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Preface

Advances in Probiotics for Sustainable Food and Medicine is a blend of fundamen-
tals as well as the applied aspects of probiotic science. As we all understand the
complexity of human gastrointestinal tract whereby the microbial niches play var-
ious important roles in human physiology and health status, such as digestion of
nutrients from food, protection from pathogens, etc. The reported and claimed health
benefits of the beneficial group of microorganisms in the gut have seen a plethora of
research activities in this area focusing on diet-microbe interaction and their role in
maintaining gut homeostasis. In the past decades, the development of novel screen-
ing and analytical methods for the evaluation of probiotics and their safety necessi-
tates the understanding of fundamental as well as applied aspects of probiotics for
human consumption. The book entails the fundamental aspects of probiotics and
their evaluation, selection of sources of probiotics such as human, animal, and plant
followed by their critical evaluation using in vitro or in vivo studies in animal
models. The applicability of probiotics at the commercial level and delivery mech-
anisms of the probiotics based on traditional or processed cereal or dairy-based
fermented foods have also been presented. The reported health claims of probiotics
for all age groups have also been described for their applications as therapeutics.

The editors of the book feel fortunate to have the input of renowned collaborators
to provide unbiased and the latest information in the field of probiotics to its readers.
We have compiled the chapters written by various experienced researchers working
in the area of probiotics and related aspects. The information provided in this book is
worth of interest in the areas of nutraceuticals and functional foods along with the
traditional health-promoting probiotics. The book will serve as a suitable reference
book for the food, pharmaceutical, nutraceutical industries, food regulatory author-
ities who are keen to get the most recent advancements in the area of probiotics and
prebiotics. The book will serve as a unique reference for food science professionals
pursuing their work in functional food development, marketing expansion of already
designed functional foods, as well as nutritional dietary management. The readers
will obtain sound scientific knowledge of the nutritional value and health benefits of
the probiotic cultures and their products.



vi Preface

The first four chapters will introduce the various fundamental aspects of
probiotics and their health benefits. Starting from the source and screening of
probiotics, the authors have discussed the evaluation criteria in detail to classify
any microorganism as a potential probiotic candidate. The next chapter details about
the traditional indigenous foods which can serve as a potential reservoir for
probiotics. Further to enhance the proliferation of probiotics, the role of prebiotics
was also described in the fourth chapter. The next section of the chapters includes the
application of probiotics as therapeutics. We have covered the applications of
probiotics in humans as well as animals. The presented chapters described how
probiotics can be valorized in the development of safer functional foods. The last
section of the book details two chapters on AMPK-dependent health activity of
probiotics and further high-level research in the metabolic engineering of probiotic
strains for their use as therapeutics.

Mahendergarh, India Gunjan Goel
Waknaghat, India Ashok Kumar
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Chapter 1 ®)
Probiotics and Their Potential Applications: <o
An Introduction

Sampan Attri, Niharika Singh, Ashok Kumar Nadda, and Gunjan Goel

Abstract Probiotics constitute beneficial microorganisms or their components
reported for their health benefits to the hosts. A plethora of research conducted
over the past three decades resulted in elucidating the association of probiotic strains
under different clinical manifestations. Although several mechanisms have been
reported behind these beneficial activities of these strains, the biological activity is
still strain specific which needs further investigation using suitable animal models
and clinical trials. This chapter reviews the details on different genera used as
probiotic, their potential health benefits and mechanisms behind these effects. The
formulation of different dairy or non-dairy products and pharmaceutical formula-
tions has also been discussed.

Keywords Probiotics - Prebiotics - Probiotic products - Intestinal health

1.1 Introduction

In the year 2001, expert team members of the WHO (World Health Organization)
and FAO (Food and Agriculture Organization) defined probiotics as “live microor-
ganisms that, when administered in adequate amounts, confer a health benefit on the
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host”. The term “probiotics” was derived from the Greek word which means “for
life” (Jobby et al. 2020). The most commonly used bacterial genera belong to the
group of lactic acid producing bacteria (LAB), mainly the Lactobacillus,
Bifidobacterium, Enterococcus and Streptococcus. The common reservoir of these
beneficial probiotic microbes are reported to be the traditional fermented dairy
products such as kefir, lassi, Maasai milk, curd, buttermilk or kurut, etc. (Ezzatpanah
2020). Probiotics have been reported for an array of therapeutic properties such as
enhancement of immune defence system, lowering of serum cholesterol prevention
of colonic cancer, gastrointestinal and urinary infections, treatment of atherosclero-
sis, arteriosclerosis, rheumatoid arthritis, atopic dermatitis and others (Diez-
Gutiérrez et al. 2020).

The use of beneficial microorganisms to improve human health is in fact very
ancient; several reports mentioned the use of fermented milk for treatment of
gastrointestinal tract disorders. In India, live microorganisms and fermented food
stuff were and are still used for their beneficial effects on human health since
pre-Vedic and Vedic period. Moreover, Ayurvedic traditional system of Indian
medicine recommended Dahi (curd, a fermented milk product) for its beneficial
effect against diarrhoea much before the microorganism’s existence was even
accepted (Singhi and Baranwal 2008). During the twelfth century period, fermented
milk was consumed as source of good health and strength by the people of Mongolia
kingdom under Genghis Khan. At the beginning of the twentieth century, Noble
Prize winner Elie Metchnikoff correlated the life span of Bulgarians to their high rate
of consumption of fermented milk and suggested that maybe all microorganisms
were not dangerous for human health. The benefits of these microbes were suggested
as they were able to compete with pathogenic microbes due to production of lactic
acid from sugars through fermentation by lactic bacteria. Metchnikoff also suggested
autotoxins derived from putrefactive bacteria in the colon turn macrophages into
phagocytes and these putrefactive microbes could be prevented by replacing them
with good bacteria. In the year 1906, French paediatrician, Henry Tissier reported
that “bifid” Y-shaped Gram +ve bacteria were dominant in the stool samples of
healthy infants as compared to the stool samples of diarrhoeal infants. In fact, the
first time term “probiotics” was coined by Lilly and Stillwell in 1965 and stated them
as “substances produced by bacteria that promote the growth of other bacteria” (Setta
et al. 2020; Lilly and Stillwell 1965).

Probiotic products are categorized under different categories in different countries
such as natural health promoting products (Canada), dietary supplements, drugs,
medical food, live biotherapeutic agent, biological agent (United States of America),
functional foods (Japan, India, China and Malaysia), food supplement (Sweden,
Finland and Denmark) and biotherapeutic/pharmaceuticals (European countries like
Belgium and Germany). The development and maintenance of each of these probi-
otic products is complex depending on the application of the product, which requires
special protocols for manufacturing, labelling and safe delivery. Besides these
potential technological hurdles, legislative and legal aspects, as well as consumer
demands need to be taken into consideration while development of probiotic based
functional food or pharmaceuticals. For example, in case of developing country such
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as India, a Task Force was constituted by DBT (Department of Biotechnology) and
ICMR (Indian Council of Medical Research) Government of India, New Delhi,
comprising of experts from concerned fields to develop guidelines for assessment of
probiotics products in India. An attempt has been made by ICMR/DBT to frame the
guidelines for probiotic ingredients in food. The guidelines provide update informa-
tion on requirements for evaluation of safety and efficacy of the probiotic culture,
health claims and labelling of probiotic products (Mallappa et al. 2019).

1.2 Classification: Probiotics, Prebiotics, Synbiotics
and Postbiotics

During the last two decades, a plethora of research articles have appeared in journals
targeting metabolic capabilities and probiotic attributes of bacteria belonging to
group of Lactic acid bacteria. The ideal characteristics of probiotic microorganisms
are depicted in Fig. 1.1.

1.2.1 Probiotic

The probiotic was first defined by Lilly and Stillwell in 1965 to describe “substances
secreted by one microorganism which stimulates the growth of another microorgan-
ism”. This generalized claim was used to define probiotics later on. Further in 1971,
the term was used by Sperti to the tissue extracts that stimulate microbial growth

Non-pathogenic
Acid and bile tolerant | Lacticacid producer

N |/

Ideal characteristics
of probiotics

Production of antimicrobial

/' substances

Antagonism against

enteric pathogens \

Persistence in human e | Adherence to gut lining |

intestinal tract / \

Genetically stable

Susceptible to antibiotics

Safety in food
and clinical use

Fig. 1.1 Prerequisites of an ideal probiotic organism
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(Sperti 1971). However, it was Parker who used the term probiotic as live microbes
or their substances which lead to intestinal microbial balance (Parker 1974). The
fundamental characteristic of probiotics is to deliver “balance” to the growth and
bioactivity of beneficial intestinal microbiota, whilst reducing adverse ones.
Probiotics mainly focus on improving the host digestive and immune systems as
their essential characteristics but the distinctive health benefits, such as the produc-
tion of bioactives, are strain-specific (Mohan et al. 2017; Hill et al. 2014). To be an
active probiotic, a daily dose of approximately 108~10° colony-forming units (CFU)
is recommended during passage through GI tract. The major issue with the probiotics
is the viability of the strain during the different production stages. The first gener-
ation probiotics used were in the form of live and/or lyophilized bacterial cells only
without any protection, therefore, those probiotics were having lesser viability of
7-30%. Further the lyophilized probiotics were encapsulated to increase their
survival up to 80% which were often referred as second generation probiotics;
however, the release of probiotic strain was the major issue in having the biological
activity. Therefore, the process was further improved to get third generation
probiotics where the encapsulated probiotic strains are released in metabolic active
stage when the microencapusle are destroyed. These probiotics were further
improved to produce fourth generation probiotics, whereby bacterial cells exist in
the form of biofilms enhancing its survival and viability.

Presently, different groups of microorganisms are used as probiotics possessing
beneficial effects on the human health (Tables 1.1 and 1.2). Most of these bacterial
groups belong to Lactic acid bacteria.

1.2.1.1 Lactobacillus Species

Lactobacilli are Gram-positive, non-spore forming and are the most commonly
fermentative resulting in production of lactic acid as a major product. Based on

Table 1.1 Major group of microorganisms used as probiotic agents

Probiotic bacteria | Species

Lactobacillus L. rhamnosus, L. acidophilus, L. casei, L. bulgaricus, L plantarum,
L. reuteri, L. paracasei, L. gasseri, L. amylovorus, L. helveticus, L. pentosus,
L. johnsonii

Bifidobacterium B. bifidum, B. lactis, B. longum, B. breve, B. infantis, B. adolescentis,
B. animalis, B. catenulatum

Bacillus Bacillus coagulans, B. subtilis, B. laterosporus, B. clausii
Streptococcus S. thermophilus, S. faecium, S. oralis, S. salivarius, S oralis, S. sanguis,
S. mitis
Saccharomyces S. boulardii
Others Lactococcus lactis, Enterococcus faecium, Propionibacterium jensenii,
microorganisms Propionibacterium jensenii, Propionibacterium freudenreichii, Pediococcus

acidilactici, Pediococcus pentosaceus, Bacteroides uniformis, Escherichia
coli Nissle 1917
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Table 1.2 Commercial probiotic products and their functional properties (this is not an exhaustive

list)

Company
Name name Type Strain Functional properties
Yakult Yakult Dairy Lactobacillus paracasei Improve bowel and
Honsha Shirota maintain a healthy pop-
ulation of gut flora
Activia Danone Dairy Bifidobacterium animalis Improve digestive
DN 173010 health
Bifiene Yakult Dairy B. breve Improve digestive sys-
Honsha tem/gut health
Align Procter and | Capsule | B. infantis 35624 Improve digestive
Gamble and system
tablet
Actimel Danone Dairy L. bulgaricus, Reducing the incidence
S. thermophilus and of diarrhoea and rhinitis
L. paracasei ssp. paracasei | and improvement of the
CNCM I-1518 immune function
Bioflorin Cerbios Capsule | Enterococcus faecium Prevention and treat-
pharma SF68 ment of gastrointestinal
disorders
LC1 Nestle Dairy L. acidophilus La 1 Improve digestive
health
GoodBelly | NextFoods | Fruit L. plantarum 299 V Promote digestive
multi drink health
probiotic
Mucilon Nestle Cereal Bifidus BL Protection from patho-
based gens in children diges-
powder tive tract
Rela caps BioGaia Capsule | L. reuteri protectis Prevention and amelio-
ration in gut
Attune bar Attune Food bar | B. lactis (LAFTI®B94), Support digestive health
Foods L. acidophilus (LAFTI® and immunity
L10) and L. casei (LAFTI®
L.26) and
Nexabiotics | DrFormulas | Capsule | L. brevis, L. bulgaricu, Promote beneficial gut
advanced L. Casel, L. helveticus, bacteria and immune
multi L. acidophilus, system
probiotics L. paracasei. L. plantarum,
L. rhamnosus, L. salivarius,
L. lactis, Bacillus
coagulans, B. breve,
B. bifidum, B. infantis,
B. lactis, B. longum,
Pediococcus acidilactici
and Saccharomyces
boulardii
Tropicana PepsiCo Fruit Bifidobacterium lactis Healthy immune system
essential juice HNO19 and gut functionality
probiotics

(continued)
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Table 1.2 (continued)

Company
Name name Type Strain Functional properties
LactoSpore | Sabinsa Powder | Bacillus coagulans MTCC | Beneficial in many gas-
Corporation 5856 trointestinal disorders
Kefir milk Feel well Dairy L. lactis, L. cremoris, Enhance gut health
L. diacetylactis and
L. acidophilus
ActiPlus Nestle Dairy L. acidophilus Healthy digestive
probiotic system
dahi
Vita biosa Vital health | Herbal L. acidophilus, L. casei, Enhanced gut health and
drink L. rhamnosus, L. salivarius, | immunity
Lactococcus lactis,
B. lactis, B. longum and
S. thermophilus
Koji Graindrops | Dairy L. acidophilus, Improve digestion and
free L. rhamnosus, L. casei, absorption of nutrients
beverage | L. bulgaricus,
S. thermophilus, B. bifidum
and B. lactis

the metabolic capabilities the species are classified as homofermentative or
heterofermentative. The species of this genus are largely discovered in the
human digestive and urogenital tracts, while so far there have been studies that
their existence may fluctuate within a species, age of the host or the site within the
gut. Presently, research data suggest that the Lactobacilli, which are used thera-
peutically, are considered as probiotics, the reverse of antibiotics. Moreover, they
are looked as “friendly” microbes and have prospective implications in enhancing
the bioavailability and uptake of minerals, reducing risk of cardiovascular disease
and promoting balanced metabolism and proper weight (da Silva et al. 2015).

1.2.1.2 Bifidobacterium Species

Bifidobacteria are Gram-positive, non-spore forming bacteria belonging to the
family Bifidobacteriaceae which metabolize glucose to generate lactic and acetic
acids (Milani et al. 2017). Bifidobacteria spp. generally reside in the human gastro-
intestinal tract, insect and bird’s intestine. Their utmost profusion during infancy of
mammals is associated with their suggested character as an imperative microbial
modulator of the immune response as well as the gut microbiota of the host (Turroni
et al. 2018).
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1.2.1.3 Bacillus Species

Bacillus coagulans belonging to the genus Bacillus is a Gram-positive spore forming
bacterium, which blends both Bacillus and LAB attributes in its mechanisms. It is
able to survive in high temperature of heat treatment and physiological conditions
such as very low pH of the stomach and bile salts and directly affecting
enteropathogens. Predominantly, this species is also recognized to maintain health
and therapy by posing antagonistic effects on the pathogens (Wang et al. 2012).
Apart from this species, B. clausii is also well documented for its probiotic attributes.

1.2.1.4 Saccharomyces Species

The non-pathogenic yeast strain Saccharomyces boulardii has also received atten-
tion worldwide as both therapeutic agent for gastrointestinal and other diarrhoea
disorders caused by the administration of antimicrobial agents. S. boulardii pos-
sesses many therapeutic properties that make it as a potential probiotic agent, i.e., its
survival during transit through the gut lumen, its optimum temperature is 37 °C, both
in vitro and in vivo conditions and antimicrobial action.

1.2.2 Prebiotic

In 1995, the first published definition of prebiotic was provided by Glenn Gibson and
Marcel Roberfroid as a “non-digestible food component that beneficially affects the
host by selectively activating the growth and/or activity of one or a partial number of
microorganisms in the colon, and consequently improves host health” (Gibson and
Roberfroid 1995). Bindels et al. (2015) suggested another explanation of a prebiotic
as “a non-digestible compound that confer a beneficial physiological effect on the
host, through its utilization by gut microbiota, modifies composition and/or activity
of the gut microbiota”. They also recommended that non-carbohydrate compounds
may serve as prebiotics and supplemented the subsequent prebiotics to the normal
list: pectin, resistant starch, whole grains, arabinoxylan, several dietary fibres and
non-carbohydrates that employ their act through a modulation of the microorgan-
isms in the gut. Further in the year 2016, an expert advisory panel member convened
by the International Scientific Association for Probiotics and Prebiotics (ISAPP)
customized this to “a substrate that is selectively used by host microbiota conferring
health benefits” (Gibson et al. 2017). A clear definition of selectivity is viewed as
fundamental to the prebiotic approach; in disparity to fibres, that is, pectins, cellulose
and xylans, which promote the proliferation of numerous microbes in the gut
principally Bifidobacterium and Lactobacillus and prebiotics such as galacto-
oligosaccharides and fructooligosaccharides.
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An ideal prerequisite for a substrate to be a prebiotic should include the
following:

» Resistance to gastric environment.

It should not be absorbed in the upper gastrointestinal tract.
* Resistance to action of mammalian enzymes.

» Fermentation by the intestinal microflora.

1.2.2.1 Types of Prebiotics

The prebiotics are group of diverse nutrients of various molecular structures that
naturally exist in different dietary products consumed in our everyday life.

They are generally composed of linked sugars like short and long chain
B-fructans, galacto-oligosaccharides and xylo-oligosaccharides (Tables 1.3 and
1.4). These polysaccharides have the chemical -characteristic of being
non-digestible by the enzymes present in the gastrointestinal tract. (Brosseau et al.
2019)

Fructans Fructans such as fructooligosaccharides (FOS) and inulin are reported
widely for prebiotic activities. These substrates possess linear chain of fructose with
B-2,1 bond (Brosseau et al. 2019). The literature reported on fructans indicates that
these can selectively stimulate the proliferation of probiotic bacteria. These fructans
are found naturally in foods, such as asparagus, artichoke, leeks, wheat, chicory,
onions, bananas, honey and garlic.

Galacto-Oligosaccharides Galacto-oligosaccharides (GOS) are enzymatic product
of lactose formed by transglycosylation. The GOS generally consist of primarily a
combination of oligosaccharides from tri- to pentasaccharide with galactose in -1,6,
B-1,3 and B-1,4 linkages (Ranucci et al. 2018). This kind of GOS is also known as
trans-galacto-oligosaccharides or TOS. GOSs are reported for their prebiotic activity
for Bifidobacteria and Lactobacilli with a lesser activity towards Bacteroidetes and

Table 1.3 Commonly used prebiotics and their natural sources

Prebiotics Natural sources

Fructooligosaccharides | Asparagus, chicory, onion, garlic, wheat, leek, Jerusalem artichoke, oat

Inulin Burdock camas, Globe artichoke, banana, elecampane, costus, agave,
chicory, coneflower, dandelion, garlic, Jerusalem artichoke, jicama,
onion, wild yam

Isomalto- Soy, sauce, miso, sake, honey

oligosaccharides

Galacto- Human milk, kidney bean, chickpea, lentil, lima bean, green pea
oligosaccharides

Xylose- Fruits and vegetables, bamboo shoot, milk, honey
oligosaccharides

Lactulose Skimmed milk
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Table 1.4 Commercial prebiotic products and their functional properties (this is not an exhaustive

list)

Name Type Ingredients Functional properties
Natural Powder | Potato starch, green banana flour | Improves your digestion, metab-
stacks prebi- and inulin olism and gut health
otic+
Hyperbiotics | Powder | Acacia fibre, Jerusalem artichoke | Improve gut health
prebiotic and green Banana flour
DrTobias Capsule | LHO1-Myoviridae, Support beneficial bacteria
prebiotics LLS5-Siphoviridae,

T4D-Myoviridae and LL12-

Myoviridae
DrFormulas | Tablet | Organic blend of Alfalfa grass, Enhance gut bacterial composi-
nexabiotic barley grass, broccoli, spinach, tion, nutrient absorption,
prebiotic kale, cabbage immune system and reduces

cauliflower, brussel sprouts, constipation

apple, carrot, beet, tomato, straw-

berry, tart cherry and garlic
Prebiotin Tablet | Oligofructose and inulin derived | Support a healthy microbiome
prebiotic and from chicory root and immunity

powder

Goodgut Capsule | Japanese honeysuckle, pome- Maintain digestive balance and
balance granate, grape, kiwi, green tea, nourish gut bacteria

apple, bilberry, blueberry, choke-

berry, clove, cranberry goji berry

and mangosteen
Enzymedica |Powder |Dietary fibre, guar fibre, tapioca | Improve digestion and nourishes
prebiotic fibre, acacia gum, galacto- gut microbiota

oligosaccharides, isomalto-oligo-

saccharides and fermented barley

grass
Benefiber Powder | Wheat dextrin Nourishes healthy gut bacteria
Sanitarium Soy Corn maltodextrin and prebiotic | Enhances gut health
so Good Soy | milk fibre (chicory root extract)
prebiotic based

drink

other probiotics. Lactulose, an isomer of lactose, is also known GOS reported as
potential prebiotics used in the therapy of constipation and hepatic encephalopathy.

Other Saccharides Resistant starch (RS) is a category of starch which is resistant
to digestion in the upper gut. RS is generally fermented by colonic bacteria and
results in production of prominent amount of butyrate; therefore referred as a
potential prebiotic substrate. Various studies reported the degradation of RS by
fibre utilizing bacteria such as Bifidobacterium adolescentis and Ruminococcus
bromii, and also to a lesser extent by FEubacterium rectale and Bacteroides
thetaiotaomicron.
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Polydextrose, polymer of glucose-derived oligosaccharide, is a food ingredient
that is indigestible by intestinal enzymes and thus possibly affects colonic function
(Duncan et al. 2018).

Non-carbohydrate Compounds Although carbohydrates are more likely to con-
form to the criteria of prebiotics definition, there are few compounds that are not
classified as carbohydrates, but are recommended to be classified as prebiotics, such
as cocoa-based flavanols, polyphenols in berries.

1.2.2.2 Mechanisms of Action of Prebiotics

Prebiotics are reported to stimulate the growth of beneficial bacteria and antagonistic
to pathogenic group of bacteria. Prebiotics not only aid as an energy source via
production of short chain fatty acids (SCFAs) but also have various health benefits
such as decreasing the occurrence and extent of diarrhoea, employing protective
effects to avert colon cancer, decreasing gut inflammation and other problems related
with intestinal bowel disorder. Moreover, prebiotics are also involved in boosting the
bioavailability of minerals, dropping some risk issues for cardiovascular disease and
endorsing weight loss and satiety.

1.2.3 Synbiotic

The development in research related to probiotic and prebiotics has driven to
formation of term synbiotics which is a selective fusion of both probiotics and
prebiotics. The synbiotic action of probiotic or prebiotic on the beneficial effect on
human health is supposed to be more dynamic as comparison to the effect of
probiotic or prebiotic alone (Kerry et al. 2018). The synbiotic strategy positively
enhances the implantation and survival of live bacterial dietary supplements in to
gastrointestinal tract.

Most frequently used synbiotic blends comprise of Bifidobacterium, Lactobacilli,
B. coagulans, S. boulardii, as probiotic constituent, and oligosaccharides and inulin
as prebiotic constituent (Tables 1.5 and 1.6) (Pandey et al. 2015). The health
promoting effects of synbiotic preparation include the following:

* Improved proliferation of bifidobacteria and lactobacilli besides balanced gut
microbiota.

* Prevent microbial translocation and limiting pathogenic colonization in surgical
patients.

¢ Improved functioning of liver in cirrhotic patients.

¢ Enhancement of immunomodulating capability (Zhang et al. 2010).
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Table 1.5 Commonly used Synbiotic preparations for human nutrition

Prebiotics Probiotics

Fructooligosaccharides Bacteroides fragilis, Peptostreptococcaceae, Bifidobacteria,
Klebsiellae

Inulin L. acidophilus, B. animalis, L. paracasei
Isomalto- Bacteroides fragilis, Bifidobacteria
oligosaccharides

Galacto- B. longum, B. catenulatum
oligosaccharides

Xylose-oligosaccharides | B. adolescentis, L. plantarum

Lactulose L. bulgaricus, L. acidophilus, B. lactis, L. rhamnosus

1.2.4 Postbiotics

Postbiotics are defined as functional bioactive components generated during micro-
bial fermentation process that trigger the beneficial effects on the host (Collado et al.
2019). Postbiotics consist of peptides, bacterial enzymes, peptidoglycan-derived
neuropeptides and organic acids, for instance, acetic acid and lactic acid. The
postbiotics exhibit therapeutic effects, viz. anti-inflammatory, immunomodulatory
and anti-bacterial properties, anti-hypersensitive, anti-proliferative  and
hypocholesterolemic activity (Tomasik and Tomasik 2020). The metabolic
by-products from postbiotic, like lipoteichoic acid, could have an anti-inflammatory
effect, prompting the production of cytokines IL-4, IL-6 and IL-10, and reducing the
production of reactive oxygen species (ROS) (Nakagawa and Miyazaki 2017). In
addition, heat-killed probiotic preparations possessing vital bacterial structures are
also reported for biological activity in the host.

The prerequisites for a postbiotic include all the characteristics of probiotics
and prebiotics with similar functions as reported for probiotics. Generally the
postbiotics include bacteriocins, SCFAs, heat-killed probiotics, polyphosphates,
exopolysaccharides, cell wall components.

1.3 Colonization and Alterations of Gut Microflora

The human intestinal tract is colonized by a large number of microbes beginning by
birth and is influenced by number of factors such as mode of delivery, feeding
practices, environmental factors, etc. (Attri et al. 2018). This region is an extremely
complex micro-ecosystem with an interaction between nutrients, gut microbial
communities and host intestinal cells. Various studies have reported that the
human gut contains approximately 1000 different species of microbes and around
10'* in numbers, which are nearly 10 times more microbial cells as compared to
number of human cells and over 100 times the amount of genomic material as the
human genome. Therefore, the gastrointestinal region is often regarded as “Super
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Table 1.6 Commercial synbiotic products and their functional properties (this is not an exhaustive

list)
Functional
Name Type Prebiotic Probiotic properties
Zenwise Powder | Inulin, apple pectin, L. plantarum, Supports
digestive fennel seed powder, tur- | L. acidophilus, L. casei, | digestion and
enzyme with meric root powder, L. rhamnosus, promotes
probiotic and papaya fruit powder, L. salivarius, B. breve, proper nutri-
prebiotic ginger root powder, sea | B. bifidum, B. longum, ent uptake
vegetable, peppermint B. animalis lactis and
leaf extract Bacillus subtilis DE111
Earth’s Pearl | Pearl Fructooligosaccharides | L. plantarum, Improve gut
probiotic and | shaped L. acidophilus, health and
prebiotic tablet L. reuteri, B. lactis and immune
B. infantis system
Onnit total Capsule | Jerusalem artichoke and | L. rhamnosus, Immune sys-
gut health dandelion root powder L. plantarum, tem support
L. acidophilus DDS-1, and promote
B. lactis, B. infantis and | healthy gut
Saccharomyces flora
Boulardii
Ora organic Capsule | Jerusalem artichoke inu- | L. acidophilus DDS-1, Enhance
probiotics and lin, Tapioca oligosac- L. reuteri, B. bifidum, optimal
with Powder | charide, apple, B. longum and B. lactis | digestive
prebiotics raspberry, rice hull health and
powder immune
function
Activa well- | Capsules | Fructooligosaccharides | B. longum, B. infantis, Enhanced
being L. acidophilus and immunity
synbiotic L. rhamnosus and balanced
gut
LactoWise Capsule | Galactomannan Bacillus coagulans Regulate
MTCC 5856 growth of
beneficial gut
microbiota
Essential- Powder | Xylo-oligosaccharides L. acidophilus DDS-1 Enhanced
biotic and B. lactis UABla-12 | digestive
synbiotic health
Now probi- Powder | Organic Inulin L. plantarum Lp-115, Healthy
otic- (fructooligosaccharides) | L. paracasei Lpc-37, intestinal
10™ + Inulin L. rhamnosus Lr-32, flora

L. acidophilus La-14,

L. casei Lc-11,

L. salivarius 1.s-33,

S. thermophilus St-21,
B. lactis B1-04, B. breve
Bb-03 and B. longum
BI-05
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organ”. Due to this large genomic content and a number of metabolic activities in gut
region, the microbe-nutrient interaction imparts a range of beneficial effects to the
host. The major roles of these microorganisms in gastrointestinal tract are to
maintain the gut homeostasis, immune system, to provide nutrients such as vitamins,
protection from pathogenic microbes and maintaining integrity of the mucosal
barrier (Attri and Goel 2018). The antimicrobial action of beneficial bacteria in gut
include: Reduction of the adhesion of pathogens to epithelial cells by colonizing the
available intestinal sites, competition for nutrients and release of anti-bacterial sub-
stances such as bacteriocins, lactic acid and short chain fatty acids which makes the
colonic region unfavourable for survival of potential pathogenic microbes. Apart
from this, gut microbiota also play a crucial part in production of many important
vitamins such as vitamin B, and K, and in enhanced bioavailability of iron,
magnesium and calcium ions (Thursby and Juge 2017).

Alterations in the composition of microbiota or dysbiosis can be due to environ-
mental factors, including diet, toxins, drugs and pathogens. Managing dysbiosis and
manipulating the microbial environment in the colonic region using probiotics is a
promising area for probiotic based therapies. Consumptions of probiotics may result
in beneficial effects in the colonic region or enhance the functionality of existing gut
microbiota by maintaining the gut homeostasis. Study conducted by Kuugbee and
co-workers (Kuugbee et al. 2016) reported alteration in gut microbiota composition
in animal model after treatment with probiotics. The relative abundance potential
pathogenic bacteria belonging to genera Clostridium, Helicobacter, Congregibacter,
Escherichia, Candidatus, Phaeobacter and Pseudomonas was decreased, whereas
an increase in content of species of Lactobacillus was observed. However, to extend
these beneficial effects, the efficacy is dependent on its ability to survive the
conditions of gastrointestinal tract, commonly encountered conditions include:
acidic conditions of stomach and alkaline environment small intestinal region. The
prerequisite for probiotics also includes their capacity to attach to the intestinal
mucous membrane and to colonize in this region. This adhesion by probiotics is
considered as important property for colonization, and is one of the main selection
criteria for novel probiotic strains. In the colonic region, the mucous membrane
covering the intestinal epithelium layer is rich in glycolipids and glycoproteins
which act as suitable receptors and carbohydrate moieties for bacterial adhesion.
Gastrointestinal conditions such as pH, bile, digestive enzymes also influence
adhesion of probiotic bacteria. In addition, due to the presence of different sub-
stances such as exopolysaccharides and calcium ions released by probiotic microbes
can also alter their adhesion to colonic mucous membrane. The mechanism of
adhesion of probiotics involves passive forces, electrostatic and hydrophobic. Pres-
ence of complex surface exposed polymer lipoteichoic acids in the cell wall of Gram
+ve bacteria are also reported to be involved in adhesion process. Also prebiotics
such as oligosaccharides could also enhance the adhesion properties of probiotic
cultures (Monteagudo-Mera et al. 2019; Chua et al. 2019). Several reports also
hinted that proteinaceous components such as mucus binding protein, mannose-
specific adhesion protein, collagen binding proteins, fibronectin, lectin like protein
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also play role in the adhesion of microbes to intestinal cells in animal system and
in vitro human studies (Collado et al. 2010).

1.4 Immune System and Gastrointestinal Response
to Probiotics

The immune response in the host body is initiated by innate immunity after the entry
of foreign particles such as pathogens or any tissue injury. However, the uneven
immune response may lead to acute inflammation and unrestrained tissue injury and
disorders. In the gastrointestinal tract, epithelial cells represent the first barrier
against pathogens, followed by mucosal immune system response. Microbes can
interact with pattern recognition receptors of intestinal antigen presenting cells such
as macrophages and dendritic cells through microorganism associated molecular
patterns present on the bacterial cell surface. Sensing of the gut microbiota by the
mucosal immune system plays significant roles in maintaining intestinal homeostasis
and generation of protective responses (Monteagudo-Mera et al. 2019). Study
conducted by Galdeano and Perdigon (2004)) demonstrated that after adherence of
a potential probiotic strain to the epithelial cells, immune response is stimulated
through formation of toll-like receptor. Following this adherence, there is an
enhanced production on the cytokines like IL-6 and macrophage chemo-attractant
protein-I, without altering the intestinal barrier. Probiotics also stimulate dendritic
cells/macrophages which result in an increased antibody immunoglobulin A (IgA)
and cytokines secretion Molecules derived from these bacteria also bind to receptors
present on dendritic cells which further activate different signalling pathways. Some
probiotic strains such as L. rhamnosus can induce heme oxygenase activity in
dendritic cells which result in mucosal T regulatory (Treg) cells within the gut
associated lymphoid tissues (Delgado et al. 2020).

These probiotics also promote human health by production of low molecular
weight compounds such as organic acid and antimicrobial high molecular weight
compounds like bacteriocins which further inhibits the growth of pathogenic bacte-
ria. Organic acids such as butyric, acetic and lactic acids have been reported to show
strong anti-pathogenic activity against Gram —ve bacteria, such as E. coli,
P. aeruginosa, H. pylori, etc., by disrupting their cell wall. Some reported bacterio-
cins produced by probiotics are bifidocin B produced by B. bifidum, nisin from
Lactococcus lactis, plantaricin from L. plantarum and lactacin B from L. acidophilus
(Bermudez-Brito et al. 2012).

It is well known that natural killer cells are involved in both innate and adaptive
immunity. Natural killer cells also interact with gut microbiota and influence the
adaptive T cell-mediated immune response by acting on antigen presenting cells.
These natural killer T cells are also effected by lipid antigens present on probiotic
cells. Probiotic bacteria B. polyfermenticus increase CD56" T cells, whereas B. lactis
HNO19 consumption improves natural killer cells tumoricidal properties in old-aged
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person. Intake of probiotic L. casei Shirota simulates the surface expression of CD25
and CD69 on both CD56™ and CD56" cells. Also, regular consumption of probiotics
products containing L. paracasei, B. animalis ssp. lactis and heat-treated
L. plantarum has been reported to enhance the functionality of natural killer cells
(Lee et al. 2017).

Probiotics beneficial effects against certain disorders such as allergies and colitis
can be ascribed to their potential to enhance the production of T lymphocytes.
Probiotic strain B. longum improved colorectal colitis in animal model by regulating
the proportion of Treg cells, whereas IL-10 and the ratio of IL-10/IL-12 were
enhanced in the serum, while the proinflammatory cytokines IL-12, IL-17 and
IL23 were downregulated. After consumption of B. infantis 35,624 in healthy
humans, there is an upregulation of Foxp3 lymphocytes, which further results in
low level of proinflammatory cytokines in patients with ulcerative colitis or psori-
asis. Probiotics can modulate T cells response by their metabolites like short chain
fatty acids. In fact, the short fatty acid such as butyric acid enhances extrathymic
generation of Treg cells, while de novo Treg cell generation is simulated by
propionic acid (Zhang et al. 2017; Alexander et al. 2014).

1.5 Potential Applications of Probiotics

The promising effects of probiotics attract considerable attention of microbiologists,
clinicians, nutritionists as well as food technologists to develop probiotics as such as
or probiotic based foods or supplements for consumer applications. Some of the elite
properties of probiotics, such as anti-pathogenicity, anti-inflammatory, anti-cancer,
anti-allergic and anti-obesity activities, and their consequence on the mind and
central nervous system (CNS), are briefly discussed below.

1.5.1 Antimicrobial Activities of Probiotics

One of the most studied effects of probiotics is modulating the intestinal microbiome
against pathogenic microorganism. The probiotic microorganisms generate various
metabolites such as short chain fatty acids (lactic, acetic, formic, butyric and
propionic acids), which are reported to inhibit pathogens such as Salmonella
enterica serovar Typhimurium and Clostridium difficile (Bermudez-Brito et al.
2015; Goldenberg et al. 2017). SCFAs are reported to maintain suitable pH condi-
tions in the colonic lumen, which significantly boosts the metabolism of foreign
compounds and carcinogen residues in the gut. In addition, probiotics produce
various inhibitory compounds to reduce pathogens, viz. peptides, bacteriocins,
organic acids, hydrogen peroxide, diacetyl, and hydrogen peroxide. Predominantly
components of the probiotic metabolome are engrossed in some metabolic pathways
that regulate cellular pathways for proliferation, differentiation, apoptosis (Kumar
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et al. 2013). Probiotics also prompt host anti-pathogenic immunomodulatory path-
ways such as secretion of anti-inflammatory compounds and others.

1.5.2 Anti-inflammatory Intestinal Activity of Probiotics

Ulcerative colitis (UC) and Crohn’s disease (CD) are among the most frequent types
of chronic inflammatory disorders and are classified as inflammatory bowel diseases
(IBD) that cause digestive disorders and inflammation in the intestinal tract accom-
panied by abdominal pain (Seyedian et al. 2019).

Crohn’s disease commonly affects the intestine, but may exist anywhere in GI
tract. The disease is manifested with ulceration and inflammation that influence the
digestive health of the body with limited absorption of food nutrients and elimination
of wastes. The main causative agents identified are Salmonella, Campylobacter
Jjejuni, Clostridium difficile, Adenovirus. In overcoming the problems related to
CD in humans, L. rhamnosus strain GG, VSL#3, E. coli Nissle 1917, S. boulardii
are reported as potential therapeutic probiotic strain (Fedorak et al. 2015; Petersen
et al. 2014). In contrast, UC mainly affects the lining of the colon and rectum. The
supplementation of various probiotic species like S. boulardii, L. casei and
B. bifidum has shown to manipulate the intestinal microbial balance, which can be
an alternative therapy for IBD (Kelesidis and Pothoulakis 2012). The probiotic
intervention in IBD has been suggested due to the competitive action with commen-
sal, pathogenic flora and an impact on overall immune response system (Sivamaruthi
2018).

1.5.3 Anti-cancer Activity of Probiotics

Presently, profound research on application of proteomics, genomics and molecular
pathology as technological tools to detect the mechanisms of cancer has elevated the
awareness about cancer and public consciousness. Simultaneously, new drugs or
molecules with attractive anti-cancer properties have been identified using biotech-
nology and nanotechnology; however, still tolerance to their load and side effect has
been a major restriction in the use of most of the drugs. In this context, probiotics
with anti-carcinogenic effects have drawn great interest to prepare effective anti-
cancerous targets with minimal or no side effects.

Various modes of actions have been suggested for anti-tumour activities of
probiotics, however, a specific mechanism to state is still unclear. Probiotic bacteria
play an essential role in the preservation of homeostasis, maintaining sustainable
physicochemical conditions in the colon. Reduced pH caused inter alia by the
excessive presence of bile acids in faeces may be a direct cytotoxic factor affecting
colonic epithelium leading to colon carcinogenesis which include: maintaining the
gut homeostasis, modulation of pH and bile acid profile, binding and degradation of
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potential carcinogens, production of SCFAs which may act as signalling molecules
affecting the immune system, cell proliferation and apoptosis. There are plenty of
new reports on the anti-tumour activities of different probiotic strains, nevertheless,
the in vitro studies reported that probiotics could perform a substantial role in
neutralizing cancer which needs to be validated in in vivo models and progress
towards animal and clinical trials.

1.5.4 Anti-allergic Activities of Probiotics

The prevalence of allergic responses due to different food components due to
immune disorders has been increasing worldwide resulting in severe economic and
societal burden. Embracing the indispensable molecular mechanism that leads to the
aetiology of allergic diseases, along with new treatment strategies, is vital in
preventing the allergic responses of food components. In this context, the role of
the microbiota in allergies is now widely studied; however, the role of probiotics as
therapy was only recently noted. The beneficial effects of probiotics have become
popular approach for health maintenance and allergic-disease prevention. Different
strains have been tested for their anti-allergic responses. The common mechanisms
by which these probiotics exhibit anti-allergic responses include modulation of
innate lymphoid cells through toll-like receptors (TLRs), production of butyrate as
one of the SCFA which protect from intestinal inflammation; act as histone
deacetylase inhibitor; increase Foxp3 protein acetylation and immunomodulatory
activity such as enhanced secretions of interleukin-4 and interferon-y (Takeda et al.
2014).

1.5.5 Anti-obesity Activity of Probiotics

The accumulation of excessive fat (obesity) on the body directly deteriorates health
which is related to an increase in energy availability, sedentariness and maintenance
of environment temperature, resulting in imbalance between energy intake and
expenditure. Probiotics possess physiological attributes that devote to the health of
host environment regulating microbes. In most citing, weight loss is eased by
lipolytic and thermogenic responses through activating the sympathetic nervous
system. The mechanisms by which probiotics exert anti-obesity effects include
maintaining the gut homeostasis, strengthening the functions of the gut epithelial
barrier, production of health promoting substances such as Conjugated linoleic acid
(CLA), competitive adherence to the gut mucosa, modulation of the immune system
via release of anti-inflammatory compounds and modulation of energy homeostasis.
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1.5.6 Effect of Probiotics on Brain and Central Nervous
System

The gut microbiota composition is linked with both neurological and gastrointestinal
disorders. Moreover, in recent years, new insights have been dedicated towards
elucidating promising therapy of probiotics on the central nervous system (CNS)
disorders. Probiotic studies in humans are still scarce, but the available data using
probiotics against neurological disorders are promising. A study conducted in 2005
suggested that probiotic cultures might be used as an adjuvant therapy for the
treatment of major depressive disorder (MDD) (Logan and Katzman 2005). Since
stress (a significant factor contributing to MDD) is known to alter the composition of
gut microflora, resulting in reduction of lactobacilli and Bifidobacterium spp., it
would be conceivable that gut microbiota has significance in chronic stress. Evi-
dently, Bifidobacterium infantis showed antidepressant-like properties by normaliz-
ing the levels of cytokines and tryptophan (Desbonnet et al. 2008, 2010), an increase
in levels of which is associated with depression. Probiotics such as L. rhamnosus
JB-1 and L. plantarum PS128 are known for their anxiolytic and anti-depressive
effects on mice, which are some early examples of psychobiotics. The reported
psychobiotics modulated the levels of neurotransmitters, serotonin, dopamine and
their metabolites, in animal studies which contributed to the psychotropic effects
(Liu et al. 2019).

1.6 Commercial Potential of Probiotics

Awareness towards health has grown to a greater extent as the consumers demand
healthy diet and functional food products. Therefore, there is a high demand of food
products fortified with prebiotics and probiotics in the market. As per the global
market trend, probiotic business is projected to reach a turnover value of US$ 46.55
billion by 2020. The most commercial probiotics products available in the foods
market belong to the genera of Bifidobacterium, Lactobacillus, Lactococcus, Strep-
tococcus and some species of Enterococcus. Some non-pathogenic yeasts such as
Saccharomyces boulardii are also used as probiotics.

Commercially probiotic products are being sold out in the global market mainly
in the form of pharmaceutical formulations, fermented dairy products and non-dairy
based probiotics (Fig. 1.2). However, since consumers who are allergic to milk
proteins, lactose intolerant or due to high content of cholesterol and saturated fatty
acids, they are shifting from dairy based products to non-dairy based products.
Therefore, nowadays such non-dairy based products like fermented probiotic fruits,
herbal, cereals, soy, vegetables and tea derived beverages are in high demand. Also,
addition of probiotic strains into various food matrices-based product can alter its
properties. Therefore, while developing probiotic food product, selection of an
appropriate food system is a very important factor. Also, different types of probiotic
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Food formulations ‘ Pharmaceutical formulations ‘
Dairy based Non-dairy based
‘Freeze dried powder‘ ‘ Tablet ‘ ‘ Capsule‘ ‘ Syrups ‘
Traditional Modern

Curd, Lassi, Kefir|| Yogurt, Yakult, Probiotic curd,
Buttermilk Fermented milk, Cheese, Icecream|

[ I ! ! ! l
Fruits Vegetables Cereals Pulses & Soy Meat & Fish Herbal
Juice, Jam, Puree,| TJuice, Sauerkraut, Beverages, Bread Beverages, Flour, Sausages, Italian Tea, Kombucha,
Pulp, Extract Beverages, Pickles & Bakery, Koji, Soy milk, Yogurt salami, Fermented Beverages, Jun
Flour, Flakes & Cheese, Tempeh & probiotic meat [ —

Fig. 1.2 Types and classifications of probiotics available in market (Modified from Kumar et al.
2015)

cultures show different properties towards the acidity of the food substrate, dissolved
oxygen content, post-acidification after processing and metabolism in products.
Also, processing conditions such as heat, mechanical or osmotic stress during
preparation of probiotic products can negatively impact on viability of probiotic
cells. Most common fermented probiotic food products which are consumed
throughout the world help to preserve the quality of food, enhance its nutritional
values and improve its sensory qualities (Kumar et al. 2015).

1.6.1 Dairy Based Probiotic Products

Milk is a rich source of vital growth factors and essential components required by the
probiotic cultures. The most common probiotic dairy products consumed are various
kinds of yogurt, products fermented with lactic acid bacteria such as curd, butter-
milk, etc. Yogurt which is widely consumed as healthy and nutritious dairy food
product is a complex gel based system containing polysaccharides, lipids and pro-
teins. Yogurt is produced using a culture of S. thermophilus and L. delbrueckii
subsp. bulgaricus. Probiotic cheese, both fresh and ripened, has been developed and
is available in market which mainly contains Lactobacillus sp. and Bifidobacterium
sp. Probiotic ice creams are also commercially available around the different parts of
world which are manufactured using B. lactis and L. acidophilus mainly. Another
fermentation based dairy probiotic products widely consumed in Indian subcontinent
is curd/buttermilk which contains wide range of lactic acid bacteria mainly
L. acidophilus, L. lactis, L. bulgaricus and Leuconostoc citrovorum. The cheese
whey supplemented with probiotic bacteria production for commercial use is
extremely attractive section in food biotechnology industry nowadays. Another
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probiotic product was prepared by fermenting whey based goat milk beverage with
probiotic culture L. rhamnosus Lr-32, B. animalis BB-12 and S. thermophilus
TA-40. Also, addition of whey protein concentrate in dairy beverages enhances
the viability of Lactobacillus sp. and Bifidobacterium sp. during cold storage. This
property of whey protein is due to higher buffering capacity and caseins which delay
the post acidification of beverage during cold storage. Another study concluded that
food matrix of whey protein beverage is suitable for viability of probiotic bacteria
(Buriti and Saad 2014; Shori 2016).

1.6.2 Non-dairy Based Probiotic Products

Few years back most of the probiotic products in the market were dairy based but
now many non-dairy based products are also available for people with milk allergies
and lactose intolerance.

1.6.2.1 Fruit Based Probiotic Products

Fruit are a rich source of phytochemicals, minerals, vitamins and antioxidants as
compared to dairy products. Fruit juices also rich source of oligosaccharides which
support the growth of probiotic cultures and their good refreshing taste is suitable for
people of all age groups. Also, these juices stay very less time in the stomach due to
which these probiotic microbes spend very less time in the harsh acidic conditions of
the stomach. Generally, fruit products possess low pH, organic acids like ascorbic
acid enhance viability of probiotic cultures. Also, presence of polysaccharides such
as dietary fibre and cellulose can protect probiotics during processing and storage
processes. Several fruits such as apples, cranberry, oranges, litchi, pomegranate,
raspberry, cantaloupe melon, blueberry, pineapple, blackcurrant, banana, cashew
apple, etc. are used for manufacturing of probiotic products. Currently, the devel-
opment of probiotic fruit juice based beverages has increased and is in high demand
as they provide a large number of health benefit beyond the traditional nutrients as
well as they are showing good satisfactoriness among consumers (Aspri et al. 2020).

1.6.2.2 Vegetable Based Probiotic Products

Vegetables are also rich in functional polyphenols and antioxidants that synergisti-
cally provide many health benefits to human. Vegetable can also provide probiotics—
prebiotics benefits to human through direct consumption of vegetable based prod-
ucts. Numerous indigenous lactic acid bacteria such as L. brevis, L. delbrueckii,
L. casei, L. plantarum and L. paracasei have been isolated from the raw vegetables.
Peeling and cutting of vegetables increase the sugar, minerals, vitamins and other
nutrients availability from cellular matrix which further creates favourable
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environment for microbial growth. Study by Yoon and co-workers (Yoon et al.
2005) reported that red beet can act as a good prebiotic for the manufacturing of
probiotics beet juice. The survival of the probiotic strains in fermented tomato juice
was enhanced during 30 days storage at 4 °C. Probiotic carrot and cabbage juice also
seemed to be a growth medium for probiotic bacteria for production of functional
beverage. Many traditionally fermented vegetable probiotic products such as Sau-
erkraut, cucumber and olives pickles in Europe; kalpi in India and Nepal; pao-cai,
inziangsang, sufu and hum-coy in China; Turkish hardaliye; kimchi in Korea and
Brazilian cashew apple juice are also commercially available now (James and Wang
2019).

1.6.2.3 Cereal Based Probiotic Product

Cereals have complex nutrient composition and are being consumed regularly as one
of the major staple foods. Cereal based drinks are one of the major classes of
fermented beverages all over the world. It also consists of non-digestible poly-
saccharides which have beneficial physiologic effects towards host such as enhanced
viability of Bifidobacteria and Lactobacilli in the colonic region. Different LAB are
used to ferment cereals such as rice, wheat, rye, oats, barley, maize and millet for
preparations of probiotic beverages. Also, there are wide range of traditional cereal
based probiotics such as boza, togwa, kvass, amazake and pozol produced around the
different parts of world (Fernandesa et al. 2020).

1.6.2.4 Soy Based Probiotic Products

Soybean is rich source of proteins and consumption of its products can help in the
prevention of many chronic diseases. Fermentation of soy products increases its
digestibility of soy products and makes them more flavoured. In Japanese traditional
appetizer natto soybean sprouts are fermented with B. subtilis. Experimental studies
have shown the survival of probiotic cells which indicate that soy is a good substrate
for viability of bacteria (Gonzalez-Ferrero et al. 2018; Tomasik and Tomasik 2020).

1.6.2.5 Meat Based Probiotic Products

The preservation of meat through fermentation technology using native microbial
cultures has been used for thousands of years. Although, the concept of probiotic
meat product is quite new, therefore, it is not very well established in meat industry.
Dry fermented meat products are usually not heated or only mildly heated, which is
necessary for the transfer of probiotics into the human colonic region through normal
consumption of product. Meat mainly in the form of sausages and salami is being
used as potential probiotic foods. The probiotic strains belonging to LAB such as
L. plantarum, L. casei, L. sakei, L. paracasei and L. rhamnosus are most commonly
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used in fermented meat products. Use of alginate microencapsulated of probiotic
strains in the preparation of meat based sausages is also done (Bis-Souza et al. 2019).

1.6.2.6 Herbal Probiotic Formulations

Herbal probiotic drinks are generally referred as functional food that not only pro-
vides probiotics but also beneficial phytochemicals and highly bioavailable nutrients
from some exotic herbs. These products are generally made in combination with
honey and extracts derived from herbs such as lemon, anise, basil, fenugreek, dill,
juniper, fennel, cinnamon, cardamom, ginger, basil, cloves, black pepper, etc. Also,
many herbal probiotic teas such as Kombucha are also now commercialized due to
many reported health benefits. Kombucha is prepared by fermentation of tea leaves
by bacteria and yeast (Afsharmanesh and Sadaghi 2014).

1.6.3 Pharmaceutical Probiotic Formations

Traditionally, probiotic cultures have been incorporated in fermented food products,
with limited shelf life and refrigerated storage. To overcome this issue, lyophilized
probiotic bacteria are also available in market in form of capsules, powder, sachets
and tablets at health care stores with enhanced shelf life. Chewable tablets and
mixing probiotic powder with other active ingredients are also in trends among
commercially available probiotic products. The most commonly used microbial
genera in probiotic pharmaceutical formulations are Bifidobacterium, Lactobacillus,
Enterococcus, Streptococcus, Bacillus and Saccharomyces. Medical commerce
sector recommends these products to treat various kinds of gastrointestinal tract
disorders (Fenster et al. 2019).

1.7 Conclusions

In conclusion it is confirmed that probiotic strains or their components are future
therapeutics in treating and preventing several diseases. The diverse nature of
probiotic strains reported and their further application in treatment needs compre-
hensive understanding of the genome level organizations. Limited studies have been
conducted to determine the complexity of gut microbiota which presents a challenge
to explain the underlying mechanisms of probiotic strains. Although significant
research based on experiments of clinical evidences states their potential in
extending human gut homeostasis and well-being, yet there is limited use of
probiotics in clinical practice except in gastric infections. Once the genome organi-
zation is elucidated, further application of synthetic biology and genome editing
tools will make it easier to design probiotics with enhanced activity as therapeutics.
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Abstract Probiotics are the living microbial consortia that confer the health benefits
to humans when incorporated in diet in adequate amount. These bacteria, referred to
as “good bacteria,” are present in human gut through various dietary sources and
exhibit anti-inflammatory, anti-cancerous, immunity enhancing benefits. With
enhancing knowledge about the field of probiotics, its potential sources are also
been scrutinized so that cheap and easy availability of the probiotic product is
produced. Traditionally fermented dairy products, fermented vegetables, fermented
soy products are available throughout the world with different names. These tradi-
tional fermented products are conferring many health benefits owing to the presence
of probiotic bacteria present in it. Presently, dairy companies are active producers of
the probiotic rich yogurts, buttermilks, and tofu. These products are artificially
supplemented with probiotics and are easy available options for the consumers.
Also, many pharmaceutical companies are providing active probiotic supplements in
the form of capsules and sachets which are recommended to patients with diarrhea,
various infections, and allergies. However, with the fast emergence of the probiotic
industry, it is imperative that the guidelines for bacteria to be termed as probiotic
should be well defined so that the users can get a product with claimed benefits.
These characteristics will ensure that the consumer is getting a standardized product
with ensured efficiency.
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2.1 Introduction

Living microorganisms that can be incorporated into foods, dietary supplements,
functional foods, and drugs in adequate amount for conferring health benefits to the
host are called as probiotics. These live microorganisms provide health benefits to
the host animal beyond their inherent nutrition. Earliest idea of the beneficial effects
of bacteria to human health was provided by Nobel Laureate Metchnikoff, who tried
to find out the possible effects of microbes on human health. He reported that the
auto-intoxification caused by the intestinal microbes can be prevented by the intake
of lactic acid producing bacteria present in yogurt. In his book, “The prolongation of
life; optimistic studies,” he suggested that the growth of proteolytic microbes can be
prevented by intake of dairy products because they lower the colon pH by breaking
lactose. He supported his hypothesis by providing the fact that villagers in Bulgaria
who consumed fermented sour milk had longer life expectancy compared to general
population. A pediatrician, Henry Tissier, from the Pasteur Institute reported the
discovery of Bifidobacterium spp. in the gut of breast-fed infant. He reported that the
gastroenteritis could be prevented by Bifidobacterium spp. Stamen Grigorov in 1905
identified Lactobacilli spp. in the starter culture of fermented Bulgarian diary
product. Years later, in 1917, a German professor, Alfred Nissle, isolated
non-pathogenic E. coli from the feces of two soldiers not affected by the epidemic
of shigellosis. He reported that presence of non-pathogenic E. coli in these soldiers
prevented the adherence of pathogenic bacteria by the secretion of bacteriocins
(Sonnenborn and Schulze 2009).

Earlier the term probiotics was limited to the Lactobacillus and Bifidobacterium
spp. With identification of new bacteria and increase in research in probiotics,
bacterial spp. belonging to genera Streptococcus, Leuconostoc, Pediococcus,
Propionibacterium, and Enterococcus are being used as probiotics. Yeast and
molds like Aspergillus niger, A. oryzae, Candida pintolopesii, Saccharomyces
boulardii, and S. cerevisiae are also regarded as probiotics.

Human gut is inhibited by both good (probiotics) and bad bacteria. Good bacteria
confirm various health benefits to humans. They improve food digestion by
fermenting the carbohydrates into simpler structures, producing vitamin-K, and
compensating various deficiencies in the body. Probiotics play an important role in
proliferation of epithelial cells, development of immune system (Cammarota et al.
2009). Bad bacteria, usually present, but are apparently non-existing, because they
are under the pressure of good bacteria. Good bacteria are able to compete with these
bad bacteria and prevent their colonization. In the conditions of stress, high alcohol
consumption, high fats, genetic disorders, high chlorine and fluoride concentration
in diet can cause decrease in the number of good bacteria and bad bacteria will take
their position and produce toxins deteriorating human health. In that case, probiotics
need to be administrated in higher dosage (Amara 2012).
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2.2 Sources of Probiotics

Since ages humans are taking probiotics in diet through fermented food products
such as beverages, yogurt, and cheese (Amara 2012). Intake of fermented foods or
the dietary supplements are the two ways in which we can take probiotics.
Fermented foods are regarded well over dietary supplements because their use is
advocated to treat certain diseases and are not recommended for daily use.
Fermented dairy products are one of the best sources of probiotics (Liong 2011).
Kefir, sauerkraut, pickles, tempeh, miso, kimchi, sourdough bread, and some cheese
are important fermented products which are rich sources of probiotics.

1. Yogurt—The “Yogurt” is the Turkish word which means to get thick. Turks are
believed to be the earliest users of yogurt to treat gastrointestinal diseases (Atalay
2006). Yogurt, “the milk of eternal life” prepared from milk of goat was used to
treat severe gastrointestinal diseases in France (Ozen and Dinleyici 2015). Yogurt
is the fermented milk by the fermentation of milk by bacteria called as “Yogurt
cultures.” Yogurt culture is the combination of Lactobacillus bulgaricus and
Streptococcus thermophilus. S. thermophile is responsible for the lactic acid
fermentation and consequent cuddling of the milk to give it a gel like consistency.
L. bulgaricus, on the other hand imparts flavor, hydrolyses the casein proteins
into smaller peptides. Yogurt is considered as the best carrier food that can be
used to deliver L. acidophilus and Bifidobacterium bifidum to human gut, the
most common probiotics present in the dairy products. Many other probiotic
bacteria are also present in the yogurt. These include B. animalis, B. lactis,
B. longum, Enterococcus faecium, Lactobacillus casei, L. delbrueckii,
L. johnsonii, L. gasseri, L. plantarum, L. rhamnosus, and S. boulardii. Probiotics
bacteria present in yogurt are associated with the prevention of acute diarrhea,
allergies, inflammation, genitourinary infections, cardiovascular diseases, vagi-
nitis. The yogurt has attracted the interest of scientific communities due to its
antimicrobial, antihypersensitivity, immunomodulatory, lipid-lowering proper-
ties, anti-inflammatory properties (Ebringer et al. 2008; Zemel et al. 2005;
Ricci-Cabello et al. 2012). Clinical trials have shown the lower risk of antibiotic
induced diarrhea with the consumption of yogurt (Beniwal et al. 2003).
Lactoferrin, the peptide formed by the digestion of proteins by the probiotic
bacteria, present in the yogurt is associated with eradication of Helicobacter
pylori infections (Sachdeva et al. 2014).

2. Kefir—It is a fermented milk product similar to yogurt. There has been an
increased interest in the commercial use of kefir as a health promoting beverage
due to the probiotics present in it. Kefir has a long history of being recommended
for health benefits in Soviet nations. The health benefits of kefir are linked both to
the consortia of probiotics in it and also due to the presence of organic acids. In
addition to being a rich resource of probiotics, it can also be effectively used as a
matrix for the delivery of beneficiary microorganisms to the human body
(Oliveira et al. 2013; Medrano et al. 2008). Lactose fermenting yeast,
non-lactose fermenting yeast, heterofermentative and homofermentative lactic



S. Kaur et al.

acid bacteria, lactic acid bacteria such as L. kefiri L. kefiranofaciens,
L. paracasei, L. acidophilus, L. parabuchneri, L. delbrueckii, L. bulgaricus,
L. plantarum, Acetobacter aceti, A. lovaniensis, A. rasens, A. syzygii,
Leuconostoc mesenteroides, Lactococcus lactis, Enterococcus durans, the fungus
such as Geotrichum candidum, S. cerevisiae, S. unisporus, Candida kefyr, and
Kluyveromyces marxianus (Zanirati et al. 2015; Witthuhn et al. 2004) are present
in the kefir. The probiotic population in Kefir varies according to the kefir origin
(Gao et al. 2012). Benefits of kefir like hypocholesterolemic effects,
antiallergenic properties, food preservative properties, antitumor, and reduction
in blood pressure are related to the biological properties of the probiotics present
in Kefir (Liu et al. 2002; Chen et al. 2008; Yanping et al. 2009). Antibacterial
compounds and antibiotics produced by probiotics present in kefir, inhibit the
growth of pathogenic bacteria such as Helicobacter, Shigella sonnei, Staphylo-
coccus, Salmonella, Helicobacter, Escherichia coli, Enterobacter aerogenes,
Micrococcus luteus, Listeria monocytogenes, Streptococcus pyogenes, Strepto-
coccus faecalis and fungus like Candida albicans, Fusarium graminearum,
Clostridium difficile (Lopitz et al. 2006; Ismaiel et al. 2011).

. Sauerkraut—It is one of the oldest fermented foods prepared from the cabbage
and has a long history of human nutrition. It is regarded as a wonder food due to
the presence of probiotics in it. Sauerkraut does not need any culture to ferment as
the cabbage growing in a healthy soil has all the bacteria needed to start
fermentation. The fermented end product is rich is Lactic acid bacteria (LAB).
Predominant species of LAB found in it are identified as L. brevis, L. plantarum,
Leuconostoc mesenteroides, Leuconostoc fallax, Pediococcus pentosaceus,
L. curvatus, L. sakei, Lactococcus lactis (Bjorkroth et al. 2002; Murcia-Martinez
and Collins 1990; Vogel et al. 1991).These bacteria have established therapeutic
role in the treatment of constipation, diarrhea, irritable bowel syndrome, urinary
tract infections, and certain cancers. Presence of LAB in sauerkraut has an
established role to enhance immunity, prevent certain diseases, and promote
lactose tolerance in human body (Orgeron II et al. 2016).

. Fermented Vegetables—Fermentation is the oldest and the widest used biotech-
nological method to preserve the perishable vegetable products (Fleming et al.
1995). It is regarded as the natural method of enhancing the nutritional quality
and organoleptic properties of the vegetables. Species of LAB such as Lactoba-
cillus, Lactococcus, Pediococcus, and Leuconostoc are naturally present in the
vegetables that carry out natural fermentation. Different fermented vegetables
have different types of probiotic bacteria (Table 2.1). Probiotic LAB spp. isolated
from vegetables are resistant to natural bile and gastric juices tolerating gut stress,
therefore vegetables are considered as another important source of probiotics.
These probiotic bacteria have found to have antimicrobial activity against Sal-
monella spp., against gram-positive and gram-negative pathogens (Wang et al.
2010).

. Kombucha—Kombucha is a fermented black tea which is slightly carbonated and
sweet in taste. The fermented tea was very popular in China, Germany, and
Russia for preventing metabolic diseases, arthritis, hemorrhoids, and rheumatism,
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Table 2.1 Different probiotics present in fermented vegetable products
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Fermented
product Region Source Probiotic organisms Reference
Gundruk Nepal Leafy vegetables Pediococcus and Lac- | Karki et al.
tobacillus spp., (1983)
L. cellobiosus
L. plantarum
Sinki India, Radish taproot L. fermentum Tamang
Nepal, L. brevis (2009)
Bhutan L. plantarum
Khalpi Nepal Cucumber L. plantarum Tamang
L. brevis (2009), Dahal
Leuconostoc fallax et al. (2005)
P. pentosaceus
Inziangsang | North east | Mustard leaves L. plantarum Tamang
India L. brevis (2009); Yan
Pediococcus et al. (2008)
Soidon Manipur Bamboo shoots Lactobacillus brevis Tamang
Leuconostoc fallax (2009)
Lactococcus lactis
Goyang Sikkim Magane saag Lactobacillus Tamang and
and Nepal | (Brassicaceae) plantarum Tamang
Lactobacillus brevis (2007)
Lactobacillus lactis
Enterococcus faecium
Pediococcus pentosus
Yeast like candida
spp.
Mesu Sikkim Bamboo shoot, shoots of | Lactobacillus Tamang and
choya bans plantarum Sarkar (1993)
(Dendrocalamus Lactobacillus brevis
hamiltonii), Karati bans | Lactobacillus
(Bambusa tulda) and curvatus
Bhalu bans Leuconostoc citreum
(Dendrocalamus Pediococcus
sikkimensis) pentosaceus
Soibum Manipur Bamboo shoots of L. plantarum, Giri and
Dendrocalamus L. brevis, Janmejay
hamiltonii, L. coryniformis, (1987) and
D. sikkimensis and L. delburkii, Sarangthem
D. giganteus, Bambusa | Leuconostoc fallax and Singh
tulda and B. balcona. Lactococcus lactis (2003)

L. mesenteroides
Enterococcus durans
Streptococcus lactis
Bacillus subtilis

B. licheniformis

B. coagulans

Yeast like Candida
Saccharomyces and
Torulopsis

(continued)
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Fermented
product Region Source Probiotic organisms Reference
Yan-dong- | Taiwan Wax gourd W. cibaria Lan et al.
gua W. paramesenteroides | (2009)
Yan-jiang Taiwan Ginger L. sakei Chang et al.
Lactococcus lactis (2011)
W. cibaria
L. plantarum
Burong Philippines | Mustard Leaf L. brevis Karovicova
mustala Pediococcus et al. (2002)
cerevisiae
Ca muoi Vietnam Eggplant L. fermentum Nguyen et al.
L. pentosus (2013) and
L. brevis Sesena et al.
(2001)
Dhamuoi Vietnam Cabbage and leafy Leuconostoc Steinkraus
vegetables mesenteroides (1997)
L. plantarum
Kimchi Korea Cabbage, raddish, Leuconostoc Lee et al.
vegetables mesenteroides (2005)
L. brevis
L. plantarum
L. sakei
Olive Spain and | Olive L. plantarum Argyri et al.
Italy L. brevis (2013) and
L. pentosus Nychas
P. cerevisiae et al. (2002).
L. mesenteroides

reducing blood pressure, increasing immune response, and curing cancer
(Greenwalt et al. 2000). The health benefits of Kombucha are attributed to the
presence of vitamins, polyphenols, organic acids produced during the process of
fermentation and presence of various lactic acid, gluconic acid, and acetic acid
producing bacteria with probiotic attributes (Greenwalt et al. 2000; Malbasa et al.
2008). The Acetobacter xylinum, A. aceti, A. xylinoides, A. pasteurianus, and
Gluconobacter are the predominant bacteria present in Kombucha, while yeasts
species includes Brettanomyces, Saccharomyces, Pichia, Zygosaccharomyces,
and Candida species (Malbasa et al. 2008; Malbasa et al. 2011). However, the
yeast population is found to be variable in the Kombucha from different regions
(Table 2.2).

. Tempeh—Tempeh is a fermented soy product, popularly found in Indonesia and
is rich in fibers. Tempeh consumption enhances the human gut health by enhanc-
ing the number of A. muciniphila and Bifidobacterium significantly (Stephanie
et al. 2019). Indonesian tempeh is rich in probiotic microbial consortia consisting
of Acetobacter indonesiensis, Flavobacterium sp., Bacillus subtilis, L. agilis,
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Table 2.2 Variable yeast species present in Kombucha
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Place of
origin Yeast species found Reference
German Brettanomyces, Zygosaccharomyces, and Mayser and Fromme

Saccharomyces

(1995)

Switzerland

Pichia and Zygosaccharomyces (NRRL Y-4810 and
Y-4882)

Hesseltine (1965)

Taiwan Saccharomyces cerevisiae, Zygosaccharomyces bailii, Liu et al. (1996)
and Brettanomyces bruxellensis

Mexico Brettanomyces intermedius, Candida famata, Pichia Herrera and Calderon-
membranaefaciens, S. cerevisiae, S. cerevisiae, Villagomez (1989)
Torulaspora delbrueckii, Z. bailii, and Z. rouxii

Yugoslavia | Saccharomyces, Torulopsis, Mycotorula, Jankovic and
Schizosaccharomyces, Saccharomyces, Pichia, Torula, Stojanovic (1994)
Mycoderma, and Candida

North Zygosaccharomyces, and S. cerevisiae Roussin (1996)

America

L. fermentum, and Enterobacter cecorum, Brevundimonas sp., Pseudomonas
putida, and Acinetobacter spp. (Barus et al. 2008; Radita et al. 2017).

. Probiotic supplements—WHO documented that most of the today’s diseases are
life style related diseases and advocated to switching over to the use of probiotics
for treating these diseases. With enhancing health concerns and inclination
towards the benefits of probiotics, the demand for “probiotic functional foods”
and the probiotic drug supplements is increasing, especially among the younger
generation. Probiotic-infused juices, yogurt-based drinks, liquid probiotics are the
biggest probiotic supplements present in the market. Mother Diary, Amul, Nestle,
Unique Biotech, Tablets India, Danone Yakult, Dr. Reddy Laboratories, Polchem
Hygiene Laboratories are the major players in probiotic industry in India. Probi-
otic preparations are also sold in the form of capsules, syrups and pills. Some of
the probiotics available in Indian markets is summarized in the Table 2.3.

. Human Breast milk—Human breast milk is rich in prebiotics and probiotics, and
is considered very important for the development of microbiota in the infant gut.
Traditional breast milk was regarded to be sterile, but development of molecular
and culture techniques confirms that breast milk continuously supply commensals
and rarely, can also transfer infectious microbes to the infant gut from the
mother’s skin and gut.

Approximately 600 different species belonging to Bifidobacteria, Lactobacilli,
Enterococcus, Peptostreptococcus, Staphylococcus, Streptococcus, Corynebacte-
rium, and/or an occasional Escherichia species are acknowledged to be present in
breast milk that helps in the establishment of infant gut microbiota. Medically
important probiotic strains present in human breast milk and their consequent
effect on the neonatal growth are summarized in the Fig. 2.1.
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https://www.nestle.in/
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Fig. 2.1 Various probiotic bacteria present in Breast milk and their beneficial effects (Matsuzaki
and Chin 2000; Donnet-Hughes et al. 2010; Gilliland and Speck 1977; Olivares et al. 2006; Vendt
et al. 2006)

2.3 Selection Criteria for the Probiotics

The selection of a probiotic strain for human use should follow a systematic
approach. This should be done with the objective that a safe and desired probiotic
product is reached to the end users. General aspects like origin of the probiotic,
genus and strain identification, biosafety, functional aspects like ability to sustain in
gastrointestinal tract, health aspects and production aspects like acid production,
proteolysis, and viability should be kept in mind before choosing a probiotic strain.
Guidelines provided by ICMR-DBT, for the evaluation of probiotics in food, make it
clear that it needs a “step-by-step” approach to test the functional ability of the
microbe to be called as a “probiotic.” It is recommended that the strain should be
isolated from the targeted animal only, i.e., probiotics for human use should be
ideally isolated from human intestine or breast milk. This is because they are better
able to adhere to intestinal walls and proved to be safer for humans. Also, they can be
isolated from various fermented food products discussed in the above section. The
isolated strain should be tested for its probiotic potential and identified up to genus
and strain level. The primary identification techniques should be followed by
molecular and genetic techniques such as fatty acid methyl ester (FAME),
16STRNA DNA Sequencing, Polymerase chain reaction (PCR) amplification and
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DNA and RNA hybridization, and DNA-DNA hybridization technique. For
selecting a microbe to be used as probiotic, it should meet certain characteristics
that are summarized in Fig. 2.2 and enlisted below:

1. Host associated stress tolerance ability—Upon ingestion the probiotic should be
able to sustain through the different parts of digestive tract and tolerate various
stress conditions in human body that includes the action of various digestive
enzymes like lysozymes, amylase, pepsin, and chymotrypsin. The bacterial strain
should have acid and bile tolerance, mild heat shock tolerance caused by internal
body temperature. Different probiotic bacteria have found to have varying degree
of resistance to the stress conditions. Ogunremi et al. 2015, Psani and Kotzekidou
(2006) in their studies summarized that probiotic bacteria should be able to
tolerate bile concentrations of 0.3-2.0% and pH range of 2-5.

2. Adhesive properties—The adhesion of the probiotic strain to the intestinal wall is
very important in defining its probiotic potential because it ensures that the
bacteria is not washed away, auto-aggregates to increase its cell density and
biomass in the digestive tract. Adhesion is also important to ensure that the
microbial cell forms a better interaction with human epithelial cells in order to
produce various host associated functional effects on the host (defined below).

3. Antimicrobial activity—The probiotic strain should be able to fight and survive
against the potential pathogenic microbes that may be present in the intestine. The
prevention of pathogen survival in the gut is related to the competitive behavior of
probiotic strain, where it prevent the adhesion of pathogens to the epithelial cells
in the human body and due to the secretion of lacticins, alyteserin-1 a, bacterio-
cins Abp118, bacteriocin sakacin A, lactic acid, antibodies. Probiotic bacteria
also employ increasing leukocyte phagocytic activity, increasing transepithelial
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resistance, enhancement of cytoskeletal, and tight junctional protein phosphory-
lation activity to kill various pathogenic bacteria (Mathipa and Thantsha 2017).

. Immune modulating response—Probiotic strain should be involved in production

of metabolites that stimulate the maturation and functioning of the immune cells.
These bacteria enhance the secretion of immunoglobulins, cytokine production
(Rocha-Ramirez et al. 2017), IgA and IgM-secreting cells (Lammers et al. 2003).
The probiotic strain should be selected depending upon the target host to stimu-
late the systemic immune response.

. Host Associated functional criteria—One of the most important characteristics of

the probiotic is the health benefits that it can provide to the host. The viability and
colonization of the probiotic in the human gut should offer anticarcinogenic, anti-
cholesterol activity, anti-depression, anti-anxiety, anti-obesity, anti-diabetic, and
antioxidant activities to host besides protecting it against irritable bowel syn-
drome, gastroenteritis, and inflammatory bowel disease, diarrhea, infant allergies,
cancer, lactase digestion, diabetes, and hyperlipidemia. Probiotic strains should
be selected to inactivate enzymes (nitrate reductase, [-glucosidase,
B-glucuronidase) involved in the activation of precarcinogens (Kumar et al.
2013). Additionally, the probiotic strain should be screened for secretion of
conjugated linoleic acid production (dos Reis et al. 2017) and apoptosis induction
activity (Ewaschuk et al. 2006) for possible anticarcinogenic activity.

The efficiency of the probiotic strains for the reversal of depression and
anxiety can also be studied in vivo on animal models. The anti-diabetic and
anti-obesity activities of the potential strain can be analyzed by testing its ability
to inhibit mast cell activation (Niers et al. 2005) and ability to break lipopolysac-
charides (Alokail et al. 2013).

Another major characteristic feature of the probiotic is the secretion of anti-
oxidant enzymes (superoxide dismutase, glutathione dismutase), functional mol-
ecules (glutathione, melatonin, ascorbic acid), Vitamin-K, biotin, riboflavin,
nicotinic acid, thiamine, pantothenic acid, and bioactive enzymes (lipases and
amylases). The in vitro production of these components should be tested
depending upon the objective of the product.

. Good technological properties—The extent to which a probiotic can effectively

deliver its benefits to the host will depend upon the capability of the strain to
survive the storage period and maintain the same efficiency and viability. The
probiotic bacteria should be able to grow quickly in different nutrient supple-
ments (preferably cheap fermentation media), food matrices, and microaerophilic
conditions. The stress adaptation of bacteria strain to withstand different physical
handling techniques during food processing without losing the viability and
efficiency is also important for its selection as the probiotic.
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2.4 Conclusion

Fermented and non-fermented dairy products, fermented perishable vegetables and
fruits, fermented cereals and soya products should be incorporated into the diet due
to the presence of probiotic bacteria in it. The rise in the market potential of
probiotics in India is driven by the rising lifestyle disorders and subsequently
increasing the awareness of the consumers. The availability of the large number of
commercial platforms providing probiotic functional foods and probiotic drug
supplements has also contributed to the exponential increase in the use of probiotics
in India. In the absence of any regulatory guidelines governing the probiotic
industry, it is quite possible that the fake products with low or no health benefits
are being marketed to the end users. To avoid such spurious products, the product
must fulfill the above prerequisite conditions to be called or labeled as the “probi-
otic.” Apart from this, efficacy studies should also be carried to prove its health
benefits in humans. Manufacturing and handling practices should follow quality
assurance so that the end users should get the product with claimed benefits.
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Indigenous Fermented Foods as a Potential <
Source of Probiotic Foods
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Abstract Food fermentation, known to preserve and improve the nutrition value,
has been used traditionally since long back as a portion of human nutrition/diet
throughout the world. Further, fermented foods provide health promoting benefits
owing to the presence of functional properties that have been produced during the
fermentation process by using the functional microorganisms present in the func-
tional foods. These functional properties include probiotics properties, antimicrobial,
antioxidant, peptide production, etc. These fermented foods can be exploited as a
probiotic carrier due to the presence of lactic acid bacteria in them. This chapter is
aimed to provide the detailed insight on fermented probiotic foods along with their
benefits (nutritional and health) to the customers.
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3.1 Introduction

The persisting evidence of science confirm the presence of nutritious and
non-nutritious components in fermented food products. They bear the ability to
conjugate the function of distinct targets of body which reflect upon health and
welfare of consumers. It is estimated that almost 90% of the fermented foods and
alcoholic drinks produced naturally all over the world are prepared at home tradi-
tionally. Various kinds of naturally functional microorganisms are observed in
fermented foodstuffs and beverages (Tamang et al. 2016).

The whole period of human history has observed food fermentation as a mech-
anism which helped in ameliorating the dietetic value of foods. When food is being
fermented, probiotic microorganisms alter the chemical composition elements of raw
stuffs which are originated from plants or animals. It helps in enhancing the
bioavailability of nutrients, upgrading sensory quality, bestow bio-conservative
effects, and producing antioxidant and antimicrobial compounds which impact
beneficially upon health (Nkhata et al. 2018).

Species of Lactobacillus, Lactococcus, Leuconostoc, Pediococcus, Weissella is
linked with fermented foods and alcoholic drinks. Probiotics have been conferred as
living microorganisms whose sufficient amount of dosage aids the health of the host
(FAO/WHO 2002). The ultimate survival of a minimum count (10° colony forming
units (CFU)/consumption) must be maintained till the expiry of the products and
these counts depend upon the used probiotics and conferred health benefits (Forssten
et al. 2011). The usage of probiotics as dietary supplements is widely viable. This
chapter focuses on fermented probiotic foods along with their benefits (nutritional
and health) to the customers.

3.2 Food Fermentation: Socio-Economic Importance

The usage of fermented products leaves a mark on the socio-economic aspects of a
country’s population which includes both the developing and developed countries.
The production of fermented fruits and vegetables paves a way for earning and
provides employment for millions of people around the world. Food processing
plays a vital role for daily income and employment amongst the people residing in
Europe, Africa, Asia, and Latin America (Anagnostopoulos and Tsaltas 2019). The
traditional way of food production is one of the main factor of economic and social
development which ultimately effects the progress of rural regions. The FAO has
given clear notion on the rising utility of value addition and of their marketing and
processing (Anon 1995). In sub-Saharan Africa in particular, a large part of the
population is involved in the food processing sector and it is quite vital for a nation
who are solely based on the primary production sector, and export a lot of products.
Hence, the importance and popularity of fermented food and its output is increasing
globally as it provides income, employment, and livelihood in rural areas. Asia has
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largely adopted the widespread tradition of fermentation which leaves its impact in
socio-economic interests.

3.3 Probiotics: Concept and Health-Improving Properties

The composition of fermented food products may consist of probiotics, prebiotics, or
their composite content. In 76 AD, the Roman historian Plinio suggested usage of
fermented milk products in the aid of gastrointestinal disorders (Bottazzi 1983).
Another scientific proposal was made by the French pediatrician Tissier in the
beginning of 1900s, who advocated the beneficial effect of Bifidobacteria for
preventing infections in infants (Ishibashi and Shimamura 1993).

The evolution of probiotics came from two words “pro” and “bios” which means
“for” and “life,” respectively. Noble Prize winner Eli Metchnikoff proposed the
concept of the positive effect of microorganisms in the health usage of human
beings (Fuller 1992). Later his work showed the efficacy of Lactobacillus bulgaricus
in putting off pathogenic bacteria from intestinal microflora that in turn exerts
beneficial effect on human health (Metchnikoff 1907). His discovery suggested the
longevity of the peasants of Bulgaria that has a connection with their increased
intake of the fermented milk products consisting of lactic acid bacteria.

The probiotics concept became clearer with Lilly and Stillwell’s idea, which cited
the probiotics as health promoting microbes which also trigger the growth of other
beneficial bacteria (Lilly and Stillwell 1965). According to a definition proposed by
Parker, probiotic and its byproducts/metabolites promote the microflora of the
intestine (Parker 1974). Fuller described probiotics as live microbial food supple-
ments which have a positive after-effect on the intestinal health of the host by aiding
on its intestinal microflora (Fuller 1989). FAO and WHO introduced probiotics as
the health-benefitting live microorganisms which on proper intake exert its beneficial
application on gut microflora (FAO/WHO 2002).

The bacteria possessing the probiotic properties which are used frequently and
originate from the microflora of the human beings generally belong to the group of
Lactobacilli and Bifidobacteria. These genera of bacteria deploy positive properties
in the human body, especially in their GI tract, which includes example like
decreasing the level of serum cholesterol, slaking lactose intolerance, and various
other beneficial factors like prevention of infection, toxicants, allergy, mutation,
cancer are also being exerted. There are other beneficial effects of probiotic bacteria
which cite its efficacy in producing inhibitory substances (organic acids/bacterio-
cins), which in return prevents the harmful microorganisms prevailing in the intes-
tinal part of human beings. The mechanism is that the organic acids decreased the pH
and hence the proliferation of pathogenic microorganisms gets hindered. The dairy
products and its industries have increased the usage of probiotics as its action in
alleviating allergy, diarrhea, malnutrition, etc., has got success and hence the
dynamic dairy products are getting more familiar in the present scenario. The
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probiotic lactic acid bacteria and Bifidobacteria also play a role in the prevention and
treatment of inflammatory bowel and other associated diseases.

3.4 Probiotics: Global Perspective on the Usages

Transformation of milk into yogurt, fermented milk, or cheese is quite common in
western food culture. This indicates the higher usage of probiotic products in the
form of fermented milk since a long period of time in Europe. Notably, industries in
developed countries introduced other mechanisms for probiotics intake which
includes milk and non-milk products. The global market for “functional foods”
gained around 33 billion USD in 2003; while in Europe, the approximate trade
gain surpassed 2 billion USD in that particular year only. The figure got a striking
hike of 50 billion USD in 2005 (Franz et al. 2014). Western European market
consumption of probiotic food is worth to 1.4 billion euros (Saxelin 2008). The
maximum portion of the global functional food market is captured by probiotics and
prebiotics (Figueroa-Gonzalez et al. 2011), which effected their global market share
that hiked to $ 15 billion (Bhadoria and Mahapatra, 2011). One of the vital sections
of the fermented/functional food market in Europe is the food composed of
probiotics, prebiotics, or synbiotics.

3.5 Probiotic: Application in Fermented Foods

Microorganisms are prospective sources of new enzymes. The enzymes so produced
are quite stable than the enzymes parallelly accessible from other counterparts
(Nguyen and Nguyen 2017). They find their usage in production of pectinases,
alkaline proteases, esterases, high temperature proteases, lipases, cellulases, lignin,
and amylase. The functional microorganisms’ (probiotics) advantages include rapid
growth, hike in food/feed productivity, hindering gastrointestinal ailments, and
detoxification of toxic/antinutritional substances present in the food components.
Many reports have suggested link of probiotics with elevated animal growth because
of the production of several growth-related substances/enzymes by microorganisms
(Seenivasan et al. 2016).

There have been reports suggesting the effect of probiotics in improving the taste
of chickens and diversity intensification of intestinal flora. Probiotic bacillus showed
efficacy in elevating chicken body weight. These scientific outcomes will increase
the usage of probiotics in fermented foods. Information appropriate for each probi-
otic, including species, application areas, descriptions as well as conditions/charac-
teristics related to storage, growth, and stress have been extracted from the BeNa
Culture Collection (BNCC) database. There has been a rise in empirical proof which
exhibits that intestinal microbiota is an inseparable part of the human physiological
system. Dysfunctional bowel microbiota can be a causative agent of various
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disorders of inflammation, immunity, and metabolism. These outcomes have
benefited the research on the consequences of certain probiotics on human health
via intervention of their intestinal microbiota. The World Organization for Gastro-
enterology (WGO) presented proof and recommended the usage of probiotics in the
prevention and cure of ailment. The application of probiotics is getting wider as their
exploration suggested their therapeutic efficacy on human health and for the growth,
protection, and nurturing of animal health (Dimitroglou et al. 2011; Ringg and Song
2016). Probiotic application in plants can also intensify their growth and yield.

3.6 Fermented Foods and Beverages

Various types of microorganisms like fungi, yeast, and bacteria dwell in fermented
foods. Presence of microorganisms is found in materials, tools, vessels, and the
atmosphere, and the particular microorganisms are selected/isolated depending on
their capability to survive/adapt with the substrate (Hesseltine 1983; Steinkraus
1996). During the onset of fermentation, microorganisms have the ability to metab-
olize raw material constituents while increasing nutritional value and maintaining
the integrity of the final product. Microorganisms regulate various features (acidity,
taste, texture, and health beneficial properties) of fermented foods apart from basic
nutrition (Vogel et al. 2011). They can be found as native food microbiota or
intentional addition of microorganisms during the course of fermentation (Stevens
and Nabors 2009). As a result, microbial culture has the ability to synthesize
numerous components/compounds specifically for applications as food additives
or as part of the food fermentation process (Longo and Sanroman 2006). It is widely
recognized that out of the 5000 fermented food and beverage varieties, only a few
uncommon products have been characterized properly; and even many more are
having unclear understanding of biological and microbiological fermentation pro-
cesses (Tamang 2010). Some data are available for identification and initial charac-
terization of primary microbiota in the finished product. Probable existence of more
results will require an additional comprehensive understanding of the microorgan-
isms (types/activities) involved to make the fermentation process more consistent
and foreseeable. Indeed, finding of these microorganisms will enhance the food
fermentation process. Inoculation of raw materials with well-defined cultures makes
it possible to manage the fermentation process with little variation. During the
twentieth century, the wine, dairy, and meat products industries have guided pro-
duction procedures for the use of starter cultures that were well marked and defined.
Initially, starter culture was isolated from previous fermentation which was
maintained and propagated at the production site. At present, starter culture is a
product of broad characterization of strains/isolates through physiological, biochem-
ical, and molecular methodologies, as well as extensive genetic characterization. In
addition, the novice industries are currently adopting a breeding approach where
possible and prepare genetic modification wherever possible, after it is accepted
publicly. The application of microbiological technologies and processes has
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significantly improved the quality of fermented food products (Morgensen et al.
2002). Microorganisms used in fermented food products are categorized as bacteria
(mainly the LAB group), yeast, and fungi (Table 3.1).

The existence of dominant microorganisms categorized the fermented milk in to
several types. The first relates to lactate fermentation, which is dominated by LAB
species and are of the types of thermophilic, probiotic, and mesophilic. The other
type is fungal-lactic fermentation where the species of LAB and yeast works together
to produce end products with alcoholic and moldy milk (Ghosh et al. 2019). In
addition, there are two starter cultures used in milk fermentation depending upon the
function/action, first culture participated in acidification and the another one in
aroma development and maturation (Roos and Vuyst 2019).

Fermented cereal-based foods are well documented in Europe, America, and
Australia (de Vuyst and Vancanneyt 2009). It is important to mention that grain
fermentation is carried out by composite microbial ecosystems, mainly dominated
by LAB and yeast species. Fermentation provides typical dough having character-
istics features (palatability, high sensory quality, etc.) (Corsetti and Settanni, 2007).

Different methods have been adopted by the resident of coastal, lakes, and rivers
areas to preserve fish and their byproducts. Methods like fermentation, sun drying,
smoking, and salting have customarily been carried out to preserve fish products that
are being utilized as a seasoning, condiments, and curry (Salampessy et al. 2010).

It is also suggested that, as in the products fermented milk, some strains of LAB
have a high survival rate in plant material that is fermented, or even greater than the
probiotic milk. The higher survivability might be linked to the microstructure of
plants which creates favorable conditions and protects the survival of bacteria. In
addition, cell walls are strong enough and resistant for the survival of bacteria.

Alcoholic drinks are typically formed by fermenting sugar through the action of
yeast, which includes strains of S. cerevisiae species. The selection of the right yeast
strain is important not only for maximizing the production limit but also for
maintaining the aromatic/sensory excellence of drinks. S. cerevisiae, the important
microorganism of alcoholic fermentation, significantly influences the aromatic prop-
erties of different drinks. Yeast brewing is also part of the genus Saccharomyces, but
different species are utilized for brewing blonde beer. S. cerevisiae strains custom-
arily carry out "top fermentation" where the yeast congregates on the surface
fermenting wort. There are several types of ale yeast with complex genetic charac-
teristics. This yeast culture performs "basic fermentation" that leads to flocculation.
This facilitates yeast culture to get accumulated at the bottom of the fermenter vessel
at the end of the fermentation process. Vinification involves extraction of grape juice
followed by yeast fermentation. For whiskey and other grain-based spirit production,
fermentation is carried out by specific S. cerevisiae strains that convert mashed sugar
to ethanol, carbon dioxide, and many secondary metabolites that work collectively
as flavor congeners in the final spirit (Russell and Stewart, 2014). Therefore, the
right selection of yeast strains is very much crucial as it contributes to the organo-
leptic quality of the spirit. Maltose and maltotriose are the extracted sugars following
cereal mashing in contrast to glucose, fructose, and sucrose which are liberated from
grape crushing in must. In the production of malt whiskey and Scottish whiskey,
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small branched maltodextrin molecules remain in necessity after brewing, and some
types of whiskey yeast strains use these oligosaccharides because no exogenous
enzymes are permitted, in accordance with the Scotch Whiskey Regulations of 2009.
The overview of various fermented products of different regions has been depicted
in Table 3.2.

3.7 Fermented Foods: Nutritional and Health Benefits

The fermentation can improve the nutritional quality of food. It can help in improve-
ment of the digestibility and beneficial components of fermented foods. Some
antimicrobial compounds (peroxides from hydrogen, diacetyl, bacteriocin, organic
acids, etc.) are induced at the time of food fermentation. They have an impact on the
growth of bacteria and conversely, increase the duration of food preservation. Lactic
acid (produced during fermentation) content in food products can increase the
utilization/adsorption of certain elements (vitamin D, calcium, phosphorus, iron,
etc.). Foods obtained through fermentation possess various enzymes and each
enzyme may act differently in improving the quality of the food. Lactase present
in fermented food products reduces lactose to galactose (an important element of the
cerebellum); therefore, helps in developments of brains during the growth phase of
infants. Similarly, proteinases hydrolyse the casein chain into digestible peptides.

3.7.1 Fermented Milk Products

Probiotics obtained from fermented milk products have beneficial effect on humans.
The probiotics contained in yogurt possess therapeutic properties and help in
prevention of various diseases (Meydani and Ha 2000). The probiotics can decrease
gastrointestinal problems, viz. constipation, diarrhea, inflammation of the intestine,
dyspepsia, dysentery. Additionally, they have antibacterial effects on the intestine,
antitumor properties, and can also help in improvement of the nutritional quality of
food and can be used in treatment for pulmonary tuberculosis.

3.7.2 Fermented Soy/Cereal Products

Probiotics obtained from fermented soy/cereal-based products have beneficial effect
on human health. Soybeans contain many compounds with various biological
properties that have positive effect on human health (Choi et al. 2011). Soy products
can improve the quality of nutrition and boost the immune system. By deploying
beneficial microorganisms and their metabolites, value/functional addition has been
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made possible in to cereals. Fermentation of cereals can be helpful in improving the
digestion and reducing the blood cholesterol levels.

3.7.3 Fermented Fruits and Vegetables

Traditional probiotics food prepared from fermented vegetables or fruits exhibit
health-benefitting effects on humans. Some fermented vegetable products have been
used traditionally as a part of human nutrition since ancient time (Swain and Ray
2014). Health efficacies of fermented vegetables include against several diseases
(cancer, obesity, constipation, etc.).

The toxin/anti-nutrients compounds present in most of the fruits and vegetables
can be easily removed/detoxified through the use of microorganisms during the
progression of fermentation. Plant’s anti-nutrients compounds generally interfere
with the absorbed nutrients. They can also adversely affect the physiological func-
tions. It has been proven that many alternative processing/cooking procedures are
allowed to diminish the anti-nutrients quantity and therefore to reduce the side
effects.

Kimchi prepared from vegetables contributes to health in the same way like
yogurt, which is a milk probiotic food. Kimchi is considered as the most renowned
traditional Korean fermented food. There are almost 200 types of kimchi available in
Korea and their variation is mainly dependent on the constituents used (vegetables,
herbs, etc.) as well as preparation approaches. Its effective properties work quite well
against inflammation, aging, etc. (Patra et al. 2016). The anti-cancer effect of LAB
from kimchi is due to suppressed effect of enzyme activating carcinogenesis.
Bioactive kimchi compounds, when given to hypercholesterolemia rabbit, reported
a decrease in cholesterol (plasma/LDL) level (Kim et al. 2004). In addition,
L. plantarum is evaluated as a probiotic with a potential to reduce the cholesterol.

3.7.4 Bio-Preservation

Currently, consumers are well acquainted with the health problems associated with
food additives. On the contrary, health beneficial aspects associated with “natural”
and “traditional” foods without any food additives are numerous and hence attract a
lot of attention. LAB has been used significantly for thousands of years for the
preservation of fermented food which eventually hiked the microbial stability of the
fermented end product. LAB bacteriocin has been consumed by human civilization
since long back as a LAB product. They can, therefore, be considered as natural food
ingredients. The production of bacteriocin has been found in many bacterial species.
It has been given “generally recognized as safe” status, which gives scientists the
capability to enable the development of flora which is desirable in food fermentation
or it may prevent the development of undesirable bacteria species in fermented and
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non-fermented foods by using broad and narrow host range bacteriocin,
respectively (Swain et al. 2014).

3.7.5 Shelf Life of Probiotics

Fermentation is known to increase both preservation and safety of the product, and
even enzymatic activity can bring desirable changes in the food in order to make
them more digestible. In order to ensure process consistency and product quality,
fermentation decreases the toxicity of the substrate and can improve the aroma and
taste of a product, making it delicious (Blandino et al. 2003). Various fermented food
microorganisms are able to degrade mycotoxins into less toxic or non-toxic prod-
ucts. Lactic acid/organic acids produced during food fermentation help in
maintaining the pH of the large intestine to a satisfactory level, which in turn hinders
the proliferation of unwanted/harmful bacteria (H. pylori, Clostridium spp., etc.),
molds, and yeast, especially Candida (Lopez et al. 2002).

3.8 Conclusions and Future Prospects

Most fermented foods and drinks require extensive research for their microbiolog-
ical, physical, and chemical properties. It will help to develop better organoleptic
characteristics. The relationship between microorganisms, especially between bac-
teria and yeast populations, is an important factor that contributes to the final
properties. It also helps in influencing the substrate and additives that can help in
developing the efficacy of organoleptic and kinetics of fermentation. Microbiolog-
ical metagenomic study will further provide a new knowledge-based approach that
extends from the utilization of microorganisms in food fermentation to the engi-
neering of microorganism’s metabolism and in this way will help in production of
antimicrobials or nutrients.
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Chapter 4 )
Prebiotics for Probiotics Creck o

Ankita Vinayak, Gaurav Mudgal, Swati Sharma, and Gajendra B. Singh

Abstract Owing to their perceived therapeutic effects, functional foods have been a
matter of extensive research in recent years. Prebiotics, probiotics and synbiotics are
the important members of this family exhibiting property that improves health,
mental well-being and particularly reflected as an outcome of optimized gastroin-
testinal health status. The most commonly employed probiotic strains are
lactobacilli, bifidobacteria, B. coagulans and L. johnsoni. Prebiotics are the oligo-
saccharides, either extracted from plant, mammal’s milk or synthesized industrially
by enzymatic hydrolysis which are utilized by probiotic microorganisms in the
intestine and impart health benefits such as stimulation of gut microflora, enhancing
mineral absorption and host immunity, prevention of cardiovascular disease, cancer,
diabetes and lowering cholesterol levels. Prebiotics are non-digestible oligosaccha-
rides which are fermented in the intestine. The commonly known prebiotics are
inulin, fructo-oligosaccharide, galacto-oligosaccharide, lactulose, lactosucrose,
xylo-oligosaccharide and resistant starch. The prebiotic compounds when used in
combination with probiotic microorganism are termed synbiotics which happen to
be more effective and acceptable in terms of their beneficial effects. Presently,
prebiotics and its synergistic therapy, i.e. synbiotic is gaining much importance
because it manages human health at the same time providing nutrition. Till now, a
number of foods like vegetables, fruits such as onion, tomato, garlic, carrots, banana,
etc. are known to show good prebiotic effects. Various industrially formulated
prebiotic products are also available in the market that resemble naturally found
prebiotics and exhibit nutritional and therapeutic effects.
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4.1 Introduction

Crisis with food availability, its quality and affordability has a long history to talk
about. Followed by green revolution and food fortification programs, many attempts
have foreseen possibilities to minimize the deficits. On the other side of the story,
globalization and technological advancements in various industrial sectors, which
our twenty-first century modernization showcases, have not only transformed the
lifestyles but also equally perturbed the food habits across most countries if not the
whole globe. The ills of fluctuating eating schedules, upsurges in fast food joints and
technical advancements at arranging ‘ready to eat’ versions of food backed by ever
excelling packaging technologies all of which still are driving the so-called ‘spoiled
work culture’ of this century have all contributed negatively to impact public health.
To put as examples, a ‘brunch’ never existed before, people now do not dine together
at home more often, and in the run for the phrase ‘getting late to work’, actually there
were not much options before such as takeaways, online fast food booking, and if
one would believe there never existed too many cookery shows over the media
channels before. The point is that in the hassle of finding adjustments to make our
lives easier (as we planned, but wrongly) we actually have succumbed to
compromising our body for its natural routines and requirements. And the aftermath
of this is seen in the rising number of patients in developed countries with health
diseases, syndromes and disorders such as dementia, depression, cardiovascular
problems, diabetes, joint pains, arthritis, skin problems and so on. This has led to
discussions over the globe towards finding a quick fix to this rising concern.

From another view scope, the world is now witnessing a wave towards
maintaining health and staying physically and mentally fit. This is exhibited in
communities following practices like yoga, exercises, cosmetic and gastric sleeve
surgeries, diet plans, etc. Besides other above ways, a strong positive correlation
between diet, gut microbiota and health is widely understood supporting that a
healthy gut is a sign of whole body fitness and endurance. Many studies have also
reflected a consensus over the supportive role of gut microbiome at maintaining all
round health of subject which includes effects on mood, anxieties, and at minimizing
symptoms of some common gastrointestinal diseases, infections to life threatening
situations like cancers. Not surprisingly, that these evidences do support the age-old
sayings that go like, ‘You become, what you eat’, ‘all health problems start and solve
at gut’ and so on. The idea in a nutshell foresees attempts towards maintaining a
healthy gut microbial stature and translating it to life’s homeostasis and increments
in its expectancies (Falguera et al. 2012).

One may then ask, what would be those foods that keep the gut and its microbiota
happy? Rising trends have proclaimed such food products frequently categorized
into ‘functional foods’ or ‘completely planned foods’, which predominantly include
food ingredients with potential health benefits in addition to delivering nutritional
attributes. Typically, functional foods include products enriched with vitamins,
minerals, omega fatty acids and supplemented products such as milk, yoghurt,
baby foods and sport’s drinks (Abuajah et al. 2015). More recently new versions



4  Prebiotics for Probiotics 65

Fig. 4.1 Schematic
defining emerging
functional food versions.
Shown here are PreBs: short
chain sugars; ProBs:
microbial entities native to
gut microflora destined to
maintain healthy gut
functions; SynBs: a cocktail
of PreBs and ProBs. See text
for details

of functional foods have become a word of mouth which includes prebiotics (PreBs)
and probiotics (ProBs). The former composes majorly significant fraction of either
the fermented products alone, while the latter exclusively include microbes from the
Generally Regarded As Safe (GRAS) category which naturally ferment foods in the
gastric tract (Fig. 4.1). At the outset, both these versions of functional foods are
increasingly being investigated under food biotechnology domain due to their
nutritional and nutraceutical health benefits.

Yet another version of functional foods, called synbiotics (SynBs), has recently
seen receiving more appreciation and actually is a combination of PreBs with ProBs
(Fig. 4.1). The SynBs, however, were originally introduced in 1995 by Glenn
R. Gibson and Roberfroid describing the use of the cocktail and its synergistic
effects. Upon administration, SynBs are believed to stimulate microflora, especially
probiotic microorganisms, native to the gut. SynBs exhibit a greater efficacy than
PreBs or ProBs alone. The primary purpose of this synergy is to improve the survival
and activity of ProBs (Mohanty et al. 2018).

The present chapter focuses on various PreBs, their sources, mode of action and
their beneficial health effects. A brief account on SynBs and some of the commer-
cially available PreBs’ variants are also supplemented.

4.2 Prebiotics (PreBs)

These specifically include various short chain carbohydrates, indigestible by
enzymes in the upper digestive tract. They are believed to deliver their beneficial
effects in context to improving host health by stimulating metabolism of selected
bacteria in the large intestine. Rather than being absorbed or hydrolyzed in the body,
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PreBs are fermented by bacteria, in turn altering the intestinal microflora and
conferring positive effects (Al-Sheraji et al. 2013). Validation of potential ingredient
to be PreBs considers three fundamental aspects: (i) resistance to the hydrolysis by
digestive enzymes, (ii) fermentation by intestinal microflora and (iii) selective
stimulatory effect of compound on growth and activity of gut microflora (Slavin
2013).

Among the intestinal microflora that get stimulated by the action of PreBs are the
various strains of Lactobacillus and Bifidobacteria which are also added to
fermented dairy products in the name of ProBs (Ahmad and Khalid 2018). The
intestinal microorganisms have a natural tendency to utilize prebiotic sugars and
rendering their enrichment for enhanced functional activity. Only a few
non-digestible carbohydrates such as lactulose, inulin, fructo-oligosaccharide
(FOS), lactulose, lactosucrose, resistant starch and galacto-oligosaccharide (GOS)
are categorized into PreBs. They are resistant to hydrolysis and absorption in the
mammalian digestive system (Khangwal and Shukla 2019). When administered,
PreBs reach the lower gut in its undigested form by passing through small intestine
where finally they are received by gut microflora for fermentation. Fermentation of
the PreBs releases short chain fatty acids viz., butyric acid, acetic acid, lactic acid
and propionic acid. The formation of short chain fatty acids is related to the
enhancement of various physiological functions including mineral absorption, intes-
tinal functions, regulation of glucose and lipid metabolism and reducing the risk of
colon cancer (Sarao and Arora 2017). Also, the consumption of PreBs stimulates the
growth of beneficial microflora and discourages the growth of pathogenic bacteria.
Due to these health benefits, PreBs have been increasingly employed in food
industries like in dairy products, infant feeds, bakery products and beverages
(Ahmad and Khalid 2018). PreBS can be easily availed through extraction as bio-
actives from plants and microbes and also by biochemical means such as enzymatic
hydrolysis of long chain oligo-saccharides. Many PreBs have seen commercial scale
productions and are easily available as ‘on counter packages’ in pharmacies
(Al-Sheraji et al. 2013).

4.3 How PreBs Qualify as Functional Foods?

PreBs are naturally found in plants and sometimes they are intentionally added to
food products to improve nutritional values of products such as lactulose, inulin and
galacto-oligosaccharide (Valcheva and Dieleman 2016). As discussed earlier, PreBs
stimulate the growth and activity of probiotic microorganism in GI tract. When
administered PreBs are not digested by gut microbiota, they reach unaltered into the
colon. The non-digestible property of prebiotics is attributed to p-glycosidic linkage
in sugar units as digestive enzymes in humans specifically cleave a-glycosidic bond
(Sarao and Arora 2017). The possible mode for the action of PreBs on the probiotic
organism may be direct or indirect mode (Mohanty et al. 2018). In direct mode,
PreBs directly inhibit the pathogenic bacteria through the formation of antimicrobial
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Fig. 4.2 Generalized cascade of events that suffice PreBs action and efficacy as a nutraceutical.
Intake of short chain sugar PreBs (8 mer forms shown here capsulated and separately enlarged on
the top right) formulation (in sequence 1) traverse through upper and lower gastrointestinal tract
(GIT) (in 2 and 3). In 1 and 2 PreBs are unaffected from any enzymatic digestions in buccal cavity,
stomach and the small intestine and remain structurally and functionally unaltered till they mark
their entry into the lower GIT (in 3) wherein it readily is absorbed and assimilated by ProBs
(microbes shown in green and yellow ovals) native to the gut. These three events are followed by a
triggered cascade of reactions that variously stimulate enrichments of existing probiotics and the gut
microflora as well (in 4-9). Ultimately prospective immunomodulatory changes (in 10) also
effectuate in response to these changes. Ovals in red represent pathogenic microbes that are cleared
by either the masking effect from increasing counts of the probiotics or otherwise favoured from the
anticolonizing action of PreBs on them; shapes in 6 are the released small chain fatty acids that
further contribute to de novo lipogenesis. Many PreBs do exclusively (other than following the
indirect action mode involving interaction with ProBs) may directly cling onto GIT mucosa and
may function as mineral absorbers, anticolonizing agents and/or favourably alter osmotic strength
of the GIT fluid to positively let ProBs to flourish in lower GIT. For details see text

compounds and competing for the nutrient and adhesion to the epithelial wall. It also
reduces the risk of cardiovascular diseases and gastrointestinal infections by forming
the short chain fatty acids and modulating lipid and carbohydrate metabolism.
Whereas in indirect mode, PreBs tend to enhance the absorption of essential minerals
and nutrients like calcium and magnesium to nourish the gut microbiota for their
enhanced growth (Slavin 2013). Being species specific in their mode of action,
PreBs enhance the overall metabolism and microbial composition in intestine
(Fig. 4.2).
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4.4 Types and Sources of PreBs

PreBs comprises low molecular weight non-digestible oligosaccharide consisting of
a variable number of carbohydrate units ranging from three to nine. Various
non-digestible oligosaccharides such as lactulose, inulin type fructans, galacto-
oligosaccharides are potential candidates for PreBs (Quigley 2019). Among all
inulin types, galacto-oligosaccharide and fructo-oligosaccharide are most commonly
used because they fulfil prebiotic fundaments (Huebner et al. 2007). The various
types of PreBs and their natural sources are enlisted in Table 4.1.

4.4.1 Lactulose

Lactulose is a synthetic disaccharide synthesized by isomerization of lactose. It
comprises galactose units linked to fructose via p-1,4 glycosidic bonds. It can be
produced by enzymatic action of glucose isomerase and p-glycosidase on whey
lactose. Lactulose is non-digestible for the human p-galactosidase, so it is not
hydrolysed in the gut. It is fermented by intestinal microbiota whereby realizing its
prebiotic effects like enhancing immunity and inhibiting pathogenic bacteria

Table 4.1 PreBs from natural sources

PreBs Source of PreBs References
Fructo- Asparagus, bananas, chicory root, gar- | Sengun and Bingol (2018), Singh
oligosaccharides | lic, leek, oats, onions, wheat, yacon, et al. (2016)
etc.
Galacto- Beans, chickpeas, cow/human milk, Belorkar and Gupta (2016), Cryan
oligosaccharide | lentil, etc. and Clarke (2016), Torres et al.
(2010)
Inulin Agave, artichoke, asparagus, bananas, | Sengun and Bingol (2018), Kerry
barley, burdock camas, chicory root, et al. (2018), Belorkar and Gupta
coneflower, dandelion, elecampane, (2016), Slavin (2013)
garlic, jicama, mugwort root, onions,
rye, wheat, wild yam, yacon, etc.
Isomalto- Honey, maltose, miso, sake, sauce, soy, | Anadén et al. (2016), Al-Sheraji
oligosaccharide | sucrose et al. (2013), Patel and Goyal
(2012)
Lactosucrose Milk sugar Kerry et al. (2018)
Lactulose Milk and its products Watson and Preedy (2015)
Resistant starch | Cereals, legumes, nuts, starchy fruits Anadon et al. (2016), Fuentes-
and vegetables Zaragoza et al. (2011), Kerry et al.
(2018)
Soybean- Soybean Espinosa-Martos and Rupérez
oligosaccharide (2006)
Xylo- Bamboo shoots, fruits, honey, milk, Aachary and Prapulla (2011)
oligosaccharide | vegetables, wheat bran
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(Sitanggang et al. 2016). Very little amount of lactulose is present in natural food, so
it is artificially added to enhance the nutritional values of foods like cake, yoghurt
and chocolate (Nooshkam et al. 2018).

4.4.2 Lactosucrose

It is a synthetic oligosaccharide composed of glucose, fructose and galactose,
synthesized from a mixture of sucrose and lactose with the aid of enzyme
B-fructo-furanosidase (Silvério et al. 2015). The fermented products of lactulose
beneficially alter the host intestine by reducing the pH, pathogenic bacteria and
enhancing the mineral absorption. Various in vitro and in vivo studies were
performed to evaluate prebiotic effect of lactosucrose. One reports that lactosucrose
and its analogues enhance the growth and activity of bifidobacteria and lactobacilli
(Li et al. 2015).

4.4.3 Inulin and Fructo-Oligosaccharide (FOS)

Inulin is a plant derived fructan polysaccharide stored as a nutrient in plants. It is
commonly found in fruits, vegetables and edible grains such as wheat, garlic,
chicory, onion, leek and bananas. It is synthesized during increasing sugar demand
for photosynthesis. It is a linear chain oligosaccharide composed of fructose mono-
mers with f-2,1 linkages exhibiting variable degrees of polymerization (Apolinario
et al. 2014). It is used as a substitute for fat and sugar because of its low calorific
value as it is rarely hydrolysed by digestive enzymes and thus is not used as an
energy source. They are added to functional foods to increase the dietary fibre
content and to exert beneficial effects in GI tract. Inulin when added to functional
foods stimulates probiotic bacteria and biomass growth, simultaneously producing
short chain fatty acids such as butyrate, acetate and propionate, which influences the
carbohydrate and lipid metabolism in host (Walton et al. 2013).

Several reports evidence prebiotic effects of inulin in infants, adults and elder
people by stimulating bifidogenic and lactobacillus in the gut. Additionally, in vivo
and in vitro studies of faecal matter in models supplemented with inulin prebiotics
suggest that inulin also discourages the growth of putrefactive and pathogenic
bacteria in gut such as clostridium and thus aids in maintaining healthy microflora
in digestive tract (Vandeputte et al. 2017).
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4.4.4 Galacto-Oligosaccharide (GOS)

Galacto-oligosaccharide composed of galactose units is found naturally in the milk
of mammals such as humans and cows. Industrially, they are synthesized by
enzymatic action of (-galactosidase on lactose forming mixture of tri- and penta-
saccharides having f-1,4, B-1,3 and fB-1,6 bonds in galactose units (Tzortzis and
Vulevic 2009). The fermented products of GOS augment the probiotic bacteria like
bifidobacteria, enterobacteria and lactobacilli for the production of vitamins, min-
erals and provide immunity (Cardelle-Cobas et al. 2011).

Galacto-oligosaccharides administered to infants are reported to stimulate intes-
tinal flora similar to bifidobacteria of breastfed infants. They also inhibit pathogenic
bacteria in the intestine as they mimic the glycoconjugate cell surface receptor of
pathogens. During a study it was observed that infant feeds prepared by incorpora-
tion of manufactured prebiotics like GOS could resemble breast milk especially in
bifidogenic effects (Verkhnyatskaya et al. 2019). Based on this observation a
mixture of prebiotics with varying concentrations of inulin and GOS has been
prepared. On oral administration mixture exhibited prebiotic effect in terms of
increasing gut and intestinal bacteria and faecal matter of these infants resembled
those from breastfed infants (Mazzola et al. 2015). Various other studies on PreBs
mixture have shown the same prebiotic and bifidogenic effect on infants and
children.

4.4.5 Soybean-Oligosaccharide (SOS)

SOSs are the oligosaccharides found in soybean whey obtained during the soy
protein production. They are composed of galactose and sucrose units joined by
a-(1-6) linkage. When administered SOSs directly reach the colon and elicit its
bifidogenic effect as digestive system in humans lacks enzyme a-galactosidase
required for the digestion of SOS (Walton et al. 2013). SOS includes verbascose,
raffinose and stachyose oligosaccharides, also termed as raffinose family oligosac-
charides (Singh et al. 2017).

4.4.6 Xylo-Oligosaccharide (XOS)

It is another commercially synthesized disaccharide composed of pentose sugar
xylose linked by (-(1-4) linkage. These are obtained by hydrolysis of xylan,
constituent of hemicellulose—component of agricultural waste like husk, pulp,
stalk and straw by the enzymatic action of endo 1,4-xylanse (Singh et al. 2015).
XOS is fermented by bifidobacteria and lactobacilli, as it is a non-digestible dietary
fibre because humans lack the B-xylosidase enzyme required for the digestion of
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xylan. After fermentation by intestinal bacteria, XOS is reported to show its
bifidogenic effects in intestine. In vivo study that employed weaned pigs reported
that XOS administration stimulated microbial communities, inflammatory status and
gut barrier which is believed to aid in preventing gut dysfunction (Yin et al. 2019).

4.4.7 Isomalto-Oligosaccharide (10S)

Isomalto-oligosaccharide is a starch derived oligosaccharide, a monomer of glucose
units joined by a-(1-6) glycosidic linkages. It is synthesized industrially by enzy-
matic action of a-amylase, f-amylase and a-glycosidase on corn starch (Walton et al.
2013). IOS is resistant to digestion of the gut microbiota, enabling them to enter the
colon and conferring bifidogenic effects. IMOs are low calorific value PreBs finding
their use as sweeteners (Mitmesser and Combs 2017). They are added to commonly
consumed foodstuff particularly to beverages and liquid foods due to their thera-
peutic values like enhancing gastrointestinal values and mineral absorption, lower-
ing of blood glucose levels and cholesterol level in host (Sorndech et al. 2018).

Some of the other PreBs oligosaccharides like gentio-oligosaccharides, pectin-
oligosaccharides, chitin-derived oligosaccharides, glycosylsucrose, arabino-
oligosaccharide agaro-oligosaccharide and neo-agaro-oligosaccharide are also
known to exhibit bifidogenic effects for human gut health (Al-Sheraji et al. 2013;
Singh et al. 2017).

4.4.8 Resistant Starch

Resistant starch (RS) is composed of glucose monomers linked by a-1,4 and a-1,6
linkages resembling the chemical structure of starch. It is arranged in the form of
polymeric granules, rendering it the benefit of both soluble and insoluble fibre. It is
supplemented as low calorific value ingredient into food product, and it enhances
their organoleptic and dietary fibre content (Sharma et al. 2008). The therapeutic
effects of RS include regulation of cholesterol level, glycemic control, plasma
glyceride level and mineral absorption. Studies to evaluate the prebiotic effect of
lactosucrose have demonstrated that it tends to stimulate the probiotic bacteria in
intestine such a lactobacilli and bifidogenic bacteria to enhance gastrointestinal
functions (Keenan et al. 2015).
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4.5 Therapeutic Effects of PreBs

PreBs are known to exhibit various clinical applications and play a major role in
treating various diseases. Most of the PreBs and its derived products are selected
based on their potential to stimulate growth and activity of probiotic microflora
(De Paulo Farias et al. 2019). When ingested orally PreBs reach the gut and protect
the epithelial walls of the digestive tract. Majority of the PreBs when administered
tend to form short chain fatty acids which results in reducing pH, discouraging the
growth of pathogenic microflora, modulating metabolism and enhancing mineral
absorption (Pandey et al. 2015).

Based on the mechanism of action, PreBs elicit various preventive and curative
effects against severe human diseases such as diarrhoea, bowel syndrome, cancer,
bacterial infections, diabetes and obesity (Ahmad and Khalid 2018). In addition to
above-mentioned effects it also improves immunity and mineral absorption in hosts.
Possible health benefits of PreBs are demonstrated in Fig. 4.3.

4.5.1 Enhancing the Gut Health

PreBs supplementation in humans modulates gut microflora, i.e. stimulates protec-
tive bacteria such as bifidobacteria and lactobacilli and inhibits the pathogenic
bacteria in the gut. It enhances immune response and absorptivity in the digestive
tract, facilitating proliferation and normal functioning of microflora (Pandey et al.
2015). Various fortified prebiotic preparations have been evaluated for the treatment
of gastrointestinal infections such as Crohn’s disease, diarrhoea, constipation, irri-
table bowel syndrome, lactose intolerance, ulcerative colitis and traveller’s diarrhoea
(Azagra-Boronat et al. 2019). All of the above-mentioned infections are

Enhance peristalsis: Facilitate bowel movement

Correct Dysbiosis in synergy with ProBs (=SynBs)

Enhance resistance to pathogens

Food for healthy microbiota
+ enable energy source

Produce SCFAs that help ProBs =}- low colon pH
+ optimized osmotic strength

Enhance immunomodulations

Enhanced mineral absorption in colon

Simple delivery approach: action at sought site

Natural food ingredients: non-toxic to body systems

Fig. 4.3 Potential health benefits of PreBs
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gastrointestinal infections having severe health effects. The conventional treatments
such as consumption of antibiotics and spasmolytics cause various health implica-
tions, whereas use of PreBs for these GI infections is gaining attention (Wang et al.
2016). Various in vivo studies have reported that PreBs such as IOSs have the
potential to regulate gut microbiota (Wu et al. 2017).

4.5.2 Immunological Effects

PreBs play a major role in stimulating the immune system and increasing the host
immune response by modulating the expression of cytokines (Khangwal and Shukla
2019). The increase in the population of protective microorganism increases its
competition with pathogenic bacteria for adherence and colonization, as well as
through formation of antimicrobial compounds and short chain fatty acids which
creates an unfavourable environment for pathogenic bacteria (Shokryazdan et al.
2017).

Several in vitro and in vivo studies have demonstrated the prebiotic effects on
host immune system. For example, administration of mixture of inulin, GOS and
FOS has shown enhancement for inflammatory response to food allergies and cell
mediated immunity response (Bouchaud et al. 2016). Similarly, GOS in host has
enhanced the level of protein, interleukins and tumour necrosis factor alpha (Yousefi
et al. 2018).

4.5.3 Reducing the Risk of Colon Cancer

Cancer is termed as multiplication and growth of abnormal cells, known to be the
leading cause of death in many countries. Colon rectal cancer ranks third among the
most common malignancies, which leads to metastatic tumours. The existing
chemo- and radiotherapy treatments in cancer worsen the situation more gravely
as they confer immunocompromisation in patients. In contrast, administering a
combination of live microorganisms (known as ProBs) with PreBs has shown cancer
preventing abilities through the formation of metabolites such as butyrate
(Thilakarathna et al. 2018; Ambalam et al. 2016). Galacto-oligosaccharide fermen-
tation forms butyrate which reduces metastasis and induces apoptosis in colon cells.
It is also known to stimulate the expression of enzymes required for inhibition of
carcinogens (Ferndndez et al. 2018). The clinical studies have demonstrated the
potential of synbiotic in reducing the rate of proliferation, inflammatory state and use
of antibiotics to prevent incidences of cancer (Polakowski et al. 2019).
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4.5.4 Bioavailability and Mineral Absorption

Micronutrients such as magnesium, potassium, calcium and iron are a requisite for
the metabolism and proper functioning of the body systems. In recent years, prebi-
otic therapy for the absorption of minerals and nutrients is gaining much interest
because of its enhanced effects. Various mechanisms are known to promote the
bioavailability and absorption of nutrients in the body such as decrease in the colonic
pH due to SCFAs which increase the nutrient solubility and exchange mechanism
(Pandey et al. 2015). PreBs like GOS, inulin and FOS enhance magnesium and
calcium uptakes for improving bone metabolism (Scholz-Ahrens 2016).

4.5.5 Lipid Metabolism and Cardiovascular Diseases

Elevated levels of low-density lipoproteins and blood cholesterol increase the risk of
coronary heart diseases. There is increasing interest in the development of food
products which could modulate the fats and lipids in the body such as cholesterol and
triglycerides. Lactic acid bacteria in host could assimilate cholesterol and reduce its
level. In addition, PreBs such as FOSs reduce the synthesis of triglycerides in the
body (Prasad et al. 2017). Intake of prebiotic dietary fibres reduces the low-density
lipoproteins and inflammatory elements, increases high density lipoproteins and
ferulic acid concentrations and thereby imply lowering the risks with cardiovascular
diseases and obesity (Mohanty et al. 2018).

4.5.6 PreBs and Skin

PreBs reduce the risk of skin allergies and infections by metabolizing aromatic
amino acids. The product formed such as phenol and short chain fatty acids reduces
the risk of allergic reactions such as atopic dermatitis (Davani-Davari et al. 2019).
Galacto-oligosaccharides are reported to reduce skin pigmentation in experimental
models and thus act as nutritional source vouching for skincare (Suh et al. 2019). A
recent clinical trial demonstrates the potential of PreBs in skin infections reported
that mixture of PreBs when supplemented to children improved atopic dermatitis
(Ibafiez et al. 2018).

4.5.7 Reducing the Risk of Diabetes

PreBs are known to influence insulin and glucose level in blood. Formation of short
chain fatty acids, delay in gastric emptying and reduction in intestine transit times
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reduce the glucose absorption into the bloodstream (Vyas et al. 2019). Prebiotic
fermentation products such as propionates reduce gluconeogenesis, enhance glycol-
ysis and stimulate glucose regulating hormones to optimize the insulin and glucose
levels in the host (Gulzar et al. 2019).

4.6 Safety Concerns with PreBs

Currently, among all the functional foods PreBs are considered carrying huge
potentials. PreBs exhibit a number of clinical applications such as improving gut
health, immune system and cardiovascular system (Valcheva and Dieleman 2016).
In recent years, various prebiotic products with their potential health benefits can be
found catching wellness products markets. However, the primary concerns with
PreBs are its efficacy, toxicity and safety. Inulin, FOS and GOS are extracted from
edible parts of plants and also present in traditional food products, thus can be
presumed non-toxic (Biswal et al. 2017). Nonetheless, safety issues still need to be
addressed which are in dearth of much needed clinical trials and efficacy studies.

There are several safety aspects regarding the selection of a compound to be a safe
prebiotic. Firstly, the active ingredient of prebiotic should be fully characterized in
terms of structure, source, composition and concentration. Secondly, PreBs should
be harmless to the host body and should not interfere with housekeeping metabolic
activities (Malik et al. 2016). Promisingly, various animal models are used to assess
target site and toxic effects of formulated prebiotic products. Studies, nonetheless,
have reported that PreBs such as FOS are neither carcinogenic nor mutagenic. The
optimum dosage of PreBs given will help in stimulation of gut microbiota but higher
dosage of PreBs than normal may cause a gastrointestinal ailment. Several clinical
trials have been demonstrated for dose dependent effects of PreBs. The gastrointes-
tinal symptoms such as diarrhoea, abdominal bloating and gas production in host at
dose higher than optimum level were observed (Davani-Davari et al. 2019).

4.7 Synbiotics (SynBs)

The term synbiotic was first introduced in 1995 by Glenn R. Gibson and Roberfroid
with the idea that combination of probiotic living microorganism and prebiotic
compounds confers an additional health benefit to host then individual therapy of
probiotic or prebiotic. In combination therapy PreBs promote the growth and activity
of probiotic microflora in the intestine (Quigley 2019). ‘Synbiotic’ term is defined as
synergistic combination of probiotic, beneficial living organism and of prebiotic
supplements (which modulates gut microflora) to aid implantation of ProBs in the
digestive tract. SynBs were basically formulated to overcome drawbacks and prob-
lems encountered with probiotic survival as SynBs primarily affect the growth and
functioning of probiotic organisms in the gut (Mohanty et al. 2018).
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Table 4.2 Synbiotics and microbial sources

PreBs ProBs References
Inulin Bifidobacteria, Lactobacillus genus bacteria Markowiak and Slizewska
(2017), Asté et al. (2019)

FOS Bifidobacterium, Enterococcus faecium, Lacto- | Markowiak and Slizewska
bacillus genus bacteria (2018)

XOS Bifidobacterium animalis subsp. Lactis, Aachary and Prapulla
Bifidobacterium adolescentis, Lactobacillus (2011), Childs et al.
plantarum (2014)

Isomalto- Bifidobacterium, Bacteroides fragilis Kerry et al. (2018)

oligosaccharides

Lactosucrose Zymomonas mobilis Han et al. (2009)

FOS fructo-oligosaccharide, XOS xylo-oligosaccharide

The principal and significant approach used to develop synbiotic is complemen-
tarity and synergistic mode. In a complementary approach, probiotic is selected to
specifically benefit the host and prebiotic is selected randomly just to enhance
intestinal microbial loads. Whereas in synergistic approach probiotics are again
chosen to stimulate host health but here prebiotic is selected which could specifically
affect and improve functional properties of probiotic microbiota. Thus, both
approaches indirectly and directly suffice the fundamental aspect of SynBs, improv-
ing host health. However, the synergistic approach of synbiotic is apparently more
relevant and beneficial for the development of enhanced functional food products.
Various in vivo and in vitro studies have been conducted to evaluate the synergistic
effect of SynBs. It was reported that SynBs encourage growth, concentration and
viability of intestinal microorganism than individual therapy that uses ProBs
(Anzawa et al. 2019).

Various PreBs used in the development of SynBs are inulin, fructo-
oligosaccharide, xylo-oligosaccharide and galacto-oligosaccharide (Table 4.2). The
commonly used probiotic organisms in SynBs are Bifidobacterium and Lactobacillus
species (Gourbeyre et al. 2011). Some of the considerable norms with the formulation
of SynBs are: (i) prebiotic and probiotic selected should confer a beneficial effect on
the host when given individually, (ii) stimulation of a probiotic organism by selected
prebiotic should be standardized. Lastly, (iii) the chosen prebiotic should only improve
the survival and functionality of beneficial microflora, having no or limited effect on
other microorganism(s). The principal mechanism used by SynBs for their beneficial
effect is the enhancement in the viability of probiotic microorganism which makes
them tolerant to environmental conditions. It leads to the maintenance and modulation
of intestinal functions and inhibition of intestinal pathogens through the formation of
short chain fatty acids. The various health benefits of SynBs include enhanced
immunomodulatory abilities, stimulation and maintenance of intestinal microflora,
improved hepatic functions and prevention of bacterial and nosocomial infections
(Sarao and Arora 2017).



4 Prebiotics for Probiotics 71
4.8 Conclusions

There exist an increasing interest in assessing the prospects with PreBs, ProBs and
SynBs at manipulating the gut microflora, given that many of the health benefits
have been proclaimed variously (Fig. 4.3) (Markowiak and Slizewska 2017). The
chapter highlights these calls and shapes the positive vouch for the use of PreBs,
ProBs and SynBs supported with obviousness as well as scientific evidences.
Various commercially available products like fermented milk products act as deliv-
ery vehicles for these functional foods, imparting nutritional and health benefits,
while at the same time influencing market and industrial growth (Mohanty et al.
2018). However, production and food processing treatments are susceptible to
various challenges such as painstaking critical selection of abundant and cost-
effective raw materials for PreBs productions, stability at high pH, process temper-
atures, storage and functional viability. New materials are variously being screened
to meet these conditions. Mushrooms, for example, can be an invaluable source for
cheap, non-dairy based raw material. Similarly, cereals and/or their husks can be a
good source for the galactose and fructose oligosaccharides (Thatoi et al. 2018).
Agricultural wastes could in addition be an alternatively rich source for vitamins,
proteins, starch and phytochemicals to look for amenability in prebiotic production.
Techniques such as microencapsulation, tableting, etc. amalgamated to cryoprotec-
tants such as fruit juices may ensure extended functional viability and stability
during storage of synthesized PreBs formulations (Mishra et al. 2018).

4.9 Opinions

At treating many health ailments ranging from lifestyle associated diseases, cardio-
vascular problems, immune system, and skin-related disorders, vector-borne dis-
eases to many cancers, the orthodox medical systems have built over evidenced-
based scientific studies. Perhaps, many of the treatment options are constrained
principally in high cost, toxicity, and side-effects in the long run. Recent trends
showcase a gradual shift in public acceptance for herbal, nutraceutical, and palliative
care alternatives. This can be seen in developing countries as well in the form of a
wave towards realizing the importance of sanitation, purity demands in food and
confectionery commodities and changes in mindsets positively towards unorthodox
systems of medicine such as Ayurveda, Chinese, Yunnanese, etc. Adding to the
reasons above, people have also started believing in the importance of self-healing
procedures like yoga, reiki, meditation, music therapy and many in the list which
emphasize the treatment grassroots, the body and to keep it fit. Newer versions of
foods have emerged in the markets such as planned food, nourishing shakes, energy
drinks, and foods fortified with vitamins, minerals, and carbohydrates. Even the
medical practitioners have started prescribing such solutions, a slight change in the
sense of fortifying the orthodox solutions with yet not thoroughly justified and
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validated products. The commercial pharmaceutical market has sensed the profit
potentials of the same and has also played a considerable role at making hype via
various media platforms of the essentialities of such foods. This surely gives another
reason for public to have strong confidence over their efficacies. However, only
scientific trials remain the resort at unveiling if they are just the fads or do hold some
water.

Other than the above races, but with equally relevant pace, exploring gut
biosystems, microflora, its diversity and contribution of each and every good, bad
and ugly forms of microbes (bacteria, fungi, protozoans, etc.) and even non-living
biological entities (viz., bacteriophages, prions) have caught the recent attention of
food biologists and biotechnologists, medical practitioners, pharmacologists and
medical science communities around the world as well as the more fitness-savvy
sections of society. It is estimated that compared to the human body’s own cell
count, the microbiota of gut accounts for some 100 fold higher numbers. In this
context it may be debated what regulates the body and its life processes. Is it just the
assembly of various tissue systems, the genetics, the immune system, the nervous
system and its neural networks and so on of body’s inherent units alone? Well, these
are foods for thought and an out of the box queries the scientific communities are
running about. To give a hint with evidences, many members in the gut microbiota
can regulate mood, ageing, memory, perception, and from some studies are known
to play an essential role at maintaining life and its propensities. These include
various viruses even, like the BK viruses found in kidney, the bacteriophages that
kill bacteria in the gut and so forth. Microbes and even viruses are used as thera-
peutics. Well, in this regard phage therapy and faecal microbiota transplant solutions
can be read about by a little googling. So if these evidences are real, why then be
foods left out to have these attributes.

We hope the readers must have framed a more holistic mindset to the theme of the
present chapter with the above texts. It is imperative to see that extensive research is
being pursued into ProBs and PreBs at investigating their health benefits in humans
as well as other animal lives. PreBs should not be considered as magic bullets for the
treatment of diseases because their effects are dose dependent and may exhibit side
effects such as gastrointestinal symptoms. Currently, beyond market potentials
and their tapping by commercial giants there exist scarce regulations at ascertaining
and implementing safety parameters for the oral administration of PreBs. Safe and
optimum dosage levels of individual PreBs might need thorough evaluations to
eliminate side effects. In similar accord, formulated SynBs particularly containing
recombinant strains as ProBs may also need to go through above acid tests for short-
term and long-term safety profiles in various age groups. A plethora of research still
awaits workbenches to be conducted to study molecular bases of interaction between
PreBs with ProBs, human colonocytes, reactions with other by-products of ProBs,
effect on pathogens and almost all domains that can be surmised from an outlined
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sequence of events in the generalized role-play of PreBs (Fig. 4.2). In line with this,
genomics and metabolomics study will aid to understand and manipulate mecha-
nisms exhibited by ProBs. All of the above-mentioned perspectives for the formu-
lation of PreBs will aid in the prevention and management of prevalent human
ailments like antibiotic resistance, obesity, allergy and cardiovascular diseases.
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Probiotics as Live Bio-therapeutics: s
Prospects and Perspectives
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Abstract Enhanced in-depth knowledge of the role of gut microbiota in develop-
ment of several diseases and syndromes has increased interest in probiotics mediated
novel health promoting strategies. A number of experiments have verified that these
beneficial bacteria could be successfully administered for the prevention or treatment
of a variety of pathological, metabolic and neural disorders. The beneficial effect of
probiotics in prophylaxis and treatment of multifarious disorders has also been
validated in animal and human clinical trials. The natural way of probiotics to restore
a healthy human gut microbial ecosystem leads to the development of a new class of
probiotics: bio-therapeutic probiotics. These are probiotics that deliver novel thera-
peutics effect efficiently and with site specificity. Nonetheless, probiotics were not
widely accepted as therapeutic agents due to lack of well controlled and managed
clinical trials on humans as well as lack of reliability of claims of their uses. High rate
of inconsistency in the efficiency of probiotics has been reported. The reason behind
this discrepancy is complex dynamics of the gastrointestinal microbial communities,
individual specific genetic, epigenetic and nutritional factors. Thus, the establish-
ment of probiotic as bio-therapeutics should depend on measurable markers and
scientific evidence-based criteria by conducting multidisciplinary research to set up
facts and mechanisms of action for selected probiotic strains. It is essential for the
positioning of probiotic preparations as either a food, a food supplement or as
pharmaceutical preparation.
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5.1 Introduction

Probiotics are the live microorganisms which when administered in adequate amount
confer health benefits to the host. A wide variety of sources are being explored for
isolation and identification of novel probiotic strains (Thakur et al. 2016). In the past
decades, probiotic strains have gained high interest as supplement for both humans
and animals due to their beneficial role in overall health improvement. Beneficial
health effects of probiotics are well known for several gut and metabolic disorders
including obesity, diabetes, gastroenteritis, etc. through their role in managing
oxidative stress and inflammation (Achuthan et al. 2012; Chauhan et al. 2014,
Sudhakaran et al. 2013), antagonistic activity against pathogens (Sharma et al.
2017; Singh et al. 2016) and secretion and expression of several gut hormones
(Panwar et al. 2014, 2015, 2016).

Recently probiotics have attracted significant interest as bio-therapeutics for
management of different metabolic and brain-based disorders. Beneficial gut
microbiota produce several metabolites having direct and indirect impact on host
pathophysiology. Modulating gut microbiota by probiotic intervention is emerging
as a new frontier for possible management of multiple clinical scenarios. Probiotic
administration balances the gut bacterial population and promotes their favourable
metabolic actions. Recently gut-brain-axis has gained wide interest due to the
emerging key role of gut microbiota in several disorders regulated through brain
and central nervous system, expanding probiotic efficacy in chronic disorders apart
from their established role in gut disorders. The book chapter summarizes and
highlights the possible application of probiotic as bio-therapeutics in different
clinical conditions.

5.2 Probiotics in Foodborne Diseases

Foodborne disease is becoming a global concern, as it is responsible for immense
mortality and morbidity worldwide. Every year, approximately 48 million people
suffered from foodborne diseases, 128,000 were hospitalized and cause 3000 mor-
tality (Centers for Disease Control Prevention 2019). Foodborne infections are
caused mainly by ingestion of foods that contains live harmful microorganisms,
once reached in gut are multiplied, lysate and secrete toxins and/or invade intestinal
wall. The severity of the foodborne diseases leads to development of various
approaches to increase food safety and its preservation. Different physical (thermal
treatment, hydrostatic pressure, pulsated electric field, fluctuating magnetic flux,
high voltage and photo-dynamic), chemical (preservatives, antioxidants and
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essential oils) and biological (antibiotics) methods were used alone or in combina-
tion to reduce foodborne illness. However, these methods were effective in treating
foodborne diseases but they are not 100% efficient and also have added side effects
such as changes in organoleptic property of food, changes in appearance of food,
chemical intolerance in body, antibiotic resistance in foodborne pathogens. Out of
these, antibiotic resistance is of major concern; in the USA and across the globe,
incidence of antibiotic resistant infections has increased immensely (Ventola 2015).
Antibiotic resistant pathogen strains have immensely increased public health con-
cerns, increased mortality, medical cost of treatment, increased length of medical
care, etc. (Centers for Disease Control Prevention 2013). So, the alternative strate-
gies should be required for surveillance and monitoring of foodborne diseases.

Probiotics can be an alternative approach in which “live microorganisms were
administered in passable amounts which has health benefits for the consumer”
(FAO/WHO 2002). Lactic acid bacteria, specifically species of Lactobacillus and
Bifidobacterium, are most communal probiotic strains used in milk fermentation
(Kirpich and McClain 2012). Probiotics gain immense popularity due to their health
benefitting effects, ability to treat infections (Table 5.1) and various metabolic
diseases (Sanders et al. 2013). Probiotics can prevent the infectious disease by
major four proposed mechanism of action: (a) Competition, (b) Antimicrobial secre-
tions, (c) Increased intestinal barrier function and (d) Immunomodulation (Wan et al.
2018).

a. Competition: bacterial-bacterial interactions were mediated by competitions for
nutrient absorption and bacterial adhesion sites. The competition between the
bacteria causes exclusion or reduced growth of one bacterial species. Certain
probiotic bacterial species cause inhibition of establishment of pathogenic bacte-
ria through release of antimicrobial substances (Schiffrin and Blum 2002), spe-
cific adhesion of protein interaction with surface protein and mucin (Servin 2004).
Probiotic bacteria can impose steric hindrance to attachment of pathogenic
bacteria at enterocyte pathogen receptors (Lee and Puong 2007). Administration
of commercial probiotic of Lactobacillus spp. at 7.5 x 10° CFU/L reduced
incidence of Clostridium difficile infections in pigs (Arruda et al. 2016). Lacto-
bacillus acidophilus and Lactobacillus delbrueckii competitively bind to Fe
(OH)3, rendering it unavailable for pathogens (Elli et al. 2000). Lactobacillus
probiotic EcN releases siderophores that chelate and helps in competitive uptake
of iron (Fe2+/Fe3+) via seven different uptake system (GrofBe et al. 2006). Listeria
infection in C2Bbe1 epithelial cell lines was observed to be inhibited by probiotic
Lactobacillus due to combined production of acid (antimicrobial) and
unidentified protein, whereas antimicrobial action of Bifidobacterium attributed
to release of extracellular protein compound (Corr et al. 2007). A probiotic
Lactobacillus bacterium secretes lectin (carbohydrate binding adhesins) which
competitively eliminates enterobacteria (S. typhimurium KCCM 40253 and
E. coli K88) because they share glycoreceptor adhesion sites in gut mucus and
epithelium of host (Valeriano et al. 2016). Competition for same receptor,
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Table 5.1 Probiotics intervention for management of foodborne pathogenic infections

Author

Animal
Model

Pathogen

Probiotics

Findings

Lema et al.
(2001)

Sheep

E. coli O157:
H7

Consortium of

L. acidophilus,

E. faecium, L. casei,
L. fermentum and
L. plantarum

Administration of probi-
otic to sheep regularly for
7 weeks significantly
decreased total number of
pathogens in excreta and
also improved production
of meat

Ohya et al.
(2000)

Calves

E. coli O157:
H7

Streptococcus bovis
and L. gallinarum

Administration of probi-
otic to infected animal
inhibited shedding of

E. coli O157:H7. There
was significant increase in
volatile fatty acid (acetic
acid) which was corre-
lated with attenuation of
pathogen

Kim et al.
(2013)

Rats

Salmonella

L. acidophilus heat
killed

Heat killed L. acidophilus
plays significant role in
preventing Salmonella
infection by increasing its
excretion and lowering
level of TNF-a and IL-1§
as compared to control

Forkus et al.
(2017)

Turkey

Salmonella
enteritidis

Probiotic E. coli Nissle
1917

Administration of probi-
otic (E. coli secretes the
antimicrobial peptide,
Microcin J25) signifi-
cantly decreased the path-
ogen load as compared to
control after 2 weeks of
Salmonella challenge

Filho-Lima
et al. (2000)

Mice

Shigella
flexneri

L. acidophilus, Sac-
charomyces boulardii
and E. coli

Mixed probiotic adminis-
tration in Shigella flexneri
infected gnotobiotic mice
resulted in antagonistic
reaction (shown by

E. coli) and protective
mechanism such as com-
petition for adhesion sites,
regulation of toxin pro-
duction and action,
immunomodulation
(shown by other two
bacteria)

Puertollano
et al. (2008)

Mice

Listeria

L. plantarum

In mice (challenged with
Listeria monocytogenes),
administration of the pro-
biotic significantly

(continued)
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Table 5.1 (continued)

Animal
Author Model Pathogen Probiotics Findings

decreased the secretion of
interleukin in blood serum

Dos Santos | Mice Listeria L. delbrueckii Probiotic bacteria elicited
etal. (2011) cytokine (TNF-a and
IFN-c) production that
bind to TLR of antigen
presenting cell and cause
activation of macro-
phages. Additionally they
secrete more NO (nitric
oxide) that eliminate
intracellular bacteria

Arsi et al. Chicks | Campylobacter | Bacillus and Lactoba- | Probiotic administered
(2015) Jejuni cillus spp chicks (on day of hatch)
were challenged with
mixed strains of Cam-
pylobacter jejuni on the
7th day. The cecal sam-
ples collected after two
weeks showed significant
reduction in campylobac-
ter counts

degradation of carbohydrate receptor, receptor analogues, biofilm and
biosurfactant production can inhibit the settlement of pathogens in host.

b. Antimicrobial secretions: Probiotic bacteria can secrete various metabolites like
organic acids (acetic or lactic acid), H,O, and bacteriocins that have ability to
limit growth of pathogens. Lactic acid bacteria increased acidity of the surround-
ing medium by secreting lactic acid and acetic acid, making it unfavourable for
growth of various pathogens (Makras et al. 2006). Organic acid enters inside
pathogen and dissociates in cytoplasm, causes breakdown of proton motive force
leading to inhibition of nutrient transport and lysis of cell. Probiotic bacteria can
also produce some antibiotics, such as Lactobacillus reuteri strain ATCC55730
that secretes broad-spectrum antibiotic reuterin (3-hydroxypropionaldehyde),
which are effective against Gram-positive, Gram-negative pathogen, viruses,
fungi, yeast and protozoa (Cleusix et al. 2008). Lactobacillus bacteria can
produce pH and heat stable ribosomally synthesized bacteriocins,
non-cytotoxic, bactericidal and bacteriostatic peptides. Unlike antibiotics, bacte-
riocins were very target specific in their action. Bacteriocins are antimicrobial
peptides that disrupt cell wall (by forming pore) and block synthesis of cell wall
of target cell (Hassan et al. 2012). Combined application of nisin with citric acid
and enterocin AS-48 with ethambutol were effective in inhibiting Staphylococcus
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aureus, Listeria monocytogenes (Zhao et al. 2017); and Mycobacterium tubercu-
losis (Aguilar-Pérez et al. 2018), respectively.

. Increased intestinal barrier function: Intestinal epithelial cells serve as primary

defence line (Dowarah et al. 2017) and are foremost for probiotic action (Lebeer
et al. 2010). Probiotics were able to enhance the intestinal barrier function through
stimulating (a) production of defensins peptides (Schlee et al. 2007); (b) improved
immune response; (¢) improved functionality of tight junctions; (d) inhibiting
epithelial cell apoptosis and (e) generating cyto-protective molecules (Madsen
2012). Application of Streptococcus thermophilus and Lactobacillus acidophilus
significantly reduced the entero-invasive E. coli adhesion, invasion and physio-
logical dysfunction in in vitro experiment with HT-29 and Caco-2 cell lines. This
occurs due to increased trans-epithelial resistance complemented with mainte-
nance/enhancement of tight junctions, phosphorylation and cytoskeleton (Resta-
Lenert and Barrett 2003). Additionally, VSL#3 increased expression of cell
surface markers of various mucin protein (MUC2, MUC3 and MUC5AC) in
human colon cancer cell line HT29 (Otte and Podolsky 2004). Probiotic strains
stimulate release of small peptides known as defensins from epithelial cells,
which can stimulate gut barrier function as well as inhibit growth of bacteria,
fungi and viruses (Furrie et al. 2005).

. Immunomodulation: Probiotic lactic acid bacteria are widely described to mod-

ulate innate as well as adaptive immunity, thus enhancing immune response and
preventing pathogenic infections (Ashraf and Shah 2014). Pathogens have molec-
ular patterns associated with their cell membrane which are recognized by pattern
recognition receptors (PRR) of host. When host PRR comes in contact with
pathogen associated molecular pattern, it leads to induction of inflammatory
response and activation of innate immunity. Various immune cells (granulocytes,
dendritic cells, macrophages, T- cells and B- cells) and cytokines (TNFa, IL-8,
IL-6, IL-15, IL-1pB interleukins) were involved in this response. Lactic acid
bacteria can cause induction of cytokine production thus can activate innate as
well as adaptive immune system (Kiczorowska et al. 2017). Administration of
L. acidophilus at 1 x 10® CFU in feed increased anti-inflammatory properties in
piglets infected with entero-toxigenic E. coli. The production of
pro-inflammatory cytokine (IL-8 and TNF-a) was also found to be decreased in
in vivo animal experiments (Li and Zhou 2016). L delbrueckii supplementation
increased the anti-inflammatory cytokines in intestine (IL-10 and TGF-f) and
decreased pro-inflammatory IL-8 cytokines in carp infected with Aeromonas
hydrophila (Zhang et al. 2017). Administration of L. plantarum and
C. butyricum at 10’ CFU/kg and 10° CFU/kg of feed to broilers, respectively,
enhanced the immune function by increasing IgG and IgA levels and broiler
production (Han et al. 2018). Application of L. plantarum B2984 to Salmonella
infected pigs encouraged production of IgM and IgA immunoglobulins (Naqid
et al. 2015). So, probiotic application can directly re-establish the normal gut
microflora; thereby eliminating pathogens, reducing the incidence of infection,
and maintaining healthy well-being without causing any ill effects such as
antibiotic resistance.
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5.3 Probiotics and Genetic/Neurodevelopmental Disorders

Microbial population residing in the intestinal tract is widely linked with metabolic
disorders and has been proposed as potential bio-therapeutics for management of
several gut-related clinical scenarios as discussed in previous sections. It is now
widely accepted that host genetics influences the gut microbiota composition.
However, surge in information generating from metagenomics, metabolomics and
bioinformatics analysis have emphasized role and significance of gut microbiota in
shaping host genetics, immune and nervous system through gut-microbiota-brain-
axis. Gut microbes produce several vital metabolites, viz. serotonin, dopamine, short
chain fatty acids, etc., having role in brain functioning (Strati et al. 2017). Certain
disorders arising from brain inflammation have recently been linked to the gut
microbial composition (Petra et al. 2015). Any dysbiosis in gut healthy microbial
community can lead to overexpression of Thl and Th17 cells resulting in inflam-
mation and disturbed central nervous system. The current section highlights the link
between gut microbiota dysbiosis and genetic/ neurodevelopmental disorders and
their possible management with probiotic therapy.

Several disorders, viz. intellectual disability, communication disorders, autism
spectrum disorder, attention deficit/hyperactivity disorder (ADHD), conduct disor-
ders, cerebral palsy, impairments in vision and hearing, schizophrenia, Parkinson’s,
etc., resulting from abnormal brain development or impaired central nervous system
falls under category of neurodevelopmental or neurodegenerative disorders. The
cumulative effect of genetic, biological, psychosocial and environmental factors
disposes to the development of such neurodevelopmental disorders. Any disturbance
in gut microbiota composition induced due to bacterial infection or antibiotic therapy
has been connected as one of the probable contributors to autism (Li and Zhou
2016). Autistic patients frequently suffer from gastrointestinal disorders pointing out
towards role of gut microbiota in gastrointestinal pathophysiology of
neurodevelopmental disorders. One such recent study demonstrated altered bacterial
and fungal community structure in cohort of autistic individuals. The study demon-
strated increased Firmicutes/Bacteroidetes ratio with reduced Bacteroidetes concen-
tration, and increased Escherichia, Salmonella, Clostridium and Candida spp. (Strati
et al. 2017). Li and Zhou (2016) reviewed the potential management of autism
spectrum disorder by targeting the microbiota-gut-brain axis through probiotic
intervention. In a double-blind, placebo-controlled clinical study, supplementation
of probiotic Lactobacillus plantarum WCFS1 improved the population of
lactobacilli/enterococci and reduced Clostridium in the intestine of autistic subjects
(Parracho et al. 2010). The change in gut microflora was also associated with
healthier stool consistency and decreased the overall behaviour scores in the same
study groups (Parracho et al. 2010). The possible mode of probiotic intervention in
the management of autism could be mediated by microbiota-gut-brain axis. Precise
mechanisms include the fine tuning of circulating neurotransmitters and
neuroimmune related autism biomarkers within the axis, such as, myeloperoxidase
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(marker for inflammation and oxidation in autistic individuals), improved integrity
of the intestinal barrier, and via altering serum metabolites etc. (Li and Zhou 2016).

Relationship between gut microbiome (entire genome of gut microorganisms),
depression and anxiety has been evaluated in the past few years. Depression has been
identified as one of the leading factors for mood and psychiatric disorders targeting
almost every sector of the society in both developed and developing world. Stress
induced neurological changes in brain have been strongly associated with depression
and its associated complications. Gut microbiota through gut-brain-axis manipulate
hypothalamic pituitary adrenal axis and affect mood through vagus nerve and
endocrine system (Abdrabou et al. 2018). Few recent studies demonstrated benefi-
cial effects on probiotic administration on depression and its related complications in
animal and human subjects. L. helveticus NS8 administration to Sprague Dawley rats
improved stress induced behaviour deficits and attenuated levels of corticosterone
(Foster et al. 2017). In another study, L. helveticus RO052 and Bifidobacterium
longum RO175 prevented stress-induced changes in neurogenesis, barrier integrity
and stress reactivity in rat models (Ait-Belgnaoui et al. 2016). Kynurenine, a
circulating metabolite, is known to promote depression. Mice treated with probiotic
lactobacilli significantly decreased the levels of kynurenine in blood (Abdrabou et al.
2018). Anti-depression efficacy of probiotic strains and their metabolites has yet not
been validated in human clinical studies, as there is only handful of published
studies. Few recent reports proposed that altering gut microbiota composition by
probiotic administration can be a viable adjuvant treatment option for subjects with
major depressive disorder (Wallace and Milev 2017; Park et al. 2018). Recently
Nikolova et al. (2019) reviewed the available literature on efficacy of probiotics for
depression management in human subjects. Available literature indicated overall
positive effects of probiotics on depression symptoms. Probiotics may be more
effective  against depression symptoms when administered alongside
antidepressants.

Parkinson’s and Alzheimer’s diseases are among the neurodegenerative disorders
that are commonly associated with aging. Reactive oxygen species mediated oxida-
tive stress contributes to neuroinflammation. Brain areas affected in neurodegener-
ative disorders are sensitive to oxidative stress. Gut microflora, particularly probiotic
strains, are known to contribute towards host by their strong antioxidant ability
rendering protection to cells prone to oxidative stress. In general, aging is associated
with a shift in gut microbial diversity. A significant variation in gut microbial
diversity of elderly patients suffering with neurodegenerative disorders has been
reported. The gastrointestinal tract also supports neuronal development and mainte-
nance through gut-brain-axis. It has been proposed that the management of gut
microflora can help in management of these neurodegenerative disorders (Westfall
et al. 2017). Several microbial neurometabolites, biogenic amines, phenolic com-
pounds, fatty acids, hormones, neuropeptides, etc. are known to contribute towards
management of such disorders. In a recent randomized, double-blind, placebo-
controlled trial, individuals with Parkinson’s were administered probiotics for
12 weeks, following which significant changes in metabolic profile (reduced
C-reactive protein and malondialdehyde; increased glutathione peroxidase) and
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Parkinson’s disease rating scale were recorded (Tamtaji et al. 2018). One of the
possible routes through which gut microflora impact Parkinson’s can be through
reducing the expression of alpha-synuclein in gut and checking its spread to the
central nervous system (Felice et al. 2016). Understanding the link between gut
microbiota composition and genetic disorders particularly those linked to the central
nervous system and identifying strains or consortium of probiotic strains having
promising therapeutic effects can be a novel approach for prevention and/or man-
agement of these disorders.

5.4 Probiotics for Management of Cardiovascular Diseases

Cardiovascular diseases are the primary source of worldwide mortality. According to
WHO approximately 31% of global death was caused by CVDs, out of these 85%
were due to heart attack and stroke during the year 2016. It was also predicted that,
till 2030, CVDs will affect around 23.6 million people over the globe (WHO 2006).
CVD is a metabolic syndrome, which is associated with risks like increased ratio of
low-density to high-density lipoprotein (LDL/HDL), increased triglyceride-rich
lipoproteins (Vasquez et al. 2019), inflammation and autoimmune neural dysfunc-
tion. Genetic composition, high body mass index and medical history of an individ-
ual are contributing factors for cardiovascular diseases. This risk can be reduced by
changing eating/food habits, sedentary life style and reducing consumption of
tobacco and alcohol. Unhealthy life style and food habits have direct negative effect
on diversity and activity of gut microbiota. Various reports verify that imbalance in
gut microbiota is linked not only to pathogenic invasion in intestine but also to
extraintestinal ailments, such as cardiovascular disease (CVD), diabetes and obesity.
Therefore, gut microbiota can be a potent target to treat and/or prevent a metabolic
disease. The articulation of gut microbiota using probiotics might offer new oppor-
tunities of prevention and/or disease treatment. Probiotics target various pathways
that lead to development of cardiovascular diseases, as discussed below:

Probiotic in endothelial dysfunction and oxidative stress—Endothelium is a
vascular layer of thin cells, serves as primary barrier between vascular muscles
and bloodstream and tissue spaces, allows selective passage of solutes, fluids,
inflammatory molecules (Malik et al. 2018), growth factors, etc. Endothelial cells
have multiracial role in regulating vascular tone (through synthesis/release of vaso-
dilator or vasoconstrictor), release of inflammatory molecules, reactive oxygen
species, regulating immune response, along with this it has important participation
in maintaining blood homeostasis, platelet aggregation, regulating antithrombotic/
prothrombotic balance (Konukoglu and Uzun 2016). So, any adverse change in
endothelial cells leads to disturbance in its functioning thus resulting into diseased
conditions. Endothelial dysfunction is accepted as a major risk factor in the classic
cardiovascular disease mechanisms. Endothelial dysfunction is characterized by
reduced endothelium-mediated vasorelaxation, disturbance in hemodynamic regu-
lation, reduced fibrinolytic ability, excessive release of growth factors and reactive
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oxygen species, enhanced expression of adhesive proteins and inflammatory genes,
increased oxidative stress and increased cell layer permeability. Numerous studies
recommended that consumption of probiotic can positively influence functionality of
endothelial layer. Rashid et al. (2014) reported that application of probiotic formu-
lation to rat having endothelial dysfunction of mesenteric artery ring with common
bile duct ligation improved the pathological condition of the rat. Toral et al. (2014)
showed that Lactobacillus coryniformis probiotic treatment improved the endothe-
lial functioning and lipopolysaccharide (LPS) induced vascular oxidative stress in
control mice. The oral administration of probiotic drink (Kefir) for 56 days could
repair structure of vascular endothelium, decrease oxidative stress and increase
nitrogen oxide bioavailability to rats. It also causes the recruitment of endothelial
progenitor cells which diminishes endothelial dysfunctioning (Friques et al. 2015).
Positive effects of probiotics were verified by Yap et al. (2016), they observed that
lactic acid bacteria (LAB) were able to partially reverse the relaxation deficit of the
aorta and increased the NO level in SHR. They observed that probiotic administra-
tion improved endothelial function by reducing vascular oxidation and inflamma-
tion. Gémez-Guzman et al. (2015) reported that intake of probiotic consortium
(Lactobacillus fermentum/Lactobacillus coryniformis with Lactobacillus gasseri)
was able to establish normal gut microbiome and improve endothelial functioning,
leading to reduced vascular pro-inflammation and pro-oxidation. Clinical trial on
human and human cell lines had also shown the positive impact of probiotics on
endothelial functioning. Cheng et al. (2013) reported that Lactobacillus plantarum
or Streptococcus thermophilus fermented soy milk increased nitric oxide production
and eNOS activity, signifying their impact in enhancing endothelial function. Lac-
tobacillus plantarum administration (6 weeks) to stable coronary artery patient
increased NO bioavailability along with reduced systemic inflammation, thus lead-
ing to improved endothelial function. Probiotic administration to obese post-
menopausal women was recorded to improve normal functioning of endothelium,
release of vascular endothelial growth factor, systolic blood pressure, IL-6, TNF-a
and thrombomodulin (Szuliiska et al. 2018a, b).

Probiotics in hypercholesterolaemia —Cholesterol is a vital constituent for body
tissues but the elevated blood cholesterol can cause major threat to coronary heart
problems (Aloglu and Oner 2006). Hypercholesterolaemia and dyslipidemia are
most common cause of most of the cardiovascular diseases. Adhesion of probiotic
bacterial cells to epithelial layer of intestine can lower cholesterol levels in body
(Tomaro-Duchesneau et al. 2015). Three mechanisms of action have been proposed
through which probiotics help in lowering cholesterol levels: (1) bile acid hydrolysis
via microbial bile salt hydrolase (BSH) enzyme (Gilliland et al. 1985), (2) cholesterol
incorporation in microbial cell (Noh et al. 1997) and (3) cholesterol conversion to
easily assimilated metabolite (Gerard et al. 2007). Some researchers also suggested
that probiotics were able to lower the cholesterol biosynthesis in the liver
(Fukushima and Nakano 1996; Chiu et al. 2006). Various studies showed positive
effects of probiotics on cholesterol levels in body. Lin and Chang (2000) observed
attachment or assimilation of cholesterol on L. acidophilus surface, thus showing
hypocholesterolaemic ability. Xiao et al. (2003) also observed a significant reduction
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in triglyceride, LDL and total cholesterol with administration of Bifidobacterium
fermented milk. These effects were further confirmed by Abd El-Gawad et al. (2005)
by feeding B. lactis or B. longum fermented yoghurt to the rats. Jones et al. (2011)
reported an efficacious and safe application of encapsulated Lactobacillus reuteri
NCIMB 30242 (having active BSH enzyme) fermented yoghurt formulation in
decreasing low density lipid- cholesterol, total cholesterol, apoB-100 and non-high
density lipid- cholesterol in hypercholesterolaemic organism .

Probiotics in hypertension—Hypertension leads to several pathological condi-
tions such as heart failure, cardiac stroke, acute myocardial infarction, failure of
renal system and main cause of premature death worldwide (Vasquez et al. 2019).
Primary (or essential) hypertension depends upon various genetics, demographic
and environmental conditions of individual (Freedman and Cohen 2016). Secondary
hypertension is originated from behavioural conditions (drugs, smoking, etc.),
endocrine disorders, cancer and excessive activation of the renin—angiotensin system
(Rimoldi et al. 2014). Recent studies suggested that probiotics and their metabolites
were able to improve total cholesterol level, LDL/HDL ratio, blood glycaemic
levels, insulin resistance and functioning of renin—angiotensin system (Khalesi
et al. 2014). Probiotics were able to secrete various effective bioactive metabolites
having ACE inhibition activity that can be targeted for management of high BP. In
RAS, renin causes inactivation of angiotensinogen via hydrolyses, resulting in
inactive angiotensin-I, which enzymatically converted by ACE to angiotensin-II.
Angiotensin-II can cause increased blood pressure and vasoconstriction; so, inhibi-
tion of ACE can serve as clinical target for management of high blood pressure
(Thushara et al. 2016). Various probiotic fermented foods (milk, yogurt, cheese,
ice-creams soymilk, etc.) were reported to have ACE inhibitory peptides (Fitzgerald
and Murray 2006). Various clinical studies on humans also validate probiotics’
ability to reducing high blood pressure levels. Naruszewicz et al. (2002) observed
a significant reduction in blood pressure (systolic) with oral administration of
Lactobacillus plantarum. Brantsaeter et al. (2011) reported that probiotic food intake
can reduce the incidence of pre-clampsia, which is linked with hypertension and
inflammation. Clinical trial based meta-analysis showed that probiotic consumption
markedly reduced blood pressure in high BP patients. Khalesi et al. (2014) con-
cluded that application of probiotics consortium can result in enhanced positive
effects on hypertension condition.

Probiotic in autonomic control of cardiovascular function—Probiotic also bene-
fits the autonomic neural control of cardiac pacemaker, baroreflex thereby control-
ling heart rhythm from brainstem integrative areas (Pimenta et al. 2018).
Supplementation of kefir at least for 8 weeks reduced and incompletely reversed
abnormal cardiac sympathetic predominance over the parasympathetic tone in SHR.
Some studies showed that probiotics were significantly linked with reduced produc-
tion of intravascular reactive oxygen species (ROS) and increased NO bioavailabil-
ity. Reduction in cytokines and ROS production in hypothalamic paraventricular
nucleus might be fundamental mechanism of probiotics on cardiac autonomic
control that reduced hypertension and organ damage. Probiotic causes increased
levels of anti-inflammatory molecules which diminish hypertension and organ
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Fig. 5.1 Role of probiotic in management of cardiovascular diseases

damage thereby restoring regular functioning of parasympathetic/sympathetic sys-
tem (Klippel et al. 2016). Probiotics directly or indirectly enhanced the normal
functioning of various cardiovascular diseases (Fig. 5.1). Administration of
probiotics (single or in consortium) has promising therapeutic effects on cardiovas-
cular system, thus can serve as alternative approach to treat cardiovascular diseases.

5.5 Probiotics for Allergy and Autoimmune Disease

Estimates suggest that nearly 20% of the world population suffers from some form of
allergic diseases (World Health Organization 2003). The increasing prevalence of
allergic disease suggests prevalence of atopy in newer generations. Studies have
shown that increased prevalence of atopy is nowadays connected with increase in
sensitization to a variety of allergens rather than sensitization to one particular
allergen (Jarvis and Burney 1998). The mechanism of allergy relies on the activity
of different subtypes of T cells. Allergic person has dominance of Th2 cell mediated
immune response. The type of immune response is controlled by Treg cells whose
activity is crucial for immune tolerance and hyper reactivity. Activation of Th2 cells
by Treg cells results in production of IL-4, IL-5, IL-13 and induction of inflamma-
tion by recruiting eosinophils and allergen specific IgE class switching in B cells
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(Spacova et al. 2018). Moreover, atopic or allergic disorders develop under the
influence of heterogeneous factors including genetic predisposition, environmental
factors, tempering innate and acquired immune responses, etc.

Probiotic-induced protection against allergic diseases including atopic dermatitis,
food allergies and airway allergy has been established in several animal studies and
human clinical trials (Cuello-Garcia et al. 2015; Drago and Toscano 2015). Con-
sumption of probiotics leads to modulation of immune system towards tolerance by
activating maturation of Thl cells and inhibition of Th2 cell response (Galdeano
et al. 2019). Besides, the relation between composition of gut microflora and allergy
has also been established by many researchers (Bjorkstén et al. 2001). Few other
researchers have proposed that modification of gut colonization with the help of
supplementation of probiotic strains during pregnancy and early infancy could
down-regulate the onset of allergic diseases (Zuccotti et al. 2015). Recently a
meta-analysis by Schmidt et al. (2019) explored the effect of Lactobacillus
rhamnosus and Bifidobacterium animalis subsp. lactis on the development of
allergic diseases and sensitization in late infancy and early childhood. They observed
that probiotics could effectively reduce incidence of eczema in probiotic consuming
subjects. The mechanism behind this beneficial probiotic effect was explored by
Forsberg et al. (2013) using pre- and postnatal consumption of L. reuteri. It was
postulated from the study that supplementation of L. reuteri improved immunoreg-
ulatory capacity by decreasing Toll-like receptor-2 (TLR2) induced response during
infancy. Even a direct effect of probiotic treatment in airway allergy has also been
reported by Spacova et al. (2019). The study revealed that pre-treatment of Lacto-
bacillus rhamnosus GG and L. rhamnosus GR-1 via intranasal route reduced all over
airway hyperreactivity by decreasing eosinophil counts in bronchoalveolar lavage
and IL-5 and IL-13 level in lungs in mouse model of allergic asthma. Similarly, Ma
et al. (2019) reported that mucosal CD103™ dendritic cells and differentiation of
regulatory T cells were directly induced by probiotics during food allergy in murine
model.

Probiotics also exert their beneficial effects on prevention of pathology of auto-
immune diseases. For example, it has been deduced from number of studies that
probiotics could improve the symptoms of rheumatoid arthritis. The disease
develops by presence of autoantibodies called as rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPAs) causing inflammatory response at small
joints such as hands, wrists, feet and progression of bone and join damage. The direct
connection of the composition of gut and oral microbiota with pathogenesis of
rheumatoid arthritis has been detected by many researchers (Bravo-Blas et al.
2016). However, the specific contribution of commensal microflora could not be
recognized till date.

Probiotics are also reported to significantly modulate the markers in arthritis
animal model (Achi et al. 2019). Precisely the modulation of cytokines involved
lowering of pro-inflammatory cytokines (i.e., IL-1, IL-6, MCP-1 and TNF-a) and
upregulation of the level of anti-inflammatory cytokines (i.e., IL-4, IL-10). Addi-
tionally, clinical benefits of probiotic supplements have also been reported in human
subjects. Similarly, Rudbane et al. (2018) demonstrated that probiotics affected the
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Fig. 5.2 Host factors affecting the impact of probiotic intervention in allergic diseases (figure
adapted from Spacova et al. 2018)

level of inflammatory markers, i.e., erythrocyte sedimentation rate, TNF-a, IL-1f,
IL-6, IL-10 and IL-12 as well as oxidative stress markers. This explains that the
efficacy of probiotic treatment largely relies upon several host associated factors and
varies from individual to individual.

In this line, a comprehensive article by Spacova et al. (2018) has explained that
many factors like genetic build-up, age, sex and microbiological composition have
significant influence on mechanism of immune system and how probiotics affect
them (Fig. 5.2). The reason of conflicting results of probiotic interventions on
allergic disease can be deciphered from the involvement of abovementioned variable
factors which largely affect the results of clinical studies. An overview of currently
present data demonstrates that supplementation of probiotics contributes to allevia-
tion of allergy and autoimmune diseases by balancing between native microbiota,
regulating inflammatory mediators and developing immune system. However, high
levels of variability in related studies in the context of different formulations of
probiotics for different types of patient populations and their respective outcomes
have prevented from being observed any significant effect of probiotics on allergic
diseases.
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5.6 Probiotics for the Management of Obesity

Metabolism of dietary components is the best way to maintain homeostasis. Upon
metabolic disbalance, complications like obesity, diabetes mellitus type 2, athero-
sclerosis, cardiovascular disorders, hypertension etc. may developed. The preva-
lence of these disorders is exponentially increasing, and predictions suggest, it will
rise to 333 million by 2025 (Silveira et al. 2013). Among other things, obesity is a
disorder that happens when the body accumulates excess fat. Influences such as
hormonal, neural, hereditary and environmental are also involved in the develop-
ment of obesity in addition to an unhealthy lifestyle. In order to manage high body
weight, a healthy diet and physical exercise are always recommended. In addition,
targeted appetite and fat absorption drugs are available, but their unnatural molecular
structures are concerned with the safety of these synthetic drugs.

Gut microbiota composition has been closely associated with metabolic disor-
ders. Scientific evidence indicates changes in gut microbiota contribute to differ-
ences in body weight index and body mass index (Cerdé et al. 2019). The diversity
and abundance of few microbes can promote energy harvesting and metabolic
pathways that lead to obesity. Consequently, modulation of intestinal microbiota
may be a possible target for good health. In this regards, probiotic, the beneficial gut
bacteria, has been found to encourage the abundance of intestinal microbiota, boost
intestinal capacity and reinstate the microbiota changes that occurred during obesity
(Table 5.2) (Mazloom et al. 2019). In addition, certain metabolic enzymes, pancre-
atic lipases and pancreatic phospholipase A2, which are responsible for digestion
and dietary fat absorption, may be targeted for obesity control (Birari and Bhutani
2007; Wang et al. 2006; Shi and Burn 2004).

Although there are several unknown facts, a general concord states that gut
microbiota are associated with obesity through dietary sugar fermentation, lipid
metabolism and metabolic pathways leading to food intake control and energy
balance regulation (Mazloom et al. 2019). Probiotics may enhance intestinal
microbiota dysbiosis caused by high-calorie diets by improving the useful bacteria
and dipping the pro-inflammatory bacteria (Kong et al. 2019). Recently, Ejtahed and
co-researcher conducted a systematic review of obesity management through
probiotics supplementation utilizing diverse databases like as PubMed, Cochrane,
EMBASE, Web of Science and Scopus. The probiotic supplementation decreased
weight increase or fat accretion in 72 animal studies in 61 trials utilizing specific
strains of Lactobacillus and Bifidobacterium. In addition, three out of 15 clinical
trials showed positive results as well (Ejtahed et al. 2019).

A study on overweight and obese individuals suggested that consumption of
probiotic yogurt (including L. acidophilus, L. casei, B. lactis and S. thermophiles)
along with low-calorie diet significantly increases the expression of genes such as
toll-like receptor-2 and FOXP3, thus adding to the initiation of inflammatory
responses and antigen-specific adaptive immunity (Yazdani et al. 2018). Moreover,
an L. reuteri strain has also been reported to enhance indicators of obesity and pro-
inflammatory factors, altering the gene expression of insulin and lipid metabolism in



98

J. Kaur et al.

Table 5.2 A list of probiotic strains shows anti-obesity effects in animal and human trails®

Strain Anti-obesity effect References
Lactobacillus * Reduced weight gain, lipid accumulation Lee et al. (2006), Kim et al.
rhamnosus and epididymal fat mass (2013), Ji et al. (2012)
* Decreased adipose tissue mass and body
weight
Lactobacillus * Prevented body weight gain and fat accu- | Kang et al. (2013), Sato et al.
gasseri mulation (2008)
» Decreased mesenteric/retroperitoneal adi- Kadooka et al. (2010)
pocyte size
* Decreased abdominal adiposity and body
weight
Lactobacillus * Attenuated mass increase and belly fat Tanida et al. (2008),
paracasei accumulation Thiennimitr et al. (2018)
* Reduced body weight and visceral fat
Lactobacillus * Decreased mass increase and belly fat Poutahidis et al. (2013),
reuteri pathology Chung et al. (2016)
» Decreased dietary fat absorption
Lactobacillus * Decreased body weight and adipose tissue | Lee et al. (2007),
plantarum mass Higashikawa et al. (2016)
* Reduced body mass, BMI and fat
Lactobacillus * Decreased body weight, BMI, fat mass, Karimi et al. (2015)
casei leptin and glucose levels

#Adopted from Mazloom et al. (2019)

white adipose tissues as well (Chen et al. 2018). A soy fermented beverage with
probiotic Enterococcus faecium and Bifidobacterium longum also reduced adipo-
cytes and increased IL-6 and IL-10 levels in mice model (de Carvalho Marchesin
et al. 2018).

A probiotic mix, including L. Plantarum, L. Fermentum, B. Longum with prebi-
otic Triphala, showed beneficial effects on physical obesity indicators including
decrease in overall weight, triglyceride and glucose levels (Westfall et al. 2018). In a
different study, adult mice nursed with L. casei fermented milk were observed with
decreased body weight, increased number of immunoglobulin cells (A-positive) and
macrophages in the small intestine (Nufiez et al. 2014). Likewise, two L. plantarum
and L. curvatus probiotic strains showed a decline in adipose tissue and liver fat
accumulation (Yoo et al. 2013). Similarly, probiotic supplementation of B. longum
reduced fat, size of adipocyte, expression of lipoprotein lipase, modulated leptin
level and increased receptor-activated adiponectin and peroxisome proliferator-
activated receptors-g expression in diet-induced obese rats (Karimi et al. 2017).
Interestingly, a B. breve strain demonstrated the potential to prevent and improve
obesity by decreasing weight gain, fat deposit on adipose tissue, size of adipocytes
and macrophage (Roselli et al. 2018).
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5.7 Probiotics as Bio-therapeutics for NAFLD

Non-alcoholic fatty liver disease (NAFLD) due to obesity has become a global
health issue in both teenagers and adults. NAFLD is an increase in triglycerides
build-up in liver cells (hepatocytes) which exceeds 5-10% of the total liver mass
(Neuschwander-Tetri and Caldwell 2003). Till now, no medical therapy is approved
for NAFLD treatment and the primary therapeutics is exercise and dietary manage-
ment (life-style therapies) (El-Agroudy et al. 2019). Furthermore, NAFLD is a
multifactorial disease and its pathogenesis is still unclear. The “two strike hypoth-
esis” is one of the original hypotheses for NAFLD pathogenesis because steatosis is
the first strike and oxidative pressure is the second hit (Day and James 1998; Byrne
et al. 2009).

Gut microbiota, in other terms, the forgotten organ, consist of up to 2000 species,
Fusobacteria, Bifidobacteria, Eubacteria, Firmicutes, Pepto-streptococci and
Bacteroides (Salminen et al. 1998; Dethlefsen et al. 2006; Zihler 2010), in the
intestine of human adults. Vespasiani-Gentilucci et al. (2018) recently identified a
correlation between changes in gut microbiota and NAFLD pathogenesis. In
NAFLD patients, stages of faecal Bradyrhizobium, Propionibacterium acnes,
Dorea, Peptoniphilus, Anaerococcus, Ruminococcus and lower proportions of
Rikenellaceae and Oscillospira increased (Del Chierico et al. 2017). In another
study conducted by Zhu et al. (2013), they found that patients with obesity and
NASH had different ratios of Firmicutes, Bacteroidetes, Actinobacteria and alcohol-
producing bacteria in comparison to the vigorous patients and improved disease-
causing bacterial strains to substitute them, like Clostridium sp.

The main metabolites of fermentation accumulated sugar like fructose in the
intestine by various groups of gut microbiota are organic acids, e.g., lactic and
succinic acids, fatty acids include ethanoate, propionic acid and butyric acid and
ethanol (Salminen et al. 1998). Lactate, acetate plays a crucial function in the
metabolic cross-feeding pathways of bacterial organisms such as Anaerostipes (A.)
caccaelEubacterium hallii (Belenguer et al. 2006) and A. caccae and the Roseburia
sp. (Falony et al. 2006). Furthermore, SCFAs can attenuate accretion of triglycerides
in hepatic cells (hepatocytes) via increasing the ratio of propionate to acetate which
could inhibit lipogenesis (Daubioul et al. 2002).

Ethanol and acetaldehyde are essential sugar fermentation metabolites used by
various gut microbiota, e.g., heterolactic intestinal bacteria. Ethanol can be absorbed
into acetate and also acetaldehyde. Acetaldehyde may result in increased blood
circulation leading to liver injury (Medina et al. 2004). Baker et al. (2010) stated
that ethanol provided by intestinal microbiota in patients with NAFLD had contrib-
uted to NAFLD production. Zhu et al. (2013) also found that NASH patients also
had improved alcohol-generating bacteria that increased serum levels of alcohol and
increased oxidative stress. Elshaghabee et al. (2016) found that the non-mannitol
generating intestinal hetero-fermentative lactobacilli (i.e., Weissella confusa) were
observed to generate large quantities of ethanol from the fermentation of fructose in
obese faecal slurries.
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Furthermore, Lipopolysaccharide (LPS) endotoxin produced by Gram-negative
(G) intestinal bacteria was shown to induce different pro-inflammatory cascades-
associated NASH (Miele et al. 2009). On the other hand, gut microbiota fermenta-
tion of dietary fructans may stimulate glucagon hormone such as peptide-1 and also
peptide YY (Uris-Silvas et al. 2008). They also enhance glucagon secretion such as
peptide-2 which plays a vital part in enhancing the colonic integrity and tight
junction and reducing blood circulation of LPS (Cani et al. 2007; Cani and Delzenne
2009). Results from the model of in vitro fermentation revealed that various gut
microbiota could FOS (ferment short-chain), i.e., Bifidobacterium, Bacteroides,
Faecalibacterium, Lactobacillus and Roseburia may ferment oligofructose, but
few gut microbiota may use long-chain fructans (Ramirez-Farias et al. 2009; De
Vuyst and Leroy 2011). Clinical experiments consuming breath hydrogen using a
fermentation marker indicate that microbial fermentation is the individual mecha-
nism for the production of hydrogen in the human body (Levitt 1969).

Probiotics represent one of the dietary strategies for reducing the risk of NAFLD.
The definition of probiotics was evolved during the last years. FAO/WHO (2001)
and Reid et al. (2003) well-defined probiotics as “creation of a product comprising
feasible, specified microorganisms in adequate quantities that modify the microflora
(by implantation or colonization) in the host section and thus have helpful health
effects in the host”. Recently, Elshaghabee (2017) has defined probiotics as “Live
bacterial strains with healthiness effect on the host when they ingest sufficient
amounts daily (not less than 10°-10® CFU/g) and are combined into gut
microbiome”. The foremost genera of probiotics are Lactobacillus and
Bifidobacterium and several fitness assistances have been investigated using
in vitro models or different in vivo models (El-Deib et al. 2010; Hsieh et al. 2013;
Wagnerberger et al. 2013), for example, modulation of the immune system, lessen-
ing of cholesterol, antioxidant and also anti-carcinogenic activity levels.

Several animal models were conducted to test the impact of various probiotic
strains on NAFLD risk reduction as shown in Table 5.3. On the other hand, as shown
in Table 5.4, few clinical trials had been directed to traverse the protective effect of
probiotics against NAFLD. Further work is required on the mechanism through
which probiotics could reduce NAFLD risk. Figure 5.3 indicates various potential
pathways of probiotic health benefits for NAFLD.

One among the next generation probiotic, Akkermansia muciniphila, mainly
isolated from the mammalian intestine can make use of mucin as a single source
of carbon (Derrien et al. 2004), oval formed, gram-negative, immotile and strictly
anaerobic, can make use mucin as a single source of carbon, release sulfur also the
two main metabolites are acetate and propionate. A significant percentage (about
85%) of A. muciniphila may live in the gastrointestinal tract of vancomycin-treated
mice (Hansen et al. 2012) and a multi-antibiotic patient (Dubourg et al. 2013).
Akkermansia muciniphila regulates different metabolism pathways of the host either
in the living or pasteurized form, whereas both forms could reduce the body and fat
mass gain as well as reduce serum triglycerides and abstaining glucose, also enhance
insulin sensitivity in mice (Everard et al. 2013). Besides, Akkermansia muciniphila
could improve the gut barrier by enhancing the countenance of constricted connec-
tion of protein together with occludin, claudins and ZO-1, ZO-2 and ZO-3, by
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Table 5.3 Different animal models used for evaluating the protective effect of probiotics against

NAFLD
Animal | Diet induced
Author model NAFLD Probiotics Findings
Esposito et al. | Rat High fat diet VSL#3 probiotic cul- | Reduction of inflamma-
(2009) ture contains a mixture | tory signaling and lim-
of viable ited oxidative liver
bifidobacteria, damage
lactobacilli and
S. thermophilus
Wagnerberger | Mice High fructose | L. casei Shirota Reduction of the TLR4
et al. (2013) solution signaling cascade
Hsieh et al. Rat High fructose | L. reuteri GMNL 263 | Decreased levels of
(2013) diet inflammatory cytokines
and normalizing the
overexpression of
lipogenic genes
Bhathena et al. | Hamster | Methionine L. fermentum ATCC Reduction of hepatic tri-
(2013) deficient/ 11976 glycerides and modula-
choline tion of the gene
expression of
HMG-CoA reductase
Reichold et al. | Mice Western diet B. adolescentis Modulation of expres-
(2014) sion of 88 mRNA and
portal endotoxin levels.
Activation of nuclear
factor NF-xB and
inhibited lipid
peroxidation
Wang et al. Mice High fat diet L. paracasei CNCM Modulation of the abun-
(2015) [-4270, L. rhamnosus | dances of gut microbiota
1-3690 and B. animalis
subsp. lactis 1-2494
Elshaghabee Rat High fructose | Probiotic Karish Reduction of levels of
et al. (2016) diet cheese contains faecal
L. acidophilus, B. Enterobacteriaceae, and
longum and modulation of some
S. thermophiles biochemical parameters,
e.g., cholesterol, glu-
cose, IL-6 and IL-10
Al-Muzafar Rat High fat high | Probiotic mixture Reduction of levels of
and Amin sugar diet containing interleukin IL-6 and
(2017) L. acidophilus, improve leptin as well as
L. plantarum, B. lipid profiles
bifidum and B. subtilis
Liu et al. Mice High fat high | L. rhamnosus GG cul- | Enhancement of the
(2020) fructose diet + | ture supernatant metabolic function via

chronic inter-
mittent
hypoxia

fibroblast growth factor
21 adiponectin pathway
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Table 5.4 Examples of different human studies used for evaluating probiotics as a complementary

therapy for NAFLD

Duration

Author N | (week) Probiotics Main findings
Loguercio 22 |16 VSL#3 Probiotic strains could modulate
et al. (2005) liver biochemical parameters
Aller et al. 14 |12 Yoghurt culture (ALT and AST) in volunteers.
(2011) This effect is varied between dif-
Wongetal. |10 |24 L. plantarum, ferent V(?lur}tfeers from significant
(2013) L. bulgaricus to non-significant

L. acidophilus,

L. rhamnosus

B. bifidum
Alisi et al. 22 |16 VSL#3
(2014)
Eslamparast |52 |28 L. acidophilus, L. casei
et al. (2014) L. bulgaricus,

L. rhamnosus

B. longum, B. breve, St.

thermophilus
Abdel 15 |68 L. acidophilus
Monem
(2017)
Famouri 32 |12 L. acidophilus,
et al. (2017) L. rhamnosus

B. lactis, B. bifidum
Mofidi et al. |25 |28 L. acidophilus, L. casei
(2017) L. bulgaricus,

L. rhamnosus

B. longum, B. breve

St. thermophilus
Kobyliak 29 | 8 Bifidobacterium, Lactoba-

et al. (2018)

cillus, Lactococcus,
Propionibacterium,
Acetobacter

reducing the circulation of endotoxemia such as LPS stages and by inhibiting
inflammatory reaction resulting in increased eGlucose and fat metabolism (Everard
et al. 2013; Grander et al. 2018).

5.8 Probiotic Intervention for the Management of Celiac
Disease

Celiac disease is a type of chronic enteropathy developed due to particular proteins
of our diet which initiates immune response against self-cells in genetically
predisposed humans. The causative proteins are known as gluten proteins,
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Fig. 5.3 Possible mechanisms of bio-therapeutic effects of probiotics against NAFLD

commonly available in cereals like wheat, Barley, oats and ray. Gluten is a gluta-
mine- and proline-rich proteins and is partially hydrolysed in the gastrointestinal
tract. The presence of an antigen on the surface of leukocyte, namely human
leukocyte antigen HLA-DQ (human leukocyte antigen Class II with DQ2 and/or
DQ8 molecules on antigen-presenting cells) system, is proved to be associated with
genetic predisposition of celiac disease. These receptors help to recognize self and
non-self molecules in the immune system. The indigested peptides enter the circu-
latory system and get in contact with the lymphocytes (Fig. 5.4). Recognition of
peptides induces release of cytokines from lymphocytes and T-cells, i.e., interferon
gamma (IFN-y) and tumour necrosis factor alpha (TNF-a) and matrix
metalloproteinases (Kupfer and Jabri 2012). Activation of these components causes
severe damage to the villi of small intestine. Clinical manifestation of celiac disease
includes abdominal pain, weight loss, fatigue and some indirect consequences such
as anaemia, osteoporosis, polyneuropathy, cerebellar ataxia, etc. (Lionetti and
Catassi 2011). HLA-DQ genes are carried by 40% of the population but develop-
ment of celiac disease is observed in only 1-2% population (Lionetti and Catassi
2011). This indicates involvement of additional environmental and host factors in
progression of celiac disease pathogenesis.

The environmental factors such as, repeated gastrointestinal infections, and major
change in the composition of gut microbiota has been seen to be connected with the
advancement of celiac disease (Olivares et al. 2015; Nistal et al. 2016; Valitutti et al.
2019). In this line a case control study on newborns who had one or more first
relative with the history of celiac disease was done by Olivares et al. (2018). They
configured the components of gut microbiota using 16S rRNA gene sequencing and
found that the infants at high risk of celiac disease had modifications in early
composition of gut microbiota. The findings of study suggest that relative abundance
of Bifidobacterium breve and Enterococcus spp. were associated with celiac disease
development (Olivares et al. 2018). Recently, Bodkhe and team have studied the
gluten degradation ability of faecal microbiota from healthy and celiac disease
human subjects. They found that gut microbiota from celiac disease human had
reduced gluten degradation ability in comparison to gut microbiota from healthy
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Fig. 5.4 Pathogenesis of celiac disease and probiotic interventions for prevention of the disease.
Gluten peptides translocates to lamina propria and are presented to CD4"T cells, which activates
secretion of cytokines and autoantibodies. Altogether, the activity promotes degradation of matrix
and causes deformation in villi. Probiotics improve integrity of intestinal barrier function by
restabilising gut microbiota and by reducing inflammation. They also improvise the symptoms of
disease by modulating immune cell response

control human. More precisely, celiac disease patients had higher abundance of
genera Megasphaera and Helicobacter compared to the pre-disease condition sub-
jects. However, both disease and pre-disease condition subjects also had reduced
abundance of Akkermansia and Dorea (Bodkhe et al. 2019). The similar kind of
observations recorded by several researchers indicates a direct correlation between
composition of gut microbiota and development of clinical symptoms of celiac
disease (Cenit et al. 2015; Garcia-Mazcorro et al. 2018; Rintala et al. 2018).

The knowledge of relation between the host genetic factors and individual’s gut
microbiota which perform an important role in development of celiac disease can be
used for preventive measures by manipulating the gut environment. For this reason,
probiotics are been thought to be used as an effective tool in the control of celiac
disease using dietetic strategies. The management of celiac disease using probiotic
intervention is also been proposed at the different levels of the disease. For example,
in newly diagnosed celiac disease children, supplementation of probiotic
Bifidobacterium longum CECT 7347 in conjunction with gluten-free diet improved
health of the subjects by influencing the inflammation markers (Olivares et al. 2014).
In later stage also, probiotic treatment has been reported to effectively improve the
severity of symptoms of celiac disease patients. Another study by Francavilla et al.
(2019) found apparent improvement in lactic acid bacteria, Staphylococcus and
Bifidobacterium, in faecal microbiota of patients receiving probiotic treatment. The
composition of gut microflora directly influences the stability of intestinal
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epithelium. Intestinal epithelium is the only shield between the receptors of intestinal
immune cells and their ligands. The instability of epithelial barrier exposes the large
number of antigens to the reactive immune cells and subsequently causes inflam-
mation generated structural and functional damage to the interphase. Probiotics
could restore the epithelial dysfunction by modulation of immune response at
damage site (Krishnan et al. 2016; Zaylaa et al. 2018). The generation of
pro-inflammatory cytokines in celiac disease patients is a critical step during auto-
immune response. Probiotics are reported to decrease the production of these
cytokines in such conditions. For example, the production of pro-inflammatory
cytokine TNF-a was reduced in diseased children having gluten-free diet and two
probiotic strains Bifidobacterium breve BR0O3 and B. breve B632 (Klemenak et al.
2015).

Moreover, probiotics can also modulate gluten antigen generated immune
response. A recent study by Hakansson et al. (2019) explored the effect of oral
consumption of L. plantarum HEAL9 and L. paracasei 8700:2 in children having
genetic risk factors for the disease. The phenotyping of peripheral blood lympho-
cytes and IgA and IgG autoantibodies against tissue transglutaminase (tTG) was
observed after probiotic treatment. The study concluded that in comparison to
placebo group, probiotics temper the immune response of peripheral lymphocytes
in children having celiac disease autoimmunity (Hakansson et al. 2019). Hence, after
reviewing probiotic based studies at different levels, the probable mechanism behind
the beneficial action of these organism can be identified (Fig. 5.4). At preliminary
level, probiotics establish constancy of the gut microbiota, thus reduce the inflam-
mation and enhance the intestinal barrier function integrity. On the other hand,
probiotics could also act on modulation of immune cell response elicited by the
presence of gluten peptide to reduce the deleterious effect of autoimmune response.

5.9 Probiotic Intervention for the Management of Diabetes
Mellitus

Diabetes is a metabolic disorder characterized by impaired blood glucose levels.
Currently, diabetes is prevalent among 10% adults worldwide besides the quantity of
cases is predicted to be 592 million with 175 prediabetic patients till 2035, according
to International Diabetes Federation (Zimmet et al. 2001; WHO 2006). The disease
can be classified into two categories; type-I diabetes is an autoimmune disease
triggered by the devastation of insulin-releasing p-cells in the pancreas, leading to
absolute insulin deficiency, whereas type-1I diabetes is a metabolic disorder charac-
terized by a progressive loss of insulin secretion from pancreatic -cells, low insulin
release, insulin resistance or/and inefficiency of the body to utilize insulin (Cani et al.
2005). Type-1I diabetes is a multifactorial disease, as decreased sensitivity or
increased resistance towards insulin further leads to various metabolic variations
like elevated free greasy acids, protein kinase C activation, oxidative stress,
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endothelial dysfunction and inflammation. Additionally, reduced incretin hormone
secretion (glucagon-like peptide-1; GLP-1) besides increased cluster of extra
counter-regulatory hormones (Di-peptidyl peptidase-4, a, p glucosidases, etc.) also
contributes to diabetes (Cecilia et al. 2016).

The present-day lifestyle and high-fat diet habits alter gut microbiota, increase
oxidation of fatty acids in the liver also adipocytes of adipose tissue. An unhealthy
diet increases the mortality rate of Gram-negative bacteria, leading to the develop-
ment of LPS in the intestine, also its transfer into intestinal capillaries as well as in
general circulation. Reactive oxygen species (ROS) generated during the oxidation
process reduces the development of mucus in the intestinal epithelium and causes
injury to the epithelial cell membranes leading to increased permeability of intestinal
tight junctions (Hall et al. 2001; Muccioli et al. 2010), while the compromised
integrity of the intestinal barrier and LPS allows intestinal bacteria to be translocated
to the lumen (Brownleea et al. 2007). In diabetes, improved Gram-negative to Gram-
positive bacteria ratio contributes to gut symbiosis thus rises lipopolysaccharide (cell
wall constituent of Gram-negative bacteria) levels in the gut which causes activation
of toll-like receptors (TLR). Lipopolysaccharides binding to TLR-4 activate signal-
ing cascade that exerts deleterious effects on pancreatic p-cell function (He et al.
2018). To counteract this situation, the establishment of normal gut microflora can
serve as an alternative approach to improve gut health and anti-inflammatory effect
(Zimmet et al. 2001; Everard et al. 2014; Wang et al. 2015).

The probiotic mechanisms are allied with positive properties such as various cell
components, secreted proteins, carbon-based acids, bacteriocins also fatty acids
(Yoo et al. 2013; O’Shea et al. 2012). Probiotic microbiota produce metabolites
that could serve to increase the supply of nutrients used through intestinal epithelial
cells (IEC), moreover, enhance the permeability of the intestine and prevent the
passage of lipopolysaccharide (LPS) through systematic circulation thus decline
metabolic endotoxemia. Probiotics microbiota can also express (MAMPs)
microorganism-associated molecular patterns, which may bind to host pattern rec-
ognition receptors (PRRs) situated on the IEC cell surface also dendritic cells
(Thomas et al. 2014). First, probiotics arouse dendritic cells that inhibit
pro-inflammatory proliferation of CD4 + cells and trigger anti-inflammatory path-
ways and proliferation of plasma cells, resulting in the development of anti-
inflammatory cytokines and IgA immunoglobulins (Moya-Perez et al. 2014). The
anti-diabetic efficiency of probiotic strains investigated in vitro and in vivo condi-
tions are briefly reviewed below.

The probiotics have been broadly studied for their great health benefits to
improving immune system function and preventing diarrthoea (Hussein 2015),
cancer (Ma et al. 2010), allergic (Felice et al. 2008; Lin et al. 2013) and HIV diseases
(Villar-Garcia et al. 2015). Probiotics have also been shown to decrease blood
glucose by enhancing inflammation and preventing f-cell death in animal models
(Ushkalova 2014). Lactic acid bacteria strains (Bifidobacterium bifidum) isolated
from vigorous newborn children (<9 months) showed that balancing incretin hor-
mone emission also gene expression in the enteroendocrine cells can evoke GLP-1
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and GIP emission (13 to 194-turn up) and balance gene expression. Incretin hormone
secretion caused by LAB did not appear to include nutrient pathways nor was around
a little sign of cytolysis. Instead, PCR array research included toll-like receptor
system signaling agents including the significant changes observed in MyD88 and
CD14 expression (Panwar et al. 2016). In another study, L. plantarum,
L. fermentum, L. casei and L. rhamnosus showed broad-spectrum f glucosidase
repressive actions as compared to its chemical positive control (acarbose).
L. rhamnosus extract administered (1 g/1 kg) to glucose challenged mice reduced
glucose excursions, hence had anti-diabetic potential (Panwar et al. 2014). Further-
more, approximately Lactobacillus strains (L. plantarum and L. fermentum), also,
Salmonella Typhimurium and E. coli, potential sources of DPP-4 inhibitory activity
were observed (10-32%; p < 0.05-0.001) in the enzymatic inactivation of incretin
hormones. L. plantarum (12-25%) and L. fermentum strain had major inhibitory
activity (14%) (Panwar et al. 2015).

Diverse animal models have been extensively explored for studying the role of
probiotics in the management of diabetes. It had been found in a recent analysis that
L. Plantarum improves the anti-diabetic activity of high fructose ingestion of insulin
receptor substrate (IRS)-1, protein kinase B (AKT) and endothelial nitric oxide
synthase (eNOS) reduced renal protein expression in rat and partial supplementa-
tions through L. helveticus. Dietary fructose-induced elevations of the tumour
necrosis factor o (TNF-a), interleukin (IL)-1p, IL-6 and IL-10 levels in the renal
tissue, besides, expression of IL-6 mRNA, were reduced, exclusively in
L. plantarum treated rats. Treatment with L plantarum suppressed the increased
renal expression of sodium-glucose cotransporter-2 (SGLT2), but not that of the
glucose transporter type-5 (GLUTS) (Korkmaz et al. 2019). Probiotic Dahi com-
prising of Lactobacillus acidophilus and Lactobacillus casei significantly increased
the adherence of lactobacilli to epithelial walls, thus decreasing the amount and
adherence of coliforms in streptozotocin-induced diabetic rats. Oral intake of probi-
otic Dahi has also been found to minimize the oxidative stress marker thiobarbituric
acid-reactive species in the intestinal tissue and haemoglobin glycosylation (Yadav
et al. 2008). In additional research, the authors found that the anti-diabetic effects of
specific lactic acid bacteria Lactobacillus rhamnosus GG by blocking glucose
absorption from the intestine reduced postprandial blood glucose (Honda et al.
2012).

The probiotic and conventional yogurts containing Lactobacillus delbrueckii
subsp. bulgaricus and Streptococcus thermophilus enriched with Bifidobacterium
animalis subsp. lactis Bb12 (DSM 10140) and Lactobacillus acidophilus strain La5
were administered at 300 g/day for 8 weeks to type-2 diabetic patients. Patient serum
analysis showed a substantial reduction in levels of HbAlc besides inflammatory
marker TNF-a. The author also observed a non-significant reduction in IL-6 and
hs-CRP levels in intervention set of serum relative to the control group
(Mohamadshahi et al. 2014). Next, meta-analysis studies also showed that mixed
probiotic administration to rats for a minimum of 8 weeks significantly reduced
weighted mean difference and improved glucose metabolism (Zhang et al. 2016).
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Besides, the outcome of probiotics on the regulation of hypertension and
dyslipidemia on blood compression and the lipid contour of type-2 diabetic patients
expressively decreased blood levels of TG and TC and LDL-C; despite, the impact
of probiotics on increased HDL-C was not statistically significant besides rest on
patient BMI and age (Hendijani et al. 2017). The outcome of probiotic fermented
milk (kefir) on glucose also lipid outline was observed to diminish blood glucose and
HbAI1C levels in the fasting blood. The serum level of total cholesterol decreased
compared with the two groups but this decrease was not statistically important. Such
results indicate that probiotic fermented milk may be useful for controlling diabetic
patients for medical nutrition (Ostadrahimi et al. 2015).

5.10 Conclusions

It is now well established that the benefits of probiotics include protection from vast
varieties of illness including infectious diseases, immunological dysfunctions,
neuro-degenerative disease and metabolic disorders. The efficacy of probiotics for
human health promotion is backed with ample amount of scientific evidences and
they are practiced by medical professionals as dietary, preventive or supplementary
interventions for the treatment of several diseases. In this manner, we can say that
probiotics hold a new ray of hope for betterment of human health.
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Abstract It is recognized that lactic acid bacteria (LAB) provide a wide range of
benefits primarily in host health and food, which is why they are considered to be
probiotics; i.e., living microorganisms that administered in adequate amounts confer
benefits on the host health. The most representative probiotic strains of LAB include
members of the genus Pediococcus, Lactobacillus, Bifidobacterium, and Enterococ-
cus. In terms of benefits, it has become evident that the consumption of probiotics
has been shown to be useful in treating various clinical conditions ranging from
childhood diarrhea, antibiotic-associated diarrhea, relapse of Clostridium difficile
colitis, Helicobacter pylori infections, inflammatory bowel disease leading to cancer
and urogenital infections. Other beneficial effects of probiotics include increasing
nutrient utilization, lowering serum cholesterol, improving lactose intolerance, and
decreasing antibiotic use. Its hypocholesterolemic, antimutagenic, antiosteoporotic,
antihypertensive, and immunomodulatory effects have also been recognized. This
chapter will describe the generalities of probiotics, the main metabolites by which
they exert a beneficial effect, as well as the mechanisms by which they protect
against various diseases.
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6.1 Introduction

The intestinal microbiota forms a relatively stable and highly diverse ecosystem that
is increasingly being recognized for its impact on human health. Deviation from its
normal structure is often related to systemic and localized diseases. Modulation of
the intestinal microbiota could be helpful to improve health and could be achieved
through different nutritional concepts, ranging from food-specific ingredients to
complex diets or by ingestion of special living microorganisms such as probiotics.

Probiotics are defined as “living microorganisms which, when administered in
appropriate dosage, provide health benefits to the host.” In the last decades the
contribution to the modulation of respiratory, gastrointestinal, and immunological
functions that probiotics have has begun to be fully appreciated and scientifically
evaluated. To this day, most commercially available probiotics are lactic acid
bacteria (LAB), especially those of the genus Lactobacillus, but also bifidobacteria.
A much smaller number of bacteria of the genus Lactococcus, Leuconostoc,
Pediococcus, Streptococcus, and Enterococcus are also used as probiotics.

It has been identified that the foods and beverages in which a fermentation
process has been carried out contain various nutritional and therapeutic properties;
in this sense, fermented products such as milk are benefited by LAB since they give
them positive health effects. Such foods, beverages, and powders are highly accept-
able to consumers due to their high nutritional values and flavors. Potential health
benefits of fermented milk include anti-tumor and antimutagenic activity, reduction
of serum cholesterol levels, and prevention of gastrointestinal diseases. Probiotics
are commonly used for their gastrointestinal effects, of which the best demonstrated
clinical benefits of probiotics are the treatment and prevention of antibiotic-related
diarrhea; their use can also be extended to oral, skin, and vaginal health, as well as
treatment for liver disorders, allergies, and metabolic diseases. Some examples of the
health benefits of probiotics are shown in Table 6.1.

Normally, probiotics first colonize the intestinal tract and then strengthen host
defense systems by inducing a generalized immune response from the mucosa,
including dendritic cell modulation/interaction with natural killer cells, a balanced
auxiliary T-lymphocyte response, polymeric immunoglobulin A (IgA) secretion,
and self-limiting inflammatory response. Many studies have shown that LABs,
mainly Lactobacillus, as well as Bifidobacterium and its fermentation products,

Table 6.1 Examples of beneficial effects provided by LAB used as probiotics (Mozzi 2016)

Health beneficial effect Related LAB

Antidiarrheal Lactobacillus acidophilus

Anti-cancer effects Lactobacillus paracasei

Anti-tumor activity Lactobacillus reuteri

Antimutagenic activity Lactobacillus casei

Prevention of gastrointestinal infections Lactobacillus plantarum

Decrease in serum cholesterol Lactobacillus rhamnosus

Modulation of the immune response Lactobacillus delbrueckii subspecies lactis
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could improve innate and acquired immunity, alleviate allergies, prevent lesions in
the gastric mucosa, and create a defense against intestinal infections. In addition,
probiotic LABs are distinguished by being functional foods because they contain
specific characteristics in order to potentially prevent or treat a variety of intestinal
diseases including constipation, colon cancer, and inflammatory bowel disease
(Mozzi 2016).

6.2 LABs as Probiotics

It is recognized that LABs provide a wide range of benefits primarily in host health
and food, which is why they are considered probiotics. The most representative
probiotic strains of LAB include members of the genus Pediococcus, Lactobacillus,
Bifidobacterium, and Enterococcus (Buntin et al. 2008).

6.3 Generalities of LAB

Lactic acid bacteria (LAB) have been used since ancient times for the fermentation
of various foods and is one of the oldest methods used to preserve food. The use of
LAB dates back to 6000 B.C., with fermentation specifications in dairy products and
300 B.C. plants and 1500 B.C. meat. The conventional or typical LABs are positive
Gram, immobile, negative catalase, non-spore formers, devoid of cytochromes,
bacilli, or aerotolerant anaerobic coconuts, which are acid-resistant and generate
lactic acid as the main final product of carbohydrate fermentation.

LABs can be located in any product, such as fermented foods and plants, and
ecosystem and on the mucosal surfaces of the human body. Plants are preferred as a
source for the isolation of LABs because of their metabolic activities and because of
their specific flavor-forming properties. Each specific plant species provides a
unique environment according to the competitiveness of microorganisms, natural
plant antagonists, as well as the type, accessibility, and concentration of the substrate
in various physical factors. These conditions allow the development and growth of a
typical epiphytic microflora through which a population emerges and a series of
fermentative processes begin after the plant material is prepared for fermentation.
Strains derived from lactobacteria have demonstrated tolerance to high salt and pH
concentrations, a high level of stress resistance compared to those from milk, and the
ability to ferment various types of carbohydrates. Likewise, no really significant
differences were observed in fermentation characteristics and enzyme profiles, such
as peptidases, phosphatases, and lipases, needed to acquire various fermented dairy
products from commercial lactobacteria plants and strains (Venugopalan and Dinesh
2010).

LABs have a general condition recognized as safe. They are very important
within the dairy industry and are necessary for the production of several new and
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traditional dairy products. LABs (Lactobacillus, Lactococcus, Leuconostoc, Entero-
coccus, Streptococcus, and Pediococcus) are known to have probiotic activity,
which beneficially influences diseases of the gastrointestinal tract (Benyacoub
et al. 2005). In addition to probiotic activity, recent research has shown their ability
to produce different biologically active metabolites (lactic acid, y-aminobutyric acid,
conjugated linoleic acid, bacteriocin and reutericycline, bioactive peptides, and
exopolysaccharides). Food products supplemented with strains of LAB which con-
tain probiotic properties (various biological activities) are functional foods with
indisputable benefits for human health (Randazzo et al. 2016).

Phylogenetically, only bacteria called lactic acid bacteria (Holzapfel 2014) are
within the order of Lactobacillales although some genera are more distant, they share
similar physiological characteristics. Bifidobacteria and some Bacilli of the order
Bacillales are examples of bacteria considered with similarities but these are not
lactic acid bacteria. Bifidobacteria belonging to another phylum have frequently
been considered as LAB.

However, the metabolism of LABs is different and unique and they do not share
any genetic relationship. Similarly, some Bacilli, such as Bacillus coagulans, are
used to generate lactic acid as the only fermentation product from pentoses and
hexoses (Pleissner et al. 2016). However, in this case the metabolism is also
different.

The strong adaptation of LABs to nutrient-rich niches, such as meat, fruit, or
milk, leads to a truly significant reduction in their metabolic capacities. They are
classified as nuisance microorganisms because they depend on external or exoge-
nous sources for vitamins, precursor nucleic acids, and amino acids. This is an
obvious disadvantage for its production in a chemical industry, since the necessary
components are very expensive and in general, it is very complicated to carry out the
purification of the products from the growing medium. These microorganisms have a
quite efficient metabolism with only a few defined products and high flows. More-
over, this efficiency, which is thanks to adaptation, is reflected in their genomes.

6.4 Genome of Lactic Acid Bacteria: Low Redundancy

LAB have small genomes, ranging from 2.0 megabases (Mb) to 3.4 megabases
(Holzapfel 2014). However, its genetic diversity is impressive despite the narrow
functional definition (Sun et al. 2015). The historical definition of LAB is based on a
comparable metabolism of carbohydrates (lactic acid production). In fact, the central
genome of 213 Lactobacilli strains and closely associated species comprise
73 genes, none of which is related to carbohydrate metabolism (typically the LAB
genome encompasses 1300-3000 genes and most of which have between 2000 and
2500) (Holzapfel 2014). On the other hand, pangenome has more than 44,000 gene
families. 48 members of 133 known families of glycosyl hydrolases have been
found, which at present have not been recognized for their biotechnological potential
(Sun et al. 2015). The detailed analysis of the evolution of the central metabolism of
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carbon exposes an incredibly complex relationship between a large number of lactic
acid bacteria (Salvetti et al. 2013), but it also exposes a great diversity based on the
environment in which they are found. The process of reductive evolution was a
consequence of the adaptation of LABs to nutrient-rich habitats, which led to the
simplification of their metabolism through the accumulation of multiple auxotrophs
(Makarova et al. 2006). Immediate adaptation to its environmental niche also
requires less redundancy and less high level genetic control systems compared to
other organisms, which makes it easier to have control of its metabolism. A
correlation has been suggested between the reduced size of the genome and two
components of the signal transduction system involved in stress signaling (Zufiga
et al. 2011).

6.5 Carbon Metabolism in LABs

The fermentation pathways of LAB are not favorable for obtaining energy (one or
two ATP molecules per sugar molecule), which are mitigated by high conversion
rates, therefore, the overall biomass gain is not high. In addition, the biosynthetic
pathways and central carbon metabolism required for cell growth are highly
decoupled in LABs because they adapt to nutrient-rich niches. These niches make
it easier for bacteria to occupy several building cell structures, rather than synthe-
sizing them from carbon sources. As a consequence of the aforementioned, energy is
obtained from carbon sources but is inefficient. This is why, huge amounts of sugar
are fermented and not much of the sugar is lost for biomass generation. This
combination results in optimal yields during the fermentation process, making
them interesting for the industrial area, and some applications have already been
suggested.

It should be noted that LABAs are classified into three groups: obligate
homolactic fermenters (lactic acid as the sole fermentation product); obligate
heterolactic fermentation organisms; and obligate heterolactic fermenters (which
generate lactic acid, CO,, and ethanol/acetate) (Géanzle 2015). In general, ATP is
earned when sugar is oxidized to pyruvate. To reduce pyruvate, it is necessary to
close the balance through the removal of electrons. The direct reduction of pyruvate
produces lactic acid, which is a product of industrial importance and there are
various processes for its formation, based on the diversity of LAB (Hofvendahl,
and Hahn-Higerdal 2000).

Another important aspect is the ability of many LABs to make use of various
pentoses and hexoses, which makes it the perfect starting condition to take advan-
tage of lignocellulosic sugars. Such sugars are the most abundant renewable
resources on our planet and have been researched as the oil of the future (Abdel-
rahman et al. 2011; Boguta et al. 2014).

A particularly interesting feature of LAB’s carbon metabolism is the flexibility of
electron acceptors to carry out metabolism. Commonly, electron acceptors incorpo-
rate a significant variety to the configuration of metabolism. One of the fundamental
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electron acceptors is oxygen, but sometimes there is no presence of oxygen and
replaces it with pyruvate. If oxygen is present, it is reduced to water without any
energy conservation. Glycerol or fructose are compounds that accept other mole-
cules that benefit the chemical industry: many heterofermentative LABs have the
ability to grow in the presence of fructose, and that on the one hand fructose itself is
used as a carbon source and is reduced to mannitol on the other hand. For the
production of biomass and energy gain, growth in the presence of glucose is used,
with fructose as an electron acceptor (Tyler et al. 2016). But, when both carbon
sources are present, microorganisms use glycerol as an electron acceptor, which
significantly increases the efficiency of sugar energy production, and this transforms
glycerol to 1,3-propanediol with high efficiency (Pfliigl et al. 2014). The first step in
the use of glycerol as an electron sink is the redox-neutral action of glycerol
dehydrate, generating 3-hydroxypropionaldehyde by dehydration. The second step
is the reduction of aldehyde. This is the actual reaction for electron dissipation.

It is important to mention that this and similar reactions (such as the conversion of
1,2-propanediol to propionaldehyde or 2,3-butanediol to 2-butanone (Ghiaci et al.
2014)) are not linked to either energy or redox metabolism. In nature, these ketone or
aldehyde intermediates never accumulate in cells that are growing due to their high
toxicity (Doleyres et al. 2005).

6.6 Search for New Probiotics

Among the characteristics that a microorganism must present for it to be considered
a probiotic is the ability to resist passage through the different parts of the gastro-
intestinal system since these microorganisms will interact with substances such as
bile acids and acid pH, as well as the ability to adhere to the intestinal mucosa as this
increases the benefits that these microorganisms provide to the body (Lee et al.
2008).

Probiotic microorganisms and LABs are generally associated with dairy foods;
however, some foods are developed every day and marketed as functional foods,
which contain probiotic microorganisms, which are generally added or
supplemented to the food to obtain the benefits of this type of microorganisms.
After dairy products, fruit or vegetable juices are the most technologically developed
foods in relation to probiotic microorganisms, mainly this interest is associated with
the potential to provide probiotic strains to people intolerant to lactose with reduced
cholesterol content, which makes it of interest to many regular consumers. As
mentioned above, fruits and vegetables are generally considered potential matrices
for containing probiotics because they are rich in nutrients such as vitamins, dietary
fiber, sugars, minerals, and polyphenolic compounds (antioxidants). Microorgan-
isms such as Lactobacillus rhamnosus, L. fermentum, L. reuteri, and L. plantarum
have been found in commercial fruit products containing a pH of 4.2 and stored
80 days at 4 °C; these strains showed resistance to storage, while the L. acidophilum
strain showed low resistance in the juice matrix. This shows that the acid pH of some
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fruit juices represents a technological change for the formulation of foods containing
LAB. Similarly, high levels of viable probiotic microorganism cells have been found
in fruit juices at levels between 10° and 10'° CFU/mL after 28—50 days of storage at
4 °C in carrot, peach, and orange juices, demonstrating that fruit juices are a good
matrix for delivering an adequate concentration of these microorganisms to con-
sumers without the use of dairy additives (Freitas et al. 2015).

During the process of deterioration of fresh meat a wide variety of LAB can also
be obtained; the main genera are Leuconostoc, Carnobacterium, Lactococcus,
Weissella, Enterococcus, and Lactobacillus. Species derived from this genus
(L. curvatus, L. algidus, L. fuchuensis, L. oligofermentans) are associated with
severe acidification, emission of unpleasant odors, among others (Pothakos et al.
2015). The main producer of organic acids, such as acetic acid, is the genus
Leuconostoc and is found mainly in all types of meat and meat packaging conditions
(Pothakos et al. 2015). They have also been obtained from the study of fermented
milk, where it has been found that they provide health benefits due to the metabolic
products generated by the biological activities of lactic acid bacteria (Dominguez
Gonzaleza et al. 2014).

LABs that perform the yogurt fermentation process can be produced in different
environments, especially in plant materials (de Almeida Junior et al. 2015). LAB
strains to generate prebiotic foods, which are inert substances that stimulate the
growth of probiotic organisms (Quigley 2012), are isolated from humans, since they
have a greater capacity to adhere to the intestinal wall and colonize it; but on the
other hand, also strains of animal origin can be used since they have positive effects
on the human organism (Ruiz et al. 2017). One of the reasons for the increased
consumption of fermented dairy products is that they contain probiotics and are
readily available on the market (Savadogo et al. 2006). In yogurt, the main species
are Streptococcus, such as S. lactis, S. cremoris (cheese, yogurt, butter) and
S. thermophilus in yogurt and cheese (Ramirez et al. 2011). Finally, some LAB
genera such as Lactobacillus, Bifidobacterium, and Pediococcus are commonly
found in the intestinal microbiota of mammals (Porto et al. 2017). They have also
been isolated from microbiota from freshwater fish, ocean or saltwater fish, as well as
from minimally processed aquatic products (Ghanbari et al. 2013). Benavides et al.
(2016) also isolated them from mature and immature subtropical fruits, such as
guava, berries, and other inflorescences.

6.7 Resistance of Probiotics to Food Processing: The Case
of High Hydrostatic Pressures

High hydrostatic pressures (HHP) technology has been used in food products that
contain lactic acid bacteria or probiotics, such as dairy products. However, one of the
main functions of high pressure as food treatment is the reduction of microbial load
in order to increase the shelf life of products, so there is no selectivity between the
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destruction of pathogens and probiotic bacteria. In this sense, some techniques have
been proposed that help these microorganisms to be used in foods treated with HHP.
For example, methods of attenuation of lactic acid bacteria have been proposed for
use as adjuvants in cheese making. Such is the case of Lactobacillus lactis spp. lactis
treated at 300 MPa and Lactobacillus casei spp. casei treated at 350 MPa, which can
be added to cheese during processing, which does not allow microorganisms to
produce acid during processing, but provide an extra contribution of enzymes that
accelerate the maturation of cheeses; likewise, the attenuation of Lactobacillus lactis
ssp. cremoris, treated at 200 MPa for 20 min at 20 °C, can be used in combination
with primary strains in the production of cheddar cheese, producing high levels of
free amino acids and accelerating secondary proteolysis in cheese (Juan et al. 2016).

The effect of HHP on products containing conventional probiotic microorgan-
isms has been widely studied. However, few studies have focused on the effects on
the microflora of final products in this type of dairy foods (i.e., yogurt). In the
processing of this type of products with HPP, it was found that 400 MPa was the
minimum pressure necessary to inactivate Lactobacillus delbrueckii sp. bulgaricus;
however, at these same conditions, Streptococcus thermophilus was resistant to
pressure, and during storage of yogurt after pressurization a decrease in the concen-
tration of the microorganism was observed, likewise, no acidification of the product
was observed during cold storage (Juan et al. 2016).

Within the probiotic microorganisms, some endospore-producing bacteria are
known (these forms of cell maintenance are very resistant to different environmental
conditions), which gives it a high survival capacity under different environmental
conditions. Thus, some bacteria belonging to the genus Bacillus sp. have been
classified as probiotic microorganisms with high potential for use in the food
industry.

Unlike lactic acid bacteria (LAB) used in dairy products such as those belonging
to the genera Lactobacillus sp., Streptococcus sp., among others, the genera Bacillus
sp. present a greater resistance to HHP processes. Bacterial spores require higher
pressures (>1200 MPa) to be inactivated; for this process of inactivation, or inhibi-
tion of the germination of bacterial spores to be carried out, a combination with
moderate heat pre-treatments or other treatments such as ultrasound is required. For
example, for the inactivation of Clostridium botulinum spore-forming bacteria, a
thermal process of 90-121 °C is required in conjunction with a pressure of
500-800 MPa (Rastogi and Shukla 2013).

Foods with high acidity content (low pH) are the best candidates for HHP
technology; however, their stability may be compromised because the treatment
does not destroy bacterial spores, so it will be necessary to establish coupled
processes to meet the requirement to eliminate spore-producing pathogens (Rastogi
and Shukla 2013). However, this same behavior can be used as a benefit to obtain
food containing spore-forming bacteria (SFB) and considered as probiotics. By not
destroying SFB with conventional high hydrostatic pressure (600 MPa), it is possible
to take advantage of this characteristic of microbial resistance and inoculate food
with a certain number of microorganisms, and in this way, it will be possible to
destroy the detrimental microorganisms of food and pathogens and maintain a
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minimum acceptable level of the content of spore-producing probiotics. Thus, food
containing probiotics can be obtained without compromising the safety and security
of the food.

An advantage of acidic foods treated with HHP is that the acid pH (<4.5) is that,
at this level of acidity, bacterial pathogen spores are not able to initiate growth. For
this reason, this food group represents the majority of the products on the market.

6.8 Probiotics as a Functional Food

Probiotics exert their effects by mechanisms still unclear; however, there are
hypotheses that explain how these microorganisms provide these benefits to the
host (O’Toole and Cooney 2008). The competition between probiotics and patho-
genic bacteria to colonize the gastrointestinal tract is one of the mechanisms of action
that probiotics exert to prevent harmful microorganisms from causing some pathol-
ogy adhering to the intestinal mucosa. This mechanism was tested with bacteria of
the genus Lactobacillus (plantarum and rhamnosus) as they showed the ability to
inhibit the adhesion of E. coli to the epithelium of the intestine (Mack et al. 1999).

Another possible mechanism is the secretion of antimicrobial substances that
keep the intestinal microbiota in balance (Rolfe 2000). One of the substances
secreted by these microorganisms are bacteriocins, in addition to other substances
such as hydrogen peroxide, diacetyl and short-chain acids burn to be secreted by
probiotics, modifying the intestinal microbiota for a proper balance. Probiotics also
improve the immune response by stimulating the secretion of a greater amount of
immunoglobulins, especially the IgA type (Link-Anster et al. 1994), natural killer
cells, and the phagocytic action of macrophages, since through this increase in cells
defending the immune system can inhibit the gastrointestinal tract colonization by
pathogenic bacteria, thus benefiting the composition of the microbiota (Fuller and
Gibson 1997). Probiotics also compete with pathogenic microorganisms for nutri-
ents (Vandenplas and Benninga 2009), as in the case of Clostridium difficile which
needs carbohydrates for its growth and colonization; this is where probiotics act
using the largest amount of monosaccharides leaving this and many pathogens
without nutrients (Wilson and Perini 1988) thus avoiding the incidence of diseases
caused by the spread and colonization of pathogens.

6.9 Metabolites Produced by Probiotics

Probiotics are commonly used in foods and also act as preservatives and enhancers
of texture, flavor, and odor. These properties result from the ability of these bacteria
to produce different types of sugars and metabolites such as ethanol, organic acids
(lactic, acetic), diacetyl, acetone, exopolysaccharide, specific proteases, and bacte-
riocins (Porto et al. 2017).
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6.9.1 Polysaccharides

Some probiotics have the ability to synthesize glycosidic polymers. Usually, such
molecules are secreted and can be kept covalently attached to the cell surface,
typically in a capsule form; released into the environment; or remain slightly
attached to the surface (Kumar et al. 2007; Viana de Souza and Silva Dias 2017).
Probiotics belonging to the genera Lactococcus, Lactobacillus, Enterococcus,
Leuconostoc, Oenococcus, Pediococcus, Weissella, and Streptococcus have been
identified as producers of exopolysaccharides (EPS) (Amari et al. 2013).

The EPS obtained by these bacteria can be different in: (1) composition, since
they have different monosaccharides attached by different types of bonds; (2) molec-
ular weight; (3) structure, since they contain several degrees and types of branching;
and (4) overall structural conformation.

The role of EPS in food is determined by the characteristics mentioned above, as
well as the concentration of polymeric compounds and their way of interacting with
food matrices. Taking into account its composition, the EPS are classified into:
(1) homopolysaccharides (HoPS), consisting of monosaccharides of a single type or
(2) heteropolysaccharides (HePS), consisting of monosaccharides of two or more
types. Based on the different links that it contains and the carbon involved in the link,
HoPS are separated into four groups: a-d-glucans, f-D-glucans, -D-fructans, and
others (i.e., polygalactans) (Pérez-Ramos et al. 2015).

The interest in EPS has increased over the years because of the diversity gener-
ated by probiotics. The isolated forms of EPS are not yet used industrially because
the prices of polysaccharides of bacteria are high compared to polysaccharides
isolated from plants, animal sources (pectin, alginate, galactomannan, starch,
among others), and algae (Zannini et al. 2016). However, EPS produced by LABs
are industrially used as stabilizers, thickeners, emulsifiers, viscous agents, gelling
agents, and water-binding agents.

Despite the above, in many food industries, the production of EPS by LABs with
probiotic attributes is carried out by in situ fermentation and this is decisive in the
organoleptic characteristics that it presents as they influence the consistency and
rheology of fermented products (Notararigo et al. 2013), so they are used as
viscosifiers, stabilizers, emulsifiers, or gelling agents (Viana de Souza and Silva
Dias 2017). EPS also contribute to water retention in certain products such as cheese,
which benefits the product in texture and calorie reduction (da Silva Ferrari et al.
2016). In addition, some EPS have anticholesterolemic and anti-tumor activity. They
have the capacity to decrease the formation of biofilms by pathogens and the
produced f-glucans have immunomodulatory, antitumorigenic, antiviral, and
antiulcerous activities (Notararigo et al. 2014; Nwodo et al. 2012). In addition,
they can also act as prebiotics by increasing the growth of beneficial microorganisms
(de Moreno de LeBlanc et al. 2018).

It is evident that EPS synthesized by LABs have greater potential for the
production of cereal and dairy products (Badel et al. 2011). Table 6.2 shows a list
of LABs, the EPSs they produce and the foods in which they are found.
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Table 6.2 Exopolysaccharides produced by probiotics in foods (Zarour et al. 2017)

Food Microorganisms Exopolysaccharide
Cheese Lactobacillus casei, Lactobacillus helveticus, Heteropolysaccharides
L. delbrueckii subspecies bulgaricus, L. citreum, Inulin

L. johnsonii, L. reuteri, Streptococcus mutans

Yogurt Lactobacillus delbrueckii subspecies bulgaricus, Heteropolysaccharides
L. mucosae, L. johnsonii, L. reuteri, Leuconostoc citreum, | Inulin
Streptococcus thermophiles, S. mutans

Kefir Lactobacillus kefiranofaciens, Lactococcus lactis ssp. Kefiran
cremoris, L. lactis ssp. lactis, Leuconostoc mesenteroides,
S. thermophilus

Bakery Lactobacillus reuteri, Lactobacillus buchneri, L. citreum, Reuteran
products | L. mesenteroides, S. mutans, Weissella cibaria, W. confusa | Dextran
Heteropolysaccharide

6.9.2 Aromatic Compounds

Some probiotics enhance the organoleptic characteristics of fermented foods by
producing various compounds that are involved in the formation of other aromas
and flavors. They can influence cheese maturation by transforming milk components
into aromatic and flavored compounds through the metabolism of carbohydrates,
proteins, citrate, and milk lipids.

The aroma formed in fermented foods is due to the action of lysed and intact
LABs. Cytoplasmic enzymes are released during cell lysis, which continue their
activity even outside the cell, producing metabolites in the fermented food matrix
(Lortal and Chapot-Chartier 2005). Different amino acids are presented in food
matrices or can be obtained in proteolysis, their catabolism also results in the
synthesis of aromatic compounds. Isoleucine, leucine, and valine (branched-chain
amino acids) give sweet and fruity flavors; phenylalanine, tryptophan, and tyrosine
(aromatic amino acids) through catabolism generate floral flavors; aspartate is
catabolized into butter flavors; and cysteine and methionine (sulfur amino acids)
are metabolized into compounds flavored with meat, garlic, and boiled cabbage
(Ardo 2006). Through citrate metabolism, LABs also generate aromatic compounds.

6.9.3 Aromatic Compounds with Four Carbons

Few probiotics generate aromatic four-carbon compounds from citrate such as
L. lactis subspecies lactis biovar. diacetylactis (L. diacetylactis) (Hugenholtz
1993), some from Leuconostoc (Hemme and Foucaud-Scheunemann 2004), Lacto-
bacillus plantarum (Minervini et al. 2010), a few of Enterococcus (Martino et al.
2016), Oenococcus oeni (Bartowsky and Henschke 2004), and Weissella
paramesenteroides (Garcia-Quintans et al. 2008).
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Citric acid is an organic acid present in fermentable food products, such as
vegetables, fruits, fruit juice, cheese, and milk. Under acidic and anaerobic condi-
tions, bacteria have the ability to metabolize citrate through the pyruvate pathway to
produce aromatic four-carbon compounds such as acetoin, diacetyl, ethanol, and
2,3-butanediol (Smid and Kleerebezem 2014). The Leuconostoc and L. diacetylactis
species are the main citrate fermenting bacteria found in milk starters (Drider et al.
2004).

The efficiency of the synthetic routes of diacetyl will depend on the activity of the
enzymes responsible for transforming citrate to pyruvate, and the concentration
gradient is influenced by the rate of citrate disappearance in an intracellular medium
(Lagtitia et al. 2014). Most of the pyruvate generated is converted to lactate by the
action of the enzyme lactate dehydrogenase (LDH) (Ko et al. 2016).

6.9.4 Antimicrobial Compounds

LABs have been shown to produce antimicrobial compounds as a form of defense
against pathogens, thus protecting food from spoilage. LABs generate a variety of
compounds, such as organic acids (acetic acid and lactic acid), hydrogen peroxide,
diacetyl, bacteriocins, and bactericidal proteins, all of which have bacteriostatic or
antibacterial properties. These metabolic products have the function of extending the
shelf life and inhibiting the growth of pathogenic microorganisms in the food,
additionally also positively impacting the color, taste, smell, and texture of the food.

There is some concern about manufacturing processes involving heat treatment
(sterilization, heating, and pasteurization), dehydration, acidification, and the addi-
tion of preservatives (nitrite, antibiotics, and sulfur dioxide) and organic compounds
such as sorbate, benzoate, acetate, lactate, and propionate. Although the above
procedures are generally effective, there is growing public demand for naturally
occurring and microbiologically safe products that give consumers positive health
effects (Zacharof and Lovitt 2012). Consequently, bacteriocins are becoming
increasingly interesting as they can be found in natural sources and contribute to
food safety (Yang et al. 2014).

6.9.5 Bacteriocins

Bacteriocins are defined as ribosomally synthesized antimicrobial peptides and are
commonly used as preservatives in foods (Chikindas et al. 2018) because they
inhibit or annihilate other microorganisms that are closely related to the producer,
without harming the harmless microbiota (Cotter et al. 2013). There is a greater
amount and structural variability of bacteriocins produced by Gram-positive bacteria
compared to those obtained from Gram-negative bacteria. LABs are a group of
gram-positive bacteria identified with a high potential to generate bacteriocins. Most
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LAB bacteriocins are non-toxic to eukaryotic cells and are activated in the
nanomolar range (Messaoudi et al. 2013).

Bacteriocins cause cell death in bacteria at much lower concentrations compared
to antimicrobial peptides in prokaryotic cells, and this is probably because bacterio-
cins interact with specific receptors in target cells. Therefore, interest in its potential
use in food products has increased. Bacteriocins are inactivated by the action of
digestive proteases, which causes them to have a minimal effect on the intestinal
microbiota, a property that supports their use as food preservatives. Some of its
characteristics are that they are heat and pH tolerant, have not been related to
antibiotic resistance, and are usually encoded by genes that are located in a plasmid,
which facilitates genetic manipulation (Gélvez et al. 2007). Bacteriocins may act as
bacteriostatic or bactericidal. Their action will depend on various factors such as, for
example, the dose of bacteriocin and the degree of purification and experimental
conditions such as pH, temperature, or the existence of agents that modify the
integrity of the cell wall (Juodeikiene et al. 2002).

The incorporation of bacteriocins for food preservation could have several
advantages: (1) to minimize the risk of diseases caused by pathogens present in
foods such as food poisoning; (2) to provide extra protection during excessive
temperature conditions and to decrease the use of chemical preservatives; (3) to
extend the shelf life of food products; (4) to allow lower intensity physical treat-
ments, thereby preserving nutrients, organoleptic properties of foods, and vitamins,
as well as lowering processing costs; (5) to reduce waste due to food spoilage; and
(6) to provide alternative preservation barriers to “novel” foods in the hope of
meeting consumer demands for safe, ready-to-eat, fresh-tasting, minimally
processed foods (Messaoudi et al. 2013).

Most LAB produce bacteriocins, such as Lactococcus, Streptococcus, Lactoba-
cillus, Pediococcus, Leuconostoc, Enterococcus, Carnobacterium, Aerococcus,
Oenococcus, Tetragenococcus, Vagoccus, and Weissella (Ananou et al. 2007;
Galvez et al. 2007; Galvez et al. 2008; Leistner and Gorris 1995; Oliveira et al.
2008); however, only bacteriocin obtained from Lactococcus lactis, named nisin,
which has been approved by the FDA (Sobrino-Lépez and Martin-Belloso 2008;
Zacharof and Lovitt 2014), is commercially permitted, so research on new bacterio-
cins is of paramount importance, given the benefits they bring.

6.9.6 Hydrogen Peroxide (H50,)

Some LABs contain flavoprotein oxidases, which gives them the ability to produce
and accumulate H,O, in the presence of molecular oxygen. This compound has
bactericidal and sporicidal action, due to its strong oxidizing effect, which is
generated by the tendency of H,O, to form highly reactive metabolites, such as
hydroxyl and superoxide radicals, to which damage to membrane lipids, DNA, and
other essential cellular compounds is attributed (Holzapfel et al. 2003).
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A food product in which H,O; has great importance is in raw milk, since H,O,
exerts its characteristic bactericidal and sporicidal action, which benefits this product
by extending its shelf life. These antagonistic actions are easier to perform in raw
milk because it has the enzyme lactoperoxidase that has the function of catalyzing
the oxidation of thiocyanate inherent in the presence of H,0,, obtaining from this
reaction a compound capable of producing the desired effect. Therefore, in places
without optimal refrigeration equipment, milk or cheese is stored by adding H,O,
(Martin et al. 2014). However, the addition of H,O, is not allowed in the USA and
several places around the world, with the exception of certain applications in cheese,
mainly because this compound can cause gastrointestinal problems, the degradation
of vitamins (folic acid) and certain essential amino acids (methionine) (Antelmann
and Helmann 2011; Rutala and Weber 2008).

H,O, has the advantage of having a broad spectrum of inhibition since it acts
against viruses, bacteria, yeasts, and bacterial spores, having antagonistic effect on
Gram-positive and Gram-negative bacteria (Viana de Souza and Silva Dias 2017),
which is used in the food industry using this compound during bottling, transport and
packaging (Imlay 2003).

6.9.7 Diacetyl

Diacetyl is obtained through citrate metabolism in which LABs such as Lactococcus
lactis subsp. lactis biovar diacetylactis, Leuconostoc spp., Lactobacillus paracasei,
and Lactobacillus rhamnosus are involved. Its obtained form is non-enzymatic, by
means of the oxidative reaction of the acetate, which originated from pyruvate (Diaz-
Muiliz et al. 2006; Hugenholtz 1993; Tamang et al. 2015).

In its pure form, diacetyl is a yellow liquid with a strong butter aroma (Starek-
Swiechowicz and Starek 2014). It is used in products such as wine, dairy products,
roasted coffee, and beer (Shibamoto 2014). Because of its characteristic aroma and
flavor, this compound is used in a variety of applications, such as microwave
popcorn (Brass and Palmer 2017). It is also used as an antagonist agent, by inhibiting
pathogenic microorganisms, generating this effect by having the ability to penetrate
bacterial membranes and interfere with the functions of essential metabolites. It is
known that the antagonistic effect caused by diacetyl is through the blocking of the
catalytic site of the enzymes responsible for the utilization of arginine, causing cells
to be unable to synthesize this essential protein (Hor and Liong 2014).

Microorganisms that inhibit diacetyl and have been reported are: Yersinia
enterocolitica, Aeromonas hydrophila, Escherichia coli, and Salmonella anatum
(Naidu 2000). According to Ferrari (2016), LABs isolated from goat’s milk have a
strong potential to produce this antimicrobial compound.
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6.9.8 Organic Acids

During the fermentation process, a wide variety of organic acids are produced: lactic
acid, acetic acid, succinic acid, propionic acid, formic acid, and butyric acid (Haller
et al. 2001; Ozcelik et al. 2016; Ross et al. 2002). The use of these acids is highly
regarded by the food industry for their ability to improve food quality and safety
(Hwanhlem et al. 2011). The antimicrobial effect that characterizes these acids is due
to their ability to reduce pH below the optimal growth range of various microorgan-
isms and to metabolic inhibition by undissociated organic acid molecules (Crowley
and Mahony 2013). The decrease in pH caused by organic acids also has the
objective of giving them greater liposolubility, allowing this to interfere with the
conservation of the potential of the cell membrane. As a result, the active transport is
inhibited, the cell membrane is crossed, and the cytoplasm is reached, thus causing
the reduction of intracellular pH and the inhibition of several metabolic functions in
the pathogenic microorganism (Haller et al. 2001; Ozcelik et al. 2016; Ross et al.
2002).

6.9.9 Lactic Acid

Lactic acid is mainly used in the pharmaceutical, chemical, cosmetic, and food
industries (Li et al. 2015). It can be obtained through fermentation or chemical
synthesis. However, 90% of this product is preferably produced worldwide by
bacterial fermentation (Vijayakumar et al. 2008). The identified LABs involved in
this process are those belonging to the genera Lactobacillus, Sporolactobacillus,
Enterococcus, Lactococcus, Bacillus, Streptococcus, Pediococcus, Leuconostoc,
and Bifidobacteria (Naidu 2000).

About 70% of the lactic acid produced is used in the food sector (Martinez et al.
2013). It is found naturally or as a fermentation product in: olives and pickled
vegetables, yogurt, butter and other fermented milk, fermented dough bread, and
other fermented products. It is also used as an acidulant, condiment, pH buffer of the
decomposition generated by bacteria of various processed products such as sweets,
bread and bakery products, non-alcoholic beverages, soups, sorbets, dairy products,
beer, jams and jellies, mayonnaise, processed eggs, among others (Datta and Henry
2006).

The mechanism used by lactic acid against pathogenic microorganisms focuses
on its ability to cross its cell membrane, resulting in intracellular pH reduction and
the failure of the transmembrane proton motive force. During the process, the acid
dissociation of the molecules is carried out, as well as the incorporation of a set of
factors that benefit in the antimicrobial capacity of the lactic acid like the accumu-
lation of toxic anions, the stress provoked in the cellular homeostasis, the inhibition
of the metabolic reactions and the inhibitory effect on the division that comes to
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cause the death of the microorganism (Smith et al. 1993; Pisoschi and Negulescu
2011).

LAB such as Lactobacillus and Bidifobacterium come to generate lactic acid and
has been observed the inhibition of this against Escherichia coli O157:H7 (Reis et al.
2012). It also has this effect against Salmonella typhimurium, Enterobacteriaceae,
Salmonella bareilly, and Listeria monocytogenes (Mani-Lépez et al. 2012; Naidu
2000), in addition to Mycobacterium tuberculosis, Bacillus coagulans, Yersinia
enterocolitica, Aeromonas hydrophila, Clostridium botulinum, Enterobacteriaceae,
Lactobacillaceae, Aspergillus sp., Pseudomonas fragi, Clostridium sporogenes,
Vibrio vulnificus, Helicobacter pylori, and Pseudomonas sp. (Naidu 2000).

Applications of lactic acid in non-food are in the production of plastics, dyes,
pesticides, synthetic polymers, glue (acetic acid), and even in the washing of corpses
(Reis et al. 2012).

6.9.10 Acetic Acid

Acetic acid is an another product derived from the fermentation of some substrates
by LAB. It is used in almost all countries as vinegar (Panda et al. 2016). It is used in
the food industry as an additive to control pH levels and improve taste (Supharoek
et al. 2017). As well as for the preservation of various foods, as this product has the
effect of inhibiting growth and reducing the viability of Gram-positive and Gram-
negative bacteria, yeasts, and fungi. It presents bacteriostatic activity at 0.2% and
bactericidal activity at 0.3% (Ray 2004), so it is said that acetic acid has a more lethal
effect against pathogenic microorganisms than lactic acid. Due to its pungent odor
and taste, the use of this product in food is limited (Erginkaya et al. 2014); for
example, in Canada it is only permissible to have a concentration of 4.1-12.3%
acetic acid in vinegar (Panda et al. 2016). Excessive consumption or application of
this organic acid is also not recommended, because its corrosive properties can cause
stomach diseases (Supharoek et al. 2017).

6.9.11 Proteolytic Capacity

LABs are commonly used as a source of carbon the sugars and citrate and as a source
of nitrogen the caseins. They are unable to synthesize several amino acids and have
to be able to degrade peptides and proteins in order to meet their amino acid
requirements.

One of the essential biochemical processes for obtaining fermented dairy prod-
ucts is the proteolysis that is involved in the organoleptic characteristics of the final
product (Chaves-Loépez et al. 2011). The proteolytic systems of the LABs are made
up of: (1) proteinases that hydrolyze caseins to originate peptides; (2) transport
systems to translocate peptides to the cytoplasm; and (3) peptidases that transform
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peptides into amino acids. For example, the taste of cheese during ripening is formed
by the action of L. lactis, this is mainly caused by the proteolysis of casein-
generating free amino acids, which behave as substrates for catabolic reactions
generating aromatic compounds (Smid and Kleerebezem 2014).

It is also known that proteolysis can activate bioactive peptides (Gobbetti et al.
2002), metabolites of great importance since they show a wide range of desirable
effects such as antimicrobial activity, antithrombotic antihypertensive, immunomod-
ulatory, etc. (de Moreno de LeBlanc et al. 2018). According to Pescuma et al. (2009)
this biochemical event has come to prevent and reduce frequent allergies in children
under 3 years because of poor digestion of milk proteins.

6.10 Beneficial Effects of Probiotics

6.10.1 Immunology

Probiotics can modulate the immune response in animals and humans not only at the
level of the intestinal mucosa, but also at the systemic level (Manzano et al. 2012).
The probiotic lactic acid bacteria (LAB) to modulate their actions through the
intestinal mucosal immune system must also interact with the normal intestinal
flora and the food that is ingested. The interaction of probiotics with intestinal
epithelial cells (enterocytes) generates cytokines and chemokines that initiate immu-
nomodulatory events. Several studies have shown that numerous lactobacilli can
alert the intestinal immune system and secondarily favor the rejection of potentially
harmful infectious microorganisms; this can be done through the production of
specific type A immunoglobulins (Kaila et al. 1992) or the activation of K cells
(“natural killer”) (Gill et al. 2001). Other immunomodulatory effects of these
probiotics derive from their ability to increase the phagocytic activity of intestinal
leukocytes, promote increased proliferation of B lymphocytes along with increased
secretion of immunoglubulins A and G, as well as stimulate cytosines such as
interleukin IL-2, IL-6, or tumor necrosis factor (TGB). The probiotics Lactobacillus
casei, L. rhamnosus, Bifidobacterium breve, Lactobacillus gasseri are some of the
examples studied to demonstrate this action, as well as the general activation of B
lymphocytes.

Given their immunomodulatory properties, the usefulness of probiotics in the
preventive or therapeutic management of inflammatory diseases is currently being
evaluated. The consumption of probiotics could have a positive effect on human
health in some situations that may alter the balance of the intestinal microbiota and
influence the immune response of the individual, such as feeding with infant
formulas, treatment with antibiotics, physiological changes related to aging, gastro-
intestinal diseases, and stress.

In summary, the different studies show the viability of using probiotics to
modulate the immune system, prevent infections, and control the inflammatory
process, but the results are diverse, so it is necessary to conduct research to reduce
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the gap between the differences found with factors such as: strain or species used,
dose of probiotic, supplementation time, and characteristics of the subjects studied.
This will allow comparisons to be made and conclusions to be drawn that will benefit
the therapeutic and preventive use of probiotics on the immune system.

Recently, the function of probiotics as modulators of the immune system has been
identified where mucosal immunity is of primary importance (Donkor et al. 2010;
Koninkx et al. 2010). The effects of probiotics on the immune system can be
classified into two major categories, involving the activation of cells of the innate
immune system, such as phagocytes and natural killer cells, and the inhibition of
abnormal immune responses. The former is expected to have an inhibitory effect
against infections and cancer, and the latter may have an inhibitory effect against
inflammatory bowel diseases, allergies, and autoimmune diseases (Chiba et al. 2010;
Rook and Brunet 2005).

6.10.2 Respiratory Infections

In many occasions, probiotics are used for the prevention of certain infections, such
is the case of respiratory infections, where a study carried out by Di Pierro et al.
(2014) demonstrated the beneficial effects they produce. The study included 61 chil-
dren diagnosed with recurrent oral streptococcal disorders, who were given the
S. salivarius K12 strain through a tablet. Only 30 children completed the test,
consuming the probiotic for 90 days in order to prevent tonsillitis. The results
showed a significant reduction in episodes of streptococcal pharyngeal infection
compared to the previous year’s infection rates. It should also be noted that the
product supplied was well tolerated and had no side effects.

Reported strains with the potential to reduce the load of pathogens in the
respiratory system are Lactobacillus and Bifidobacterium. Their mechanism is
linked to the action of immune cells such as natural killer and macrophages
(Hardy et al. 2013).

6.10.3 Diabetes

In diabetes mellitus, satisfactory results from the use of probiotics have been
perceived, since it has been observed, in experimentation with rats, that strains
such as Lactobacillus reuteri GMN-32 reduce blood glucose levels from 4480 to
3620 mg/L when applied at a concentration of 10’ CFU/d. In addition, the changes in
the heart that cause this disease were also reduced (Lin et al. 2014).

Most LABS, especially Lactobacillus species, have great antidiabetic potential. A
higher content of Lactobacillus acidophilus and Lactobacillus casei has been found
in fermented milk products such as Dahi, which improves hyperglycemia,
hyperinsulinemia, dyslipidemia and reduces oxidative stress in diabetic rats
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(Yadav et al. 2008). Lactobacillus casei has an important preventive effect against
diabetes, being tested in non-obese diabetic mice that elevates plasma glucose and
reduces plasma insulin levels due to the destruction of pancreatic cells f3.

6.10.4 Cancer

The use of probiotic therapy for treatment and prevention of cancer through
probiotics has increased the interest of clinical nutritionists, scientists, and industry
(Soa et al. 2017; Vafaeie 2016), as it has been recognized the beneficial effect they
come to generate against different types of cancer: colon and rectum, breast, blood,
cervical, prostate and bladder, skin, esophagus, liver, gallbladder, head, and neck
(Dasari et al. 2016). The advantage of probiotics over other cancer treatments is their
absence or minimal presence of side effects (Soa et al. 2017; Vafaeie 2016). Isolated
strains of fermented milk with antitumor activity are Bifidobacterium infantis,
B. bifidum, B. animalis, L. acidophilus, and L. paracasei. When studied on the
growth of a breast cell line it was demonstrated that the most effective species were
B. infantis and L. acidophilus (Biffi et al. 1997).

However, only the anti-cancer effect of LABs has been proven to be in vitro
studies (George Kerry et al. 2018), so it is necessary to apply the research carried out
to confirm this activity in humans.

6.11 The Role of Probiotics in Intestinal Diseases

6.11.1 Diseases Associated with Imbalances of the Intestinal
Microbiota

The intestine is formed by a complex microbial ecosystem that has specific and
protective metabolic functions (Parra 2012). The intestinal microbiota is the com-
munity of living microorganisms residing in the digestive tract (Icaza-Chavez 2013).
It is composed of microorganisms that are classified as pathogenic, neutral, or
beneficial to the host. This last group of bacteria is commonly included mainly in
dairy derivatives (Parra 2012). That is why it is essential for proper body growth, the
development of immunity and nutrition as it exercises nutritional, metabolic, and
protective functions that make it indispensable for the host while it delivers nutrients
and adequate conditions for growth (Morales and Brignardello 2010). The intestinal
microbiota participates mainly in multiple functions such as the metabolism of some
carbohydrates, specialization and activation of the immune system, regulation of
intestinal cell growth, and synthesis of certain vitamins (K and B). Some bacteria in
the intestinal microbiota have enzymes that are capable of digesting certain carbo-
hydrates that cannot otherwise be processed. More or less complex polysaccharides,
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such as those that make up insoluble dietary fiber, undergo fermentation processes
that give rise to products such as short-chain fatty acids, which have beneficial
effects on the metabolism of carbohydrates and cholesterol. This fermentation also
produces gases and flatulences with odors characteristic of feces.

Imbalances in their composition or a lack of microbial richness have been found
to be risk factors for certain pathologies such as obesity, diabetes, asthma, or some
types of cancer and may play an important role in others such as Parkinson’s or
autism (Séez 2015). Several acute diarrheal diseases are due to pathogens that
proliferate and have invasive characteristics or produce toxins. Diarrhea associated
with antibiotics is due to an imbalance in the composition of the intestinal flora with
the proliferation of pathogenic species, such as some strains of Clostridium difficile
that produce toxins that cause pseudomembranous colitis (Guarner 2007).

6.11.2 The Role of Probiotics in Colon Cancer

The colon is the first part of the large intestine that absorbs water and nutrients from
food and serves as a storage place for solid waste. Colon-rectal cancer develops in
the digestive system, which is the primary mechanism for food processing, energy
production, and solid waste disposal (Parra 2012). Currently experimental models
have shown that intestinal bacteria can play a role in the initiation of colon cancer
through the formation of carcinogenic products (Guarner 2007). The high number
and diversity of the human gut microflora are reflected in its wide and varied
metabolic capacity, especially in relation to the biotransformation of xenobiotics
and the synthesis and activation of carcinogens (Burns and Rowland 2003).

The molecular genetic defects that appear in human colorectal cancer are well
known, and appear to be a consequence of the genotoxicity of products generated in
light from the intestine. Epidemiological data suggest that environmental factors
such as diet play an important role in the development of colon cancer. Consumption
of animal fat and red meat, particularly processed meat, is associated with higher risk
(Guarner 2007). On the other hand, some probiotics are able, by mechanisms not
completely clarified, to degrade mutagenic substances present in the intestine
decreasing their genotoxicity, to bind to them (as to heterocyclic amines), to decrease
levels of enzymes (such as azoreductase, nitroreductase, B-glucuronidase,
B-glucosidase, and 7-a-dehydrolase) that can regenerate toxic substances that had
been detoxified in the liver and excreted for disposal (Wollowski et al. 2018).

Evidence from a wide range of sources supports the view that colonic microflora
intervenes in the etiology of cancer. It follows that modification of the intestinal
microflora would interfere with the carcinogenesis process, and this opens up the
possibility of dietary modifications to reduce the risk of colon cancer (Burns and
Rowland 2003).

This type of cancer is a major cause of death in the Western world. Approxi-
mately 70% of people with this type of cancer are associated with environmental
factors, probably mostly diet. Most colon cancers arise from polyps that begin to
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grow in the inner lining of the colon or rectum. In this regard, studies have shown
that fermented dairy products prevent rectal colon cancer (Parra 2012). Probiotic
lactic-acid bacteria have been shown to deactivate carcinogenic genotoxic sub-
stances. while in in vitro model systems they can prevent mutations. While in
in vivo colon tissues they can prevent DNA damage and stimulate protective
systems. These bacteria have potential as chemoprotective agents against genotoxic
chemicals and further research is needed to clarify and quantify their beneficial effect
on the prevention of colon cancer in humans (Wollowski et al. 2018). Other studies
indicate that probiotics would be useful in preventing colon cancer, through the
production of short-chain fatty acids, which acidify the environment (Parra 2012),
exert anti-inflammatory and apoptotic effects of cells that could become carcino-
genic associated with lower cancer risk.

6.12 Conclusion

The main application of these bacteria occurs in the fermentation process of food.
Due to the multiple metabolites they produce, probiotics have been a very effective
way for natural preservation. One of its applications are food additives that provide
flavors, odors, textures, and even nutritional value. They have long been used in
industrial applications mainly as starters for food fermentation, biocontrol agents, or
as probiotics. They are widely used by the chemical industry, due to the production
potential of polylactides as biodegradable plastic polymers and biocompatible deriv-
atives of petrochemical products. Several LAB strains have proven probiotic prop-
erties, and their biomass can be considered a high value product (Mazzoli et al.
2014).

Since LABs are also found within the gastrointestinal microbiota, they have the
ability to produce different substances to avoid some adverse effects produced by
some microorganisms, only by modifying their metabolism without destroying it
and thus their population is diminished. As mentioned before, LABs have a great
fermentative capacity of which organic acids are produced from simple carbohy-
drates, which determines an increase in intestinal acidity that limits the growth of
bacteria, especially Gram-negative bacteria. The function of LABs is very useful in
the food industry: the preservation of food by bacteriocins produced by Lactobacil-
lus has obtained successful results in meat foods, to control pathogenic microorgan-
isms that can cause alterations in food, such as Salmonella spp. and E. coli (Ruiz
et al. 2017).

Probiotics have a highly developed defense against stress factors; they can
survive in environments with a large number of changes or conditions. It is necessary
to know the response of these bacteria to stress conditions for a good selection of
them (D’Angelo et al. 2017) because their different applications depend on what
conditions they can be found, and through research, can be found more fields in
which can be used this large group of bacteria.
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Chapter 7 ®)
Probiotics in Livestock and Poultry s
Nutrition and Health

M. S. Mahesh, Ranjan K. Mohanta, and Amlan K. Patra

Abstract The use of probiotics has gained immense interests in animal agriculture
around the world due to the myriad of health and production benefits, especially in the
context of more natural and antibiotic-free animal production. They have been widely
evaluated in animal nutrition to improve the balance of beneficial gut microbiome
(eubiosis) and eliminate the detrimental gut pathogens (dysbiosis), which results in a
range of advantages such as enhanced functioning of gastrointestinal tract, improved
immunity at the gut as well as systemic levels, and better health status of both
ruminants and non-ruminants. Consequently, these beneficial effects positively influ-
ence overall production performance and farm profitability. The use of probiotics in
ruminants has primarily focused on improving ruminal fermentation efficiency such as
stabilisation of pH and enhanced fibre digestion, reduction of methane production in
the rumen, thereby impacting production performance. Among the several species of
probiotic organisms studied, yeasts have been most widely explored followed by
bacterial probiotics in ruminant nutrition. In non-ruminants, bacterial probiotics dom-
inate over yeast in augmenting performance measures. Furthermore, probiotics have
also shown to reduce incidences of intestinal diseases, faecal shedding of gut patho-
gens, and improving the gut barrier functions and quality of meat and milk in food
animals. This chapter discusses various species of probiotics, their beneficial effects
and mode of actions in enhancing efficiency of animal production.
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performance
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7.1 Introduction

The world population is expected to grow over 9.7 billion persons by 2050. In view
of feeding extra 2 billion people in the next 30 years with an ongoing escalated
demand for foods of animal origins, it is necessary to intensify the industrial animal
production systems in a more efficient manner. This can only be possible with proper
strategies for breeding and selection, optimised nutrition along with disease control
and prevention, which maximises the production and makes it sustainable. Follow-
ing the ban and restriction on usage of in-feed antibiotics in European Union and
other countries owing to possible emergence of antibiotic resistance against patho-
gens (Van Boeckel et al. 2019), it has become imperative for animal nutritionists
worldwide to search for natural and alternative feed additives for sustainable pro-
duction (Huyghebaert et al. 2011; Lillehoj et al. 2018; Patra 2019). One such
category gaining increasing importance is natural microbial feed additives—the
“probiotics”. The initial idea of probiotics was described by Metchnikoff (1907) as
“friendly microbes”, which was further conceptualised by Lilly and Stillwell (1965)
and later, Parker (1974) coined the term “probiotics” (sometimes also termed as
“direct-fed microbials”). It is currently defined as “live strains of strictly selected
microorganisms which, when administered in adequate amounts, confer a health
benefit on the host” (FAO 2002). Therefore, probiotics are essentially
non-pathogenic, non-toxic microorganisms that are classified as “generally
recognised as safe” ingredients by the United States Food and Drug Administration.

Digestion and absorption of nutrients in the gut are central to supplying essential
nutrients for synthesis of quality animal products (milk, meat, and eggs). Thus, it is
extremely important to achieve a healthy balance of gut microbiota enabling opti-
mum gastrointestinal (GI) functions (Yeoman et al. 2012). In this context, probiotics
have proven to be of immense value in animal agriculture by means of improving
balance of beneficial gut microbiome (eubiosis) leading to a range of benefits such as
enhanced functioning of GI tract, improved immunity and health status, which
positively influence overall production performance and farm profitability. In this
way, probiotics have found successful application in animal food production sys-
tems represented by ruminants (cattle, buffaloes, sheep, and goats) as well as
non-ruminants (poultry and pigs). This chapter discusses multifaceted beneficial
functions of probiotics and their mechanisms of actions in enhancing efficiency of
animal production.

7.2 Probiotic Microorganisms

There are many beneficial microbes in nature, but a number of criteria need to be
fulfilled for qualifying them to designate as probiotics (Table 7.1). Depending on the
source of origin, probiotics could either be of autochthonous (isolated from host) or
allochthonous (isolated from another host) type (Seghouani et al. 2017) and could be
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Table 7.1 Characteristics of an ideal probiotic for animal feeding®

Characteristic

Reference

Origin from host animal

Nisbet (2002) and De Angelis et al. (2006)

Non-pathogenic

Hodgkinson et al. (2017), Kerry et al.
(2018), and Tewari et al. (2019)

Withstand processing and storage conditions

Soares et al. (2019)

Resist both very low pH (gastric acid) and
high pH (bile and pancreatic juice of small
intestine)

Sarkar (2018) and Samedi and Charles
(2019)

Adhere to gastrointestinal tract epithelium or
mucus

Park et al. (2016), Fernandez et al. (2018),
and Reuben et al. (2019)

Persist in the intestinal tract

Park et al. (2016)

Produce various inhibitory compounds (bac-
teriocin and colicin, etc.)

Sakata et al. (2003) and Vieco-Saiz et al.
(2019)

Modulate immune response

Lee et al. (2011), Park et al. (2016),

Vuong et al. (2016), Ma and Suzuki (2018),
Wang et al. (2018), Willson et al. (2018),
and Ognik et al. (2019)

Collado et al. (2007), Wang et al. (2018),
and Ognik et al. (2019)

#Adapted and modified from Simmering and Blaut (2001) and Patterson and Burkholder (2003)

9 | Alter microbial activities

of either single microbial strain or multi-strain probiotics. Moreover, probiotic
products could also be a mixture of bacterial, yeast, and fungal microorganisms
with proven synergistic action on hosts (Birkelo 2003). Several micro-organisms
have been identified with claimed probiotic activities along with their different
modes of action (Tables 7.2 and 7.3). It is evident that bacterial probiotics fall
primarily into two categories: lactic acid utilisers and lactic acid producers in
ruminants, whereas Saccharomyces cerevisiae is the prominent yeast explored in
both ruminants and non-ruminants. Nevertheless, while there are many yeasts or
yeast derivatives investigated in animal nutrition (Table 7.4), only active dry yeast
and yeast culture are commonly used in field (Shurson 2018). In addition, few
ethanol industry-derived feed ingredients including dried distillers grains with sol-
ubles and distillers wet grains also contain fraction of yeast cells and associated
nutraceutical compounds (Shurson 2018). The supplementation of probiotics results
in a multitude of responses in an animal system, which in combination offers benefits
for improving production efficiency, health, and welfare of animals (Fig. 7.1).

7.3 Effect on Disease Incidence

Probiotics added to the diet maintain or increase the populations of beneficial
microorganisms while minimising the abundances of non-essential and pathogenic
microorganisms such as Escherichia coli, Salmonella, and Clostridium perfringens
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Table 7.2 List of probiotic microorganisms studied in ruminant production

Microorganism

Application

| Key reference”

‘ Mode(s) of action

Lactic acid producers

Lactobacillus plantarum,
L. acidophilus, L. casei,

L. salivarius,

L. gallinarum, L. reuteri,
and Streptococcus bovis

Calves, sheep,
dairy and feed-
lot (beef) cattle

Nollet et al. (1998), Ohya
et al. (2001), Bertin et al.
(2017), and Doyle et al.
(2019)

* Ruminal provision
of lactic acid
« Stimulation of lac-
tate utilisers
* Competitive exclu-

Enterococcus faecium Calves, sheep, | Emmanuel et al. (2007), sion
dairy and feed- | Oetzel et al. (2007), * Stabilisation of
lot cattle Qadis et al. (2014), and rumen pH

Chiquette et al. (2015) * Direct antibacterial
Bifidobacterium Calves Abe et al. (1995), and action
pseudolongum and Krehbiel et al. (2003) ) Redl.Jctlon m faegal
B. thermophilum shedding of E. coli
Streptococcus bovis Calves Ohya et al. (2001) Oll 37 L

* Improving immune
Leuconostoc Sheep Mwenya et al. (2004) function
mesenteroides subsp. « Reduction in
mesenteroides enteric methane pro-
duction (?)

Lactic acid utilisers
Megasphaera elsdenii Sheep, dairy Aikman et al. (2009, « Utilisation of lac-
(formerly known as and feedlot 2011), Leeuw et al. tate in rumen
Peptostreptococcus cattle (2009), and Henning et al. | ¢ Synthesis of propi-
elsdenii) (2010) onate from lactate
Propionibacterium Calves, buffa- | Lehloenya et al. * Reduction in meth-
[freudenreichii, loes, dairy and | (2008a, b), Ahmed et al. ane production and

P. jensenii, and
P. acidipropionici

feedlot cattle

(2013), Vyas et al.
(2014), and Azzaz et al.
(2019)

regulation of pH

Selenomonas Lambs Wiryawan and Brooker
ruminantium subsp. (1995)

lactilytica

Others

Prevotella bryantii

Dairy cattle
and sheep

Chiquette et al. (2012),
and Fraga et al. (2018)

* Moderating rumen
fermentation

Bacillus subtilis,

Calves, sheep,

Qiao et al. (2010), Sun

* Supporting growth

B. licheniformis and dairy and beef |etal. (2013), Jia et al. of other rumen
B. coagulans cattle (2018), and Musa et al. microbes
(2019) * Moderating rumen
fermentation
* Improved feed
degradation
Ruminococcus Dairy Kumar and Sirohi (2013) | « Moderating rumen
flavefaciens buffaloes fermentation
Pediococcus acidilactici | Calves Frizzo et al. (2011) * Faster development
of rumen function
Escherichia coli Calves Ohya et al. (2001) » Competitive

exclusion

(continued)
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Table 7.2 (continued)
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Microorganism ‘ Application Key reference” ‘ Mode(s) of action
Yeast
Saccharomyces Calves, goat Kamalamma et al. (1996), | Oxygen scavenging
cerevisiae and kids, buffa- Keyser et al. (2007), Pal in rumen
S. cerevisiae subsp. loes, sheep, et al. (2010); Finck et al. e Enhanced lactate
boulardii dairy and beef |(2014), Anand Laxmi utilisation

cattle et al. (2016), Geng et al. * Supporting growth

(2016), Bach et al. (2018,
2019), and Feye et al.
(2019)

of other microbes in
rumen

* Supplying growth
factors, hydrolytic
enzymes and B vita-
mins

* Increasing feed
intake

* Immunomodulation
* Reducing invasion
of Salmonella

* Regulation of genes
encoding rumen epi-
thelial barrier

* Modulating colon
microbiome

Fungi

Aspergillus oryzae and
A. niger

Calves, sheep,
dairy and beef
cattle

Yu et al. (1997), Rojo
et al. (2005), and
Piamphon et al. (2017)

» Stimulating cellu-
lolytic bacteria
* Promoting lactate

utilisation
Trichosporon sericeum Sheep Mwenya et al. (2004) * Moderating rumen
pH
Piromyces sp. Buffaloes Paul et al. (2006) and * Enhancing fibre

Tripathi et al. (2007)

digestion

Adapted and modified from Seo et al. (2010) and McAllister et al. (2011)
“Selective references are included, not an exhaustive list

(Clavijo and Flérez 2017; Bhogoju et al. 2018; Markowiak and Slizewska 2018;
Price et al. 2020), which are responsible for diseases and adverse conditions includ-
ing anorexia, necrotic enteritis, gut dysbiosis, diarrhoea, dysregulation of the
immune system, and reduce chronic inflammation (Nava et al. 2005; Dahiya et al.
2006; O’Hara et al. 2006; Neish 2009). Probiotics help in improvement of animal
health status by altering gut microbiome in a favourable direction, i.e., enhancing the
number of beneficial gut microbiota. For example, inclusion of Bacillus subtilis
improved intestinal health in broiler chickens (Fritts et al. 2000) and improved
performance in birds with necrotic enteritis (Tactacan et al. 2013). B. subtilis
also showed reduction of Salmonella in broiler chickens (Knap et al. 2011). Inclu-
sion of Bacillus probiotic either in single (B. cereus var. toyoi; Vila et al. 2009) or in
combination (B. amyloliquefaciens, B. licheniformis, and B. pumilus; Price et al.
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Table 7.3 List of probiotic microorganisms studied in non-ruminant production

Microorganism

Application

Key reference”

Mode(s) of action

Lactobacillus spp.

Poultry and pig

Patterson and Burkholder
(2003), Nakphaichit et al.
(2011), Neal-McKinney
et al. (2012), Pakbaten

et al. (2019), and Vieco-
Saiz et al. (2019)

e Stimulation of
adaptive immunity
* Alteration of the
caecal microbiome
¢ Production of
inhibitory metabo-
lites such as organic
acids and
bacteriocins

Bifidobacteria

Poultry

Patterson and Burkholder
(2003) and Jung et al.
(2008)

» Competition for
colonisation sites

» Competition for
nutrients

* Reduction of toxic
compounds

e Immuno-
stimulation

Bacillus spp.

Poultry and pig

Leeetal. (2011); Liu et al.
(2012); Tellez et al.
(2012), Lei et al. (2013),
Jayaraman et al. (2017),
Park and Kim (2014), Bai
et al. (2018), Zong et al.
(2019), Mingmongkolchai
and Panbangred (2018),
Upadhaya et al. (2019),
and Price et al. (2020)

* Rapid activation
of innate host
immune responses
* Protection of
intestinal barrier
function

* Production of
antimicrobial com-
pounds against
pathogens

* Reduction in
pathogen colonisa-
tion

* Improvement in
feed conversion and
greater weight gain

Lactobacillus acidophilus,
Lactobacillus casei,
Enterococcus faecium and
Bifidobacterium bifidium

Poultry

Talebi et al. (2008)

e Stimulation of
adaptive immunity
e Alteration of the
caecal microbiome
¢ Production of
inhibitory metabo-
lites such as organic
acids and
bacteriocins

Lactobacillus,
Bifidobacterium,
Leuconostoc, Enterococ-
cus, Lactococcus, Bacil-
lus, Saccharomyces,
Aspergillus and
Pediococcus

Poultry and pig

Mountzouris et al. (2007)
and Getachew (2016)

* Rapid activation
of innate host
immune responses
* Production of
inhibitory metabo-
lites such as
bacteriocins

(continued)
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Table 7.3 (continued)

Microorganism Application Key reference” Mode(s) of action

Enterococcus faecium Poultry Samli et al. (2007), * Meat quality and
Veizaj-Delia et al. (2010), | antioxidant activity
Zhao et al. (2013), and Yu | of muscle

et al. (2019)

Aspergillus oryzae Poultry Lee et al. (2006) and * 6-phytase and
FEEDAP (2016) other metabolites

Saccharomyces cerevisiae | Poultry and pig | Karaoglu and Durdag » Competitive
(2005) and Elghandour exclusion of patho-
et al. (2020) genic bacteria

* Production of
antimicrobial agents
* Balancing the gut
microbiome

* Stimulation of
host adaptive
immune system

* Improving gut
morphological
structure

Clostridium butyricum Poultry and pig | Yang et al. (2012); Zhao | » Improving intesti-
et al. (2013), Takahashi nal barrier functions
et al. (2018), and Zong * Increasing growth
et al. (2019) performance and
alleviating
diarrhoea

“Selective references are included, not an exhaustive list

2020) in the diet resulted in uniform reduction of Salmonella enteritidis in the
caeca of layers.

Corr et al. (2009) and Fuller (2012) after going through the published literature
summarised that the modes of action responsible for growth inhibition and reduction
of abundances of pathogens in the GI tract include (1) production of bacteriocins and
colicins with antibacterial effects (Cotter et al. 2005; Chichlowski et al. 2007; Sakata
et al. 2003; Vieco-Saiz et al. 2019), antimicrobial compounds/peptides, e.g., volatile
fatty acids (VFA; Van Immerseel et al. 2004; Talebi et al. 2008), and defensins (Zhu
et al. 2000; Toure et al. 2003; Furrie et al. 2005), and inhibitors of virulence gene
expression (Mack et al. 2003); (2) competitive exclusion of pathogens competing for
binding sites in the intestine (Sherman et al. 2005; Tsai et al. 2005; Collado et al.
2007; Wang et al. 2018; Ognik et al. 2019; Table 7.5) or enhancing the epithelial
barrier function through blocking of epithelial surface receptors or causing confor-
mational changes in the tight junction of the epithelia (Mack et al. 1999; Furrie et al.
2005) or stimulation of synthesis of mucins to form a physical barrier along the
epithelial monolayer (Nurmi et al. 1992; Madsen et al. 2001; Mattar et al. 2002;
Callaway et al. 2008; Corr et al. 2009); (3) stimulation of immune responses through
increased synthesis of immunoglobulin A (IgA) and anti-inflammatory cytokines
and controlling the production of pro-inflammatory cytokines (Haghighi et al. 2005;
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Table 7.4 Types of various yeast products employed in animal production

Type of yeast

Description

1. Viable yeast products

(a) Active dry yeast

Most commonly used in feed industry worldwide; typically
contains 15-25 billion live yeast cells/g, i.e., colony forming
units (CFU)

(b) Diluted yeast products

Active dry yeast diluted with inert carriers such as rice hulls and
distillers solubles; contains relatively lesser concentration of
yeast ~5 billion CFU/g

2. Yeast culture

A combination of yeast biomass plus fermentation metabolites
(peptides, alcohols, esters, organic acids, and certain undefined
metabolites)

3. Nutritional yeast products

Comprises of dried yeast, brewer’s dried yeast, torula (Candida
utilis) dried yeast, and whey yeast. Brewer’s dried yeast (>45%
protein) is commonly used in animal feeding

4. Speciality yeast products

(a) Irradiated yeast

A source of vitamin D; not commonly used today

(b) Selenium yeast

A source of highly bioavailable organically complexed selenium
(selenomethionine)

(c) Chromium (Cr) yeast

A source of trivalent Cr and anti-stress nutrient for animals

(d) Phaffia
(Phaffia rhodozyma) yeast

A source of red carotenoid pigment astaxanthin; a feed additive
used in aquaculture

5. Fractionated yeast
products

Comprises of molasses yeast condensed solubles, yeast hydro-
lysates, yeast extracts and cell walls (glucan and mannan)

6. Yeast fermented corn eth-
anol co-products

Comprises of dried distillers grains with solubles, distillers wet
grains, thin stillage, and condensed distillers solubles. These

contain varying proportions of yeast cell and nutraceutical
components.

Summarised from Shurson (2018)

Hodgkinson et al. 2017); (4) down-regulating the virulence gene or protein expres-
sions in pathogens of GI tract (Medellin-Pefia et al. 2007; Yang et al. 2014), and
(5) secretion of enzymes such as amylase, alteration of GI pH, and microbiota to
favour an increased activity of intestinal enzymes and digestibility of nutrients (Van
Immerseel et al. 2004; Bhogoju et al. 2018). Short chain fatty acids such as lactate,
acetate, propionate, and butyrate produced by various gut microorganisms are
inhibitory to certain pathogens including the members of family Enterobacteriaceae
(van Der Wielen et al. 2000) mostly by lowering extracellular and intracellular pH
(Van Immerseel et al. 2004).

The species and strains of probiotics play a major role for imparting the desired
traits to be improved. For monogastric animals, the role of probiotics is more
pronounced and easily observed than the ruminants. The choice of probiotic species
is utmost important, e.g., Bacillus species (B. subtilis, B. cereus, and B. clausii) have
been commonly used as direct-fed microbials (Zhang et al. 2013; Park and Kim
2014; Bai et al. 2017) due to their capacity of sporulation (Chaucheyras-Durand and
Durand 2010). Dietary Bacillus subtilis as probiotic has shown to exert its beneficial
effect by decreasing intestinal pH, enhancing the intestinal antioxidant status,
boosting gut-associated immune system, and activating the intestinal intraepithelial
lymphocytes (Nurmi et al. 1992; Neish 2009; Park et al. 2019).
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Rumen

Small intestine

157

Immunomodulation

« Stabilisation of pH by increased lactate
utilisation

* Increased microbial populations through O,
scavenging

* Increased feed degradation

* Increased microbial protein synthesis

* Increased propionate and decreased methane
production

* Early establishment of ruminal microbiota in
pre-ruminants

Overall benefits| ———»

Decreased pathogen invasion
and attachment

Decreased faecal pathogen
shedding

Improved morphological
structure of the epithelia
Increased gut barrier function

immunity

immunity

.o .

immunity

Up-regulation of cell-mediated
Enhanced antibody-mediated

Direct interaction with immune cells
Improved gut mucosal and systemic

Enhanced nutrient absorption

Greater feed intake and digestibility

Increased milk yield and quality (composition)
Decreased incidences of diarrhoea and calf mortality
Increased feed utilisation efficiency and growth rate
Increased disease resistance power (immunity)
Better health status

Cleaner livestock production

Fig. 7.1 Potential beneficial attributes of probiotic supplementation in animal production

Table 7.5 Summary of various effects for decreasing disease incidence by probiotics

Antagonistic effect

Probiotic organism Inhibitory effect by against Source
Enterococcus faecium, Bacteriocins C. perfringens and | Teo and
Pediococcus pentosaceus, and Listeria Tan
Bacillus subtilis monocytogenes (2005)
Lactobacillus salivarius Bacteriocins Campylobacter Stern
Jejuni et al.
(2006)
Bacillus subtilis Competitive exclusion E. coli Molnar
et al.
(2011)
Clostridium butyricum Increased populations of Salmonella spp. Yang
Lactobacillus and and C. perfringens | et al.
Bifidobacterium (2012)
E. faecium, Competitive exclusion Campylobacter Ghareeb
P. acidilactici, Jjejuni et al.
L. salivarius, and (2012)
L. reuteri
Lactobacillus crispatus Competitive exclusion E. coli O157: H7 Chen
and et al.
S. typhimurium (2007)
Lactobacillus spp. Competitive exclusion Campylobacter Pogacar
Jjejuni et al.

(2020)
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7.4 Effect on Immunity

Probiotics boost immune responses and help combat enteric pathogens (Patterson
and Burkholder 2003; Fernandez et al. 2018; Ognik et al. 2019). Gut allows nutrient
absorption as well as restricts pathogens and antigens regulating the barrier function
conferred by the junctional protein complexes and immune systems in epithelia
(Patra et al. 2019; Patra 2019, 2020). Probiotics can modulate innate and acquired
immune systems through metabolites produced by them, their cell wall components
(i.e., yeast cell wall complex polysaccharides such as mannan-oligosaccharides and
B-glucans and probiotic bacterial peptidoglycan) and by DNA (Oelschlaeger 2010;
Alugongo et al. 2017). It is aided by the fact that they can interact directly with the
recognition receptors of the gut epithelial or immune cells (Oelschlaeger 2010;
Shurson 2018). Adhesion of probiotic bacteria to the epithelial cells or soluble
factors released from the cells can trigger signalling cascades in immune cells
leading to improved host immunity by interacting with the cell- and antibody-
mediated (e.g., IgA, IgE, IgG and IgM) immune systems, decreased production of
pro-inflammatory cytokines (e.g., IL-2 and IL-10), protecting epithelial barrier
integrity by minimising apoptosis, enhancing association of dendritic cell to
T-cells as well as T-cells to lymph nodes with a greater toll-like receptor signalling
(Oelschlaeger 2010; McAllister et al. 2011).

Supplementation with Bacillus subtilis natto to calves increased IgG and gamma
interferon levels in blood (Sun et al. 2010); S. cerevisiae and its metabolites
up-regulated immune-related gene expressions associated with recognition of
pathogen-associated molecular patterns (e.g., toll-like receptor (TLR) 1, TLR2,
and TLR6), T-cell differentiation (e.g., ICAMI1, RORC, TBX21, STAT6, and
CXCR3), and others such as CASPI in beef steers (Adeyemi et al. 2019); and
B. amyloliquefaciens increased IL10 content, but decreased tumour necrosis factor
alpha level in the small intestines of piglets (Li et al. 2018). It has been reported that
addition of Lactobacillus plantarum B2984 in the diet of piglets enhanced serum
antibody responses to S. typhimurium infection (Naqid et al. 2015). Dietary inclusion
of B. subtilis-based probiotics stimulated the immune system, and improved anti-
oxidant status in poultry (La Ragione and Woodward 2003; Lee et al. 2011). Further,
B. subtilis has reported to augment macrophage functions, i.e., nitric oxide
(NO) production and phagocytosis in broiler chickens (Lee et al. 2011). In addition,
yeast culture has also been shown to have performance and immunomodulatory
effects in broiler in chickens (Gao et al. 2008).

As observed by different workers, dietary probiotics help in increasing the
number of IgA-producing cells (Hodgkinson et al. 2017) or improve serum Ig
concentrations (Koenen et al. 2004; Yang et al. 2012). The improvements can be
attributed to the immunomodulatory activities of probiotics by stimulation of the
gut-associated immunity (Brisbin et al. 2008; Harris et al. 2019). The intestinal
mucosal innate immune system produces antimicrobial peptides like p-defensins,
which can kill various intestinal pathogens, when microorganisms penetrate into the
intestinal epithelium or mucus layer (Liévin-Le Moal and Servin 2006; Gadde et al.
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2017) by disrupting cell membrane permeability leading to cell lysis (Brisbin et al.
2010). They also enhance antibody-mediated or cell-mediated immune responses
(expressing different cytokine expressions in T cells; Brisbin et al. 2010). However,
the effect of probiotics on immunity cannot be generalised because some of the
studies have reported that probiotic supplementation did not influence immunity
response (Mountzouris et al. 2010), probably due to the absence of immune-
regulatory factors in the probiotic strains.

7.5 Probiotics to Improve Ruminal Functions

7.5.1 Effects on pH and Microorganisms in the Rumen

Rumen represents a large anaerobic fermentation vat harbouring diverse groups of
microbial consortia, mainly bacteria, protozoa, and fungi, besides archaea and others
(Krause et al. 2013). These microbial communities in the rumen carry out >0.8 of
total digestion of complex feed carbohydrates (van Vuuren et al. 2012) into energy
yielding VFA. As rumen microbial digestion is crucial for ruminant productivity, it
is equally necessary to ensure all time healthy functioning of rumen. Nonetheless,
recent genetic progress for high milk production demands a large quantity of cereal
grains to feed cows that lead to either acidosis or sub-acute ruminal acidosis (SARA)
due to lowering of rumen pH from 6.7 to 5.5 or further low by lactic acid
(Calsamiglia et al. 2012). Furthermore, SARA presents far-reaching consequences
by jeopardising not only ruminal microbial functions, but also causing milk fat
depression, disruption of the ruminal epithelial barrier, laminitis, environmental
mastitis, and reproduction leading to substantial financial losses in dairying (Abdela
2016; Aschenbach et al. 2019).

The positive role of yeast in improving ruminal pH and fermentation in ruminants
is well established. Lactic acid producing probiotic species (e.g., Lactobacillus,
Enterococcus, Bifidobacterium, and Streptococcus) promote the growth of lactic
acid utilisers (Megasphaera, Propionibacterium, and Selenomonas, etc.), thereby
accelerating lactate metabolism (McAllister et al. 2011), i.e., lactic acid is converted
into gluconeogenic VFA propionate via acrylate and/or succinate pathway
(Jeyanathan et al. 2014). Live yeast cells of Saccharomyces cerevisiae furnish
certain essential micronutrient growth factors (B vitamins, peptides, and amino
acids) to lactate utilisers and fibre digesters (Robinson and Erasmus 2009). In
addition, yeast is known to moderate ruminal pH by outcompeting S. bovis for
soluble sugar (glucose) utilisation that limits sugar availability to lactic acid pro-
ducers (Vohra et al. 2016). Furthermore, yeasts help strengthen anaerobic environ-
ment by decreasing redox potential in the rumen through scavenging the traces of
oxygen that enters into the rumen during feed ingestion and mastication
(Chaucheyras-Durand et al. 2008). This provides a more favourable condition for
strictly anaerobic cellulolytic ruminal bacteria such as Fibrobacter, Ruminococcus,
and Butyrivibrio sp. (Vohra et al. 2016) to multiply and attach on forage particles
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Table 7.6 Summary of meta-analysis evaluating the effect of addition of commercial probiotic
yeast (Saccharomyces cerevisiae) products on ruminant performance

Animal | Type of yeast | Data set Key conclusion Reference
Dairy Viable yeast |22 experiments A modest benefit on output of Robinson
cattle products and milk (0.9 kg/d; 2.7%) and NE. and Erasmus
yeast culture (5.3%) (2009)
Dairy Viable yeast | 110 papers with Increase in DMI (0.44 g/kg BW), | Desnoyers
cattle products 157 experiments | milk yield (1.2 g’kg BW) and et al. (2009)
and milk fat (0.05%) along with pos-
376 treatments itive rumen environment (T in pH

by 0.03, |in lactic acid by 0.9 mM

and T in VFA by 2.17 mM) and T

in OM digestion by 0.8%
Dairy Live yeast 14 trials with No effect on DMI; 3% improve- | De Ondarza
cattle 160 observations | ment in feed efficiency as well as | et al. (2010)

yield of milk protein and fat

increased
Dairy Yeast culture | 36 studies with Milk yield response of Poppy et al.
cattle products 69 comparisons 0.98-1.37 kg/d (mean: 1.18 kg/d) | (2012)

across lactation with DMI of

+0.62 kg/d in early

and — 0.78 kg/d in other phases

of lactation, respectively. Milk fat

(0.06 kg/d) and protein yield

(0.03 kg/d) were also increased
Feedlot | Yeast fer- 18 experiments Increase in DMI, final BW and Wagner
(beef) mentation ADG by 1%, 2.9 kg and 6.5%, et al. (2016)
cattle products respectively

ADG average daily gain, BW body weight, DMI dry matter intake, NE; net energy for lactation, OM
organic matter

(Roger et al. 1990). In a detailed meta-analysis involving viable yeast, Desnoyers
et al. (2009) concluded that these products enhance ruminal pH by 0.03 units,
decrease lactic acid by 0.9 mM, and increase VFA production by 2.17 mM in
dairy cattle (Table 7.6). Furthermore, yeast can also stabilise ruminal pH by stimu-
lating the growth of Entodinomorph protozoa, which facilitate engulfment of starch
granules, thus minimising lactate production in addition to consumption of lactate
and outcompeting S. bovis for glucose uptake by protozoa (Vohra et al. 2016). Also,
the strain of probiotics can have a differential influence on rumen fermentation pat-
tern in cattle (Chung et al. 2012). Indeed, under conditions of ruminal acidosis, it has
been demonstrated that probiotic yeasts have promising role in minimising lactic
acid accumulation, while buffering the excess acid by sodium bicarbonate (Aslan
et al. 1995; Marden et al. 2008). Overall, it is clear that probiotics exhibit positive
effects by improving ruminal health during dietary challenge of grain-induced pH
fluctuation.
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7.5.2 Methane Production

Ruminants emit methane (a potent greenhouse gas), which is produced as a part of
normal fermentative feed digestion in the rumen representing a substantial loss of up
to 15% of energy intake depending upon the diets. Mitigating a part of enteric
methane is useful to ruminants as it conserves the energy that can be other-
wise utilised for productive purposes, and thus supporting cleaner and
environmental-friendly ruminant production. Therefore, several dietary strategies
have been suggested to mitigate enteric methane production in ruminants (Patra
2016).

Probiotic yeast supplementation support a shift in hydrogen utilisation from
methanogenesis to reductive acetogenesis (Chaucheyras-Durand and Durand
2010). In addition, growth of lactate utilisers (Megasphaera elsdenii) producing
propionic acid leads to a decrease in molar proportion of methane in rumen. Further,
a reduction in methane to the extent of 6-20% in vitro and 3—7% in vivo has been
noticed across various studies involving S. cerevisiae (Jeyanathan et al. 2014). A
recent review by Doyle et al. (2019) concluded from the small number of in vitro
studies that lactic acid bacteria can decrease in vitro methane production effectively
depending upon the strains, but the efficacy of lactict acid bacteria to lower in vivo
methane production is not convincing at the present time due to the lack of robust
animal studies. Probiotics may reduce methane production with the following
mechanisms: (1) alter ruminal fermentation such as stimulation of lactate utilisers
leading to increased propionate production with a resultant decrease in methane
production, (2) directly inhibit ruminal methanogens by bacteriocins, and (3) inhibit
specific ruminal bacteria that produce hydrogen or methyl-containing compounds
required for methanogenesis (Doyle et al. 2019). Certain types of bacteriocins
produced by probiotic bacteria have shown to have direct inhibitory effects on
methanogens in vitro (Jeyanathan et al. 2014). Hence, there is a possibility to explore
probiotics as an ecological tool to abate methane emissions in ruminants.

7.6 Effect on Performance Indicators

Probiotic supplementation in ruminants was initially suggested for stressed or
diseased animals when dysbiosis of the gut microbiota occurs (NRC 2001). How-
ever, more studies have proved it useful to supplement on regular basis impacting
nutrient intake, digestion, production performance, and economic efficiency.
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7.6.1 Non-ruminants

In monogastric animals, as feeding accounts for about 70-75% of the total costs,
optimisation of diet is necessary to provide all the essential nutrients for opti-
mum health and performance. Intestinal microbiome plays an important role in gut
health and homeostasis, host metabolism, interact with gut-associated lymphoid
(immune) system, pathogen inhibition, digestion of complex substrates including
non-starch polysaccharides and influence overall production traits (Fuller 2012; Pan
and Yu 2014; Borda-Molina et al. 2018).

Probiotics aid in improving the performance traits such as gain in body weight for
growing animals (Kocher 2006; Veizaj-Delia et al. 2010), broiler chickens (Marshall
and Levy 2011), pigs (Meng et al. 2010; Park et al. 2019), improving feed conver-
sion efficiency for meat (Atela et al. 2019) and egg production (Peralta-Sanchez et al.
2019). The first few weeks of life after birth plays a major role in composition of
gastrointestinal microbiota and other factors of young animals and birds’ perfor-
mance during subsequent stages of life. Probiotics help to stabilise the GI
microbiome, thereby preventing the occurrence of many diseases like coccidiosis
and diarrhoea, etc. In this regard, B. subtilis supplementation has been shown to
improve broiler performance (Fritts et al. 2000), meat quality (Pelicano et al. 2003;
Liu et al. 2012), as well as performance in birds affected with necrotic enteritis
(Tactacan et al. 2013). B. amyloliquefaciens has been shown to improve feed
conversion ratio (FCR; i.e., feed-to-gain ratio) in broiler chickens (Flores et al.
2019). Besides, dietary addition of probiotics improves production performance by
stimulating the immune system, improving the antioxidant status, and synthesis of
endogenous antimicrobial peptides in the intestine (La Ragione and Woodward
2003; Lee et al. 2011). Several studies demonstrated that supplementation of diets
with different probiotics could improve the growth performance of chickens (Yang
et al. 2012; Zhang et al. 2012) and pigs (Meng et al. 2010; Park et al. 2019).
Supplementation of Enterococcus faecium (0.5% of the total diet) reduced the counts
of Salmonella and also increased body weight gain and breast muscle yield in
broilers (Gheisar et al. 2016).

Probiotics act by enhancing the activity of certain digestive enzymes like pro-
teases, lipases, and amylases (Fuller 2001) and improving mucosa ultrastructure
(Gheisar et al. 2016), thereby aiding in digestion and absorption of nutrients
(Savaiano et al. 1984). However, some contrasting reports are available where
dietary probiotics showed no effects on the growth performance of broiler chickens
(Mountzouris et al. 2007; Lee et al. 2010) and pigs (Hu et al. 2019; Zhang et al.
2019). These discrepancies may be attributed to the probiotic strains, dosage,
processing of feeds containing probiotics, age of animals, composition of diet, and
hygiene status (Lee et al. 2010; Zhang et al. 2012).

The effect of certain probiotics on improvement of FCR can be better explained
by the study of Singh et al. (2014), which reported that the metagenomic analysis of
faecal samples of high FCR animals had higher abundances of the genera of
Lactobacillus, Bacteroides, Acinetobacter, Streptococcus, and Clostridium, whereas
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low FCR animals had more abundances of Escherichia, Salmonella, and Shigella. Tt
suggests that the establishment of a good gut microbiome is needed for overall
performance improvement in the animals (Stanley et al. 2012; Markowiak and
Slizewska 2018).

7.6.2 Ruminants
7.6.2.1 Feed Intake and Digestion

One of the prominent effects of probiotics is their ability to enhance the voluntary
feed dry matter intake (DMI). The optimum DMI and digestibility are vital for
supplying nutrients essential for animal growth, milk and meat production. Consid-
erably less research has been performed on bacterial probiotics than yeast in this
aspect. When a combination of Enterococcus and yeast was fed, cows had higher
DMI (Nocek and Kautz 2006), whereas, no effect on DMI was noticed by others for
bacterial (Ghorbani et al. 2002; Raeth-Knight et al. 2007) and yeast (Kamalamma
et al. 1996; Keyser et al. 2007) probiotics. It appears that basal diet, species, and
strain of probiotics influence the effect of probiotics on DMI. However, meta-
analysis of studies considering various yeast products concluded a mean daily
increase in DMI response of 0.44 kg (Desnoyers et al. 2009) and 0.62 kg (Poppy
et al. 2012) in dairy cows, and 1% increase in feedlot cattle (Wagner et al. 2016).

Improvement in digestibility of complex forage carbohydrates such as neutral
detergent fibre (NDF) confers practical benefits because 0.17 kg DMI and 0.25 kg
4% fat-corrected milk production are increased per unit increase of NDF digestibility
(Oba and Allen 1999). It is proposed that a higher fibre digestion with probiotics is a
consequence of microbial population shift towards cellulolysis, as described in the
previous section. In this direction, improvement in fibre digestion upon probiotic
yeast supplementation has been demonstrated (Guedes et al. 2008; Tang et al. 2008;
Pal et al. 2010), while few studies reported a better protein digestion as well
(Desnoyers et al. 2009; Pal et al. 2010; Bitencourt et al. 2011). Fungal culture
(Orpinomyces sp. and Piromyces sp.) administration has shown to improve DM
digestion in growing buffaloes (Tripathi et al. 2007). Nonetheless, few researchers
failed to register any changes with probiotic yeast supplementation on nutrient
digestibility (Yoon and Stern 1995; Kamalamma et al. 1996). Therefore, the effect
of probiotics on digestibility has been inconsistent across multiple studies, which is
influenced by different factors such as dose, diet, species, strains, and physiological
status of animals (Patra 2012).

7.6.2.2 Milk Yield and Composition

Literature reveals mixed effects of bacterial and fungal probiotics on milk production
performance and efficiency. In this regard, Moallem et al. (2009) and Maamouri
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et al. (2014) found an increase in milk production by 4 and 8%, respectively, with
higher fat and protein content when dairy cows received S. cerevisiae in diets.
Similarly, Lehloenya et al. (2008a, b) also noted better milk production performance
in Holstein cows on feeding a combination of yeast culture and propionibacteria.
Also, dairy cows produced more milk components on receiving corn grains treated
with Aspergillus oryzae (Yu et al. 1997). In addition, Ayad et al. (2013) observed
greater lactation persistency with yeast supplementation. Beneficial response seems
less evident in low producing crossbred cows to supplemental yeast culture
(Kamalamma et al. 1996). Nevertheless, meta-analysis studies on different probiotic
yeast products revealed positive effects on milk production and composition in dairy
cows (Robinson and Erasmus 2009; Desnoyers et al. 2009; Poppy et al. 2012). Yeast
could also improve feed efficiency by 3% in dairy cows (De Ondarza et al. 2010).
Overall, it is reasonable that the improved lactation responses could be a conse-
quence of increased DMI and digestibility, thereby ensuring increased availability of
nutrient precursors for the synthesis of milk and milk components.

7.7 Faecal Shedding of Gut Pathogens

Faecal shedding of potential zoonotic pathogens like E. coli, Clostridia, and Salmo-
nella represents a serious food-borne public health risk associated with cattle
production (Chaucheyras-Durand and Durand 2010). Probiotic supplementation
can confer benefits in reducing the shedding of these gut pathogenic microbes into
environment and contamination to meat and milk. In this direction, the results of a
systematic review and meta-analysis found that probiotic combination of Lactoba-
cillus acidophilus and Propionibacterium freudenreichii was more efficacious in
decreasing the prevalence of faecal E. coli O157 in feedlot cattle (Wisener et al.
2014). Similarly, B. subtilis and B. licheniformis addition to the diet reduced E. coli
shedding in laying hens (Upadhaya et al. 2019). The mechanisms underlying the
elimination of pathogens from intestinal tract have been attributed to competitive
exclusion, production of bacteriocins, and stabilising tight junction proteins of
intestinal epithelium (McAllister et al. 2011). In pigs, adhesion of pathogens (e.g.,
Salmonella, Clostridium, and E. coli strains) to intestinal mucosa has been reported
to reduce by Bifidobacterium lactis Bb12 and/or Lactobacillus rhamnosus LGG
(Collado et al. 2007). Moreover, probiotics can inhibit pathogens to invade the gut
epithelial cells (Oelschlaeger 2010). Therefore, probiotics offer an opportunity to
minimise digestive carriage of human pathogens from animals, ensuring safe farm to
fork operation.
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7.8 Probiotics in Pre-ruminant Nutrition

Rearing young ruminants such as calves constitute an important activity in dairying
as these represent future stocks of heifers or cows, and it is recognised that calf
rearing practices impact lifetime milk productivity of cows (Heinrichs and Heinrichs
2011). Young ruminants do not have fully developed rumen for microbial
fermentation.

Probiotic bacteria and yeast exhibit differentiated actions in calves/pre-ruminants.
Probiotic formulations containing mostly lactic acid bacteria have been studied in
case of pre-ruminants. The lactic acid bacteria and spores of Bacillus sp. generally
target small intestine, where they act primarily by limiting the colonisation of gut
pathogens (E. coli and Salmonella) through competitive exclusion and improving
immunity, thereby preventing diarrhoea (calf scour), faecal shedding of coliform
bacteria, improved feed efficiency (i.e., gain-to-feed ratio) and growth, and reduced
morbidity rate in calves (Krehbiel et al. 2003; McAllister et al. 2011). Further,
a meta-analysis study has shown that lactic acid bacteria supplementation in calves
can decrease diarrhoeal incidences (Signorini et al. 2012), improve body weight gain
and feed efficiency (Frizzo et al. 2011).

Yeast-based probiotics exert their action by enabling early establishment of
ruminal microbial communities like cellulolytic bacteria and ciliate protozoa
(Chaucheyras-Durand et al. 2008), which results in early initiation of digestion of
complex forage carbohydrates. Consequent to rapid development of functional
rumen mediated through papillae length, width, and rumen wall thickness, an
improvement in DMI, feed efficiency, and growth rate (Tripathi et al. 2007) as
well as improved carcass (meat) quality attributes (Wagner et al. 2016) have been
observed. It is noteworthy here that the beneficial effects are more pronounced in
calves subjected to poor and stressful raising than under ideal managemental
conditions (Alugongo et al. 2017).

7.9 Effect on Oxidative Stress

Body normally maintains an equilibrium between oxidants (produced during normal
metabolic activities such as reactive oxygen and nitrogen species) and anti-oxidants
(e.g., endogenous superoxide dismutase, peroxidase, catalase, and reduced glutathi-
one). Increased reactive oxygen species are detrimental to health of animals. Dietary
probiotics have been shown to nullify the adverse influence of oxidative stress up to
a large extent by promoting antioxidant enzyme activities (Tabidi et al. 2013; Singh
et al. 2014). This helps in preventing accumulation of excess reactive oxygen species
and improving the health and production parameters (Pridmore et al. 2008; Wen
etal. 2011) as found with probiotics like B. subtilis (Lee et al. 2011; Bai et al. 2017),
and/or its combination with Saccharomyces boulardii (Rajput et al. 2013). The
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reduction in oxidative stress may be attributed to the stabilisation of intestinal
microbiota and their metabolic activities (Pridmore et al. 2008).

7.10 Effect on Meat Quality

Supplementation of probiotics in diets has shown to improve meat quality parame-
ters namely pH, tenderness, and colour in chickens (Pelicano et al. 2003; Kim and
Yoon 2008; Zhou et al. 2010; Bai et al. 2017; Atela et al. 2019). However, the effect
is not generalised as some strains of probiotics did not offer any encouraging
benefits on meat quality (Kim and Yoon 2008; Zhang et al. 2012). This may be
attributed to the species difference in probiotics and gut microbiome composition
(Bai et al. 2017), which affect the pH of GI tract, influence growth of animals,
protein and fatty acid composition of meat (Popova 2017).

7.11 Other Beneficial Effects of Probiotics

Apart from the above discussed advantages of probiotics, there are some less
studied/minor effects of probiotics as listed in Table 7.7. These include improvement
in nutraceutical value of milk by increased secretion of health-promoting conjugated
linoleic acid, preventing mastitis in dairy cows, acting as silage inoculants,
minimising mycotoxin adversity and alleviating mimosine toxicity in leucaena-
fed animals (Hammond 1995).

Table 7.7 Other beneficial effects of probiotics in ruminants

Probiotic

Feature organism Description Reference

Conjugated Butyrivibrio | Potential to improve nutraceutical/functional | Jaglan et al.

linoleic acid sp. value of milk (2019)

production

Minimising inci- | Lactic acid | Still under experiment and sound scientific Rainard and

dence of mastitis | bacteria validation has not been established Foucras
(2018)

As a silage addi- | Lactic acid | Improvement in nutritive and quality parame- | Bernardi

tive/inoculant bacteria ters of silage and in turn impacting positive et al. (2019)

animal performance

Ameliorating S. cerevisiae | Binding feed mycotoxins and reducing milk | Jiang et al.

mycotoxin aflatoxin (AFM,) excretion (2018)

menace

Preventing Synergistes | Degradation of toxic metabolites of Leucaena, | Hammond

mimosine Jjonesii thereby preventing mimosine toxicity (1995)

toxicity
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7.12 Conclusion and Practical Considerations in Probiotic
Supplementation

Although there are a plethora of additives available to boost productivity and
efficiency, the supplementation of probiotics have become a preferred choice in
animal food production systems due to their distinct benefits. In ruminants, enor-
mous body of literature explored the use of probiotics, but the primary target has
been the rumen and improving fermentation efficiency, thereby impacting produc-
tion performance. Out of the several species of probiotic organisms investigated, the
most studied category is yeast followed by bacterial probiotics in ruminant nutrition,
where they may stabilise the ruminal pH and increase fibre digestion. In
non-ruminants (particularly, poultry and pig), bacterial probiotics dominate over
yeast in influencing performance attributes. Probiotics, either singly or in combina-
tion, belonging to genus Bacillus, Lactobacillus, Streptococcus, Pediococcus,
Enterococcus, Aspergillus, Saccharomyces, and Candida are commonly used.
When they are added to the diet in required quantities, they help in sustaining and
improving the beneficial gut microbiota, enhancing host immunity, and inhibiting
the pathogens in gut. These beneficial effects are not always obtained, which
depends upon the species and strains of probiotics used in the diets.

In modern livestock production systems, feeding complete feeds to monogastric
animals and concentrate to ruminants in steam-pelleted form is gaining popularity
worldwide. When such feeds are used as vehicle for supplements including
probiotics, heat or pellet stability becomes crucial because most of the yeast as
well as lactic acid bacteria may be killed or deactivated during pelleting. Therefore,
encapsulated and more temperature withstanding forms of commercial probiotics are
the needs of today’s feed industry, while on-top supplementation at farm level can go
without requirement for any heat stability. In either of these cases, it is important to
ensure the correct daily dose of particular probiotic required per animal for realising
the potential benefits.
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Abstract Probiotics are beneficial microorganisms which when consumed live
impart positive health effects to the consumer. Bacteria, yeast, and mold are the
microorganisms that are used as probiotics but the majority of the microorganisms
used as probiotics are bacteria from genus Lactobacillus, Lactococcus,
Bifidobacterium, and Streptococcus. These are similar to those naturally found in
the intestine and have an important role in improving the general health of human
and other animals which provides protection from different kinds of ailments.
Probiotics provide various health benefits such as improvement of gut health,
boosting of immune response, reduction in serum cholesterol level and blood
pressure through a variety of mechanisms thereby improving overall health of the
consumers. Competition for binding sites with pathogens on the epithelial cells of GI
tract thus preventing the infection, generation of certain metabolites like bacteriocins
which reduces pathogenic bacterial growth, strengthening of the epithelial barrier,
improved adhesion to intestinal mucosa, and resulting in the inhibition of pathogenic
adhesion and immune system modulation are some key mechanisms of probiotic
action. Thus these have the potential to treat many diseases like gastroenteritis,
cancer, diarrhea, inadequate lactose digestion, irritable bowel syndrome, allergies,
urogenital infections, cholesterolaemia, Helicobacter pylori infections, and inflam-
matory bowel disease (IBD). Due to their numerous claimed health benefits,
probiotics are attaining more interest as alternatives for anti-inflammatory drugs or
antibiotics that have led to the growth of probiotic market. Presently, a number of
probiotic products with claimed therapeutic values are available in the market.
Further, more research on probiotics and their therapeutic benefits is required
which will provide scientific basis for using probiotics for prevention and treatment
of many diseases. In this chapter, the various roles played by probiotics in
maintaining and improving health of human beings will be discussed.
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8.1 Introduction

A large and diverse number of microbes inhabit the gastrointestinal tract (GIT) of
mammals; where along with their genomes these constitute the microbiome of gut
(Marchesi and Ravel 2015). Within the host, bacteria, archaea, fungi, protozoa, and
viruses coexist and interact reciprocally and also with epithelial and immune cells of
the host. The immune-mediated disorders like allergic diseases are increasing rapidly
which is linked to the little exposure to microorganisms at the initial stages of life.
The intestine, which is called the largest immune organ, contains most of the
antibody-producing cells. Several studies showed that gut microbiota play an impor-
tant role in maintaining the homeostasis, health, and disease in human. Gastrointes-
tinal function, appetite, and immune response are some areas that are associated with
microbiome of the gut (van de Wouw et al. 2017).

Probiotics are viable microorganisms that enhance the well-being of the host.
Mostly, probiotics are bacteria which are similar to beneficial gut microorganisms of
human. Probiotics in the form of capsules, tablets, liquid form, gel, paste, and
powders as foods and dietary supplements and beauty products are available in
market. Milk products (both fermented and unfermented) such as tempeh, miso, soy
beverages, and different types of juices are examples of foods that contain probiotics.
Probiotics are already present or added in the preparation of food items. A single
bacterial strain or an association of more bacterial strains (consortium) is used as
probiotics. Various health benefits are provided by probiotics as they improve gut
health, act as an enhancer of the immune response, and reduce the serum cholesterol;
they are also used in the treatment of different types of diarrhea, irritable bowel
syndrome, urogenital infections, and improvement of lactose metabolism.

8.2 History of Probiotics

During the late nineteenth century, microbiologists discovered that the microbes
which are present in the GI tract of disease-free human are different from those in
persons with any disease. These microorganisms which are found in the GI tract
provide beneficial effects and were termed as probiotics. In its truest sense,
probiotics means “for life.” Fundamentally, probiotics are microorganisms that put
forth health promoting influence on humans as well as in animals.

Elie Metchnikoff during 1900 hypothesized that the utilization of fermented milk
is the reason behind the healthy and long lives of Bulgarian peasants. This hypoth-
esis leads to the development of idea of probiotics. During his study, he suggested
that beneficial microorganisms contained in the yogurt protect the host from the
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detrimental effects of other pathogenic microorganisms (Metchnikoff and Metchni-
koff 1908). He isolated various strains of lactobacilli from yogurt and named them
Lactobacillus bulgaricus. According to his study, fermented milk products can be
prepared by using pure cultures of L. bulgaricus. Metchnikoff hypothesized that
lactobacilli eliminate pathogenic toxin-producing bacteria from the intestine. In
1912 at Saint Petersburg the first bacterial drug, Lactobacillin also promoted by
Metchnikoff, was manufactured [http://www.probiotics-help.com/mutaflor.
html]. Further, Rettger and colleagues extensively researched the mechanism of
the probiotic effects and the use of intestine-derived species after Metchnikoff’s
death.

The very first clinical trials to check the effectiveness of probiotics in relieving
constipation was carried out in the 1930s. Later in 1950s, a probiotic product was
authorized as a drug for the treatment of scouring caused by E. coli among pigs by
the United States Department of Agriculture (Orrhage et al. 1994). Many probiotic
species have been used in the elimination and for the treatment of diverse range of
diseases. The blood serum cholesterol can be reduced by consuming the fermented
yogurt containing Lactobacillus sp. which opened a new area of research. Reduction
in the serum cholesterol was also reported in the infants when cells of Lactobacillus
acidophilus were added to their formula. As the commonly used antibiotics are
becoming useless due to antibiotic resistance, so the World Health Organization in
1994 described probiotics as the subsequent vital immune defense system.

Probiotics play various roles, for instance, the production of antimicrobial com-
pounds such as lactic acid which help in the preservation of milk and also produce
flavor compounds like acetaldehyde in yogurt and cheese. Probiotics give a product
with the organoleptic characters by the generation of certain metabolites (e.g.,
extracellular polysaccharides) and also help in bio-enrichment of food items by the
synthesis of vitamins and free amino acids. In addition to basic nutritional value,
probiotics are widely reported to provide various health benefits to the consumers
(Benchimol and Mack 2004). These are also reported to control the level of serum
cholesterol thus showing exceptional prophylactic or remedial properties. The reme-
dial benefits include the prevention against a number of intestinal infections, and
improving the lactose metabolism of lactose-containing foods.

8.3 Probiotic Microorganisms

The microorganisms used as probiotics are bacteria, yeast, and mold, but the
majority of probiotics used are bacteria. The microbial strains used as probiotics
include the different species of Bacillus, Lactobacillus, Lactococcus,
Bifidobacterium, Streptococcus, Enterococcus, E. coli, a range of yeast species,
and undefined varied cultures of microbes. In humans, Lactobacillus and
Bifidobacterium species are most extensively used as probiotics, while species of
Enterococcus, Bacillus, and Saccharomyces have been commonly used in farm
animals. Among LAB, species of Lactobacillus acidophilus, L. bulgaricus,
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L. brevis, L. casei, L. delbrueckii, L. fermentum, L. helveticus, L. johnsonii, L. lactis,
L. rhamnosus, L. reuteri, L. plantarum, L. salivarius, L. sporogenes, L. farciminis,
and L. paracasei are used. Streptococcus thermophilus, S. cremoris, Enterococcus
faecalis, E. faecium, Bifidobacterium bifidum, B. breve, B. infantis, B. adolescentis,
B. lactis, B. longum, Leuconostoc mesenteroides, Pediococcus spp.,
Propionibacterium spp. are also reported to be used as probiotics. Yeasts and
molds belonging to Saccharomyces cerevisiae, Saccharomyces boulardii, Candida
pintolopesii, Aspergillus niger, and A. oryzae are also used in different probiotic
products (Amara and Shibl 2015) and these microorganisms/products are used in
prevention and curing of many diseases (Table 8.1).

8.4 Mechanism of Probiotic Action

Probiotics, mostly lactic acid bacteria and their food variants, provide various
important nutritional and remedial health benefits to the consumers such as
anticarcinogenic and antimutagenic activity (Lee et al. 2004). These provide health
benefits to the consumers by a variety of mechanisms.

Following are the mechanisms through which probiotics confer health benefits to
the organisms:

8.4.1 Competition with Pathogens

Probiotics maintain or restore the balance of host-microbial association and therefore
reduce intrusion and colonization of pathogens. The endogenous microbes remain
present in all the functional niches in our gut; thereby reducing the pathogenic foray
and establishment in that ecological community. Probiotics can also reside in useful
niches or they can change the local environment directly by secreting short-chain
fatty acids (SCFAs), bacteriocins, lactic acid, and reactive oxygen species that
suppress the growth of pathogens (Harper et al. 2018).

8.4.2 Production of Metabolites

Several species of the gut microbiome impart the production of SCFAs and various
vitamins (nicotinic acid, thiamine biotin, vitamin B,, folate, pyridoxine, and vita-
min K) (Vandenplas et al. 2015). Moreover, probiotic microorganisms also produce
butyrate which plays a major source of energy for enterocytes and is involved in the
wear and tear of the gastrointestinal wall (Rios-Covian et al. 2016).
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Table 8.1 Probiotics used in prevention and treatment of various diseases/disorders

Type of diseases or
disorders

Probiotic strains used

References

Kidney/Urinary
stones

L. acidophilus LA-14, L. plantarum PBS067,
B. longum PBS078, B. brevePBS077, Oxalobacter
formigenes

Giardina et al.
(2014)

Atopic Diseases

Lactobacillus casei, L. acidophilus, L. salivarius,
B. bifidum, B. lactis, L. rhamnosus lactis, L. GG,
L. fermentum, and Lactococcus lactis

Doege et al.
(2012)

Colic L. casei, L. rhamnosus, L. delbrueckii subsp. Nation et al.
bulgaricus, S. thermophilus, L. reuteri DSM 17938, | (2017)
L. acidophilus, B. infantis, B. breve

Helicobacter pylori Lactobacillus, Bifidobacterium, and L. johnsonii Yvan et al.

Infection L. rhamnosus GG (2015)
Bifidobacterium animalis ssp. lactis (DSM15954) Dang et al.
L. reuteri DSM 17938 (2014)
Mixture of L. bulgaricus and L. acidophilus and Hauser et al.
S. thermophilus and B. bifidum and galacto-oligosac- | (2015)
charides Manfredi et al.
Streptococcus faecalis, L. acidophilus, Bacillus (2012)
subtilis Du et al. (2012)
Bacillus clausii (Enterogermina strains) Emara et al.
Saccharomyces boulardii CNCM 1-745 (2014)

L. reuteri ATCC 6475 and L. reuteri DSM 17938

Acute and antibiotic
associated diarrhea

Lactobacillus rhamnosus, L. reuteri, L. rhamnosus
GG, and L. acidophilus

Saccharomyces boulardii, B. animalis subsp. lactis
alone or in mixture with S. thermophilus, L. casei
Yogurt having L. casei DN114, S. thermophilus and
L. bulgaricus

Bifidobacterium lactis W18, B. longum W51,

B. bifidum W23, L. acidophilus W37 and W55,

L. rhamnosus W71, Enterococcus faecium W54,
L. salivarius W24, L. paracasei W72, and

L. plantarum W62

L. rhamnosus GG, Enterococcus faecium SF68,

L. bulgaricus, B. longum, L. acidophilus and Sac-
charomyces boulardii

Phavichitr et al.
(2013)

Hempel et al.
(2012)

Koning et al.
(2008)

Tiwari et al.
(2012)

Candida infection

Lactobacillus rhamnosus, Lactobacillus
reuteri, Propionibacterium freudenreichii

Jgrgensen et al.
(2017)

Constipation

Bifidobacterium sp., B. lactis, B. infantis, B. breve,
L. casei, B. longum, L. rhamnosus, Streptococcus
thermophilus, L. bulgaricus, L. acidophilus

L. acidophilus (KCTC 11906BP), B. bifidum (KCTC
12199BP), Streptococcus thermophilus (KCTC
11870BP), B. lactis (KCTC 11904BP), B. longum
(KCTC 12200BP), and L. rhamnosus (KCTC
12202BP)

Fructo-oligosaccharides (FOS) with the cultures of
L. acidophilus (NCFM), L. paracasei (Lpc-37),

Sadeghzadeh

et al. (2014)
Yeun and Lee
(2015)
Waitzberg et al.
(2013)

Ojetti et al.
(2014)

(continued)
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Type of diseases or

disorders Probiotic strains used References
B. lactis (HNO19), and L. rhamnosus (HNOO1)
L. reuteri DSM 17938
Irritable bowel B. bifidum MIMBb75, B. lactis, L. casei, Cayzeele-
syndrome L. acidophilus, and L. plantarum, S. cerevisiae Decherf et al.
L. acidophilus NCIMB 30175, L. plantarum NCIMB | (2017)
30173, L. rhamnosus NCIMB 30174, and Entero- Ducrotté et al.
coccus faecium NCIMB 30176 (2012)
fructo-oligosaccharides and Bacillus coagulans Ford et al.
L. delbrueckii ssp. bulgaricus LBY-27, (2014)
L. acidophilus LA-5, L. animalis ssp. lactis BB-12, Sisson et al.
S. thermophilus STY-31 (2014)
S. boulardii CNCM 1-745 Rogha et al.
E. coli DSM17252 (2014)
L. plantarum 299v (DSM 9843) Jafari et al.
B. animalis DN-173010, B. infantis 35,624 in (2014)
fermented milk (along with L. bulgaricus and Choi et al.
S. thermophilus) (2011)
L. acidophilus SDC 2012, 2013 Guglielmetti

B. animalis ssp. lactis Bb12 DSM 15954,

L. rhamnosus LC705, L. rhamnosus GG,
Propionibacterium freudenreichii ssp. shermanii JS
DSM 7067

L. plantarum CECT 7485, L. plantarum CECT 7484,
Pediococcus acidilactici CECT 7483

Bacillus coagulans GBI-30, 6086

et al. (2011)
Moayyedi et al.
(2010)
Agrawal et al.
(2009)

Sinn et al.
(2008)
Kajander et al.
(2008)
Lorenzo-Zuiiga
et al. (2014)
Dolin (2009)

Acute viral upper
respiratory infections

L. paracasei, L. rhamnosus, L. acidophilus,
B. bifidum, L. casei Shirota, L. plantarum and
B. animalis ssp. Lactis, Streptococcus salivarius

Shida et al.
(2017)

Modulation of gut —
brain axis

L. lactis ssp. lactis and B. animalis ssp. Lactis

Liu et al. (2015)

Colon Cancer

Lactic acid bacteria

Kahouli et al.
(2013)

Diabetes and Obesity

L. rhamnosus CGMCC1.3724, L. gasseri SBT2055,
L. acidophilus NCFM

Sanchez et al.
(2014)

Clostridium difficile—
associated diarrhea

Yogurt with L. bulgaricus and L. casei DN114 and
S. boulardii CNCM 1-745, S. thermophilus

L. acidophilus NCFM with L. rhamnosus HNOO1
B. bifidum with L. acidophilus (Cultech strains)

L. casei LBC80OR and L. acidophilus CL1285

Goldenberg

et al. (2017)
Lahtinen et al.
(2012)
Plummer et al.
(2004)
Johnson et al.
(2012)

(continued)
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Table 8.1 (continued)
Type of diseases or
disorders Probiotic strains used References
Hepatic Combination of different strains of L. delbrueckii ssp. | Lunia et al.
encephalopathy bulgaricus, L. acidophilus, L. casei, L. plantarum, (2014)
B. breve, B. longum, B. infantis, and S. salivarius ssp. | Shukla et al.
thermophilus (2011)
Yogurt containing L. acidophilus, L. bulgaricus,
L. casei, S. thermophilus, and bifidobacteria
NAFLD Yogurt containing S. thermophilus and L. bulgaricus | Nabavi et al.
supplemented with B. lactis Bb12 and L. acidophilus | (2014)
Las Eslamparast
Combination of L. acidophilus, L. rhamnosus, et al. (2014)
L. casei, B. longum, S. thermophilus, L. bulgaricus,
and B. breve with fructo-oligosaccharides
NASH B. longum W11 + FOS Malaguarnera
S. thermophilus and L. bulgaricus et al. (2012)
Aller et al.
(2011)

IBD—pouchitis and
Icerative colitis

Mixture containing strains of L. delbrueckii ssp.
bulgaricus, L. plantarum, L. acidophilus, L. casei,
B. breve, B. longum, B. infantis, and S. salivarius ssp.
thermophilus

Gionchetti et al.
(2007)

Lactose intolerance

Yogurt containing alive cultures of S. thermophilus
and L. delbrueckii ssp. bulgaricus

EFSA (2010)

Acute gastroenteritis

L. rhamnosus GG

S. boulardii CNCM 1-745

L. acidophilus

L. reuteri DSM 17938

B. bifidum and L. acidophilus

B, infantis and L. acidophilus

E. coli Nissle 1917

L. rhamnosus GC, L. casei strain Shirota,

L. acidophilus, B. bifidum and S. thermophilus,
L. reuteri, E. faecium SF68, L. delbrueckii var.
bulgaricus, S. boulardii

Szajewska et al.
(2014)
Szajewska and
Skérka (2009)
Klanifar et al.
(2009)
Urbariska et al.
(2016)
Leeetal. (2001)
Canani et al.
(2007)

Rafeey et al.
(2008)

Tiwari et al.
(2012)

Traveler’s diarrhea

L. fermentum strain KLD, L. acidophilus,
L. rhamnosus GG, L. bulgaricus, and S. boulardii

Tiwari et al.
(2012)

8.4.3 Immunomodulatory Effects

Since so long, probiotics are known to have diverse positive effects on the immune
system. These probiotic strains have the property of inducing IL-12 and also have
natural killer (NK) cell immunity and thus considered to possess immune-
stimulatory effects (Aziz and Bonavida 2016). Other species are immune-regulatory
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due to their ability to regulate T cell pathways and stimulation of interleukin IL-10
(Azad et al. 2018). The specific probiotic species or strains have a specific effect with
some species performing as pro-inflammatory and others as anti-inflammatory
agents on the immune system.

8.4.4 Removal of Contaminants/Heavy Metals

Some probiotics have the ability to lower the risk of ingested heavy metals and
hazardous chemicals. Cell wall of probiotic bacteria plays an important role in the
removal of metals. The bacterial cell wall binds to the metals by using three main
mechanisms, firstly, by ion exchange reactions with teichoic acid and peptidoglycan,
secondly, by nucleation reactions causing precipitation, and thirdly, by forming
complexes with oxygen and nitrogen ligands (Mueller et al. 1989). For example,
Pediococcus pentosaceus destroy fumonisins, cluster of mycotoxins produced by
fungi (Vandenplas et al. 2015).

8.4.5 Metabolism of Xenobiotics and Drugs

Research on gut microbiome revealed that p-cresol metabolite of gut microbe
inhibits the liver enzyme hepatic sulfotransferase by competitive inhibition thus
reducing the ability of the liver to metabolize paracetamol. The similar role in
drug and xenobiotic metabolism played by the microorganisms present in gut
could have a significant effect on therapy options in the times to come (Jandhyala
et al. 2015). Furthermore, several studies showed that pollutants from dietary and
environmental chemicals interfere with gut bacterial function and therefore can
induce a pro-inflammatory response and affect host health (Defois et al. 2018).
Supplementation of probiotics can further help gut flora to effectively metabolize
various drugs and even xenobiotics.

8.4.6 Bile Acid Metabolism

Primary bile acids are deconjugated and dehydrated by some species of the gut
microbiota—Ilike Bacteroides intestinalis—and convert them into secondary bile
acids (Jandhyala et al. 2015). Secondary bile acids are responsible for inhibition of
spore germination in Clostridium difficile and, hence, restrain the growth of vegeta-
tive forms of C. difficile.
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8.5 Effects on Health

Probiotics have a variety of beneficial health effects on human as well as on animals.
Probiotics have potential to treat certain diseases like gastroenteritis, cancer, diar-
rhea, inadequate lactose digestion, irritable bowel syndrome, allergies,
cholesterolaemia, Helicobacter pylori infections, and IBD. Other than these effects,
probiotics furthermore stimulate immune system by a variety of mechanisms thereby
improving overall health of the consumers. The positive effects of probiotics on
some diseases/physiological conditions are being discussed in the following
sections:

8.5.1 Hypertension

Several studies revealed that the probiotics and their products play an important role
in improving the cholesterol level in the body that helps in balancing the blood
pressure (Guo et al. 2011). Probiotics decrease the blood pressure via different
mechanisms, for instance, by insulin resistance, lowering in the level of blood
sugar, and by regulation of rennin-angiotensin system which further results in
decrease in the blood or serum cholesterol. In hypertensive conditions, probiotic
supplementation might be helpful in reducing blood pressure. Various clinical
studies and primary studies on animals showed that the probiotics and their products
take part in controlling the blood pressure. During a clinical trial on hypertensive
patients, there is considerable decrease in both systolic and diastolic blood pressure
when patients were supplemented with fermented milk containing starter culture of
bacteria, Lactobacillus helveticus, and yeast, Saccharomyces cerevisiae (Hata et al.
1996). A study revealed that two tripeptides (isoleucine-proline-proline and valine-
proline-proline) function as angiotensin-I-converting enzyme inhibitors and helps in
the reduction of blood pressure. These tripeptides were isolated from the milk-based
medium in which starter culture of Saccharomyces cerevisiae and Lactobacillus
helveticus was used (Figueiredo et al. 2018). Many probiotic strains like Lactoba-
cillus acidophilus, L. bulgaricus, L. casei, L. delbrueckii, L. helveticus, L. kefiri,
L. rhamnosus, L. rhamnosus GG, Bifidobacterium longum, Bifidobacterium breve,
Streptococcus thermophiles, Saccharomyces cerevisiae are used for anti-
hypertension treatment (Rerksuppaphol and Rerksuppaphol 2015; Ekhlasi et al.
2017).

In hypertensive patients, the administration of powdered probiotic cell extracts
results in a reduction in heart rate and blood pressure. The role of consumption of
probiotic on heart disease by lowering the blood pressure and blood lipid levels can
be assessed by long-term and well-controlled human studies. As risk of heart disease
is widespread so the regular consumption of probiotics may act as preventive
measure against heart disease.
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8.5.2 Urogenital Infections

The abnormal vaginal condition that is comprised by vaginal discharge which is due
to the overgrowth of atypical bacteria in the vagina is called bacterial vaginosis.
Urogenital infections happen because of alteration in vaginal environment where
concentration of lactobacilli is less or absent. The intestinal tract is the prevalent
cause of pathogens for urogenital infection in women. Vaginal infections are mainly
due to Trichomonas, Candida, Mycoplasma hominis, and Gardnerella vaginalis.
The causative organisms of urinary tract infections are Escherichia coli, Chlamydia,
and Candida, Proteus spp., Staphylococcus spp., and Klebsiella spp. (Lim et al.
2009). Vaginal infections lead to many problems including low birth-weight neo-
nate, immature delivery, abdomen infections which can cause sterility, and sexually
transmitted diseases.

The major microbial factor which is responsible for the protection of urogenital
cells is Lactobacillus spp. Lactobacilli are main bacteria associated with vaginal
health where they reduce the growth of bacterial pathogens (Cadieux et al. 2002;
Reid and Bruce 2001; McLean and Rosenstein 2000). These species regulate the
occurrence, expansion, establishment, and perseverance of non-endogenous
microbes in vagina. Probiotic microorganisms, viz. Lactobacillus acidophilus,
L. crispatus, L. rhamnosus, L. reuteri, L. gasseri, L. vaginalis, and Streptococcus
thermophilus, are used for the elimination of recurring bacterial vaginosis (Ya et al.
2010; Siroli et al. 2017). The consumption of products containing these microor-
ganisms can effectively help in treating UTIs. The thought of oral probiotic use is
based on the fact that pathogens that cause most of the urinary tract infections
progress from the rectum to the vagina and the mesentery. Probiotics help in the
reduction of urogenital infection by the stimulation of immune response, and
produce some organic acids that reduce the vaginal pH, competitive exclusion,
and generation of certain antimicrobial substances (bacteriocins and hydrogen
peroxide).

Alternative medicines are beneficial to those with chronic vaginal symptoms
(Nyirjesy et al. 1997), while intake of probiotics such as lactobacilli can prevent
the occurrence of vaginal infection, by the recolonization of lactobacilli in the
vaginal tract. Although the application of lactobacilli in UTIs (urinary tract infec-
tions) has been studied, but until now the oral administration method is not used
(Reid et al. 1998).

The dried lactobacilli ([@10° colony-forming units/dose) were given weekly
through intravaginally to premenopausal women and it was observed that the urinary
tract infection reduced to 5 percent in a year (Reid and Bruce 1995). In placebo-
controlled trials including 38 women, vaginal lactobacilli were found to decrease the
possibility of urinary tract infection (Reid 1995). These studies suggested that
lactobacilli play a major role to prevent urogenital infections in women by
suppressing pathogenic bacteria.
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8.5.3 Lactose Intolerance

Major carbohydrate present in milk is lactose. For the absorption of lactose from
milk, sufficient lactase activity should be present in the small intestine. This enzyme
is present in children, however, reduced in adults in the majority of the people
(Daliria and Lee 2015). Several studies showed that lactose absorption from yogurt
is improved in lactose deficient in lactase activity (Mustapha et al. 1997) having milk
with Lactobacillus acidophilus culture than with normal milk.

Yogurt containing starter cultures of Lactobacillus delbrueckii subsp.
L. bulgaricus, and Streptococcus thermophilus are reported to effectively improve
lactose break down in lactose maldigesters by lactase (B-galactosidase) enzyme
present in the bacteria. Various studies showed that lactic acid present in the yogurt
reduces the lactose intolerance problem in lactase-deficient persons. The activity of
enzyme lactase or -galactosidase in small intestine is enhanced by the presence of
lactic acid bacteria in fermented milk (Marteau et al. 1990).

Various studies were conducted on human, in which the intake of yogurt
containing live culture was compared with that of a pasteurized product, resulting
in improved digestion and absorption of lactose in yogurt containing live cultures
(Labayen et al. 2001). Studies showed that Yakult, in which mixture of Lactobacillus
casei shirota and the bacterium Bifidobacterium breve were used, had satisfactory
effects on patients with lactose intolerance (Vonk et al. 2012).

8.5.4 Cholesterol Removal

Cholesterol plays a significant role to perform several functions in human. Choles-
terol is a constituent of cell membrane that functions as a precursor to many vitamins
and hormones. However, an increase in the level of both low-density lipoprotein
cholesterol and high-density lipoprotein cholesterol is a threat factor for various
cardiovascular diseases. The risk of heart attack is three times more in patients with
increased blood cholesterol level as compared to the persons having normal blood
lipid value (Ghosh 2012). Cholesterol is synthesized within the human body to
maintain the minimum level and diet also affects the serum cholesterol level, while
the effects vary from person to person. Several human studies suggested that the
probiotic products have the potential to lower the level of blood serum cholesterol.

Probiotic bacteria are reported to decrease the cholesterol levels via different
mechanisms such as assimilation of cholesterol by microorganisms, de-conjugation
of bile acids, and by attachment of cholesterol to the cell wall of bacteria. By using
cholesterol, liver produces bile acids that are released into the intestine, and from the
intestine, they are absorbed again and returned to the liver. Probiotic bacteria of the
intestine deconjugate these bile acids as a result decreases the total blood cholesterol
(Bordoni et al. 2013). Certain animal studies evidenced that greater the number of
bacteria in gut, greater elimination of bile acids is there (Mott et al. 1973). Probiotic
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bacteria degrade the bile acids and reduce the reabsorption of bile salts. Due to the
reduction in reabsorption, cholesterol storage in liver begins to reduce.

A study on animals suggested that high level of cholesterol was observed in the
excreta of conventional animals than germ-free animals, which is due to the exis-
tence of microbes in the gut of conventional animals affecting the serum cholesterol
levels. During a trial on human, a decrease in blood cholesterol and low lipid levels
by 4.4 and 5.4%, respectively, was observed when treated with yogurt containing
starter culture of L. acidophilus for various weeks as compared with control
(Schaafsma et al. 1998). Mann (1977) suggested that 3-hydroxy-3-methyl glutaric
acid (HMG) found in fermented milk suppresses the enzyme, i.e., hydroxymethyl
glutaryl CoA reductase that is used in the synthesis of cholesterol. It was also
observed that the probiotics may suppress cholesterol synthesis in liver and its
transportation to liver by generating the metabolites exclusively short-chain fatty
acids (Pereira and Gibson 2002). Several in vitro studies showed that the cultures of
probiotics are capable of removing cholesterol from culture media hence more
emphasis has been given to this aspect of the probiotics. Removal of cholesterol is
due the bile salt hydrolase enzyme produced by probiotic bacteria which hydrolyzed
the acids (Parvez et al. 2005).

8.5.5 Cancer

Cell growth and cell division are controlled by abnormal genes and certain variations
or stimulation of these abnormal genes cause cancer. Generally, cancer does not
result from these abnormal cells as they exceed the normal ones. Most of the
abnormal cells were recognized by the immune system itself and these are
demolished. The prevalence of abnormal cells increases due to many processes or
exposures; therefore, the chance of cancer can be decreased by reducing these
exposures. Out of many exposures, chemical exposures are more likely risky
exposures. Carcinogens can be produced by the microbes of the GI tract during
digestion process. Further, the enzymes like Beta-glucuronidase and nitroreductase
enzymes produced by enteropathogens, for example, E. coli and Clostridium
perferinges transform pro-carcinogens into carcinogens. Probiotic bacteria reduce
the exposure to chemical carcinogens by certain mechanisms including detoxifica-
tion of engulfed carcinogens, and reduce the metabolic processes of bacteria that can
produce carcinogens by changing the conditions of the intestine, generation of
compounds that reduces the expansion of tumor cells, producing the metabolic
products such as butyrate that enhances the capability of cell to die as it is supposed
to die, and activating the immune system to provide protection against the produc-
tion of cancer cells (Sanders 2009).

Several studies carried out involving humans have revealed that probiotics might
inhibit the possibility of colon cancer by deactivating the mutagenic compounds,
generating antimutagenic compounds, decreasing the assimilation of mutagens in
the intestine, suppressing the conversion of pro-carcinogens to carcinogens,
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decreasing the proliferation of procarcinogenic bacteria, and improving immune
functions (Gill and Guarner 2004). Epidemiological and population-based studies
have showed that the utilization of fermented dairy foods with starter cultures
lactobacilli or bifidobacteria decreases the occurrence of breast and colon cancer.
Bifidobacterium decreases the pH of intestine through the generation of organic
acids, specifically lactic acid that creates a bactericidal environmental for these
enteropathogens. Bifidobacterium has antitumor properties, i.e., property to kill
tumor cells caused by phagocyte activation (Sekine et al. 1994).

A study revealed that the utilization of L. casei strain Shirota might detain the
reappearance of cancer in bladder. L. casei Shirota reduces the growth of tumor by
stimulating the immune system, an increase in the number of T-helper cells and NK
cells were reported in patients with colorectal cancer during the use of L. casei
Shirota. According to a hypothesis, lactobacilli bind to the mutagens in the intestine
and reduce the assimilation of these compounds, hence, prevent or delay the tumor
development (Murch 2001; Isolauri 2004).

In the western world, main reason of death from cancer is colorectal cancer
(CRC). Environmental factors, mainly the diet, are associated with approximately
70% of CRC. In vitro studies of human and animals revealed that fermented milk
with probiotic cultures has protecting effects against CRC (Saikali et al. 2004). A
study revealed that the probiotic yogurt prepared with starter culture of Lactobacillus
acidophilus 145 and Bifidobacterium longum 913 considerably reduced fecal water
genotoxicity in comparison to the yogurt without probiotics (Oberreuther-Moschner
et al. 2004). Although, the probiotic treatment also enhances oxidative damage; this
may be due to the pro-oxidative activity or activation of some defense systems.

A study on rats was done and it was observed that the use of product containing
L. acidophilus leads to the decrease in the overall number of colon cancer cells
(De Santis et al. 2000). Another study on animals was conducted where colon cancer
was artificially induced and the treatment with Lactobacillus GG decreases the
prevalence and many tumors. It was observed that Bifidobacterium longum also
reduces the occurrence of mammary tumors, liver, colon, small intestinal tumors in
rats (Orrhage et al. 1994).

The anticancerous activity was reported in the extract of L. casei, L. helveticus,
and L. acidophilus when applied in the treatment of sarcomas in mice. During
in vitro study, it was observed that fermented milk with starter culture of
L. delbrueckii ssp. bulgaricus exhibits antimutagenic activities against 4-NQO (4-
Nitroquinoline 1- oxide), a typical mutagen (Hosono et al. 1986).

8.5.6 Irritable Bowel Syndrome (IBS)

IBS is a persistent and frequent gastrointestinal disorder. Irritable bowel syndrome is
characterized by abdominal pain, bloating, flatulence, and diarrhea. These conditions
are not easy to treat and thus have a considerable influence on the lives of the
patients. IBS is caused by different factors such as food ingestion, abnormal
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absorption of nutrients, and psychosomatic disorders and these factors affect the
motor function of the gastrointestinal tract. Probiotics showed significant conse-
quences on irritable bowel syndrome in the gut.

Different clinical trials revealed that the consumption of different species of lactic
acid bacteria decreases the stomach ache, bloating, flatulence, and constipation. A
study suggested that Saccharomyces boulardii decreases diarrhea, although not
efficient in reducing other symptoms of IBS (Marteau et al. 2001).

A study on patients with IBS illustrated a satisfactory increase in relief of general
symptoms of irritable bowel syndrome and of stomach ache with time when they
receive consortia of L. acidophilus LA 102, S. thermophilus LA 104, Lactococcus
lactis LA 103, B. longum LA 101 (Drouault-Holowacz et al. 2008). In another study,
there was a significant decrease in symptoms of IBS in the experimental group as
compared to the control group where experimental group was fed with a milk drink
containing a mixture of probiotic strains (Kajander et al. 2008). Various studies
revealed that L. rhamnosus GG is less effective for IBS, while L. plantarum 299 V
had a pronounced positive effect on IBS (Niedzielin et al. 2001).

8.5.7 Allergy

During the last 50-60 years, the occurrence of allergy has increased in Western
societies. An allergy is a response of immune system against foreign substances.
There are two types of allergies: an antibody mediated allergy and a cell mediated
allergy. When an individual is exposed to a stimulus at a higher dose, hypersensi-
tivity reactions occur. The allergic reaction is caused by foreign substances (usually
proteins) called allergens. The allergens enter into the human body by number of
ways, for instance, through breathing, intake of food, and skin contact, or enter
during the insect biting and are capable of reaching the immune system (Weiner et al.
2011). Atopy is a genetic tendency which occurs in childhood or adolescence to
induce the production of IgE antibodies when foreign substances come in contact to
immune system and produce signs like asthma, rhinoconjunctivitis, and atopic
dermatitis. It has been observed that in every case of allergy, IgE mechanisms are
not attributable (Fiocchi et al. 2012). The mechanisms of allergic diseases include
genetic factors, relatedness of allergen exposure, host, and other environmental
stimuli, for example, microflora of intestine and contagious agents (Chiang et al.
2012).

Several studies suggested that the allergy and their associated diseases are
developed due to the insufficient exposure to environmental microbes. Allergies
are related to the alteration in the ratio of T-helper 1 cytokine which leads to the
stimulation of Th2 cytokine that results in the production of IgE and the liberation of
different interleukins, i.e., IL-4, IL-5, and IL-13 (Michail 2009). Consumption of
probiotics changes the microenvironment of gastrointestinal tract by changing the
local microflora and change in the production of cytokine. Studies showed that
probiotics change the Toll-like receptors (TLRs) and various recognition proteins
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present on intestinal lining which results in the stimulation of dendritic cells and Th1
cytokine response which results in the suppression of Th2 responses (Winkler et al.
2007).

Several studies have shown that probiotics exert the positive outcome on the
allergic diseases through the development of mucosal barrier and stimulation of the
immune system. Several studies on atopic eczema and food allergy suggested that
probiotic bacteria play an important role in down-regulating inflammation during
hypersensitivity reactions (Pohjavuori et al. 2004; Isolauri 2004). Supplementation
of Lactobacillus rhamnosus GG during the perinatal stage in infants with eczema
decreased the occurrence of disease by one half. In newly born baby, the very first
bacteria which occupy the gastrointestinal tract can set up a stable niche and these
bacteria are important in regulation of immune system and therefore also in devel-
oping atopic disorders. Studies on atopic children revealed that probiotics upregulate
anti-inflammatory cytokines like interleukin-10.

Toh et al. (2012) suggested that the probiotics result in the stimulation of B and T
cell responses specific to allergens and mucosal IgA level which reduces the effect of
allergic diseases. Other studies also proposed that the association between the
bacteria and host can stimulate the growth of T regulatory cells, production of
cytokines like IL-10, and alteration of growth factor-beta. Toll-like receptors, a
network of genes, various signaling molecules, and an increased IgA level are
involved in these interactions making them quite complicated. Through these mech-
anisms, probiotics change the immune responses (adaptive and innate) against
disease (Gourbeyre et al. 2011; McLoughlin and Mills 2011).

Probiotics are also useful for treatment of food allergies as they increase internal
barriers of the intestine, reduce gut wall inflammation, and decrease the concentra-
tion of IgE in the serum (del Miraglia and De Luca 2004; Kalliomaki and Isolauri
2004). Defense barrier of the GI tract, i.e., non-immunologic and immunologic, is
affected by probiotics which results in an increase in the inflammation in the case of
food allergy. Consumption of Bifidobacteria and Lactobacilli enhanced the produc-
tion of IgA in Peyer’s patches as IgA is effective against potentially harmful
antigens. Probiotics are also useful in facilitating the relief from milk protein related
allergy, as these degrade the protein present in milk to smaller polypeptides or amino
acids. By adding Lactobacillus GG in the meals of neonates on hydrolyzed whey
formula, signs of eczema could be decreased (Majamaa and Isolauri 1997).

8.5.8 Antibiotic Associated Diarrhea

Antibiotic associated diarrhea (AAD) is described as diarrhea that happens due to the
imbalance of microflora of GI tract caused by antibiotics. The origins of AAD are
based on the alteration in the microflora of gut. The changes in the microflora of
intestine reduce the number of anaerobic fecal bacteria and therefore, the breakdown
of carbohydrates that causes the variations in their digestion resulting in the reduc-
tion in the assimilation of short chain fatty acids causing osmotic diarrhea (Doron
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et al. 2008). It was found that AAD exists in 5% to 39% of cases when patients are
treated for 2 months. Antibiotics like aminopenicillins, clindamycin, and cephalo-
sporins which act on bacteria are related with a higher possibility of AAD (Wistrom
et al. 2001).

AAD can be started as mild diarrhea, however, if untreated it may further lead to a
life-threatening disease called pseudomembranous colitis. In the majority of cases,
the reason behind the diarrhea is unrevealed, although in the most severe forms and
in patients with persistent illness, for instance, persons having inflammatory bowel
disease, cystic fibrosis, and cancer, the disease-causing agent is Clostridium difficile.
It has been observed that the frequency of AAD is lowered by the use of probiotics
and their fermented products such as yogurt (Hill et al. 2014). The consumption of
probiotics depends upon the theory that AAD occurs as a result of dysbiosis which is
induced by antibiotics usage and that the probiotic interference also changes the
microbiota of intestine. The strains of Lactobacillus acidophilus, L. bulgaricus,
L. rhamnosus, and Saccharomyces boulardii have been used to restrain AAD.

Nosocomial diarrhea is prevalent worldwide in children and is a major problem. It
is suggested that Streptococcus thermophilus, Lactobacillus rhamnosus GG, and
Bifidobacterium bifidum are effective for newborn baby mainly for the elimination of
acute diarrhea. Several studies suggested that several probiotics, comprising Sac-
charomyces boulardii, Lactobacillus rhamnosus GG, L. reuteri, Bifidobacteria spp.,
and others, have considerable benefits for diarrhea, travelers’ diarrhea and diarrhea
associated with rotaviruses (Marteau et al. 2001; Benchimol and Mack 2004,
Vanderhoof 2000). Promising probiotic strains used in the treatment of diarrhea in
children consist of Lactobacillus spp., L. casei, L. reuteri, Bifidobacterium bifidum,
Saccharomyces boulardii, and Streptococcus thermophilus (Tomas et al. 2004).

Probiotics also compete for binding sites with pathogens to the intestinal lining
thus preventing the infection. By the generation of certain metabolites, namely
bacteriocins, probiotics reduce the growth of pathogens (del Miraglia and De Luca
2004). Several studies showed that the probiotics block the attachment of pathogenic
bacteria to enterocytes. This blocking is thought to be intervened by increasing the
expression of MUC2 and MUCS3, intestinal mucins.

During the meta-analysis of 21 studies which include 4780 patients, it was
observed that the S. boulardii reduces the chance of antibiotic associated diarrhea
in children as well as in adult from 19 to 8.5%, with a risk ratio of 0.47. A study
includes 82 randomized clinical trials with different probiotics (generally Lactoba-
cillus spp., singly or in combination with bifidobacteria, S. boulardii, or entero-
cocci), and a reduction in the antibiotic associated diarrhea with a risk ratio of 0.58
was observed. Most extensively used probiotics for curing the acute diarrhea are
S. boulardii, L. acidophilus, L. bulgaricus, L. rhamnosus, L. paracasei, B. longum,
and B. breve (Olveira and Gonzalez-Moleroa 2016).

Floch et al. (2015) observed that probiotics also reduce the prevalence of illness
caused by C. difficile, particularly when S. boulardii is administered. In another
meta-analysis it was found that only four probiotic strains like S. boulardii, L. casei
DN114001, a combination of Bifidobacterium bifidum and L. acidophilus, a mixture
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of L. acidophilus, L. casei, and L. rhamnosus considerably reduce the occurrence of
diarrhea caused by C. difficile (McFarland 2015).

8.5.9 Inflammatory Bowel Diseases (IBD)

A group of diseases described as chronic inflammation of the gastrointestinal tract
(specially the large or small intestine) are called inflammatory bowel diseases. The
IBD are mainly of two types: Crohn’s disease and ulcerative colitis (Igbal et al.
2014). Chronic disease mainly damages the lower part of the small intestine and can
also be seen anywhere along the lining of intestine, while damages to colon is called
ulcerative colitis. In ulcerative colitis, the inflammation is limited to the intestinal
epithelium, whereas in Crohn’s disease the inflammation involves the entire intes-
tinal wall (Palumbo et al. 2016). Abdominal pain, weight loss, intestinal ulcers,
bleeding, and diarrhea are the symptoms of both of the cases, but narrowing of
intestinal wall, fistulas, and fissures are frequent in Crohn’s disease. A significant
enhancement in signs of IBD, pouchitis, and ulcerative colitis with utilization of
specific strains of Lactobacilli has been reported. Studies showed that lactic acid
bacteria cause the reduction in gut pH by producing organic acids that can enhance
intestinal mobility and relieve constipation.

Various studies revealed that inflammatory bowel diseases are positively modu-
lated by gut microbiota or probiotics. With the supplementation of probiotics, pre-
biotics, and synbiotics, inflammatory bowel disorder can be treated (Spiller 2016). It
has been reported that probiotic strains of Lactobacillus rhamnosus GG and S.
boulardii enhance the level of IgA in the GI tract thus help in prevention as well
as treatment of this disease.

Production of short chain fatty acids (SCFAs) mainly, acetate, butyrate, and
propionate could induce positive effects in IBD. The SCFAs are recognized to
perform a vital function in maintaining colonic homeostasis. These are known to
improve the colonic function and also have anti-inflammatory effects (Curro et al.
2017). Hence, the consumption of dietary fibers (prebiotics) alone, or along with
probiotics to boost the generation of SCFAs, might be effective for remedial
approaches.

8.5.10 Antioxidant Effects

During regular metabolism, there is generation of free radicals in the human body,
but the production of radicals increases significantly when our cells are unveiled to
xenobiotic compounds from food and external environment. The free radicals are not
neutralized by the antioxidant system of the organism efficiently thus resulting into
the lethal changes (like cell death) by the oxidation of membranous lipids, enzymes/
proteins, and DNA. The free radicals cause damage to the cellular and sub-cellular
level which plays a significant function in the development of cancer, heart diseases,
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allergies, arteriosclerosis, and other diseases. The patients with Alzheimer’s disease
were also detected with the immense destruction of essential molecules in the brain
by oxidation (Filipcik et al. 2006).

The defense reactions of antioxidant in the body are comprised not only of
internal antioxidants but also of external antioxidants from the food items such as
vitamins C and E, carotenoids, phytoestrogens, folates, flavonoids, and selenium.
Probiotics are known to have properties of trapping the reactive forms of oxygen.
Kaizu et al. (1993) suggested that the deficiency of vitamin E improved by the
intracellular extract from Lactobacillus sp. in vitamin E-deficient rats. Probiotic
bacteria, L. delbrueckii ssp. bulgaricus and Streptococcus thermophilus, suppress
the per-oxidation of lipids by removing the free radicals like hydroxyl or hydrogen
peroxide.

Several bacteria found in fermented milk possess antioxidant activity which
positively affects human health. Clinical studies also supported the antioxidant
activity of goat fermented milk with Lactobacillus fermentum ME-3 strain
(Songisepp et al. 2005). A group of healthy individuals were subjected to consume
either sour or non-fermented 150 g of milk per day for 21 days. It was found that sour
milk has extended the resistance of lipoprotein to oxidation, increased antioxidant
activity of blood, and reduces the level of oxidized LDL and peroxide lipoproteins.

Certain antioxidant factors are generated by lactobacilli in the GI tract of human.
Most of the milk bacteria by producing superoxide dismutase or glutathione elim-
inate the excess oxygen free radicals. The various researches are going on using milk
bacteria as an option of food supplements to improve the antioxidant activity in
human (Songisepp et al. 2005).

8.6 Probiotics in Oral Health

Different microorganisms like protozoa, fungi, viruses, archea, and bacteria are
present in human mouth and are source of various diseases. The bacteria are
generally responsible for two types of diseases: tooth decay and gum diseases.
Strains of Lactobacillus and Bifidobacterium are extensively used as probiotics for
oral health. A study revealed that the utilization of Streptococcus salivarius K12
reduces the development of dental plaque and furthermore decreases the accumula-
tion of Streptococcus mutans (Burton et al. 2013). The suppression of periodontal
pathogens has also been observed with the consumption of probiotic strains of
Streptococcus uberis and S. oralis.

Furthermore, the consumption of probiotics can reduce the synthesis of halitosis
(bad breath) and the volatile sulfur compounds. Bowen (2013) suggested that the
cases of gum diseases are fewer as compared to the dental caries; however, the
consumption of probiotics is found to be useful in controlling the oral diseases.
Further researches are required to recognize the mechanism through which
probiotics colonize and have an effect on oral cavity so that the understanding
about the role of probiotics in improving oral health could be enhanced.
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8.7 Probiotics and the Immune System

Utilization of probiotics like Lactobacillus acidophilus and L. casei strengthens both
mucosal immunity and systemic immunity in the host. It was found that the probiotic
species such as Lactobacillus induces the phagocytosis and stimulates the activation
of T and B cells and IgM, IgA, and IgG antibodies production. Moreover, probiotics
do not stimulate a considerable immune response as seen in the presence of pathogen
so the consumption of probiotics on daily basis can be safe (Katelaris et al. 1995).

During the digestion process, larger particles of food are broken down into
smaller particles by the enzymes so that nutrients can be assimilated by the body.
Due to these enzymes, nutrients become easily available to the body and would not
suffer from severe deficiencies caused by the absence of these nutrients (Land et al.
2005). Several digestive diseases, varying from gentle to harsh conditions, take place
because of the non-digestible food present in the intestine. After colonization of
probiotic bacteria in the gut, they take part in the digestion of food. These bacteria
produce certain enzymes which increase the digestion of food, so that it can be easily
assimilated. Therefore, the microflora of intestine plays an important role in the
digestion, assimilation, and improvement in human health. Probiotics that are mainly
present in intestine include Lactobacillus acidophilus and L. casei. These kinds of
bacteria facilitate the digestion and absorption of food in the intestine and their
intake balances the intestinal microflora. Consequently, they supply a number of
good bacteria to the body and assist in absorption of nutrients, food digestion, and
boost up the digestive system (Madsen et al. 2001). Probiotics also hamper the
growth of pathogens so encourage the human health. Probiotics compete with
infectious agents for food and hence for growth and expansion.

Many studies have proven that probiotics like L. rhamnosus strain GG and
L. plantarum exhibit the capacity to block the adhesion of enteropathogenic
Escherichia coli in the gastrointestinal tract (Wilson and Perini 1988). These bacteria
also suppress the growth of infectious bacteria by producing the certain compounds,
for example, organic acid (acetic and lactic acids) having strong inhibitory effect
against pathogenic bacteria and antimicrobial compounds known as bacteriocins
(Bermudez-Brito et al. 2012). Various probiotic species such as L. acidophilus
(lactacin B), Bifidobacterium bifidum NCFB (bifidocin B), L. plantarum
(plantaricin), and Lactococcus lactis (nisin) produce a variety of bacteriocins
(Nielsen et al. 2010).

8.8 Anti-obesity Activities of Probiotics

Health is directly affected by the accumulation of excessive fat that leads to the
obesity. The accumulation of fat is due to the increase in energy availability, little
physical activity, and an imbalanced diet which causes disparity in energy intake and
expenditure (Kobyliak et al. 2016). The intestinal flora from obese mice was when
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transplanted into germ-free mice they might replicate the obese phenotype and
become more proficient at extracting energy from food and activating the
lipogenesis.

Probiotic bacteria are known to have various properties that provide good health
to the host by regulating intestinal microflora. In most cases, the sympathetic
nervous system promotes the weight loss by lipolytic and thermogenic responses
(Karimi et al. 2015). A study revealed that Lactobacillus gasseri BNR17 plays role
in weight loss by limiting the secretion of leptin from adipocyte tissue (Kang et al.
2013). Various other probiotic species like L. casei, L. acidophilus, and B. longum
are found to have hypocholesterolemic effects (Karimi et al. 2015).

8.9 Probiotic Products with Claimed Health Benefits

Due to the various health benefits, probiotics are gaining interest among consumers
and probiotic consumption has become a global retail market with products includ-
ing probiotic supplements, fermented milk products, and non-dairy based probiotic
products. Among dairy based probiotic products, yogurt alone accounts for 75% of
the total probiotic consumption. A range of probiotic products, dietary supplements,
and therapeutic products are available in the global market (Table 8.2). The global
probiotic market is expected to rise to around US$63 Billion by 2022. The main
reason for this rise is the effectiveness of probiotic products in maintaining health of
the consumers and disease treatment. Further, increasing health concerns, population
explosion, and efficacy of probiotic products in providing health benefits are
expected to complement the growth of probiotic products over the period of time.

8.10 Conclusion

Probiotic microorganisms have become well-known from the last few decades as a
consequence of the continuous research that provided scientific basis for positive
impacts of probiotics on human health. In addition, the rising health awareness
among the people in rapidly aging global population provides an opportunity for
probiotic products and ingredients to capture a large market share. Probiotic supple-
ments are not only practiced for the prevention/treatment certain disorders but these
also provide certain ingredients in the body to complement the diet. Although, a lot
of scientific evidences are available on positive health effects of probiotic microor-
ganisms, still further research is needed for strengthening the utilization of probiotics
for preventive medicine and reducing the chance of many diseases.
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Table 8.2 Microorganisms used in different products prepared throughout world

Species Name of product Company Country

Bifidobacterium Bifidumbacterin Biomed Metchnikoff JSC, Russia

bifidum No.1 or Bifidumbacterin forte | FSUC “SIC “Microgen,”

B. bifidum 791 Patrner LTD

B. bifidum No.1 and | Bifilis Ferment, LTD London

Lysozyme

Lactobacillus Lactobacterin Biomed Metchnikoff JSC, Russia

plantarum or FSUC “SIC “Microgen”

L. fermentum IM-Bio

Enterococcus Laminolact Avena, LTD Watton, UK

faecium L3

L. acidophilus Acilact Lekko, LTD Russia

Bacillus cereus 1P Bactisubtil Aventis Pharma France

5832 International

L. acidophilus D-75, | Vitaflor State Institute of Fine pure | New York

D-76 Biochemicals

Escherichia coli Colibacterin FSUC “SIC “Microgen” Russia

M-17

L. acidophilus, Linex Sandoz, Lek Slovenia

B. infantis,

E. faecium

B. bifidumNo.1 and | Bificol Biomed Metchnikoff JSC, Russia

E. coli M-17 FSUC “SIC” “Microgen”

B. longum, Bifiform Ferrosan Denmark

E. faecium SF68

L. rhamnosus Sold as ingredient Danisco Madison,

HNO0O01 (DR20) ‘Wisconsin

L. acidophilus

NCFM

B. lactis HNO19

(DR10)

B. animalis ssp. - Chr. Hansen Denmark

lactis BB-12

L. fermentum Sold as ingredient Probiomics Eveleigh,

VRI003 (PCC) Australia

B. animalis ssp. Howaru Bifido Danisco Denmark

lactis HNO19

(DR10)

L. paracasei CRL Sold as ingredient Chr. Hansen Milwaukee,

431 Wisconsin

L. acidophilus LAS

B. longum BB536 - Morinaga Milk Japan
Industry

B. breve strain Yakult Yakult Tokyo, Japan

Yakult

L. casei strain

Shirota

E. coli Nissle 1917 | Mutaflor Ardeypharm Germany

(continued)
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Species Name of product Company Country

B. animalis DN173 | Activia yogurt Dannon Tarrytown,

010 (“Bifidus New York

regularis”)

L. acidophilus LA-5 |- Chr. Hansen Denmark

L. johnsonii Lj-1 LC1 Nestle Lausanne,
Switzerland

L. casei DN114001 | Actimel/DanActive Danone France

L. rhamnosus 271 Sold as ingredient Probi AB Lund, Sweden

L. casei F19 Cultura Arla Foods Denmark

L. rhamnosus GG Danimals The Dannon Company Tarrytown,

(“LGG”) Culturelle; Dannon Valio Dairy New York Hel-
sinki, Finland

L. paracaseiSt11 Lactobacillus fortis Nestlé Switzerland

L. salivarius
UCC118

University College Cork

Cork, Ireland

Lactococcus lactis
L1A

Norrmejerier

Sweden

L. acidophilus LB

Sold as ingredient

Lacteol Laboratory

Houdan, France

L. reuteri
ATTC55730

BioGaia Biologics

Sweden

L. rhamnosus
GM-020

L. paracasei
GMNL-33

L. paracasei 33

Sold as ingredient

Gen Mont Biotech

Taiwan

L. rhamnosusLB21

Verum

Norrmejerier

Sweden

Bacillus coagulans
BC30

Sustenex, Digestive
Advantage and sold as

Ganeden Biotech Inc.

Cleveland, Ohio

ingredient

B. breve, Yakult Bifiene Yakult Japan

S. cerevisiae Florastor Biocodex Creswell,

boulardii Oregon

B. infantis 35,264 Align Procter and Gamble Mason, Ohio

Bacillus coagulans | GanedenBC30 Ganeden Biotech USA

GBI-30,

6086

L. acidophilus Sold as ingredient Institut Rosell Montreal,

R0O052 Canada

L. rhamnosus

ROO11

E. coli M-17 ProBactrix BioBalance New Zealand

B. lactis Bb-12 Sold as ingredient Chr. Hansen Milwaukee,
Wisconsin

L. acidophilus - Nebraska Cultures Walnut Creek,

DDS-1 usS

(continued)
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Species Name of product Company Country

L. casei DN-114001 | DanActive fermented Danone Paris, France
(“L. casei milk

Immunitas™)

L. acidophilus - Danisco Denmark
NCFM

L. rhamnosus GR-1 | Femdophilus Urex Biotech London,

L. reuteri RC-14

Jarrow Formulas

Ontario, Canada

Chr. Hansen Los Angeles,
California
Milwaukee,
Wisconsin
L. casei CRL431 - Chr. Hansen Denmark
L. plantarum 299 V | Sold as ingredient; NextFoods Boulder, Colo-
Good Belly juice Probi AB rado
product Lund, Sweden
L. casei Shirota Yakult Yakult Japan
L. reuteri ATCC BioGaia Probiotic BioGaia Stockholm,
55,730 chewable tablets or Sweden
(“L. reuteri drops
Protectis”)
L. johnsonii Lal - Nestlé Switzerland
Lactococcus lactis Sold as ingredient Essum AB Umea, Sweden

L1A
L. rhamnosus LB21

L. plantarum299V GoodBelly/ProViva/ NextFoods Probi Ferring -
TuZen

B. longum BB536 Sold as ingredient Morinaga Milk Industry Zama-City,
Co. Ltd. Japan

L. rhamnosus Vifit and others Valio Finland

ATCC 53013

L. paracasei F19 Sold as ingredient Medipharm Des Moines,

Iowa

Saccharomyces
cerevisiae
(boulardii) lyo

DiarSafe and others

Wren Laboratories and
others

United States

L. plantarum OM Sold as ingredient Bio-Energy Systems, Inc. Kalispell,
Montana

L. gasseri EBO1 EcoVag Bifodan Denmark

L. rhamnosus PBO1

S. rattus JH145 ProBiora3 Oragenics Inc. Alachua,

Streptococcus oralis | EvoraPlus Florida

KJ3
S. uberis KJ2
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Abstract The impact of gut microbiota on the health of the host is undeniable.
Different microbial genres and strains present effects over several axes of health.
Two examples are the regulation of lipids metabolism and the process of cellular
aging. These health aspects have a common point: the activity of the adenosine
monophosphate-activated protein kinase; this enzyme may regulate both energy
homeostasis and cellular senescence. In the recent years, these aspects have gained
research interest, and this has produced a growing set of information that includes
outlines of the molecular mechanistic routes that the kinase may use to regulate
lipids homeostasis and cellular aging. Probiotic microorganisms of the genres
Bifidobacterium and Lactobacillus present more frequently an effect over AMPK
activity, but the molecular effectors and the complete molecular mechanism are not
yet described. In the present chapter, a general vision of these types of pathways and
the molecular targets impacted by AMPK activity is presented.

Keywords Probiotics - AMPK - Lipid metabolism - Senescence

J. M. Ventura-Sobrevilla (D<)

Universidad Autonoma de Coahuila, School of Health Sciences, Piedras Negras, Coahuila,
Mexico

e-mail: janethventura@uadec.edu.mx

V. D. Boone-Villa - J. Jiménez-Villarreal

Universidad Autonoma de Coahuila, School of Medicine Northern Unit, Piedras Negras,
Coahuila, Mexico

e-mail: danielboone @uadec.edu.mx; jimenezjoel @uadec.edu.mx

G. V. Nevarez-Moorillén
Universidad Autonoma de Chihuahua, School of Chemical Sciences, Chihuahua, Mexico
e-mail: vnevare @uach.mx

© Springer Nature Singapore Pte Ltd. 2021 213
G. Goel, A. Kumar (eds.), Advances in Probiotics for Sustainable Food

and Medicine, Microorganisms for Sustainability 21,
https://doi.org/10.1007/978-981-15-6795-7_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6795-7_9&domain=pdf
mailto:janethventura@uadec.edu.mx
mailto:danielboone@uadec.edu.mx
mailto:jimenezjoel@uadec.edu.mx
mailto:vnevare@uach.mx
https://doi.org/10.1007/978-981-15-6795-7_9#DOI

214 J. M. Ventura-Sobrevilla et al.
9.1 Introduction

The interconnection of different aspects of metabolism is an intricate context,
difficult to understand entirely even for those who research the metabolism phenom-
enon (Mou and Xie 2017). The connection between energy-related pathways, gut
microbiota balance, metabolism diseases, and cell lifespan is hard to see. Neverthe-
less, there is a critical point in each process that can help us to build an outlook on
this situation. In this chapter, a summary of different energy-related pathways,
telomere structure, and consumption of probiotics are mainly related to the preven-
tion or improvement of the consequences of metabolic disease, linked all together by
a regulatory enzyme that acts over the immune system, energy balance, oxidative
stress, and cellular lifespan is presented.

The intake of probiotics represents health benefits in the population that con-
sumes them adequately (Hill et al. 2014; de Oliveira et al. 2017). The main benefits
of probiotics intake or supplementation are the right balance of gut microbiota (GM),
regulation of microbial metabolism, and an adequate permeability and integrity of
the gut membrane (de Oliveira et al. 2017; Mishra et al. 2019). It has also been
reported that the consumption of some probiotic strains regulates anti-inflammatory
signaling pathways (Xie et al. 2018; Zheng et al. 2018) and provides incremented
production of beneficial metabolites by the GM. A healthy microbiota helps to
correctly assimilate the nutrients from the foods, like vitamins and minerals, to
keep energy levels in optimal conditions; some probiotic strains produce vitamins
B and K necessary for energy production at a cellular level (Arena et al. 2014).

9.2 Probiotics, AMPK, and Metabolism

As we already mentioned, GM plays a crucial role in maintaining health, and
probiotics have a significant influence in this process (Ley et al. 2006; Vijay-
Kumar et al. 2010; Kim et al. 2013), where homeostasis of energy is the main
issue. The metabolism of energy includes lipids uptake, clearance, synthesis, hydro-
lysis, and secretion in the liver, skeletal muscle, and adipose tissue (Koo 2013;
Ansari et al. 2018). The energy status and its control in the whole cell are mediated
by the AMP-activated protein kinase (AMPK) activated by a low rate of ATP/AMP
(Hardie et al. 2012). Due to its characteristics, AMPK complex is crucial in the
regulation of metabolism, cell growth, autophagy, cell polarity, and it has been
reported that its activation may cell stress-related prevent senescence and cell
aging (Hardie 2008; Hardie et al. 2012; Jo et al. 2018). An impairment in the
homeostasis of lipidic metabolism is a conditioning factor in developing obesity,
metabolic syndrome, and type 2 diabetes mellitus (T2D). All these mediated by an
oxidative stress-related chronic state of inflammation (Ansari et al. 2018). These
facts have recently provided relevance to research about the relationship between
impairments and improvements in the GM, including the probiotics use, and the
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energetic homeostasis. The recent research made in this issue covers the analysis of
the probiotic properties for more than 400 strains (Lee et al. 2018) but some
members of the genres Lactobacillus, Clostridium, and Bifidobacterium have
shown exciting results (Endo et al. 2013; Kim et al. 2018; Lee et al. 2018; Lew
et al. 2018).

There are reported research showing that it is possible to attenuate the impact
exerted on the energetic homeostasis by obesity and other factors in preclinic
models. Obesity causes impairments in the metabolism by different ways including
unbalance of hormonal signals (like leptin), hyperleptinemia and its deficiency; it
causes an increased endotoxins blood levels (Brun et al. 2007) as well as
nonalcoholic fatty liver diseases (Spruss et al. 2009; Endo et al. 2013). These
conditions establish a systemic inflammation state. An excess of fats in the diet,
and a prolonged intake of alcohol, also may trigger inflammation specifically in gut
and liver and unbalance of the GM that in turn may conduce to obesity, anxiety,
impaired insulin sensitiveness, impaired glucose metabolism, T2D, anxiety, and
colitis, among other complications. By the other hand, these harmful factors also
trigger oxidative stress that may lead to liver damage, immune, behavioral, and
endocrine alterations, and cancer (Lu et al. 2006; Mutlu et al. 2009; Das 2010;
Ananthakrishnan et al. 2014; Szabo 2015; Moya-Perez et al. 2015; Chung et al.
2017; Sanderlin et al. 2017; Chen et al. 2018; Hor et al. 2019; Jang et al. 2019). The
clear link between obesity, inflammation, and oxidative stress is fat. The mechanism
if these phenomena are generally related to impairments in lipids metabolism, these
make AMPK a promising therapeutic target to treat or prevent these complications,
due to its vital role in the regulation of glucose and lipids metabolism from insulin
secretion in B cell to a whole-body level from the hypothalamus (Aguilera et al.
2008; Rourke et al. 2017; Boone-Villa et al. 2019).

9.2.1 A Look into the Molecular Mechanism

Regarding the GM, some probiotics may secrete compounds that increase or restore
AMPK activity. For example, Clostridium butyricum is a normal populator of the gut
in healthy mammals (Kumar et al. 2009) and its strain MIYARI 588 is used as
probiotic due to its capability to produce butyrate (a fatty acid that improves
inflammatory disorders in the intestine by an AMPK-dependent mechanism) that
rise the lipid oxidation by controlling the mitochondrial biogenesis and reduce the
lipogenesis by inhibiting the transcriptional factor SREBP-1c (sterol regulatory
element-binding protein 1c) and the action of ROS (Reactive Oxygen Species),
lowering the oxidative stress (Endo et al. 2013). Another important probiotic genre
is Bifidobacterium; some members of this group have been reported to help in
lowering weight gain, inflammation, gastritis, pathogens proliferation, enhancing
immune response, and other health-beneficial effects (Moya-Perez et al. 2015; Li
et al. 2016; Park et al. 2018; Kim et al. 2019). The mechanistic pathway used by
Bifidobacterium strains is related to the inactivation of the pro-inflammatory



216 J. M. Ventura-Sobrevilla et al.

cytokines TNF-o (Tumor Necrosis Factor o) and NF-kB (Nuclear factor-xB) that
ameliorates the endotoxicity produced by lipopolysaccharides (LPS) and alcohol-
dependent liver and gut injuries (Kwon et al. 2017; Kim et al. 2019). The studied
genre with most members that present prebiotic activity is Lactobacillus. Strains like
L. sakei, L. fermentum, L. paracasei, L. rhamnosus, L. brevis, L. plantarum, and
L. helveticus are already used as probiotics in commercial supplements (Hor et al.
2019). However, in recent years, its properties and mechanistic approaches have
been studied. Mechanical routes related to the inhibition of NF-kB, LPS, SREBP-1c,
and TNF-a and activation of SIRT-1 (Sirtuin-1) have been reported for L. sakei, all
these effects are mediated by a marked AMPK activation (Hor et al. 2019; Jang et al.
2019). Dietary supplementation of milk fermented with different Lactobacillus
strains lowered the expression of lipogenic genes (as SREBP-1c¢ and FAS—Fatty
Acids Synthase) and incrementing the relative expression of lipids-oxidation related
genes (as PPARa—Peroxisome Proliferator-Activated Receptor o« or ChREBP—
Cholesterol Response Element Binding Protein) as well as regulation of genes of the
transport and metabolism of cholesterol (like HMGR—Hydroxyl methyl glutaryl
CoA reductase, LXR—Liver X Receptor, and ABCA1—ATP-Binding Cassette
Al-) (Kim et al. 2013; Wa et al. 2019). There is evidence that L. rhamnosus also
improves insulin sensitivity by increasing the relative abundance of the mRNA of
insulin-dependent transporter GLUT4 (Kim et al. 2013), which is translocated to the
cell membrane by the activation of AMPK (Fujii et al. 2006). Similar to these effects,
L. plantarum is shown to improve cholesterol assimilation, improve glucose toler-
ance and insulin sensitivity, reduce total triglyceride, and lipids accumulation on
in vitro and in vivo models with marked activation of AMPK (Lee et al. 2018; Lew
et al. 2018). In a more in-depth insight, the activation of this kinase and the avoiding
of NF-kB activation after a high-fat diet (HFD) ameliorate the obesity, liver steatosis,
and colitis produced by the excessive lipid ingestion in a murine model. Restoration
of the GM composition also accompanies these effects of the treatment with this
probiotic as a reduction of the population of the genres Firmicutes and
Proteobacteria that reduces the production of LPS (Kim et al. 2019). A chronic
ethanol consumption may trigger inflammation in gut and liver injuries, an increased
presence of Proteobacteria in the gut, a rise in plasma levels of triglycerides,
cholesterol, hepatic aminotransferases, and LPS by activation of NF-xB (Mutlu
et al. 2009; Kim et al. 2018). All these perturbations may be dealing with the use
of probiotics at main or additional treatment.

The evidence of the action of probiotics to face gut inflammation, liver injuries,
and their related effects show that AMPK plays a central role in the process is
continuously growing. This finding is supported by metformin, an anti-diabetic drug,
and lovastatin, a reducing cholesterol drug, used as pharmacological AMPK-
activating controls (Lew et al. 2018; Park et al. 2018; Hor et al. 2019). The general
effect of these drugs in the experimental models used (HepG2 cells, HT-29 cells,
SH-SYS5Y cells, Caco-2 cells, HaCaT cells, DU145 cells, U20S cells, C2C12 cells,
and Sprague-Dawley rats) consists in counteracting the consequences of HFD or
chronic alcohol exposure as triggering agents for inflammation and endotoxicity.
When comparing with the control drugs, probiotics treatment exerts effects similar to
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those of metformin and lovastatin and, in some cases, in a higher extension; these
actions are blunted by AMPK inhibitors (like Compound C) and enforced by AMPK
activators (like AICAR) (Lew et al. 2018; Park et al. 2018; Hor et al. 2019).

The importance of adequate balance in the GM to maintain a plenary health is
guaranteed. Even there is growing evidence on the effect of a probiotic-based
treatment, mainly lactic acid bacterial strains, to face factors that can damage this
balance, and that these microorganisms have AMPK-related mechanisms. There is
scarce information about the chemical signal that probiotics use to activate the kinase
and its molecular targets or upstreaming effector, except for butyrate from
C. butyricum. Nevertheless, we count with detailed reports about the signaling routes
modulated by probiotics on diverse gut and liver diseases (Table 9.1).

9.3 Probiotics, AMPK, and Telomere Length

As we stated before, another important activity of AMPK is to protect cells against
aging and senescence caused by oxidative stress, among other factors. ROS, LPS,
HDF, and alcohol may trigger a decrease in AMPK signaling that can cause cellular
stress and contribute to cell aging and senescence (Hardie 2008; Hardie et al. 2012;
Jo et al. 2018). AMPK-related metabolic pathways avoid aging and cellular senes-
cence by maintaining the integrity of cell telomeres (L6pez-Otin et al. 2013; Sahin
et al. 2013). The structure of telomeres is built by a repetitive DNA sequence
(TTAGGG) associated with the protein complex Shelterin; this multimer gives the
genomic content stability, structure, and protection (Victorelli and Passos 2017). The
shortening of telomeres in somatic cells leads to a finite number of cell division,
stating a “‘stop mark” to its development. This deterioration of telomeres is caused by
inactivity of the enzyme telomerase (TERT), a ribonucleoprotein with polymerase
activity, that is responsible for maintaining the length and integrity of telomeric
DNA and is only found in stem, embryonic, and cancer cells (Low and Tergaonkar
2013; Ali et al. 2016; Diman et al. 2016). It has been reported that telomere
transcription may be regulated through transcription factor binding sites such as
nuclear respiratory factor 1 (NRF1). This mechanism reveals the link between
telomeres transcription of telomeres and AMPK-dependent metabolism as a com-
pensatory mechanism to prevent deterioration induced by telomere dysfunction
(Diman et al. 2016; Finley 2018; Jo et al. 2018).

9.4 Conclusion

To conclude, the relationship between the whole body’s health and balance of GM is
a well-established fact (Egert et al. 2006; Fava et al. 2006; Gonzalez Hernandez et al.
2019; Precup and Vodnar 2019). Nevertheless, a growing gavage of new evidence
that supports the relationship between GM and specific aspects of health has
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Table 9.1 Effect of probiotics over AMPK pathways

J. M. Ventura-Sobrevilla et al.

AMPK
molecular Assay (clinic
Strain Effect/activity target or preclinic) | Reference
Clostridium butyricum Rise oxidation of SREBP-1¢ Preclinic Endo
MIYARI 588 lipids and reduce lipo- | Mitochondrial | Fischer et al.
genesis biogenesis 344 rats fed | (2013)
Lower oxidative stress | ROS an amino
Release butyrate acid-deficient
diet
Lactobacillus Improve insulin sensi- | GLUT4 Preclinic Kim et al.
rhamnosus GG tivity PPARx BALB/c (2013)
Increase lipids oxida- | CPT1 mice feed
tive gene expression ACCl1 HFD
Reduce lipogenic Adiponectin
genes expression PEPCK
G6Pase
Lactobacillus Prevents lipogenesis- | SREBP-1c Preclinic Zhang
rhamnosus GG related gene expres- PPARa C57BL/6 N et al.
sion. SCD-1 mice with (2015)
Increase in fatty acids | PGC-1la chronic alco-
oxidation CPT1 hol intake
ACC HA4IIE cells
Bax
Bcl-2
Lactobacillus spp. Reduce colitis ERK Preclinic Chung
Reduce tumor growth | Cyclin D1 BALB/c et al.
Inhibit macrophage Bcl-2 mice fed (2017)
infiltration HFD treated
Maintain epithelial with metfor-
integrity min
HCT-116
cells
Lactobacillus Improve insulin sensi- | IRS2 Preclinic Lee et al.
plantarum Ln4 tivity Akt 3 T3-L1 cells |(2018)
Improve glucose LPL C57BL/6J
tolerance CD36 mice fed
CRP HFD
IGFBP-3
Lactobacillus Reduce cholesterol HMGCR Preclinic Lew et al.
plantarum DR7, Lacto- | accumulation HepG2 cells | (2018)
bacillus casei, Lactoba- | Rise cholesterol HT-29 cells
cillus reuteri, and assimilation
Lactobacillus
fermentum DRO.
Lactobacillus acidophi- | Improve lipid metabo- | SREBP-1/ Preclinic Park et al.
lus NS1 lism and insulin PPAR-a C57BL/6 (2018)
sensitivity mice fed
HFD

HepG2 cells

(continued)
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Table 9.1 (continued)
AMPK
molecular Assay (clinic
Strain Effect/activity target or preclinic) | Reference
Lactobacillus mali Reduce hepatic lipid SIRT-1/PGC- | Preclinic Chen
APS1 accumulation 1o/SERBP-1 Sprague- et al.
Increase hepatic anti- | Nrf-2/HO-1 Dawley rats (2018)
oxidant activity fed HFD
Increase relations
Bacteroidetes/
Firmicutes and reduce
Escherichia coli
Lactobacillus acidophi- | Reduces obesity SREBP-1c Preclinic Park et al.
lus NS1 Reduces hepatic lipid | PPARa C57BL/6 (2018)
accumulation FAS mice feed
Improve insulin sensi- | ACC HFD
tivity CPT1 HepG2 cells
Reduces lipogenesis ACOX
Rises lipids oxidation | Akt
TNF-a
Lactobacillus Prevent telomere Senescence Preclinic Hor et al.
fermentum DRY, Lacto- | shortening gen p53 D-galactose- | (2019)
bacillus paracasei OFS | Inhibit pathogens induced
0291, Lactobacillus growth senescent
sakei Probio 65 and Sprague-
Lactobacillus helveticus Dawley rats
OFS 1515 HepG?2 cells
HT-29 cells
SH-SY5Y
cells Caco-2
cells HaCaT
cells DU145
cells
U20S cells
C2C12 cells
Lactobacillus Mitigate stress-related | mTOR Preclinic Kumar
fermentum senescence PI3K 3 T3-L1 cells |etal.
Akt (2020)
iNOS
NF-xB
Lactobacillus Improve lipid metabo- | SCD1 Preclinic Wa et al.
rhamnosus LV108, lism PPAR«x Sprague- (2019)
Lactobacillus casei Lower lipid LXRa LXRp | Dawley rats
grx12, and Lactobacil- | accumulation ABCAl feed HFD
lus fermentum grx08 ABCAS5
HMGR
SREBP-1c
ChREBP
ACC
FAS

(continued)
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Table 9.1 (continued)

AMPK
molecular Assay (clinic
Strain Effect/activity target or preclinic) | Reference
FXR
CYP7ALl
Lactobacillus sakei Reduce body and liver | SIRT-1 and Preclinic Jang et al.
OK67, tOK67, and weights and blood tri- | SERBP-1c¢ Male (2019)
PK16 glyceride, cholesterol, C57BL/6
corticosterone and mice fed
LPS levels HFD
Reduce fecal Caco-2 cells
Proteobacteria stimulated
with LPS
Lactobacillus Reduce inflammation | NF-xB Preclinic Kim et al.
plantarum LC27 and Reduce ALT, AST, SREBP-1c¢/ Caco-2 cells | (2019)
Bifidobacterium longum | TG, TC, and LPS PGC-1a stimulated
LC67 with fecal
lysate or LPS
Male
C57BL/6
mice fed
HFD

AMPK AMP-activated protein kinase, SREBP-1 sterol regulatory element-binding protein, PPAR
peroxisome proliferator-activated receptor, PGC-Ia peroxisome proliferator-activated receptor y
coactivator protein-la, CPTI carnitine palmitoyltransferase-1, SCDI stearoyl-CoA desaturase-1,
SIRT-1 sirtuin-1, Nrf-2 nuclear factor erythroid 2-related factor 2, LPS lipopolysaccharides, GLUT4
glucose transporter 4, NF-kB nuclear factor-kappa B, TG triglycerides, TC total cholesterol, AST
aspartate transaminase, ALT alanine transaminase, PEPCK phosphoenol pyruvate carboxykinase,
G6Pase glucose-6-phosphatase, ACOX peroxisomal acyl-coenzyme A oxidase, Akt protein
kinase B, TNF-a tumor necrosis factor o, HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A
reductase, LXR liver X receptor, FXR farnesoid X receptor, CYP7AI cytochrome P450 7Al,
IGFBP-3 insulin-like growth factor binding proteins-3, LPL lipoprotein lipase, CRP C-reactive
protein, CD36 cluster of differentiation 36

appeared in the last years. Some reports demonstrate the existence and function of a
GM-brain communication axis (Berer and Krishnamoorthy 2012; Kraimi et al. 2019)
and published works that demonstrated a GM-liver. These communication channels
have been the primary source of scientific evidence of the effect of GM over the
metabolic control of the energetic homeostasis by the activation of AMPK. Although
this research issue has a crescent impetus, the available literature is still scarce. As
we can note from the information summarized before, most of the GM-AMPK
effects impact lipid metabolism (lowering cholesterol, increasing bile acids synthe-
sis, etc.), modulating the activity of well-defined molecular targets of AMPK like
SREBP-1c, PPARa, and HMGR. Besides this, other molecules, like NF-kB or
TNF-a, that are involved in different metabolic processes as inflammation or
response to stress, are regulated along with AMPK activation. We can found that
this behavior is not a direct action to AMPK, but is triggered by the lowering of LPS
induced by the kinase (Kim et al. 2019). These kinds of findings demonstrate that
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more studies regarding all the molecular mechanisms implied in the effects of
AMPK by GM activation are needed. It is important to note that all the information
has been obtained from preclinical in vitro (cell lines) and in vivo (experimental
animals) models, leaving unexplored the necessity of count with evidence from
human-based studies due to the possibility of species-specific regulations.
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Chapter 10 )
Metabolic Engineering Approaches s
for Improvement of Probiotics

Functionality

Saurabh Jain, Arnab Chatterjee, Surbhi Panwar, Ashok Kumar Yadav,
Rita S. Majumdar, and Ashwani Kumar

Abstract Microbiota has an effective health promoting role which is ingested
through fermented functional foods, specifically probiotic microorganisms. They
are now being administered orally which in turn serves the purpose of potent
alternative medication for intestinal disorders by replacing antibiotics. Most fre-
quently used probiotics are Lactobacilli and Bifidobacteria. For much other thera-
peutic usage new probiotic strains are being modified to understand their mechanism
of action and to strengthen them further through bioengineering. Metabolic engi-
neering shows pathway for modulation of the organism’s metabolism so that the
maximum amount of desired metabolites can be extracted through genetic manipu-
lations. This chapter concentrates mainly on modifying the genes of probiotic
bacteria and their importance in health and wellness.
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10.1 Introduction

The World Health Organization elucidated probiotics as “living microorganisms”
which on introduction into host body in ample amounts, bestow health benefits. In
other words, probiotics are categorized in the bacterial group that keep sound the
stomach and intestinal health of people. The bacteria present in fermented products
(e.g., yogurt, kefir and sauerkraut) do not persist usually in the intestine of human
body because of the hostile GI environment that keeps these bacteria away from the
body (McFarland and Elmer 1995). Probiotics confer several perquisites that help in
the regulation of intestinal health, including immune system improvement and to
prevent diseases that are chronic in nature which includes example like cancer, high
blood pressure, obesity, and diabetes; and its efficacy is also reflected on cognitive
health.

Normally, Lactic acid bacteria and bifidobacterial strains are being used as
probiotics. There is a common assumption about the effects of most probiotics
about their strain specific activity. The possible method of probiotic action include:
retaining intestinal mucosal resistance to diseases caused by infections; prevention
of vaginitis; fabrication of antimicrobial metabolites and nutritional output; immu-
nological modulation; helps in constipation problems and withstanding antibiotic-
associated diarrhea; metal detoxification; serum cholesterol and diminishing blood
pressure; prevention and relief of allergic diseases; management of atopic dermatitis;
prevention of surgical wound infection and dental caries; tumor regression and
lowering the production of carcinogens and mutagens (Houard et al. 2002; Kruger
et al. 2002; Steidler et al. 2000; Brudnak 2002; Van Loo and Jonkers 2001;
Naruszewicz et al. 2002; Rosenfeldt et al. 2003; Isolauri et al. 2002).

LABs are generally defined as a cluster of genetically diverse bacteria which
includes species of the genera Carnobacterium, Enterococcus, Lactobacillus,
Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococcus,
Tetragenococcus, Vagococcus, and Weissella. The heterogeneous characteristic is
found in the genus Lactobacillus, of which around 60 species contains guanosine
and cytosine (GC) content between 34% and 53%, out of which around one third of
the species are compulsorily heterofermentative (Stiles and Holzapfel 1997). The
analysis of phylogenecity confirmed the existence of 54 species of the genus
lactobacilli, among which 18 can be considered as probiotic. 31 species of
Bifidobacterium were reported among which 11 were detected in human feces.
Food and Drug Administration (FDA) has recognized Lactic acid bacteria and
bifidobacteria in the generally recognized as safe (GRAS) category. The implication
of genetic engineering technology in the field of probiotics has a trending impact in
the global community of research as they are being used widely to improve charac-
terized strains or in the development of new strains.

Some scientific reports confirm a number of ways that have been devised during
the past 20 years for the introduction of specific genes of heterologous types into
LAB strains (Bermtidez-Humaran et al. 2013; Foligné et al. 2013; Rondanelli et al.
2015). There are many other useful techniques for introducing selected
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Lactobacillus and Bifidobacterium genes for improvement of probiotic activities.
Reported studies confer traditional usage of antibiotic resistance genes as resistance
markers, however, the usage of transferable genes providing antibiotic resistance is
not applicable on food and human beings due to legal and ethical reasons. Therefore,
alternative strategies have been devised for selection markers which assisted explo-
ration of probiotic bacteria that have been derived for improvements in the field of
food technology and health (Bermidez-Humaran et al. 2013; LeBlanc et al. 2013; de
Vos 1999). This chapter focuses mainly on modifying the genes of probiotic bacteria
and their economic importance in food and health as they bear a long pastime record
of usage in fabrication and preservation of food.

10.2 Probiotics: Current Perspectives

The probiotics have captured the market and its consumer interest specially lies in
dairy products and fermented non-dairy products including other fermented foods
and beverages. The selling of probiotic products has been on a rising trend between
2010 and 2014 which impacted upon the global sale that got hiked by 35% from $
23.1 billion to $ 31.3 billion. As per reports, the statistical data of probiotics
consumption were mainly obtained from Western Europe ($ 8.3 billion) as on
2014 (Bravo and Landete 2017). A rising interest in probiotic study (activity,
functionality and health benefits) has been highlighted since last decade. Though
there are speculations regarding its usage in health improvement of animals and
human but most scientific evidences are in the favor of the benefitting side of
probiotics. There is a clear picture of the benefitting effects of the probiotic micro-
organisms that have been proved, and further improvement can be imparted. In
addition, the interesting fact is that these probiotic strains could adapt some new
properties, which may increase their efficacy. Focuses on the improvement of their
characteristics are getting attention and some of them are: bowel adhesion; survival
in gastrointestinal conditions, and increased ability to stimulate the immune system.

10.3 Genetically Modified Organisms: A View Point

The regulations which cover GMOs are quite complex in nature and hereby, the
acceptance rate of consumer is vital. A clear lack has been seen in the acceptance rate
of the GMOs among the consumers that ultimately force food ingredient companies
in the usage of enzymes free of GMO substances (Derkx et al. 2014). The present EU
legislation consider strains evolved by natural gene transfer methods (conjugation,
transduction) to be non-GMO (Sybesma et al. 2006; Johansen 2017). Microorgan-
isms produced by “autocloning” come under the consideration of non-GMO for
limited usage. The involvement of engineered vectors has also been reported,
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provided they consist of DNA from the same strain or closely related strains
(Meacher 2000; Verstrepen et al. 2006; Landete 2017). With respect to advanced
genome editing tools (CRISPR-Cas), if tool vectors are originated from target strain-
related species, they can be considered as “autocloning,” which is an added advan-
tage. Though the EU court recently banished the application of new genome editing
methods (including CRISPR-Cas) that would not be considered as “non-GMO”
anymore, but the US has allowed the Cas9 Plants (Callaway 2018; Bron et al.
2019). More public awareness is still required by dissemination of information and
thus further investigation has to be made to monitor the possible long-term effects of
GMOs (Sybesma et al. 2006; Fears and Ter Meulen 2017; Johansen 2017; Csutak
and Sarbu 2018).

10.4 Recombinant Probiotics

Genetic engineering can aid in improvement, introduction or elimination of bacterial
phenotypes. However, the application of genetic engineered microorganisms on
humans is subject to high monitoring and bounded by strict laws. The efficacy of
genetic engineering can be applied in human trial, if antibiotic resistance elimination
is done and probiotic bacteria retain their own modified DNA or DNA of GRAS
organisms. The usage of food quality vectors originated from lactic acid bacteria or
cryptic bifidobacterial plasmids can aid in the process. Their antibiotic resistance has
to be replaced by mechanisms of resistance to a bacteriocin immunity (resistance to
nisin or lacticin F) (Landete 2016). The cohesion or complete removal of genes from
the chromosome of probiotic strain is done in site-specific recombination using the
complex attP/integrase, or based on homologous recombination that depends on a
suicide vector (Lin et al. 2013; Song et al. 2014). The discovery of CRISPR-cas9
system in combination with recombinant ssDNA would allow edited genome of
probiotic bacteria to acquire advanced properties without antibiotic resistance
(Sander and Joung 2014). There have been reports of strains with enhanced proteo-
Iytic properties that were organized by gene transfer encoding PepN, PepC, PepX,
and Pepl peptidases from a highly proteolytic L. helveticus strain (Joutsjoki et al.
2002), or L. delbrueckii Pepl, PepL, PepW, and PepG (Wegmann 1999) into L. lactis
using a food grade cloning system (O’Sullivan et al. 1993).

The GRAS recombinant product industries are gaining popularity and thus to
meet the demand, development of food grade vectors and gene integration system is
being made within the chromosome. Site-specific recombination using attP/
integrase system or homologous recombination can aid in the process (Lu et al.
2013). The concept of self-cloning has been eliminated from the regulations of the
European Union (de Vos 1999). The development of cloning vectors derived from
lactic acid bacteria and cryptic bifidobacterial plasmids would help to develop new
food quality genetic engineering tools. A technique has been devised in construction
of vectors which uses small cryptic plasmid replicons and incorporate selectable
markers. Isolation and characterization of many cryptic plasmids have been done
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which have been originated from lactic acid bacterial species (Shareck et al. 2004).
The CRISPR system has been used in modification of a few nucleotides in lactic acid
bacteria (Oh and van Pijkeren 2014). However, the CRISPR system modified
organisms do not come under the category of GMOs, but their outcomes are
considered for safe usage in food manufacturing and human health (Stefanovic
et al. 2017).

10.5 Recombinant Lactic Acid Bacteria

Chemically modified LAB has been utilized in induction of mutations which is
single gene restricted, and includes lactococcal variants used in metabolism of
lactose (McKay et al. 1972), absorption of citrate (Kempler and McKay 1979),
and proteolytic activity. The screening method of color selection utilizing X-gal can
be used to screen those strains which lack galactosidase. This strategy has been
implemented in selection of Lactobacillus bulgaris strains that cannot ferment
lactose in an efficient way and acidification of yogurt is also not possible post
fermentation. However, additional mutations may be observed that require careful
testing of other important characteristics. The technique of Recombinant DNA
technology was implied to engineer gene and to overcome the problems associated
with random mutagenesis, which includes example like improvement of flavor and
stability of whey through the process of metabolic engineering by L. lactis subsp.
diacetyllactis (Mollet 1999). Diacetylis is an example of such chemical that imparts
the taste of butter in many freshly prepared dairy products. A tasteless compound
named acetoin is observed in L. lactis which is obtained by decarboxylation of
a-acetolactate by a-acetolactate decarboxylase. The gene deciphering (Inactivating
the gene encoding) a-acetolactate decarboxylase, aldB aggravates the availability of
a-acetolactate for chemical oxidation by inactivation (Monnet et al. 1997). An
experimental procedure was conceived to segregate spontaneous aldB mutants in
L. lactis prototype strains to acquire advantage of the imbalance in acetolactate flow
between valine synthesis and acetoin catabolism in the presence of leucine (Goupil
et al. 1996). This strain accumulates a large amount of a-acetolactate which help in
the genesis of diacetyl that remain stable even after storage for prolonged period. The
usage of this strain is viable in Denmark; but the rest of Europe consider it as a
genetically modified organism (GMO) and its usage is arrested there (Henriksen
et al. 1999). The genetic technology allowing the fabrication of similar B mutants by
the method of direct allelic substitution was performed using an appropriate heat-
sensitive vector. This approach has been made viable to obtain phage-resistant
L. lactis that contaminates food products by activating the phage infection protein
(pip) implied in phage adsorption and DNA injection.

There have been reports of different types of genetic systems which initiate the
analysis and modification process in probiotic bacteria, and special emphasis have
been put on LAB and other microbes of industrial interest.
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10.5.1 Plasmid Vectors

Interactive plasmid, integrative vector, and a number of selectable markers have
been used which pertains selection and perpetuation in the host. Plasmid vectors
including pWVO01, pVS40, pCI305, and pFR18 are used by combining natural
plasmids with the selection markers of food grade quality. TP901-1 is used as
interactive plasmid in L. lactis (Brondsted and Hammer 1999). It depends on
homologous combination and by crossing non-replicative plasmids (integrative
vector) eliminating some portion of their replication function (Emond et al. 2001).
Two different kind of markers were utilized viz. selectable markers that bestow new
phenotypes or metals resistance gene and other that restore a deteriorated function
required for cell viability that may be inactivated on conditional terms to produce
mutation of auxotrophic type.

10.5.2 Chromosomal Modification Systems

The process of the replacement of alleles on the chromosome is a natural fact
because it allows genetic modifications without leaving unnecessary foreign DNA
and is better than simple cross-integrating vectors. This procedure can occur as
allelic substitution with the help of double crossing among two homology regions
surrounding the modification and the close proximate region on the chromosome
observed in Streptococcus pneumoniae (Campbell et al. 1998) and Bacillus subtilis
(Dubnau and Lovett 2002). Hence, a plasmid-based thermosensitive system has been
developed that permits gene substitution by following a method that includes two
steps: identification of mutation in the gene encoding plasmid replication protein
pWVOI that permits the plasmid to sustain at 308 °C but not at 378 °C (Maguin et al.
1992) and growth of the modified strain at 378 °C for several generations to permit
segregation of plasmid. It follows replication blockage that may secure the
thermosensitive plasmid vector which contains markers of selective types. This
plasmid can be utilized for selection purpose of mutants of food grade quality that
include a single insertion element as a new DNA fragment in the genome (Maguin
et al. 1996).

10.5.3 Expression Systems

The expression systems of gene allow regulated expression of homologous or
heterologous genes, and were noted to develop in Lactococcus lactis; based on
sugar-controlled promoters (lactose operon promoter) (Payne et al. 1996), salt (gadC
promoter) (Sanders et al. 1997), change temperature (techphago promoter) (Nauta
et al. 1996), pH decrease (P170) (Madsen et al. 1999) or phage infection (phi31
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promoter) (O’Sullivan et al. 1996). An induction system based on dosage and an
expression system which depends upon sugar have also been created in various
LABs (Boumerdassi et al. 1997; Swindell et al. 1996; Monteville et al. 1994).
Inducible systems need proper handling, especially if production level need to
remain constant which is required for metabolic control.

10.6 Metabolically Engineered Lactic Acid Bacteria

Implementation of recombinant DNA techniques in LAB metabolic engineering is
useful to alter the outcome of primary and secondary metabolites. Insertion of genes
or operons can be made into the chromosome by plasmids to instigate metabolic
pathways of interest. Activation of other genes can be made possible by introducing
DNA which impact in disrupting metabolic pathways that is of no more use. Inserted
genes with homologous characteristics are desirable for primer preparation that
imparts favorable resources in food fermentation. Heterologous characterized
genes of LABs are viable as useful as cellular complexes for the production of
worthy chemicals like, vitamins. Additionally, with recombinant DNA techniques,
implementation of other methods, like chemical mutagenesis and lineage selection is
vital in metabolic engineering of LAB as it acquires definite characteristics. Their
growth rate is rapid, contains small genomes, has simple metabolism and is quite
impactful in industries (de Vos and Hugenholtz 2004). Genome sequencing have
been done from numerous LABs that are quite significant in elucidating metabolic
pathways. The central metabolic pathway in LAB is glycolysis whose end product is
pyruvate, which is later converted into lactate by lactate dehydrogenase, with
simultaneous recycling of NAD* from NADH. Different kind of sugars can be a
suitable source of carbon. Though glucose has got much preference, but the utiliza-
tion of lactose is considerably large because of its abundant presence in milk.
Pyruvate metabolism can be redirected from LAB heterofermentative compounds
to flavor compounds such as diacetyl (buttermilk flavor), acetaldehyde (yogurt
flavor) or alanine (sweet), which is quite significant in the dairy industry. This can
be attained with the help of increasing concentration of producing enzymes or by
blocking the degrading enzymes. LAB can be a useful tool in glucose production
from lactose and for the production of UDP-glucose, which is a precursor of
exopolysaccharides (EPS) that is quite eminent for texturing dairy products
(de Vos and Hugenholtz 2004). Other products proposed include mannitol, sorbitol,
tagatose, folic acid, B12, riboflavin, and some antioxidants (Hugenholtz and Smid
2002; Hugenholtz et al. 2002; Kleerebezem and Hugenholtz 2003). Metabolically
engineered LABs can be roughly categorized into food fermentation initiators and
cell factories for chemicals, vitamins, and secondary metabolites.

There are a lot of important characteristics which is being featured in the probiotic
Lactobacillus johnsonii that includes its survival in the gastrointestinal tract for a
long period of time, greater adhesion to intestinal cells, and probable improvement
of phagocytosis. Hence, the strain modification can be achieved by deactivated
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lactate dehydrogenase gene which helps in producing only L (+)—lactate instead of
D (—)—lactate and L. (+)—lactate racemic mixture. One of the problems which
mainly occur in children is acidosis which occurs due to the probable presence of D
(—)-lactate and hence it should not be included in dietary habits of children and
should be avoided in foods before they occur (Delley et al. 2000). There are some
noted examples which cite description regarding various techniques for changing
metabolism from homolactic to heterolactic, producing prudent products like
diacetyl, acetoin, 2,3-butanediol, acetic acid, acetaldehyde, ethanol, and formate
(Nielsen et al. 2006). There is a strategy to block pyruvate degradation and hike
levels of heterolactic products by reforming pyruvate formate lyase (pfl) and acet-
aldehyde dehydrogenase (AdhE). The catalyzed conversion of pyruvate into acetyl
coenzyme A (AcCoA) and formate occurs due to Pfl under anaerobic conditions,
which might work like a shield as an antimicrobial in dairy products. Alternatively,
inactivation of pfl can lead to increased pyruvate group and ensuing production of
acetoin and diacetyl. A bifunctional enzyme named AdhE catalyzes the alteration of
AcCoA to acetaldehyde and more to ethanol. An increased level of acetaldehyde
(compound that imparts flavor to yogurt) occurs due to diminishing activity of
ethanol dehydrogenase. Decreased level of activity of acetaldehyde leads to a rise
in acetate that play a crucial role for food preservation. Occlusion of botanical
activities would grant escalated pyruvate concentration and direct metabolic flow
to acetoin and diacetyl. Aggravated AdhE activity would favor ethanol production.
AdhE also has pfl deactivation activity, which provides another setpoint. Therefore,
two specific engineering techniques are viable through pfl and AdhE mitigation:
which will help towards greater microbial stability or greater taste, depending on the
behest of the food product (Arnau et al. 2003).

10.7 Metabolically Engineered Probiotics

The applications of probiotics are increasing in food industry which shows a positive
outcome of this field. Metabolic engineering strategies can be possibly deployed to
design desired probiotic strains (Fig. 10.1). The field of metabolic engineering is
multidisciplinary that has shown its efficacy in the production of fermented products
and their increasing rate of metabolic yield. Some examples of metabolic engineer-
ing implication in industrial probiotic strains are the transcriptomic studies
conducted on lactobacilli strains have shown efficacy in increasing production of
bioactive metabolites, whereas overexpression of NADH oxidase have ameliorated
the process of EPS biosynthesis in Lactobacillus casei LC2W. The increasing rate of
activity of NADH oxidase leads to decrease NADH availability that ultimately
culminate in higher yield of EPS (Li et al. 2015). Existence of residual galactose
and lactose in fermented food products can generate various industrial and health
problems. Comparative genomic studies of the Lactobacillus casei strain have
proved that manifestation of the tagatose-6-phosphate pathway in the organism is
a major benefactor to galactose or lactose catabolism. Therefore, the study showed
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Fig. 10.1 Engineering of probiotics using CRISPR Cas technology for its applications in health

that the due presence of tagatose-6-phosphate pathway, L. casei could cut down
galactose aggregation in fermented food products.

10.8 Designer Probiotics: Therapeutic Applications

Engineered lactic acid bacteria has found its usage not only in the dairy industry but
also in the additional role in the production of proteins and also in food fermentation
industries which produce vitamin B, diacetyl, acetaldehyde, and folic acid (Sybesma
et al. 2003). Recombinant metabolites and proteins manufactured with the help of
engineered organisms do not require vectors of food quality in production process
but they are of utmost usage when co-administered to humans or animals. The
concept of oral vector evolved using lactic acid bacteria and bifidobacteria as they
offer resistance to acid and remain adhered to the epithelium of the mucosa (Guo
etal. 2015; Hoang et al. 2015; Landete 2016). These bacteria also nurture genes that
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express therapeutic molecules, like interleukins which can be administered orally
(Steidler et al. 1998, 2000). A potential probiotic strain named Lactobacillus aci-
dophilus NCK56 has been assembled with phosphoglycerol transferase deletion
after integration by double crossing and excision that eliminate antibiotic resistance
(Mohamadzadeh et al. 2011). Khazaie et al. (2013) reported that acidophilus helps in
regulation of inflammation and provide safeguard against colonic polyposis
exhibited in mouse model. Integration of food quality vectors into the chromosome
produce more stable vectors. Example of increasing application of food quality
vectors includes an integrated chromosomal expression system in Lactobacillus
paracasei as described by Martin et al. (2011) which was based upon aggregation
promoter gene (apf) of Lactobacillus crispatus (Marcotte et al. 2004).

Metabolic disorders treatment is quite expensive and require strict adherence that
affects patients’ lifestyle and survival rates. On the contrast, gastrointestinal tract of
patients with full of engineered microbes helps in treating various diseases and
provide long-lasting benefits. It has been estimated that by 2025, over a billion
people around the globe will live with hypertension, hence some urgent redressal is
required against the problem. Angiotensin converting enzyme inhibitor peptides
(ACEIP) may help in relaxation of blood vessels and decrease water reabsorption
by the kidney that ultimately help in lowering of blood pressure.

The ACEIP is administered with the help of an engineered strain NC8 of
Lactobacillus plantarum, where the coding sequences of tuna structure protein
(TFP) and albacore structure protein (YFP) are integrated by an arginine ligand
that impacted in reduction of systolic blood pressure, endothelin, and angiotensin II
in spontaneously hypertensive rats (Yang et al. 2015). Altered L. plantarum
exhibited antihypertensive properties in vivo that lasted for an additional period of
10 days as compared to the traditional ACEIPs and no side effects were observed.
The fabrication of Lactococcus lactis NZ9000, which expresses the HSP65-6P277
fusion protein, prevented the occurrence of Diabetes Mellitus 1 (DM1) in non-obese
diabetic (NOD) mice and exhibited significantly ameliorated glucose tolerance and
reduced insulinitis (Ma et al. 2014). Engineered bacteria can help in checking type
2 diabetes mellitus (DM2). Glucagon-like peptide 1 (GLP-1) is an incretin-derived
hormone which shows advantageous effects on pancreatic function but it has a short
half-life. However, their potential therapeutic application can be achieved when
commensal bacteria such as Bifidobacterium longum are designed to express and
secrete biologically active GLP-1 directly into the colon as a penetrating fusion
protein of GLP-1 (Wei et al. 2015).

It has been observed that the count of multiresistant pathogens are on the rise,
whereas the antibiotic options are getting reduced. Hence, an emergence of finding
alternative methods has been raised to combat deadly microorganisms
(Theuretzbacher 2012; Spellberg et al. 2015). The usage of engineered probiotics
is showing the pathway as an alternative option as it has several advantages which
includes greater specificity, regulated release of antimicrobial agents, and a narrow
risk of developing antibiotic resistance (Hwang et al. 2014). Multidrug resistant
Enterococcus sp. was targeted by using genetically engineered L. lactis. The major
function of L. lactis is to identify multidrug-resistant E. faecalis (Geldart et al. 2015).
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It was designed to produce bacteriocins under the control of a chloride-induced
promoter that gets triggered in the intestinal tract to attack and to sense E. faecium
cCF10 pheromone (Geldart et al. 2015). Clostridium difficile is a kind of pathogen
that is responsible for antibiotic-associated diarrhea in the developed countries.
C. difficile infection can be treated by fecal microbiota transplantation. The virulence
factors of engineered L. lactis express non-toxic TcdA and TcdB fragments of
C. difficile which develop an immunity against this pathogen in vivo (Guo et al.
2015). In a similar study, permuted Bacillus subtilis spores were outlined to express
H. pylori urease B protein on the surface (Zhou et al. 2015). Recombinant spores
produced were observed to generate a humoral response in mice that notably reduce
H. pylori burden. B. subtilis spores were also designed to express Mycobacterium
tuberculosis antigens for the development of a tuberculosis vaccine (Das et al. 2016).
Designed probiotics has also found its application as vaccines that stand against
virus such as HIV. Kuczkowska et al. (2015) and Chamcha et al. (2015) expressed an
HIV Gag antigen on the facet of a lactic acid bacterium that exhibited an initiation of
immune response that established its potential usage as vaccine.

A project was undertaken by World Health Organization (WHO) on Global
Cancer Observatory in 2012, which estimated 14 million new incidents of cancer
that is expected to be increased by 70% over the next 20 years. Usage of bacteria in
treatment of cancer was evolved in the nineteenth century (Hoffman and Zhao 2014).
Reports of the microbiologists have suggested a number of diversified anaerobes
over the years which preferentially proliferate in solid tumors (Taniguchi et al. 2010)
that encourage application of microbes as conveyors of anticancer agents. Assorted
anaerobes that were analyzed included the designed strains like Clostridium,
Bifidobacterium, Salmonella, and Escherichia. A recent study reported the success
of engineered B. longum expressing herpes simplex virus thymidine kinase
(HSV-TK), that was used in fusion with ganciclovir (GCV), has proved to be a
well-studied gene therapy of cancer (Zhou et al. 2016; Wang et al. 2016). Geneti-
cally modified microbes co-administered with GCV exhibited shielding effects
against colon, liver, stomach, and breast tumor xenografts in mice. Another facul-
tative anaerobe that was commonly designed in cancer treatment is Salmonella spp.

10.9 Conclusions and Future Prospects

The usage of LABs has not only been confined as food starter microorganisms, but
has also proven its efficacy in improvement of health. The probiotics are gaining
popularity in the recent years and is getting public attention as scientific evidences
are finding out strong roots. Consumer role is crucial as they acquire the deciding
phase regarding intake of GM foods. For the decision to be made precisely, their
easy accession of updated information on GMF and GMO technologies is vital. The
inception of heterologous genes is paving the pathway in improvement of their
functionality. Though there are some ethical problems associated to GMOs that
should be treated with wariness. Noted scientific progress has been observed in the
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usage of food grade selection markers, chromosomal integration, and in implemen-
tation of LAB genes. Independent strains have been developed which is not trans-
ferable to the environment and has paved the way for clinical applications. The
current research of interest is primarily focusing on various species of Lactobacillus,
though application of other genera like Bifidobacterium may be hiked in the future.
One of the first applications that was proposed for usage of recombinant LAB was
oral vaccine administration. For conducting human clinical trials, a large number of
ongoing studies and substantial data accumulation has to be done for effective
transferring of the technology. Many new approaches have been introduced which
may include selection of specific immune cells by co-expression of affinity mole-
cules or by increasing the immune response by co-expression of molecular adju-
vants. The delivery of biologically active proteins for the treatment of chronic
diseases has been a notable example of the application of bioengineered LAB.
LABEs, especially L. lactis, have also proven to be potent cell factories with consid-
erable metabolic engineering competency. Expecting level for further exploration of
the genus Lactobacillus will increase in the future. However, with the increasing
number of new applications and considerable advantages of LAB, it is expected that
their therapeutic and industrial importance will be significantly hiked.
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