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Gut microbiota dysregulation The aim of the present review is to analyze the literature concerning gut microbiota dysregulation and mood
?r;m . symptoms, with the specific hypothesis that such alterations play a role in the onset of mood disorders. Here, in
nflammation

fact, we review recent research focusing on how gut microbiota dysregulation influences the onset of mood
disorders and on possible pathophysiological mechanisms involved in this interaction. We pay specific attention
to the relationship between gut microbiota dysregulation and inflammatory state, Th17 differentiation, neuro-
active factors, and TRP metabolism. The association between gut microbiota dysregulation and mood disorders is
critically analyzed under a clinical point of view, also focusing on the emergence of mood symptoms in the
context of medical conditions.

These latter correlations may enable an interdisciplinary perspective in the clinical approach to such symp-
toms, as well as new treatment strategies, such as nutritional interventions, psychobiotics, antibiotics, as well as
fecal microbiota transplantation.

Mood disorders
Affective symptoms

1. Introduction

The human lower gastrointestinal tract hosts a high density and di-
versity of commensal microorganisms. In particular, there are trillions of
bacteria that compose the so-called gut microbiota (Strandwitz, 2018),
which influences human homeostasis through both the metabolization
of nutrients and the production of metabolites, also ensuring the
gastrointestinal barrier integrity (Wang and Wang, 2016; Cocchi and
Gabrielli, 2019). In line with the literature, we assume that there is a
bidirectional communication between the gut and the brain, which is
mediated by gut microbiota. This interaction is also referred to as
microbiota-gut-brain-axis (Margolis et al., 2021). Particularly, the gut
microbiota influences the central nervous system (CNS) by activating
the vagus nerve, by producing microbial antigens that recruit inflam-
matory cells, and by enteroendocrine signaling from epithelial intestinal
cells (Wang and Wang, 2016; Cocchi and Gabrielli, 2019). Through
these pathways, the gut microbiota regulates neurotransmission, neu-
rogenesis, neuroinflammation, and neuroendocrine signaling, thus
playing a role in the modulation of several neuropsychiatric disorders
(Cocchi and Gabrielli, 2019). Some experimental studies, in fact,
showed that potential alterations in the gut bacterial ecosystem, known

as dysbiosis, and the subsequent chronic inflammatory processes, can
influence the onset of psychiatric disease such as mood disorders
(Konjevod et al., 2021). We define dysbiosis as an interruption of the
physiological balance of the intestinal microbiota, both in composition
and function (Petra et al., 2015; Levy et al., 2017). This condition may
affect gut permeability and the development of low-grade chronic
inflammation (Telle-Hansen et al., 2018). The latter mechanisms it can
be considered a risk factor for the occurrence of mood disorders,
particularly major depressive disorder (MDD) and bipolar disorder (BD)
(Zalar et al., 2018; Cocchi and Gabrielli, 2019; Averina et al., 2020;
Rutsch et al., 2020). MDD and BD are two impactful psychiatric diseases
with an high prevalence worldwide and whose pathophysiology has not
been fully understood yet (Malhi and Mann, 2018; Juceviciute et al.,
2019). In particular, BD affects about 1% of the world’s population, but
the prevalence rises to 2-4% when considering the whole BD spectrum
(Grande et al., 2016). According to the World Health Organization, MDD
is a significant cause of disability, and more than 300 million people
suffer from this disorder worldwide (De Aguiar Neto and Rosa, 2019).
Although various treatments are available, approximately one-third of
subjects suffering from MDD do not respond to conventional therapies
(Miller and Raison, 2016). Moreover, current treatments for subjects
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with BD are often unsatisfactory for maintaining symptoms control
(Benedetti et al.,, 2020). Several studies have shown that neuro-
inflammation contributes to the development of MDD e BD (Colpo et al.,
2018) (for outline of the possible relationship between mood disorders
and gut microbiota dysregulation see Fig. 1).

An increase of inflammatory mediators was demonstrated in subjects
affected by these conditions (Felger, 2017). Similarly, depressive-like
behaviors were induced by administering cytokines to laboratory ani-
mals and humans (Raison et al., 2006; Haroon et al., 2012). Moreover,
typical symptoms of mood disorders may appear in different medical
conditions, especially during inflammatory diseases (Hashmi et al.,
2013). Treatment of mood disorders is hampered by the difficulty to
identify pathophysiological mechanisms that respond to distinct treat-
ments: inflammatory depression, for example, may present specific
clinical correlates and biological underpinnings (Suneson et al., 2021).
The relationship between gut microbiota and inflammation, as well as
their possible link with the development of neuropsychiatric disorders,
has interested a lot of research in recent years (Foster et al., 2021;
Simpson et al., 2021; Tremblay et al., 2021). The majority of research
focusing on psychiatric conditions investigated the role of inflammation
in MDD, paying less attention to other diseases classified within the
mood spectrum (Angst and Cassano, 2005). Furthermore, mood symp-
toms may be present in a number of psychiatric conditions that do not
necessarily comply with Diagnostic and Statistical Manual of Mental
Disorders 5th edition (DSM-5) criteria for mood disorders, as well as in a
number of medical diseases, such as neurodegenerative and inflamma-
tory diseases (Menculini et al., 2021). A better understanding of the
molecular pathways involved in the onset of mood symptoms and mood
disorders may allow to detect more homogeneous subpopulations of
subjects suffering from these conditions. This would help to identify new
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therapeutic targets in the context of precision medicine, thus improving
the overall clinical management of such conditions. On the basis of these
premises, this review explores the possible role of gut microbiota dys-
regulation in the pathophysiology of mood disorders, evaluated as a
spectrum, and mood symptoms. Particularly, dysbiosis-related neuro-
inflammatory mechanisms will be considered. We hypothesize that gut
microbiota dysregulation can play a role in the onset of several neuro-
psychiatric disorders, especially mood disorders.

2. Materials and methods

We conducted a literature search of the electronic database MED-
LINE/PubMed/Index Medicus, variously combining the following terms:
Gut Microbiota; Dysbiosis; Gut Microbiota Dysregulation; Brain; Bowel
Disease; Inflammation; Mood Disorders; Affective Symptoms. Two in-
dependent investigators (FB e AM) performed the literature search,
title/abstract screening and full text screening. The reference list of
selected articles underwent further screening in order to search for
additional literature. We included in our review original studies
reporting data about the possible relationship between gut microbiota
dysregulation and inflammatory state, Th17 differentiation, neuroactive
factors, and TRP metabolism. Furthermore, we included literature
exploring the relationship between gut microbiota dysregulation and
mood disorders or mood symptoms, with specific interest in the preva-
lence and possible clinical impact of this association. Research con-
ducted from any time to September 30, 2021 were considered for
inclusion. Articles not presenting original data, letters to the editor,
commentaries, case reports were excluded. No language restriction was
applied.
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Fig. 1. Outline of the possible relationship between mood disorders and gut microbiota dysregulation.
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3. Results

We present data from the literature following a narrative approach.
Results will be divided into chapters of interest: Gut microbiota dysre-
gulation and inflammatory state, Gut microbiota dysregulation and
Th17 differentiation, Gut microbiota dysregulation and neuroactive
factors, Gut microbiota dysregulation and TRP metabolism, Gut micro-
biota dysregulation and mood disorders, Mood symptoms in medical
conditions related to gut microbiota dysregulation.

3.1. Gut microbiota dysregulation and inflammatory state

Mood disorders, as elucidated in several studies, can develop after
the chronic exposure to high levels of pro-inflammatory cytokines
(Iwata et al., 2013). Cytokines are soluble inflammatory mediators that
play an important role in brain development and can promote healthy
brain function by supporting neuronal integrity, neurogenesis and syn-
aptic remodeling (Felger and Lotrich, 2013). Moreover, the dysruption
of neurotransmitter systems that may be caused by cytokines plays a
relevant role in the onset of mood disorders (Felger, 2017). To note,
cytokines influence brain pathways by: (a) altering the metabolism of
neurotransmitters such as serotonin (5HT), dopamine (DA), and gluta-
mate; (b) impacting on glial cells, especially by damaging oligoden-
drocytes; (c) impacting on neuroendocrine function, particularly
inducing glucocorticoid receptor resistance and subsequent over-
production of pro-inflammatory cytokines and (d) impacting on synaptic
plasticity through alterations of growth factors like Brain-Derived
Neurotrophic Factor (BDNF) (Raison et al., 2006; Haroon et al., 2012;
Hashmi et al., 2013). The correlation between mood disorders and
inflammation was based on the following data emerging from the
literature: (1) “organic” inflammatory diseases are associated with
higher rates of MDD or BD (Hashmi et al., 2013; Juceviciute et al.,
2019); (2) subjects treated with cytokines display a higher risk of
developing depressive symptoms (Capuron et al., 2002; Haroon et al.,
2012); (3) mood disorders are associated with increased inflammatory
markers and (4) anti-inflammatory drugs showed an antidepressant ef-
fect in subjects suffering from mood disorders (Colpo et al., 2018;
Ghasemi, 2019). In fact, previous literature demonstrated an increase of
cytokines in the peripheral blood and in the cerebrospinal fluid of
depressed subjects when compared to controls (Miller and Raison,
2016). Similarly, a correlation between the level of cytokines in the
cerebrospinal fluid and severity of depression was demonstrated
(Haroon et al., 2012). In addition, past research underlined that subjects
suffering from BD exhibit increased levels of pro-inflammatory cyto-
kines and decreased anti-inflammatory T Regulatory (T Reg) lympho-
cytes during manic phases when compared not only to healthy controls,
but also to euthymic BD subjects in (Brambilla et al., 2014). These re-
sults indicate that the pro-inflammatory state in BD may exacerbate
during manic episodes and the severity of mood episodes could be linked
to the levels of pro-inflammatory markers (Barbosa et al., 2014).
Therefore, all the biological factors that could trigger and perpetuate
inflammation might be implicated in the development of the above
mentioned psychiatric disorders (Felger and Lotrich, 2013).

Gut microbiota dysregulation deserves particular attention, since the
increase in pro-inflammatory bacteria and a reduction in immunomod-
ulatory ones (Lee, 2018) causes a state of general low-grade inflamma-
tion (Galland, 2014; Bander et al., 2020). In physiological conditions,
commensal bacteria play an important role in modulating the immune
response since they influence pathways driven by Nod Like Receptor
family pyrin domain containing 3 (NLRP3) and by inteleukin-1 beta
(IL-1B) (Inserra et al., 2018). Moreover, they regulate the development
of T lymphocytes, promoting their differentiation into
anti-inflammatory T Reg lymphocytes instead of pro-inflammatory T
Helper 17 (Th17) lymphocytes (Haroon et al., 2012).

Activation of dendritic cells and other immune cell types in the
context of gut microbiota dysregulation leads to the production of pro-
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inflammatory cytokines such as IL-1p and interleukin-6 (IL-6), which
can cause the orphan receptor transcription factor’s (ROR) expression
and also stimulate differentiation of the naive T cell into the highly pro-
inflammatory Th17 cell subset (Capuron and Miller, 2011). Addition-
ally, numerous stimuli in the context of gut microbiota dysregulation, e.
g., pro-inflammatory cytokines, microbial products, or oxidative stress,
can activate the nuclear factor k chain transcription in B cells (NF-kB)
pathway (Serra et al., 2019). This cellular signaling pathway is involved
in low-grade intestinal inflammation, because activated NF-kB regulates
the expression of genes encoding pro-inflammatory cytokines or en-
zymes, such as cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS) (Surh et al., 2001). Overstimulation of iNOS leads to
excessive nitric oxide (NO) production that is involved in neurotoxicity
and attenuation of monoamines biosynthesis. It has been hypothesized
that dysregulation of the NO signaling pathway may contribute to the
onset of mood disorders (Ghasemi, 2019). In particular, levels of nitrate
and nitrite were demonstrated to increase in subjects with MDD, and
inhibitors of NO signaling exert antidepressant-like effects in various
animal models (Ghasemi, 2019). Moreover, some studies indicated that
higher plasma levels of NO in MDD subjects were normalized after
treatment with some antidepressant drugs (Herken et al., 2007).

3.2. Gut microbiota dysregulation and Th17 differentiation

When alterations in the gut microbiota is occur, a chronic inflam-
matory status is maintained by the preferential differentiation of T cells
into a Th17 phenotype (Capuron and Miller, 2011). Additionally, Th17
lymphocytes are strong regulators of brain function, since they impact
on multiple cells (including neurons, astrocytes, and microglia) that
contribute to neuroinflammation (Beurel and Lowell, 2018). Th17 cells
promote demyelinating pathology in the CNS through the induction of
oligodendrocyte apoptosis caused by the production of interleukin 17
(IL-17) (Beurel and Lowell, 2018); they are also able to cause neuronal
death through intracellular increase of Ca®* levels (Siffrin et al., 2010).
In addition, Th17 cells attract neutrophils and other immune cells to the
brain, leading to further recruitment of these same Th17 cells and
consequent neuronal damage (Beurel and Lowell, 2018). Th17 cells are
also primarily present in the gut but they are not detectable in the blood,
so a possible source of peripheral Th17 cells could be the lamina propria
of the small intestine (Beurel and Lowell, 2018).

The role of Th17 cells in depression has been recently studied, due to
the growing evidence that inflammation may promote depressive
symptoms. Indeed, many pro-inflammatory cytokines, including IL-6,
tumor necrosis factor alpha (TNFa) and IL-1p that were demonstrated
to be altered in the blood of depressed subjects are known to promote
Th17 cell differentiation (Beurel and Lowell, 2018).

In addition, antidepressants drugs are able to normalize serum levels
of inflammatory cytokines by maintaining the balance between T Reg
cells and Th17 cells, confirming that imbalance in T cell differentiation
(and the resulting inflammatory state) is one of the determinants of the
physiopathology underlying mood disorders (Beurel and Lowell, 2018).

Further studies highlighted that the levels of Th17 cells presents a 3-
fold increase in the brains of mice who exhibit depressive behavior (J.
Kim et al., 2021), while the blockade of the transcription factor ROR is
sufficient to make mice resistant to the induction of depression (Beurel
and Lowell, 2018). In addition, the administration of interleukin-17A is
able to promote depressive behavior in mice and to increase inflam-
matory mediators in brain areas associated with depression (e.g. hip-
pocampus and prefrontal cortex), while administration of
anti-interleukin-17A antibody leads to a reduction in depression-like
symptoms (Nadeem et al., 2017).

3.3. Gut microbiota dysregulation and neuroactive factors

The composition of gut bacterial ecosystem may influence the onset
of psychiatric disorders by alterating the bioavailability of
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monoaminergic precursors and neuroactive factors (Painold et al.,
2019). Indeed, the association between neurotransmitters and gut
microbiota has been previously studied and it was demonstrated that
most of them can be produced by commensal gut bacteria, which are
considered for this reason psychobiotics (Strandwitz, 2018).

We define psychobiotics as a group of probiotics that affect CNS
functions and behaviors mediated by the gut-brain axis via immune,
humoral, neural, and metabolic pathways. Not only may psychobiotics
improve the gastrointestinal function, but they also demonstrated anti-
depressant and anxiolytic properties (Cheng et al., 2019).

Probiotics are living microorganisms that can confer health benefits
to the host: they exert their therapeutic effect by reconstituting the
gastrointestinal barrier and they are also involved in the modulation of
the immune and inflammatory response by promoting the production of
regulatory T cells, by inhibiting the production of pro-inflammatory
cytokines, and by increasing the expression of anti-inflammatory me-
diators (Mangiola et al., 2016).

Particularly, Lactobacillus produces acetylcholine and gamma-
aminobutyric acid (GABA), Bifidobacterium synthesizes GABA, Escher-
ichia produces norepinephrine (NA), 5-HT, and DA, Streptococcus and
Enterococcus synthesize 5-HT, and Bacillus produces DA and NA (Painold
et al., 2019). The role of gut bacteria on tryptophan (TRP) metabolism,
whose bioavailability is impaired both in subjects with gut microbiota
dysregulation and in those with mood disorders, was also emphasized
(Jenkins et al., 2016).

3.4. Gut microbiota dysregulation and TRP metabolism

TRP is a precursor of serotonin and other neuroactive metabolites, so
its deficiency necessarily influences brain functions and contributes to
the onset of behavioral modifications (Lindseth et al., 2015).

The gut microbiota influences three main pathways of TRP meta-
bolism, since it can be converted into 5HT, kynurenine (KYN), or indole
(Q. Wang et al., 2015). In the context of dysbiosis, chronic cytokine
production causes activation of indoleamine 2,3 dioxygenase (IDO)
enzyme which metabolizes TRP into KYN, a substance strongly impli-
cated in inflammatory mechanisms (Grifka-Walk et al., 2021). It can be
further metabolized to generate neuroactive compounds such as
3-hydroxykinenine (3-HK), quinolytic acid (QA) or chinurenic acid
(Kna). These compounds can also generate free radicals responsible for
oxidative stress, while QA is an agonist of the glutamate receptor
N-Methyl-D-aspartate (NMDA) and it has been evidenced that the
increased activity of this receptor causes excitotoxicity (Vaslin et al.,
2007). In contrast, Kna was hypothesized to play a neuroprotective role,
as an NMDA receptor antagonist (Agus et al., 2018). Therefore, TRP
degradation along the KYN pathway generates compounds that act as
NMDA receptor agonists or antagonists, and this may contribute to the
alteration of glutamatergic neurotransmission (Dantzer et al., 2008).
Moreover, in recent years several studies have shown that the dysre-
gulation of glutamatergic system contributes to the pathophysiology of
mood disorders (Henter et al., 2021).

3.5. Gut microbiota dysregulation and mood disorders

As already elucidated, changes in the gut microbiota composition
can be associated with alterations in CNS functions (Forsythe et al.,
2010). Some studies showed that gut bacterial ecosystem of subjects
suffering from psychiatric disorders is different from those of healthy
controls (Evans et al., 2017; Bear et al., 2020). Evans et al. (2017),
compared the gut microbiota of subjects diagnosed with BD to those of
healthy controls, observing a depletion of Faecalibacterium in BD sub-
jects; in particular, this bacterial genus is a recognized suppressor of the
inflammatory response and lower levels of this microorganism were also
observed in depressed subjects (Inserra et al., 2018). Human studies
demonstrated the lower abundance of anti-inflammatory bacteria, such
as Lactobacillus and Bifidobacterium, in subjects with MDD

Current Research in Neurobiology 3 (2022) 100044

(Amirkhanzadeh Barandouzi et al., 2020). Moreover, Bifidobacterium, a
species that is associated with suppression of inflammatory pathways
through inhibition of NF-Kb, was also found to be reduced in stressed
mice (Inserra et al., 2018). In animal models, Lactobacillus and Bifido-
bacterium can decrease the severity of depressive symptoms, also
exerting a positive impact on memory, learning and cognition (Serra
etal., 2019). On the other side, one study showed that Lactobacillus was
seen increased in stressed mice and BD subjects with high IL-6 levels, but
findings should be critically revised after considering the study limita-
tions (Painold et al., 2019). Inserra et al. (2018) have shown that pro-
teobacteria are increased in subjects suffering from MDD. Particularly,
this has been demonstrated for Proteus mirabilis, which triggers NLRP3
activation and IL-1p production has seen to be increased in MDD sub-
jects and for proteobacteria components alone (such as lipopolysac-
charide of Pseudomonas that can trigger depressive symptoms through
inflammasome activation) (In et al., 2018). In addition, Bacteroidetes are
prevalent in subjects suffering from depression, particularly the genera
Parabacteroides and Alistipes that metabolize TRP and that alter its
bioavailability with consequences on serotonergic balances (Inserra
et al., 2018). It has been shown that the gut microbiota influences im-
mune function and that rates of MDD and BD could be limited through
correction of immunological imbalances (Subramaniapillai et al., 2017).
Therefore, the regulation of dysbiosis and exploitation of the gut
microbiota’s ability to induce tolerance through T Reg cells could pre-
vent and treat mood disorders (Capuron and Miller, 2011).

3.6. Mood symptoms in medical conditions related to gut microbiota
dysregulation

The diseases that underpin inflammatory processes as putative
pathophysiological mechanisms are characterized by an increased risk
of developing a comorbid mood disorder (Ghasemi, 2019). Indeed,
subjects with autoimmune and inflammatory diseases may present
different psychopathological manifestations (such as mood symptoms).
At the same time, subjects suffering from MDD or BD have a higher
incidence of these medical conditions, thus suggesting common patho-
physiology (Iwata et al., 2013; Barbosa et al., 2014), which is potentially
related to alterations in the gut microbiota. There is a strong relationship
between alterations in the gut microbiota composition and the onset of
inflammatory diseases (Lee, 2018). In subjects suffering from rheuma-
toid arthritis (RA), psoriasis, multiple sclerosis (MS), and inflammatory
bowel disease (IBD) the gut microbiota composition differs from healthy
controls, and evidence suggests that the lack of balance between Th17
and Treg in favor of the first could be the etiopathogenetic mechanism
that drives the development of these autoimmune diseases (Horta-Baas
et al., 2017; Lee, 2018). In addition, the gut microbiota influences brain
function through the gut-brain axis: it regulates the development and
function of microglia and astrocytes, which mediate neurophysiological
processes including neural development, neurotransmission, neuro-
inflammation, and blood-brain barrier integrity, also contributing to the
pathogenesis and resolution of CNS lesions (Fung et al., 2017). In most of
the major neurodegenerative diseases, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD) and Huntington’s disease (HD) an alteration in
the composition of the gut microbiota has been demonstrated (Wasser
et al.,, 2020). For example, Keshavarzian et al. (2015) showed that
proinflammatory Proteobacteria were significantly more abundant in
mucosa of PD subjects than controls. On the other side,
anti-inflammatory bacteria from the genus Faecalibacterium were
significantly more abundant in the mucosa of controls than PD subjects
(Keshavarzian et al., 2015). Moreover, differences in bacterial abun-
dance including increased Bacteroidetes, and decreased Bifidobacterium
were showed in the microbiome of AD subjects (Vogt et al., 2017). In
these neurological conditions, psychiatric, and particularly mood
symptoms, occur with a high prevalence (Galts et al., 2019; Menculini
et al., 2021). Thus, the occurrence of gut microbiota alterations both in
inflammatory and neurodegenerative diseases, as well as in subjects
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with mood symptoms, could explain the high comorbidity between
these medical conditions and psychiatric disorders. However, it is still
difficult to identify the molecular mechanisms underlying the onset of
mood symptoms in the context of these medical illness. Further research
on medical conditions in which mood symptoms occur may add
knowledge about the pathophysiology of mood disorders and help
tailoring appropriate treatment strategies for these conditions.

4. Discussion

In this narrative review, we first examined relationships between gut
microbiota dysregulation and inflammation, also analyzing the effects of
these disruption on Th17 regulation. We then took into account the link
between gut microbiota dysregulation and neuroactive factors, among
which the most important seem to be those with the metabolism of
tryptophan. Moreover, we reported evidence on the relationship be-
tween gut microbiota dysregulation and mood disorders, as well as with
mood symptoms occurring in the context of medical diseases. In all the
considered aspects, the link between inflammation (expressed in the
form of dysbiosis, prevalence of T lymphocytes, and metabolism of
neurotransmitters) and mood disorders appears to be narrow.

On these bases, therapeutic options should be oriented towards the
underlying biological mechanisms, in order to increase precise and
evidence-based treatments (Oakley-Browne, 2001). Multiple treatments
targeting the gut microbiota are under investigation. Indeed, if the
bacterial species involved in gut microbiota dysregulation underlying
the emergence of psychiatric symptoms were adequately identified,
their overabundance could be therapeutically modulated through
nutritional interventions, use of complete psychobiotics with all their
metabolites (probiotics and prebiotics), pharmacological inhibition of
specific inflammatory mediators, use of antibiotics, and fecal microbiota
transplantation (Inserra et al., 2018). The main purpose of these thera-
peutic strategies is to regulate the silent inflammatory process that
originates in the gut and to restore immunomodulating immune de-
fenses (Cocchi and Gabrielli, 2019).

However, it should be emphasized that inflammation contributes to
the pathophysiology of some, but not all cases of mood disorders and
that some studies have failed to find an association between these
conditions and inflammatory processes or have found opposite corre-
lations for different pro-inflammatory mediators (Raison et al., 2006).
Moreover, it is not possible to identify the link between specific
behavioral symptoms and the over-production of specific cytokines yet,
as well as the action of inflammatory mediators in a well-defined area of
the CNS. In addition, some studies have shown that CNS activity under
stressful conditions can affect the composition of the gut microbiota by
altering the growth of bacterial species and the production of microbial
compounds, so gut microbiota dysregulation could be a consequence
and not necessarily a cause of mood disorders (Galland, 2014). There-
fore, we need to take in consideration the limitations of our review, since
findings from the included studies could be due to incidental and indi-
rect effects and not to a causality link. In example, in animal models
(Beurel et al., 2013) mood symptoms could depend also on other factors,
such as the overall physical condition linked to the presence of a
digestive syndrome, or stress-induced behaviors like learned helpless-
ness (Ménard et al., 2016). Although there are many mice models of
depression, the periods of time or stressors used for creating such models
were limited, so for example in some cases (Kim et al., 2021) a new
model for mouse depression was created to improve assessment of ro-
dent depression and make it more representative of human behaviors.
Moreover, most animal models of depression were developed using male
rodents and were later applied to their female counterparts. Conse-
quently, some models could be less appropriate to study human female
depression (Ménard et al., 2016). In addition, limitations of this review
also include the small sample size of considered studies and the het-
erogeneity of the types of articles included (e.g., clinical studies of
varying size, case reports, clinical evidence). Despite neurobiological
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mechanisms linking pro-inflammatory cytokines and mood disorders
have been not fully characterized, some findings based on animal
models are consistent with human studies, which demonstrate the link
between depression and NFkB signaling (Miklowitz and Chung, 2016;
Caviedes et al., 2017). Subsequently, the role of dysbiosis-related
inflammation in the etiopathogenesis of mood disorders still remains a
subject of study (Dantzer et al., 2008; Bauer and Teixeira, 2019).
Moreover, the heterogeneity of mood disorders may partially be
ascribed to the symptom-based diagnostic approach operated by the
DSM-5. This categorical approach puts different heterogeneous pop-
ulations into the same category and ignores the different pathophysio-
logical pathways underlying psychiatric symptoms (Sakamoto et al.,
2021). To overcome these limitations, a dimensional approach that
considers an objective biological measure using body fluids biomarkers,
genetic aspects, or multimodal imaging may be useful to detect a more
homogeneous subpopulation of subjects suffering from mood disorders
or mood symptoms. This approach may allow us to provide individu-
alized treatment in the perspective of precision medicine. Over the last
few decades, the development of precision medicine in the field of
psychiatry helped focusing on tailored treatments that fit the individual,
physiological, and genetic profile of subjects (Konig et al., 2017; Perna
et al., 2020). Compared to other medical disciplines, several goals
should still be reached in precision psychiatry. There are various
possible causes for this evidence including inaccurate diagnostic
criteria, incomplete understanding of the involved molecular pathology,
absence of available clinical tools and, finally, individual characteristics
(Perna et al., 2020). There are several reasons to consider the role of gut
microbiota dysregulation in the development of mood disorders under
the perspective of precision psychiatry: (1) to identify biomarkers
related to biological differences that allow us to categorize clinical
populations and improve the ability to provide individuals the most
appropriate treatment, (2) to identify at-risk individuals in order to
develop early intervention strategies, (3) to provide novel targets for
drug development, and (4) to facilitate the expansion and the new
development of microbiome-targeted therapies including, but not
limited to, diet, prebiotics, and probiotics (Foster, 2020). Further
research is needed to elucidate the role of gut bacterial composition in
the onset of mood disorders, as well as to identify predictors of treatment
response and to understand how therapeutic strategies targeting the gut
microbiota may impact on the gut-brain axis in subjects suffering from
BD and MDD (Inserra et al., 2018; Painold et al., 2019). Therefore, it is
still necessary to promote further studies in order to identify the mo-
lecular mechanisms at the origin of the link between inflammation and
mood disorders, to study the neurobiological mechanisms underlying
the behavioral effects induced by cytokines, and to identify personal
microbiome’s profile and understand the role of basic nutritional and
inflammatory status in the onset of mood disorders (Maes et al., 2009).
This could help discover new biomarkers of inflammatory and neuro-
degenerative processes, in order to identify at-risk subjects and to pre-
dict response to treatment (Felger and Lotrich, 2013; Mangiola et al.,
2016; Inserra et al., 2018).

5. Conclusion

Our hypothesis that gut microbiota dysregulation can play a role in
the onset of several neuropsychiatric disorders, especially mood disor-
ders, is supported by recent research in this field. The gut microbiota and
its alterations would seem to play a relevant role in the development of
psychiatric disorders, especially mood disorders. Therefore, our hy-
pothesis could be a guide for further experimental studies. Animal
models do not perfectly reproduce natural progression of human dis-
orders and therefore it is crucial to increase the number of studies based
on humans. Current literature on the subject is still emerging, focusing
on both molecular etiopathogenesis and its clinical correlates. These
growing evidences could increase knowledge on neurobiology, but
could also be relevant in a precision psychiatry perspective to improve
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