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Abstract

The gut and brain communicate through the autonomic neurons, hormones, neurotransmitters, and microbial

metabolites. The brain can sense the 'gut's feelings,' and the gut can respond to the brain's instructions. Gut microbiota

plays a tremendous role in modulating the gut-brain axis in normal and abnormal states. They can produce hormones,

neurotransmitters, vitamins, and many active metabolites, influencing brain growth, development, inflammation, and

degeneration. Intestinal dysbiosis can lead to a variety of gastrointestinal and neurological diseases. Diet has a strong

influence on modifying the gut microbiota. Dietary alteration can positively influence the gut-brain axis and our health.

Keyword: Gut-brain connection, microbiota-gut-brain axis, diet and gut-brain axis, microbiota and bowel diseases, micro-

biota and neurological diseases

Introduction

The term 'gut-brain axis' (GBA) was coined in the 1960s and
1970s when the amine and peptide-producing cells of the gut and
the brain revealed several peptides [1]. Scientists have exten-
sively studied the gut-brain axis concept in the last few decades.
Recent studies suggest that the gut microbiota plays a significant
role in maintaining the gut-brain axis. Food has a tremendous ef-
fect on the selection and growth of the microbiota [2]. The GBA
is a bi-directional pathway between the brain and the gut as they
are connected physically and biochemically in multiple ways.
The subcortical region of the brain gets constant information
from the gut and vice versa. The neural pathways, neuroendo-
crine, and neuroimmune systems establish the axis. [3]. Because
of the extraordinary effects of microbiota on the brain-gut axis,
the axis is also called the microbiota-gut-brain (MGB) axis. This
article will discuss the different components of this axis, diseases
related to this axis, and the role of food in this axis.

Neural pathway

The enteric nervous system (ENS) comprises the most signifi-
cant part of the autonomic nervous system. It is a mesh-like neu-
ral network in the submucosa (Meissner's plexus) and muscu-
laris propria (myenteric plexus) of the gut. The parasympathetic
and sympathetic nervous systems constitute the other parts of
the autonomic nervous system and originate from the CNS with
their cell bodies in the brainstem and spinal cord. They have
extensive connections with the ENS. The ENS has extensive

bidirectional connections with the brain and spinal cord via the
sympathetic and parasympathetic fibers [4]. The small intestinal
and colonic ENS contains sensory neurons, interneurons, motor
neurons, and entire reflex circuits, and is responsible for receiv-
ing sensory signals from the gut, regulation of intestinal motil-
ity, secretion, local blood flow, fluid, and electrolyte exchange
between gut lumen and mucosa. Although the ENS constantly
works in concert with the CNS, it can function as an independent
entity without getting any signal from the brain. The Vagus nerve
is the longest parasympathetic neuron that connects the brain (via
nucleus of tractus solitarius and dorsal motor nucleus) and the
gut (stomach, small intestine, and proximal part of the colon),
innervating the myenteric plexus of the gut wall, and sends sig-
nals bi-directionally. The vagal afferent fibers carry the chemical
and mechanosensory signals from the gut related to food intake.
Vagal reflexes coordinate gastrointestinal motility and digestive
functions through the neurotransmitter acetylcholine [5]. The
distal colon and rectum are supplied by pelvic nerves, which are,
in fact, sympathetic fibers [6]. Sympathetic neurons act on a- or
[-adrenergic receptors in the gut wall via catecholamines and in-
hibit intestinal motility and secretion.

Neuroendocrine system

The gastrointestinal tract (GIT) works as the body's largest
endocrine organ. The GIT secretes many hormones which influ-
ence brain activity. Ghrelin is an orexigenic hormone secreted
from the ghrelinergic cells of the gastric fundus, small intestine
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and colon. The arcuate nucleus of the hypothalamus detects cir-
culating ghrelin to initiate its orexigenic effect [7]. Gastric leptin
is an anorexigenic hormone secreted from gastric chief cells. It
binds to the arcuate nucleus of the hypothalamus and controls
short-term food intake [8]. Substance P is a neuropeptide found
in the myenteric plexus, vagus nerves, and CNS. It can bind to
neurokinin-1 (NK-1) receptors in the vomiting center of the me-
dulla oblongata and can cause nausea and vomiting [9]. Gastrin
releasing peptide (GRP) is present in the enteric nervous sys-
tem, hypothalamus, and brain stem. It acts as a universal on-
switch stimulating gastrin secretion and most gastrointestinal
hormones, intestinal and pancreatic secretions, and controls gut
motility [10]. Somatostatin is an inhibitory hormone released
from the hypothalamus and neuroendocrine delta (D) cells pres-
ent in the pancreas and throughout the GIT. In the GIT, it works
as a universal off-switch inhibiting the secretion of gastrin, se-
cretin, cholecystokinin, insulin, glucagon, and vasoactive intes-
tinal peptide (VIP). It also inhibits the release of corticotropin
(ACTH), thyrotropin (TSH), and growth hormone (GH) from
the pituitary gland [11]. The duodenal and jejunal I cells secrete
cholecystokinin (CCK) in response to partially digested food.
Besides stimulating gallbladder contraction, pancreatic enzyme
secretion, and gut motility, it inhibits the release of ghrelin from
the hypothalamus. It also binds to CCK-1 receptors in the hind-
brain and induces satiety [12]. Neurotensin is widely distributed
in the brain, and it is also secreted from the N cells present in

Table 1. Hormones affecting the GBA

the ileum and myenteric plexus of the enteric nervous system.
Neurotensin acts as a neurotransmitter in the brain and inhibits
dopaminergic pathways [13]. In the GIT, it stimulates gastric,
intestinal, and pancreatic secretions, decreases gastric and small
intestinal motility, increases colonic motility, and promotes
small intestinal and colonic mucosal growth [14]. The origin,
mechanism of action and effects of these hormones on the GBA
are summarized in table 1.

The hypothalamic-pituitary-adrenal (HPA) axis is another
bidirectional neuroendocrine pathway that balances our stress
response. The HPA axis is also connected to the limbic system,
essential for our emotions and memory. Cortisol is secreted
from the adrenal cortex in response to stress. Excessive serum
cortisol has a negative feedback effect on the HPA axis. Stress
can also activate the sympathetic nervous system and adrenal
medulla, which secretes catecholamines directly into the blood.
During stress, the blood flow to the digestive tract is diverted
to the brain, essentially shutting down digestion. The corticotro-
pin-releasing hormone can directly increase the permeability of
the mucosal epithelial lining of the gut, related to visceral hyper-
sensitivity. The leaky gut mucosa can allow the passage of toxins
and infectious agents from the gut lumen to the bloodstream,
resulting in chronic low-grade inflammation of gut mucosa [15].
Stress can alter gut motility, gastrointestinal secretions, and vis-
ceral perception.

Certain diseases like irritable bowel syndrome (IBS) and other
functional gastrointestinal disorders, inflammatory bowel dis-

Origin Mechanism of action Effects
Ghrelin Ghrelinergic cells in gastric fundus, Acts on arcuate nucleus of hypothalamus. Orexigenic
small intestine and colon.
Gastric Gastric chief cells Binds to arcuate nucleus of hypothalamus. Anorexigenic
Leptin

Substance P Myenteric plexus, vagus nerves, and

Binds to neurokinin-1 (NK-1) receptors in the vomiting

Nausea and vomiting

and brain stem.

CNS. center of the medulla oblongata
Stimulates the secretion of most gas-
trointestinal hormones and intestinal
GRP Enteric nervous system, hypothalamus, | Binds to GRP receptors in the GIT and brain. and pancreatic secretions and controls

gut motility.

N cells present in the ileum and my-
enteric plexus of the enteric nervous
system.

Somatostatin | Hypothalamus and neuroendocrine delta | Binds to somatostatin receptors in the GIT and brain. Inhibits the secretion of gastrin,
(D) cells present in the pancreas and secretin, cholecystokinin, insulin,
throughout the GIT. glucagon, VIP, GH, TSH and ACTH
CCK Duodenal and jejunal I cells located Binds to CCK receptors in the GIT and brain (1)Stimulates gallbladder contraction,
within the crypts of Lieberkuhn. pancreatic enzyme secretion, and gut
motility. (2) Delays gastric emptying.
(3) Inhibits the release of ghrelin
from the hypothalamus. It also binds
to CCK-1 receptors in the hind-brain
and induces satiety.
Neurotensin Widely distributed in the brain and Binds to neurotensin receptors in the GIT and brain. In the GIT, (1) it stimulates gastric,

intestinal, and pancreatic secretions,
(2) decreases gastric and small
intestinal motility, (3) increases
colonic motility, and (4) promotes
small intestinal and colonic mucosal
growth.

In the brain, it inhibits dopaminergic
pathways.
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ease (IBD), gastroesophageal reflux disease (GERD), and peptic
ulcer disease (PUD) can flare up during stress. The gut microbi-
ome can be affected directly by stress. Stress-induced sympathet-
ic overactivity can suppress good bacteria in the gut and decrease
gut immunity [16].

Neuroimmune system

The GIT contains many neuronal cells and immune cells.
Peptidergic neurons play a unique role in impacting the mucosal
immune system through the neuropeptides calcitonin gene-relat-
ed peptide (CGRP) and substance P (SP). Immune cells secrete
different cytokines and mediators like TNF-a and IL-1f, and
neuronal cells express receptors for those [17]. Neuronal cells
communicate with three innate immune cells in the gut: mac-
rophages, innate lymphoid cells (ILC), and mast cells. ILCs are
the first immune responders to intestinal tissue damage. The in-
flammatory response can alter intestinal permeability allowing
endotoxin lipopolysaccharide (LPS) to release into the blood.
LPS can cross the blood-brain barrier and increase the activity of
the amygdala, which is involved in processing emotion (anxiety,
aggression), motivation, memory, decision making, rewarding,
threatening, and fearful environmental stimuli [18]. Mast cells
are present in the mucosa and submucosa of the GIT. Mast cell
degranulation releases histamine, serotonin, and tryptase, sensi-
tizing the sensory neurons to manifest visceral pain. Neurotrans-
mitters from sympathetic and parasympathetic neurons can reg-
ulate mast cell degranulation [19]. Vasoactive intestinal peptide
(VIP) produced by mast cells and enteric neurons can also cause
mast cell degranulation and play an essential role in the patho-
genesis of irritable bowel syndrome [20].

Microbiota and brain-gut axis

Trillions of symbiotic microorganisms living in and on us are
collectively called microbiota. Their genomes (also called the
second genome) contain approximately 150 times the gene con-
tent as our genome. They are present on the skin and genital or-
gans, oral cavity, respiratory tract, and gastrointestinal tract. But
the colon and ileum harbor the densest concentration of microbi-
ota. Research over the last few decades by Next Generation Se-
quencing (NGS) and high-performance liquid chromatography
(HPLC) suggest that the gut microbiota play a key role in regu-
lating the brain-gut axis, human physiology, health, and diseases.
The human microbiota is predominantly composed of bacteria,
but archea, bacteriophage, eukaryotes, fungi, protozoa, and vi-
ruses also inhabit as microbiota [21]. The three major bacterial
phyla, as shown in table 2, are Firmicutes (79.4%), Bacteroide-
tes (16.9%), and Actinobacteria (2.5%) [22]. Firmicutes include
Clostridium, Enterococcus, Lactobacillus, and Faecalibacterium
genera. Bacteroidetes include Bacteroides and Prevotella genera.

Although the microbiomes start to colonize in our gut at birth,
the adult state complex microbiomes are established at three
years [23]. Gut microbial population in an individual depends

Table 2. Category of microbiota

on many factors like periconceptional maternal health and diet,
mode of delivery, type of feeding during infancy, host genet-
ics, age, stress, depression, infection, antibiotics intake, diet,
and non-specific host factors, which include colonic epithelial
secretion of mucus, antimicrobial peptides and immunoglobin
A [24-27]. Human genes can influence the composition of gut
microbiota [28]. Prebiotics, probiotics, and fecal microbiota
transplantation (FMT) can modulate gut microbiota. Modula-
tion of gut microbiota can interrupt the production of normal
metabolites, and this can have a significant effect on host gene
expression with lasting effects in the host [29]. The microbiota
communicates with the brain through the neural, neuroendo-
crine, and neuroimmune systems and tryptophan metabolism
[30]. Microbial metabolites like branched-chain amino acids
(BCAA), short-chain fatty acids (SCFA), and peptidoglycans
are involved in this process [31]. The microbiota plays a vital
role in developing certain human diseases through the brain-gut
axis. Colonic ammoniagenic bacteria in liver cirrhosis contrib-
ute to hepatic encephalopathy [32]. Changes in microbiota in
IBS may lead to immune activation, low-grade inflammation,
altered function of the enteric, autonomic, and central nervous
system leading to visceral hypersensitivity, abnormal gut motil-
ity, and secretion [33]. The microbiota population in healthy in-
dividuals and patients with IBD is different. Many environmen-
tal factors like diet, antibiotics, and stress change the microbiota,
leading to chronic intestinal inflammation due to the release of
LPS and proinflammatory cytokines. The inflammation, in turn,
can promote dysbiosis by altering the metabolic and oxidative
environment of the gut [34]. Dysbiosis leads to increased intes-
tinal permeability or leaky gut syndrome. The proinflammatory
cytokines can interact with the CNS via enteric afferent neu-
rons and the vagus nerve or directly through the blood-brain
barrier. The cytokines can also activate the HPA axis with the
release of corticosteroids involved in controlling emotion and
cognition and the pathogenesis of anxiety, depression, and stress
[35]. Stress has multiple effects on gut physiology, including
increased visceral perception, increased intestinal permeability,
reduced mucosal blood flow, changes in gut motility and secre-
tion, and adverse effects on gut microbiomes. SCFA formed by
microbial fermentation of starch and non-starch polysaccharides
is the primary signaling molecule mediating host-microbiota
communication. Butyrate can inhibit histone deacetylase and
stimulate memory and synaptic plasticity [36]. It can influence
enterochromaffin cells and promote colonic serotonin produc-
tion [37]. Propionate has a protective effect on the blood-brain
barrier from oxidative stress [38]. Certain gut bacteria can syn-
thesize neuro-transmitters and hormones identical to those pro-
duced by human beings. These include acetylcholine and gam-
ma-amino butyrate (GABA) synthesized by Lactobacillus and
Bifidobacterium; and serotonin, dopamine, and norepinephrine
produced by Streptococcus, Enterococcus, and Escherichia [39,
40]. They can act on the GBA through the enteric nervous and

ibacterium

Microbiota
Phyla Firmicutes Bacteroidetes Actinobacteria
Genera Clostridium, Enterococcus, Lactobacillus, and Faecal- | Bacteroides and Prevotella Bifidobacterium
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vagus nerve.

Microbiota can also produce specific vitamins. These include
vitamin K by Escherichia coli, Klebsiella pneumoniae, Propioni-
bacterium, and Eubacterium; vitamin B2 by Bacillus subtilis and
E. coli; folic acid by Bifidobacterium, Lactococcus lactis and
Streptococcus thermophiles; and vitamin B12 by Lactobacillus
reuteri and Propionibacterium freudenreichii [41]. Gut microbi-
omes can metabolize tryptophan to synthesize serotonin, mela-
tonin, kynurenine, quinolinate, indole, indole acetic acid (IAA),
indole propionic acid (IPA), and tryptamine [42]. Kynurenine
and quinolinate can cause depression-like symptoms [43]. In-
dole acetic acid can cause cognitive impairment in hemodialysis
patients [44]. As a result of the utilization of tryptophan by the
bacteria, the host can have reduced serum concentration of tryp-
tophan and reduced production of neurotransmitters, particularly
serotonin in the brain, with the consequence of decreased sero-
tonergic neurotransmission in the central and enteric nervous
system and impaired cognition, fatigue, anxiety and depression
[45]. Microbiota may have a role in developing and progressing
neurodegenerative diseases like Alzheimer's disease and Par-
kinson's disease, and certain neurodevelopmental disorders, in-
cluding attention deficit hyperactivity disorder (ADHD), autism,
schizophrenia, and epilepsy due to chronic neuroinflammation
and microglial activation. [46, 47]. A graphic representation of
the mechanism by which the microbiota interacts with the GBA
is shown in figure 1.

Food and brain-gut axis

Food has been found to have the most significant effect on
the distribution and function of gut microbiota. Dietary interven-
tion can modulate gut microbiota. Even short-term consumption
of diet can rapidly alter the gut microbiota population. Certain

.

-'*‘“h\
¥ \:_..

groups of foods are more beneficial than others for the gut-brain
axis.

An animal-based diet can increase bile-tolerant microbiota
like Bacteroides, bilophila, and alistipes but can decrease firmic-
utes [48]. High saturated/trans-fat, low fiber, and refined carbo-
hydrate diet can contribute to cognitive dysfunction, and even
development and progression of Alzheimer's disease, possibly
through the microbiota metabolites [49].

A plant-based diet contains linoleic acid metabolized by gut
microbiota (certain intestinal bifidobacteria) to form conjugated
linoleic acid (CLA). CLA has anti-inflammatory, anti-diabeto-
genic, anti-carcinogenic, and anti-adipogenic effects [50]. Phy-
tochemicals and antioxidants in a plant-based diet can protect
against cognitive decline and neurodegenerative diseases like
dementia [51].

A high-fat diet can cause intestinal dysbiosis due to increased
Firmicutes and decreased Bacteroides. This alteration has been
associated with obesity, increased gut permeability, and chronic
low-grade inflammation due to increased intestinal LPS-bearing
bacterial species [52]. Mice study also showed that a high-fat
diet could cause neuroinflammation, disrupting cognitive and
stereotypical behavior and cerebrovascular homeostasis [53].

A high fiber diet (fruits, vegetables, grains, nuts, and seeds)
contains carbohydrate polymers that are non-digestible and
non-absorbable by our small bowel. Microbiomes can metab-
olize them to produce SCFA, which protects the blood-brain
barrier and memory function, as mentioned before. SFCA can
also increase brain-derived neurotrophic factor (BDNF) levels
and influence cognition and affective processes [54]. A high fiber
diet can restore maternal obesity-induced cognitive and behav-
ioral disorders in the offspring through the effect of SCFA on the

Figure 1. MGB
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brain-gut axis [55].

Mediterranean diet (MedDiet): is considered one of the
healthiest and most sustainable diets. Vegetables, especially
leafy greens, fresh fruits, olives, legumes, whole grains, nuts,
seeds, extra-virgin olive oils, fish/seafood, spices, herbs, low-fat
dairy in the form of cheese or yogurt, and red wine in moder-
ation are the core food contents of MedDiet [56]. Daily intake
of MedDiet changes the gut microbiota to an increased pres-
ence of Bacteroidetes, depletion of Firmicutes, lower ratio of
Firmicutes/Bacteroidetes, decreased Escherichia coli (E.coli),
an increased proportion of Bifidobacteria/E. coli and an increase
in Proteobacteria [57- 59]. Besides cardiovascular, metabolic,
and anti-cancer benefits, MedDiet can reduce gut inflammation,
lower the risk of depression, decrease the incidence of Parkin-
son's disease (PD) and Alzheimer's disease (AD) [60, 61]. The
current theory suggests that PD starts from the gut when gut
microbial dysbiosis, particularly low levels of Provotella, causes
increased intestinal inflammation; it allows exposure to bacterial
endotoxin (locally and systemically) and provokes expression
of alpha-synuclein in the colon. Misfolding alpha-synuclein
leads to Lewy bodies that spread from the ENS to the CNS via
the vagus nerve. Accumulation of the Lewy body in the sub-
stantia nigra leads to neurodegeneration and PD. MedDiet pro-
vides healthy microbiota, including Provotella, and prevents the
development of PD [62]. Berti et al. found that people who ate
MedDiet had fewer beta-amyloid deposits (a marker of AD) in
their brain than those who ate a Western diet [63].

Other foods beneficial for the gut-brain axis

1. Fermented foods: include cheese, yogurt, kefir, and sau-
erkraut. They contain several lactic acid bacteria. They may
improve cognitive function by normalization of stress-induced
HPA axis hyperactivity. They may also enhance hippocampal
expression of BDNF necessary for neuronal survival and differ-
entiation [64].

2. Tryptophan-rich foods: include eggs, cheese, meat, fruits,
and seeds. Gut microbiota can utilize tryptophan and synthesize
serotonin from tryptophan. Serotonin acts as a neurotransmitter
in the CNS and enteric nervous system. A high tryptophan diet

(>10 mg/kg body weight/day) can decrease anxiety, depression,
and irritability [65].

3. Polyphenol-rich foods: include coffee, green tea, olive oil,
and cocoa. They can increase healthy gut microbiomes with de-
creased intestinal permeability and bacterial translocation into
the bloodstream [66]. They also can improve cognition, memo-
ry, and learning [67].

4. Omega-3 polyunsaturated fatty acids (PUFAs): are found in
oily fish, canola oil, soybean oil, flaxseed oil, nuts, seeds, grains,
fruits, vegetables, and legumes. They can positively affect mi-
crobiota, decreasing firmicutes/Bacteroidetes ratio, increasing
Prevotella genus, and thus increasing the production of short-
chain fatty acids [68]. Omega-3 PUFAs are also an integral part
of the neuronal membrane and have healthy neuronal function-
ing. Supplementation of Omega-3 PUFA may significantly af-
fect mood and cognition [69]. The different food groups with
their effects and mechanism of communication with the GBA
are summarized in table 3.

Conclusion

Gut-brain axis is the bidirectional connection between the gut
and the brain through the neural, neuroendocrine, and neuroim-
mune pathways. The gut can sense and signal the brain, and vice
versa. Microbiota communicates with the axis by its metabolites
and synthesizing and utilizing different neurotransmitters. Intes-
tinal dysbiosis can increase gut permeability, inflammation, and
translocation of proinflammatory cytokines to activate the CNS
and HPA. Microbiota can also play a role in developing different
functional and inflammatory bowel diseases, cognitive and af-
fective disorders, neurodevelopmental, neurodegenerative, and
autoimmune diseases. Diet is the most potent modifiable fac-
tor that can influence gut microbiota composition. Some diets
can positively modulate the gut microbiota and prevent different
human diseases. Most of the knowledge about the MGB axis
comes from animal models. Further research is warranted in this
field to have a more significant impact on human health.
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Table 3. Food groups with their effects and mechanism of communication with the GBA

Diet Effects and mechanism of communication with the GBA

Animal-based diet

Cognitive dysfunction through microbiota metabolites

Plant-based diet

Phytochemicals and antioxidants protect against cognitive decline

High-fat diet

Disrupts cognitive and stereotypical behavior and cerebrovascular homeostasis by causing neuroinflammation.

High fiber diet SCFA produced by gut microbiota protects the blood-brain barrier and memory function.
SCFA also improves cognition and affective function by increasing BDNF levels.
MedDiet Decreases the risk of depression, PD and AD by providing healthy gut microbiota and reducing gut inflammation.

Fermented foods

Improve cognitive function by normalization of stress-induced HPA axis hyperactivity.

Tryptophan-rich foods

Can decrease anxiety, depression, and irritability due to the production of serotonin by gut microbiota.

Polyphenol-rich foods
ability.

Can improve cognition, memory, and learning due to increased healthy gut microbiota, decreasing intestinal perme-

Omega-3 polyunsaturated
fatty acids

Being an integral part of the neuronal membrane improves mood and cognition.
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