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ABSTRACT Antofloxacin is a novel broad-spectrum fluoroquinolone under develop-
ment for the treatment of infections caused by a diverse group of bacterial species.
We explored the pharmacodynamic (PD) profile and targets of antofloxacin against
seven Klebsiella pneumoniae isolates by using a neutropenic murine lung infection
model. Plasma and bronchopulmonary pharmacokinetic (PK) studies were conducted
at single subcutaneous doses of 2.5, 10, 40, and 160 mg/kg of body weight. Mice
were infected intratracheally with K. pneumoniae and treated using 2-fold-increasing
total doses of antofloxacin ranging from 2.5 to 160 mg/kg/24 h administered in 1, 2,
3, or 4 doses. The Emax Hill equation was used to model the dose-response data.
Antofloxacin could penetrate the lung epithelial lining fluid (ELF) with pharmacoki-
netics similar to those in plasma with linear elimination half-lives over the dose
range. All study strains showed a 3-log10 or greater reduction in bacterial burden
and prolonged postantibiotic effects (PAEs) ranging from 3.2 to 5.3 h. Dose fraction-
ation response curves were steep, and the free-drug area under the concentration-
time curve over 24 h (AUC0 –24)/MIC ratio was the PD index most closely linked to
efficacy (R2 � 0.96). The mean free-drug AUC0 –24/MIC ratios required to achieve net
bacterial stasis, a 1-log10 kill, and a 2-log10 kill for each isolate were 52.6, 89.9, and
164.9, respectively. When integrated with human PK data, these PD targets could
provide a framework for further optimization of dosing regimens. This could make
antofloxacin an attractive option for the treatment of respiratory tract infections in-
volving K. pneumoniae.
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Acute exacerbations of chronic bronchitis (AECB) represent an important health
burden to patients, including increased morbidity, mortality, and health care costs

worldwide (1, 2). Although viral infections have an important role in both development
and progression of AECB, the pathophysiological mechanisms are not completely
understood and seem to be a complex of many interrelated factors (3). Apart from
exacerbations caused by viral infections and environmental irritants, approximately 40
to 50% of exacerbations are attributed to bacteria that include Streptococcus pneu-
moniae, Klebsiella pneumoniae, Haemophilus influenzae, and Staphylococcus spp. (4). It is
a common practice to prescribe antibiotics for AECB patients with severe illness (5, 6).
However, treatment of these bacterial infections is frequently challenging due to drug
resistance and limited therapeutic options.

Received 21 December 2016 Returned for
modification 4 February 2017 Accepted 26
February 2017

Accepted manuscript posted online 6
March 2017

Citation Zhou Y-F, Tao M-T, Huo W, Liao X-P,
Sun J, Liu Y-H. 2017. In vivo pharmacokinetic
and pharmacodynamic profiles of antofloxacin
against Klebsiella pneumoniae in a neutropenic
murine lung infection model. Antimicrob
Agents Chemother 61:e02691-16. https://
doi.org/10.1128/AAC.02691-16.

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ya-Hong Liu,
lyh@scau.edu.cn.

CLINICAL THERAPEUTICS

crossm

May 2017 Volume 61 Issue 5 e02691-16 aac.asm.org 1Antimicrobial Agents and Chemotherapy

https://doi.org/10.1128/AAC.02691-16
https://doi.org/10.1128/AAC.02691-16
https://doi.org/10.1128/ASMCopyrightv1
mailto:lyh@scau.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02691-16&domain=pdf&date_stamp=2017-3-6
http://aac.asm.org


Antofloxacin is a novel fluoroquinolone antibiotic with a broad-spectrum antimi-
crobial activity against both Gram-positive and -negative bacteria. The Chinese Food
and Drug Administration (CFDA) has approved it for the treatment of AECB caused by
K. pneumoniae, acute pyelonephritis and cystitis due to Escherichia coli, and wound
infection and multiple epifolliculitis due to Staphylococcus aureus or coagulase-negative
staphylococci. The MIC50 and MIC90 values of antofloxacin against K. pneumoniae (53
strains) are 0.063 and 0.5 mg/liter (unpublished data), and the reported MIC90 values of
antofloxacin against E. coli, methicillin-sensitive S. aureus, and Staphylococcus epider-
midis are 2, 0.5 to 1, and 0.125 mg/liter, respectively (7, 8). Previous studies also
demonstrated that antofloxacin possesses an excellent in vitro activity against Myco-
bacterium tuberculosis (9).

In this study, we described the pharmacokinetics (PK) and penetration of antofloxa-
cin into lung epithelial lining fluid (ELF) in neutropenic murine lungs infected with
seven K. pneumoniae strains. We also evaluated the impact of dose and dosing
regimens on the in vivo drug efficacy. The objectives of our experiments were designed
to (i) elucidate antofloxacin pharmacodynamic (PD) characteristics via in vivo post-
antibiotic effects (PAEs), (ii) investigate PK/PD indices that best correlated with the
efficacy of antofloxacin via dose fractionation studies, and (iii) determine the magnitude
of PK/PD index values required for various efficacy targets against K. pneumoniae
isolates, including an extended-spectrum �-lactamase (ESBL)-producing strain.

RESULTS
Organism susceptibility testing. The MICs of antofloxacin against K. pneumoniae

isolates used in this study varied from 0.03 to 0.25 mg/liter (Table 1). The levofloxacin
MIC was comparable to the antofloxacin MIC for the same isolate. However, two isolates
(160211 and 700603) with cefotaxime MICs of �4 mg/liter were considered resistant
types based on the CLSI MIC interpretive criteria (10). This indicated that �-lactam
resistance did not impact antofloxacin potency.

Drug pharmacokinetics. The elimination half-lives (t1/2s) of antofloxacin in plasma
and ELF ranged from 1.21 to 1.43 h and 0.77 to 1.36 h, respectively (Table 2). The plasma
pharmacokinetics were relatively linear for both the area under the concentration-time
curve (AUC) and the maximum concentration of drug in plasma (Cmax) across the
escalating dose range (AUC, R2 � 0.97; Cmax, R2 � 0.95). Similar to the pattern in plasma,
there was linearity and dose proportionality for the pharmacokinetics in ELF. Of note,
drug concentrations in ELF were nearly 2-fold higher than those in plasma (Fig. 1A
and B).

Based on the overall AUC ratios in plasma and ELF, the penetration ratio of
antofloxacin in ELF ranged from 1.22 to 1.54 for the total drug concentrations and was
independent of the dose levels (Table 2). The binding degrees of antofloxacin in murine
plasma varied from 18.6% to 22.3% in the range of 0.05 to 5 mg/liter, with a mean
binding rate of 20.3% (see Table S1 in the supplemental material). Taking into account

TABLE 1 Disease classification and in vitro antimicrobial susceptibilities of K. pneumoniae
isolates selected for use in murine neutropenic lung infection studies with antofloxacin

Organism Diagnosisa

MIC (mg/liter) (susceptibility)c

Antofloxacin Amikacin Cefotaxime Levofloxacin

160491 AECB 0.125 4 (S) 1 (S) 0.125 (S)
160271 AECB 0.06 4 (S) 1 (S) 0.125 (S)
160244 COPD 0.06 4 (S) 0.06 (S) 0.25 (S)
160211 Pneumonia 0.06 8 (S) 4 (R) 0.25 (S)
160430 AECB 0.03 2 (S) 1 (S) 0.125 (S)
ATCC 700603b 0.25 2 (S) �32 (R) 0.5 (S)
ATCC 35657 0.25 1 (S) 1 (S) 0.5 (S)
aAECB, acute exacerbations of chronic bronchitis; COPD, chronic obstructive pulmonary disease.
bK. pneumoniae ATCC 700603 is an extended-spectrum �-lactamase reference strain that produces the
enzyme SHV-18.

cSusceptible (S) and resistant (R) interpretations refer to the CLSI MIC interpretive criteria (10).
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the protein binding of antofloxacin, the mean penetration ratio of free drug into ELF
was 1.72 (standard deviation, 0.14), which further confirmed a considerable pulmonary
distribution of antofloxacin.

In vivo PAEs. PAEs were calculated after allowing bacterial regrowth following
administration of single doses of antofloxacin at 10 and 40 mg/kg of body weight. The
lung burden of K. pneumoniae ATCC 35657 in untreated mice increased by 2.77 log10

CFU/lung over 12 h. A 1-log10 CFU/lung growth increase occurred at 3.0 h. Persistent
growth inhibition or rapid killing was observed following administration of the two
drug levels in a dose-dependent manner. Maximal killing was �2 log10 CFU/lung and
occurred at the highest dose level (Fig. 2).

TABLE 2 PK parameters in plasma and ELF and ELF/plasma penetration ratios of antofloxacin after a single subcutaneous dose in
neutropenic mice with lung infectionsa

Dose (mg/kg)

ELF Plasma ELF/plasma ratio

AUC
(mg · h/liter)

AUC/dose
(kg · h/liter) t1/2 (h)

Cmax

(mg/liter)
AUC
(mg · h/liter)

AUC/dose
(kg · h/liter) t1/2 (h)

Cmax

(mg/liter) Total Freeb

2.5 1.83 0.73 0.77 1.58 1.36 0.54 1.43 0.81 1.35 1.69
10 8.13 0.81 0.87 7.47 5.89 0.58 1.21 3.18 1.38 1.73
40 25.8 0.65 1.19 19.9 21.2 0.53 1.37 10.9 1.22 1.53
160 125.6 0.79 1.36 78.4 81.6 0.51 1.28 39.1 1.54 1.93

Mean (SD) NA 0.74 (0.07) 1.05 (0.23) NA NA 0.53 (0.03) 1.32 (0.08) NA 1.37 (0.11) 1.72 (0.14)
aELF, epithelial lining fluid; AUC, area under the concentration-time curve; t1/2, elimination half-life; Cmax, maximum concentration of drug in in plasma or ELF; NA, not
applicable.

bThe proportion of protein binding for antofloxacin in murine plasma was 20.3%, and that in ELF was negligible.

FIG 1 (A and B) Pharmacokinetic profiles of antofloxacin in plasma (A) and pulmonary ELF (B) after subcutaneous administration of single
doses of 2.5, 10, 40, and 160 mg/kg in lung-infected neutropenic mice. (C and D) Data corresponding to panels A and B plotted on
semilogarithmic coordinates. Filled and open symbols represent concentrations in plasma and ELF, respectively. Each symbol represents
the mean � standard deviation of the levels in the plasma or ELF of six mice.
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Based on the above pharmacokinetics data, single doses of antofloxacin at 10 and
40 mg/kg produced free drug concentrations that remained above the MIC at 3.8 and
7.1 h, respectively. However, after the drug levels fell below the MIC, the antofloxacin-
treated organism still required around 6.2 and 8.3 h to increase by 1 log10 CFU/lung,
resulting in in vivo PAEs of 3.2 and 5.3 h, respectively (Fig. 2). In fact, the bacterial load
in lungs after dosing with 40 mg/kg antofloxacin was still less than the value at the
initiation of drug therapy.

PK/PD index determination. PK/PD indices were calculated using dose-response
curves for antofloxacin administered every 6, 8, 12, and 24 h in neutropenic mice with
K. pneumoniae ATCC 35657 lung infections. In untreated mice, the initial lung bacterial
density ranged from 6.01 to 6.43 log10 CFU/lung and increased by a mean of 1.95 log10

CFU/lung after 24 h. The curves for the fractionated dose regimens were congruent,
suggesting that the free-drug AUC from 0 to 24 h (AUC0 –24)/MIC ratio is the predictive
pharmacodynamic index (Fig. 3).

Consistent with the above finding, the AUC0 –24/MIC ratio was the index that most
strongly correlated with treatment efficacy (R2 � 0.96). Correlation to the other indices
was not nearly as strong (R2 � 0.87 for Cmax/MIC, and 77% for the percentage of time
that free-drug levels are above the MIC [%fT�MIC]) (Fig. 4B and C).

FIG 2 In vivo postantibiotic effect estimates after a single subcutaneous dose of antofloxacin using a
neutropenic mouse lung model. Each symbol represents the mean and standard deviation of data from
four lungs infected with K. pneumoniae ATCC 35657. The black horizontal bars represent the time that
plasma antofloxacin concentrations remained above the MIC for the infecting organism.

FIG 3 In vivo dose fractionation with antofloxacin using the murine neutropenic lung infection model.
Each symbol represents the mean of data from four lungs infected with K. pneumoniae ATCC 35657.
Seven total antofloxacin dose levels (mg/kg/24 h) were fractionated into each of four dose regimens. The
microbial burden was measured at the start and after 24 h of therapy.
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Magnitudes of PK/PD index target for efficacy. We examined the dose-effect
relationship for each of the seven K. pneumoniae isolates to determine the impact of
exposure indices on treatment effects. The bacterial burden of untreated control mice
increased similarly with all bacterial strains over the 24-h study period (Table 3). In
treated mice, antofloxacin demonstrated potent efficacy against K. pneumoniae. The
highest dose level resulted in a reduction of 2.82 to 3.81 log10 CFU/lung compared with
the initial bacterial burden (Fig. 5).

The free-drug AUC0 –24/MIC ratios required for the various efficacy targets as derived
from sigmoid Emax profiles are shown in Table 3. The PD targets producing a 1-log10 kill
endpoint were about 2-fold higher than those associated with stasis. The free-drug

FIG 4 Impact of pharmacodynamic regression in the in vivo dose fractionation study with antofloxacin
against K. pneumoniae ATCC 35657. Each symbol represents the mean of data from four thighs. The dose
data are expressed as the free-drug AUC/MIC (A), the percentage of time that drug levels are above the
MIC (%fT�MIC) (B), and Cmax/MIC (C). The R2 values are the coefficients of determination. The EC50

represents the PK/PD index associated with 50% of the maximal effect (Emax), and N is the Hill coefficient.
The line drawn through the data points is the best-fitting line based upon the sigmoid Emax model.
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AUC0 –24/MIC ratios varied from 28.8 to 86.4 for a net bacteriostatic effect, 47.4 to 163.3
for a 1-log10 reduction, and 81.3 to 345.1 for a 2-log10 reduction, respectively.

DISCUSSION

In this study, we investigated the PK properties of antofloxacin, including in vivo
PAEs and the PK/PD relationships with drug exposure, in vitro potency (MIC), and
treatment outcomes. Consistent with other fluoroquinolones, antofloxacin dose frac-
tionation experiments demonstrated that the free-drug AUC0 –24/MIC ratio was most
closely linked to the therapeutic efficacy against K. pneumoniae strains. This finding is
supported by a similar result from a previous study in a neutropenic murine thigh
infection model, where a total AUC0 –24/MIC ratio of 65.7 was required to achieve a net
bactericidal activity against S. aureus (11). Our results demonstrated that a mean
free-drug AUC0 –24/MIC ratio of 89.9 was necessary to achieve a 1-log10 kill effect
against all K. pneumoniae isolates. This microbiological response in the animal model
was analogous to, or in excess of, that of the currently available “respiratory” fluoro-
quinolones levofloxacin and moxifloxacin, which required an AUC0 –24/MIC ratio of
�100 to produce a significant bactericidal effect (12). Once more, an early clinical trial
showed that antofloxacin had clinical and bacteriological outcomes for K. pneumoniae
(30 strains) and E. coli (33 strains) similar to those of levofloxacin (13).

TABLE 3 In vitro and in vivo efficacies of antofloxacin against selected K. pneumoniae isolates using the fAUC0 –24/MIC ratio as a
predictive PD indexa

Strain
Antofloxacin MIC
(mg/liter)

Growth after 24 h in untreated
animals (log10 CFU/lung)

fAUC0–24/MIC ratio of antofloxacin required to
achieve:

Static effect 1-log10 kill 2-log10 kill

160491 0.13 1.73 37.8 67.3 115.3
160211 0.06 1.56 55.2 104.5 212.3
160271 0.06 2.03 57.7 85.3 126.1
160244 0.06 2.16 86.4 163.3 345.1
160430 0.03 2.01 68.5 105.7 164.6
ATCC 35657 0.25 1.95 33.6 55.6 109.3
ATCC 700603 0.25 2.19 28.8 47.4 81.3

Mean NA 1.95 52.6 89.9 164.9
SD NA 0.23 19.2 36.6 83.5
afAUC0 –24, AUC for unbound fraction (not protein bound) from 0 to 24 h; NA, not applicable.

FIG 5 In vivo dose effect of antofloxacin against seven selected K. pneumoniae isolates using the murine
neutropenic lung infection model. Each symbol represents the mean of data from four thighs. Seven total
antofloxacin dose levels were divided into a regimen of administration every 12 h. Microbial burdens
were measured at the start and after 24 h of therapy. The horizontal dashed line at 0 represents the
burden of organisms in the lungs of mice at the start of therapy. Data points below the line represent
killing, and points above the line represent growth.
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In general, fluoroquinolones have good penetration into ELF, and our study con-
firms this observation (14, 15). Of note, the measurement methodology may potentially
confound the interpretation of antibiotic concentrations in ELF (14). The bronchoal-
veolar lavage (BAL)-derived fluid is a mixture of components containing fluids and
white cells, especially macrophages. The released cellular components could artificially
increase the measured antibiotic concentrations in ELF, and the degree of contamina-
tion may vary with the amount of lysed cells. Therefore, the efficient removal of
macrophages and cellular debris from BAL fluids is essential for the accurate measure-
ment of antibiotic concentrations in ELF. Nevertheless, bronchopulmonary experiments
with antofloxacin have not been conducted in humans. The current study is the first to
demonstrate the considerable pulmonary distribution of antofloxacin in neutropenic
animals. The mouse-derived results of good ELF penetration are considered good
models of penetration into human lung tissue (16). In addition, the increase in drug
concentrations was linear and dose proportional in both plasma and ELF, potentially
reflecting passive diffusion from plasma to ELF. However, because lung infections can
disrupt alveolar walls and invade the interstitial space (14), the ELF levels of antibiotics
determined in infected models may not be an accurate measure of drug concentration
at the actual site of lung infections, and in fact ELF may represent the antibiotic
concentrations for some specific infections (17). In this case, it may still be best to
choose plasma levels as a target in relation to MIC to predict outcomes in lung
infections.

Our treatment studies demonstrated a marked dose-dependent bactericidal activity,
with prolonged growth suppression (PAEs) that ranged from 3.2 to 5.3 h. The duration
of in vivo PAEs of antofloxacin for K. pneumoniae was longer than those measured with
in vitro techniques (1.2 to 3.5 h) (unpublished data). The longer-lasting PAEs in vivo may
be due to postantibiotic sub-MIC effects (PA-SME), the effect of serum factors, or slower
growth in vivo than in the high-nutrient environment of broth (18, 19). In fact, the PAEs
derived from in vitro testing may be nullified by various in vivo factors that are intrinsic
to drug, host, and bacterium (20). Since fluoroquinolones inhibit the bacterial DNA
synthesis, the in vitro PAEs induced by antofloxacin may represent the time required for
the drug to dissociate from receptor binding sites and to diffuse out of the bacterium.
The clinical significance of in vivo PAEs remains unclear; however, the presence of PAEs
could suppress bacterial regrowth while permitting drug levels to fall below the MIC for
considerable periods of time without loss of efficacy (21). Although antibiotic treatment
may benefit from a long in vivo PAE, the PK/PD targets should be the major index
correlating with the in vivo efficacy of antofloxacin.

Based on the pharmacokinetics study of a single 400-mg oral dose of antofloxacin
in healthy human volunteers, the mean total AUC is 66.6 mg · h/liter. This translates to
a free-drug AUC of 54.9 mg · h/liter using a reported protein binding ratio of 17.5% in
humans (8, 22). In our laboratory, previous antimicrobial susceptibility results for
antofloxacin against K. pneumoniae (53 strains) demonstrated a MIC90 of 0.5 mg/liter
(range of 0.015 to 1 mg/liter) (unpublished data). In light of the reported PK study in
humans, the current PD targets, and MIC data, a 5,000-subject Monte Carlo simulation
(Oracle Crystal Ball software) showed that the probabilities of target attainment (PTA)
of 100% and 91.2% could be achieved for 1-log10 and 2-log10 killing effects, respec-
tively, against K. pneumoniae isolates having MICs of �0.5 mg/liter. These indicated that
the antofloxacin dose of 400 mg would be successful for the treatment of pulmonary
infections caused by K. pneumoniae. In addition, a randomized, multicenter, double-
blind phase II clinical trial of antofloxacin in 140 AECB patients from 6 hospitals in China
was conducted using an oral 400-mg loading dose, followed by a 200-mg/day main-
tenance dose (7). At the end of the two-regimen treatment, the observed effectiveness
rate was 90.3% for AECB, with a 100% bacterial eradication of K. pneumoniae and 95.9%
overall microbiological eradication.

In conclusion, the current study demonstrated that antofloxacin has potent efficacy
against K. pneumoniae with a prolonged PAE and considerable pulmonary penetration.
The PD index of AUC0 –24/MIC was a strong predictor describing the therapeutic
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efficacy. The data from the murine model suggested that the antofloxacin dose
regimen should produce a free-drug AUC0 –24/MIC ratio of roughly 50 to 90 for K.
pneumoniae to achieve net stasis and bactericidal endpoints. The integration of these
PD targets with human PK data will provide a framework for further optimization of
antofloxacin dosing regimens in the treatment of respiratory tract infections.

MATERIALS AND METHODS
Bacteria, media, and antibiotic. Five clinical K. pneumoniae strains isolated from chronic bronchitis

and pneumonia patients and K. pneumoniae strains ATCC 35657 and ATCC 700603 were used in this
study. All K. pneumoniae isolates were identified using matrix-assisted laser desorption/ionization–time
of flight (MALDI-TOF) mass spectrometry (Shimadzu-Biotech). Bacteria were cultured and maintained in
Mueller-Hinton broth and agar (Oxoid Ltd., Basingstoke, United Kingdom) for testing. Antofloxacin
hydrochloride (purity, 90.9%; lot no. NJPW-5HA1) for in vitro and in vivo experiments was obtained from
the Chinese National Institutes for Food and Drug Control (Beijing, China). For in vitro studies, amikacin,
cefotaxime, and levofloxacin analytical standard powders (Sigma-Aldrich, St. Louis, MO) were utilized.

In vitro susceptibility testing. The MICs of antofloxacin, amikacin, cefotaxime, and levofloxacin
against the various isolates were determined using Clinical and Laboratory Standards Institute (CLSI)
microdilution methods (23). All isolates were tested in triplicate to ensure reproducibility, and S. aureus
ATCC 29213 served as a quality control strain.

Murine lung infection model. Six-week-old, specific-pathogen-free female ICR mice (25 to 27 g)
were obtained from Guangdong Medical Lab Animal Center (Guangzhou, China). Animals were main-
tained in accordance with the National Standards for Laboratory Animals of China (GB 14925-2010). All
experiments were performed under authorization from the Animal Research Committees of South China
Agricultural University. Neutropenia (neutrophils, �100/mm3) was induced using intraperitoneal cyclo-
phosphamide (Yuanye Biotechnology, Shanghai, China) injections at 4 days (150 mg/kg) and 1 day (100
mg/kg) prior to lung infection. Broth cultures of freshly plated K. pneumoniae bacteria were grown to
logarithmic phase overnight to an absorbance of 0.3 at 630 nm and diluted to 107.0 to 107.5 CFU/ml. Mice
were infected using an intratracheal injection of 0.05 ml of a bacterial suspension with a tracheal cannula
under light anesthesia with isoflurane as previously described (24). Therapy was initiated 2 h after lung
inoculation. The mice were sacrificed by CO2 asphyxiation at 24 h of therapy, and the lungs were
aseptically removed, homogenized, and processed for bacterial CFU determination.

Drug pharmacokinetics and penetration into ELF. Single-dose pharmacokinetics of antofloxacin
was performed in neutropenic infected mice following administration of single subcutaneous doses of
2.5, 10, 40, and 160 mg/kg. Concomitant samples of plasma and BAL fluid were collected from each of
six mice at 0.08, 0.25, 0.5, 0.75, 1, 2, 4, 6, and 8 h after drug administration. Blood was sampled by
retro-orbital puncture into heparin-containing tubes, and plasma was separated by centrifugation at
3,000 � g for 10 min at 4°C. BAL fluid was obtained using a previously reported technique (17, 25). In
short, mice were humanely sacrificed under isoflurane anesthesia, followed by cervical dislocation.
Subsequently, a 1-cm neck incision was made on the ventral neck skin to expose the trachea. A flexible
cannula (22GA, BD Venflon; Becton, Dickinson) was inserted into the trachea and sutured in place. The
lungs were flushed 4 times with 0.5 ml of sterile 0.9% saline, and the fluid was immediately aspirated and
pooled per mouse. Immediately, the BAL fluid was centrifuged at 400 � g for 10 min to remove blood,
macrophages, and cellular debris, and supernatant was collected and stored at �80°C until being
shipped for urea and antofloxacin concentration analysis.

The antofloxacin concentrations in plasma and BAL fluids were determined using a liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method (details are given in the supplemental
material). The values of PK parameters, including the elimination half-life (t1/2), the area under
concentration-time curve over 24 h (AUC0 –24), the peak drug concentration (Cmax), and the time of
maximum concentration (Tmax), were calculated using a noncompartmental model in WinNonlin software
(version 6.1; Pharsight, St. Louis, MO, USA). The PK estimates for treatment doses that were not directly
determined were calculated using linear extrapolation for dose levels between those with measured
kinetics (e.g., between 2.5 and 10 mg/kg).

The antofloxacin concentrations in ELF were measured by the ratio of the urea concentration in BAL
fluid to that in plasma (26), as follows: drug concentrationELF � drug concentrationBAL fluids � (urea
concentrationplasma/urea concentrationBAL fluids). Urea in BAL fluid and plasma was determined utilizing a
commercial urea assay kit (MLBIO Biotechnology, Shanghai, China). The urea assay was linear with an R2

of �0.999 for both plasma and BAL fluid samples in the range of 0.05 to 3.0 mg/dl. The intraday
coefficients of variation for quality control samples varied from 1.9 to 3.6%, and the interday coefficients
of variation ranged from 3.2 to 6.5%.

The protein binding of antofloxacin in murine plasma was determined at spiked concentrations of
0.05, 0.5, and 5 �g/ml using ultrafiltration methods as previously reported (27). In ELF, the drug protein
binding was considered negligible (14).

In vivo PAE. K. pneumoniae strain ATCC 35657 was used to produce a lung infection for determining
PAE. The infected mice were treated with single subcutaneous doses of antofloxacin (10 and 40 mg/kg)
at 2 h postinfection. The treated and untreated mice were sacrificed at 1, 2, 4, 6, 8, 12, and 24 h, four mice
per time point, over a 24-h study period. Bacterial burden was quantified by CFU determination from
whole-lung homogenates. The PAE was calculated by the formula PAE � T � C, where C is the time for
the growth of 1 log10 CFU/lung in control growth and T is the time for the growth of 1 log10 CFU/lung
in treated mice after free-drug levels in plasma have fallen below the MIC (28).
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Pharmacokinetic/pharmacodynamic index determination. Neutropenic mice were infected with
the standard strain of K. pneumoniae ATCC 35657 for a dose fractionation experiment. Treatment with
antofloxacin was initiated 2 h after infection. Dose regimens included seven total dose levels (2.5, 5, 10,
20, 40, 80, and 160 mg/kg) administered subcutaneously over a 24-h study period using 4-, 8-, 12-, and
24-h dosing intervals. Groups of four mice were included in each dose regimen. The mice were sacrificed
after 24 h of therapy, and the lung bacterial burden was measured by viable plate counts of lung tissue
homogenates (CFU/lung). Untreated control mice were similarly sacrificed before treatment and at 24 h
after treatment.

To determine which PK/PD index was most closely linked with efficacy, the log change of the number
of CFU in the lung homogenate over the 24-h treatment period was correlated with (i) the AUC0 –24/MIC
ratio, (ii) the Cmax/MIC ratio, and (iii) the percentage of time that drug levels are above the MIC
(%fT�MIC). The relationship between efficacy and the three PK/PD indices was determined using a
sigmoid Emax model (29). Data were analyzed using the nonlinear WinNonlin regression program. The PD
index that best correlated with efficacy was determined by comparing the coefficients of determination
(R2) for the three different indices.

Pharmacodynamic index target for efficacy. Similar treatment studies were performed using the
lung model as described above against the six additional strains of K. pneumoniae. Antofloxacin
treatment was initiated 2 h after infection and administered following 2-fold-increasing single subcuta-
neous doses from 2.5 to 160 mg/kg every 12 h. At the end of the study, the mice were euthanized and
the lungs were immediately processed for CFU determinations. The sigmoid Emax profile was applied to
calculate the AUC0 –24/MIC target of antofloxacin that produced a net bacteriostatic effect, a 1-log10 kill
effect, or a 2-log10 kill effect.
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