, and vancomycin, respectively, which their MIC values were decreased 32- and 8-fold, respectively. For the vancomycin-sensitive Non-MDR-MSSE, the maximum synergistic effect with a FICi = 0.13 was found for 0.0049, and 0.5 μg/ml of melittin, and vancomycin, respectively, which their MIC values were decreased by 127.5- and 8-fold, respectively.

Most importantly, the interactions of melittin–rifampin and melittin–vancomycin combinations based on MBC values were evaluated at various ranges against selected isolates. In general, combination indexes based on FBC values for melittin–rifampin, and melittin-vancomycin against all isolates were 0.34, and 0.33, respectively. In this regard, the geometric means of FBCi for various melittin–rifampin synergistic concentrations for MDR-MRSE 1, Non-MDR-MSSE 1, MDR-MRSE 8, Non-MDR-MRSE 4, and ATCC 35984 strains were calculated as 0.24, 0.44, 0.3, 0.24, and 0.68, respectively (Table 5). Besides, the geometric means of FBCi for various melittin–vancomycin synergistic concentrations for MDR-MRSE 1, Non-MDR-MSSE 1, MDR-MRSE 8, MDR-MRSE 5, and ATCC 35984 strains were calculated as 0.33, 0.27, 0.42, 0.36, and 0.3, respectively (Table 6). An unpaired sample t-test showed a significant difference between MBC values of melittin alone and melittin–vancomycin, and melittin–rifampin combinations against MRSE isolates (p = 0.0003).


TABLE 5. The best synergistic concentrations of Rifampin-Melittin based on MBC against selected isolates.
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TABLE 6. The best synergistic concentrations of Vancomycin-Melittin based on MBC against selected isolates.
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In particular, for the MDR-MRSE 1, and Non-MDR-MRSE 4, the maximum synergistic effect with an FBCi = 0.12 was found for 0.0049, and 128 μg/ml of melittin, and rifampin, respectively, which their MBC was decreased 255- and > 8-fold, respectively. For the MDR-MRSE 8, the maximum synergistic effect with an FBCi = 0.07 was found for 0.039, and 0.0625 μg/ml of melittin, and rifampin, respectively, which their MBC was decreased 64- and 16-fold, respectively. Besides, an unpaired sample t-test showed a significant difference between the FICi and FBCi of melittin–rifampin against MDR-MRSE 8 (p = 0.0063). For S. epidermidis ATCC 35984, the maximum synergistic effect with an FBCi = 0.53 was found for 0.156, and 0.0312 μg/ml of melittin, and rifampin, respectively, which their MBC was decreased 32- and 2-fold, respectively. Besides, an unpaired sample t-test showed a significant difference between the FICi and FBCi of melittin–rifampin against the ATCC 35984 (p < 0.0001). For the MSSE 1, the maximum synergistic effect with FBCi = 0.18 was found for 0.156, and 0.0312 μg/ml of melittin, and rifampin, respectively, which their MBC was decreased 8- and 16-fold, respectively.

The interactions of melittin–vancomycin based on MBC values against selected isolates showed that for the MDR-MRSE 1, the maximum synergistic effect with FBCi = 0.13 was found for 0.009, and 2 μg/ml of melittin, and vancomycin, respectively, which their MBC was decreased 138.8- and 8-fold, respectively. For the MDR-MRSE 5, the maximum synergistic effect with FBCi = 0.14 was found for 0.019, and 4 μg/ml for melittin, and vancomycin, respectively, which their MBC was decreased 65.7- and 8-fold, respectively. For the MDR-MRSE 8, the maximum synergistic effect with FBCi = 0.18 was found for 0.156, and 1 μg/ml of melittin, and vancomycin, respectively, which their MBC was decreased 16- and 8-fold, respectively. For the S. epidermidis ATCC 35984, the maximum synergistic effect with FBCi = 0.12 was found for 0.0049, and 0.5 μg/ml of melittin, and vancomycin, respectively, which their MBC was decreased 1,020- and 8-fold, respectively. Besides, an unpaired sample t-test showed no significant difference between the FICi and FBCi of melittin–vancomycin against the ATCC 35984 (p = 0.0668). Finally, for the Non-MDR-MSSE 1, the maximum synergistic effect with FBCi = 0.12 was found for 0.0049, and 0.5 μg/ml of melittin, and vancomycin, respectively, which their MBC was decreased 255- and 8-fold, respectively.



Serum, and Salt Stability Test for Melittin

To survey the stability of melittin, the antibacterial activity of this peptide against selected strains, and S. epidermidis ATCC 35984 was determined. MIC of melittin after the encounter to serum for ATCC 35984, MDR-MRSE 1, Non-MDR-MSSE 1, Non-MDR-MRSE 4, MDR-MRSE 5, and MDR-MRSE 8 were 5, 1.25, 1.25, 2.5, 2.5, and 2.5 μg/ml, respectively. In this regard, a paired sample t-test showed no significant difference in the MIC of melittin between standard conditions and serum conditions (p > 0.05). Besides, MIC of melittin after the encounter with NaCl, and MgCl2 for ATCC 35984, MDR-MRSE 1, Non-MDR-MSSE 1, Non-MDR-MRSE 4, MDR-MRSE 5, and MDR-MRSE 8 were 2.5, 1.25, 0.625, 1.25, 1.25, and 2.5 μg/ml, respectively. In this regard, the sample t-test showed no significant difference between the MIC of melittin between standard conditions and NaCl, and MgCl2 conditions (p > 0.05).

On the other hand, MBC of melittin after serum for ATCC 35984, MDR-MRSE 1, Non-MDR-MSSE 1, Non-MDR-MRSE 4, MDR-MRSE 5, and MDR-MRSE 8 were 10, 2.5, 1.25, 2.5, 1.25, and 5 μg/ml, respectively. In this regard, a paired sample t-test showed no significant difference between the MBC of melittin between standard conditions and serum conditions (p = 0.0822). Besides, MBC of melittin after the encounter with NaCl, and MgCl2 for ATCC 35984, MDR-MRSE 1, Non-MDR-MSSE 1, Non-MDR-MRSE 4, MDR-MRSE 5, and MDR-MRSE 8 were 5, 1.25, 1.25, 1.25, 1.25, and 2.5 μg/ml, respectively. Further details are depicted in Table 7. In this regard, the sample t-test showed no significant difference between the MBC of melittin between standard conditions and NaCl, and MgCl2 conditions (p > 0.05).


TABLE 7. Minimum inhibitory concentrations, and minimum bactericidal concentrations of melittin after encounter to serum and salts against selected Staphylococcus epidermidis strains.
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Cytotoxicity Assays

The cytotoxicity results showed that melittin at concentrations of 5, 2.5, 0.156, 0.039, 0.019, 0.009, and 0.004 μg/ml caused 85.9, 69.4, 3.5, 0, 0, 0, and 0% toxicity on HEK-293 cell, respectively (Figure 3). The paired sample t-test showed no significant difference between the survival rate of the synergistic concentrations of melittin and control (p = 0.37, and p = 0.08, respectively). Notably, the IC50 for melittin was 1.42 μg/ml.


[image: image]

FIGURE 3. Toxicity of melittin alone and in synergistic concentrations toward human embryonic kidney (HEK) 293 cells.




Hemolytic Activity

Hemolytic activity of melittin at the concentration of 5 and 2.5 μg/ml was 91.6 and 80.5%, respectively, whereas melittin at the synergistic concentrations of 0.156, 0.039, 0.019, 0.009, and 0.004 μg/mL showed 6, 0, 0, 0, and 0% hemolysis on human RBCs (Figure 4). Also, the HD50 (a concentration causing 50% hemolysis of RBCs) of melittin was 1.48 μg/ml.
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FIGURE 4. Hemolysis of melittin alone and in synergistic concentrations toward human Red blood cells (RBCs). PC, positive control; NC, negative control.




Determination of Coagulation Effects on Human Plasma

Coagulation effects of melittin in 0.004, 0.009, 0.019, 0.039, 0.156, 2.5, and 5 μg concentrations on extrinsic and intrinsic pathways were evaluated in human plasma by PT and PTT assays, respectively. In this regard, no coagulation activity was seen in PT and PTT assays. Besides, one-way ANOVA showed no significant difference between the PT and PTT of melittin at various doses and control (p > 0.05).



Therapeutic Index of Melittin

The therapeutic index was calculated for melittin alone and at synergistic concentrations with antibiotics. The therapeutic index was 0.57, 7.31, and 18.29 for melittin alone, melittin-rifampin, and melittin-vancomycin, respectively.




DISCUSSION

Opportunistic infections caused by MRSE strains could be more complicated when they are resistant to other antibacterial drugs (Mirzaei et al., 2019). It has been found that most of these MRSE strains are MDR, and the emergence of MRSE with resistance to vancomycin is particularly of concern (Miragaia et al., 2002; Koch et al., 2020).

In our study, antimicrobial susceptibility patterns of MRSE isolates showed a high level of antibacterial resistance (Table 1). In particular, the antibiotic resistance rates toward erythromycin, trimethoprim-sulfamethoxazole, penicillin, tetracycline, clindamycin, and gentamicin were 75, 55, 95, 30, 30, and 20%, respectively. Among all MRSE isolates, the highest antibiotic resistance of the isolates was against penicillin, followed by erythromycin. The resistance rate to erythromycin was 75%, which is close to previous studies (Kresken et al., 2004; Mirzaei et al., 2019). Similar to a study performed by Wang et al. (2016), our findings indicated that erythromycin and penicillin were the most antibacterial agents that MRSE isolates were resistant to. The resistance rate toward tetracycline was 30%, which is lower than the results of Chabi et al. (Chabi and Momtaz, 2019), and Najar-Peerayeh et al. (2014). Linezolid is highly effective against S. epidermidis, however, Linezolid-resistant S. epidermidis (LRSE) strains are increasingly observed in some countries (Barros et al., 2014; Bender et al., 2015; Karavasilis et al., 2015; Kosecka-Strojek et al., 2020). We found that all MRSE isolates were susceptible to linezolid, which is consistent with other reports published in Iran (Najar-Peerayeh et al., 2014; Farajzadeh Sheikh et al., 2019). Several studies reported linezolid susceptibility in Coagulase-negative Staphylococci (CoNS) and S. aureus (De Vecchi et al., 2018; Pereira et al., 2020). However, there are few reports on linezolid resistant S. aureus in Iran (Rahimi et al., 2013; Shirvani et al., 2018). Therefore, it should be noted the hazard of linezolid prescription in outpatient cases without obvious indication can increase the potential transmission of its resistance gene into S. epidermidis strains. Currently, MDR-MRSE infections have become a major challenge (Miragaia et al., 2007; Ibrahem et al., 2008; Li et al., 2009). In the current study, 70% of isolates were MDR-MRSE which is higher than other reports (Wang et al., 2016; Mirzaei et al., 2019). A previous report published by our team showed that 49.5% of the MRSE isolates were MDR (Mirzaei et al., 2019), and also, Wang et al. (2016) reported 42.6% MDR-MRSE strains in their study.

The high rate of methicillin resistance in Staphylococci has led to the use of antibiotics, such as vancomycin, for the treatment of Staphylococci-associated infections (Mirzaei et al., 2019). However, the resistance to this drug has been reported in CoNS (Schwalbe et al., 1987; Del’alamo et al., 1999). This is a matter of concern because few other options are currently available for the treatment of Staphylococcal infections. In the present study, 50% of isolates showed intermediate resistance (MIC values in a range of 8–16 μg/ml) to vancomycin, and, on top of this, we found one VRSE isolate with a value MIC of 32 μg/ml. Our study is the first report that identified VRSE in Iran. However, strains with decreased susceptibility and resistance to this antibiotic have been found in other countries (Sieradzki et al., 1998; Tacconelli et al., 2001; Nunes et al., 2006). Our results indicated that isolates had an MIC50 value of 8 μg/ml against vancomycin. Besides, tolerance to vancomycin has been found in CoNS and S. aureus in particular in complicated infections, such as endocarditis, and osteomyelitis especially in immunocompromised patients (Traczewski et al., 2009). In the present study, tolerance to vancomycin was not observed. Most importantly, our results found MIC values in a range between 0.00156 and > 1,024 μg/ml for rifampin, and 10% of rifampin resistance with MIC value higher than 1,024 μg/ml is in agreement with other reports (Najar-Peerayeh et al., 2014). The present report is the first report of MRSE with highly decreased susceptibility to rifampin in Iran. Rifampin is active against Staphylococcal biofilm-associated infections, presumably because of its activity against slow-growing organisms (Wi et al., 2018). However, it has been found that rifampin resistance is easily selected in Staphylococci following exposure to low concentrations of rifampin (Wi et al., 2018). In the present study, interestingly, based on the MIC and MBC values of melittin, it was found that all isolates were susceptible to it. The MIC and MBC values of melittin against all isolates were in a range of 0.312–2.5 μg/ml and 0.312–5 μg/ml, respectively. In this line, MIC and MBC values of melittin against rifampin-resistant-MDR-MRSE 1, -Non-MDR-MRSE 4, and vancomycin-resistant-MDR-MRSE 5 were 1.25 μg/ml. Comparing the antibacterial findings of melittin against methicillin-resistant S. aureus (MRSA) and Staphylococcus haemolyticus in Choi et al. (2015) and Galdiero et al. (2019) indicated a similar finding to our findings.

The overuse of antibiotics in the healthcare systems led to the worldwide spread of antibacterial drug resistance (Sheard et al., 2019). It was previously predicted that annually 10 million people could die from antibacterial drug-resistant associated infections by 2050, however, such prediction can be changed and shortened due to the devastating impact of the Coronavirus disease 2019 (COVID-19) pandemic on the over usage of antibiotics in healthcare systems (Mirzaei et al., 2020). The problem of antimicrobial resistance is especially urgent regarding antibiotic resistance in bacteria (Prestinaci et al., 2015). Regarding this critical situation, AMPs have been described and proposed by Michael Zasloff, Robert E. W. Hancock, and others as a promising approach for the treatment of resistant bacteria (Hancock and Lehrer, 1998; Zasloff, 2002, 2006; Lakshmaiah Narayana and Chen, 2015; Ruden et al., 2019; Zharkova et al., 2019). Furthermore, new resistant strains will inevitably emerge again as the widespread use and misuse of novel drugs with a single target of action (Shang et al., 2019). Combination therapies have been also widely applied toward MDR bacterial infections. It has been demonstrated that AMPs in combination form can allow conventional antibiotics to be more effective toward resistant superbugs (Santos et al., 2021). The combination of AMPs with antibiotics also improves the antibacterial effects of peptides and reduces their toxicity against host cells (Shang et al., 2019). Shang et al. (2019) revealed the synergistic activity of five commercially available antibiotics in combination with AMPs against MDR-MRSE. The synergistic activity of melittin with several antibiotics has been addressed against Acinetobacter baumannii, and Pseudomonas aeruginosa (Issam et al., 2015; Akbari et al., 2019).

In the present study, the combination of melittin–rifampin, and melittin-vancomycin was evaluated based on MIC values at various ranges against the selected isolates. The geometric means of the FICi for various melittin–rifampin synergistic concentrations against MDR-MRSE 1, Non-MDR-MRSE 4, ATCC 35984, Non-MDR-MSSE 1, and MDR-MRSE 8 were calculated as 0.24, 0.24, 2, 0.56, and 0.52, respectively (Table 3). The geometric means of the FICi for various melittin–vancomycin synergistic concentrations against MDR-MRSE 1, Non-MDR-MSSE 1, MDR-MRSE 8, MDR-MRSE 5, and ATCC 35984 were calculated as 0.32, 0.31, 0.39, 0.3, and 0.42, respectively (Table 4). The combinatorial therapeutic approach can be employed to the enhancement of the inhibitory and bactericidal activity and, more precisely, to prevent the emergence of bacterial resistant mutants in the treatment course (Gopal et al., 2014). In our study, melittin showed a remarkable synergistic effect when combined with vancomycin and rifampin against MDR-MRSE isolates. Pereira et al. (Marques Pereira et al., 2020) reported that the combination of melittin with oxacillin showed synergistic activity with bactericidal effects on MRSA strains. In a pioneer study carried out by Akbari et al. (2019), they showed the highly synergistic effects of melittin with doripenem and ceftazidime antibiotics against MDR-A. baumannii and –P. aeruginosa. Besides, in a study performed by Zarghami et al. (2021a), the synergistic activity of melittin against MRSA isolates was found when combined with oxacillin and vancomycin. In the present study, it is worth mentioning that the MIC values of vancomycin and rifampin in combination with melittin in some combined concentrations were not altered, resulting in indifferent and/or antagonism interactions between melittin and the examined antimicrobial agents.

Most importantly, we evaluated the interaction between antimicrobial agents based on their MBC values, and hence, FBCi was determined. This index is very critical for analyzing the combination of antibacterial agents because the concentration for eradication of drug-resistant bacteria is MBC concentration and not MIC, but this point has been ignored in all studies performed to date. The geometric means of the FBCi for various melittin–rifampin concentrations against MDR-MRSE 1, Non-MDR-MRSE 4, Non-MDR-MSSE 1, MDR-MRSE 8, and ATCC 35984 were calculated as 0.24, 0.44, 0.3, 0.24, and 0.68, respectively (Table 5). Besides, the geometric means of the FBCi for various melittin–vancomycin concentrations against MDR-MRSE 1, Non-MDR-MSSE 1, MDR-MRSE 8, MDR-MRSE 5, and ATCC 35984 were calculated as 0.33, 0.27, 0.42, 0.36, and 0.3, respectively (Table 6). An unpaired sample t-test showed a significant difference between the MBC of melittin alone and in combination with antibiotics against MRSE isolates (p < 0.0001).

By means of the determination of FICi and FBCi for antimicrobial agents, the precise information about their bacteriostatic and bactericidal effects can be deduced in combination. In the present study, the difference between the bactericidal and inhibitory properties of antimicrobial agents in the synergistic form was smaller than in the single form. For bactericidal agents whose MIC and MBC are equal, the FIC indices can be predictive of FBC indices and bactericidal synergy. As mentioned above, the MBC is the concentration for the killing of bacteria, and FBC based on MBC should be determined, so we suggest researchers determine FICi and FBCi simultaneously when evaluating the combination of antibacterial agents.

In this regard, a study by Mackay et al. (2000) found that synergy by FIC index predicted synergy by FBC index at only 67% of antibiotic-combination assays. In summary, they found a good reproducibility of the chequerboard technique and a good correlation between FIC and FBC indices when all tests are performed simultaneously in the same system.

Besides, our results also showed that interactions of melittin–rifampin combinations are strain-dependent and the maximum of synergism was found in rifampin-resistant strains whilst rifampin susceptible strains synergism was weakly found and, even, in very susceptible-strain, antagonism was found. One of our results of this study was addressed the following question: Can synergism and antagonism be found with a given pair of antibacterial agents depending upon the relative proportion of them in the mixture? In this regard, the quantitative data of the present work answered this question. Our results also showed that the interaction of melittin–rifampin combinations is concentration-dependent, which for providing highly synergism effects in combined antimicrobial agents, the best formulation of them was needed. Our results showed that when the ranges of concentrations of pairs of antibacterial agents are studied, it is possible that just a narrow range can show synergistic in their action. Besides, in resistant bacterial isolates, the additive, and synergistic concentration ranges are wider than the sensitive isolates (Gunnison et al., 1953). In conclusion, this study presented a modified chequerboard technique and confirmed a significant correlation between FIC and FBC indices for bactericidal agents whilst it is not good predictive when one of the pairs is a bacteriostatic agent. Taken together, our results are interesting in particular for in vivo research because the higher doses of antimicrobial agents must be administrated to eradicate the infection that prevents the recurrence although they increase the side effects on the host. Finally, these findings can change the required dosages for clinical trials and be helpful in therapies.

It has been noted that melittin binds to bacterial membranes and produces pores, resulting in osmotic bacterial lysis (Bevalian et al., 2021). Interestingly, the induced synergism of melittin with vancomycin and rifampin is most likely related to their site of action on the bacterial membrane, cell wall, and RNA polymerase. Melittin disrupts the integrity of the cell membrane and creates pores that likely facilitate the penetration of rifampin and vancomycin inside the bacteria, and at the next step, rifampin causes the inhibition of bacterial growth through the inhibition of RNA polymerase (Lee et al., 2013; Światły-Błaszkiewicz et al., 2020). And also vancomycin causes death in bacteria via the inhibition of the synthesis of the bacterial cell wall (Zarghami et al., 2021a). These data are in agreement with the results of Zarghami et al. (2021a) which showed synergism between melittin and vancomycin.

In the present study, although the antibacterial activity of melittin against S. epidermidis strains was reduced in MHB containing human serum, it was still completely active to inhibit and kill the bacterial cells at low doses (Table 7). In this regard, no significant difference was found between MIC, and MBC doses of melittin in MHB and MHB containing 10% human serum (p = 0.0599, and p = 0.0822, respectively). It should be noted that anionic proteins, such as albumin, can bind to melittin, reducing their availability, and/or to the bacterial surface, and masking the peptide-binding sites may be one reason for the reduction of antibacterial activity as previously found for other AMPs like PV3, and human beta-defensin-3 (HbetaD-3) (Maisetta et al., 2008; Memariani et al., 2016). Besides, in the present study, in the presence of salt or serum, the MIC and MBC doses of melittin against all S. epidermidis strains ranged from 0.625 to 10 μg/ml. Compared with the standard condition, there was not seen any decrease in antibacterial activity, including the MIC, and MBC of melittin against strains under 150 mM NaCl and 1 mM MgCl2 (p > 0.99), showing that melittin has full stability in MHB containing salts. Our result is in accordance with Memariani et al. (2016) that found peptide PV3 does not have significant differences between MIC, and MBCs of PV3 in MHB and MHB containing 10% human serum, 150 mM NaCl, and 1 mM MgCl2. Conversely, some studies reported that salts can reduce the activity of some AMPs (Uccelletti et al., 2010; Xu et al., 2014).

Apart from the prevention of the emergence of drug resistance mutant, another aim of combination therapy is to achieve greater efficacy utilizing lower-dose combinations compared with higher-dose monotherapy approaches, and in this regard, various studies of greater efficacy displayed by compound combinations toward monotherapy have been performed (Zimmermann et al., 2007; Ejim et al., 2011; Tamma et al., 2012). This can potentially cause a lower risk of side effects of antibacterial agents and, a better quality of life for patients (Patel and Saravolatz, 2006). In this study, to provide insight into potential cell toxicity, we tested the cytotoxicity of melittin at synergism concentrations using the MTT assay on the HEK-293 cell line. The results showed that synergistic concentrations of melittin were needed to kill bacterial isolates no considerable cytotoxicity was observed after 24 h, whilst this peptide showed 85.9% toxicity when used alone (Table 7 and Figure 2). On the other hand, the reduction of the dosage of vancomycin and rifampin in combination with melittin can decrease their side effects particularly in patients with renal impairment. Increased drug clearance results in lower drug concentrations, while decreased drug clearance leads to higher drug concentrations and thus higher drug efficacy. To avoid tissue injury, when drug clearance is significantly decreased, the dose of renally cleared drugs should usually be diminished in patients with renal disease. According to our results, induced synergism between melittin and antibiotics led to a decrease in the required concentrations of melittin, rifampin, and vancomycin by 8–1,020-fold, 2–16-fold, and 4–16-fold, respectively. These results are in accordance with the cytotoxicity results reported by Akbari et al. (2019). This phenomenon represents that the combination of melittin with vancomycin and rifampin could be a potential candidate for the treatment of infections caused by MDR-MRSE.

It has been noted that melittin can intercalate into the membrane of human RBCs (Światły-Błaszkiewicz et al., 2020). Many studies have found that melittin is involved in the disruption of phospholipids packaging in the lipid bilayer, pore formation, membrane protein aggregation, and lysis (Światły-Błaszkiewicz et al., 2020). The present study provided insight into the hemolytic activity of melittin alone and in synergistic concentrations on human RBCs. Melittin did not show hemolytic activity in synergistic concentration, whereas this peptide showed 96% hemolytic activity when used alone (Figure 3). These findings are in accordance with the results obtained by Zarghami et al. (2021a) who found that melittin had no hemolytic effect at the low concentrations. In the present study, no coagulation activity was found for synergistic and alone concentrations of melittin in both PTT and PT assays (Figure 4), and ANOVA showed no significant difference between the PT and PTT of melittin at various melittin concentrations and control (0 > 0.05). These results are in accordance with previous reports that peptides, such as LL-37 (the C-terminal peptide of human cathelicidin AMP) and Polymyxin B, do not affect the plasmatic coagulation of heparinized and citrate containing plasma [74]. Finally, our findings showed that the therapeutic index of melittin was improved 32.08- and 12.82-fold when combined with vancomycin and rifampin, respectively. The highest therapeutic index was found for melittin when combined with vancomycin. The therapeutic index could be increased in one of the following three ways: increasing antimicrobial activity, decreasing hemolytic activity while maintaining antimicrobial activity, or a combination of both increasing antimicrobial activity and decreasing hemolytic activity (Chen et al., 2005).



CONCLUSION

Based on our findings, melittin was effective against MDR-MRSE isolates and this AMP also showed highly synergistic effects when combined with vancomycin and rifampin. This evidence provides hope for the treatment of the challenging rifampin-resistant, vancomycin-intermediate, and vancomycin-resistant MDR-MRSE isolates. The data also showed that the synergism of melittin-vancomycin was higher than that of melittin–rifampin. Furthermore, the highly induced synergism between melittin, vancomycin, and rifampin led to a decrease in their concentration so that the effective melittin concentrations needed to kill bacteria had no cytotoxicity, hemolytic, and coagulation activities. Accordingly, the therapeutic index of melittin was improved 32.08- and 12.82-fold when combined with vancomycin and rifampin, respectively. Interestingly, the antibacterial activity of melittin did not reduce encounter human serum. In summary, both combinations of melittin–vancomycin, and melittin–rifampin could be a useful strategy for the treatment of MDR-MRSE infections. The potential advantages of antimicrobial combination therapy include increased efficacy, prevention of the emergence of resistant strains, increased bactericidal activity, reduced side effects as well as a reduction in costs of treatment.
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ATCC, American Type Culture Collection; DSMZ, Deutsche Sammiung von Mikroorganismen und Zellkulturen, MRSE, methicillin-resistant S. epidermidis; MSSE, methicillin
sensitive S. epidermidis; R, resistant; I, intermediate; S, sensitive; FOX, cefoxitin; E, Erythromycin; TS, Trimethoprim-Sulfamethoxazole; F, Penicillin; TE, Tetracycline; CD,

Clindamycin; GM, Gentamicin; LZD, Linezolid; MDR, multidrug-resistant.
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FIC, fractional inhibitory concentration; MRSE, methicillin-resistant S. epidermidis; ATCC, American type culture collection; MSSE, methicillin-susceptible S. epidermidis;
Rif, rifampin; Mel, melittin; FIC, fractional inhibitory concentration. @ These isolates had the same MIC and MBC results, that way, the same synergism formulation was used,
and surprisingly, the same results were found again. bThe conventional serial dilution for the antibacterial agent interaction assessment has wide intervals for choosing
the concentrations needed to enter the antibacterial agents’ interaction, that way, we selected and used novel concentrations other than conventional serial dilutions. ©It
should be noted various synergism formulations were used for the survey of antibacterial agents’ interaction because of different MIC results for various selected isolates.
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ATCC, American Type Culture Collection;, DSMZ, Deutsche Sammliung von
Mikroorganismen und Zellkulturen, MRSE, methicillin-resistant S. epidermidis;
MSSE, methicillin sensitive S. epidermidis; Van, vancomycin;, MIC, minimum
inhibitory concentration; MBC, minimum bactericidal concentrations; RIif, ritampin,
Mel; melittin; MRSE, methicillin-resistant Staphylococcus epidermidis.
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FBC, fractional bactericidal concentration; MRSE, methicillin-resistant S. epidermidis; ATCC, American type culture collection; MSSE, methicillin-susceptible S. epider-
midis. *These isolates had the same MBC results, that way, the same synergism formulation was used, and surprisingly, the same results were found again. The best
synergistic bactericidal concentrations and their FBC indices for various isolates were bolded.
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MRSE 1 ATCC 35984 MRSE 5 MSSE 1 MRSE 8

Van + Mel (n g/ml) FIC Van + Mel FIC Van + Mel FIC (Van + Mel) FIC Van + Mel FIC
indices (ng/ml) indices (ng/ml) indices wg/mi indices (ng/ml) indices
8 +0.312 0.74 1+0.625 0.75 16+ 0.312 0.74 2 +0.156 0.74 4 +0.625 0.75
8 +0.156 0.62 1+0.312 0.62 16 + 0.156 0.62 1+0.312 0.74 4 +0.312 0.62
8 +0.078 0.55 1+0.156 0.56 16 + 0.078 0.55 1+0.156 0.49 4 +0.156 0.56
6 + 0.039 0.4 1+0.078 0.52 16 + 0.039 0.53 0.5 +0.312 0.62 4 +0.078 0.562
6 +0.019 0.39 1+ 0.039 0.51 14 + 0.019 0.45 0.5 +0.156 0.37 4 +0.039 0.51
6 + 0.009 0.38 1+0.019 0.5 14 + 0.009 0.44 0.5 +0.078 0.23 4 +0.019 0.5
6 + 0.004 0.37 1+ 0.009 0.5 14 + 0.004 0.44 0.5 +0.039 0.18 4 + 0.009 0.5
4 +0.625 0.75 1+ 0.004 0.5 10 + 0.625 0.81 0.5 +0.019 0.15 4 + 0.004 0.5
4 +0.312 0.49 0.5 +1.25 0.75 10+ 0.312 0.56 0.5 + 0.009 0.13 2+1.25 0.75
4 +0.156 0.37 0.5+ 0.625 0.5 10+ 0.156 0.43 0.5 + 0.004 0.13 2 +0.625 0.5
4 +0.078 0.3 0.5+ 0.312 0.37 10 + 0.078 0.36 — — 2 +0.312 0.37
4 +0.039 0.28 0.5+ 0.156 0.31 8 + 0.039 0.28 — — 2 +0.166 0.31
4 +0.019 0.26 0.5 +0.07 0.27 8+ 0.019 0.26 — — 2 +0.078 0.27
4 +0.009 0.25 0.5+ 0.039 0.26 8 + 0.009 0.25 — — 2 +0.039 0.26
4 +0.004 0.25 0.5+ 0.019 0.25 8 + 0.004 0.25 — — 2 +0.019 0.25
2 +0.625 0.62 0.5 + 0.009 0.25 4 +0.625 0.62 — — 2 + 0.009 0.25
2 +0.312 0.37 0.5 + 0.004 0.25 4 +0.312 0.37 — — 2 +0.004 0.25
2 +0.156 0.24 — — 4 +0.156 0.24 — — 1+1.25 0.62
2 +0.078 0.18 — — 4 +0.078 0.18 — — 1+0.625 0.37
2 +0.039 0.15 — — 4 +0.039 0.15 — — 1+0.312 0.24
2 +0.019 0.14 — — 4 +0.019 0.14 — — 1+0.156 0.18
2 +0.009 0.13 — — 4 + 0.009 0.13 — — 1+0.078 0.15
2 +0.004 0.12 — — 4 + 0.004 0.12 — — 0.5+1.25 0.56
— — 2 +0.625 0.56 — — 0.25+1.25 0.53
‘ = — 2+0.312 0.26 — = — —
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FIC, fractional inhibitory concentration; MRSE, methicillin-resistant S. epidermidis; ATCC, American type culture collection; MSSE, methicillin-susceptible S. epidermidis;
Van, vancomycin; Mel, melittin.
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Strains (n = 5) MIC (n g/ml)- MIC (n MIC (n g/ml)- MIC (n MBC (pn g/ml)- MBC (p MBC (n MBC (n

standard g/ml)-serum NaCl g/ml)-MgCl, standard g/ml)-serum g/ml)-NaCl g/ml)-MgCl,

condition condition
ATCC 35984 2.5 5 25 2:5 5 10 5 5
MDR-MRSE 1 1.25 1.25 1:25 1.25 1.25 25 1.25 1.25
Non-MDR-MSSE 1 0.625 1.28 0.625 0.625 1.25 1.28 1.25 1.25
Non-MDR MRSE 4 1.25 2.5 1.25 1.25 1.25 25 1.25 1.25
MDR-MRSE 5 1.25 2.5 1.25 1.25 1.25 1.25 1.25 1.25
MDR-MRSE 8 2.5 2:5 25 25 2.5 5 2.5 25

MIC, minimum inhibitory concentration; MBC, minimum bactericidal concentration; MRSE, methicillin-resistant S. epidermidis; ATCC, American type culture collection;
MSSE, methicillin-susceptible S. epidermidis; MDR, multidrug resistance.
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MRSE 1 ATCC 35984 MRSE 5 MSSE 1 MRSE 8

Van + Mel(p g/ml) FBC Van + Mel FBC Van + Mel(ng/ml) FBC Van + Mel FBC Van + Mel FBC
indices (ng/ml) indices indices wg/mi indices (ng/ml) indices

8 +0.312 0.74 2+1.25 0.75 16 + 0.312 0.74 2 +0.312 0.74 4 +0.625 0.75
8 +0.156 0.62 2 +0.625 0.62 16 + 0.156 0.62 1+0.625 0.75 4+0.312 0.62
8 +0.078 0.55 2+0.312 0.56 16 +0.078 0.55 0.5 +0.625 0.62 4+0.156 0.56
6 +0.039 0.4 2 +0.156 0.53 16 + 0.039 0.53 0.5+0.312 0.37 4+0.078 0.52
6 +0.019 0.39 2 +0.078 0.51 14 +0.019 0.45 0.5+0.156 0.24 4 +0.039 0.51
6 +0.009 0.38 2 +0.039 0.5 14 + 0.009 0.44 0.5 +0.078 0.18 4+0.019 0.50
6 +0.004 0.37 2+0.019 0.58 14 + 0.004 0.44 0.5 +0.039 0.15 4 +0.009 05
4 +0.625 0.75 2 +0.009 0.5 10 + 0.625 0.81 0.5+0.019 0.14 2+1.25 0.75
4 +0.312 0.49 2 +0.004 0.5 10+ 0.312 0.56 0.5 +0.009 0.13 2 +0.625 0.5
4 +0.156 0.37 1+1.25 0.5 10+ 0.156 0.43 0.5 + 0.004 0.12 2 +0.312 0.37
4 +0.078 0.3 1+0.625 0.37 10+ 0.078 0.36 - - 2 +0.156 0.31
4 +0.039 0.28 1+0.312 0.312 8 +0.039 0.28 — — 2 +0.078 0.27
4+0.019 0.26 1+0.156 0.28 8+0.019 0.26 — — 2 +0.039 0.26
4 +0.009 0.25 1+0.078 0.26 8 +0.009 0.25 - — 2 +0.019 0.25
4 +0.004 0.25 1+0.039 0.25 8 +0.004 0.25 — — 1+1.25 0.62
2 +0.625 0.62 1+0.019 0.25 4 +0.625 0.62 — — 1+0.625 0.37
2 +0.312 0.37 1+ 0.009 0.25 4 +0.312 0.37 — — 1+0.312 0.24
2 +0.156 0.24 1+ 0.004 0.25 4 +0.156 0.24 — — 1+0.156 0.18
2 +0.078 0.18 05+25 0.62 4+0.078 0.18 — — 05+1.25 0.56
2 +0.039 0.15 0.5+ 1.25 0.37 4 +0.039 0.15 — — — —

2 +0.019 0.14 0.5 +0.625 0.25 4 +0.019 0.14 - - - -

2 +0.009 0.13 0.5+0.312 0.18 2 +0.625 0.56 — — — —

- — 0.5+ 0.156 0.15 2+0.312 0.26 - - — —

- - 0.5+0.078 0.13 2+0.156 0.18 — — — —

— — 0.5 + 0.039 0.13 — — — — — —

— — 0.5+0.019 0.12 - - - - - -

— — 0.5 + 0.009 0.12 — - - - - -

— — 0.5 + 0.004 0.12 — — — — — —

FBC, fractional bactericidal concentration; MRSE, methicillin-resistant S. epidermidis; ATCC, American type culture collection; MSSE, methicillin-susceptible S. epider-
midis. The best synergistic bactericidal concentrations and their FBC indices for various isolates were bolded.
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