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Abstract: Probiotics are currently the subject of intensive research pursuits and also represent a
multi-billion-dollar global industry given their vast potential to improve human health. In addition,
mental health represents a key domain of healthcare, which currently has limited, adverse-effect
prone treatment options, and probiotics may hold the potential to be a novel, customizable treatment
for depression. Clinical depression is a common, potentially debilitating condition that may be
amenable to a precision psychiatry-based approach utilizing probiotics. Although our understanding
has not yet reached a sufficient level, this could be a therapeutic approach that can be tailored for
specific individuals with their own unique set of characteristics and health issues. Scientifically,
the use of probiotics as a treatment for depression has a valid basis rooted in the microbiota-gut-
brain axis (MGBA) mechanisms, which play a role in the pathophysiology of depression. In theory,
probiotics appear to be ideal as adjunct therapeutics for major depressive disorder (MDD) and as
stand-alone therapeutics for mild MDD and may potentially revolutionize the treatment of depressive
disorders. Although there is a wide range of probiotics and an almost limitless range of therapeutic
combinations, this review aims to narrow the focus to the most widely commercialized and studied
strains, namely Lactobacillus and Bifidobacterium, and to bring together the arguments for their usage
in patients with major depressive disorder (MDD). Clinicians, scientists, and industrialists are critical
stakeholders in exploring this groundbreaking concept.
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1. Introduction

Probiotics were first defined by Elie Metchnikoff, a Nobel laureate in the early 1900s,
and over time leading up to the present, the field of probiotic research has expanded
tremendously, with a range of work supporting their vast and far-reaching health bene-
fits. The perception of probiotics has also changed from being viewed as an overhyped
remedy a century ago to its acceptance as an over-the-counter supplement, dietary prod-
uct, and therapeutic drug today. In terms of therapeutics, the current research efforts are
moving towards identifying strain-specific and disease-specific probiotics to optimize pro-
biotics therapeutic potential [1–6]. The promising outcomes of probiotic intervention have
been, by and large, ascertained in pre-clinical models. Probiotics’ potentially therapeutic
roles have been explored in various medical domains, including psychiatric, gastroin-
testinal, cardio-metabolic, dermatological, neurological, gynecological, and oncological
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domains [2,4,5]. The potential of probiotics to produce desired health outcomes amid the
highly heterogeneous human gut microbiome and possible epigenetic interference is proba-
bly the most intriguing aspect of any probiotic intervention in the human population [7].

Probiotic use as a potential therapeutic modality in psychiatry has been gradually
advancing since the early 2000s [8]. Understanding the bidirectional interaction between
the human brain and the gut microbiota within the microbiota-gut-brain axis (MGBA)
has paved the way to apprehend the potentially beneficial role of probiotics in the elu-
sive and relatively poorly understood field of mental health [1–3,9]. Nevertheless, some
critical historical precursors to this scientific niche can be traced back to the 19th cen-
tury. The foremost hypothetical correlation between the gut and systemic health was
postulated by a French physician, Charles Bouchard (1837–1915), through his theory of
autointoxication. This theory was founded on the belief that the retention of intestinal
waste is poisonous to the body and ascribed countless ailments, most notably in the mental
realm, to the ‘curse’ of constipation, thus vaguely establishing the connection between
the gut and the mental faculty [9,10]. Emmanuel Régis, Antónoio Mario de Bettencourt
Rodrigues, and François-André Chevalier-Lavaure were among the conceptual precursors
who acknowledged the possible role of intestinal microbiota in mental health concerning
autointoxication. Rodrigues’s publication linking depression and melancholia to gastroin-
testinal autointoxication blazed a trail for exploring intestinal microbiota with regard to
the mental realm [9,11,12]. These theoretical rudiments of intestinal microbiota remained
scientifically unfounded until 1907, when the ingenious and avid experimenter Metch-
nikoff emerged as the pioneering advocate of probiotics. He attributed the rural Bulgarians’
enhanced longevity and delayed senility to their regular consumption of lactic acid bacteria
in fermented dairy products. Metchnikoff’s discovery spurred the widespread commercial-
ization of Lactobacillus formulations as the panacea for physical and mental ailments. His
landmark notion of ‘fighting microbes with microbes’ in 1912 aggrandized L. bulgaricus as
the sovereign clinical remedy, replacing the radical treatment of colectomies and enemas.
Subsequently, L. acidophilus, an indigenous gut microbe, emerged as a better alternative
to Metchnikoff’s Bulgaricus and dominated the market as a treatment for autointoxication
sequelae during the early decades of the 20th century. Melancholy, malaise, insomnia,
diminished interest, and neuroses were some characteristics of depressive disorder deemed
curable with ingesting Lactobacillus formulations [1,13].

Depression is among the neuropsychiatric disorders that have been extensively studied
in relation to probiotics. It is one of the most common psychiatric disorders, affecting
approximately 322 million people worldwide [13]. Recognizing depression as a global
health concern, especially with the recent spike in its overall prevalence following the
COVID-19 pandemic spell, probiotics offer a ray of hope to tackle this debilitating and
potentially fatal disorder [2]. The first publication evaluating the possible beneficial role
of probiotics in depression appeared in 2005 [8]. Probiotics have been demonstrated
to possess comparable effectiveness to antidepressants. Additionally, probiotics have
favorable side-effect profiles and no associated stigma barriers [2,14–16]. The beneficial
effects of probiotics on depression have been well substantiated in recent systematic reviews
and meta-analyses [17–23]. Most of the existing reviews have postulated the anti-depressive
effects of probiotics based on the intertwined MGBA mechanisms in the pathophysiological
occurrence of depression [2,20,24–27]. Lactobacillus spp. and Bifidobacterium spp. are the
most widely studied probiotics in depression [26,28]. The dynamicity and efficacy of
probiotics evoke the question of whether probiotics could be an ideal medicament that
befits the emerging medical model of precision psychiatry [29–31].

Precision psychiatry is a branch of precision medicine. President Obama launched
the “Precision Medicine Initiative” in 2015 to foster an integrated clinical approach that
considers individual variability in disease prevention, diagnosis, and treatment strategies
by utilizing advances in science and technology to tailor personalized medical care [29,32].
Since then, the field of medicine has seen a plethora of powerful advancements in diagnostic
and therapeutic methods, from the development of large-volume biologic databases to the
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incorporation of machine learning that leverages multi-modal algorithms in disease and
outcome prediction [33,34]. Precision medicine, however, is not entirely an alien concept
and has always been an integral part of clinical practice. Archibald Garrod is regarded
as the father of precision medicine. His remarkable work, published in 1902, highlighted
the chemical variations in individuals and the clinicians’ role in providing personalized
care [35]. Personalized care is the ultimate goal of precision medicine. However, there are
limitations in consolidating the existing ocean of knowledge owing to the discrepancies
between various clinical specialties and significant translational gaps [32,35]. Unlike other
branches of medicine, the term “precision” has a different meaning in the psychiatric
domain, considering the complexity and challenges associated with the clinical approach
to psychiatric disorders. Diagnosing psychiatric disorders largely depends on clinical
expertise and lacks diagnostic laboratory and imaging assessments. Hence, the core
application of the precision psychiatry model is often advocated by considering the possible
underlying neurobiological mechanisms and environmental and lifestyle influences in the
development of a psychiatric disorder for treatment optimization [32,35–39]. The microbial-
based approach unfolds a new horizon in the therapeutic landscape and management
of psychiatric disorders by accommodating the precision psychiatry concept through
the personalization of probiotics, which has been recommended in several studies [6,40].
The integration of the conceptual components of precision psychiatry-neurobiological
underpinnings, genetic, environmental, and lifestyle variabilities—and the exploration
of potential microbial-based assessments to demonstrate the potential of probiotics in
depression—is a consolidated attempt to embrace this revolutionary model of psychiatric
care and to mitigate the existing translational gap. Although we are only at the tip of the
iceberg, the work that has been done towards evaluating probiotics’ clinical applicability in
alignment with the contemporary healthcare model echoes the timely need to recognize this
promising therapeutic targeting a global concern, depression [35,41–45]. Therefore, in this
review, we are attempting an evolutionary approach to deduce a conceptual framework of
probiotics befitting the precision psychiatry model of healthcare by paying particular heed
to the anti-depressive potential of the most widely studied and commercialized Lactobacillus
and Bifidobacterium probiotics, coupled with relevant examinations of the MGBA.

2. Rudiments of Probiotics: Human Gut Microbiota and Gut Dysbiosis

Probiotics are essentially microbes, commonly bacteria, with either human or non-
human origins [46–48]. Although probiotics have been in use for ages, the term ‘probiotics’
appeared only in 1953, courtesy of German scientist Werner Kollath. A consensus defining
probiotics as ‘live microorganisms that, when administered in adequate amounts, confer
a health benefit on the host’ was established in 2013 by an expert panel convened by the
International Scientific Association for Probiotics and Prebiotics (ISAPP) [1,2,9,49,50]. To
explore the potential of probiotics in human health, it is essential to have a background
understanding of the human microbiota. The term human microbiota collectively refers
to all the microorganisms living in and on the human body as symbionts, including
bacteria, archaea, viruses, fungi, and protists. However, this term is conventionally used
to refer to bacteria due to its large order of magnitude compared to other microbiota in
the human body [51]. The widely quoted fact that the microbiota outnumbers human
cells at a ratio of 10:1 has been recently revised and updated to an estimated ratio of
1.3:1 with 3.8 × 1013 bacteria and 3.0 × 1013 human cells [52,53]. The colon is the largest
reservoir of bacteria; hence, it is taken as the sole numerical contributor to the overall
microbial population estimates in the human body. Although microbiota exist in a ratio
equivalent to that of human cells, they make up only 0.3% of the total body mass due to
their tiny volume [52,54,55]. Nevertheless, the role of microbiota in human physiology and
pathophysiology is immense and indisputable, to the extent that a portion of the scientific
community has acknowledged the gut microbiota as an organ in its own right [56–61].

Microbiota are first introduced in the human gut at birth through vertical transmission,
although there are debatable claims that this could occur in utero. Mode of delivery, diet,
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and antibiotic exposure are crucial determinants of the pioneer colonizers of the infant’s
gut [62]. The human gut is home to six main phyla of microbiota: Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia, with Firmicutes and Bac-
teroidetes accounting for more than 90% of the gut microbiota. There are approximately
1000 bacterial species and over 7000 strains in the gut. Lactobacillus and Bifidobacterium are
among the human gut’s dominant natural residents, particularly in the early years of life;
they belong to the phyla Firmicutes and Actinobacteria, respectively. Beneficial Lactobacillus
spp. and Bifidobacterium spp. are abundant in the early fecal samples of vaginal birth infants,
with the latter strongly associated with breastfed infants [5,63–68]. At the same time, early
colonization is critical in shaping an individual’s gut microbiota composition and health
outcome. However, the sustainability of the baseline microbial pattern becomes a matter of
concern owing to the possibly harmful interference of various internal and external stimuli
at any given stage of life [64,68,69]. An untoward perturbation of the baseline gut microbial
composition favors the pathogenic activity of the indigenous symbionts of the gut, hence
giving rise to pathobionts that may, in turn, adversely affect the host’s physiology [70–75].

Microbiota possess a dynamic yet complex relationship with the human host, directly
or indirectly via their by-products. These symbionts of the human host may interact as com-
mensals, opportunistic pathobionts, or beneficial probiotics. Bidirectional communication
between the gut and the brain is mediated by the gut microbiota, which involves the central
nervous system, autonomic nervous system, and enteric nervous system within the MGBA.
This gut microbiota-mediated pathway influences neurobehavioral outcomes through neu-
ronal, endocrinal, and immunological mechanisms [76–78]. Microbiota co-evolve across an
individual’s life span through a dynamic interplay with internal and external determinants.
This interplay has also been regarded as an epigenetic mechanism incorporating a large
body of internal and external factors that can exert a reversible change in the genetic expres-
sion without altering the actual deoxyribonucleic acid (DNA) sequence. The gut microbiota
is the primary embodiment of communication within the gut-brain loop. [2,18,79,80]. Gut
dysbiosis is a general term to refer to the significant adverse alteration in an individual’s
gut microbial composition, negatively affecting the host’s health [78]. Ultimately, restoring
gut dysbiosis specific to the associated health condition is the principal therapeutic goal of
microbial-based applications.

In the context of depression, gut dysbiosis in human subjects with depression has
been scientifically verified. The possibility of microbial dysbiosis as a possible cause of de-
pressive disorder, however, remains a puzzle not yet fully understood. Nevertheless, more
recent findings have substantiated the causative role of gut microbes in depression [81,82].
One of the current large-scale, population-based cohort studies explored the genome-wide
association of the gut microbiome with depression in 2593 Europeans who were free of
antidepressant use at the time of study in an attempt to establish the causal role of the
gut microbiome in depression. Twelve genera: Subdoligranulum, Coprococcus, Sellimonas,
Ruminococcaceae (UCG002, UCG003, and UCG005), LachnospiraceaeUCG001, Eubacterium
ventriosum, and one family: Ruminococcaceae were negatively associated with depressive
symptoms, while Lachnoclostridium, Hungatella, Eggerthella, and Ruminococcusgauvreaui-
igroup were positively related to depressive symptoms. Alpha diversity was negatively
associated with depression. Following the Mendelian randomization analysis, Eggerthella
was causally associated with MDD. All 13 taxa significantly associated with depression
are involved in synthesizing various neurotransmitters, which are vital in depressive dis-
orders [83]. Generally, the gist of gut dysbiosis findings in depressed human subjects as
opposed to their healthy counterparts includes a lack of microbial diversity and an inversely
proportional abundance of pathobionts to beneficial microbiota in the former [2,68,77,84].
However, there are observable discrepancies and inconsistencies among the reported find-
ings regarding identified bacterial genera and species, alpha and beta diversities, and
the overall pattern of gut dysbiosis [85]. One commonly reported result includes a sig-
nificant disturbance in the equilibria of Firmicutes and Bacteroidetes, mostly a reduced
abundance of Firmicutes and an increased abundance of Bacteroidetes, Actinobacteria, and
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Proteobacteria [23,77,84,86,87]. Only a handful of studies exclusively explored the propor-
tions of the phylum Firmicutes and genera Lactobacillus and Bifidobacterium in depressed
subjects, providing further attestation to the reduced abundance of these hallmark members
of the human gut with depression [88,89]. Lactobacillus and Bifidobacterium counts were
significantly lower in patients with MDD compared to healthy counterparts [89]. Although
it appears to be a Herculean task to derive a standardized pattern of gut microbial dysbio-
sis, the existing findings of gut dysbiosis in depressed subjects have undoubtedly laid the
foundation for understanding mechanisms implicating gut microbiota in the etiopathol-
ogy of depression. Disruptions in the physiological renderings of the gut microbiota
in maintaining the integrity of the gut membrane, modulation of inflammatory precur-
sors and neurotransmitters, and regulation of the hypothalamic-pituitary-adrenal axis,
either directly or indirectly, have been implicated in the pathophysiological occurrence
of depression [2,77,90].

The role of probiotics in treating depression is essentially to restore the gut microbial
balance by modulating the gut microbiota [2,4,7,91]. Ingestion of probiotics positively
impacts human health by promoting the biotherapeutic activity of the beneficial microbiota
while suppressing the pathogenic action of the pathobionts [70,92]. The ability to reach the
target organ, commonly the intestines, survive various physiological stressors, including
the varying pH down the gastrointestinal tract, and interrupt the disease’s pathogenesis
make a microbe an ideal probiotic candidate [93,94]. Due to their diverse health-promoting
properties, Lactobacillus spp. and Bifidobacterium spp. are the most common microbes used
as probiotics. These bacterial species are known for their anti-depressive potential and
favorable safety profiles. They are associated with low pathogenicity and barely potentiate
horizontal transmission of antibiotic resistance to pathogens [26,78,95–98]. Lactobacillus
and Bifidobacterium genera are composed of gram-positive, anaerobic bacterial species
and are among the pioneer colonizers of the human gut. These catalase-negative bacteria
produce lactic acid as their primary metabolic end-product of carbohydrate fermentation
and confer abilities to survive the various physiological stressors down the gastrointestinal
tract, key features qualifying them as preferred probiotic candidates [27,99–102]. The
probiotic nomenclature begins with identifying its genus, species, subspecies (if applicable),
and strain, which comes with an alphanumeric designation of the probiotic species, i.e.,
Lactobacillus casei DN-114 001 [103]. The identification of probiotics based on disease-specific
and strain-specific efficacy caters to the application of probiotics in the precision psychiatry
healthcare model [43,44,104,105]. The fostering of depression-specific probiotics requires
examining the neurobiological, genetic, environmental, and lifestyle components involved
in the development of depression that could be conceivably ameliorated through the use
of probiotics. Exploring microbial-based clinical markers and integrated translation using
machine learning specific to clinical depression strengthens the notion of probiotics as a
valuable element of precision psychiatry [32,42,83,104,106].

3. A Conceptual Framework of Probiotics Aligned to Precision Psychiatry in
Clinical Depression

Precision psychiatry has gained momentum in recent years with the development of
more robust and validated prediction models tailored individually for diagnostic, prog-
nostic, and treatment-response estimations. However, expanding knowledge and research
initiatives in this domain are primarily limited by the need for practical implementation in
real-world psychiatric practice [32,107]. One of the ways to bridge the translational gap is
by developing consolidated frameworks for implementation purposes that are instrumental
in embracing this revolutionary model of psychiatric care. The conceptual components
of precision psychiatry refer to the neurobiological, genetic, environmental, and lifestyle
bases simultaneously explored in relation to depression, which then link to the potential
beneficial roles of probiotics. These components are derivatives of the precision medicine
approach, which has conveniently been an integral part of other clinical specialties with
lesser translational gaps compared to psychiatric specialties [35,107,108]. To further pro-



Nutrients 2023, 15, 1382 6 of 24

mote the integration of this concept within the clinical context, the potential and futuristic
microbial-based clinical approaches have also been explored and identified in support
of prediction modeling. Understanding the existing clinical approach toward the target
disorder and the challenges surrounding the proposal of a new therapeutic is essential to
developing disorder-specific therapeutic and management strategies based on the precision
psychiatry concept.

In a clinical setting, depression is formally diagnosed using the term major depressive
disorder (MDD). MDD is a neuropsychiatric disorder involving a plethora of heteroge-
neous phenotypes [78]. It belongs to the class of mood disorders and requires a qualified
psychiatrist or clinical psychologist to diagnose an individual with clinical depression.
The diagnosis of clinical depression requires the persistent presence of the cardinal symp-
toms of either depressed mood or anhedonia along with the other symptoms outlined
in the diagnostic and statistical manual (DSM-5) for at least two weeks that significantly
interfere with the functionality of the affected individual. Significant changes in weight
or appetite, sleep disturbance, psychomotor changes, fatigue, a diminished ability to fo-
cus, and negative or suicidal thoughts are among other depressive symptoms listed in
the DSM-5 [109]. These psychophysiological changes warrant clinical intervention when
they are prolonged without reasonably precipitating external causes and severely affect
an individual’s functioning [110]. A clinician’s collective judgment integrating a patient’s
clinical history, physical examination, and laboratory findings is necessary to justify the
formulated diagnosis and management strategies [38,43]. Antidepressants targeting the
monoaminergic system are routinely prescribed as a first-line pharmacological treatment
for depression. However, 20–30% of patients do not respond well to the existing pharma-
cotherapies, and the remission rate for monotherapy with the best antidepressants is merely
50.78% [111–113]. Most antidepressants were serendipitously discovered in the late 20th
century by examining antidepressant properties exerted by drugs used to treat other non-
psychiatric illnesses [114]. The primary therapeutic aim of antidepressants is to augment
monoamine transmission. However, monoamine depletion has been shown to neither elicit
depressive symptoms in healthy cohorts nor worsen the depressive symptoms in depressed
patients [111]. Therefore, the efficacy and acceptance of these drugs have become a matter
of debate due to their therapeutic latency, adverse side effects, and low remission rates,
hence giving rise to the postulation of other possible biological underpinnings associated
with the development of depression [110,115].

The exact etiopathophysiology of depression has yet to be established, partly owing
to the highly heterogeneous nature of this mood disorder. Nevertheless, its neurobiolog-
ical underpinnings have been understood to primarily involve altered neurochemicals,
impaired stress response systems implicating neuroendocrine components, and neuroin-
flammation [78,116]. These neurobiological occurrences could be possibly ameliorated
through the use of probiotics in depression [117]. Probiotics’ strain-specific and epigenetic
potential counters the possible genetic elements involved in the development of depression.
Probiotics targeting modifiable lifestyle and environmental factors, including stress and
diet, provide room for a holistic approach toward clinical depression. Cumulatively, this
microbial-based approach using probiotics complements the conceptual application of
precision psychiatry in the clinical management of depression.

3.1. Neurobiological Bases

The understanding of the pathophysiologic basis of depression has broadened over
the years, expanding to the neurobiological bases of depression beyond the monoamine
hypothesis [110,118]. The long-standing monoamine theory has a limited scope to explain
the occurrence of structural alterations in the brain regions and other biological findings
reported in depressed patients [119]. Dysregulated hypothalamic-pituitary-adrenal (HPA)
axis, neuroinflammation, and altered neurochemicals are some of the biological correlates
of depression involving gut microbial-brain intertwining, which support the possible cen-
tric role of gut microbes in depression [2,110,120–122]. Chronic stress exposure leading to
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persistent elevation of stress hormones, mainly cortisol, has a culpable role in the dysregula-
tion of the HPA axis. It has been elucidated that the MGBA is one of the pathways through
which prolonged stress exerts such a consequential effect on the HPA axis, resulting in
depressive symptoms [117,122,123]. One of the theoretical frameworks to explain this
mechanism is by relating the internalized disruptive impact of stress on the gut micro-
bial ecosystem, which augments an increased permeability of the intestinal barrier and
subsequent activation of immune responses. The pro-inflammatory cytokines commonly
associated with depression, tumor necrosis factor (TNF)-alpha, interleukin (IL)-1 and IL-6,
and highly potent microbial antigens, lipopolysaccharides (LPS), possess the ability to cross
the blood-brain barrier. This induces neuroinflammation and eventually enhances HPA
axis activation.

Conversely, the hyperactivation of the HPA axis exerts harmful effects on the gut micro-
bial ecosystem [117,124–126]. The stress-induced intestinal dysbiosis has also been linked
to an altered intestinal fatty acid metabolism, which has consequential effects on adult
hippocampal neurogenesis and neuroplasticity, exacerbating HPA axis hyperactivity [82].
These pathophysiologic events viciously affect one another, leading to the development
of the depressive disorder. In terms of neurochemicals, altered levels of several neuro-
transmitters, including 5-hydroxytryptamine (5-HT), dopamine (DA), norepinephrine (NE),
gamma-aminobutyric acid (GABA), and neurotrophin, brain-derived neurotrophic factor
(BDNF), have been implicated in the occurrence of depressive disorders [111,127–129].
Gut microbes can modulate these neurotransmitter levels either directly via synthesis
of neurotransmitters or indirectly via modulation of their precursors and stimulation of
endocrine targets [14,129]. Neurotransmitters synthesized by the gut microbiota mediate
gut-brain communication through signaling mechanisms involving afferent and efferent
vagus nerve fibers [129,130]. BDNF, a neurotrophin, is critical to the brain’s neuroplastic-
ity. BDNF maintains neuronal health and circuits involved in regulating emotions and
cognition. In MDD patients and stressed animal models, neuroplasticity associated with
altered BDNF levels has been reported to be profoundly disrupted [111,120]. Impaired
BDNF neuroregulatory effect is also related to hippocampal atrophy, commonly reported in
MDD patients [111,120,131]. The mechanism of antidepressant drugs has also been linked
to enhanced regional expression of BDNF [132].

Most of the anti-depressive potential of probiotics was established in pre-clinical
studies using mouse or rat models. In the pre-clinical setting, environmental stress and
genetic manipulation are employed to mimic phenotypes akin to those of depressed hu-
mans [114,133]. The behavioral outcomes mimicking the antidepressant effects include im-
proved mobility in the forced swim test, increased sucrose preference, and reduced latency
in the novelty-induced hypophagia test [134–136]. The commonly reported biomarkers
of depression include serum corticosterone levels (cortisol levels in humans) to assess
the involvement of the HPA axis, pro-inflammatory cytokines (TNF-alpha, IL-1, and IL-
6), brain-derived neurotrophic factor (BDNF), and neurotransmitters (5-HT, DA, NE, and
GABA). Structural and functional assessments of the critical frontolimbic regions, amygdala,
and hippocampus, are done using magnetic resonance imaging (MRI) [14,111,114,137–139].

L. helveticus R0052 and B. longum R0175 are frequently studied combined probiotics
that are known to demonstrate significant anti-depressive potential in animal and hu-
man models [140–146]. This combination has been proven to attenuate the HPA axis and
the autonomic nervous system’s (ANS) response to chronic stress. This was reflected by
a decrease in plasma levels of the stress hormones’ corticosterone, adrenaline, and nora-
drenaline, in depression models of rodents [140,141]. This combination has also been shown
to significantly restore colonic epithelial integrity and reduce gut permeability. It prevents
degradation of tight junction proteins in the colonic mucosa, augments adult hippocampal
neurogenesis, and restores synaptic plasticity to counter the stress-mediated insults in-
volving the HPA axis [141,142,144]. In clinical studies, the same combination of probiotics
markedly improved depressive scores and attenuated HPA axis hyperactivity, as evidenced
by reduced cortisol levels [140]. The administration of L. paracasei CCFM1229 and L. rham-
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nosus CCFM1228 over six weeks in a chronic unpredictable stress model of mice yielded
significant improvements in behavioral and neurobiological outcomes of depression. Both
of these strains elevated 5-HT concentrations in the prefrontal cortex and BDNF levels
in the hippocampus. The same study showed that L. paracasei CCFM1229 also reduced
serum corticosterone levels, whereas L. rhamnosus CCFM1228 exerted no similar effect.
These neurobiological outcomes were associated with reduced xanthine oxidase activity in
the cerebral cortex and correlated to the beneficial modulatory effect of the probiotic strains
on the host gut microbiome [139].

Most pharmacological treatments in MDD target the modulation of neurotransmitter
activity in the brain [147]. Lactobacillus and Bifidobacterium strains are the most prominent
probiotics associated with enhanced neurotransmitters, whose mechanisms are similar
to antidepressant drugs [2,26,129]. In pre-clinical models of depression, L. paracasei PS23,
L. helveticus NS8, B. longum, and L. rhamnosus were associated with increased hippocampal
5-HT levels [148–150]. L. plantarum PS128 has been shown to elevate 5-HT and DA levels in
the striatum [151]. B. infantis was associated with decreased NA levels [152]. Regarding
GABA, Bifidobacterium strains of human gut origin have been identified as the most
significant contributors to this neurotransmitter, followed by Lactobacillus strains [153,154].
Among these strains, L. plantarum 90sk and B. adolescentis 150 have been ascertained as effi-
cient GABA manufacturers with anti-depressant effects similar to fluoxetine [153]. Recent
systematic reviews and meta-analyses have concluded that Lactobacillus and Bifidobacterium
probiotics have the most significant effect on the augmentation of BDNF levels in patients
with depression. L. helveticus R0052 and B. longum R0175 are the most commonly studied
probiotics associated with such an effect on the BDNF levels in depression [155–157].

A clinical trial of the probiotic B. longum NCC3001 in individuals with irritable
bowel syndrome utilized functional MRI to capture the brain activation pattern in the
front-limbic regions, amygdala, and hippocampus. Administering the B. longum over
six weeks lessened limbic reactivity to negative emotional stimuli while improving depres-
sive scores [158]. Several other probiotic studies have presented the antidepressant potential
of probiotics primarily through behavioral outcome measures [97,145,146,159]. L. plantarum
286, a probiotic of non-human origin, significantly improved depressive-like behavior
in mouse models [98]. Combined probiotics (L. helveticus and B. longum; L. acidophilus,
L. casei, and B. longum) administration over eight weeks in patients with MDD signifi-
cantly improved depressive scores, evaluated using the Beck depression inventory (BDI),
compared to placebo [146,159].

3.2. Genetic Bases

The advancement in genomic analysis has encouraged the reporting of probiotic
designations with their strain type since 2010. The varying mechanisms of action on
host pathogens, gut epithelial integrity, gut dysbiosis restoration, and immune response
regulation are attributable to the distinct properties unique to each strain. Identifying
probiotic strains allows the exploration of the disease-specific efficacy of probiotics, thus
catering to the optimization of probiotic use [6,160]. In a pre-clinical study, the independent
administration of L. plantarum 286 and L. plantarum 81 of non-human origin strains over
30 days yielded different outcomes, where the former exerted significant anti-depressive
effects. However, no similar effect was seen in the L. plantarum 81 group, thus implying the
strain-specific efficacy of probiotics [97]. On the other hand, administering L. plantarum 299v,
a human-origin strain, over 8 weeks in patients with MDD significantly improved cognitive
function. This was linked to decreased kynurenine levels in these patients, while no changes
were observed in plasma levels of pro-inflammatory cytokines and cortisol [126]. Another
study evaluated the behavioral and biochemical outcomes of different probiotic strains
of L. paracasei, L. rhamnosus, L. helveticus, and L. reuteri. Only L. paracasei CCFM1229 and
L. rhamnosus CCFM1228 exerted significant anti-depressive effects with minimally different
biochemical outcomes. These strains produced different neuroregulatory impacts on genes
implicated in neuroplasticity and the gut microbiota-inflammasome pathway. No optimal
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anti-depressive effects were elicited by various strains of L. helveticus and L. reuteri [139,161].
The strain-specific probiotic mechanisms provide an understanding of the possible genetic
bases of microbial agents in the amelioration of depression. This occurs by regulating central
gene expression in the key brain regions responsible for mood regulation and cognitive
functions, as well as modulation of inflammatory and immune gene expression. These regions
include the hippocampus, amygdala, prefrontal cortex, and hypothalamus. This ultimately
contributes to improved neurogenesis and neuroplasticity within these brain regions that
otherwise have a pathophysiologic association with depressive disorder [27,82,141,162–164].

Adult neurogenesis in the dentate gyrus of the hippocampus has been strongly cor-
related with a causal factor of MDD and plays a role in the attenuation of the HPA axis.
Hippocampal atrophy associated with reduced adult neurogenesis has been commonly
reported in MDD patients [82,165,166]. One of the causative mechanisms linked to reduced
hippocampal neurogenesis is an impairment in the endocannabinoid (eCB) signaling sys-
tem involving the cannabinoid receptor (CB1), which is instrumental in the regulation
of hippocampal adult neurogenesis [167,168]. A genetic study in MDD patients has also
shown an increased frequency of a mutant allele for the CB1 receptor gene, CNR1 [169]. In
essence, the host gut microbial dysbiosis affects the intestinal fatty acid metabolism, leading
to a paucity of precursors, namely arachidonic acid (AA), thus downregulating hippocam-
pal levels of 2-arachidonoylglycerol (2-AG), required in the activation of CB1 [82,170].
L. plantarumWJL administration in a mouse model of depression associated with dys-
biotic intestinal microbiota significantly ameliorates depressive-like behavior by nor-
malizing reduced adult hippocampal neurogenesis. This was linked to the microbial
restoration of fatty acid metabolism, which augmented hippocampal eCB precursors, 2-
AG levels, and subsequent upregulation of CB1 receptors [82]. L. helveticus R0052 and
B. longum R0175 combination probiotics augmented adult hippocampal neurogenesis,
leading to improved synaptic plasticity within the hippocampus and hypothalamic re-
gions in animal models of depression. This genetic basis is correlated with the increased
expression of several hypothalamic genes involved in neurotransmission and synap-
tic plasticity, thus enhancing the neuronal network within the hypothalamus to exert
anti-depressive effects [141].

Epigenetics

Depression has been described as a pleomorphic illness that arises from gene-environment
interactions, with genetic heritability only accounting for 40% [171,172]. The epigenetic
mechanism explains how environmental factors such as stress and diet influence the neu-
robehavioral outcome of depression and the means of exogenous intervention such as
probiotics [173–175]. However, no studies have exclusively explored and demonstrated the
epigenetic potential of probiotics in depression, considering the recentness of the epigenetic
branch of genetic studies. Nevertheless, the existing studies provide some solid footing for
understanding the possible epigenetic basis of probiotics in depression [2,164,173,176–178].
Epigenetic mechanisms introduce long-lasting, heritable, yet reversible phenotypic changes
without involving genotypic alteration through methylation of deoxyribonucleic acid
(DNA), histone modification, and non-coding ribonucleic acid (RNA) [2,175–181]. DNA
methylation is predominantly associated with a suppressive effect on gene transcription,
whereas histone acetylation is associated with a gene induction effect [182]. Environmental
factors, including gut microbes and related metabolites, alter the host’s epigenetic sig-
natures, inducing varying responses and favorable or deranged outcomes involving an
inflammatory cascade due to the alteration within the gut-brain axis. Gut-modulating
agents such as probiotics act as epi-drivers to exert beneficial modulatory epigenetic effects
on the host epigenome [175,181,183,184]. Probiotics exert prophylactic and nullifying epi-
genetic effects to counter the adverse alteration of the host’s epigenetic signatures [164,184].
A recent study demonstrated the strain-specific epigenetic potential of lactobacilli pro-
biotics, Limosilactobacillus fermentum MTCC 5898 and Lacticaseibacillus rhamnosus MTCC
5897, on DNA and histone modifiers independently and following a challenge test using
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an inflammation-stimulating, opportunistic pathogenic commensal, Escherichia coli ATCC
14849 [164]. E. coli has also been shown to disrupt intestinal epithelial integrity [185]. The
mRNA gene expression of DNA and histone modifiers in the host intestinal epithelial cells
was assessed to determine the epigenetic ability of the lactobacilli probiotic strains using an
in vitro model of intestinal inflammation and permeability, Caco-2 cells. Limosilactobacillus
fermentum significantly increased the mRNA expression of both epigenetic modifiers in
the Caco-2 cells independently at 12-h of incubation, while E. coli reduced the mRNA
expression. The mRNA expression was even higher following a 12-h challenge test with
E. coli after a 12-h pre-treatment with Limosilactobacillus fermentum, implying the epigenetic
signatures of this probiotic strain. However, no similar effects were exerted by Lacticaseibacil-
lus rhamnosus [164]. In another study, the same lactobacilli probiotic strains were shown to
significantly reduce histone 3 and histone 4 acetylation at 6-h incubation independently and
in combination when E. coli were excluded, competed with, or displaced by these probiotic
strains. On the other hand, DNA-methylation was significantly enhanced following the
E. coli challenge test following pre-treatment of Caco-2 cells with lactobacilli strains in the
exclusion assay and competition assay without pre-incubation by these probiotics. The
predetermined dose of the strains used for a 6-h incubation period was based on the ability
of these indigenous microbes to optimize the expression of tight junction genes associated
with intestinal epithelial barrier functions [184]. These studies substantiate the power of
probiotic bacteria to modulate host epigenetic patterns through DNA-methylation and
histone modifications to mediate either prophylactic or nullifying effects to counter the
deranging epigenetic exertion by pathogenic microbes associated with inflammation and
barrier functions of the gut epithelial cells.

Other studies have demonstrated the epigenetic potential of probiotics through the
regulation of BDNF and histone deacetylase (HDAC) inhibition by its metabolites consist-
ing of short-chain fatty acids (SCFAs), mainly butyrate, propionate, and acetate [2,175,181].
HDAC inhibition acts at the level of the hippocampus and amygdala and has an activation
role on histone acetylation, which is associated with the consolidation of learning and
memory [186]. Butyrate is a potent HDAC inhibitor, followed by propionate and acetate,
whose mechanisms have been compared to antidepressants [187–189]. These SCFAs can
penetrate the blood-brain barriers and exert modulatory effects on hippocampal gene
expression, neurochemicals (BDNF levels, GABA, and 5-HT production), and neuroin-
flammation through HDAC inhibition [129,181,190]. This is consistent with the commonly
reported reduced abundance of butyrate-producing gut bacteria of the Faecalibacterium and
Coprococcus genera in patients with MDD [191,192]. Multi-strain probiotic supplementation
for 28 days, consisting of B. bifidum, B. lactis, L. acidophilus, L. casei, L. paracasei, L. plantarum,
L. salivarius, and L. lactis, significantly augmented butyrate-producing gut bacteria Coprocco-
cus 3 and Ruminoccocus grauvanii and improved depressive outcome in depressed patients
compared to the placebo arm [193].

3.3. Environment and Lifestyle Bases
3.3.1. Stress

Stress is often accompanied by environmental triggers and life experiences, thus im-
plying that stress is a modifiable lifestyle component of precision psychiatry. Stress has
adverse effects on various physiological processes in the human body. Prolonged stress is a
significant risk factor for the development of depression [173,194]. Chronic stress imposes
vicious consequences on the neuronal structure and functionality through its disruptive
effects on the integrity of the intestinal barrier, escalation of inflammatory responses, and
a maladaptive stress-response system involving the HPA axis. It reduces hippocampal
and hypothalamic expression of glucocorticoid receptors and suppresses hippocampal
neurogenesis, which ultimately contribute to the pathogenic occurrence of depressive dis-
order [111,117,141,194]. Persistently elevated levels of glucocorticoids, particularly cortisol,
impose detrimental alterations to the critical frontolimbic structures and neurocircuits,
which are instrumental in regulating emotions and rewarding behaviors [195]. Therefore,
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stress is a vital lifestyle element to be considered in the prevention and management
strategies of MDD. The environmental triggers influence the extent of internalization of
stress-mediated responses, thus warranting necessary, timely intervention, particularly in
individuals with biological and genetic susceptibility to the development of MDD [196].

Pre-clinical studies of probiotics routinely use rodent stress models to demonstrate
probiotics’ anti-depressive outcomes [197]. However, in the human context, stress is a
risk factor associated with MDD. Therefore, the efficacy of probiotics is evaluated based
on psychological outcomes in healthy cohorts or stressed individuals to attest to their
preventive role in MDD. In 66 healthy human volunteers, probiotic supplementation con-
sisting of L. helveticus R0052 and B. longum R075 over 30 days significantly improved
their mood and overall psychological well-being assessed through a few self-reported
measures, including the hospital anxiety and depression scale (HADS). It reduced free
urinary cortisol levels, indicating possible attenuation of the HPA axis [140]. In students
aged between 18 and 24 years old facing examination stress, a 28-day intervention with
a multi-strain probiotic consisting of Bacillus coagulans Unique IS2, L. rhamnosus UBLR58,
B. lactis UBBLa70, L. plantarum UBLP40, B. breve UBBr01, and B. infantis UBBI01 not only
improved the stress outcome but also significantly reduced serum cortisol levels [198].
In another study, a multi-strain probiotic consisting of B. bifidum W23, B. lactis W52,
L. acidophilus W37, L. brevis W63, L. casei W56, L. salivarius W24, L. lactis W19, and
L. lactis W58 significantly improved cognitive reactivity to either acute stress or sad mood in
healthy individuals [199,200]. Administration of L. plantarum P-8 over 12 weeks in stressed
adults alleviated stress, modulated gut microbiota, increased abundance of B. adolescentis,
B. longum, and F. prausnitzii and enhanced levels of microbial neuroactive metabolites
SCFA, AA, and GABA [201]. These studies demonstrate distinct stress-alleviating effects of
probiotics, thus indicating their usefulness as a preventive intervention in MDD.

3.3.2. Diet

The human gut is exposed to various pathogenic and commensal microorganisms as a
double-edged sword. As long as the intestinal immune system can discriminate between
these microbes’ beneficial and pathogenic activities and elicit the appropriate response,
the human host will continue to reap the positive physiological outcomes of this cross-talk
between the gut microbes and the immune system. However, if the gut microbial balance
is disturbed, homeostatic regulation will be severely affected, leading to the manifestation
of immune responses [202,203]. Diet is an environmental and lifestyle factor imperative
to maintaining intestinal homeostasis and immune regulation. The current concept of
psychobiotics incorporates a microbiota-targeting diet as a psychobiotic agent that mod-
ulates gut-brain communication to exert beneficial mental health outcomes [174,204]. In
this context, probiotics are “traditional” psychobiotic agents that exert pronounced anti-
depressive effects similarly. Fruits and vegetables rich in prebiotic fiber, fermented foods,
whole grains, and legumes are constituents of a psychobiotic diet that have been proven
to ameliorate depressive symptoms [174]. SCFAs, which are microbial metabolites pro-
duced through the fermentation of dietary fibers, have critical mediating and epigenetic
roles within the MGBA in the modulation of neurotrophic factors and neurotransmitters,
neuronal transcription, inflammation, and gut barrier functions [175,180,181]. One of the
recent pioneering studies that evaluated the impact of a psychobiotic diet on perceived
stress and microbiota composition in healthy adults demonstrated a significant reduction in
perceived stress with minimal changes to the microbial composition. It was further inferred
that the stress-alleviating effect of the intervention is dose-dependent [174]. Several other
studies in healthy adults investigated the impact of dietary interventions and high-fibre, fer-
mented foods on microbial diversity and the immune system and demonstrated profound
changes in microbial diversity, increased abundance of Lactobacillus and Bifidobacterium,
and reduced inflammatory markers [205–207]. These studies substantiate the influence
of diet on gut microbial diversity and mental health, thus making it an ideal target for
preventing MDD.
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4. Potential Microbial-Based Approach in the Clinical Management of Depression

Although conventionally, the diagnosis of MDD lacks diagnostic tests in terms of
clinical biomarkers, the microbiome field unfolds a new dimension in this context by
incorporating the possible microbial-based biomarkers and accompanying neuroimaging
assessments. This caters to a personalized treatment approach using probiotics as either
adjunct or stand-alone treatment modalities [208]. The biomarkers commonly associated
with the pathomechanism of depression related to microbial etiopathogenesis include
pro-inflammatory cytokines, cortisol, BDNF, and kynurenine. These can be easily evaluated
through the analysis of a patient’s blood sample [138,209]. BDNF evaluation also correlates
with suicide risk, while kynurenine levels correlate with cognitive function [111,126]. The
advancement in our understanding of the complex, bi-directional interaction between the
human brain and gut microbiota since the early 2000s may herald a new era in more clearly
defined diagnostic criteria, removing some of the ambiguity in identifying MDD [14].

Magnetic resonance imaging is one of the most commonly advocated neuroimaging
tools to capture structural and functional changes within the different regions of the human
brain. These findings are correlated with gut microbiota profiling and neuropsychological
scorings [53,158,210]. Several studies have substantiated the neuroimaging findings in
MDD patients, which commonly involve structural and functional assessments of the
vital frontolimbic regions and circuits [137,211,212]. Hippocampal atrophy is a widely
reported hallmark in patients with MDD [195,213]. Hippocampal atrophy is associated
with reduced adult hippocampal neurogenesis due to impaired HPA axis linked with
microbial dysbiosis in depressed cohorts [82]. The frontolimbic assessment has also been
suggested as a valuable predictor of suicide risk in individuals with depression [214].
Therefore, functional and structural assessments of the key limbic regions (hippocampus
and amygdala) and neuronal circuitry in these regions using MRI are potential diagnostic
neuro-biomarkers. This may cater to a personalized probiotic choice that complements
conventional clinical intervention in MDD [211,215].

Machine learning provides a comprehensive, integrated, futuristic management ap-
proach in clinical depression [216], unfolding a new horizon in the healthcare sector by
incorporating artificial intelligence to develop computational software that allows objective
measurement of integrated large-scale datasets to complement clinical management of
health conditions. Machine learning provides an integrated approach to patient care by
tackling various clinical aspects, including diagnosis prediction, treatment selection, patient
compliance, and administrative tasks. Ultimately, this tailors to a personalized patient care
and precision medicine approach [104,217]. Converging this application in the presented
context of probiotics in clinical depression, machine learning paves the way for integrating
microbial bases in depressive disorder from the consortia of the characteristic, endophe-
notypic, neurobiological, and genetic censuses to optimize management and treatment
options using probiotics. Although this remains a futuristic vision, a handful of studies
have begun to explore the machine learning application in microbiome, probiotics, and
precision psychiatry [104,106,218–221].

Metabiotics, identified as the evolutionary concept building on the foundation of
knowledge of probiotics, is another microbial-based application in the context of clinical
depression. It involves engineering the human gut microbiota through natural selection
buffered using probiotics or synthetic manufacturing to produce targeted health outcomes.
Metabiotics refers to metabolites, structural components, and/or signaling molecules of
probiotic bacteria with an identifiable chemical structure that can optimize host physio-
logical functions and exert regulatory effects on metabolic and/or behavioral outcomes
associated with the activity of the host microbiota. This concept caters to the selection of
novel therapeutics using probiotics with known chemical formulas, dosage, safety profile,
and durability, thus expanding the microbial-based applications not only in the psychiatric
domain but across a vast domain of human health [27,222]. The probiotic framework
befitting the psychiatric healthcare model in MDD has been summarized in Figure 1 below.
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Figure 1. A probiotic framework befitting the precision psychiatry healthcare model in MDD.
This framework represents three main components of precision psychiatry: neurobiological bases,
genetic bases, and environment and lifestyle elements of MDD that involve microbial intertwining.
Modulation of gut microbiota is the rudimentary anti-depressive mechanism of probiotics. Some
commonly explored probiotics of Lactobacillus spp. and Bifidobacterium spp., either as a single strain or
multi-strain, exert anti-depressive mechanisms by acting on different pathophysiologic mechanisms
implicated in depressive disorder. Stress and diet are mainly modifiable targets in the prevention of
MDD. The microbial-based applications in the clinical management of MDD include some potential
biomarkers obtainable through a patient’s blood analysis, assessment of vital frontolimbic regions in
the brain using MRI, and integration of machine learning and development of depression-specific
metabiotic as part of futuristic vision within this context.

5. Limitations and Translational Gaps

In medical research, the transferability of data from animal models to humans is often
the most crucial element to consider in terms of developing and establishing a proposed
clinical intervention. The promise of probiotics in treating depression has been demon-
strated mainly in pre-clinical settings using either rat or mouse models. The gut microbiota
of rats and mice resembles the human gut microbiota, thus making them ideal models
for microbial manipulation using probiotics. However, inducing depressive phenotypes
in the pre-clinical models is a one-dimensional exploration of depression compared to a
human cohort, considering the highly heterogeneous nature of the depressive disorder and
human gut microbiota, coupled with the varying host and environmental variables in a
human setting. The inconsistent response toward probiotics in pre-clinical models suggests
a need for standardization in gut microbiota composition and conditioning in research
models to help understand the influence of the gut microbiota on clinical manifestations.
However, it is impractical to standardize the human gut microbiome [40]. Despite these
limitations, clinical trials of probiotics reporting promising results in depression models
have been emerging since the early 2000s, attesting to the potential efficacy of probiotics
in alleviating depression [8]. Significant gut dysbiosis has been established in depressed
human subjects compared to healthy subjects, which has paved the way to utilize probiotics
as humans’ gut microbiota-modulating agents to exert the desired anti-depressive effects.
Although scientists have yet to define a conclusive pattern of gut dysbiosis in depression,
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the ability of probiotics to exert anti-depressive effects primarily through gut microbiota
modulation reflects the dynamicity of probiotics’ mechanism of action notwithstanding
the hosts’ distinct indigenous microbial compositions [40,223–225]. The observable dis-
crepancies and inconsistencies among the findings of various studies on the gut microbial
profile of depressed subjects, mainly in terms of identified bacterial genus and species,
may be due to the varying age groups, health status, lifestyle, and receptivity of the study
subjects as well as the technical aspects of the study [88,226]. The variability in terms
of gut microbial profiles may account for the subjects varying degrees of responsiveness
to probiotics—again providing a tantalizing suggestion that further characterization of
specific microbiome profiles may lead towards customizable, personalized probiotic-based
therapy for MDD.

Additionally, before probiotics can be certified and validated as a clinical treatment
modality, many aspects must be considered, including factors associated with probiotics
(type of strains, dose, administration method, clinical outcome), host factors, and practical
applicability and feasibility in a clinical setting [227]. Selecting probiotics specific to de-
pression is challenging considering the scarcity of available studies, particularly clinical
trials. The beneficial properties of a probiotic bacteria may differ between strains of the
same bacterial species and target health conditions. The categorical factors to consider in
determining the appropriate probiotics specific to depression include the probiotic strains,
the nature of the depressive disorder, and host factors [6]. The type and combination of
strains and the origin of the strains (human versus non-human) account for the optimum
efficacy of probiotics. The human-origin strains confer better adaptability to potentially
hostile physiological environments due to the varying degrees of pH down the digestive
tract compared to the non-human-origin strains [47,228]. The most recent studies have
further concluded that combined strains have better health outcomes than single strains of
probiotics. Cumulatively, combined probiotic strains of Lactobacillus and Bifidobacterium spp.
remain an ideal option for their significant anti-depressive potential [20,26]. Although no
clinical trials of probiotics in patients with MDD have thus far reported any adverse events
associated with using probiotics, it is worth evaluating the risk of introducing probiotics in
individuals who are immunocompromised and critically ill. The potential threat of probi-
otics to cancer patients, pregnant women, infants, and elderly cohorts is equally worthy
of attention. Some of the reported adverse effects of probiotics include gastrointestinal
disturbances, skin complications, and septicaemia in a worst-case scenario [229], suggest-
ing the need for caution and further evaluation before introducing them to a vulnerable
patient population.

In terms of MDD, evaluation by medical personnel of the overall clinical manifestations
and potential biomarkers within the arrays of the microbiome is necessary to determine
the appropriate probiotics to tackle this highly heterogeneous disorder. The most chal-
lenging factor to consider when selecting probiotics would be the host factors, considering
the dynamic microbial changes that occur across an individual’s lifespan due to aging,
lifestyle, geographical influences, host immune status, and existing comorbidities. This
may influence the degree of responsiveness to probiotics in an individual [2]. Additionally,
the lack of revenue and resources may be possible barriers to implementing the proposed
microbial-based assessments, particularly in remote clinical settings.

6. Conclusions

In theory, and based on the limited literature currently available in this relatively new
field, probiotics appear to have tremendous potential in the treatment of MDD. However,
seeking to validate probiotics usage for this indication will be challenging and elusive,
considering the inherently ambiguous nature of this enigmatic branch of medicine and the
scarcity of probiotic studies in clinical depression. Nevertheless, the increased acceptance of
precision psychiatry promises a paradigm shift in approaching psychiatric disorders. The
current research directive in the field of probiotics centers around identifying probiotics’
strain-specific and disease-specific efficacy, which in turn promotes the personalization of
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probiotics. At the present stage, in the context of clinical depression, it is worth considering
probiotics as an adjunct treatment in general and a stand-alone treatment in patients with
mild MDD who may not necessarily require conventional pharmacological treatment.
It may also be a preventive intervention for individuals at risk of developing MDD. It
has been proven that different strains of probiotics exert anti-depressive potential via
distinct mechanisms. Hence, it seems only fitting that scientists and industrialists consider
developing probiotic strains that effectively ameliorate depression by tackling different
neurobiological and genetic bases of this disorder. The presented probiotic strains could be
utilized as starter strains for industrial development and manufacturing of metabiotics to
address the gap in determining the selection of target novel probiotics. Acknowledging
that the existing studies are only the tip of the iceberg and considering the vast possibility
of probiotics in depression, more studies are imperative, especially in the patient cohort, to
promote and expand the use of probiotics in clinical settings in parallel with the precision
psychiatry approach. More implementation research is also required to bridge the existing
translational gap and encourage practical application in real-world medicine. Based on
all available evidence, the authors embrace the microbial-based, revolutionary approach
in patient care and emphasize the collective role of clinicians, scientists, and industry in
mediating this consolidated effort to highlight the therapeutic potential of probiotics in
clinical depression.

Author Contributions: D.J. performed the literature search and writing—original draft preparation.
C.C.T. provided vital technical support and proofreading. V.L., S.T. and L.-H.L. provided conceptual-
ization, writing—review and editing, supervision, and funding for acquisition. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by Jeffrey Cheah School of Medicine and Health Sciences (JCSMHS)
Strategic Grant 2021 STG000079 (awarded to S.T.), Jeffrey Cheah School of Medicine and Health Sciences
(JCSMHS) SEED Fund 2020 (awarded to L.-H.L.), and Jeffrey Cheah School of Medicine and Health
Sciences (JCSMHS) Early Career Researcher Grant 2021 ECR000021 (awarded to V.L.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge Shajahan Yasin from the Jeffrey Cheah
School of Medicine and Health Sciences, Monash University Malaysia, and the late Philip Parikial
George, a Clinical Professor for Psychiatry and a Consultant Psychiatrist and Addiction Specialist at
IMU Healthcare.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bested, A.C.; Logan, A.C.; Selhub, E.M. Intestinal microbiota, probiotics and mental health: From Metchnikoff to modern

advances: Part I—Autointoxication revisited. Gut Pathog. 2013, 5, 5. [CrossRef] [PubMed]
2. Johnson, D.; Thurairajasingam, S.; Letchumanan, V.; Chan, K.-G.; Lee, L.-H. Exploring the role and potential of probiotics in the

field of mental health: Major depressive disorder. Nutrients 2021, 13, 1728. [CrossRef]
3. Letchumanan, V.; Thye, A.Y.-K.; Tan, L.T.-H.; Law, J.W.-F.; Johnson, D.; Ser, H.-L.; Bhuvanendran, S.; Thurairajasingam, S.;

Lee, L.-H. Gut feelings in depression: Microbiota dysbiosis in response to antidepressants. Gut 2021, 70, A49–A50.
4. Johnson, D.; Letchumanan, V.; Thurairajasingam, S.; Lee, L.-H. A revolutionizing approach to autism spectrum disorder using the

microbiome. Nutrients 2020, 12, 1983. [CrossRef] [PubMed]
5. McEwen, B.; Fenasse, R. Probiotics and depression: The link between the microbiome-gut-brain axis and digestive and mental

health. J. Aust. Tradit.-Med. Soc. 2019, 25, 127–132.
6. McFarland, L.V.; Evans, C.T.; Goldstein, E.J. Strain-specificity and disease-specificity of probiotic efficacy: A systematic review

and meta-analysis. Front. Med. 2018, 5, 124. [CrossRef]
7. Morovic, W.; Budinoff, C.R. Epigenetics: A new frontier in probiotic research. Trends Microbiol. 2021, 29, 117–126. [CrossRef]
8. Logan, A.C.; Katzman, M. Major depressive disorder: Probiotics may be an adjuvant therapy. Med. Hypotheses 2005, 64, 533–538.

[CrossRef]

http://doi.org/10.1186/1757-4749-5-5
http://www.ncbi.nlm.nih.gov/pubmed/23506618
http://doi.org/10.3390/nu13051728
http://doi.org/10.3390/nu12071983
http://www.ncbi.nlm.nih.gov/pubmed/32635373
http://doi.org/10.3389/fmed.2018.00124
http://doi.org/10.1016/j.tim.2020.04.008
http://doi.org/10.1016/j.mehy.2004.08.019


Nutrients 2023, 15, 1382 16 of 24

9. Mathias, M. Autointoxication and historical precursors of the microbiome–gut–brain axis. Microb. Ecol. Health Dis. 2018, 29, 1548249.
[CrossRef]

10. King, H. Hippocrates Now: The ‘Father of Medicine’in the Internet Age; Bloomsbury Academic: London, UK, 2019; Volume 95.
11. Régis, E. Précis De Psychiatrie, 5th ed.; Octave Doin: Paris, France, 1914.
12. Chevalier-Lavaure, F.-A. Des Auto-Intoxications Dans Les Maladies Mentales: Contribution À L’étude De La Pathogénie De La

Folie. Ph.D. Thesis, Université de Bordeaux, Bordeaux, France, 1890.
13. Paykel, E.S. Basic concepts of depression. Dialogues Clin. Neurosci. 2022, 10, 279–289. [CrossRef]
14. Samtiya, M.; Dhewa, T.; Puniya, A.K. Probiotic Mechanism to Modulate the Gut-Brain Axis (GBA). In Microbiome-Gut-Brain Axis;

Springer: Berlin/Heidelberg, Germany, 2022; pp. 237–259.
15. Cabana, M.D.; Salminen, S.; Sanders, M.E. Probiotic Safety—Reasonable Certainty of No Harm. JAMA Intern. Med. 2019, 179, 276.

[CrossRef]
16. Wallace, C.J.; Milev, R.V. The efficacy, safety, and tolerability of probiotics on depression: Clinical results from an open-label pilot

study. Front. Psychiatry 2021, 12, 132. [CrossRef] [PubMed]
17. El Dib, R.; Periyasamy, A.G.; de Barros, J.L.; França, C.G.; Senefonte, F.L.; Vesentini, G.; Alves, M.G.O.; da Silva Rodrigues, J.V.;

Gomaa, H.; Júnior, J.R.G. Probiotics for the treatment of depression and anxiety: A systematic review and meta-analysis of
randomized controlled trials. Clin. Nutr. ESPEN 2021, 45, 75–90. [CrossRef]

18. Chudzik, A.; Orzyłowska, A.; Rola, R.; Stanisz, G.J. Probiotics, prebiotics and postbiotics on mitigation of depression symptoms:
Modulation of the brain–gut–microbiome axis. Biomolecules 2021, 11, 1000. [CrossRef] [PubMed]

19. Purton, T.; Staskova, L.; Lane, M.M.; Dawson, S.L.; West, M.; Firth, J.; Clarke, G.; Cryan, J.F.; Berk, M.; O’Neil, A. Prebiotic and
probiotic supplementation and the tryptophan-kynurenine pathway: A systematic review and meta analysis. Neurosci. Biobehav.
Rev. 2021, 123, 1–13. [CrossRef]

20. Nikolova, V.L.; Cleare, A.J.; Young, A.H.; Stone, J.M. Updated review and meta-analysis of probiotics for the treatment of clinical
depression: Adjunctive vs. stand-alone treatment. J. Clin. Med. 2021, 10, 647. [CrossRef] [PubMed]

21. Alli, S.R.; Gorbovskaya, I.; Liu, J.C.; Kolla, N.J.; Brown, L.; Müller, D.J. The Gut Microbiome in Depression and Potential Benefit of
Prebiotics, Probiotics and Synbiotics: A Systematic Review of Clinical Trials and Observational Studies. Int. J. Mol. Sci. 2022, 23, 4494.
[CrossRef]

22. Zhu, H.; Tian, P.; Zhao, J.; Zhang, H.; Wang, G.; Chen, W. A psychobiotic approach to the treatment of depression: A systematic
review and meta-analysis. J. Funct. Foods 2022, 91, 104999. [CrossRef]

23. Musazadeh, V.; Zarezadeh, M.; Faghfouri, A.H.; Keramati, M.; Jamilian, P.; Jamilian, P.; Mohagheghi, A.; Farnam, A. Probiotics as an
effective therapeutic approach in alleviating depression symptoms: An umbrella meta-analysis. Crit. Rev. Food Sci. Nutr. 2022, 1–9.
[CrossRef]

24. Nadeem, I.; Rahman, M.Z.; Ad-Dab’bagh, Y.; Akhtar, M. Effect of probiotic interventions on depressive symptoms: A narrative
review evaluating systematic reviews. Psychiatry Clin. Neurosci. 2019, 73, 154–162. [CrossRef]

25. Poluektova, E.; Yunes, R.; Danilenko, V. The putative antidepressant mechanisms of probiotic bacteria: Relevant genes and
proteins. Nutrients 2021, 13, 1591. [CrossRef] [PubMed]

26. Yong, S.J.; Tong, T.; Chew, J.; Lim, W.L. Antidepressive mechanisms of probiotics and their therapeutic potential. Front. Neurosci.
2020, 13, 1361. [CrossRef]

27. Poluektova, E.; Danilenko, V. Probiotic Bacteria in the Correction of Depression Symptoms, Their Active Genes and Proteins.
Russ. J. Genet. 2021, 57, 1017–1025. [CrossRef]

28. Xiao, Y.; Zhai, Q.; Zhang, H.; Chen, W.; Hill, C. Gut colonization mechanisms of Lactobacillus and Bifidobacterium: An argument
for personalized designs. Annu. Rev. Food Sci. Technol. 2021, 12, 213–233. [CrossRef] [PubMed]

29. Collins, F.S.; Varmus, H. A new initiative on precision medicine. N. Engl. J. Med. 2015, 372, 793–795. [CrossRef]
30. Hodson, R. Precision medicine. Nature 2016, 537, S49. [CrossRef] [PubMed]
31. Khoury, M.J.; Bowen, S.; Dotson, W.D.; Drzymalla, E.; Green, R.F.; Goldstein, R.; Kolor, K.; Liburd, L.C.; Sperling, L.S.; Bunnell,

R. Health equity in the implementation of genomics and precision medicine: A public health imperative. Genet. Med. 2022, 24,
1630–1639. [CrossRef]

32. Salazar de Pablo, G.; Studerus, E.; Vaquerizo-Serrano, J.; Irving, J.; Catalan, A.; Oliver, D.; Baldwin, H.; Danese, A.; Fazel, S.;
Steyerberg, E.W. Implementing precision psychiatry: A systematic review of individualized prediction models for clinical practice.
Schizophr. Bull. 2021, 47, 284–297. [CrossRef]

33. MacEachern, S.J.; Forkert, N.D. Machine learning for precision medicine. Genome 2021, 64, 416–425. [CrossRef]
34. Cammarota, G.; Ianiro, G.; Ahern, A.; Carbone, C.; Temko, A.; Claesson, M.J.; Gasbarrini, A.; Tortora, G. Gut microbiome, big data

and machine learning to promote precision medicine for cancer. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 635–648. [CrossRef]
35. Fernandes, B.S.; Williams, L.M.; Steiner, J.; Leboyer, M.; Carvalho, A.F.; Berk, M. The new field of ‘precision psychiatry’. BMC

Med. 2017, 15, 80. [CrossRef]
36. Maes, M. Precision nomothetic medicine in depression research: A new depression model, and new endophenotype classes and

pathway phenotypes, and a digital self. J. Pers. Med. 2022, 12, 403. [CrossRef]
37. Sullivan, P.F.; Geschwind, D.H. Defining the genetic, genomic, cellular, and diagnostic architectures of psychiatric disorders. Cell

2019, 177, 162–183. [CrossRef] [PubMed]

http://doi.org/10.1080/16512235.2018.1548249
http://doi.org/10.31887/DCNS.2008.10.3/espaykel
http://doi.org/10.1001/jamainternmed.2018.7498
http://doi.org/10.3389/fpsyt.2021.618279
http://www.ncbi.nlm.nih.gov/pubmed/33658952
http://doi.org/10.1016/j.clnesp.2021.07.027
http://doi.org/10.3390/biom11071000
http://www.ncbi.nlm.nih.gov/pubmed/34356624
http://doi.org/10.1016/j.neubiorev.2020.12.026
http://doi.org/10.3390/jcm10040647
http://www.ncbi.nlm.nih.gov/pubmed/33567631
http://doi.org/10.3390/ijms23094494
http://doi.org/10.1016/j.jff.2022.104999
http://doi.org/10.1080/10408398.2022.2051164
http://doi.org/10.1111/pcn.12804
http://doi.org/10.3390/nu13051591
http://www.ncbi.nlm.nih.gov/pubmed/34068669
http://doi.org/10.3389/fnins.2019.01361
http://doi.org/10.1134/S102279542109009X
http://doi.org/10.1146/annurev-food-061120-014739
http://www.ncbi.nlm.nih.gov/pubmed/33317320
http://doi.org/10.1056/NEJMp1500523
http://doi.org/10.1038/537S49a
http://www.ncbi.nlm.nih.gov/pubmed/27602738
http://doi.org/10.1016/j.gim.2022.04.009
http://doi.org/10.1093/schbul/sbaa120
http://doi.org/10.1139/gen-2020-0131
http://doi.org/10.1038/s41575-020-0327-3
http://doi.org/10.1186/s12916-017-0849-x
http://doi.org/10.3390/jpm12030403
http://doi.org/10.1016/j.cell.2019.01.015
http://www.ncbi.nlm.nih.gov/pubmed/30901538


Nutrients 2023, 15, 1382 17 of 24

38. Menke, A. Precision pharmacotherapy: Psychiatry’s future direction in preventing, diagnosing, and treating mental disorders.
Pharm. Pers. Med. 2018, 11, 211–222. [CrossRef]

39. Menke, A. Is the HPA axis as target for depression outdated, or is there a new hope? Front. Psychiatry 2019, 10, 101. [CrossRef]
[PubMed]

40. Abildgaard, A.; Kern, T.; Pedersen, O.; Hansen, T.; Wegener, G.; Lund, S. The antidepressant-like effect of probiotics and their
faecal abundance may be modulated by the cohabiting gut microbiota in rats. Eur. Neuropsychopharmacol. 2019, 29, 98–110.
[CrossRef]

41. Feczko, E.; Miranda-Dominguez, O.; Marr, M.; Graham, A.M.; Nigg, J.T.; Fair, D.A. The heterogeneity problem: Approaches to
identify psychiatric subtypes. Trends Cogn. Sci. 2019, 23, 584–601. [CrossRef]

42. Passos, I.C.; Ballester, P.; Rabelo-da-Ponte, F.D.; Kapczinski, F. Precision psychiatry: The future is now. Can. J. Psychiatry 2022, 67,
21–25. [CrossRef]

43. Zanardi, R.; Prestifilippo, D.; Fabbri, C.; Colombo, C.; Maron, E.; Serretti, A. Precision psychiatry in clinical practice. Int. J.
Psychiatry Clin. Pract. 2021, 25, 19–27. [CrossRef]

44. Arns, M.; van Dijk, H.; Luykx, J.J.; van Wingen, G.; Olbrich, S. Stratified psychiatry: Tomorrow’s precision psychiatry? Eur.
Neuropsychopharmacol. 2022, 55, 14–19. [CrossRef] [PubMed]

45. Wu, J.; Liu, Q. A longitudinal study on college students’ depressive symptoms during the COVID-19 pandemic: The trajectories,
antecedents, and outcomes. Psychiatry Res. 2023, 321, 115058. [CrossRef]

46. Kang, P.Y.; Do, K.-H.; Koo, B.-S.; Lee, W.-K. Comparative antimicrobial activity of human and monkey origin lactic acid bacteria
on simian enteric bacteria. J. Biomed. Transl. Res. 2022, 23, 55–65. [CrossRef]

47. Wong, C.; Sugahara, H.; Odamaki, T.; Xiao, J. Different physiological properties of human-residential and non-human-residential
bifidobacteria in human health. Benef. Microbes 2018, 9, 111–122. [CrossRef] [PubMed]

48. Law, J.W.-F.; Letchumanan, V.; Tan, L.T.-H.; Ser, H.-L.; Goh, B.-H.; Lee, L.-H. The rising of “modern actinobacteria” era. Prog.
Microbes Mol. Biol. 2020, 3, a0000064. [CrossRef]

49. Metchnikoff, E.; Williams, H.S. Why not live forever. Cosmopolitan 1912, 53, 436–446.
50. Anukam, K.C.; Reid, G. Probiotics: 100 years (1907–2007) after Elie Metchnikoff’s observation. Commun. Curr. Res. Educ. Top.

Trends Appl. Microbiol. 2007, 1, 466–474.
51. Lau, A.W.Y.; Tan, L.T.-H.; Ab Mutalib, N.-S.; Wong, S.H.; Letchumanan, V.; Lee, L.-H. The chemistry of gut microbiome in health

and diseases. Prog. Microbes Mol. Biol. 2021, 4, a0000175. [CrossRef]
52. Sender, R.; Fuchs, S.; Milo, R. Revised estimates for the number of human and bacteria cells in the body. PLoS Biol. 2016, 14, e1002533.

[CrossRef]
53. Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.; Sandhu, K.V.; Bastiaanssen, T.F.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.;

Golubeva, A.V. The microbiota-gut-brain axis. Physiol. Rev. 2019, 99, 1877–2013. [CrossRef]
54. Tshikantwa, T.S.; Ullah, M.W.; He, F.; Yang, G. Current trends and potential applications of microbial interactions for human

welfare. Front. Microbiol. 2018, 9, 1156. [CrossRef] [PubMed]
55. Pathak, K.; Saikia, R.; Gogoi, U.; Das, A. Potential application of microbes for human health and welfare. World J. Pharm. Pharm.

Sci. 2020, 10, 514–524.
56. Busnelli, M.; Manzini, S.; Chiesa, G. The gut microbiota affects host pathophysiology as an endocrine organ: A focus on

cardiovascular disease. Nutrients 2019, 12, 79. [CrossRef] [PubMed]
57. Li, X.; Liu, L.; Cao, Z.; Li, W.; Li, H.; Lu, C.; Yang, X.; Liu, Y. Gut microbiota as an “invisible organ” that modulates the function of

drugs. Biomed. Pharmacother. 2020, 121, 109653. [CrossRef]
58. Stephens, R.W.; Arhire, L.; Covasa, M. Gut microbiota: From microorganisms to metabolic organ influencing obesity. Obesity 2018,

26, 801–809. [CrossRef]
59. Seo, D.-O.; Holtzman, D.M. Gut microbiota: From the forgotten organ to a potential key player in the pathology of Alzheimer’s

disease. J. Gerontol. Ser. A 2020, 75, 1232–1241. [CrossRef] [PubMed]
60. Lim, W.Q.; Cheam, J.Y.; Law, J.W.-F.; Letchumanan, V.; Lee, L.-H.; Tan, L.T.-H. Role of Garlic in Chronic Diseases: Focusing on

Gut Microbiota Modulation. Prog. Microbes Mol. Biol. 2022, 5, a0000271. [CrossRef]
61. Selvaraj, S.M.; Wong, S.H.; Ser, H.-L.; Lee, L.-H. Role of low FODMAP diet and probiotics on gut microbiome in irritable bowel

syndrome (IBS). Prog. Microbes Mol. Biol. 2020, 3, a0000069. [CrossRef]
62. Chong, H.-Y.; Tan, L.T.-H.; Law, J.W.-F.; Hong, K.-W.; Ratnasingam, V.; Ab Mutalib, N.-S.; Lee, L.-H.; Letchumanan, V. Exploring

the Potential of Human Milk and Formula Milk on Infants’ Gut and Health. Nutrients 2022, 14, 3554. [CrossRef]
63. Bliss, E.S.; Whiteside, E. The gut-brain axis, the human gut microbiota and their integration in the development of obesity. Front.

Physiol. 2018, 9, 900. [CrossRef]
64. O’Neill, I.J.; Sanchez Gallardo, R.; Saldova, R.; Murphy, E.F.; Cotter, P.D.; McAuliffe, F.M.; van Sinderen, D. Maternal and infant

factors that shape neonatal gut colonization by bacteria. Expert Rev. Gastroenterol. Hepatol. 2020, 14, 651–664. [CrossRef]
65. Rackaityte, E.; Halkias, J.; Fukui, E.; Mendoza, V.; Hayzelden, C.; Crawford, E.; Fujimura, K.; Burt, T.; Lynch, S. Viable bacterial

colonization is highly limited in the human intestine in utero. Nat. Med. 2020, 26, 599–607. [CrossRef] [PubMed]
66. Stewart, C.J.; Ajami, N.J.; O’Brien, J.L.; Hutchinson, D.S.; Smith, D.P.; Wong, M.C.; Ross, M.C.; Lloyd, R.E.; Doddapaneni, H.;

Metcalf, G.A. Temporal development of the gut microbiome in early childhood from the TEDDY study. Nature 2018, 562, 583–588.
[CrossRef] [PubMed]

http://doi.org/10.2147/PGPM.S146110
http://doi.org/10.3389/fpsyt.2019.00101
http://www.ncbi.nlm.nih.gov/pubmed/30890970
http://doi.org/10.1016/j.euroneuro.2018.10.011
http://doi.org/10.1016/j.tics.2019.03.009
http://doi.org/10.1177/0706743721998044
http://doi.org/10.1080/13651501.2020.1809680
http://doi.org/10.1016/j.euroneuro.2021.10.863
http://www.ncbi.nlm.nih.gov/pubmed/34768212
http://doi.org/10.1016/j.psychres.2023.115058
http://doi.org/10.12729/jbtr.2022.23.3.55
http://doi.org/10.3920/BM2017.0031
http://www.ncbi.nlm.nih.gov/pubmed/28969444
http://doi.org/10.36877/pmmb.a0000064
http://doi.org/10.36877/pmmb.a0000175
http://doi.org/10.1371/journal.pbio.1002533
http://doi.org/10.1152/physrev.00018.2018
http://doi.org/10.3389/fmicb.2018.01156
http://www.ncbi.nlm.nih.gov/pubmed/29910788
http://doi.org/10.3390/nu12010079
http://www.ncbi.nlm.nih.gov/pubmed/31892152
http://doi.org/10.1016/j.biopha.2019.109653
http://doi.org/10.1002/oby.22179
http://doi.org/10.1093/gerona/glz262
http://www.ncbi.nlm.nih.gov/pubmed/31738402
http://doi.org/10.36877/pmmb.a0000271
http://doi.org/10.36877/pmmb.a0000069
http://doi.org/10.3390/nu14173554
http://doi.org/10.3389/fphys.2018.00900
http://doi.org/10.1080/17474124.2020.1784725
http://doi.org/10.1038/s41591-020-0761-3
http://www.ncbi.nlm.nih.gov/pubmed/32094926
http://doi.org/10.1038/s41586-018-0617-x
http://www.ncbi.nlm.nih.gov/pubmed/30356187


Nutrients 2023, 15, 1382 18 of 24

67. Shao, Y.; Forster, S.C.; Tsaliki, E.; Vervier, K.; Strang, A.; Simpson, N.; Kumar, N.; Stares, M.D.; Rodger, A.; Brocklehurst, P. Stunted
microbiota and opportunistic pathogen colonization in caesarean-section birth. Nature 2019, 574, 117–121. [CrossRef] [PubMed]

68. O’Callaghan, A.A.; Corr, S.C. Establishing boundaries: The relationship that exists between intestinal epithelial cells and
gut-dwelling bacteria. Microorganisms 2019, 7, 663. [CrossRef] [PubMed]

69. Bittinger, K.; Zhao, C.; Li, Y.; Ford, E.; Friedman, E.S.; Ni, J.; Kulkarni, C.V.; Cai, J.; Tian, Y.; Liu, Q. Bacterial colonization
reprograms the neonatal gut metabolome. Nat. Microbiol. 2020, 5, 838–847. [CrossRef]

70. Sonali, S.; Ray, B.; Ahmed Tousif, H.; Rathipriya, A.G.; Sunanda, T.; Mahalakshmi, A.M.; Rungratanawanich, W.; Essa, M.M.;
Qoronfleh, M.W.; Chidambaram, S.B. Mechanistic insights into the link between gut dysbiosis and major depression: An extensive
review. Cells 2022, 11, 1362. [CrossRef] [PubMed]

71. Ong, I.J.; Loo, K.-Y.; Law, L.N.-S.; Law, J.W.-F.; Tan, L.T.-H.; Letchumanan, V. Exploring the impact of Helicobacter pylori and
potential gut microbiome modulation. Prog. Microbes Mol. Biol. 2023, 6, 1–19. [CrossRef]

72. Thye, A.Y.-K.; Bah, Y.-R.; Law, J.W.-F.; Tan, L.T.-H.; He, Y.-W.; Wong, S.-H.; Thurairajasingam, S.; Chan, K.-G.; Lee, L.-H.; Letchumanan,
V. Gut–skin axis: Unravelling the connection between the gut microbiome and psoriasis. Biomedicines 2022, 10, 1037. [CrossRef]

73. Thye, A.Y.-K.; Law, J.W.-F.; Tan, L.T.-H.; Thurairajasingam, S.; Chan, K.-G.; Letchumanan, V.; Lee, L.-H. Exploring the gut
microbiome in Myasthenia Gravis. Nutrients 2022, 14, 1647. [CrossRef]

74. Wang, H.J.; Battousse, O.; Ramadas, A. Modulation of gut microbiota by dietary macronutrients in type 2 diabetes: A review.
Prog. Microbes Mol. Biol. 2021, 4, a0000182.

75. Durganaudu, H.; Kunasegaran, T.; Ramadas, A. Dietary glycaemic index and type 2 diabetes mellitus: Potential modulation of
gut microbiota. Prog. Microbes Mol. Biol. 2020, 3, a0000082. [CrossRef]

76. Zhao, L.; Xiong, Q.; Stary, C.M.; Mahgoub, O.K.; Ye, Y.; Gu, L.; Xiong, X.; Zhu, S. Bidirectional gut-brain-microbiota axis as a
potential link between inflammatory bowel disease and ischemic stroke. J. NeuroInflamm. 2018, 15, 339. [CrossRef]

77. Zhu, F.; Tu, H.; Chen, T. The Microbiota–Gut–Brain Axis in Depression: The Potential Pathophysiological Mechanisms and
Microbiota Combined Antidepression Effect. Nutrients 2022, 14, 2081. [CrossRef] [PubMed]

78. Barrio, C.; Arias-Sánchez, S.; Martín-Monzón, I. The gut microbiota-brain axis, psychobiotics and its influence on brain and
behaviour: A systematic review. Psychoneuroendocrinology 2022, 137, 105640. [CrossRef] [PubMed]

79. Azad, M.; Kalam, A.; Sarker, M.; Li, T.; Yin, J. Probiotic species in the modulation of gut microbiota: An overview. BioMed Res. Int.
2018, 2018, 9478630. [CrossRef]

80. Morais, L.H.; Schreiber, H.L.; Mazmanian, S.K. The gut microbiota–brain axis in behaviour and brain disorders. Nat. Rev.
Microbiol. 2021, 19, 241–255. [CrossRef] [PubMed]

81. Zhang, Z.-W.; Gao, C.-S.; Zhang, H.; Yang, J.; Wang, Y.-P.; Pan, L.-B.; Yu, H.; He, C.-Y.; Luo, H.-B.; Zhao, Z.-X. Morinda officinalis
oligosaccharides increase serotonin in the brain and ameliorate depression via promoting 5-hydroxytryptophan production in the
gut microbiota. Acta Pharm. Sin. B 2022, 12, 3298–3312. [CrossRef] [PubMed]

82. Chevalier, G.; Siopi, E.; Guenin-Macé, L.; Pascal, M.; Laval, T.; Rifflet, A.; Boneca, I.G.; Demangel, C.; Colsch, B.; Pruvost, A. Effect
of gut microbiota on depressive-like behaviors in mice is mediated by the endocannabinoid system. Nat. Commun. 2020, 11, 6363.
[CrossRef]

83. Radjabzadeh, D.; Bosch, J.A.; Uitterlinden, A.G.; Zwinderman, A.H.; Ikram, M.A.; van Meurs, J.B.; Luik, A.I.; Nieuwdorp, M.; Lok,
A.; van Duijn, C.M. Gut microbiome-wide association study of depressive symptoms. Nat. Commun. 2022, 13, 7128. [CrossRef]

84. Barandouzi, Z.A.; Starkweather, A.R.; Henderson, W.A.; Gyamfi, A.; Cong, X.S. Altered composition of gut microbiota in
depression: A systematic review. Front. Psychiatry 2020, 11, 541. [CrossRef]

85. Borkent, J.; Ioannou, M.; Laman, J.D.; Haarman, B.C.; Sommer, I.E. Role of the gut microbiome in three major psychiatric disorders.
Psychol. Med. 2022, 52, 1222–1242. [CrossRef]

86. McGuinness, A.; Davis, J.; Dawson, S.; Loughman, A.; Collier, F.; O’Hely, M.; Simpson, C.; Green, J.; Marx, W.; Hair, C.
A systematic review of gut microbiota composition in observational studies of major depressive disorder, bipolar disorder and
schizophrenia. Mol. Psychiatry 2022, 27, 1920–1935. [CrossRef]

87. Inserra, A.; Rogers, G.B.; Licinio, J.; Wong, M.L. The microbiota-inflammasome hypothesis of major depression. Bioessays 2018,
40, 1800027. [CrossRef]

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

89. Aizawa, E.; Tsuji, H.; Asahara, T.; Takahashi, T.; Teraishi, T.; Yoshida, S.; Ota, M.; Koga, N.; Hattori, K.; Kunugi, H. Possible
association of Bifidobacterium and Lactobacillus in the gut microbiota of patients with major depressive disorder. J. Affect. Disord.
2016, 202, 254–257. [CrossRef] [PubMed]

90. Bhatt, S.; Kanoujia, J.; Lakshmi, S.M.; Patil, C.; Gupta, G.; Chellappan, D.K.; Dua, K. Role of Brain-Gut-Microbiota Axis in
Depression: Emerging Therapeutic Avenues. CNS Neurol. Disord.-Drug Targets (Former. Curr. Drug Targets-CNS Neurol. Disord.)
2023, 22, 276–288.

91. Kong, G.Y.-E.; Letchumanan, V.; Tan, L.T.-H.; Law, J.W.-F. Gut Microbiome in Obsessive Compulsive Disorder: Potential of
Probiotics as an Adjuvant Therapy. Prog. Microbes Mol. Biol. 2022, 5, a0000272. [CrossRef]

92. Zendeboodi, F.; Khorshidian, N.; Mortazavian, A.M.; da Cruz, A.G. Probiotic: Conceptualization from a new approach. Curr.
Opin. Food Sci. 2020, 32, 103–123. [CrossRef]

http://doi.org/10.1038/s41586-019-1560-1
http://www.ncbi.nlm.nih.gov/pubmed/31534227
http://doi.org/10.3390/microorganisms7120663
http://www.ncbi.nlm.nih.gov/pubmed/31818022
http://doi.org/10.1038/s41564-020-0694-0
http://doi.org/10.3390/cells11081362
http://www.ncbi.nlm.nih.gov/pubmed/35456041
http://doi.org/10.36877/pmmb.a0000273
http://doi.org/10.3390/biomedicines10051037
http://doi.org/10.3390/nu14081647
http://doi.org/10.36877/pmmb.a0000082
http://doi.org/10.1186/s12974-018-1382-3
http://doi.org/10.3390/nu14102081
http://www.ncbi.nlm.nih.gov/pubmed/35631224
http://doi.org/10.1016/j.psyneuen.2021.105640
http://www.ncbi.nlm.nih.gov/pubmed/34942539
http://doi.org/10.1155/2018/9478630
http://doi.org/10.1038/s41579-020-00460-0
http://www.ncbi.nlm.nih.gov/pubmed/33093662
http://doi.org/10.1016/j.apsb.2022.02.032
http://www.ncbi.nlm.nih.gov/pubmed/35967282
http://doi.org/10.1038/s41467-020-19931-2
http://doi.org/10.1038/s41467-022-34502-3
http://doi.org/10.3389/fpsyt.2020.00541
http://doi.org/10.1017/S0033291722000897
http://doi.org/10.1038/s41380-022-01456-3
http://doi.org/10.1002/bies.201800027
http://doi.org/10.2147/NDT.S188340
http://www.ncbi.nlm.nih.gov/pubmed/30584306
http://doi.org/10.1016/j.jad.2016.05.038
http://www.ncbi.nlm.nih.gov/pubmed/27288567
http://doi.org/10.36877/pmmb.a0000272
http://doi.org/10.1016/j.cofs.2020.03.009


Nutrients 2023, 15, 1382 19 of 24

93. Millette, M.; Nguyen, A.; Amine, K.M.; Lacroix, M. Gastrointestinal survival of bacteria in commercial probiotic products. Int. J.
Probiot. Prebiot. 2013, 8, 149.

94. Domig, K.; Kiss, H.; Petricevic, L.; Viernstein, H.; Unger, F.; Kneifel, W. Strategies for the evaluation and selection of potential
vaginal probiotics from human sources: An exemplary study. Benef. Microbes 2014, 5, 263–272. [CrossRef]

95. Hofmeister, M.; Clement, F.; Patten, S.; Li, J.; Dowsett, L.E.; Farkas, B.; Mastikhina, L.; Egunsola, O.; Diaz, R.; Cooke, N.C. The
effect of interventions targeting gut microbiota on depressive symptoms: A systematic review and meta-analysis. Can. Med.
Assoc. Open Access J. 2021, 9, E1195–E1204. [CrossRef] [PubMed]

96. Saarela, M.; Mogensen, G.; Fonden, R.; Mättö, J.; Mattila-Sandholm, T. Probiotic bacteria: Safety, functional and technological
properties. J. Biotechnol. 2000, 84, 197–215. [CrossRef] [PubMed]

97. Barros-Santos, T.; Silva, K.S.O.; Libarino-Santos, M.; Cata-Preta, E.G.; Reis, H.S.; Tamura, E.K.; de Oliveira-Lima, A.J.; Berro,
L.F.; Uetanabaro, A.P.T.; Marinho, E.A.V. Effects of chronic treatment with new strains of Lactobacillus plantarum on cognitive,
anxiety-and depressive-like behaviors in male mice. PLoS ONE 2020, 15, e0234037. [CrossRef] [PubMed]

98. van Reenen, C.A.; Dicks, L.M. Horizontal gene transfer amongst probiotic lactic acid bacteria and other intestinal microbiota:
What are the possibilities? A review. Arch. Microbiol. 2011, 193, 157–168. [CrossRef] [PubMed]

99. Saez-Lara, M.J.; Gomez-Llorente, C.; Plaza-Diaz, J.; Gil, A. The role of probiotic lactic acid bacteria and bifidobacteria in the
prevention and treatment of inflammatory bowel disease and other related diseases: A systematic review of randomized human
clinical trials. BioMed Res. Int. 2015, 2015, 505878. [CrossRef] [PubMed]

100. Zhang, Z.; Lv, J.; Pan, L.; Zhang, Y. Roles and applications of probiotic Lactobacillus strains. Appl. Microbiol. Biotechnol. 2018, 102,
8135–8143. [CrossRef]

101. Sharma, M.; Wasan, A.; Sharma, R.K. Recent developments in probiotics: An emphasis on Bifidobacterium. Food Biosci. 2021, 41, 100993.
[CrossRef]

102. Tanaka, K.; Satoh, T.; Kitahara, J.; Uno, S.; Nomura, I.; Kano, Y.; Suzuki, T.; Niimura, Y.; Kawasaki, S. O2-inducible H2O2-forming
NADPH oxidase is responsible for the hyper O2 sensitivity of Bifidobacterium longum subsp. infantis. Sci. Rep. 2018, 8, 10750.
[CrossRef] [PubMed]

103. Guarner, F.; Sanders, M.; Eliakim, R.; Fedorak, R.; Gangl, A.; Garisch, J. Probiotics and prebiotics. In World Gastroenterology
Organisation Global Guidelines; World Gastroenterology Organisation: Milwaukee, WI, USA, 2017; Volume 46, pp. 468–481.

104. Bzdok, D.; Meyer-Lindenberg, A. Machine learning for precision psychiatry: Opportunities and challenges. Biol. Psychiatry Cogn.
Neurosci. Neuroimaging 2018, 3, 223–230. [CrossRef]

105. Gandal, M.J.; Leppa, V.; Won, H.; Parikshak, N.N.; Geschwind, D.H. The road to precision psychiatry: Translating genetics into
disease mechanisms. Nat. Neurosci. 2016, 19, 1397–1407. [CrossRef]

106. Namkung, J. Machine learning methods for microbiome studies. J. Microbiol. 2020, 58, 206–216. [CrossRef] [PubMed]
107. Williams, L.M. Precision psychiatry: A neural circuit taxonomy for depression and anxiety. Lancet Psychiatry 2016, 3, 472–480.

[CrossRef] [PubMed]
108. Khanra, S.; Khess, C.R.; Munda, S.K. “Precision psychiatry”: A promising direction so far. Indian J. Psychiatry 2018, 60, 373–374.

[CrossRef]
109. Edition, F. Diagnostic and statistical manual of mental disorders. Am. Psychiatr. Assoc. 2013, 21, 591–643.
110. Troubat, R.; Barone, P.; Leman, S.; Desmidt, T.; Cressant, A.; Atanasova, B.; Brizard, B.; El Hage, W.; Surget, A.; Belzung, C.

Neuroinflammation and depression: A review. Eur. J. Neurosci. 2021, 53, 151–171. [CrossRef]
111. Phillips, C. Brain-derived neurotrophic factor, depression, and physical activity: Making the neuroplastic connection. Neural Plast.

2017, 2017, 7260130. [CrossRef]
112. Alemi, F.; Min, H.; Yousefi, M.; Becker, L.K.; Hane, C.A.; Nori, V.S.; Wojtusiak, J. Effectiveness of common antidepressants: A post

market release study. eClinicalMedicine 2021, 41, 101171. [CrossRef]
113. Rush, A.J.; Trivedi, M.H.; Wisniewski, S.R.; Stewart, J.W.; Nierenberg, A.A.; Thase, M.E.; Ritz, L.; Biggs, M.M.; Warden, D.;

Luther, J.F. Bupropion-SR, sertraline, or venlafaxine-XR after failure of SSRIs for depression. N. Engl. J. Med. 2006, 354, 1231–1242.
[CrossRef]

114. Czéh, B.; Fuchs, E.; Wiborg, O.; Simon, M. Animal models of major depression and their clinical implications. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 2016, 64, 293–310. [CrossRef]

115. Pereira, V.S.; Hiroaki-Sato, V.A. A brief history of antidepressant drug development: From tricyclics to beyond ketamine. Acta
Neuropsychiatr. 2018, 30, 307–322. [CrossRef]

116. Suda, K.; Matsuda, K. How Microbes Affect Depression: Underlying Mechanisms via the Gut–Brain Axis and the Modulating
Role of Probiotics. Int. J. Mol. Sci. 2022, 23, 1172. [CrossRef]

117. Freimer, D.; Yang, T.T.; Ho, T.C.; Tymofiyeva, O.; Leung, C. The gut microbiota, HPA axis, and brain in adolescent-onset
depression: Probiotics as a novel treatment. Brain Behav. Immun.-Health 2022, 26, 100541. [CrossRef] [PubMed]

118. Delgado, P.L. Depression: The case for a monoamine deficiency. J. Clin. Psychiatry 2000, 61, 7–11. [PubMed]
119. Zhang, F.F.; Peng, W.; Sweeney, J.A.; Jia, Z.Y.; Gong, Q.Y. Brain structure alterations in depression: Psychoradiological evidence.

CNS Neurosci. Ther. 2018, 24, 994–1003. [CrossRef]
120. Yang, T.; Nie, Z.; Shu, H.; Kuang, Y.; Chen, X.; Cheng, J.; Yu, S.; Liu, H. The role of BDNF on neural plasticity in depression. Front.

Cell. Neurosci. 2020, 14, 82. [CrossRef] [PubMed]
121. Kim, I.B.; Park, S.-C. Neural circuitry–neurogenesis coupling model of depression. Int. J. Mol. Sci. 2021, 22, 2468. [CrossRef]

http://doi.org/10.3920/BM2013.0069
http://doi.org/10.9778/cmajo.20200283
http://www.ncbi.nlm.nih.gov/pubmed/34933877
http://doi.org/10.1016/S0168-1656(00)00375-8
http://www.ncbi.nlm.nih.gov/pubmed/11164262
http://doi.org/10.1371/journal.pone.0234037
http://www.ncbi.nlm.nih.gov/pubmed/32559185
http://doi.org/10.1007/s00203-010-0668-3
http://www.ncbi.nlm.nih.gov/pubmed/21193902
http://doi.org/10.1155/2015/505878
http://www.ncbi.nlm.nih.gov/pubmed/25793197
http://doi.org/10.1007/s00253-018-9217-9
http://doi.org/10.1016/j.fbio.2021.100993
http://doi.org/10.1038/s41598-018-29030-4
http://www.ncbi.nlm.nih.gov/pubmed/30013208
http://doi.org/10.1016/j.bpsc.2017.11.007
http://doi.org/10.1038/nn.4409
http://doi.org/10.1007/s12275-020-0066-8
http://www.ncbi.nlm.nih.gov/pubmed/32108316
http://doi.org/10.1016/S2215-0366(15)00579-9
http://www.ncbi.nlm.nih.gov/pubmed/27150382
http://doi.org/10.4103/psychiatry.IndianJPsychiatry_203_18
http://doi.org/10.1111/ejn.14720
http://doi.org/10.1155/2017/7260130
http://doi.org/10.1016/j.eclinm.2021.101171
http://doi.org/10.1056/NEJMoa052963
http://doi.org/10.1016/j.pnpbp.2015.04.004
http://doi.org/10.1017/neu.2017.39
http://doi.org/10.3390/ijms23031172
http://doi.org/10.1016/j.bbih.2022.100541
http://www.ncbi.nlm.nih.gov/pubmed/36536630
http://www.ncbi.nlm.nih.gov/pubmed/10775018
http://doi.org/10.1111/cns.12835
http://doi.org/10.3389/fncel.2020.00082
http://www.ncbi.nlm.nih.gov/pubmed/32351365
http://doi.org/10.3390/ijms22052468


Nutrients 2023, 15, 1382 20 of 24

122. Młynarska, E.; Gadzinowska, J.; Tokarek, J.; Forycka, J.; Szuman, A.; Franczyk, B.; Rysz, J. The Role of the Microbiome-Brain-Gut
Axis in the Pathogenesis of Depressive Disorder. Nutrients 2022, 14, 1921. [CrossRef] [PubMed]
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