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Abstract

We have established that many metabolic biomes exist within
the complex mammalian gut. Substantial metabolism happens
between the host and resident microorganisms within these
biomes and is called co-metabolism. The net result of small
molecule interactions within these biomes has now described
collectively as a “metabolic interactome”. In this review, we discuss
diet-microbiota-gut-brain-endocrine axis delving deeper into
understanding of mammalian biochemistry to include metabolism
arising from diverse metabolomes within biologic compartments
of the host and their metabolic interactions to emphasize how
bacteria can affect the brain and the hormonal axes in a process of
co-metabolism. Recent findings stemming from exploration of the
microbiota-gut-brain axis suggests hormonal and neuroendocrine
activity of this metabolic interaction can affect vastly diverse and
distal host systems. We also explore how disruption of the gut
microbiota affect processes such as dysbiosis, the regulation of the
hypothalamic-pituitary-adrenal axis and even our neurochemistry
from mental and behavioral health to memory, depression, mood,
anxiety, obesity and the development of the blood brain barrier.
Metabolites of the gut-brain-endocrine axis and our overall gut
health constantly shape the host phenotype in ways previously
unimagined to exercise either positive or negative effects on human
health.
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Introduction

A mutually beneficial relationship exists between the host and its
resident microbiota. Bacterial products or metabolites from gut
commensals are often useful for the host in many aspects including
co-metabolism and chemical signaling. This review focuses on a
several of pathways of this symbiotic co-metabolic relationship.
When one considers the microbiota we think of a labile and varied

collection of species of bacteria, fungi or parasitic organisms
that reside within or upon a host at any given point in time.
Often the literature focuses on the vast bacterial community that
resides primarily in the lower gut and largely lives in a symbiotic
relationship with the host. However, one can include exogenous
and endogenous microorganisms that also contribute to the net
effect on the host through these same systems. The intestinal
microbiome is increasingly important as it can exert some control
over our biochemistry; including hormones, hypothalamic-
pituitary-adrenal axis (HPA) and neurobiology to contribute to the
evolutionary fitness of the host and adaptation of the organism as
well as to disease.

There is no question each species of gut bacteria can engage in
complex biochemistry with the host and host systems, which we
refer to here as “co-metabolism” We know commensal, symbiotic
and pathogenic microorganisms in any microbiota do contribute
to co-metabolism [1]. Co-metabolism is metabolism that occurs
between the microbiome and host metabolic systems, e.g.,
metabolism derived from such organs as liver, kidney and other
human metabolic process and enzymes, which come in contact
with the circulation by any means and can serve as substrates or
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carbon courses for the microbiome. This interaction results in
“biochemical metabolite crosstalk between the small molecules
that arise from co-metabolism, which ultimately manifests as a
net end-product accumulation of small molecule metabolites [2].
The microbiota and their collective genetic material are known as
the “second genome” within us [1]. This second genome expresses
phenotypic effects that are distinguishable from the host, but may
be measured commonly as metabolism indistinguishable from
that of the host as the production of microbial metabolites along
with those of the host. Many of these effects occur indirectly and
through yet unknown mechanisms. Perhaps one could envision
scenarios where metabolism research was driven by intestinal
microbiota without our ever fully understanding the implications
of the second genome and its contribution to our physiology and
biochemical research.

The microbiota-gut-brain (MGB) axis is a network of communica-
tion signaling of metabolites and other molecules between the gut
and the brain, which among other things, modulates the GI tract
and the central nervous system (CNS) contributing to a relation-
ship between digestive health and cognitive function. The MGB
axis effectively demonstrates metabolite cross-talk, which is the
biochemical co-metabolism that occurs between the host and the
microbiota that can be thought of as signaling pathways between
host metabolism and pathogenic or commensal resident gastro-
intestinal (GI) bacterial metabolism. Previously, we explored the
gut-brain metabolic interaction, which is one segment of the “gut-
brain-endocrine axis” [3]. However, this microbiota-gut-brain
analogy only addresses the neuro-cognitive component of a very
complex metabolic interaction within mammalian systems [3]. The
concept of the MGB axis can be considered part larger system that
includes the endocrine stress, HPA, and immune system. More-
over, to underscore the relationship between the digestive system
and cognitive-hormonal function or dysfunction we have now ad-
opted a more informative term, namely the microbiota-gut-brain-
endocrine interactome, building on the molecular biology concept
of an interactome, which is the whole set of molecular interactions
in a particular cell or biochemical system. The term interactome is
used here to describe the co-metabolism as net product of complex
interactions among and between these systems.

In terms of metabolite axis, what we do not know is whether this
flow occurs largely anterograde or retrograde or some version of
both. There is suggestion that a bi-directional communication
system exists between the intestinal microbiota and the brain
which is important in psychiatric disease, according to Collins
and colleagues [4]. Further, what is also not well characterized, in
regard to co-metabolism, is the concept of “Leaky Gut” that may
play a role in the movement of metabolites. It is often described
as an increase in the permeability of the intestinal mucosa, which
could allow bacteria, toxic metabolites and bacterial toxins to leak
into the bloodstream. Finally, we need better understand the role
of the liver and portal system in further processing or moving these
bacteria-derived metabolites to distal sites. Also, the concept of
dysbiosis, defined as a microbial imbalance involving the body,
often localized to the gut, can be another factor when considering

microbiota-gut-brain homeostasis.

When considering dietary aspects of these net interactions the
reader must understand the new concepts represent novel pathways
and divergent views from dogma and classic understanding, which
builds on our previous work of the metabolic interaction between
any host and any given organism at the small molecule level [5].
Therefore, we must start with a carbon source for these small
molecule metabolites, either dietary or from metabolism. The
co-metabolism produces protein-protein, protein-carbohydrate,
carbohydrate-nucleic acid or multiple lipid interactions that often
contribute by-products to the host of another genome’s metabolism.
Ultimately, the intestinal microbiota can communicate with the
brain via these axes’ to influence aspects such as brain development
and behavior and influence a broad spectrum of diseases. The
interactions can be either enzymatic or non-enzymatic integrating
metabolism between the endogenous host and the exogenous
organisms residing within or upon the host that produce direct
products or by-products of co-metabolism. We can call these
transgenomic metabolic effects; gene products, whether phenotypic
or derived from humanized animal models (also called humanized
extended genome mice), which are mice that have human-derived
genes in extended genomic system or in experimental conditions
like germ free mice colonized with human flora [6].

The Microbiota-Gut-Brain-Endocrine Axis

The co-metabolism is a complex phenomenon between a host
and its commensal microbiota are essential for life processes and
represents symbiosis at a biochemical level, wherein otherwise
indigestible nutrients become cofactors, essential amino acids, and
vitamins all of which are vital to health and nutrition [8,9]. This
interchange appears to be more critical than previously appreciated
[7] and a bidirectional neuro-humoral and neuroendocrine
communication system is suggested. Indeed, the microbiota-gut an
integral component of the gut-brain metabolic axis, which captures
the relationship between the digestive system and neural function
including cognitive functions. Our diet, lifestyle and medications,
particularly antibiotics, influence and shape the gut microbiome
throughout our life. The converse is also true. The interaction
is always in flux and the result is net metabolite or end-product
production, with positive and negative effects on human health.

The interaction of chemical signaling molecules and electrical
messages between the brain and gut can modify our phenotype
[10]. Newer and integrative analysis of diverse metabolomic data,
beyond correlative analysis, has led to the discovery of previously
unknown relationships between our gut microbiota and human
health and disease states with a complex interchange beyond the
scope of current understanding. It has fostered a new branch of the
so-called ‘omics’ areas of research. To demonstrate the complexity,
a recent study involved the metabolic reconstruction of Bacteroides
thetaiotaomicron of the human microbiota, which alone consisted
of 1,488 reactions, 1,152 metabolites, and 991 known genes.
The net result of this interactome model expands to consist of
7,239 reactions, 5,164 metabolites, and 2,769 genes [11]. Thus,
factors disturbing the microbial homeostasis potentially disturb
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the integrity of the host metabolism and could contribute to
pathophysiology. Conversely, we can utilize this approach to find
new ways to affect health and wellness.

Key to co-metabolism of the gut-brain is a well-known finding
that the microbiota produces over 40 known neurotransmitters,
including an approximate estimate 50% of the dopamine and 90%
of the serotonin in the body used in neurotransmission [12]. A wide
mix of extrinsic and intrinsic neuro-psychotrophic-modulating
microbes and pathogens affects these and other gut processes.
Gut microbes promote colonic serotonin production through
an effect of short-chain fatty acids on enterochromaffin cells
[12]. The impact of the gut microbiota on the CNS serotonergic
system is not limited solely to microbiota-deficient animals,
since administration of Bifidobacteriuminfantis to rats resulted in
reduced 5-HIAA concentrations when one considers the cortex
[13]. Considering the net metabolic cross-talk is staggering, so it
is not surprising that the human CNS is under constant assault or,
conversely, does benefit from a wide mix of extrinsic and intrinsic
neuro-psychotropic-modulating microbes and pathogens. In
addition to bacteria, other pathogens included are viruses, fungi,
environmental and microbial-derived small non-coding RNAs,
and so forth, so understanding the net metabolic cross talk is a
formidable task [14].

Microbiota-Gut-Brain-Neuroendocrine Axis and Psychiatric
Disorders

In regard to the microbiota-gut-brain axis, co-metabolism is not
limited to commensal microbes. It includes contributions from
pathogenic microbes, fungi and other parasitic life forms that have
coevolved with humans and can produce altered microbiome-
derived signaling or produce toxins and other disease-inducing
agents, which have been implicated in the development of numerous
neurodegenerative diseases [15]. For example, Alzheimer disease
(AD) where yeast and fungal proteins like (1,3)-B-glucan, fungal
polysaccharides or bacterial lipopolysaccharides (LPS), can lead
to disseminated and diffuse mycoses in the peripheral blood of
AD patients [15]. Viral agents like viroids, viroid-specific ssRNA,
miRNAs, adenovirus, herpes simplex virus-1 (HSV-1), HIV-1,
CMV, EBV and Hepatitis has been associated with AD and AD
pathology, as well as contribute to toxic metabolites associated with
other diseases [16].

Pathogenicmicrobes,particularlygramnegativeobligateintracellular
bacteria, pneumonia-causing Chlamydophilapneumoniae and
Toxoplasma gondii have also been associated with AD [17] new
connections are sure to be found, such as in cancer [18] and other
diseases as useful diagnostic tools such as “The Ames Test “ had
demonstrated decades ago [19]. Moreover, many diseases have an
inflammatory or oxidative stress component to their pathobiology.
Pathogenic or even innocuous microorganisms through these
inflammatory pathways could mediate many of the deleterious
effects observed [20,21].

Recently, it was established that intestinal bacterial microbiomes
play important roles including controlling integral segments of

our neurobiology. Mental and even behavioral health including;
memory, depression, mood, anxiety or even food preferences are
affected [22]. While the degree to which intestinal microbiota
affects dietary preference is not well defined [23] there is abundant
evidence that that the dopamine and serotonin generated by gut
microbiota do play a regulatory role [24,25]. In mice, certain
strains of bacteria increase behaviors considered to be an index of
anxiety. In humans, drinking a probiotic containing Lactobacillus
casei improved mood in those with anxiety or vegetative signs of
depression [24,26]. Abnormal behavior and cognition together
with dysbiosis, the so-called pathobiont overgrowth syndrome, can
be cause and consequence of the leaky gut and promote loss of the
intestinal barrier [27,28].Conversely, probiotics may prevent leaky
gut consequences and restore colonization resistance to the species
contributing to “leakiness [29].

Co-metabolism within the gut-brain-endocrine interactome is
suspected to play a rolein other neurodegenerative disorders
with microbial-driven connection [30] such as, Parkinson disease
(PD) and Amyotrophic Lateral Sclerosis (ALS) [31] where known
microbes have been implicated in contributing to the susceptibility
and pathogenesis of these [32] and the AD processes. Because AD
is clearly a multifactorial disease, and there are multiple biological
pathways by which brain cells can dysfunction, perhaps it is not
too surprising that multiple and complex microbial insults could
contribute to AD, including the spreading of pathological signals
throughout the CNS and in a variety of Gut Brain Endocrine axis
pathways. Conversely, probiotic treatment has been shown to
improve diabetic complications in synaptic activity and cognitive
function [33].

There is increasing interest in the functional significance of the trace
amines and their possible role in the etiology of neuropsychiatric
disorders [34]. These are compounds chemically related to the
catecholamines and 5- hydroxytryptamine (5HT). CSF levels
of 5-hydroxyindoleacetic acid (SHIAA) and homovanillic acid
(HVA) are derived from and may provide an index of metabolism
of the parent amines (5HT, dopamine) [35] in the CNS. Bacteria
can produce these metabolites, which are traced to the CNS [36].
However, the presence of the metabolites of various catecholamine,
phenolic [37] and indolic trace amines has been studied in the
CSF [38], but until recently, relatively little was known about the
contribution of thesecatecholamines from the gut microbiota [39].
Collins and colleagues found changes in both brain chemistry and
behavior regarding the microbiota [30].

We engage in approaches to assess and characterize the gut intestinal
microbiota with culture and sequencing-based techniques and
this has been carried out by Collins et al. to include patients with
primary psychiatric disorders such as anxiety and depression.
In addition, translational research approaches have included the
colonization of germ-free mice with microbiota from patients with
primary psychiatric disorders to examine brain-gut linkage and
identify classes of bacteria that influence brain function that may
be beneficial in treating disorders such as anxiety or depression,
that occur in patients with chronic gastrointestinal illnesses, such
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as irritable bowel syndrome [40,41].

It is known that psychiatric disorders frequently occur in patients
with gastrointestinal diseases, illustrating that the microbiota-gut
brain axis is clinically relevant in neural and endocrine pathways
and neuropsychiatry. This is either through inflammatory or
functional mechanisms, for example irritable bowel syndrome,
which is also suspected as being a disorder of the gut-brain axis,
where GI symptoms are associated with frequent comorbidities
of depression and anxiety. Here, it is the intestinal microbiota
that is implicated to play a role in anxiety, depression, autism,
schizophrenia and Alzheimer disease to name a few.

Autism and Relationship to the Microbiota

Although there has been much research into autism or autistic
spectrum disorder (ASD), there is room for considerable conjecture
regarding the etiology of these developmental brain disorders. The
microbiota—gut-brain axis is but one proposed mechanism[42,43].
Beyond maternal infection and the stress of pregnancy, it has been
shown these factors may increase the risk for neuro-developmental
disorders such as schizophrenia, autism or other cognitive and
behavioral symptoms in later life, depending on the timing of
the prenatal insult. Autism and ASD are serious problems and
present particular challenges for any discipline of medicine. The
presenting symptoms are quite diverse and are characterized
by impaired brain development and behavioral, cognitive, and/
or physical abnormalities, which often creates difficulty when
assigning a specific diagnostic category for patients. The etiology
of these broad spectrums of disorders is unclear, but genetic and
environmental factors are thought to play a role in its pathogenesis
that is manifested by behavioral abnormalities in sociability,
communication, and/or compulsive activity [44].

Several GI abnormalities are associated with Autism and ASD,
which are linked to microbiota composition and functional
alteration [45]. Much of this is correlated with high rates of
antibiotic use and other variations in these patients[46,47]. In ASD
model mice, studies under germ-free conditions show reproducible
social deficits and increases in repetitive behaviors similar to that
observed in ASD [14], where autism-like behavior traits and GI
phenotypes are associated with altered microbiota [6,10]. These
studies support a role for the gut microbiota in the pathogenesis of
ASD and autism.

In that regard, we have explored a potential neuro-modulatory
phenylalanine and tyrosine metabolite, 3-(3-hydroxyphenyl)
3-hydroxypropionic acid (HPHPA), an organic acid, which is
detected in human and rodent urine and has been implicated in
dysbiosis, autism and schizophrenia [48,49,50,51]. The current
literature does support the autism and schizophrenia assertions.
For example, a probiotic Bacteroides fragilis was given in early
adolescence has been shown to ameliorate some behavioral deficits
in a rodent autism model [52,53,54]. Shaw (2010) has made the
assertion that several Clostridia bacterial species are at the heart
of the schizophrenia and autism connection [50]. However, no
reports have been published where this marker (HPHPA) was
observed in CSF and data is limited on the origin or significance

of the compound in urine. We expect that the HPHPA is water
soluble but also relatively lipophilic and would diffuse across the
blood-CSF barrier rather easily, if not transported by facilitative or
active means [55,56].

Studies have shown that various compounds can pass through the
blood brain barrier by different mechanisms. Indole propionic acid
(IPA), indole 3-acetic acid (IAA) [59], m-Tyrosine, HPHPA and
others that are derived from intestinal bacteria likely reach to the
CSF by diffusion. Once in the brain, either from endogenous or
exogenous sources, many compounds are modified, conjugated,
stored or excreted. If not exported, one could argue that a
mechanism for neuropathology could arise when toxins and
bacterial metabolites are not functionally resolved [60].Whether
neuro-developmental disorders such as schizophrenia and ADHD
are associated with microbiota changes is unclear and remains
under investigation [57,58].

Microbiota and Metabolic Endocrine Pathways

The intestinal microbiota can be largely classified phylogenously
into the Gram-positive Firmicutes and Actinobacteria, the Gram-
negative, Proteobacteria and the Bacteroidetes, where Firmicutes
and Bacteroidete, typically dominate in healthy mammals [11,61].
In terms of on€’s brain chemistry, leptin, ghrelin activity etc., are
associated with the microbiota and neurotransmitters involved
in craving particular types of food [62], more than satiety factors,
are the influence found with particular gut microbiota that can
influence or help determine the types of foods you crave [35,63].
The obese leptin-deficient ob/ob mice are associated with a
reduction in the abundance of Bacteroidetes with a proportional
increase in Firmicutes [64]. Conversely, reduced cravings have
been suggested after antibiotics and restoration with a new flora. In
relation to obesity and neuromodulation, the research on how to
change the microbiota without risk is neither comprehensive nor
well established. However, it was recently found that Lactobacillus
was significantly increased in the stools of obese patients [65].
Further, recent evidence suggests that gut microbiota play a major
role in the digestion and energy conversion of nutrients [66], which
also can affect our neurochemistry including brain metabolism.

Probiotic exposure can exert microbiome modification and produce
bioactive metabolites or ‘pharmabiotics, including bioactive lipids,
and result in altered hepatic lipid metabolism coupled with lowered
plasma lipoprotein levels and apparent stimulated glycolysis [67].
Probiotic treatments also altered a diverse range of pathway
outcomes, including amino-acid metabolism, methylamines
and short chain fatty acids (SCFAs), suggesting differences in
fermentation patterns [12]. SCFAs and ketones may pass through
the intestinal mucosa entering the systemic circulation where they
may affect immune regulation and CNS function interacting with
nerve cells by stimulating the sympathetic nervous system [68].

Investigating the mechanistic basis of probiotic action and the
therapeutic surveillance of the gut microbial activity related to
dietary supplementation of probiotics may be one means to affect
secretion of HPHPA and other metabolites [69]. In that regard,
SCFAs are implicated in ASD and treatment [70]. Important in
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this process are the prebiotics that include the short-chain fatty
acids and bacterial products largely of carbohydrate fermentation
[71]. They are analogous to hormones of the microbiota and
signal or mediate many functions of the endocrine mechanisms
and may modulate endocrine serotonin (5-HT) secretion, peptide
YY (PYY) release and other important neuropeptides at multiple
levels [72] and affect insulin signaling and adiposity [73,74]. Other
metabolites and precursors from yogurt cultures have been shown
to alter the catabolism of the flavanones to phenolic acids by the
colonic microbiota [75].

The transfer of gut microbes from one person to another is not
without some risk. However, the alternative, such as constant
diarrhea from Clostridium difficile responsible for an estimated
almost half a million infections (where cases are classified as
community-associated or health care-associated) and was
associated with approximately 29,000 deaths in 2011 [76], leaves
little choice in the matter. That said, a recent case was discussed
of a woman of relatively normal weight and a Clostridium difficile
infection (CDI) who was relieved of her distress after a fecal
transplant with widely different gut bacteria, but also had a rapid
weight gain of about 50 pounds [77]. It must be said that those
authors do not identify the mechanism for transmission of the obese
phenotype, nor did they directly demonstrate a causal relationship
or sequence and fully identify the species involved over the course
of the treatment. Yet it is inferred that the microbiota plays an
important role in the weight gain [78,79].

New evidence indicates that gut bacteria alter the way we store
fat, how we balance levels of glucose in the blood, and how we
respond to hormones that induce hunger or satiety [80]. The wrong
mix of microbes, it seems, can help set the stage for obesity and
diabetes from the moment of birth [66,81,82]. With mice housed
together and consuming the same chow ad libitum in, the animals
that received bacteria from an obese mouse grew heavier and had
more body fat than mice with microbes from thin rodents [82].
As expected, these fat mice also had a less diverse community of
microbes in the gut [83]. Nevertheless, it would bear repeating
that programming [84] or as we suggest reprogramming the host
metabolism through the gut is a novel approach to modulating
health and disease. Therefore, a steady supply of good probiotics
and avoiding antibiotics as much as possible is a sage suggestion
until the time comes when we can use both to reprogram the
second or third genome within us as an approach to personalized
medicine.

The human gut microbiota is estimated to outnumber the trillions
of cells in the human body, and we can easily understand this
proportion when we recall the size of a eukaryotic cell as compared
to a bacterial cell. Therefore, it is not surprising that intestinal
organisms and pathogens influence health and disease through a
diverse biochemical and signal-transducing metabolic exchange.
Due to mass action, and drug interaction, this exchange can
happen very quickly as well as exert its effects over a protracted
period of time. Our phenotype is arguably even more complex than
ever imagined. Environment, diet and antibiotic use are among

the main factors that could affect stability of the gut microbiota
both quantitatively and qualitatively. For example, food rich in
polyphenols are abundantly present in the human diet and are often
modified by the gut microbiota to produce antimicrobial effects
inducing selective changes in the microbiota composition, with
potential beneficial effects for the human health [85]. Moreover,
the effect that diet, antibiotic therapy [86], symbiotic or prebiotic
and probiotic intervention or dysbiosis has on our neurochemistry
is often overlooked in favor of conventional therapies [87] with
ever-increasing cost and often tremendous uncertainty. Regardless
of our personal considerations, we must acknowledge that the
microbes living in our bodies serve many diverse functions ranging
from digestion and cofactor production to disease prevention and
even pathology (Table 1).

Histamine and signaling molecules, like the SCFAs, are part of the
co-metabolism and signaling via molecular cross-talk that occurs
between the Gut-Brain and Endocrine axes.

In that regard, some of the known metabolic functions of the
intestinal microbiota is to metabolize nutrients such as sugars, plant
polyphenols, bile salts as well as to produce vitamin K or various
enzymatic conversions like cholesterol tocoprostanol and bilirubin
to urobilinogen [135,136,137]. Moreover, when one considers the
microbiota and its ability to produce numerous small molecules
and psychoactive chemicals, some of which have a direct hormonal
nature, or are hormones themselves, we can turn our attention to
the gut-derived hormones and metabolites to complement our
understanding of the HPA or brain endocrine interactome more
comprehensively than in the past. Not until recently did we fully
understand the implication of the microbiota to regulate multiple
hormonal and hormone-like compounds that are released into the
bloodstream where they influence the function of distal organs
and systems in paracrine, autocrine and endocrine fashion [138].
Therefore, the gut microbiota collectively is said to resemble
a unique collective endocrine organ [139]. Nevertheless, the
hormonal aspects of the gut have been long known since Edkins
discovered gastrin in 1905 [140], followed by Gregory and Tracy’s
isolation and synthesis of the so called antral hormone [141] and
establishment that the concept of gastric secretory mechanism
were hormonal rather than nervous in nature [90,142].

Previously we discussed the gut-brain axis and in regard
that mechanistically gut bacteria are shown to affect brain
neurotransmitters, such as monoamine levels, corticosterone,
corticotropin releasing factor, serotonin, dopamine, glucocorticoid
receptor [95]. This then affects behavior, mood and even eating
decisions, in part by acting through the vagus nerve, which
couples the digestive tract to the brain and can lead to altered taste
perceptions [143]. It is known that the microbiota can express
signals via the vagal nerve to the brain and vice versa [19,31,32].
The gut-brain axis consists of neurons embedded in the alimentary
canal containing millions of neurons [139]. Thus, the neuronal
signals from the microbiota to the vagus nerve may affect our
mood, even cognitions or behavior. Others support the notion
that the gut-brain endocrine metabolic interactome can control
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Table 1. Candidate neurotransmitters, hormones, peptides and small molecules of the microbiota-gut-brain.

Psychotropic Stress Hormones Short Ch.ain
BRI OET s Small Molecules and precursors Gl-active Hormones A ial i Fatty Acids
tabolite precursors p With Bacterial inter-
actions
Serotonin/ 5-hydroxytrypta- . . . .
mine (5HT) Lipopoly-saccharides (LPS) Ghrelin Cortisol Formate
(88, 89, 90] [91] [90, 92, 93, 94] [72, 95, 96, 133, 134] | [69]
3,4-dihydroxyphenyl -L-alanine [72]
Phenylalanine
Dopamine, m-Tyrosine
[ ] 72)
97, 98 . .

; ) 3-(3-Hydroxyphenyl)-3-hydroxypropanoic Leptin Adrenalin Acetate
Carnoside of carnosine and acid(HPHPA) (90, 101] [90, 72, 102] (69, 103]
carnitine. ! P !

[72,12,13]
(98]
Indole 3-acetic acid
[99, 100]
Glucagon-like
4-ethylphenyl sulphate (4EPS) peptide-1 and 2
5-hydroxy-indoleacetic acid 3,4-dihydroxyphenyl-L-alanine, [90, 109, 110, 111]
(SHIAA) ; .
phenylalanine, Peptide YY(PYY) Noradrenalin Propionate
[104, 105] 4-ethylphenyl sulphate (4EPS), [112, 113,114, 115, 116] [72, 95, 119] [69, 120]
Tryptophan gamma-aminobu- | Galacto-oligosaccharide (GOS), Homovanillic proglucagon (Geg)
tyric acid acid (HVA)
[117]
[97] Histamine . .
brain-derived neuro-
(34, 100, 106, 107, 108] trophic factor (Bdnf)
[118]
Glucocorticoid Me- | Butyrate
GABA Acetyl-Choline Histamine tabolites [69, 120]
[121, 122, 123] [124] [125, 126] (GCM™s) Isobutyrate
[72,96, 127, 128] [120, 123]
KynurenineKyneurenic acid Gut Endocrine Hor- Valerate
[129] mones Not Otherwise [69]
Inulin Specified Isovalerate
88, 130, 131] (94,132 (69, 120]

behavior perhaps even independently of the brain through the
gut since the “primary visceral” or the vagus nerve, which carries
information from the gut to the brain in retrograde fashion, uses
these metabolites, neurotransmitters and so forth [144,145] [146].
Conversely, these metabolites can affect the vagus nerve and affect
the brain through the vagal route [147]. The metabolite could
itself activate the release of a second or third level chemicals or
hormones that crosses the blood brain barrier (BBB) while the
metabolite itself could be sequestered outside of the BBB [6,148],
pass through the gut lumen to the systemic circulation and enter
the CSF [149], thus affecting the brain or neurocognitive processes
or acting through the HPA in anterograde or retrograde fashion.

Role of the Microbiota in Immunity and Early Brain Devel-
opment

The cerebral endothelium forms the blood-brain barrier (BBB) and
the epithelium of the choroid plexuses forms the blood-CSF barrier
(BCSEFB). It was shown that exposure of the vulnerable developing
brain to chemical insults can have dramatic consequences for brain
maturation and lead to life-long neurological diseases [150]. The
blood-brain interfaces efficiently protect the immature brain from
non-specific diffusion and promote efflux through multi-specific
transporters of the ATP-binding cassette transporter families,
organic anion and cation transporters of the solute carrier families
and the peptide transporter [150]. It also does this in transporting,
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clearing and preventing entry of blood-borne molecules such as
drugs, environmental toxicants, and endogenous metabolites from
the brain. In terms of the gut-brain axis and the ongoing shaping of
the microbial landscape, the developing fetus or adult is thus driven
by a series of complex and dynamic interactions throughout life or
during disease states, which includes diet, life-style and antibiotic
use among others [87].

It is important to note that the ratio of particular flora changes
significantly and characteristically throughout our lifespan
concurrently affecting the microbiota signals. The immune system
signaling is important for key developmental processes where
the microbiota is concerned [151]. The gut-brain axis also has a
‘gut-immunity axis, beyond innate immunity or complement
and phagocytic expression, such as the creation and maintenance
of the blood brain barrier [152]. For example, it is known that
secretion of Corticotropin-Releasing Factor (CRF) from the
hypothalamus(induced by the elevation of proinflammatory
cytokines) stimulate the secretion of Adrenocorticotropic
Hormone (ACTH) from the pituitary gland with the consequent
release of the major stress hormone Cortisol from the adrenal
gland. Further, it has been demonstrated that this will affect many
human organs, including the brain [153]. The immune system
aspects do exert bidirectional communication with the CNS [16],
where indirect effects of the gut microbiota or direct effects of
antibiotics or probiotics on the innate immune system can result
in alterations in the circulating levels of proinflammatory and anti-
inflammatory cytokines to modify brain function.

Thus, neurons and hormones combined allow the brain to affect
the activities of intestinal functional effector cells [154]; as these
intestinal cells are influenced by the intestinal microbiota, the brain-
gut interaction is completed [155]. However, in order for these
metabolites or pathogens to breach the body’s defenses, they must
pass several hurdles, leave the gut lumen and evade the immune
system, liver and other barriers, largely unchanged. They may
have to act as small molecule messengers, where they deceive and
suppress the body’s defenses, such as energy or other inhibitory or
immuno-suppressive mechanisms. Therefore, the immune system
is an important target when considering the microbial metabolite
effect on any organ or pathway; as it is a second line of defense.

The impact of a lifetime of exposure to deleterious pathogens and
other factors are considered to influence aging, disease and health.
These may simply be proxies for the state of the immune system or
metabolic dysfunction due to aging of the immune system, break
down of barriers and other dysfunction, since T-cell mediated
immunity [156] and innate-immune and physiological barriers are
often compromised with age, which enables easier access of any
number nefarious species or metabolites into the CNS.

It is well known that the brain is immune privileged and set apart
from the rest of the body and systemic circulation by several,
largely impermeable barriers. The blood brain barrier (BBB) is one
such barrier that shields this most vital organ from blood-borne
infections, toxins or poisons [152]. In fact, it has been recently
shown that the BBB is formed in part by gut microbes themselves,
which can modulate brain function and development [152]. In

that regard, we have explored trace amines (which are compounds
present in brain and CSF in small amounts) that can affect
catecholaminergic transmission and are among the psychoactive
substances found in the brain that are produced by the microbiota
through immune-neural connections, which we know influence
behavior, mood and cognition [139].

Recently, it was established that the development of the BBB and
the microbial engraftment begins before the infant is born, or at
least early in development, and continues after birth. Contrary to
what was previously thought, amniotic fluid is not sterile [20]; even
in some cases, bacterial presence in the amniotic fluid is associated
with a diseased state [157]. Moreover, the mode of delivery may
determine early colonization patterns. In that regard, human breast
milk, in addition to meeting the nutritional needs of infants confers
protection against pathogens by having its own microbial niche,
which transmits antibodies to the infant along with other complex
compounds [158], thereby promoting proliferation of specific
intestinal microbes [159]. It is believed that a baby consumes about
800 ml of human breast milk per day,thus ingesting about 1 x 10°
to 1 x 107 commensal bacteria during this period [160]. However,
the exact origin of these microbes remains unclear, such as the case
with unpasteurized or other sources of microbiota.

As we can see, the gut of the baby has developmental milestones
from birth, where colonization with microorganisms plays a
decisive role [161] and primes several important physiologic
interactions from mice to men[162]. In the first three years of life,
children’s behavior of placing objects in their mouths and feeding
directly from the mother promotes a significant exposure to
microbes, which leads to more children suffering from infectious
diseases than adults[163].

Of course, genetic influence contributes to the ecologic niche of the
bacteria and the mother’s own stress can influence the pregnancy
and impact birth delivery or other systems [164]. This all may
impact the microbiota-gut-brain-endocrine axis. Moreover,
the adoptive transfer of behavioral phenotype via the intestinal
microbiota has been described [165] and exposure to diverse
microbiota can lead to better long-term immunologic health.
Thus, it is expected that the microbiota in children under 3 years
old fluctuates considerably and is dependent on environmental
factors more so than in adults [166]. The exposure to microbes is
very important for the overall future health and immunity of the
children into adulthood [167]. In fact, some children in certain
under developed countries are immunologic giants in comparison
to adults in developed countries, where exposure to cholera or other
pathogens would clearly adversely affect the lives of the adults.

Recently, a team of scientists from The Ohio State University
assessed the gut microbiota in 77 boys and girls aged 18-27 months
for a correlation between diversified intestinal bacteria and specific
behavioral attributes [168]. The authors grouped the subjects by
sex, to avoid gender bias. What they found was interesting. Girls
who had a lower diversification of intestinal microbiota, had higher
behavior correlations of self-restraint, cuddliness, and focused
attention. The population densities of specific families of bacteria in
boys were found to have a correlation with extroverted behavioral
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traits. Assessment of subjects’ gut biome utilized a deep sequencing
DNA-based identification method that allowed for the phyla
identification of bacteria and offered conclusive evidence relating
specific bacterial phyla present in the subjects’ gut biome to specific
behavioral traits being exhibited. What we do not know is whether
the bacteria were causing the behaviors or if the converse behaviors
were evident when the microbiota was mismatched. Moreover,
the association between early-life antibiotic exposure and obesity
was explored to understand development of central adiposity in
children. Obesity has been associated with disruption of the gut
microbiota, which is established during infancy and vulnerable
to disruption by antibiotics [169]. These investigators found
that children given antibiotics during their first year of life were
more likely to be overweight in later childhood when compared
to age-matched controls and after adjusting for birth weight,
breastfeeding, maternal weight and other potential confounders.
They concluded that antibiotic exposure during the first year of life
indeed increased the risk of being overweight and central adiposity
in preadolescence.

In contrast, one group found that host-derived hormones can
increase the bacterial proliferative capacity and pathogenicity in
the gut lumen [94]. They found cross talk between microorgan-
isms affecting the hypothalamic-pituitary-adrenal [HPA] re-
sponse, behaviors and the role of gut luminal catecholamines and
y-aminobutyric acid. They were strongly correlated with anxiety,
depression, and functional gastrointestinal disorders [40], con-
tradicting early suspicions. The high prevalence provides epide-
miological evidence favoring brain-gut and gut-brain syndromes,
where miscommunication between the brain and gut underlies the
changes in motility, absorpto-secretory function and pain sensitiv-
ity particularly associated with IBS [40].

Stress is a prototypic model for understanding the gut brain
interaction. It is established that psychological distress can predict
later onset of a functional gastrointestinal disorder and vice versa
[123]. Brain-gut pathways include the autonomic nervous system
and hypothalamic-pituitary-adrenal axis including corticotrophin
releasing factor directly acting on the gut through psychoactive
chemicals of bacterial origin [123]. These researchers found that
gut-brain pathways involving cytokines, such as tumor necrosis
factor alpha (TNF alpha) gamma-aminobutyric acid, fatty acids and
5-hydroxytryptamine precursors are response to bacterial processes
and inflammation in IBS [40]. One such chemical identified was
secreted by entero-endocrine cells namely 5-hydroxytryptamine,
which then may enter the blood stream [170]. The ability to
control rodent temperament and HPA responsiveness with early
modification of gastrointestinal flora, and the effects of early stress
on the barrier function of the gastrointestinal tract and flora,
suggests an ability of both systems to prime each other in early
life for later problems. This hypothesis seems to be supported by a
possible protective effect of a probiotic strain of bacteria in a model
of early rat psychological trauma [123].

Consequences to Perturbation in the Gut Microbiota

We can argue that any factor that modulates the microbiota,
such as antibiotic use, distress, disease or anything that prevents
the offspring from receiving microbial aliquots from the mother,
even during birth, can lead to permeability of the blood-brain
barrier after birth and likely affect the transmission of virulence
factors, pathogens or deleterious metabolites for an undetermined
length of time. Besides the known metabolic disorders, such as
obesity, and gastrointestinal disorders such as inflammatory bowel
disease and irritable bowel syndrome, altered microbiota has
been linked to neuropsychological disorders; for example, as in
depression and ASD [171]. Although it has been postulated, it is
not well established that these factors indeed contribute to disease
pathogenesis, in cases with autism, ASD or schizophrenia, and
remains to be determined.

While the degree to which intestinal microbiota affects dietary
preference is not well defined the converse is evident in that diet can
rapidly change the microbiome [172]. Nevertheless, viewing the
gut microbiota as a virtual endocrine organ is a concept generated
from a number of important observations. This concept arises
from its metabolic capacity to produce and regulate compounds,
reaching distal organs and systems through the circulation, and act
to influence their function [90,139]. There is abundant evidence
that dopamine and serotonin produced by gut microbiota do play
a role in our GI and neurochemistry [24,173]. In mice, certain
strains of bacteria increase anxiety-related behaviors; in humans,
consumption of a probiotic containing Bifidobacteriumlongum
and Lactobacillus casei improved the mood of those with signs of
anxiety or depression [26,174]. Conversely, Campylobacter jejuni
infection may increase anxiety-like behavior [175]. Just to note, the
gut-brain-endocrine axis also has a “gut-immunity axis” beyond
innate immunity or complement and phagocytic expression, such
as the creation and maintenance of the blood brain barrier [152],
where chronic inflammation of the GI system can lead to anxiety
[176].

Therapeutic targeting of the microbiota may treat stress-related
disorders and metabolic diseases. It is important to note that
chronic stress and aging are associated with dysregulation of the
immune system, altered brain plasticity, and an increased risk of
developing brain pathology. Further, aging can have a detrimental
effect on the composition of the gut microbiota, which in turn
might influence health outcomes at later, more vulnerable stages of
life [174] [178]. Because the gut microbiota has a large impact on
human metabolism and immunology, it is possible determinant of
healthy ageing and cognitive health. The gut microbiome evolves
throughout the lifespan, but microbiota diversity and stability
decline with aging; the families Ruminococcaceae, Lachnospiraceae,
and Bacteroidaceae dominate with a relative abundance but
decrease with age. In addition to dietary and medicinal regimens
used by the elderly, impaired digestive and motility functions,
malabsorption of nutrients, and a weakened immune system
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can disturb the homeostasis and stability of the gut microbiota
composition [179,180]. Decreased stability and diversity of the gut
microbiota in the elderly is accompanied by reduced brain volume
and cognitive function, which may or may not be a causative factor
in age-related decline.

The dysfunction of the hypothalamic-pituitary—adrenal (HPA)
axis is suggested to be brought about through metabolic changes
that include changes in the microbiota-gut-brain axis, along
with behavioral changes during aging and emotional states such
as anxiety, depressive-like behavior, cognition and sociability in
rodent models and humans. Dysregulation of neurotransmission
and neurotrophic factor signaling coupled with an increased
inflammatory state, and epigenetic changes, oxidativestress that
are age associated [181].

Treatment Approaches and Consequences of Modulating
Microbiota

We have established the collateral effects on the gut microbiome
whenever antibiotics are used [182] due to targeting conserved
bacterial pathways or growth functions, biochemistry, and
metabolism [183]. It has been shown, for example, that four
weeks of ciprofloxacin treatment in humans can result in delayed
recolonization or the failure of recovery of several taxa common
in humans [184], which can lead to the possible complete loss
of some commensal gut flora. However, there are challenges to
engineered therapeutic bacteria that will successfully engraft in the
human gut as well as be acid stable. Hence, use of antibiotics is
a double-edge-sword. We suggest an approach to address such a
dichotomy is through using the bacterial adaptive immune system
to eliminate itself, which could be an effective alternative. Many
microbes employ an RNA-based adaptive immune system known
as clustered regularly interspaced palindromic repeats (CRISPRs)
and CRIPSR-associated (Cas) proteins also known as CRISPR-
Cas9, which consists of short repetitions of base sequences followed
by segments of phage or plasmid DNA. The CRISPR-Cas9 locus
consists of Cas genes as well as an array of alternating spacers and
direct repeats (~20-50bp). The spacers are variable base sequences
with constant length that are derived from previously encountered
phage or plasmid DNA. Upon detecting virus or exogenous DNA,
the spacer will serve as a molecular vaccination card, and the
repeat-spacer pair will be transcribed and processed into mature
CRISPR-derived RNAs (crRNAs), when bacteria detect previously
encountered foreign viral DNA. The crRNA serve as a guide RNA
(gRNA) for CRISPR-associated (Cas) proteins, and guide the Cas
proteins to identify and eliminate the foreign nucleic acids through
DNA cleavage [185,186,187]. An alternative, to these approaches is
to engineer a genetic “kill switch” triggered by a compound that is
harmless to human tissues as well as the non-expressing members
of microbiota.

In that regard, recent studies have demonstrated that this system
can also be exploited by delivering segments of bacteria’s own
genomic sequences as a gRNA, through phage or conjugation
system, thus resulting in its own demise and providing an alternative

antimicrobial solution in future [188,189]. Similar approach could
also be used to eradicate malicious bacteria like E. coli in gut
microbiome. In contrast to the antibiotic treatment, the elegance
of CRISPR/Cas technology requires delivering of bacterial strain-
specific gRNA, leveraging the target bacteria’s own CRISPR/Cas
system for precise targeted treatment. We are working on novel
probiotics, as are researchers in Europe who currently use E. coli
prescribed as a digestive probiotic [190]. According to this group,
a probiotic must pass certain criteria before a bacterial strain can
be considered. Criteria include: 1) it must be fully identified, 2) is
safe for ingestion and is non-toxigenic, 3) adhere to the luminal
mucosa, 4) have the ability to colonize the gut and 5) have known
documented health benefits [190]. Further considerations include
formulation, stability, shelf life, colony number, viability, reliability,
and digestibility (acid and enzyme stable). Since probiotics are not
currently regulated, it is hoped the quality content and production
be accurately assessed.

It has been shown that manipulating the microbial composition
of the gastrointestinal tract modulates plasma concentrations of
tryptophan, an essential amino acid and precursor to serotonin,
which is a key neurotransmitter within both the enteric and central
nervous systems [191,192].

Indirectly and by unknown mechanisms, it has been shown the
gut microbiota exerts control over the hypothalamic-pituitary-
adrenal axis. In rats, the absence of the gut microbiota exacerbates
the neuroendocrine and behavioral responses to acute stress
and the results coexist with alterations of the dopaminergic
turnover rate in the brain, increasing stress and anxiety [97].
This work clearlydemonstrates in germ-free (GF) animal models
and in response to the open-field stress, serum corticosterone
concentrations were 2.8-fold higher in GF than in specific pathogen
free (SPF) rats [193]. Moreover, an exaggerated response to cortisol
and psychological stress was normalized after monocolonization
by specific bacterial species including Bifidobacteriuminfantis
[90]. A group at the Vanderbilt University engineered bacteria to
make a satiety factor called NAPE, from the E. coli Nissle strain,
to produce a lipid compound that was administered to mice. The
NAPE-producing bacteria acted as a satiety supplement in the
study, where the mice drinking the NAPE probiotic in water gained
15 percent less weight over 12 weeks [194]. This is one example
of a therapeutic compound in the gut that may counteract the
effects of a high-fat diet. The research priorities of obesity, diabetes,
cardiovascular disease and caloric restriction mimetics hold
promise to improve the health of the nation, where this kind of
research is one potential piece of the larger overall puzzle.

Models of the Gut Brain Endocrine Interactome

The HPA and deeper modulation of the host can be suggested
though the gut-brain-endocrine interactome [132]. Moreover,
the host-gut metabolism is greatly affected when these processes
of metabolite cross-talk are perturbed by antibiotic use. We
examine gut metabolites in real time, following the inoculation
and administration of antibiotics or in conventional states.
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One of the rate limiting steps in this metabonomic, or rather;
metabolomic research is to identify tissue or bacterial-specific
metabolites from thousands of compounds among the 1000 to
200,000 different chemicals suggested to be present in any one
metabonome. Essentially, it is comparable to trying to find a
needle in a haystack. Metabolic profiling, which is rapidly gaining
importance in pharmaceutical, nutritional intervention, gut health
and disease studies holds promise for important discovery in the
context of personalized medicine and the management of patient
health [195]. In that regard, the gut microbiota plays a crucial role
in modulating the bioavailability of low and high molecular weight
compounds, including proteins, amino acids, lipids, sugars and
others, which generate numerous compounds including phenol,
indole [106], glycine, thiols, branched or short chain fatty acids
just to name a few. Validation of the hypothesis linking abnormal
brain metabolism to mental disorders will ultimately depend on
measurement of bacterial metabolites in the human brain. Such
an approach has demonstrated the beneficial role that commensal
bacteria can play [34].

We have identified several potential biomarkers using animal
models, coupled with antibiotic administration and then quantified
the metabolites by LC-MS/MS, which show well-established and
reproducible performance characteristics involving colonization
resistance [183] as well as other useful parameters in our models.
The basis for this work stems from a non-targeted survey and
metabolomic screening approach involving fecal samples [107]
as well as from the literature for the identification and relative
quantification of the small-molecules involved in colonization
resistance. We use the same approach to explore the gut-brain-
endocrine axis and co-metabolomic interactome.

There are many caveats to developing these newer techniques,
especially if one has limited experience with small molecule
metabolomics. Pretreatment, clean up steps and sample prep is
an even more important factor in terms of metabolite recovery,
abundance and stability than arguably is even chromatography,
which we know is tantamount to the process. Here, many
metabolites can be measured in free from, but some metabolites
undergo phase II or other conjugation that makes accurate
quantitation impossible without knowing the actual modification
and posttranslational changes that occur in various body
compartments or tissues. The mammalian organs, like liver and
kidney and enzymes such as those involved in conjugation or other
systems are but a few mechanisms for detoxification of microbial
metabolites and their byproducts. Further, there are dietary
regulators for the composition and disposition of not only bacterial
metabolites, but strains of bacteria and we call that colonization
resistance. Any microbiome modification can alter metabolism of
compounds such as amino acids, methylamines and SCFAs [6].

Through this elaborate approach, we have established a scientific
framework and body of evidence, which elucidates the toxicological
and physiologic parameters of microbiome test results in mice that
we expect to be of clinical significance in human subjects during
colonization resistance or other states. We and other groups have
been trying to figure out a possible connection between the gut,

brain and even endocrine systems by looking at gut microbes in
mice [108,196]. To accomplish this objective, we utilize mice
housed in conventional setting or in germ-free (GF) housing or
when given various classes of antibiotics, which offers an interesting
backdrop to environmental influences allowing us to sort out the
contribution of the gut microbiota to the entire metabolism of an
animal. We can then uncouple the contribution from the microbiota
as well as explore how antibiotics affect intestinal colonization. It is
important to note that there is a marked difference between animal
and human flora in terms of variety and of species and homogeneity
between subjects. Using a denaturing gel electrophoresis assay
(DGGE), we found that mice housed together have stable and
relatively uniform microbial profiles, which are markedly different
from humans, which are complex and extremely variable between
patients(unpublished results).

Transgenomic metabolic effects can be achieved without antibiotics
through induced changes in intestinal flora. For instance,
Lactobacillus paracasei or Lactobacillusrhamnosus probiotics have
been measured and mapped in humanized extended genome mice
(defined as germ-free mice colonized with human flora) [191]. A
systems biology view of the host response to probiotic intervention
may be one way to affect the secretion of psychoactive metabolites
like serotonin or HPHPA or organic acids, if they are indeed relevant
to microbial-derived effects or neuromodulation [69]. Therefore,
it is now possible to exchange most of the toxigenic bacteria for
healthier microbes in around 24 hours and potentially create an
effective cure or reversal of acute neurologic phenomena. These
effects could be as simple as mood and cravings but it could also
be as profound as depressive conditions. Largely innocuous and
certainly beneficial, it appears that fecal material transplantation
may be averted by starving the gut bacteria of incompatible food
and nutritional status [197] or by changing the metabolic precursor
substrates that may help change any particular flora.

Molecules that Affect the Gut Brain Endocrine Axis

Microbiota-gut-brain-endocrine axis communication occurs
through small molecules. Under physiologic and pathological
stressors and disease conditions, intestinal dysbiosis can occur
and adversely influence gut physiology leading to inappropriate
metabolite cross-talk. This has associated consequences for CNS
functions and disease states, which can induce inflammation
through proinflammatory cytokines mediated by T-cells and via
the innate immune system. These mechanisms potentially lead to
impaired CNS function such as altered neurochemistry, cognition,
behavior, stress response, and visceral pain [4].

Numerous small molecules from the microbiota have been de-
scribed to affect the host via endocrine or neuroendocrine means
(Table 1), namely the neurotransmitters, and metabolite precur-
sors, Serotonin, Dopamine, 5-hydroxyindoleacetic acid (5SHIAA)
gamma-aminobutyric acid (GABA), Tryptophan gamma-ami-
nobutyric acid and 5-hydroxytryptamine (5HT), 3,4-dihydroxy-
phenyl-L-alanine, pheylalanine, 4-ethylphenyl sulphate (4EPS),
Beta-N-Methylamino-L- Alanine, Galacto-oligosaccharide (GOS),
homovanillic acid (HVA) histamine [198,199,200,201] acetylcho-
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line and the short chain fatty acids (SCFAs), which range in size
from MW of 46-102 Da, respective salts and the hormones, leptin,
ghrelin, gastrin, which controls gastric H+ secretion via specific
receptors stimulated by vagal nerves through cyclic AMP hista-
mine [202]or Ca2+ ions in the case of gastrin and through protein
kinase pathways [90]. Table 1 lists select neurotransmitters, GI and
stress hormones, putative psychoactive small molecules and SCFA
is derived from the microbiota. While not meant to be a complete
list, this table serves to illustrate the importance of the gut-brain-
endocrine axis interactome, where these molecules are produced
shared and affects in anterograde and retrograde fashion a host of
chemical, hormonal and biochemical processes.

These SCFAs provide an important source of nutrients and regulate
control over the host digestive system and host metabolism
through inulin to influence production of relevant hormones such
as glucagon-like peptide-1, peptide YY, ghrelin, and leptin [90]. For
example, downstream metabolism of carbohydrates results in the
production of short-chain fatty acids (SCFAs), from several enteric
species including, but not limited to, Bacteroides, Bifidobacterium,
Propionibacterium, Eubacterium, Lactobacillus, Clostridium and
others [69,83,203].

The stress hormones, glucocorticoids, cortisol and corticosterone
are known to affect the pyschoneuroendocrine hypothalamus
pituitary adrenalaxis and contribute to diverse diseases [204].
The catecholamines, noradrenaline and adrenaline, which are
released during stress responses, appear to act as environmental
cues altering growth of individual organisms in man. While not
specifically a gut endocrine interaction, anaerobic microorganism
response to catecholamine responses within microbial complexes,
illustrate the complexity of microbes to respond to hormonal
environmental cues.

From plant biology, a putative connection can be made for stress
hormones and abiotic stress. Salicylic acid (SA), jasmonates (JA)
and ethylene (ET) are well known to play crucial roles in plant
disease and pest resistance [205]. Plant hormones hold important
clues as to the role the microbiota play in regulating developmental
processes and signaling networks involved in plant responses to a
wide range of biotic and abiotic stresses [205]. However, the roles
of other hormones in plant defense are not well characterized
and thus this model for understanding plant hormone signaling
and plant disease resistance may shed clues into our own gut-
endocrine process. The converse seems true. Stress and the effects
of catecholamines on the growth of periodontal microorganisms
that recognize hormones within the host and utilize them to adapt
to their surroundings are being explored [118].

Apart from a select few probiotics and prebiotics from yogurt,
food sources of prebiotics, which are largely indigestible, ferment
carbohydrates that stimulate and promote activity of beneficial
gut bacteria. Potential prebiotic candidates include artichokes for
insulin and other fermentation precursors, like kombucha, foundin
cruciferous vegetables (kale, cabbage, and cauliflower), or polenta
for sulfur-containing metabolites, known as glucosinolates, as

well as blueberries, bananas, for carbon sources and to reduce
inflammation, and beans or legumes which can promote short-
chain fatty acid production.

Prebiotics, typically indigestible fiber and the so-called resistant
starch, which is metabolized by the microbiota, can be extended
to include other carbon sources produced by cohabitants within an
ecological niche. Probiotics, the microbiota or live microorganisms,
can utilize prebiotics such as those in yogurt that contain beneficial
active cultures [63,198]. Taken together, as we propose, would result
in novel symbiosis, which is the finely tuned harmony between the
two and may be useful as one possible adjunct to transplantation
of fecal material. It is not only obesity, but also heart disease
[64,82], which may be affected by our microbiota. For example,
vancomycin treatment of infective endocarditis was recently linked
with acquired obesity and is argued to be the result of the selected
microbial flora [180,206]. Further, we show that in CDI patients,
it is not just the bacteria that produce harmful metabolites, but it
may be co-metabolism from diet with opportunistic bacteria that
contribute to heart disease. For instance, our collaborators form
the Cleveland Clinic have proposed that, phosphatidyl choline,
L-carnitine from meat as well as Trimethylamine (TMA) and
trimethylamine N-Oxide (TMANO) also contribute to heart
disease [207] and are ultimately metabolites of the gut microbiota.
We have gone on to show that one of the major bacterial species
involved may be Clostridium difficile, in which these markers
appear increased in these patients [183].

Concluding Remarks

A deep mechanistic understanding of the factors that underlie the
plasticity of the microbiome and co-metabolism is the key to find
the means of manipulating it to improve health. However, the cross-
talk that exists in the microbiota-gut brain endocrine axis is not
well established including whether it occurs both temporally and
spatially in retrograde and anterograde fashion or predominantly
unidirectional as an axis. We need to further study these concepts
and fully understand the exchanges, as much co-metabolism could
be transient or even diet-dependent [208].

Today, this seems increasingly promising [209]. Having the
knowledge on how variation in the distal gut microbiome
influences host function and will help us to better modulate the
gut microbiome in a personalized medicine fashion in order to
promote health [210] or treat metabolic diseases. Yet the future of
personalized healthcare may largely depend on understanding this
second genome we all carry within or uponus [211]. In turn, this
has prompted research into modulation of the intestinal microbiota
to promote health, positive mood, treat obesity, improve insulin
sensitivity, and promote colonization resistance to pathogenic
and nefarious bacteria or other species of pathogens or as of yet
unforeseen applications. Of course, we have in our hands nutrition,
which is key to this interplay [195,212] since the microbiota need a
carbon source to survive.

The importance of our digestive system, biochemistry and co-
metabolism with microbiota should not be underestimated. The
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Internet is filled with tips for promoting “Healthy Microbiota”
and those that have scientific merit are only mentioned in
this conclusion to help narrow the field. While prebiotics are
important because they signal, feed and otherwise support and
complement probiotic action, identifying them and increasing
their effectiveness is difficult and currently relegated to foods, as
we are in the infancy in our understanding of co-metabolism.
To synergize the two into a symbiotic approach that will require
new research support and an understanding from those who
dole out funding. The literature is loaded with support for eating
probiotics and prebiotics, which are the compounds, fiber, small
molecules and polyphenols derived from such foods as fruits
including, berries, grapes apples, bananas, kiwifruit; vegetables,
like artichokes, leeks onions, garlic greens, beans, whole grains,
like brown rice, corn, buckwheat, flaxseed, barley, nuts, almonds,
raisins, honey, green tea and yogurt or Kefir. However, yogurt can
contain other bacterial species than the typically stated ingredients,
like Bifidobacillus and Lactobacillusspp., including others not listed
as main ingredients.

The difficulty in assessing each food for their metabolite precursors
is the fact that co-metabolism does exist. Further, much of what we
know is more or less anecdotal or a general approach to GI health,
provided one is free of any illness. What is clear is that we are in
the infancy of identifying novel appropriate probiotics that can
be added to pills or in combination with supplements to improve
human health and modify the microbiome, as relatively few have
provided enough data to make specific health claims unequivocal.
Nevertheless, following general trends may be prudent, such as
eating raw, whole foods and a plant-based diet; decreasing the use
of artificial sweeteners, which may negatively affect the microbiome
or lead to increased body fat and insulin resistance. This is one
reason so many are interested in this second genome.

Other trends that have support in the literature include eating less
meat overall to promote a shift from deleterious species within the
microbiome to ones that may be more protective; breastfeeding
infants to improve the immune gut axis that was discussed. Many
experts believe uncovering nature’s secrets about microbes will bring
about a revolution in health care, and we agree. But we still need
approaches for identification of probiotic bacteria that influence
brain function and that may be beneficial in treating disorders,
such as those mentioned throughout this paper. We are exploring
clinical evaluation of this putative therapy, which is underway in
collaboration with clinical colleagues in infectious disease and
psychiatry. We maintain that microbiota-based therapies be used
in humans for treating many disorders and chemical imbalances
including mental disorders.

References

1. Carroll I, Threadgill DW, Threadgill DS (2009) The gastrointestinal
microbiome: a malleable, third genome of mammals. Mammalian
Genome 20(7): 395-403.

2. Grenham S, Clarke G, Cryan J, Dinan T (2011) Brain-Gut-Microbe
Communication in Health and Disease. Frontiers in Physiology 2.
doi:10.3389/fphys.2011.00094.

3. Obrenovich M, Fliickiger R, Sykes L, Donskey C (2016) The Co-Metabo-

10.

11.

12.

13.

14.

15.

16.

17.

18.

lism within the Gut-Brain Metabolic Interaction: Potential Targets for
Drug Treatment and Design. CNS & Neurological Disorders - Drug Tar-
gets 15(2): 127-134. doi:10.2174/1871527315666160202123107.

. Collins S, Surette M, Bercik P (2012) The interplay between the intes-

tinal microbiota and the brain. Nature Reviews Microbiology 10(11):
735-742. doi:10.1038/nrmicro2876.

. Obrenovich et. al , In Press. Pathology and Laboratory Medicine,
Dove Press
. Martin F, Wang Y, Sprenger N, Yap IK, Lundstedt T, et al. (2008) Pro-

biotic modulation of symbiotic gut microbial-host metabolic inter-
actions in a humanized microbiome mouse model. Mol Syst Biol 4.
doi:10.1038/msb4100190.

. Jacobs D, Gaudier E, Duynhoven J, Vaughan E (2009) Non-Digestible

Food Ingredients, Colonic Microbiota and the Impact on Gut Health
and Immunity: A Role for Metabolomics. Current Drug Metabolism
10(1): 41-54.

. Zheng X, Xie G, Zhao A, Zhao L, Yao C, et al. (2011) The Footprints of

Gut Microbial-Mammalian Co-Metabolism. J Proteome Res 10(12):
5512-5522.

. Xie G, Li X, Li H, Jia W (2013) Toward Personalized Nutrition: Com-

prehensive Phytoprofiling and Metabotyping. J Proteome Res 12(4):
1547-1559.

Alonso R, Pisa D, Rabano A, Carrasco L (2014) Alzheimer’s disease
and disseminated mycoses. Eur J Clin Microbiol Infect Dis 33(7):
1125-1132.

Swann J, Wang Y, Abecia L, Costabile A, Tuohy K, et al. (2009) Gut
microbiome modulates the toxicity of hydrazine: a metabonomic
study. Molecular BioSystems 5(4): 351-355.

Kusbeci O, Miman O, Yaman M, Aktepe O, Yazar S. (2011) Could
Toxoplasma gondii Have any Role in Alzheimer Disease? Alzheimer
Disease & Associated Disorders 25(1): 1-3.

Azcarate-Peril M, Sikes M, Bruno-Barcena J (2011) The intestinal
microbiota, gastrointestinal environment and colorectal cancer: a
putative role for probiotics in prevention of colorectal cancer? AJP:
Gastrointestinal and Liver Physiology 301(3): G401-G424.

Ames B, Durston W, Yamasaki E, Lee F (1973) Carcinogens are Mu-
tagens: A Simple Test System Combining Liver Homogenates for
Activation and Bacteria for Detection. Proceedings of the National
Academy of Sciences 70(8): 2281-2285.

DiGiulio D (2012) Diversity of microbes in amniotic fluid. Seminars in
Fetal and Neonatal Medicine 17(1): 2-11.

Gareau M, Silva M, Perdue MH (2008) Pathophysiological Mecha-
nisms of Stress-Induced Intestina Damage. CMM 8(4): 274-281.
doi:10.2174/156652408784533760.

Martin F, Montoliu |, Nagy K, Moco S, Collino S, et al. (2012) Spe-
cific Dietary Preferences Are Linked to Differing Gut Microbial Meta-
bolic Activity in Response to Dark Chocolate Intake. J Proteome Res
11(12): 6252-6263, 121119162934005.

Rezzi S, Ramadan Z, Martin F, Fay L, van Bladeren P, et al. (2007) Hu-
man Metabolic Phenotypes Link Directly to Specific Dietary Prefer-
ences in Healthy Individuals. J Proteome Res 6(11): 4469-4477.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4372805/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4372805/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4372805/
https://www.ncbi.nlm.nih.gov/pubmed/22162969
https://www.ncbi.nlm.nih.gov/pubmed/22162969
https://www.ncbi.nlm.nih.gov/pubmed/22162969
https://www.ncbi.nlm.nih.gov/pubmed/26831263
https://www.ncbi.nlm.nih.gov/pubmed/26831263
https://www.ncbi.nlm.nih.gov/pubmed/26831263
https://www.ncbi.nlm.nih.gov/pubmed/26831263
https://www.ncbi.nlm.nih.gov/pubmed/23000955
https://www.ncbi.nlm.nih.gov/pubmed/23000955
https://www.ncbi.nlm.nih.gov/pubmed/23000955
https://www.ncbi.nlm.nih.gov/pubmed/18197175
https://www.ncbi.nlm.nih.gov/pubmed/18197175
https://www.ncbi.nlm.nih.gov/pubmed/18197175
https://www.ncbi.nlm.nih.gov/pubmed/18197175
https://www.ncbi.nlm.nih.gov/pubmed/19149512
https://www.ncbi.nlm.nih.gov/pubmed/19149512
https://www.ncbi.nlm.nih.gov/pubmed/19149512
https://www.ncbi.nlm.nih.gov/pubmed/19149512
https://www.ncbi.nlm.nih.gov/pubmed/21970572
https://www.ncbi.nlm.nih.gov/pubmed/21970572
https://www.ncbi.nlm.nih.gov/pubmed/21970572
https://www.ncbi.nlm.nih.gov/pubmed/23421653
https://www.ncbi.nlm.nih.gov/pubmed/23421653
https://www.ncbi.nlm.nih.gov/pubmed/23421653
https://www.ncbi.nlm.nih.gov/pubmed/24452965
https://www.ncbi.nlm.nih.gov/pubmed/24452965
https://www.ncbi.nlm.nih.gov/pubmed/24452965
https://www.ncbi.nlm.nih.gov/pubmed/19396371
https://www.ncbi.nlm.nih.gov/pubmed/19396371
https://www.ncbi.nlm.nih.gov/pubmed/19396371
https://www.ncbi.nlm.nih.gov/pubmed/20921875
https://www.ncbi.nlm.nih.gov/pubmed/20921875
https://www.ncbi.nlm.nih.gov/pubmed/20921875
https://www.ncbi.nlm.nih.gov/pubmed/21700901
https://www.ncbi.nlm.nih.gov/pubmed/21700901
https://www.ncbi.nlm.nih.gov/pubmed/21700901
https://www.ncbi.nlm.nih.gov/pubmed/21700901
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC433718/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC433718/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC433718/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC433718/
https://www.ncbi.nlm.nih.gov/pubmed/22137615
https://www.ncbi.nlm.nih.gov/pubmed/22137615
https://www.ncbi.nlm.nih.gov/pubmed/18537635
https://www.ncbi.nlm.nih.gov/pubmed/18537635
https://www.ncbi.nlm.nih.gov/pubmed/18537635
https://www.ncbi.nlm.nih.gov/pubmed/23163751
https://www.ncbi.nlm.nih.gov/pubmed/23163751
https://www.ncbi.nlm.nih.gov/pubmed/23163751
https://www.ncbi.nlm.nih.gov/pubmed/23163751
https://www.ncbi.nlm.nih.gov/pubmed/17929959
https://www.ncbi.nlm.nih.gov/pubmed/17929959
https://www.ncbi.nlm.nih.gov/pubmed/17929959

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 13 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

O’Mahony S, Clarke G, Borre Y, Dinan T, Cryan J (2015) Serotonin,
tryptophan metabolism and the brain-gut-microbiome axis. Behav-
ioural Brain Research 277: 32-48.

Clarke G, Grenham S, Scully P, Fitzgerald P, Moloney RD, et al. (2013)
The microbiome-gut-brain axis during early life regulates the hippo-
campal serotonergic system in a sex-dependent manner. Molecular
Psychiatry 18(6):666-673. doi:10.1038/mp.2012.77.

Zheng S, Yu M, Lu X, Huo T, Ge L, et al. (2010) Urinary metabonomic
study on biochemical changes in chronic unpredictable mild stress
model of depression. Clinica Chimica Acta 411(3-4): 204-209.

Li M, Wang B, Zhang M, Rantalainen M, Wang S, et al. (2008) Symbi-
otic gut microbes modulate human metabolic phenotypes. Proceed-
ings of the National Academy of Sciences 105(6): 2117-2122.

Heinken A, Sahoo S, Fleming R, Thiele | (2013) Systems-level charac-
terization of a host-microbe metabolic symbiosis in the mammalian
gut. Gut Microbes 4(1): 28-40.

Reigstad C, Salmonson C, Rainey J, Szurszewski J, Linden D, et al.
(2014) Gut microbes promote colonic serotonin production through
an effect of short-chain fatty acids on enterochromaffin cells. The
FASEB Journal 29(4): 1395-1403.

Desbonnet L, Garrett L, Clarke G, Bienenstock J, Dinan T (2008) The
probiotic Bifidobacteria infantis: An assessment of potential antide-
pressant properties in the rat. Journal of Psychiatric Research 43(2):
164-174.

Martin F, Sprenger N, Yap |, Wang Y, Bibiloni R, et al. (2009) Pan-
organismal Gut Microbiome-Host Metabolic Crosstalk. J Proteome
Res 8(4): 2090-2105.

Maes M, Kubera M, Leunis J, Berk M (2012) Increased IgA and IgM
responses against gut commensals in chronic depression: Further
evidence for increased bacterial translocation or leaky gut. Journal
of Affective Disorders 141(1): 55-62. doi:10.1016/j.jad.2012.02.023.

Maes M, Kubera M, Leunis J (2008) The gut-brainbarrier in majorde-
pression: intestinalmucosaldysfunction with an increasedtransloca-
tion of LPS from gramnegativeenterobacteria (leakygut) plays a role
in the inflammatorypathophysiology of depression. Neuro Endocri-
nology Letters 29(1): 117-124.

Ait-Belgnaoui A, Durand H, Cartier C, Chaumaz G, Eutamene H,
et al. (2012) Prevention of gut leakiness by a probiotic treatment
leads to attenuated HPA response to an acute psychological stress in
rats. Psychoneuroendocrinology 37(11): 1885-1895. doi:10.1016/j.
psyneuen.2012.03.022.

De Palma G, Collins S, Bercik P, Verdu E (2014) The microbiota-
gut-brain axis in gastrointestinal disorders: stressed bugs, stressed
brain or both? J Physiol 592(14): 2989-2997. doi:10.1113/jphysi-
0l.2014.273995.

Banack S, Caller T, Stommel E (2010) The Cyanobacteria Derived
Toxin Beta-N-Methylamino-L-Alanine and Amyotrophic Lateral Scle-
rosis. Toxins 2(12): 2837-2850.

Scheperjans F, Aho V, Pereira P, Koskinen K, Paulin L, et al. (2015)
Gut microbiota are related to Parkinson’s disease and clinical phe-
notype. Movement Disorders 30(3): 350-358.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

Davari S, Talaei S, Alaei H, Salami M (2013) Probiotics treatment im-
proves diabetes-induced impairment of synaptic activity and cogni-
tive function: Behavioral and electrophysiological proofs for micro-
biome—gut—brain axis. Neuroscience 240: 287-296. doi:10.1016/].
neuroscience.2013.02.055.

Xie G, Zhang S, Zheng X, Jia W (2013) Metabolomics approaches
for characterizing metabolic interactions between host and its com-
mensal microbes. Electrophoresis 34(19): 2787-2798.

Norris V, Molina F, Gewirtz A (2013) Hypothesis: Bacteria Control
Host Appetites. Journal of Bacteriology 195(3): 411-416.

Smith E, Macfarlane G (1996) Enumeration of human colonic bac-
teria producing phenolic and indolic compounds: effects of pH, car-
bohydrate availability and retention time on dissimilatory aromatic
amino acid metabolism. Journal of Applied Bacteriology 81(3): 288-
302.

Karoum F, Bunney W, Gillin J, Jimerson D, Van Kammen D, et al. (1977)
Effect of probenecid on the concentration of the lumbar cerebrospi-
nal fluid acidic metabolites of tyramine, octopamine, dopamine and
norepinephrine. Biochemical Pharmacology 26(7): 629-632.

Young S, Anderson G, Purdy W (1980) Indoleamine Metabolism in
Rat Brain Studied Through Measurements of Tryptophan, 5-Hy-
droxyindoleacetic Acid, and Indoleacetic Acid in Cerebrospinal Fluid.
Journal of Neurochemistry 34(2): 309-315.

Nishino R, Mikami K, Takahashi H, Tomonaga S, Furuse M, et al.
(2013) Commensal microbiota modulate murine behaviors in a
strictly contamination-free environment confirmed by culture-
based methods. Neurogastroenterol Motil 25(6): 521-528.

O’Malley D (2015) Immunomodulation of enteric neural function in
irritable bowel syndrome. WIG 21(24): 7362-7366.

Finegold S (2011) State of the art; microbiology in health and dis-
ease. Intestinal bacterial flora in autism. Anaerobe 17(6): 367-368.
doi:10.1016/j.anaerobe.2011.03.007.

Bale T, Baram T, Brown A, Goldstein JM, Insel TR, et al. (2010) Early
Life Programming and Neurodevelopmental Disorders. Biological
Psychiatry 68(4): 314-319. doi:10.1016/j.biopsych.2010.05.028.

Hsiao E, McBride S, Hsien S, Sharon G, Hyde ER, et al. (2013) Micro-
biota Modulate Behavioral and Physiological Abnormalities Associ-
ated with Neurodevelopmental Disorders. Cell 155(7): 1451-1463.
doi:10.1016/j.cell.2013.11.022.

Obrenovich M, Shola D, Schroedel K, Agrahari A, Lonsdale D (2015)
The role of trace elements thiamin e and transketolase in autism
and autistic spectrum disorder. Frontiers in Bioscience 7(2): 263-
277.doi:10.2741/730.

Mittal V, Ellman L, Cannon T (2008) Gene-Environment Interaction
and Covariation in Schizophrenia: The Role of Obstetric Complica-
tions. Schizophrenia Bulletin 34(6): 1083-1094. doi:10.1093/schbul/
sbn080.

46. Thompson B, Levitt P, Stanwood G (2009) Prenatal exposure to drugs:

effects on brain development and implications for policy and educa-
tion. Nature Reviews Neuroscience 10(4): 303-312. doi:10.1038/
nrn2598.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pubmed/25078296
https://www.ncbi.nlm.nih.gov/pubmed/25078296
https://www.ncbi.nlm.nih.gov/pubmed/25078296
https://www.ncbi.nlm.nih.gov/pubmed/22688187
https://www.ncbi.nlm.nih.gov/pubmed/22688187
https://www.ncbi.nlm.nih.gov/pubmed/22688187
https://www.ncbi.nlm.nih.gov/pubmed/22688187
https://www.ncbi.nlm.nih.gov/pubmed/19913000
https://www.ncbi.nlm.nih.gov/pubmed/19913000
https://www.ncbi.nlm.nih.gov/pubmed/19913000
https://www.ncbi.nlm.nih.gov/pubmed/18252821
https://www.ncbi.nlm.nih.gov/pubmed/18252821
https://www.ncbi.nlm.nih.gov/pubmed/18252821
https://www.ncbi.nlm.nih.gov/pubmed/23022739
https://www.ncbi.nlm.nih.gov/pubmed/23022739
https://www.ncbi.nlm.nih.gov/pubmed/23022739
https://www.ncbi.nlm.nih.gov/pubmed/25550456
https://www.ncbi.nlm.nih.gov/pubmed/25550456
https://www.ncbi.nlm.nih.gov/pubmed/25550456
https://www.ncbi.nlm.nih.gov/pubmed/25550456
https://www.ncbi.nlm.nih.gov/pubmed/18456279
https://www.ncbi.nlm.nih.gov/pubmed/18456279
https://www.ncbi.nlm.nih.gov/pubmed/18456279
https://www.ncbi.nlm.nih.gov/pubmed/18456279
https://www.ncbi.nlm.nih.gov/pubmed/19281268
https://www.ncbi.nlm.nih.gov/pubmed/19281268
https://www.ncbi.nlm.nih.gov/pubmed/19281268
https://www.ncbi.nlm.nih.gov/pubmed/22410503
https://www.ncbi.nlm.nih.gov/pubmed/22410503
https://www.ncbi.nlm.nih.gov/pubmed/22410503
https://www.ncbi.nlm.nih.gov/pubmed/22410503
https://www.ncbi.nlm.nih.gov/pubmed/18283240
https://www.ncbi.nlm.nih.gov/pubmed/18283240
https://www.ncbi.nlm.nih.gov/pubmed/18283240
https://www.ncbi.nlm.nih.gov/pubmed/18283240
https://www.ncbi.nlm.nih.gov/pubmed/18283240
https://www.ncbi.nlm.nih.gov/pubmed/22541937
https://www.ncbi.nlm.nih.gov/pubmed/22541937
https://www.ncbi.nlm.nih.gov/pubmed/22541937
https://www.ncbi.nlm.nih.gov/pubmed/22541937
https://www.ncbi.nlm.nih.gov/pubmed/22541937
https://www.ncbi.nlm.nih.gov/pubmed/24756641
https://www.ncbi.nlm.nih.gov/pubmed/24756641
https://www.ncbi.nlm.nih.gov/pubmed/24756641
https://www.ncbi.nlm.nih.gov/pubmed/24756641
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3153186/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3153186/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3153186/
https://www.ncbi.nlm.nih.gov/pubmed/25476529
https://www.ncbi.nlm.nih.gov/pubmed/25476529
https://www.ncbi.nlm.nih.gov/pubmed/25476529
https://www.ncbi.nlm.nih.gov/pubmed/23500100
https://www.ncbi.nlm.nih.gov/pubmed/23500100
https://www.ncbi.nlm.nih.gov/pubmed/23500100
https://www.ncbi.nlm.nih.gov/pubmed/23500100
https://www.ncbi.nlm.nih.gov/pubmed/23500100
https://www.ncbi.nlm.nih.gov/pubmed/23775228
https://www.ncbi.nlm.nih.gov/pubmed/23775228
https://www.ncbi.nlm.nih.gov/pubmed/23775228
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3554020/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3554020/
https://www.ncbi.nlm.nih.gov/pubmed/8810056
https://www.ncbi.nlm.nih.gov/pubmed/8810056
https://www.ncbi.nlm.nih.gov/pubmed/8810056
https://www.ncbi.nlm.nih.gov/pubmed/8810056
https://www.ncbi.nlm.nih.gov/pubmed/8810056
http://www.sciencedirect.com/science/article/pii/0006295277900363
http://www.sciencedirect.com/science/article/pii/0006295277900363
http://www.sciencedirect.com/science/article/pii/0006295277900363
http://www.sciencedirect.com/science/article/pii/0006295277900363
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.1980.tb06598.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.1980.tb06598.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.1980.tb06598.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.1980.tb06598.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/23480302
https://www.ncbi.nlm.nih.gov/pubmed/23480302
https://www.ncbi.nlm.nih.gov/pubmed/23480302
https://www.ncbi.nlm.nih.gov/pubmed/23480302
https://www.ncbi.nlm.nih.gov/pubmed/26139983
https://www.ncbi.nlm.nih.gov/pubmed/26139983
https://www.ncbi.nlm.nih.gov/pubmed/21524713
https://www.ncbi.nlm.nih.gov/pubmed/21524713
https://www.ncbi.nlm.nih.gov/pubmed/21524713
https://www.ncbi.nlm.nih.gov/pubmed/20674602
https://www.ncbi.nlm.nih.gov/pubmed/20674602
https://www.ncbi.nlm.nih.gov/pubmed/20674602
https://www.ncbi.nlm.nih.gov/pubmed/24315484
https://www.ncbi.nlm.nih.gov/pubmed/24315484
https://www.ncbi.nlm.nih.gov/pubmed/24315484
https://www.ncbi.nlm.nih.gov/pubmed/24315484
https://www.ncbi.nlm.nih.gov/pubmed/25553376
https://www.ncbi.nlm.nih.gov/pubmed/25553376
https://www.ncbi.nlm.nih.gov/pubmed/25553376
https://www.ncbi.nlm.nih.gov/pubmed/25553376
https://www.ncbi.nlm.nih.gov/pubmed/18635675
https://www.ncbi.nlm.nih.gov/pubmed/18635675
https://www.ncbi.nlm.nih.gov/pubmed/18635675
https://www.ncbi.nlm.nih.gov/pubmed/18635675
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2777887/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2777887/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2777887/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2777887/

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 14 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ben-Ari Y (2013) Neuropaediatric and neuroarchaeology: under-
standing development to correct brain disorders. Acta Paediatrica
102(4): 331-334. doi:10.1111/apa.12161.

Mulle J, Sharp W, Cubells J (2013) The Gut Microbiome: A New
Frontier in Autism Research. Current Psychiatry Reports 15(2): 337.
doi:10.1007/s11920-012-0337-0.

Rapoport J, Giedd J, Gogtay N (2012) Neurodevelopmental model
of schizophrenia: update 2012. Molecular Psychiatry 17(12): 1228-
1238. d0i:10.1038/mp.2012.23.

Shaw W (2010) Increased urinary excretion of a 3-(3-hydroxyphenyl)-
3-hydroxypropionic acid (HPHPA), an abnormal phenylalanine
metabolite of Clostridia spp. in the gastrointestinal tract, in urine
samples from patients with autism and schizophrenia. Nutritional
Neuroscience 13(3): 135-143.

Ming X, Stein T, Barnes V, Rhodes N, Guo L (2012) Metabolic Per-
turbance in Autism Spectrum Disorders: A Metabolomics Study. J
Proteome Res 11(12): 5856-5862. 121109162502007.

De Theije C, Wopereis H, Ramadan M, van Eijndthoven T, Lambert J,
et al. (2014) Altered gut microbiota and activity in a murine model
of autism spectrum disorders. Brain Behavior and Immunity 37: 197-
206. d0i:10.1016/j.bbi.2013.12.005.

Douglas-Escobar M, Elliott E, Neu J (2013) Effect of Intestinal Micro-
bial Ecology on the Developing Brain. JAMA Pediatrics 167(4): 374-
379. doi:10.1001/jamapediatrics.2013.497.

Desbonnet L, Clarke G, Shanahan F, Dinan T, Cryan J (2013) Micro-
biota is essential for social development in the mouse. Molecular
Psychiatry 19(2): 146-148. d0i:10.1038/mp.2013.65.

Iversen L (2000) Neurotransmitter transporters: fruitful targets for
CNS drug discovery. Molecular Psychiatry 5(4): 357-362.

Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG, et al. (2014) Bacte-
rial neuroactive compounds produced by psychobiotics. InMicrobi-
alEndocrinology: The Microbiota-Gut-Brain Axis in Health and Dis-
ease, Springer New York 817:221-239.

Paus T, Keshavan M, Giedd J (2008) Why do many psychiatric disor-
ders emerge during adolescence? Nat Rev Neurosci 9(12): 947-57.
doi: 10.1038/nrn2513.

Rice D, Barone S (2000) Critical Periods of Vulnerability for the
Developing Nervous System: Evidence from Humans and Animal
Models. Environ Health Perspect 108(s3): 511-533. doi:10.1289/
ehp.00108s3511.

Young S, Anderson G, Gauthier S, Purdy W (1980) The Origin of In-
doleacetic Acid and Indolepropionic Acid in Rat and Human Cere-
brospinal Fluid. Journal of Neurochemistry 34(5): 1087-1092.

Obrenovich M, Shamberger R, Lonsdale D (2011) Altered Heavy
Metals and Transketolase Found in Autistic Spectrum Disorder. Bi-
ological Trace Element Research 144(1-3): 475-486. doi:10.1007/
$12011-011-9146-2.

Holmes E, Li J, Athanasiou T, Ashrafian H, Nicholson JK (2011) Under-
standing the role of gut microbiome—host metabolic signal disrup-
tion in health and disease. Trends in Microbiology 19(7): 349-359.

Yano J, Yu K, Donaldson G, Shastri G, Ann P, et al. (2015) Indigenous
Bacteria from the Gut Microbiota Regulate Host Serotonin Biosyn-
thesis. Cell 161(2): 264-276.

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

. Alcock J, Maley C, Aktipis C (2014) Is eating behavior manipulated by
the gastrointestinal microbiota? Evolutionary pressures and poten-
tial mechanisms. BioEssays 36(10): 940-949.

Griffin J, Wang X, Stanley E (2015) Does Our Gut Microbiome Predict
Cardiovascular Risk?: A Review of the Evidence From Metabolomics.
Circulation: Cardiovascular Genetics 8(1): 187-191.

Armougom F, Henry M, Vialettes B, Raccah D, Raoult D (2009) Moni-
toring Bacterial Community of Human Gut Microbiota Reveals an
Increase in Lactobacillus in Obese Patients and Methanogens in An-
orexic Patients. PLoS ONE 4(9): e7125.

Lee S, An J, Park H, Jung B (2012) Investigation of endogenous meta-
bolic changes in the urine of pseudo germ-free rats using a metabo-
lomic approach. Journal of Chromatography B 887-888: 8-18.

Velagapudi V, Hezaveh R, Reigstad C, Gopalacharyulu P, Yetukuri L,
et al. (2009) The gut microbiota modulates host energy and lipid
metabolism in mice. The Journal of Lipid Research 51(5): 1101-1112.

Kimura |, Inoue D, Maeda T, Hara T, Ichimura A, et al. (2011) Short-
chain fatty acids and ketones directly regulate sympathetic nervous
system via G protein-coupled receptor 41 (GPR41). Proceedings of
the National Academy of Sciences 108(19): 8030-8035. doi:10.1073/
pnas.1016088108.

Peterson C, Sharma V, Elmén L, Peterson S (2015) Immune homeo-
stasis, dysbiosis and therapeutic modulation of the gut microbiota.
Clin Exp Immunol 179(3): 363-377.

MacFabe D (2012) Short-chain fatty acid fermentation products of
the gut microbiome: implications in autism spectrum disorders.
Microbial Ecology in Health & Disease 23(0). doi:10.3402/mehd.
v23i0.19260.

Karaki S, Tazoe H, Hayashi H, Kashiwabara H, Tooyama K, et al. (2007)
Expression of the short-chain fatty acid receptor, GPR43, in the hu-
man colon. J Mol Hist 39(2): 135-142.

Holzer P, Reichmann F, Farzi A (2012) Neuropeptide Y, peptide YY and
pancreatic polypeptide in the gut—brain axis. Neuropeptides 46(6):
261-274.

Macfarlane S, Macfarlane G (2003) Regulation of short-chain fatty
acid production. Proceedings of the Nutrition Society 62(01): 67-72.
doi:10.1079/pns2002207.

Kimura |, Ozawa K, Inoue D, Imamura T, Kimura K, et al. (2013) The
gut microbiota suppresses insulin-mediated fat accumulation via
the short-chain fatty acid receptor GPR43. Nature Communications
4:1829. doi:10.1038/ncomms2852.

Roowi S, Mullen W, Edwards C, Crozier A (2009) Yoghurt impacts
on the excretion of phenolic acids derived from colonic breakdown
of orange juice flavanones in humans. Molecular Nutrition & Food
Research 53(S1): S68-S75.

Lessa FC, Winston LG, McDonald LC; Emerging Infections Program
C. difficile Surveillance Team (2015) Burden of Clostridium difficile
Infection in the United States. New England Journal of Medicine
372(9): 825-834.

Weil A, Hohmann E (2015) Fecal Microbiota Transplant: Benefits and
Risks. Open Forum Infectious Diseases 2(1): ofv005.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


http://onlinelibrary.wiley.com/doi/10.1111/apa.12161/pdf
http://onlinelibrary.wiley.com/doi/10.1111/apa.12161/pdf
http://onlinelibrary.wiley.com/doi/10.1111/apa.12161/pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3564498/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3564498/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3564498/
https://www.ncbi.nlm.nih.gov/pubmed/22488257
https://www.ncbi.nlm.nih.gov/pubmed/22488257
https://www.ncbi.nlm.nih.gov/pubmed/22488257
https://www.ncbi.nlm.nih.gov/pubmed/20423563
https://www.ncbi.nlm.nih.gov/pubmed/20423563
https://www.ncbi.nlm.nih.gov/pubmed/20423563
https://www.ncbi.nlm.nih.gov/pubmed/20423563
https://www.ncbi.nlm.nih.gov/pubmed/20423563
https://www.ncbi.nlm.nih.gov/pubmed/23106572
https://www.ncbi.nlm.nih.gov/pubmed/23106572
https://www.ncbi.nlm.nih.gov/pubmed/23106572
https://www.ncbi.nlm.nih.gov/pubmed/24333160
https://www.ncbi.nlm.nih.gov/pubmed/24333160
https://www.ncbi.nlm.nih.gov/pubmed/24333160
https://www.ncbi.nlm.nih.gov/pubmed/24333160
https://www.ncbi.nlm.nih.gov/pubmed/23400224
https://www.ncbi.nlm.nih.gov/pubmed/23400224
https://www.ncbi.nlm.nih.gov/pubmed/23400224
https://www.ncbi.nlm.nih.gov/pubmed/23689536
https://www.ncbi.nlm.nih.gov/pubmed/23689536
https://www.ncbi.nlm.nih.gov/pubmed/23689536
mailto:https://www.ncbi.nlm.nih.gov/pubmed/10889545
mailto:https://www.ncbi.nlm.nih.gov/pubmed/10889545
mailto:https://www.ncbi.nlm.nih.gov/pubmed/24997036
mailto:https://www.ncbi.nlm.nih.gov/pubmed/24997036
mailto:https://www.ncbi.nlm.nih.gov/pubmed/24997036
mailto:https://www.ncbi.nlm.nih.gov/pubmed/24997036
https://www.ncbi.nlm.nih.gov/pubmed/19002191
https://www.ncbi.nlm.nih.gov/pubmed/19002191
https://www.ncbi.nlm.nih.gov/pubmed/19002191
https://www.ncbi.nlm.nih.gov/pubmed/10852851
https://www.ncbi.nlm.nih.gov/pubmed/10852851
https://www.ncbi.nlm.nih.gov/pubmed/10852851
https://www.ncbi.nlm.nih.gov/pubmed/10852851
https://www.ncbi.nlm.nih.gov/pubmed/6154772
https://www.ncbi.nlm.nih.gov/pubmed/6154772
https://www.ncbi.nlm.nih.gov/pubmed/6154772
https://www.ncbi.nlm.nih.gov/pubmed/21755304
https://www.ncbi.nlm.nih.gov/pubmed/21755304
https://www.ncbi.nlm.nih.gov/pubmed/21755304
https://www.ncbi.nlm.nih.gov/pubmed/21755304
https://www.ncbi.nlm.nih.gov/pubmed/21684749
https://www.ncbi.nlm.nih.gov/pubmed/21684749
https://www.ncbi.nlm.nih.gov/pubmed/21684749
https://www.ncbi.nlm.nih.gov/pubmed/25860609
https://www.ncbi.nlm.nih.gov/pubmed/25860609
https://www.ncbi.nlm.nih.gov/pubmed/25860609
https://www.ncbi.nlm.nih.gov/pubmed/25103109
https://www.ncbi.nlm.nih.gov/pubmed/25103109
https://www.ncbi.nlm.nih.gov/pubmed/25103109
https://www.ncbi.nlm.nih.gov/pubmed/25691688
https://www.ncbi.nlm.nih.gov/pubmed/25691688
https://www.ncbi.nlm.nih.gov/pubmed/25691688
https://www.ncbi.nlm.nih.gov/pubmed/19774074
https://www.ncbi.nlm.nih.gov/pubmed/19774074
https://www.ncbi.nlm.nih.gov/pubmed/19774074
https://www.ncbi.nlm.nih.gov/pubmed/19774074
https://www.ncbi.nlm.nih.gov/pubmed/22300547
https://www.ncbi.nlm.nih.gov/pubmed/22300547
https://www.ncbi.nlm.nih.gov/pubmed/22300547
https://www.ncbi.nlm.nih.gov/pubmed/20040631
https://www.ncbi.nlm.nih.gov/pubmed/20040631
https://www.ncbi.nlm.nih.gov/pubmed/20040631
https://www.ncbi.nlm.nih.gov/pubmed/21518883
https://www.ncbi.nlm.nih.gov/pubmed/21518883
https://www.ncbi.nlm.nih.gov/pubmed/21518883
https://www.ncbi.nlm.nih.gov/pubmed/21518883
https://www.ncbi.nlm.nih.gov/pubmed/21518883
https://www.ncbi.nlm.nih.gov/pubmed/25345825
https://www.ncbi.nlm.nih.gov/pubmed/25345825
https://www.ncbi.nlm.nih.gov/pubmed/25345825
https://www.ncbi.nlm.nih.gov/pubmed/23990817/
https://www.ncbi.nlm.nih.gov/pubmed/23990817/
https://www.ncbi.nlm.nih.gov/pubmed/23990817/
https://www.ncbi.nlm.nih.gov/pubmed/23990817/
https://www.ncbi.nlm.nih.gov/pubmed/17899402
https://www.ncbi.nlm.nih.gov/pubmed/17899402
https://www.ncbi.nlm.nih.gov/pubmed/17899402
https://www.ncbi.nlm.nih.gov/pubmed/22979996/
https://www.ncbi.nlm.nih.gov/pubmed/22979996/
https://www.ncbi.nlm.nih.gov/pubmed/22979996/
https://www.ncbi.nlm.nih.gov/pubmed/12740060
https://www.ncbi.nlm.nih.gov/pubmed/12740060
https://www.ncbi.nlm.nih.gov/pubmed/12740060
https://www.ncbi.nlm.nih.gov/pubmed/23652017
https://www.ncbi.nlm.nih.gov/pubmed/23652017
https://www.ncbi.nlm.nih.gov/pubmed/23652017
https://www.ncbi.nlm.nih.gov/pubmed/23652017
https://www.ncbi.nlm.nih.gov/pubmed/19415668
https://www.ncbi.nlm.nih.gov/pubmed/19415668
https://www.ncbi.nlm.nih.gov/pubmed/19415668
https://www.ncbi.nlm.nih.gov/pubmed/19415668
https://www.ncbi.nlm.nih.gov/pubmed/26061850
https://www.ncbi.nlm.nih.gov/pubmed/26061850
https://www.ncbi.nlm.nih.gov/pubmed/26061850
https://www.ncbi.nlm.nih.gov/pubmed/26061850
https://www.ncbi.nlm.nih.gov/pubmed/26034756
https://www.ncbi.nlm.nih.gov/pubmed/26034756

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 15 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Tsukumo D, Carvalho B, Carvalho Filho M, Saad MJ (2015) Transla-
tional research into gut microbiota: new horizons on obesity treat-
ment: updated 2014. Archives of Endocrinology and Metabolism
59(2): 154-160.

Candela M, Maccaferri S, Turroni S, Carnevali P, Brigidi P (2010)
Functional intestinal microbiome, new frontiers in prebiotic design.
International Journal of Food Microbiology 140(2-3): 93-101.

Schéle E, Grahnemo L, Anesten F, Hallén A, Backhed F, et al. (2013)
The Gut Microbiota Reduces Leptin Sensitivity and the Expression
of the Obesity-Suppressing Neuropeptides Proglucagon ( Gecg ) and
Brain-Derived Neurotrophic Factor ( Bdnf ) in the Central Nervous
System. Endocrinology 154(10): 3643-3651. doi:10.1210/en.2012-
2151.

Serino M, Chabo C, Burcelin R (2012) Intestinal MicrobiOMICS to
Define Health and Disease in Human and Mice. CPB13(5): 746-758.

Chuang H, Huang Y, Chiu C, Liao C, Hsu F et al. (2012) Metabolomics
characterization of energy metabolism reveals glycogen accumula-
tion in gut-microbiota-lacking mice. The Journal of Nutritional Bio-
chemistry 23(7): 752-758.

Flint H (2011) Obesity and the Gut Microbiota. Journal of Clinical
Gastroenterology 45: $128-5132.

Backhed F (2011) Programming of Host Metabolism by the Gut Mi-
crobiota. Ann Nutr Metab 58(s2): 44-52.

Possemiers S, Grootaert C, Vermeiren J, Gross G, Marzorati M, et al.
(2009) The Intestinal Environment in Health and Disease — Recent
Insights on the Potential of Intestinal Bacteria to Influence Human
Health. Current Pharmaceutical Design 15(18): 2051-2065.

Antunes L, Han J, Ferreira R, Lolic P, Borchers C, et al. (2011) Finlay
B. Effect of Antibiotic Treatment on the Intestinal Metabolome. An-
timicrobial Agents and Chemotherapy 55(4): 1494-1503.

Magrone T, Perez de Heredia F, Jirillo E, Morabito G, et al. (2013)
Functional foods and nutraceuticals as therapeutic tools for the
treatment of diet-related diseases 1. Canadian Journal of Physiology
and Pharmacology 91(6): 387-396.

Margolis K, Stevanovic K, Li Z, Yang Q, Oravecz T et al. (2013) Phar-
macological reduction of mucosal but not neuronal serotonin op-
poses inflammation in mouse intestine. Gut 63(6): 928-937.

Hunt R, Tougas G (2002) Evolving concepts in functional gastrointes-
tinal disorders: promising directions for novel pharmaceutical treat-
ments. Best Practice & Research Clinical Gastroenterology 16(6):
869-883.

Clarke G, Stilling R, Kennedy P, Stanton C, Cryan J (2014) Minireview:
Gut Microbiota: The Neglected Endocrine Organ. Molecular Endo-
crinology 28(8): 1221-1238.

Herman A, Romanowicz K, Tomaszewska-Zaremba D (2010) Effect
of LPS on Reproductive System at the Level of the Pituitary of An-
estrous Ewes. Reproduction in Domestic Animals 45(6): e351-e359.

Egecioglu E, Prieto-Garcia L, Studer E, Westberg L, Jerlhag E (2014)
The role of ghrelin signalling for sexual behaviour in male mice. Ad-
dict Biol 21(2): 348-359. doi: 10.1111/adb.12202.

Cone J, McCutcheon J, Roitman M (2014) Ghrelin Acts as an Inter-
face between Physiological State and Phasic Dopamine Signaling.
Journal of Neuroscience 34(14) :4905-4913.

94

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

. Sudo N (2014) Microbiome HPAaxis and production of endocrine-
hormones in the gut. Advances in Experimental Medicine and Biol-
ogy 817: 177-194.

Crumeyrolle-Arias M, Jaglin M, Bruneau A, Vancassel S, Cardona A,
et al. (2014) Absence of the gut microbiota enhances anxiety-like
behavior and neuroendocrine response to acute stress in rats. Psy-
choneuroendocrinology 42: 207-217.

Scott LV, Clarke G, Dinan TG (2013) The brain-gut axis: a target for
treating stress-related disorders. Modern Trends in Pharmacopsy-
chiatry 28: 90-99.

Golubeva A, Crampton S, Desbonnet L, Edge D, O’Sullivan O, et al.
(2015) Prenatal stress-induced alterations in major physiological
systems correlate with gut microbiota composition in adulthood.
Psychoneuroendocrinology 60: 58-74.

El-Ansary A, Shaker G, El-Gezeery A, Al-Ayadhi L (2013) The neu-
rotoxic effect of clindamycin - induced gut bacterial imbalance and
orally administered propionic acid on DNA damage assessed by the
comet assay: protective potency of carnosine and carnitine. Gut
Pathogens 5(1): 9.

Duncan S, Richardson A, Kaul P, Holmes R, Allison M (2002) Oxalo-
bacter formigenes and Its Potential Role in Human Health. Applied
and Environmental Microbiology 68(8): 3841-3847.

Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG, et al. (2014) Bacte-
rial neuroactive compounds produced by psychobiotics. Advances in
Experimental Medicine and Biology 817: 221-239.

Basharat S, Parker J, Murphy K, Bloom S, Buckingham J, et al. (2014)
Leptin fails to blunt the lipopolysaccharide-induced activation of the
hypothalamic-pituitary-adrenal axis in rats. Journal of Endocrinol-
ogy 221(2): 229-234.

Liang C, Luo H, Liu Y, Cao J, Xia H (2012) Plasma Hormones Facilitated
the Hypermotility of the Colon in a Chronic Stress Rat Model PLoS
ONE 7(2): e31774.

Tena-Sempere M (2013) Interaction Between Energy Homeostasis
and Reproduction: Central Effects of Leptin and Ghrelin on the Re-
productive Axis. Hormone and Metabolic Research 45(13): 919-927.

Fukuda K (2014) 5-HTP hypothesis of schizophrenia. Medical Hy-
potheses 82(1): 20-23.

Le Floc’h N, Otten W, Merlot E (2010) Tryptophan metabolism, from
nutrition to potential therapeutic applications. Amino Acids 41(5):
1195-1205.

Asano Y, Hiramoto T, Nishino R, Aiba Y, Kimura T, et al. (2012) Critical
role of gut microbiota in the production of biologically active, free
catecholamines in the gut lumen of mice. AJP: Gastrointestinal and
Liver Physiology 303(11): 1288-1295.

Jump R, Polinkovsky A, Hurless K, Sitzlar B, Eckart K, et al. (2014)
Metabolomics Analysis Identifies Intestinal Microbiota-Derived Bio-
markers of Colonization Resistance in Clindamycin-Treated Mice.
PLoS ONE 9(7): e101267.

Edlund C, Nord CE (1999) Effect of Quinolones on Intestinal Ecology.
Drugs 58(Supplement 2): 65-70.

Farr S, Baker C, Naples M, Taher J, Igbal J, et al. (2015) Central Ner-
vous System Regulation of Intestinal Lipoprotein Metabolism by Glu-
cagon-Like Peptide-1 via a Brain-Gut Axis. Arteriosclerosis, Throm-
bosis, and Vascular Biology 35(5): 1092-1100.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pubmed/25993679
https://www.ncbi.nlm.nih.gov/pubmed/25993679
https://www.ncbi.nlm.nih.gov/pubmed/25993679
https://www.ncbi.nlm.nih.gov/pubmed/25993679
https://www.ncbi.nlm.nih.gov/pubmed/20471127
https://www.ncbi.nlm.nih.gov/pubmed/20471127
https://www.ncbi.nlm.nih.gov/pubmed/20471127
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/22122483
https://www.ncbi.nlm.nih.gov/pubmed/22122483
https://www.ncbi.nlm.nih.gov/pubmed/21840188
https://www.ncbi.nlm.nih.gov/pubmed/21840188
https://www.ncbi.nlm.nih.gov/pubmed/21840188
https://www.ncbi.nlm.nih.gov/pubmed/21840188
https://www.ncbi.nlm.nih.gov/pubmed/21992951
https://www.ncbi.nlm.nih.gov/pubmed/21992951
https://www.ncbi.nlm.nih.gov/pubmed/21846980
https://www.ncbi.nlm.nih.gov/pubmed/21846980
https://www.ncbi.nlm.nih.gov/pubmed/19519443
https://www.ncbi.nlm.nih.gov/pubmed/19519443
https://www.ncbi.nlm.nih.gov/pubmed/19519443
https://www.ncbi.nlm.nih.gov/pubmed/19519443
https://www.ncbi.nlm.nih.gov/pubmed/21282433
https://www.ncbi.nlm.nih.gov/pubmed/21282433
https://www.ncbi.nlm.nih.gov/pubmed/21282433
https://www.ncbi.nlm.nih.gov/pubmed/23745830
https://www.ncbi.nlm.nih.gov/pubmed/23745830
https://www.ncbi.nlm.nih.gov/pubmed/23745830
https://www.ncbi.nlm.nih.gov/pubmed/23745830
https://www.ncbi.nlm.nih.gov/pubmed/23749550
https://www.ncbi.nlm.nih.gov/pubmed/23749550
https://www.ncbi.nlm.nih.gov/pubmed/23749550
https://www.ncbi.nlm.nih.gov/pubmed/12473296
https://www.ncbi.nlm.nih.gov/pubmed/12473296
https://www.ncbi.nlm.nih.gov/pubmed/12473296
https://www.ncbi.nlm.nih.gov/pubmed/12473296
https://www.ncbi.nlm.nih.gov/pubmed/24892638
https://www.ncbi.nlm.nih.gov/pubmed/24892638
https://www.ncbi.nlm.nih.gov/pubmed/24892638
https://www.ncbi.nlm.nih.gov/pubmed/20345594
https://www.ncbi.nlm.nih.gov/pubmed/20345594
https://www.ncbi.nlm.nih.gov/pubmed/20345594
https://www.ncbi.nlm.nih.gov/pubmed/25475101
https://www.ncbi.nlm.nih.gov/pubmed/25475101
https://www.ncbi.nlm.nih.gov/pubmed/25475101
https://www.ncbi.nlm.nih.gov/pubmed/24695709
https://www.ncbi.nlm.nih.gov/pubmed/24695709
https://www.ncbi.nlm.nih.gov/pubmed/24695709
https://www.ncbi.nlm.nih.gov/pubmed/24997034
https://www.ncbi.nlm.nih.gov/pubmed/24997034
https://www.ncbi.nlm.nih.gov/pubmed/24997034
https://www.ncbi.nlm.nih.gov/pubmed/24636517
https://www.ncbi.nlm.nih.gov/pubmed/24636517
https://www.ncbi.nlm.nih.gov/pubmed/24636517
https://www.ncbi.nlm.nih.gov/pubmed/24636517
https://www.ncbi.nlm.nih.gov/pubmed/25224893
https://www.ncbi.nlm.nih.gov/pubmed/25224893
https://www.ncbi.nlm.nih.gov/pubmed/25224893
https://www.ncbi.nlm.nih.gov/pubmed/26135201
https://www.ncbi.nlm.nih.gov/pubmed/26135201
https://www.ncbi.nlm.nih.gov/pubmed/26135201
https://www.ncbi.nlm.nih.gov/pubmed/26135201
https://www.ncbi.nlm.nih.gov/pubmed/23587115
https://www.ncbi.nlm.nih.gov/pubmed/23587115
https://www.ncbi.nlm.nih.gov/pubmed/23587115
https://www.ncbi.nlm.nih.gov/pubmed/23587115
https://www.ncbi.nlm.nih.gov/pubmed/23587115
https://www.ncbi.nlm.nih.gov/pubmed/12147479/
https://www.ncbi.nlm.nih.gov/pubmed/12147479/
https://www.ncbi.nlm.nih.gov/pubmed/12147479/
https://www.ncbi.nlm.nih.gov/pubmed/24997036
https://www.ncbi.nlm.nih.gov/pubmed/24997036
https://www.ncbi.nlm.nih.gov/pubmed/24997036
https://www.ncbi.nlm.nih.gov/pubmed/24578293
https://www.ncbi.nlm.nih.gov/pubmed/24578293
https://www.ncbi.nlm.nih.gov/pubmed/24578293
https://www.ncbi.nlm.nih.gov/pubmed/24578293
https://www.ncbi.nlm.nih.gov/pubmed/22363728
https://www.ncbi.nlm.nih.gov/pubmed/22363728
https://www.ncbi.nlm.nih.gov/pubmed/22363728
https://www.ncbi.nlm.nih.gov/pubmed/24155252
https://www.ncbi.nlm.nih.gov/pubmed/24155252
https://www.ncbi.nlm.nih.gov/pubmed/24155252
https://www.ncbi.nlm.nih.gov/pubmed/24280562
https://www.ncbi.nlm.nih.gov/pubmed/24280562
https://www.ncbi.nlm.nih.gov/pubmed/20872026
https://www.ncbi.nlm.nih.gov/pubmed/20872026
https://www.ncbi.nlm.nih.gov/pubmed/20872026
https://www.ncbi.nlm.nih.gov/pubmed/23064760
https://www.ncbi.nlm.nih.gov/pubmed/23064760
https://www.ncbi.nlm.nih.gov/pubmed/23064760
https://www.ncbi.nlm.nih.gov/pubmed/23064760
https://www.ncbi.nlm.nih.gov/pubmed/24988418
https://www.ncbi.nlm.nih.gov/pubmed/24988418
https://www.ncbi.nlm.nih.gov/pubmed/24988418
https://www.ncbi.nlm.nih.gov/pubmed/24988418
https://www.ncbi.nlm.nih.gov/pubmed/10553709
https://www.ncbi.nlm.nih.gov/pubmed/10553709
https://www.researchgate.net/publication/272187237_Central_Nervous_System_Regulation_of_Intestinal_Lipoprotein_Metabolism_by_Glucagon-Like_Peptide-1_via_a_Brain-Gut_Axis
https://www.researchgate.net/publication/272187237_Central_Nervous_System_Regulation_of_Intestinal_Lipoprotein_Metabolism_by_Glucagon-Like_Peptide-1_via_a_Brain-Gut_Axis
https://www.researchgate.net/publication/272187237_Central_Nervous_System_Regulation_of_Intestinal_Lipoprotein_Metabolism_by_Glucagon-Like_Peptide-1_via_a_Brain-Gut_Axis
https://www.researchgate.net/publication/272187237_Central_Nervous_System_Regulation_of_Intestinal_Lipoprotein_Metabolism_by_Glucagon-Like_Peptide-1_via_a_Brain-Gut_Axis

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 16 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Heppner K, Kirigiti M, Secher A, Paulsen S, Buckingham R, et al.
(2015) Expression and Distribution of Glucagon-Like Peptide-1 Re-
ceptor mRNA, Protein and Binding in the Male Nonhuman Primate (
Macaca mulatta ) Brain. Endocrinology 156 (1): 255-267.

Guan X (2014) The CNS glucagon-like peptide-2 receptor in the con-
trol of energy balance and glucose homeostasis. Am J Physiol Regul
Integr Comp Physiol 307(6): 585-596.

Simpson K, Parker J, Plumer J, Bloom S (2012) CCK, PYY and PP: the
control of energy balance. Handbook of Experimental Pharmacology
(209): 209-230 doi: 10.1007/978-3-642-24716-3_9.

Giménez-Palop O, Coronas R, Cobo J, Gallart L, Barbero D, et al.
(2012) Fasting plasma peptide YY concentrations are increased in
patients with major depression who associate weight loss. Journal
of Endocrinological Investigation Jul: 35(7): 645-648.

De Silva A, Salem V, Long C, Makwana A, Newbould R, et al. (2011)
The Gut Hormones PYY3-36 and GLP-17-36 amide Reduce Food In-
take and Modulate Brain Activity in Appetite Centers in Humans.
Cell Metabolism 14(5): 700-706.

Huang X, Yu Y, Beck E, South T, Li Y, et al. (2011) Diet high in oat
B-glucan activates the gut-hypothalamic (PYY3-36-NPY) axis and in-
creases satiety in diet-induced obesity in mice. Molecular Nutrition
& Food Research 55(7): 1118-1121.

Reichmann F, Hassan A, Farzi A, Jain P, Schuligoi R, et al. (2015) Dex-
tran sulfate sodium-induced colitis alters stress-associated behav-
iour and neuropeptide gene expression in the amygdala-hippocam-
pus network of mice. Scientific Reports 5: 9970.

Schéle E, Grahnemo L, Anesten F, Hallén A, Backhed F, et al. (2013)
The Gut Microbiota Reduces Leptin Sensitivity and the Expression
of the Obesity-Suppressing Neuropeptides Proglucagon (Gcg) and
Brain-Derived Neurotrophic Factor (Bdnf) in the Central Nervous
System. Endocrinology 154(10): 3643-3651.

Bercik P, Denou E, Collins J, Jackson W, Lu J, et al. (2011) The Intes-
tinal Microbiota Affect Central Levels of Brain-Derived Neurotropic
Factor and Behavior in Mice. Gastroenterology 141 (2): 599-609.

Pandey S, Singh A, Chaudhari N, Nampoothiri L, Kumar G,et al.
(2015) Protection Against 1,2-Di-methylhydrazine-Induced Systemic
Oxidative Stress and Altered Brain Neurotransmitter Status by Pro-
biotic Escherichia coli CFR 16 Secreting Pyrroloquinoline Quinone.
Current Microbiology 70(5): 690-697.

Roberts A, Matthews J, Socransky S, Freestone P, Williams P, et al.
(2002) Stress and the periodontal diseases: effects of catechol-
amines on the growth of periodontal bacteria in vitro. Oral Microbi-
ology and Immunology 17(5): 296-303.

Dyachkova M, Klimina K, Kovtun A, Zakharevich N, Nezametdinova
V, et al. (2015) Draft Genome Sequences of Bifidobacterium angu-
latum GT102 and Bifid bacterium adolescentis 150: Focusing on
the Genes Potentially Involved in the Gut-Brain Axis. Genome An-
nouncements 3(4): 00709-00715.

Moloney R, O’Mahony S, Dinan T, Cryan J (2015) Stress-Induced Vis-
ceral Pain: Toward Animal Models of Irritable-Bowel Syndrome and
Associated Comorbidities. Front Psychiatry 16: 6-15.

Keightley P, Koloski N, Talley N (2015) Pathways in gut-brain communi-
cation: Evidence for distinct gut-to-brain and brain-to-gut syndromes.
Australian & New Zealand Journal of Psychiatry 49(3): 207-214.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Schemann M (2005) Control of gastrointestinal motility by the “gut
brain”--the enteric nervous system. Journal of Pediatric Gastroen-
terology and Nutrition 41 Suppl 1: 4-6.

Eliassi A, Aleali F, Ghasemi T (2008) Peripheral dopamine D2-like re-
ceptors have a regulatory effect on carbachol-, histamine- and pen-
tagastrin-stimulated gastric acid secretion. Clinical and Experimental
Pharmacology and Physiology 35(9): 1065-1070.

Wright S, Washington M, Garcia C, Sayegh A (2012) Gastrin releasing
peptide-29 requires vagal and splanchnic neurons to evoke satiation
and satiety. Peptides 33(1): 125-131.

Webster J, Moayeri M, Sternberg E (2004) Novel Repression of the
Glucocorticoid Receptor by Anthrax Lethal Toxin. Annals of the New
York Academy of Sciences 1022(1): 9-23.

Webster J, Sternberg EM (2004) Role of the hypothalamic-pituitary-
adrenal axis, glucocorticoids and glucocorticoid receptors in toxic
sequelae of exposure to bacterial and viral products. Journal of En-
docrinology 181(2): 207-221.

Clarke G, McKernan D, Gaszner G, Quigley E, Cryan J, et al. (2012)
A Distinct Profile of Tryptophan Metabolism along the Kynurenine
Pathway Downstream of Toll-Like Receptor Activation in Irritable
Bowel Syndrome. Front Pharmacol 3: 90.

Geurts L, Neyrinck A, Delzenne N, Knauf C, Cani P (2014) Gut mi-
crobiota controls adipose tissue expansion, gut barrier and glucose
metabolism: novel insights into molecular targets and interventions
using prebiotics. Beneficial Microbes 5(1): 3-17.

Ozawa T, Tokunaga J, Arakawa M, Ishikawa A, Takeuchi R, et al.
(2013) Abnormal ghrelin secretion contributes to gastrointestinal
symptoms in multiple system atrophy patients. Autonomic Neuro-
science 260(8): 2073-2077.

Sudo N (2012) Role of microbiome in regulating the HPAaxis and its
relevance to allergy. Chemical Immunology and Allergy 98: 163-175.

Pellissier S, Dantzer C, Mondillon L, Trocme C, Gauchez AS, et al.
(2014) Relationship between Vagal Tone, Cortisol, TNF-Alpha, Epi-
nephrine and Negative Affects in Crohn’s Disease and Irritable Bowel
Syndrome. PLoS ONE 9(9): 105328.

Klarer M, Arnold M, Gunther L, Winter C, Langhans W, et al. (2014)
Gut Vagal Afferents Differentially Modulate Innate Anxiety and
Learned Fear. Journal of Neuroscience 34(21): 7067-7076.

Midtvedt T, Carlstedt-Duke B, Hoverstad T, Midtvedt AC, Norin KE, et
al. (1987)Establishment of a biochemically active intestinal ecosys-
tem in ex-germ free rats. Applied and Environmental Microbiology
53(12): 2866-2871.

Wikoff W, Anfora A, Liu J, Schultz P, Lesley S, et al. (2009) Metabolo-
mics analysis reveals large effects of gut micro flora on mammalian
blood metabolites. Proceedings of the National Academy of Scienc-
es 106(10): 3698-3703.

Macfarlane G, Macfarlane S (2012) Bacteria, Colonic Fermentation,
and Gastrointestinal Health. J AOAC Int 95(1): 50-60.

Evans JM, Morris LS, Marchesi JR (2013) The gut micro biome: the
role of a virtual organ in the endocrinology of the host. Journal of
Endocrinology 218(3): 37-47.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pubmed/25380238
https://www.ncbi.nlm.nih.gov/pubmed/25380238
https://www.ncbi.nlm.nih.gov/pubmed/25380238
https://www.ncbi.nlm.nih.gov/pubmed/25380238
https://www.ncbi.nlm.nih.gov/pubmed/24990862
https://www.ncbi.nlm.nih.gov/pubmed/24990862
https://www.ncbi.nlm.nih.gov/pubmed/24990862
http://link.springer.com/chapter/10.1007%2F978-3-642-24716-3_9
http://link.springer.com/chapter/10.1007%2F978-3-642-24716-3_9
http://link.springer.com/chapter/10.1007%2F978-3-642-24716-3_9
https://www.ncbi.nlm.nih.gov/pubmed/22183081
https://www.ncbi.nlm.nih.gov/pubmed/22183081
https://www.ncbi.nlm.nih.gov/pubmed/22183081
https://www.ncbi.nlm.nih.gov/pubmed/22183081
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3267038/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3267038/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3267038/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3267038/
https://www.ncbi.nlm.nih.gov/pubmed/21688388
https://www.ncbi.nlm.nih.gov/pubmed/21688388
https://www.ncbi.nlm.nih.gov/pubmed/21688388
https://www.ncbi.nlm.nih.gov/pubmed/21688388
https://www.ncbi.nlm.nih.gov/pubmed/26066467
https://www.ncbi.nlm.nih.gov/pubmed/26066467
https://www.ncbi.nlm.nih.gov/pubmed/26066467
https://www.ncbi.nlm.nih.gov/pubmed/26066467
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/23892476
https://www.ncbi.nlm.nih.gov/pubmed/21683077
https://www.ncbi.nlm.nih.gov/pubmed/21683077
https://www.ncbi.nlm.nih.gov/pubmed/21683077
https://www.ncbi.nlm.nih.gov/pubmed/25586077
https://www.ncbi.nlm.nih.gov/pubmed/25586077
https://www.ncbi.nlm.nih.gov/pubmed/25586077
https://www.ncbi.nlm.nih.gov/pubmed/25586077
https://www.ncbi.nlm.nih.gov/pubmed/25586077
https://www.research.manchester.ac.uk/portal/en/publications/stress-and-the-periodontal-diseases-effects-of-catecholamines-on-the-growth-of-periodontal-bacteria-in-vitro(ce272180-097e-473d-a168-d0bf00f129f4).html
https://www.research.manchester.ac.uk/portal/en/publications/stress-and-the-periodontal-diseases-effects-of-catecholamines-on-the-growth-of-periodontal-bacteria-in-vitro(ce272180-097e-473d-a168-d0bf00f129f4).html
https://www.research.manchester.ac.uk/portal/en/publications/stress-and-the-periodontal-diseases-effects-of-catecholamines-on-the-growth-of-periodontal-bacteria-in-vitro(ce272180-097e-473d-a168-d0bf00f129f4).html
https://www.research.manchester.ac.uk/portal/en/publications/stress-and-the-periodontal-diseases-effects-of-catecholamines-on-the-growth-of-periodontal-bacteria-in-vitro(ce272180-097e-473d-a168-d0bf00f129f4).html
https://www.ncbi.nlm.nih.gov/pubmed/26139716
https://www.ncbi.nlm.nih.gov/pubmed/26139716
https://www.ncbi.nlm.nih.gov/pubmed/26139716
https://www.ncbi.nlm.nih.gov/pubmed/26139716
https://www.ncbi.nlm.nih.gov/pubmed/26139716
https://www.ncbi.nlm.nih.gov/pubmed/25762939
https://www.ncbi.nlm.nih.gov/pubmed/25762939
https://www.ncbi.nlm.nih.gov/pubmed/25762939
https://www.ncbi.nlm.nih.gov/pubmed/25710826
https://www.ncbi.nlm.nih.gov/pubmed/25710826
https://www.ncbi.nlm.nih.gov/pubmed/25710826
http://journals.lww.com/jpgn/Fulltext/2005/09001/Control_of_Gastrointestinal_Motility_by_the__Gut.3.aspx
http://journals.lww.com/jpgn/Fulltext/2005/09001/Control_of_Gastrointestinal_Motility_by_the__Gut.3.aspx
http://journals.lww.com/jpgn/Fulltext/2005/09001/Control_of_Gastrointestinal_Motility_by_the__Gut.3.aspx
http://onlinelibrary.wiley.com/doi/10.1111/j.1440-1681.2008.04961.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1440-1681.2008.04961.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1440-1681.2008.04961.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1440-1681.2008.04961.x/abstract
https://www.ncbi.nlm.nih.gov/pubmed/22210008
https://www.ncbi.nlm.nih.gov/pubmed/22210008
https://www.ncbi.nlm.nih.gov/pubmed/22210008
https://www.ncbi.nlm.nih.gov/pubmed/15265771
https://www.ncbi.nlm.nih.gov/pubmed/15265771
https://www.ncbi.nlm.nih.gov/pubmed/15265771
https://www.ncbi.nlm.nih.gov/pubmed/15128270
https://www.ncbi.nlm.nih.gov/pubmed/15128270
https://www.ncbi.nlm.nih.gov/pubmed/15128270
https://www.ncbi.nlm.nih.gov/pubmed/15128270
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3357104/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3357104/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3357104/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3357104/
https://www.ncbi.nlm.nih.gov/pubmed/23886976
https://www.ncbi.nlm.nih.gov/pubmed/23886976
https://www.ncbi.nlm.nih.gov/pubmed/23886976
https://www.ncbi.nlm.nih.gov/pubmed/23886976
https://www.ncbi.nlm.nih.gov/pubmed/23652420
https://www.ncbi.nlm.nih.gov/pubmed/23652420
https://www.ncbi.nlm.nih.gov/pubmed/23652420
https://www.ncbi.nlm.nih.gov/pubmed/23652420
http://www.citeulike.org/user/tonamswish/article/11866367
http://www.citeulike.org/user/tonamswish/article/11866367
https://www.ncbi.nlm.nih.gov/pubmed/25207649
https://www.ncbi.nlm.nih.gov/pubmed/25207649
https://www.ncbi.nlm.nih.gov/pubmed/25207649
https://www.ncbi.nlm.nih.gov/pubmed/25207649
http://www.jneurosci.org/content/34/21/7067
http://www.jneurosci.org/content/34/21/7067
http://www.jneurosci.org/content/34/21/7067
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204214/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204214/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204214/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC204214/
http://www.pnas.org/content/106/10/3698.abstract
http://www.pnas.org/content/106/10/3698.abstract
http://www.pnas.org/content/106/10/3698.abstract
http://www.pnas.org/content/106/10/3698.abstract
https://www.ncbi.nlm.nih.gov/pubmed/22468341
https://www.ncbi.nlm.nih.gov/pubmed/22468341
https://www.ncbi.nlm.nih.gov/pubmed/23833275
https://www.ncbi.nlm.nih.gov/pubmed/23833275
https://www.ncbi.nlm.nih.gov/pubmed/23833275

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 17 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Konturek S, Konturek P, Brzozowski T, Konturek J, Pawlik W (2005)
From nerves and hormones to bacteria in the stomach; Nobelprize
for achievements in gastrology during lastcentury. Journal of Physi-
ology and Pharmacology 56(4): 507-530.

Edkins JS (1905) On the chemical mechanism of gastric secretion.
The Lancet DOI: 10.1098/rspb.1905.0029.

Gregory R, Tracy H (1964) The constitution and properties of two
gastrins extracted from hog antral mucosa: Part | The isolation of
two gastrins from hog antral mucosa. Gut 5(2): 103-107.

Neuman H, Debelius J, Knight R, Koren O (2015) Microbial endocri-
nology: the interplay between the micro biota and the endocrine
system. FEMS Microbiology Reviews 39(4): 509-521.

McCusker R, Kelley K (2012) Immune-neural connections: how the
immune system’s response to infectious agents influences behavior.
Journal of Experimental Biology 216(1): 84-98.

Wang X, Wang BR, Zhang XJ, Xu Z, Ding YQ, et al. (2002) Evidences
for vagus nerve in maintenance of immune balance and transmis-
sion of immune information from gut to brain in STM-infected rats.
World Journal of Gastroenterology 8(3): 540-545. doi:10.3748/wijg.
v8.i3.540.

Tracey K, Borovikova LV, Ilvanova S, Watkins LR, Wang H, et al.
(2000) Vagus nerve stimulation attenuates the systemic inflam-
matory response to endotoxin. Nature 405(6785): 458-462
doi:10.1038/35013070.

Goehler L, Gaykema R, Opitz N, Reddaway R, Badr N, et al. (2005) Ac-
tivation in vagal afferents and central autonomic pathways: Early re-
sponses to intestinal infection with Campylobacter jejuni. Brain, Be-
havior and Immunity 19(4): 334-344. doi:10.1016/j.bbi.2004.09.002.

Perez-Burgos A, Wang B, Mao Y, Mistry B, McVey Neufeld KA, et
al. (2013) Psychoactive bacteria Lactobacillus rhamnosus (JB-1)
elicits rapid frequency facilitation in vagal afferents. AJP: Gastro-
intestinal and Liver Physiology 304(2): 211-220. doi:10.1152/ajp-
gi.00128.2012.

Haller D (2010) Nutrigenomics and IBD. Journal of Clinical Gastroen-
terology 44: 6-9.

Matsumoto M, Kibe R, Ooga T, Aiba Y, Kurihara S, et al. ( 2012) Im-
pact of Intestinal Micro biota on Intestinal Luminal Metabolome Sci-
entific Reports 2.

Strazielle N, Ghersi-Egea JF.Efflux (2015) transporters in blood-brain
interfaces of the developing brain. Front Neurosci 5: 9-21.

Maynard C, Elson C, Hatton R, Weaver C (2012) Reciprocal inter-
actions of the intestinal micro biota and immune system. Nature
489(7415): 231-241 d0i:10.1038/nature11551.

Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, et al.
(2014) The gut micro biota influences blood-brain barrier perme-
ability in mice. Science Translational Medicine 6(263): 263ral158.

Sandman CA, Davis EP (2012) Neurobehavioral risk is associated
with gestational exposure to stress hormones. Expert Review of En-
docrinology & Metabolism 7(4): 445-459.

Carabotti M, Scirocco A, Maselli M, Severi C (2015) The gut-brain
axis: interactions between enteric microbiota, central and enteric
nervous systems. Ann Gastroenterol 28(2): 203-209.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Mayer E, Savidge T, Shulman R (2014) Brain—Gut Microbiome Inter-
actions and Functional Bowel Disorders. Gastroenterology 146(6):
1500-1512.

DiGiulio D, Romero R, Amogan H, Kusanovic J, Bik E, et al. (2008)
Microbial Prevalence, Diversity and Abundance in Amniotic Fluid
During Preterm Labor: A Molecular and Culture-Based Investigation.
PLoS ONE 3(8): e3056.

Kwak D, Hwang H, Kwon J, Park Y, Kim Y (2014) Co-infection with
vaginal Ureaplasma urealyticum and Mycoplasma hominis increases
adverse pregnancy outcomes in patients with preterm labor or pre-
term premature rupture of membranes. J Matern Fetal Neonatal
Med 27(4): 333-337.

Rogier E, Frantz A, Bruno M, Wedlund L, Cohen D, et al. (2014) Secre-
tory antibodies in breast milk promote long-term intestinal homeo-
stasis by regulating the gut microbiota and host gene expression.
Proceedings of the National Academy of Sciences 111(8): 3074-
3079.

Fernandez L, Langa S, Martin V, Maldonado A, Jiménez E, et al.
(2013) The human milk microbiota: Origin and potential roles in
health and disease. Pharmacological Research 69(1): 1-10.

Heikkila M, Saris P (2003) Inhibition of Staphylococcus aureus by the
commensal bacteria of human milk. J Appl Microbiol 95(3): 471-478.

Arrieta M, Stiemsma L, Amenyogbe N, Brown E, Finlay B (2014) The
Intestinal Microbiome in Early Life: Health and Disease. Frontiers in
Immunology 5: 427.

De Palma G, Blennerhassett P, Lu J, Deng Y, Park AJ, et al. (2015) Mi-
crobiota and host determinants of behavioural phenotype in mater-
nally separated mice. Nature Communications 6: 7735 doi:10.1038/
ncomms8735.

Funkhouser L, Bordenstein S (2013) Mom Knows Best: The Uni-
versality of Maternal Microbial Transmission. PLoS Biology 11(8):
€1001631 doi:10.1371/journal.pbio.1001631.

Marques A, O’Connor T, Roth C, Susser E, Bjgrke Monsen A (2013)
The influence of maternal prenatal and early childhood nutrition
and maternal prenatal stress on offspring immune system devel-
opment and neurodevelopmental disorders. Front Neurosci 7: 120
doi:10.3389/fnins.2013.00120.

Collins S, Kassam Z, Bercik P (2013) The adoptive transfer of be-
havioral phenotype via the intestinal microbiota: experimental
evidence and clinical implications. Current Opinion in Microbiology
16(3): 240-245 doi:10.1016/j.mib.2013.06.004.

Koenig J, Spor A, Scalfone N, Fricker A, Stombaugh J, et al. (2010)
Succession of microbial consortia in the developing infant gut micro-
biome. Proceedings of the National Academy of Sciences 108(Sup-
plement_1): 4578-4585.

Donnet Hughes A, Perez P, Doré J, Leclerc M, Levenez F, et al. Po-
tential role of the intestinal microbiota of the mother in neonatal
immune education. Proceedings of the Nutrition Society 69(03):
407-415. doi:10.1017/s0029665110001898.

Christian L, Galley J, Hade E, Schoppe Sullivan S, Kamp Dush C, et
al. (2015) Gut microbiome composition is associated with tempera-
ment during early childhood. Brain, Behavior and Immunity 45: 118-
127.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pubmed/16391411
https://www.ncbi.nlm.nih.gov/pubmed/16391411
https://www.ncbi.nlm.nih.gov/pubmed/16391411
https://www.ncbi.nlm.nih.gov/pubmed/16391411
http://rspb.royalsocietypublishing.org/content/76/510/376
http://rspb.royalsocietypublishing.org/content/76/510/376
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1552180/pdf/gut00728-0013.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1552180/pdf/gut00728-0013.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1552180/pdf/gut00728-0013.pdf
https://www.researchgate.net/publication/272624683_Microbial_endocrinology_the_interplay_between_the_microbiota_and_the_endocrine_system
https://www.researchgate.net/publication/272624683_Microbial_endocrinology_the_interplay_between_the_microbiota_and_the_endocrine_system
https://www.researchgate.net/publication/272624683_Microbial_endocrinology_the_interplay_between_the_microbiota_and_the_endocrine_system
https://www.researchgate.net/publication/233888475_Immune-neural_connections_How_the_immune_system's_response_to_infectious_agents_influences_behavior
https://www.researchgate.net/publication/233888475_Immune-neural_connections_How_the_immune_system's_response_to_infectious_agents_influences_behavior
https://www.researchgate.net/publication/233888475_Immune-neural_connections_How_the_immune_system's_response_to_infectious_agents_influences_behavior
https://www.ncbi.nlm.nih.gov/pubmed/12046088
https://www.ncbi.nlm.nih.gov/pubmed/12046088
https://www.ncbi.nlm.nih.gov/pubmed/12046088
https://www.ncbi.nlm.nih.gov/pubmed/12046088
https://www.ncbi.nlm.nih.gov/pubmed/12046088
https://www.ncbi.nlm.nih.gov/pubmed/10839541
https://www.ncbi.nlm.nih.gov/pubmed/10839541
https://www.ncbi.nlm.nih.gov/pubmed/10839541
https://www.ncbi.nlm.nih.gov/pubmed/10839541
https://www.ncbi.nlm.nih.gov/pubmed/15944073
https://www.ncbi.nlm.nih.gov/pubmed/15944073
https://www.ncbi.nlm.nih.gov/pubmed/15944073
https://www.ncbi.nlm.nih.gov/pubmed/15944073
https://www.ncbi.nlm.nih.gov/pubmed/23139216
https://www.ncbi.nlm.nih.gov/pubmed/23139216
https://www.ncbi.nlm.nih.gov/pubmed/23139216
https://www.ncbi.nlm.nih.gov/pubmed/23139216
https://www.ncbi.nlm.nih.gov/pubmed/23139216
https://www.ncbi.nlm.nih.gov/pubmed/20535026
https://www.ncbi.nlm.nih.gov/pubmed/20535026
http://www.nature.com/articles/srep00233
http://www.nature.com/articles/srep00233
http://www.nature.com/articles/srep00233
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318338/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4318338/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4492337/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4492337/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4492337/
https://www.ncbi.nlm.nih.gov/pubmed/25411471
https://www.ncbi.nlm.nih.gov/pubmed/25411471
https://www.ncbi.nlm.nih.gov/pubmed/25411471
https://www.ncbi.nlm.nih.gov/pubmed/23144647
https://www.ncbi.nlm.nih.gov/pubmed/23144647
https://www.ncbi.nlm.nih.gov/pubmed/23144647
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367209/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367209/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367209/
https://www.ncbi.nlm.nih.gov/pubmed/24583088
https://www.ncbi.nlm.nih.gov/pubmed/24583088
https://www.ncbi.nlm.nih.gov/pubmed/24583088
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0003056
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0003056
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0003056
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0003056
https://www.ncbi.nlm.nih.gov/pubmed/23796000
https://www.ncbi.nlm.nih.gov/pubmed/23796000
https://www.ncbi.nlm.nih.gov/pubmed/23796000
https://www.ncbi.nlm.nih.gov/pubmed/23796000
https://www.ncbi.nlm.nih.gov/pubmed/23796000
http://www.pnas.org/content/111/8/3074.abstract
http://www.pnas.org/content/111/8/3074.abstract
http://www.pnas.org/content/111/8/3074.abstract
http://www.pnas.org/content/111/8/3074.abstract
http://www.pnas.org/content/111/8/3074.abstract
https://www.ncbi.nlm.nih.gov/pubmed/22974824
https://www.ncbi.nlm.nih.gov/pubmed/22974824
https://www.ncbi.nlm.nih.gov/pubmed/22974824
https://www.ncbi.nlm.nih.gov/pubmed/12911694
https://www.ncbi.nlm.nih.gov/pubmed/12911694
https://www.ncbi.nlm.nih.gov/pubmed/25250028
https://www.ncbi.nlm.nih.gov/pubmed/25250028
https://www.ncbi.nlm.nih.gov/pubmed/25250028
http://www.nature.com/articles/ncomms8735
http://www.nature.com/articles/ncomms8735
http://www.nature.com/articles/ncomms8735
http://www.nature.com/articles/ncomms8735
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.1001631
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.1001631
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.1001631
https://www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23845749https:/www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23845749https:/www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23845749https:/www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/23845749https:/www.ncbi.nlm.nih.gov/pubmed/23914151
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20668239
https://www.ncbi.nlm.nih.gov/pubmed/20633308
https://www.ncbi.nlm.nih.gov/pubmed/20633308
https://www.ncbi.nlm.nih.gov/pubmed/20633308
https://www.ncbi.nlm.nih.gov/pubmed/20633308
https://www.ncbi.nlm.nih.gov/pubmed/25449582
https://www.ncbi.nlm.nih.gov/pubmed/25449582
https://www.ncbi.nlm.nih.gov/pubmed/25449582
https://www.ncbi.nlm.nih.gov/pubmed/25449582

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 18 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Azad M, Bridgman S, Becker A, Kozyrskyj A (2014) Infant antibiotic
exposure and the development of childhood overweight and central
adiposity. Int J Obes Relat Metab Disord 38(10): 1290-1298.

Parker H, Gribble F, Reimann F (2014) The role of gut endocrine cells
in control of metabolism and appetite. Experimental Physiology
99(9): 1116-1120.

Foster J, Zhou L (2015) Psychobiotics and the gut-brain axis: in the
pursuit of happiness. Neuropsychiatric Disease and Treatment 11:
715.

David L, Maurice C, Carmody R, Gootenberg DB, Button JE, et al.
(2013) Diet rapidly and reproducibly alters the human gut microbi-
ome. Nature 505(7484): 559-563 do0i:10.1038/nature12820.

Patterson E, Cryan J, Fitzgerald G, Ross R, Dinan T, et al. (2014) Gut
microbiota, the pharmabiotics they produce and host health. Proc
Nutr Soc 73(04): 477-489.

Bercik P, Park A, Sinclair D, Khoshdel A, Lu J, et al. (2011) The anx-
iolytic effect of Bifidobacterium longum NCC3001 involves vagal
pathways for gut-brain communication. Neurogastroenterology &
Motility 23(12): 1132-1139 d0i:10.1111/j.1365-2982.2011.01796.x.

Goehler L, Park S, Opitz N, Lyte M, Gaykema R (2008) Campylobacter
jejuni infection increases anxiety-like behavior in the holeboard:
Possible anatomical substrates for viscerosensory modulation of
exploratory behavior. Brain, Behavior, and Immunity 22(3): 354-366
doi:10.1016/j.bbi.2007.08.009.

Bercik P, Verdu E, Foster J, Macri J, Potter M, et al. (2010) Chronic
Gastrointestinal Inflammation Induces Anxiety-Like Behavior and
Alters Central Nervous System Biochemistry in Mice. Gastroenterol-
ogy 139(6): 2102-2112.e1 doi:10.1053/j.gastro.2010.06.063.

Biagi E, Candela M, Turroni S, Garagnani P, Franceschi C, et al. (2013)
Ageing and gut microbes: Perspectives for health maintenance and
longevity. Pharmacological Research 69(1): 11-20 doi:10.1016/j.
phrs.2012.10.005.

Biagi E, Nylund L, Candela M, Ostan R, Bucci L, et al. (2010) Through
Ageing, and Beyond: Gut Microbiota and Inflammatory Status in Se-
niors and Centenarians. PLoS ONE 5(5): e10667 doi:10.1371/jour-
nal.pone.0010667.

Claesson M, Cusack S, O’Sullivan O, Diniz RG, Weerd HD, et al.
(2010) Composition, variability, and temporal stability of the intes-
tinal microbiota of the elderly. Proceedings of the National Acad-
emy of Sciences 108(Supplement_1): 4586-4591 doi:10.1073/
pnas.1000097107.

Thuny F, Richet H, Casalta J, Angelakis E, Habib G, et al. (2010) Van-
comycin Treatment of Infective Endocarditis Is Linked with Recently
Acquired Obesity. PLoS ONE 5(2): e9074.

Prenderville J, Kennedy P, Dinan T, Cryan J (2015) Adding fuel to the
fire: the impact of stress on the ageing brain. Trends in Neurosci-
ences 38(1): 13-25.

Looft T, Allen H (2012) Collateral effects of antibiotics on mammalian
gut microbiomes. Gut Microbes 3(5): 463-467.

Obrenovich M, Tima M, Zhang R, Polinkovsky A, Emancipator S, et al.
A targeted metabolomics approach identifies intestinal microbiota-
derived urinary biomarkers of colonization resistance in antibiotic-
treated mice. Plos One. (In preparation).

184.

185.

186.

187.

188.

1809.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Dethlefsen L, Huse S, Sogin M, Relman D (2008) The Pervasive Ef-
fects of an Antibiotic on the Human Gut Microbiota, as Revealed by
Deep 16S rRNA Sequencing. Plos Biol 6(11): e280.

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, et al.
(2007) CRISPR Provides Acquired Resistance Against Viruses in Pro-
karyotes. Science 315(5819): 1709-1712.

Sontheimer E, Marraffini L (2010) Microbiology: Slicer for DNA. Na-
ture 468(7320): 45-46.

Hochstrasser M, Doudna J (2015) Cutting it close: CRISPR-associated
endoribonuclease structure and function. Trends in Biochemical Sci-
ences 40(1): 58-66.

Bikard D, Euler C, Jiang W, Nussenzweig P, Goldberg G, et al. (2014)
Exploiting CRISPR-Cas nucleases to produce sequence-specific anti-
microbials. Nat Biotechnol 32(11): 1146-1150.

Citorik R, Mimee M, Lu T (2014) Sequence-specific antimicrobials
using efficiently delivered RNA-guided nucleases. Nat Biotechnol
32(11): 1141-1145.

Verna E, Lucak S (2010) Use of probiotics in gastrointestinal disor-
ders: what to recommend?. Therapeutic Advances in Gastroenterol-
ogy 3(5): 307-319.

Ozogul F, Kuley E, Ozogul Y, Ozogul i (2012) The Function of Lactic
Acid Bacteria on Biogenic Amines Production by Food-Borne Patho-
gens in Arginine Decarboxylase Broth. Food Science and Technology
Research 18(6): 795-804.

Ruddick J, Evans A, Nutt D, Lightman S, Rook G, et al. (2006) Tryp-
tophan metabolism in the central nervous system: medical implica-
tions. ERM 8(20): 1-27 doi:10.1017/s1462399406000068.

Schmidt C (2015) Mental Health: Thinking from the Gut. Nature
518(7540): S12-515.

Chen Z, Guo L, Zhang Y, Walzem RL, Pendergast SJ, et al. (2014) In-
corporation of therapeutically modified bacteria into gut microbiota
inhibits obesity. Journal of Clinical Investigation 124(8): 3391-3406
doi:10.1172/jci72517.

Kelly P (2010) Nutrition, intestinal defence and the microbiome.
Proc Nutr Soc 69(02): 261-268.

Li W, Dowd S, Scurlock B, Martinez AV, Lyte M (2009) Memory and
learning behavior in mice is temporally associated with diet-induced
alterations in gut bacteria. Physiology & Behavior 96(4-5): 557-567.

Smitka K, Papezova H, Vondra K, Hill M, Hainer V, et al. (2013) The
Role of “Mixed” Orexigenic and Anorexigenic Signals and Autoanti-
bodies Reacting with Appetite-Regulating Neuropeptides and Pep-
tides of the Adipose Tissue-Gut-Brain Axis: Relevance to Food Intake
and Nutritional Status in Patients with Anorexia Nervosa and Buli-
mia Nervosa. International Journal of Endocrinology 2013: 48314.

Sandvik A, Waldum H (1991) Session 4: Aspects of the Regulation of
Gastric Histamine Release. Scand J Gastroenterol 26(s180): 108-112.

Konturek P, Konturek S, Sito E, Kwiecien N, Obtulowicz W, et al.
(2001) Luminal Na-methyl histamine stimulates gastric acid secre-
tion in duodenal ulcer patients via releasing gastrin. European Jour-
nal of Pharmacology 412(2): 181-185.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pubmed/25012772
https://www.ncbi.nlm.nih.gov/pubmed/25012772
https://www.ncbi.nlm.nih.gov/pubmed/25012772
https://www.ncbi.nlm.nih.gov/pubmed/25210110
https://www.ncbi.nlm.nih.gov/pubmed/25210110
https://www.ncbi.nlm.nih.gov/pubmed/25210110
https://www.ncbi.nlm.nih.gov/pubmed/25834446
https://www.ncbi.nlm.nih.gov/pubmed/25834446
https://www.ncbi.nlm.nih.gov/pubmed/25834446
http://www.nature.com/nature/journal/v505/n7484/full/nature12820.html
http://www.nature.com/nature/journal/v505/n7484/full/nature12820.html
http://www.nature.com/nature/journal/v505/n7484/full/nature12820.html
https://www.ncbi.nlm.nih.gov/pubmed/25196939
https://www.ncbi.nlm.nih.gov/pubmed/25196939
https://www.ncbi.nlm.nih.gov/pubmed/25196939
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/21988661
https://www.ncbi.nlm.nih.gov/pubmed/17920243
https://www.ncbi.nlm.nih.gov/pubmed/17920243
https://www.ncbi.nlm.nih.gov/pubmed/17920243
https://www.ncbi.nlm.nih.gov/pubmed/17920243
https://www.ncbi.nlm.nih.gov/pubmed/17920243
https://www.ncbi.nlm.nih.gov/pubmed/20600016
https://www.ncbi.nlm.nih.gov/pubmed/20600016
https://www.ncbi.nlm.nih.gov/pubmed/20600016
https://www.ncbi.nlm.nih.gov/pubmed/20600016
https://www.ncbi.nlm.nih.gov/pubmed/23079287
https://www.ncbi.nlm.nih.gov/pubmed/23079287
https://www.ncbi.nlm.nih.gov/pubmed/23079287
https://www.ncbi.nlm.nih.gov/pubmed/23079287
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0010667
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0010667
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0010667
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0010667
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3063589/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3063589/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3063589/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3063589/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3063589/
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009074
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009074
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0009074
http://www.cell.com/trends/neurosciences/abstract/S0166-2236(14)00198-2
http://www.cell.com/trends/neurosciences/abstract/S0166-2236(14)00198-2
http://www.cell.com/trends/neurosciences/abstract/S0166-2236(14)00198-2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3466501/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3466501/
https://www.researchgate.net/publication/267271012_A_TARGETED_METABOLOMICS_APPROACH_IDENTIFIES_INTESTINAL_MICROBIOTA-DERIVED_URINARY_BIOMARKERS_OF_COLONIZATION_RESISTANCE_IN_ANTIBIOTIC-TREATED_MICE
https://www.researchgate.net/publication/267271012_A_TARGETED_METABOLOMICS_APPROACH_IDENTIFIES_INTESTINAL_MICROBIOTA-DERIVED_URINARY_BIOMARKERS_OF_COLONIZATION_RESISTANCE_IN_ANTIBIOTIC-TREATED_MICE
https://www.researchgate.net/publication/267271012_A_TARGETED_METABOLOMICS_APPROACH_IDENTIFIES_INTESTINAL_MICROBIOTA-DERIVED_URINARY_BIOMARKERS_OF_COLONIZATION_RESISTANCE_IN_ANTIBIOTIC-TREATED_MICE
https://www.researchgate.net/publication/267271012_A_TARGETED_METABOLOMICS_APPROACH_IDENTIFIES_INTESTINAL_MICROBIOTA-DERIVED_URINARY_BIOMARKERS_OF_COLONIZATION_RESISTANCE_IN_ANTIBIOTIC-TREATED_MICE
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0060280
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0060280
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0060280
http://science.sciencemag.org/content/315/5819/1709
http://science.sciencemag.org/content/315/5819/1709
http://science.sciencemag.org/content/315/5819/1709
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3045673/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3045673/
http://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(14)00189-3
http://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(14)00189-3
http://www.cell.com/trends/biochemical-sciences/abstract/S0968-0004(14)00189-3
http://www.nature.com/nbt/journal/v32/n11/full/nbt.3043.html
http://www.nature.com/nbt/journal/v32/n11/full/nbt.3043.html
http://www.nature.com/nbt/journal/v32/n11/full/nbt.3043.html
http://www.nature.com/nbt/journal/v32/n11/full/nbt.3011.html
http://www.nature.com/nbt/journal/v32/n11/full/nbt.3011.html
http://www.nature.com/nbt/journal/v32/n11/full/nbt.3011.html
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3002586/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3002586/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3002586/
https://www.jstage.jst.go.jp/article/fstr/18/6/18_795/_pdf
https://www.jstage.jst.go.jp/article/fstr/18/6/18_795/_pdf
https://www.jstage.jst.go.jp/article/fstr/18/6/18_795/_pdf
https://www.jstage.jst.go.jp/article/fstr/18/6/18_795/_pdf
https://www.ncbi.nlm.nih.gov/pubmed/16942634
https://www.ncbi.nlm.nih.gov/pubmed/16942634
https://www.ncbi.nlm.nih.gov/pubmed/16942634
http://www.nature.com/nature/journal/v518/n7540_supp/full/518S13a.html
http://www.nature.com/nature/journal/v518/n7540_supp/full/518S13a.html
https://www.jci.org/articles/view/72517
https://www.jci.org/articles/view/72517
https://www.jci.org/articles/view/72517
https://www.jci.org/articles/view/72517
https://www.ncbi.nlm.nih.gov/pubmed/20202280
https://www.ncbi.nlm.nih.gov/pubmed/20202280
https://www.ncbi.nlm.nih.gov/pubmed/19135464
https://www.ncbi.nlm.nih.gov/pubmed/19135464
https://www.ncbi.nlm.nih.gov/pubmed/19135464
https://www.ncbi.nlm.nih.gov/pubmed/24106499
https://www.ncbi.nlm.nih.gov/pubmed/24106499
https://www.ncbi.nlm.nih.gov/pubmed/24106499
https://www.ncbi.nlm.nih.gov/pubmed/24106499
https://www.ncbi.nlm.nih.gov/pubmed/24106499
https://www.ncbi.nlm.nih.gov/pubmed/24106499
http://www.tandfonline.com/doi/abs/10.3109/00365529109093186?journalCode=igas20
http://www.tandfonline.com/doi/abs/10.3109/00365529109093186?journalCode=igas20
http://www.sciencedirect.com/science/article/pii/S0014299901007208
http://www.sciencedirect.com/science/article/pii/S0014299901007208
http://www.sciencedirect.com/science/article/pii/S0014299901007208
http://www.sciencedirect.com/science/article/pii/S0014299901007208

Citation: Mark Obrenovich, Herleen Rai, Thriveen Sankar Chittoor Mana, Dorjee Shola, Benjamin McCloskey, et al. (2017) Dietary Page 19 of 19
Co-Metabolism within the Microbiota-Gut-Brain-Endocrine Metabolic Interactome. BAOJ Microbio 3: 022.

200.

201.

202.

203.

204.

205.

206.

Black J, Duncan W, Durant C, Ganellin C, Parsons E (1972) Defini-
tion and Antagonism of Histamine H2-receptors. Nature 236(5347):
385-390.

Konturek S (2003) Gastric secretion--from Pavlov’s nervism to Pop-
ielski’s histamine as direct secretagogue of oxyntic glands. Journal of
Physiology and Pharmacology 54(supply 3): 43-68.

Code CF (1956) Histamine and gastric secretion. G. Wolstenholme,
C.0O’Connor, eds. Little Brown & Co 189-219.

Pultz N, Stiefel U, Subramanyan S, Helfand M, Donskey C (2005)
Mechanisms by Which Anaerobic Microbiota Inhibit the Establish-
ment in Mice of Intestinal Colonization by Vancomycin-Resistant
Enterococcus. The Journal of Infectious Diseases 191(6): 949-956.

Hodgson D, Knott B (2002) Potentiation of tumor metastasis in
adulthood by neonatal endotoxin exposure: sex differences. Psycho-
neuroendocrinology 27(7): 791-804.

Robert-Seilaniantz A, Navarro L, Bari R, Jones J (2007) Pathological
hormone imbalances. Current Opinion in Plant Biology 10(4): 372-
379.

Tsai F, Coyle W (2009) The microbiome and obesity: Is obesity linked
to our gut flora? Current Gastroenterology Reports 11(4): 307-313.

207.

208.

209.

210.

211.

212.

Koeth R, Wang Z, Levison B, Buffa J, Org E, et al. (2013) Intestinal mi-
crobiota metabolism of I-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med 19(5): 576-585.

Parfrey L, Knight R (2012) Spatial and temporal variability of the
human microbiota. Clinical Microbiology and Infection 18 Suppl 4:
8-11.d0i:10.1111/j.1469-0691.2012.03861.x.

Ursell L, Metcalf J, Parfrey L, Knight R (2012) Defining the human
microbiome. Nutrition Reviews 70: S38-544.

Marchesi J (2011) Human distal gut microbiome. Environmental Mi-
crobiology 13(12): 3088-3102.

Kinross J, von Roon A, Penney N, Holmes E, Silk D, et al. (2009) The
Gut Microbiota as a Target for Improved Surgical Outcome and Im-
proved Patient Care. Current Pharmaceutical Design 15(13): 1537-
1545.

Marques T, Cryan J, Shanahan F, Fitzgerald G, Ross R, et al. (2014)
Gut microbiota modulation and implications for host health: Dietary
strategies to influence the gut—brain axis. Innovative Food Science
& Emerging Technologies. Journal of Pediatric Gastroenterology &
Nutrition 22: 239-247.

BAOJ Microbio, an open access journal

Volume 3; Issue 1; 022


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3650111/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3650111/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3650111/
https://www.ncbi.nlm.nih.gov/pubmed/22647040
https://www.ncbi.nlm.nih.gov/pubmed/22647040
https://www.ncbi.nlm.nih.gov/pubmed/22647040
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3426293/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3426293/
https://www.ncbi.nlm.nih.gov/pubmed/21906225
https://www.ncbi.nlm.nih.gov/pubmed/21906225
https://www.ncbi.nlm.nih.gov/pubmed/19442171
https://www.ncbi.nlm.nih.gov/pubmed/19442171
https://www.ncbi.nlm.nih.gov/pubmed/19442171
https://www.ncbi.nlm.nih.gov/pubmed/19442171
https://www.researchgate.net/publication/259160532_Gut_microbiota_modulation_and_implications_for_host_health_Dietary_strategies_to_influence_the_gut-brain_axis
https://www.researchgate.net/publication/259160532_Gut_microbiota_modulation_and_implications_for_host_health_Dietary_strategies_to_influence_the_gut-brain_axis
https://www.researchgate.net/publication/259160532_Gut_microbiota_modulation_and_implications_for_host_health_Dietary_strategies_to_influence_the_gut-brain_axis
https://www.researchgate.net/publication/259160532_Gut_microbiota_modulation_and_implications_for_host_health_Dietary_strategies_to_influence_the_gut-brain_axis
https://www.researchgate.net/publication/259160532_Gut_microbiota_modulation_and_implications_for_host_health_Dietary_strategies_to_influence_the_gut-brain_axis
http://www.nature.com/nature/journal/v236/n5347/abs/236385a0.html
http://www.nature.com/nature/journal/v236/n5347/abs/236385a0.html
http://www.nature.com/nature/journal/v236/n5347/abs/236385a0.html
https://www.ncbi.nlm.nih.gov/pubmed/15075464
https://www.ncbi.nlm.nih.gov/pubmed/15075464
https://www.ncbi.nlm.nih.gov/pubmed/15075464
http://jid.oxfordjournals.org/content/191/6/949.full
http://jid.oxfordjournals.org/content/191/6/949.full
http://jid.oxfordjournals.org/content/191/6/949.full
http://jid.oxfordjournals.org/content/191/6/949.full
https://www.ncbi.nlm.nih.gov/pubmed/12183215
https://www.ncbi.nlm.nih.gov/pubmed/12183215
https://www.ncbi.nlm.nih.gov/pubmed/12183215
https://www.ncbi.nlm.nih.gov/pubmed/17646123
https://www.ncbi.nlm.nih.gov/pubmed/17646123
https://www.ncbi.nlm.nih.gov/pubmed/17646123
https://www.ncbi.nlm.nih.gov/pubmed/19615307
https://www.ncbi.nlm.nih.gov/pubmed/19615307

	_GoBack

