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Gut microbiome-mediated epigenetic regulation of brain
disorder and application of machine learning for
multi-omics data analysis’

Harpreet Kaur, Yuvraj Singh, Surjeet Singh, and Raja B. Singh

Abstract: The gut-brain axis (GBA) is a biochemical link that connects the central nervous system (CNS) and
enteric nervous system (ENS). Clinical and experimental evidence suggests gut microbiota as a key regulator
of the GBA. Microbes living in the gut not only interact locally with intestinal cells and the ENS but have also
been found to modulate the CNS through neuroendocrine and metabolic pathways. Studies have also
explored the involvement of gut microbiota dysbiosis in depression, anxiety, autism, stroke, and pathophysi-
ology of other neurodegenerative diseases. Recent reports suggest that microbe-derived metabolites can influ-
ence host metabolism by acting as epigenetic regulators. Butyrate, an intestinal bacterial metabolite, is a
known histone deacetylase inhibitor that has shown to improve learning and memory in animal models. Due
to high disease variability amongst the population, a multi-omics approach that utilizes artificial intelligence
and machine learning to analyze and integrate omics data is necessary to better understand the role of the
GBA in pathogenesis of neurological disorders, to generate predictive models, and to develop precise and per-
sonalized therapeutics. This review examines our current understanding of epigenetic regulation of the GBA
and proposes a framework to integrate multi-omics data for prediction, prevention, and development of preci-
sion health approaches to treat brain disorders.
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Résumé : I’axe intestine—cerveau (GBA pour “gut-brain axis”) est une signalisation biochimique qui lie le sys-
teme central nerveux (CNS) avec le systéme nerveux entérique (ENS). Des évidences cliniques et expérimen-
tales suggerent que le microbiote intestinal serait un régulateur clé du GBA. Les microbes qui vivent dans
I'intestin interagissent non seulement localement, avec les cellules intestinales et 'ENS, mais ils modulent
également le CNS via des voies de signalisation neuroendocrines et biochimiques. Des études ont également
exploré I'implication de la dysbiose du microbiote intestinal dans la dépression, I’autisme, les accidents vascu-
laires cérébraux, ainsi que dans la pathophysiologie d’autres maladies neurodégénératives. Des rapports
récents suggerent que des métabolites dérivés des microbes influenceraient le métabolisme de I'hdte en agis-
sant comme des régulateurs épigénétiques. Le butyrate, un métabolite bactérien intestinal, est un inhibiteur
connu de I’histone désacétylase qui peut améliorer I’apprentissage et la mémoire chez des modéles animaux.
En raison de la grande variabilité des maladies au sein de la population, une approche multi-omique qui fait
appel a I'intelligence artificielle et a I’apprentissage machine pour analyser et intégrer les données “omiques”
est nécessaire pour mieux comprendre le role du GBA dans la pathogenese des désordres neurologiques, gén-
érer des modeéles prédictifs et développer des thérapies précises et personnalisées. Cette syntheése examine les
connaissances actuelles sur la régulation épigénétique du GBA et propose un cadre analytique pour intégrer
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les données multi-omiques pour la prédiction, la prévention et le développement d’approches de médecine

personnalisée pour traiter les désordres du cerveau.

Mots-clés : axe intestin—cerveau, épigénétique, maladies neurodégénératives, maladie d’Alzheimer, apprentis-

sage machine.

Introduction

A biochemical link exists between the central nervous
system (CNS) and the enteric nervous system (ENS) of
the body, which is known as the gut-brain axis (GBA)
(Sharon et al. 2016). In fact, the ENS is often referred to
as the “second brain” based on its size, complexity, and
similarity in producing neurotransmitters and signal-
ing molecules alike the brain (Mayer 2011). The ENS pro-
duces more than 30 neurotransmitters, most of which
are identical to the ones found in the CNS, such as ace-
tylcholine, dopamine, and serotonin. This complex net-
work of communication consists of the CNS, ENS, and
the autonomic nervous system (ANS), where the ANS
with sympathetic and parasympathetic limbs drives
both afferent signals, arising from the lumen and trans-
mitted though enteric, spinal, and vagal pathways to
the CNS, and efferent signals, arising from the CNS to
the intestinal wall (Carabotti et al. 2015). The ENS also
consists of a complex peripheral neural circuit embed-
ded within its wall comprising sensory neurons, motor
neurons, and interneurons (Foster et al. 2017). It is esti-
mated that the human ENS consists of some 500 million
neurons, which is about five times the number of
neurons present in the human spinal cord. It can inde-
pendently regulate basic gastrointestinal functions (i.e.,
motility, mucous secretion, and blood flow), but the central
control of gut functions is provided by vagal and, to a lesser
extent, spinal motor inputs that serve to coordinate gut
functions with the general homeostatic state of the orga-
nism (Mertz 2003). It is believed that the brain can influence
the ENS indirectly, via changes in gastrointestinal motility
and secretion and intestinal permeability, or directly, via
the signaling molecules that are released from intestinal
cells (enterochromaffin cells, neurons, immune cells) into
the gut lumen (Rhee et al. 2009). Likewise, there are multi-
ple ways by which the gut can influence the brain, most
commonly through neural, endocrine, immune, and hu-
moral pathways (Sherman et al. 2015) (Fig. 1). Multiple stud-
ies have suggested the role of the GBA in health and disease
ranging from psychiatric disorders (e.g., anxiety, depression)
to neurological and neurodevelopmental disorders includ-
ing autism, Alzheimer’s disease (AD), and Parkinson’s dis-
ease (PD). Gut microbiota also plays a significant role in
epigenetic modifications such as DNA methylation and his-
tone modifications, which have been known to influence
the brain and behavior. Recent advancements in multi-
omics data integration and analysis provides an opportunity
for comprehensive investigation of gut microbiota and its
contribution to host health (Tilocca et al. 2020).

Gut microbiome

Research in the past decade has shown that gut micro-
biota is a key regulator of the GBA (de la Fuente-Nunez
et al. 2018; Mittal et al. 2017). Gut microbiota refers to
the total of all microorganisms that live in the gastroin-
testinal tract and includes not just bacteria but also
other microbes such as fungi, archaea, viruses, and pro-
tozoans (Sekirov et al. 2010). It is considered as the larg-
est reservoir of microbes in the human body, containing
about 10™ microbes (Sender et al. 2016). These microbes
maintain a symbiotic relationship with gut mucosa and
impart metabolic, immunological, and gut protective
functions in the host. The collective genomes of the
microorganisms in any given environment, i.e., micro-
organism plus their set of genes, is known as the micro-
biome (Ursell et al. 2013). But the term microbiome is
often used interchangeably with microbiota (Ursell
et al. 2012). Among the four most dominant phyla in the
gut microbiota, Firmicutes and Bacteroidetes account
for 90% of the total population and Actinobacteria and
Proteobacteria account for less than 1%-5%, and the
alteration in the balance of these phyla is known as dys-
biosis, which has been suggested to be linked to several
diseases including intestinal and extra-intestinal dis-
eases (Rogers et al. 2016; Tamboli et al. 2004). In recent
times, interest within the scientific community has
focused on the role of gut microbiota in human diseases
ranging from inflammatory bowel diseases and irritable
bowel syndrome, to metabolic diseases such obesity and
diabetes, to allergic diseases, to neurodevelopmental ill-
nesses (Jandhyala et al. 2015). In recognition of fundamen-
tal involvement of commensal microbes in important
functions such as human development, immunity, and
nutrition, the National Institutes of Health (NIH) launched
the Human Microbiome Project in 2007. The primary goal
of the Human Microbiome Project was to study the func-
tional contributions of microbial communities to human
health and disease. This 10 year project was divided into
two phases, where phase I (HMP 1) was designed to con-
duct a survey of microbial communities from five major
habitats of the human body (oral, skin, nares, gastrointes-
tinal tract, and urogenital tract) and to evaluate whether a
characteristic microbial community was associated with
a specific host health status (NIH Human Microbiome
Portfolio Analysis Team 2019). The second phase of the
human microbiome project (HMP 2) was designed to
create an integrated dataset of the biological properties
of both the microbiome and host over time, in a series of
disease cohorts, as a resource for the broader research
community. Analysis of the Human Microbiome Project
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Fig. 1. Bidirectional communication between the brain and gut mediated via the gut microbiota (shown in black). The
effect of gut microbiome on brain functions via epigenetic regulation of gene expression (shown in blue).
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data has revealed a high degree of microbial community
specialization as well as considerable variation in overall
microbiome composition between individuals. The study
provided a vast knowledge in the field, including develop-
ment of reference sequences, multi-omic datasets, com-
putational and statistical tools, and analytical and clinical
protocols as resources for the broader research commu-
nity (Integrative 2019). Advances in omics technologies
and better understanding of host-microbe interactions
from the Human Microbiome Project has led to attempts
to use microbiome data-guided precise and personalized
medicine approaches for developing diagnostics and ther-
apeutic interventions (individualized microbiome altera-
tions to improve clinical outcomes) (Petrosino 2018).

Gut microbiota-brain communication (via vagus
nerve, neuroendocrine, and neuroimmune
pathways)

It still remains to be ascertained how gut microbes affect
brain functions. Experimental data suggest that the

microbiota may send direct signals to the brain by acti-
vating afferent sensory neurons of the vagus nerve via
neuroimmune and neuroendocrine pathways (Forsythe
et al. 2014; Kennedy et al. 2017; Mohajeri et al. 2018; Sampson
and Mazmanian 2015). The vagus nerve is the 10th cranial
nerve, extending from its origin in the brainstem through
the neck and the thorax down to the abdomen, which links
the viscera with the brain and consists of both afferent as
well as efferent neurons. It represents the main component
of the parasympathetic nervous system, which oversees a
vast array of crucial bodily functions, including control of
mood, immune response, digestion, and heart rate. Effer-
ent neural signals are conducted from the CNS to the gastro-
intestinal tract and can modulate gastrointestinal motility,
secretion, and epithelial permeability, which modify the
physical environment that the microbiota inhabit, thus
affecting its composition. The vagus afferent nerves
transmit signals from the gastrointestinal tract to the
CNS and can recognize microbial products or cell wall
components (Cox and Weiner 2018). Stimulation of the
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vagus nerve is known to stabilize the abnormal electrical
activity in the brain and is widely used in the treatment
of epilepsy and other neurological conditions. The role
of the vagus nerve has been very well studied in psychiat-
ric (anxiety, mood disorders) and gastrointestinal disor-
ders (Breit et al. 2018; Browning et al. 2017). Ablated gut-
related vagal communication in animal studies has
shown to affect the adult neurogenesis, stress reactivity,
and anxiety- and fear-related behavior, as well as cogni-
tion, which are all indicative of brain changes observed
in psychiatric disease (Fulling et al. 2019).

Gut bacteria are known to influence the cells of the
gastrointestinal track that produce neurotransmitters
and digestive hormones or peptides in the gut that in
turn alter the brain and behavior. All components that
can influence the gut bacteria, such as diet, environ-
ment, probiotics, and drugs, such as antibiotics, are also
known to affect vagus nerve activity (Breit et al. 2018).
Moreover, using electrophysiological studies, it has
been shown that vagal afferent nerve fibers respond to a
variety of stimuli including cytokines, nutrients, gut
peptides, and hormones (Bonaz et al. 2018; Lal et al. 2001).
The vagal receptors present at the visceral afferent end-
ings of the vagus nerve in the intestine recognize the reg-
ulatory gut peptides, inflammatory molecules, dietary
components, and bacterial metabolites to relay signals to
the CNS (de Lartigue et al. 2011). Hence, altered gut micro-
biota composition or changes in any of the gut microbiota
products (microbial signals) can be directed by the vagus
nerve to alter CNS outputs, suggesting an active role of
gut microbiota in mediating neurological functions. Vari-
ous vagotomy studies in animal models have confirmed
the vagus nerve as the most probable and direct route
for gut-to-brain signaling (Bercik et al. 2011; Bravo et al.
2011). Bravo et al. 2011 has shown that 28-days of probiotic
Lactobacillus rhamnosus treatment in mice resulted in
reduced stress-induced corticosterone and anxiety- and
depression-related behavior that was not found in vago-
tomized mice, thus identifying the vagus as a major mod-
ulatory constitutive communication pathway between
the bacteria exposed to the gut and the brain (Bravo et al.
2011). Another recent study showed that Lactobacillus intes-
tinalis and Lactobacillus reuteri caused depression- and anhe-
donia-like phenotypes in antibiotic-treated mice via the
vagus nerve. They demonstrated this by performing sub-
diaphragmatic vagotomy in mice, which blocked depres-
sion- and anhedonia-like phenotypes and reduced brain
inflammation, and in antibiotic-treated mice after the
ingestion of L. intestinalis and L. reuteri (Wang et al. 2020).
Modulating the gut bacteria using probiotics, L. reuteri has
been shown to target the ion channels in enteric sensory
neurons leading to increased action potential and excit-
ability, suggesting gut bacteria can communicate with
other components of the ENS (Kunze et al. 2009).

The neuroendocrine system is classically defined as an
organized set of cells with neural determination, which
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produce hormones or neuropeptides. The major neuroen-
docrine system that controls various body processes in
response to stress is also called the hypothalamic—pituitary—
adrenal (HPA) axis. Studies have identified a potential link
between the gut microbiota and the neuroendocrine system
in various psychiatric as well as gastrointestinal diseases
(Dinan and Cryan 2012; Mukhtar et al. 2019).

Immunomodulation by the microbiota is emerging as
an important pathway that orchestrates microbiota—gut—
brain communication (Rea et al. 2016). Gut microbiota is
well known to regulate inflammation, autoimmunity, and
immune cell trafficking (Fung et al. 2017). It is also involved
in microglial maturation and function, and altered micro-
bial community composition has been reported in neuro-
logical disorders with known microglial involvement in
humans (Abdel-Haq et al. 2019). Moreover, germ-free mice
have been shown to have compromised microglial matura-
tion and morphology that can be normalized following the
treatment of these animals with complex microbial com-
munity, suggesting active microbial signaling is required
throughout adulthood to preserve microglial maturation
(Erny et al. 2015).

Gut metabolites (short-chain fatty acids)

Gut microbiota is a complex microbial ecosystem that
produces a wide range of metabolites such as neuro-
transmitters, hormones, vitamins, and short-chain fatty
acids (SCFAs), which play an important role in host
defense (training the host immune system) (Kau et al.
2011; Reijnders et al. 2016; Sampson and Mazmanian
2015; Strandwitz et al. 2019). Gut microbiota can affect
neuronal functions directly or indirectly via these mole-
cules. The fermentation of non-digestible dietary fibers by
commensal bacteria (anaerobic) in the gut results in the pro-
duction of key bacterial metabolites and SCFAs such as ace-
tate, propionate, butyrate, and valerate, which are known
to regulate gut integrity and immune responses and main-
tain overall host homeostasis (Kasubuchi et al. 2015). The
major SCFAs and other metabolites produced from carbohy-
drates and protein by gut bacteria are listed in a review by
Macfarlane and Macfarlane (2003). About 95% of these SCFAs
are absorbed by colonocytes as an energy source, and it has
been suggested that around 60%-70% of their energy need is
fulfilled from the oxidation of SCFAs (den Besten et al. 2013).
Along with this, SCFAs also act as signaling molecules that
are mainly involved in systemic lipid metabolism and glu-
cosefinsulin regulation (den Besten et al. 2013). SCFAs can
cross the blood-brain barrier via monocarboxylate trans-
porters located on endothelial cells (Silva et al. 2020). They
are essential for maintaining the intestinal barrier perme-
ability by regulation of tight junction proteins in the
gut. Moreover, evidence also suggests the involvement
of SCFAs in maintaining the blood-brain barrier perme-
ability (Obermeier et al. 2013; Silva et al. 2020). They
modulate the mammalian cell functions by serving as
an energy substrate or by signaling through G-protein-
coupled receptors (GPCRs, GPR41, and GPR43) (W. Wu
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et al. 2017). In the brain, SCFAs produced by gut micro-
biota have been shown to influence the CNS immune
system by regulating microglial maturation and func-
tion. Microglia are the primary innate immune cells of
the brain, and dysfunction of these cells has been
shown to be involved in the initiation or progression of
multiple CNS diseases, including AD, PD, and even au-
tism spectrum disorder (ASD) and depression (Colonna
and Butovsky 2017).

Role of gut microbiota in brain disorders

Despite the significant influence of gut bacteria on de-
velopment or progression of various extra-intestinal dis-
eases, it is only in the last few years that the involvement
of gut microbiota has become the focus of interest for
neurologists particularly in understanding the patho-
physiology of neurodegenerative diseases and neuro-
psychiatric diseases such as depression, anxiety, and
cognitive deficit disorders. Several reports from the last
decade have evidenced the role of gut microbiota dysbio-
sis in depression, anxiety, autism, neurodegenerative dis-
eases, and stroke and have proposed the possibility of
using gut microbiota composition as a biomarker for the
CNS (Zhu et al. 2020). The brain alters the intestinal micro-
environment by regulating the gut motility and secretion
as well as mucosal immunity via the neuronal glial-
epithelial axis and visceral nerves (Furness 2012; Matteoli
and Boeckxstaens 2013). On the other hand, the gut reacts
via changing the bacterial metabolites such as neuro-
transmitters, neuromodulators like SCFAs, and gut hor-
mones such as leptin or ghrelin.

Manipulation of commensal gut microbiota using
probiotics and (or) antibiotics in animals has shown to
impact behavioral responses in rodents, suggesting the
involvement of gut bacteria in altering brain functions.
Germ-free models provide a direct way to study how gut
microbiota regulates behavior (Cryan and O’Mahony
2011). Previously, researchers have transplanted micro-
biota from adult germ-free BALB/c mice (a highly anx-
ious strain) into adult germ-free NIH Swiss mice (a low
anxious strain), and the BALB/c mice received the micro-
biota of the NIH Swiss mice and showed that coloniza-
tion of germ-free BALB/c increased exploratory behavior
and hippocampal levels of BDNF, whereas colonization
of germ-free NIH Swiss mice with BALB/c microbiota
reduced exploratory behavior, suggesting the direct
influence of altered gut microbiota on behavior in mice
(Bercik et al. 2011). Various preclinical and clinical stud-
ies provide the evidence of involvement of gut micro-
biota in the development of anxiety-like disorders and
improvement of anxiety symptoms by regulating the in-
testinal microbiota, which has been summed in a recent
review (Yang et al. 2019).

Neuropsychiatric symptoms could be defined as psy-
chiatric manifestations of cerebral (neuropsychiatric)
disorders. Cerebral disorders cause various psychiatric
symptoms such as dementia, mood disorder, stress,
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anxiety, movement disorder, personality disorder, and
other behavioral disorders. One of the most enduring
and replicated findings in biological psychiatry is the
high correlation of the HPA axis with the neurobiology
of various mood disorders and other brain illnesses,
including anxiety disorder, bipolar disorder, insomnia,
posttraumatic stress disorder, borderline personality
disorder, major depressive disorder, burnout, chronic
fatigue syndrome, fibromyalgia, irritable bowel syndrome,
and alcoholism (Drevets et al. 2008). Traditional approaches
to treat most of these brain disorders is a combination of
talk therapy, such as cognitive-behavioral therapy, and an
antidepressant medication. These antidepressants, which
are routinely prescribed, directly regulate HPA axis func-
tion (Barden 2004). Data from various animal and human
studies suggest a role of microbiota in influencing several
psychological disorders, mood disorders, anxiety, depres-
sion, and autism. Gut microbiota has also been found to
play an important role in the development of the HPA axis
(Sudo et al. 2004). Disruption occurring in the GBA deter-
mines changes in intestinal motility and secretion and
causes visceral hypersensitivity, leading to cellular altera-
tions of the entero-endocrine and immune systems. The
state of the gut microbiome has been found to be associated
with various mental illnesses including stress, anxiety, and
depression (de Weerth 2017; Foster and McVey Neufeld
2013; Gur et al. 2015; Jiang et al. 2015; Moloney et al. 2014;
Yang et al. 2019). A recent review highlights the findings
published in all areas of biological psychiatry research and
microbiome (Bastiaanssen et al. 2019).

ASD refers to a group of complex neurodevelopment
disorders characterized by repetitive and characteristic
patterns of behavior and difficulties with social commu-
nication and interaction. Along with genetics, many
environmental factors may modify and (or) trigger psy-
chiatric conditions including ASD. Immune system
abnormalities have been hypothesized to play a crucial
role in the pathophysiology of ASD (Edmiston et al.
2017; Fluegge 2017; Goines and Van de Water 2010;
Morgan et al. 2010; Wong and Hoeffer 2018). Gut micro-
biota can impact the development and function of the
immune, metabolic, and nervous systems and has been
shown to play a role in ASD (Sharon et al. 2019). It has
been more than two decades since a potential link
between the microbiota and ASD was first suggested. An
altered gut microbiota has been observed in both a
mouse model of ASD as well as an individual with ASD
(Coretti et al. 2018; De Angelis et al. 2013; Finegold et al.
2010; Kang et al. 2018; Kushak et al. 2017; F. Liu et al.
2019; Wang et al. 2019), as well as in mouse models of
ASD (Buffington et al. 2016; Coretti et al. 2017; Liu et al.
2018). In fact, a recent study has reported colonization
of germ-free wild-type mice with fecal microbiota from
a human with ASD was enough to induce hallmark
autistic behaviors relative to those colonized with typi-
cally developing control microbiota (Sharon et al. 2019).
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AD is one of the most common forms of dementia in
older adults; a disorder that slowly destroys memory,
cognitive skills, and, eventually, the ability to carry out
the simplest of tasks. It is an irreversible, progressive
brain disorder that mainly appears after 60 years of age.
One of the greatest challenges faced by neuropsycholo-
gists over the past 50 years is to understand the cogni-
tive and behavioral manifestations of dementia and
their relationship to underlying brain pathology. The
characteristic neuropathological hallmarks of AD are
the progressive accumulation of amyloid beta in the
brain and abnormal intracellular accumulation of
hyper-phosphorylated Tau protein inside neurons, lead-
ing to neuroinflammation and neuronal degeneration
in multiple brain regions (Kaur et al. 2020b; Serrano-Pozo
et al. 2011). Several theories have been proposed and
multiple hypothesis have been tested using various ani-
mal models of AD, which has shaped the mechanistic
research and drug development for AD over the past
decades. Multiple factors are known to contribute to
the development of AD, including, but not limited to,
lifestyle habits such as diet, exercise, education history,
cognition and aging, genetics, immune-senescence,
chronic infections, chronic inflammation, latent infec-
tions, and sleep problems (Edwards et al. 2019;
van Praag 2018). However, the failure of drugs in clinical
trials and the unsuccessful development of AD thera-
pies suggests a lack in understanding of the patho-
physiology of this disease. Recently, the role of gut
microbiota has been documented in pathogenesis of
AD, where several groups have observed altered gut mi-
crobial composition to be associated with an increased
intestinal permeability and increased intestinal inflam-
mation in various models of AD (Harach et al. 2017;
Kaur et al. 2020b; Minter et al. 2016; S.C. Wu et al. 2017).

Gut metabolites as epigenetic regulators

For the last two decades, human gut microbiota has
been studied extensively because of compelling evi-
dence that suggests human health not only depends upon
its own genome but also on microbes and their genome.
The total number of microbial cells present in a human is
10 times more than the total number of human body cells.
In fact, a metagenomic study of the human microbiome
has demonstrated that there are three to four million
unique genes present in the human gut, 100-150 times
more genes than our own genome (Qin et al. 2010; Zhu
et al. 2010). Many of these genes encode proteins that
perform metabolic functions and produce metabolites
exclusive to the microbiome. These intestinal bacterial
metabolites not only exert local effects in the gut, but
some are also absorbed into the systemic circulation and
reach distant organs, including the brain. Some of these
metabolites are biologically active, whereas others are fur-
ther metabolized by host enzymes and serve as a mediator
of microbial influence on the host. Several studies have
shown that manipulation of gut microbiota composition
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affects microbial metabolome that in turn affects the host
metabolism and genetics, suggesting the existence of
dynamic crosstalk between the host and its microbiota,
which is important for achieving and maintaining homeo-
stasis (Rooks and Garrett 2016).

Gut microbiota and their metabolites are considered
as important epigenetic regulators that can influence
host gene expression (can affect epigenetic processes of
the host as well). Epigenetics is often defined as the
study of phenotypic changes secondary to alterations in
gene expression that do not directly arise from changes
in the underlying DNA sequence (Prasher et al. 2020)
The genetic information in our body is stored in DNA
which holds the instructions for building the proteins
that carry out a variety of functions in a cell. The epige-
nome is the set of chemical modifications to the DNA
and DNA-associated proteins in the cell, which alter
gene expression, and are trans-generationally heritable
(via meiosis and mitosis). Microbiota can influence the
host genome through the host epigenome. The molecu-
lar mechanisms by which gut microbiota interact with
the host cells and regulate the gene expression is not
completely understood; however, certain microbial-
derived metabolites have been shown to interact at
DNA, RNA, and histone levels. These metabolites can
induce epigenetic alterations of key genes that modulate
the initiation and progression of diseases (Yuille et al. 2018).
Epigenetic regulation is commonly mediated through DNA
methylation, post-transcriptional histone modifications,
chromatin restructuring and associated DNA methyltrans-
ferases (DNMTs), DNA hydroxylases, histone acetyltransfer-
ases, histone deacetylases, histone methyltransferases, and
histone demethylases (Paul et al. 2015; Prasher et al. 2020).

DNA methylation is a heritable epigenetic mark involving
the covalent transfer of a methyl group (-CH3) on the car-
bon-5 of the cytosine ring in cytosine-guanine dinucleotide-
rich (CpG) regions by enzyme DNMTs (Jin et al. 2011). DNA
methylation is generally associated with the suppression of
gene transcription by regulating accessibility of the tran-
scriptional machinery, transcription factors, and histone
modifiers to the chromatin. There are several factors that
can affect the DNMTs and hence can affect the epigenetics.
Diet, nutrients, and other environmental agents such as
toxic chemicals and pharmacological factors (can modify
microbiota) have been found to be epigenetic modifiers of
DNA and histone proteins, and have been known to induce
susceptibility to many different chronic diseases (Kumar
et al. 2014; Lavebratt et al. 2012). It has been documented
that the complete absence of microbiota or any changes in
microbiota composition can establish long-lasting epige-
netic modifications that can ultimately affect behavior. Lit-
tle is known of how metabolic activity of gut microbiota
regulates the host tissue epigenetics.

Gut microbiota, particularly Clostridia, a highly poly-
phyletic class of Firmicutes, process dietary fibers into
SCFAs, particularly butyrate. Butyrate is a known
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histone deacetylase (HDAC) inhibitor that blocks the
HDAC-mediated histone deacetylation (removal of ace-
tyl group from the positively charged histone lysine resi-
dues) and effectively hyper-acetylates histones, thereby
enhancing chromatin accessibility and activating gene
expression (Bourassa et al. 2016; Louwies et al. 2020; Rooks
and Garrett 2016). On the other hand, histone acetylation
regulated by histone acetyltransferases results in a more
relaxed chromatin confirmation, supporting a more tran-
scriptionally active state of chromatin and enhanced gene
expression. Likewise, the methylation of histones at differ-
ent lysine residues has variable effects; methylation at ly-
sine 4 of histone H3 is known to be associated with an
increase in gene activity while methylation at lysine 9
results in repression of transcription. Both DNA methyla-
tion and histone modifications can act interchangeably to
contribute to the overall chromatin state and its epigenetic
control of numerous cellular processes (Tollefsbol 2011).

Alteration of this chromatin state is suggested as a
possible mechanism by which gut microbiota affects
the host metabolism. Not only does butyrate produced
from gut bacteria alter DNA methylation and gene
expression, molecules like acetate, propionate, and fo-
late also participate in epigenetic processes. SCFAs such
as acetate and propionate also have HDAC inhibitory
activity (Bolduc et al. 2017; Silva et al. 2018). Regulation
of DNA and histone methylation may be driven by com-
plex microbiota-host metabolism interactions involving
S-adenosyl methionine (SAM), derived from the essential
amino acid methionine through diet using enzyme L-me-
thionine S-adenosyltransferase (MAT) (Miro-Blanch and
Yanes 2019). DNMTs transfer the methyl group from SAM
to the carbon at position 5 of the cytosine residue of the di-
nucleotide CpG (regions of DNA where a cytosine nucleo-
tide is followed by a guanine nucleotide in the linear
sequence of bases along its 5'—3’ direction) site results in
gene silencing. 5-methylcytosine (5mC), also described as
the fifth base of DNA, is considered as a chemically stable
modification that is known so far to be the most reliable
way of transmitting epigenetic information. Indeed, more
than 4% of the cytosines present in the human genome
have been reported to be methylated (Breiling and Lyko
2015). On the other hand, gene activation occurs through
DNA demethylation; the enzymatic process that removes
or modifies the methyl group from 5mC. Demethylation is
catalyzed by dioxygenases of the TET (ten-eleven transloca-
tion) protein family composed of TET1, TET2, and TET3
enzymes (Kumar et al. 2018). These TET enzymes oxidize
5-mC to 5-hydroxymethylcytosine (5-hmC, so called 6th
base), which can be further oxidized by TET oxidases to 5-
formylcytosine (5-fC) and subsequently to 5-carboxycytosine
(5-caC) (Ito et al. 2011). Thus, the interplay between
DNMT and TET proteins sculpts the DNA methylation
landscape and enables the flow of epigenetic informa-
tion across cell generations.
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Several studies have shown a role for gut bacteria in
regulating the host gene expression via epigenetic modi-
fication. These bacteria may enhance or suppress the
recruitment of enzymes mediating methylation and deme-
thylation reactions (Takahashi et al. 2011). Another recent
study from the same laboratory has documented the DNA
methylation status of a specific population of genes in intes-
tine was altered by gut microbiota, i.e., commensal bacteria-
induced methylation of CpG motifs in the overlapping 5’
region of Tmem267 and 3110070M22Rik suppressed the expres-
sion of these genes (Takahashi et al. 2020). However, further
studies are needed to understand the molecular mecha-
nisms of how gut microbiota affects physiological functions
of the host by regulating the gene expression in intestinal
epithelial cells via DNA methylation. An altered gut micro-
biota is also found to influence SAM levels and, as a result,
alter the methylation status of DNA and histones. Folate,
generally produced by Bifidobacterium spp., is a methyl donor
and is necessary for generation of SAM that in turn is a
methyl-donating substrate for DNA methyltransferases
(Paul et al. 2015). In fact, several strains of Bifidobacterium
along with Lactobacillus plantarum bacteria, both are com-
mon probiotic bacteria, are known to produce folate in the
gut, which can be utilized by the host and might affect DNA
methylation pattern (Rossi et al. 2011). The epigenetic mech-
anisms regulated by gut microbiota and its metabolites is
summarized in Table 1.

Further, the direct involvement of the vagus nerve in
epigenetic regulation has been reported. In male
Sprague Dawley rats vagus nerve stimulation (VNS)
alters the hippocampal, cortical, and blood epigenetic
transcriptomes and epigenetically modulates neuronal
plasticity and stress-response signaling genes (Sanders
et al. 2019). Another suggested mechanism is that glu-
cose affects a cell-specific epigenetic regulation of mem-
ory-related genes such as Bdnf and Fgf1, and also
glucose-mediated secretion of gut hormones may
induce VNS to enhance memory processes in the brain
(Hossain et al. 2020). Disorders such as anxiety, trauma-
related disorders, autism, and neurodegenerative dis-
eases are complex and multi-factorial, and an intricate
interplay between the genome, epigenome, and environ-
ment is thought to contribute to the development of these
disorders (Stilling et al. 2014). Anxiety and depressive-like
symptoms in animal models have been associated with epi-
genetic mechanisms such as altered HDAC activity (Nagy
et al. 2018). Moreover, an epigenetic mechanism has also
been implicated in the etiology of ASD, as comprehen-
sively reviewed by Grafodatskaya et al. (2010). These epi-
genetic changes observed in neurological disorders have
been suggested to be linked to gut microbiome changes;
however, it is still not clear how these epigenetic changes
are associated with microbiota changes. There exists a
complex interaction between the host genetics, subse-
quent altered functional pathways, and the composition
of the microbiome. It has been known that the host
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Table 1. Epigenetic mechanisms regulated by gut microbiota and its metabolites.
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Epigenetics-associated effects

Gut microbiota and metabolites

Epigenetic mechanisms

Source

Functional interactions between diet,
gut microbiota, and host health

Antidepressant-like effect, influence of
gut microbes in gut-brain axis,
influence of regulatory T cells in the
colon

HIV-1 replication by epigenetic
regulatory mechanisms, regulation of
host transcriptional response

Anxiolytic and antidepressant

Development and functions of
cholinergic neurons

Impact on different stages throughout
the life course

Host immune maturation

Memory dysfunction

Affect gut microbiota composition and
modulate gene expression involved in
microbial recognition by different
intestinal cell types

Gut microbiota is an important source
of B-vitamins

Induces differentiation and senescence
in colon cancer cells

Microbe colonization, treatment
with the SCFAs acetate,
propionate, and butyrate

Butyrate

Acetate, propionate

Lactate
S-adenosylmethionine/diet

Folate (produced by Bifidobacterium
spp-)

Direct interaction of gut
microbiota with TLR4 genes

Probiotics

Fecal miRNA (noncoding RNA)

B-vitamins: biotin, cobalamin,
folate, niacin, pantothenate,
pyridoxine, riboflavin, and
thiamin

Ursodeoxycholate (UDCA), a
secondary bile acid produced by
gut bacteria

Global histone acetylation and
methylation, chromatin
modification

DNA methylation changes
mediated by demethylation-
facilitating enzymes like TET1
and HDAC inhibitor

HDAC, histone acetylation

Altered HDAC activity (HDAC2/3,
HDACS5)

A major methyl donor for histone
and DNA methylation

DNA methylation

DNA methylation, alteration of
chromatin state

Decreased H3K27me3
(trimethylation of histone H3 Lys
27)

Modulate gut microbiota

Regulates global DNA and histone
methylation, transposable
element repression

Modulates chromatin by inducing
histone hypoacetylation

Krautkramer et al. 2016

Bourassa et al. 2016; Furusawa
et al. 2013; Louwies et al. 2020;
Rooks and Garrett 2016; Wei
et al. 2014

Bolduc et al. 2017; Lukovac et al.
2014; Silva et al. 2018; Soliman
and Rosenberger 2011

Carrard et al. 2018; Karnib et al.
2019

Mellott et al. 2007; Zeisel 2007

Crider et al. 2012; Paul et al. 2015

Miro-Blanch and Yanes 2019;
Seeley et al. 2018; Takahashi et al.
2011

Xiao et al. 2020

Liu et al. 2016

Magnusdottir et al. 2015

Akare et al. 2006
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genotypes play a role in shaping microbiota composition
(Bongers et al. 2014; Campbell et al. 2012; Hildebrand et al.
2013). To further investigate this, a study was conducted
on the heritability of the gut microbiome using monozy-
gotic and dizygotic twins. Controlling for environmental
factors proved that the host genetic variation has an influ-
ence on microbial composition (Turnbaugh et al. 2009;
Yatsunenko et al. 2012). Genome-wide association studies
(GWAS) have been conducted to find the genetic loci that
influence the gut microbiota composition (Bonder et al.
2016; Goodrich et al. 2016; Malan-Muller et al. 2018).

Above, we discussed the possible routes for micro-
biota-gut-brain signaling and diet-influenced gut-brain
communication and common epigenetic modification by
gut microbiota. Here, we focus on how gut microbiota influ-
ence the epigenetics in brain disorders, especially in neuro-
psychiatric disorders such as anxiety, depression, and
neurodegenerative disease. Both microbiome and epige-
netic events are highly dynamic and could be influenced
by nutrient availability. Histone-modifying enzymes regu-
late transcription and are sensitive to the availability of
endogenous small-molecule metabolites, allowing chro-
matin to respond to changes in environment (Fan et al.
2015). Gut microbiota produces a variety of metabolites
detectable in host circulation, including bile acids, vita-
mins, choline metabolites, and lipids including SCFAs
(Kaur et al. 2020a, 2020b; Nicholson et al. 2012). Alteration
of chromatin state is a possible mechanism by which gut
microbiota induces host immune maturation (Seeley
et al. 2018). SCFAs are consider as the key mediators of sys-
temic microbiota-inducing changes in host chromatin
state. They have been found to regulate MHC gene
(involved in immune response) expression by coordinat-
ing the activity of enzymes that acetylate and methylate
histones and DNA, thus allowing chromatin accessibility
(Ting and Trowsdale 2002).

Previously, it has been documented that microbial
colonization regulates the global histone acetylation
and methylation in various host tissues in a diet-de-
pendent manner, suggesting that any change in diet
resulting in change in microbial composition could
affect the epigenetics (Krautkramer et al. 2016). The
direct connection between gut and brain is the vagus
nerve, and it has been speculated that altered gut motil-
ity or neuroactive signals secreted by bacteria may
result in changes in the epigenetics in host cells. The
role of the gastrointestinal tract in cysteine absorption
and glutathione production and its influence over DNA
and histone methylation provides a perspective on how
the microbiome exerts effect on brain development
(Eshraghi et al. 2018). Interestingly, mice with an intesti-
nal epithelial cell-specific deletion of HDAC3 exhibited
extensive dysregulation of intestinal epithelial cell-
intrinsic gene expression, including decreased basal
expression of genes associated with antimicrobial
defense, suggesting a direct connection between
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microbiota and epigenetic gene regulation (Alenghat
et al. 2013). A comparative NMR-based metabolome anal-
ysis from mice models suggests that the luminal concen-
trations of gut metabolites positively correlates with
the number of Treg (T-regulatory) cells in the colon. And
among all SCFAs, butyrate is a very well-known anti-
inflammatory molecule, which is also a HDAC inhibiter
that has shown to induce the differentiation of colonic
Treg cells (Furusawa et al. 2013; Kaisar et al. 2017). There
is compelling evidence that the microbial composition
is directly responsible for triggering epigenetic changes
(Eshraghi et al. 2018). For example, a Japanese study
showed that butyrate (a histone deacetylase inhibitor), a
by-product of the digestion of dietary fiber by gut
microbes, acts as an epigenetic switch that boosts the
immune system by inducing production of regulatory T
cells in the colon (Furusawa et al. 2013).

Gut microbiota influences bioavailability of dietary
agents and provides energy metabolites as cofactors of
epigenetic reactions. Choline is an essential nutrient
that is required for normal development of the brain,
and is known to participate in the synthesis of S-adeno-
sylmethionine, a major methyl donor for histone and
DNA methylation. Long-term dietary choline deficiency
results in substantial alterations to epigenetic regula-
tion such as DNA methylation (Pogribny and Beland
2009; Romano et al. 2017). Previous reports suggest the
involvement of choline in learning and memory, possi-
bly via modulating the hippocampal cholinergic system.
In fact, it has been reported that maternal choline defi-
ciency results in global DNA methylation in fetal hippo-
camps and alters the development and functions of
cholinergic neurons (Mellott et al. 2007; Zeisel 2007). A
recent study has shown the effect of bacterial choline me-
tabolism on host metabolism, epigenetics, and behavior
(Romano et al. 2017). They showed that choline-utilizing
bacteria compete with the host for this nutrient (choline),
significantly impacting (lowering) plasma and hepatic lev-
els of methyl-donor metabolites (Romano et al. 2017). Gut
microbiota dysbiosis has been shown to contribute to the
development of AD or other cognition-related psychiatric
disorders (Dickerson et al. 2017; Hsiao et al. 2013). In a
recent study, manipulating the gut bacteria in animals
using probiotics has been shown to restore the decreased
H3K27me3 (trimethylation of histone H3 Lys 27) found in
the adult hippocampus and partially prevented the mem-
ory dysfunction suggesting that the memory dysfunction
could be ameliorated via epigenetic modulators or altering
gut microbiota (Xiao et al. 2020). miRNAs are a class of
small, noncoding RNAs that epigenetically modulate gene
expression. A recent study showed that miRNA produced
by gut epithelial cells regulated bacterial gene expression,
which can be used as a tool to manipulate microbiome to
benefit the host (Liu et al. 2016). However, further studies
are required to confirm the interconnection between neu-
ronal epigenetics and alteration in gut microbiome that
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would result in development of novel microbiota-oriented
strategies such as probiotic, diet in treatment of the psychi-
atric conditions or slowing down the progression of neuro-
degenerative diseases.

Application of machine learning in multi-omics
data analysis

Based on the hypothesis that the GBA and gut micro-
biome influence health by interacting with the host
immune system, identifying microbial signaling path-
ways could lead to novel approaches in tackling the dis-
ease (microbiome multi-omics to identify changes in
gut microbiome and its metabolites). In the following
section, we propose a framework to integrate multi-
omics data to move forward from just prediction to pre-
vention and personalized therapeutics (Ferretti et al.
2018) (Fig. 2). We focused on the integration of -omics
approaches (genomics, metabolomics, connectomics,
and gut microbiome multi-omics) that carry compli-
mentary information about disease emergence and pro-
gression. Multi-modal brain imaging data (e.g., structural
MR, resting state fMRI, and PET) can be used to track neu-
rodegeneration and other network impairments (connec-
tomics; brain connectivity datasets produced by functional
and structural brain imaging). Blood, saliva, and cerebro-
spinal fluid samples can provide a global small-molecule
snapshot that is sensitive to ongoing pathological proc-
esses (metabolomics to identify unique metabolite panels).
GWAS and next-generation genome sequencing can be
used to identify common-variants and rare-variants
genetic risk factors associated with the disease (genomics
to identify polygenic risk score).

Due to the multi-factorial nature of diseases such as
AD and the presence of inter-individual variation in
response (clinical and pathological heterogeneity)
among populations (mainly due to genetics and envi-
ronmental factors/epigenetics), there is a strong need to
use an integrative omics approach for finding the pat-
terns of pathogenesis as well as to find the correct thera-
peutic strategies for an individual or to develop a
tailored medicine. In the last decade with the advance-
ment in machine learning and the availability of high
computing resources there has been a radical shift in
understanding the pathology of diseases. Earlier it was a
“top-down” approach wherein the disease phenotype
was labeled by the clinicians, nowadays it has become
“bottom-up” wherein pathological signatures are
derived using supervised and unsupervised machine
learning algorithms and high-throughput omics met-
rics. These data-driven approaches provide a new
insight at multiple levels (e.g., network, cellular, and
molecular) to the complex etiology of neurodegenera-
tive and psychiatric disorders and an opportunity to
identify biomarker signatures with high diagnostic and
prognostic value (Abraham et al. 2017; Badhwar et al.
2020; Huang et al. 2018; Jack et al. 2018; P. Liu et al. 2019;
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Orban et al. 2018). Machine learning algorithms have
been extensively used for imaging and genetic and elec-
trophysiological data in early detection, diagnosis, and
treatment, as well as outcome prediction and prognosis
evaluation in various diseases including cancer, nervous
system disease, and cardiovascular disease (Jiang et al.
2017).

Machine learning is an approach to recognize, clas-
sify, and predict patterns of data (Tarca et al. 2007; Zhou
and Gallins 2019). Both supervised and unsupervised
algorithms are used for biomarker identification in neu-
rodegenerative and psychiatric disorders. Unsupervised
machine learning algorithms such as hierarchical clus-
tering and k-means clustering are important explora-
tory tools to identify patterns in the unlabeled data.
While supervised machine learning algorithms use the
labeled data as an input to train the model to identify
the feature characteristics associated with the disease.
Large datasets are required to train the model for better
prediction of underlying disease condition, because if
the number of features exceed the sample size then
over-fitting of complex models to the data are a concern,
thus leading to false predictions. This problem is of interest
when using just the microbiome data as predictor of vari-
ous diseases, it is in part due to the high dimensionality of
microbiome data (strain-level gene markers), which can
induce sparsity of the data in the feature space. Efficient
dimensionality reduction techniques can solve this prob-
lem by transforming this high-dimensional microbiome
data into a robust low-dimensional representation, and
then applying machine learning classification algorithms
on the learned representation will increase the prediction
accuracy (Mossotto et al. 2017; Statnikov et al. 2013; Thaiss
et al. 2016; Thomas et al. 2019; Topcuoglu et al. 2020;
Wirbel et al. 2019).

Previously, the field of genomics has been the main
engine to the precision medicine movement, as the dis-
ease pathology in an individual is largely determined by
the genetic makeup of the person and (or) the variability
in their genes (gene mutations, unique footprints).
Numerous studies have been undertaken in the fields of
cognition, AD, and precision medicine using genetic,
phenotypic, and psychosocial characteristics of individ-
uals (Ferretti et al. 2018; Reitz 2016). However, lately
with an enhanced understanding in the field of micro-
biome, more researchers and physicians have begun
considering microbiome as one of the critical compo-
nents and a new target in precision medicine.

Despite advances in data collection methods such as
brain imaging and gut microbiome sequencing, the
assortment and analysis of large amounts of patient
data remains a challenge. This prevents researchers and
physicians from understanding trends and causal links
between the gut microbiome and brain function. In a
precision health setting, clinicians were unable to de-
velop predictive models, resulting in incomplete
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Fig. 2. Framework for multi-omics (host genomics, connectomics, transcriptomics, proteomics, and metabolomics) data
integration and use of advanced machine learning approaches to predict the heath or diseased state or to find the right
therapeutic strategy for an individual person (Ferretti et al. 2018). Blue text represents the multi-omics dataset type, red
text represents the data collection method or technique, and green text represents the information extracted from the

dataset.
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diagnosis (De Santis et al. 2019). The emergence of
machine learning and artificial intelligence, however,
has provided a solution to the “big data challenge”. It
not only aids physicians in sifting through patient data
but also develops tools to better understand underlying
biological mechanisms. It is clear that the development
of experimental and machine learning approaches has
made data collection robust, and its analysis thorough.
The applications are endless; the response of the human
gut microbiome to drugs, diet, and environmental fac-
tors such as stress can be correlated with neurodegener-
ative diseases. Ultimately, this knowledge will aid the
development of predictive models and better diagnosis.

Discussion

The GBA is a biochemical link between the CNS and
ENS where gut microbiota is the main contributor to vari-
able functions of this axis. Understanding the mechanis-
tic connection between the gut microbiome and brain
function has been critical in developing a working

understanding of the role of the GBA. The notion that the
gut microbiota can influence the brain through neural,
endocrine, immune, and humoral pathways is supported
by extensive research in microbiology, epigenetics, and
computational biology. Gut microbiota produces a wide-
range of metabolites, most notably SCFAs, which play an
important role in host defense, act as signaling molecules
involved in lipid metabolism, and glucose/insulin regula-
tion. This is essential for maintaining the intestinal and
blood-brain barrier permeability and is known to modu-
late mammalian cell functions by serving as an energy
substrate or by signaling through G-protein-coupled
receptors. In addition, SCFAs can directly or indirectly
stimulate the vagal nerve thereby influencing the GBA.
The role of diet, nutrients, environment, probiotics, and
drugs in impacting gut microbiota composition has been
well documented—primarily via epigenetic mechanisms.
Metabolic by-products from microbiota such as SCFAs act
as HDAC inhibitors, play a role in epigenetic regulation
through DNA methylation, post-transcriptional histone
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modification, and chromatin restructuring to alter gene
expression. Recent advances in omics and computational
biology have led to the identification of biological factors
and mechanisms that connect the onset and progression
of neurological diseases to gut microbiome. In the future,
microbiome multi-omics could be used in machine learn-
ing modeling for disease risk prediction and precision
medicine in humans (Fig. 2). However, several more
microbiome-sequencing studies are required with larger
sets to train the model for better prediction of underlying
disease conditions based on microbiome data.

Conclusion

Several studies have highlighted the impact of micro-
bial metabolites on neural and endocrine signaling.
Understanding the involvement of gut microbiota
metabolites’ in epigenetic regulation of immune, meta-
bolic, and nervous systems will elucidate the pathophys-
iology of complex brain disorders. Further, identifying
microbial signaling pathways could lead to novel
approaches in tackling the disease. In a clinical setting,
machine learning approaches can not only help in inte-
grating phenotypic, genotypic, epigenetic, connectom-
ics, and microbiome data but also develop predictive
models of disease. This will initiate novel precision
health approaches for treatment of brain disorders,
through the development of targeted therapy, using
prebiotics and probiotics in combination with dietary
changes to restore normal interaction between the CNS
and gut.
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