
cells. Unlike innate immunity, adaptive immunity (antibodies and 
antigen-recognizing cytotoxic lymphocytes) is a late evolutionary 
development found only in higher vertebrates. Specific antigen recog-
nition by lymphocytes probably plays a limited role during the initial 
encounter but is especially effective against persistent microbes or
against microbes previously encountered by the host. 

The innate antimicrobial properties of epithelial surfaces were noted
a century ago by Metchnikoff, who emphasized the cleansing role of
mechanical factors such as the continuous movement of the tear film
across the frontal surface of the eye. Metchnikoff also observed that mi-
crobes that breached the epithelial surfaces were met by mobile cells
(phagocytes) that ingested and killed the invaders. Having described
the phagocytic killing of microbes, Metchnikoff surmised that micro-
bicidal substances must be present in phagocytes, and thought that
these were ‘ferments’ (enzymes). In the 1920s, Fleming discovered
that fluid secretions that coat the epithelia contain an antimicrobial and
bacteriolytic enzyme, which he named lysozyme, and that the same
substance was abundant in phagocytes. Later studies identified the
main target of lysozyme as a sugar linkage in the peptidoglycan cell
wall of bacteria. 

Over the past 40 years, several additional antimicrobial substances
produced by epithelia and phagocytes have been characterized, which
range in size from small inorganic molecules, such as hydrogen per-
oxide, to large protein complexes, such as those generated by the acti-
vation of the complement cascade. Antimicrobial peptides are con-
ventionally defined as polypeptide antimicrobial substances, encoded
by genes and synthesized by ribosomes, of ,100 amino acid residues.
This definition distinguishes them from most (but not all) peptide anti-
biotics of bacteria and fungi, which are typically synthesized by spe-
cialized metabolic pathways and often incorporate exotic amino acids.

Distribution of antimicrobial peptides
Antimicrobial peptides are widely distributed in plants and animals.
Epithelial surfaces of vertebrates secrete antimicrobial peptides from

MULTICELLULAR organisms must continually defend themselves
against invasion by microbes. In higher animals, the initial encounter be-
tween microbes and their potential hosts commonly takes place on the
skin, the conjuctivae or on the moist epithelial surfaces of respiratory,
digestive, urinary or reproductive tracts. The host resistance mecha-
nisms that are dominant during the early phases of the interaction be-
tween microbes and hosts do not depend on specific antigen recognition
but instead take advantage of shared structural or functional microbial
characteristics. Some microbial features are recognized by comple-
mentary receptors of the host that trigger localized effector mechanisms
(pattern recognition). Other structural or metabolic features render mi-
crobes selectively susceptible to host-derived antimicrobial substances,
which can include reactive oxidants, lytic enzymes, pore-forming mol-
ecules and substances that sequester essential nutrients. Certain anti-
microbial substances might be present constitutively; local synthesis or
release of others is provoked by invading microbes; and other anti-
microbial substances can be brought into the area of invasion by mobile
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both barrier epithelia and glandular structures1–4. Phagocytic cells con-
tain several types of storage organelles (granules) for microbicidal
substances and digestive enzymes5,6. In the process of phagocytosis,
some of these granules empty their contents onto ingested microbes,
generating a killing vacuole that has very high concentrations of mi-
crobicidal and digestive substances. Other granules are secreted into the
extracellular fluid where their contents kill microbes or inhibit their
multiplication. Both types of granules have proven to be a rich source
of antimicrobial peptides7–9. In invertebrates, the fluid portion of blood,
as well as the granules of phagocytic cells (hemocytes), contain anti-
microbial peptides10,11. As in vertebrates, intestinal and other epithelia
of insects secrete tissue-specific antimicrobial peptides12,13, which are
potentially important in insect resistance to intestinal parasites. In
plants, antimicrobial peptides are found in seeds (and are released dur-
ing the vulnerable period of germination), and in leaves and other
structures14,15.

Structures and mechanism of action
Almost all antimicrobial peptides are cationic and amphipathic. The
simplest antimicrobial peptide structures (Table 1) whose mechanism

of action has been investigated are either a helicesor b hairpins (Fig.
1). Both types of peptides can form transmembrane channels. The
length of a simple a helix is ~1.5 Å per amino acid residue, whereas
that of a b hairpin is ~3.5 Å per two residues. Because the hydrocar-
bon core of the phospholipid membrane is ~30 Å across, it takes about
20 amino acids to span the membrane by either an a-helical or b-hair-
pin peptide. Indeed, the simplest antimicrobial peptides of these two
classes are the frog skin peptide, magainin (23 amino acids)16,17, and the
pig leukocyte peptide, protegrin (16–18 amino acids)18,19. There are
two major hypotheses about how the disruption of membrane integrity
kills the target microbes. The loss of microbial viability might be due
to the cumulative effects of energy drain owing to the dissipation of ion
gradients across the disrupted membrane. Alternatively, antimicrobial
peptides might enter the target cell through the disrupted membrane,
bind to as yet unknown intracellular molecules and interfere with their
metabolic function. Either way, repair processes might limit or reverse
these lesions when peptide concentrations are low or when the target
is exposed for only a short time. Prolonged exposure to higher concen-
trations of antimicrobial peptides overwhelms the repair capacity of
the microbe and the damage becomes irreversible.
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Table 1. Summary of peptide antibiotics

Structure Representative Species and tissue Antimicrobial activity Development for industrial use
peptides (reported)

4-disulfide Plant defensins Plants Fungi Genetic introduction into plants to 
a helix 1 b sheet increase  antifungal resistance

Drosomycin Arthropod hemolymph

3-disulfide a-defensins Vertebrate neutrophils and Bacteria, fungi,
b-sheet-rich b-defensins mammalian epithelia enveloped viruses

3-disulfide Insect defensins Arthropod hemolymph, Gram-positive bacteria
a helix 1 molluscs
b sheet

3- or 4-disulfide Some thionins (crambin) Plants Bacteria, fungi, 
2 a helices 1 b sheet mammalian cells

2-disulfide b sheet Protegrins Pig neutrophils Bacteria, fungi, enveloped viruses Topical antimicrobials
Tachyplesins, Horseshoe crab hemocytes
polyphemusins

1-disulfide cyclic or Cyclic dodecapeptide Ruminant leukocytes Bacteria
partly cyclic (bactenecin-1)

Ranalexin, brevinin Amphibian skin

a helix Cecropins Insect hemolymph Bacteria Topical antimicrobials
Magainin, PGLa Amphibian skin Bacteria
LL-37 Mammalian leukocytes

Linear with repeating Bactenecins 5 and 7, Mammalian leukocytes Bacteria
motifs or predominant PR-39, prophenin, 
amino acids indolicidin

Diptericin, Apidaecin Insect hemolymph Bacteria
Histatins Human saliva Oral bacteria, fungi Topical for periodontal disease



The assembly of membrane pores by magainins20 and tachyplesins
(b-hairpin peptides from horseshoe crab hemocytes)21 is favored by
membranes that are rich in anionic phospholipids, a characteristic prop-
erty of bacterial membranes. Conversely, the cell membranes of ani-
mals are rich in neutral phospholipids and cholesterol, substances that
inhibit the incorporation of these peptides into membranes and the for-
mation of pores. This mechanism explains why the concentrations 
necessary to kill eukaryotic cells are much higher than those required to
kill most bacteria. Current evidence favors similar mechanisms of action
for other peptides commonly found in the animal and plant kingdoms22.

Defensins23 are particularly abundant and widely distributed anti-
microbial peptides that are characterized by a cationic b-sheet-rich
amphipathic structure that is stabilized by a conserved three-disulfide
motif. They range in size from 29 to 47 amino acids, and are abundant
in the granulocytes of many vertebrates, in Paneth cells (specialized
granule-rich intestinal host defense cells) and on epithelial surfaces.
Like the simpler magainins and protegrins, defensins also form pores
in target membranes. There is evidence that the permeabilization of
target cells is non-lethal unless followed by defensin entry into the cell
and additional intracellular damage24. 

Regulation of synthesis and release
In invertebrates and plants – organisms that lack adaptive immunity –
antimicrobial peptides constitute a major component of host de-
fense14,25,26. Many of the plant and invertebrate peptides (e.g. insect de-
fensins and plant defensins) resemble their vertebrate counterparts in
structure and function, but a comprehensive evolutionary lineage has
not yet been established. Both plants and invertebrates induce the syn-
thesis of antimicrobial peptides in response to infection. The signaling
pathways that mediate this response are similar to the acute phase re-
sponsein animals and use similar transcriptional regulators, most
prominently the rel/NF-kB family. In vertebrates, antimicrobial pep-
tide synthesis is either constitutive or inducible by microbial macro-
molecules or cytokines, or both (Fig. 2). Ab-defensin, called tracheal
antimicrobial peptide (TAP), is synthesized by bovine tracheal epi-
thelia after their exposure to inhaled bacteria or lipopolysaccharide
(LPS)27. This response is initiated by LPS receptors that ultimately sig-
nal to transcriptional regulators, including the nuclear factor kB (NF-
kB) complex, acting on NF-kB-binding motifs in the promoter of the
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Figure 1. Interactions of antimicrobial peptides with biological membranes. (a)
The three-dimensional structure of protegrin19 (b hairpin ) and magainin16 (a-
helix ) with the hydrophobic peptide backbone and hydrophobic side chains in
light and dark green, cysteines in yellow, polar side chains in orange, cationic
side chains in red and anionic side chains in blue. (b) Two models of pore for-
mation17. The peptides are simplified as cylinders, the membranes are shown
with anionic phospholipids in blue and hydrophobic interiors in green. The mod-
els take into account both hydrophobic and ionic interactions. In the barrel-
stave model, the pore behaves as a transmembrane protein complex inserted
into the membrane. In the wormhole model, the peptide molecules are em-
bedded in the interface between the hydrophobic interior and the phospholipid
headgroups, distorting the membrane and creating a pore lined by phospholipid
headgroups.

Glossary
Acute phase response – The altered pattern of protein synthesis by
infected vertebrate animals that makes the host more resistant to in-
fection. Synthesis of some proteins is increased and others de-
creased. The response is regulated by the transcriptional regulators
nuclear factor kB (NF-kB), nuclear factor interleukin 6 (NF-IL6) and
others.

a-helical peptide – A peptide the structure of which comprises a
helical backbone with the amino acid side chains directed away from
the center of the helix.

Amphipathic peptide – A peptide that has distinct hydrophobic
(oily) and polar/charged (water-solvent) domains. 

b-sheet peptide – A planar hairpin-like structure that is stabilized by
hydrogen bonding between backbone carbonyl oxygens and amide
nitrogens. Side chains are usually oriented above and below the
plane of the hairpin in alternating directions.

Cystic fibrosis – A common genetic disease, especially in
Caucasians. Patients with cystic fibrosis suffer from recurrent infec-
tions localized to the airways and lungs, leading eventually to res-
piratory failure from cumulative lung damage. The pancreas and
other organs can also be involved owing to thick epithelial secre-
tions but are not subject to unusual infections.

rel/NF-kB family of transcription factors – A prominent group of re-
lated transcription factors that regulate the synthesis of host defense
peptides and proteins in animals. Similar transcription factors are
also found in plants. The resting form of the nuclear factor kB (NF-kB)
complex is cytoplasmic. When activated by specific signaling cas-
cades, NF-kB is translocated into the nucleus, where it binds to cog-
nate DNA motifs in host-defense-related genes and regulates their
transcription – ultimately controlling the levels of the corresponding
proteins and peptides. The NF-kB activation cascade is triggered by:
(1) pattern-recognition receptors that bind certain pathogen-specific
molecules; (2) inflammatory cytokines; and (3) other less well char-
acterized signals produced during injury or infection.



TAP gene. In addition to transcriptional regulation of synthesis, stimu-
lus-dependent degranulation provides an additional level of respon-
siveness and specificity. Thus the granulocytes of many vertebrates
contain antimicrobial defensin peptides in their phagocytic granules
and another class of antimicrobial peptides, cathelicidins, in granules
destined for extracellular secretion28,29. Intestinal Paneth cells, pos-
itioned at the bottom of narrow crypts in the small intestine, release
their defensin-rich granules3 upon stimulation by cholinergic or bac-
terial stimuli, both of which are associated with food ingestion30.

All known antimicrobial peptides are synthesized as larger precur-
sors, which contain one or multiple copies of the active peptide seg-
ment that are released by proteolytic processing. In the simplest cases,
cotranslational removal of an N-terminal signal peptide frees the active
moiety, but more commonly one or more anionic propieces are also
removed during processing1,31,32. Perhaps the most intriguing and as
yet unexplained processing pattern is seen with cathelicidins, a group
of peptides that have a conserved 100 amino-acid domain that is often
proteolytically cleaved from the antimicrobial (and highly variable) C-
terminal domain33. In phagocytes, the cathelicidins are commonly
stored as inactive precursors in secretory granules. In many cases, the
processing enzyme is neutrophil elastase contained in a separate set of
storage granules. During phagocytosis, this binary system combines to
generate active antimicrobial peptides. The function of the highly con-
served cathelin domain is not yet known.

Spectrum of activity
Many antimicrobial peptides have activity against Gram-positive and
Gram-negative bacteria, yeasts and fungi, and even certain enveloped
viruses and protozoa. Other peptides are more restricted in their spec-
trum. Even minor variations in peptide structure can influence activity, and
a systematic understanding of the relationship between peptide structure

and activity is an important area for future in-
vestigations. Evidence is accumulating that
many peptides act synergistically with larger
polypeptides whose antimicrobial activity is en-
zymatic (e.g. lysozyme) or is dependent on spe-
cific recognition of bacterial macromolecules
[e.g. the bactericidal permeability-inducing pro-
tein (BPI)]34. Synergistic interactions between
two antimicrobial peptides in the frog skin, ma-
gainin 2 and PGLa, have also been reported35. In
addition to their action on microbes, some anti-
microbial peptides can function as regulatory
molecules in the host. For example, in vitro
studies suggest that defensins can attract phago-
cytes and lymphocytes to sites of infection, 
inhibit the adrenocorticotrophin hormone
(ACTH)-mediated cortisol release from adrenal
cells, induce the proliferation of fibroblasts and
modify ionic fluxes in epithelial cells23.

Biological role and consequences of
defects in the function of antimicrobial
peptides
Convincing evidence for the role of anti-
microbial peptides has been obtained in plants,
where genetic transplantation of antimicrobial
peptides from one plant species to another can
confer resistance to selected plant pathogens14.

In insects, injury or infection elicits the production of antimicrobial
peptides in the fat body (an equivalent of the vertebrate liver) and
within a few hours renders the hemolymph (an equivalent of blood)
antimicrobial. At least two distinct pathways participate in the induction
response. The antifungal response of Drosophila is induced by a sig-
naling pathway that is very similar to the dorsoventral morphogenic
pathway, as well as to the acute phase responsein mammals, which in-
volves the cytokine interleukin 1 (IL-1). The antibacterial response in-
volves a less extensively characterized immune deficiency (imd) gene
system. Genetic disruption of either pathway in Drosophilablocks the
induction of a distinct set of antimicrobial peptides, causing increased
susceptibility to fungal or bacterial infections, respectively25,36.

In a rare human disease, specific granule deficiency, the level of de-
fensins (and probably several other antimicrobial peptides and proteins
as well) in neutrophil granulocytes is severely decreased. The patients
develop recurrent and severe bacterial infections. However, the inter-
pretation and attribution of this defect is made complex by the multiple
proteins affected37. Cystic fibrosis is a common genetic disorder of epi-
thelial host defense, characterized by persistent colonization of airway
epithelia with Pseudomonas aeruginosaand other bacteria. Although
the bacteria do not invade or spread to other organs, they induce a vig-
orous but ineffective inflammatory response that eventually destroys
the lungs38. The primary genetic defect in cystic fibrosis is the absence
or malfunction of an epithelial Cl2 channel, the cystic fibrosis trans-
membrane regulator. Recently, it has been proposed that the malfunction
of the Cl2 channel raises the concentration of salt on the epithelial sur-
face, and the high concentrations of salt inactivate antimicrobial pep-
tides (Fig. 3)39,40. If confirmed, this scheme could explain the connection
between the genetic defect and the clinical presentation in cystic fi-
brosis. More importantly, the new paradigm should lead to the devel-
opment of more effective therapies for this devastating disease.
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Figure 2. Regulation of the synthesis and release of antimicrobial peptides. (a) In phagocytic cells, such as
granulocytes, granules release their contents into vacuoles that contain ingested microbes; (b) in intestinal
Paneth cells and other granule-rich epithelial cells, granule secretion is triggered by neural stimuli or specific
microbial molecules; (c) in epithelial cells that lack granules but are capable of secretion, synthesis and release
are either constitutive or induced by inflammatory stimuli via a nuclear factor kB (NF-kB)-dependent mecha-
nism; and (d) in non-secretory barrier epithelial cells, antimicrobial peptides accumulate intracellularly after syn-
thesis that is either constitutive or in response to stimulation by cytokines or specific microbial molecules. 
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Applications of antimicrobial peptides
Despite the problem of increasing microbial resistance to existing
medications, few new structural classes of antibiotics have reached the
pharmacy during the past decade. The many different antimicrobial
peptide structures found in a variety of biological settings give rise to
optimism that some of these compounds will prove useful as thera-
peutic antibiotics41. The main problems in the development of such
antibiotics include concerns about tissue penetration, potential toxici-
ties and the cost of production. Two peptides, one based on the maga-
inin structure and the other on the protegrin structure42, are in advanced
stages of clinical testing for topical application. These small peptides
are particularly well suited for production by chemical peptide syn-
thesis and have a broad antimicrobial spectrum. The initial trials of
these agents include the treatment of diabetic foot ulcers and the pre-
vention of oral mucositis caused by cancer chemotherapy, respectively.

Testing these new antibiotics as topical medications for localized in-
fections will generate useful clinical experience and will strengthen
the impetus for further development of these and other peptide anti-
biotics for systemic use. 

Conceptually different but equally exciting applications have re-
sulted from manipulation of the genes that encode antimicrobial pep-
tides. Genetic engineering of malaria-resistant mosquito strains4,12and
of disease-resistant plants14 are expected to have a beneficial impact on
human and animal health.
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Figure 3. The effect of NaCl on the activity of cationic antimicrobial peptides.
In the initial interaction of a cationic peptide with the anionic membrane of a mi-
crobe, Na1 cations and Cl2 anions screen the electrostatic forces and diminish
the attraction between the peptide and the membrane. The result, in most
cases, is inhibition of antimicrobial activity by increasing NaCl concentrations.
However, interactions between peptides during pore formation are also af-
fected by electrostatic forces, which repel the monomers from each other.
Some peptides are resistant to NaCl effects, presumably because these other
important interactions are promoted by NaCl.
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The outstanding questions

• What roles do individual antimicrobial peptides play in spe-
cific infections of the epithelia and deeper tissues?

• What structural determinants allow antimicrobial peptides
to exert activity against specific microbes?

• In addition to membranes, what are the other targets of 
antimicrobial peptides?

• Do antimicrobial peptides regulate inflammation or the
adaptive immune responsein vivo?

• How do infections induce the production of antimicrobial
peptides in Drosophila, in mammals and in human tissues?
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