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Abstract

Depression is the leading cause of disability worldwide, contributing to the global disease burden. From above, it is a priority to investigate
models that fully explain its physiopathology to develop new treatments. In the last decade, many studies have shown that gut microbiota
(GM) dysbiosis influences brain functions and participate, in association with immunity, in the pathogenesis of depression. Thereby, GM
modulation could be a novel therapeutic target for depression. This review aims to evidence how the GM and the immune system influence
mental illness, particularly depression. Here, we focus on the communication mechanisms between the intestine and the brain and the
impact on the development of neuroinflammation contributing to the development of Major Depressive Disorder (MDD). However, most

of the current findings are in animal models, suggesting the need for studies in humans. In addition, more analysis of metabolites and

cytokines are needed to identify new pathophysiological mechanisms improving anti-depression treatments.
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1. Introduction

Depression is a common mental disorder illness
worldwide. The World Health Organization (WHO) es-
timates that globally 280 million people have depres-
sion. Major depressive disorder (MDD) represents a public
health problem due is the most prevalent psychiatric disor-
der, leading to the third cause of morbidity in the world and
one of the leading causes of disability time [1].

MDD is a chronic and relapsing neuropsychiatric dis-
order characterized by anxiety, decreased thinking, and de-
layed thinking. Several other symptoms are also present,
including irritability, frustration, worthlessness or guilt,
low energy, insomnia, hypersomnia, change in appetite
or weight, difficulty concentrating, suicide attempts, or
thoughts of death or suicide [2].

Regarding the factors that trigger depression, many
authors have attributed them to the cumulative effects of
both genetic and environmental factors. In recent years, un-
derstanding of MDD pathophysiology has progressed. Still,
it is not fully understood because there are missing models
which satisfactorily integrate all the mechanisms involved
in developing this disease [3].

Recent experimental studies have widely described
the relationship between mental and gastrointestinal ill-

ness. Murine models have revealed an important func-
tion of gut microbiota (GM) in the gut-brain axis (GBA)
thanks to advanced techniques for studying metagenomic
and metabolomic profiles. Due to this, it has been possi-
ble to investigate the interactions of GM and their metabo-
lites with the host [4]. For that reason, it is known that GM
composition is relevant for proper brain function, and GM
alteration, known as gut dysbiosis (GD), can induce the de-
velopment of mental illness, such as depression or anxiety
[5]. There is evidence in mice that restoring GM eubiosis
decreases the depression-like phenotypes by the modula-
tion of the microbiota-gut-brain axis (MGBA); it represents
a novel therapeutic goal in the treatment of this pathologic
condition [6].

This review aims to integrate evidence of both influ-
ence of microbiota and immunity on depression, focusing
on MDD pathogenesis, where the communication between
the intestine and the brain contributes to depression devel-
opment and modulation through neuroinflammation.

2. The Human Gut Microbiota

About 100 trillion symbiotic microorganisms inhabit
the human body, including archaea, bacteria, parasites, and
viruses. Commensal microorganisms inhabit the host after
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birth, and the composition and function of microbiota are
influenced by age, sex, race, and diet [7]. GM is represented
by over 1000 different species of bacteria [8]. GM plays an
important role in metabolic and immune homeostasis, keep-
ing the gut integrity, shaping the intestinal epithelium, and
protecting against pathogens. When the GM composition is
disrupted (dysbiosis), these functions can be disrupted and
have been involved in developing different inflammatory
diseases [8].

In the pathophysiology of mental disorders, the mi-
crobiota can modulate different mechanisms, including
metabolic pathways like short-chains-fatty acids (SCFAs)
production, bile acid (BA) metabolism, or the synthesis of
neurotransmitter precursors, such as the tryptophan [7].

Additionally, GM dysbiosis, which is regulated by
host and environmental factors, might impact the endocrine
and neurological pathways. However, all the above factors
are present when neuropsychiatric diseases develop [9].

3. Gut Microbiota Metabolites Associated
with Major Depressive Disorder

The gut microbiota can alter the central nervous sys-
tem by synthesizing SCFAs and BA, as well as the translo-
cation of lipopolysaccharide (LPS) to the bloodstream.
These metabolites can modulate hormonal secretion that al-
ters brain functions, which can lead to the development of
mental disorders [10]. These metabolites can directly af-
fect the brain through the blood-brain barrier (BBB) or in-
directly interact with the host’s immune, nervous, and en-
docrine systems [11].

3.1 Influence of Short-Chain Fatty Acids in Depression

The SCFAs are one of the most studied bacterial
metabolites. GM, through gut fermentation, synthesizes
SCFAs, mainly acetate, propionate, and butyrate [12]. The
SCFAs have several functions in the intestinal lumen, like
redox balance, maintaining intestinal barrier integrity, gut
hormone production, and epigenetic regulation [13-16].
However, in recent years, SCFAs have been related to psy-
chiatric illnesses like depression.

The SCFAs are synthesized by intestinal micro-
biota, mainly by Akkermansia, Bifidobacteria, Faecalibac-
terium, Lachnospiraceae, Lactobacillus, and Ruminococ-
cus species, among others [17]. Different pathways are
known by which SCFAs modulate the neural response, such
as stimulating the microglial cells maturation and home-
ostasis or inhibiting histone deacetylase activity, which
modifies gene expression [18,19]. In addition, the acetate
can cross the BBB and decrease appetite while the butyrate
acts as an anti-inflammatory molecule by inducing cytokine
secretion of interleukin-10 (IL-10) in regulatory T cells
(Treg), which is important for immune homeostasis, and its
depletion has been related with increased depression-like
symptoms [20,21]. Also, the SCFAs induce the release of
intestinal neuropeptides, for example, YY peptide (YYP)

and glucagon-like peptide 2 (GLP-2) peptides, as well as
hormones involved in the maintenance of intestinal barrier,
cellular metabolism, and satiety [22,23]. On the other hand,
valeric acid has been associated with depression and is pro-
duced mainly by Oscillibacter. Valeric acid is similar struc-
ture to y-aminobutyric acid (GABA) and can bind to its re-
ceptors, which could play an important role in major de-
pressive disorder [24]. Also, a higher amount of isovaleric
acid is found in the stool of patients with depression [25],
suggesting that microbiota and isovaleric acids are associ-
ated with depression. Also, the main SCFAs are associated
with MDD. In a study of patients with depressive symp-
toms, acetate levels in stool correlated positively with these
patients, while butyrate and propionates levels, correlates
negatively [26]. In a similar study in polish women with
depression, acetate and propionate levels in stool were re-
duced in patients with depression in comparison with non-
depression patients, while the isocaproic acid was increased
[27]. These findings suggest that there must be an equi-
librium between specific SCFA levels and microbiota, to
maintain mental health.

3.2 The Role of Bile Acids in the Nervous System

A substantial component of bile, BA, are produced
from cholesterol in the liver, and they work in tandem with
GM to regulate cholesterol metabolism to aid in lipid diges-
tion and absorption. Cholesterol is metabolized into pri-
mary BA by hepatocytes; after that is transported to the
gallbladder to finally be released in the duodenum. Upon
reaching the intestine, the gut bacteria produce secondary
BA—(deoxycholic and lithocholic acid) from primary BA.
Only some bacteria, predominantly, Clostridium and Eu-
bacterium, are responsible for secondary BA synthesis [28].

Although the main BA function is during choles-
terol metabolism, these have also been associated with the
regulation of neurotransmitters. In detail, the BA alter
the function of neurotransmitters receptors, like M2 and
M3 muscarinic acetylcholine, GABA, and N-methyl-D-
aspartate (NMDA) receptors [29]. In vitro studies with
cultured hypothalamic neurons, chenodeoxycholate acid in-
hibits GABA and NMDA receptors [30].

The relationship between BA and depression has been
studied in humans. A study in China, patients with MDD
showed higher levels of 2,3-Nordeoxycholic acid compared
with healthy controls, as well, as lower levels of Taurolitho-
cholic acid (TLCA), Glycolithocholic acid (GLCA) and
Lithocholic acid 3-sulfate in patients with MDD, which,
were correlated negatively with Hamilton Depression Rat-
ing Scale (HAM-D) score. Also in this study, the species
Turicibacteraceae, Turicibacterales, and Turicibacter were
correlated positively with TLCA and GLCA levels [31].

In other study in United States, patients with severe
depression, chenodeoxycholic acid, a primary bile acid,
showed reduced levels in comparison with less severe pa-
tients with depression [32]. Therefore, GM can induce cen-
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Fig. 1. Peripheral cytokine mechanisms in CNS signaling. The humoral pathway involves the (A) passage of cytokines through leaky

regions of the blood-brain barrier; the cellular pathway describes in (B) active transport by cytokine-specific transport molecules on

brain endothelium, (C) second-messenger signals from the endothelial lining of the BBB or (D) entry of activated monocytes from the

periphery into the brain; and the neural pathway, including (E) the transmission of cytokine signals by afferent nerve fibers (Created with

BioRender, https://www.biorender.com/).

tral nervous system (CNS) illness, like MDD, via BA al-
terations [8]. A reduction of secondary BA synthesis can
lead to dysbiosis and alters the permeability of the intesti-
nal barrier, inducing a pro-inflammatory tone that leads to
the pathogenesis of depression [33].

3.3 Lipopolysaccharides an Inflammatory Cell Wall
Component in MDD

In the last decades, it has been shown that inflamma-
tion plays an important role in MDD. Several cytokines
such as IL-173, IL-2, IL-6, IL-8, IL-12, interferon (IFN) and
tumor necrosis factor (TNF) are found elevated in MDD
patients [34].

Several studies have postulated that LPS has been as-
sociated with several diseases, including MDD [35]. In
murine models, LPS can induce a systemic proinflamma-
tory response, decreasing thymus weight and increasing the
production of IFN-vy and IL-10, as well, superoxide and
corticosterone production [36]. It is well known that LPS
causes symptoms known as sickness behavior (sleepiness,
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loss of ability to feel pleasure, loss of appetite, lethargy,
anxiety) [37].

In fact, LPS-treated mice are one of inflammation
model depression and have been extensively used for the
understanding of molecular pathogenesis and new treat-
ments of MDD [35,38-40]. Also, it has been described
that LPS can stimulate microglia cells, immune cells of
CNS, inducing inflammatory responses that cause death of
dopaminergic neurons [41]. Thus, LPS translocation to the
bloodstream via intestinal barrier can be associated with
MDD patients and can be used as a therapeutic target to treat
this mental illness. The gut microbiota plays an important
role in the sickness symptoms of LPS-treated mice, since
probiotics can reduce the LPS-stimulated markers [42].

The association between LPS and depression has also
been described in patients. In the NESDA (Netherlands
Study of Depression and Anxiety) cohort, where LPS-
stimulated markers such as IL-2, IL-6, IL-10, MMP-2,
IFN, TNF-«, and TNF-3 were increased and associated
with sickness behavior-symptoms, suggesting that anti-
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inflammatory strategies can be an alternative for depres-
sive symptoms [35]. In another study, it has been found
in patients with recent suicide behavior, that IL-6, a LPS-
induced marker, correlates positively with I-FABP (Intesti-
nal fatty-acid binding protein) and negatively with zonulin,
proteins that are biomarkers of leaky intestinal barrier [43].
Thus, the GM plays an important role in MDD, since LPS
can induce a pro-inflammatory state, which leads to depres-
sion symptoms.

4. Relationship between the Gut Microbiota,
Inflammation, and Depression

4.1 Inflammation on Major Depressive Disorder

Cytokines can be produced by neurons or other com-
ponents of CNS, such as microglia and astrocytes, but pe-
ripherally secreted cytokines can also gain access to the
brain. Cytokines are large molecules, about 15-25 kDa,
that do not pass through the BBB, so some hypotheses have
been described to explain at least five mechanisms: (a) pas-
sage of cytokines through leaky regions of the BBB such
as circumventricular organs or choroid plexus, it is con-
sidered a humoral pathway; (b) active transport via sat-
urable by cytokine-specific transport molecules on brain en-
dothelium; (c¢) second-messenger signals from the endothe-
lial lining of the BBB (as well as other cerebral vascula-
ture cells, cytokines stimulate microglia to produce mono-
cyte chemoattractant protein 1(MCP-1)), both considered
the cellular pathway; (d) cytokines binding to cytokine re-
ceptors in peripheral afferent nerve fibers (like vagus nerve
during infections), which in turn transmits signals to brain
nuclei (neural pathway) and (e) entry of activated mono-
cytes from the periphery into the brain [35,44,45] (Fig. 1).

The neural and neuroendocrine immune systems are
associated with the pathophysiology of depression. Acti-
vation of the hypothalamic—pituitary—adrenal (HPA) axis
results in increased cortisol secretion in the blood, which
activates immune cells and inflammatory signals are prop-
agated through various cellular, humoral and neural path-
ways and activate brain resident immune cells, which dis-
turb neuronal integrity by modifying neurotransmitters pro-
duction [37]. Also, the increased blood glucocorticoids
(GC) induces sympathetic signaling inducing immune cells
mobilization from the bone marrow, lymph node and spleen
in addition to increasing the activation of monocytes and
macrophages, which exert pro-inflammatory effects by in-
creasing pro-inflammatory mediators secretion (IL-13, IL-
6 and TNF), repressing the production of several tight-
junction proteins of the BBB, such as claudin-5 [38].

Several reports have shown the important role of
inflammation in neuropsychiatric illness. The evidence
of inflammation in MDD has been argued in different
meta-analyses that evaluated the concentration of pro-
inflammatory cytokines or other inflammatory markers in
patients with MDD. For example, several studies report an
increase in IL-6, IL-12, IL-183 and TNF circulating con-

centrations during acute depression, as well as increased
C-reactive protein (CRP) [46—49]. In a state of depres-
sion, chronic inflammation contributes to feedback between
inflammatory cytokines and the central nervous system
(CNS), signaling by IL-6 in immune cells in bloodstream
through activation of Janus kinase (Jak)-STAT, which, in-
duces indoleamine 2,3-dioxygenase 1 (IDO1) expression.
IDOI1 is an enzyme that limits the metabolism of trypto-
phan, and its activity has been e associated with decreased
serotonin production and increased kynurenine levels [50].
This imbalance of the kynurenine pathway is the basis
of the relationship with inflammation and depressive dis-
order [51]. In addition, IL-15 and IL-12 cytokines can
activate the microglia and astrocytes in the CNS, induc-
ing neuroinflammation in patients with multiple sclerosis
(MS) with depression symptoms in comparison with pa-
tients with multiple sclerosis without depression symptoms
[51]. Also, in patients with MS with severe depressive
episodes showed elevated levels of IL-13, which has been
associated with severe neuroinflammation and BBB leak
in animal models [51,52]. Also, TNF has been linked to
neurodevelopmental disorders, inflammation-related neu-
rodegenerative diseases, and depression, since it can acti-
vate the hypothalamus-pituitary-adrenocortical (HPA) and
Indoleamine 2,3-dioxygenase (IDO), promoting a decrease
in tryptophan production [53].

Additionally, the MDD patients have been shown in-
creased expression of pro-inflammatory cytokines recep-
tors in peripheral blood and cerebrospinal fluid (CSF) [54],
which can be reverted with antidepressant treatments [55].
Also, has been found innate immune proteins genes such as
IL-18, IL-6, TNF, Toll-like receptor 3 (TLR3) and toll-like
receptor 4 (TLR4) in post-mortem brain samples from sui-
cide subject who suffered of depression [56]. These data
support that these cytokines are key biomarkers of depres-
sion.

Immune cells also play an important role in the patho-
genesis of MDD. Macrophages are immune cells that
maintain homeostasis through modulation of inflamma-
tion, which are characterized as classically activated cells
(M1) or as alternatively activated (M2), secreting pro-
inflammatory cytokines or foment tissue repair, respec-
tively. In any disease state of the CNS disorders involving
inflammation, there is a shift of macrophage populations
towards the M1 phenotype, being important contributors
to inflammation neurodegenerative in patients with severe
depression [57]. The peripheral blood gene expression pro-
files in subjects with depression present a pro-inflammatory
“M1” macrophage phenotype and an over-expression of IL-
6 [56].

4.2 Microbiota and Inflammation on Major Depressive
Disorder

The composition of the gastrointestinal microbiota is
amutual selection between the host and the microorganism.
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Fig. 2. Pathways in the brain-gut-microbiota axis. Some metabolites of gut microbiota include (A) short chain fatty acids (SCFAs),

such as butyrate, acetate and propionate, which can modulate host immune cells functions. Bile acids (BA) are converted into secondary

bile acids by the gut microbiota and are either transported from the systemic circulation to the brain. (B) Cytokines produced by resident

immune cells in the large intestine can activate the hypothalamic-pituitary adrenal (HPA) axis and stimulate the brain through the cortisol.

(C) The vagus nerve establishes bidirectional communication between the brain and the gut microbiota. Intestinal endocrine cells secrete

intestinal hormones that act on the brain. (D) Gut microbes can also produce neurotransmitters (such as serotonin (5-HT), dopamine, and

gamma-aminobutyric acid -GABA-) that can influence the activity of the CNS (Created with BioRender, https://www.biorender.com/).

The gastrointestinal tract and host immune system maintain
the homeostasis between commensals and pathogenic bac-
teria by a dynamic intestinal barrier with different compo-
nents such as physical factors (mucus and epithelial layer),
biochemical factors (enzymes and antimicrobial proteins)
and immunological factors (epithelial associated immune
cells).

Studies on the human microbiome suggest that the
MGBA plays arole in mental disorders like depression [58],
due to an inflammatory state associated with increased in-
testinal permeability. Some studies have suggested that the
gut bacteria may affect neurological functions by altering
behavior and the severity of nervous system disorders [59].
Different bacterial species, such as Enterococcus faecium
promotes protection against enteric infections; or weaken
this barrier, like the pathogenic Salmonella typhimurium
and Clostridium difficile [60]. When the intestinal barrier
is impaired, it allows products such as LPS to pass through
leaky gut [61]. The resulting systemic inflammation is
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thought to influence brain functioning through cytokines
that cross the BBB. Initially, it was assumed that the vagus
nerve was the means of transmitting peripheral inflamma-
tion signals to the CNS. However, recent studies have iden-
tified distinct transport molecules present along the BBB
that can actively transport the pro-inflammatory cytokines.
In addition, systemic inflammation can alter BBB, making
it more permeable to immune molecules [62].

5. Microbiota Gut-Brain Axis in the MDD
Development

5.1 Central Nervous System and Enteric Nervous System

To understand the role of GM in the MDD devel-
opment is essential to establish the relationship between
the gut and the brain. These organs communicate through
a complex bidirectional system regulated and coordinated
by the interplay of neural, hormonal, metabolic, and im-
mune pathways. At the neural level, the autonomic ner-


https://www.biorender.com/
https://www.imrpress.com

vous system (ANS) has the vagus nerve as the primary con-
nection between the CNS and the intestine [10]. Across
this connection, the brain receives gut information, and
the hypothalamic—pituitary—adrenal (HPA) axis regulates
the response to stress with the secretion of different hor-
mones, mainly cortisol. In turn, the enteric nervous system
(ENS) is found in the intestine, composed of a large neu-
ronal network that shares neurotransmitters with the CNS
and uses the vagus nerve as a central communication chan-
nel. Anatomically, the ENS is related to the gut-associated
lymphoid tissue (GALT), which is part of the secondary
lymphoid organs and is responsible for starting the immune
responses against antigens in the intestinal tract. This re-
lationship implies that immune modulators, such as cy-
tokines, also regulate neuronal cell function, and can al-
ter vagus nerve signaling and modify ENS neurotransmitter
synthesis [63]. Also, subdiaphragmatic vagus nerve has an
important role on Gut-Brain Axis in depression. The subdi-
aphragmatic vagotomy on LPS-stimulated mice reduces the
IL-6 and TNF in comparison with control mice. In this same
study, the alpha diversity indexes (Chaol and Shannon) are
reduced in LPS stimulated mice, however this reduction is
not observed in LPS-stimulated mice with vagotomy. Fir-
micutes and Bacteroidetes are increasing in LPS-stimulated
mice, but no in mice with vagotomy. These findings indi-
cate that subdiaphragmatic vagus nerve plays an important
role on inflammatory response to LPS injection, as well,
modulating the gut microbiota composition [64].

In addition to the defensive barrier function, the in-
testinal epithelium also has an important enteroendocrine
activity. Although they make up only 1% of intestinal cells,
together they make up the largest endocrine organ in the
body. In this context, 5-hydroxytryptamine (5-HT), which
has been described as an important intestinal neuromodu-
lator, regulates the whole intestinal physiology, and is in-
volved in intestinal inflammatory processes (Fig. 2).

5.2 Gut Microbiota in the Neurodevelopment

Diverse studies have documented the importance of
the gut microbiota during early life and its role in modu-
lating neurodevelopment and behavior. The microbiome is
initially developed via transmission of the placenta, amni-
otic fluid, and meconium. Early nutrition through breast
milk also plays a role in the GM developing [65]. In detail,
breastfeeding has been associated with the presence of bac-
teria in the Bifidobacterium genus present in the gut, as well
as with high levels of IgA. Bifidobacterium together with
species in the Lactobacillus genus, are capable of producing
GABA, an inhibitory regulator of various neural pathways,
so they are an important part of the infant microbiome [66].
Finally, a study showed that microbial disruption in early
life selectively alters circulating immune cells and modifies
neurophysiology in adolescence, including altered myelin-
related gene expression in the prefrontal cortex and altered
microglial morphology in the amygdala [67].

5.3 Regulation of Neurotransmitters by the Gut Microbiota
during Depression

GM produces neuroactive metabolites acting as neu-
romodulators of immune homeostasis and modulating emo-
tions. It is proposed that gut dysbiosis may contribute to
decreasing monoamines and participate in the depression
pathophysiology. The main monoamines are serotonin (5-
HT), dopamine (DA), and GABA. Their depletion is con-
sidered a risk factor for developing depression. Therefore,
most current antidepressants aim to increase their levels at
the synapse [68].

5.3.1 Serotonin and Kynurenine

The 5 Serotonin (5-hydroxytryptamine, 5-HT) is a
monoamine synthesized by a two-step process of 5-HT
biosynthesis; the first rate-limiting step is conversion of
amino acid L-tryptophan into 5-hydroxytryptophan (5-
HTP), a reaction catalyzed by the activity of the tryptophan
hydroxylase (Tph) enzyme [69].

Two Tph genes have been described, TPH1 and TPH2.
The former is primarily located in a variety of non-neuronal
cells, such as the enterochromaftin cells of the gut and the
pineal gland [70,71]. At the same time, the latter is ex-
pressed in the intestinal myenteric plexus and within the
serotonergic neurons in the raphe nuclei. Since Tryptophan
hydroxylase 2 (Tph2) is the rate-limiting step for brain 5-
HT biosynthesis, it possible to enhance Tph?2 activity within
the raphe nucleus after in vivo transfection in mice through
the ocular instillation [72], which opens possibilities for
new therapeutic alternatives. Besides that, the 5-HT plays
a relevant role in regulating physiological function and has
been implicated in several psychiatric and neurological dis-
orders, like depression [73], HT depletion reduces mela-
tonin production, which is responsible for sleep and regu-
lating circadian rhythm, whose decrease is related to MDD
[74].

About its metabolism, it is known that the amino acid
tryptophan intake (ingested in the diet) can follow two path-
ways in the intestine: the production of 5-HT (3%) or the
synthesis of kynurenine (90-95%). Production of quino-
linic acid through the kynurenine pathway, is an endoge-
nous agonist of NMDA receptors with neurotoxic and exci-
totoxic effects and inducing oxidative imbalance and neu-
ronal apoptosis. Quinoline acid-mediated hippocampal vol-
ume loss is a distinctive finding in MDD [75]. In contrast,
quinolinic acid, a product of the same pathway, can block
the NMDA receptor with neuroprotective effects [76].

GM could degrade food-derived tryptophan with tryp-
tophan decarboxylases enzyme and convert it to trypto-
phan amine, thus limiting the host tryptophan availabil-
ity thus, decreasing serotonin levels, and leading to mood
changes that are MDD symptoms [77]. This was charac-
terized in a metabolomic study in mice that the microbiota
has a role in the availability of tryptophan in blood, finding
that plasma concentrations of tryptophan in plasma from
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conventional mice were 40 and 60% lower than in germ-
free mice plasma. The authors also found 2.8-lower plasma
serotonin levels in germ-free mice in comparison with con-
ventional mice [78].

On the other way, the roles of the kynurenine path-
way (KP) in major depressive disorder (MDD) are asso-
ciated to serotonin deficiency and an inflammatory state.
Antidepressants with anti-inflammatory properties may in-
hibit IDO induction by lowering levels of proinflammatory
cytokines in immune activated patients. Using molecular
docking in silico, Dawood S et al. [79], demonstrated sal-
icylate and celecoxib strongly dock to the crystal structure
of tryptophan 2,3-dioxygenase (TDO). IDO results in im-
munoactive patients with MDD can be described by IDO
induction through changes in KP enzymes affecting gluta-
matergic function.

In addition, the inflammation induced by dysbiosis
contributes to alterations in tryptophan metabolism. IFN-y
and TNF activate the enzyme Indoleamine 2,3 dioxygenase
(IDO), promoting the synthesis of kynurenine instead of 5-
HT and increasing the MDD risk. Certain Streptococcus,
Candida spp., Escherichia, and Enterococcus spp produce
5-HT, and there is evidence that the recolonization of the
large intestine of germ-free animals normalizes their 5-HT
levels [80-82].

5.3.2 Dopamine

Dopamine (DA) is the most abundant catecholamine
neurotransmitter in the brain. It is synthesized in dopamin-
ergic neurons from tyrosine in the diet and transported to
the brain via the blood-brain barrier. In the human gut,
Staphylococcus can take up the precursor L-3,4-dihydroxy-
phenylalanine (L-DOPA) and convert it into dopamine by
staphylococcal aromatic amino acid decarboxylase (SadA)
[83]. More than 50% of dopamine in the human body is
synthesized in the gut [83], influencing mucosal blood flow,
motility, and gastric secretion [84,85].

DA is important in regulating anhedonia, a character-
istic symptom in patients with MDD. The mechanism by
which peripheral dopamine acts to decrease the cytokine
levels is through activating receptors on Natural Killer lym-
phocytes (NKT) that regulate liver immunity. The addition
of IFN-« for 4 to 6 weeks changes presynaptic dopamine
function and decreases dopamine synthesis/release in the
basal ganglia of patients [86].

In mice, E. faecium was shown to modulate the im-
mune system and influence the host through dopaminer-
gic pathways. Mice treated with Bifidobacterium in the
long term exhibited increased DA and 5-HT, decreasing
depression-like behaviors [87]. On the other hand, Bacil-
lus spp. also produced dopamine [81,82].

5.3.3 Gamma-Aminobutyric Acid

Also, as mentioned above, the GM can transform BA,
essential to maintain brain homeostasis, through NMDA
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and GABA signaling pathways [88].

GABA is the main inhibitory neurotransmitter and
participates in multiple physiological and psychological
processes. Thus, GABA system dysfunction is associated
with various neuropsychiatric disorders, including depres-
sion.

The ability of the GM to affect behavior has become
gradually investigated and recognized. ‘Psychobiome”
has been associated with many neurologic and psycholog-
ical diagnoses, including autism, Parkinson’s disease, and
MDD. The strains of Lactobacillus brevis and Bifidobac-
terium dentium are efficient GABA producers. The number
of Lactobacillus and Bifidobacterium species is decreased
in depressed mouse models. In addition, using Lactobacil-
lus rhamnosus reduces the mRNA expression of GABA
receptors, which are associated with depressive disorders
[89]. Despite the ability of multiple human gut bacterial
species to synthesize neurotransmitters, authors have re-
ported one species has ever been sufficient to induce de-
pression [90].

Nonetheless, Gomez-Nguyen A et al. [90], demon-
strated that administration of Parabacteroides distasonis
induces depressive-like behavior in SAMP1 mice mod-
els. Additionally, P. distasonis was not associated with
increased intestinal inflammation or other behavior alter-
ations. They also observed that a Crohn’s disease (CD) gut
environment in mice could conduct the colonization of P,
distasonis and subsequent induction of depressive-like be-
havior.

6. Gut Microbiota in Treating Major
Depressive Disorder

The study of MGBA has elucidated the mechanisms
by which the GM participates in MDD pathogenesis. This
has been directed towards the search for targeted treatments
that involve GM. Recent studies of the human microbiota in
cognitive functioning have led to the hypothesis that GM-
based treatments prevent or relieve depression.

One approach is the use of prebiotics. In a random-
ized, double-blind, placebo-controlled study, the patients
with irritable bowel syndrome were treated with a Short-
chain fructo-oligosaccharides (SCFOs) supplemented diet;
and the anxiety score of these patients was reduced, along-
side increasing Bifidobacteria spp. in the feces, suggest-
ing that SCFOs in diet change the GM composition and re-
ducing anxiety symptoms [91]. In other words, diet could
be an essential feature that can help to prevent or treat de-
pression. In another USA study, the patients who received
fructo-oligosaccharides as prebiotics versus those treated
with Bimuno®GOS (65% galacto-oligosaccharide content)
showed reduced cortisol awakening response, which mod-
ulates the HPA axis and helps to increase attention to emo-
tional stimuli [92].

Numerous probiotics have shown psych-modulatory
capabilities; these so-called psychobiotics, probiotic strains
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that, when ingested sufficiently, have favorable psychiatric
effects in psychopathological diseases, are now known for
this property [93].

In Iran, a randomized, double-blind, placebo-
controlled clinical trial was conducted. Patients with MDD
received probiotics (Lactobacillus acidophilus, Lactobacil-
lus casein, and Bifidobacterium bifidum). The probiotic
administration had beneficial effects on Beck Depression
Inventory compared with the placebo, decreasing insulin
resistance and serum C reactive protein, indicating a lower
proinflammatory state [94]. In another clinical trial in
Iran, patients with moderate depression were treated with
fluoxetine plus probiotic capsule (L. casei, L. acidofilus,
L. bulgarius, L. rhamnosus, B. breve, B. longum, and
Streptococcus thermophiles). The treatment decreased
the Hamilton Depression Rating Scale (HAM-D) score
compared with only fluoxetine, suggesting that using
probiotics as an adjuvant effectively treats mental disorders
like moderate depression [95].

7. Conclusions

There is evidence that gut dysbiosis is involved in
the development of MDD. In summary, gut microbiota and
its metabolites regulate the production and availability of
neurotransmitters that contribute to different processes of
neurogenesis and neuromodulation, commonly affected in
MDD.

In addition, gut dysbiosis triggers systemic inflamma-
tion where the deterioration of the epithelium and bacte-
rial filtration stimulates the release of proinflammatory cy-
tokines that will travel through the bloodstream and reach
the central nervous system, where they will cross the blood-
brain barrier, causing depression symptoms. Although
enough studies demonstrate an association between gut mi-
crobiota and MDD, most of these findings have been made
in animal models. Therefore, more clinical studies in hu-
mans are needed especially focused on bacterial metabolites
and proinflammatory cytokines.

Regarding the included clinical trials, it is essential
to determine whether a longer intervention time could de-
crease other symptoms of MDD or even an improvement
in the diagnostic disease stage. The two clinical trials, in-
cluding metabolomic and proinflammatory cytokine stud-
ies, would also allow us to know if the findings in ani-
mal models on changes in pro-inflammatory cytokines, sec-
ondary bile acids, and SCFA are found in humans.

An integral vision of the individual is required to ad-
vance in anti-depression treatments, including new patho-
physiological mechanisms, such as gut dysbiosis and sys-
temic inflammation, to complement therapeutic interven-
tions. All this is to improve the people’s quality of life dis-
abled by this condition, whose prevalence is increasing.

Finally, the diet is an essential factor contributing to
the GM composition, suggesting the potential for therapeu-
tic dietary strategies to manipulate microbial diversity, sta-

bility, and composition. On the other hand, prebiotic and
probiotics could restore gut eubiosis in patients with differ-
ent psychological disorders, like depression.
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