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a b s t r a c t Acinetobacter baumannii is an important cause of nosocomial infection with increasing carbapenem resistance. The aim of this study was to compare the efﬁcacy of colistin + rifampicin and imipenem + rifampicin combinations with that of several other antibiotic regimens against carbapenem-resistant A. baumannii pneumonia using an immunosuppressed mouse model. Three different A. baumannii strains with diverse resistance mechanisms (OXA-51-, IMP-1- and VIM-2-type ␤-lactamases) were used. Among the monotherapy regimens, only rifampicin signiﬁcantly reduced the bacterial load in lungs 24 h after infection with the OXA-51-producing strain. Addition of rifampicin to either imipenem or colistin yielded synergistic results after 48 h. Rifampicin was bactericidal against the IMP-1-producing strain, and only the imipenem + rifampicin combination yielded synergistic effects. In contrast, rifampicin alone was not effective against the VIM-2-producing strain, but the imipenem + rifampicin combination was bacteriostatic even at 24 h post-infection. Tigecycline and amikacin were not effective against any of the three strains. Rifampicin-based combinations were effective against A. baumannii bacteraemia and improved survival regardless of the strain type. Contrary to the similar minimum inhibitory concentration results, the antibacterial effects of rifampicin were quite different according to the strains; a tailored antibiotic strategy must be considered in treatment. Addition of rifampicin to either imipenem or colistin would be effective. © 2008 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved.



1. Introduction Acinetobacter baumannii is an important cause of nosocomial infection worldwide and the recent marked increase in multidrugresistant (MDR) strains has made A. baumannii one of the most problematic pathogens, especially in Intensive Care Units (ICUs). Owing to its extraordinary ability to acquire antibiotic resistance, a large number of A. baumannii strains have been reported to be drug-resistant, even to carbapenems, since the late 1990s. Likewise, in Korea University Guru Hospital, Seoul, South Korea, many A. baumannii isolates from the ICU were resistant to carbapenem antibiotics and showed susceptibility only to colistin over the past several years. Of note, infections caused by MDR A. baumannii strains have an associated mortality of 25–34% attributable to inappropriate antibiotic treatment [1,2].
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Although A. baumannii can cause suppurative infections in virtually every organ system, pneumonia is the most serious nosocomial infection and has limited therapeutic options. In reports characterising carbapenem-resistant A. baumannii, colistin has shown excellent in vitro antibacterial activity, but in vivo animal model studies are insufﬁcient to draw deﬁnitive conclusions [3,4]. In addition, rifampicin and tigecycline have been considered as potential therapeutic options based on in vitro studies [5,6], but in vivo data are also lacking for these compounds. As previously reported, the therapeutic effectiveness of antibiotic regimens against carbapenem-resistant A. baumannii might differ according to the underlying mechanism of antimicrobial resistance, especially since many diverse methods exist for producing carbapenemases [6]. For example, the VIM-2 carbapenemase isolated from an A. baumannii strain from South Korea showed signiﬁcantly high resistance to carbapenems, whereas the OXA-51 carbapenemase was closely related to an efﬂux pump [6,7]. Moreover, some carbapenemase-producing A. baumannii showed markedly enhanced bioﬁlm-forming capacities, which might increase their antibiotic resistance; as with Staphylococcus
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aureus, an A. baumannii bioﬁlm-associated protein has already been identiﬁed [8]. In this study, we aimed to compare the efﬁcacies of colistin + rifampicin and imipenem + rifampicin combinations with several other antibiotic regimens against carbapenem-resistant A. baumannii using the neutropenic mouse pneumonia model. The effects of each regimen on lung bacterial loads, bacteraemia and survival were assessed. 2. Materials and methods 2.1. Bacterial strains Carbapenem-resistant A. baumannii strains were selected that are known to be resistant to almost all known antibiotics, including imipenem; colistin was the only exception. Three different strains with diverse resistance mechanisms (OXA-51-, IMP-1- and VIM-2-type ␤-lactamases) were employed; all had been isolated from clinical specimens. Polymerase chain reaction (PCR) detected Ambler class B carbapenemase blaIMP-1 , blaIMP-2 , blaVIM-1 and blaVIM-2 and Ambler class D OXA-type carbapenemases using previously described methods [6]. 2.2. Antibiotic susceptibility tests Antibiotic susceptibility tests were performed using the agar dilution method according to the Clinical and Laboratory Standard Institute guidelines and were used to determine minimum inhibitory concentrations (MICs) against imipenem, colistin sulfate, tigecycline, sulbactam, amikacin, rifampicin, cefepime and ceftazidime [9,10]. Strains were considered resistant to carbapenems if the MICs against imipenem were ≥16 mg/L. The following concentrations were considered as susceptibility breakpoints for the other tested antimicrobials: colistin, 4 mg/L; tigecycline, 2 mg/L; sulbactam, 8 mg/L; and rifampicin, 2 mg/L. Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 were used as controls. 2.3. Mouse pneumonia model Immunocompetent speciﬁc-pathogen-free CD-1 (ICR) young female mice (average weight 25 g; 6–7 weeks old) were supplied by ORIENT BIO Inc. (Seongnam, South Korea). Mice were rendered neutropenic by injecting cyclophosphamide intraperitoneally (300 mg/kg body weight) in a volume of 0.2 mL 4 days before A. baumannii inoculation in the lung. Mice were anesthetised by nasal inhalation of enﬂurane and infected by transtracheal injection with a ﬁne-calibre needle, as follows: after a midline vertical incision (1–1.5 cm) at the shoulder level, the trachea was exposed and 100 L of bacterial suspension containing 108 colony-forming units (CFU)/mL (spectrophotometrically controlled) was injected with a 0.5 mL insulin syringe (BD Ultra-FineTM II, 0.25 × 8 mm; BD, Rockville, MD). Mice remained suspended in a vertical position for 3–5 min until respiration was stabilised and pneumonia development was monitored by chest radiography after 24 h. Inoculum sizes were conﬁrmed by quantitative culture. Infected mice were randomised into groups (six mice per group) corresponding to the control or each treatment regimen. Mice within each group were also randomly assigned to a 24-h (three mice) or 48-h (three mice) group. There were 13 experimental groups (6 monotherapy regimens and 7 combined regimens), as follows: imipenem; colistin; rifampicin; low-dose tigecycline; high-dose tigecycline; amikacin; imipenem + rifampicin; colistin + rifampicin; high-dose tigecycline + rifampicin; imipenem + colistin; imipenem + sulbactam; imipenem + amikacin; and high-dose tigecycline + amikacin. All



regimens were tested for efﬁcacy against the OXA-51-producing strain, whilst only tigecycline (high-dose) and the regimens that were bactericidal against OXA-51 were evaluated against IMP-1and VIM-2-producing strains. To evaluate therapeutic efﬁcacy on pneumonia and bacteraemia, three allocated mice from each treatment group were sacriﬁced at 24 h and 48 h post-infection. Blood and lung tissue cultures from each time point were then compared with those in the control group. All lung samples were cultivated within 24 h after the death of each mouse. If the mouse assigned to the 48 h group died within 24 h, it was exchanged with another from the 24 h group; the order of exchange was randomly designated before infection. 2.4. Treatment protocol The indicated regimen was initiated 3 h after inoculation. Antimicrobial agents were given by intraperitoneal injection, with dosages as follows: colistin methanesulfonate, 1.25 mg/kg every 6 h (q6h) (daily dose 5 mg/kg); imipenem cilastatin, 50 mg/kg q6h (daily dose 200 mg/kg); sulbactam, 30 mg/kg q6h (daily dose 120 mg/kg); rifampicin, 25 mg/kg per day; low- and high-dose tigecycline, 5 mg/kg per day (daily dose 5 mg/kg) and 10 mg/kg every 12 h (q12h) (daily dose 20 mg/kg), respectively; and amikacin, 7.5 mg/kg q12h (daily dose 15 mg/kg). These doses were chosen according to previous pharmacokinetic and pharmacodynamic data from experimental models [11–14]. Since few published data exist regarding the appropriate dose of colistin in mice, the recommended dose in humans was applied. 2.5. Effects on lung bacterial loads Bacterial counts in the lungs were determined after 24 h and 48 h from the start of antimicrobial therapy. Six mice per regimen (three mice at each time point) were used. To eliminate the antibiotic carry-over effect, the mice in treatment groups were sacriﬁced no sooner than 3 h after the last dose of antibiotics. For quantitative bacteriological studies, whole lungs were removed, weighed and homogenised in 1 mL of saline. Ten-fold dilutions were performed and 100 L aliquots were plated on tryptone soy agar with 5% sheep blood for 24 h at 37 ◦ C. Once they appeared, colonies were counted for each dilution and each animal. Culture results were expressed as mean ± standard deviation (S.D.) of the differences in log10 of CFU per gram of lung, as follows: results were determined in the control and each treated group at each of the two time points (24 h and 48 h) and the difference between two groups was calculated (log = meantreated group − meancontrol group ). Bactericidal activity was deﬁned as ≥3 log increase in killing at each time point. For combination regimens, synergy was deﬁned as a ≥2 log increase in killing compared with the most active component drug alone. Antagonism was deﬁned as a ≥2 log decrease in killing compared with the most active component drug alone. No difference was deﬁned as 
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