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Gatifloxacin (GAT) is a new 8-methoxy fluoroquinolone with enhanced activity against gram-positive cocci.
Its activity was studied in an in vitro pharmacokinetic-pharmacodynamic model against five Staphylococcus
aureus strains, either susceptible to ciprofloxacin or exhibiting various levels and mechanisms of ciprofloxacin
(CIP) resistance: the ATCC 25923 reference strain (MICs of CIP and GAT: 0.5 and 0.1 �g/ml, respectively),
its efflux mutant SA-1 (16 and 0.5 �g/ml; mutation in the norA promoter region), and three clinical strains,
Sa2102 (2 and 0.2 �g/ml), Sa2667 (4 and 0.5 �g/ml), and Sa2669 (16 and 1 �g/ml), carrying mutations in the
grlA (Ser80Tyr or Phe) and gyrA (Ser84Ala) quinolone resistance-determining regions (QRDRs) for Sa2669.
Plasmatic pharmacokinetic profiles after daily 1-h perfusion of 400 mg for 48 h were accurately simulated.
Thus, mean maximum concentration of drug in serum values for the two administration intervals were 5.36 and
5.80 �g/ml, respectively, and the corresponding half-life at �-phase values were 8.68 and 7.80 h (goodness of
fit coefficient, >0.98). Therapeutic concentrations of GAT allowed the complete eradication of the susceptible
strain within 12 h (difference between the bacterial counts at the beginning of the treatment and at a defined
time: �2.18 at the 1-h time point [t1] and �6.80 at t24 and t48; the bacterial killing and regrowth curve from
0 to 48 h was 30.2 h � log CFU/milliliter). However, mutants (M) with GAT MICs increased by 4- to 40-fold
were selected from the other strains. They acquired mutations either supplementary (MSa2102 and MSa2667)
or different (Ala84Val for MSa2669) in gyrA or in both gyrA and grlA QRDRs (MSA-1). MSa2667 additionally
overproduced efflux system(s) without norA promoter modification. Thus, GAT properties should allow the
total elimination of ciprofloxacin-susceptible S. aureus, but resistant mutants might emerge from strains
showing reduced susceptibility to older fluoroquinolones independently of the first-step mutation(s).

Staphylococcus aureus is a major cause of community- and
hospital-acquired infections. This organism is moderately sus-
ceptible to fluoroquinolones, and the extensive use of the ear-
lier molecules of this class has often generated resistant mu-
tants. Fluoroquinolone resistance mechanisms in S. aureus
involve target alterations and overexpression of intrinsic mul-
tidrug resistance (MDR) efflux pumps (16). Indeed, quino-
lones exert their bactericidal activity by interacting with topo-
isomerases of type II, which are homologous tetramers
consisting of two types of subunits, GyrA and GyrB in DNA
gyrase and GrlA and GrlB in topoisomerase IV. Mutations
associated with quinolone resistance primarily occur within
specific sequences, termed quinolone resistance-determining
regions (QRDRs), of gyrA or, preferentially in S. aureus, grlA
(9, 20). Additional modifications in other topoisomerase sub-
units and/or in MDR systems, such as NorA, lead to increased
resistance levels (22).

Gatifloxacin is a new 6-fluoro-8-methoxyquinolone that is
two- to fourfold more active than ciprofloxacin against S. au-

reus (14, 32). Thus, this compound might become a first-line
treatment of staphylococcal infections due to ciprofloxacin-
susceptible strains, and it might also be useful against inter-
mediately ciprofloxacin-susceptible strains or strains with low-
level resistance which appear gatifloxacin susceptible by
laboratory-based criteria. However, these in vitro data should
be validated in vivo by clinical trials, including full bacteriolog-
ical documentation and a statistically significant number of
cases due to these particular strains. Alternatively, in vitro
pharmacokinetic-pharmacodynamic (PK-PD) models might
help to predict gatifloxacin efficiency in these specific instances
(1, 5, 15).

The aim of this study was to use a PK-PD model previously
developed in our laboratory (2) to investigate gatifloxacin ef-
ficiency on S. aureus strains either susceptible to ciprofloxacin
or exhibiting various levels and genetically defined mechanisms
of ciprofloxacin resistance and to determine the risk of emer-
gence of resistant mutants.

MATERIALS AND METHODS

PK-PD model and simulated dose regimen, antibiotics, and reagents. The
two-compartment PK-PD model with full computer-controlled devices has been
previously described in detail elsewhere (2). In this study, a human plasma
pharmacokinetic profile of gatifloxacin was simulated after a 1-h-daily infusion of
400 mg for 48 h. Flow rates were adjusted according to reference pharmacoki-
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netic parameters, i.e., maximum concentration of drug in serum (Cmax), 5.47
�g/ml, and half-life at �-phase (t1/2�), 7.66 h (24). All experiments were per-
formed in cation-adjusted Mueller-Hinton broth (MH; A.D.L., Tresses, France)
with concentrations of Ca2� and Mg2� of 23 �g/ml and 13 �g/ml, respectively,
at 37°C. The antibiotic reference powders were kindly provided by their manu-
facturers (gatifloxacin, Grünenthal; ciprofloxacin and moxifloxacin, Bayer
Pharma; norfloxacin, Merck Sharp and Dohme-Chibret). Ethidium bromide
(EtBr) and reserpine were purchased from Sigma-Aldrich (Saint Quentin Fal-
lavier, France).

Bacterial strains, antimicrobial susceptibility testing, and molecular analysis.
The reference strain of S. aureus ATCC 25923 was used to validate the model
and to assess gatifloxacin pharmacodynamic parameters. SA-1 was selected from
S. aureus ATCC 25923 on an EtBr concentration gradient. Three clinical strains
of methicillin-susceptible S. aureus (MSSA) (Sa2667) or methicillin-resistant S.
aureus (MRSA) (Sa2102 and Sa2669), isolated from the community (Sa2102) or
hospitalized patients (Sa2667 and Sa2669) and exhibiting various levels of cip-
roflacin resistance, were also included (Table 1). MICs of gatifloxacin, cipro-
floxacin, norfloxacin, moxifloxacin, and EtBr, alone and in presence of reserpine
at the final concentration of 128 �g/ml, were determined in at least three
independent experiments by an agar dilution method on MH medium (http:
//www.sfm.asso.fr). Quinolone susceptibility and resistance were defined accord-
ing to the guidelines of the Antibiogram Committee of the French Society for
Microbiology (e.g., ciprofloxacin MIC breakpoints for susceptible [�1 �g/ml]
and resistant [�2 �g/ml] strains) (http://www.sfm.asso.fr). After DNA chromo-
somal extraction, PCR amplification of the topoisomerase QRDRs and of the
norA promoter region (flqB) were performed using specific pairs of primers
(Table 2) and the Gold Star Taq polymerase (Applied Biosystems Division,
Perkin-Elmer, Courtaboeuf, France) under standard conditions with an anneal-
ing temperature of 50°C. PCR products were then purified using microcolumns
of the Microspin Sephacryl S-400 purification system (Amersham Biosciences,
Buckinghamshire, England) and sequenced on both strands with an automated
fluorescent method based on the dye terminator chemistry (Applied Biosystems
Division, Perkin Elmer).

Operating procedure and antimicrobial assays. The peripheral compartment
(PCp) of the model was inoculated with 30 ml of an overnight suspension for
each bacterial strain, 3 h before performing the first sampling, in order to obtain
an exponentially growing culture of �107 CFU/ml in a 50-ml culture volume.
Growth control and killing curves were carried out for ATCC 25923 in duplicate.
Bacterial counts were measured only at 0, 24, and 48 h in the presence of
gatifloxacin for the other strains.

During the validation tests with the reference strain ATCC 25923, a total of 29
samples of 200 �l each (at 0, and 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 18,
and 24 h after antibiotic administration for each regimen interval) were drawn
from the PCp by manual sampling with sterile Vacutainer tubes (PolyLabo
Division of VWR, Strasbourg, France). A 10-�l aliquot of each sample was used
for antibiotic dosing by a high-pressure liquid chromatography assay (29). A
100-�l volume from 17 PCp samples (0, 1, 2, 3, 4, 6, 8, 12, and 24 h after antibiotic
administration for each regimen interval) was devoted to the bacterial growth
quantification. For bacterial counts in the absence of antibiotic, a total of 17
samples were drawn from the PCp at 3, 4, 5, 6, 7, 9, 11, 15, 27, 28, 29, 30, 31, 33,
35, 39, and 51 h after bacterial inoculation. Suspensions were 10-fold-diluted with

a sterile 0.9% NaCl solution and plated on MH agar. After incubation for 24 h
at 37°C, colonies were enumerated and bacterial counts were calculated and
expressed as log10 CFU/milliliter. In the case of treatment simulations, the
emergence of resistant mutants was monitored by plating the same diluted
samples (at 0, 24, and 48 h after antibiotic administration) on MH agar supple-
mented with 0.2, 0.5, 1, 2, and 8 �g/ml of gatifloxacin. Bacterial counts were
determined by dilution plating as indicated above. In order to avoid carryover
effect, the first 10-fold diluted sample was not plated. Consequently, the lower
detection and counting limits were 2 and 3 log10 CFU/ml, respectively. For the
strains other than ATCC 25923, the number of samples was reduced to four (1,
24, 25, and 48 h) for the antibiotic assay and to five (0, 1, 24, 25, and 48 h) for
bacterial counts. All experiments were performed in duplicate.

Data analysis. (i) Pharmacokinetic analysis. Compartmental analysis of drug
experimental concentration data obtained during investigation with the refer-
ence strain ATCC 25923 was performed with the software Pharmacokin (G.
Kister, J. Bres, and G. Cassanas, Prog. Abstr. 2nd Sci. Meet. Assoc. Pharmacy
Faculties Pharmacologists, abstr. 13, p. 14, 1998). The goodness of fit for each
concentration-time curve was evaluated by the correlation coefficient between
experimental and software-calculated data. The Cmax and the residual concen-
tration at the end of the administration interval (Cres) were taken directly from
concentration-time profiles, whereas the t1/2�, the half-life at � phase (t1/2�), the
area under the concentration-time curve (AUC) within the different dosing
intervals and its extrapolation to infinite, the mean residence time (MRT), total
clearance (CLtot), apparent volume of distribution (V�), and volume of distri-

TABLE 1. Characteristics of the parental and derived mutant strains of S. aureus included in this studye

Parental or mutant
(M) strain

MIC (�g/ml) (� reserpine)a of: Mutation

NOR CIP GAT MXF EtBr GrlA GyrA flqB

ATCC 25923 2 (1) 0.5 (0.2) 0.1 (0.1) 0.05 (0.05) 8 (4) —c — —
SA-1 16 (2) 16 (0.5) 0.5 (0.1) 0.1 (0.05) 32 (8) — — T3Cd

MSA-1 2,048 (128) 256 (64) 16 (4) 8 (2) 32 (8) Ser80Phe Ser84Leu T3Cd

Sa2102b 16 (16) 2 (2) 0.2 (0.2) 0.2 (0.1) 4 (4) Ser80Tyr — —
MSa2102b 256 (128) 64 (64) 8 (4) 4 (4) 4 (4) Ser80Tyr Ser84Leu —
Sa2667 32 (32) 4 (4) 0.5 (0.5) 0.5 (0.5) 8 (4) Ser80Phe — —
MSa2667 2,048 (256) 256 (64) 8 (4) 2 (1) 128 (8) Ser80Phe Ser84Ala —
Sa2669b 64 (32) 16 (8) 1 (1) 0.5 (0.5) 4 (2) Ser80Phe Ser84Ala —
MSa2669b 128 (128) 32 (32) 4 (4) 2 (2) 4 (4) Ser80Phe Ser84Val —

a MICs indicated in parentheses have been determined in presence of reserpine at 128 �g/ml.
b Methicillin-resistant S. aureus.
c —, no mutation.
d Eighty-eight bases upstream from the ATG initiation codon of the norA gene.
e Abbreviations: NOR, norfloxacin; CIP, ciprofloxacin; GAT, gatifloxacin; MXF, moxifloxacin; EtBr, ethidium bromide.

TABLE 2. Primers used in this study

Gene amplification
(nucleotide positions) Primer Sequence (5� to 3�)

grlA (2347 to 2870)a GrlAF2 AATGATCAATTTGATGAGGAGG
GrlAR2 CACTAGTAAGTTAGGAAATCT

grlB (1562 to 1877)a GrlBF2 GTGAAGATGCTCGTTCAGG
GrlBR2 ACGATTATAATTACTATCTT

gyrA (2152 to 2658)b GyrAF1 ATGGCTGAATTACCTCAATCAAG
GyrAR1 GGCTAATAAGTTAGGGAATCGA

gyrB (1379 to 1686)b GyrBF1 GTGAAGTAACACGTCGTA
GyrBR1 TTTGTGATATCTTGCTTTCGC

flqB (129 to 546)c NorAL2 AACGTCATCACATGCACCA
NorAL3 TATTACTAAACCGATACC

a Nucleotide positions are indicated according to GenBank sequence number
D67075.

b Nucleotide positions are indicated according to GenBank sequence number
D10489.

c Nucleotide positions are indicated according to GenBank sequence number
D90119.
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bution at steady state (Vss) were calculated. The Cmax and Cres values were
controlled during investigations with the other strains.

(ii) Quantification of the bacterial growth and evaluation of the antibacterial
effect. For the reference strain ATCC 25923, the doubling time of the bacterial
population was determined by linear regression analysis of the log10 CFU/
milliliter versus time during the exponential phase (from 5 to 9 h postinocula-
tion). For the same strain, the MIC-related pharmacokinetic parameters (inhib-
itory quotient [Cmax/MIC] [8] and AUC divided by the MIC [AUC/MIC] [6, 10,
26]) and the indices of bacterial killing in the presence of antibiotic (bacterial
killing and regrowth curve from 0 to 48 h [AUBC0-48], area under the control
growth curve from 0 to 48 h [AUGC0-48], area between the control growth curve
and the bacterial killing and regrowth curve from the zero point to 48 h [ABBC0-48]
[11], and difference between the bacterial counts at the beginning of the treatment
and at a defined time [�log CFU/milliliter] [6, 25]) were calculated. The Cmax/MIC
and the �log CFU/milliliter were also determined for the other strains, and the
AUC/MIC ratios were calculated using the AUC0-24 reproducibly obtained for the
reference strain. The rate of resistant mutants was expressed as the percentage of
survivors grown on antibiotic-supplemented agar plates.

RESULTS

Antibiotic assays and pharmacokinetic data. Fluorescence
detection allowed a quantification limit of 0.1 �g/ml for gati-
floxacin in MH broth and a good selectivity. The standard
curve was linear between 0.1 and 8 �g/ml, with a correlation
coefficient of �0.999 (n 	 6). The online extraction from a C18

precolumn led to recoveries of 108% 
 7.6%, 105% 
 0.8%,
and 106% 
 1.2% for quality control samples of 0.25, 2.5, and
5 �g/ml, respectively. Intraday and interday coefficients of vari-
ation within the linearity range varied from 0.57 to 3.61% and
from 1.30 to 8.66%, respectively. Intraday and interday accu-
racies ranged from 2.06 to 5.19% and from �3.68 to 4.56%,
respectively. Mean concentration-time curves for the reference
strain (data not shown) allowed us to determine pharmacoki-
netic parameters (Table 3), and the coefficient of correlation
between experimental data and the calculated pharmacoki-
netic profile was always greater than 0.98. Concentrations for
the ATCC 25923 strain at the peak (5.36 and 5.80 �g/ml at t1
and t25, respectively) and the trough (0.33 and 0.34 �g/ml for
t24 and t48, respectively) were similar to those for the other
strains (4.60 to 4.99 and 5.06 to 5.86 �g/ml as well as 0.43 to
0.53 and 0.40 to 0.58 �g/ml, respectively).

Characterization of the bacterial parental strains. To eval-
uate the potential efficacy of gatifloxacin in the PK-PD model,
in addition to the wild-type reference strain ATCC 25923, four
strains (SA-1, Sa2102, Sa2667, and Sa2669) were selected by
preliminary experiments. In a first step of screening, clinical
strains of S. aureus exhibiting low-level ciprofloxacin resistance
by a routine agar diffusion method were found to be infrequent
in our collection (e.g., mean data in two hospitals of our region
in 2005 for MSSA [64%] and MRSA [36%]: 3 and 6% cipro-
floxacin intermediate and 7 and 69% ciprofloxacin resistant).
MIC determination for 30 of them showed that 29, displaying
ciprofloxacin MICs of 2 to 16 �g/ml, could be considered
gatifloxacin susceptible using the same MIC breakpoints
(MICs, 0.2 to 1 �g/ml; mode MIC for 22 strains, 0.2 �g/ml). In
a second step of screening, sequencing demonstrated that
among five strains exhibiting the representative gatifloxacin
MICs of 0.2, 0.5, and 1 �g/ml, four had mutations in the
QRDR of grlA (Ser80Phe for three, including Sa2667, and
Ser80Tyr for Sa2102) or in the QRDR of both grlA and gyrA
for the most resistant strain (Ser80Phe and Ser84Ala, respec-
tively, for Sa2669) (Table 1). Since none possessed mutations
in the promoter region of norA, SA-1 was selected from the
reference strain ATCC 25923 on an EtBr gradient. This strain
exhibited, as expected for a NorA-overexpressing mutant, in-
creased MICs of the hydrophilic fluoroquinolones (norfloxacin
and ciprofloxacin) and EtBr that were restored by the efflux
pump inhibitor reserpine. Moreover, sequencing revealed the
presence of a T3C change 88 bp upstream from the ATG
initiation codon of norA, while the topoisomerase-encoding
genes had the same sequences as the reference strain.

Pharmacodynamic data. (i) Growth control curves. The ini-
tial inoculum of strain ATCC 25923 (3 h after inoculation of
the PCp) was 5 � 106 CFU/ml. Exponential growth continued
up to 12 h after the initial sampling time (t0). The mean
doubling time (n 	 2) during the exponential phase was 0.75 h.
A plateau at �9 log10 CFU/ml was then observed. Thus, bac-
terial growth was not affected by the experimental conditions.
Similar values of the initial inoculum were obtained for the
other strains under study (4 � 106 to 9 � 106 CFU/ml).

(ii) Killing curves. During exposure at the initial dose of the
simulation of daily 1-h infusion of 400 mg of gatifloxacin for
48 h of treatment, bacterial count of the strain ATCC 25923
decreased rapidly and was below the limit of detection at 12 h
after the beginning of drug administration. No regrowth was
noted within the treatment duration. For SA-1, Sa2102,
Sa2667, and Sa2669, a 1-log decrease was observed at the end
of the 1-h infusion. Bacterial concentrations at 24 h were close
to those obtained at 1 h after the beginning of drug adminis-
tration, and they reached at least 108 CFU/ml at 48 h, indicat-
ing the inefficacy of the second dose.

(iii) MIC-related pharmacokinetic parameters and quanti-
tative evaluation of in vitro antibacterial effect. The Cmax/MIC
ratios decreased exponentially from 53.6 to 4.93 at 1 h and
from 58.0 to 5.68 at 25 h, leading to the following classification
according to the strains’ initial susceptibility: ATCC 25923 �
Sa2102 � (SA-1 and Sa2667) � Sa2669 (Table 4). The AUC0-24/
MIC exhibited the same decreasing profile. The �log CFU/
milliliter at the end of the first infusion was negative for all the
strains. At 24 and 25 h, only the Sa2102 strain gave slightly
positive values for this parameter, despite its low initial MIC

TABLE 3. Mean pharmacokinetic parameters (n 	 2) for the
peripheral (PCp) compartment after simulation of a once-daily

1-h infusion of 400 mg of gatifloxacin over 48 h and the
corresponding human reference data

Parameter (unit)

Dosing interval Human dataa

0-24 h 24-48 h Female
(n 	 12)

Male
(n 	 12)

Cmax (�g/ml) 5.36 5.80 6.07 
 0.77 5.47 
 0.98
Cres (�g/ml) 0.33 0.34
t1/2� (h) 0.40 0.49
t1/2� (h) 8.68 7.80 6.24 
 0.85 7.66 
 0.83
AUC0-24 (h � �g/ml) 30.6 35
AUC0-
 (h � �g/ml) 34.7 38.9 37.4 
 5.61 34.1 
 8.50
MRT (h) 11.1 10.3 8.10 
 1.28 9.41 
 1.34
CL (liters/h) 11.5 10.3 10.9 
 1.74 12.3 
 2.44
CL (ml/min) 192 171 182 
 28.9 205 
 40.8
V� (liters) 144 116 97.1 
 10.7 133 
 18.6
Vss (liters) 125 104 87.1 
 9.33 113 
 17.3
Correlation

coefficient
0.99 0.99

a Human data are from LaCreta et al. (24).
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(Table 1). At 48 h, except for ATCC 25923, all the strains
under study exhibited positive values for �log CFU/milliliter.
With ATCC 25923, the calculated AUC/MIC ratio for a 24-h
interval was 306 and ranged from 30.6 to 153 with the other
strains. The rapid eradication of this strain led to a low
AUBC0-48 and an ABBC0-48 (419 h � log CFU/milliliter) close
to the AUGC0-48 (449 h � log CFU/milliliter).

(iv) Emergence of resistant mutants. With the reference
strain ATCC 25923, no survivors able to grow in the presence
of gatifloxacin concentrations equal or superior to the MIC for
the parental strains emerged (Fig. 1A). However, with the
other strains, survivors developed in the presence of 4-fold
(Sa2667), 10-fold (Sa2102), and 16-fold (SA-1) the gatifloxacin
MIC for the parental strain at the 24th hour. Slightly higher
rates of survival were observed in the presence of the same
concentrations at the 48th hour, when survivors appeared on
twice the gatifloxacin MIC for the parental strain Sa2669 (Fig.
1B to E). For each strain, three independent clones were
selected at the highest antibiotic concentrations at 48 h. They
gave the same antibiotic resistance profile, identical to the
parental strain except for high-level ciprofloxacin resistance by
the agar diffusion method (data not shown), and gatifloxacin
MICs that were superior to 2 �g/ml (Table 1).

Molecular analysis was then conducted for a single clone of
each series of survivors (Table 1). The MSA-1 mutant, which
was 32 times more resistant to gatifloxacin than its parental
strain, exhibited two supplementary substitutions in the grlA
(Ser80Phe) and the gyrA (Ser84Leu) QRDRs. The MSa2102
mutant, 40-fold more resistant to gatifloxacin than Sa2102,
possessed an additional Ser84Leu mutation in the gyrA
QRDR. The MSa2667 mutant, leading to a 16-fold increase in
MIC compared to that of Sa2667, also harbored an additional
mutation in gyrA (Ser84Ala). Furthermore, a higher increase in
norfloxacin and ciprofloxacin MICs (64-fold and 16- to 32-fold,
respectively) and an increase in EtBr MIC were observed in

FIG. 1. Emergence of gatifloxacin-resistant mutants during simulation of once-daily 1-h infusion of 400 mg over 48 h in the in vitro PK-PD
model on S. aureus ATCC 25923 (A), its mutant SA-1 (B), and the clinical strains Sa2102 (C), Sa2667 (D), and Sa2669 (E) (mean, n 	 2). Bars:
■ , control; �, resistant to 0.2 �g/ml; z, resistant to 0.5 �g/ml; `, resistant to 1.0 �g/ml; s, resistant to 2.0 �g/ml; p, resistant to 8.0 �g/ml.

TABLE 4. Pharmacodynamic values determined for the five tested
strains of S. aureus (n 	 2)

Parameter and
time point

Pharmacodynamic value for strain:

ATCC
25923

(MIC 	
0.1 �g/ml)

SA-1
(MIC 	

0.5 �g/ml)

Sa2102
(MIC 	

0.2 �g/ml)

Sa2667
(MIC 	

0.5 �g/ml)

Sa2669
(MIC 	

1.0 �g/ml)

Cmax/MIC
1 h 53.6 9.76 24.9 9.20 4.93
25 h 58.0 10.1 29.3 10.2 5.68

AUC0-24/MIC 306 61.2 153 61.2 30.6

�log CFU/ml
t1 �2.18 �1.22 �0.59 �0.49 �0.33
t24 �6.80 �1.80 0.04 �0.92 �0.43
t25 �6.80 �1.68 0.05 �1.43 �0.58
t48 �6.80 1.53 3.02 2.57 2.25

ABBC0-48
(h � log
CFU/ml)

419
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MSa2667. These increases were significantly reduced by the ad-
dition of reserpine, suggesting the overproduction of an efflux
system, although there were no mutations in the 331-bp region
located upstream from the norA gene. Finally, the MSa2669 mu-
tant, fourfold more resistant than Sa2669, presented a change in
the Ser84 mutation in GyrA, from Ala to Val.

DISCUSSION

New fluoroquinolones, such as gatifloxacin, have been pri-
marily developed for treating community-acquired pulmonary
infections due to multiresistant pneumococci. However, their
enhanced in vitro activity against staphylococci (17, 18) argue
for their use rather than the older fluoroquinolones, such as
ciprofloxacin, in the treatment of staphylococcal infections.
However, this assumption warrants further investigations.

In this study, we examined the activity of gatifloxacin in a
PK-PD model mimicking the plasma fluctuation concentra-
tions. These models are known to afford more clinically reli-
able information than static measures of MICs (1, 3, 5, 15).
Since gatifloxacin binding by serum proteins is approximately
20% independent of concentrations (12), and since protein
binding is a modest contributor to the therapeutic effectiveness
of fluoroquinolones (4), non-protein-supplemented broth was
used to simulate human total (free plus bound) concentrations
of the drug. After validation of the bacterial growth and of the
antibiotic assay, simulation of the recommended treatment of
1-h-daily infusion of 400 mg for 48 h provided pharmacokinetic
parameters highly similar to those from human data (24).

The pharmacodynamic effect of gatifloxacin was first evalu-
ated against the reference strain of S. aureus ATCC 25923.
Due to a high intrinsic activity (MIC, 0.1 �g/ml), the concen-
tration/MIC ratios of gatifloxacin reached 53 to 58 at the Cmax

and were still 3 to 4 at the Cres at 24 h. Since gatifloxacin is, like
other quinolones, a zwitterion (pKa1 6.0 and pKa2 9.2) with an
isoelectric point at pH 7.7, the degree of ionization is low in
plasma (pH 7.4) (27). According to the principle of nonionic
diffusion and to the low protein binding of fluoroquinolones,
the highly vascularized tissue concentration of such a substance
can be expected to approximate plasma levels such as those
simulated in our model. At therapeutic plasma concentrations,
gatifloxacin led to the complete eradication of the sensitive
strain ATCC 25923 within 12 h after the beginning of the first
infusion and to a low value of AUBC0-48 (30.2 h � log CFU/
milliliter). This high bactericidal effect is in good agreement
with the high values of the inhibitor quotient of Cmax/MIC and
of AUC0-24/MIC. Gatifloxacin is known to select less frequently
bacterial resistant mutants than older fluoroquinolones (19). This
property seems to be due to the inhibition of both DNA gyrase
and topoisomerase IV at nearly the same level (14, 32), while
most earlier fluoroquinolones recognize topoisomerase IV as a
primary target in S. aureus (28). This dual-targeting capacity of
gatifloxacin would be related to the presence of a C8-methoxy
group, which also explains its better activity (7, 19). In addition,
owing to its high hydrophobicity (logP, �0.69), gatifloxacin is a
poor substrate for the main multidrug resistance efflux pump
of S. aureus NorA and is not expected to easily select efflux-
resistant mutants (19).

The pharmacodynamic effect of gatifloxacin was then eval-
uated on four gatifloxacin-susceptible strains of S. aureus ex-

hibiting various levels and mechanisms of ciprofloxacin resis-
tance. The preliminary screening experiments performed to
select these strains showed that while ciprofloxacin suscepti-
bility is much more common among MSSA than MRSA, low-
level resistance is equally infrequent in both populations. Se-
quencing revealed that the selected clinical strains harbored
the usual target mutations (31, 35), known to confer MICs
exceeding the susceptibility breakpoint of ciprofloxacin but not
of gatifloxacin (16, 19). Efflux mutants were not recovered
from the tested clinical strains. Indeed, overexpression of efflux
pumps is essentially found in S. aureus strains highly resistant
to ciprofloxacin that also carry target mutations (30). Thus,
SA-1, an overexpressing NorA mutant of S. aureus ATCC
25923, was selected in vitro. Sequencing of the norA promoter
region revealed a base transition at position �88, consistent
with an overproduction of NorA (13, 23), reported here for the
first time.

For these four selected strains, the Cmax/MIC (4.93 to 29.3) and
the AUC0-24 h/MIC (30.6 to 153) were substantially lower than
the values obtained with S. aureus ATCC 25923. Accordingly,
regrowth occurred, and bacterial concentrations close to the ini-
tial inoculum were observed 24 h after the beginning of the first
infusion. The �log CFU/ml ranged from �1.80 to 0.04. The
second dose had no appreciable effect for all strains, and bacterial
counts close to the plateau value were reached at 48 h. Bacterial
regrowth was associated with acquired antibiotic resistance, since
the surviving cells were capable of growing on media containing
multiples of gatifloxacin MICs for the initial strains. Antibiotic
susceptibility testing and MIC determination, after subculture on
antibiotic-free media, confirmed that these survivors were resis-
tant mutants with MICs ranging between 4 and 16 �g/ml rather
than transiently induced cells or persisters. Thus, even simulating
total gatifloxacin concentrations for the experiments with the iso-
lates with low-level ciprofloxacin resistance did not hinder the
emergence of resistance.

Sequencing demonstrated that the mutants acquired muta-
tions either supplementary (MSa2102 and MSa2667) or differ-
ent (Ala84Val for MSa2669) in gyrA or in both gyrA and grlA
QRDRs (MSA-1). The increases in MICs were related not
only to the number but also to the type of amino acid changes.
For example, the level of resistance associated with the substi-
tution of Ser-84 in GyrA by nonpolar amino acids is known to
be correlated with the length of their aliphatic chains and their
hydrophobicities, i.e., Leu conferring higher MICs than Val,
itself conferring higher MICs than Ala (33). Furthermore, the
presence of efflux systems also interferes. For MSa2667, the
overproduction of an efflux pump(s) was not associated with a
mutation in the norA promoter region. However, other regu-
latory mutations leading to the overexpression of NorA, such
as in the mgrA or the arlRS loci, or mutations yielding an
overproduction of other MDR efflux pump(s), such as the
recently described MepA or NorB system, might be implicated
(13, 21, 23, 34). On the other hand, the capability of SA-1 to
generate a mutant with high-level resistance and cumulative
target-based mutations can be ascribed to the fact that efflux-
related resistance favors this emergence by diminishing intra-
cellular drug concentrations (23).

In conclusion, our data highlight the beneficial pharmacoki-
netic and pharmacodynamic characteristics of gatifloxacin that
allowed the prevention of the emergence of resistant mutants
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from a susceptible control strain of S. aureus. Thus, they con-
firm that gatifloxacin might be preferred to older fluoroquino-
lones in the treatment of staphylococcal infections due to cip-
rofloxacin-susceptible strains, which are widespread among
MSSA. However, our data also support the idea that fluctua-
tion of plasma concentrations of gatifloxacin alone possess the
potential for selecting resistant mutants from strains already
presenting various levels of resistance to older fluoroquinolo-
nes, similarly encountered among MSSA and MRSA, and
whatever the mechanisms are. These findings indicate that the
novel fluoroquinolones should be used to treat staphylococcal
infections after antibiotic susceptibility testing of both older
and novel drugs of this class for MSSA and MRSA in the
community as in the health care setting.
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We thank Catherine André and Laure Coulange for technical assis-
tance and Isabelle Maachi-Guillot (Haut Levêque Hospital Pharmacy
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