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4.1 Introduction

The influence of microorganisms residing in the intestine (gut microbiota) on human health and
disease is an area of intense research as health and well-being is of primary concern to us. The gut
microbiome (gut microbiota and its collective genomes) plays a key role in homeostasis in humans
and a strong relationship exists between diet, microbiota, and our health (Nicholson et al. 2012,
Martin et al. 2014). Dietary components and dietary metabolites have roles beyond basic nutri-
tion, and the modulation of the gut microbiome composition by the alteration of food habits has
potentialities in health improvement and even disease prevention (Holmes et al. 2012, Guzman
et al. 2013). Understanding the complex interaction between diet and the composition and func-
tion of human gut microbiota is critical in advancing our knowledge in the formulation of ways
of manipulation of microbiota to prevent various health conditions and to improve our health. A
growing body of evidence suggests that reprogramming the gut microbiome or its function has
beneficial effects on the host metabolism (de Vos and de Vos 2012, Goldsmith and Sartor 2014).
The current knowledge of the complex and bidirectional interaction between the gut microbiome
and dietary components in relation to human health and disease is reviewed in this chapter.

Virtually every surface of the human body is colonized by microorganisms. The human intes-
tine is the habitat of many species of bacteria along with viruses, unicellular eukaryotes, and
other organisms which have evolved and adapted to live, colonize, and grow there, forming a
huge ecosystem, the gut microbiota (Bickhed et al. 2005, Holmes et al. 2011). With an average
length of 1.50 m and diameter of 6.4 cm, the human large intestine (colon) represents one of
the largest interfaces where host—microbe interactions occur (Cummings and Macfarlane 1991).
The intestine is home to an estimated 10" microbial cells (Lepage et al. 2012). The microbes
that we carry outnumber us 10:1 in terms of total human body cell (somatic and germ cells)
counts. The combined number of genes in the microbiota genome is 150 times larger than the
human genome (Neish 2009, Musso et al. 2010, Lepage et al. 2012). Taken together, the informa-
tion reveals that the human gut microbiome is an ecosystem of the highest complexity. The vast
majority of the microbial cells present in the human intestine are bacteria; the other members are
viruses (5.8%; estimated 1200 viral genotypes are present; Breitbart et al. 2003), archaea (0.8%),
and eukaryotes (0.5%) (Arumugam et al. 2011). Various factors influence the structure and func-
tion of gut microbiota. These include the availability of nutrients and antimicrobial compounds,
temperature, pH, redox potential, degree of anaerobiosis, and presence of bacteriophages (Kinross
et al. 2008). The metabolic activity of the human gut microbes is as robust as that of the liver
and it has been suggested to function as an auxiliary, virtual organ (O’Hara and Shanahan 2006,
DiBaise et al. 2012). A single layer of epithelial cells separates the gut microbiota from the internal
milieu, and the structure and composition of the gut flora reflect the evolution and adaptation at
both microbial and host levels promoting extensive, multiple levels of host—microbial interactions
(McFall-Ngai et al. 2013). To maintain an intact and functional epithelial barrier is essential as the
prevention of an unregulated uptake/translocation of the microbiome or its metabolites is required
for the maintenance of host homeostasis (Guzman et al. 2013).

It is increasingly becoming clear that health and disease states can be explained at the indi-
vidual level, at least in part, by the host—bacterial relationship. Directed manipulation of the
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microbiome offers a promising avenue for therapeutic applications as studies have shown that the
transfer of donor microbiota induces a variety of donor phenotypes into the recipients (Jia et al.
2008). In addition, such practice has also resulted in the accelerated recovery of sick recipients
(Prakash et al. 2011, McFall-Ngai et al. 2013).

4.2 Gut Microbiota

Although it is generally accepted that the intestine of a newborn infant is sterile and is rapidly
colonized by different microorganisms during and after birth, thus developing the gut micro-
biota (Mackie et al. 1999), recent evidence shows that colonization of the gut is initiated before
birth following ingestion of microbe-containing amniotic fluid by the fetus (Mshvildadze and
Neu 2010). The human placenta, although considered sterile, has recently been found to possess
a unique microbiome. A population-based cohort of placental specimens collected under sterile
conditions from 320 subjects following culture-independent metagenomic analysis showed that
the placenta harbors a variety of microbes and the placental microbiome most closely resembles
the oral microbiome (Aagaard et al. 2014).

How a child is born (natural delivery or caesarean section) and how that child is fed (breast feed-
ing or bottle feeding) strongly influences the development of gut microbiota (Penders et al. 20006).
Hygiene levels and medication are also important in determining the structure of the gut microbiota
of infants. The gut microbiota is usually considered fully developed by the age of 4. Each person pos-
sesses a unique microbiota and it is stable over time in healthy adults(Vanhoutte et al. 2004, Vrieze
et al. 2010). Pioneer bacteria involved in the initial colonization in newborn babies are important
in determining the final composition of the microbiota in adults (Guarner and Malagelada 2003).

Metagenomic studies have brought to light the enormous richness and diversity of human gut
microbiota compositions. Microorganisms colonize different parts of the gastrointestinal tract
(GIT) and bacterial population density varies along the GIT (Guarner and Malagelada 2003,
Tappenden and Deutsch 2007, Romano-Keeler et al. 2014). There is a qualitative and quantita-
tive increase in complexity in the bacterial population from the stomach to the colon (Table 4.1).
In addition, there is variation in the composition of the flora along the GIT in terms of surface
adherent and luminal bacteria. Although the ratio of anaerobes to acrobes is lower at the mucosal
surface than in the lumen, the anaerobes outnumber aerobes and facultative anaerobes by two to
three orders of magnitude in the overall count (Sekirov et al. 2010).

4.2.1 Diversity of Microbes in Gut Microbiota

The GIT is one of the most complex ecosystems on earth; organisms from all the kingdoms of
life such as bacteria, archaea (e.g., methanogens), and eukarea (fungi, helminths, and protozoa)
as well as viruses are present in gut microbiota (Norman et al. 2014). Development of culture-
independent methods such as 16S ribosomal RNA survey and direct sequencing vastly advanced
our knowledge of gut microbiota. Such studies have shown that bacteria living in the human gut
achieve the highest cell densities recorded for any ecosystem which is a complex community of
the diverse array of bacterial species. Culture-independent metagenomic studies have also revealed
that cultivable fecal bacteria represent a fraction of the total bacteria present in the GIT, with the
proportion of undescribed species varying from 30% to 90% (Blaut and Clavel 2007, Lagier et al.
2012). In healthy adults, 80% of the identified fecal microbiota belong to four dominant phyla:
the Gram-negative Bacteroidetes and Proteobacteria and the Gram-positive Actinobacteria and
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Table 4.1 The Number and Type of Bacteria Present in Different
Anatomic Sites of the Human Intestine

Anatomic Site pH Number of Bacteria Type of Bacteria

Stomach 2.0 1-102 Lactobacillus
Streptococcus
Helicobacter

Peptostreptococcus

Duodenum 10103

Jejunum 103104 T
4.0-5.0 Streptococcus

Lactobacillus

lleum 107-10° Bacteroides
Clostridium
Streptococcus

Actinomycinaea

Colon 10"-10" Bacteroides
Clostridium
Bifidobacterium
Enterobacteriaceae
Akkermansia
Prevotella

Ruminococcus

Source: Adapted from Guarner, F. and J. R. Malagelada. 2003. The Lancet
360: 512-519; Sekirov, I. et al. 2010. Physiological Reviews 90:
859-904.

Note: The pH and functions of the different parts are also listed.

Firmicutes. These include at least 17 families, corresponding to no less than 1250 different species
of bacteria (Schuijt et al. 2013). A striking feature of the gut microflora is that the majority of gut
bacteria (~65%) are Gram-positive bacteria, virtually all of which are obligate anaerobes; Gram-
negative anaerobes account for another 20%-30% of the total gut bacterial population (Bickhed
et al. 2005). In a large-scale culture-independent study Frank et al. (2007) put a much higher
number to the bacterial genus and species present in the human gut microbiome. According to
this study the human gut microbiome consists of at least 1800 genera and 15,000-36,000 species
of bacteria demonstrating that a staggering level of microbial diversity remains to be characterized
within the human microbiome.
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The firmicutes are with a low G + C content, bacteroidetes and actinobacteria are with a high
G + C content (de Vos and de Vos 2012, Schuijt et al. 2013). Gut microbiota exists in a relatively
stable condition within the host and takes part in wide ranging metabolic processes (Tremaroli
and Bickhed 2012) but there is substantial variation in the species composition between individu-
als (Diamant et al. 2011, Flint 2012). Microbiota of each individual has a conserved fraction (core
microbiota) which is shared between individuals and which may be needed for correct function-
ing of the gut and a variable fraction (variable microbiota) (Booijink et al. 2010, Tremaroli and
Bickhed 2012). A core microbiota that comprises 50—100 bacterial species when the frequency of
abundance at the phylotype level is not considered, and a core microbiome harboring more than
6000 functional gene groups is present in the majority of human guts surveyed (Zhu et al. 2010).

4.3 Diet Influences Gut Microbiota

The important factors which influence human health are genetics, environment, and diet. Food
has a role beyond serving as nutrients. Dietary impacts on health are one of the oldest concepts
in medicine (Goldsmith and Sartor 2014). The importance of food in health was acknowledged
more than 2500 years ago by Hippocrates by his sayings “death sits in the bowels,” “bad diges-
tion is the root of all evil” and his “food as medicine” philosophy (Hawrelak and Myers 2004).
The influence of the gut microbiome and its interaction with the host is pivotal to understand
nutrition and metabolism (Sekirov et al. 2010, Chen et al. 2014). Diet can influence the com-
position of gut microbiota and gut microbiota has wide ranging health effects; both positive and
negative (Laparra and Sanz 2010, Tremaroli and Bickhed 2012, Scott et al. 2013). Several lines
of evidence suggest that dietary factors might profoundly influence the structure and function
of gut microbiota, rapidly and reproducibly (David et al. 2014). These include studies using the
mouse model, human clinical studies, epidemiological studies, and metagenomic investigations in
humans (Bickhed et al. 2005, McFall-Ngai et al. 2013). Diet is one of the major determinants for
the persistence of a particular bacterium in the gut because the diet provides nutrients not only for
the host but also for the bacteria residing there (Blaut and Clavel 2007).

Dietary composition and caloric intake appear to swiftly regulate intestinal microbial compo-
sition and function. The relative proportion of the three main macronutrients (carbohydrates, pro-
teins, and fats) influence gut transit time and pH, in addition to the composition of gut microbiota
(Scott et al. 2013, Shen et al. 2014). The diet-induced alteration of gut microbiota may change the
relative proportion of protective/beneficial bacteria making the host susceptible to disease and/or
reducing its efficiency of food utilization (Walker et al. 2011).

Compelling evidence to support the notion that diet modulates the structure and function of
gut microbiota came from the studies with resistin-like molecule knockout mice (which are resis-
tant to diet-induced obesity). A high-fat diet resulted in a decrease in Bacteroidetes and an increase
in Firmicutes and Proteobacteria in control mice (which became obese) and also in resistin-like
molecule knockout mice (which did not become obese) (Hildebrandt et al. 2009). Also transplan-
tation of microbiota from lean or obese humans to germ-free mice established the corresponding
phenotypes. The structure of microbiota also shifted accordingly following high-fat or low-fat
diets in these microbiologically humanized mice (Turnbaugh et al. 2008) clearly demonstrating
that diet influences gut microbiota in a profound way and adiposity is transferrable by fecal trans-
plantation which responds to dietary changes (Petrof and Khoruts, 2014).

Analyses of large metagenome datasets have indicated that the microbial composition of
individuals can be described within a few distinctive enterotypes (classification of the human
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gut microbiome according to the dominant microorganism present) which are independent of
age, gender, and nationality and respond differently to diet and drugs (Arumugam et al. 2011).
Enterotype Bacteroides (type-1) is associated with the consumption of a diet rich in protein and
animal fat, while those who ate more fiber and carbohydrates and less animal fat and protein had
Prevotella enterotype (type-2). Enterotype Ruminococcus (type-3) is not so distinct and is partly
merged with the Bacteroides enterotype (Wu et al. 2011, Tremaroli and Bickhed 2012). The
enterotypes are stable and a long-term change in dietary habits are probably needed to induce a
shift of one enterotype to another, as a 10-day dietary intervention failed to result in the alteration
of the enterotype (Wu et al. 2011).

An interesting study by Filippo et al. (2010) showed how diet can impact the shaping of gut
microbiota by comparing European children on a Western diet with rural African children who
had a fiber-rich diet. Children from a rural African village in Burkina Faso showed a significant
enrichment in Bacteroidetes with abundance of bacteria from the genus Prevotella and Xylanibacter
and a depletion of Firmicutes. Prevotella and Xylanibacter encode enzymes enabling hydrolysis of
cellulose and xylan. These African children indeed demonstrated a higher content of short-chain
fatty acids (SCFAs) revealing that the gut microbiota in rural Africa may allow individuals to
maximize energy intake from fibers while affording protection from inflammation and infection.
In addition, these children showed depletion of Firmicutes which are usually abundant in people
on a high-protein, high-fac diet (Filippo et al. 2010).

Studies with adult human volunteers have shown that changing the amount and type of carbo-
hydrate consumed over periods of 4 weeks induced a significant change in the composition of the
gut microbiota and its metabolic products (Brinkworth et al. 2009, Walker et al. 2011). Difference
in gastrointestinal flora between breast-fed and formula milk-fed babies is another example of diet-
induced changes in gut microbiota. Several studies have shown that although Bifidobacteria are
the most prevalent bacteria in the GIT flora of both feeding groups, the amount is significantly
higher in breast-fed than in formula-fed infants (Harmsen et al. 2000). Babies fed breast milk vs.
formula milk display very large difference in inflammation and susceptibility to disease. Formula
milk also causes a dramatic shift in gut flora from a simple flora dominated by Bifidobacteria to a
complex adult gut flora; the number of Escherichia coli and Bacteroides was significantly higher in
formula milk-fed than in breast-fed infants (Vandenplas et al. 2011).

Diet also influences the composition of gut microbiota in the elderly. Bacteroidetes are the
dominant member of the gut microbiota and the relative abundance of various groups within
the Firmicutes phylotype in the elderly differs from that of young adules (Claesson et al. 2012).
Overall, the bacterial diversity of gut microbiota tends to decrease with age (Claesson et al. 2011).
Diet not only influences the structure of gut microbiota, it may also induce change in the expres-
sion of bacterial cell surface constituents. Gut bacteria Bacteroides thetaiotaomicron exhibit changes
in the capsular polysaccharide depending on the availability of nutrients (Bickhed et al. 2005).

4.4 Influence of Gut Microbiota on Metabolism of Diet

A diverse population of bacterial species in the human gut performs important metabolic and
immune functions that eventually delineate the nutritional and health status of the host (Selma
et al. 2009, Martin et al. 2014). The association of gut microbiota with the host is based on
molecular interactions that predominantly affect nutrition, immunity, and metabolism. These
complex, site-specific, microbial communities contribute in vitamin synthesis, energy uptake, and
the development of immunity in the host (Bik 2009). External environmental factors such as diet,
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pathogens, or antibiotic treatment and genetic predepositions may disturb the microbial ecosys-
tem leading to “dysbiosis” and impaired activity that can render a negative health effect (Hawrelak
and Myers 2004).

The impact of gut microbiota on the nutritional and health status of the host is determined by
the modulation of immune and metabolic functions. Enzymatic activities involving transforma-
tion of various dietary compounds is also attributed to the microbiome (Laparra and Sanz 2010).
Intestinal microbiota is responsible for the fermentation of nondigestible dietary residue in addi-
tion to endogenous mucus of the epithelia (Roberfroid et al. 1995).

Several reports elucidate the role of certain specific bacterial species such as Bacteroidetes in
the degradation of carbohydrates on account of their ability to possess a large numbers of genes
encoding carbohydrate active enzymes and their ability to shift to the specific energy sources avail-
able in the gut. The genomic sequencing of gut symbiont Bacteroides thetaiotaomicron has shown
to encode for 400 enzymes including transport, binding, and digestion of complex carbohydrates
(Xu et al. 2003). Similarly, Firmicutes, Actinobacteria, and Verrucomicrobium phyla constitute
a group of bacteria that would initiate the degradation of complex substrates including plant cell
walls, starch particles, and mucin in the gut. Bacteroidetes and actinobacteria (Bacteroides entero-
type) have been shown to associate with saturated fat and animal protein whereas carbohydrates
and simple sugars (glucose and fructose) are linked with Firmicutes and Proteobacteria (Prevotella
enterotype). Microbial diversity in the gut is greatly influenced by the type of nutrient as fat and
protein are reported to decrease and carbohydrates increase the diversity of human gut microbi-
ome (Delzenne et al. 2011a,b). The emerging concept of prebiotics and their impact on human
health requires explorative studies to highlight the complex relationship between diet composi-
tion, gut microbiota, and metabolic outputs (Wu et al. 2011, Flint 2012).

Host metabolism is linked with the products of microbial metabolism through signaling mech-
anisms thereby directly affecting intestinal function, the liver, the brain, and adipose and muscle
tissues leading to a rise in the level of obesity and the associated morbidities. Transformation of
indigestible food components into molecules by gut microbiota, and providing energy to the host
has been linked with obesity pathogenesis due to an excess energy intake (Bickhed et al. 2007,
Tremaroli and Bickhed 2012).

Dietary bioactive compounds such as prebiotics, polyunsaturated fatty acids (PUFAs), and
phytochemicals influence the composition of the gut microbiota and their ability to generate fer-
mentation products. PUFAs including ®-3 and ®-6 fatty acids are associated with various aspects
of immunity and metabolism (Laparra and Sanz 2010). The interactions between PUFAs and
components of gut microbiota greatly alter their role in metabolism. A growing body of evidence
shows that dietary factors can dramatically alter the gut microbiome in ways that contribute to
metabolic disturbance and progression of obesity (Cani et al. 2009b). Dietary fat composition can
both reshape the gut microbiota and alter host adipose tissue inflammatory/lipogenic profiles. In
addition, there exists the interdependency of dietary fat source, commensal gut microbiota, and
the inflammatory profile of mesenteric fat that can collectively affect the host metabolic state
(Huang et al. 2013).

In a study published recently, a team of researchers found that in mice, just one of species of
bacteria, Akkermansia muciniphila plays a major part in controlling obesity and metabolic disor-
ders such as type 2 diabetes (Everard et al. 2013). It is the dominant bacterial species in the human
gut, representing 3%-5% of the microbial community (Belzer and de Vos 2012). The abundance
of this bacterium inversely correlates with body weight in rodents and humans. Interestingly,
prebiotic feeding normalized A. muciniphila abundance, which correlated with an improved meta-
bolic profile, reversed high-fat diet-induced metabolic disorders including fat-mass gain, metabolic
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endotoxemia, adipose tissue inflammation, and insulin resistance (Karlsson et al. 2012). In addi-
tion, prebiotic feeding of A. muciniphila increased the intestinal levels of endocannabinoids that
control inflammation, the gut barrier, and gut peptide secretion (Everard et al. 2013).

4.5 Gut Microbial Activity in Health and Diseases

The enormous gene pool of the microbiome provides various enzymes of diverse metabolic path-
ways which communicate with and affect the host in numerous ways, both beneficial and harm-
ful, acting locally and systemically (Tables 4.2 and 4.3). The adaptable and renewable activity of
the microbiome is normally a health asset but certain members of the microbiota can become
a liability in genetically susceptible and immunocompromised individuals (Lepage et al. 2012,
McDermott and Huffnagle 2014).

4.5.1 Gut Microbial Activity Beneficial to Human

The primary role of the gut bacteria beneficial to the host is the fermentation of non-digestible
carbohydrates such as cellulose, hemicellulose, pectins, gum, and resistant starches resulting in
generation of SCFAs. In addition to serving as an energy source, SCFAs stimulate differentiation
and proliferation of epithelial cells (Slavin 2013, Sharma and Devi 2014). Interaction between the
gut bacteria and the host is important in the differentiation and proliferation of IEC, a competent
immune system and moderate inflammatory responses (Yu et al. 2012). Also, gut bacteria stimu-
late the intestinal endocrine cells to stimulate hormones, which in turn enter circulation and can
modulate the host function (Sekirov et al. 2010). In addition, gut bacteria communicate directly
with immune cells of the gut-associated lymphoid tissue (GALT) and terminal of visceral afferent
nerves (Diaz-Heijtz et al. 2011). Gut microbiota also play nonimmune, protective roles by directly
blocking intestinal pathogenic microbes to IEC and by enhancing mucosal integrity via epithelial
cell stimulation. So the gut microbiota may influence many metabolic processes of the host. It is
important that the state of homeostasis is maintained between human hosts and their gut micro-
biota as it dictates the health and disease states of the host depending upon the relative proportion
of beneficial bacteria and harmful bacteria (Kaminogawa 2010). In Table 4.2 the major beneficial
effects of gut bacteria are listed. For many of the health benefits offered by the gut bacteria, there
are multiple mechanisms involved; only the most common mechanism is mentioned here due to
limitations of space.

4.5.2 Dysbiosis Leads to Disease States

Human gut microbiota exists in a state of homeostasis with the host for the benefit of the host
and the microbes under normal circumstances. The gut microbiota is a complex ecosystem whose
diversity is enormous, and under specific conditions when there is a disruption in the state of
homeostasis, it is able to overcome protective host responses and exert pathologic effects (Wallace
et al. 2011); the intestinal microbiome is linked to a growing number of over 25 diseases and
syndromes (de Vos and de Vos 2012). The intestinal mucosal immune system has developed spe-
cialized mechanisms for eliminating the pathogenic microbes while at the same time tolerating
the beneficial gut microbiota (Schuijt et al. 2013). Altogether, in indirect or associative support
in maintaining the state of host—microbe homeostasis, several mechanisms of mucosal immunity
are involved. These include strongly developed innate defense mechanisms ensuring appropriate
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Table 4.2 Health Benefits of Gut Microbiota

Health Benefit

Mechanism/Main Finding

References

Energy harvest

Harvest calorie from undigested ingredients of food.

Jumpertz et al.
(2011)

Synthesis of B
vitamins and
vitamin K

Lactic acid bacteria and Bifidobacteria can de novo
synthesize biotin, thiamine (B,), riboflavin (B,), niacin
(B;), pantothenic acid (B;), pyridoxine (By),
cobalamine (B,,), folic acid, and vitamin K.

LeBlanc et al. (2013)

Absorption of
minerals

SCFAs produced by gut bacteria enhance absorption
of calcium, copper, iron, magnesium, and
manganese.

Scholz-Ahrens
et al. (2007)

Development

Gut immune maturation depends on colonization

Chung et al. (2012),

of immune with a host-specific microbiota. Pathogens- Ganal et al. (2012)
System associated molecular patterns (PAMP) of gut
bacterial interact with TLRs and other pattern
recognition receptors (PRP) of host cells to modulate
development and stimulation both innate and
adaptive arms of host immune system.
Neuronal Interaction between the intestinal microbiota, the Collins et al. (2012),
networking gut, and the central nervous system (CNS) is De Vadder et al.
recognized as the microbiome-gut-brain axis. (2014)
Dysbiosis leading dysregulation of microbiome—-gut—
brain axis leads to a variety of disease conditions.
Angiogenesis | Gut microbiota-derived ligands induce proliferation, | Schirbel et al.
migration, tube formation and production of (2013)

proangiogenic factors, from human intestinal
microvascular endothelial cells (HIMECs); vessel
sprouting and angiogenesis observed in the ex vivo
and in vivo assays.

Prevention of
allergy

Alteration of gut microbiota resulted in elevated
serum IgE concentrations, increased steady-state
circulating basophil populations and exaggerated
basophil-mediated Th2 cell responses and allergic
inflammation. Altered microbiota leads to the
induction of immune deviation in infancy. High
counts of Bacteroides prevented clinical
manifestation of atopy.

Hill et al. (2012)

Metabolism of

Gut microbiota modulates hepatic gene expression

Bjorkholm et al.

xenobiotics and function by altering its xenobiotic response to (2009)

drugs without direct contact with the liver.
Protection By outcompeting pathogen for attachment sites, by Guarner and
against producing bacteriocins, and by limiting nutrients Malagelada (2003),
infection availability for the pathogens. Canny and

McCormick (2008)
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Table 4.3 Dysiosis Leads to Disease States

Disease

Mechanism/Main Findings

References

Atherosclerosis

Metabolism by intestinal microbiota of dietary
L-carnitine, a trimethylamine abundant in red
meat produces trimethylamine N-oxide (TMAQO)
and accelerates atherosclerosis in murine model.

Koeth et al. (2013)

Type-2 diabetes

Metagenomic studies have shown that patients
with type-2 diabetes gut microbial dysbiosis,
show decrease in the abundance of some
universal butyrate-producing bacteria and an
increase in various opportunistic pathogens.

Qin et al. (2012)

Metabolic
endotoxemia

High fat diet-induced changes in gut microbiota
leads to increased transit of LPS to systemic
circulation which contribute to the development
of metabolic endotoxemia and ultimately clinical
signs of chronic diseases.

Chang and Li (2011)

Eczema

A diverse and adult-type microbiota in early
childhood is associated with eczema and it may
contribute to the perpetuation of eczema.

Nylund et al. (2013)

Irritable bowel

Overgrowth of aerobic bacteria in the small

Kinross et al. (2008)

syndrome intestine using nitrate generated as a by-product
of the inflammatory response; reduced number
of Bifidobacteria in the gut leading to altered
floral-mucosal interactions. The enteric nervous
system, and brain-gut-brain axis are directly
involved in the pathogenesis.
Altered gut Altered gut microbiota-induced glucagon like Cani et al. (2009a)
permeability peptide-2 (GLP-2)-driven alteration of gut
permeability.
Obesity An obesity-associated gut microbiome with Diamant (2011)
increased capacity for energy harvest. Everard et al. (2013)
Allergy Reduced biodiversity and altered gut flora Sjogren et al. (2009),
composition early in life fails to confer maximum | Ozdemir (2013)
tolerogenic immunomodulatory effects. Trompette et al. (2014)
CRC Clostridium and Bacteroides enhance the potency | Uccello et al. (2012)

of DNA-damaging agents, for example, N-nitorso
compounds and heterocyclic amines and increase
the growth rate of colonic tumor; Lactobacillus
and Bifidobacteria reduce tumorigenesis

Cancer (other
types)

Microbiota changes observed. Microbial-induced
inflammation contribute to cancer by stimulating
production of cytokines that promote cell
proliferation and/or inhibit apoptosis.

Bultman (2014)




Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 207

Table 4.3 (Continued) Dysiosis Leads to Disease States

Disease Mechanism/Main Findings References

Autism Abnormal energy metabolism by altered gut Frye et al. (2013)
bacteria results in production of acyl-carnitine
and altered production of propionic acid which
results in alteration in mitochondrial function
leading to neurodevelopmental disorder, autism.

Asthma Change in gut flora early in life leading to McLoughlin and
inappropriate immune tolerance contributes Mills (2011)
toward the development of asthma.

function of the mucosal barrier, existence of unique types of lymphocytes and secretory immuno-
globulin A (sIgA). Studies with germ-free animals have demonstrated that the gut microbiota plays
a vital role in the development of an optimally functioning mucosal immune system (Mazmanian
et al. 2005, Kostic et al. 2013).

Human gut microbiota converts L-carnitine into trimethylamine which can promote cardio-
vascular risk in humans (Zhu et al. 2014). Inadequate or excess stimulation of the immune system
is a challenge to host microbe homeostasis and subsequent disease states. A number of cellular
components [e.g., lipopolysaccharides (LPS), peptidoglycans, teichoic acids, flagella, superanti-
gens, bacterial DNA, heat-shock protein] and the metabolic products of the gut microbiota are
able to stimulate both the innate and adaptive components of the host immunity (Holmes et al.
2011, 2012). Chronic immune activation in response to signals from gut microbiota could pose
the risk of chronic, low-grade inflammation, which studies have shown as a predisposing factor
for a variety of multifactorial, multigenic complex diseases including obesity, diabetes, inflamma-
tory bowel diseases, rheumaroid arthritis, cardiovascular disease, allergy, asthma, autism, colon
cancer, and several infections, inflammatory, autoimmune, and neoplastic disease (Chang and Li
2011, Hormannsperger et al. 2012; Table 4.3). Numerous studies have shown that the modulation
of structure and function of gut microbiota by probiotics, prebiotics, synbiotics, cobiotics, and
immunobiotics offer a realistic therapeutic and preventive option for these diseases.

A recent study showed that gut bacteria enhances infectivity of certain viruses. The virus
becomes covered with LPS molecules from natural gut bacteria, then virus—LPS conjugate inter-
act with TLR4 (receptor of LPS molecules on mammalian cells) to make viral infection possible.
Mouse mammary tumor virus (MMTYV), poliovirus, and a reovirus which impairs bile duct func-
tion all have been shown to use the same LPS-dependent strategy. LPS-TLR4 interaction leads to
stimulation of IL-10 production, which suppresses the body’s antiviral reaction, further enhancing
viral infection. The bacterial cell wall component peptidoglycan also promoted viral infectivity
(Wilks and Golovkina, 2012).

4.6 Human Colon as a Fermenter

The main theme of the development of various functional foods such probiotics, prebiotis, cobiot-
ics, synbiotics, and immunobiotics is the improvement of the colonic fermentation process which
has been shown to exert profound health benefits on the human host (Blaut and Clavel 2007,
Villena and Kitazawa 2014). The human colon is a highly active metabolic organ which acts a
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fermenter where a variety of undigested food ingredients (mostly complex carbohydrates) are fer-
mented for the benefit of both the microbes and the host (Figure 4.1; Valeur and Berstad 2010).
With approximately 1.5 kg of bacteria in the colon (Xu and Gordon 2003), and metabolic activity
comparable to the liver (Martin et al. 2009, DiBaise et al. 2012), fermentation in the gut thus plays
an important role in the digestive physiology and energy metabolism of the host.

Because of the diversity and metabolic potential of the gut microbiota, gut fermentation is
a complicated process resulting in a dynamic gut metabolom (total metabolites) where the end
product produced by one organism serves as a growth substrate for the other (Vlieg et al. 2011).

The degradation of complex carbohydrates and plant polysaccharides as a source of energy for
human and microbial cells is not completely accomplished by human enzymes and these nondi-
gestible carbohydrates including xylans, resistant starch, cellulose, hemicellulose, pectins, gums,
and inulin in addition to certain oligosaccharides that escape digestion are fermented by colonic
microbiota resulting in the yield of energy and SCFA (acetate, propionate, and butyrate) (Martens
et al. 2011, Pokusaeva et al. 2011). A considerable number of these polymers cannot be degraded
by the host; however herbivores possess the ability to meet 70% of their energy requirement from
microbial breakdown under the concept of mutualism. The gut microbiome is highly enriched
with genes for carbohydrate metabolism encoding a large assortment of enzymes for carbohy-
drate metabolism (>115 families of glycosidic hydrolases and >21 families of polysaccharide lyase);
in contrast the human genome has relatively few genes that encode carbohydrate-metabolizing

Fermentation in the gut

\

Protein
fermentation

Carbohydrate
fermentation

SCFAs

SCFAs and BCFAs provide: Potential deleterious agents (?)
Energy for colonocytes

Intestinal motility

Nutrient absorption

Colonic pH maintenance

Immune enhancement

Antineoplastic property

NH3, amines,
phenolics

Figure 4.1 Fermentation of carbohydrates and proteins in the gut producing SCFAs, BCFAs,
and other products. (From Cummings, ). H. et al. 1987. Gut 28: 1221-1227; Macfarlane, G. T.
and S. Macfarlane. 2011. Journal of Clinical Gastroenterology 45: $120-5127.)
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enzymes (Gill et al. 2006, Ley et al. 2006, Flint et al. 2008). During the fermentation process in
the colon, the gut microbiota breaks down substances such as resistant starch and dietary fibers
which are not completely hydrolyzed in the small intestine by the host enzymes resulting in pro-
duction of a variety of postbiotics such as SCFAs and gases (e.g., hydrogen, methane, and carbon
dioxide) (Topping and Clifton 2001).

A variety of factors influence the fermentation process; the most important factor is the type
and amount of complex carbohydrates which pass through the small intestine undigested and
reach the colon and its resident microbiota (Tremaroli and Bickhed 2012, Besten et al. 2013). In
addition, the type and amount of various SCFAs produced by fermentation is also influenced by
pH, availability of inorganic terminal electron acceptors (e.g., sulfate and nitrate), and large intes-
tine transit time (Macfarlane and Macfarlane 2011).

The microbial population colonizing different parts of the gut influences human health in sev-
eral ways. Under normal physiological conditions, these microbial communities contribute nutri-
ents and energy to the host through the fermentative process of nondigestible dietary components
in the large intestine. Carbohydrates and proteins serve as the main fermentative substrates in the
large intestine resulting in the production of a number of products including gases, hydrogen, car-
bon dioxide, SCFAs, branched chain fatty acids (BCFAs), lactic acid, ethanol, ammonia, amines,
phenols, and indoles (Figure 4.1). The human microbiome is also responsible for the maintenance
of a balance with the host’s metabolism and immune system (MacFarlane and Cummings 1991,
Flint et al. 2007, Flint 2012).

4.6.1 Short-Chain Fatty Acids

SCFAs are saturated organic fatty acids with 1-6 carbon atoms and are the principal anions which
arise from bacterial fermentation of polysaccharide, oligosaccharide, proteins, peptide, and gly-
coprotein in the colon (Veldzquez et al. 1997, Macfarlane and Macfarlane 2011). The main postbi-
otic fermentation products of resistant starch and dietary fibers are SCFAs; which includes acetate
(C2), propionate (C3), and butyrate (C4)(Figure 4.2).

Various studies demonstrated that SCFA production is in order of acetate > propio-
nate > butyrate in a molar ratio of approximately 3:1:1 mainly in the proximal and transverse
colon (Cummings et al. 1987, Cummings and Myers 1991). SCFAs are produced in the range
of 150-600 mmol/day (average of 400 mmol/day); more than 95% are immediately absorbed
by the colon and the rest excreted in the feces. The SCFAs thus absorbed provide approximately
500 keals of energy a day; which amounts to 5%—15% of the total caloric needs of an individual
on a Western diet (Martin et al. 2014). Absorption of SCFAs by the colonic mucosa is an energy-
independent process and the rate of absorption of different SCFAs are same, irrespective of their
chain length. In addition to SCFAs, small amounts of isobutyrate, valerate, and isovalerate are
also produced (Beyer-Sehlmeyer et al. 2003). The absorbed SCFAs are used as an energy source
by the colonocytes (butyrate being the preferred substrate) and also by the other tissues including
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Figure 4.2 Short-chain fatty acids.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

210 ® Health Benefits of Fermented Foods and Beverages

the liver and the muscles. In addition to serving as energy, SCFAs also have other important
functions (Macfarlane and Macfarlane 2011).

4.6.2 SCFAs and Their Physiologic Effects

By facilitating the uptake of electrolytes and water, SCFAs reduce the osmotic effect of unabsorbed
carbohydrate molecules and thus act as an antidiarrheal agent; an individual may suffer from diar-
rhea (antibiotic associated diarrhea) when the gut microbiota is disrupted resulting in impaired
colonic fermentation (Binder 2010). Microbial fermentation products influence gastrointestinal
motility and sensitivity and may play a role in the pathogenesis of irritable bowel syndrome.
Research data indicate that inadequate B-oxidation of SCFAs as a pathogenic mechanism for
ulcerative colitis (Bergman 1990, Cummings et al. 1996, Flint et al. 2007). Brighenti et al. (1995)
demonstrated a significant role of acetate and propionate as modulators of glucose metabolism
thus resulting in lower glycemic responses to oral glucose owing to the absorption of these SCFAs.
Proliferation and differentiation of the IEC is modulated by SCFAs and thus contribute toward the
creation of a protective barrier against pathogens (Hooper et al. 2012). SCFAs decrease colonic pH
and increase colonic water absorption and thus maintain colonic health. Other health-promoting
properties of SCFAs include laxation and vasodilation; SCFAs also play roles in gut motility and
gut wound healing (Flint et al. 2007, Tan et al. 2014). SCFAs are incorporated as basic elements
in a variety of biosynthetic processes such as lipogenesis, gluconeogenesis, and protein synthesis.
SCFAs activate G protein-coupled receprors, GPR41 and GPR43 (Kim et al. 2013) leading to the
activation of several intracellular pathways including transcriptional factors such as activating
transcriptional factor-2 (ATF-2) and signal transduction mediators protein kinase C and mitogen-
activated protein kinases (MAPKSs) (Elamin et al. 2013, Kim et al. 2013).

An important method of regulation of gene expression is through acetylation (carried out by
the enzyme histone acetyl transferase, HAT) and deacetylation (carried out by the enzyme his-
tone deacetylase, HDAC) of the DNA-binding protein, histone. Acetylation leads to enhanced
gene expression, while deacetylation reverses the process. By exerting a negative effect on HDAC
activity (Davie 2003), SCFAs are reported to modulate the expression of a number of key regula-
tory proteins such as NFAT, NF«B, p53, and MyoD (Vinolo et al. 2011). Recent iz vivo and in
vitro studies suggest that SCFAs stimulate gut hormone secretion. Colonic enteroendocrine L
cells express receptors for SCFAs (free fatty acid receptor, FFA2 and FFA3). The release of insu-
linotropic hormone, glucagon-like peptide-1 (GLP-1) and an anorectic hormone, peptide YY by
colonic enteroendocrine L cells is mediated by SCFAs (Vinolo et al. 2011, Kaji et al. 2014). In an
interesting study, Wichmann et al. (2013) showed that SCFAs, by modulating the secretion of the
hormone GLP-1, increase intestinal transit time of food in case of energy insufficiency and thus
allow for greater energy harvest and absorption in germ-free and antibiotics-treated mouse models.

Butyrate is produced in minimal amount in comparison to acetate and propionate, but is the
most studied and is reported to have a more important role in colonic homeostasis and also in wide
array of metabolic processes (Nordgaad 1998). Butyrate serves as the primary energy source for the
colonocyte, supplying 70%-90% of its energy requirements. It promotes cell repair, proliferation,
and differentiation (Canani et al. 2011). By stimulating the healthy growth of colonic cells, butyrate
helps prevent colon cancer. Additional properties of butyrate which contribute to preventing colon
cancer includes reduction of DNA damage, reduction of the exposure of the colonic mucosa to
ammonia, inhibition of the conversion of primary to secondary bile acids (Kaji et al. 2014). Butyrate
enhances villi development and promotes the gut barrier function and reduces epithelial perme-
ability which is achieved by upregulation of mucin-associated genes (MUCI-4) in the intestinal
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goblet cells. Butyrate also upregulates the expression of tight junction proteins such as zonulin and
occludin, enhancing intestinal barrier function (Bordin et al. 2004, Gaudier et al. 2004).

Butyrate exerts a differential effect on healthy colonocytes and tumor cell lines. It activates the
expression of genes involved in cell proliferation and differentiation in healthy colonocytes; whereas
it activates genes which leads to apoptosis in tumor cells (Canani et al. 2011). Butyrate also possesses
antimicrobial properties. It is reported to prevent colonization by Salmonella enteritidis in experi-
mental animals. Mechanistic studies revealed that it upregulated host defense protein genes and also
downregulated invasion genes in Salmonella, thereby reducing the ability of the bacteria to attach
and invade host cells of the intestinal epithelium (Immerseel et al. 2006, Sunkara et al. 2012).

4.6.3 SCFAs as Modulators of the Immune System

Research in the field of immunology and gut microbiology has shown that SCFAs exert wide rang-
ing effects on immune and inflammatory responses. SCFAs act as chemotactic factors for neutro-
phils and thus enhance the recruitment of circulating leukocytes to the inflammatory site. SCFAs
modulate the production of these inflammatory mediators by neutrophils and other immune cells.
Studies have shown that propionate and butyrate reduce the LPS-stimulated production of cyto-
kine-induced neutrophil chemoattractant-2 (CINC-2), tumor necrosis factor (TNF)-0., and nitric
oxide (NO) production by neutrophils (Maslowski and Mackay 2011, Vinolo et al. 2011), which
contribute toward controlling the inflammatory process involved in the pathogenesis of various
diseases including Crohn’s disease (Segain et al. 2000).

As IEC are in direct contact with high concentrations of SCFAs, the effects of these fatty acids
on these cells have been a topic of intense investigation. By changing the type or the amount of
chemokines produced by intestinal cells, SCFAs may alter the recruitment of leukocytes and the
pattern of inflammatory mediators produced in this tissue (Vinolo et al. 2011, Zeng et al. 2014).
SCFAs are also involved in T cell differentiation. This is achieved by stimulation of production
of prostaglandin E2 (PGE2), which by activating its receptor EP4 facilitates Th1 differentiation
and Th17 expansion, two subsets of T helper involved in a variety of immune processes including
inflammation (Smith et al. 2013).

Studies have identified various structural components and secreted products of gut microor-
ganisms with direct roles in modulating the immune system. Flagellin from the probiotic strain £.
coli Nissle is reported to induce B-defensin, an antimicrobial peptide implicated in the resistance
of epithelial surfaces to microbial colonization (Schlee et al. 2007). A soluble protein p40, derived
from probiotic bacteria Lactobacillus rhamnosus GG prevented cytokine-induced apoptosis in IEC
through the activation of epidermal growth factor receptor (EGFR). Delivery of p40 to the colon
prevented and treated colon epithelial cell injury and inflammation and ameliorated colitis in
an EGFR-dependent manner (Yan et al. 2011). Butyrate exerts an anti-inflammatory effect by
inhibition of NF-kB activation. Studies have shown that it downregulates production of TNF-o
in human peripheral monocytes and in macrophage-like synoviocytes in rheumatoid arthritis
patients by regulating mRNA degradation (Fukae et al. 2005).

4.6.4 Fermentation of Fat

The interaction of gut microbiota with dietary fat is more complex. Lipid metabolism by gastro-
intestinal microbes generates multiple fatty acid species that can affect host healcth. Metabolism
of linoleic acid has been associated with several human colonic Roseburia species that form ecither
vaccenic acid or a hydroxy-18:1 fatty acid. They may also act as precursors of conjugated linoleic
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acid (CLA) cis-9, trans-11-18:2-, the health-promoting compound (Devillard et al. 2007). In a
study with germ-free mice it has been found that representative gut bacteria Lactobacillus planta-
rum carry out the metabolism of PUFAs and generates oxo, hydroxyl, and conjugated fatty acids
and partially saturated #rans-fatty acids. These fatty acid intermediates, especially hydroxyl facty
acids, were detected in host organs. The evidence for the fact that the source of these hydroxy
fatty acids is the bacterial metabolism of fatty acids came from the observation that the levels
of hydroxy fatty acids were much higher in specific pathogen-free mice than in germ-free mice.
These findings suggest that lipid metabolism by gastrointestinal microorganisms affect host lipid
composition, which in turn may provide new ways for host health improvement by altering lipid
metabolism related to the onset of metabolic syndrome (Kishino et al. 2013).

4.6.5 Fermentation of Protein

The dietary proteins which escape digestion in the small intestine, as well as proteins from mucous,
enzymes, sloughed epithelial cells, dead host, and bacterial cells are fermented in the colon.
Fermentation of proteins leads to the production of SFAs, BCFAs, and amines. In addition, pro-
tein fermentation also generates ammonia, phenols, indoles, and sulfurs (Figure 4.1; Macfarlane
and Cummings 1991). In contrast to carbohydrate fermentation which takes place in the proximal
and transverse colon, protein fermentation mainly occurs in the distal colon, when carbohydrates
get depleted. It is generally accepted that protein fermentation is considered detrimental to the
host’s health; for example, colorectal cancer (CRC) and ulcerative colitis appear most often in the
distal colon, which is the primary site of protein fermentation. Some of the proteolytic fermenta-
tion products, however, are used by gut microbiota as nitrogenous growth factors. Mucin con-
tains a substantial amount of nitrogen in the form of amino sugars. Fermentation of these sugars
releases ammonia which is absorbed from the colon by mucosal cells and contributes to the host’s
nitrogen balance (Windey et al. 2012).

4.6.6 Bacteria Involved in Gut Fermentation

Bacteroides are the most numerous and most versatile polysaccharide fermenting bacteria of
the gut microbiota; other gut fermenters belong to the genera Bifidobacterium, Ruminococcus,
Lactobacillus, and Clostridium (Guarner and Malagelada 2003). In addition to saccharolytic and
proteolytic bacteria, methanogens and other bacteria that utilize intermediate fermentation prod-
ucts such as hydrogen, ethanol, lactate, and succinate are also present in large number (Guarner
and Malagelada 2003, Nakamura et al. 2010). Gram-positive Firmicutes are the human colonic
butyrate producers comprising the two most abundant groups related to Eubacteriumrectale/
Roseburia spp. and Faecalibacterium prausnitzii. Mechanisms proposed in non-gut Clostridium
spp. whereby butyrate synthesis leads to the energy generation through substrate-level phosphory-
lation and proton gradients has also been found to be true in majority of gut bacterial species
involved in butyrate production (Louis and Flint 2009).

4.7 Concept of Probiotics, Prebiotics, Synbiotics, Cobiotics, and
Immunobiotics: Mechanism of Action and Health Claims

Advances in knowledge about gut microbiota through recent studies with functional metagenom-
ics has opened the possibilities of applying this knowledge for rational remodeling for human



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 213

benefit (Holmes et al. 2012, Guzman et al. 2013). Owing to the inherent plasticity of gut micro-
biota, the various physiologic features that can be targeted are relative susceptibilities to infections,
metabolic syndromes, bioavailability of nutrients, development of innate and adaptive immunity,
immune tolerance, development and functioning of the nervous system, and the intestinal barrier
function (Delzenne et al. 2011a,b, Martin et al. 2014). Various gut microbiota modifying agents
such as probiotics, prebiotics, synbiotics , cobiotics, and immunobiotics can be used to achieve a
measurable benefit to the host.

Antibiotics can be used to eliminate or suppress undesirable bacteria from the human host,
probiotics can introduce missing or suppressed beneficial bacteria in the gut microbiota, prebiotics
can enhance the proliferation of beneficial microbes, synbiotics can synergistically enhance the
potency of both probiotics and prebiotics to maximize sustainable changes in the human microbi-
ome (Roberfroid 1998, Lourens-Hattingh and Viljoen 2001, Gibson et al. 2004, Takahashi et al.
2013). Cobiotics, on the other hand, can be beneficial both to the host and to gut microbiota in
a targeted health effect, and immunobiotics can promote health through modulation of mucosal
immune mechanisms (Greenway et al. 2013, Tomosada et al. 2013). Through strategic use of
these gut microbiota modifying processes, either singly or in combination, remodeling of the gut
microbiome to suit individual therapeutic needs can be considered (Preidis and Versalovic 2009,
Goldsmith and Sartor 2014).

4.7.1 Probiotics

The main theme of probiotic action is its capacity to remodel gut microbiota, which results in
subsequent health benefics. Lilley and Stillwell (1965) used this term for the first time describ-
ing it as a microbial substance that stimulated the growth of other microorganisms, followed by
Sperty (1971) who narrated probiotics as tissue extracts that promoted microbial growth. Parker
(1974) used the expression, probiotic as animal supplements containing organisms and substances
that would contribute to create a balance of the intestinal flora. Similarly, Fuller (1989) defined
probiotics as food supplements with live microorganisms to promote host health by balancing the
intestinal flora. Subsequently, Fooks et al. (1999) stated the word probiotic to comprise of two
Greek words meaning “for life.” Despite a number of other definitions of the term probiotic, the
currently prevailing and the most widely accepted one is that “probiotics are live microorganisms,
administrated in certain quantities that confer health benefits to the host” (FAO/WHO 2001).
Numerous lactic acid bacterial strains are considered as probiotics; however, all of them do not
meet the required standard because of their sensitivity to the critical level of acidity and bile salts
in the human GIT (Hekmat and Reid 2006). Probiotics are consumed by humans cither as a
live dietary supplement or as live microflora in fermented foods. The most well-known probiotic-
containing food product is yogurt (Lourens-Hattingh and Viljoen 2001). Other fermented foods
that contain probiotics are some juices and soy drinks, buttermilk, fermented and unfermented
milk, some soft cheeses, sauerkraut, miso, tempeb, kefir, kimchi, pickles, and kombucha tea (Collins
and Gibson 1999, Anuradha and Rajeshwari 2005, Shah, 2007, Soccol et al. 2010).

Another significant aspect of probiotics is strain specificity that may create a challenge in
research on probiotics or probiotic-containing food products to establish the effectiveness of one
strain relative to the other (Canani et al. 2007). Species of Lactobacillus and Bifidobacterium have
been considered the most popular for use in a majority of probiotic products available in the
market (FAO/WHO 2001). Rational yoghurts, frozen yogurts, and desserts are the reservoirs
of Lactobacillus bulgaricus and Streptococcus thermophilus, in many parts of the world (Senok
2009). Although these species have been associated with improved lactose digestion and immune
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enhancement, all of these do not meet the criteria for a probiotic microorganism on account of
their sensitivity to the conditions in the GIT where they do not survive in very high numbers.
Moreover, other genera, such as Escherichia and Enterococcus are now marketed as probiotics; how-
ever, their safety as probiotics remains a concern for consumers (Eaton and Gasson 2001, Ishibashi
and Yamazaki 2001, Senok et al. 2005).

Some of the fundamental properties of probiotic strains that would benefit human health
include resistance to acid and bile, attachment to the human gut epithelial cells, colonization in the
human intestine, and production of antimicrobial substances (Parvez et al. 2006). Additionally,
probiotics would present a characteristic of not being pathogenic, toxic, mutagenic, or carcinogenic
in the host organism and should be generally regarded as GRAS (generally recognized as safe)
(Mattia and Merker 2008). Moreover, they must be viable during processing and storage, and
should offer resistance to the physicochemical processing of the food and must be able to survive the
digestion process. They must also possess the ability to adhere and colonize the gut mucosa and pro-
mote immunostimulation without an inflammatory effect (Saarela et al. 2000, Prado et al. 2008).

Abundant literature is available to elucidate the multiple health benefits of ingesting probiotic
containing foods. Numerous studies explicated the role of probiotics as antimicrobial and anti-
mutagenic (Lourens-Hattingh and Viljoen 2001), anticarcinogenic (Marteau et al. 2001), and
antihypertensive (Liong et al. 2009) in humans. Probiotic bacteria not only promote the endog-
enous host defense mechanisms and the nonimmunologic gut defense (Salminen et al. 1998), but
also generate increased humoral immune responses on ingestion thereby promoting the intestine’s
immunologic barrier (Kaila et al. 1992, Marschan et al. 2008).

Probiotics have demonstrated protection against allergic sensitization and allergic diseases
as several studies reported an attenuating effect in allergic symptoms after probiotic treatment
(Dotterud et al. 2010) suggesting these syndromes to be mediated by the induction of regulatory
mechanisms, such as generation, proliferation, and activity of tolerogenic dendritic cells (DCs)
and T cells (Rautava et al. 2006, Lyons et al. 2010). Speculation prevails whether probiotic bac-
teria imparted such an effect directly or whether it is yielded through probiotic-mediated stabi-
lization of the intestinal microbiota (Bernardo et al. 2012). Probiotics have also been reported to
positively impact mineral metabolism, especially bone stability (Arunachalam 1999), attenuation
of symptoms of bowel disease, and Crohn’s syndrome (Marteau et al. 2004).

More complex and increased beneficial effects of probiotics in humans entail stimulating non-
specific host resistance to microbial pathogens (Perdigon et al. 1986, 1988) and modulating the
host’s immune responses to deleterious antigens leading to downregulation of hypersensitivity
reactions. Enhanced recovery from infection, and antimicrobial functions have been reported
as some Lactobacillus strains exhibited suppression of pathogenic microorganisms including Sal.
enteritidis, E. coli, Shigella sonnei, and Serratia marcescens (Drago et al. 1997). Granato et al. (2010)
reported a series of physiological benefits of probiotic strains that include regulation of the intesti-
nal flow, control of diarrhea, reduced cholesterol levels, improved lactose tolerance, better absorp-
tion of micronutrients, improved immunological system, better urogenital health, prevention
of cancer, reduced catabolic products of the kidney and liver, and prevention of arteriosclerosis.
The authors further emphasized the potential health outcomes of probiotic ingestion reporting
reduced rate of onset of osteoporosis, better development, and improved bioavailability of nutri-
ents. Other clinical studies explained the role of probiotics in improving the mucosal barrier
function, increasing allergen-specific IgA levels, and more importantly affecting a range of other
immune-modulatory properties (Marschan et al. 2008, West et al. 2009).

Probiotics have been used to treat diseases of the GIT with impressive success. Consumption
of yoghurt (a ready source of probiotics) eliminated symptoms of lactose intolerance and improved
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digestion in people who cannot efficiently absorb lactose (Guarner and Malagelada 2003). A recent
study on 3758 children aged 1-5 years revealed that daily intake of a probiotic strain, Lactobacillus
casei strain Shirota played an important role in the prevention of acute diarrhea in young children
in a community setting during a 24-week period (Sur et al. 2011).

Saccharomyces boulardii has been shown to be a highly effective probiotic agent used in pre-
venting gastroenteritis caused by Shigella flexneri in a murine model (Zbar et al. 2013). E. coli
strain Nissle 1917 (EcN) is a less commonly used probiotic. In a study, this strain was found to be
safe and well-tolerated and significantly reduced stool frequency in infants and toddlers suffering
from acute diarrhea (Henker et al. 2007).

Impressive data are also available on the use of probiotics to boost immune response. Studies
with various formulations of probiotics, either alone or in combination, were carried out to deter-
mine their effects on immune parameters, infectious outcomes, and inflammatory conditions in
humans. These studies revealed that mucosal IgA production (especially in children), phagocyto-
sis, and natural killer cell activity can be enhanced by some probiotic bacteria (Lomax and Clader
2009, Dong et al. 2010). Enteric bacteria induce local immune response in the gut in addition
to systemic response. Probiotics have been used to enhance both humoral- and cell-mediated
immune response against gastrointestinal pathogens. The specific IgA response was enhanced
following probiotic administration in children infected with the rotavirus and in adults undergo-
ing vaccination with an attenuated Salmonella typhi strain; enhanced phagocytic of circulating
leukocytes was also noted (Majamaa et al. 1995, Schiffrin et al. 1995).

Application of probiotics offers great promise in the treacment of necrotizing enterocolitis (NEC)
in premature babies. NEC, an extensive intestinal inflammatory disease of premature infants, is
caused, in part, by an excessive inflammatory response to initial bacterial colonization due to the
inappropriate expression of innate immune response genes. In a randomized placebo-controlled
clinical trial, it was shown that probiotics (Bifidobacterium infantis and Lactobacillus acidophilus)
significantly reduced the incidence of NEC. Probiotics were demonstrated to prevent NEC by
modulating enterocyte genes that regulate innate immune-mediated inflammation (Ganguli et al.
2013). Bifidobacteria, the classic probiotic bacteria, exhibit beneficial effects through the modu-
lation of host defense responses and protection against infectious diseases. The inhibitory effect
of bifidobacteria can in part be attributed to the increased production of acetate which inhibits
translocation of the Shiga-like toxin produced by E. coli O157:H7 from the gut lumen to the blood;
indicating that acetate produced by protective bifidobacteria improves the intestinal defense medi-
ated by epithelial cells and thereby protects the host against lethal infection (Fukuda et al. 2011).

4.7.2 Prebiotics

A prebiotic is defined by the FAO as “a nonviable food component that confers a health benefit on
the host associated with modulation of the microbiota.” Prebiotics are non-digestible food ingre-
dients which upon ingestion function by promoting the growth and activity of certain specific
colonic microbiota (Gibson and Roberfroid 1995, Roberfroid 2007). Primarily, these indigest-
ible materials are nonviable food components benefitting the host through modulation of the
microbiota (Gibson et al. 2004, Pineiro et al. 2008). There have been several criteria to define a
prebiotic, however, a prebiotic would indicate resistance to gastric acidity, be fermentable by gut
microbiota, and possess the ability to support the growth and/or activity of beneficial gut micro-
flora (Schrezenmeir and de Vrese 2001, Roberfroid 2007).

The majority of prebiotics are dietary fibers such as oligosaccharides, although a variety of
food ingredients can function as prebiotics. The proper functioning of prebiotics is related to
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their metabolism by the probiotics (Gourbeyre et al. 2011). In the absence of dietary fibers in the
colon, anaerobic bacteria derive energy from protein fermentation which leads to the generation
of toxic and potentially carcinogenic compounds such as phenolic and ammoniac compounds
(Kolida et al. 2002, Manning and Gibson 2004). Common prebiotic oligosaccharides are inu-
lin (polymers composed mainly of fructose units, and typically with a terminal glucose), fruc-
tose oligosaccharides (FOS), galactooligosaccharides (GOS), sucrose oligosaccharide (SOC),
trans-galacto-oligosaccharides (TOS), xylooligosaccharides (XOS), pyrodextrins, soy oligosac-
charides, and isomaltose-oligosaccharides (Macfarlane et al. 2008). Different members of the
gut microbiota have preferential prebiotic substrates; for example, growth of Bifidobacteria is
more eflicient on fructans in comparison to Clostridia and Bacteroides sp. (Prakash et al. 2011,
Gourbeyre et al. 2011). GOS being derived from lactose usually consist of chains of galactose
monomers (Scholtens et al. 2006), are versatile food ingredients, and possess prebiotic char-
acteristics. However, utilization of GOS by bifidobacteria is still hard to analyze as no precise
analytical methods for it exists. Selectivity in consuming several types of GOS by different bifi-
dobacteria denotes targeting prebiotics to focus upon certain bifidobacterial species (Barboza
et al. 2009).

4.7.2.1 Inulin and FOS

Inulin and FOS are the most widely consumed prebiotic materials by humans worldwide. These
are fructans (polymers of fructose attached by B 1-2 linkage with a terminal glucose residue
(Macfarlane et al. 2006). Inulins have a degree of polymerization (DP) of <200 (usually 2—60),
whereas a FOS has a DP of <10. These are non-digestible carbohydrates and are transferred to
colon and fermented almost quantitatively (ca. 100%; Roberfroid 2007). Inulin possess 25%—
35% of food energy of starch and approximately 10% of sweetness of sugar/sucrose making it a
versatile food ingredient in many processed foods (Roberfroid 1999). Numerous major dietary
sources of prebiotics cover fructans such as inulin, oligofructose, and shore-chain FOS. A “high
performance” (HP) type of inulin is also available in the market. HP inulin has an average DP of
25 with the residual sugars as well as the oligomers removed. This product provides almost twice
the fat mimetic characteristics of standard inulin with no sweetness contribution (Niness 1999).
The energy obtained from the fermentation of inulin and FOS is mostly due to production of
SCFA and lactate which contribute to 1.5 kcal/g of energy for both inulin and FOS. There is also
increasing evidence from human and animal studies that such prebiotics can enhance satiety and
decrease energy intake leading to improved control of body weight (Cani et al. 2009a).

Inulin, naturally occurring in onions in high concentration has been shown to possess fructose
monomers in high number (10-60) while oligofructose derivatives, found in asparagus, wheat,
and artichoke, exist in low number (3-7) of fructose monomers (Gibson et al. 1994). Improved
conditions in bowel inflammation, reduction in the production of pro-inflammatory biomarkers
on using long-chain inulin along with an increase in intestinal bifidobacteria and lactobacilli have
been reported in the literature (Lindsay et al. 2006, Leenen and Dieleman 2007).

4.7.2.2 Health Benefits of Prebiotics

Prebiotics while in the GIT have been reported to deliver beneficial effects in various ways.
Prebiotics influence intestinal transit time and normally determine bowel habits. Prebiotics stimu-
late the growth of a variety of intestinal microbiota including bifidobacteria. Studies have dem-
onstrated the implication of prebiotics in reducing atherosclerosis, osteoporosis, obesity, type-2
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diabetes, cancer, infections, and allergies risk in humans (Scholtens et al. 2006, Roberfroid 2007).
Human milk oligosaccharides (HMO) are reported to have a range of biological activities beyond
providing nutrition to the infant (Barile and Rastall 2013). In addition to the selective stimulation
of beneficial bacteria, which is a common property of all prebiotics, certain prebiotics such as GOS
can competitively block adhesion of pathogens to IEC. Evidence exists that fructans-type prebiot-
ics such as inulin and FOS can reduce serum cholesterol levels and increase HDL/LDL ratio (Ooi
and Liong 2010). Gut microbiota fermentation of prebiotics increases satietogenic and incretin gut
peptide production with consequences for appetite reduction and glucose response after a meal
(Cani et al. 2009b). In summary, prebiotic food ingredients are vital to support the growth and
survival of probiotic organisms in the human intestine. So, beneficial probiotic bacteria need to be
constantly introduced in the diet and supplied with proper fibrous diet (prebiotics) to sustain them
in the gut so that a healthy microbe—host relationship is maintained.

4.7.3 Synbiotics

As probiotics and prebiotics offer health benefits to humans, it was hypothesized that by com-
bining probiotics and prebiotics, it should be possible to achieve not only the combined effect,
but also a synergistic effect. The term synbiotics was proposed by Roberfroid (1998) to describe
such a combination of a probiotic and a prebiotic which was more potent than cither of these
ingredients. In addition to probiotics and prebiotics, studies are conducted to explore various
combinations of synbiotics aiming at the modification of gut flora for health benefits. Synbiotics
(Bifidobacterium breve Yakult and Lb. casei Shirota as probiotics, and GOS as a prebiotic) was used
to treat D-lactate acidosis. It allowed the reduction in colonic absorption of D-lactate by both
prevention of D-lactate-producing bacterial overgrowth and stimulation of intestinal motility,
leading to the remission of D-lactate acidosis (Takahashi et al. 2013). Another recent study also
showed the usefulness of synbiotics. Phenol and p-cresol, as metabolites of aromatic amino acids
produced by gut bacteria, are regarded as bioactive toxins and serum biomarkers of a disturbed
gut environment. A double-blind placebo-controlled trial on consumption of synbiotics (Bif breve
strain Yakult as probiotic and prebiotic GOS as prebiotic) demonstrated reduced serum total phe-
nol levels and prevented skin dryness and disruption of keratinization in healthy adult women pro-
viding evidence of health benefits to the skin as well as the gut (Miyazaki et al. 2013). A synbiotic
combination of inulin (prebiotic) and Bifidobacterium longum (probiotic) was found to be more
potent in inhibiting azoxymethane (AOM)-induced aberrant crypt foci in rats in comparison to
either inulin or the probiotic alone (Rowland et al. 1998).

4.7.4 Cobiotics

Cobiotics is a newly coined term to describe substances which are utilized by probiotics and also
by the host. In contrast, prebiotics are only utilized by probiotics, but not by the host (Greenway
etal. 2013). Certain enzymes react with food materials and release nutrients which are stimulatory
to the probiotics. Enzymes protease and amylase when incorporated as a cobiotic combination,
function as lactogenic factor (stimulate the growth of lactobacilli). Enzymes cellulose and hemicel-
lulose, on the other hand function as a bifidogenic, that is, stimulate the growth of bifidobacteria.
In a recent study, the effectiveness of cobiotics has been highlighted. A cobiotic consisting of
prebiotic purified inulin, sugar-free blueberry pomace extract, and an oat preparation of purified
beta-glucan was used to repair gastrointestinal dysbiosis and found to be highly effective in aug-
menting glucose control in a type-2 diabetic patient (Greenway et al. 2013).
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4.7.5 Immunobiotics

The term “immunobiotics” was coined to identify bacteria that promote health through driv-
ing mucosal immune mechanisms, compared to those with strictly local effects (Podleski 2011,
Tomosada et al. 2013). Immunobiotics are demonstrably beneficial for treating a variety of muco-
sal disorders, including inflammatory diseases. Immunobiotic microorganism Lactobacillus jen-
senii TL2937 has been found to interact with IEC and immune cells in experimental models
through the modulation of Toll-like receptors (TLRs) to maintain a fine balance between toler-
ance and inflammation (Villena et al. 2013, Villena and Kitazawa 2014). Interestingly, immuno-
biotic bacteria has been found to stimulate the immune system at sites beyond the intestinal tract;
consumption of Lb. rhamnosus CRL1505 (Lr1505) and Lb. casei CRL431 (Lc431) resulted in the
stimulation of the immune system in the respiratory tract as demonstrated by increased activity of
macrophages at those sites (Marranzino et al. 2012). Nasal administration Lb. rhamnosus strains
have been reported to differentially modulate respiratory antiviral immune responses and induce
protection against respiratory syncytial virus infection (Tomosada et al. 2013).

In an actempt to modulate virus-induced inflammation—coagulation interactions to treat
acute respiratory virus infections, immunobiotic strain Lb. rhamnosus CRL1505 strain was used.
The immunobiotic strain triggered activation of TLR-3 by modulating the production of pro-
inflammatory and anti-inflammatory cytokines as well as the expression of tissue factor and
thrombomodulin in the lung (Zelaya et al. 2014). The preventive treatment with the immunobi-
otic bacteria beneficially modulated the finely tuned balance between clearing respiratory viruses
(respiratory syncytial virus and influenza virus) and controlling immune-coagulative responses
in the lung, allowing normal lung function to be maintained in the face of a viral attack. These
findings demonstrate that immunobiotic functional food offers novel preventive and therapeutic
approaches to better control virus-inflammatory lung damage (Zelaya et al. 2014).

4.8 Microbiome Metabolites: Effects on Health

Abundant literature confirms the role of microbial metabolites of dietary components in discase
prevention and disease risk (Qin et al. 2012, Goldsmith and Sartor 2014). The undigested nutrients
including polysaccharides, lipids, and peptides that reach the large intestine unabsorbed positively
impact the growth of gut microbiota (Bazzocco et al. 2008, Sekirov et al. 2010). Short SCFAs (ace-
tate, propionate, and butyrate) that are formed as a result of microbial metabolism of dietary carbo-
hydrates are directly linked to the proportion and composition of gut microbiota thereby affecting
host health. Similarly, SCFAs are also produced by anaerobic microbial metabolism of peptides and
proteins along with several toxic compounds such as ammonia, amines, phenols, thiols, and indols
which are potentially harmful to human health (Cummings et al. 1996, Scott et al. 2013).

Phytochemicals, generally regarded as bioactive nonnutrient plant compounds, possess anti-
oxidant, antiestrogenic, anti-inflammatory, immunomodulatory, and anticarcinogenic properties.
The currently existing 25,000 phytochemicals exhibit cither positive and deleterious effects on
human health, for example, vegetables, the major source of nitrates in the human diet, may exerta
damaging effect by interacting with several compounds forming nitrosamines, nitrosamides, and
nitrosoguanidine that cause DNA damage. Contrarily, a plethora of literature confirms the posi-
tive role of dietary bioactive phytochemicals with potential benefit to human health. Nevertheless,
components of the gut microbiota are associated with the fermentation, transformation, and bio-
availability of these phytochemicals (Scalbert et al. 2002, Qin et al. 2012).
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Laparra and Sanz (2010) elucidated the role of phytochemicals and their metabolic products as
antimicrobial inhibiting pathogenic bacteria and stimulating the growth of beneficial bacteria in the
gut. Moreover, phytochemicals and their derived products potentially affect colonic microbiota, as
a part of them remains unabsorbed in the gut and this unabsorbed portion is subsequently metabo-
lized in the liver. These metabolites are excreted through the bile in the form of glucuronides which
eventually accumulate in the ileal and colorectal lumen (Bazzocco et al. 2008, Tzonuis et al. 2008).

The metabolism of dietary phenolic compounds results in different types of metabolites in the
colon before absorption (Selma et al. 2009). Unabsorbed dietary phenolics and their metabolites
possess the ability to act as antimicrobial or bacteriostatic agents. These metabolites inhibit the
growth of selective pathogens and promote the growth of commensal bacteria, including some
recognized probiotics (Lee et al. 2006, Laparra and Sanz 2010). The rapidly advancing field of
medical sciences warrants recognition and understanding of how gut microbiota can beneficially
interact with diet and modulate metabolism for improved long-term health status.

4.9 Perspectives

Research on the human microbiome, especially on the interplay between food and gut microbi-
ota leading to health and disease conditions has become one of the most exciting fields in biology;
generating fascinating insights into the relations of microbes and man as modulated by diet and
the effects of the microbes on our health and well-being. The bidirectional interaction between
host and microbe, which appears to influence the host at multiple levels, is crucial for our evolu-
tion, development, metabolism, immune function, and susceptibility to infectious and noncom-
municable diseases. The influence of diet on gut microbiota is astounding; metagenomic analysis
of gut microbial ecology is generating useful information regarding the functional contribution
of gut microbiota to its host as modulated by diet and its relationship to health and disease states.
It is anticipated that newer methodologies such as metaproteomics, the function-based approach
relying on microbial protein expression; metabolomics, the functional analysis of complex micro-
bial populations through analysis of their complete metabolite profiles; metatranscriptomics,
which enables community-wide gene expression analysis of gut microbiota, will allow more thor-
ough research leading to varied ways of harnessing the beneficial effects of the modulation of gut
microbiota by diet as therapeutic, and even preventive options in future (Lozupone et al. 2012,
David et al. 2014).

4.10 Conclusion

The human gut is a natural habitat for a large and dynamic bacterial community. The microbiome
(genes and genomes of all the bacteria inhabiting the gut) of each person is distinct and variable
but each individual possesses a shared core microbiome which is required for proper maintaining
of cross species homeostasis between the gut bacteria and the host. The recent interest in the struc-
ture and function of the gut microbiome, its dynamic evolution throughout an individual’s life in
a host specific manner and how it is modified by diets, has resulted in a series of exciting findings.
The advent of culture-independent techniques to study the microbiome has enabled scientists to
decipher the dynamics of the complex bidirectional interactions between diet and the microbiome
in relation to human health and diseases. Although details of the complex interactions between
diet, the microbiome and host health is an emerging area of science, existing knowledge is being
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used in leveraging the microbiome to develop dietary interventions to counterbalance dysbiosis
and to increase overall well-being. However, it is essential to assess the efficacy of the pro/prebiotics
to molecular detail and the long-term safety of probiotics, as the impact of prolonged perturbation
of the microbiome is largely unknown. Collectively, the research findings reviewed here suggest
that more integrative studies will provide all-encompassing knowledge of the complex, multi-
level interactions between diet, the microbiome, and host health, which can be utilized to design
microbiome-based biomarkers for those at risk of various infectious and metabolic diseases and
formulate diet-driven microbiota alteration strategies to improve human health.

References

Aagaard, K., ]. Ma, K. M. Antony, R. Ganu, and J. Versalovic. 2014. The placenta harbors a unique microbi-
ome. Science Translational Medicine 6: 1-10. DOI: 10.1126/scitranslmed.3008599.

Anuradha, S. and K. Rajeshwari. 2005. Probiotics in health and disease. journal of Indian Association of
Clinical Medicine 6: 67-72.

Arumugam, M, J. Raes, E. Pelletier, D. Le Paslier, T. Yamada, D. R. Mende et al. 2011. Enterotypes of the
human gut microbiome. Nature 473: 174-180.

Arunachalam, K. D. 1999. Role of Bifidobacteria in nutrition, medicine and technology. Nuzrition Research
19: 1559-1597.

Bickhed, F, R. E. Ley, J. L. Sonnenburg, D. A. Peterson, and J. I. Gordon. 2005. Host-bacterial mutualism
in the human intestine. Science 307: 1915-1920.

Bickhed, E, J. K. Manchester, C. E Semenkovich, and J. I. Gordon. 2007. Mechanisms underlying the resis-
tance to diet-induced obesity in germ-free mice. Proceedings of the National Academy of Sciences, USA
104: 979-984.

Barboza, M., D. A. Sela, C. Prim, R. G. Locascio, S. L. Freeman, J. B. German, D. A. Mills, and C. B. Lebrilla.
2009. Glycoprofiling bifidobacterial consumption of galacto-oligosaccharides by mass spectrometry
reveals strain-specific, preferential consumption of glycans. Applied and Environmental Microbiology 75:
7319-7325.

Barile, D. and R. A. Rastall. 2013. Human milk and related oligosaccharides as prebiotics. Current Opinions
in Biotechnology 24: 214-219.

Bazzocco, S., 1. Mattila, S. C. Guyot, C. Renard, and A. M. Aura. 2008. Factors affecting the conversion of
apple polyphenols to phenolic acids and fruit matrix to short-chain fatty acids by human faecal micro-
biota in vitro. European Journal of Nutrition 47: 442—452.

Belzer, C. and W. M. de Vos. 2012. Microbes inside—From diversity to function: The case of Akkermansia.
International Society of Microbial Ecology Journal 6: 1449-1458.

Bergman, E. N. 1990. Energy contributions of volatile fatty acids from the gastrointestinal tract in various
species. Physiological Review 70: 567-590.

Bernardo, D., B. Sdnchez, H. O. Al-Hassi, E. R. Mann, M. C. Urdaci, S. C. Knight, and A. Margolles. 2012.
Microbiota/host crosstalk biomarkers: Regulatory response of human intestinal dendritic cells exposed
to Lactobacillus extracellular encrypted peptide. PLoS ONE 7: €36262.

Besten, G. D., K. V. Eunen, A. K. Groen, K. Venema, D. Reijngoud, and B. M. Bakker. 2013. The role of
short-chain fatty acids in the interplay between diet, gut microbiota, and host energy metabolism.
Journal of Lipid Research 54: 2325-2340.

Beyer-Sehlmeyer, G., M. Glei, and E. Hartmann. 2003. Butyrate is only one of several growth inhibitors
produced during gut flora-mediated fermentation of dietary fibre sources. British Journal of Nutrition
90: 1057-1070.

Bik, E. M. 2009. Composition and function of the human-associated microbiota. Nutrition Reviews 67:
S164-S171.

Binder , H. J. 2010. Role of colonic short-chain fatty acid transport in diarrhea. Annual Review of Physiology
72 :297-313.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 221

Bjérkholm, B., C. M. Bok, A. Lundin, . Rafter, M. L. Hibberd, and S. Pattersson. 2009. Intestinal microbiota
regulate xenobiotic metabolism in the liver. PLoS ONE 4:¢6958. DOI:10.1371/ journal.pone.0006958.

Blaut, M. and T. Clavel. 2007. Metabolic diversity of the intestinal microbiota; implications for health and
disease. Journal of Nutrition 137: 7515-7555.

Booijink, C. C., S. El-Aidy, M. Rajili¢-Stojanovi¢, H. G. Heilig, E J. Troost, H. Smidt, M. Kleerebezem, W.
M. De Vos, and E. G. Zoetendal. 2010. High temporal and inter-individual variation detected in the
human ileal microbiota. Environmental Microbiology 12: 3213-3227.

Bordin, M., E Datri, L. Guillemot, and S. Citi. 2004. Histone deacetylase inhibitors up-regulate the expres-
sion of tight junction proteins. Molecular Cancer Research 2: 692—701.

Breitbart, M., I. Hewson, B. Felts, J. M. Mahatly, J. Nulton, P. Salamon, and E Rohwer. 2003. Metagenomic
analysis of an uncultured viral community from human feces. Journal of Bacteriology 185: 6220-6223.

Brighenti, E, G. Castellani, L. Benini, M. C. Casiraghi, E. Leopardi, R. Crovetti, and G. Testolin. 1995.
Effect of neutralized and native vinegar on blood glucose and acetate responses to a mixed meal in
healthy subjects. European Journal of Clinical Nutrition 49: 242-247.

Brinkworth, G. D., M. Noakes, P. M. Clifton, and A. R. Bird. 2009. Comparative effects of very low-carbo-
hydrate, high-fat and high-carbohydrate, low-fat weight-loss diets on bowel habit and faecal short-chain
fatty acids and bacterial populations. British Journal of Nutrition 101: 1493-1502.

Bultman, S. J. 2014. Emerging roles of the microbiome in cancer. Carcinogenesis 35: 249-255.

Canani, R. B., P. Cirillo, G. Terrin, L. Cesarano, M. I. Spagnuolo, A. De Vincenzo et al. 2007. Probiotics for
treatment of acute diarrhoea in children: Randomised clinical trial of five different preparations. British
Medical Journal 335: 340-342.

Canani, R. B., M. D. Costanzo, L. Leone, M. Pedata, R. Meli, and E. A. Calignano. 2011. Potential ben-
eficial effects of butyrate in intestinal and extraintestinal diseases. World Journal of Gastroenterology 17:
1519-1528.

Cani, P D., E. Lecourt, M. E. Dewulf, E. M. Sohet, B. D. Pachikian, D. Naslain, E De Backer, A. M.
Neyrinck, and N. M. Delzenne 2009a. Gut microbiota fermentation of prebiotics increases satietogenic
and incretin gut peptide production with consequences for appetite sensation and glucose response
after a meal. American Journal Clinical Nutrition 90:1236-1243.

Cani, P D., S. Possemiers, T. Van de Wiele, Y. Guiot, A. Everard, O. Rottier et al. 2009b. Changes in
gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven
improvement of gut permeability. Gut 58: 1091-1103.

Canny, G. O. and B. A. McCormick, 2008. Bacteria in the intestine, helpful residents or the enemies within?
Infection and Immunity 76 : 3360-3373.

Chang, S. and L. Li. 2011. Metabolic endotoxemia: A novel concept in chronic disease pathology. journal of
Medical Sciences 31: 191-209.

Chen ], X. He, and J. Huang. 2014. Diet effects in gut microbiome and obesity. Journal of Food Sciences 79:
R442-R451.

Chung, H., S. J. Pamap, J. A. Hill, N. K. Surana, S. M. Edelman, E. B. Troy et al. 2012. Gut immune matu-
ration depends on colonization with a host-specific microbiota. Cel/ 149: 1578-1593.

Claesson, M. J., S. Cusack, O. Siobhdn, R. O’Sullivan, H. Greene-Diniz, E. de Weerd et al. 2011.
Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proceedings
of the National Academy of Sciences, USA 108: 4586-4591.

Claesson, M, J., L. B. Jeffery, S. Conde, S. E. Power, E. M. O’Connor, S. Cusack et al. 2012. Gut microbiota
composition correlates with diet and health in the elderly. Nazure 78: 178-184.

Collins, M. D. and G. R.Gibson. 1999. Probiotics, prebiotics, and synbiotics: Approaches for modulating the
microbial ecology of the gut. American Journal of Clinical Nutrition 69: 10525-1057S.

Collins, S. M., M. Surette, and P. Bercik. 2012. The interplay between the intestinal microbiota and the brain.
Nature Reviews in Microbiology 10: 735-742.

Cummings, J. H., E. R. Beatty, S. M. Kingman, S. A. Bingham, and H. N. Englyst. 1996. Digestion and phys-
iological properties of resistant starch in the human large bowel. British Journal of Nutrition 75: 733747 .

Cummings, J. H. and G. T. Macfarlane. 1991. The control and consequences of bacterial fermentation in the
human colon. Journal of Applied Bacteriology 70: 443—459.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

222 m Health Benefits of Fermented Foods and Beverages

Cummings, J. H., E. W. Pomare, W. ]J. Branch, C. P. Naylor, and G. T. Macfarlane. 1987. Short chain fatty
acids in human large intestine, portal, hepatic and venous blood. Gur 28: 1221-1227.

David, L. A., C. E Mauricel, R. N. Carmody, D. B. Gootenberg, J. E. Button, B. E. Wolfe et al. 2014. Diet
rapidly and reproducibly alter the human gut microbiome. Nazure 505: 559-563.

Davie, . R. Inhibition of histone deacetylase activity by butyrate. 2003. Journal of Nutrition 133: 24855-24938.

De Vadder, E D., P. Kovatcheva-Datchary, D. Goncalves, J. Vinera, C. Zitoun, A. Duchampt, E Bickhed,
and G. Mithieux. 2014. Microbiota-generated metabolites promote metabolic benefits via gut-brain
neural circuits. Cel/ 156 : 84-96.

de Vos, W. M. and E. A. de Vos. 2012. Role of the intestinal microbiome in health and disease: From correla-
tion to causation. Nature Reviews 70: S45-556.

Delzenne, N. M., A. M. Neyrinck, and P. D. Cani. 2011a. Modulation of the gut microbiota by nutrients
with prebiotic properties: Consequences for host health in the context of obesity and metabolic syn-
drome. Microbial Cell Factories 10: 1-11.

Delzenne, N. M., A. M. Neyrinck, F Bickhed, and P. D. Cani. 2011b. Targeting gut microbiota in obesity:
Effects of prebiotics and probiotics. Nature Reviews Endocrinology 7: 639-646.

Devillard, E., E Mclntosh, S. H. Duncan, and R. J. Wallace. 2007. Metabolism of linoleic acid by human
gut bacteria: Different routes for biosynthesis of conjugated linoleic acid. Journal of Bacteriology 189:
2566-2570.

Diamant, M., E. E. Blaak, and W. M. de Vos. 2011. Do nutrient—gut—microbiota interactions play a role in
human obesity, insulin resistance and type 2 diabetes? Obesity Reviews 12: 272-281.

DiBaise, ]. K., D. N. Frank, and R. Mathur. 2012. Impact of the gut microbiota on the development of obe-
sity: current concepts. American Journal of Gastroenterology Supplements1: 22-27.

Diaz-Heijtz, R., S. Wang, E Anuar, Y. Qian, B. Bjérkholm, A. Samuelsson, M. L. Hibberd, H. Forssberg, and
S. Pettersson. 2011. Normal gut microbiota modulates brain development and behavior. Proceedings of
the National Academy of Sciences, USA 108: 3047-3052.

Dong, H., I. Rowland, K. M. Tuohy, L. V. Thomas, and P. Yaqoob. 2010. Selective effects of Lactobacillus
casei Shirota on T cell activation, natural killer cell activity and cytokine production. Clinical and
Experimental Immunology 161: 378-388.

Dotterud, C. K., O. Storrg, R. Johnsen, and T. Oien. 2010. Probiotics in pregnant women to prevent allergic
disease: A randomized, double-blind trial. British Journal of Dermatology 163: 616-623.

Drago, L., M. R. Gismondo, A. Lombardi, C. Haen, and L. Gozzoni. 1997. Inhibition of enteropathogens by
new Lactobacillus isolates of human intestinal origin. FEMS Microbiology Letters 153: 455-463.

Eaton, T. J. and M. J. Gasson. 2001. Molecular screening of Enterococcus virulence determinants and poten-
tial for genetic exchange between food and medical isolates. Applied and Environmental Microbiology
67:1628-1635.

Elamin, E. E., A. A. Masclee, J. Dekker, H. J. Pieters, and D. M. Jonkers. 2013. Short-chain fatty acids
activate AMP-activated protein kinase and ameliorate ethanol-induced intestinal barrier dysfunction in
Caco-2 cell monolayers. Journal of Nutrition 143: 1872-1881.

Everard, A., C. Belzer, L. Geurts, J. P. Ouwerkerk, C. Druart, L. B. Bindels, Y. Guiot et al. 2013. Cross-talk
between Akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proceedings
of the National Academy of Sciences, USA 110: 9066-9071.

FAO/WHO. 2001. Joint expert consultation on health and nutritional properties of probiotics in food
including powder milk with live lactic acid bacteria. pp. 1-30, Cordoba, Argentina. DOI: fao.org/
docrep/fao/009/20512¢00.pdf

Filippo, C. D., D. Cavalieri, M. D. Paola, M. Ramazzotti, . B. Poullet, S. Massart, S. Collini, G. Pieraccini, and
P. Lionetti. 2010. Impact of diet in shaping gut microbiota revealed by a comparative study in children
from Europe and rural Africa. Proceedings of the National Academy of Sciences, USA 107: 14691-14696.

Flint, H. J. 2012. The impact of nutrition on the human microbiome. Nutrition Reviews 70: S10-S13.

Flint, H. J., E. A. Bayer, M. T. Rincon, R. Lamed, and B. A. White. 2008. Polysaccharide utilization by gut
bacteria: Potential for new insights from genomic analysis. Nature Reviews Microbiology 6: 121-131.

Flint, H. J., S. H. Duncan, K. 2. Scott, and Louis, P. 2007. Interactions and competition within the micro-
bial community of the human colon: links between diet and health. Environmental Microbiology 9:
1101-1111.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 223

Fooks, L. J., R. Fuller, and G. R. Gibson. 1999. Prebiotics, probiotics and human gut microbiology.
International Dairy Journal 9: 53-61.

Frank, D. N., A. L. Amand, R. A. Feldman, E. C. Boedeker, N. Harpaz, and N. R. Pace. 2007. Molecular-
phylogenetic characterization of microbial community imbalances in human inflammatory bowel dis-
eases. Proceedings of the National Academy of Sciences, USA 104: 13780-13785.

Frye, R. E., S. Melnyk, and D. E MacFabe. 2013. Unique acyl-carnitine profiles are potential biomark-
ers for acquired mitochondrial disease in autism spectrum disorder. Translational Psychiatry 3: €220.
DOI:10.1038/tp.2012.143.

Fukae, J., Y. Amasaki, Y. Yamishita, T. Bohgaki, S. Yasuda, S. Jodo, T. Atsumi, and T. Koike. 2005. Butyrate
suppresses tumour necrosis factor alpha production by regulatory specific messenger RNA degradation
mediated through a CIS-acting AU-rich element. Arthritis and Rheumatology 52: 2697-2707.

Fukuda, S., H. Toh, and K. Hase. 2011. Bifidobacteria can protect from enteropathogenic infection through
production of acetate. Nature 469: 543-547.

Fuller, R. 1989. Probiotics in man and animals. Journal of Applied Bacteriology 66: 365-378.

Ganal, S. C., S. L. Sanos, C. Kallfass, K. Oberle, C. Johner, C. Kirschning et al. 2012. Priming of natural
killer cells by nonmucosal mononuclear phagocytes requires instructive signals from commensal micro-
biota. Immunizy 37: 171-186.

Ganguli, K., D. Meng, S. Rautava, L. Lu, W. A. Walker, and N. Nanthakumar. 2013. Probiotics prevent nec-
rotizing enterocolitis by modulating enterocyte genes that regulate innate immune-mediated inflamma-
tion. American Journal of Physiology Gastrointestinal and Liver Physiology 304: G132-G141. DOI:
10.1152/ajpgi.00142.2012.

Gibson, G. R., H. M. Probert, J. V. Loo, R. A. Rastall, and M. B. Roberfroid. 2004. Dietary modulation of the
human colonic microbiota: Updating the concept of prebiotics. Nuzrition Research Reviews 17: 259-275.

Gibson, G. R. and M. B. Roberfroid. 1995. Dietary modulation of the human colonic microbiota: Introducing
the concept of prebiotics. Journal of Nutrition 125: 1401-1412.

Gibson, G. R, C. L. Wills, and J. Van Loo. 1994. Non-digestible oligosaccharides and bifidobacteria—
Implication for health. International Sugar Journal 96: 381-387.

Gill, S. R., M. Pop, R. T. DeBoy, P. B. Eckburg, P. J. Turnbaug, B. S. Samuel et al. 2006. Metagenomic analy-
sis of the human distal gut microbiome. Science 312: 1355-1359.

Goldsmith, J. R. and R. B. Sartor. 2014. The role of diet on intestinal microbiota metabolism: Downstream
impacts on host immune function and health, and therapeutic implications. Journal of Gastroenterology
49: 785-798.

Gourbeyre, P, S. Denery, and M. Bodinier. 2011. Probiotics, prebiotics, and synbiotics: Impact on the gut
immune system and allergic reactions. Journal of Leukocyte Biology 89: 85-695.

Granato, D., G. E Branco, A. Gomes, C. J. de Assis, F. Faria, and N. P. Shah. 2010. Probiotic dairy products
as functional foods. Comprehensive Reviews in Food Science and Food Safety 9: 455—470.

Greenway, F, S. Wang, and M. Heiman. 2013. A novel cobiotic containing a prebiotic and an antioxi-
dant augments glucose control and gastrointestinal tolerability of metformin: A case study. Beneficial
Microbes 17: 1-4.

Gaudier, E., A. Jarry, H. M. Blottiere, . de Coppet, M. P. Buisine, J. P. Aubert, C. Laboisse, C. Cherbut,
and C. Hoebler. 2004. Butyrate specifically modulates MUC gene expression in intestinal epithelial
goblet cells deprived of glucose. American Journal of Physiology Gastrointestinal and Liver Physiology 287:
G1168-G1174.

Guarner, F and J. R. Malagelada. 2003. Gut flora in health and disease. 7he Lancet 360: 512-519.

Guzman, J. R., V. S. Conlin, and C. Jobin. 2013. Diet, microbiome, and the intestinal epithelium: An essen-
tial triumvirate? Biomedical Research International 2013: 1-12. Article ID 425146.

Harmsen, H. J., A. C. Wildeboer-Veloo, G. C. Raangs, A. Wagendorp, N. Klijn, J. G. Bindels, and G. W. Welling.
2000. Analysis of intestinal flora development in breast-fed and formula-fed infants by using molecular
identification and detection methods. journal of Pediatric Gastroenterology and Nutrition 30: 61-67.

Hawrelak, J. A. and S. P. Myers. 2004. The causes of intestinal dysbiosis: A review. Alternative Medicine Review
9: 180-197.

Hekmat, S. and G. Reid. 2006. Sensory properties of probiotic yogurt is comparable to standard yogurt.
Nutrition Research 26: 163-166.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

224 wm Health Benefits of Fermented Foods and Beverages

Henker, J., M. Laas, B. M. Blokhin, Y. K. Bolbot, V. G. Maydannik, M. Elze, C. Wolff, and J. Schulze. 2007.
The probiotic Escherichia coli strain Nissle 1917 (EcN) stops acute diarrhoea in infants and toddlers.
European Journal of Pediatrics 166: 311-318.

Hill, D. A., M. C. Siracusa, M. C. Abt, B. S. Kim, D. Kobuley, M. Kubo et al. 2012. Commensal bac-
teria-derived signals regulate basophil hematopoiesis and allergic inflammation. Nature Medicine 18:
538-546.

Hildebrandt, M. A, C. Hoffman, S. A. Sherrill-Mix, S. A. Keilbaugh, M. Hamady, Y. Y. Chen, R. Knight, R.
S. Ahima, F. Bushman, and G. D. Wu. 2009. High fat diet determines the composition of the murine
gut microbiome independently of obesity. Gastroenterology 137: 1716-1724.

Holmes, E., J. V. Li, T. Athanasiou, H. Ashrafian, and J. K. Nicholson. 2011. Understanding the role of
gut microbiome—host metabolic signal disruption in health and disease. Trends in Microbiology 19:
349-359.

Holmes, E., J. Kinross, G. R. Gibson, R. Burcelin, W. Jia, S. Pettersson, and J. K. Nicholson. 2012.
Therapeutic modulation of microbiota-host metabolic interactions. Science Translational Medicine 4:
1-11. DOI: 10.1126/scitranslmed.3004244.

Hooper, L. V., D. R. Littman, and A. J. Macpherson. 2012. Interactions between the microbiota and the
immune system. Science 336: 1268—1273.

Hormannsperger, G., T. Clavel, and D. Haller. 2012. Gut matters: Microbe-host interactions in allergic
diseases. Journal of Allergy and Clinical Immunology 129: 1452-1459.

Huang, E. Y., V. A. Leone, S. Devkota, Y. Wang, M. J. Brady, and E. B. Chang. 2013. Composition of dietary
fat source shapes gut microbiota architecture and alters host inflammatory mediators in mouse adipose
tissue. Journal of Parenteral and Internal Nutrition 37: 746-754.

Immerseel, E V., J. B. Russell, M. D. Flythe, I. Gantois, L. Timbermont, F Pasmans, E Haesebrouck, and R.
Ducatelle. 2006. The use of organic acids to combat Salmonella in poultry: A mechanistic explanation
of the efficacy. Avian Pathology 35: 182-188.

Ishibashi, N. and S.Yamazaki. 2001. Probiotics and safety. American Journal of Clinical Nutrition 73: 465-470.

Jia, W., H. Li, L. Zhao, and J. K. Nicholson. 2008. Gut microbiota: A potential new territory for drug target-
ing. Nature Review Drug Discovery 7: 123—129.

Jumpertz, R, D. S. Le, P. J. Turnbaugh, C. Trinidad, C. Bogardus, J. I. Gordon, and J. Krakoff. 2011.
Energy-balance studies reveal associations between gut microbes, caloric load, and nutrient absorption
in humans. American Journal of Clinical Nutrition 94: 58-65.

Kaila, M., E. Isolauri, E. Soppi, E. Virtanen, S. Laine, and H. Arvilommi. 1992. Enhancement of the cir-
culating antibody secreting cell response in human diarrhea by a human Lacrobacillus strain. Pediatric
Research 32: 141-144.

Kaji, I, S. Karaki, and A. Kuwahara. 2014. Short-chain fatty acid receptor and its contribution to glucagon-
like peptide-1 release. Digestion 89: 31-36.

Kaminogawa, S. 2010. Effects of food components on intestinal flora, intestinal immune system and their
mutualism. Bioscience Microflora 29: 69-82.

Karlsson, C. L., J. Onnerfalt, J. Xu, G. Molin, S. Ahrne, and K. Thorngrem-Jerneck, 2012. The microbiota of
the gut in preschool children with normal and excessive body weight. Obesity 20: 2257-2261.

Kim M. H,, S. G. Kang, J. H. Park, M. Yanagisawa, and C. H. Kim. 2013. Short-chain fatty acids acti-
vate GPR41 and GPR43 on intestinal epithelial cells to promote inflammatory responses in mice.
Gastroenterology 145: 396-406.

Kinross, J. M., A. C. von Roon, E. Holmes, A. Darzi, and J. K. Nicholson. 2008. The human gut microbi-
ome: Implications for future health care. Current Gastroenterology Report 10: 396—403.

Kishino, S., M. Takeuchi, S. Park, A. Hirata, N. Kitamura, J. Kunisawa et al. 2013. Polyunsaturated fatty
acid saturation by gut lactic acid bacteria affecting host lipid composition. Proceedings of the National
Academy of Sciences, USA 110: 17808-17813.

Koeth, R. A., Z. Wang, B. S. Levison, J. A Buffa, E. Org, B.T. Shechy et al. E. B. Britt, X. Fu, Y. Wu, L. Li.
et al. 2013. Intestinal microbiota metabolism of L-carnitine, a nutrient in red meat, promotes athero-
sclerosis. Nature Medicinel9: 576-585.

Kolida, S., K. Tuohy, and G. R. Gibson. 2002. Prebiotic effects of inulin and oligofructose. British Journal of
Nutrition 87: S193-S197.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 225

Kostic, A. D., M. R. Howitt, and W. S. Garrett. 2013. Exploring host—microbiota interactions in animal
models and humans. Genes & Development 27: 701-718.

Lagier, J. C., M. Million, P. Hugon, E. Armougom, and D. Raoult. 2012. Human gut microbiota: Repertoire
and variations. Frontiers in Cellular and Infection Microbiology 2: 1-19.

Laparra, J. M. and Y. Sanz. 2010. Interactions of gut microbiota with functional food components and nutra-
ceuticals. Pharmacology Research 61: 219-225.

LeBlang, J. G., C. Milani, G. S. de Giori, E Sesma, D. van Sinderen, and M. Ventura. 2013. Bacteria as vitamin
supplier to their host: A gut microbiota perspective. Current Opinions in Biotechnology 24: 160-168.

Lee, H. C., A. M. Jenner, C. S. Low, and Y. K. Lee. 2006. Effect of tea phenolics and their aromatic fecal
bacterial metabolites on intestinal microbiota. Research in Microbiology 157: 876-884.

Leenen, C. H. M and L. Dieleman. 2007. Inulin and oligofructose in chronic inflammatory bowel disease.
Journal of Nutrition 137: 25725-25758.

Lepage, P, M. C. Leclerc, M. Joossens, S. Mondot, H. M. Blottiére, J. Raes, D. Ehrlich, and J. Doré. 2012.
A metagenomic insight into our gut’s microbiome. Gur 62: 146-158. DOI:10.1136/gutjnl-2011-
301805.

Ley R.E, P J. Turnbaugh, S. Klein, and J. I. Gordon. 2006. Microbial ecology: Human gut microbes associ-
ated with obesity. Nature 444: 1022-1023.

Lilley, D. M. and R. H. Stillwell. 1965. Probiotics: growth promoting factors produced by microorganisms.
Science 147: 747-748.

Lindsay, J. O., K. Whelan, A. J. Stagg, ]. O. Lindsay, K. Whelan, A. ]. Stagg et al. 2006. Clinical, microbio-
logical, and immunological effects of fructo-oligosaccharide in patients with Crohn’s disease. Guz 55:
348-355.

Liong, M. T., W. Y. Fung, J. A. Ewe, C. Y. Kuan, and H. S. Lye. 2009. The improvement of hypertension by
probiotics: Effects on cholesterol, diabetes, renin, and phytoestrogens. International Journal Molecular
Science 10: 3755-3775.

Lomax, A. R. and P. C. Calder. 2009. Probiotics, immune function, infection and inflammation: A review of
the evidence from studies conducted in humans. Current Pharmaceutical Design 15: 1428-1458.
Louis, P. and H. J. Flint. 2009. Diversity, metabolism and microbial ecology of butyrate-producing bacteria

from the human large intestine. FEMS Microbiology Letter 294: 1-8.

Lourens-Hattingh, A. and B. Viljoen. 2001. Yogurt as probiotic carrier food. International Dairy Journal 11:
1-17.

Lozupone, C. A., J. I. Stombaugh, J. I. Gordon, J. K. Jansson, and R. Knight. 2012. Diversity, stability and
resilience of the human gut microbiota. Nature 489: 220-230.

Lyons, A., D. O’Mahony, E O’Brien, J. MacSharry, B. Sheil, M. Ceddia et al. 2010. Bacterial strain-specific
induction of Foxp31 T regulatory cells is protective in murine allergy models. Clinical and Experimental
Allergy 40: 811-819.

Macfarlane, G. T. and J. H. Cummings. 1991. The colonic flora, fermentation and large bowel digestive
function. In S. E Phillips, J. H. Pemberton and R. G. Shorter (Eds.), 7he Large Intestine: Physiology,
Pathophysiology and Disease. New York: Raven Press Ltd, pp. 51-92.

Macfarlane, S., G. T. Macfarlane, and J. H. Cummings. 2006. Prebiotics in the gastrointestinal tract.
Alimentary Pharmacology and Therapeutics 24: 701-713.

Macfarlane, G. T. and S. Macfarlane. 2011. Fermentation in the human large intestine its physiologic conse-
quences and the potential contribution. Journal of Clinical Gastroenterology 45: S120-S127.

Macfarlane, G. T., H. Steed, and S. Macfarlane.2008. Bacterial metabolism and health-related effects of
galacto-oligosaccharides and other prebiotics. Journal of Applied Microbiology 104: 305-344.

Mackie, R. 1., A. Sghir, and H. R. Gaskins.1999. Developmental microbial ecology of the neonatal gastroin-
testinal tract. American Journal of Clinical Nutrition 69: 10355-1045S.

Majamaa, H., F. Isolauri, M. Saxelin, and T. Vesikari. 1995. Lactic acid bacteria in the treatment of acute
rotavirus gastroenteritis. Journal of Pediatric Gastroenterology and Nutrition 20: 333-338.

Manning, T. S. and Gibson, G. R. 2004. Microbial-gut interactions in health and disease: Prebiotics. Best
Practice and Research in Clinical Gastroenterology 18: 287-298.

Marranzino, G., J. Villena, S. Salva, and S. Alvarez. 2012. Stimulation of macrophages by immunobiotic
Lactobacillus strains: Influence beyond intestinal tract. Microbiology and Immunology 56: 771-781.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

226 ® Health Benefits of Fermented Foods and Beverages

Marschan, E., M. Kuitunen, K. Kukkonen, T. Poussa, A. Sarnesto, T. Haahtela, R. Korpela, E. Savilahti, and
O. Vaarala. 2008. Probiotics in infancy induce protective immune profiles that are characteristic for
chronic low-grade inflammation. Clinical and Experimental Allergy 38: 611-618.

Marteau, P R., M. Vrese, C. ]. Cellier, and J. Schrezenmeir. 2001. Protection from gastrointestinal diseases
with the use of probiotics. American Journal of Clinical Nutrition 73: 430—436.

Marteau, P, P. Lepage, I. Mangin, A. Suau, J. Doré, P. Pochart, and P. Seksik. 2004. Gut flora and inflamma-
tory bowel disease. Alimentary Pharmacology and Therapeutics 20: 18-23.

Martens, E. C., Lowe, E. C. Chiang, H. N. A. Pudlo, M. Wu, N. P McNulty, D. W. Abbott et al. 2011.
Recognition and degradation of plant cell wall polysaccharides by two human gut symbionts. PLoS
Biology 9: ¢1001221.

Martin, R., S. Miguel, J. Ulmer, P. Langella, and L. G. Bermudez-Humaran. 2014. Gut ecosystem: how
microbes help us. Beneficial Microbes 28: 1-15.

Martin, E P, N. Sprenger, I. K. Yap, Y. Wang, R. Bibiloni, E Rochat et al. 2009. Pan-organismal gut micro-
biome-host metabolic crosstalk. Journal of Proteome Research 8: 2090-2105.

Maslowski, K. M. and C. R. Mackay. 2011. Diet, gut microbiota and immune responses. Nature Immunology
12: 5-9.

Mattia, A. and R. Merker. 2008. Regulation of probiotic substances as ingredients in foods: Premarket
approval or “generally recognized as safe” notification. Clinical Infectious Disease 2: S115-S118.

Mazmanian, S. K., C. H. Liu, A. O. Tzianabos, and D. L. Kasper. 2005. An immunomodulatory molecule of
symbiotic bacteria directs maturation of the host immune system. Ce// 122: 107-118.

McDermott, A. J. and G. B. Huflnagle. 2014. The microbiome and regulation of mucosal immunity.
Immunology 142: 24-31.

McFall-Ngai, M., M. G. Hadfield, T. C. G. Bosch, H. V. Carey, T. Domazet-Loso, A. E. Douglas et al. 2013.
Animals in a bacterial world, a new imperative for the life sciences. Proceedings of the National Academy
of Sciences, USA 110: 3229-3236.

McLoughlin, R. M. and K. H. G. Mills. 2011. Influence of gastrointestinal commensal bacteria on the
immune responses that mediate allergy and asthma. Journal of Allergy and Clinical Immunology 127:
1097-1107.

Miyazaki, K., N. Masuoka, M. Kano, and R. lizuka. 2013. Bifidobacterium fermented milk and galacto-
oligosaccharides lead to improved skin health by decreasing phenols production by gut microbiota.
Beneficial Microbes 17: 1-8.

Mshvildadze, M. and J. Neu. 2010. The infant intestinal microbiome: Friend or foe? Early Human Development
86: 67-71.

Musso, G., R. Gambino, and M. Cassader. 2010. Obesity, diabetes and gut microbiota: The hygiene hypoth-
esis expanded? Diabetes Care 33: 2277-2284.

Nakamura, N., H. Lin, C. McSweeney, R. Mackie, and H. Gaskins. 2010. Mechanisms of microbial hydro-
gen disposal in the human colon and implications for health and disease. Annual Reviews in Food Science
and Technology 1: 363-395.

Neish, A.S. 2009. Microbes in gastrointestinal health and disease. Gastroenterology 136: 65-80.

Nicholson, J. K., E. Holmes, and ]. Kinross. 2012. Host-gut microbiota metabolic interactions. Science 336:
1262-1267.

Niness, K. R. 1999. Nutritional and health benefits of inulin and oligofructose. Journal of Nutrition 129:
14025-1406S.

Nordgaard, 1. 1998. Colon as a digestive organ: the importance of colonic support for energy absorption as
small bowel failure proceeds. Danish Medical Bulletin 45: 135-156.

Norman, J. M., S. A. Handley, and W. Virgin. 2014. Kingdom-agnostic metagenomics and the importance of
complete characterization of enteric microbial communities. Gastroenterology 146: 1459—-1469. DOI:
10.1053/j.gastro.2014.02.001.

Nylund, L., R. Satokari, J. Nikkild, M. Rajili¢-Stojanovi¢, M. Kalliomiki, E. Isolauri, S. Salminen, and
W. M. de Vos. 2013. Microarray analysis reveals marked intestinal microbiota aberrancy in infants
having eczema compared to healthy children in at-risk for atopic disease. BMC Microbiology 13: 12
DOI:10.1186/1471-2180-13-12.

O’Hara, A. M. and E Shanahan. 2006. The gut flora as a forgotten organ. EMBO Report 27: 688—693.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 227

Ooi, L., and M. Liong. 2010. Cholesterol-lowering effects of probiotics and prebiotics: A review of in vivo
and in vitro findings. International Journal of Molecular Sciences 11: 2499-2522.

Ozdemir, O. 2013. Preventative and therapeutic role of probiotics in various allergic and autoimmune disor-
ders. Journal of Evidence Based Complementary and Alternative Medicine 18: 121-151.

Parker, R. B. 1974. Probiotics, the other half of the antibiotic story. Animal Nutrition and Health 29: 4-8.

Parvez, S., K. A. Malik, S. A. Kang, and H. Y. Kim. 2006. Probiotics and their fermented food products are
beneficial for health. Journal of Applied Bacteriology 100: 1171-1185.

Penders, J., C. Thijs, C. Vink, E E Stelma, B. Snijders, I. Kummeling, . A. van den Brandt, and E. E.
Stobberingh. 2006. Factors influencing the composition of the intestinal microbiota in early infancy.
Pediatrics 118: 511-521.

Perdigon, G., M. E. de Macias, S. Alvarez, G. Oliver, and A. A. de Ruiz-Holgado. 1986. Effect of per orally
administered lactobacilli on macrophage activation in mice. Infection and Immunity 53: 404—410.
Perdigon, G., M. E. de Macias, S. Alvarez, G. Oliver, and A. P. de Ruiz Holgado. 1988. Systemic aug-
mentation of the immune response in mice by feeding fermented milks with Lactobacillus casei and

Lactobacillus acidophilus. Immunology 63: 17-23.

Petrof, E. O. and A. Khoruts. 2014. From stool transplants to next-generation microbiota therapeutics.
Gastroenterology 146: 1573-1582.

Pineiro, M., N. G. Asp, G. Reid, S. Macfarlane, L. Morelli, O. Brunser, and K. Tuohy. 2008. FAO Technical
meeting on prebiotics. Journal of Clinical Gastroenterology 42: S156-S159.

Podleski, W. K. 2011. Dietary prevention, control, and protection toward allergic disorders: A word in favor
of immunobiotics. Annals of Allergy Asthma and Immunology 106: 177. DOI:10.1016/j.anai.

Pokusaeva, K., G. E Fitzgerald, and D. Sinderen. 2011. Carbohydrate metabolism in Bifidobacteria. Genes
and Nutrition 6: 285-306.

Prado, E C., J. L. Parada, A. Pandey, and C. R. Soccol. 2008. Trends in non-dairy probiotic beverages. Food
Research International 41: 111-123.

Prakash, S., L. Rodes, M. Coussa-Charley, and C. Tomaro-Duchesneau. 201 1. Gut microbiota: Next frontier
in understanding human health and development of biotherapeutics. Biologics 5: 71-86.

Preidis, G. A. and Versalovic, J. 2009. Targeting the human microbiome with antibiotics, probiotics, and
prebiotics: Gastroenterology enters the metagenomics era. Gastroenterology136: 2015-2031.

Qin, J., Y. Li, Z. Cai, S. Li, J. Zhu, E Zhang et al. 2012. A metagenome-wide association study of gut micro-
biota in type 2 diabetes. Nature 490: 55-60.

Romano-Keeler, J., D. J. Moore, C. Wang, R. M. Brucker, C. Fonnesbeck, J. C. Slaughter et al. 2014. Early
life establishment of site-specific microbial communities in the gut. Gut Microbes 5: 192-201.

Rautava, S., H. Arvilommi, and E. Isolauri. 2006. Specific probiotics in enhancing maturation of IgA
responses in formula-fed infants. Pediatric Research 60: 221-224.

Roberfroid, M. B. 2007. Prebiotics: the concept revisited. Journal of Nutrition 137: 8305-8378.

Roberfroid, M. B. 1998. Prebiotics and synbiotics: concepts and nutritional properties. British Journal of
Nutrition 80: S197-S200.

Roberfroid, M. B. 1999. Caloric value of inulin and oligofructose. Journal of Nutrition 129: 14365-1437S.

Roberfroid, M. B., E. Bornet, C. Bouley, and J. H. Cummings. 1995. Colonic microflora: Nutrition and
health: Summary and conclusions of an International Life Sciences Institute (ILSI) (Europe)] workshop
held in Barcelona, Spain. Nutrition Reviews 53: 127-130.

Rowland, I. R., C. J. Rumney, J. T. Coutts, and L. C. Lievense. 1998. Effect of Bifidobacterium longum and
inulin on gut bacterial metabolism and carcinogen-induced aberrant crypt foci in rats. Carcinogenesis.19:
281-285.

Saarela, M., G. Mogensen, R. Fonden, J. Matto, and T. Mattila-Sandholm. 2000. Probiotic bacteria: Safety,
functional and technological properties. Journal of Biotechnology 84: 197-215.

Salminen, S., C. Bouley, and M. C. Boutron-Ruault. 1998. Functional food science and gastrointestinal
physiology and function. British Journal of Nutrition 80: 147-171.

Scalbert, A., C. Morand, C. Manach, and C. Remesy. 2002. Absorption and metabolism of polyphenols in
the gut and impact on health. Biomedicine and Pharmacotherapy 56: 276-282.

Schiffrin, E., E Rochat, H. Link-Amster, J. Aeschlimann, and A. Donnet-Hugues. 1995. Imnmunomodulation
of blood cells following the ingestion of lactic acid bacteria. Journal of Dairy Sciences 78: 491-497.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

228 m Health Benefits of Fermented Foods and Beverages

Schirbel, A., S. Kessler, E. Rieder, G. West, N. Rebert, K. Asosingh, C. McDonald, and C. Fiocchi. 2013. Pro-
angiogenic activity of TLRs and NLRs: a novel link between gut microbiota and intestinal angiogenesis.
Gastroenterology 144: 613-629.

Schlee, M., J. Wehkamp, A. Altenhoefer, T. A. Oelschlaeger, E. F. Stange, and K. Fellermann. 2007. Induction
of human B-Defensin 2 by the probiotic Escherichia coli Nissle 1917 is mediated through flagellin.
Infection and Immunity 75: 2399-2407.

Scholtens, P A., M. S. Alles, J. G. Bindels, E. G. van der Linde, J. J. Tolboom, and J. Knol. 2006. Bifidogenic
effects of solid weaning foods with added prebiotic oligosaccharides: A randomised controlled clinical
trial. Journal of Pediatric Gastroenterology and Nutrition 42: 553-559.

Scholz-Ahrens, K. E., P. Ade, B. Marten, P. Weber, W. Timm, Y. Acil, C. Gliier, and J. Schrezenmeir. 2007.
Prebiotics, probiotics, and synbiotics affect mineral absorption, bone mineral content, and bone struc-
ture. Journal of Nutrition 137: 8385-846S.

Schrezenmeir, J. and M. de Vrese. 2001. Probiotics, prebiotics, and synbiotics—Approaching a definition.
American Journal of Clinical Nutrition 73: 361S-364S.

Schuijt, T. J., T. Poll, W. M. de Vos, and W. J. Wiersinga. 2013. Human microbiome: The intestinal micro-
biota and host immune interactions in the critically ill. Zrends in Microbiology 21: 221-229.

Scott, K. P, S. W. Gratz, P. O. Sheridan, H. J. Flint, and S. H. Duncan. 2013. The influence of diet on the
gut microbiota. Pharmacology Research 69: 52-60.

Segain, J. P, D. B. Raingeard, and A. Bourreille. 2000. Butyrate inhibits inflammatory responses through
NFkappaB inhibition: implications for Crohn’s disease. Gut 47: 397-403.

Sekirov, L., S. L. Russell, C. M. Antunes, and B. B. Finlay. 2010. Gut microbiota in health and disease.
Physiological Reviews 90: 859-904.

Selma, M. V,, J. C. Espin, and E A. Tomas-Barberan. 2009. Interaction between phenolics and gut micro-
biota: Role in human health. Journal of Agricultural and Food Chemistry 57: 6485-6501.

Senok, A. C. 2009. Probiotics in the Arabian Gulf region. Food and Nutrition Research 1: 1-6.

Senok, A. C., A. Y. Ismaeel, and G. A. Botta. 2005. Probiotics: Facts and myths. Clinical Microbiology and
Infection 11: 958-966.

Shah, N. P. 2007. Functional cultures and health benefits. International Dairy Journal 17: 1262-1277.

Sharma, M and M. Devi. 2014. Probiotics: A comprehensive approach toward health foods Critical Reviews
in Food Sciences and Nutrition 54: 537-552.

Shen, W, H. R. Gaskins, and M. K. McIntosh. 2014. Influence of dietary fat on intestinal microbes, inflam-
mation, barrier function and metabolic outcomes. Journal of Nutritional Biochemistry 25: 270-280.

Sjogren, Y. M., M. C. Jenmalm, M. Fageris-Bottcher, B. Bjorkstén, and E. Sverremark-Ekstrom. 2009. Altered
early infant gut flora in children developing allergy up to five years of age. Clinical and Experimental
Allergy 39: 518-526.

Slavin, J. 2013. Fiber and prebotics: Mechanisms and health benefits. Nuzrients 5: 1417-1436.

Smith, P M., M. R. Howitt, and N. Panikov. 2013. The microbial metabolites, short-chain fatty acids, regu-
late colonic T, cell homeostasis. Science 341: 569-573.

Soccol, C. R., L. P D. S. Vandenberghe, and M. R. Spier. 2010. The potential of probiotics. Food Technology
and Biotechnology 48: 413—434.

Sperty, G. S. 1977. Probiotics. West Point, CT: AVI Publishing, 200pp.

Sunkara, L. T., W. Jiang and G. Zhang. 2012. Modulation of antimicrobial host defense peptide gene expres-
sion by free fatty acids. PLoS ONE 7: ¢49558. DOI:10.1371/journal.pone.0049558.

Sur, D., B. Manna, and S. K. Niyogi. 2011. Role of probiotic in preventing acute diarrhoea in children:
A community based, randomized, double-blind placebo-controlled field trial in an urban slum.
Epidemiology and Infection 139: 919-926.

Takahashi, K., H. Terashima, K. Kohno, and N. Ohkohchi. 2013. A stand-alone synbiotic treatment for the
prevention of D-lactic acidosis in short bowel syndrome. International Surgery 98: 110-113.

Tan J., McKenzie, C., Potamitis, M, Thorburn, A. N., Mackay, C. R., and Macia, L. 2014. The role of short-
chain fatty acids in health and disease. Advances in Immunology 121: 91-119.

Tappenden, K. A. and A. S. Deutsch. 2007. The physiological relevance of the intestinal microbiota—
Contributions to human health. Journal of American College of Nutrition 26: 6795-683S.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

Diet, Microbiome, and Human Health m 229

Tomosada, Y., E. Chiba, H. Zelaya, T. Takahashi, K. Tsukida, H. Kitazawa, S. Alvarez, and J. Villena. 2013.
Nasally administered Lactobacillus rbamnosus strains differentially modulate respiratory antiviral
immune responses and induce protection against respiratory syncytial virus infection. BMC Immunology
14: 40. DOI:10.1186/1471-2172-14-40.

Topping, D. L. and P. M. Clifton. 2001. Short chain fatty acids and human colonic function: Roles of resis-
tant starch and nonstarch polysaccharides. Physiological Reviews 81: 1031-1064.

Tremaroli, V. and E Bickhed, F. 2012. Functional interactions between the gut microbiota and the host
metabolism. Nature 489: 242-249.

Trompette, A., E. S. Gollwitzer, and K. Yadava. 2014. Gut microbiota metabolism of dietary fiber influences
allergic airway disease and hematopoiesis. Nature Medicine 20: 159-166.

Turnbaugh, P. J., F. Bickhed, L. Fulton, and J. I. Gordon. 2008. Diet-induced obesity is linked to marked but
reversible alterations in the mouse distal gut microbiome. Cell Host and Microbe 3: 213-223.

Tzonuis, X., J. Vulevic, G. G. Kuhnle, T. George, J. Leonczak, G. R. Gibson, C. Kwik-Uribe, and J. P
Spencer. 2008. Flavanol monomer-induced changes to the human faccal microflora. British Journal of
Nutrition 99: 782-792.

Uccello, M., G. Malaguarnera, E Basile, V. D’agata, M. Malaguarnera, G. Bertino, M. Vacante, E. Drago, and
A. Biondi. 2012. Potential role of probiotics on colorectal cancer prevention. BMC Surgery 12: S35.
DOI:10.1186/1471-2482-12-S1-S35

Valeur, J and A. Berstad. 2010. Colonic fermentation: A neglected topic in human physiology education.
Advances in Physiology Education 34: 22. DOI:10.1152/advan.00103.2009.

Vandenplas, Y., G. Veereman-Wauters, E. De Greef, S. Peeters, A. Casteels, T. Mahler, T. Devreker, and B.
Hauser. 2011. Probiotics and prebiotics in prevention and treatment of diseases in infants and children.
Journal of Pediatrics 87: 292-300.

Vanhoutte, T., G. Huys, E. Brandt, and ]. Swings. 2004. Temporal stability analysis of the microbiota in
human feces by denaturing gradient gel electrophoresis using universal and group-specific 16S rRNA
gene primers. FEMS Microbiology Ecology 48: 437—446.

Veldzquez, O. C, H. M. Lederer, and J. L. Rombeau. 1997. Butyrate and the colonocyte. Advances in
Experimental Medicine and Biology 427: 123-134.

Villena, J., S. Salva, N. Barbieri, and S. Alvarez. 2013. Immunobiotics for the prevention of bacterial and viral
respiratory infections. In: H. Kitazawa, J. Villena, and S. Alvarez (Eds.), Probiotics: Immunobiotics and
Immunogenics. Boca Raton, FL: CRC Press, pp. 128-168.

Villena, J. and H. Kitazawa. 2014. Modulation of Intestinal TLR4-Inflammatory Signaling pathways by
probiotic microorganisms: Lessons learned from Lactobacillus jensenii TL2937. Frontiers in Immunology
4: 1-12. DOI: 10.3389/fimmu.2013.00512.

Vinolo, M. A. R., H. G. Rodrigues, R. T. Nachbar, and R. Curi. 2011. Regulation of inflammation by short
chain fatty acids. Nutrients 3: 858-876.

Vlieg, E. T. V, . Veiga, C. Zhang, M. Derrien, and L. Zhao. 2011. Impact of microbial transformation of
food on health-from fermented foods to fermentation in the gastro-intestinal tract. Current Opinions
in Biotechnology 22: 1-9.

Vrieze, A., E Holleman, E. G. Zoetendal, W. M. de Vos, J. B. Hoekstra, and M. Nieuwdorp. 2010. The envi-
ronment within: How gut microbiota may influence metabolism and body composition. Diabetologia 53:
606-613.

Walker, A.W., J. Ince, S. H. Duncan, L. M. Webster, G. Holtrop, X. Ze et al. 2011. Dominant and diet-
responsive groups of bacteria within the human colonic microbiota. International Society for Microbial
Ecology Journal 5: 220-230.

Wallace, T. C., F. Guarner, K. Madsen, M. D. Cabana, G. Gibson, E. Hentges, and M. 1. Sanders. 2011.
Human gut microbiota and its relationship to health and disease. Nutrition Reviews 69: 392—403.
West, C. E., M. L. Hammarstrom, and O. Hernell. 2009. Probiotics during weaning reduce the incidence of

eczema. Pediatric Allergy and Immunology 20: 430-437.

Wichmann, A., A. Allahyar, T. U. Greiner, H. Plovier, G. O. Lundén, T. Larsson, D. J. Drucker, N. M.
Delzenne, P. D. Cani, and E Bickhed. 2013. Microbial modulation of energy availability in the colon
regulates intestinal transit. Cel/ Host Microbe 14: 582-590.



Downloaded by [Dhaka University], [ Y earul Kabir] at 21:07 12 April 2015

230 ®m Health Benefits of Fermented Foods and Beverages

Windey, K., V. D. Preter, and K. Verbeke. 2012. Relevance of protein fermentation to gut health. Molecular
Nutrition and Food Research 56: 184-196.

Wu, G. D, J. Chen, C. Hoffmann, K. Bittinger, Y. Chen, S. A. Keilbaugh et al. 2011. Linking long-term
dietary patterns with gut microbial enterotypes. Science 334: 105-108.

Wilks, J. and T. Golovkina. 2012. Influence of microbiota on viral infections. PLoS Pathogens 8: ¢1002681.
DOI:10.1371/journal.ppat.1002681.

Xu, J., M. K. Bjursell, J. Himrod, S. Deng, L. K. Carmichael, H. C. Chiang, L. V. Hooper, and J. I. Gordon
2003. A genomic view of the human-Bacteroides thetaiotaomicron symbiosis. Science 299: 2074-2076.

Xu, J. and J. I. Gordon. 2003.Honor thy symbionts. Proceedings of the National Academy of Sciences, USA
100: 10452-10459.

Yan, E, H. Cao, T. L. Cover, M. K. Washington, Y. Shi, L. Liu, R. Chaturvedi, R. M. Jr. Peek, K. T. Wilson,
and D. B. Polk. 2011. Colon-specific delivery of a probiotic-derived soluble protein ameliorates intes-
tinal inflammation in mice through an EGFR-dependent mechanism. journal of Clinical Investigation
121: 2241-2253.

Yu, L. C,, J. Wang, S. Wei, and Y. Ni. 2012. Host—microbial interactions and regulation of intestinal epithe-
lial barrier function: From physiology to pathology. World journal of Gastrointestinal Pathophysiology
15: 27-43.

Zbar, N. S., L. E Nashi, and S. M. Saleh. 2013. Saccharomyces boulardii as effective probiotic against Shigella
flexneri in mice. International Journal of Materials, Methods and Technology 1: 17-21.

Zelaya, H., K. Tsukida, E. Chiba, G. Marranzino, S. Alvarez, S. H. Kitazawa, G. Agiiero, and ]. Villena.
2014. Immunobiotic lactobacilli reduce viral-associated pulmonary damage through the modulation of
inflammation-coagulation interactions. International Immunopharmacology 19: 161-173.

Zeng, H., D. L. Lazarova, and M. Bordonaro. 2014. Mechanisms linking dietary fiber, gut microbiota and
colon cancer prevention. World Journal of Gastrointestinal Oncology 6: 41-51.

Zhu, Y., E. Jameson, M. Crosatt, H. Schifer, K, Rajakumar, T. D. Bugg, and Y. Chen. 2014. Carnitine metab-
olism to trimethylamine by an unusual Rieske-type oxygenase from human microbiota. Proceedings of
the National Academy of Sciences, USA 111: 4268-4273.

Zhu, B., X. Wang and L Li. 2010. Human gut microbiome: The second genome of human body. Prozein Cell
1: 718-725.


https://www.researchgate.net/publication/299822973

	Diet, Microbiome, and Human Health
	4.1 Introduction
	4.2 Gut Microbiota
	4.2.1 Diversity of Microbes in Gut Microbiota

	4.3 Diet Influences Gut Microbiota
	4.4 Influence of Gut Microbiota on Metabolism of Diet
	4.5 Gut Microbial Activity in Health and Diseases
	4.5.1 Gut Microbial Activity Beneficial to Human
	4.5.2 Dysbiosis Leads to Disease States

	4.6 Human Colon as a Fermenter
	4.6.1 Short-Chain Fatty Acids
	4.6.2 SCFAs and Their Physiologic Effects
	4.6.3 SCFAs as Modulators of the Immune System
	4.6.4 Fermentation of Fat
	4.6.5 Fermentation of Protein
	4.6.6 Bacteria Involved in Gut Fermentation

	4.7 �Concept of Probiotics, Prebiotics, Synbiotics, Cobiotics, and Immunobiotics: Mechanism of Action and Health Claims
	4.7.1 Probiotics
	4.7.2 Prebiotics
	4.7.3 Synbiotics
	4.7.4 Cobiotics
	4.7.5 Immunobiotics

	4.8 Microbiome Metabolites: Effects on Health
	4.9 Perspectives
	4.10 Conclusion
	References


