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In the last decades, the importance of gut microbiome has been linked to medical 
research on different diseases. Developments of other medical disciplines (human 

clinical pharmacology, clinical nutrition and dietetics, everyday medical treatments of 
antibiotics, changes in nutritional inhabits in different countries) also called attention 

to study the changes in the gut microbiome.

This book contains five excellent review chapters in the field of gut microbiome, 
written by researchers from the USA, Canada, China, and India. These chapters 

present a critical review about some clinically important changes in the gut 
microbiome in the development of some human diseases and therapeutic possibilities 

(liver disease, cardiovascular diseases, brain diseases, gastrointestinal diseases).

The book brings to attention the essential role of gut microbiome in keeping 
our life healthy. This book is addressed to experts of microbiology, podiatrists, 

gastroenterologists, internists, nutritional experts, cardiologists, basic and clinical 
researchers, as well as experts in the field of food industry
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Preface

The book entitled The Gut Microbiome—Implications for Human Disease represents a view in
absolutely new and interdisciplinary fields of medical research. To understand the details of
these scientific problems in medicine, it is necessary to give some general information from
previous decades of medical sciences.

From the 1970s, the medical practice was more inclined to “problem-orientated medicine.”
The key point was to establish the correct diagnosis in medical practice respecting the most
medically effective and economically basic laws. After this period (from the 1980s), the “evi‐
dence-based medicine” terminology appeared in different branches of medical sciences to
describe the effects of different therapeutic activities. This method is still present in the cur‐
rent medical practice.

Interesting is the fact that the first steps of “evidence-based medicine” appeared earlier in
general practice, when physicians wanted to know more about their medical activities, and
surprisingly these studies led us to establish the human clinical pharmacology.

The efficiency of pharmacological treatments was critically evaluated in medical treatment.
Probably, peptic ulcer disease was the first field in this international process. Objective clini‐
cal pharmacological methods were created in these years, and these methods offered objec‐
tive results on absorption, metabolism, and excretion of different clinically applied drugs.
These results clearly indicated that different drugs were not able to be absorbed in the gas‐
trointestinal tract. After these unsuccessful medical therapies, surgical interventions were
practiced in unhealed patients (Mózsik Gy., Szabo I.L. (2016) Membrane-Bound ATP-De‐
pendent Energy Systems and Gastrointestinal Mucosa Damage and Protection. InTech, Rije‐
ka, DOI: 10.5772/60095).

This clinical pharmacological research line produced many multiclinical, randomized per‐
spectives and multicentric studies all over the world (including many meta-analyses).

In our days, we have to learn how many basic and clinical pharmacological studies were
carried out in the last decades (of course, many medical practices changed after 2005, when
Marshall and Warren received the Nobel Prize for the Helicobacter pylori research).

Our knowledge from nutrition and especially from dietetics was very limited in terms of med‐
ical information. We do not have enough knowledge on food preparation, on the extent of
food intake, and also on details of mechanisms of digestion (which absolutely would be neces‐
sary and important to understand the details of human nutrition and dietetic therapeutics).



Surprisingly clinical pharmacological methodologies entered the clinical practice earlier
than the necessary methods in the field of clinical nutrition and dietetics. From the last cen‐
tury and up to our days, we only had statistical data on food consumption including the
different laboratory examinations on (patients’) health from medical services.

There are contradictions between differences of methodologies and requirements of clinical
pharmacology and clinical nutrition (dietetics). When talking about drugs, the quantiles de‐
tected are small. Examining from a chemical perspective, xenobiotics and their measuring
methods are specific to xenobiotics. Isotopic methods can be used to measure whole drugs
and their metabolites, meanwhile the methods used in nutrition measure the components
that are in our bodies; however, whole foods cannot be measured (exception in some special
diseases). Generally, it can be recognized that the methodologies of human clinical nutrition
and dietetics are more complicated than those of human clinical pharmacology (from a prac‐
tical point of view, it is important to note that studies about gastrointestinal tract are an es‐
sential part of clinical nutrition and dietetics).

Clinical pharmacology and clinical nutrition studies have to carry out observations from
phase I to phase IV (which actually equal to each other). We earlier established the method‐
ology of human phase I (Mózsik Gy., Figler M. (2005): Metabolic Ward in Human Clinical
Nutrition and Dietetics. Research Signpost, Kerala).

It has to be said that for the realization of these types of special departments, many govern‐
mental decisions are necessary for innovative research in the abovementioned fields.

Here is a list of some important events in the last decades of medical life:

1. Trowell (1960–1978) discovered and introduced the terminology of “noninfective popula‐
tion diseases.” The recognition of this very important discovery that affects a large portion
of the world’s population is relevant, and it helps solve many problems with the so-called
different ”causative and preventive factors” in medical practice, in agriculture, in the food
industry and processing, and in medical research.

2. In the years 1971–1980, there was a decrease of intake of dietary fibers. Special researches
about dietary fibers significantly changed the food industry practices aimed at increasing
dietary fiber intakes through different foods. In those years, it was clear that the contents
and species of gut bacterial flora changed significantly depending on the intake of dietary
fibers. However at that time, there were no internationally acclaimed institutes in this field
to scientifically clarify the changes in the gut bacterial flora.

3. The nutritional habits of different nations changed significantly in the last decades, which
produced a wide scale of diseases and their prevention.

4. The aims and methods in the food industry changed and the number of businesses linked
to it increased significantly.

Surprisingly, the clinical qualification systems of different foods produced by international
authorities (including Food and Drug Administration (FDA in the USA) differ from those in
the case of drug production.

5. The consumption of different antibiotics (with and without medically based indications)
increased in the last decades (see eradication treatment of the peptic ulcer patients), produc‐
ing as side effects changes in the gut bacterial flora.
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All of the abovementioned facts call our attention to the study of gut microbiome. At the
moment, we are not able to confirm that changes in the gut microbiome are caused or are a
consequence of the abovementioned processes; however, the link is strong.

The studies in this book give important information on the role of gut microbiome in the
development of different diseases and their prevention. The chapters are written by re‐
searchers from the USA, China, Canada, and India. These chapters open new gates to under‐
stand the importance of gut microbiome. We have to be aware that these types of gut
microbiome are an essential part of different research fields.

The editor is especially thankful on the excellent supports given by Ms. Ana Pantar (Senior
Commissioning Editor) and by Ms. Romina Rovan (Publishing Process Manager) from In‐
Tech Open Access Publisher. Without their help, the publication of this book would not be
possible.

Gyula Mozsik, MD, PhD, ScD
University of Pécs Medical School,

Hungary
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Abstract

Nonalcoholic fatty liver disease (NAFLD) has emerged as the most common cause of
liver  disease  among  children  and  adolescents  in  industrialized  countries  due  to
increasing  prevalence  of  obesity.  It  is  generally  recognized  that  both  genetic  and
environmental  risk  factors  contribute  to  the  pathogenesis  of  NAFLD.  Convincing
evidences  have  shown  that  gut  microbiota  alteration  is  associated  with  NAFLD
pathogenesis both in patients and animal models. Bacterial overgrowth and increased
intestinal permeability are evident in NAFLD patients and lead to increased delivery
of gut-derived bacterial products, such as lipopolysaccharide and bacterial DNA, to
the liver through portal vein and then activation of toll-like receptors (TLRs), mainly
TLR4 and TLR9, and their downstream cytokines and chemokines, resulting in hepatic
inflammation. Currently, the role of gut microbiota in the pathogenesis of NAFLD is
still the focus of many active clinical/basic researches. Modulation of gut microbiota
with probiotics or prebiotics has been targeted as a preventive or therapeutic strategy
on  this  pathological  condition.  Their  beneficial  effects  on  the  NAFLD  have  been
demonstrated in animal models and limited human studies.

Keywords: nonalcoholic fatty liver disease (NAFLD), children, gut microbiota, probi-
otics, prebiotics

1. Introduction

A growing obesity epidemic over the past three decades has become a major public health
concern in developed as well as developing countries. According to the 2012 National Health
and Nutrition Examination Survey [1, 2], in the United States, 35.5% of men, 35.8% of women,

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



and 16.9% of children (2–19 years old) were considered obese. The worldwide prevalence of
overweight and obesity increased from 28.8 to 36.9% in men, and from 29.8 to 38.0% in women
between 1980 and 2013 [3]. Specifically, the prevalence for children increased from 16.9 to
23.8% for boys and from 16.2 to 22.6% for girls in developed countries, and from 8.1 to 12.9%
for boys and from 8.4 to 13.4% for girls in developing countries as well [3].

Nonalcoholic fatty liver disease (NAFLD) has become the most common cause of liver disease
in children in industrialized countries due to increasing prevalence of obesity [4]. NAFLD is
defined as hepatic fat infiltration >5% of hepatocytes based on liver biopsy after excessive
alcohol intake, viral, autoimmune, or drug-induced liver disease have been excluded. NAFLD
is characterized by liver damage similar to that caused by alcohol but occurs in individuals
that do not consume toxic quantities of alcohol. NAFLD includes a spectrum of liver diseases
from simple fat infiltration (steatosis) through nonalcoholic steatohepatitis (NASH, steatosis
with liver inflammation) to hepatic fibrosis and even hepatocellular carcinoma. The prevalence
of NAFLD in the United States was 9.6% in normal weight children and 38% in obese ones
based on liver biopsy at autopsy after accidents [5]. In the United States, the highest rates of
pediatric NAFLD are in Hispanic and Asian children. In a study of 748 school children in
Taiwan, the rates of NAFLD were 3% in the normal weight, 25% in the overweight, and 76%
in the obese children determined by ultrasonography [6]. NAFLD in children is associated
with severe obesity and metabolic syndrome, which includes abdominal obesity, type-2
diabetes, dyslipidemia, and hypertension. This chapter briefly summarizes the current
understanding of the pathogenesis of NAFLD, role of gut microbiota, and potential new
treatment strategies.

2. NAFLD pathogenesis: current understanding

Although the pathogenesis of NAFLD is not completely understood, considerable progresses
have been made in recent years in explicating the mechanisms behind liver injury. As in other
complex diseases, both genetic and environmental factors contribute to NAFLD development
and progression. It is generally accepted that there is a genetic predisposition. In patients with
NAFLD, genomic studies have identified many single nucleotide polymorphisms (SNPs)
variants in genes controlling lipid metabolism, proinflammatory cytokines, fibrotic mediators,
and oxidative stress. The most important one is the patatin-like phospholipase domain-
containing 3 gene (PNPLA3) [7]. PNPLA3 rs738409 variant has been shown to confer suscept-
ibility to NAFLD in obese children in different ethnic groups [8]. Other reported susceptible
genes include glucokinase regulatory protein (GCKR), transmembrane 6 superfamily member
2 (TM6SF2), G-protein-coupled-receptor 120 (GPR120), farnesyl-diphosphate farnesyltrans-
ferase 1 (FDFT1), parvin beta (PARVB), sorting and assembly machinery component
(SAMM50), lipid phosphate phosphatase-related protein type 4 (LPPR4), solute carrier family
38 member 8 (SLC38A8), lymphocyte cytosolic protein-1 (LCP1), group-specific component
(GC), protein phosphatase 1 regulatory subunit 3b (PPP1R3B), lysophospholipase-like 1
(LYPLAL1), neurocan (NCAN), and polipoprotein C3 (APOC3) [9, 10]. To date, the strongest
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SNP variants associated with pediatric NAFLD are the rs738409 in the PNPLA3 gene, the
1260326 in the GCKR gene, and the rs58542926 in the TM6SF2 gene.

Day and James initially proposed a two-hit hypothesis to explain the pathogenesis of NAFLD
[11]. In individuals with genetic predisposition, the “first hit” results in liver fat accumulation
(steatosis) due to environmental factors (e.g., western diet and lack of physical activity),
obesity, insulin resistance, or metabolic syndrome. A subsequent “second hit”, such as free
fatty acids, adipokines/cytokines, oxidative stress (reactive oxygen species, lipid peroxidation),
gut microbiota-derived endotoxins, mitochondrial dysfunction, and stellate cell activation,
further amplify liver injury and NASH progression. A recent proposed multiple parallel hits
hypothesis suggested that gut-derived and adipose tissue-derived factors may play a central
role [12]. Both two-hit and multiple parallel hit hypotheses recognized that insulin resistance
plays a crucial role in NAFLD pathogenesis and other factors including genetic determinants,
nutritional factors, adipose tissue, and the immune system may be necessary for NAFLD
manifestation and progression [11–13]. A new lipotoxicity hypothesis proposes that insulin
resistance facilitates an excessive flow of free fatty acids to the liver, resulting in increased
production of lipotoxic intermediates and eventually NASH, through oxidative stress,
mitochondrial dysfunction, adiponectin, and other complex pathways [14, 15].

It has been well established that gut microbiota has been implicated in the development of
NAFLD through the gut-liver axis [16–18]. An alteration of gut microbiota composition leads
to bacterial overgrowth and increased intestinal permeability [19–21], resulting in transloca-
tion of gut micriobiota-derived products, such as lipopolysaccharide (LPS), bacterial DNA,
and peptidoglycan, which would activate liver cell surface receptors (TLR4 and 9); a cascade
of signal transductions is triggered and various cytokines and chemokines, such as TNF-α,
TGF-β, IL-6, IL-10, CCL2, CCL5, and CxCL8, are released, leading to hepatic inflammation and
fibrosis [22].

Evidences from both human and animal studies have supported important roles of gut
microbiota-derived endotoxins, especially LPS, and their downstream signal pathways in the
progression of NAFLD. Patients with NAFLD had increased serum endotoxin levels, with
marked increases noted in NASH and early stage fibrosis. The increase in endotoxin level is
related to IL-1α and TNF-α production [23–26]. In genetically obese fatty/fatty rats and obese/
obese mice, Yang et al. showed that LPS contributes to the development of steatohepatitis by
sensitizing TNF-α [27].

Toll-like receptors (TLRs) have been shown to play a crucial role in pathogenesis of NAFLD.
Activation of TLRs and the adaptor molecule, MyD88, results in a cascade of signal transduc-
tion leading to release of various cytokines (TNF-α, TGF-β, interleukin-6 (IL-6), and IL-10) and
chemokines (CCL2, CCL5, and CXCL8), which have been associated with NAFLD progression
and hepatic fibrosis, as demonstrated in both human and animal studies [28]. TLRs are a class
of pattern recognizing proteins that perceive bacterial and viral components. Gut microbiota
is a source of TLR ligands, which can stimulate production of proinflammatory cytokines in
the liver. TLRs are expressed on Kupffer cells, biliary epithelial cells, hepatocytes, hepatic
stellate cells, epithelial cells, and dendritic cells in the liver. Among 13 known TLRs, TLR2,
TLR4, and TLR9 have been implicated in NAFLD pathogenesis [17].

Nonalcoholic Fatty Liver Disease in Children: Role of the Gut Microbiota
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TLR4 is mainly activated by LPS, a cell component of Gram-negative bacteria. Elevated
plasma and portal LPS levels are evident in human and animals with NAFLD [25, 29–32].
In methionine choline deficient diet(MCDD)-induced mouse model of NASH, liver injury
and inflammatory cytokine production increased after challenge with LPS [33]. Rivera et al.
further demonstrated histological change typical of steatohepatitis (extensive macrovesicu-
lar steatosis and necrosis), three-fold increase of portal blood endotoxin level, and en-
hanced TLR4 expression in wild-type mice fed with MCDD [31]. In a mouse model of
high-fat diet-induced NAFLD, TLR4 signaling is involved in free fatty-acid-induced NF-kB
activation in hepatocytes through release of free high-mobility group box1 (HMGB1),
which is a key molecule for the activation of the TLR4/MyD88-dependent pathway [34].
TLR4 mutant mice fed with fructose-enriched diet had significantly less hepatic steatosis
and lower TNFα levels in comparison to fructose-fed wild-type mice, indicating an impor-
tant role of LPS/TLR4 signaling in fructose-induced NAFLD [35]. Plasma LPS levels are al-
so markedly elevated in children and adults with NAFLD [25, 29, 30, 32]. Thus, gut
microbiota-derived LPS/TLR4 signaling pathway is crucial for the progression of NAFLD
in humans as well as animal models.

TLR9 is activated by bacterial DNA CpG motif and induces proinflammatory cytokine
production. In a mouse model of CDAA diet-induced NASH, Miura et al. showed hepatic
inflammation and fibrosis in wild-type mice, which was suppressed in mice deficient in TLR9
or MyD88, suggesting the critical role of the TLR9/MyD88 signaling pathway in the patho-
genesis of NASH [36].

Inflammasomes have been shown to be major contributors to inflammation and are upregu-
lated in mouse models of MCDD or high-fat-induced NASH and in livers of NASH patients.
Stimulation of TLR4 by LPS can further activate inflammasomes [37]. In genetic inflamma-
some-deficiency mice, an altered gut microbiota configuration is associated with abnormal
TLR4 and TLR9 agonist accumulation in the portal circulation, resulting in elevated hepatic
TNF-α expression and exacerbation of hepatic steatosis and inflammation [38].

TLR2 recognizes components from Gram-positive and Gram-negative bacteria, as well as
mycoplasma and yeast. In comparison to wild-type mice, TLR2-deficiency animals are
substantially protected from high-fat diet-induced adiposity, insulin resistance, hypercholes-
terolemia, and hepatic steatosis [39]. In contrast, increased hepatic inflammation and TNF-α
mRNA expression were observed in TLR2-deficiency mice fed with MCDD [33, 40]. The
conflicting results of the role of TLR2 signaling in those studies could be due to different animal
models used, different gut microbial ligands involved or compensation by other TLRs.

3. Modulation of gut microbiota: effects of prebiotics and probiotics on
NAFLD

Given the accumulating evidence of the critical role of gut microbiota in the pathogenesis of
NAFLD, microbiota manipulation has been targeted as a potentially therapeutic option for this
pathological condition. Possible strategies for altering gut microbiota include probiotics,

The Gut Microbiome - Implications for Human Disease6
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high-fat diet-induced NAFLD, TLR4 signaling is involved in free fatty-acid-induced NF-kB
activation in hepatocytes through release of free high-mobility group box1 (HMGB1),
which is a key molecule for the activation of the TLR4/MyD88-dependent pathway [34].
TLR4 mutant mice fed with fructose-enriched diet had significantly less hepatic steatosis
and lower TNFα levels in comparison to fructose-fed wild-type mice, indicating an impor-
tant role of LPS/TLR4 signaling in fructose-induced NAFLD [35]. Plasma LPS levels are al-
so markedly elevated in children and adults with NAFLD [25, 29, 30, 32]. Thus, gut
microbiota-derived LPS/TLR4 signaling pathway is crucial for the progression of NAFLD
in humans as well as animal models.

TLR9 is activated by bacterial DNA CpG motif and induces proinflammatory cytokine
production. In a mouse model of CDAA diet-induced NASH, Miura et al. showed hepatic
inflammation and fibrosis in wild-type mice, which was suppressed in mice deficient in TLR9
or MyD88, suggesting the critical role of the TLR9/MyD88 signaling pathway in the patho-
genesis of NASH [36].

Inflammasomes have been shown to be major contributors to inflammation and are upregu-
lated in mouse models of MCDD or high-fat-induced NASH and in livers of NASH patients.
Stimulation of TLR4 by LPS can further activate inflammasomes [37]. In genetic inflamma-
some-deficiency mice, an altered gut microbiota configuration is associated with abnormal
TLR4 and TLR9 agonist accumulation in the portal circulation, resulting in elevated hepatic
TNF-α expression and exacerbation of hepatic steatosis and inflammation [38].

TLR2 recognizes components from Gram-positive and Gram-negative bacteria, as well as
mycoplasma and yeast. In comparison to wild-type mice, TLR2-deficiency animals are
substantially protected from high-fat diet-induced adiposity, insulin resistance, hypercholes-
terolemia, and hepatic steatosis [39]. In contrast, increased hepatic inflammation and TNF-α
mRNA expression were observed in TLR2-deficiency mice fed with MCDD [33, 40]. The
conflicting results of the role of TLR2 signaling in those studies could be due to different animal
models used, different gut microbial ligands involved or compensation by other TLRs.

3. Modulation of gut microbiota: effects of prebiotics and probiotics on
NAFLD

Given the accumulating evidence of the critical role of gut microbiota in the pathogenesis of
NAFLD, microbiota manipulation has been targeted as a potentially therapeutic option for this
pathological condition. Possible strategies for altering gut microbiota include probiotics,
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prebiotics, synbiotics, antibiotics, dietary modification/supplementation, and microbiota
transplantation. So far, only probiotics have been tested for the treatment of NAFLD in animal
models and human subjects with promising effects.

Probiotics are live commensal microorganisms that have been shown to beneficially modulate
the host’s gut microbiota. In animal models of NAFLD, VSL#3 (a probiotic mixture containing
streptococcus, Bifidobacterium, and lactobacillus) improved hepatic inflammation and decreased
hepatic steatosis with reduction of serum alanine aminotransferase (ALT) levels. Those
changes were associated with decreased hepatic expression of TNF-mRNA and reduced
activity of Jun N-terminal kinase (JNK) [41–43]. In methionine choline deficient diet (MCDD)-
induced NASH rats treated with probiotic mixture containing 6 or 13 bacterial strains, which
were isolated from the healthy human stool samples, improved hepatic inflammation, likely
in part through modulation of TNF-α activity [44]. Furthermore, the treatment of apolipopro-
tein E-deficiency mice with dextran sulfate sodium (DSS) induced histopathological features
typical of steatohepatitis, which were prevented by 12-week VSL#3 administration, through
modulation of the expression of nuclear receptors, peroxisome proliferator-activated receptor-
γ, Farnesoid-X-receptors, and vitamin D receptor [45].

In human studies, Aller et al. reported that a 3-month treatment with Lactobacillus bulgaricus
and Streptococcus thermophilus improved liver aminotransferases in adult patients with NAFLD
[46]. Alisi et al. performed a double-blind and placebo-controlled RCT to assess the effect of
VSL#3 in 44 obese children with biopsy-proven NAFLD and demonstrated that VSL#3
supplement for 4 months significantly improved hepatic steatosis and BMI [47].

Prebiotics are nondigestible dietary fibers that stimulate the growth and activity of intestinal
bacteria. In genetically obese mice, supplementation with prebiotics (oligofructose, a mix of
fermentable dietary fibers) decreased plasma levels of LPS and cytokines (TNF-α, IL1b, IL1α,
IL6, and INFγ) and reduced gut permeability through a mechanism involving glucagon-like
peptide-2 [48]. Lactulose, as a prebiotic, can promote the growth of certain intestinal bacteria
such as Lactobacillus and Bifidobacterium. In a rat model of high-fat diet-induced steatohepatitis,
lactulose improved hepatic inflammatory activity and decreased serum endotoxin levels [49].
Human studies with prebiotics are very limited. In an earlier clinical pilot study in patients
with biopsy-proven NASH, dietary supplementation of oligofructose 16 g/day for 8 weeks
significantly decreased serum aminotransferases and insulin levels [50]. There have been no
randomized, controlled, double-blind, prospective clinical trials of prebiotics on NAFLD,
except a randomized controlled trial protocol, which will randomize adults with confirmed
NAFLD to either a 16 g/day prebiotic supplemented group or isocaloric placebo group for 24
weeks (n = 30/group) [51].

4. NAFLD in children

4.1. Gut microbiota and NAFLD in children

Given the important role of gut microbiota in obesity and metabolic syndrome [52, 53], it is
not surprising that ever-increasing literature in recent years suggested a potential role of gut
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microbiota in NAFLD pathogenesis. An observation by Spencer et al. provided the initial
evidence that gut microbiota and human fatty liver are closely linked [54]. In adult subjects
with choline-deficient diet-induced fatty liver, gut microbiota compositions were associated
with changes in liver fat in each subject during choline depletion. Subsequently, Mouzaki et
al. showed that patients with NASH had a lower percentage of Bacteroidetes compared to both
simple steatosis and healthy controls and higher fecal Clostridium coccoides compared to those
with simple steatosis [55]. There was an inverse and diet/BMI-independent association
between the presence of NASH and percentage of Bacteroidetes, suggesting a link between
gut microbiota and NAFLD severity. Raman et al. reported an over-representation of Lactoba‐
cillus species and selected members of phylum Firmicutes (Lachnospiraceae; genera, Dorea,
Robinsoniella, and Roseburia) in NAFLD patients [56]. A recent study identified Bacteroides
as independently associated with NASH and Ruminococcus with significant fibrosis and
further confirmed the association of NAFLD severity with gut dysbiosis [57].

In a pediatric cohort of 63 children, Zhu et al. determined the composition of gut bacterial
communities of obese children with NASH [58]. They found that Bacteroidetes were signifi-
cantly elevated (mainly Prevotella) in obese and NASH patients compared to lean healthy
children and that an increased abundance of ethanol-producing Escherichia in NASH children
was observed. Ethanol can promote gut permeability. A recent study by Michail et al. showed
that children with NAFLD had more abundant Gammaproteobacteria and Prevotella and
significantly higher levels of ethanol, with differential effects on short chain fatty acids [59].
Both studies demonstrated that the gut microbiota profile in pediatric NAFLD is different from
lean healthy children, with more ethanol-producing bacteria, suggesting that endogenous
alcohol production by intestinal microbiota may play a role in NAFLD pathogenesis. Engstler
et al. also showed that fasting ethanol levels were positively associated with measures of
insulin resistance and significantly higher in children with NAFLD than in controls [60].
Interestingly, with further animal experiments, they demonstrated that increased blood
ethanol levels in children with NAFLD may result from insulin-dependent impairments of
alcohol dehydrogenase activity in liver tissue rather than from an increased endogenous
ethanol synthesis [60]. Taken together, human studies demonstrated significant differences in
gut microbiota between normal subjects and patients with NAFLD. However, there were great
variations in microbiota compositions among these human studies, likely due to patient’s age,
fatty liver disease stages, study design, methods used, and observation endpoints.

4.2. Current management guidelines

All children with BMI ≥ 95th percentile or 85–94th percentile with risk factors (e.g., central
obesity, metabolic syndrome, and strong family history) are recommended to have liver
function test and hepatic ultrasonography [4, 61]. Since infants and children < 3 years old with
fatty liver are less likely to have NAFLD, tests should be performed to exclude genetic,
metabolic, syndromic, and systemic causes, such as fatty acid oxidation defects, lysosomal
storage diseases, and peroxisomal disorders. In older children and teenagers, metabolic,
infectious, toxic, and systemic causes should also be considered for differential diagnosis.
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Recommended common laboratory tests include viral hepatitis panel, α-1 antitrypsin pheno-
type, ceruloplasmin, antinuclear antibody, lipid profile, TSH, and celiac panel.

Ultrasonography is the only imaging technique used for NAFLD screening in children because
it is safe, noninvasive, widely available, relatively inexpensive, and can detect evidence of
portal hypertension. Liver biopsy is recommended to exclude other treatable disease, in cases
of clinically suspected advanced liver disease, before pharmacological/surgical treatment, and
as part of a structured intervention protocol or clinical research trial [4, 61].

Treatment options for children with NAFLD are limited by a small number of randomized
clinical trials and insufficient information on the natural history of the condition to assess risk-
benefit ratios [4, 62]. So far, weight loss, though hard to achieve, is still the cornerstone of
treatment regimen. Koot et al. demonstrated that a lifestyle intervention (physical exercise,
dietary change, and behavioral modification) of 6 months significantly improved hepatic
steatosis and serum aminotransferases in 144 children with NAFLD [63]. A long-term follow-
up study showed that the greatest decrease of NAFLD prevalence was observed in children
with the greatest overweight reduction [64]. Grønbæk et al. assessed the effect of a 10-week
“weight loss camp” (restricted caloric intake and moderate exercise for one hour daily) in 117
obese children and found that the children had an average weight loss of 7.1 ± 2.7 kg, with
significant improvements in hepatic steatosis, transaminases, and insulin sensitivity [65].

In children with poor adherence to lifestyle changes, pharmacological interventions and
dietary supplementations, including antioxidants (vitamin E), insulin sensitizers (metofor-
min), ursodeoxycholic acid (UDCA), omega-3 docosahexaenoic acid (DHA), and probiotics,
may be tried, but no randomized clinical trials have proved their effectiveness in children
with NAFLD.

5. Summary and future directions

The increase of pediatric NAFLD is attributed to the worldwide obesity epidemic. Current
evidences suggest that both genetic and environmental risk factors play a crucial role in the
pathogenesis of NAFLD in children and adolescents. Although human studies clearly showed
significant differences in gut microbiota between normal subjects and patients with NAFLD,
there were great variations in microbiota compositions among these studies [66]. Adult
patients have altered gut microbiota with an increase in the relative proportion of Bacteroidales
and Clostridiales, whereas in children with NAFLD, ethanol-producing bacteria are predom-
inant. Bacterial overgrowth and increased intestinal permeability are evident in NAFLD
patients and lead to increased delivery of gut-derived bacterial products (e.g., LPS and
bacterial DNA) to the liver through portal vein and then activation of toll-like receptors (TLRs),
mainly TLR4 and TLR9, and their downstream cytokines and chemokines, resulting in hepatic
inflammation [17].

Given the accumulating evidence of the critical role of gut-derived microbial factors in the
development and/or progression of NAFLD, modulation of gut microbiota with probiotics
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and/or prebiotics has been targeted as a therapeutic option. Their beneficial effects on NALFD
are promising based on studies in animal models and patients including children. However,
before probiotics and prebiotics become prime-time therapeutic modalities for NAFLD in
children, several issues need to be addressed. First, we still do not know whether all children
with NAFLD are truly associated with altered intestinal microbiota, and if so, which microbiota
is involved. Second, randomized clinical trials with appropriate powers are required to assess
benefits of tailored interventions with probiotics and/or prebiotics in children with NAFLD.
Finally, it is clinically important to know the best types of probiotics or prebiotics to be
prescribed in children with NAFLD. Nevertheless, probiotics and other integrated strategies
to modify intestinal microbiota are promising to become efficacious therapeutic modalities to
treat NALFD, with emerging evidence to demonstrate that prebiotics and probiotics modulate
the intestinal microbiota, improve epithelial barrier function, and reduce intestinal inflamma-
tion.
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Abstract

Methane-producing  archaea  have  recently  been  associated  with  disorders  of  the
gastrointestinal tract and dysbiosis of the resident microbiota. Some of these conditions
include inflammatory bowel disease (Crohn’s disease (CD) and ulcerative colitis (UC)),
chronic  constipation,  small  intestinal  bacterial  overgrowth,  gastrointestinal  cancer,
anorexia, and obesity. The causal relationship and the putative mechanism by which
archaea may be associated with human disease are poorly understood,  as  are the
strategies to alter methanogen populations in humans. It is estimated that 30–62% of
humans produce methane detectable in exhaled breath and in the gastrointestinal tract.
However, it is not yet known what portion of the human population have detectable
methanogenic archaea. Hydrogen and methane are often measured in the breath as
clinical indicators of intolerance to lactose and other carbohydrates. Breath gas analysis
is  also  employed to  diagnose  suspected  small  intestinal  bacterial  overgrowth and
irritable bowel syndrome, although standards are lacking. The diagnostic value for
breath gas measurement in human disease is evolving; therefore, standardized breath
gas  measurements  combined with  ever-improving  molecular  methodologies  could
provide novel strategies to prevent, diagnose, or manage numerous colonic disorders.
In cases where methanogens are potentially pathogenic, more data are required to
develop therapeutic antimicrobials or other mitigation strategies.
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1. Introduction

1.1. Methanogen diversity in the gastrointestinal tract

Archaea represent the third domain of life, in addition to Prokaryota, which they more or
less physically resemble, and Eukaryota, with which they have more genetic similarities.
Many archaea are classified as extremophiles, but those which live in the digestive tract of
animals are known as methanogens. Archaeal diversity in the gastrointestinal tract (GIT) is
far less than that of bacteria, and more specifically monogastrics have a much lower diversity
as compared to herbivorous ruminant animals. In both host types, species belonging to the
genus Methanobrevibacter have been cited as the dominant methanogens in the GIT. In fact,
Mbr. smithii is the dominant species found in the human GIT, followed by Methanosphaera
stadtmanae [1–5]. This lack of relative diversity is largely a function of diet, the presence or
absence of other microorganisms, or digestive tract physiology, but it may play a role in
human intestinal dysbiosis. A general increase in microbial diversity has been correlated with
a  healthy  gut  microbiome that  is  resistant  to  physical  or  biotic  disruptions,  as  there  is
redundancy in metabolic pathways and the increased competition precludes dominance by
one particular taxon. Higher methanogen diversity was correlated with lower breath methane
production in humans [1].

Methanogens use hydrogen, in the form of free protons, H2 gas, NADH and NADPH cofactors,
acetate, or formate, to reduce carbon dioxide and produce methane gas. Thus, methanogens
rely on the by-products of bacterial fermentation of carbohydrates (i.e., carbon, hydrogen,
acetate, formate, or methanol) as precursor materials required for methanogenesis and their
own energy production. Dietary carbohydrates which are not broken down or absorbed by
the host are available to bacteria for fermentation [6], and a large amount of unused carbohy-
drates may consequently increase bacterial fermentation and archaeal methanogenesis. A diet
high in fiber and structural carbohydrates, which are largely indigestible to animal and human
enzymes (i.e., cellulose, hemicellulose, and lignin), is associated with populations of Methano‐
brevibacter ruminantium [7], while a diet high in starch and other easily digestible carbohydrates
is associated with Mbr. smithii [8, 9]. Mbr. smithii has been shown to improve polysaccharide
digestion by GIT bacteria and fungi, and even influence the production of acetate or formate
for its own use [10, 11]. Msp. stadtmanae requires methanol, a compound that is the by-product
of pectin fermentation, for its methanogenesis pathway, which accounts for its presence in
omnivores [1, 2, 5, 12].

Methanogens also have a slower growth rate than bacteria, which is sensitive to concentrations
of hydrogen required as an electron donor during methanogenesis, as well as other nutrients.
Few methanogenic taxa are motile, and these are limited to the order Methanococcales, and
the genera Methanospirillum, Methanolobus, Methanogenium, and Methanomicrobium (order:
Methanomicrobiales) [13, 14]. This difficulty of remaining situated in the intestines is a limiting
factor in methanogen density. In humans, methanogens tend to be denser in the left colon,
where fecal matter becomes more solid and transit time slows down [15], but they have also
been found in the small intestine [16]. In addition, passing through the gastric stomach is
challenging, which may explain why oral and intestinal populations of archaea and bacteria
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do not share an overlapping diversity [17, 18]. To overcome challenges to intestinal retention,
some species of methanogens have adapted to the human colon and are able to thrive. Mbr.
smithii produces surface glycans and adhesion-like proteins which improves their interaction
with host epithelia and allows for persistence in the gut, as well as wider range of fermentation
by-products, which can be used for methanogenesis, allowing for the flexibility of the human
diet [3].

1.2. Intestinal methane and the effect on the host

Colonic gases are among the most tangible features of digestion, yet physicians are typically
unable to offer long-term relief from clinical complaints related to excessive gas and associated
discomfort. Studies characterizing colonic gases have linked changes in volume or composition
to individuals with gastrointestinal disorders (see below). These studies have suggested that
hydrogen gas, methane, hydrogen sulfide, and carbon dioxide are by-products related to the
interplay between hydrogen-producing fermentative bacteria and hydrogen consumers
(reductive acetogenic bacteria, sulfate-reducing bacteria, and methanogenic archaea). The
primary benefit of methanogenesis in the GIT is to decrease hydrogen (hydrogen gas, NADH,
NADPH) resulting from carbohydrate fermentation by bacteria, protozoa, and fungi [19].
Hydrogen gas in the intestines can shorten intestinal transit times of feces by 10–47% [20].
Moreover, hydrogen has been shown to have antioxidant properties as an oxygen scavenger
[21, 22]. It is possible that in the healthy colon, physiological hydrogen concentrations might
protect the mucosa from oxidative insults, whereas an impaired hydrogen economy might
facilitate inflammation or carcinogenesis.

However, excessive hydrogen in the GIT can be detrimental to commensal microorganisms.
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few commensal protozoan species that can be found in the human intestinal tract [25], but it
is not yet known if they symbiotically interact with methanogens. Generally, this interaction
only occurs with protozoa that have a hydrogenosome organelle, which metabolizes pyruvate
and uses hydrogen ions as electron acceptors. In humans, the only protozoa that have a
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Alternative hydrogen sinks in humans include sulfate-reducing bacteria (SRB), which produce
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concentration threshold, and thus cannot out-compete methanogens for precursors [29, 30].
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Consequently, acetogenesis is rare in the human GIT, and if present is usually restricted to the
right colon [31].

Unlike hydrogen, there are as yet no known biological sinks for methane in the intestines [32],
although methanotrophic bacteria exist in a variety of water and soil environments. Instead,
some methane is excreted from the colon, and most is absorbed into the blood stream and
expelled from the lungs via exhalation. This allows methane production to be indirectly and
noninvasively measured, since breath methane concentration is correlated with methanogen
cell density in the intestines [1]. An undetectable concentration of breath methane does not
equate to the absence of archaea, and therefore false-negative interpretations of breath gas
analysis may result when breath methane is at undetectably low levels [33, 34]. Reported
estimations suggest that between 30 and 62% of healthy humans produce detectable methane
[31, 35]. The presence of methane gas in the intestines may influence or reduce intestinal transit
time, and the correlation between breath methane production and transit time has been
observed even in healthy individuals [19]. This was further examined using animal models, in
which the overabundance of methane gas caused a reduction in transit time while increasing
intestinal contractions [20, 36], thus increasing pressure inside the intestine by an average of
137% [20]. Alteration of intestinal motility may benefit slow-growing methanogen popula-
tions, which are limited by their ability to attach to host mucosal epithelia and maintain
themselves in the intestines.

This increased gas production and resulting pressure cause bloating, discomfort, flatulence,
or belching. In addition to detrimental physical effects, it has been speculated that methane
potentially causes chemical and biological effects as a “gaso-transmitter” [37], in the same way
that hydrogen sulfide affects smooth muscle activity [37] or nitrous oxide (N2O) is used in
biological systems to control vascular tone [38]. Studies using isolated gastrointestinal tissue
suggest that this interaction is between methane and enteric nervous tissue, rather than the
central nervous system [20]. Clinically, hydrogen and methane measured in breath can indicate
lactose and glucose intolerance, small-intestine bacterial overgrowth (SIBO), irritable bowel
syndrome (IBS), or other gastrointestinal diseases [35, 36, 39–42]. Therefore, standardized
breath gas measurements combined with ever-improving molecular methodologies could
provide novel strategies to prevent, diagnose, or manage numerous colonic disorders as
defined by the Rome III diagnostic criteria [43].

2. The role of archaea in metabolic disorders

Obesity in adults is most commonly defined using body mass index (BMI) (kg body weight/
height in meters squared), and for Caucasian adults, is defined as a BMI of ≥30 kg/m2. For over
a decade, shifts in intestinal bacteria diversity have been associated with weight gain or obesity
in humans, generally following an increase in the proportion of Firmicutes [44], a decrease in
Bacteroidetes, which has shown some anti-obesity influences [44–46], and with a shift in more
minor phyla. Generally, this shift in intestinal bacteria leads to an increase in host energy
harvest by improving polysaccharide digestion and host epithelial absorption which, in turn,
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causes weight gain [47–49]. Alternatively, a change in host genetics or immune system function
can also cause a shift in bacterial diversity. The lack of host immune-modulating factors, such
as Toll-like receptor 5 (TLR5) and fasting-induced adipocyte factor (Fiaf), produced insulin
resistance, increased adiposity (especially visceral), and shifted GIT bacterial diversity and
functionality in mice [49, 50]. Additionally, endotoxinemia, or the presence of microbial
endotoxins (e.g., lipopolysaccharide-A (LPS)) in intestines or blood, has been shown to induce
obesity, glucose intolerance, weight gain, and adiposity in response to a high-fat diet [51–53].

It would seem that bacterial diversity and density may have a specific role in metabolic
dysbiosis, as treatment with oral antibiotics has been shown effective at improving fasting and
oral glucose tolerance test (OGTT) levels in obese or insulin-resistant mice [54], or mitigating
endotoxinemia and reducing cecal LPS concentrations in mice on a high-fat diet [51, 55]. Both
obesity and diabetes are also correlated with low-grade chronic intestinal inflammation, likely
caused by bacterial LPS. The presence of LPS, among other systemic immune responses, causes
host macrophages to express pro-inflammatory cytokines, and in adipose-associated macro-
phages this only increases local insulin resistance and lipid storage [51, 53].

More recent studies have focused on the shifts in archaea associated with high-fat/high-cal-
orie diets or weight gain, especially as Mbr. smithii has been shown to increase polysacchar-
ide digestion by bacteria and fungi [10, 11] and may play a specific role in increasing
energy harvest. Mbr. smithii has been shown to increase in density in rats when switching
to a high-fat diet, and was associated with higher weight gain when given as a supplement
regardless of the diet [16]. In humans, BMI was higher in breath methane-positive subjects
(45.2 ± 2.3 kg/m2) than in breath methane-negative subjects (38.5 ± 0.8 kg/m2, P = 0.001) [56].
In a separate study, methane- and hydrogen-positive subjects again had higher BMI than
other groups (M+/H+ 26.5 ± 7.1 kg/m2, P < 0.02), and also had significantly higher percent
body fat (M+/H+ 34.1 ± 10.9%, P < 0.001) [41]. Interestingly, Mbr. smithii density was found
to be highly elevated in anorexic patients (5.26 × 108 rRNA copies/g feces), even more so
than in obese patients (1.68 × 108 rRNA copies/g feces), as compared to healthy body-
weight subjects (9.78 × 107 rRNA copies/g feces) [57].

Obesity is strongly associated with an increased risk for diabetes mellitus, or type-2 diabetes,
which is an inducible metabolic disease characterized by a lack of pancreatic production of
insulin, or a resistance to insulin at the cellular level. Type-1 diabetes is an autoimmune disease
characterized by the destruction of pancreatic beta cells which normally produce insulin.
Diabetes can lead to a host of other health problems, most especially cardiovascular disease,
renal failure, increased glaucoma and potential blindness, and reduced circulation, which
increases the risk for ulcers and infection in the peripheral limbs. Few studies investigate the
potential link between methanogens and diabetes. Type-1 diabetic patients with no complica-
tions showed a significant increase in intestinal transit time, although it was not associated
with other gastric symptoms [58]. Type-1 diabetes with an autonomic diabetic neuropathy
complication affects heart rate, blood pressure, perspiration, or digestion. Some patients with
this neuropathy have also been positive for SIBO [59, 60], which was associated with an
increased daily insulin requirement [60], or detectable methane production, which was
associated with a worse glycemic index [59]. Breath methane producers, which had compara-
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ble BMI and baseline insulin resistance to non-methane producers, had higher serum glucose
levels and a longer return to normal resting glucose after OGTT [61]. The mechanistic rela-
tionship between methanogens, methane, and diabetes has yet to be explained.

3. The role of archaea in colon cancer

Colorectal cancer is the most commonly diagnosed malignancy in the Western World, being
the fourth most common cancer diagnosis in the United States but the second leading cause
of cancer-related deaths [62]. In nonsmokers, it is the leading cause of cancer-related death
in men and the second leading cause of cancer-related death in women (after breast cancer).
The 5-year survival rate varies by stage and type, ranging from 53 to 92% [62]. All colorectal
cancers originate from adenomas or flat dysplasia, and are often asymptomatic, though oc-
cult bleeding may result and ultimately may be associated with an unexplained iron defi-
ciency anemia. Large tumors in the distal or left colon may result in a compromised bowel
lumen and potentially lead to symptoms including constipation, diarrhea, or bowel obstruc-
tion. The histopathology of CRC is complicated and involves a number of differently de-
fined molecular pathways. There is evidence of microbial dysbiosis in CRC patients, as well
as higher levels of breath methane in patients with CRC and premalignant polyps, as pre-
sented below.

Viral causative agents have been identified in a variety of cancers, but it is only recently that
prokaryotic- or eukaryotic-causative or protective agents have been investigated. Cancer has
been associated with a reduced bacterial diversity in the digestive tract [63], as well as in the
mammary glands [64]. Specific agents have been identified, which cause localized cancers
through their molecular interactions with host cells [65], such as Helicobacter pylori in stomach
cancers or a link between the diplomonad protozoan Giardia in pancreatic and gallbladder
cancer, but no archaea have yet been cited as a possible agent [66]. A recent review by Gill and
Brinkman [67] discusses the role of bacterial phages (viruses that exclusively infect bacteria)
in bringing mobility and virulence factors to bacteria, while archaea are infected by archaeon-
specific phages which are unlikely to have independently evolved similar virulence factors to
bacterial phages. Additionally, while archaea and bacteria are both prokaryotic, though in
different phylogenetic domains, there is little evidence of horizontal gene transfer between
them [67].

There is some discussion about the change in the density of methanogens in individuals with
colorectal cancer [33, 68, 69]. Methanogen density was shown to be inversely related to the
fecal concentration of butyrate, a short-chain fatty acid produced by bacterial fermentation
[70]. Butyrate has been shown to provide energy for digestive tract epithelia cells, upregulate
host immune system and mucin production, alter toxic or mutagenic compounds, and reduce
the size and number of crypt foci, which are abnormal glands in intestinal epithelia that lead
to colorectal polyps [71–73]. An altered gut microbiome in colorectal patients could shift
bacterial fermentation away from butyrate production to something more favorable to
methanogenesis.
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Methane production was increased in patients with precancerous symptoms and colorectal
cancer [39, 74], and was directly proportional to constipation but inversely proportional to
diarrhea in chemotherapy patients [75]. In the same study, pH was also directly proportional
to constipation but inversely proportional to diarrhea in chemotherapy patients [75]. Methane
itself has not been shown to be carcinogenic. However, the oxidation of methane forms
formaldehyde, which is carcinogenic [76]. On the other hand, hydrogen sulfide gas produced
by SRB has shown to promote angiogenesis (which tumors rely on), and has been shown to be
genotoxic when DNA repair is inhibited [77]. Colon cancer biopsies have shown an increase
in the enzyme cystathionine-β-synthase (CBS), which allows host cancer cells to produce their
own hydrogen sulfide, and a silencing of this gene was able to reduce tumor cell growth,
proliferation, and migration [78].

4. The role of archaea in irritable bowel syndrome

The symptoms of IBS vary between patients, and may include diarrhea, constipation, excess
flatus secondary to hydrogen or methane production, bloating, abdominal pain, and visceral
hypersensitivity [79]. Hydrogen sulfide gas from SRB was shown to increase luminal hyper-
sensitivity [80]. In addition, IBS is associated with changes in the diversity and density of
intestinal bacteria [42, 81–83], as well as with an increase in hydrogen production [84]. In
some patients with IBS, the change in bacterial populations is amplified, leading to SIBO. SI-
BO is also seen in non-IBS patients, but it is much more prevalent in IBS patients, especially
those with constipation as opposed to diarrhea [85, 86]. A common technique for the man-
agement of symptoms includes switching patients to a diet low in fermentable oligosacchar-
ides, disaccharides, monosaccharides, and polyols (FODMAPs) [87]. Two-thirds of patients
report symptoms linked to diet [88], especially gas production and bloating following inges-
tion of lactose [89], other carbohydrates, or fats [40, 88].

While the specific cause of IBS still remains unclear, the altered bacterial diversity causes a
shift in carbohydrate fermentation and altered gas production. If this shift favors methano-
genesis, the result is a decrease in transit time and an increase in constipation. The presence of
methanogens in the digestive tract, and the production of methane, has been associated with
patients with IBS, and especially with chronic constipation and reduced passage rate in the
intestines (slow transit) [42, 85, 90]. Methanogen density was found to be lower in IBS patients
as compared to controls [69, 91], although density and methane production were increased in
IBS patients with constipation as compared to IBS patients without constipation [90]. Metha‐
nobrevibacter spp. are increased with diets high in easily digestible carbohydrates, but de-
creased in diets high in amino acids/proteins and fatty acids [8], specifically Mbr. smithii [9].
More specifically, Mbr. smithii was higher in IBS patients with constipation and higher methane
production [90], and they have previously been shown as the dominant species in healthy
individuals who have high methane production [1].
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5. The role of archaea in inflammatory bowel disease

Contrary to recent findings in patients with IBS, low methane production [35, 42] and lower
methanogen density [69] were seen in patients with IBD, which includes the specific entities
Crohn’s and ulcerative colitis. In contrast to IBS, IBD patients demonstrate chronic inflam-
matory changes in the colon (UC) or in the small bowel, or a combination of small bowel
and colon involvement (CD).

Recently, it was demonstrated that two archaeal species normally found in the digestive
system, Mbr. smithii and Msp. stadtmanae, can have differential immunogenic properties in the
lungs of mice when aerosolized and inhaled [92]. Furthermore, Msp. stadtmanae was found to
be a strong inducer of the inflammatory response [92], and it is likely that this may occur even
in the GIT where it is normally found. Blais Lecours et al. [93] investigated the immunogenic
potential of archaea in humans relating to patients with IBD. Mononuclear cells stimulated
with Msp. stadtmanae produced higher concentrations of tumor necrosis factor (TNF) (39.5 ng/
ml) compared to Mbr. smithii stimulation (9.1 ng/ml) [93]. Bacterial concentrations and
frequency of Mbr. smithii-containing stools were similar in both healthy controls and patients
with IBD; however, the number of stool samples positive for the inflammatory archaea Msp.
stadtmanae was higher in patients than in controls (47 vs 20%) [93]. Importantly, only IBD
patients developed a significant anti-Msp. stadtmanae immunoglobulin G (IgG) response [93],
indicating that the composition of the microbiome appears to be an important determinate of
the presence or absence of autoimmunity. Recent advances in mucosal immunology and
culture-independent sequencing of the microbiome support the hypothesis that alterations in
the microbiota can alter the host immune response as is observed in IBD [94]. A specific role
for archaeal species has yet to be clearly defined.

6. The role of archaea in other intestinal dysbiosis

There are many rare gastrointestinal diseases and general conditions of dysbiosis which are
not well understood, but which may have a link to methane production in the intestines.
Pneumatosis cystoides intestinalis (PCI) is a condition in which gas-filled cysts occur in the
smooth muscle wall of the intestines, where it cannot be relieved by flatulence. It is believed
to be caused by bacteria in the intestinal wall. Interestingly, patients with PCI have lower
prevalence of breath methane production than patients with IBS, CD, UC, and even healthy
control subjects [35].

Non-IBS constipated patients with slow transit were more likely to have detectable levels of
breath methane (75 vs 44%) than constipated patients with normal transit, and both were more
likely to have detectable breath methane than nonconstipated controls (28%) [95]. This trend
was also reported in other studies [56, 85].

Diverticulitis, a condition involving the herniation of the intestinal mucosal and submucosal
layers back through the intestinal smooth muscle and creates pockets that harbor infections,
has only been noted since the early 1800s [96]. Interestingly, it is most common in the left colon
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in subjects from Western countries and the right colon in subjects from Asian countries [96],
which is likely a function of the “Western diet.” Diverticulitis was associated with a high
prevalence of methanogens in stool and high methane output [33], as well as fiber intake, age-
associated changes in the colon wall, low colonic motility, and high intraluminal pressure;
however, methane output was not associated with right colon diverticulitis [97]. As methano-
gen density is higher in the left colon [15], an increase in methane production that reduced
transit time and increased intraluminal pressure would seem to be a contributing factor to the
development of left colon diverticulitis.

7. Mitigation strategies

IBS is the most common functional gastrointestinal disorder and affects up to 12–15% of
adults in the United States. Roughly 1.6 million Americans currently suffer with CD or UC,
collectively known as IBD. IBS adversely impacts quality of life and medical expenditures,
with significant costs arising from health-care visits and reduced workplace productivity,
while IBD is a chronic, relapsing, debilitating disease associated with both environmental
and genetic factors. IBD affects one in 200 Americans (80,000 children) at an estimated direct
cost of $1.84 billion dollars. Conventional therapy attempts to modulate the immune re-
sponse in the gut as it relates to IBD, yet many individuals continue to require surgery to
control their disease or address its complications. There is a longstanding belief that dysbio-
sis (altered microbial environment) in the GIT plays an important etiologic role in the patho-
genesis of IBS and IBD. There is significant scientific and public interest in compositional
understanding of the intestinal microbiome (the specific constellation of microorganisms
populating the gut) to better understand the role of the microbiome in health and disease.
The contribution of individual organisms, including archaea, in the pathogenesis of GI dis-
ease is complex because of the rudimentary understanding of the compositional compo-
nents of the microbiome.

The control of methanogen populations has long been a strategy in livestock to improve animal
dietary efficiency, as methane production is an energy sink, as well as to reduce greenhouse
gas emissions. In ruminant livestock, as discussed in a review by Hook et al. [24], this is largely
done by manipulating the diet to improve the digestibility of feed and increase passage rate
through the digestive tract to both deprive methanogens of potential precursors and to
manually flush them out of the system. A change in diet is a potential avenue for reducing
methanogen populations in humans, as methanogenesis is associated with sugar-/starch-based
diets in monogastrics [27]. Environmental effects may also play a role, as children living near
landfills, which had higher atmospheric methane than areas away from landfills, had a higher
breath methane output and higher Mbr. smithii cell density than control children, regardless
of their socioeconomic level [34]. Previous to that study, it was shown that the bacterial and
fungal counts dispersed from landfills into air were up to 20 times higher than microbial counts
from other areas [98].

Antibiotics have commonly been used to treat gastrointestinal disease or symptoms such as
fasting and OGTT (glucose) levels [54], endotoxinemia and cecal LPS concentrations [51, 55],
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or global IBS symptoms [99]. Archaea are largely resistant to antimicrobial agents, which target
bacteria, as they have different cell wall components and structure, and the few antimicrobials
which they are susceptible to have been summarized in a recent review [100]. Notably,
Methanobrevibacter species have only been shown to be susceptible to mevastatin and levastatin,
both hydroxymethylglutaryl (HMG)-SCoA reductase inhibitors [101].

Our increasing knowledge of the potential long-term effects on gut microbial diversity has led
to a trend of alternative treatments or mitigating methods over antibiotics. A recent review of
probiotics showed them to be effective in relieving digestive dysbiosis symptoms or treating
gastrointestinal conditions [79, 81, 102, 103]. The use of prebiotics directly infused into the
colon, such as short-chain fatty acids, however, did not increase colonic motility [104]. While
probiotics and other dietary additives have been used to reduce methanogenesis in ruminant
livestock [24], the effect of probiotics on methanogen populations in humans has not yet been
investigated. While current research suggests that methanogens and methane production may
exacerbate symptoms, causative relations have only been shown in bacteria, and thus it is
bacteria which should be the ultimate target for mitigation strategies in unhealthy populations.

Direct microbial remediation and mitigation have only been recently considered in human
medicine with the advent of fecal transfer treatments from healthy donors. While this has
mainly been aimed at remediating pathogenic bacterial populations, the implications for this
technology to reduce methanogenesis and improve gastrointestinal conditions are clear. It may
be possible to use fecal transfer treatments to increase the diversity of GIT archaea and thus
promote competition to reduce methane production, to colonize with less-efficient methano-
gens, or to potentially increase competition by increasing SRB populations, which may have
its own health implications for detoxifying hydrogen sulfate gas. Most interestingly, the
transfer of fecal microbiota or cultures of specific methanogens has shown to also induce
metabolic states in the recipients; fecal transfers, or colonization from parent to child, from
overweight or pregnant individuals has been shown to increase weight gain in recipients [10,
16, 48, 105, 106]. While the possibility of this transfer to improve weight gain in severely
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Abstract

The central nervous system (CNS) and the gastrointestinal (GI) tract develop in parallel
and  communicate  with  each  other  throughout  life  using  neural,  endocrine,  and
immune pathways, giving rise to the concept of a ‘gut-brain axis’ in which both organ
systems intimately interact. Fundamental to the axis is the GI microbiome, which is
the  collective  genomic  aggregate  of  bacteria  and other  microorganisms that  dwell
within the lumen of the GI tract. Increasing evidence gathered from animal models
and  human  studies  demonstrates  that  perturbation  of  the  microbiome,  otherwise
known as dysbiosis, can lead to specific neurological and psychiatric disorders. This
chapter will provide a brief review of the literature that reveals the influence of the
microbiome in CNS disease and provide perspectives in treatment through modifica-
tion of the microbiome.

Keywords: microbiome, dysbiosis, brain, multiple sclerosis, Parkinson’s disease

1. Introduction to the brain-gut-microbiome axis

The human microbiome has emerged as an entity with a tremendous degree of influence in
health and disease.1 Bacteria within the GI tract perform a wide range of symbiotic functions
for their host, which range from digestion and the production of bioactive metabolites to
influencing the healthy development and function of the immune system [1, 2]. All of these
local effects on the GI tract have the ability to impact the brain through neural connections,

1 For the purposes of this chapter, the microbiome mentioned herein refers to the combined aggregate of bacteria,
viruses, fungi, archaea, and protista.
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such as the vagus nerve, and by endocrine means [3, 4]. The awareness of this two-way
interaction between the gut and the brain has now provided more explanations for some
conditions otherwise labeled as ‘functional disorders’ and has also laid fertile ground for the
discovery of new treatment modalities in modulating the microbiome in treating CNS disease
[5–7].

Significant development of the microbiome begins at the time of delivery. Vaginally, born
infants are colonized by maternal fecal and vaginal microorganisms, whilst those born by
Cesarean section are colonized by skin flora [8, 9]. Although the dogma has been that the
antenatal intrauterine environment is sterile, this notion has been challenged by several
findings, most notably that meconium contains bacterial colonies. Therefore, this implies that
the influence of the microbiome may extend into the prenatal period [10, 11]. Following birth,
the microbiome adapts according to factors such as dietary intake, antibiotic use, and living
conditions. As the CNS and microbiome develop in parallel, significant changes in the
microbiota occur at critical neurodevelopment time periods [12, 13]. Disruptions in the
evolutionary progression of the microbiome may therefore have a lasting impact on the healthy
development of the brain and vice versa because of this close interaction between the two
systems.

The term ‘dysbiosis’ refers to an imbalance of microorganisms within the mucosal flora.
Hepatic encephalopathy is the archetypal example of how a GI dysbiosis can result in CNS
damage. Liver cirrhosis results in a distinct microbiota signature that differs significantly from
healthy, control subjects [14]. Accumulation of toxic mediators, such as ammonium produced
by urease-producing bacteria, enters the portal circulation. Blood ammonium concentrations
rise, cross the blood-brain barrier, and accumulate within the brain leading to astrocytic
damage and cerebral edema [15–17]. Curiously, however, treatment with the oral antibiotic
rifaximin does not cause clinical improvement through changing the proportions of bacteria
in the microbiome, but rather, the improvement in endotoxemia and cognition appears to be
through modulation of bacterial metabolism [18–21]. Therefore, derangements of the micro-
biome that result in CNS dysfunction are not limited to constitutional changes but may also
be influenced by its metabolic activity.

2. The influence of the microbiome in multiple sclerosis

2.1. Epidemiology and pathogenesis

Multiple sclerosis (MS) is the most common CNS demyelinating disease and is classically
depicted by the acquisition of discrete demyelinating plaques within the grey and white
matter of the CNS [22–24]. The acute MS plaque is characterized by infiltration of inflam-
matory cells with concomitant demyelination and edema [25]. Perivascular lymphocytic
cuffing comprised predominantly of T cells is seen. There is a reactive astrogliosis with var-
iable amounts of oligodendrocyte apoptosis within the plaque [26]. Over time, the plaques
become sclerotic, representing the final pathological event at that location after a period of
marked inflammation, astrogliosis, demyelination, remyelination, and axonal loss.
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Despite this common pathological hallmark of the disease, MS is remarkably heterogeneous
in terms of clinical presentation and prognosis [27]. Furthermore, the exact pathogenesis still
remains poorly understood, although it is clear that both genetics and the environment have
significant influences in the onset of MS and a complex interplay exists between these elements
[28, 29]. Certainly, inflammation plays a key role in the pathophysiology of the disease. Most
researchers favor an autoimmune hypothesis whereby autoreactive immune cells targeting
myelin antigens are activated, likely incited by an environmental trigger [30].

Migrational studies have provided insight into how environmental changes may influence the
risk of development of MS. Generally, populations further away from the equator have an
increased risk of developing MS than those closer to the equator [31, 32]. Many studies have
demonstrated that people migrating from high-risk areas to low-risk areas can be at sustained
risk if the migration occurred after a certain critical age point [33]. Conversely, if the age of
migration is younger than the critical age point, the individual is conferred the risk of the new
region. The human microbiome is recognized to exhibit great geographical variation between
populations and the local environment has a marked influence on the development of the
microbiota [34, 35]. Given that the microbiota influences neurodevelopment and immunity
early in life, one can speculate that this may explain why the conferred migrational risk of MS
is age-dependent.

The first suggestion that MS may be related to hygienic living conditions was reported by
Liebowitz et al. in 1966 [36]. By examining the degree of crowded living conditions, they found
that the incidence of MS was higher in those that are more sanitary. The hygiene hypothesis,
formulated later by Strachan in 1989, proposed that allergy and autoimmune diseases are, at
least in part, the consequence of inadequate immune stimulation against pathogens during
the early years of life that causes aberrant responses to self in later years [37, 38].

One MS epidemic occurred during the British occupation of the Faroe Islands during World
War II. Prior to the arrival of British troops in 1940, there were no documented cases of MS in
the native born Faroese on the islands. After 1943, there were four MS epidemics and the
patients were located in proximity to the British encampments [39, 40]. The conclusion was
that somehow the British troops had introduced an unknown pathogenic organism into the
islands. Interestingly, the incidence of several infections increased during the occupation that
coincided with MS epidemics, notably gastroenteritis and mumps infections, suggesting an
association between MS and dysbiosis [41].

Aside from geographical predispositions for MS, other risk factors such as obesity, cigarette
smoking, female sex, and low vitamin D levels are all associated with differences in the
composition and/ or metabolic activity of the microbiota [42–49]. These epidemiological
findings insinuate a potential role for the human microbiome in predisposing MS.

2.2. Bacterial dysbiosis and MS

Some of the initial indications that the GI microbiota may play a role in the pathogenesis of
MS arose from work on experimental allergic encephalomyelitis (EAE) in germ-free (GF)
mice. For decades, EAE has been used extensively as an animal model of demyelinating
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disease in which exposure to CNS myelin components, such as spinal cord homogenate or
specific myelin proteins, triggers a T-cell-mediated autoimmune response that leads to CNS
demyelination [50, 51]. Although there are similarities to relapsing remitting MS, there are
notable differences that have been reviewed elsewhere (refer to Sriram and Steiner for a
detailed review [50]).

Evidence that the gut microbiota can influence autoimmunity has been gathered from
experiments that contrast conventionally housed animals with a normal composition of
microbiota [also known as specific pathogen free (SPF) or conventionally colonized (CC)], and
those maintained in a sterile environment [germ-free (GF) animals], thus removing the
possibility of postnatal colonization of their GI tract. The absence of gut microbiota at birth
affects the gut-associated lymphoid tissue (GALT), such that GF mice have hypoplastic Peyer’s
patches and mesenteric lymph nodes. Furthermore, the lymph nodes have fewer germinal
centers and IgA-producing plasma cells than normally present in controls [49, 52]. Beyond the
GI tract, the spleen and lymph nodes are also poorly developed [53]. This maldevelopment of
the lymphoreticular system provides an explanation as to why GF mice are more prone to
infection and why the risk of developing autoimmune disease is modified [54]. The gut
microbiome has been shown to influence the probability of developing EAE in GF and SPF
mice. Berer et al. showed that in SJL/J mice that have autoreactive CD4 T cells to myelin
oligodendrocyte protein, the presence of the GI microbiota promoted the development of EAE
[55]. Furthermore, the absence of GI microorganisms in GF mice and the consequent limited
production of TH17 cells within the GI tract and spleen appear to be protective against EAE
unlike in controls [56, 57]. When segmented filamentous bacteria, which are known to induce
the production of TH17 cells, are inoculated into the GF mice, these animals developed EAE
with antigenic stimulation, demonstrating that specific bacterial species within the gut
microflora can predispose autoimmune demyelinating disease [56].

Several studies have demonstrated changes in the abundances of various bacterial taxa in MS
compared with controls. Miyake et al. investigated fecal samples collected during the remis-
sion phase from patients with relapsing remitting MS and demonstrated 21 species that were
significantly different in relative abundance [58]. Fourteen of these species belonged to the
Clostridia clusters XIVa and IV, which were reduced in MS patients and are recognized to have
an anti-inflammatory role [59]. Furthermore, Bacteriodes and Prevotella species were less
prevalent in MS, although the exact pathogenic significance of this is yet defined. Of note,
however, they did not discuss the possible confounding influence of medical therapy that may
have been administered to these patients.

Rumah et al. identified Clostridium perfringens type B in the stool of a patient 3 months after
the onset of MS symptoms [60]. C. perfringens B has the capability of producing Epsilon toxin
(ETX), which can cross the blood-brain barrier and have toxicity to oligodendrocytes, thus
providing a possible mechanism for demyelination in MS [61, 62]. Their analysis also revealed
a reduced frequency of C. perfringens A in the GI tract of MS patients and that ETX reactivity
was ten times more common than in controls. Another group identified a significantly
increased Archaea (Methanobrevibacteriaceae) in MS contrasted with controls [63]. Methanobre‐
vibacter smithii is considered to be strongly immunogenic and may be pro-inflammatory in the
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vibacter smithii is considered to be strongly immunogenic and may be pro-inflammatory in the

The Gut Microbiome - Implications for Human Disease44

host. The same researchers also identified several organisms that were anti‐inflammatory and
were seen in a lower abundance in MS. Significant differences in microbiota in Proteobacteria,
such as enrichment of Shigella and Escherichia, were also observed in pediatric MS when
compared with controls [64].

2.3. Viral etiology

Many viruses have been implicated as risk factors for the development of MS [65]. Perhaps
the most discussed has been the Epstein‐Barr virus (EBV), which can be present in the oral
microbiome and can be transmitted by saliva [66]. Humans are the obligate host for EBV
and while many healthy controls are infected, nearly all patients with MS have seropositiv‐
ity for EBV [67]. Furthermore, infectious mononucleosis (IM) resulting from EBV infection
doubles the risk of developing MS. Similarly, a recent meta‐analysis revealed significant
associations between anti‐EBNA (EBV nuclear antigen) IgG positivity, infectious mononu‐
cleosis, and smoking in conferring an increased risk of developing MS [68–70].

Several research findings have identified the presence of EBV within B cells from MS pa‐
tients. One study identified the presence of EBV latent proteins being expressed in B cell
follicles within the cerebral meninges and that the infiltrating B cells had EBV infection [71].
Interestingly, the cerebrospinal fluid (CSF) in MS is usually associated with oligoclonal
bands, which is the product of IgG secretion from clonally expanded B cells [72]. Screening
of these oligoclonal antibodies has identified BRRF2 and EBNA‐1, which are EBV‐related
proteins, as possible targets of the CSF IgG immune response [73]. Exactly, how EBV fits
into the pathogenesis of MS remains to be determined; however, its association with the oral
microbiome in MS is evident.

2.4. Altering the microbiome-protection against MS by helminth infection

Certain helminthic infections appear to reduce the risk of developing MS [74]. Infection with
Trypanosoma cruzi and Paracoccidiodes brasiliensis in MS patients causes lymphocytes to pro‐
duce higher amounts of interleukin‐10 (IL‐10) and neurotrophic factors, such as brain‐de‐
rived neurotrophic factor (BDNF) and nerve growth factor (NGF), in comparison with
controls [75]. In MS, there is usually a low amount of IL‐10 secretion favoring a TH1 re‐
sponse, rather than a TH2 response as is present in helminthic infections [76]. Trichuris suis is
a helminth that has efficacy when administered orally in inflammatory bowel disease (IBD).
Treatment with this helminth in MS is associated with elevated IL‐4 and IL‐10 as well as
radiological improvements on MRI [77]. Another group demonstrated reduction in IFN‐γ
and IL‐2 as well as an increase in IL‐10 and IL‐4 in secondary progressive MS following
Trichuris suis administration, suggestive of a shift toward a TH2 response [78]. In summary,
therapeutic manipulation of the gut microbiome that favors an overall anti‐inflammatory
phenotype appears to have great promise in the treatment of MS. Further trial data are
needed in this field to evaluate its efficacy and safety.
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3. Parkinson’s disease (PD)

PD typically manifests with bradykinesia, postural instability, and resting tremor that re-
sults from progressive neurodegeneration within the basal ganglia that is associated with
abnormal α-synuclein accumulation and Lewy body formation [79, 80]. Until recently, it was
thought that PD originated within the CNS, in which the pathological protein α-synuclein
spread from the dorsal motor nucleus of the vagus to involve the basal ganglia and thence-
forth the cerebral hemispheres [81]. However, the characteristic pathology has since been
found in tissues outside of the CNS. Slow transit constipation is now well recognized to be a
common finding that predates the motor symptoms in PD and can be present many years
prior to diagnosis [82–84].

Findings from autopsy and surgical pathology studies have demonstrated the presence of
phosphorylated α-synuclein in the sublingual glands and within Auerbach’s and Meissner’s
plexuses of the enteric nervous system [85–87]. Consistent with these findings, GI pathology
and concomitant symptoms predate motor features by at least 2 years [88, 89]. Transmission
of α-synuclein from neuron to neuron has been elegantly shown in a rotenone animal model
of PD wherein ingestion of rotenone causes release of α-synuclein and retrograde spread
toward the brainstem; hemitransection of the vagal nerve, however, protects against ipsilateral
synuclein pathology [90]. Similarly, neuronal transmission of α-synuclein occurs in human
mesencephalic fetal transplants of PD patients in which α-synuclein is detected within the
grafted cells at postmortem examination [91, 92]. The vagus nerve can therefore act as a conduit
for the proteopathic spread of α-synuclein from the periphery to the brainstem. In a novel
retrospective study, Svensson et al. showed a reduction in PD risk in patients who had truncal
vagotomy compared with super-selective vagotomy and between truncal vagotomy and the
general population [93]. While the study did not reach statistical significance, the complete
severance of neural bidirectional communication between the GI tract and the brain may be
beneficial in preventing the proteopathic spread of α-synuclein and hence avert PD neurode-
generation that might otherwise be inevitable.

Several pieces of data suggest that the microbiome has an involvement in PD. Scheperjans and
colleagues demonstrated in a case control study of PD that Prevotellaceae species were
significantly reduced whilst Enterobacteriaceae species were increased in patients with motor-
predominant rather than tremor-predominant PD [94]. Furthermore, the quantity of Entero‐
bacteriaceae correlated with the degree of postural instability. However, the question remains
as to whether the dysbiosis is a consequence or cause of gastrointestinal dysmotility and also
how this could influence the production, aggregation, or release of α-synuclein within the GI
tract. Regardless of the microbiome’s significance in the pathogenesis of PD, bacterial over-
growth that occurs in a proportion of patients with GI dysmotility can influence the sympto-
matic response to drug treatment. Malabsorption of drugs, in particular levodopa, is the
probable reason for the increased motor fluctuations seen in this dysbiosis. Administration of
rifaximin has shown improvement in these cases [95, 96].

The oral and nasal microbiota may also be relevant in PD and require investigation. The
nucleus of the glossopharyngeal nerve exhibits α-synuclein deposits, and similarly to the
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vagus, the glossopharyngeal nerve may act as a route for peripheral entry of PD pathology
into the brain. Furthermore, the olfactory bulb is frequently affected by PD pathology prior to
the onset of motor symptoms and this is an explanation for the often prodromal anosmia [97].
Whether there is a dysbiosis in the oral or nasal cavity has yet to be ascertained, but may offer
clues as to why PD pathology occurs in these other peripheral anatomic sites.

4. The role of the microbiome in psychiatric disease

The impact of the GI microbiome on human behavior and psychiatric disease is complex, but
there are several observations that demonstrate strong associations between the two entities.
First, anxiety and depression frequently co-exist with chronic gut disorders [98–102]. Second,
mouse models of GI infection demonstrate elevated levels of anxiety-like behavior and
alterations in CNS biochemistry [103]. Third, it was realized decades ago that stress occurring
early in life or later in adulthood can alter the microbial composition of the gut [104]. More
recent investigations conducted in animal models, and human patients have delved deeper
into these associations and have attempted to elucidate how the commensal microbiome
influences behavior.

The hypothalamic-pituitary-adrenal (HPA) axis is fundamental to the stress response, and
endocrine disturbances of this axis have been attributed to depression and anxiety. In patients
with severe depression, overactivation of the HPA axis causes hyper-secretion of catechola-
mines, corticotropin-releasing factor (CRF), and vasopressin [105]. Patients with depression
often show elevated plasma cortisol levels, elevated CRF concentrations within the CSF and
increased limbic concentrations of CRF [106, 107]. Sudo et al. conducted the first study to
demonstrate the involvement of the gut microbiome in the normal development of the HPA
axis [108]. GF mice were shown to have an exaggerated elevation of plasma adrenocorticotro-
phic hormone (ACTH) and corticosterone (the dominant glucocorticoid in rodents) in response
to stress compared to SPF mice [108, 109]. However, when Bifidobacterium infantis, a bacterial
species found in the infant gut, was inoculated in these mice, the exaggerated stress response
was normalized. Importantly, this reversal took place only when the bacterial inoculation
occurred by 6 weeks postnatum, suggesting a neurodevelopmental window of susceptibility to
the effects of this bacteria-host interaction [108].

Other studies have focused on the effect of the microbiome on behavior and brain biochemistry.
One of the challenges in interpreting the results of these reports is that they differ in animal
strain, sex, and sourcing as well as overall experimental design. Despite these differences, it is
clear that the microbiome influences both behavior and brain neurobiology. With regard to
behavior, the majority of studies that compare GF with SPF mice report a decreased anxiety-
like behavior in GF mice, in spite of an exaggerated HPA axis response to acute stress [109–
111]. The one notable exception in mice, however, was a study by Nishino et al. [112]. This
group compared GF mice with gnotobiotic mice, which are mice born in germ-free conditions
to parents fed stools of SPF mice, and found that the ex-GF mice are less anxious. In this model,
the transfer of the bacterial species Brautia coccoides reduces anxiety-like behavior [112].
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Further evidence of the microbial influence on behavior derives from transferring microbiota
between mouse strains of inherently different behavioral phenotypes. In a study by Bercik et
al. colonization of GF mice with gut bacteria from donor mice with differing anxiety pheno-
types transferred the behavioral phenotype of the donor to the recipient [113]. Again, it appears
that there is a critical neurodevelopmental time point before which behavioral profiles are
modifiable as adult GF mice colonized with SPF feces retain the anxiolytic behavioral pheno-
type of GF mice [110].

Animal studies that have investigated brain neurochemistry and examined monoamine
concentrations and turnover rates have provided some insight into explaining these behavioral
phenomena. Alterations in central monoamine neurotransmission, specifically serotonin (5-
HT), norepinephrine (NE), and dopamine (DA), are known to play a role in anxiety and
depression [114–119]. As would be predicted based on their behavioral patterns, ex-GF mice
exhibit higher NE and DA turnover rates and have higher 5-HT concentrations in the striatum
than their GF counterparts [112]. Furthermore, stress-sensitive rats that exhibit anxiety-like
behavior when GF had a reduced DA turnover in the frontal cortex, striatum, and hippocam-
pus than SPF rats [120]. Many of the studies that investigate monoamine transmission examine
tryptophan levels as well, as tryptophan is required for the synthesis of 5-HT and may be low
in depression [121]. Kynurenine, a metabolite of tryptophan, is increased in depression and
the kynurenine:tryptophan ratio in blood correlates with anxiety [103, 122, 123]. Accordingly,
the less anxious GF mice exhibit a decreased kynurenine:tryptophan ratio and increased
plasma tryptophan concentrations compared to the more-anxious SPF mice [109]. In male GF
mice, there is a significant sex-dependent increase in 5-HT and 5-hydroxyindoleacetic acid (5-
HIAA) concentrations. Notably, the reduced anxiety seen in GF animals is normalized
following microbial colonization as well as normalization of both the tryptophan concentra-
tions and the kynurenine:tryptophan ratio. Interestingly, however, the increased 5-HT and 5-
HIAA concentration in GF animals remains resistant to colonization [109]. Using mass
spectrometry, Matsumoto et al. analyzed the cerebral metabolome of GF mice and ex-GF mice
and identified 38 metabolites that differed significantly [124]. Notably, concentrations of DA
were twofold higher in GF than in ex-GF mice; consistent with the findings that GF mice display
increased motor activity and reduced anxiety-like behavior compared with their ex-GF
counterparts. In the cerebrum of GF mice, the concentration of tryptophan was decreased but
the study failed to find differences in 5-HT levels.

Various receptors, with known roles in depression and anxiety, are influenced by the micro-
biome. For instance, the 5HT1A receptor, which is associated with anxiety, has decreased
expression in the dentate granule layer of the hippocampus in GF female mice [111]. The N-
methyl-D-aspartate (NMDA) receptors are important for learning and memory. Sudo et al.
reported downregulation in the NMDA receptor subunit 2A (NR2A) mRNA in the cortex and
the hippocampus of GF mice compared to SPF mice [108]. Neufeld et al., however, did not
detect differences in the hippocampal subregions by in situ hybridization but rather demon-
strated a decrease in NMDA receptor subunit 2B (NR2B) mRNA expression in the central
amygdala of GF mice [111]. Additionally, DA D1 receptor mRNA was significantly higher in
the hippocampus of GF mice than in SPF mice [110].
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In patients with depression, hippocampal neurogenesis is reduced along with levels of BDNF,
and recent evidence indicates that increased hippocampal BDNF is associated with anxiolytic
and antidepressant behavior [125]. In the studies of GF mice, the exact influence of the
microbiome on BDNF is uncertain; some studies show increased hippocampal BDNF expres-
sion, while others show the opposite at both the mRNA and protein level. The differences in
BDNF appear to be sex-related, with reductions in BDNF being observed mainly in male GF
animals, and not in female animals [108, 109, 111]. Heijtz et al. showed that in GF mice, mRNA
expression of nerve growth factor-inducible clone A (NGFI-A), implicated in the development
of anxiety-like behavior, was significantly lower in the orbital frontal cortex, striatum, hippo-
campus, dentate gyrus, and amygdala compared with SPF mice [110]. These studies highlight
a role for neurotrophic factors in the microbiome-gut-brain axis and its influence on anxiety
and depression and further indicate that regulation of this axis may be sex dependent. The
microbiome also appears to have a broader impact on neurobiology, as evidenced by a study
looking at the amygdala that showed an altered transcriptome in GF compared to SPF mice.
Specifically, in GF mice, there is upregulation of immediate early response genes with
differential expression of genes involved in neurotransmission, plasticity, and metabolism
[126].

4.1. Treatments that alter the microbial flora

4.1.1. Probiotics

Associations between the microbiome and behavior are reinforced by studies using probiotic
therapy, which alter the gut microbial environment through the ingestion of live bacterial
cultures. There is increasing evidence that certain strains are able to attenuate various behav-
ioral and biochemical effects of stress. Adult rats given Lactobacillus helveticus NS8 display
reduced stress-induced anxiety and depression that is comparable to citalopram therapy [127].
Biochemically, these rats had lower corticosterone and ACTH concentrations in the plasma,
increased hippocampal monoamine concentrations and BDNF transcription as well as higher
levels of plasma IL-10, which is an anti-inflammatory cytokine that is reduced in depressed
patients [127]. Similarly, the probiotic formulation of L. helveticus R0052 and B. longum R0175
attenuated the response to chronic stress, with decreased levels of corticosterone, epinephrine,
and NE within the plasma [128]. Furthermore, the probiotics B. longum 1714 and B. breve 1205
are anxiolytic in mice [129]. Probiotics with B. infantis, previously discussed as being capable
of reversing the exaggerated stress response in GF mice, have shown various results in rats;
one showed attenuation of behavioral and biochemical abnormalities associated with maternal
separation, whilst another showed minimal behavioral effects, despite changes in the levels of
various cytokines and metabolites [130, 131].

Chronic treatment with L. rhamnosus (JB-1) in mice lowered stress-induced corticosterone as
well as anxiety- and depression-related behavior and caused alterations in Gamma-Amino-
butyric acid [GABA(B1b) and GABA(Aα2)] receptor mRNA in specific regions within the
brain [132]. Interestingly, these findings were not found in vagotomized mice [132]. The vagus
is known to mediate communication between the gut microbiota and the HPA axis, with
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increased CRF mRNA, plasma ACTH, and corticosterone concentrations in rodents following
vagal stimulation [133]. Furthermore, in humans, vagal nerve stimulation has antidepressant
effects, including normalization of the HPA axis [134, 135]. In mice, JB-1 increased the firing
rate of the mesenteric nerve bundle, which was prevented by subdiaphragmatic vagotomy
[133]. Similarly, in a mouse model in which chronic mild DSS colitis induces anxiety-like
behavior, B. longum NCC3001 normalized the anxiety-like behavior and CNS changes induced
by chronic gut inflammation but not in mice that had undergone vagotomy [136]. Similar
results were obtained in a T. muris parasite model of chronic colonic infection, further sup-
porting a neurally mediated mechanism of the probiotic effect [103].

From an immunological perspective, Smith et al. demonstrated that Recombination activating
gene‐1 (Rag1) knockout mice, which are B and T cell deficient, had a dysbiosis, altered behavior,
and heightened HPA axis activity [137]. When pretreatment with L. rhamnosus (R0011) and L.
helveticus (R0052) was administered, the microbiota and behavioral changes were normalized
[137]. In rats, myocardial infarction (MI) is accompanied by increased cellular apoptosis in the
limbic system and a depression-like behavior [138]. In this model, administration of probiotics
that combined L. helveticusand B. longum ameliorated post-MI depression through reduction
in pro-inflammatory cytokines and restoration of barrier integrity in the GI tract [139].
Interestingly, using the IL-10 knockout mouse, which is a model of colonic inflammation
similar to IBD, Ohland et al. showed that the ingested diet and the presence or absence of
inflammation within the GI tract can influence probiotic efficacy [140]. This suggests a role for
immune cells in the intestinal and behavioral health in rodents. Collectively, these studies
overwhelmingly support a role for probiotic strains in modulating various aspects of brain
function and behavior, some of which appear to be at least partly vagal dependent.

4.1.2. Prebiotics

Prebiotics are food components that modulate the microbiota by enhancing the growth of
probiotic microbes and have been used in several studies to further define a role for the
microbiome in behavior. Human milk oligosaccharides (HMO) promote the growth of specific
bacteria including probiotic members of the genus Bifidobacterium and Lactobacillus. Mice fed
the prebiotic containing the human milk oligosaccharides 3′Sialyllactose (3′SL) or 6′Sialyllac-
tose (6′SL) showed less anxiety-like behavior, and less microbiota alteration in response to
stress [141]. The prebiotics, fructo-oligosaccharide (FOS), and galacto-oligosaccharides (GOS)
promoted the growth of the Lactobacilli and Bifidobacteria in the gut and raised hippocampal
BDNF and NR1 subunit expression compared with controls. GOS also increases hippocampal
NR2A subunits and NR1 expression within the frontal cortex and increases plasma D-alanine,
which acts as an agonist at the NMDA receptor [142]. These studies show that prebiotic-
mediated proliferation of gut microbiota, like probiotics, can affect brain neurochemistry and
animal behavior.

4.1.3. Antimicrobials

Administration of oral, but not intraperitoneal, antimicrobials (neomycin, bacitracin, and pi-
maricin) to SPF mice increased the proportion of Lactobacilli and Actinobacteria populations,
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while decreasing the proportion of γ‐proteobacteria and Bacteroidetes populations [113]. These
microbiota changes were associated with improvements in standardized tests of less appre-
hensive behavior, effects that were reversible after discontinuation of antimicrobial treat-
ment and return to pretreatment microbiota profiles. These changes were independent of
inflammation, levels of gastrointestinal neurotransmitters, and nervous system integrity.

4.2. Evidence from human studies

4.2.1. Microbial diversity among different populations

Cross-sectional studies in humans have begun to investigate the gut microbial composition
and its association with mood. Naseribafrouei et al. analyzed fecal samples from patients
with depression and controls and found no overall significant difference in species diversity
between depressed and non-depressed samples but rather a general overrepresentation of
the order Bacteroidales in depression and a decrease in family Lachnospiraceae [143]. At a ge-
nus level, Alistipes and Oscillibacter were associated with depression. Jiang et al. analyzed
fecal samples from patients with active major depressive disorder (active-MDD), responded
major depressive disorder (responded-MDD) and healthy controls. In contrast to the first
study, Jiang et al. found increased fecal bacterial α-diversity in the active-MDD group when
compared with controls; however, this was not found between the responded-MDD when
compared with controls [144]. The three dominant phyla Bacteroidetes, Proteobacteria, and Ac‐
tinobacteria were increased, while Firmicutes were significantly reduced in both active-MDD
and responded-MDD groups than in controls. Faecalibacterium was associated with a nega-
tive correlation with the severity of depressive symptoms. Concordant with Naseribafrouei
et al., an increase in Oscillibacter and Alistipes was found in depression compared to controls
[144]. Of note, possible confounding elements to explain the differences between these two
studies may be related to the recruitment of controls from an outpatient neurology clinic by
Naseribafrouei et al., unlike Jiang who recruited healthy subjects as controls [143, 144]. Ad-
ditionally, differences between ages of subjects as well as geographic locations between the
studies could contribute to differences in bacterial diversity, as diversity of gut bacteria is
known to be influenced by several factors including health status, age, diet, and antibiotic
use [47]. In a cross-sectional observational study examining associations between the gut
microbiome and maternally rated temperament in toddlers, it was found that certain dimen-
sions of temperament could be associated with differences in phylogenetic diversity [145].
In addition, they found certain sex-specific associations between temperament and the gut
microbiome.

These studies begin to identify bacterial groups potentially harmful in the pathogenesis
of mood disorders, though further studies will be needed to elucidate temporal and
causal relationships between gut microbiota and depression as well as to evaluate their
utility as biomarkers of disease. Again, as in the rodent studies, these results point to
sex-related differences in how the microbiome may be regulated and how it affects the
CNS and behavior.
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4.2.2. Human probiotic studies

To date, few probiotic studies have been conducted in humans to evaluate their effects on
mood. The consumption of a 3-week course of a yogurt containing Lactobacillus casei Shirota
(LcS) improved mood in patients with low mood (as evaluated by a questionnaire-based
assessment) [146]. In healthy volunteers who received a 30-day course of L. helveticus R0052
and B. longum R0175 compared to placebo, probiotic-treated subjects displayed lower soma-
tization, depression, and anger hostility [147]. A study by Steenbergen et al. aimed to com-
plement these findings and showed that participants who received a multispecies probiotic
had reduced cognitive reactivity to sad mood [148]. In a randomized double-blind placebo
trial with chronic fatigue syndrome (CFS) patients, two months of daily LcS induced a
significant rise in both Lactobacillus and Bifidobacterium and a concomitant significant decrease
in anxiety symptoms compared to controls [149]. These results provide evidence that the intake
of probiotics may help reduce negative thoughts associated with sad mood. Probiotic supple-
mentation warrants further research as a potential treatment or preventative strategy for
depression.

5. Perspectives

The topics discussed in this review emphasize the broad influence that the microbiome has in
a wide range of psychiatric and neurologic diseases. Changes in the microbiome are relevant
to many brain diseases and understanding what the abnormal changes in the GI microflora
are in these conditions is necessary to identify novel targets for therapies. Recognition of
pathological changes in the constitution of the microbiome offers a possible means of antici-
pating or prognosticating future disease. It also provides an opportunity to intervene and
correct a dysbiosis with beneficial effects on the disease.

The role of the microbiome in neurodevelopment cannot be underestimated. As previously
discussed, exposure to particular microorganisms at specific time points in animal models can
have lasting impacts on neurological disease risk and behavior. Treatments that alter the
microbial flora may influence healthy brain development and further work in this area is
needed to appreciate how significant this may be in humans.

Future work that expands on our current understanding of the dysbioses that occur in CNS
diseases should hopefully provide further insight into microbiota-related disease mechanisms
and provide additional therapeutic options for patients.
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Abstract

Cardiovascular  diseases  (CVDs)  are  major  outcomes  of  metabolic  impairments  in
humans, which result from several genetic and environmental factors. In recent years,
a ‘microbiome hypothesis’ has been proposed as a result of several studies that have
attempted to understand underlying mechanisms of  CVDs.  Similar  to CVDs,  both
genetic and environmental factors, especially diets, have a major impact on shaping gut
microbiota and their functions. In the past decade, strong evidence has emerged to
confirm the role of gut microbiota in contributing to the onset of CVDs. However, a
comprehensive understanding of interactions among diet, host genotype, gut micro‐
biota and CVDs is still facing challenges due to the complicated nature of CVDs. In this
chapter, we review the present state of our knowledge about the contributory role of
gut  microbiota  in  CVDs  and  discuss  the  knowledge  gaps  that  warrant  further
investigations. Moreover, we review the potential intervention strategies that may target
the microbiota‐driven pathology in CVDs and discuss the strength and weakness of
animal models in studying the roles of gut microbiota in CVDs.

Keywords: gut microbiome, cardiovascular disease, host genotype, diet

1. Introduction

Cardiovascular disease (CVD) is a leading cause of death in industrialized societies, with
increasing incidence in developing countries [1]. A combination of genetic and environmental
factors contributes to risk for developing CVD [2]. A significant portion of CVDs can be
attributed to ischemic heart disease, often a result of underlying coronary arterial diseases
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such as atherosclerosis. Risk factors for atherosclerosis include dyslipidaemia, hypertension,
obesity, smoking, and diabetes [3, 4]. Extensive searching in recent years for causal genetic
variants found less than one-fifth of CVD risk is accounted for by genetic determinants [5, 6].
Excluding tobacco exposure, dietary intake is our largest environmental risk, as we consume
kilogram quantities into our bodies daily. However, specific dietary composition and precise
quantification of dietary intake of a given individual are often difficult to assess.

Over the past decade, there has been a growing body of knowledge on the ecological diversity
of microbes living symbiotically within us, especially in our gastrointestinal tract. More than
100 trillion microbial cells reside in the human gut, which is far outnumbering the host cells
of the human body [7]. Microbial symbionts in our gastrointestinal system have coevolved
with us and critically contribute to a variety of physiologic and metabolic processes of our
body. Undeniably, human DNA is estimated to represent less than one-tenth of the total DNA
within our bodies due to the remarkably large number of microorganisms in and on us, mainly
within our gastrointestinal tract [8]. The composition of the microbial community in our gut
can be largely affected not only by dietary exposures but also by genetic variants of the host,
as well as any changes that impaired host’s physiology and homeostasis. In recent years,
although there is increasing evidence supporting an association between gut microbiota and
diseases in human and animals [9, 10], the participatory roles of gut microbiota in our health,
immune function, and disease initiation and progression have just begun to be explored. There
has been an established understating of the role of microbial dysbiosis in the pathogenesis of
some diseases of altered intestinal health [11]. The alteration of gut microbiota may contribute
enormously to the digestion of food and absorption of metabolites, which further contribute
to the development of a range of CVDs from atherosclerosis to cardiorenal dysfunction [12].

The gastrointestinal ecosystem is arguably the largest endocrine as well as paracrine organ
in the body, producing a variety of biologically active compounds that may be transported
in the systemic circulation and distributed to other organ systems within the host, thereby
influencing diverse essential biochemical processes [12]. This chapter summarizes recent
developments in our knowledge of the contributory role of gut microbiota on the initial
onset and development of CVDs, and how diets and genetics of the host participate in their
development. Potential strategies that can modulate gut microbiota for prevention and
therapeutic interventions for CVDs will also be discussed.

2. Intestinal microbiota in cardiovascular disease—the good, the bad, and
the ugly

The understanding of the link between gut microbiota and CVD was limited until the late
1990s. The fact that axenic (germ-free) ApoE knockout mice were not protected from the
development of atherosclerosis suggested that the gut microbiota is not important in the
pathogenesis of atherosclerosis [13]. A meta-analysis of clinical trials revealed that the
modification of gut microbiota by antibiotics failed to demonstrate any benefit with regard to
mortality due to cardiovascular events in coronary artery disease patients [14]. Furthermore,
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in an extensive study involving 4012 patients with stable coronary artery disease, the admin‐
istration of azithromycin showed no effect on the risk of cardiac events [15]. However, the
composition of the microbiota was shown to increase the severity of myocardial infarction in
a Dahl S rat model of ischaemia/reperfusion injury of the heart, in which the authors indicated
that vancomycin, a poorly absorbable antibiotic, reduced 27% of myocardial infarctions and
increased 35% postischaemic mechanical function recovery [16]. This effect was associated
with a change in the gut microbiota (both bacteria and fungi) and a reduction of plasma leptin,
which was later confirmed by administration of the leptin‐suppressing probiotic Lactobacillus
plantarum 299v [16]. These earliest contradictory findings of antibiotic utilization (azithromycin
vs. vancomycin) explained the complexity of gut microbiota‐based intervention in terms of
efficacy and properties of the applied protocol.

Figure 1. Gut microbiota and its impacts on atherosclerosis and major cardiovascular events through both nutrient/
meta‐organismal pathways that contribute TMAO formation and translocation of bacterial toxins that cause myocar‐
dial cell damage.

Invasion of indigenous and/or pathogenic oral and intestinal bacteria, as well as their metab‐
olites and toxins into the vascular system, has been demonstrated in association with several
CVD events [17, 18], although a causal association between periodontal infection and athero‐
sclerotic CVD or its sequel has not been demonstrated. Periodontitis, also known as perio‐
dontal disease (PD), is an inflammatory disease of the oral cavity due to chronic bacterial
infection of soft and hard tissues of the gum, mainly by Gram‐negative bacteria [19]. A high‐
fat diet can induce not only metabolic alteration but also increased systolic and diastolic
pressure in diabetic mice after longer term colonization with periodontal pathogens, such as
Porphyromonas gingivalis, Prevotella intermedia, and Fusobacterium nucleatum [20]. The molecular
mechanisms underlying this pathogenic phenotype is linked to bacterial lipopolysaccharide
(LPS), which may increase oxidative stress and mitochondrial dysfunction that are responsible
for inflammation‐induced CVD (Figure 1) [21]. Endotoxin levels were shown to be higher in
the hepatic veins compared with the left ventricle (LV) or pulmonary artery, suggesting
possible endotoxin translocation from the gut into the circulation [22].
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In recent years, more studies have highlighted the contributory role of gut microbiota in CVD.
Initial hypothesis‐generating studies using untargeted metabolomics analyses of plasma
samples identified three metabolites, including phosphatidylcholine (PC; lecithin) metabo‐
lism‐choline, betaine, and trimethylamine‐N‐oxide (TMAO) that are potentially associated
with cardiovascular risk [23]. Another study also found increased concentration of the
metabolite TMAO in patients with atherosclerosis and their correlation with this pathology
[24]. Gut microbiota has been demonstrated to be responsible for TMAO synthesis by con‐
verting choline, an essential nutrient, into TMA. Subsequent oxidation of TMA through flavin
monooxygenase 3 (FMO3) from the liver formed TMAO [25–27]. As an example, the bacteria
belonging to Erysipelotrichia under the phylum Firmicutes can metabolize choline to TMA [24].
TMA is subsequently absorbed and rapidly oxidized by hepatic cells to form TMAO [28], which
is responsible for macrophage foam cell formation by reducing reverse cholesterol transport
and consequently promoting cholesterol accumulation in the foam cells of atheroma (Fig‐
ure 1) [29]. However, the molecular mechanisms by which TMAO reduces reverse cholesterol
transport are not well understood. These bacteria probably promote not only atherosclerosis
through TMA‐TMAO production but also non‐alcoholic fatty live disease (NAFLD) by
reducing choline availability for the synthesis of very low‐density lipoprotein in the liver,
resulting in triglyceride accumulation in the hepatocytes [30]. Furthermore, the abundance of
such bacteria is also associated with an iron‐rich diet. Such a diet promotes gut epithelial cell
stress through iron accumulation in the enterocytes and consequently inflammation‐induced
dysbiosis of the gut microbiota in favour of Erysipelotrichia bacteria. Thus, an iron‐rich diet may
promote the development of NAFLD and atherosclerosis through alteration of the gut
microbiota [31]. The dysbiosis of gut microbiota has been found in several metabolic diseases,
including CVD. However, in different situations, dysbiosis can either be a cause or an effect of
the disease or a spiralling cycle. In the case of CVDs, the dysbiosis of gut microbiota needs
further investigation to determine whether it is cause or effect or both. Beside TMAO, intestinal
bacteria produce certain toxins, such as indoxyl sulphate, p‐cresyl sulphate, amines, and
ammonia, which can later be eliminated by the kidneys in healthy individuals. In chronic
kidney disease patients, however, these toxins may accumulate in the body of the patients.

In addition to the three bacterial metabolites described previously, l‐carnitine has also been
shown to accelerate atherosclerosis in mouse models, but only in the presence of intact gut
microbiota and TMA/TMAO generation. High carnitine levels significantly increased the risk
of myocardial infarction (MI), stroke, or death in experimental subjects with concurrently high
TMAO levels. Similar to PC/choline, l‐carnitine is a TMA‐containing compound that releases
TMA through the gut microbiota and consequently converted into TMAO by hepatic FMO
(Figure 1) [29]. Thus, intestinal microbiota may play an obligatory role in generating TMAO
from multiple dietary nutrients, and TMAO is the proatherogenic species probably promoting
the associations noted between plasma levels and both prevalent and incident CVD risks.

Recent studies reveal that the potential pathogenic contribution of gut microbiota‐dependent
generation of TMAO may extend beyond the development of progression of atherosclerosis
and its adverse complications (MI, stroke, or death). A recent observation also indicated
increased TMAO levels in heart failure patients [32]. In these patients, intestinal ischaemia can
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be demonstrated by a decrease in intestinal mucosal pH [33] or reduced passive carrier‐
mediated transport of d‐xylose [34]. Due to the consequences of intestinal ischaemia and
congestion, the morphology, permeability, and function of the intestinal mucosa may substan‐
tially altered in congestive heart failure (CHF), especially in advanced stages with cardiac
cachexia [35]. Our knowledge on the mechanistic associations between gut microbiota and
CHF is improving. Although evidence is still accruing, higher concentrations of adherent
bacteria have been identified in the intestinal mucosal biofilm of patients with CHF [35]. The
composition of intestinal microbiota may alter rapidly during intestinal ischaemia and
reperfusion or following an increase in portal vein pressure because of the activation on
bacterial virulence in microbiota by gut liminal hypoxia, hypercapnia, changes in local pH,
redox state, and norepinephrine [36]. Hypoperfusion and congestion in the intestine may
reduce cardiac output and further disrupt the barrier function of the intestine and promote
systemic inflammation through bacterial translocation, potentially leading to further CHF
exacerbations (Figure 2). However, major changes in the gut microbial composition have not
been observed in a rat model of CHF induced by coronary artery ligation [37]. In this regard,
the role of gut microbiota is possibly unique to human CHF.

Figure 2. Links between heart failure, gut microbiota, and renal failure. The haemodynamic variations caused by heart
failure affect microcirculation in intestinal villi and result in alternations of intestinal permeability and gut microbiota.
The increased intestinal permeability favours microbial and endotoxin translocation, TMAO, and cardiorenal compro‐
mises can mediate the pathology that leads to further exacerbation of heart failure and renal damage. Reduced clear‐
ance of these metabolites due to impaired renal function further promotes this pathology and constitutes a vicious
cycle.

The microbial analysis of atherosclerotic plaque has shown that the embedded microbiota is
dominated by bacteria of the phylum Proteobacteria (e.g. Escherichia coli) [38]. Proteobacteria are
also the most abundant microbiota in the blood of diabetic patients [39]. Hence, the establish‐
ment of microbiota might be the first step in the atherosclerotic plaque formation. Another
bacterium in the genus Collinsella was also found to be dominant in patients with symptomatic
atherosclerosis (presence of stenotic atherosclerotic plaques at the level of the carotid artery
and leading to cerebrovascular episodes). The same study also indicated that there were more
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bacteria belonging to Roseburia and Eubacterium in the gut microbiota of healthy controls
compared with patients [40]. Thus, the changes not only in microbiota composition but also
in microbiome functions may be linked with the events of atherosclerosis.

3. Role of diet and host genotype in shaping intestinal microbiota profile
associated with cardiovascular diseases

Dietary cholesterol has major effects on gastrointestinal microbiota, which is consequently
associated with the onset of CVD. In our recent study, we tested the effect of diet and host
genotype on intestinal microbiota using two Japanese quail strains that are atherosclerosis‐
susceptible (SUS) and atherosclerosis‐resistant (RES) [41]. In that study, dietary cholesterol
reduced the abundance of Ruminococcus and facilitated the abundance of opportunistic
pathogens belonging to Erysipelotrichaceae in the quail ceca and may have increased the risk of
assaults by these opportunistic pathogens. However, both the SUS and the RES strains housed
in the same cage and fed the same high cholesterol diet hosted distinctly different ceca
microbiomes.

When mice were fed a ‘Western diet’, which was high in fat and cholesterol, the overall
diversity of their gut microbiota dropped significantly due to a bloom of a class of Firmicutes
called Mollicutes, a member of which is Eubacterium dolichum [42]. E. dolichum has a number of
genomic features that could promote their own fitness in competition with other microbes in
the cecal nutrient metabolic milieu created by the host’s consumption of the Western diet. Their
abundance is associated with obesity in mice [42]. In our study, a similar situation may have
occurred in RES quail in their reaction to dietary cholesterol. The ceca of RES quail were
dominated by E. dolichum [41]. On the other hand, SUS quail fed the cholesterol diet had an
abundance of Lachnospiraceae in the ceca [41]. At the same time, the abundance of Ruminococ‐
caceae was not compromised [41]. Lachnospiraceae and Ruminococcaceae have been shown to be
associated with the maintenance of gut health [43, 44]. These two families are specialists for
degrading cellulose and hemicellulose components of plant materials, which are fermented
and converted into short chain fatty acids (SCFAs) readily absorbed and used by the host [45].
SCFAs play an important role in maintaining intestinal homeostasis [43, 44]. Our study
indicated that the divergent selection for susceptibility and resistance to diet‐induced athero‐
sclerosis may have adversely affected the cecal health of RES, but not SUS quail, through
modification of their cecal microbiomes [41]. Whether this change in the cecal environment
has effects on the metabolism and absorption of dietary cholesterol remains to be studied.

In the past decade, numerous studies have been published on the relationship between gut
microbiota and cardiovascular diseases in human and in animal models. In humans, about
50% of dietary cholesterol is absorbed in the duodenum; consequently, the rest can be me‐
tabolized by Eubacterium bacteria to coprostanol and minor amounts of coprostanone in the
large intestine [46]. Coprostanol, unlike cholesterol, is poorly absorbed by the human intes‐
tine, and hence, conversion of cholesterol to coprostanol might be a way to lower serum
cholesterol in humans and rodents [47, 48]. However, feeding Eubacterium coprostanoligenes
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to laying hens did not lower plasma cholesterol levels [49]. In our study using the quail
model, E. dolichum was found in higher abundance in the cecum of RES but not in SUS
quail [41]. Although a negative correlation of E. dolichum abundance with plasma HDL lev‐
el was significant in our study, the ability of E. dolichum to convert cholesterol to coprosta‐
nol has not been demonstrated. As the primary cholesterol absorption sites are in the small
intestine, a comprehensive examination of the microbiota in a complete set of intestinal
tract should be done to understand physiological variations at different anatomical loca‐
tions of the intestinal tract, which will further elaborate the potential targets by therapeutic
interventions. In the concurrent analysis on small intestinal microbiota of RES and SUS
quail fed the cholesterol diet, high abundance of Lactobacillus species were observed in both
ileum and duodenum [50] of RES but not in SUS quail. This finding is significant since
Lactobacillus species have been proposed as an effective probiotic to lower cholesterol in
humans [51].

A number of studies including our quail model highlighted the importance of host genotype
in responding to diet‐induced atherosclerosis. However, further research effort is need to
address the underlying biochemical pathways by which host genetics interplay with diets to
influence the CVD events through alteration of gut microbiota.

4. Animal models for studying gut microbiome in cardiovascular disease

Cardiovascular diseases (CVDs) involve complicated multifactorial pathologies, in which both
genetic and environmental factors are involved. In order to provide us with important insights
into the pathophysiology of CVD events, the development of animal models of CVD is essential
as tools to evaluate novel therapeutic strategies to predict and to prevent these complications.
Until now, there have been numbers of animal models used for CVD, including those imple‐
mented in both large (pig and dog) and small (mice and rat) animals, designed for enhancing
scope with more precision and to better represent human pathologies. With or without genetic
modifications, mouse, rat and rabbit models are more commonly used and less expensive
animal models for studying CVDs compared to porcine and canine models, which better
represent the human pathology, but are less popular due to the cost and difficulties in handling.
For atherosclerosis, mouse models have proven to be useful to study development and
progression of atherosclerotic lesions. In particular, knockout and transgenic mouse models
have been well developed to study the molecular and cellular mechanisms involved in
atherogenesis and to evaluate the effectiveness of new and existing drugs for the prevention
and/or treatment of atherosclerosis. The most widely used knockout mouse models include
low‐density lipoprotein receptor‐deficient mice (LDLR−/− mice) and apolipoprotein E‐deficient
mice (ApoE−/− mice). Mice carrying ApoE mutations such as ApoE3Leiden (E3L) and ApoE
(Arg 112→Cys→142) transgenic mice are very useful mouse models to study hyperlipidaemia
and atherosclerosis. The high‐cholesterol diet rabbit model has been widely used for experi‐
mental atherosclerosis [52]. Several porcine models have been employed for closer represen‐
tation to pathologies in humans [53–56]. However, the extensive application of porcine models
is still limited. In heart failure, dog models of myocardial infarction and serial microemboli‐
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zation of the coronary artery were developed [57]. Like the pig models, dog models are very
restricted due to their cost, ethical complications, and difficulties in handling.

Since the ‘microbiome hypothesis’ has been applied to CVDs and other metabolic diseases, the
most common and feasible animal model is the mouse model. As we know, murine models
have been extensively applied in biomedical research due to similarities in anatomy, physiol‐
ogy, and genetics, which have allowed numerous inferences about human pathology to be
drawn from murine experimentation. In gut microbiota research, mouse models are being
increasingly used to study the role and functioning of the gut microbiota and its association
with diseases. However, application and direct translation of results obtained from traditional
CVD mouse models to study the role of the gut microbiome and its interaction with the host
have their limitations for the following reasons: [1] the variation of the gut microbiota of
laboratory mice relates to genetic, physiologic, and environmental factors, and those factors
also trigger the pathologies of CVD; [2] cross‐talk between the gut microbiota and the host is
host‐specific so observations in mouse models might not be applicable to humans; [3] the
inherent genetic variations in the human population cannot be captured by the inbred mouse
strains that have genetic homogeneity; and finally [4] differences in multiple factors between
mice and humans, such as genetic background, birth mode (caesarean or vaginal), mode of
feeding (breast or bottle), diet, age, medical history, and social activities, which all contribute
in shaping the gut microbiota of humans.

Existing animal models for CVDs have not yet been fully evaluated in studying the role of the
gut microbiome in developing pathologies of CVD events. This should be considered in future
investigations, and the most appropriate animal model to study the links between gut
microbiota and CVD should be proposed and recommended. Rabbits [58], guinea pig [59],
pigeon [60], and quail [61] have been used as models for studying atherosclerosis but not in
association with gut microbiota. Recently, we proposed a new quail model that would be useful
for studying the interaction of host genotype and diet in affecting the gut flora in association
with the development of atherosclerosis [41]. We proposed that our Japanese quail model may
have advantages over others because quail are naturally deficient in apolipoprotein E. When
we fed a high cholesterol diet, males of the SUS quail developed lesions exhibiting structural
features (e.g. focal haemorrhage, calcification, and fibrosis) that closely similar those in the
human atherosclerosis [62, 63]. In addition, quail model is easier to be handled, lower costs for
larger sample size, and require less laboratory space compared to other porcine or canine
models. As a further incentive, our recent microbiome study has provided the baseline
understanding for the association between the gut microbiome and the development of
atherosclerosis in quail model.

5. The potential of modulation of gut microbiota as novel preventive and
therapeutic strategies for cardiovascular disease

During these past few years, several research efforts aimed to modulate both structure and
function aspects of the gut microbiome were reported [64, 65]. Faecal transplantation is one of
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the successful stories for restoring impaired gut microbiome into normal gut microbiome,
which has shown certain success in applications of certain human diseases especially in
Clostridium difficile infection [66]. However, several underlying questions still have not been
fully resolved and more baseline information is needed. Likewise, therapeutic tools available
to modulate the microbiota‐driven pathogenesis of CVD remain to be validated. Besides the
well‐known faecal transplantation, the composition of gut microbiota can be modulated by
diet, antibiotics, and prebiotic/probiotics. If we are to modulate the microbiome functions or
biochemical pathways involved in microbiota‐driven pathology, the crosstalk (detail mecha‐
nisms) between host and microbiota becomes a major concern, and pharmacological inter‐
ventions are needed to target both host and microbiota metabolisms.

5.1. Dietary intervention

As choline, PC, and carnitine are primary sources of gut microbiota‐associated TMAO
production, dietary modulation is a logical intervention strategy [12]. It has been shown that
vegetarians and vegans have markedly reduced production of TMA and TMAO from dietary
l‐carnitine and have lower plasma TMAO levels than omnivores [29]. Similarly, studies have
shown that different gut microbial communities were found in vegetarians and vegans
compared with omnivores [29, 67]. In animal model studies, long‐term exposure to dietary l‐
carnitine increased TMA synthetic capacity by 10‐fold with a concurrent shift in gut microbial
composition [29]. Thus, chronic dietary exposure (e.g., omnivore vs. vegan/vegetarian among
humans or normal chow vs. chow plus l‐carnitine in mouse studies) shifts gut microbiota,
with a selective advantage for certain bacterial species that prefer l‐carnitine as a carbon fuel
source to increase in proportion within the community and amplify the potential to produce
TMA [12].

The elimination of l‐carnitine from the diet is a potentially achievable goal that may reduce
some TMAO production. But, choline is an essential nutrient and its complete elimination from
the diet is unwise. Furthermore, bile has a very high total choline (PC) content, and the rapid
turnover and sloughing of intestinal epithelial cells results in significant exposure of distal gut
segments (and hence microbes) to choline, independent of dietary intake. Absorbent removal
of TMA from the intestines by specific oral binding agents is a challenging but potentially
feasible therapeutic approach for reducing TMA and TMAO levels. The details of application
of binding reagents will be discussed in the following specific section.

5.2. Antibiotic intervention

The association between certain groups of bacteria and CVD such as atherosclerosis has
previously been postulated. However, a number of randomized controlled studies have failed
to demonstrate a benefit of antibiotic therapy for secondary prevention of cardiovascular
events [15, 68]. On the other hand, antibiotics can influence the pathophysiological outcomes
driven by changing the abundance or composition of the gut microbiota. A well‐known
antibiotic, vancomycin, presented a reduction of myocardial infarct size in a rat model of
ischaemia‐reperfusion [16]. Interestingly, there was no effect on severity of myocardial
infarction by direct infusion of vancomycin into the coronary circulation. Furthermore, the oral
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administration of the antibiotic polymyxin B reduced monocyte production of certain
proinflammatory cytokines in patients with HF and improved flow-medicated dilation [69].
Although the previous findings reflect the effect of antibiotics in the modulation of gut
microbiota on the pathophysiology of various CVD events including HF, the potential adverse
effects of antibiotics, such as microbial substitution and generation of antibiotic-resistant
microbes, commonly occur in clinical practices. Hence, the extensive application of this
strategy is arguable and challenging. Careful considerations are needed to minimize the
adverse effects of antibiotic agents. Additional investigations are needed to determine the
benefits of proper application of antibiotics in specific circumstances in clinical practices.

5.3. Prebiotic/probiotic intervention

Prebiotics are non-digestible food ingredients, mainly fibres that beneficially affect the host’s
health by selectively stimulating the growth and/or activity of some genera of gut microor-
ganisms especially in the hindgut. Probiotics are live microorganisms that confer a health
benefit to the host when administered in adequate amounts through improving the intestinal
microbial balance [70]. However, the effectiveness of both prebiotics and probiotics varies on
their sources, methods of preparation and administration, and the dosage. They have been
extensively applied in most gastrointestinal disorders, and recently their applications in
metabolic and cardiovascular diseases have been studied due to their potential role to
modulate gut microbiota that consequently may diminish the pathophysiology of those
diseases. In a study, done in a ‘humanized’ mouse model (germ-free mice colonized with
human gut flora), the probiotic administration alters the production of several metabolites
including TMAO through modulation of symbiotic gut microbial-host interactions [71].
Evidence has been provided that demonstrates that intervention with a probiotic product can
favourably affect cardiac morphology and function in animal models [16]. A leptin suppressing
probiotic bacteria, Lactobacillus plantarum, led to the attenuation of ischaemia-reperfusion
injury in rats [16]. Additionally, in a rat myocardial infarction model, probiotic administration
(Lactobacillus rhamnosus GR-1) reduced left ventricle (LV) hypertrophy and improved LV
ejection fraction (LVEF), without colonization in the gut [37]. In HF patients, a yeast probiotic,
Saccharomyces boulardii was shown to be beneficial by improving cardiac systolic function
(LVEF) and decreasing serum creatinine and C-reactive protein (CRP) during short-term
follow-up [72]. Although probiotics have generated much attention for improving CVD [37,
73], the attention on prebiotics has been limited due to its unclear definition and unfeasible
applications [69]. Non-digestible beta-glucans have become one of the popular prebiotics for
improving several metabolic diseases and CVD. With limited research, they have shown
beneficial effects of non-digestible beta-glucans on CVD and metabolic diseases and their
modulatory effect on gut microbiota (reviewed in [74]). However, long-term benefits of
prebiotic and probiotic intervention strategies remain to be determined. As we described
earlier in this chapter, host genotype significantly influences both the composition and
probably the function of the gut microbiome, which may further interact with administered
probiotics or prebiotics. Thus, the effectiveness of probiotic/prebiotic treatments may vary
depending on the host genotype.
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5.4. Binding agents of key mediators

As the metabolites (e.g. TMAO) and their precursors (e.g. TMA) play important roles in the
pathogenesis of CVD, a promising intervention would be to remove such metabolites and their
precursors from the gut by oral administration of specific non‐absorbent binding agents. Oral
charcoal absorbent (AST‐120) has been clinically applied to remove uremic toxins, such as
indoxyl sulphate, in patients with advanced renal failure [75]. AST‐120 has been shown to
prevent progression of LV hypertrophy and cardiac fibrosis in rats with chronic kidney
disease (CKD) [76] and in a combination model with CKD plus HF [77] without affecting blood
pressure. However, the efficacy of binding agents has not yet been demonstrated in human,
and more research should explore the potential use of such strategies.

6. Conclusion

Coevolution over millions of years between human and microorganism has led to a mutualistic
relationship, in which diverse ecosystems of gastrointestinal microbiota and its metabolic
functions contribute to the maintenance of our metabolic homeostasis. The interaction between
heart and gut, or the heart‐intestine axis, has emerged as a novel concept to provide new
insights into the complex mechanisms of CVD. Gut microbiota function as a filter for our largest
environmental exposure, our dietary intake, and the microbial community within each of us
obviously influences how we experience a diet. We need to appreciate that our gut microbial
ecosystem makes up a large and plastic endocrine organ that influences numerous metabolic
and physiological processes. Although recent sequencing efforts of gut microbiota provide
multiple evidences of its associations with CVD events, simply cataloguing the microbes
within is not sufficient and further studies should focus on discovery of the functional aspects
of microbiota and its metabolites that contribute to the pathophysiology of CVD and other
metabolic diseases that trigger CVD events. Not all currently available animal models are
suitable for discovering the role of gut microbiota on CVD and associated diseases, thus, new
in vivo models need to be developed and/or existing reliable models should be recommended
based on their reliability and better representation of the human condition. There is increasing
attention towards modulating the gut microbiota as a new target for therapeutic intervention
and targeting for treatment and prevention of complex cardiometabolic diseases. However, at
present time, the role of gut microbiota‐targeted interventions remains ambiguous due to the
absence of solid and well‐documented clinical evidence. Further advances in this area have
enormous potential in the development of novel therapeutic tools for microbiome modulation
of CVD.
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Abstract

Gut flora is the largest reservoir of human flora. It is an essential factor in certain
pathological  disorders,  including  multisystem  organ  failure,  colon  cancer  and
inflammatory bowel diseases and extraintestinal disorders, such as allergy, asthma and
even obesity. Prebiotics and probiotics are known to have a role in prevention or
treatment of some diseases. Nevertheless, bacteria have been found to be useful for
treating disease and thus promoting human health in a safe and natural way.

Keywords: gut flora, cancer, allergy, inflammatory bowel disease, obesity

1. Introduction

The endogenous gastrointestinal microbial flora plays a fundamentally important role in
normal health and disease [1]. According to recent advances in microbiome research, the
infectious,  inflammatory  and  functional  bowel  diseases  are  closely  associated  with  the
pathologic changes in gut microbiota. Recent discovery of the fact that disbalance of gut
microbiome has a profound impact on the function of the liver through microbiota liver axis
[2]. There has been a re-emergence of interest in the relationship between gastrointestinal flora
and gut function with the recognition that prebiotics, probiotics and other means of modifying
gut flora may function as therapeutic modalities.

2. The normal flora

The human intestine is colonized by millions of bacteria, primarily anaerobic bacteria,
comprising approximately 1000 species. The bacterial distribution varies greatly at different
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levels of the gastrointestinal tract (GIT) [2] ranging from <103 colony-forming units/ml
(CFU/ml) in the stomach to 1011–1012 CFU/ml within the colon, where anaerobes outnumber
aerobes by a ratio of 1000:1.

2.1. Types of flora

2.1.1. Commensal flora

The intestinal flora includes Bifidobacteria, Lactobacillus, Propionobacteria, Peptostreptococci
and Enterococci. The commensal flora produces antibiotic-like substances that are anti-fungal,
anti-viral and reduce pH near the wall of the gut forming a protective barrier, which is
uninhabitable for the pathogenic bacteria to colonize [3].

2.1.2. Opportunistic flora

This includes intestinal flora like Bacteroides, Peptococci, Staphylococci, Streptococci, Bacilli,
Clostridia, Yeasts, Enterobacteria, Fusobacteria, Eubacteria, Catenobacteria and others. In a
healthy person, their numbers are limited and controlled by commensal flora.

2.1.3. Transitional Flora

The flora which enters the body through food and drink constitutes the transitional flora. In a
healthy gut microbiome, it does not cause disease however any harm to the commensal flora
will enable them to cause the disease.

3. Role of gut flora in the treatment of disease

3.1. Cancer

Indiscriminate use of antibiotics not only makes the problem of antibiotic resistant bacterial
strains even worse, but also kills many commensal bacteria that promote homeostasis and
protect against carcinogenesis. It has been seen that changes in the bacterial community occur
in the gut microbiome of colon cancer patients, with tumors harboring increased bacterial
diversity and an abundance of pathogenic bacteria compared to surrounding healthy tissue [4].
Lactobacillus and Bifidobacteria are known to prevent tumor formation by suppressing the
growth factors like MyD88 (an adaptor molecule necessary for most toll-like receptors (TLR)
signaling) was found to be essential in the development of the carcinomas [5, 6].

A number of in vitro and animal studies provide evidence that consuming probiotics sup-
presses colon rectal cancer. These studies have also proposed multiple pathways by which
probiotics could inhibit colon cancer by influencing innate immune pathways and apoptosis,
reducing oxidative stress and modulating intestinal bacteria and their metabolism [7].
Lactobacillus johnsonii reduced the concentration of Enterobacters and modulated immune
response in colon rectal cancer patients, whereas Bifidobacterium longum did not have any effect.
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In another study, L. casei suppressed colorectal tumor growth in patients, after 2–4 years of
treatment. However, these clinical trials are limited by the small number of subjects and their
short duration [8]. Mice experimentally colonized with Helicobacter hepaticus and enterotoxi-
genic Bacteroides fragilis exhibit colonic Th17 inflammatory infiltrates that appear to have a
beneficial role in human ovarian cancer [9], murine melanoma, pancreatic and colon cancer
[10–12]. It has also been found that Helicobacter pylori can alter stomach pH and acid reflux,
which could protect against Barrett’s esophagus and esophageal cancer [13].

4. Probiotics and prebiotics in cancer prevention

Fecal microbiota transplantations (FMT) are effective in maintaining a healthy gut microbiome
particularly in patients with severe Clostridium difficile infections. A recent study transplanted
a culture of six phylogenetically diverse gut microbes into mice. With C. difficile infections, this
restored a normal microbial community, displaced the Clostridium difficile and resolved the
disease [14].

Probiotics are live microorganisms present in foods as dietary supplement that confer a health
benefit. Lactobacilli in yoghurt improved digestion of dairy products in individuals who are
lactose intolerant [15]. Probiotics can be improved upon by supplementing food with bacteria
engineered to have more beneficial effect. Oral administration of a strain of Lactobacillus
acidophilus (having phosphoglycerol transferase gene deleted) to APC floxed mice resulted in
the reduction in polyps [16]. A protein elafin produced by engineered strains of Lactobacillus
casie and Lactococcus lactis diminished inflammation in a mouse model of colitis [17]. Another
example is a strain of Lactobacillus gasseri, which was engineered to overexpress the antioxidant
superoxide dismutase and decreased colitis in interleukin (IL)-10 knockout mice [18]. The
introduction of genetically engineered organisms to produce and deliver cytokines or other
biologically relevant molecules to the mucosa offers further potential to the probiotics.

Prebiotics are the non-digestible food ingredient that beneficially affects the host by stimulat-
ing the growth or activity of a genus of bacteria. A number of prebiotics have been implicated
in cancer prevention [19]. Prebiotics include dietary fiber sources such as inulin that promote
the growth of bifidobacteria. Dietary polyphenols include flavonoids, phenolic acids, lignins
present in tea, wine, fruits, nuts and vegetables. Ellagic acid is polyphenol present in certain
berries and nuts that is an antioxidant with cancer preventive properties [20]. Epidemiological
studies have reported correlations between equol or equol-producing bacteria and diminished
breast cancer risk in women and diminished prostate cancer in men in Asian populations [21].

However, further studies are needed to determine whether probiotics can be used as protective
agents for the prevention of human colon cancer. It is possible that a microbiota favoring
commensal bacteria could alter the immune response to tumors at extraintestinal as well as
intestinal sites.
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5. Treatment of inflammatory bowel disease and colitis

Bacterial species isolated from inflammatory bowel disease (IBD) patients have shown to be
capable of inducing intestinal inflammation (e.g., enterotoxigenic B. fragilis, Bacteroides
vulgates). Intestinal inflammation was seen in germ-free SCID mice colonized with individual
or combinations of strains of Enterococcus faecalis, Fusobacterium mortiferum, Bacteroides distaso‐
nis and segmented filamentous bacteria (SFB) [22]. SFB also play a role in the development of
experimental autoimmune encephalomyelitis (EAE) [23] and Rheumatoid arthritis(RA) [24].
Because of the potentially harmful role of these bacteria, antibiotics are frequently prescribed
to treat IBD [25].

A probiotic nonpathogenic strain of E.coli has been shown to be effective in patients diagnosed
with ulcerative colitis [26]. More recently, a probiotic product called VSL#3 which is a combi-
nation of eight probiotics: Bifidobacterium breve, B. longum, Bifidobacterium infantis, L. acidophilus,
Lactobacillus plantarum, Lactobacillus paracasei, Lactobacillus bulgaricus and Streptococcus thermo‐
philus have demonstrated efficacy for inducing remission in ulcerative colitis [27].

6. Fecal microbiota transplantation and IBD

The results of fecal microbiota transplantation (FMT) show very promising but discrepant
results. A meta-analysis recently conducted by Colman et al. showed that 45% of patients
achieved clinical remission and reduced some anti-inflammatory drugs after FMT [28–30]. A
recently conducted randomized trial in patients with ulcerative colitis showed that the clinical
remission was not statistically significant with FMT due to small study numbers but in all the
responders a shift in the microbiota composition was observed supporting the role of micro-
biota manipulation in the treatment of IBD [31, 32].

7. Helminth: induced suppression of IBD

Novel treatment strategies for IBD and celiac disease are being developed using parasitic
nematodes particularly Trichuris spp. and Necator americanus [33, 34].

Studies of the impact of parasite colonization on the human gut microbiota have shed light on
the potential role of the gut microbiota in whipworm-mediated suppression of inflammation.
The therapeutic ability of T. trichura whipworms to improve clinical symptoms of inflammation
associated with significant changes in the composition and relative abundance of different gut
bacterial species has been shown [35]. A significant decrease in the bacterial phylum cyano-
bacteria accompanied by an expansion of Bacteroidetes and Tenericutes was seen in Trichuris-
infected ICD macques. In another study, the administration of a single dose of T. suis ova was
able to alter the composition of the gut microbiota of infected pigs with IBD, including a
reduction in the abundance of Fibrobacter and Ruminococcus expansion of Campylobacter
[36].
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Another study involving experimental infection with Heligmosomoides polygyrus bakeri in a
mouse model of IBD revealed a significant expansion of the bacterial family Lactobacillaceae
in the ileum of infected mice, which correlated with disease outcome [37].

8. Therapeutic potential of Hookworms

While heavy burdens of hookworm parasites are associated with pathological effects, experi-
mental infections with small numbers of N. americanus are safe and well tolerated. When
administered in a mouse model of IBD, hookworm excretory/secretory products protect
against inflammation and weight loss [38]. A pilot study done to explore the impact of
experimental infections with N. americanus on the human gut microbiota has shown increased
bacterial richness at 8 weeks post infection in the volunteer subjects [39]. A higher species
richness of the gut microbiota has been associated with healthier homeostasis.

9. Role of microbiota in allergic diseases

Allergic disease development has been associated with alterations in the intestinal microbiota.
Infants with food allergies were found to exhibit lower lactobacilli and bifidobacteria species
while coliforms and Staphylococcus aureus were higher [40]. Bifidobacteria was decreased while
increase in clostridia was found in infants with atopic dermatitis [41]. Administration of L. casei
GG to the mothers before and after delivery prevents atopic eczema, which develop later in
children at risk [42]. A number of studies have been performed using probiotics to treat the
severity of various allergic diseases, including atopic eczema, atopic dermatitis and food
allergy in these children [43, 44]. Oral administration of optimal combinations of probiotic
Lactobacilli and Bifidobacteria in murine models is able to reduce allergic diseases. This could
be due to lower Th2 cytokine secretion on innate exposure [45, 46].

Environmental exposures in early infancy are thus a deciding factor of the composition of gut
microbiota which decides the development of immune function in an individual. These
differences in immune function link to the development of allergy and asthma [47].

A possible interpretation is that the bacteria ingested or inhaled served as a kind of tolerance
inducing adjuvant for allergens ingested or inhaled as reported recently that commensal
bacteria protect against food allergen sensitization [48]. The bacteria associated with protection
were largely members of the Bacteriodetes and Firmicutes phyla (e.g., Rickenellaceae, Por-
phyromonadaceae, Lachnospiraceae, Prevotellaceae, etc.).

Several associations exist between commensal microbiota and the development of allergic
diseases. In prospective studies, early fecal samples of infants who go on to develop allergies,
compared to those who remain healthy, grew less Enterococci, Bifidobacteria, Bacteroides,
Clostridia and Staphylococci [49]. Japanese infants developing early allergy have different
bifidobacteria spp compared to nonallergic infants [50]. In an experimental animal model of food
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allergy, the gut microbiota and its stimulatory action on innate immune system by toll-like
receptors (TLR), particularly TLR4, have been found. Mice susceptible to food allergies have
a mutation in TLR4 blocking its signaling [51].

10. Mode of action of probiotics to treat/prevent allergy

Probiotics have been suggested to act by reducing the permeability of intestine [52]. Probi-
otics induce low grade inflammation characterized by increases in CRP, total IgA, total IgE
and IL-10 levels. They can interact with the host immune system and modify the natural
course of allergic disease [53]. Recent data indicate that probiotics could modulate the pro-
duction of cytokines by monocytes and lymphocytes [54]. The dendritic cells may be stimu-
lated by probiotic bacteria in the intestinal lumen and express TLR-2 and inflammatory
cytokines [55]. Therefore, the stimulation of innate immunity may be the cause of the ob-
served inflammatory signs and beneficial clinical effects.

11. Role of microflora in obesity

The microbes occupying the human gut are in direct relation to obesity. The obese have more
Firmicutes and fewer Bacteroidetes. The more Bacteroidetes, the more weight loss by an obese
person [56]. An opportunistic pathogen isolated from the gut of obese human causing obesity
in germ-free mice has been identified [57].

Housing mice with obese microbiota with those of lean microbiota suppresses the obesity
factor in the former mice [58]. These data indicate clearly that microbiota can influence
metabolic parameters or even obesity [59, 60].

12. Regulation of obesity by gut flora

12.1. Extraction of addition calories from ingested food

The intestinal flora of obese individuals has been suggested to undergo changes that would
increase the extraction of calories from nutrients. An animal study, using germ-free mice
observed that these mice despite ingesting greater amounts of food than conventionally raised
mice, presented a lower amount of body fat [61]. Another study has shown that obese mice
had a reduced number of Bacteroides and a proportional increase in Firmicutes when com-
pared to lean mice [62]. They also proposed that flora of obese mice favored a greater capacity
of extracting calories from food, as the feces of these mice were observed to have less calories
and a greater amount of fermentation end products.
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12.2. Induction of subclinical inflammation

A correlation between obesity and intestinal flora has been proposed in type 2 diabetes. The
inflammation that leads to diabetes in obesity has been proposed to be triggered by LPS of
Gram-negative bacteria, which compose the intestinal flora [63]. Also it has been seen that in
humans, individuals with type 2 diabetes presented lower levels of serum lipopolysacchar-
ide than patients with type 2 diabetes by age [64]. Also in animal studies, it has been seen
that mice treated with a high fat diet were observed to present a reduction in intestinal per-
meability and in serum LPS levels, in addition to a decrease in inflammation of adipose tis-
sue and macrophage infiltration, after the modification of gut flora by antibiotics [65].

13. Conclusion

The endogenous gastrointestinal flora plays a fundamentally important role in health and
disease. The characterization of this diverse ecosystem fuelled by the recognition of the
potential value of probiotics and other means of modifying gut flora can be used as future
therapeutic modalities. It may hence be possible to establish profiles of the microbiota in
humans based on the bacterial species composition of the enterotypes [66].
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