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ABSTRACT 

Animals are constantly threatened by vast numbers of microbes and have consequently 
evolved an array of strategies to prevent microbial invasion. In this thesis, I have 
studied natural antimicrobial lipids and polypeptides associated with immediate host 
defense. 
 
The antibacterial effects of fatty acids and monoglycerides were studied by incubation 
of bacteria with lipid solutions and consequent measurement of bacterial reduction. The 
susceptibility varied between bacterial species, where saturated medium-chain fatty 
acids, corresponding 1-monoglycerides and monounsaturated long-chain fatty acids 
were the most active. The mode of action against Chlamydia trachomatis and group B 
streptococci was studied by electron microscopy and indicated that the bacteria were 
killed by disintegration of the cell membrane(s) by the lipids, but leaving the bacterial 
cell wall intact. The rapid and extensive killing of bacteria suggests that natural lipids 
may be used as microbicidal agents in prevention and treatment of infections. 
 
Vernix caseosa (vernix) collected from the skin of 88 neonates exhibited antimicrobial 
activities. Here, 20 polypeptides plus additional variant peptide forms were identified 
and several of them were found to contribute to host defense. The lipids of vernix were 
separated and lipid classes were screened for antibacterial activity. The free fatty acids, 
which was the only lipid class found to exhibit antimicrobial activity, was further 
characterized and found to be rich in fatty acids able to kill microbes. Finally, a higher 
antimicrobial effect was visualized in samples of the α-helical peptide LL-37 incubated 
with vernix lipids than in samples containing LL-37 alone. 
 
Fecal and meconium extracts of neonates were collected. The fecal extracts exhibited 
higher antimicrobial activity than extracts of meconium. All activities were salt-
sensitive. Utilizing high performance liquid chromatography (HPLC), mass 
spectrometry, sequence analysis, and immuno-blotting, eight antimicrobial 
polypeptides were identified in meconium and five in fecal samples. Higher levels of 
lysozyme and azurocidin were detected in feces than in meconium. 
 
An extract from the epidermal mucus of the Atlantic cod exhibited salt-dependent 
antimicrobial activities, which were eliminated by pepsin digestion. No lysozyme 
activity was detected. Four antimicrobial polypeptides were isolated from the mucus 
with HPLC. Utilizing amino acid sequence analyses, together with mass spectrometry, 
these polypeptides were identified as a histone and ribosomal proteins. 
 
Our findings reveal that a number of antimicrobial lipids and polypeptides are present 
in skin, epithelia and integumental tissues of fish and human fetus. These lipids and 
polypeptides kill potential pathogens of the skin and mucosa of animals. They may be 
implicated in the control of microbial colonization and contribute to the innate defense 
mechanism. 
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1 MICROBES, HOST DEFENSE AND THE 

ENVIRONMENT 

During birth, the fetus is confronted and colonized by a massive amount of microbes. 

The colonization continues through life by inhaling, swallowing and acquiring on the 

skin a great diversity of microbes. Microbes that adhere to a host with a suitable niche, 

multiply and form complex communities with other microbes as well as host cells, 

constituting the “commensal” or “natural” flora that can be considered as an important 

defense barrier of animals. This natural flora includes coagulase-negative 

staphylococci, micrococci, corynebacteria, propionibacteria, lactobacilli and yeast. 

Microbes that do not find a suitable niche on a host, either because of competition with 

the natural flora or because of susceptibility to the host defenses, are referred to as the 

“transient” flora (Evans 1999). 

 

Microbes are normally not found in muscles, joints, bones, connective tissues or vital 

organs. In contrast, complex microbial communities are present on the skin, 

nasopharynx, upper respiratory tract, mouth, lower gut and vagina. These sites are 

colonized despite the fact that they possess an unfavorable environment. The skin, for 

instance, has a pH lower than that tolerated by many microbes (Rippke et al. 2004), 

produces fatty substances (Burtenshaw 1942) and polypeptides (Zasloff 1987; Frohm et 

al. 1997) which are inhibitory to bacteria. In addition to being an important defense 

barrier the commensal flora, such as propionibacteria, metabolise components of sebum 

to antimicrobial fatty acids (Kearney et al. 1984; Miller et al. 1988). In an healthy 

individual, the symbiotic associations between microbes and the host can be considered 

as mutualism since both the host and the bacteria benefit from it (Evans 1999). 

 

Microbes that break through the defense barriers to cause infection and disease are 

referred to as “pathogens”. In humans, some of the normal bacterial flora, e.g. S. 

aureus, Streptococcus pneumoniae, Haemophilus influenzae or Escherichia coli 

become “opportunistic” pathogens that are able to cause disease when the host is 

immunocompromised. Further, microbes that are rarely associated with a host except in 

the case of disease, have been designated “obligate” pathogens (Evans 1999). 

Pathogens vary in the degree of harm (virulence) they cause their host, ranging from 

minor conditions to fatal diseases. The ability of bacteria to cause infections is in many 
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cases dependent on microbial components called “virulence factors”, which are for 

example multigene regulons that respond to changing host environments through 

transcriptional regulatory proteins (Kreikemeyer et al. 2003; Bader et al. 2005). In turn, 

hosts have evolved defense mechanisms to counteract the virulence factors of 

microbes. 

 

There exist delicately balanced interactions between the host defenses, the microbes, 

and their environment. When the balance between these three factors is disturbed, 

danger is created for the host, which can lead to the development of microbial infection. 

The subject of this thesis are the effector molecules of host defenses against infections, 

more precicely natural antimicrobial lipids and antimicrobial peptides. 
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2 HOST DEFENSES AGAINST INFECTIONS 

2.1 IMMUNITY 

The immune system of jawed vertebrates can be divided into two branches, the innate 

and the adaptive immune systems, which are tightly linked to each other and mediate 

protection and elimination of microorganisms (Pasare et al. 2004). These two branches 

of immunity are quite different in many respects, such as their system of recognition, 

the cells involved and their mechanisms of action. Antimicrobial lipids and 

polypeptides have been linked to the innate immunity of animals. Therefore, a short 

overview of the main characters that play a role in innate immunity against bacteria is 

of interest. 

 

2.1.1 Innate immunity 

When pathogenic microbes overcome the epithelial or mucosal barriers, they are 

immediately confronted by cells and molecules of the innate immune system. It is the 

evolutionarily ancient form of host defense found in most multi-cellular organisms 

(Medzhitov et al. 2000). This system detects microbes and prevents them from causing 

disease by destroying them minutes or hours after invasion. Several cells are engaged in 

innate immunity, including natural killer cells, dendritic cells (DCs), macrophages, γ/δ 

T lymphocytes, neutrophils and B-1 cells. DCs, macrophages and the cytokines 

released by these cell types affect the adaptive immune response (Blach-Olszewska 

2005). 

 

2.1.2 PRRs and PAMPs 

The innate immune system is armed with germline-encoded receptors, referred to as 

pattern recognition receptors (PRRs). The presence of PRRs has been confirmed in 

plants, invertebrates and vertebrates, suggesting an ancient evolutionary process. PRRs 

recognize microbial structures that are common to many microbes. These microbial 

structures are referred to as pathogen associated molecular patterns (PAMPs) which 

include, among others, lipopolysaccharide (LPS), peptidoglycan, and lipoteichoic acids 

(Medzhitov et al. 2000). Despite their name, PAMPs are not restricted to pathogens 

since those ligands are also common to non-pathogenic microbes. Since, PAMPs are 

only produced by microbes, the recognition by PRRs allows discrimination of self from 

nonself (Medzhitov et al. 2000). 
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PRRs provide immediate action that can be induced by microorganisms. PRRs act by 

taking part in antimicrobial mechanisms including opsonization of bacteria and viruses 

before phagocytosis, activation of the lectin pathways of complement (Fraser et al. 

1998; Stahl et al. 1998). Furthermore, PRRs trigger signaling pathways, inducing 

transcription of immune response genes, e.g. genes encoding antimicrobial peptides and 

inflammatory cytokines. Mannose-, lipopolysaccharide- and scavenger receptors on 

mammalian macrophages, plasma proteins taking part in the complement cascade, and 

the mannose-binding protein of the collectin family, toll-like receptors (TLRs) and 

nucleotide-binding oligomerisation domain (NOD) are all examples of PRRs (Janeway 

et al. 2001c). 

 

2.1.3 TLRs and NODs 

TLRs and NOD receptors are two classes of PRRs that take part in the innate defense 

mechanism and have now been linked to the functions of antimicrobial peptides and 

lipids. LPS has been demonstrated to stimulate the activation of β-defensin 2 promoter 

in a TLR4 dependent manner (Vora et al. 2004; Macredmond et al. 2005). TLR4, 

activated by bacterial lipopolysaccharide (LPS) together with LPS-binding protein and 

CD14, activate the transcription factor NFκB, which in turn activates genes involved in 

defense against infection. TLR2, which has been linked to the induction of 

antimicrobial fatty acids (Georgel et al. 2005) and β-defensin 2 (Hertz et al. 2003), is 

activated upon binding to polysaccharide, stimulating internalization of the bound 

bacteria and the expression of nitric oxide (NO) and cytokines such as IL-12 by 

macrophages. Further, interaction of macrophages and T cells in the presence of IL-12 

leads to T cell secretion of IFN-γ, which activates the macrophage, leading to the death 

of the intracellular bacteria (Janeway et al. 2001a). In addition, mutations in the gene 

encoding NOD2 have been associated with susceptibility to the chronic inflammatory 

disease of the intestines called Crohn’s disease (Hugot et al. 2001). Crohn’s disease 

will further be discussed in relation to the physiological role of defensins. In addition, 

the endogenous antimicrobial peptide β-defensin 2 has been reported to stimulate TLR4 

(Biragyn et al. 2002). β-defensin 2 and TLRs may therefore be capable of creating a 

positive feedback loops that induce pro-inflammatory signaling. 
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2.2 ADAPTIVE IMMUNITY 

In contrast to the innate immune system, the adaptive immunity first appeared with the 

evolution of vertebrates. The effector cells of the adaptive immune system are TCD4+, 

TCD8+ and B lymphocytes, which express a distinct antigen receptor that has risen by 

somatic gene rearrangements (Janeway et al. 2001b). The adaptive immune system has 

also a long-lasting memory of specific pathogens. There is evidence showing that 

players of the innate immunity, e.g. TLRs, also contribute to the activation of the 

adaptive immune system (Schnare et al. 2001; Pasare et al. 2003). These studies 

indicate that activation of T and B cells are dependent on induction of co-stimulatory 

molecules and secretion of cytokines and chemokines by cells of the innate immune 

system (Pasare et al. 2004). The innate and the adaptive immune systems are therefore 

complementing each other and an increasing body of evidence shows that these are 

combinatory systems. 

 

2.3 IMMUNE MECHANISMS OF FISH 

Fish represent not only the earliest, but also the largest class of vertebrates. This 

triumph of fish has been accomplished despite the fact that they possess both slower 

and less developed adaptive immune systems than these of higher vertebrates. Due to 

the aquatic environment, fish have unique anatomical and physical characteristics. Fish 

live in intimate contact with an environment containing both saprophytic and 

pathogenic microbes capable of digesting and degrading fish tissues (Ellis 2001; 

Plouffe et al. 2005). The slow adaptive immune response of fish makes innate 

immunity, which is fast acting and temperature independent (Ellis 2001), the 

predominant system of fish host defense. This innate immune response is essential for 

the survival of this whole class of animals. The defense includes many elements such as 

antimicrobial peptides (Cole et al. 1997) and polypeptides (Fernandes et al. 2002b), 

non-classical complement activation, release of cytokines, inflammation and 

phagocytosis (Ellis 2001; Magnadottir 2006). Concisely, fish have evolved a number of 

innate immune responses to defend themselves against infection. 

 

2.4 INNATE IMMUNITY OF HUMAN FETUSES AND NEONATES 

While millions of bacteria and other microbes occupy every square centimeter of the 

surface of our body, the womb is remarkable for staying free from infections during 

pregnancy. This indicates a strong in-born defense machinery that offers protection to 
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the immunologically naive fetus, which is protected by the placenta on one side and the 

amniotic sac on the other. Neonates are born with an immature and naive adaptive 

immune system and therefore must rely on innate immunity. This leaves some of the 

players of innate immune system, e.g. antimicrobial lipids and polypeptides, in a key 

position for the protection of the fetus and the newborn baby against pathogenic 

microbes. 

 

Previous studies have shown that the cervical mucus plug, positioned between the 

vagina and the apparently sterile uterus, is more than just a mechanical barrier to 

infection. It is a rich source of antimicrobial peptides and polypeptides (Hein et al. 

2001; Hein et al. 2002)! The same has been shown for the vaginal (Valore et al. 2002) 

and amniotic fluids (Yoshio et al. 2003). Late in pregnancy, a protective material called 

vernix caseosa is formed on the surface of the fetus. It is a white deposit, which is 

mostly composed of water, lipids and proteins (Hoeger et al. 2002). Antimicrobial 

polypeptides have further been identified in vernix, which together with the amniotic 

fluid, have been suggested to act as a mechanical and chemical barrier that protects 

fetuses against infectious pathogens during pregnancy (Marchini et al. 2002; Yoshio et 

al. 2003). 
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3 ANTIMICROBIAL POLYPEPTIDES 

Antimicrobial peptides of the innate immune system are multifunctional peptides that 

are important effectors of innate host defense. These peptides exhibit antimicrobial 

properties and are capable of killing Gram-negative and Gram-positive bacteria, yeast, 

filamentous fungi, parasites and enveloped viruses (Zasloff 2002). Antimicrobial 

peptides are a diverse assembly of molecules that have been found in organisms 

ranging from prokaryotes to multi-cellular organisms, including plants and vertebrates. 

Eukaryotic antimicrobial peptides have been divided into four classes based on their 

amino acid sequences and secondary structure: i) antimicrobial polypeptides that are 

shorter than 100 amino acids; ii) linear peptides with α-helical domains; iii) linear 

peptides with a repetitive sequence motif or overrepresentation of a given residue; iv) 

cyclic peptides because of the presence of one or more disulfide bridges (Tossi et al. 

2002). An online antimicrobial peptide database is available at 

http://www.bbcm.univ.trieste.it/~tossi/search.htm. 

 

Antimicrobial peptides are derived from larger precursors, with a signal sequence 

(Zasloff 2002). Despite the great diversity of the active peptides, significant 

conservation of amino-acid sequences can be recognized in the preproregion of the 

precursor molecules and specific motives are seen in the active peptides (Bevins et al. 

2004; Gudmundsson et al. 2004). Based on this, two main families of antimicrobial 

peptides in mammal have been defined, the cathelicidin family (Zanetti 2005) and the 

defensin family (Ganz 2003). Antimicrobial peptides belonging to either of these two 

families are constitutively produced or are inducible upon stimulation by cytokines and 

bacteria. These two families will further be discussed in relation to their physiological 

relevance in mammals. Other antimicrobial peptides are derived from proteolysis from 

larger proteins, e.g. buforin I from histone 2A (Kim et al. 2000) and lactoferricin from 

lactoferrin (Gifford et al. 2005). 

 

3.1 MICROBIAL CELL MEMBRANES ARE THE MAIN TARGET OF 

ANTIMICROBIAL PEPTIDES 

Despite the structural diversity of antimicrobial peptides they are generally short, 

around 50 amino acid residues, with a net positive charge, and adopt amphipathic 

conformations, which are of special importance for the peptide activity. These 
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properties of antimicrobial peptides partly explain their interactions with cellular 

membranes. The cationic properties result in selectivity between microbial and host 

cells via electrostatic discrimination. The outermost leaflet of bacterial membranes has 

a high density of phospholipids with negatively charged headgroups. The outer leaflet 

of eukaryotic cells, on the other hand, is mainly composed of phospholipids with no net 

charge, and the only interactions between the peptides and eukaryotes are hydrophobic. 

Therefore, both electrostatic and hydrophobic interactions cause cationic peptides to 

have stronger affinity to microbial membranes than eukaryotic cells (Zasloff 2002). 

After the peptides come into contact with the membranes, the exact mechanisms of 

action are poorly understood. However, a disturbance effect of membrane function is 

noticed. From model membrane studies four different mechanisms have been proposed: 

i) the barrel-stave model (Yang et al. 2001; Brogden 2005); ii) the toroidal pore or 

worm model (Dathe et al. 1999; Yang et al. 2001), iii) the carpet model (Oren et al. 

1998); iv) and the peptide aggregate model (Matsuzaki et al. 1994). Using atomic force 

microscopy to analyze the effect of antimicrobial peptides on living bacteria, it was 

visualized that peptides damage the outer membrane of E. coli in different manners 

(Meincken et al. 2005). 
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4 EPITHELIAL BARRIERS 

Pathogens can infect animals through many routes but will always enter through 

external epithelia or mucosal surfaces. In order to defend the body against microbial 

pathogens the surface epithelia of animals have evolved several barrier mechanisms 

against infections. They are all intrinsic and include tight junctions of epithelial cells, 

fluid across epithelium and movement of mucus by cilia. The chemical barrier, 

constitutes antimicrobial components such as fatty acids, polypeptides and enzymes. 

The microbiological barrier, is the normal flora of non-pathogenic microbes, which 

compete with pathogenic microbes for nutrients and attachment sites on epithelial cells. 

The constitutive mechanisms of innate immunity, both receptors and antimicrobial 

compounds, are included in the barrier functions of sites which are constantly 

interacting with microbes. These sites can be both epithelial and mucosal surfaces 

(Janeway et al. 2001c). 

 

4.1 EPITHELIAL BARRIER OF SKIN 

The skin represents the major epithelium covering an area of more than two square 

meters and constitutes approximately 16% of the total body weight. The skin is 

possibly the most important defense barrier against infectious pathogens. Cuts, or even 

just scratches, frequently break this barrier and open up a passage for microbes to enter 

the body and thus easily cause damage and/or disease. In addition of being a defense 

barrier the skin contains sensory nerves and is involved in the formation of vitamin D. 

Skin is composed of two parts, the outer epidermis and the inner dermis, which contain 

structures such as glands, nails, and hair (Johnstone et al. 2005). 

 

The epidermis consists of thin, flat layers of cells which are attached to one another 

(stratified squamous epithelium) and organized in four to five layers, named stratum 

basale, stratum spinosum, stratum granulosum, stratum lucidum and stratum corneum. 

Stratum basale is the innermost layer composed of cells continuously going through 

mitosis, resulting in cells that are pushed through all the layers towards the outhermost 

layer, stratum corneum. The latter consists of 25 to 30 rows of flat, dead cells filled 

with keratin. These cells are continuously shed and replaced (Johnstone et al. 2005). 
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The dermis is a layer of the connective tissue under the epidermis and embraces 

features such as blood vessels, lymph vessels, sweat glands, sebaceous glands, and hair 

roots. The ducts of the sebaceous glands empty an oily secretion, known as sebum, onto 

the hair and skin surface. Two types of sweat glands are found in dermis, i.e. eccrine 

and apocrine glands. Eccrine glands are found in all skins and secrete a watery 

secretion, produced in the basal coiled portion, onto the surface of the skin. Apocrine 

glands are located in the axillae, anal region, scrotum and labia majora. These glands 

begin their function at puberty and produce thicker sweat that is released into associated 

hair follicle (Johnstone et al. 2005). 

 

4.1.1 Antimicrobial peptides of the skin 

Michael Zasloff (1987) demonstrated that frog skin protects itself by the release of 

peptides with broad antimicrobial spectra. The identification of those gene-encoded 

peptides, called magainins, led to the assumption that other peptides play a role in 

innate cutaneous defense. The major cell type of the skin, keratinocytes, provides a 

physical barrier to microbes and releases inflammatory mediators that recruit 

phagocytic leukocytes to the site of infection. Further studies on psoriatic scales led to 

the findings of LL-37 in keratinocytes (Frohm et al. 1997) and the discovery of hBD-2 

(Harder et al. 1997). Now it is established that keratinocytes constitutively synthesize 

LL-37 and hBD-1, LL-37 expression increases after injury, and HBD-2 and -3 

expression has been noted in inflamed skin (Zaiou et al. 2005). In addition, differently 

processed forms of LL-37, with enhanced effect against S. aureus and C. albicans in 

vitro, have been identified in skin eccrine secretion (Murakami et al. 2004).  

 

4.2 EPITHELIAL BARRIER OF THE INTESTINES 

The intestines constitute an extremely complex organ with a surface area of more than 

300 square meters in human adults. This huge surface is constantly exposed to more 

than 400 bacterial species and subspecies. The two major parts of the intestines, the 

small intestines and the colon, differ significantly in their bacterial load. The colon is 

heavily colonized with microbes (1011-12 cells per g of feces), while the small intestines 

contain only a fraction of those (103-9 cells per g of gut content) (Hao et al. 2004). 

 

Due to the degree of bacterial colonization in the gut, the rapidly acting innate immune 

functions are of great importance. Components of the innate immunity are either 
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produced and secreted by the intestinal epithelial cells or by another type of specialized 

intestinal epithelial cell called Paneth cells. Paneth cells are filled with large, highly 

eosinophilic granules, found in the basal part of the intestinal glands and referred to as 

crypts of Lieberkuhn (Muller et al. 2005). 

 

4.2.1 Antimicrobial peptides of the human intestine 

Many antimicrobial peptides are common in the human intestines, including the human 

neutrophil peptides (HNP) α-defensin types 1-3 (Tollin et al. 2003) and the human 

defensin (HD) types 5 (Jones et al. 1992) and 6 (Jones et al. 1993), human β-defensins 

(HBD) 1 (Tollin et al. 2003; Wehkamp et al. 2003), 2 (Wehkamp et al. 2003) 3 

(Wehkamp et al. 2003; Fahlgren et al. 2004) and 4 (Fahlgren et al. 2004), and the 

cathelicidin LL-37 (Tollin et al. 2003). Many of them are constitutively expressed and 

some are upregulated by lipopolysaccharide (O'Neil et al. 1999; Eckmann 2005). 

Furthermore, antimicrobial polypeptides, such as lysozyme, ubiquicidin, eosinophil 

cationic protein, phospholipase A2, histone and ribosomal proteins, have been isolated 

from colonic epithelium and mucosa (Howell et al. 2003; Tollin et al. 2003). 

 

4.3 INTEGUMENTAL TISSUE OF FISH 

Similar to surfaces of mammals, the integumental tissues of fish can be considered as 

their first barrier against infection. In contrast to the keratin layer covering the 

epidermis of mammals, fish are covered by a cuticle composed of mucus, 

mucopolysaccharides, immunoglobulins, proteins and free fatty acids. Fish epidermis is 

composed of stratified squamous epithelium, 4-20 cells thick, where the outermost cells 

are able to divide. Other cells identified in the epidermis are goblet cells, which are 

responsible for secreting the cuticle, large eosinophilic club cells or alarm cells, 

eosinophilic granular cells, leukocytes and macrophages. The multipurpose epidermal 

mucus of fish has been shown to play an important role in host defense against bacteria 

and viruses, suggesting the utilization of fish mucus to isolate new biologically active 

compounds (Ellis 2001; Zaccone et al. 2001; Hellio et al. 2002; Chinchar et al. 2004). 

 

4.3.1 Antimicrobial peptides of fish 

The low infection rate of fish is remarkable and has inspired further studies of their 

innate defense system. A number of antimicrobial polypeptides and other defense 

components have been identified in many fish species. This includes natural antibodies 
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(Magnadottir 2006), apolipoproteins (Concha et al. 2003; Concha et al. 2004), a 

number of different isotypes of muramidase (lysozyme) (Fernandes et al. 2004a), 

permeability-increasing protein (Xu et al. 2005), squalamine (Moore et al. 1993) and 

other unidentified antimicrobial factors (Ourth et al. 2004). 

 

Table 1. Antimicrobial peptides of fish   

Antimicrobial polypeptides isolated from fish tissue 
Polypeptides Fish species References 
Paradaxins Moses sole fish  (Oren et al. 1996) 
Pleurocidins winter flounder  (Cole et al. 1997) 
Misgurin loach (Park et al. 1997) 
Two pore forming peptides carp (Ebran et al. 1999) 
Piscidins hybrid striped bass (Silphaduang et al. 2001) 
Hepicidin hybrid striped bass (Shike et al. 2002) 
Moronecidin hybrid striped bass (Lauth et al. 2002) 
Chrysophsins red sea bream (Iijima et al. 2003) 
Grammistins soapfish (Sugiyama et al. 2005) 
Kenojeinin I fermented skate (Cho et al. 2005) 
Antimicrobial polypeptides cloned from fish tissue   

Hepcidin red sea bream (Chen et al. 2005) 
Cathelicidins Atlantic hagfish (Uzzell et al. 2003) 
Cathelicidins rainbow trout (Chang et al. 2005) 

 

Few antimicrobial peptides have been identified in fish. However, the number of 

microbicidal peptides being isolated and identified from the epidermal cells or 

secretions of the skin, gills and intestines of bony fish (teleosts) is constantly 

increasing. Some of these antimicrobial peptides have high sequence homology to 

known proteins with other function, suggesting a derivation from cleavage products of 

larger proteins, such as histones (Park et al. 1998; Patrzykat et al. 2001; Birkemo et al. 

2003; Fernandes et al. 2003; Fernandes et al. 2004b) and ribosomal proteins 

(Fernandes et al. 2002b). Peptides considered to be dedicated to the innate immunity 

have been isolated or cloned from fish and their expression has been analyzed (Table 

1). A majority of the antimicrobial peptides characterized from teleosts have been 

found to form amphipathic α-helical structures (Bulet et al. 2004). 
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5 THE PHYSIOLOGICAL ROLES OF ANTIMICROBIAL 

PEPTIDES 

As discussed, many antimicrobial peptides have been found to be highly active against 

a variety of microbes in vitro. The function and importance of natural antimicrobial 

peptides in the host defense has further been investigated in vivo, by studies of 

microbial pathogens in humans and animals associated with antimicrobial peptide 

deficiencies or decreased antimicrobial peptide activity. Here, I will discuss the 

physiological relevance of the two main mammalian families of antimicrobial peptides. 

 

5.1 CATHELICIDINS 

Only one human cathelicidin has been identified, the linear α-helical peptide designated 

LL-37 (Gudmundsson et al. 1996), which is one of the subjects of this thesis. 

Cathelicidins are found in neutrophils and epithelia. They share a conserved cathelin 

pro-domain, called cathelin, and a variable antimicrobial peptide domain released from 

the parent molecule by proteolytic processing (Zanetti et al. 1995). There is an 

increasing body of evidence that both the cathelin protein and the cleaved C-terminal 

peptide take part in the host defense against microbes (Zanetti 2005). 

 

Several human diseases have been studied in relation to antimicrobial peptides. One 

early study was performed by Frohm et al. (1997), when normal skin biopsies were 

compared to skin from patients with inflammatory skin disorders. Induced expression 

of the human cathelicidin LL-37 was demonstrated in patients with psoriasis or nickel 

allergy. It is notable that the lesions of psoriatic patients rarely become infected by 

microbes, suggesting a protective role for the antimicrobial peptides LL-37 and HBD2 

in skin (Harder et al. 1997). Furthermore, skin lesions from patients with atopic 

dermatitis were found to contain lower concentrations of both LL-37 and HBD-2 than 

skin lesions from patients with psoriasis (Ong et al. 2002). More recent studies 

demonstrate that cytokines, interleukin (IL)-4, IL-10 and IL-13, down-regulate the 

expression of antimicrobial peptides in atopic dermatitis, with increased risk of 

recurrent skin infections (Nomura et al. 2003; Howell et al. 2005). Combined, these 

results support the importance of both LL-37 and HBD-2 in the protection against 

cutaneous infections. 
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Morbus Kostmann’s syndrome is a disease caused by an unidentified familial mutation 

leading to an abnormal decrease in the number of neutrophils in the blood with a fatal 

outcome (Kostmann 1956). Daily injections with a cytokine, granulocyte-colony 

stimulating factor, restores the amount of neutrophils (Carlsson et al. 2001). Despite 

this treatment, these patients are sensitive to infections and dependent on antibiotics. A 

study by Pütsep et al. (2002) have shown that LL-37, normally present in saliva, is 

absent in both saliva and neutrophils of Kostmann patients, resulting in periodontal 

diseases. 

 

Nizet et al. (2001) have shown, using cathelicidin knock-out mice, that the cathelicidin 

in mouse (mCRAMP) provides defense against invasive group A streptococcus (GAS) 

skin infections in mice. They further showed that mice infected with bacteria resistant 

to mCRAMP developed a disease similar to that of the knockout mice, suggesting that 

the specific antimicrobial activity of cathelicidin is important to innate defense 

mechanism against GAS skin infections. The importance of mCRAMP to the murine 

immune system has been further supported in a series of studies. Di Nardo et al. (2003) 

demonstrated the presence and expression of cathelicidin in mouse mast cells, Howell 

et al. (2004) showed that cathelicidin knock-out mice produced greater number of pox 

skin lesions after exposure to smallpox, and Rosenberger et al. (2004) illustrated 

expression, activation and activity of mCRAMP in Salmonella infected murine 

macrophages. In the study by Rosenberger et al. (2004) it was pointed out that the 

PhoP-PhoQ regulatory system of Salmonella typhimurium appears to mediate 

resistance to antimicrobial peptides, apparently by modifying their LPS molecules. This 

idea was taken further when it was demonstrated that antimicrobial peptides are 

recognized by PhoQ, which is capable of activating virulence programs within 

pathogenic S. typhimurium (Bader et al. 2005). Iimura et al. (2005) used the 

cathelicidin knock-out mouse to study enteric infections and found that mice lacking 

mCRAMP had increased susceptibility to Citrobacter rodentium infections. Despite 

low concentrations of mCRAMP needed to kill C. rodentium clearance of the 

bacterium was as rapid in the knock-out mouse as in the wild-type. The latest report 

describing the importance of CRAMP to the immune system of mice is the study by 

López-García et al. (2005), studying the potential role of cathelicidins in C. albicans 

infection. They showed that cathelicin is present at sites of fungal infection and noted 

that C. albicans skin infection increased expression of mCRAMP. 
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5.2 DEFENSINS 

Defensins, α-defensins and β-defensins, are cysteine-rich peptides that have a three-

dimensional structure involving antiparallel β-sheets. Defensin-like peptides are 

produced by plants, insects and mammals (Ganz 2003). In humans, human neutrophil 

α-defensins (HNP) of types 1-4 are stored in neutrophil granules. The other two α-

defensins, human defensins (HD) types 5 and 6, are secreted as inactive precursor 

peptides by Paneth cells into the small intestines (Ouellette et al. 2005), where HD 5 is 

activated by trypsin (Ghosh et al. 2002). The human β defensins (hBD) types 1 to 4 are 

mainly produced by epithelial cells, especially in the highly differentiated cell layers of 

epithelia (Schröder 2005). 

 

The first relevant indications for a protective role of antimicrobial peptides in disease 

were the studies on the antimicrobial potency of the pulmonary lavage fluid of cystic 

fibrosis (CF) patients (Smith et al. 1996; Goldman et al. 1997). Cystic fibrosis is a 

disease caused by a mutation in the gene encoding the cystic fibrosis transmembrane 

conductance regulator (CFTR). The loss of CFTR Cl- channel function has been shown 

to cause abnormal transepithelial salt and fluid transport, leading to increased 

concentrations of Cl- and Na+ in the airway surface fluid when compared to that of 

normal subjects (Gilljam et al. 1989; Joris et al. 1993). This condition further leads to 

bacterial colonization and chronic airway infection, particularly with Pseudomonas 

aeruginosa and S. aureus. Smith et al. (1996) hypothesized and demonstrated that CF 

epithelia fails to kill P. aeruginosa caused by the increased electrolyte concentration in 

airway surface fluid (ASF) that inhibits the activity of a bactericidal agents on the lung 

epithelia. Using primary human airway epithelial cells, they showed that the ASF from 

normal respiratory epithelia was able to kill P. aeruginosa, whereas ASF from CF cells 

are not. Further, the authors showed that dilution of ASF into hypertonic solutions 

eliminated antibacterial activity, while dilution into hypotonic solutions reached normal 

activity. The study by Goldmann et al. (1997), took this idea a step further by 

suggesting the low-salt dependent antimicrobial peptide HBD-1 to be inactivated in the 

high electrolyte concentration in the lung mucosa of CF patients. The physiological 

relevance of this is debatable because of fundamental differences in ASF production by 

cell cultures from two different laboratories, which support two different hypothesis, 

i.e. “The hydration hypothesis” and “The salt hypothesis” (Guggino 1999). In addition, 
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other factors have been suggested to explain CF, such as “multiple hit” failure to clear 

thickened mucus from CF epithelia (Matsui et al. 1998). 

 

The role of β-defensin-1 in lungs was further studied using mice deficient in the β-

defensin-1 gene (mBD-1) (Moser et al. 2002). It was demonstrated that the elimination 

of this peptide resulted in a slower clerance of H. influenzae (Moser et al. 2002) and S. 

aureus (Morrison et al. 2002) from mice lungs. 

 

Matrilysin, a matrix metalloproteinase, activates the defensin-related peptide of mice, 

cryptdins, by proteolytic processing. The role of matrilysin in activation of α-defensins 

supports the relevance of defensins as a part of defense mechanisms of the intestines 

(Wilson et al. 1999). A lower amount of S. typhimurium was needed to infect mice 

lacking the gene encoding matrilysin, and they had less chance of survival after 

infection than mice expressing the enzyme. 

 

To investigate the relevance of human defensin (HD)-5 in intestinal host defense, 

Salzman et al. (2003) developed transgenic mice expressing HD-5 in the Paneth cells. 

After challenging these mice orally with S. typhimurium, lower levels of bacteria in the 

intestinal lumen and higher survival rates were detected. It was concluded that 

transgenic mice improve the innate immune properties and increase the resistance to 

this type of Salmonella infection, which normally is a fatal infection to mice. 

 

Crohn’s disease is a chronic inflammatory bowel disease thought to be caused by 

genetic and environmental factors that affect host-microbe interactions. The molecular 

mechanisms behind Crohn’s disease leading to deficient responses against bacteria are 

yet to be explained. By studying Chron’s disease patients Wehkamp et al. (2004) 

demonstrated an association between patients carrying a NOD2 mutation and decreased 

expression of the HD-5 and HD-6 genes. Further evidence, supporting a link between 

NOD2 mutations and expression of defensins, has been demonstrated in NOD2 

deficient mice with very low expression of cryptdins (mice defensins) and increased 

suceptibility to intragastric infection with L. monocytogenes (Kobayashi et al. 2005). 
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6 ANTIMICROBIAL LIPIDS 

The antimicrobial effect of lipids has been studied for more than one hundred years 

(Kabara 1978; 1980). Although most of the early studies concerned the bactericidal 

effect of soaps, fatty acids were also shown to kill bacteria (Kabara 1978). Natural 

lipids, such as fatty acids and monoglycerides, have been found to kill many pathogens, 

including viruses, bacteria and fungi that infect mucosa and skin. Antimicrobial lipids 

are commonly found in natural products, such as milk, and are therefore likely to be 

nontoxic to mucosa, at least at low concentrations. In milk and at the mucosa these 

compounds are considered to be potent inhibitors of many human pathogens and 

parasites (Isaacs et al. 1994; 1995). 

 

6.1 IN VITRO ANTIMICROBIAL ACTIVITIES OF FATTY ACIDS AND 

MONOGLYCERIDES 

The antibacterial activities of fatty acids and their mono-, di-, and triglycerides against 

a variety of bacteria were thoroughly studied by Kabara and his coworkers (Kabara et 

al. 1972; Conley et al. 1973), reporting minimal inhibitory concentrations (MIC) of 

fatty acids against a variety of Gram-positive and Gram-negative bacteria at 35°C for 

18 h. Of all the saturated fatty acids ranging in chain length from C6 to C18, lauric acid 

(12:0) (number of carbons:number of double bonds) was found to have the maximum 

antibacterial effect on Gram-positive bacteria. The most susceptible bacteria were 

pneumococci and GAS, while S. aureus, Staphylococcus epidermidis and group D 

streptococci were the least susceptible. The activities of long-chain fatty acids were 

increased by addition of a double bond. Addition of a second double bond to oleic acid 

(18:1) further increased the antibacterial activity but a third double bond decreased the 

activity. 

 

Knapp and Melly (1986) investigated the antibacterial activity of polyunsaturated fatty 

acids and found that Gram-positive bacteria, such as Lactobacillus acidophilus and S. 

epidermidis were inactivated by 0.01 mM arachidonic acid after incubation at 37°C for 

1 h. Further, arachidonic acid killed Gram-negative Neisseria and Haemophilus 

bacteria. In contrast, E. coli was not susceptible to arachidonic acid, even after 6 h 

incubation with 0.3 mM arachidonate. 
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The in vitro bactericidal properties of saturated medium-chain monoglycerides and 

fatty acids against Helicobacter pylori were studied (Petschow et al. 1996). Incubation 

of H. pylori with 1 mM monoglycerides with carbon chain lengths of C10, C12 and 

C14 for 1 h at 37°C, caused 10,000-fold or greater reduction in the number of viable 

bacteria. Weaker bactericidal activities were noted after incubation with 

monoglycerides with the chain lengths C9, C15 and C16. Lauric acid (12:0) was the 

only medium-chain saturated fatty acid with bactericidal activity against H. pylori. 

 

MICs were determined for fatty acid esters of polyhydric alcohols (glycerides) against a 

number of Gram-positive bacteria, such as S. aureus, S. epidermidis and Streptococcus 

pyogenes (Kabara et al. 1972; Conley et al. 1973). Of the monoglycerides tested, 

monolaurin was the most active and slightly more active than monocaprin against most 

of the bacteria analyzed, and more active than the free acid. S. pyogenes was the most 

susceptible bacterium, particularly to monocaprin, monolaurin and monomyristin. 

Monolaurin and, to a lesser degree, monocaprin were the only monoglycerides that 

showed activity against S. aureus and were more active than capric acid. Di- and 

triglycerides were not active and none of the compounds tested inactivated Escherichia 

coli or a number of other Gram-negative bacteria. The spectrum of antimicrobial 

activity of monoglycerides was found to be narrower than that of free fatty acids. 

 

More recently, short time effects of lipids against various microbes have been analysed. 

Neisseria gonorrhoeae was found to be effectively killed by exposure for 1 min to 2.5 

mM lauric acid (12:0), palmitoleic acid (16:1) and monocaprin (10:0), and is hence 

exceptionally susceptible to these lipids. In contrast, caprylic (8:0), capric (10:0), 

myristic (14:0) and oleic acids (18:1), and all the monoglycerides except monocaprin 

showed much weaker effects (Bergsson et al. 1999). 

 

Further studies on the short time antimicrobial effects against Gram-negative bacteria 

demonstrated that H. pylori was remarkably susceptible to many medium-chain 

saturated and long-chain unsaturated fatty acids and their 1-monoglycerides. Thus, 

capric, lauric, myristic and palmitoleic acids, and monocaprin and monolaurin caused 

more than one million-fold reduction in the number of viable bacteria after 10 min 

incubation at 37°C (Bergsson et al. 2002). Caprylic acid and monopalmitolein also 

showed high activities that varied among bacterial strains. At lower concentrations and 
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after shorter incubation times than 1 min, monocaprin and monolaurin were the only 

lipids showing activities against H. pylori. None of these lipids showed significant 

antibacterial activity against E. coli after 30 min incubation. Thus, there is a striking 

difference in the susceptibilities of these two Gram-negative bacteria to antimicrobial 

lipids (Bergsson et al. 2002). 

 

The susceptibility of C. albicans to several fatty acids and their 1-monoglycerides was 

analyzed with a short inactivation time, and ultrathin sections were studied by 

transmission electron microscopy (TEM) after treatment with capric acid (Bergsson et 

al. 2001a). The results show that capric acid (10:0) was the fastest and most effective in 

killing C. albicans. Lauric acid (12:0) was the most active at low concentrations and 

after long incubation time. These results are partly in agreement with those of Kabara et 

al. (1972), who found capric, lauric and palmitoleic acids to inhibit the growth of C. 

albicans after 18 h of incubation. Discrepancies in the two studies may be due to 

differences in the experimental conditions, particularly different incubation times 

(Bergsson et al. 2001a). 

 

6.2 RELATIONSHIPS OF LIPID STRUCTURE, ANTIMICROBIAL ACTIVITY 

AND MECHANISM OF ACTION 

Kabara (1978, 1980) made generalizations concerning the relationship between lipid 

structure and antibacterial activity. Kabara concluded that i) lauric acid (C12) is the 

most active saturated fatty acid, palmitoleic (16:1) the most active monounsaturated 

acid, and linoleic acid (18:2) the most active polyunsaturated fatty acid against Gram-

positive bacteria, ii) monoglycerides of medium-chain saturated fatty acids are more 

active than the free acids, particularly the monoglyceride of lauric acid, iii) fatty acids 

have very low activity against Gram-negative bacteria except when having a very short 

chain (6 carbons or less), and iv) yeasts are affected by fatty acids with short chain 

lengths (10-12 carbons). The most important generalization is probably that monoesters 

of fatty acids, such as monolaurin (12:0), are very active, while di- and triglycerides are 

not. 

 

Few attempts have been made to elucidate the mechanism behind the virucidal and 

bactericidal effects of fatty acids and monoglycerides. Sedimentation analysis of 

bacteriophage ф6 inactivated by lipids showed that treatment with 10 µg/ml oleic acid 
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for 30 min resulted in the loss of the viral envelope, whereas 50 µg/ml caused a 

complete disruption of the virus particle (Sands 1977). Another study, investigating the 

viral particles of mouse mammary tumor virus after inactivation by the cream fraction 

of human milk also showed degradation of the viral envelope (Sarkar et al. 1973). In 

yet another report (Thormar et al. 1987) the effect of fatty acids on Vesicular stomatitis 

virus particles was studied using negative staining and electron microscopy. It was 

demonstrated that 0.5 mg/ml of linolenic acid (18:3) partly disrupted the viral envelope 

and that it was completely disintegrated by 1 mg/ml of this particular fatty acid. The 

effect of human milk and linoleic acid (18:2) on Vero cells was analyzed by studies of 

the cells with scanning electron microscopy (Thormar et al. 1987). The cell monolayers 

were completely disintegrated by linoleic acid, as well as by antiviral milk samples. 

 

The ability of lipids to disrupt viral and cellular membranes has been demonstrated for 

bacterial cells, both Gram-negative and Gram-positive. Monocaprin (10:0) and 

monolaurin (12:0) had little or no activity against Gram-negative bacteria such as E. 

coli at 30°C (Shibasaki et al. 1978). However, when E. coli was incubated with lauric 

acid, monocaprin and monolaurin at 50°C for 5 min, a remarkable inactivation was 

observed, much more than by heating alone. Cells growing in the logarithmic-phase 

were more sensitive than stationary-phase cells. The combined effect suggests 

reduction in the permeability barrier in the outer membrane caused by heating, allowing 

penetration of the lipid through the outer membrane and the cell wall. Increased transfer 

of monolaurin into bacterial cells was seen when incubating E. coli in a mixture of 

monocaprin or monolaurin with citric acid. These studies suggest that the acid removes 

a barrier in the outer membrane of the cell wall, giving the lipid access to the inner 

membrane. 

 

Hilmarsson et al. (2005) evaluated the activities of fatty acids, fatty alcohols and 

monoglycerides against herpes simplex virus (HSV) types 1 and 2 at various pH levels. 

The virucidal activities of all the lipids at concentrations as low as 0.15 mM were 

increased at pH 4.2. Furthermore, it was hypothesized that the difference between the 

polar groups of alcohols and fatty acids, i.e. hydroxyl group versus carboxyl group, and 

the corresponding difference in their hydrophilic-lipophilic balance (HLB) might 

clarify their variance in antiviral activity. They concluded that HLB can explain why 

the activity of fatty acids is higher at pH 7 than the activity of alcohols and that the 
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increased anti-herpetic effect at low pH might be due to ionic changes in the surface of 

the host cell-derived viral envelope which contains virus encoded glycoproteins. 

 

A complete cell disorganization and disruption were seen in N. gonorrhoea cells after 

incubation with 0.05 mM arachidonic acid (20:4) for 1 h (Knapp et al. 1986). These 

authors obtained similar results for H. influenzae, while no morphological changes 

were noted in E. coli which is not susceptible to arachidonic acid. Cytoplasmic 

condensations were visualized in S. aureus and Lactobacillus acidophilus, while no 

changes were visible in the cell walls (Knapp et al. 1986). 

 

In summary, saturation of natural antimicrobial lipids affects the lipid ability to cause 

microbial membranes to disintegrate. This effect can be enhanced by altering 

environmental factors. 
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7 PHYSIOLOGICAL RELEVANCE OF ANTIMICROBIAL 

FATTY ACIDS AND MONOGLYCERIDES 

7.1 ANTIMICROBIAL MILK LIPIDS 

Like antimicrobial polypeptides, antimicrobial lipids are widespread in nature where 

they can be considered as defense effectors of innate immunity. Evidence for the 

immunological importance of natural lipids has been demonstrated in breast milk, 

where the cream fraction exhibits potent antimicrobial activity in the stomach of 

suckling infants. 

 

Human milk was found to reduce the infectivity of several viruses, including dengue 

virus (Falkler et al. 1975), Semliki Forest virus (Welsh et al. 1978), HSV (Sabin et al. 

1962) and polio virus (Sabin et al. 1962). Furthermore, the effect against naked viruses, 

i.e. polio virus, was different from viruses containing lipid envelope, such as HSV 

(Sabin et al. 1962). This was shown by elimination of the anti-poliomyelitic activity by 

heat treatment at 100°C for 30 min. In addition, the anti-herpetic activity was localized 

to the cream fraction of the milk, whereas the protein fraction, which contained the 

anti-poliomyelitic activity, exhibited no effect on enveloped viruses. Furthermore, it 

was demonstrated that free unsaturated fatty acids and monoglycerides in milk were the 

active components against Semliki Forest virus (Welsh et al. 1978). Diglycerides were 

found to be inactive and it was pointed out that lipases might be necceassary to initiate 

the activity (Welsh et al. 1978; 1979). 

 

These results were confirmed and extended by the findings that fresh human milk does 

not inactivate enveloped viruses such as HSV-1, vesicular stomatitis virus (VSV), 

measles virus and HIV-1. In contrast, when stored at 4°C for a few days, most milk 

samples became highly antiviral, reducing the virus titer by more than 1000-fold during 

incubations at 37°C for 30 min. The authors also located the activity to the cream 

fraction. These results were followed by the findings that the stomach contents of 

suckling infants collected 1 h after being fed with fresh human milk or infant formula 

feeds exhibited antiviral activity. Surprisingly, stomach contents were not found to 

exhibit any antiviral activity 3 h after the babies were fed with pasteurized human milk 

(Isaacs et al. 1990; 1991; 1992; 1995). 
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Antibacterial effect of milk lipids, fatty acids and monoglycerides, against many 

bacteria, both Gram-positive and Gram-negative has also been studied (Isaacs et al. 

1990; 1992; 1995). It was found that stomach contents of infants fed human milk or 

infant milk formula were active against both S. epidermis and E. coli. The reduction in 

titer was measured after incubation at 30°C for 30 min with a 5-fold dilution of 

stomach contents. Isaacs et al. (1992) also found that infant milk formulas treated with 

lipases for 1 h at 37°C were active against S. epidermidis but not against Gram-negative 

bacteria such as E. coli and Salmonella enteritidis. Discrepancies in the results of these 

two studies on E. coli may reflect incomplete lipolysis of formula triglycerides in lipase 

treated mixtures. 

 

In another study, monoglycerides were added to human milk or infant milk formulas 

and tested at 37°C for 30 min against Haemophilus influenzae and against group B 

streptococci. Medium-chain saturated monoglycerides inactivated the Gram-negative 

H. influenzae, while polyunsaturated long-chain monoglycerides were less active. 

Monocaprin was found to be the most active monoglyceride tested against group B 

streptococci, and monocaprylin and monopalmitolein to be less active. Monolaurin, 

monomyristin, monoolein and monolinolein added to milk or infant formula did not 

reduce the colony forming units of group B streptococci. 

 

Taken together, these studies conclude that the antiviral and antibacterial activities in 

human milk are due to lipolysis of triglycerides to free fatty acids by milk lipases, 

particularly lipoprotein lipase and in the stomach to fatty acids which are released from 

milk fats by gastric and lingual lipases. 

 

7.2 SKIN LIPIDS 

It has been known for decades that lipids localized to sweat and sebum (Burtenshaw 

1942) are an important part of the defense mechanism against microbial infections on 

the surface of skin (stratum corneum and hair follicles). The origin of these lipids is 

from fatty acids released from sebaceous triglycerides by lipases of the normal bacterial 

flora (Kearney et al. 1984; Thielitz et al. 2001), fatty acids synthesized by the sebocytes 

(Zouboulis et al. 1991; 1998; 1999) and keratinocyte-derived lipids (Miller et al. 1988). 

The lipid composition of human sebum is 13% ceramides, 47% fatty acids, 7% 
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cholesterol, 2% cholesterol esters, 11% squalene, 3% triglycerides and 17% wax esters 

(Wille et al. 2003). 

 

Aly et al. (1972) demonstrated that S. aureus, S. pyogenes and C. albicans diminished 

in numbers when deposited on normal skin. In contrast, acetone-washed forearms gave 

greater persistence of these bacteria. In addition, when skin surface extracts were 

replaced on the skin, the recolonization to these sites were prevented. These authors 

further pointed out a correlation between in vitro studies on acetone lipid extracts from 

skin and the microbes localized to the skin. Interestingly, S. pyogenes, which rarely 

colonizes skin, is extremely sensitive to skin lipids (Aly et al. 1975). 

 

Focusing on the anti-staphylococcal effects of human stratum corneum lipids rather 

than sebum-derived lipids, free fatty acids, polar lipids and glycosphingolipids were 

found to exhibit significant anti-staphylococcal activity (Miller et al. 1988). Both 

cationic and anionic phospholipids, phosphatidylcholine and 

phosphatidylethanolamine, respectively, were equally effective. These results were 

confirmed with comparable in vitro studies using the authentic lipids (Miller et al. 

1988). The authentic lipids were further applied onto acetone-wiped forearm skin, 

where the antistaphylococcal activity was measured and found consistent with the in 

vitro studies. Finally, it was demonstrated using skin biopsies that staphylococci can 

penetrate the lipid-enriched intercellular domain of the skin. This was the first evidence 

that endogenous epidermis-derived skin lipids may contribute to cutaneous 

antimicrobial resistance. Free fatty acids, polar lipids or glycosphingolipids, used in the 

in vitro studies performed by Miller et al. (1988) are active at concentrations 10 to 100 

times less than the concentrations calculated to be present in the stratum corneum 

intercellular domains (Grayson et al. 1982). This suggests that stratum corneum lipids 

are effective in physiologically relevant quantities (Miller et al. 1988). 

 

More recently, lipids isolated from sebum have been shown to reduce growth of Gram-

positive bacteria such as S. aureus, Streptococcus salivarius and Fusobacterium 

nucleatum, while most Gram-negative bacteria are resistant to sebum lipids (Wille et al. 

2003). It was shown that both saturated and unsaturated fatty acids are responsible for 

the antimicrobial activity, and then confirmed that lauric acid (12:0) is the most potent 

of the saturated fatty acids. However, palmitoleic acid (16:1), an exclusive lipid of 
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sebum (Nicolaides 1974), was found to account for most of the fatty acid antimicrobial 

activitiy. 

 

Essential fatty acids (EFAs) are unsaturated fatty acids of 18-, 20-, or 22-carbon chain 

lengths not synthesized by the human body. A deficiency of these fatty acids, essential 

fatty acid deficiency (EFAD), was first described 1929 by Burr and Burr, as reviewed 

by Miller (1989). They noted that poor growth of rats and skin lesions could be 

prevented by linoleic acid (18:2). EFAD has also been seen in infants with 

gastrointestinal anomalies or inflammatory bowel disease (Friedman 1980). Among 

many other clinical signs EFAD has been noticed to cause eczematous changes, water 

loss through the skin, presence of atrophic sebaceous glands, poor wound healing and 

increased susceptibility to infections (Miller 1989). A clear microbiological difference 

between mice that were fed with a diet lacking EFAs (EFAD diet) and mice fed with an 

ordinary diet including EFAs were revealed. Mice fed with an EFAD diet contained 

100-fold more bacteria on their skin than normal mice, and were the group from which 

S. aureus could be routinely isolated. However, in vitro experiments demonstrated that 

lipids isolated from mice fed with an EFAD diet are more lethal to bacteria commonly 

found on skin than lipids isolated from mice fed with normal diet. 

 

Georgel et al. (2005) studied innate immunodeficiency in mice caused by a mutation in 

a fatty acid desaturase (stearoyl-CoA desaturase), an enzyme essential for synthesis of 

mono-unsaturated fatty acids (MUFA) in sebaceous glands. The authors demonstrated 

that the mutation causes a reduction in sebum production of palmitoleic acid (16:1) and 

oleic acid (18:1) and that it is responsible for the lack of bacterial clearance after skin 

infections. Further, using RT-PCR, they showed that the expression of this enzyme is 

increased in mice during a challenge with S. aureus but not E. coli infection, which is a 

Gram-negative bacterial species resistant to MUFA. Finally, the authors proposed that 

the synthesis of MUFA in sebum is induced by signaling through TLR2 and an up-

regulation of human and mouse fatty acid desaturases is induced 18 h after TLR2 

stimulation. 
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AIMS 

The general aim of this thesis was to isolate, identify and analyze microbicidal 

polypeptides and lipids found in animal tissues. 

 

Explicitly the aims were the following: 

 

i. To define the range of activity of medium- and long-chain fatty acids and their 

1-monoglycerides against microbes, commonly infecting human skin and 

mucosa, at short incubation times. 

ii. To identify and investigate the mode of action of microbicidal lipids at short 

incubation time. 

iii. To investigate the cytotoxicity of lipids and their therapeutic value in the 

protection against microbial infections. 

iv. To investigate the frequency and types of microbial colonization of the skin of 

newborn babies. 

v. To analyze the antimicrobial activity in vernix, meconium and neonatal feces. 

vi. To identify antimicrobial polypeptides of vernix caseosa, meconium and 

neonatal feces. 

vii. To examine the cooperative activity of the antimicrobial peptide LL-37 and 

vernix lipids. 

viii. To compare the antimicrobial activity of meconium and neonatal feces. 

ix. To isolate, identify and characterize antimicrobial polypeptides from the mucus 

of healthy Atlantic cod (Gadus morhua). 
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8 MATERIAL AND METHODS 

8.1 ISOLATION AND IDENTIFICATION OF PROTEINS 

8.1.1 Protein extrations 

Collected material was homogenized and extracted by shaking overnight in 60% (v/v) 

acetonitrile containing 1% (v/v) trifluoroacetic acid (TFA). After centrifugation, the 

supernatants were lyophilized, redissolved in 0.1% (v/v) TFA and loaded onto OASIS 

hydrophilic-lipophilic balance cartridges, equilibrated in 0.1% (v/v) aqueous TFA. 

After loading the samples, the cartridges were washed with 0.1% (v/v) aqueous TFA, 

and 10% or 20% (v/v) acetonitrile in 0.1% (v/v) TFA. Bound material was eluted with 

80% and 100% (v/v) acetonitrile in 0.1% (v/v) TFA, and eluates were lyophilized. 

 

8.1.2 High performance liquid chromatography (HPLC) 

8.1.2.1 Cationic exchange chromatography 

Weak cationic exchange chromatography was employed as an initial purification step 

in several of the experimental approaches. The column of choice was an Ultropac 

Column TSK CM-3SW (7.5×150) mm (LKB-Produkter AB, Bromma, Sweden). The 

column was equilibrated in 0.2 M acetic acid. Fractions were eluted with a linear 

gradient of 1 or 1.5 M ammonium acetate and the effluent was monitored at 280 nm. 

 

8.1.2.2 Reversed phase chromatography 

Reversed phase chromatography was engaged at several purification steps. The 

columns of choice were C18 columns, equilibrated in aqueous 0.1% TFA or 

heptafluorobutyric acid (HFBA). Elution was with a linear gradient of acetonitrile in 

0.1% TFA or HFBA. 

 

8.1.3 SDS/PAGE and immunoblot analyses 

Samples were mixed with loading buffer, incubated at 95°C, and submitted to 

SDS/PAGE in 10-20% Tricine gels or NuPage gels. After separation, polypeptides 

were blotted onto PVDF membranes. The membranes were blocked with 5% dry (w/v) 

milk, and then incubated with LL-37 or azurocidin antibodies, followed by incubation 

with horseradish peroxidase-conjugated secondary antibodies. Immunoreactive 

polypeptide bands were visualized with a chemiluminescene system. In dot blot 



Gudmundur Bergsson 

28 

analyses, samples were spotted directly onto Hybond C Super membranes and the 

membranes were then treated as described above. 

 
Fig 1. Scematic overview of the experimental procedure in papers III, IV and V. 

8.1.4 Mass spectrometry 

8.1.4.1 Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) 

Aliquots of tryptic fragments or HPLC fractions were mixed (1:1) with matrix 

(saturated α-cyano-4-hydroxy-cinnamic-acid, in acetonitrile containing 0.1% TFA) on a 

target plate and left to dry. The peptides were then mass analyzed with MALDI-MS 

using an Applied Biosystems Voyager DE-PRO instrument (Foster City, CA). When 

needed, the mass scale of the instrument was externally calibrated using calibration 

mixture 3 [i.e. insulin (bovine), thioredoxin (E. coli) and apomyoglobin (horse)] of the 

SequazymeTM Peptide Mass Standards Kit (PE Biosystems, Foster City, CA, USA). 

 

8.1.4.2 Electrospray ionization mass spectrometry 

HPLC fractions were lyophilized, redissolved in 60% acetonitrile, containing 1% acetic 

acid, and analysed using gold-coated nano-ES needles (Proxeon Biosystems A/S, 

Odense, Denmark) in a quadrupole time-of-flight mass spectrometer (QTOF, Waters, 

Milford, MA, USA) equipped with a standard Z-spray ES source. The instrument was 
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calibrated using the multiply charged ions of horse heart myoglobin, and operated in 

the positive ion mode with a capillary voltage of 1100 V and a cone voltage of 40 eV. 

Data were analysed using the MassLynx 4.0 software supplied by the manufacturer. 

 

8.1.5 Trypsin digestion and peptide mass fingerprinting 

Polypeptides were lyophilized, redissolved in 0.25 M ammonium bicarbonate (pH 8), 

and treated with 10 µg/ml trypsin for 4 h at 37°C. Fragments were analyzed by 

MALDI-MS and proteins were identified by subsequent database searches, using 

ProteinProspector MS-Fit program (http://prospector.ucsf.edu/), on the mass values of 

the tryptic fragments. 

 

8.1.6 Amino acid sequence analysis 

For N-terminal sequence analyses, Applied Biosystems Prosice cLC 494 or 5HT 494 

instruments were employed. For C-terminal analyses, the Applied Biosystems 494C 

instrument was used as described (Bergman et al. 2001). Protein sequences obtained 

were aligned with homologous sequences from the National Center for Biotechnology 

Information BLAST database, using the option to search for short, nearly exact 

matches (Altschul et al. 1997). Multiple sequence alignments were performed using 

CLUSTAL W (1.82) (Higgins 1994). 

 

8.2 ISOLATION AND IDENTIFICATION OF LIPIDS 

8.2.1 Lipid extrations 

A lipid extract of vernix was obtained by the method described by Folch et al. (1957). 

Vernix samples were homogenized in a Potter-Elvehjem homogenizer with a 

chloroform:methanol mixture (2:1, v:v) containing butylated hydroxytoluene (5 mg/100 

ml) as antioxidant. After 1 h shaking at room temperature, and centrifugation at 3000 

rpm for 10 min, methanol and saline were added to the liquid phase (final ratio, 

chloroform:methanol:saline, 1:8:0.8, v:v:v) and re-extraction was carried out followed 

by centrifugation. The chloroform phase was evaporated with N2 and the total lipids 

were dissolved in chloroform and stored at -30°C. 

 

8.2.2 Thin-layer chromatography (TLC) 

Lipid extraxts were separated on thin-layer plates using the mobile phase of petroleum 

ether/diethyl eter/acetic acid (80:20:1, v:v:v). The lipid classes were visualized with 
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10% Rhodamine 6G in distilled water and then scraped from the plate and transferred 

into centrifuge tubes, in which they were extracted twice with hexane. The two hexane 

extracts were combined and solvents were then evaporated with N2. Each lipid extract 

was subsequently dissolved in chloroform and analysed for antimicrobial activity. 

 

8.2.3 Gas chromatography 

The free fatty acids were converted into fatty acid methyl esters by incubation in 14% 

boron trifluoride/methanol for 45 min at 110°C. The methyl esters were analysed by 

high-resolution gas liquid chromatography equipped with a flame detector and a 

polyethylene glycol column. Injector and detector temperatures were maintained at 

235°C and 250°C, respectively. The oven was programmed to have an initial 

temperature of 90°C for 2 min, then raised to 165°C at 30°C /min, and to 225°C at 3°C 

/min, and finally held isothermal for 6 min. The carrier gas was hydrogen at 31.8 kPa. 

Peaks obtained were identified and calibrated against those of standards. 

 

8.3 ANTIMICROBIAL ASSAYS 

 

8.3.1 Cell culture 

Monolayer cultures of McCoy cells were used for cultivation of Chlamydia 

trachomatis, antichlamydial assays and in cytotoxicity assays. They were grown in 

RPMI 1640 medium containing 5% (vol/vol) heat-inactivated fetal calf serum, 45 mM 

sodium bicarbonate, 2 mM L-glutamine, and 0.05 mg of gentamicin per ml. This was 

called the base medium (BM). The cell cultures were maintained by weekly 

trypsinization and passage in 260-ml tissue culture flasks. 

 

8.3.2 Bacterial stock cultures 

8.3.2.1 Chlamydiae stocks 

C. trachomatis serotype K, originally isolated from a human cervix, was obtained from 

the American Type Culture Collection (VR 887). The concentration of bacteria used in 

the experiments varied from 106.5 to 107.8 inclusion-forming units (IFU) per ml. Two 

strains of C. trachomatis were recent clinical isolates. One was isolated from a cervical 

swab, and the other was isolated from a urethral swab from a male patient. They were 
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subcultured once in McCoy cells and were used at concentrations of 105.1 and 105.4 IFU 

per ml, respectively. 

 

8.3.2.2 Gram-positive cocci stocks 

All Gram-positive cocci were recent clinical isolates. To test antimicrobial activities of 

vernix extracts, a clinical isolate of GBS, verified by a Phadebact Strep B test was used. 

To test antimicrobial activities of fatty acids and monoglycerides, one GBS isolate was 

from a cervical swab and two were blood isolates from neonates. The GBS strains were 

all penicillin-sensitive. One GAS strain was obtained from the American Type Culture 

Collection (ATCC 19615). Two GAS isolates were used, one isolated from sinus 

pilonidalis and one from a throat swab. The GAS and GBS were identified using a 

commercial latex agglutination technique. The S. aureus strain was obtained from 

ATCC (ATCC 25923). Two S. aureus strains were clinical isolates, both isolated from 

wounds and identified using a commercial latex agglutination technique. 

 

8.3.2.3 Other strains used in papers III, IV and V 

Several microbial reference strains are routinely used in our laboratory. They are the 

Gram-positive rod-shaped Bacillus megaterium (Bm11), the Gram-negative rod-shaped 

E. coli (D21) and the yeast C. albicans (ATCC 1443). 

 

8.3.3 Incubation of lipids and bacteria 

Fatty acids and 1-monoglycerides were purchased from Sigma Chemical Co. (purest 

grade). Stock solutions of 0.5 M or 1 M were made in ethanol and diluted to the desired 

concentration by vortexing for 1 min at 37°C. The solutions were immediately tested 

against bacteria by mixing the lipid solution and the bacterial stock. The mixtures were 

then incubated for the desired time at 37°C.  

 

8.3.3.1 Antichlamydial assay 

Twenty-four-well (16 mm in diameter) tissue culture plates were seeded with 6×105 

McCoy cells per well in 2 ml of BM. Twenty-four hours later, when the cells had 

formed a confluent monolayer, the medium was changed to 1 ml of maintenance 

medium (MM), which is BM supplemented with 0.5% (w/v) glucose. After incubation 

of bacteria, samples were removed and diluted 10-fold in MM, and 0.2 ml of each 

dilution was inoculated into culture plates with McCoy cells. Bacteria mixed with MM 
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alone and with 2% ethanol in MM were used as controls. The plates were centrifuged at 

1,100 × g for 75 min at 35°C and were then incubated for 2 h at 37°C in an atmosphere 

of 5% CO2. Finally, the medium was replaced with 1 ml of MM containing 2 µg 

cycloheximide per ml (CM) to inhibit protein synthesis of the host cells, and the 

incubation was continued for an additional 72 h. The monolayers were fixed with 96% 

ethanol and stained with iodine-glycerol for 10 min. Microscopically, brown inclusions 

filled with Chlamydia could be distinguished in the cytoplasms of infected cells. 

 

8.3.3.2 Anticoccal assay 

After incubation, samples of Gram-positive cocci with lipids for the desired time at 

37°C were removed and diluted tenfold in sterile physiological saline, and the number 

of viable bacteria was determined by streaking 10 µl of a 10-2 to 10-6 dilution and 100 

ml of a 10-1 dilution on blood agar plates with a pipette tip. Each streaking was done in 

duplicate. Bacterial colonies were counted after incubation for 24 to 48 h at 37°C in a 

CO2 incubator. Viable count (log10 CFU) of lipid bacterium mixtures was subtracted 

from the viable count of the control mixture and the difference was used as a 

measurement of the antibacterial activity of the lipids. 

 

8.3.3.3 MIC of monocaprin versus Chlamydia, and cytotoxicity 

Ninety-six-well microtiter plates were seeded with 105 McCoy cells per well in 100 

µl BM. Twenty-four h later the cells had formed a confluent monolayer and were 

ready for inoculation with the Chlamydia. Monocaprin was diluted at 37°C by 

vortexing at a high speed to reach, after the addition of the chlamydial culture at a 

final concentration of 104 to 105 IFU per ml, monocaprin concentrations of 2.5 to 

2,500 µg/ml. The dilutions were tested against the bacteria by thoroughly mixing 

monocaprin dilution and the bacterial suspension. After 2 h incubation at 37°C, the 

monocaprin concentrations were reduced by a 100-fold dilution in MM. Then, 200 µl 

of each diluted mixture was inoculated into six wells of a microtiter plate with 

McCoy cells. Bacteria mixed with MM served as a control. The plates were 

centrifuged at 1,100×g for 75 min at 35°C and were incubated for 2 h at 37°C in an 

atmosphere of 5% CO2. The medium was then replaced with 200 µl CM. The cultures 

were incubated for 72 h before staining with iodine, and the numbers of IFU were 

counted as described above. The same concentrations of monocaprin were tested for 
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cytotoxicity with monolayers of McCoy cells. Cell viability was determined after 2 h 

at 37°C by trypan blue exclusion. 

 

8.3.4 Inhibition zone assay 

Agarose (1%) in Luria Bertani (LB) broth with and without the salt solution medium E 

(0.8 mM MgSO4, 9.5 mM citric acid, 57.5 mM K2HPO4, 16.7 mM NaNH4HPO4) was 

mixed with bacterial cultures to achieve a final density of 6×104 cells/ml. This mixture 

was poured into Petri dishes to make a 1 mm layer of agarose. Wells 3 mm in diameter 

were punched in the agarose layer and 3 µl samples, dissolved in 0.1% TFA, were 

loaded into each well. LL-37 dissolved in 0.1% TFA was used as positive control and 

0.1% TFA was used as negative control. The assay for C. albicans was performed in 

the same manner but with YM broth, and nystatin dissolved in 0.1% TFA was used as 

positive control. After incubation overnight at 30°C, the diameters of inhibition zones 

were recorded. 

 

8.3.4.1 Detection of lysozyme 

Lyophilized cells of Micrococcus lysodeikticus (ATCC 4698) were mixed with 1% 

agarose in LB and the inhibition zone assay was carried out for detection of lysozyme. 

 

8.3.4.2 Modified inhibition zone assay 

A modified inhibition zone assay was developed for screening lipid components 

separated by thin-layer chromatography (TLC), and to evaluate interaction between the 

total lipid fraction of vernix and LL-37. The assays were performed in the same manner 

as explained above, except that samples were dissolved in chloroform and loaded on 

top of the agarose at 4°C. 

 

8.3.5 Inhibitory concentration 

Serial twofold dilutions of protein extracts in water were prepared and 10 µl added into 

each well of 96-well tissue culture plates. Addition of water alone was used as a 

positive control. LB or YM broth (45 µl), containing the appropriate NaCl 

concentrations, were then added to the wells. Finally, 45 µl inoculate, containing 104 
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CFU were added to the mixture. Wells without bacteria were used as a negative 

control. The plates were incubated overnight with shaking (90 r.p.m.) at 37°C and 

bacterial growth was monitored by visual inspection and by measurement of the change 

in absorbance of each well at 600 nm using a microtiter-plate reader. The inhibitory 

concentrations were expressed as an interval of the highest concentration of extract at 

which microbes were able to grow and the lowest concentration that inhibited microbial 

growth completely. 

 

8.3.6 Bacterial viability assay 

LIVE/DEAD® BacLight™ bacterial viability kit from molecular probes (Leiden, The 

Netherlands) was used. The kit provides a two-color assay of bacterial viability. SYTO 

9 stain labels all bacteria with or without damaged membranes. In contrast, propidium 

iodide penetrates only bacteria with damaged membranes, causing reduction in the 

SYTO 9 fluorescence when both dyes are present. Fifty µl samples were removed after 

1, 5 and 10 min from a mixture of GBS and 5 mM monocaprin and diluted in 1 ml 

dH2O. The samples were then concentrated by centrifugation for 5 min at 10,000×g. 

The supernatant was removed, the pellet resuspended in 1 ml dH2O, and the bacteria 

were stained on poly-L-lysine-covered slides for immunofluorescence. Five µl of 

bacteria were applied to the slide, and a cover-slip was placed over the suspension and 

sealed. The preparation was incubated for 5 to 10 min at room temperature in the dark 

to allow bacteria to adhere to the slide. The slide was then observed in a Nikon Eclipse 

E800 Epi fluorescence microscope equipped with Nikon B-2A fluorescein (EX 450-

490, DM 505, BA520) and Nikon G-2A rhodamine (EX 510-560, DM 575, BA 590) 

bandpass filter sets. 

 

8.4 ELECTRON MICROSCOPY 

8.4.1 Transmission electron microscopy 

8.4.1.1 Negative staining 

After incubation of Chlamydiae with 10 mM monocaprin or a control solution without 

monocaprin, 300 µl of each sample was pipetted into two wells of a 96-well microtiter 

plate, and the plates were centrifuged at 1,100×g for 60 min at 35°C such that the 

samples adhered to Formvar-coated 300-mesh copper grids which had been placed at 

the bottom of the wells. After centrifugation the grids were removed, and the bacteria 
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were negatively stained with 1% phosphotungstic acid (pH 7.0) and examined in a 

Philips 300 transmission electron microscope at 80 kV. 

 

8.4.1.2 Ultrathin sections of bacterial cells 

GBS was incubated with an equal volume of 20 mM monocaprin at 37°C for 30 min. 

Samples were removed and immediately diluted fivefold in sterile physiological saline. 

GBS incubated for 30 min with Todd Hewitt broth without monocaprin were used as a 

control. The diluted samples were then centrifuged at 10,000×g for 5 min and the 

pellets resuspended in 500 µl of physiological saline in Eppendorf tubes. Five hundred 

µl of a fixative (5% glutaraldehyde in 0.75 M phosphate buffer at pH 7.2) were added 

to each tube and the bacteria were fixed for 2 h at room temperature. They were then 

centrifuged at 10,000×g for 5 min and the cells suspended in gelatine. The gelatine, 

including bacteria, was washed with 0.75 M phosphate buffer for 1 h, postfixed in 2% 

osmium tetroxide in phosphate buffer for 1 h, and washed twice again for 5 min with 

0.75 M phosphate buffer and 0.15 M sucrose. The fixed cells were then dehydrated in a 

graded series of ethanol, stained with uranyl acetate, and embedded in Spurr. Sections 

were made with an ultramicrotome, stained with lead citrate, and examined in a Philips 

300 transmission electron microscope at 80 kV. 

 

8.4.2 Scanning electron microscopy 

After incubation of GBS with 20 mM monocaprin for 10 min, samples were removed 

and immediately diluted fivefold in dH2O. GBS incubated in Todd Hewitt broth alone 

was used as a control. The diluted samples were centrifuged at 10,000×g for 5 min. The 

pellets were resuspended in 100 µl of dH2O and 25 ml of bacterial suspension was 

placed on poly-L-lysine-covered slides. The samples were fixed in 2.5% glutaraldehyde 

in Sorensen’s phosphate buffer, pH 6.1, for 30 min, washed for 5 min in Sorensen’s 

buffer, and then postfixed in 1% OsO4 in Sorensen’s buffer for 30 min. The cells were 

then washed in double-distilled water for 5 min and dehydrated through an ethanol 

series before being critical-point dried and examined in Cambridge Instruments S240 

SEM at 30 kV. 
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9 RESULTS AND DISCUSSION 

9.1 KILLING OF MICROBES BY FATTY ACIDS AND MONOGLYCERIDES 

(PAPERS I-II) 

9.1.1 Antimicrobial activity of lipids 

The effect of fatty acids and their 1-monoglycerides on the Gram-negative bacterium C. 

trachomatis was studied. After 10 min incubation at 37°C, 10 mM lauric acid (12:0), 

capric acid (10:0), and monocaprin (10:0) caused greater than 10,000-fold reduction in 

viable bacteria measured as inclusion forming units. When these fatty acids and 

monoglycerides were further compared at lower concentrations and shorter exposure 

times, lauric acid (12:0) was more active than capric acid (10:0). Monocaprin (10:0) 

was the most active, causing greater than 100,000-fold inactivation of C. trachomatis at 

a concentration of 5 mM for 5 min. 

 

A concentration of 0.12 mM (30 µg/ml) monocaprin was found to inhibit half of the 

Chlamydia elementary bodies from infecting cell monolayers upon contact for 2 h. 

Caprilic acid (8:0), monocaprylin (8:0), monolaurin (12:0), myristic acid (14:0), 

palmitoleic acid (16:1), monopalmitolein (16:1), oleic acid (18:1), and monoolein 

(18:0) at a concentration of 10 mM had negligible inactivation effects on C. 

trachomatis. 

 

The Gram-positive cocci, group A and group B streptococci and Staphylococcus 

aureus, were also incubated with selected lipids at 37°C for 10 min. GAS and GBS 

were effectively killed by 5 mM lauric acid (12:0), palmitoleic acid (16:1) and 

monocaprin (10:0), reducing the number of colony forming units by 6.0 log10 or 

greater. When these fatty acids and monoglycerides were further compared at lower 

concentrations, palmitoleic acid (16:1) and monocaprin (10:0) showed considerable 

activities at a concentration of 0.63 mM, whereas all other fatty acids and 

monoglycerides had either small or negligible effects. 

 

The lipids showed less activity and somewhat different antimicrobial spectrum against 

S. aureus. Only capric acid (10:0) showed high activity against this bacterium at 10 

mM, whereas monocaprin (10:0) was the only lipid that showed significant activity at a 

concentration of 1.25 mM. 
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The effects of monocaprin, lauric acid (12:0) and palmitoleic acid (16:1) on group B 

streptococci were also tested after incubation for up to 7 h. Monocaprin was the most 

active and caused a complete killing of the bacteria after 30 min at a concentration of 

1.25 mM, and after 7 h at 0.63 mM. 

 

In general, the results of our studies are in agreement with the results of other 

investigators, studying the bactericidal effects of lipids. Discrepancies may be due to 

differences in experimental conditions, particularly to the much shorter incubation time 

used in our studies. 

 

9.1.2 Mode of action of antimicrobial lipids 

The question of how specific lipids inhibit Chlamydia was investigated by studies of 

whether or not removal of monocaprin before inoculation into cell cultures restored the 

infectivity. The results suggest that the loss of infectivity was not caused by an effect of 

the lipids on the host cells and that the viability of the bacteria was irreversibly lost 

after lipid treatment. Electron microscopic analysis on negatively stained elementary 

bodies of C. trachomatis showed no visible changes after 5 min of treatment with 10 

mM monocaprin, whereas the elementary bodies appeared deformed and partly 

disintegrated after 10 min. We therefore hypothesized that the lipid kills the bacteria by 

leading to disruption of the cellular membrane(s). These are effects similar to those of 

glyceryl ethers, 1-O-hexyl-sn-glycerol, as reported by Lampe et al. (1998). 

 

In order to study how lipids kill the Gram-positive cocci, thin sections of GBS cells 

were prepared for examination by transmission electron microscopy (TEM), and a two-

color fluorescent bacterial viability kit was used to stain monocaprin-treated GBS. The 

results showed that after treatment with 10 mM monocaprin for 10 min the cell 

membrane was damaged and permeable to propidium iodide. Examination of thin 

sections of bacterial cells in TEM confirms this finding, since after treatment with 

monocaprin the plasma membrane is no longer visible, indicating a disintegration of the 

membranes. This is in agreement with the EM study on C. trachomatis, where the 

elementary bodies appeared deformed and partly disintegrated. The disappearance of 

electron-transparent granules from the cytoplasm, which probably represent deposits of 

starch-like polysaccharides, other food reserves or waste products, is also notable. No 
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changes were detectable on the surface or in the structure of the bacterial cell wall by 

scanning electron microscopy (SEM). This indicates that the lipids can penetrate the 

extensive meshwork of peptidoglycan in the cell wall without visible changes and reach 

the bacterial membrane leading to its disintegration. This can probably be explained by 

the strong fabric of the cell wall of Gram-positive bacteria, which maintains its 

structure in spite of substantial hydrostatic turgor pressure within the bacteria. 

 

The disintegration of membranes by antimicrobial lipids is supported by a previous 

electron microscopic study of the effect of linoleic acid (18:2) on vesicular stomatitis 

virus and on Vero cells, in which the viral envelope and the cellular membrane were 

disrupted by the fatty acid (Thormar et al. 1987). The difference in the susceptibilities 

of Gram-negative bacteria to killing by lipids is notable (Bergsson et al. 2002) and is 

probably due to differences in the outer membrane or the cell wall of the bacteria. The 

external leaflet of the outer membrane of Enterobacteriacae, such as E. coli and 

Salmonella species that live in the rectum, an environment rich in hydrophobic 

compounds, is almost entirely composed of lipopolysaccharides (LPS) and proteins. 

These bacteria have a hydrophilic surface because of the O side chains of the LPS such 

that hydrophobic molecules, like lipids, have difficulty entering the bilayer. 

Furthermore, molecules may have difficulty to penetrate these membranes because of 

the low fluidity of the hydrocarbon chains in the LPS leaflet and the strong lateral 

interactions between the LPS molecules. In contrast, Gram-negative bacteria isolated 

from the genital mucosa, e.g. N. gonorrhoeae, have a relatively hydrophobic surface 

(Preston et al. 1996) and are easily killed by medium-chain fatty acids and 

monoglycerides (Bergsson et al. 1999). The outer membranes of these bacteria are not 

composed of LPS but of lipo-oligosaccharides (LOS) that lack the O-antigen side 

chain. Even if it has been shown that LOS is mainly expressed on mucosal bacteria it 

can also be expressed on enteric bacteria such as Campylobacter species (Preston et al. 

1996), which are sensitive to monocaprin (Thormar et al. 2005). 

 

The difference between the activity profiles of lipids against the Gram-positive cocci, 

streptococci and S. aureus could be explained by differences of the cell wall that 

protects the bacterial cell membranes, such as the cross-linkage of peptidoglycan 

polymers. For example, the peptidoglycan of S. aureus is interspersed with molecules 

of ribitol-teichoic acid, which is relatively specific for this bacterium (Sherris 1990). 
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Furthermore, there are distinct differences between the activity profiles of lipids for C. 

albicans and GBS, since in contrast to C. albicans (Bergsson et al. 2001a), monocaprin 

is both fast and effective in killing GBS. This can possibly be explained by differences 

between peptidoglycan polymers in the GBS cell wall on the one hand and 

microfibrillar polymers of β-glucans and chitin of the C. albicans cell wall on the other. 

 

9.1.3 Prophylactic and therapeutic value of lipids in the protection 

against microbial infections 

The high activity and the narrow antimicrobial range of lipids against microbes are 

notable and suggest that lipids have specific antimicrobial effects. To further analyze 

this specificity and to address a therapeutic value for protection against microbial 

infections, monocaprin was tested for cytotoxicity upon contact for 2 h with 

monolayers of McCoy cells. A concentration of 100 µg/ml caused complete lysis of the 

cell layers, whereas at 50 µg/ml and lower concentrations, no lysis was observed by the 

trypan blue exclusion test. The chlamydial elementary bodies, which are relatively 

more resistant to lipids than the Gram-positive cocci, were about 2.5 times more 

sensitive to the lipid than the host cells when tested in the same system. 

 

Although toxic to cell monolayers in cultures, antimicrobial formulations containing 

monocaprin have been found to be harmless to skin and mucosa (Thormar et al. 1999; 

Neyts et al. 2000). In this context, it is of interest that human milk and formula feeds 

become strongly antimicrobial in the stomachs of suckling infants within 1 to 3 h after 

feeding, probably due to the release of fatty acids from milk triglycerides by gastric and 

lingual lipases (Isaacs et al. 1986; 1990). In these studies it was demonstrated that high 

antimicrobial activity of lipids in the stomach content is not harmful to the gastric 

mucosa. Further evidence for the lack of systemic toxicity of fatty acids and 

monoglycerides comes from clinical studies of humans receiving large quantities of 

triglycerides containing medium chain fatty acids (C6:0-C12:0), either by feeding or 

after intravenous administration. Finally, monoglycerides of medium-chain fatty acids, 

such as monocaprin, are natural breakdown products of triglycerides which are 

common in fats, both from animals, such as milk, and from plants, such as coconut oil. 

They are harmless to the body in concentrations, which kill viruses and bacteria, and 

are classified as GRAS (generally recognized as safe) by the United States Food and 

Drug Administration. 
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A possible clinical use of antimicrobial lipids has been suggested by several authors, 

emphasizing the relative lack of toxicity of antimicrobial lipids derived from natural 

sources (Sands 1977; Kabara 1978; Snipes et al. 1978). However, no pharmaceutical 

product containing lipids as the active compound have yet been approved for clinical 

use as prophylactic or therapeutic drugs. Apparently the great success of chemotherapy 

using synthetic antibiotics against bacteria and fungi, and nucleoside analogues against 

viruses has discouraged researchers and the pharmaceutical industry in making serious 

efforts to develop drugs containing simple natural compounds. This may now be 

changing with the increasing problem of microbial resistance to synthetic antibiotics 

and high cost of antiviral drug treatment, for example against the rapidly spreading HIV 

infection. It has become apparent to some microbiologists that in addition to treatment 

with synthetic drugs, which inhibit the replication of pathogenic organisms, there may 

be a place for less specific microbicidal compounds which are able to kill pathogens 

(Thormar et al. 1999; Rouse et al. 2005). 

 

Comparison of the activities of lipids, an inactivation time of 10 min or less was 

selected as a criterion for fast and effective killing of the bacteria. The results show that 

monocaprin and capric (10:0), lauric (12:0) and palmitoleic (16:1) acids are bactericidal 

for streptococci and staphylococci when treated for 10 min. These lipids may therefore 

be useful for protection against or treatment of infections caused by Gram-positive 

cocci, where rapid killing of the bacteria is desirable. For example, lipids could 

possibly be used to protect children against transmission of GBS before or during birth 

by administration of antimicrobial lipids to the birth canal. On the other hand, treatment 

of infections over a longer period of time with lower concentrations of lipids may in 

some cases be more advantageous. Thus, we have shown that a monocaprin 

concentration as low as 0.63 mM effectively kills GBS in 30 min. In addition, the 

narrow range of activities of capric acid (10:0), lauric acid (12:0) and monocaprin 

(10:0) against Chlamydia is notable and suggests that these lipids have specific 

antichlamydial effects and may be useful as protection against chlamydial infections. 
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9.2 INNATE DEFENCE COMPONENTS IN VERNIX CASEOSA (PAPER III) 

9.2.1 Microbial colonization at the time of birth 

Samples were collected from the auditory canals, the axillae and the groins of 87 

neonates for detection of microbial colonization. Fourteen groups of bacteria were 

found to colonize the surface of the 86 babies in the study. This means that one baby 

was not colonized with any bacteria, 31% were colonized with one group of bacteria, 

34% with two groups, 20% with three groups, and 2% with four groups. The most 

common microbes were Staphylococcus species that colonized 91%, Bacillus species 

that colonized 28%, and E. coli that colonized 21% of the babies. Only 4% of the 

babies were colonized by GBS and 2% by C. albicans. All these microbes commonly 

constitute the commensal flora of neonates and adults. On the other hand, some of them 

can become opportunistic pathogens, typically due to a defect in host defense 

mechanism. 

 

9.2.2 Antimicrobial activities of vernix 

Vernix samples were collected from 88 neonates, extracted and utilized to screen for 

antimicrobial activity. All samples exhibited activity against C. albicans (intermediate 

activity) and B. megaterium (high), while 78% were active against GBS (high) and 

31% against E. coli (low). A pronounced variation in antimicrobial activity was 

observed against all bacteria. 

 

 
Fig 2. Composition of vernix. Data are derived from Pickens et al. (2000) and Hoeger et al. 

(2002). 
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The vernix extracts were fractionated using reversed phase chromatography and the 

fractions were screened for activity against GBS and E. coli. Anti-streptococcal activity 

was detected in material distributed over more than half of the chromatogram, 

indicating that many different components are responsible for this activity. In contrast, 

the activity against E. coli was found in a much narrower range of the chromatogram. 

The component giving rise to anti-E. coli activity was isolated by two consecutive 

reversed phase chromatographic steps and had an accurate molecular mass of 504.203 

Da analyzed with nanoelectrospray mass spectrometry. In order to identify the 

component this mass was used to calculate possible elemental compositions that were 

used to search the database registry created by the Chemical Abstract Service (CAS). 

The elemental composition C22H30Cl2N10 , with the mass of 504.203, corresponded to 

the antimicrobial substance chlorhexidine. Comparison of the collision-induced 

dissociation spectrum with that of the authentic compound showed that the compound 

was chlorhexidine. This indicates that chlorhexidine is the major component 

contributing to the total anti-E. coli-activity in our samples. Chlorhexidine is a 

microbicidal substance of vaginal cream that was used as a lubricant during vaginal 

examination prior to delivery. Our interpretation is that vernix samples found active 

against E. coli were possibly contaminated with higher levels of chlorhexidine than 

samples with no anti-E. coli activity. For this reason it was hard to study the possible 

relationship between the antimicrobial activity of vernix extracts and the colonization 

of the babies. 

 

9.2.3 Cooperative activity of the human cathelicidin LL-37 and vernix 

lipids 

Since the lipids of vernix are derived from stratum cornea and sebum we hypothesized 

that also the lipids exhibit antimicrobial function. Our results demonstrate an inhibitory 

effect of a lipid fraction of vernix against the Gram-positive bacterium B. megaterium. 

Vernix lipids were separated and identified on thin-layer chromatography as wax 

esters/sterol esters/squalene, triglycerides, free fatty acids, fatty alcohols, cholesterol, 

diglycerides, monoglycerides, and phospholipids. Using our assay, free fatty acids were 

the only type of lipid inhibiting the growth of B. megaterium. This is in agreement with 

previous studies where it was found that fatty acids, isolated from human stratum 

corneum and sebum, exhibit activity against Gram-positive bacteria (Miller et al. 1988; 
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Wille et al. 2003). The relative free fatty acid composition was determined by gas 

chromatography and it was found that 50% of the free fatty acids were saturated with 

16:0, 22:0 and 24:0 as the most abundant components. The major mono- and 

polyunsaturated fatty acids were 16:1, 18:1, 18:2 and 22:4. No short- or medium- chain 

fatty acids (4-12 carbons) were identified. Finally, the crude Folch extract from vernix 

was found to enhance the antimicrobial activity of LL-37 when mixed with lipids at a 

specific ratio. This indicates that LL-37 is not only active in the lipid-rich environment 

of vernix but also leads to enhanced activity. 

 

In addition to fatty acids we identified mono-, di-, and triglycerides to be abundant in 

vernix. Di-, and triglycerides have not been found to be antimicrobial. On the other 

hand, triglycerides in humans become antimicrobial due to lipolysis of triglycerides to 

free fatty acids and monoglycerides (Welsh et al. 1978). In a similar manner, lipases 

derived from fetal membranes (Okazaki et al. 1981) could generate free fatty acids 

from both triglycerides and phospholipids, and thus giving rise to antimicrobial activity 

in vernix. Furthermore, linolenic acid (C18:3) has been reported to act synergistically 

with monoglycerides (Lee et al. 2002). 

 

The microbicidal effects of fatty acids and their corresponding 1-monoglycerides have 

been found to exhibit a broad spectrum of microbicidal activity against enveloped 

viruses, bacteria and fungi. Some of the lipid-sensitive micro-organisms can be 

pathogenic and able to colonize both the female reproductive organs and neonates at 

the time of birth. This includes the viral pathogens herpes simplex virus type 1 (HSV-1) 

(Thormar et al. 1987) and human immunodeficiency virus (HIV) (Thormar et al. 

1999), as well as the bacterial pathogens Neisseria gonorrhoeae (Bergsson et al. 1999), 

C. Trachomatis (paper I), GBS, GAS, S. aureus (paper II) and Candida albicans 

(Bergsson et al. 2001a). 

 

9.2.4 Identification of antimicrobial polypeptides in vernix caseosa 

By visualizing the protein pattern of vernix samples on SDS-PAGE, six major protein 

bands were revealed, which varied in concentrations between the babies. Utilizing 

chemical sequence analyses and protein fingerprinting we identified a number of 

proteins, some previously not known to be present in vernix. These include calgranulin 

A, B and C, psoriasin, cystatin A, uteroglobin related protein 1 (UGRP-1) and 
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transthyretin, which all have been linked to protective functions in humans. The site of 

origin of these polypeptides has not yet been established but they are expressed in skin, 

lungs and amniotic fluid. 

 

Calgranulin A, B and C, and psoriasin, all belong to the S100 familiy of calcium 

binding proteins. Calgranulin A and B form an antimicrobial complex called 

calprotectin, which is suggested to kill microbes by chelating zinc, thereby depriving 

microbes of essential metal ions (Clohessy et al. 1995). This mode of action has also 

been described for psoriasin, which is considered to be a major E. coli-killing 

polypeptide in human skin (Glaser et al. 2005). Calgranulin C is thought to be released 

by activated neutrophils and mediate nematode killing (Marti et al. 1996). The protease 

inhibitor cystatin A is a minor cross-linking component of the cornified cell envelope 

(Nemes et al. 1999). It has been shown to be expressed by polymorphonuclear cells 

(Brzin et al. 1983; Jarvinen et al. 1987) and is now also identified in vernix. Cystatin A 

is considered to be included in the first line of defense against cysteine proteases 

released from pathogenic microbes. UGRP-1 has been shown to be regulated by IL-10 

and IL-5 and is therefore suggested to be a part of the anti-inflammatory pathways 

(Srisodsai et al. 2004; Chiba et al. 2005). UGRP-1 is also known to be upregulated in 

the lungs of cystic fibrosis patients where it binds bacteria and the macrophage 

scavenger receptor (MARCO), indicating opsonizing properties (Bin et al. 2003). 

Further, the binding between MARCO and UGRP-1 can be inhibited by LPS (Bin et al. 

2003). In vernix, we characterized three forms of UGRP-1, which are differently 

processed at their N-termini. These forms may have altered binding affinities to 

bacteria, leading to enhancement of their opsonizing spectra. Transthyretin is a protein 

that binds retinol binding protein, which in turn binds vitamin A. The role of 

transthyretin may therefore be to control the quantities of vitamin A that is supplied by 

the mother to the fetus, where retinoids play essential roles in the differentiation of 

tissues (Morriss-Kay et al. 1996). 

  

9.3 ANTIMICROBIAL POLYPEPTIDES OF NEONATAL GUT (PAPER IV) 

9.3.1 Antimicrobial activities of meconium and neonatal feces 

Meconium is a dark green fecal material that accumulates in the fetal intestine and is 

discharged normally after birth. Meconium and feces samples were collected from 

healthy infants and extracted under acidic conditions. Meconium was found to exhibit 
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antimicrobial activity against Bacillus megaterium, E. coli and GBS but not against the 

yeast Candida albicans. In contrast to meconium, we found higher activity against B. 

megaterium and lower activity against E. coli in neonatal feces, while no activity was 

detected against GBS and C. albicans. In contrast to low lysozyme activity found in 

meconium, high lysozyme activity was detected in feces. 

 

All activities were reduced or abolished when salt was added to the antimicrobial assay, 

suggesting that the antimicrobial compounds in meconium and feces are salt-sensitive. 

As an example, it is known that salt promotes the α-helical conformation of LL-37, 

which is necessary for its antimicrobial properties (Johansson et al. 1998). In contrast, 

salt has the opposite effect on the activity of α-defensins (Miyasaki et al. 1990; Porter 

et al. 1997). Therefore, salt related reduction of meconium and fecal activities indicates 

the presence of salt sensitive antimicrobial polypeptides, such as α-defensins, in the 

samples. 

 

9.3.2 Identification of antimicrobial polypeptides in meconium and 

neonatal feces 

Using HPLC, MALDI mass spectrometry, N-terminal sequence analysis, and immuno-

blotting, cathelicidin LL-37, α-defensins HNP-1-3, α-defensin HD 5 and lysozyme 

were identified in meconium. In addition, histones H2A and H4 were isolated and 

characterized as to antimicrobial activities. In feces, LL-37, HNP-1-2, HD 5 and 

azurocidin were identified, and lysozyme was detected at higher levels than in 

meconium. 

 

HNPs, LL-37 and azurocidin have been shown to be expressed in neutrophils (Shafer et 

al. 1986; Lehrer et al. 1993; Gudmundsson et al. 1996). In addition, LL-37 is expressed 

in many epithelial cells (Frohm Nilsson et al. 1999) and some specific lymphocytes 

(Agerberth et al. 2000). LL-37 and HNPs are also present in human colon mucosa 

(Tollin et al. 2003), in vernix and in amniotic fluid (Yoshio et al. 2003). Since the fetus 

swallows amniotic fluid and vernix it is difficult to establish the original source in 

meconium. 

 

HD 5 and lysozyme, now identified in meconium and feces, are known to be produced 

by Paneth cells of the small intestine (Peeters et al. 1975; Jones et al. 1992), and are 
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also present in human breast milk (Montagne et al. 2001; Armogida et al. 2004). We 

have detected the peptide HD 5 in material derived from the gastrointestinal tract of the 

fetus (paper IV). This suggests that the HD 5 peptide is produced by the intestines of 

the fetus in the abscence of microbes. This result is supported by Mallow et al. (1996), 

showing that HD 5 mRNA is expressed in colon and the small intestine at 13.5 week of 

gestation but is restricted to the small intestines after 17 weeks. 

 

Histones H2A and H4 were isolated from meconium because of their antibacterial 

properties. Histone proteins can be released into the gastrointestinal tract by epithelial 

cells undergoing apoptosis (Zlatanova et al. 1990). Therefore, we speculate that the 

histones in meconium are derived from cells undergoing apoptosis during development 

(de Santa Barbara et al. 2003) and/or turnover of epithelial cells in the fetal intestines. 

The antimicrobial role of histones will be further discussed later in this chapter, in 

relation to cod innate defenses. 

 

9.3.3 Altered expression of antimicrobial polypeptides in meconium 

and neonatal feces 

Pepsin degradation of meconium extracts did not lower the activities against the 

microbes analyzed. In contrast, pepsin degradation of the fecal extracts dramatically 

reduced the anti-B. megaterium activity. This indicates that polypeptides do not 

contribute to the meconium activity or that pepsin digestion may generate antimicrobial 

fragments as has been shown for histone H2A (Kim et al. 2000). Higher levels of 

lysozyme activity were detected in fecal extracts than in the meconium extracts. 

Furthermore, the holoprotein azurocidin was detected in feces but not in meconium, 

where only a fragment of azurocidin were detected. The induced expression of 

lysozyme in feces can be explained by the presence of lysozyme in breast milk that has 

not been digested in the gastrointestinal tract. Further, antimicrobial peptides in the gut 

have been shown to be induced by bacteria (O'Neil et al. 1999) and short chain fatty 

acids (Schauber et al. 2003). Thus, it is suggested that expression of lysozyme as well 

as azurocidin can be induced upon bacterial colonization and short chain fatty acids in 

the neonatal gut. 
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9.4 ANTIMICROBIAL POLYPEPTIDES OF COD MUCUS (PAPER V) 

An acidic extract from the epidermal mucus of the Atlantic cod was found to exhibit 

antimicrobial activities against B. megaterium, E. coli, and C. albicans. These activities 

varied significantly at different salt concentrations, and were eliminated by pepsin 

digestion, indicating that the activities were of protein origin. No lysozyme activity was 

detected in the extract. The anti-C. albicans activity was fully inhibited when the salt 

concentration was elevated in the assay. In contrast, the activity against E. coli 

increased significantly with elevated salt concentration. This suggests that the anti-E. 

coli components are salt dependent, and might be affected by the levels of salt in 

seawater. As already mentioned, salt enhances the activity of α-helical peptides, which 

constitute the majority of fish antimicrobial polypeptides (Bulet et al. 2004). B. 

megaterium was found to be the most sensitive at all concentrations of NaCl but 

sensitivity was reduced with increased concentrations of NaCl. The increased 

concentrations of the mucus extract needed to inhibit growth of B. megaterium at 

increased NaCl concentrations can be explained by cations interfering with the 

electrostatic interactions of positively charged components found in the mucus and the 

negatively charged microbial surface. The fact that mucus components are found to be 

active against both Gram-positive and Gram-negative bacteria during conditions that 

mimic the natural environment of cod supports the role of the mucus as a defense 

barrier. 

 

Using weak cationic exchange chromatography together with reversed phase 

chromatography, we have isolated four cationic proteins from the cod mucus extract 

with antimicrobial activity. Utilizing N-terminal and C-terminal amino acid sequence 

analyses, together with mass spectrometry, these proteins were identified as the 

evolutionarily conserved (De Falco et al. 1993; Thatcher et al. 1994) histone H2B 

protein (13566 Da), and the ribosomal proteins L40 (6397 Da), L36A (12340 Da) and 

L35 (14215 Da). 

 

Histones are small, abundant basic proteins found in the chromatin of eukaryotes. The 

histones have an important function in chromosome organization with the nucleosome. 

Previous studies have suggested that histones have additional functions, including 

hormone activity (Reichhart et al. 1985), activation of leukocytes in salmon (Pedersen 

et al. 2003) and as part of the antimicrobial defence in mammals (Hiemstra et al. 1993; 
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Rose et al. 1998; Brinkmann et al. 2004). Even if the antimicrobial effect of histones 

has been known for decades (Hirsch 1958), they were just recently linked to the innate 

immune system of frog (Kawasaki et al. 2003), fish (Park et al. 1998; Robinette et al. 

1998; Noga et al. 2001; Richards et al. 2001; Fernandes et al. 2002a; Birkemo et al. 

2003; Fernandes et al. 2003; Fernandes et al. 2004b) and mammals (Rose et al. 1998; 

Howell et al. 2003; Tollin et al. 2003). In a study by Robinette et al. (1998), a histone 

2B-like protein was shown to inhibit important bacterial and fungal pathogens of fish, 

such as Aeromonas hydrophila and Saprolegnia species. A further study of channel 

catfish skin suggests that the levels of histone-like proteins are suppressed during early 

stages of stress as well as in the absence of disease (Robinette et al. 2001). 

 

Using immunohistochemical analysis, it was reported that histone H1 in human 

terminal ileal mucosa is not only localized to the nucleus but also in the cytoplasm 

(Rose et al. 1998). Histones H2A and H2B were also shown to be present in the 

cytoplasm of syncytiotrophoblasts and amnion epithelial cells (Kim et al. 2002). 

Histone fragments with antimicrobial properties have been isolated and identified in 

human wound fluid together with α-defensins, lysozyme and LL-37 (Frohm et al. 

1996), as well as in fish tissues (Park et al. 1998; Patrzykat et al. 2001; Cho et al. 2002; 

Birkemo et al. 2003). In addition, N-terminal segments of catfish H2A were shown to 

be induced in the epidermal mucus upon stimulation (Park et al. 1998). Histone H2B is 

found in an extracellular complex together with DNA in bovine milk and serum (Waga 

et al. 1987), and complexes consisting of histones, elastase and DNA are released by 

activated neutrophils through an unknown mechanism. These complexes are called 

neutrophil extracellular traps and have been found to be highly bactericidal (Brinkmann 

et al. 2004). 

 

Unlike histones, fewer reports describe antimicrobial properties of ribosomal proteins 

or fragments thereof. A small (6654-Da) antimicrobial cationic protein designated 

ubiquicidin was isolated from the cytosol of interferon (IFN)-γ-activated mouse 

macrophages, and found to be highly similar to ribosomal protein S30 (Hiemstra et al. 

1999). Ubiquicidin was also isolated from human colon mucosa because of its 

antimicrobial activity (Tollin et al. 2003). An additional antibacterial peptide sharing 

similarity with the 40S ribosomal protein S30 was isolated from the skin of the rainbow 

trout (Fernandes et al. 2002b). Ribosomal protein S19, also a monocyte 
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chemoattractant (Nishiura et al. 1996), and ribosomal protein L30, were isolated from 

the human colonic epithelium (Howell et al. 2003). Furthermore, Tollin et al. (Tollin et 

al. 2003) isolated the ribosomal protein L39 with bactericidal properties from human 

colon mucosa. Finally, antibacterial cecropin-like peptides in H. pylori have been 

suggested to be derived from the ribosomal protein L1 (Putsep et al. 1999a; Putsep et 

al. 1999b). Combined, all these data show that ribosomal proteins could have a role in 

immunity, ascribing them to a second function, and suggesting that also the ribosomal 

proteins have multiple functions. 

 

Antimicrobial polypeptides isolated from mucus of other fish species have been located 

in the epithelial mucous cells and specific mucous glands that line the dorsal and anal 

fins, where they are suggested to be stored until a stimuli triggers their release onto the 

surface (Cole et al. 1997). The same applies to magainin, which is localized in the 

granular glands in the skin of Xenopus (Giovannini et al. 1987). On the other hand, 

large antibacterial polypeptides, such as aplysianin A from the sea hare (Takamatsu et 

al. 1995) and achacin from the giant African snail (Obara et al. 1992), are constantly 

secreted. In addition, the precursor of the antimicrobial polypeptide parasin I, histone 

H2A, is present in epithelial mucous cells with procathepsin D (Cho et al. 2002). 

Procathepsin D is activated to mature cathepsin D by a metalloprotease induced in 

response to epidermal injury and suggests this enzyme to process histone H2A to yield 

the antimicrobial peptide parasin I (Cho et al. 2002). In our study, there was no 

stimulation or infection of the cod before it was caught. Therefore, the antimicrobial 

histone and ribosomal proteins isolated in this study are likely to be constantly secreted 

onto the surface by mucous cells of cod where they contribute to the antimicrobial 

properties of the mucus. However, histones and ribosomal proteins isolated from 

epidermal mucus of fish could also be derived from surface epithelial cells that are 

removed during sample collection. The high antimicrobial activity and the 

antimicrobial polypeptides isolated suggest that the mucus layer of the Atlantic cod is 

an important tissue in surface defenses and protects the fish from infections. 
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10 CONCLUSIONS 

 

i. Ten and 12 carbon saturated medium chain fatty acids, 16 and 18 carbon 

monounsaturated long chain fatty acids, and their 1-monoglycerides are potent 

killers of important pathogens, which cause infections of skin and mucosa. The 

range of activity differs against different microbes. 

ii. Microbicidal lipids cause disintegration of the bacterial cell membranes, and 

most likely kill bacteria by a rapit disruption of the bacterial membranes. 

iii. Because of their low toxicity to the host, at least in microbicidal concentrations, 

fatty acids and monoglycerides may be useful as active ingredients of 

pharmaceutical formulations for prevention and treatment of mucosal and skin 

infections. 

iv. Microbes, including potential pathogens, frequently colonize babies at the time 

of birth. 

v. Vernix caseosa, meconium and neonatal feces exhibit levels of antimicrobial 

activities, which originate both from polypeptides and lipids. 

vi. Vernix caseosa, meconium and neonatal feces contain antimicrobial 

polypeptides and peptides of the innate immune system that are implicated in 

the control of initial colonization of the neonates. 

vii. Vernix caseosa contains antimicrobial lipids that can act independently and/or 

cooperatively with the human cathelicidin LL-37. 

viii. Extracts from neonatal feces exhibit higher levels of antimicrobial activity than 

meconium,  suggesting that antimicrobial polypeptides, such as azurocidin and 

lysozyme, can be induced upon bacterial colonization of the neonatal gut. 

ix. Cod mucus extract exhibits potent antimicrobial activity, which suggests the 

mucus to protect the fish from microbial infections.The antimicrobial 

polypeptides isolated from fish mucus include histones and ribosomal proteins. 
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