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Urinary tract infections (UTI) are common infections that can be mild to life threatening. However, increased bacterial resistance and poor patient compliance rates have limited the effectiveness of conventional antibiotic therapies. Here, we investigated the relationship between nitrofurantoin and amikacin against 12 clinical MDR uropathogenic Escherichia coli (UPEC) strains both in vitro and in an experimental Galleria mellonella model. In vitro synergistic effects were observed in all 12 test strains by standard checkerboard and time-kill assays. Importantly, amikacin or nitrofurantoin at half of the clinical doses were not effective in the treatment of UPEC infections in the G. mellonella model but the combination therapy significantly increased G. mellonella survival from infections caused by all 12 study UPEC strains. Taken together, these results demonstrated synergy effects between nitrofurantoin and amikacin against MDR UPEC.
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Introduction

Urinary tract infections (UTI) are defined microbiologically as the inflammatory response of the urothelial to microbial pathogens and are some of the most common bacterial infections affecting 150 million people each year worldwide (Klein and Hultgren, 2020). UTIs are most commonly associated with uropathogenic Escherichia coli (UPEC) and E. coli ST131 is the globally dominant multiple drug-resistant (MDR) UPEC clone that causes infections associated with limited treatment options (Daoud et al., 2015; Phan et al., 2020). These infections can also be highly recurrent and following antibiotic therapy, 20–30% of women with acute UTIs will have a recurrent episode within six months and half of these recurrences are caused by the same UPEC strain that caused the initial infection (Godaly et al., 2015). The increases in bacterial resistance as well as poor patient compliance rates have limited the effectiveness of conventional antibiotic therapies for UTIs especially in developing countries (Ayukekbong et al., 2017; Goodlet et al., 2018). Therefore, there is a great need for alternative strategies to treat these infections and one important approach is combination therapy using pre-existing antibiotics (Brochado et al., 2018).

Carbapenems have been recommended for treating UTIs caused by extended spectrum β-lactamase (ESBL) producing bacteria but currently are being restricted due to increased resistance (Han et al., 2015). However, non-carbapenem antibiotics are also important for UTI treatment. Trimethoprim-sulfamethoxazole (TMP-SMX) was the preferred antibiotic for UTI treatment for many years due to its efficacy and low cost. However, the development of TMP-SMX resistance among uropathogens has altered this strategy and fluoroquinolones are now preferred because they are highly concentrated in urine and have excellent activity against most uropathogens (Johnson and Stamm, 1987). The US Food and Drug Administration (FDA) approved nitrofurantoin in 1953 and was the standard UTI treatment until the late 1970s when other antibiotics became available (Muller et al., 2017). In 2011 nitrofurantoin was again recommended as first-line therapy for lower UTI due to increasing resistance to newer antibiotics such as the fluoroquinolones (Gupta et al., 2011). Antibiotic resistance is spreading rapidly in UPEC, which may be related to the genetic modulate, own pathogenicity and drug resistance of themself. The use of fluoroquinolones can induce the UPEC to partial or total loss of the pathogenicity islands and lead to cross-resistance of β-lactam drugs (Soto et al., 2006; Rohde et al., 2018; Adamus-Bialek et al., 2019; Tchesnokova et al., 2019). On the other hand, the high prevalence of integrons and plasmids also leads to high levels of antibiotic resistance and virulence genes in clinical urogenic bacteria, such as resistance of extended spectrum β-lactamase (ESBL) producing and to quinolones (Raeispour and Ranjbar, 2018; Abbasi and Ranjbar, 2018; Farajzadah Sheikh et al., 2019; Halaji et al., 2020a; Halaji et al., 2020b). However, the use of nitrofurantoin is contraindicated in patients with renal failure due to metabolites that may cause peripheral neuropathy (Spring et al., 2001). Similarly, nitrofurantoin is not recommended for the treatment of complicated UTIs because these infections often compromise the kidney and lead to renal dysfunction (Ingalsbe et al., 2015). In contrast, amikacin is a first-line drug used for Gram-negative infections other than UTIs that is economical and convenient to administer. Its potential ototoxicity and nephrotoxicity is dose related so that it could be efficacious and safe for the treatment of pyelonephritis and sepsis if managed properly (Leibovici et al., 2009).

Interestingly, amikacin and nitrofurantoin can synergize against E. coli in vitro (Yeh et al., 2006), and these two antibiotics are used separately to treat or prevent UTIs caused by MDR E. coli. In this study, we examined whether the co-administration of amikacin and nitrofurantoin could provide a new strategy for UTI treatment and evaluated the synergistic effects of these two drugs in vitro and in vivo.



Materials and Methods


Bacterial Strains and Culture Conditions

Twelve clinical isolates were obtained from the urine of hospitalized UTI patients at the Third Affiliated Hospital of Sun Yat-Sen University (Guangzhou, China). All tested strains were identified to the species level by MALDI-TOF MS (Axima-Assurance-Shimadzu) and E. coli ATCC 25922 was used as a quality control strain (Table 1).


Table 1 | In vitro antimicrobial susceptibility profiles for clinical strains.



Genomic DNA from the 12 clinical isolates was subjected to 250 bp paired-end whole genome sequencing (WGS) using the Illumina MiSeq system (Illumina, San Diego, CA, USA) and the reads were assembled using SPAdes v3.6.2. (Bankevich et al., 2012) MLST and antibiotic resistance genes (ARG) were analyzed using the CGE server (https://cge.cbs.dtu.dk/services/) and ABRicate (https://github.com/tseemann/abricate).



Antimicrobial Agents

Amikacin (AMK), nitrofurantoin (NIF), meropenem (MEM), cefotaxime (CTX), tigecycline (TIG) and tetracycline (TET) were purchased from Yuan Ye Biological Technology (Shanghai, China). Ampicillin (AMP), fosfomycin (FOS), colistin (CST), ciprofloxacin (CIP) and sulfamethoxazole/trimethoprim (SXT) were purchased from Xiang Bo Biotechnology (Guangzhou, China). Antibiotic stocks solutions were prepared according to the manufacturer’s recommendations.



MIC Determinations

Antimicrobial susceptibility assays were performed and interpreted according to CLSI guidelines (CLSI, 2018) using the microdilution broth method except for fosfomycin. The MIC of Fosfomycin was tested using the agar dilution method in agar media supplemented with 25 mg/L glucose-6-phosphate. E. coli strain ATCC 25922 was used for quality control.



In Vitro Fractional Inhibitory Concentration Index (FICI) Assay

The checkerboard technique was employed to determine the Fractional Inhibitory Concentration Index (FICI) of nitrofurantoin/amikacin combinations as previously described (White et al., 1996). Briefly, 96 well plates containing serial dilutions of nitrofurantoin and amikacin (range 0.125 to 32 mg/L) were inoculated with 5 × 10 (Goodlet et al., 2018) cfu/mL of test bacteria and incubated for 18 h at 37°C. Plates were screened for growth by spectrometry at 600 nm. Control wells did not receive any drugs. The FICI was calculated by the following equation: FICI= (MIC of agent A in combination/MIC of agent A alone) + (MIC of agent B in combination/MIC of agent B alone) (Odds, 2003). Synergy was defined as FICI ≤0.5, antagonism as FICI ≥4 and no interaction as 0.5 < FICI < 4. All FICI assays were carried out three times on three different days. FICIs were calculated as the mean values from three independent experiments.



In Vitro Time–Kill Curves

Time–kill experiments were conducted to further characterize the synergistic activity of the nitrofurantoin and amikacin combination as previously described (Dong et al., 2017). In brief, an initial inoculum of ~104 cfu/larva logarithmic-phase cells were incubated with amikacin in the presence and absence of nitrofurantoin and time–kill curves were compared to assess efficacy. Serial samples were obtained at 0, 3, 6, 9, and 24 h after incubation at 37°C. Bacterial counts were determined based on the quantitative cultures on MHA plates. Synergy was defined as achieving a ≥ 2 log10 cfu/mL reduction in bacterial growth at 24 h with the combination compared with the most active individual drug concentration used on its own (Gomara and Ramon-Garcia, 2019). Three independent experimental runs were performed.



Antibiotic Resistance Evolution Under Nitrofurantoin and Amikacin Single or Combination Stress

After time–kill experiments, five clones used for viable count enumeration in 24 h were randomly selected for each experimental group from MHA plates. MIC values were measured for these clones to compare whether drug resistance developed under nitrofurantoin and amikacin selection pressure when used alone and in combination.



Galleria mellonella Infection Model

A well-characterized G. mellonella model was used in this study as previously described publication (Dong et al., 2017). The G. mellonella larvae were obtained from Kaide Ruixin (Tianjin, China). The optimal infection doses of the study test strains were determined using G. mellonella larvae that were randomly distributed into six experimental groups (n=10/group or ~250 mg). These were then infected by injection of 10 μL of logarithmic phase E. coli cells (~104 cfu/larva) into the last left proleg. After injection, the larvae were incubated in plastic Petri dishes at 37°C for 72 h and scored for survival daily. In all experiments, PBS injections were used as negative controls.

The in vivo efficacy of nitrofurantoin and amikacin alone and in combination were assessed in the same G. mellonella model caused by our study E. coli strains using the optimal infection doses as determined above (~104 cfu/larva). At 2 h post-infection, animals were randomized to receive no therapy or nitrofurantoin and amikacin alone, and in combination (n = 10/group) (Seed and Dennis, 2008; Ahmad et al., 2010; Dong et al., 2017). The antibiotics were administered only once (10 μL) into the last right proleg with nitrofurantoin at 3.75 mg/kg, amikacin at 7.5 mg/kg alone or in combination at half doses (Beaucaire et al., 1991; Amabile-Cuevas and Arredondo-Garcia, 2011). Larvae were observed daily for 3 days and percent of larvae survival was calculated for each group (Figure 3A).



Statistical Analysis

Bacterial counts were transformed to log10 values and the data were analyzed using Graphpad Prism 7.0 (GraphPad Software, San Diego, CA, USA). P values were determined using a two-sided, Mann–Whitney U-test. A P-value of ≤ 0.05 was considered significant. All data were presented as means ± SD.




Results


In Vitro Susceptibility and Interaction Assessment

The MICs of 11 antibiotics were determined against our collection of clinical isolates. The MICs for amikacin ranged from 2 to 16 mg/L and all strains were susceptible. The MICs for nitrofurantoin ranged from 8 to 32 mg/L and all 12 UPEC strains were susceptible. These 12 clinical UPEC strains were classified as MDR E. coli (Table 1 and Table S1). In vitro testing of amikacin/nitrofurantoin combinations indicated a synergistic action against all 12 UPEC strains with FICI values ranging from 0.292 ± 0.072 to 0.500 ± 0.125 (Figure 1). These data indicated that combination of amikacin and nitrofurantoin can synergize to combat MDR UPEC strains.




Figure 1 | Potentiation of amikacin partnered with nitrofurantoin against 12 test strains. (A–L) Microdilution chequerboard assays are shown as 8×8 matrix heat map graphs. The blue colour gradient represents the bacterial cell density estimated by OD600. AMK, amikacin; NIF, nitrofurantoin. (M) FICI of the test strains where synergy is defined as a FIC index of ≤ 0.5. The thin red line represents the (MICs) for antibiotics used separately and the think one represents the FIC index of 0.5.





In Vitro Time–Kill Curves

We then performed kinetic time–kill assays for all test strains to better evaluate the pharmacodynamics of the amikacin and nitrofurantoin interaction. We examined time–kill curves representing log10 changes in bacterial burden using the ST131 UPEC strains E7102 and E6929 over 24 h following exposure to amikacin (1×MIC) in the presence of increasing amikacin concentrations (1/4−1×MIC). The addition of nitrofurantoin to amikacin increased in vitro bactericidal activity compared with nitrofurantoin alone. Similarly, the addition of amikacin to nitrofurantoin also significantly increased in vitro bactericidal activity (Figures 2A, B). We then tested amikacin at 1/2 MIC alone and in combination with 1/2 MIC nitrofurantoin, to observe whether they could have a good bactericidal effect under the sub-inhibition concentration. The combination therapy resulted in synergistic effects against all 12 clinical UPEC strains. For instance, the combination therapy caused more than a 2 log10 cfu/mL reduction for all 12 UPEC strains as compared to the most active antibiotic alone (Figure 2C and Figure S1). The amikacin/nitrofurantoin combination significantly increased in vitro antimicrobial activity and resulted in a rapid killing of the bacterial test strains for 9 combination groups caused reductions as compared with the most active antibiotic alone that ranged from 4.055 ± 1.050 to 8.714 ± 0.131 cfu/mL (Table S2). The combination group against E. coli strain E67991 was obtained most weakly synergistic effects, but also caused more than 4 log10 cfu/mL reductions and showing bactericidal action. Against E. coli strain E4740 and E62603, the combination group almost completely elimination the bacteria at 24 h of incubation, and the bacterial burden less than 1 log10 cfu/mL (Figure 2D).




Figure 2 | In vitro time–kill curves using amikacin and nitrofurantoin alone and in combination against the indicated test strains. (A–C) Combinatorial bactericidal activity of amikacin and nitrofurantoin against ST131 UPEC strains. Mean ± standard error from three independent experiments are shown. AMK, amikacin; NIF, nitrofurantoin. (D) Growth after 24 h for all the test strains using amikacin and nitrofurantoin alone and in combinations compared to the control.





Antibiotic Resistance Evolution Under Nitrofurantoin and Amikacin Single or Combination Stress

Considering the pronounced effects that the combination therapy had on in vitro bacterial growth, five clones were selected for MIC determinations. In the 12 nitrofurantoin groups, 3 MICs were increased while the other 9 were unchanged. In contrast, 5 amikacin MICs were decreased, 5 were unchanged and 2 groups displayed MIC increases. The 12 amikacin groups displayed 10 MICs that were increased and 2 unchanged while 4 nitrofurantoin MICs were decreased and 8 remained unchanged. When the amikacin groups were compared with the combination group, the amikacin MICs were decreased in 10/12 of the combination groups and in the other two groups, one group was unchanged and one increased. Compared to the nitrofurantoin groups, the nitrofurantoin MICs had decreased in 3/12 of the combination groups while the remaining 9 groups were unchanged (Figure S2).



In Vivo Synergistic Efficacy

The amikacin/nitrofurantoin combination showed significant synergistic effects in vitro so we investigated whether these effects in the in vivo G. mellonella model using amikacin and nitrofurantoin at half clinical dosages. The amikacin and nitrofurantoin monotherapies were ineffective against our two ST131 UPEC strains (E7102 and E6929) but the combination therapy resulted in 80–90% survival after 72 h. The combination therapy also significantly increased survival from infections with the E4396 and E3759 strains (Figure 3B). The use of amikacin monotherapy significantly increased G. mellonella survival from infections in only a single UPEC strain (E4181). Similarly, nitrofurantoin monotherapy significantly increased G. mellonella survival from infections caused by two strains; E4181 and E68071. Therefore overall, amikacin or nitrofurantoin given at subinhibitory concentrations was not effective in the treatment of UPEC infections in the G. mellonella model. In contrast, the amikacin/nitrofurantoin combination significantly increased survival from infections caused by all 12 study UPEC strains. More importantly, the combination therapy significantly increased survival compared with amikacin or nitrofurantoin monotherapies with 11/12 of the test strains (p < 0.05). Only one UPEC strain E68071 generated a non-significant P value (0.0957). Overall, we found increases in survival with the combination therapies that increased survival against challenge by our UPEC test strains from 40 to 70% (Figure 3C and Figure S3).




Figure 3 | Therapeutic effects of amikacin combined with nitrofurantoin in the G. mellonella model. (A) Scheme of the experimental protocol for the G. mellonella model. (B) Survival rates of amikacin and nitrofurantoin alone (most effective) and in combination treatment in an experimental G. mellonella model caused by the indicated UPEC strains. (C) Survival rates after 72 h caused by the indicated UPEC strains. (∗) p < 0.05 and (∗∗) p < 0.01.






Discussion

Almost all patients with UTI are treated with antibiotics that generates annual costs estimated for the United States at $2.14 billion (Brown et al., 2005). The antimicrobial agents most commonly used to treat uncomplicated UTI include the combination trimethoprim and sulfamethoxazole, trimethoprim, β-lactams, fluoroquinolones, nitrofurantoin, and fosfomycin, third-generation cephalosporins, aminoglycosides and carbapenems (Jancel and Dudas, 2002; Koningstein et al., 2014) and this wide range of treatment options belies the serious threat that these MDR organisms pose. The increasing prevalence of antibiotic-resistant uropathogens has begun to limit the effectiveness of our existing antibiotic arsenal (Barber et al., 2013). Combinations of antibiotics are commonly used in medicine to broaden the antimicrobial spectrum and generate synergistic effects and this therapy has proven effective against MDR bacteria (Gomara and Ramon-Garcia, 2019). For example, the use of oral cephalosporin and β-lactamase inhibitor combinations for ESBL-producing Enterobacteriaceae UTI (Stewart et al., 2020).

Nitrofurantoin and amikacin are both used for the treatment and prevention of UTIs. To the best of our knowledge, we are the first to report of the synergistic effect of amikacin and nitrofurantoin against UPEC in the G. mellonella model. This provides a new strategy for the treatment of UTIs caused by UPEC. It is worth noting that aminoglycoside drugs (such as gentamicin and tobramycin) previously been reported can improve the sensitivity of UPEC to Nitrofurantoin after treatment (Adamus-Bialek et al., 2019). One challenge presented by drug combinations is the requirement to determine coincident pharmacological properties such as tissue distribution and penetration (Ejim et al., 2011). The nitrofurantoin/amikacin combination can avoid this problem because these two antibiotics are in current used for UTI treatment and prevention. In general, maximum urine concentrations of nitrofurantoin vary from 15 mg/L to 230 mg/L and were found between ~ 3 and 10 h after dosing, depending on the crystal size, formulation of the nitrofurantoin product and the fasting status of the subject (Wijma et al., 2018). Conventional amikacin is almost entirely excreted unchanged in the urine within hours after administration in all species studied (Fielding et al., 1999).

The synergistic mechanism of nitrofurantoin and amikacin is not clear because nitrofurantoin possesses several mechanisms of antimicrobial action that involve damage to DNA and ribosomes (Woody-Karrer and Greenberg, 1963; Jenkins and Bennett, 1976; Huttner et al., 2015). Amikacin targets the bacterial ribosome and inhibits translation by causing misreading and hindering translocation (Taber et al., 1987; Allison et al., 2011). Both these drugs target the ribosome and this is the most likely site of action for the combination. In addition, nitrofurantoin stimulates the production of reactive oxygen species (ROS) (Garcia Martinez et al., 1995) that can facilitate the entry of aminoglycosides and subsequent bacterial killing (Ezraty et al., 2013). Furthermore, aminoglycosides have collateral sensitivity with many antibiotics, nitrofurantoin has also been reported to be collateral sensitivity with tigecycline, mecillinam and protamine, therefore, whether nitrofurantoin has synergistic sensitivity with amikacin is also very much studied (Suzuki et al., 2014; Pal et al., 2015; Roemhild et al., 2020).

The results of the time-kill assays in this study demonstrated that nitrofurantoin/amikacin at 1/2 MIC concentration displayed synergistic bactericidal effects and indicated that combination therapy can reduce antibiotic dosage. In addition, at half of the clinically recommended dose, the combined treatment group significantly increased the survival rate of larva compared with the single treatment group. After 24 h under nitrofurantoin or amikacin stress, the MIC values of the corresponding drugs increased to different degrees, especially in the case of amikacin. However, the MIC values for both nitrofurantoin and amikacin were decreased in the combination group compared with the single drug group, although the decrease was less than 2-fold. This suggests drug combination strategies can be effective against MDR bacteria while slowing down the development of antibiotic resistance.

In the G. mellonella infection model, the combination treatment significantly improved larvae survival compared with the most active antibiotic alone. These results were consistent with the in vitro time kill assays except for a single UPEC strain, 68071. These results indicated that the G. mellonella model is useful for assessing the in vivo efficacy of anti-UPEC agents. Previous studies have indicated that in vivo synergism results were not always directly related to the in vitro results (Thieme et al., 2020). This may be due to strain differences and the test antibiotics. The G. mellonella model enables a rapid, economical and reproducible model to assess the synergistic effects of antimicrobials in an in vivo setting (Cools et al., 2019).

There are several limitations to this study that should be noted. For example, we did not have a full complement of strains with low level resistance to both nitrofurantoin and amikacin. In addition, we only tested UPEC strains in the G. mellonella model rather than the murine urinary tract infection model and future will address this concern. There was a certain gap in the model construction compare with the natural infection, and we did not take into account factors such as the formation of biofilm by UPEC in animal, these require further study. Moreover, based on our current findings, further investigations are necessary to examine the effectiveness of this combination in PK/PD models to optimize the dose regimen. The tests of synergy for this drug combination must also be linked to patient outcome (Doern, 2014).

In summary, we confirmed that the combination of nitrofurantoin and amikacin possesses a significantly synergistic effect on MDR UPEC in vitro. In addition, we demonstrated for the first time that this drug combination was significantly synergistic effect on MDR UPEC in the G. mellonella model. Our findings constitute an alternative and promising therapeutic option for the treatment of UTIs caused by MDR UPEC.
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