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Preface

The use of fermentation in food processing was originally developed as
amethod for preserving food and has probably been practised since mankind
has been living in settlements. Nowadays food biotechnology involves a lot
more than simply preventing spoilage and ranges from improving salubri-
ousness, improving texture to enriching foodstuffs with substances that are
favourable to health and well-being and the prevention of illness. The basic
principle of fermentation is mostly to exploit the metabolism of a specific
microorganism. The activity of these microorganisms takes place in the food-
stuff itself or in the intestine (probiotica), whereby they produce primary or
secondary metabolites via the fermentation process. Naturally, probiotica or
metabolites in particular can be produced as pure cultures or as pure sub-
stances and can then be administered as pharma products or food additives.

The food biotechnology field is extremely broad and is developing rapidly.
An important factor is that the average age of humans is increasing, but the
age of well-being, that is how long one feels fit and healthy, is stagnating. It
has been shown that this so-called age of well-being can be influenced by
individual nutrition habits and, complemented by genetic predisposition, can
even be increased. In addition, common diseases and illnesses such as the
prevalence of being overweight or diabetes can even be prevented through
food, pro- and prebiotica and food additives. One emphasis of this volume is
on this area.

Apart fromlooking at pro-, pre- and synbiotica as regards health, the volume
also focuses on the genetic optimisation of plant raw materials and fermenta-
tion organisms used in the processing of food. Although currently molecular
genetic methods are generally spurned in Western Europe, in the long term
there will be no choice but to use such methods to optimise the utilisation of
food resources. In addition, it should not be underestimated that plant cells,
in contrast to microorganisms, hold great potential as regards the produc-
tion of secondary metabolites and food additives, particularly in the areas of
"wellness" ingredients. Even though plants have little to do with filamentous
fungi, they are an interesting alternative for producing food additives. Now
that genetic methods have become more accessible for fungi, they can be used
as a powerful biological catalyst that has good secretion abilities. Even though



x Preface

much seems possible in the field of food biotechnology, one should not lose
sight of ethical considerations. The last chapter examines this aspect.

In conclusion, I want to sincerely thank the co-editors and authors who
have contributed to this volume for their dedicated effort and their excellent
contribution. I hope that you as reader will enjoy the volume.

Berlin, July 2008 Ulf Stahl
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2 M. de Vrese - J. Schrezenmeir

Abstract According to the German definition, probiotics are defined viable microorgan-
isms, sufficient amounts of which reach the intestine in an active state and thus exert posi-
tive health effects. Numerous probiotic microorganisms (e.g. Lactobacillus rhamnosus GG,
L. reuteri, bifidobacteria and certain strains of L. casei or the L. acidophilus-group) are
used in probiotic food, particularly fermented milk products, or have been investigated—
as well as Escherichia coli strain Nissle 1917, certain enterococci (Enterococcus faecium
SF68) and the probiotic yeast Saccharomyces boulardii—with regard to their medicinal
use. Among the numerous purported health benefits attributed to probiotic bacteria, the
(transient) modulation of the intestinal microflora of the host and the capacity to interact
with the immune system directly or mediated by the autochthonous microflora, are basic
mechanisms. They are supported by an increasing number of in vitro and in vivo experi-
ments using conventional and molecular biologic methods. In addition to these, a limited
number of randomized, well-controlled human intervention trials have been reported.
Well-established probiotic effects are:

1. Prevention and/or reduction of duration and complaints of rotavirus-induced or
antibiotic-associated diarrhea as well as alleviation of complaints due to lactose in-
tolerance.

2. Reduction of the concentration of cancer-promoting enzymes and/or putrefactive
(bacterial) metabolites in the gut.

3. Prevention and alleviation of unspecific and irregular complaints of the gastrointesti-
nal tracts in healthy people.

4. Beneficial effects on microbial aberrancies, inflammation and other complaints in
connection with: inflammatory diseases of the gastrointestinal tract, Helicobacter py-
lori infection or bacterial overgrowth.

5. Normalization of passing stool and stool consistency in subjects suffering from obsti-
pation or an irritable colon.

6. Prevention or alleviation of allergies and atopic diseases in infants.

7. Prevention of respiratory tract infections (common cold, influenza) and other infec-

tious diseases as well as treatment of urogenital infections.
Insufficient or at most preliminary evidence exists with respect to cancer prevention,
a so-called hypocholesterolemic effect, improvement of the mouth flora and caries
prevention or prevention or therapy of ischemic heart diseases or amelioration of
autoimmune diseases (e.g. arthritis).

A prebiotic is “a selectively fermented ingredient that allows specific changes, both
in the composition and/or activity in the gastrointestinal microflora that confers benefits
upon host well being and health”, whereas synergistic combinations of pro- and prebi-
otics are called synbiotics. Today, only bifidogenic, non-digestible oligosaccharides (par-
ticularly inulin, its hydrolysis product oligofructose, and (trans)galactooligosaccharides),
fulfill all the criteria for prebiotic classification. They are dietary fibers with a well-
established positive impact on the intestinal microflora. Other health effects of prebiotics
(prevention of diarrhoea or obstipation, modulation of the metabolism of the intestinal
flora, cancer prevention, positive effects on lipid metabolism, stimulation of mineral ad-
sorption and immunomodulatory properties) are indirect, i.e. mediated by the intestinal
microflora, and therefore less-well proven. In the last years, successful attempts have been
reported to make infant formula more breast milk-like by the addition of fructo- and
(primarily) galactooligosaccharides.

Keywords Health effects - Host immunity - Intestinal flora - Prebiotics - Probiotics -
Synbiotics
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Probiotics, prebiotics, and synbiotics are based on the same idea: to create
foodstuffs which after ingestion multiply “healthy” bacteria in the intestine.
This can be performed by adding either health-promoting “probiotic” bacte-
ria or undigestible but fermentable “prebiotic! carbohydrates. Such an en-
hancement of health-promoting qualities beyond the basic function of a food
as a supplier of relevant nutrients, complies to a large extent with common
definitions of functional foods.?

Indeed, pro- and prebiotics are food components fulfilling nearly ide-
ally those definitions and particularly the term “beyond nutrition”, since
bacteria and undigestable carbohydrates have no nutrient character. Further-
more, fermented milk with health-promoting “probiotic” properties is one
of the oldest functional foods. Fermented milk has not only been consumed
throughout the world for thousands of years, as evidenced by their depiction
in Sumerian wall paintings dating back to 2500B.c., but in a Persian version
of the Old Testament (Genesis 18:8) it can be read that Abraham owed his
longevity to the consumption of sour milk. And in 76B.c. the Roman histo-
rian Plinius recommended the administration of fermented milk products for
treating gastroenteritis (reference cited in Bottazzi [1]).

The function of the probiotic bacteria added to foods includes the re-
duction of potential pathogenic bacteria and/or harmful metabolites in the
intestine, normalization of gastrointestinal motility and modulation of the
immune response, whereas so-called prebiotic food components should pro-
mote favorable bacteria of the indigenous intestinal flora of humans, or also
improve survival of probiotic bacteria which have been ingested at the same
time.

1
Probiotics

11
Introduction

According to a recent definition used in Germany, probiotics® are
defined viable microorganisms, sufficient amounts of which reach the intes-
tine in an active state and thus exert positive health effects [3].
Although often used synonymously, probiotics are not the same as probiotic
foods:

! (Almost) all established prebiotics are undigestible but fermentable carbohydrates like inulin or
galacto- and fructooligosaccharides (oligofructose) [2].

2E.g. “a functional food is similar in appearance to conventional foods, is consumed as part of
a usual diet, and has demonstrated physiological benefits and/or reduces the risk of chronic disease
beyond basic nutritional functions” (Bureau of Nutrition Science, Canada).

3 According to this definition the terms “probiotics” and “probiotic microorganisms” (often limited
to “probiotic bacteria”) can be used synonymously.
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“Probiotic foods contain living probiotic microorganisms in an adequate
matrix and in sufficient concentration, so that after their ingestion,
the postulated effect is obtained, and is beyond that of usual nutrient
suppliers.” [3].

Probiotics are not only ingested as a food component. The term “probiotics”
was created in the 1950s by W. Kollath [4], whereas Lilly and Stillwell in 1965
used this term for live bacteria and spores as animal feed supplements that
should help limiting the use of antibiotics in animal husbandry [5]. The first
generally accepted definition was given by Fuller in 1989 [6]: [a probiotic is]
“a live microbial feed supplement which beneficially affects the host animal*
by improving its intestinal microbial balance”.

Pharmaceutical products with live bacteria have also been on the market
for a long time, although not labeled as “probiotic”, and for years without
a sufficient proof of efficiency.

The idea, to suppress and displace harmful bacteria in the intestine by
orally administered “beneficial” ones and by this improve microbial balance,
health and longevity, was born nearly a century ago by Carre [7], Tissier [8],
and Metchnikoff [9]. Tissier recommended the administration of bifidobacte-
ria to infants suffering from diarrhea, claiming that bifidobacteria supersede
the putrefactive bacteria causing the disease. He showed that bifidobacteria
were predominant in the gut of breast-fed infants. And Nobel Prize win-
ner (1908) Elie Metchnikoff from the Pasteur Institute in Paris claimed in
his famous book “The prolongation of life” that the intake of lactobacilli-
containing yogurt, results in a reduction of toxin-producing bacteria in the
gut and this is associated with increased longevity of the host. It may be of
interest, that the first industrially produced yogurt was developed according
to the ideas of Metchnikoff to help children suffering from diarrhea and was
sold in pharmacies.

Probiotic microorganisms do not act exclusively in the large intestine
via affecting the intestinal flora. They also affect other organs, either by
modulating immunological parameters, intestinal permeability and bacterial
translocation, or by providing bioactive or otherwise regulatory metabolites.
Therefore, broader definitions have been suggested, i.e. by Schrezenmeir and
de Vrese [10], by the International Life Sciences Institute (ILSI) Europe, ac-
cording to which “[a probiotic is] a viable microbial food supplement which
beneficially influences the health of the host” (cited according to [11]) or by
the FAO/WHO 2001 [12], according to which probiotics are “live microorgan-
isms which when administered in adequate amounts confer a health benefit
on the host™.

Irrespective of some differences, all definitions have in common that pro-
biotic microorganisms must (1) be living and (2) exert scientifically proven
health effects.

4 This definition was restricted to probiotics in animal nutrition.
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Although neither “viability” nor “survivability of the gastrointestinal tran-

sit” are indispensable qualities of health-promoting microorganisms, since
dead cells and cell components may also exert some health-promoting physi-
ological effects, it is consumers’ and scientific understanding that a probiotic
food must contain living microorganisms [13].

1.2

Health Claims for Probiotics

Regardless of the results of legal discussions, composition and effects of pro-
biotic foods and their detection methods need to be clearly defined.

1.

A primary prerequisite is that such foods be healthy and safe, and free of
pathogenic and toxic effects.

Postulated health effects have to be proven by clinical studies in humans.
In vitro studies and animal experimental analyses only give indications to
possible health relevant effects. They may be useful for identifying mech-
anisms of action, or for the search for new probiotics.

Clinical studies should follow clearly defined study goals and a random-
ized, double-blind and placebo controlled design. Their results should
be confirmed by independent research teams, and documented in peer-
reviewed scientific journals and be documented according to the rules of
“good clinical practice” (GCP).

As even closely related bacteria strains of the same species may have dif-
ferent physiological effects, proofs for health effects are only valid for
the (probiotic) bacteria strain with which the study had been performed.
A prerequisite for unambiguous study results are bacteria strains, clearly
defined with modern molecular biological detection methods. A strain
allocation based on phenotypical characteristics only is generally not
sufficient.

The extent to which the intake of probiotic microorganisms leads to the
desired health effect does not only depend on their absolute numbers in
the ingested product, but also on its composition and physical state. This
also means that, using a probiotic bacteria strain in different matrices or
together with different probiotic bacteria, the postulated effect should be
identified for each combination. As this claim is not realistic it has been
eased to such an extent that study results can be transferred to similar
foods, for which, in the present state of knowledge, no different matrix
effects are expected.

The effectiveness of a probiotic and therefore the lowest concentration of
probiotic microorganisms in the product from which a health effect may
still be expected, depends on the kind of probiotic microorganism, the
claimed effect, the duration of application, the food matrix, and, last but
not least, the target group. Often 108-10° probiotic bacteria per day are
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mentioned as the minimum amount for probiotic effects. This value, how-
ever, is rather a makeshift than scientifically proven, because in clinical
studies health effects by certain strains have been demonstrated at lower
dosages: e.g. ingestion of ~5 x 107 cfu/d LA5 plus Bb12 decreased gastric
Helicobacte pylori activity before and frequency and severity of side effects
during Helicobacter eradication therapy [14]. Anyway, a probiotic product
should guarantee the ingestion of that number of probiotic microorgan-
isms at the end of its shelf life, which was used in the studies substantiating
its health effect.

7. Probiotic effects are target specific. The effect of probiotic microorganisms
on study participants may vary with age, health and gender, diet, resi-
dence and environment, e.g. rural or urban etc. There are differences with
respect to maturity or efficiency of the immune system to the predominant
microflora and/or to hygiene standards. This has the consequence that re-
sults from studies in children/aged subjects, in diseased people or from the
Third World cannot be transferred without further examination to adults,
healthy people or people from industrialized countries, respectively. On
the other hand this means—particularly in the case of small experimental
groups and/or a small number of studies—that inconsistent results do not
necessarily cast doubt on the investigated probiotic effect, but more likely
on its transferability from the participants of a successful study to the gen-
eral population. The often-stated phrase: “more well-planned studies are
necessary to corroborate an effect” should be reformulated to “more stud-
ies are necessary to find out which section of the population may profit
from a probiotic and under which conditions”.

1.3
Probiotic Microorganisms

The majority of probiotic microorganisms belong to the genera Lactobacillus
and Bifidobacterium. However, other bacteria and some yeasts may have pro-
biotic properties as well (Table 1). Lactobacilli and Bifidobacteria are Gram-
positive lactic acid-producing bacteria that constitute a major part of the
normal intestinal microflora in animals and humans.

Lactobacilli are non-spore forming rod-shaped bacteria. They have com-
plex nutritional requirements and are strictly fermentative, aerotolerant or
anaerobic, aciduric or acidophilic. Lactobacilli are found in a variety of habi-
tats where rich, carbohydrate-containing substrates are available, such as
human and animal mucosal membranes, on plants or material of plant origin,
sewage and fermented milk products fermenting or spoiling food.

Bifidobacteria constitute a major part of the normal intestinal microflora
in humans throughout life. They appear in the stools a few days after birth
and increase in number thereafter. The number of bifidobacteria in the colon
of adults is 10'°-10!! cfu/gram, but this number decreases with age. Bi-
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Table 1 Microorganisms used as probiotics [17, 18]

Lactobacilli? Bifidobacteria

L. acidophilus-group B. longum (BB536)
B. longum (SP 07/3)
B. bifidum (MF 20/5)

B. infantis

L.acidophilus (LA-5)

L. crispatus (L. acidophilus
“Gilliland”)

L. johnsonii (LA1) B. animalis (B. animalis
ssp. lactis BB-12)

B. adolescentis

B. breve

L. gasseri(PA 16/8)
L. casei- group

L. (para)casei (L. casei) “shirota”
L. casei “defensis™)
L. rhamnosus (LGG)

L. reuteri
L. plantarum (299 and 299v)

2 Commercial names of specific strains are given in brackets
b Mainly used in pharmaceutical preparations

¢ Mainly used in animal husbandry

4 Re-classified as a strain of S. cerevisiae

Others

Enterococcus faecalis®

Enterococcus faecium®
Lactococcus lactis

Streptococcus
thermophilus

Propionibacteria

E. coli€ (E. coli
“Nissle 1917”)
Sporolactobac. Inulinus®

Spores of Bacillus cereus
“t()y()i”

Saccharomyces boulardii4

fidobacteria are nonmotile, nonsporulating rods with varying appearance.

Most strains are strictly anaerobic.

While conventional starter cultures, above all, have been optimized in re-
spect to technological and tasting properties as well as culture stability in
acidified milk, probiotic microorganism strains have been selected from the
broad spectrum of lactic acid bacteria and other microorganisms for their

health-promoting qualities.

For this purpose a number of selection criteria were established.

e Safe for humans, i.e. free of pathogenic and toxic effects.

Origin from the intestinal tract of healthy persons,

> as such microorgan-

isms are regarded safe for humans and best adapted to the ecosystem of

the gut.

e Tolerance to gastric and bile acid as well as sufficient resistance against
digestive enzymes enable the survival during the passage through stom-
ach and upper intestinal tract,’ and have health-promoting effects in the
gut. As the decrease in pH of the ingested food in the stomach is low
due to the buffer capacity of the gastric acid, resistance against gastric
acid is less critical than tolerance of the bacteria to bile acid and digestive

enzymes in the small bowel.

5 No essential criterion; some successful strains had been isolated from animals or vegetables.
6 Survival is no longer strictly required by some definitions of probiotic [15].
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e Detection of parameters enabling a (positive) influence on the intestinal
flora’ like adhesion to intestinal epithelial cells, survival and reproduc-
ing capacity in the human large intestine, or production of antimicrobial
substances. A permanent colonization of bacteria in the large bowel has
not been proven. It is not requested for attaining probiotic effects, as far
as a daily or at least regular bacteria supply occurs via regular intake of
probiotics.

The yeast Saccharomyces boulardii, used in pharmaceutical products,
was shown to exert beneficial effects against diarrhea, and Enterococcus-
containing pharmaceuticals are used in pediatrics.

Probiotic bacteria must also comply with the technological requirements,®
and a certain probiotic content must be guaranteed until the expiry of shelf
life.

1.4
Health Relevant Effects of Probiotics

Most health effects attributed to probiotic microorganisms are related, di-
rectly or indirectly, i.e. mediated by the immune system, to the gastrointesti-
nal tract (Table 2). This is not only due to the fact that probiotics in food
or therapeutically used microorganisms are applied normally via the oral
route.” The mechanisms and the efficacy of a probiotic effect often depend
on interactions with the specific microflora of the host or immunocompetent
cells of the intestinal mucosa. The gut (or the gut-associated lymphoid sys-
tem (GALT), respectively), is the largest immunologically competent organ in
the body, and maturation and optimal development of the immune system
since birth depends on the deve lopment and composition of the indigenous
microflora [19].

Many strains of probiotic bacteria have been shown (1) to modulate (tem-
porarily) the intestinal microflora and/or (2) to inhibit colonization of the gut
by (potential) pathogens, as well as (3) translocation of pathogenic bacteria
through the intestinal wall and the infection of other organs. Suggested, but
unconfirmed mechanisms for these effects include:

Reduced intestinal pH, production of bactericidal substances (e.g. organic
acids, H,O, and bacteriocines), agglutination of pathogenic microorgan-
isms, strengthening barrier function of the intestinal mucosa [21-23],

7 An impact on the intestinal flora is no longer required by some definitions of probiotic [15, 16].
8 Food probiotics must be able to grow or at least survive in the food matrix before and after fer-
mentation and taste and consistency of probiotic food should not be inferior to that of conventional
products.

° Modulation of the microflora of the mouth or the urogenital tract and attempts to destroy tumors
in mice can be done by direct local application or injection, respectively, of the probiotic microor-
ganisms. Furthermore, the entrance of probiotic bacteria into the body via the mucus layer of the
respiratory tract has also been demonstrated in mice.
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Table 2 Established and proposed probiotic health effects

Probiotic effect Validity of scientific proofs

- Prevention and/or reduction of duration and Effect well-established by clinical
complaints of rotavirus-induced diarrhea studies and accepted by the

- Prevention or alleviation of antibiotic-associated scientific community
diarrhea

- Alleviation of complaints due to lactose intolerance

- Modulation of the autochthonous (usually Well-established effect. However,
intestinal) microflora due to methodological difficulties

- Immunomodulation and/or -regulation and complex interdependencies

- Reduction of the concentration of cancer between regulatory mechanisms,
promoting enzymes and/or putrefactive the correlation with true health
(bacterial) metabolites in the gut effects is unclear

- Prevention or alleviation of allergies and atopic Effects observed in certain target
diseases in infants groups. However, more studies

- Beneficial effects on microbial aberrancies, are necessary to find out which

inflammation and other complaints in connection  section of the population may
with: inflammatory diseases of the gastrointestinal profit from a probiotic and under
tract, Helicobacter pylori infection, bacterial which conditions

overgrowth

Treatment of urogenital infections

Prevention and alleviation of unspecific and
irregular complaints of the gastrointestinal
tracts in healthy people

Prevention of respiratory tract infections (common
cold, influenza) and other infectious diseases

- Cancer prevention Due to insufficient clinical and/
- Normalization of passing stool and stool or epidemiological data, effects
consistency in subjects suffering from cannot be considered as well

obstipation or an irritable colon established and scientifically
- Prevention or therapy of ischemic heart diseases proven

- Amelioration of autoimmune diseases (e.g. arthritis)

- Hypocholesterolemic effect In the light of existing data (long
- Improvement of mineral absorption term) reliable effects are not
- Improvement of the mouth flora, caries prevention proven at all

competition for fermentable substrates or receptors on the cellular sur-
face of the mucosa, release of gut-protective (arginine, glutamine, short-
chain fatty acids, CLA) and absorption and metabolization of potentially
pathogenic, toxic, or cancerogenic metabolites and enzymes [24-26],
modulation of immunologic mechanisms [27], or stimulation of the in-
testinal motility and mucus production [28].
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Because of these effects it is understandable that beside the immunomodu-
latory properties particulary the potential use of probiotics for prevention or
therapy of diarrhea or inflammatory bowel disease have been studied [29, 30].
A recently published meta analysis of 34 randomized placebo-controlled
human studies concluded that probiotics do significantly reduce diarrhea,
amongst others antibiotic-associated diarrhea incidences by 35 to 65%, trav-
elers diarrhea incidences by 6 to 21%, and diarrhea incidences due to other
reasons by 8 to 53% [31]. Overall the risk of acute diarrhea was reduced by
57% in children and by 26% in adults.

1.4.1
Infectious Diarrhea Caused by Viruses or Bacteria

Rotavirus-induced diarrhea is still a major problem and frequent cause of
death, especially in hospitalized children and in developing countries. Pro-
tection by probiotic bacteria and yeasts with immunostimulatory properties
or the alleviation of symptoms and shortening of acute infections is per-
haps the best-documented probiotic effect. It has been demonstrated many
times in the past in clinical studies fulfilling scientific requirements. Ben-
eficial effects such as decreased frequency of infections, shortening of the
duration of episodes by 1-1.5 days [32, 33], less shedding of rotaviruses or an
increase in the production of rotavirus-specific antibodies have been demon-
strated for Lactobacillus rhamnosus GG (LGG), L. casei Shirota, L. reuteri,
Bifidobacterium animalis ssp. lactis Bb-12 and a number of other probi-
otic strains [34-44]. Beneficial effects were frequently less pronounced with
stronger infections.

Further demonstration of the effectiveness of L. rhamnosus GG failed in
two recent studies in infants where LGG was ineffective in nosocomial ro-
tavirus infections [45] and in severe dehydrating diarrhea [46].

There are three studies in young healthy children from day-care centers,
where, however, the nature of the causative pathogens (probably mainly viral)
was not examined. In a French study, 287 children (aged 18.9 = 6.0 months) in
day-care nurseries were administered daily either unfermented jellied milk,
conventional yogurt, or a probiotic yogurt product containing 10® cfu/ml
L. casei spec. Products were given for one month each, interrupted by one
month without supplementation. The conventional yogurt shortened the
mean duration of diarrhea from 8.0 days down to 5 days, the probiotic prod-
uct even down to 4.3 days (p < 0.01), while the incidence of diarrhea was
not different between groups [47]. This study was expanded to a random-
ized, controlled multicenter clinical trial with a total of 928 children (aged
6-24 months). During daily administration of L. casei-containing fermented
milk for two months a lower frequency of diarrhea was observed compared
with the administration of conventional yogurt (15.9 vs. 22%, p < 0.05; [48]).
And Finnish children from day-care centers, who consumed milk contain-
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ing a probiotic Lactobacillus rhamnosus strain during the winter, had 16%
less days of absence from day care due to diarrhea and gastrointestinal and
respiratory tract infections then controls [49].

The addition of Bb-12 or L. reuteri ssp. to infant formulas did prevent
infectious diseases in Israeli child-care centers [50], and in 204 undernour-
ished Peruvian children (6-24 months) rLGG compared with a placebo did
reduce frequency of diarrhea from 6.0 to 5.2 episodes per child and year
(p < 0.05; [51]).

On the other hand analogous studies were performed more seldom in
adults, and overall the beneficial effects were less pronounced. For example,
when 529 Israeli soldiers consumed yogurt with or without probiotic L. casei
cultures, diarrhea frequency and duration were 12 as compared to 16% and
2.6 versus 3 days. These differences were not significant [52].

Investigations on the effect of probiotic bacteria on traveler’s diarrhea
showed inconsistent results, possibly due to differences between probiotic
strains, the traveled countries, the local microflora, specific (eating) habits
of the travelers, or the method of administration of the probiotic (before or
during travel, as a capsule or a fermented milk product). Whereas some stud-
ies revealed less or shortened episodes of diarrhea in subjects consuming the
probiotic [53-55], others found no such effect [56].

Although in vitro and animal studies provided good evidence that some
probiotic strains inhibit growth and metabolic activity as well as the adhe-
sion to intestinal cells of enteropathogenic bacteria like Salmonella, Shigella
or Vibrio cholerae, few studies have been published demonstrating positive
effects in humans.

1.4.2
Antibiotic Associated Diarrhea

Administration of certain probiotic strains before and during antibiotic treat-
ment did in most studies reduce the frequency and/or duration of episodes
of antibiotic-associated diarrhea and the severity of symptoms [57-65], al-
though there are reports of lacking effects [66]. Administration of a fer-
mented milk product (200 g/d) containing 10°-107 cfu/g Bifidobacterium an-
imalis ssp. lactis and Lactobacillus acidophilus four weeks before and during
a Helicobacter pylori eradication therapy led to significantly less episodes of
diarrhea (7% versus 22% of the subjects) compared with the placebo group
(Fig. 1, [14]).

In some cases antibiotic treatment may result in life-threatening pseu-
domembranous colitis, which is associated with abundance of anaerobic tox-
igenic bacteria (e.g. strains of Clostridium difficile). Application of probiotics
did also significantly decrease the number of relapses in successfully treated
Clostridium difficile infections [67].
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Fig.1 Effects of probiotic lactobacilli and bifidobacteria on frequency and duration of
antibiotic-associated diarrhea during H. pylori eradication [14]

1.4.3
Diarrhea in Inmunocompromised Subjects

Chemo- and radiotherapy frequently cause severe disturbances of the im-
mune system and the indigenous intestinal microflora, accompanied by di-
arrhea and/or increased cell counts of fungi (Candida albicans) in the gas-
trointestinal tract and other organs. Both side effects were ameliorated by the
administration of probiotic bacteria before and during chemo- [68] or (in
a mouse model) radiotherapy [69-71].

Whether regular consumption of probiotics exert beneficial effects in HIV
patients has not been studied up to now, but it has been shown that probiotic
products are well tolerated by these patients [72].

14.4
Lactose Intolerance

Without any doubt, the most thoroughly investigated health-relevant ef-
fect of fermented milk products is the enhancement of lactose digestion
and the avoidance of intolerance symptoms in lactose malabsorbers, namely
in persons with an insufficient activity of the lactose-cleaving enzyme B-
galactosidase in the small intestine. This effect is based mainly on the fact that
fermented milk products with live bacteria contain microbial 8-galactosidase
that survives the passage through the stomach, to be finally liberated in the
small intestine to support lactose hydrolysis (Fig. 2, [73]). Moreover, it has
been recently demonstrated in mice that during its transit living Streptococ-
cus thermophilus or Lactobacillus casei defensis [74] are also able to perform
the lactose hydrolysis.

However, depending on the definition of “probiotic” this is not a spe-
cific probiotic effect, because it doesn’t depend on survival of the bacte-



Probiotics, Prebiotics, and Synbiotics 13

i 100
500 | mmpasteurized Enative gc,’E
80 o
=
400 S
E 60 &
S 300 — z
o 40 o
g 20 1 =
2 20 §
100 -'_ =1 ®
I D = 0
0
maldigestion (breath test) flatulences pain diarrhea

Fig.2 Effect of fermented milk with live or heat-killed lactobacilli on lactose malab-
sorption (breath H2) and clinical symptoms in ten healthy African and South-East Asian
nurses consuming pasteurized or native fermented milk [73, 75]

ria in the small intestine, yogurt is mostly more effective [75,76] and, last
but not least, primary or adult-type hypolactasia (the reason for lactose
malabsorption) is not a disease, but rather the normal physiological situ-
ation. Many probiotic bacteria show either a lower S-galactosidase activity,
or, due to their high resistance against acid and bile salts, do not yet re-
lease most of their B-galactosidase in the small intestine, opposite to yogurt
bacteria [77].

Independent from such effects on lactose maldigestion, probiotics seem
to reduce gastrointestinal complaints like flatulence or diarrhea, possibly by
their impact on the intestinal microflora [75, 78].

1.4.5
Inflammatory Intestinal Diseases

Although the exact causes are not yet fully understood, there is evidence
that disturbances of the autochthonous intestinal microflora and the stimula-
tion of pro-inflammatory immunological mechanisms play a role in a num-
ber of inflammatory diseases of the intestine. Therefore, numerous efforts
have been undertaken to improve health and well-being of affected patients
by the administration of probiotics with anti-inflammatory properties and
a demonstrated positive impact on the intestinal flora. Studies in experi-
mental animals give a clue about the potential application of lactobacilli,
bifidobacteria, Lactococcus lactis or non-food probiotics, particularly non-
pathogenic strains of Escherichia coli (e.g. strain Nissle 1917) to prevent or
treat colitis [79-82].

Likewise, patients with inflammatory bowel diseases (Crohn’s disease and
ulcerative colitis [83-88], necrotizing enterocolitis [79], diverticulitis [89] or
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inflammation of an ileal pouch [90,91]) responded positively too. Longer
remissions due to the administration of probiotics were associated with a de-
creased expression of inflammatory markers ex vivo [79] and increased IgA
secretion, lower drug consumption and all in all a higher quality of life of
the patients [92]. In recent times more positive study outcomes have been re-
ported [93-97] and review papers concerning the potential mechanisms like
regulation of intestinal flora [98-101] or immunological mechanisms [102-
105] were published. However, other studies showed no positive effects, and
no case of complete recovery has been reported [106-110].

1.4.6
Gastrointestinal Motility Disorders

In the past normalization of the intestinal motility of obstipated subjects by
administering probiotic bacteria has been demonstrated, however, more fre-
quently by anecdotal reports than by controlled clinical trials [111, 112]. Many
studies suffered from an unclear definition of obstipation, a lack of appropri-
ate end-point markers, insufficiently detailed symptoms questionnaires, an
unsatisfactory recording of health and well-being of the subjects before the
study. This resulted in numerous confusing and contradictory results. Recent
controlled clinical studies showed that administration of certain probiotic
strains belonging to L. casei [113] and B. animalis [114] reduced gastrointesti-
nal transit time, and very recently a probiotic fermented milk product was
introduced in the market with the claim to fight obstipation. Nevertheless,
more controlled clinical studies with clearly defined end-point markers and
sufficient numbers of participants are necessary.

Beneficial effects of probiotics in subjects suffering from an irritable
bowel syndrome!? are still contradictory [115]. Whereas some studies showed
a positive modulation of the intestinal flora and the alleviation of symp-
toms [116-123], other studies failed to do so [124, 125], and further investi-
gations are required to move from hopeful findings to conclusive results.

14.7
Miscellaneous Diseases due to Microbial Imbalances

The use of probiotics in diarrheal diseases due to virus or bacterial infections
or disturbances of the intestinal microflora have been investigated over a long
period, and beneficial effects in rotavirus- and antibiotic-induced diarrhea or
in lactose intolerance belong to the best documented and established health
effects of probiotic microorganisms. In certain other diseases, which are as-
sociated with imbalance of the local microflora and bacterial infection and/or

19 Functional disorder of the colon without provable biochemical or structural irregularity. Symp-
toms include intermittent abdominal pain and a succession of diarrhea and obstipation.
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overgrowth as well, beneficial effects of probiotics are less established, the
number of controlled studies or study participants is small and study results
are inconsistent (Table 3).

Table 3 Miscellaneous non-diarrheal diseases and complaints due to bacterial infections

and imbalances of the local microflora and benefits resulting from probiotics

Locus Disease

Mouth and Caries, gingivitis
teeth

Stomach, Helicobacter pylori
(duodenum) infection

Small bowel  Bacterial overgrowth

Intestinal Decreased detoxification/
microflora excretion of toxic

plus host microbial metabolites
metabolism due to liver/renal failure;
(liver, kidney) hepatic encephalopathy
Urogenital Irritation or inflammation
tract of the vagina, urethra,

bladder, ureter, kidney, or
cervix due to infections
by endogenous (from the
gut) or exogenous bacteria
and imbalances of the
local microflora

Health effects

Reduction of gingivitis by L. reuteri [126];
effects on Streptococcus mutans [127, 128];
colonization of the teeth’ surface by lacto-
bacilli from a “bio-yogurt” [129],

less caries after ingestion of living [130]
or oral vaccination with heat-killed lacto-
bacilli [131]; all in all very few

positive controlled studies

Inhibition of growth and adhesion to
mucosal cells [29, 57, 132], decrease in
gastric H. pylori concentration [133],
less side effects during antibiotic
therapy [14]; no effects [134, 135]

Few successful studies: normalization of the
small bowel microflora [136], decreased
frequency of diarrhea [137], decreased
release of toxic N-metabolites [138]

Increased bifidobacterial cell counts and
shift from a preferably protein- to a carbo-
hydrate-metabolizing microflora, less toxic
and/or putrefactive metabolites, improve-
ment of hepatic encephalopathy after
administration of bifidobacteria and
lactulose [139, 140]

Restoration of an imbalanced microflora
by selected lactobacilli [141-143],
decreased incidence and increased curing-
rates in bacterial vaginosis and vaginitis
(mostly candiasis) due to the local [144]
or oral [145, 146] application of lacto-
bacilli; decreased incidence or recurrence
of urinary tract infections [147-150];

no effects [151]
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1.4.8
Immunemodulation

Probiotic microorganisms and their cell-wall components (peptidogly-
canes, lipopolysaccharides), DNA and metabolites were shown to have im-
munomodulatory properties.

Modulation of the systemic and secretory immune response [38] is well-
established in mice and other experimental animals: inhibition of bacterial
translocation [152]; increased proliferation in organs of the immune sys-
tem (Peyer’s patches, spleen); stimulation of phagocytes/macrophages and
natural Kkiller cells [153-157]; increased release of cytokines (IFNy, IFN,,
INF,) and defensines!! [153,158], shifts in the Th1/Th2'2-balance (Fig. 3)
towards less allergy/atopy [159-161], increased production of specific anti-
bodies [162-165] and increased resistance and prolonged survival during co-
administration of viruses, toxines, and bacteria (rotavirus, Klebsiella pneu-
moniae, Salmonella thyphimurium, Shigella, Vibrio cholerae, Listeria monocy-
togenes). Similar effects on parameters of the cellular and humoral immunity
have also been proven in human studies.

But because of the complexity of the immune system and the numerous in-
teractions with the indigenous gut flora and administered probiotic bacteria,
interpretation of animal and particularly in vitro data is often difficult. Stim-
ulation of the immune system by itself does not necessarily imply a positive
health effect. Controlled clinical studies showing therapeutic effects of probi-
otics, protection against infections or reduction of allergic reactions, and the
investigation of the mechanisms are required.

60T [m medium only m+ SEA 67T [m medium only m+ SEA
50 5
40t %4'
[ (=
3
B g
T 204 § 2f
= @
g
101 L 44
il u‘

PBMCs only  +LGG +LgBbBI" +E.coli FEMCs only  +LGG +LgEbEI" +E.coli

“mixture of Lactobacillus gassen,

Bifidobacterium bifidum and B. longum
Fig.3 Probiotic bacteria decrease production of “proallergic” Th2-cytokines [interleukin-
4 (IL-4)] und increase production of “antiallergic” Thl-cytokines [interferon, (IFN, )]
in stimulated Peripheral Blood Mononuclear Cells (PBMCs) of house dust mite allergic
subjects [161]

U Defensines = protein molecules released from cells within the body and involved in defense
against bacteria.
12'Thi, Th2: T-helper cells.
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1.4.9
Common Virus and Respiratory Tract Infections

Probiotics with proven immune stimulatory properties may be appropriate
candidates for the prevention or treatment of some common viral infections
including those of the respiratory tract. This has been thoroughly investi-
gated in rotavirus infections, but enteroviruses have also been investigated, of
which the target organ is not exclusively the intestine.

A randomized, double-blind, placebo-controlled clinical study [162],
where strains of Lactobacillus rhamnosus and paracasei were applied orally
to young adults before and during oral vaccination with attenuated polio
viruses, showed that probiotics induce an immunologic response (IgA, IgG)
and provide protection from polioviruses by increasing production of virus-
neutralizing antibodies.

A few studies gave evidence, that certain strains of probiotic bacteria may
prevent viral respiratory tract infections (common cold and influenza), allevi-
ate complaints and/or shorten the duration of the disease. In a double-blind,
placebo-controlled Finnish study, children from day-care centers (1-6 years),
consuming milk with a probiotic L. rhamnosus strain for 7 months, were
0.7 days less absent from the centers because of illness of the gastrointestinal
and respiratory tract and had a lower risk of respiratory tract infections than
controls. No differentiation, however, was made between viral and micro-
bial infections [49]. A probiotic Enterococcus faecalis preparation did reduce
the incidence of respiratory tract infections in well- and malnourished chil-
dren [166], whereas a L. casei strain was effective on winter-infections in
elderly subjects in a pilot study [167].
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Fig.4 Effect of the regular consumption of three strains of probiotic lactobacilli and
bifidobacteria (5 x 107 cfu/day) on frequency, duration, and severity of common cold
episodes in 244 healthy subjects during a winter/spring period [168, 170]
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In a double-blind, controlled clinical trial in healthy adults, film-coated
tablets containing a vitamin-mineral-mixture plus L. gasseri, B. longum and
B. bifidum (verum), or without probiotic bacteria were applied to a total of
500 study participants over two winter-spring periods (3 and 5.5 months). In
the verum group, almost two days shorter cold episodes (p < 0.05), less se-
vere complaints (p = 0.056) and less days with fever (p = 0.03) were recorded
(Fig. 4), accompanied by modulations of cellular immunity [168-170].

1.4.10
Probiotics in Allergy and Atopic Diseases of Children

One of the most interesting study results of the last years was the finding that
probiotic bacteria do not exclusively stimulate immunity, but may modulate
immune reactions in persons with allergies and atopic diseases or in at-risk
infants [171, 172].

In a Finnish study [173] children who manifested atopic eczema during ex-
clusive breast-feeding (nine children per group, on average 4.6 months old)
received a hypoallergenic, extensively hydrolyzed formula on a whey basis
without (control) or with 3 x 10° cfu/ g L. rhamnosus or B. animalis ssp. lac-
tis. After 2 months a significant improvement in skin condition occurred in
patients given probiotic-supplemented formulas, but not in the controls. This
was recorded both subjectively and objectively by physicians by means of
a valuation scale (SCORAD).

Similar curative results were obtained with L. rhamnosus plus L. reuteri
preparations [174], whereas L. rhamnosus did not show an effect in adults
allergic to birch-pollen [175].

The incidence of atopic eczema in at-risk infants at two and four years
of age was reduced to 50% through administration of L. rhamnosus to their
mothers, one month before through six months after delivery, or to the in-
fants themselves. This provided for the first time the option of a causal,
preventive and/or therapeutic treatment of this disease [176-178].

However, studies in recent years yielded in part contradictory results. On
the one side did probiotic single- and multi-strain cultures, in part com-
bined with prebiotics, reduce the risk of atopic dermatitis in mice [179],
children [180], high-risk children [181], school children [182], and children
with food allergies [183]. This is also true for hey fever and for house dust
and other allergies in children and mice [184, 185]. It was therefore suggested
to stop the so-called “atopic march”!® by an early application of probiotics.
In other studies, however, probiotics did not ameliorate the complaints of
children with neurodermatitis [187] and did not decrease the risk of atopic
dermatitis or asthma in at-risk children [187, 188] and in long-distance run-

13 The theorized “atopic march”, in which atopic dermatitis (AD) precedes the development of
asthma, is less well established than an association between AD and other allergic conditions.
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ners [189]. More studies are needed in order to ascertain the findings and to
find out the conditions under which probiotics may exert beneficial effects in
the case of allergic illnesses.

Many mechanisms have been proposed for this beneficial effect, ranging
from improved mucosal barrier function to a direct influence on the immune
system, for example by the suppression of pro-inflammatory cytokines, by af-
fecting regulatory T-cells and by improving the Th1/Th2-balance. Only living
bacteria were effective in this way [190]. The modulation of the indigenous
microflora during early life may be crucial, since it has been demonstrated
that allergic infants have an aberrant intestinal microflora, containing more
clostridia and less but more adult-type bifidobacteria [191]. However, the ex-
act mode of action is not yet known. More in vitro and in vivo investigations
and clinical trials are necessary for the future to elucidate the mechanisms of
these effects and optimal conditions for application.

1.4.11
Inflammatory Autoimmune Diseases

Preliminary positive results from a rat study warrant further studies, espe-
cially in humans, to investigate whether probiotics with anti-inflammatory
and immune regulatory properties may ameliorate arthritis and other inflam-
matory autoimmune diseases [192].

1.4.12
Cancer Prevention

Cancer-preventing properties are ascribed to probiotic bacteria in fermented
milk products, but also in genuine yogurt cultures. Most studies dealt with
probiotic effects on the colon carcinoma [193] being for decades the most
frequent cancer of the intestinal tract in the Western industrial nations. Nev-
ertheless, positive effects were also described for other types of cancer.

In mice, the growth of implanted or chemically induced tumors could
be inhibited by injecting yogurt cultures or certain probiotic bacteria
strains [194, 195].

A L. casei shirota preparation had a preventive effect on the recurrence
rate of superficial bladder cancer after surgery in a controlled, double-blind
study [196]. A large Japanese case control study [197] suggests that the habit-
ual intake of lactobacilli and especially L. casei Shirota may reduce the risk for
bladder cancer in the Japanese population. Besides this, only few epidemio-
logical investigations have been performed concerning other probiotic strains
and other types of cancer [198].

Several mechanisms have been suggested as a cause of these effects and
have been investigated in vitro and in animal experiments:
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e Inhibition of tumor-growth and proliferation of tumor cells by glycopep-
tides and cytotoxic metabolites of lactobacilli [38].

e Reduction of (pro)carcinogenic, mutagenic, and genotoxic substances
(aflatoxines, nitrosamines; [15,199]) and cancer-promoting enzymes
(nitro-, azoreductase, S-glucuronidase) in the colon due to modifications
of the gut flora, a decrease in pH, chemical modification, and ad- and
absorption by the bacteria [23,112,200-202].

e Antimutagenic properties of probiotics and probiotic milk products [203,
204].

e Strengthening of the immune system and stimulation of the production of
the tumor-necrosis-factor (TNF,) by macrophages [196].

The factual relevance of these mechanisms of action on cancer risk is not
known. Because of the long duration of carcinogenesis, it is difficult to inves-
tigate them in clinical human studies. More epidemiological data and more
and longer lasting studies in humans using internationally recognized mark-
ers for cancer are necessary.

1.4.13
Hypocholesterolaemic and Cardioprotective Effects

The ability of different probiotic bacteria, above all members of the L. aci-
dophilus group, to deconjugate bile acids in bile acidic and cholesterol-
containing media, and to reduce their solubility, has been investigated in
vitro. By coprecipitation with deconjugated bile acids, and by adsorption
on/in the bacteria cell the cholesterol concentration in the medium is low-
ered by 50% [205-207]. Investigations in vivo on the mechanism of action
are lacking. Therefore, a conclusive statement whether a thinning of the sterol
pool can be obtained via these mechanisms in vivo, and finally a lowering of
the concentration of serum and lipoprotein-cholesterol by ingestion of appro-
priate “probiotic” lactic acid bacteria is hardly possible. A placebo-controlled
short-term study showed a transient decrease of the LDL cholesterol in serum
of healthy adults by approx. 10% after intake of a probiotic milk product, fer-
mented with Enterococcus faecium and S. thermophilus [208]. However, this
effect disappeared with a longer observation period (> 6 months) and was no
longer different from effects in the control group [209].

Apart from studies showing beneficial effects of Enterococcus faecium [210]
and L. plantarum [211] on cardiovascular risk factors, a slightly increased
HDL-concentration in sera of subjects consuming fermented dairy products
for several months [212], or a direct cardioprotective effect of orally admin-
istered lactobacilli [213] most other studies found only transient [214, 215]
or no effects at all [154, 216-219] of probiotics on serum lipids and more ev-
idence and particularly clinical studies are required before improvement or
even prevention of various ischemic heart diseases can be ascertained.
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1.4.14
Probiotics for the Healthy Population?

Healthy people who regard their intestinal flora as balanced and their im-
mune system as effective do often ask the question about the benefit of
probiotics for the healthy consumer. The frequently given answer, that probi-
otics may prevent complaints due to occasional imbalances of an otherwise
balanced system, is likely but still speculative, as long as one doesn’t know
enough about the composition of a balanced “healthy” microflora and its role
on the host, especially on its immune system. On the other hand, proven or
supposed health benefits like prevention or alleviation of occasional gastroin-
testinal complaints, common infectious diseases (e.g. cold) or atopic diseases
of otherwise healthy people, as well as normalization of a decreased intesti-
nal motility or reduction of certain long-term risks (cancer, ischemic heart
disease) is surely of interest for the common population. In no case, however,
consumption of probiotics should substitute a healthy lifestyle and a balanced
nutrition.

1.5
Safety of Probiotics

The best evidence for the general safety of lactic acid bacteria and bifidobac-
teria is their long tradition of use without any harmful effects on human
health [220, 221]. With the exception of one strain belonging to the L. rham-
nosus species, lactobacilli and bifidobacteria used for food production are
“generally recognized as safe” (GRAS) by the Food and Drug Administration
of the USA. In Germany, all but two strains of lactobacilli and bifidobacte-
ria are classified as “1” (absolutely safe) by the “Berufsgenossenschaft der
chemischen Industrie” [222]. Moreover, certain strains of probiotic bacte-
ria have been proven to be free of risk factors like: transferable antibiotic
resistances, cancer-promoting and/or putrefactive enzymes and metabolites,
hemolysis, activation of thrombocyte-aggregation or mucus degradation in
the mucus layer of the gastrointestinal tract.

Despite the absence of a pathogenic potential, lactic acid bacteria were
found in < 0.1% (enterococci 1%) of clinical samples from severe infections
(endocarditis, meningitis, or bacteremia [223]). Most probably these bacte-
ria originated from the indigenous microflora, whereby in many cases the
translocation was facilitated by underlying disease, lesions or inflammations
in the oral cavity and in the gastrointestinal tract, or by an impaired immune
system.

Two cases have been published concerning food probiotics: in 1999 a Lac-
tobacillus strain was isolated from a liver abscess which was undistinguish-
able from the food probiotic L. rhamnosus GG [224]. In a second case a man
accidentally put the contents of a probiotic capsule (L. rhamnosus, L. aci-
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dophilus and Streptococcus faecalis) into the mouth after a tooth extraction
instead of swallowing the capsule without chewing. When an endocarditis
occurred a short time later, the probiotic bacteria were recovered from the
clinical sample [225]. And the probiotic yeast, Saccharomyces boulardii, was
found in several cases of fungaemia, mostly in immunocompromised subjects
or due to catheter infections, when suspensions of S. boulardii were prepared
at the bedside [226, 227].

However, there is no evidence for a higher risk due to the ingestion of pro-
biotic products in comparison with conventional products. This conclusion
is supported by a study from Finland, where the consumption of L. rham-
nosus GG has increased considerably during the last two decades without an
increase in the incidence of infections by lactobacilli [228]. Moreover, stud-
ies in immune-compromised persons (HIV-positive subjects, patients with
leukemia) did not show undesired effects [72], but rather positive effects as,
e.g. lower incidence of Candida during a chemotherapy [68]. Health risks due
to overdosage or long-term ingestion have also not been observed.

1.6
Probiotic Food

Apart from the health-promoting properties, probiotic microorganisms in
foods have to fulfill a lot of other conditions. These include a sufficient stabil-
ity during production and storage, so that the probiotic content of the food
during the whole shelf life does not drop below the bacterial concentration
required for a probiotic effect [229]. Survival and bacterial counts of probi-
otic microorganisms in the food, and the maintenance of its probiotic activity
depend on the production process, on the properties of the product matrix,
and on the physiological state of the bacteria. These include chemical com-
position, water activity, oxygen concentration, and redox potential, pH value,
acid concentration, and synergetic or antagonistic interactions between con-
ventional starter cultures and added probiotics.

Additionally, the quality of probiotic foods should not be less than that
of corresponding conventional products. To avoid that metabolically active
probiotic cultures adulterate taste, flavor, consistency, and shelf-life of the
food through post-acidification, lypolysis and/or proteolysis probiotic milk
products should be stored at < 8 °C [230]. Furthermore, probiotics producing
bacteriocines may inhibit the activity of the conventional starter cultures and
vice versa [231].

1.6.1
Fermented Milk Products with Probiotic Properties

Yogurt-like, solid or liquid milk products containing living probiotic bacte-
ria are the most popular probiotic foodstuffs at the moment, whereas other
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dairy and non-dairy probiotic products are seen far less on the supermar-
ket shelves. One reason may be that consumers associate yogurt not only
with palatability but also with health promotion. Even the idea that yogurt
contains living bacteria does not scare the consumers. The large variety of
fermented milk products allows a diversified and thus regular consump-
tion. With the technically realizable probiotic concentrations in the product
(10°-10° cfu/g food), the current portions of 125 and 250 ml allow an intake
of a relevant quantity of probiotic microorganisms.

The appropriate production process depends on fermentability and acid
tolerance of the added probiotic microorganisms. Only a few can be used
as sole starter cultures. In most of the cases fermentation occurs exclu-
sively or predominantly through conventional starter cultures (Streptococcus
thermophilus and others). The probiotic culture starter and the starter are
added to the milk. In case of sensitive probiotics this occurs after fermen-
tation. Hereby, the survival of oxygen-sensitive bacteria (e.g. bifidobacteria)
in the product is favored by oxygen-consuming conventional starter cultures
(S. thermophilus), and by the lowering of the redox potential. In Germany the
prevailing consumer’s desire for mildly acidified products favors the use of
acid-sensitive probiotics.

Most of the marketable products have a consistency and appearance simi-
lar to that of set style yogurt or liquid yogurt. Probiotic variants of other
fermented milk products like sour milk, sour whey, sour cream, buttermilk,
or kefir are not very popular. In Europe, unfermented milk with added pro-
biotics (sweet acidophilus milk, bifidus milk) are much less popular than yo-
gurt. Positive human studies with these products have not been published yet.

1.6.2
Probiotic Cheese

Probiotic fresh or ripened cheeses are far-less popular foodstuffs than yogurt-
like probiotic dairy products and seen far less on the supermarket shelves,
although they can be an alternative for persons that do not like yogurt, for
lactose-intolerant subjects, and in countries where yogurt is less popular than
in Europe (e.g. USA, Canada).

One reason for this may be that consumers buy cheese mainly for its
palatability. Furthermore, the relatively small serving sizes of cheese are be-
lieved to be a disadvantage, which requires increased concentrations of pro-
biotic bacteria in the cheese. And last but not least, the cheese market is char-
acterized by a great number of small manufacturers and established brand
names of well-known manufacturers are rather the exception. This makes it
difficult for the producers of probiotic cheese to establish a branded product
and to amortize the high costs of research, legal provisions, and marketing.

In principle, probiotic bacteria may simply be added to the cheese together
with the starter culture before renneting or clotting, respectively, or may oth-
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erwise be mixed into the already cut curd. If probiotics are added to the
cheese after fermentation, the physiological state of the probiotics is an im-
portant determinant of survival during ripening and storage [232, 233]. This
state depends on (1) the nutritional composition of the growth medium of the
probiotics in relation to the cheese, (2) harvesting of the culture (whether in
logarithmic or stationary phase), (3) conditions leading to transition to sta-
tionary phase and (4) treatment of the probiotics during and after harvesting.

However, draining off the whey and—in the case of ripened cheese or
cottage cheese—a scalding temperature of up to 55 °C may cause uncontrol-
lable losses of probiotic bacteria. The long ripening time—several days in
the case of certain surface-ripened soft cheeses, up to two years in the case
of some extra hard cheeses—may prove negative for the survival of probi-
otic bacteria as well. Adverse effects on product or production quality can
result from interactions between product and probiotic bacteria due to fac-
tors like pH, O, redox potential, water activity [234], proteolysis [235], and
lipolysis [236], whereas reasons of antagonisms between starter culture and
probiotic bacteria may be H,0,, benzoic acid, lactic acid, bacteriocines, and
biogenic amines [231, 237-239].

On the other hand, cheese, perhaps with the exception of fresh cheese,
might protect probiotic bacteria and particularly acid-susceptible bifidobac-
teria of human origin against acid due to its buffering capacity. The inclusion
into the fat-protein-matrix of the cheese might protect probiotic bacteria
against gastric juice, bile salts, and digestive enzymes during gastrointestinal
passage.

1.6.2.1
Fresh Cheese

At first glance fresh cheese (quark, cottage cheese) appears to be particularly
suited to serve as a carrier for probiotic bacteria, because it is produced with-
out (prolonged) ripening, must be stored at refrigeration temperatures, and
has a rather limited shelf-life.

Although there is one report on the manufacture of Argentinean Fresco
cheese with added Lactobacillus acidophilus, L. casei, Bifidobacterium bi-
fidum, and B. longum [240] reporting acceptable viable probiotics counts after
16 days of storage at ~5 °C, most published data show poor survival rates
of potential probiotic bacteria in fresh cheese. This was explained above all
by the low pH value in this type of cheese (~4.5). Viable bacteria counts in
fresh cheese typically decreased by 1-2log per week, falling below a mini-
mum value of 10° to 107 cfu/g cheese after 15 days of storage at 4 °C [241].

Another problem, especially in the course of the manufacture of cottage
cheese or “Hiittenkidse” is the rather high scalding temperature of up to 55 °C,
which, however, may be circumvented by the admixture of the probiotics to
cream and salt, which were added to the curd after heat treatment.
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1.6.2.2
Ripened Cheese

Salting, the long period of ripening, or the scalding temperature proved not to
be insurmountable obstacles for the production of probiotic ripened cheese.
Although some studies showed a poor survival of the probiotics or unsatis-
factory organoleptic properties of the cheese after the ripening period [242],
most investigators successfully produced ripened cheese containing sufficient
numbers of viable Lactobacillus acidophilus, L. rhamnosus, L. paracasei, Bifi-
dobacterium infantis, B. lactis, or Enterococcus faecium [243-247]. The pro-
biotics were added to the cheese milk or, more typically, as adjuncts together
with or immediately after the starter.

In all these studies more than 5 x 10° cfu/g probiotic bacteria survived
ripening periods between 5 and 39 weeks. Sometimes the cheese matrix im-
proved survival of probiotic bacteria more than yogurt. After feeding Lacto-
bacillus paracasei NFBC 348 or Enterococcus faecalis Fargo® 688 to minipigs,
more probiotic bacteria were found in the small intestinal chyme or in the
faeces, respectively, when they were administered in cheddar cheese instead
of yogurt [245]. Furthermore, E. faecium in cheddar survived a 2 h incubation
in gastric juice in vitro better then E. faecium in yogurt [245, 246].

1.6.2.3
Outcome of in Vitro Experiments and Animal Studies

Up to now there have been no clinical studies showing beneficial health ef-
fects of so-called “probiotic cheese”. Most of the published investigations
were confined to provide proof of survival and sufficient numbers of probiotic
bacteria in cheese, and the term “probiotic cheese” was used as a synonym
for cheese containing Lactobacillus acidophilus, bifidobacteria, bacteria of hu-
man origin or bacterial strains, for which probiotic properties have been
reported in other matrices, e.g. in yogurt or in pharmaceutical preparations
(Table 4). The term “sufficient number” was used when a regular daily serving
contained 10% probiotic bacteria.!* Accordingly hard cheese (daily consump-
tion 1-3 slices a 30 g) should contain > 3 x 10° cfu/g.

Several investigators tested the idea that the embedding of probiotic bacte-
ria in the fat-protein-matrix of cheese may improve their survival. Vinderola
et al. [240] demonstrated pH tolerance of strains of B. longum, B. infantis,
L. acidophilus, and L. casei in homogenates of Argentinean Fresco cheese
in HCI of pH 3. Propionibacterium freudenreichii and a cidopropionici from
Emmental-like cheeses in artificial gastric and intestinal fluid showed im-
proved survival and acid- and bile-tolerance in vitro, when Emmental cheese

14 More precisely: the concentration should be so high, that a daily ration provides that amount of
bacteria which exerted the respective probiotic effects in the corresponding scientific study.
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juice was added [251]. And in an Estonian smear-ripened, semi-soft cheese,
to which 10° cfu/mL of Lactobacillus fermentum strain ME-3 had been added
together with the starter culture, approximately 5 x 107 cfu/g ME-3 cells sur-
vived a ripening and storage period of about 54 days, sustaining moderate
antimicrobial and high antioxidative activity [252].

Other investigators applied an inverse strategy: they isolated microorgan-
ism strains from cheese and tested their potential as candidate probiotics.
Strains of Lactobacillus plantarum and casei/paracasei, isolated from unpas-
teurized Camembert [253] and yeast strains from blue cheese and kefir [254]
were sufficiently acid, bile, and protease-resistant and adhered to CACO-2
cells. Yeast strains from Feta cheese [255] and some bacteriocin-producing,
antimicrobial-active strains of Enterococcus faecium from Argentinean Tafi
cheese [256] showed (limited) bile and acid resistance and in vitro cholesterol
reduction.

The number of in vivo experiments is rather limited. In two animal stud-
ies it was found, that feeding three or eight pigs per group, respectively,
with cheddar cheese containing L. paracasei NFBC 338 [244] or E. faecium
PR 68 [245,246] led to significantly higher mean fecal counts of the respec-
tive probiotic bacteria than feeding yogurt produced with the same bacteria.
There was a positive serum IgG response in the probiotic group, but no ef-
fect on fecal coliforms or on pig growth, food efficiency, and animal health.
Medici et al. [257] prepared a probiotic fresh cheese, which showed ade-
quate survival through 60 days after manufacture of the starter (Streptococcus
thermophilus, Lactococcus lactis A6) and added (potential) probiotic bacteria
(Bifidobacterium bifidus A12, Lactobacillus acidophilus A9 and L. paracasei
A13). Feeding the probiotic fresh cheese to mice was associated with an in-
creased mucosal immune response in the small, but not in the large intestine.
There was a significant increase in the phagocytic activity, the number of
IgA-producing cells, and the CD4*/CD8" T-cell ratio compared with a non-
probiotic fresh cheese or no cheese.

Some health-related effects of cheese produced with probiotic bacteria
are, according to conventional definition, not probiotic. The high micro-
bial B-galactosidase-activity of cheeses (Canestrato, Cheddar [247]) supports
lactose digestion in lactose-intolerant people, but this may be caused by
non-probiotic lactic acid bacteria as well, and is not confined to viable mi-
croorganisms. Blood pressure-reducing (ACE-inhibitory) bioactive peptides
are released by microbial proteolysis in Festivo cheese during ripening. In
rat feeding studies this cheese did reduce blood pressure [258]. However,
this health effect, too, does neither require living bacteria in the cheese after
ripening nor survival of these microorganisms during gastrointestinal transit.

When established probiotic strains were used for cheese production, their
health effects were not proven in clinical trials, where the bacteria were pro-
vided to subjects in a cheese matrix. Table 4 lists some of those strains which
have already been in use for the production of probiotic cheese. Despite all
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efforts almost no marketable probiotic cheeses exist so far. In 1999 a patent
for production of probiotic cheese was granted, and in 2000 probiotic cheese
containing Lactobacillus GG was introduced into the Finnish market. In Ger-
many, the first cottage cheese called probiotic contained L. acidophilus La5
and B. animalis BB12 and appeared on the market in 1998. However, although
Lactobacillus GG or LA5 plus BB12 are some of the best-characterized probi-
otic bacterial strains with well-established health-related properties, so far no
data exists on their probiotic properties when supplied in a cheese matrix.

1.6.3
Other Probiotic Food and Food Ingredients

Apart from fermented milk products, including cheese and fermented whey-
based drinks [259], other probiotic dairy and non-dairy probiotic food can
be manufactured as well, using either metabolically active probiotic cultures
or inactive, freeze- or spray-dried cultures or powdered probiotic dairy prod-
ucts. All these products have in common that their production has been
described in the scientific or patent literature, but that they have not been
tested in clinical trials and that they did not stay on the market for long.

1.6.3.1
Ice Cream

Ice cream with acidophilus- and bifidobacteria has been known since the
1960s. It is made without further fermentation by adding high-concentrated
probiotic bacterial cultures, fermented milk products, or probiotic yogurt
powder to the ice cream mixture, or by fermentation of a pasteurized ice
cream mixture with selected non-probiotic and/or probiotic starter cultures.
Appropriate strains of L. acidophilus and Bifidobacterium easily grow in
the ice cream mixture, and produce acidity. Even if the final freezing of
the ice cream mixture is accompanied by a considerable loss in the bac-
terial count, bacterial concentrations of > 107 cfu/g can be easily obtained
in probiotic ice creams. These products have a good storability. In one
study [260] probiotic ice cream was made by fermenting a standard ice
cream mix with strains of L. acidophilus and B. bifidum and then freezing
the mix in a batch freezer. During 17 weeks of storage at -29 °C L. aci-
dophilus and B. bifidum counts as well as S-galactosidase activity in the
product decreased from 1.5 x 108 cfu/ml, 2.5 x 10® cfu/ml or 1800 units/ml,
respectively, to 4 x 10° cfu/ml, 1 x 107 cfu/ml or 1300 units/ml, respectively.
Potentially probiotic frozen yogurt products were made in a similar man-
ner using a standard [261] or acerola [262] ice cream mix, yogurt starters
(Streptococcus thermophilus and L. delbriickii ssp. bulgaricus) and potentially
probiotic bacteria (strains of L. acidophilus and B. longum in the first and
B. longum plus B. lactis in the second study). The products could be stored at
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—20°C for 11 or 15 weeks, respectively, without decrease in culture bacteria
and sensory characteristics. No human studies have been performed to test
health effects of the product.

1.6.3.2
Sweets

In other sweets, e.g. chocolate, bacterial counts similar to those in ice cream,
are much more difficult to achieve. This and the small portion size and stor-
age at ambient temperature are the reasons that (non-refrigerated) sweets are
less appropriate vehicles for probiotic bacteria.

In the Anglosaxon countries frozen desserts, “cookies”, and sweets with
probiotic bacteria are being sold. In Japan, where bifidobacteria-containing
functional foods are highly popular, seven brands of sweets with bifidobacte-
ria were on the market already in 1993, besides 30 varieties of fermented (20),
fresh (8), or powdered (2) milk products and 16 types of so-called “health
food” (cited according to [263]).

1.6.3.3
Vegetable Food

Cereals (“flakes”), to which sugar and lyophilized probiotic cultures were
added, were used as a simple, direct delivery vehicle for dried probiotics. Fer-
mented cereals and other fermented vegetable products (e.g. “Sauerkraut”,
Kimchi, or “pickles”), although containing live lactobacilli, have up to now
not been tested for probiotic health effects, nor have such effects been
claimed.

1.6.3.4
Meat Products

Raw sausages are made from raw processed meat, i.e., the meat is not
boiled or otherwise heated even during the further course of processing. Raw
sausages are subdivided into spreadable types (German Mett- and Teewurst)
and firm types, which are either cold-smoked (German “Landjaeger”) or air-
dried (Salami, Cervelat sausage). They are reddened and preserved by drying,
smoking, and/or acidification by adding glucono-é-lactone or by microbial
fermentation. Fermentation takes between 3 to 4 days (e.g. German “frische
Mettwurst” or “Teewurst”) and about 6 months, as in the case of Italian
salami [264]. Whereas in Southern Europe the spontaneous and accidental in-
oculation with the natural “local” microflora predominates, in Northern and
Central Europe about 80-100% of industrially manufactured raw sausages
are fermented by adding commercial starter cultures. These starters directly
affect shelf life, nitrate reduction and flavor, texture and color of the final
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product. Starter microorganisms used in the meat industry include the gen-
era Lactobacillus, Pediococcus, Staphylococcus, and Kocuria, as well as certain
yeasts and molds.

Typical viable lactobacilli cell counts in the sausage mixture and in the
final product go beyond 10® cfu/g. Therefore, it should be possible to add
probiotic lactobacilli in sufficient concentrations by mixing them with the
starter culture [265]. Indeed, certain probiotic strains (L. rhamnosus GG, Bifi-
dobacterium animalis Bb12) have been shown to be applicable for raw sausage
manufacture, but probiotic health effects of the “ready-to-eat” sausages, how-
ever, have not been proven in human studies [154, 266].

1.6.3.5
Dried Probiotic Products

Most bacteria require a water activity of about 0.98 in the product matrix for
survival and growth. In order that (probiotic) bacteria do survive in foods,
pharmaceutical products and other delivery systems for an extended period
of time, the water activity needs to be either high enough that the bacteria can
maintain a normal metabolic activity or otherwise low enough that the bacte-
ria can survive in an inactive state. The latter approach requires drying of the
bacteria cultures, which can be carried out by freeze-drying (lyophilization)
or by spray-drying.

Drying means a considerable stress for the bacteria, associated with cell
damage and decreased viability, not only due to mechanical stress and en-
hanced temperature [267], but also to the process of drying per se. The
(nearly complete) water-loss causes protein denaturation, protein destabi-
lization and (partial) removal of proteins from the cell surface [268], and
transformation of the liquid-crystalline structures of the phospholipid bilayer
of the bacterial cell membrane into a gel phase [269]. If this phase separa-
tion is not completely reversed after rehydration, leaks in the membrane and
disturbed molecular transport may remain [270]. Therefore, cells should be
stabilized before drying by the addition of protective substances, for example
hydrophilic polyhydroxy compounds like sugars [269,271] or skimmed milk
powder [272], which partly can replace the missing water molecules.

Spray-dried probiotic bacteria can be applied directly in the manufac-
ture of probiotic infant food as well as of sweets and confectionary pastries.
Alternatively milk powder (skimmed milk, whey, buttermilk, or yogurt pow-
der) can be used as a delivery system. Probiotic milk powder is obtained by
spray or freeze drying of the respective fermented or unfermented, probiotics
containing milk product, or by adding the spray- or freeze-dried probiotic
culture to the respective milk powder [263]. Survival of the bacteria in the
dried products will be improved by increasing the dry matter of milk, whey,
buttermilk, or yogurt through evaporation or sugar addition before pro-
cessing, and by spray drying the partially neutralized, cooled milk product
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concentrate after the addition of starch, lactose, and stabilizers (sodium cit-
rate, dihydrogen phosphate) at 70 °C. To avoid too early germination, the
microorganisms have to be integrated into a low-water matrix, or kept frozen
until consumption.

Further improvement in spray-drying techniques is necessary to avoid cell
damage and loss of viability of the probiotic bacteria [273-275]. On the other
hand, certain manufacturers of starter cultures, although unpublished in the
scientific literature, have the technology to produce stabilized lyophilisates
of probiotic bacteria, that retain a high level of viability during storage [12].
Therefore, despite the higher price compared with spray-dried products, in-
corporation of lyophilized probiotic bacteria into powdered milk products
may be the procedure of choice, at least for premium products.

All things considered, the manufacture of probiotic milk powder contain-
ing more than 108 cfu/g probiotic bacteria is possible and has been published.
However, there is little information available on the stability of probiotic
bacteria in powdered milk products and on the persistency of probiotic
efficacy.

1.6.3.6
Microencapsulated Probiotics

During the last two decades numerous efforts have been made to embed
metabolically active bacteria as well as lyophilized or spray-dried cultures
in microcapsules or microparticles, in order to enhance their stability in,
to extend the shelf-life of the corresponding probiotic food products manu-
factured with them and to improve viability of the probiotics after inges-
tion. Embedding them in polymers like alginate is a promising procedure
to stabilize metabolically active bacteria [276]. For that purpose a bacteria-
containing aqueous solution of the respective polymer is emulsified in oil
and hardened by the addition of polyvalent metal ions (mainly Ca?*) or
dropped into a solidification solution of polyvalent ions using a vibration
nozzle, a piezoelectric nozzle, or a coaxial air-jet. The most commonly re-
ported encapsulation method for probiotic bacteria is embedding them in
calcium-alginate gel microcapsules, other potentially suitable polymers are
k-carrageenan, guar gum, gelatin or starch. Other procedures have been re-
ported, including spray-drying and coating, extrusion, emulsion and phase-
separation techniques.

In some [277] but not all [278] studies alginate-encapsulated, potentially
probiotic bacteria (e.g. strains of L. acidophilus) showed increased survival in
frozen milk products and enhanced gastric and bile acid tolerance. However,
in recent studies in pigs and humans alginate capsules after administration
were not disintegrated in the intestine and did not release their contents.
Therefore, this type of microcapsule, although frequently used, seems to be
unsuitable as a carrier for probiotic bacteria [272].
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To protect dried cultures of probiotic bacteria against rehydration and
unintended germination in a humid or aqueous food matrix, they can be
encapsulated in food-grade hard fat particles. Such particles could be pro-
duced from suspensions of the spray- or freeze-dried bacteria in melted fat
by two techniques: by dropping the fluid suspension into a cooled solidifying
bath or by grinding down the bacteria-fat suspension after congealing. When
fat microparticles with melting points near body temperature were adminis-
tered to pigs or men, they disintegrated in the gastrointestinal tract due to
fat-softening, the gastrointestinal peristaltic and/or lipase activity [272].

However, until now, neither polymer encapsulation nor hard fat techniques
had resulted in sufficiently small, impermeable, and protective microcapsules
or -particles to provide the large numbers of shelf-stable, viable probiotic bac-
teria necessary for use in industrial processing, and no human in vivo studies
have been published showing beneficial health effects of encapsulated probi-
otic bacteria in a food matrix. Therefore, the number of reports and patents
concerned with small-scale microencapsulation of probiotic bacteria for use
in the food industry, and the number of food items containing encapsulated
probiotic bacteria are inversely related.

2
Prebiotics and Synbiotics

2.1
Prebiotics—The Definition Revisited

A prebiotic was first defined in 1995 by Gibson and Roberfroid [2] as

“a non-digestible food ingredient that beneficially affects the host by selec-
tively stimulating the growth and/or activity of one or a limited number of
bacteria in the colon, and thus improves host health.”

Especially the third criterion for prebiotic properties—improvement of health
by selective stimulation of the growth and activity of a limited number of
colonic bacteria—which is implied in this definition, is difficult to verify. An
answer to the question, how many strains of “positive” bacteria are “a limited
number” can hardly be given. It is also difficult to test the selective stimu-
lation of individual bacterial strains between the more than 400 cultivable
and non-cultivable bacterial strains in the human gut. The demonstration,
that a potential prebiotic increases the cell counts of individual bacterial
strains is not a sufficient test of prebiotic properties, but at most a screening
parameter.

Therefore, the authors revisited their concept and proposed a new defin-
ition [279, 280]:
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“[A prebiotic is] a selectively fermented ingredient that allows specific
changes, both in the composition and/or activity in the gastrointestinal
microflora that confers benefits upon host well being and health.”

This new definition, after all, results in an equalization of “prebiotic” and
“bifidogenic”. This shows also in the fact that Roberfroid defined a so-called
prebiotic index. This index gives the absolute increase of the fecal bifidobac-
teria concentration per gram of daily consumed probiotics. Prime criterion is
the effect on the intestinal flora, not a (potential) health effect derived from
this change. As the prebiotic or rather bifidogenic effects depend on the type
and concentration of the prebiotic and on the bifidobacteria concentration in
the intestine of the host, no simple dose-effect relationship exists. According
to the opinion of the author only carbohydrates like inulin and oligofruc-
tose (OF) [281], (trans-)galactooligosaccharides (TOS or GOS) or lactulose,
which are non-digestible but can be fermented by the intestinal flora, fulfill
the criteria (see Table 5; [282]).

According to this definition, candidate prebiotics must fulfill the following
criteria which are to be proven by in vitro and—finally—in vivo tests:

e Non-digestibility
Resistance to gastric acid, enzymatic digestion, and intestinal absorption
was demonstrated in vitro [283] or in vivo using germ-free or antibiotic-
treated rats [281], proctocolectomized individuals (ileostomy patients [284,
285]) and other models measuring recovery of undigested prebiotics in
feces, in the distal ileum or in small intestinal effluent, respectively.

e Fermentation by the intestinal microbiota
is often measured in vitro by adding the respective carbohydrates to fecal
slurry, suspensions of colon contents, or pure or mixed bacteria cultures
in an anaerobic batch or continuous culture fermentation system [286]. In
vivo experiments are often performed in rats or heteroxenic rats harboring
a human fecal flora [287]. The prebiotic can be admixed to food or drink-
ing water, and the animals will be sacrificed in pre-defined time intervals
to collect and analyze gastrointestinal contents and feces. Intestinal fer-
mentation in humans can be investigated by measuring breath hydrogen
or fecal recovery of the administered carbohydrate after a single prebiotic
meal.

e Selective stimulation of growth and activity of intestinal bacteria
The selectivity of the promotion of microbial growth and fermentation
activity by prebiotic oligosaccharides is difficult to be proven by in vitro
experiments, because the complexity and temporal variations of the in-
testinal microflora and differences between the segments of the gastroin-
testinal tract can hardly be simulated. The best in vitro model for that pur-
pose is to measure bacterial counts in fecal samples (or intestinal content)
before and during exposure to the test material in batch or multichamber
fermentation systems [286].
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Modern molecular biological methods which are used for strain detection
and identification or for the analysis of a whole bacterial community bypass
some of the difficulties associated with culture-based technologies, especially
the necessity of strictly anaerobic sampling or the impossibility to detect
unculturable bacteria. Fluorescence in situ-hybridization (FISH) allows detec-
tion of cultivable and non-cultivable bacteria by incorporating specific fluo-
rescence labels into bacteria cells in situ. For that purpose short sequences
of single-stranded DNA, which are complementary to DNA sequences of the
bacteria, are prepared. After binding to bacterial DNA (hybridization), the
probes, which have been labeled with fluorescent tags, allow visualization of
the respective bacteria by microscopy.

The polymerase chain reaction (PCR) and techniques based on this reac-
tion do not detect the bacteria themselves, but characteristic sequences of
bacterial DNA or RNA, respectively (16S rDNA, 16S rRNA). Examples of mo-
lecular genetic techniques, which can be used to study microbial communities
are: total DNA isolation and characterization, G+C composition, PCR ampli-
fication of rDNA linked with denaturing gradient gel electrophoresis (DGGE),
PCR amplification of functional genes, rRNA sequences and in situ hybridiza-
tion of rRNA oligonucleotide probes [288].

2.2
Composition and Technological Properties of Prebiotic Oligosaccharides

With the exception of inulin, which is a mixture of fructooligo- and -poly-
saccharides, the known prebiotics are mixtures of undigestible oligosaccha-
rides, i.e. chains consisting of 3 to 10 carbohydrate monomers (Table 5).
Since 1980, oligosaccharides have been increasingly used by the food in-
dustry (beverages, sweets) for modifying viscosity, emulsification capacity,
gel formation, freezing point, and color of foods. They show nutrition- and
health-relevant properties like moderate sweetness (typically 30-60% of the
sucrose value), low cariogenicity, a low calorimetric value, and a low glycemic
index.

They exhibit properties typical of dietary fibers. That means, that they are
not, or only to a small extent, hydrolized by the digestive enzymes of the hu-
man intestinal tract but serve as a fermentable substrate in the colon, above
all for bifidobacteria. In this process, they are metabolized to short-chain fatty
acids (acetic, propionic, and butyric acid), lactic acid, hydrogen, methane,
and CO;. For example, the (1 — 2)-bond between the fructose- and glucose
unit of fructooligosaccharides resists the human digestive enzymes, whereas
most bifidobacteria possess the respective §-fructosidase [289].

In the Anglo-Saxon language, indigestible carbohydrates, which are fer-
mented in the large intestine, are sometimes called “colonic food”, as they
support indirectly the host organism through a supply of energy, metaboliz-
able substrates, and essential nutrients. Table 5 gives a survey of commercially
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used bifidogenic oligosaccharides. From these, only the natural and synthetic
fructooligosaccharides, galactooligosaccharides, and oligosaccharides from
soybeans are counted as prebiotics [290-292]. The remaining carbohydrates
of the table represent “colonic food” as they are metabolized in the large in-
testine by more than a limited number of “beneficial” bacteria.

2.3
Health Effects of Prebiotics

As a consequence of the modified definition of prebiotic [280], the question
has to be answered: whether prebiotic health effects must be demonstrated in
human studies for each carbohydrate, each effect and for each target group, or
if the demonstration of increased bifidobacteria or lactobacilli cell counts or
a decrease in potential harmful bacteria is a sufficient criterion for health pro-
motion. Because of methodical difficulties and insufficient knowledge of the
composition of a “healthy” intestinal microbiota and the complex interactions
between its members, it is hard to deduce concrete preventive or curative
health effects from changes in bacterial cell counts, even if those changes,
such as the bifidogenic effect, are generally regarded as positive. Therefore,
a final proof of health relevant effects by controlled human intervention stud-
ies should be performed.

The association between the strength of the bifidogenic effect and the
amount of prebiotics administered is only weak [280], because the increase
in bifidobacteria cell counts after prebiotic ingestion depends mainly on the
actual number of bifidobacteria in the host.!> Although in some human stud-
ies 4 g inulin or its hydrolysis product oligofructose were administered [293]
or even less [294], health-relevant effects [38] of inulin and oligofructose were
demonstrated only with daily intakes of > 8 g/day.

2.3.1
Prebiotics are Dietary Fibers

Prebiotic carbohydrates are dietary fibers, as they are not digested by hu-
man enzymes but fermented by the flora of the large intestine. Thus, they
increase biomass, feces weight, and feces frequency, have a positive effect
on constipation and on the health of the mucosa of the large intestine [295,
296].

15 However, the reverse conclusion, that a very low dose of inulin or oligofructose might be as ef-
fective as a significantly higher one, is wrong as well. Otherwise an increase in the daily amount of
prebiotics ingested, e.g. from 2 to 10 g/d, would provide no additional positive effect. This would
mean that prebiotic effects are impossible, because the mean dietary intake of inulin and other bi-
fidogenic oligosaccharides in industrialized countries is already about 4 g/d (Europe 3-9 g/d, USA
1-4g/d).
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2.3.2
Impact on the Intestinal Flora

Positive effects of pre- and synbiotics on the intestinal flora [297,298], i.e.
growth-promotion of potentially protective bacteria (bifidobacteria and in
part also lactobacilli) and/or the inhibition of potentially pathogenic microor-
ganisms, as well as stabilization of the intestinal environment by lowering the
pH and release of short-chain organic acids, have been investigated and con-
firmed frequently in in vitro and in vivo trials. Inulin, oligofructose, or TOS as
well as their synbiotic combination with probiotic bacteria (strains of L. plan-
tarum, L.paracasei, or B. bifidum) increased bifidobacteria and lactobacilli or
inhibited various human- and animal pathogenic bacteria strains (Clostrid-
ium spec., E. coli, Campylobacter jejuni, Enterobacterium spec., Salmonella
enteritidis, or S. typhimurium) in vitro [299] or in mice [300], piglets [301],
or humans [302, 303].

Only relatively few studies observed or examined at all preventive or
therapeutic health effects resulting from this. At least there are some ex-
perimental indications as to the beneficial effects of inulin, oligofructose, or
galactooligosaccharides, given alone or as a synbioticum, in the case of ex-
perimental colitis in rats [304], of rotavirus-induced, C. difficile-associated
and other diarrheas [303, 305], and of refractory enterocolitis [306]. The ad-
ministration of 12 g/day oligofructose for prevention of traveler’s diarrhoea
showed moderate success [307], while the frequency of antibiotic-associated
diarrheas in the elderly [308] or children [309], infectious diarrheas in chil-
dren [310] as well as diarrheas associated with an irritable colon [311] could
not be reduced significantly. There are no recent findings concerning the po-
tential application of prebiotics in the case of obstipation.

2.3.3
Cancer Prevention

In different animal models (rats, mice), feeding inulin and/or oligofructose
did reduce the genotoxicity of fecal water [312],!® decreased the number
of chemically induced!” pre-cancerogenic lesions (aberrant krypt foci [313,
314]) and stimulated defense functions, amongst others, an increased level of
IL-10 and of NK-cell activity [315]. On a longer-term basis, the tumor inci-
dence in the large intestine [316] and in other organs (breast cancer in rats
and mice, metastases in the lung [317]) was lowered by adding 5 to 15% in-
ulin or oligofructose to the diet. This effect was even more pronounced when
a combination of prebiotics and probiotics was given [318].

16 Risk factor for colon carcinoma.
17 By azoxymethane or dimethyl hydrazine.
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The following mechanisms are discussed:

1. Production of short-chain fatty acids (lactic, acetic, propionic, and bu-
tyric acid) during fermentation of prebiotic carbohydrates. A more acidic
pH and modulations of the intestinal flora, especially growth stimula-
tion of carbohydrate-fermenting bacteria, decreased the concentration of
putrefactive'8, toxic, mutagenic, or genotoxic substances and bacterial
metabolites, as well as of secondary bile acids and cancer-promoting en-
Zymes;

2. Butyric acid supports the regeneration of the intestinal epithelium;

3. Immune modulation.

However, the question whether these mechanisms are relevant for human
health and cancer prevention cannot be answered from clinical intervention
studies due to experimental difficulties and ethical limitations.

234
Effects on Lipid Metabolism

Inulin and oligofructose modulate hepatic lipid metabolism in rats and
hamsters fed a so-called “western-style” diet, which is rich in fat and en-
ergy, and low in dietary fiber. Postprandial cholesterol and triglyceride lev-
els in serum were reduced by 15% and up to 50%, respectively [319, 320],
and the triglyceride accumulation in the liver was inhibited [321], mainly
through a decreased lipogenic enzyme activity and a reduced VLDL particle
concentration. In LDL-receptor-knockout (LDLR™/~)-mice with spontaneous
hypercholesterolemia (elevated LDL + IDL'?) and atherosclerosis the daily
administration of a diet rich in carbohydrates and fat plus 10% inulin over
a period of 16 weeks lowered the total LDL and VLDL cholesterol concentra-
tion but not the HDL cholesterol concentration, and reduced not significantly
atherosclerosis in the aorta (measured as intima:media ratio) by 15% [322].

In humans the findings are more controversial, possibly as the fatty acid
synthesis in the liver plays a lesser role in man than in rodents. Three out of
nine clinical studies with inulin and oligofructose showed no effect, whereas
in four investigations the triacylglycerol and total cholesterol concentration
and/or the total and LDL-cholesterol concentration in serum were signifi-
cantly lowered [323-325]. In a more recent review the authors came to the
conclusion that probiotics, prebiotics, or synbiotics only lowered the choles-
terol level in hypercholesterinemic, whereas a reduction of the plasma triglyc-
eride level was observed in normolipidemic persons [326].

There is less evidence of beneficial effects of prebiotics on other symptoms
and diseases associated with the metabolic syndrome (overweight/obesity,

18 putrefactive: causing the (typically) anaerobic decomposition of organic material, especially of
proteins, with the formation of foul-smelling incompletely oxidized products.

9 IDL: intermediate density lipoproteins.
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disorders of lipid metabolism, atherosclerosis, hypertension, insulin resist-
ance/diabetes). In rats oligofructose or inulin reduced energy intake with
food and the proportion of body fat [327], and in humans inulin reduced the
fasting insulin levels [328]. Whether and to what extent prebiotics may be able
to decrease the risk of atherosclerosis and heart attack is not clear.

23.5

Stimulation of Mineral Adsorption and Bone Stability

Lowering the pH in the gut improves the absorption of calcium,” iron,
and magnesium in the large intestine, probably due to an increased mineral
solubility. It was demonstrated in ovariectomized rats, an established osteo-
porosis model, that lowering the pH increases bone mineralization, inhibits
bone degradation induced by estrogen deficit, and preserves the bone struc-
ture [329, 330].

Beneficial effects on calcium absorption and bone mineralization were also
demonstrated in pigs [331] and humans [332-334]. To the contrary there was
no significant effect of fructooligosaccharides plus CPP?! on the absorption
of calcium phosphate in young adults [335]. A decrease of the risk of osteo-
porosis has not been shown to date.

23.6
Immunomodulatory Properties

Although inulin and oligofructose have no direct immunogenic effect, they
can, by influencing the intestinal flora, indirectly modulate various param-
eters of the immune system, like the NK-cell activity, the secretion of IL-10
and interferon, and the lymphocyte proliferation [316, 336-338]. Mice, which
were fed inulin or oligofructose for six weeks showed an increased T-cell
activity, higher resistance against microbial infections and lower mortality
when afflicted with enteral (Candida albicans) and systemic (Listeria mono-
cytogenes, Salmonella typhimurium) infections [339]. The administration of
inulin to rats with chemically induced colitis had an anti-inflammatory ef-
fect and reduced lesions of the intestinal mucosa [304]. In a small group of
elderly people oligofructose had no immunostimulating effect [340], whereas
a synbioticum from galactooligosaccharides, Bifidobacterium breve, and Lac-
tobacillus casei had an immunotrophic effect in heavily diseased infants with
laryngotracheo-esophageal cleft [341].22 Potential benefits from applications
of prebiotics in the case of allergic diseases were not examined [342, 343].

20 That under these conditions contributes also to calcium supply in humans.

2 Caseino-phosphopeptides.

22 Rare, hereditary deformity in infants in the area of the larynx, trachea, and oesophagus, being
easily inflamed and then life-threatening.
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2.3.7
Infant Formulae

In recent years efforts have been made to promote softer and more acid
(pH 5-6) “infant feces” also in bottle-fed babies and to induce an intestinal
flora with high bifidus content similar to that of breast-fed babies in the first
2 to 3 months [344, 345]. This was done by feeding infant formulae on a milk
basis, to which either probiotic bifidobacteria and lactobacilli [344-347] or
bifidogenic fructo- and galacto-oligosaccharides were added.

The measurable success, i.e. a beneficial health effect for the infant, is
the only decisive factor for the choice of the applied fructo- and galacto-
oligosaccharides. An attempt to copy the conditions in human milk has not
been made because the industrially prepared prebiotics do not (actually) by
far reach the complexity of the more than 130 different oligosaccharides and
glycoconjugates in human milk. The so-called mother’s milk oligosaccharides
are present in human milk in very high concentrations (12-14 g/L) com-
pared to cow’s milk (< 1g/L), they can be short- or longer-chain, linear or
branched chain, neutral or acidic, and apart from simple sugars like galac-
tose, glucose, and fructose they also contain sugar derivatives like amino
sugars or uronic acids. They play a major role in the bifidogenic, protective,
and immunomodulating properties of human milk [344, 345]. At least at the
present time, a further property of human milk can (still) not be simulated
with commercially available prebiotics, namely the inhibition of the adhe-
sion of (pathogenic) bacteria on endothelic cells. This inhibition is due to the
fact that certain, more complex oligosaccharides in human milk are receptor-
analogues to the adhesion molecules of the intestinal mucosa [344, 345].

Although the results have to be corroborated by further studies, and above
all the added prebiotics need to be further optimized as to quantity, struc-
ture, and composition, several studies with beneficial effects have already
been published. Above all the addition of oligofructose or (more frequently)
galacto-oligosaccharides or both to conventional infant formulae in quan-
tities from 0.4 to 1g/100 mL for feeding periods of 3 to 12 weeks led to
a significant increase in bifidobacteria in the fecal flora from 20% to approx.
60% (breast-fed babies ~80%), and to feces characteristics similar to that of
breast-fed babies [348-352].

Additionally, experiments in animals as well as studies in infants and
children (1 and 14 years), show other possible advantages of supplement-
ing infant food with prebiotics, probiotics, or synbiotics like, for example,
less necrotizing enterocolitides [353,354] or less rotavirus- and otherwise-
induced diarrhea in children [355, 356]. In children in Thailand, Brazil, Mex-
ico, Spain, and Portugal suffering partly from malnutrition, administration of
prebiotics led to an increase in calcium adsorption and improved growth and
health as well as immunostimulation and relief of atopic and allergic prob-
lems [334, 357-359].
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2.3.8
Adverse Effects of Prebiotic Carbohydrates

Because of fermentation in the large intestine, the ingestion of higher quan-
tities of prebiotics may lead to flatulence, abdominal disorders, and diarrhea.
In general, 10-20 g oligofructose or inulin, regardless of whether ingested in
a liquid or solid meal, are considered to be without side-effects. In a trial
with 80 healthy probands the ingested quantity, after which at least one of
the tested symptoms (headache, belching, flatulence, bowel contractions, or
liquid stools) had been observed, was between 31 and 41 g oligofructose, cor-
responding to 0.04-0.06 g/kg body weight [360]. Nevertheless, some investi-
gations and personal communications revealed that some of the probands felt
they had gastrointestinal disorders after the ingestion of significantly smaller
quantities of prebiotics (down to < 2 g). Whether this is due to the composi-
tion of the subjects’ intestinal flora, or to a higher sensitivity against gases and
other products of the prebiotic fermentation, is not known.

239
Prebiotic and Synbiotic Food

Every year a remarkable number of new food and drink items are launched
onto the market, to which fructooligosaccharides and other prebiotic carbo-
hydrates, mostly inulin and oligofructose, have been added. In contrast to
probiotic food, however, only a minority of them, if any at all, is seen by
consumers as a food of its own kind. The consumers see prebiotics more
as a health-promoting additive to normal food—analogous e.g. to vitamins.
Furthermore, often only small amounts, less than 4 g per daily serving, are
added, perhaps to avoid the risk of gastrointestinal complaints and indispo-
sition in sensitive individuals.

Very often prebiotics are added to probiotic foods, whereby their concen-
tration in the product is typically below 10%. For this combination, the term
“synbiotic” has been coined. For example, two European companies from
France and The Netherlands, respectively, launched combinations of L. aci-
dophilus strains with fructooligosaccharides (FOS) or inulin, respectively, in
the market, claiming to lower blood cholesterol.

Andersson et al. [361] defined synbiotics as mixtures of probiotics and
prebiotics that beneficially affect the host by improving the survival and im-
plantation of live microbial dietary supplements in the gastrointestinal tract
of the host. This expression, however, should only be used in the case of a true
“synergistic” mutual reinforcement. Most food items containing both probi-
otic bacteria and prebiotic carbohydrates do not fulfill this criterion. Either
the amount of the prebiotic per serving is too low to ascertain an effect, as is
the case in various fermented products on the German market, which contain
approximately 2.5 g inulin or oligofructose, respectively, in order to avoid gas-
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trointestinal complaints even in the most sensitive persons. Other products
combine probiotic lactobacilli with a bifidogenic prebiotic. Other synbiotics
were tested only in animal studies, the synbiotic did not show an increased
efficacy compared with its pre- and/or probiotic components, or the study
design was not appropriate.

Table 6 shows the results of some recent trials investigating effects (modu-
lation of the intestinal flora, immunemodulation, cancer prevention, preven-
tion of sepsis and bacterial translocation) of certain combinations of prebiotic
carbohydrates and probiotic bacteria. Although nearly all data did show, that
the combinations were more effective than placebo products, only one pa-
rameter in one study in rats [318] can be seen as a proof of true synbiotic
properties. In other tests the synbioticum showed no advantage over the pre-
and/or probiotic products, or no comparisons had been undertaken.
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