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AAC(6=)-Ib-cr is a plasmid-mediated quinolone resistance mechanism described worldwide for Escherichia coli. Since it confers
in vitro only a low level of resistance to ciprofloxacin, we evaluated its impact on the in vivo activity of ciprofloxacin. Isogenic
strains were obtained by transferring plasmid p449, harboring aac(6=)-Ib-cr, into the quinolone-susceptible strain E. coli
CFT073-RR and its D87G gyrA mutant. MICs were 0.015, 0.06, 0.25, and 0.5 �g/ml against E. coli strains CFT073-RR, CFT073-
RR/p449, CFT073-RR GyrAr, and CFT073-RR GyrAr/p449, respectively. Bactericidal activity was reduced at 1� the MIC for the
three resistant derivatives, while at a fixed concentration of 0.5 �g/ml, 99.9% killing was observed for all strains except E. coli
CFT073-RR GyrAr/p449. In the murine model of pyelonephritis, an optimal regimen of ciprofloxacin (10 mg/kg of body weight
twice a day [b.i.d.]) significantly decreased the bacterial count in the kidneys of mice infected with E. coli CFT073 (1.6 versus 4.3
log10 CFU/g of kidney compared to untreated controls; P � 0.0001), while no significant decrease was observed for E. coli
CFT073-RR/p449 (2.7 versus 3.1 log10 CFU/g; P � 0.84), E. coli CFT073-RR GyrAr (4.2 versus 4.1 log10 CFU/g; P � 0.35), or E.
coli CFT073-RR GyrAr/p449 (2.9 versus 3.6 log10 CFU/g; P � 0.47). While pharmacokinetic and pharmacodynamic (PK/PD) pa-
rameters accounted for ciprofloxacin failure against gyrA-containing mutants, this was not the case for the aac(6=)-Ib-cr-con-
taining strains, suggesting an in situ hydrolysis of ciprofloxacin in the latter case.

Fluoroquinolones are currently among the most heavily pre-
scribed antimicrobials in the world because of their spectrum,

their pharmacokinetic properties, and their generally good toler-
ability (1). They are particularly useful for treating urinary tract
infections (UTI) due to Enterobacteriaceae (1). As a consequence
of their popularity, quinolone resistance rates have increased sig-
nificantly over recent years (2, 3).

Most quinolone resistance mechanisms are chromosome me-
diated due to mutations in the genes encoding type II topoisom-
erases or affecting permeability or efflux (1, 4). Plasmid-mediated
quinolone resistance (PMQR) genes were described over a decade
ago (5); qnr genes were first described in 1998 (6). Qnr proteins are
pentapeptide repeat proteins that protect DNA gyrase and topo-
isomerase IV from quinolone binding. Two plasmid-mediated ef-
flux pumps have been identified: QepA, belonging to the major
facilitator superfamily (MFS) (7), and OqxAB, belonging to the
resistance-nodulation-cell division superfamily (RND) (8). The
last PMQR gene, aac(6=)-Ib-cr, encodes a bifunctional aminogly-
coside 6=-N-acetyltransferase capable of acetylating both amin-
oglycosides and fluoroquinolones (5, 9). This gene is a variant of the
classic aac(6=)-Ib gene, which confers resistance to certain amino-
glycosides (amikacin, isepamicin, and tobramycin). The new
AAC(6=)-Ib-cr enzyme includes two mutations (Trp102Arg and
Asp179Tyr) that reduce aminoglycoside resistance but confer re-
sistance to ciprofloxacin and norfloxacin. aac(6=)-Ib-cr is often
found as part of a complex class 1 integron including other anti-
biotic resistance genes. This may explain the fact that strains of
Enterobacteriaceae harboring aac(6=)-Ib-cr have been described
worldwide (10). Acquisition of aac(6=)-Ib-cr genes increases cip-
rofloxacin MICs 2- to 4-fold; however, ciprofloxacin MICs re-

main below the susceptibility breakpoint according to the Clinical
and Laboratory Standards Institute (1 �g/ml) and the European
Committee on Antimicrobial Susceptibility Testing (EUCAST;
0.5 �g/ml) (11, 12). The aim of the present study was to determine
the in vivo impact of AAC(6=)-Ib-cr in Escherichia coli pyelone-
phritis on ciprofloxacin efficacy, considering that this gene con-
fers a much lower level of resistance than qnr genes.

(Part of this work was presented at the 52nd Interscience Con-
ference on Antimicrobial Agents and Chemotherapy, San Fran-
cisco, CA, 2012.)

MATERIALS AND METHODS
Bacterial strains. Experiments were performed with four isogenic strains:
E. coli CFT073-RR, E. coli CFT073-RR/p449, E. coli CFT073-RR GyrAr,
and E. coli CFT073-RR GyrAr/p449. E. coli CFT073-RR is a rifampin-
resistant (Rifr) mutant of the quinolone-susceptible strain E. coli CFT073,
used to set the murine model of pyelonephritis (13) and previously used in
this model (14–16). E. coli CFT073-RR GyrAr is a single-step mutant
harboring the gyrA D87G mutation selected as previously described (1).
Plasmid p449 is a 130-kb plasmid harboring aac(6=)-Ib-cr found in the
clinical strain E. coli RS449 isolated from a culture of blood from a patient
with pyelonephritis. E. coli RS449 was systematically screened for PMQR
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genes [qnr, aac(6=)-Ib-cr, and qepA] by real-time PCR and pyrosequenc-
ing as described elsewhere (17, 18) and was shown to harbor only the
aac(6=)-Ib-cr gene. Besides aac(6=)-Ib-cr, p449 carried a blaCTX-M-15 gene.
Plasmid DNA was extracted using a Large-Construct Kit (Qiagen, Courta-
boeuf, France) and transformed into competent E. coli DH10B cells (In-
vitrogen, Cergy Pontoise, France). Selection was performed on agar con-
taining amoxicillin (100 �g/ml).

E. coli CFT073-RR GyrAr/p449 was obtained through a conjugation
assay between E. coli RS449 and E. coli CFT073-RR GyrAr and selection on
agar containing amoxicillin (100 �g/ml) and rifampin (250 �g/ml). E. coli
CFT073-RR/p449 was obtained after a conjugation assay between E. coli
DH10/p449 and E. coli CFT073-RR and selection on agar containing
amoxicillin (100 �g/ml) and rifampin (250 �g/ml). The presence of
aac(6=)-Ib-cr in the three CFT073 derivative strains was confirmed by
PCR experiments (17).

MIC determination and time-kill experiments. MICs were deter-
mined by the agar dilution method in accordance with EUCAST guide-
lines (11). Briefly, MICs of amikacin, gentamicin, tobramycin, streptomy-
cin, nalidixic acid, ciprofloxacin, levofloxacin, moxifloxacin, norfloxacin,
and ofloxacin were determined on Mueller-Hinton (MH) agar plates con-
taining serial 2-fold-dilution of antibiotics. Plates inoculated with a
Steers-type multiprong device and about 104 CFU per spot were read after
incubation for 18 h at 37°C. Ciprofloxacin time-kill kinetic assays were
conducted on 10 ml of MH broth at antibiotic concentrations that were
1-fold, 2-fold, 4-fold the MIC and at the fixed concentration of 0.5 �g/ml.
Antimicrobial agent-free broth was evaluated in parallel as a control. Vi-
able counts were determined by serial dilution at 0, 1, 3, 6, and 24 h of
incubation and by plating 100 �l of the control test cultures or by dilution
onto MH agar plates. Colony counts in log10 CFU/ml were determined
after 24 h of incubation. All the in vitro experiments described above were
repeated at least three times. Bactericidal effect was defined as a decrease of
at least a 3-log10 reduction in CFU after 24 h of incubation compared to
the initial test inoculum.

Mouse model of pyelonephritis. As in a previous study (13), the cur-
rent study used the ascending unobstructed mouse model of UTI. Animal
experiments were performed in accordance with prevailing regulations
regarding the care and use of laboratory animals by the European Com-
mission. The Departmental Direction of Veterinary Services in Paris,
France, approved the experimental protocol. Inocula of different strains
were obtained by overnight incubation in brain heart infusion broth,
washing of the cells by centrifugation at 4,000 � g for 15 min in saline, and
resuspension in saline to a final inoculum of 5 � 109 CFU/ml. After
general anesthesia of 8-week-old immunocompetent female CBA mice
(weight, 20 to 22 g), pyelonephritis was induced by injecting 50 �l of the
inoculum into the bladder through a urethral catheter.

Antimicrobial treatment. To evaluate the effectiveness of ciprofloxa-
cin to treat murine pyelonephritis due to AAC(6=)-Ib-cr-producing E.
coli, 45 mice were inoculated with E. coli CFT073-RR, 58 mice with E. coli
CFT073-RR/p449, 38 mice with E. coli CFT073-RR GyrAr, and 32 mice
with E. coli CFT073-RR GyrAr/p449. For each strain, 48 h after inocula-
tion, a start-of-treatment control group (10 to 23 mice) was sacrificed.
During the following 48 h, the mice were treated or not with ciprofloxacin
(2 days of treatment) and then sacrificed 18 h after the last dose of cipro-
floxacin. Kidneys were aseptically sampled and homogenized in 1 ml of
saline solution. One hundred microliters of this solution and its 1/10
dilution were spread onto MH agar plates and incubated for 24 h. CFU
counts were enumerated and expressed as log10 CFU/g of kidney. Selec-
tion of resistant mutants after both treatments was sought by plating the
latter solution onto agar containing ciprofloxacin at a concentration of
4� the MIC.

A dosing regimen for ciprofloxacin of 10 mg/kg of body weight in-
jected subcutaneously (s.c.) twice daily was chosen from preliminary
pharmacokinetic studies comparing various dosages (data not shown).
This regimen provides (i) a plasma peak level in the range of that achieved
in humans after an oral administration of 500 mg of ciprofloxacin (19)

and (ii) peak concentration/MIC and area under the concentration-time
curve from 0 to 24 h (AUC0 –24)/MIC ratios against the susceptible paren-
tal strain that were above those required to achieve efficacy in humans
(20).

Drug pharmacokinetics. Single-dose pharmacokinetic studies of cip-
rofloxacin were performed after a single injection of 10 mg/kg s.c. in
infected mice. Blood samples of 200 �l were obtained by intracardiac
puncturing from three separate mice at 15, 30, 45, 60, 120, 240, 360, and
480 min after ciprofloxacin injection. Blood was centrifuged, and plasma
samples were treated with a methanolic solution containing ofloxacin as
an internal standard. Ciprofloxacin concentration was determined by liq-
uid chromatography, with fluorimetric detection after deproteinization,
as described previously (21). The method was linear over a concentration
range from 0.1 to 40 �g/ml. Intra- and interday coefficients of variation
obtained were less than 10%. The limit of quantitation was 0.05 �g/ml.
The AUC0 –24 was calculated using the trapezoidal rule.

In situ ciprofloxacin N-acetylation measurement. To seek the poten-
tial in situ ciprofloxacin N-acetylation due to AAC(6=)-Ib-cr-producing E.
coli, 13 mice were inoculated with strain E. coli CFT073-RR and 14 with E.
coli CFT073-RR/p449, as described above. After 48 h of inoculation, each
mouse was treated with a single injection of ciprofloxacin (10 mg/kg s.c.).
Mice were sacrificed at 0, 15, and 60 min after ciprofloxacin injection.
Blood and kidneys were sampled as describe above. Ciprofloxacin and
N-acetyl ciprofloxacin concentrations were determined with a Waters Ac-
quity ultraperformance liquid chromatography system (UPLC) system
with a TQD tandem quadrupole mass spectrometer using electrospray
ionization. The selected m/z transitions were 332.1 ¡ 288.0, 374.2 ¡
242.9, and 362.2 ¡ 318.1, with collision energies of 20, 40, and 17 eV for
ciprofloxacin, N-acetyl ciprofloxacin, and ofloxacin as internal standards,
respectively. Chromatography was performed on a 2.1- by 100-mm Ac-
quity UPLC BEH C18 1.7-�m analytical column (Waters, Milford, MA).
The limit of quantification was 0.01 �g/ml.

Statistical analysis. Mean counts (log10 CFU/g) in kidneys were com-
pared for the different groups by the Mann-Whitney U test. The propor-
tions of sterile mice in the different groups were compared by Fisher’s
exact test. All statistical analyses were performed using BiostaTGV (http:
//marne.u707.jussieu.fr/biostatgv/). A P value of less than 0.05 was con-
sidered significant.

RESULTS
In vitro susceptibility of AAC(6=)-Ib-cr-producing strains.
MICs of selected aminoglycosides and quinolones against the E.
coli isogenic strains are presented in Table 1. The resistance pro-
files conferred by the acquisition of p449 in E. coli CFT073-RR and
E. coli CFT073-RR GyrAr were in agreement with those observed
by the production of AAC(6=)-Ib-cr. Indeed, MICs of amikacin,
tobramycin, ciprofloxacin, and norfloxacin observed for E. coli
CFT073-RR/p449 were increased 8-fold, 64-fold, 4-fold, and
4-fold compared to those for E. coli CFT073-RR; values for E. coli
CFT073-RR GyrAr/p449 we re increased 16-fold, 64-fold, 2-fold,
and 4-fold compared to those for E. coli CFT073-RR GyrAr.

TABLE 1 Aminoglycoside and quinolone MICs determined for the E.
coli CFT073 derivative strains used in this study

E. coli strain

MIC (�g/ml)a

AN TM NAL CIP NOR OFX LVX

CFT073-RR 1 0.25 2 0.015 0.06 0.06 0.03
CFT073-RR/p449 8 16 4 0.06 0.25 0.06 0.03
CFT073-RR GyrAr 1 0.25 128 0.25 0.5 0.5 0.25
CFT073-RR GyrAr/p449 16 16 128 0.5 2 0.5 0.125
a MICs were determined for amikacin (AN), tobramycin (TM), nalidixic acid (NAL),
ciprofloxacin (CIP), norfloxacin (NOR), ofloxacin (OFX), and levofloxacin (LVF)
according to EUCAST guidelines.
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Time-kill curves of ciprofloxacin against the four isogenic
strains are shown in Fig. 1 and Fig. 2 for concentrations at 1- to
4-fold the MIC and at a fixed concentration of 0.5 �g/ml, respec-
tively. Regarding the quinolone-susceptible parental strain E. coli
CFT073-RR, ciprofloxacin achieved a rapid and sustained bacte-
ricidal effect for a concentration as low as 1-fold the MIC during
the 24 h of the experiment. For the three derivative strains, after a
3-log10 reduction of CFU counts at 3 h, regrowth was observed at

24 h; this regrowth was prevented only by the concentration that
was 4-fold the MIC. At a ciprofloxacin concentration of 0.5 �g/ml,
a rapid (3-h) and sustained (6- to 24-h) bactericidal effect was
observed for all strains except E. coli CFT073-RR GyrAr/p449. For
this strain, no bactericidal activity was achieved at 6 h and re-
growth was observed at 24 h (P � 0.05).

In vivo ciprofloxacin efficacy in the mouse model of pyelone-
phritis. With a ciprofloxacin therapeutic regimen of 10 mg/kg

FIG 1 Viable counts of the quinolone-susceptible E. coli CFT073-RR (A) and the three isogenic derivative strains (E. coli CFT073-RR/p449 [B], E. coli
CFT073-RR GyrAr [C], and E. coli CFT073-RR GyrAr/p449 [D]) in in vitro time-kill assays with ciprofloxacin concentrations at 1�, 2�, and 4� the MIC.

FIG 2 Viable counts of the quinolone-susceptible E. coli CFT073-RR and the three isogenic derivative strains (E. coli CFT073-RR/p449, E. coli CFT073-RR
GyrAr, and CFT073-RR GyrAr/p449) in in vitro time-kill assays with ciprofloxacin at the fixed concentration of 0.5 �g/ml.
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given subcutaneously twice a day (b.i.d.), a maximum concentra-
tion in serum (Cmax) of 1.93 � 0.37 �g/ml (mean � standard
deviation) was obtained 15 min after the injection, and the
AUC0-24 was 10.48 � 1.96 �g · h/ml. Corresponding Cmax/MIC
and AUC0-24/MIC ratios were calculated for the four isogenic
strains (Table 2).

The four strains induced pyelonephritis 48 h after inoculation
in the start-of-treatment control (Table 3). Bacterial counts in
kidneys were similar between the start-of-treatment groups and
the end-of-treatment groups for all strains (P � 0.1). In mice
infected with the quinolone-susceptible strain E. coli CFT073-RR
and treated with ciprofloxacin, a significant (P � 0.05) decrease,
2.7 log10 CFU/g, of viable bacterial counts was observed in kidneys
(Table 3). In contrast, no significant decrease of bacterial counts
was observed after ciprofloxacin treatment of pyelonephritis due
to any of the three derivatives (P � 0.1).

Although E. coli CFT073-RR is a pathogenic strain related to
the phylogenetic group B2 (22), some of the inoculated mice pre-
sented sterile organs whether they had been treated or not (Table
3). Since we observed sterile mice in start-of-treatment groups for
all the strains studied, sterile mice were included for CFU count-
ing. The proportion of sterile mice was not different between the
start-of-treatment control group and the end-of-treatment con-
trol group (P � 0.3 for each strain). For E. coli CFT073-RR, 10/15
(67%) mice were sterile in the treated group, compared to only
2/15 (13%) in the end-of-treatment control group (P � 0.05). In
contrast, the proportions of sterile mice for E. coli CFT073-RR/
p449, E. coli CFT073-RR GyrAr, and E. coli CFT073-RR GyrAr/
p449 did not significantly differ (P � 0.1) between the end-of-treat-
ment control group (8/20, 3/13, and 1/9) and the ciprofloxacin-

treated group (6/15, 0/12, and 6/13). No resistant mutant was
detected after treatment for any strain.

Ciprofloxacin N-acetylation in kidneys. At 15 and 60 min
after ciprofloxacin injection, ciprofloxacin concentrations in kid-
neys were higher in mice infected with E. coli CFT073-RR/p449
than in mice infected with E. coli CFT073-RR, with comparable
standard deviations of concentrations at both times (0.71 versus
0.95 at 15 min and 0.26 versus 0.26 at 60 min for E. coli CFT073-
RR/p449 and E. coli CFT073-RR, respectively).The N-acetyl cip-
rofloxacin concentration was under the limit of detection of our
measuring method. Nonetheless, similar to the PK/PD data de-
scribed above, the ciprofloxacin concentration in kidneys de-
creased between 15 and 60 min (Fig. 3A). However, this decrease
was significantly more pronounced (P � 0.05) for the group of
mice infected with E. coli CFT073-RR/p449 than for the group
infected with E. coli CFT073-RR (Fig. 3B).

DISCUSSION

UTI is one of the most common bacterial infections, with a global
incidence estimated at nearly 150 million cases worldwide per year
(23). UTI is therefore a major public health problem given the
associated morbidity and the cost of its therapeutic management

TABLE 2 PK/PD parameters of the ciprofloxacin dosing regimen used
in the pyelonephritis murine model

E. coli strain

Ratio for ciprofloxacin

Cmax/MICa AUC0–24/MICb

CFT073-RR 128.7 698.7
CFT073-RR/p449 32.2 174.7
CFT073-RR GyrAr 7.7 41.9
CFT073-RR GyrAr/p449 3.9 21
a The Cmax for ciprofloxacin was 1.93 � 0.37 �g/ml.
b The AUC0 –24 for ciprofloxacin was 10.48 � 1.96 �g · ml/h.

TABLE 3 Effect of ciprofloxacin on viable organisms in kidneys of mice

E. coli strain

Count (log10 CFU) per g (mean � SD) of kidneys
(total no. of mice)

Untreated mice

Mice treated
with
ciprofloxacin

Start-of-
treatment
control

End-of-
treatment
control

CFT073-RR 3.6 � 1.7 (15) 4.3 � 1.7a (15) 1.6 � 0.3b (15)
CFT073-RR/p449 3.2 � 1.4 (23) 3.1 � 1.5a (20) 2.7 � 1.3c (15)
CFT073-RR GyrAr 4.1 � 1.4 (13) 4.1 � 1.6a (13) 4.2 � 1.3c (12)
CFT073-RR GyrAr/p449 4.4 � 0.9 (10) 3.6 � 0.9a (9) 2.9 � 1.4c (13)
a P � 0.1 compared with the start-of-treatment control group.
b P � 0.05 compared with the end-of-treatment control group.
c P � 0.1 compared with the end-of-treatment control group.

FIG 3 (A) Ciprofloxacin concentrations in kidneys of mice (�g/ml), infected
with either E. coli CFT073-RR or E. coli CFT073-RR/p449, 15 min (T15) and 60
min (T60) and after injection of 10 mg/kg of ciprofloxacin. (B) Decrease in
ciprofloxacin concentrations in kidneys of mice between 15 min and 60 min
according to the study strain. The decrease in ciprofloxacin concentrations was
significantly more pronounced (P � 0.05) in mice infected with E. coli
CFT073-RR/p449 than in those infected with strain E. coli CFT073-RR.
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(24). E. coli is the leading bacterial etiology of UTI, and reports of
PMQR in E. coli are increasingly frequent (25–27). The aac(6=)-
Ib-cr gene is a low-level fluoroquinolone resistance determinant.
As observed with the qnr genes, strains harboring aac(6=)-Ib-cr
(9) remain susceptible to fluoroquinolones according to inter-
national susceptibility breakpoint values of ciprofloxacin for En-
terobacteriaceae. Most of the studies that reported a therapeutic
impact of a low level of fluoroquinolone resistance in Enterobac-
teriaceae did not characterize the genetic determinant involved
(28–31). To date, only three studies have investigated the thera-
peutic impact of PMQR, but only for qnr genes (14–16). Allou et
al. (qnrA1 and qnrS1) and Jakobsen et al. (qnrA1, qnrB19, and
qnrS1) showed that qnr genes decreased the bactericidal activity of
ciprofloxacin against E. coli in a murine UTI model (14, 16). Ro-
dríguez-Martínez et al. showed that qnrA1 decreased the efficacy
of ciprofloxacin and levofloxacin in a murine model of pneumo-
nia due to a strain of Klebsiella pneumoniae (15).

The present study investigated the bactericidal activity of cip-
rofloxacin against aac(6=)-Ib-cr-producing E. coli in a murine
pyelonephritis model using a dose corresponding to an optimal
human regimen. The main finding was that mice infected with E.
coli carrying aac(6=)-Ib-cr did not show any significant reduction
in bacterial counts when they were treated with ciprofloxacin, as
opposed to the mice infected with the susceptible parental strain.
The therapeutic impact was similar with a derivative strain har-
boring a single gyrA mutation with or without aac(6=)Ib-cr. Cip-
rofloxacin treatment significantly increased the proportion of
sterile mice compared with the end-of-treatment control group
only for the susceptible strain. These results were in agreement
with the in vitro bactericidal findings. Indeed, at concentrations
ranging from 1-fold to 4-fold the MIC, the bactericidal activity of
ciprofloxacin was markedly reduced against the three resistant
strains compared with the susceptible parental one. At the
EUCAST clinical breakpoint concentration of 0.5 �g/ml, which is
achievable in human serum during therapy with ciprofloxacin, the
bactericidal activity of ciprofloxacin was achieved during the first
6 h of exposure against the derivative strains except those harbor-
ing both plasmid p449 and the gyrA D87G mutation, in compar-
ison with the susceptible E. coli parental strain. However, the bac-
tericidal activity of ciprofloxacin remained stable from 6 h to 24 h
after exposure, except against the strain harboring both the gyrA
mutation and the aac(6=)-Ib-cr gene.

The most striking result was that the therapeutic failure of cip-
rofloxacin in mice infected with derivative E. coli aac(6=)-cr-posi-
tive strains could not be explained by pharmacodynamic-phar-
macokinetic (PK/PD) indices, in contrast to previous results
reported with qnr and the gyrA mutation (14). In vivo, the param-
eters that best predict fluoroquinolone efficacy are the AUC0-24/
MIC ratio and the Cmax/MIC ratio. Values higher than 125 and 10,
respectively, have been shown to be predictive of clinical and mi-
crobiological efficacy in different foci of infection (20). In the
current experiments, although the AUC0-24/MIC and Cmax/MIC
ratios of ciprofloxacin were well above 125 and 10 to 12 for strain
E. coli CFT073-RR/p449, we observed a failure of ciprofloxacin to
decrease the bacterial counts in kidneys. Such surprising results
have been previously obtained in an experimental model of rabbit
endocarditis due to a K. pneumoniae strain carrying aac(6=)-Ib and
treated with amikacin or isepamicin (32). This study showed that
although the AAC(6=)-Ib enzyme conferred a low level of resis-
tance to amikacin and isepamicin in vitro (MICs of amikacin and

isepamicin were 4 and 0.5 �g/ml, respectively), its production
compromised the two drugs’ bactericidal efficacies. This observa-
tion had been explained by the possibility that aminoglycoside
concentrations in cardiac vegetations were appreciably lower than
their concentrations in sera. This is not the case for ciprofloxacin
concentrations in the renal parenchyma, since ciprofloxacin
reaches concentrations in kidneys significantly higher than in se-
rum (33). It was therefore hypothesized that the competition be-
tween rates of drug accumulation and drug hydrolysis could ex-
plain the fact that the in vitro quinolone-susceptible but AAC(6=)-
Ib-cr-producing strain led to ciprofloxacin therapeutic failure.
Measurement of N-acetylation of ciprofloxacin by AAC(6=)-Ib-cr
has been studied in vitro (9, 34, 35). Wachino et al. developed a
disk-based method for detecting AAC(6=)-Ib-cr production in E.
coli isolates based on fluoroquinolone inactivation (34). Jung et al.
reported N-acetylation of norfloxacin and ciprofloxacin by an
aac(6=)-Ib-cr-carrying E. coli strain from an environmental
source. The authors showed, using high-performance liquid chro-
matography (HPLC) and mass spectrometry, that this strain
transformed both ciprofloxacin and norfloxacin by N-acetylation
(35). Genes present on the clinical plasmid p449, other than
known resistance genes, could have affected the ability of the plas-
mid-containing strain to persist in kidney tissue. Nonetheless, re-
sults in the present study showing that ciprofloxacin concentra-
tion decreased more significantly (P � 0.05) when mice were
infected with an AAC(6=)-Ib-cr-producing strain compared to a
nonproducing strain suggest an in situ hydrolysis of ciprofloxacin
that could explain why PK/PD parameters did not account for
failure of ciprofloxacin against aac(6=)-Ib-cr-containing strains.

In conclusion, low-level fluoroquinolone resistance conferred
by aac(6=)-Ib-cr seems to be associated with reduced bactericidal
activity of ciprofloxacin in vivo and to lead to ciprofloxacin ther-
apeutic failure in pyelonephritis. In situ N-acetylation of cipro-
floxacin may explain the reduction in bactericidal activity.
aac(6=)-Ib-cr is the most prevalent PMQR gene detected in clinical
isolates, especially extended-spectrum �-lactamase (ESBL)-pro-
ducing strains (36). Regarding in vivo data on qnr (14–16) and
considering the present data on aac(6=)-Ib-cr, we believe that care
should be taken in clinical practice when PMQR is detected. How-
ever, since the level of resistance conferred is low, it is often diffi-
cult to detect the gene’s presence based on the observed phenotype
on a routine basis in the laboratory. Molecular detection of
aac(6=)-Ib-cr among clinical bacterial isolates would be of clinical
interest.
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