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ABSTRACT Colistin is often administered by inhalation and/or the parenteral route
for the treatment of respiratory infections caused by multidrug-resistant (MDR) Pseu-
domonas aeruginosa. However, limited pharmacokinetic (PK) and pharmacodynamic
(PD) data are available to guide the optimization of dosage regimens of inhaled
colistin. In the present study, PK of colistin in epithelial lining fluid (ELF) and plasma
was determined following intratracheal delivery of a single dose of colistin solution
in neutropenic lung-infected mice. The antimicrobial efficacy of intratracheal delivery
of colistin against three P. aeruginosa strains (ATCC 27853, PAO1, and FADDI-PA022;
MIC of 1 mg/liter for all strains) was examined in a neutropenic mouse lung infection
model. Dose fractionation studies were conducted over 2.64 to 23.8 mg/kg of body
weight/day. The inhibitory sigmoid model was employed to determine the PK/PD index
that best described the antimicrobial efficacy of pulmonary delivery of colistin. In both
ELF and plasma, the ratio of the area under the unbound concentration-time profile
to MIC (fAUC/MIC) was the PK/PD index that best described the antimicrobial effect
in mouse lung infection (R2 � 0.60 to 0.84 for ELF and 0.64 to 0.83 for plasma). The
fAUC/MIC targets required to achieve stasis against the three strains were 684 to
1,050 in ELF and 2.15 to 3.29 in plasma. The histopathological data showed that pul-
monary delivery of colistin reduced infection-caused pulmonary inflammation and
preserved the integrity of the lung epithelium, although colistin introduced mild
pulmonary inflammation in healthy mice. This study showed pulmonary delivery of
colistin provides antimicrobial effects against MDR P. aeruginosa lung infections su-
perior to those of parenteral administrations. For the first time, our results provide
important preclinical PK/PD information for optimization of inhaled colistin therapy.
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Respiratory tract infections caused by multidrug-resistant (MDR) bacteria, in partic-
ular Pseudomonas aeruginosa, are difficult to treat and often associated with high

rates of recurrence, mortality, and morbidity (1–3). For respiratory infections caused by
MDR P. aeruginosa, inhalational and intravenous colistin (polymyxin E) is often the only
effective option (4, 5).

Colistin is a cationic, multicomponent polypeptide which is usually administered
parenterally in its inactive form, colistin methanesulfonate (CMS) (5). Recent pharma-
cokinetics/pharmacodynamics (PK/PD) and clinical studies demonstrate that intrave-
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nous CMS is suboptimal in treating respiratory tract infections caused by P. aeruginosa
because of the very low exposure in the lungs and dosing-limiting nephrotoxicity (6–9).
In a PK/PD study against P. aeruginosa after parenteral administration in the mouse thigh
and lung infection models, the ratio of the area under the unbound concentration-time
profile to MIC (fAUC/MIC) required to achieve stasis for treating respiratory infection
was approximately 4-fold higher than that required for treating thigh infection (4). Over
the last decade, nebulization of colistin has become an alternative in treating MDR
Gram-negative respiratory tract infections (10, 11). Inhalation therapy of colistin reduces
systemic exposure and thus minimizes potential systemic side effects such as nephro-
toxicity (1, 12). PK studies in rats (6–8) and cystic fibrosis patients (9) have clearly
demonstrated that nebulization of CMS/colistin resulted in much higher drug exposure
in the epithelial lining fluid (ELF) or sputum than by systemic administration. The
superior efficacy of nebulized CMS/colistin against lung infections caused by P. aerugi-
nosa and Acinetobacter baumannii has been demonstrated in porcine (13) and mouse
(14) lung infection models. However, there is no information on the PK/PD of inhaled
colistin in infected animal models that could be used to guide the optimization of
dosage regimens of inhaled colistin for the treatment of respiratory tract infections in
patients.

The aim of the present study was to identify the most predictive PK/PD index of
colistin that best describes its antimicrobial efficacy against P. aeruginosa following
pulmonary delivery in a mouse lung infection model and to determine the target values
of the PK/PD index to achieve various killing effects. Since cough and bronchospasm
have been reported following nebulization of antibiotics in clinical studies (16), the
effect of inhaled colistin and its prodrug CMS on the histopathology of the lung tissue
was also examined. MDR P. aeruginosa was chosen for this study, because it was listed
by the Infectious Disease Society of America as one of the difficult-to-treat-pathogens
that required urgent attention (17).

RESULTS
Pharmacokinetics of colistin following intratracheal and intravenous adminis-

tration. Figure 1A shows the total plasma colistin concentration-time profiles following
intratracheal administration of 2.64 and 5.28 mg base/kg of body weight colistin and
intravenous administration of 2.64 mg base/kg colistin. The average plasma unbound
fraction of 0.084 (4) was employed to generate the corresponding time course profiles
for unbound colistin (Fig. 1A). The derived PK parameters for total plasma concentra-
tion of colistin are summarized in Table 1. Rapid appearance of colistin in the plasma
was observed after intratracheal administration of 2.64 and 5.28 mg base/kg colistin
with a time to peak plasma concentration (Tmax) of approximately 30 min (Table 1). The
maximum plasma concentration achieved following intratracheal delivery of 2.64 mg
base/kg colistin was significantly lower than that after intravenous administration of the
same dose (5.72 � 1.43 versus 10.2 � 4.11 mg/liter, respectively). Figure 1B shows the
ELF colistin concentration as a function of time following intratracheal administration
of 2.64 and 5.28 mg/kg colistin. Using urea as an endogenous marker (18), ELF
concentration was calculated using an apparent volume of the ELF (VELF) of 0.022 ml
and plasma-to-lavage urea dilution factor of 22.1. The derived PK parameters for colistin
in ELF are summarized in Table 1.

Relationship between PK/PD index and antibacterial efficacy. For the untreated
growth control group, the bacterial burden increased by 3.50 � 1.50, 2.92 � 0.44, and
1.90 � 1.15 log10/lung over 24 h for ATCC 27853, PAO1, and FADDI-PA022, respectively.
For the colistin-treated group, a dose-dependent killing was observed across all three
strains. The fAUC/MIC in the ELF and plasma following intratracheal administration of
colistin provided the best description of killing effect, with the highest R2 value for all
three strains (Fig. 2 and Table 2).

Targets of fAUC/MIC associated with various magnitudes of antibacterial ef-
fect. Table 3 shows the values of fAUC/MIC in the ELF and plasma to achieve stasis and
1- and 2-log10 reductions in the lung bacterial load. For all three strains, the fAUC/MIC
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in the ELF and plasma required to achieve stasis were 684 to 1,050 and 2.15 to 3.29,
respectively. A 2-log10 reduction was unable to be achieved for all three strains, even
at the maximum tolerated dose. Relatively low interstrain variability was observed for
intratracheal administration, and FADDI-PA022 was the most susceptible strain, even
though all had the same MIC of 1 mg/liter. The fAUC/MIC required to achieve stasis and
1-log10 reduction for FADDI-PA022 were approximately 2-fold lower than the fAUC/MIC
of the other two strains (Table 3).

Histopathological examination of lungs in healthy and infected mice with
inhaled colistin. Table S2 in the supplemental material present the lung histopatho-
logical examination and corresponding semiquantitative scores (SQS) following intra-
tracheal administration of CMS and colistin in healthy mice. In the saline-treated control
group, no marked injury was observed, with an average SQS of �0.50 (Fig. S1).

FIG 1 (A) Total and unbound plasma concentration versus time of colistin after administration of single
intratracheal (I.T.) doses of 2.64 and 5.28 mg base/kg and intravenous (I.V.) administration of 2.64 mg
base/kg in neutropenic lung-infected mice. (B) ELF colistin concentration versus time after intratracheal
administration of 2.64 and 5.28 mg base/kg colistin in neutropenic lung-infected mice.
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Inflammation in the lung epithelium was evident for the CMS- and colistin-treated mice,
and the severity of inflammation was dose dependent. The most effective inhaled
colistin dosage regimen (7.92 mg base/kg thrice daily) resulted in mild to moderate
inflammation with infiltration of inflammatory cells (SQS � �2.00). Across all dosage
regimens, inhaled CMS resulted in substantially less inflammation than with inhaled
colistin (Table S2).

In the infected mice, no significant changes to the lung epithelial cells were
identified at 4 h in both the untreated and treated groups (Table S2). However, the
histopathological examination revealed that at 26 h postbacterial infection (equivalent
to 24 h posttreatment), the infected lungs had necrosis and alveolar inflammation with
infiltration of polymorphonuclear cells (Fig. 3). For the intratracheally administered
group (2.64 mg base/kg once daily, 5.28 mg base/kg thrice daily, and 7.92 mg base/kg
once, twice, and thrice daily), these inflammatory changes in the lung were markedly
reduced, and the lung epithelium was mostly preserved (Table S2).

DISCUSSION

Recent animal and clinical studies indicate that parenteral CMS is suboptimal in
treating respiratory tract infections due to limited exposure at the infection site (19). In
the mouse lung infection model following subcutaneous administration of colistin, the
fAUC/MIC required to achieve stasis for P. aeruginosa was 15.2 to 38.6 (4), which is
approximately 10 times higher than those after inhaled colistin (i.e., 2.15 to 3.29) (Table
3). Importantly, nephrotoxicity is a dose-limiting factor, and simply increasing the dose
of parenteral CMS is not feasible (20). Over the past few decades, inhaled CMS has
become a key practice for the treatment of pulmonary infections in patients with cystic
fibrosis (10, 21). However, the majority of the PK/PD studies for CMS/colistin are based
on systemic administration (4), which cannot be extrapolated to inhaled CMS. Our study
is the first that investigated the PK/PD of pulmonary delivery of colistin in neutropenic
lung-infected mice. We are the first to identify that fAUC/MIC in ELF and plasma is the
most predictive PK/PD index after inhalation (Fig. 2 and Table 2) and determined the
magnitudes of fAUC/MIC in ELF and plasma required to achieve stasis and 1- and
2-log10 killing following pulmonary delivery (Table 3). Although colistin is administered
in the form of an inactive product, CMS in clinical practice, colistin was used here
because the antimicrobial efficacy of nebulized CMS depends on the exposure of
colistin rather than CMS (22). The PK/PD of CMS was not examined in the current study,
and CMS was only used in the histology study.

The peak plasma concentration (Cmax) of colistin (5.72 mg/liter) after intratracheal

TABLE 1 Pharmacokinetics parameters of colistin in ELF and plasmaa

Parameter

Value after single dose

Intratracheal
Intravenousc

(2.64 mg base/kg)2.64 mg base/kg 5.28 mg base/kg

ELF
Cmax,ELF (mg/liter) 169b 266b ND
t1/2,ELF (min) —d 252 ND
AUCELF (mg · h/liter) 181 465 ND

Plasma
Cmax (mg/liter) 5.72 13.1 ND
Tmax (min) 30 30 NA
CL/F (ml/min/kg) 5.37 5.70 7.46
V/F (ml/kg) 181 284 400
T1/2 (min) 23.4 34.5 37.1

aShown are pharmacokinetics parameters of colistin in ELF and plasma following intratracheal administration
of colistin at 2.64 and 5.28 mg/kg and intravenous administration of colistin at 2.64 mg base/kg (n � 3 or
more).

bConcentration observed at the first time point.
cND, not determined; NA, not applicable.
d—, cannot be reliably estimated.
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administration was significantly lower than that after intravenous administration (10.2
mg/liter) of the same dose (2.64 mg base/kg). However, at 15 to 30 min posttreatment,
plasma concentrations of colistin were similar between intravenous and intratracheal
administration (Fig. 1A). Colistin was rapidly absorbed into the systemic circulation with

FIG 2 Sigmoid inhibitory fit for PAO1 between the log10 CFU/lung at 24 h and the PK/PD indices for ELF, namely, AUCELF/MIC (A), Cmax, ELF/MIC (B), and
T�MIC, ELF (C), and for plasma, namely, fAUCPlasma/MIC (D), fCmax, Plasma/MIC (E), and fT�MIC, Plasma (F). R2 is the coefficient of determination. The broken line
represents the mean bacterial burden in lungs at the start of treatment.
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an average bioavailability of approximately 100%, which was significantly higher than
the 31 to 69% observed in rats (8, 23). Interestingly, the bioavailability following
intratracheal administration of CMS in rats was also 100% (6), which was significantly
higher than that observed in humans (7.93% � 4.26% and 5.37% � 1.36%, respectively,
for 1 and 2 million IU CMS) (9). This low systemic absorption observed in humans
highlights the targeting advantage of intratracheal delivery of CMS considering neph-
rotoxicity and neurotoxicity (9). The significantly higher bioavailability of colistin ob-
served in mice was most likely attributed to the mechanism that was involved in the
uptake of the antibiotic by the bronchial epithelium. Diffusion of colistin across the
bronchial epithelium was suggested to be driven predominantly by passive diffusion
(6). However, recent studies have demonstrated the potential role of specific drug
transporters in the absorption of colistin. A number of drug transporters, such as
P-glycoprotein (P-gp), organic cation transporters (OCTs), and peptide transporters
(PEPTs), have been identified in lung tissue such as airway epithelial cells and endo-
thelium of small blood vessels (8, 25, 26). PEPTs play an important role in transporting
endogenous peptides and peptide-like drugs in pulmonary epithelial cells and have
two important isomembers, PEPT1 and PEPT2 (26). PEPT2-mediated cellular uptake of
colistin has been identified in human embryonic kidney 293 cells (26). Expression of
PEPT2 mRNA in mouse lungs was approximately 2-fold higher than that in rat lungs
(27), which corresponds well to the higher bioavailability observed in our current
mouse study than those reported in rats (8, 23). OCTs are incapable of transporting
colistin (25, 26) and were not expressed in rodent lungs (26). Although P-gp is highly
expressed in rodent lungs (25), it was unlikely to affect the uptake of colistin, as colistin

TABLE 2 PK/PD model parameters for AUC/MIC of colistin in ELF and fAUC/MIC in plasma
against three strains of P. aeruginosa after inhalation

Strain

Value (%) fora:

Emax (log10

CFU/Lung)
E0 (log10

CFU/Lung) EI50 � R2

ELF
ATCC 27853 4.45 (23.9) 8.05 (4.20) 936 (7.10) 10.0 (83.8) 0.60
PAO1 4.88 (16.9) 9.56 (2.62) 846 (8.81) 5.14 (32.0) 0.82
FADDI-PA022 3.95 (11.0) 9.20 (2.46) 672 (5.48) 7.71 (36.7) 0.84

Plasma
ATCC 27853 4.00 (21.2) 7.99 (4.0) 2.65 (12.1) 10.0 (69.6) 0.64
PAO1 4.79 (18.9) 9.60 (2.9) 2.70 (12.5) 4.00 (34.6) 0.80
FADDI-PA022 3.88 (11.7) 9.16 (2.6) 2.09 (7.4) 6.21 (37.1) 0.83

aE0 is the effect in the absence of colistin treatment, Emax is the maximal effect, EI50 is the value of fAUC/MIC
required to achieve 50% of Emax, and � is the Hill coefficient. Data in parentheses are the percentages
relative to the standard errors.

TABLE 3 Target values of colistin AUC/MIC in ELF and fAUC/MIC in plasmaa

Strain

Target colistin fAUC/MIC value to achieveb:

Stasis 1-log10 kill 2-log10 kill

fAUCPlasma/MIC
ATCC 27853 2.99 (2.62–3.27) ND ND
PAO1 3.29 (2.90–3.91) 4.68 (3.48–5.23) ND
FADDI-PA022 2.15 (2.02–2.31) 2.60 (2.39–2.97) ND

AUCELF/MIC
ATCC 27853 1,050 (931–1,134) ND ND
PAO1 971 (890–1,101) 1,236 (1,033–1,403) ND
FADDI-PA022 684 (653–723) 796 (751–882) ND

aShown are target values of colistin AUC/MIC in ELF and fAUC/MIC in plasma to achieve stasis and 1- and
2-log10 kills against all three strains of P. aeruginosa in the lung infection model.

bValues in parentheses are the IQR. ND, not determined.
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is not a P-gp substrate (28). Studies are being conducted in our group to characterize
the function of PEPT2 in the transport of colistin across the bronchial epithelium.

For PK/PD analysis, it is important to quantify colistin exposure in the ELF, because
the plasma colistin exposure may differ from the exposure in infected lungs following
intratracheal administration (29). As the total protein concentration in ELF was esti-
mated to be only 6 to 12% of the plasma protein concentration in humans and animals,
the protein binding of colistin in ELF was negligible, and the measured total ELF
concentration was assumed to be equivalent to the free colistin concentration in ELF
(30). As a cationic polypeptide, colistin has the potential to interact with pulmonary
surfactants (31) in the ELF and mucin in the sputum (32) via electrostatic interaction.
Previously, in an in vitro static time-kill model, the antimicrobial activity of colistin was
significantly impaired by pulmonary surfactants (31). However, this inhibitory effect of
pulmonary surfactant was found to be reversible at high colistin concentration (�64�

MIC). Since the observed ELF concentrations in the current study after inhalation were
�64� MIC, the interaction between colistin and pulmonary surfactant was assumed to
be negligible. On the contrary, following intravenous administration, colistin exposure
in the ELF was minimal, and below 2.21 mg/liter (limit of quantification [LOQ]), the
inhibitory effect of pulmonary surfactant is dramatic and should be considered (32).

A significant finding in our PK study was that, following intratracheal delivery (5.28
mg base/kg), the terminal half-life of colistin in ELF (4.2 h) was approximately 7-fold
longer than that in plasma (0.57 h), and the colistin concentrations were quantifiable
(2.21 mg/liter) for up to 12 h in ELF compared to only 6 h in plasma (Fig. 1 and Table
1). This rate-limiting disposition kinetics suggests that following rapid absorption of
colistin into the plasma, a certain portion of the colistin dose was retained in the lung
ELF. Colistin is an amphipathic drug with five primary amine groups, and it has the
capacity to remain in the lungs due to the electrostatic charge with the negatively
charged phospholipids of the cell membrane, such as alveolar macrophages (33, 34)
and the alveolar basement membrane (35). The alveolar macrophages and colistin
complexes could act like a reservoir of colistin for slow release into the systemic
circulation. In addition to the binding of colistin to the alveolar macrophages, a high
colistin dose (�5.28 mg/kg) administered could saturate PEPT2 and retard the absorp-
tion across the bronchial epithelium (26). Despite the evidence demonstrating the
retention of colistin in the lung following intratracheal administration (�5.28 mg/kg),
the exact mechanism for colistin retention in the lung is not well known and further
studies are warranted.

FIG 3 Representative images of lung sections from histopathological examination of P. aeruginosa-infected mice. (A) Mouse lung from the growth control group
showing interstitial necrosis and intra-alveolar flocculus material (severe damage and inflammation; SQS of ��5) (�20 magnification). (B) Mouse lung harvested
at 24 h after colistin (2.64 mg/kg thrice daily) with perivascular inflammation (mild damage; SQS of ��1) (�20 magnification). The degree of inflammation and
changes may not be consistent across the entire lung tissue, and these images only show significant changes observed.
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Similar to the animal PK/PD studies after parenteral administration (4), fAUC/MIC in
the ELF and plasma following intratracheal administration of colistin provides the best
correlation with the PD data (Fig. 2 and Table 3). The antibacterial effect of colistin on
the P. aeruginosa strains following inhalation is much more effective than that by
systemic administration (4). For example, to achieve antibacterial stasis for P. aeruginosa
ATCC 27853, the plasma fAUC/MIC required following subcutaneous administration
(34.1) (4) are 11-fold higher than that required following intratracheal administration
(2.99). Both PK/PD breakpoints in ELF and plasma could possibly be used translationally
to optimize inhalation doses in clinical settings. However, these values need to be used
with the recognition of the design of the animal study. First, the expression of the
potential colistin transporter PEPT2 in the lungs in mice is different from that in humans
(25), and the colistin plasma unbound fraction in mouse (0.084) is �6-fold higher
in humans (0.50) (4). Second, direct pulmonary administration of colistin using the
MicroSprayer 1A-1B is different from nebulization in humans. The MicroSprayer 1A-1B
has droplet diameters of around 10 �m (6), which could be larger than the droplets
generated by the nebulization systems in clinics, and the diameters of mouse airways
are much smaller than those of humans (6). Similar to the systemic PK/PD study in mice
(4), relatively low interstrain variability was observed across all three strains. The
fAUC/MIC values required to achieve stasis and 1-log10 killing for all three P. aeruginosa
strains were approximately within a 2-fold range (Table 3). For all three strains of P.
aeruginosa, it is not possible to achieve a 2-log10 reduction because of the relatively low
maximum tolerance dose of colistin aerosols (8.25 mg base/kg) and a cumulative
dose of 25 mg base/kg. This moderate net killing following treatment with inhaled
colistin was proposed to be due to the presence of multiple purulent plugs
obstructing bronchioles, thereby preventing colistin from accessing the distal lung
(36). This suggests that the combination of inhaled colistin with intravenous
therapy is required for difficult-to-treat lung infections.

We examined the potential lung toxicity of colistin and its prodrug, CMS, following
intratracheal administration to healthy mice using histopathological examination (see
Table S2 in the supplemental material). Across all dosage regimens, inhaled CMS
caused substantially less damage than inhaled colistin. This finding is consistent with
the observation in humans in which a significant reduction in pulmonary function was
observed in patients who received nebulized colistin compared to those who received
nebulized CMS (37). The therapeutic efficacy of inhaled colistin in treating respiratory
tract infections is also supported by the histopathological results (Table S2). In the
colistin-treated groups (2.64 mg base/kg once daily, 5.28 mg base/kg thrice daily, and
7.92 mg base/kg once, twice, and thrice daily), inflammation with polymorphonuclear
cell infiltrate over 24 h was substantially reduced, and lung epithelial cells were not
considerably damaged (Fig. 3 and Table S2). Bacterium-induced tissue necrosis, inflam-
mation, and cellular damage are usually associated with lipopolysaccharide (LPS), an
outer membrane component of Gram-negative bacteria (38). Inhaled colistin sup-
presses the LPS activity of Gram-negative organisms in a dose-dependent manner (38),
which corresponds well to the histopathological results in the current study (Fig. 3 and
Table S2).

In conclusion, our study is the first to identify fAUC/MIC in both ELF and plasma as
the most predictive PK/PD index for intratracheal delivery of colistin in a mouse lung
infection model against P. aeruginosa, and we determined the fAUC/MIC targets in ELF
and plasma for achieving various magnitudes of bacterial kill. The potential advantage
of intratracheal administration of colistin is evident for treatment of respiratory tract
infections in terms of PK/PD and safety. Importantly, inhaled colistin significantly
improved the lung condition by reducing not only the lung bacterial load but also
infection-caused lung inflammation. Our study provides key pharmacological informa-
tion for optimized clinical use of aerosolized colistin against infections caused by P.
aeruginosa.
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MATERIALS AND METHODS
Chemicals and bacterial strains. Colistin sulfate (lot 08M1526V; �15,000 U/mg) and sodium colistin

methanesulfonate (lot 04M1526V; �11,500 U/mg) were purchased from Sigma-Aldrich (St. Louis, MO,
USA), and solutions were freshly prepared in saline (4, 39, 40). Three strains of P. aeruginosa were
examined, ATCC 27853, PAO1, and FADDI-PA022 (MIC of 1 mg/liter for all strains). P. aeruginosa was
freshly subcultured from �80°C stock prior to the experiment (4, 39). MICs were determined using the
broth microdilution method in cation-adjusted Mueller-Hinton broth (CAMHB) (41).

Animals. All animal experiments (see Table S1 in the supplemental material) were approved by the
Monash Institute of Pharmaceutical Sciences Animal Ethics Committee before the experiment was
conducted. Pathogen-free, female Swiss mice (8 to 10 weeks old; 25 to 35 g) were obtained from Monash
Animal Services (Clayton, Victoria, Australia) and were handled, fed, and housed according to the criteria
of the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Food and water
were available ad libitum.

Neutropenic mouse lung infection model. A neutropenic mouse lung infection model was
employed in the current study (4, 42). In brief, mice were rendered neutropenic by intraperitoneal
injection of cyclophosphamide (Baxter Healthcare Pty Ltd., New South Wales, Australia). Bacterial
infection was established as described in previous studies (4, 42). Mice were briefly anesthetized via
placement into the isoflurane induction chamber. The anesthetized mouse was placed on a Perspex
support in a vertical upright position, which allowed the mouse to be temporarily immobilized. A
MicroSprayer (model IA-1C; Penn-Century, Philadelphia, PA, USA) (43) was used to deliver 25 �l of
bacterial suspension (approximately 106 bacterial cells in early logarithmic phase) directly into the
trachea. Mice were maintained in the upright position for approximately 1 to 2 min and then placed onto
a warm pad for rapid recovery.

Pharmacokinetics of inhaled colistin in neutropenic infected mice. Single-dose PK studies (Table
S1) were performed in neutropenic lung-infected mice after intratracheal delivery (25 �l) of colistin (2.64
and 5.28 mg base/kg) and intravenous administration (50 �l) of colistin (2.64 mg base/kg). Intratracheal
delivery of colistin was performed as described above. Animals (3 or 4 per group) were humanely killed
at 15, 30, and 60 min and 2, 4, 6, and 12 h postdose. Terminal blood and bronchoalveolar lavage (BAL)
samples were collected from each animal. BAL samples were collected by lavaging the lung with 0.5 ml
of 0.9% saline twice per animal, and for each animal the two washings during the BAL sampling were
pooled. Samples from each animal were stored separately and analyzed individually. Concentrations of
colistin in the plasma and BAL samples from different animals were determined by a validated reversed-phase
high-performance liquid chromatography (HPLC) method, with minor modifications (44, 45). Plasma and
BAL samples were deproteinized with acetonitrile (1:2 dilution) and centrifuged at 18,210 � g. The
calibration range was 0.10 to 10.0 mg/liter for plasma and 0.10 to 6.0 mg/liter for lavage samples. The
limit of quantification (LOQ) was 0.10 mg/liter for both plasma and BAL samples. The interday and
intraday reproducibility and accuracy of the HPLC assay of plasma and BAL samples were within 12% and
14.7%, respectively.

The apparent volume of the ELF (VELF) was determined using urea as an endogenous dilution marker
(18). Urea concentrations in BAL and plasma samples were determined using a QuantiChrom urea assay
kit (BioAssay Systems, California, USA). VELF was calculated as ([Urea]BAL/[Urea]Plasma) � VBAL, where
[Urea]BAL and [Urea]Plasma are urea concentrations (in micrograms per deciliter) in the plasma and BAL
fluid, respectively, and VBAL is the recovered BAL fluid volume.

Colistin concentration in ELF was determined for each animal and was calculated by multiplying the
colistin concentration in the BAL fluid by the ratio of the urea concentration in the plasma and BAL fluid:
[colistin]ELF � [colistin]BAL � ([Urea]Plasma/[Urea]BAL).

Pharmacokinetic/pharmacodynamic indices for inhaled colistin. To identify the most predictive
PK/PD index for inhaled colistin, neutropenic mice infected with P. aeruginosa were treated with colistin
at approximately 2 h postbacterial inoculation (4). The colistin regimens involved intratracheal admin-
istration of colistin over a total daily dose range of 2.64 to 23.8 mg base/kg, including once-daily 2.64,
5.28, and 7.92 mg base/kg, twice-daily 5.28 and 7.92 mg base/kg, and thrice-daily 2.64, 5.28, and 7.92 mg
base/kg (n � 3 or more animals for each group). Mice were randomly allocated into each group. Lungs
from each animal were aseptically collected at 24 h posttreatment and homogenized in 8 ml saline.
Viable counting was conducted and the bacterial load was expressed as the log10 CFU per lung (4).

Histopathology of lungs after pulmonary delivery of colistin and its prodrug, CMS. Histopatho-
logical examination was performed after treatment with inhaled colistin in the infected mice and after
inhaled colistin or CMS in healthy noninfected mice (n � 3 animals or more for each group) (Table S1).
The dosage regimens involved once-, twice-, and thrice-daily administration of colistin at 2.64, 5.28, and
7.92 mg base/kg. For CMS, an equal molar dose was administered using the same regimens as those of
colistin doses described above. Mice were euthanized, and lungs were harvested at 24 h and fixed in
formalin immediately (7). BAL fluid examination was not performed to avoid any potential effect on the
lung epithelial cells. Five layers at 5 �m each were sliced and stained with hematoxylin and eosin for
histopathological examination (Australian Phenomics Network Histopathology and Organ Pathology
Service, Victoria, Australia).

To quantify the extent of lung damage, a previous rating system was adapted (46) and the following
semiquantitative scores (SQS) were assigned: 0, no significant change; �1, mild damage; �2, mild to
moderate damage; �3, moderate damage; �4, moderate to severe damage; and �5, severe damage.

Data analysis. The unbound colistin plasma concentration in the single-dose PK study was calcu-
lated using the unbound fraction reported by Cheah et al. (4). The plasma concentration-time profile was
subjected to noncompartmental analysis to generate PK parameters (Phoenix WinNonlin software,
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version 6.3; Pharsight Corporation, Princeton, NJ, USA). The principle of superposition was applied to the
single-dose PK concentration-time profile to obtain corresponding concentration-time profiles for mul-
tiple dosage regimens (4, 39). Subsequently, the inhibitory sigmoid dose-effect model was employed to
calculate the PK/PD indices for plasma and ELF, i.e., the ratio of the area under the unbound
concentration-time profile to MIC (fAUC/MIC), the ratio of unbound peak plasma concentration to MIC
(fCmax/MIC), and the percentage of time that the unbound plasma concentration exceeded the MIC
(%fT�MIC). Various killing magnitudes of the most predictive PK/PD index were determined as previously
described (39). Monte Carlo simulation (Crystal Ball Professional V7.2.2 software; n � 10,000) was
employed to obtain the interquartile range (IQR) for the target PK/PD index.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AAC.02025-16.

TEXT S1, PDF file, 0.3 MB.
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