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Abstract Treatment of intra-abdominal infections remains a challenge owing to their polymicrobial nature and associated mortality risk. Treatment regimens must provide broad-spectrum coverage, including Gram-positive and Gram-negative aerobic and anaerobic bacteria of gastrointestinal origin. Ertapenem is a long-acting 1-␤-methyl parenteral group 1 carbapenem antibiotic that has a broad antibacterial spectrum and oncedaily dosing supported by clinical studies. It is active against Gram-positive and Gram-negative bacteria, including Enterobacteriaceae, Streptococcus pneumoniae and most species of anaerobic bacteria. The aim of this study was to measure the killing effects of ertapenem against a selected group of strains responsible for intra-abdominal infections. Gram-negative isolates comprised the following species: Escherichia coli, Klebsiella pneumoniae, Klebsiella oxytoca, Klebsiella ozaenae, Enterobacter cloacae and Proteus mirabilis (extended-spectrum ␤lactamase (ESBL) producers and non-producers). Gram-positive isolates comprised methicillin-susceptible Staphylococcus aureus (MSSA), Enterococcus faecalis and anaerobic Bacteroides fragilis. Ertapenem activity was tested by determination of minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations (MBCs). Killing curves were performed in monocultures and co-cultures at selected antibiotic concentrations. Ertapenem showed a rapid and potent bactericidal activity in the first few hours of the kinetic curves against E. coli (6 log10 colony-forming unit (CFU) reduction in the first 2 h), B. fragilis (4 log10 CFU reduction in 4 h), MSSA (3 log10 CFU reduction in 4–6 h), K. ozaenae (ESBL+), K. pneumoniae (ESBL+ and −), E. cloacae (ESBL−) in 1 h and P. mirabilis (ESBL+) in the first 2 h. The potent bactericidal activity of ertapenem compared with ceftriaxone and piperacillin/tazobactam was well demonstrated in the co-cultures of E. coli–B. fragilis and E. coli–B. fragilis–E. faecalis, whilst ertapenem was shown to be bactericidal at 24 h in the mixed culture of S. aureus–P. mirabilis. These results support the potent in vitro bactericidal activity of ertapenem against all multiresistant strains selected in this study and the use of this drug in the treatment of intra-abdominal infections. © 2006 Elsevier B.V. and the International Society of Chemotherapy. All rights reserved. Keywords: Ertapenem; Intra-abdominal pathogens; Bactericidal activity; Co-cultures



1. Introduction Antimicrobial therapy for intra-abdominal infections is an important factor that, together with surgical or radiologicallyguided procedures, is designed to achieve control of the infected focus. Intra-abdominal infections are one of the most common infections in general surgery and numerous studies have provided insights into the use of antimicrobials for these infections. There are convincing data that absent or ∗
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inadequate empirical antibiotic therapy results in increased failure rates and increased mortality [1]. The infecting flora seen in community-acquired intra-abdominal infections is well known and consists of a complex mixture of aerobic, facultative and anaerobic Gram-negative bacilli, various streptococci and enterococci and numerous Gram-positive anaerobes. The synergistic interactions between endotoxinbearing microorganisms and Bacteroides fragilis define both groups of organisms as important targets for antimicrobial therapy [2]. Ertapenem is a long-acting 1-␤-methyl parenteral group 1 carbapenem antibiotic that has a broad antibacterial
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spectrum and once-daily dosing supported by clinical studies [3]. It is active against Gram-positive and Gram-negative aerobic, facultative and anaerobic bacteria, including the predominant species responsible for intra-abdominal infections [4–6]. However, it provides limited coverage against Pseudomonas aeruginosa, Acinetobacter spp., methicillinresistant staphylococci and enterococci, organisms generally associated with nosocomial infections. Ertapenem is not significantly hydrolysed by the most common ␤lactamases [7] and it retains activity against the even more diffuse microorganisms that produce extended-spectrum ␤lactamases (ESBLs) [8]. The primary objective of this study was to determine the bactericidal activity of ertapenem against the predominant species responsible for intra-abdominal infections, including strains with well characterised mechanisms of resistance. The killing capacity of ertapenem was compared with agents that have been well studied and approved in the treatment of intraabdominal infections such as piperacillin/tazobactam, ceftriaxone and ceftazidime [9–11]. This study was also designed to assess the bactericidal activity of ertapenem in an in vitro simulation of a polymicrobial infection compared with ceftriaxone and piperacillin/tazobactam.



2. Material and methods 2.1. Bacterial strains Twelve strains were included in the study. Gram-negative isolates comprised the following species: two strains of Escherichia coli (one ESBL-producer), two strains of Klebsiella pneumoniae (one ESBL-producer), one strain each of Klebsiella oxytoca, Klebsiella ozaenae and Enterobacter cloacae and two strains of Proteus mirabilis (one ESBLproducer). Gram-positive isolates comprised one strain of methicillin-susceptible Staphylococcus aureus, one strain of Enterococcus faecalis possessing the VanA phenotype and one strain of the anaerobic bacteria B. fragilis ATCC 25285. All strains, with the exception of B. fragilis, were clinical isolates from intra-abdominal infections, primarily from appendicitis and peritonitis. Isolates were identified using standard methods [12] and were maintained frozen at −80 ◦ C until further use for experiments. 2.2. Antibiotics and media Ertapenem was supplied as a standard reference powder by Merck Sharp & Dohme (Rahway, NJ). The comparator agents used in this study were purchased as standard reference powders from Sigma Chemical Co. (St Louis, MO). Mueller–Hinton broth and agar, brain–heart infusion broth, MacConkey agar, Mannitol Salt Agar, Bile Esculin Agar, Columbia blood agar base and Brucella agar base were from Beckton Dickinson (BD Diagnostics, Franklin Lakes, NJ), vitamin K1 and haemin were from Sigma Chemical Co.
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and lysed sheep blood was purchased from Oxoid Ltd. (Basingstoke, UK). 2.3. In vitro susceptibility tests Minimal inhibitory concentrations (MICs) were determined by the standard broth microdilution method with an inoculum of 105 colony-forming units (CFU)/mL, following the Clinical and Laboratory Standards Institute guidelines for all aerobic and anaerobic bacteria [13]. The following breakpoints were used for all microorganisms included in the study: ertapenem, resistance >8 mg/L and susceptible 64 mg/L and susceptible 32 mg/L and susceptible 128/4 mg/L for resistance and 16/4 mg/L for resistance and 3 log10 decrease from the initial inoculum size [15]. Statistical analysis was performed by the standard deviation calculation.



398



S. Borbone et al. / International Journal of Antimicrobial Agents 28 (2006) 396–401



Table 1 Minimal inhibitory concentrations (MICs) of ertapenem and comparator agents Strains



Klebsiella ozaenae Klebsiella pneumoniae Proteus mirabilis Proteus mirabilis Klebsiella oxytoca Enterobacter cloacae Klebsiella pneumoniae Escherichia coli Staphylococcus aureus Escherichia coli Bacteroides fragilis Enterococcus faecalis VanA



Number



Known resistance mechanisms



CIPR



1 2 3 4 5 6 7 8 9 10 11 12



ESBL TEM derived, SHV-1-1 like TEM-1 like, GMR , CIPR ESBL SHV derived, CIPR , GMR TEM-1/SHV-1 like AmpC ESBL TEM derived CIPR , GMR MS ESBL SHV derived VanA



MIC (mg/L)a Ertapenem



Ceftazidime



Ceftriaxone



Piperacillin/tazobactam



0.06 0.015 0.015 0.015 0.015 2 0.03 0.015 0.25 0.015 0.03 16



128 0.12 0.03 16 32 128 64 0.12 8 32 0.25 >2048



32 0.06 0.003 64 8 512 8 0.06 2 8 32 2048



512 4 0.5 512 8 128 64 2 4 2 0.5 4



ciprofloxacin resistant; GMR , gentamicin resistant; MS, methicillin susceptible. ESBL, extended-spectrum ␤-lactamase; a The following breakpoints were used: ertapenem, resistant (R) >8 mg/L and susceptible (S) 64 mg/L and S < 8 mg/L; ceftazidime, R > 32 mg/L and S < 8 mg/L. For piperacillin/tazobactam, R > 128/4 mg/L and S < 16/4 mg/L was used for all microorganisms with the exception of S. aureus, for which R > 16/4 mg/L and S < 8/4 mg/L were used. CIPR ,



ertapenem showed 99.9% killing at two and three times the MIC after 24 h.



3. Results 3.1. In vitro susceptibility tests



3.2. Killing kinetics Ertapenem was the most active antibiotic against all strains included in the study, with the exception of E. faecalis, as shown in Table 1. The MIC values are well below the range of susceptibility for this drug. Furthermore, ertapenem is active against the majority of multiresistant cephalosporinresistant Enterobacteriaceae isolates, against TEM- and SHVproducing strains and also against the E. cloacae strain possessing the chromosomal AmpC enzyme. The MBC values of ertapenem (Table 2) were generally equal to or two to three dilutions higher than the MICs, indicating a potent and consistent bactericidal activity. Ertapenem was bactericidal at five times the MIC value only against P. mirabilis strain 3. Taking into consideration all strains together, in four strains the bactericidal activity was observed at the same concentration as the MIC, and in seven strains



The killing kinetics of ertapenem were very rapid in almost all strains tested. Table 2 shows the bactericidal times in which a reduction of >3 log10 CFU/mL was observed. The potent killing kinetics of ertapenem were observed after 1 h in 7 of 11 strains, the only exceptions being the two strains of P. mirabilis (with a bactericidal time after 2 h and 24 h, respectively) and S. aureus and B. fragilis in which the drug was bactericidal after 4 h. Re-growth after 24 h was observed only in E. cloacae strain 6, showing a MIC value of 2 mg/L, considered the upper limit of susceptibility. Table 3 summarises the maximum decrease in bacterial counts after 2, 8 and 24 h of incubation. The killing activity of ertapenem was compared with that of piperacillin/tazobactam and ceftriaxone in a mixed in



Table 2 Minimal bactericidal concentrations (MBCs) and bactericidal activitya of ertapenem against strains included in the study Strains



Number



Klebsiella ozaenae Klebsiella pneumoniae Proteus mirabilis Proteus mirabilis Klebsiella oxytoca Enterobacter cloacae Klebsiella pneumoniae Escherichia coli Staphylococcus aureus Escherichia coli Bacteroides fragilis Enterococcus faecalis VanA



1 2 3 4 5 6 7 8 9 10 11 12



MIC (mg/L) 0.06 0.015 0.015 0.015 0.015 2 0.03 0.015 0.25 0.015 0.03 16



MBC (mg/L) 0.06 0.015 0.25 0.03 0.03 2 0.12 0.06 1 0.03 0.03 64



MIC, minimal inhibitory concentration. a Bactericidal activity defined as 99.9% killing and a >3 log decrease in the initial inoculum size. 10



Time in which a reduction >3 log10 was obtained After 1 h After 1 h Only after 24 h After 2 h After 1 h After 1 h, re-growth after 24 h After 1 h After 1 h After 4 h After 1 h After 4 h –



S. Borbone et al. / International Journal of Antimicrobial Agents 28 (2006) 396–401 Table 3 Maximum decrease in bacterial counts (log10 colony-forming units/mL) of ertapenem compared with those of control cultures after different times of incubation Strains



Number



Decrease in bacterial counts 2h



8h



24 h



Klebsiella ozaenae Klebsiella pneumoniae Proteus mirabilis Proteus mirabilis Klebsiella oxytoca Enterobacter cloacae Klebsiella pneumoniae Escherichia coli Staphylococcus aureus Escherichia coli Bacteroides fragilis Enterococcus faecalis



1 2 3 4 5 6 7 8 9 10 11 12



5.0 5.5 0.8 4.1 4.6 5.0 4.7 4.6 1.3 4.5 1.9 N.D.



6.5 7.5 0.2 8.5 7.5 8.5 7.0 9.5 7.5 9.5 7.1 N.D.



7.0 6.0 8.0 9.0 8.0 4.0 7.0 9.0 9.0 9.0 7.2 N.D.



N.D., not determined.



vitro time–kill study with different combinations of strains, i.e. E. coli–B. fragilis, E. coli–B. fragilis–E. faecalis and S. aureus–P. mirabilis. Fig. 1 and Table 4 show the results obtained. In the co-culture E. coli–B. fragilis (Fig. 1a), ertapenem shows potent bactericidal activity after the first 2 h and



399



the maximum decrease in the bacterial count was ca. 9 log10 CFU/mL obtained after 8 h of incubation and maintained up to 48 h of incubation. Ceftriaxone shows a maximum decrease of approximately 5 log10 CFU/mL from 8 h to 24 h of incubation, and re-growth from 24 h to 48 h. Piperacillin/tazobactam shows the same bactericidal activity at 8 h, and re-growth from 8 h to 48 h. Evaluation of single curves demonstrated that both strains were killed by ertapenem and both strains re-grew with the other two drugs. The addition of a strain of E. faecalis to the abovementioned co-culture (Fig. 1b) demonstrates that the killing activity of ertapenem was delayed and was achieved only after 8 h of incubation, with a reduction of 3.1 log10 CFU/mL continuing up to 48 h of incubation. Neither piperacillin/tazobactam nor ceftriaxone exerted a killing effect on these mixed cultures, being only bacteriostatic. Ertapenem, piperacillin/tazobactam and ceftriaxone are bactericidal against the co-culture S. aureus–P. mirabilis, with a significant difference in the reduction with ertapenem of 9 log10 CFU/mL after 24 h of incubation (Fig. 1c). Table 4 summarises the maximum decrease in bacterial counts at 8 h and 24 h obtained in the three co-cultures with ertapenem, piperacillin/tazobactam and ceftriaxone.



Fig. 1. Time–kill curves of ertapenem and comparator agents against mixed cultures of (a) Escherichia coli–Bacteroides fragilis, (b) E. coli–B. fragilis–Enterococcus faecalis and (c) Staphylococcus aureus–Proteus mirabilis. Pip/taz, piperacillin/tazobactam; CFU, colony-forming units.
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Table 4 Maximum decrease in bacterial counts compared with those of control cultures after different incubation times: results obtained in the co-cultures comparing ertapenem with piperacillin/tazobactam and ceftriaxone Co-cultures



Ertapenem 8h



Escherichia coli–Bacteroides fragilis E. coli–B. fragilis–Enterococcus faecalis Staphylococcus aureus–Proteus mirabilis



9 1.0 6.8



Piperacillin/tazobactam



Ceftriaxone



24 h



8h



24 h



8h



24 h



9 5.1 10.0



3.0 1.0 6.8



– 0.6 6.8



5.5 0.2 4.5



5.0 0.0 8.2



4. Discussion The data presented here demonstrate the potent in vitro bactericidal activity of ertapenem against communityacquired mixed aerobic and anaerobic bacteria and support its clinical use for the empirical treatment of intra-abdominal infections. Our killing kinetic studies performed against single isolates of the major intra-abdominal pathogens demonstrated a very rapid bactericidal activity of ertapenem (ca. 2 h) for 8 of the 12 selected multiresistant strains. Its strong bactericidal activity compared with piperacillin/tazobactam, recommended as a single agent, and compared with ceftriaxone, recommended in combination with an anti-anaerobic agent, was also well demonstrated in the simulation of mixed in vitro infections due to aerobic and anaerobic bacteria, including enterococci. These in vitro results support and explain the positive clinical outcomes obtained by treating patients with ertapenem whose infections included Enterococcus, given that these microorganisms can be considered a marker for patients with infections that are more difficult to treat [1,16]. It is known that the complex aerobic and anaerobic flora of the bowel is responsible for peritoneal contamination and each microbial component can interact synergistically in vivo to worsen the intra-abdominal infection: anaerobes and facultative organisms together can induce abscess formation more readily than each component alone, and facultative bacteria can promote the infectious process by lowering the oxidation–reduction potential of the environment, facilitating the growth of anaerobes [17,18]. Despite the complexity of the normal intestinal flora, the frequent presence of E. coli and B. fragilis in abscesses has led to the concept of pathogenic synergy, and various attempts have been made to study this mechanism during mixed infections. Bacterial factors that may be involved are adherence, interference with host resistance factors, mutual growth stimulation, cytotoxic substances and extracellular enzymes [19,20]. Although the role of Enterobacteriaceae and anaerobes in the pathogenesis of intra-abdominal infections has been extensively demonstrated [2], the part played by enterococci in these infections remains controversial, even if synergy between enterococci and other pathogens has been previously suspected and subsequently demonstrated in experimental models [21]. This synergistic co-operation, in which a variety of interactions can occur, was also observed in our in vitro model in which a different killing rate was observed among the single cultures of E. faecalis and B. fragilis compared with



the killing obtained using ertapenem when these microorganisms were grown in a mixed culture with E. coli. The limited in vitro activity of ertapenem against both the Grampositive cocci, i.e. E. faecalis and S. aureus, when cultured alone increased, becoming bactericidal when these microorganisms were in co-culture along with Gram-negative and/or anaerobic bacteria. In fact, analysing the single behaviour of each organism in the mixed culture of E. coli–B. fragilis–E. faecalis, after 2 h E. coli disappeared, followed by B. fragilis (at 8 h). In this culture condition (but not when cultured alone), E. faecalis alone was killed at 24 h. The same was observed in the co-culture S. aureus–P. mirabilis: ertapenem was bactericidal primarily against P. mirabilis (at 1 h) and only at 24 h against S. aureus. In conclusion, ertapenem is rapidly bactericidal against mixed multiresistant pathogens and this characteristic makes it a valid choice in severe clinical situations in which it is necessary to prevent possible clinical failures. For patients with mild-to-moderate community-acquired infections, in which the encountered flora is routinely susceptible to recommended regimens, this agent is preferable. For other intraabdominal infections such as hospital-acquired infections in high-risk patients with a certain degree of severity involving multiresistant pathogens including P. aeruginosa, the use of antimicrobial regimens with an expanded spectrum, such as imipenem/cilastatin, meropenem, piperacillin/tazobactam plus metronidazole, may be warranted.
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