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Summary

Major depressive disorder is one of the most disabling mental disorders worldwide. Increasing preclinical and clinical
studies have highlighted that compositional and functional (e.g., metabolite) changes in gut microbiota, known as
dysbiosis, are associated with the onset and progression of depression via regulating the gut-brain axis. However, the
gut microbiota and their metabolites present a double-edged sword in depression. Dysbiosis is involved in the
pathogenesis of depression while, at the same time, offering a novel therapeutic target. In this review, we describe the
association between dysbiosis and depression, drug-microbiota interactions in antidepressant treatment, and the
potential health benefits of microbial-targeted therapeutics in depression, including dietary interventions, fecal
microbiota transplantation, probiotics, prebiotics, synbiotics, and postbiotics. With the emergence of microbial
research, we describe a new direction for future research and clinical treatment of depression.
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Introduction

Major depressive disorder (MDD) is one of the most
disabling mental disorders, affecting over 35 million
people worldwide. MDD is characterized by significant
and persistent low mood and is driven by a combination
of genetic and environmental factors. The recent
pandemic has added a marked depressive burden to this
situation; the 2020 Global Burden of Disease (GBD) data
from 204 countries indicates that, throughout 2020, the
COVID-19 pandemic and associated lockdowns led to a
27.6% increase in MDD cases."

The trillions of microorganisms that inhabit our
guts, including bacteria, viruses, archaea, and fungi,
play roles in human health. Recent studies have
demonstrated the effects of the gut microbiome on
distal organs, such as the brain. A pivotal role of gut
microbiota in the pathogenesis of MDD has long been
postulated.? However, a clear cause-effect relationship
has not been definitively shown. MDD is associated with
microbial dysbiosis, which is defined as an alteration in
microbial diversity owing to the disrupted balance of
microbiota and corresponding functional changes.’
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Circumstantial evidence comes from an observed
increased risk of severe mental disorders (e.g., depres-
sion, anxiety, and psychosis) following antibiotic use,
even 5-10 years after use.”® A recent systematic review
indicated the association between antibiotics use and
subsequent development of depression.” This is largely
because antibiotics reduce the diversity of gut micro-
biota.® Moreover, an unhealthy diet and environmental
exposures that influence the gut microbial composition
were proved to be highly associated with the increased
incidence of depression in recent years.”'

Although increasing evidence has suggested a role of
gut microbiota in MDD pathogenesis, the definitive role
of dysbiosis remains unclear. So far, it is unclear
whether microbial dysbiosis is intrinsically causal or
merely a consequence of depression-related pathological
changes. In addition, over decades of observational
research, the gut microbiome field is shifting from as-
sociation to modulation.” The ultimate goal of re-
searches is to promote the development of microbiota-
based interventions in depression. However, there is
still a long way to go to realize the clinical application of
microbial therapy. Before this, antidepressants are still
the therapeutic mainstays in depression. So, in the
current stage, we should not only pay attention to the
development of microbiota-targeted interventions, but
also to the influence of gut microbiome on efficacy of
antidepressant drugs. Thus, in this review, we fully
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describe the association between dysbiosis and MDD,
drug-microbiota interactions in antidepressant treat-
ment, and the potential clinical transformations of
microbial-targeted therapeutics for MDD.

Gut microbiota composition and depression
Gut bacterial microbiota dysbiosis and depression
Accumulating studies have shown an association be-
tween dysbiosis and depression (Fig. 1) by reporting
changes in the gut microbial composition of MDD
patients compared to healthy individuals, particularly
in terms of microbial diversity and the relative abun-
dance of specific bacterial taxa.*'*"* Although the
findings between studies have been inconsistent,
enriched pro-inflammatory bacteria and depletion of
anti-inflammatory bacteria have been the most
consistent findings*"; this is similar to other disease
conditions which are linked with systemic and gut
inflammation, further strengthening the case for the
inflammatory hypothesis of depression. In depression,
Firmicutes, Actinobacteria, and Bacteroidetes are the
most affected phyla*'; especially an increase in the
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Bacteroidetes/Firmicutes ratio in MDD patients, char-
acterized by an enrichment of the genus Bacteroides
and a depletion of the genera Blautia, Faecalibacte-
rium, and Coprococcus.”'>'** An increase in Egger-
thella and decrease in Sutterella were also consistently
demonstrated in patients with MDD.*'>>¢ Driven by
succession and within-host evolution throughout life,
gut microbiota have become increasingly patho-
genic,'”** leading to possible distinct microbial char-
acteristics in MDD patients of different ages.” There
are also regional differences in microbial compositions
in patients with MDD. For example, several taxa were
primarily identified in patients from China, such as
increased Eggerthella and decreased Coprococcus, and
Fusicatenibacter.’ However, simple association studies
do not provide information about causality. Trans-
planting of fecal microbiota from MDD patients to
induce depressive-like behaviors in rodents suggests
that microbial dysbiosis precedes MDD onset and
might play a causal role in MDD.>* Meanwhile, there
is also evidence supporting a pathological vicious loop
in which depression-associated pathological changes
also cause and exacerbate the dysbiosis.”' Thus, while
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Fig. 1: The association between dysbiosis and central pathological changes during the development of depression. CNS, Central nervous

system.
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microbiome shifts can occur early in MDD and
perhaps contribute to the onset of MDD, over time
pathological changes in MDD further contribute to
dysbiosis by altering the gut environment.

Potential causative pathobionts in depression
Although global shifts in the gut microbiota have been
reported in patients with MDD, the specific pathobionts
remain to be fully elucidated. Previous studies sug-
gested that several species belonging to the Bacter-
oidaceae family are specific to MDD, and that species
from Bacteroides (e.g., B. thetaiotaomicron, B. fragilis and
B. uniformis) significantly increase the susceptibility to
depression.'>”” Additionally, clinical and preclinical
studies have reported that segmented filamentous bacteria
increase the susceptibility to depression by promoting T
helper 17 (Th17) cell production.” Moreover, a large-
scale population-based cohort found that, even though
Morganella  was not specifically highlighted, the
increasing abundances of Morganella predicted to have a
causal effect on MDD.* Furthermore, Liu et al.** iso-
lated Mycobacterium neoaurum, which can degrade
testosterone by expressing the 3p-Hydroxysteroid dehy-
drogenase enzyme, from the feces of male MDD pa-
tients, and found that administering this strain to rats
via oral gavage, induced depressive-like behaviors.
However, in the context of a complex gut microbial
community, these specific pathobionts probably act
synergistically with others to cause depression, rather
than merely as individual infectious agents. The in-
teractions between microbial species are likely quite
complex. Understanding these so-called higher-order
interactions, that generate new effector molecules, may
improve our understanding of the mechanisms under-
lying microbiome-host interactions that contribute to
depression.”

Gut nonbacterial microbiota dysbiosis and
depression

In addition to the intestinal bacteria, nonbacterial
microbiota also participates in the pathogenesis of
depression. As beneficial partners, bacteriophages in-
fluence the function of bacterial microbiota by pro-
moting the diversity of the intestinal bacteria genotypes
and phenotypes.”” Shifts in the composition of bacte-
riophages in MDD patients have been documented,
particularly changes in Caudovirales bacteriophages.'
Similar changes were also identified in a non-human
primate model of depression, indicating that Caudo-
virales alteration is a hallmark of depression.” Further,
gut fungal dysbiosis was documented in depressed
patients, and a disrupted fungi-bacteria network ap-
pears to be involved in the onset of depression.”” The
role of Candida albicans in the pathophysiology of
psychiatric diseases such as depression was reviewed
previously.” The prevalent interactions between bac-
terial and nonbacterial microbiota in the gut are
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complex, suggesting that studying the properties of
bacteria in vitro or in vivo without considering other
nonbacterial microbiota might provide a distorted view
of the role of functional networks that, in reality,
involve multiple individual microorganisms and mi-
crobial communities.

Gut microbiota-derived metabolites and

depression

There are multiple important mediators involved in gut
microbiota-host interactions, such as microbial metab-
olites, derived from the fermentation of dietary sub-
stances by bacteria, and bacterially-modified host
molecules, such as bile acids (BAs), or products pro-
duced by bacteria directly.’’ Shifts in the composition of
gut microbiota in MDD lead to changes in the microbial
metabolome, which plays a role in the pathogenesis of
MDD. Gut microbiota-derived metabolites present a
double-edged sword in depression. Short-chain fatty
acids (SCFAs: acetate, butyrate, and propionate) have
been strongly implicated in depression. SCFAs were
reported to be depleted in patients with MDD,**? while
their administration resulted in antidepressant effects
by ameliorating depression-related intestinal perme-
ability and hypothalamic—pituitary—adrenal (HPA) axis
reactivity, in particular butyrate.’*** Neurotransmitters
(e.g., serotonin and gamma amino butyric acid), pro-
duced by the gut microbiota directly or indirectly, can
influence emotional behavior by modulating local gut
physiology and by regulating the function of distal or-
gans when absorbed into the bloodstream.** In addition,
the actions of BAs through binding to their dedicated
receptors, farnesoid X receptor and Takeda G-protein-
coupled receptor 5, regulate the physiological metabolic
responses of the body. Disturbances in BA metabolism
have been identified in MDD*; BA levels, especially of
the secondary BAs modulated by gut microbiota, are
negatively correlated with the severity of depressive
symptoms,* suggesting a protective role of higher BA
levels for depression. Turicibacterales, Turicibacter-
aceae, and Turicibacter were related to the increased
production of BAs.* And this taxa has been reported to
reduce in depression state.” Furthermore, microbiota-
derived trimethylamine-N-oxide (TMAO) from choline
metabolism can cross the blood-brain barrier to influ-
ence brain pathology and the development of neuro-
psychiatric disorders.’*® A positive association between
serum TMAO levels and depression severity has been
reported in individuals.”” Other microbiota-derived me-
tabolites such as lipopolysaccharide (LPS), lactate, and
B-vitamins are also associated with the pathogenesis of
MDD.*** The levels of these metabolites reflect, at least
in part, the metabolic capacity of the gut microbiota.
Beyond the composition of gut microbiota, the micro-
bial function (e.g., metabolism, metabolite) is equally
important, and future diseases studies should take into


www.thelancet.com/digital-health

Review

account both the microbial composition and functional
changes.

Microbiota-gut-brain (MGB) axis in depression
Communication between the gut and the brain is bidi-
rectional and involves various routes including neural,
endocrine, and immune pathways.*' The microbiota and
their derived metabolites act as key modulators in gut-
brain signaling, leading to the concept of an MGB
axis.” The role of the routes involved in the MGB axis in
depression has been well delineated (Fig. 2). The mi-
crobial composition and metabolites change in MDD
patients results in a disrupted homeostasis of the gut
microenvironment, affecting the function of the gut
epithelium and causing intestinal barrier dysfunction
and inflammatory responses.** The increased systemic
translocation of gut metabolites, microbial cell compo-
nents, or even the microbiota via the damaged intestinal
barrier (the “leaky gut”) heightens systemic inflamma-
tory responses (e.g., Th17/regulatory T cell (Th17/Treg)
imbalance, interleukin [IL]-6, IL-1p, and tumor necrosis
factor-alpha (TNF-a)) that have been implicated in the
pathogenesis of depression.”* The enteric nervous
system (ENS), referred to as the “second brain”, has
been reported to be involved in the development of
brain disorders. Abnormal ENS activity arising from
intestinal pathology aggravates depression-related

pathological changes by altering gut secretion, immune
defenses, motility, and permeability.” Besides the ENS,
the vagus nerve also plays an important role in trans-
mitting microbial signals from the gut to the brain in
depression.* Preclinical studies have verified that sub-
diaphragmatic vagotomy blocked the development of
depression-like behaviors in rodents after LPS injection
or fecal microbiota transplantation (FMT) from Chrna7
knock-out mice with depression-like behaviors.** In
clinical, vagus nerve stimulation has long been approved
for treatment-resistant depression.”® The microbial cell
components, e.g., LPS produced by gram-negative bac-
teria, and peripheral inflammatory signals reach the
brain by crossing the blood-brain barrier resulting in
neuroinflammation,” subsequently induce neuropatho-
logical changes through chronic activating specific cells,
including synaptic defects, demyelination, abnormal
neurogenesis and neurotransmitters release,’**** that
are involved in the pathogenesis of depression. Micro-
bial signals, pathological neurobiological changes, and
depressive emotions can activate the HPA axis,
increasing the synthesis and release of cortisol. As a part
of the brain-gut axis, excessive levels of cortisol promote
gut pathology by modulating intestinal barrier function
and inflammatory responses, resulting in a leaky gut™;
this process is a key component of the MGB axis in
depression. Beyond these routes, various signal trans-
duction systems and metabolic pathways are also
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implicated in the MGB-based pathogenesis of depres-
sion, such as the endocannabinoid system, CAMKII-
CREB and MAPK signaling, and glycerophospholipid
metabolism.”** In addition, mitochondria are reported
to be potential key mediators of the gut microbiota
dysbiosis and depression relationship.”*** These routes
in gut-brain bidirectional communication form a com-
plex network of mechanisms; their interactions
complicate investigations of mechanisms involved in
gut microbiota regulation of depression.

The interactions between gut microbiota and

antidepressants

The effects of antidepressants on gut microbiota
composition

Currently, drugs interventions are still the therapeutic
mainstays in depression. Drugs, especially those taken
orally, have a significant effect on gut microbial
composition and function. Interactions between drugs
and microbiota can alter bacterial metabolism and drug
activity and efficacy. There is evidence that clinically
utilized antidepressants have antimicrobial effects,
especially on gram-positive bacteria.®® Selective seroto-
nin reuptake inhibitor antidepressants (SSRIs), tricyclic
antidepressants, and others alter the microbial diversity
and composition (Table 1).°* As reported, SSRIs
treatment increase the abundance of intestinal Eubac-
terium ramulus while tricyclic antidepressants increase
the abundance of Clostridium leptum.® Duloxetine also
markedly increases the abundance of Eubacterium rectale
by more than 100-fold when compared to a no-drug
group.”” Since these bacteria are known to produce
anti-inflammatory butyrate during bacterial metabolism,
their increased abundance may impose an adjuvant ef-
fect on antidepressant therapy, thereby increasing the
beneficial drug effects.”” These data suggest that anti-
depressants alter gut microbial composition and func-
tion, and that this may explain part of their
antidepressant effects. In addition, a prospective cohort
study demonstrated that gut microbiota may be used as
a predictor of antidepressant treatment outcome in
geriatric depression; enrichment of Faecalibacterium,
Roseburia and Agathobacter relative to Lachnoclostridium
(a reference frame) at baseline was associated with
depression remission.”

The effects of gut microbiota on individual’s
response to antidepressants

Gut microbiota can also enzymatically alter the bioac-
tivity, bioavailability, or toxicity of antidepressant drugs,
subsequently altering their efficacy and adverse effect
profiles.” Studies have reported that various pathobionts
such as  Streptococcus  salivarius, B.  uniformis,
B. thetaiotaomicron, and E. coli IAI1 increase the bio-
accumulation of duloxetine, which might reduce its ef-
ficacy by decreasing its bioavailability.”” In addition, the
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Ruminococcus flavefaciens-duloxetine interaction also has
been shown to attenuate the antidepressant effects of
this drug.”> A multicenter antidepressant effectiveness
study (the STAR*D cohort) in patients with MDD re-
ported on a subset of patients with a high risk for
treatment resistance,” which is a key issue in depres-
sion research and clinical management. As expected,
antidepressant treatment-resistance is associated with a
specific microbial composition; for instance, an
increased abundance of bacteria assigning to Proteo-
bacteria phylum, such as Citrobacter and Yersinia.”® Ke-
tamine shows long-lasting antidepressant effects and
can be effective for treatment-resistant patients. Gut
microbiota is an important modulator of the antide-
pressant effects of Ketamine and its enantiomer R-ke-
tamine.” Phylum Actinobacteria, class Coriobacteriia,
and SCFAs producing genera, such as Butyricimonas
and Turicibacter, might contribute to the robust antide-
pressant effects of ketamine and its enantiomer in
depression.”®” Furthermore, due to the effects of
microbiota on drug toxicity, the chronic use of most
drugs, from all categories, potentially causes various
adverse effects in some patients,” including an
increased risk of diabetes, obesity, gastrointestinal
symptoms and cardiovascular diseases. Correcting gut
dysbiosis by using probiotics or other interventional
strategies might help reverse the antidepressant-
associated adverse effects.®

It is worth mentioning that most previous studies
only assessed the drug-microbiota interactions for in-
dividual drugs. However, patients with MDD are often
prescribed multiple antidepressants and medications for
comorbidities; this polypharmacy approach may cause
bias in the interpretation of drug-microbiota in-
teractions. Importantly, the actual drug-microbiota in-
teractions are far more complex than suggested by
current reductionist findings from preclinical studies.
With the adoption of pharmacomicrobiomics in
depression, a deeper understanding of the bidirectional
interactions between drugs and the gut microbiome will
emerge that explains how antidepressants affect gut
microbial composition and function and how the
microbiome, in turn, metabolizes drugs to improve or
impede their efficacy. Slowly, this knowledge will build a
theoretical foundation of how we can exploit the gut
microbiome to improve the therapeutic efficacy of
antidepressants.

The clinical application prospects of gut

microbiota

Unlike the host’s genome, the gut microbiome is dy-
namic, diverse, and capable of external modulation.
Dietary control, supplementation with live microorgan-
isms (single or mixed species), and taking molecular
substances that are beneficial for microbiota growth can
manipulate the microbial composition and function to
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Antidepressant Effect on Effect on Decreased taxa Increased taxa Involved
drugs a-diversity B-diversity metabolites
SSRIs antidepressants
Paroxetine Faith’s PDJ®*  Significant®® p_Firmicutes,®> ¢_Vampirivibrionia,*® o_Clostridia UCG-014,°® p_Bacteroidetes,®” f_Enterococcaceae,”® Bile acids,®
o_Clostridiales,*> o_Gastranaerophilales,®® f_Clostridia UCG-014,°>  g_Erysipelatoclostridium,® neuroactive
f_Clostridiaceae,®® f_Gastranaerophilales,®® g_Clostridia UCG-014,°>  g_Faecalibaculum,®® g_Enterococcus,®® steroids®®
g_Clostridium sensu stricto 1,°° g_Acetatifactor,”® g_Papillibacter®®  g_Frisingicoccus,®® g_Lachnospiraceae UCG-
001,%° ngnaerotroncus,sg ngaludicoIa,"g
s_Eubacterium ramulus,*® s_Streptococcus
salivarius®®
Sertraline NA NA s_Staphylococcus aureus,®’” s_Bacillus subtilus,®” s_Escherichia coli,””  NA NA
s_Shigella dysenten'ae,(’/ s_Salmonella sppq(’/ s_Vibrio cholerae,®” )
s_Candida albicans,”’ s_Candida tropicalis,w s_Candida ,;Jarapsilosis,"7
s_Aspergillus spp.,*” s_Corynebacterium urealyticum®’
Citalopram NA NA gLAkkermansi‘s\,66 s_Escherichia coli,®® s_Eubacterium rectale,* NA 5-HT and
s_Faecalibacterium prausnitzii,*® s_Pseudomonas aeruginosa®® 5-HIAA®®
Escitalopram Acet,* Faith’s ~ Significant®*”>  p_Firmicutes,*® s_Escherichia coli,®° s_Lactobacillus rhamnosus,*® p_Bacteroidetes,*® g_Bilophila,”® NA
PD}”? s_Pseudomonas aeruginosa,®’ s_Klebsiella pseumoniae,”” s_Proteus  g_Desulfovibrio,”*> g_Christensenellaceae_R-
mirabilis,” s_Enterobacter cloacae,®” s_Ruminococcus flavefaciens,” 7_group,®® g_[Eubacterium]
s_Adlercreutzia equolifaciens’ _ruminantium_group,®® g_Fusobacterium®®
Fluoxetine Shannont,% Significant®’3  p_Firmicutes,®* g_Prevotella,®> g_Ruminococcus,® s_ Escherichia p_Bacteroidetes,®* f_Porphyromonadaceae,”*  Amino acids,
Faith’s PD} "> coli,*° s_Lactobacillus rhamnosus,®® s_Ruminococcus flavefaciens,” f_Mogibacteriaceae,” ngacteroides,{’% bile acids,
s_Adlercreutzia equolifaciens,”* s_Candida albicans,®® s_Haemophilus ~ g_Parabacteroides,®* g_Butyricimonas,®* and short-
influenzae,®” s_Moraxella catarrhales,”” s_Campylobacter jejuni,*” g_Alistipes,** g_Acetatifactor,** chain fatty
s_Aspergillus spp.,”’ s_Candida parapsilosis®” g_Candidatus_Arthromitus,” acids®*
SNRIs antidepressants
Venlafaxine Faith’s PD}”>  Significant” s_ Escherichia coli,*® s_Lactobacillus thamnosus,*® s_Pseudomonas NA NA
aeruginosa,*® s_Ruminococcus flavefaciens,”> s_Adlercreutzia
equolifaciens’*
Duloxetine Faith's PDJ”>  Significant’>  s_Ruminococcus flavefaciens,”® s_Adlercreutzia equolifaciens’ s_ Eubacterium rectale’® NA
Tricyclic antidepressants
Amitriptyline Observed Significant®’ g_Ruminococcaceae_UCG-014,°* s_Staphylococcus spp.,°® s_Bacillus  f_Porphyromonadaceae,® f_Bacteroidaceae,”* NA
diversityt®* spp.,°° s_Vibrio cholerae,*®®” s_Klebsiella pneumoniae,”’ s_Shigella g_Bacteroides,”* g_Parabacteroides,”*
spp.,*’ s_Bacillus spp.,*” s_Salmonella spp.,*” s_Escherichia coli,”” g_Butyricimonas,* g_Alistipes,"
s_Vibrio parahaemolyticus,®” s_Pseudomonas aeruginosa,”’ g_Tyzzerella,** g_Ruminiclostridium_1°*
s_Lactobacillus sporogenes,®’ s_Citrobacter spp.,%” s_Cryptococcus
spp.5
Desipramine NA Significant”?  g_ Ruminococcus,®® g_ Adlercreutzia,°° s_Akkermansia muciniphila,*® F_Lactobacillaceae,” g_Lactobacillus,”? NA
s_Escherichia coli,*® s_Ruminococcus flavefaciens’ g_Dorea’””
Imipramine NA NA s_Escherichia coli,®° s_VYersinia enterocolitica®® NA NA
Maprotiline NA NA g_Francisella® NA NA
Clomipramine ~ NA NA g_Francisella,*® s_ Francisella novicida® NA NA
MAQOIs antidepressants
Phenelzine NA NA s_Eubacterium rectale,®° s_Faecalibacterium prausnitzii,{)O NA NA
Notes: SSRIs, Selective serotonin reuptake inhibitors; SNRIs, Serotonin and noradrenalin reuptake inhibitors; MAOIs, Monoamine oxidase inhibitors; PD, Phylogenetic diversity; 5-HT, 5-hydroxytryptamine;
5-HIAA, 5-Hydroxyindole-3-acetic acid. NA represents no data.
Table 1: Effects of antidepressants on the composition of gut microbiota and its metabolites.

maintain a healthy balance in the gut. This highlights
the possibility of the gut microbiota as a novel thera-
peutic target for depression. Accumulating evidence
supports the efficacy of various microbiota-target thera-
peutics in alleviating depression, including dietary in-
terventions, FMT, probiotics, prebiotics, synbiotics, and
postbiotics.

Dietary interventions

Diet is a key determinant of gut microbial composition
and function. The associations between diet, gut
microbiota, and depression have been increasingly

explored. The Mediterranean diet (MD), which is rich in
dietary polyphenols and fibers and has anti-
inflammatory properties, is thought to be broadly
beneficial to human health. After an average 20.4-year
follow-up of 49,261 Swedish women, a lower risk of
depression was found in individuals who adhered more
closely to an MD dietary pattern,®' suggesting that MD
may possess antidepressant properties. A 12-week ran-
domized controlled trial (RCT) found that MD signifi-
cantly relieved depressive symptoms and increased the
quality of life in young males with clinical depression.*
The MD diet is associated with a higher gut microbial
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diversity, lower levels of gastrointestinal inflammation,
and the integrity of the intestinal barrier.** Microbiota-
derived SCFAs, especially propionate and butyrate, act
as a key mechanistic link between MD and gut patho-
physiology.* Yang et al.* evaluated the relationship be-
tween relative carbohydrate intake and depression based
on genetic information from over 400,000 people and
found that a 16% increase in carbohydrate-based calo-
ries was associated with a 58% decrease in the risk of
depression; this protective effect has some causality. In
general, a healthy dietary pattern that includes high
levels of plant compounds, vitamins, minerals, poly-
unsaturated fatty acids, and dietary fibers was recom-
mend for patients who have or are predisposed to
depression. Due to individual differences in the genome
and gut microbiome, the use of a personalized diet was
suggested. However, dietary interventions alone should
be used cautiously in the treatment of clinical depres-
sion; these need to be combined with other in-
terventions, such as antidepressant drugs, psychological
interventions, and lifestyle regulation.

FMT

FMT is a rapid approach to reshaping the patient’s gut
microbiota by the administration of fecal flora from
healthy donors; this makes it a promising intervention
strategy for chronic diseases associated with dysbiosis.
In preclinical studies, FMT has been widely docu-
mented as being able to alleviate depressive-like
behavior. Transplanting microbiota from healthy do-
nors relieved alcohol-induced depressive-like behavior
in mice,” and also improved a stress-induced depres-
sion phenotype in rats by suppressing neuro-
inflammation, correcting the imbalance in gut
microbiota, and repairing intestinal barrier damage.®
Bacteriophages may act as a mediator in the efficacy of
FMT.* In addition to the global microbiota trans-
plantation during FMT procedure, mono-colonization
with  Lactobacillus  plantarum  protects  against
depression-like states in Drosophila.* The vagus nerve
might be an important signaling route in the gut-brain
axis regulating the protective effects of FMT on
depression.* In patients with diarrhea-predominant ir-
ritable bowel syndrome (IBS-D), FMT treatment grad-
ually improved depression symptoms, regardless of
gastrointestinal symptom remission.” These positive
therapeutic effects in patients with concomitant IBS-D,
anxiety, and depression were further verified in an
RCT.”" Another RCT assessed the efficacy of oral frozen
FMT-capsules as an add-on therapy in MDD patients
and found that depressive symptoms improved signifi-
cantly 4 weeks after transplantation.” Similar to autism,
FMT therapy for depression also improves the gastro-
intestinal symptoms and rebalances the gut ecosystem.”
Although some articles have reported the adverse effects
and complications of FMT therapy,” this treatment
approach is gaining traction in scientific research and
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clinical fields, especially an alternative pill derived from
human feces that achieves the same effects with less
invasive and more standardized.”

Probiotics

Probiotics are live microorganisms that benefit host
health when administered in adequate amounts. Pro-
biotics are the most studied microbiota-targeting thera-
pies for depression. A previous comprehensive study
identified 178 species and subspecies probiotics that can
attenuate depression; most probiotic regimens for
depression treatment are based on Lactobacillus spp. and
Bifidobacterium spp.’ RCTs have demonstrated the effi-
cacy of various probiotic species in the treatment of
clinical depression (Table 2)**'*; these include
L. helveticus, L. rhamnosus, B. longum, and B. breve
CCFM1025. However, it is important to note that some
studies have reported negative results.”'> Although
unknown, heterogeneity in the cohort characteristics
and/or the interventions may underlie these mixed
findings. An umbrella meta-analysis reported a robust
effect of probiotics on relieving depression symptoms in
adults only when administered for >8 weeks at a dosage
of >10 x 10° colony forming units.”” However, to
accurately screen probiotics for use in MDD treatment,
we must understand the structure and function of gut
microbiota and the effects of various confounding fac-
tors (e.g., geographical region, age, comorbidity) in pa-
tients with depression. Moreover, the interaction of
multiple species can produce synergistic effects,
enhancing the antidepressant efficacy of probiotics,
suggesting that the judicious use of multi-species pro-
biotics may be more effective than single species.'”
Furthermore, in recent years, a group of microorgan-
isms that perform special functions in the host and are
very difficult to cultivate have shown great probiotic
potential; these are called the “next generation pro-
biotics” and include Akkermansia spp. and Clostridium
spp. A. muciniphila and C. butyricum miyairi 588 were
shown to ameliorate stress-induced depressive-like
behavior in mice.”'**' However, there is still a gap
between laboratory research and clinical application. To
achieve clinical translation, researchers must first over-
come this obstacle.

Prebiotics

Prebiotics are substrates that are beneficial for host
health by being selectively utilized by gut microbiota.
This can promote the growth of some beneficial bacte-
ria. A previous study summarized the preclinical and
clinical evidence for the antidepressant effects of various
prebiotics.’ Fructo-oligosaccharides (FOS) and galacto-
oligosaccharides (GOS) are the most documented pre-
biotics in the treatment of depression, along with poly-
phenols, inulin, and compounds from vegetables, herbs,
and plants. For example, chronic prebiotic FOS and
GOS  administration  improves  stress-induced
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Study Population Intervention Control Treatment Outcome Depressive symptom  Microbiota changes Gut-brain axis
detail measure score changes changes
Akkasheh G MDD Probiotics (N = 20): Lactobacillus Placebo 8 weeks, BDI Significant decrease in  NA Serum insulin], hs-
et al. (N = 40) acidophilus, Lactobacillus casei, (N = 20): starch 2 x 10° CFU/g/ BDI score in probiotic CRP|, plasma
2016°° Bifidobacterium bifidum day for each group compared to glutathione?
species placebo over 8 weeks.
Kazemi A MDD Probiotics (N = 38): Lactobacillus Placebo 8 weeks, BDI Significant decrease in  NA Serum kynurenine/
et al. (N =110)  helveticus ROO52, Bifidobacterium (N = 36): 10 x 10° CFU/ BDI score in probiotic tryptophan ratiol,
2019”7 longum R0175 Prebiotics excipients 5 g/day group compared to tryptophan/
(N = 36): galactooligosaccharide prebiotic and placebo isoleucine ratio?
over 8 weeks.
Messaoudi  Health Probiotics (N = 26): Lactobacillus Placebo 30 days, HSCL-90  Significant decrease in  NA NA
M et al. volunteers  helveticus RO052, Bifidobacterium (N = 29): 3 x 10° CFU/ HSCL-90 depression
2011% (N = 55) longum RO175 excipients 1.5 g/day subscore in probiotic
group compared to
placebo over 30 days.
Miyaoka T TR-MDD Probiotics (N = 20): Clostridium Placebo 8 weeks, HAMD-17 Significant decrease in  NA NA
et al. (N = 40) butyricum MIY AIRI 588 (N = 20): 60 mg/day HAMD-17 score in
2018% (CBM588) + antidepressants  antidepressants probiotic group
compared to placebo
over 8 weeks.
Schaub AC MDD Probiotics (N = 30):Streptococcus Placebo 4 weeks (31 HAMD A significant stronger  Lactobacillust Probiotics increase
et al. (N = 60) thermophilus NCIMB 30438, (N = 30): days), decrease of HAMD gray matter volume
2022 Bifidobacterium breve maltose 9 x 10" CFU/ scores in the probiotics in calcarine sulcus
NCIMB30441, Bifidobacterium day compared to the and alter putamen’s
longum NCIMB 30435, placebo group over 4 activation during
Bifidobacterium infantis NCIMB weeks emotion processing
30436, Lactobacillus acidophilus
NCIMB 30442, Lactobacillus
plantarum NCIMB 30437,
Lactobacillus paracasei NCIMB
30439, Lactobacillus delbrueckii
subsp.Bulgaricus NCIMB 30440
Slykerman  Pregnancy  Probiotics (N = 212): Placebo From EPDS Significant lower NA NA
RF et al. woman Lactobacillus rhamnosus HNOO1 (N = 211): enrolment until depression scores in
2017 (N =423) corn-derived 6 months probiotic group
maltodextrin  postpartum if compared to placebo
breastfeeding, from enrolment until 6
6 x 10° CFU/ months postpartum if
day breastfeeding
Tian P et al. MDD Probiotics (N = 25): Placebo 4 weeks, HDRS-24  Significant decrease in  Desulfovibriot, Serum 5-HIAA|
2022'? (N =51) Bifidobacterium breve CCFM1025 (N = 26): 1 x 10 CFU/ HDRS-24 score in Faecalibaculum?
maltodextrin  day probiotic group
compared to placebo
over 4 weeks
Zhang X MDD with  Probiotics (N = 41): Placebo 9 weeks, BDI Significant decrease in  Veillonellat, Neisseriaf, Serum IL-1f], IL-6],
et al. constipation Lacticaseibacillus paracaseiYIT (N = 41) 1.0 x 10* CFU/ BDI score in probiotic  Ralstoniat, Eggerthellat, and TNF-at|
2021 (N =82) 9029 day group over 9 weeks.  Rikenellaceae_RC9_gut_group|,

Sutterella|, Oscillibacter],
Rothia |

Notes: MDD, Major depressive disorder; TR-MDD, Treatment-resistant major depressive disorder; CFU, Colony forming units; BDI, Beck Depression Inventory; HSCL-90, Hopkins Symptom Checklist-90;
HAMD, Hamilton Depression Rating Scale; EPDS, Edinburgh Postnatal Depression Scale; HDRS-24, Hamilton Depression Rating scale-24; hs-CRP, Hypersensitive c-reactive protein; 5-HIAA, 5-Hydroxyindole-
3-acetic acid; IL-1f, Interleukin-1f; IL-6, Interleukin-6; TNF-a, Tumor necrosis factor-a. NA represents no data.

Table 2: Antidepressant efficacy of probiotics assessed by randomized controlled trials.

depressive-like behaviors in C57BL/6] male mice; this is
accompanied by the normalization of gut microbiota,
reduced pro-inflammatory cytokines, and an increase of
cecal acetate and propionate, these changes are related
to behavior improvement.'® However, the efficacy of
prebiotics in the treatment of depression has not been
consistent across studies. A previous RCT compared the
effects of probiotic (L. helveticus and B. longum) and

prebiotic (GOS) supplementation on depression remis-
sion in MDD patients and found that 8 weeks of sup-
plementation with probiotics, but not prebiotics,
improved the depression symptoms.” Consistently,
administration of 4G-p-p-galactosylsucrose for 24 weeks
improved self-efficacy in patients with depression in an
RCT, but not their depressive symptoms.'"" Prebiotics
do not exert a direct effect on the body but rather
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indirectly benefit host health by promoting the growth
of probiotics. Thus, prebiotics have often been used
together with probiotics in depression treatment.

Synbiotics

The development of probiotics and prebiotics has led to
the development of synbiotics which combine the ad-
vantages of both. A synbiotic supplementation (con-
taining L. acidophilus, L. casei and B. bifidum plus inulin)
improved depressive symptoms in overweight or obese
adults,”> and another symbiotic supplement
(L. acidophilus strain T16, B. bifidum strain BIA-6,
B. lactis strain BIA-7 and B. longum strain BIA-8 plus
FOS, GOS, and inulin) was found to decrease depres-
sion scores in hemodialysis patients and increase serum
levels of brain-derived neurotrophic factor in a subgroup
of patients with depression.'*"* Given the symbiotic
relationships between probiotics and prebiotics, syn-
biotics are likely to drive the next breakthroughs in
depression treatment. The simultaneous administration
of probiotics and prebiotics is believed to improve the
activity of beneficial gut bacteria. However, the formu-
lation of effective synbiotics is contingent on the careful
selection of the correct probiotic strains and prebiotics.

Postbiotics

The inanimate microbial cells and/or their components
and metabolites that are beneficial to host health are
defined as postbiotics. This class offers a novel microbial
therapeutic approach for depression. Studies have re-
ported that pretreatment with heatkilled probiotic
L. plantarum-derived postbiotics, particularly their metab-
olites, protected mice from Salmonella-induced depressive-
like behavior by modulating the gut-brain axis."” Some
bacterial metabolites such as SCFAs and BAs act as
postbiotics. Oral treatment with sodium butyrate restored
paclitaxel-induced alterations in microbiota composition
and gut barrier integrity and relieved depressive-like be-
haviors in mice."® Despite the apparent antidepressant
effects of probiotics, the potential adverse effects associ-
ated with administrating live bacteria to seriously ill pa-
tients or other vulnerable populations remain unknown.
At present, there is still a lack of sufficient scientific evi-
dence to properly eliminate this concern. Therefore,
postbiotics that exert similar health benefits to probiotics
might offer a novel and safer alternative to probiotics for
the treatment of depression. Although there are few
studies on postbiotic-based depression treatments, post-
biotics offer a promising approach to utilizing microbial
therapeutics for this condition.

Limitations

Some limitations of this review need to be mentioned.
Firstly, because of the limited space, discussion on some
content was not expanded, while this does not affect the
academic reading comprehension. Furthermore, under
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the current trend of research, this review focused more
on the potential of gut microbiota in the treatment of
depression. Therefore, we did not discussed the gut-
brain pathological mechanisms involved in gut micro-
biota regulation of depression with a large space.
Finally, narrative review has its own limitations, in order
to better evaluate the effects of gut microbiota on anti-
depressant drugs and the efficacy of gut microbiota-
targeted intervention strategies for depression, relevant
systematic reviews were required in the future.

Summary and prospects

Gut microbiota plays a vital role in regulating human
health. In recent years, abundant research has uncov-
ered the effects of gut microbiota and its metabolites on
the pathogenesis of depression. Microbiota-based di-
agnostics and therapeutics for depression are the future
directions of research. In moving the field forward,
many key challenges need to be addressed and some
recommendations provided might be wuseful: (1)
Exploring the causal relationship between gut micro-
biome and depression. More prospective studies are
required to analyze the interplay between the develop-
ment of dysbiosis and depression, and drug-microbiota
interactions, to uncover the causal relationships be-
tween dysbiosis, depression, and treatment. In partic-
ular, we need to better understand if the antidepressant
effects of drugs can be enhanced by modulating gut
microbiota; (2) Elaborating the pathological mechanism
in MGB axis and identifying the key strains. Growing
preclinical and clinical evidence suggests that
microbiota-based therapies can result in the remission
of depression, but little is known about their mecha-
nisms of action, the key microbiota, and how these
bacteria interact; (3) Isolating the bacteria to construct
the disease-based gut microbial biobank. More studies
are required that utilize high-throughput sequencing,
multi-omics approaches, and microbial culture tech-
nology to isolate the pathogenic and beneficial strains
involved in depression, identify the exact functions of
these strains, and uncover the underlying mechanisms
involved in the gut-brain axis, to build a disease-based
strain resource database; (4) Analyzing the confound-
ing effects to promote the development of microbiota-
based diagnostics and therapeutics. The effects of
various confounding factors should not be ignored
when analyzing the changes of microbial structure and
function in depression. We must better understand how
the composition, proportion, and abundance changes of
gut microbiota contribute to various cases of MDD. This
will build a foundation for targeted therapeutic manip-
ulation and finally impel the uptake of microbiota-based
personalized precision medicine for depression; (5)
Developing new tools. New methodological tools such as
isotope tracing, engineered and CRISPR-edited strains
are instrumental to moving the development of
microbiota-based treatment strategies forward in
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Search strategy and selection criteria

Data for this review were identified by searches of PubMed
and references from relevant articles using the search terms:
“microbiome” or “microbiota” or “metabolites” or “fecal
microbiota transplantation” or “FMT" or “probiotics” or
“prebiotics” or “synbiotics” or “postbiotics” and
“depression” or “depressive” or “antidepressant*”. Only
articles published in English up to Oct 14, 2022 were
included.

depression, and this is a next frontier in microbiome
research.

Outstanding questions

Dysbiosis is associated with depression, although spe-
cific gut microbial changes are not consistently identi-
fied across studies. Gut microbiota is easily influenced
by external factors such as diet; the compositions of gut
microbiota in two healthy individuals are likely to be
markedly different. Therefore, the effects of various
confounding factors on gut microbiota should be clari-
fied in future studies. In addition, large-scale prospec-
tive studies are required to (1) identify the characteristic
microbial changes of depression that change in parallel
with depression symptoms, (2) determine the patho-
genic and beneficial strains involved in depression and
their cause-effect relationships, and (3) elaborate the
underlying gut-brain mechanisms that are involved in
the pathogenesis of depression. Ultimately, this work
should generate a disease-related strain resource data-
base. Furthermore, in the complex intestinal environ-
ment, there are myriad bacteria—bacteria and bacteria—
metabolite interactions that need to be considered
when exploring the function of specific bacterial strains
and developing gut microbiota-target therapeutics.
Much remains unknown about the microbiota-host re-
lationships and future work is needed to further
describe these interactions and the possible influence of
interventions targeting microbiota on the host. Indeed,
there are still many challenges to developing gut
microbiota-target therapeutics for depression, and we
hope that more new technologies and approaches will
emerge in this field to address these challenges.
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