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Protegrin-1 (PG-1) is a cysteine-rich, 18-residue b-sheet peptide isolated from porcine leukocytes with
antimicrobial activity against a broad range of microorganisms. The MICs of PG-1 against representative
gram-positive and gram-negative bacteria ranged from 0.12 to 2 mg/ml. At these levels, PG-1 was rapidly
bactericidal in vitro, reducing the number of viable CFU of either methicillin-resistant Staphylococcus aureus
(MRSA) or Pseudomonas aeruginosa by more than three log units in less than 15 min. Resistance to PG-1 did
not develop after 11 subculturings of P. aeruginosa or 18 subcultures of MRSA in Mueller-Hinton broth
containing PG-1 at one-half the MIC. Under similar conditions of serial passage, the MICs of norfloxacin and
gentamicin against P. aeruginosa increased 10 and 190 times, respectively. Similarly, the MIC of norfloxacin
against MRSA increased 85 times. Immunocompetent mice inoculated intraperitoneally (i.p.) with P. aerugi-
nosa or S. aureus exhibited 93 to 100% mortality in the vehicle control group compared with 0 to 27% mortality
in animals that received a single i.p. injection of PG-1 (0.5 mg/kg of body weight). Mice inoculated with S.
aureus by intravenous (i.v.) injection and dosed 0 to 60 min later with a single i.v. injection of PG-1 (5 mg/kg)
had a mortality of 7 to 33%, compared to a mortality of 73 to 93% in the vehicle controls. In leukopenic mice
inoculated i.v. with vancomycin-resistant Enterococcus faecium, mortality was 87% in the vehicle control group
and 33% in animals that received a single i.v. injection of PG-1 (2.5 mg/kg). Taken together, these data indicate
that PG-1 has potential for use as an antimicrobial agent in the treatment of local or systemic infections caused
by clinically relevant pathogens.

Antimicrobial peptides have been identified from extremely
diverse organisms, including bacteria, vertebrates, inverte-
brates, and plants (3, 6, 7, 10, 17, 20). In mammals, such
peptides are part of the host defense mechanisms and exist
either in phagocytic cells, such as neutrophils, or on epithelial
surfaces, such as those of the airways and the gastrointestinal
tract. Evidence that the production of these peptides can be
increased by local stimuli such as infection or lipopolysaccha-
rides has been accumulating (19, 22). Many host defense pep-
tides are broad-spectrum, microbicidal agents that act rapidly.

Antimicrobial peptides have been divided into the following
four structural subclasses: a-helices, extended helices with one
or more-predominant amino acids, b-sheets, and peptides with
loop structures (6). Each subclass contains a variety of primary
sequences (7). Representative a-helical peptides include the
frog skin-derived magainins and the insect-derived cecropins;
representative b-sheet peptides include the mammalian de-
fensins and porcine protegrins (5, 8, 24, 28). The mammalian
peptides PR-39 and prophenins are examples of peptides with
extended helices (1, 9).

The protegrin family of antimicrobial peptides was identified
in porcine leukocytes (12). Five native protegrin sequences
(PG-1 to PG-5) have now been identified (29, 30). These native
protegrins contain 16 to 18 amino acids, are highly homolo-
gous, and share the common feature of being cationic, amphi-
pathic b-sheets. The molecules have disulfide bridges between
cysteine residues at positions 6 and 15 as well as positions 8 and
13 (2, 4, 8). Members of the protegrin family have been shown

to exhibit broad-spectrum antimicrobial and anti-human im-
munodeficiency virus type 1 activity in vitro (12, 18, 26, 27).

We report an evaluation of the in vitro antimicrobial
activity of PG-1 (amino acid sequence, RGGRLCYCRRRF
CVCVGRCONH2) against a range of microorganisms and
present data demonstrating the in vivo efficacy of PG-1 in
murine models of local and systemic infection.

MATERIALS AND METHODS

Bacterial strains. Strains obtained from the American Type Culture Collec-
tion (ATCC; Rockville, Md.) included Escherichia coli (ATCC 25922), Pseudo-
monas aeruginosa (ATCC 9027 and ATCC 27853), methicillin-sensitive Staphy-
lococcus aureus (MSSA; Smith type ATCC 19636, and ATCC 29213), methicillin-
resistant S. aureus (MRSA; ATCC 33591), vancomycin-sensitive Enterococcus
faecalis (ATCC 29212), and Candida albicans (ATCC 10231). Additional strains
included E. coli 004 (10), E. coli BAS849 (21), and vancomycin-resistant Entero-
coccus faecium (VREF) 032 and VREF 033 (clinical isolates, kindly provided by
G. Schoolnik, Stanford University, Calif.). All strains were analyzed with API test
strips (BioMerieux, Hazelwood, Mo.) to confirm identity and were stored frozen
in 10% glycerol at 285°C.

Media for in vitro assays. All media were prepared in distilled, deionized
water. Mueller-Hinton broth (MHB), Trypticase soy broth (TSB), and Trypticase
soy agar (TSA) were purchased from Becton-Dickinson, Cockeysville, Md. Blood
agar plates (BAP) containing TSA with 5% sheep blood added were purchased
from Hardy Diagnostics, Santa Maria, Calif. Liquid testing medium (LTM)
contained the following: 10 mM phosphate buffer (pH 6.5), 1% TSB, and 100
mM NaCl. Agarose (Sigma Chemical Co., St. Louis, Mo.) was added to liquid
testing medium at a final concentration of 1% for the zone diffusion assay.

Reagents. Norfloxacin, rifampin (both 95% pure by high-performance liquid
chromatography (HPLC), nystatin (5,010 U/mg), amphotericin B (80% pure by
HPLC), vancomycin (1,118 mg/mg), polymyxin B (7760 U/mg), and gentamicin
(647 mg/mg) were obtained from Sigma Chemical Co. Piperacillin was kindly
provided by Wyeth-Ayerst, Pearl River, N.Y. PG-1 was synthesized in-house with
Rink-amide resins, 9-fluorenylmethoxycarbonyl solid-phase chemistry, and an
automated peptide synthesizer (model 431A; Applied Biosystems, Foster City,
Calif.). Following air oxidation, the refolded peptide was analyzed by reverse-
phase HPLC (Vydac C18 [0.1% trifluoroacetic acid, 21 to 49% acetonitrile
gradient in 30 min, flow rate of 0.8 ml, detection at 214 nm]). Unless otherwise
noted, the amide form of PG-1 ($96% purity as determined by area normaliza-
tion of the HPLC peak) was used in all studies.
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In vitro susceptibility testing. We noted two problems when using the standard
microbroth dilution assay recommended by the National Committee for Clinical
Laboratory Standards (NCCLS) to determine in vitro antimicrobial activities of
peptides: (i) PG-1 precipitated in MHB at concentrations $128 mg/ml; and (ii)
PG-1 adsorbed to glass and plasticware which caused significant reduction of
available peptide at concentrations of #25 mg/ml (16). To compensate for these
problems, we developed a slightly modified version of the NCCLS method in
which we prepared 103 peptide solutions in 0.01% acetic acid containing 0.2%
bovine serum albumin (BSA) as a carrier protein, rather than in MHB. In this
modified NCCLS broth microdilution method, inocula were prepared with the
appropriate McFarland standard and then diluted into fresh MHB to give 2 3
105 to 7 3 105 CFU/ml for bacteria or 2 3 103 to 7 3 103 CFU/ml for Candida.
After 100-ml aliquots of the microbial suspension were dispensed into each well
of a 96-well polypropylene microtiter plate, 11 ml of test compound was added.
As described above, peptides were dissolved in 0.01% acetic acid containing
0.2% BSA (Intergen, Purchase, N.Y.) at 103 the desired test concentration in
polypropylene minitubes. Vancomycin, polymyxin B, and gentamicin were dis-
solved in water, whereas norfloxacin, rifampin, nystatin, and amphotericin B
were dissolved in 100% dimethyl sulfoxide and then serially diluted in water. The
MIC was defined as the lowest concentration of drug which prevented visible
turbidity after 18 to 20 h at 35°C. Minimum bactericidal concentrations were
determined by transferring 50 ml from each clear well ($MIC) to an individual
well of a 24-well microtiter plate containing 1.5 ml of TSA with 10% fetal bovine
serum (Cool Calf; Sigma). After incubation for 20 h, the minimum bactericidal
concentration was identified as the lowest concentration that did not permit any
visible growth on the surface of the agar.

Resistance studies. MRSA and P. aeruginosa were harvested from the well
equal to one-half of the MIC, diluted to 1 3 105 to 5 3 105 CFU/ml in fresh
MHB, and dispensed into microtiter plates as 100-ml aliquots. Compounds were
added as described above, and MICs were determined daily for up to 18 serial
passages.

Microbicidal assays. Bacteria were grown overnight in MHB (10 ml in a 50-ml
Erlenmeyer flask) at 200 rpm and at 37°C to stationary phase. The stationary-
phase cultures were centrifuged, resuspended in filter-sterilized spent medium
(MRSA) or LTM (P. aeruginosa) at 4 3 105 CFU/ml, and then dispensed into
polypropylene microcentrifuge tubes. Exponential-phase cultures were prepared
by diluting the overnight culture 1:100 in fresh MHB and incubating at 200 rpm
at 37°C until an A600 of 0.2 was reached. The culture was then diluted to 1 3 105

to 4 3 105 CFU/ml in MHB, reincubated to allow for two cell doublings, and
then dispensed into polypropylene microcentrifuge tubes. After addition of the
test compounds at a 1/10 volume, the tubes were incubated without aeration at
the appropriate temperature. Viable CFU counts were determined by a pour
plate method in which 20-ml aliquots of serial dilutions in PBS were mixed with
approximately 20 ml of tempered (50°C) TSA. This method allowed for rapid
sampling, minimized drug carryover, i.e., #0.013 the MIC, and precluded the
need for washing the cells to remove the drug. After the agar solidified, the plates
were incubated for 18 to 24 h at the appropriate temperature. Colonies were
enumerated to determine the microbicidal effect of the drug.

Measurement of levels of PG-1 in plasma. Male ICR mice, 4 to 6 weeks old
(Charles River Laboratories, Hollister, Calif.), were used to assess levels of PG-1
in plasma following intravenous (i.v.) and intramuscular (i.m.) dosing. Twelve
mice received a 4-mg/kg of body weight dose of PG-1 in phosphate-buffered
saline (PBS) via tail vein injections, and another 12 mice were administered an
8-mg/kg dose of PG-1 by i.m. injection. Blood samples were collected by cardio-
centesis from groups of three mice, each at different intervals from 5 to 120 min
after dosing. The mice were anesthetized with Metofane (Mallinckrodt Veteri-
nary, Inc., Mundelein, Ill.), blood was collected by cardiocentesis, and the ani-
mals were euthanized by cervical dislocation. After transferring the blood to
2.0-ml vacutainers (Becton Dickinson Co., Franklin Lakes, N.J.) containing
EDTA as an anticoagulant, plasma samples were prepared by centrifugation and
stored frozen at 220°C. The plasma samples were analyzed for PG-1 content by
a modification of an agarose diffusion assay previously reported (13). Briefly, E.
coli BAS849 was cultured overnight at 37°C on BAP and then resuspended in
PBS (pH 6.5) to an A600 of 0.2 (approximately 4 3 107 CFU/ml). A 100-ml aliquot
of this suspension was added to 10 ml of LTM-agarose (tempered to 48°C), which
was inverted three times to mix, and the contents were poured into a 10-cm2

polystyrene petri dish (Nunc, Naperville, Ill.). After the agarose solidified, 3-mm
plugs were removed in an evenly spaced array (4 by 4). An aliquot (5 ml) of
plasma or control material was added to each well, the plate was incubated at
37°C for 3 h, and then the plate was overlaid with 10 ml of 1% agarose in
double-strength (23) TSB. Following further incubation at 37°C for 18 to 24 h,
the diameter of the clear zone of growth inhibition was measured with a 37
magnifier (Bausch and Lomb, Buffalo, N.Y.). The concentration of PG-1 in the
test sample was calculated from a standard curve generated by measuring the
zone diameters for known concentrations of compound diluted in plasma.

Murine infection assays. Male ICR mice (4 weeks of age; approximately 20 g)
were obtained from the Animal Supply Center, Medical School of the National
Taiwan University, Taipei, Taiwan. Bacteria were cultured in brain heart infusion
broth (Difco, Detroit, Mich.) with aeration at 37°C for 8 h to obtain log-phase
growth. Inocula containing a quantity of bacteria expected to result in 90 to 100%
mortality were prepared by diluting the overnight cultures in PBS. The numbers
of viable bacteria in the inocula were estimated based on the optical density at

550 nm and were verified by plating serial dilutions onto TSA. Depending on the
test organism and the route of administration, inocula ranged from 4.5 3 106 to
1.4 3 109 CFU per mouse. Fifteen mice per dose level were infected and
monitored for survival over a 7- to 10-day period after infection.

In the peritonitis model, mice were given 0.5 ml of vehicle (PBS) or PBS
containing an antimicrobial agent by intraperitoneal (i.p.) injection immediately
after the i.p. bacterial challenge. Bacteremia was established in immunocompe-
tent mice by i.v. injection of MRSA at a level expected to result in 90 to 100%
mortality. In order to establish bacteremia with VREF, mice were pretreated
with 200-mg/kg cyclophosphamide (i.p.) 4 days prior to bacterial challenge. This
treatment had been shown to reduce levels of circulating leukocytes from a
predose level of approximately 8,000 to 750/ml 4 days after dosing. Leukopenic
mice were infected by i.v. injection of VREF at a level expected to result in 90
to 100% mortality. Immediately following injection of the inoculum, the mice
received a 0.2-ml i.v. injection of vehicle (PBS) or test formulation containing
various concentrations of PG-1. In a second set of protection experiments, mice
challenged i.v. with MRSA were given PG-1, PG-1 acid, or vancomycin by i.v.
injection immediately after infection or were given PG-1 i.v. at various times
between 15 and 120 min after infection.

RESULTS

In vitro activity. MICs determined by the standard NCCLS
broth microdilution method were compared to those obtained
in our modified version (Table 1). Both methods provided
acceptable MICs for conventional antimicrobial agents against
the NCCLS reference strains, thus validating the modification.
However, the MICs of PG-1 were approximately fivefold lower
against S. aureus and E. faecalis and 15 to 30 times lower
against E. coli and P. aeruginosa when measured by our mod-
ified method. By the modified NCCLS method, PG-1 exhibited
excellent activity against representative strains of gram-posi-
tive and gram-negative bacteria and moderate activity against
C. albicans (Table 2).

PG-1 was rapidly bactericidal against exponentially growing
cultures of MRSA in MHB (Fig. 1A). Viable CFU decreased
by 3 log units within 10 min after addition of PG-1 (5 mg/ml).
In contrast, addition of gentamicin (4 mg/ml) or norfloxacin (8
mg/ml) required $4 h to effect the same decrease in CFU.
Vancomycin (16 mg/ml) was not bactericidal in this time period
but did show reduced CFU after 24 h (data not shown). When
tested against stationary-phase MRSA in spent MHB, PG-1
reduced CFU by 4 log units within 4 min, whereas gentamicin,
norfloxacin, and vancomycin were completely ineffective at 16
mg/ml, even after 4 h (Fig. 1B). Although the numbers below

TABLE 1. Effect of method on MIC

Organism and
ATCC no. Compound

MIC by the following
methods (mg/ml): Acceptable

MIC rangeModified
method NCCLS

S. aureus 29213 PG-1 1.7 8 NAa

Vancomycin 1 0.7 0.5–2.0
Ciprofloxacin 0.5 0.3 0.12–0.5
Tobramycin 0.125 0.42 0.12–1.0

E. coli 25922 PG-1 0.75 11 NA
Vancomycin .128 .128 None
Ciprofloxacin 0.004 0.004 0.004–0.015
Tobramycin 0.5 0.33 0.12–1.0

P. aeruginosa 27853 PG-1 0.5 14.7 NA
Vancomycin .128 .128 None
Ciprofloxacin 0.25 0.19 0.25–1.0
Tobramycin 0.25 0.25 0.25–1.0

E. faecalis 29212 PG-1 2.7 16 NA
Vancomycin 2 2 1.0–4.0
Ciprofloxacin 1 0.5 0.25–2.0
Tobramycin 8 16 8.0–32.0

a NA, not applicable.
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the dashed line in Fig. 1 are not accurate determinations, they
suggest continued decrease in CFU over the time period.

Similar results were observed for exponentially growing cul-
tures of P. aeruginosa. PG-1 (4 mg/ml) reduced CFU more
rapidly than either norfloxacin or gentamicin (2 and 4 mg/ml,
respectively), and the level of reduction was similar to that
observed for polymyxin B (Fig. 2). In contrast, norfloxacin and

gentamicin were relatively ineffective at reducing CFU of sta-
tionary-phase P. aeruginosa, whereas PG-1 was similar to poly-
mixin B in reducing CFU (data not shown).

When cultures of MRSA were serially passaged 18 times in
MHB at one-half of the MIC, resistance to norfloxacin (MIC
increased by 85-fold) but not vancomycin developed. MICs for
norfloxacin and gentamicin increased by 10 and 190 times after
only 11 transfers of P. aeruginosa. In contrast, repeated expo-
sure to one-half of the MIC levels of PG-1 did not engender
resistance in either organism.

Concentrations of PG-1 in plasma. The average concentra-
tion of PG-1 in plasma 5 min after i.v. dosing with 4-mg/kg
PG-1 was 28 mg/ml (Fig. 3). The concentrations of PG-1 de-
clined rapidly and were below the limit of detection (0.25
mg/ml) by 120 min after dosing. No detectable levels of PG-1
were present in plasma prepared from blood samples collected
10, 20, 40, 60, and 120 min after i.m. injection at a dose of 8
mg/kg.

In vivo efficacy. The abilities of PG-1 to protect mice from a
lethal challenge of bacteria from infections with MRSA,
MSSA, VREF, and P. aeruginosa were determined (Table 3).
For peritoneal infections with MRSA, MSSA, or P. aeruginosa,
PG-1 administered i.p. at a dose of 0.5 mg/kg reduced mortality
from 93 to 100% in the vehicle control group to 0 to 27%. For

TABLE 2. Antimicrobial activity of PG-1 by the modified NCCLS broth microdilution method

Compound

MIC (mg/ml)

E. coli 004 P. aeruginosa
ATCC 9027

MRSA
ATCC 33591 VREF 032 C. albicans

ATCC 10231

PG-1 0.12 0.5 2 0.25 8
PG-1 acid NDa 1.0 8.0 0.25 4.0
Piperacillin .128 4 128 .128 .128
Gentamicin 0.5 0.5 1 .128 .128
Norfloxacin ,0.06 0.25 0.5 16 128
Vancomycin .128 .128 1 .128 .128
Polymyxin B 0.25 0.5 .128 64 64
Nystatin ND ND ND ND 0.25
Amphotericin B ND ND ND ND ,0.06

a ND, not determined.

FIG. 1. Bactericidal activity of PG-1 against log- and stationary-phase
MRSA. (A) MRSA was grown to log phase, and aliquots were treated with
compounds at incremental concentrations relative to MICs. (B) MRSA was
grown to stationary phase and resuspended in spent MHB at 5 3 105 CFU/ml
and then treated as described for panel A. MICs (in micrograms per milliliter)
were determined by the modified NCCLS broth microdilution method to be 2.0
for PG-1, 1.0 for gentamicin, 0.5 for norfloxacin, and 1.0 for vancomycin. At the
indicated times, survivors were enumerated by the pour plate method. The
dashed line represents the minimum number of CFU per milliliter which could
be accurately determined.

FIG. 2. Bactericidal activity of PG-1 against log-phase P. aeruginosa. Expo-
nentially growing P. aeruginosa was treated with compounds at eight times the
MICs. MICs (in micrograms per milliliter) were determined by the modified
NCCLS method to be 0.5 for PG-1, 0.5 for gentamicin, 0.25 for norfloxacin, and
0.5 for polymyxin B. At the indicated times, survivors were enumerated by the
pour plate method. The dashed line represents the minimum number of CFU
that could be accurately determined.
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i.v. infections with MRSA, a single i.v. injection of PG-1 at 2.5
mg/kg limited mortality to 33%, compared with 93% mortality
in the vehicle-treated controls. Similarly, mortality in mice with
i.v. infections caused by VREF was reduced from 87 to 33% in
animals receiving a single i.v. injection of PG-1 at 2.5 mg/kg.

By the i.v. infection model, we compared the efficacies of
both the acid and amide forms of PG-1 to vancomycin. At an
i.v. dose of 5 mg/kg, mortality was 7% with either form of PG-1
and was 20% with vancomycin (Fig. 4A). In the concurrent
vehicle control group, mortality was 73%. PG-1 was also ca-
pable of protecting mice even when it was administered up to
60 min after the bacterial challenge (Fig. 4B). However, mice
were no longer protected from bacterial challenge when i.v.
administration of PG-1 was delayed by 120 min.

DISCUSSION

Various antimicrobial activities have been reported previ-
ously for protegrins (2, 12, 18, 26). However, the methods used
to determine microbicidal activities have varied. In one report,
MICs of PG-1 against S. aureus and E. coli were as high as 64
mg/ml (2). Other studies have employed an agarose radial
diffusion assay rather than conventional MIC methods and
obtained microbicidal values in the 1- to 10-mg/ml range (12,
18). Significantly lower inhibitory concentrations were also re-
ported for a related peptide, defensin, when it was assayed by

the radial diffusion assay compared with the NCCLS broth
microdilution method (25).

In this study, we report activity equivalent to that of conven-
tional antimicrobial agents for PG-1 against strains represen-
tative of gram-positive and gram-negative bacteria. Although
PG-1 showed moderate activity against C. albicans, the MIC
may be higher than plasma levels that can be readily main-
tained in vivo. Modifications to the standard NCCLS broth
microdilution assay were necessitated due to precipitation of
the peptides in MHB and adsorption of the peptide to glass
and polystyrene surfaces. The latter has been reported for
other cationic peptides and was effectively blocked by the ad-
dition of surfactants or carrier protein (11, 23). These slight
modifications of the standard NCCLS method decreased MICs
by as much as 30 times in our study but had no demonstrable
effect on the activity of conventional antimicrobial agents, thus
validating the assay modifications.

The rapid bactericidal activity observed for PG-1 against
both log- and stationary-phase cells was consistent with previ-
ous studies suggesting that cationic peptides disrupt the integ-
rity of the bacterial cell membrane (4, 6). Similarly, the rapid
fungicidal activity observed at four to eight times the MIC (i.e.,
32 to 64 mg/ml) against C. albicans (data not shown) was in
agreement with the ability of PG-1 to increase the conductance
of eukaryotic membranes at concentrations of $20 mg/ml (15).
However, this effect of PG-1 on conductance was reversible at
concentrations of as much as 200 mg/ml, suggesting that cyto-
toxic doses may be much higher than those required to induce
a disturbance in the electrical potential of the eukaryotic mem-

FIG. 3. Elimination of PG-1 from plasma. PG-1 (4 mg/ml) in PBS was ad-
ministered to mice by i.v. injection at 0 min. Blood was obtained by cardiocen-
tesis from three mice per sample time, and plasma samples were prepared by
centrifugation. Concentrations of PG-1 in plasma were determined by microbi-
ological assaying (the limit of detection was 0.25 mg/ml).

TABLE 3. In vivo activity of PG-1 in mice

Organism Strain Routea Inoculum (CFU)b Effective dose of
PG-1 (mg/kg)

Mortality (%)

PG-1 Vehiclec

MSSA ATCC 19636 i.p./i.p. 5.0 3 107 0.5 0 100
MRSA ATCC 33591 i.p./i.p. 3.2 3 107 0.5 13 93
P. aeruginosa ATCC 9027 i.p./i.p. 4.5 3 106 0.5 27 100
MRSA ATCC 33591 i.v./i.v. 7.0 3 107 5.0 33 93
VREF Clinical isolate 033 i.v.d/i.v. 1.4 3 109 2.5 33 87

a Administration of inoculum/administration of test compound.
b Total CFU administered in PBS per mouse.
c Mortality in infected animals treated with vehicle (PBS). Vehicle alone exhibited no effect on noninfected animals.
d Mice were treated with cyclophosphamide to induce neutropenia prior to administration of VREF inoculum.

FIG. 4. Evaluation of PG-1 against MRSA in a bacteremia infection model.
MRSA was administered to mice in 0.2 ml of PBS by i.v. injection. PG-1 acid,
PG-1 amide, or vancomycin was administered at 5 mg/kg as a single i.v. injection
immediately after challenge with 5.5 3 107 CFU (A). In a separate study, PG-1
(5 mg/kg) was delayed for up to 120 min after injection of 3.7 3 107 CFU (B).
The numbers of surviving mice were determined daily for 7 days. Statistical
significance was determined by Fisher’s exact test.
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brane. The rapid microbicidal activity of PG-1, especially
against stationary-phase cells, may offer significant advantages
over conventional antimicrobial agents that require longer ex-
posure periods in vivo.

Repeated subculture of bacteria in the presence of PG-1 at
one-half of the MIC did not result in the development of
resistance. In parallel studies with the fluoroquinolone nor-
floxacin, resistance was readily engendered. The inability to
engender protegrin resistance under laboratory conditions may
be related to the speed of action of the peptide and the nature
of its electrostatic interaction with the negatively charged phos-
pholipid of the bacterial cell membrane.

Administration of PG-1 i.v. protected mice from a lethal
challenge of S. aureus or VREF. In these studies, PG-1 was as
effective as vancomycin in treating MRSA-induced bactere-
mias and could be delivered up to 60 min after infection. The
lack of protection by PG-1 when administered 120 min after
infection may be due to limited tissue penetration by the pep-
tide. Pharmacokinetic experiments performed in mice in which
PG-1 was administered by the i.m. route indicated that the
peptide does not translocate appreciably from the site of in-
jection. Bacteria localizing in tissues following i.v. dosing may,
therefore, not be exposed to effective concentrations of PG-1.

When PG-1 was given i.p. to treat peritoneal infections
caused by either S. aureus or P. aeruginosa, the protective dose
was significantly lower (0.5 mg/kg) than that required for pro-
tection against systemic infections. i.p. administration of PG-1
either immediately or up to 60 min after i.p. infection with
MSSA was equally protective (data not shown). This route of
administration is preferred for antimicrobial therapy of peri-
tonitis in patients receiving chronic ambulatory peritoneal di-
alysis for treatment of renal failure (14). In these patients, a
combination of vancomycin and an aminoglycoside adminis-
tered i.p. is recommended as an initial empirical regimen. The
broad spectrum and rapid microbicidal activity of PG-1 might
allow for single-agent therapy of such patients.

Overall, these studies demonstrate that PG-1 is a potent
antimicrobial agent with in vivo activity against clinically rele-
vant, antibiotic-resistant bacteria. Currently, clinical trials with
an analog of PG-1 to prevent oral mucositis in cancer patients
resulting from polymicrobial infections associated with the oral
flora are ongoing.
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