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Abstract: The gut microbiome has emerged as a novel and intriguing focus in mood disor-
der research. Emerging evidence demonstrates the significant role of the gut microbiome in
influencing mental health, suggesting a bidirectional communication between the gut and
the brain. This review examines the latest findings on the gut-microbiota—brain axis and
elucidates how alterations in gut microbiota composition can influence this axis, leading
to changes in brain function and behavior. Although dietary interventions, prebiotics,
probiotics, and fecal microbiota transplantation have yielded encouraging results, signifi-
cant advances are needed to establish next-generation approaches that precisely target the
neurobiological mechanisms of mood disorders. Future research must focus on developing
personalized treatments, facilitated by innovative therapies and technological progress,
which account for individual variables such as age, sex, drug history, and lifestyle. High-
lighting the potential therapeutic implications of targeting the gut microbiota, this review
emphasizes the importance of integrating microbiota research into psychiatric studies to
develop more effective and personalized treatment strategies for mood disorders.

Keywords: gut microbiota; mood disorders; mental health; gut-brain axis; personalized
medicine; lifestyle

1. Introduction

The gut microbiome is a complex ecosystem comprising trillions of microorganisms,
including bacteria, viruses, fungi, and archaea [1]. This intricate microbial community
plays crucial roles in digestion, nutrient synthesis, and immune system modulation [2].
Imbalances in microbiota composition, known as dysbiosis, can have systemic effects,
contributing to inflammatory, metabolic, and psychiatric disorders. Microbiome mod-
ulation is emerging as a promising avenue for addressing complex conditions, includ-
ing neuropsychiatric disorders, although further clinical evidence is needed to establish
its efficacy [3,4].
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The gut-brain axis, a bidirectional communication system involving the autonomic
nervous system, endocrine system, and immune system, mediates the relationship between
the gut microbiota and the central nervous system (CNS) [5]. This interaction enables the
microbiota to influence brain function and behavior. Microbial metabolites, such as short-
chain fatty acids (SCFAs), bacterial neurotransmitters (e.g., serotonin, GABA), hormones
(e.g., cortisol), and immune modulators (e.g., quinolinic acid), facilitate communication [6].
A critical aspect of this interaction is the modulation of biological barriers like the intestinal
and blood-brain barriers. Dysbiosis can compromise these barriers, leading to systemic and
neuroinflammation, which are closely linked to mood and neuropsychiatric disorders [7].

The gut microbiome plays a significant role in mood regulation and the pathophys-
iology of psychiatric disorders, including bipolar disorder (BD) and major depressive
disorder (MDD). MDD, a leading cause of disability worldwide, has been strongly linked to
alterations in gut microbiome composition [8]. While traditionally attributed to imbalances
in neurotransmitters like serotonin, dopamine, and norepinephrine, MDD is increasingly
recognized as a complex disorder involving dysfunctions of the gut-brain axis [9]. BD, a
severe psychiatric condition characterized by alternating episodes of mania and depression,
has been increasingly linked to gut microbiota alterations [10,11]. Globally, BD affects
approximately 2.4% of the population, with 6-7% of patients at risk of suicide [12]. De-
spite advances in pharmacological and psychological treatments, many patients remain
treatment-resistant, prompting research into novel strategies like microbiome modulation.
Studies suggest that intestinal dysbiosis in bipolar patients may disrupt gut-brain axis
regulation, contributing to metabolic and immune dysfunctions [13]. Specifically, reduced
bacterial diversity and alterations in specific microbial taxa have been linked to the severity
of bipolar symptoms, including cognitive deficits and emotional dysregulation [12]. These
findings pave the way for innovative interventions aimed at restoring microbial balance to
improve bipolar disorder management.

In this review, we explore the potential therapeutic implications of targeting the gut
microbiome for the treatment of mood disorders. The paper discusses the potential benefits
and challenges of using probiotics, prebiotics, and other microbiome-based therapies to
treat mood disorders, focusing on the evidence for their efficacy and potential side effects
and safety concerns.

2. Gut Microbiota and Mental Health

The intricate relationship between gut microbiota and mental health has garnered
significant attention in recent years, highlighting the profound impact of gut microbiome
composition on mental well-being [14]. Dysbiosis, or an imbalance in gut microbiota, has
been linked to various mental health conditions, including mood disorders [15]. Diets
rich in fiber, probiotics, and prebiotics promote a healthy gut microbiome, while high-
fat and high-sugar diets can lead to dysbiosis [16]. Over the lifetime, changes in diet,
stress levels, and medication use can alter gut microbiota, potentially influencing mental
health outcomes. Recent research has explored the potential of dietary interventions and
probiotics as therapeutic strategies for mental health disorders, emphasizing the importance
of maintaining a balanced gut microbiota for overall mental well-being [17].

2.1. Gut Microbiota Composition

The gut microbiome refers to the intricate and diverse community of microorganisms
inhabiting the human gastrointestinal tract. These microorganisms, comprising bacteria,
archaea, viruses, and eukaryotes, are present in greater numbers and diversity within the
gut than in any other part of the body [18]. The ratio of microorganisms to human cells is
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approximately 1:1 (3.8 x 103 microorganisms to 3 x 10'3 human cells). However, the genetic
content of microbes far exceeds that of human cells, being 100 to 200 times greater [19].

The gut microbiome is composed of over 1500 species, with Firmicutes and Bacteroidetes
accounting for over 90% of the total microbial population. Other less abundant phyla
include Proteobacteria, Actinobacteria, Verrucomicrobia, and Fusobacteria [18,20]. The Firmicutes
phylum encompasses over 200 genera, including well-known ones like Lactobacillus, Bacillus,
Clostridium, Enterococcus, and Ruminococcus. Within this group, the Clostridium genus
constitutes the vast majority, accounting for approximately 95% of the phylum. Meanwhile,
the Bacteroidetes phylum is primarily made up of dominant genera such as Bacteroides and
Prevotella [20-22] (Figure 1).

GUT BACTERIAL COMPOSITION

Proteobacteria
<1%

Clostridium
95%

Actinobacteria

<10% Firmicutes

60-80%

Bacteroidetes
20-30%

Figure 1. Gut microbiome composition in healthy subjects, highlighting the most prevalent phyla,
with a particular focus on Firmicutes.

The gut microbial community is highly dynamic, having evolved to thrive within
the gastrointestinal tract, adapting to conditions such as moisture, temperature, pH, and
nutrient availability. Some bacterial genera are considered beneficial symbionts, as they
maintain a mutually advantageous relationship with their human host. On the contrary,
other genera are identified as potential pathogens, and an imbalance between these groups
can heighten the host’s susceptibility to developing diseases. While this balance may differ
depending on individual contexts, bifidobacteria and lactobacilli are typically recognized
as beneficial bacteria, often included in probiotic supplements [23].

Recent advancements in next-generation sequencing technologies, such as 16S rRNA
sequencing, have significantly enhanced our ability to identify and quantify microbial
species, opening the doors to personalized therapies in the future [24].

The gut microbiome plays a crucial role in human health. It aids in food digestion,
synthesizes essential vitamins, enhances the absorption of minerals, and contributes to
the development and modulation of the immune system. Moreover, the gut microbiota
play a key role in maintaining mental health balance via the gut-brain axis. This bi-
directional communication highlights the significant influence the gut microbiome has on
brain function and emotional well-being, potentially contributing to the development of
psychiatric disorders [25].
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The composition of the gut microbiome varies widely among individuals and can
be influenced by numerous factors, including diet, age, genetics, lifestyle, geography,
antibiotics, and method of delivery [26].

2.2. Microbiota Inhabiting Different Segments of Gastrointestinal Tract

The gastrointestinal (GI) tract is anatomically subdivided in segments including the
oral cavity, pharynx, esophagus, stomach, small intestine (further divided into duodenum,
jejunum, and ileum), large intestine (cecum, colon, rectum) and anal canal [27]. Each of
these regions harbors a distinct microbial environment, influenced by factors such as pH,
oxygen levels, host secretions and nutrient availability [20]. The stomach, in particular,
presents a hostile environment for most microorganisms due to its strong acidity, which
eliminates most external bacteria, resulting in a low bacterial colony count (approximately
103 CFU per g/mL) [26]. Despite this, Firmicutes and Proteobacteria are the dominant phyla,
with Streptococcus and Prevotella as major genera [28]. Infection with Helicobacter pylori,
a Gram-negative bacterium, significantly alters the gastric microbiota and can lead to
gastritis, ulcers, and gastric cancer [29]. In the duodenum, the rapid transit of food and
limited oxygen availability reduce bacterial density and diversity, with a predominance of
Firmicutes and Actinobacteria [26].

In the jejunum, the microbial population becomes more diverse and denser, support-
ing a variety of Gram-positive aerobes and facultative anaerobes, including lactobacilli,
enterococci and streptococci. The large intestine, with its slower transit time and anaerobic
conditions, harbors the largest and most diverse microbial community. The microbiome in
this region is primarily anaerobic, with Firmicutes and Bacteroidetes being the most common
phyla [26]. Furthermore, longer gut transit times are associated with higher fecal pH,
reduced water content, and changes in microbial metabolism. As readily available carbohy-
drates become scarce in the colon, gut bacteria shift towards fermenting proteins, which
can produce harmful byproducts like branched-chain fatty acids (BCFAs) and hydrogen
sulfide. These shifts contrast with the beneficial short-chain fatty acids (SCFAs) produced
when carbohydrates are more abundant [30].

2.3. Lifestyle and Diet

One of the most crucial factors shaping gut microbiota and the immune system is
diet [20]. Each dietary component directly affects host health. This influence occurs
through interactions with the intestinal epithelial barrier, commensal bacteria, and immune
cell phenotypes, shaping pro-inflammatory or anti-inflammatory responses [25]. Among
macronutrients, carbohydrates have been most extensively investigated, with dietary fibers
receiving particular attention [20,23].

Dietary fibers like galactooligosaccharide and polydextrose act as prebiotics, promot-
ing the growth of beneficial gut bacteria such as Lactobacilli, Bifidobacteria and Parabac-
teroides [25,31]. These fibers are transformed into SCFAs, which contribute to strengthening
the intestinal barrier, mediate systemic anti-inflammatory properties, and play a key role
in immune regulation by modulating cytokine production and T-cell activity. SCFAs also
influence brain health via the gut-brain axis, interacting with microglia and stimulating
enteroendocrine cells to release appetite-regulating peptides like GLP-1 and PYY. Addi-
tionally, gut bacteria produce neurotransmitters, such as norepinephrine and dopamine,
impacting mood and behavior by engaging with the nervous system [32]. The Mediter-
ranean Diet (MD), characterized to be rich in fiber, healthy fats, and bioactive compounds,
supports microbial balance by promoting beneficial bacteria like Bacteroidetes and reducing
harmful phyla such as Proteobacteria. This diet reduces chronic inflammation, enhances
immune function, and protects against non-communicable diseases (NCDs). Conversely,
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the Western Diet (WD), characterized by unhealthy fats, refined sugars, and ultra-processed
foods, disrupts gut microbiota, leading to dysbiosis, systemic inflammation, and increased
risks for conditions like obesity and type 2 diabetes. These dietary influences underscore
the crucial role of gut microbiota in health and disease [19].

Engaging in daily exercise has been shown to enhance gut microbial diversity, in-
creasing the abundance of Firmicutes-associated taxa such as Clostridiales, Roseburia, Lach-
nospiraceae, and Erysipelotrichaceae. This enrichment promotes the production of SCFAs,
which strengthen the intestinal barrier by increasing the expression of tight junction pro-
teins in colon epithelial cells. As a result, exercise helps lower mucosal permeability and
reduces the production of inflammatory cytokines, contributing to improved gut and
mental health [20]. Cataldi et al. found evidence, in both preclinical and human models,
that aerobic activities at a moderate and brief intensity can impact the gut microbiota,
particularly by reducing inflammation and favoring bacterial community richness. Physical
activity seems to promote SCFAs-producing bacteria, favoring the colonization of Bac-
teroidetes phylum and reducing the abundance of Firmicutes bacteria, which can positively
impact brain function and mental health [33].

2.4. Delivery and Milk Feeding

Traditionally, the intestine was considered sterile at birth; however, recent evidence
suggests that gut microbiota colonization may begin prenatally through maternal-fetal mi-
crobiota transfer during pregnancy. While this hypothesis remains controversial due to the
potential for sample contamination and a lack of robust supporting data, the composition
and development of the infant gut microbiota are influenced by various prenatal factors,
including maternal diet, obesity, smoking status, and antibiotic use during pregnancy [20].
Nevertheless, the mode of delivery and breastfeeding remain the major determinants of
early gut colonization [34].

Newborns delivered vaginally acquire a microbiota community that strongly reflects
that of their mother’s vaginal microbiota [20,35], including Parabacteroides spp., Bacteroides
spp- (particularly Bacteroides fragilis [34]), Bifidobacterium spp., and Escherichia coli [34].
Additionally, Lactobacillus, Prevotella, Sneathia, and other facultative anaerobes such as
Staphylococcus and Streptococcus also colonize the infant gut [20,35].

Infants delivered via cesarean section primarily acquire bacteria from the hospital en-
vironment and the mother’s skin, including species such as Staphylococcus, Corynebacterium,
and Propionibacterium, Escherichia-Shigella, and Bacteroides species, which are notably under-
represented in these infants compared to vaginally born infants [20]. Among infant-feeding
methods, breastfeeding is often preferred. Breast milk provides essential nutrients, as well
as pro-microbial and antimicrobial factors, and promotes the growth of beneficial bacteria,
particularly Bifidobacterium species [20,36,37]. Maternal microbial transmission occurs both
indirectly via milk components like human milk oligosaccharides (HMOs) and secretory
IgA and directly through exposure to the milk microbiota. HMOs, the third-largest solid
component of breast milk, selectively promote the growth of Bifidobacterium breve and
Bifidobacterium bifidum [34].

Breastfed infants exhibit higher richness and diversity of Bifidobacterium spp. compared
to formula-fed infants, who harbor less than half the number of Bifidobacterium cells. These
Bifidobacterium-rich microbiota facilitate the fermentation of galactooligosaccharides (GOS)
in breast milk, producing SCFAs like acetate and lactate. These metabolites contribute
to a decrease in gut pH, thereby enhancing gut health, reflecting the prebiotic effects of
HMOs on stimulating Bifidobacterium growth. In contrast, formula feeding is associated
with a different microbiota profile, characterized by increased colonization by Escherichia
coli, Bacteroides species, and Clostridioides difficile. Additionally, 3-Palmitate, derived from



Life 2025, 15, 593

6 of 30

palmitic acid—the most abundant saturated fatty acid in human milk—has demonstrated
prebiotic effects by promoting the growth of Bifidobacterium and Lactobacillus species [20,38].

While there is substantial evidence linking infant gut dysbiosis to an increased risk of
necrotizing enterocolitis and adult-onset NCDs, including obesity, diabetes, cancer, allergies,
and asthma [36,39], there is limited research on its association with the development of
childhood and adult psychiatric disorders. Future studies should prioritize exploring
the potential of prebiotics and probiotics in early life to modulate the gut microbiota and
potentially mitigate these risks.

2.5. Lifetime Changes

The gut microbiome undergoes significant changes throughout life, influenced by genetic
and environmental factors such as race, ethnicity, diet, lifestyle, and drug use [40]. By one
year of age, the microbiome is primarily colonized by Akkermansia muciniphila, Bacteroides,
Veillonella, Clostridium coccoides and Clostridium botulinum [20]. By the age of 3-5 years, the
microbiota stabilizes, achieving a composition that is 40-60% similar to that of adults [26].

During adulthood, the microbiome remains stable unless disrupted by factors such
as dietary changes, antibiotics, stress, or diseases. Aging impacts the gut microbiota
through processes like immunosenescence, which reduces immune system functioning,
and inflammaging, which causes chronic low-grade inflammation. These changes lead to
a reduction in the diversity of beneficial bacteria, such as Lactobacilli [19,40], a decline in
butyrate-producing species, and an increased presence of potential pathogens, especially
in centenarians.

These changes are associated with reductions in the production of SCFA such as acetate,
propionate, and butyrate, which play vital roles in maintaining gut health by lowering
pH, inhibiting pathogen overgrowth (e.g., Escherichia coli), and promoting the growth of
beneficial Firmicutes. Alterations in SCFA production have been linked to increased frailty
in aging populations [40].

3. The Role of the Microbiota in Regulating the Gut-Brain Axis

The gut microbiome consists of approximately 100 trillion microbial cells, with Bac-
teroidetes and Firmicutes as the dominant groups, representing 75-80% of the total popula-
tion. Other phyla, including Proteobacteria, Acinetobacteria, Fusobacteria, and Verrucomicrobia,
are present in smaller proportions but significantly interact with other gut microorganisms,
contributing to human health by interfacing with the immune and nervous systems. In
healthy individuals, the microbiome maintains a delicate balance with host cell activities,
ensuring the physiological homeostasis of the gut-brain axis [41-44].

The microbiome actively participates in digestion by enhancing nutrient absorption
through the intestinal epithelium. It preserves the integrity of the intestinal barrier by
regulating cellular metabolism and promoting immune response development [45]. How-
ever, disruptions in the regulation of intestinal barrier permeability can trigger innate
immune responses, leading to systemic and brain inflammation. This inflammatory state
can increase vulnerability to stress and psychiatric disorders. The commensal microbiome
plays a crucial role in mitigating epithelial inflammation by coordinating anti-inflammatory
responses, producing antimicrobial proteins, defending the epithelial surface with mucus
secretion, and repairing intestinal tissue damage [46].

Several factors can influence the composition and functionality of the microbiome,
including age, geographic location, diet [47], medication usage, toxins, infectious agents,
and host genetics [48]. Additionally, the neonatal microbiome is shaped by the maternal
microbiota during childbirth and breastfeeding [49,50].
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Recent research suggests that the gut microbiome produces various neurotransmitters.
For instance, Bifidobacterium and Lactobacillus synthesize GABA, enhancing inhibitory brain
network pathways. Meanwhile, Lactobacillus and Oscillibacter increase the expression of
tryptophan synthase, boosting serotonin production. The production of neurotransmit-
ters depends on factors such as vagus nerve stimulation and immune system activity.
The activation of afferent vagal pathways through G-protein-coupled receptors or his-
tone deacetylases modulates immune cell function, including monocytes, macrophages,
neutrophils, dendritic cells, and T-cell recruitment and differentiation [51,52].

The vagus nerve plays a central role in regulating the gut-brain axis due to its exten-
sive network of nerve endings in the intestinal mucosa and submucosa, accounting for
approximately 90% of its total nerve endings. It influences gastrointestinal functions such
as gastric emptying inhibition and secretion of digestive enzymes, supporting digestion
and nutrient absorption [53]. Beyond the gastrointestinal tract, the vagus nerve is inte-
gral to memory, emotion, and cognition, as its connections extend to the cerebral cortex,
amygdala, and hippocampus [54]. The vagus nerve can detect signals from microbial
metabolites via diverse pathways, including afferent sensory mechanisms and receptor
networks on its surface, such as serotonin (5-HT) and dopamine receptors, Toll-like re-
ceptors (TLR4), and free fatty acid receptors [55]. Disruptions in this signaling system, as
evidenced by neuroimaging studies, may lead to functional changes that contribute to the
onset of mental health conditions such as substance dependence [56], mood disorders, and
eating disorders [56,57].

From the earliest phases of life, the gut microbiota plays an essential function in
shaping immune responses at multiple levels. It supports innate immunity by activating
gut-associated lymphoid tissue, while interactions between bacterial components and
specific receptors—such as TLR9 and inflammasomes—on the surfaces of epithelial and im-
mune cells trigger both localized and systemic immune responses [58]. When the immune
system fails to differentiate between self and non-self antigens, it initiates a pathological
process that targets the body’s own tissues. This phenomenon, termed autoimmunity or
the breakdown of self-tolerance, arises through an adaptive immune response directed
against self-antigens. It involves both the innate and adaptive arms of the immune sys-
tem, disrupting intercellular signaling pathways and contributing to the development of
autoimmune diseases (AIDs) [45,59].

At the core of pathogenic recognition are T and B lymphocytes, which orchestrate
the process by presenting specific molecular signals on their surfaces, including Pathogen-
Associated Molecular Patterns (PAMPs) [45]. During cell death events such as necrosis or
apoptosis, endogenous molecules termed Damage-Associated Molecular Patterns (DAMPs)
are released. These molecules are detected by pattern recognition receptors (PRRs), ini-
tiating a pathological inflammatory cascade [45,59]. Similar mechanisms occur in the
gut, where intestinal epithelial cells stimulate immune responses through complexes of
Toll-like receptors, Nod-like receptors, and helicases. An autoimmune response is trig-
gered when the immune system becomes aberrantly activated in response to ordinarily
harmless stimuli [60,61].

Clinical observations and scientific research increasingly point to a significant as-
sociation between autoimmune processes and psychiatric conditions [62]. This connec-
tion may involve the altered antigenic presentation of brain proteins, molecular mimicry
mechanisms, and the generation of autoantibodies that cross-react with neuronal struc-
tures. Such processes are implicated in neurological disorders like Parkinson’s disease and
multiple sclerosis [63,64].

The onset of autoimmunity is influenced by a combination of factors. While genetic
predisposition remains a critical determinant of individual susceptibility, environmental
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influences—such as stress, exposure to xenobiotics, dysregulation of the microbiota, and
infections by pathogens—play a pivotal role in modulating, amplifying, or suppressing
autoimmune responses [48,64].

When immune function is compromised, the metabolism of specific metabolites and
neurotransmitter precursors—many of which are microbiota-derived—is disrupted. For
instance, the metabolism of tryptophan, a precursor of serotonin, is altered under condi-
tions of autoimmune dysfunction. This leads to the increased production of kynurenine,
a molecule also synthesized by gut microbes. Accelerated kynurenine metabolism gen-
erates kynurenic acid and quinolinic acid, which in turn affect the secretion of GABA
and dopamine, as well as synaptic plasticity and function [65,66]. These two metabolites
exert distinct effects based on their concentrations. While kynurenic acid at physiological
levels offers neuroprotection by antagonizing N-methyl-D-aspartate (NMDA) receptors,
elevated levels of quinolinic acid are associated with cognitive impairment due to synaptic
dysfunction [67]. Some studies suggest that quinolinic acid’s excitotoxicity may further
impair synaptic plasticity [68]. Several kynurenine metabolites have emerged as promising
biomarker candidates for mood disorders [69]. The kynurenine/tryptophan (KYN/TRP)
ratio is commonly used as a proxy for indoleamine 2,3-dioxygenase (IDO) activity, and el-
evated levels have been associated with both peripheral inflammation and depressed
symptoms [70,71]. Some pharmacological strategies are currently being investigated
to target this pathway. The MINDEP trial tested minocycline, an antibiotic with anti-
inflammatory and neuroprotective properties, as an augmentation strategy in treatment-
resistant depression (TRD). Although minocycline did not significantly alter kynurenine
metabolites, it was associated with a notable reduction in suicidal ideation [71].

4. Modulating Mood Through the Gut: The Role of the Microbiota

Gut bacteria interact with the central nervous system (CNS) through the gut-brain
axis, a multidirectional communication network involving the immune system, endocrine
signaling (e.g., the hypothalamic—pituitary—adrenal [HPA] axis), the vagus nerve, and
microbial production of neuroactive compounds [43,72,73].

Mood disorders are characterized by complex interactions between genetic predis-
positions, environmental factors, and disruptions in neurochemical pathways. Increasing
evidence supports the hypothesis that the gut microbiome acts as a mediator in this intricate
interplay [74-76]. Alterations in microbial composition and diversity have been observed
in individuals with mood disorders, correlating with clinical symptoms such as inflamma-
tion, neurotransmitter dysregulation, and neurocognitive deficits [77]. For instance, BD
patients exhibit a distinct microbial profile marked by reduced Faecalibacterium abundance
and an increased representation of pro-inflammatory species such as Actinobacteria and
Enterobacteriaceae. Similarly, MDD is associated with decreased microbial diversity and
shifts in taxa linked to inflammation and impaired neurotransmitter synthesis [78-80].

The microbiome’s ability to synthesize and regulate neurotransmitters—including
serotonin, dopamine, and GABA—underscores its relevance to mood disorders. Addition-
ally, gut microbes influence systemic inflammation and CNS function through pathways
such as Toll-like receptor (TLR) signaling and the modulation of tryptophan metabolism
via the kynurenine pathway. The dysregulation in these pathways has been implicated
in the onset and progression of mood disorders, highlighting the therapeutic potential of
targeting the gut microbiota to alleviate psychiatric symptoms [81-84].

The gut microbiota composition in individuals with BD appears to differ significantly
from that of healthy subjects (Table 1). Specifically, BD patients exhibit a reduced abun-
dance of Faecalibacterium, with greater reductions correlating with more severe symptoms,
including pronounced sleep disturbances and psychotic episodes [75].
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Table 1. Microbiome alterations in bipolar disorder (BD).

Author (Year) Changes in Microbiota
Decreased Abundance:

Painold et al., 2019 [75] Faecalibacterium (correlated with severe symptoms such
as sleep disturbances and psychotic episodes).

Grice & Segre, 2012 [85]; Increased Abundance:

Lucidi et al., 2021 [74]; Actinobacteria (particularly Coriobacteria), Prevotella,

Gondalia et al., 2019 [81] Enterobacter species (Gram-negative).

Lucidi et al., 2021 [74]; Increased Abundance (Gram-positive):

Gondalia et al., 2019 [81] Atopobium Cluster, Clostridium, Flavinofractor.
Subtype Differences:

Lucidi et al., 2021 [74] Prevotella more prevalent in BD type 1; Collinsella more
abundant in BD type 2.

Additionally, BD patients show increased representation of the phylum Actinobacteria,
particularly Coriobacteria [85], along with elevated levels of Gram-negative bacteria such as
Prevotella and Enterobacter species, and Gram-positive bacteria including Atopobium Cluster,
Clostridium, and Flavinofractor [74,81]. Furthermore, gut microbiome composition varies not
only between BD patients and healthy individuals, but also between BD type 1 and type 2
subgroups. For example, Prevotella is more prevalent in type 1 BD, whereas Collinsella is
more abundant in type 2 BD [74].

Emerging evidence underscores the role of the gut microbiota in influencing neuro-
transmitter production in BD through the synthesis of neuroactive compounds. One such
compound, kynurenine, inhibits 5-HT synthesis and produces metabolites like hydroxykynure-
nine, which are neurotoxic and interfere with neurotransmitter function [65]. The immune
system may exacerbate disruptions in the kynurenine pathway, altering the secretion of neu-
rotransmitters such as dopamine and GABA [66]. These alterations are significant given the
strong link between BD onset and GABAergic system dysregulation [86]. Certain commensal
microbes within the microbiota also contribute directly to neurotransmitter production. For
instance, Lactobacillus and Bifidobacterium can synthesize GABA, while norepinephrine is
produced by Bacillus, Escherichia coli, and Saccharomyces. Similarly, serotonin is generated by
Candida, Streptococcus, Enterococcus, and Escherichia, dopamine by Bacillus and Serratia, and
acetylcholine by Lactobacillus [81].

The gut microbiome interacts with innate immunity through TLRs, a family of pattern
recognition receptors expressed on immune cells, neurons, and glial cells. TLRs recognize a
broad range of microbial antigens, including peptidoglycans, lipoteichoic acid, and lipopro-
teins from Gram-positive bacteria, as well as lipopolysaccharides (LPS) from Gram-negative
bacteria. Additionally, TLRs detect bacterial DNA, flagellin, and viral or fungal components,
contributing to immune surveillance. The activation of these receptors triggers intracellular
signaling cascades that lead to the release of pro-inflammatory cytokines, such as IL-6, IL-1¢,
IL-1B3, and TNF-«, promoting neuroinflammation and brain dysfunction [87,88]. Another
mechanism linking the gut microbiota to BD pathogenesis involves synaptic pruning, a process
essential for neuronal connectivity. The microbiota-mediated modulation of microglial cells
can impair synaptic pruning, a process critical for neuronal connectivity. Neuroimaging stud-
ies have demonstrated that deficits in synaptic pruning, particularly in the ventral prefrontal
cortex and limbic regions, may result from gut microbiota imbalances in BD patients [89].
Similar to psychotic disorders, irritable bowel syndrome (IBS) and other gastrointestinal con-
ditions are frequently reported in individuals with mood disorders, complicating their clinical
management. These patients often experience heightened rates of anxiety and depression [81].
There is also evidence of an indirect relationship between mood disorders and intestinal
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autoimmune diseases, such as celiac disease. Notably, psychological support that improves
mental health outcomes has been associated with the better management of celiac disease [90].

BD patients commonly exhibit intestinal inflammation during mood episodes, charac-
terized by elevated levels of pro-inflammatory cytokines [91-93]. Alterations in tryptophan
metabolism, particularly along the kynurenine pathway, also appear to contribute to BD
pathogenesis [94]. Tryptophan metabolism yields excitatory neuroactive compounds such
as kynurenic acid, which antagonize NMDA receptors. Excessive concentrations of these
metabolites have been identified in BD patients [95].

Alcohol use further complicates the intersection between mood and gastrointestinal
disorders. Alcohol consumption, which increased during the COVID-19 pandemic due
to social isolation and stress, can disrupt the gut microbiota. Conversely, a healthy micro-
biome may mitigate liver diseases, such as steatosis, that are linked to alcohol use [96,97].
Antibiotic use also represents an intriguing connection between gut microbiota and BD.
Although rare, antibiotics have been reported to induce manic episodes in BD patients,
a phenomenon sometimes referred to as “antibiomania” [98]. Interventions targeting
the gut microbiota through dietary modifications have shown promise in BD manage-
ment. Diets rich in antioxidants, plant-based fibers, and B vitamins may reduce depressive
symptoms [99], while short-chain fatty acids have been linked to enhanced cognitive
function, neurogenesis, and synaptic plasticity [100].

Several studies have turned attention toward the brain—gut-immune system axis.
Evidence indicates that gut microbiota can influence stress responses and external stimuli
through the modulation of the hypothalamic—pituitary—adrenal (HPA) axis. The dysregula-
tion of this axis is linked to elevated cortisol levels and an increase in pro-inflammatory
molecules, both of which are associated with depression and anxiety [72,73,101]. This pro-
inflammatory state may, in turn, disrupt gastrointestinal homeostasis, leading to systemic
inflammation. For instance, heightened circulating cortisol and inflammatory cytokines
can increase intestinal permeability, enabling Gram-negative bacteria to enter the blood-
stream and contribute to chronic central nervous system inflammation. This cascade has
implications for emotional regulation and mood disorders [72,102]. Such findings reinforce
the strong link between microbiota-driven inflammation and psychiatric conditions like
anxiety and depression, as observed with irritable bowel syndrome (IBS) [103].

Research indicates that the gut microbiome composition in MDD patients differs
significantly from that of healthy controls (Table 2).

Table 2. Microbiota alterations in major depressive disorder.

Author (Year) Microbiota Changes

Reduced Diversity:

Decreased microbial alpha and beta diversity.
Decreased Abundance:

Firmicutes, Bacteroides, Proteobacteria, Bifidobacterium,
Lactobacillus, Faecalibacterium, Ruminococcus.
Increased Abundance:

Actinobacteria, Fusobacteria, Prevotellaceae,
Lachnospiraceae, Flavonifractor.

Depletion:

Aizawa et al., 2016 [105] Coprococcus, Dialister; associations noted with Alistipes,
Faecalibacterium, and Ruminococcus.

Liu et al., 2016 [104]

Depressed individuals typically exhibit reduced microbial alpha and beta diversity.
Specifically, reductions in Firmicutes, Bacteroides, and Proteobacteria are observed along-
side increased levels of Actinobacteria, Fusobacteria, Prevotellaceae, and Lachnospiraceae [104].
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Other changes include diminished concentrations of Bifidobacterium, Lactobacillus, Faecal-
ibacterium, and Ruminococcus, as well as higher levels of Proteobacteria, Bacteroides, and
Prevotella [104]. Some studies have reported an increase in Flavonifractor and a depletion of
Coprococcus and Dialister in depressive patients, while other studies identify associations
between Faecalibacterium, Alistipes, Ruminococcus, and MDD [105]. Across recent reviews, a
consistent finding is the overrepresentation of pro-inflammatory bacterial species, such as
Actinobacteria and Enterobacteriaceae, and a decrease in protective taxa like Faecalibacterium
and Firmicutes [79,80]. This microbial profile is further influenced by environmental factors,
including diet [106], geographic location [107], genetic predisposition [108], and age [109].

Dopamine, a key neurotransmitter involved in reward pathways, is synthesized by gut
bacteria and serves as a precursor for catecholamines like epinephrine and norepinephrine,
which regulate arousal, cognition, and memory [84]. The dysregulation of these neurotrans-
mitters has been observed in both unipolar and bipolar depression, with elevated nore-
pinephrine levels detected in the plasma and urine of affected individuals [110]. Dopamine
plays a critical role in depression pathogenesis. Studies demonstrate that dopamine an-
tagonists worsen depressive symptoms, while dopamine agonists produce antidepressant
effects [111]. Dopamine reuptake inhibitors, such as bupropion and venlafaxine, lever-
age this mechanism to alleviate depressive symptoms [112]. Additionally, elevated levels
of homovanillic acid, a dopamine metabolite, have been identified in the mesolimbic
and mesostriatal regions of MDD patients treated with transcranial magnetic stimulation
(TMS) [113]. The dopaminergic system is closely tied to the microbiome, as demonstrated
by its regulation through the HPA axis [114], immune system [115], and vagus nerve [116].
Notably, vagus nerve stimulation increases dopamine levels in the brain [117]. Elevated
dopamine and norepinephrine levels promote the growth of pathogenic bacteria, such
as Escherichia coli O157:H7 (EHEC), enhancing virulence factors like motility and biofilm
formation [118]. Similar effects have been observed for Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Staphylococcus aureus in vitro. Conversely, the gut microbiome regulates
catecholamine synthesis, influencing the growth of bacteria such as Serratia, Morganella,
Klebsiella, Escherichia, and Lactobacillus, which produce dopamine [119].

Recent studies in murine models demonstrate that the antibiotic-induced depletion of
gut bacteria increases levels of dopamine precursors, such as levodopa and homovanillic
acid (HVA), in the prefrontal cortex. Simultaneously, reductions in HVA are observed in
the hippocampus and in the HVA /dopamine ratio in the amygdala and striatum [120].
Other research highlights the beneficial role of commensal bacteria in modulating the
dopaminergic system. For instance, the administration of Lacticaseibacillus paracasei PS23
reduced levels of dopamine metabolites (e.g., DOPAC and HVA) in the hippocampus of
stress-exposed mice without altering dopamine levels [121-123].

Similar to dopamine, 5-HT is significantly influenced by gut microbiota. Over 90% of
the body’s serotonin is synthesized in the gut, with production attributed to bacteria such
as Candida, Escherichia, Streptococcus, Enterococcus, Klebsiella pneumoniae, Lactiplantibacillus
plantarum, and Morganella morganii [124]. Microbial serotonin production is regulated by
butyrate, a short-chain fatty acid that stimulates enterochromaffin cells to produce and
release serotonin [124].

5. Therapeutic Approaches

The gut microbiota plays a crucial role in maintaining overall health, influencing
various physiological processes, including digestion, immune function, and even mental
health. Recent advances in therapeutic approaches have focused on harnessing the potential
of the gut microbiota to treat a range of conditions. The integration of diet and prebiotics,
psychobiotics, fecal microbiota transplantation, and frontiers of innovation represents
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a comprehensive strategy for addressing gut-related health issues. By combining these
approaches, researchers aim to restore and maintain a healthy microbial balance, ultimately
improving both physical and mental health outcomes.

5.1. Diet and Prebiotics

A growing body of evidence highlights diet as a powerful modulator of gut microbiota
composition, with significant implications for mental health, particularly mood disor-
ders such as depression [125]. By promoting beneficial gut bacteria and their associated
metabolites, dietary interventions have the potential to enhance mental well-being (Table 3).

Table 3. Gut microbiota alterations and their links to mood disorders via dietary and

prebiotic interventions.

. Main Effect on Gut .
Therapeutic Approach Microbiota Type of Article Author (Year)

. ' Promotes gut microbial diversity and increases Review R;%Zgole;gﬂ"
Dletary MOdUlathﬂ_ beneficial bacteria, such as those producing SCFAs. [126]
(e.g., Mediterranean Diet) Reduces inflammation and improves brain Systematic Swainson et al.,

function. Associated with better mental outcome. review 2023 [127]

Increases Lachnospiraceae and Bifidobacterium
Flavonoid-Rich Foods abundance, correlated with serum BDNF levels; Randomized Park et al.,
(e.g., Orange Juice) reduced Clostridium, potentially improving Controlled Trial 2020 [128]

depressive symptoms.

Enhances beneficial bacteria (e.g., Bacteroides,

Prebiotic ;
Supplementation (e.g., Pambact.eroz'des), may support mental health Clinical study Thompson et al.,
indirectly by improving gut 2024 [129]
fructans, GOS) ) . L
microbiota composition.
24-week 4G-beta-D- Increases microbial diversity and Bifidobacterium . .
L. . . . Randomized Tarutani et al.,
Galactosylsucrose (LS) abundance. Limited direct improvement in .
. . Controlled Trial 2022 [130]
supplementation depressive symptoms.
8-week inulin No significant impact on gut microbiota Randomized Vaghef
. i . ) Mehrabani et al.,
supplementation composition or function. Controlled Trial 2023 [131]

Abbreviations: GOS—galactooligosaccharides; BDNF—brain-derived neurotrophic factor; SCFAs—short-chain
fatty acids.

WD have been linked to a loss of microbial diversity and gut dysfunction, while health-
ier dietary patterns, such as the Mediterranean diet, foster gut microbial diversity and ben-
eficial bacteria, which are associated with improved mental health outcomes. Polyphenol-
and fiber-rich foods, abundant in Mediterranean diets, enhance SCFA production, reducing
inflammation and improving brain function. These beneficial effects of diet on the gut-brain
axis suggest that whole-dietary approaches may provide effective strategies for preventing
and managing mood disorders through microbiota modulation [126,127]. A recent study
by Park et al. has explored the impact of flavonoid-rich orange juice consumption on the
gut microbiome and depressive symptoms in 40 young adults aged 20-30. The group con-
suming flavonoid-rich orange juice (FR) exhibited a significant increase in the abundance of
Lachnospiraceae and Bifidobacterium family compared to the group receiving an equicaloric
flavonoid-low orange cordial drink, along with a decrease in the relative abundance of
Clostridium. Notably, the abundance of Lachnospiraceae was positively correlated with serum
BDNEF levels. These findings suggest that flavonoid-rich orange juice can modulate the
gut microbiome by increasing the abundance of Lachnospiraceae and Bifidobacterium, which
may contribute to potential improvements in depression symptoms [128]. Nevertheless,
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clinical studies in this field are still limited. While animal models offer valuable insights,
their findings may not directly translate to humans due to variations in diet formulations
and intake levels, and underlying biology. Clinical research is further complicated by
individual variability (age, gender, genetics, and baseline microbiota), differences in gut
microbiome composition, and methodological limitations in dietary assessment and inter-
vention design. The lack of standardized protocols for dietary assessment further hinders
efforts to establish reliable and reproducible connections between diet, microbiota, and
mental well-being [23,126].

The current definition of “prebiotic” was established in 2017, when an expert panel
from the International Scientific Association for Probiotics and Prebiotics (ISAPP) revised
the previous definition to “a substrate that is selectively utilized by host microorganisms,
conferring a health benefit”, thereby expanding the potential range of compounds and their
effects [132,133]. Prebiotics are primarily composed of carbohydrates, with oligosacchaides
(OSCs) being the most common type. Fructans, like inulin and fructo-oligosaccharides,
promote the growth of Bifidobacteria, although the chain length of fructans plays a role in
determining which bacteria are affected [132,134]. Galacto-oligosaccharides (GOS), derived
from lactose, promote the growth of Bifidobacteria and Lactobacilli, with some types, like
lactulose-derived GOS, also considered prebiotics. Resistant starch (RS), a type of starch
that resists digestion in the upper gut, promotes the production of butyrate and supports
certain Firmicutes bacteria. Polydextrose, a glucose-derived oligosaccharide, along with pectic
oligosaccharides (POS) from pectin and non-carbohydrate compounds like cocoa-derived
flavanols, which stimulate lactic acid bacteria, are also regarded as potential prebiotics [132].
Both probiotics and prebiotics can positively impact the gut-brain axis, suggesting their ability
to interfere with mental health disorders. A recent systematic review by Ribera et al. [135]
included 42 studies (34 RCTs) examining the effects of prebiotics, probiotics, synbiotics, and
fermented foods on 2089 participants diagnosed with DSM/ICD mental disorders, such as
MD, schizophrenia, and BD. The review encompasses a large number of studies with diverse
methodologies and outcome measures, providing a broad perspective on the potential effects
of psychobiotics in psychiatric disorders.

While there is some evidence suggesting that these interventions may be helpful,
particularly for depression, more research is needed to draw definitive conclusions [135].
Thompson et al. demonstrated that a prebiotic diet enriched with GOS and polydex-
trose (PDX) consistently and robustly altered the gut microbiome across two research
sites. The prebiotic diet increased the abundance of beneficial bacteria like Bacteroides and
Parabacteroides, while reducing potentially harmful genera. Additionally, the diet altered
the profile of microbially modified bile acids, specifically decreasing deoxycholic acid.
These effects were consistent over time and between the two study sites, demonstrating
the potential of prebiotics to promote a health-supporting gut microbiome and improve
metabolic function [129].

Tarutani et al. [130] verified the effects of 4G-beta-D-Galactosylsucrose (LS), a pre-
biotic selectively utilized by Bifidobacterium in patients with depressive episodes. While
LS consumption did not significantly improve overall depression scores as measured by
the Montgomery—Asberg Depression Rating Scale (MADRS), it tended to improve global
self-efficacy (GSES) and quality of life (WHOQOL-BREF). Additionally, 165 rRNA gene
sequencing revealed increases in microbial diversity and the relative abundance of Bifi-
dobacterium in some participants. These findings suggest that LS may have potential as
an adjunctive therapy for depression, particularly in combination with medications and
psychotherapy [130]. Conversely, the clinical study by Vaghef-Mehrabani et al. [131] does
not align with previous findings. The 8-week prebiotic inulin supplementation in women
with obesity and depression shows no significant impact on weight, depression scores,
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gut permeability, or inflammation biomarkers compared to the placebo group. The lack of
statistically significant results could be due to several factors. First of all, the dosage of the
prebiotic and the duration of the treatment may not have been adequate. The absence of
gut microbiome profiling at the beginning of the study may have contributed to a lack of in-
formation necessary for a more targeted intervention. Additionally, the patients have mild
to moderate depressive symptoms, and the baseline levels of inflammatory biomarkers
are not far outside the normal range, limiting the potential for significant improvements.
Although not statistically significant, the results suggest that inulin may enhance satiety
and reduce energy intake, potentially supporting long-term weight management and psy-
chological well-being. Further research is required to determine the optimal type, dosage,
and duration of prebiotic supplementation for individuals with coexisting depression
and obesity.

5.2. Psychobiotics

Probiotics, defined by ISAPP in 2013 as “live microorganisms that, when administered
in adequate amounts, confer a health benefit on the host” [136], have long been recognized
for their role in enhancing gut health and modulating the immune system [137-139]. The
term probiotic comes from the Latin pro and the Greek B;o0, literally meaning “for life”,
and the modern concept traces back to Metchnikoft’s early 20th-century observations
linking fermented dairy products such as yogurt to improved longevity [140,141]. Recently,
the scope of probiotics has expanded with the emergence of psychobiotics—a novel class
of probiotics specifically targeting mental health by influencing the gut-brain axis [141].
Psychobiotics impact neurological function through various pathways, including the mod-
ulation of microbial composition, the regulation of neurotransmitters, the activation of the
immune system and the production of specific microbial metabolites. These microorgan-
isms normalize pro-inflammatory cytokine levels, increase anti-inflammatory cytokines like
IL-10, and contribute to immune homeostasis and reduced HPA axis activation [137,142].
The stress-related activation of corticotrophin-releasing hormone (CRF) receptors disrupts
gut function, leading to symptoms such as increased gut permeability and altered motility.
Psychobiotics mitigate these effects by modulating CRF pathways, as seen in experimental
models [142,143]. Additionally, SCFAs derived from psychobiotics, such as acetate, bu-
tyrate, and propionate, not only sustain gut health, but also stimulate hormone release and
modulate nervous system activity.

Furthermore, psychobiotics promote the synthesis of neurotransmitters through bac-
terial metabolism. Specific genera, such as Bifidobacterium, stimulate GABA production,
while Bacillus facilitates dopamine and noradrenaline synthesis. Lactobacilli are involved
in GABA and acetylcholine production, while Escherichia stimulates serotonin and nora-
drenaline release. This broad spectrum of neurotransmitter regulation underscores the po-
tential use of psychobiotics in addressing mood disorders like anxiety and depression [142].
Together, these mechanisms highlight the potential of psychobiotics as innovative tools
for managing mental health disorders, particularly mood disorders, supporting their inte-
gration into therapeutic strategies targeting the gut-brain axis. Recent clinical trials and
meta-analyses exploring the effects of probiotics on mood disorders, particularly depression
and cognition, have yielded varied but promising results (Table 4).
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Table 4. Recent clinical trials and meta-analyses investigating the effects of psychobiotics in

mood disorders.

. Duration Probiotic
Author (Year) Study Design Study Sample (Weeks) Characteristics Results
1349
Participants (1147 healthy No significant impact on mood overall,
Xiang Ne et al individuals; 40 MDD; 44 with IBS Various probiotic strains but significant benefit for mild to
(201g8) [gl 44] i Meta-analysis and mild to moderate anxiety - d N pn d duration: ’ moderate depression (SMD = —0.684,
and/or depression; 39 with CFS; 0ses, a urations p=0.029). Adjunctive
79 with at least moderate scores on therapy potential.
self-report mood measures)
Significant reductions in depressive
i . symptoms (HDRS-24 p = 0.036;
Tian et al. Placebo-controlled, . Bifidobacteriurm breve MADRS p = 0.037), changes in
) : 45 MDD patients 4 CCFM1025 . .
(2022) [145] double-blind RCT 10 - tryptophan metabolism and serotonin
(10" CFU daily) . .
turnover; mild changes in gut
microbial composition.
Multi-strain probiotic . .
Schneider et al Placebo-controlled (900 billion CFU daily, I;relg:(ézZdhlimrr;‘zgztearﬁaccatlilvz?ic\)lx% 1:14(3 '
: . ! 60 MDD patients 4 including Bifidobacterium R pp P 4
(2022) [146] double-blind RCT . significant changes in BDNF levels or
spp., Lactobacillus spp., 2
. other cognitive measures.
S. thermophilus)
Multi-strain probiotic Stabilized uncinate fasciculus
e Pr diffusivity, improved resting-state
Yamanbaevaetal.  Placebo-controlled, 32 MDD patient 4 (e.g., Bifidobacterium spp., nnectivity, reduced hi moal
(2022) [147] double-blind RCT patients Lactobacillus spp., connectivity, reduced fippocampa
B activation, cognitive and
S. thermophilus) . :
emotional improvements.
Improved specific constipation
Zhang et al. Placebo-controlled, 82 depressed patients 9 Lactzcus'mbsalcl%llus P {ragasez s}}: mptoms,dbenedfllcﬁaé gll\l]t m1cr9?10ta
(2022) [148] double-blind RCT with constipation strain Shirota (LcS, changes, reduced L-5. INO Signt icant
10"8 CFU/mL) differences in depressive
symptoms vs. placebo.
Randomized, 77 healthy adults, with Levilactobacillus brevis Reduced rumination (LEIDS-r), no
Casertano’et al. double-blind, mild/moderate stress score in the 12 ,P300.21’ ) significant effects on cggmhve
(2024) [149] placebo-controlled, DASS-42 questionnaire Lactiplantibacillus performance (DASS-42), increased
cross-over study ! plantarum P30025 probiotic genera abundance.
Multi-strain probiotic Reduced cognitive reactivity, shifted
Chahwan et al. Placebo-controlled, 71 depressed patients 3 (e.g., Bifidobacterium spp., participants from clinical to no
(2019) [150] triple-blind, RCT. Lactobacillus spp., depression diagnosis, no significant gut
Lactococcus lactis) microbiota changes.
. P Improved cognitive function,
Rudzki et al Placebo-controlled L;Jllczlt;l’;;arrllti;b;ggzs decreased kynurenine levels, increased
(2024) [151] double-blind RCT 79 MDD patients on SSRI 8 (10 x 10° CFU the 3-HK/KA ratio. Cognitive
performance and mood
per capsule) L
regulation improvements.
Multi-strain probiotic Improved attention, psychomotor
Reininghaus etal. Pilot study 20 euthymic BD patients 12 (g, Bgﬁdochterzum PP~ speed, and executive function.
(2018) [100] Lactobacillus spp., L e .
] Highlights cognitive benefits for BD.
Lactococcus lactis)
Double-blind Multi-strain probiotic Borderline improvement in verbal
Borkent et al. 1 Ogl _e ot 1l d BD and SSD patient 12 (e.g., Bifidobacterium spp., memory, positive effects on intestinal
(2024) [152] place OREZOT rotie an patients Lactobacillus spp., permeability, inflammation markers

Lactococcus lactis)

reduced (zonulin, alpha-1 antitrypsin).

Abbreviations: 3-HK/KA, 3-hydroxykynurenine:kynurenine; BD, bipolar disorder; BDNF, brain-derived neu-
rotrophic factor; CFS, chronic fatigue syndrome; CFU, colony forming unit; DASS-42, Depression Anxiety and
Stress Scale (-42); HDRS, Hamilton Depression Rating Scale; MADRS, Montgomery—Asberg Depression Rating
Scale; LEIDS-1, Leiden Index of Depression Sensitivity-Revised; MDD, major depressive disorder; RCT, random-
ized controlled trial; SMD, standardized mean difference; SSD, schizophrenia spectrum disorder; VLMT, Verbal
Learning Memory Test.

A 2018 meta-analysis by Xiang Ng et al. [144] reviewed 10 randomized controlled
trials (RCTs) involving 1349 participants to examine the impact of probiotics on mood and
depressive symptoms. While probiotics did not show a significant overall effect on mood
(SMD = —0.128, p = 0.059), subgroup analysis revealed a notable benefit for individuals
with mild to moderate depression (SMD = —0.684, p = 0.029). Studies are often heteroge-
neous in terms of population and study design. In fact, only a few of the included trials
specifically recruited patients with clinically diagnosed MDD. Furthermore, depression
can manifest in different subtypes, each with distinct clinical symptoms and behavioral
patterns. For instance, the atypical depressive subtype may present with increased ap-
petite and weight gain, rather than the typical loss of appetite, potentially resulting in a
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different gut microbiota composition. This highlights the need for tailored interventions
based on individual symptom profiles. Additionally, the use of multi-strain probiotic
formulations complicates the identification of the specific strain responsible for clinical
benefits. Since not all strains exert the same effects across individuals, the combinations
may increase the likelihood of achieving a general therapeutic effect. While Bifidobacterium
breve shows promising results on depressive symptoms [145], Lactobacillus spp. have an
effect on cognitive function [100,151]. It is important to consider variable factors such as
probiotic strains, dosages, and treatment durations, suggesting further research focusing
on clinically diagnosed MDD patients. Probiotics may be useful as an adjunctive ther-
apy, particularly for individuals with mild to moderate depressive symptoms, but should
not replace traditional antidepressants [144]. In support of this, several other trials have
demonstrated the antidepressant-like potential of specific probiotic strains [145,149]. For
example, Tian et al. [145] highlighted how Bifidobacterium breve CCFM1025 significantly
improve depressive symptoms in MDD patients. In that randomized clinical trial, 45 MDD
patients were randomly assigned to receive either maltodextrin or 10! CFU of freeze-dried
CCFM1025 daily for four weeks. The CCFM1025 group experienced significant reduc-
tions in depressive symptoms, as measured by the HDRS-24 and MADRS, compared to
the placebo group. Additionally, the probiotic reduced serum serotonin turnover and
influenced gut microbiome composition, with changes in tryptophan metabolism linked
to improvements in both emotional and gastrointestinal symptoms. These findings sug-
gest that Bifidobacterium breve CCFM1025 may be a promising psychobiotic for treating
depression and related gastrointestinal disorders [145].

Casertano et al. [149] investigated the effects of a probiotic formulation containing
Levilactobacillus brevis P30021 and Lactiplantibacillus plantarum P30025 on stress, cognitive
performance, and mood. While the probiotic did not significantly affect cognitive per-
formance or overall depressive symptoms as measured by the Depression Anxiety Stress
Scale (DASS-42), it notably reduced rumination, a key symptom of depression, as assessed
by the Leiden Index of Depression Sensitivity-Revised (LEIDS-r). Additionally, the probi-
otic group showed significant increases in the abundance of L. plantarum (p = 0.009) and
L. brevis (p = 0.004) compared to the placebo group. These findings suggest that this probi-
otic formulation may have the potential to alleviate negative mood, particularly rumination,
and may be a useful adjunct therapy for individuals with depression [149].

On the other hand, Zhang et al. [148] conducted a study to examine the effects of
Lacticaseibacillus paracasei strain Shirota (LcS) on constipation in patients with depression.
While the LcS group showed greater improvement in specific constipation symptoms,
there were no significant differences in overall constipation scores or depressive symptoms
compared to the placebo group. However, the LcS intervention led to changes in gut
microbiome composition, increasing beneficial bacteria such as Adlercreutzia, Megasphaera,
and Veillonella, while reducing bacteria linked to mental illness, along with reduced levels
of the inflammatory marker IL-6 (p < 0.05). These results suggest that while LcS may not
directly impact depressive symptoms, it may influence gut health and inflammation, which
are linked to mental health [148]. In terms of brain function, other studies have examined
how probiotics affect neural connectivity [146,150,153].

Also, Chahwan et al.’s study [150] demonstrated that probiotics could reduce cognitive
reactivity in depressed patients. Improvements in emotional regulation and cognitive
function were observed in those with mild to moderate depression who achieved remission
in depressive symptoms. The participants in the probiotic group received two sachets each
day containing 2 g of Bifidobacterium bifidum W23, Bifidobacterium lactis W51, Bifidobacterium
lactis W52, Lactobacillus acidophilus W37, Levilactobacillus brevis W63, Lacticaseibacillus casei
W56, Ligilactobacillus salivarius W24, Lactococcus lactis W19, and Lactococcus lactis W58 for
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eight weeks, showing increased positive effects on depressive symptoms, moving patients
from clinical depression to no diagnosis. Notably, probiotics significantly reduced cognitive
reactivity, particularly in participants with mild /moderate depression (p = 0.01), despite
not significantly altering overall gut microbiota composition. However, there was a finding
that Ruminococcus gnavus bacteria levels were linked to depression scores [150].

Rudzki et al. (2019) [151] found that the probiotic Lactiplantibacillus plantarum 299
v, when combined with SSRI treatment, led to cognitive improvements and a reduction
in kynurenine concentrations in patients with MDD. This suggests that probiotics could
potentially aid in both cognitive function and mood regulation in depression. Also, in
Schneider et al.’s [146] study, high-dose multi-strain probiotic supplements showed interest-
ing results on cognitive function during a working memory task. The probiotic formulation
contained eight strains: Streptococcus thermophilus, Bifidobacterium breve, B. lactis, L. aci-
dophilus, L. plantarum, L. paracasei, L. delbrueckii (reclassified as L. helveticus), and Lactococcus
lactis. The probiotic group showed significant improvements in immediate recall on the
Verbal Learning Memory Test (VLMT) compared to the placebo group (p = 0.037), sug-
gesting potential improvements in hippocampal function. While no significant differences
were observed in other cognitive measures or BDNF levels, these findings suggest that
high-dose probiotics could offer a promising therapeutic strategy for cognitive dysfunction
in depression, despite the study’s modest sample size and specific formulation [146].

Yamanbaeva et al. [147] further investigated this topic, examining the effects of
four-week probiotic supplementation on fronto-limbic brain structure, function, and perfu-
sion in patients with depression using a multimodal neuroimaging approach. The probiotic
group showed the stabilization of mean diffusivity (MD) in the right uncinate fasciculus
(UF), which correlated with improvements in depressive symptoms, while the placebo
group showed increased MD. Neuroimaging analysis also revealed changes in resting-state
functional connectivity (rsFC) between the amygdala and the superior parietal lobule,
with the probiotic group exhibiting enhanced connectivity, which was linked to cognitive
and emotional improvements. Additionally, the probiotic group demonstrated reduced
hippocampal activation during working memory tasks, suggesting potential improvements
in hippocampal function. While no significant changes in blood perfusion in the amygdala
were observed, these findings suggest that four weeks of probiotic supplementation may
influence neural mechanisms related to depression, particularly within the fronto-limbic
network, and could serve as a promising adjunctive therapy for improving cognitive and
emotional symptoms [147].

While the evidence for probiotics as a standalone treatment for depression remains in-
conclusive, several trials suggest that probiotics can improve depressive symptoms, cognitive
function, and gut health, particularly in individuals with mild to moderate depression. These
studies support the potential for probiotics as adjunctive therapies in managing depression
and associated cognitive impairments, though larger and longer-term studies are needed to
confirm these findings. Probiotics, particularly those influencing gut microbiome composition
and tryptophan metabolism, show promise in both alleviating depression and improving
cognitive outcomes. Research on probiotic supplementation in patients with BD remains
limited compared to unipolar depression, but emerging studies suggest potential benefits
for cognitive function and gut health, even though their impact on psychiatric symptoms
is less clear [100,152,154]. As observed in the pilot study by Reininghaus et al. [100], the
results showed significant improvement in cognitive performance, specifically in attention,
psychomotor processing speed, and executive functions, in 20 euthymic BD patients over
three months. This study highlights the potential role of probiotics in mitigating cognitive
dysfunction, a common and debilitating feature of BD. However, the study’s limitations,
including the lack of a control group and small sample size, necessitate larger and more
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rigorous trials. Subsequent research by Reininghaus et al. [154] and Borkent et al. [152] in 2024
further explored this topic by conducting double-blind, placebo-controlled trials, examining
the effects of probiotics on BD and schizophrenia spectrum disorder (SSD) patients. While
neither study observed notable improvements in overall psychiatric symptoms, both reported
a borderline significant improvement in verbal memory in participants receiving probiotics.
Furthermore, probiotics demonstrated positive effects on markers of intestinal permeability
and inflammation, notably reducing levels of zonulin and alpha-1 antitrypsin. Both studies
also noted the safety and tolerability of probiotics, with limited adverse events reported in
both treatment and placebo groups. Taken together, these findings suggest that probiotics may
serve as a valuable adjunctive therapy for BD, particularly for addressing cognitive domains
like verbal memory and improving gut health. Future research should explore the long-term
consequences of probiotic supplementation, including its wider mental health effects and the
biological mechanisms underlying these changes.

5.3. Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is an emerging therapeutic technique that
involves transferring stool from a healthy donor into the gastrointestinal tract of a recipient.
This procedure aims to restore a balanced and diverse gut microbiome [155,156]. In recent
years, FMT has gained significant attention primarily for its efficacy in treating Clostridioides
difficile infections (CDI), especially in cases refractory to conventional treatments. The
cure rate for recurrent or refractory CDI is remarkably high, approaching 90%, surpassing
the effectiveness of prolonged antimicrobial therapy [156]. By reintroducing beneficial
bacteria, FMT replenishes microbial diversity and counteracts dysbiosis, a state of microbial
imbalance in the gut. Beyond CDI, FMT is being explored as a potential therapeutic
intervention for a range of other conditions, including irritable bowel syndrome (IBS),
inflammatory bowel disease (IBD), and even neurological and psychiatric disorders such
as depression and autism spectrum disorder (ASD) [157].

Zhang et al. [158] reviewed the key mechanisms through which FMT alleviates de-
pression in preclinical studies by modulating the gut-brain axis. Studies highlight the role
of the Sigma-1 Receptor (Sig-1R), where fecal microbiota from Sig-1R knockout mice in-
duced depressive behaviors in healthy mice, demonstrating the gut microbiome’s influence
on depression via the cAMP/CREB/BDNF signaling pathway. Additionally, the NLRP3
inflammasome, a regulator of inflammation, has been linked to depression, and FMT from
NLRP3 knockout mice alleviated depression-like behaviors by modulating immune re-
sponses and improving astrocyte function. Furthermore, FMT has been shown to reduce
systemic inflammation and lower levels of cytokines like IL-1$3 and IL-18, supporting the
idea that altering gut microbiota composition can reduce neuroinflammation and improve
depressive symptoms [158]. These findings underscore the potential of FMT as a therapeu-
tic approach for depression, recognizing the bidirectional communication between the gut
microbiome and the brain. Recent preclinical studies have provided valuable insights into
how FMT may alleviate depression-like symptoms [159,160].

Cai et al. [160] found that FMT in rats subjected to chronic unpredictable mild stress
(CUMS) significantly improved depressive behaviors. These effects were linked to the
restoration of neurotransmitter balance in the hippocampus, particularly serotonin and
GABA, which are essential for regulating mood and anxiety. The microbiota composi-
tion in the CUMS+FMT group was more similar to that of the control group than to the
CUMS group, suggesting that FMT effectively restored a more balanced gut microbiome.
Specifically, FMT increased the abundance of beneficial bacteria such as Firmicutes and Bac-
teroidetes, which are known to play a crucial role in energy metabolism, immune regulation,
and gut-brain communication. The restoration of a healthy microbiome likely contributed
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to the improvement in both depressive behaviors and gastrointestinal dysfunction ob-
served in the rats [160]. In line with these findings, Rao et al. [159] examined the effects
of FMT in a rat model of stress-induced depression. The researchers reported that FMT
alleviated depression-like behaviors by restoring serotonin levels in the brain, particularly
in regions like the prefrontal cortex and hippocampus. Furthermore, FMT reduced glial
cell activation and inhibited neuroinflammatory pathways, such as the NLRP3 inflamma-
some, suggesting that FMT’s antidepressant effects may involve both neurochemical and
anti-inflammatory mechanisms.

Zheng et al. [161] explored the relationship between gut microbiome dysbiosis and
MDD. They found that transplanting fecal microbiota from depressed patients into germ-
free mice induced depression-like behaviors in the animals, further supporting the idea that
dysbiosis may play a direct role in the pathophysiology of depression. Behavioral tests were
conducted to evaluate anxiety-like behavior, memory performance, and depression-like
behavior in germ-free (GF) mice, devoid of gut microbiota, and specific pathogen-free
(SPF) mice. Metagenomic and metabolomic analyses were performed on mice samples
to examine the impacts of the gut microbiome on host metabolism. GF mice exhibited
decreased immobility time in the forced swimming test compared to SPF mice, suggesting a
potential link between gut microbiota and depression-like behavior. Most human studies on
FMT and mood disorders focus on gastrointestinal diseases like IBS, Crohn’s disease, and
ulcerative colitis. These studies explore FMT’s potential to restore gut microbiome balance
(eubiosis), aiming to improve both intestinal and psychological symptoms, recognizing the
strong connection between the gut and the brain [162].

For instance, Guo et al. (2021) [163] demonstrated that FMT improved both gas-
trointestinal and psychiatric symptoms in patients with IBS and comorbid anxiety and
depression. Their randomized controlled trial involved 18 patients diagnosed with IBS-D,
anxiety, and depression (using HAM-A and HAM-D assessments), who were randomly
assigned to either the FMT therapy group or the control group. The FMT group received
oral enteric capsules containing fecal microbiota transplantation, while the control group
received empty capsules. The FMT treatment was administered in three doses (one every
two days, with 30 capsules each time), and symptom assessments were conducted at 1, 8,
and 12 weeks after treatment. After receiving oral FMT through enteric capsules, patients
experienced significant improvements in IBS severity, anxiety, and depression. These were
associated with changes in gut microbiota composition, including an increase in beneficial
bacteria like Bacteroidetes and Firmicutes, which are believed to influence the gut-brain axis
and modulate mood [163] (Figure 2).

However, while preclinical findings are promising, clinical evidence remains lim-
ited, and more rigorous trials are needed to confirm FMT’s efficacy in treating mood
disorders, especially bipolar disorders. Current evidence is predominantly focused on de-
pression, anxiety, and ASD, leaving other psychiatric conditions unexplored. According to
Wang et al. (2022) [164], clinical observations and case studies suggest that FMT may
alleviate depressive symptoms, particularly in patients with comorbid gastrointestinal dis-
turbances such as IBS. Reports include improvements in mood, increased appetite, reduced
fatigue, and enhanced social engagement following FMT in individuals diagnosed with
MDD or BD. These findings support the hypothesis that restoring gut microbial balance
can beneficially modulate the microbiota—gut-brain axis, potentially influencing neuro-
transmitter production and systemic inflammation. Furthermore, in the context of autism,
the clinical data are particularly compelling. Over 100 cases of ASD treated with FMT
have been documented between 2011 and 2021. Notably, Kang et al. [165] demonstrated
that approximately 50% of children with ASD experienced marked improvements in both
gastrointestinal and behavioral symptoms following FMT, with some patients showing
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continued progress for up to two years post-treatment. More recent evidence further
strengthens this perspective. According to Kwak et al. (2023) [166], FMT has been shown
not only to alleviate core symptoms of ASD and associated gastrointestinal comorbidities,
but also to beneficially reshape the gut microbiota composition. Specifically, it increases
microbial diversity and enriches beneficial taxa such as Bifidobacteria and Prevotella, while
reducing potentially pathogenic species like Eubacterium coprostanoligenes. These microbial
shifts are believed to contribute to improved behavioral and gastrointestinal outcomes
in ASD through the modulation of the microbiota—gut-brain axis. Although the appli-
cation of FMT in attention-deficit/hyperactivity disorder (ADHD) remains in its early
stages, preliminary findings suggest therapeutic potential in this context as well. In this
study, symptomatic improvements were shown in an individual with ADHD following
FMT, which were associated with an increased abundance of Faecalibacterium prausnitzii—a
bacterium known for its anti-inflammatory properties. The authors propose that FMT
may exert neuroprotective effects through the modulation of key pathways involving
SCFAs, tryptophan metabolism, and the synthesis of neurotransmitters such as dopamine—
mechanisms that are critically involved in ADHD pathophysiology [166]. Although studies
show that FMT can modulate gut microbiota composition and improve mood-related
symptoms in animal models, there is insufficient evidence to support its widespread clin-
ical use. The challenges associated with standardizing FMT protocols, ensuring donor
safety, and understanding the long-term effects of such treatments remain key obstacles in
translating these findings to clinical practice [167]. The complexity of the microbiota-brain
interaction calls for further research into the optimal delivery methods, treatment duration,
and patient selection for FMT. In conclusion, while FMT holds substantial promise as a
novel treatment for depression and other psychiatric disorders, more clinical studies are
needed. The growing body of preclinical evidence, coupled with early-stage clinical trials,
indicates that FMT could provide a valuable adjunct therapy for patients with TRD.

Mood disorders

- Restores Gut-Brain Axis: Improves neurotransmitter
levels (serotonin, GABA), modulates Sigma-1 Receptor;

- Reduces Inflammation: Lowers cytokines
(IL-1B, IL-18) and inhibits NLRP3 inflammasome;

- Balances Gut Microbiota: Increases beneficial
bacteria (Firmicutes, Bacteroidetes);

\ W
Gut dysbiosis

NE

- Alleviates Symptoms: Reduces depression
and anxiety behaviors in animals and patients.

Figure 2. Effects of fecal microbiota transplantation on depression.
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5.4. New Strategies for Modulating the Gut Microbiota in Mental Health

The therapeutic potential of gut microbiota modulation for treating mood disorders is
a rapidly evolving field. Established approaches like prebiotics, probiotics, and FMT have
already shown promising results [142,144,157]. However, the future lies in exploring next-
generation strategies that target the underlying mechanisms of mood disorders with greater
precision. Emerging treatments hold promise for more targeted and personalized therapies.
These include postbiotics (beneficial metabolites produced by gut bacteria), specific micro-
bial metabolites (e.g., short-chain fatty acids, neurotransmitter precursors), bacteriophage
therapy, and vagus nerve stimulation [133,168]. However, challenges remain regarding
regulation, safety concerns, and production difficulties [167]. Overcoming these barriers
requires collaboration between scientists, industry, and regulatory bodies. Advanced tech-
nologies like gene editing and machine learning will be crucial in understanding how gut
bacteria influence the brain. Recent advances in machine learning present promising tools
for deciphering the intricate interplay between gut microbiota and mood disorders [169].
By analyzing metagenomic signatures, encompassing unique microbial gene fingerprints
with corresponding taxonomic and metabolic data, these methodologies can facilitate the
identification of robust biomarkers for targeted therapies. For example, predictive models
have demonstrated the potential to differentiate SSRI responders from non-responders
based on gut microbiota composition and metabolomic profiles, revealing, for instance,
the upregulation of acetate degradation and neurotransmitter synthesis pathways. This
supports the development of precision-based, microbiota-focused interventions. As these
models mature, they may also enable earlier diagnosis and personalized, staged treatment
planning [169,170]. Furthermore, investigations should explore the influences of individual
factors, such as age, sex, drug use, and lifestyle, on treatment outcomes [133,171]. Sex
hormones, including estrogen, progesterone, and androgens, which vary between sexes
and across physiological life stages (puberty, menstrual cycle, pregnancy, and menopause),
significantly modulate microbial composition and function [77]. Conversely, gut microbiota
can influence the reproductive endocrine system, potentially affecting processes such as
follicular development, insulin sensitivity, and inflammation. These bidirectional interac-
tions are particularly evident in polycystic ovary syndrome (PCOS), where gut dysbiosis
has been associated with hyperandrogenism, insulin resistance, and chronic low-grade
inflammation, all of which may contribute to mood and cognitive disturbances [172]. Con-
sistently, a recent case—control study revealed sex-specific gut microbiota alterations in
MDD and BD. Distinct microbial signatures were observed in female patients, including an
enrichment of Bacteroidaceae in MDD and Lachnospiraceae in BD [173]. These findings
underscore the importance of acknowledging sex-based microbial differences.

Increased funding and collaboration are essential to bring these new therapies to
patients. By combining scientific knowledge with clinical practice, we can develop safe
and effective treatments for mood disorders, offering new hope for those in need. Figure 3
summarizes topics illustrated so far, offering a glance at the limitations and future strategies
for a better understanding of the relationship between gut microbiota and mood disorders.
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Figure 3. Schematic representation of gut-brain axis, along with problems and future challenges
linking gut microbiota to mood disorders.

6. Conclusions, Limitations and Future Directions

This review highlights the close relationship between gut microbiota and mental
health, emphasizing the gut-brain axis as a key mediator in mood regulation. Dysbiosis, or
microbial imbalance, is strongly associated with mood disorders. Thus, restoring microbial
homeostasis through microbiota-targeted therapies has the potential to alleviate psychi-
atric symptoms, as suggested by evidence from preclinical and clinical studies. Probiotic
formulations, particularly those containing Bifidobacterium and Lactobacillus species, have
shown promise in modulating the gut-brain axis and reducing inflammation. Similarly,
prebiotics that stimulate the growth of beneficial bacteria appear promising for improv-
ing mental health outcomes. Other interventions, such as dietary changes and FMT, are
also gaining attention for their therapeutic potential. Despite some encouraging findings,
significant limitations persist. Current research often relies on small sample sizes, and het-
erogeneity in study designs—such as variations in probiotic strains, dosages, and treatment
durations—complicates the interpretation of results. Furthermore, translating discoveries
from experimental models to human populations presents challenges, particularly due to
environmental influences and inter-individual variability. Given the uniqueness of the gut
microbiome, personalized interventions tailored to individual microbial compositions, ge-
netic profiles, and lifestyle factors should be developed. Advances in microbiome sequenc-
ing and artificial intelligence could support these efforts. Understanding the pathways
linking specific microbial taxa and their metabolites to neural and behavioral outcomes is
crucial. Research should focus on how microbial metabolites, such as short-chain fatty acids
and tryptophan derivatives, influence neurotransmitter systems and neuroinflammatory
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processes. To ensure reproducibility, standardized protocols for probiotic and prebiotic
supplementation must be established. Combining microbiota-targeted approaches with
established treatments, such as pharmacotherapy and psychotherapy, could enhance thera-
peutic outcomes. For example, probiotics could serve as adjunctive therapies to improve
the efficacy of antidepressants or mitigate their side effects. Dietary interventions, includ-
ing the Mediterranean diet, as well as exercise and stress reduction strategies, should be
integrated into holistic treatment plans. Since the gut microbiota develops early in life
and is influenced by factors such as delivery mode, breastfeeding, and antibiotic exposure,
research into early interventions, including maternal supplementation during pregnancy,
could help mitigate the risk of psychiatric disorders later in life.

Unlocking the therapeutic potential of the gut-brain axis requires multidisciplinary
approach involving microbiology, nutrition, bioinformatics, and psychiatry. By integrating
microbiota-targeted strategies into mental health care, this emerging field has the potential
to revolutionize the management of mood disorders.
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