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1. ABBREVIATIONS OF NOTES 
 

AUC: area under concentration-time curve 

AUC0-3h: the area under the concentration-time curve from time zero to 3 hours 

AUC0-24: the area under the concentration-time curve from time zero to 24 hours 

AUC0-∞: the total area under the concentration-time curve from zero to infinity 

AUC3h-∞: the AUC from 3 hours to infinity 

AUMC: area under the first moment of serum concentration-time curve 

Cmax: peak plasma concentration 

C3h: the concentration measured at 3 hours of treatment 

CTX-M: cefotaximase 

CD-1: a mouse species 

CFU: colony forming unit 

CI: confidence interval 

CL: clearance 

CLS: Clinical and Laboratory Standards Institute 

ESBL: extended-spectrum ß-lactamase 

FICI: fractional inhibitory concentration index  

MBC: minimal bactericidal concentration 

MIC: minimal inhibitory concentration 

MRT: mean residence time 

NCCLS: National Committee for Clinical Laboratory Standards 

OXA: oxacillinase 

PBP: penicillin-binding protein 

PICU: perinatal intensive care unit 

PK/PD: pharmacokinetic/pharmacodynamic 

RR: relative risk 

SHV: sulfhydryl-variant 

TEM: Temoniera 

t1/2: half-life value 

UV: ultraviolet 
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2. INTRODUCTION 
 

The introduction of the third-generation cephalosporins into clinical practice in 

the early 1980s was heralded as a major breakthrough in the fight against ß-lactamase-

mediated bacterial resistance to antibiotics. These cephalosporins had been developed in 

response to the increased prevalence of ß-lactamases in certain organisms (for example, 

ampicillin hydrolyzing TEM-1 and SHV-1 ß-lactamases in Escherichia coli and 

Klebsiella pneumoniae) and the spread of these ß-lactamases into new hosts (for 

example, Haemophilus influenzae and Neisseria gonorrhoeae). Not only were the third 

generation cephalosporins effective against most ß-lactamase-producing organisms but 

they had the major advantage of lessened nephrotoxic effects compared to 

aminoglycosides and polymyxins (Paterson and Bonomo 2005). 

The first report of plasmid-encoded ß-lactamases capable of hydrolyzing the 

extended-spectrum cephalosporins was published in 1983 (Knothe et al. 1983). The 

gene encoding the ß-lactamase showed a mutation of a single nucelotide compared to 

the gene encoding SHV-1. Other ß-lactamases were soon discovered which were 

closely related to TEM-1 and TEM-2, but which had the ability to confer resistance to 

the extended-spectrum cephalosporins (Bruin-Buisson et al. 1987, Sirot et al. 1987). 

Hence these new ß-lactamases were coined extended-spectrum ß-lactamases (ESBLs).  

Treatment choices of infections due to strains of ESBL-producing 

Enterobacteriaceae remain limited and controversial. Carbapenems are regarded the 

therapy of choice in infections due to ESBL-producing strains (Paterson et. al. 2004a, 

2004b). However, the emergence of imipenem-resitant (Martinez-Martinez et. al. 1999) 

and a recent report of in vivo development of ertapenem-resistant (Elliott at al. 2006) 

ESBL-producing K. pneumoniae strains caution to limit their use. By in vitro testing, 

ESBL-producing organisms may appear susceptible to some ß-lactams, such as third or 

fourth generation cephalosporins, but the true efficacy of these agents determined in 

animal and clinical studies is questionable (Jett et al. 1995, Bedenic and Zagar. 1998, 

Bhavani et al. 2006, Thauvin-Eliopoulos et al. 1997, Maglio et. al. 2004, Kang et al. 

2004). The use of non-ß-lactam antibiotics is undermined by the fact that the genes of 

ESBLs are on large plasmids carrying resistance to other antibiotics. Aminoglycosides 

and fluoroquinolons retain the highest rates of susceptibility (Jett et al. 1995), but 

aminoglycoside can be used in monotherapy only in limited clinical situations and 
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efficacy of fluoroquinolons was not unequivocal in clinical studies (Paterson et al. 

2004a, Kang et al. 2004).  

Animal models provide many advantages in assessing the efficacy of 

antimicrobial agents. They allow for frequent sampling of body fluids which would not 

be possible in humans. This is useful to characterize the time course of antimicrobial 

therapy. Animal models also allow investigators to reduce the interindividual variation 

inherent in human studies and to maximize the reproducibility of experimental 

conditions. Thus, statistical differences can be estabilished which would be difficult in 

certain human infections. The ability to study the effects of variations in a single 

parameter of the host-pathogen relationship or modality of therapy is also enhanced in 

animal models (Craig 1993).  

In spite of the development of animal models that closely resemble human 

infections, there can still be several problems that preclude direct application of results 

to clinical practice. Many animal studies use only a few bacterial strains, while each 

patient in a clinical trial could be infected with a different strain. Large inocula are often 

necessary to induce infections in some animal models which could affect the results 

with antimicrobial agents sensitive to inoculum effects. The pharmacology of 

antimicrobial agents in most animal species is markedly different from that in humans. 

The elimination of the agents is much faster in animals than in man. Different dosage 

regimens are required to achieve the necessary PK/PD parameters for the maximal 

efficacy. Since there are no definitive guidelines to help investigators determine which 

dosage regimens would be most appropriate (Craig 1993), one must search it before 

animal infection model is done. 

 

2.1 Classification of ß-lactamases 

Functional classification schemes that enjoyed acceptance among ß-lactamase 

researchers include the classification of Sawai et al in 1968, describing penicillinases 

and cephalosporinases (Sawai et al. 1968); the Richmond and Sykes scheme in 1973 

that included all of the ß-lactamases from gram-negative bacteria described at that time, 

dividing the enzymes into five major groups on the basis of substrate profile (Richmond 

and Sykes 1973); the extension of Richmond and Sykes scheme by Sykes and Matthew 

in 1976 which emphasised the plasmid mediated ß-lactamases (Sykes and Matthew 

1976); and the groupings proposed by Bush, in 1989 that included enzymes from all 

bacterial sources and that was the first scheme to try to correlate substrate specificity 
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and inhibitory properties with molecular structure (Bush 1989). In 1995, the Bush-

Jacoby-Medeiros’ scheme was updated (Table 1.) among others due to the increased 

number of TEM- and SHV-derived extended-spectrum ß-lactamases. It was decided to 

classify the derivates of TEM- and SHV-derived enzymes in groups that retain the ”2b” 

prefix. In place of the former 2b’ designation, the extended-spectrum ß-lactamases have 

been placed into a 2be group, to show that these enzymes are derived from the group 2b 

and have an extended-spectrum activity (Bush et. al. 1995). 

The disadvantage of phenotypic classification is that point mutaions can greatly 

alter substrate specificity and inhibitor susceptibility, changing the group to which an 

enzyme is assigned. Based on the molecular structure four groups are distinguished, as 

was proposed by Ambler (Ambler 1980, Livermore 1995). ß-Lactamases class A have a 

molecular weight about 30 kD, having serine at their active site. These enzymes are 

mostly penicillinases. They are inhibited by ß-lactamase inhibitors such as clavulanic 

acid, sulbactam or tazobactam. Their tertiary structures show similarities to PBPs from 

which they might have evolved. Class B ß-lactamases are metalloenzymes, having zink-

binding thiol-group at their active-site, and are inhibited by EDTA. ß-Lactamases 

belonging to class C are large proteins of molecular mass about 40 kD, and they have 

serine at their active site, too. They are mainly active against cephalosporins. However, 

both class A and C enzymes developed from PBPs they have slight similarity to each 

other. Enzymes of class D are oxacillinases (Bush et al. 1995, Mandell 1995, Sykes and 

Matthew 1979). 

 

2.2. Extended-spectrum ß-lactamases 

Extended-spectrum ß-lactamases are able to hydrolyze the penicillins, narrow-

spectrum and third-generation cephalosporins, and monobactams. The ESBLs have 

hydrolysis rates for ceftazidime, cefotaxime, or aztreonam (aminothiazoleoxime ß-

lactam antibiotics) at least 10% that for benzylpenicillin. They are inhibited by 

clavulanic acid (Paterson and Bonomo 2005). Some enzymes generally regarded as 

ESBLs (for example, TEM-7 and TEM-12) do not rigorously meet the hydrolysis 

criteria above. However, large increases in hydrolysis rates for ceftazidime are seen 

compared to the parent TEM-1 and TEM-2 enzymes, resulting in increased MICs of 

ceftazidime for organisms bearing such ß-lactamases. Hence, these TEM ß-lactamases 

are included in group 2be and are widely regarded as ESBLs (Bush et. al. 1995). 
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In the Bush-Jacoby-Medeiros scheme the ESBLs are assigned to group 2be and 

those of group 2d which share most of the fundamental properties of group 2be 

enzymes (Bush et al. 1995). With the exception of OXA-type enzymes (which are class 

D enzymes), the ESBLs are of molecular class A, in the classification scheme of 

Ambler. Group 2b enzymes hydrolyze penicillin and ampicillin, and to a lesser degree 

carbenicillin or cephalothin (Bush et. al. 1995). They are not able to hydrolyze 

extended-spectrum cephalosporins or aztreonam to any significant degree. TEM-1 is the 

most common plasmid-mediated ß-lactamase of ampicillin-resistant enteric gram-

negative bacilli (for example, E. coli), while SHV-1 is produced by the vast majority of 

K. pneumoniae. TEM-2 is a less common member of the same group with identical 

biochemical properties to TEM-1. The ESBLs derived from TEM-1, TEM-2, or SHV-1 

differ from their progenitors by as few as one amino acid. These little changes result in 

a profound change in the enzymatic activity of the ESBLs (Paterson and Bonomo 

2005).  

Comparisons of nucleotide sequences of TEM and SHV ESBL genes with those 

coding for their parental penicillinases have revealed numerous point mutations, which 

cause amino acid substitutions in a ß-lactamase polypeptide. Many of these 

substitutions have been found to affect enzyme structure and activity of different way, 

by enlarging the ß-lactam-binding site, enhancing ß-lactamase interactions with 

oxyimino side-chains of specific compound etc (Knox 1995). Finally, not only 

substitutions but also amino acid insertions or deletions have been found either to be 

responsible for or to possibly contribute to ESBL activity (Arpin et al. 2001). The 

combinations of mutations with defined roles do not have result in a simply additive 

effect on ß-lactamase activity. Some ESBL variants have evolved and may still evolve 

directly from broad-spectrum ß-lactamases due to single spectrum-extending mutations 

(Arlet et al. 1995, Arlet et. al. 1999, Barthélémy et al. 1988). However, the vast majority 

of them have emerged by the stepwise acquisition of different mutations by pre-existing 

ESBLs. 

Since the first isolation of an ESBL-producing strain in 1983, the total number of 

ESBLs characterized exceeds 200. These are detailed on the authorative website on the 

nomeclature of ESBLs hosted by George Jacoby and Karen Bush 

(http://www.lahey.org/studies/webt.htm) (Paterson and Bonomo 2005). 
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Table 1. Classification schemes for bacterial ß-lactamases (Bush et. al. 1995). 
 

Inhibited by  
Bush-Jacoby-

Medeiros 
group 

1989 
Bush 
group 

 
Richmond-
Sykes class 

 
Molecular 

class 

 
Preferred substrates CA EDTA 

 
Representative enzymes 

1 1 Ia, Ib, Id C Cephalosporins - - AmpC enzymes from gram-
negative bacteria, MIR-1 

2a 2a NI A Penicillins + - Penicillinases from gram-positive 
bacteria 

2b 2b III A Penicillins, cephalosporins + - TEM-1, TEM-2, SHV-1 
        

2be 2b' NI except K1 
in class IV A 

Penicillins, narrow-spectrum and 
extended-spectrum 

cephalosporins, monobactams 
+ - TEM-3 to TEM-26, SHV-2 to 

SHV-6, Klebsiella oxytoca K1 
        

2br NI NI A Penicillins ± - TEM-30 to TEM-36, TRC-1 
2c 2c II, IV A Penicillins, carbenicillin + - PSE-1, PSE-3, PSE-4 

2d 2d V D Penicillins, cloxacillin ± - OXA-1 to OXA-11, PSE-2 
(OXA-10) 

2e 2e Ic A Cephalosporins + - Inducibilie cephalosporinases 
from Proteus vulgaris 

2f NI NI A Penicillin, cephalosporins, 
carbapenems + - 

NMC-A from Enterobacter 
cloacae, Sme-1 from Serratia 

marcescens 

3 3 NI B Most ß-lactams, including 
carbapenems - + 

L1 from Stenotrophomonas 
maltophilia, CcrA from 

Bacterioides fragilis 

4 4 NI ND Penicillins - ? Penicillinase from Burkholderia 
cepacia 

NI: not included, CA: clavulanic acid 
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The ESBLs can be classified into distinct structural/evolutionary families based 

on comparisons of their deduced amino acid sequences, eg. TEM, SHV, CTX-M, PER, 

VEB, GES, TLA, BES and OXA families (Bernard et al. 1992, Bradford et al. 1998, 

Danel et al. 1995, Danel et al. 1999, Kitzis et al. 1988, Livermore et al. 1985, Poirel et 

al. 1999, Poirel et al. 2001). 

The SHV-type ESBLs may be more frequently found in clinical isolates than any 

other type of ESBLs (Jacoby 1997). SHV-type ESBLs have been detected in a wide 

range of Enterobacteriaceae and outbreaks of SHV-producing Pseudomonas 

aeruginosa and Acinetobacter spp. have now been reported (Poirel et al. 2004). Among 

the Enterobacteriaceae, the SHV and TEM ESBLs are most prevalent in K. 

pneumoniae (Paterson and Bonomo 2005).  

Over 100 TEM-type ß-lactamases have been described, of which the majority are 

ESBLs. A number of TEM derivatives have been found which have reduced affinity for 

ß-lactamase inhibitors. With very few exceptions, TEM-type enzymes which are less 

susceptible to the effects of ß-lactamase inhibitors have negligible hydrolytic activity 

against the extended-spectrum cephalosporins and are not considered ESBLs. However, 

interesting mutants of TEM ß-lactamases are being recovered that maintain the ability 

to hydrolyze third-generation cephalosporins but which also demonstrate inhibitor 

resistance. These are referred to as complex mutants of TEM (CMT-1 to -4) (Fiett et al. 

2000, Neuwirth 2001, Poirel et al. 2004, Sirot el al. 1997).  

The name CTX reflects the potent hydrolytic activity of these ß-lactamases 

against cefotaxime. Organisms producing CTX-M-type ß-lactamases typically have 

cefotaxime MICs in the resistant range (≥64 µg/ml), while ceftazidime MICs are usually 

in the apparently susceptible range (2 to 8 µg/ml). However, some CTX-M-type ESBLs 

may actually hydrolyze ceftazidime and confer resistance to this cephalosporin (MICs 

as high as 256 µg/ml) (Baraniak et al. 2002, Poirel 2002, Sturenburg et al. 2004). 

Aztreonam MICs are variable. CTX-M-type ß-lactamases hydrolyze cefepime with high 

efficiency (Tzouvelekis et al. 2000), and cefepime MICs are higher than observed in 

bacteria producing other ESBL types (Yu et al. 2002). Tazobactam exhibits an almost 

10-fold greater inhibitory activity than clavulanic acid against CTX-M-type ß-

lactamases (Bush et al. 1993). It should be noted that the same organism may harbor 

both CTX-M-type and SHV-type ESBLs or CTX-M-type ESBLs and AmpC-type ß-

lactamases, which may alter the antibiotic resistance phenotype (Yan et al. 2000).  
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Toho-1 and Toho-2 are ß-lactamases related structurally to CTX-M-type ß-

lactamases. Like most CTX-M-type ß-lactamases, the hydrolytic activity of the Toho-1 

and Toho-2 enzymes is more potent against cefotaxime than ceftazidime (Labia 1999).  

It appears that the CTX-M-type ß-lactamases are closely related to ß-lactamases 

of Kluyvera spp. (Decousser et al 2001, Humeniuk et al. 2002). CTX-M-type ß-

lactamases have 40% or less identity with TEM and SHV-type ESBLs. The number of 

CTX-M-type ESBLs is rapidly expanding. For some years, CTX-M ESBLs were 

predominantly found in three geographic areas: South America, the Far East, and 

Eastern Europe. In Western Europe and North America, CTX-M-type ß-lactamases 

have previously appeared to be infrequent (De Champs et al. 2000). However, in recent 

years, a number of authors have reported the advent of CTX-M-type ESBLs in these 

regions (Molland et al. 2003, Livermore et al. 2007). Given the widespread findings of 

CTX-M-type ESBLs in China and India, it could be speculated that CTX-M-type 

ESBLs are now actually the most frequent ESBL type worldwide (Paterson and 

Bonomo 2005).  

The OXA-type ß-lactamases (group 2d) are characterized by hydrolysis rates for 

cloxacillin and oxacillin greater than 50% that for benzylpenicillin (Bush et al. 1995). 

They predominantly occur in P. aeruginosa (Weldhangen et al. 2003) but have been 

detected in many other gram-negative bacteria. In fact, the most common OXA-type ß-

lactamase, OXA-1 has been found in 1 to 10% of E. coli isolates (Livermore 1995). 

Most OXA-type ß-lactamases do not hydrolyze the extended-spectrum cephalosporins 

to a significant degree and are not regarded as ESBLs. However, OXA-10 hydrolyzes 

(weakly) cefotaxime, ceftriaxone, and aztreonam, giving most organisms reduced 

susceptibility to these antibiotics. Other OXA ESBLs include: OXA-11, -14, -16, -17, -

19, -15, -18, -28, -31, -32, -35, and -45 (Toleman et al. 2003). These confer frank 

resistance to cefotaxime and sometimes ceftazidime and aztreonam (Paterson and 

Bonomo 2005). The evolution of ESBL OXA-type ß-lactamases from parent enzymes 

with narrower spectra has many parallels with the evolution of SHV- and TEM-type 

ESBLs.  

The PER-type ESBLs share only around 25 to 27% homology with known TEM- 

and SHV-type ESBLs. PER-1 ß-lactamase efficiently hydrolyzes penicillins and 

cephalosporins and is susceptible to clavulanic acid inhibition. PER-1 was first detected 

in P. aeruginosa, and later in Salmonella enterica serovar Typhimurium and 

Acinetobacter isolates as well. In Turkey, as many as 46% of nosocomial isolates of 
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Acinetobacter spp. and 11% of P. aeruginosa were found to produce PER-1. PER-2, 

which shares 86% homology to PER-1, has been detected in S. enterica serovar 

Typhimurium, E. coli, K. pneumoniae, Proteus mirabilis, and Vibrio cholerae O1 El 

Tor (Paterson and Bonomo 2005).  

A variety of other ß-lactamases which are plasmid-mediated or integron-

associated class A enzymes was discovered. VEB-1 has greatest homology with PER-1 

and PER-2 (38%). It confers high-level resistance to ceftazidime, cefotaxime, and 

aztreonam, which is reversed by clavulanic acid. The gene encoding VEB-1 was found 

to be plasmid mediated; such plasmids also confer resistance to non-ß-lactam 

antibiotics. Other VEB enzymes have also been detected in Kuwait and China. GES, 

BES, TLA, SFO, and IBC are other examples of non-TEM, non-SHV ESBLs and have 

been found in a wide range of geographic locations (Paterson and Bonomo 2005). 

 

2.3.Epidemiology of ESBLs 

ESBLs have been found in a wide range of gram-negative rods; however, the vast 

majority of strains expressing these enzymes belong to the family Enterobacteriaceae 

(Bush et al. 1995, Livermore 1995). K. pneumoniae seems to remain the major ESBL 

producer; this is reflected both by its usually outstanding contribution to all ESBL-

expressing isolates identified in medical centers, and by the high incidence of ESBL 

production in nosocomial populations of these species (Bush et al. 1995, Livermore 

1995, Sirot et al. 1992). The predilection of ESBLs for klebsiellae is partly explained by 

cross-infection, with clonal spread of producers (Arlet et al. 1990, Petit et al. 1990, Sirot 

et al. 1991), and this is facilitated by the fact that klebsiellae survive longer than most 

other gram-negative rods on skin (Casewell and Desai 1983). Cross-infection does not, 

however, explain why so many different enzyme types have been found in klebsiellae 

compared with other genera or why some hospitals have recorded dissemination of 

single ESBLs among klebsiellae of diverse serotypes (Liu et al. 1992). Maybe 

klebsiellae are particularly good vectors for plasmids or allow evolution of ESBL genes 

more readily than do other enterobacteria. It is notable, in this context, that many ESBL 

genes are on large plasmids with low copy numbers and that large multiresistance 

plasmids have long been more common in klebsiellae (Jacoby and Medeiros 1991, 

Philippon et al. 1989). Another very important organism is E. coli, which has a 

remarkably high representation among ESBL producers circulating in hospital 

environments (Bradford et al. 1995, Livermore 1995, Palucha et al. 1999, Paterson et al. 

 12



1999b, Sirot et al. 1991). The incidence of ESBLs in Salmonella spp. is growing. 

Sporadic isolates of ESBL-producing salmonellae or nosocomial outbreaks caused by 

these organisms have been already identified in numerous countries of Latin America, 

Africa, Europe and Asia (Bradford et al. 1998, Shannon and French 1998, Tassios et al. 

1999). Non-Enterobacteriaceae ESBL producers are much rarer, with P. aeruginosa 

being the most important among them (Danel et al. 1995, Danel et al. 1999, Livermore 

et al. 1985). This organism is a frequent host of OXA-type ESBL expression (Danel et 

al. 1999, Poirel et al. 2001). However, P. aeruginosa isolates producing TEM, SHV, 

and PER ESBLs have also been identified in several countries (Danel et al. 1999, 

Livermore et al. 1985). 

Numerous studies have used a case-control design with which to assess risk 

factors for colonization and infection with ESBL-producing organisms (Ariffin et al. 

2000, Asensio et al. 2000, Bisson et al. 2002, D’Agata et al. 1998, De Champs et al. 

1991, Lautenbach et al. 2001, Wiener et al. 1999, Paterson and Bonomo 2005). Patients 

at high risk for developing colonization or infection with ESBL-producing organisms 

are often seriously ill patients with prolonged hospital stays and in whom invasive 

medical devices are present (urinary catheters, endotracheal tubes, central venous lines) 

for a prolonged duration. The median length of hospital stay prior to isolation of an 

ESBL producer has ranged from 11 to 67 days, depending on the study. In addition to 

those already mentioned, a myriad of other risk factors have been found in individual 

studies, including the presence of nasogastric tubes, gastrostomy or jejunostomy tubes 

and arterial lines, administration of total parenteral nutrition, recent surgery, 

hemodialysis, decubitus ulcers, and poor nutritional status. Heavy antibiotic use is also a 

risk factor for acquisition of an ESBL-producing organism. Several studies have found a 

relationship between third-generation cephalosporin use and acquisition of an ESBL-

producing strain. Other studies, which were underpowered to show statistical 

significance, showed trends towards such an association. Furthermore, a tight 

correlation has existed between ceftazidime use in individual wards within a hospital 

and prevalence of ceftazidime-resistant strains in those wards. Use of a variety of other 

antibiotic classes has been found to be associated with subsequent infections due to 

ESBL-producing organisms. These include quinolones, trimethoprim- 

sulfamethoxazole, aminoglycosides, and metronidazole. Conversely, prior use of ß-

lactam/ß-lactamase inhibitor combinations, penicillins, or carbapenems seems not to be 

associated with frequent infections with ESBL-producing organisms.  

 13



There is some evidence that nursing homes may serve as a portal of entry for 

ESBL-producing organisms into acute-care hospitals (Bradfor et al. 1995). Conversely, 

patients with hospital-acquired colonization or infection may return to their nursing 

home with ESBL carriage (Bird et al. 1998). In a point prevalence study in the skilled 

care floor of a Chicago nursing home, 46% of residents were colonized with ESBL-

producing organisms (all E. coli) (Wiener et al. 1999).  

In recent years there has been a wide variety of reports of true community-

acquired infections with ESBL-producing organisms. Several community-acquired 

pathogens that commonly cause diarrhea have been found to be ESBL producers. 

ESBL-producing Salmonella infections remain a concern in many parts of the world 

(Baraniak et al. 2002, AitMhand et al. 2002, Issack et al. 1995, Kruger et al. 2004). In 

the last years there have been several reports of true community-acquired infection or 

colonization with ESBL-producing E. coli (Paterson and Bonomo 2005, Brigante et al. 

2005, Colodner et al. 2004, Mirelis et al 2003, Munday et al. 2004, Rodriguez-Bano et 

al. 2004.). These reports have come from Spain, Israel, the United Kingdom, Canada, 

and Tanzania. Typically, patients have developed urinary tract infection with CTX-M-

producing E. coli. Some urinary tract infections have been associated with bacteremia. 

The majority of isolates have been resistant to commonly used first-line agents for 

urinary tract infection such as trimethoprim-sulfamethoxazole, ciprofloxacin, 

gentamicin, and ceftriaxone. Examining risk factors for ESBL-producing E. coli 

infections in nonhospitalized patients and found that diabetes mellitus, prior quinolone 

use, recurrent urinary tract infections, prior hospital admissions, and older age were 

independent risk factors (Rodriguez-Bano et al. 2004). 

Europe. There is considerable geographical difference in the occurrence of 

ESBLs in European countries. Within countries, hospital-to-hospital variability in 

occurrence may also be marked (Babini and Livermore 2000). In a 1997–1998 survey 

of 433 isolates from 24 intensive care units in western and southern Europe, 25% of 

klebsiellae possessed ESBLs. Another large study from more than 100 European 

intensive care units found that the prevalence of ESBLs in klebsiellae ranged from as 

low as 3% in Sweden to as high as 34% in Portugal (Hanberger et al. 1999). In a third 

study (Nijjsen et al. 2004) 5000 isolates of Enterobacteriaceae were collected from 

different parts of Europe and Israel. ESBL-production was confirmed in 1.3% isolates 

of E. coli, 18.4% isolates of K. pneumoniae, 12.6% isolates of Klebsiella oxytoca and 

5.3% isolates of P. mirabilis. ESBL-production was not equally distributed throughout 
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Europe: Greece, Italy, Portugal, Turkey and Israel had an ESBL prevalence rate higher 

than 10%, whereas rates less than 5% occurred in the rest of Europe.  

Hungary. Six hundred four strains of K. pneumoniae were isolated from April to 

December 2001 at the Diagnostic Laboratory of Institute of Medical Microbiology at 

Semmelweis University. Out of these 604 K. pneumoniae isolates 31 strains – 5.1 % - 

produced extended-spectrum ß-lactamase (Szabó 2002). Single-strand conformation 

polymorphism (SSCP) analysis of the PCR products among 170 clinically isolated K. 

pneumoniae strains revealed the presence of SHV-2 and SHV-5 ESBL in 12 and 3 

cases, respectively (Nagy et al. 1998). In eight, geographically distant hospitals the 

spread of a CTX-M-15 K. pneumoniae clone was described recently (Damjanova et al. 

2006). 

North America. In a survey of nearly 36,000 isolates from intensive care units in 

North America, nonsusceptibility of K. pneumoniae to third-generation cephalosporins 

averaged 13% (Paterson and Bonomo 2005). National Nosocomial Infection 

Surveillance (NNIS) figures for the period January 1998 to June 2002 reveal that 6.1% 

of 6,101 K. pneumoniae isolates from 110 intensive care units were resistant to third-

generation cephalosporins (usually indicative of ESBL production, although it is 

acknowledged that other mechanisms of resistance may be responsible). In at least 10% 

of intensive care units, resistance rates exceeded 25%. In non-intensive care unit 

inpatient areas, 5.7% of K. pneumoniae isolates were ceftazidime resistant. In outpatient 

areas, just 1.8% of K. pneumoniae isolates and 0.4% of E. coli isolates were ceftazidime 

resistant (NNIS 2002). 

South and Central America. ESBLs have been found in 30 to 60% of 

klebsiellae from intensive care units in Brazil, Colombia, and Venezuela (Paterson and 

Bonomo 2005).  

Africa. Several outbreaks of infections with ESBL-producing Klebsiella sp. have 

been reported from South Africa, but no national surveillance figures have been 

published. However, it has been reported that 36.1% of K. pneumoniae isolates 

collected in a single South African hospital in 1998 and 1999 were ESBL producers. 

Outbreaks of Klebsiella infections with strains resistant to third-generation 

cephalosporins have been reported in Nigeria and Kenya without documentation of 

ESBL production (Paterson and Bonomo 2005).  

Australia. It appears that the proportion of K. pneumoniae isolates which are 

ESBL producers in Australian hospitals is about 5% (Paterson and Bonomo 2005). 

 15



Asia. In reports comprising limited numbers of isolates collected in 1998 and 

1999, 30.7% of K. pneumoniae isolates and 24.5% of E. coli isolates were ESBL 

producers in China. National surveys have indicated the presence of ESBLs in 5 to 8% 

of E. coli isolates from Korea, Japan, Malaysia, and Singapore but 12 to 24% in 

Thailand, Taiwan, the Philippines, and Indonesia. Rates of ESBL production by K. 

pneumoniae have been as low as 5% in Japan and 20 to 50% elsewhere in Asia 

(Paterson and Bonomo 2005).  

 

2.4. Antibiotic susceptibility of ESBLs 

The most notable feature of these enzymes is their ability to attack extended-spectrum 

cephalosporins and monobactams, as well as narrow-spectrum cephalosporins and anti-

gram-negative-bacterium penicillins (Jacoby and Medeiros 1991, Jan et al. 1998, 

Livermore 1995, Philippon et al. 1989, Silva et al. 2000). Carbapenems and 

cephamycins are stable. All the TEM- and SHV-derived ESBLs confer antibiograms 

that reflect this general pattern of activity, but individual enzymes vary in the levels of 

resistance they cause to different compounds. Although MICs of third-generation 

cephalosporins for ESBL-producing organisms are many times higher than those for 

non-ESBL producers of the same species, these MICs may not reach breakpoint values 

for resistance (Bruin-Busson et al. 1987, Kado and Liu 1981, Paterson et al. 1999b, Rice 

et al. 1990, Venezia et al. 1995). Jett et al. determined the in vitro susceptibility of 108 

clinically derived ESBL-producing strains of E. coli and Klebsiella spp. (Jett et al. 

1995). Activity of cefepime (52 to 64% susceptibile) and cefotaxime (40 to 63% 

susceptibile) were comparable. When cefepime was challaged with ESBL isolates at 

higher inoculum size MICs and MBCs for the majority of isolates exceeded the highest 

concentration tested (> 128 µg/ml) Table 2.  

Combinations of ß-lactam antibiotics with ß-lactamase inhibitors are usually 

active in vitro against organisms possessing a single ESBL. Despite sensitivity of the 

enzymes to inhibition, MICs of clavulanate combinations and ampicillin-sulbactam 

often are high for ESBL producers (Jacoby and Medeiros 1991, Kuck et al. 1989, 

Livermore 1995), presumably because high levels of enzyme are present. As with the 

cephalosporins, combinations of ß-lactam with ß-lactamase inhibitor (e.g. ticarcillin-

clavulanate or piperacillin-tazobactam) are also subject to rising MICs as inoculum rises 

(Kuck et al. 1989). In addition, hyperproduction of ß-lactamases or the combination of 
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Table 2. In vitro activities of various antimicrobial agents against ESBL-producing E. coli and Klebsiella sp. (Jett et al. 1995)

MIC (µg/ml) Organism of 
isolates Test agent 

50% 90% Range 
% Susceptible 

E. coli Cefazolin 64 >128 2->128 20 
 Ceftazidime 64 >128 1->128 28 
 Cefotaxime 16 >128 0.12->128 40 
 Cefotetan 0.5 8 0.12-32 92 
 Cefepime 2 >128 0.25->128 64 
 Aztreonam 32 >128 0.25->128 32 
 Ampicillin-sulbactam 8 64 8->128 52 
 Piperacillin-tazobactam 4 8 1-32 96 
 Imipenem 0.25 0.5 ≤0.06-1 100 
 Ciprofloxacin ≤0.25 >8 ≤0.25->8 84 
 Amikacin ≤8 16 ≤8-16 100 

Klebsiella sp. Cefazolin 128 >128 4->128 6 
 Ceftazidime >128 >128 0.25->128 17 
 Cefotaxime 8 64 ≤0.06->128 63 
 Cefotetan 0.5 2 ≤0.06-64 99 
 Cefepime 8 >128 0.25->128 52 
 Aztreonam 32 128 0.25->128 20 
 Ampicillin-sulbactam 16 128 8->128 10 
 Piperacillin-tazobactam 4 32 0.5->128 86 
 Imipenem 0.5 1 ≤0.06-2 100 
 Ciprofloxacin ≤0.25 4 ≤0.25->8 64 
 Amikacin ≤8 16 ≤8-64 99 
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ß-lactamase production and porin loss can also lead to reduction in activity of ß-

lactam/ß-lactamase inhibitor combinations. In vitro, the carbapenems (imipenem and 

meropenem) and the cephamycins have the most consistent activity against ESBL-

producing organisms, given their stability to hydrolysis by ESBLs. 

 

2.5. Animal experiments and clinical studies 

Imipenem is proffered as the treatment of choice for infections caused by 

extended-spectrum ß-lactamse producing strains of the Enterobacteriaceae family. Its 

activity was demonstrated in animal models and in clinical setting (Rice et al. 1994, 

Thauvin-Eliopoulos et al. 1997, Paterson et al. 2004a). The therapeutic choices remain 

limited because of cross-resistance. The emergence of imipenem-resistant ESBL-

producing K. pneumoniae strains warrants the need to reduce its selective pressure. 

Alternative drugs were tested in animal models (Mentec et al. 1992, Rice et al. 1994, 

Thauvin-Eliopoulos et al. 1997). 

Currently available ß-lactamase inhibitors are active against the more commonly 

encountered extended-spectrum enzymes in addition to a number of previously 

recognized plasmid-mediated ß-lactamases (Thauvin-Eliopoulos et al. 1997), their 

potential use in treatment of infections caused by such organisms were examined 

extensively (Mentec et al. 1992, Rice et al. 1994, Thauvin-Eliopoulos et al. 1997). In a 

TEM-26 producing K. pneumoniae intra-abdominal rat model the efficiencies of 

ampicillin-sulbactam and piperacillin-tazobactam were investigated. Imipenem resulted 

the most effective drug, however the results of high-dose ampicillin-sulbactam and 

piperacillin-tazobactam treatment were not statistically distinguishable from the 

imipenem treatment. The authors concluded that ß-lactam/ß-lactamase inhibitor 

combinations (ampicillin-sulbactam and piperacillin-tazobactam) might be viable 

alternatives for the treatment of serious infections caused by ESBL-producing strains of 

K. pneumoniae which demonstrate in vitro susceptibility to these agents (Rice et al. 

1994).  

In another rat intra-abdominal abscess model using the same TEM-26 ESBL-

producing K. pneumoniae strain efficacies of piperacillin-tazobactam, cefepime, 

cefotaxime, ceftazidime and imipenem were tested. With the exception of ceftazidime, 

all treatment groups reduced significantly the bacterial densities in abscesses compared 

with untreated controls. The imipenem, cefepime, and cefotaxime regimens each 

reduced organisms in abscess content to below the limits of detection. Imipenem was 
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more effective in decreasing colony counts in abscess contents than either piperacillin-

tazobactam or ticarcillin-clavulanate. Cefotaxime was also more effective than 

piperacillin-tazobactam. Residual bacterial densities in the imipenem, cefepime, and 

cefotaxime treatment groups were not statistically different. The authors underlined that 

piperacillin-tazobactam exerted significantly lower activity than imipenem and they 

further cautioned that results might be different with K. pneumoniae producing other 

ESBLs (Thauvin-Eliopoulos et al. 1997).  

The effectiveness of cefepime and cefotaxime surprised the authors (Thauvin-

Eliopoulos et al. 1997) because cefotaxime resulted ineffective in their previous study 

(Ricet et al. 1991), and the strain showed in vitro susceptibility to cefepime only at the 

lower inoculum. Thauvin et al. suggested that a clinical successful outcome might be 

highly dependent on the dosing regimens used and the resulting serum concentrations in 

serum attained, even for a specific ESBL-producing strain and the site of infection 

(Thauvin et al. 1997).  

Four TEM-type ESBL- and two non-ESBL-producing strains of E. coli were used 

to determine the in vivo pharmacodynamic profile of cefepime at various inocula. At 

high inoculum significant increase in cefepime MIC was detected for ESBL and non-

ESBL strains. Furthermore, the magnitude of inoculum effect appared greater among 

ESBL-negative than among ESBL-positive E. coli isolates. In the mouse thigh infection 

model cefepime caused similar reduction of bacterial density regardless of ESBL 

production and the size of inoculum when a T>MIC of 70% as a reference point was 

used. The cefepime MIC obtained with standard susceptibility tests was predictive of in 

vivo outcome, and the presence of ESBLs did not affect therapeutic success (Maglio et 

al. 2004). 

In an international, prospective, observational study of patients with bacteriaemia 

or pneumonia caused by Enterobacteriaceae (principally E. coli and Klebsiella species) 

135 cases due to ESBL-producing isolates were enrolled. Of these cases 11 (8.1%) 

patients were received cephalosporin monotherapy and among them the clinical success 

rate was 81.8% (9 cases). All of the 3 adults cured whose infections were due to strains 

with MIC ≤ 8 µg/ml for the used cephalosporins. These data supported the contention 

that for Enterobacteriaceae infections, the MIC value is more predictive of outcome 

than ESBL production (Bhavnani et al. 2006). In another prospective controlled clinical 

study (Bin et al. 2006) 7 cases of infection due to CTX-M-type ESBL-producing E. coli 

strains were treated with ceftazidime. The MIC of ceftazidime was ≤ 8 µg/ml and the 
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success ratio with ceftazidime (85.7%) was comparable with the activity of imipenem 

(87.5%). High rate of clinical failure was associated with cephalosporin treatment in a 

retrospective cohort study. Definitive cephalosporin therapy was identified as an 

independent risk factor for mortality in bloodstream infections due to ESBL-producing 

K. pneumoniae and E. coli. However, there were three cases due to ESBL producers for 

which the MIC of the cephalosporin used for treatment was ≤ 2 µg/ml, and all of these 

patients cured. (Kang et al. 2004). 

Conflicting results exist regarding the impact of infections with ESBL-producing 

Enterobacteriaceae strains. In a study (Bhavnani et al. 2006) outcomes were very 

similar between ESBL and non-ESBL cases for clinical response as well attributable 

and all-cause mortality. Other authors found ESBL production a significant predictor of 

mortality (Schwaber et al. 2006, Anderson et al. 2006), increased length of stay in 

hospital and increase of costs (Schwaber et al. 2006). Antibiotic therapy resulted alone 

or with other factors an important independent risk factor of mortality of infections with 

ESBL-producing organisms (Schwaber et al. 2006, Kang et al. 2004, Anderson et al. 

2006, Paterson et al. 2004a).  

Several investigators underscored the clinical importance of rapidly 

implementing effective antibiotic therapy for severly ill patients with bloodstream 

infections (Ibrahim et a. 2000, Kang et al. 2003, MacArthur et al. 2004). Paterson and 

collegues (Paterson et al. 2004a) examined the impact of delayed therapy on mortality 

among patients with bacteriaemia due to ESBL-producing K. pneumoniae. These 

investigators noted that, in bivariate analysis, failure to provide effective therapy in the 

first 5 days of bacteriaemia was associated with increased mortality. In contrast, 

Anderson et al’s study (Anderson et al. 2006) concluded that patients in whom effective 

therapy was delayed 72 hours or more had almost a four-times-increased mortality risk. 

The initial 72 hours of bacteriaemia was identified as the critical period during which 

effective antimicrobial therapy for bloodstream infections due to ESBL-producing K. 

pneumoniae needs to be implemented to improve survival. 

Use of carbapenems (primarly imipenem) was associated with a significantly 

lower 14-day mortality due to ESBL-producing K. pneumoniae bacteriaemia than was 

use of other active antibiotics. The efficacy of carbapenem monotherapy was 

significantly superior to that of quinolone or noncarbapenem ß-lactams (Paterson et al. 

2004a). Kang et al (Kang et al. 2004) found the following 30-day mortality rates: 

carbapenem, 12.9%, ciprofloxacin, 10.3% and others, such as cephalosporin or an 
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aminoglycoside, 26.9%. Compared with others, the carbapenem and ciprofloxacin 

group had lower mortality, although statistical significance was not reached.  

There is no in vivo animal study that would compare the activity of imipenem 

with amikacin plus imipenem against ESBL-producing Enterobacteriaceae strains. 

There is a lack of clinical studies evaluating the efficacy of imipenem and amikacin 

combination, and there are very limited cases published about the effect of carbapenem 

plus aminoglycoside combination therapy.  

 

2.6. Importance of pharmacokinetic surrogate markers 

When a clinician chooses an antimicrobial agent for the treatment of an infection 

caused by a known organism, this choice is generally based on the susceptibility profile 

of the infecting pathogen. The testing of minimum inhibitory concentrations (MICs) has 

become a routine method for determining the susceptibility of a pathogen. The MIC, 

however, is only one of the factors that needs to be considered to ensure a positive 

patient outcome. In order for the clinician to make a rational choice of antibiotic for 

treatment of bacterial infection, a specific and precisely defined relationship between 

antimicrobial pharmacokinetics and the pharmacodynamic interaction between the 

antimicrobial agent and its bacterial target must be achieved. This specific relationship 

is a surrogate marker for outcomes such as bacterial eradication and/or clinical cure 

(Hyatt et al. 1995). 

Pharmacokinetic-pharmacodynamic concepts were initially identified in the 

1940s and 1950s by Dr. Harry Eagle. Through experiments conducted in rodents, Eagle 

identified the time-dependent pattern of penicillin and noted the concentration-

dependent nature of streptomycin. The full significance of Eagle’s investigations was 

not appreciated until many years later. From the late 1970s through the early 1990s, PK-

PD concepts were rediscovered and expanded upon through elegantly designed rodent 

experiments conducted by Dr. William Craig, among others. Today, we benefit from 

rodent-derived PK-PD knowledge about virtually every antibacterial class. This 

information is used during drug development for proof of concept, for dose and interval 

selection, for determining susceptibility breakpoints, and in evaluating the clinical 

meaning of antibiotic resistance (Ambrose et al. 2007).  

Antimicrobial agents can be categorized on the basis of the PK-PD measure that 

is most predictive of efficacy. The three most common PK-PD measures are the 

duration of the time a drug concentration remains above the MIC (T>MIC), the ratio of 
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the maximal drug concentration to MIC (Cmax/MIC), and the ratio of the area under the 

concentration time-curve at 24 h to the MIC (AUC0-24/MIC). The PK-PD measure that 

ultimately maps most closely to efficacy is dependent upon the agent’s pattern of 

bactericidal activity and the presence and duration of persistent effects (Ambrose et al. 

2007).  

An agent’s bactericidal pattern of activity is not entirely predictive of the PK-PD 

measure most closely associated with efficacy. The presence and duration of 

postantibiotic effect is also important. The postantibiotic effect is the time period 

beginning after organisms are exposed to a drug until the survivors begin to multiply to 

a significant degree. For gram-negative bacteria a significant postantibiotic effect is 

primarily observed with agents that inhibit protein or nucleic acid synthesis. ß-Lactams, 

with exceptions of carbapenems, have little postantibiotic effect (Ambrose et al. 2007). 

ß-Lactam antibiotics exhibit time-dependent killing and produce prolonged PAEs 

only with staphylococci. The goal of dosing for these drugs would be to optimise the 

duration of exposure. The duration of time that concentration exceed the MIC should be 

the pharmacodynamic parameter best correlates with therapeutic efficacy of ß-lactam 

antibiotics. In vitro studies using broad spectrum cephalosporins (cefotaxime, 

ceftriaxone, ceftazidime, cefpirome) the T>MIC required for a bacteriostatic effect with 

strains of Enterobacteriaceae were generally 35-40%. Maximum effects were 

consistently observed when the T>MIC approached 60-70% of dosing interval. Similar 

results have been observed in an experimental Klebsiella pneumonia model in rats using 

survival and mortality as end points (Craig 1995). There is a trend for carbapenems 

requiring less T>MIC than penicillins, which in turn require slightly less T>MIC than 

cephalosporins. These differences reflect the variation in rate of killing, which is fastest 

with carbapenems and slowest with the cephalosporins (Craig 1998). 

In animal models, the AUC0-24/MIC ratio exhibits a higher correlation with 

therapeutic efficacy than the Cmax/MIC ratio for aminoglycosides. However, opposite 

was observed in the major clinical trials correlating PK/PD parameters with the 

therapeutic efficacy. To obtain a clinical response ≥ 90%, the peak level needed to 

exceed the MIC by eightfold to 10-fold. The peak concentration that are eight to 10 

times higher than the MIC can reduce the rate of emergence of aminoglycoside-resistant 

mutans during therapy (Craig 1998). 
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2.7. Simulation of human pharmacokinetic parameters in animals 

Animal models have some problems that preclude the direct application of the 

results to clinical practice (Craig 1993). One of such problems is the pharmacokinetic 

dissimilarities between animals and humans. The faster rate of drug elimination in 

animals is one of the major pharmacokinetic differences. This is especially true in small 

rodents, which are commonly used in animal infection models. In general, the half-life 

is 6- to 9-fold longer in humans than in mice (Andes and Craig 2002). This difference 

can also have significant impact on treatment outcome in animal infection models. For 

example, once-daily dosing of aminoglycosides has been effective only in non-

neutropenic medium sized animals. Daily dosing of aminoglycosides has been less 

effective than multiple daily administration in small rodents infected with 

Enterobacteriaceae (Andes, Craig 2002). However, daily dosing of amikacin resulted 

effective in mice when human pharmacokinetics were simulated causing renal 

impairment (Craig et al. 1991). 

Human pharmacokinetics can be simulated either by frequent administration of a 

drug (Hatano et al. 1994; Flückiger et al. 1991), the use of computer-controlled pumps 

(Gavalda et al. 1996; Bugnon et al. 1996), or in the case of drugs eliminated via the 

kidneys by deliberately causing renal dysfunction (Craig et al. 1991, Craig 1993).  

Several surgical methods and one chemical method were compared for producing 

renal dysfunction in rats, namely, bilateral ureteral ligation, single step 5/6th 

nephrectomy, two step 5/6th nephrectomy, and uranyl nitrate injection. Of these methods 

uranyl nitrate injection resulted the simplest for producing renal dysfunction. The 

method produced a significant and sustained elevation of serum creatinin and urea 

nitrogen concentrations. Uranyl nitrate caused necrosis of the distal portion of the 

proximal renal tubules. This effect was seen 4 days after injection. The renal function 

began to decrease one day after uranyl nitrate injection but that pronounced effects 

become evident on days 5 and 6 (Giacomini et al. 1981). Some investigators used 

uranyl nitrate in animal antimicrobial experiments (Andes and Craig 1998a, Craig et al. 

1991, Mimoz et al. 1998).  

Cisplatin, an anticancer agent showed dose-dependent nephrotoxic effect in 

toxicological animal studies and human Phase I clinical trials; it caused acute necrosis 

in the pars recta of the proximal tubule (Mahmood and Waters 1994). Morphological 

changes were observed after three to five days dosing with cisplatin (Fillastre and 

Raguenez-Viotte 1989, Ewen and Hendry 1990). Mahmood et al. compared the efficacy 
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of uranyl nitrate and cisplatin to cause renal dysfunction in rats. Administration of both 

uranyl-nitrate and cisplatin produced a significant and sustained decrease of renal 

function which returned to control value within 3 weeks after administration of 

nephrotoxins (Mahmood and Waters 1994).  
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3. AIMS 
 

The purpose of our study was to create an animal model with pharmacokinetic 

charateristic similar to human data. Increasing the dose of cisplatin, a nephrotoxic agent 

we wanted to determine the dose which allows human-like pharmacokinetics of 

cefepime with no significant lethality. 

In the following animal experiments we used a clinically isolated ESBL-

producing K. pneumoniae strain for the determination of efficacy of different 

antimicrobial agents. 

We wanted to determine the in vivo efficacies of cefepime, amikacin, amikacin 

plus cefepime and imipenem against our K. pneumoniae strain. We wanted to point the 

unreliable activity of cefepime at high inoculum size. 

Furthermore, we wanted to compare the efficacy of amikacin and imipenem alone 

and in combination to determine their interaction. Raising the question, whether high 

mortality rate of bloodstream infections due to ESBL-producing strains can be reduced 

with a combination therapy. 
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4. MATERIALS AND METHODS 
 

4.1. Bacterial strain 

The SHV-5 ESBL-producing K. pneumoniae strain used in the studies was 

originally isolated from a premature infant in the intensive care unit (Szabo et al., 1999). 

Long-term storage was done at –70 °C in a brain–heart infusion broth with 20% 

glycerol. Before inoculation, it was grown overnight in brain–heart infusion broth at 37 

°C, and the count of bacteria was determined using a spectrophotometer at 540 nm 

(Bioscreen C; Labsystems). Each suspension was further diluted in physiologic saline to 

the appropriate bacterial concentrations required in the experiments.  

 

4.2. Drugs 

Amikacin, cefepime (Bristol-Myers Squibb Co) and imipenem (Merck Sharp & 

Dohme) were freshly diluted with saline to the appropriate concentrations, meanwhile 

solution of cisplatin (Ebewe Pharma) was given undiluted before each experiment.  

 

4.3. Antibiotic susceptibility testing 

The MICs were determined by the microdilution method for the tested drugs 

(amikacin, cefepime and imipenem) using the CLSI guidelines (NCCLS 1997, CLSI 

2005). The minimal bactericidal concentrations (MBCs) were determined by 

subculturing 0.1 mL from each clear cupule onto agar plates and were defined as the 

lowest concentration of a drug that reduced the number of viable organisms by 99.9%. 

MICs and MBCs were determined using inoculum concentrations of approximately 105 

and 107 CFU/mL. 

 

4.4. Time–kill studies 

The in vitro bactericidal activity of the agents was determined using the time–kill 

methods in accordance with the CLSI guidelines (NCCLS 2000, CLSI 2005). Initial 

bacterial concentration was 8 log10 CFU/mL. Concentrations of antibiotics were chosen 

to be close to the mean in vivo serum levels (Adamis et al. 2004; Norrby et al., 1995) 

and were as follows: amikacin 4 or 8 μg/mL, imipenem 16 μg/mL, and amikacin plus 

imipenem: 8 and 16 μg/mL, respectively. The viable bacterial counts were determined 

3, 9 and 24 hours after incubation with antibiotics (In vitro and in vivo.activities of 
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amikacin, cefepime, amikacin plus cefepime, and imipenem against an SHV-5 

extended-spectrum ß-lactamase-producing Klebsiella pneumoniae strain), while they 

were determined 4, 8 and 24 hours after incubation in the other experiment (The effect 

of amikacin and imipenem alone and in combination against an extended-spectrum ß-

lactamase Klebsiella pneumoniae strain). Dilutions were used to minimize the carryover 

effect of antibiotics. The amount of 0.1 mL was subcultured on agar plates and 

incubated at 37 °C for 24 h for the colony-forming unit (CFU) determination. The 

lowest accurate count was 300, that is, 30 colonies on an agar plate on which 0.1 mL 

sample had been subcultured. Bactericidal activity was defined as ≥3 log10 decrease in 

CFU per milliliter. Synergy was defined as a ≥2 log10 decrease in the number of CFU 

per milliliter between the combination and its most active constituent after 24 h. 

 

4.5. Chequerboard synergy testing 

The microdilution method served to determine the activity of imipenem in 

combination with amikacin. Dilutions ranging from 64 to 0.03 μg/mL of each drug were 

tested against 2 inoculum sizes (105 and 107 CFU/mL). The fractional inhibitory 

concentration index (FICI) was calculated using formulae previously published (Odds 

2003): FICI = (Ac/Aa) + (Bc/Ba), where A and B are the 2 drugs being tested, Aa and 

Ba are the MICs obtained when each drug was tested alone, and Ac and Bc are the 

concentrations of each compound at the lowest effective combination. Synergy was 

defined as FICI ≤0.5, no interaction was defined as FICI >0.5 to 4.0, and antagonism 

was defined as FICI >4.0.  

 

4.6. Animal model 

4.6.1. General conditions 

In each experiment male CD-1 mice (Charles River Hungary), weighing 30-35 

grams were used. Animals were maintained with conventional methods, they were 

housed in plastic type 2 cages (Charles River Hungary, Budapest), two or three mice per 

cage on softwood granules as bedding. They were housed at 21 °C ± 2 °C and 55% ± 

15% humidity, with 12:12 h light: dark cycle. The animals had free access to tap water 

and pelleted food (CRLT/N standard rat and mouse diet, general Hungarian, Charles 

River Hungary). Experiments were begun after a three-week acclimatisation period. At 

the end of the study animals were euthanised with 150 mg/kg sodium barbiturate 

(Sigma-Aldrich Hungary) intraperitoneal (i.p.) injection. The animals were maintained 
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in accordance with the recommendations of the Guidelines for the Care and Use of 

Laboratory Animals, and the experiments were approved by the Animal Care 

Committee of Semmelweis University, Budapest (Permission No:38/1999). 

 

4.6.2. Renal impairment model (The effect of different doses of cisplatin on the 

pharmacokinetic parameters of cefepime in mice) 

Cisplatin was administered in 10, 14, 18, 22 and 26 mg/kg doses; the control 

group received saline. Either saline or cisplatin were given three days before the 

administration of cefepime and the determination of the pharmacokinetic parameters for 

cefepime. Saline, cisplatin and cefepime were given by i.p. injections. 

Fifteen randomly selected mice were used in each group of the pharmacokinetic 

studies. A single dose of 80 mg/kg cefepime was given to each mouse in this treatment 

group.  

In the survival studies each group contained 10 randomly selected mice. The 

groups were followed up for up to 8 days after cisplatin or saline administration and the 

survival of mice was recorded. 

 

4.6.2.1. Statistical analysis of renal impairment model 

The Kruskal-Wallis test was used to compare the half-lives of all groups; P< 0.05 

was considered significant. The Mann-Whitney test was used for the comparison of the 

half-lives of the groups treated with different cisplatin dose, P< 0.007 was significant. 

Survival was assessed every day for the calculation of lethality, and 8-day survival was 

assessed by estimating the cumulative probability using the Kaplan-Meier survival 

curve. The relative risk between groups was estimated by the hazard ratio with the 

appropriate 95% confidence interval, comparing the observed deaths with the expected 

deaths. The log-rank test was used for statistical analysis, accepting P< 0.05 as 

significant. 

 

4.6.3. Animal infection model I (In vitro and in vivo activities of amikacin, 

cefepime, amikacin plus cefepime, and imipenem against an SHV-5 extended-

spectrum ß-lactamase-producing Klebsiella pneumoniae strain) 

Fifteen randomly selected mice were used for the pharmacokinetic study, for the 

determination of blood bacterial counts, and for survival analysis. Cisplatin (18 mg/kg 

of body weight) had been administeres by i.p. injection 3 days before infection in order 
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to cause renal impairment. The mice were infected i.p. with 107 CFU/g, the uninfected 

group received only cisplatin. Four infected treated groups and one infected untreated 

group were used for the determination of blood bacterial counts. The treatment started 3 

hours after infection and lasted for 21 hours. Two doses of amikacin (7.5 mg/kg every 

10.5 h), three doses of cefepime (80 mg/kg every 7 h), the same doses of amikacin plus 

cefepime as in monotherapy, or four doses of imipenem (40 mg/kg every 5.25 h) were 

given i.p. Blood samples (20–50 μL) from the tail vein were taken of 5 randomly 

seleceted mice at 3, 9 and 21 hours after the beginning of antibiotic therapy. Ten-

microliter aliquots of 7 serial dilutions were plated on Mueller–Hinton agar plates and 

were incubated overnight at 37 °C for CFU determination. The lowest accurate bacterial 

count was 300 CFU/mL.  

 

4.6.3.1. Statistical analysis of animal infection model I 

The Kruskal-Wallis test followed by the Mann-Whitney test were used for 

statistical analysis of the blood bacterial counts, taking a P value of <0.05 as significant. 

Four infected groups and two control groups (uninfected treated and infected 

untreated) were used for the survival analysis after up to 48 h, with death as the end 

point. Survival was assessed at 24 and 48 h for calculating lethality, and 24-h survival 

was assessed by estimating the cumulative probability using the Kaplan-Meier survival 

curve. The relative risk between groups was estimated by the hazard ratio with the 

appropriate 95% confidence interval comparing the observed deaths with expected 

deaths. The log-rank test was used for statistical analysis, accepting a P value of <0.05 

as significant.  

 

4.6.4. Animal infection model II (The effect of amikacin and imipneme alone 

and in combination against an extended-sepctrum ß-lactamase-producing Klebsiella 

pneumoniae strain) 

Randomly selected mice were used for the pharmacokinetic study and for the 

determination of blood bacterial counts. Cisplatin (18 mg/kg of body weight) had been 

administeres by i.p. injection 3 days before infection in order to cause renal impairment. 

The treatment with different antibiotics started 3 h after intraperitoneal infection, with 

107 CFU/g of ESBL-producing K. pneumoniae strain, and the treatment lasted for a total 

of 24 hours. 
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Mice were treated by i.p. injections with amikacin 15 mg/kg in every 8 h or 

imipenem 40 mg/kg in every 4 h or amikacin and imipenem in combination (doses and 

intervals were the same as in monotherapy). Each group—the 3 treated (amikacin, 

imipenem, amikacin plus imipenem) and the untreated group—contained 15 randomly 

selected mice. Blood samples (20–50 μL) from the tail vein of 5 randomly selected mice 

in each group were taken at 3, 11, and 27 h after infection. Ten-microliter aliquots of 7 

serial dilutions were plated on Mueller–Hinton agar plates and were incubated overnight 

at 37 °C for CFU determination. The lowest accurate bacterial count was 300 CFU/mL.  

 

4.6.4.1. Statistical analysis of animal infection model II  

The Kruskal–Wallis test followed by the Mann–Whitney test was used for the 

statistical analysis taking P < .05 as significant.  

 

4.7. Pharmacokinetic analysis  

Blood samples were taken from tail veins (The effect of different doses of 

cisplatin on the pharmacokinetic parameters of cefepime in mice) or from cardiac 

puncture (In vitro and in vivo activities of amikacin, cefepime, amikacin plus cefepime, 

and imipenem against an SHV-5 extended-spectrum ß-lactamase-producing K. 

pneumoniae strain, The effect of amikacin and imipneme alone and in combination 

against an extended-sepctrum ß-lactamase-producing K. pneumoniae strain) at 15 and 

30 minutes, 1, 2 and 3 hours after amikacin, cefepime and imipenem administration. 

Antibiotic levels in sera were determined by a paper disk method for cefepime and 

imipenem with E. coli ATCC 25922 and Bacillus subtilis ATCC 6633, respectively, as 

the indicator organism on Antibiotic Medium 1 (Becton Dickinson Hungary) (Anhalt 

1985). Contents of the disks were determined from a semi-logarithmic linear regression 

plot of the inhibition zone diameters versus log10 concentration of the drugs. The 

amikacin serum levels were detected by a fluorescence polarization immunoassay 

(Abbott TDx system) (Zaninotto et al. 1992). The lower limits of detection were 0.05 

μg/mL for amikacin, 8 μg/mL for cefepime, and 1 μg/mL for imipenem. The coefficient 

of variability was ≤ 5% for each antibiotic assay. 

Values for pharmacokinetic variables were calculated by a non-compartmental 

analysis. The peak serum concentrations (Cmax) were measured and the elimination half-

life (t1/2) was calculated as ln2/b, where b is the absolute value of the slope of the least-

square regression line. The area under the serum concentration-time curve (AUC) and 
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the area under the first moment of serum concentration-time curve (AUMC) were 

calculated by trapezoidal rules. The mean residence time (MRT) was calculated as 

follows: MRT= [AUMC0-t+ t(AUC0-∞ - AUC0-t)]/AUC0-t, where AUC0-t and AUMC0-t 

correspond to steady-state AUC and AUMC over one dosing interval and AUC0-∞ 

corresponds to AUC extrapolated to infinity. Total body clearance (CL) was calculated 

as CL= dose/AUC0-t (Barbhaiya et al. 1992). 
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5. RESULTS 
 

5.1. The effect of different doses of cisplatin on the pharmacokinetic paramentes 

of cefepime in mice 

In the group pretreated with 26 mg/kg cisplatin animals died after 5 days (2 days 

following cefepime administration), but in the other groups deaths were observed at 

later stages. All of the control group and the groups receiving 10 and 14 mg/kg cisplatin 

survived for 8 days, while in the groups receiving 18, 22 and 26 mg/kg the survival 

rates were 8/10, 7/10 and 3/10, respectively. The survival of the 26 mg/kg cisplatin 

group differed significantly from the control, and from the groups receiving 18 and 22 

mg/kg cisplatin (P= 0.001, 0.034 and 0.04, respectively). The survival of the groups 

receiving 10, 14, 18 and 22 mg/kg cisplatin did not differ significantly from the control 

group (Fig. 1.). 

The pharmacokinetic parameters of cefepime in the control and in the cisplatin-

treated groups are detailed in Table 3. There was a significant difference between the 

elimination half-lives when comparing all groups (P< 0.001). Comparing the groups 

significant differences were found between control and the 10 mg/kg cisplatin group 

(P= 0.001), between the groups receiving 14 mg/kg and 18 mg/kg dose of cisplatin (P= 

0.001) and between the groups received 22 and 26 mg/kg cisplatin (P< 0.001). Half-

lives were not significantly different for the following paired groups: 10 and 14 mg/kg, 

18 and 22 mg/kg, 18 and 26 mg/kg dose of cisplatin (P= 0.84, p= 0.42 and P= 0.04, 

respectively. The serum levels of cefepime in mice with and without cisplatin 

pretreatment and compared with published data for humans are shown in Fig. 2. 
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Table 3. Pharmacokinetic parameters (mean ± standard deviation) of cefepime in mice. 

Cefepime 

Cisplatin dose (mg/kg) Pharmacokinetic 

parameters 
Control 

(N= 15) 
10 

(N= 15) 

14 

(N= 15) 

18 

(N= 15) 

22 

(N= 15) 

26 

(N= 15) 

t1/2 (h) 0.38±0.03a 0.51±0.04a 0.53±0.02 a 1.01±0.07 0.96±0.03 1.23±0.34 

AUC0-∞ 

(μgxh/mL) 
75.7±10.3 78.6±9.6 118.7±17.9 261.0±12.7 207.9±10.5 340.1±54.6 

CL (mL/min/kg) 16.7±1.9 17.2±2.0 10.4±1.6 4.7±0.3 6.1±0.5 3.4±1.4 

Cmax (μg/mL) 90.0±13.0 72.7±12.3 103.3±23.1 195.0±45.0 130.0±20.0 196.7±32.9 

MRT (h) 0.58±0.05 0.72±0.06 0.73±0.05 1.35±0.11 1.38±0.04 2.11±1.55 

 

t1/2 : elimination half-life, AUC: area under the serum concentration-time curve, CL: total body clearence, Cmax: peak serum concentration, 

MRT: mean residence time 
a Half-life significantly different from that of the 18 mg/kg cisplatin group 
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Fig.1. Cumulative probability of survival of mice after the treatment with different doses of cisplatin. 
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5.2. In vitro and in vivo activities of amikacin, cefepime, amikacin plus 

cefepime, and imipenem against an SHV-5 extended-spectrum ß-lactamase-producing 

Klebsiella pneumoniae strain 

 

5.2.1. In vitro susceptibility testing and killing curves 

The MIC and MBC of amikacin were 0.5 μg/ml at both 105 and 107 CFU/ml. The 

MIC and MBC of cefepime were 1 μg/ml at 105 CFU/ml, and the MIC was > 256 μg/ml 

at 107 CFU/ml. The MIC and MBC of imipenem were 0.125 μg/ml at 105 CFU/ml, and 

the MIC and MBC were 0.5 and 1 μg/ml at 107 CFU/ml, respectively.  

The killing curve study is shown in Fig. 3. After 3, 9 and 24 hours the initial 8 

log10 CFU/ml was in the presence of amikacin 5.48, 2.48 and 3.61, in the presence of 

cefepime 7.39, 7.67 and 8.79, in the presence of amikacin plus cefepime 3.80, 2.48 and 

2.48, in the presence of imipenem 4.97, 2.48 and 2.48, and in the absence of antibiotic: 

8.54, 9.04 and 9.10 log10 CFU/ml, respectively. Synergy was not detected due to the 

limits of detection of bacterial counts.  

 

5.2.2. Pharmacokinetic parameters 

Data from the pharmacokinetic analysis are given in Table 4., except for 

amikacin plus cefepime because they do not affect the elimination of each other 

(Barbhaiya et al. 1992).  

 

5.2.3. Blood bacterial counts 

The blood bacterial count increased persistently in the untreated group; cefepime 

initially decreased it, but an increase occurred after 6 h, while it decreased persistently 

in the other treated groups (Fig. 4.). The difference was significant when all groups 

were compared (P< 0.0001) and between the infected untreated group and all treated 

groups (P< 0.01 in each pair compared). The cefepime-treated group differed 

statistically from the other treated groups (P< 0.05 in each pair compared). There was 

no difference between groups receiving amikacin, amikacin plus cefepime, and 

imipenem (P> 0.37 in each pair compared). 
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5.2.4. Survival analysis 

There were no deaths in the uninfected group. After 24 hours the lethality was 14/15 in both 

the infected untreated and in the cefepime-treated groups, 6/15 in both the group treated with 

amikacin, and with amikacin plus cefepime, and it was 7/15 in the imipenem-treated group 

(Table 6). After 36 hours the lethality was: 15/15 in both the infected untreated and the 

cefepime groups, 10/15 in the amikacin group, 7/15 in the group treated with amikacin plus 

cefepime, and 13/15 in the imipenem group (Fig. 5.). By 48 hours only three mice survived 

in the amikacin group and two mice survived in each of the imipenem and in the amikacin 

plus cefepime groups. Amikacin, amikacin plus cefepime and imipenem significantly 

prolonged the survival of mice compared with the infected untreated group and the group 

treated with cefepime alone. The combined effect of amikacin and cefepime did not differ 

significantly from the effect of amikacin alone. The 24-hour cumulative probability of 

survival in the imipenem group was slightly worse than in the aminoglycoside groups, but 

this difference was not significant. 
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Fig. 3. Killing curves of ESBL-producing K. pneumoniae incubated without antibiotic, with cefepime, with amikacin, with 

imipenem, and with amikacin plus cefepime. 
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Table. 4. Pharmacokinetic parameters of antibiotics following an i.p. injection in noninfected mice with impaired renal functiona 

 

      t>MIC (h / %) 
 

AUC0-24/ MIC (h) 
 Antibiotic (dose) 

 

t1/2 (h) 

  

 Cmax (μg/ml) 

 

tmax 
(min)

 

AUC (μg • 
h/ml) 

 105b  107c
 105b  107c  

Cmax/ 
MICb,c

Amikacin (7.5 
mg/kg)  0.86 ± 0.14  20.18 ± 4.30 15 35.34 ± 4.90 4.81 ± 0.95 / 

46.00 ± 9.05 
4.81 ± 0.95 / 
46.00 ± 9.05 

161.54 ± 
22.40 

161.54 ± 
22.40 

40.36 ± 
8.60 

Cefepime (80 mg/kg) 1.01 ± 0.07  195.00 ± 45.00 15 260.97 ± 
12.67 

7.40 ± 0.36 / 
105.72 ± 5.20 

_ d 894.75 ± 
43.44 NCe NC 

Imipenem (40 mg/kg)  0.45 ± 0.03   45.00 ± 3.00  30  47.83 ± 2.63  4.31 ± 0.24 / 
82.09 ± 4.65  3.37 ± 0.18 / 

64.19 ± 3.51  1,749.20 ± 
96.18  437.30 ± 

24.04  NC 

a All figures except tmax are means ± standard deviations. 
b MIC at 105 CFU/ml 
c MIC at 107 CFU/ml 
d Cmax did nor reach MIC 
e NC, not calculated 
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Fig 4. Bacterial counts observed in untreated mice and in those receiving amikacin, amikacin plus cefepime, cefepime and imipenem after infection with 
ESBL-producing K. pneumoniae. The difference was significant comparing all groups (P < 0.0001), and between the infected untreated group and all 
treated groups (P < 0.01 in each pair compared). In case of cefepime it differed statistically from the other treated groups (P < 0.05 in each pair compared). 
There was no difference between groups receiving amikacin, amikacin plus cefepime, and imipenem (P > 0.37 in each pair compared). 

 40



0,00

0,20

0,40

0,60

0,80

1,00

0:00 12:00 24:00 36:00 48:00 60:00
Time (hours)

C
um

ul
at

iv
e 

pr
ob

ab
ili

ty
 o

f s
ur

vi
va

l

Uninfected control (p48=1.0)

Amikacin + cefepime (p24=0.60)

Amikacin (p24=0.60)

Imipenem (p24=0.53)

Cefepime (p24=0.07)

Infected untreated control (p24=0.07)

Antibiotic treatment period
Infection

Fig. 5. Survival curve of mice treated with amikacin, with cefepime, with cefemipe plus amikacin and with imipenem previously infected 
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P<0.001, cefepime vs. infected untreated group: 0.65(0.29-1.37), P>0.2, amikacin vs. infected untreated: 0.17(0.03-0.26), P<0.001, amikacin 
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0.37), P<0.001, amikacin plus cefepime vs. amikacin: 0.98(0.31-3.08), P>0.2, amikacin plus cefepime vs. imipenem: 0.71(0.24-2.11), P>0.2, 

amikacin vs.imipenem: 0.77(0.26-2.30), P>0.2. 
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5.3. The effect of amikacin and imipenem alone and in combination against an 

extended-spectrum ß-lactamase-producing Klebsiella pneumoniae strain 
 

5.3.1. In vitro susceptibility testing, chequerboard technique, time-kill studies 

The ESBL-producing K. pneumoniae isolate showed susceptibility to amikacin 

and imipenem at both inoculum concentrations, although MICs and MBCs for both 

imipenem and amikacin were increased by the inoculum, but the MICs were still in the 

susceptibility range (Table 5). There was no interaction for the combination of 

imipenem and amikacin by the chequerboard technique: FICI was 1 at 105 CFU/mL and 

1.0625 at 107 CFU/mL. 

 

Table 5. MICs and MBCs of amikacin and imipenem against ESBL-producing K. 

pneumoniae. 

  MIC (μg/ml)  MBC (μg/ml) 

  

105 

CFU/ml   

107 

CFU/ml  

105 

CFU/ml   

107 

CFU/ml 

Amikacin 0.5  2 0.5  4 

Imipenem 0.25   0.5  1   2 

 

 

In the time–kill study, the initial in vitro bacterial count (8 log10 CFU/mL) was 

decreased after 4 h by amikacin to 5.93 log10 CFU/mL, imipenem to 5.51 log10 

CFU/mL, and amikacin plus imipenem to 6.19 log10 CFU/mL, whereas there was an 

increase of bacterial count in the absence of antibiotic 9.0 log10 CFU/mL (Fig. 6). 

Amikacin alone and amikacin plus imipenem reduced the bacterial count below the 

level of detection < 3.1 log10 CFU/mL already after an 8-h incubation period. Imipenem 

alone reduced the bacterial count after 8 h to 3.38 log10 CFU/mL and reduced it below 

detection level after a 24-h incubation period. Synergy between amikacin and imipenem 

was not observed at the tested concentrations. 

 

5.3.2. Blood bacterial counts 

The average blood bacterial counts were 6.88 log10 CFU/mL 3 h after infecting 

the mice (i.e., when the treatment started) with 107 CFU/g of K. pneumoniae 
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intraperitoneally. The blood bacterial count increased persistently in the control group 

(infected, untreated) to 9.34 log10 CFU/mL. Meanwhile, the blood bacterial count 

decreased in all the infected treated groups, and viable bacteria were not detected from 

the blood after 24 h of treatment with amikacin, imipenem, and amikacin plus 

imipenem. The mean blood bacterial counts observed in the different groups at different 

time points are shown in Fig. 7. In the control group (infected, untreated), the blood 

bacterial count was not determined after 24 h because of the low survival. There was a 

significant difference comparing all groups (P = 0.02) and between the untreated control 

and the treated groups (amikacin versus control, P = 0.016; imipenem versus control, P 

= 0.01; amikacin plus imipenem versus control, P = 0.01). Significant differences were 

not found between the treated groups (amikacin versus imipenem, P > 0.42; amikacin 

versus amikacin plus imipenem, P > 0.38; and amikacin plus imipenem and imipenem, 

P > 0.74).  

 

5.3.3. Pharmacokinetic parameters 

The pharmacokinetic parameters of amikacin and imipenem, and the parameters 

correlating with the outcome are shown in Table 6. The serum levels of amikacin and 

imipenem were not determined after coadministration, because they have not affected 

significantly the pharmacokinetic parameters relative to the outcome of each other 

(Adamis et al. 2004). 
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Fig. 6. Killing curves of ESBL-producing K. pneumoniae incubated without antibiotic (control), with amikacin (8 µg/mL), imipenem (16 
µg/mL) and amikacin (8 µg/mL) plus imipenem (16 µg/mL). 
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Fig. 7. Mean blood bacterial counts (error bars represent standard deviations) observed in untreated mice and in those receiving amikacin (15 

mg/kg every 8 h), imipenem (40 mg/kg every 4 h), and amikacin (15 mg/kg every 8 h) plus imipenem (40 mg/kg every 4 h). 
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Table 6 Pharmacokinetic parameters of amikacin and imipenem in infected mice. 

 

t > MIC (h) AUC0-24/MIC (h) Cmax/MIC Antibiotic 
(dose) 

t1/2 
(h) 

Cmax 
(µg/ml) 

AUC 
(µg • 
h/ml) 105 107 105 107 105 107

Amikacin (15 
mg/kg) 

0.93 
± 

0.11 

46.43 ± 
10.11 

64.82 
± 

5.00 

6.49 
± 

0.74 

4.65 
± 

0.53 

388.92 
± 30.00 

97.23 ± 
7.50 

92.86 
± 

20.22 

23.22 
± 

5.05 

Imipenem (40 
mg/kg) 

0.45 
± 

0.03 

45.00 ± 
3.00 

47.83 
± 

2.63 

3.86 
± 

0.24 

3.37 
± 

0.18 

874.6 ± 
48.09 

437.30 
± 24.04 NC NC 

 

NC, not calculated 
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6. DISCUSSION 
 

The use of animal models has become integral in the evaluation of the 

efficacies of antimicrobial agents (Andes and Craig 1998b). However, the 

pharmacology of antimicrobial agents in most animal species is still markedly different 

from that in humans. Studies with some antimicrobial agents demonstrated that 

pharmacokinetic parameters in different animal species are directly related to body 

weight by a power equation (Craig 1993). The simulation of the human 

pharmacokinetic profiles in animal models is necessary to assess efficacy, which then 

can be applied to clinical settings (Andes Craig 1998b). Human kinetics in animals can 

be simulated by frequent injections of decreasing amounts of drug or by impairing renal 

function (Craig 1993). Renal dysfunction caused by a nephrotoxic agent has been 

shown to be a simple method of simulating the time course of human serum 

concentration for renally excreted drugs in small animals (Giacomini et al 1981).  

Uranyl nitrate was used in more animal studies to induce renal impairment 

(Craig et al. 1991, Mimoz et al. 1998). In our study, cisplatin an anticancer drug with 

nephrotoxic potential was used to cause renal dysfunction. Cisplatin-induced acute renal 

failure in rat resulted apparently comparable to renal dysfunction produced by uranyl 

nitrate as determined by biochemical measurments. Administration of both heavy 

metals produced a significant and sustained elevation of plasma creatinine and urea 

nitrogen concentrations (Mahmood and Waters 1994). Cefepime was our test drug, and 

its clearance was regarded appropriate for being similar to creatinine clearance 

(Okamoto et al. 1993). Using 18 or 22 mg/kg of cisplatin the lethality did not differ 

significantly from the control group, while the elimination half-life of cefepime was 

significantly prolonged. Up to 6 hours after dose the serum concentrations of cefepime 

were above the human values observed after the administration of 0.5 g i.v. dose, but 

except the peak concentration were below 2 g i.v. dose (Barbhaiya et al. 1990). After 

the administration of 18 or 22 mg/kg of cisplatin, similar values of half-life and survival 

rates were observed. Increasing the dose of cisplatin to 26 mg/kg the survival rate of 

animals decreased, but the elimination half-life was not significantly longer than that 

calculated at 18 mg/kg. 

In our further studies human serum levels of other renally excreted drugs, 

amikacin and imipenem, could be approximated using 18 mg/kg of cisplatin 
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pretreatment and a slightly more frequent administration than in humans (Szabó et al. 

2001, Máthé et al. 2007). We suggest that human serum levels can be achieved in 

animal experiments with the use of cisplatin pretreatment without labour-intensive 

procedures. Nephrotoxic drugs, such as cisplatin have an important role in the animal 

experiments, because they ensure intervals of administration of drugs similar to clinical 

conditions which help to study several factors affecting antibiotic treatment. 

ESBL production is one of the main mechanisms of resistance to ß-lactam 

antibiotics among the strains of the family Enterobacteriaceae. Infections due to these 

strains are difficult to treat, because genes of ESBL are carried by large plasmids which 

could be responsible for the resistance to other antimicrobial drugs such as 

aminoglycosides, trimethoprim-sulfamethoxazole, tetracyclines and chloramphenicol, 

respectively (Essack 2000, Sirot et al. 1987). Several studies have evaluated the in vitro 

activity of the number of antimicrobials against ESBL-producing bacteria; however, 

extremely limited in vivo data are available. Furthermore, despite the high prevalence of 

ESBL-producing organisms in many parts of the world, data on the treatment of serious 

infections due to such organisms remain sparse (Paterson et al., 2004a; Paterson et al., 

2005).  

Carbapenems are stable in the presence of hydrolytic effects of ESBLs, which 

may explain the consistent finding that 98% to 100% of ESBL-producing organisms 

retain susceptibility to imipenem (Goossens and Grabein, 2005; Hirakata et al., 2005; 

Sader et al., 2005). In in vitro study, Rebuck et al. (2000) found that the carbapenems 

demonstrated rapid sustained bactericidal activity uninfluenced by the type of ESBL 

expressed. Burgess and Hall (2004) noted no differences in the killing rates between 

meropenem, imipenem at standard inocula, and no differences were noted for 

meropenem between non-ESBL and ESBL K. pneumoniae at higher inoculum.  

Imipenem has also been found effective in animal experiments, and there is a 

strong evidence that it is effective in clinical settings (Jacoby and Medeiros 1991, 

Meyer et al. 1993, Rice et al. 1991, Paterson et al. 2004a, 2004b, Kang et al. 2004). In a 

clinical study the use of a carbapenem was associated with lower mortality due to 

ESBL-producing K. pneumoniae bacteriaemia than was use of other active antibiotics 

(Paterson et al. 2004a).  

In our studies, imipenem in vitro showed a slight inoculum dependence, but the 

organism remained susceptible. It persistently decreased the in vitro and in vivo 

bacterial counts, and it was biologically effective in the survival analysis. However, 
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there is a need to search for alternative agents in order to avoid the emergence of 

carbapenem resistance (MacKanzie 1997, Martinez-Martinez 1999). 

ß-Lactam/ß-lactamase inhibitor combinations have been tested with controversial 

results (Fantin et al. 1990, Fournier et a. 1996, Leleu et al. 1994, Mentec et al. 1992, 

Rice et al. 1992, Thauvin-Eliopoulos et al. 1997). Piperacillin-tazobactam showed the 

highest percentage of susceptibility at standard inoculum against ESBL-producing 

strains among the ß-lactam/ß-lactamase inhibitor combinations, but its efficacy was 

weakened by the marked inoculum effect (Jett et al. 1995). In animal experiments 

piperacillin-tazobactam decreased the bacterial count efficiently (Mentec et al. 1992, 

Rice et al. 1992, Thauvin-Eliopoulos et al. 1997), but its activity resulted inferior to 

imipenem (Thauvin-Eliopoulos et al. 1997). There is no clinical study comparing the 

activity of piperacillin-tazobactam with imipenem. 

The role of the third- and the fourth- generation cephalosporins is still debated 

(Beaucaire 1999, Gould 1999, Jett et al. 1995, Sanders 1993, Thauvin-Eliopoulos et al. 

1997, Maglio et al. 2004, Bhavnani et al. 2006, Bin et al. 2006, Kang et al. 2004). 

ESBLs attack the broad spectrum cephalosporins, but MICs of third- and fourth-

generation cephalosporins may not reach breakpoint values (Livermore 1995). Using 

standard inoculum size in vitro susceptibility of ESBL-producing strains to cefotaxime 

and to cefepime was found to be 40 - 63% (Jett et al. 1995) and 52 - 90% (Jett et al. 

1995, Silva et al. 1998), respectively. However, inoculum effect is a common feature of 

broad spectrum cephalosporins when challanged against ESBL-producing strains. 

Bedenic and Zagar detected inoculum effect with cefepime in all strains, with 

ceftazidime and cefpirome in 70%, and with cefotaxime and ceftriaxone in 40% of 

SHV-5-producing strains (Bedenic and Zagar. 1998). On the basis of the level of 

activity and inoculum effect data, cefepime appeared to have limited potential against 

ESBL-producing strains (Jett et al. 1995). In an animal study (Thauvin-Eliopoulos et al. 

1997) cefepime and cefotaxime reduced significantly the bacterial density in abscess 

compared with untreated controls using low initial bacterial count. Cefotaxime 

administered in different dosage regimen had been ineffective against the same strain in 

the authors’ previous study (Rice et al. 1991). Thauvin et al. suggested to avoid the 

routin use of expanded-spectrum cephalosporins against ESBL-producing strains 

because their activity is highly dependent on dosing regimens, site of infections, etc 

(Thauvin-Eliopoulos et al. 1997). Basing on our results the good activity of cefepime in 

Thauvin-Eliopoulos et al.’s work can be due to the low initial bacterial count (6 × 105 
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CFU/ml). Importance of inoculum effect of cefepime was debated by Maglio et al. 

Cefepime reduced the bacterial densities at both standard and a 100-fold higher 

inoculum in their mice thigh model. T>MIC needed to achieve to ED80 (80% maximal 

bactericidal effect) was between 11 and 41% at low inoculum. At the higher inoculum 

smaller value of T>MIC was required to ED80, thus the total milligram-per-kilogram 

doses did not differ at the two inoculum sizes. The cefepime MIC obtained with 

standard susceptibility tests was found to be predictive of outcome, but not the MIC at 

high inoculum (Maglio et al. 1994). In this study single dose of cefepime was 

administered and the bacterial counts were determined for only 12 hours, and survival 

analysis was not performed. Although cefepime reduced the bacterial count in our study 

also, it did not mean benefit in survival of mice. 

In prospective studies high rate of clinical success was reported with ESBL-

producing strains with MIC ≤ 8 µg/ml for the used cephalosporin (Bin et al. 2006, 

Bhavnani et al. 2006). However, high rate of clinical failure was associated with 

cephalosporin treatment in a retrospective cohort study and cephalosporin therapy was 

identified as an independent risk factor for mortality in bloodstream infections due to 

ESBL-producing K. pneumoniae and E. coli strains (Kang et al. 2004). 

In our study an inoculum effect was observed (more than 256-fold increase of the 

MIC) for cefepime leading to resistance at the higher inoculum. Increase of bacterial 

count was observed in the killing-curve studies and the final bacterial count was slightly 

lower that in the absence of antibiotics. In the in vivo studies, cefepime reduced the 

blood bacterial count. However, this reduction was significantly smaller than that 

observed in the presence of amikacin or imipenem. The survival of mice did not differ 

statistically in the cefepime-treated group from the untreated group. The biological 

ineffectiveness of cefepime was not due to pharmacokinetic parameters, because its 

serum concentration never fell below the MIC obtained at the standard inoculum. The 

susceptibility and the percentage of T greater than MIC with the standard inoculum 

were not predictive for the biological effectiveness of cefepime due to a possible in vivo 

inoculum effect.  

Even though relatively high resistance rates were observed to gentamicin among 

ESBL-producing bacteria, still, 75% to 100% of the ESBL-producing strains are 

susceptible to amikacin based on the SENTRY report (Hirakata et al., 2005). Although 

amikacin has a good bactericidal effect itself, it was investigated only in a few in vitro 

studies. Most investigators used amikacin in combination with different other drugs. 
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Drago et al. (2005) found that the combination of a fluoroquinolone with a ß-lactam or 

amikacin may provide improved antimicrobial activity and help limit the occurrence of 

resistance in ESBL-producing E. coli strains. Elkhaili et al. (1997) found that no 

regrowth was observed with cefepime or cefpirome in the presence of amikacin or 

gentamicin by time–kill curves against ESBL-producing aminoglycoside-resistant K. 

pneumoniae.  

In our studies amikacin was found to be susceptible at both inocula and it 

decreased the in vitro and in vivo bacterial counts. Amikacin and imipenem itself 

decreased the in vitro bacterial counts below the detection level after 24 h, and 

difference between their bactericidal activities was not observed, suggesting that 

amikacin could be an alternative drug. However, regrowth was observed in an our study 

in the presence of amikacin. Amikacin reduced the blood bacterial count slightly slower 

than imipenem, but the final bacterial counts did not differ statistically. The survival of 

mice did not differ in the imipenem and in the amikacin-treated groups. There was no 

significant difference in the reduction of blood bacterial count and in the biological 

effect of amikacin plus cefepime compared to amikacin alone. Thus, they exerted no 

additive, synergistic or antagonistic effect on our strain. 

Only limited data are available on the combination of imipenem and 

aminoglycoside against ESBL-producing organisms. Etest synergy study was performed 

using 16 blood isolates of ESBL-producing K. pneumoniae. No synergy and antagonism 

were demonstrated when imipenem was combined with amikacin (Paterson et al., 

1999a). During the time–kill study with imipenem and amikacin for TEM- 10 ESBL-

producing K. pneumoniae strains (Pattharachayakul et al., 2003), no in vitro interaction 

was observed in accordance with our study and that of Paterson et al., but they found 

that the bactericidal activity of imipenem in combination with amikacin was greater 

than imipenem alone. Our experiment did not confirm this observation; the bactericidal 

activities of the combination did not differ from the activities of the 2 tested drugs, 

imipenem and amikacin alone.  

Paterson et al. (2004a) found that there was no fatal outcome with 

aminoglycoside monotherapy, but only 2 patients received this therapy. There is a lack 

of clinical studies evaluating the efficacy of imipenem and amikacin combination, and 

there are only very limited cases published about the effect of carbapenem plus 

aminoglycoside combination therapy. In the study of Paterson et al. (2004a), 10 patients 

were treated with carbapenems in combinations with other active antibiotics (4 patients 
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received amikacin, 4 received ciprofloxacin, and 2 received amikacin–ciprofloxacin), 

and 1 died 14 days after the positive blood culture result. In the study of Bhavnani et al. 

(2006), 16 patients from 18 were successfully treated with carbapenem plus 

aminoglycoside or fluoroquinolone. However, there is no large multicentered, 

randomized, controlled trial for the comparison of imipenem and imipenem plus 

amikacin combination. 

There are no in vivo animal study that would compare the activity of imipenem 

with amikacin plus imipenem against ESBL-producing Enterobacteriaceae strains 

based on our knowledge. We performed animal experiment to determine whether 

imipenem plus amikacin combination therapy may present any advantages in the 

treatment. To compare our results with human data, the pharmacokinetic parameters of 

the antibiotics in our study were appropriate, taking into account the susceptibility at the 

standard inoculum sizes (Fantin et al., 1990; Hyatt et al., 1995; Renneberg and Walder, 

1989; Vogelman et al., 1988). The time above MIC at 105 CFU/mL for imipenem 

approximated the dosing interval; the sum of time above MIC and the postantibiotic 

effect for amikacin (Fantin et al., 1990) or AUC0–24/MIC exceeded the values associated 

with therapeutic success (Hyatt et al., 1995; Vogelman et al., 1988). During our study, 

amikacin reduced the blood bacterial counts slightly slower than imipenem alone or in 

combination, but the final bacterial counts did not differ between the treated groups.  

In conclusion, imipenem and amikacin maintain their bactericidal activity against 

our ESBL-producing K. pneumoniae strain. Our in vitro and in vivo results demonstrate 

that imipenem and amikacin are effective as a single treatment in infections caused by 

ESBL-producing bacteria. However, there are very limited clinical conditions when 

aminoglycoside is recommended for monotherapy. Even though imipenem and 

amikacin had very good activity, their combination did not show any additional 

advantage in the bactericidal effect. 
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7. CONCLUSION 
 

In conclusion, ESBLs have evolved greatly over the last 20 years. Their presence, 

plus the potential for plasmid-mediated carbapanem resistance, will be sure to create 

more therapeutic problems in the future. Further animal experiments and clinical studies 

need to be done for the determination of therapeutic options. 

Human-like pharmacokinetic parameters are important to assess the efficacy of 

antimicrobial agents in animal models. It can be achieved most simple by the 

administration of a nephrotoxic agent in the case of renally excreted drugs. Using 18 or 

22 mg/kg of cisplatin, the lethality of mice did not differ significantly from the control 

group, while the elimination half-life of cefepime was significantly prolonged. Up to 6 

hours after dose, the serum concentrations of cefepime were comparable in mice 

pretreated with 18 mg/kg of cisplatin and in humans. Cisplatin pretreatment has an 

important role in animal experiments, because the intervals of administration of renally 

excreted drugs are similar to those in clinical conditions which help the study of several 

factors affecting antibiotic treatment. 

Controversials exist regarding the role of broad spectrum cephalosporins in 

infections due to ESBL-producing Enterobacteriaceae strains. Cefepime was found to 

be ineffective in reducing the in vitro and in vivo bacterial counts using high initial 

inocula. Survival of mice in the cefepime treated group did not differ from the untreated 

control, and it was significantly lower than that observed in amikacin and imipenem 

treated groups. As the dose of cefepime was appropriate its ineffectiveness could be due 

to the possible in vivo inoculum effect. The result of in vitro susceptibility test at 

standard inoculum did not predict the vivo effectiveness of cefepime. 

Amikacin was active in vitro and in vivo using the standard or high inoculum. 

Difference was not observed in survival of mice between amikacin and imipenem 

treated groups. Based on these results, in case of in vitro susceptibility amikacin can be 

alternative of imipenem. However, there are very limited clinical conditions when 

aminoglycoside is recommended for monotherapy.  

Combination of amikacin and imipenem did not show in vitro synergy at low and 

high inoculum using chequerboard technique and at high inoculum in the time-kill 

studies. Significant difference or trend toward higher efficacy of the combination were 

not detected in the animal model. Even though imipenem and amikacin had very good 
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activity, their combination did not show any additional advantage in the bactericidal 

effect. 
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8. SUMMARY 
 

The resistance to the third generation cephalosporins, mediated by extended-

spectrum ß-lactamases (ESBLs) is an increasing problem. The antimicrobial agents of 

choice for infections due to these strains have been the carbapenems, however the 

emergence of carbapenem-resistant ESBL-producing K. pneumoniae strains warrant the 

use of alternative agents.  

Relevance of animal models for the determination of antimicrobial agents active 

in an infection surpass that of in vitro studies. However, major limitation of animal 

studies is the pharmacokinetic dissimilarities between animals and humans. The 

simulation of human pharmacokinetic parameters of renally excreted antibiotics can be 

reached most simply by the administration of a nephrotoxic drug. 

Different doses of cisplatin (from 0 to 26 mg/kg) were administered to CD-1 mice 

3 days before cefepime administration. Pharmacokimetic parameters of cefepime and 

survival of mice for 8 days were determined at each cisplatin dose. At 18 and 22 mg/kg 

of cisplatin elimination half-life of cefepime significantly increased while lethality did 

not differ significantly from the control. Using 18 mg/kg of cisplatin the serum 

concentrations of cefepime were comparable to that of humans. Cisplatin pretreatment 

is a simple method to simulate human-like pharmacokinetics of renally excreted drugs. 

Activities of amikacin, cefepime, amikacin plus cefepime, imipenem, and 

amikacin plus imipenem were studied against an SHV-5 ESBL-producing K. 

pneumoniae strain using high inoculum, in vitro and in vivo in septic mice. Cefepime 

showed inoculum effect. Susceptibility to amikacin and imipenem was independent 

from the inoculum size. In killing curve studies the bacterial count increased in the 

presence of cefepime and in the absence of antibiotic, while it was reduced by the other 

antibiotics and combinations. In vitro synergy between amikacin and imipenem was not 

detected using killing curve study and chequerboard technique. The blood bacterial 

count was reduced significantly by amikacin, amikacin plus cefepime, imipenem, and 

amikacin plus imipenem. Amikacin, amikacin plus cefepime and imipenem prolonged 

significantly the survival of mice compared to cefepime and to the infected untreated 

group (survival analysis in the amikacin plus imipenem treated group was not was not 

performed). Increased resistance due to high inoculum could be responsible for the 

ineffectiveness of cefepime. The combination of amikacin plus imipenem did not have 

any advantage over monotherapy. 
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Összefoglalás 

A kiterjedt spektrumú ß-laktamáz (ESBL) termelés, ami a harmadik generációs 

cefalosporinokkal szembeni rezisztencia egyik legfontosabb oka, világszerte növekvő 

probléma. Ezen törzsek okozta fertőzések kezelésében a karbapenemek számítanak első 

választandó antibiotikumnak, de a karbapenem rezisztens ESBL termelő K. pneumoniae 

törzsek megjelenése alternatív gyógyszerek használatát indokolja.  

Az állatkísérletek jelentősége az antibiotikumok hatékonyságának megítélésében 

felülmúlja az in vitro tesztekét. Az állatkísérletek eredményeit korlátozza azonban a 

kísérleti állatokban és az emberben mért farmakokinetikai paraméterek különbsége. A 

vesén keresztül kiválasztódó antibiotikumok humán farmakokinetikai paramétereit a 

legegyszerűbben nefrotoxikus szer beadásával szimulálhatjuk.   

CD-1 egereknek különböző dózisú (0-26 mg/kg) cisplatin adagokat adtunk 3 

nappal a cefepim beadása előtt. Minden egyes cisplatin dózisnál meghatároztuk a 

cefepim farmakokinetikai paramétereit, valamint az egerek 8 napos túlélését. 

Tizennyolc és 22 mg/kg cisplatin adag alkalmazása esetén a cefepim felezési ideje 

szignifikánsan hosszabb lett, ugyanakkor az egerek túlélése szignifikánsan nem 

csökkent. A 18 mg/kg cisplatin dózis alkalmazásával a cefepim szérum koncentrációja 

egerekben hasonló lett az emberi értékekhez. A cisplatin előkezelés egyszerűen 

alkalmazható módszer a vesén keresztül kiválasztódó gyógyszerek humán 

farmakokinetikájának szimulálására.  

Amikacin, cefepim, amikacin és cefepim, imipenem, valamint amikacin és 

imipenem hatékonyságát vizsgáltuk egy SHV-5 ESBL termelő K. pneumoniae törzzsel 

szemben magas csíraszámot felhasználva in vitro és in vivo, szeptikus egerekben. A 

cefepim inokulum hatást mutatott. A törzs a csíraszámtól függetlenül érzékeny volt 

amikacinra és imipenemre. Az ölési görbék során a csíraszám nőtt antibiotikum nélkül 

és cefepim jelenlétében, viszont csökkent amikacin, amikacin és cefepim, imipenem, 

amikacin és imipenem alkalmazása esetén. A vér csíraszáma szignifikánsan csökkent 

amikacin, amikacin és cefepim, imipenem, amikacin és imipenem alkalmazásakor. Az 

amikacin, az amikacin és cefepim, valamint az imipenem kezelés szignifikánsan növelte 

az egerek túlélését a cefepimhez és a kezeletlen kontrollhoz képest (az amikacin és 

imipenem kezelt csoport túlélését nem vizsgáltuk). A feltételezett in vivo inokulum 

hatás lehet a cefepim magas csíraszámnál mutatott hatástalanságának oka. Az amikacin 

és imipenem kombinációban nem mutatott előnyt a monoterápiához képest. 
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