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ABSTRACT Antimicrobial resistance among uropathogens has increased the rates
of infection-related morbidity and mortality. Antofloxacin is a novel fluoroquinolone
with broad-spectrum antibacterial activity against urinary Gram-negative bacilli, such
as Escherichia coli. This study monitored the in vivo efficacy of antofloxacin using
bioluminescent imaging and determined pharmacokinetic (PK)/pharmacodynamic
(PD) targets against E. coli isolates in a neutropenic murine thigh infection model.
The PK properties were determined after subcutaneous administration of antofloxa-
cin at 2.5, 10, 40, and 160 mg/kg of body weight. Following thigh infection, the
mice were treated with 2-fold-increasing doses of antofloxacin from 2.5 to 80 mg/kg
administered every 12 h. Efficacy was assessed by quantitative determination of the
bacterial burdens in thigh homogenates and was compared with the bioluminescent
density. Antofloxacin demonstrated both static and killing endpoints in relation to
the initial burden against all study strains. The PK/PD index area under the
concentration-time curve (AUC)/MIC correlated well with efficacy (R2 � 0.92), and
the dose-response relationship was relatively steep, as observed with escalating
doses of antofloxacin. The mean free drug AUC/MIC targets necessary to produce
net bacterial stasis and 1-log10 and 2-log10 kill for each isolate were 38.7, 66.1, and
147.0 h, respectively. In vivo bioluminescent imaging showed a rapid decrease in the
bioluminescent density at free drug AUC/MIC exposures that exceeded the stasis tar-
gets. The integration of these PD targets combined with the results of PK studies
with humans will be useful in setting optimal dosing regimens for the treatment of
urinary tract infections due to E. coli.
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Acute pyelonephritis (AP) is a serious urinary tract infection with symptoms that
range from a slight indisposition to life-threatening illness and even death (1). In

the United States, at least 250,000 episodes of AP occur each year, mostly among
women, resulting in over $2 billion in health care costs annually (2, 3). More than 85%
of AP cases are bacterial infections, and the members of the family Enterobacteriaceae,
especially Escherichia coli, are the causative agents (4). However, the antimicrobial
susceptibility patterns of E. coli isolates causing AP vary considerably in different
regions and countries (5, 6). The Infectious Diseases Society of America (IDSA) re-
commended fluoroquinolones as the initial empirical therapy for AP patients in area
where the prevalence of resistance of community uropathogens to trimethoprim-
sulfamethoxazole exceeds 20% and that to fluoroquinolones is less than 10% (7).
However, the incidence of quinolone-resistant uropathogens has increased significantly
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in recent years (8). Fluoroquinolones are therefore considered the preferred option for
treating urinary tract infections due to susceptible E. coli strains (9). In addition, there
is evidence that ciprofloxacin may be an appropriate choice for empirical therapy of
uncomplicated AP in areas with high rates of ciprofloxacin resistance, if it is tailored
appropriately on the basis of susceptibility data (10). More importantly, therapeutic
efficacy is under the control of rational dosing regimens that ensure a high probability
of clinical and microbiological success. These investigations into pharmacodynamic
targets have been critical for defining the optimal antimicrobial exposure as a measure
of in vivo potency (11).

Antofloxacin is a novel levofloxacin derivative approved by the China Food and
Drug Administration (CFDA) for the treatment of acute uncomplicated cystitis and AP
due to E. coli (12). This drug targets the urinary tract, judging from the high urine drug
concentrations (13). The results of urine antofloxacin assays indicated that 40 to 45% of
the parent drug is excreted in the urine by 72 h after administration (14). An oral
formulation of antofloxacin with promising pharmacokinetic and efficacy results has
been developed. Antofloxacin showed linear pharmacokinetic characteristics with a
mean half-life of 20.3 h in healthy volunteers (14), which was significantly longer than
that of other fluoroquinolones, such as ciprofloxacin, levofloxacin, and gatifloxacin (15,
16). Previous clinical studies in patients with acute exacerbations of chronic bronchitis
(AECB) and AP have demonstrated the potency and efficacy of antofloxacin against
Staphylococcus aureus, Streptococcus pneumoniae, and Haemophilus influenzae as well
as members of the family Enterobacteriaceae, especially E. coli (17). However, a definitive
determination of the optimal antofloxacin exposure and the impact of variations in
MICs remain unclear. The goals of this study were to determine pharmacokinetic
(PK)/pharmacodynamic (PD) target values for antofloxacin against urinary E. coli isolates
with various MICs using exposure-response modeling. We wanted to monitor the in
vivo efficacy of antofloxacin using the quantitative bacterial burdens and in vivo
bioluminescent imaging (BLI) in a neutropenic murine thigh infection model. We
propose that the integration of these PD targets with human pharmacokinetic data
may provide a rational framework for the design of optimal dosing regimens for the
treatment of AP due to E. coli.

RESULTS
Organism susceptibility and in vivo fitness. The MICs of antofloxacin against the

E. coli isolates tested varied from 0.063 to 2 mg/liter. At the start of therapy, mice had
6.19 � 0.14 log10 CFU/thigh, and the infectious burden in untreated control mice
increased to 8.00 � 0.21 log10 CFU/thigh after 24 h. The organisms showed similar
levels of in vivo fitness, with bacterial growth being 1.38- to 2.12-log10 CFU in the thigh
homogenates of untreated mice (Table 1). Among eight E. coli isolates available, only

TABLE 1 Antofloxacin dose and fAUC/MIC needed to achieve various degrees of antibacterial effects in vivo for each E. coli isolatea

E. coli
isolate MIC (mg/liter)

Burden at start of therapy
(log10 no. of CFU/thigh)

In vivo
fitnessb

fAUC24/MIC of antofloxacin (h)
needed to achieve:

24-h total dose of antofloxacin
(mg/kg) needed to achieve:

Net static 1-log kill 2-log kill Net static 1-log kill 2-log kill

160179 0.063 5.96 1.83 43.1 91.7 153 5.92 15.3 32.6
161406 0.125 6.33 1.68 57.1 87.8 155 12.2 22.8 50.7
161549 0.125 6.19 1.91 58.4 94.1 168 12.3 25.4 55.3
ATCC 25922 0.25 6.39 1.84 32.2 50.6 NA 14.8 29.2 NA
161673 0.5 6.31 1.38 42.3 71.1 112 51.5 94.1 151
16X109 0.5 6.18 2.12 35.4 58.9 NA 42.1 77.3 NA
16X327 1 6.09 1.71 28.1 47.4 NA 71.7 127 NA
161666 2 6.03 1.98 13.3 27.9 NA 63.7 138 NA

Mean 6.19 1.81 38.7 66.1 147 34.3 66.1 72.4
SD 0.14 0.21 13.9 22.4 20.8 24.4 46.5 46.1
afAUC, AUC for the unbound fraction (not protein bound); NA, not achieved.
bDefined as the growth (log10 number of CFU per thigh) of the bacterial isolate in untreated mice.
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two strains harbored qnrS (see Table S1 in the supplemental material). However, these
strains had low MICs of less than 1 mg/liter. None of the isolates had a mutation in gyrA
or parC, but one isolate harbored blaCTX-M-1G.

Drug pharmacokinetics. The time course of the antofloxacin concentrations in
plasma was best fitted by a one-compartment model with first-order absorption. The
elimination half-life (t1/2) ranged from 1.57 to 1.78 h. Over the dose range of 2.5 to 160
mg/kg of body weight, the pharmacokinetics followed a linear pattern (R2 � 0.99) in a
dose-dependent manner. Peak concentrations ranged from 0.74 to 35.2 mg/liter. The
values of the area under the concentration-time curve (AUC) from time zero to infinity
(AUC0 –∞) ranged from 1.57 to 72.8 mg · h/liter (Fig. 1).

Dose-response relationships. Antofloxacin was quite potent against our E. coli
isolates over the dose range studied. The dose-response curves were steep, with a
2-fold increase in drug exposure producing a 1- to 2-log10 change in the antimicrobial
effect. In comparison to the initial burden, a 1-log10 kill against all strains was observed
and a 2-log10 or greater kill against four of eight strains was achieved. The maximal
effect from the start of therapy was almost a 3-log10 kill for two of the strains (strains
160179 and 161549) (Fig. 2). The higher dosages were necessary to achieve similar
outcomes against E. coli isolates with elevated antofloxacin MICs.

Pharmacodynamic index and target. The relationship between the organism
burden in the thighs and the plasma free drug AUC (fAUC)/MIC ratio was fit to the
sigmoidal maximum-effect (Emax) model. On the basis of regression analysis, the PK/PD
index AUC/MIC was a robust predictor of efficacy against all E. coli isolates studied
(R2 � 0.92) (Fig. 3). The free drug AUC/MIC ratio associated with a net static effect and
1-log10 kill ranged from 13.3 to 58.4 h and 27.9 to 94.1 h, respectively. The mean
AUC/MIC target for 2-log10 kill was roughly 2-fold greater than that associated with the
1-log10 kill endpoint (147 h versus 66.1 h). In addition, the total daily doses needed to
produce a bacteriostatic effect and 1-log10 and 2-log10 kill (when achieved) were 34.3,
66.1, and 72.4 mg/kg, respectively (Table 1).

Bioluminescent plasmid stability and strain characterizations. A kinetic in vivo
study of mice infected with E. coli 161549/pAKlux2 was performed to determine the
bioluminescent plasmid stability during thigh infections. Measurements taken over
the course of the infections showed no statistically significant differences (P � 0.36) in
the bacterial counts on the plates in the presence or absence of ampicillin (Fig. 4A). This
indicated that pAKlux2 was stable in E. coli in vivo up to 48 h postinfection. Additionally,
to determine if the bioluminescent plasmid altered the virulence of E. coli in vivo, we
compared the growth kinetics of E. coli 161549 with and without the plasmid. Both

FIG 1 Plasma drug concentrations after administration of single subcutaneous doses of antofloxacin
in infected neutropenic mice. Error bars represent the standard deviations of the concentrations
measured in six mice. Pharmacokinetic parameters listed in the box include the peak (maximum)
concentration (Cmax) in plasma, the AUC from time zero to infinity (AUC), and the elimination half-life
(t1/2) for each dose.
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groups of mice exhibited the same patterns of bacterial burdens throughout the study
time. The bacterial counts in thighs from mice infected with E. coli 161549 containing
the plasmid were numerically lower than those in thighs from mice infected with E. coli
161549 without the plasmid, but the difference was not statistically significant (P �

0.14) (Fig. 4B). The slight growth delay, which resulted in a delay in the progression of
infection, caused by bioluminescent plasmid pAKlux2 did not significantly alter the
virulence of the strain. This finding supports the feasibility of using bioluminescence as
a quantitative indicator of E. coli thigh infection in vivo.

In vivo bioluminescent monitoring of therapeutic efficacy. The therapeutic
efficacy of antofloxacin was monitored continuously using bioluminescent imaging
(BLI) of E. coli 161549/pAKlux2 in mice at 2 h postinoculation. In untreated mice, the
spread of bioluminescence and intensity increased considerably with inocula of both
106 and 108 CFU/thigh (Fig. 5A). The radiance intensity reached a maximum at 48 h, at
which time all untreated mice showed pronounced symptoms of disease (Fig. 5B).

FIG 2 In vivo dose-response curves for antofloxacin against E. coli using a neutropenic murine thigh
infection model. Mice received one of a series of 2-fold increasing doses of antofloxacin every 12 h
over a 24-h treatment period. Each symbol represents the mean organism burden for four thighs.
The horizontal dashed line represents the net stasis of the burden from the start of therapy.
Data points below the line represent bactericidal activity, and points above the line represent net
growth.

FIG 3 Relationship between the antofloxacin plasma 24-h fAUC/MIC ratios and the in vivo microbiolog-
ical effect against multiple isolates of E. coli. Each symbol represents the mean organism burden for four
thighs. Each of six drug dose levels was fractionated into a regimen administered every 12 h. The
horizontal dashed line represents the net stasis of the burden from the start of therapy. Data points
below the line represent killing, and points above the line represent growth. The line drawn through the
data points is the best-fit line based upon the sigmoidal Emax formula.
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However, bioluminescence in mice treated with antofloxacin showed a progressive
reduction. With the low inoculum, antofloxacin therapy produced densities of both
radiance and the organism burden in thighs significantly lower than those observed
with the high inoculum (P � 0.01). After 48 h of treatment, antofloxacin could achieve
3.93-log10 and 3.72-log10 killing of bacteria compared to the initial burdens achieved
with the inocula of 106 and 108 CFU/thigh, respectively (Fig. 5C). There was no
significant relapse after the discontinuation of drug therapy (data not shown).

There was an excellent correlation between the bacterial burdens and biolumines-
cence in vitro and within the host tissues, where the R2 values for culture media and
thigh tissues were 0.97 and 0.93, respectively (Fig. S1). When the bioluminescent data
were fit to a sigmoidal Emax model, the free drug AUC/MIC (fAUC/MIC) ratios and
radiance values showed a strong correlation (R2 � 0.83) (Fig. S2), although it was less
than that achieved with the microbiological endpoint (R2 � 0.92) (Fig. 3). In addition,
the PD targets calculated on the basis of the bioluminescent endpoints were similar to
the targets traditionally used for E. coli 161549 (Table S2), indicating that biolumines-
cence may be employed to estimate PD targets at specific sites of infection without
animal sacrifice.

DISCUSSION

The present study demonstrated the in vivo therapeutic efficacy and PK/PD rela-
tionships of antofloxacin against urinary E. coli isolates displaying a wide range of MICs.
This potent activity has been observed in vitro and in vivo against both S. aureus and
Mycobacterium tuberculosis (18, 19). Our previous studies with antofloxacin showed a
dose-dependent activity with prolonged postantibiotic effects against Klebsiella pneu-
moniae in a model of lung infection in neutropenic mice (20). Similar to other fluoro-
quinolones, the most predictive PK/PD index of antofloxacin associated with efficacy
against E. coli was the free drug AUC/MIC (21, 22). This index provided a useful measure
of exposure for data modeling using a sigmoidal Emax model. We established that the
PD target required to achieve a 1-log10 kill effect was 66.1 h for E. coli, which was 2-fold
lower than that generally quoted for fluoroquinolones against Gram-negative bacilli of

FIG 4 (A) Bacterial loads in mice infected with E. coli 161549 containing pAKlux2 plated on MHA alone
(gray circles) and MHA with ampicillin (white circles). (B) Bacterial loads in mice infected with wild-type
E. coli 161549 (gray circles) or E. coli 161549 carrying pAKlux2 (white circles). Each point represents a value
from a single thigh, and the horizontal lines represent the mean for the group. Animals were infected
with �106 CFU of bacteria in each posterior thigh. Tissues were homogenized and plated for determi-
nation of bacterial counts at the indicated time points.
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100 to 125 h (23). Specifically, antofloxacin exhibited a classical sigmoidal exposure-
response relationship with the E. coli isolates used in this study. The curve shape was
steep, and relatively small increases in drug exposure resulted in large increases in
antimicrobial effects. Although it is currently unclear how the shape of this curve
relates to clinical efficacy, the pharmacodynamic targets of antofloxacin exceeding
both the static and 1-log10 kill for these urinary E. coli isolates could be utilized for
the prediction of efficacy in humans. Consistent with this view, a previous phase II
clinical study conducted in 143 cases of AP indicated that antofloxacin and levo-
floxacin have comparable bacteriological efficacies (95.9% versus 92.4%, respec-
tively) (17).

Bioluminescent imaging (BLI) provides a method that allows the visualization of
bacterial viability in host tissues and better monitoring of therapeutic efficacy in vivo.
The noninvasive real-time BLI method has been developed and validated for applica-
tion to quantitative antimicrobial treatment in the neutropenic murine thigh infection

FIG 5 Monitoring of the therapeutic efficacy of antofloxacin in a murine thigh infection model by use of in vivo bioluminescent
imaging data. (A) Bioluminescence in mice infected with E. coli 161549 containing pAKlux2 at 106 or 108 CFU/thigh. Mice were
administered antofloxacin at 20 mg/kg subcutaneously every 12 h for 2 days. Images were taken at 2 h after thigh infection
(0 h) and then at 6, 12, 24, and 48 h after treatment. Mice were anesthetized with isoflurane during imaging procedures.
Bioluminescence is reported as radiance (number of photons per second per square centimeter per steradian [p/sec/cm2/sr])
on a scale paired with a color bar shown next to the images. (B) Quantification of time course-dependent bioluminescent
imaging data in mice. Data are expressed as the mean � standard deviation (SD). (C) Comparison of the bacterial burdens in
the untreated control and antofloxacin treatment groups. Bacterial visible counts were conducted 48 h after treatment.
Antofloxacin produced 3.93-log10 and 3.72-log10 reductions compared to the initial burdens achieved with 106 and 108

CFU/thigh, respectively.
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model in which the infection is due to bioluminescent E. coli, potentially with an
improved limit of detection (24). Despite the limitation of genetic manipulation for
clinical isolates, many bioluminescent model pathogens, such as E. coli Xen 14, S. aureus
Xen 30, and S. pneumoniae Xen 10, could be employed to noninvasively monitor
therapeutic efficacy (25–27). In this study, we demonstrated that the pAKlux2 plasmid
had no effect on the virulence of clinical E. coli strains, which makes it an excellent
biosensor suitable for conducting therapeutic studies in vivo. More importantly, the
bioluminescent densities were closely related to the quantitative burdens of E. coli in
the thighs over the range of concentrations used for treatment (see Fig. S1 and S2 in
the supplemental material), showing the feasibility of the use of bioluminescence as an
alternative approach to estimate PD targets. There are many advantages to the use of
BLI in PK/PD research (28, 29), including the following: (i) minimization of the number
of animals used to perform time course studies by eliminating animal sacrifices at
specific time points to enumerate bacterial burdens, (ii) eradication of the requirement
for additional steps to estimate bacterial numbers in target tissues, reducing the
processing time and cost, (iii) reduction of individual variations, since bacterial viability
is monitored in the same group of animals over the study period, and (iv) identification
of bacterial dissemination to unexpected host tissues. In addition, the use of biolumi-
nescent bacteria allows the earlier prediction of therapeutic efficacy.

The incidence of fluoroquinolone resistance among urinary E. coli isolates associated
with bacteriologic and clinical failure in patients has been increasing (30). However, it
remains a common practice to prescribe fluoroquinolones, such as levofloxacin, nor-
floxacin, and ciprofloxacin, for the treatment of urinary tract infections (9). Indeed,
in vitro resistance would not be expected to predict the clinical outcomes of urinary
tract infections since urine antimicrobial levels are generally significantly higher than
serum levels for most fluoroquinolones (13, 15). For cystitis, the microbiological end-
points can frequently be achieved, despite the in vitro resistance of the uropathogens
to fluoroquinolones (31). Acute pyelonephritis is considered a deep-tissue infection for
which adequate drug exposure in serum is important (32).

Experimental PK/PD analyses are useful for predicting clinical treatment outcomes
(33). Administration of a single 400-mg dose of antofloxacin orally to healthy human
volunteers resulted in a mean free drug AUC of 55 mg · h/liter, suggesting 17.5%
plasma protein binding in humans (12, 14). If the loading dose of 400 mg is given orally,
antofloxacin is estimated to be effective against isolates with MICs of up to 1 mg/liter,
while it achieves an fAUC/MIC of �55 h, which was close to the highest static target
(58.4 h) identified herein for E. coli strains. Likewise, the phase II clinical dose-finding
study using a population PK model found that the 400-mg loading dose with a
maintenance dose of 200 mg/day was associated with AUC/MIC targets of �20 h
against E. coli strains with MICs of 1 mg/liter (34). This result was congruent with the
corresponding static target of 28.1 h for E. coli strains having a MIC of 1 mg/liter
identified in this study. The susceptibility breakpoint for antofloxacin remains unclear.
In 2016, surveillance antimicrobial susceptibility results in the National Risk Assessment
Laboratory for Antimicrobial Resistance of Animal Original Bacteria for antofloxacin
against urinary E. coli (64 strains) demonstrated an MIC90 of 2 mg/liter, with a range of
0.015 to 8 mg/liter (Fig. S3). On the basis of the results of AUC exposures in humans,
the current PD targets, and the MIC distribution in this study, a 10,000-subject Monte
Carlo simulation (Oracle Crystal Ball software) indicated that the probabilities of target
attainment (PTA) could reach 85.7% and 90.6% when antofloxacin was administered at
oral doses of 200 and 400 mg/day, respectively (Fig. S4). These findings would be
beneficial in optimizing clinical dosing regimens for AP and setting preliminary sus-
ceptibility breakpoints for antofloxacin. In addition, the results of previous clinical trials
of treatments for adult AP showed that a loading dose of 400 mg antofloxacin followed
by 200 mg daily resulted in a 93.7% cure rate, whereas the administration of 200 mg
levofloxacin twice daily (the approved regimen in China) was associated with an 89.8%
cure rate (17).

The well-established neutropenic murine thigh infection model has been widely
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employed to determine the exposure-response relationships for diverse antimicrobials,
including antofloxacin and other fluoroquinolones (18, 22). The magnitudes of the
AUC/MIC ratios required for the efficacy of antofloxacin against E. coli in the neutro-
penic murine thigh infection model were similar to those for gatifloxacin and garenoxa-
cin (22, 35) but greater than those for some novel bacterial type II topoisomerase
inhibitors (NBTI) (36, 37). The relatively elevated PD targets may be due to the presence
of neutrophils in the thigh infection model. Consistent with this view, the previous
studies with gatifloxacin in a thigh infection model indicated that the AUC/MIC targets
for efficacy were more than 2-fold greater than those in the nonneutropenic model
(22). In addition, the use of a thigh infection model may limit the applicability of our
results to urinary tract disease. However, in a recent study with a novel NBTI, 5463, the
efficacies against E. coli strains in mouse models of lung, thigh, and ascending urinary
tract infections were observed to be similar (38).

Fluoroquinolones containing a methyl or amino substitution may, in theory, induce
QTc prolongation and arrhythmias (39). However, examinations of the toxicity of five
daily injections of antofloxacin in beagle dogs showed that a QTc prolongation did not
occur at doses of 10, 20, and 40 mg/kg (17). Similarly, in healthy male volunteers,
multiple doses of antofloxacin ranging from 50 to 500 mg were well tolerated with and
did not cause a QTc prolongation (40). Data from a chronic toxicity test indicated that
oral doses of 40, 80, and 160 mg/kg did not result in any abnormal behavior in mice,
with the no-observed-adverse-effect level being 160 mg/kg (41). In addition, the
previously reported 50% lethal dose (LD50) of antofloxacin for mice after oral dosing
was 1,929 mg/kg (40, 41), which is considerably higher than the maximal dose studied.
In this study, the 90% effective dose (ED90) was about 7.5 mg/kg/24 h according to a
preliminary survival study (data not shown). At the end of therapy, antofloxacin was
observed to produce no toxic effects over the dose range studied up to a dose of 160
mg/kg/24 h, indicating a safety margin (LD10/ED90) of �21.

In conclusion, the bacteriological and bioluminescent evaluations used in our study
demonstrated that antofloxacin exhibits dose-dependent in vivo activity against E. coli
in a well-characterized neutropenic murine thigh infection model. The PD index
AUC/MIC was a robust predictor of therapeutic efficacy. Both static and killing end-
points were achieved across all study strains, and decreases in the bacterial burden and
bioluminescent density were observed at AUC/MIC exposures that exceed the target for
stasis of 38.7 h. The PD index and targets identified in this study will be useful for
integration with human PK data to optimize the design of clinical dosing regimens
for the treatment of uncomplicated urinary tract infection and pyelonephritis with
antofloxacin.

MATERIALS AND METHODS
Antimicrobial agent. Antofloxacin hydrochloride (purity, 90.9%) was obtained from the Chinese

National Institutes for Food and Drug Control (Beijing, China) as a powder. Test solutions of antofloxacin
were freshly prepared prior to the experiments.

Bacterial strains. Eight E. coli strains, including seven clinical isolates (isolates 160179, 161406,
161549, 161673, 16X109, 16X327, and 161666) and E. coli ATCC 25922, were used in this study (Table 1).
Seven clinical E. coli strains were isolated from patients with urinary tract infections in the Guangdong
Second Traditional Chinese Medicine Hospital. E. coli 161549 was transformed with pAKlux2 (Addgene
plasmid number 14080) (42). This plasmid contains a stable broad-host-range origin of replication
enabling plasmid maintenance without antibiotic selection (43, 44). Organisms were grown and subcul-
tured using Mueller-Hinton broth (MHB) and Mueller-Hinton agar (MHA) (Difco Laboratories, Detroit, MI).
Bacteria transformed with pAKlux2 were cultured in the presence of ampicillin at 60 mg/liter. All E. coli
isolates were identified by use of a matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS) system (Axima Assurance; Shimadzu).

Multiplex PCR was used to detect the presence of seven plasmid-mediated quinolone resistance
(PMQR) determinants, i.e., qnrA, qnrB, qnrC, qnrD, qnrS, aac(6=)-Ib/cr, and qepA, and PCR amplification of
quinolone resistance-determining regions (QRDRs) was carried out as previously described to determine
the mutations in the gyrA and parC genes (45). In addition, the presence of extended spectrum
�-lactamase (ESBL) genes (blaTEM, blaCTX-M, and blaSHV) was verified on the basis of PCR testing using our
previously described primers (46).

In vitro susceptibility. Antofloxacin MICs were determined using a microdilution method according
to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (47). All MIC tests were
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performed in duplicate and on two separate occasions. E. coli ATCC 25922 was used as an experimental
control.

Murine thigh infection model. The neutropenic murine thigh infection model was used for the
in vivo study of antofloxacin. Animals were maintained in accordance with the standards of the National
Standards for Laboratory Animals of China (GB 14925-2010). All animal studies were approved by the
Animal Research Committees of the South China Agriculture University. Six-week-old, specific-pathogen-
free, female ICR mice weighing 24 to 27 g (Guangdong Medical Lab Animal Center, Guangzhou, China)
were used in this experiment. Neutropenia (neutrophil count, �100/mm3) was induced by two doses of
cyclophosphamide injected intraperitoneally 4 days (150 mg/kg) and 1 day (100 mg/kg) before exper-
imental infection. An early-logarithmic-phase bacterial suspension (0.1 ml) consisting of approximately
106 to 107 bacteria was inoculated intramuscularly into each posterior thigh muscle of the mice.
Antofloxacin was subcutaneously administered 2 h after thigh infection. After 24 h of treatment, the
thighs (four per group) were immediately removed upon euthanasia and homogenized in 3 ml of sterile
saline. Each homogenate was serially diluted 10-fold, and 100-�l aliquots of each dilution were plated on
MHA plates for counting of the number of CFU of bacteria in each thigh.

This infection model was also used to confirm plasmid stability and for bioluminescent strain
characterization, performed by measurement of the bacterial counts in homogenized thigh cultures.
Plasmid stability was assessed by comparing the bacterial counts after plating on MHA with and without
ampicillin. Bioluminescent strain characterization was done by comparing the bacterial counts of E. coli
isolates carrying pAKlux2 with those of E. coli isolates lacking the plasmid.

Drug pharmacokinetics. The single-dose plasma pharmacokinetics of antofloxacin in infected mice
were determined following subcutaneous administration of 2.5, 10, 40, and 80 mg/kg. Groups of six mice
each were sampled at each time point and dose level. Blood samples were obtained by retro-orbital
puncture at the following times after dosing: 0.08, 0.25, 0.5, 0.75, 1, 2, 4, and 8 h. Plasma was isolated by
centrifugation of the blood samples at 3,000 � g for 10 min at 4°C. Antofloxacin concentrations in plasma
were determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS) as we have
described previously (20). The assay limit of quantification (LOQ) and limit of detection (LOD) were 0.01
and 0.005 mg/liter, respectively. The analytical method in plasma was validated by assessing the
extraction efficiency and the intra- and interday reproducibility at drug concentrations of 0.01, 0.1, and
1.0 mg/liter. The intraday coefficients of variation for replicate control samples (n � 5) varied from 2.1
to 6.2%, and the interday coefficients of variation ranged from 3.5 to 8.7%. The relevant PK parameters,
including the elimination half-life (t1/2), the area under the concentration-time curve (AUC), the peak
(maximum) concentration (Cmax), and the time of the peak (maximum) concentration (Tmax), were
determined using a one-compartment model with first-order absorption in WinNonlin software (version
6.1; Pharsight, St. Louis, MO, USA). Linear extrapolation was used to estimate the PK parameters for dose
levels that were not directly measured in this study. Previous studies have determined that the levels of
protein binding of antofloxacin in mice and humans are 20.3% and 17.5%, respectively (12, 20). The free
drug fractions were utilized in the PK/PD analyses.

Pharmacodynamic target associated with efficacy. The AUC/MIC ratio was chosen as the predic-
tive PK/PD index correlating with the exposure-response relationships of antofloxacin on the basis of the
findings of previous studies (18, 20). In vivo treatment experiments were performed using the murine
thigh infection model with each isolate of E. coli. The dose-response studies included antofloxacin at
doses that increased 2-fold from 2.5 to 80 mg/kg and that were administered every 12 h by subcutaneous
injection. The dose levels were selected to identify the entire dose-response relationship from maximal
to no efficacy. Groups of two mice (four thighs) received each dose regimen. After 24 h of therapy, the
mice were euthanized and their thighs were aseptically removed, homogenized, and processed for
determination of the number of CFU. Untreated mice received injections of the same volume of sterile
saline and were sacrificed at the end of the study period.

The correlation between efficacy and the PK/PD index AUC/MIC was calculated according to a
sigmoidal maximum-effect (Emax) model derived from the Hill equation (21): E � (Emax � CN)/(EC50

N � CN),
where E is the effector (log change in CFU counts per thigh between treated mice and controls), C is the
PK/PD parameter being examined as well as the 24-h total dose, EC50 is the value of C required to achieve
50% of Emax, and N is the Hill coefficient, which describes the slope of the dose-response curve. These
data were analyzed using the nonlinear WinNonlin regression program. The coefficient of determination
(R2) was used to estimate the variance associated with the regression for the PK/PD index. The dosages
and 24-h free drug AUC/MIC (fAUC24/MIC) targets required to produce a net static effect and 1-log10 and
2-log10 killing were calculated for each E. coli isolate.

In vivo bioluminescent monitoring of therapeutic efficacy. An in vivo imaging procedure was
developed to provide a noninvasive technique for rapid and real-time monitoring of the therapeutic
efficacy of antofloxacin (24). Using the neutropenic murine thigh infection model, mice were infected
intramuscularly with an E. coli strain containing pAKlux2 at 106 or 108 CFU/thigh. At 2 h postinfection,
mice were randomized to receive either (i) the control treatment with the vehicle only or (ii) antofloxacin
at 20 mg/kg subcutaneously every 12 h. Mice were anesthetized with 2% isoflurane for bioluminescent
imaging with an IVIS Lumina imaging system (PerkinElmer), and the captured bioluminescence data were
quantified using Living Image software (version 4.2), provided with the instrument. Images were taken
at 2 h after infection and then at 6, 12, 24, and 48 h after treatment. Treatments were monitored for 2
days. Bioluminescent signals were expressed as radiance (in number of photons per second per square
centimeter per steradian) using a pseudocolor scale, in which red represents the most intense lumines-
cence and blue represents the least intense luminescence (25). After imaging at the last time point, the
control and antofloxacin-treated mice were sacrificed and the bacterial burdens were quantitatively
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measured by determination of viable plate counts of whole-thigh homogenates (number of CFU per
thigh).
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