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1

INTRODUCTION

Nowadays there is a growing concern regarding the replacing of the use of chemical preservatives
in food. Lactic acid bacteria (LAB) have been used for a long time for the fermentative
preservation of several food products from dairy product to meat and vegetables. They can produce
antimicrobial substances (e.g. organic acids, hydrogen peroxide and bacteriocins) which can
influence the growth of the possible harmful and/or spoilage microorganisms. Since vegetables are
sources of several vitamins, dietary fibers and minerals, it is desirable that vegetable-based food
products preserve their biological values during fermentation. There becomes more conspicuous
the needless of heat treatment and the controlled safe fermentation process with starter cultures.
Besides the traditional role of lactic acid bacteria in food preservation, they exert beneficial effects
to the gut. Intestinal epithelial cells play unique role as the initial point of contact with any
pathogens and other immunological challenges. In addition to their basic barrier function, they are
able to interact with cells in the gut-associated lymphoid tissue.
Interaction with pathogens stimulates the epithelial cells to exert several mediators such as
proinflammatory cytokines, but by far less is known about the interaction of intestine and lactic
acid bacteria or their antimicrobial metabolites.
Bacteria or bacterial cell components with health promoting effects are called probiotics. The
bacterium genera most often used as probiotics are the Lactobacillus and Bifidobacterium species.
One of the most promising areas for the development of functional foods lies in the modification
of the activity of the gastrointestinal tract by use of probiotics, prebotics and synbiotics. To
understand the potential value of these functional foods and to be able to develop new approaches
it is necessary to study the normal human intestinal microflora, the fermentation, the gut immune
system, mucosal function and the effects of gut-related diseases.
Some of the putative mechanisms of action by probiotics include the increase in the integrity of
epithelial barrier and competition with pathogenic microorganisms for enterocyte binding sites and
stimulation of the immune system. There is a growing evidence that Lactobacillus spp. play a role
in the curing of several inflammatory diseases, such as inflammatory bowel disease, but the exact
mechanisms are still not clear.
Producing vegetable based food products with long shelf life and viable bacteria having verified
health promoting effect can contribute on a large scale to the human well-being in the near future.
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1.1

AIMS

The aims of this study were:
I.

Investigation of the fermentation of red beet juice with pre-selected (low biogenic amine
production, inhibition of spoilage bacteria) three non-starter lactic acid bacteria
(Lactobacillus plantarum 2142, Lactobacillus casei subsp. casei 2756, Lactobacillus
curvatus 2775) in order to obtain a fermented, non-heat treated product with high viable
bacterial cell number and extended shelf life. The lactic acid bacteria:
•

should be rapid lactic acid producers and secrete only small amount of hydrogen peroxide.

•

their metabolites should inhibit efficiently the growth of human enteropathogen Salmonella
enteritidis 857.

II.

Investigation of the possible probiotic features of the three non-starter lactic acid bacteria
on in vitro intestinal epithelial cells. The experiments focused on their beneficial effects on
the immune system, possible protective role of their spent culture supernatants against
Salmonella enteritidis 857 infection, their adhesion to intestinal epithelial cells and the
effects of their metabolites-especially hydrogen peroxide-on intestinal epithelial cells.
•

Investigation of the effect of non-starter-and probiotic lactic acid bacteria (Lactobacillus
casei Shirota, Lactobacillus plantarum 299v), Salmonella enteritidis 857 and Salmonella
enteritidis 857 pre-treated with the spent culture supernatant of lactobacilli on interleukin-8
synthesis by Caco-2 cells. Studying of the possible protective mechanism of probiotic
lactobacilli against Salmonella enteritidis 857 infection.

•

Effect of non-starter lactic acid bacteria and Salmonella enteritidis 857 pre-treated with the
spent culture supernatant of non-starter lactobacilli on heat shock protein 70 (Hsp70=70
kDa) expression in Caco-2 cells.

•

Studying of the adhesion of non-starter-and probiotic lactic acid bacteria to Caco-2 cells.

•

Studying of the influence of some specific metabolites of lactic acid bacteria on the
viability of Caco-2 cells, furthermore the effect of hydrogen peroxide on interleukin-8
production, cell membrane permeability and cell death is also investigated.
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2

LITERATURE OVERVIEW

2.1

FERMENTATIONS AND MICROORGANISMS

2.1.1 Lactic acid fermentations
Fermenting fruits and vegetables can bring many benefits to people. They play an important role in
providing food safety, enhancing health and improving the nutrition and social well-being of
millions of people around the world.
Lactic acid bacteria are the most important bacteria in desirable food fermentations, being
responsible for the fermentation of sour dough bread, sorghum beer, all fermented milks, and most
"pickled" (fermented) vegetables. Lactobacillus acidophilus, Lb. bulgaricus, Lb. plantarum, Lb.
pentoaceticus, Lb. brevis and Lb. thermophilus are examples of lactic acid-producing bacteria
involved in food fermentations. Some of the species are homofermentative, because they produce
lactic acid only, while others are heterofermentative and produce lactic acid plus other volatile
compounds and small amounts of alcohol.
Leuconostoc mesenteroides is a bacterium associated with the sauerkraut and pickle fermentations.
This organism initiates the desirable lactic acid fermentation in these products. Leuconostoc
mesenteroides produces carbon dioxide and acids which rapidly lower the pH and inhibits the
development of undesirable microorganisms. The carbon dioxide produced replaces the oxygen,
making the environment anaerobic and suitable for the growth of subsequent species of
lactobacillus. Removal of oxygen also helps to preserve the colour of vegetables and stabilises any
ascorbic acid that is present.
Organisms from the Gram-positive Propionibacteriaceae family are responsible for the flavour
and texture of some fermented foods, especially Swiss cheese, where they are responsible for the
formation of 'eyes' or holes in the cheese. These bacteria break down lactic acid into acetic,
propionic acids and carbon dioxide.
Several other bacteria, for instance Leuconostoc citrovorum, Streptococcus lactis and
Brevibacterium species are important in the fermentation of dairy products.
Microorganisms vary in their optimal pH requirements for growth. Most bacteria favour conditions
with a near neutral pH. The varying pH requirements of different groups of microorganisms are
beneficial for the fermented foods where successions of microorganisms take over from each other
as the pH of the environment changes. Certain bacteria are acid tolerant and will survive at reduced
pH levels. Notable acid-tolerant bacteria include the Lactobacillus and Streptococcus species,
which play a role in the fermentation of dairy and vegetable products.
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Most lactic acid bacteria work best at temperatures of 18 to 22 ºC and tolerate high salt
concentrations. The salt tolerance gives them an advantage over other less tolerant species and
allows the lactic acid fermenters to begin metabolism, which produces acid that further inhibits the
growth of non-desirable organisms.
In general, bacteria require a fairly high water activity (0.9 or higher) to survive. There are a few
species which can tolerate water activities lower than this, but usually the yeasts and fungi will
predominate on foods with a lower water activity.
Nearly all food fermentations are the result of more than one microorganism, either working
together or in a sequence. Bacteria from different species and the various microorganisms - yeast
and moulds - all have their own preferences for growing conditions, which are set within narrow
limits. There are very few pure culture fermentations. An organism that initiates fermentation will
grow there until its by-products inhibit further growth and activity. During this initial growth
period, other organisms develop which are ready to take over when the conditions become
intolerable for the former ones. In general, growth will be initiated by bacteria, followed by yeasts
and then moulds (Battcock and Azam-Ali, 1998).
The advantages of the use of starter cultures against spontaneous fermentation are well known and
widely spread especially for dairy and meat products, but are not often used in the vegetable
fermentations. The spontaneous fermentation of sauerkraut can result in the formation of biogenic
amines.
The utilisation of starter cultures enables producers to make food products with a standard quality
in a shorter time. Selection of starter culture, however, should not be only done considering the
lactic acid production of the strains but also their activity for biogenic amine synthesis. Several
authors have investigated histamine concentration in commercial sauerkraut samples. Mayer and
Pause (1972) analysed 50 samples and detected histamine in the range of 9-130 mg/kg.
Furthermore the histamine levels increased after fermentation for 10 weeks.
Red beet is a well-known vegetable which is a considerable source of vitamins C and B, and
minerals such as K, Fe, P and Mg. In addition, red beet contains natural pigments (betalains) which
have several biological activities, for example modification of blood pressure and antitumor effect
(Pedreno et al., 1999).
Although numerous studies have been carried out on cabbage, olive and pickle fermentation, little
is known on the lactic fermentation of other vegetables. Usually, lactofermented vegetables are
pasteurized and there is no information on the behaviour of lactobacilli during storage of
unpasteurized fermented vegetables. With fermentation of beetroot by appropriately selected
lactobacilli a juice could be produced which combines benefits of betalains and lactobacilli (Halász
et al., 1999).
9

2.1.2 Non-starter lactic acid bacteria
Non-starter lactic acid bacteria (NSLAB) can be commonly isolated from Cheddar cheese. The
majority of NSLAB are Lactobacillus spp., although Pediococcus and Leuconostoc spp. also can
be present (Peterson and Marshall 1990). According to their proteolytic activity lactobacilli can
contribute to the development of desirable flavours in cheese but also can cause the accumulation
of bitter peptides that result in off-flavours (Arihara and Luchansky, 1995). In addition NSLAB
can cause defects such as gas formation and calcium lactate crystallization on the surface of the
cheese, which forms a white haze. These crystals are the end result of lactate racemization by some
NSLAB that convert L(+)-lactic acid to the less soluble D(-) isomer (Dybing et al., 1988). The
source of NSLAB contamination is believed to be originated from post-pasteurization, usually
through contact with equipment surfaces or from the air.
NSLAB are not always problematic in cheese. Broome et al. (1990) isolated Lb. plantarum and Lb.
casei subsp. casei from good quality Cheddar cheese. The microorganism population in cheese is
divided into three fundamental groups, comprising the starter bacteria, NSLAB and nonlactobacilli contaminants. The starter bacteria (normally present at around 109 CFU/g) are the
dominating microflora in Cheddar cheese initially, but they rapidly decrease during the one month
ripening (McSweeney et al. 1993). As the number of starters started to decrease, the NSLAB
become the dominant microbial group during maturation. The number of non-acid forming
contaminants coliforms, yeast and moulds decreases during maturation. Many authors have
postulated that NSLAB play a significant role in the development of cheese flavour since Cheddar
cheese made in aseptic vats lack the full mature flavor (Wijesundera et al. 1997).
During maturation of Cheddar and other cheeses, the predominating microflora govern to a large
extent, the degree and nature of glycolysis, lypolysis and proteolysis, thereby establishing the
required sensory attributes of the product (Corsetti et al., 1998; Lues et al., 1999).
A considerable number of studies on NSLAB have focused on the effect of the microbes to the
dairy products with little or no emphasis on the consumer.

2.2

ANTIMICROBIAL COMPONENTS FROM LACTOBACILLI

2.2.1 Organic acids
The ability of lactobacilli to produce antimicrobial substances has historically long been used to
preserve foods. Fermentation reduces the amount of available carbohydrates and results in a range
of small molecular mass organic molecules that exhibit antimicrobial activity, the most common
being lactic, acetic, and propionic acid (Blom and Mörtvedt, 1991). Except for the production of
10

these metabolites, many other antimicrobial components can be formed by different lactic acid
bacteria. Upon fermentation of hexoses, lactic acid is produced by homofermentation. Equimolar
amounts of lactic acid, acetic acid/ethanol and carbon dioxide are produced by heterofermentation
(Gottschalk, 1986). It has long been observed that weak acids have a more powerful antimicrobial
activity at low pH than at neutral pH. From the two acids, acetic acid is the stronger inhibitor and
has a wide range of inhibitory activity against yeast, moulds and bacteria (Blom and Mörtvedt,
1991).This can be explained partly by the higher pKa of acetic acid as compared to lactic acid
(4.75 and 3.08, respectively). It is assumed that the undissociated molecule is the toxic form of a
weak acid, although the dissociated acids have also been observed to inhibit the growth of
microbes (Eklund, 1983). The undissociated form of the organic acid can diffuse across the cell
membrane and after entering the cell, the acid will dissociate since the pH in the cytoplasm is
usually around neutral (Padan et al., 1981). Salmond et al. (1984) suggested that the release of
protons in the cytoplasm leads to acidification and dissipation of pH gradient over the membrane
causing the observed growth inhibition. Russel (1992) had other hypothesis. He suggested that the
major cause of the observed growth inhibition is the accumulation of the anion, which reduces the
rate of macromolecules synthesis and affects the transport over the cell membrane. Lactic acid
bacteria can counteract the effects of anion accumulation by reducing the pH of their cytoplasm.
The optical isomers of lactic acid are not equally utilizable for man. L(+) lactic acid is more
favourable in the physiological point of view than than other stereoisomer, D(-) lactic acid. L(+)
lactic acid shows rapid and complete metabolism, while D(-) lactic acid metabolizes slowly.
If D(-) lactic acid is in the body in too high amount present, it can lead to acidosis and serious
tissue damages. The infants are especially sensitive to acidosis. Hence it is desirable to reduce the
amount of D(-) lactic acid to minimum level in all lactofermented food products and apply starter
culture producing higher amount of L(+) lactic acid. In lactofermented vegetable juices it is
preferable that the ratio of D/L isomers should be under 1.5 (Buckenhüskes and Gierschner, 1987).
2.2.2 Hydrogen peroxide
In the presence of oxygen, lactic acid bacteria are able to generate hydrogen peroxide (H2O2)
through the action of flavoprotein-containing oxidases, NADH oxidases, and superoxide
dismutase. In the absence of a source, a heme, lactic acid bacteria will not produce catalase. Other
systems that eliminate hydrogen peroxide are less active than the ones producing it, so the H2O2
can accumulate. Fountaine and coworkers (1996) argue that H2O2 does not accumulate to
significant amounts in vivo because it is decomposed by peroxidases, flavoproteins and
pseudocatalase. The bactericidal effect of H2O2 has been attributed to its strong oxidizing effect on
bacterial cell; sulfhydryl groups of cell proteins and membrane lipids can be oxidized (Schlegel,
11

1985; Lindgren and Dobrogosz, 1990). Under natural conditions, the antimicrobial effects of H2O2
may be enhanced because of the presence of lactoperoxidase and thiocyanate. The glycoprotein
lactoperoxidase is found in saliva, tears and milk. It catalyzes the oxidation of thiocyanate by
H2O2, generating hypothiocyanate, which can cause structural and membrane damages (Kamau et
al., 1990). However the main antimicrobial effect is contributed to blocking of the glycolysis.
There are several methods for measuring H2O2. Most of the sensitive methods use peroxidases,
especially peroxidase from horseradish (HRP), and involve measuring the oxidation of substrates
in the presence of H2O2. Some common substrates in the HRP-coupled oxidation assays of H2O2,
benzidine, o-tolidine, o-toluidine and o-dianisidine, are carcinogenic. Carmine et al. (1994)
reported that a sensitive peroxidase-dependent luminol-enhanced chemiluminescence assay could
detect H2O2 generated by tumor cells. The assay developed by Pick and Keisari (1980) based on
the HRP-mediated oxidation of phenol red by H2O2 which results in the formation of a compound
demonstrating increased absorbance at 610 nm. This method is suitable for following H2O2
accumulation in cell cultures for a long period.
The production of H2O2 is dependent on the medium used for the propagation of bacteria. Jaroni
and Brashears (2000) reported that the growth of Lb. delbrueckii subsp. lactis I in MRS (De Man,
Rogosa and Sharpe) broth prior to their addition in food will result in more H2O2 than growth in
peptonized agar medium supplemented with glucose.
2.2.3 Carbon dioxide and diacetyl
Carbon dioxide is mainly formed during heterofermentative lactic acid fermentation of hexoses,
but also many other metabolic pathways generate carbon dioxide during fermentation (Gottschalk,
1986). It creates anaerobic environment and carbon dioxide in itself has an antimicrobial activity.
It can cause dysfunction in the permeability of lipid bilayer (Lindgren and Dobrogosz, 1990).
Diacetyl was identified as the aroma and flavour component in butter. Diacetyl was found to be
more active against Gram-negative bacteria, yeast and moulds, than Gram-positive bacteria.
Diacetyl is thought to react with the arginine binding protein of Gram-negative bacteria and
thereby interfering with the utilization of arginine (Jay, 1986).
2.2.4 Low molecular weight components and bacteriocins
There are several reports on low molecular weight components with antimicrobial activity from
lactic acid bacteria (Reddy et al., 1984, Silva et al., 1987). These low molecular weight
components are active at low pH, thermostable, soluble in acetone and have a broad spectrum of
activity. Reuterin and 2-pyrolidone-5-carboxylic acid (PCA) are two well-identified low molecular
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weight antimicrobial substances. Reuterin is thought to act against sulfhydryl enzymes and
inhibitor of the substrate binding subunit of ribonucleotide reductase, thereby interfering with
DNA synthesis (Dobrogosz et al., 1989). PCA was found to be produced by Latobacillus casei
subsp. casei or Lb. casei subsp. pseudoplantarum and inhibitory against Bacillus subtilis and
Enterobacter cloacae (Huttunen et al., 1995).
Bacteriocins are defined as protein antibiotics which work against the same or closely related
species by adsorption to receptors on the target cells. Klaenhammer (1993) defined four classes of
bacteriocins produced by lactic acid bacteria: (i) lantibiotics, (ii) small hydrophobic heat-stable
peptides (<13000 D), (iii) large heat-labile proteins (>30000 D) and (iv) complex bacteriocins,
which are proteins with lipid and/or carbohydrate. Some bacteriocins may have in the future
practical applications. They can be used as preservative (e.g. nisin) or they can be produced in situ
in the gastrointestinal tract in case of probiotics, but it is still an open question. The bacteriocin can
promote or increase the attachment of lactobacilli to the intestine but the potential risk is that the
normal microflora can be affected (Sanders, 1993).
2.2.5 Adhesion inhibitors
It can be stated that lactobacilli and bifidobacteria are able to block the adhesion and invasion of
many enteropathogens and uropathogens, but the identifications of substances responsible for the
inhibition need further studies. Blomberg and coworkers (1993) observed that Lb. fermentum 104r
releases a high molecular weight component into its growth media that reduces the in vitro
adhesion of Escherichia coli by at least 50%. It was identified as cell wall fragment and composed
of glucose, N-acetylglucosamine and galactose (Ouwehand and Conway, 1996).

2.3

PROBIOTICS AND THEIR ROLE IN THE HUMAN HEALTH

The gastrointestinal (GI) microflora plays an important role in the health status of people and
animals. The GI tract represents a much larger contact area with the environment, compared to the
2 m2 skin surface of our body (Van Dijk, 1997). The mucosal surface of the small intestine is
increased by forming circular folds, intestinal villi and the formation of microvilli in the enterocyte
resorptive luminal membrane. The resulting surface of the GI system is calculated to be 150-200
m2 (Waldeck, 1990), therefore it provides enough space for the interactions related to the digestion
and for adhesion to the mucosal wall.
It is estimated, that about 300-400 different cultivable species belonging to more than 190 genera
are present in the colon of healthy adults. Among the known colonic microbial flora only a few
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major groups (‘main flora’, according to Gedek, 1993) dominate at levels around 1010-1011/g, all of
which

are

strict

anaerobes

such

as

Bacteroides,

Eubacterium,

Bifidobacterium

and

Peptostreptococcus. Facultative aerobes are considered to belong to the subdominant flora,
constituting Enterobacteriaceae, lactobacilli and streptococci. Minor groups of pathogenic and
opportunistic organisms, the so-called ‘residual flora’ according to Gedek (1993), are always
present in low numbers.
Bacteria present in the ‘normal’ intestinal flora may exert beneficial effect and are able to degrade
certain food components, produce certain B vitamins, stimulate the immune system and produce
digestive and protective enzymes. The normal flora also takes part in the metabolism of some
potentially carcinogenic substances and may play a role in drug efficacy. In the last few decades
there is an increasing interest for influencing the composition of the gut microflora by foods or
food ingredients. The goal of these attempts is to induce the number and the activities of those
microorganisms which possess health promoting properties, such as Lactobacillus and
Bifidobacterium species (Szakály, 2004).
The health promoting effect of lactobacilli was first hypothesized by Metchnikoff (1905) at the
beginning of last century. In the last four decades there have been growing attempts to improve the
health status of the indigenous intestinal flora by live microbial adjuncts, “probiotics.” Although a
number of definitions for probiotics have been proposed, an appropriate one was suggested by
Havenaar and coworkers (1992), according to which probiotics are defined as “mono- or mixed
cultures of live microorganisms which, when applied to animal or people, beneficially affect the
host by improving the properties of the indigenous microflora”. This definition does not restrict
‘probiotic’ activities to the intestinal microflora, but also to the other sites of the body and it might
consist of more than one bacterial species (Holzapfel et al., 1998). A new definition for probiotics
may better characterize both the specific strains and components used for probiotic purposes. So
Salminen and coworkers (1999) proposed that “probiotics are microbial cell preparations or
components of microbial cells that have beneficial effect on the health and well-being of the host”.
The probiotics do not have to be viable as non-viable forms of probiotics have also been shown to
exert health promoting effect. According the Ouwehand and coworkers (2002) the probiotics have
been suggested to have the following functions and properties:
•

Adherence to host epithelial tissue

•

Acid resistance and bile tolerance

•

Elimination of pathogens or reduction in pathogenic adherence

•

Production of acids, H2O2 and bacteriocins antagonistic to pathogen growth

•

Safety, non-pathogenic, non-carcinogenic

•

Improvement of intestinal microflora
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Lactic acid bacteria are thought to be safe bacteria which means that their consumption with the
different food products do not cause health problems for many years and they are known as GRAS
(Generally Recognized As Safe) bacteria (Figure 1).
Different probiotic products or supplements with viable microorganisms are commercially
available either as fermented food commodities or in lyophilised form. Lb. casei Shirota, Lb.
acidophilus, Lb. rhamnosus are among the most widely used probiotic species, whereas
Lactobacillus spp. also very well represented, followed by Bifidobacterium spp., some other LAB
genera and even yeasts (Saccharomyces cerevisiae) (Table 1).
Figure 1. Proposed mechanism of probiotic health effect (Saito, 2004)
Maintenance of
normal intestinal
flora

Immunomodulatory
activity

Competitive exclusion
of enteric pathogen by
adhesion

Lowering of serum
cholesterol

PROBIOTIC

Increase of turnover of
enterocytes (butyric acid)

Pediatric
gastroprotection

Food allergy
reduction

Triggers cytokine
synthesis from
enterocytes

Growth inhibition
of pathogen by
lactic acid and
bacteriocin

Neutralization of dietary
carcinogens such as
nitrosamines

Table 1. Most often used probiotic bacteria and yeasts
Bifidobacterium longum

Enterococcus faecium

Bifidobacterium breve

Lactobacillus rhamnosus

Bifidobacterium infantis

Lactobacillus acidophilus

Bifidobacterium bifidum

Lactobacillus casei

Bifidobacterium adolescentis

Lactobacillus bulgaricus

Lactococcus cremoris

Lactobacillus gasseri

Lactococcus lactis

Saccharomyces boulardii

Streptococcus thermophilus

Saccharomyces cerevisiae
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The inhibitory effect if Lb. casei Shirota has mainly been investigated in animal models (Ogawa et
al., 2001, Asahara et al., 2001). In an infant rabbit model, it was observed that Lb. casei Shirota
decreased the level of Shiga toxins produced by Escherichia coli and increased specific antibodies
(IgA) against pathogen and its toxin. It suggests that the improvements observed in the rabbit
groups treated with lactic acid bacteria were caused by an enhancement of the immune response.
In addition it was shown that Lb. casei Shirota can adhere in vitro to human colon adenocarcinoma
cells (Caco-2) and inhibit adhesion of both Escherichia coli and Salmonella spp. Probably, Lb.
casei Shirota possesses two types of surface adhesions that can compete with the adhesins of
Salmonella and E. coli for receptor sites (Lee and Puong, 2002).
Lb. plantarum 299v performs well in both the food system and in the human intestine. It is known
that the strain is adapted to establishment in the human intestinal mucosa (Johansson et al., 1993)
and that it possesses a specific binding mechanism for adhesion to epithelial cells (Adlerberth et al.
1996). This strain also seems to counteract groups of adverse bacteria. This effect by itself may
explain the decreased translocation and improved condition of the mucosa after Lb. plantarum
299v treatment. Furthermore the influence of this probiotic strain on the composition of intestinal
flora is indicated indirectly by the changes in the concentration of carboxylic acids in feces
(Johansson et al., 1998), mainly acetic acid and propionic acid. These short-chain fatty acids in the
colon are an energy source for the mucosal cells, ie., increased concentration of short-chain fatty
acids in the lumen can be beneficial for the status of the mucosa. This strain and some other Lb.
plantarum strains of intestinal origin can adhere to cell lines of intestinal origin because they
possess a mannose-specific binding adhesion (Adlerberth et al., 1996).

2.4

PREBIOTICS

The application of probiotics has been supplemented with the concept of prebiotics. Prebiotics are
non-digestible oligosaccharides that can stimulate selectively the growth of probiotic bacteria
normally present in gut. To be effective, prebiotics should escape from digestion in the upper gut,
reach the large bowel and be utilised selectively by a restricted group of microorganisms. The food
ingredients most likely to meet these criteria at present are oligosaccharides- including inulins and
their derivates, the fructooligosaccharides. The main source of these low molecular weight
carbohydrates are artichokes, onions, chicory, garlic and to a lesser extent, cereals. Other
oligosaccharides such as raffinose and stachyose are the major carbohydrates in beans and peas.
These molecules can also be produced industrially and the number of new potential prebiotics is
being developed for this market (Macfarlane and Cummings, 1999). They are believed to increase
the resistance to gut invasion by pathogenic species of bacteria, stimulate the immune system and
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to protect against cancer. Much more work is needed to prove the mechanism of
immunomodulation, competitive exclusion and microflora modifications.

2.5

PATHOGENS AND THE INTESTINE

Interactions between the host cells and the pathogenic bacteria initiate infectious diseases. Several
enterovirulent bacteria by different physiopathological mechanisms are able to increase the volume
of water in stools, resulting from the imbalance between the processes of intestinal absorption and
secretion of water (Rubino, 1989). Important feature of Salmonella and other genera is the flagella
which confer motility to the bacterium and so contribute to the colonization of pathogen. The
flagellar filament of members of the genus Salmonella is a multimer of a single protein, the
flagellin. Comparison of the amino acid sequences of Salmonella flagellins led to the definition of
eight region of different variability. The flagellins play an important role in holding the flagellum
together (Van Asten et al., 1995).
2.5.1 Salmonella infection in human
Attachment of pathogen bacteria to intestinal epithelial cells is the first step of bacterial
pathogenicity. It requires specialized factors encoded by the bacteria which directly bind to host
cell receptors (Falkow, 1991). Attachment of pathogenic bacteria to intestinal epithelial cell
surfaces can lead to colonization, cell damages, internalization, intracellular proliferation and
disturbances of regulatory cell mechanisms. The invasive bacteria cross the epithelial membrane,
proliferate and promote cell death and exfoliation (Figure 2). Due to these effects the mucosal
surface is reduced and is characterized by a large number of immature enterocytes. The damaged
mucosa has only a minimal capacity for NaCl-coupled transport, a state of base-line secretion of
anions and the digestive absorptive functions of nutrients are poorly developed (Coconnier et al.,
1993). Salmonella spp. can cause a variety of diseases in humans and animals, ranging from
gastroenteritis to systemic infections. During intestinal disease induced by Salmonella ser.
Typhimurium (S. typhimurium), transepithelial migration of polymorphonuclear leukocytes (PMN)
rapidly follows attachment of bacteria to the epithelial apical membrane. Thus, transepithelial
migration of PMN occurs early after Salmonella-epithelial contact, and well before the cell loses
its structural integrity. Recent studies show that S. typhimurium contact with the apical pole of
intestinal epithelial cells generates signal(s) that are responsible for directing the trafficking of
neutrophils across the intestinal epithelium
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Interactions between S. typhimurium and intestinal epithelial cells induce the epithelial synthesis
and basolateral release of the potent neutrophil chemotactic peptide interleukin-8 (IL-8) (Eckmann
et al., 1993). However, while such basolateral secretion of IL-8 can direct PMN through the
underlying matrix and to a subepithelial position via matrix imprinting (McCormick et al., 1995),
basolateral secretion of this chemokine is insufficient to induce migration across the epithelium.
McCormik and coworkers (1998) demonstrated that model human intestinal epithelial cells, when
apically colonized by S. typhimurium, release pathogen-elicited epithelial chemoattractant
bioactivity that has properties of a PMN chemokine and is secreted in a polarized apical manner.
This finding is not surprising, because IL-8 released from the basolateral surface of the epithelium
results in an inappropriately directed (basolateral > apical) gradient to support transepithelial
movement of PMN.
It was shown that some Salmonella spp. is sensitive against the organic acids produced by the
lactobacilli (Fernandez et al., 2003). Lactobacilli produce other metabolites with anti-Salmonella
properties, for example Lb. acidophilus LB secretes a compound into the growth medium with a
broad inhibitory spectrum (Cocconier et al., 1997). Gill and coworkers (2001) performed one of
the most convincing animal studies. Ninety percent of conventional mice fed with Lb. rhamnosus
HN001 survived the single dose Salmonella challenge while only 7% of control mice survived. It
was shown that leucocyte phagocytosis responses significantly increased and Salmonella
translocation decreased in the visceral tissue after administering of probiotics.
Figure 2. Microorganisms and pathogenesis (Madigan et al., 2003)
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2.5.2 Salmonella enterica serotype Enteritidis
Salmonella enterica serotype Enteritidis (Salmonella enteritidis, S. enteritidis) is a facultative
anaerobe Gram negative rode-shaped bacterium and it belongs to the family Enterobacteriaceae,
trivially known as “enteric bacteria”. Salmonellae live in the intestinal tracts of warm and cold
blooded animals. Some species are ubiquitous. Other species are specifically adapted to a
particular host. In humans, Salmonella are the cause of two diseases called salmonellosis: (i)
enteric fever (typhoid), resulting from bacterial invasion of the bloodstream, and (ii) acute
gastroenteritis, resulting from foodborne infection.
Egg-associated salmonellosis is an important public health problem in the United States and
several European countries. During the 1980s, illness related to contaminated eggs occurred most
frequently in the northeastern United States, but now illness caused by S. enteritidis is increasing
in other parts of the country as well. S. enteritidis, can be inside perfectly normal-appearing eggs,
and if the eggs are eaten raw or undercooked, the bacterium can cause illness.
Most types of Salmonella live in the intestinal tracts of animals and birds and are transmitted to
humans by contaminated foods of animal origin. Stringent procedures for cleaning and inspecting
eggs were implemented and have made salmonellosis caused by external fecal contamination of
egg shells extremely rare. However, unlike eggborne salmonellosis of past decades, the current
epidemic is due to intact and disinfected grade A eggs.
Symptoms of salmonellosis include fever, abdominal pain, nausea, vomiting, diarrhea,
dehydratation, weakness and loss of appetite.
The illness usually lasts 4 to 7 days, and most persons recover without antibiotic treatment.
However, the diarrhea can be severe, and the person may be ill enough to require hospitalization.
The elderly, infants, and those with impaired immune systems may have a more severe illness. In
these patients, the infection may spread from the intestines to the blood stream, and then to other
body sites and can cause death unless the person is treated promptly with antibiotics (Todar, 2006).
Figure 3 shows the invasion of S. enteritidis 857 to enterocyte-like Caco-2 cells.
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Figure 3. Invasion of S. enteritidis 857 to Caco-2 cells (A: Intact microvilli of Caco-2 cells; B and
C: Rearrangemets of cytoskeleton with the formation of membrane ruffles; D: S. enteritidis 857 are
present in the vacuoles) (Malago, 2004)

2.6

LACTIC ACID BACTERIA AND THE IMMUNE SYSTEM

The intestinal epithelium with optimal intestinal flora serves as the first line of defence against the
invading pathogenic microorganisms, antigens and harmful components from the gut lumen. In
addition the mucosal surface of the intestine is essential for the assimilation of antigens. Proteases
of the intestinal bacteria degrade the antigenic structure, an important step in the introduction of
unresponsiveness to dietary antigens. Specialised antigen transport mechanisms take place in
different intestinal lymphoid compartments: mesenteric lymph nodes, Peyer’s patches, isolated
lymph follicles, isolated T lymphocytes in the epithelium and the lamina propria, as well as at
secretory sites (Heyman et al., 1982). The secretory IgA antibodies in the gut are part of the
common mucosal immune system, which includes the respiratory tract, salivary and mammary
glands.
The hallmark of an inflammatory response is the generation of proinflammatory cytokines
including interleukin-1, interleukin-2, tumor necrosis factor-α (TNF-α) and interferon-γ. There are
several reports indicating that proinflammatory cytokines may be the primary mediators of
inflammation in clinical conditions characterized by impaired gut barrier function (O’ Farelly,
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1998; Ebert, 1998). Ebert (1998) demonstrated that in intestinal inflammation, TNF-α disrupts the
epithelial cells, leading to shortening of the villi while being also mitogenic to the crypt cells. Thus
immature cells replace those disrupted, allowing aberrant antigen uptake, immune response and
further impairment of the barrier function. Inflammation and infection are frequently accompanied
by imbalance in the intestinal microflora. In unbalanced microflora pathogenic bacteria are
abundantly present. This leads to abrogation of the interaction maintained in health between the
microfloral bacteria and the immune system.
Probiotic bacteria may counteract the inflammatory process by stabilising the microbial
environment of gut and the permeability barrier of intestine, but the underlying mechanisms are
still not completely discovered. It has in fact been demonstrated by Salminen et al. (1998) that
probiotics participate in the exclusion of pathogens. They can help to stabilize the gut microbial
environment by producing antimicrobial substances and binding pathogens thereby preventing the
generation of inflammatory mediators produced by intraluminal bacteria.
Attachment of probiotic lactobacilli to cell surface receptors of enterocytes also initiates signalling
events that result in the synthesis of cytokines (Kaur et al., 2002). The effects on immune
regulation are of utmost importance, because in reducing the generation of local proinflammatory
cytokines, the anti-inflammatory effects of probiotics may extend beyond the gut. Certain strains
of lactic acid bacteria (Lb. plantarum VTT, Lb. rhamnosus ATCC 53103) in a viable form are
potent inducers of IL-6 from human peripheral blood mononuclear cells. Some strains are able to
stimulate IL-10, but not in all subjects.
Modification of intestinal flora for increasing the predominance of specific non-pathogenic
bacteria and thereby to alter the milieu in intestine can have alternative therapeutic effects in
intestinal inflammation and infections (Isolauri et al., 2002).
Probiotic bacteria may counteract the inflammatory process by:
•

enhancing the degradation of enteral antigens and altering their immunogenicity

•

reducing the secretion of inflammatory mediators

•

promoting the exclusion of antigens in the gut by enhancing mucosal IgA response to
enteral antigens

•

normalizing the composition of the intestinal microflora

•

normalizing of the increased intestinal permeability associated with intestinal inflammation
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2.7

THERAPEUTIC EFFECTS OF PROBIOTICS

Several clinical studies have investigated the application of probiotics, especially lactobacilli and
bifidobacteria, as dietary supplements for the prevention and treatments of several gastrointestinal
diseases (Figure 4).
Figure 4. Gut microflora in inflammation (Isolauri et al., 2002)

2.7.1 Acute gastroenteritis
Rotavirus is one of the most common causes of acute childhood diarrhoea worldwide. After
invasion in the small intestinal epithelium the rotavirus replicates and causes the partial disruption
of the intestinal mucosa with the loss of microvilli and decrease in the villus/crypt ratio.
The most often studied gastrointestinal condition treated by probiotics is acute infantile diarrhoea.
The patients were hospitalized for acute rotavirus diarrhoea and treated with Lactobacillus GG in
the form of fermented milk or as freeze-dried powder. Lactobacilli reduced the duration of
diarrhoea compared to a placebo group given pasteurised yoghurt (Isolauri et al. 1991). The result
has since been confirmed in studies carried out in a similar population as well as in different
populations (Pant et al., 1996). The effect has been explained by stabilization of the indigenous
microflora, reduction in increased gut permeability caused by the infection, together with the
significant increase in IgA secreting cells to rotavirus.
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2.7.2 Inflammatory bowel disease
Several lines of observational and experimental evidence implicate the normal flora in the
pathogenesis of Crohn’s disease and ulcerative colitis (Shanahan, 2000).
Crohn’s disease is a chronic and idiopathic inflammation of the gastrointestinal tract with
characteristic patchy transmural lesions containing granulomas. The outbreak of Crohn’s disease is
thought to require genetic predisposition, immunological disturbance and the influence of
intraluminal triggering agent(s), e.g. bacteria or viruses (Isolauri, 1995).
Firstly, the distribution of the lesions in these conditions is greatest in areas of highest numbers of
luminal bacteria. Secondly the continuity of the fecal stream has been linked with disease activity,
interruption of the stream is associated with clinical improvement but relapse is predictable
following surgical restoration. Thirdly there is persuasive evidence for loss of immunologic
tolerance to components of the commensal flora in patients with inflammatory bowel disease
(IBD) (Shanahan, 2001). Most evidence for a role of abberant gut microflora in IBD derives from
experimental animal models. In some models, the inflammatory disease has been adoptively
transferred by T-cells that are reactive against dietary or mucosal antigens (Cong et al., 1998).
Probiotics have been tested in murine models of IBD (O’Mahony et al., 2001). In general the
counter-inflammatory efficacy was found to be modest, but consistent. Lb. salivarius UCC118
reduced the progression from inflammation to colon cancer in IL-10-deficient mice, when
compared to non-probiotic feed animals.
Conventional drug therapy for IBD primarily involves suppression and modulation of the host
immunoinflammatory response with little attention to the contribution of the intestinal
environment (bacterial flora) to the pathogenesis. Antibiotics seem to be an appropriate method for
altering the gut flora so it is commonly used in patients with Crohn’s disease their role in
uncomplicated IBD is not based on strong evidence of benefit (Present, 1998). Chronic antibiotic
usage is also associated with negative side-effects and risk of bacterial resistance.
Ingestion of probiotic bacteria stabilize the immunological barrier in the gut mucosa by reducing
the generation of local proinflammatory cytokines.
Lb. casei DN-114001, has been shown to decrease the secretion of TNF-α from the inflammed
ileum of Crohn’s disease patients (Borruel et al., 2003).
Indeed, a probiotic preparation VSL#3 (a mixture of eight different Gram-positive bacteria) as well
as different lactic acid bacteria strains were shown to increase the production of the antiinflammatory cytokine IL-10 by dendritic cells (Drakes et al., 2004; Christensen et al., 2002). The
anti-inflammatory effect was also observed using extracted DNA from these probiotics. A number
of studies have demonstrated that infection with Shigella flexneri leads to the induction of several
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markers of acute inflammation, such as the chemokines IL-8. Tien and coworkers (2006) found the
main role of Lb. casei in the specific modulation of a repertoire of genes associated with the
ubiquitin/proteasome pathway. Importantly the down-regulation of this set of ubiquitin systemassociated genes appears to play a crucial role in the modulation of proinflammatory pathways in
intestinal epithelial cells. Indeed, when proinflammatory stimuli such as Shigella infection or TNFtreatment were used to stimulate these cells, Lb. casei preculture dampened these responses.
In this disease abnormal immune responses cause inflammation that appears to be stimulated by
enteric environment, including normal and pathogenic organisms. In colonic biopsies of patients
suffering from IBD reduced number of Lactobacillus and Bifidobacterium were found (Favier et
al., 1997).
Putative mechanisms of the action of probiotics include regulation of cytokine production, such as
stimulation of mononuclear cells to generate both pro- and anti-inflammatory cytokines. In the
context of host defence against infection, the mechanism of probiotic effect may include
competitive metabolic interactions, production of antimicrobial substances and inhibition of
adherence or translocation of pathogenic bacteria. In the case of inflammatory bowel disease, antiinflammatory effects may involve signalling with the gastrointestinal epithelium and perhaps with
regulatory T-cells (Shanahan, 2000).
2.7.3 Allergic diseases
Atopic dermatitis is a common, complex, chronically relapsing skin disorder of infancy and
childhood. The prevalence of atopic diseases has been progressively increasing in Western
societies. The regulatory role of probiotics in human allergic disease was first emphasised in the
demonstration of a suppressive effect on lymphocyte proliferation and IL-4 generation in vitro
(Sütas et al., 1996). The preventive potential of probiotics in atopic disease has been shown in a
double bind, placebo controlled study (Kalliomaki et al., 2001). Administration of probiotics to
pregnant women and postnatally to infants for six months at high risk of atopic diseases succeeded
in reducing the prevalence of atopic eczema to half compared with that in infants receiving
placebo.
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2.8

INTERACTIONS BETWEEN EPITHELIAL CELLS AND INTESTINAL
MICROFLORA

The interface between a mammalian host and microflora in the lumen is the mucous gel layer and
the underlying cell coat (glycocalix) which consists of glycoconjugates on the apical surface of the
epithelium (Holzapfel et al., 1998).
The intestinal microflora can influence the expression of epithelial glycoconjugates which serve as
receptor for attachments of pathogenic microorganisms.
There are several studies related to the adhesion mechanisms of pathogenic bacteria by fimbriae
(pilus) or flagella (Simpson et al., 1992; Purushothaman et al., 2001), but little is known about the
adhesion mechanisms of non-pathogenic bacteria such as lactic acid bacteria. Annuk et al., (2001)
suggested that lectin-like components in surface-layered proteins of lactobacilli play an important
role in the adhesion to receptors such as glycoproteins on the surface of intestinal epithelial cells.
Lectin-like proteins play an important role in the protection, adhesion and recognition of bacterial
cells (Isberg and Barnes, 2002). It is well-known that Lb. acidophilus cells have ,S-layer proteins’
on their surfaces, but the significance of these proteins is not clearly understood (Upreti et al.,
2003). Regarding to the adhesion of lactic acid bacteria to human intestinal tract several adhesion
factors were suggested as follows:
(i) non-specific reaction by hydrophobicity, (ii) non-specific reaction by charge, (iii) lectin-like
protein(s), (iv) fibronectin and (v) collagen.
Attachment of probiotics to the gut epithelium is an important determinant of their ability to
modify host immune reactivity, but this is not a universal property of lactobacilli or bifidobacteria
and it is not essential for successful probiosis (Fuller, 1989).

2.9

STRESS MARKERS IN THE INTESTINE

2.9.1 Role of cytokines in the immune response
Inflammation, the response of tissue to injury, is characterized in the acute phase by increased
blood flow and vascular permeability along with the accumulation of fluid, leukocytes and
inflammatory mediators, such as cytokines.
Inflammation is mediated by a variety of soluble factors, including a group of secreted
polypeptides known as cytokines.
Inflammatory cytokines can be divided into two groups: those involved in acute inflammation and
those responsible for chronic inflammation. IL-1, TNF-α, IL-6, IL-8, IL-11 and other chemokines
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play role in acute inflammation. Cytokines involve in the chronic inflammation can be divided into
two groups.
IL-4, IL-5, IL-6, IL-7, IL-13 are the cytokines mediating humoral responses and IL-1, IL-2, IL-3,
IL-4, IL-7, IL-9, IL-10, IL-12, interferons, transforming growth factor-β, TNF-α and-β mediate
cellular responses. Some cytokines such as IL-1 significantly contribute to both acute and chronic
inflammation.
IL-8 and other low molecular weight chemokines (e.g. machrophage inflammatory protein-1)
belong to the chemotactic cytokine family and are responsible for the chemotactic migration and
activation of neutrophils and other cell types (such as monocytes, lymphocytes, basophils and
eosinophils) at site of inflammation (Miller and Krangel, 1992).
IL-8 is known as neutrophil chemotactic factor and neutrophil activating protein. As it is studied
for a long time therefore it serves as a prototype for discussing the biological properties of this
rapidly growing family of inflammatory mediators.
It consists of a 6-8 kDa protein whose cDNA was cloned by three different laboratories during the
year of 1980. The corresponding gene has been mapped to chromosome 4 in humans (Van
Damme, 1994). Its main inflammatory impact is in its chemotactic effects on neutrophils and its
ability to stimulate granulocyte activity. In addition IL-8 is involved in neutrophil recruitment by
upregulating cell-surface adhesion molecule expression (endothelial leukocyte adhesion molecule,
intracellular adhesion molecule), thereby increasing the adherence of neutrophils to endothelial
cells. IL-8 mediates the recruitment and activation of neutrophils in inflamed tissue (Huber et al.,
1991). Persistent secretion of IL-8 often causes chronic disease which can lead to serious tissue or
cell damages. IL-8 can be detectable from synovial fluid of patients with inflammatory rheumatic
diseases (Seitz et al., 1992) and from patients with active ulcerative colitis (Mahida et al., 1992).

2.9.1.1 Production of proinflammatory cytokine
Following inflammation inducing stimuli, a transcriptional activator of several genes, nuclear
factor kappa B (NF-кB) is activated (Rogler et al., 1998). Simultaneously, the mitogen-activated
protein kinase (MAPK) pathway can be activated.
The NF-κB is a critical regulator of the pathogen response and activator of the immune mediators.
It is a p50-p65 Rel family protein heterodimer that transcribes various genes. The Rel family
proteins are composed of two groups. One group consists of p50 (NF-κB1) and p52 (NF-κB2).
This group has deoxyribonucleic acid (DNA)-binding and dimerization domains and a nuclear
localization signal. The second group consists of p65 (Rel A), Rel (c-Rel), and Rel B. In addition
to DNA-binding and dimerization domains, the second group is composed of transcriptional
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activation domains (Thanos and Maniatis, 1995). NF-κB is usually kept inactive in the cytoplasm
through association with an endogenous inhibitor protein of the inhibitory kappa B (IκB) family.
Activation of the transcriptional activity of NF-κB requires the phosphorylation of IκB proteins
and their subsequent degradation to generate the p50-p65 that translocates into the nucleus and
activates the respective genes (Malago et al., 2002). NF-κB is thought to play a key role in the
immune and inflammatory responses through the regulation of genes encoding proinflammatory
cytokines, chemokines and growth factors. A variety of proinflammatory receptors play important
role in the activation of NF-κB. In recent years there has been of interest in the mammalian Tolllike receptors (TLRs). These proteins are a family of transmembrane receptors and have specificity
towards microbial surface structural determinants characteristic of different classes of organism
(Krutzik et al., 2001). Eleven members of the TLR family have been identified so far. TLR-4 was
the first TLR member to be discovered. TLR-4 is activated by lipopolysaccharide present in Gram
negative organisms, while TLR-2 responds to the lipoteichoic acid component of Gram positive
cell walls (Takeda et al. 2003). TLR-5 recognizes flagellin, a protein component of bacterial
flagella (Hayashi et al., 2001).
The secretions of some cytokines are signaled through the MAPK pathways. These pathways
consist of extracellular signal-regulated kinases 1/2, stress-activated protein kinases, and p38. They
are activated by extracellular stimuli (some pathogenic bacteria, lipopolysaccharides, thermal and
oxidative stress) through the cascades of MAPK, MAPK kinases and MAPK kinase kinases in
intestinal epithelial cells (Hobbie et al., 1997; Cario et al., 2000).
The production of inflammatory cytokines can be inhibited or reduced by the blockade of these
pathways at any point. Anti-inflammatory cytokines (IL-10, IL-4), heat shock response or shortchain fatty acids can suppress the inflammatory cytokine production by rescission some step of the
pathways (Schottelius et al., 1999; Wu et al., 1999).
Inhibition of proinflammatory cytokines by blocking of the NF-κB or MAPK pathway aids hemper
inflammation, long-term suppression of these pathways maybe not the best idea in the treatment of
intestinal inflammations. High levels of cytokine expression by intestinal epithelial cell was found
in knockout and heterozygote mouse strains with less NF-κB (Inan et al., 2000; Erdman et al.,
2001). It can be assumed that NF-κB is important in the maintenance of intestinal homeostasis.
Iimuro and coworkers (1998) observed that prolonged inhibition of NF-κB results apoptotic cell
death.
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2.9.2 Role of heat shock proteins in the inflammation
Most cell organisms react to heat and different stressors by rapid synthesis of proteins, ranging in
size from 8 to 150 kDa, termed heat shock protein (Hsp) (Ovelgönne et al., 2000). They are
classified into several families according to their molecular weights. The major Hsp families
include Hsp150, Hsp110, Hsp90, Hsp70, Hsp60, Hsp40, Hsp20 and Hsp8.5. Heat shock response
can be inducible by different stimuli, such as thermal stress, heavy metals (zinc ions, sodium
arsenite), bacteria, bacterial exo-and endotoxins, viral infections, ischemia, nutritional deficiency,
ionising radiation, oxidants and cytokines in different cells including intestinal epithelial cells
(Wu, 1995).
Induction of Hsps in mammalian cells is transcriptionally regulated, which is initiated by a heat
shock transcription factor.
Following shock stress the Hsps are produced after transactivation of genes by a family of DNAbinding proteins called heat shock transcription factors (Hsf 1-4). In unstressed cells the inactive
Hsf is bound to the cytoplasmic Hsp40, Hsp70 and Hsp90 in a monomeric form without the DNAbinding activity. In response to stress, Hsf is released and translocated into the nucleus where it
forms a trimer and binds to the specific heat shock regulatory element in the heat shock gene
promoter to exert the transcriptional activation (Santoro, 2000). Heat shock response also activates
the constitutive Hsps that together with the induced Hsps, affect cytoprotection.
Hsps act as chaperones through protein-protein interaction to protect the already synthesized
proteins against further injury. Furthermore they protect cells against harmful events, such as heat
stress, infection or inflammation (Prohászka et al., 2002; Malago et al., 2005). This protection
against inflammation acts through suppression of proinflammatory cytokine production (Malago
et. al., 2002). Induction of Hsp70 is known to protect the intestinal cells against hyperthermia and
ischaemia/reperfusion injury (Tsuruma et al., 1996) and play an important role in the stabilization
of actin cytoskeleton. The chaperone function makes the cells enable to survive the stress and
promotes the resumption of normal cellular activities in the recovery period after stress.
Abnormally high levels of Hsps have been detected in a number of diseases such as tissue necrosis,
inflammation, cancer and viral infection (Wynn et al., 1994).
There is growing evidence that Hsps can down-regulate inflammatory cytokines to overcome
inflammation. Several studies have shown that heat shock response inhibit the production of some
cytokine mediated by NF-κB (Cahill et al., 1996; Chu et al., 1997). Hsp70 exhibited antiinflammatory role by inhibiting IL-8 production in respiratory epithelial cells (Yoo et al., 2000).
Malago and coworkers (2005) demonstrated the potential of butyrate to induce Hsp70 and the
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modulation of interleukin-8 secretion by butyrate and heat shock response in enterocyte-like Caco2 cells.
2.9.3 Oxidative stress and lipid peroxidation in the cells
Intracellular accumulation of reactive oxygen species such as superoxide anion, singlet oxygen,
hydroxyl radical or hydrogen peroxide can arise from normal metabolic processes to toxic insults.
Oxidative stress has been defined as a disturbance in the prooxidant –antioxidant balance, resulting
in potential cell damage (Sies, 1985). It has been implicated in several biological and pathological
processes, like aging, inflammation and carcinogenesis. The cell death can follow two distinct
pathways, apoptosis or necrosis however the early biochemical events of cell death are still
unclear.
Necrosis appears to be the result of acute cellular dysfunction in response to sever stress conditions
or after exposure to toxic agents and is a relatively passive process associated with rapid cellular
ATP depletion (Chandra et al., 2000). Morphologically, necrosis is characterized by a dramatic
increase in cell volume and rupture of the plasma membrane, with spilling of the cellular contents
into the intracellular milieu (Gores et al., 1990). This release of the dying cells’content can cause
further tissue damages by affecting neighbouring cells or by attracting proinflammatory cells to the
lesions (Haslett, 1992).
Apoptosis is a complex process characterized by cell shrinkage, chromatin condensation,
internucleosomal DNA fragmentation (McConkey et al., 1988). Caspases are the most prominent
protease families which are implicated in apoptosis. For many years, it was thought that direct
treatments of cells with H2O2 cause necrosis, but recent studies indicate that lower doses of
oxidants can trigger apoptosis (Hampton and Orrenius, 1997).
Oxidative stress has been shown to promote IL-8 production in several cell types, including gastric
and lung carcinoma cell lines (Josse et al., 2001). It was observed that the IL-8 mRNA expression
increases after H2O2 treatment in Caco-2 cell and the oxidative stress promotes IL-8 secretion
(Yamamoto et al., 2003).
The phospholipid component of cellular membranes is the main target of oxidative damage due to
the susceptibility of its polyunsaturated fatty acid side chains to peroxidation. This can lead to
changes in membrane fluidity and permeability characteristics (Urano et al., 1988). The lipid
peroxidation may be initiated by any primary free radical that has sufficient reactivity to extract a
hydrogen atom from a reactive methylene group of an unsaturated fatty acid and would include the
HO· and HO2· radicals (Rice-Evans and Bruckdorfer, 1992). During lipid peroxidation reactions,
cleavage of carbon bonds can result in the formation of malonaldehyde, which can interact with
protein thiols, cross link amino groups of proteins and give rise to aggregated proteins. Breakdown
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of lipid hydroperoxidases can result 4-hydroxy nonenal, which can modify the activity of
membrane associated enzymes. Cell proteins are also susceptible to attack from radical
intermediates of lipid peroxidation. These may react with proteins closely associated with the
peroxidizing lipids. The consequence of such damages can be aggregation, crosslinking, protein
degradation and fragmentation, even the cellular function and the enzyme activity can be altered.
The damage of membrane transport proteins might effect the ionic homeostasis (e.g., Ca2+, Na+,
K+) of cells also (Esterbauer, 1985).

2.9.3.1

Protection against oxidative stress

Son and coworkers (2005) reported that carnosine a histidine-containing dipeptide, inhibited H2O2induced IL-8 secretion in Caco-2 cells, and histidine had an anti-inflammatory effect. Yamamoto
and coworkers (2003) studied the inhibitory effect of an antioxidant on H2O2-induced
enhancement of IL-8 expression. N-acetylcystein was found to inhibit the oxidative stress induced
enhancement of IL-8 mRNA expression and secretion in both Caco-2 and ACBR1519 cells.

2.10

IN VITRO MODELS FOR STUDYING OF THE EPITHELIAL CELLS

It is believed that the attachment of probiotic bacteria to the mucosal surface could confer
competitive advantage, which is important to maintain the bacterial balance of the GI tract. The
non-mucus secreting enterocyte-like Caco-2 cell line (human colon adenocarcinoma) shows both
structural and functional similarity to the normal human small intestinal epithelial cells because
they can differentiate spontaneously under in vitro conditions. This cell line is often used as an in
vitro model for studying the different features of microorganisms. It was shown that Lb.
acidophilus and Lb. rhamnosus adhered to Caco-2 cells in relatively high numbers and inhibited
the attachment of S. typhimurium, Yersenia enterocolitica and enteropathogenic Escherichia coli
(Cocconier et al., 1993; Bernet et al., 1994; Hudault et al., 1997). Between the good and poor
adhesive strains there have been only a three-fold difference detected, which is in
microbiologically sense is not highly significant. Furthermore the bacterial surface structures are
highly influenced by the applied growth conditions. The surface of a 16-hours bacterial culture is
different from that after the bacteria passes through the stomach and small intestine and survives
the gastric, bile and pancreatic juice. The use of mucus secreting cell lines such as HT-29MTX
(Lesuffleur et al., 1991) and bacteria surviving the acidic conditions may mimic the in vivo
situation more closely.
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In vitro methods are suitable to fulfil some of the above mentioned criteria, but it is important to
know that results on such models may be not predictive of the in vivo situation. For example
survival of the lactic acid bacteria in the presence of bile in a test tube is different from the
stomach or intestine where different complex interactions and physiological conditions exist. For
this reason Minekus and coworkers (1995) developed a dynamic model of stomach and small
intestine which represents successive in vitro gastrointestinal conditions. Disadvantages of this
model should also been considered in the case of experiments regarding to the immune response.
The intestinal epithelium is organised into the finger-like villi which project into the gut lumen and
crypts, in which the proliferating cells are located (Figure 5). The progenitor proliferating cells in
the crypt (Potten and Loeffler, 1990) give rise to four main different cell types in the mature small
intestinal epithelium: (i) the enterocytes, (ii) the goblet cells, (iii) the entero-endocrine cells and
(iv) Paneth cells. The processes of differentiation and proliferation are coordinately regulated in
the intestinal epithelium, and tissue interactions necessary to set up the normal pathways of
differentiation (Simon-Assman et al., 1995). Small population of stem cells situated towards the
base of the crypt, are sufficient to generate the four major differentiated cell types of small
intestinal epithelium. Asymmetric division of the stem cells leads to the generation of daughter
cells consisting of two sub-population, (i) immediated stem daughter cells referred to as Transit
Amplifying (TA) population, which expand by rapid proliferation and differentiate into the various
lineages. Differentiation into any one of the main lineages occurs as they migrate to the top of the
villi or the Paneth cells as they migrate to the crypt base and (ii) cells which replenish the stem cell
compartment (Clatworthy and Subramanian, 2001).
When epithelial cells are cultured on glass or plastic tissue culture plates, they are forced to feed
from the apical surface, which faces the culture medium. So the basolateral surface becomes
isolated from the growth medium as the monolayer is sealed by the formation of tight junction
(TJ). This “problem” can be solved by growing the epithelial cells on permeable supports. Caco-2
cells can be grown on Transwell polycarbonate membrane insert so they can be polarized. This
means, that the plasma membrane of each cell is divided into an apical domain, often covered with
microvilli and faces the external milieu of the organism, whereas the basolateral domain is in
contact with the internal milieu, facing the mesenchymal space and blood supply. The domains are
separated by TJs. Intermediate junctions and desmosomes connect the lateral membranes of
neighbouring cells. A set of epithelial intermediate filaments, cytokeratins, which are specific for
epithelial cells, attach to the cytoplasmic side of desmosomes. The basal part of the epithelial cell
layer usually rest on an extracellular matrix, which is often organized in the basal lamina (Figure
6).
TJs are the most apical structures of the junctional complex in epithelial cells which polarize the
cells. TJ serves as a permeability barrier regulating the passage of ions and small molecules
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through the paracellular pathways and restrict the lateral diffusion of membrane lipids and proteins
between the apical and basolateral compartments to maintain the cell polarity. Occludin, claudins
and junction adhesion molecule have been identified as transmembrane proteins at TJ (Anderson
and van Italie, 1995; Martin-Padura et al., 1998). These transmembrane proteins have interactions
with plaque proteins which in turn anchors TJ protein complex to the actin cytoskeleton.
The permeability of the membrane can be studied by measuring the transepithelial electrical
resistance (TER). The density of TJs influences the electrical state of the cells.
The cells can attach to the extracellular matrix (ECM) through integrins furthermore the integrins
mediate signals from the ECM to the cell.
Integrins are obligate heterodimers containing two distinct chains, called α (alpha) and β (beta)
subunits. About 18 α and 8 β subunits have been characterized.
Cell attachment to the ECM is a basic requirement to build a multicellular organism. Integrins are
not simply hooks, but give the cell critical signals about the nature of its surroundings.
Connection with ECM molecules can cause a signal to be relayed into the cell through protein
kinases that are connected to the intracellular end of the integrin molecule (Hynes, 2002).
Figure 5. Representation of a section through the mammalian small intestine along the crypt villus
axis indicating the location of the various cell types, furthermore the transit and stem
cells.A section of the crypt region is enlarged to show the relationship between the stem
and TA cells in terms of proliferation. Vertical arrows indicate direction of cell migration
and differentiation (Clatworthy and Subramanian, 2001).
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Figure 6. Morphology of a simple epithelial cell (Simons and Fuller, 1985)
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3

MATERIALS AND METHODS

3.1

CHEMICALS, DEVICES, INSTRUMENTS

3.1.1 Chemicals
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Acrylamide/bis-acrylamide (40 %; Bio-Rad, 161-0148)
Agar bacteriological (Oxoid, LP 0013B)
Annexin V FITC Apoptosis Detection Kit (Calbiochem, PF032)
APS (Gibco, 15523-012)
BCA Protein assay reagent kit (Pierce, 23227)
BCP (Roche, 1383221)
Bromophenolblue (Merck, 609)
Caspase-3 colorimetric assay kit (235419-1KIT, Calbiochem)
D(+)Glucose (Sigma, G7021)
DL-lactate solution (60%, Sigma, L 1375)
DL-lactic acid (Sigma, 69785)
DL lactic acid test (Boehringer Mannheim/R-Biopharm; 11 112 821 035)
DAPI (Sigma, D 8417- 1MG)
DMEM (BioWhittaker BE 12-709F; Sigma, D 5671)
ECL blocking agent (Amersham Biosciences, RPN 2125)
FCS (BioWhittaker, DE 14-502E)
FBS (Gibco, 10270-106)
Formaldehyde (35%; Reanal 10492-1-01-65)
Gentamicin (GibcoBRL, 15750-037; Sigma G 1272)
Giemsa stain (Fluka, 48900)
Glycerol (Merck, 4094)
Glycine (Sigma, G 8898)
Goat anti mouse IgG alkaline phosphatase secondary antibody (Stressgen, SAB-101)
H2O2 (30%, Reanal, 12502-1-12-65)
HCl (37%, Reanal, 30715-0-01-65)
Hepes (Roche, 242 608; H 0887)
Hu IL-8 Cytoset ELISA kit (Biosource Europe, CHC 1304)
Kanamycin (Sigma, K 0129)
KCl (Merck, 1.04936)
KH2PO4 (Merck, 1.04873)
Lab lemco powder (Oxoid, LP 0029)
LB agar (Invitrogen, 22700-025)
LB broth (Invitrogen, 12780-052)
L-glutamine (Sigma, G 8540)
MEM (100x) non-essential amino acids (GibcoBRL, 11140-035; Sigma, H 7145)
Methanol (Merck, 1.06009)
MgCl2·6 H2O (Merck, 1.05833)
Microscopy Gram color staining kit (Merck, 1.11885)
MilliQ water
Mouse anti-Hsp70 monoclonal antibody (Stressgen, SPA-810)
MRS agar (Oxoid, CM 361)
MRS broth (Oxoid, CM 359)
Na2EDTA·2H2O; Sigma E 6635)
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•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Na2HPO4 (Merck, 1.06566)
NaCl (Merck, 1.06404)
NaH2PO4 (Merck, 1.06346)
NaHCO3 (Merck, 1.06329)
NBT (Roche, 1383213)
O-dianisidine (Sigma, D 9143)
Peptone water (Oxoid, EB 0208C)
Peroxidase (Horseradish Type VI-A; Sigma, P 6782)
Protein ladder (Bio-rad, 161-0318)
PVDF membrane (Immobilion P, Millipore)
SDS (Merck, 1.13760)
Sodium acetate (Sigma, S5636)
Sodium DL-lactate (Sigma, 71720)
Sodium pyruvate (Sigma, S 8636)
TEMED (Sigma, T 9281)
TRIS, Trizma base (Sigma, T 6066)
Trypsin-EDTA solution (0.25%; Sigma, T 4049)
Tween 20 (Merck, 8.17072)
Yeast extract powder (Oxoid, LP 0021)
β−merkaptoethanol (Sigma, M 7154)

Mediums for culturing of Caco-2 cells
Transfer medium (pH 7.3)
• 8g/l NaCl
• 0.2 g KCl
• 1.45 g Na2HPO4
• 0.2 g/l KH2PO4
• 0.2 g/l Na2EDTA·2 H2O
Trypsin medium (pH 7.3)
• 20% (v/v) Trypsin-EDTA
• 80% (v/v) PBS (0.01 M)
DMEM cell culture complete medium
• DMEM (I.)
• 4.5 g/l D(+)Glucose
• 1% (v/v) MEM (100x) non-essential amino acids
• 10 mM NaHCO3
• 1.7 mM L-glutamine
• 50 µg/ml gentamicin
• 25 mM Hepes
• 20% (v/v) FCS
Plain DMEM
DMEM Cell culture complete medium devoid of FCS and gentamicin.
Plain DMEMgenta
DMEM Cell culture complete medium devoid of FCS.
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DMEMP cell culture complete medium for Caco-2 P
• DMEM
• 1% (v/v) MEM (100x) non-essential amino acids
• 50 mg/l gentamicin
• 100 mg/l kanamycin
• mM L-glutamine
• 25 mM Hepes
• 1 mM sodium pyruvate
• 10 % (v/v) FBS
Plain DMEMP
DMEMP Cell culture complete medium devoid of FBS, gentamicin and kanamicin.
PBS (0.01 M, pH 7.3)
• 0.01 M Na2HPO4
• 0.01 M NaH2PO4
• 0.9 % (m/v) NaCl
SDS Polyacrylamide Gelelectrophoresis
Leammli sample buffer (3x)
• 0.188 M TRIS-HCl (pH 6.8)
• 6% (v/v) SDS
• 30% (v/v) glycerol
• 15% (v/v) β-mercaptoethanol
• 0.003% (v/v) bromophenolblue
7.5 % SDS-acrylamide/Bis- acrylamide gel
• Acrylamide/bis-acrylamide (40 %): 1.9 ml
 1.5 M TRIS-HCl (pH 8.8): 2.5 ml
 10% (m/v) SDS: 0.1 ml
 Milli Q water: 5.5 ml
 10% APS (m/v): 0.05 ml
 TEMED: 0.005 ml
Stacking gel
 Acrylamide/bis-acrylamide (40%): 0.625 ml
 Milli Q: 3.0125 ml
 0.5 M TRIS-HCl (pH 6.8): 1.26 ml
 10% SDS (m/v): 0.05 ml
 10% APS (m/v): 0.05 ml
 TEMED: 0.005 ml
Electrophoresis buffer (5x, pH 8.3)
• 7.5 g TRIS
• 36 g Glycine
• g SDS
• 500 ml Milli Q water
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Western blot
Blot buffer (10x)
303 g TRIS
1440 g Glycine
10.000 ml Milli Q water
Work solution
• Milli Q water: 700 ml
• Methanol: 200 ml
• Blot buffer (10x): 100 ml
Immunostaining of membranes
Blocking solution (1)
• 0.01 M PBS (pH 7.3)
• 0.1% (v/v) Tween-20
• 5% (w/v) ECL blocking agent
Blocking solution (2)
• 0.01 M PBS (pH 7.3)
• 0.1% (v/v) Tween-20
• 0.5 % (w/v) ECL blocking agent
Washing buffer
0.01 M PBS (pH 7.3)
0.1% (v/v) Tween-20
Alkaline phosphatase detection buffer (pH 9.5)
• 0.1 M TRIS-HCl
• 0.1 M NaCl
• 5 mM MgCl2·6 H2O
Mediums and buffer for bacteria
Nutrient agar (pH 7.4)
• 1 g/l lab lemco powder
• 2 g/l yeast extract powder
• 5 g/l peptone water
• 15 g/l agar bacteriological
• 5 g/l NaCl
LB Soft agar
• LB broth containing 0.7% agar
Sodium phosphate buffer (0.5 M, pH 6.5)
•
•

700 mM NaH2PO4
300 mM Na2HPO4
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3.1.2

Instruments and devices

3.1.2.1

Instrumentations

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Centrifuge (K80R, Centurion Scientific Ltd., Ford, Arundel, West Sussex, UK)
Fruit centrifuge (234.02, Moulinex, France)
Imaging Densitometer with Syngene software (Bio-Rad Model, GS 700, 2400 dpi)
Light Microscope (Axiophot Zeiss) with Zeiss AxioCam HRC and Axion Vision 4.5 Program
Microplate reader (Bio-rad Model, 3550 or Dynatech MR 700)
Millicell-ERS Volt/Ohm meter (Millipore)
Multiphor II electrophoresis unit with NovaBlot Kit (Amersham Pharmacia)
Radelkis pH meter (Laboratory digital pH meter OP-211/1, Radelkis, Hungary)
Scanning electron microscope (JEOL JSM-35)
Shaker (Grant POS 300)
Spectrophotometer (UV-1601, Shimadzu Corporation, Japan)
Ultrasonic disintegrator (MSE Soniprep 150, Beun de Ronde BV, Abcoude, The Netherlands)
Vacuum Lyophilizator (Salm & Kipp, The Netherlands)
Vertical polyacrylamide gelelectrophoresis apparatus (Hoefer-Pharmacia Mighty Small
SE250/260)
Waterbath heated by a circulating thermostat DC 10 (Haake, Karlsruhe, Germany)

3.1.2.2
•
•
•
•
•
•

Devices used for culturing of Caco-2 cells

24-well cell culture flask (Corning Costar, 3526)
25 cm2 cell culture flask (Greiner, 690 160)
75 cm2 cell culture flask (Greiner, 658 170)
6-well cell culture flask (Nunc, 140685)
96-well cell culture flask (Corning Costar, 3595)
Transwell polycarbonate filter insert, 0.4 µm (Nunc, 3450)
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3.2

INVESTIGATED BACTERIA

Table 2. Investigated bacteria, their maintenance and origin
Bacteria strains

-Maintenance
-Growing

Origin

PROBIOTIC LAB

- MRS broth containing

Culture Collection of

Lactobacillus casei Shirota
(Lb. Shirota)
Lactobacillus plantarum 299v

10% glycerol, at -18°C

University Utrecht,
Department of Pathology

- MRS broth or MRS
agar, at 37°C

(Lb. 299v)
NON-STARTER LAB
Lactobacillus plantarum 2142
(Lb. 2142)
Lactobacillus curvatus 2775

- MRS broth containing
10% glycerol, at -18°C

Culture Collection of the
Institute of Dairy
Microbiology, Agricultural

- MRS broth or MRS

Faculty of Perugia University

agar, at 30°C

(Lb. 2775)
Lactobacillus casei subsp. casei 2756
(Lb. 2756)
PATHOGEN
Salmonella enterica serotype Enteritidis
strain 857
(Salmonella enteritidis 857, Se. 857)

- LB agar, at 5°C

Culture Collection of

- LB broth or LB agar,

University Utrecht,

at 37°C

Department of Pathology

Table 2 shows the bacteria strains involved in the experiments, their maintenance and origin.
•

Lactic acid bacteria

Probiotic lactobacilli strains, Lb. Shirota and Lb. 299v, were chosen because their ability to inhibit
the growth of some pathogenic bacteria and several beneficial effects caused in the gut
(colonization, immune stimulation) are widely studied so they serve as good references comparing
their effect to non-starter LAB strains.
Lb. Shirota was originally isolated from the human intestine and has been used commercially for a
long time to produce fermented milk product (Yakult Ltd., Tokyo, Japan). Lb. 299v was isolated
from human intestinal mucosa (Molin et al., 1993).
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The non-starter LAB strains (Lb. 2142, Lb. 2775 and Lb. 2756) as authentic strains were
investigated. They were isolated from Italian cheese and kind gift from Dr. Gobetti, M. and
Corsetti, A.
• Salmonella enteritidis 857
Se. 857 was used as wild-type strain (Van Asten et al., 1995).
3.2.1 Propagation of bacteria
•

For the propagation of lactic acid bacteria MRS broth and MRS agar was used. MRS broth was
inoculated with a stationary culture of Lb. Shirota, Lb. 299v, Lb. 2756, Lb. 2775, and Lb. 2142
(1% inoculum), respectively. The bacteria were grown for 24 hours at the appropriate
temperature (see Table 2) and subcultured at least two times before experiments. The bacterial
culture was centrifuged for 15 minutes at 1.500g (20°C) to collect the cell pellet and for 30
minutes at 10.000 g (4°C) to obtain the spent culture supernatant (SCS). The collected
lactobacilli were subsequently suspended in plain DMEM and serial dilutions were made to
obtain different numbers of bacteria.

•

One colony of Se. 857 grown on LB agar was inoculated into 10 ml LB broth. The inoculum
was then grown overnight (16 h) with shaking at 200 rpm. The resulting bacterial suspension
was inoculated into LB broth (1% inoculum) followed by incubation with shaking (200 rpm) at
37°C for 2 hours to obtain logarithmically growing bacteria.
After this, the bacteria were collected by centrifugation (15 min, 1.500g at 20°C) and finally
depending on the type of experiments they were suspended in plain DMEM after/without
various pre-treatments or LB soft agar.

3.3

CACO-2 CELL CULTURE

Human colon adenocarcinoma Caco-2 cells from the American Type Culture Collection (ATCC
HTB 37) were used in the experiments. This cell line is used as an in vitro model of intestinal
epithelium (Pinto et al., 1993). Caco-2 cells show similar properties to colonic enterocytes, in that
they form brush borders with microvilli and maintain tight junctions, which dominate the
transepithelial resistance values, thus exhibiting of a properties of polarized cell line. Furthermore
they are used as models for absortive epithelium, as they exhibit the property of transporting fluid
from their apical surface to basolateral surface. This process is demonstrable in the formation of
domes across the monolayer when cultured on solid supports (Figure 7).
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Proliferating, crypt-like and fully differentiated, villus-like cells (form monolayer) were used in the
experiments (Figure 8).
In some experiments Caco-2 P cells were used which obtained from the culture collection of The
Department of Internal Medicine, Medical University of Pécs, Hungary. This cell line is
genetically completely the same as Caco-2 (ATCC HTB 37), but it shows higher transepithelial
electrical resistance when cultured on permeable supports.
Figure 7. Differentiation of Caco-2 cells is recognized by the formation of domes (A and B)
A – dome surrounded by cell monolayer, B- cells on the top of a dome. Pictures are
taken from the same field

A

B

200 µm

200 µm

Figure 8. 5 day old, crypt-like Caco-2 cells (A) and 19 day old, villus-like (B) Caco-2 cells
monolayer

A

B

200 µm

200 µm

41

3.3.1

Culturing of Caco-2 cells

Cell cultures were maintained at 37°C in 95% air-5% CO2, in a humidified atmosphere. The cell
culture medium was replaced every second day. The adhered cell monolayers grown in 75 cm2
(Caco-2) or 25 cm2 (Caco-2 P) cell culture flask were disaggregated weekly. The cells were gently
rinsed two times with 5 ml PBS. After washing, 5 ml transfer medium (Caco-2) or 5 ml trypsin
medium (Caco-2 P) was added to the cells and they were incubated appr. 30 min at 37°C. When
the cells were disaggregated from the surface of the flask, 5 ml DMEM cell culture complete
medium or DMEMP cell culture complete medium were added. The cells were dispersed to get
single cell suspension and diluted 10 times. Cell count chamber were filled and the cells were
counted. Afterwards the cells were transferred to new cell culture flask or plates (4x104 cells/cm2).
•

Caco-2 cells grown on solid supports

Caco-2 cells were seeded in 25 cm2 cell culture flasks for 5- and 19 days. These 25 cm2 cell culture
flasks contained 5 ml of cell culture complete medium.
Caco-2 cells were seeded in 24-well cell culture plates (with glass coverslip, 2 cm2/well) for 5 and
19 days.
Caco-2 P cells were seeded also in 24-well cell culture plates (with or without glass coverslip, 2
cm2/well) for 14 days. In 24-well cell culture plates, one well contained 1 ml of cell culture
complete medium. Furthermore, Caco-2 P cells were seeded in 96-well cell culture plates (0.07
cm2/well) for 5 days. One well contained 100 µl of cell culture complete medium.
In the 25 cm2 flask, the final Caco-2 cell number of 5-day old cells was appr. 5x106 and of 19-day
old cells 107. In the 24-well cell culture plates, after 5 days appr. 2x105, after 19 days appr. 5x105
Caco-2 cells were present. When Caco-2 P cells were cultured for 14 days in 24-well cell culture
plates appr. 4x105 Caco-2 P cells could be found, while after 5 days in 96-well cell culture plates,
1.5x104 Caco-2 P cells were present.
•

Caco-2 P cells grown on permeable supports

Caco-2 P cells were seeded on Transwell, polycarbonate filter inserts of 6-well tissue culture plates
(4.2 cm2) containing 2 ml of apical and 2 ml of basal DMEMP cell culture complete medium for 21
days. After 21 days, 1.5x106 cells were present in filter inserts.
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3.4

FOLLOWING OF THE PROPAGATION OF BACTERIA

The propagation of lactic acid bacteria were followed by two methods.
1., Propagation of lactobacilli was followed during 48 h of incubation, using serial dilution in
MilliQ water. The bacteria suspension from the appropriate dilutions was further
transferred to MRS agar and the colonies were evaluated by plate counting.
2., The intensity of the produced organic acid was characterized by the pH drop during 48 h
of incubation of bacteria using pH meter.

3.5

DETERMINATION OF LACTIC ACID PRODUCTION

The acid concentration and the ratio of D/L isomers were determined after 24 h incubation of
NSLAB in red beet juice by the enzyme assay of Boehringer Mannheim/R-Biopharm GmbH.
The principle of the method is that in the presence of D-lactate dehydrogenase (D-LDH), D-lactic
acid (D-lactate) is oxidized to pyruvate by nicotinamide-adenine dinucleotide (NAD).
The oxidation of L-lactic acid requires the presence of the enzyme L-lactate dehydrogenase (LLDH) [1, 2].
[1]

D-lactate + NAD+

[2]

+

D-LDH

pyruvate + NADH + H+

L-LDH

pyruvate + NADH + H+

L-lactate + NAD

The equilibrium of these reactions lies on the side of lactate. By trapping pyruvate in a subsequent
reaction catalyzed by the enzyme glutamate – pyruvate transaminase (GPT) in the presence of Lglutamate, the equilibrium can be displaced in favour of pyruvate and NADH [3].
[3]

Pyruvate + L-glutamate

GPT

L-alanine + 2-oxoglutarate

The amount of NADH formed in the above rections is stoichiometric to the amount of D-lactic
acid and of L-lactic acid, respectively. The increase in NADH is determined by means of its light
absorbance at 340 nm.
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3.6

DETERMINATION OF HYDROGEN PEROXIDE PRODUCED BY LACTIC
ACID BACTERIA

The bacterial strains were grown in MRS broth as usual for 24 h. The cells were than harvested by
centrifugation at 6.000xg at 4°C for 15 min. The cells were washed twice with 10 ml cold, sterile
PBS (0.01 M, pH 7.3). A mass of 1 g cell pellet was resuspended in 10 ml cold, sterile sodium
phosphate buffer (0.5 M, pH 6.5) and then for the preparation of the final buffer solutions, the
initial dilution was further diluted (1:10). In the final buffer solution, appr. 108 CFU/ml
Lactobacillus population were present. The cells were then incubated at 5°C for a period of 3 days.
After 0, 2, 24, 48 and 72 h of incubation, the cells were removed by centrifugation at 6.000xg at
4°C for 15 min and the supernatants were assayed for hydrogen peroxide according to the method
of Villegas and Gilliland (1998).
The peroxidase with various hydrogen donors has been used to quantitate peroxide in fluids or
liquids. The hydrogen donor used in these methods is usually a colorless compound which
develops color when oxidized in the reaction:
H2O2 + AH2 (donor)

Peroxidase

H2O + A (oxidized donor)

Such reactions can be measured colorimetrically and the amount of hydrogen peroxide determined
by comparing the amount of color developed with a standard curve.
Shortly, 5 ml sample was mixed with 0.1 ml of 1% aqueous o-dianisidine and 1 ml of 0.001%
aqueous peroxidase in clean test tubes. A blank was prepared containing 5 ml sodium phosphate
buffer instead of the sample. The tubes were incubated for 10 min at 37°C. The reaction was
stopped by adding 0.2 ml of 4 N HCl to each tube. Absorbance reading (A400nm) of each sample
was determined by spectrophotometer and peroxide content was determined by comparing the
A400nm to a standard curve.

3.7

PREPARATION OF BEET JUICE AND FERMENTATION CONDITIONS

Beetroot (Beta vulgaris var. rubra) cultivar Pablo (National Institute for Agricultural Quality
Control, Hungary) was washed, mechanically peeled, washed again, and chopped into 1.5-mmthick slices. Juice was made from the slices by fruit centrifuge. Natural red beet juices were
fermented with the selected strains and spontaneously. Before fermentation the natural red beet
juice (100 ml) was supplemented with NaCl (2%) then inoculated to a cell count of 106 CFU/ml
with the selected strains of NSLAB except the control sample. After 1, 2, 3, 4 and 5 days
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incubation at 25°C and 28 day storage at 5°C the viable cell count was determined. For lactic acid
determination samples were taken on the day of 5 and 28. The experiments were done two times
two parallel samples for each NSLAB strains.

3.8

ANTIMICROBIAL EFFECT OF LACTOBACILLI SPENT CULTURE
SUPERNATANT (SCS) ON SALMONELLA ENTERITIDIS 857

The effect of SCS (pH 4.5) from lactic acid bacteria, MRS (pH 6.8, 4.5) on the growth of Se. 857
was assessed by agar well diffusion assay. Sterilized Nutrient agar was dispensed in petri dishes.
Well was made on the agar plate using a gel punch. A total volume of 450 µl (3x150 µl) from each
sample was added to the respective well. To speed up the diffusion, the dishes were incubated
(50°C) after each addition of 150 µl. From the stationary growth phase of Se. 857, 500 µl of 104 or
105 CFU/ml was added to 5 ml LB broth (45°C) containing 0.7% agar. The agar was rapidly
dispersed and poured onto the nutrient agar with wells containing the inhibitors. The plates were
then incubated overnight at 37°C before assessment the width of the inhibition zones (sum of the
distances from the two sides of middle hole).

3.9

EFFECT OF LACTIC ACID BACTERIA AND THEIR SPENT CULTURE
SUPERNATANT ON THE IMMUNE SYSTEM

3.9.1

Determination of interleukin-8

3.9.1.1

Exposure of Caco-2 cells to lactobacilli or pathogen

1., In the first set of experiments, Caco-2 cells were exposed to graded numbers of bacteria (0-200
bacteria/cell) for 1 hour. The cells were then allowed to recover for 24 h.
2., In the second set of experiments Caco-2 cells were infected with 200 bacteria/cell and allowed
to recover for 4, 8, 16, or 24 h.
3., In the third set of experiments, cells were infected with a combination of the probiotic
lactobacilli (200 bacteria/cell) and Se. 857 (0-200 bacteria/cell).
- The probiotic lactobacilli (200 bacteria/cell) and Se. 857 (100 bacteria/cell) were co-incubated for
1 h and then the Caco-2 cells were allowed to recover for 4, 8, 16 and 24 h.
- Caco-2 cells were pre-incubated with probiotic lactobacilli (200 bacteria/cell) for 30 min
followed by the infection of Se. 857 (0-200 bacteria/cell) for 1 h without removing the
lactobacilli and the cells were allowed to recover for 24 h.
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4., In the final set of these kinds of experiments, the Caco-2 cells were infected with Se. 857 (100
bacteria/cell, 1 h) pre-treated with lactobacilli spent culture supernatant (SCS). In this case the
subsequent recovery period lasted at 2, 4, 6, 8 or 24 h.
In all experiments termination of the exposure to bacteria took place by washing the cells twice
with 5 ml plain DMEMgenta. Figure 9 shows the overview of bacterial experiments on Caco-2 cell
for determination of IL-8.
Figure 9. Overview of experiments carried out on Caco-2 cells (cultured in 25 cm2 flask) with
bacteria and lactobacilli SCS for the determination of IL-8
3.,Probiotic LAB
+ Se. 857:

2.,Bacteria
(different recovery

-co-incubation
-pre-incubation with LAB

time)

1.,Bacteria
(different number of
bacteria)

Caco-2 cells

(cultured in 25 cm2
flask)

4., SCS (LAB):
Se. 857 pre-treated
with SCS

IL-8

3.9.1.2

Pre-treatment of Salmonella enteritidis 857 by lactobacilli SCS

Collected SCS of lactic acid bacteria were sterilized through a sterile filter (0.22 µm) and
concentrated two-fold by freeze-drying. Since the pH of MRS broth with an overnight culture of
lactobacilli is approximated 4.5, the pH of the SCS from lactobacilli was adjusted to 4.5. MRS
broth was used as a control with pH adjusted to 4.5 with HCl.
Se. 857 was pre-treated (37°C, 1 h) by incubating in 25 ml SCS from lactic acid bacteria, MRS
(pH 4.5) or plain DMEM (pH 4.5 or 7.4) and collected by centrifugation (15 min 1.500g at 37°C).
The bacteria were washed once with 10 ml 0.01 M PBS (pH 7.3) and finally re-suspended in plain
DMEM before infecting the cells.
The number of bacteria was determined before and after the SCS treatments, serial dilutions were
made and the bacteria were grown on LB agar for 24 h at 37 °C.
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3.9.1.3

Collection of the cell culture medium and the Caco-2 cells

After collecting the cell culture medium (10 min 600g at 4°C), the cell monolayers were rinsed
twice with 5 ml PBS (37°C). The monolayers were then incubated for 30 min at 37°C with 5 ml
transfer medium (pH 7.3). Subsequently, the dispersed cells were collected in tubes and washed
twice with 10 ml PBS (0°C). The washing procedure involved centrifugation (10 min 300g at 4°C)
and discarding of supernatants. After the last washing step, the cells were collected by
centrifugation (10 min 600g at 4°C). The collected cell culture supernatants and the cells were then
stored at -70°C until being analysed.

3.9.1.4

Determination of IL-8 secretion by sandwich ELISA

IL-8 concentrations were assayed using the IL-8 CytosetsTM antibody pair kit containing matched,
pre-titered and fully optimized capture and detection antibodies, recombinant standard and
streptavidin-horseradish peroxidase. The assay was done according to the manufacturer’s
specifications. The IL-8 levels were determined using two cell passages and triplicate cultures per
passage.

3.9.2

Determination of heat shock proteins

3.9.2.1

Exposure of Caco-2 cells to non-starter lactobacilli (NSLAB) and their SCS pretreated S. enteritidis 857

1., In the first set of experiments Caco-2 cells were heat shocked in water bath for 1 h at different
temperatures (37-42°C) and then allowed to recover for 6 h at 37°C. Caco-2 cells heat shocked
at 42°C for 1 h in water bath, and then allowed to recover for 6 h at 37°C served as positive
(heat shocked cells) controls and cells maintained for 7 h at 37 °C as negative ones.
2., In the second set of experiments, Caco-2 cells were treated with NSLAB (200 bacteria/cell) and
allowed to recover for 2, 4, 6, 8, 16, or 24 h.
3., In the final set of these kind of experiments the cells were infected with SCS (of non-starter
lactobacilli) pre-treated Se. 857 (100 bacteria/cell, 1 h). In this case the subsequent recovery
period lasted at 2, 4, 6, 8, 16, or 24 h.
In all experiments termination of the exposure to bacteria took place by washing the cells twice
with 5 ml plain DMEMgenta. Caco-2 cells treated under the above described conditions and controls
were analyzed for the expression of Hsp70 by Western blot.
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Figure 10 shows an overview of experiments with NSLAB on Caco-2 cells for determination of
Hsp70.
Figure 10. Overview of experiments carried out on Caco-2 cells (cultured in 25 cm2 flask) with
non-starter lactobacilli, Se. 857 pre-treated with non-starter lactobacilli SCS and
different temperature (37-42 °C) for the determination of Hsp70
2.,NSLAB
(different recovery
time)

1.,Heat shock
(37-42°C)

Caco-2 cells

(cultured in 25 cm2
flask)
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Se. 857 pre-treated
with SCS
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3.9.2.2

Determination of Hsp70 by Western blot

Distilled water (4°C) was added to the collected Caco-2 cells (0.4 ml for crypt- and 1 ml for villuslike) and the mixture was sonicated (0 °C on ice, 30 sec at an amplitude of 24 µm). The protein
content of the resulting sonicates was determined with BCA protein assay reagent kit (Smith et al.,
1985) and found to be equal in all samples. One-third volume of Leammli buffer (3x, pH 6.8), was
added to the protein samples and the mixture was heated (95°C, 5 min). Equal amounts of proteins
(10 µg) were loaded on the slots of 7.5% SDS polyacrylamide gels and were separated using
gelelectrophoresis (100 V, 90 min). A protein ladder was loaded as a molecular weight marker.
The proteins were then transferred to PVDF membrane following the recommendations of the
manufacturer (20 V, overnight). Blocking of the non-specific binding sites on the membrane
occurred by incubating the membrane for 1 hour with 10 ml blocking solution.
After a washing procedure with 50 ml washing buffer, which consisted of two quick washes
followed by three additional ones (1x15 min, 2x5 min) the membrane was incubated for 1 hour
with 2.5 µg of mouse anti-Hsp70 monoclonal antibody in 5 ml blocking solution. After repeating
the above washing procedure, the blots were incubated for 1 hour with 5 µg of goat anti-mouse
IgG alkaline phosphatase secondary antibody in 10 ml blocking solution. The washing procedure
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was repeated again and the blots were incubated for 5 minutes in 10 ml alkaline phosphatase
detection buffer containing 35 µl NBT (100 mg/ml) and 35 µl BCIP (50 mg/ml).
The results of Western blot were analyzed by densitometer and expressed as relative Hsp70 level.

3.10

INVESTIGATION OF THE ADHERENCE OF LACTIC ACID BACTERIA TO
CACO-2 CELLS

Lb. Shirota, Lb. 299v, Lb. 2756, Lb. 2775, and Lb. 2142 were grown as usual. The bacteria culture
was then centrifuged for 15 minutes at 1.500g (20°C). The cell pellets were washed two times with
sterile distilled water and suspended in plain DMEM. Crypt-like (5 day old) and villus-like (19 day
old) Caco-2 cells (grown on 24-well cell culture plate covered with glass coverslip) were treated
with 1 ml appr. 108 CFU/ml bacteria/well and incubated for 1 h at 37°C in a humidified
atmosphere containing 5% CO2. After incubation to determine the number of the attached bacteria
the non-adhering bacteria were removed by washing the cell monolayers twice with 1 ml plain
DMEM. The adherent bacteria cells were obtained, that the Caco-2 cells monolayers were
incubated for 15 min at 37°C with 0.5 ml trypsin medium. Afterwards 0.5 ml DMEM complete
cell culture medium devoid of antibiotics was added to each well. The epithelial cells together with
the adhered bacteria were removed from the well by gentle mixing. The initial and the attached
bacterial number were then enumerated by serial dilution, plating and incubation on MRS agar.
To visualize the attached bacteria on Caco-2 cells, after removing the non-adhering bacteria by
washing, the Caco-2 cells were fixed with 1 ml 10% formaldehyde/PBS/well for 10 min at room
temperature. The cells were stained using Gram-staining kit, examined microscopically under oil
and the bacteria were counted on the fields.

3.11

EFFECT OF SOME SPECIFIC LACTOBACILLI METABOLITES ON CACO-2 P
CELLS

3.11.1 Exposure of Caco-2 P cells to H2O2
3.11.1.1 Determination of interleukin-8
- In the first set of experiments, 14-day old Caco-2 P cells (grown on 24-well cell culture plate)
were exposed to different concentrations of H2O2 (0-2 mM) for 1 h. Hydrogen peroxide was
removed the cells were washed twice with plain DMEMP, and allowed to recover for 24 h. The
supernatants were collected for IL-8 determination 24 h after the treatment. In addition, the cell
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monolayers were washed with PBS (0.01 M, pH 7.3) and fixed with 10% formaldehyde/PBS
solution. The cells were then stained with 10% Giemsa staining.
- In the second set of experiments, Caco-2 P cells were exposed to 1 mM of H2O2 for 1 h.
Hydrogen peroxide was removed and cells were regenerated by washing twice with plain
DMEMP, and then allowed to recover for 0, 2, 4, 6, 7, 16 and 24 h. The supernatants were
collected for IL-8 determination.
- In the third set of experiments, filter-grown Caco-2 P cells were treated apically with different
concentrations of H2O2 (1, 4 and 10 mM) for 1 h, and after washing steps they were allowed to
recover for 0, 2, 4, 6, 7 and 24 h. The apical and basolateral cell culture supernatants were
analysed for IL-8 production.

3.11.1.2

Measurement of transepithelial electrical resistance (TER) and electron microscopic
examination of Caco-2 P cell after exposure to H2O2

Mucosal integrity of polarized Caco-2 P cells grown on polycarbonate, 0.4-µm-pore size tissue
culture inserts in 6-well plates was verified by measuring TER using a Millicell-ERS Volt/Ohm
Meter (Figure 11). This device contained a pair of chopstick electrodes that facilitated the
measurements. Cell monolayers were used for experiments 21 days after seeding and TER was
measured daily. At first, the cells were expoposed to 1, 4 and 10 mM hydrogen peroxide (see
3.11.1.1- third set of experiments) and paralell to IL-8 measurements the changes in TER was also
investigated. TER was calculated on that way, the measured resistance multiplied with the growth
area of the insert (Ohm x cm2). Results are expressed in relative TER units.
For the second time, filter-grown monolayers (apical volume 2 ml, basolateral volume 2 ml) were
equilibrated with plain DMEMP under cell culture conditions. Subsequently, 2 ml of apical
DMEMP was removed and replaced by the same volume of DMEMP containing H2O2. After
exposure to different concentrations of H2O2 (1, 4, 10 and 40 mM) for 1 h, the monolayers were
washed twice with plain DMEMP. Changes in TER were measured during the exposure every 15
min. Samples were taken for scanning electron microscopy at the end of the exposure and
examined at Szent István University, Faculty of Veterinary Science, Department of Pathology and
Forensic Veterinary Medicine.
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Figure 11. Millicell-ERS Volt Ohm Meter for measuring TER

3.11.1.3

Investigation of apoptotic and necrotic cell death

In non-filter grown Caco-2 P (cultured on 24-well cell culture plates with glass coverslips) the cell
death was investigated by two methods. Apoptosis was determined by measuring caspase-3
enzyme activity in cells using caspase-3 detection according to the manufacturer’s instructions.
Necrosis was assayed by DAPI staining of cells. DAPI binds to the nuclei of the cells only after the
membrane becomes permeable.
- In one set of experiments Caco-2 P cells were exposed to 1 mM H2O2 for 1 h. After H2O2 was
removed, the cells were washed with 1 ml plain DMEMP and stained with 1 µg/ml DAPI/PBS
for 15 min at 0, 7 and 24 h after the exposure. Caspase-3 enzyme activity of cells (from 0, 7 and
24 h- samples) was also determined.
- In another set of experiments Caco-2 P cells were exposed to 1 mM H2O2 for up to 24 h. Cells
were stained with 1 µg/ml DAPI/PBS for 15 min at 0, 7 and 24 h of exposure.
After DAPI staining, cells were washed six times with 2 ml PBS. Cells were fixed with 4 % (v/v)
formaldehyde/PBS solution. Until the microscopic analysis, the samples were covered with
glycerol/PBS (3/1) and stored at 5°C.
In filter-grown Caco-2 P the cell death was evaluated by two methods. Necrotic cell death was
studied by DAPI staining following the same staining procedure as described above. The apoptotic
cell death was examined by staining of the cells with the combination of 1 µg/ml annexin V and 1
µg/ml DAPI. In both cases the cells were exposed to 1, 4, 10 and 40 mM hydrogen peroxide for 1
h. In the presence of calcium, annexin V binds rapidly and with high affinity binding to
phosphatidyl serine.
Figure 12 shows the overview of experiments carried out on Caco-2 P cells with H2O2.
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Figure 12. Overview of experiments carried out on Caco-2 P cells (cultured on 24-well cell culture
plates or filter inserts) with H2O2
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Combined effect of Sodium DL-lactate, Sodium-acetate, Sodium-pyruvate and
hydrogen peroxide on Caco-2 P cells; determination of the half maximal
inhibitory concentration (IC50)

5-day old Caco-2 P cells grown in 96-well tissue culture plates were washed twice with 200 µl
plain DMEMP and treated with the combination of sodium DL-lactate (0-277.5 mM) – hydrogen
peroxide (0-11.75 mM); sodium acetate(0-277.5 mM)– hydrogen peroxide(0-11.75 mM) and
sodium pyruvate(0-277.5 mM)– hydrogen peroxide(0-11.75 mM) (all in plain DMEMP) for 48 h.
After treatments the cells were washed with PBS (0.01 M, pH 7.3) and fixed with 10%
formaldehyde/PBS solution. The cells were then stained with 10% Giemsa staining and IC50 was
determined by spectrophotomer at 620 nm.

3.12

STATISTICAL ANALYSIS

For statistical purposes Minitab 13 software (State College PA) were used. Statistical significance
was assessed by one-way analysis of variance (ANOVA). Differences were considered significant
at 95% confidence interval using the Student’s T-test.
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4

RESULTS AND DISCUSSION

The investigations focused on the production of a fermented, non-heat treated vegetable-based
product with probiotic features. The fermentation was carried out with earlier pre-selected three
non-starter lactobacilli strains with low histamine, total amine production (Halász et al., 1999) and
inhibitory effects against several spoilage microorganisms (Halász et al., 2004).
To fulfill some important probiotic criteria, the bacterial strains (i) must propagate well on
vegetable raw material, (ii) have to have fast acidification ability and low hydrogen peroxide
production, (iii) must remain alive after 1 month of storage, their spent culture supernatants (iv)
must have antimicrobial activity against pathogen bacteria, (v) have beneficial effects on the
immune system, (vi) can colonize the intestine and (vii) their metabolites have no harmful effect
on the epithelia.

4.1

PRODUCTION OF FERMENTED RED BEET JUICE

4.1.1 Growth of non-starter lactobacilli in red beet juice
Red beet juices were fermentable by all the three non-starter lactobacilli strains. The viable cell
count increased from the initial 1-2x106 CFU/ml level to 7x108 CFU/ml. No significant
differences could be detected between the strains after 5 days of fermentation (Figure 13).
During the storage period (28 days) the cell counts decreased in the case of Lb. 2142 to the initial
level (2x106 CFU/ml), but in case of the other two strains more bacteria were alive as the viable
cell count was found between 107-108 CFU/ml (Figure 14). All the three NSLAB strains were
propagated well in red beet juice during the fermentation and after 28 days of storage they were
still present in high number.
Figure 13. Growth of non-starter lactobacilli in red beet juice at 25 °C
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Figure 14. Viable cell numbers in red beet juice at the end of the fermentation (day 5, at 25 °C)
and the storage period (day 28, at 5 °C)
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4.1.2

Changes of pH in red beet juices and lactic acid formation of non-starter lactic acid
bacteria during fermentation

The changes of pH in red beet juice fermented with non-starter lactobacilli were measured during
the fermentation. The results after 5 days of fermentation are shown in Table 3. Control means the
red beet juice without lactobacilli fermentation.
At the end of the incubation period (day 5) pH dropped from the initial 6.2 to around 3.6-3.8 in
case of all the three lactobacilli strains. The pH of control also decreased during the fermentation
from 6.2 to 5.46. This shows that spontaneously fermentation have already started in the red beet
juice.
Table 3. The pH in red beet juice fermented with non-starter lactobacilli at 25 °C
pH

Fermentation
(day)

Lb. 2756

Lb. 2775

Lb. 2142

Control

0

6.23±0.05

6.16±0.05

6.22±0.03

6.2±0.02

5

3.82±0.02 *

3.55±0.04 *

3.85±0.04 *

5.46±0.03

The mean of the two experiments are indicated. * There were significant differnce (p<0.05) in pH in case of all
lactobacilli compared to control after 5 days.
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The D(-)lactic acid and L(-)lactic acid content of red beet juice fermented with non-starter
lactobacilli was measured at the end of the fermentation (day 5).
The total lactic acid content of red beet juices was below 1 mM in case of all the tree lactobacilli
strains. They produced about 1.5-1.6 times more D(-) lactic acid than L(+) lactic acid (Table 4).
Table 4. Lactic acid content (mmol/l) of red beet juices fermented with non-starter lactobacilli on
day 5 of fermentation
Lactic acid

Amount of lactic acid (mM)
Lb. 2756

Lb. 2775

Lb. 2142

∑ lactic acid

0.91±0.05

0.83±0.04

0.94±0.05

D(-) lactic acid

0.54±0.02

0.51±0.02

0.58±0.01

L(+) lactic acid

0.37±0.03

0.32±0.02

0.36±0.04

D/L lactic acid ratio

1.46

1.59

1.61

The mean of the two experiments are indicated, there were no significant differences between the strains.

4.1.3 Hydrogen peroxide production of non-starter lactobacilli
All the three non-starter lactobacilli produced small amount of hydrogen peroxide (< 0.04 mM)
during 72 h of storage in sodium phosphate buffer at 5 °C (Figure 15). A linear time-course
induction of hydrogen peroxide was detectable. Between the strains Lb. 2142 produced
significantly the highest amount of hydrogen peroxide after 72 h (0.034±0.003 mM).
Figure 15. Hydrogen peroxide production of non-starter lactobacilli propagated in MRS broth for
24 h at 30 °C then suspended and stored in sodium phosphate buffer for 72 h at 5°C
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* Significant differences (p<0.05) between Lb. 2142 and the two other strains was found in the 48 and 72 h of storage.
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4.1.4 Antimicrobial activity of lactobacilli spent culture supernatant (SCS) against S.
enteritidis 857

Halász and coworkers (2004) found that the spent culture supernatants of the investigated three
non-starter lactobacilli strains were effective in the inhibition of the growth of Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecalis and even Lb. 2775 suppress the growth of
Aspergillus parasiticus 1039. For the extension of the possible inhibitory activity of the spent
culture supernatant of non-starter lactobacilli, the possible inhibitory effect was investigated
against pathogen bacteria, Salmonella enteritidis 857 too. The agar well diffusion method was used
in the experiments. The possible inhibitory effects of NSLAB strains were compared to the effects
of known probiotic strains (Lb. Shirota, Lb. 299v) and the width of the inhibition zones were
measured.

Table 5. Inhibition of S. enteritidis 857 growth by SCS of lactic acid bacteria
Treatment

a

Width of the inhibition zone (mm)

MRS broth (control, pH 6.8)

2.7 ± 0.8

MRS broth (pH 4.5)

8.3 ± 1.7a

SCS Lactobacillus casei Shirota (pH 4.5)

17.5 ± 1.2a,b

SCS Lactobacillus plantarum 299v (pH 4.5)

18.5 ± 1.4a,b

SCS Lactobacillus casei subsp casei 2756
(pH 4.5)
SCS Lactobacillus curvatus 2775
(pH 4.5)
SCS Lactobacillus plantarum 2142
(pH 4.5)

16.3 ± 0.3a,b
13.8 ± 0.8a,b
15.9 ± 1.0a,b

Indicates a significant difference (p<0.05) between the inhibition zones for holes containing MRS broth (pH 4.5) or
SCS from lactobacilli and the control (MRS broth, pH 6.8) and b between those containing SCS and MRS broth (pH
4.5).

The results of the agar well diffusion assay clearly showed that the spent culture supernatants from
all the five lactic acid bacteria strains inhibited the growth of Se. 857 better, than MRS broth (pH
4.5) alone. The width of the inhibition displayed by MRS broth (pH 4.5) was significantly smaller
than the SCS-induced ones. Compared to these findings the spent culture supernatants from the
bacteria resulted 5-6-fold wider ring in the growth inhibition of pathogen. Spent culture
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supernatant of the probiotic bacteria Lb. 299v caused the largest inhibition zone, but this was only
slighter higher compared to the width of inhibition zones caused by SCS from non-starter
lactobacilli.
Figure 16 shows an example of inhibition zone caused by SCS of Lb. 2775.

Figure 16. Inhibition zone of Lb. 2775 against S. enteritidis 857

There is an increasing consumer claim to replace the use of chemical additives in foods
to natural, food-grade inhibitory agents, such as produced by lactic acid bacteria. The preservative
effect of lactobacilli is a result of a combination of several factors, where the production of organic
acids is the most important. The rate of pH decrease is also of great importance, as the low pH
minimizes the growth of spoilage bacteria, especially at the beginning of fermentation. In all
lactofermented food there is an attempt to reduce the amount of D(-) lactic acid to minimum level
and use starter culture producing higher amount of L(+) lactic acid. According to Buckenhüskes
and Gierscner (1987) in lactofermented vegetable juices it is preferable that the ratio of D/L
isomers is lower than 1.5.
If a starter lactobacilli strain produces high amount of H2O2, it can lead to the decolorization of red
beet pigments, so the sensoric properties of the product will deteriorate. Jaroni and Brashears
(2000) reported that the investigated lactic acid bacteria produced maximum 0.23 mM hydrogen
peroxide.
In our experiments all the three non-starter lactobacilli were able to grow in red beet juice and
after 28 days of storage the bacteria were still alive (2x106-108 CFU/ml). No decolorization was
visible in the product after 28 days of storage and the taste was enjoyable. In respect of D/L isomer
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ratio it should be under 1.5 and only Lb. 2756 fulfilled this requirement. In case of red beet juices
fermented with Lb. 2775 and Lb. 2142, the ratio of D/L isomer was only slightly higher than 1.5.
The results show that for the production of fermented red beet juice, selection of the appropriate
strains is of special importance to get a product with favourable sensoric features, low biogenic
amine content (Halász et al., 1999), advantageous D/L lactic acid ratio and high viable lactobacilli
level with extended shelf life without pasteurization. Although the investigated lactobacilli strains
produced lower amount of L(+) lactic acid, all the three non-starter lactobacilli strains can fulfill
the goals above.
Numerous strains of lactic acid bacteria that are associated with food systems have antimicrobial
activity against Gram-positive pathogenic and spoilage bacteria as well as yeast (Cintas et al.,
1995; Atanassova et al., 2003). The NSLAB of raw milk have been suggested as a source of new
strains of LAB with the potential to inhibit undesirable microflora, for use in the biopreservation of
cheese. The antibacterial activity of LAB may also partially explain their protective in vivo effect.
We demonstrated that the sudied NSLAB strains inhibited the growth of Se. 857, as well as the
probiotic ones. The inhibition of pathogen by SCS of lactic acid bacteria is partly due to the pH
effect, but probably bacteriocin or minor metabolits produced by lactobacilli add to the effect. The
detailed analysis of SCS needs further research to find the component(s) next to organic acid
which are responsible for the growth inhibition.

4.2 EFFECT OF LACTOBACILLI AND THEIR SPENT CULTURE SUPERNATANTS
ON THE IMMUNE SYSTEM

The effects of non-starter lactic acid bacteria (Lb. 2756, Lb. 2775 and Lb. 2142) on interleukin-8
and heat shock protein 70 production by enterocyte-like Caco-2 cells were investigated and the
interleukin-8 results were compared to the effect exerted by known probiotic lactic acid bacteria
(Lb. Shirota and Lb. 299v).
The possible protective role of lactobacilli on the immune system against S. enteritidis 857 was
also investigated with pre-or co-incubation of Caco-2 cells with the lactobacilli and the pathogen.
In addition the influence of S. enteritidis 857 pre-treated with the spent culture supernatant from
non-starter lactic acid bacteria on interleukin-8 synthesis and heat shock protein 70 production by
Caco-2 cells were also studied and the interleukin-8 results were compared to the effect exerted by
probiotic lactic acid bacteria.
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4.2.1 Growth kinetics of lactobacilli and changes of pH in their growth medium
One is the most important mechanism of probiotics is the immune stimulation. As the three
NSLAB strains showed promising results in the vegetable fermentation, their possible beneficial
effect on the immune system were tested. First the growth kinetics of bacteria and the changes of
pH of growth medium during the propagation were determined because it was necessary for the
exposition of Caco-2 cells with the certain number of bacteria.
Figure 17. Growth curve of Lb. Shirota, Lb. 299v, Lb. 2756, Lb. 2775 and Lb. 2142 propagated in
MRS broth
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Figure 18. Changes of pH during the propagation of lactic acid bacteria in MRS broth
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The growth kinetics of Lb. Shirota and Lb. 299v were found to be similar to each other. After a
very short stationary phase the number of probiotic bacteria started to decrease compared to those
of non-starter lactobacilli strains (Figure 17). After 24 h of incubation the cell number of the five
LAB strains varied between 2-8x109. No significant difference was found between the five LAB
strains when the changes of growth medium pH were investigated during the propagation of LAB.
The initial pH 5.37 decreased to pH 3.59-3.72 after 48 h of incubation (Figure 18). The probiotic
lactic acid bacteria seemed to tolerate the growing acid concentration in the medium slightly
worse, than the non-starter Lb. 2756, Lb. 2775 and Lb. 2142 strains. After 48 h of incubation the
cell numbers of probiotic bacteria were lower than 109 CFU/ml while the cell numbers of NSLAB
were higher than109 CFU/ml.

4.2.2 Interleukin-8 production by Caco-2 cells exposed to lactic acid bacteria or
S. enteritidis 857
The effects of lactic acid bacteria on the immune system was investigated for two cell types (cryptor villus-like Caco-2 cells) by the function of the cell concentration and the time. The effect of
lactic acid bacteria on IL-8 production of Caco-2 cells were compared to the secretion of IL-8
caused by S. enteritidis 857.

4.2.2.1

Dose-dependent induction of IL-8 in Caco-2 cells after exposure to bacteria

In this type of experiments Caco-2 cells were exposed to 1, 2, 10, 20, 100, or 200 bacteria/cell for
1 hour and after 24 hours of recovery, the cell culture medium was collected for IL-8
determination. Higher number of bacteria (1000 bacteria/cell) caused the detachment of Caco-2
cells from the bottom of the cell culture flask, so 200 bacteria/cell was applied as maximum
number of bacteria.
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Figure 19. Dose-dependent induction of IL-8 synthesis in crypt-like (A) and villus-like (B) Caco-2
cells after exposure to lactic acid bacteria and S. enteritidis 857
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* Significant differences (p<0.05) between the IL-8 levels of cells exposed to S. enteritidis 857 and cells
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As it is shown in Figure 19 exposure of Caco-2 cells to graded numbers of bacteria (1, 2, 10, 20,
100 and 200 bacteria/ cell) for 1 h, resulted in a linear dose-dependent production of IL-8. A
significant increase in the IL-8 levels in comparison to control cells was exhibited differently with
the lactic acid bacteria and the pathogen. Already on exposure to low numbers of Se. 857 (1
Se/cell) the levels of IL-8 secretion increased rapidly and reached the highest values after
incubation with 2 or 10 Se/cell for crypt (532 pg/106 cells) - or villus-like cells (1677 pg/106 cells)
respectively. When the number of Se. 857 were further increased up to 200 Se/cell, the levels of
IL-8 remained approximately constant. Already 2-10 Se/cell reached the maximum capacity of
61

Caco-2 cells, so further increase of the number of Se. 857 did not result in further increase of IL-8.
By contrast, low number of either probiotic or non-starter lactic acid bacteria (1-20 bacteria/cell)
had little or no effect at all on IL- 8 production by both crypt- and villus-like cells. Higher number
(100-200 bacteria/cell) of lactobacilli induced a slight linear dose-dependent production of IL-8 by
Caco-2 cells. Lb. Shirota induced lower levels of IL-8 (70 pg/106 cells) than Lb. 299v (108 pg/106
cells) at 100-200 bacteria/crypt-like cells and 200 probiotic lactic acid bacteria/villus-like cells.
To see the differences between the effects of investigated NSLAB strains on IL-8 synthesis of
Caco-2 cells, on Figure 20 only those IL-8 levels are indicated which was induced by NSLAB.
Figure 20 clearly shows, that low numbers of Lb. 2775 and Lb. 2142 (1-20 bacteria/cell) also only
slightly affected the IL-8 synthesis while higher numbers (100-200 bacteria/cell) induced a
significant increase in crypt-and villus-like Caco-2 cells. The induction was the highest when the
cells were exposed to 200 bacteria/cell. In contrast, already low numbers of Lb. 2756 (1
bacteria/cell) induced a significant increase in the levels of IL-8 synthesis above those of the
control cells. This increase reached the highest values after incubation with 100 bacteria/cell. The
levels of IL-8 induced by Lb. 2756 in these crypt-like Caco-2 cells were significantly higher (104
pg/106 cells) than those of Lb. 2775 and Lb. 2142 at any concentration tested. This difference could
not be observed between the strains in villus-like cells. Compared to the Salmonella-induced IL-8
production, the levels of IL-8 induced by lactic acid bacteria at any equivalent bacterial numbers
were far lower (one tenth) than those induced by Se. 857.
Figure 20. Dose-dependent induction of IL-8 synthesis in crypt-like (A) and villus-like (B) Caco-2
cells after exposure to NSLAB
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4.2.2.2

Time-course induction of IL-8 synthesis in Caco-2 cells after exposure to bacteria

In these experiments Caco-2 cells were exposed to 200 bacteria/cell for 1 hour. After recovery for
4, 8, 16, or 24 hours, the culture medium was collected for IL-8 determination.
As Figure 21 shows, when both Caco-2 cell types were treated with Se 857, the IL-8 levels were
already significantly higher after 4 h of recovery compared to IL-8 levels resulted either by the
probiotic or NSLAB strains, and increased during the recovery time. The levels peaked at 16 h and
remained constant in crypt-like cells, but kept increasing throughout the recovery time in villuslike Caco-2 cells. Compared to the expression levels of IL-8 induced by lactobacilli at 24 h
exposure of Caco-2 cells to Se. 857 increased these levels about five-fold at this time point.
Exposure of Caco-2 cells to probiotic or non-starter lactic acid bacteria resulted in a gradual
increase of IL-8 levels and reached their highest levels after 24 h. The differences between the IL-8
levels resulted by the NSLAB can be observed in Figure 22.
Compared with the unexposed Caco-2 cells (control) exposure to NSLAB resulted in a gradual
increase of the IL-8 levels that became significant after 16 hours of recovery in crypt-like cells and
after 8 hours in villus-like cells.
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Figure 21. Time-course induction of IL-8 synthesis in crypt-like (A) and villus-like (B) Caco-2
cells after exposure to lactic acid bacteria and S. enteritidis 857
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* Significant differences (p<0.05) between the IL-8 levels of cells exposed to S. enteritidis 857 and cells
exposed to lactic acid bacteria are indicated.
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Figure 22. Time-course induction of IL-8 synthesis in crypt-like (A) and villus-like (B) Caco-2
cells after exposure to NSLAB
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4.2.2.3

Effect of probiotic lactic acid bacteria on S. enteritidis 857-induced IL-8 synthesis
by Caco-2 cells

In these types of experiments Caco-2 cells were either pre-incubated with the probiotic lactobacilli
followed by exposure of pathogen or treated in the same time with probiotic lactobacilli and
pathogen (co-incubation).

4.2.2.3.1

Pre-incubation of Caco-2 cells with probiotic lactic acid bacteria

The effect of probiotic lactic acid bacteria on IL-8 production of cells induced by the pathogen was
investigated. Caco-2 cells were pre-incubated with Lb. Shirota and Lb. 299v (200 bacteria/cell) and
subsequently exposed to different number of Se. 857 (0-200) without removal of the lactobacilli.
After 24 hours of recovery the cell culture medium was collected for IL-8 determination.
As Figure 23 shows Lb. Shirota and Lb. 299v did not affect the pattern of IL-8 synthesis induced
by Se. 857 in both crypt-and villus-like Caco-2 cells. This pattern was similar to that observed
when Caco-2 cells were exposed to Se. 857 alone. The levels of IL-8 produced in response to
either Lb. Shirota or Lb. 299v alone were raised further after combined exposure with Se. 857. In
crypt-and villus-like cells, the secreted IL-8 levels rapidly increased on combined exposure with
Se. 857 (1 Se/cell) and reached their highest levels at 2 Se/crypt-like cell (540 pg/106 cells) or 10
Se/villus-like Caco-2 cell (1750 pg/106 cells). With further increasing number numbers of Se. 857
the levels of IL-8 remained approximately constant.
Figure 23. Dose-dependent induction of IL-8 synthesis by Se. 857 in crypt-like (A) and villus-like
(B) Caco-2 cells after pre-incubation with Lb. Shirota and Lb. 299v
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There were no significant differences (p<0.05) among the IL-8 levels in case of either bacteria treatment.

4.2.2.3.2

Effect of co-incubation of probiotic lactic acid bacteria and Se. 857 on IL-8
synthesis by Caco-2 cells

Caco-2 cells were exposed to Lb. Shirota and Lb. 299v (200 bacteria/cell) co-incubated with Se.
857 (100 bacteria/cell). After recovery for 4, 8, 16, or 24 hours, the culture medium was collected
for IL-8 determination.
Exposure of Caco-2 cells to Se. 857 alone or in co-incubation with either Lb. Shirota or Lb. 299v
yielded a common pattern of IL-8 production with little or no effect at all of probiotic bacteria on
Se. 857-induced IL-8 production in enterocyte-like Caco-2 cells. So neither the pre-incubation nor
the co-incubation resulted in the reduction of high levels of IL-8 caused by Se. 857 (Figure 24).
As the potential probiotic LAB strains did not have influence on the IL-8 pattern of Caco-2 cells
caused by Se. 857, hence we assumed that NSLAB act on the same way, and so we investigated
further the effect of their spent culture supernatant.
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Figure 24. Time-course induction of IL-8 production in crypt-like (A) and villus-like (B) Caco-2
cells by Lb. Shirota and Lb. 299v co-incubated with S. enteritidis 857

IL-8 (pg/10 6 cell)

2000

Lb. Shirota+Se. 857

A

Lb. 299v+Se. 857
Se. 857

1500
1000
500
0
4

8

16

24

Recovery time (hours)

Lb. Shirota+Se. 857

2000

IL-8 (pg/10 6 cells)

B

Lb. 299v+Se. 857
Se. 857

1500

1000

500

0
4

8

16

24

Recovery time (hours)

There were no significant differences (p<0.05) among the IL-8 levels in case of either bacteria treatment.

4.2.2.4

Inhibition of S. enteritidis 857-induced IL-8 production by spent culture supernatant
(SCS) of lactic acid bacteria

Caco-2 cells were exposed to Se. 857 (100 bacteria/cell). Before exposure, the pathogen bacteria
were pre-treated in either SCS of lactic acid bacteria, MRS broth or plain DMEM. After a recovery
period of 2, 4, 6, 8 or 24 hours, the culture medium was collected for IL-8 determination. The pH
of SCSs, MRS and plain DMEM were adjusted to 4.5 with HCl. Se. 857 pre-treated with plain
DMEM (pH 7.4) served as positive control and untreated Caco-2 cells as negative control.
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Figure 25. Inhibition of S. enteritidis 857-induced IL-8 production by spent culture supernatant
(SCS) of lactobacilli in crypt-like (A) and villus-like (B) Caco-2 cells
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* Significant differences (p<0.05) between the IL-8 levels of cells exposed to S. enteritidis 857 pre-treated with
plain DMEM (pH 7.4) and those pre-treated with spent culture supernatant of lactic acid bacteria are indicated.
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Figure 26. Influence of the pH of MRS broth and DMEM cell culture medium on IL-8 synthesis by
crypt-like (A) and villus-like (B) Caco-2 cells
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* Significant differences (p<0.05) between the IL-8 levels of cells exposed to S. enteritidis 857 pre-treated with plain
DMEM (pH 7.4) and those pretreated with MRS (pH 4.5) and DMEM (pH 4.5) are indicated.

Figure 25 shows a marked decrease in Se. 857-induced IL-8 secretion when the Caco-2 cells were
infected with Se. 857 pre-treated with SCS from lactobacilli.
It was observed that the IL-8 levels decreased in both crypt-and villus-like Caco-2 cells throughout
the recovery period (2-24 hours) when Caco-2 cells were treated with lactobacilli SCS pre-treated
Se. 857.
In case of SCS of probiotic bacteria, at 4 h of recovery, in crypt-like cells the IL-8 levels were
about one seventh of the cells exposed to Se. 857 pre-treated with plain DMEM (pH 7.4). The most
conspicuous decrease of IL-8 levels in villus-like cells was observed after 2 h of recovery. At this
timepoint the IL-8 levels were one tenth (83 pg/106 cells) compared to the cells infected with plain
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DMEM (pH 7.4)-treated pathogen (875 pg/106 cells). The IL-8 decreasing activity of SCS from
Lb. Shirota and Lb. 299v was found to be the same.
When Caco-2 cells were infected with Se. 857 pre-treated with SCS of Lb. 2756, Lb. 2775, or Lb.
2142, respectively, a significant decrease in Se. 857-induced IL-8 synthesis was also observed.
After 2 h of recovery, in crypt-like cells the IL-8 levels were about 2-3-fold lower and in villuslike cells 4-13-fold lower, than in cells exposed to S. enteritidis 857 pre-treated with plain DMEM
(pH 7.4). Differences were found between the non-starter lactobacilli in villus-like cells where the
SCS of Lb. 2756 lowered the IL-8 to the greatest extent. The IL-8 levels of both crypt- and villuslike cells exposed to lactobacilli SCS pre-treated Se. 857 steadily increased in a time dependent
manner. The SCS-s of all the five lactic acid bacteria strains decreased the pathogen-induced high
IL-8 levels.
It was found that Se. 857 pre-treated with MRS (pH 4.5) also lowered the IL-8 levels significantly.
However, compared to the effect of spent culture supernatant of lactic acid bacteria, the IL-8
decreasing activity was much smaller. Variations in pH (4.5-7.4) of plain DMEM had not got any
effect on IL-8 secretion by Caco-2 cells (Figure 26) except in crypt-like cells at the end of the
recovery period.
The initial number of Se. 857 was found 2x108 CFU/ml before the pre-treatments. The 1htreatments of Se. 857 with the spent culture supernatants from lactobacilli resulted in a decrease of
the number of pathogen (1,1-3x107 CFU/ml). Furthermore when Se. 857 were pre-exposed to plain
DMEM (pH 4.5 or 7.4) for 1 h the number of Se. 857 remained unchanged but decresed from
2x108 CFU/ml to 6x107 CFU/ml when it was pre-treated with MRS (pH 4.5). That means that we
did not expose the Caco-2 cells to 100 Se. 857/cell after the pre-treatments with SCS but only with
appr. 10 Se. 857/cell and with appr. 30 Se. 857/cell after the pre-treatment with MRS (pH 4.5).
Aware of the data that 10 Se. 857/cell resulted in such high IL-8 production in Caco-2 cells as 100
Se. 857/cell we can state that the decrease of IL-8 level was not due to the reduction of the number
of Se. 857.

4.2.3 Effect of heat, NSLAB and their SCS on the expression of Hsp70 in Caco-2 cells
Since the expression of Hsp70 is associated with the protection of intestinal epithelial cells, the
NSLAB or their SCS were investigated whether they could modify the expression of Hsp70 in
Caco-2 cells. Before investigating the heat shock gene expression by NSLAB in enterocyte-like
Caco-2 cells, the capability of the cells to respond to heat was determined.
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4.2.3.1

Expression of Hsp70 in Caco-2 cells after exposure to heat (37-42 °C)

Exposure of crypt-like and villus-like Caco-2 cells to a temperature shock was found to induce the
expression of Hsp. A temperature-effect relationship was observed for both cell types (Figure 2728). Compared to control cells maintained at 37 °C, which expressed constitutive levels of Hsp70,
the level of Hsp70 at 42 °C in Caco-2 cells had increased significantly. In case of crypt-like Caco2 cells a 2.7-fold increase was achieved in the level of expression for Hsp70 and in case of villuslike cells the expression level for Hsp70 increased 2.3-fold. When Caco-2 cells were exposed to 43
°C, distinct indications of cell death was observed and the level of heat shock response was even
lower than at 40 °C (data not shown). For comparison purposes, heat shocked cells (1 h exposure
at 42 °C; 6 h recovery at 37 °C) were used as positive controls and those maintained for 7 h at 37
°C as negative ones (Labelled as C: Negative control cells and HS: positive control cells, heat
shocked).
Figure 27. Expression of Hsp70 in Caco-2 cells after exposure to heat (37-42 °C)
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Figure 28. Relative Hsp70 levels in crypt-like (A) and villus-like (B) Caco-2 cells after exposure to
heat (37-42 °C)
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* Significant differences (p<0.05) between the Hsp70 levels of cells exposed to 38-42 °C and control cells (exposed to
37 °C) are indicated.
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4.2.3.2

Kinetics of the expression of Hsp70 in Caco-2 cells after exposure to NSLAB

Exposure of Caco-2 cells for 1 hour to non-starter lactobacilli resulted in a time-dependent
increase of Hsp70 levels in both crypt- and villus-like Caco-2 cells (Figure 29-30). At 24 h after
recovery from exposure to Lb. 2756, Lb. 2775, or Lb. 2142, the relative levels of expression of
Hsp70 in these cells amounted to two-third of the levels in heat shocked cells.
In crypt-like cells the relative levels of Hsp70 increased in time-dependent manner in case of all
the three NSLAB. Lb. 2775 induced the highest levels of Hsp70 in Caco-2 cells already 6 h after
the exposure. At 16 h after recovery from exposure to NSLAB, the relative Hsp70 levels were
significantly higher compared to negative control cells. Comapring the effect of non-starter
lactobacilli on Hsp70 expression by Caco-2 cells, Lb. 2756 induced slightly lower levels of Hsp70.
In villus-like Caco-2 cells also Lb. 2775 induced the highest levels of Hsp70 in Caco-2 cells but
already 2 h after the exposure. At 8 h after recovery from exposure to NSLAB, the relative Hsp70
levels were significantly higher compared to negative control cells and it remained significantly
higher during the recovery period. Lb. 2756 induced lower expression of Hsp70 by Caco-2 cells.
In villus-like Caco-2 cells the expression of Hsp70 induced by NSLAB started earlier compared to
crypt-like Caco-2 cells.
Figure 29. Expression of Hsp70 in Caco-2 cells after exposure to Lb. 2756 (A), Lb. 2775 (B) and
Lb. 2142 (C) [different recovery time 2-24 h]
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Figure 30. Realtive Hsp70 levels in crypt-like (A) and villus-like (B) Caco-2 cells after exposure to
Lb. 2756, Lb. 2775 and Lb. 2142
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* Significant differences (p<0.05) between the Hsp70 levels of cells exposed to non-starter lactobacilli and control
cells are indicated.

4.2.3.3

Expression of Hsp70 in Caco-2 cells after exposure to S. enteritidis 857 pre-treated
with SCS from NSLAB

When the cells were exposed for 1 hour to Se. 857 pre-treated with SCS from non-starter
lactobacilli, the induction of the expression of Hsp70 could be observed in both crypt- and villuslike Caco-2 cells (Figure 31-32). In the crypt-like cells the relative level of expression appeared to
be time-dependent and to reach their highest levels 24 hours after recovery from exposure (Figure
32A). At these time points the relative level of expression of Hsp70 almost matched the level of
expression of this protein in heat shocked cells. The expression of Hsp70 in the villus-like cells
was different. At 2, 4, 6 and 8 hours after recovery an initial significant increase in the relative
expression of Hsp70 could be observed in the villus-like cells exposed to Se. 857 pre-treated in
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SCS of Lb. 2756, Lb. 2775 and Lb. 2142 (Figure 32B). After this Hsp70 peak the levels of Hsp70
started to decline, but remained higher than those of the control cells (37°C). When crypt-or villuslike Caco-2 cells were exposed to Se. 857 pre-treated with DMEM (pH 7.4 or 4.5) or MRS broth
(pH 4.5) there was no change in the induction of Hsp70 expression compared to control cells after
24 h of recovery (Figure 33-34).

Figure 31. Expression of Hsp70 by Caco-2 cells after exposure to S. enteritidis 857 pre-treated
with SCS from Lb. 2756 (A), Lb. 2775 (B) and Lb. 2142 (C)
[different recovery time: 2-24 h]
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Figure 32. Relative Hsp70 levels in crypt-like (A) and villus-like (B) Caco-2 cells after exposure to
S. enteritidis 857 pre-treated with SCS from Lb. 2756, Lb. 2775 and Lb. 2142
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* Significant differences (p<0.05) between the Hsp70 levels of cells exposed to S. enteritidis 857 pre-treated with SCS
of non-starter lactobacilli and control cells are indicated.

Figure 33. Expression of Hsp70 by Caco-2 cells after exposure to S. enteritidis 857 pre-treated
with DMEM (pH 7.4 and 4.5) or MRS (pH 4.5) [Recovery time: 24 h]
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Figure 34. Relative Hsp70 levels in crypt-like (A) and villus-like (B) Caco-2 cells after exposure to
S. enteritidis 857 pre-treated with DMEM (pH 7.4 and 4.5) or MRS (pH 4.5)
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There were no significant differences (p<0.05) between the relative Hsp70 levels induced by the pre-treated Se. 857
and control cells.
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4.2.3.4

Correlation between IL-8 and Hsp70 induced by S. enteritidis 857 pre-treated with
SCS of non-starter lactobacilli in Caco-2 cells

As one of the possible mechanism by which lactobacilli exert their beneficial effect to the host is
that their spent culture supernatants down-regulate the pathogen induced IL-8 production and
trigger Hsp70 expression. Figure 35 gives an example of the changes of IL-8 and Hsp70 level,
when crypt-like Caco-2 cells were exposed to Se. 857 pre-treated with SCS of Lb. 2142.
In crypt-like Caco-2 cells during the recovery time the induction of the relative Hsp70 level was
time-dependent. 24 h after the treatment the relative Hsp70 level increased with 120% compared to
the level exerted by the control cells. Whereas the SCS of Lb. 2142 decreased the Se. 857 induced
high IL-8 level especially at the beginning of the recovery. After 2 h of recovery the IL-8 reduced
with 70 %. In case of SCS of Lb. 2756 and Lb. 2775 the kinetics of IL-8 and Hsp70 production
were similar to that was observed at SCS of Lb. 2142.
In villus-like Caco-2 cells the expression of Hsp70 by Se. 857 pre-treated with SCS from nonstarter lactobacilli was mainly strain dependent and so the connection between the induction of
Hsp70 and the down-regulation of IL-8 was not that unambiguous as in crypt-like Caco-2 cells.
SCS of Lb.2142 was found the most effective in the induction of Hsp70 and the decrease of IL-8
level. The correlation coefficient between the IL-8 and Hsp70 is: -0.98186. This means a very
strong negative correlation.
Figure 35. Effect of Se. 857 pre-treated with SCS of Lb. 2142 on IL-8 production and Hsp70
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Cytoprotective properties of Lactobacillus displayed in the intestinal epithelium have been
demonstrated in many recent studies. The ability to stimulate the host’s non-specific immunity, to
suppress the inflammatory cytokines (TNF-α), to impede the invasion and to inhibit the promoted
cellular injuries and intracellular lifestyle of pathogens are established probiotic beneficial
features. The influence of Se. 857, the three non-starter- (Lb. 2756, Lb. 2775 and Lb. 2142) and
two probiotic lactobacilli strains (Lb. Shirota and Lb. 299v) on IL-8 synthesis of crypt-and villuslike Caco-2 cells were investigated. The effects of two probiotic strains on Se. 857-induced IL-8
synthesis were also investigated. In addition the influence of the spent culture supernatant of five
lactobacilli strains on Se. 857 induced IL-8 synthesis was tested. Furthermore the action of
NSLAB and their SCS on Hsp70 expression by Caco-2 cells was studied. These non-starter
lactobacilli are among the most frequently used bacteria in cheese to enhance flavour intensity and
to accelerate cheese ripening (Corsetti et al., 1998; McSweeney et al., 1993). Their effect on the
human body was not investigated by these researchers.
The IL-8 production is an instant local defensive inflammatory response against various potentially
harmful intestinal pathogens. IL-8 is pivotal to and governs the progress of most local intestinal
inflammations. It attracts and activates neutrophils at the site of infection to combat the pathogens.
Persistent secretion of IL-8 that leads to neutrophil infiltration often causes chronic inflammation
and may subsequently culminate into epithelial cell damage (McCafferty and Zeitlin, 1989). These
effects can be avoided by down-regulation of IL-8 synthesis at some stages when the inflammation
is resolved. In fact, chronic inflammations characterised by high levels of IL-8 such as
inflammatory bowel diseases are cured by interventions that decrease the levels of IL-8. The actual
mechanism of Lactobacillus probiotics used in the treatment of such disorders is enigmatic.
The results showed that exposure of enterocyte-like Caco-2 cells to either probiotic or non-starter
lactic acid bacteria induce a modest IL-8 synthesis. The levels of IL-8 induced by the five
investigated lactobacilli strains were significantly lower when compared to those induced by Se.
857. Indeed, the highest levels induced after 24 h were just slightly higher than those of control
cells, alluding that they might be within the range of constitutive expression responsible for the
normal immune surveillance in vivo. The probiotic lactobacilli strains were incapable of
modulating the pathogen-induced IL-8 production in Caco-2 cells. In any case when Caco-2 cells
were treated with Se. 857 in the presence of probiotic lactobacilli, the patterns of IL-8 observed
were similar to that induced by Se. 857 alone. Although Lb. Shirota does reduce both adhesion and
invasion of Se. 857 in Caco-2 cells to more than 50 % (Hendriks et al., 2001), the data of pre-and
co-incubation experiments suggest that this reduction does not benefit from Se. 857-induced IL-8.
This could be due to the remaining number of Se. 857 invading the cells. Even the lowest number
of pathogen (1 Se/cell) induced significant production of IL-8. As the probiotic lactobacilli were
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unable to reduce the Se. 857 induced high IL-8 levels, we assumed that NSLAB act on the same
way, and so we investigated further the effect of their SCS.
Exposure of Caco-2 cells to Se. 857 pre-treated with the SCS of any lactic acid bacteria strains
resulted in a marked inhibition of IL-8 synthesis. Pre-treatment of Se. 857 with lactobacilli SCS
(pH 4.5) most likely dissociates the flagella. Since flagellin is an important stimulus for epithelial
IL-8 secretion because of its ability to activate Toll-like receptor 5 (Huang et al., 2004), these
partly aflagellated bacteria do not equally effective synthetize IL-8 as the flagellated ones. Part of
the IL-8 decreasing activity appeared to be pH dependent, because cells pre-treated with MRS
broth at pH 4.5 significantly lowered the IL-8 levels. However, compared to the SCS treatment the
effect on the IL-8 levels was much smaller. These results are consistent with the observation that
SCS of Lb. acidophilus inhibit S. typhymurium-induced IL-8 production by Caco-2 cells
(Coconnier et al., 2000). This activity of SCS appeared to be independent of lactic acid production
(Bernet-Camard, 1997). Recently, several strains of Lb. rhamnosus and Lb. delbrueckii were also
observed to down-regulate IL-8 production in HT-29 cells, an intestinal epithelial cell line
(Wallace et al., 2003). Together with our findings, it appears that inhibition of IL-8 production
may be part of the mechanism by which lactobacilli impart their welfare to the gut. This could
explain their ability to treat intestinal disorders associated with high levels of IL-8.
The expression of Hsp70 by intestinal epithelial cells exposed to Lactobacillus spp. or their
cultivation products had not been studied so extended. An experimental investigation conducted in
the animal models showed that Lactobacillus cultivation products exerted a marked long-term
protection against ischemised rat heart. This effect was attributed to an activation of the cellular
defence system manifested by overexpression of Hsp70 (Oxman et al., 2000). The ability of
enterocyte-like Caco-2 cells to produce the protective Hsp70 under various conditions was
previously demonstrated (Ovelgönne et al., 2000; Malago et al., 2003). We found that non-starter
lactobacilli, and their SCS are capable of inducing Hsp70 expression in the Caco-2 cells. This
response is specific to the bacteria and their SCS since the MRS broth (pH 4.5) or DMEM (pH 4.5
or 7.4) could not induce Hsp70 expression. Because the production of Hsp70 is a protective
response (Malago et al., 2002; Ovelgönne et al., 2000), we suggest that one mechanism for the
beneficial attributes of the non-starter lactobacilli is the ability to induce the expression of Hsp70
by the bacteria and their SCS. The induced Hsp70 could function in the stabilisation of the
cytoskeleton of intestinal epithelial cells after being distorted during adhesion and invasion by
Salmonella (Jepson et al., 1995; Jepson et al., 1996). In turn, this could impede further Salmonella
invasion. Furthermore, since SCS of Lb. casei GG hampered invasion of Caco-2 cells by S.
typhimurium C5 without altering their viability (Hudault et al., 1997), expression of Hsp70 could
protect cells against the viable intracellular bacteria and/or the proinflammatory cytokines they
produce. It has been suggested that the beneficial effects of probiotics in host defence against
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infection include anti-inflammatory properties. These properties involve signalling with the
gastrointestinal epithelium and with mucosal regulatory T-cells (Shanahan, 2000). Probiotics may
also counterbalance epithelial responses to invasive bacteria by regulating the cytokine
transcription factors (Neish et al., 2000). In the latter mechanism of action, Hsps might play an
essential role through their ability to interfere with cytokine production in intestinal epithelial cells
(Malago et al, 2002).
The exact way in which probiotics may achieve their effects is still uncertain. However,
lactobacilli are capable of preventing the adherence, establishment, replication, and pathogenic
action of specific enteropathogens (Saavedra, 1995). A number of mechanisms have been
proposed, such as decreasing the luminal pH via the production of short chain fatty acids,
rendering specific nutrients unavailable to pathogens, and/or producing specific inhibitory
compounds such as bacteriocins (Sanders, 1993). The produced bacteriocins act bactericidally
against bacteria (Klaenhammer, 1993). It appears from several studies that the underlying
mechanism for the beneficial effect of Lactobacillus probiotics is mainly mediated via their
microbial products rather than the bacteria themselves (Coconnier et al., 2000; Hudault et al.,
1997).
Future studies focusing on the isolation and purification of the bacteriocin-like components of
lactic acid bacteria SCS could help to explore the exact mechanisms imparted by Lactobacillus
spp. to the host defence.

4.3

ADHESION OF LACTOBACILLI TO CACO-2 CELLS

4.3.1 Adhesion of lactobacilli to Caco-2 cells
Adhesion of lactic acid bacteria to the intestinal mucosa is considered important for several of the
health effects attributed to probiotics. The adhesion ability of NSLAB strains to crypt-or villus-like
Caco-2 cells were investigated by two methods. The results were compared to the adhesion of the
two probiotic LAB strains. Figure 36 shows the initial number of lactobacilli and the number of the
attached bacteria by bacteria counting after Gram staining and plate counts after 1 h of exposure
the Caco-2 cells to lactobacilli. The bacteria numbers are expressed in log CFU/ml and regarding
to 105 Caco-2 cells. The results of Gram staining were obtained from the average of bacteria
number counted in 10 randomly choosen fields (Figure 37).
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Figure 36. Adhesion of lactobacilli (at 37 °C, for 1 h, in 5% CO2 atmosphere) to crypt-like (A) or
villus-like (B) Caco-2 cells (results of bacteria counting after Gram staining and plate
counts)
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Figure 37. Adhesion of Lb. 2756 (A), Lb. 2775 (B), Lb. 2142 (C), Lb. Shirota (D) and Lb. 299v
(E) to villus-like Caco-2 cells (F) – Gram staining
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All the five lactobacilli strains adhered to crypt-and villus-like Caco-2 cells but in different
numbers (Figure 36-37, Table 6). It was dependent on the bacteria strains and the applied bacteria
counting method.
Crypt-like Caco-2 cells were treated with 7.9-8.4 log CFU/ml lactobacilli. According to the results
of Gram staining the probiotic Lb. 299v showed the best adhesion ability to crypt-like Caco-2 cells
(1.66 %) followed by Lb. Shirota (1,58%). The attachment of NSLAB were weaker compared to
the probiotic strains. Between the NSLAB strains the worst attachment ability was due to Lb. 2756
(0.50%). The results of plate counts were different from that was obtained by bacteria counting
after Gram staining. Lb. Shirota was the most adherent strain (0.69%) followed by Lb. 2142 (0.38
%).
In villus-like Caco-2 cells, the initial lactobacilli number varied between 7.5-8.2 log CFU/ml.
According to the results of bacteria counting after Gram staining the most adherent strain was
found Lb. 2775 (5.49%) followed by Lb. 299v (4.78%). Similar to crypt-like Caco-2 cells with
plate counts Lb. Shirota was the most adhesive strain (0.32%) followed by Lb. 2142 (0.18%).
We counted higher number of attached bacteria after Gram staining than by plate counts in both
cell types. This was especially conspicouos in villus-like Caco-2 cells when the cells were treated
with Lb. 2775 and Lb. 299v. The bacteria attached to crypt-like Caco-2 cells better compared to
villus-like cells as it was obtained by plate counts. All the five LAB strains adhered to Caco-2 cells
in less than 1% in accordance with the results of plate counts.
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Table 6. Adhesion of lactobacilli to Caco-2 cells
Lactobacilli strains

Adhesion (%, mean± S.D.) to

Adhesion (%, mean ± S.D.) to

crypt-like cells

villus–like cells

Gram staining

Plate count

Gram staining

Plate count

Lb. 2756

0.50±0.13

0.17±0.05

0.22±0.12

0.03±0.01

Lb. 2775

1.54±0.23

0.12±0.04

5.49±0.46

0.01±0.00

Lb. 2142

1.34±0.32

0.38±0.12

1.44±0.23

0.18±0.14

Lb. Shirota

1.58±0.15

0.69±0.35

0.64±0.31

0.32±0.19

Lb. 299v

1.66±0.24

0.31±0.22

4.78±0.64

0.05±0.02

Different adhesion assays are currently used for detecting bacterial adhesion to Caco-2 cells. The
most common ones are Gram staining (Darfeuille-Michaud et al., 1990), plate counts (Mack et al.,
1999) and radiolabeling (Bernet et al., 1993). These methods have some limitations. Gram staining
can not differentiate bacteria with the same Gram, for example, during competition test and
quantification by enumeration with light microscope is time-consuming and submitted to operator
subjectivity because sometimes it is difficult to count the individual bacteria. Counting of adherent
bacteria after Gram staining is not reliably enough because bacteria can form clusters, so the
number of bacteria can vary between wide ranges.
The enumeration of viable bacteria cells by plate counts is timeconsuming. These methods are not
practical for large-scale quantification.
Other techniques, such as radiolabelling assay or ELISA-based method are needed to conclude
further statements, however the plate count is a method appropriate enough to screen whether the
strains have high or poor adhesion ability. The plate counts underestimate the number of attached
bacteria, because some of the bacteria could die during the procedure or they are alive but can not
be cultured. Furthermore they can form aggregates, from which only one colony grows. The
alternative or rather a method to complete plate count is the direct enumeration of bacteria after
staining.
Tuomola and Salminen (1998) investigated the differences in the adhesion of probiotic and dairy
Lactobacillus strains to Caco-2 cells in culture in vitro. They found that Lb. casei (Fyos R) was the
most adhesive strains because appr. 14 % of the added bacteria were bound. However the adhesion
of Lb. casei (Fyos R) was not significantly different from the adhesion of Lb. acidophilus 1 and
Lactobacillus GG. In their study Lb. casei Shirota showed also poor adhesion ability (3.2±0.52).
It can be concluded that the adherence of all the five investigated LAB strains to enterocyte-like
Caco-2 was very poor. Commercial probiotic starins with reported health effects did not adhere
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more effectively than the three investigated NSLAB strains. Although conclusions from the in
vitro results can not be directly related to in vivo situation, there is evidence relating adhesion to
the temporary colonisation of human intestinal tract. Crociani and coworkers (1995) demonstrated
that the adhesion ability of some bifidobacteria strains to Caco-2 cells was similar compared to the
colonisation of human volunteers. However the survival of NSLAB strains in vivo in gastric juice
has to be taken into account. Therefore preliminary studies with Caco-2 cell line can be useful to
collect background information in order to perform studies with human volunteers.
As the adhesion of the potential probiotic strains was found also very low, we can assume that the
adhesion of LAB to intestinal epithelial is not certainly necessary to exert their probiotic
properties. It was shown by Cocconier and coworkers (2000) that the antimicrobial substances
present in the spent culture supernatants from Lb. acidophilus LA1 was responsible for the
inhibition of the adhesion of pathogen.

4.4

EFFECT OF SOME SPECIFIC METABOLITES OF LACTIC ACID BACTERIA
ON CACO-2 P CELLS

4.4.1 Effect of hydrogen peroxide on IL-8 production and TER of Caco-2 P cells
Lactic acid bacteria can inhibit the growth of harmful putrefactive microorganisms through their
metabolic products such as hydrogen peroxide. The investigated NSLAB strains produced very
low concentrations of hydrogen peroxide (<0.04 mM). When lactobacilli adhere to intestinal
epithelium in vivo they can produce hydrogen peroxide in higher concentrations which can
influence the interleukin-8 synthesis, membrane perbeability and the viability of the epithelial
cells.

4.4.1.1

Effect of hydrogen peroxide on IL-8 synthesis of Caco-2 P cells

In the first set of experiments the effect of different concentrations of hydrogen peroxide on IL-8
synthesis of fully differentiated Caco-2 P cells was studied. When Caco-2 P cells were exposed to
increasing concentrations of hydrogen peroxide (0-2 mM) for 1 h, there was a significant increase
of IL-8 levels 24 h after the treatment (Figure 38). The maximum level of IL-8 was achieved
(1075±51.2 pg/106 cells) after treatment Caco-2 P cells with 1 mM hydrogen peroxide. Disturbed
integrity of the monolayer and detaching cells were seen at treatment with 2 mM hydrogen
peroxide treatment (Figure 39).
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As 1 mM of hydrogen peroxide was found to induce the maximum increase in IL-8 levels without
affecting the monolayer integrity, in the second set of experiments the kinetics of IL-8 production
by Caco-2 P cells was studied in response to a 1 h treatment with 1 mM of H2O2 (Figure 40). At 4
h after the treatment, the IL-8 started to increase (63.8±3.7 pg/106 cells), which continued during
the whole recovery period, reaching the highest value 24 h after exposure (1200.1±13.9 pg/106
cells).
Figure 38. Effect of different concentrations of hydrogen peroxide (0-2 mM) for 1 h on IL-8
synthesis of Caco-2 P cells
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Figure 39. Influence of 1 and 2 mM hydrogen peroxide for 1 h on the integrity of Caco-2 P
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Figure 40. Kinetics of IL-8 production by Caco-2 P cells after exposure to 1 mM of hydrogen
peroxide
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To further investigate the kinetics of IL-8 secretion of enterocyte-like Caco-2 P cells, in the third
set of experiments filter grown, polarized Caco-2 P cells were used to resemble the in vivo
conditions.
These cells were exposed apically to 1, 4 and 10 mM of H2O2 for 1 h, respectively and allowed to
recover for 24 h. Exposure of filter-grown Caco-2 P cells to 1 mM of hydrogen peroxide resulted
in increase of IL-8 production only on the apical side. At the end of the recovery period (24 h), the
apical IL-8 level was found to be 117.1±4.8 pg/106 cells. This value was 10-fold lower than the
measured in non-filter-grown Caco-2 P cells 24 h after treatment (Figure 40-41A).
When cells were exposed to 4 or 10 mM of hydrogen peroxide, both apical and basolateral IL-8
levels increased in a time-dependent manner, starting 4 h after the treatment.
After treatment with 4 mM hydrogen peroxide, the maximum apical (418.2±30.2 pg/106 cells) and
basolateral (213.4±1.26 pg/106 cells) secretions of IL-8 were found at the end of the recovery
period (Figure 41B).
Filter-grown Caco-2 P cells exposed to 10 mM hydrogen peroxide produced 699.6±1.4pg/106 cells
of IL-8 24 h after the treatment (Figure 41C). Apical IL-8 levels induced 24 h after the exposure by
4 mM or 10 mM H2O2 in filter-grown Caco-2 P cells were found to be lower compared to that by 1
mM H2O2 in non-filter-grown Caco-2 cells (Figure 40). The IL-8 levels of unexposed (0 h) Caco-2
P cells were 12±0.1 (apical) and 12.8±0.17 (basolateral), whereas of 24 h after exposure the levels
were 72.1±4.3 (apical) and 28.3±1.8 pg/106 cells (basolateral) (data not shown).
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4.4.1.2

Changes in transepithelial electrical resistance in response to hydrogen peroxide

In filter-grown Caco-2 P cells, parallel to the IL-8 measurements, changes in TER were also
examined (Figure 41). The relative TER levels showed a slight increase at the beginning of the
recovery period, but were lower than the initial levels after every treatment.
TER was also measured during the 1 h-hydrogen peroxide exposure every 15 minutes (Fig. 42).
When filter-grown Caco-2 P cells were exposed to 1, 4 and 10 mM of hydrogen peroxide, TER
showed a minor but not significant decrease during the treatment. In contrast, 40 mM of hydrogen
peroxide caused a major significant decrease of TER as soon as 15 min after initiation of the
exposure. The integrity of cell monolayers was disrupted and the cells began to detach from the
bottom of the inserts.
Figure 41. Effect of 1 (A), 4 (B) and 10 mM (C) of hydrogen peroxide for 1 h on IL-8 synthesis
and TER of filter-grown Caco-2 P cells
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Figure 42. Changes of TER in monolayers of filter-grown Caco-2 cells during exposure to
different concentrations of hydrogen peroxide (1-40 mM)
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Figure 43. Effect of 40 mM hydrogen peroxide for 1 h on filter-grown Caco-2 P cells - scanning
electron micrographs were taken at the end of the 1 h treatment

30 µm
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Figure 43 shows that 40 mM hydrogen peroxide caused serious cell damages. Loss of fine
mirovillus structure and exfoliating cells were observed on the electon micrographs when cells
were treated with 40 mM hydrogen peroxide. These phenomenons were not observed at lower
hydrogen peroxide concentrations.
4.4.2

Investigation of apoptotic and necrotic cell death

The late and early effects of hydrogen peroxide on cell death were also studied. The late effect of
hydrogen peroxide was investigated in Caco-2 P (non-filter grown) cells. Exposure to 1 mM of
hydrogen peroxide for 1 h resulted in apical cell membrane permeability in virtually all cells 24 h
after the treatment as shown by DAPI staining (Figure 44).
The same result was achieved when cells were treated continuously with 1 mM of hydrogen
peroxide for 24 h (Figure 45). Thus, exposure of Caco-2 P cells to 1 mM of hydrogen peroxide for
1 or 24 h results in necrosis. Apoptosis could not be observed 7 or 24 h after hydrogen peroxide
treatment, because no caspase-3 enzyme activity was detected (Figure 46).
Early effect of hydrogen peroxide was also observed in filter-grown Caco-2 P cells (Figure 47).
Cell membranes of filter-grown cells did not become permeable when exposed to 1 or 4 mM of
hydrogen peroxide for 1 h. About 20 % of nuclei of Caco-2 P cells were stained with DAPI after
10 mM H2O2 exposure. Treatment of Caco-2 P cells with 40 mM of hydrogen peroxide for 1 h,
however, caused a loss in monolayer integrity. In the filter-grown cells apoptosis was not
detectable because cells stained with DAPI became also stained with annexin V at 40 mM
hydrogen peroxide (Figure 48).
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Figure 44. Late effect of 1 mM hydrogen peroxide for 1 h on necrotic cell death of Caco-2 P cells
(Fluorescence micrographs -upper part and Nomarsky micrographs- lower part were
taken at 0, 7 and 24 h of recovery from the same fields)
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Figure 45. Cell death induced after continuous exposure of Caco-2 P cells to 1 mM of hydrogen
peroxide for 24 h (Fluorescence micrographs-upper part and Nomarsky micrographslower part were taken at 7 and 24 h of treatment from the same fields)
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Figure 46. Caspase-3 activity in Caco-2 P cells after hydrogen peroxide treatment or 1 h. Cellular
caspase-3 activity was assayed 0, 7 and 24 h after the exposure. As positive control,
purified caspase-3 was added to the analyzed cell lyzates (Caco-2 P + caspase-3).
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Figure 47. Early effect of 1, 4, 10 and 40 mM hydrogen peroxide for 1 h on cell death of filtergrown Caco-2 P cells (Fluorescence micrographs-upper part and Nomarsky
micrographs-lower part were taken after 1 h treatment from the same fields)
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Figure 48. Apoptosis and necrosis in filter-grown Caco-2 P cells. Caco-2 P cells were treated with
1 or 40 mM hydrogen peroxide for 1 h and stained with the combination of 1 µg/ml
annexin V and 1 µg/ml DAPI
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4.4.3 Combined effect of Sodium DL-lactate, Sodium-acetate, Sodium-pyruvate and
hydrogen peroxide on Caco-2 P cells; determination of the half maximal inhibitory
concentration (IC50)
The combined effects of some specific lactobacilli metabolites were investigated in crypt-like
Caco-2 P cells. Although the pyruvate is not metabolyte of lactobacilli, but as the crypt-like cells
are very close to the blood flux, it is also important to investigate it, because of the transformation
of lactate to pyruvate.
Lactic acid bacteria produced lactic acid in the concentration of less than 1mM and hydrogen
peroxide below 0.04 mM. In the experiments we applied higher concentrations, because probably
the local metabolite production of bacteria in the gut is higher than in the media used in the
experiments. We used Na-lactate, Na-acetate and Na-pyruvate for technical reasons for cell
culturing, and furthermore the pH is more alcalic in those parts of the gut which are modelled by
Caco-2 P cells.
The combined effect of hydrogen peroxide-Na DL-lactate, hydrogen peroxide-Na-acetate and
hydrogen peroxide-Na-pyruvate on the proliferation of Caco-2 P cells was determined (Figure 49).
Figure 49A shows the common effect of hydrogen peroxide (0-11.75 mM) and Na-acetate (0-277.5
mM), Figure 49B shows the common effect of hydrogen peroxide (0-11.75 mM) and Na DLlactate (0-277.5 mM) and Figure 49C shows the common effect of hydrogen peroxide (0-11.75
mM) and Na pyruvate (0-277.5 mM) on the cell proliferation.
According to the average of three experiments we found the IC50 of hydrogen peroxide, Naacetate, Na DL- lactate and Na-pyruvate as it is described in Table 7.
Table 7. IC50 values of hydrogen peroxide, Na-acetate, Na DL-lactate and Na pyruvate on the
proliferation of crypt-like Caco-2 P cells
Treatments

IC50-H2O2

IC50-Na-acetate

H2O2 and

1.54 mM

85.8 mM

IC50-Na DL-lactate

IC50-Na-pyruvate

Na-acetate
H2O2 and

2.18 mM

84.4 mM

Na DL-lactate
H2O2 and

1.38 mM

145.4 mM

Na-pyruvate
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Figure 49. Effect hydrogen peroxide-Na-acetate (A), hydrogen peroxide-Na DL-lactate (B) and
hydrogen peroxide-Na-pyruvate (C) on the proliferation of crypt-like Caco-2 P cells
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Na-acetate, Na DL-lactate, and Na-pyruvate affected the cell proliferation (inhibited the
proliferation by 50 % of the cells) only in higher concentration than the hydrogen peroxide (1-2
mM).
Na-lactate and Na-acetate did not influence the inhibitory effect of hydrogen peroxide on cell
proliferation but Na-pyruvate decreased the inhibitory effect of hydrogen peroxide on cell
proliferation in a concentration-dependent manner.
Verhasselt and coworkers (1998) investigated the effect of hydrogen peroxide on dendritic
cells and found that 0.1 mM of hydrogen peroxide significantly stimulated the release of IL-8.
(6.7-fold increase compared to control). Yamamoto and coworkers (2003) examined IL-8
production at various time points after hydrogen peroxide treatment. There was a time-dependent
increase in IL-8 secretion after hydrogen peroxide exposition, and 1 mM hydrogen peroxide
treatment for 15 minutes increased IL-8 level up to 1 pg/ml 6 h after the treatment. Higher
concentrations of hydrogen peroxide (>0.1 mM) caused cell membrane damage in Caco-2 cells, as
detected by increased lactate dehydrogenase leakage, which indicates a change in membrane
permeability and necrosis. A change in membrane permeability disturbs its structural integrity,
which can lead to increased entry of toxins and cell death. The changes in permeability of Caco-2
cells exposed to hydrogen peroxide have been attributed to disruption of paracellular junctional
complexes resulting from tyrosine phosphorylation of membrane proteins (Rao et al., 1999).
Higher doses of hydrogen peroxide (10 mM) in Caco-2 cells caused a decrease in cell viability and
an increase in intracellular malondialdehyde content, indicating the occurrence of lipid
peroxidation (Manna et al., 1997; Liu et al., 2005).
We exposed fully differentiated non-filter-grown Caco-2 P cells to different concentrations of
hydrogen peroxide for 1 h, and demonstrated that 1 mM of H2O2 induced the maximum increase in
IL-8 levels at 24 h after treatment. This increase was 500-fold higher than that described by
Yamamoto and coworkers (2003) which could be due to the fact that both the exposure time and
the recovery period were longer in our study. Furthermore, we have shown that hydrogen peroxide
initiated IL-8 secretion by Caco-2 cells 4 h after exposure, and IL-8 levels increased further during
the whole recovery period.
We have shown in filter-grown Caco-2 P cells that only the apical IL-8 production increased upon
exposure to 1 mM of hydrogen peroxide. In addition, 10 mM hydrogen peroxide caused the
highest apical as well as basolateral IL-8 production 24 h after treatment. TER of filter-grown cells
decreased significantly when the monolayers were treated with 40 mM of hydrogen peroxide but
remained almost unchanged when challenged with 1, 4 and 10 mM of hydrogen peroxide. The
decrease of TER at 40 mM of hydrogen peroxide is due to apical or basolateral membrane damage
(transcellular permeability). As the function of tight junctions decreases, paracellular conductivity
increases.
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A late effect of hydrogen peroxide was observed in non-filter-grown Caco-2 P cells, as exposure of
cells to 1 mM of hydrogen peroxide for 1 or 24 h resulted in necrosis.
In filter-grown Caco-2 P cells, an early necrotic effect was obsereved after 1 h treatment with 40
mM hydrogen peroxide. Filter-grown Caco-2 P cells (morphologically closer to the in vivo
situation) were less sensitive to hydrogen peroxide compared to non-filter-grown cells possibly
because the former are far more polarized than the latter.
In proliferating, crypt-like Caco-2 cells 1-2 mM hydrogen peroxide was found to decrease cell
proliferation by 50 percent. The IC50 values of the other investigated metabolites (Na-acetate, Na
DL-lactate and Na pyruvate) were found higher (85.4, 84.4 and 145.4 mM, respectively). The
protective effect of Na-pyruvate against hydrogen peroxide is due to the α-ketoacids neutralizing
the hydrogen peroxide, forming acetic acid, carbon-dioxide and water.
.
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4.5

NEW SCIENTIFIC RESULTS

1.

We proved that the earlier pre-selected three investigated non-starter lactic acid bacteria
(Lactobacillus plantarum 2142, Lactobacillus curvatus 2775 and Lactobacillus casei
subsp. casei 2756) - with known low biogenic amine formation activity and inhibitory
effects against some spoilage microorganisms - grew well on red beet juice, had high
enough acid tolerance, produced low amount of hydrogen peroxide (<0.04 mM) and their
spent culture supernatants inhibited the growth of Salmonella enteritidis 857. In the
fermented, non-heat-treated red beet juice 2x106-108 CFU/ml live lactic acid bacteria were
present after 28 days of storage.

2.

We established that both the probiotic and non-starter lactic acid bacterial strains induced
interleukin-8 synthesis of crypt- and villus-like Caco-2 cells, but these values were
significantly lower compared to the interleukin-8 levels induced by the Salmonella
enteritidis 857 alone.

3.

We showed that the pre-incubation of crypt- and villus-like Caco-2 cells with probiotic
bacteria did not result in the decrease of the Salmonella enteritidis 857-induced interleukin8 synthesis, neither did the co-incubation of probiotic bacteria with the pathogen. Pretreatment of Salmonella enteritidis 857 with the spent culture supernatants of either the
probiotic or the non-starter lactic acid bacteria strains significantly reduced the IL-8 levels
induced by the pathogen alone in crypt- or villus like Caco-2 cells.

4.

We found that non-starter lactic acid bacteria and S. enteritidis 857 pre-treated with the
spent culture supernatants of non-starter lactobacilli strains induced Hsp70 expression of
crypt-and villus-like Caco-2 cells.

5.

We proved that either the non-starter- or the probiotic lactobacilli showed poor adhesion
ability to crypt-or villus-like Caco-2 cells (< 1% - with plate counting, and < 6% - with
counting after Gram staining).
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6.

We showed that the non-filter grown cells were more sensitive to hydrogen peroxide
compared to filter grown Caco-2 P cells. One mM hydrogen peroxide treatment resulted in
maximum expression of interleukin-8 production of non-filter grown Caco-2 P cells 24 h
after the treatment, in contrast in filter-grown Caco-2 P cells, 10 mM hydrogen peroxide
caused the highest apical as well as basolateral IL-8 production 24 h after the treatment.
Transepithelial electrical resistance of filter-grown Caco-2 P cells decreased significantly
when the monolayers were treated with 40 mM hydrogen peroxide.
A “late” necrotic effect of 1 mM hydrogen peroxide was observed in non-filter-grown
Caco-2 P cells, while in filter-grown Caco-2 P cells, an “early” necrotic effect was observed
after treatment with 40 mM hydrogen peroxide.
Na-acetate and Na DL-lactate inhibited cell proliferation by 50 percent only in higher
concentrations (85.8 and 84.4 mM, respectively) compared to hydrogen peroxide (1-2 mM).
Na-acetate and Na DL-lactate did not influence the effect of hydrogen peroxide on the
proliferation of crypt-like Caco-2 P cells, but Na-pyruvate could neutralize it.
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SUMMARY

The object of the present work was to investigate three non-starter lactobacilli strains - which were
screened earlier by Halász and coworkers (1999) in respect of their low total biogenic amine
formation and the ability of their spent culture supernatants to inhibit the growth of some spoilage
microorganisms- for red beet juice fermentation, which are rapid lactic acid producers and secrete
only small amount of hydrogen peroxide to get a non-pasteurized product with high viable
lactobacilli cell count and extended shelf life, furthermore to extend their antimicrobial activity
against human enteropathogen bacteria, to investigate their effect on the immune system, their
adhesion ability to intestinal epithelial cells, comparing the exerted effects to known probiotic
lactobacilli strains and to study the effect of some specific metabolites (hydrogen peroxide, Naacetate, Na-lactate) on epithelial cells.
We applied traditional microbiological methods to follow the propagation of lactobacilli in red
beet juice or MRS agar, and commercially available test for the determination of DL lactic acid
production. The hydrogen peroxide produced by LAB was determined by colorimetric analysis.
Furthermore agar diffusion method was used to measure their possible antimicrobial effect against
S. enteritidis 857. In vitro cell lines-Caco-2 and Caco-2 P-which shows structural and functional
similarity to normal small intestinal epithelial cells were used for testing the effect of lactobacilli
on the immune system by measuring interleukin-8 (ELISA test) synthesis and Hsp70 (Western
blot) expression. We also investigated the ability of lactobacilli to attach to Caco-2 cells by plate
count and bacteria counting after Gram staining. The effect of hydrogen peroxide on interleukin-8
production was followed by ELISA test and changes of the membrane permeability was studied by
measuring of the transepithelial electrical resistance furthermore the necrotic and apoptotic cell
death was investigated with fluorescence staining or measuring of caspase-3 enzyme activity. The
effect of some specific metabolites of lactobacilli on cell proliferation was also studied after
Giemsa staining.
The results showed that the investigated originally charecterized as non-starter lactobacilli are
capable to act as starter culture in the fermentation of red beet juice, because the product had
favourable sensoric features, acceptable D/L lactic acid ratio and high viable cell count with
extended shelf life without pasteurization, even their spent culture supernatant (SCS) showed
strong inhibition against the growth of S. enteritidis 857.
All the three non-starter LAB strains induced IL-8 synthesis of crypt-and villus-like Caco-2 cells
both in the function of dose or time but the amounts produced were significantly lower compared
to the IL-8 level induced by S. enteritidis 857.
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The probiotic lactobacilli themselves were not able to reduce the high IL-8 level caused by the
pathogen in crypt-and villus-like Caco-2 cells neither at pre- or co-incubation. However, when
Caco-2 cells were exposed to S. enteritidis 857 pre-treated with the spent culture supernatants from
all the five LAB strains the IL-8 level decreased significantly compared to IL-8 level caused by S.
enteritidis 857 alone.
S. enteritidis 857 pre-treated with SCS-s of non-starter lactobacilli were capable to induce Hsp70
production of Caco-2 cells, however the non-starter lactic acid bacteria itself also induced the
Hsp70 levels in both crypt-and villus-like Caco-2 cells.
The adhesion of the non-starter- and probiotic LAB strains to Caco-2 cells were found similar
poor. The results obtained by plate counts were underestimated compared to results by bacteria
counting after Gram staining.
From the metabolites of LAB, the effect of hydrogen peroxide were tested on Caco-2 P cells (nonfilter grown, filter-grown) and was found that the non-filter grown Caco-2 P cells are more
sensitive to hydrogen peroxide compared to filter-grown, polarized Caco-2 P cells.
One mM hydrogen peroxide treatment resulted in maximum expression of interleukin-8 production
of non-filter grown Caco-2 P cells 24 h after the treatment, in contrast in filter-grown Caco-2 P
cells, 10 mM hydrogen peroxide caused the highest apical as well as basolateral IL-8 production
24 h after the treatment. Transepithelial electrical resistance of filter-grown Caco-2 P cells
decreased significantly when the monolayers were treated with 40 mM hydrogen peroxide.
A “late” necrotic effect of 1 mM hydrogen peroxide was observed in non-filter-grown Caco-2 P
cells, while in filter-grown Caco-2 P cells, an “early” necrotic effect was observed after treatment
with 40 mM hydrogen peroxide.
Na-acetate and Na DL-lactate inhibited cell proliferation by 50 percent only in higher
concentrations (85.8 and 84.4 mM, respectively) compared to hydrogen peroxide (1-2 mM). Naacetate and Na DL-lactate did not influence the effect of hydrogen peroxide on the proliferation of
crypt-like Caco-2 P cells, but Na-pyruvate could neutralize it.
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CONCLUSIONS AND PROPOSALS

It can be concluded that we successfully applied non-starter lactic acid bacteria as starter culture
for the production of a fermented, non-heat treated red beet juice. As the fermented red beet juice
had favourable nutritional features, the non-starter lactic acid bacteria were further investigated in
respect of their possible beneficial effects on the immune system, their adhesion ability and the
effect of some specific metabolites on intestinal epithelial cells. We found that the non-starter
lactobacilli can induce only very low level of IL-8 compared to S. enteritidis 857 alone, and their
spent culture supernatant can lower the pathogen induced IL-8 levels, which can have therapeutic
point of view.
The non-starter lactobacilli can induce protective Hsp70 proteins in intestinal epithelial cells and
their spent culture supernatant-pre-treated Se. 857 also has this ability. From these we can assume
that one of the possible mechanisms by wich lactobacilli could exert their beneficial effect to the
host is the down-regulation of pathogen-induced IL-8 synthesis, and up-regulation of Hsp70
production.
While the adherence of non-starter-and probiotic lactobacilli to intestinal epithelial cells was poor,
we can suppose that the adhesion is not certainly necessary to exert their protective role on the
immune system. They could exert their benefical effects to the host rather via their metabolites
than the bacteria themselves.
We can suppose that the local concentrations of hydrogen peroxide and the other invetigated
metabolites produced by lactic acid bacteria in the intestine are not harmful in respect of the
viability and proliferation of crypt-or villus-like intestinal epithelial cells.
We propose for these three non-starter lactobacilli strains for further investigations for probiotic
characteristics.
These results can be applicable for the production of fermented vegetable based products
containing live microorganisms with beneficial effect to the host. Furthermore our results may
contribute to the knowledge on the mode of actions of lactobacilli.
Future studies focusing on the isolation and purification of the bacteriocin-like components of
lactic acid bacteria SCS are needed and it could help to explore the exact mechanisms imparted by
Lactobacillus spp. to the host defence.
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