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ABSTRACT

The prevalence of inflammatory based diseases has increased in industrialized countries over
the last decades. For allergic diseases, two primary hypotheses have been proposed to explain
this phenomenon, namely the hygiene and dietary evolution based hypothesis. Particularly,
the reduced early exposure to microbes and an increase in the amount of polyunsaturated fatty
acids (especially n-6 PUFA) in the diet have been discussed. Often, these two factors have
been studied independently, even though both factors have been shown to possess potential
health benefits and their mode of action to share similar mechanisms. The hypothesis of the
present study was that demonstrate that PUFA and probiotics are not separate entities as such
but do interact with each other.

In the present study, we investigated whether maternal diet and atopic status influence the
PUFA composition of breast milk and serum fatty acids of infants, and whether the fatty acid
absorption and utilization of infant formula fatty acids is affected by supplementation of
infant formula with probiotic bacteria (Lactobacillus GG and Bifidobacterium lactis Bb-12).
Moreover, we investigated the mechanisms by which different PUFA influence the
physicochemical and functional properties of probiotics as well as functionality of epithelial
cells in vitro.

We demonstrated a carry-over effect of dietary fatty acids from maternal diet via breast milk
into infants’ serum lipid fatty acids. Our data confirmed the previously shown allergy -related
PUFA level imbalances, though it did not fully support the impaired desaturation and
elongation capacity hypothesis. We also showed that PUFA incorporation into phospholipids
of infants was influenced by probiotics in infant formula in a strain dependent manner.
Especially, Bifidobacterium lactis Bb-12 in infant formula promoted the utilization of n-3
PUFA.

Mechanistically, we demonstrated that probiotics (Lactobacillus GG, Lactobacillus casei
Shirota and Lactobacillus bulgaricus) did incorporate and interconvert exogenous free PUFA
in the growth medium into bacterial fatty acids strain and PUFA dependently. In general, high
concentrations of free PUFA inhibited the growth and mucus adhesion of probiotics, whereas
low concentrations of specific long chain PUFA were found to promote the growth and mucus
adhesion of Lactobacillus casei Shirota. These effects were paralleled with only minor
alterations in hydrophobicity and electron donor — electron acceptor properties of lactobacilli.
Furthermore, free PUFA were also demonstrated to alter the adhesion capacity of the
intestinal epithelial cells; n-6 PUFA tended to inhibit the Caco-2 adhesion of probiotics,
whereas n-3 PUFA had either no or minor effects or even promote the bacterial adhesion
(especially Lactobacillus casei Shirota) to PUFA treated Caco-2 cells.

The results of this study demonstrate the close and bilateral interactions between dietary
PUFA and probiotics. Probiotics were shown to influence the absorption and utilization of
dietary PUFA, whereas PUFA were shown to alter the functional properties of both probiotics
and mucosal epithelia. These findings suggest that a more thorough understanding of
interactions between PUFA and intestinal microbiota is a prerequisite, when the beneficial
effects of new functional foods containing probiotics are designed and planned for human
intervention studies.



ABBREVIATIONS

Abbreviation

Description

5-LO 5-lipoxygenase

AAD antibiotic associated diarrhea
ATCC American Type Culture Collection
CE cholesterol ester

CFU colony forming unity

CLA conjugated linoleic acid

COX cyclooxygenase

EFA essential fatty acids

GPCR G protein coupled receptor
HETE hydroxyeicosatetraenoic acid
HPETE hydroperoxyeicosatetraenoic acid
IBD inflammatory bowel disease

IBS irritable bowel syndrome

IFN interferon

Ig immunoglobulin

IL interleukin

LT leukotriene

MATS microbial adhesion to solvents
MEM Minimal Essential Medium

MRS DeMan, Rogosa, Sharpe medium
MUFA monounsaturated fatty acid

NK Natural Killer cells

PG prostaglandin

PL phospholipids

PLA, phospholipase A,

PPAR peroxisome proliferator activated receptor
PUFA polyunsaturated fatty acid

SD standard deviation

SEM standard error of mean

SFA saturated fatty acid

TG triglycerides

TGF transforming growth factor

Th1 and Th2 T helper cell type 1 & 2

TNF tumor necrosis factor

Tx thromboxane
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1 INTRODUCTION

The prevalence of atopic diseases has increased in industrialized countries over the last two
decades (Isolauri and Salminen 2008). Two primary hypotheses have evolved to explain this

phenomenon, namely hygiene and dietary evolution based hypothesis.

In the late 1980, Strachan proposed the hygiene hypothesis linking the modern hygiene
conditions common in Western societies to increased prevalence of atopic conditions
(Strachan DP 1989). According to this hypothesis, early infections may prepare the immature
immunity of infants to cope with allergens and therefore reduce the prevalence of allergy by
skewing the T helper cell type 2 responses (Th2) towards the T helper cell type 1 (Thl)
responses (Isolauri and Salminen 2008). In this context, the development of intestinal
microbiota has been suggested to be crucial in the maturation of immunity in infants
(Ouwehand et al. 2002). Consequently, the so-called probiotic therapy in the prevention and
treatment of allergic disorders in infants was suggested (Salminen et al. 1996). Though the
evidence that probiotics may prevent the development of atopy and reduce allergic symptoms
in existing atopic disease is accumulating for specific probiotic strains, the recent meta-
analyses indicate that the hygiene hypothesis warrants further investigations (Boyle et al

2009, van der Aa et al. 2009).

Approximately 10 years later, an alternative hypothesis based on dietary evolution was
proposed (Black and Sharpe 1997) which relied on the epidemiological finding showing that
increase in prevalence of atopic diseases is paralleled by a fall in the consumption of saturated
fat and an increase in the amount of polyunsaturated fatty acids (PUFA) in the diet. More
recent epidemiological studies indicate that human beings evolved on a diet with a ratio of n-6
to n-3 PUFA of approximately 1, whereas in modern Western diets this ratio is now
approaching 17 (Simopoulos 2006). This increase has mainly been attributed to increase in
the use of margarine and vegetable oils rich in n-6 PUFA, whereas the consumption of n-3
PUFA has gradually decreased (Winklet et al. 1992, Nakagomi et at. 1994). The mechanistic
rationale of such hypothesis is that linoleic acid as a precursor of arachidonic acid (20:4 n-6)
leads to higher levels of prostaglandins (e.g. PGE;) which inhibit interferon-gamma
production and favor a switch to immunoglobulin E (IgE) production propagating the Th2
skewed immune system (Calder PC 1998, Kankaanpia et al. 1999) that has been shown to be

a characteristic of allergic inflammation (Romagnani 2000). On the contrary, n-3 fatty acids
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and eicosanoids derived from them have been demonstrated to possess anti-inflammatory

properties (Calder 2006).

Mother’s diet influences the fatty acid composition of breast milk, which in turn acts as the
primary source of energy and nutrients for infants within the first months of neonatal life
(Mellies at al. 1979). Although breastfeeding is strongly recommended for its multiple
benefits on child health, most recent studies do not confirm the 'conventional wisdom' of
breastfeeding being protective against allergy and asthma (Duncan and Sears 2008). Since
human breast milk PUFAs are efficiently transferred to infant serum fatty acids (Kohn et at.
1994), the variations in breast milk PUFA proportions may explain why breastfeeding has
diverse influence on the prevention of atopic diseases (Isolauri et al. 1999, Sears et al. 2002,
van Odijk et al. 2003). In relation to this, there are several reports showing that both breast
milk fatty acid profiles and serum fatty acid profiles may be abnormal in relation to allergy
(Yu et al. 1998a&b, Businco et al. 1993, Manku et al. 1984). Subsequently, PUFA, especially
n-3 PUFA, have been suggested to be of benefit in conditions with inflammatory element, e.g.

allergies (Calder 2006).

Thus far, PUFA and probiotics in the management of allergy have been considered separately.
Both factors have been shown to possess potential benefits and their mode of action share
similar mechanisms. The hypothesis of the present study was that these two factors, PUFA

and probiotics are not separate entities per se but do interact with each other.
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2 REVIEW OF THE LITERATURE

2.1 POLYUNSATURATED FATTY ACIDS (PUFA)

Nearly 98% of dietary lipids are in the form of triacylglycerols in which usually at least two,
often three, fatty acid molecules are esterified to a molecule of glycerol. The rest of the
dietary lipids include phospholipids, free fatty acids, monoglycerides, diglyserides and sterols
(Mu and Hey 2004).

Dietary lipids are digested gradually within the alimentary tract. Digestion begins within the
acidic environment of stomach where lingual and gastric lipases hydrolyse short to medium
chain fatty acids (max 10 carbons) and long chain fatty acids (>10 carbons) from
triacylglycerols, respectively (Hamosh 1979). At this point, some of the released fatty acids
(mainly short- and medium-chain fatty acids) may be absorbed, but the majority of the
released fatty acids as well as non-hydrolyzed lipids enter the duodenum where
monoacylglycerols and free fatty acids stimulate the contraction of the gall bladder and
secretion of pancreatic enzymes, such as pancreatic lipase and colipase (Borgstrom and
Donner 1977). These enzymes continue the hydrolysis of triacylglycerols, the action of which
is potentiated by bile acids secreted from gall bladder. Within the ileum, bile acids also
solubilize the released free long-chain fatty acids by forming micelles that are then transferred
into enterocyte. Eventually, the absorbed long-chain fatty acids enter peripheral circulation in

the form of chylomicrons (Mu and Hay 2004).

2.1.1 Structure and nomenclature

Naturally occurring fatty acids are straight-chain carboxylic acids that contain an even
number of carbon atoms (generally 4-24). Short-chain fatty acids contain <4 carbon atoms,
medium-chain fatty acids 6-10 carbon and long-chain fatty acids 10>. Long chain fatty acids
having 20 or more carbons are sometimes called very long-chain fatty acids. The carboxylic
chain may be saturated (SFA; i.e. no double bonds in the carbon chain), monounsaturated
(MUFA; i.e. containing one double bond) or polyunsaturated (PUFA; i.e. containing two or
more double bonds). As an example, the structures of stearic, oleic, linoleic and a-linolenic

acids are shown in Figure 1.
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Hsc\/\/\/\/\/\/\/\/\

A AV N AV VA VeV Siearic acid (18:0)
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AV VAN A VAV VAN Linoleic acid (18:2n-6)
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H,C COOH  a-Linolenic acid (18:3n-3)

FIGURE 1. The structures of stearic, oleic, linoleic and a-linolenic acid.

Even though, many fatty acids have trivial names, a systematic nomenclature identifies fatty
acids by the number of carbon atoms, the number of double bonds and the site of the first
double bond from the terminal methyl group of the molecule. The carbon atoms are numbered
starting from the carboxyl carbon, and the carbon at the methyl end of the carboxylic chain is
called the n™ carbon or the w-carbon. For example, a-linolenic acid (Figure 1) is a trivial
name for 9,12,15-octadecatrienoic acid (systematic name) and is designated 18:3n-3 or 18:3w3,
indicating that it is an 18 carbon fatty acid with 3 carbon-to-carbon double bonds, the first
from the methyl terminal between the 3™ and 4™ carbon. The trivial names, numerical

designations and the systematic names of some common fatty acids are shown in Table 1.

Naturally occurring PUFA are divided into two major families according to the location of the
first double bond (from the methyl end), namely n-3 and n-6 series (also n-9 series exists).
Because humans do not have enzymes capable of introducing double bonds beyond the 9th
carbon from the carboxyl terminal, the n-3 and n-6 PUFA have to be obtained from the diet
(Calder 2006). Therefore, the parent n-6 and n-3 PUFA, namely linoleic acid and a-linolenic
acid, respectively, are also called essential fatty acids (EFA) must be obtained from the diet.

EFA are used as parts of cell membranes and in the synthesis of hormone-like substances.
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TABLE 1. Fatty acid nomenclature; some common fatty acids.

Trivial name (common abbreviation) Numerical  Systematic name

designation
Saturated fatty acids
Lauric acid 12:0 Dodecanoic acid
Myristic acid 14:0 Tetradecanoic acid
Palmitic acid 16:0 Hexadecanoic acid
Stearic acid 18:0 Octadecanoic acid
Monounsaturated fatty acids
Palmitoleic acid 16:1n-7 9-hexadecenoic acid
Vaccenic acid 18:1n-7 11-octadecenoic acid
Oleic acid 18:1n-9 9-octadecenoic acid
Polyunsaturated fatty acids
a-linolenic acid (ALA) 18:3n-3 9,12,15-octadecatrienoic acid
Timnodonic acid (EPA) 20:5n-3 5,8,11,14,17-eicosapentaenoic acid
Clupadonic acid 22:5n-3 7,10,13,16,19-docosapentaenoic acid
Cervonic acid (DHA) 22:6n-3 4,7,10,13,16,19-docosahexaenoic acid
Linoleic acid (LA) 18:2n-6 9,12-octadecadienoic acid
y-linolenic acid (GLA) 18:3n-6 6,9,12-octadecatrienoic acid
Dihomo-y-linolenic acid (DHGLA) ~ 20:3n-6 8,11,14-eicosatrienoic acid
Arachidonic acid (AA) 20:4n-6 5,8,11,14-eicosatetraenoic acid
Adrenic acid 22:4n-6 7,10,13,16-docosatetraenoic acid
Osbond acid 22:5n-6 4,7,10,13,16-docosapentaenoic acid
Mead acid 20:3n-9 5,8,11-eicosatrienoic acid

2.1.2 Storage and structural functions

Fats (triacylglycerols) are the most important long-term energy reservoirs in the body of
animals because they represent a highly efficient form of energy storage. Due to their
chemical structure (they are “less oxidized” than other dietary molecules), they generate
significantly more energy than carbohydrates or proteins when they are broken down.
Because fats do not mix with water, they, unlike carbohydrates, are stored without attached
water molecules. In fact, fats possess over two-fold caloric value per unit mass compared to

carbohydrates and proteins.

The body stores triglycerides in adipocytes that can be almost entirely filled with fat globules.
Adipocytes take up triacylglycerols that are synthesized in the liver and transported by blood.
In addition, the adipocytes can synthesize triacylglycerols themselves from fatty acids and
glycerol-3-phosphate especially when the level of nutrients in the body is high. On the other
hand, when the body needs nutrients, the energy reserves are mobilized by breaking down

triacylglycerols to fatty acids and glycerol by lipases. The fatty acids and glycerol are released
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from the adipocytes into blood and transported to the liver where they can be converted
directly into energy. Alternatively, glycerol can be converted to glucose and fatty acids to
ketone bodies that can be utilized for energy generation by other organs and tissues (Mu and

Porsgaard 2005).

The hormones such as epinephrine, norepinephrine, glucagon, and adrenocorticotropic
hormone increase the number and activity of lipases and therefore stimulate the energy
generation from triglycerides. Insulin, on the other hand, suppresses lipases and slows down
the utilization of the body’s energy reservoir in the adipocytes (Wanten and Calder 2007, Mu
and Hey 2004, Ahmadian et al 2009).

Within and around all living cells are membranes. They serve as physiological boundaries to
the cell itself as well as to the various cell compartments. In 1972, Singer and Nicholson
proposed that biological membranes compose of lipid bilayer having a number of different
proteins distributed throughout them (Singer and Nicholson 1972). For the first time, the fluid
mosaic model of biological membranes was proposed. It is now understood that changes in
lipid components of the membrane can affect the function of the membrane itself, and hence

the function of the cell.

Phospholipids are regarded as principle lipids in the membranes (~90%). The amphipathic
nature of the phospholipids is also the reason the membrane exists as a lipid bilayer. The polar
region (the phosphorylated substitute (e.g. ethanolamine, inositol or choline) at carbon 3 of
the triacylglycerol backbone) is hydrophilic and is positioned such that it is in contact with the
aqueous media, whereas the nonpolar (i.e. fatty acid region) is oriented toward the center of
the bilayer. Membranes whose phospholipid fatty acids are saturated are more rigid than those
membranes containing unsaturated fatty acids. The other major classes of lipids in membranes
include glycolipids and cholesterol. These have a role in the cell surface-associated antigens

and in the regulation of membrane fluidity, respectively (Lodish et al. 2000).

Physical properties of the membranes are pivotally affected by their lipid composition that in
turn is influenced by environmental factors such as diet. The most prevalent PUFA
components of phospholipids are linoleic acid (n-6; especially rich in cardiolipids) and
arachidonic acid (n-6) and docosahexaenoic acid of the n-3 family (especially rich in the

brain). Changes in the membrane properties may indeed modulate the activities of enzymes or
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receptors (for substances such as hormones and antigens) located within the membrane. For
example, specific deficits of n-3 PUFA in the membranes of central nervous system may
influence neural integrity and selectively affect learning and visual abilities (Bourre et al.
1988 and 1989, Birch et al. 1998). The effect of PUFA on visual functions as well as on

cognitive and behavioral development will be discussed in more detail in chapter 2.1.5.

2.1.3 PUFA metabolism

The cells of most tissues are capable of synthesizing fatty acids at low rates, though the
majority of de novo synthesis of fatty acids occurs in liver and adipose tissue. Nevertheless,
other tissues such as lactating mammary gland may also synthesize large amounts of PUFA
for the needs of the newborn. Overall, the metabolic pathways of PUFA are under control of
many dietary and hormonal factors. The metabolism of fatty acids is a multistep process
containing a number of enzymes. The basic principle in both synthesis and degradation
pathways are the addition or deletion of two-carbon molecules in each round of process

(Wanten and Calder 2007).

Long-chain PUFAs are synthesized by an alternating sequence of desaturation and elongation
from the parent PUFA (Figure 2). Both parent PUFA families utilize the same enzymes. In
the first process (i.e. desaturation), two hydrogens are removed by membrane-bound enzymes
called desaturases that are specifically named according to the fixed position of the newly
formed double bond from the carboxyl terminal, e.g. A6 desaturase adds a double bond
between the 6™ and 7™ carbons (from the carboxyl terminal) irrespective of the chain-length
of the fatty acid. Altogether, humans (as well as higher mammals) have four desaturases: A4,
A5, A6 and A9. In the elongation, two additional carbons are added to the hydrocarbon
backbone by the so-called endoplasmic reticulum pathway (Sprecher et al.1995, Nakamura et

al 2001).

There are several factors affecting the efficacy of PUFA synthesis, especially the desaturation
steps. The rate-limiting step of the whole chain of desaturation and elongation of parent
PUFA is the first desaturation reaction catalyzed by A6-desaturase (Nakamura et al. 2001,
Brenner 1977). It has been shown that parent n-6 PUFA as well as their longer chain PUFA
derivatives does possess feedback regulatory influence on A6-desaturase activity (Cho et al.
1999). Also, A6-desaturase has different affinity for the different substrates, i.e. parent PUFA;

the affinity increases with the increasing number of pre-existing double bonds (18:3n-3 >
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18:2n-6 >18:1n-9) and is dependant on chain length (18 carbon unsaturated FA > 29 carbon
unsaturated FA)(Castuma et al. 1977). Excessive supplementation of either n-3 or n-6 PUFA
in the diet may therefore cause a deficiency in the other group by shutting down the synthetic
pathway shared by n-3 and n-6 PUFA (Nakamura et al. 2001). Moreover, tracer studies have
shown that only a small proportion of dietary parent PUFA are converted to their longer chain
derivatives implying that PUFA synthesis from these precursors may be insufficient (Brenna
et al. 2009). The uptake of longer chain PUFA from the diet (compared to their de novo
synthesis from parent PUFA) have also been shown to be more effective, especially early in
life (Hornstra 2000). Thus, dietary supplementation of longer chain PUFA (e.g. in infant
formulas) may therefore be necessary for the early stages of development (Koletzko et al.

2008).

Corn oil LNA 18:3 -Canola oil
Safflower oil

GLA 18:3

DHGLA 20:3 20:4

Eggs
Meat

AA 20:4 EPA 20:5

Marine fish

FIGURE 2. Long-chain PUFA are synthesized by an alternating sequence of desaturation and
elongation from the parent PUFA. Some major dietary sources of PUFA are also shown in the
schematic illustration below (Nakamura et al 2001).

There are two known degradation pathways of PUFA. Longer chain PUFA could be either
metabolized (unidirectional reaction) to eicosanoids that are further metabolized to their
inactive forms and excreted in urine (Lands 1991) or PUFA could be B-oxidized in
mitochondria and peroxisomes (Hiltunen et al. 1996), the latter being the primary site of

oxidation of excess PUFA (Nakamura et al. 2001). In fact, both n-3 and n-6 longer chain
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PUFA induces its own oxidation via a feed-forward mechanism, which is mediated by

peroxisome proliferator activated receptor-g (PPAR-a) (Forman et al. 1997).

2.1.4 Breast milk as a primary source of PUFA for infants

Breast milk contains a number of components of nutritional significance. With the average fat
content of about 4% (in mature milk), breast milk serves as a sole source of essential PUFA to
the breast —fed infant (Sauerwald et. 2001). Linoleic acid is abundant, and the proportional
content of this n-6 essential PUFA has increased two-fold within last decades (Jensen 1999),
reflecting the n-6 PUFA predominant Western diet. This imbalance has resulted in elevated
linoleic acid to a-linolenic acid ratio seen in different studies investigating lipid composition
of human milk (Koletzko et al 1992, Sauerwald el at. 2001). In addition to essential fatty
acids, long chain PUFA, especially arachidonic acid and other n-6 long chain PUFAs are
prevalent in breast milk, even though these fatty acids can be generated endogenously even by
very premature infants (Sauerwald et al 1997). In general, the PUFA profiles of breast milk
can be considered to be rather stable, though under special dietary conditions, levels of e.g.

docosahexaenoic acid may vary 20-fold (Putnam et al 1982, Ruan et al. 1995, Li et al. 2009).

Breast milk composition, in terms of fatty acids, is influenced by maternal diet. For example,
mothers following vegetarian diet do possess high linoleic and o-linolenic acid content in
their breast milk (Hoppu et al 2005, Sanders and Reddy 1992, Finley et al. 1985). On the
other hand, diets rich in marine foods propagate higher long chain n-3 PUFA levels in human
milk (Ruan et al. 1995, Li et al. 2009). Rapid transporting of the dietary fatty acids into breast
milk seems constitutes only a fraction of the PUFA in breast milk (Francois et al. 1998)
whereas the preponderance is derived from intermediate storage pools of these fatty acids

(Demmelmair et al 2001).

2.1.5 PUFA and normal development of infant

Since human milk fat is the major source of energy for the newborn (~40-55% of total energy
intake), the quality of dietary lipid composition during early phases of the infant life has a
pivotal impact on body composition, tissue differentiation and other organ functions

(Koletzko and Rodriguez-Palmero 1999, Koletzko et al 2001).
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Early in human growth PUFA are considered as essential components in the membrane lipid
layers of all tissues. PUFA can modulate the membranes by affecting their fluidity,
permeability, enzymatic activity and signal transduction pathways (Koletzko and Rodriguez-
Palmero 1999, Clandinin et al 1994). In particular, synaptosomal membranes and retinal
photoreceptors are rich in PUFA, the deposition of which (via placenta) is started already
during the fetal period (Koletzko1992b), and continues after birth (from breast milk) for
approximately one year (Makrides et al. 1994). In the same manner, consumption of infant
formula fortified with PUFA has been shown to results in higher docosahexaenoic and
arachidonic acid status (Gibson RA et al. 2009). Especially, the importance of
docosahexaenoic acid and arachidonic acid for the normal visual and mental development has
been emphasized (Koletzko et al. 2008). Still, prior to 2002 in the US, formula-fed infants did
not receive these fatty acids and relied solely on endogenous conversion of the dietary
essential n-3 and n-6 fatty acids (Hoffman et al. 2009). Now it is generally accepted that
infants should receive at least 0.3% of both docosahexaenoic acid and arachidonic acid in
infant feedings (Koletzko et al 2008), even though higher docosahexaenoic acid levels in
formulas have been suggested to special group such as preterm infants (Makrides et al. 2009).
Moreover, there’s some new clinical evidence suggesting that an arachidonic acid to
docosahexaenoic acid ratio greater than 1 is associated with improved cognitive outcomes

(Hoffman et al. 2009, Agostoni 2008).

In addition to brain and eye development, PUFA supplementation has been linked to gain in
weight and body length especially among the preterm infants (Lapillione and Carlson 2001,
Carlson et al. 1992, Makrides et al. 2009). As an example, the effect of maternal fish oil
supplementation during lactation on growth parameters of infants / children have been shown
to be persistent up to 2.5 years of their life (Lauritzen et al 2005). There is also increasing
evidence that dietary counseling starting from 1* trimester of pregnancy does influence the
placental phospholipid fatty acid profiles thus potentially altering the fetal environment
(Kaplas et al. 2007). Similarly, dietary counseling has been shown to diminish the risk of

larger birth size — a significant risk marker for later obesity (Luoto et al. 2010).

2.1.6 Eicosanoid biology

Eicosanoids are a diverse group of chemical messengers such as prostaglandins (PG),

leukotrienes (LT), thromboxanes (Tx), lipoxins, hydroperoxyeicosatetraenoic acids (HPETE)
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and hydroxyeicosatetraenoic acids (HETE) that are implicated in functions in practically
every organ, tissue and cell in our body (Nakamura et al. 2001, Calder 2001 & 2006, Wanten
and Calder 2007). These compounds provide a link between PUFA and immune functions. In
addition, they work as autocrine / paracrine hormones (i.e. they signal at or immediately
adjacent to their site of synthesis — eicosanoids are not stored) to mediate a variety of other
functions such as pain, fever, blood pressure regulation and blood coagulation (Nakamura et
al 2001). In summary, one of the most important function of parent PUFA, linoleic and
linolenic acids, is as a precursor of longer-chain PUFA and their eicosanoid derivatives. For
simplification, only the biosynthesis and functions of arachidonic acid derived prostaglandins

(PG) and leukotrienes (LT) are discussed and presented (Figure 3) below.

Because the membranes of immune cell contain much more arachidonic acid than dihomo-y-
linolenic acid and eicosapentaenoic acid in their phospholipids, arachidonic acid is usually the
principal eicosanoid precursor in mammalian cells (Calder 2001). As yet, the composition of
the eicosanoid family has expanded immensely in the past two decades to include virtually all
oxygenated PUFA products, whether formed enzymatically or non-enzymatically (Funk
2001). De novo synthesis of PG starts with the release of arachidonic acid from the cell
membrane phospholipids, usually by action of phospholipase A, (PLA;) activated in response
to mechanical trauma or other stimuli such as cytokine and growth factor stimuli (Zhou and
Nilsson 2001). At the endoplastic reticulum and nuclear membrane, free arachidonic acid is
presented to prostaglandin synthetase, i.e. cyclooxygenase (COX), and is then metabolized to
an intermediate PGH,. There are two isoforms of COX enzymes, namely COX-1 and COX-2,
the first of which is responsible for basal, continuous PG synthesis whereas the latter is
important in inflammation and other induced settings (Smith et al. 2000). Further downstream
metabolism of PGH, is orchestrated in a cell-specific manner; thromboxanes (Tx) are
synthesized in platelets and macrophages, PGF synthase is found in utero whereas PGE,,
mediator found in inflammatory settings, is synthesized in most cells by microsomal PGE
synthase (Funk 2001, Jacobsson et al. 1999, Mancini et al. 2001). In contrast to PGs
synthesized by variety of cell types, inflammatory cells such as polymorphonuclear
leukocytes, macrophages and mast cells make the vast majority of LTs. The key enzymes in
the synthesis of LTs are PLA; and 5-lipoxygenase (5-LO) that elicit a sequence of events
following the cellular activation mediated by immune complexes, bacterial peptides or other
stimuli. 5-LO transforms released PUFA, in most cases arachidonic acid, to the hydroxy

(HETE) and hydroxyperoxy derivatives (HPETE) as well as to the 4-series LTs; A4, Bs, Cy,
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D4 and E4 (Funk 2001). LTA4 can be considered as primary state since the other bioactive
eicosanoids of 4-series are transformed from that (Gronert et al 1999). These transformation
reactions depend on the cellular context and include hydrolysis (LTB4; e.g. neutrophils),
conjugation with glutathione (LTC4) and further extracellular metabolism (the glutathione
moiety of LTC4 is metabolized to form LTD4 and LTE4) (Samuelsson 1983, Peters-Golden
and Brock 2001).

Phospholipids

Phospho-
Lipase A,
5-Lipoxygenase

Arachidonic acid m— HPETE

PGH, synthetase
(COX-1 and COX-2)

Prostaglandln H, Leukotrlene A,
PGE X Glutathione
synthase synthase
Prostaglandin E, Thromboxane Leukotriene C, Leukotriene B,
synthase _
PGF Prostacyclin T —
synthase synthase acid
Prostaglandin F, Leukotriene D,
v
Prostaglandin D, Prostacyclin |,

Leukotriene E,

FIGURE 3. Schematic illustration of biosynthetic pathways of arachidonic acid derived
prostaglandins (PG), leukotrienes (LT) and thromboxane (TX).

PGs and LTs modulate their physiological effects via G protein coupled receptors (GPCR)
located at the plasma membrane of effector cells. These eicosanoid receptors are classified in
four main groups: the BLT receptors, with biological activities related to LTB4, the cysteinyl
LTs receptors related family, the lipoxin receptors and the prostanoid receptors class (Brink et
al. 2003). As yet, there are indications that eicosanoids do not solely exert their actions
through GPCRs but peroxisome proliferator activated receptors (PPAR) might also be
activated by a variety of eicosanoids (Gupta et al. 2000, Wang and DuBois, 2008).
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PGE; has been considered as proinflammatory mediator mediating actions such as induction
of fever and erythema, increasing vascular permeability and vasodilatation and enhancing, say
histamine derived pain and edema (Calder 2006). It can also be regarded as
immunosuppressive agent since it has been shown to suppress lymphocyte proliferation and
natural killer (NK) cell activity as well as to inhibit synthesis of anti-inflammatory cytokines
such as tumor necrosis factor (TNF)-a, interleukin (IL)-1, IL-6, IL-2 and interferon (IFN)-y
without any influence on Th2 cytokines IL4 and IL-10 (Calder 2001). However, PGE, does
potentiate IgE production thus promoting a persistent allergic inflammation (Black and
Sharpe 1997, Chan et al 1993). Like PGE,, LTB4 possess a series of proinflammatory
properties (induced vascular permeability, enhances blood flow, attract leukocytes to the site
of inflammation, inhibit lymphocyte proliferation), but unlike PGE,, LTB4 promotes NK cell
activity and induces the synthesis of TNF-a, IL-1, IL6, IL-2 and IFN-y (Calder 2001). The
overall physiological effect of a given mediator is strongly dependent on concentration of the
eicosanoid, location and timing of its production as well as the sensitivities of target cells to
their effects. Among others, cofactors such as genetic predisposition, general health status and
type of stimulation have been suggested as contributors of the responsiveness to PUFA in

terms of immune functions (Wu 2004).

2.1.7 Anti-inflammatory nature of n-3 PUFA

Even though the majority of anti-inflammatory potential of n-3 PUFAs is based on their
action in antagonizing arachidonic acid metabolism, several studies have demonstrated that
these fatty acids do possess eicosanoid independent anti-inflammatory mechanisms as well
(Calder 2006). Dietary supplementation of n-3 PUFA (eicosapentaenoic and docosahexaenoic
acid) have been shown to inhibit chemotaxis of human neutrophils and monocytes time- and
dose-dependently (Healy et al. 2000, Schmidt et al. 1989) as well as decrease the expression
of certain adhesion molecules on the surface of leukocytes (Thies et al. 2001, De Caterina and
Libby 1996). In addition, dietary supplementation of n-3 PUFA has been shown to directly
decrease the production of reactive oxygen species (by 30-55%) and inflammatory cytokines
(especially TNF-a, IL-1 and IL-6) in several studies though discrepant results have been
reported (Calder 2006).
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2.1.8 Potential clinical applications of n-3 PUFA

Many human diseases and conditions contain the element of inflammation, characterized by
the excessive production of inflammatory mediators such as eicosanoids (Calder 2006). N-3
and n-6 PUFA are precursors for eicosanoids and other lipid mediators that are powerful
regulators of many biological functions such as trombocyte aggregation, anti-infective and
anti-inflammatory processes (Endres 1993). In addition, the n-3 and n-6 PUFA can also
directly influence the regulation of gene expression, and cell signaling (Innis et al 2006). As a
general statement, n-6 derived eicosanoids (especially the ones derived from arachidonic acid)
are more potent proinflammatory mediators, whereas n-3 derived eicosanoids (i.e. the ones
derived from primary eicosapentaenoic acid and docosahexaenoic acid) are regarded as more
anti-inflammatory in nature (Calder 2006, Simopoulos 2008). Since the delicate balance
between n-6 and n-3 PUFA mediate and regulate these responses, the role of PUFA in
determining the development and magnitude of inflammation have been suggested
(Simopoulos 2008, Calder 2006, Kankaanpédéd et al. 1999, Black and Sharpe 1997). This
activity of n-3 PUFA has resulted in theory that n-3 PUFA may be beneficial in the
management of a variety of chronic inflammatory diseases summarized in Table 2., some of

which will be discussed below in some more detail.

Fish oils particularly have been consistently demonstrated to possess anti-inflammatory
potential in animal models of inflammatory bowel disease (IBD) (Calder 2008, Innis and
Jacobson 2007, Dignass et al. 2004). Moreover, in the number of clinical trials in IBD
patients, improved gut histology, decreased disease activity, decreased use of corticosteroids
and decreased relapse following dietary consumption of n-3 PUFA have been reported
(Belluzzi A et al 1996, Trebble et al. 2004, Shimizu et al. 2003). However, due to
discrepancies in outcome results and doses in these studies, more studies are warranted to

proof the therapeutic potential of n-3 PUFA in IBD (Calder 2008).
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TABLE 2. Therapeutic potential of n-3 PUFA supplementation on treatment and/or
prevention of several common inflammatory conditions (not a comprehensive list).

Inflammatory condition / disease Reference

Rheumatoid arthritis Dawczynski et al. 2009

Inflammatory Bowel Disease Dignass et al. 2004*
Innis and Jacobson 2007*

Lupus Simopoulos 2002*

Type 1 Diabetes Merzouk et al. 2008

Type 2 Diabetes Delarue et al. 2004*

Cystic fibrosis Al-Turkmani et al. 2007

Childhood asthma Biltagi et al. 2009
Schachter et al. 2004*

Adult asthma Surette et al. 2008
Schachter et al. 2004*

Allergic disease Kremmyda et al. 2009*
Furuhjelm 2009

Psoriasis Wolters 2005*

Multiple sclerosis Shapiro 2003*

Atherosclerosis Allayee et al. 2009*

Obesity Micallef et al. 2009

Trauma based inflammation Waitzberg and Torrinhas 2009*

* Review or meta-analysis

In asthma, arachidonic acid derived eicosanoids are produced by the local cells to promote
inflammation (Calder PC 2006). In addition to direct proinflammatory potential of the
eicosanoid, these modulators do promote Th2 cell proliferation that are known to further
potentiate allergic inflammation (Miles et al. 2003) and IgE production (Roper and Phipps
1994). This is the general basis for the hypothesis suggesting the causal effects of increased n-
6 PUFA and decreased n-3 consumption in western world and increased asthma (Black and
Sharpe 1997, Kankaanpdd et al. 1999). This hypothesis is in fact supported by the
epidemiological studies (Hodge et al. 1996, Dunder et al. 2001). Accordingly, several
randomized, placebo-controlled, double-blinded studies of n-3 PUFA supplementation in
asthma have been reported and meta-analyzed (Woods et al. 2002, Schachter et al. 2004). In
summary, these studies have shown that the efficacy of n-3 PUFA supplementation in
treatment of asthma warrant more studies. Still, the results from some studies indicate that
there may be subgroups whose inflammatory condition is significantly improved by n-3

PUFA supplementation (Nagakura et al. 2000, Schubert et al. 2009, Focke et al. 2005).



24 Review of the Literature

Kremmyda and coworker’s (Kremmyda et al. 2009) have systematically reviewed the
previous epidemiologic studies investigating associations between fish intake in pregnancy,
lactation, infancy, and childhood, and atopic outcomes in infants and children as well as
applicable intervention studies with fish oil supplements in similar groups. Compilation of
these epidemiological studies does show protective associations between maternal fish intake
during pregnancy on atopic or allergic outcomes in infants/children. However, such a
protective action was less evidenced (in 9 out 14 studies) when fish intake was assessed
during infancy or childhood and compared to atopic outcomes in those infants/children
(Kremmyda et al. 2009). Clearly, the fish oil supplementation during pregnancy and lactation
or during infancy or childhood shifted the overall PUFA status of infants and children from n-
6 predominance toward higher n-3 PUFA status (Kremmyda et al. 2009). Also, when fish oil
was consumed during the pregnancy, some anti-inflammatory immunologic changes can be
seen in blood (Denburg et al. 2005), and these changes may even be persistent (Lauritzen et
al. 2005b). Fish oil supplementation during pregnancy may also reduce sensitization to
common food allergens and reduce prevalence and severity of atopic dermatitis in the first
year of life, with a possible persistence until adolescence with a reduction in eczema, hay
fever, and asthma (Dunstan et al. 2003). However, there is still too much inconsistency in the
reports and thus the efficacy of fish oil in the treatment of children with allergic diseases
remains inconclusive (Kremmyda et al. 2009). Intriguing question remains to be whether very
early changes (i.e. before birth) in the fetal intestinal structural membrane lipids influence
intestinal functions of the infant by altering the response to the introduction of dietary
antigens, luminal bacteria or their metabolites and thus resulting in predisposition of the infant

to the chronic inflammatory diseases.

2.2 PROBIOTICS

According to the currently adopted definition by Food and Agriculture Organisation and
World Health Organisation, probiotics are ‘Live microorganisms which when administered in
adequate amounts confer a health benefit on the host’ (FAO/WHO 2009). Two genera,
Bifidobacterium and Lactobacillus, are abundant in the intestinal microbiota and subsequently
these have also become the most widely used probiotics. In the above-referred critical
definition, the viability of the microorganisms is emphasized (Sanders et al 2007). However,
it may be that under certain circumstances nonviable probiotics may be effective as well. For

example, the recent data indicate that some nonviable probiotic preparations could protect
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against infections and modulate immunity in animal models (He et al. 2005, Villena et al.
2009). Even though the use of nonviable probiotics over viable preparations could bring some
important technological advantages (e.g. longer shelf life, easier transport, storage, and

handling), the importance of viability remains to be fully proven (Salminen et al. 2005).

2.2.1 The Concept of Normal Gut Microbiota

The bacterial inhabitants of the human gastrointestinal tract (GI tract) constitute a complex
ecosystem. Early papers describe that 400 to 500 species inhabit the human intestinal tract,
but this value originated from statistical analyses: only 113 species were isolated (i.e. were
able to be cultivated with traditional culture-based techniques) from 20 different samples
(Moore and Joldeman 1974). It is now generally agreed that a significant proportion of the gut
microbial diversity has not been realized based on these traditional methodologies (Suau et al.
1999). Since normal microbiota plays a decisive role in the health and physiological function
of the host (Salminen et al. 2005), a thorough understanding of the predominant microbiota
(at different stages of its development) within the human gut is pivotal for understanding how
the normal flora may provide colonization resistance and stimulate immune responses. As the
modulation of normal microbiota is one of the targets of the use of probiotics and prebiotics
for improved health (Ouwehand et al. 2002, Isolauri and Salminen 2008), accurate methods
for monitoring bacterial changes are essential (Suau et al. 1999, Rajili¢-Stojanovié et al.

2009).

The primary role the intestinal microbiota is to ferment dietary carbohydrates, proteins and
amino acids that have escaped digestion in the upper GI tract (Cummings 1998, Cummings et
al. 2001). The establishment of colonic microbiota also provides protection against infections,
strengthen the gut barrier functions (e.g. against antigens) and modulate immune system
(Isolauri and Salminen 2008). In addition, colonic microbiota is involved in vitamin B and K
synthesis and in the metabolism / immobilization of xenobiotics (Baker 1981, Kankaanpéa et
al. 2000, Halttunen et al. 2008). Thus, the management of the intestinal microbiota offers a

potential way to improve many conditions related to human health.

In the development of microbiota two major stages can be distinguished: (i) the first inoculum
with microbes derived from flora within the mother’s birth canal during the delivery or from

local environment (neonatal intensive care facility, hospital staff etc.), and (ii) the successive
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establishment of intestinal microbiota (Salminen et al. 2005). In vaginally delivered
newborns, the first bacteria to colonize the intestine are derived from mother’s vagina,
intestine, and skin and from the local environment (Tannock et al. 1990, Matsumiya et al.
2002, Fanaro et al. 2003). The importance of vaginal delivery in the establishment of
intestinal microbiota in newborn is highlighted by the findings demonstrating that
immediately after birth in 52% of cases the lactobacilli were present both in infant’s mouths
and in their mother’s vagina (Rotimi and Duerden 1981). Another evidence for the pivotal
role of vaginal microbiota is the delayed gut colonization in infants born by caesarean
delivery (Bennet and Nord 1987, Héllstrom et al. 2004, Mitsou et al. 2008), and this delay
may be persistent up to 6 months of infant’s life (Gronlund et al. 1999). Consequently, the
predominance pattern of the mother’s vaginal and intestinal microbiota has a significant

influence on the initial microbiocenosis of her newborn.

The differences in the species composition thereafter are largely controlled by environmental
and dietary factors but genetic background may also influence (Benno and Mitsuoka 1986).
In developed countries, infants are subjected to high levels of hygiene during nursing. This
degree of sterility may result in less complex microbiota normally dominated by one or a few
different enterobacterial strains (Adlerberth et al. 2006). Particularly, antibiotic treatments
have been shown to delay the establishment of anaerobic microbiota (Bennet and Nord 1987,
Bennet et al. 2002). Profound differences also exist in response to infant’s feeding. The
intestinal microbiota of formula-fed infants is more diverse containing bifidobacteria,
bacteroides, clostridia and streptococci, whilst bifidobacteria are dominant in microbiota of
breastfed infants (Fanaro et al. 2003, Benno et al. 1984, Harmsen et al. 2000). Interestingly,
human breast milk has also been recognized as a source of bacteria (Martin et al. 2003, 2007)
explaining repeatedly reported differences in microbiota of breast-fed and formula fed infants.
The next major dietary shift is the introduction of solid foods that have been shown to result
in sharp increase in numbers of enterobacteria, enterococci and Bacteroides species in
breastfed infants, whereas these changes are only moderate in the formula-fed infants (Favier
et al. 2002). At 12 months of age, the anaerobic bacterial populations of the intestine of both
above mentioned feeding groups begin to resemble those of adults in number and composition
(Stark and Lee 1982, Suau et al. 1999, Salminen et al. 2005), suggesting that the window of

opportunity for probiotics to modulate intestinal microbiota is within the first year of life.
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The normal human microbiota is a complex ecosystem that is dependent on enteric nutrients
for establishing colonization. The development of the gut microbiota can be modulated by (i)
administration of defined microbial cell preparations or components of microbial cells
(probiotics) in sufficient numbers (Isolauri et al. 2004) or by (ii) non-digestible food
ingredients (prebiotics) that selectively stimulate the growth and/or metabolism of one or a
limited number of bacteria in the gut (Fanaro and Vigi 2008) or by (iii) other protective
nutrients such as breast milk (Schrezenmeir and deVrese 2001, Bomba et al. 2002). Both
probiotics and prebiotics are targeted toward beneficial microbes and thus tend to operate
through that part of the gut flora containing lactic acid bacteria (inc. bifidobacteria).
Lactobacilli (e.g. L. acidophilus, L.paracasei, L. rhamnosus and L. plantarum) and
bifidobacteria (e.g. B. bifidum and B. longum) are the most commonly used probiotics, the
feeding of which introduce more lactobacilli and bifidobacteria into the intestine (Sanders
2003). However, probiotics gradually disappear from feces when oral supplementation is
discontinued indicating that long-term colonization with the probiotics did not occur
(Salminen et al. 2005, Gueimonde et al. 2005). In order to maintain or increase the number of
lactobacilli and bifidobacteria in the intestinal tract, prebiotics are needed in the diet. For
example, administration of nondigestible oligosaccharides such as raffinose, fructo-
oligosaccharides, inulin, galactosyllactose, isomalto-oligosaccharides, or transgalactosyloligo-
saccharides increases the number of endogenous bifidobacteria and lactobacilli (Fuller and
Gibson 1997, Saulnier et al. 2009). There are also other dietary components such as human
milk and polyunsaturated fatty acids that may also promote gastrointestinal maturation

(Martin et al. 2003, Bomba et al. 2002).

2.2.2 Selection Criteria of Probiotics

Probiotics are expected to possess several desirable properties in order to exert their beneficial
effects. The relevant selection criteria for probiotics include (i) history of being non-
pathogenic (even in immunocompromised hosts), (ii) human origin (especially if intended for
human use), (iii) acid and bile stability, (iv) in vitro demonstrable properties (such as adhesion
to mucosal surfaces, immunomodulatory activity, antagonistic activity, and bacteriocin
production), (v) clinically demonstrated health effects and (vi) good technological properties
(Tuomola et al. 2001, Salminen et al. 2005, Sanders 2003). As a general guideline, WHO has
published in 2002 a scheme for the evaluation of probiotics for the food use (FAO/WHO
2002) presented in Figure 4.
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FIGURE 4. Guidelines for evaluation of probiotics for food use (modified from Joint
FAO/WHO guidelines 2002).

Even though a potential probiotic strain does not need to fulfill all above described selection
criteria, the safety issue is of outmost importance. Lactobacillus, Leuconostoc and
Pediococcus species have been consumed throughout human history and bifidobacteria are
predominantly present in GI tract of breast-fed infant (Ishibashi and Yamazaki 2001). As the
reports demonstrating harmful effects of probiotics are rare, their safety has not been
questioned and they are most commonly given generally-regarded-as-safe status (Isolauri and
Salminen 2008, Sanders 2003). However, some commonly used probiotics bacteria have also
been isolated from various types of infective lesions: bacterial endocarditis and bacterimia,
and various other infections (Husni et al. 1999, Salminen et al. 2004, Tommasi et al. 2008).
The extremely low number of cases of bacterimia related to the use of probiotics supported by
epidemiologic evidence suggests no population based increase in risk on the basis of usage
data (Salminen M et al. 2002). Moreover, there have been several controlled clinical trials on

the use of probiotics that demonstrate safe use (Salminen et al. 2004, Snydman 2008).
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Adhesion ability of a strain to the intestinal mucosa is another main selection criterion for
probiotics (Tuomola et al. 2001). Even though adhesion to mucosal surfaces is a pre-requisite
for the subsequent colonization, probiotics in use do not appear to colonize a host
permanently but only transiently (Salminen et al. 2005, Gueimonde et al. 2005). The human
microbiota has been shown to change during the lifetime. The most drastic changes take place
in early childhood (the establishment of a stable microbiota) and in elderly (decrease in
bifidobacteria). Interestingly, there appears to be correlation between in vitro adhesion and
colonization of bifidobacteria (Tuomola et al. 2001). Ouwehand and co-workers found
especially low bifidobacteria adhesion to intestinal mucus isolated from elderly subjects
(Ouwehand et al. 1999), suggesting that reduced adhesion may be one explanation for the low
bifidobacteria numbers in elderly. Moreover, the adhesion ability of specific probiotic strains
also correlates with the duration of the rotavirus diarrhea. Lactobacillus GG and L. reuteri,
both found to be adhesive (Tuomola and Salminen 1999, Kirjavainen et al. 1998), have also
been shown to shorten rotavirus diarrhea (Shornikova et al. 1997, Majamaa et al. 1995),
whereas moderately adhesive (Greene and Klaenhammer 1994) L. delbrueckii ssp. bulgaricus

did not (Majamaa et al. 1995).

2.2.3 Mechanisms of action of probiotics in the gut

During the first few days of life, the intestine is rapidly colonized by bacteria, which probably
possess a dual significance in the context of development of gut defense mechanisms. The
demonstration that in the absence of the intestinal microbiota antigen transport across the gut
mucosa is increased indicates that gut microbiota is an important factor in the development of
intestinal defense barrier (Isolauri and Salminen 2008). Intestinal bacteria can also process
certain nutrient (Musso et al. 2009), regulate intestinal angiogenesis (Stappenbeck et al.
2002), influence the number and distribution of the gut associated lymphoid tissue (GALT)
cell populations (Rhee et al. 2005), induce oral tolerance and mucosal immunity (Nagler-
Anderson 2000, Sudo et al. 1997), and diversify the premature antibody repertoire (Rhee et al.
2004).

Probiotic bacteria have been shown to alleviate disease states that are characterized by altered
intestinal microbiota and impaired gut barrier (Salminen et al. 1996 and 2005). For example,
prolonged cow milk challenge in suckling rats increased the gut permeability (assessed using

Ussing chamber technique), whereas Lactobacillus GG in milk reversed this disorder (Isolauri
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et al. 1993). Similarly, the same probiotic strain was shown to decrease the uptake of
horseradish peroxidase in suckling rats with rotavirus (Isolauri et al. 1993b). Processing of
dietary proteins and T-cell suppression are the deciding elements to evoke systemic
hyporesponsiveness to ingested protein antigens. The evidence suggests that probiotic bacteria
may modify immunomodulatory properties of native food antigens. For example, bovine
caseins modified by enzymes of Lactobacillus GG have been shown in vitro to suppress
lymphocyte proliferation in healthy adults (Pessi et al. 2001) and downregulate IL-4
production in atopic subjects (Siitas et al. 1996). This bacterial ability to degrade food
antigens into tolerogenic antigens has also been demonstrated to be antigen specific (Pessi et
al. 1998). The results indicate that probiotics can normalize the gut permeability and modify
the structure of potentially harmful antigens thereby altering the mode of their

immunogenicity (Isolauri et al. 2001).

The fundamental idea with probiotics has always been to alter the aberrant intestinal
microbiota towards a normal microbiota that would be beneficial to the host (Ouwehand et al.
2002, Bomba et al. 2002). By increasing the number of lactobacilli and/or bifidobacteria,
levels of certain less desirable bacterial genera, such as coliforms and clostridia can be
decreased. The mechanisms by which probiotics modulate composition of intestinal
microbiota may include the compensation for the adhesion sites and nutrients, and the
production of antimicrobial substances (Salminen et al. 2005). In addition, probiotic
consumption not only results in an increase of the particular consumed probiotic but also may
also induce the growth of other potentially beneficial genera (Ohashi et al. 2007) and enhance
nonspecific host resistance to microbial pathogens (Ouwehand et al. 2002). Non-specific host-
defense responses are induced by a variety of stimuli and are activated rapidly. Phagocytosis
is responsible for the recruitment of immunocompetent cells and generation of inflammatory
response, the phenomenon also seen in atopic subjects (Isolauri et al. 1997, Crittenden and
Bennett 2005). Several strains of live lactic acid bacteria have been shown to induce in vitro
the release of proinflammatory cytokines, tumor necrosis factor-a, IL-6 and IL-12, reflecting
stimulation of nonspecific immunity (Ghadimi et al. 2008), whereas some studies have shown
that probiotics or homogenates derived from them (i.e. non-viable probiotic preparates) do
possess antiproliferative activities and down-regulate IL-2 and IL-4 production of peripheral
blood mononuclear cells (Kankaanpdd et al. 2003), probably mediating these
immunomodulatory effects via several specific innate immune receptors (Ishii et al. 2008). In

humans, enhanced phagocytic activity of peripheral blood leukocytes has also been reported
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in humans by Lactobacillus johnsonii strain Lal (Donnet-Hughes et al. 1999). Even though
Lactobacillus GG did possess similar activation potential, this potential was subject group
specific; suppression of phagocytosis in milk-hypersensitive subjects but stimulation in
healthy (Pelto et al. 1998). Oral bacteriotherapy with probiotics has also been shown to
stabilize the immunologic barrier of gut mucosa by reducing the generation of local
proinflammatory TNF-a (Majamaa and Isolauri 1997), by reinforcing the systemic production
of IFN-y with physiological protective effects in the gut (Ulisse et al. 2001) and by
stimulating antigen specific IgA antibody responsiveness via promoting transforming growth
factor (TGF) B2 (Rautava et al. 2006). Therefore, the immunomodulating effects of probiotic
bacteria may depend on the immunologic state of the host. Moreover, strains that have been
shown to survive in the GI tract, adhere to the gut mucosa and persist above a critical level

seem to be more efficient in stimulating non-specific immunity (Tuomola et al. 2001).

Specific immune responses can be classified into two major categories, humoral immunity
and cellular immunity. Translocation of probiotics could lead to the activation of the GALT,
which results, in turn, in mucosal soluble IgA production (Rhee et al. 2004). Soluble IgA
inhibits colonization of pathogens and penetration of potentially harmful luminal antigens.
Especially, soluble IgA production can be induced by oral immunization, as shown in studies
demonstrating an increase in systemic and mucosal IgA responses to dietary antigens
following oral administration of lactobacilli (Lactobacillus GG and Bifidobacterium lactis Bb-
12) (Rautava et al. 2006). Similarly, an increased humoral immune response including an
increase in rotavirus-specific antibody-secreting cells in the IgA class has been detected in
children with acute rotavirus diarrhea who received Lactobacillus GG during the acute phase
of diarrhea compared with controls (Majamaa et al. 1995). The development of humoral
immune mechanisms has been linked to mode of delivery and subsequent changes in
microbiota; the differences in the microbiota of vaginally born infants and infants born by
caesarean section were associated with maturation of humoral immune mechanisms
(Gronlund et al 2000). Particularly, infants harboring Bacteroides fragilis and, to a lesser
extent, bifidobacteria had more circulating IgA- and IgM-secreting cells. Similarly, the
compositional microbiota differences were observed in infants in whom atopy was or was not
to be developed (Kallioméki et al. 2001). Thus, qualitative differences in the composition of
the microbiota might affect the immunological homeostasis. The impact of gut microbiota on

the maturation of the gut immune defense culminates in early infancy, when the mode of
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immune responsiveness to antigens is consolidated (Salminen et al. 2005, Isolauri and

Salminen 2008).

Probiotics have also been demonstrated to modulate cellular immunity. Lymphocyte
proliferation to T cell mitogens have been enhanced in mice fed yoghurt containing live lactic
cultures (De Simone et al. 1987). Likewise, L. acidophilus feeding has been shown to enhance
ex vivo basal splenic lymphocyte proliferation in mice (Kirjavainen et al. 1999). In contrast to
these immunostimulatory activities, several studies also indicate that probiotic bacteria may
possess immunosuppressive activities. L. casei, L. gasseri, and L. rhamnosus were shown to
inhibit both basal proliferation and mitogen-induced T cell proliferation (Kirjavainen et al.
1999b). Similarly, heat-stable, cytoplasmic extracts derived from candidate probiotic bacteria
suppressed mitogen stimulated peripheral lymphocyte proliferation (Pessi et al. 1999), and
down-regulated IL-2 and IL-4 production of peripheral blood mononuclear cells and inhibited
activation receptor expression on stimulated T lymphocytes (Kankaanpdd et al. 2003)
indicating that probiotic may be used to generate biologically nonviable, yet immunologically
effective immunomodulatory components. In addition, L. casei has been shown to down-
regulate IL4, ILS and antigen-induced IgE production (Shida et al. 1998), and aberrant IgE
response by germfree mice could be corrected by the reconstitution of microbiota at the
neonatal stage, but not at later age (Sudo et al. 1997). The enhanced IL-10 production in
atopic children following the oral bacteriotherapy with Lactobacillus GG and Bacillus clausii
further substantiates the anti-inflammatory properties of specific probiotics (Pessi et al. 2000,
Ciprandi et al. 2005). Above summary of results indicate that the maturation of intestinal
microbiota at early age plays a crucial role in the development of oral tolerance and this may

be modulated by specific strains of probiotics.

2.2.4 Potential Health Benefits of Probiotics

A number of health-related effects of probiotics have been documented (Salminen et al 2005,
Sanders 2003, de Vrese and Schrezenmeir 2008). The clinical endpoints for probiotic studies

investigated so far are listed in Table 3.
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TABLE 3. Examples of studied clinical endpoints for probiotic therapies (the list of endpoint
and references is not comprehensive but demonstrative).

Clinical endpoint Reference

Inflammatory bowel disease (incl. Crohn’s Mitsuyama 2008*

disease and ulcerative colitis) Madden 2002*

allergy (atopic eczema, milk allergy, Isolauri and  Salminen  2008*
asthma) Kallioméki et al. 2003, 2007

colon cancer Rafter 2003*

Hatakka et al. 2008
El-Nezami et al. 1998

diarrheal diseases Dubey et al. 2008
Szajewska et al. 2001
McFarland 2006*, 2007*

lactose intolerance (incl. milk Montalto et al. 2006*

hypersensitivity) Vesa T et al. 2000*

Diabetes (both Type 1 & 2) Ljungberg et al. 2006
Cani and Delzenne 2009*
Luoto et al 2010b

* Meta-analysis or review

Despite the abundance of reports showing the importance of probiotic supplementation, only a
limited number of probiotics have been validated using clinically relavant endpoints. For the
most cases, the reports are ‘preliminary’ and it is hard to establish the total evidence including
full spectrum of in vitro and animal studies linked to human data. The treatment and/or
prevention regimen for which probiotics have recently gotten an “A” recommendation (Floch

et al 2008) will be discussed in more detail below.

Dietary studies have suggested that consumption of yogurt may reduce some clinical
symptoms of allergy in adults with atopic rhinitis or nasal allergies, especially among elderly
by alleviating Th2 kind of responses (Cross et al. 2001). As an example, Lactobacillus-
fortified yogurt consumption showed a longitudinal trend toward reduced eosinophilia and
increased IFN-y production in adult asthmatics, though normal yogurt did not affect atopy or
immune parameters (Wheeler et al. 1997). In addition to studies on adults, it has been
suggested that children later developing allergy possess an aberrant intestinal microbiota

(Kalliomiki et al. 2001) - an imbalance that probiotics could potentially correct. Indeed,
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especially Lactobacillus GG and Bifidobacterium Bb-12 have shown preventative potential on
allergy development (Majamaa and Isolauri 1997, Isolauri et al. 2000, Pessi et al. 2000,
Kalliomiki et al. 2001b, 2003, 2007). In the study, Majamaa & Isolauri showed that probiotic
supplementation significantly alleviated the extent and intensity of eczema, as well as reduced
fecal alpha-l-antitrypsin and TNF levels of cow’s milk-sensitive infants with atopic
dermatitis. In another study, 27 exclusively breast-fed infants with atopic dermatitis were
weaned to a hydrolyzed whey formula alone, or in combination with Lactobacillus GG or
Bifidobacterium Bb-12 (Isolauri et al. 2000). The children’s eczema after 2 months was
scored in a blinded fashion using SCORAD system, and found to be significantly improved to
nearly normal in both probiotic groups. This improvement was also paralleled by reduction of
soluble CD4 in the serum and eosinophilic protein X in the urine (Isolauri et al. 2000). In
atopy, IL-10 is suggested to possess anti-inflammatory effects via downregulation of IL-4 and
Lactobacillus GG supplementation have been shown to augment IL-10 production in children
with atopic dermatitis and cow’s milk allergy (Pessi et al. 2000). Most recently, in a placebo-
controlled, double blinded trial, supplementation of both mothers and infants with
Lactobacillus GG was shown to significantly reduce the incidence of atopic disease at 2 years
of age (23% of the probiotic group vs. 46% of the placebo group) (Kalliomiki et al. 2001).
Moreover, there are two more longitudinal follow-up reports of the same study indicating that
early probiotic therapy (pre- and postnatal) result in persistent reduction of atopy in children
up to 7 years after the original therapy took place (Kallioméki et al. 2003, 2007). Even though
these results are very promising, conflicting data has also been published (Isolauri and
Salminen 2008). For example, Lactobacillus GG, one of the most studied and potent
probiotic, failed to shown any beneficial effects in adolescents and adults having birch pollen
allergy (Helin et al. 2002), Lactobacillus GG supplementation during pregnancy and early
infancy was reported to neither reduce the incidence nor altered the severity of atopic
dermatitis in double-blind, placebo controlled prospective trial (Kopp et al. 2008) and
Wheeler and co-workers reported no changes in clinical asthma patient following
consumption of Lactobacillus acidophilus fortified yoghurt (Wheeler et al. 1997). These
findings also highlight the importance of therapy timing, study design and strain selection; (i)
therapies should be carried out at time when the intestinal mucosa is known to be particularly
responsive to microbial stimulus, i.e. at prenatal or neonatal stages of infant (adults have
already acquired their tolerance), (ii) study designs and used formulations may have drastic
effect on the output of the study, and (iii) potential beneficial effects of probiotics are highly

strain specific. The usefulness of probiotics in treatment of childhood allergy and eczema is
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now widely accepted (Floch et al. 2008) and specific probiotics (e.g. Lactobacillus GG and
Bifidobacterium lactis) are recommended in infants and children for the treatment and
prevention of allergic disorders with intestinal involvement (Rosenfeldt et al. 2004, Viljanen
et al. 2005, Kalliomaiki et al. 2001, 2003, 2007, Abrahamsson et al. 2007). However, although
the evidence that probiotics may prevent the development of atopy and reduce allergic
symptoms in existing atopic disease is accumulating for specific strains, according to recent
meta-analyses, the hygiene hypothesis remains still to be confirmed (Boyle et al. 2009, van

der Aa et al. 2009).

The use of antibiotics decreases the indigenous gut microbiota, thus reducing the colonization
resistance, and the fermentation capacity of the colon thereby resulting in antibiotic-
associated diarrhea (AAD). Randomized, double blind, placebo-controlled studies have
proven the efficacy of the oral administration of Saccharomyces boulardii to decrease the risk
of AAD and significantly shorten the durations of AAD (Surawicz et al. 1989). A clinical
trial by Ruszczynski and co-workers assessed the efficacy of three L. rhamnosus strains in the
prevention of AAD in double-blind, randomized, placebo-controlled trial of 240 children
(Ruszczynski et al. 2008); 20 patients in the placebo group had diarrhea compared to nine in
the probiotic group. Moreover, various meta-analyses have shown the efficacy of probiotics in
the prevention of AAD (D'Souza et al. 2002, McFarland 2006). Evidence also exists for the
efficacy of probiotics (L. bulgaricus, L. acidophilus, Lactobacillus GG, bifidobacteria,
streptococci) in the prevention of traveler’s diarrhea (Hilton et al. 1997, Oksanen et al. 1990).
In addition to the specific studies, a meta-analysis of several hundreds of studies has
concluded that probiotics are safe and effective for prevention of traveler’s diarrhea
(McFarland 2007), despite the number of contradictory studies. These variations have
generally been justified by several factors such as differences in populations studied, type of
probiotics used, the duration of treatment, travel destination, probiotic viability during the trip

and travelers compliance with treatment (Eamonn et al. 2009).

The use of the probiotics in the treatment and prevention of viral diarrhea is well documented
(Guandalini 2008). Especially, Lactobacillus GG has been consistently demonstrated to
reduce the duration of rotavirus-associated diarrhea in randomized trials (Isolauri et al. 1994,
Guandalini et al. 2000, Szajewska et al. 2001). Several other probiotics (e.g. Lactobacillus
reuteri and Bifidobacterium bifidus Bb-12) may also be potential candidate bacteria when oral

bacteriotherapy for viral diarrhea is considered (Shornikova et al. 1997, Saavedra et al. 1994).
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A positive impact of probiotics (in terms of virus-originated diarrhea) in children of day-care
centers and in undernourished Peruvian children suggesting that regular supplementation with
probiotics may be beneficial (Oberhelman et al. 1999, Hatakka et al. 2001). Even though there
have been some promising studies using the probiotic yeast, Saccharomyces boulardii
(Surawicz et al. 2000, Ooi et al. 2009), the adequate evidence is lacking to recommend the use
of probiotics in the prevention or treatment of C. difficile (Eamonn et al. 2009, Rupnik et al.
2009).

2.3 SUMMARY OF LITERATURE REVIEW

The prevalence of inflammatory based diseases, such as atopy, has increased especially in
developed countries within the last decades. Two primary hypotheses have been proposed to
explain this phenomenon; the hygiene hypothesis and the hypothesis based on dietary
evolution. In particular, the reduced early exposure to microbes and an increase in the amount
of polyunsaturated fatty acids (especially n-6 PUFA) in the diet have been proposed. As
discussed in this literature review, both factors have been shown to possess potential health
benefits in terms of prevention and treatment of inflammatory diseases. Moreover, these
beneficial effects seem to be derived via similar mechanisms (e.g. modulation of non-specific
and specific immunity, microbiota and permeability). It is also evident that the modulatory
power of these two factors has nearly exclusively investigated individually. The hypothesis of
the present study was to demonstrate that PUFA and probiotics are not separate entities as

such but do interact with each other.



Aims of the Present Study 37

3 AIMS OF THE PRESENT STUDY

The goals of the present study were to characterize the interactions between PUFA and

probiotics. More specifically, the aims were:

1) to investigate whether maternal diet and atopic status influence the PUFA composition of

breast milk and serum fatty acids of infants

2) to investigate whether the fatty acid absorption and utilization by the atopic infants is

affected by supplementation of infant formula with probiotic bacteria.

3) to assess whether specific probiotic strains could incorporate exogenous free PUFA into

bacterial lipids and how these changes influenced the physical properties of given bacteria.

4) to assess how different free PUFA in growth media influence the functional properties of
probiotics by investigating the adhesion properties to mucus and epithelial cells as well as

bacterial growth.
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4 SUBJECTS, STUDY DESIGNS AND ETHICS

4.1 StudylI

Study population design is shown below (Figure 5). Allergic mothers had a confirmed
asthma, allergic rhinoconjunctivitis, or atopic eczema and children were classified as atopic if
at least one positive skin prick test together with atopic eczema or food allergy were recorded

(Hanifin, 1987).

Healthy Mothers Allergic Mothers
n=20 n=20
Healthy Atopic Healthy Atopic
children children children children
n=10 n=10 n=10 n=10

FIGURE 5. Population design of Study I.

Breast milk samples were collected when the children were 3 months old. At the same time,
completed food records were collected, and blood samples from infants were drawn by

venous puncture.

Altogether 28 (18 allergic and 10 healthy) out of 40 mothers completed food records
adequately with household measures on four consecutive days as described previously
(Isolauri et al 1999). The mothers chose these days freely, and they were regarded to reflect

the period of exclusive breastfeeding.

Informed written consent was obtained from the mothers before the study. The Joint Ethical
Committee of University of Turku and Turku University Central Hospital in accordance with

the Helsinki Declaration approved the study.
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4.2 Study II

The study involved 15 infants (median age of enrolment 5 month) referred to pediatric clinic
on the basis of atopic eczema; all fulfilled the Hanifin criteria for atopic eczema (Hanifin
1991). All the infants were exclusively breastfed before the eczema symptoms having had no

exposure to any infant substitute.

Infants were divided (randomized double-blind study design) into three groups receiving
infant formula with or without probiotic bacteria; group A received extensively hydrolyzed
infant formula, group B received the same formula supplemented with Lactobacillus GG and
group C the same formula supplemented with Bifidobacterium Bb12. All formulas were well

tolerated by infants.

Baseline characteristics of the study population, the amount of formulas consumed by the

infants and the weight gain is shown in Table 4.

Blood samples were collected (EDTA-plasma) at the first clinical examination before the start

of study period and on the control clinical examination.

Informed consent was obtained from the infants’ parents and the Tampere University Hospital

Committee on Ethical Practice approved the study.

4.3 Study III

The three lactobacilli strains, widely used as probiotics or dairy starter culture strains, were
grown anaerobically in MRS broth supplemented with linoleic acid (18:2 n-6), y-linolenic
acid (18:3 n-6), arachidonic acid (20:4 n-6), a-linolenic acid (18:3 n-3), or docosahexaenoic

acid (22:6 n-3) or without any PUFA supplementation.

After culturing phases, the influence of the PUFA supplementation on the bacterial cell fatty
acid compositions (with PUFA dose of 5 pg / mL) and physicochemical characteristics
(hydrophobicity and electron donor-acceptor nature) of probiotics (with PUFA doses of 5 and
20 ng / mL) were investigated.
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4.4 StudylV

In the first part of Study IV, three lactobacilli strains, widely used as probiotics or dairy starter
culture strains with proven in vitro adhesion properties (Kirjavainen et al. 1998, Tuomola and
Salminen 1998, Tuomola et al. 2001), were grown in the presence of linoleic (18:2 n-6), y-
linolenic (18:3 n-6), arachidonic (20:4 n-6), a-linolenic (18:3 n-3), or docosahexaenoic acid
(22:6 n-3) after which bacterial concentrations and bacterial viability were assessed as per

function of PUFA doses of 5, 10, 20 and 40 ug / mL.

In the second part of Study IV, the same bacteria were grown to the late logarithmic phase in
MRS broths supplemented with the same PUFAs as above. The effect of PUFA at varying
concentrations in growth medium (PUFA doses of 10, 20 and 40 pg / mL) was assessed as a

function of mucus adhesion properties of a given bacteria.

In the third part of Study IV, the effects of PUFA on Caco-2 cells were investigated by
culturing Caco-2 cells in medium supplemented with either linoleic acid, y-linolenic acid,
arachidonic acid, a-linolenic acid, or docosahexaenoic acid (and control). The effects were

assessed as function of bacterial adhesion to differentially grown Caco-2 cells.
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5 MATERIALS & METHODS

Details of materials and methods are described in the original publications I-IV.

5.1 Bacteria and culture conditions

Bacteria used in the different studies and their sources are shown in Table 5. De Man, Rogosa,
Sharpe (MRS) -broth (Merck, Darmstadt, Germany) was supplemented with or without
linoleic (18:2 w-6), y-linolenic (18:3 ®-6), arachidonic (20:4 ®-6), a-linolenic (18:3 ®-3), or
docosahexaenoic acid (22:6 ®-3) at final concentrations of 5 (III, IV), 10 (IV), 20 (III, IV),
and 40 (IV) pg / mL. The range of PUFA concentrations used in the studies has been
previously demonstrated to be strain-dependently antibacterial (Kodicek and Worden 1945,
Kabara et al 1972) and physiologically relevant (Champon 1996).

Bacteria were grown anaerobically in different MRS broths at 37 °C with gentle agitation to
facilitate mixing during the incubation period. In all studies (III and IV), bacteria were grown

to logarithmic phase, i.e. 18-24 hours at conditions described above.

The fatty acid composition of non-supplemented MRS growth medium was also analyzed
based on methodologies described by Christie (1982) and Yang et al. 1999 (Table 6). Even
though MRS medium is known to possess fatty acids (e.g. oleic acid; in the form of Tween-
80), this medium was selected for this study since the Tween-80 has been shown to be
essential growth factor for lactobacilli (Partanen et al. 2001). Moreover, this particular
medium is the most commonly used medium in lactobacilli research; the evaluation of the

relevance of the present results necessitates the use of this medium.

5.2 Infant formulas

The bacteria were selected for the study based on available data concerning their efficacy and
safety (Isolauri et al 1989, Saavedra et al. 1994). The concentrations of probiotics in the
formulas for Lactobacillus GG and Bifidobacterium Bb12 were 3 x 10% and 1 x 10° colony-
forming units (CFU) / g, respectively. For the purpose of the study, it was pivotal to know the
fatty acid profile of the basic study formula (Table 7).
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Bacteria culture étudy Source

collection#
Lactobacillus GG ATCC II-IV ~ Valio Ltd., Helsinki,

53103 Finland
Lactobacillus casei strain Shirota - II-IV  Yakult Singapore Pty., Ltd.
Bifidobacterium Bb12 DSM I Chr. Hansen A / S,

15954 Heorsholm, Denmark
Lactobacillus  delbrueckii ~ subsp. 11842 m-1v. ATCC

Bulgaricus

TABLE 6. Fatty acid composition of MRS broth. Total fatty acid content 0.27 mg/mL.

Fatty acids Rel. % (w/w)
12:0+14:0 0.5
16:0 4.7
18:0 1.5
19:0 0.4
20:0+22:0 04
16:1 n-7 1.0
18:1 n-9 65.9
18:1 n-7 2.0
20:1 n-9 2.1
22:1n-9 0.5
18:2 n-6 0.1
18:2 ¢-9,t-11 / t-8,¢-10' 33
18:2 t-10,c-12 / ¢-11,t-13" 3.1
20:3 n-3 0.2
22:6 n-3 + 24:1 0.6
Unidentified FA 13.6

" overlapping peaks in the chromatograms
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TABLE 7. The fatty acid composition of extensively hydrolyzed infant formula
(PeptidiTutteli, Valio Ltd., Helsinki, Finland) (Kaila 1999).

Fatty acids Mean % by wt
> SFA 43,78
> MUFA 38,30
Y n-6 PUFA 16,10
18:2 n-6 16,06
20:3 n-6 nd
20:4 n-6 nd
> n-3 PUFA 1,67
18:3 n-3 1,67
20:5n-3 nd
22:6 n-3 nd

nd: not detected

5.3 Mucus adhesion

Human intestinal mucus was isolated from the faeces of healthy infants (n=11) and the
bacterial adhesion to this mucus isolate was studied according to the method described by
Kirjavainen et al 1998. For mucus adhesion assay, bacterial concentrations were adjusted to
optical density of 0,25 + 0,5; approximately 2,9 x 10’ Lactobacillus GG, 9,0 x 10" L. casei

Shirota and 6,9 x 107 L. bulgaricus were added to mucus adhesion.

Mucus adhesion results are expressed as mean (SD) of three independent experiments each

performed in triplicate.

5.4 Caco-2 cell adhesion

The Caco-2 cells (ATCC HTB 37) were cultured in Minimal Essential Medium (MEM)
supplemented with 1% MEM Non-essential Amino Acids Solution (Gibco BRL, New York,
USA), 20 % heat-inactivated (30 min, 56 °C) foetal bovine serum, 2 mM L-glutamine, 2%
sodium bicarbonate (7.5% NaH2CO?2), 1% 0.1 M sodium pyruvate, 100 U ml-1 penicillin and
100 mg ml-1 streptomycin at 37 °C in an atmosphere of 10 % CO2 /90 % air.

Caco-2 monolayers were prepared in 24-well tissue culture plates, seeded at a concentration
of 1-3 x 10° cells / well to obtain confluence, and maintained for 2 weeks (fresh medium

changed every second day).
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To study the effects of PUFA on Caco-2 cells, MEMs were supplemented with either linoleic
acid, y-linolenic acid, arachidonic acid, a-linolenic acid, or docosahexaenoic acid at final
concentration of 10 ug / mL. This PUFA concentration was selected according to preliminary

growth and mucus adhesion findings of Study III.

One hour before bacterial adhesion assays, fresh non-supplemented MEM was changed. The
adhesion of metabolically labeled bacteria to differentially cultured Caco-2 cells was assessed

using the method described by Tuomola et al. 1998.

Caco-2 adhesion results are expressed as mean (SD) of three independent experiments each

performed in triplicate.

5.5 Microbial adhesion to solvents

Microbial adhesion to solvents (MATS) was investigated by comparing bacterial cell
affinities to polar and nonpolar solvents. A modified method described by Briandet et al. 1999
was utilized. Briefly, the following solvent pairs were used: i) chloroform (polar solvent) and
tetradecane (nonpolar solvent), and ii) ethyl acetate (polar solvent) and octane (nonpolar
solvent). Of the polar solvents, especially ethyl acetate is a strong electron donor solvent. The
two nonpolar solvents were used to estimate the hydrophobicity properties of the lactobacilli,
whereas the two polar solvents were selected for the estimation of the Lewis acid/base (i.e.
electron donor/acceptor) characteristics. Comparing affinity to the polar acidic chloroform
and to the nonpolar tetradecane assessed the basic characteristics of lactobacilli. In a similar
fashion, comparing affinities to the polar ethyl acetate and to the nonpolar octane assessed the

acidic characteristics of lactobacilli.

Grown bacteria (3 independent cultures / bacteria / growth condition) were harvested by
centrifugation for 7 min at 1500 x g at +4 °C and washed twice with, and eventually
resuspended in 0.15 M NaCl. The high electrolyte concentration was used to avoid charge
interference (some nonpolar solvent droplets may become negatively charged in aqueous
solutions and subsequently mask the cell surface charge). The turbidity of microbial
suspensions at 600 nm was adjusted to 0.25 + 0.01 (giving a CFU of 1-2 x 10* / mL) and a 1
mL sample was taken (Sample Ag). A total of 2.4 mL of this microbial solution was then

vortexed for 1 min with 0.4 mL of solvent, and the mixture was allowed to stand for 15 min to
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completely separate the two phases. Another ImL sample was carefully taken from the
aqueous phase (sample A). The turbidity of both samples at 400 nm was then determined. The
percentage of bacterial cells present in each solvent was subsequently calculated by using the

following equation: % affinity = 100 x [1-(A/Ay)].

The results are presented as mean (SEM) of % affinity of three independent experiments each
performed in duplicate. To facilitate the evaluation of basic/acidic characteristics of
lactobacilli, solvent pair ratios (i.e. chloroform / tetradecane and ethyl acetate / octane) were

calculated, plotted and statistically assessed.

5.6 Bacterial viability assay

In the Study IV, bacteria were grown anaerobically in different MRS broths supplemented
with varying PUFA. After the incubation period, the final bacterial concentrations and
bacterial viability were assessed using flow cytometric viability staining method based on

bacterial membrane permeability (Virta et al. 1998).

The results are presented as mean of % viability (compared to control culture) assessed in

three independent experiments each performed in singlicate.

5.7 Preparation and analysis of serum fatty acid samples

Serum was separated from whole blood according to tube manufacturer’s instructions and

transferred to -20°C.

Serum fatty acid analyses were carried out using method described previously (Erkkild et al.
1998, Agren et al. 1992). Lipids were extracted from serum samples of 100 pL with
chloroform-methanol (2:1), and separated with an aminopropyl column to three fractions, i.e.
cholesteryl esters (CE), triglycerides (TG) and phospholipids (PL). Fatty acids were then

transmethylated with 14% borontrifluoride in methanol at 100°C for 1 hr.

Fatty acid methyl esters were analyzed in singlicate using Hewlett-Packard 5890 series II -
Gas Chromatography (Hewlett-Packard Company, Waldbronn, Germany) equipped with
FFAP-column (length 25 m, & 2mm, and film thickness 0.3um) helium as a carrier gas.
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Peaks were identified by comparison of their retention times to the retention times of pure
fatty acid methyl ester reference compounds using heptadecanoate acid as an internal standard
to quantify the fatty acids. Quantitative results are presented as molar percentage of total fatty

acids.

5.8 Preparation and analysis of plasma fatty acid samples

The whole blood samples were centrifuged to separate the plasma, and the plasma were

immediately stored at —70 °C for fatty acid analysis.

Lipids were extracted from 100 uL plasma with 6 mL chloroform-methanol (2:1, v/v) using
the procedure described by Folch and co-workers (Folch et al. 1957). Evaporated lipids were
resuspended to 0.5 mL chloroform and fractionated on silica Sep-Pak columns (Waters Corp.,
USA) by eluting with 10 mL chloroform (neutral lipids; NL) followed by 20 mL methanol
(phospholipids; PL). Both fractions were evaporated to dryness and transesterified by sodium
methoxide catalysis (Christie 1982).

The fatty acid methyl esters of each sample were analyzed in duplicate using PerkinElmer
AutoSystem Gas Chromatograph (PerkinElmer Corp., USA) equipped with programmed
split/splitless injector, flame ionisation detector and silica gas chromatography column NB-351
(length 25 m, & 0.32mm, and film thickness 0.2um). The Gas Chromatograph system was
controlled with the Turbochrom Navigator 4 (PerkinElmer, San Jose, USA). Helium (1.7 mL /

min) was used as a carrier gas.

Peaks were identified by comparison of their retention times to the retention times of standard
mixture of known (68D, NuChek Prep, Elysian, USA). Quantitative results are expressed as

relative peak area % (its proportion to the sum of all fatty acid peak areas).

5.9 Preparation and analysis of breast milk fatty acid samples

To collect the breast milk samples, infants were allowed to suckle the nipple for few minutes,
then a breast milk sample (10mL) was taken and the feeding continued. Samples were

immediately transferred to the freezer at -70°C until analyzed.
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Lipids of breast milk samples were extracted using the standardized method of International
Dairy Federation for milk fat determination (International Dairy Federation 1987), except that
the reagent volumes were adjusted to match with the available sample volumes and only one
dose of petroleum ether / diethyl ether was used. Fatty acids of milk lipids (20 mg / sample)
were then methylated using sodium methoxide + methanol in hexane (Christie 1982) with
minor modifications; the solvent was not evaporated but the excess of methanol in hexane

layer was adsorbed on anhydrous CaCl, before gas chromatography analyses.

Samples of fatty acid methyl esters were analyzed in singlicate by HP 6890 Gas
Chromatography (Hewlett-Packard GmbH, Waldbronn, Germany) equipped with electronic
gas control, automatic sampler and injector, split-splitless inlet, FocusLiner™ (SGE
International Pty Ltd, Ringwood, Australia). A silica capillary column coated (length 100m,
@ 0.2mm) with film thickness of 0.20 pm CP-Sil 88 cyano silicone phase (Chrompack
International BV, Middelburg, The Netherlands) and a flame ionization detector. Instrument
control and data processing were done using ChemStation A04.02 program on HP Vectra

XM2 4/100i computer (Hewlett-Packard Co., Wilmington, USA).

Peaks were identified by comparison of their retention times to the retention times of pure
fatty acid methyl ester reference compounds or known fatty acid methyl ester mixtures and by
analyzing natural reference fats with literature data. Quantitative results were expressed as

relative peak area % (its proportion of the sum of all fatty acid peak areas).

5.10 Preparation and analysis of bacterial whole cell fatty acid samples

In the study III, bacteria were grown anaerobically in MRS broth supplemented with PUFA at
5 pg / mL or without PUFA supplementation. After cultivation, bacterial cells were harvested
by centrifugation for 7 min at 1500 x g at 4 °C and washed twice with phosphate buffered
saline (pH 7.4). Each bacterial culture tube (n=6 / bacteria / culture condition), containing

approximately 100-500 mg wet cell biomass, were capped and stored at 4 °C prior to analysis.

Preparation and analysis of bacterial fatty acids methyl esters was carried according to the
Anaerl method of the Microbial Identification System (MIDI, Microbial ID, Newark, DE). In
short, bacterial culture preparates were treated through saponification, methylation, extraction

and washing phases prior to gas chromatographic analysis. For the gas chromatographic
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analysis of bacterial extracts, the solvents were evaporated and the bacterial extracts
resuspended to 0.5 mL hexane and analyzed in duplicate with the same gas chromatograph

system described for plasma fatty acid analysis (see section 5.8).

Peaks were identified by comparing their retention times with those of a known standard
mixture (68D, NuChek Prep, Elysian, USA), or by co-injection with reference compounds
CLAG60 standard (kindly provided by K. Nurmela, Valio Ltd., Finland) and 19:cy standard
containing methyl esters of dihydrosterculic acid (cis-9,10-methyleneoctadecanoate) and
lactobacillic acid (cis-11,12-methyleneoctadecanoate) purchased from Larodan Fine
Chemicals AB, Malmd, Sweden). The fatty acid compositions are expressed as relative

weight % (w/w) values.

5.11 Food records

Calculations of energy and fat intake were made with the Micro-Nutrica computer program
(version 2.0, Research Centre of the Social Insurance Institution, Turku, Finland), which uses
constantly updated Food and Nutrient Data Base of the Social Insurance Institution (Rasta et

al. 1993). The total intake of SFA, MUFA, linoleic and a-linolenic acid was calculated.

5.12 Statistical analysis

Normal distribution of variables was confirmed with Kolmorov-Smirnov test. Differences in
fatty acid intake, and fatty acid composition of breast milks and serum lipid fatty acids were
tested by multivariate analysis of variance with Fishers PLSD when comparing different
groups. In pairwise comparisons #-tests with correction of Bonferroni were used, i.e. breast
milk comparisons in relation to mothers’ condition (atopic vs. non-atopic mothers) and serum
fatty acid composition in relation to children’s condition (atopic vs. non-atopic children). The
level of significance was set to p<0.05. The correlations between fatty acid intake and fatty
acid composition of breast milks and composition of breast milks and serum lipid fatty acids
were analyzed by linear regression and Spearman Rank correlation test. The significance level
for correlations was set to p<0.01. The results for continuous variables are expressed as means

(95% CI).

In the Study II, the analyzed plasma lipid compositions following different study formulas

were normally distributed. Statistical differences within groups (before vs. after treatment)
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were tested with two-tailed paired 7 test with the level of significance p < 0.05. Statistical
differences between groups were assessed in two consequent phases, ANOVA was used to
show general difference between groups (p < 0.05). And in the case of significant difference,
multiple comparison procedure of Bonferroni ¢ test (with the level of significance <0.0167)

was used to isolate the parameters responsible for the different results.

In the Study III, the changes in lipid composition and hydrophobicity associated with the
different growth conditions were normally distributed. Statistical differences were tested with

a two-tailed paired t test using a P value of less than 0.05 as cut-off for significance.

In the Study IV, a student’s ¢ test was used to determine significant differences (P<0.05) in

bacterial growth and adhesion in the presence or absence of PUFA.

SPSS for Windows program (version 8.0, SPSS Inc., Chicago, USA) statistical program was
used in the study I, whereas the statistical analyses of the following Studies II-IV were
performed using StatView 4.57 (Abacus Concepts Inc. Berkeley, CA, USA) statistical

program.
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6 RESULTS

6.1 PUFA in maternal diet, breast milk and serum lipids of infants (I)
6.1.1 Maternal diet

The mean (SD) energy intake of mothers was 8.3 (1.8) MJ of which protein intake comprised
15.7 % (2.3), fat 36.4 % (5.8) and carbohydrate 47.3 % (5.4). Total fat intake was further
analyzed for proportions of SFA, MUFA and PUFA: 43.1 % (3.6), 34.3 % (3.2), and 15.1 %
(2.3), respectively. The intake of linoleic acid and a-linolenic acid varied considerably, but

based on means the overall n-6 to n-3 ratio of 6.5 (1.8) was calculated.

No differences in the intake of energy or PUFA were observed in mothers. However, when
the food records were analyzed according to children’s atopic status, mothers having a healthy
child consumed less fat in their diet compared to mothers whose child suffered from atopic
dermatitis, 74.3 g / d (22.2) vs. 92.7 g / d (18.1), p = 0.04, and more linoleic acid (relative
percentage; 12.8 % (2.2) vs. 10.6 % (1.8), p = 0.05. The intake of n-3 PUFA from marine
sources was generally very low, as only 8 / 28 mothers (5 allergic and 3 healthy mothers)
consumed oily fish foods during the recording days. Of these eight children, two (children of
allergic mothers) developed atopy by the age of 3 months.

6.1.2 Maternal breast milk profile

The PUFA profiles of breast milks are shown in Table 8. Breast milk of healthy mothers
contained more y-linolenic acid (18:3 n-6) and less docosahexaenoic acid (22:6 n-3) than their
allergic counterparts (p = 0.04 and 0.03, respectively [n=20]). The ratio of n-6 to n-3 PUFA
was therefore higher in healthy mothers; 4.49 (1.08) than in allergic mothers; 3.90 (0.62),
p=0.04. When the breast milk composition was analyzed according to atopic status of the
children (n=20), the n-6 to n-3 ratio in breast milk from mothers of healthy children was
lower 3.92 (0.52) compared to ratio seen in breast milk from mothers of atopic children 4.47
(1.14), p < 0.05. When groups were further subdivided (n=10), healthy mothers with atopic
children possessed a higher in n-6 to n-3 ratio in their breast milk than allergic mothers with

atopic children; 5.08 (1.22) vs. 3.85 (0.66), p=0.01.
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6.1.3 Correlation between diet and breast milk fatty acids

A significant correlation was observed between the consumed SFA and the sum of SFA in
breast milk of allergic mothers (r = 0.61, p < 0.01). No correlation between PUFA intake and

proportions of individual PUFA in breast milk were observed in either group.

6.1.4 The influence of breast milk on serum fatty acid profiles in infants

Table 9 compares the fatty acid composition of serum CE, PL and TG of both infants with
atopic dermatitis and healthy controls (n=20 / group). Healthy infants had more y-linoleic acid
in PL fraction and less linoleic acid in TG fraction than the atopic group (p = 0.05 and p =
0.03, respectively). Atopic infants had higher sum of n-6 fatty acids and subsequently higher
n-6 to n-3 ratio in TG fraction (p = 0.02 for both). In CE fraction, healthy infants possessed
higher proportion of docosahexaenoic acid (22:6 n-3) and the sum of n-3 fatty acids (p = 0.03
and p = 0.05, respectively). Subsequently, n-6 to n-3 fatty acid ratio was also lowered in

healthy (p = 0.02).

Several PUFA in breast milk correlated with subsequent serum lipid fatty acid proportions of
non-atopic infants. In PL fraction, the proportions of eicosatrienoic acid (20:3 ®-6) (r = 0.65,
p < 0.01) and arachidonic acid (r = 0.736, p < 0.01) positively correlated with corresponding
proportions in breast milk. In CE fraction of serum lipids, there was a significant positive
correlation in the proportions of milk y-linolenic acid (r = 0.790, p < 0.001) and arachidonic
acid (r = 0.731, p < 0.01) and in the TG fraction, y-linolenic acid (r = 0.723, p < 0.01), a-
linolenic acid (r = 0.668, p < 0.01), and docosahexaenoic acid (r = 0.766, p < 0.001)

positively correlated with breast milk proportions.

In atopic infants, no correlations were observed in PL fraction. However, eicosatrienoic acid
(r=0.856, p <0.001) and sum of n-3 PUFA (r = 0.990, p < 0.001) in serum TG and sum of n-
6 PUFA (r = 0.679, p < 0.01) in serum CE positively correlated with corresponding
proportions of breast milk PUFA.
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6.2 Effects of probiotics on plasma lipid profiles of infants (II)
6.2.1 Inter-group differences

In general, the neutral lipids proportions of all three groups resembled each other (Table 10).
Of individual fatty acids, only eicosapentaenoic acid (20:5 n-3) proportions were higher in
both probiotic-supplemented groups compared to regular formula (p < 0.012 for both). This
difference was retained in Bifidobacterium Bb-12 supplemented formula group (p < 0.013)
over the study period, whilst regular formula and Lactobacillus GG supplemented formula
group were similar in terms of eicosapentaenoic acid proportions at the end of the study. In
addition, the proportion of MUFA was also lower in the Bifidobacterium Bb-12 supplemented
formula group compared to group consuming regular formula (p = 0.002) at the end of the

study.

In PL (Table 11) there were some notable differences in baseline proportions between the
study groups. At the beginning of the study, the proportions of MUFA (p < 0.004) and
linoleic acid (18:2 n-6; p < 0.014) were lower in both probiotic-supplemented groups
compared to regular formula group, and the difference remained statistically significant
throughout the study (p < 0.002). At the baseline, Lactobacillus GG supplemented formula
group also possessed higher a-linolenic acid (18:3 n-3) and docosahexaenoic acid (22:6 n-6)
proportions compared to two other groups (p < 0.008), but these differences diminished
during the study period. Moreover, the baseline proportions of arachidonic acid (20:4 n-6) and
eicosapentaenoic acid (20:5 n-3) were higher in the Lactobacillus GG supplemented formula
group compared to Bifidobacterium Bb-12 supplemented formula group and regular formula
group (p = 0.007 and p = 0.015, respectively). After the study period, eicosapentaenoic acid
(20:5 n-3) proportion in the Bifidobacterium Bb-12 supplemented formula group was higher
when compared to regular formula group. (p = 0.007)

6.2.2 Infants’ plasma lipid profile

The extensively hydrolyzed infant formula (regular formula) did influence to the proportions
of various fatty acids in both analyzed fractions of plasma. In the neutral lipids (Table 10), the
relative percentage of both total SFA and arachidonic acid (20:4 n-6) decreased (p = 0.003
and p = 0.001, respectively), and that of MUFA increased (p = 0.001) during the study period.
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In the PL (Table 11), the proportions of the total MUFA and linoleic acid (18:2 n-6) increased
(p < 0.001 and p < 0.05, respectively), and the proportions of arachidonic acid, total n-3
PUFA and docosahexaenoic acid (22:6 n-3) decreased (p = 0.003, p = 0.003 and p = 0.001,

respectively).

6.2.3 Effect of Lactobacillus GG on infants’ plasma lipid profile

As with the regular formula, the Lactobacillus GG supplemented formula increased the
relative percentage of the total MUFA (p = 0.001) and decreased arachidonic acid (p = 0.002)
in plasma neutral lipids (Table 10). Additionally, the total n-3 PUFA and a-linolenic acid
(18:3 n-3) decreased in those infants receiving the Lactobacillus GG supplemented formula (p

=0.002 and p < 0.05, respectively), consequently increasing the n-6 to n-3 ratio (p = 0.02).

Similar to the regular formula in PL, the Lactobacillus GG supplemented formula increased
the proportions of total MUFA and linoleic acid (p < 0.001 and p = 0.03, respectively),
whereas the proportions of arachidonic acid, total n-3 PUFA and docosahexaenoic acid
decreased (p < 0.001 for each) (Table 11). Additionally, the Lactobacillus GG supplemented
formula decreased the proportion of eicosapentaenoic acid (20:5 n-3) in PL (p = 0.001). These

alterations resulted in a more than 2-fold increase in n-6 to n-3 PUFA ratio (p < 0.001).

6.2.4 Effect of Bifidobacterium Bb-12 on infants’ plasma lipid profile

In neutral lipids, the extensively hydrolyzed infant formula supplemented with
Bifidobacterium Bb-12 mimicked the effects of the regular formula (Table 10); the relative
percentage of the total SFA and arachidonic acid decreased (p = 0.01 and

p = 0.002, respectively), and that of MUFA increased (p = 0.02). In addition to these
background changes, the proportion of a-linolenic acid in neutral lipids decreased with the

Bifidobacterium Bb-12 supplemented formula (p = 0.03).

In PL (Table 11), the Bifidobacterium Bb-12 supplemented formula increased the proportions
of total MUFA (p = 0.001), linoleic acid (p < 0.05) and a-linolenic acid (p = 0.002), and

decreased arachidonic acid (p = 0.03) and docosahexaenoic acid (p = 0.04).
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6.3 Effects of PUFA on physicochemical properties of probiotics (I1I)
6.3.1 Bacterial cell fatty acid composition

The methodology used in the study was able to resolve oleic and vaccenic acid methyl esters
better than 95%. Pure dihydrosterculic and lactobacillic acid methyl esters were also resolved.
However, when sample contained a-linolenic acid, the peaks of dihydrosterculic acid and a-
linolenic acid did partially overlap (the principal component was identified as dihydrosterculic
acid according to co-injection with reference compound). In such a case, the peak of
lactobacillic acid appeared as a shoulder of the a-linolenic acid peak (see Figure 6). Two
conjugated linoleic acid (CLA) peaks observed were also recognized to be a mixture of two
isomers, namely c-9,t-11 (the major isomer) and t-8, c-10 whereas the latter was a mixture of
t-10,c-12 (the major isomer) and c-11,t-13 isomers. Moreover, the chromatographic method
used in the present study could not separate the peaks of docosahexaenoic acid and 24:1,

therefore the results dealing with docosahexaenoic acid are inconclusive.

As shown in Tables 12-14, all three lactobacilli strains grown without any PUFA
supplementation possessed various PUFA. Above all, CLA isomers, v-linolenic,
eicosapentaenoic, docosahexaenoic and a-linolenic acids were present, whilst linoleic and
arachidonic acids were absent in three lactobacilli tested. The most abundant bacterial fatty

acids identified were oleic, vaccenic and dihydrosterculic acid.

Culturing of Lactobacillus GG (Table 12) with linoleic acid increased the proportion of
vaccenic acid (p = 0.04), but decreased the proportions of dihydrosterculic acid / a-linolenic
acid (p <0.001), docosahexaenoic acid + 24:1 peaks (p = 0.03). A negative trend can be in the
proportions of both CLA isomers (p < 0.07). y-linolenic acid have nearly identical effects as
linoleic acid on Lactobacillus GG fatty acids; decrease in dihydrosterculic acid / a-linolenic
acid (p = 0.02), docosahexaenoic acid + 24:1 (p < 0.07) and both CLA isomers (p = 0.04 and
p = 0.05, respectively) was observed. Arachidonic acid in the medium led to contradictory
changes (compared to above) in fatty acid proportions of Lactobacillus GG. Both
dihydrosterculic acid / a-linolenic acid (p = 0.02) and t-10,c-12 CLA isomer (p < 0.07) were
increased, while eicosapentaenoic acid appeared to be decreased (p = 0.04). a-linolenic acid
in the medium only tended to decrease SFA proportions (p < 0.07); no other alterations were

demonstrated. Docosahexaenoic acid increased the bacterial cell fatty acid proportions of
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oleic acid (p = 0.04), dihydrosterculic acid / a-linolenic acid (p = 0.01) and both CLA isomers
(p < 0.07 for both). Paradoxically though, docosahexaenoic acid supplementation slightly
decreased its own levels (p < 0.07) in the fatty acids of Lactobacillus GG.

The incorporation of various free PUFA into bacterial fatty acids was also observed with L.
bulgaricus (Table 13) and L. casei Shirota (Table 14). Linoleic acid and y-linolenic acid in the
growth medium of L. bulgaricus increased the proportions of vaccenic acid (p = 0.03) and
oleic acid (p = 0.05), respectively. The proportions of both CLA isomers were increased by a-
linolenic and docosahexaenoic acids (p = 0.05 for all), the same tendency seen in
Lactobacillus GG fatty acids. a-linolenic acid also increased the proportions of vaccenic acid
(p < 0.001) and dihydrosterculic acid / a-linolenic acid (p = 0.03). Most probably this
alteration is due to increase in a-linolenic acid. In the case of L. casei Shirota (Table 14),
linoleic and y-linolenic acids decreased the proportions of oleic acid (p < 0.001 and p = 0.01,
respectively) and vaccenic acid (p < 0.001 for both) and increased eicosapentaenoic acid (p =
0.05 for both). In addition, y-linolenic acid decreased the proportion of dihydrosterculic acid /
a-linolenic acid (p = 0.02) and tended to increase t-10,c-12 CLA isomer (p < 0.07). Of the n-3
PUFA, docosahexaenoic acid had no effects, whilst a-linolenic acid decreased the proportion

of vaccenic acid (p = 0.01) and both CLA isomers (p = 0.03 for both).
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6.3.2 Physical properties of bacteria

The affinities with the four solvents used in the MATS method (Briandet et al 1999) of the
Lactobacillus GG, L. bulgaricus and L. casei Shirota cells grown in MRS or in MRS
supplemented with free PUFA are shown in Table 15.

Overall, the affinity of all three tested bacterial strains was low for all solvents tested. The low
affinities of all lactobacilli to nonpolar solvents (both tetradecane and octane) indicate that
these bacteria exhibited a hydrophilic rather than hydrophobic surface. When cultured with
free PUFA, this modest hydrophobicity further diminished, the phenomenon especially seen
with L. casei Shirota; all tested n-6 PUFA at lower concentration reduced % affinity to octane
(p < 0.05). As yet, the decrease in affinity to the nonpolar solvents was less marked in
Lactobacillus GG and L. bulgaricus suggesting that the supplemented free PUFA altered

hydrophobicity of these two strains less than of L.casei Shirota.

Because chloroform and tetradecane possess the same van der Waals properties, their
adhesion values were expressed by calculating chloroform-to-tetradecane ratios. Only
Lactobacillus GG (control culture) showed some electron-donating nature (adhered more to
the acidic chloroform than to tetradecane, ratio 1.8) whereas no difference in the adhesion of
L. casei Shirota and L. bulgaricus to chloroform and tetradecane was observed (chloroform /
tetradecane ratios of 0.9 and 1.0, respectively). These values were set as a base line and
changes in basic characteristics were evaluated (Figure 7A). All significant effects observed
were related to the reduced basic surface properties. Namely, low concentration of linoleic
acid and docosahexaenoic acids reduced the electron-donating nature of Lactobacillus GG
(p<0.05). Likewise, 20 pg / mL of linoleic acid, 5 pg / mL of y-linolenic and a-linolenic acids
reduced the electron-donating nature of L. casei Shirota (p = 0.02, p = 0.03, and p = 0.03,

respectively).
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TABLE 15. Effect of various free PUFA in growth medium on bacterial cell surface
properties of Lactobacillus rhamnosus GG, Lactobacillus casei Shirota and Lactobacillus
bulgaricus. The two non-polar solvents (B and D) were used to estimate the hydrophobicity
properties of the lactobacilli, whereas the two polar solvents (A and C) were selected for the
estimation of the Lewis acid/base (i.e. electron donor/acceptor) character.

% affinity (mean £ SEM)

Bacterial strain / PUFA A B C D
PUFA ug/mL  chloroform tetradecane  ethyl octane
supplementation acetate
Lactobacillus GG
Control 0 15+1 8+0 3+1 1713
18:2 n-6 5 10+4 13+3 2+ 122
20 12+1 134 +1 11£3
18:3 n-6 5 10£2 10£2 1£1 10+0
20 9+6 7+1 1£2 8+ 2%
20:4 n-6 5 4+1 8+2 0+1 11+2
20 814 5+1 1+ 12+2
18:3n-3 5 9+2 10+4 2+1 10£3
20 5+£2 15+2 +2 14+1
22:6 n-6 5 6+ 1% 7+1 1£3 13£3
20 7+8 16+6 3 12+4
L. bulgaricus
Control 0 13+£3 14£2 3+2 15+2
18:2 n-6 5 9+3 20%6 1£1 15+4
20 155 17£1 2+1 11£2
18:3 n-6 5 9+2 22+12 2+1 12£3
20 10+2 11+2 1£1 12+4
20:4 n-6 5 8+3 1910 0£0 15+1
20 70 1010 0+0 812
18:3n-3 5 11£3 25+ 14 2+2 14+1
20 13+4 10+2 242 22+4
22:6 n-6 5 8+2 9+3 1£1 15+2
20 9+2 10+3 1£1 24+8
L. casei Shirota
Control 0 11+1 12+0 212 15+1
18:2 n-6 5 7+ 0* 14+2 1£1 11+ 0%
20 6x2 16+2 2+0 14£3
18:3 n-6 5 5+ 0* 9+2 0£1 10+ 1*
20 11+1 12+1 242 13+2
20:4 n-6 5 6+2 10+4 2+2 8+ 1*
20 10+3 10+1 2+2 14£3
18:3n-3 5 541 131 0£1 10+2
20 10+2 15+1 3+£1 12+2
22:6 n-6 5 8+2 13+1 1+£2 10+ 1*
20 12+3 9+1 0£3 13£2

*P < 0.05, paired t-test
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The weak affinity of all lactobacilli for the electron donor solvent (ethyl acetate) in
comparison to the associated nonpolar solvent (octane) revealed a weak electron-accepting
nature of the bacteria studied. Each bacterial strain adhered more to octane than to ethyl
acetate; the phenomenon seen as low ethyl acetate / octane ratios (range 0.15 — 0.19). Only
very few changes in ethyl acetate to octane ratios of different culture conditions were seen,
and all significant changes seen were due to lowered adhesion to nonpolar octane.
Interestingly, most of the changes in acidic characteristics (Figure 7B) were seen in L.
bulgaricus; linoleic acid (5 pg / mL), y-linolenic acid (20 pg / mL), arachidonic acid (at 5 and
20 pg / mL) and docosahexaenoic acid (20 pg / mL) reduced the ratio difference evaluated.
Arachidonic (5 pg/ mL) and linoleic acids (20 pg / mL) also resulted in lower ethyl acetate to
octane ratio (p = 0.05 and p < 0.01, respectively).

6.4 The effect of PUFA on functionality of probiotics (IV)
6.4.1 Bacterial growth and viability

The effects of free PUFAs in the growth medium on bacterial growth of Lactobacillus
rhamnosus GG, Lactobacillus casei Shirota and Lactobacillus bulgaricus are presented in
Table 16. In general, whenever influence on bacterial growth or viability was seen, the effects

were dose-dependent.

Linoleic acid inhibited the growth of L. casei Shirota and L. bulgaricus at 40 pg / mL (P <
0.05 and P < 0.02, respectively). y-linolenic acid suppressed the growth of L. casei Shirota at
10 png / mL or higher (P < 0.03), Lactobacillus GG at 20 png / mL or higher (P < 0.01) and L.
bulgaricus at 40 ng / mL (P < 0.05), but promoted the growth of L. casei Shirota at 5 ug / mL
(P < 0.05). Arachidonic acid inhibited the growth of L. casei Shirota at 20 pg / mL or higher
(P <0.02) and that of Lactobacillus GG at 40 pg / mL (P < 0.01). a-linolenic acid suppressed
the growth of Lactobacillus GG and L. bulgaricus at 20 pg / mL or higher (P < 0.05 and P <
0.02, respectively), whilst the growth of L. casei Shirota was already inhibited at10 pg / mL
(P < 0.05). Docosahexaenoic acid suppressed only the growth of L. casei Shirota at 40 ug /
mL (P < 0.01). Although PUFA at higher concentrations inhibited the growth of bacteria
(seen as lowered % of final number of viable bacteria in Table 16), the viability of bacteria
was not impaired. This was demonstrated by flow cytometric assessment of bacterial viability
showing that over 95% of each bacterial strain possessed non-permeable cell membrane to

propidium iodide and were regarded as viable.
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FIGURE 7A & B. The impact of different fatty acid supplementation on basic and acidic
properties of Lactobacillus rhamnosus GG (GG), Lactobacillus casei Shirota (Shi) and
Lactobacillus bulgaricus (Lb). The baselines A represents chloroform (CF) / tetradecane
(C14) ratio of control cultures (no PUFA supplementation) and the bars represent the
differences in CF / C14 ratios between test cultures (different PUFA supplementations) and
control cultures. The baseline B represents ethyl acetate (EA) / octane (C8) ratio of control
cultures and the bars represent the differences in EA / C8 ratios between test cultures and
control cultures. Significant difference (p < 0.05) is marked as *. Other abbreviations; linoleic
acid (LA), vy-linolenic acid (GLA), arachidonic acid (AA), oa-linolenic acid (LNA) and
docosahexaenoic acid (DHA).
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TABLE 16. The effect of different PUFA on viability of Lactobacillus rhamnosus GG,
Lactobacillus casei Shirota and Lactobacillus bulgaricus. The percentage of final viable
bacterial count was determined by using flow cytometric method; the number of viable
bacteria was enumerated after culturing with different free PUFA at 5, 10, 20 and 40 pg / mL
and finally compared to that of the control.

Lactobacillus GG L. casei Shirota L. bulgaricus

PUFA pg/mL % viable count % viable count % viable count
Control 0 100 100 100
Linoleic acid 5 64 95 84
(18:2 -6) 10 79 62 77

20 43 47 54
40 8 7* 6*
y-linolenic acid 5 142 153* 105
(18:3 ®-6) 10 41 51%* 41
20 8* 18% 13
40 5% 9% 6*
Arachidonic acid 5 138 98 156
(20:4 w-6) 10 119 57 148
20 59 45% 74
40 12* 14* 8
a-linolenic acid 5 36 55 81
(18:3 ®-3) 10 28 35% 43
20 2% 10* 5%
40 1* 6* 4%
Docosahexaenoic 5 58 78 63
acid 22:6 ®-3) 10 67 39 76
20 75 67 62
40 64 7* 45

* significantly different from control (Student’s t-test, P < 0.05)

6.4.2 Bacterial mucus adhesion

The bacterial concentrations used in adhesion testing did not saturate the binding capacity of
mucus isolate. Generally, higher doses of PUFA in the growth medium showed inhibitory

effects on bacterial adhesion to human intestinal mucus (Table 17).

Linoleic acid in the growth media (40 pg / mL) inhibited the adhesion of L. casei Shirota (P <
0.02). Arachidonic and y-linolenic acid at 20 pg / mL or higher in the growth media inhibited
the adhesion of L. casei Shirota (P < 0.01 and P < 0.03, respectively) and L. bulgaricus (P <



70 Results

0.05 and P < 0.01, respectively), whereas the adhesion of Lactobacillus GG was suppressed
by these PUFA only at 40 ug / mL (P < 0.01 for both). The adhesion of L. casei Shirota was
markedly promoted by arachidonic acid at 10 pg / mL in growth media (P < 0.05). The
presence of a-linolenic acid in growth media inhibited the adhesion of Lactobacillus GG at 20
png / mL or higher (P < 0.05), whilst 40 pg / mL of a-linolenic acid was needed to inhibit the
adhesion of L. casei Shirota (P < 0.001) and L. bulgaricus (P < 0.01). Docosahexaenoic acid
suppressed the adhesion properties of L. casei Shirota at 10 pg / mL or higher (P < 0.03), that
of Lactobacillus GG at 20 pg / mL or higher (P < 0.01), and that of L. bulgaricus at 40 pg /
mL (P < 0.02).

6.5 The effect of PUFA on functionality of intestinal epithelia (IV)
6.5.1 Bacterial Caco-2 adhesion

Intestinal epithelial cells were also affected by PUFA, as demonstrated by the variation in

bacterial adhesion to differentially cultured Caco-2 cells (Figure 8).

Culturing of Caco-2 cells in the presence of linoleic acid, y-linolenic acid, arachidonic acid
and docosahexaenoic acid reduced the adhesion of Lactobacillus GG (Figure 8A). L. casei
Shirota and L. bulgaricus adhered less on Caco-2 cells grown in the presence of arachidonic
acid (Figure 8B and 8C, respectively). However, Caco-2 cells grown in the presence of a-
linolenic acid were able serve more adhesion sites for L. casei Shirota compared to control

(Figure 8B).
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7 DISCUSSION

Western lifestyle has been proposed to be responsible for increasing the susceptibility to
atopic sensitization (ISAAC 1998). One explanation for such a development is hygiene
hypothesis (Strachan 1989). This hypothesis suggests that atopic sensitization arrises from
impaired development of oral tolerance due to reduced exposure to infections early in life.
Related to this concept, the proper development of gut microbiota has also been shown to be
of importance (Isolauri and Salminen 2008), and subsequently probiotic interventions have
been suggested and shown effective in the promoting the maturation of immune
responsiveness to ubiquitous antigens (e.g. common food antigens and normal microbiota).
Another proposed life-style related explanation is the dietary hypothesis, according to which
the increased prevalence of atopic diseases has been linked to several dietary factors.
Especially the increased and/imbalanced consumption of polyunsaturated fatty acids have
been linked to increased risk of atopy (Black and Sharpe1997, Simopoulos 2002, 2008). To
elaborate this hypothesis, in particular the anti-inflammatory potential of n-3 PUFA has been
intensively studied. Recent evidence suggests that both probiotics and PUFA do possess
potential benefits, especially in relation to allergies, and their modes of action share similar
mechanisms. Although PUFA and probiotics in the management of allergy have usually been
considered separately, we have studied here whether these two factors may interact with each

other.

7.1 PUFA as a dietary factor (I)

In study I, we studied the maternal diet, breast milk and serum lipid fatty acids in relation to
atopic status of both mother and infant. Dietary intake of various fats was found to resemble
those reported in Europe (Saadatian-Elahi et al. 2009, Hoppu et al. 2000, Francois et al.
1998). As opposed to the findings of Hoppu and co-workers (2000), no differences were
found between energy intake and PUFA consumption based on mother’s allergy status. This
discrepancy may be due to extensive intake variations seen in our study, especially in PUFA
intake. However, when food records were assessed in terms of infant’s allergy status
(irrespective of mothers’ allergic status), similar to Hoppu and co-workers (2000), we showed
that mothers of atopic infants consumed more fat and less linoleic acid in their diet compared
to their counterparts. In relation to general findings of modern western diet (Simopoulos
2008), the n-3 PUFA intake was low in our study (only 8/28 mothers consumed some oily

fish during the recording days). There is now increasing evidence that consumption of foods
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or supplements rich in n-3 fatty acids may protect against asthma in childhood (Hodge et al.
1996, Koletzko et al. 2008). In support to this, we showed in Study I that only 2 out of 8
children whose mothers consumed oily fish during breastfeeding developed atopic disease
during the first three months (mothers of these infants were atopic themselves). However, the
timing of n-3 PUFA consumption or supplementation may be of importance. Similar results
have been reported by Olsen and coworkers (2008), who have recently shown that high
dietary n-3 PUFA consumption late in the pregnancy did reduce the hazard rates of asthma
and allergic asthma of their children (assessed when the children were 16 years old) by 63%
and 87%, respectively (Olsen et al. 2008).

Human breast milk is especially rich in lipids that originate from dietary sources, endogenous
stores as well as liver and breast tissue synthesis. The endogenous stores and synthesis are
utilized when excess energy is consumed, whereas dietary fatty acids are generally transferred
very fast to breast milk (Francois et al. 1998, Demmelmair et al. 2001). In this study, we
found a significant correlation between maternal diet and breast milk content of SFA, but
could not demonstrate correlation between dietary PUFA and breast milk PUFA. Therefore,
the breast milk PUFA profile shown in our study most probably resembles more the general
fatty acid status of the mothers. Overall, it appears that maternal diet during breast feeding
does influence the fatty acid composition of breast milk, but equal emphasis must be given to
maternal diet during the pregnancy as these endogenous fatty acid stores may influence the

transfer of lipids into breast milk even during lactation.

PUFA content in breast milk has been demonstrated to differ in terms of allergy status of
mother (Yu et al. 1998a, Duchen et al. 1998, Businco et al. 1993), and this disturbance has
been linked to impaired A-6 desaturase (Yu et al. 1998a, Calder 2006b). In our study (I), we
demonstrated that breast milk from healthy mothers contained more y-linolenic acid and less
docosahexaenoic acid than breast milk of allergic mothers, also seen as higher n-6 to n-3
PUFA ratio in healthy. However we did not detect any difference in linoleic acid or in longer
chain n-6 PUFA proportions. Thus our findings do not support the impaired desaturation and
elongation hypothesis, but rather suggests that PUFA composition differences of breast milk
noted between healthy and atopic mothers may be more a reflection of endogeneous

utilization of especially n-6 PUFA by atopic mothers.
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PUFA content in breast milk has also been studied in terms of allergy status of the
infant/children, but the comparison of these studies is somewhat more difficult due to the
differences in study designs and clinical endpoint definitions. In these studies, the allergic
status of the mothers has been either fixed (Hoppu et al. 2005, Oddy et al.2006, Laitinen et al.
2006), there have been two groups of mothers, i.e. allergic and non-allergic (Duchen et al.
1998, our study), or the allergic status of mother has not been taken into account (Stoney et al.
2004, Lowe et al. 2008). Since PUFA (especially longer chain n-6 PUFA) may be utilized by
inflammatory processes of allergic mother rather than transferred to breast milk, the allergic
status of mother, and perhaps type of allergy, may well be the most critical factor influencing
the breast milk PUFA levels (Black and Sharpe 1997, Calder 2006b). These differences do
explain the contradictory results evinced in these studies. In terms of these factors, the work
carried out by Duchen and co-workers (1998) resembles the best study reported here (I). They
showed that low levels of a-linolenic acid and total n-3 PUFA in mature milk were associated
with atopic sensitization early in life (Duchen et al. 1998). Our results are in concordance with
their findings, even though our findings are not so profound; we showed that non-atopic
infants receive via breast significantly less n-6 PUFA, evinced as lower n-6 to n-3 ratio, than
atopic infants. In studies with allergic mothers, higher ratio of SFA to PUFA, less n-3 PUFA
and increased n-6 to n-3 PUFA ratio in breast milk has been associated with development
atopic dermatitis in infants (Hoppu et al. 2005) and non-atopic eczema of children at the age
of 5 years (Oddy et al. 2006). In the latter, no differences in breast milk PUFA were observed
in terms of atopic eczema. The PUFA association findings in these two studies are substantial,
however the endpoints do differ (atopic dermatitis vs. atopic and non-atopic eczema,
respectively). In contrast, with the similar study design, Laitinen et al. (2006, 2006b) showed
lowered linoleic acid, total PUFA, and sum of n-6 PUFA in breast milk received by infants
with atopic eczema. Mothers in this study were diagnosed with atopic disease (incl. asthma,
atopic eczema, allergic rhinitis). These findings can not substantiate the theory of endogenous
utilization of PUFA by allergic mothers, because these results are based on infants’ allergic
status only, and obviously the mother’s atopic status is of importance as well. These results,
however, indicate that unbalanced PUFA composition of breast milk (either n-6 or n-3 PUFA
skewed) may predispose the infants to the different types of allergic diseases (Laitinen et al.
2006b). To highlight this suggestion, in yet another study set-up (high risk cohort), Stoney
and co-workers (2004) showed that higher n-3 PUFA levels in the colostrum are associated
with the eventual development of atopy in high-risk breastfed infants, and in the follow-up

study, Lowe and the co-workers (2008) showed a more fine-tuned analysis in which the total
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n-3 intake in breast milk was associated with increased risk of non-atopic eczema (OR=1.60,
95% CI=1.03-2.50), whereas higher levels of total n-6 PUFA were associated with increased
risk of childhood rhinitis (OR=1.59, 95% CI=1.12-2.25). This study could not find any
differences in PUFA of breast milk in relation to risk of asthma. We can relate our study to
the latter study design by taking into account both mother’s and infant’s atopic status. In our

study, allergic mothers with atopic infants had low n-6 to n-3 PUFA ratio.

As a summary, studies that have investigated the role of PUFA in breast milk in relation to
allergies have only been able to show minor changes between studied groups, though it has to
be acknowledged that even small differences of such potential lipids as PUFAs may be
physiologically important (Calder 2006b). The more recent studies investigating the PUFA
profiles of breast milk do not support the hypothesis of impaired desaturation and elongation
enzyme activities in atopic subjects, but rather point out to the imbalance of PUFA utilization
in allergic individuals (Sala-Vila et al 2008). In other words, PUFA (especially longer chain
n-6) may be utilized by inflammatory process of allergic mother rather than transferred to
breast milk. This conclusion is further supported by recent findings of Laitinen et al. (2006)
showing that specific breast milk PUFA correlate with PGE; and soluble CD14 levels in
maternal serum, indicating that dietary PUFA may contribute to the regulation of innate and
adaptive immune responses and link intraluminal exposures, mother's diet, and microbes.
Moreover, the studies investigating the role of breast milk PUFA composition on atopic
sensitization vary greatly in terms of their study designs (collection time, collection intervals
etc.), which make the direct concentration comparison of obtained breast milk PUFA levels

difficult.

There is epidemiologic evidence linking the increase in n-6 PUFA consumption to atopic
sensitization (Black and Sharpe 1997, Nagagomi et al. 1994, Simopoulos 2002, 2008),
evinced as altered serum PUFA profiles in atopic subjects (Yu et al. 1998b, Manku et al.
1984). Similar to breast milk PUFA disturbances, the common theory to explain serum PUFA
abnormalities have been explained by impaired function of A-6 desaturase in atopic subjects
(Yu et al. 1998b, Manku et al. 1984, 1982), though controversial conclusions have also been
suggested (Leichsenring et al. 1995, Calder 2006b). In our study, the serum lipid fatty acids of
especially TG and CE fractions in atopic and healthy infants were in accordance with earlier
reported findings (Yu et al. 1998b, Leichsenring et al. 1995). We showed that atopic infants
had higher levels of n-6 PUFA paralleled by lower n-3 PUFA indicating that dietary (i.e.
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exclusively breast-fed) intake of PUFA was n-6 PUFA skewed. Still, only y-linolenic acid
proportions were lower in serum PL of atopic infants compared to healthy infants, whereas
other n-6 PUFA were comparable to levels seen in serum PL of healthy infants. Thus, our
results suggest that elongation and desaturation of PUFA in serum PL is not impaired, a
conclusion supported by Focke and co-workers (2005). Rather, these findings suggest that (i)
incorporation of longer chain n-6 PUFA into serum PL may be hindered, or (ii) these fatty
acids may be utilized for other purposes in atopic individuals. Either theory has not been
proven as yet. However, the recent findings of Olsen and co-workers (2008) demonstrated
that n-3 PUFA supplementation started during the pregnancy do reduce the hazard rate of
asthma (at 16 years of age) significantly. In other words, the dietary PUFA balance of the
mother already during the pregnancy may influence the tissue fatty acid pools of the
developing fetus. This initial establishment of PUFA balance in developing infant may be of
great importance, as the available human data suggests that the amount of e.g. arachidonic
acid formed by interconversion normally exceeds the dietary intake (Zhou and Nilsson 2001).
Moreover, it is also known that even though desaturation and elongation of PUFA occur in
newborn the rate of these reactions are generally regarded very low (Koletzko et al. 2008).
Therefore, the n-6 and n-3 PUFA profiles of the infants have been suggested to be more a
reflection of PUFA accumulation in utero (via placental transfer of maternal PUFA from
either storage tissues or diet) rather than a function of maternal diet during the first months of
life of the newborn (Innis 2005, Kraus-Etschmann et al. 2007). This hypothesis also could
explain why the results of studies linking various PUFA levels and allergies, and those
studying the efficacy of n-3 PUFA anti-inflammatory properties after birth vary greatly — the
endogenous tissue fatty acid pools of modern human being are already so n-6 PUFA skewed
(due to Western diet) and this imbalance tend to limit the potential changes associated with
dietary n-3 PUFA interventions. There are now recent findings that favor the above
hypothesis showing that maternal n-3 PUFA supplementation during the pregnancy decreased
the risk of food allergy and IgE-associated eczema during the first year of life in infants with a
family history of allergic disease (Furuhjelm et al. 2009) and may alleviate certain immune

responses (e.g. PGE,) involved in allergic inflammation (Warstedt et al. 2009).

7.2 Effects of probiotics on plasma lipid profiles of infants (II)

As the intestinal microbiota is an important constituent of the gut mucosal barrier by affecting

the development of oral tolerance, oral introduction of probiotics have been suggested to aid
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in host protection against allergic sensitization (Isolauri and Salminen 2008). Indeed, recent
data have substantiated this hypothesis by demonstrating the clinical efficacy of probiotic
supplementation in atopic and food allergic infants (Kalliomiki et al. 2001b, 2003, 2007). At
the same time, substantial increase in consumption of n-6 PUFA has occurred (also observed
here in study I) and this has been linked to increased inflammatory reactions leading to atopic

sensitization (Black and Sharpe1997, Simopoulos 2002, 2008).

There are indications that intestinal bacteria may interact with different fatty acids.
Particularly, probiotics have been reported to possess cholesterol-lowering properties in man
and in animals (St-Onge et al. 2000, Kamlage et al. 1999, 2000, Ringo et al. 1998). Also,
direct assimilation of cholesterol from growth medium by specific lactobacilli has been
demonstrated to coincide with lowered cholesterol levels following the consumption
lactobacilli (Noh et al. 1998, Dambekodi et al. 1998, Grill et al. 2000, Pereira and Gibson
2002). In relation to cholesterol lowering capacity, dairy starter cultures have also been shown
to possess ability to produce CLA from free linoleic acid in vitro (Jiang et al. 1998). As for
functional interactions between probiotics and PUFA, the most frequently reported effect is
the bacteriocidal activity (Burt 2004) and bacterial stress responses (Piuri et al. 2005,
Guerzoni et al. 2001). In relation to functional implications of the above findings, it can be
suggested that dietary PUFA may interfere the establishment of normal intestinal microbiota,
or that probiotics could influence the utilization of dietary PUFA. In study II, we investigated
the latter, i.e. whether probiotics in extensively hydrolyzed infant formula affect the plasma
lipids in atopic infants. Of outmost importance is the notion that both in this study as well as
elsewhere, the infant formulas fortified with probiotics have been shown to be safe (Isolauri et
al. 2000, Gibson et al. 2009). Moreover, in this study, we investigated only a small fraction of
the samples of the entire cohort (Isolauri et al. 2000), in which this particular probiotics
supplementation was shown to be efficient modifying the changes related to allergic

inflammation. Therefore, the results of the study II can only be regarded as demonstrative.

The fatty acid composition of the extensively hydrolyzed formula was reflected in their
plasma lipid composition, indicating substantial shift in their diet from breast milk to the
intervention formulas. In comparison to regular formula, probiotics supplemented formulas
resulted in some specific changes in plasma lipids of atopic infants. Especially, the probiotic
formulas influenced the proportions of n-3 PUFA in neutral lipids; both Bifidobacterium Bb-

12 and Lactobacillus GG supplemented formulas both reduced the proportion of a-linolenic
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acid. In addition, Lactobacillus GG supplemented formula also lowered total n-3 PUFA
proportions and subsequently increased n-6 to n-3 PUFA ratio in neutral lipids. In contrast to
these findings, the both probiotic supplemented infant formulas had either no effect
(Lactobacillus GG supplemented formula) or even increased the proportion of a-linolenic
acid in PL (Bifidobacterium Bb-12 supplemented formula). Still, the n-6 to n-3 PUFA ratio in
PL increased in Lactobacillus GG supplemented formula group due to a lowered
eicosapentaenoic acid proportion. As far as known, this study remains the only study showing
that the use of probiotic supplemented infant formula resulted in altered plasma lipid PUFA
composition when compared to a regular, non-probiotic-supplemented formula. This finding
may have mechanistical implications to the probiotic therapy in general. The entire cohort
showed that 2 months supplementation of the very same probiotic fortified infant formulas
significantly improved patient skin conditions as compared to the un-supplemented group in
parallel with a reduction in the concentration of soluble CD4 in serum and eosinophilic
protein X in urine (Isolauri et al. 2000). Whether this clinical efficacy of the larger cohort was
due to probiotics only or mediated by probiotics-PUFA interactions (e.g. probiotics may
assimilate certain PUFA in formula before the consumption or exert their effect via regulation
of absorption and metabolism of PUFA in gut) remains unknown. However, partly based on
our findings, it has been suggested that the efficacy of probiotic supplemented infant formulas
may be potentiated by fine-tuning their PUFA composition (Bomba et al. 2002a&b, Das
2002). Clearly, these findings need to be further characterized but the results presented here
open up an interesting perspective for the future when new, probiotics based functional foods

are designed.

7.3 Effects of PUFA on physicochemical properties of probiotics (I1I)

In study III, we investigated here whether specific probiotic strains could incorporate
exogenous free PUFA into bacterial lipids, and whether exogenous free PUFA influence the
hydrophobicity of the lactobacilli, a characteristic suggested to be important in the adhesion,
and subsequent temporary colonization, of probiotic bacteria (Vinderola et al. 2004,
Wadstrom et al. 1987, Fernandez Murga et al. 2000). In general, however, the investigations
with regard to the effects of PUFA on physicochemical properties of lactobacilli are scarce,
though there is some evidence suggesting that bacteria could take up exogenous PUFA
present in the culture medium (Watanabe et al. 1994), and even possess the metabolic

capacity to synthesize PUFA (Russell and Nichols 1999).
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In normally grown lactobacilli, the four major fatty acid classes analyzed, making up 65-75%
of the cellular fatty acid pool, were XSAFA, oleic acid, vaccenic acid and dihydrosterculic
acid, all of which have been previously reported in lactobacilli (Dionisi et al. 1999, Fernandez
Murga et al. 2000, Gomez Zavaglia et al. 2000, Jenkins and Courtney 2003). Of these oleic
and vaccenic acids (in some reports, notion 18:1 includes both) seem to be the most
predominant in lactobacilli making up 14 — 67 % of total fatty acids (Gomez Zavaglia et al.
2000, Jenkins and Courtney 2003). The large range in the results has been attributed to
differences in culture temperature and incubation time, culture medium and strains used in
different studies. The relatively high level of oleic acid in cellular fatty acids of all tested
lactobacilli in our study is most probably a reflection of the culture media used (MRS broth
used is rich in oleic acid). Contrary to the previous reports (Wynn and Ratledge 2000,
Partanen et al. 2001) we demonstrated the varying proportions of vaccenic acid in the
bacterial fatty acids suggesting that the de novo fatty acid biosynthesis is not repressed by
high level of oleic acid in the growth media. Similarly, previous reports have regarded
dihydrosterculic and lactobacillic acids, formed by methylation of oleic and vaccenic acids,
respectively, as the major fatty acids in lactobacilli (Dionisi et al. 1999, Guerzoni et al. 2001,
Johnsson et al. 1995, Suutari and Laakso 1992), however, we could not identify lactobacillic
acid in L. bulgaricus nor in L. casei Shirota, and found it only in trace amounts in
Lactobacillus GG. This finding is, however, in agreement with previous studies showing that
the low availability of oleic acid in the culture medium (e.g. whey culture medium) would
increase the cellular levels of lactobacillic acid (Guerzoni et al. 2001), whilst high availability
of oleic acid (e.g. Tween-80 in MRS medium) increases the levels of dihydrosterculic acid

(Johnsson et al. 1995).

Linoleic acid, though fairly uncommon, has been identified in cellular fatty acids of
lactobacilli, the proportions ranging from trace amounts up to 20 % (Dionisi et al. 1999,
Guerzoni et al. 2001, Gomez Zavaglia 2000). We did not identify this parent n-6 PUFA in
bacterial fatty acids at all when bacteria were grown in standard MRS media (i.e. without
PUFA supplementation). However, we did identify y-linolenic acid and eicosapentaenoic acid
in all lactobacilli. a-linolenic acid and docosahexaenoic acid were also recognized though the
precise quantification of their proportions was impossible due to overlapping chromatograms.

We also did identify CLA (predominantly c-9,t-11 and t-10, c-12 isomers) in bacterial lipids,
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the finding that is supported by various other studies (Jenkins and Courtney 2003, Van
Nieuwenhove et al. 2007, Lee et al. 2003, Alonso et al. 2003). This may prove important
since the synthetic and natural sources of CLA may have beneficial effects in a range of
inflammatory conditions including colitis, atherosclerosis, metabolic syndrome and
rheumatoid arthritis (Reynolds and Roche 2010) as well as modulate the body composition
and lipid profiles in human (Baddini Feitoza et al. 2009). Whether the identified CLA seen are
naturally present in fatty acids of lactobacilli or assimilated from the culture medium can not
be answered firmly, but the differences seen in cellular CLA levels especially when
lactobacilli were grown with added PUFA substrates suggest that some inter-conversion
reactions do happen. Therefore, it is likely that CLA isomers may indeed be part of a normal
cellular fatty acid profile of the lactobacilli. Moreover, there is now increasing evidence that
lactobacilli do not only convert parent PUFA to CLA via interconversion reactions but also
can produce extracellular CLA (Alonso et al. 2003) and this property is even potentiated when
lactobacilli are grown in more richer media, ie. milk, by two- to three-fold (Van
Nieuwenhove et al. 2007). Clearly, this property of lactobacilli may offer yet another possible
mechanism to increase the levels of potentially beneficial compounds in dairy products and

functional foods.

When growth media was supplemented with free PUFA, especially those of n-6 series were
readily assimilated by all three lactobacilli tested. In addition, complex PUFA dependent
differences were also observed in other cellular fatty acids suggesting that the bactericidal
stress applied (Burt 2004) could be balanced by fatty acid interconversion reactions (Guerzoni
et al. 2001, Johnsson et al. 1995). As a general trend, an increase in unsaturation level of fatty
acids as a response to exposure to free extracellular PUFA was observed. This may suggest
that desaturase activation or hyperinduction may play an important role in response to the
stress applied. Indeed, there is experimental evidence that anaerobic lactobacilli
(Lactobacillus helveticus) may possess oxygen-consuming desaturase-system to cope with
environmental stress (Guerzoni et al. 2001). In accordance to this, we demonstrated in this
study that also Lactobacillus rhamnosus (GG), Lactobacillus casei (Shirota) and
Lactobacillus delbrueckii (subsp. bulgaricus) do possess similar activity, even though
particularly Lactobacillus delbrueckii has previously been suggested to lack such a enzymes
responsible for de novo synthesis of long chain PUFA (Partanen et al. 2001). However, it
must be emphasized that studies on the biosynthetic routes of fatty acids in lactobacilli are

still few (Guerzoni et al. 2001, Johnsson et al. 1995, Suutari and Laakso 1992). Further
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characterization of the biosynthetic routes of fatty acids in lactobacilli is therefore clearly

warranted.

The microbial adhesion process have been postulated to include passive forces, such as
hydrophobic and steric forces as well as specific structures such as lipoteichoic acids, lectins
and extracellular polymers (Gusils et al. 2002). In the present study, all bacteria showed only
slight hydrophobic properties, and the hydrophobicity tended to decrease when bacteria were
cultivated in medium supplemented with extracellular PUFA. Moreover, lactobacilli had very
weak electron-accepting nature indicating non-acidic character of the bacteria. Even though
the hydrophobic lactobacilli may adhere better to intestinal epithelial cells than hydrophilic
strains (Wadstrom et al 1987), our findings indicate that alteration in fatty acid composition of
probiotics may predominantly influence other factors associated with microbial adhesion
process, probably via influencing the bacterial membrane fluidity and membrane-lipopeptide
interactions (Gusils et al. 2002). More recently, as part of comparative genome analysis of
Lactobacillus rhamnosus GG and Lactobacillus rhamnosus LC705 (two lactobacilli strain
know to possess different adhesion properties), genes coding pilins were found only in
Lactobacillus rhamnosus GG. These where shown to be physically on the surface of
Lactobacillus rhamnosus GG and effectively mediating the mucus-binding of the bacteria,
revealing a previously undescribed mechanism for the interaction of selected probiotic

lactobacilli with host tissues (Kankainen et al. 2009).

7.4 Effects of PUFA on functionality of probiotics (IV)

Dairy products, the most commonly used delivery vehicle of probiotics, have a distinct
texture and composition, and promote the passage of viable strains through acidic conditions
in the stomach (Goldin et al. 1992). Dairy products also contain PUFA and thus, the question
can be asked whether they are optimal carriers for probiotics? In the previous studies we have
shown that PUFA are important factors in relation allergy (I), and that probiotics may affect
the utilization of dietary PUFA (II). In addition, we have shown that PUFA does influence the
physicochemical properties of probiotics (III), some of which are linked to functional
characteristics of probiotics. As the ability to permanently, or at least temporarily, adhere to
intestinal mucosal surfaces appears to be an important aspect for optimal function of

probiotics (Tuomola et al. 2001, Salminen et al. 2005), we investigated in study IV whether
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PUFA in growth media could influence the functional properties (growth and adhesion) of

commonly used probiotics.

In accordance with previous findings (Jenkins and Courtney 2003, Partanen et al. 2001), we
demonstrated the bactericidal activity of PUFA. All tested free PUFA affected the growth of
L. casei Shirota, L. bulgaricus and Lactobacillus GG in a dose and strain dependent manner.
Although PUFA at high concentrations (40 png / mL) generally inhibited the bacterial growth,
some promotion effects were also evinced; y-linolenic was found to significantly promote the
growth of L. casei Shirota at low concentrations. Flow cytometric assessment of permeability
of bacterial cell wall indicated that most of the bacteria (>95%) were intact still after grown in
PUFA supplemented media, suggesting that PUFA are not lethal to lactic acid bacteria but

most probably inhibit the normal bacterial cell cycle.

We confirmed the previously reported mucus adhesion potential of the tested strains
(Kirjavainen et al. 1998, Tuomola et al. 2001). In addition, we have shown here that free
PUFA in growth media could influence mucus adhesion properties of lactic acid bacteria. In
general, different levels of free PUFA in growth media inhibited bacterial mucus adhesion.
However, promotional effects were also seen, the one of which was shown to be statistically
significant; arachidonic acid (10 pg / mL) promoted the mucus adhesion of L. casei Shirota.
As mucus adhesion is the first step in persistence, the inhibited mucus adhesion shown here
might reduce the number of bacteria able to adhere to epithelial cells, a key step for the health

promoting functions of probiotics.

Dietary PUFA have been linked to microbiota development in some in vivo animal studies.
Namely, Ringo et al. (1998) have demonstrated the efficacy of dietary n-3 PUFA in
promotion of lactic acid bacteria populations in fish, and Bomba and co-workers (2002) have
shown that PUFA fortified nutrition increase the number of L. paracasei adhering to jejunal
mucosa of gnotobiotic piglets. These authors suggested that PUFA could modify adhesion
sites for gastrointestinal microorganisms by changing membrane fatty acid composition of the
intestinal epithelial cells. In addition, n-6 PUFA have been shown to up-regulate epithelial
permeability and inflammation associated with mucosal damage (Ohtsuka et al. 1997). Our in
vitro Caco-2 cell adhesion data do support the above findings. We showed that characteristics

of Caco-2 cells involved in bacterial adhesion process can be modified with PUFA; culturing
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of Caco-2 cells with arachidonic acid reduced the Caco-2 cell adhesion of all lactobacilli,
whereas e.g. a-linolenic acid, the parent n-3 PUFA, did not interfere with Caco-2 cell
adhesion of Lactobacillus GG or L. bulgaricus, and even promoted that of L. casei Shirota.
Overall, especially n-6 PUFA seem to inhibit bacterial adhesion onto Caco-2 cells, whereas n-
3 PUFA have only substantial effects. Although studies have shown that certain long chain
fatty acids (especially docosahexaenoic acid) can induce apoptosis in cancer cells (e.g. Caco-2
cells) (Engelbrecht et al 2008), the results of our study can not be contributed to this
phenomenon (used PUFA levels were too low) but express alterations in Caco-2 capacity to

serve adhesion sites.

Probiotics are commonly introduced in specific carriers, such as fermented dairy products, in
which the concentrations of free PUFA may exceed even 400 pg / mL (Kabara et al. 1972).
This figure, however, may be considered as an overestimate as this does not take into account
the dilution factor and the rapid absorption process of fatty acid. In our study, we showed that
physiologically relevant levels of free PUFA may influence the functions of probiotics
(growth and adhesion) and intestinal epithelia (adhesion). Based on the data shown in this
study, it could be hypothesized that inhibition of adhesion (via changing both bacterial and
epithelial characteristics) by specific PUFA may indicate that dietary PUFA could indirectly
influence the normal development of intestinal microbiota and thus promote/inhibit the
maturation of the intestinal barrier functions. In this context, it has been known for long that
breast-fed and formula-fed infants do have different intestinal microbiota (Benno et al. 1984,
Harmsen et al. 2000), especially in terms of bifidobacteria. But it is also evident, that these
two modes of nutrition have been different (and still are to some extent) in terms of their
PUFA profiles (formulas generally lack the longer chain PUFA even early 2000) (Koletzko et
al. 2008). Even though it is now known that breast milk itself can be a source of bifidobacteria
and lactobacilli thus promoting the development of intestinal microbiota (Collado et al. 2009),
in the light of our mechanistic findings, the different PUFA composition of these breast milk
and formula milk suggest another factor attributing to the differential development of
microbiota, suggestion supported by animal studies (Ringo et al. 1998, Bomba et al. 2002,
Hekmatdoost et al. 2008) and by very recent human study indicating that that breast milk may
affect the colonization of lactobacilli (Abrahamsson et al. 2009). In the view of our results and
available published research data, dietary PUFA may indeed influence the development of

microbiota.
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8 CONCLUSIONS

During the execution of this study we demonstrated the carry-over effect of dietary fatty acids
from maternal diet via breast milk into infants’ serum lipid fatty acids, we investigated the
incorporation of PUFA into lipids of infants and the effect of probiotics in formula and began
to deduce the effects of PUFA on physicochemical, growth and adhesion properties of

probiotics.

With respect to Study I, the previously shown allergy -related PUFA level imbalances in fatty
acid profiles of both breast milk and serum fractions were observed. However, our data was not
in complete agreement with the impaired desaturation and elongation capacity hypothesis
suggested previously. Rather, our data support the hypothesis which suggest that instead of
transferring n-6 PUFA acids into breast milk in mothers or incorporating them into membrane
PL in infants, n-6 PUFA are utilized for other purposes, e.g. as PG and LT precursors, in atopic
individuals. Modern diet rich in n-6 fatty acids may therefore predispose infants to atopic

sensitization by favoring the production of n-6 PUFA -derived inflammatory mediators.

In the second study (II), we showed that PUFA incorporation into phospholipids of infants
was influenced by probiotics in infant formula in a strain dependent manner. It was observed
that Bifidobacterium lactis Bb-12 present in infant formula promoted the utilization of n-3
PUFA. In so much as the clinical efficacy of probiotic formulas investigated here have been
linked to functionality of probiotics, these results may indicate yet another mechanism by

which the probiotics could alleviate the intestinal inflammation.

We also investigated the effects of PUFA on physicochemical properties of probiotics (III). In
addition that we demonstrated that probiotics did incorporate exogenous free PUFA into
bacterial fatty acids, our data also indicated that free PUFA in the growth medium of
lactobacilli did induce PUFA interconversion reactions within bacterial fatty acids, strain and
PUFA dependently. Despite these changes in cellular fatty acids, only minor alterations in
hydrophobicity and electron donor — electron acceptor properties of lactobacilli were
observed. Based on the findings of both Study II and III, it is suggested that the members of
indigenous microbiota (such as probiotics) may readjust the PUFA milieu within the intestine

and potentially influence the delicate balance of PUFA derived inflammatory mediators.
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In the last study (IV), we demonstrated that high concentrations of free PUFA generally
inhibit the growth and mucus adhesion of lactobacilli. However, low concentrations of
specific long chain PUFA were found to promote the growth and mucus adhesion of
lactobacilli (especially L. casei Shirota). In addition, free PUFA were also demonstrated to
alter the adhesion capacity of the intestinal epithelial cells. In general, n-6 PUFA tended to
inhibit the Caco-2 adhesion, whereas n-3 PUFA had minimal effects or even promoted the
bacterial adhesion to Caco-2 cells (L. casei Shirota). The demonstrated PUFA-derived
changes in functional properties of both probiotics and mucosal epithelia indicate that the
health promoting effects of probiotics may be modulated by PUFA composition of probiotic
end-product or general dietary PUFA consumption of an individual. Still, whether the shown
clinical efficacy of the probiotic supplemented formulas (of the study II) is due to potentiated

probiotics warrants further studies.

Even though both probiotics and PUFA have been previously shown to possess similar modes
of actions in promoting health benefits, there is also number of studies with conflicting
results. Beyond differences in populations and study designs, it is intriguing to hypothesize
that the cause of variation in the outcomes of these studies may be partly elucidated based on
the findings presented in this work. Although it is too early to give any guidelines based on
the results presented here, we can propose that different production conditions such as growth
media may affect the functional properties of different probiotic strains used by dairy
industry. In addition, the composition of final end-products may also influence the availability
and functionality of the probiotic, again in a strain dependent manner. In other words, even
the most promising probiotic strain (according to in vitro / animal model characterisations)
may be reported to possess mediocre health benefits in the clinical study setting only because
the production process or used food matrix does not support the needs of that given strain.
Contrary to the previous statement, less potential probiotics strains may show promising
health benefits in a clinical study due in part to the production process and/or food matrix
having potentiated the efficacy of the given strain. Subsequently, even though the basic
characterisation is pivotal in finding new probiotic strains, more emphasis should be given to
the design of actual end products prior to any major clinical trial. In general, the findings of
this thesis suggest that better understanding of interactions between dietary factors, such as
PUFA, and the members of intestinal microbiota is a prerequisite, when the beneficial effects

of novel functional foods containing probiotics are designed and clinically assessed.
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