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Abstract

The bactericidal effectiveness of liposomal polymyxin B against Pseudomonas aeruginosa was investigated in an animal model of
pulmonary infection. Polymyxin B was incorporated into liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and cholesterol (Chol) (2:1). Lung infection was induced in rats following intratracheal instillation of 107 colony-forming units (CFU) of
P. aeruginosa (ATCC 27853) embedded in agar beads. Starting on day 3 post-infection, animals were treated daily, for 3 consecutive days,
with saline, empty liposomes, free polymyxin B, or liposomal polymyxin B (2 mg polymyxin B/kg body weight) by intratracheal
instillation; animals were killed 24 hr after the third drug instillation. Treatment of infected animals with liposomal polymyxin B
significantly reduced the pulmonary bacterial counts (3.7 + 0.4 log CFU/paired lungs) as compared with that of free polymyxin B
(5.1 £ 0.2 log CFU/paired lungs). Treatment of infected animals with empty liposomes gave pulmonary bacterial counts similar to those
obtained from the saline-treated group. Pulmonary infection with P. aeruginosa also resulted in lung injury as evidenced by increases in
wet lung weight and decreases in angiotensin converting enzyme activity as well as increases in myeloperoxidase activity, an index of the
inflammatory response. Treatment with free polymyxin B ameliorated the lung injuries induced by the microorganism, a protective effect
that was more pronounced in the liposomal polymyxin B-treated group. The levels of polymyxin B in the lungs of the infected animals
treated with the liposomal suspension were significantly higher (42.8 + 6.2 pg/paired lungs) compared with those treated with the free
drug (8.2 4 0.4 pg/paired lungs). These data suggest that direct delivery of liposomal polymyxin B to the lung can be effective in the
treatment of pulmonary infection with P. aeruginosa by enhancing retention of the antibiotic in the lung.

Crown Copyright © 2002 Published by Elsevier Science Inc. All rights reserved.
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1. Introduction

Pseudomonas aeruginosa is a Gram-negative opportu-
nist pathogen that can cause serious nosocomial infection
[1] and has been the cause of serious illness in various
debilitated patients, especially those with burn wounds,
battlefield injuries, organ transplant, and respiratory dis-
eases including cystic fibrosis [2—4]. The mortality rate
from P. aeruginosa sepsis is high and exceeds the rates
from all other Gram-negative agents [5].

* Corresponding author. Tel.: +1-416-635-2150; fax: +1-416-635-2104.

E-mail address: zach.suntres@dciem.dnd.ca (Z.E. Suntres).

Abbreviations: ACE, angiotensin converting enzyme; CFU, colony-
forming units; Chol, cholesterol; DPPC, 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine; LPS, lipopolysaccharide; MIC, minimum inhibitory
concentration; MPO, myeloperoxidase; PLA,, phospholipase A,.

In patients with pulmonary infections, particularly those
with cystic fibrosis, the pharmacokinetics of the adminis-
tered antibiotics are usually altered, thus necessitating the
prolonged administration of excessive dosages [6], which,
in turn, can lead to the development of adverse side-effects
and antibacterial resistance. More recent studies, however,
have shown that the encapsulation of antimicrobial agents
within liposomes increases their intracellular delivery to
specific target cells and subsequently increases their anti-
microbial effects [7-9].

Polymyxin B is a polycationic peptide antibiotic known to
have potent bactericidal activity against a broad range of
Gram-negative bacteria [10] with no clinically significant
activity against Gram-positive organisms or fungi [11].
Polymyxin B exerts its bactericidal action by interacting
with acidic phospholipids and LPSs of bacterial membranes,
thus disrupting the structure and function of the outer cell

0006-2952/02/$ — see front matter. Crown Copyright © 2002 Published by Elsevier Science Inc. All rights reserved.

PII: S0006-2952(02)01346-1



1410 A. Omri et al./Biochemical Pharmacology 64 (2002) 1407-1413

Table 2
Antibacterial effect of liposomal polymyxin B on P. aeruginosa in an
experimental model of chronic lung infection

Table 3
Polymyxin B levels in the lungs, kidneys, and serum of infected animals
treated with free polymyxin B or liposomal polymyxin B

Treatment Bacterial count
(log CFU/paired lungs)
Saline 6.0 +0.3
Empty liposomes 62 £0.2
Free polymyxin B 514+02
Empty liposomes + free polymyxin B 574+03
Liposomal polymyxin B 3.7 +£04

Three days after the infection of rats with P. aeruginosa (107 CFU/
100 pL, i.t.), they were treated intratracheally, on a daily basis, with either
saline, empty liposomes, free polymyxin B (500 pg), empty liposomes
(90 pmol) + free polymyxin B, or liposomal polymyxin B (500 pg in
90 pmol lipid) for 3 consecutive days. The rats were killed 24 hr after
receiving the last dose. Each value represents the mean = SEM for 6
animals from a representative experiment.

“ Significantly different (P < 0.05) from the value obtained from
infected animals treated with free polymyxin B.

liposomal polymyxin B when compared to those of free
polymyxin B were lower for all the bacterial strains
examined.

3.3. Bactericidal effectiveness of free or liposomal
polymyxin B in the lungs of infected rats

The results presented in Table 2 compare the in vivo
bactericidal effect of polymyxin B encapsulated in lipo-
somes with that of free polymyxin B. Treatment with
liposomal polymyxin B was more effective in reducing
the bacterial counts (3.7 + 0.4 log CFU/paired lungs) in
the lungs of infected animals than treatment with
free polymyxin B (5.1 £0.2log CFU/paired lungs).
Treatment of infected animals with empty liposomes
(6.2 = 0.2 log CFU/paired lungs) did not have any sig-
nificant bactericidal effect when compared with that of the
saline-treated group (6.0 £0.3 log CFU/paired lungs),
while treatment with empty liposomes plus free poly-
myxin B (5.7 & 0.3 log CFU/paired lungs) had lung bac-
terial counts similar to that of the free polymyxin
B-treated group.

3.4. Antibiotic levels in the lungs, kidneys, and serum
of infected animals treated with free or liposomal
polymyxin B

As shown in Table 3, the lung antibiotic level
(42.8 £ 6.2 ug/paired lungs) 24 hr after intratracheal
administration of the last dose of liposomal polymyxin B
was about 5 times higher than that of animals administered
free polymyxin B (8.2 & 0.4 ng/paired lungs). No antibiotic
was found in the kidneys or serum of the liposomal poly-
myxin B-treated group, while 3.4 & 0.1 pg/organ weight
and 1.0 + 0.1 pg/mL were found in kidneys and serum,
respectively, in the group of animals treated with free
polymyxin B.

Treatment Polymyxin B concentration
Lungs Kidneys Serum
(ng/paired lungs)  (pg/kidneys)  (pug/mL serum)
Free polymyxin B 82 £ 0.4 34+ 0.1 1.0 £ 0.1
Liposomal 428 +6.2° ND ND

polymyxin B

Rats were treated intratracheally with either free or liposomal
polymyxin B and were killed 24 hr after receiving the last dose. Each
value represents the mean = SEM for 5-6 animals from a representative
experiment. ND = not detected.

*Signiﬁcantly different (P < 0.05) from the value obtained from
infected animals treated with free polymyxin B.

3.5. Effect of treatment with free or liposomal polymyxin
B on wet lung weights and ACE activity

Infection of lungs with P. aeruginosa resulted in sig-
nificant increases (132% of value from uninfected animals)
in wet lung weights, indicative of lung edema (Fig. 1). The
increases of the lung weights were lower in the liposomal
polymyxin B-treated group (34% of value from uninfected
animals) than in rats treated with free polymyxin B (67% of
value from uninfected animals). Treatment of animals with
empty liposomes did not alter the P. aeruginosa-induced
lung weight increases. The wet lung weight in animals
treated with empty liposomes and free polymyxin B was
reduced significantly, and it was found to be similar to that
observed for free polymyxin B.

ACE, localized primarily in pulmonary capillary
endothelial cells, has been used as a marker of lung injury
[24]. Infection of lungs with P. aeruginosa resulted in a
dramatic reduction (43%) in ACE activity (Fig. 1), suggest-
ing that the capillary endothelial cells are adversely affected.
Treatment of animals with saline or empty liposomes did not
alter the P. aeruginosa-induced decreases in ACE activities
significantly. On the other hand, treatment of animals with
free polymyxin B or liposomal polymyxin B ameliorated the
P. aeruginosa changes in ACE activities with the effect of
the liposomal preparation being far superior (Fig. 1).

3.6. Effect of treatment with free or liposomal polymyxin
B on MPO and PLA> activities

In the present study, infiltration and activation of neu-
trophils in the lungs of infected animals were assessed
indirectly by measuring the activities of MPO and PLA,
(Fig. 2). Infection of animals with P. aeruginosa resulted in
significant increases in pulmonary MPO activity (3-fold),
suggestive of neutrophil infiltration. Also, pulmonary
infection was associated with increases in PLA, concen-
tration (3.3-fold increase), suggestive of stimulation of
the inflammatory cascade. Treatment of animals with
either saline or empty liposomes did not alter significantly
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Fig. 1. Changes in wet lung weights (upper panel) and ACE activities
(lower panel) in rats chronically infected with P. aeruginosa and treated
intratracheally with free polymyxin B (PmB) or liposomal polymyxin B
(L-PmB) or empty liposomes (EL). Treatment was initiated 3 days after
the instillation of P. aeruginosa (10" CFU/animal) and was administered
daily, for 3 consecutive days. Rats were killed 24 hr after the final
antibiotic dosage. Values represent the means + SEM from 5-6 animals
per group from a representative experiment. Key: (x) significantly different
(P < 0.05) from the corresponding value obtained from non-infected
animals treated with saline; (xx) significantly different (P < 0.05) from the
corresponding value from infected animals treated with saline; and (#)
significantly different (P < 0.05) from the corresponding value from
infected animals treated with free polymyxin B.

the inflammatory responses to the pulmonary infection. In
contrast, treatment of infected animals with free polymyxin
B or liposomal polymyxin B reduced the P. aeruginosa-
induced changes in MPO concentration significantly
(48 and 73% reduction, respectively) and PLA, concentra-
tion (15 and 48% reduction, respectively).

4. Discussion

Polymyxin B is a cationic polypeptide antibiotic effec-
tive in the treatment of Gram-negative bacterial infections.
Its clinical use, however, is limited due to its toxic effects,
the most important being nephrotoxicity and neuromus-
cular blockade. Incorporation of antibiotics in liposomes is
known to enhance their antibacterial activities while mini-
mizing their toxic effects [7-9,18,25]. In the present study,
we demonstrated that polymyxin B can be incorporated
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Fig. 2. Changes in pulmonary MPO concentration (upper panel) and PLA,
concentration (lower panel) in rats chronically infected with P. aeruginosa
and treated intratracheally with free polymyxin B (PmB), liposomal
polymyxin B (L-PmB), or empty liposomes (EL). Treatment was initiated
3 days after the instillation of P. aeruginosa (107 CFU/animal) and was
administered daily, for 3 consecutive days. The rats were killed 24 hr after
the final antibiotic dosage. Values represent the means + SEM from 5-6
animals per group from a representative experiment. Key: (x) significantly
different (P < 0.05) from the corresponding value obtained from non-
infected animals treated with saline; () significantly different (P < 0.05)
from the corresponding value from infected animals treated with saline;
and (#) significantly different (P < 0.05) from the corresponding value
from infected animals treated with free polymyxin B.

into liposomes for pulmonary delivery. DPPC was used to
prepare liposomes for pulmonary delivery because it is the
major lipid component of surfactant and is relatively non-
toxic [26].

In this study, our results indicated that the encapsulation
of polymyxin B in DPPC/Chol liposomes generally
enhanced its in vitro antibacterial activity against several
strains of Gram-negative bacteria; however, the precise
mechanism(s) for this action cannot be delineated at the
present time. The failure of a combination of free poly-
myxin B and empty liposomes to exert an antimicrobial
effect better than that of free drug suggests that liposomal
encapsulation is required for improved drug efficacy. It is
possible that, as in the case of liposomal aminoglycosides,
the enhanced antimicrobial activity exerted by liposomal
antibiotics may be attributed to the fusional interaction
between membrane phospholipids of liposomes and bac-
terial cells [27,28].
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The in vivo bactericidal activity of polymyxin B was also
improved significantly in infected lungs when the antibio-
tic was delivered as a liposomal formulation. Treatment of
animals with liposomal polymyxin B or free polymyxin B
resulted in significant reductions in the bacterial counts in
lungs of animals infected with P. aeruginosa; the reduction
in the bacterial count was more pronounced in the group of
animals treated with the liposomal drug. An improved
therapeutic index resulting from encapsulation of antimi-
crobial drugs within liposomes has been demonstrated
against experimental infections caused by several micro-
organisms [7,18,29], and to a great extent, it has been
attributed to the ability of liposomes to facilitate the
transfer of antibiotics into bacteria [28].

The improved effectiveness of the liposomal antibiotic
over the free drug may be due to the increased availability
of polymyxin B at the site of infection, namely the lungs.
The content of polymyxin B in the lungs of infected
animals treated with the liposomal suspension was
42.8 + 6.2 pg/paired lungs, while in those treated with
the free drug it was 8.2 £ 0.4 pg/paired lungs. Also, the
absence of measurable quantities of polymyxin B in kid-
neys and serum of animals treated with liposomal poly-
myxin B suggests that most of the liposomal polymyxin B
did not escape into the general circulation. Moreover, since
polymyxin B was measured by a bactericidal assay, the
measurable antibiotic remaining in the lungs must still be
pharmacologically active. Although the lipid component of
the liposomal formulation did not exhibit any antibacterial
activity, it perhaps facilitates uptake by phagocytic cells
where the bacteria reside.

In addition to its superior antimicrobial activity, lipo-
somal polymyxin B also appears to be capable of reducing
the extent of lung injury in animals infected with P.
aeruginosa. In this study, lung injury was evidenced by
increased wet lung weights (indicative of edema) and
decreased ACE activity (indicative of alveolar endothelial
cell injury) [24] in infected animals. The increase in lung
weight could be due to an increased leakage of the capil-
lary-alveolar barrier induced by inflammatory cells in
response to infection. Indeed, infection of lungs with P.
aeruginosa resulted in significant increases in MPO and
PLA, activities, suggestive of neutrophil infiltration and
activation. The ability of liposomal polymyxin B to further
reduce the number of viable bacteria would result in a
lesser degree of inflammation.

Another explanation for the improved effectiveness of
the liposomal polymyxin B in ameliorating lung injury
may be attributed to the ability of the antibiotic to neu-
tralize LPS. LPS, a component of Gram-negative bacteria,
has been shown to induce neutrophil activation and adher-
ence to microvascular endothelial cells, leading to neu-
trophil accumulation and endothelial cell injury, which
results in leakage across the microvascular basement
membrane [30]. It has been demonstrated that administra-
tion of polymyxin B prior to or concurrently with LPS

administration alleviates the lung injury and edema due to
its potent LPS-neutralizing properties [31,32]. In our study,
the levels of polymyxin B remaining in the lungs of
infected animals were significantly high, possibly allowing
the antibiotic to sequester LPS released from dying bac-
teria.

Detectable levels of polymyxin B in the serum and
kidneys of animals treated with polymyxin B are evidence
to suggest that the antibiotic accumulates in the kidneys of
animals. It is well known that the clinical use of polymyxin
B is limited due to its nephrotoxic action. In the present
study, the nephrotoxic action of polymyxin B was not
assessed, but we failed to detect polymyxin B in the serum
and kidneys of animals treated with the liposomal anti-
biotic. In light of these observations, it is conceivable that
the administration of polymyxin B as a liposomal suspen-
sion would be less nephrotoxic, since the extent of nephro-
toxicity depends on the accumulation of the drug in the
kidneys.

The potential use of liposomes as a carrier system for
drug delivery to the lungs has been reviewed by many
investigators [16,17,19,33]. It has been demonstrated that
liposomes, due to their slow and sustained release of
entrapped drugs, may enhance the efficacy of drugs at
the site of action. In addition, diffusion of antibiotic
through bacterial external envelopes of a resistant strain
of P. aeruginosa [28] has been promoted by its incorpora-
tion into liposomes. In the present study, the therapeutic
effectiveness of liposomal polymyxin B, administered
intratracheally to the lungs of rats infected with P. aeru-
ginosa, was demonstrated. Thus, liposomal polymyxin B
appears promising in the management of pseudomonal
pulmonary infection.
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