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Introduction

There has recently been a renewed interest in the antimicrobial effects of natural compounds
which were commonly used as health remedies in the Western world until the advent of
antibiotic drugs in the 1940s and 50s. After the emergence of antibiotics many previously
fatal infections and infectious diseases were brought under control and millions of lives
were saved. Due to the dramatic effect of the new synthetic drugs, some health professionals
even believed that the threat to mankind of pathogenic microorganisms had finally been
eliminated.

The great success of chemotherapy, using synthetic antibiotics against bacterial and fun-
gal infections and nucleoside analogues against viral infections, discouraged researchers
and the pharmaceutical industry from making serious efforts to develop drugs containing
simple natural compounds. However, this may now be changing, with the increasing prob-
lem of drug-resistant bacterial and viral strains, partly caused by drug overuse. Because the
development of new drugs has not in all cases kept up with the emergence of new resistant
strains of pathogens, such strains cause thousands of deaths annually, many in hospitals.
Also, most synthetic drugs have more or less severe side effects, which affect a considerable
number of patients. In spite of these drawbacks, the health benefits of antibiotics to humans
and their domestic animals can hardly be overestimated.

It has become apparent to many medical microbiologists and health professionals that
besides synthetic drugs, which inhibit the replication of pathogenic microorganisms in a
specific way, there may be a place for less specific antimicrobial compounds, microbicides,
which kill the pathogens on contact. Microbicides could act in concert with specific antibi-
otics, launching a two-pronged attack on the invading pathogens. Direct killing, in addition
to growth inhibition of pathogens, might make the formation of antibiotic-resistant strains
less likely. Due to their broad antimicrobial actions, resistance to microbicides is rarely
observed.

The success of antibiotic drugs is due to the fact that our knowledge of their actions is
based on a solid scientific ground. Their actions are in most cases predictable and their side
effects known, because they have undergone a thorough scientific scrutiny, for both safety
and activity, before being applied to the general public. In contrast, the use of natural health
remedies was for a long time mainly based on anecdotal evidence and on accumulated
experience of their beneficial effects obtained over centuries. The knowledge was mostly
empirical. Recently, and mostly during the past few decades, the antimicrobial actions of
the natural compounds, which originate in both the animal and the plant kingdom, have
been studied by modern scientific methods similar to those applied in the study of synthetic
drugs. This research has confirmed and extended the prior empirical knowledge of their
antimicrobial activity.



xvi  Introduction

In this book, scientific studies of the antimicrobial actions of two groups of naturally
occurring organic materials are reviewed, namely lipids and essential oils. Lipids are diverse
constituents of plants and animals which are insoluble in water but soluble in nonpolar
organic solvents such as ethanol and ether. The main types of lipid are fats and oils,
phospholipids, waxes and steroids. These lipids have various functions in the body. Animal
fats and vegetable oils are triglycerides composed of fatty acids and glycerol and are a source
of energy. Phospholipid molecules contain two fatty acids and are a major component of
cell membranes. The hydrolytic products of triglycerides and phospholipids, particularly
the fatty acids, have antimicrobial activities. In addition to being natural compounds they
have the advantage of being both environmentally safe and generally harmless to the body
in concentrations which kill pathogenic microbes. They are nonallergenic and are fully
metabolized in the body. Lipids, particularly triglycerides, are abundant in nature and are
an inexpensive source of antimicrobial products.

The first part of this book deals with various aspects of lipids as antimicrobial agents,
beginning with an examination of the chemical nature of lipids in Chapter 1. The history
of lipids as antimicrobial agents, from the discovery of the antibacterial activity of natural
soaps in the 1880s until 1960, is told in Chapter 2, followed by a discussion in Chapter
3 of more recent studies of the antibacterial, antiviral and antifungal actions of lipids.
After chapters on antimicrobial lipids in mother’s milk (Chapter 4) and the skin (Chapter
5), Chapter 6 looks at the role of lipids in the natural host defence against pathogenic
microorganisms, discussed in the context of other factors of the innate immune system.
Recent studies strongly support earlier observations that natural fatty acids on the surface
of the skin and mucous membranes contribute significantly to the host defence against
infections by pathogenic microbes. Triglycerides in breast milk are hydrolysed by lipases in
the gastrointestinal tract of infants, where they release free fatty acids, which seem to have an
important protective effect against enteric pathogens. It has been suggested that the natural
protective function of lipids could be enhanced by prophylactive or therapeutic application
of drugs containing lipids as active ingredients. Chapter 7 reviews the application of lipids in
pharmaceuticals, cosmetics and health foods and their possible use in therapeutics. A broad
overview is given not only of antimicrobial activity but also of other health-related functions
of lipids. Finally, Chapter 8 discusses antimicrobial lipids as disinfectants, antiseptics and
sanitizers, for example in the food industry and in the home. The advent of antibiotics and
inexpensive, synthetic detergents in the middle of the twentieth century caused a decline
of interest in common hygiene outside of the hospital setting, for example in the home
and in public places such as schools. The problem of drug-resistant pathogens and of
environmental hazards caused by some synthetic disinfectants has led to an awareness of
the advantage of using natural and environmentally friendly disinfectants and sanitizers.
Thus, antibacterial lipids could, for example, be used to reduce the risk of contamination by
foodborne pathogens in the kitchen and in food-preparing and food-processing facilities.

Essential oils of flowering plants are secondary metabolites which are a part of the defence
system of the plants, defending them against herbivorous animals and microorganisms.
They have been used as health remedies for centuries but until recently little scientific
research was carried out to establish the antimicrobial effect of essential oils and their
chemical components. In the past few decades, a vast amount of scientific data has been
collected on this subject and the second part of the book gives an overview of the current
knowledge of the antimicrobial and biological functions of essential oils. Chapter 9 reviews
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the chemistry and bioactivity of essential oils and their use in food and cosmetic products.
Chapter 10 describes the antiviral activity of essential oils and their effect in treatment of
herpes simplex. Finally, Chapter 11 gives a comprehensive overview of the antibacterial
and antifungal effects of essential oils, their use in pharmaceutical formulations and their
clinical efficacy and toxicity in humans and animals.

Although focussing on the antimicrobial action of lipids and essential oils, the book
also describes various other health-related aspects of these natural products. It thus gives
comprehensive and detailed information on the biological effects of lipids and essential oils
based on the results of scientific research. Each chapter stands by itself and need not be
read in the context of the others. Therefore, the chapters do not have to be read in sequence
starting at the beginning of the book. There is thus a certain degree of overlap of data
between chapters, but not redundancy, since the same data are viewed from different points
of view and in different contexts by the different authors. Although written by scientists
and aimed primarily at health professionals, the book is written in language which should
be understandable to readers in general. It should be of interest to anyone concerned about
health issues and particularly to those who are conscious of the benefits of health food and
natural products.

Halldor Thormar
Reykjavik, June 2010
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2 Lipids and Essential Oils as Antimicrobial Agents

1.1 Introduction

Certain lipids are known to inhibit growth or kill microbes. A wide variety of lipids have
been tested and they vary widely in chemical structure and efficacy. Because of the lack of
a systematic relationship between lipid structure and antimicrobial activity an explanation
of their mode of action is problematic. The two possible molecular mechanisms to account
for the antimicrobial action of lipids are 1) a specific interaction with sites within the
microorganism that influences biochemical functions and loss of viability or 2) a general
nonspecific interaction that perturbs the structure of the microorganism, thereby inhibiting
normal physiological functions.

Lipids are a diverse class of compounds that defy definition by simple chemical char-
acteristics but can be broadly categorized by their solubility in solvents of relatively low
polarity. In this way they can be readily distinguished from the other constituents of living
cells, such as nucleic acids, carbohydrates and proteins. Indeed, this is the operational
basis for the extraction and purification of lipids from biological tissues. The conventional
methods of lipid extraction employ solvent mixtures with a relatively polar solvent, ini-
tially to loosen up the tissue and dislodge lipids from their interaction with other cellular
constituents and culminate in isolation of the lipids in a two-phase system in which the
polar molecules partition into an aqueous phase [1,2].

Within the general class of lipids, subdivisions are recognized on the basis of their
relative solubility in solvents of low polarity, or to put it another way, solubility in solvents
of different polarities. Again, no systematic chemical criteria can be adopted to account for
solubility of lipids in solvents of different polarities. However, polarity of solvents can be
defined by objective criteria [3,4] and solubility of lipids in solvents can be measured by a
variety of biophysical parameters.

This chapter will provide an account of lipid solubility in solvents of different polarities
and explain the general chemical principles that govern this property. The relevance of lipid
solubility to antimicrobial action will be discussed in the context of the role of lipids in the
structure of cell membranes of living organisms and how these structures are disrupted by
antimicrobial lipids.

1.2 Oil and Water Don’t Mix!

We are all familiar with the old adage that oil does not mix with water. Equally, we know
intuitively that if a drop of ink is placed in a beaker of water the ink will diffuse out from the
concentrated drop, eventually distributing randomly throughout the aqueous phase. Both
of these situations have expressions in the Law of Thermodynamics, which states that all
systems move to their state of lowest free energy, and in the cases we are considering, to a
more random and chaotic state. The formulation is:

AG = AH — TAS (1.1)

where AG is the change in free energy of the system, AH is the change in heat, T is
the absolute temperature and AS is the change in entropy. The negative sign on the TAS
component signifies a spontaneous change from a more ordered to a disordered state.



Membranes as Targets of Antimicrobial Lipids 3

At first sight there seems to be a contradiction in the two examples given above. The two-
phase system of oil and water appears to be a perfectly ordered system, yet clearly this is
the equilibrium position. To understand why this is the lowest free energy of the system we
need to consider the consequences on the order of the molecules if we attempt to place oil
into an aqueous environment. Qils are largely composed of hydrocarbon, and hydrocarbons
are nonpolar, since they have electron distributions about the constituent atoms that are
relatively even. By contrast, water is highly polar, with electrons attracted to the oxygen
atom generating a surfeit of negative charge (a 8-negative charge) and creating a deficiency
of negative charges (d-positive charges) associated with the two hydrogen atoms. This is
the basis of molecular polarity. When hydrocarbon is exposed to water the molecules of
water in contact with the hydrocarbon lose their freedom to interact with like polar water
molecules and consequently become ordered. It is this molecular order that results in a
decrease in entropy and a consequent increase in free energy of the system.

Lipids of biological origin are not composed purely of hydrocarbon, and constituent
atoms like oxygen and nitrogen bring about an asymmetric distribution of electrons within
the lipid molecule. This provides opportunities for polar interactions with water, thereby
increasing the entropy of the system. We next consider the origin of polarity of biological
lipids and the common chemical strategies used in nature to achieve a polar character.

1.3 Polar Lipids

Living cells do not synthesize pure hydrocarbons directly, although compounds such as
methane and ethane are byproducts of lipid metabolism of some microorganisms. In general,
therefore, the lipids of living cells contain electrophilic atoms like oxygen, nitrogen, sulfur,
phosphate and so on that confer a polar character on the lipid. The presence of polar groups
on lipids renders them less soluble in nonpolar solvents and induces them to assemble into
characteristic aggregates or dispersions in water rather than forming a two-phase oil and
water system.

1.3.1 The Amphiphilic Character of Polar Lipids

The presence of a polar group in a lipid has considerable influence on the properties of the
molecule apart from its solubility in water. This is particularly the case with complex lipid
molecules in which domains of nonpolar hydrocarbon within the molecule are separate
from polar moieties. This arrangement confers on the lipid the physical properties of
an amphiphile (Greek: amphi, on both sides; philos, loving), in which the hydrocarbon
portion achieves a lowest free energy in a nonpolar environment and the polar group can be
hydrated.

Amongst the weakest amphiphiles in biological tissues are the fats and oils, which
largely make up the nutritional reserves of triacylglycerides. Such lipids generally form
two-phase systems in water because the carbonyl oxygens of the acyl ester bonds linking
the fatty acids to the glycerol backbone are not sufficiently polar to balance the remaining
hydrocarbon character of the lipid. This is reflected in the locations of oils and fats within
cells in phase-separated droplets bounded by a membrane and sequestered from contact
with water.
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As the balance of hydrophilic affinity created by the hydrocarbon component increases,
so does its tendency to interact with water. Polar lipid molecules are therefore able to bridge
a hydrophilic and a hydrophobic environment and are said to be surface-active or posses
the properties of a surfactant.

1.3.2 Hydrophobic Constituents of Lipids

The biosynthesis of lipids is conducted primarily by two metabolic pathways: the pathway
for synthesis of sterols and related prenyl compounds, and fatty acid synthase. The products
of both pathways provide lipids that are common constituents of cell membranes.

Sterols are all derived from isoprene substrate and perform essential structural and sig-
nalling roles in eukaryotes. In vertebrates cholesterol is the major structural sterol, whereas
in plants a variety of sterols are found, including stigmasterol, sitosterol and camposterol,
with other minor sterols. The sterol found mainly in microorganisms is ergosterol. Sterols
are weakly polar, with an amphiphilic balance favouring hydrophobic interactions. The
dominant feature of their structure is the polycyclic ring and the associated hydrocarbon
side chain. The polar affinity resides in a hydroxyl group located on the sterol ring. Other
important prenyl-derived compounds are the ubiquinols and plastoquinols, which are typ-
ified by relatively long hydrocarbon chains attached to a fully substituted benzoquinone
ring system conferring a weakly polar character to the lipid.

The products of fatty acid synthase are fatty acids with a hydrocarbon carbon chain length
of 16 carbons — palmitic acid. Palmitic acid can be elongated by the sequential addition
of two-carbon units up to aliphatic carbon chain lengths of C24. Oxidative processes are
also able to desaturate fatty acids at specific locations in the hydrocarbon chain, resulting
in the insertion of cis-double bonds. The first double bond is inserted in the centre of the
palmitate chain at position @9 (the nomenclature counts from the terminal methyl carbon
because biochemically this represents the sequence of desaturation of the alkyl chain) and
subsequent desaturation occurs at w6 and then w3. Only plants are able to perform the last
two desaturations, so that linoleic and linolenic acids are essential fatty acids for animals
and represent vitamin F [5]. Other modifications of the aliphatic chain include the formation
of branched chains by the attachment of methyl side-chain groups. Oxidative reactions of
arachidonic acid represent the precursors of important signalling compounds, comprising
the prostaglandins, thromboxanes and leucotrienes.

Fatty acids represent basic building blocks of complex polar lipids that are major con-
stituents of biological membranes. The two principle classes of complex lipid that incorpo-
rate fatty acids are the glycerolipids and sphingolipids. The backbone of the glycerolipids
is the anomeric polyol glycerol. Long-chain fatty acids are esterified to the C1 and C2
positions of the glycerol to form a diglyceride. Fatty acids are attached to the long-chain
base, sphingosine, by an N-acyl linkage to form the basic building block of the sphin-
golipids, ceramide. The chemical structures of these hydrophobic components of complex
polar lipids are illustrated in Figure 1.1.

Another group of long-chain hydrocarbons that are widely found in both eukaryotes
and prokaryotes are waxes. These relatively nonpolar lipids constitute components of the
so-called neutral lipid fraction and are composed of long-chain n-alkanolic acids and n-
alken-1-ols of an even number of carbon atoms ranging in length from C12 to C32. Carbon
chains of between C20 and C24 are commonly found in the acyl portion, whilst C24 and
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Figure 1.1 The chemical structures of the hydrophobic components of complex polar lipids.

C28 predominate in the alcohol component. A certain amount of unesterified hydrocarbon
material may also be associated with wax esters as well as fatty aldehydes. Waxes can fulfil
a protective role and the hydrophobic character of their structure can act as a reservoir that
traps lipids with potential antimicrobial activities. Other lipids classified with the neutral
lipids are carotenoids, sterol esters and glycerides.

1.3.3 Polar Groups of Complex Lipids

Polar groups that are responsible for the amphiphilic properties of complex cellular lipids
are generally attached to hydroxyl groups of the diacylglycerol or ceramide. The type of
polar group is used to designate the class of complex lipid. The structures of polar groups
that represent the basis of classification of complex lipids are shown in Figure 1.2.

Arguably the most abundant polar lipids in nature are the glycosylglycerides, in which
the diacyl glycerol is acylated to hexose sugars. While many different types of hexose
may be attached glysidically to the C3 position of the glycerol, galactose is the most
common in plant and algal systems. Mannose and glucose are more frequently encountered
in bacterial species. Monogalactosyldiacylglycerols and digalactosyldiacylglycerols are the
major lipids of the chloroplast thylakaoid membranes and their polar character is due to
hydration of the sugar groups. The extent of hydration is increased in another lipid, 6-
sulphoquinovosydiacylglycerol, by the presence of a sulphonate group on the sugar, and
this lipid has been identified as a constituent of the membranes of all photosynthetic plants,
algae and bacteria so far examined.

The most ubiquitous complex polar lipids are the phospholipids. The basic structure is
phosphatidic acid, in which a phosphate group is esterified to the C3 of the diacylglycerol.
Although this phospholipid is present only in minor proportions in tissue lipid extracts it is
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Figure 1.2 The structures of polar groups of membrane lipids.

a pivotal intermediate in the biosynthesis of the major phospholipid classes. Thus, different
groups attached to the phosphatidic acid define the particular class of phospholipid. The
major classes of phospholipids are based on choline, ethanolamine, serine, glycerol and
inositol substituents on the phosphate group of phosphatidic acid. The amphiphilic property
of the phospholipids is due not only to hydration of the negatively-charged phosphate but
to hydroxyls, carboxyls and amino groups of the polar moieties.

A major class of sphingolipid is based on attachment of a phosphocholine group to ce-
ramide to form sphingomyelin. The remaining sphingolipid classes, however, are not phos-
pholipids but rely on the sugar residues attached to the hydroxyl residue of ceramide for
their amphiphilic properties. The attachment of a single hexose such as glucose or galactose
to the ceramide backbone constitutes the class of cerebrosides. More complex glycosph-
ingolipids are the gangliosides and globosides. These polar lipids contain branched-chain
oligosaccharides with as many as seven neutral and amino sugars attached to the ceramide.
The presence of such large polar groups renders these classes considerably less soluble in
nonpolar solvents.

In addition to the polar lipids normally found associated with living cells, a range
of surfactant compounds are known to be biosynthesized by various microorganisms.
Such biosurfactants have unique properties such as biodegradability and production under
relatively benign environmental conditions and can be produced from substrates consisting
of vegetable and even industrial waste materials. An important example of biosurfactants is
the mannosylerythritol lipids produced by the yeast strain of the genus Pseudozyma [6,7].
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The amphiphilic properties of these glycolipid biosurfactants are due to sugar residues,
which are often coupled to acetate groups and acylated with one or more hydrocarbon
chains of varying length. Amongst the features of useful detergent-like properties [8,9], the
glycolipid biosurfactants have been shown to promote differentiation [10] and apoptosis
[11] of immortalized tumour cell lines in tissue culture as well as to bind antibodies [12,13]
and lectins [14].

1.4 Properties of Surfactants

As described in the preceding sections, the dominant feature of structural lipids found in liv-
ing cells is that they are amphiphilic. However, the balance of hydrophobic and hydrophilic
affinities within the lipids varies greatly depending on the extent of the hydrocarbon domain
of the molecule and the affinity of the polar group for water. This balance influences the
ability of the polar lipids to act as surfactants bridging the interface between hydrophobic
and hydrophilic environments.

1.4.1 Ciritical Micelle Concentration

A useful parameter to compare the relative surface activities of surfactants is the critical
micelle concentration. The parameter is defined as the concentration of polar lipid in free
solution that is in equilibrium with aggregates of surfactant. Where the solvent is water, the
concentration of polar lipid in free solution decreases as the hydrophobic affinity within
the molecule relative to the polar affinity increases.

Surfactants will tend to concentrate at interfacial regions between water and nonpolar
solvents or air as this will represent the lowest free energy of the system. There are two
aspects to this reduction in free energy. The first has been described above and results from
the removal of hydrocarbon from contact with water. The second is to lower the free energy
of the interface between the two media; that is, a reduction in surface tension. When all the
interface is occupied by surfactant molecules a further increase in surfactant concentration
will result in the formation of aggregates of the surfactant as again the association of
surfactant molecules is configured so that hydrocarbon is sequestered away from water
and the polar groups of the surfactant are exposed on the outside so as to form a stable
aggregate.

A convenient method for measuring critical micelle concentration of a surfactant is to
monitor the surface tension of water at an air interface with increasing concentration of
surfactant in the subphase. This is illustrated in Figure 1.3. A comparison of the surfactant
activity of common surfactants with the polar lipids of biological membranes shows that
membrane lipids are only weakly surface-active. The critical micelle concentration for most
membrane lipids is in the range of nM concentration. This means that membrane lipids are
overwhelmingly present in aqueous systems in the form of aggregates. Biosurfactants, on
the other hand, have considerably higher critical micelle concentrations. Mannosylerythri-
tol lipids have critical micelle concentrations in the .M concentration range at interfacial
surface tensions of about 30 mN/m [15]. This compares with the critical micelle con-
centration of typical domestic washing-up liquids, which are in the mM concentration
range.
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Figure 1.3 Measurement of the critical micelle concentration of a surfactant by relating the
decrease of the surface tension of formamide at an air interface as a function of surfactant
concentration of the subphase. (Reprinted from [21]. With kind permission from Springer
Science+Business Media.)

1.4.2 Aggregation of Surface-Active Molecules

Amphiphiles self-assemble in solvents into a variety of aggregates with normal or reversed
curvature. The structures have been classified according to their morphology and range from
dispersed micellar to cubic to hexagonal to lamellar phases [16]. The rich polymorphism
displayed by surfactants arises from the wide differences in amphiphilic balance within
the molecules. The polymorphism of these structures can be modulated by changing the
polar interaction with the solvent or by altering the van der Waals interactions between the
hydrocarbon residues of the surfactant. Thus surfactants exhibit lyotropic mesomorphism
in response to the changing hydration of the polar head group. Likewise, thermotropic
mesomorphism can be demonstrated as a consequence of changes in packing order of the
hydrocarbon domain at different temperatures.

This is illustrated by the simple binary mixture of glycerol monooleate. The
temperature—composition phase diagram in the temperature range 20 to 105 °C and water
content 0 to 100% (w/w) was first published 25 years ago [17]. The phase diagram was
subsequently extended to temperatures below 20 °C, where complicated behaviour involv-
ing metastable phases was reported [18]. Nonionic detergents are known to have different
effects on the phase behaviour of monoolein. For example, at full hydration at 20 °C alkyl
glucosides in mole fractions up to 0.25 in monoolein form a cubic phase of space group
Pn3m determined from X-ray scattering methods [19]. In the presence of higher mole
fractions of detergent a liquid—crystal bilayer is the preferred phase, with an intermediate
cubic phase of space group [a3d observed in mole fractions of 0.4 nonionic detergents.

Somewhat different effects on the phase behaviour of monoolein/water systems have
been reported for terpinen-4-ol, the active surfactant of tea-tree oil, as evidenced from
optical and NMR studies [20]. The influence of the presence of 5 wt% terpinen-4-ol on
the lyotropic phase behaviour of monoolein is shown in Figure 1.4. It can be seen that in
low water contents (<5 wt%, D,0O) a micelle phase is formed by the monoolein, and this
is not greatly altered by the presence of terpinen-4-ol. With increasing water content the
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Figure 1.4 The influence of the presence of 5 wt% terpinen-4-ol on the lyotropic phase
behaviour of monoolein. (Reprinted with permission from [20]. Copyright 2002 American
Chemical Society.)

lamellar liquid—crystal phase is stabilized up to about 10 wt% water before forming the
cubic phase. The major effect of the terpinen-4-ol is to destabilize the cubic phases and
induce a hexagonal phase of type 1. This effect is due to the partitioning of the terpinen-
4-ol into the aqueous interfacial domain, where it serves to expand the area of lipid—water
interface.

The general conclusion from studies of surfactants in aqueous systems is that the structure
formed by the surfactant in concentrations above the critical micelle concentration depends
primarily on the amphiphilic balance within the molecule. This can be illustrated in the case
of a common membrane lipid, phosphatidylcholine. This phospholipid forms only lamellar
phases in water over a wide range of temperatures. Removal of one of the fatty acyl residues
from the glycerol produces lysophosphatidycholine. This nomenclature is in deference to
the fact that the lipid will cause haemolysis of erythrocytes by a detergent action on the cell
membrane. The dramatic shift in amphiphilic balance resulting from removal of one fatty
acyl residue converts a weak surfactant into a relatively strong detergent. This is reflected
in the type of aggregate formed by lysophosphatidycholine in water: hexagonal-I, which
consists of tubes of lipid with acyl chains oriented into the interior and the alignment of the
tubes in a hexagonal packing array.

1.4.3 The Influence of Solvent

A component of amphiphilic balance of surfactant molecules is the interaction of their
polar groups with the solvent. The effect of the polarity of the solvent can be illustrated
by the solubility of ubiquinone-10 in ethanol-water mixtures [21]. Figure 1.5 shows the
concentration of ubiquinone-10 in the supernatant of centrifuged samples, judged by ab-
sorption at A = 275, as a function of the volume of water added to an ethanol solution of
the lipid. There is a marked decrease in solubility of ubiquinone-10 when the proportion of
water in the solvent mixture exceeds about 12% by volume. Examination of the aggregated
lipid by wide-angle X-ray scattering methods indicates that the benzoquinone ring of the
molecule is not solvated in the aggregated form. Nevertheless, the demonstration shows that
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Figure 1.5 The effect of polarity of the solvent on the solubility of ubiquinone-10
in ethanol-water mixtures. (Reprinted from [21]. With kind permission from Springer
Science+Business Media.)

increasing solvent polarity causes aggregation of the weak surfactant as the hydrocarbon
component is forced to exclude increasingly polar solvent.

Modulation of the electrostatic charge of ionic surfactants greatly influences the phase
behaviour of amphiphiles. The phospholipids of cell membranes contain charged phosphate
groups and some classes contain additional amino or carboxyl groups. Counter-ions in
the aqueous medium are known to play an important role in the phase behaviour of the
lipids in the membrane bilayer matrix. An example of this is the physiological process of
domain structure and fusion between bilayer membranes, which involves the creation of a
nonlamellar transition state within the phospholipid bilayer. Calcium is a potent membrane
fusogen which, by binding to the phosphate groups, reduces charge repulsion between
adjacent bilayers, and by promoting aggregation is able to bridge the bilayers and promote
fusion through the creation of defects in the lamellar structures [22].

A component of the charge neutralization of the phospholipid polar group by interaction
with calcium is an alteration of the structure of the water layer that hydrates the interface. The
thermodynamics of lipid hydration has been considered in thermal studies of multibilayer
liposomes of membrane polar lipids that each take up between 10 and 30 molecules of
water depending on the nature of the polar group and the state of the alkyl chains [23].
Measurements of the partial molar free energies and enthalpies of these swelling systems
indicate that the first four water molecules hydrate the lipids in a favourable enthalpic
interaction but the partial free energies and enthalpies of additional water molecules have
opposite signs. There is also evidence that additional hydration involves changes in the
thermal excitation of the lipid degrees of freedom.
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1.5 Cell Membranes

As indicated in Section 1.3, there is a wide range of weakly polar lipids associated with cell
membranes of living organisms. The other major component of membranes is the protein;
because most incorporate sugar residues attached to the polypeptide chain, these are mainly
glycoproteins. Since cell membranes represent important targets for antimicrobial lipids,
we next consider the structure of cell membranes and the factors that govern their stability.

The contemporary view of the structure of biological membranes is formalized in the
fluid-mosaic model proposed nearly 40 years ago [24]. The polar lipids are said to be ar-
ranged in a fluid bilayer structure which acts as a matrix for the orientation and organization
of the different intrinsic and extrinsic proteins. While this view has proved to be reasonably
durable, much greater detail has emerged about the disposition of the components on either
side of the bilayer and within lateral domains of the bilayer. Furthermore, the notion that
the lipid bilayer matrix is a fluid structure has been modified by the realization that various
degrees of order in the lipids are created by the presence of sterols when they interact with
sphingolipids [25].

1.5.1 Membrane Lipids

The types of polar lipid found in biological membranes were seen in Section 1.3 to in-
clude phospholipids, glycolipids and sterols. Apart from sterols and other neutral lipids,
each of the major classes of polar lipid consists of a family of molecular species de-
fined by the type of hydrocarbon chain associated with the lipid backbone. In the case of
the diacylglycerophospholipids, the fatty acids acylated at the sn-1 and sn-2 position of
the glycerol differ in length, degree of cis-unsaturation and position of attachment to the
glycerol. In some members of the family the fatty acids may be branched-chain or they may
be attached by ether or vinyl ether rather than ester bonds to the glycerol. The importance
of this complexity can be understood by the differences that the hydrocarbon component
of the lipid confers on the physical properties of the lipid.

One of the most important features governing the morphological characteristics of phos-
pholipid assemblies in aqueous systems is the presence of cis-unsaturated bonds. These
bonds, as opposed to double bonds in the trans-configuration, introduce a kink into the
chain that prevents the close parallel alignment required to maximize van der Waals co-
hesive bonds between them. As a consequence, the temperature at which the chains are
transformed from a solid to a liquid is greatly reduced. In the context of a lipid bilayer the
transition between ordered and liquid—crystal lamellar phases as well as between lamellar
and nonlamellar phases is determined by the number and location of cis-unsaturated bonds
in the fatty acid residues associated with the phospholipid. Characteristics of the phases
adopted by membrane lipids in aqueous systems are illustrated in Figure 1.6. A review of
the behaviour of membrane lipids and their arrangement in the structure has been published
recently [26].

With the advent of sophisticated mass-spectrometric methods for analysis of the lipid
composition of biological membranes [27] it has been recognized that each morpholog-
ically distinct membrane contains a complex and distinctive lipid composition. In many
membranes, hundreds of molecular species of lipids have been characterized. Moreover,
the constituent lipids of each membrane appear to be preserved within relatively narrow
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Figure 1.6 Characteristics of the phases adopted by membrane lipids in aqueous systems.

limits by biochemical mechanisms that are, as yet, not completely understood. The pro-
cesses of membrane lipid turnover and homeostasis raise questions as to the reasons for
the diversity of membrane lipid compositions. Why, for example, do the cells of higher
organisms maintain such a complex lipid matrix despite being protected from variations
in their environment by the homeostatic regulation of surrounding extracellular fluids or
serum and the composition of the cytosol? We do not know whether the maintenance of
narrow ranges (homeostatic regulation) of any particular molecular species of lipid in the
membrane is critical to the cell or the functions performed by the constituent membranes
and how much redundancy is incorporated into the system. There are also uncertainties
as to whether lipid complexity is predicated by the assortment of proteins in particular
membranes or whether lipids have their own rules for assembling which govern, in turn,
the way proteins are ‘passively’ inserted into the matrix.

Lipid homeostasis for a complex mixture represents a cost in terms of metabolic expense
and gene diversity, which encodes all enzymes responsible for catalysing the biosynthetic
and degradation pathways. Multiple cross-regulation would be expected to achieve the
characteristic composition of membrane. The maintenance of a complex lipid composition
requires regulated pathways to repair the alterations (literally ‘homeostasis’) induced by
the ‘activated enzymes’ perturbing the cell membranes.

Methods of establishing the physical consequences of the diversity of lipid composition
have not kept pace with the biochemical characterization of this diversity in particular
membranes. The main reason for this is that methods employed to characterize the con-
formation and structure of the membrane lipid matrix are averaging techniques, such as
spectroscopy, that are unable to distinguish subtle differences in local environment cre-
ated by domains dependent on lipid complexity. As a result, much information is indirect
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and based on the construction and examination of models to simulate the lipid matrix of
biological membranes. Frequently such models diverge considerably from the real world
because of the low energy barriers that separate conformational states in the complex mix-
tures which represent biological membranes that are less likely to occur in defined lipid
mixtures. Furthermore, in terms of representation, some molecular species may be present
in relatively minor proportions and would not be expected to greatly influence the phase
structure of the membrane lipid matrix. Others, such as cholesterol and sphingomyelin in
the plasma membrane, may dominate the lipid composition of the membrane and exert a
major impact on the structure and properties of the membrane. Clearly, characterizing the
physical consequences and influences of individual molecular species of membrane lipid
on the structure and properties of the bilayer matrix remains a considerable challenge.

1.5.2 Lipid Domains in Membranes

The segregation of the lipids of cell membranes into separate domains is now known to
underlie membrane functions like signal transduction, fusion and so on. [28,29]. This re-
alization has come about through the characterization of so-called liquid-ordered phases
formed between choline phosphatides and cholesterol. Such phases are created by specific
interactions between the molecules which segregate from domains of fluid lipids to form a
platform or raft into which lipid-anchored membrane proteins are partitioned. The segre-
gation of these proteins from the fluid phase of the membrane appears to be required for
them to perform their function.

Cell membranes can be fractionated according to their solubility in mild detergents
[30]. The detergent-insoluble fraction floats at low density upon gradient centrifugation.
The membranes can easily be harvested, the residual detergent removed and the resulting
membrane further purified or subfractionated. The membrane fractions isolated in this
way are referred to as rafts and take the form of vesicles about 200 nm in diameter
[31]. Membrane lipids act as platforms for the assembly of receptors on one side of the
membrane and appropriate effecter proteins on the opposite side. This arrangement allows
signals generated when a ligand binds to its receptor to be transduced across the membrane
to the biochemical apparatus responsible for setting the physiological response in train.
The polar lipids of the raft serve as filter devices, in order to include particular membrane
proteins and exclude others. The lipids of the raft membrane are distinctive from those of
the surrounding membrane and a specific interaction between the lipids is believed to be
the mechanism underlying their segregation.

The characteristic feature of the lipid composition of membrane rafts is the predominance
of phospholipids with saturated hydrocarbon chains and the high proportion of sterol. This
is particularly evident in the molecular species of sphingomyelin in membrane rafts isolated
from erythrocyte ghost membranes [32]. To investigate the factors that govern the partition
of sphingomyelin into the rafts the molecular species of sphingomyelin recovered in the
detergent-resistant membrane fractions were compared with those in the membrane ghosts
from which they were derived. The fatty acids in amide ester linkage to the sphingosine iso-
lated from human erythrocyte ghost membranes and corresponding raft fractions are shown
in Table 1.1. Saturated molecular species of sphingomyelin dominate the raft membrane
fraction at the expense of monoenoic fatty acids. This is achieved by an approximately
threefold enrichment of C22 : 0 and C24 : 0 molecular species of sphingomyelin and the
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Table 1.1 N-acyl-linked fatty acids of sphingomyelin in human erythrocyte ghosts and
detergent-resistant membranes isolated from them by treatment with Triton X-100 and

fractionation on a density gradient.

N-acyl fatty acid

Human erythrocyte sphingomyelin

Ghost membrane

Raft membrane

Cl6:0 41.45 £5.68 8.63 £ 0.74
C18:0 6.25 £0.74 6.36 £ 0.66
C18:1 1.15 £ 0.21 1.49 + 0.21
c18:2 0.10 £ 0.01 0.18 £0.13
C20:0 0.70 £+ 0.01 2.22 +£0.03
Cc22:0 5.78 £ 0.48 14.72 £2.02
C24:0 20.02 £2.35 62.10 = 5.68
C24 : 1 24.02 +£1.87 1.47 £0.19
C26:0 0.33 £ 0.04 2.78 £ 0.21
C26: 1 0.19 £ 0.01 0.05 £ 0.01
Total 100 100
Saturated 74.54 96.81
Monounsaturated 25.36 3.01
Polyunsaturated 0.10 0.18

Data from [32].

almost complete exclusion of molecular species of sphingomyelin associated with C24 : 1
fatty acid.

The raft fractions isolated under mild conditions appear to represent individual domains
within the membrane. Evidence for this is that detergent-resistant membranes retain their
original asymmetry and can be subfractionated by immunoprecipitation methods into vesi-
cles that contain unique sets of antigens. In the case of neuronal cells, separation of vesicles
with prion protein from vesicles displaying Thy-1 can be achieved. A similar segregation of
these antigens is observed in the intact cell membrane [30]. Lipid analysis of prion protein
and Thy-1 vesicles show that the two raft membranes have different lipid compositions
and in turn these are different from that of the detergent-resistant membrane fraction from
which they were derived [33]. Thus prion protein vesicles contain significantly more un-
saturated, longer-chain lipids than Thy-1 vesicles and have a fivefold greater content of
hexosylceramide. These results lead to the conclusion that unsaturation and glycosylation
of lipids are major sources of diversity of raft structure.

While sphingomyelin and cholesterol have tended to achieve prominence in raft lipid
composition, more recent studies have indicated that glycerophospholipids and diacylglyc-
erols are also constituents of raft fractions. One method that has been used to identify
such components is the detection of lipids from radioactive precursors that are isolated
in raft fractions [34]. The method involves feeding cells with radiolabelled glycerol, fatty
acids or water-soluble polar groups and identifying the complex lipid into which they are
biosynthetically incorporated. Using this approach it was shown that raft fractions derived
from human leukaemic T-cell line Jurkat had a considerably higher cholesterol content than
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the parent membrane and that polar lipids incorporating [*H]-glycerol were present. These
glycerophospholipids included choline, ethanolamine, serine and inositol phosphoglyc-
erides, with a preponderance of phosphatidylcholine and phosphatidylserine. Incorporation
of radiolabelled fatty acid precursors into the phospholipids showed preferential labelling
of raft lipids with saturated fatty acids such as palmitic and stearic acids, rather than oleic,
linoleic and arachidonic acids. These results are consistent with other studies indicating that
the lipids isolated in the raft fractions contain predominantly saturated molecular species
of membrane lipids [35,36].

1.5.3 Membrane Proteins

Proteins are major constituents of membranes and vary in proportion to the polar lipids
from 0.25 wt/wt lipid in central-nerve myelin to more than 3.5 wt/wt lipid in the inner
mitochondrial and photosynthetic thylakaoid membranes. The association of the protein
with the lipid bilayer matrix can occur via polar interactions, in which case the protein
can be dislodged from the structure by modulating the ionic environment. These proteins
are referred to as extrinsic or peripheral membrane proteins. Another group of proteins are
the intrinsic proteins and these are in contact with the hydrocarbon chains of the lipids.
They require detergents to extract them from the lipid bilayer matrix. A third group are
lipid-anchored proteins, which are essentially water-soluble proteins that incorporate a
covalently-bound lipid which anchors them to the bilayer. A typical anchor tethering such
proteins to the external surface of the plasma membrane is glycerylphosphorylinositol,
forming the (so-called) GPI-anchored proteins [37]. Lipid anchors associated with the
proteins on the cytoplasmic surface of membranes are saturated fatty acids and isoprenyl
groups [38].

Because there are no proteins or groups of proteins common to biological membranes it is
agreed that proteins are not required to organize or direct the structure of membranes. This
means that the structure of membranes is not a process that is directly under genetic control
and the assembly of components is driven by entropic forces. Nevertheless, membrane
proteins can exert an essential role in the differentiation of particular membrane structures.
Examples of such structures include intercellular junctions and the grana stacks of chloro-
plast thylakoid membrane. Indeed, such structures serve to confine different proteins to
domains within the same contiguous membrane.

The orientation of proteins within the bilayer matrix is vectoral. The unique arrangement
of each protein with respect to the lipid bilayer is necessary to perform transport and other
biochemical functions in a unidirectional manner. The structure of membranes is established
during membrane biogenesis, which occurs by a process of expansion and differentiation
of preexisting membrane. This involves incorporation of newly synthesized proteins and
lipids, the post-translational modification of the proteins and metabolic retailoring of the
lipids.

1.5.4 Membrane Stability

The thickness of biological membranes is in the order of 5 to 6 nm, while the surface
area can be very large, considering for example the size of an ostrich egg. Soap bubbles
are another example of stable thin structures held together by the forces holding the weak
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surfactants of membrane lipids together. These thickness-to-area-ratio arguments suggest
a structure that is quite robust, but the cohesive forces keeping the molecules together are
in fact relatively weak van der Waals cohesive forces. These forces arise from fluctuating
dipoles created by the asymmetric electrostatic charge distribution about all atoms and
the interacting force decreases according to the sixth power of the distance separating the
atoms. Although they are relatively weak forces they add up over the surface of adjacent
hydrocarbons to provide strong cohesion between lipid molecules. This, together with
the entropic forces associated with exclusion of water considered in Section 1.2, is why
biological membranes are inherently stable structures.

This stability may seem to contradict the dynamic properties of biological membranes.
Many cellular processes, including membrane biogenesis, secretion, endocytosis and so on,
require fusion between membranes. In order for membrane fusion to take place in an orderly
manner, specific membrane proteins are involved to make sure that indiscriminate fusion
is avoided. Secondly, the bilayer arrangement at the point of fusion must be disturbed and
transient nonbilayer arrangements of the lipids are required to complete the fusion process.
The question is, how can an essentially stable structure have a built-in mechanism to cater
for a dynamic process like fusion? The answer is found in the diverse amphiphilic balance
of the lipids that constitute the membrane bilayer matrix.

It has long been known that the total polar lipid extracts of biological membranes do
not form bilayer structures when dispersed in aqueous media under physiological condi-
tions [39]. Instead they form a range of structures from bilayer to hexagonal-II and cubic
arrangements. We can conclude from this observation that a proportion of the lipids found
in cell membranes are inherently unstable in a bilayer configuration under physiological
conditions and that interaction with other membrane components is required for them to
conform to a bilayer arrangement. The membrane lipids that, when dispersed in pure form
in aqueous media, assume a nonbilayer structure (mainly hexagonal-II structure) are the
phosphatidylethanolamines and monohexosyldiacylglycerols. Indeed, all biological mem-
branes contain a proportion of membrane lipids that form nonbilayer structures. It can now
be seen that dynamic processes like the fusion between membranes can be accomplished
by controlled dissociation of nonbilayer-forming lipids from the constraints that normally
preserve them in a bilayer configuration.

Most biological membranes have a much greater proportion of nonbilayer-forming lipids
than would be required to participate in membrane fusion events, so other functions may be
ascribed to these lipids. One such function is to seal the interface between intrinsic mem-
brane proteins and the lipid bilayer matrix. Because the amphiphilic balance in nonbilayer-
forming lipids favours a hydrophobic affinity they are ideally placed to occupy the voids
created by the irregular polypeptide surface, thereby blocking the passage of water-soluble
solutes across the membrane. Their function could be seen as sealing the intrinsic proteins
into the lipid bilayer matrix. To put this in context, the inner mitochondrial and chloroplast
thylakoid membranes both have a relatively high proportion of nonbilayer-forming lipids:
cardiolipin in the case of mitochondrial membrane and monogalactosyldiacylglycerol in
thylakoid membrane. These membranes have a high intrinsic membrane protein-to-lipid
ratio, are required to be impermeable to protons and, despite coming into close proximity
with adjacent membrane surfaces, do not fuse.

The consensus picture that emerges from consideration of these factors is that biological
membranes are stable barriers to the passive diffusion of water-soluble solutes and yet are
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potentially unstable due to possession of nonbilayer-forming polar lipids that, if separated
into pure phases, could destroy the properties of the membrane and ultimately lead to
loss of viability of the cell. The critical factor that preserves the functional integrity of
cell membranes is the maintenance of a balance of components within the structure that
prevents uncontrolled dissociation of nonbilayer-forming lipids from their interaction with
molecules constraining them into a bilayer configuration. Because environmental factors
play a critical role in the tendency of nonbilayer-forming lipids to form nonbilayer structures
there is a dichotomy between homoiothermic and poikilothermic organisms in how they
handle this process.

1.5.4.1 Membrane Lipid Phase Behaviour

The phase that membrane lipids form when dispersed in physiological media at the growth
temperature depends on both the type of hydrocarbon component and the hydration and
charge of the polar group. In general, the molecular species of choline-, serine-, glycerol-
and dihexosyl-based polar lipids extracted from biological membranes form fluid bilayer
structures. The molecular species of ethanolamine- and monohexosyl-based polar lipids
and cardiolipins form hexagonal-II structures. The factors that determine the particular
phase that will form include the packing constraints determined by the structure of the
lipid, and environmental factors like temperature, pressure, water activity and solutes [40].
Nonbilayer-forming lipids will form bilayer structures at temperatures below the growth
temperature. The temperature at which these lipids undergo a bilayer to nonbilayer transition
is increased by increasing the length of the hydrocarbon chains, decreasing the number of
cis-unsaturated bonds and increasing the hydration of the head group [41, 42]. These
thermotropic and lyotropic effects have considerable influence on the stability of biological
membranes when shifted from environmental conditions that support growth of cells.
Consider the consequences of exposing cell membranes to low temperatures [43]. The
lamellar gel to liquid—crystal phase transition temperature of nonbilayer-forming lipids is
considerably higher than the same transition observed in bilayer-forming lipids with equiv-
alent hydrocarbon-chain components. This means that in mixtures of molecular species of
lipid that occur in cell membranes, cooling below the growth temperature first causes the
nonbilayer lipids to be transformed into fluid bilayers and mix with the fluid bilayer-forming
lipids. This is usually a reversible process in cell membranes because on rewarming the
nonbilayer lipids reassociate with membrane components that constrain them into a bilayer
configuration. However, further cooling results in the phase separation of the nonbilayer-
forming lipids into lamellar gel phase under conditions in which the bilayer-forming lipids
are in a fluid phase. The permeability-barrier properties and integrity of the membrane are
compromised when the membrane is rewarmed because the phase-separated gel phase is
able to form nonbilayer structures as it becomes concentrated during formation of the gel
phase. The lipid—phase separation model is illustrated by the cartoon in Figure 1.7.
Equally damaging lipid—phase separations have been identified in biological membranes
that have been subjected to heat stress. Thus chloroplast thylakoid membranes first destack
when heated to temperatures higher than 35 °C, and this is associated with dissociation
of the light-harvesting chlorophyll-protein complexes of photosystem II from the reac-
tion centre and the phase separation of nonbilayer lipid structures at temperatures above
45 °C [44]. Similar effects have been noted as a result of salt stress, in which there is a loss
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Figure 1.7 The lipid-phase separation model of low-temperature damage to biological mem-
branes.

of photosynthetic functions that can be counteracted by an increase in the proportion of
membrane lipids with polyunsaturated fatty acyl residues and the presence of compatible
solutes [45].

1.5.4.2 Membrane Lipid Homeostasis in Homoiothermic Organisms

As has been noted in the above discussion, the lipid composition of the membranes of ho-
moiothermic organisms is highly complex, consisting of hundreds of individual molecular
species. Cells have many subcellular organelles which are distinguished not only by the
particular proteins but by the mix of lipid molecular species. Clearly, because the identity of
each morphologically distinct membrane is preserved within relatively narrow limits, bio-
chemical mechanisms must be in place to sense the membrane composition and to replace
lipids that have been oxidized or otherwise damaged.

Integral to this is the process of membrane biogenesis. Membranes are not synthesized
de novo but are differentiated from existing membrane by insertion of newly synthesized
lipids and proteins. With the notable exceptions of egg yolk, lung surfactant and the pro-
lamellar bodies of protoplasts, cells do not synthesize more membrane lipids than they need
to satisfy their growth requirements. The primary site of synthesis of membrane lipids is the
endoplasmic reticulum; with some classes of lipid required for mitochondria and chloro-
plasts synthesized in these particular organelles. Membrane buds off from the endoplasmic
reticulum to undergo differentiation through the trans-Golgi network, ultimately forming
plasma membrane at the cell periphery. Lipids may also be exchanged between different
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membranes by a process mediated by soluble lipid-exchange proteins, of which many
specific for particular lipids have been identified. Lipids are also constantly undergoing
metabolic turnover: this may be by routes that involve reactions which do not result in
products that lose their identity as lipids, for example partial turnover by acyl exchange be-
tween lipids. Alternatively, lipids may be degraded to water-soluble products and replaced
by new lipids.

It can be seen that preserving the huge array of molecular species of lipid in each
subcellular membrane of cells is a prodigious task. A significant proportion of the energy
consumption of cells is devoted to the biosynthesis of membrane lipids to serve the process.
Indeed, the greatest part of the oxygen uptake by most cells is consumed in the desaturation
of fatty acids rather than in synthesis of ATP.

1.5.4.3 Membrane Lipid Adaption in Poikilothermic Organisms

When poikilothermic organisms are exposed to changed environmental conditions they re-
spond by changing the lipid component of their cell membranes. This process of adaptation
is based on biochemical sensors that detect the physical properties of the lipid bilayer and
modulate biosynthetic pathways responsible for retailoring the membrane lipids [46]. The
changes in membrane lipid composition resulting from a shift to lower temperatures vary
depending on the particular organism but can include one or a combination of the following
factors:

1. An increase in the number of unsaturated double bonds in the fatty acyl chains. This is
accomplished by the action of fatty acid desaturases, which insert cis-unsaturated bonds
at specific locations in the fatty acid.

2. A partial turnover of the membrane lipids in sifu. This can involve the retailoring of
molecular species of lipid by acyl-exchange reactions.

3. A change in the proportions of the major lipid classes. Some phospholipid classes
are enzymaticlly interchangeable, so that the exchange results in generation of new
molecular species within each phospholipid class.

4. A shortening of the fatty acyl chains. This can be brought about by shortening existing
chains or by de novo synthesis of shorter chains.

5. A change in the type of fatty acid, such as incorporation of branched-chain fatty acids
or an alteration in the proportions of iso- and antiiso-branched fatty acids.

6. An overall increase in the rate of lipid biosynthesis, which results in an increase in the
lipid : protein ratio of the membrane.

Upward shifts in the growth temperature are generally associated with a reversal of the
changes that are seen on exposure to low temperatures.

Because these adaptive changes involve biochemical reactions, the rate of adaptation
is reflected in the extent of the environmental perturbation. Furthermore, strategies have
evolved in some poikilothermic organisms, like higher plants, to attenuate the effects of
temperature by changing the way the constituents of the membrane are organized. Plants,
it must be emphasized, must be able to adapt to diurnal temperature ranges of many tens of
degrees, which requires more than biochemical responses.



20  Lipids and Essential Oils as Antimicrobial Agents

1.6 The Action of Antimicrobial Lipids on Cell Membranes

Since the physical properties of antimicrobial lipids are those of mild surfactants their
primary target is the lipid bilayer matrix of cell membranes. There are no significant
differences in the basic structures of membranes of pro- and eukaryotes with respect to the
functions of the lipid components of these membranes but the proportion of the major lipid
classes and the molecular species of lipid within each of these classes will differ from one
membrane type to another. Thus there is currently little evidential basis for predicting how
a particular antimicrobial lipid will act to selectively perturb one membrane as opposed
to another. The basis of selectivity in the absence of this information is to target the
antimicrobial lipid to the organism of interest and protect the host as far as possible by
avoiding damaging exposure.

There is nevertheless a considerable amount of information about the action of surfac-
tants on membrane lipids that may guide inquiry on the action of weak surfactants, in which
antimicrobial lipids are included. The impetus for studies of detergent action on biological
membranes comes from the recognition that selective detergent extraction of cell mem-
branes provides a useful method of fractionation of functional domains of the structure.
Detergent fractionation relies on the selective solubilization of membrane lipids, suggesting
that antimicrobial lipids, like detergents currently employed in membrane fractionation, are
targetted to particular lipids of the membrane bilayer matrix.

The detergents used in membrane fractionation are of the general type of nonionic
surfactants, which comprise of an alkyl chain or other hydrocarbon moiety linked to a
polyhydroxylated polar group. Not all are nonionic, as some zwitterionic surfactants, such
as CHAPS, have similar properties to those of nonionic surfactants in solubilization of
membrane lipids. Amongst the most widely used nonionic detergents for fractionating
biological membranes is Triton X-100 [47]. This has a hydrophobic component consisting
of octylphenol coupled with polyethyleneglycolether. It is a relatively strong surfactant
with a critical micelle concentration of 0.2 mM at 25 °C. Other nonionic detergents,
including octylglucoside, Lubrol and Brij96, have been examined for their selective action in
solubilizing membrane lipids, and all have been found to be different from one another. From
this it may be concluded that while the underlying mechanism of detergent solubilization of
membrane lipids may be the same, the patterns of solubilization differ from one detergent to
another. This suggests that while the mechanism of action of different antimicrobial lipids
on the lipid bilayer matrix of target membranes may be identical they are likely to differ in
their perturbation of particular membranes.

The example of Triton X-100 is instructive in providing a perspective on how a particular
surfactant acts on different membrane lipids because of the considerable body of evidence
available on its properties and behaviour. Bilayers of pure phosphatidylcholines are com-
pletely solubilized by Triton X-100 at effective detergent : lipid ratios of about 3.5 : 1
when the phospholipid is in the liquid-disordered state. Interestingly, phosphatidylcholines
with unsaturated fatty acyl chains are more resistant to solubilization by Triton X-100 than
are those with fully saturated chains. Solubilization of phosphatidylcholine with saturated
chains in the gel phase appears to be dependent on the length of the acyl chains [48]. Ho-
mologues of phosphatidylcholines with diacyl chains C14 and C15 are readily solubilized
by Triton X-100 at 20 °C with a detergent : lipid molar ratio of 5 : 1, whereas phospholipid
homologues with C16 or longer chains remain completely insoluble under these conditions.
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Fluid bilayers of sphingomyelin are more readily solubilized by Triton X-100 than are those
of phosphatidylcholines under the same conditions, requiring detergent : lipid ratios of only
about 1.5 : 1 to achieve complete solubilization. However, sphingomyelin in the gel phase
is almost insoluble at 20 °C in the presence of Triton X-100.

The presence of cholesterol, but not other sterols like androsterol which lack the hydro-
carbon tail, reduces the tendency of phospholipids to be solubilized by Triton X-100. This
effect has been ascribed to the formation of liquid-ordered phases by interaction of the sterol
with the phospholipid. It is noteworthy that androsterol is not able to form liquid-ordered
phases with membrane phospholipids [49]. Liquid-ordered phases are more stable in bi-
nary mixtures of cholesterol and sphingomyelin. It has been shown that binary mixtures of
sphingomyelin with 15 mole% cholesterol are insoluble in Triton X-100 at 50 °C with a
detergent : lipid molar ratio of 5 : 1 and insoluble at 22 °C with 20 mole% cholesterol [50].

The selective solubilization of lipids in ternary mixtures of phosphatidyl-
choline/sphingomyelin/cholesterol by Triton X-100 has been examined in mixtures where
the proportions of sphingomyelin and cholesterol were maintained equimolar while the
proportion of phosphatidylcholine varied [51]. The results indicated that regardless of the
forces that maintain the liquid-ordered structure of sphingomyelin—cholesterol, the lipids
became more susceptible to detergent solubilization as the proportion of phosphatidyl-
choline in the mixture was increased. Such studies are complicated however by the fact that
although the proportions of sphingomyelin and cholesterol in the mixture are equimolar,
cholesterol also partitions into the phosphatidylcholine domain in proportion to the size of
this domain. Also, caution is required in the interpretation of the results of such studies
because the Triton X-100 itself may create ordered lipid domains from otherwise homoge-
neous fluid bilayers formed by lipid mixtures and some attempts have been made to account
for this in explaining the selective solubility of fluid bilayer domains [52].

1.7 Conclusions

On the basis of these studies it is likely that antimicrobial lipids, which have a lower critical
micelle concentration than Triton X-100 and related detergents, will interact with the less
ordered domains of cell membranes. These domains are associated with the maintenance
of the permeability-barrier properties and interpolation of intrinsic membrane proteins into
the lipid bilayer matrix. Their mode of action on biological membranes in this case is to
perturb the selective permeability properties of the target membrane, resulting in dissipation
of solute gradients. The influence of such lipids on membrane protein functions cannot be
discounted and indeed has been considered as the basis of a new approach to the modu-
lation of cell behaviour [53]. Whether targeting of antimicrobial lipids to disordered lipid
domains of prokaryotic membranes can be engineered to be selective is a challenge yet to
be met.
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2.1 Introduction

In 1881, Robert Koch [1] wrote a report on disinfection, which was based on a number
of experiments, particularly on the effect of various chemical compounds on Bacillus
anthracis. A few years earlier he had shown that this bacterium is the cause of anthrax,
by eliciting the disease in experimental animals injected with the bacterium grown in pure
culture. Thus, the anthrax bacillus was the first bacterium conclusively demonstrated to
be the cause of a disease. This discovery made it possible to test the effects of various
disinfectants in vitro, not only against the antrax bacillus but also against a number of other
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bacterial species which in the following years were shown to be the causes of well-known
diseases, such as cholera, typhoid fever, tuberculosis and diphtheria. On page 271 in his
report on disinfection, Koch drew attention to an observation which suggested that certain
fatty acids inhibited bacterial growth. However, he could not confirm this observation by
further experiments, which showed that neither butyric acid nor oleic acid in 1 : 2000
dilution had an effect on the growth of anthrax bacillus. On the other hand, potassium soap
in 1 : 5000 dilution had an inhibiting effect and in 1 : 1000 dilution (0.1%) completely
stopped the growth of the anthrax bacillus. Since free potassium had a much smaller effect,
Koch concluded that a different component of the soap he used, most likely some kind of
fatty acid, caused the inhibition of bacterial growth. This was the first indication that lipids
might have an antimicrobial effect and that ordinary soaps, which are potassium or sodium
salts of fatty acids, could be used as disinfectants as well as for cleaning — a function
that had been known for thousands of years. In the following years, Koch’s discovery led
to numerous studies on the antimicrobial effects of various types of soap on a variety of
pathogenic bacteria, which at the end of the nineteenth century caused serious illnesses in
the Western world, but are now a problem only in Third World countries.

The early studies of the effect of soaps on bacteria were largely of a practical nature;
that is, they sought to determine to what extent soaps could be used for disinfection under
various conditions. However, there was also an early interest in the question of which
components of soaps were the active ingredients. After it had been established that the
antibacterial activity resided in the fatty acid moiety, studies were done on the mechanism
by which soaps either inhibit the growth of bacteria or kill them. There was even an interest
in a possible therapeutic use of soaps or fatty acids and in whether or not fatty acids and their
salts found in body tissues might play a role in natural defence against bacterial infection.

With the advent of antibiotics in the early 1940s the interest in fatty acids and other lipids
as antibacterial agents decreased greatly, at least temporarily, but there was a new interest in
their effect on viruses and particularly on fungi. Fungicidal dosage forms containing fatty
acids or salts thereof were formulated for use against fungal infections, particularly of the
skin and mucosal membranes.

2.2 Antibacterial Activity of Soaps

Following the report by Koch in 1881 on the antibacterial effect of potassium soap [1],
a considerable effort was made to test the possible germicidal effect of different types of
soap against pathogenic bacteria and thus their potential as general disinfectants. These
early studies were reviewed by Reithoffer in 1896 [2], Serafini in 1898 [3] and Konradi
in 1902 [4]. According to these authors, the results of Koch on the anthrax bacillus were
confirmed by Max Kuisl in 1885, but in his hands the potassium soap in 5% concentration
had no inhibiting effect on typhoid or cholera bacteria. Furthermore, they quoted studies by
Di Mattei from 1889, who tested sodium soaps against four different species of bacteria.
In contrast to Kuisl, Di Mattei found that soaps killed cholera bacteria (Vibrio cholerae)
in culture medium within minutes to hours, whereas it took longer to kill typhoid and
anthrax bacilli, and Staphylococcus pyogenes aureus isolated from pus survived for at least
24 hours. In 1890, Behring [5] studied the effect of about 40 different commercial soaps on
the anthrax bacillus and concluded that their activity depended on their free alkali contents.
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In 1893, Jolles [6] tested the activity of five different soaps against the cholera bacterium
in bouillon culture and found that all five soaps, in 8 to 10% solution, killed the bacteria
within one to two minutes at 15 °C, as determined by plate culture of samples taken at
different times. At decreasing soap concentration it took increasingly longer time to kill
the bacteria, but the killing time decreased with increasing temperature. He found very
little difference in the germicidal activities of the five soaps against the cholera bacilli. In a
study published in 1895, Jolles [7] tested the activity of a potassium soap against typhoid
and coli bacilli in bouillon culture. He found that a 6% soap solution killed the typhoid
bacteria within 15 minutes at 4 to 8 °C and the killing time increased with decreasing soap
concentration. The killing time was longer at 18 °C than at lower temperatures. The coli
bacteria were more resistant than the typhoid bacilli and were killed in one hour by a 5 to 7%
soap solution at 4 to 8 °C. The killing time decreased with increasing soap concentration,
but was slightly longer at 18 and 30 °C than at the lower temperatures. Using a recent isolate
from a fatal case of cholera, Nijland in 1893 [8] tested the killing of cholera bacilli in water
by a number of different commercial soaps, either white hard sodium soap or green soft
potassium soap. He found that the potassium soap was more active than the sodium soap,
totally killing the bacteria in the water in 10 minutes at a concentration of 0.24%. In 1896,
Beyer [9] tested a number of commercial soaps with various free alkali contents against
cholera bacilli, typhoid bacilli, Bacterium coli, S. pyogenes aureus and diphtheria bacilli,
all recent isolates from patients. The soaps were tested in a concentration of 3% at various
temperatures. They were found to differ in their germicidal activities but, in contrast to
Behring’s results, showed no correlation with the free alkali contents of the soaps.

Reithoffer [2] pointed out the conflicting results of previous studies on the germicidal
activity of soaps, which he considered to be partly caused by faulty test methods, such as
adding the soap solutions to bacteria in bouillon culture. He therefore used a standardized
protocol to study the activity of three different commercial soaps, in which a 24-hour
bacterial culture was suspended in sterile distilled water and then filtered to remove clumps
of bacteria. An equal volume of a soap solution was then added to the bacterial suspension
and mixed at room temperature. Samples were removed from the mixture at intervals,
inoculated into sterile bouillon and then regularly passed into a second bouillon. The
bouillon cultures were incubated for eight days at 37 °C. A 10% soap solution killed cholera
bacilli within half a minute under these experimental conditions. Sodium or potassium hard
soaps! in 2% solutions killed the bacteria within one minute, whereas the killing time for
a 2% solution of potassium soft soap? was two to five minutes. The potassium hard soap
was even highly germicidal in 1% solution, killing the bacteria in less than one minute. The
killing time was five minutes for a 0.5% soap solution and then increased rapidly at lower
concentrations so that a 0.1% solution of potassium hard soap did not kill all the bacteria in
two hours. A different strain of cholera bacilli isolated in Africa (Massaua) was also killed
by low concentrations of soap, but in a slightly longer time. Thus, Reithoffer concluded
that soaps are highly germicidal against cholera bacilli. The same method was used to test
the germicidal activity of the soaps against typhoid bacilli and B. coli. The activity against
these bacteria was found to be less than against cholera bacilli and a 10% concentration

' Hard soaps include a variety of soaps of different ingredients, usually sodium soaps, and are hard and compact.
2Soft soaps are of a green or brownish yellow color and of semifluid consistence. They are made from potash or the lye from
wood ashes. They are strongly alkaline and often contain glycerin.
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was needed to kill the bacteria within one minute. As for cholera bacilli, the potassium hard
soap was the most active and killed within three minutes in a 5% solution. On the other
hand, the three soaps were almost without germicidal activity against S. pyogenes aureus,
even in a 20% solution for one hour.

Serafini [3] studied the germicidal activity of a number of commercial soaps against
the Massaua strain of cholera. In his experiments, 1 ml of a 24- to 48-hour bouillon culture
was added to 10 ml of sterile soap solution in either distilled or tap water and the mixture
was kept at 10 to 15°C. Samples were removed at intervals and inoculated into culture
tubes with bouillon culture medium. The different soaps, both hard sodium soaps and
soft potassium soaps, were found to kill the bacterium, the killing time decreasing from
a few hours to a few minutes when the soap concentration increased from 0.25% to 5%.
There was, however, a distinct difference in the germicidal activities of the soaps. Serafini
speculated about the possible cause for this difference and, therefore, which constituent of
the commercial soaps was responsible for their germicidal activity. Based on his results he
concluded, in agreement with Beyer, that the active ingredient was not free alkali but rather
the neutral sodium and potassium salts of fatty acids — that is, the soap proper — as also
suggested by Koch [1]. However, based on his own results and the results of others, Serafini
could not detect a difference in the germicidal activities of sodium and potassium soaps.
On the other hand, Konradi [4] in 1902 concluded, after studying a commercial perfumed
soap, that its germicidal activity against anthrax spores was due to an odorous essential oil,
terpineol, not to salts of fatty acids.

In 1908, Reichenbach [10] addressed the question of the conflicting results of studies
on germicidal activity of soaps and claimed that they were not due to different research
methods but rather to a difference in the composition of the commercial soaps used by
the various investigators. He emphasized the importance of determining separately the
germicidal activities of the main components of commercial soaps, that is 1) salts of fatty
acids, 2) free alkali and 3) other additives, and he was the first to carry out a systematic work
with chemically pure compounds. For his studies, Reichenbach synthesized the potassium
salts of purified fatty acids, which were commonly found in soaps, and tested each salt
against B. coli. A 24-hour culture of the bacterium was suspended in water. After filtering,
three drops of the suspension were added to 10 ml of a soap solution, which was thoroughly
mixed, and samples were removed at intervals and inoculated into culture medium. Of
the salts of saturated fatty acids, the potassium palmitate showed the highest activity, a
0.72% concentration killing the bacteria in less than five minutes. Stearate and particularly
myristate were somewhat less active, and the activities of salts of shorter saturated fatty
acids decreased with the chain length. In contrast, potassium salts of long-chain unsaturated
fatty acids showed very little germicidal activity against B. coli, even at concentrations as
high as 13 to 14%. From these results, Reichenbach concluded that the difference in activity
of individual potassium salts against B. coli partly explained the difference in activity of
various commercial soaps, which are made from a variety of fatty acids. Reichenbach also
separated free alkali from soaps, which was mostly in the form of carbonates, and tested
the activity against B. coli. In agreement with the results of Serafini [3], the free alkali
could not explain the germicidal activity of soaps. The same was true of additives such as
terpineol, although they were found to have a slight activity against typhoid bacilli.

In all studies of the germicidal action of soaps, care was taken to prevent carry-over of
residual germicidal activity from the bacterial soap mixtures to the assay medium, such as
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bouillon, by dilution of the soap mixture. Geppert in 1889 [11] first drew attention to the
false results that might be caused by such carry-over and advised the use of a neutralizing
agent to stop the action of a disinfectant.

2.2.1 Antibacterial Action of Fatty Acids and Their Derivatives

Following the work of Reichenbach [10] on the bactericidal action of salts of purified fatty
acids, studies were increasingly focussed on the fatty acids, which are commonly found
in soaps, and their derivatives. In the literature, the salts of fatty acids were commonly
referred to as ‘soaps’. In 1911, Lamar [12] reported the results of a study of the action of
sodium oleate on a virulent strain of pneumococcus. When sodium oleate was added to a
broth culture of the pneumococcus in 0.5 to 1% concentration the diplococci were killed
within 15 to 30 minutes. Higher dilutions of the sodium oleate were less active and 0.1%
solutions did not kill the pneumococci in one hour.

In an extension of the previous study, Lamar [13] tested the haemolytic activity of
a number of free fatty acids and their potassium and sodium salts. He used a mixture
of unsaturated fatty acids, mostly oleic and linoleic acids, extracted from the livers of
rabbits poisoned with phosphorus, and also several single isolated acids from other sources,
including oleic, linoleic and linolenic acids. All of the unsaturated fatty acids were strongly
haemolytic in 1 : 20 000 to 1 : 40 000 dilution and caused a complete lysis of red cells from
dogs in one hour. The potassium and sodium salts were haemolytic in a higher dilution
than the corresponding acids, with the highest acivity shown by potassium linolenate in a 1
: 150 000 dilution. The potassium salts were tested against pneumococci in the same way
as previously reported for sodium oleate [12]. There was a close relationship between their
germicidal activity against virulent pneumococci and their lytic activity for red blood cells.
Potassium linoleate and linolenate were the most germicidal, being four and six times as
destructive as sodium oleate.

Nichols [14] tested the bactericidal activity of chemically pure sodium salts of oleic
and stearic acids and of brown soap, which is commonly used for dish washing. He found
that a 0.5% solution of sodium oleate killed Streprococcus pyogenes, Bacillus influenzae
and pneumococci in less than half a minute at room temperature, whereas Staphylococcus
aureus and typhoid bacilli were not killed in 10 minutes. In contrast, sodium stearate had
no or very little germicidal effect on any of the bacteria tested. Brown soap had a similar
germicidal effect as the oleate, although it took two minutes to reduce the number of
streptococci from innumerable to 15. The bactericidal activity of the soaps was dependent
on the pH and was lost if it fell from about pH 8.5 to 7 by addition of acid, probably due to
precipitation of the soap from solution.

Walker, in a series of papers [15-18], studied the germicidal properties of chemically
pure soaps. He emphasized the practical importance, from a hygienic point of view, of
knowing which soaps are germicidal against the different pathogens. In addition he pointed
out other aspects which make studies of fatty acids and their salts worthwhile, namely their
possible role in the defence of the body against bacteria and their potential as therapeutic
compounds, for example in treatment of wounds.

Potassium and sodium salts were made from a series of chemically pure fatty acids and
diluted in distilled water. Bacteria in broth culture were added to the soap solution at 20 °C
and samples were taken after 2.5 and 15 minutes and tested for viability by inoculation into
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broth. The soaps were tested against typhoid bacilli, haemolytic streptococci, pneumococci
and staphylococci. They were found to vary markedly between themselves and with regard
to their germicidal activity against the different bacteria. Of the soaps of saturated fatty
acids, laureate was the most active, a 0.002% solution killing the pneumococci in 15
minutes. The shorter- and longer-chain saturated soaps were less active. Among the 18-
carbon unsaturated soaps the activity increased with the number of double bonds, from
oleates to linolenates. There was no or very little difference in the activities of sodium
and potassium salts, indicating that the germicidal activity resides in the fatty acid moiety.
The pneumococci were the most susceptible to the germicidal activity of all the soaps and
the streptococci were somewhat less sensitive. The typhoid bacilli were not killed by the
unsaturated soaps and only by low dilutions of the saturated soaps, of which 0.7% palmate
was the most active. The staphylococci were resistant to all of the soaps. These results [15]
were therefore in agreement with those of Nichols [14]. Of the soaps studied, sodium and
potassium laurates seemed to have the most general germicidal activities, since they killed
pneumococci and streptococci in high dilutions and also had an appreciable activity against
typhoid bacilli, which might be sufficient to prevent the spread of the bacteria and thus be
of hygienic value. Addition of serum, and to a lesser extent of broth, was found to inhibit
the germicidal activity of soaps, as demonstrated by the effect of serum on the activity of
sodium laurate against pneumococci. The serum effect was less pronounced in the case
of typhoid bacilli. In contrast to the results of Jolles [7], it was found that the germicidal
activity of soaps increased with temperature.

In a paper published in 1925 [16], Walker reported a study of the germicidal properties
of commercial soaps as well as of neutral soaps prepared in the laboratory from known
fats and oils. The experiments were carried out in the same way as in the previous study
and the same bacteria were used, except that diphtheria bacilli were tested instead of
pneumococcci. Since all of the commercial soaps contained mixtures of different fatty
acids they showed similar activities against each type of bacterium, although coconut-oil
soap was the most active against the typhoid bacillus at 20 °C. On the other hand, there
was a distinct difference in the activities of the pure soaps against the different germs.
The diphtheria bacillus was the most susceptible, similar to pneumococci, followed by the
streptococci. The typhoid bacillus was much more resistant and S. aureus was not killed
by any of the soaps under the experimental conditions. All the soaps were more germicidal
at 35 °C than at 20 °C. Sodium laurate and potassium palmitate were tested against coli
bacillus and found to be slightly less active against this bacterium than against the typhoid
bacillus. Both types of bacterium were resistant against sodium oleate and sodium linolate
at 20 °C for 15 minutes. However, high concentrations of coconut-oil soap manufactured in
the laboratory killed the coli bacilli within one minute and a commercial coconut-oil soap
within 2.5 minutes. The germicidal activity of coconut-oil soaps against typhoid bacilli and
to a lesser degree against coli bacilli seemed to be due to their high contents of saturated
fatty acids, particularly lauric acid, and very low amounts of unsaturated acids.

In a later publication [17], Walker extended his studies of soaps to include meningococ-
cus and gonococcus. He found both cocci to be susceptible to chemically pure soaps of
both saturated and unsaturated fatty acids tested at 20 °C for 2.5 and 15 minutes. Since
meningococcus was somewhat less susceptible than gonococcus to the germicidal action
of all the chemically pure soaps, its susceptibility to four common commercial soaps was
also tested. As expected, the meningococcus was killed by all of the soaps in 2.5 minutes
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at 20 °C at a soap concentration of approximately 0.04%. Chemically pure soaps were also
tested against dysentery and paratyphoid bacilli. Only soaps of saturated fatty acids were
found to kill these intestinal bacteria and their germicidal activities were almost identical to
those previously found for the typhoid bacillus. A commercial soap prepared from coconut
oil, and therefore mostly containing salts of saturated fatty acids, was found to kill these
intestinal bacilli in 15 minutes at 20 °C in a concentration of approximately 0.4 to 1.6%.

From these studies, Walker [17, 18] concluded that the bacteria he had studied could be
placed into two groups. One group, which included pneumococci, gonococci, meningo-
cocci, streptococci and diphtheria bacilli, was highly susceptible to sodium and potassium
salts of both saturated and unsaturated fatty acids and was readily killed by any ordinary
soap. In the other group were the enteric bacteria, that is typhoid, paratyphoid, dysentery
and coli bacilli, which showed a moderate susceptibility to salts of saturated fatty acids.
They were only killed by soaps which contained these salts, such as coconut-oil soap, but
were completely resistant to soaps of unsaturated acids at ordinary temperatures.

Following the study by Nichols [16], who found that the sodium salt of oleic acid was
most germicidal at alkaline pH, Eggerth in 1926 [19] did a thorough study of the effect of
pH on the germicidal activity of chemically pure potassium soaps on a series of fatty acids.
Serial dilutions of the soaps were made in distilled water and the pHs of the mixtures of
bacteria and soap were controlled by buffers ranging from pH 3.8 to 10.0. The soap solutions
were tested against Streptococcus pyogenes, S. aureus, V. cholerae, Bacillus diphtheriae
and Bacillus typhosus. The tests were performed by inoculating samples of bacterial broth
cultures into the appropriate buffer, then adding the soap solutions. The mixtures were
incubated at 37 °C and samples were removed at intervals ranging from 30 minutes to
18 hours and inoculated on to agar plates.

The somewhat complicated data emerging from this study showed the germicidal activity
of soaps to vary not only with the pH, but also with their chain length and saturation, and with
the species of bacterium studied. Generally it was found that the short- and medium-chain
saturated soaps were most active in acid solution and the long-chain soaps at alkaline pH,
although the point of change varied with the bacterium. From the generally higher activity
of the short- and medium-chain soaps at acid pH it was concluded that the corresponding
fatty acids were more germicidal than their potassium salts. It was considered likely that
the low activity of long-chain soaps at acid pH was due to the diminishing solubility of
fatty acids with increasing chain length and therefore that their germicidal activity failed
because they were not soluble in the needed concentration. On the other hand, when a
fatty acid was sufficiently soluble it was more active than the corresponding soap. It was
suggested that the greater germicidal activity of fatty acids might be due to the fact that
they were less dissociated than their salts and could therefore penetrate more easily into a
bacterium.

Dresel in 1926 [20] reported a study on the germicidal action of a number of chemically
pure fatty acids on both Gram-positive and Gram-negative bacteria. Emulsions of fatty
acids were diluted into bouillon cultures and samples were removed at intervals and tested
for bacterial viability. The medium-chain fatty acids showed the highest germicidal activity
against Gram-positive bacteria, such as diphtheria, anthrax bacilli, streptococci, pneumo-
cocci and staphylococci, but had no activity against most Gram-negative bacteria, such as
typhoid and coli bacilli. A microscopic examination of the killed bacteria showed that the
fatty acids caused a complete lysis of the bacterial cells.
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Hettche in 1934 [21] compared the bactericidal effects of a number of chemically pure
sodium salts of fatty acids against both Gram-positive and Gram-negative bacteria. He found
that 0.1% sodium salts of palmitic and oleic acids had no effect on coli bacilli in bouillon.
Staphylococcus was tested in the same way with sodium salts of fatty acids. The salts of
capric, stearic and palmitic acids had little or no effect on the bacterium, whereas 0.1%
sodium oleate caused a 10-fold reduction in viable bacteria in one hour and linoleate and
linolenate killed all the bacteria. When tested in lower concentrations, linolenate killed the
highest number of bacteria. The bactericidal activity therefore increased with the number
of double bonds in the 18-carbon chain, as did the haemolytic activity.

In 1934, Barnes and Clarke [22] determined the minimum amounts of sodium ricinoleate
and oleate needed to kill pneumococci of types I, II and III in broth culture. Series of
dilutions of the two soaps were inoculated with broth cultures and incubated at 37.5 °C.
Microscopic examination and subcultures of samples taken after incubation for 24 hours
showed that 0.0004% oleate and 0.004% ricinoleate were effective in killing all three types
under these conditions. This study was done with the aim of determining the concentration
of soap which would kill the bacteria without impairing the bacterial antigens needed for
preparation of a vaccine.

Bayliss in 1936 [23] studied the germicidal action of a number of sodium soaps and
other chemicals at pH 8.0 against four different bacteria, S. aureus, Streptococcus lactis,
Escherichia coli and Diplococcus pneumoniae. Of the saturated soaps, sodium myristate
was found to be most active against pneumococci, with sodium laurate second in activity.
Soaps of unsaturated long-chain fatty acids were much more active than the correspond-
ing saturated soaps against pneumococci. The activity was not found to increase with the
number of double bonds but the positions of the double bonds markedly affected the ger-
micidal activity. As in the case of pneumococci, myristate and laurate were active in killing
S. lactis, and sodium oleate was equally active. In contrast to pneumococci, the presence of
a second double bond, as in linoleate, increased the activity. Addition of a hydroxyl group,
as in ricinoleate, enhanced the activity against the streptococcus but decreased the activity
against pneumococcus. The effectiveness of most soaps against the staphylococci was very
low, sodium undecylenate being the most active of the soaps tested. The results for E. coli
were similar to those for staphylococci, with sodium undecylenate being the most active
soap. Thus, the bacteria showed a greatly variable susceptibility to the different soaps.
Bayliss [23] stated that ‘studies on the properties of soaps are of importance because of
their common use as detergents, in the preparation of vaccines, in the treatment of disease
and because of their natural occurrence in the animal body where they may have some
effect in determining the resistance of the animal organism to infection’.

In 1941, Cowles [24] studied the bactericidal action of the lower fatty acids, from acetic
to caprylic acids, against S. aureus and E. coli at low pH to ascertain the relative importance
of the hydrogen ion and the undissociated fatty acid in this action. The results showed that
at pH above about 2.6 the hydrogen ion lost its bactericidal activity against S. aureus, and
at pH above 1.75 the activity was lost against E. coli. For E. coli, the bactericidal action
seemed to be due almost entirely to the undissociated acids. For S. aureus, the action of
the lowest acids, for example acetic acid, seemed to be partly caused by hydrogen ions,
whereas the action of the higher acids, caproic and caprylic acids, was largely due to the
un-ionized molecule. The anions did not seem to play a significant role in the bactericidal
action.
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Weitzel in 1952 [25] tested the effect of a large number of fatty acids in low concentrations
on long-term growth of tubercle bacilli in culture medium. Of the saturated fatty acids, the
medium-chain undecylic and lauric acids were the most active. The unsaturated fatty acids
studied were mostly of 18-carbon chain length. Oleic acid and other 18-carbon acids with
one double bond of different configurations showed similar activities, which were not
different from the saturated stearic acid. Linoleic acid and other 18-carbon fatty acids with
two double bonds were distinctly more active than either oleic acid with one or linolenic
acid with three double bonds. This did not agree with the results from other studies on
tubercle bacilli, which found the activity of unsaturated fatty acids to increase with the
number of double bonds. Free fatty acids from chaulmoogra oil showed by far the highest
activity as compared with free fatty acids extracted from various other natural sources, such
as linseed oil and cod-liver oil, although they had higher contents of fatty acids with a large
number of double bonds. The high antitubercular activity of chaulmoogra oil was most
likely due to its content of the 18- and 16-carbon cyclopentenyl fatty acids, chaulmoogric
and hydnocarpic acids.

2.3 Inhibition of Lipids and Serum Albumin against the Antibacterial
Action of Soaps

As shown by Noguchi [26], Landsteiner and Ehrlich [27], Lamar [12] and Walker [15],
serum inhibits the germicidal activity of soaps. Eggerth in 1927 [28] studied the inhibiting
effect of serum at various pHs. As in his previous study [19], the soaps were made from
chemically pure fatty acids and tested against the same bacteria, except for V. cholerae, and
the experiments were carried out in the same way, either without serum or with sheep serum
in a series of dilutions. In general, addition of serum reduced the activity of soaps at all pH
values tested, the activity becoming gradually lower with increasing serum concentration.
This was illustrated in mixtures of streptococci with either myristate or oleate, where the
serum inhibited the soap almost equally at both high and low pH. A combination of S. aureus
with laurate showed a somewhat different pattern. Here the activity of the soap rose steeply
when the pH of the control buffer solution was lowered from pH 9 to 5. The addition of 1
and 5% of serum had no effect on the germicidal titre at pH 8 and 9, but greatly reduced the
titre at lower pH, thus flattening the curve. In an attempt to explain the mechanism of serum
inhibition, Eggerth tested a number of protein substances not found in serum, such as crys-
talline egg white, gelatin and casein, in streptococcus—oleate and staphylococcus—laurate
mixtures at various pHs and found them all to be inhibitory. However, the germicidal curves
over the pH range were different from those with sheep serum, suggesting a different action.
On the other hand, serum with or without calcium gave identical results, ruling out the role
of calcium in the serum. Emulsions were made of cholesterol, lecithin and other 1ip0ids,3
which were either extracted from serum or prepared from other sources. Such emulsions,
particularly those containing lecithin, were found to inhibit the action of soaps against
bacteria and gave curves which were identical to those of serum. Lipoid emulsions were
soluble in casein solutions and such mixtures were more inhibitory to soaps than casein

3 Lipoids include fats, their derivatives (e.g. lecithin) and their components (e.g. fatty acids and cholesterol) [28].
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alone. Eggerth concluded that the inhibitory effect of serum on soaps was a complex action
of proteins and lipoids which was probably due to adsorption or interactions of soaps with
these substances, thus reducing the germicidal activity of the soaps.

In 1947 Dubos [29] studied the effect of lipids and serum albumin on the growth of
bacteria in liquid media. The growth of human tubercle bacillus was completely inhibited
by 0.0001% oleic acid but not by methyl oleate. The effect of oleic acid was completely
neutralized by the addition of crystalline serum albumin. The inhibiting effect of serum
albumin seemed to be due to formation of a lipoprotein complex between the fatty acid
and the albumin. This was supported by the fact that a cloudy fatty acid emulsion became
clear upon addition of an adequate amount of serum albumin and at the same time became
inactive against bacteria. Of many proteins tested, only native serum albumin had this
property.

In a following paper, Davis and Dubos [30] studied the interaction between fatty acids
and serum albumin. They found that the albumin was able, over a wide concentration range
(0.1 to 1.6%), to bind 1 to 2 % of its weight of oleic acid. The binding was firm enough
to neutralize the bacteriostatic effect of the fatty acid against tubercle bacillus in liquid
medium. Serum albumin was also found to protect sheep red blood cells from haemolysis
by oleic acid. Tween 80 (polyoxyethylene sorbitan monooleate) had the same protective
effect. Serum albumin was found to have a greater capacity for tightly binding long-chain
fatty acids than any other substance tested, such as human serum globulin which had no
binding effect. It was speculated that a specific configuration of amino-acid residues on the
surface of albumin molecules led to the interaction with fatty acids. A positively charged
quaternary nitrogen atom on an amino acid, such as lysin, would be likely to bind to the
negatively charged carboxyl ion on the fatty acid. Similarly, a properly located nonpolar
residue on an amino acid, such as leucin, might attract the nonpolar chain of the fatty acid
by van der Waals forces and thus contribute to a firm binding to the albumin molecule. The
affinity of serum albumin for chemotherapeutic agents with anionic groups was considered
to be of practical importance.

2.4 Diverse Actions of Fatty Acids and Their Salts on Bacteria

In a study by Avery in 1918 [31], addition of a solution of 0.1% sodium oleate was found to
stimulate the growth of B. influenzae on blood agar plates, as well as in oleate—-haemoglobin
bouillon, whereas the oleate completely inhibited the development of pneumococci and
streptococci in the same medium. This study demonstrated a strong difference in the effects
of a lipid, namely sodium oleate, on different bacteria. The diverse actions of lipids on
various bacteria were later shown in a number of publications and reviewed by Nieman in
1954 [32].

Kodicek and Worden in 1945 [33] studied the effects of long-chain fatty acids on the
growth and acid production of Lactobacillus helveticus. Linolenic, linoleic and to a lesser
degree oleic acids were inhibitory when added to the growth medium in a concentration
of 160 wg per 10 ml medium, whereas stearic and palmitic acids stimulated the acid
production of the bacterium. The inhibitory action of the unsaturated fatty acids on growth
and acid production was reversed by addition of lecithin, cholesterol and a number of other
compounds to the medium. Their action was therefore bacteriostatic rather than bactericidal.
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Linoleic acid was found to exert an inhibitory effect on a number of other Gram-positive
bacteria but not on Gram-negative bacteria tested, such as E. coli.

In a later work, Kodicek [34] studied the bacteriostatic effect of low concentrations of
free fatty acids on Gram-positive bacteria, particularly Lactobacillus casei. Of the saturated
acids, the lauric acid depressed the growth of this bacterium but the ethyl ester had no effect.
The growth-inhibiting activity of the unsaturated fatty acids increased with the number of
double bonds and was limited to the naturally occurring cis-forms of the free acid. As
in the case of lauric acid, esterification abolished the activity of the acid but unlike with
lauric acid, the effect of the unsaturated fatty acids was reversed by cholesterol. In addition
to cholesterol, other surface-active agents, especially lecithin, abolished the bacteriostatic
effect of unsaturated acids.

Humfeld in 1947 [35] observed antibiotic activity in culture medium containing wheat
bran and hypothesized that it was due to hydrolysis of fatty constituents of the medium
caused by cultured microorganisms. Potassium salts of fatty acids extracted from wheat bran
inhibited the growth of S. aureus, Streptococcus faecalis and Micrococcus conglomeratus,
similarly to the inhibition caused by potassium linoleate. Potassium salts extracted from the
wheat bran stimulated the growth of E. coli in the medium, in contrast to their inhibitory
effect on the other bacteria tested.

Foster and Wynne in 1948 [36] studied the effect of 10 saturated and unsaturated fatty
acids on spore germination of the anaerobic Gram-positive bacterium Clostridium bo-
tulinum and found that oleic, linoleic and linolenic acids were strongly inhibitory in ger-
mination medium. Curiously, the degree of inhibition depended on the lot of medium used,
and starch neutralized the inhibitory action of the fatty acids in medium. The inhibition
was specific for the germination process and fatty acids had no effect on the growth of
vegetative cells after germination. The germination of other clostridium species tested was
less inhibited by the fatty acids than the germination of C. botulinum, and the germination
of endospores of aerobic bacilli was not inhibited by the fatty acids. Notably, oleic acid
at the highest concentration studied did not kill the spores of C. botulinum in distilled
water, and apparently showed inhibitory action only in concert with other inhibitors in the
medium. Interestingly, oleic acid had previously been found to be an essential growth factor
for Clostridium tetani as well as for the diphtheria bacillus [37].

Hardwick and coworkers in 1951 [38] studied factors in peptone medium which inhib-
ited sporulation of various aerobic bacilli, such as Bacillus mycoides. By fractionation of
the medium the antisporulation factors were identified as saturated fatty acids, most of
the activity being present in the nonvolatile acid fraction. By comparing the antisporula-
tion activities of pure fatty acids, capric (C10), lauric (C12), tridecylic (C13) and myristic
(C14) acids were found to be the most active, whereas the low-carbon-chain volatile C1
to C7 fatty acids were much less active. The activity of saturated fatty acids with 16- and
18-carbon chains was also lower, whereas unsaturated long-chain fatty acids had consid-
erable activity, particularly linoleic and ricinoleic acids. Oleic acid, on the other hand, had
little antisporulation activity. All of the saturated fatty acids studied inhibited vegetative
growth of the bacilli to various extents, but at concentrations well above those exhibiting
antisporulation activity. The unsaturated acids, linoleic and ricinoleic acids, were equally
active in inhibiting vegetative growth and sporulation of these aerobic bacilli.

Nieman [32] reviewed the literature on the influence of small quantities of fatty acids
on microorganisms, particularly bacteria. He discussed the remarkable fact that fatty acids,
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particularly unsaturated at very low concentrations, are able to either stimulate or inhibit the
growth of microorganisms. This ‘double effect’ or ‘dualism’ was most clearly demonstrated
by the fact that the effect of a fatty acid as a growth factor could be changed into an inhibitory
action by increasing its concentration above a critical level. The inhibitory action of low
concentrations of fatty acids in the 5 to 50 ppm (parts per million) range, or even lower,
had been known for a long time, particularly for Gram-positive bacteria. This inhibitory
action, demonstrated by depression of either respiration or growth rate, was in many cases
reversible and can therefore be characterized as bacteriostatic. It was influenced by both fatty
acid structure and concentration, as well as by the bacterial species. As reported by many
investigators, the inhibitory properties of fatty acids are generally most pronounced for
longer-chain unsaturated acids. This was particularly true for bacteria. However, saturated
fatty acids have also been found to act as growth inhibitors, especially acids with chain
lengths around 12 carbon atoms.

Dubos had found in 1948 [29] that fatty acids, both saturated and unsaturated, had a
bacteriostatic as well as bactericidal effect on tubercle bacilli in protein-free medium. Stearic
acid was the least active and the 18- and 22-carbon unsaturated fatty acids were the most
active, even in concentrations as low as 0.00 001 to 0.0001%. The bacteriostatic/bactericidal
activity of the fatty acids was very much decreased or completely abolished by addition of
serum albumin. However, the effect of the fatty acids depended greatly on the experimental
conditions, such as the composition of the medium and the size of the bacterial inoculum.
Small concentrations of some fatty acids were even found to stimulate bacterial growth
under certain conditions, for example when their bacteriostatic effect was inhibited by
serum albumin.

These studies emphasized the importance of distinguishing between a reversible bac-
teriostatic (growth-inhibiting) effect and an irreversible bactericidal (killing of bacteria)
effect.

2.5 The Nature of the Bactericidal Action of Fatty Acids

Several studies have addressed the question of how fatty acids and soaps kill bacteria. In
a series of publications [39-41], Eggerth studied the germicidal/bactericidal activity of
various soap derivatives with the purpose of throwing light on the relationship between
their chemical structure and their germicidal action. In the first study, a hydrogen atom
was replaced with bromine on the carbon atom next to the carboxyl group of the fatty acid
chain, thus making an alpha-brom fatty acid, which was then changed into the corresponding
soap by addition of potassium hydroxide. The brominated soaps of saturated fatty acids
were much more soluble in water than the unsubstituted soaps and were generally more
germicidal and haemolytic. This was particularly true for soaps of long-chain saturated fatty
acids. Thus, potassium palmitate had no activity against S. aureus, whereas the bacterium
was killed by bromopalmitate in high dilutions. All of the Gram-positive bacteria tested were
most effectively killed by soaps of 16 or 18 carbon atoms and the Gram-negative bacteria
by soaps of 12 or 14 carbon atoms. These findings were explained by the hypothesis that
the germicidal activity of the soaps for all species of bacteria increases rapidly with the
length of the fatty acid chain. However, the ability to penetrate the limiting membranes of
the bacteria decreases with equal rapidity, the Gram-negative bacteria being less permeable
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than the Gram-positive. The point of maximal germicidal activity would then be determined
by the permeability of bacterial membranes to soap molecules. With low permeability, only
soaps with smaller molecules can enter and the maximal activities will be low, whereas
with high permeability the longer-chained soaps can act, consequently with higher maximal
activities [39]. Like the unsubstituted soaps, the brominated soaps were more germicidal
at acid than at alkaline pH, strengthening the previous conclusion that fatty acids are more
germicidal than the corresponding soaps [28,39].

In a study of alpha-hydroxy soaps [40], Eggerth saw a similar change in germicidal
activity, compared to unsubstituted soaps, as that observed for the alpha-brom soaps; that
is, a shift of the maximal germicidal activities towards longer-chain soaps. However, the
germicidal activity of alpha-hydroxy soaps varied greatly with the different bacteria tested,
which prompted the author to suggest that they could be used to separate mixtures of
bacteria by selective germicidal action [40]. In a paper in 1931 [41], Eggerth pursued the
idea of selective action of soaps in a study of the germicidal action of alpha-mercapto
and alpha-disulfo soaps. Similar to alpha-brom and alpha-hydroxy substituted soaps, the
germicidal activities of these soaps increased rapidly with the length of the fatty acid chain
until a maximum was reached, and then fell off. This was taken to support the previous
hypothesis that the germicidal action increases with the molecular weight of the soap up to
a point where the molecule is too large to penetrate the outer membrane of the bacterial cell.
Like the previously studied alpha-substituted soaps, the alpha-mercapto and alpha-disulfo
soaps showed a highly selective action, with no two bacterial species having exactly the
same action profile.

Hotchkiss [42], in a review of the bactericidal action of surface-active agents, proposed
the following scenario: the first stage of the interaction is a combination of the ionic group
of a hydrophobic—hydrohilic surface-active molecule, such as a fatty acid, with oppositely
charged ionic groups on the bacterial surface. As pointed out by A.W. Ralston in a discussion
following the review, the surface-active ions might take the form of ionic micelles, which
are the highest-charged particles in an aqueous collodial system. The ionic combination
might be prevented or reversed by competition from suitably charged ionic sites on proteins
or lipids, or other molecules, in the environment. If the hydrophobic parts of the surface-
active agent had a specific affinity for nonpolar structures on the bacterial surface they
would become anchored at these sites and thereby determine whether the interaction with
the bacterium would be permanent. In any event, a successful ionic combination must
precede the second step of hydrophobic interaction. A permanent binding of the surface-
active agent would result in irreversible damage to the bacterial surface that could initiate
lysis of the bacteria. Rupture of the cellular membrane would cause leakage of soluble
nitrogen and phosphorus compounds out of the cell, leading to irreparable autolysis. This
process appeared to be analogous to the haemolysis of red blood cells by surface-active
agents. Previously, Dresel had shown by a microscopic examination of bacteria killed by
fatty acids that the fatty acids caused a complete lysis of the bacterial cells [20].

An earlier microscopical examination by Lamar [12] revealed that 0.5 to 1% sodium
oleate caused a disintegration of pneumococcal cells, which turned into a mucin-like
material. Pneumococci exposed to much lower concentrations of the oleate — 1 to 10 000
or 1 to 20 000 — did not show detectable changes in their morphology or in their ability
to grow on culture medium. However, they underwent autolysis much more rapidly than
untreated bacteria. More notably, pneumococci treated with such diluted oleate solutions
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became much more susceptible to lysis by immune antipneumococcus serum than untreated
pneumococci. Lamar speculated that sodium oleate caused a weakening of the lipoidal
barrier on the outer surface of the coccus, making it more pervious to the immune serum
and its destructive action.

Kodicek in 1949 [34] speculated about the nature of the inhibiting effect of fatty acids
on bacterial growth and tried to explain it in physicochemical terms. He found former
explanations, such as changed surface tension, too simplistic and reasoned that the effect
was far more complex and must involve a change in the permeability of the bacterial wall.
A simple calculation showed that linoleic acid in the lowest effective concentration had
enough surface area to cover the whole surface of the inactivated bacteria. This supported
a direct interaction of the fatty acid with the outer wall of a bacterium in which the
polarity of the carboxyl group must be of importance. Certain proteins such as albumins
can form complexes with fatty acids and it was well known that sterols, lecithins and other
surface-active agents also formed complexes with unsaturated fatty acids. Such molecules
might act as competitors to the lipoproteins of the bacterial cell wall and thus counteract
the bacteriostatic or bactericidal effect of the fatty acids, as observed in many studies.
Accordingly, the action of fatty acids would depend on the composition of the cell wall, as
shown by the difference in susceptibility of various bacterial species to the effect of fatty
acids. In spite of a physicochemical mechanism being the most likely explanation of the
action of fatty acids on bacteria, Kodicek did not exclude a possible metabolic effect.

2.6 A Possible Role of Soaps and Fatty Acids in Host Defence
against Bacteria

Using specific staining technics, Klotz in 1905 [43, 44] showed that calcarious tissue
degeneration is preceded or accompanied by deposits of fatty or soapy material, and that
such material is present in chronically inflamed tissues as neutral fats, fatty acids or soaps.
Thus, prior to calcification of tissues, the cells undergo so-called fatty degeneration; that
is, accumulation of fat granules which occupy the greater part of the cell. This infiltration
of fat seems to play a part in the pathological process through conversion of neutral fat into
fatty acids or their sodium or potassium salts, which in turn are transformed into insoluble
calcium soap. Noguchi [26] made alcohol and ether extracts from various animal organs
which contained mixtures of fatty acids, particularly oleic acid, and their soaps. These
extracts showed haemolytic activity mostly due to their contents of oleates. The haemolytic
activity of the soaps was inhibited by addition of serum. The oleate soaps were found to be
highly active against B. anthracis and V. cholerae but were less active against typhoid and
dysentery bacilli. In all cases, the germicidal activity of the soaps was inhibited by addition
of serum. Noguchi concluded that the presence of fatty acids and soaps in blood and organs
supported the opinion that they play a certain role in the natural defence mechanism of
the organism. Landsteiner and Ehrlich [27] also addressed the question of the bactericidal
effect of lipoid extracts from organs, particularly from leukocytes and lymphoid tissues.
They confirmed a bactericidal activity of bovine spleen extracts and ovary extracts from
frogs against B. anthracis, Vibrio Massauah and S. aureus and showed that serum inhibited
the activity. They repeated these experiments using oleic acid emulsified in 1% saline, with
or without serum added, and demonstrated bactericidal activity of the oleic acid in line with
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the organ extracts. Like Noguchi, Landsteiner and Ehrlich suggested that lipids found in
organ extracts are a part of the complement system which in junction with antiserum cause
lysis of bacteria and red blood cells. They concluded that further research should elucidate
the possible role of lipids in the defence of the organism against infection.

In the introduction to a paper by Lamar in 1911 [12], Flexner stated that recovery from
bacterial infections had not been fully explained by the antibacterial activities of serum and
phagocytes. Thus, he raised the question of how chemical substances, other than antibodies,
might play arole in the recovery from a local bacterial infection. He quoted earlier studies by
several investigators which showed that substances extracted from leucocytes are capable
of killing many different types of bacteria. These intracellular substances were not only
bactericidal but often also haemolytic and were characterized by their thermostability and
solubility in alcohol. As mentioned above, Noguchi [26] determined in 1907 that the activity
of these extracts depended on their content of certain higher unsaturated fatty acids or their
alkaline soaps and Klotz [43] had shown in 1905 that soaps occur in inflammatory foci.
Previously, lipase had been found in such foci, which could account for the presence of fatty
acids. Disintegrating tissues were known to contain neutral fat and higher phosphorized
fats, which under the influence of lipase in mononuclear leucocytes or lymphocytes were
decomposed into free fatty acids. Thus Lamar [12] extracted large quantities of lipoids and
fatty acids from human lung with resolving lobar pneumonia and suggested that the decrease
in the number and virulence of pneumococci present in the exudate depended in part upon
the presence of germicidal fatty acids and soaps. This assumption was further strengthened
by the fact that pneumococci treated in vitro with soap become gradually less virulent.
The quantity of bactericidal and haemolytic substances released by disintegrating cells in
inflammatory foci could be considerable and was assumed to exert a destructive action upon
the infecting bacteria and thus contribute to recovery from the infection. Flexner suggested
that the bactericidal substances consist of soaps of fatty acids. The defensive processes
acting upon bacteria in the site of infection might be complicated by the inhibiting action of
serum proteins on the bactericidal action of unsaturated fatty acid soaps. It was suggested
that this might be overcome by the proximity of the bacteria to the nascent fatty acids.

It had been known since the beginning of the twentieth century that the human skin
is able to control the microflora on its surface and to get rid of harmful bacteria coming
from the environment. This ability to destroy exogenous microbes was referred to as the
self-disinfecting power of the skin [45]. In the 1930s and 1940s there was an increased
interest in the self-disinfecting ability of human skin and its appendages: hair, nails and
cerumen. Initially, the disinfection was thought to be caused directly by the acidity of the
skin but studies by Burtenshaw [46] demonstrated antibacterial activity in lipids extracted
from the skin. Most of the activity was in the fractions containing oleic acid and other long-
chain fatty acids and their soaps. In nearly all the experiments, the disinfecting extracts and
fractions thereof were far more bactericidal at an acid than at a more alkaline pH. It was
concluded from these experiments that the disinfecting effect of acidity on the skin was, at
least partly, due to release of antimicrobial fatty acids from their soaps at low pH.

In their study of self-disinfection (self-sterilization) of the skin of young adult volunteers,
Ricketts and his coworkers [47] confirmed and extended the results of Burtenshaw. Their
study showed that the removal of lipids from the surface of the skin reduced its self-
sterilizing power against S. pyogenes and to a lesser degree against S. aureus, but had no
effect on resident micrococci or the Gram-negative B. coli and Pseudomonas pyocyanea.
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For S. pyogenes, the main disinfecting factor was the bactericidal effect of unsaturated
fatty acids in the skin lipids, particularly oleic acid. On the other hand, drying of the
skin was the major factor in the killing of micrococci and the Gram-negative bacilli. For
S. aureus both factors seemed to have an effect.

The role of antimicrobial lipids in host defence was reviewed in 2007 [48] and is discussed
in detail in Chapter 6.

2.7 Studies of Prophylactic and Therapeutic Applications
of Soaps and Fatty Acids

Since a certain similarity seemed to exist between the destruction of pneumococci in
pneumonic exudate and in artificial soap—serum mixtures, Lamar [12] speculated whether
the changes in the pneumococci caused by nonbactericidal dilute sodium oleate might also
occur in the animal body in the course of infection and play a role in natural defence
against the infection and its final resolution. Based on these speculations, he found that a
mixture of soaped pneumococci and immune serum applied by intraperitoneal inoculation
was harmless to mice, in contrast to pneumococci treated with dilute oleate alone or in
mixtures with normal serum. When immune serum was injected into mice within one
hour after inoculation with soaped pneumococci the infection was prevented, but not if
the serum was injected later. In order to ascertain whether or not a mixture of sodium
oleate and immune serum could prevent infection in already infected animals, mice were
inoculated with untreated virulent pneumococci and then injected with a mixture of oleate,
immune serum and boric acid. The latter was needed to eliminate the inhibiting effect of
serum proteins on the oleate. If the mixture was injected within one hour of inoculation it
prevented the pneumococcal infection and all of the animals survived. Injection after two
hours only saved half of the animals. Based on these results, Lamar speculated on whether
soap—serum mixtures could be used for treatment of local pneumococcus infections in
humans.

Considering the possibility that Treponema pallidum, the causative agent of syphilis,
could inadvertently be transmitted to small cuts in the face, for example in a barbershop,
and thus cause extragenital lesions, Reasoner in 1917 [49] tested the germicidal activity
of soap against this bacterium. Testicular juice from infected rabbits rich in treponemata
was mixed with equal parts of a solution of various soaps prepared in distilled water. Both
Ivory soap and shaving creams from various manufacturers were tested. After 15 to 30
seconds the juice was examined by dark-field microscopy. Almost no motile spirochetes
could be found, and those that were found were usually swollen and distorted, whereas in
control samples without soap motility could be observed for at least four hours. There was
no difference in the action of the different soaps. Thus, soap solutions or lather, such as
that used in shaving, immediately killed the treponemata on contact and were suggested as
a possible prophylactic measure against syphilis.

In a study of how germs which cause respiratory infections pass from one person to
another, Nichols [14] examined the route of travel of haemolytic streptococci in an army
camp. One possible point of transfer between individuals was through contaminated dish-
washing water. He found that colon bacilli were on several occasions present in the water
under conditions which showed no streptococci, indicating that in contrast to bacteria
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which cause intestinal disease, streptococci and pneumococci are not spread to eating
utensils through this route. The bactericidal activity of the soaps was dependent on the pH
and was lost if it fell to 7 or lower, probably because of precipitation of the soap from
solution. He concluded that for a maximum antibacterial action, the pH of washing-up
water should be kept at 8 or higher.

In 1930, Renaud [50] published a paper on the possible therapeutic application of soaps.
In this study he favourably used a 2% solution of sodium oleate for rinsing and as a wet
dressing for wounds and abscesses, such as genital sores and tuberculous and pyogenic
abscesses.

Following his studies of the germicidal action of sodium salts of 18-carbon unsaturated
fatty acids on Gram-positive bacteria, Hettche in 1934 [21] speculated about a possible
therapeutic application for the highly bactericidal linolenate and suggested a possible use
as throat wash in diphtheria or for cleaning infected wounds. In his opinion, a parental and
particularly an intravenous application would not be possible because of the haemolytic
activity of the lipids, whereas oral intake might be considered because of experimental
evidence that oleic acid was well tolerated by mice.

Chaulmoogra oil, made from the seeds of a tree common in Southeast Asia, was used
for centuries to treat leprosy. Due to the reputation of this oil in the treatment of leprosy,
Walker and Sweeney [51] carried out a series of experiments to test its activity in vitro
against a number of acid-fast bacteria, such as the bacilli of rat and human leprosy and the
bacilli of human, avian and bovine tuberculosis.The activities of the sodium salts of the
total fatty acids of chaulmoogra oil were first investigated against the bacillus of rat leprosy
and found to be completely antiseptic (bacteriostatic) up to a dilution of 1 : 125 000 and
fully bactericidal up to a dilution of 1 : 100 000. The antiseptic and bactericidal actions
of the total sodium salts were then tested against the human leprosy bacillus and the three
tubercle bacilli, with results comparable to those for the rat leprosy bacillus. Notably, the
bactericidal activity of sodium chaulmoograte against acid-fast bacteria was about 100-fold
greater than that of the nonspecific antiseptic compound phenol.

In order to identify the active ingredients of chaulmoorga oil, chemically distinct fatty
acids were isolated and found to consist mostly of the cyclic 18- and 16-carbon fatty acids
chaulmoogric and hydnocarpic acids. Their sodium salts were tested against the rat leprosy
bacillus and found to account for the antiseptic activity of the total fatty acids, whereas
palmitic acid, which constitutes only about 10% of the total fatty acids compared with 90%
for the chaulmoogric acids series, had very little activity. While chaulmoogric acid was
highly active against acid-fast bacteria it was inactive against eight different nonacid-fast
bacteria tested, even in dilutions as low as 1 : 1000. Also, in contrast to the findings of
Rogers [52], Walker and Sweeney found the sodium salt of the noncyclic 18-carbon linoleic
acid as well as sodium salts of the total fatty acids of cod-liver oil, sodium morrhuate, to
be much less active than sodium chaulmoogrates against leprosy and tubercle bacilli. The
authors concluded that their results provided a scientific basis for the use of chaulmoogra
oil and its products in the treatment of leprosy and furnished grounds for their application
in the therapy of tuberculosis.

Walker and Sweeney speculated about the nature of the specific action of chaulmoogric
acid against acid-fast bacteria and found it unlikely that it was due to a direct effect on their
protective fatty capsule, manifest by irregular acid-fast staining, as suggested by Rogers
[52]. The authors hypothesized that the bactericidal action was due to an aberration in lipid



42 Lipids and Essential Oils as Antimicrobial Agents

metabolism, in which chaulmoogric acid molecules accumulated in the fatty capsules and
exerted a toxic effect on the bacterial cell as a consequence of their cyclic structure.

Based on an apparently successful treatment of leprosy by intravenous injection of
chaulmoogra oil, Lindenberg and Pestana in 1921 [53] decided to test the activity of the
oil, and fatty acids extracted from it, against leprosy bacilli, in order to establish whether
or not the oil had a specific action against the causative agent. Since a culture technic for
leprosy bacillus was not available to them at that time, they used cultures of human and
avian tubercle bacilli and other acid-fast bacilli in their experiments. High dilutions of fatty
acids from chaulmoogra oil were found to be active in preventing the growth of tubercle
bacilli and other acid-fast bacteria, whereas they had much less or no effect on antrax bacilli
and S. aureus. Cottonseed oil, linseed oil and cod-liver oil were also tested against tubercle
bacilli. All three were found to be almost as active as chaulmoogra oil in preventing growth
of the bacilli. This was considered of interest since cod-liver oil had for a long time been
used as a remedy for tuberculosis. An effort was made to determine the chemical nature of
the active ingredients of the oils and they were found to be mostly unsaturated fatty acids.
Attempts to treat experimental animals and patients with tuberculosis with fatty acids from
chaulmoogra oil, cod-liver oil and cottonseed oil by intravenous or subcutaneous injection
were not successful.

As reviewed by Stanley and his coworkers [54], chaulmoogra oil was used for centuries
in the treatment of leprosy. Rubbing of lesions with the oil or taking it by mouth seemed to
give some relief to lepers, but the latter caused side effects such as nausea. Subcutaneous
or intramuscular injection of the oil was somewhat more effective than oral administration,
but had the disadvantage of causing severe pain. Treatment with ethyl esters or sodium salts
of the fatty acids of chaulmoogra oil was more successful, so that a small percentage of
advanced cases and a much larger percentage of incipient leprosy cases became negative for
the bacteria and could be discharged as cured. Stanley and coworkers studied the chemistry
of the active principles of chaulmoogra oil, the 18- and 16-carbon cyclopentenyl fatty
acids, chaulmoogric and hydnocarpic acids, and confirmed that neither the double bond
of the ring structure nor the carboxyl group were essential for the bactericidal activity
against Mycobacterium leprae. The analogous straight-chained fatty acids had no activity
against the bacterium, so it was concluded that the ring structure of the molecules and the
number of carbon atoms were largely responsible for the bactericidal action. Efforts by
these authors to synthesize derivatives of chaulmoogric acids with higher in vitro activities
against acid-fast bacteria, with the aim of improving the treatment of leprosy, were, however,
unsuccessful. The use of sulfones to treat leprosy in the 1940s put an end to experiments
with chaulmoogra-oil treatments.

In the late 1940s, on the other hand, Hinel and Piller [55] reported clinical improvement
in patients with pulmonary tuberculosis treated by mouth with an emulsion of unsaturated
fatty acids from cod-liver oil or with pharmaceutical preparations, which had been shown
to be highly active in preventing growth of the tubercle bacillus in vitro. These clinical
trials suggested that treatment of patients with concentrated emulsions of unsaturated fatty
acids from fish oil might be beneficial. The authors reasoned that unsaturated fatty acids,
in conjunction with phosphatides such as lecithin, might play a role in the natural defence
of the body against the tubercle bacillus and that therapy with high doses of the fatty acids
would therefore be helpful. In this context it is of interest that native populations in tropical
areas have used fats against mycobacterial infections, especially leprosy and tuberculosis.
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In Nigeria palmkernel oil has been used, while turtle oils have been used by Mexican
Indians. Turtle oils are rich in 10-, 12- and 14-carbon saturated fatty acids, which have been
shown to be strongly bacteriostatic for Mycobacterium tuberculosis and other mycobacteria
in vitro [32].

2.8 Conclusions

One hundred years ago there were few resources to fight bacterial infections. Therefore,
the discovery that common soaps kill many types of pathogenic bacteria raised the hopes
of health professionals and researchers that soaps might be used as disinfectants or even
for prevention and treatment of infectious diseases. For more than half a century the
germicidal properties of potassium and sodium salts of fatty acids were therefore actively
studied. Although the results of these studies may have helped to improve sanitary practices,
they did not contribute much to treatment of infections or infectious diseases. The advent
of antibiotics around the middle of the twentieth century led to a breakthrough in the
therapy and cure of many previously fatal infectious diseases and consequently interest
in the germicidal action of fatty acids and other lipids decreased. After 1960, there was
an increase in studies of antimicrobial lipids, particularly milk lipids, largely due to the
pioneering work of Kabara and his associates and of Welsh and May on antiviral lipids in
human milk. These studies will be described in later chapters.
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3.1 Introduction

Antimicrobial lipids are widespread in nature, where they are found in species that range
from plants to animals and act as both potent antiinflammatory and antimicrobial effector
molecules [1-8]. Simple natural lipids, such as fatty acids and monoglycerides, exhibit an-
timicrobial properties and are capable of killing Gram-negative and Gram-positive bacteria,
enveloped viruses, yeast, fungi and parasites that infect both the skin and the mucosa of
animals. Fatty acids and/or 1-monoglycerides are therefore considered important as target
molecules for drug applications, such as antimicrobial formulations [9-11], alternatives
or adjuncts to antibiotics against antibiotic-resistant bacteria [8, 12—14], emulsions [11]
and potent effector molecules of innate immunity furthering bacterial clearance after skin
infections [15].

The antimicrobial in vitro effect of lipids has been studied for over a century [1, 16]
and although most of the early studies focussed on the bactericidal effects of soaps, long-
and medium-chain fatty acids and monoglycerides were also shown to kill microbes. Fatty
acids and 1-monoglycerides have been found to kill pathogens that are known to infect
mucosa and skin, where they are considered to be potent inhibitors of human pathogens.
The main subject of this chapter is to review the in vitro antimicrobial activities of simple
lipids — that is, straight-chain fatty acids, fatty alcohols and glycerides — with special
focus on the comparison of the antimicrobial effects of fatty acids and their corresponding
1-monoglycerides on various groups of microbes. An overview of the most common lipids
tested for antimicrobial activities is given in Table 3.1. Furthermore, possible mechanisms
behind the antimicrobial effect of these lipids will be described and in vivo studies of their
possible role in host defence against bacterial and fungal infections will be discussed.

3.2 Antibacterial Activities of Fatty Acids and Monoglycerides
3.2.1 Activities against Gram-Positive Bacteria In Vitro

Kabara and coworkers [17, 18] determined the minimal inhibitory concentrations (MIC) of
medium-chain fatty acids against a number of Gram-positive and Gram-negative bacteria
at 35 °C for 18 hours. Of all the saturated fatty acids that ranged from 6 to 18 carbons
in chain length, lauric acid was found to exhibit the greatest antibacterial effect against
the Gram-positive bacteria that were tested. The most susceptible were pneumococci and
group A streptococci, while Staphylococcus aureus, Staphylococcus epidermidis and group
D streptococci were the least susceptible. Similar results were reported by Heczko et al.
[19], who determined the minimal inhibitory concentrations of capric (10 : 0), lauric (12 :
0), linoleic (18 : 2) and linolenic (18 : 3) acids for 242 strains of S. aureus and 117 strains
of streptococci of groups A, B, C and G. S. aureus proved to be generally less susceptible
to all four fatty acids than the streptococcal strains and lauric acid was the most inhibitory
fatty acid against the bacteria.

To determine which lipids kill Gram-positive bacteria the fastest, Bergsson et al. in-
vestigated short incubation times of 1 to 10 minutes [20]. The results are summarized in
Table 3.2, which represents the concentrations of fatty acids and monoglycerides that cause
more than 100-fold (greater than 99%) reduction of viable bacteria after incubation for 10
minutes or less. The Gram-positive streptococci, group A (GAS) and group B (GBS), and



Antibacterial, Antiviral and Antifungal Activities of Lipids 49

Table 3.1 Antimicrobial fatty acids, monoglycerides and fatty alcohols.

Carbon atoms :

Fatty acids Monoglycerides Fatty alcohols double bonds
Formic — — 1:0
Acetic — — 2:0
Propionic — — 3:0
Butyric — — 4:0
Valeric — — 5:0
Caproic Monocaproin — 6:0
Caprylic Monocaprylin — 8:0
Pelargonic/Nonanoic — — 9:0
Capric Monocaprin Decanol/n-decyl 10:0
Undecanoic — — 11:0
Undecylenic/Undecylic — — 11:1
Lauric Monolaurin Dodecanol/lauryl 12:0
Muyristic Monomyristin Tetradecanol 14:0
Palmitic Monopalmitin — 16:0
Palmitoleic Monopalmitolein — 16:1
Stearic Monostearin — 18:0
Oleic Monoolein — 18:1
Linoleic — — 18:2
Linolenic — — 18:3
Arachidonic — — 20:4

S. aureus were incubated with selected fatty acids at 37 °C for 10 minutes. GAS and GBS
were killed by 5 mM lauric acid and palmitoleic acid (16 : 1). When compared at lower
concentrations, palmitoleic acid and monocaprin (10 : 0) showed considerable activities at
0.63 mM. Other fatty acids and monoglycerides had small or negligible effects. The lipids
showed less activity and somewhat different antibacterial profile against S. aureus, which
was susceptible to 10 mM capric acid. Similar effect has been demonstrated against Strep-
tococcus agalactiae, Streptococcus dysgalactiae and Streptococcus uberis after as little as
1 minute incubation in milk supplemented with high concentrations (100 mM) of caprylic
acid (8 : 0) [13].

It was established that antibacterial activities of long-chain fatty acids are increased
by addition of a double bond [17, 18]. Addition of a second double bond to oleic acid
(18 : 1) further increased the antibacterial activity but a third double bond decreased the
activity. Linolenic acid has been found to exhibit strong antibacterial activity against the
Gram-positive bacteria Bacillus cereus and S. aureus, an activity which can be enhanced by
emulsifying agents such as monolaurin(12 : 0) and monomyristin (14 : 0) [21]. Knapp and
Melly [22] 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 of the essential fatty acid (EFA) arachidonic acid (20 : 4) after incu-
bation at 37 °C for one hour. More recently, several other Gram-positive bacteria have been
found susceptible to low concentrations of the medium-chain lauric acid, including Propi-
onibacterium acnes (MIC 20 wM) [8] and Bacillus anthracis Sterne (MIC 228 puM) [14].
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The antibacterial activities of mono-, di- and triglycerides of fatty acids against a variety
of bacteria have been thoroughly studied by Conley and Kabara [18] and Kabara and
coworkers [17]. The spectrum of activity of monoglycerides was found to be narrower as
compared to that of free fatty acids. The authors determined the MIC for glycerides against a
number of Gram-positive bacteria: S. aureus, S. epidermidis and Streptococcus pyogenes. Of
the monoglycerides tested, monolaurin was the most active; it was slightly more active than
monocaprin against most of the bacteria 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. In addition, monolaurin
was shown to kill planktonic and sessile Listeria monocytogenes cells with higher efficiency
than exponential cells [23]. A comparison of the bactericidal effect of 1-monoglycerides
against Gram-positive cocci after shorter incubation times [20] is given in Table 3.2. The
results revealed an equal killing effect of palmitoleic acid and monocaprin against group
A and group B streptococci. By using longer incubation times, lower concentrations of
monocaprin were needed to kill group B streptococcus and a complete killing of the bacteria
was observed after seven-hour incubation at 0.63 mM. By further testing the bactericidal
effect against S. aureus [20], monocaprin proved to be the most effective of all lipids tested,
causing more than 99% killing at 1.25 mM concentration. This is a similar activity profile
to that observed when 1-monoglycerides were added to human milk or milk formulas [24].

3.2.2 Activities against Gram-Negative Bacteria In Vitro

Marounek et al. studied the antimicrobial effect of fatty acids ranging from 2 to 18 carbons
in chain length against Escherichia coli [25]. It was demonstrated that when the pH was
dropped from 6.5 to 5.2, the medium-chain fatty acids caprylic acid and capric acid exhibited
considerable inhibition and a reduction in the number of viable E. coli cells. In contrast,
fatty acids ranging in chain length from 2 to 6 or from 12 to 18 carbons had negligible
effect. This effect was confirmed by Nair et al., who found that 25 to 100 mM caprylic acid
added to milk reduced E. coli populations [13]. As presented in Table 3.2, no fatty acids
were found to exhibit bactericidal activity against E. coli or Salmonella spp. when tested
at low concentrations and short incubation times for up to 30 minutes at physiological
pH [26]. In contrast, the number of colony-forming units of the Gram-negative pathogen
Campylobacter jejuni, which is another foodborne pathogen, was effectively reduced by
10 mM capric acid [11]. By measuring minimum inhibitory concentrations, Skrivanova
et al. [27] demonstrated inhibitory effect by 21 mM caprylic acid against both E. coli and
Salmonella sp. and by 29 mM capric acid against E. coli.

Petschow et al. [28] found that lauric acid was the only medium-chain fatty acid that
exhibited antibacterial activity against Helicobacter pylori after incubation at 1 mM for one
hour. The susceptibility of H. pylori to medium-chain saturated and long-chain unsaturated
fatty acids was also studied by Bergsson et al. [26]. They found 5 mM capric, lauric, myris-
tic and palmitoleic acids caused more than one million-fold reduction in the number of
viable bacteria after 10-minute incubation at 37 °C. They also found 10 mM caprylic acid
showed high activity against H. pylori that varied among bacterial strains. Lauric acid at a
concentration of 1.25 mM and palmitoleic acid at 0.625 mM had a significant antimicro-
bial effect against H. pylori after 10-minute incubation. Another Gram-negative bacterium,
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Neisseria gonorrhoeae, was found to be killed by capric, lauric and palmitoleic acids [29].
Further analysis by exposure for one minute to a 2.5 mM concentration identified lauric
and palmitoleic acids as the most effective fatty acids against N. gonorrhoeae [29]. Similar
studies found 10 mM capric and lauric acids to cause more than 10 000-fold reduction in
the number of Chlamydia trachomatis inclusion forming units in 10 minutes [30]. When
tested at 5 mM concentration for five minutes, lauric acid was the most active lipid, caus-
ing more than 100 000-fold inactivation of C. trachomatis. The effect was followed by
capric acid and monocaprin, but caprylic, myristic, palmitoleic and oleic acids had negli-
gible effects against C. trachomatis [30]. The long-chain polyunsaturated arachidonic acid
(20 : 4) also killed the Gram-negative bacteria Neisseria and Haemophilus spp. In contrast,
E. coli was not susceptible to arachidonic acid, even after six-hour incubation with 0.3 mM
arachidonate [22].

As to studies on the effect of glycerides of fatty acids on Gram-negative bacteria, Conley
and Kabara [18] and Kabara et al. [17] found that di- and triglycerides did not exhibit
antibacterial effects and none of the compounds tested inactivated E. coli or a number
of other Gram-negative bacteria. Further studies by Isaacs ef al. [24] showed that when
medium-chain saturated monoglycerides were added to human milk and milk formulas the
mixtures inactivated Haemophilus influenzae. The same was not true for polyunsaturated
long-chain monoglycerides, which were less active. Petschow et al. [28] also studied the
antibacterial effect of medium-chain monoglycerides against H. pylori and found that
incubation of the bacteria with 1 mM monoglycerides of 10-, 12- and 14-carbon fatty acids
for one hour at 37 °C caused a 10 000-fold reduction in the number of viable bacteria.
Lower activities were observed after incubation with monoglycerides with shorter- or
longer-chain fatty acids, that is 9-, 15- and 16-carbon chains [28]. The antibacterial effect
of I-monoglycerides against Gram-negative bacteria was also tested at incubation times
of 1 to 10 minutes by Bergsson et al. [26,29,30], as shown in Table 3.1. Monocaprin,
monolaurin and monopalmitolein (16 : 1) at 5 mM concentration were all highly effective
in killing H. pyloriin 10 minutes. At lower concentrations (0.625 mM) and after one minute
incubation time, monocaprin and monolaurin were the only lipids showing significant
activities against H. pylori [26]. The Gram-negative bacterium N. gonorrhoeae was found
to be killed by 0.31 mM monocaprin and 0.63 mM monolaurin in 10 minutes [29]. All
other monoglycerides showed much smaller effect. The Gram-negative pathogens H. pylori
and N. gonorrhoeae were found to be exceptionally susceptible to lipids, both fatty acids
and 1-monoglycerides, when compared to other bacteria studied, either Gram-negative or
Gram-positive. The effects of 1-monoglycerides were also studied against C. trachomatis
[30]. The studies found monocaprin to be the most effective glyceride, causing more than
100 000-fold reduction in viable bacteria after five minutes at 5 mM concentration. A
50% effective concentration of 0.12 mM was found by incubation of C. trachomatis with
monocaprin for two hours. C. trachomatis was not susceptible to 10 mM monocaprylin,
monolaurin, monopalmitolein or monoolein (18 : 1). A study of the susceptibility of
Campylobacter jejuni to a series of monoglycerides found monocaprin to be particularly
active in killing this bacterium [11].

In contrast to the above Gram-negative bacteria, E. coli and Salmonella spp. were found
to be resistant to all monoglycerides tested at neutral pH [26]. However, in an acidified
buffer at pH < 5, monocaprin was highly effective in killing both E. coli and Salmonella,
reducing the number of colony-forming units by more than one million-fold in 10 minutes
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[11]. Furthermore, Nair et al. [13,31] showed that when monocaprylin was added in high
concentrations (50 mM) to milk or at 5 mM to apple juice, it effectively killed E. coli.
On the other hand, Preuss et al. [14], in a study of the bactericidal effect of essential oils
and monolaurin on bacteria, confirmed that E. coli and Klebsiella pneumoniae were very
resistant to this monoglyceride, whereas H. pylori was susceptible.

In general, the bactericidal activities of fatty acids and monoglycerides produced by
different laboratories are in agreement. Any discrepancies may be due to differences in
experimental conditions, particularly differences in lipid concentrations and incubation
times. Gram-positive and many Gram-negative bacteria have been found to be highly
susceptible, with the exception of Enterobacteriacae, which in most studies have proved to
be resistant at neutral pH.

3.2.3 Antibacterial Mechanism

Kabara [1, 16] made generalizations concerning the relationship between lipid structure
and antibacterial activity. He concluded that 1) lauric acid is the most active saturated
fatty acid, palmitoleic acid the most active monounsaturated acid, and linoleic acid the
most active polyunsaturated fatty acid against Gram-positive bacteria, 2) monoglycerides
of medium-chain saturated fatty acids are more active than the free acids, particularly the
monoglyceride of lauric acid, 3) fatty acids have very low activity against Gram-negative
bacteria except when having a very short chain (6 carbons or less), and 4) yeasts are
affected by fatty acids with short chain lengths (10 to 12 carbons). The most important
generalization is probably that monoesters of fatty acids, such as monolaurin, are very
active, while di- and triglycerides are not. From these studies it was concluded that the
antibacterial effect of short-chain (6 to 10 carbons) saturated fatty acids is related to the
degree of their dissociation, and they were found to be more active at pH 6.5 than at pH 7.5.
These early studies established that unsaturated fatty acids are active against Gram-positive
bacteria and indicated that they become more active with an increasing number of double
bonds [1, 16]. Further studies by Kabara and coworkers demonstrated that 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 [17, 18].

The ability of lipids to disrupt cellular membranes has been demonstrated for bacte-
rial cells, both Gram-negative and Gram-positive. As mentioned above, monocaprin and
monolaurin had little or no activity against Gram-negative bacteria such as E. coli at
30 °C [32] and physiological pH [26]. However, when E. coli was incubated with lauric
acid, monocaprin and monolaurin at 50 °C for five minutes, or with monocaprin at lower
pH [11], a remarkable inactivation was observed, much more than that produced by heating
alone. Cells growing in the logarithmic phase were more sensitive than stationary-phase
cells. Taken together, this suggests a reduction in the permeability barrier in the outer mem-
brane 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, or that lower pH will increase the concentration of the undissociated
form of the fatty acids. In summary, saturation of natural antimicrobial lipids affects the
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lipid ability to cause disintegration of microbial membranes. This effect can be enhanced
by altering environmental factors.

Hypotheses concerning the antimicrobial mechanism of fatty acids and their 1-
monoglycerides have been tested by several authors. Complete cell disorganization and
disruption were seen by Knapp and Melly in N. gonorrhoea cells after incubation with 0.05
mM arachidonic acid for one hour [22].These authors obtained similar results for H. in-
fluenzae, while no morphological changes were noted in E. coli, which is not susceptible
to arachidonic acid. Peripheral cytoplasmic condensations were visualized in S. aureus and
Lactobacillus acidophilus, while no changes were visible in the cell walls. As illustrated
in Figure 3.1, the viability of the Gram-negative bacterium C. trachomatis was irreversibly
lost after treatment with monocaprin [30]. The negatively stained elementary bodies of
C. trachomatis appeared deformed and partly disintegrated after 10 minutes, suggesting
that monocaprin Kkills the bacteria by disruption of the cellular membrane(s) (Figure 3.1)
[30]. This effect is similar to that of glyceryl ethers, 1-O-hexyl-sn-glycerol [33]. The effect
of monocaprin on the structure of Gram-positive cocci was studied by transmission electron
microscopy (TEM) (Figure 3.2), and with a two-colour fluorescent bacterial viability kit
to stain monocaprin-treated group B streptococci [20]. A treatment with 10 mM mono-
caprin for 10 minutes caused damage to the cell membrane, which became permeable to
propidium iodide. Examination of thin sections of bacterial cells in TEM confirmed this
finding (Figure 3.2), since after treatment with monocaprin the plasma membrane was no
longer visible, indicating a disintegration of the membrane. No changes were detectable on
the surface or in the structure of the bacterial cell wall by scanning electron microscopy
(SEM). This suggests that the lipids can penetrate the cell wall of Gram-positive bacteria
and cause disintegration when it reaches the bacterial cell membrane.

The differences in the susceptibilities of Gram-negative bacteria to antimicrobial lipids
are notable, particularly between H. pylori and Enterobacteriacae [26], and may be due
to differences in the outer membrane of the bacteria. In this regard, the external leaflet of
the outer membrane of E. coli and Salmonella is almost entirely composed of lipopolysac-
charides (LPS) and proteins. These bacteria have a hydrophilic surface due to the O-side
chains of the LPS, making it difficult for hydrophobic molecules, like lipids, to enter the
bilayer. Moreover, molecules may have difficulty in penetrating these membranes because
of the low fluidity of the hydrocarbon chains in the LPS leaflet and the strong interactions
between the LPS molecules. On the other hand, Gram-negative bacteria with a relatively
hydrophobic surface, such as N. gonorrhoeae [34], are easily killed by medium-chain fatty
acids and monoglycerides [29]. The outer membrane of N. gonorrhoeae is not composed
of LPS but of lipooligosaccharides (LOS) that lack the O-antigen side chain. Even if LOS
is mainly expressed on mucosal bacteria, it can also be expressed on enteric bacteria such
as Campylobacter spp. [34], which have been found to be susceptible to monocaprin [11].

Desbois and Smith in 2010 [35] reviewed the mechanisms of antibacterial actions of
fatty acids. A variety of detrimental effects can be caused by partial solubilization of the
cell membrane by fatty acids, leading to release of membrane proteins. This can result in
interference with the electron transport chain and uncoupling of oxidative phosphorylation,
or to inhibition of enzyme activity and nutrient uptake, causing inhibition of bacterial
growth. At higher concentrations, the detergent effect of fatty acids can kill bacteria by
cell lysis. Thus the action can be either bacteriostatic and reversible or bactericidal and
irreversible.
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Figure 3.1 Electron micrographs of negatively stained elementary bodies (EBs) of C. tra-
chomatis. The EBs were untreated (a) and treated with 10 mM monocaprin for 1 minute (b), 5
minutes (c) and 10 minutes (d). After treatment for 10 minutes, the EBs appear deformed and
shrunken or partially disrupted (d, inset). Bars, 1 um. (Reprinted from [30] with permission
from American Society for Microbiology.)
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Figure 3.2 Effects of monocaprin on the ultrastructure of group B streptococci as demon-
strated by TEM of ultrathin sections of bacterial cells. (a), (c) and (e) show cells from the
control samples with intact plasma membrane (PM) and intact cytoplasmic granules (G). (b),
(d) and (f) show cells from samples treated with 10 mM monocaprin for 30 minutes, demon-
strating disappearance of plasma membranes and cytoplasmic granules. Some changes can be
seen in the cell wall (CW). (Reprinted from [20] with permission from John Wiley and Sons,
Ltd.)
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Lipids such as fatty acids have to permeate the cell wall of Gram-positive bacteria and the
outer membrane of Gram-negative bacteria to gain access to the bacterial cell membrane. As
discussed above for Gram-negative bacteria, differential susceptibility of bacterial species
to the action of lipids is most likely due to differences in these outer structures, which can act
as a barrier and protect the inner cell membrane. Exposure of strains of the Gram-positive
bacterium S. aureus to long-chain unsaturated fatty acids has been shown to upregulate the
expression of genes associated with peptidoglycan synthesis, thus increasing the thickness
of the bacterial cell wall. An adaptive response which reduced the surface hydrophobicity
of the wall was also observed, making the bacteria more resistant to the action of the fatty
acids [36,37].

3.2.4 A Possible Role of Antimicrobial Lipids in Host Defence against Bacteria

It has been known for decades that sweat, sebum [38] and breast milk [3, 39] contain
lipids which are highly microbicidal and it has been suggested that they play an important
role in the innate defence mechanism against microbial infections on the surface of skin
and in the stomach of suckling infants. These lipids are mostly fatty acids released from
sebaceous triglycerides by lipases of the normal bacterial flora [40,41], fatty acids synthe-
sized by sebocytes [42—44] and keratinocytes [45], and fatty acids in the cream fraction
[46] of breast milk, which becomes activated upon enzymatic digestion of triglycerides by
lipases [47].

Aly et al. [48] demonstrated that S. aureus, S. pyogenes and Candida albicans diminished
in number when deposited on normal human skin. In contrast, acetone-washed forearms
gave greater persistence of these bacteria and when these extracts/washes were replaced on
the skin, the recolonization was prevented. These authors further pointed out a correlation
between in vitro studies on acetone lipid extracts from skin and the microbes localized
to skin. Interestingly, S. pyogenes, which rarely colonizes skin, is extremely sensitive to
skin lipids [49]. Free fatty acids of human stratum corneum, as well as both polar lipids
and glycosphingolipids, exhibit antistaphylococcal activity [45] at concentrations 10 to
100 times lower than the concentrations calculated to be present in the stratum corneum
intercellular domain of the skin [50]. This suggests that stratum corneum lipids are effective
in physiologically relevant quantities. More recently, lipids isolated from sebum have been
shown to reduce the growth of Gram-positive bacteria such as S. aureus, Streptococccus
salivarius and Fusobacterium nucleatum, while most Gram-negative bacteria are resistant
to sebum lipids [51]. It was shown that both saturated and unsaturated fatty acids are
responsible for the antimicrobial activity and that lauric acid is the most potent of the
saturated fatty acids. However, a palmitoleic acid isomer, an exclusive lipid of sebum [52],
was found to account for most of the fatty acid antimicrobial activity.

The antimicrobial effect of milk lipids, fatty acids and monoglycerides, has been demon-
strated for a variety of both Gram-positive and Gram-negative bacteria [2,24,47]. It was
demonstrated that fivefold-diluted stomach contents of infants fed human milk or infant
formula had varying degrees of activity against both S. epidermidis and E. coli after 30
minutes at 30 °C [47]. The same authors further illustrated that infant formulas treated
with lipases for one hour at 37 °C were active against the Gram-positive bacteria S. epider-
midis but not against Gram-negative bacteria, including E. coli and Salmonella enteritidis.
The discrepancies in the results on E. coli may reflect incomplete lipolysis of formula
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triglycerides in lipase-treated mixtures. Additional studies demonstrated inactivation of the
Gram-negative bacterium H. influenzae by 1-monoglyceride-supplemented human milk
and infant formulas after 30 minutes at 37 °C. Medium-chain saturated monoglycerides
showed activity but polyunsaturated and long-chain monoglycerides were less active.

Lipids located to a cream-like substance that covers the skin of foetuses and newborn
babies have been shown to potentiate the antimicrobial action of other effector molecules of
innate immunity, namely antimicrobial peptides, in vitro [53], demonstrating the importance
of the microenvironment for the function of antimicrobial components. This has been fur-
ther studied in other recent studies, where enhanched synergistic effect in the antimicrobial
activity of monolaurin has been documented when combined with various environmental
and biological factors, such as temperature changes [32, 54, 55], organic acids [56], lower
pH [25,57], the chelating agent EDTA [58], antimicrobial peptides [53, 59] and the lac-
toperoxidase system [55], which also enhanced the effect of other antimicrobial lipids. The
presence of natural antimicrobial lipids on skin and mucosa suggests that lipids might be
useful as the active ingredients in pharmaceutical formulations for prevention and treatment
of skin and mucosal infections [60].

Among the clinical symptoms suggesting the importance of fatty acids as part of the innate
defence mechanism is that essential fatty acid deficiency causes increased susceptibility
to infections and poor wound healing [61]. Essential fatty acids are unsaturated fatty
acids of 18-, 20- or 22-carbon chain lengths that are not synthesized by the human body.
Essential fatty acid deficiency was first described in 1929 by Burr and Burr, who noted
that poor growth of rats and skin lesions could be prevented by linoleic acid [61]. A clear
microbiological difference was observed between mice that were fed a diet lacking essential
fatty acids and mice fed an ordinary diet including essential fatty acids. The mice fed a diet
lacking essential fatty acids contained 100-fold higher levels of bacteria on their skin than
mice fed an ordinary diet. Furthermore, the mice fed diet lacking essential fatty acids were
commonly colonized by S. aureus. Surprisingly, in vitro experiments demonstrated that
lipids isolated from mice fed a diet lacking essential fatty acids were more lethal to bacteria
commonly found on skin than lipids isolated from mice fed a normal diet. This can possibly
be explained by the results of Georgel et al. [15], who studied innate immunodeficiency in
mice caused by a mutation in a fatty acid desaturase (stearoyl-CoA desaturase), which is an
enzyme that is essential for synthesis of monounsaturated fatty acids in sebaceous glands.
These authors demonstrated that this mutation resulted in a reduction in sebum production
of palmitoleic acid and oleic acid and that it is responsible for the lack of bacterial clearance
after skin infections. It was further shown that the expression of stearoyl-CoA desaturase
is induced by S. aureus, a bacterium susceptible to monounsaturated fatty acids, but not by
E. coli [15], which is resistant to monounsaturated fatty acids [26].

3.3 Antiviral Activities of Fatty Alcohols, Fatty Acids and Monoglycerides

3.3.1 Early Studies of Antiviral Lipids

The first reports that fatty acids and their soaps might inactivate viruses appeared in the
1930s. Begg and Aitken [62] reported that potent Rous sarcoma filtrates had been inactivated
by addition of 1% solution of sodium oleate. Also, intratumoural injections of sodium oleate
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sometimes led to definite regression and occasionally to complete disappearance of Rous
sarcomas in fowles. Helmer and Clowes in 1937 [63] found that an unsaturated fatty acid
fraction from pig pancreatic tissue had a strong inhibiting activity against the agent of
chicken sarcoma. A commercial oleic acid was shown to have a comparable activity. A
number of free fatty acids were tested against the agent by addition to an aqueous extract
of chicken tumour. The extract was then tested for infectivity by intradermal injection into
chickens. The straight-chain 18-carbon unsaturated fatty acids had a much greater activity
against the tumour agent than the saturated stearic acid. However, the number of double
bonds had no effect on the activity, oleic, linoleic and linolenic acids all being equally
active. The length of the carbon chain had a strong influence on the activity. The lower
acids, either saturated or unsaturated, had little or no activity compared to the long-chain
acids. However, the activity of the long-chain acids was limited by the lack of solubility
in water. Only fatty acids and their soaps were active, whereas the glycerides found for
example in olive oil, cod liver oil and sardine oil had no action. Pirie had observed in
1933 [64] that pancreatic extracts destroyed tumour viruses, but the active compounds were
unknown. In a further study carried out by Pirie [65], preliminary experiments indicated
that the virucidal activity was associated with a fairly unstable fatty acid. Several lipid
fractions were therefore separated from dried pig pancreatic extract and tested for virucidal
activity against vaccinia and Fujinami tumour virus. The lecithin and fatty acid fractions
were found to account for the whole virucidal power of the dried extract and the acids
were apparently responsible for most of the activity. The cephalin fraction had no effect.
A number of commercially obtained fatty acids were shown to have virucidal activities.
Of the higher fatty acids, only the unsaturated ones, such as oleic and linoleic acids, were
virucidal. Pirie speculated that ‘the fatty acids are adsorbed on the surface of the viruses
and disrupt it to such an extent that the virus is lysed.’

In 1940, Stock and Francis [66] studied the inactivation of influenza virus by various
fatty acids and their soaps. A virus suspension, made from the lungs of infected mice,
was mixed with a fatty acid or soap solution at pH 7.5 and allowed to stand at room
temperature. After 90 minutes and again after 24 hours, samples were tested for infectivity
by intranasal inoculation into mice. Preliminary experiments showed that oleic and linoleic
acids inactivated the virus while myristic and undecylenic (11 : 1) acids did not. A large
number of fatty acids of increasing chain lengths, both saturated and unsaturated, and
other lipids were then tested in the same way. The 18-carbon unsaturated fatty acids,
oleic, linoleic, linolenic and chaulmoogric acids, were the most virucidal, whereas their
isomers such as elaidic acid were ineffective. Of the shorter-chain saturated acids, the
12-carbon lauric acid was the most active, but the unsaturated 11-carbon undecylenic acid
was ineffective. Other lipids, such as lecithin, had no effect. The results were interpreted to
show a relationship between the configuration of the fatty acid molecule and the capacity
to inactivate virus. The most likely mechanism for inactivation of the virus by long-chain
unsaturated fatty acids was thought to be a more or less specific adsorption of fatty acid
to proteins on the viral surface. This adsorption, which would probably be dependent
on the configuration of both the fatty acid and the protein molecules, might result in
dispersion of the protein layer on the viral surface. Experiments in which various dilutions
of virus were mixed with different concentrations of oleic acid suggested that there exists
a minimum concentration of oleic acid for effectively inactivating the infectivity of a
given concentration of virus [67]. Notably, inactivation of the infectivity of influenza virus
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by oleic acid did not destroy the antigenicity of the virus, since mice vaccinated with
the noninfective mixtures of virus and fatty acid showed a strong immune reaction [66].
However, the reaction was not as strong as in mice receiving untreated active virus [67].
On the other hand, influenza virus which had been inactivated by oleic acid was apparently
more active as an antigen than other noninfectious preparations such as virus inactivated
by formalin. Inactivation of lymphocytic choriomeningitis (LCM) virus by fatty acids and
soaps was also studied by Stock and Francis [68]. The experiments were carried out in a
similar way to the influenza virus experiments, except that the infectivity of samples was
tested by intracerebral inoculation of mice. As in the previous studies of influenza virus, the
18-carbon unsaturated fatty acids were the most effective in inactivating the LCM virus. Of
the saturated fatty acids, only myristic acid was effective, whereas in contrast to influenza
virus, lauric acid was ineffective. As in the studies of influenza virus, the relative amounts
of virus and oleic acid were found to be important in obtaining inactivation of LCM virus.
In contrast to oleate-inactivated influenza virus, LCM virus inactivated in the same way
failed to induce any detectable immunity in mice. This was in line with the failure to use
formalinized LCM virus as an immunizing agent.

3.3.2 Antiviral Activities of Milk Lipids

Around 1960, human milk was shown to reduce the infectivity of a number of viruses.
The activity against enveloped viruses, such as herpes simplex virus type 1 (HSV-1), was
different from that against poliovirus, which has no lipid envelope. The antipoliomyelytic
activity was bound to the protein fraction of the milk, which had no effect against en-
veloped viruses, while the cream fraction showed the antiherpetic activity [69]. Sarkar et al.
[70] showed that whole, skimmed or cream-fraction human milk incubated with mouse
mammary tumour virus for 18 hours at 37°C caused decreased viral infectivity. The cream
fraction was more effective in the inactivation of the virons than the whole or skimmed milk.
In the following years these findings where confirmed by the same authors and others [1].
Thus, the lipid fraction of milk and colostrum was found to inactivate dengue virus, which
is an enveloped virus [71]. Free fatty acids and monoglycerides in milk showed antiviral
activities against Semliki Forest virus, whereas diglycerides had no activity [39]. A series of
studies of the antiviral properties of human milk showed that fresh milk samples are inactive
against enveloped viruses such as HSV-1, vesicular stomatitis virus (VSV), measles virus
and human immunodeficiency virus type 1 (HIV-1). However, most of the milk samples
became highly antiviral after storage at 4 °C for a few days, reducing the virus titre 1000-
fold in 30 minutes at 37 °C. Similar antiviral activities were found in stomach samples from
suckling infants who had been fed fresh human milk or infant formula feeds one hour ear-
lier. The antiviral activity was found in the cream fraction and it was concluded that it was
due to milk lipase, particularly lipoprotein lipase, releasing fatty acids from triglycerides
upon storage of human milk samples. In the stomachs of infants the activity was due to
gastric and lingual lipases releasing fatty acids from milk fats [2,3,24,47,72,73]. These
findings confirmed and further extended the importance of lipases for antiviral activities
of milk, which had been pointed out earlier by Welsh and coworkers [39]. A comparative
study of purified fatty acids normally found in human milk and other food products showed
that short-chain (4 to 8 carbon) and long-chain (16 to 18 carbon) saturated fatty acids had
no or minor antiviral effects against the enveloped viruses VSV, HSV-1 and visna virus



Antibacterial, Antiviral and Antifungal Activities of Lipids 61

(VV). In contrast, medium-chain saturated (10 to 14 carbon) fatty acids inactivated all the
viruses, although myristic acid caused only 1.7 log;o reduction against VV after 30 minutes
at 37 °C [74]. Long-chain (16 to 20 carbon) unsaturated fatty acids were also active and
their activities increased with increasing number of double bonds. Thus, arachidonic acid
was the most active fatty acid in lower concentrations. Corresponding 1-monoglycerides
of several fatty acids were also tested and all, except monomyristin and monoolein, were 5
to 10 times more active against VSV and HSV-1 than the free fatty acids. These findings
suggest that lipolysis of triglycerides from human milk, either in the gastrointestinal tract
or by storage, releases two types of antiviral lipids: monoglycerides and free fatty acids
[74,75].

3.3.3 Antiviral Activities of Lipids and Fatty Alcohols

Sands [76] studied the effect of chemically purified fatty acids on the enveloped bacterio-
phage ®6. The results showed that unsaturated long-chain fatty acids, that is palmitoleic
and oleic acids, inactivated the virus, while the saturated myristic and palmitic (16 : 0) acids
were inactive against ®6. The lipid-containing bacteriophages 6, PM2 and PR4 were fur-
ther studied by Sands and coworkers [77] for antiviral susceptibilities to free fatty acids,
fatty acid derivates, mono- and diglycerides and long-chain alcohols. Low concentrations
(50 pg/ml) of medium-chain saturated and long-chain unsaturated alcohols caused at least
a 99% inactivation of ®6 after 30 minutes at 25 °C. Long-chain unsaturated fatty acids and
corresponding monoglycerides were also antiviral, while diglycerides caused minor or no
inactivation. PM2 and PR4 bacteriophages, which lack external envelopes, were much less
susceptible to inactivation by the lipids. HSV type 2 (HSV-2) was inactivated by many of
the lipids that were active against 6, where monoolein and monopalmitolein were found
to be the most active.

Snipes and coworkers [78] studied inactivation by alcohols ranging from 4 to 18 carbons
on lipid-containing viruses. Saturated alcohols with chain lengths from 10 to 14 carbons
showed the most antiviral activity, suggesting that a proper balance between the polar and
hydrophobic components can lead to maximal perturbation of the viral membrane. Decanol
(10:0), dodecanol (12 : 0) and tetradecanol (14 : 0) at 0.5 mM readily inactivated HSV after
30-minute exposure, as well as the bacteriophage ®6, even at lower concentrations. The
lipid-containing virus PM2 was susceptible to decanol and dodecanol, while tetradecanol
had neglible antiviral effects. Phytol, a naturally occurring branced-chain alcohol found in
chlorophyll, was active against ®6 in 0.001 mM and HSV in 1 mM concentration, but not
against PM2 after 30-minute exposure. The nonenveloped polyoma virus and bacteriophage
®23-1-a were not inactivated by any of the alcohols tested. At 0.05 mM concentration none
of the alcohols showed cytotoxic effects on human embryonic lung cells, although several
of the alcohols were active against HSV at this concentration.

Saturated alcohols and n-alkyl derivates of butylated hydroxytoluene (BHT) tested
against ®6 and HSV-2 showed that alcohols with 10 to 14 carbons in chain length were
the most effective. Also, alcohols and BHT were all more active against ®6 than against
HSV-2. In addition, in vivo studies with dodecanol against HSV skin lesions in hairless
mice revealed effective clearence of virus lesions when compared to untreated control mice
[78,79]. Thus, these early studies established that inactivation of enveloped viruses by
lipids varies greatly, depending on both the nature of the lipid and the type of virus.
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Kohn and coworkers [80] studied the incorporation of essential unsaturated fatty acids,
that is oleic, linoleic and arachidonic acids, into phospolipids of animal cells, which induced
a change in the fluidity of the membranes and loss of rigidity. Micromolar concentration of
these fatty acids (10 to 50 p.g/ml) applied for 15 minutes to enveloped viruses such as arbo-,
myxo-, paramyxo- and herpesviruses caused a rapid loss of infectivity, as measured by
plaque assay. However, the abovementioned fatty acids in concentrations up to 25 wg/10°
cells/ml did not affect the growth of baby hamster kidney cells. No antiviral activities were
found for linoleic acid when incubated against the non-enveloped poliovirus, siman virus
40 or encephalomyocarditis virus, suggesting destructive lipophilic effects of the fatty acids
against enveloped viruses associated with disintegration of the virus envelope [81]

Thormar et al. [75] studied the effects of free fatty acids, monoglycerides and ethers
against VV, which is a lentivirus related to HIV. Ethers of 6-, 7- and 8-carbon saturated
fatty acids all showed activities against the virus after 30 minutes at 37 °C. The most
effective ether was 1-O-octyl-sn-glycerol, which is an 8-carbon ether of caprylic acid and
was much more active than caprylic acid alone or its monoglyceride ester, monocaprylin.
Also 1-O-octyl-sn-glycerol was found to inactivate HIV in human plasma [82].

Hilmarsson et al. [83] studied the virucidal effects of medium- and long-chain (8 to
18 carbon) fatty alcohols and corresponding lipids against HSV-1 and HSV-2 at various
concentrations, times and pH levels. After 10-minute incubation at 37 °C in 10 mM con-
centration, 14 of the lipids tested caused a significant reduction in HSV infectivity. N-decyl
(10 : 0) alcohol, capric, lauric, myristic, palmitoleic, and oleic acids, and monocaprylin,
monocaprin and monolaurin monoglycerides were all fully active — that is, no virus was
detectable after the treatment — causing 100 000-fold or greater reduction in HSV titre. A
generally good agreement was found between the activity profiles for HSV-1 and HSV-2.
At shorter incubation time, monocaprin, monolaurin and all of the fatty acids except caprylic
and capric acids acted rapidly, causing a significant reduction in virus titre after only one
minute at 10 mM concentration. Further comparison of 10 to 12 carbon alcohols and
the corresponding lipids at lower concentrations and increased incubation times against
HSV-1 showed a complex relationship between concentration and duration of action.
N-decyl alcohol acted rapidly at 5 mM concentration but at lower concentrations the
activity was greatly reduced, even with increased incubation time. Lauryl alcohol acted
more slowly compared to n-decyl alcohol, but was active at much lower concentrations
(0.625 mM), particularly with increasing time, which is in agreement with previous studies
by Snipes and coworkers [78,79]. The three most active alcohols and the corresponding
fatty acids and monoglycerides were further tested at pH 7 and 4.2. Lowering the pH to
4.2 caused a more rapid inactivation of HSV-1 by n-decyl and lauryl alcohols and capric
acid, with a significant reduction of virus titre in one minute. The virucidal activities of all
the alcohols, fatty acids and monoglycerides tested in 10 minutes at concentrations as low
as 0.15 mM for monolaurin were greatly increased at pH 4.2 as compared with pH 7. It
was hypothesized that the difference between the polar groups of alcohols and fatty acids,
that is hydroxyl group versus carboxyl group, and the corresponding difference in their
hydrophile-lipophile balance (HLB) might explain their different activities against HSV.
Capric and lauric acids are hydrophilic at pH 7 with HLB numbers around 20, whereas
n-decyl and lauryl alcohols are lipophilic with HLB numbers of 4.15 and 3.2, respectively.
This may possibly explain the differences in activity profiles of fatty acids and alcohols
seen in this study. However, the distinct differences in activity between various fatty acids,
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for example capric and lauric acids, and between various alcohols, for example n-decyl
and lauryl alcohols, can hardly be explained by the small difference in HLB. In general, no
correlation could be found between virucidal activities and HLB numbers. This was most
obvious when activities were compared at different pHs. Alcohols and monoglycerides
were much more active at pH 4.2 than at pH 7, although their HLB numbers did not change
between these pH levels. The increased virucidal activity against HSV at low pH may be
due to ionic changes in the surface of the host cell-derived viral envelope, which contains
virus-encoded glycoproteins, somehow giving the alcohols, fatty acids and monoglycerides
better access to the lipid bilayer of the envelope.

Alcohols and lipids were, in studies similiar to those of HSV-1 and 2, also tested against
VYV to further compare the virucidal profiles against viruses and possibly elucidate how
lipids inactivate enveloped viruses [84]. In this comparative study it was shown that fatty
acids were most active against V'V, particularly lauric, palimitoleic and oleic acids, when
tested either in a low concentration or at short incubation time. N-decyl and lauryl alcohols
and monocaprin and monolaurin also had significant activities, with about 100- to 1000-fold
reduction after 10 minutes in 10 mM concentration. Studies on virucidal activities at low
pH against VV revealed that lipids became generally more virucidal at pH 4.2 compared
with pH 7, which is in agreement with studies on HSV.

Previous studies by Thormar et al. [74,75] showed that certain fatty acids and monoglyc-
erides were active against VV, which is compatible with these results. However, the data
are not fully comparable since in the earlier study the incubation time was longer, that is 30
minutes. Previous studies on other enveloped viruses, such as HSV, showed that lipids and
the corresponding alcohols with 10- and 12-carbon chain-length were the most virucidal,
especially monocaprin [83]. This is in contrast with the results on VV, where only fatty
acids had high virucidal activites.

Hilmarsson et al.[85] also studied the virucidal activities of alcohols and corresponding
lipids against respiratory syncytial virus (RSV) and human parainfluenza virus type 2
(HPIV2) at different concentrations, times and pH levels. Monocaprin, which has been
found to exhibit broad-spectrum and fast-acting virucidal activities against a number of
enveloped viruses, was also tested against influenza A virus. The comparison of virucidal
activities of fatty alcohols and lipids against RSV showed that eight of the compounds tested
at 10 mM concentration for 10 minutes reduced the infectivity titres up to 4.5 log; or greater.
A good agreement was found between the activity profiles for RSV ATCC (American-type
culture collection) and three recent clinical isolates of RSV. Lauric, palmitoleic and oleic
acids and monocaprin all acted rapidly in 10 mM concentration, causing a significant titre
reduction in only one minute against all RSV strains. The most active monoglyceride tested
was monocaprin, which was still highly active after dilution to 1.25 mM. Lauric acid was the
most active fatty acid and N-decyl alcohol the most active alcohol in lower concentrations
tested for 10 minutes. A generally good agreement was seen in the virucidal activities
of the 10- and 12-carbon compounds against HPIV2 and RSV, and also for monocaprin
tested against influenza A virus in decreasing mM concentrations, which revealed about 10
000-fold reduction in influenza A virus infectivity at 1.25 mM monocaprin in 10 minutes.
By changing the pH from 7 to 4.2, the activities of most of the compounds were greatly
increased at both lower concentrations and shorter incubation times, which is in agreement
with the previous studies on HSV and VV. Thus, lauric acid in 0.62 mM concentration was
fully active against both RSV and HPIV2 at pH 4.2 after 10-minute exposure, whereas it
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had no activity at pH 7. However, there was a distinct difference in the effect of low pH on
the activity of monocaprin and monolaurin against these viruses, since in contrast to RSV
there was no increase in the activity of the monoglycerides against HPIV2 at pH 4.2. These
findings, and the well-established difference in the envelope proteins of RSV and HPIV2,
further supports the hypothesis that the increased virucidal activities of lipids at low pH
are due to ionic changes in the glycoproteins on the surface of the viral envelope somehow
leading to a better access to the lipid bilayer of the envelope.

In an extension of this study, the most active lipids were mixed in 10 mM concentration
with milk products and fruit juices and the mixtures tested for virucidal effects against
RSV. N-decyl alchol, lauric acid, monocaprin and monolaurin were found to preserve their
activities against RSV to varying degrees in such mixtures. The experiments revealed that
all four compounds were fully active in pear juice and monolaurin and monocaprin were
also active in various milk products. The monoglycerides were fully active in pear juice
and apple juice in concentrations as low as 1.25 mM, or about 0.03%. It is notable that
the virucidal activities of the lipid compounds were better maintained in the juices than in
the milk products. Most likely the compounds, particularly fatty acids and alcohols, bind
to proteins and/or lipids in the milk, which may partly block their activity [82].

In the last few decades there has been an increase in research and development of an-
timicrobial agents which could preferably inactivate a number of human pathogens such as
bacteria and viruses. The main reasons for this interest are the growing resistance of mi-
croorganism to known drugs, the worldwide threat of HIV and a possible pandemic caused
by new virulent strains, for example of influenza virus. In addition to specific drugs there
is also a need for new microbicides with less-specific actions against pathogenic microor-
ganisms, which are therefore less likely to lead to the emergence of resistant bacterial or
viral strains. For example, the drugs presently used against RSV and other viruses causing
respiratory infections are only recommended for high-risk children or severely ill infants,
due to efficacy and safety concerns [86, 87]. Therefore, new prophylactic or therapeutic
compounds for general use against respiratory viruses would be desirable. The significant
virucidal activities of fatty alcohols and lipids on RSV and HPIV2 raise the question of
the feasibility of using the most active compounds as ingredients in pharmaceutical for-
mulations against respiratory infections, or as food additives to protect the oral, nasal and
respiratory mucosa of infants against viral infection.

In relation to a possible use of fatty acids as active antiviral ingredients, Loftsson et al.
[88] studied the enhancement of fatty acid extract (FAE) from cod-liver oil on transdermal
delivery of acyclovir, which is an HS V-specific antiviral drug, and the activity of the exctract
against HSV-1. A 1% FAE caused a 50 000-fold or greater reduction in HSV-1 after 10
minutes, while an ointment containing 30% FAE inactivated the virus about 1.5 million-
fold. Also, transdermal studies with variable ointments containing acyclovir showed that
the largest acyclovir flux through the skin of hairless mice was obtained from a cream
vehicle containing 30% FAE and about 30% propylene glycol. These findings suggest that
FAE from cod-liver oil not only enhances skin penetration but might possibly also enhance
the antiviral activity of the formulation.

Regarding safety concerns, lipids have been shown to be toxic to cell monolayers in cell
cultures [30], although antimicrobial formulations containing monocaprin have been found
to be harmless to skin and mucosa. Thus, hydrogels have been formulated which contain
monocaprin at the highly virucidal concentration of 20 mM (0.5%) [89]. They did not cause
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irritation in the vaginal mucosa of mice and rabbits [10,90], in the skin of hairless mice [90]
or in the vaginal mucosa of healthy human volunteers [91], even though they were toxic in
cell culture. It is also noteworthy that monoglycerides of fatty acids are classified as GRAS
(generally recognized as safe) by the United States Food and Drug Administration and are
approved as food additives by the EU (E471).

3.3.4 Antiviral Mechanism of Lipids

Several attempts have been made to elucidate the mechanism behind the antiviral effects
of fatty acids and monoglycerides. Sedimentation analysis of bacteriophage ®6 inactivated
by lipids showed that treatment with 10 pg/ml oleic acid for 30 minutes resulted in the loss
of the viral envelope, whereas 50 pg/ml caused a complete disruption of the virus particle
[76]. Another study, investigating the viral particles of mouse mammary tumour virus after
inactivation by the cream fraction of human milk, also showed degradation of the viral
envelope [70]. In yet another report [74] the effect of fatty acids on VSV particles was
studied using negative staining and electron microscopy (EM). It was demonstrated that
0.5 mg/ml of linoleic acid partly disrupted the viral envelope and that it was completely
disintegrated by 1 mg/ml of this particular fatty acid (Figure 3.3). The effect of human milk
and linoleic acid on Vero cells was analysed by studies of the cells with SEM [74]. The
cell monolayers were completely disintegrated by linoleic acid, as well as by antiviral milk
samples.

As mentioned earlier, micromolar concentrations of linoleic acid reduced the infectivity
of enveloped viruses without showing toxicity to animal cells [80]. Further studies by Kohn
and coworkers showed that the loss of infectivity was due to disruption of the lipoprotein
envelope of these virions, as observed in an EM. Thus, treatment of Sendai and Sindbis
viruses with 10 pg/ml of linoleic acid for five to eight minutes caused damage or destruction
of the viral envelopes. Kohn and coworkers further concluded that since naked viruses
lacking host cell-derived envelope are unaffected by unsaturated fatty acids, the envelope
must be the target of the virucidal activities of fatty acids. They suggested that the effect of
polyunsaturated fatty acids on enveloped viruses is due to a decrease in the rigidity of the
biological membranes, which can destroy the viruses by dissolving their envelopes [80,81].

Hilmarsson et al. [83] found a distinct difference in the activities of medium-chain mono-
glycerides against HSV, monocaprylin and monomyristin being markedly less effective than
monocaprin and monolaurin upon contact for one minute. To further address this matter,
a series of monoglycerides with chain lengths ranging from 8 to 12 carbons were tested in
10 mM concentration in one minute against HSV-1. Both monocaprin (10 : 0) and nonanoic
acid monoglyceride (9 : 0) were fully active and reduced the virus titre 100 000-fold, while
monocaprylin (8 : 0), undecanoic acid monoglyceride (11 : 0) and monolaurin (12 : 0)
showed about 10 000-fold reduction. Thus, monoglycerides with 9- or 10-carbon chain
length were highly virucidal in 10 mM concentration against HSV-1 in a short time, and
addition or reduction of one carbon in the chain length seemed to reduce their virucidal
activities [unpublished data]. Thus, a direct comparison of the virucidal activities of a series
of saturated monoglycerides with increasing chain lengths suggests a possible relationship
between the chain length and the thickness of the viral envelope. A difference in glyceride
solubility is a less likely explanation of the difference in virucidal activity, since both
monocaprylin (8 : 0), with the shortest chain length and highest solubility, and monolaurin
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Figure 3.3 Electron micrographs of negatively stained particles of vesicular stomatitis virus
incubated at 37 °C for 30 minutes in (a) maintenance medium, showing normal intact particles
covered with spikes, (b) 0.5 mg/ml linoleic acid, showing that the viral envelopes are no longer
intact, allowing penetration of stain into most particles, and (c) 1 mg/ml linoleic acid, showing
virus particles in various stages of disintegration. Bar, 0.1 um. (Reprinted from [74] with
permission from American Society for Microbiology.)

(12 : 0), with the longest chain length and lowest solubility, were less active than
monocaprin (10 : 0).

Exactly how lipids inactivate viruses is unknown, but it has been shown that fatty acids
cause disintegration of the bilayer lipid envelope [70, 74,76, 80, 81]. Medium- and long-
chain alcohols may act in a similar way; that is, penetrating the envelope of the virus by
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hydrophobic effect, making it permeable to small molecules and thus inactivating the virus.
The greater activities of 10- and 12-carbon saturated alcohols and lipids compared with other
chain lengths, the higher activities of long-chain unsaturated versus saturated lipids, and
the generally higher activities of monoglycerides than the corresponding fatty acids at low
concentrations are all notable and have been found for both viruses and bacteria [20,74,75].
Possibly the different activities can be explained by a difference in the degree of penetration
into lipid membranes due to the chain length of a lipid compared with the thickness of the
membrane, as suggested by the effect of 8- to 12-carbon monoglycerides on HSV.

A different antiviral effect has been described for fatty acids, particularly lauric acid,
against two enveloped viruses, Junin virus and VSV. In both viruses, micromolar concen-
trations of lauric acid significantly reduced the virus yield by altering the virus production.
This was apparently due to stimulation of triacylgycerol production and increased incor-
poration into the host cell membrane, leading to decreased insertion of viral glycoproteins
and inhibition of virus maturation and release [92,93].

3.4 Antifungal Activities of Fatty Acids and Monoglycerides

3.4.1 In Vitro Studies

Studies of the effect of acids, including acetic acid, on fungi go back to the work of Clark
in 1899 [94] on the germination of a number of different moulds such as Aspergillus and
Penicillium. Kiesel in 1913 [95] reported studies on the effect of fatty acids and their salts
on the development of Aspergillus niger which showed that the activity of saturated fatty
acids increased with the length of the carbon chain up to 11 carbon atoms. A few studies
published in the early 1930s mostly confirmed his work.

Hoffman and others in 1939 [96] studied the fungistatic properties of fatty acids in
buffered agar medium seeded with a mixed mould culture, mostly of Aspergillus, Rhizopus
and Penicillium spp. obtained from mouldy food products. The agar plates were incubated
for 48 hours at 37.5 °C and then observed for mould growth. All of the natural fatty acids
containing from 1 to 14 carbon atoms were tested over a pH range of 2 to 8, as well as
some unsaturated acids and isomeric forms. All of the saturated acids markedly inhibited
mould growth and the activities varied with the pH and the chain length. All acids with
chain lengths of 6 carbon atoms or lower were most active at pH <5, whereas the activities
of acids with chain lengths of 7 to 12 carbon atoms were highest at pH 7 to 8. The isomeric
forms were generally less active than the corresponding natural acids, but unsaturation
increased the fungistatic activity of an acid and the effective pH range, as was found for
the unsaturated 11-carbon hendecenoic acid (undecylenic acid).

Wyss and coworkers in 1945 [97] studied fungistatic and fungicidal actions of fatty
acids and related compounds on Trichophyton and Aspergillus. The fungistatic effect was
tested by growing the fungus in a medium containing the test compound. The compound
concentration which just fully inhibited growth was measured. The fungicidal activity was
measured by adding spore suspensions into solutions containing the prospective fungicidal
compound. Samples were removed at intervals and tested for surviving spores. The results
on the fungistatic actions were in agreement with the findings of previous workers in that
the effect of fatty acids on both fungal species increased with the chain length, up to the
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point where solubility became the limiting factor. Unsaturated fatty acids were more active
than the corresponding saturated acids. For Aspergillus the optimum chain length was 11
carbon atoms, whereas for the more sensitive Trichophyton spp. it was 13 to 14 carbon
atoms. The fungistatic activity of the fatty acids increased with decreasing pH between
4.5 and 7.5, particularly for the short-chain acids. Undecylenic acid was found to be one
of the most fungistatic fatty acids for all of the species tested and was most active at
pH 5.5 against Trichophyton spp., which are a common cause of skin infections such as
athlete’s foot. The fungicidal activity of this unsaturated 11-carbon atom fatty acid was
tested against Trichophyton interdigitale at pH 6.5 and 37 °C. The acid, in a concentration
of 0.2%, killed 100 000 fungous spores in five minutes, but the killing time increased at
lower concentrations.

The question of the difference between fungistatic and fungicidal action was addressed
by Grunberg [98], who argued that these terms had been used too loosely in the past.
According to his distinction, a fungistatic compound is one which inhibits or prevents the
growth of fungi, while a fungicidal compound has a much more final effect in that it kills
the fungi. Admitting that in some cases it may be difficult to differentiate between the
two actions, he nevertheless developed methods designed to distinguish between inhibition
and killing of fungi caused by chemotherapeutic agents in vitro. These methods were
used to study the action of a series of acids from formic acid (1 : 0) to caprylic acid
(8 : 0) against strains of Trichophyton gypseum and Trichophyton purpureum at various
pHs. The results were mostly in agreement with previous studies by others, such as that
both fungistatic and fungicidal actions of the fatty acids increased with the carbon chain
length and decreased with an increase in pH. No appreciable difference was observed
in the fungistatic and fungicidal effects of fatty acids against the two different strains of
Trichophyton, although infections due to T. purpureum were more resistant to therapy than
those caused by 7. gypseum. Two important conclusions were drawn from this study, namely
that the activity of the fatty acids was due to the undissociated molecules rather than to the
ions and that emulsions of the higher fatty acids were more active than solutions at alkaline
pH. This was explained by the fact that microorganisms tend to clump around globules of
fatty acids in an emulsion, where their concentration is higher than in a solution.

Chattaway and his coworkers [99] studied the inhibiting effect on endogenous respiration
of Microsporum spp. caused by saturated fatty acids of chain lengths ranging from 2 to 14
carbon atoms. The fatty acids strongly inhibited the respiration and the effect increased with
the chain length and with decreasing pH, indicating that the undissociated form was most
active. Release of soluble cell constituents from mycelium of Microsporum canis, caused
by treatment with a fatty acid, was also measured. It was most rapid at low pH and correlated
with the respiratory inhibition. Both effects were closely analogous to those found by Wyss
et al. [97] for the fungistatic and fungicidal activity of fatty acids on Trichophyton.

Prince in 1959 [100] studied the effect of undecylenic acid and its calcium salt on the
growth and respiration of various dermatophytes, such as Trichophyton and Microsporum,
at various pHs. The acid and its salt were equally active at pH 4.5 to 6.0. The activity
decreased at higher pH, more for the salt than for the acid. This pH effect was in agreement
with data from other investigators, who had shown that the antifungal activity of fatty
acids and their salts is greatest at low pH, where ionization is repressed. This supports
the hypothesis that the undissociated fatty acid is the molecule most responsible for the
antifungal effect.
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Figure 3.4  Effects of capric acid on the ultrastructure of C. albicans as demonstrated by TEM
of ultrathin sections of yeast cells. (a) Cell from the control sample with intact cytoplasm,
nucleus (N), vacuoles (V) and mitochondria (M). (b) Cell from samples treated with 10
mM capric acid for 30 minutes, demonstrating disorganization of the cytoplasm. No visible
changes are seen in the shape or size of the cell wall. (Reprinted from [102] with permission
from American Society for Microbiology.)

Candida albicans exhibits two cell morphologies: the round planktonic form, which
functions in the spread of the yeast, and the elongated hyphae, which are the virulent
form of C. albicans associated with active infection. Recent studies [101] have shown that
undecylenic acid inhibits the appearance of germ tubes, which are the first hyphal formation
emerging from a planktonic cell, at concentrations that do not inhibit cell proliferation. The
acid therefore showed a specific inhibiting action on the morphogenesis of C. albicans,
possibly through inhibition of enzymes involved in lipid metabolism. Bergsson ez al. [102]
studied the fungicidal effect of fatty acids and monoglycerides on the planktonic form of
C. albicans and showed that 10 mM capric acid caused a more than 6 log;o reduction
in viable cell number in 10 minutes. Lauric acid in lower concentrations also killed the
yeast cells in large numbers after contact for 30 minutes. An EM examination of cells of
C. albicans killed by capric acid showed disorganization of the cytoplasm, whereas no
changes were seen in the shape of the cell wall (Figure 3.4). Undecylenic acid was not
tested in this study.

In the late 1930s and the 1940s there was considerable interest in the antimycotic
activity of fatty acids and related compounds, particularly in connection with treatment
of dermatophytoses. These are fungal infections caused by dermatophytes, which is a
common name for fungi that cause infections of the skin (ringworm), hair and nails in
animals and humans, such as species of Trichophyton, Microsporum and Epidermophyton.
Thus, at the First Annual Meeting of the Society for Investigative Dermatology held in
New York in 1938, Peck and Rosenfeld [103] reported a comprehensive study on the effect
of hydrogen ion concentration, fatty acids and vitamin C on the growth of dermatophytes
in culture medium, particularly of Trichophyton gypseum, which is a pathogenic fungus
causing dermatophytosis in the hair, skin and nails of humans. After determining that the
fungus grew well in vitro at pH ranging from 4.0 to 10.0, Peck and Rosenfeld studied the
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fungicidal effect of low-carbon fatty acids, beginning with formic acid with one carbon
atom and concluding with capric acid with 10 carbon atoms. All of the fatty acids studied
had fungicidal effect at pH above 4.0, but differed in activities. The acids with an odd
number of carbon atoms tended to be more fungicidal than acids with even numbers, the
most powerful being valeric acid with five carbon atoms. The branched-chain isomers,
which are not found in nature, were less fungicidal than the corresponding natural fatty
acids and, with one exception, the sodium salts were less fungicidal than the corresponding
acids. The unsaturated 11-carbon undecylenic acid, derived from castor-bean oil, was also
studied and found to be almost as fungicidal as valeric acid. In contrast to sodium salts
of other acids studied, sodium undecylenate was much more active than the acid, possibly
due to its increased solubility. The undecylenate was the most fungicidal lipid tested in this
study, not only against Trichophyton gypseum, but also against Epidermophyton inguinale
and Monilia albicans. It was concluded that there is a definite relationship between structure
and fungicidal action of fatty acids and that a double bond is probably important for the
activity.

It had previously been observed that sweat had fungicidal properties, which seemed to
be due to its content of fatty acids. Several of the fungicidal acids were shown to be present
in sweat, such as acetic (2 : 0), butyric (4 : 0), caproic (6 : 0), caprylic (8 : 0) and probably
capric (10 : 0) acid. In the discussion following his presentation at the meeting, Peck
emphasized their possible role in the natural fungicidal action of sweat and the possibility
of using some of these acids as therapeutic agents in a more physiological method of
treating fungal infections. He proposed an interesting idea for treatment, namely ingestion
of foods containing these fatty acids, or even some of the acids themselves, which from a
theoretical point of view might increase the content of these substances in sweat and thus
create a ‘natural protective mantel’.

In a later publication [104], Peck and his coworkers studied the fungicidal effect of
human sweat on three dermatophytes, Trichophyton gypseum, Epidermophyton inguinale
and Monilia albicans. Small amounts of sweat were collected from the skin of people sitting
for an hour under a carbon-filament lamp. Filtered sweat was added to Sabouraud’s bouillon
in quantities of 10 to 90%. Fifty per cent and higher concentrations of the heat sweat at pH
<7 prevented growth of 7. gypseum in the bouillon. Large quantities (275 to 340 ml) of
perspiration were also collected from people sitting for hours inside a bag at a temperature
of 41 °C. After being alkalinized by addition of sodium hydroxide, this sweat, which was
much more dilute than normal sweat, had no activity against 7. gypseum. Under normal
conditions, evaporation of sweat from the skin tends to concentrate its ingredients. The
collected sweat was therefore evaporated to dryness and a series of tubes of Sabouraud’s
bouillon containing from 1 to 10% of dry sweat was prepared. A 1% concentration of
sweat had no effect on the growth of T. gypseum, whereas 4 to 7% completely inhibited
the growth, depending on the sweat samples, which were either from single individuals or
pooled. An analysis of two of the samples revealed similar amounts of acetic and propionic
acids (3 : 0), whereas there was a considerable difference in the contents of caproic and
caprylic acids.

The fungicidal action of individal constituents of sweat against 7. gypseum was deter-
mined in bouillon cultures. Caproic acid was by far the most active in low concentrations,
whereas formic, acetic, propionic, butyric and caprylic acids were all equally active, but
less so than caproic acid. With the exception of sodium propionate, and to a certain extent
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sodium butyrate, the sodium salts were much less fungicidal than the corresponding acids.
The activities of the sodium salts had to be considered because, depending on the pH on the
surface of the skin, the sweat might be alkalinized and the acids thus converted into salts.
This might make the sweat less fungicidal, although sodium propionate was equally active
as the acid. Lactic acid (2-hydroxypropanoic acid), and particularly sodium lactate, were
found to be much less fungicidal than the fatty acids and their salts. However, in view of the
relatively large concentration of lactic acid in sweat, it might be of practical importance as
a fungicide. M. albicans was much more resistant than 7. gypseum to any of the fungicides
present in sweat, whereas E. inguinale was generally more susceptible than 7. gypseum.

3.4.2 In Vivo Studies

Because sodium propionate was found to be equally as fungicidal as its acid, it was
tested therapeutically against various types of fungous infection in clinical trials [104]. The
preparations tested were an alcoholic solution containing 10% propionate, a powder and
an ointment containing 15% propionate. An alcoholic solution containing low amounts
of propionic, butyric, caprylic, lactic and ascorbic acids was also used. Application of
these preparations, given alone or in combinations, gave satisfactory results and led to
either healing or improvement, depending on the condition treated. Tinea cruris (jock itch)
responded well, as did other infections caused by E. inguinale and T. gypseum. The solution
containing a mixture of compounds seemed to give the best results. Ringworm of the scalp,
caused by Microsporum audouini, was not affected by any of the preparations; nor was
epidermophytosis of the feet caused by T. purpureum.

The authors speculated about the role of sweat as a natural protective film on the skin
against fungous infections. It had been suggested by other investigators that the hydrogen
ion concentration of the sweat is in itself important in protecting the skin against infections
and that the alkaline pH on some areas of the skin could explain their apparent susceptibility
to pathogenic fungi. Arguing against this opinion, Peck and his coworkers [104] claimed
that the pH effect is due to the fact that the acids in sweat are less fungicidal at alkaline
pH and, more importantly, are changed into alkali salts, which are less fungicidal than the
free acids. Quoting the work by other investigators who had studied the distribution of
sweat on the surface of the body, Peck and his coworkers pointed out that areas such as the
axillas, where sweating is profuse, are normally free of fungous infections, which attack
the skin outside this area. In the groin, where fungous infections (tinea cruris/jock itch) are
more common, there is relatively little sweat. The distribution of sweat on the feet was also
considered in relation to fungous infection. There is little actual sweat between the toes and
the moisture which is common in this area may cause maceration of the skin but has little
fungicidal activity. As is commonly known, this area is an ideal location for fungal growth.
From their own results and those of others, Peck and his coworkers suggested that there is
arelation between the localization of fungous infection and the distribution of sweat on the
surface of the body. Areas with the greatest concentration of sweat seem to be less prone
to infection by fungi. According to this view, topical application of fungicidal ingredients
of sweat would make sense as a treatment for some of these infections, as is also indicated
by the results of the clinical experiments described in the paper. The authors proposed this
type of treatment as a physiologic approach to therapy which might cause less irritation
and complicating sequelae than treatment with other, less natural fungicidal agents. Thus,
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this form of therapy would simply augment the natural fungicidal action of the sweat. In
their paper, the authors again proposed their idea of increasing the fungicidal elements in
sweat, either by consumption of certain foods or by administration of fatty acids or their
salts in concentrated form, either orally or parenterally.

In 1945, Shapiro and Rothman [105] published a paper on the treatment of dermatomy-
coses (dermatophytoses) with undecylenate ointment containing 20% zinc undecylenate
and 5% undecylenic acid. In a group of 113 patients with dermatomycosis of the feet, 86%
achieved complete clinical cure within four weeks of treatment regardless of the species
of causative fungi, which included Trichophyton, Epidermophyton and Monilia. This was
slightly superior to older standard preparations used in treatment of this condition, but in
contrast to them the undecylenate ointment was nonirritating. A rapid clinical cure with a
complete absence of irritation of the skin was also observed in patients with tinea cruris
and tinea axillaris. Treatment of ringworm of the body (tinea corporis) and the scalp (tinea
capitis) was less successful. In general, treatment of intertriginous skin had a more favor-
able effect compared with treatment of skin of nonintertriginous regions. The fact that the
undecylenate ointment was strongly fungicidal and at the same time nonirritating to the
skin was considered its main virtue.

Based on previous in vitro studies, which showed that sodium caprylate is particularly
effective against Monilia albicans (Candida albicans), Keeney in 1946 [106] treated monil-
iasis (candidiasis) of the skin and mucous membranes with preparations of this fatty acid
sodium salt. In this clinical study, children with oral thrush were successfully treated with
a 20% aqueous solution of caprylate. An adult female patient was treated with 10% capry-
late ointment for extensive cutaneous moniliasis and with 10% caprylate vaginal jelly and
talcum for vaginal moniliasis. Both treatments were effective but the vaginal preparations
caused irritation, particularly the jelly.

Neuhauser and Gustus in 1954 [107] addressed the problem of the increased number of
cases with intestinal infections due to Candida albicans. Large numbers of this organism
appeared in the faeces of patients treated with antibiotics, because of a change in the normal
intestinal flora caused by these antibacterial drugs. Although they most often disappeared
upon discontinuation of antibiotic therapy, the fungous infections became chronic in some
cases, with more or less severe symptoms and large numbers of C. albicans in the faeces, and
sometimes with fatal outcome. Because oral administration of undecylenic acid had recently
been successfully used to prevent monilial complications caused by the use of antibiotics,
Neuhauser and Gustus decided to attempt to treat a seriously ill patient with a saturated
complex of undecylenic acid and an anion-exchange resin. Such resins, in the form of a
powder, had been successfully used for a number of years as carriers in the administration
of gastrointestinal drugs, releasing the drug continuously at a controllable rate. Before
giving the complex to the patient, each of the authors took large doses of the powdered
product by mouth without experiencing any ill effects. The patient recovered fully from
the intestinal moniliasis after being treated over a period of time. Generalized moniliasis
of the skin was successfully treated at the same time with an ointment consisting of 10%
calcium propionate and 10% sodium propionate. In order to determine whether other fatty
acid-resin complexes were active against C. albicans, in vitro tests on Sabourauds’s agar
were carried out. Of all the fatty acid-resins tested, the caprylic acid—resin complex was
found to be the most active in preventing the growth of C. albicans on agar medium. It was
markedly more active than the undecylenic acid—-resin, both at acid and at slightly alkaline
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pH. Treatment of several patients with caprylic acid-resin complex resulted in complete
recovery from intestinal moniliasis without any undesired side effects. The recovery was
more rapid than following treatment with undecylenic acid-resin.

Rothman and coworkers in 1946 and 1947 [108, 109] studied ringworm of the scalp hair,
which was endemic among school children in the United States. This condition, which is
caused by the fungus Microsporon audouini, clears up spontaneously during puberty and
the scalps of adults are not susceptible to it. From clinical observation it had been known that
under the influence of sex hormones during puberty the sebacious glands and their secretion
changed profoundly, and there was a greatly increased amount of sebum on the scalp of
adults, with a change of odour. Hypothesizing that the spontaneous cure of ringworm of
the scalp during puberty was due to changes in the chemical composition of sebum, the
fungicidal properties of adult hair fat were investigated and compared with those of hair
fat from children. In the beginning, hair sweepings were collected from neighborhood
barber shops, excluding children’s hair. Ether extracts of the adult human hair were found
to contain lipids which inhibited the growth of M. audouini on culture media, but were 10
times less active against Trichophyton and other pathogenic fungi which infect the hair of
adults. The fungistatic action of lipids extracted from the hair of children under 11 years
of age was more than five times less than that of adult lipids, as tested for prevention of
M. audouini growth on Sabouraud’s agar. A preliminary fractionation of the lipids showed
that the free fatty acid components had the strongest inhibitory activity, and that a small
fraction containing short-chain saturated fatty acids was the most active and prevented the
growth of M. audouini on the agar medium in concentrations of 0.0002 to 0.0005%. It was
shown that this threshold concentration of the fatty acids, which completely inhibits the
growth of fungi, was likewise fungicidal.

With a possible therapeutic treatment in mind, Rothman and coworkers collected 45 kg
of adult hair from more than 10 000 haircuts in large downtown barber shops. An ether
extraction yielded 230 grams of free fatty acids, of which acids with chain lengths of 7,
9, 11 and 13 carbon atoms were 2.2 grams or about 1%. The 9-carbon pelargonic acid
was prominent in this most active fraction. The more abundant, higher-molecular-weight
fractions consisted of straight-chain saturated and unsaturated fatty acids with up to 22
carbon atoms, either odd- or even-numbered. The authors stated that human hair fat was, at
that time, the only known natural source of straight-chained fatty acids with odd numbers of
carbon atoms, with the exception of formic and propionic acids. However, odd-numbered
acids with branched chains had previously been found in wool fat. As shown by Peck
et al. [103], acids containing odd numbers of carbon atoms are more fungistatic than even-
numbered acids, and this was strongly evident in the high activity against M. audouini of
acids with 7 to 13 carbon atoms.

Therapeutic trials on children with ringworm of the scalp were carried out in which total
hair fat, the most active fatty acid fractions, and pelargonic acid and its equally fungicidal
sodium salt were all applied to the scalp by various methods. No therapeutic effect was
obtained. This was shown to be due to the fact that neither fatty acids nor their salts were
able to penetrate the keratin and therefore they could not reach the fungal spores inside the
hair. However, it was suggested that local treatment of exposed but noninfected children
might prevent the spread of this fungal disease in crowded facilites, such as in schools
and orphanages. The glabrous skin of adults is not immune to M. audouini infections and
adults who take care of children with ringworm of the scalp are exposed to the infection on
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other parts of their body. Apparently, the concentration of the active acids on the glabrous
skin is below the critical level needed to protect against M. audouini, possibly because the
sebacious glands are smaller there than on the scalp.

The most notable result of this study was the finding that with onset of puberty the
sebaceous glands of the scalp begin to secrete a sebum containing an increased amount of
highly fungistatic and fungicidal fatty acids with a selective activity against M. audouini,
which makes adults naturally immune to infections by this fungus. This adult type of fat
diffuses into the follicular canals and prevents infection of new hairs, which grow out
following the shedding of old infected hairs. Consequently, this natural cure in puberty is
a very slow process. This process is an example of the role of lipids in the natural defence
against infections. Normal saturated fatty acids are thus fungicidal agents used by nature.
Although only about 2% of the total fatty acid contents of the hair had a significant role in
the immunity of adults to M. audouini, the remaining 98% were considered to be important
in the physiology of the sebacious gland secretion, particularly in view of its complex
mechanism and great number of specific products.

Following the study of Rothman and his coworkers, Perlman in 1949 [110] attempted
treatment of children with ringworm of the scalp by oral administration of undecylenic
acid in doses of 1 gram given three times daily. The treatment was unsuccessful and was
discontinued. On the other hand, patients with chronic psoriasis and neurodermatis showed
improvements after treatment with undecylenic acid for varying periods of time, with
disappearance of lesions and relief of itching. The dose of 5 grams given three times daily
caused no harmful effects but only some unpleasant side effects.

Between 1977 and 1983, several studies were carried out to evaluate the efficacy of
undecylenic acid preparations in topical treatment of tinea pedis (athlete’s foot) and of
dermatophytoses of the glabrous skin and groin [111-115]. Treatments with ointments and
powders containing either undecylenic acid or zinc undecylenate were found to be safe and
effective and comparable to a common fungicidal cream. Desinex cream and a number of
other preparations containing undecylenic acid as the active ingredient are on the market
as over-the-counter antifungals [116].

3.5 Conclusions

In vitro studies have shown that microbes vary greatly in their susceptibility to microbicidal
lipids: some are killed in a short time at low lipid concentration, others in a longer time
or at higher concentrations. Which lipids are the most active against each bacterium, virus
or fungus is also variable. Unsaturated fatty acids and medium-chain saturated fatty acids
and their monoglycerides are generally most active against pathogenic bacteria and viruses
and kill them rapidly and in large amounts on contact, whereas low- to medium-carbon
fatty acids and their salts are in many cases active against fungi. The microbicidal action
of lipids is affected by pH, the activity generally being higher in acid environment than at
neutral or alkaline pH.

Several studies suggest that lipids, especially unsaturated fatty acids, play a role in
the natural defence against bacterial infections in skin and mucosal membranes and that
short- and medium-chain fatty acids in sweat are protective against fungal infections.
Although a few attempts have been made to treat bacterial and viral infections in skin and
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mucosa with pharmaceutical formulations containing microbicidal lipids it has not yet been
shown that such formulations are helpful in treatment or prevention of bacterial and viral
infections in animals or humans. On the other hand, experiments have shown that treatment
with formulations containing medium-chain fatty acids, particularly undecylenic acid and
salts thereof, has a therapeutic effect in several types of fungal infection. Pharmaceutical
dosage forms, such as creams, ointments and powders, are available as over-the-counter
antifungals.
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4.1 Introduction

Milk is not only a vehicle which delivers nutrients to the newborn, but also a natural func-
tional food. It transports molecules and cells that are part of the secretory immune system
and plays an important role in innate defence by protecting mucosal surfaces from infection
[1]. Milk lipids are a class of molecule that have broad-spectrum antimicrobial activity in
addition to their nutritional value. The antimicrobial activity of lipids, in particular fatty
acids, has been studied since the late nineteenth century [2, 3]. Lipid-dependent antimicro-
bial activity delivered in milk to the neonate results from the release of antimicrobial fatty
acids and monoglycerides from milk triglycerides. These triglycerides are present in milk
fat globules and represent 98% of the milk fat [4-6]. Monoglycerides, diglycerides and
ether lipids are present in trace amounts. The triglyceride core of the milk fat globule is
surrounded by a membrane of polar lipids, which prevents hydrolysis of the triglycerides
by lipases in milk [7], and therefore human milk lipid-dependent antimicrobial activity is
released by lipases in the infant’s gastrointestinal tract [8]. The same is true for bovine
milk. The digestion products of bovine milk triglycerides and membrane lipids inacti-
vate Escherichia coli 0157 : H7, Salmonella enteritidis, Campylobacter jejuni, Listeria
monocytogenes and Clostridium perfringens [9-12].

Milk lipids are not unique in possessing antimicrobial activity. Human epidermis-derived
skin lipids, especially free fatty acids, have been found to inactivate bacterial pathogens,
for example Staphylococcus aureus [13—17]. Studies at other mucosal surfaces showed that
lung surfactant from humans, dogs, rats and guinea pigs contained free fatty acids that were
bactericidal for pneumococci [18-20]. Inhaled pneumococci were killed extracellularly
in rats [19] and the antibacterial activity resided in long-chain polyunsaturated free fatty
acids in lung surfactant. Fractionation of porcine intestinal lipids showed that antibacterial
activity against Clostridium welchii was primarily due to the activity of long-chain
unsaturated fatty acids [21].

Free fatty acids isolated from nine species of brown algae [22] inactivated Gram-positive
and Gram-negative bacteria. In another study examining Caribbean marine algae [23], over
70% of the lipid extracts from approximately 100 algae tested had antibacterial activity.
Fatty acids and their antimicrobial derivatives not only have a protective role in milk and
at mucosal surfaces of vertebrates but also appear to be utilized by simpler eukaryotes for
antibacterial activity.

Lipids are one of a number of ‘nonspecific’ protective factors present in milk which
function at mucosal surfaces [24,25]. These ‘nonspecific’ protective factors are part of an
innate defence system that phylogenetically precedes the adaptive immune system — the
antibodies — and which is found solely in vertebrates [26]. In addition to lipids, nonspecific
protective factors in milk include lactoferrin, lactoperoxidase, lysozyme, receptor oligosac-
charides and antimicrobial peptides [3, 24,25,27-32]. Nonspecific protective factors such
as lipids can prevent or inhibit the establishment, multiplication and spread of pathogenic
microorganisms in the host [33]. In fact, microbial inactivation measured using individ-
ual purified antimicrobial factors may underestimate their in vivo effectiveness because
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antimicrobial factors in milk interact, for example sIgA, peroxidase and lactoferrin produce
synergistic antimicrobial activity [34-36]. Further, studies that examine the antimicrobial
potential of milk may not provide a complete measurement of its full protective activity,
because the issue of co-infection is not addressed [37]. One pathogen may disrupt mucosal
barriers, suppress the immune system or provide molecular cofactors, thereby facilitating
the spread of a second infectious agent that would not establish, or as frequently establish,
an infection by itself. Conversely, protective factors in milk, such as lipids, may indirectly
reduce transmission of one pathogen by preventing another pathogen from establishing a
successful infection. In summary, our present picture of the mechanisms by which human
milk protects the suckling infant likely underestimates its antimicrobial potential.

4.2 Occurrence

4.2.1 Biosynthesis

The lipids in human milk (3 to 5%) occur as globules emulsified in the aqueous phase (87%)
[5]. The globules contain nonpolar core lipids such as triglycerides, cholesterol esters and
retinol esters. They are coated with bipolar compounds which form a loose layer referred
to as the milk lipid globule membrane (MLGM). The MLGM prevents the globules from
coalescing and acts as an emulsion stabilizer. The globules provide a large surface area for
lipolytic enzymes in the gastrointestinal tract, facilitating lipolysis of milk triglycerides.

The lipid-dependent antimicrobial activity in milk is primarily present in two groups
of fatty acids and their derivatives, which are released from milk triglycerides following
lipolysis in the digestive tract: the long-chain unsaturated fatty acids and the medium-chain
saturated fatty acids. The origin of fatty acids in milk is threefold: the diet, mobilization
of endogenous stored fatty acids and synthesis in the mammary gland [S5]. The relative
proportion of milk fatty acids from each of these sources is dependent upon the mother’s
diet [38,39]. Maternal diets which are high-energy and low-fat stimulate the production
of milks with relatively high amounts of medium-chain fatty acids [39—41] as a result
of increased medium-chain fatty acid synthesis in the mammary gland. Therefore, even
when the fatty acid composition of human milk triglyceride varies as a result of diet [38],
there will always be a sufficient concentration of antimicrobial fatty acids to inactivate
susceptible pathogens. To measure the level of milk antimicrobial lipids, the lipid fraction
can be extracted using chloroform-methanol (2 : 1), the extract dried and taken up in ethanol
[42], and the extracted lipids can be tested against susceptible microorganisms.

4.2.2 Quantitative Assays

Lipids present in human milk can be quantified using methods developed and modified
by Jensen et al. [43]. Lipids from other sources can be extracted as described above and
quantified using thin-layer chromatography and flame ionization detection [44]. The method
used to determine antimicrobial activity varies with the organism of interest.

4.2.2.1 Measurement of Antibacterial Activity

The minimum microbicidal concentration (MCC) assay is the current standard to determine
the minimum concentration of lipid (or any antimicrobial agent) required to kill 99.99% of
test organisms in 30 minutes [45,46]. After various times of direct exposure to lipid in the
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in vitro assay, the organisms are tested for viability by inoculating them into the appropriate
growth medium.

4.2.2.2 Measurement of Antiviral Activity

Antimicrobial lipids in milk inactivate enveloped viruses [8,47-50]. Virucidal activity can
be determined by incubating infectious virus particles in the presence of lipid and then
determining the reduction in virus titre by plating the virus on susceptible cell cultures [47].
The decrease in virus titre is determined either by determining the cytopathic endpoint on
96-well tissue-culture plates [42] or by using a plaque assay [51].

The two main in vitro assay methods used to quantify infectious virus rely upon ei-
ther cytopathic effect (CPE) [52] or formation of plaques [53]. The cytopathic endpoint
titration with determination of the 50% tissue culture infective dose (TCIDsg) has several
advantages in that the scoring of wells as positive or negative can be more reliable and less
time-consuming than counting plaques. Plaque assays have the advantage of producing a
countable event (plaques) that increases with virus dose. The major disadvantage of plaque
assays is that they typically have a very limited linear range. Test results producing plaque
counts on either the high or low end of the linear range due to unexpected viral recovery
or inactivation can lead to a successive-approximation approach which can be costly and
time-consuming. Initial screening assays using endpoint titration can then be followed by
plaque assay to obtain a more precise count.

Panels of clinical isolates and laboratory strains [54] can be titrated as previously de-
scribed. The virus can be titrated by inoculation of 10-fold dilutions into monolayers of
cells in 96-well microtitre tissue-culture plates. A virus dilution (0.1 ml) in maintenance
medium (RPMI 1640, 1% foetal calf serum) can be inoculated into each well, with four
wells per dilution. The plates are kept for two to seven days and examined daily for CPE.
Virus titres are calculated by the method of Reed and Muench [52].

In the CPE assay, approximately 10° TCIDss are mixed with maintenance medium. Pure
antiviral compounds, or controls, are added and the mixture is incubated at 37 °C for 1 to 30
minutes. Virus mixed with the medium without added compounds serves as a control. After
incubation, the infectivity of each mixture is titrated by the serial dilution endpoint method.
Dilutions (10-fold) are made in maintenance medium. The 1072 to 107> dilutions are
inoculated into monolayers of cells and the virus titres are determined as described above.
The difference between the titre (log;o) of the control virus and the titre of sample—virus
mixture — the reduction of virus titre — is used as a measure of antiviral activity.

In the plaque assay, cells are seeded in 24-well plates using 10% foetal calf serum in
RPMI 1640 medium and incubated at 37 °C in 5% CO,. The medium is aspirated from the
monolayer cultures and virus is inoculated on to cells. After one hour, the cells are washed
three times with medium, and agar-medium overlay is dispersed on to each well. Plates are
incubated at 37 °C for 48 hours and the cultures are then examined macroscopically and the
plaques counted. Only wells with 20 to 100 plaques are used to determine the viral titre [53].

4.3 Molecular Properties

4.3.1 Lipids in Milk and Plant Oils

The major commercial source of antimicrobial fatty acids that are also found in milk is
plant oils. These are primarily coconut, soy, palm, and high oleic safflower oils. Coconut
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Figure 4.1 The structures of a fatty acid, a monoglyceride ester and a monoglyceride ether.

oil is a major source of lauric acid (12 carbons), which is a medium-chain fatty acid with
strong antimicrobial activity [2,55]. The other plant oils are excellent sources of long-chain
unsaturated fatty acid with antimicrobial activity. Antimicrobial fatty acids can be purchased
commercially from a number of different suppliers. Antimicrobial monoglycerides in milk
have ester linkages between the fatty acid and the glycerol backbone. This linkage can be
replaced with an ether linkage using well-established methods of synthesis and provides a
more stable compound with equal or greater antimicrobial activity [46,49, 56].

4.3.2 Dependence of Antimicrobial Activity on Chain Length, Saturation and pH

The antimicrobial activity of short-chain fatty acids is due to the undissociated molecule
and not the anionic form of the molecule [2,57] and therefore their antimicrobial activity
is pH-dependent. Work by Kabara [2] shows that as the degree of dissociation of the acid
increases, the activity decreases. The minimum inhibitory concentration of short-chain
acids (6, 8 and 10 carbons) increases with increasing pH, while the minimum inhibitory
concentration of medium-chain acids (12 and 14 carbons) decreases with increasing pH.
The activity of long-chain unsaturated fatty acids is unaffected by changing pH values.
Monoglyceride esters and ethers of short-chain fatty acids (see Section 4.4), as opposed
to the free acids, are unaffected by pH alterations due to the attachment of the fatty acid
carboxyl group to the glycerol backbone. The structures of a fatty acid, a monoglyceride
ester and a monoglyceride ether can be seen in Figure 4.1.

4.4 Antimicrobial Activity

4.4.1 Mechanism of Action

The antimicrobial activity produced by the hydrolysis of milk triglycerides can be dupli-
cated using purified fatty acids and monoglycerides [42]. Short-chain (butyric, caproic and
caprylic) and long-chain saturated (palmitic and stearic) fatty acids have no or minimal
activity against three enveloped viruses even at exceedingly high concentrations. On the
other hand, medium-chain saturated and long-chain unsaturated fatty acids are strongly
antiviral against enveloped viruses, regardless of whether the virus is a DNA, RNA or
retrovirus (Table 4.1). In contrast, incubation of the non-enveloped poliovirus with capric,
lauric, myristic, palmitoleic, oleic, linoleic and arachidonic acids does not significantly
reduce viral infectivity [42].
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Table 4.1 Lipid-dependent inactivation of enveloped viruses by fatty acids in
human and bovine milks. (Adapted from [5,7,42].)

gram/100 gram fat
Relative effectiveness against

Fatty acid? Human Bovine enveloped viruses®
4:0 - 3.3 0

6:0 Trace 1.6 0

8:0 Trace 1.3 ++
10:0 1.3 3.0 ++++
12:0 3.1 3.1 ++++
14:0 5.1 14.2 ++++
15:0 Trace to 0.4 1.3 ND
16:0 20.2 42.7 +
16:1 5.7 3.7 ++++
18:0 6.0 5.7 0
18:1 46.4 16.7 ++++
18:2 13.0 1.6 ++++
18:3 1.4 1.8 ++++

?Designated by carbon chain length and number of double bonds.
b Antiviral activity shown reflects the inherent effectiveness of each fatty acid at equivalent concen-
trations, not that found in the milks.

These data suggest that the envelope of a virus such as herpes simplex virus (HSV) or
human immunodeficiency virus (HIV) [58] is the target for lipid-dependent viral inacti-
vation. Electron-microscopic studies done in our laboratory confirmed this and showed
that the envelope of vesicular stomatitis virus (VSV) is completely destroyed by linoleic
acid [42].

Other purified lipids, which are also the product of milk triglyceride hydrolysis by
lipases, such as 1-monoglycerides of milk fatty acids, also effectively inactivate enveloped
viruses [42]. In most instances the monoglyceride derivative of the fatty acid is antiviral at a
concentration that is 5 to 10 times lower (mM) than the fatty acid itself. Results with purified
monoglycerides indicate that monoglycerides produced by hydrolysis of milk triglycerides
may have an antimicrobial role in the infant’s gastrointestinal tract.

Further evidence that antimicrobial lipids destabilize membranes is provided by electron-
microscopic studies of leukaemic cells treated with ester and ether lipids [59, 60]. These
experiments showed that the plasma membrane of the leukaemic cells was the primary
target of the lipids and that morphological damage induced by the lipids consisted of the
formation of blebs, formation of holes and increased porosity of the membrane. In vivo,
cells in the infant’s gastrointestinal tract are protected from lipid damage by the mucosal
barrier.

Depending upon the concentration, lipid-dependent inactivation of enveloped viruses can
occur within a few seconds or over the course of a few hours. The antiviral effect of active
fatty acids and monoglycerides is additive [12, 58]. When medium-chain saturated and
long-chain unsaturated fatty acids were tested together, each at a concentration previously
shown to be below that needed for antiviral activity, the mixture was antiviral because the
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total concentration of antiviral lipids was at or above a level sufficient to destabilize the
lipid envelope of the virus. Regardless of whether fatty acids mixtures consisted of two
medium-chain saturated fatty acids, a medium-chain saturated and a long-chain unsaturated
fatty acid, or two long-chain unsaturated fatty acids, they were antiviral. Mixtures were
made with as many as seven different fatty acids, each at a suboptimal concentration, but
the lipid mixture itself was antiviral.

Milk lipids inactivate all enveloped viruses that have been examined, including HSV
[47,61], influenza virus [62, 63], respiratory syncytial virus [64, 65], measles virus, VSV
and visna virus [47], mouse mammary tumour virus [66], dengue virus types 1 to 4 [67],
cytomegalovirus,[68], Semliki Forest virus [25,68], Japanese B encephalitis virus [69], HIV
[58] and simian immunodeficiency virus [70]. Milk lipids also inactivate both Gram-positive
(e.g. Staphylococcus epidermidis) and Gram-negative (e.g. Escherichia coli) bacteria [8],
as well as the protozoal pathogens Giardia lamblia [71-73] and Trichomonas vaginalis
(Dorothy Patton, personal communication).

As mentioned above, the antimicrobial activity of free fatty acids may be altered by pH
depending upon the chain length of the molecule, but monoglycerides maintain their antimi-
crobial activity across a wide pH range. The temperature at which lipids are incubated does,
however, affect the rate at which they inactivate pathogens. The eight-carbon monoglyc-
eride ether 1-0-octyl-sn-glycerol can decrease the titre of VSV by more than 10,000-fold
at 37 °C in one hour but requires 18 hours for the same reduction at 4 °C [49].

The antibacterial and antifungal activity of lipids occurs by the same membrane-
destabilizing mechanism as shown for enveloped viruses [2, 74,75]. Mild heating, which
makes bacterial membranes more fluid, increases the lipid-dependent killing of the Gram-
negative bacterial pathogens E. coli and Pseudomonas aeruginosa by 1000 to 100 000 fold
[74], providing further evidence that the bacterial membrane is the site of antimicrobial
lipid activity.

4.4.2 Synergy between Antimicrobial Lipids and Antimicrobial Peptides

The immune system in milk uses a combination of direct-acting antimicrobial factors, anti-
inflammatory factors and immunomodulators [1]. Direct-acting antimicrobial compounds
in milk, such as lipids, attack pathogens at multiple points in their life cycle, while multiple
protective factors attack each point in the pathogen’s replication cycle, and thus the immune
system in milk provides redundancy at multiple levels. Pathogens can be inactivated directly
by antimicrobial lipids, antimicrobial peptides, antibodies and lysozyme [24,37,76].

4.4.2.1 Antimicrobial Peptides and Proteins

Antimicrobial peptides, the first novel class of antimicrobial agents since the introduction of
nalidixic acid in 1970 [77], are, in general, short polypeptides and are produced by prokary-
otes, plants and a wide variety of animals [31,77-79]. In mammals they are expressed in a
range of cells and in milk. Antimicrobial peptides present in milk are often derived from
milk proteins. Lactoferrin is present in the milk of most species and human milk is partic-
ularly rich in it; lactoferrin represents about 20% of total human milk proteins [80]. While
lactoferrin itself has antimicrobial activity, it has been shown that antimicrobial peptides
derived from lactoferrin, in particular lactoferricin, which are produced by pepsin degrada-
tion and low pH in the stomach, can eradicate ingested pathogens and bind exotoxins in the
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stomach [32, 81-83]. In general, lactoferricin and other antimicrobial peptides cause lysis
of microorganisms [81]. The exact mechanism of bacterial membrane permeabilization is
not known.

4.4.2.2 Potential Synergism between Antimicrobial Milk Lipids and Peptides

The possibility of additive or synergistic interactions between antimicrobial lipids and
peptides has been examined utilizing an in vitro system [76,84]. An antimicrobial lipid ether
1-0-octyl-sn-glycerol (OG) was combined with one of two synthetic antimicrobial peptides,
D2A21 [84] and LSAS [76]. Studies in our laboratory showed that combining OG with
D2A21 reduced the titre of the enveloped viruses (HSV-1 and -2) by at least 1000-fold more
than the sum of the inactivations produced by OG and D2A21 alone. Equally as important,
since protection delayed may be protection denied, OG plus D2A21 reduced viral titres by
more than 1000-fold in some instances in less than 10 minutes, whereas OG and D2A21
used individually produced almost no virus inactivation during this time period. When
OG was combined with the LSAS antimicrobial peptide, the combination was found to
synergistically inactivate six clinical isolates of HSV-2 by 30- to 100-fold more than the sum
of OG and LSAS used individually within 30 minutes. These studies showed that combining
antiviral lipids and peptides has a synergistic effect not only on the concentrations of active
lipid and peptide required for viral inactivation but also on the time required to reduce the
viral concentration. The results in this simplified system also demonstrated that combining
multiple active components, lipid plus peptide, targeting two points on the HSV envelope
by separate mechanisms, can potentially extend the time of protection over that provided by
having only a single active component. Thus, persistent antimicrobial activity is maintained
as the concentration of each active component diminishes over time — for example, in an
infant’s digestive tract — below its effective microbicidal level when used alone. These in
vitro studies suggest strongly that the antimicrobial activity in human milk results from
protective factors, such as lipids, working not only individually but also synergistically.
This synergy can both decrease the concentrations of individual antimicrobial compounds
required for protection of the neonate and, equally importantly, greatly reduce the time
required for pathogen inactivation and extend the time that protection is provided between
milk feedings.

4.4.3 Influencing Factors

The antimicrobial activity of fatty acids can be reduced in the presence of proteins, especially
albumin, through specific and nonspecific binding [74, 85]. Microbicidal inhibition by
unsaturated fatty acids can also be reduced by other surface-active agents such as cholesterol
[2,86]. Staphylococci, which are inactivated in vivo by long-chain unsaturated fatty acids,
can develop resistance to fatty acid inactivation by producing an esterifying enzyme, which
binds the fatty acids to cholesterol [87]. The use of monoglycerides would prevent this
particular mechanism of inactivation.

The presence of serum or whole blood can reduce the effectiveness of lipid-dependent
antimicrobial activity [45,46,84]. Albumin, the major serum protein, has well-characterized
fatty acid-binding sites. Bacterial killing is reduced partially or completely depending upon
the ratio of albumin to lipid. Experiments performed with essentially fatty acid-free human
serum albumin suggest that there are six fatty acid-binding sites per albumin molecule.



Antimicrobial Lipids in Milk 89

When Lampe et al. [46] incubated the lipid monoglyceride ether 2-0-octyl-sn-glycerol with
Chlamydia trachomatis in the presence of 10% whole blood the MCC was twofold higher
than that without blood over a two-hour period. In this instance blood had a small but most
likely insignificant effect on lipid antichlamydia activity. When 1-0-octyl-sn-glycerol was
incubated with 1 or 10% serum in the presence of HSV-1 or HSV-2 [84] it was found that
the time required for viral inactivation was increased as the serum concentration increased.
Since viruses such as HSV and HIV establish permanent infections, decreasing pathogen
concentrations as quickly as possible is essential and the presence of lipid-binding factors
in vivo must be taken into account when quantifying lipid-dependent antimicrobial activity
present at mucosal surfaces.

4.4.4 Spectrum

Antimicrobial lipids can inactivate both Gram-positive and Gram-negative bacteria. Lauric
acid (12: 0), as well as the monounsaturated palmitoleic acid (16 : 1) and the polyunsaturated
linoleic acid (18 : 2), has been shown to be the most active against Gram-positive bacteria
and those Gram-negative bacteria which can be inactivated by antimicrobial lipids [2]. A
number of Gram-negative bacteria, including E. coli, are extremely resistant to inactivation
by fatty acids, especially by long-chain unsaturated fatty acids [74], while others including
Neisseria gonorrhoeae and Haemophilus spp. are as susceptible to lipid inactivation as
Gram-positive bacteria [88, 89]. C. trachomatis, a common sexually transmitted pathogen,
is also Gram-negative and is inactivated by eight-carbon fatty acid ethers [46]. Antimicrobial
fatty acids present in milk also inactivate protozoa, fungi, yeast and all enveloped viruses
tested thus far. The intestinal protozoan G. lambia [71,73] is susceptible to inactivation
by both medium-chain saturated and long-chain unsaturated fatty acids as well as by fatty
acid derivatives including monoglycerides and lysophosphatidylcholine [73]. The fungi
Aspergillus niger and Trichoderma viride are inactivated primarily by short-chain (three-
to five-carbon) fatty acids and their derivatives [75], whereas the yeasts Saccharomyces
cerevisiae and Kluyveromyces marxiamus are inhibited by medium-chain (eight- and 10-
carbon) fatty acids [90]. Enveloped viruses are more readily inactivated by lipids than other
microbes. They are susceptible to medium-chain saturated and long-chain unsaturated fatty
acids and their monoglyceride derivatives.

4.5 Applications

4.5.1 Additive Advantage to Foods and Biological Products

Antimicrobial fatty acids and monoglycerides have been used as food preservatives [74]
and in cosmetics [91]. Many of these lipids are considered GRAS (generally recognized as
safe) by the United States Food and Drug Administration [92] and can therefore be used
in food products to reduce foodborne infections. One potential new area where these lipids
could be used is in infant formulas [93]. At present, the formulas contain triglycerides
which are hydrolysed in the infant’s gastrointestinal tract to produce antimicrobial fatty
acids and monoglycerides in a similar fashion to milk triglycerides [94,95]. Studies in our
laboratory have shown that infant formulas containing varying proportions of triglycerides
with medium-chain saturated and long-chain unsaturated fatty acids develop antiviral and
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antibacterial activity following incubation with lipases [55]. This is in agreement with our
previous studies [42] showing that both purified medium-chain saturated (e.g. capric acid,
10 : 0) and long-chain unsaturated (e.g. oleic acid, 18 : 1) fatty acids have antiviral activity.
When complete hydrolysis occurs, all formulas tested produce a total concentration of
antimicrobial fatty acids ranging from 90 to 100 mmol/litre. Our studies with formula lipids
confirmed our earlier hypothesis [48] that moderate changes in medium-chain saturated
and long-chain unsaturated fatty acids in formula or in milk, as the result of maternal diet
modifications, would not decrease the antimicrobial activity of lipid fractions because it
is the total concentration of antimicrobial lipids that is critical and not one particular fatty
acid.

Studies that examined the stomach contents of formula-fed infants suggest that following
lipolysis in the infant’s gastrointestinal tract all formulas develop comparable antiviral and
antibacterial activity [8]. The lipid fraction taken from the stomach contents of infants fed
infant formula or human milk inactivated both Gram-positive and Gram-negative bacteria.
However, the persistence of antiviral activity following formula dilution varies with the
formula and lipase combination utilized [55]. The maintenance of lipid-dependent antiviral
activity with increasing formula dilution is likely reflective of the extent of triglyceride
hydrolysis. This is an important observation because while there is complete hydrolysis
of formula and milk triglycerides in the stomach and proximal small intestine, there is
partial hydrolysis of triglycerides from salivary lipase, suggesting that there may be some
lipid-dependent antimicrobial activity from formula and milk in the mouth [4]. Formula,
however, is not protected from contamination between the time it is put into a bottle
and when it is ingested by the infant, allowing time for potentially significant bacterial
growth. The addition of these GRAS compounds to infant formulas could extend the time
during which they can be safely transported. Caprylate (caprylic acid) effectively removes
enveloped viruses during the purification of albumin for therapeutic use [96], as well as
antivenoms [97] and human and horse immunoglobulins [98,99]. Antiviral fatty acids and
monoglycerides have recently been shown to inactivate respiratory syncytial virus when
added to milk products and fruit juices [65].

4.5.2 Physiological Advantage

Antimicrobial lipids at mucosal surfaces would provide increased protection from infection
by molecules that are naturally occurring in vivo and could be used for humans and animals
[100,101]. The transfer of lipid-based protection is already known to be successful because
of that in milk [94,95] and food [21]. The increased protection that would be provided
by antimicrobial lipids at the host’s mucosal surfaces would be especially important for
stopping the spread of viruses such as HIV and HSV for which it has not been possible to
develop a vaccine. Clinical trials have shown that a recombinant subunit vaccine containing
two major HSV surface proteins induces neutralizing antibody production but does not
prevent HSV infection [102—-104]. HSV and HIV establish latent infections in the immuno-
competent host, in contrast to a virus such as poliovirus which does not persist in the host
and is eventually removed from host tissue by an immune system primed by vaccination.
Vaccination does not prevent initial virus replication in host tissue [105]. Lipids provided to
mucosal surfaces could inactivate HIV and HSV prior to their infection of cells at mucosal
surfaces and prevent establishment of latent infection.



Antimicrobial Lipids in Milk 91

4.5.3 Sexually Transmitted Pathogens and Topical Activity

Most sexually transmitted pathogens are transmitted in sexual secretions at the time of
contact. Many of them, including C. trachomatis, N. gonorrhoeae, HIV and human papil-
lomavirus, are intracellular pathogens. Most can only replicate within eukaryotic cells and
once they enter their target host cells they are resistant to killing by topical microbicides.
However, for the short period of time before they are internalized, they may be susceptible
to topical microbicide killing. The MCC assay, described above, is designed to test imme-
diate, topical killing of bacteria by milk lipids. Results show that lipids are directly active
on exposed extracellular organisms [45,46]. Thus, milk lipids may be effective against
sexually transmitted pathogens in general during the brief time after they are introduced
into the genital tract and before they become intracellular. Once these pathogens have been
internalized and initiated infection, they are more effectively treated by standard antibiotics
and antiviral drugs. Topical activity of milk lipids can potentially reduce the vertical mother-
to-child transmission of sexually transmitted pathogens. It is estimated that 40 to 80% of the
children who acquire HIV-1 from their mothers become infected during delivery [106, 107]
by exposure of the skin or mucous membranes to virus [108]. HSV is also transmitted
from mother to infant, and infection in the perinatal period is responsible for approximately
80% of all instances of neonatal HSV infection [109]. Lipid protection during birth would
not only be against vertically transmitted viruses but also against bacteria present in the
birth canal. C. trachomatis has one of the highest incidences of infection of any sexually
transmitted pathogen, and infants have a 33 to 50% risk of contracting the infection from
an infected mother during vaginal delivery [110]. The antibacterial activity of milk lipids
and related lipids could also be used to prevent bacterial vaginosis, which leads to preterm
delivery of low-birth-weight infants [107,111]. As a result of the negative impact of vaginal
infections on the mother and infant, a simple, inexpensive, nontoxic intervention that can
be used routinely is required [112]. Milk lipids meet all of these criteria.

4.6 Safety, Tolerance and Efficacy

Fatty acids and monoglycerides are already present in food and are considered GRAS
compounds [92]. Monoglyceride esters, however, can be hydrolysed by lipases of either
mammalian or microbial origin producing the free fatty acid, which is less active than
the monoglyceride and can be inactivated by bacterial esterifying enzymes [87]. A major
advantage of using an ether linkage is that this bond is stable toward enzymatic and chemical
hydrolysis [113]. Therefore, intravaginally, for example, the monoglyceride ether structure
will be maintained in the presence of lipases, whether of human or microbial origin, and
antimicrobial activity will not be diminished. Ether lipids are fairly innocuous compounds
which have been shown to be nontoxic even at high doses and can be used by mammals
to synthesize membrane alkyl glycerolipids and plasmalogens [114, 115]. Ether lipids are
also being developed as anticancer drugs for use against leukaemic cells [60]. Catabolism
of ether lipids takes place primarily in the intestine and liver by oxidative cleavage of the
ether bond [116]. Glycerol ether lipids are present in human and bovine milk and colostrum
[117-119]. Previous studies have shown that ether lipids are not transported across the
placenta from mother to infant [120]. Ether monoglycerides will potentially remain active
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longer in vivo than the comparable ester-linked compound but will not produce any increase
in toxicity. Studies performed in our laboratory in conjunction with the National Institute of
Allergy and Infectious Diseases have found that the lipid ether 1-0-octyl-sn-glycerol does
not cause irritation in a rabbit model and is acceptable for vaginal administration.

4.7 Conclusions

Milk lipids are not only nutrients but also antimicrobial agents that are part of an innate
defence system functioning at mucosal surfaces. Lipid-dependent antimicrobial activity in
milk is due to medium-chain saturated and long-chain unsaturated fatty acids and their
respective monoglycerides. The antimicrobial activity of fatty acids and monoglycerides
is additive, so that dietary-induced alterations in the fatty acid distribution in milk do not
reduce lipid-dependent antimicrobial activity. Fatty acids and monoglycerides can rapidly
destabilize the membranes of pathogens. The antimicrobial activity of milk lipids can be
duplicated using monoglyceride ethers, which very effectively inactivate enveloped viruses,
bacteria and protozoa. Monoglyceride ethers are more stable than the ester linkages found
in milk lipids since they are not degraded by bacterial or mammalian lipases. The sexually
transmitted pathogens C. trachomatis, HIV, HSV, N. gonorrhoeae and T. vaginalis are
effectively inactivated by the lipid ether 1-0-octyl-sn-glycerol. This compound could be
used as part of a vaginal microbicide to reduce both the spread of sexually transmitted
pathogens between adults and the vertical transmission of infectious agents from mother to
infant during birth. Milk lipids and related GRAS antimicrobial lipids could also be added
to infant formulas to reduce the risk of bacterial growth prior to consumption.
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5.1 Introduction

Skin is a surprisingly durable and protective body-surface covering. It is a physical bar-
rier that protects the underlying tissues against excessive temperature changes, mechanical
injury, ultraviolet irradiation and environmental contamination [1]. Skin helps to maintain
body temperature as the calibers of underlying capillaries are controlled to prevent heat
loss and sweat is produced by sweat glands to dissipate heat via evaporation. It is also a
permeability barrier that controls the transcutaneous movement of water and other elec-
trolytes [2, 3]. The pH of the skin follows a sharp gradient across the stratum corneum,
which is important in maintaining the permeability barrier, controlling enzymatic activities
and cutaneous antimicrobial defence [4—6].

Skin also has distinct innate immune functions that limit and protect body tissues
from colonized microorganisms [6]. Both keratinized and nonkeratinized cells respond
to injury and exposure to microorganisms and microbial antigens by producing a variety
of cytokines, chemokines, growth factors and antimicrobial peptides that serve to heal
wounds, maintain integrity of the surface and initiate localized innate and adaptive immune
responses.

Not surprisingly, epidermal and sebaceous lipids are involved in the physical-barrier,
permeability-barrier and immunological-barrier functions of skin [3,7]. Epidermal layers
contain ceramides, free fatty acids and cholesterol [1,7]. Sebaceous lipids contain a com-
plex mixture of triglycerides, wax esters, squalene, cholesterol and cholesterol esters that
contribute to 1) the transport of fat-soluble antioxidants from and to the skin surface, 2)
the pro- and antiinflammatory skin properties and 3) the innate antimicrobial activity of the
skin [8-10]. Although the composition, biosynthesis, secretion and function of cutaneous
lipids are well known from extensive and eloquent work done in the 1970s, little is known
about their role in controlling microbial infection and colonization. Recent work suggests
that lipids have more of a direct role than was previously thought in innate immune defence
against epidermal bacterial infections.

In this chapter, we will briefly review the structure and composition of the skin and tear
film. We will then review their role in innate immune defences, describe the antimicrobial
lipids found in these tissues and secretions, and present their antimicrobial activities. We
then suggest potential mechanisms for lipid antimicrobial activity on Gram-negative and
Gram-positive bacteria and yeasts. We will weave the newly described antimicrobial activity
of lipids into that of other innate immune mechanisms of the skin and tear film, suggesting
areas of synergistic activity. Finally, we present the concept that isolated or purified lipids
could serve as pharmaceuticals to improve therapies to treat and control a wide variety of
cutaneous infections and inflammatory disorders.

Throughout the chapter, fatty acids will be designated by their common name, with the
fatty acid structure in parentheses [11]. The formulae show the number of carbon atoms
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followed by the number of double bonds. For example, lauric acid (C12 : 0) is 12 carbon
atoms long with zero double bonds.

5.2 Innate Immune Mechanisms in Skin

5.2.1 The Extensive Cutaneous Microbial Burden

The skin is commonly inhabited by a variety of microbial species [12]. Their role in
skin health and disease is currently being reassessed [13]. Commonly isolated commensal
microorganisms and opportunistic microorganisms include Gram-positive cocci, Gram-
positive bacilli, some Gram-negative bacilli and fungi (Table 5.1). Concentrations can vary
from 10% to 10° colony-forming units (CFU)/cm? depending upon the anatomical location
[14-16]. Moist areas of the forehead and armpit can contain ~10° to 107 CFU/cm? whereas
dry areas of the back and forearm can contain ~10?> CFU/cm?.

The skin is occasionally infected with pathogens (Table 5.2) capable of causing a variety
of cutaneous lesions, including papules and nodules, erythematous plaques, vesicles and
bullae, and ulcers [17]. Cuts, burns, puncture wounds, abrasions, surgical-incision sites,
placement sites of intravenous catheters and transdermal devices are all potential sites of
skin infection.

The Gram-positive cocci, Staphylococcus spp. and Streptococcus spp., contaminate cuts,
burns, puncture wounds and abrasions. They cause impetigo, furunculosis, abscesses, blis-
ters and erysipelas [17—-19]. In extreme cases they cause cellulitis, necrotizing fasciitis and
scalded-skin syndrome.

The Gram-positive bacilli, Corynebacterium spp. and Brevibacterium spp., induce sepsis
in immunocompromised patients, infect patients with implants and cause pitted keratolysis,

Table 5.1 Bacterial commensals commonly associated with normal human skin.

Genus Species

Gram-positive cocci

Staphylococcus S. aureus, S. auricularis, S. capitis, S. cohnii, S. epidermidis,
S. hominis, S. saccharolyticus, S. simulans, S. warneri,
S. xylosus, S. saprophyticus and S. haemolyticus

Micrococcus M. lylae, M. nishinomiyaensis, M. kristinae, M. sedentarius,
M. roseus, M. varians and M. luteus

Gram-positive bacilli

Corynebacterium C. jeikeium, C. urealyticum, C. minutissimum, C. xerosis,
C. lipophilicus and C. striatum

Propionibacterium P acnes, P avidum and P. granulosum

Brevibacterium B. epidermidis

Dermabacter D. hominis

Gram-negative bacilli
Acinetobacter A. johnsonii, A. Iwoffi and A. calcoaceticus anitratus

Summarized from [12,14,15,107].
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Table 5.2 Bacterial skin infections in normal individuals, immunocompromised individuals
and travelers, and associated with specific occupations.

Microorganisms

Infections

References

Staphylococcus spp.
including S. aureus
and MRSA

Streptococcus spp.

Corynebacterium and

Brevibacterium spp.

Bacillus anthracis

Propionibacterium
acnes
Brucellosis spp.

Erysipelothrix
rhusiopathiae

Contamination of cuts, burns, puncture
wounds and abrasions; colonization and
aggravation of lesions such as those caused
by atopic dermatitis; impetigo, furunculosis,
abscesses, blisters, scalded-skin syndrome
and toxic-shock syndrome; catheter- and
implant-associated infections, urinary tract
infections and peritonitis

Contamination of cuts, burns, puncture
wounds (including tattoos and piercings)
and abrasions; also causes impetigo,
erysipelas, angular cheilitis, paronychia,
ecthyma, cellulitis, lymphangitis,
lymphadenitis, necrotizing fasciitis;
secondary infections of other rashes
(eczema, scabies, chickenpox); cutaneous
manifestations associated with
streptococcal infections in other parts of the
body (scarlet fever following Streptococcus
pyogenes infection of the throat)

Sepsis and cutaneous infections in
immunocompromised patients, patients
with implants and device-related
nosocomial infections, pitted keratolysis,
erythrasma, trichobacteriosis,
dermatophytosis complex, breast abcesses,
endocarditis, peritonitis, pneumonia,
bacteraemia, urinary tract infections,
arthritis, osteomyelitis; bacteremia and
sepsis in an AIDS patient via contaminated
catheter

Occupational exposure to infected ruminants
results in cutaneous infection with pruritic
papules, ulcers or black eschars

Acne vulgaris, a common disorder of the
pilosebaceous follicles

Occupational exposure to infected ruminants
results in cutaneous infection with
urticaria-like papules, papulonodular
erysipelas, erythema nodosum-like lesions
and purpura

Occupational exposure to fish results in
cutaneous infection with red,
well-demarcated lesions

[12,17-19]

[12,17-19]

[12,19-21,
109]

[191]
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Table 5.2 Bacterial skin infections in normal individuals, immunocompromised individuals
and travelers, and associated with specific occupations. (Continued)

Microorganisms Infections References
Acinetobacter Skin and soft-tissue infection associated with [24]
baumannii war trauma results in cellulitis with
overlying vesicles progressing to necrotizing
infection with haemorrhagic and
nonhaemorrhagic bullae
Pseudomonas spp. Super-hydrated skin (trench foot), paronychia, [12,23,110]
including P. stasis ulcers, burns, ulcers, abscesses,
aeruginosa cellulitis and erysipelas-like infections
Proteus mirabilis Swamp foot [12]
Haemophilus Cellulitis of the face in young children [12]
influenzae (especially young males) and abscesses
Pasteurella multocida Associated with bites from animals (especially [12]
cats)
Aeromonas Exposure to fresh/salt water [12]
hydrophila
Neisseria gonorrhoeae Cutaneous infection follows minor trauma and [12]

Mycobacterium spp.

Borrelia burgdorferi
Treponema pallidum

Micrococcus
sedentarius

genital contact

Lesions vary and include erythematous
papules or pustules that form a verrucous or
violaceous plaque or nodule (M. marinum,
M. kansasii and M. scrofulaceum); painful
or painless subcutaneous nodules in the
cervical, submandibular, submaxillary or
preauricular region that may ulcerate with
discharge of a serosanguineous material (M.
avium-intracellulare complex); painless
subcutaneous swellings on legs and
forearms that enlarge to form firm nodules
which may ulcerate and become necrotic
(M. ulcerans); also causes cutaneous
tuberculosis. M. marinum is frequently
associated with aquatic
activities/occupations

Lyme disease — erythema chronicum migrans

Syphilis — painless chancre at the site of
infection

Pitted keratolysis

[12,17,19,25]

[17,19]
[191]

[12]

erythrasma and trichobacteriosis [19-21]. P. acnes is involved in the pathogenesis of acne
vulgaris, a common disorder of the pilosebaceous units [22]. Exposure to fish results in
E. rhusiopathiae cutaneous infections with red, well-demarcated lesions [19]. Individuals
in developing countries handling meat, hair or hides are at risk of contracting cutaneous
B. anthracis infections consisting of pruritic papules, ulcers or black eschars [19].
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The Gram-negative bacilli are often found as transient organisms [23]. They have a
tendency to flourish when the Gram-positive flora is suppressed by antibiotics. Gram-
negative bacilli can be site-specific, particularly the enterics found near the perineum.
These coliform-like organisms include Achromobacter, Alcaligenes, Escherichia and Ser-
ratia. Some noncoliform-like Gram-negative bacilli are opportunistic in nature. These
microorganisms include Pseudomonas, Proteus and Klebsiella. A. baumannii infections
are associated with war-trauma wounds and induce cellulitis with overlying vesicles pro-
gressing to necrotizing infection with haemorrhagic and nonhaemorrhagic bullae [24].

Atypical mycobacteria are ubiquitous in the environment and cause a variety of cu-
taneous infections, especially in immunocompromised patients [25]. These include the
slow-growing mycobacteria M. marinum, M. kansasii and M. avium-intracellulare com-
plex and the rapidly-growing mycobacteria M. fortuitum, M. chelonei and M. abscessus.
Lesions vary and include erythematous papules or pustules that form a verrucous or viola-
ceous plaque or nodule (M. marinum, M. kansasii and M. scrofulaceum); painful or painless
subcutaneous nodules in the cervical, submandibular, submaxillary or preauricular region
that may ulcerate with discharge of a serosanguineous material (M. avium-intracellulare);
and painless subcutaneous swellings on legs and forearms that enlarge to form firm nodules
which may ulcerate and become necrotic (M. ulcerans) [17,19,25].

B. burgdorferi is among the Borrelia spp. that cause Lyme disease [26]. Local infection
of the skin is followed by haematogenous spread, invasion of endothelial cells and infection
of many tissues with lymphocytic and histiocytic inflammatory infiltrates. B. burgdorferi
replicates in skin [17,19] and causes a very low-density spirochetemia, erythema migrans,
myalgias, arthralgias, arthritis, carditis, conjunctivitis, neurologic involvement and acro-
dermatitis.

Treponema pallidum ssp. pallidum causes syphilis. Transmission occurs through direct
contact with active lesions; T. pallidum penetrates the intact mucous membrane of the
genital tract or through abraded epithelium. From 0 to 90 days, a chancre develops at the
site of infection [19].

The conjunctivae, lacrimal apparatus and eyelids are also commonly inhabited by a
variety of microbial species. Gram-positive cocci including Streptococcus pneumoniae,
S. pyogenes, S. aureus and S. epidermidis, Gram-positive bacilli including Corynebac-
terium spp. and Propionibacterium spp., Gram-negative cocci including Moraxella spp.
and Neisseria spp., Gram-negative bacilli including Enterobacteriaceae, Haemophilus
influenzae and Haemophilus parainfluenzae and fungi including Candida spp. are all
found [27].

All of these microbial species in and on the skin are kept under control by localized innate
immune responses utilizing a vast array of constitutively produced proteins and peptides
[6,28,29]. In addition, cutaneous cells respond to injury and exposure to microorganisms
or their microbial antigens by producing cytokines, chemokines and growth factors; all of
which are involved in inflammation, angiogenesis and reepithelialization [30].

5.2.2 Cutaneous Innate Immune Mechanisms

Antimicrobial peptides are produced by many tissues and cell types [31-34]. They are
a particularly important component of cutaneous innate immunity [35-37]. These pep-
tides limit colonization of commensal microorganisms, opportunistic microorganisms and
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occasionally transient pathogenic microorganisms; act on host cells to stimulate cytokine
production, cell migration, proliferation, maturation and extracellular matrix synthesis; ac-
tivate different immune and inflammatory cells; and enhance wound healing by promoting
keratinocyte migration and proliferation (Table 5.3). They include the cathelicidins, de-
fensins, dermcidin, psoriasin, adrenomedullin, lactoferrin, MUC1 and lysozyme [28,38,39].
Novel peptides have also been isolated and include S100A 15 and histone H4 [40,41].
The cathelicidins, defensins, dermcidin, psoriasin, adrenomedullin, lactoferrin, MUCI
and lysozyme have different modes of killing and often exhibit synergistic antimicrobial
activity, particularly against S. aureus [42—44]. For example, dermcidin has time-dependent

Table 5.3 Innate and adaptive immune functions of antimicrobial peptides in cutaneous

tissues.

Peptide Innate and adaptive immune function

Defensins (HBD2) .

Cathelicidins .

(LL-37)
[ ]
Dermcidin .
Adrenomedullin .
Lysozyme i
Psoriasin .
[ ]
[ ]
[ ]
RNase7 .

HBD2, HBD3 and HBD4 induce keratinocytes to produce
cytokines IL-6, IL-10 and IL-18 and chemokines CXCL10 (IP-10),
CCL2 (MCP-1), CCL20 (MIP-3a) and CCL5 (RANTES) [111,112]
HBD?2 acts as a chemotaxin for mast cells [113]

HBD2 stimulates mast cells to mobilize intracellular Ca(2+) and
release histamine or generate PGD(2) [114]

HBD3 and HBD4 induces mast cell degranulation, prostaglandin
D2 production, intracellular Ca2+ mobilization and chemotaxis
[115]

LL-37 enhances the production of IL-8 in neutrophils and induces
both mRNA expression and protein release of human neutrophil
peptides (HNPs) 1-3 [116]

LL-37 induces mast cell chemotaxis [117]

LL-37 stimulates mast cells to mobilize intracellular Ca(2+) and
release histamine or generate PGD(2)[114]

LL-37 induces keratinocytes to produce IL-18 [111]

Induces keratinocytes to produce proinflammatory cytokines
(TNF-a) and the chemokines CXCL8 (IL-8) and CCL20 (MIP-3«)
[118]

Active against pathogenic and commensal strains of bacteria, but
not yeast [119]

Expression is localized to the cytoplasm of epidermal cells in the
skin, pilosebaceous follicles and eccrine glands [28]

Stimulates normal keratinocytes [120]

Activates neutrophils to produce IL-6, CXCL8 (IL-8), TNF-e,
macrophage inflammatory protein-1alpha (MIP-1alpha)/CCL3,
MIP-1beta/CCL4 and CCL20 (MIP-3a) [121]

Induces phosphorylation of mitogen-activated protein kinase p38
and extracellular signal-regulated kinase (ERK), but not c-Jun
N-terminal kinase (JNK) [121]

Enhances mRNA expression and induces the extracellular release of
human neutrophil peptides (HNPs) 1-3 [121]

Effective against Gram-positive and Gram-negative bacteria [6]
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bactericidal activity, which is followed by bacterial membrane depolarization. Dermcidin-
derived peptides do not induce pore formation in bacterial membranes, in contrast to
the mode of action of LL-37. HBD1, HBD2, HBD3, LL-37 and lysozyme in various
combinations also have synergistic or additive antibacterial effects against S. aureus that
are enhanced in an acidic environment.

The amino acid composition, amphipathicity, cationic charge and size allow antimicrobial
peptides to attach to and insert into well-defined membrane bilayers, forming pores through
‘barrel-stave’, ‘toroid pore’ or ‘carpet’ mechanisms. However, there is mounting evidence
that antimicrobial peptides can also 1) alter cytoplasmic membrane septum formation, 2)
inhibit cell-wall synthesis, 3) inhibit nucleic-acid synthesis, 4) inhibit protein synthesis or
5) inhibit enzymatic activity [28,31].

In normal human skin, cathelicidins (LL-37) and human beta-defensins are negligible, but
they accumulate in chronic facial skin inflammatory diseases such as psoriasis and rosacea
but not in atopic dermatitis [44,45]. Several antimicrobial peptides are affected, including
cathelicidin, HBD2 and HBD3, which are lower in lesional skin of atopics compared with
other inflammatory skin diseases, and dermcidin, which is decreased in sweat [46]. LL-37
and HBD?2 are present in the superficial epidermis of patients with psoriasis but not in acute
and chronic lesions of patients with atopic dermatitis. LL-37 is present in high levels in
the facial skin of patients with rosacea and the proteolytically processed forms of these
peptides are different from those present in normal individuals. These findings suggest a
role of cathelicidin in skin inflammatory responses, possibly an exacerbated innate immune
response in the pathogenesis of these diseases [47].

The induction of antimicrobial peptides can in some cases be body-site specific. A good
example is the production of antimicrobial peptides and proteins by human ceruminous
glandular cells to protect the surface of the external auditory meatus of the human external
auditory canal [39]. The ceruminous glands in the skin of the human external auditory canal
are modified apocrine glands, which, together with sebaceous glands, produce the cerumen:
the ear wax. Cerumen plays an important role in the protection of the ear canal against
physical damage and microbial invasion. Numerous antimicrobial proteins and peptides are
present in the ceruminous glandular cells: beta-defensin-1, beta-defensin-2, cathelicidin,
lysozyme, lactoferrin, MUCT1 and secretory component of IgA.

The induction of antimicrobial peptides, in other cases, can be at select epithelial inter-
faces, particularly at sites of injury and infection [48]. Large increases in the expression of
cathelicidin LL-37 and CRAMP in human and murine skin respectively occur after sterile
incisions, or in mice following infection by Group A Streptococcus. The appearance of
cathelicidins in skin is due to both synthesis within epidermal keratinocytes and deposition
from granulocytes that migrate to the site of injury.

Antimicrobial peptides and proteins clearly limit colonization of commensal and
pathogenic microorganisms, but there are other factors that also provide initial, nonspecific
defence of surface epithelia and are involved in skin-barrier development and survival.
These include antimicrobial lipids and fatty acids at the skin surface [49, 50].

5.3 Types and Locations of Lipids of the Skin and Tear Film

The skin is a complex and multilayered tissue consisting of a hypodermis (innermost
layer), dermis (inner layer) and epidermis (outermost layer, with the stratum corneum).
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Figure 5.1 Conceptualization of the architecture of the skin, showing the location and pro-
duction of lipids on the epidermal, dermal and hypodermal layers.

These layers have unique architectures (Figure 5.1), contain lipids and fatty acids (Table
5.4), and have a variety of physiological and immunological functions.

5.3.1 Hypodermal and Dermal Lipids

The hypodermis contains a layer of adipose tissue and areolar tissue. Here, lipids are found
within adipocytes as fats, which serve to insulate and cushion the body and regulate body
temperature.

Over the hypodermis is the dermis, a layer of connective tissue containing a vascular
network and sensory nerve endings. The dermal reticular layer contains dense and irregular
connective tissue with glands and hair follicles. The dermal papillary layer contains loose
connective tissue, the vascular network and the sensory nerves. Fibroblasts in the dermis
produce collagen, elastin and ground substance of connective tissue. Nonkeratinized cells
are involved in innate and adaptive immune protection.

5.3.2 Epidermal Lipids

The outermost layer is the epidermis. It is more complex with respect to its lipid composition
and lipid metabolism [51-56]. The epidermal stratum germinativum layer is separated from
the dermis by a thin layer of basement membrane and contains the germinal cells necessary
for the regeneration and healing of the overlying epidermal layers. The germinal cells have
desmosomes on their outer membranes, which appear as ‘prickles’ of the prickle-cell layer
in the stratum spinosum.

As cells mature and differentiate, they accumulate keratin and dense basophilic kerato-
hyalin granules, forming the stratum granulosum layer. Simultaneously, protein-rich kera-
tohyalin granules and lipid-rich lamellar granules accumulate. The latter lamellar granules
contain phospholipids, cholesterol and glycolipids. Hydrolytic enzymes also accumulate
in granules, which ultimately convert the phospholipids and glycolipids into ceramide and
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Table 5.4 Lipids commonly found in the skin.

Lipid Site of production Location Reference

Lipids in the hypodermis

Fats Adipocytes Adipose tissue

Lipids in the dermis

Phospholipids Dermal layer (Phil Wertz,
unpublished
observation)

Cholesterol Dermal layer (Phil Wertz,
unpublished

observation)

Lipids in the epidermis

Phospholipids Lamellar granules Stratum [51-53,56,122]
granulosum

Cholesterol Lamellar granules Stratum [51-53,56,122]
granulosum

Glycolipids Lamellar granules Stratum [51-53,56,122]
granulosum

Ceramides Keratinocytes Stratum corneum [1,52,59]

Covalently bound Keratinocytes Stratum corneum [1,52,59]

ceramides

Acylceramides Keratinocytes Stratum corneum [1,52,59]

Cholesterol Keratinocytes Stratum corneum [1,52,59]

Fatty acids (free) Keratinocytes Stratum corneum [1,6,52,59]

Sphingosine Keratinocytes Stratum corneum [6,57,123]

Dihydrosphingosine Keratinocytes Stratum corneum [57,123]

6-hydroxy-sphingosine Keratinocytes Stratum corneum [57,123]

w-hydroxyceramide Keratinocytes Cornified layer [61-63]

Secreted lipids

Lauric acid (C12 : 0) Sebum Sebaceous glands

Sapienic acid (C16 : Sebum Sebaceous glands

1A6)

fatty acids. The cells in the stratum granulosum layer are pushed to the surface, where they
begin to die, forming the stratum corneum.

Between the stratum granulosum and stratum corneum layers, the contents of lamellar
granules are extruded into the intercellular spaces. Here, enzymes hydrolyse sphingomyelin
and glucosylceramides to ceramide, and phospholipids are converted into saturated fatty
acids. Enzymes also hydrolyse phosphoglycerides and cholesterol to monounsaturated
cholesterol esters.

At the skin surface is the stratum corneum, a complex, lipid-rich region containing
ceramides, acylceramides, cholesterol and free fatty acids, and at least two different ce-
ramidases [52,57-59]. The ceramides consist of normal fatty acids and a-hydroxyacids or
w-hydroxyacids, amide-linked to sphingosines, dihydrosphingosines, phytosphingosines
and 6-hydroxysphingosines. They are the source of epidermal long-chain bases [57, 60].
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The acylceramides have 30- through 34-carbon-long w-hydroxyacids amide-linked to long-
chain bases and bearing linoleic acid ester-linked to the w-hydroxyl group. Acylceramides
are derived from acylglucosylceramides associated with the lamellar granules and are im-
portant for the physical organization of lipids in the stratum corneum. The free fatty acids
are saturated, straight-chains 20 to 28 carbons in length.

In the stratum-corneum layer, w-hydroxyceramide molecules become covalently attached
to the outer surfaces of cornified cells. This layer is very hydrophobic and likely forms a
lipid-permeability barrier [61-63]. The w-hydroxyceramides are derived from acylgluco-
sylceramide precursors and contain 30- through 34-carbon hydroxyacids amide-linked to
sphingosine bases. This forms a chemically-bound lipid envelope around the corneocytes,
giving it a typical bilayer appearance [63].

5.3.3 Secreted Lipids

Squalene, wax monoesters, triglycerides and lesser amounts of cholesterol and cholesterol
esters are secreted from sebaceous glands to the skin surface. For example, lauric acid
(C12 : 0) and sapienic acid (C16 : 1A6) are found in 3.5 and 36.0% of the composition
of free fatty acids associated with human hair fat [64]. Secreted triglycerides undergo
hydrolysis to lauric acid and sapienic acid by acid lipases from the lamellar granules and
to a lesser extent by commensal bacterial lipases. Lauric acid, sapienic acid and sphingoid
bases have antibacterial activity. The epidermal acid lipase may also have arole in hydrolysis
of the sebaceous triglycerides. This could provide a mechanism for accelerating hydrolysis
in the event of a challenge that would make the skin surface more vulnerable to colonization
by bacteria other than the normal flora. Anything that damages the normal barrier provided
by the stratum corneum could trigger a defensive response.

5.3.4 Tear-Film Lipids

Tears are an extremely complex mixture which provide a mechanical and antimicrobial
barrier (Table 5.5) at the ocular surface [65-69]. The aqueous component of tears is
produced by lacrimal glands and contains electrolytes, water and a large variety of proteins,
peptides and glycoproteins [70]. A mucin component is secreted by epithelial tissues at
the mucosal surface and contains glycoproteins that serve as antioxidants, lubricants and
inhibitors of bacterial adherence. The lipid component of tears, of interest to this chapter,
is produced by the meibomian glands and contains fatty, oily substances called meibum
[71]. These glands are specialized sebaceous glands that secrete their product at the edges
of the eyelids. They are sebaceous follicles and are not associated with hairs.

Meibum is a complex mixture of polar and nonpolar lipids. The polar-lipid fraction
contains several phospholipids (e.g. phosphatidylcholine, phosphatidylethanolamine, sph-
ingomyelin and a few unidentified phospholipids), ceramides and cerebrosides that form
a surfactant-like layer interphase between the aqueous-tear component and the thicker
nonpolar-lipid component of the tear film [72]. The nonpolar-lipid fraction maintains
the structural integrity of the tear film and protects the ocular surface from losing water
[69,71,73,74]. As in sebum from the skin surface, the major nonpolar lipids include wax
esters, triglycerides, sterols, sterol esters, diacylglycerols and fatty acids ranging from 12 to
18 carbons in length [69,72]. Some of the wax esters contain unusually long fatty alcohol
components compared to sebaceous wax esters [75,76]. However, unlike sebum, meibum
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Table 5.5 Antimicrobial components and lipids commonly found in the ocular-surface
epithelium and Meibomian glands.

Component  Site of production Function Reference
Ocular epithelium
MIP-3 Scraped corneal epithelium Defence of the ocular surface [70,126]
and primary cultured
conjunctival cells
TR4 Scraped corneal epithelium Defence of the ocular surface [70]
and primary cultured
conjunctival cells
HBDT1, 2, 3 Ocular surface epithelium  Defence of the ocular surface [70,127,128]
LL-37 Human corneal and Defence of the ocular surface [70,129]
conjunctival epithelial
cells
CXCL-1 Cornea Defence of the ocular surface [70,130]
Mucin layer
Glycoproteins Epithelial tissues Antioxidation, lubrication and
inhibition of bacterial
adherence
Lipid layer
Myristic fatty ~ Meibomian gland Structural integrity of the tear [71]
acid film and defence of the ocular
surface
Palmitic fatty ~ Meibomian gland Structural integrity of the tear [71]

acid

Stearic fatty
acid

Oleic fatty
acid

Myristamide
fatty acid
amide

Palmitamide
fatty acid
amide

Stearamide
fatty acid
amide

Erucamide
fatty acid
amide

Oleamide
fatty acid
amide

Meibomian gland

Meibomian gland

Meibomian gland

Meibomian gland

Meibomian gland

Meibomian gland

Meibomian gland

film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

Structural integrity of the tear
film and defence of the ocular
surface

[71]

[71]
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does not contain squalene [69]. Recently, (O-acyl)-w-hydroxyacids have been identified
[76]. These unusual lipids contain w-hydroxyacids with 30, 32 and 34 carbons and one
double bond, and oleic acid is the main fatty acid ester-linked to the w-hydroxyl group. It is
thought that the bulk of the lipid film is composed of nonpolar components, while the polar
lipids and (O-acyl)-w-hydroxyacids interface the lipid film with the underlying aqueous
phase.

The lipid film itself provides a physical barrier that helps to prevent microorganisms from
reaching the surface of the eye. The fatty acid fraction is capable of providing antimicrobial
activity. The other nonpolar lipids are mostly not antimicrobial, but the diglycerides may
contribute to this function. At least some of the polar lipids and (O-acyl)-w-hydroxyacids
are potentially antimicrobial but have not yet been tested. Oleamide has been reported as
an antimicrobial lipid found in meibum [71]; however, more recent work indicates that this
is a contaminant [69].

5.4 Functions of Lipids

5.4.1 Cutaneous Lipids as Permeability Barriers

Cutaneous lipids are necessary for skin-barrier development and survival. Elovl4 is part
of a family of fatty acid elongases. Removing very-long-chain fatty acids by disruption of
Elovl4 results in a smaller, weaker stratum corneum that loses its ability to prevent water
loss in a desiccating environment [3]. Mice lacking a functional Elovl4 (e.g. Elovi4?70¥/270x
and Elovl4~'~ mice) have a significant reduction in free fatty acids longer than 26 carbons in
their skin. They dehydrate very quickly and die perinatally. Similarly, the depletion of very-
long-chain fatty acids containing ceramide in Elovl4-deficient mice also leads to impaired
stratum corneum barrier function [77]. Together these studies show that Elovl4 is essential
for lipid biosynthesis and very-long-chain fatty acids are essential for skin-permeability
barrier function and neonatal survival.

5.4.2 Cutaneous Lipids as Innate Immune Mechanisms

The ability of free fatty acids to kill microorganisms has been known for well over a
century. For a review, see the article by Bayliss [78]. Fatty acids are among the most
actively studied groups of lipids [50,79,80]. They are antimicrobial against Gram-positive
bacteria, Gram-negative bacteria and C. albicans but exceptions occur among them. In the
1940s, Burtenshaw found that cutaneous lipid extracts, likely containing fatty acids, killed
S. aureus in vitro [81]. More recently, other lipids in the stratum corneum have been found
to have antimicrobial activities and include free sphingosines, dihydrosphingosines and
6-hydroxysphingosines [49, 82—85].

5.5 Antimicrobial Activity of Lipids and Their Mechanisms of Killing

Lipids are necessary for microbial growth, microbial membrane integrity and microbial
energy storage. The glycerol moiety and fatty acid components of phosphoglycerides are
used for microbial catabolism. Of course, all microorganisms have polar lipids in their
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cytoplasmic membranes (Gram-positive and Gram-negative bacteria) and the inner leaflet
of their outer membrane (Gram-negative bacteria) [86]. The cytoplasmic membrane is an
enclosed lipid bilayer surrounding the cytoplasm and serves as a permeability barrier. It
contains enzyme and transporter proteins for protein export and DNA replication. De-
pending upon the bacterial species, the cell membrane will contain phosphatidylglycerol,
phosphatidylethanolamine, lyso-cardiolipin, cardiolipin and in some species high levels
of phosphatidylserine [87]. Often, parts of these membranes are released into the extra-
cellular environments as small membrane vesicles that can fuse with other prokaryotic
or eukaryotic membrane surfaces [88]. Microorganisms also contain lipid inclusions and
microcompartments of varying shapes and compositions. Triacylglycerol inclusions and
neutral storage-lipid inclusions are just two examples [89, 90].

What differentiates the growth-promoting effects of lipids from the antimicrobial ef-
fects of lipids for bacteria is not known. However, a number of recent studies have pro-
vided some insight. First, the importance of lipids in innate immunity can be inferred
from case reports of individuals with lipid deficiencies who have skin infections. Second,
the importance of lipids in innate immunity can be tested by determining the minimal
inhibitory concentrations of lipids against pathogenic bacteria capable of causing skin
infections.

5.5.1 Lipid Deficiencies

In atopic dermatitis, individuals have diminished ceramide concentrations in the stratum
corneum [91]. Levels of sphingosine and covalently bound w-hydroxyceramides in the
cornified envelope are reduced [92,93]. Patients with atopic dermatitis are also colonized
by S. aureus [93]. Since free ceramides and covalently bound w-hydroxyceramides are
likely sources of long-chain bases, levels of ceramides in the stratum corneum will result
in lower levels of free sphingosine [91]. Similarly, decreased levels of sapienic acid (C16
: 1A6) in the skin may be associated with vulnerability of the stratum corneum of patients
with atopic dermatitis to colonization by S. aureus [94]. Here, sapienic acid may be involved
in the defence mechanism in healthy skin and this deficit could potentially trigger increased
susceptibility of the skin to colonization by S. aureus.

The importance of lipids in innate immunity can also be shown using animal models;
such studies suggest the existence of a regulated, lipid-based antimicrobial effector pathway.
C57BL/6 mice with a recessive germ-line mutation in the allele of the stearoyl coenzyme A
desaturase 1 gene (Scd1) are susceptible to S. pyogenes and S. aureus skin infections [95].
They produce lower amounts of sebum and cannot synthesize the monounsaturated fatty
acids palmitoleate (C16: 1) and oleate (C18 : 1). Interestingly, intradermal administration of
monounsaturated fatty acids to S. aureus-infected mice partially rescues the phenotype and
indicates that an additional component of the sebum may be required to improve bacterial
clearance.

5.5.2 Lipid Antimicrobial Activity and Mechanism of Action

Nonpolar epidermal lipids, sebaceous-gland lipids and sebaceous-gland lipid byproducts
all have varying degrees of antimicrobial activity [49,50]. Although antimicrobial activity is
both lipid-specific and microorganism-specific, there appear to be some interesting trends
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Table 5.6 Reported minimum inhibitory concentrations of sphingolipids and fatty acids for
Gram-positive bacteria, Gram-negative bacteria and yeasts.

Minimum inhibitory concentration (MIC) (ng/ml)

Dihydro- Phyto- Sapienic Lauric
Microorganism Sphingosine sphingosine  sphingosine acid acid
Gram-positive cocci
S. aureus 24 8-607 200" 22 30° 1€
S. epidermidis 4¢
MRSA 4-57 8-607 2-34 400¢
M. luteus 200°
Gram-positive bacilli
P acnes 200° 4¢
C. xerosis 160°
Gram-negative bacilli
E. coli 427 >50° 400"
P aeruginosa 100°
Mycobacteria
11 species 6-257
including
M. avium
Yeasts
C. albicans 6-18° 100° 6-122
7[49].

bCreative development (Cosmetics) Ltd. UK (http:/www.creative-developments.co.uk/papers/APDs%201999.htm). Com-
plete growth inhibition within one hour.

€[99].

9[124).

€[125].

when minimum inhibitory concentrations and ultrastructural damage are examined and
compared (Table 5.6).

5.5.2.1 Sphingolipids

Sphingosine and phytosphingosine have potent antimicrobial activity. Dihydrosphingo-
sine, although active, is somewhat less potent in its antimicrobial activity. For example,
free sphingosine bases are antimicrobial for Gram-positive bacteria [84, 85]. Sphinganine,
sphingosine, dimethylsphingosine, phytosphingosine and stearylamine are antimicrobial
for C. albicans, while dihydrosphingosine is not [82].

Sphingosine disrupts the bacterial cell [82]. Sphinganine-treated S. aureus has multiple
lesions in the cell wall, evaginations in the plasma membrane and a loss of ribosomes in
the cytoplasm. The cell-wall lesions may be sequelae of the affected plasma membrane.

Sphingosine and dihydrosphingosine also interfere with cell-wall synthesis [82]. Glycerol
monolaurate interferes with signal-transduction pathways, inhibits the synthesis of beta-
lactamase, toxins and exo-proteins of S. aureus, and inhibits induction of vancomycin
resistance, but not of erythromycin-inducible macrolide resistance [96-98].
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5.5.2.2 Fatty acids

The fatty acids in cutaneous lipids, and of interest to this chapter, are lauric acid and sapienic
acid [49, 80, 99]. Lauric acid is antimicrobial for P. acnes, S. aureus, C. albicans and S.
epidermidis but not for Group A Streptococcus or Group B Streptococcus [99]. Sapienic
acid is antimicrobial for S. aureus.

Although not tested directly, many of the lipids found in meibum have reported antimi-
crobial activity. Oleamide has a structural similarity to oleic acid [100]. Oleic acid has
antimicrobial activity, particularly against Streptococcus spp. [50], and it is interesting to
speculate that oleamide would also have similar antimicrobial activity. Lipids also contain
myristic, palmitic, stearic and oleic free fatty acids and myristamide, palmitamide, stear-
amide and erucamide fatty acid amides [71]. Myristic fatty acid (C14 : 0) is antimicrobial
against some Gram-negative bacteria [50].

Fatty acids do not disrupt the integrity of the bacterial or fungal cell. Often there are no
visible effects on bacterial cell walls in either scanning electron microscopy or thin sections
examined by transmission electron microscopy. Rather, the site of action appears to be the
plasma membrane, which is often partially dissolved or missing. For example, Group B
Streptococcus treated with 10 mM monocaprin for 30 minutes are killed by disintegration
of the cell membrane, leaving the bacterial cell wall intact [101]. The plasma membrane
and electron-transparent granules are gone. Interestingly, there are no visible effects of
monocaprin on the bacterial cell wall directly. No changes can be seen in either scanning
electron microscopy or thin sections examined by transmission electron microscopy. Simi-
larly, C. albicans treated with capric acid (C10 : 0) has a disrupted or disintegrated plasma
membrane with a disorganized and shrunken cytoplasm [80]. Again, no visible changes are
seen in either the shape or the size of the cell wall. Whether there is a general fluidizing
effect resulting in leakage of cellular contents or a more specific interaction with membrane
components is not yet known.

5.6 Synergy of Cutaneous Lipids and Other Innate Immune Molecules

Antimicrobial lipids act synergistically with other permeability enhancers and cationic an-
timicrobial peptides [102, 103]. Ethanol is a permeability enhancer that increases fluidity of
the cell membrane. It likely enhances the partitioning of lipids into the bacterial membrane
or facilitates diffusion of lipids into the microbial cytoplasm. For example, 108 CFU/ml
methicillin-resistant S. aureus are resistant to killing by solutions of sapienic acid (100 g/
ml) or 15% ethanol for over 35 minutes. However, methicillin-resistant S. aureus are com-
pletely killed in a solution containing both sapienic acid (100 pg/ml) and 15% ethanol in
as little as five minutes [49].

Synergy also occurs among sphingolipids and LL-37. LL-37 can permeate membranes
and induce pore formation/membrane disintegration and inhibit bacterial macromolecular
synthesis, especially RNA and protein synthesis, without binding to microbial DNA or
RNA [42]. Minimal inhibitory concentrations are significantly lower for E. coli, S. aureus,
methicillin-resistant S. aureus and C. albicans when a subinhibitory concentration of LL-37
is added to sphingosine [103].



Antimicrobial Lipids of the Skin and Tear Film 115

Synergy also occurs among histone H4, a peptide extracted from human sebocytes, and
free fatty acids from human sebum [41]. Recombinant histone H4 has antimicrobial activity
against S. aureus and P. acnes. However, histone H4 enhances the antimicrobial action of
free fatty acids in human sebum.

5.7 Lipids as Therapeutic Agents

The high antimicrobial activity and low toxicity of lipids suggest that they may have ap-
plications as therapies for the treatment and control of a wide variety of skin infections
and inflammatory disorders. For example, phytosphingosine is an ideal candidate for treat-
ing acne vulgaris [104, 105]. Phytosphingosine is antimicrobial for P. acnes in vitro and
downregulates the proinflammatory chemokines IL-8, CXCL2 and endothelin-1 in primary
human keratinocytes. It reduces the release of both lactate dehydrogenase and interleukin
la in response to sodium dodecyl sulfate, is antiinflammatory when tested in an organotypic
skin model and enhances the resolution of acne when applied topically in combination with
benzoyl peroxide.

The high antimicrobial activity of lipids also suggests that they may have applications
in personal hygiene as deodorants. A variety of commensal microorganisms break down
axillary secretions containing dehydroepiandrosterone, androsterone sulfates, androstenol
sulfates and glycosides to byproducts, which contribute to body malodour [106]. Therefore,
use of antimicrobial lipids in antiperspirants would inhibit the growth of these microorgan-
isms and significantly reduce the amount of body malodour.

Fatty acids in general have applications as therapies for the treatment and control of a wide
variety of skin infections by cutaneous pathogens. The list is long [49,80,101]. For example,
caprylic acid (C8 : 0), myristic acid (C14 : 0), oleic acid (C18 : 1), monocaprylin (CS8 :
0), monocaprin (C10 : 0), monolaurin (C12 : 0), monomyristin (C14 : 0), monopalmitolein
(C16: 1) and monoolein (C18 : 1) are all antimicrobial for Group A Streptococcus, Group
B Streptococcus and S. aureus. Capric acid (C10 : 0) is antimicrobial for Group A and
Group B Streptococcus; lauric acid (C12:0), palmitoleic acid (C16:1) and sapienic acid
(C16:1A06) are antimicrobial for S. aureus; and capric acid and lauric acid are antimicrobial
for C. albicans.

Lauric acid has promise as a potential therapeutic for the treatment of acne [99]. Minimal
inhibitory concentrations of lauric acid are over 15 times lower than those of benzoyl
peroxide, indicating that it has stronger antimicrobial properties than those of benzoyl
peroxide. In addition, lauric acid is not cytotoxic in vitro to human sebocytes or in vivo after
intradermal injection and epicutaneous application on mouse ears. Interestingly, application
of lauric acid effectively decreases the number of P. acnes colonized on mouse ears, relieving
both P. acnes-induced swelling and granulomatous inflammation.

5.8 Conclusions

The skin contains a complex mixture of lipids that contribute to localized innate immunity.
These lipids have antimicrobial activity when isolated from tissues and tested against



116  Lipids and Essential Oils as Antimicrobial Agents

Gram-positive bacteria, Gram-negative bacteria and yeasts. The spectrum of antimicrobial
activity of lipids is currently under investigation by a variety of research groups for a variety
of pathogens. The site of lipid antimicrobial activity appears to be the microbial plasma
membrane but this needs to be confirmed. Ultimately, lipids may serve as therapeutics to
treat a wide variety of cutaneous diseases and inflammatory disorders. Further investigation
will provide a variety of new therapeutic avenues for treatment and prevention of cutaneous
infection and inflammation. Similarly, the tear film contains a complex mixture of lipids
that may also have antimicrobial activity. Like skin lipids, they may function individually
or synergistically with other tear-film components to provide an antimicrobial barrier at the
ocular surface.
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6.1 Introduction

Innate immunity is an inborn host defence mechanism which responds rapidly when a host
organism is invaded by another organism, especially a microbial pathogen [1]. The aim
is to destroy and eliminate the pathogen before it can cause a widespread infection. An
innate immune system is found in all plants and animals and is therefore phylogenetically
ancient. Its major role is to protect the host in a general way from infection by pathogenic
bacteria, viruses, fungi and protozoa by production of antimicrobial molecules which either
kill the pathogens or inhibit their multiplication. In vertebrates, it also constitutes the first
line of host defence against invading pathogens by causing an immediate activation of
phagocytic cells, which engulf and destroy the pathogen, and by initiating an inflammatory
response. The primary innate immune response is later followed by the secondary response
of the adaptive or acquired immune system, which can recognize an infinite number of
molecular patterns (antigenic determinants) and confers a specific, long-lasting protection
to the host against the invading pathogen. In comparison, the innate immune system is
much less specific, with a restricted number of pathogen-associated recognition molecules
and no memory of prior exposures. The adaptive immunity is mediated either by antibodies
or by T lymphocytes. Similarly, innate immunity in animals is mediated both by cells
and by noncellular factors. Cells of the innate immune response include nonphagocytic
leukocytes, such as natural killer cells (NK cells), mast cells, eosinophils and basophils,
and also phagocytic leukocytes, such as neutrophils, macrophages and dendritic cells.
The best-known noncellular components of the innate immune system are proteins, such as
lysozyme, lactoferrin and lactoperoxidase, as well as proteins of the alternative complement
pathway, and antimicrobial peptides, such as defensins and cathelicidins. Cytokines, which
are low-molecular-weight proteins, such as tumour necrosis factor-alpha, interleukins and
interferons, also play a role as regulators in the innate as well as the adaptive immune
system. The cells of the innate immune system carry receptors which recognize a large
variety of molecular patterns on bacteria, viruses, fungi and protozoa, called pathogen-
associated molecular patterns (PAMPs). These microbial PAMPs are not shared by any
molecular structures on host cells and thus distinguish the pathogen from the host. The
PAMPs are conserved microbial structures which are absolutely essential for the survival
or pathogenicity of the microorganisms. Any change in these structures, for example by
mutation, would therefore be fatal to the pathogen or eliminate its pathogenic effect [1-4].
This greatly reduces the possibility of the pathogen developing resistance to the innate
immune response. The pattern-recognition receptors (PRRs) on cells of the innate immune
system have broad specificity and each PRR can recognize and bind to PAMPs of many
related pathogens, for example to peptidoglycans on the cell wall of Gram-positive bacteria
or to lipopolysaccharides in the outer membrane of Gram-negative bacteria. Prominent
among the PRRs are the Toll-like receptors (TLRs), which are present as transmembrane
proteins on macrophages, dendritic cells and epithelial cells, and were first disovered in the
fruit fly Drosphila melanogaster [5-7]. At least 12 different TLRs are known in mammals
and each of these recognizes a subset of PAMPs on a large variety of pathogens.The
recognition and binding of TLRs to PAMPs on invading pathogens initiates a signaling
pathway which activates a number of cytokine genes. The cytokines trigger an inflammatory
response, which results in accumulation of leukocytes and blood plasma in tissues at the
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infection site. Inflammation is an early response to infection and is critical to host defence,
due to the influx of leukocytes, complement proteins, lysozyme and antimicrobial peptides
[8]. The best-known antimicrobial peptides, defensins and cathelicidins, are secreted in
response to pathogen-activated TLRs on leukocytes and epithelial cells in the skin and
mucosal membranes. However, some defensins are secreted without PRR activation and
are constitutively produced on epithelial surfaces lining the respiratory, gastrointestinal
and genitourinary tracts. They therefore mount an immediate innate immune response
upon pathogen invasion in the skin and mucosa. Defensins are cationic peptides ranging
in length from about 20 to 50 amino acid residues. They are believed to kill pathogenic
bacteria by penetrating the bacterial membranes, forming pores and leading to irreparable
autolysis. Host cells seem to be protected from this effect by a difference in the electric
charge of bacterial and host membranes. Thus, bacterial surfaces are negatively charged
and are therefore a high-affinity target for the cationic, positively-charged peptides. On the
other hand, the outer membranes of eukaryotic host cells carry no net electric charge and
therefore interact much less with antimicrobial peptides.

The idea that antibacterial lipids may play a role in nonspecific host defence against
bacteria goes back to the early 1900s. Thus Klotz in 1905 [9] showed that neutral fats, fatty
acids and soaps — sodium or potassium salts of fatty acids — are present in inflammatory
foci. In 1907 Noguchi [10] found that alcohol extracts from various organs contained alkali
salts of oleic acid and that they were antibacterial. He concluded that antibacterial fatty
acids and their salts in blood and organs might play a role in the natural host defence
mechanism. Landsteiner and Ehrlich in 1908 [11] confirmed the antibacterial effect of
lipids extracted from leukocytes and lymphoid tissues, and stated that these are mostly due
to oleic acid. Like Noguchi, they suggested that lipids found in tissue extracts are a part of
the complement system which causes lysis of bacteria. Lamar in 1911 [12] extracted fatty
acids from human lung with resolving lobar pneumonia and suggested that the decrease
in the number and virulence of pneumococci present in the exudate depended in part
upon the presence of antibacterial fatty acids and their salts. This assumption was further
strengthened by the finding that pneumococci treated in vitro with salts of fatty acids became
gradually less virulent. The quantity of antibacterial substances in inflammatory foci could
be considerable and was assumed to destroy the infecting bacteria and thus contribute
to recovery from the infection. Flexner, in the introduction to Lamar’s paper [12], stated
that recovery from bacterial infections had not been fully explained by the activities of
antibodies and phagocytes and suggested that antibacterial chemical substances, such as
fatty acids and their salts, might contribute to the recovery from local bacterial infections.

In the following decades of the twentieth century, little attention was paid to the possible
function of lipids in the natural defence of the body against bacteria. It was not until
1941 that Burtenshaw’s elegant experiments [13] showed that self-disinfection of the skin
was, at least partly, due to antimicrobial fatty acids. His work was confirmed by several
studies of other workers and created some interest in the role of antimicrobial lipids in host
defence. In particular, their presence in the skin and mucosal membranes and in human
milk was actively studied from this point of view for a number of years. However, few
studies have been carried out in the last few decades on the role of antimicrobial lipids in
innate immunity, although recent studies indicate that they may be one of the factors in the
complex multifactorial innate immune response.
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6.2 The Role of Human Milk Lipids in Innate Immunity

6.2.1 Breast-Feeding Protects Infants against Infection

Observations indicating that mortality is lower in breast-fed than in nonbreast-fed infants go
back to the eighteenth and nineteenth centuries [14]. However, in the early studies the high
mortality rate in bottle-fed babies may have been caused, at least partly, by contaminated
feedings due to poor hygiene [15]. In a more recent study, alower morbidity rate in breast-fed
compared with bottle-fed infants was reported and the health advantage of breast-feeding
was still significant after controlling for socioeconomic factors [16]. In another study [15],
including a large number of infants, morbidity requiring hospitalization was clearly shown
to be associated with artificial feeding, after a number of other factors that might affect
morbidity had been controlled for, such as educational level, maternal age, family size,
day-care exposure and birth weight. The advantage of breast-feeding was most obvious
during the first two months of life, where morbidity was 16-fold higher in bottle-fed than
in breast-fed infants. The difference decreased with time and was fourfold during the first
four months and twofold for the first year of life, even though many of the breast-feeders
were partially receiving artificial feeding during the later months. It was concluded that
breast-feeding protects infants more effectively against serious than against mild illnesses,
both intestinal and respiratory, and that the protection increases proportionally with the
extent and duration of breast-feeding, at least up to a certain age [15]. In a similar study
[17], it was shown that breast-feeding during the first three months of life significantly
reduced the incidence of infections requiring hospitalization. Numerous other studies have
suggested that breast-fed infants are more resistant to a variety of infections, particularly
intestinal and respiratory, than bottle-fed infants, especially during the early months of
life [18, 19]. Thus, many observations made over a number of years have shown that
breast-feeding has a profound effect on the colonization of bacteria in the gastrointestinal
tract and throats in the newborn [18]. The intestinal tract is less often heavily colonized
with Escherichia coli and other harmful bacteria in breast-fed than in bottle-fed babies
and a protective effect of breast milk against enteric infections has been suggested by
several observations. For example, epidemics of enterocolitis among newborns caused by
pathogenic strains of E. coli were brought under control by administration of unprocessed
breast milk [20,21]. Similarly, a study in Guatemala showed that diarrhoea was uncommon
in breast-fed infants in spite of a common exposure to enteropathogenic E. coli, shigella
and Salmonella. On the other hand, diarrhoea appeared after weaning [22]. A study done
in California on a middle-class population showed a significantly lower incidence of acute
gastroenteritis in breast-fed compared with bottle-fed infants, only 1 of 107 hospitalized
babies being breast-fed at the time of admission [23]. There is a general agreement that
morbidity and mortality from gastroenteritis is much lower in breast-fed compared to bottle-
fed infants in Western industrialized societies, as well as in underdeveloped countries with
poor sanitation. However, babies in Third World countries may benefit more from breast-
feeding, and should optimally be fed mother’s milk up to the age of three years, compared
with at least six months in Europe and North America [19].

A number of studies have shown that breast-fed infants are less susceptible to respira-
tory infections than bottle-fed babies [15, 18]. Thus, in a study conducted in Britain and
controlled for factors such as social class, it was found that hospital admissions of infants
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with respiratory syncytial virus (RSV) infection were significantly fewer in breast-fed than
in bottle-fed babies [24]. In another well-controlled British study it was shown that breast-
feeding reduced the number of hospitalizations by half, compared with bottle-fed infants
with RSV lower respiratory infection [25]. These, and a number of other studies reviewed
by Cunningham [19], strongly support the conclusion that breast-feeding is particularly
protective against serious disease of the lower respiratory tract, such as pneumonia caused
by RSV, which is one of the most important respiratory pathogens in infancy. The advan-
tages of breast-feeding are especially important where the climate or living conditions are
unfavourable. They are most evident during the first six months of life but may be signifi-
cant up to two years of age. Not only are respiratory infections less frequent in breast-fed
babies, but the infections that occur are likely to be less severe [19].

A beneficial effect of breast-feeding on otitis media was indicated by a number of
studies published in the 1950s [18] and has been confirmed in later studies [26-28]. In
addition, there are several reports showing a protective effect of breast-feeding in other
bacterial infections, at least during the first six months of life, for example in bacteremia
and meningitis caused by invasive Haemophilus influenzae infection [19,29,30]. In a more
recent study of the protective role of breast-feeding against febrile urinary tract infections
it was shown that ongoing exclusive breast-feeding significantly reduced the risk of urinary
tract infection [31]. The protection was strongest directly after birth, but decreased until
seven months of age.

6.2.2 Factors in Human Milk which Protect against Infection

Soon after the discovery at the end of the nineteenth century of the immune system of
humans and other mammals, and its many functions in host defence against infectious
agents, Ehrlich and his coworkers showed that immunity against tetanus toxin in mice could
be transferred to nonimmune pups by milk from immunized dams [14]. This indicated that
the mammary gland is an immunological organ and laid the foundation for the understanding
of the immune factors in human milk and their protective functions. In the first half of the
twentieth century, specific antibodies, protective against microbial pathogens, were found
in human milk. However, it was not until after 1950 that their molecular nature was
determined. They were found to consist mostly of a special type of immunoglobulin A
protein, secretory IgA (sIgA), produced in the mammary gland and directed primarily
against enteric and respiratory pathogens. Lysozyme, an enzyme with lytic activity against
bacteria, was described by Alexander Fleming in 1922 [32] and subsequently shown to
be present in human milk. It was the first nonimmunoglobulin protein found to have
antibacterial activities. Its hydrolytic activity causes breakdown of peptidoglycans in the
cell walls of susceptible bacteria. Later a number of other antimicrobial proteins were found
in milk, and these are now considered a part of the innate immune system [18, 33-37].
Lactoferrin has a strong bacteriostatic effect due to its binding of iron, which is essential
for the growth of certain bacteria such as E. coli. Like sIgA, lysozyme and lactoferrin
are stable in the gastrointestinal tract because of their resistance to digestive enzymes.
Secretory IgA, lysozyme and lactoferrin are found in much higher concentrations in human
milk than in cows’ milk [37]. They remain in high concentration in human milk throughout
lactation [34]. Lactoperoxidase, which is found in much lower amounts in human than
in cows’ milk, has been found to kill E. coli, Salmonella typhimurium and Pseudomonas
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aeruginosa in the presence of H,O,. The bactericidal activity was greatest at pH 5 and
below and may contribute to the prevention of enteric infections in neonates [38]. C3 and
C4 complements are also found in human milk but in lower amounts than in bovine milk
and are not detectable after the first month of lactation [34].

Antimicrobial peptides have recently been demonstrated in human milk [39,40]. The
milk, particularly colostrum, was found to contain high concentrations of several types of
defensin molecules, both alpha- and beta-defensins, which were produced by milk leuko-
cytes expressing defensin mRNA [39]. It has also been shown that cathelicidin antimicrobial
peptides are present in human milk and are secreted as mature peptides by cells in the milk
[40]. The milk cathelicidin peptides were shown to be active against both Gram-positive
and Gram-negative bacteria in human milk environment. Murine cathelicidin peptide was
identified in mouse breast tissues, suggesting that it is also secreted into the milk by cells
of the mammary gland.

In addition to proteins and peptides, many different oligosaccharides are found in human
milk, some of which have structural similarities to epithelial cell receptors. They may
inhibit mucosal attachment of certain enteric and respiratory bacteria and thus reduce the
risk of infection [14,36,37,41,42]. A 2004 study provides evidence that human milk
oligosaccharides are protective against infant diarrhea caused by either bacteria or viruses
[43].

Cellular components of the immune system have also been studied in milk. Leukocytes
in human milk occur in the highest concentrations in the colostrum during the first days of
lactation. They are mostly neutrophils and macrophages but there are also some lymphocytes
[14]. The phagocytes in human milk seem to be immunologically active, as judged by their
morphology and motility [37].

How does this multitude of immune factors in breast milk, adaptive and innate, protect the
suckling infant from infections of microbial pathogens? The sIgG of human milk is known
to contain antibodies against enteric and respiratory pathogens that are prevalent in the
mother—infant environment [37]. Antibody-producing cells migrate from the lymph nodes
in the mother’s intestines to the breast, where the specific antibodies are secreted into the
milk. A similar migration of lymphocytes seems to take place from the respiratory system to
the mammary gland, where they produce antibodies against respiratory pathogens. Because
of their resistance to digestive enzymes and to acid conditions, sIgG molecules travel
unharmed through the gastrointestinal tract of nursing babies. Specific sIgG antibodies
have been shown to reduce the number of coliform bacteria in the stools [44]. How they
protect against respiratory infection, such as RSV infection, is not known, but it is known that
human milk contains neutralizing sIgA antibodies against viruses, for example against RSV
[24,45]. They might therefore protect against severe infection by coating the pharyngeal
entrance to the lower respiratory tract, due to inhalation of the milk and regurgitation through
the nose by the nursing infant [24,35]. Likewise, it is not known exactly how breast-feeding
might protect the infant against urinary tract infection [31], but urinary excretion of sIgA
with antibody activities against E. coli has been demonstrated in infants fed human milk.
The concentration of sIgA in the urine correlates with the amount of milk ingested [46].

Like sIgG, lysozyme and lactoferrin are stable proteins which are transported to the
lower intestinal tract. Lysozyme is found in a significant amount in the faeces of breast-fed
infants [18], where it may cause a nonspecific killing of bacteria and thus act in concert
with sIgA [35]. Lactoferrin is also found in the stools of breast-fed low-birth-weight infants
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and is excreted in large amounts in the urine [47]. Lactoferrin may help to protect the
urinary tract against infection by E. coli, since it has been shown that it has a powerful
bacteriostatic effect on E. coli, particularly in combination with specific antibodies [48]. It
is not known whether the presence of sIgA and lactoferrin in the urine of infants is due to
gastrointestinal absorption from the milk and subsequent renal filtration via the blood. It
has also been suggested that a local production of these immune factors is promoted in the
kidneys by breast-feeding [49]. However, a close correlation between lactoferrin fragments
in the stools and urine supports the notion that the urinary lactoferrin originates in the
gastrointestinal tract [47], rather than being produced in the kidneys.

Substantial amounts of oligosaccharides have been found to be excreted into the urine of
breast-fed infants during the first month of life [41]. There was a close correlation between
an infant’s urinary oligosaccharide profiles and those found in the mother’s milk. A fraction
of neutral oligosaccharides from breast milk was found to inhibit the adhesion of a strain of
E. coli to uroepithelial cells. This E. coli strain had been isolated from the urine of an infant
with urinary tract infection. It has also been shown that oligosaccharides from human milk
bind to E. coli isolated from patients with urinary tract infection [50]. These studies indicate
that antibacterial oligosaccharides in the urine of breast-feeding infants are derived directly
from the milk and support the observation that breast-feeding has a protective effect against
urinary tract infections [31].

The function of activated phagocytic cells in breast milk is not fully understood, although
they may play a part in protecting the maternal gland against infection [18]. Colostral phago-
cytes have been shown to kill enteropathogenic E. coli, which is an important etiological
agent of acute diarrhoea in newborns [51]. Since intact colostral leukocytes seem to be
able to reach the lower intestinal tract of infants, their phagocytic activity may represent
an additional mechanism in the control of acute enteric infections during the first weeks of
life.

In conclusion, numerous studies have shown that breast milk provides protection against
infectious agents early in life by transferring passive immunity to neonates until their de-
velopment of a functional immune system, either innate or adaptive. Many different agents
of the adaptive and innate immune system, present in human milk, interact in defending
infants against invading pathogens [37]. Although not as well supported by experimental
data, breast-feeding also appears to reduce the risk of chronic diseases appearing later in life
[14,19,36]. The protective effect of breast-feeding and the immunological factors involved
have recently been thoroughly reviewed [52-54].

Table 6.1 gives an overview of the major noncellular components of the innate immune
system found in human milk.

6.2.3 Antmicrobial Lipids in Human Milk and Their Possible Protective Function

The antimicrobial activity of milk lipids has been known for almost half a century. Sabin
and Fieldsteel showed in 1962 [55] that human milk reduced the infectivity of several
viruses, such as herpes simplex virus (HSV) and poliovirus. They demonstrated that the
activity against HSV, and a number of other enveloped viruses, was different from that
against poliovirus, which does not contain a lipid envelope. Thus, the antipoliomyelytic
activity was completely eliminated by heating the milk at 100 °C for 30 minutes, whereas
the antiherpetic activity was not affected by this treatment. Furthermore, the antiherpes
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Table 6.1 Noncellular innate immune factors in human milk.

Antimicrobial Chemical Susceptible
factors? compound  Primary function pathogens® Ref.
Lysozyme Protein Degradation of Gram-positive [35,37,54]
peptidoglycans bacteria E. coli,
Salmonella®
Lactoferrin Protein I[ron-binding E. coli [14,37,48]
Lactoperoxidase  Protein Oxidation by H,O, E. coli, Salmonella [38]
Complements Protein Lysis, opsonization’ ~ Gram-4/-8 [4,37]
Defensins Cationic Membrane Gram-+/-% [39]
peptides disruption”
Cathelicidins Cationic Membrane E.coli, [40]
peptides disruption” staphylococci,
streptococci
Oligosaccharides — Receptor analogues ' E. coli, Salmonella [37,42,50]
Triglycerides Lipids Membrane E.coli, Salmonella [59,64,79]
disruption enveloped viruses

such as RSV

2 The major antimicrobial factors in human milk.

b Examples of susceptible pathogenic microbes.

¢ References.

9 Damage of bacterial cell walls, particularly of Gram-positive bacteria, leading to cell lysis.

¢ Lysozyme in conjunction with lactoferrin.

 Complements of the alternative pathway bind to many different PAMPs on bacterial surfaces, for example to lipopolysac-
charides on Gram-negative bacteria and to peptidoglycans on Gram-positive bacteria. The binding leads to lysis or to
phagocytosis of the opsonized bacteria.

8 Gram-positive and Gram-negative bacteria.

hLeads to killing of Gram-positive and Gram-negative bacteria, protozoa, fungi and enveloped viruses.

" Receptor analogues inhibit mucosal attachment of certain enteric and respiratory bacteria.

/ Antimicrobial fatty acids are released from milk triglycerides by hydrolysis caused by lipases in the milk and in the
gastrointestinal tract.

virus activity was found in the cream fraction of the milk, whereas protein fractions,
which contained the activity against poliovirus, had no effect on herpes virus or the other
enveloped viruses. It was concluded that human milk contains antiviral substances which
are not proteins and are unrelated to specific antibodies. These findings were confirmed
by several workers. Thus, Fieldsteel [56] found high antiviral activity against Japanese B
encephalitis virus and Friend and Rauscher leukaemia viruses in 43 samples of human milk
collected at various times postpartum. He found the activity to be associated with the cream
fraction and to be remarkably heat-stable. Falkler er al. [57] observed antiviral activity
against yet another enveloped virus, dengue virus, in 34 colostrum and milk samples. The
activity was found only in the lipid fraction and remained constant over a period of 10
months. No antibody activity was found in the immunoglobulin of the milk samples. Sarkar
et al. [58] found that mouse mammary tumour virus lost infectivity and the virus particles
were degraded by incubation with human milk at 37 °C for 18 hours. The cream fraction
was more active than whole milk in destroying the virus. Electron microscopy of negatively
stained virus particles showed that the milk primarily affected the lipid envelope of the virus,
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making the particles permeable and degrading their structure and infectivity. Although the
activity was shown to be associated with the fat fraction of the milk, the destructive agent
was not identified and it was even suggested that the RNAase present in human milk might
play arole.

In 1971, Gyorgy [59] suggested that a fatty acid present in human milk was active against
a strain of virulent staphylococci in mice. Previously, he and his coworkers had shown that
repeated injections of a mixture of human milk and a low dose of the bacterium protected
mice against a subsequent challenge with a larger dose of bacteria. The ‘antistaphylococcal
factor’ in human milk was thermostable and fractionation of the milk showed that it was
an unsaturated fatty acid, similar to but not identical with linoleic acid. However, this
study did not explain the nature of the fatty acid protection of the mice. A few years later,
Welsh and coworkers [60] showed that the antiviral activity of human milk was associated
with free fatty acids and monoglycerides. In this study, the effect of human milk on a
number of viruses was examined, including HSV, influenza virus and Semliki Forest virus,
which all contain a lipid envelope, and adenovirus and SV40, which are non-enveloped.
All the enveloped viruses were inactivated by incubation with milk samples at 37 °C for 30
minutes, whereas there was no significant effect on adenovirus and SV40. Cows’ milk and
a synthetic milk formula did not show activity against any of the viruses. The nonspecific
antiviral activity was heat-stable and associated with the cream fraction. Semliki Forest
virus was selected for experiments to further locate the activity. The study of the milk
lipids showed that free fatty acid and monoglyceride fractions had the highest antiviral
activity, whereas the diglyceride fraction of the milk fat was not active. Oleic acid and its
monoglyceride were found to be highly active, as was linoleic acid. Since together they
constitute about 50% of the fatty acids in the triglycerides of human milk [59, 61], oleic
and linoleic acids thus seemed to account for a large part of the antiviral activity of the
milk. Notably, in this study some of the human milk samples showed no antiviral activity
in their fat fraction. This was found to be related to a low lipase activity in the milk and
thus to a high content of nonhydrolysed triglycerides and a corresponding low content of
antiviral free fatty acids and monoglycerides. The milk lipase was therefore a prerequisite
for releasing the antiviral lipids of the milk, although the lipase is not antiviral itself. No
lipase activity was found in the cows’ milk, in agreement with an earlier report [59].

In a series of studies on the antimicrobial activity of human milk, Isaacs and coworkers
[62—66] confirmed and extended the earlier studies by Welsh er al. [60]. They found that
fresh human milk does not inactivate enveloped viruses, such as vesicular stomatitis virus
and HSV. After storage in a refrigerator at 4 °C for two to five days, or even in a freezer
at —20 °C for 15 to 50 days, most milk samples, but not all, became highly antiviral and
reduced the virus titre by more than 1000-fold after incubation at 37°C for 30 minutes.
The antiviral activity was located in the cream fraction. When milk was separated into
cream and supernatant fractions before storage, it was found that a factor in the supernatant
was required for the appearance of antiviral activity in the lipid fraction [64]. It was
considered most likely that this factor was a lipase, since endogenous lipases were known
which hydrolysed triglycerides to monoglycerides and free fatty acids [59,60]. The enzyme
activities of bile salt-stimulated lipase and lipoprotein lipase in milk samples from various
donors were therefore measured and compared to the antiviral activities in the milk after
storage at 4°C. It was found that samples with low levels of lipoprotein lipase did not
become antiviral upon storage, in contrast to those with high levels of this enzyme. On the
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other hand, no relation was found between bile salt-stimulated lipase and antiviral activity.
It was concluded that the appearance of antiviral activity in human milk upon storage
was caused by hydrolysis of triglycerides to free fatty acids by lipoprotein lipase in the
milk [62, 64]. This was confirmed by heating the milk before storage and by addition of
lipase inhibitors. In both cases, antiviral activity failed to appear upon storage of the milk.
Additionally, when purified lipoprotein lipase was added to milk samples, they became
antiviral in a shorter time than in the absence of added enzyme [66].

To answer the question of whether human milk becomes antiviral in the suckling in-
fant, samples were obtained from low-birth-weight neonates fed human milk through a
nasogastric tube [62,64—66]. The milk fed to the infants was either from their mothers or
from donors and was without antimicrobial activity. At one and three hours after feeding,
samples of the stomach contents were removed by aspiration and tested for antimicrobial
activities. All of the one-hour samples were found to be highly active against the enveloped
viruses tested, such as vesicular stomatitis virus, HSV and human immunodeficiency virus
(HIV). The three-hour samples were either not antiviral or had lower activities than the
corresponding one-hour samples. The variability of antimicrobial activity at three hours
probably reflects various rates of digestion by the infants, since emptying of the stomach
may be complete around that time [62]. Surprisingly, one- and three-hour samples from
infants fed pasteurized instead of fresh human milk did not inactivate viruses. This indi-
cated that the inactivation of viruses in the samples was not caused by gastric secretions in
the stomach contents. This conclusion was also supported by the finding that the antiviral
activity was located in the lipid fraction of the one-hour stomach samples, which contains
monoglycerides and free fatty acids [65]. Most likely, the release of monoglycerides and
free fatty acids in the stomach was due to a rapid hydrolysis of milk triglycerides by sali-
vary and gastric lipases, and not by lipoprotein lipase in the milk, which is not stable in the
gastric environment [64].

In addition to enveloped viruses, Staphylococcus epidermidis, E. coli and Salmonella
enteritidis were killed by stomach contents from milk-fed infants, although the activity
varied greatly among the samples [65, 66].

The possible protective function of antimicrobial lipids in human milk has to be con-
sidered in context with the complex multifunctional immune factors present in the milk,
described earlier. One can only speculate about the function of endogenous lipases in human
milk. It can be hypothesized that small amounts of milk stay on the oral and pharyngeal
mucosa of babies after feeding, long enough to allow the milk lipoprotein lipase and the
lingual lipase in the saliva to hydrolyse milk triglycerides and release antimicrobial mono-
glycerides and free fatty acids on the mucosal surfaces. The antimicrobial lipids might
then act in concert with other antimicrobial factors in the milk to kill pathogens in the
oropharynx before they enter the lower respiratory tract by aspiration, as suggested earlier
for RSV. The antiviral effect of milk lipids would be most relevant, because many viruses
which cause lower respiratory illness are enveloped and susceptible to a rapid inactivation
by lipids.

It appears more likely that milk lipids have a protective function against infectious agents
in the gastrointestinal than in the respiratory tract, but evidence for this is still scarce. An
excellent review of the early work on lipids as resistance factors in human milk was given
by Kabara in 1980 [67]. A later study of the relative risk of low-fat consumption for
acute gastrointestinal illness in children over one year of age showed that those fed only
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low-fat milk were five times more likely to develop intestinal infections than children fed
whole milk [68]. The effect of milk lipids on intestinal infections has also been studied
experimentally in rats. The experiments showed that feeding with high milk-fat diets
reduced intestinal colonization of Listeria monocytogenes in orally infected rats, but not
colonization of S. enteritidis, which is a Gram-negative bacterium and much less susceptible
to the antibacterial activity of lipids [69].

The only direct evidence for the presence of antimicrobial lipids in the gastrointestinal
tract of humans is the results from studies of gastric contents from neonates, collected one
and three hours after feeding, as previously described [62,64—66]. In addition to enveloped
viruses, the antimicrobial lipids in the stomach contents also killed E. coli and S. enteritidis.
These Gram-negative enteric bacteria have been found to be resistant to free fatty acids and
monoglycerides at neutral pH, probably due to a layer of hydrophilic lipopolysaccharides
on the surface of their outer membrane [70]. Both E. coli and Salmonella become suscep-
tible to the bactericidal effect of lipids at pH <5 [71]. It was previously suggested that
acid environment may affect the lipopolysaccharide layer in the outer membrane of these
Gram-negative bacteria and make the membrane more permeable to the antibacterial lipid
molecules, allowing them to penetrate into the inner membrane (cell membrane), which is
the primary site for their antibacterial action [72]. This is in agreement with the observation
that enteric bacteria are killed by milk lipids in the acid environment of the stomach [66].
Antibacterial lipids may thus contribute to the prevention of enteric infections in neonates,
together with other milk factors previously described. Fatty acids and monoglycerides re-
leased by hydrolysis of milk fat by digestive lipases are present not only in the stomach but
also at other sites in the digestive tract. Thus, gastric lipase is still active after entering the
duodenum, where it promotes the activity of pancreatic lipase, the major lipolytic enzyme
involved in the digestion of dietary triglycerides [73]. Their action, in concert with bile
salt-stimulated lipase, results in a complete digestion of triglycerides in the intestinal tract,
with free glycerol and fatty acids as the final products [74]. Although most lipid is absorbed,
a small amount is excreted in the stools of newborn infants [67]. Antimicrobial lipids may
therefore be present in most parts of the gastrointestinal tract of neonates.

Most viruses which are pathogenic in the intestines of children, for example rotavirus, are
non-enveloped and are therefore not affected by antiviral lipids. However, a human enteric
coronavirus, which is an enveloped virus, can cause necrotizing enterocolitis in infants
[62,75]. It is therefore possible that antiviral lipids could protect against this infection.

Giardia lamblia is a pathogenic protozoan parasite, especially prevalent in children,
which colonizes the upper small intestine and can cause severe diarrhoea and failure to
thrive. In some cases the symptoms disappear spontaneously within a few days, whereas
in others they may persist for a long time, even though circulating or secretory antibodies
are present. It has been suggested that the course of the infection may be influenced by
innate immune factors in the intestines [76]. Free fatty acids, released by hydrolysis of milk
triglycerides, have been shown to kill Giardia lamblia [76,77], and giardiacidal fatty acids
may therefore have a role in preventing or controlling human giardiasis [78].

In spite of the potent antimicrobial activity of hydrolysed milk lipids, mostly demon-
strated in vitro, their clinical significance in the respiratory and gastrointestinal tracts of
infants is uncertain. Notably, it is not only fats in human milk but also those in infant
formulas that are hydrolysed by lipases in the stomach of infants to release antimicrobial
fatty acids and monoglycerides [65]. Although formula feeds do not contain the variety
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of antimicrobial factors naturally found in breast milk, they nevertheless have a potential
for antimicrobial activity due to their contents of lipids, similar to those in human milk.
This activity could possibly be enhanced by addition of medium-chain fatty acids or mono-
glycerides to synthetic formulas [79, 80], or even by addition of lipases which hydrolyse
formula triglycerides before they enter the gastrointestinal tract [81].

6.3 Antimicrobial Lipids in the Pulmonary Mucosa

The airway surface of the respiratory tract is continuously exposed to the external environ-
ment and the numerous microbes in the inhaled air. In spite of this, the mucous membranes
of the lower respiratory tract are normally free of microbial colonization and are cleared
of external particles by very effective cleaning mechanisms, both physical, chemical and
biological. The viscous mucus layer, covering the conducting airway epithelium, contains
mucin glycoproteins and acts as a physical barrier where microorganisms and other par-
ticles are removed by mucocilary clearance. Below the viscous layer is a thin layer of
liquid wh