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Abstract

Antimicrobial peptides (APs) have been described as evolu-
tionary ancient weapons. Produced by a wide variety of or-
ganisms as part of a non-specific immune response, these
peptides are involved in the direct destruction of various mi-
croorganisms. Several APs have been shown to have broad
activity spectra against microorganisms such as Gram-posi-
tive and Gram-negative bacteria, enveloped viruses, fungi
and parasites. Given that resistance to a number of antibiot-
ics has developed in a wide range of microbes, the potential
of APs as novel therapeutic agents is being evaluated. How-
ever, optimisation of APs designed for therapy will need to
focus on such factors as their susceptibility to proteolytic
degradation and reduction of toxicity to mammalian cells.
Strict guidelines pertaining to their use should also be estab-
lished to prevent or hinder future development of bacterial

resistance to such peptides. Copyright © 2011 S. Karger AG, Basel

Introduction
It is a well-established fact that bacterial resistance to

various antimicrobial agents has developed as a direct re-
sponse to their exposure [Kaufmann and Hung, 2010].

Mechanisms involved in such resistance include: altera-
tion of the target protein by mutation or enzymatic ac-
tivation, the acquisition of genes from other bacterial
species encoding for less susceptible target proteins, by-
passing of the target protein, or the extrusion of the anti-
microbial from the cell. These adaptations can arise in
susceptible bacteria as a result of mutations or through
horizontal gene transfer, either within or between genera,
primarily employing mobile genetic elements such as
plasmids, transposons or integrons.

The fact that antibiotic resistance continues to develop
in a wide range of microbes has been well documented
[Hawkey, 2008; Hawkey and Jones, 2009; Livermore,
2003]. Contributing factors to this development include
the inappropriate use of antibiotics, such as the overuse
of powerful, broad-spectrum antibiotics, the presence of
antibiotics in the food/livestock industry [Arnold, 2007;
Levy, 1998; Monroe and Polk, 2000], and from the inclu-
sion of antimicrobials in household products [Aiello and
Larson, 2003]. As aresult of these strategies, many strains
of pathogenic bacteria are now multidrug-resistant (de-
fined as resistant to three or more antibacterial drug
classes) and consequently problematic to treat. This rep-
resents a real threat to human health and hasled to efforts
to develop new antimicrobial agents, including alterna-
tive drugs based on antimicrobial peptides [Hancock,
2001; Lata et al., 2007].

Antimicrobial peptides (APs) have been described as
evolutionary ancient weapons [Zasloff, 2002]. Found both
in the animal and plant kingdoms, they play a fundamen-
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lipid bilayer

Fig. 1. A wheel plot showing the distribu-
tion of amino acids of a hypothetical mod-
el peptide. This model peptide takes on an
a-helical structure, with a distribution of
positively charged amino acids on one side
of the molecule and hydrophobic amino
acids on the other side.
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tal role in the innate non-specific defence system which
confers resistance against infections without prior expo-
sure to foreign pathogens [Brown et al., 2007; Hancock,
2001]. These responses are genetically predetermined and
are possessed by all multicellular organisms [Izadpanah
and Gallo, 2005]. Although diverse with respect to their
amino acid sequence, their ability to form amphipathic
conformations allows APs to interact and disrupt bacte-
rial membranes [Powers and Hancock, 2003].

Considering their broad spectrum of activity against
arange of bacteria, fungi, enveloped viruses and parasites
[Brown and Hancock, 2006; Izadpanah and Gallo, 2005;
Mohan et al., 2010; Vizioli and Salzet, 2002], APs have
been the focus of studies looking at their potential as nov-
el therapeutic agents. Their natural antimicrobial prop-
erties, selectivity, speed of action and a low propensity for
the development of bacterial resistance make them ide-
al candidates for clinical development [Bradshaw, 2003].
Some concerns have however been shown regarding the
emergence of resistance and cross-resistance, as even
though resistance against APs is thought to be rare [Sahl
and Peschel, 2006], bacterial pathogens have been shown
to have developed countermeasures to limit the effective-
ness of APs [Roy et al., 2009; Yount et al., 2006].

Structure and Properties of Cationic Peptides
APs are generally defined as having less than 50 ami-

no acid residues, a net positive charge and contain
around 50% hydrophobic amino acids [Hancock, 2001].

Future Prospects for Antimicrobial
Peptides

Their charge is largely due to an excess of positively
charged basic amino acids such as lysine and arginine
[Brown and Hancock, 2006]. APs are classed based on
their secondary structures which include 3-sheet pep-
tides, stabilised by two to three disulphide bridges, am-
phipathic a-helices, loop peptides formed from a single
disulphide bridge, and extended structures. The most
common of these are the B-sheet and a-helical mole-
cules [Hancock, 2001; Hancock and Diamond, 2000].
Although their secondary structures vary, they all share
a common three-dimensional arrangement, as they fold
into amphiphilic molecules that have charged and hy-
drophilic portions segregated from the hydrophobic
portions [Hancock and Diamond, 2000]. This amphi-
philic organisation, as shown in figure 1, allows for
strong interactions between the positively charged pep-
tides and negatively charged bacterial membranes,
whilst the hydrophobic groups facilitate the penetration
of the AP into the lipid phase of the membrane [Izad-
panah and Gallo, 2005].

Although close to 900 AP sequences have been iso-
lated from a wide range of organisms [http://bbcm.units.
it/~tossi/amsdb.html], only a limited number have had
their three-dimensional conformation determined. For
example, (3-sheet peptides such as tachyplesin, which are
small 17-18 amino acid peptides isolated from the hae-
mocytes of the Japanese horseshoe crab [Nakamuraetal.,
1988], are characterised by the presence of an antiparal-
lel B-sheet predominately stabilised by disulphide bonds.
Studies based on the structure-activity relationship of
such B-sheet peptides have shown that these stabilising
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Fig. 2. The SMH model for the mechanism of action. Diagrammatic representation of peptide aggregation and
interaction with the cell membrane (a), peptide-induced lipid displacement (b) and insertion of peptides into
the membrane lipid bilayer (c) followed by eventual cell death (d). See text for more details.

disulphide bonds, although not necessarily required for
antimicrobial activity, are essential for membrane trans-
location [Powers and Hancock, 2003].

Mechanism of Action

The exact nature of the mechanism of action of APs
is still unclear [Appelt et al., 2007]. There are, however,
studies which have indicated that their mode of action is
specifically based on their structural properties. It is thus
their sequence, size, cationic nature, hydrophobicity and
amphipathicity that govern their interaction with target
cells [Keymanesh et al., 2009]. In fact, it would appear
that it is the fundamental difference in the design of
membranes of multicellular organisms and microbes
which APs have targeted [Zasloff, 2002]. Simply said, it is
the organisation of bacterial membranes and their heav-
ily populated lipid bilayer with their negatively charged
phospholipid headgroups, which make bacteria vulner-
able to APs. Eukaryotic membranes, on the other hand,
contain predominantly neutral phospholipids and as a re-
sult are less susceptible to disruption by cationic peptides
[Gottler and Ramamoorthy, 2009].

A model which is used to explain the antimicrobial ac-
tion, or more specifically the initial interaction between
APs and bacterial membranes, is the Shai-Matsuzaki-
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Huang (SMH) model [Huang, 2000; Matsuzaki, 1999;
Shai, 1999; Yang et al., 2000] (fig. 2). It has been proposed
that unstructured peptides adopt a three-dimensional
structure upon the interaction with the bacterial mem-
brane and fold into amphiphilic molecules, with positive-
ly charged sides directly interacting with the anionic lip-
id headgroups of the bacterial membrane (fig. 2a). The
lipids are then displaced by the peptides, causing a thin-
ning of the outer leaflet of the bacterial membrane
(fig. 2b). Following this, peptides aggregate and form a
channel which allows for peptide translocation into the
interior of the target cell (fig. 2¢) [Straus and Hancock,
2006]. It should be noted, however, that the exact process
of channel formation and peptide uptake is still unknown
and at present a matter of controversy [Alves et al., 2009].
Moreover, there are three different models which have
been proposed to explain the method of pore formation;
these include the barrel-stove model, the torodial pore
(wormhole) model and the micellisation model [Gottler
and Ramamoorthy, 2009; Hancock et al., 2006]. There
does not appear to be one model that fits all peptides,
with various factors contributing to the process of pore
formation.

The actual antimicrobial activity in order to kill bac-
teria resides in part in the disruption of the bacterial cell
membrane which can occur in a number of ways. This
includes membrane depolarisation, creation of pores (mi-
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celles) which could cause cellular contents to leak out,
degradation of cell walls, and alteration of the lipid com-
position in the membrane bilayer which could lead to the
disturbance of membrane functions [Straus and Han-
cock, 2006; Zasloff, 2002]. However, APs can also act in-
tracellularly and activate lethal processes which can in-
duce hydrolysis that can degrade the bacterial cell wall;
furthermore, they may also damage critical intracellular
targets resulting in cell death [Zasloff, 2002].

Bacterial Resistance: A Probability?

It has been speculated that unlike currently used anti-
biotics such as penicillin, acquisition of resistance by mi-
crobes against APs is thought to be improbable [Zasloff,
2002]. However, despite this somewhat optimistic per-
spective, an important factor to consider is whether or
not resistance can be provoked [Marr et al., 2006]. Resis-
tance is thought to be unlikely due to the mandatory in-
teraction between peptides and the bacterial membrane.
Thus, resistance would require the reconfiguration of the
bacterial membrane, an energetically costly manoeuvre
[Zasloff, 2002]. There is also the matter of peptides hav-
ing numerous targets, making the elimination of one tar-
get less significant [Marr et al., 2006]. Regardless, bac-
terial resistance against certain peptides does exist, as
shown in the examples below.

Although thought to be improbable, alteration of bac-
terial membranes has been shown as a mechanism of
resistance. Such alterations include the incorporation of
components with reduced anionic charge which leads to
the inability of peptides to aggregate on bacterial mem-
branes, preventing them from entering the cell. For in-
stance, studies have shown that Staphylococcus aureus
modifies the anionic phospholipids in the cytoplasmic
membrane with L-lysine, resulting in a reduction of the
net negative charge of the bacterial membrane and lead-
ing to the repulsion and subsequent resistance to APs
[Peschel and Collins, 2001]. Similarly, modification of the
lipopolysaccharide (LPS) of Gram-negative bacteria is yet
another bacterial mechanism contributing to resistance
[Gunn, 2001; Guo et al., 1998]. Modification of the lipid
A component of LPS has been seen to result in the devel-
opment of resistance against APs in such pathogens as
Salmonella enterica serovar Typhimurium [Gunn, 2001;
Peschel, 2002]. These modifications include the incor-
poration of fatty acids, thereby reducing the permeability
of the outer membrane and increasing membrane struc-
tural stability [Peschel, 2002]. Furthermore, addition of
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phosphoethanolamine and aminoarabinose to the LPS
core and lipid A regions, as well as the acetylation of the
O-antigen, contribute to resistance to APs [Gunn, 2001].
All of the above are induced by the PhoP-PhoQ two-com-
ponent signal transduction pathway. This pathway con-
trols the activation of a number of genes, including the
pmrCAB]locus encoding another two-component regula-
tory system also involved in the above-mentioned LPS
modifications [Gunn et al., 1998]. Studies have shown
that the PhoP-PhoQ regulatory system is required for re-
sistance against a number of structurally different APs
and that PhoP-PhoQ homologues are present in many, if
not all, Gram-negative bacteria [Bell and Gouyon, 2003;
Shi et al., 2004].

As can be seen, a common theme in AP resistance is
the reduction of the net negative charge of the bacterial
membrane. However, in addition to the above-mentioned
modifications, bacteria can also alter their cell wall hy-
drophobicity and membrane fluidity, which also plays
a role in the protection against APs [Bayer et al., 2000;
Peschel, 2002]. Other contributors to resistance include
membrane-bound efflux pumps, such as the mtrCDE ef-
flux pump possessed by Neisseria gonorrhoeae, which ex-
ports APs from the cell [Shafer et al., 1998]. Lastly, pep-
tides that do manage to enter the cell can be targeted by
outer-membrane proteases and cleaved, as has been
shown to occurin S. enterica serovar Typhimurium [Gui-
na et al., 2000].

The type of resistance discussed above is deemed to be
a component of pathogenesis of different bacteria and
varies from the type of resistance that manifests itself as
a result of prolonged exposure to therapy, as is the case
with antibiotics. With reference to APs, little is known
regarding acquired resistance as APs are yet to be used as
therapeutic agents over a prolonged period of time [Per-
ron et al., 2006].

Acquired Resistance

The evolution of resistance depends primarily on the
relationship between the frequency of exposure of the
treatment and the biological cost of resistance. In the case
of APs, the cost of resistance is thought to pertain to the
ability of bacteria to modify the bacterial cell membrane,
which is metabolically expensive [Zasloff, 2002]. How-
ever, acquired resistance resulting from repeated expo-
sure to APs has been demonstrated [Perron et al., 2006].
Through continued selection in the laboratory, 30 out of
32 lineages of Escherichia coli and Pseudomonas fluores-
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cens independently evolved heritable mechanisms of re-
sistance. As a consequence, like conventional antibiotics,
therapeutic use of APs may lead to the development of
resistance amongst bacteria. Furthermore, it has been
theorised that the wide variety of APs themselves may be
an indication that they have evolved in response to bacte-
rial co-evolution [Perron et al., 2006]. Thus, the reason
why APs are so highly specific is that they must match the
range of microbes that they attack. They are effective only
when rare and lose their effectiveness with the evolution
of resistance, which may be as a result of frequency of ex-
posure.

Cross-Resistance

The development of bacterial cross-resistance against
APs may also cast a cloud over APs promising role as
alternative antimicrobial agents. Such resistance results
when bacteria develop/obtain a resistance mechanism
that is effective not just against a single agent, but against
anumber of antimicrobial molecules, in this case, a num-
ber of possibly structurally related APs from various or-
ganisms.

There are two different points of view regarding the
possible use of APs as therapeutic agents, those who be-
lieve that they represent a promising alternative to cur-
rent antibiotics and those who believe we may be playing
with fire if we go ahead with their usage. The concern ap-
pears to stem from the fact that APs, as mentioned, are a
part of the host defence system of animals and plants, im-
plying that they already play a vital role in fighting off
microbial invaders amongst other things, and as such are
indispensible. Thus, should cross-resistance occur, we
may inadvertently be sabotaging our own defence system
[Bell and Gouyon, 2003]. Nevertheless, given that there is
no known universal mechanism of resistance to APs,
should resistance develop to a given therapeutic peptide,
it will not necessarily lead to resistance to all host defence
peptides [Hancock, 2003]. Regardless, given the possibil-
ity of this threat, it has been proposed that peptides des-
ignated for therapeutic use should be explored on a case-
by-case basis. Finally, it should be noted that APs are not
the only mechanism utilised by the host defence system.
Thus, the proposal that resistance to APs may compro-
mise the natural host defence system is thought to be ex-
treme.

At this point it is too early to say what is possible and
what is not. However, studies looking at induced resis-
tance to certain APs have shown the development of low-
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level cross-resistance to human APs [Moskowitz et al,,
2004] as well as other non-human APs [Samuelsen et al.,
2005]. What is clear is that more research needs to be un-
dertaken to examine both resistance, as well as cross-re-
sistance to APs.

Possible Therapeutic Application

There are a number of factors that make APs ideal
candidates for the generation of new antimicrobials.
They are relatively small and thus easy to synthesize, fast
acting, have a broad spectrum of activity against bacte-
ria and a low propensity for the development of resis-
tance [Bradshaw, 2003; Cherkasov et al., 2009; Hancock
and Sahl, 2006; Marr et al., 2006]. They could potential-
ly be used as single antimicrobials, in combination ther-
apy, asimmunomodulators or as endotoxin-neutralising
agents [Marr et al., 2006]. Studies have shown than in
vitro APs have excellent antimicrobial activity and rep-
resent a promising novel class of antibiotics. There also
appears to be evidence that good in vitro activity may be
indicative of efficient in vivo activity in animals [Han-
cock, 2001]. There are, however, hurdles which must first
be overcome before their therapeutic usage can be im-
plemented. These include difficulties with delivery, sta-
bility and susceptibility to proteases, unwanted toxicity
against eukaryotic cells, the high cost of large-scale pro-
duction and possible development of allergies [Brad-
shaw, 2003; Cherkasov et al., 2009; Hancock and Sahl,
2006]. It is also important to solve the secondary struc-
ture of each AP in order to understand its function and
mode of action, only then can potent peptides be devel-
oped for pharmaceutical applications [Gottler and Ra-
mamoorthy, 2009].

Although not many, there are examples of APs creat-
ed, and in some cases approved, for clinical use. A “first-
generation” AP that is a variant of the amphibian peptide
magainin, known as pexiganan, is a synthetic peptide of
22 amino acids and was manufactured to aid wound heal-
ing [Moore, 2003]. Although shown to be relatively non-
toxic and effective, it was nevertheless rejected by the
Food and Drug Administration (FDA) as it was consid-
ered to be no more effective than current available treat-
ment [Moore, 2003]. There are, however, APs which have
FDA approval and are currently in use as therapeutic
agents; these are gramicidin S and polymyxin B. Both are
ingredients in topical creams and solutions, but unfortu-
nately their use is limited to topical applications only as
both tend to be toxic [Hancock, 2001]. APs have also been
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shown to be effective in other non-medical applications.
Nisin, a polypeptide produced by certain strains of Lac-
tococcus lactis, was approved as a food preservative in
1969 [Delves-Broughton et al., 1996]. Since then, it has
been used to inhibit the activity of a wide range of Gram-
positive bacteria in a broad range of food products
[Delves-Broughton, 2005]. Although in use, nisin is not
ideal as it is affected by such factors as temperature and
by additives such as sodium chloride; however, these fac-
tors also affect other preservatives [Keymanesh et al,,
2009].

Combination therapy, the use of APs in combination
with antibiotics, is another avenue being explored. Prom-
ising in vitro results have been found using D-9-mer (di-
astereomer) peptides against methicillin-resistant S. au-
reus and P. aeruginosa [Iwasaki et al., 2007]. These syn-
thetic peptides, derived from insect defensins, have been
shown to exhibit synergistic or additive effects when
combined with antibiotics. By interacting with the bacte-
rial membrane, they are thought to increase membrane
permeability and allow antibiotics easier access to cyto-
plasmic targets [Iwasaki et al., 2007]. Another exciting
characteristic of some APs is their ability to inhibit anti-
biotic efflux pumps preventing the expulsion of antibiot-
ics [Renau et al., 1999; Tanabe et al., 2007]. Although APs
may have a bright future as therapeutic agents, significant
work is still required to explore possible harmful in vivo
effects and to determine combinations of APs and anti-
biotics.

Learning from the Past

The mantra regarding the resulting problems caused
by antibiotic overuse has been reported in both the lay
and medical press over the past 15 years [Arnold, 2007],
yet it would appear that this is being drowned out, as
antibiotic overuse/abuse appears to continue to this
day. Factors, such as unnecessary antibiotic prescription,
whether it be for viral infections or due to patient expec-
tations, overuse of antibiotics in the food industry, addi-
tion of antimicrobials in household and hygiene products
and general improper use, all contribute to antimicrobial
resistance [Aiello and Larson, 2003]. The emergence of
resistance also saw a decline in the rate of discovery of
new antibiotics. The number of pharmaceutical compa-
nies working on antibiotics dropped and as a result only
a few completely new antibiotics reached the market. In
addition, resistance is spreading from pathogenic bacte-
ria found in hospital settings to those found circulating
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in the wider community, making antibiotic resistance a
growing public concern [Fox, 2006].

It appears that as promising as APs may be for clinical
use, we need to exercise some caution. Their possible ap-
plications seem endless, which can be a problem of its
own. Not only can they be used clinically, but they can
also be applied in agriculture, the food industry, animal
husbandry and in aquaculture [Keymanesh et al., 2009].
Both a blessing and a curse, this widespread application
may see us stumble into the same pitfall as we did with
the use of antibiotics. Although potentially tempting,
their use in such areas as the food industry should be
regulated. Unnecessary additions to hygiene and house-
hold products should be avoided. Improving husbandry
practice, setting up quarantines, vaccinations, inclusion
of probiotics, proper diagnosis and control of viral infec-
tions could all lead to a reduced use of antibacterials
[McEwen and Fedorka-Cray, 2002]. Inadequate antimi-
crobial treatment in the clinical environment must also
be looked at. Using quicker methods of microbiological
identification may limit the use of broad-spectrum anti-
microbials and proper control of viral infections may pre-
vent the onset of secondary bacterial infections which
would also lead to a reduced need for antimicrobials
[Kollef, 2000]. The possibilities to reduce antimicrobial
resistance are certainly there, and whilst we may not be
able to reverse the damage done with antibiotics [Spratt,
1996], we may just be lucky enough with APs and their
possible applications in therapy.

Conclusion

The possibilities to develop APs into a new class of an-
tibiotics are certainly promising. Their broad spectrum of
activity, ease of synthesis and mechanism of action are all
qualities which make them ideal candidates for therapeu-
tic development and use. Nevertheless, there are still some
limitations that need to be addressed before APs can be
applied clinically. These include toxicity, stability and dif-
ficulties with delivery as well as high costs associated with
large-scale production of therapeutic peptides. Only after
these limitations are resolved can peptide-based thera-
peutics be fully realised. There are, however, companies
which are working on these limitations and there is hope
that with technological advancement, they will be re-
solved. We should be optimistic but also cautious. Studies
of resistance in bacteria have shown that development of
resistance is a continuous threat to any antimicrobial on
the market. It is thus obvious that we need to plan a little
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bit better, learn from past mistakes and not simply replace

one form of antibiotics with another without some form

of regulation. The threat of bacteria developing cross-re-
sistance against host defence peptides should also warrant
caution, and thus we should consider potential bacterial

(Australia).

resistance on a case-by-case basis prior to the indiscrimi-

nant use of APs as therapeutics.
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