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Abstract: This paper briefly reports the occurrence and epidemiology of carbapenem-resistant
but cephalosporin-susceptible (Car-R/Ceph-S) Pseudomonas aeruginosa isolates from urinary tract
infections (UTIs) in a tertiary-care hospital in the Southern Region of Hungary, and the phenotypic
characterization of the possible resistance mechanisms in these isolates. Isolates and data were collected
regarding P. aeruginosa UTIs corresponding to the period between 2008 and 2017. Susceptibility testing
was performed using the Kirby–Bauer disk diffusion method; minimum inhibitory concentrations
(MICs) of the isolates were determined using E-tests. The phenotypic detection of ampicillin
C-type (AmpC) β-lactamases, efflux pump overexpression and carbapenemase production was
also performed. P. aeruginosa represented n = 575 (2.72% ± 0.64%) from outpatient, and n = 1045
(5.43% ± 0.81%) from inpatient urinary samples, respectively. Based on the disk diffusion test, n
= 359 (22.16%) were carbapenem-resistant; in addition to carbapenems, n = (64.34%) were also
resistant to ciprofloxacin; n = (60.17%) to gentamicin/tobramycin; n = (58.51%) to levofloxacin; and
n = (27.57%) to amikacin. From among the carbapenem-resistant isolates, n = 56 (15.59%) isolates
were multidrug-resistant, while n = 16 (4.46%) were extensively drug-resistant. From among the
Car-R/Ceph-S isolates (n = 57), overexpression of AmpC was observed in n = 7 cases (12.28%);
carbapenemase production in n = 4 (7.02%); while overexpression of efflux pumps was present
in n = 31 (54.39%) isolates. To spare last-resort agents, e.g., colistin, the use of broad-spectrum
cephalosporins or safe, alternative agents should be considered in these infections.

Keywords: Pseudomonas aeruginosa; urinary tract infection; carbapenem; cephalosporin; resistance;
uncommon phenotype; phenotypic; efflux pump; ampicillin C (AmpC)

1. Introduction

The emergence of drug resistance in Gram-negative bacteria is an increasingly severe public health
issue, limiting the therapeutic armamentarium of clinicians [1,2]. From the standpoint of antimicrobial
resistance (AMR), non-fermenting Gram-negative bacteria (NFGNB) are especially problematic due to
the many intrinsic and acquired resistance mechanisms they possess or can acquire [3,4]. In addition,
these pathogens are extremely adaptable to biologically unfavorable conditions, e.g., in harsh hospital
environments; thus, they may become a source of opportunistic, nosocomial infections [5]. Urinary
tract infections (UTIs) are the second most common infectious pathologies in developed countries,
corresponding to an important economic and disease burden [6,7]. Previously, the treatment of urinary
tract infections was relatively straightforward due to the predictable pathogen profile and resistance
characteristics; however, with the emergence of AMR and the increasing number of elderly patients
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with underlying illnesses or immunosuppression, the treatment of UTIs is increasingly challenging in
everyday clinical practice [8,9]. There is a growing appreciation for the clinical relevance of NFGNB
in UTIs; among other organisms, the etiological role of P. aeruginosa has been highlighted by several
studies worldwide, especially in debilitated patients or catheterized individuals [10,11]. Pseudomonas
infections may be treated by utilizing β-lactams, fluoroquinolones, aminoglycosides and, in cases of
extensive resistance, ceftolozan/tazobactam and colistin remain as unattractive (due to toxic adverse
events or economic considerations), but viable, therapeutic alternatives [12]. β-lactam antibiotics may
be considered as the backbone of antibiotic therapy, especially in vulnerable patient populations (e.g.,
children, pregnant women, the elderly) [13]. For P. aeruginosa, ceftazidime, cefepime (third and fourth
generation cephalosporins, respectively) and carbapenems (imipenem, meropenem and doripenem)
are relevant therapeutic choices [14]. Nevertheless, resistance in Pseudomonas to β-lactams may be
due to a plethora of different resistance mechanisms: chromosomal production of ampicillin C-type
(AmpC) β-lactamases, acquired cephalosporinases or carbapenemases, overexpression of efflux pumps,
modifications in the penicillin-binding proteins (PBPs) and downregulation or absence of the OprD
porin (i.e., porin mutants) [3,15]. Carbapenemase enzymes have the broadest spectrum of substrates
(from penicillins to carbapenemases); they may eliminate β-lactam antibiotics as viable therapeutic
options, depending on their substrate-profile. However, these enzymes are very diverse with variable
spectra of activity and phenotypic expression levels [16,17]. Several studies have noted the occurrence
of carbapenem-resistant but cephalosporin-susceptible (Car-R/Ceph-S) P. aerugonisa [14,18,19]. In these
strains, the AmpC production is thought to be moderate or low, which would allow for the use
of relevant cephalosporins, instead of other, more toxic agents with a disadvantageous side effect
profile [20]. The aim of the present study was to investigate the occurrence and epidemiology of
Car-R/Ceph-S P. aeruginosa isolates in a tertiary-care hospital in the Southern Region of Hungary,
in addition to the phenotypic characterization of the possible resistance mechanisms in these isolates.

2. Results and Discussion

2.1. Epidemiology and Antibiotic Susceptibility of Car-R/Ceph-S P. aerugonisa from UTIs

Between 2008 and 2017, n = 21,150 positive urine samples were received from outpatient clinics
and n = 19,325 from inpatient departments. Among clinically significant pathogens overall, P. aeruginosa
represented n = 575 (2.72% ± 0.64%) from outpatient, and n = 1045 (5.43% ± 0.81%) from inpatient
samples, respectively (resulting in a sum of n = 1620 samples). Based on the disk diffusion test, n
= 359 (22.16%) were carbapenem-resistant (Car-R, imipenem or meropenem minimum inhibitory
concentration (MIC) ≥ 8 mg/L; n = 80 were imipenem-resistant and 96.25% were also resistant to
meropenem in outpatient samples, while n = 279 were imipenem-resistant and 91.39% were also
resistant to meropenem in outpatient samples, respectively; p = 0.016). The distribution of Car-R
isolates was calculated from clinical samples taken from the following: first-stream urine: n = (2.22%);
midstream urine: n = (27.57%); and catheter-specimen urine: n = (70.21%). The median age of patients
affected by Car-R UTIs was 62 years (range: 0–90 years), with a female-to-male ratio of 0.59 (37.33%
females); the majority of patients (59.71%) were aged 65 years or older. Some 22.28% of the isolates
originated from outpatient clinics, while 56.69% came from the Intensive Care Departments (ICUs),
15.54% from the Dept. of Internal Medicine, and 5.49% from the Dept. of Traumatology.

In addition to carbapenems, n = 231 (64.34%) were also resistant to ciprofloxacin; n = 216
(60.17%) to gentamicin and tobramycin; n = 210 (58.51%) to levofloxacin; and n = 99 (27.57%) to
amikacin, respectively. No colistin resistance was found among Car-R isolates. Resistance levels
were significantly higher in inpatient isolates for ciprofloxacin (p = 0.031); levofloxacin (p = 0.04); and
gentamicin/tobramycin (p = 0.038). From among the Car-R isolates, n = 56 (15.59%) isolates were
multidrug-resistant (MDR), while n = 16 (4.46%) were extensively drug-resistant (XDR).

Car-R/Ceph-S isolates were detected in n = 57 [100%] cases (n = 21 [36.84%] from outpatient
samples and n = 36 [63.16%] from inpatients, respectively; p = 0.041). All isolates (100%) were
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ceftazidime-susceptible (100%; MIC ≤ 8 mg/L), while n = 43 (75.43%) isolates were cefepime-susceptible
(MIC ≤ 8 mg/L). The MIC50 and MIC90 values of imipenem, meropenem, ceftazidime and cefepime
were 16 and 64 mg/L; 8 and 32 mg/L; 2 and 8 mg/L; and 8 and 32 mg/L, respectively.

2.2. Phenotypic Characterization of Resistance Determinants in Car-R/Ceph-S P. aerugonisa Isolates

From among the Car-R/Ceph-S isolates (n = 57), overexpression of AmpC was observed in n = 7
(12.28%) cases (5 from inpatient samples, 2 from outpatient samples), exclusively in isolates that were
susceptible to ceftazidime, but resistant to cefepime. A notable decrease in the ceftazidime MICs was
seen in the presence of cloxacillin. The modified Hodge test was positive (indicating the presence of a
carbapenemase) for n = 4 (7.02%) P. aeruginosa isolates.

Based on the phenotypic assay utilized in our study, overexpression of efflux pumps was present in
n = 31 (54.39%) cases (25 from inpatient samples, 6 from outpatient samples). In n = 22 isolates (38.59%),
decreases in the MICs in the presence of PAβN were observed for both imipenem and meropenem,
while in n = 7 isolates (12.28%), the MIC decreased for imipenem, and in n = 2 cases, for meropenem only.
Simultaneous occurrence of AmpC overexpression and efflux pump overexpression was shown in n =

5 (8.77%) cases, while simultaneous carbapenemase overexpression and efflux pump overexpression
was detected in n = 2 (3.51%) isolates. No resistance determinants could be phenotypically verified in
n = 15 (26.31%) isolates.

2.3. Discussion and Literature Review

P. aeruginosa is one of the most common opportunistic pathogens in hospital-acquired infections,
associated with significant morbidity and mortality in the affected patients, especially in cases of
infections caused by MDR/XDR isolates [21]. The aim of the present study was to demonstrate the
occurrence of Car-R/Ceph-S P. aeruginosa from urinary tract infections over a 10-year surveillance
period in a tertiary-care hospital in Hungary. During the study period, 57 such isolates were detected
(corresponding to an average of 5–6 isolates/year), including 7 isolates with overexpression of AmpC
β-lactamases, 4 isolates producing carbapenemase enzymes and 31 isolates with overexpressed efflux
pumps, based on the phenotypic detection methods utilized. Efflux pump overexpression was shown
to be the most common mechanism of resistance detected in this study, in addition to seven isolates
where efflux pumps and β-lactamases were present simultaneously. No conclusive data could be
obtained for the resistance determinants in fifteen isolates. Although it may be assumed that porin
downregulation or deletion may be the underlying mechanism of resistance in these cases, no results
from phenotypic or genotypic assays corroborate this hypothesis.

P. aeruginosa, as a urinary pathogen, has received substantial attention in recent years, which
may be attributed to its increased prevalence in catheter-associated infections of hospitalized and/or
immunocompromised patients [10,22]. In addition, recent studies have highlighted the most important
virulence factors associated with P. aeruginosa in catheter-associated infections [23]. Epidemiological
reports are scarce in this field; however, most studies available conclude that there is a significantly
higher risk for inpatients and that debilitated patients older than 65 years of age are the most
affected [23,24]. Over a three-year period, Ferreiro et al. recorded n = 62 nosocomial UTIs, with an
overall 30-day mortality rate of 17.7% [24]. A Japanese study group reported 76 patients (n = 59 male
and n = 17 female) with a P. aeruginosa UTI infection over a four-year period [25]. In a study from
India, the prevalence of NFGNB (including P. aeruginosa) in UTIs was <2% [26]. As part of a national
prospective surveillance study for nosocomial infections in ICUs in France, Venier et al. reported n =

525 (16% overall) P. aeruginosa UTIs; in addition, they identified male sex, previous antibiotic therapy,
hospital admission and transfer from another ICU as individual risk factors [27]. Finally, in a study
from Israel, Marcus et al. identified n = 28 (8% overall) community-acquired P. aeruginosa UTIs in
children [28].

There are very few studies available in the literature reporting on the phenomenon of Car-R/Ceph-S
P. aeruginosa, and most of these publications originate from the Far East. A Chinese study consisting
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of Car-R/Ceph-S P. aeruginosa collected between July and October 2011 found n = 29 individual
isolates [19]. In this study, the authors demonstrated that decreased expression or deletion of the
OprD porins was the most common mechanism of resistance (using Western blotting and RT-PCR),
while production of carbapenemase or Ambler class C β-lactamase enzymes was not observed in these
isolates. In another study by Chinese authors, P. aeruginosa isolates from bacteremic patients between
2010 and 2017 showing the Car-R/Ceph-S phenotype were assessed [29]: during the eight-year period,
n = 63 isolates were detected and most of the microorganisms showed efflux pumo-overexpression
and decreased expression of OprD. Similar to the previous study, production of relevant β-lactamase
enzymes was not noted. In this report, the overall 30-day mortality rate of affected patients was also
assessed, and was shown to be 27.0% [29]. In a Korean study, n = 18 ceftazidime-susceptible isolates
were found in 77 imipenem-resistant P. aeruginosa samples [30]. In their report, thirteen isolates showed
overexpression of the efflux pump genes mexB, mexD, mexF and mexY, and two isolates presented
with ampC gene overexpression; all Car-R/Ceph-S isolates showed a significant decrease in oprD gene
expression. All of the eighteen isolates were resistant to cefepime [30]. Khuntayaporn et al. described
the characterization of n = 293 P. aeruginosa isolates collected between 2007 and 2009 [15]. Decreased
oprD gene expression was observed in the majority of isolates (>93%), in addition to overexpression of
efflux pumps in around two thirds (63.5%) of the isolates. Metallo-β-lactamase production and AmpC
β-lactamase hyperproduction showed a lower prevalence (18.5% and 3.9%, respectively) [15]. A study
from Brazil, spanning the years 2012 and 2013, reported n = 25 individual P. aeruginosa isolates from
all clinical sample types [18]. Most of these bacteria had reduced oprD gene expression levels, while
AmpC hyperproduction, carbapenem hydrolysis (detected by the MALDI-TOF MS method) and efflux
pump overexpression (RT-PCR) were not shown in these isolates. A recently published clinical study
from Israel (corresponding to the time period between 2010 and 2014) reported n = 67 monobacterial
Car-R/Ceph-S bloodstream infections (mainly associated with UTIs and pneumonia), where the authors
highlighted that cephalosporins were relevant therapeutic options for these infections [31]. In addition,
a study from Iran identified n = 23 Car-R/Ceph-S P. aeruginosa isolates from 243 clinical samples, from
the time period between 2016 and 2018 [14]. From among the 23 Car-R/Ceph-S samples, none of the
isolates were positive for carbapenemase genes. Overexpression of AmpC was detected in n = 1 (4.3%)
isolate. The phenotypic assay for overexpressed efflux pumps was positive in n = 14 (60.9%) isolates,
while overexpression of relevant efflux pumps was shown in 47.3%–68.8% (depending on the efflux
pump) by RT-PCR [14].

Carbapenems may be considered as the last line of safe therapeutic alternatives in many
infections; however, carbapenem resistance is on the rise, both in NFGNB and in the members
of the Enterobacterales order [11,16,32,33]. While in the latter group, Car-R is predominantly caused
by the acquisition of plasmid-encoded carbapenemases, in NFGNB (including Pseudomonas spp.), there
are several possible resistance mechanisms at play, including degrading enzymes, modifications in
the transpeptidases, porin deletion and the overexpression of efflux transporters [2–4,10,12,14,19,34].
In addition, Pseudomonas species are members of the “SPACE” (Serratia spp., Pseudomonas spp.,
Acinetobacter spp., Citrobacter spp., Enterobacter spp.) organisms, characterized by inducible AmpC-based
resistance [20,35]. Although the overlap between these resistance mechanisms may be significant,
cases of Car-R/Ceph-S may be identified where the use of cephalosporins instead of colistin may
be warranted [36]. Colistin is currently considered a last-resort, life-saving antibiotic for resistant
Gram-negative infections [37]. Irrespective of its disadvantagous adverse effects and difficult dosing,
based on pharmaco-epidemiological studies, the use of this agent is on the rise [38]. Nevertheless, its
increased use will undeniably lead to increased resistance levels to this drug, as this phenomenon has
been demonstrated for many other anti-pseudomonal antibiotics [39]. Car-R/Ceph-S isolates present
an opportunity for microbiological/diagnostic stewardship, and a viable target for colistin-sparing
stewardship interventions [40]. Although colistin resistance in P. aeruginosa is still relatively rare
(especially in countries limiting the use of this agent), nevertheless, a steady increase in the resistance
levels for colistin may be expected in the coming years [41]. Similar to the findings of other
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reports [14,18,19], resistance levels to other antibiotics were also pronounced, with ~60% resistance to
fluoroquinolones and gentamicin.

Limitations of the present study include the lack of molecular biological methods used to further
characterize resistance determinants in the detected isolates, e.g., for the detection of various bla genes
(blaNDM, blaKPC, blaOXA-48, and blaVIM, among others), and the detection of the overexpression of
efflux pump genes (mexAB, mexCD, mexXY) or the reduced expression of the oprD porin compared
to a housekeeping gene [14]. The prevalence of metallo-β-lactamase enzymes in Car-R P. aeruginosa
isolates may be wide-ranging, based on literature findings (2%–100%) [42]. However, the hypothesis of
Khalili et al. states that the occurrence of Car-R/Ceph-S isolates is due to the absence of carbapenemases,
leading to the susceptible phenotype for ceftazidime and cefepime [14]. This may point to the relevance
of OprD porin mutation as a substantial mechanism of resistance solely for carbapenems [15]. Although
there are only a few studies available, the proportion of strains with reduced OprD expression or lack
of OprD was very high (100% [19]; 100% [30]; 93.85% [15]; >90% [29]; 78.26% [14], and 41.38% [18],
respectively). The role of OprD mutation in carbapenem resistance has been highlighted in repeated
exposure to carbapenems [14,15,43]. In addition, this study was limited to isolates from UTI infections,
while other studies included P. aeruginosa isolates from various clinical samples. Nevertheless,
the present report is still relevant.

3. Materials and Methods

3.1. Study Design and Data Collection

The present study was carried out using isolates and collected data, corresponding to the time
period between January 1, 2008 and December 31, 2017, at the Institute of Clinical Microbiology,
University of Szeged (Szeged, Hungary). The Institute serves as the dedicated microbiology laboratory
of the Albert Szent-Györgyi Clinical Center, which is a 1820-bed primary- and tertiary-care teaching
hospital, affiliated with the University of Szeged [44]. Data collection was performed electronically
by searching the records of the laboratory information system (LIS) for urine samples positive for P.
aeruginosa, based on the criteria below.

Samples with clinically significant colony counts for P. aeruginosa (>105 CFU/mL) that were positive
for nitrite and leukocyte-esterase tests were included; however, this was subject to interpretation
by senior clinical microbiologists performing identification and reporting, based on the information
provided on the clinical request forms for the microbiological analysis and international guidelines [10].
Only the first isolate per patient was included in the study; however, isolates with different antibiotic
susceptibility patterns from the same patient were considered as different individual isolates. To
evaluate the demographic characteristics of these infections, patient data, limited to sex, age at sample
submission, and inpatient/outpatient status, were also collected [10].

3.2. Identification of P. aeruginosa Isolates

Some 10 µL of each uncentrifuged urine sample was cultured on UriSelect chromogenic agar
(Bio-Rad, Berkeley, CA, USA) and blood agar (bioMérieux, Marcy-l’Étoile, Lyon, France) plates
with a calibrated loop, according to the manufacturer’s instructions, and incubated at 37 ◦C for
24–48 h, aerobically. In the period between 2008 and 2012, presumptive, biochemical reaction-based
methods and VITEK 2 Compact ID/AST (bioMérieux, Marcy-l’Étoile, France) were used for bacterial
identification. From 2013 onward, MALDI-TOF MS (Bruker Daltonik Gmbh., Billerica, MA, USA) was
introduced into the workflow of the Department of Bacteriology. Mass spectrometry was performed
using a Microflex MALDI Biotyper (Bruker Daltonics, Bremen, Germany) instrument, with MALDI
Biotyper RTC 3.1 software (Bruker Daltonics, Bremen, Germany), and the MALDI Biotyper Library
3.1 for the spectrum analysis. The sample preparation, methodology, and the technical details of the
MALDI-TOF MS measurements are described elsewhere [9,10].
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3.3. Antibiotic Susceptibility Testing and Determination of the Minimum Inhibitory Concentrations (MICs)

Antimicrobial susceptibility testing was performed using the Kirby–Bauer disk diffusion method
(Liofilchem, Abruzzo, Italy) on Mueller–Hinton agar (MHA) plates for ceftazidime, cefepime, imipenem,
meropenem, ciprofloxacin, levofloxacin, gentamicin, tobramycin and amikacin. MICs of the isolates
were determined using E-tests (Liofilchem, Abruzzo, Italy) on MHA plates for ceftazidime, cefepime,
imipenem, and meropenem. In addition, for the verification of discrepant results, the broth
microdilution method in a cation-adjusted Mueller–Hinton broth (MERLIN Diagnostika, Bonn,
Germany) was also utilized. Colistin susceptibility was performed using the broth microdilution
method in a cation-adjusted Mueller–Hinton broth (MERLIN Diagnostik). The interpretation of the
results was based on the European Committee on Antimicrobial Susceptibility Testing (EUCAST)
breakpoints [45]. Car-R/Ceph-S P. aeruginosa was defined as isolates resistant to carbapenems (imipenem
or meropenem), but susceptible to cephalosporins (ceftazidime or cefepime) [14]. Staphylococcus aureus
ATCC 29213, Enterococcus faecalis ATCC 29212, Proteus mirabilis ATCC 35659, Escherichia coli ATCC
25922, P. aeruginosa ATCC 27853 and Acinetobacter baumannii ATCC 19606 were used as quality control
strains. Intermediate (I) susceptibility results were not observed during the study. Classification of the
isolates as multidrug-resistant (MDR) or extensively drug-resistant (XDR) was based on the EUCAST
Expert Rules [46].

3.4. Phenotypic Detection of AmpC Overexpression and Carbapenemase Production

Overexpression of AmpC β-lactamase enzymes was detected by an agar plate method, where the
agar base was supplemented with cloxacillin (250 µg/mL), as cloxacillin inhibits the effects of AmpC
β-lactamases. A two-fold decrease in ceftazidime MICs in the presence of cloxacillin, compared to
MICs without cloxacillin, was considered as positivity for AmpC overexpression [14,47]. Phenotypic
screening for carbapenemase production was detected by the modified Hodge (cloverleaf) test,
optimized for P. aerugniosa, as previously described [39,48].

3.5. Phenotypic Detection of Efflux Pumps

The effect of phenylalanine-arginine β-naphthylamide (PAβN; a compound with well-known
efflux pump inhibitory activity) on the MICs of imipenem and meropenem was detected using the agar
dilution method described previously [14,47]. During the experiments, the concentration of PAβN was
40 µg/mL in the agar base. A two-fold decrease in the MICs in the presence of PAβN, compared to the
MIC values without the inhibitor, was considered as positivity for efflux pumpoverexpression [14,49,50].

3.6. Statistical Anaylsis

Statistical analyses, including the descriptive analysis (means or medians with ranges and
percentages to characterize data) and statistical tests (Student’s t-test (for data on resistance levels))
were performed with the SPSS software version 24 (IBM SPSS Statistics for Windows 24.0, IBM Corp.,
Armonk, NY, USA); p-values < 0.05 were considered statistically significant.

4. Conclusions

The main objective of the present study was the epidemiological assessment and phenotypic
characterization of Car-R/Ceph-S P. aeruginosa isolates in a tertiary-care hospital in Szeged, Hungary.
As a result, n = 56 Car-R/Ceph-S P. aeruginosa isolates were identified as part of a 10-year surveillance.
During the study, overexpression of efflux pumps and overexpression of AmpC enzymes were identified
as the main mechanisms of resistance. To spare last-resort agents in relevant clinical situations, the use
of broad-spectrum cephalosporins or safe, alternative agents should be considered in these infections
to curb the development of extended selection pressure on non-fermenting Gram-negative bacteria, a
group of pathogens where the emergence of extensively drug-resistant and pandrug-resistant clinical
strains is a frightening reality.



Antibiotics 2020, 9, 153 7 of 9

Funding: This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors. The article processing charge (APC) was kindly funded by the Multidisciplinary Digital
Publishing Institute (MDPI).

Acknowledgments: M.G. was supported by the National Youth Excellence Scholarship (Grant Number
NTP-NTFÖ-18-C-0225) and ESCMID’s “30 under 30” Award. The author would like to acknowledge the
clinical microbiologists at the Institute of Clinical Microbiology for the isolation of the bacterial strains.

Conflicts of Interest: The author declares no conflict of interest, monetary or otherwise. The author alone is
responsible for the content and writing of this article.

References

1. Gajdács, M. The Concept of an Ideal Antibiotic: Implications for Drug Design. Molecules 2019, 24, e892.
[CrossRef]

2. Ruppé, É.; Werther, P.L.; Barbier, F. Mechanisms of antimicrobial resistance in Gram-negative bacilli.
Ann. Intensive Care 2015, 5, e21. [CrossRef]

3. Enoch, D.A.; Birkett, C.I.; Ludlam, H.A. Non-fermentative Gram-negative bacteria. Int. J. Antimicrob. Agents
2007, 29, S33–S41. [CrossRef]

4. Schaumann, R.; Knopp, N.; Genzel, G.H.; Losensky, K.; Rosenkranz, C.; Stingu, C.S.; Schellenberger, W.;
Rodloff, A.C.; Eschrich, K. Discrimination of Enterobacteriaceae and non-fermenting Gram-negative bacilli.
Indian J. Med. Res. 2017, 145, 665–672.

5. Asif, M.; Alvi, I.A.; Rehmann, S.U. Insight into Acinetobacter baumannii: Patogenesis, global resistance,
mechanisms of resistance, treatment options and alternative modalities. Infect. Drug Res. 2018, 11, 1249–1260.
[CrossRef]

6. Wiedemann, B.; Heising, A.; Heising, P. Uncomplicated urinary tract infections and antibiotic
resistance-epidemiological and mechanistic aspects. Antibiotics 2014, 3, 341–352. [CrossRef]

7. Foxman, B. Epidemiology of urinary tract infections: Incidence, morbidity and economic costs. Dis. Mon.
2003, 49, 53–70. [CrossRef]

8. Gajdács, M.; Bátori, Z.; Ábrók, M.; Lázár, A.; Burián, K. Characterization of Resistance in Gram-Negative
Urinary Isolates Using Existing and Novel Indicators of Clinical Relevance: A 10-Year Data Analysis. Life
2020, 10, e16. [CrossRef]

9. Stefaniuk, E.; Suchocka, U.; Bosacka, K.; Hryniewicz, W. Etiology and antibiotic susceptibility of bacterial
pathogens responsible for community-acquired urinary tract infections in Poland. Eur. J. Clin. Microbiol.
Infect. Dis. 2016, 35, 1363–1369. [CrossRef]

10. Mittal, R.; Aggarwal, S.; Sharma, S.; Chhibber, S.; Harjai, K. Urinary tract infections caused by Pseudomonas
aeruginosa: A minireview. J. Infect. Public Health 2009, 2, 101–111. [CrossRef]

11. Gajdács, M.; Burián, K.; Terhes, G. Resistance Levels and Epidemiology of Non-Fermenting Gram-Negative
Bacteria in Urinary Tract Infections of Inpatients and Outpatients (RENFUTI): A 10-Year Epidemiological
Snapshot. Antibiotics 2019, 8, e143. [CrossRef]

12. Bassetti, M.; Vena, A.; Croxatto, A.; Righi, E.; Guery, B. How to manage Pseudomonas aeruginosa infections.
Drugs Context 2018, 7, e212527. [CrossRef]

13. Gajdács, M. Intravenous or oral antibiotic therapy: Sophie’s choice? Gen. Int. Med. Clin. Innov. 2019, 4, 1–2.
[CrossRef]

14. Khalili, Y.; Yekani, M.; Goli, H.R.; Memar, M.Y. Characterization of carbapenem-resistant but
cephalosporin-susceptible Pseudomonas aeruginosa. Acta Microbiologica Immunologica Hungarica 2019,
66, 529–540. [CrossRef]

15. Khuntayaporn, P.; Montakantikul, P.; Santanirand, P.; Kiratisin, P.; Chomnawang, M.T. Molecular investigation
of carbapenem resistance among multidrug-resistant Pseudomonas aerugonisa isolated clinically in Thailand.
Microbiol. Immunol. 2013, 57, 170–178. [CrossRef]

16. Nordmann, P.; Naas, T.; Poirel, L. Global spread of carbapenemase-producing Enterobacteriaceae. Emerg.
Infect. Dis. 2011, 17, 1791–1798. [CrossRef]

17. Codjoe, F.S.; Donkor, E.S. Carbapenem Resistance: A Review. Med. Sci. 2018, 6, e1. [CrossRef]
18. Campana, E.H.; Xavier, D.E.; Petrolini, F.V.; Cordeiro-Moura, J.R.; de Araujo, M.R.; Gales, A.C.

Carbapenem-resistant and cephalosporin-susceptible: A worrisome phenotype among Pseudomonas aeruginosa
clinical isolates in Brazil. Braz. J. Infect. Dis. 2017, 21, 57–62. [CrossRef]

http://dx.doi.org/10.3390/molecules24050892
http://dx.doi.org/10.1186/s13613-015-0061-0
http://dx.doi.org/10.1016/S0924-8579(07)72176-3
http://dx.doi.org/10.2147/IDR.S166750
http://dx.doi.org/10.3390/antibiotics3030341
http://dx.doi.org/10.1067/mda.2003.7
http://dx.doi.org/10.3390/life10020016
http://dx.doi.org/10.1007/s10096-016-2673-1
http://dx.doi.org/10.1016/j.jiph.2009.08.003
http://dx.doi.org/10.3390/antibiotics8030143
http://dx.doi.org/10.7573/dic.212527
http://dx.doi.org/10.15761/GIMCI.1000176
http://dx.doi.org/10.1556/030.66.2019.036
http://dx.doi.org/10.1111/1348-0421.12021
http://dx.doi.org/10.3201/eid1710.110655
http://dx.doi.org/10.3390/medsci6010001
http://dx.doi.org/10.1016/j.bjid.2016.10.008


Antibiotics 2020, 9, 153 8 of 9

19. Zeng, Z.R.; Wang, W.P.; Huang, M.; Shi, L.N.; Wang, Y.; Shao, H.F. Mechanisms of carbapenem resistance in
cephalosporin-susceptible Pseudomonas aeruginosa in China. Diagn. Microbiol. Infect. Dis. 2014, 78, 268–270.
[CrossRef]

20. MacDougall, C. Beyond Susceptible and Resistant, Part I: Treatment of Infections Due to Gram-Negative
Organisms with Inducible β-Lactamases. JPPT 2011, 16, 23–30.

21. Potron, A.; Poirel, L.; Nordmann, P. Emerging broad-spectrum resistance in Pseudomonas aeruginosa and
Acinetobacter baumannii: Mechanisms and epidemiology. Int. J. Antimicrob. Agents 2015, 45, 568–585.
[CrossRef] [PubMed]

22. Tangogdu, Z.; Wagenlehner, F.M. Global epidemiology of urinary tract infections. Curr. Opin. Infect. Dis.
2016, 19, 73–79.

23. Cole, S.J.; Records, A.R.; Orr, M.W.; Linden, S.R.; Lee, V.T. Catheter-Associated Urinary Tract Infection
by Pseudomonas aeruginosa is Mediated by Exopolysaccharide-Independent Biofilms. Infect. Immun. 2014,
82, 2048–2058. [CrossRef] [PubMed]

24. Ferreiro, J.L.L.; Otero, J.Á.; González, L.G.; Lamazares, L.N.; Blanco, A.A.; Sanjurjo, J.R.B.; Conde, I.R.;
Soneira, M.F.; Aguado, J.F. Pseudomonas aeruginosa urinary tract infections in hospitalized patients: Mortality
and prognostic factors. PLoS ONE 2017, 12, e0178178.

25. Shigemura, K.; Arakawa, S.; Sakai, Y.; Kinoshita, S.; Tanaka, K.; Fujisawa, M. Complicated urinary tract
infection caused by Pseudomonas aeruginosa in a single institution (1999–2003). Int. J. Urol. 2006, 13, 538–542.
[CrossRef]

26. Vijaya, D.; Kamala, K.; Bavani, S.; Veena, M. Prevalence of nonfermenters in clinical specimens. Ind. J.
Med. Sci. 2000, 54, 87–91.

27. Venier, A.G.; Lavigne, T.; Jarno, P.; L’heriteau, F.; Coignard, B.; Savey, A.; Rogues, A.M. Nosocomial
urinary tract infection in the intensive care unit: When should Pseudomonas aeruginosa be suspected?
Experience of the French national surveillance of nosocomial infections in the intensive care unit, Rea-Raisin.
Clin. Microbiol. Infect. 2012, 18, E13–E15. [CrossRef]

28. Marcus, N.; Ashkenazi, S.; Samra, Z.; Cohen, A.; Livni, G. Community-Acquired Pseudomonas aeruginosa
Urinary Tract Infections in Children Hospitalized in a Tertiary Center: Relative Frequency, Risk Factors,
Antimicrobial Resistance and Treatment. Infection 2008, 36, 421–426. [CrossRef]

29. Li, S.; Jia, X.; Zou, H.; Liu, H.; Guo, Y.; Zhang, L. Carbapenem-resistant and cephalosporin susceptible
Pseudomonas aeruginosa: A notable phenotype in patients with bacteremia. Infect. Drug Res. 2018, 11, 1225–1235.
[CrossRef]

30. Wi, Y.M.; Choi, J.Y.; Lee, J.Y.; Kang, C.I.; Chung, D.R.; Peck, K.R.; Song, J.H.; Ko, K.S.
Antimicrobial Effects of Beta-Lactams on Imipenem-Resistant Ceftazidime-Susceptible Pseudomonas aeruginosa.
Antimicrob. Agents Chemother. 2017, 61, e00054-17. [CrossRef]

31. Zaidenstein, R.; Miller, A.; Tal-Jasper, R.; Ofer-Friedman, H.; Sklarz, M.; Katz, D.E.; Lazarovitch, T.;
Lepart, P.R.; Mengesha, B.; Tzuman, O.; et al. Therapeutic Management of Pseudomonas aeruginosa
Bloodstream Infection Non-Susceptible to Carbapenems but Susceptible to “Old” Cephalosporins and/or to
Penicillins. Microorganisms 2018, 6, e9. [CrossRef] [PubMed]

32. Gajdács, M.; Ábrók, M.; Lázár, A.; Burián, K. Comparative Epidemiology and Resistance Trends of Common
Urinary Pathogens in a Tertiary-Care Hospital: A 10-Year Surveillance Study. Medicina 2019, 55, e356.
[CrossRef] [PubMed]

33. Santajit, S.; Indrawattana, N. Mechanisms of Antimicrobial Resistance in ESKAPE Pathogens. BioMed Res. Int.
2016, 2016, e2475067. [CrossRef] [PubMed]

34. Jacoby, G.A. AmpC beta-lactamases. Clin. Microbiol. Rev. 2009, 22, 161–182. [CrossRef] [PubMed]
35. Narayanan, N.; Johnson, L.; MacDougall, C. Beyond Susceptible and Resistant, Part III: Treatment of

Infections due to Gram-Negative Organisms Producing Carbapenemases. JPPT 2016, 21, 110–119. [CrossRef]
36. Corcione, S.; Lupia, T.; Maraolo, A.E.; Mornese Pinna, S.; Gentile, I.; De Rosa, F.G. Carbapenem-sparing

strategy: Carbapenemase, treatment, and stewardship. Curr. Opin. Infect. Dis. 2019, 32, 663–673. [CrossRef]
37. Tanita, M.T.; Dantas de Maio Carrilho, C.M.; Garcia, J.P.; Festti, J.; Cardoso, L.T.Q.; Grion, C.M.C. Parenteral

colistin for the treatment of severe infections: A single center experience. Rev. Bras. Ter. Intensiva 2013,
25, 297–305. [CrossRef]

http://dx.doi.org/10.1016/j.diagmicrobio.2013.11.014
http://dx.doi.org/10.1016/j.ijantimicag.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25857949
http://dx.doi.org/10.1128/IAI.01652-14
http://www.ncbi.nlm.nih.gov/pubmed/24595142
http://dx.doi.org/10.1111/j.1442-2042.2006.01359.x
http://dx.doi.org/10.1111/j.1469-0691.2011.03686.x
http://dx.doi.org/10.1007/s15010-008-7328-4
http://dx.doi.org/10.2147/IDR.S174876
http://dx.doi.org/10.1128/AAC.00054-17
http://dx.doi.org/10.3390/microorganisms6010009
http://www.ncbi.nlm.nih.gov/pubmed/29337862
http://dx.doi.org/10.3390/medicina55070356
http://www.ncbi.nlm.nih.gov/pubmed/31324035
http://dx.doi.org/10.1155/2016/2475067
http://www.ncbi.nlm.nih.gov/pubmed/27274985
http://dx.doi.org/10.1128/CMR.00036-08
http://www.ncbi.nlm.nih.gov/pubmed/19136439
http://dx.doi.org/10.5863/1551-6776-21.2.110
http://dx.doi.org/10.1097/QCO.0000000000000598
http://dx.doi.org/10.5935/0103-507X.20130051


Antibiotics 2020, 9, 153 9 of 9

38. Nation, R.L.; Garonzik, S.M.; Thamlikitkul, V.; Giamarellos-Bourboulis, E.J.; Forrest, A.; Paterson, D.L.; Li, J.;
Silveira, F.P. Dosing Guidance for Intravenous Colistin in Critically Ill Patients. Clin. Infect. Dis. 2017,
64, 565–571. [CrossRef]

39. Chou, C.H.; Lai, Y.R.; Chi, C.Y.; Ho, M.W.; Chen, C.L.; Liao, W.C.; Ho, C.H.; Chen, Y.A.; Chen, C.Y.; Lin, Y.T.;
et al. Long-term surveillance of antibiotic prescriptions and the prevalence of antimicrobial resistance in
non-fermenting Gram-negative bacilli. Microorganisms 2020, 8, e397. [CrossRef]

40. Veeraghavan, B.; Pragasam, A.K.; Bakthavatchalam, Y.D.; Anandan, S.; Swaminathan, S.; Sundaram, B.
Colistin-sparing approaches with newer antimicrobials to treat carbapenem-resistant organisms: Current
evidence and future prospects. Ind. J. Med. Microbiol. 2019, 37, 72–90. [CrossRef]

41. Martins, N.; Leroy, S.; Blanc, V. Colistin in multi-drug resistant Pseudomonas aeruginosa blood-stream infections:
A narrative review for the clinician. J. Infect. 2014, 69, 1–12. [CrossRef] [PubMed]

42. Rodríguez-Martínez, J.M.; Poirel, L.; Nordmann, P. Molecular epidemiology and mechanisms of carbapenem
resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2009, 53, 4783–4788. [CrossRef] [PubMed]

43. Yoneyama, H.; Yamano, Y.; Nakae, T. Role of porins in the antibiotic susceptibility of Pseudomonas aeruginosa:
Construction of mutants with deletions in the multiple porin genes. Biochem. Biophys. Res. Commun. 1995,
4, 88–95. [CrossRef]

44. Gajdács, M.; Urbán, E. Prevalence and Antibiotic Resistance of Stenotrophomonas maltophilia in Respiratory Tract
Samples: A 10-Year Epidemiological Snapshot. Health Serv. Manag. Epidemiol. 2019, 6, e2333392819870774.
[CrossRef] [PubMed]

45. EUCAST Clinical Breakpoints—Breakpoints and Guidance. Available online: http://www.eucast.org/clinical_
breakpoints/ (accessed on 26 February 2020).

46. Magiorakos, A.P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Habarth, S.;
Hindler, J.F.; Kahlmeter, G.; Olsson-Liljequist, B.; et al. Multidrug-resistant, extensively drug-resistant and
pandrug-resistant bacteria: An international expert proposal for interim standard definitions for acquired
resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef] [PubMed]

47. Akhi, M.T.; Khalili, Y.; Ghotaslou, R.; Yousefi, S.; Kafil, H.S.; Naghili, B.; Sheikhalizadeh, V. Evaluation of
carbapenem resistance mechanisms and its association with Pseudomonas aeruginosa infection in the Nortwest
of Iran. Microb. Drug Res. 2018, 24, 126–135. [CrossRef]

48. Rao, M.R.; Chandrashaker, P.; Mahale, R.P.; Shivappa, S.G.; Gowda, R.S.; Chitharagi, V.B. Detection of
carbapenemase production in Enterobacteriaceae and Pseudomonas species by carbapenemase Nordmann–Poirel
test. J. Lab. Physicians 2019, 11, 107–110.

49. Morales, S.; Gallego, M.A.; Vanegas, J.M.; Jiménez, J.N. Detection of carbapenem resistance genes in
Pseudomonas aeruginosa isolates with several phenotypic susceptibility profiles. CES Med. 2018, 32, 203–2014.
[CrossRef]

50. Pitoutm, J.D.; Revathi, G.; Chow, B.L.; Kabera, B.; Kariuki, S.; Nordmann, P.; Poirel, L.
Metallo-β-lactamase-producing Pseudomonas aeruginosa isolates in Tunisia. Clin. Microbiol. Infect. 2008,
14, 755–759. [CrossRef]

© 2020 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/cid/ciw839
http://dx.doi.org/10.3390/microorganisms8030397
http://dx.doi.org/10.4103/ijmm.IJMM_19_215
http://dx.doi.org/10.1016/j.jinf.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24631777
http://dx.doi.org/10.1128/AAC.00574-09
http://www.ncbi.nlm.nih.gov/pubmed/19738025
http://dx.doi.org/10.1006/bbrc.1995.2102
http://dx.doi.org/10.1177/2333392819870774
http://www.ncbi.nlm.nih.gov/pubmed/31453265
http://www.eucast.org/clinical_breakpoints/
http://www.eucast.org/clinical_breakpoints/
http://dx.doi.org/10.1111/j.1469-0691.2011.03570.x
http://www.ncbi.nlm.nih.gov/pubmed/21793988
http://dx.doi.org/10.1089/mdr.2016.0310
http://dx.doi.org/10.21615/cesmedicina.32.3.2
http://dx.doi.org/10.1111/j.1469-0691.2008.02030.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Epidemiology and Antibiotic Susceptibility of Car-R/Ceph-S P. aerugonisa from UTIs 
	Phenotypic Characterization of Resistance Determinants in Car-R/Ceph-S P. aerugonisa Isolates 
	Discussion and Literature Review 

	Materials and Methods 
	Study Design and Data Collection 
	Identification of P. aeruginosa Isolates 
	Antibiotic Susceptibility Testing and Determination of the Minimum Inhibitory Concentrations (MICs) 
	Phenotypic Detection of AmpC Overexpression and Carbapenemase Production 
	Phenotypic Detection of Efflux Pumps 
	Statistical Anaylsis 

	Conclusions 
	References

