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Abstract
The gut microbiome is the collection of microorganisms located in the human gastrointestinal 
system. Their interaction with food and host cells can profoundly impact human health. Recent 
studies have shown that the gut microbiome can alter the activity of the human brain. The brain 
diseases, or anxiety and depression in this review, are influenced by multiple factors, including 
epigenetics, the Gut-Brain Axis (GBA), inflammation, and the microorganism metabolome; 
among others. The gut microbiome can affect the Central Nervous System (CNS) through the 
vagus nerve, release multiple molecules that affect physiological responses such as systemic and 
neuro-inflammation, secrete neurotransmitters, and also shape the neural pathways. Furthermore,
the biological functions of the gut microbiome; including neruromodulation; are influenced by 
the compositional ratio of different bacterial species. Some clinical trials have confirmed the 
effectiveness of certain probiotic compositions in treating mood-related diseases. This review 
discusses in detail how the different brain-related pathways operate, the impact of the gut 
microbiome on brain activity and behavior, the gut microbiota interactions, the potential for 
microbiome-based treatments for anxiety and depression, and their limitations.
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Introduction
Anxiety and depression have become the most
pervasive  mental  disorders  worldwide.  The
increase  in  the  yearly  prevalence  rates  of
anxiety  disorders  as  a  group is  >10% in  the
USA and  in  the  UK (1).  In  general,  the
symptoms  of  depression  are  evident:  pain,
fatigue,  and  sleep  disturbances  (2),  while
anxiety  is  usually  observed  as  the  patient
perceiving  threat,  restlessness,  moodiness,
tension, and physical symptoms including dry
mouth and sweating (3). The above symptoms
are disruptive to patients' social lives and affect
people  of  all  ages  worldwide.  Conventional
treatments  may  require  drugs  or  other
medications,  including  serotonin-selective
reuptake  inhibitors  (SSRIs)  and  serotonin-
noradrenaline  reuptake  inhibitors  (SNRI)  (4).
However, standard SSRI/SNRI monotherapy is
not  responsive  for  most  patients  or  becomes
less so over time, and dosage increases or the
addition  of  other  drugs  frequently  adds
unpleasant  side effects  that  include headache,
insomnia,  and  somnolence,  among  others  (4,
5).  Furthermore,  patients  frequently  become
tolerant  of  these  drugs,  resulting  in  a
progressive  loss  of  effectiveness  (4).  Thus,
there  is  a  need for  more  effective,  tolerance-
resistant,  and  minimal  adverse-effect-
producing therapies  for  these  mental  health
disorders.

In  recent  years,  researchers  have  obtained  a
better understanding of the gut microbiome and
recognized its potential in treating disease. The
gastrointestinal  microbiome,  or  gut
microbiome,  is  present  in  the  gut  of  all
mammals  in  the  form  of  diverse  species  of
fungi, bacteria, archaea, protozoa, viruses, and
even prions (6). The absolute and proportional
composition  of  genera  and/or  organisms

populating the human gut microbiome has been
found  to  be  generally  indicative  of  an
individual's  overall  health.  Enough  evidence
has  accumulated  to  suggest  a  correlation
between the gut microbiome and mental health
as well.  Multiple  signaling pathways exist  by
which the immune system, nervous system, and
circulatory system can connect the human brain
and  the  gut  in  a  bidirectional  manner.  The
study  of this  bidirectional  Gut-Brain  Axis
(GBA)  is  an  ongoing  active  area  of
investigation because the possibility of treating
mental  health  disorders  by  modulating  the
composition  of  the  microbiome  offers  a
tantalizingly  effective  and  safe  treatment
modality.  One  of  the  first  attempts  to  alter
microbiota composition involved transplanting
the  microbiota  from  disease-free  individuals
into diseased patients; termed Fecal Microbiota
Transplantation  (FMT).  The  anecdotal  high
success rate of FMT has spawned many next-
generation improvements that involve purified
or  sterile  consortia  of  bacteria  or  spores
respectively  from  the  microbiota  of  healthy
donors.  Many  of  these  ‘living  drugs’  are  in
clinical trials.

Overview  of  mental  health  disorders:
anxiety and depression
To understand  how the  gut  microbiome  may
help  in  treating  anxiety  and  depression,  it  is
important  to  understand  the  detailed
mechanisms  of  the  diseases.  In  general,
environmental  adversity  may  be  the  biggest
contributor to depression and anxiety.  Studies
have  shown that  childhood  trauma,  including
physical/emotional  abuse,  physical/emotional
neglect,  loss/separation experiences, or sexual
trauma, increases the risk of mental disorders
over  a  person’s  lifespan  (1).  Furthermore,  in
animal  models,  researchers  found
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hyperreactivity  of  the  hypothalamic-pituitary-
adrenal  axis  as well  as damage to the blood-
brain barrier integrity after early-life adversities
(1). Prenatal stressors and negative life events
in  adulthood  can  also lead  to  depressive  and
anxiety disorders.

Anxiety  and  depression  also  have  a  genetic
component.  However,  unlike  monogenic
diseases, they do not follow a Mendelian mode
of inheritance.  Schiele et.  al.  found that there
was  a  complex-genetic  inheritance  pattern  in
anxiety  disorders  based  on  segregation
analysis,  including  interactions  of  multiple
susceptibility genes and their interactions with
environmental factors (1).

Anxiety 
Anxiety  is  classified  into  several  types,
including  Generalized  Anxiety  Disorder
(GAD), Social Anxiety Disorder (SAD), post-
traumatic  stress  disorder  (PTSD),  and  panic
disorder. The activation of an anxiety disorder
involves a wide range of biological processes
within  the  human  body.  For  instance,  stress-
induced  inflammation  contributes  to  anxiety
disorders. Studies show that stress can induce
high levels of proinflammatory cytokines, such
as  interleukin  (IL)-6,  which  cause  the
activation  of  systemic  immune  responses  (7).
Moreover,  the  activation  of  an  immune
response  is  correlated  with  the  increase  in
anxious  behavior  in  murine  models  (8).
Nevertheless,  the  true mechanisms of  anxiety
disorders  are  still  not  fully  understood,  but
there  are  plausible  hypotheses,  especially  for
GAD. One hypothesis is that there is an anxiety
circuit  in  the  brain  that  consists  of  the
prefrontal  cortex  and  amygdala.  The  circuit
includes  two pathways:  the  fast  path  and the
slow  path,  both  relying  on  the  amygdala  to

activate  anxiety-like  behavior  (9).  Another
hypothesis  involves  Papez’s  circuit,  a  neural
circuit  proposed  by  J.W.  Papez.  This
hypothesis  asserts  that  in  addition  to  the
amygdala, other structures of the limbic system
are also involved in anxiety activation with the
prefrontal cortex. The circuit originates in the
hippocampus;  passes through the mammillary
body, the anterior nucleus of the thalamus, and
the cingulate gyrus; and, finally, returns to the
hippocampus (9).

Depression 
Depression  consists  of  15  subtypes  classified
under different criteria (10). The most common
types are minor and major depressive disorders
(MDD). An early hypothesis,  the monoamine
hypothesis,  proposed that  MDD is  caused by
neuro  lesions  of  central  noradrenergic  and
serotonergic  systems, thus targeting  them can
potentially  treat  the  disease  (11).  This
hypothesis is the basis for SSRI intervention. It
is  known  that  monoamine  neurotransmitters
can  be  produced  by  gut  microbiota,  hence
repopulating the gut using appropriate bacteria
may  confer  a  similar  effect  as  SSRI
administration.

Another  compelling  hypothesis  is  termed  the
“pathogen-host  hypothesis”.  First,  depression
risk alleles promote greater immune activation
that  would  have  been  an  important  survival
trait  for  human  ancestors,  giving  them  a
reproductive  advantage.  This  immune
activation  then  promotes  the  release  of
proinflammatory  cytokines,  including  IL-1β,
IL-6, and  TNF-α (7,  12).  Then,  similar  to
anxiety,  the  increase  of  proinflammatory
cytokines  also  activates  an  immune  response
and  thus  leads  to  depression,  in  a  cause-
consequence  cyclical  pattern  (7).  Consistent
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with  this  hypothesis,  randomized  trials have
shown  that  anti-inflammatory  agents  can
reduce depressive disorders, yet concomitantly
increase susceptibility to infections. According
to researchers, western diets with high-calorie
foods  can  activate  inflammation,  while
Mediterranean  dietary  patterns  which  contain
more  fruits  and  vegetables  are  less  likely  to
have this effect.  Thus, the Mediterranean diet
can serve the same effect as anti-inflammatory
agents,  and intriguingly,  populations  adopting
such  a  diet  are  less  likely  to  suffer  from
depression  (13),  presumably  because  the  gut
microbiome  that  this  diet  selects  for,  or  can
induce  immune  activation  without  causing
inflammation. 

The  metabolism of  tryptophan  (TRP)  via the
tryptophan–kynurenine (KYN) pathway plays a
major  role  within  the  GBA.  The  release  of
proinflammatory  cytokines  induces  the
synthesis of kynurenine. Kynurenine; an amino
acid; is a product of tryptophan metabolism. In
one  pathway,  it  is  converted  into  kynurenic
acid;  whereas in another pathway, kynurenine
is  converted  to  3-hydroxykynurenine  and
eventually to quinolinic acid. These two acids
can  both  act  as  agonists  at  the  N-methyl-d-
aspartate  glutamate  receptors,  which  in  turn
activate the programmed cell death (apoptosis)
of the astrocytes. Since astrocytes are neurons
responsible for supporting and separating other
nerve  cells,  their  apoptosis  causes
neurodegeneration as it results in the exposure
of  neurons  to  the  exotoxic  kynurenine
metabolites  which  cause  chronic  depression
(14). A variety of probiotics have been shown
to lower the KYN/TRP ratio while alleviating
depressive symptoms. 

The most widely accepted cause of depression
is the decrease of 5-hydroxytryptamine (5-HT),
a neurotransmitter in the brain, whose level is
correlated  with  mood.  SSRIs  are  used  to
mitigate this reduction. They inhibit 5-HT re-
uptake into the raphe nuclei  neurons,  thereby
increasing the level of 5-HT in the brain (15).
Gut  bacteria  not  only manufacture  > 90% of
the  body's  supply  of  serotonin  (5-HT);  any
alterations  in  their  normal  composition  ratios
can modulate  serotonin  signaling  through the
GBA as well.

The  gut-microbiome  may  therefore  interact
with  nervous  circuits  via  multiple  pathways,
cause the release of host-derived molecules like
IL-6  and cholecystokinin  (CCK)  as  well  as
modulate  the  levels  of  neurotransmitters,  and
alter  host  gene  expression  patterns  as  they
relate to immune activation and inflammation. 

The Gut-Brain Axis, Its Microbial Diversity,
and Its Relation to Anxiety and Depression
The  connection  between  the  gastrointestinal
(GI)  tract  and  CNS  was  first  investigated  in
2006 by neuroscientist Jane Foster who found
that  mice  with  different  gut  microbiota  have
altered  behavior  related  to  anxiety.  The  gut
microbiome seemed to be influencing the brain
and behavior in both murine and human models
(16). Though a few other scientists were also
interested in the field, it was largely neglected
in the neuroscience field until 2014. Today, the
interest  in  exploring  the  connection  has
resurged,  with  a  significant  number  of
publications centering on GBA’s development.
The  US  National  Institutes  of  Health  has
invested millions of dollars to investigate how
the human brain is connected with the GI tract
(16).  The  term  GBA  was  then  coined  to
describe  the connection  formally,  referring  to
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the  network  of  bidirectional  connections
between the GI tract and the CNS that involves
multiple biological systems, as shown in Figure
1 (17).

The gut microbiome
The  gut  microbiome  is  predominantly
composed  of  organisms  from  two  phyla  of
bacteria:  Firmicutes  and  Bacteroides.
Proteobacteria,  Actinobacteria,  Fusobacteria,
and Verrucomicrobia  are  also present  but  are
less  common.  (18).  In  recent  years,  a  wide
range of research has shown that patients with
mental  disorders  like  anxiety  and  depression
have  a  different  gut  microbiome  content  and
composition  compared  with  healthy
individuals.  In  particular,  Bacteroidetes,

Protobacteria,  and  Actinobacteria  were
increased,  and  Firmicutes  were  decreased,  in
the gut of MDD patients.  On the other hand,
patients  suffering from GAD showed a much
lower  prevalence  of  five  genera:
Faecalibacterium,  Eubacterium  rectale,
Lachnospira,  Butyricicoccus,  and  Sutterella
when compared to normal individuals (19). In
the rest of this section, the physiological role of
microbial  diversity  in  mental  health  disorders
will be discussed in detail. After understanding
the potential difference in the gut microbiome
community  between  healthy  persons  and
patients with anxiety or depression, FMT or its
recent iterations may be utilized to treat these
diseases  by  changing the  composition  of  the
gut microbiome.

Figure 1. The Gut-Brain Axis, sourced from Figdraw. ID: ORWTObe66b
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The gut microbiome and epigenetics
The  gut  microbiome  also  influences  gene
expression.  First,  the  gut  microbiome  can
influence  the  expression  of  host  epigenetic
modifying enzymes to affect gene expression.
For  example,  scientists  used  intestinal
epithelial  cell-specific  histone  deacetylase  3
knockout  mice  (HDAC3ΔIEC)  to  illustrate  this
phenomenon.  In  the  conventionalized  groups
(not  removing  any  types  of  gut  microbiota),
these  mice  showed  dysregulated  host  gene
expression  and  disrupted  homeostasis.
Specifically,  the  dysregulated  genes  were
related  to  the  inflammatory  bowel  disease
(IBD)  progression.  Germ-free  HDAC3ΔIEC

murine  models  do  not  have  such  host  gene
expression dysregulation, from which it can be
inferred  that  the  microbiome  mediates  the
effects  (20).  Gut microbiomes also alter  gene
expression  directly.  When  comparing  germ-
free mice and conventionalized mice, 116 out
of 303 xenobiotic processing genes (genes that
regulate  the  expression  of  specific  drug-
processing  enzymes)  were  expressed
differently (21). Multiple studies demonstrated
that the human microbiome affects  epigenetic
modifications,  including  DNA  methylation,
histone  acetylation,  and  many  other  genetic
processes (20). In addition, pathogenic bacteria
generate host transcripts.  Bacteria like  Listeria
monocytogenes, Salmonella Typhimurium, and
Helicobacter  pylori can  stimulate  host
microRNAs which have significant effects  on
host  metabolism  and  can  potentially  affect
diseases  including  anxiety  and  depressive
disorders (20).  

The physiology of the Gut-Brain Axis 
The enteric nervous system (ENS) is a part of
the  human  autonomic  nervous  system.  It  is
connected with the CNS via the vagus nerve so

that  the  brain  can  be  affected  by  the  gut
environment  (22).  Also,  the  hypothalamic–
pituitary–adrenal (HPA) axis plays a vital role
in the gut-brain axis. Chronic stress can cause
dysregulation  of  the  HPA  axis  and  stress
cortisol  responses, which suppress the release
of anti-inflammatory agents and therefore may
be depressogenic (22).

There are multiple molecules produced by gut
cells  and  gut  microbiota  that  can  cross  the
blood-brain  barrier  into  the  CNS.  These
molecules,  acting as neuronal  factors,  include
proteins, peptides, and fatty acids. One specific
type  of  fatty  acid  that  generates  behavioral
changes and disease is categorized as a short-
chain fatty acid (SCFA). SCFAs are produced
by  intestinal  microorganisms  through  the
fermentation  of  dietary  fiber.  SCFAs  can
ingress  into multiple  cells,  including  colonic
cells  and  hepatocytes.  In  the  latter,  these
SCFAs  are  used  for  the  biosynthesis  of
glucose,  cholesterol, and  fatty  acids  (17).
SCFAs  not  absorbed  by  cells  can  enter  the
circulatory system and directly exert hormonal
effects  via interactions  with  protein-coupled
receptors  and  histone  deacetylases  of  brain
tissues. They can also modulate hormones, the
immune  system,  as  well  as  the  peripheral
nervous  system,  and  thus  affect  the  CNS
indirectly (23). 

A wide range of gut peptides also have similar
effects. For example, peptides including CCK,
glucagon-like  peptide  (GLP-1),  peptide  YY
(PYY)  (24), and  ghrelin  can  act  on  vagal
afferent neurons (25). Studies have shown that
CCK can affect anxiety. Brawman-Mintzer et.
al.  used  the  CCK2  agonist  Pentagastrin,  an
inhibitor of the CCK receptor, to induce panic
attacks in GAD and control patients, inducing
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panic symptoms in 71% of GAD patients and
14%  of  non-GAD  patients.  This  finding
suggested  that  CCK  may  be  involved  in  the
development  of  panic  symptoms  in  patients
with  GAD.  Therefore,  CCK  is  a  candidate
factor  that  induces  GAD (9,  26).   CCK acts
through the G protein-coupled receptors CCK;
found  on  vagal  afferent  neurons,  and  CCK2,
which  are mainly  distributed  in  the  brain,  to
suppress  appetite  and  increase  anxiety-like
behavior (25). GLP-1 receptors are located in
the brain,  intestinal epithelial  cells,  and vagal
neurons.  GLP-1 can alter  glucose metabolism
(27),  send  interoceptive  information  to  the
hypothalamus  and  other  forebrain  areas  (28),
and  stimulate  the  solitary  tract  cells  which
serve as the entrance for impulses into the brain
(24).  Peptide  YY,  a  member  of  the
Neuropeptide  Y  Family,  can  inhibit  gastric
emptying  via receptors  on  the  GI  tract  and
through vagus nerve signaling.  Its  circulatory
level  is  positively  correlated  to  exercise  and
stress (24). Ghrelin is synthesized in the brain.
Association  has  been  found  between  low
plasma  Ghrelin  levels  and  anxiety  and
depression (24).  The  physical  connection
between the human gut and brain comprises the
vagus nerve that extends from the brainstem to
innervate the gut and the ENS.  Research has
shown  that  gut  microbiota  metabolism  can
affect signaling through such connections (24).
For  instance,  one  randomized  controlled  trial
involving  glucose-tolerant  volunteers  showed
that their GLP-1 level increased by 76% after
ingesting  Lactobacillus reuteri  for four weeks
compared to the placebo (29). The gut bacteria
also  influenced the  host  environment  through
the synthesis of neurotransmitters including γ-
aminobutyric  acid  (GAGB),  serotonin,
dopamine, noradrenaline, melatonin, histamine,
and  acetylcholine  (30),  the  modulation  of

brain-derived neurotrophic factor and oxytocin
(30),  and  the  shaping  of  neuronal  pathways
such as hippocampal neurogenesis (30, 31).

Specific  types  of  microbes  influence  the
secretion of different kinds of gut peptides and
other molecules, including PPY, CCK, Ghrelin,
GLP-1,  GAGB,  and  SCFA  (17,  24).  These
molecules,  released  by  the  enteroendocrine
cells (ECCs) and other gut cells, can affect the
CNS.  In  murine  models,  nutrient-induced
Escherichia coli growth generates proteins and
increases  plasma PYY, which then stimulates
the  CNS (32).   The  bacteria  Bifidobacterium
bifidum positively regulated intestinal PYY in
mice, but not in humans (24, 33), whereas only
gram-negative  bacteria,  or  Proteobacteria,
increased  PYY  levels  in  humans  (34).  The
peptide  CCK  is  released postprandially  to
reduce  food  intake,  especially  for  people
suffering  from obesity (24).   Experiments  in
mice  demonstrated  that  when germ-free  mice
were  infected  by  Giardia,  their  colon  CCK
level  was  upregulated  (35).  Blood  ghrelin
levels were negatively correlated with the gut
bacteria  such  as  the  commensal
Bifidobacterium and Lactobacillus strains (36),
whereas reduction of the phyla Firmicutes and
Bacteroidetes promoted the production of GLP-
1 (37). Lactobacillus rhamnosus, by producing
GABA and regulating its  receptors,  increased
vagal  mesenteric  nerve  firing  and  reduced
stress responses in mice (17). SCFA-producing
bacteria in the gut activated the microglia and
lead  to  neuroinflammation  in  mice  (17).
Augmentation  of  SSRI  treatment  with  the
probiotic  bacteria  Lactobacillus  Plantarum
299v  improved  cognitive  performance  and
decreased KYN concentration in MDD patients
(38). The placebo in the trial was the probiotic
administered by itself. The study demonstrated
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that  probiotics  can  be  judiciously  combined
with  existing  small  molecule  treatments  for
depression such that  the maintenance dose of
the  latter  may  be  reduced  for  prophylactic
treatment. Generally, meta-analyses support the
effectiveness  of  probiotic  supplementation  in
reducing  depressive  symptoms  in  MDD
patients  in  a  statistically  significant  manner;
with  the  probiotic  composition  (multi-strain
formulation),  the  quantity  of  ingested
psychobiotics,  and  the  duration  of  the  study
being the parameters  determining  the success
of treatment. Nevertheless, probiotics have not
yet made it to the mainstream of mood-disorder
treatments, presumably because of ambivalent
neuronal effects on depression, anxiety, stress,
and schizophrenia, the short duration of clinical
studies  using  heterogeneous  populations,  and
ambiguous  outcome  measures.  Larger,  more
rigorous,  better-designed  clinical  studies  on
selected  populations  are  needed  to  provide
definitive evidence. 

The  Gut-Brain  Axis  and  the  inflammatory
response
The  immune  system  is  involved  in  GBA
modulation.  The  release  of  proinflammatory
cytokines,  local  infection,  dysbiosis,  or
intestinal  inflammation  cause  alterations  in
signaling  through  the  GBA.  Proinflammatory
cytokines  are  small  proteins  that  can  activate
multiple  immune  responses.  Normally,
proinflammatory  cytokines  lead  to  an
inflammatory response which can then disrupt
epithelial  tight  junctions, compromising  both
the  gut-vascular  barrier  (GVB);  which then
causes a "leaky gut"; as well as the blood-brain
barrier integrity.  It allows signaling molecules
and  even  pathogens  to  reach  the  brain
parenchyma through the disruption of the CNS
barrier  (29).  For  instance,  much  like  their

function in the gastrointestinal system, SCFAs
can  also  affect  the  brain  via the  immune
pathway.  Systemic inflammation disrupts the
intestinal barrier and increases the translocation
of  the  microbiome  and  its  products.  Thus,
inflammation  increases  the  interactions
between SCFAs and the immune cells, thereby
influencing  differentiation,  recruitment,  and
activation  based  on  the  nature  of  those
interactions (23).  

Telomere  shortening,  known to  be  related  to
cell  aging,  has  been  observed  in  chronic
inflammatory  conditions.  Inflammation  is  a
risk factor for the development of mental health
disorders  such  as  anxiety  and  depression.  It
was  observed that  (compensatory)  telomerase
activity  was  increased  in  MDD  patients
compared  with  controls  (39).  Telomerase
activation  has  been  proposed  to  be  a
mechanism  by  which  psychopharmacological
drugs exercise  their  beneficial  effects  (40).  It
may be hypothesized that telomere shortening
may also be modulated to some extent by the
gut  microbiome.  Administration  of
Nicotinamide  Mononucleotide  (NMN)  to
human  volunteers  reduced  the  fecal  bacterial
diversity  with  an  increased  abundance  of
Helicobacter,  Mucispirillum,  and
Faecalibacterium, and concomitantly increased
the  telomere  length  in  peripheral  blood
mononuclear cells (PBMC) (41). Nevertheless,
there  is  not  enough  evidence  to  associate
telomere  shortening  to  gut  microbial
composition (42). 

Immune  cells  including  neutrophils,  dendritic
cells, macrophages and monocytes, and T cells
can  activate  inflammation.  Signals  from  the
CNS  can  induce  a  massive  relocation  of
immune  cells,  specifically,  intestinal  IgA+
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plasma cells into the brain and spinal cord to
decrease  or  increase  neuroinflammation.  This
is directly related to mental disorders including
anxiety and depression (43). In addition, CNS
inflammation  is  also  shown  to  alter  the
intestinal  immune  cells  as  well  as  the  gut
microbiota by an as yet unknown mechanism
(43). 

The  cholinergic  anti-inflammatory  pathway
(CAP)  describes  the  connection  between  the
immune system and the nervous system (44).
CAP  modulates  inflammatory  responses  that
conduct signals through vagal afferent to vagal
efferent  nerves,  leading  to  the  release  of
acetylcholine;  which  in  turn;  binds  to  the
alpha7  nicotinic  acetylcholine  receptor.  It
inhibits  inflammatory mediators  and regulates
the  function  of  immune  cells  (45).  This
inflammatory  reflex  made  it  possible  for
neurons to respond to, and to modulate immune
responses.  

The gut microbiome is capable of modulating
the  autoimmune  system,  intervening  in  the
GBA,  and  thus  demonstrating  that  the  gut
residual microbes may be effective in altering
brain-related disorders. Warner et. al. designed
a  model  termed  Experimental  autoimmune
encephalomyelitis (EAE) to study the effect of
the microbiome on the CNS. EAE was a T cell-
mediated model for demyelinating diseases of
the  CNS,  induced  by  eliciting  an  immune
response  to  injected  myelin-based  proteins.
Using this model, Warner et. al. described the
gut  microbiota’s  role  in  autoimmune  CNS
systems  for  the  first  time.  Systemic  T  cells
migrate to the CNS, causing proinflammatory
Th1/Th17  responses  and  demyelination.
However, germ-free (GF) mice are resistant to
EAE. GF mice are protected by altered T cell

responses, diminishing the gut dendritic cells’
ability  to  stimulate  local  and  systemic
Th1/Th17  cells  to  produce  proinflammatory
cytokines  and  further  inflammation.  Such
models demonstrate the various ways in which
the  gut  microbiota  can  affect  the  CNS  by
mediating  innate  dendritic  cell  responses
locally and altering T cell responses in the CNS
(46). 

As mentioned earlier, the vagus nervous system
and  the  gut  microbiome  have  a  close
bidirectional relationship, where afferent fibers
and part of the vagus nerve, can be stimulated
by microbial components and metabolites. As a
corollary,  efferent  fibers  can  influence  gut
inflammation  and gut  permeability  (46).  In  a
healthy  gut,  the  immune  cells  are  separated
from  the  gut  microbes  which  include  many
gram-negative  bacteria.  Nevertheless,  when
intestinal  permeability  changes  during
inflammation,  bacteria  including
Enterobacteriaceae can  transit through  the
GVB  and  cause  systemic  immune  activation
due  to  the  presence  of  the  bacterial
proinflammatory molecule, Lipopolysaccharide
(LPS). Such interactions may further result in
hyperimmune  response-mediated depression
(47).

The Gut-Brain Axis and other vascular systems
The circulatory  system and endocrine  system
also play major roles in the mechanics of the
gut-brain  connection.  Specifically,  ECCs
release molecules  such  as  GLP1  and  PYY
hormones  (43)  into  the  bloodstream.  The
production and release of these molecules can
be induced by SCFAs (43). Different types of
ECCs can produce different peptides (e.g. X/A-
like cells secrete ghrelin) (24) which can then
affect brain function and can be altered by the
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gut  microbes.  The translocation of hormones,
peptides, and cytokines among different organs
of  the human body requires  the  bloodstream,
or,  the  circulatory  system.  For  instance,  gut
peptides  are  transported  in  the  blood  after
release,  whereby  they  arrive  at  the  sensory
neurons to stimulate impulses (24).

The microbiome and the metabolome
The  metabolome  refers  to  the  collective
products of complex biochemical  reactions  in
the body. The gut metabolome composition and
specific metabolome products may depend on
the  composition  of  the  microbiome.  This
microbiome-metabolome  association  may  be
exploited  to  alter  the  composition  of
psychobiotics so that depression-alleviating or
inducing metabolites are increased or decreased
respectively.  As an example,  decreased blood
levels  of  the  metabolite  LaurylCarnitine;  a
product of fatty acid oxidation was found to be
associated  with  depressive  disorders  (48).
Similarly,  the  levels  of  metabolites  such  as
SCFAs’,  acylcarnitine, and  KYN  were
significantly  associated  with  depressive
disorders  (49).  Metabolites  involved  in  the
tricarboxylic  acid  cycle  (TCA)  were
significantly altered in patients with MDD (50).
The levels of these metabolites could be altered
by modulating the gut microbiota constituting
the  order  Clostridiales,  and  the  phyla
Proteobacteria  and  Bacteroidetes,  thus
demonstrating  the  interplay  between  gut
microbiota  and  the  blood  metabolome  in  the
pathogenesis of MDD. 

Gut  microbiota  interactions  and
psychobiotics
With the knowledge of GBA and the multiple
pathways  through  which the  gut  microbiome
can  influence  anxiety  and  depression,

researchers  are  attempting  to  incorporate
probiotics  supplements,  or  psychobiotics,  to
treat  these  mood  diseases.  Usually,  a  single
microbiome species does not profoundly affect
host mental health. Instead, different microbes
function  synergistically  (30).  Thus,  it  is
important to discuss the relationships between
microbiota  and  the  effectiveness  of
psychobiotics. 

Gut bacteria interact through bacterial quorum
sensing (QS), a kind of cell-cell signaling that
alters the organism’s behavior after reaching a
particular  density  (51).  The  QS  molecules
secreted by bacteria can also regulate mood. As
an  example,  segmented  filamentous  bacteria
(SFB) deficient mice were found to be resistant
to  the  induction  of  depressive-like  behavior.
SFB  produces  the  quorum  sensing  molecule
autoinducer-2  (AI-2)  and  promoted  the
production of serum amyloid proteins-1 and 2
(SAP1 and SAP2) by the host; which in turn,
increased host hippocampal production of IL17
(52).  Patients  with  MDD exhibited  increased
fecal  IL17,  SAP1,  and  SAP2  levels.  Studies
also show that some QS peptides can penetrate
the blood-brain barrier, an essential pathway to
the brain (53). 

The  forkhead  box  protein  O1  (Foxo1)  is  a
transcription factor, whose depletion, absence,
or  mutation  in  the  Intestinal  Epithelial  Cells
(IEC)  causes  an  increase  in  gut  mucinase-
producing  bacteria  and  a  decrease  in  SFCA-
producing  bacteria  (54).  The  resultant
reduction  in  the  mucus  layer  alters  the
organization  of  intestinal  tight  junction
proteins, causing the "leaky gut" and eventually
increasing  inflammation.  Foxo1  dysfunction
hence  affects  anxiety  and  depression  via the
inflammation-mediated modulation of the GBA
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(55). This inflammatory–depressive phenotype
can be rescued by continuous supplementation
of  SCFA-producing  bacteria,  which  promote
mucus production and secretion.

As  reviewed  in  the  previous  sections,  some
species of bacteria  affect the host secretion of
GAGB,  PYY,  etc.  When  combing  these
species,  there  also  can  be  synergistic  effects
(24). Researchers have performed clinical trials
of  specific  dosages  of  probiotics  in  treating
anxiety and depression. The microbiota used in
the studies were dosed in colony-forming units
(CFU) (30). The duration of trials lasted from 6
weeks to 13 weeks, and most of them showed
positive  results  as  reported  on  the  Beck
Depression Inventory (BDI) scores (30). Most
of  the  treatments  used  combinations  of
Lactobacillus and Bifidobacterium species. For
instance,  Morkl  et.  al.  used  2 × 109 CFU/g
Lactobacillus  helveticus R0052  and  2 × 109

CFU/g Bifidobacterium longum R0175 to treat
MDD  patients  (30).  Eight  weeks  later,  the
patients treated with the probiotic supplements
showed  improvements  in  BDI  scores  when
compared  with  placebo-dosed  patients.  The
study evolved a total of 110 participants, which
was considered large enough to concluded that
the  treatment  was  effective  (30,  56).  Other
similar  treatments  combined  Lactobacillus
acidophilus (2 × 109  CFU/g),  Lactobacillus
casei  (2 × 109  CFU/g),  and  Bifidobacterium
bifidum (2 × 109 CFU/g)  or  3  different
Bifidobacterium  and 5 different  Lactobacillus
species  (a  total  of  1  ×  1010 CFU/day)  (30).
Some  also  used  single  species  as  probiotic
supplements  (30).   More  importantly,  it  was
found  that  the  beneficial  effect  lasted  for  4
weeks.  The  patients'  BDI  scores  started  to
regress gradually 4 weeks after the treatment,
yet  remained  significantly  better  than  their

scores  before  starting  treatment  (30).  On  the
other  hand,  the  clinical  data  was  not
compelling  or  significant  when  measured  for
anxiety.  Morkl  et.  al.  treated  GAD  patients
with  18 × 109 CFU/day  Bifidobacterium
longum,  Bifidobacterium  bifidum,
Bifidobacterium  lactis, and  Lactobacillus
acidophilus (30).  The  patients  showed  an
improvement in State anxiety; but not in trait
anxiety, after 8 weeks (30). 

Fecal microbiota transplantation
FMT involves the transplant of a fecal solution
aliquot from a healthy donor into the intestinal
tract of a recipient. This comprises three main
stages:  donor  selection,  material  preparation,
and administration.  FMT has been used since
1958  to  treat  Clostridium  difficile infections.
FMT  is  a  promising  method  and  gained
attention  because  of the  low  rate  of  adverse
events.  Even  in  long-term  follow-up  studies,
FMT is generally reported to be free of adverse
events (6).

FMT  has  been  used  in  Clostridium  difficile
infections  and  to  treat  irritable  bowel
syndrome. The clinical data for the use of FMT
in these diseases showed promising results (6).
Since  gut  microbiota  or  their  metabolome
products  such  as  SCFAs  can  modulate
intestinal permeability,  FMT has the potential
to treat metabolic diseases and mental disorders
such as anxiety and depression (6). 

Furthermore,  scientists  have  discovered
probiotics that can relieve anxiety disorders by
modulating immunologic factors and regulating
GABA receptors. It has been demonstrated in
animal  models  that  specific  strains  of  B.
longum,  B.  infantis,  L.  helveticus,  or  L.
rhamnosus alone or in combination normalized
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behavioral phenotypes of anxiety animals (57).
While  literature  about  FMT  in  treating
depression and anxiety disorders is sparse, its
potential  in  treating  psychiatric  disorders  is
recognized by researchers (58).

Limitations
Questions about the GBA remain. First,  there
remains the controversy of whether depression
causes the gut microbiota to change, or whether
depression is a consequence of dysbiosis. It is
known  that  depression  can  modulate  gut
microbiota  (59).  In  animal  models,  it  was
observed that depression and stress precede gut
microbiota  alterations  (60).  It  was  also
observed  that  depression  precedes
inflammation and other immune responses that
cause  gut  microbiome  shifts  (60).  Another
hypothesis,  on  the  contrary,  asserts  that  gut
microbes  regulate  brain functions through the
vagal  afferent  fibers  and  the  modulation  of
neurotransmitters  (60).  Clinical  trials  and
reviews  indicated  that  changing  the  gut
microbiota  can  influence  CNS  function  via
multiple pathways (59, 60). Some studies have
concluded that these pathways are bidirectional
(59).  Thus,  the  conundrum  of  a  cause-
consequence of the gut microbiome–depression
cycle  remains  to  be  resolved.  Regardless,
microbiome composition should still influence
the symptoms of depression and anxiety. Also,
as presented in the review, some of the models
and pathways  of  GBA need to  be  confirmed
and  there  is  still  a  long  way  to  go  before
making  probiotics  a  mainstay  treatment  for
mental diseases.

Furthermore,  despite  the  multiple  advantages
of  probiotics,  this  treatment  for  mood
disorders,  including  anxiety  and  depression,
has not yet come into its own. In fact, there is

not  a  single  probiotic  drug  to  treat  mood
diseases that are approved by the US Food and
Drug Administration (FDA) (56). Only a few
probiotics can be used to supplement the FDA-
approved  antidepressants,  such  as
Lactobacillus  Plantarum 299v  discussed
previously. Probiotics are different from other
drugs: their active constituents are alive when
administered,  so  their  genetic  stability,  the
potential for pathogenicity or toxigenicity, and
immunological  effects  must  be  carefully
considered before being approved (56).  Since
the GBA appears to be essential for probiotics
to  exert  their  CNS actions,  it  is  important  to
determine  if,  and  in  what  physiological  or
diseased  conditions,  this  signaling  pathway
and/or  its  branches  may  be  affected  or
compromised.  It  may  be  speculated  that
metabolic  disorders  such as  obesity,  diabetes,
and hypertension;  among others  may cause  a
dysfunctional  or  deregulated  GBA,  which,  in
turn, will likely decrease, or even abrogate, the
efficacy of psychobiotic treatment. 

A  significant  shortcoming  of  researching  the
gut microbiome is that – using the current gold-
standard  method  for  bacterial  genomic
sequencing;  the  16S  RNA gene  -  results  for
bacterial  identification  are  only  reasonably
accurate  to  the  order  or  phyla  level.  Current
methods  cannot  identify  the  vast  number  of
species  of  residual  bacteria  in  the  gut.  The
results  reported hence  only correspond to the
known microbiome. This effectively means that
clinical  study  results  of  administering
probiotics to MDD patients may have as much
to do with causation or correlation as with pure
chance  (observational  bias  or  the  streetlight
effect); although the latter can be significantly
reduced by administering species subsets from
responder and non-responder patients to Germ-
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Free (GF) mice. Unless methods to identify gut
bacteria  down to the  species  level  emerge,  it
may not be possible  to know if  specific  sub-
species  even exist,  that  significantly  alleviate
anxiety and depression symptoms vis-a-vis the
probiotic compositions used currently (61).

85% of gut-colonized microbes in mice are not
found in humans, hence it is extremely difficult
– if not impossible – to extrapolate microbiota
engineering  results  from  animal  models  to
humans.  The situation  is  further  compounded
by  the  fact  that  the  microbiome  in  no  two
individuals  is  exactly  the  same.  Therefore,
unless ex vivo GF organ models are developed
and  species-level  identification  and
quantification  methods  are  discovered,  the
probability  of  near-term  clinical  success  of
psychobiotics may be realized; but is likely to
be uncertain and unpredictable.

Conclusion
In conclusion, the various types of anxiety and
depressive disorders correlate with  biomarkers
comprising  of  select  immunomodulators,
neurotransmitters,  metabolic  products,  the
inflammasome,  gene  transcription  factors  or
epigenetic  modulators.  These  biomarkers;  in
turn, are capable of being modulated by the gut
microbiome composition, their quorum sensing
protein  products  or  their  metabolic  products
(metabolome) and epitopes in the cell wall or
membrane. Altering the gut microbiome hence
has a strong potential to  provide a therapeutic
benefit  in  depressive  disorders.  The  GBA;
which includes an interplay between signaling
pathways of the nervous, immune, circulatory,
and  endocrine  systems;  is  responsible  for
connecting  the  human  gut  and  the  brain  and
provides  a  conduit  for  the  transmission  of
chemical  signals  from the  microbiome to  the

CNS. The gut microbiome can alter the activity
of the GBA directly or indirectly. As a result, it
is plausible that particular genera or species of
gut  bacteria  can  be used to  treat  anxiety  and
depression.

Ongoing  clinical  trials  of  such  probiotics
(psychobiotics) have had mixed success due to
heterogeneity  of  patient  population,  short
duration  of  the  trials,  and  ambiguous  or
subjective  outcome  measures.  The  overall
evidence however, does point to an observable
and  clinically  significant  benefit  to  treat
depression  and  anxiety.  Purified  and  select
bacterial species from healthy individuals; the
next  iteration  of  FMT;  are  on  the  cusp  of
gaining  FDA  approval  for  treating  intestinal
bacterial  infections  and  Irritable  bowel
syndrome.  It  seems  a  matter  of  time  before
psychobiotics  emerge  as  approved  drugs  to
treat  mental  health  disorders,  either  as  stand-
alone  treatments  or  in  conjunction  with
neurotransmitter modulators. A deeper level of
understanding  of  the  gut  microbiome  at  the
species level, and the detailed mechanisms by
which select species or genera modulate mood
via the GBA opens the possibility of ushering
in  a  new era  in  the  field  of  psychology  and
mental health.
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