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Antimicrobial peptides are cationic molecules, which participate in multiple aspects of the immune response 
including the control of inflammatory diseases, characteristic that make these molecules attractive as 
therapeutic tools. These peptides are produced in bacteria, insects, plants and vertebrates, and are classified 
together due to their capacity to directly inhibit the growth of microorganisms, and to regulate the immune 
response by inducing the secretion of chemokines and cytokines. Various families of antimicrobial peptides 
have been identified including the cathelicidins and defensins, the most investigated human antimicrobial 
peptides. This review will cover the main biological functions of antimicrobial and cell-penetrating peptides 
in inflammation, and describe the importance and utility of antimicrobial peptides as therapeutics for 
inflammatory diseases.
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features, such as cathelicidins (with a linear a-helical 
structure), defensins (with a β-strand structure), 
and bactenecins (with a loop structure).[3-5] These 
peptides are also called cationic molecules because 
have a positive charge provided by arginine (Arg) and 
lysine (Lys) residues, and are small molecules (fewer 
than 100 amino acids in lenght). Currently, there 
are two main genetic categories for antimicrobial 
peptides in mammals: Cathelicidins and defensins.[6-8] 
Cathelicidins are characterized by an NH2-terminal 
signal peptide (a highly conserved cathelin domain) 
and a variable COOH-terminal antimicrobial domain 
that can be released from the precursor protein after 
cleavage by proteinases.[9-11] The first cathelicidin was 
isolated from mammalian myeloid cells, showing a 
conserved NH2-terminal precursor protein (containing 
typically about 100 amino acid residues) and a variable 
COOH-terminal protein domain (10-40 amino acid 
residues).[12] Importantly, these authors demonstrated 
that the stability of the a-helix in the structure of 

INTRODUCTION

The need for more effective inflammatory diseases 
therapies with safer side effect profiles has pushed 
researchers to devise new therapies including new 
immunomodulatory agents such as antimicrobial 
peptides. Mammalian antimicrobial peptides 
represent an efficient arm of the innate immune 
system. To date, over 1,500 antimicrobial peptides 
have been listed in different databases.[1,2] These 
peptides are classified based on secondary structural 
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this antimicrobial peptide is attributed to peptide 
concentration-dependent aggregation induced by 
ionic and hydrophobic interactions. To date, the only 
human cathelicidin identified is the human cationic 
antimicrobial protein with a molecular size of 18 kD 
(hCAP18).[13-15] The hCAP18 has 37 amino residues 
therefore this molecule is also termed LL-37.[16] LL-37 
is mainly expressed by neutrophils[17] and epithelial 
cells.[18-20] A more recent study reported that the human 
cathelicidin LL-37 is a positively charged molecule 
(+6 at physiological pH of ~7.4) with a high content 
of Arg and Lys amino acids and adopts an a-helical 
structure in solutions with ionic composition similar 
to human plasma.[21] A study by Schaller-Bals et al.[22] 
showed that the cathelicidin LL-37 is present in the 
human organism at a very early stage of development, 
since has been detected at approximately 5 µg/ml in 
tracheal aspirates of infants during infection. The 
cathelicidin LL-37 is encoded by only one cathelicidin 
gene, which is located on chromosome 3 (3p21.3), and 
is expressed in the squamous epithelia of the airways, 
mouth, tongue, esophagus and intestine.[23,24] This 
peptide is constitutively synthesized in spleen, liver, 
stomach, intestine and bone marrow. Recently, it has 
been demonstrated that NADPH oxidase 2 interaction 
with Toll‑like receptor (TLR) 2 is required for efficient 
secretion of cathelicidin.[25]

Defensins represent an important peptide family 
among antimicrobial peptides. Mammalian defensins 
are divided into three subfamilies, depending on 
the position of cysteines and disulfide bridges.[26,27] 
Currently, six a-defensins and four β-defensins 
(HBD1–4) have been well characterized.[28-30] However, 
55 a-defensins,[31,32] and more than 90 β-defensin 
genes have been found in the human genome based 
on a computational search strategy.[33] Recently, 
g-defensins have been described. Human neutrophil 
a-defensins (HNPs), isoforms 1-4 differ in a single 
N-terminal residue but have similar antimicrobial 
properties. The genes encoding HNPs are located in a 
contiguous segment of chromosome 8p23,[34] have three 
exons and two introns.[35] Furthermore, a HNP gene 
produces a 94-amino acid precursor structure that is 
made up of a signal peptide (19 amino acid residues 
from N-terminal) and the prodefensin (74 amino acid 
residues toward C-terminal). In regard to β-defensins, 
the first β‑defensin was identified in bovine tongue,[36] 
whereas the first isolated human β-defensin-1(HBD-1) 
was discovered from hemofiltrates.[37] The second 
human β-defensin, HBD-2, was discovered in extracts 
of lesional scales from patients suffering from 
psoriasis.[38,39] Moreover, we have reported that M. bovis 
Bacillus Calmette-Guérin (BCG) infection of human 
cells induces HBD‑2 mRNA expression in inflamed 
skin.[40] Regarding the characterization of human 

beta-defensin-3, Harder et al.[41] reported that this 
antimicrobial peptide is expressed mainly in skin and 
tonsils. β-defensin 4 is highly expressed in the testes 
and gastric antrum.[29] The main biological functions of 
cathelicidins and defensins in inflammatory responses, 
and the therapeutic implications of these peptides in 
inflammatory diseases are discussed in this revision.

The main role of antimicrobial peptides is the direct 
lysis of microorganisms through the electrostatic 
interaction with the cell target, followed by insertion 
into the plasma membrane accompanied by pore 
formation.[27] A second mechanism of action of these 
peptides involves the recognition of intracellular 
molecules such as DNA, DnaK chaperone, and 
mitochondria (histatin 5, which induces a decrease 
of mitochondrial ATP synthesis ending in cell death).

Antimicrobial peptides and inflammatory responses
The inflammatory response is a protective reaction 
by the host to eliminate injurious stimuli. At present, 
it is well known that cathelicidins have the capacity 
to induce secretion of cytokines to promote the 
recruitment of immune cells to the site of injury.[6,21] 
In addition, it has been demonstrated that the in vivo 
contribution of antimicrobial peptides to inflammatory 
responses depends on their capacity to induce the 
production of pro‑inflammatory cytokines to enhance 
phagocytosis.[42] In this regard, it has been reported 
that the cathelicidin LL-37 induces the release of 
IL-1β, IL-8, TNF-a, IL-6 and granulocyte–macrophage 
colony stimulating factor (GM-CSF) by keratinocytes, 
and of TNF-a and IL-6 by immature dendritic 
cells.[43,44] In addition, it has been demonstrated 
that LL-37 promotes the expression of IL-1β from 
monocytes.[45] Furthermore, it has been reported that 
the antimicrobial peptide LL-37 increases immune 
responses by activation of the nuclear factor kappa B 
(NF-κB) pathway in human cells, and that this peptide 
at 50-100 µg/ml regulates a number of genes in the 
human epithelial cell line A549 and in the murine 
macrophage cell line RAW 264.7, some of which are 
pro‑inflammatory mediators.[46] Importantly, it has 
been acknowledged that the cathelicidin LL-37 is 
found in various tissues at estimated concentrations 
of 2-5 µg/ml and at higher levels under inflammatory 
conditions.[47-49] Furthermore, Niyonsaba et al.[50] 
showed that the cathelicidin LL-37 induces direct 
chemotaxis for immune cells as another biological 
activity related to inflammation. In addition, it has 
been acknowledged that LL-37 has an important 
role in mast cell recruitment at inflammatory sites, 
since this antimicrobial peptide has the capacity to 
induce mast cell degranulation leading to release 
of inflammatory mediators.[51] More recently, it has 
been demonstrated the important role of neutrophil-
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secreted LL-37 in the induction of chemotactic 
migration of inflammatory cells in vivo.[52]

On the other hand, there is a growing body of 
evidence that a-defensins play an important role in 
regulating inflammation. In this context, it has been 
demonstrated that HNPs increase the production of 
TNF-a and IL-1β, and decrease the production of IL-10 
in human monocytes and adhesion molecule expression 
in endothelial cells.[53] In support of this, Braff  
et al.[54] reported that HNP-1,-2, and-3 have an 
important role as immune modulators by increasing 
TNF-a and IL-1 secretion in human monocytes infected 
by bacteria. Recently, a study by Syeda et al.[55] showed 
that HNP can activate endothelial cells to produce 
vasoactive molecules such as endothelin-1, indicating 
that HNP can regulate inflammatory responses. 
Furthermore, a study by Soehnlein et al.[52] showed 
that HNP1-3 can up-regulate bacterial phagocytosis 
by human macrophages. The mechanism for how 
HNP1‑3 influence phagocytosis lies in the capacity of 
these peptides to induce macrophage release of TNF-a 
and interferon (IFN)-g.

At present, it has also been reported that β-defensins 
are effector molecules of inflammatory responses of 
the host by regulating the secretion of inflammatory 
cytokines and chemokines. In this regard, a study 
by Yang et al.[56] showed that HBD-2 shows immune 
stimulating properties by chemo-attracting immature 
dendritic cells and T cells to modify the adaptive 
immune reaction. In addition, it has been reported that 
the antimicrobial peptide HBD-2 is involved in wound 
repair by activating an intrinsic antibiotic mechanism 
in wounds and inflammation.[57] Furthermore, 
Niyonsaba and Ogawa[51] showed that human 
β-defensins increase the expression of TNF-a and IL-1 
in human monocytes activated by bacteria. In addition, 
they also demonstrated that HBD2-4 can stimulate 
human keratinocytes to increase the secretion of 
pro‑inflammatory cytokines and chemokines such as 
IL‑6, IL‑10, MCP‑1 and macrophage inflammatory 
protein (MIP)-3a.[58] Importantly, a study by Nagaoka 
et al.[59] showed that HBD-3 is a potent modulator 
of inflammation due to their effects on neutrophil 
apoptosis. The mechanism for how HBD-3 induces 
their suppressive roles on neutrophil apoptosis lies 
in the capacity of this peptide to induce inhibition 
of caspase 3 activity. More recently, it has been 
acknowledged that HBD‑2 can regulate inflammatory 
angiogenesis by stimulating migration, and tube 
formation of human umbilical vein endothelial cells.[60] 
Furthermore, they also demonstrated that HBD-
2 can stimulate chemotaxis of human endothelial 
cells, promote wound healing and capillary-like tube 
formation of endothelial cells, indicating that HBD-2 

could links inflammatory response and host defense 
through its pro-angiogenic activity.

Importantly, a number of clinical studies have 
shown that several inflammatory diseases are 
associated with antimicrobial peptide production 
changes [Table 1]. In this regard, individuals with 
lower gene copy number of HBD‑2 have a significant 
higher risk of developing Crohn’s disease, which 
is an inflammatory disease of the small intestine 
and the colon.[68,69] In addition, single-nucleotide 
polymorphisms in transcription factor-4 are directly 
related to Crohn’s disease incidence.[71] Data from this 
study indicate that defensins are directly associated 
with this disease. In regard to skin inflammatory 
diseases and antimicrobial peptides, it has been 
documented that patients with atopic dermatitis 
display an abnormally reduced antimicrobial 
peptide concentration in lesional skin.[51,67] It has 
been reported that patients with atopic eczema 
have a decreased expression of LL-37, HBD2 and 
HBD3.[67] Psoriasis is another human inflammatory 
skin disease associated with abnormal antimicrobial 
peptide expression.[51] In this regard, recent studies 
have demonstrated that the high levels of LL-37 in 
psoriasis forms complexes with human self-DNA 
to activate plasmacytoid dendritic cells.[61] These 
complexes triggers TLR9 in the cells to produce type I 
interferons. These interferons trigger maturation of 
myeloid dendritic cells to activate autoreactive Th1 
or Th17 cells, resulting in sustained production of 
IL-17 and IL-22. The sustained production of these 
interleukins leads to the expression of LL-37 that 
forms a feedback loop to maintain the inflammatory 
responses in psoriasis.[62] In addition, it has been 
demonstrated that this human inflammatory disease 
is associated with increased β-defensin genomic 
copy number.[63] Importantly, patients with rosacea 
express higher levels of LL-37 on skin with an 
increased activity of a dermal serine-protease that 
induces inflammation.[64] Furthermore, it has been 
demonstrated that patients with acne vulgaris,[65,66] 
contact dermatitis,[19] and ulcerative colitis[42] have 
high expression of antimicrobial peptides in their 

Table 1: Inflammatory diseases associated with antimicrobial 
peptides production changes
Inflammatory 
diseases

Antimicrobial 
peptides

Expression 
levels

Reference (s)

Psoriasis LL-37, Defensins Overexpressed [51,61-63]
Rosacea LL-37 Increased [64]
Acne vulgaris Defensins Increased [65,66]
Atopic dermatitis LL-37, Defensins Downregulated [51,67]
Contact dermatitis LL-37 Increased [19]
Crohn’s disease a-defensins; HBD2 Downregulated [68,69]
Ulcerative colitis HBD2-4 Increased [70]
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inflammatory lesions. It is important to consider that 
up-regulation of defensin gene expression during 
inflammation depends on the activation of the NF‑κB, 
which acts as a master switch for inflammation.[40] 
In this regard, our results have demonstrated that 
M. bovis Bacillus Calmette-Guérin (BCG) infection 
of human epithelial cells induces HBD-2 mRNA 
expression which is up-regulated by TNF-a produced 
from M. bovis BCG-infected cells, and is modulated 
by NF-kB.[70]

Currently, the literature indicates that some 
antimicrobial peptides protect the skin from 
infections. In this regard, LL-37 is the only active 
form of cathelicidin in the skin, and the concept that 
endogenous expression of LL-37 protects from skin 
infections comes from the demonstration that nude 
mice for the CRAMP cathelicidin gene are much more 
susceptible to skin infection by group A Streptococcus 
than wild-type mice are.[72] Furthermore, it has 
been demonstrated that neonatal skin in humans 
expresses increased levels of antimicrobial 
peptides.[73] Importantly, these authors reported 
that the synergistic antimicrobial activity of LL-37 
and HBD‑2 efficiently kill the growth of group B 
Streptococcus, an important neonatal pathogen, 
indicating that these peptides provide innate 
immunity during development of cellular immune 
response mechanisms in the newborn period. In fact, 
a major criticism of antimicrobial peptide research 
is that many of the immunomodulatory effects 
observed in culture occurs at concentrations that 
are much higher than would be expected in vivo. 
However, the notion that in humans, the cathelicidin 
LL-37, in cooperation with other antimicrobial 
peptides such as HBD-2 prevents infection in 
digestive and pulmonary systems indicate that 
the immunomodulatory activity of the cathelicidin 
LL-37 can be augmented by other antimicrobial 
peptides. Murakami et al.[74] showed that cathelicidin 
expression in sweat represent an important innate 
defense system for the skin. In addition, data from 
Sayama et al.[75] demonstrated that the apoptosis 
signal-regulating kinase-1 (ASK1)-mediated 
keratinocyte differentiation regulates the production 
of both β-defensins and the cathelicidin LL37 as a 
new mechanisms of skin innate immunity.

On the other hand, data from Miles et al.[76] showed 
that a-defensins secreted by human neutrophils 
in chronic inflammation can inhibit the secretion 
of multiple pro-inflammatory cytokines, as an 
important anti‑inflammatory mechanism involved in 
the prevention of damage to tissues. In addition, data 
from experiments with knockout mice highlight their 
anti‑inflammatory effect of β-defensins. In support 

of this, it has recently been shown that mouse 
β-defensin 1 knockout mice when compared with 
wild-type animals died earlier after infection and 
also exhibited a grater inflammatory infiltrate early 
in disease, indicating that mouse β-defensin 1 plays a 
critical role in controlling inflammation in influenza 
infection.[77] Taken together, these studies suggest 
that antimicrobial peptides prime the inflammatory 
microenvironment by inducing both proinflammatory 
and anti‑inflammatory properties.

Therapeutic implications of antimicrobial peptides in 
inflammatory diseases
The concept of using antimicrobial peptides as 
therapeutic tools was first introduced in the late 1990s. 
Table 2 shows some antimicrobial peptides, which are 
being tested in inflammatory diseases. Antimicrobial 
peptides can be used to improve those diseases 
related with the non-functional endogenous peptides 
such as Crohn’s. The use of antimicrobial peptides 
as therapeutic tools has as main advantages their 
rapid action against a broad array of infectious agents 
and their low tendency for resistance development. 
However, the tight regulation of the antimicrobial 
peptides should be considered, since it is well known 
that persistent amounts of these peptides may lead 
to a chronic inflammatory process, as it has been 
demonstrated for psoriasis. In addition, it is important 
to consider that the practical use of these peptides 
as therapeutic tools is limited by serious drawbacks 
concerning bioavailability, metabolic stability, 
immunogenicity, and production cost.[78] In this 
regard, the main disadvantage for the practical use of 
antimicrobial peptides is related to peptide large size. 
Therefore, the research in this field is currently devoted 
to develop smaller synthetic peptidomimetics.[79,80] In 
addition, a number of structural modifications leading 
to enhanced antimicrobial peptide biological lifetimes, 

Table 2: Antimicrobial peptides in commercial development 
which are being tested in inflammatory diseases
Peptide Company Stage of 

development
Medical use

RDP58 Genzyme Post phase II Inflammatory bowel 
disease

MX-594AN Migenix Phase II Topical treatment for 
acne vulgaris

MX-226 Migenix Phase 3b Dermatology-related 
infections

HB-1345 BioMedix Pre-phase I Acne
HB-107 Biopharmaceuticals Preclinical Wound healing
Iseganan Biosciences Phase III Oral mucositis in 

radiation therapy 
Patients

Glutoxim Pharma BAM Phase II Tuberculosis
IMX942 Inimex Phase IA Immunomodulation, 

treatment of fevers in 
chemotherapy patients
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reduction of cytotoxicity and therapeutic index have 
been proposed.

It is important to consider that patients with atopic 
dermatitis showed a significant increase in LL‑37 
expression after treatment with 4000 IU/d oral 
vitamin D for 21 days.[81] These data support the concept 
that vitamin D3 induces the expression of LL-37, and 
that this vitamin might be use in dermatology.[82] In 
fact, the observation that LL-37 expression is under 
the control of the vitamin D pathway indicates the use 
of this vitamin in novel therapies for the treatment of 
the chronic skin disease psoriasis.

At present, the systemic administration of LL-37 
or its induction by vitamin D3 are being tested 
in the treatment of skin inflammatory diseases. 
The effectiveness of butyrate administration to 
induce antimicrobial production to counterattack 
inflammatory diseases is well documented in animal 
models.[83] Moreover, an alternative approach has 
been described using gene therapy methods. In this 
regard, the cutaneous adenoviral delivery of LL-37 
has been an effective method in the treatment of burn 
wound infections.[84-86] Taken together, these data 
indicate that this is a promising research field with a 
great potential for the development of antimicrobial 
peptides as therapeutics that can aid in the control of 
inflammatory diseases.

CONCLUSIONS

Importantly, the capacity of antimicrobial peptides 
to regulate different responses connected with host 
defense, such as chemotaxis of inflammatory cells 
suggest a high level of integration of these effector 
molecules with specific innate immune responses. 
In this regard, these peptides can exert selective 
immunoregulatory activities on the host inflammatory 
response, indicating the clinical use of synthetic 
peptides and the development of analogues as 
therapeutic tools. An alternative approach is to induce 
the endogenous production of antimicrobial peptides 
to avoid adverse systemic reactions and the possible 
toxicity of synthetic peptides.

Although, the biological activities of antimicrobial 
peptides in different cell types and significance 
in the inflammatory responses in vivo clearly 
require further investigation, it is evident that 
the participation of antimicrobial peptides in 
inflammatory diseases illustrates the potential 
of these peptides as therapeutic agents. A deeper 
understanding of the processes that regulate 
antimicrobial expression will potentially assist 
the practical use of these peptides for therapeutic 

intervention in inflammatory diseases and could 
be possible to develop novel and more effective 
therapeutics for inflammatory diseases.

In summary, substantial progress has been achieves 
in the last decade with respect to the functional 
significance of the involvement of antimicrobial 
peptides in inflammation, and this progress may 
result in the potential use of antimicrobial peptides 
as therapeutics that enhance the innate immune 
defense system.
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