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Progressive respiratory failure due to Pseudomonas aeruginosa is the leading cause of morbidity and mor-
tality in patients with cystic fibrosis. The pulmonary delivery of antimicrobial agents provides high concen-
trations of drug directly to the site of infection and attains pharmacokinetic-pharmacodynamic indices
exceeding those which can be achieved with systemic dosing. MP-376 is a new formulation of levofloxacin that
enables the safe aerosol delivery of high concentrations of drug to pulmonary tissues. In vivo studies were
conducted to demonstrate the efficacy of MP-376 in models of mouse pulmonary infection. The superiority of
aerosol dosing over systemic dosing was demonstrated in models of both acute and chronic lung infection. In
a model of acute lung infection, aerosol treatment with MP-376 once or twice daily reduced the lung bacterial
load to a greater extent than aerosol tobramycin or aztreonam did when they were administered at similar or
higher doses. The bacterial killing by aerosol MP-376 observed in the lung in the model of acute pulmonary
infection translated to improved survival (P < 0.05). In a model of chronic pulmonary infection, aerosol
MP-376 had antimicrobial effects superior to those of aztreonam (P < 0.05) and effects similar to those of
tobramycin (P > 0.05). In summary, these data show that aerosol MP-376 has in vivo activity when it is used
to treat acute and chronic lung infections caused by P. aeruginosa.

Pseudomonas aeruginosa, a gram-negative opportunistic patho-
gen, remains an important cause of pulmonary infection in
patients with cystic fibrosis (CF). A majority of patients with
CF become infected with P. aeruginosa by the age of 18 years
(5, 11). Chronic infection with P. aeruginosa is associated with
morbidity and mortality in patients with CF (7, 8, 14, 17). In
addition to chronic infection with P. aeruginosa in patients with
CF, recent studies have also demonstrated an important role of
chronic infection with P. aeruginosa in patients with chronic
obstructive pulmonary disease (COPD) (16, 20).

Since achievement of an adequate antimicrobial concentra-
tion is a requirement for the successful treatment of chronic
pulmonary infections, aerosol antibiotic therapy has become a
valuable approach to treatment in patients with CF. Compared
to systemic dosing, aerosol treatment provides higher pulmo-
nary concentrations of antibiotics and reduces the systemic
level of exposure to the drug (3, 6, 27). Tobramycin inhalation
solution is currently the only aerosol antibiotic approved for
use for the treatment of bacterial infections in patients with
CF. With the aerosol administration of tobramycin, the poten-
tial for systemic toxicity is reduced and a clinical benefit has
been shown over several cycles of treatment (23); its long-term
use, however, has been associated with multiple-antibiotic-re-
sistant P. aeruginosa strains (19, 27). Thus, there is a need for
the development of different classes of aerosol antibiotics for
the treatment of chronic lung infections in patients with CF.

The fluoroquinolone levofloxacin has potent activity against

key pathogens in patients with CF, including P. aeruginosa,
with no loss of potency in CF sputum (13). Pharmacokinetic
(PK)-pharmacodynamic (PD) studies with systemically admin-
istered levofloxacin have shown that bactericidal activity and
clinical efficacy are linked to the area under the concentration-
time curve (AUC)/MIC and maximum concentration of drug
in plasma (Cmax)/MIC ratios (9, 12, 22). In addition, both in
vitro and in vivo studies have shown that high levels of expo-
sure (Cmax) relative to the MIC can reduce the rate of selection
of drug-resistant bacteria in vivo (12, 13).

Since aerosol administration of antibiotics produces drug
levels in pulmonary tissues that are higher than those that can
be produced with systemic dosing and that these increased
local levels are associated with improved efficacy, a novel aero-
sol formulation of levofloxacin, MP-376, was developed. MP-
376 is a levofloxacin solution formulated with divalent cations
and permeant ions for inhalational use. The purpose of the
studies described here was to determine the efficacy of aerosol
MP-376 in models of acute and chronic lung infection due to P.
aeruginosa.

(This work was presented in part at the 21st and 22nd
Annual North American Cystic Fibrosis Conferences, Octo-
ber 2007 and 2008, respectively [25, 26].)

MATERIALS AND METHODS

Antimicrobial agents. Levofloxacin (LKT Laboratories, St. Paul, MN), tobra-
mycin (Sicor Pharmaceuticals, Irvine, CA), and aztreonam (MP Biomedicals,
Solon, OH) were purchased from independent vendors. MP-376 was prepared at
Mpex Pharmaceuticals, Inc. Prior to the initiation of each experiment, fresh stock
solutions of each antibiotic were prepared. MP-376 was diluted in water, levo-
floxacin and tobramycin were diluted in 0.9% saline, and aztreonam was diluted
in 7% sodium bicarbonate in water.

Testing of MICs for bacterial strains. P. aeruginosa ATCC 27853 and
NH57388A (a gift from Niels Hoiby) were used in the MIC testing studies. MICs
were determined by a broth microdilution assay according to CLSI reference
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methods (2). Assays were performed in a final volume of 100 �l. The bacterial
suspensions were adjusted to yield a cell density of 5 � 105 CFU/ml. The
antibiotics were prepared at a concentration equivalent to twofold the highest
desired final concentration in culture medium and were then diluted directly into
96-well microtiter plates. Microtiter plates were incubated for 24 h at 35°C and
were read by using a microtiter plate reader (Molecular Devices) at 600 nm, as
well as by visual observation by using a microtiter plate reading mirror. The MIC
was defined as the lowest concentration of antibiotic at which the visible growth
of the organism was completely inhibited.

Mice. Female Swiss mice (age, 5 to 6 weeks) were obtained from Harlan West
Coast (Germantown, CA). All studies were performed under protocols approved
by an institutional animal care and use committee.

Preparation of pseudomonal alginate. P. aeruginosa NH57388A was cultured
in 50 ml Mueller-hinton broth (MHB) for 24 to 28 h at 37°C with shaking (170
rpm). The bacterial cells were harvested by centrifugation (23,000 � g, 30 min,
4°C) and resuspended in 3 to 6 ml of MHB. The supernatant was collected and
placed in an 80°C water bath for 30 min. Alginate was precipitated by adding the
supernatant to 150 ml of ice-cold 99% ethanol. The precipitated alginate was
collected with a sterile bacterial loop and washed several times in sterile saline.
The purified alginate was then resuspended in 10 ml of sterile saline and stirred
vigorously to form a homogeneous suspension. The alginate concentration was
measured and adjusted to a concentration of 2 to 3 mg/ml (24).

Aerosol administration of antibiotics. The antibiotics were aerosolized with a
microspray aerosol device (MicroSprayer, model IA-C; PennCentury, Philadel-
phia, PA) attached to an FMJ-250 high-pressure syringe (PennCentury). This
device produces a 16- to 22-�m mass medium-diameter spray. For administra-
tion, each mouse was anesthetized (5% isoflurane in oxygen running at 4 liters/
min) and positioned securely at a 45 to 50° angle by the upper teeth, the
microspray aerosol tip was inserted to the bifurcation, and a 50-�l volume was
administered.

Pharmacokinetics. Mice (n � 3/time point) were administered a single aerosol
dose of MP-376 at 60 mg/kg of body weight or a intraperitoneal (i.p.) dose of
levofloxacin at 20 mg/kg. The mice were killed at 0.08, 0.16, 0.25, 0.5, 0.75, 1.0,
2.0, 3.0, and 4.0 h after dosing; and their lungs were collected. Levofloxacin lung
homogenate concentrations administered as levofloxacin or MP-376 were mea-
sured by a high-pressure liquid chromatography method. Analytical standards
(0.05 to 100 mg/liter) were prepared in fresh mouse lung homogenate collected
from untreated animals. Lung homogenate or standards for both compounds
were mixed with double the volume of 4% trichloroacetic acid, vortexed, and
then centrifuged at 12,000 rpm for 10 min with a refrigerated Eppendorf 5415c
centrifuge set at 4 to 10°C. Aliquots of the supernatant (25 �l) were injected
directly onto the high-pressure liquid chromatograph by using a temperature-
controlled autoinjector set at 10°C. Standard curves of the peak area versus the
standard concentration were constructed, and the data were fit by weighted
linear regression (Excel software; Microsoft, Seattle, WA). The concentrations
of levofloxacin in the lung homogenate were calculated from these standard
curves. The lung PK parameters were determined by using the WinNonlin
program (Pharsight, Mountain View, CA).

Model of acute mouse lung infection. P. aeruginosa ATCC 27853 was grown
overnight in MHB at 35°C. The bacterial suspensions were adjusted to ca. 1 �
105 to 6 � 105 CFU/ml by correlation of the absorbance at 600 nm with prede-
termined plate counts. Female Swiss mice were made neutropenic by the i.p.
injection of 150 mg/kg cyclophosphamide (Baxter, Deerfield, IL) on days 1 and
3. On day 4, the mice were infected by the intratracheal instillation of 0.05 ml of
inoculum with a curved oral gavage tip attached to a 1-ml syringe. Antibiotic
treatments were started at 24 h postinfection and were administered once or
twice daily (BID) for 24 or 48 h. Antibiotics were aerosolized with a microspray
aerosol device. All infections and aerosol treatments were performed while the
mice were under isoflurane anesthesia (5% isoflurane in oxygen running at 4
liters/min). An untreated group of mice (n � 8) was killed prior to the initiation
of treatment to determine baseline bacterial counts. At 12 to 16 h following
administration of the last antibiotic dose, the treated animals (n � 8) were killed

by carbon dioxide asphyxiation. The lungs were removed aseptically and homog-
enized (Pro200 homogenizer; Pro Scientific, Monroe, CT) in 1 ml of sterile
saline. Serial 10-fold dilutions of the homogenized lung were plated on Mueller-
Hinton agar, and the colonies were counted. For the survival studies, mice (n �
10) were observed for 7 days after the end of treatment or for a total of 9 days
postinfection.

Model of chronic mouse lung infection. P. aeruginosa NH57388A was cultured
in 50 ml MHB for 24 to 28 h at 37°C with shaking (170 rpm). The bacterial cells
were harvested by centrifugation (23,000 � g, 30 min, 4°C) and resuspended in
3 to 6 ml of MHB (10). The bacterial suspension was diluted (1:10) in the
alginate suspension to yield about 108 CFU/ml. The initial establishment of
infection was achieved by the establishment of a transient neutropenia by ad-
ministration of a single 150-mg/kg i.p. dose of cyclophosphamide 4 days prior to
infection. On day 4, the mice were infected by use of a curved bead-tipped oral
gavage attached to a 1-ml syringe while the mice were under isoflurane anesthe-
sia. Antibiotic treatments were started at 24 h postinfection and were adminis-
tered BID for three consecutive days. Various concentrations of antibiotics were
used, and they were administered either by the i.p. route or by the aerosol route
with a microspray device. At 12 to 16 h following the last treatment, the mice
were killed, and the colony counts in the lung were determined as described
above.

Statistical analysis. Survival and lung bacterial counts were analyzed by the
log-rank test and the Mann-Whitney U test (GraphPad Prism, version 4.03),
respectively. A P value of �0.05 was considered statistically significant.

RESULTS

Susceptibility studies. The MICs of the P. aeruginosa strains
used in the animal studies are shown in Table 1. Tobramycin
was the most potent antibiotic in vitro, with MICs of �1 �g/ml;
MP-376 and levofloxacin had MICs of 1 and 2 �g/ml, respec-
tively, and aztreonam had MICs of 4 �g/ml for both strains.

PKs in mice. The lung PK parameters for MP-376 and levo-
floxacin are shown in Table 2. Aerosol administration of 60
mg/kg MP-376 produced levofloxacin AUCs and Cmaxs that
were 9- and 30-fold higher than those achieved by the dose-
normalized i.p. administration of levofloxacin.

Aerosol MP-376 versus systemic levofloxacin in models of
acute and lung chronic infection. In the model of acute lung
infection, aerosol treatment with 125, 62.5, and 32 mg/kg of
MP-376 produced 5.9, 4.3, and 2.3 log CFU reductions in the
lung bacterial counts, respectively. Systemic treatment with
125, 62.5, and 32 mg/kg of levofloxacin produced 3.5, 2.7, and
0.65 log CFU reductions, respectively (Fig. 1). The reduction
in bacterial counts with aerosol MP-376 was greater than that
observed with i.p. levofloxacin on a per dose basis (P � 0.05).

In the chronic lung infection model (Fig. 2), i.p. treatment
with 60, 30, and 15 mg/kg of levofloxacin in saline produced
0.15, 0.32, and 0.83 log increases in bacterial counts, respec-
tively. In contrast, aerosol dosing with 60, 30, and 15 mg/kg of
MP-376 produced 1.26, 0.62, and 0.07 log decreases in bacte-
rial counts, respectively. Overall, the bacterial load in the lung
was significantly lower in mice treated with aerosol MP-376
than in mice treated with systemic levofloxacin on a dose-per-

TABLE 1. MICs for the strains used in animal models

Strain
MIC (mg/liter)

MP-376 Levofloxacin Tobramycin Aztreonam

ATCC 27853 1 1 0.25 4
NH57388Aa 2 2 0.5 4

a Clinical isolate from a patient with CF.

TABLE 2. Dose-normalized lung homogenate PK parameters of
levofloxacin administered i.p. or by the aerosol route as

MP-376 in mice

Antimicrobial Route of
administration

Dose
(mg/kg)

Cmax
a

(mg/kg)
AUCa

(mg · h/kg)

MP-376 Aerosol 60 550 106
Levofloxacin i.p. 20 6.2 (18.6) 4.1 (12.3)

a The values in parentheses were normalized to 60 mg/kg.
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dose basis in both infection models (P � 0.05 for MP-376
versus the results for i.p. levofloxacin).

Aerosol MP-376, tobramycin, and aztreonam in a model of
acute lethal lung infection. To compare the effects of MP-376,
tobramycin, and aztreonam in the model of acute lung infec-
tion, mice were infected with P. aeruginosa ATCC 27853 and
were treated once or BID by the aerosol route for two con-
secutive days. Due to toxicity, the maximum dose of tobramy-
cin was limited to 60 mg/kg and the maximum dose of aztreo-
nam was limited to 400 mg/kg. In addition, due to the need for
anesthesia for treatment, the maximum number of daily doses
was limited to two.

Aerosol dosing with MP-376, tobramycin, and aztreonam
produced mean reductions of 4.10, 2.70, and 0.24 log CFU per

lung, respectively (P � 0.05 for comparison of MP-376 with
aztreonam) (Fig. 3). Of note, administration of the same total
daily dose of MP-376 as a single daily dose or a BID dose
resulted in similar reductions in the P. aeruginosa counts in the
lung.

Survival was monitored over 9 days. As shown in Fig. 4, all
untreated mice succumbed to the infection after 3 days. Treat-
ment with 800 mg/kg/day (400 mg/kg BID) aerosol aztreonam
resulted in the lowest survival rate among the survival rates
achieved with the antibiotics used in this study (20%), and the
result of treatment with 800 mg/kg/day (400 mg/kg BID) aero-
sol aztreonam was not significantly different from that of no
treatment (P � 0.05). Treatment with 120 mg/kg/day (60 mg/kg
BID) tobramycin produced a 60% survival rate, which was

FIG. 1. Comparative antibacterial activities of aerosol MP-376 and i.p. levofloxacin against P. aeruginosa ATCC 27853 in a model of acute lung
infection in mice. The treatment groups (n � 8) received two doses of antibiotics over 24 h by the i.p. or the aerosol route. The values shown are
the mean log CFU per lung � standard deviation. Aerosol MP-376 was associated with a greater reduction in bacterial counts than the same dose
of levofloxacin given i.p. (P � 0.05 for comparisons at each dose).

FIG. 2. Comparative antibacterial effects of aerosol MP-376 and i.p. levofloxacin against P. aeruginosa NH57388A in a model of chronic
infection in mice. The treatment groups (n � 8) received drug BID for 72 h by the aerosol or i.p. route. The values shown are the mean log CFU
per lung � standard deviation. Aerosol MP-376 had a greater antimicrobial effect than the same levofloxacin dose administered i.p. (P � 0.05 for
comparison of the aerosolized dose versus the same dose administered i.p.).
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statistically different from that for the controls (P � 0.05).
Treatment with 120 mg/kg/day MP-376 as either 120 mg/kg
once a day or 60 mg/kg BID produced a 100% survival rate,
which was significantly different from that for no treatment
(controls) or aztreonam treatment (P � 0.05) and which
showed a trend better than that achieved with tobramycin (P �
0.056).

Aerosol MP-376, tobramycin, and aztreonam in a model of
chronic lung infection. Aerosol MP-376, tobramycin, and az-
treonam produced mean log CFU reductions of 3.3, 2.9, and
1.25, respectively (Fig. 5). Aerosolized doses of either tobra-
mycin or MP-376 produced bacterial counts significantly lower
than those achieved with aztreonam or no treatment (control)
(P � 0.05).

DISCUSSION

Patients with CF suffer from chronic infection of the lower
respiratory tract that can be caused by one or multiple bacteria,
including P. aeruginosa. The systemic administration of antibi-
otics is a proven approach for the treatment of pulmonary
infections, but it has limitations, including toxicity and low
levels of penetration into the airway lumen and intraluminal
secretions (15, 18, 21, 29, 30). Aerosol antibiotic therapy has
overcome many of these limitations by directly targeting the
site of infection and has usefulness for the management of
chronic pulmonary infections due to P. aeruginosa (3).

Levofloxacin is a fluoroquinolone with potent activity against
key pathogens in patients with CF and COPD and demonstrated

FIG. 3. Bactericidal activities of aerosol MP-376, tobramycin, and aztreonam in a model of acute lethal lung infection due to P. aeruginosa
ATCC 27853 in mice. The treatment groups (n � 8) received drug twice a day for 48 h by the aerosol route. The values shown are the mean log
CFU per lung � standard deviation. The bacterial counts following the once-daily or BID administration of MP-376 were lower than those
following aztreonam treatment (P � 0.05).

FIG. 4. Effects of aerosol MP-376, tobramycin, and ATM on survival in a model of lethal lung infection due to P. aeruginosa ATCC 27853. Five
groups of infected mice (n � 10) were treated with MP-376, tobramycin, and aztreonam by the use of an aerosol microspray device for 48 h.
Survival was monitored through day 9 following infection. Both regimens of MP-376 resulted in 100% survival and were superior to aztreonam and
tobramycin.
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efficacy against pulmonary infections due to gram-positive and
gram-negative pathogens. Studies with levofloxacin demon-
strate that it has concentration-dependent bacterial killing,
with the AUC/MIC and the Cmax/MIC ratios being the key
PK-PD indices for the establishment of efficacy and reducing
the emergence of resistance (9, 12, 22).

MP-376 is a novel formulation of levofloxacin for aerosol
administration in clinical development for the management of
chronic pulmonary infections in patients with CF and COPD.
The aerosol delivery of MP-376 directly to the lung has the
potential to increase the local concentration of levofloxacin at
the site of infection, thereby enhancing the level of bacterial
killing compared to that achieved by systemic administration.
Our in vivo studies show that aerosol dosing of MP-376 pro-
duces greater bacterial killing than systemic dosing in models
of both acute and chronic P. aeruginosa lung infection.

Tobramycin inhalation solution is currently the only FDA-
approved antibiotic for the inhalation treatment of chronic
lung infections caused by P. aeruginosa in patients with CF.
Studies of long-term treatment with aerosol tobramycin have
shown that it selects for resistant bacteria and has a limited
effect on reducing the bacterial loads in sputum among pa-
tients with CF infected with P. aeruginosa (28). Aztreonam, a
monbactam antibiotic, is currently in phase III clinical devel-
opment for the treatment of patients with CF infected with P.
aeruginosa. While fluoroquinolones (MP-376, levofloxacin)
and aminoglycosides (tobramycin) have concentration-depen-
dent antibacterial effects (Cmax/MIC or AUC/MIC), monobac-
tams like aztreonam have time-dependent antibacterial effects;
thus, the percentage of the dosing interval during which the
concentrations exceed the MIC is linked to the antibacterial

effects (1, 4); as such, more frequent dosing of these com-
pounds is required to achieve optimal efficacy.

In comparisons of the antibacterial activity of MP-376 with
the activities of tobramycin and aztreonam, MP-376 reduced
the lung bacterial load to a similar or greater extent than that
observed with aerosol tobramycin and aztreonam when they
were used at similar or higher doses (Fig. 3 and 5). This greater
reduction in bacterial load in the lungs translated to improved
survival (Fig. 4).

Current aerosol dosing regimens for the treatment of
chronic lung infection require multiple daily administrations,
resulting in inconvenience for patients and poor adherence to
treatment (31). As noted above, the efficacy of fluoroquinolo-
nes in vivo is linked to high Cmax/MIC and AUC/MIC ratios
and not the duration of time during which the concentration
remains above the MIC. Thus, drugs like MP-376 (levofloxa-
cin) would be ideal for use for prolonged dosing intervals (e.g.,
once daily). Comparisons of single daily dosing versus BID
dosing of MP-376 showed that they resulted in comparable
levels of bacterial killing and survival. These data suggest that
once-daily treatment with MP-376 may be possible in humans.
The clinical evaluation of aerosol MP-376 for the treatment of
chronic pulmonary infections in patients with CF and COPD is
in progress.
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FIG. 5. Bactericidal activities of aerosol MP-376, tobramycin, and aztreonam in a model of chronic lung infection due to P. aeruginosa
NH57388A. The treatment groups were treated BID for three consecutive days by the aerosol route. The values shown are the mean log CFU per
lung � standard deviation. Aerosol MP-376 resulted in lower bacterial counts than aztreonam or no treatment (control) (P � 0.05).
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