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Abstract: Antibiotic peptides are a key component of the innate immune systems of most multi-
cellular organisms. Despite broad divergences in sequence and taxonomy, most antibiotic peptides
share a common mechanism of action, i.e., membrane permeabilization of the pathogen. This review
provides a general introduction to the subject, with emphasis on aspects such as structural types,
post-translational modifications, mode of action or mechanisms of resistance. Some of these
questions are treated in depth in other reviews in this issue. The review also discusses the role of
antimicrobial peptides in nature, including several pathological conditions, as well as recent
accounts of their application at the preclinical level.© 1999 John Wiley & Sons, Inc. Biopoly 47:
415–433, 1998
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INTRODUCTION

Despite their structural and functional diversity, mul-
ticellular organisms have certain common features in
their defense-and-surveillance systems against patho-
gens. Early concepts of nonspecific and specific de-
fense systems for plants and animals, respectively, are
being reevaluated and expanded in the light of grow-
ing evidence that plants are endowed with certain
specific defense systems, while on the other hand
innate (nonadaptive) immunity in animals largely de-
pends on nonspecific effectors.1–6 In particular, gene-
encoded antimicrobial peptides are now clearly estab-
lished as key players in both plant and animal defense
systems. In the last two decades, a considerable num-

ber of peptides, either inducible or constitutive, and
with activity against different types of microorgan-
isms, have been found in almost all groups of animals.
These discoveries were preceded by the finding of
thionins in plants,7 the earliest example of antimicro-
bial peptides related to host defense. At the moment
of this writing, several hundreds of structures with
some type of antimicrobial activity have been de-
scribed. A quite comprehensive, periodically updated
data base can be found on the Internet at http://
www.bbcm.univ.tries.it/;tossi. The present chapter is
meant to provide a general overview of the main
families of animal host defense peptides, as well as
selected details on their biological action, including

Correspondence to:David Andreu, Department of Organic
Chemistry, Universitat de Barcelona, Martı´ i Franquès 1-11,
E-08028 Barcelona, Spain; email: andreu@admin.qo.ub.es

Contract grant sponsor: Comunidad Auto´noma de Madrid
(CAM), European Union (EU), Fondo de Investigaciones Sanitarias
(FIS), Generalitat de Catalunya (CERBA), and Spanish Ministry of
Education and Science (SMES)

Contract grant number: 08.2/0029.1/98 (CAM), IC18-CT97-
0213 (EU), SAF95-0019 (FIS), and PB94-0845 (SMES)
Biopolymers (Peptide Science), Vol. 47, 415–433 (1998)
© 1999 John Wiley & Sons, Inc. CCC 0006-3525/99/060415-19

415



also relevant synthetic analogues. A number of sig-
nificant aspects of this emerging field have been cov-
ered by recent reviews8–23 and by the accompanying
articles in this issue.

STRUCTURAL ASPECTS

A considerable variety of peptide sizes and structures
are associated to antimicrobial activity in eukaryotic
hosts. The early classification of antimicrobial pep-
tides on a taxonomical basis has been increasingly
found inadequate, in view of the fact that very similar
structural patterns are shared by peptides from widely
different organisms. In contrast, the alternative clas-
sification based on chemical-structural criteria1 is still
quite useful for cataloging the different families of
antimicrobial peptides. This classification defines two
broad groups, corresponding to linear and cyclic
structures, respectively. Within the first group, two
subgroups can be distinguished (a) linear peptides
tending to adopta-helical amphipathic conformation
(Table I); and (b) linear peptides of unusual compo-
sition, rich in amino acids such as Pro, Arg, or (oc-
casionally) Trp (Table II). The second group, encom-
passing all cystine-containing peptides, can also be
divided into two subgroups corresponding to single or
multiple disulfide structures (Tables III and IV), re-
spectively. Tables I–IV include sequences of some the
earliest reported antimicrobial structures, as well as
recent noteworthy additions, with no pretense to be
exhaustive. Readers looking for additional structures
are directed to the above Internet address and other
general reviews of this field.1–23

A number of secondary structures of antimicrobial
peptides, broadly representative of the above struc-
tural groups, have been determined by two-dimen-
sional nmr, either in solution or in model membrane
environments. They include cecropins,89–92 magain-
ins,93–95 PGLa,96 sarcotoxin,97 buforin,98 caerin,99

bactenecins,100 enkelytin,101 histatin,102 ranalexin,103

thanatin,104 protegrin,105 tachyplesin,106 different
types of defensins,107–115and drosomycin.116

POSTTRANSLATIONAL
MODIFICATIONS

Antimicrobial peptides display different types of post-
translational modifications that can modify their ac-
tivity in a significant way. The following are among
the most frequent.

Glycosylation

Glycosylation has been described in five antimicrobial
peptides from insects, all of them belonging to the
proline-rich structural subgroup: diptericin,50 droso-
cin,51 formaecin,53 lebocin,56 and pyrrhocorricin.60

Occurrence of glycosylation is probably underesti-
mated; for instance, a diptericin-like peptide from
Sarcophaga peregrina117 reported before the first re-
port on drosocin glycosylation51 has not been further
investigated in this respect. OnlyO-glycosylation has
been described to date in insects, with the oligosac-
charide chain linked to the peptide backbone through
a threonine residue. Although a common requirement
for O-glycosylation seems to be the presence of
nearby proline residues, especially in positions21
and13 from the glycosylated threonine,118one of the
oligosaccharide chains of diptericin occurs in a gly-
cine-rich region.50 O-oligosaccharide chains are short
and often microheterogeneous. Glycosylations with
only one (GalNAc3 Thr), two (Gal3 GalNAc3
Thr), or three (Glc3 Gal3 GalNAc3 Thr) glycan
residues have been described.50,51,53,56,60As a general
rule, integrity of the oligosaccharide chain is neces-
sary for optimal antimicrobial activity. Thus, treat-
ment of diptericin withO-glycosydase abolished the
antibacterial activity of diptericin against most bacte-
ria tested50 and the antibacterial activity of a nongly-
cosylated synthetic drosocin is several times lower
than the native compound.56

Aside from its important role in antimicrobial ac-
tivity, little is known about other roles of glycosyla-
tion in the lethal mechanisms of the corresponding
peptides, though some ideas have been advanced,
such as protection against proteinases, modification of
secondary structure inhibition of enzymes involved in
peptidoglycan biosynthesis or specific recognition be-
tween pathogen and peptide.50,51,53,119It is notewor-
thy that glycosylated peptides do not seem to have
membrane permeabilization as their main mechanism
of action. Evidence for nonmembrane mechanisms
are as follows: (a) Deglycosylated all-D-diptericin is
much less active than the deglycosylated natural
form.120 (b) Kinetics of the lethal process is usually
quite slow for membrane permeabilization; long con-
tact periods (usually hours) between peptide and mi-
croorganism are required for pyrrhocoricin, drosocin,
and formaecins to produce a bactericidal effect.50,51,53

Disulfide Bonds

Intramolecular disulfide bonds are relatively common
in antimicrobial peptides. Structures ranging from one
to five disulfides have been reported (Tables III and
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IV). As with other postranslational modifications,
they do not have a unique function, and in some cases
exhibit opposite effects, depending on the peptide and
activity assayed. In some instances, reduction of di-
sulfide bonds in native peptides or replacement of
cysteine in synthetic analogues shows little or no
effect on activity,121,122 whereas the same process
abrogates almost completely the activity of other
structures.123,124Even for related peptides, sharp con-
trasts can be observed. Thus, reduction cancels the
channel-forming activity of insect defensins onMi-
crococcus luteus125 and the antibacterial activity of
sapecin,126 but not liposome permeabilization by
mammalian defensins.127 Reduction of both rabbit
and human defensins modifies (but does not impair)
the mechanism of permeabilization, from an all-or-
none mechanism for the native peptides to a gradual
leakage in the reduced forms.128 Several studies on
the relevance of disulfide bonds have been performed
on tachyplesins and protegrins, a group of related
peptides with predominantlyb-sheet structures.
While native tachyplesins act upon membranes by
channel formation, substantial permeabilization by a
detergent-like mechanism is observed for the reduced
peptide, which is less antibacterial but still ac-
tive.129,130Protegrins, in turn, require both disulfide
bonds for channel formation but not for antibacterial
activity; linear analogues with either free or acetylated
thiol groups are less active on gram-negative but
maintain lethal activity against gram-positive bac-
teria.131

The importance of disulfide bonds for peptide ac-
tivity and stability is also relevant vis-a`-vis the indus-
trial production of antimicrobial peptides. If folding
into native-like disulfide pairing can not be achieved
spontaneously, either regioselective disulfide forma-
tion132,133or production by recombinant technologies
must be applied.134 Representative examples of anti-
microbial peptides with correct disulfide pattern and
full biological activity prepared by chemical synthesis
are protegrins,105,135 a-defensins,136 androctonin,68

rat cortistatin,137 tachyplesin,129 and thanatin.66

Among those obtained by recombinant techniques are
insect defensin,112,138 drosomycin,139 and a-140 and
b-defensins.141,142

Amidation

Perhaps the most common posttranslational modifica-
tion of antimicrobial peptides, amidation occurs in a
wide variety of peptides, such as melittin,143

cecropins,144 dermaseptins,36 PGLa,145 clavanin,34

PR-39,58 apidaecins,48 diptericin,50 prophenin,59

polyphemusins,69 or penaeidins.146 The process in-T
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volves oxidative decarboxylation of an additional C-
terminal glycine residue, in a two-step enzymatic pro-
cess.147 Amidation prevents cleavage by carboxypep-
tidases and provides an extra hydrogen bond for the
formation ofa-helices. The correlation between ami-
dation and biological activity is not clear: the ami-
dated and nonamidated forms do not differ substan-
tially in a number of cases135,148,149; in other cases,
however, activity is significantly impaired.145,150 In
several cases, synthetic C-terminally amidated ana-
logues of peptides whose native forms are not ami-
dated show increased antimicrobial activity.151,152

Halogenation

Bromination of the indole ring of tryptophan has been
described in antibiotic peptides isolated from the hag-
fishMixina glutinosa.153Mass spectral data also seem
to support the presence of chlorine in misgurin from
the mudfishMisgurnus anguillicaudatus.154 The role
of the halide atom is unclear. Whereas in theMixina
peptides it broadens the range of susceptible organ-
isms, in misgurin the antibacterial activity of the syn-
thetic analogue devoid of halogen is undistinguishable
from the natural peptide.

D-Amino Acids

The occurrence ofD-amino acids in eukaryotic pep-
tides has been reported in several cases.155,156 In
antimicrobial peptides, the only examples of this
modification are bombinins from the frogBombina
variegata,157 which haveD-alloisoleucine at position
2. Since no variation in the genetic code or codon use
was observed for this residue, its presence was attrib-
uted to posttranslational epimerization of the corre-
spondingL-Ile peptide, which is also present in the
organism and does not show differences in antibiotic
activity. A likely role is protection against aminopep-
tidases.

Other Modifications

Phosphorylation has been described for histatins,54

although absence of phosphate does not preclude can-
didacidal activity.158 Chromacin, a fragment from
chromogranin A, requires bothO-glycosylation and
tyrosine phosphorylation for full antibiotic activity;
the synthetic nonmodified peptide is completely inac-
tive.119 Enkelytin, an antibacterial peptide derived
from proenkephalin A (209–237),52 has two phospho-
serines and an oxidized methionine required for ac-
tivity. Other described modifications are hydroxyl-

ysine in cecropin B from silkworm83 or methylated
tyrosine in clavanins.70

MODE OF ACTION OF
ANTIMICROBIAL PEPTIDES

Membrane Permeabilization

Studies on both live organisms and model membranes
have indicated that most antimicrobial peptides pro-
voke an increase in plasma membrane permeability. A
direct correlation between antibiotic effect and per-
meabilization ability has been found for de-
fensins,82,128 magainins,159–161 cecropins,162–167

bactenecins,168 or dermaseptins.36,169

A first step in the mechanism of action is the
electrostatic interaction between the cationic peptide
and the negatively charged components of the mem-
brane of the pathogen; hence, an increase in positive
charge of the peptide will increase microbicidal ac-
tivity. A direct correlation between cationic character
and activity has been established for magainin ana-
logues130,170–172and for cecropins, where the less
cationic cecropin D also shows the lowest microbici-
dal activity.173 Similar correlations have been estab-
lished for the interaction of cecropin A–melittin hy-
brids with either model membranes91 or anionic li-
popolisaccharides,174 for cryptdins175 or for rabbit
defensins.176 The correlation between charge and ac-
tivity is less evident in other cases, such as rat de-
fensins lacking one Arg residue but having the same
antibacterial activity177 or N-terminally acetylated
cecropin A-melittin hybrids.178 On the other hand,
many positive charges can lead to a loss of activity.
For instance, decreased activity of a highly cationic
magainin analogue130 has been attributed to either
destabilization of the pore due to increased repulsion
among peptide monomers, or to strong peptide asso-
ciation with the anionic lipids, which favors fast trans-
location into the inner leaflet of the membrane. The
positive charges also influence specificity of the pep-
tide toward the target membrane; variation in only one
charge can lead to dramatic differences in hemolytic
and antibacterial properties in pardaxin179 and in-
dolicidin180 analogues, or in a seminalplasmin frag-
ment where the Glu for Lys-5 replacement consider-
ably increases microbicidal but not hemolytic activ-
ity.181 In contrast, a more positively charged C-termi-
nus of cecropin B decreases microbicidal but in-
creases tumoricidal effects.182

While most antibiotic peptides described in the
literature are strongly cationic, a few examples of
anionic peptides have been reported. Examples in-
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clude polyAsp-containing fragments from the ovine
pulmonary surfactant183 and propieces of ovine
trypsinogen and PYLa frog activation peptide.184 In
these cases, the minimal inhibitory concentrations
(MICs) against common bacterial strains are much
higher than those of typical cationic peptides. On the
other hand, Glu-rich enkelytin52 shows activity in the
submicromolar range against gram-positive organ-
isms. Electron micrographs of bacteria exposed to
peptide do not show the typical alterations observed
for cationic peptides, suggesting a different mode of
action.

An interesting group of antimicrobial peptides are
those rich in His, whose net charge is pH dependent
within the physiological range. Thus clavanins34 from
tunicates and histatins from saliva54 show stronger
activity at low pHs; the latter case is particularly
relevant in view of the pH decrease caused by cario-
genic pathogens.185 Studies with histatin ana-
logues186–188 stress the importance of His residues,
though the correlation with charge is not fully clari-
fied.

The antimicrobial activity is also affected by mem-
brane characteristics such as phospholipid composi-
tion, sterol content, membrane potential, or the pres-
ence of polyanions (e.g., LPS, sialic acid residues).
For instance, anEscherichia colimutant lacking in
cardiolipin is more resistant to sapecin than the wild
type.189 Similarly, resistance ofSerratia to cecropin
A has been related to lower levels of acidic phospho-
lipids, closer to those of higher eukaryotes.190 Also,
the increased susceptibility of tumoral cells to some
antibiotic peptides has been ascribed to a higher ex-
posure of phosphatidylserine residues.191 Manipula-
tion of the cholesterol content of erythrocytes resulted
in a reverse relationship between sterol levels and
peptide susceptibility.160 Similar results have been
observed for cecropins and artificial membranes.150

Furthermore, the energetic status (membrane po-
tential) of the microorganism contributes to the final
outcome of the peptide–pathogen interaction. Thus,
depolarized cells tend to be less susceptible to the
action of antibiotic peptides.192,193 Finally, another
relevant but controversial aspect of the mechanism of
action is the position of the peptide relative to the
membrane, which bears directly on the permeabiliza-
tion mechanism. Two extreme situations, described
respectively as the barrel-stave and carpet models,
have been proposed.194 This question is discussed in
detail elsewhere in this issue.

Other Mechanisms
There is substantial evidence that antimicrobial pep-
tides exert their activities through mechanisms other

than membrane permeabilization, though it is not easy
to differentiate those other activities from secondary
events arising from membrane permeabilization. Sev-
eral findings point toward this direction. For instance,
some peptides have enantio or retronenantio versions
significantly less active upon certain organisms than
the all-L forms,47,57,66,120,195in contrast with the more
general observation of all-D analogues being either
equally or more active (due to proteolytic resis-
tance).164,170,196,197

Several pathways alternative to membrane perme-
abilization have been proposed, including inhibition
of synthesis of specific membrane proteins by attacins
or gloverin,198,199synthesis of stress proteins,200 ar-
rest of DNA synthesis by PR-39,201 breakage of sin-
gle-strand DNA by defensins,202 interaction with
DNA (without arrest of synthesis) by buforins,203 or
production of hydrogen peroxide.204 Antimicrobial
peptides can also act by triggering self-destructive
mechanisms such as apoptosis in eukaryotic cells or
autolysis in bacterial targets. Antimicrobial peptide-
induced apoptosis has been described for lactoferri-
cin205and the cecropin-melittin hybrid CA(1–8)M(1–
18).206Autolysis, based on activation of amidases that
degrade the peptidoglycan, has been observed on bac-
teria exposed to lantibiotics such as nisin and pep5.207

Antimicrobial peptides are also known to act as
inbibitors of enzymes produced by pathogenic organ-
isms, either by serving as pseudo-substrates or by
tight binding to the active site that disturbs the access
of substrate. Thus, histatins at the submicromolar
range are capable of inhibiting a trypsin-like protein-
ase from the oral bacteriaBacteroides gingivalis,208

and equine peptide eNAP-2209 inhibits other micro-
bial serine proteases. Alternatively, antimicrobial pep-
tides can serve as a control for proteinases involved in
inflammatory processes, such as the inhibition of furin
by histatin 3,210 which has close sequence homology
with the prepropeptide, or proBac5 from bovine neu-
trophils,211 which inhibits cathepsin L. That the rec-
ognition mechanism is due to the peptide sequence
and/or conformation is demonstrated by the specific-
ity of the proteinases and the inactivity of the enan-
tiomers.210 Inhibition of thrombin by defensins also
helps in the contention of the pathogens, and conse-
quently of the inflammatory process.212,213 In con-
trast, upregulation of the inflammatory process is
achieved by induction of IL-8 by defensins.214 Other
activities described so far for antimicrobial peptides
include chemotaxis,215,216induction of syndecan syn-
thesis,217 histamine release,218–220 and inhibition of
steroidogenesis.221,222
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MECHANISMS OF RESISTANCE TO
ANTIMICROBIAL PEPTIDES

Inactivation and resistance are essential issues for
both the understanding of action mechanisms and the
potential therapeutic application of antimicrobial pep-
tides. These phenomena have been largely docu-
mented on bacterial models through mutant genera-
tion and genetic rescue. In many cases, resistance is
associated with virulence genes (reviewed in Ref.
223), though not always.224 The following mecha-
nisms can be distinguished.

Inactivation by the Incubation Media

Serum and its components have been described as
inhibitors for different antimicrobial peptides, includ-
ing LL-37225 and defensin.226 Inhibition of defensins
by bovine serum albumin,227 a2-macroglobulins,228

serpins,229 and complement factor C1q230 has been
reported, though the latter finding is disputed.231 Ac-
tivated low density lipoproteins are the main inacti-
vator for amphipathic cytolytic peptides C18G and
399.232 Inactivation of the antimicrobial activity of
lactoferricin in cow’s milk has been reported.233

Inactivation by Oligosaccharide Barriers

Before reaching their final targets, antimicrobial pep-
tides must cross barriers such as bacterial peptidogly-
can (discussed below), extracellular matrix in eukary-
otic cells, or anionic oligosaccharides bound to dif-
ferent membrane components. Heparin, a major
component of the extracellular matrix, inhibits the
tumoricidal activity of defensins226 and the permeabi-
lization activity of cecropin A-melittin hybrid pep-
tides.227,228In the promastigote form ofLeishmania,a
parasitic protozoan, the plasma membrane contains a
glycocalix formed by anionic lipophosphoglycan,
which affords partial resistance against these pep-
tides.228 In erythrocytes, sialic acid residues from
membrane glycoproteins induce minor resistance to
magainin160 or melittin; in the latter case resistance
increases dramatically by certain substitutions.236

Inactivation by Bacterial Outer
Membrane

In gram-negative bacteria, the main component of the
outer leaflet is LPS (reviewed in Refs. 237–239). Any
active peptide not recognized by peptide transporters
must cross the outer membrane by the so-called self-
promoting pathway (a term coined238 to explain the

bactericidal activity of polymixin), which consists of
the displacement of divalent cations that keep LPS
together, thus allowing passage of external molecules.
The phenomenon has been observed for peptides such
as indolicidin and analogues,180 gloverin,199 a-de-
fensins,240 bactenecin,241 cecropin B,242 or cecropin
A-melittin hybrids.174,243Such studies have focused
on either the microbicidal activity of the peptides, or
on permeabilization to (otherwise excluded) fluores-
cent probes, hydrophobic antibiotics, or substrates for
periplasmic enzymes. As peptide recognition by LPS
takes place mainly by electrostatic interaction be-
tween cationic residues and phosphate groups, respec-
tively, inactivation at the outer membrane level can be
originated by either absence of LPS, such as in bacte-
necin-resistantBorrelia burgdorferi244 or by decrease
in overall negative charge, such as resulting from
esterification of phosphate groups. This latter phe-
nomenon takes place in naturally resistant bacteria
such asProteus245 or Burkholderia.246,247 Although
LPS is the main constituent, other outer membrane
components in gram-negative bacteria can play as
well a role in this interaction, but their importance
relative to LPS is not conclusively established. Thus,
pathogenic strains ofYersinia are resistant to de-
fensins248 and to polyLys, polyOrn, cecropin P1,
melittin, and polymixin B.249 A role for the protein
YadA, a main component of the outer membrane, was
suggested by the former authors, but not found for the
set of peptides tested by the second group.

Proteolysis of the Peptide
This perhaps most obvious of inactivation processes
has important bearing on the practical application of
antibiotic peptides. The high content in basic residues
favors degradation by trypsin-like proteinases. How-
ever, pinpointing a given enzyme as responsible for a
resistance mechanism is more difficult. Specific
cecropin-degrading enzymes produced by pathogens
such asBacillus larvae in honeybees250 and ento-
mopathogenic strains ofPseudomonas aeruginosa251

have been described. Virulence of the pathogenic
strains correlates with the level of these proteinases.
In Salmonella,a protein has been identified223 with
activity similar to magaininase, a metalloproteinase
from the amphibian skin known to be involved in the
degradation of magainins as well as other antibacterial
peptides.252

Resistance by Plasma Membrane
Components
Several membrane elements, both passive and active,
have been described as contributing to resistance.
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Lipid Composition. Lower levels of anionic phos-
pholipids are associated to bacterial resistance, either
in natural species such asSerratia,253 or in sphero-
plasts from different gram-negative bacteria.254

Higher activity of sapecin onS. aureusthan onE. coli
has been linked to cardiolipin content, since a mutant
defficient in its biosynthesis is more resistant.255 Sim-
ilarly, treatment of erythrocytes with phospholipase
D, which raises the phosphatidic acid content, is as-
sociated with higher susceptibility to antimicrobial
peptides.160

Membrane Potential.Membrane potential has been
associated with a higher permeabilization by antimi-
crobial peptides in both bacteria and model mem-
branes. The amphipathic peptide H9c2256 shows
higher activity on rat embryo myoblasts depending on
the cell cycle, in direct correlation to the variation in
membrane potential. Similarly, hyperpolarization of
erythrocytes increased their susceptibility to magainin
but not to melittin160 and collapse of the potassium
gradient in Leishmania decreased the activity of
cecropin A-melittin hybrids.235 TheuncA E. coli mu-
tant, which relies on glycolysis rather than on oxida-
tive phosphorylation for viability, and has therefore a
lower membrane potential, is more resistant to sarco-
toxin I.257,258

Reduction of Disulfide Bonds.Inactivation of NK-
lysin is performed by human but notE. coli thiore-
doxin reductase; it was suggested that this system is
located at the plasma membrane and partially respon-
sible for the incomplete killing by this peptide.124

Related forms of inactivation would be disulfide ex-
change, as described for thionins,259 or binding of
defensins to the activated thiol group ofa-2 macro-
globulin.228

Peptide Influx/Efflux Systems.Some transmem-
brane transport complexes, both in animal260 and
plant261pathogens, have been shown to be involved in
peptide resistance, operating as intake systems that
facilitate intracellular peptide degradation. In contrast,
resistance to protegrins and LL-37 inNeisseria gon-
orrhoeaeseems to be based on mtr, an efflux peptide
system262 working by mechanisms similar to other
pumps involved in drug multiresistance. However,
mdr1-transfected BRO melanoma cells, which show
multiresistance to a variety of antitumoral drugs, do
not decrease their susceptibility to magainin 2.263

Likewise, melittin is not a substrate for protein P,
from the same group of efflux pumps, though other
peptides such as gramicidin and valinomycin
are.264,265

FUNCTION AND PATHOLOGY OF
ANTIMICROBIAL PEPTIDES

The variety of defensive mechanisms developed by
multicellular organisms in nonspecific immunity
raises questions on the role of antibiotic peptides as a
deterrent against infection. In insects, specially in the
Drosophila model, such a role was clearly demon-
strated by the study of mutants lacking some of the
induction pathways for the antibiotic peptide genes
(reviewed in Refs. 3,5,6,19, and 266). For more
evolved insects, it was clearly shown that mutations in
the different signaling pathways of antimicrobial pep-
tides rendered the organism very susceptible to infec-
tion.267–269In organisms endowed with highly devel-
oped antigen-specific immunity, the role of antibiotic
peptides has been only partially ascertained; still, an
increasing body of experimental evidence has accu-
mulated during the last years.

Antibiotic Peptides in Infection and
Inflammation Processes

Increased levels of antibiotic peptides have been re-
ported for several animal and human infections: for
a-defensin in septicemia and bacterial meningitis,270

for b-defensins inMycobacterium, Pasteurella,or
Cryptosporidiuminfections,271,272 for PR-39 in sal-
monellosis,273 for a variety of peptides in blisters and
wound fluid,274 or for lingual antibacterial peptide
(LAP) in injured tongue.79 Inflammatory situations or
stimuli are also associated with induction of antibiotic
peptides such as LL-37274 TAP or LAP.275,276Levels
of NK-lysin, a tumoricidal and antibacterial peptide,
increase in NK cells or cytotoxic lymphocytes by
stimulation with IL-2.277

Absence or Inactivity of Peptides

Depleted levels of antibiotic peptides are associated to
several pathologies. Thus, patients of specific granule-
deficiency syndrome, completely lacking ina-de-
fensins,278 suffer from frequent and severe bacterial
infections. Low levels of histatins from saliva in a
group of HIV patients correlated with a higher inci-
dence of oral candidiasis279 and fungal infection.280

Perhaps the most compelling illustration of the impli-
cation of antimicrobial peptides in human pathology
comes from cystic fibrosis, a genetic disease associ-
ated with recurrent bacterial infections of the airways.
The defective chloride channel causing the disease
increases salinity of the alveolar fluid, and thus im-
pairs the bactericidal activity ofb-defensins, which
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are salt sensitive.281,282In diabetic patients, an inter-
esting theory on defensin inactivation proposes bind-
ing of the peptide to advanced glycation end prod-
ucts.283

Pathology Caused by Antibiotic Peptides

As part of the defense reactions or inflammatory stim-
uli, neutrophils discharge their granule contents, re-
leasing defensins that can damage surrounding tissues
and cells. Damage to airway epithelia due to release
of a-defensins from neutrophils in both cystic fibro-
sis284 and respiratory distress syndromes285 has been
described. Localization ofa-defensins in arterial wall
vessels286 can contribute to the inflammation process
as well as to the formation of atherosclerotic plaque
by favoring lipoprotein deposition in the vessel.287

ANTIBIOTIC PEPTIDES IN CLINICS

A great deal of work has been invested in recent years
in localizing new antibiotic peptide sequences and
improving their potency and selectivity, with the goal
of expanding and/or refining resources against infec-
tion in an era of antibiotic resistance. These efforts
may appear at first sight unrewarded, in view of the
scarce examples of antibiotic peptides at advanced
phases of clinical approval. Such a dismissal might be
premature, however, especially considering the rela-
tive infancy of most research in the field. At present,
advances in production (synthetic and recombinant)
and development of antibiotic peptides are under way,
clearing the way for cost-effective use. Therapeutical
applications of antibiotic peptides have been largely
envisaged in the treatment of bacterial288 or viral289

infections, and cancer.290 While it must be admitted
that most applications so far are confined to treatment
of local infections, promising results may be forth-
coming. A first step in this direction is a magainin
analogue, termed pexiganan acetate, which has ob-
tained approval for the treatment of diabetic foot
ulcers.291 Other fields where work is advancing are
the following.

Buco-Dental Infections

Natural defenses of the oral cavity are based on the
His-rich histatins from saliva, with a strong candi-
dacidal activity,185and on antibiotic peptides from the
epithelia such as LAP79 or from neutrophils in the
periodontium.292Many facultative oral gram-negative
bacteria are killed by human defensins293; others such
as Actinobacillus actinomycetemcomitansand

Eikenella corrodensare resistant, though not for rab-
bit NP-1 or theD forms of peptides such as prote-
grins.294,295Histatins can be adsorbed into polyacrylic
material to reduceCandida adhesion to the den-
ture.296 C-terminal analogues of histatin C show good
activity against oral pathogens other thanCandida.188

An additional effect of histatins is the inhibition of a
proteinase fromBacteroides gingivalis.208 In vivo ef-
ficacy of histatins has been assessed in an experimen-
tal gingivitis model in dogs.297 A promising develop-
ment in antimicrobial peptide-based gene therapy is
the production of histatin 3 by infection with a histatin
recombinant adenovirus, active onCandidastrains.298

Ocular Infections

Antibiotic peptides such as rabbit (defensin) NP-1,299

magainins,300 cecropin-derived Shiva 11,301 or
cecropin D5C302 have been proposed as preserving
media for cornea storage,303 contact lens disinfec-
tants,300,302or ocular antiseptics. In vivo experiments
have been performed with cecropin A–melittin hy-
brids on rabbits infected withPseudomonas aerugi-
nosa;the peptides were as effective as gentamycin in
the clearance of the infection.304

Spermicidal Agents

The activity of magainins and their analogues on
spermatozoids,305,306 causing morphological and
functional alterations led to propose them as contra-
ceptive agents. The broad-range activity of protegrins
against several sexually transmitted pathogens, in-
cluding HIV virus, has suggested a possible combi-
nation of antibiotic and contraceptive activities.307

Antitumoral Activity

A number of studies have shown tumoral cells to be
more susceptible to antibiotic peptides than their non-
transformed counterparts. The basis for this difference
is not fully clarified; changes in membrane potential
due to higher metabolism,308 higher exposure of
acidic phospholipids in the outer leaflet of mem-
brane,191 or cytoskeleton alteration and possible alter-
ations in the extracellular matrix309 have been pro-
posed as potentially implied in the process. Inras-
transformed cells more susceptible to melittin action,
a Ca21 influx induced by hyperactivation of phospho-
lipase A2 was proposed.310,311 Preferential activity
toward transformed cells has been described for
cecropins and analogues,182,309,312magainin 2 and
analogues,313 cecropin A–magainin 2 and cecropin
A–melittin hybrids,314 and analogues derived from
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human platelet factor.315 Activity of magainin ana-
logues was unchanged in a panel of human cancer cell
lines with a broad range of susceptibility toward typ-
ical antitumor drugs,316 or when a human melanoma
cell line was transfected with the drug efflux trans-
porter mdr1 that provides high resistance against
usual antitumor agents.263 As usual, extrapolation to
an in vivo situation is hampered by partial inactivation
by serum components315 or by the increase in proteo-
lytic activity of tumoral cells, a case where all-D

analogues were shown to be quite successful.290 Ex-
amples of the efficacy of antibiotic peptides against
murine tumors include the complete cure of an in-
duced melanoma in athymic nude mice with a single
injection of all-D MSI-511 magainin analogue290 or
the 100% lifespan increase in mice with induced
ascites and spontaneous ovarian tumors by intraperi-
toneal treatment with the magainin analogue MSI-
238.313 Colateral approaches tested in vitro for cancer
therapy include the targetting of thionin conjugated to
a monoclonal antibody toward lymphoma-causing
CD51 lymphocytes,317 or the reversion and/or atten-
uation of the transformed phenotype by the internal
expression of either cecropin or melittin inside tu-
moral cells.318

Antiviral Activity

Antibiotic peptides have been described to act upon
viruses at three levels. Direct action related to peptide
binding to the viral particle has been assessed on
herpes virus fora-defensins,227,319modelin-1, an am-
phipathic model peptide,289 and Hecate, a melittin
analogue320; on HIV virus for polyphemusins and
their analogues,321; and on viral stomatitis virus by
tachyplesin I.322

Secondly, inhibition of virion production has been
proposed to account for antiviral activity of melittin or
cecropin A323,324on HIV. Virus production was ar-
rested at sublethal peptide concentrations either with
the peptide added externally or produced interacellu-
larly by transfection with an expression vector.

Finally, mimicry of viral infective processes is a
third mechanism by which antimicrobial peptides ex-
ert antiviral activity. Thus, melittin and its subK7I
analogue, lacking antibiotic activity, inhibit infectiv-
ity of the tobacco mosaic virus by perturbing its
assembly due to the similarity of melittin with a virus
capsid region involved in RNA interaction.325 An-
other interesting example is the T22 [Tyr,5,12 Lys7]
analogue of polyphemusin, with EC50 in the nanomo-
lar range against HIV326 (even AZT-resistant strains).
The peptide, which requires intact disulfide bridges
and Zn21 for optimal activity,321,327 seems to act

through a nonmembrane-related mechanism, since its
all-D version is 20-fold less active.328 Though the
molecular basis for T22 activity is not fully under-
stood, it is known to bind gp120 and CD4 mole-
cules329–331and thus to block virus-cell fusion; it also
competes with the virus for the coreceptor of chemo-
kines CXCR4 and fusin.332 Recently, less cytotoxic
(i.e., less cationic) analogs of this promising peptide
have been developed.333
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