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Pexiganan, a 22-amino-acid antimicrobial peptide, is an analog of the magainin peptides isolated from the
skin of the African clawed frog. Pexiganan exhibited in vitro broad-spectrum antibacterial activity when it was
tested against 3,109 clinical isolates of gram-positive and gram-negative, anaerobic and aerobic bacteria. The
pexiganan MIC at which 90% of isolates are inhibited (MIC90) was 32 mg/ml or less for Staphylococcus spp.,
Streptococcus spp., Enterococcus faecium, Corynebacterium spp., Pseudomonas spp., Acinetobacter spp., Stenotro-
phomonas spp., certain species of the family Enterobacteriaceae, Bacteroides spp., Peptostreptococcus spp., and
Propionibacterium spp. Comparison of the MICs and minimum bactericidal concentrations (MBCs) of pexi-
ganan for 143 isolates representing 32 species demonstrated that for 92% of the isolates tested, MBCs were the
same or within 1 twofold difference of the MICs, consistent with a bactericidal mechanism of action. Killing
curve analysis showed that pexiganan killed Pseudomonas aeruginosa rapidly, with 106 organisms/ml eliminated
within 20 min of treatment with 16 mg of pexiganan per ml. No evidence of cross-resistance to a number of
other antibiotic classes was observed, as determined by the equivalence of the MIC50s and the MIC90s of pexi-
ganan for strains resistant to oxacillin, cefazolin, cefoxitin, imipenem, ofloxacin, ciprofloxacin, gentamicin, and
clindamicin versus those for strains susceptible to these antimicrobial agents. Attempts to generate resistance
in several bacterial species through repeated passage with subinhibitory concentrations of pexiganan were
unsuccessful. In conclusion, pexiganan exhibits properties in vitro which make it an attractive candidate for
development as a topical antimicrobial agent.

A recently emerged class of antibiotics with potential for use
as human therapeutic agents is the antimicrobial peptides of
animal origin (7). Over the past 15 years, more than 100 anti-
microbial peptides, including magainins, cecropins, protegrins,
and defensins, have been discovered in animals ranging from
insects to humans (16, 20, 26). These peptides represent com-
ponents of the system of host defense commonly called “innate
immunity” and are used by animals to effectively deal with mi-
crobes in their environment (2, 9, 19, 21). Antimicrobial pep-
tides selectively damage the membranes of bacteria through
mechanisms which bacteria should theoretically find difficult to
evade (2, 7, 16, 17). Among these animal-derived antibiotics
are the magainins, discovered in the skin of the African clawed
frog Xenopus laevis more than 12 years ago (8, 9, 12, 22, 24, 26).
Through a series of amino acid substitutions and deletions,
pexiganan (MSI-78) was constructed. Pexiganan exhibited an
enhanced potency relative to that of magainin 2 against both
gram-positive and gram-negative bacteria in several prelimi-
nary studies (3, 9). Pexiganan has been developed as a thera-
peutic antimicrobial agent for the topical treatment of infected
diabetic foot ulcers (10).

In this paper, we report on the aspects of the in vitro activity
of pexiganan relevant to its use as a topical anti-infective agent.
A total of 3,109 clinical isolates including gram-positive and
gram-negative microbes were screened for their susceptibilities
to pexiganan. The results indicate that pexiganan is a broad-
spectrum bactericidal peptide antibiotic.

MATERIALS AND METHODS

Organisms. The microbial isolates tested were predominantly recent clinical
isolates obtained from hospitals throughout the United States.

Agents. The pexiganan (Gly-Ile-Gly-Lys-Phe-Leu-Lys-Lys-Ala-Lys-Lys-Phe-
Gly-Lys-Ala-Phe-Val-Lys-Ile-Leu-Lys-Lys-NH2; molecular weight, 2478 [free
peptide base]) used in the study was chemically synthesized by solid-phase pro-
cedures and was purified chromatographically by previously described proce-
dures (26) at either Magainin Pharmaceuticals Inc. (MPI) or Bachem Bioscience
(Torrance, Calif.). MSI-214, a peptide identical in sequence to pexiganan but
comprising all D-amino acids, was synthesized and purified at MPI. Both pexi-
ganan and MSI-214 were dissolved in deionized water before use. Imipenem was
purchased from Merck Sharp & Dohme Research Laboratories (Rahway, N.J.),
and ciprofloxacin was purchased from Miles, Inc. (West Haven, Conn.). Other
antimicrobial agents were supplied by Sigma Chemical Co. (St. Louis, Mo.).
Mueller-Hinton broth (MHB) and nutrient broth were supplied by Becton Dick-
inson Microbiology Systems (Cockeysville, Md.).

Antimicrobial testing. The antimicrobial tests were carried out at three testing
sites: MPI in Plymouth Meeting, Pa.; MRL Pharmaceutical Services Inc. in
Franklin, Tenn. (the testing laboratory site is in Cypress, Calif.); and the Wads-
worth Anaerobe Laboratory in Los Angeles, Calif. The method used to deter-
mine the MICs was the National Committee for Clinical Laboratory Standards
(NCCLS) broth microdilution assay in microtiter plates (14, 15), with the excep-
tion that some isolates were initially tested (at the MPI site) in a total broth
volume of 200 ml instead of 100 ml. In order to avoid any potential effect of
cations in the test medium on the antimicrobial activity of pexiganan, the broth
used for the testing of most aerobic bacteria with pexiganan was unsupplemented
MHB. Anaerobe MIC broth (Wilkins-Chalgrin) was generally used in the MIC
assays for anaerobic bacteria. If needed, 3% horse serum was added to the broth
for MIC assays with anaerobic bacteria. The susceptibility and resistance break-
points for the antibiotics other than pexiganan were based on NCCLS guidelines.

The minimum bactericidal concentrations (MBCs) were determined according
to NCCLS guidelines (13). The killing curve assay was performed on the basis of
a previously published standard protocol (11). The experiment was done in
duplicate. Cells from the logarithmic phase of growth were collected and were
incubated at 37°C with different concentrations of pexiganan in a total volume of
5 ml of cation-adjusted MHB (105 to 106 organisms/ml). At different time points,
0.1 ml of the culture was collected and was mixed with 25 ml of molten agar for
the preparation of agar pour plates. Since the drug had been diluted at least
250-fold in the plates, the antibiotic carryover effect was minimal. In addition, to
obtain appropriate numbers of CFU in an individual plate (fewer than 150
colonies/plate) to ensure accurate colony counting, 0.2 ml of the culture was
taken from different time points, and a series of 10-fold dilutions (1021 to 1027)
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was prepared. Then, 0.1 ml of these diluted cells was used to prepare the plates
as described above. The plates were incubated overnight at 37°C.

In vitro resistance study. In brief, the in vitro passage study involved the
incorporation of pexiganan into Mueller-Hinton agarose at a concentration of

one-half the previously established MIC determined by a broth microdilution
assay. Agarose was used to replace agar as the support matrix in the in vitro
passage study since our preliminary experimental results indicated that alginic
acid, a major anionic component in agar, binds to pexiganan and significantly

TABLE 1. Distribution of MICs of pexiganan for aerobic bacteria

Microorganism No. of
isolates

No. of strains for which the MIC (mg/ml) is as follows: MIC (mg/ml)

#0.25 0.5 1 2 4 8 16 32 64 128 256 .256 50% 90%

Aerobes
Gram-positive aerobes

Staphylococcus aureus 512 6 53 332 93 24 4 8 16
Staphylococcus epidermidis 137 1 54 45 28 8 1 4 8
Staphylococcus haemolyticus 50 10 24 12 4 4 8
Other coagulase-negative

staphylococcia
117 14 43 54 3 1 2 8 8

Streptococcus agalactiae 105 48 35 13 9 8 16
Streptococcus pyogenes 253 118 95 28 8 1 1 2 4 8
Streptococcus sanguis 30 1 1 4 2 1 6 4 3 8 64 .256
Other streptococcic 83 1 16 32 26 5 2 1 8 16
Enterococcus faecalis 101 1 1 6 13 37 32 11 128 .256
Enterococcus faeciumb 10 9 1 4 4
Micrococcus spp. 37 10 8 15 4 4 8
Corynebacterium spp.d 49 2 6 31 6 3 1 4 8

Gram-negative aerobes
Acinetobacter baumanii 113 13 49 38 13 2 8
Alcaligenes faecalis 24 2 1 5 5 2 2 4 1 2 16 256
Citrobacter diversus 78 7 53 16 1 1 8 16
Citrobacter freundii 105 4 72 29 8 16
Enterobacter aerogenes 102 23 63 13 3 16 32
Enterobacter cloacae 117 3 37 48 13 7 5 2 2 16 64
Escherichia coli 137 2 6 13 37 54 20 5 16 32
Klebsiella oxytoca 100 3 46 44 5 1 1 16 16
Klebsiella pneumoniae 123 4 47 55 15 1 1 8 16
Pseudomonas aeruginosa 150 1 20 45 58 18 6 2 16 32
Other Pseudomonas spp.e 35 9 16 8 2 8 16
Stenotrophomonas

maltophilia
124 10 31 56 22 5 8 16

Anaerobes
Gram-positive anaerobes

Clostridium innocuum 26 1 5 11 6 1 1 1 8 16
Clostridium perfringens 31 7 4 3 7 5 2 3 16 64
Clostridium ramosum 24 1 11 9 3 4 16
Clostridium sporogenes 20 6 9 5 8 16
Peptostreptococcus anaerobius 23 1 5 2 7 4 2 1 1 8 32
Peptostreptococcus magnus 29 2 1 3 8 9 3 1 1 1 2 8
Peptostreptococcus prevotii 25 2 8 7 6 2 2 4
Propionibacterium acnes 33 3 6 18 4 2 4 8

Gram-negative anaerobes
Bacteroides distasonis 30 1 2 8 17 2 4 4
Bacteroides fragilis 34 1 1 11 19 1 1 4 4
Bacteroides ovatus 20 17 2 1 4 8
Bacteroides thetaiotaomicron 35 1 1 12 13 5 1 1 1 4 8
Fusobacterium nucleatum 29 3 9 6 6 3 2 8 64
Prevotella bivia 35 1 1 17 3 4 7 2 4 32
Prevotella melaninogenica 22 1 4 9 2 3 1 2 4 64

Total 3,108 14 3 44 353 711 1,073 563 150 62 61 44 30

a Includes 32 Staphylococcus hominis, 30 Staphylococcus simulans, 27 Staphylococcus warneri, and 27 Staphylococcus xylosus isolates and 1 Staphylococcus intermedius
isolate.

b All isolates were vancomycin resistant (MIC, .32 mg/ml).
c Includes 38 Streptococcus bovis (group D), 11 Streptococcus group C, and 29 Streptococcus group G isolates, 1 Streptococcus salivarius isolate, 3 Streptococcus

equisimilis isolates, and 1 Streptococcus mitis isolate.
d Includes 24 Corynebacterium xerosis, 10 C. minutissimum, 7 C. striatum, 3 Corynebacterium group ANF, 2 Corynebacterium group B, and 2 Corynebacterium group

G2 isolates and 1 Corynebacterium group I isolate.
e Includes 17 Pseudomonas fluorescens, 10 Pseudomonas putida, 2 Pseudomonas stutzeri, 2 Pseudomonas pickettii, and 2 Pseudomonas species isolates and 1 isolate each

of Pseudomonas paucimobilis and Pseudomonas vesicularis.
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inhibits its antimicrobial activity (data not shown). The organisms were cultured
in duplicate on the agarose plates (both antibiotic-containing and control plates)
for 7 to 14 sequential passages. For each organism, the MIC was determined
prior to the initiation of the study, after the 4th passage, after the 7th passage,
and in some cases, after the 11th and 14th passages. If the MIC after the fourth
passage was greater than 1 twofold dilution higher than the original MIC, then
for passes 5, 6, and 7, the amount of pexiganan in the agarose was increased to
one-half of that new MIC. A similar approach was also used in the instances in
which 14 passages were conducted.

RESULTS AND DISCUSSION

In vitro antibacterial activity. A total of 3,108 clinical iso-
lates were tested, including 2,692 aerobes and 416 anaerobes.
The MICs at which 50 and 90% of isolates are inhibited
(MIC50s and MIC90s) and the distributions of MICs for these
organisms are summarized in Table 1. Pexiganan demon-
strated potency against gram-positive and gram-negative aer-
obes and anaerobes. Among all the gram-positive aerobic mi-
crobes tested except Streptococcus sanguis and Enterococcus
faecalis, 90% of staphylococci, streptococci, vancomycin-resis-
tant Enterococcus faecium (VREF), Micrococcus spp., and
Corynebacterium spp. were inhibited by pexiganan at a concen-
tration of 16 mg/ml or less. Pexiganan exhibited potency against
the majority of gram-negative aerobic bacteria tested, such as
members of the family Enterobacteriaceae, Pseudomonas spp.,

Acinetobacter baumannii, and Stenotrophomonas maltophilia,
and 90% of clinical isolates of these species were inhibited by
pexiganan at 64 mg/ml or less. Three species (Alcaligenes fae-
calis, S. sanguis, and E. faecalis) were less sensitive to pexiga-
nan (MIC90s, $256 mg/ml), but the MIC50s of pexiganan for
these three species were 16 mg/ml (A. faecalis), 64 mg/ml
(S. sanguis), and 128 mg/ml (E. faecalis). The anaerobes tested,
including Clostridium spp., Peptostreptococcus spp., Bacteroides
spp., Prevotella spp., Fusobacterium nucleatum, and Propi-
onibacterium acnes, were generally more sensitive to pexiganan
than aerobic bacteria, and 90% of these isolates were inhibited
by pexiganan at a concentration of 64 mg/ml or less. Pexiganan
was most active against Bacteroides spp. and P. acnes, with an
MIC90 of #8 mg/ml.

In order to establish reference MICs for pexiganan, we
tested a number of strains from the American Type Culture
Collection (ATCC) for their sensitivities to pexiganan. As in-
dicated in Table 2, the MICs for the ATCC strains were gen-
erally consistent with those for the clinical isolates tested (Ta-
ble 1 and 2). Of these ATCC strains, Haemophilus influenzae,
Helicobacter pylori, Streptococcus pneumoniae, and Veillonella
parvula, clinical strains of which had not been tested in this
study, were also inhibited by pexiganan (MICs, #32 mg/ml).
The MIC of pexiganan was .256 mg/ml for Proteus mirabilis
and Serratia marcescens, as noted previously for magainins
(26).

The broad antibacterial spectrum of pexiganan is consistent
with the antibacterial spectrum previously observed for anti-
microbial peptides of animal origin (2, 7, 9) and confirms a
recently published preliminary study of the activity of pexiga-
nan (3). The antimicrobial spectrum of pexiganan is broader
than those of the current commercially available peptide anti-
biotics, such as polymyxin B or polymyxin E. Although the
antimicrobial activities of polymyxin and pexiganan against
many species of gram-negative bacteria are comparable, poly-
myxin exhibits no significant activity against gram-positive bac-
teria, such as staphylococci (11).

Use of pexiganan composed of all D-amino acids (MSI-214)
to elucidate mechanisms of resistance. MSI-214 is an analog of
pexiganan. Its amino acid sequence is identical to that of pexi-
ganan, but it is composed of all D-amino acids and it is resistant
to the actions of known natural peptidases (1, 23). To under-
stand whether proteolytic degradation plays a role in the re-
sistance of certain bacterial species to pexiganan, we compared
the MIC of pexiganan with that of MSI-214 for nine species.
Included were comparisons of both more sensitive organisms
(i.e., VREF and Micrococcus luteus) and less sensitive organ-
isms (i.e., P. mirabilis and S. marcescens). As shown in Table 2,
the differences in MICs between the L and the D forms of pexi-
ganan were less than 2 twofold dilutions for the same species of
bacterium. MSI-214 showed a slightly enhanced activity only
against E. faecalis. In addition, intact pexiganan peptide could
be recovered from the culture medium following overnight
growth of P. mirabilis and S. marcescens (data not shown). The

TABLE 2. MICs of pexiganan and all-D-amino-acid pexiganan
(MSI-214) for ATCC reference strains

ATCC strain
MIC (mg/ml)

Pexiganan MSI-214

Staphylococcus aureus ATCC 29213 8–16 16
Staphylococcus aureus ATCC 33591

(methicillin resistant)
16–32 NDa

Staphylococcus epidermidis ATCC 12228 2–4 ND
Enterococcus faecium ATCC 51559

(vancomycin resistant)
8 4

Enterococcus faecalis ATCC 29212 64 16
Group A Streptococcus ATCC 49399 4 ND
Streptococcus pneumoniae ATCC 49619 32 ND
Streptococcus bovis ATCC 49133 4 4
Bacillus cereus ATCC 11778 8 ND
Micrococcus luteus ATCC 4698 2 2–4
Corynebacterium group A ATCC 49676 2–4 ND
Escherichia coli ATCC 25922 8–16 8–16
Enterobacter cloacae ATCC 35030 8 ND
Proteus mirabilis ATCC 29245 .256 .256
Serratia marcescens ATCC 8100 .256 .256
Helicobacter pylori ATCC 43504 2 ND
Haemophilus influenzae ATCC 49247 8 ND
Pseudomonas aeruginosa ATCC 27853 8–16 16–32
Bacteroides fragilis ATCC 90028 2–4 ND
Bacteroides thetaiotaomicron ATCC 29741 2–4 ND
Clostridium difficile ATCC 43255 4 ND
Propionibacterium acnes ATCC 29399 8 ND
Veillonella parvula ATCC 10790 8 ND

a ND, the MIC was not determined.

TABLE 3. Effect of pH on MIC of pexiganan when tested in nutrient broth

Organism No. of clinical
isolates

Mean MIC (mg/ml)a

pH 5.0 pH 5.5 pH 6.0 pH 6.5 pH 7.0 pH 7.5 pH 8.0

Pseudomonas aeruginosa 9 1.9 3.4 5.2 5.1 4.9 6.4 6.8
Staphylococcus aureus 11 7.7 14.7 10.7 6.9 5.4 4.3 3.6
Staphylococcus epidermidis 10 NDb 3.0 3.5 3.5 3.7 3.0 3.5

a The geometric mean MICs for all isolates tested.
b ND, the MIC was not determined.
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data suggest that elaboration of proteolytic enzymes is not a
primary mechanism for the generation of bacterial resistance
to pexiganan. Analogous to other antimicrobial peptides of an-
imal origin, the natural resistance to pexiganan in some species
may be explained by a failure of the peptide to interact with
either the inner or the outer membrane or by the action of a
peptide-transporting efflux pump (4–6, 18).

Potency against antibiotic-resistant strains. Along with pexi-
ganan, several other classes of antibiotics were also tested against
the isolates, including cephalosporins, carbapenems, fluoro-
quinolones, lincosamides, and aminoglycosides. These data were
used to determine whether strains that are resistant to other
classes of antibiotics and strains that are susceptible to other
classes of antibiotics have differences in sensitivity to pexiga-
nan. Among the isolates tested, a significant number of resis-
tant bacteria were included: oxacillin-resistant staphylococci
(175 isolates), ofloxacin-resistant staphylococci (70 isolates),
cefazolin-resistant staphylococci (19 isolates), imipenem-resis-
tant staphylococci (18 isolates), imipenem-resistant Pseudomo-
nas spp. (24 isolates), ciprofloxacin-resistant Pseudomonas spp.
(22 isolates), gentamicin-resistant Pseudomonas spp. (17 iso-
lates), ciprofloxacin-resistant Acinetobacter baumannii (34 iso-
lates), clindamycin-resistant Clostridium spp. (35 isolates), and
cefoxitin-resistant Bacteroides spp. (11 isolates). There were no
significant differences in the MIC50s and MIC90s of pexiganan
for those strains resistant to oxacillin, cefazolin, cefoxitin, imi-
penem, ofloxacin, ciprofloxacin, gentamicin, and clindamicin
and the MIC50s and MIC90s of pexiganan for those strains
susceptible to these antimicrobial agents. With respect to the
peptide antibiotics polymyxin B and polymyxin E, only more
limited studies were conducted. For three clinical isolates of
P. aeruginosa that were resistant to polymyxin B (MICs 32 to
128 mg/ml) and polymyxin E (MICs, 256 to .256 mg/ml),
pexiganan MICs were identical to those for nonresistant strains
of Pseudomonas aeruginosa. Non-cross-resistance between poly-
myxin B and a magainin peptide has been observed elsewhere
(25), suggesting subtle differences in the mechanisms of action
of different classes of peptide antimicrobial agents. Taken to-
gether, the results indicate that no evidence of cross-resistance
between pexiganan and the other commonly used antimicro-
bial agents was observed.

Effect of culture conditions on antimicrobial activity of pexi-
ganan. Since the initial interaction between a cationic peptide
and the membrane of the target cell is electrostatic in nature,
the antibiotic activity of pexiganan as a function of the pH of
the medium was explored. In an assay conducted in nutrient
broth, 30 clinical isolates of P. aeruginosa (9 isolates), Staphy-
lococcus aureus (11 isolates), and Staphylococcus epidermidis
(10 isolates) were tested at pHs ranging from 5.0 to 8.0. No
notable difference in potency was observed, although a modest
increase in MICs, found at pH 5.5 with S. aureus, was noted
(Table 3). These results indicate that the fundamental antimi-
crobial activity of pexiganan does not notably decrease with
changes in pH.

One possible concern with the use of a cationic antimicrobial
peptide such as pexiganan is its possible inactivation by serum,
either through the action of proteases or through interactions
with proteins or lipids. To determine the effect of serum on the
antimicrobial activity of pexiganan, the MIC of pexiganan was
evaluated in the presence of sera from various animals (Table
4). Against the three species of organisms tested, human serum
had a minimal effect on the activity of pexiganan, with the
changes in the MIC being less than twofold. In contrast, mouse
serum completely eliminated the activity of pexiganan, while
sera from other animals inhibited the activity of pexiganan at
various levels. In a separate experiment, we compared heat-
inactivated mouse serum with fresh mouse serum. The heat-
treated (55°C for 30 min) serum exhibited markedly reduced
inhibitory activity, with the MICs falling from .256 mg/ml

TABLE 4. Effect of sera from different animals on antibacterial activity of pexiganana

Organism
MIC (mg/ml) in 50% serum from the following animal 1 50% MHB: MIC (mg/ml) in

100% MHBMouse Rat Rabbit Swine Bovine Human

Staphylococcus aureus ATCC 25923 .256 16 16 8 128 8 4
Escherichia coli ATCC 25922 128 256 16 32 128 16 8
Pseudomonas aeruginosa ATCC 27853 .256 .256 128 32 32 32 16

a The protocol used for evaluation of the inhibition of antimicrobial activity of pexiganan by serum was a variation of the NCCLS broth microdilution assay (15) with
a standard (100 ml) volume containing 50 ml of serum and 50 ml of unsupplemented MHB. The results were compared to those for growth controls without serum. The
serum samples used were not heat inactivated.

TABLE 5. Comparison of the difference between MIC
and MBC of pexiganan for aerobic bacteria

Organism No. of
isolates

No. of isolates for which
the MIC was different from
the MBC by the following
no. of doubling dilutionsa:

0 11 12 13 $14

Staphylococcus aureus 5 3 1 1
Coagulase-negative staphylococcib 25 22 3
Streptococcus agalactiae 5 5
Streptococcus pyogenes 5 3 1 1
Other streptococcic 23 14 5 1 1 2
Enterococcus faecalis 4 2 1 1
Micrococcus spp. 4 4
Corynebacterium spp.d 9 9
Enterobacteriaceaee 35 25 9 1
Pseudomonas spp.f 10 6 4
Acinetobacter baumannii 5 5
Stenotrophomonas maltophilia 5 5
Alcaligenes faecalis 8 3 3 2

Total 143 106 26 6 3 2
Cumulative % 74 92 97 99 100

a The difference between the MIC and the MBC was present as follows: 0, the
MBC equals the MIC; 11, the MBC is 1 doubling dilution higher than the MIC;
12, the MBC is 2 doubling dilutions higher than the MIC; 13, the MBC is 3
doubling dilutions higher than the MIC; $14, the MBC is 4 doubling dilutions
or more than four doubling dilutions higher than the MIC.

b Includes five Staphylococcus epidermidis, five Staphylococcus haemolyticus,
three Staphylococcus hominis, four Staphylococcus simulans, four Staphylococcus
warneri, and four Staphylococcus xylosus isolates.

c Includes three Streptococcus bovis, five Streptococcus group C, three Strepto-
coccus group G, seven Streptococcus intermedius, and five Streptococcus sanguis
isolates.

d Includes five Corynebacterium minutissimum and three Corynebacterium stri-
atum isolates and one Corynebacterium xerosis isolate.

e Includes five Citrobacter freundii, four Citrobacter koseri, five Enterobacter
aerogenes, six Enterobacter cloacae, five Escherichia coli, five Klebsiella oxytoca,
and five Klebsiella pneumoniae isolates.

f Includes five Pseudomonas aeruginosa and five Pseudomonas fluorescens iso-
lates.
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(unheated serum) to 16 mg/ml (heat-treated serum) for S. au-
reus and from 256 mg/ml (unheated serum) to 32 to 64 mg/ml
(heat-treated serum) for E. coli. The original MICs in MHB
for the species tested were 2 mg/ml (S. aureus) and 4 mg/ml
(E. coli). A heat-sensitive component in mouse serum appears
to be, at least in part, responsible for inactivation of the anti-
microbial activity of pexiganan. These observations are rele-
vant to in vivo studies with this and related peptides, since the
infected mouse is a commonly used animal model of antibiotic
efficacy.

Bactericidal activity. The difference between the MICs and
the MBCs has been established as an index of the bactericidal
activity of an antibiotic (11). A total of 143 isolates represent-
ing 32 aerobic species were tested to determine both the MICs
and the MBCs of pexiganan. As indicated in Table 5, of 143
isolates tested, MBCs were the same or within 1 doubling
dilution higher of the MICs for 132 (92%) isolates. For only
two isolates of S. sanguis were MBCs increased more than 4
twofold dilutions. These findings are consistent with a bacte-
ricidal mechanism of action for pexiganan.

The bactericidal action of antibiotic peptides such as pexi-
ganan is thought to result from irreversible membrane-disrup-
tive damage (2, 7, 9). On the basis of the mechanism of action
of magainin, pexiganan would be expected to exert its anti-
microbial action rapidly, as reported previously for related
molecules (26). The kinetics of bacterial killing were evaluated
against four species (E. coli, S. aureus, P. aeruginosa, and VREF)
at three concentrations of pexiganan (13, 43, and 163 the
MIC). Cell viability within the first 2 h was measured. As

shown in Fig. 1, for all four species, the rate of bacterial killing
was dependent on the concentration of pexiganan, with great-
er than 105 organisms/ml being eradicated (reductions to ,5
CFU/ml) within 2 h with the highest concentration studied.
Bacterial cultures were monitored for up to 24 h, and no
regrowth was observed; for all four species tested, no colony
was found after 0.2 ml of the 24-h cultures was plated. The
best activity was found against P. aeruginosa: more than 106

P. aeruginosa organisms/ml were eradicated within 20 min with
16 mg of pexiganan per ml (13 the MIC). The results indicate
that at appropriate concentrations, pexiganan is a rapidly act-
ing bactericidal agent. Bactericidal action occurs, as assessed
with S. aureus, E. coli, P. aeruginosa, and VREF, and was
clearly dependent on the concentration of pexiganan to which
the organisms were exposed.

In vitro development-of-resistance studies. To explore the
development of resistance to pexiganan in vitro, two selection
procedures were conducted. In the first procedure, several
organisms were passed repeatedly in the presence of concen-
trations of pexiganan insufficient to effect complete killing, a
process which selects for rare resistant mutants that may exist
or develop in a population. For a total of 27 clinical isolates
representing eight bacterial species (Table 6), after seven se-
quential passages in the presence of subinhibitory concentra-
tions of pexiganan, the change in average MICs for individual
isolates and species was less than twofold. In addition, the in
vitro development of resistance to pexiganan was compared to
that to two other topical antibiotics, mupirocin and fusidic
acid, for several species. After seven passages in vitro in the

FIG. 1. Killing curve study. The killing activity of pexiganan against four ATCC strains was monitored for the first 2 h. (a) Escherichia coli ATCC 25922; (b)
Enterococcus faecium ATCC 51559 (vancomycin resistant); (c) Staphylococcus aureus ATCC 29213; (d) Pseudomonas aeruginosa ATCC 27853. For P. aeruginosa, the
killing curves were identical (overlapping in the figure) for 43 the MIC and 163 the MIC. Under the assay conditions used in this study, the lowest detectable level
was 5 CFU/ml.
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presence of subinhibitory concentrations of mupirocin, there
were increases in the MICs for two S. aureus isolates (a 64-fold
increase for the mupirocin-susceptible strain and an 8-fold in-
crease for the mupirocin-resistant strain). In contrast, no in-
crease in the MICs was observed for the same isolates treated
with pexiganan. A similar pattern was also seen with fusidic acid.
After 14 in vitro passages in the presence of subinhibitory
concentrations of fusidic acid with two isolates (one S. aureus
isolate and one S. epidermidis isolate), resistance to fusidic acid
developed in both isolates: the MICs rose from 0.06 to 64 to
128 mg/ml (S. aureus) and from 0.06 to 128 mg/ml (S. epider-
midis). In contrast, no change in the MIC was seen for isolates
exposed to pexiganan. The results of these experiments, which
were limited in terms of the scope of isolates and species
tested, indicate that in vitro resistance acquired by the selec-
tion of mutations within the population of a given bacterial
isolate may occur with mupirocin and fusidic acid but, for the
same isolate, not with pexiganan. Consistent with this concept,
antimicrobial peptides of animal origin have previously been
suggested to possess a low potential for the induction of bac-
terial resistance (7).

In a second selection procedure, we intentionally introduced
genomic mutations in vitro by exposure of S. aureus and
P. aeruginosa to either a chemical mutagen or UV light. No
pexiganan-resistant mutants were produced by either chemical
or UV mutagenesis (data not shown).

Thus, the development of increased resistance of an isolate
to pexiganan, through multiple-passage studies or mutagene-
sis, has not been observed, as noted both in this study and in
the course of many years of experimentation (27). In addition,
no evidence exists, either through our own observations or with-
in the published literature, of the transfer of a resistance phe-
notype between an intrinsically resistant and susceptible isolate
through either chromosomal or plasmid-mediated mechanisms.

In conclusion, pexiganan, an analog of the animal-derived
antibiotic magainin, has been shown to exhibit broad-spectrum
microbicidal activity and acts with a bactericidal mechanism
against which the likelihood of the development of resistance
may be low. In addition, no evidence of cross-resistance to a
number of other antibiotic classes was observed, as determined
by the equivalence of the MIC50s and MIC90s of pexiganan
for those strains resistant to oxacillin, cefazolin, cefoxitin,
imipenem, ofloxacin, ciprofloxacin, gentamicin, and clin-
damicin and the MIC50s and MIC90s of pexiganan for those
strains susceptible to these antimicrobial agents. These in vitro
properties have made pexiganan an attractive candidate for
development as a topical antimicrobial agent (7, 9, 10).
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