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Abstract In recent years, DNA sequencing and mass spectrometry technologies
have advanced greatly, enabling the collection of more information on the gut
microbiome and its metabolome in order to assess the influence of the gut micro-
biota on human health at a whole-system level. As the gut microbiota has been
likened to a functional and measurable organ consisting of prokaryotic cells, which
creates the unique gut ecosystem together with the host eukaryotic cells, meta-
genome and metabolome technologies have demonstrated that the gut microbiota
contributes to host overall health status to a great extent. In this chapter, the detailed
relationships between gut microbiota and its metabolites like choline, phenols,
bile acids and short-chain fatty acids in host health and etiopathogenesis of various
metabolic diseases such as obesity, diabetes, atherosclerosis, non-alcoholic fatty
liver disease and extraintestinal diseases like multiple sclerosis, chronic kidney
disease and autism will be discussed. In addition, therapeutic interventions like
probiotic and prebiotic administrations and faecal microbiota transplantations
which are recently used in dysbiosis restoration will be reviewed. This unique
biology-wide approach of integrating metagenome and metabolome information
would aid in the better understanding of the intricate interplay between gut micro-
biota and host metabolism. We believe that this novel integration of the micro-
biome, metatranscriptome and metabolome information will lay the way towards an
improved holistic understanding of the complex mammalian superorganism. This
modelling of the metabolic interactions between lifestyle, dietary habits and the gut
microbiota, otherwise known as the “integrated omics-based understanding of the
gut ecosystem”, will culminate in the comprehensive interpretation of the role and
impact of microbial health potentials, thereby providing exciting novel therapeutic
approaches for optimal host health.
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1 The Gut Microbiota and Metabolomics-Based Integrated
Omics Approach

1.1 The Gut Microbiota

The gut microbiota refers to all the microorganisms inhabiting the gastrointestinal
tract. Four bacterial phyla, Actinobacteria, Bacteroidetes, Firmicutes and Proteo-
bacteria, dominate the gut microbiota in mammals, and these phyla have been
reported to characterize the role of the host metabolism and physiology (Qin
et al. 2010). The bacteria populating the gut possess extensive metabolic capa-
bilities (Qin et al. 2010) and amount to about 100 trillion cells, which is approxi-
mately three times higher than the total number of cells in the human body
(Bianconi et al. 2013). As such, the gut microbiota is often associated to be a
functional and measurable organ consisting of prokaryotic cells, which forges with
host eukaryotic cells to create a unique gut ecosystem (Fukuda and Ohno 2014).
Bacterial communities vary in composition along the digestive tract and evolve
within and between individuals over time in accordance to the lifestyle and nutri-
tional status of the host (Xu et al. 2007). It is only in recent years that we have
started to comprehend the systemic impact of the gut microbiota on the whole host
metabolic repertoire. The gut microbiota is involved in other functions of the body
like drug metabolism and toxicity (Clayton et al. 20006), dietary calorific bioavail-
ability (Hooper 2001), immune response (Macpherson 2000) and postsurgical
recovery (Kinross et al. 2011). However, more importantly, apart from its obvious
role in digestion, gut microbiota has been implicated in maintaining optimal host
health and the etiopathogenesis of various metabolic diseases such as obesity
(Turnbaugh et al. 2006) and diabetes (Wen et al. 2008; Qin et al. 2010; Wang
et al. 2012), intestinal diseases like inflammatory bowel diseases (IBD) (Marchesi
et al. 2007) and colonic cancer (Scanlan et al. 2008) and extraintestinal diseases like
allergy (Kirjavainen et al. 2002), multiple sclerosis (Berer et al. 2011), chronic
kidney disease (Wang et al. 2012) and autism (Finegold 2008) (Fig. 1).

1.2 What Is Metabolomics?

Technological breakthroughs have enabled the simultaneous examination of thou-
sands of genes (genomics), transcripts (transcriptomics), proteins (proteomics),
metabolites (metabolomics) and gut microbiota (metagenomics) with high-
throughput techniques and analytical tools (Ellis et al. 2007). Since the compre-
hensive understanding of the organ and systemic metabolism is vital in maintaining
health and nutritional status (Nicholson et al. 2012), the rapid advances in DNA
sequencing and mass spectrometry (MS) technologies in recent years have enabled
the extensive collection of data on the gut microbiome and metabolome to compre-
hensively evaluate the impact of the gut microbiota on human health (Tringe and
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Fig. 1 The role of gut microbiota and its metabolites. Four bacterial phyla, Firmicutes,
Bacteroidetes, Actinobacteria and Proteobacteria, dominate the gut microbiota in mammals,
and these phyla have been reported to characterize the role of the host metabolism and physiology.
The gut microbiota and its metabolites like choline, bile acids, phenols and short-chain fatty acids
are highly implicated in the etiopathogenesis of metabolic diseases, intestinal diseases and
extraintestinal diseases, thereby playing a vital role in host health. Therapeutic interventions to
improve dysbiosis include faecal microbiota transplantation and probiotic and prebiotic admini-
stration. NAFLD non-alcoholic fatty liver disease, /BD inflammatory bowel disease, MS multiple
sclerosis, CKD chronic kidney disease, SCFAs short-chain fatty acids

Hugenholtz 2008). This has led to major advances in metagenome and metabolome
technologies to reveal the important role that the gut microbiota play in contributing
to host overall health status.

Two of the most commonly used wide-range metabolomic analytical methods
include nuclear magnetic resonance (NMR) and MS, and they are commonly used
in the identification of disease biomarkers. By using these approaches, we can
accurately identify and have a robust understanding of the metabolites produced by
microbiota and host cells in faecal, blood, tissue and urine samples (Dettmer
et al. 2007). Methodologies ranging from targeted to untargeted approaches have
been reported in screening biochemical pathways involved in central carbon meta-
bolism, glycolysis, tricarboxylic acid cycle, amino acid metabolism, lipid meta-
bolism and selected secondary metabolic pathways (Wenk 2005; Moco et al. 2006;
Buescher et al. 2010). These tools allow scientists to comprehend the extent of
impact of treatments on the host metabolic profile by the simultaneous analysis of
the presence and quantity of thousands of metabolites.
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1.3 Using Metabolomics to Understand the Gut Microbiota

Evaluation of the metabolome profile is commonly used to directly compare the
metabolism of the gut microbiota and the metabolic outcomes in the host. In an
investigation on the systemic influence of administering probiotics or prebiotics or
a combination of both in initially germ-free mice colonized with a combination of
microbes representing that of a human infant (Martin et al. 2008), it was revealed
that dietary supplementation significantly modified the relative composition of gut
microbiota community, culminating in systemic changes in the metabolic profiles
of different tissues. Prebiotics increased proportions of Bifidobacterium breve,
Bifidobacterium longum and Bacteroides distasonis; decreased proportions of
Escherichia coli and Clostridium perfringens; and modulated lipid metabolism
by decreasing concentrations of glucose and hepatic triglycerides in the plasma
(Martin et al. 2008). In another report by Wikoff et al. (2009), the effects of gut
microbiota on the host were evaluated via plasma metabolome profile comparison
between germ-free and conventionally raised mice. There were many metabolites
that were detected only in conventionally raised mice and not in germ-free mice.
Additionally, in mice with or without gut microbiota, concentrations of more than a
tenth of all metabolites differed by more than 50 % (Wikoff et al. 2009).

The integration between the activities of the gut microbiome and our gene
reflects overall human metabolism at the systemic level. Our gastrointestinal tract
provides nutrients to cells and tissues via the circulatory system, and likewise,
so are the metabolites originating from the gut microbiota. This delicate interplay
amongst gut microbiota-derived metabolites, the gut microbiota itself and the
host immune system is transmitted through an extensive array of signalling path-
ways that extend beyond the immune system. The direct chemical interactions
between gut microbiota and the host and the immune-mediated signalling mecha-
nisms influence various organs such as the gut, liver, skeletal muscle and the brain,
and these complex interrelationships come together mutually to culminate in a
series of host—microbe metabolic axes. Within these axes, metabolic reactions can
be regulated by gut microbial genomes, resulting in the production of choline,
phenols, bile acids and short-chain fatty acids (SCFAs) by both the gut microbiome
and host genome that are essential to host health (Aw and Fukuda 2015) (Fig. 2).

2 Metabolites

2.1 Choline

Choline, which plays a vital role in fat metabolism and synthesis of very-low-
density lipoproteins in the liver, is primarily metabolized in the liver and is a vital
component of cell membranes mostly obtained from foods like eggs and red meat
(Vance 2008). The microbial conversion of dietary choline leads to an altered gut
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Fig. 2 The influence of gut microbiota-derived metabolites on host physiology. Choline has been
implicated in the pathogenesis of obesity, fatty liver, non-alcoholic fatty liver disease (NAFLD)
and cardiovascular diseases. Bile acids are reported to promote hepatocarcinoma development,
glucose modulation, obesity, type 2 diabetes and inflammatory diseases. Phenols are involved in
inflammatory bowel disease and weight loss. Short-chain fatty acids (SCFAs) have been reported
as health-promoting metabolites, and the imbalance of SCFAs mediates type 2 diabetes, obesity,
inflammatory and allergic responses

microbial ecology, which results in obesity and liver steatosis both in mice (Henao-
Mejia et al. 2012) and in humans (Spencer et al. 2011), and promotes cardiovascular
disease in human subjects (Wang et al. 2011). Importantly, it was reported that
low concentrations of y-proteobacteria and high levels of Erysipelotrichia in human
faecal microbiota are correlated with hepatic steatosis (Spencer et al. 2011). Dietary
choline is converted to trimethylamine (TMA) (Vance 2008) by gut microbial
enzymes, which is then further metabolized by the flavin monooxygenase (FMO)
system in the liver to produce trimethylamine-N-oxide (TMAQO) (Dumas
et al. 2006; Prentiss et al. 1961). This phenomenon lowers the levels of choline
bioavailability and is implied to trigger non-alcoholic fatty liver disease (NAFLD)
in mice (Dumas et al. 2006). In a report investigating the relationship between
oral intake of phosphatidylcholine and the involvement of the gut microbiota in
proatherogenic TMAO production in humans, plasma TMAO levels were signifi-
cantly lowered after the administration of antibiotics and then reappeared after
withdrawal of antibiotics. Elevated plasma TMAO concentrations were correlated
with an increased risk of a major adverse cardiovascular event independently of
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traditional cardiovascular risk factors, even in low-risk cohorts. As such, the lines of
evidence mentioned above support the modulation of gut microbiota as a probable
therapeutic approach in relation to these events (Tang et al. 2013). These studies
provide evidence behind a potential relationship between the gut microbiota,
dietary choline and risk of cardiovascular disease development.

2.2 Phenols

Approximately 50—100 mg of volatile phenols, mainly in the form of 4-cresol and
phenol (predominantly as glucuronide and sulfate conjugates), is excreted by
humans daily (Bone et al. 1976). The members of the genera Clostridium, Bifido-
bacterium and Bacteroides are implicated in the production of cresols in mammals.
A large diversity of physiological and pathological conditions, ranging from IBD to
weight loss, is reported to be correlated with altered levels of urinary 4-cresol
metabolites in humans. Additionally, these conditions are also associated with
altered gut microbiota composition, particularly, lowered diversity of microbiota
due to the loss of Lactobacillus and Bacteroides species in IBD (Ott 2004) and
differences in the ratio of Firmicutes and Bacteroidetes members due to weight loss
(Ley et al. 2005; Turnbaugh et al. 2006).

2.3 Bile Acids

In the human liver, primary bile acids such as cholic acid and chenodeoxycholic
acid are synthesized from cholesterol and then secreted in bile. Primary bile acids
are mainly involved in facilitating the metabolism of dietary fat and the
absorption of fat-soluble vitamins and cholesterol. Primary bile acids undergo an
enterohepatic cycle between the gut and the liver eight times per day, where
roughly 90-95 % of the bile acids are reabsorbed by the intestine and returned to
the liver, where they are conjugated to taurine in mice and to glycine in humans, to
form bile salts (Ridlon et al. 2006; Swann et al. 2011). Some of the remaining
primary bile acids are deconjugated and further metabolized to secondary bile
acids such as deoxycholic acid (DCA) and lithocholic acid by gut microbes, which
belong to the genera Bacteroides, Eubacterium and Clostridium, whilst the others
are lost in the faeces (Ridlon et al. 2006; Watanabe et al. 2006). Secondary bile
acids are then reabsorbed, mainly by both bile acid transporters in the ileum and
passive absorption in the intestine (Watanabe et al. 2006). Aerobic bacteria have
been reported to be involved in the biotransformation of a minor portion of bile
acids (Ridlon et al. 2006). The induction of senescence-associated secretory
phenotype (SASP) in hepatic stellate cells by the enterohepatic circulation of
DCA (Friedman 2008) secretes various hepatic inflammatory and tumour-
promoting factors, thus facilitating murine hepatocarcinoma development after
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exposure to chemical carcinogens. More importantly, the suppression of DCA
production or reduction in the number of gut microbes efficiently prevents
hepatocarcinoma development in obese mice as observed in mice lacking an SASP
inducer (Orjalo et al. 2009) or the depletion of senescent hepatic stellate cells. These
results indicate that the DCA-SASP axis in hepatic stellate cells is important in
obesity-associated hepatocarcinoma development. Moreover, it was also observed
that there were signs of SASP in the hepatic stellate cells of hepatocarcinoma arising
in patients with non-alcoholic steatohepatitis (Coulouarn et al. 2012), suggesting that
there might be a similar pathways responsible for certain aspects of obesity-
associated hepatocarcinoma development in humans (Yoshimoto et al. 2013). As
the gut microbiota is heavily related to bile acid transformation, conventionally
raised rodents have lesser bile acids and a more diverse gut microbiota profile than
their germ-free counterparts (Wostmann 1973; Swann et al. 2011). Besides, bile
acids also function as signalling molecules and bind to cellular receptors (Watanabe
et al. 2006) like the nuclear receptor farnesoid X receptor (FXR) (Prawitt et al. 2011)
and the G protein-coupled receptor (GPCR) TGRS (Thomas et al. 2009). FXR is
activated by primary bile acids, whilst TGRS binds secondary bile acids such as DCA
and lithocholic acid. In enteroendocrine L-cells, TGRS signalling induces secretion
of glucagon-like peptide-1 (GLP-1), thereby leading to enhanced hepatic and pan-
creatic function and improved glucose tolerance in obese mice (Thomas et al. 2009).
Both FXR and TGRS are involved in murine glucose metabolism modulation
whereby FXR impairs and TGR5 promotes glucose homeostasis (Prawitt et al.
2011; Thomas et al. 2009). Furthermore, the activation of TGRS in skeletal muscle
and brown adipose tissue has been reported to elevate energy expenditure and protect
against diet-induced obesity (Watanabe et al. 2006). As reported by David
et al. (2014), in mice that fed on saturated fats from milk and also in humans who
consume high-fat diets, the levels of bile-tolerant microorganisms (Alistipes,
Bilophila and Bacteroides) were increased and the levels of Firmicutes species that
metabolize dietary plant polysaccharides (Roseburia, Eubacterium rectale and
Ruminococcus bromii) were decreased. The differences between herbivorous and
carnivorous mammals were reflected in the differences in microbial activities. In
mice that fed on animal-based diet, the levels of B. wadsworthia were increased,
allowing us to draw the correlations between animal-based diets, changes in bile acid
concentrations, gut microbiota composition and the increase in the probability of
IBD development (David et al. 2014). In light of the above, it has been demonstrated
that all major bacterial groups are involved in bile salt hydrolase activity. As such,
gut microbiota modulation may control lipid and glucose metabolism via the
composition of bile acid pools and the modulation of FXR and TGRS signalling,
thereby playing a role in effective obesity and type 2 diabetes management (Jones
et al. 2008).
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2.4 Dietary Fibre Fermentation and Short-Chain Fatty Acid
Production

When dietary fibre or complex carbohydrates are consumed, they are digested and
then fermented mainly in the colon by gut microbiota into SCFAs such as acetate,
propionate and butyrate. These SCFAs are recognized by the GPCRs such as
GPR41 and GPR43, which are expressed by gut enteroendocrine cells (Samuel
et al. 2008). Gut microbiota induces peptide YY expression by L-cells via a GPR41-
dependent mechanism as observed in the study where lowered adiposity was
observed in conventional Gpr4l-deficient mice as compared to conventional
wild-type mice, whereas adiposity in germ-free, wild-type and Gpr41-deficient
mice were comparable (Samuel et al. 2008). Inflammation can be inhibited by
SCFAs via GPR43 signalling in neutrophils (Maslowski et al. 2009; Sina
et al. 2009) and insulin signalling in adipocytes (Kimura et al. 2013). In addition,
SCFAs also modulate the secretion of the hormone GLP-1, which may improve
insulin secretion and suppress diabetes (Tolhurst et al. 2012). In a recent report by
Trompette et al. (2014), the composition of both gut and lung microbiota were
interestingly changed by dietary fibre content via the alteration of the ratio of
Firmicutes to Bacteroidetes. In mice fed with high-fibre diets, SCFA levels were
elevated, and they were subsequently protected against allergic inflammation in the
lungs, whereas the contrary was observed in mice fed with low-fibre diets. It was
observed that in mice that were treated with SCFA propionate, there were increased
generation of macrophages and dendritic cell precursors and subsequent seeding of
the lungs by dendritic cells of high phagocytic capacity. However, these effects of
propionate on allergic inflammation were depended on GPR41 but not GPR43
(Trompette et al. 2014). Other SCFAs such as acetate and propionate are taken up
by the liver and used as substrates in gluconeogenesis and lipogenesis (Tremaroli
and Backhed 2012). SCFAs can modulate histone deacetylase function by stimu-
lating the sympathetic nervous system, thereby influencing social behaviour in rats
(MacFabe et al. 2011). The SCFAs propionate and butyrate, which are generated by
the fermentation of soluble fibres, activate intestinal gluconeogenesis that improves
glucose and energy homeostasis (De Vadder et al. 2014). Out of all the SCFAs
produced from microbial fermentation, butyrate which is mainly produced by
species of the order Clostridiales, a dominant order in gut microbiota, is particularly
vital as an energy substrate for cellular metabolism in the colonic epithelium
(Donohoe et al. 2011). Gut microbiota-derived butyrate activates GPR109a niacin
receptor and suppresses both colonic inflammation and carcinogenesis (Singh
et al. 2014). In addition, it has also been reported that intestinal gluconeogenesis
gene expression is activated by butyrate via a cAMP-dependent mechanism, whilst
propionate, a substrate of intestinal gluconeogenesis, activates intestinal gluconeo-
genesis gene expression through the gut-brain neural circuit involving the fatty acid
receptor FFAR3 (De Vadder et al. 2014). In a recent metabolomic-based integrated
omics study, it was revealed that in germ-free mice fed with high-fibre diet, there
was colonization of Clostridiales which promoted gut microbial fermentation,
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thereby resulting in the accumulation of luminal SCFAs (Furusawa et al. 2013).
Amongst all SCFAs, butyrate induces the in vitro differentiation of regulatory T
(Treg) cells. Administration of butyrylated starch induces colonic Ty, cell differ-
entiation and attenuates the development of colitis in vivo. Treatment of naive T
cells under T,.,-polarizing conditions with butyrate enhances histone H3 acetyl-
ation particularly in the promoter and CNS 3 enhancer regions of the Foxp3 gene,
the master transcriptional regulator of T, cells. As such, butyrate derived from
dietary fibre fermentation by commensals of the order Clostridiales epigenetically
induces the differentiation of colonic Ty, cells, which play critical roles in the
suppression of inflammatory and allergic responses (Atarashi et al. 2011, 2013;
Furusawa et al. 2013). In the view of protection from enteropathogenic infection,
using an integrated omics in a simplified model of lethal infection with entero-
haemorrhagic Escherichia coli O157:H7, it was revealed by Fukuda et al. (2011)
that acetate produced by probiotic bifidobacteria improves intestinal defence by
enhancing gut epithelial barrier function (Fukuda et al. 2011). In a study by Okada
et al. (2013), microbiota-derived lactate has been reported to be an important factor
in the enterocyte hyperproliferation induction in firstly starved then refed mice.
During a 12- to 36-h period of starvation, colonic epithelial cell turnover was
halted. It then increased 12-24 h after refeeding. As such, the increase in live
Lactobacillus murinus, lactate production and dietary fibre content could also
enhance epithelial cell proliferation (Okada et al. 2013). Thus, it is evident that
SCFAs can influence a range of host processes with significant effects and are thus
vital products of microbial fermentation of dietary fibres.

3 Dysbiosis and Metabolic Diseases

The gastrointestinal tract, a complex and well-balanced ecosystem, has commensal
microbes and their hosts in a symbiotic relationship under normal conditions.
However, qualitative and quantitative changes in the gut microbiota will lead to
an imbalance in this equilibrium. The changes in the metabolic activities of the gut
microbiota and the changes in their local distribution lead to dysbiosis, which is a
condition in which microbial imbalance exerts adverse effects on the host. Various
factors like antibiotic consumption, nutritional status and environmental conditions
can disrupt microbial stability and are partly responsible for intestinal dysbiosis
(Hawrelak and Myers 2004). This leads to various metabolic diseases like obesity,
diabetes, chronic kidney disease, atherosclerosis, NAFLD and extraintestinal dis-
eases like multiple sclerosis and autism (Fig. 3).
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Fig. 3 Dysbiosis-related diseases and therapeutic interventions. Dysbiosis refers to the imbalance
between the peacekeeping bacteria and pathobionts, leading to metabolic diseases like obesity,
diabetes, atherosclerosis and NAFLD and extraintestinal diseases like multiple sclerosis, chronic
kidney disease (CKD) and autism. Ingestion of probiotics and/or prebiotics and faecal microbiota
transplantation have been reported to restore symbiosis

3.1 Obesity

It was first suggested in 2005 that obesity could be attributed to gut microbial
composition levels as the phylum Bacteroidetes was lower and the phylum
Firmicutes was higher in abundance in obese ob/ob mice than their lean littermates
although both groups were administered similar diets (Ley et al. 2005). Subse-
quently, in a study with obese human twins, a correlation was observed between an
increase in Firmicutes proportion and a decrease in Bacteroidetes proportion to the
enrichment of microbial genes encoding key enzymes involved in carbohydrate
metabolism. This is implicated in the host’s ability to digest food and supply energy
substrates such as SCFAs (Turnbaugh et al. 2006, 2009). Importantly, the transfer
of gut microbiota from both obese mice (Vijay-Kumar et al. 2010) and obese
humans (Turnbaugh et al. 2006; Ridaura et al. 2013) into germ-free recipient
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mice reproduced the obese phenotype. In addition, it has also been reported that
bifidobacterial numbers were lower, levels of Staphylococcus aureus were higher
(Kalliomiki et al. 2008), levels of Enterobacteriaceae species were significantly
higher and levels of Desulfovibrio and Akkermansia muciniphila-like bacteria were
significantly lower in obese children than in normal-weight children (Karlsson
et al. 2012a). Significant decreases in the number of A. muciniphila, a novel
mucin-degrading bacterium that colonizes the mucosal layer constituting of 3—
5 % of the bacterial community (Belzer and de Vos 2012), were observed in
genetically and high-fat diet-induced obese mice (Everard et al. 2013). Other
studies have also shown that this bacterium is inversely correlated with type 1
(Hansen et al. 2012) and type 2 diabetes (Qin et al. 2012) and body weight (Collado
et al. 2008; Santacruz et al. 2010; Everard et al. 2011; Karlsson et al. 2012a).
Recently, obesity and glucose homeostasis disorders were induced in germ-free
mice fed with a high-fat diet that were colonized with endotoxin-producing
Enterobacter cloacae B29 strain. This implies that lowering plasma endotoxin
levels might be a probable approach in controlling metabolic diseases (Fei and
Zhao 2013). In addition, faecal transplantation of gut microbiota from lean healthy
donors in human patients presenting with metabolic syndrome resulted in improved
insulin sensitivity, which was correlated with an increase in the number of butyrate-
producing bacteria, thereby implying that microbial butyrate may be important in
promoting this improvement (Vrieze et al. 2012).

3.2 Diabetes

Type 1 and type 2 diabetes development have been correlated with gut microbiota
composition. Type 1 diabetes (T1D) is an autoimmune disorder that involves the
destruction of pancreatic insulin-producing cells. In studies that were performed in
a T1D mouse model, a nonobese diabetic (NOD) mouse, it was revealed that in
Myd88~'~ mice, during antibiotic treatment or under germ-free condition, protec-
tion against diabetes was diminished (Wen et al. 2008). Bacterial 16S ribosomal
RNA gene sequencing also showed variations in the gut microbiota composition in
Myd88~'~ NOD mice as compared to their normal littermates. The Firmicutes/
Bacteroidetes ratio was lowered, and this indicates that certain bacterial popu-
lations were essential in the protection against T1D. However so, it has been
recently reported that MYDS88 deficiency alone does not remodel gut microbiota
composition, and therefore, it is plausible that the genetic background of NOD mice
might have influenced the effects of MYDS88 (Ubeda et al. 2012). Segmented
filamentous bacteria (SFB) have also been reported to protect against T1D (Kriegel
et al. 2011) gender specifically as male NOD mice with SFB have lowered
incidence of T1D than their female counterparts. Furthermore, the gut microbiota
composition in male NOD mice was observed to be different from that in their
female counterparts, most probably due to increased testosterone levels in the
former, which is associated with T1D protection (Kriegel et al. 2011; Markle
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et al. 2013). When gut microbiota was transferred from male NOD mice to their
female counterparts, the increase in testosterone concentrations and reduced sus-
ceptibility to T1D were observed (Markle et al. 2013). In the ob/ob diabetic mice
model, it was also observed that a 2-week antibiotic treatment significantly reduced
the numbers of both aerobic and anaerobic gut microbes, leading to lower levels of
hepatic triglycerides, lower plasma lipopolysaccharide (LPS) concentrations, ele-
vated levels of hepatic glycogen and increased plasma adiponectin concentrations
than in their non-treated counterparts (Membrez et al. 2008). In type 2 diabetic
(T2D) patients, Larsen et al. (2010) reported significantly lower levels of
Firmicutes and Clostridia in male T2D subjects as compared to nondiabetic control
subjects. The same study also reported correlations between plasma glucose con-
centrations to both the ratios of Bacteroidetes to Firmicutes and of the Bacteroides—
Prevotella to the C. coccoides—E. rectale group. As Bacteroidetes and Proteo-
bacteria are composed of gram-negative bacteria and have LPS in their outer
membranes, these findings suggest that T2D may be promoted via an endotoxin-
induced inflammatory response (Larsen et al. 2010). In a metagenome-wide asso-
ciation study of gut microbiota using data from a total of 345 T2D patients and
non-T2D control subjects, most of the genes upregulated in the T2D group were
mainly from opportunistic pathogens including Bacteroides caccae, Clostridium
hathewayi, Clostridium ramosum, Clostridium symbiosum, Eggerthella lenta and
Escherichia coli which have been implicated as causes of underlying human
infections, and the genes that were upregulated in the control group were from
various butyrate-producing bacterial species like Clostridiales sp. SS3/4, E. rectale,
Faecalibacterium prausnitzii, Roseburia intestinalis and Roseburia inulinivorans.
The mucin-degrading species A. muciniphila and the sulfate-reducing species
Desulfovibrio sp. were also found in abundance in the T2D group (Qin
et al. 2012). In another metagenome study conducted in 145 64-year-old
European women with normal, deficient or diabetic glucose control, a mathematical
model to identify T2D based on gut microbiota metagenomic profile was devel-
oped. The same model was also applied to a similar study but using Chinese
subjects, and different metagenomic markers in the European T2D and Chinese
T2D cohorts were reported (Karlsson et al. 2013). This suggests that age and
geographical location may play a role in the variation of gut microbial meta-
genomic profiles that influence T2D development.

3.3 Atherosclerosis

Host genetic and environmental factors, such as dietary intake and the presence of
commensal gut microbes, play important roles in the pathogenesis of atherosclero-
sis, a vascular disease with a complex pathologic phenotype. Three phospholipid-
associated molecules, choline, betaine and TMAO, which are present in the plasma,
could be used as biomarkers for predicting the risk of cardiovascular diseases and
seemed to promote atherosclerosis (Wang et al. 2011). In another study, Koeth
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et al. (2013) reported that murine gut microbiota metabolism of dietary L-carnitine,
a type of TMA present in large amounts in red meat, also produces TMAO and
accelerates the rate of atherosclerosis (Koeth et al. 2013). In addition, vegans
produced lesser TMAO than omnivorous human subjects following ingestion of
L-carnitine via a microbiota-dependent mechanism (Koeth et al. 2013). There were
correlations observed between specific bacterial taxa in human faecal samples,
plasma TMAO levels and nutritional status (Koeth et al. 2013). In subjects under-
going cardiac evaluation, concentrations of plasma L-carnitine were predicted to be
at higher risk for both prevalent cardiovascular disease and major adverse cardiac
events, but only in subjects with coexisting elevated TMAO levels (Koeth
et al. 2013). Caecal microbial composition in mice was modified by chronic dietary
L-carnitine dietary intervention, and this supplementation also significantly ele-
vated the synthesis of TMA and TMAO and increased the rate of atherosclerosis
(Koeth et al. 2013). However, this was not observed when gut microbiota was
suppressed (Koeth et al. 2013). In mice with intact gut microbiota, dietary supple-
mentation with TMA, carnitine or choline reduced the rate of reverse cholesterol
transport in vivo (Koeth et al. 2013). As such, gut microbiota may contribute to the
well-established link between high levels of red meat consumption and cardio-
vascular disease risk (Koeth et al. 2013). In another study, 16S rRNA gene pyro-
sequencing of caecal microbiota in mice revealed that the family Prevotellaceae
and the genus Prevotella were enriched and positively correlated with the
plasma TMAO levels in mice fed with L-carnitine-supplemented diet (Karlsson
et al. 2012b). Faecal microbiome metagenomic evaluation also revealed that the
genus Collinsella was enriched in symptomatic atherosclerosis patients, whereas
the genus Roseburia and Eubacterium were enriched in healthy subjects (Karlsson
et al. 2012b). Additionally, metagenomic characterization of the faecal microbiome
revealed that genes responsible for peptidoglycan synthesis were upregulated, and
phytoene dehydrogenase was depleted in symptomatic atherosclerosis patients
(Karlsson et al. 2012b). Accordingly, these patients also presented with lowered
serum f-carotene levels (Karlsson et al. 2012b). These findings suggest that
characteristic changes in the gut microbiome may be associated with the inflam-
matory status of symptomatic atherosclerosis patients.

3.4 Non-alcoholic Fatty Liver Disease

NAFLD, one of the most prevalent liver diseases worldwide, is characterized by fat
deposition (steatosis) in the liver that is unrelated to excessive alcohol consumption
and is usually observed in states of insulin resistance and metabolic syndrome.
Non-alcoholic steatohepatitis (NASH), which is the most severe form of NAFLD,
affects approximately 10-20 % of all NAFLD patients and is a major cause of
hepatic cirrhosis (Moschen et al. 2013). The prevalence of NASH is increasing, and
it is often assumed that various genetic, metabolic, inflammatory and environmental
factors contribute to its pathogenesis; however, the exact underlying mechanisms
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remain unknown (Abu-Shanab and Quigley 2010). The progression of NAFLD
usually starts from fatty liver to liver cirrhosis and then to hepatocellular carcinoma
(Torres et al. 2012; Satapathy and Sanyal 2010). There have been numerous human
and animal studies documented to investigate the relationships between the gut
microbiota and NAFLD (Cani et al. 2007, 2008; Rivera et al. 2007; Swann
et al. 2011; Sabate et al. 2008; Miele et al. 2009; Verdam et al. 2011; Backhed
et al. 2004; Cope et al. 2000). Backhed et al. (2004) have reported that in conven-
tional mice, the concentrations of hepatic triglycerides were higher than those in
germ-free mice, although the amount of food intake was lower in the former.
Colonization of germ-free mice with gut microbiota was associated with a higher
rate of monosaccharide absorption from the gut lumen, which promotes de novo
fatty acid synthesis and triglyceride production in the liver, which was confirmed by
elevated acetyl-CoA carboxylase and fatty acid synthase activities (Backhed
et al. 2004). In addition, Cope et al. (2000) have found that microbial
fermentation-derived metabolites in the gut, which include ethanol, are key factors
in the induction of obesity in mice and may be related to the pathogenesis of fatty
liver disease (Cope et al. 2000). As with obesity, Cani et al. (2007, 2008) reported
that hepatic Kupffer cell activation in mice contributes to NAFLD progression, and
microbial endotoxin-related chronic inflammation involves CD14-TLR4 signalling
(Cani et al. 2007, 2008; Rivera et al. 2007). Bile acid metabolism is also regulated
by gut microbiota. Swann et al. (2011) have reported that the murine gut microbiota
indirectly promotes hepatic steatosis and lipoperoxidation via farnesoid X receptor-
mediated signalling, thereby affecting bile acid secretion These animal studies
implicated that the gut microbiota, via the production of hepatotoxic ethanol, can
induce fatty liver, resulting in an increase in monosaccharide absorption (Backhed
et al. 2004), microbial endotoxin-induced low-grade chronic inflammation (Cani
et al. 2007, 2008; Rivera et al. 2007), as well as bile acid metabolism (Swann
etal. 2011). In human subjects, Sabate et al. (2008) have reported that gut microbial
overgrowth in obese patients may be linked to hepatic steatosis, and correspond-
ingly, Wigg et al. (2001) have also reported that half of NASH patients have
microbial overgrowth and elevated serum TNF-a levels, suggesting that NASH
might be related to imbalance in gut microbial composition and systemic inflam-
mation, despite unaffected intestinal permeability. Miele et al. (2009) have reported
that NAFLD development in human subjects is associated with increased intestinal
permeability due to microbial overgrowth in the small intestine and disruption of
intestinal mucosal tight junctions; small intestinal microbial overgrowth in
NAFLD patients might contribute to hepatic fat deposition. Furthermore, Verdam
et al. (2011) have shown that chronic endotoxemia in patients is correlated with
NAFLD severity, which was also similarly observed in murine models. In addition,
NAFLD development in humans might be correlated with dietary choline depletion
(Spencer et al. 2011). In studies conducted by Turnbaugh et al., 15 female subjects
were placed on well-controlled diets with adjusted choline levels. It was reported
that dietary choline deficiency modified gut microbial composition and that the
levels of the bacterial classes Gammaproteobacteria and Erysipelotrichi were
positively correlated with changes in the liver fat content. The same group also



The Role of Integrated Omics in Elucidating the Gut Microbiota Health Potentials 87

reported that as compared to both healthy controls and steatotic patients, NASH
patients had a lower percentage of species of the phylum Bacteroidetes, which was
similar to the gut microbial profiles in obese human subjects (Turnbaugh
et al. 2006, 2009). Systemic ethanol concentrations were also significantly higher
in NASH patients than in the controls, indicating that ethanol-producing microbes
might be correlated with NASH pathogenesis (Zhu et al. 2013). Taken together, the
results of the above-mentioned findings implicate that the differences in gut micro-
bial profile amongst NAFLD, NASH, obese and healthy controls might serve as a
viable diagnostic marker, as well as acting as a target for preventive or therapeutic
medicine.

4 Dysbiosis and Extraintestinal Diseases

4.1 Multiple Sclerosis

Numerous reports have implicated the role of intestinal microbiota in the develop-
ment of various autoimmune central nervous system (CNS) disorders. In mice that
exhibited symptoms of experimental autoimmune encephalomyelitis (EAE), broad-
spectrum antibiotics were administered orally (Ochoa-Reparaz et al. 2009). In
another report documenting a murine model of multiple sclerosis, mice that were
immunized with the self-antigen myelin oligodendrocyte glycoprotein (MOG) in
complete Freund’s adjuvant (CFA), under germ-free conditions, disease symptoms
in both spontaneous EAE and MOG-CFA-induced EAE were diminished (Lee
et al. 2011; Berer et al. 2011). Mice monocolonized with SFB related to the genus
Clostridium were reported to demonstrate elevated levels of interleukin-17-produc-
ing helper T (Tyl7) cells in both the intestinal lamina propria and the CNS,
resulting in severe EAE (Lee et al. 2011). However, it has yet to be confirmed if
EAE is a result of the migration of SFB-specific Ty17 cells into the CNS or by the
expansion of pathogenic autoantigen-specific T cells that are promoted by Ty17
cell responses. Conversely, certain populations of commensal bacteria like poly-
saccharide A (PSA)" Bacteroides fragilis can attenuate CAS inflammation via the
differentiation of Foxp3™ T, cells, thereby preventing EAE symptoms. As such,
the pathogenesis of CNS disorders like multiple sclerosis may be dependent on the
balance of the levels of different bacterial strains in the gut microbiota.

4.2 Chronic Kidney Disease

Due to the fact that the intestinal immunity can be affected to the extent that it is
no longer possible to maintain physiological control over the gut microbiota,
some extraintestinal non-communicable diseases like chronic kidney disease are
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associated with gut dysbiosis (Chow and Mazmanian 2010). In chronic kidney
disease patients with impaired renal functions, they often present with not only
metabolic derangements but also systemic inflammation, and the intestinal micro-
biota has been increasingly identified as a trigger for immune dysregulation
(Schepers et al. 2010; Kotanko et al. 2006). Vaziri et al. (2013) characterized the
gut microbiota of uraemic versus non-uraemic rats and in patients and reported that
uraemia was associated with an increase in intestinal pathobionts, indicating that
the metabolic and haemodynamic alterations in chronic kidney disease influence
the composition and role of gut microbiota. Colonic bacteria also generate uraemic
toxins like a-phenylacetyl-L-glutamine, 5-hydroxyindole, indoxyl glucuronide, p-
cresol sulfate and indoxyl sulfate, all of which contribute to end-stage renal disease
(Ranganathan et al. 2006; Aronov et al. 2011). As chronic kidney disease pro-
gresses, circulating bacterial endotoxin/LPS levels increase and have been observed
to be the highest in patients on kidney dialysis. These LPS levels were comparable
to that in patients with liver disease, gut irradiation and decompensated heart
failure. As LPS originates from the cell wall component of gram-negative bacteria,
microbiota enriched in y-proteobacteria may be a source of circulating LPS
(MclIntyre et al. 2011). In a recent report by Wang et al. (2012), rats with experi-
mentally induced uraemia had increased bacterial translocation from the gut into
the mesenteric lymph nodes, liver and spleen, and this was associated with elevated
levels of serum interleukin-6 and C-reactive protein. In another report, after
oral supplementation of nonpathogenic Sporosarcina pasteurii to uraemic rats,
this gut microbiota-directed intervention improved uraemic state as exemplified
in improved renal function and prolonged lifespan (Ranganathan et al. 2006). In
addition, the neutralization of the bacteria-derived uraemic toxin indoxyl sulfate in
the gut delayed the progression of chronic kidney disease and cardiovascular
disease in uraemic rats. Lastly, when the same indoxyl sulfate-binding agent was
administered to pre-dialysis patients, the 5-year survival rate in patients was
improved (Niwa 2011). In a recent study by Mishima et al. (2014), the effects of
the CIC-2 chloride channel activator lubiprostone (commonly used for the treat-
ment of constipation) on chronic kidney disease were evaluated using an adenine-
induced renal failure mouse model. Oral administration of lubiprostone (500 pg/kg
per day for 12 days) lowered elevated blood urea nitrogen levels and attenuated
tubulointerstitial damage, renal fibrosis and inflammation. Gut microbiome analysis
revealed that lubiprostone treatment altered the murine gut microbial composition
by recovering the levels of species of the family Lactobacillaceae and genus
Prevotella, which were significantly decreased in the renal failure mice. Further-
more, CE-TOFMS-based metabolomics showed that lubiprostone treatment
lowered the plasma levels of uraemic toxins, such as indoxyl sulfate, hippurate
and trans-aconitate, which are mainly derived from gut microbiota. These results
indicate that lubiprostone administration ameliorates chronic kidney disease pro-
gression and uraemic toxin accumulation by improvement of the gut ecosystem
(Mishima et al. 2014). Although the relationship between gut microbiota and
chronic kidney disease is not completely understood, the gut should no longer be
overlooked as a potential trigger for chronic kidney disease, and future studies
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should focus on unravelling the pathogenetic role of gut microbiota in kidney
disease and to discover appropriate therapeutic interventions to manipulate the
gut microbiota to correct chronic kidney disease-related immune dysregulation
and to prevent further health complications.

4.3 Autism

One of the several reported comorbidities in autism spectrum disorder (ASD), a
serious neurodevelopmental condition, is gastrointestinal distress (Buie et al. 2010;
Coury et al. 2012). It is also correlated with symptom severity (Finegold
et al. 2010). There have been numerous studies reporting the altered composition
of intestinal microbiota in ASD subjects (Finegold et al. 2010, 2012; Kang
et al. 2013; Parracho et al. 2005; Williams et al. 2011, 2012). Bacteroidetes was
found at high levels in the severely autistic group, whilst Firmicutes were more
predominant in the control group. Small but significant differences in the levels of
Actinobacteria and Proteobacteria were also observed. In faecal samples obtained
from severely autistic children, both Desulfovibrio species and Bacteroides
vulgatus were present in significantly larger numbers than in control subjects
(Finegold et al. 2010). In another study by the same author, autistic children were
also reported to have higher levels of Lactobacillus species, lower levels
Bifidobacterium species and lower levels of total SCFAs including acetate, propio-
nate and valerate (Finegold et al. 2010). In a separate study with autistic children,
significantly lower abundances of the genera Prevotella, Coprococcus and unclassi-
fied Veillonellaceae were observed (Kang et al. 2013). In addition, it was also
reported that there was a correlation between the presence of members belonging to
the family Alcaligenaceae in autistic children with autism and who suffered from
gastrointestinal dysfunction (Kang et al. 2013). Hsiao et al. (2013) has also recently
reported that the oral administration of PSA™ B. fragilis in the offspring of maternal
immune activated (MIA) mice corrected gut permeability. This altered gut micro-
bial composition and attenuated defects in ASD associated behavioural and physio-
logical abnormalities in the offspring of MIA mice. Further investigation showed
that this treatment with PSA* B. fragilis also corrected the levels of MIA-induced
serum metabolites by restoring the levels of 4-ethylphenylsulfate, which in
naive mice results in certain behaviour abnormalities (Hsiao et al. 2013). These
findings implicate relationships between the gut microbiota, metabolome and
the brain, providing novel alternative therapeutic opportunities in human neuro-
developmental disorders.
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5 Microbial Health Potentials

5.1 Therapeutic Interventions and Dysbiosis

Commonly used approaches in gut microbiota remodelling for maintaining optimal
health status in humans include therapeutic interventions such as bacteriotherapy
(Borody et al. 2004) and bioecological control (Gibson and Roberfroid 1995;
Holmes et al. 2012). The modulation of intestinal microbiota populations by pre-
biotics, probiotics or synbiotics may also be beneficial to human health (Gibson and
Roberfroid 1995; Holmes et al. 2012). Prebiotics are certain food materials such as
oligosaccharides that promote the proliferation of probiotics whereas probiotics,
typically contained in dairy fermented products such as yogurt, are well known as
healthy microbes that, when orally administered in adequate amounts, yields
benefits to host health. Probiotics and prebiotics are marketed as health-promoting
supplements, and there are numerous publications highlighting the beneficial
effects of probiotics and prebiotics in the improvement of the gut environment
(Gareau et al. 2010), the prevention of pathogenic infections (Fukuda et al. 2011)
and the regulation of immune functions (Round and Mazmanian 2009).

5.2 Therapeutic Implications of Gut Microbiota Modulation

When human baby microbiota-associated mice were treated with the probiotics
Lactobacillus paracasei or Lactobacillus rhamnosus and two galactosyl—
oligosaccharide prebiotics, the numbers of B. longum and B. breve were increased,
whereas the numbers of C. perfringens were lowered. This gut microbiota compo-
sition remodelling has resulted in changes in various host metabolic pathways like
gluconeogenesis, lipid profiles and amino acid metabolism (Guarner 2009).
Conjugated linoleic acid is a naturally occurring isomer of linoleic acid found in
ruminant-derived meat and dairy products (Fukuda et al. 2005) and has been
reported to protect against colon carcinogenesis, atherosclerosis as well as obesity
in mice (West et al. 1998; Fukuda et al. 2006). Lowered relative abundances of both
Firmicutes and Clostridium cluster XIVa in the small intestine were observed in
mice that were supplemented with L. rhamnosus GG and Lactobacillus sakei NR28.
This led to lower body weight gain, decreased fat mass and downregulation of
genes involved in lipogenesis (Ji et al. 2012). However, L. acidophilus NCDC13
supplementation in high-fat diet-induced obese mice resulted in the increase in the
total number of Bifidobacterium in caecal and faecal content without reducing
adiposity (Arora et al. 2012). As reported by Parnell and Reimer (2012), prebiotic
fibres have also been implicated in the reduction of the ratio of Firmicutes to
Bacteroidetes in obese rats and to ameliorate NAFLD by lowering de novo hepatic
lipogenesis. Chitin—glucan supplementation increased the number of bacteria
closely related to the Clostridium cluster XIVa including Roseburia spp. Chitin
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dietary intervention also attenuated fat fain and fat mass development (Neyrinck
et al. 2012). Inulin supplementation in obese women increased the levels of
Bifidobacterium spp. and F. prausnitzii and decreased the levels of Bacteroides
intestinalis, Bacteroides vulgates and Propionibacterium (Dewulf et al. 2013). In
another study involving healthy human subjects, the consumption of galactooligo-
saccharides for 12 weeks increased the levels of several types of Bifidobacterium
spp. and decreased in the number of Bacteroides (Davis et al. 2011). The numbers
of Bacteroides—Prevotella spp. and Roseburia spp. were restored, and the numbers
of Bifidobacterium spp., in particular Bifidobacterium animalis subsp. lactis, were
increased in mice that were fed on high-fat diet supplemented with wheat-derived
arabinoxylans (Neyrinck et al. 2011). In healthy overweight humans, after
oral administration of Lactobacillus gasseri SBT2055, abdominal visceral and
subcutaneous fat were lowered (Arora et al. 2012). Besides, infants who were
supplemented with L. rhamnosus GG in formula for half a year reported better
growth and larger weight gain (Vendt et al. 2006). In a follow-up study, pre- and
postnatal administration of L. rhamnosus GG protected against excessive weight
gain in children (Luoto et al. 2010). In addition to the prebiotic and/or probiotic
treatment, faecal microbiota transplantation has been reported to be beneficial in
antibiotic-associated diarrhoea or Clostridium difficile infection (Borody 2000;
Khoruts et al. 2010; van Nood et al. 2013). Faecal microbiota transplantation can
also potentially modulate gut microbiota composition in order to improve patho-
genesis of various diseases such as chronic gastrointestinal infections, IBD, insulin
resistance, multiple sclerosis and idiopathic thrombocytopenic purpura (Smits
et al. 2013). Collectively, the improvement of gut microbiota composition by
faecal microbiota transplantation or treatment with probiotics and/or prebiotics
may be beneficial in the prevention and medical treatment of several dysbiosis-
associated disorders (Fig. 3).

6 Conclusions

We strongly advocate for the integration of metagenomic and metabolomic inform-
ation on a system biology-wide approach as we believe that it is a valuable methodo-
logy that would enable us to understand this intricate interplay between gut
microbiota and host metabolism to a greater extent. The integration of information
derived from microbiomic, metatranscriptomic and metabolomic platforms will lead
to an improved comprehensive understanding of the complex mammalian super-
organism. The application to integrated omics-based understanding of the meta-
bolic interactions between lifestyle, nutritional habits and gut microbiota
promises to provide intriguing novel therapeutic avenues to maintain and promote
optimal host health.
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