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Abstract: The intestinal microbiota plays an important role in the pathophysiology of depression.
As determined, the microbiota influences the shaping and modulation of the functioning of the gut–
brain axis. The intestinal microbiota has a significant impact on processes related to neurotransmitter
synthesis, the myelination of neurons in the prefrontal cortex, and is also involved in the development
of the amygdala and hippocampus. Intestinal bacteria are also a source of vitamins, the deficiency of
which is believed to be related to the response to antidepressant therapy and may lead to exacerbation
of depressive symptoms. Additionally, it is known that, in periods of excessive activation of stress
reactions, the immune system also plays an important role, negatively affecting the tightness of the
intestinal barrier and intestinal microflora. In this review, we have summarized the role of the gut
microbiota, its metabolites, and diet in susceptibility to depression. We also describe abnormalities in
the functioning of the intestinal barrier caused by increased activity of the immune system in response
to stressors. Moreover, the presented study discusses the role of psychobiotics in the prevention
and treatment of depression through their influence on the intestinal barrier, immune processes,
and functioning of the nervous system.
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1. Introduction

Depression (major depressive disorder, MDD) is a serious medical illness that nega-
tively affects thoughts, behavior, feelings, motivation, and sense of well-being [1]. Nowa-
days, depression is considered a civilization disease, due to its wide range and frequency
of occurrence, especially in highly developed countries. Globally, about 300 million people,
i.e., 4.4% of the world’s population, suffer from depression (Global Burden of Disease Study
2015). According to the Diagnostic and Statistical Manual of Mental Disorders (fifth edition;
DSM-5), the diagnosis of major depression requires the presence of five or more symptoms
within a two-week period [2]. One of these symptoms should be either a depressed mood
or anhedonia (loss of interest or pleasure), whereas the others include appetite or weight
changes, difficulty sleeping, diminished ability to think or concentrate, fatigue or loss of
energy, feelings of worthlessness or excessive guilt and suicidality [3]. The multitude of
observed cases of depression pose a challenge for researchers in terms of acquiring a deeper
understanding of the etiology and mechanisms of depression. Since it is a disease related to
the nervous system, most studies have focused on the search for biochemical and molecular
bases of the disease, primarily in the brain structures involved with the onset of symptoms.
Many in vivo and clinical studies have demonstrated the significant role of stress in the
development of depression [4,5]. In addition to the above, a significant role has also been
assigned to the immune system, which, in periods of excessively activated stress reactions,
inter alia, negatively affects the tightness of the intestinal barrier and the intestinal micro-
biota. In turn, the intestinal microbiota has a significant impact on the functioning of the
nervous system, including participation in the processes of neurotransmitter synthesis,
myelination of neurons in the prefrontal cortex, and involvement in the development of the
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amygdala and hippocampus [6]. It is also known that there is a constant exchange of nerve
and biochemical signals between the gut and the brain [7]. In view of the above, it seems
very important to present and link these aspects in the pathomechanism of depression.

The available literature lacks data on simultaneous abnormalities in the functioning
of the intestinal barrier, caused by increased activity of the immune system in response
to stressors. The literature also lacks data on the influence of the intestinal microbiota
on the nervous system as a consideration of the multidirectional factors influencing the
manifestation of the depression. A consequence of examining the mechanisms related to
the pathophysiology of depression, is the search for new drugs and therapeutic strategies
for this disease, since the current treatment methods—although having been slowly supple-
mented with new drugs in recent years—are still unsatisfactory [8]. Most of the commonly
used medications only alleviate the symptoms of the disease and are often ineffective and
burdened with numerous side effects. In recent years, research has been conducted on
probiotic bacteria (psychobiotics), which—when consumed in appropriate amounts—have
a positive effect on mental health, but so far have not been included in the treatment of
mental diseases [9]. In the presented work, the role of psychiobiotics in the prevention and
treatment of depression will be discussed in detail through their influence on the intestinal
barrier, immune processes, and functions of the nervous system.

2. Neurophysiological and Neurochemical Aspects of Depression

Although the mechanisms of depression are not yet fully understood and explained,
several theories detailing the appearance of this disease have been published and thor-
oughly described [8]. Brain serotonergic, noradrenergic, and dopaminergic transmission
significantly affect the functioning of the central nervous system (CNS). Transmission of
monoamines is responsible for mood, cognitive functions, sleep regulation, and stimula-
tion of the reward center. The monoamine theory is supported by monoamine reuptake
inhibitors that have been shown to be effective in treating depression. In depression,
the concentration of 5-hydroxyindole acetic acid (5-HIAA), the main metabolite of sero-
tonin (5-HT) in the cerebrospinal fluid, decreases [10–14]. This pathophysiological change
may result from two mechanisms. The first, involves a reduction in the availability of 5-HT,
with a consequential compensatory upregulation or oversensitivity effect on receptors.
The second, implies a primary defect in receptor activity and/or signal transduction. Se-
lective serotonin reuptake inhibitors (SSRI) currently represent the group of medications
most commonly prescribed to treat depression. They are often prescribed as first-line
pharmacotherapy for the treatment of depression because of their efficacy, safety, and tol-
erability. The action of the serotonin system may have an effect on sleep, sexual activity,
appetite, and target-directed actions [15]. Studies using the selective 5-HT1A receptor
agonist—ipsapirone—also testify the decreased serotonin transmission in patients with
depression. This substance, when administered to depressed individuals, causes a weaker
response than in healthy people. Additionally, excluding the precursor for the production
of serotonin—L-tryptophan—from an individual’s diet results in a lack of response to
treatment with SSRI [16]. Conducted studies also show an increased sensitivity of 5-HT2
receptors. Serotonin 5-HT1A receptors in patients with depression are characterized by a
decrease in sensitivity which has been confirmed in research [17].

Increased concentrations of noradrenaline (1-(3,4-dihydroksyfenylo)-2-aminoetanol,
NA), adrenaline (4-[(1S)-1-hydroxy-2-(methylamino)ethyl] benzene-1,2-diol, A) and their
metabolites have been recorded in patients with severe depression. The reason for this
may be the stimulation of the hypothalamic–pituitary–adrenal axis (HPA) [18]. Studies
also indicate changes in the density and sensitivity of β and α2 adrenergic receptors [15].
Dopamine (3-Hydroxytyramine, DA) also plays a role in the pathogenesis of depression
through the mesolimbic and mesocortical systems, which are responsible for negative
cognitive symptoms, reduced pleasure, and motor inhibition [11]. As in the case of
serotonin and noradrenaline, the concentration of the main dopamine metabolite, ho-
movanillic acid (HVA), is reduced in patients with depression [19]. The role of dopamine
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in the pathomechanism of depression has also been confirmed by studies of learned help-
lessness in animals, which have shown reductions in dopaminergic transmission in the
mesolimbic system [20]. Disturbances in dopaminergic transmission are corroborated by
the effectiveness of dopamine agonists in the treatment of symptoms of drug-resistant
depression. Studies on patients with depression have also shown increased levels of glu-
tamate (2-aminopentanedioic acid, GLU) in the cerebrospinal fluid [21]. Overactivity of
the glutamatergic system—the cause of which may be chronic stress—causes degenerative
changes in nerve cells. It is believed that this action of glutamate may be involved in
the pathomechanism of depression. Participation of this system in the development of
depressive disorders seems to be confirmed by the results of tests using NMDA (N-methyl-
D-aspartate) receptor antagonists. It turns out that their use has a quick antidepressant
effect [22]. Some studies have also been conducted to explain the role of γ-aminobutyric
acid (GABA) in the pathogenesis of depression. Lowered GABA levels in the nervous
system have been shown in depressed patients in comparison to healthy controls [23].
Another neurotransmitter involved in the pathomechanism of depression is acetylcholine
(choline acetate, ACh) [24], the constitutive compounds of which—with cholinomimetic
activity—cause symptoms similar to those present in depression, or reduce the symptoms
of mania in patients with bipolar disorder. On the other hand, agents with anticholinergic
activity are characterized by antidepressant activity and induce the symptoms of mania [25].
Additionally, it is believed that the increased activity of cholinergic neurons may increase
the activity of the HPA. In the pathomechanism of depression, attention has also been
paid to the function of secondary transmitters and transcription factors including—among
others—cAMP (cyclic adenosine monophosphate), the level of which increases after the
use of antidepressants.

Increasingly, dysfunction of endocrine mechanisms is considered to be a possible
cause predisposing to the development of depression. Dysregulation of the HPA increases
the risk of affective and anxiety disorders [4]. Stress activates the HPA system, and the first
stage of the body’s incipient response to a stressor is the increased release of corticoliberin
(CRH) in the hypothalamus. The hypothalamus cooperates with the pituitary gland and
the chemical signals that reach the pituitary gland from the hypothalamus are decisive.
The signal that stimulates the pituitary gland to release pituitary corticotropin in a stress
response is the aforementioned CRH. The functioning of the hypothalamic–pituitary–
effector organ axis, as a rule, dictates the existence of subordinate organs. In a stress
reaction, these are the adrenal glands which, following the order of the decision-making
organs, secrete significant amounts of cortisol. Cortisol causes a follow-up effect in the
form of mobilization of the body to adopt the so-called fight or flight mechanism [26].
In depression, excessive activation of the HPA axis occurs due to the increased impact
of CRH and damage to the feedback mechanisms [4]. Such a significant impact of stress
not only affects the parameters and functions of the cardiovascular system, but also the
immune and digestive systems. Currently, normalization of the HPA axis is a determinant
for the search for new generation antidepressants [27].

Oxidative stress and inflammatory processes are also involved in the pathomech-
anism of depression, associated with chronic stress [28]. The pathological influence of
oxidative stress is the formation of unpaired electron compounds. Under physiological
conditions, these compounds are neutralized [29]. However, if not inactivated, they can
inhibit enzyme activity, cause lipid peroxidation, or damage DNA (deoxyribonucleic acid)
and consequently lead to apoptosis or necrosis of cells [30]. It is believed that one of the
effects of oxidative stress is decreases in the numbers of nerve and glial cells in the CNS [28].
Studies have shown that in patients with depression, the activity of catalase— one of the
most important antioxidant enzymes—is reduced. Increased concentrations of oxidative
stress markers, such as MDA (malonyldialdehyde), has also been recorded [29]. In patients
suffering from depression, an increased concentration of omega-3 acids was also detected,
which may suggest damage to biological membranes. The oxidative–reduction balance,
in turn, plays a role in the modulation of inflammation and the immune response. Excessive
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production of intracellular reactive oxygen species contributes to triggering the inflamma-
tory response through the secretion of pro-inflammatory mediators, such as leukotrienes,
prostaglandins and cytokines [31]. In people suffering from depression, increased levels
of interleukins: IL-6 and IL-1, as well as TNFα (tumor necrosis factor α) and interferon
γ have been found. Research conducted in rodents indicates that administration of IL-1
causes depressive disorders, including withdrawal from social behavior and decreased
sexual activity [32]. The opposite effect was achieved by deleting the genes encoding Il-6
or TNFα and blocking the receptors for Il-1 [33].

An important consideration is that depression can have a relationship with neuroplastic-
ity. The brain derived neurotfrophic factor (BDNF) is responsible for the formation of new
connections between neurons—a brain factor of trophic origin [34]. Many studies have found
that this neurotrophin influences the development of serotonergic, dopaminergic, noradrener-
gic and cholinergic connections [35–38]. BDNF has the ability to cross the blood–brain barrier
(BBB) [39], therefore, it is suggested that its concentration in blood plasma may represent its
concentration in the brain and that both concentrations could function as the same diagnostic
marker. The above statement was corrected by studies which showed a positive correlation
between the concentrations of BDNF in the serum and in the cortex of rats [40]. Research
on the peripheral concentration of BDNF in patients suffering from depression has been
conducted since the beginning of this century. It was determined that the concentration of
BDNF in the blood plasma was much lower in the group of untreated patients compared to
the group of treated people and the control group [41].

3. The Role of the Intestine Microbiome in Depression

One of the newest theories of the pathophysiology of depression focuses on research
into the gut microbiome [42]. It has been observed that the gut and brain work in a bi-
directional manner and can affect each other’s functions and significantly impact stress
and depression [43]. A healthy gut microflora is known to transmit signals to the brain
via pathways involved in neurotransmission, neurogenesis, microglia activation, and be-
havioral control under both normal and stressful conditions. Studies into the effects of
the gut microbiota on behavior and neurobiology, called the microbiome–gut–brain axis
(MGBA), began with the observation of patients suffering from inflammatory bowel disease
and irritable bowel syndrome (IBS) [44–46]. It has been noticed that the composition of
the intestinal microflora in patients with depression differs from that in healthy people,
as confirmed in animal models of depression [47,48]. The influence of intestinal microflora
on depressive behavior was also demonstrated in studies carried out on rats and mice born
and raised in a microflora-free environment and in animals with specific pathogen-free
(SPF) gut microbiota [49–51]. Colonization of pathogen-free animals with SPF intestinal
microbiota has been shown to ameliorate their behavior [52,53]. Some bacteria have been
observed to produce neuromodulatory substances such as those found in the nervous
system of animals: acetylcholine, dopamine, serotonin, GABA, norepinephrine [54,55].

The adult human gut microbiome includes about 1013–1014 microorganisms, including:
bacteria, viruses, fungi, archaea, and protozoa [56]. The composition of the microbiota
is unique for each individual and is the result of various factors related to changes in
the intestinal environment, lifestyle, and dietary habits [57]. The functions of the gut
microbiota can be defined in three categories, i.e., metabolic, trophic, and protective
functions. The metabolic function is carried out by decomposition of undigested food
residues and production of B vitamins and vitamin K [58]. The trophic functions include
controlling the tightness of the intestinal epithelium by participating in processes related
to the maturation and exchange of enterocytes, while the interaction of the microbiota in
terms of activity is another example of gastrointestinal (GI) motor skill functioning [59–61].

Intestinal bacteria are also a source of vitamins, including vitamin K-2 and B vitamins
(niacin, biotin, folic acid, and pyroxidine) [62–64]. Studies have shown low levels of folate
in the blood serum of patients with depression. This deficiency is believed to be related
to the response to antidepressant therapy and may lead to exacerbation of depressive
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symptoms [65]. In turn, pyroxidine is an essential cofactor of enzymes that are altered
in people with depression. Such enzymes are involved in the kynurenine pathway and
depressed individuals have increased susceptibility to pyroxidine deficiency, which is
demonstrated by disease-free animals [66].

Despite the significant role attributed to microorganisms that make up the micro-
biota, it is believed that this environment also affects the immune and nervous system.
Each permutation in the composition of the gut microbiome results in the production of
lipopolysaccharides (LPS) by the microorganisms, which in turn activates inflammatory
responses. The produced cytokines send signals to the vagus nerve, thus, connecting to the
HPA axis. Behavioral effects are a consequence of these processes. It has also been shown
that GI inflammation can lead to inflammation of the nervous system, which in turn drives
the action of microglia, triggers the kynurenine pathway and, consequently, may contribute
to the development of depression [67]. Most importantly, this influences the production of
pro-inflammatory cytokines and the functioning of the nervous system through participa-
tion in the synthesis of neurotransmitters. The synthesis of GABA, serotonin, glutamate
and BDNF is important in affecting the nervous system [6]. Over the course of several
years, it has been determined that the microbiota influences the shaping and modulation
of the functioning of the gut–brain axis. Studies carried out with germ-free (GF) mice and
rats (animals kept in sterile conditions, without intestinal microbiota) have shown that the
intestinal microbiome has a significant influence on the formation of neural networks of the
enteric nervous system (ENS), as well as the neuronal connections between the ENS and the
central nervous system (CNS) [68]. In the early stages of life, a lack of specific microbes in
the gut results in an overactive stress response later in life. [69]. Importantly, the intestinal
microbiota is involved in the processes of myelination of neurons in the prefrontal cortex
and is involved in the development of the amygdala and hippocampus [35].

Research on the intestinal microbiota has brought a new perspective on the pathome-
chanism of many diseases. In the context of depression, it has become a topic of interest
for determining the composition of the microbiota in those suffering from this disorder.
Indeed, many studies have indicated that people with depression are disturbed by both
the composition and the number of strains that make up the gut microbiome [70].

Liu et al. evaluated the gut microflora of 90 young American adults by comparing
the intestinal microflora of 43 participants with (MDD) and 47 healthy individuals in the
control group. The study found that people with MDD had significantly different gut
microbiota compared to the control group. People suffering from MDD had lower levels
of Firmicutes and higher levels of Bacteroidetes, with similar trends in class (Clostridia and
Bacteroidia) and row (Clostridiales and Bacteroidales). At the genus level, the MDD group
showed lower levels of Faecalibacterium and other related members of the Ruminococcaceae
family, which were also lower compared to healthy controls. In addition, participants
with MDD enriched the Gammaproteobacteria class. The study authors conclude that the
difference in the abundance of these bacterial strains resulted in a reduced ability to produce
short-chain fatty acids (SCFA) in people with MDD [71].

In a separate study, Huang et al., using rRNA 16S sequencing and bioinformatics anal-
ysis, assessed the composition of the gut microbiota. The study material consisted of fecal
samples taken from 54 people (27 patients with MDD). The results showed that patients
with depression have a serious disorder of the composition of the intestinal microbiota.
The authors observed a significant decrease in the amount of Firmicutes [72]. Analysis
of the results of the two above studies led to the conclusion that reducing the amount of
Firmicutes results in a decrease in SCFA. Firmicutes bacteria contribute to the fermentation
of carbohydrates into SCFA [73]. It is claimed that SCFA deficiency may weaken the
function of the intestinal barrier [74]. It is noteworthy that the leakage of the intestinal
barrier contributes to pathogens and their metabolites crossing the barrier This process
induces an immune response, which may be linked to the occurrence and development of
depression [75]. To confirm this relationship, a separate study was carried out. This study
eventually showed a significant correlation between stress-induced behavioral changes
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in mice and Firmicutes disorder in the gut microflora [76]. With the decline of Firmicutes,
the protective factors of the intestinal barrier weaken and the body is additionally exposed
to the risk of inflammation [72].

The comprehensive meta-analysis in patients with MDD has indicated that several
taxa at the family and type level were reduced, particularly within the Prevotellaceae, Cor-
prococcus and Faecalibacterium families compared to the control group. The study also
confirmed the beneficial aspect of using probiotics, which improved the symptoms of
depression [77]. A separate meta-assessment of adults over 18 years of age suffering from
MDD and healthy adults, reviewed disorders in the composition of the microbiota. Dif-
ferences in α and β microbiota occurred in people with depression compared to healthy
control subjects at the level of the Bacteroidetes, Firmicutes and Proteobacteria. The high
abundance of Fusobacteria and Actinobacteria was observed in people suffering from depres-
sion. In patients with depression, the high abundance of Actinomycineae, Bifidobacteriaceae,
Clostridiales incertae sedis, Clostridiaceae, Eubacteriaceae, Fusobacteriaceae, Lactobacillaceae XI,
Nocardiaceae, Porphyromonadaceae, Streptomycetaceae, Thermoanaerobacteriaceae and low abun-
dance of Bacteroidaceae, Chitinophagaceae, Marniabilaceae, Oscillospiraceae, Streptococcaceae,
Sutterellaceae and Veillonellaceae at the family level was observed. In turn, at the genus level,
a high abundance of Actinomyces, Anaerofilum, Anaerostipes, Asaccharobacter, Atopobium, Blau-
tia, Clostridium IV, Clostridium XIX, Desulfovibrio, Eggerthella, Erysipelotrichaceae incertae sedis,
Eubacterium, Gelria, Holdemania, Klebsiella, Olsenella, Oscillibacter, Parabacteroides, Parapre-
votella, Parasutterella, Parvimonas, Streptococcus, Turicibacter, Veillonella, and low abundance
of Clostridium XlV, a Coprococcus, Dialister, Escherichia/Shigella, Lactobacillus, Howardella,
Pyramidobacter and Sutterella was found in depressed patients [78].

4. The Role of Metabolites of the Intestinal Microbiome in Depression

Nutrients derived from food can be metabolized into small-molecule compounds such
as SCFA, indoles and its analogues, or acortic acids. The above compounds do not only
elicit local actions, but also affect distant tissues and organs [79]. Metabolites of the intesti-
nal microbiota are a source of energy for colonocytes and, by acting as nuclear receptors,
modulate a number of immune processes and affect the course of inflammatory reactions
and the synthesis of neurotransmitters. There is a great deal of evidence that the above
products have a potential association with the occurrence of depression [80–82]. Products
of metabolism of the intestinal microbiota also include SCFA. With the participation of
bacteria in the GI tract, acetate, butyrate and propionate are formed, which—according to
research—yield promising benefits. These compounds are linked to the occurrence of pain,
depression or neurodegenerative diseases. The above action is realized through the par-
ticipation of SCFA in anti-inflammatory processes. SCFA interact with NLRP3 (NOD-like
receptor family, pyrin domain containing 3) inflamasome cells in the intestinal epithelial
cells. This relationship increases the production of IL-8 and improves the tightness of
the intestinal barrier [83,84]. The cells of the immune system are also targeted by SCFA.
Butylan and propionate have been shown to inhibit the formation and differentiation of
dendritic cells, which are responsible for immune dysfunctions [85]. The study of trans-
plantation Bacterioides thetaiotaomicron (manufacturer of acetate) to GF mice can promote
the production of mucin and affect the integrity of the intestinal barrier. SCFA may reduce
the production of pro-inflammatory cytokines from neutrophils and lipopolysaccharide
activated macrophages (LPS) by inhibiting HDAC (histone deacetylases) [86]. Such a broad
effect of SCFA affects their involvement in eliminating pain reactions and depressive states.
In addition, butylan has the potential to maintain the integrity of the BBB. It should be
emphasized that colonization with a bacterium producing buttermilk (Clostridium tyrobu-
tyricum) and oral administration of sodium buttermilk (1000 mg/kg for 3 days) can fix the
BBB leak. These changes are related to increasing the expression of proteins with close
connections [87]. Based on new research determining the role of buttermilk, it is claimed
that this compound affects the behavior, memory and levels of neurotrophic factors in a
rat model of chronic mild stress. This study shows antidepressant effects [88]. In addition
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to the effect on the regulation of neurotrophic factors, butyric acid usually inhibits the
deacetylation of histones and prevents activation in the hippocampus. Butyrate, which is a
by-product of the metabolism of intestinal bacteria modulates the synthesis of dopamine
and norepinephrine. Butyrate affects the change in the expression of the gene that encodes
tyrosine hydroxylesis [89].

One of the fine-particle products of microbiota metabolism is secondary bile acids.
Bile acids are synthesized from cholesterol in the liver and then metabolized into other
bile acids by colon bacteria through numerous enzymatic pathways [90]. Secondary,
cholic acids formed by the use of intestinal bacteria include lithocholic acid, deoxycholic
acid and ursodeoxycholic acid. These compounds are formed by decoumination and
7α-dehydroxylation [91,92]. Over the years, scientific studies have shown that bile acids
have extensive physiological effects, elicited by activating specific receptors in the nucleus
and cell membrane [91]. These receptors can mediate various pathophysiological processes,
including glucose homeostasis, and inflamed and sensory transduction. Bile acids can affect
nuclear receptors (farnezoid X receptor (FXR), preganate X receptor and vitamin D receptor)
and surface receptors (for example, bile acid receptor coupled with G protein—GPBAR1
(G-Protein Coupled Bile Acid Receptor 1)) or TGR5, sphingosine phosphate receptor 2
and musculature receptors 2 and 3). In the case of pathogenesis of depression, activation
of the FXR ligand is particularly important. A recent study showed that over-expression
of hippocampal FXR causes depression-like symptoms and reduces BDNF expression
in the hippocampus in naïve rats [92]. Similarly, treatment with tauroursodeoxycholic
acid could prevent the depressive behavior caused by LPS. This possibly occurs through
weakening neural system inflammation and oxydonitrozative stress [91]. In this regard,
it has been shown that the inhibition of nuclear glycelic factor-κB (NF-κB) and the activation
of TGR5 in microglial mediates the effect of tauroursodeoxycholic acid on the production
of pro-inflammatory cytokines [93].

The metabolism of the intestinal microbiota is associated with the existence of many
pathways, metabolic processes and assumes the activity of many enzymes. A wide range
of biochemical metabolites, formed by transformation, affects the functioning of the hu-
man body. In addition, the wide role of the microbiota also assumes its involvement in
the processes of modification of amino acids. Many scientific publications indicate that
tryptophan (TRP) is a key amino acid associated with the metabolism of the gut microbiota.
Bacteria of the Firmicutes, Clostridium sporogenes and Ruminococcus gnavus families convert
TRP into a biogenic amines after birth. These amines are structurally similar to serotonin.
It is worth noting that this reaction occurs using the tryptophan decarboxylase enzyme [94].
Ruminococcus gravus is a common bacterium and is common in adults [95] and infants [96].
Tryptamine is a product of metabolism that maintains normal intestinal homeostasis [97].

Nevertheless, the most important metabolite of the intestinal microbiota is indole,
which is wiped out by many Gram-positive and negative bacteria [98]. Indole and its
derivatives are produced by the bacterial enzyme tryptophanase [99–101]. The above
compound is a signaling molecule that stimulates enteroendocrine L cells to “separate”
glucagon-like peptide 1 (GLP-1). GLP-1 in turn stimulates the aferent activity of the va-
gus nerve in the colon [102,103]. Indole also regulates the permeability of the intestinal
barrier [104]. In the context of behavioral disorders, excessive amounts of indole cause a
negative effect, increasing anxiety and depressive behaviors in rats. In addition, indole
is associated with the sensitivity of mice exposed to chronic stress and interferes with
the biosynthesis of catecholoamins in the adrenal core [105]. Jaglin et al. determined the
effect of indole on physiology and behavior in rats [106]. Following acute administration,
there was a significant reduction in the mobility and accumulation of indole metabolites
in the brain. This study suggests a possible effect of indole on central receptors. Chronic
exposure to indole, achieved by the colonization of GF rats by E. coli, increased anxiety and
helplessness behavior (i.e., depressive behavior). On the other hand, separate studies have
shown that indole and its derivatives (e.g., Indoxyl-3-sulphate (I3S), indole-3-propionic
acid (IPA) and indole-3-aldehyde (IAld)) are capable of activating the aryl hydrocarbon
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receptor (AhR). This action has a subsequent inhibitory effect on the nervous system [107].
Rothhammer et al. demonstrated that neural system inflammation was reduced by acti-
vating AhR on astrocytes in mice. These mice were either supplemented with indole or
related compounds [108]. These activities described above make it difficult to understand
the physiological and pathological role of indole. The reason for this, is the existence of a
large number of indole derivatives with diverse and dynamic effects [109].

Studies on animal models have shown that the gut microbiota affects the levels of
amino acids in the blood. This also has an impact on the occurrence of depression. Analysis
of the fecal metabolome in rats exhibiting depressive behavior revealed changes in AA
levels of L-treonine, isoleucin, alanine, serine, tyrosine and oxidized proline. Changes
in amino acid levels in the plasma—correlated with both the phylogenetic composition
of bacteria and changes in amino acid levels—were observed in fecal metabolomy [110].
In view of the above, it is considered that metabolites of arginine catabolism have an
effect on depression. Many studies have highlighted the antidepressant and anxiolytic
effects of putrescin and agmatine. These compounds naturally occur as a result of arginine
decarboxylation [111].

Additionally, a product of microbiota metabolism is lactate, which is formed by the fer-
mentation of dietary fiber by lactic acid bacteria (e.g., Lactobacillus lactis, Lactobacillus gasseri
and Lactobacillus reuteri), Bifidobacteria and Proteobacteria. [112] Lactate is used as an energy
substrate by neurons in the brain because it crosses the BBB [113]. In addition, its ability to
convert into glutamine contributes to the formation of synaptic plasticity. This plasticity
is crucial in the formation of memory pathways [114–116]. In the context of depression,
both animal model studies and clinical trials have determined that there is an apparent
relationship between lactate disorders and the onset of symptoms of depression. Thus,
elevated levels of lactate in urine were observed in patients suffering from severe MDD
compared to the control group [117]. Carrard and others (2018) have also demonstrated
the antidepressant effects of acute and chronic intraitoneal L-lactate injections in a mouse
model of depression with corticosterone. These behavioral effects followed an increase
in L-lactate concentrations in the hippocampus and were dependent on changes in the
expression of several genes associated with depression pathophysiology [118].

5. The Intestinal Barrier as a Link between the Gut Microbiome and the Brain

Anatomically, the digestive system is connected to the CNS by nerve cells and fibers [7].
This system works with the coating, immune, endocrine system, microbiota and creates
the so-called intestinal barrier. The intestinal barrier is a structure that includes the afore-
mentioned microbiota and mucus-producing intestinal epithelial cells connected by tight
junctions [119]. One of the building blocks of the intestinal barrier is the lamina propria,
which contains cells of the immune, lymphatic, nervous and blood systems. Many scientific
sources confirm that the intestinal barrier is an element that is closely related with the
intestinal microbiota [120–122]. In a pathological state the, dysfunctions of the intestinal
barrier and the modified composition of the microbiota are associated with the occurrence
of chronic inflammations of the GI tract. Still, little is known about the effect of the intestinal
microbiota on the intestinal barrier [123]. While the literature mentions that the microbiota
affects mucosal and systemic immunity, while mediating the proper architecture of the
intestinal barrier, the etiology of the above relationships cannot be fully explained [124,125].
For this purpose, one study compared the intestinal environment of GF mice, conventional
mice, as well as mice colonized with human fecal microflora [126]. Observations were made
for 21 days after colonization. The structure of the colon barrier was studied using immuno-
histochemical techniques, in addition to molecular and electron microscopy. Permeability
was assessed in the colon tissue using chambers and by detecting serum LPS and MDP
(muramyl dipeptide) using TLR4- and NOD2-NFκB (nucleotide-binding oligomerization
domain 2—nuclear factor-kappa B) reporter tests. The microbiota profile was studied
by sequencing the Illumina 16S rRNA gene. The experiment also reported a low dose
of dextran sodium sulphate (DSS) to assess barrier changes caused by the microbiota
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for resistance to colon damage. The permeability of the paracellular probes and mucus
layer structure resembled that of conventional mice on the seventh day after colonization,
which coincided with reduced claudine-1 expression and transient production of IL-18
by intestinal epithelial cells. Adaptive changes after colonization were associated with
reduced systemic exposure to bacterial antigens and reduced susceptibility to intestinal
damage. The authors of the study found that commensal colonization promotes structural
and functional adaptations of the physiological barrier that contribute to the preservation
of intestinal homeostasis. Explaining the above mechanisms, it was found that—compared
to conventional SPF mice—GF mice had a smaller paracellular uplift of an inert probe in
the proximal colon. This fact suggests that the microbiota is necessary to establish certain
semi-permeable paracellular characteristics of the colon [127]. In another study, to show the
dynamics of changes in the intestinal barrier, adult GF mice were colonized with the fecal
microbiota of a healthy donor and then subjected to intensive screening for the absence
of common pathogens [128]. The colonization was carried out outside the postpartum
period to avoid age-related developmental and dietary changes [128]. Paracellular colon
permeability reached physiological status within a week of colonization. This was not
related to mucosal damage and was independent of the colonization mode, suggesting that
this was not due to an overt inflammatory response to microbial inoculum or gastric gav-
age surgery. Increased systemic exposure to bacterial immunostimulants occurred before
paracellular permeability had achieved a physiological state. According to the researchers,
this refers to the increased bacterial exposure. When mucus integrity is low, this state
allows passage of entities through the “leakage” path of a leaking joint [129]. Therefore,
the results of the above studies confirm that the microbiota plays an overarching role in
the process of strengthening the mucus, and thus, ensuring the tightness of the intestinal
barrier [130–133]. The gut microbiota continuously affects the function and integrity of
the barrier. The disturbed continuity of the barrier can predispose to the development of
dysfunction and chronic intestinal disorders in adulthood [134,135]. The intestinal barrier
depends on the coordinated contribution of a complex network of cellular, immunological,
biochemical, or microbe factors. Moreover, this monolayer, closely connected by the help
of close cylindrical epithelial cell connectors, confers a selective barrier function [136]. It is
well known that commensal gut bacteria can have a profound impact on epithelial perme-
ability and integrity, in particular, on the repair and maintenance of the abovementioned
contact links [137–141]. Mao et al. demonstrated that human L. plantarum and the rat-
derived L. reuteri strain may reduce permeability dysfunction in the methotrexate-induced
colitis model in rats [142]. Interestingly, this study showed that rats given L. plantarum ex-
hibited fewer Enterobacteriaceae and Gram-negative anaerobic infections in the boules [143].
According to many studies, various growth factors, including transformative growth factor
(TGF)-α and TGF-β, epidermal growth factor (EGF), insulin-like growth factor (IGF), hep-
atocyte growth factor (HGF), keratinocyte growth factor (KGF), fibroblast growth factor
(FGF), cytokine, interleukin (IL)-1β and IL-2 and trefoil peptides increase the proliferation
of colon epithelial cells [144,145]. It is noteworthy that the GF mice show a decreased level
of TGF-p expression compared to the conventional mice. Several species of Clostridium, Bifi-
dobacteria and Lactobacilli also exhibit a tendency to modulate cellular functions mediated by
TGF-β, KGF and EGF in colon epithelial cells [146]. In the physiological state, the intestinal
microbiota affects the processes of cell proliferation, ensuring the accuracy of the cells of
the colon epithelium. In addition, the microbes affect the formation of expression of certain
growth factors, and through the production of metabolites, contribute to the maintenance
of homeostasis of the intestinal environment.

A well-functioning barrier enables proper cooperation between the HPA and the
intestines. All processes which result in the stimulation of the nervous system are mediated
by cytokines [147]. The interaction of cortisol with mast cells helps to release cytokines
from their granules, which detoxify the protein structures of tight junctions. The presented
activity contributes to the unsealing of the junctions between enterocytes and ultimately
contributes to an increase in the permeability of the intestinal barrier. The de-encapsulation
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of the dam results in undigested or incompletely digested nutrients entering the general
circulation and causing an immune response due to them being recognized as foreign
bodies [148–150]. Food that has generally been fully tolerated becomes a foreign body and
may contribute to the formation of antigen–antibody complexes [151,152]. The resulting
immune complexes activate the complement system. There is an increased production of
pro-inflammatory factors (IL-1, IL-6, TNF-α), free radicals and proteases. The emerging
inflammatory process stimulates the secretion of subsequent doses of cortisol. The above-
mentioned phenomenon is seen as a trap—the alternating inflammation coexists with the
progressive disintegration of the intestinal barrier [26,153]. Accordingly, an additional
element involved in communication between the gut and the brain is the immune system
cells that produce inflammatory cytokines. Immune cells are mainly found in the vermi-
form and in the wall of the small intestine and large intestine, however, the lymph nodes
in the mucosa of the small intestine harbor the greatest amount of them. Dendritic cells,
which are cells of the lymphatic system, are in contact with projections of microorganisms
living near the intestinal wall [147]. When determining the functions of the microbiota
and its influence on the proper functioning of the intestinal barrier in correlation with the
nervous system, it is impossible to ignore the fundamental role of the vagus nerve (X nerve);
responsible for transmitting signals from the brain to the intestines and from the intestines
to the brain. Notably, the transmission of impulses from the intestines to the brain accounts
for 90% of all body signals. These signals mainly concern the adjustment of intestinal
peristalsis, its blood supply, and bile production in response to the constantly changing
environment of the digestive tract. It turns out that the abovementioned importance in
the transmission of signals is also related to the behavior of humans and animals. A study
by S. Collins and J. Cryan showed that manipulation of the intestinal microbiota changed
the behavior of animals that were subjected to tests assessing anxiety, depression and
memory processes [154,155]. The mediator of the changes turned out to be the vagus nerve,
the cutting of which resulted in the disappearance of the influence of microbiota on the
behavior of animals.

6. The Influence of Diet on the Development of Depression

When assessing the multidirectionality of the factors affecting the appearance of de-
pression, it is impossible not to discuss the significant role of diet. Studies on healthy adults
show that depression occurs less frequently in people who have healthy eating patterns
with a diet including a large number of fruits and vegetables, alongside a moderate intake
of dairy products, eggs, fish and unsaturated fats [156–158]. On the other hand, separate
studies conducted over ten years have shown a significant link between bad dietary habits
and an increased predisposition to depression. Furthermore, such studies showed that there
is also an opposite link. The perpetuation of abnormal dietary patterns is often promoted by
depression [159]. The supply of certain nutrients is very important—especially in medical
conditions—but it has been determined that some foods may have a preventive effect. Diet is
an important variable in the relationship between diseases of the intestine and the nervous
system. Dietary models showing positive effects on mental health focus on maintaining the
growth of beneficial microflora, limiting the growth of pathogenic microflora and affecting
intestinal barrier permeability and inflammation [97].

A great deal of research on neuropsychiatric disorders in subjects assumes the validity
of the correlation between the consumed diet and the occurrence of neuropsychiatric
disorders. Over the years it has been noticed that patients with IBS are more strongly
associated with anxiety behaviors [160]. IBS is associated with gastrointestinal disturbances
and is characterized by abdominal pain and bowel dysfunction [161]. Many patients also
suffer from ongoing inflammation of the intestinal mucosa which is associated with the
activity of T lymphocytes and inflammatory cytokines [162]. Despite the fact that IBS
is largely described by dysfunctions in the digestive system, it has been found that this
syndrome affects the functioning of the gut–brain axis because psychiatric disorders are
very often also found in IBS patients. IBS also affects the functioning of the intestinal
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microbiota. Studies by Palma and colleagues used an animal model after colonization
with fecal microflora from an IBS patients with high and low levels of histamine in the
urine (separate immune activity). Mice were assigned to specific diets of either low or
high contents of FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides
and polyols—LF (low-food) and HF (high-food)). After three weeks, GI transit (ball test),
cecum volume by CT (computed tomography) scan and intestinal permeability were
assessed. The animals were euthanized and the excitability of the neurons was assessed
on the basis of the patch clamp records of DRG neurons (Dorsal Root Ganglion Neurons;
action potential reobase). Mice receiving the HF diet showed slower gastrointestinal
GI transit and increased caecal volume (increased gas content) compared to LF mice.
Fermentable carbohydrates contribute to changes in the functioning of the GI tract and
the extent of these changes is determined by the gut microflora [163]. The translation of
the relationship between the digestive and nervous systems was determined in clinical
trials. The results of these analyses indicate a positive effect of cognitive-behavioral therapy,
which contributes to a significant decrease in digestive and nervous system symptoms.
A pilot study with a gastroenterologist, psychiatrist, and registered nutritionist showed
a significant reduction in IBS symptoms over 12 weeks. It has been suggested, that a
low-FODMAP diet reduced abdominal pain and gas production [164]. In the Ohland
study, conducted in 2013, the influence of diet on the occurrence of mental disorders was
confirmed [165]. The experiment used an animal model with a physiological genotype
and animals lacking the IL-10 gene, which showed increased susceptibility to infections.
Therefore, it was proven that a Western-style diet contributes to the increased susceptibility
to anxiety behavior and adversely affects the memory profile. In addition, supplementation
with Lactobacillus helveticus in IL-10-/-mice significantly reduced the negative impact of the
above diet on the intensification of anxiety disorders. Additionally, memory performance
also improved following supplementation. Other studies have also determined that a
Western-style diet, characterized by the consumption of increased amounts of refined sugar,
contributed to increased susceptibility to inflammatory bowel disease (IBD). This action
possibly occurs through changes in the composition and/or functioning of the gut microbes.
In addition, a reduction in the proportion of SCFA was also noted, including acetate and
butyrate, which are produced from indigestible fibers by microbial fermentation and are
essential for intestinal homeostasis [166].

A number of studies have indicated that lowering the total carbohydrate content of
the diet reduces the number of Eubacteriumrectale. This is a butter-producing group of
bacteria [167]. As mentioned in the above chapter, buttermilk plays a varied role, containing
molecules of an anti-inflammatory nature and ensuring the tightness of the intestinal barrier.
A separate study showed that feeding mice with plenty of sucrose significantly reduced
the abundance of Bacteroidetes, while this increased the number of Proteobacteria, Firmicutes
and pathogenic Helicobacteraceae [168]. Plant-based diets can increase SCFA, along with
elevated levels of Prevotella [169].

Dairy plays an important role in the diet and it is believed that fermented milk
contains a wealth of probiotic cultures. Strains contained in dairy products show ben-
eficial health-promoting effects [170]. In addition, potential psychobiotic effects have
been described in a number of studies focusing mainly on lactic acid and Bifidobacteria.
Psychobiotic potential was firstly demonstrated in Lactobacillus casei Shirota. Benton at
al. measured the effect of fermented milk on mood and cognitive function using Lac-
tobacillus casei Shirota (1 × 108 CFU (colony-forming unit)/mL). The researchers found
an overall improvement in mood [171]. This strain was also the subject of a research by
Kato-Katoaka et al. in 2016 [172]. In this study, students under academic stress were in-
cluded. Students consumed a fermented milk product to deliver L. casei Shirota. The study
reported that the intake of 100 mL of fermented milk containing Lactobacillus casei Shirota
(>1 × 109 CFU/mL) increased serotonin levels in feces over 8 weeks compared to a placebo.
Furthermore, daily intake of the fermented milk significantly reduced the total number
of days when physical symptoms occurred in response to stress [172]. Numerous studies
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using fermented products have yielded further conclusions. Tillisch et al. investigated the
link between the consumption of fermented milk by healthy women and responses to tasks
related to emotional attention [173]. Fermented milk contained Bifidobacterium animalis
(1.25 × 1010 CFU), Streptococcus thermophilus, Lactobacillus bulgaricus (1.2 × 109 CFU) and
Lactococcus lactis subsp. lactis (1.2 × 109 CFU). After 4 weeks of regular consumption of
125 g of the fermented milk, fMRI (functional magnetic resonance imaging) was carried
out. The preparation contributed to the modulation of reactions of the vast brain network.
The authors also noticed an influence on the activity of regions of the brain that control the
central processing of emotions and sensations [173]. Recent studies by Butler et al. are also
worthy of note. Such studies investigated the effects of unpasteurized dairy products on the
microbiota [174]. Within 12 weeks, the participants consumed organic products, including
unpasteurized milk and dairy products. Before and after, subjects provided fecal samples
and completed self-assessment questionnaires, such as the Perceived Stress Scale (PSS),
Hospital Anxiety and Depression Scale (HADS), Pittsburgh Sleep Quality Index (PSQI)
and International Physical Activity Questionnaire (IPAQ). Stress and anxiety levels were
found to have decreased significantly in people with higher baseline PSS and HADS-A
results. Furthermore, Lactobacilli abundance and SCFA were also observed in participants
consuming dairy products [174].

In the treatment of memory disorders and depression, the use of fermented soy
products have elicited positive influences. In one of these studies, researchers administered
soy-based milk fermented by Lactobacillus brevis FPA 3709 (1 × 106 CFU/mL). The authors
studied antidepressant effects in Sprague–Dawley (SD) rats. After 28 days of drinking
black fermented soy milk, the rats were subjected to a forced swimming test. The results
showed that fermented soy milk enriched with GABA had an antidepressant-like effect
on fluoxetine, which is an antidepressant [175]. In addition, a recent study identified
the neuroprotective and antioxidant potential of fermented Laminaria japonica. Patients
receiving 1.5 g/day of fermented Laminaria japonica for 6 weeks achieved higher scores in
a Mini-Mental State Examination (MMSE) test, numerical memory test, Raven test and
iconical memory assessment compared to the control group [176].

It is worth noting, that supplementation with psychobiotics contributes to alleviating
often-demonstrated behavioral disorders. At the same time, both naturally occurring foods
and a diet rich in fermented products both represent sources of probiotics with the potential
to affect the intestinal microbiome.

7. The Role of Psychobiotics in the Prevention and Treatment of Depression

Probiotic bacteria that, when consumed in appropriate amounts, have a beneficial
effect on mental health are called psychobiotics. This name was first used by J.F. Cryan in
2013 [177]. Psychobiotics positively affect the parameters of the intestinal barrier and
modulate the immune response in the GALT (gut associated limphoid tissue) area, which is
involved in the development of inflammation. The beneficial effects of psychobiotics
include reductions in cortisol levels and the activity of the HPA axis, as well as the modu-
lation of vagal nerve stimulation [178]. In 2006, the first probiotic preparation containing
Lactobacillus helveticus R0052 and Lactobacillus rhamnosus R0011 strains, in which a chronic
psychological stress model was used, was tested. Zareie et al. [9] conducted the study using
a test involving a lack of access to water. They showed that taking the above probiotic
preparation during the period of stress reduces the adhesion of pathogenic bacteria to
enterocytes and limits their translocation to the mesenteric lymph nodes. These observa-
tions were confirmed in the following year, when, based on the separation of the offspring
from the mother and the study of animal behavior, it was determined that the probiotic
supplementation had a positive effect on the integrity of the intestinal barrier [179]. In 2008,
Professor Desor from France, at the first International Conference on Microbiota and the
Gut–Brain Axis in Quebec, presented observations that during increased stress (the so-
called defense burying test), rats given Lactobacillus helveticus R0052 Bifidobacterium longum
R0175 strains behaved in a similar way to animals given sedative diazepam [180]. In 2010,
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Gareau et al., using a preparation containing L. helveticus R0052, proved that probiotics
affect the HPA axis during the action of stressors. In the following years, through in vivo
studies using the strategy of infecting mice and rats with intestinal pathogens and then
examining their behavior, they determined that the composition of the intestinal micro-
biota affects the behavior of the tested animals [181]. In 2011, by conducting studies with
germ-free animals infected with the intestinal pathogen Citrobacter rodentium and by using
the water deprivation test, Gareau et al. determined that the administration of probiotics
prevented the memory disorders that occurred in the infected animals subjected to the lack
of water stressor [181]. This work was published in 2011 [182].

In 2009–2012, a team led by Professor Rousseau from the University of Montreal used
a model of myocardial infarction in rodents [183]. The production of pro-inflammatory
cytokines and apoptosis of brain cells located within the limbic system—responsible for
emotions—represent the changes described in the abovementioned animal model. In the
examined animals, it was observed that the permeability of the intestinal barrier increased
and symptoms of depression manifested. In a 2009 study, Girard et al. determined that the
prophylactic administration of Lactobacillus helveticus R0052 Bifidobacterium longum R0175
strains before the onset of infarction in rats reduces the severity of programmed cell death
(apoptosis) in the limbic system [184]. Another study using the abovementioned bacterial
strains verified the significant effect of reducing the production of pro-inflammatory cy-
tokines and the de-encapsulation of the intestinal barrier. Behavioral tests showed that
probiotic therapy reduced the intensity of depressive behavior in rodents. Researchers
concluded that the introduction of probiotics was effective in reducing behavioral deficits
and processing emotional memory in the model of depression caused by myocardial in-
farction [185]. In 2016, Callaghan et al.—using the MS test (maternal separation)—found
that administration of probiotics restored normal development and emotional stability in
rats experiencing stress at an early stage of development [186]. Additionally, supplementa-
tion with Lactobacillus helveticus R0052 and Lactobacillus rhamnosus R0011 was effective in
reducing the generational effects of stress in infants of rats in the F1 and F2 generations.
In the Ait-Belgnaoui study from 2014, supplementation with Lactobacillus helveticus R0052
and Bifidobacterium longum R0175 and the WAT test (water loss test) were used [187]. It was
determined that the administration of probiotics reduces deficits related to plasticity and
neurogenesis that are caused by chronic stress. The consequence of these actions was a
decrease in the activity of the HPA system and the autonomic system due to the reduced
concentration of cortisol and catecholamines. It was proven that probiotics improved the
tightness of the intestinal barrier, but these benefits were not observed for another probiotic
species—L. salivarus. In the latest study from 2018, Ait-Belgnaoui, again using the water
lack test, determined that the administration of probiotics with the following composition:
Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 significantly, reduces visceral
hypersensitivity caused by chronic stress [188]. These changes additionally correlated with
a decrease in corticosterone, noradrenaline and adrenaline levels.

Studies identifying the positive effects of psychobiotics have been also conducted,
using separate strains of probiotic bacteria. In the studies by Liu et al., naïve adult mice and
mice under stress early in life were given 1 × 109 CFU Lactobacillus plantarum PS128 [189].
An open-field test determined that the supply of Lactobacillus plantarum PS128 increased
psychomotor activity in both stressed and naïve adult mice early in life. In the cross
labyrinth test, Lactobacillus plantarum PS128 helped reduce anxiety behavior in the naïve
adult mice. These activities were not observed in stressed mice early in life. The study
identified a noticeable effect on immune system parameters. The supply of psychobiotics
used in the study reduced serum corticosterone levels in both primary and stressful states
in mice that were stressed early in life. However, no effects on naïve mice were noticed.
Levels of inflammatory cytokines were also decreased and anti-inflammatory cytokines
in the serum of mice stressed early in life increased. Levels of neurotransmitters in the
CNS were also studied. Dopamine levels in the prefrontal cortex were elevated in both
treatment groups, while serotonin levels were only elevated in the naïve adult mice [189].
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Another new study confirming the beneficial effects of psychobiotics in animal models
of depression was that conducted by Tian et al. [190]. The researchers identified the
psychobiotic potential of Bifidobacterium breve CCFM1025. In the experiment, C57BL/6J
mice were given 0.1 mL/10 g body weight suspension Bifidobacterium breve CCFM1025 at a
concentration of 1 × 109 CFU/mL per day for 5 weeks. The study found that treatment
with Bifidobacterium breve CCFM1025 helped to reduce anxiety and depressive behaviors.
Inflammation caused by HPA axis reactivity was alleviated. This resulted in a decrease
in glucose and hypocamic receptor expression. Reduced levels of IL-6 and circulating
TNF-α were also determined. In addition, an increase in BDNF regulation was noted.
Supplementation with the aforementioned psychobiotic restored balance in the intestinal
microflora, especially in terms of the ratio of Actinobacteria to Proteobacteria [190]. In a
similar preclinical study, Hao et al. studied the potential of Faecalibacterium prausnitzii
ATCC 27,766 [191]. A total of 60 male rats were divided into three groups: untreated rats,
stress-exposed rats and stress-exposed + F. prausnitzii group rats. Rats were fed 200 uJ pbs
salt solution, a phosphate buffered suspension containing 1 × 109 CFU Faecalibacterium
prausnitzii ATCC 27,766 daily for 4 weeks, through an oral tube. The researchers concluded
that 766 supplementation alleviated symptoms of anxiety and depression. Prophylactic
and therapeutic effects on symptoms of depression and anxiety in rats were indicated.
The group treated with psychobiotics had higher levels of SCFA in the blind gut and higher
levels of IL-10 in the plasma. Faecalibacterium supplementation had a preventive effect and
prevented stress-related effects such as the release of corticosterone, C-reactive protein
and IL-6 [191]. Another study on the same animal model used young adult rats separated
from their mother. Every day., the authors administered either 1 × 1010 live bacterial
cells Bifidobacterium infantis 35,624 in 100 mL of drinking water orally or citalopram [192].
The animals were then subjected to a forced swimming test and cytokine concentrations,
brain monoamine levels and measurements of the central and peripheral HPA axis were
determined. Normalization of the immune response, reversal of behavioral deficits and
restoration of basic norepinephrine concentrations in the brain were determined [192].

New strains of bacteria have been studied in order to confirm the positive properties
of psychobiotics. Bravo et al. assessed whether Lactobacillus rhmanosus JB-1 mediated direct
effects on the GABAergic system and investigated all behaviors related to GABAergic
neurotransmission and stress responses [193]. In the study, mice were administered oral
Lactobacillus rhamnosus JB-1, containing 1 × 109 CFU for 28 consecutive days. The study
found that the administration of probiotics reduced corticosterone content and reduced
behaviors associated with depression and anxiety [193].

In a similar study, Kantak et al. evaluated the psychobiotic effect of Lactobacillus rhamnosus
GG [194]. Male BALB/cJ mice were given the formulation at a density of 1 × 109 CFU/day
for 2 weeks before being injected with the serotonin antagonist RU 24969. It is known that RU
induces behaviors similar to obsessive compulsive disorder (OCD) in this particular strain of
mice. The Lactobacillus rhamnosus GG treatment group was compared with the placebo group
and the fluoxetine group. The study found that Lactobacillus rhamnosus GG has a normalizing
effect on hyperlocomotic, stereotypical twisting, tigmotaxy and persecretive marble burying.
Supplementation yielded therapeutically comparable results with fluoxetine. This medicine is
the standard treatment for obsessive compulsive disorder in humans. Although the study
authors did not measure biological markers, it is claimed that the effect obtained by psychobi-
otics was mainly due to changes in cerebral serotonin signaling similar to those observed with
fluoxetine [194].

Over the years, we have seen considerable interest in and use of new probiotic strains.
In 2019, Tian et al. studied the effects of probiotic treatment on depression in a mouse
model [195]. Adult male C57BL/6J mice were exposed to chronic, unpredictable, mild stress
for 5 weeks while taking placebo, fluoxetine as a positive control or probiotic preparation
containing Bifidobacterium longum subsp. infantis E41 and Bifidobacterium breve M2CF22M7
at a concentration of 1 × 109 CFU suspended in a sterile saline solution. The study found
that supplementation with a probiotic preparation significantly reduced the depressive
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behavior of mice in the forced swimming test, sucrose preference test and lowering test
levels, by increasing 5-hydroxytryptamine levels and BDNF levels in the brain. This is
associated with HPA activity and a reduction in serum corticosterone levels was observed
in the study [195].

Preclinical tests were carried out using multi-graft preparations. Savignac et al. stud-
ied the psychobiotic potential of Bifidobacterium breve 1205 and Bifidobacterium longum 1714
to change the behavior of BALB/c mice [196]. Bifidobacterium breve 1205 improved stress-
related behavior in mice with congenital anxiety. The study achieved an anxiolytic effect in
the elevated s cross maze and reduced weight gain, suggesting a role in overall anxiety and
metabolism. The mass of the spleen was altered by both escitalopram and Bifidobacterium
breve 1205, while other parameters remained the same. Bifidobacterium longum 1714 reduced
stress-induced hyperthermia and antidepressant-like behavior in the tail suspension test,
suggesting a positive role in sensitivity to acute stress and depression [196].

This preclinical study, with promising results, quickly yielded research in humans.
Allen et al. determined whether regular consumption of Bifidobacterium longum 1714
contributes to the effects on stress responses, cognitive function and brain activity in vol-
unteers [197]. To exclude the effects of individual differences between variables, a pattern
of repeated measurements was used. Each participant took a placebo for four weeks
followed by a probiotic supplementation for another four weeks at a dose of 1 × 109 CFU.
Volunteers performed cognitive tests, underwent resting encephalopathy, and performed
a cold pressure test at the beginning of the study, after placebo and after psychobiotics.
Psychobotic supplementation was found to have undermined the increase in cortisol pro-
duction and subjective anxiety in response to a socially assessed test. The study also noted
a subtle improvement in hippocampus-dependent visual–spatial memory performance
and increased electroencephalographic mobility of the anterior midline after psychobiotic
ingestion [197].

Successful preclinical outcomes have also translated into clinical trials. In a more
complex experiment, Takada et al. investigated the effects of the Lactobacillus casei Shirota
strain on enterocerebral interactions under stress in both human and animal models [198].
For animal studies, adult male F344 rats received 3 x 10 9 CFUs per feed per day or placebo
for a period of 2 weeks. The rats were then subjected to a stress test to avoid water.
Lactobacillus casei supplementation was observed to significantly suppress an increase
in corticosterone levels after exposure to a stress test for avoiding water. In the clinical
part of the study, healthy medical students preparing for an important exam were given
Lactobacillus casei Shirota fermented milk (1 × 109 CFU/mL) or an unfermented milk
placebo for 8 weeks in a double-blind, placebo-controlled study in parallel groups. During
the experiments, the participants were asked to complete daily and weekly questionnaires
on any physical discomfort. Additionally, saliva samples were taken at the beginning of
the study, 6 weeks after the intervention, on the eve of the study, and immediately after on
the same day as the test to measure cortisol levels. The authors observed that the change
in cortisol from the baseline was significantly lower in the psychobiotic group than in the
placebo group on the day before the study. As regards the incidence of physical symptoms,
the Lactobacillus casei Shirota supplemented group had a significantly lower incidence of
influenza symptoms and abdominal symptoms compared to the placebo group, which once
again showed a positive role for psychobiotics [198].

Promising results in animal model studies cannot be overlooked, thus, clinical tri-
als soon followed. In 2008, it was shown that a probiotic preparation containing Lacto-
bacillus helveticus R0052 and Bifidobacterium longum R0175 strains reduced stress-induced
digestive ailments in healthy people. This study was placebo-controlled, randomized,
and double-blinded. Probiotics were administered for 3 weeks [199]. Another study was
conducted in humans in 2010 with a very similar design: placebo-controlled, randomized,
and double-blinded. It used validated psychological scales to assess emotional dysfunc-
tions, such as: anxiety, depression, the ability to cope with a stressful situation, and the
measurement of cortisol levels. Cortisol levels can be assessed in the urine or in the blood
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by measuring the concentration of free cortisol in a 24 h urine collection or in the blood
or saliva at specified times. The probiotic was administered for a period of four weeks.
There was a reduction in cortisol levels compared to in those who received the placebo. Ad-
ditional aspects identified in the study include: a reduction in the intensity of anxiety and
depressive disorders, as well as a general improvement in the ability to cope with stressful
situations. Studies carried out after one year in this group of patients showed a persistent
low concentration of cortisol. On the basis of the obtained results, the authors of the study
concluded that probiotics are effective in cases where people are experiencing mild stress.
According to researchers, supplementation with probiotics represents a preventive measure
aimed at ensuring the proper functioning of the digestive tract and reducing unpleasant
psychological symptoms related to stress. [180,199]. In a 2017 study, 79 patients with at
least moderate mood disorders who had declared that they had not taken psychotropic
drugs, were randomly assigned to a probiotic or placebo group. After two months of study,
no significant differences were found between the groups in terms of the assessment of
emotional state or the concentrations of the biomarkers studied (including: IL-1β, IL-6,
TNF-α, vitamin D, BDNF). According to the authors, the above results may be the outcome
of the intensification of emotional disorders, their chronic nature or the patient’s resistance
to monotherapy with probiotics, hence, they should be treated as preliminary [200].

Psychobiotic preparations, in addition to their activity in the GI tract, can also affect the
modification of the synthesis pathways of neurohormones and neurotransmitters. Steen-
bergen et al. tested a multispecies probiotic preparation containing Bifidobacterium bifidum
W23, Bifidobacterium lactis, W52, Lactobacillus acidophilus, W37, Lactobacillus brevis W63, Lac-
tobacillus casei, W56, Lactobacillus salivarius W24 and Lactococcus lactis (W19 and W58) [201].
The aim of the study was to determine whether the above strains could reduce cognitive
reactivity in people who did not have depression. The researchers conducted a triple-blind,
placebo-controlled, randomized evaluation project before and after the intervention. In this
study, 20 healthy participants received a 4 week probiotic intervention in the form of a
dietary supplement with a probiotic at a concentration of 2.5 × 109 CFU/g, while 20 other
participants received a placebo. In the pre-intervention and post-intervention assessments,
cognitive reactivity to sad mood was assessed using the Leiden index. This is a depression
sensitivity scale. Unlike the participants who received the placebo intervention, the partici-
pants who received 4 week multispecies probiotics significantly reduced overall cognitive
reactivity to a sad mood. Although the researchers did not measure any biological markers
to explain the possible mechanism of action behind the psychobiotic effect, they found
that the intestinal microflora increases the level of tryptophan in plasma, facilitating the
circulation of serotonin in the brain, which is associated with cognitive reactivity to a sad
mood [202].

Positive benefits of using psychobiotics were identified in a similar study. Kazemi et al.
compared the effects of probiotic and prebiotics on lowering beck depression inventory
(BDI) rates in adult patients with mild to moderate MDD, through a double-blind random-
ized trial [201]. Researchers measured the kynurenine/TRP ratio and TRP/branched amino
acids. The aim of the study was to investigate any changes in neurotransmial metabolism.
In the study, 110 depressed patients were randomized to receive a 10 billion CFU probiotic,
containing Lactobacillus helveticus R0052 and Bifidobacterium longum R0175, galactooligosac-
charide or a placebo for 8 weeks. Serum TRP and branched chain amino acids (BCAAs)
were measured using high-performance liquid chromatography (HPLC), while metabolites
of the kynurenine pathway were evaluated using an ELISA (enzyme-linked immunosor-
bent assay) set. Supplementation with a probiotic preparation resulted in a significant
decrease in the BDI score compared to placebo and prebiotics groups. There were no
significant differences between the groups in terms of the serum kynurenine/tryptophan
ratio and the TRP/BCAA ratio. Importantly, the ratio of kynurenine/TRP decreased
significantly in the probiotics group after adjustment to serum isoleucin. The ratio of
TRP/isoleucine increased significantly in the probiotics group compared to the placebo
group. Researchers have determined that probiotics reduce the activity of enzymes that
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alter TRP into kynurenine, leading to an increase in serotonin levels. Therefore, a decrease
in the ratio of kynurenine/TRP may be a mechanism of the observed effect related to
depression [201].

Interest in probiotics has yielded further conclusions in favor of their application for
reducing anxiety disorders. In another study, to determine the effect of daily Lactobacillus
casei Shirota supplementation on stress and anxiety in athletes, 20 male players participated
in a study, in which they were given a probiotic stick containing 1 × 109 CFUs of the
Lactobacillus casei Shirota strain for 8 weeks every day. Anxiety and perceived stress were
measured at the beginning of the study, at week 4, and week 8, using the anxiety inventory
as a competitive state and the scale of the level of stress experienced. Daily psychobiotic
supplementation was found to significantly reduce the results of anxiety as a cognitive
state, somatic state, and perceived stress levels [203]. The study did not measure biological
parameters, so the mechanism of action by which the strain selected in the study eliminated
anxiety behavior was not identified [204].

Although psychobiotics have been shown to demonstrate positive effects, a separate
study identified their effects in combination with antidepressants. Miyaokai et al. con-
ducted an experiment to assess the effects of Clostridium butyricum MIYAIRI 588 as an
adjunct therapy for the treatment of severe refractory depression [205]. Patients who were
enrolled in the study were randomly assigned to a follow-up treatment with psychobiotic
supplementation (60 mg per day) or a control group. To assess any significant changes,
a 17-degree Hamilton Depression Scale, Beck’s Depression Scale (BDI), and Beck’s Anxiety
Inventory (BAI) scale were used. Supplementation with psychobiotics in combination with
antidepressants was shown to provide significant improvements in depression symptoms.
A total of 70% of patients responded positively to treatment, with a remission rate of
35%. There was a greater than 50% reduction in the Hamilton’s 17-point depression scale,
BDI scores and BAI results at the end of the 8 week study, regardless of the type of antide-
pressant used. Clostridium butyricum MIYAIRI 588 was found to be more effective even
in the patients with more severe depressive disorders who failed to respond adequately
to previous antidepressant therapy. Although this research did not focus on measuring
changes in biological agents to explain any possible mechanism that could explain their
findings, the authors conclude that Clostridium butyricum has a strong neuroprotective and
anti-inflammatory effect [205].

In another study, Nishida et al. studied the psychobiotic potential of Lactobacillus
gasseri CP2305 in alleviating symptoms associated with chronic stress in medical students.
It should be noted, however, that the bacterial strain was inactivated before consumption
by the experimental subject, which means that it was no longer considered a probiotic,
but rather a parabiotic. Each student drank a daily placebo or drink containing 1 × 1010

bacterial cells for 12 weeks. All subjects were asked to track their physical and mental
health using questionnaires such as the 28-point General Health Questionnaire, Hospital
Anxiety and Depression Scale, The State Inventory and Features of Spielberger Anxiety,
and the Pittsburgh Sleep Quality Index (PSQI). In addition, the students’ responses to
biological stress were measured, including measurements such as basic saliva cortisol
levels, electroencephalogram assessment during sleep, autonomic nervous activity test
and levels of stress-responsive miRNA in circulating leukocytes. The use of psychobiotics
significantly reduced the escalation of cortisol levels in saliva compared to the placebo
group [206].

The latest meta-analysis, carried out in 2018 (analysis of 10 studies with 1349 partici-
pants) showed that probiotic supplementation does not reduce the severity of depression
symptoms, when all participants in the 10 studies are included in the analysis. When di-
vided into two separate groups consisting of depressed patients and healthy people,
the analysis indicated that the severity of symptoms decreased in sick people (anxiety
disorders, moderate/mild depression). The methodological heterogeneity that appeared
in the above analysis concerned various factors, including: different duration of probiotic
use, duration of supplementation, and the quantitative or qualitative composition of the



Nutrients 2021, 13, 927 18 of 26

preparation. The distinctness and lack of uniformity as regards the used methods for
conducting the study may have resulted in the limited credibility of both patients and
physicians in terms of assessing the role of probiotics in the treatment of depression [207].

8. Conclusions

As increases in cytokine concentrations are consequences of the action of cortisol—
the stress hormone—it is believed that the inflammatory theory is very important in the
pathogenesis of depression. Research on the gut microbiota is developing very quickly
and it has indicated that there is a significant correlation between the functioning of the
digestive, nervous and immune system. It can, therefore, be concluded, that the intestinal
microbiota combines all theories related to the pathogenesis of depression. The above
justification is realized through the involvement of microbiota in the synthesis of sero-
tonin, BDNF and its significant participation in the process of ensuring the continuity
of the intestinal barrier, in addition to its influence on the metabolism of tryptophan.
There is also evidence that the metabolites of the gut microbiota are potentially associated
with depression.

The tightness of the intestinal barrier can be disturbed by many factors. This barrier
shows sensitivity to the action of immune system mediators: food. Additionally, its proper
functioning depends on tryptophan concentrations. The abovementioned factors may
individually or jointly adversely affect the tightness of the barrier. When translating the
above factors into the area of depression, a certain similarity is noted as the disease is
associated with changes in the immune and digestive systems, as well as the metabolism
of tryptophan. The correct functioning of the gut–brain axis is, therefore, associated with
a multidirectional relationship. The assumption that determines the effect of intestinal
membrane disintegration on an increased predisposition to depression can also be viewed
the other way around, as depression may contribute to changes in the intestine by prior
activation of the immune system and its impact on the structure of the intestinal epithe-
lium. Currently, the effectiveness of the treatment of depression is ensured primarily by
psychotherapy and/or rational pharmacotherapy prescribed by a doctor, with the necessity
to adapt specific recommendations to the patient. Introducing probiotics as adjuvants to
treatment could improve the function of the gastrointestinal tract and mood; effects which
have been observed in many studies. However, it should be noted that despite the evidence
proving their effectiveness in both preventing and treating depression, these products do
not currently have the status of antidepressants. Both naturally occurring foods and a diet
rich in fermented products constitute sources of probiotics that can affect the intestinal
microbiome. The authors express the hope that the present work can be used to consider
the development of new therapeutic strategies for this disease, taking into account the
described dependencies in the pathomechanism of its formation.
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5, 155.

35. Mamounas, L.A.; Blue, M.E.; Siuciak, J.A.; Altar, C.A. Brain-derived neurotrophic factor promotes the survival and sprouting of
serotonergic axons in rat brain. J. Neurosci. 1995, 15, 7929–7939. [CrossRef] [PubMed]

36. Altar, C.A.; Boylan, C.B.; Fritsche, M. The neurotrophins NT-4/5 and BDNF augment serotonin, dopamine, and GABAergic
systems during behaviorally effective infusions to the substantia nigra. Exp. Neurol. 1994, 130, 31–40. [CrossRef] [PubMed]

37. Sklair-Tavron, L.; Nestler, E.J. Opposing effects of morphine and the neurotrophins, NT-3, NT-4 and BDNF on locus coeruleus
neurons in vitro. Brain Res. 1995, 702, 117–125. [CrossRef]

38. Lindsay, R.M. Neuron saving schemes. Nature 1995, 373, 289–290. [CrossRef]
39. Pan, W.; Banks, W.A.; Fasold, M.B. Transport of brainderived neurotrophic factor across the blood-brain barrier. Neuropharmacology

1998, 37, 553–1561. [CrossRef]
40. Karege, F.; Schwald, M.; Cisse, M. Postnatal developmental profile of brain-derived neurotrophic factor in rat brain and platelets.

Neurosci. Lett. 2002, 328, 261–264. [CrossRef]
41. Shimizu, E.; Hashimoto, K.; Okamura, N. Alterations of serum levels of brain-derived neurotrophic factor (BDNF) in depressed

patients with or without antidepressants. Biol. Psychiatry 2003, 54, 70–75. [CrossRef]
42. Liang, S.; Wu, X.; Hu, X.; Wang, T.; Jin, F. Recognizing Depression from the Microbiota–Gut–Brain Axis. Int. J. Mol. Sci. 2018, 19,

1592. [CrossRef] [PubMed]
43. Limbana, T.; Khan, F.; Eskander, N. Gut Microbiome and Depression: How Microbes Affect the Way We Think. Cureus 2020,

12, e9966. [CrossRef] [PubMed]
44. Bear, T.L.K.; Dalziel, J.E.; Coad, J.; Roy, N.C.; Butts, C.A.; Gopal, P.K. The Role of the Gut Microbiota in Dietary Interventions for

Depression and Anxiety. Adv. Nutr. 2020, 11, 890–907. [CrossRef]
45. Kurina, L.; Goldacre, M.; Yeates, D.; Gill, L. Depression and anxiety in people with inflammatory bowel disease. J. Epidemiol.

Community Health 2001, 55, 716–720. [CrossRef] [PubMed]
46. Lydiard, R.B. Irritable bowel syndrome, anxiety, and depression: What are the links? J. Clin. Psychiatry 2001, 62, 38–47. [PubMed]
47. Jiang, H.; Ling, Z.; Zhang, Y.; Mao, H.; Ma, Z.; Yin, Y.; Wang, W.; Tang, W.; Tan, Z.; Shi, J.; et al. Altered fecal microbiota

composition in patients with major depressive disorder. Brain Behav. Immun. 2015, 48, 186–194. [CrossRef] [PubMed]
48. Jiang, H.Y.; Zhang, X.; Yu, Z.H.; Zhang, Z.; Deng, M.; Zhao, J.H.; Ruan, B. Altered gut microbiota profile in patients with

generalized anxiety disorder. J. Psychiatr. Res. 2018, 104, 130–136. [CrossRef]
49. Crumeyrolle-Arias, M.; Jaglin, M.; Bruneau, A.; Vancassel, S.; Cardona, A.; Dauge, V.; Naudon, L.; Rabot, S. Absence of the gut

microbiota enhances anxiety-like behavior and neuroendocrine response to acute stress in rats. Psychoneuroendocrinology 2014, 42,
207–217. [CrossRef] [PubMed]

50. Neufeld, K.M.; Kang, N.; Bienenstock, J.; Foster, J.A. Reduced anxiety-like behavior and central neurochemical change in
germ-free mice. Neurogastroenterol. Motil. 2011, 23, 255. [CrossRef]

51. Nishino, R.; Mikami, K.; Takahashi, H.; Tomonaga, S.; Furuse, M.; Hiramoto, T.; Aiba, Y.; Koga, Y.; Sudo, N. Commensal
microbiota modulate murine behaviors in a strictly contamination-free environment confirmed by culture-based methods.
Neurogastroenterol. Motil. 2013, 25, 521-e371. [CrossRef]

52. Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Björkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal
gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047–3052. [CrossRef] [PubMed]

53. Tsavkelova, E.; Klimova, S.Y.; Cherdyntseva, T. Hormones and hormone-like substances of microorganisms: A review.
Appl. Biochem. Microbiol. 2006, 42, 229–235. [CrossRef]

54. Ross, R.P.; Mills, S.; Hill, C.; Fitzgerald, G.F.; Stanton, C. Specific metabolite production by gut microbiota as a basis for probiotic
function. Int. Dairy J. 2010, 20, 269–276. [CrossRef]

55. Holzer, P.; Farzi, A. Neuropeptides and the microbiota-gut-brain axis. In Microbial Endocrinology: The Microbiota-Gut-Brain Axis in
Health and Disease; Lyte, M., Cryan, J.F., Eds.; Springer: New York, NY, USA, 2014; pp. 195–219.

56. Thursby, E.E.; Juge, N. Introduction to the human gut microbiota. Biochem. J. 2017, 474, 1823–1836. [CrossRef] [PubMed]
57. Mackie, R.I.; Sghir, A.; Gaskin, H.R. Developmental microbial ecology of the neonatal gastrointestinal tract. Am. J. Clin. Nutr.

1999, 69, 1035–1045. [CrossRef] [PubMed]
58. DiBaise, J.K.; Zhang, H.; Crowell, M.D.; Krajmalnik-Brown, R.; Decker, G.A.; Rittmann, B.E. Gut microbiota and its possible

relationship with obesity. Mayo Clin. Proc. 2008, 83, 460–469. [CrossRef] [PubMed]
59. Ouwehand, A.; Isolauri, E.; Salminen, S. The role of the intestinal microflora for the development of the immune system in early

childhood. Eur. J. Nutr. 2002, 41, 132–137. [CrossRef] [PubMed]
60. Stappenbeck, T.S.; Hooper, L.V.; Gordon, J.I. Developmental regulation of intestinal angiogenesis by indigenous microbes via

Paneth cells. Proc. Natl. Acad. Sci. USA 2002, 99, 15451–15455. [CrossRef] [PubMed]
61. Bäckhed, F.; Ley, R.E.; Sonnenburg, J.L. Host-bacterial mutualism in the human intestine. Science 2005, 307, 1915–1920. [CrossRef]

http://doi.org/10.1038/sj.mp.4002055
http://www.ncbi.nlm.nih.gov/pubmed/17700577
http://doi.org/10.1179/1351000213Y.0000000044
http://www.ncbi.nlm.nih.gov/pubmed/23601165
http://doi.org/10.1523/JNEUROSCI.15-12-07929.1995
http://www.ncbi.nlm.nih.gov/pubmed/8613731
http://doi.org/10.1006/exnr.1994.1182
http://www.ncbi.nlm.nih.gov/pubmed/7821394
http://doi.org/10.1016/0006-8993(95)01029-8
http://doi.org/10.1038/373289a0
http://doi.org/10.1016/S0028-3908(98)00141-5
http://doi.org/10.1016/S0304-3940(02)00529-3
http://doi.org/10.1016/S0006-3223(03)00181-1
http://doi.org/10.3390/ijms19061592
http://www.ncbi.nlm.nih.gov/pubmed/29843470
http://doi.org/10.7759/cureus.9966
http://www.ncbi.nlm.nih.gov/pubmed/32983670
http://doi.org/10.1093/advances/nmaa016
http://doi.org/10.1136/jech.55.10.716
http://www.ncbi.nlm.nih.gov/pubmed/11553654
http://www.ncbi.nlm.nih.gov/pubmed/12108820
http://doi.org/10.1016/j.bbi.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25882912
http://doi.org/10.1016/j.jpsychires.2018.07.007
http://doi.org/10.1016/j.psyneuen.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24636517
http://doi.org/10.1111/j.1365-2982.2010.01620.x
http://doi.org/10.1111/nmo.12110
http://doi.org/10.1073/pnas.1010529108
http://www.ncbi.nlm.nih.gov/pubmed/21282636
http://doi.org/10.1134/S000368380603001X
http://doi.org/10.1016/j.idairyj.2009.12.003
http://doi.org/10.1042/BCJ20160510
http://www.ncbi.nlm.nih.gov/pubmed/28512250
http://doi.org/10.1093/ajcn/69.5.1035s
http://www.ncbi.nlm.nih.gov/pubmed/10232646
http://doi.org/10.4065/83.4.460
http://www.ncbi.nlm.nih.gov/pubmed/18380992
http://doi.org/10.1007/s00394-002-1105-4
http://www.ncbi.nlm.nih.gov/pubmed/12420114
http://doi.org/10.1073/pnas.202604299
http://www.ncbi.nlm.nih.gov/pubmed/12432102
http://doi.org/10.1126/science.1104816


Nutrients 2021, 13, 927 21 of 26

62. Burgess, C.M.; Smid, E.J.; Sinderen, D. Bacterial vitamin B2, B11 and B12 overproduction: An overview. Int. J. Food Microbiol.
2009, 133, 1–7. [CrossRef] [PubMed]

63. LeBlanc, J.G.; Milani, C.; Giori, G.S.; Sesma, F.; Sinderen, D.; Ventura, M. Bacteria as vitamin suppliers to their host: A gut
microbiota perspective. Curr. Opin. Biotech. 2013, 24, 160–168. [CrossRef] [PubMed]

64. Rosenberg, J.; Ischebeck, T.; Commichau, F.M. Vitamin B6 metabolism in microbes and approaches for fermentative production.
Biotechnol. Adv. 2017, 35, 31–40. [CrossRef]

65. Owen, R.T. Folate augmentation of antidepressant response. Drugs Today 2013, 49, 791–798. [CrossRef] [PubMed]
66. Myint, A.M.; Kim, Y.K.; Verkerk, R.; Scharpé, S.; Steinbusch, H.; Leonard, B. Kynurenine pathway in major depression: Evidence

of impaired neuroprotection. J. Affect. Disord. 2007, 98, 143–151. [CrossRef] [PubMed]
67. Gut Microbiome and Depression: How Microbes Affect the Way We Think. Available online: https://www.ncbi.nlm.nih.gov/

pmc/articles/PMC7510518 (accessed on 23 August 2020).
68. Kundu, P.; Blacher, E.; Elinav, E.; Pettersson, S. Our Gut Microbiome: The Evolving Inner. Self. Cell. 2017, 171, 1481–1493.

[CrossRef]
69. Clapp, M.; Aurora, N.; Herrera, L.; Bhatia, M.; Wilen, E.; Wakefield, S. Gut microbiota’s effect on mental health: The gut-brain

axis. Clin. Pr. 2017, 7, 987. [CrossRef] [PubMed]
70. Cheung, S.G.; Goldenthal, A.R.; Uhlemann, A.C.; Mann, J.J.; Miller, J.M.; Sublette, M.E. Systematic Review of Gut Microbiota and

Major Depression. Psychiatry Front. 2019, 11, 34. [CrossRef]
71. Liu, R.T.; Rowan-Nash, A.D.; Sheehan, A.E.; Walsh, R.F.L.; Sanzari, C.M.; Korry, B.J.; Belenky, P. Reductions in anti-inflammatory

gut bacteria are associated with depression in a sample of young adults. Brain Behav. Immun. 2020, 88, 308–324. [CrossRef]
[PubMed]

72. Huang, Y.C.; Shi, X.; Li, Z.Y.; Shen, Y.; Shi, X.X.; Wang, L.Y.; Li, G.F.; Yuan, Y.; Wang, J.X.; Zhang, Y.C.; et al. Possible association of
Firmicutes in the intestinal microbiota of patients with major depressive disorder. Neuropsychiatr. Dis. Treat. 2018, 14, 3329–3337.
[CrossRef]

73. Duncan, S.H.; Louis, P.; Flint, H.J. Cultivated diversity of bacteria from the human colon. Lett. Appl. Microbiol. 2007, 44, 343–350.
[CrossRef] [PubMed]

74. Stilling, R.M.; van de Wouw, M.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Buttermilk neuropharmacology: Bread and butter
axis of the microbiota-gut-brain? Neurochem. Int. 2016, 99, 110–132. [CrossRef]

75. Diehl, G.E.; Longman, R.S.; Zhang, J.X. The microbiota restricts the transport of bacteria to the mesenteric lymph nodes by CX (3)
CR1 (hi) cells. Nature 2013, 494, 116–120. [CrossRef]

76. Bendtsen, K.M.B.; Krych, L.; Sørensen, D.B. Gut microbiota composition is correlated to grid floor induced stress and behavior in
the BALB/c mouse. PLoS ONE 2012, 7, e46231. [CrossRef]

77. Sanada, K.; Nakajima, S.; Kurokawa, S.; Barceló-Soler, A.; Ikuse, D.; Hirata, A.; Yoshizawa, A.; Tomizawa, Y.; Salas-Valero, M.;
Noda, Y.; et al. Gut microbiota and major depressive disorder: A systematic review and meta-analysis. J. Affect Disord. 2020, 266,
1–13. [CrossRef]

78. Starkweather, R.; Wendy, A.; Henderson, A.; Gyamfi, S. Altered composition of the intestinal microbiota for depression: Systematic
review of Zahra Amirkhanzadeh Barandouzi. Front. Psychiatry 2020, 21, 562. [CrossRef]

79. Shan, L.; Dongyu, H.; Qiaoyan, W.; Ling, Y.; Xinlei, W.; Ailin, L.; Chun, Y. The Role of Bacteria and Its Derived Metabolites in
Chronic Pain and Depression: Recent Findings and Research Progress. Int. J. Neuropsychopharmacol. 2020, 23, 26–41. [CrossRef]

80. Deng, F.L.; Frying, J.X.; Zheng, P.; Xia, J.J.; Yin, B.M.; Liang, W.; Li, Y.F.; Wu, J.; Xu, F.; Wu, Q.Y.; et al. Metabonomics reveals
dysfunction of peripheral and central short-chain fatty acids and amino acids in a naturally occurring depressive model of
macaques. Neuropsychiattr. Dis. Treat 2019, 15, 1077–1088. [CrossRef]

81. Freidin, M.B.; Wells, H.R.R.; Potter, T.; Livshits, S.; Menni, D.; Williams, F.M.K. Metabolomic fatigue markers: The relationship
between circulating metabolome and fatigue in women with chronic extensive pain. Biochim. Biophys. Acta Mol. Basis Dis. 2018,
1864, 601–606. [CrossRef] [PubMed]

82. Unger, M.M.; Spiegel, J.; Dillmann, K.U.; Grundmann, R.; Philippeit, H.; Bürmann, J.; Faßbender, K.; Schwiertz, Z.A.; Schäfer, K.H.
Short-chain fatty acids and intestinal microflora differ between parkinson’s disease patients and the age-matched control group.
Parkinsonism. Relat. Disord. 2018, 32, 66–72. [CrossRef] [PubMed]

83. Kalina, U.; Koyama, N.; Hosoda, T.; Nuernberger, H.; Sato, K.; Hoelzer, R.; Herweck, F.; Manigold, T.; Singer, M.V.; Rossol, S.; et al.
Increased production of IL-18 in the intestinal epithelium treated with buttermedam through stimulation of the proximal region
of the promoter. Eur. J. Immunol. 2020, 32, 2635–2643. [CrossRef]

84. Macia, L. Receptors sensing the metabolites GPR43 and GPR109A facilitate fibre-induced intestinal homeostasis by regulating
inflamasom. Nat. Commun. 2015, 6, 6734. [CrossRef]

85. Singh, N.; Thangaraju, M.; Prasad, P.D.; Lambert, N.A.; Boettger, T.; Offermanns, S.; Ganapathy, V. Blocking the development of
dendritic cells by bacterial fermentation products of butylan and propionate via transporter (SLC5a8)-dependent on inhibition of
histone deacetylate. J. Biol. Chem. 2010, 285, 27601–27608. [CrossRef]

86. Chung, M.A.N.; Chen, H.C.; Spread, H.L.; Chen, I.M.; Airy, S.M.; Chuang, L.C.; Liu, Y.W.; Lu, M.L.; Chen, C.H.; Wu, C.S.; et al.
Study microbiota targets for major depressive disorders and mood-related characteristics. J. Psychiatr. Res. 2019, 111, 74–82.
[CrossRef]

http://doi.org/10.1016/j.ijfoodmicro.2009.04.012
http://www.ncbi.nlm.nih.gov/pubmed/19467724
http://doi.org/10.1016/j.copbio.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22940212
http://doi.org/10.1016/j.biotechadv.2016.11.004
http://doi.org/10.1358/dot.2013.49.12.2086138
http://www.ncbi.nlm.nih.gov/pubmed/24524097
http://doi.org/10.1016/j.jad.2006.07.013
http://www.ncbi.nlm.nih.gov/pubmed/16952400
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7510518
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7510518
http://doi.org/10.1016/j.cell.2017.11.024
http://doi.org/10.4081/cp.2017.987
http://www.ncbi.nlm.nih.gov/pubmed/29071061
http://doi.org/10.3389/fpsyt.2019.00034
http://doi.org/10.1016/j.bbi.2020.03.026
http://www.ncbi.nlm.nih.gov/pubmed/32229219
http://doi.org/10.2147/NDT.S188340
http://doi.org/10.1111/j.1472-765X.2007.02129.x
http://www.ncbi.nlm.nih.gov/pubmed/17397470
http://doi.org/10.1016/j.neuint.2016.06.011
http://doi.org/10.1038/nature11809
http://doi.org/10.1371/journal.pone.0046231
http://doi.org/10.1016/j.jad.2020.01.102
http://doi.org/10.3389/fpsyt.2020.00541
http://doi.org/10.1093/ijnp/pyz061
http://doi.org/10.2147/NDT.S186071
http://doi.org/10.1016/j.bbadis.2017.11.025
http://www.ncbi.nlm.nih.gov/pubmed/29197660
http://doi.org/10.1016/j.parkreldis.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27591074
http://doi.org/10.1002/1521-4141(200209)32:9&lt;2635::AID-IMMU2635&gt;3.0.CO;2-N
http://doi.org/10.1038/ncomms7734
http://doi.org/10.1074/jbc.M110.102947
http://doi.org/10.1016/j.jpsychires.2019.01.016


Nutrients 2021, 13, 927 22 of 26

87. Braniste, V.; Al-Asmakh, M.; Blacksmith, A.; Abbaspour, Z.A.; Tóth, M.; Korecka, Z.A.; Bakocevic, N.; Ng, L.G.; Guan, N.L.;
Kundu, P.; et al. Intestinal microbiota affects the permeability of the blood-brain barrier in mice. Sci. Transl. Med. 2014, 626, 58.
[CrossRef]

88. Sun, J.; Wang, F.; Hong, G.; Pang, M.; Xu, H.; Li, H.; Tian, F.; Fang, R.; Yao, Y.; Liu, J. Antidepressant effect of sodium buttermilk
and its possible mechanisms of action in mice exposed to chronic, unpredictable, mild stress. Neurosci. Latv. 2016, 618, 159–166.
[CrossRef] [PubMed]

89. DeCastro, M.; Nankova, B.B.; Shah, P.; Patel, P.; Mally, P.V.; Mishra, R.; La Gamma, E.F. Short-chain fatty acids regulate the
expression of tyrosine hydroxylysis genes through a cAMP-dependent signaling pathway. Mol. Brain Res. 2005, 142, 28–38.
[CrossRef] [PubMed]

90. Lefebvre, P.; Cariou, B.; Pledge, F.; Kuipers, F.; Staels, B. Role of bile acids and bile acid receptors in metabolic regulation.
Physiol. Rev. 2009, 89, 147–191. [CrossRef] [PubMed]

91. Hofmann’s, A.F.; Hagey, L.R. Bile acids: Chemistry, pathochemistry, biology, pathobiology and therapy. Mol. Life Sci. 2008, 65,
2461–2483. [CrossRef]

92. Bajor, Z.A.; Gillberg, P.G.; Abrahamsson, H. Bile acids: Short- and long-term effects in the boules. Scand. J. Gastroenterol. 2010, 45,
645–664. [CrossRef]

93. Yanguas-Casás, N.; Barreda-Manso, M.; Nieto-Sampedro, M.; Romero-Ramírez, L. Tauroursodeoxycholic acid reduces the
activation of glial cells in the animal model of acute neural inflammation. J. Neuroinflamm. 2014, 11, 50. [CrossRef] [PubMed]

94. Williams, B.B.; Van Benschoten, A.H.; Cimermancic, P.; Donia, M.S.; Zimmermann, M.; Taketani, M.; Ishihara, A.; Kashyap, P.C.;
Fraser, J.S.; Fischbach, M.A. The discovery and characterization of decarboxylase gut microbiota, which may produce the
neurotransmitor tryptamine. Cell Host. Microbe 2014, 16, 495–503. [CrossRef]

95. Aagaard, K.; Ma, J.; Antony, K.M.; Ganu, R.; Petrosino, J.; Versalovic, J. There is a unique microbiom in the bearing. Sci. Crowd. Med.
2014, 6, 237–265.

96. Fernández, L.; Langa, S.; Martín, V.; Maldonado, A.; Jiménez, E.; Martín, R.; Rodríguez, J.M. Microbiota of human milk: Origin
and potential roles in health and diseases. Pharmacol. Res. 2013, 69, 1–10. [CrossRef] [PubMed]

97. Averina, O.V.; Zorkina, Y.A.; Yunes, R.A. Bacterial metabolites of the human intestinal microflora correlating with depression. Int.
J. Mol. Sci. 2020, 21, 9234. [CrossRef] [PubMed]

98. Lee, J.-H.; Lee, J. Indole as an intercellular signal in microbial communities. FEMS Microbiol. Rev. 2010, 34, 426–444. [CrossRef]
[PubMed]

99. Wikoff, W.R.; Anfora, A.T.; Liu, J.; Schultz, P.G.; Lesley, S.A.; Peters, E.C.; Siuzdak, G. Metabolomic analysis reveals a large effect
of intestinal microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698–3703. [CrossRef]

100. Zheng, X.; Xie, G.; Zhao, A.; Zhao, L.; Yao, C.; Chiu, N.H.L.; Zhou, Z.; Bao, Y.; Jia, W.; Nicholson, J.K.; et al. Traces of microbial
and mammalian cometabolism in the gut. J. Proteome Res. 2011, 10, 5512–5522. [CrossRef] [PubMed]

101. El Aidy, S.; Merrifield, C.A.; Derrien, M.; van Baarlen, P.; Hooiveld, G.; Levenez, F.; Doré, J.; Dekker, J.; Holmes, E.; Claus, S.P.; et al.
The intestinal microbiota causes a deep metabolic reorientation in the intestinal mucosa of mice during conventional surgery. Gut
2013, 62, 1306–1314. [CrossRef] [PubMed]

102. Chimerel, C.; Emery, E.; Summers, D.K.; Keyser, U.; Gribble, F.M.; Reimann, F. Indol bacterial metabolite modulates the secretion
of incretin from enteroendocrine intestinal cells. Cell Rep. 2014, 9, 1202–1208. [CrossRef]

103. Buckley, M.M.; O’Brien, R.; Brosnan, E.; Ross, R.P.; Stanton, C.; Buckley, J.M.; O’Malley, D. Glukagon-Like Peptide-1 l-cell secretors
coupled to sensory nerves transmit microbial signals to the host rat’s nervous system. Front. Cell. Neurosci. 2020, 14, 95. [CrossRef]
[PubMed]

104. Bansal, T.; Alaniz, R.C.; Wood, T.K.; Jayaraman, A. Bacterial signal indole increases the resistance of epithelial cells to close
connections and weakens signs of inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 228–233. [CrossRef]

105. Mir, H.-D.; Milman, A.; Monnoye, M.; Douard, V.; Philippe, C.; Aubert, A.; Castanon, N.; Vancassel, S.; Guérineau, N.C.;
Naudon, L. Indole, a metabolite of the intestinal microflora, increases emotional reactions and adrenal core activity in male mice
with chronic stress. Psychoneuroendocrinology 2020, 119, 104750. [CrossRef] [PubMed]

106. Jaglin, M.; Rhimi, M.; Philippe, C.; Pons, N.; Bruneau, A.; Goustard, B.; Daugé, V.; Maguin, E.; Naudon, L.; Rabot, S. Indol,
a signalling molecule produced by the gut microflora, negatively affects emotional behaviour in rats. Front. Neurosci. 2018, 12,
216. [CrossRef]

107. Lamas, B.; Richard, M.L.; Leducq, V.; Pham, H.P.; Michel, M.L.; Da Costa, G.; Bridonneau, C.; Jegou, S.; Hoffmann, T.W.;
Natividad, J.M.; et al. CARD9 affect colitis by altering tryptophan metabolism in the intestinal microflora to ligands of aryl
hydrocarbon receptors. Nat. Med. 2016, 22, 598–605. [CrossRef] [PubMed]

108. Rothhammer, V.; Mascanfroni, I.D.; Bunse, L.; Takenaka, M.C.; Kenison, J.E.; Mayo, L.; Chao, C.C.; Patel, B.; Yan, R.; Blain, M.; et al.
Interferons of type I and microbial metabolites of Tryptophan modulate the activity of astrocytes and inflammation of the central
nervous system through an aryl hydrocarbon receptor. Nat. Med. 2016, 22, 586–597. [CrossRef] [PubMed]

109. Caspani, G.; Kennedy, S.; Foster, J.A.; Swann, J. Gut microbial metabolites in depression: Understanding the biochemical
mechanisms. Microb. Cell. 2019, 6, 454–481. [CrossRef]

110. Jianguo, L.; Xueyang, J.; Cui, W.; Changxin, W.; Xuemei, Q. Altered intestinal metabolism contributes to depression-like behaviors
in rats exposed to chronic, unpredictable, mild stress. Crowd. Psychiatr. 2019, 9, 1–14.

http://doi.org/10.1126/scitranslmed.3009759
http://doi.org/10.1016/j.neulet.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26957230
http://doi.org/10.1016/j.molbrainres.2005.09.002
http://www.ncbi.nlm.nih.gov/pubmed/16219387
http://doi.org/10.1152/physrev.00010.2008
http://www.ncbi.nlm.nih.gov/pubmed/19126757
http://doi.org/10.1007/s00018-008-7568-6
http://doi.org/10.3109/00365521003702734
http://doi.org/10.1186/1742-2094-11-50
http://www.ncbi.nlm.nih.gov/pubmed/24645669
http://doi.org/10.1016/j.chom.2014.09.001
http://doi.org/10.1016/j.phrs.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/22974824
http://doi.org/10.3390/ijms21239234
http://www.ncbi.nlm.nih.gov/pubmed/33287416
http://doi.org/10.1111/j.1574-6976.2009.00204.x
http://www.ncbi.nlm.nih.gov/pubmed/20070374
http://doi.org/10.1073/pnas.0812874106
http://doi.org/10.1021/pr2007945
http://www.ncbi.nlm.nih.gov/pubmed/21970572
http://doi.org/10.1136/gutjnl-2011-301955
http://www.ncbi.nlm.nih.gov/pubmed/22722618
http://doi.org/10.1016/j.celrep.2014.10.032
http://doi.org/10.3389/fncel.2020.00095
http://www.ncbi.nlm.nih.gov/pubmed/32425756
http://doi.org/10.1073/pnas.0906112107
http://doi.org/10.1016/j.psyneuen.2020.104750
http://www.ncbi.nlm.nih.gov/pubmed/32569990
http://doi.org/10.3389/fnins.2018.00216
http://doi.org/10.1038/nm.4102
http://www.ncbi.nlm.nih.gov/pubmed/27158904
http://doi.org/10.1038/nm.4106
http://www.ncbi.nlm.nih.gov/pubmed/27158906
http://doi.org/10.15698/mic2019.10.693


Nutrients 2021, 13, 927 23 of 26

111. Ozden, A.; Angelos, H.; Feyza, A.; Elizabeth, W.; John, P. Altered levels of arginine metabolites in plasma for depression.
J. Psychiatr. Res. 2020, 120, 21–28. [CrossRef]

112. Ríos-Covián, D.; Ruas-Madiedo, P.; Margolles, A.; Gueimonde, M.; De los Reyes-Gavilán, C.G.; Salazar, N. Short-chain fatty acids
in the gut and their relationship to diet and human health. Front. Microbiol. 2016, 7, 185. [CrossRef] [PubMed]

113. Knudsen, G.M.; Paulson, O.B.; Hertz, M.M. Kinetic analysis of the transport of lactate across the human blood-brain barrier and
its effect on hypercalculation. J. Cereb. Blood Flow. Metab. 1991, 11, 581–586. [CrossRef]

114. Walls, A.B.; Heimbürger, C.M.; Bouman, S.D.; Schousboe, A.; Waagepetersen, H.S. Strong glycogen siding activity in astrocytes:
The effect of glutamatergic and adrenergic factors. Neuroscience 2009, 158, 284–292. [CrossRef]

115. Barros, L.F. Metabolic signaling by lactate in the brain. Trends Neurosci. 2013, 36, 396–404. [CrossRef]
116. Mosienko, V.; Teschemacher, A.G.; Kasparov, S. Is L-lactate a new signaling molecule in the brain? J. Cereb. Blood Flow Metab.

2015, 35, 1069–1075. [CrossRef] [PubMed]
117. Chen, J.J.; Zhou, C.J.; Zheng, P.; Cheng, K.; Wang, H.Y.; Li, J.; Zeng, L.; Xie, P. Differentiated metabolites in urine associated with

the severity of major depression. Behav. Brain Res. 2017, 332, 280–287. [CrossRef] [PubMed]
118. Carrard, A.; Elsayed, M.; Margineanu, M.; Boury-Jamot, B.; Fragnière, L.; Meylan, E.M.; Petit, J.M.; Fiumelli, H.; Magistretti, P.J.;

Martin, J.L. Peripheral lactate administration has an antidepressant effect. Mol. Psychiatry 2018, 23, 392–399. [CrossRef] [PubMed]
119. Vancamelbeke, M.; Vermeire, S. The intestinal barrier: A fundamental role in health and disease. Expert Rev. Gastroenterol. Hepatol.

2017, 11, 821–834. [CrossRef] [PubMed]
120. Ohman, L.; Tornblom, H.; Simren, M. Mucosal interrogation: The importance of the intestinal micro-environment in IBS. Nat. Rev.

Gastroenterol. Hepatol. 2015, 12, 36–49. [PubMed]
121. Vindigni, M.S.; Zisman, T.L.; Suskind, D.L.; Damman, C.J. Intestinal microbiome, barrier function and immune system in non-

specific enteritis: Trigeminal pathophysiological circuit with implications for new therapeutic directions. Therap. Adv. Gastroenterol.
2016, 9, 606–625. [CrossRef] [PubMed]

122. Verdu, E.F.; Galipeau, H.J.; Jabri, B. New players in celiac pathogenesis: The role of the intestinal microflora. Nat. Rev. Gastroen-
terol. Hepatol. 2015, 12, 497–5064. [CrossRef] [PubMed]

123. Gillevet, P.M.; Puri, P. The temporary and spatial interaction of the microbiota and intestinal mucosa drives the establishment of
immune homeostasis in conventional mice. Mucosal. Immunol. 2012, 5, 567–579. [CrossRef] [PubMed]

124. Natividad, J.M.; Petit, V.; Huang, X.; de Palma, G.; Jury, J.; Sanz, Y.; Philpott, D.; Rodenas, C.L.G.; McCoy, K.D.; Verdu, E.F.
Commensal and probiotic bacteria affect the function of the intestinal barrier and susceptibility to colitis in Nod1 Mice Nod2.
Inflamm. Bowel Dis. 2012, 18, 1434–1446. [CrossRef] [PubMed]

125. Jakobsson, H.E.; Rodrguez-Piñeiro, A.M.; Schtte, A.; Ermund, A.; Boysen, P.; Bemark, M.; Sommer, F.; Bäckhed, F.; Hansson, G.C.;
Johansson, M.E. The composition of the intestinal microflora shapes the mucous barrier of the colon. EMBO Rep. 2015, 16, 164–177.
[CrossRef] [PubMed]

126. Hayes, C.L.; Dong, J.; Galipeau, H.J. The commensal microbiota induces the structure and functions of the colon barrier that
contribute to homeostasis. Sci. Rep. 2018, 8, 14184. [CrossRef] [PubMed]

127. Uygun, A.; Ozturk, K.; Demirci, H.; Oger, C.; Avci, I.Y.; Turker, T.; Gulsen, M. Fecal microbiota transplantation triggers remission
in patients with active ulcerative colitis in a randomised controlled trial. Gastroenterol. 2015, 149, 102–109.e6. [CrossRef]

128. Turner, J.R.; Buschmann, M.M.; Romero-Calvo, I.; Sailer, A.; Shen, L. Role of molecular remodeling in differential regulation of
leak-proof joints. Semin. Cell Dev. Biol. 2014, 36, 204–212. [CrossRef] [PubMed]

129. Johansson, M.E.; Gustafsson, J.K.; Holmén-Larsson, J.; Jabbar, K.S.; Xia, L.; Xu, H.; Hansson, G. Bacteria penetrate the normally
impenetrable inner layer of colitis in both mouse models of colitis and patients with ulcerative colitis. Gut 2014, 63, 281–291.
[CrossRef]

130. Johansson, M.E. Bacteria penetrate into the inner layer of mucus before inflammation in the model of colitis with detoxan sulfate.
PLoS ONE 2010, 5, e12238. [CrossRef]

131. Petersson, J.; Schreiber, O.; Hansson, G.C.; Gendler, S.J.; Velcich, A.; Lundberg, J.O.; Phillipson, M. The importance and regulation
of the mucous barrier of the colon in the mouse model of colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300, G327–G333.
[CrossRef]

132. Ramanan, D.; Tang, M.S.; Bowcutt, R.; Loke, P.; Cadwell, K. Bacterial sensor Nod2 prevents small intestine inflamed by limiting
the commensal expansion of Bacteroides vulgatus. Immunity 2014, 41, 311–324. [CrossRef] [PubMed]

133. Pope, J.L.; Bhat, A.A.; Sharma, A.; Ahmad, R.; Krishnan, M.; Washington, M.K.; Dhawan, P. Claudin-1 regulates intestinal
epithelial homeostasis by modulating Notch signaling. Gut 2014, 63, 622–634. [CrossRef]

134. Natividad, J.M.; Pinto-Sanchez, M.I.; Galipeau, H.J.; Jury, J.; Jordana, M.; Reinisch, W.; Verdu, E.F. Ecobiotherapy rich in Firmicutes
reduces susceptibility to colitis in a humanized model of a gnotobiotic mouse. Inflamm. Bowel Dis. 2015, 21, 1883–1893. [CrossRef]
[PubMed]

135. Thevaranjan, N.; Puchta, A.; Schulz, C.; Naidoo, A.; Szamosi, J.C.; Verschoor, C.P.; Bowdish, D.M. Age-related microbial dysbiosis
promotes intestinal permeability, systemic inflamed and macrophage dysfunction. Cell. Host Microbe 2017, 21, 455–466.e4.
[CrossRef]

136. Garcia, M.A.; Nelson, W.J.; Chavez, N. Cell biology regulates the barrier of close connections and diseases of the mucosa.
Cold Spring Harb. Perspect. Biol. 2018, 10, 029181.

http://doi.org/10.1016/j.jpsychires.2019.10.004
http://doi.org/10.3389/fmicb.2016.00185
http://www.ncbi.nlm.nih.gov/pubmed/26925050
http://doi.org/10.1038/jcbfm.1991.107
http://doi.org/10.1016/j.neuroscience.2008.09.058
http://doi.org/10.1016/j.tins.2013.04.002
http://doi.org/10.1038/jcbfm.2015.77
http://www.ncbi.nlm.nih.gov/pubmed/25920953
http://doi.org/10.1016/j.bbr.2017.06.012
http://www.ncbi.nlm.nih.gov/pubmed/28624318
http://doi.org/10.1038/mp.2016.179
http://www.ncbi.nlm.nih.gov/pubmed/27752076
http://doi.org/10.1080/17474124.2017.1343143
http://www.ncbi.nlm.nih.gov/pubmed/28650209
http://www.ncbi.nlm.nih.gov/pubmed/25446728
http://doi.org/10.1177/1756283X16644242
http://www.ncbi.nlm.nih.gov/pubmed/27366227
http://doi.org/10.1038/nrgastro.2015.90
http://www.ncbi.nlm.nih.gov/pubmed/26055247
http://doi.org/10.1038/mi.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22617837
http://doi.org/10.1002/ibd.22848
http://www.ncbi.nlm.nih.gov/pubmed/22162005
http://doi.org/10.15252/embr.201439263
http://www.ncbi.nlm.nih.gov/pubmed/25525071
http://doi.org/10.1038/s41598-018-32366-6
http://www.ncbi.nlm.nih.gov/pubmed/30242285
http://doi.org/10.1097/MD.0000000000006479
http://doi.org/10.1016/j.semcdb.2014.09.022
http://www.ncbi.nlm.nih.gov/pubmed/25263012
http://doi.org/10.1136/gutjnl-2012-303207
http://doi.org/10.1371/journal.pone.0012238
http://doi.org/10.1152/ajpgi.00422.2010
http://doi.org/10.1016/j.immuni.2014.06.015
http://www.ncbi.nlm.nih.gov/pubmed/25088769
http://doi.org/10.1136/gutjnl-2012-304241
http://doi.org/10.1097/MIB.0000000000000422
http://www.ncbi.nlm.nih.gov/pubmed/26060932
http://doi.org/10.1016/j.chom.2017.03.002


Nutrients 2021, 13, 927 24 of 26
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