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Abstract

Purpose of Review Gut microbiota contribute to several physiological processes in the host. The composition of the gut
microbiome is associated with different neurological and neurodevelopmental diseases. In psychiatric disease, stress may
be a major factor leading to gut microbiota alterations. Depressive disorders are the most prevalent mental health issues
worldwide and patients often report gastrointestinal symptoms. Accordingly, evidence of gut microbial alterations in depres-
sive disorders has been growing. Here we review current literature revealing links between the gut microbiome and brain
function in the context of depression.

Recent Findings The gut-brain axis could impact the behavioral manifestation of depression and the underlying neuropathol-
ogy via multiple routes: the HPA axis, immune function, the enteric nervous system, and the vagus nerve. Furthermore, we
explore possible therapeutic interventions including fecal microbiota transplant or probiotic supplementation in alleviating
depressive symptoms.

Summary Understanding the mechanisms by which bidirectional communication along the gut-brain axis can be dysregulated
in patients with depression could lead to the development of personalized, microbiome-targeted therapies for the treatment
of this disorder.

Keywords Depression - Gut microbiome - HPA-axis - Immune system - Vagus nerve - Fecal microbiota transfer

Introduction

The number of genes within the human gut microbiome out-
numbers those in the human genome by 100-fold [1]. With
such a vast collection of genes, the gut microbiome exerts
a huge influence on the host in homeostasis and disease.
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bacterial exposure in the early postnatal phase informing
T cell differentiation [2]. Furthermore, during early-life
development, the composition of organ-specific microbiota
evolves in concert with host organ maturation [3]. Beyond
development, gut microbiota also participate in nutrient
metabolism, generating functional metabolites like short-
chain fatty acids (SCFAs), tryptophan derivatives, carbo-
hydrates, and amino acids. Gut microbiota are also asso-
ciated with pathways that produce neurotransmitters like
serotonin (5-HT), dopamine, GABA, acetylcholine and
glutamate and have been shown make critical contribu-
tions to brain development and function [4]. Consequently,
dysbiosis—i.e., disruption of the microbial ecosystem—of
the gut microbiome is increasingly implicated in the eti-
ology and symptomatology of metabolic, immunological,
and neurological disorders.

Dysbiosis of the gut microbiome is associated with sev-
eral host and environmental factors. Diet plays the most
significant role in shaping the gut microbiota [5, 6]. For
example, “Western diet”, a diet composed of highly pro-
cessed food and elevated levels of saturated fat and sugar,
increases the relative abundance pro-inflammatory bacte-
ria and leads to increased risk for metabolic and inflam-
matory diseases [7, 8]. Antibiotic regimens can also lead
to substantial changes in the gut microbiome, which could
contribute to disease development [9, 10]. Moreover, host
genetics has also been shown to play a role in regulating
gut microbiota composition and its interplay with diet.
For example, genes that are associated with lactose intol-
erance are dominantly inherited and have been shown to
affect gut microbiota composition in the lactose-intolerant
population [11]. Another study revealed a relationship
between host genetics and microbiome using genome-
wide association studies (GWAS) identifying a potential
link between disease risk genes (for colorectal cancer and
major depression disorders) and specific bacterial species
[12]. Moreover, psychological stress has been implicated
in changes in gut microbial ecology, with recent studies
showing evidence of dysbiosis in mouse models for stress
and highly stressed human subjects [13]. These environ-
mental and genetic factors likely interact to drive dysbiosis
of the gut microbiota and can be difficult to delineate from
one another. Given the complex nature of gut microbiota
interactions with different organ systems, this remains
an intriguing field of study for the development of novel
therapeutics targeting the gut microbiota to reduce risk for
and treat symptoms across multiple disease states, includ-
ing for neuropsychiatric disorders.

Here, we review literature revealing connections between
gut microbiota and neuropsychiatric disorders, with an
emphasis on major depressive disorder (MDD), as well as
the therapeutic potential of targeting the gut microbiome to
prevent the onset of disease and alleviate adverse symptoms.

Dysbiosis of the Gut Microbiome in Mental
Health and Neuropsychiatric Disorders

Emerging data are uncovering a significant role for gut
microbiota in neuropsychiatric disorders [14]. Indeed,
studies in both humans and preclinical animal models are
beginning to implicate host-microbe interactions in the
pathogenesis of neurodevelopmental-to-neurodegenerative
disorders and even in traumatic brain injury. For example,
changes in gut microbiota composition have been identi-
fied among some cohorts of patients with autism spectrum
disorder (ASD) as well as in preclinical mouse models for
ASD [15-17]. While not the focus of this review, the rela-
tionship between gut microbiota and ASD in hosts is the
subject of multiple excellent reviews [13]. Interestingly,
gut microbial diversity has been shown to be markedly
altered in tobacco smokers [18], implicating a potential
for gut microbiota involvement in tobacco addiction [19].
Taken together with data showing that microbiota can
influence the function of the dopaminergic reward system
[15-17] and therefore impact host behavior or disease phe-
notypes, dysbiosis of the gut microbiota is likely associ-
ated with several neuropsychiatric disorders.

Among neuropsychiatric diseases, depressive disorders
are among the most prevalent and clinically best defined,
with several scales available; however, broadly effective
pharmacological treatments remain elusive. New data indi-
cate that the gut microbiome could provide diagnostic,
preventative, and therapeutic targets for major depressive
disorder (MDD) [20, 21]. While the causal relationship
between dysbiosis of the gut microbiome and risk for
specific neuropsychiatric diseases remains an active area
of investigation, it is valuable to evaluate the therapeutic
potential of modulating the gut microbiome to promote
neuropsychiatric health, identify novel biomarkers for
early diagnosis, prevent disease, and manage symptoms.

Depression is a Major Neuropsychiatric
Disorder with Few Effective Therapeutics

Depression affects approximately 300 million people
world-wide and ranks as the largest contributor to global
disability among mental disorders, as reported by the
World Health Organization [22, 23]. In 2021, during the
COVID-19 pandemic, there was a significant 27% rise in
cases of major depressive disorder (MDD) throughout
the globe [24]. Furthermore, up to 31% of COVID-19
patients reported depression [25] and clinical trials have
shown a potential link between long COVID’s effect on
gut microbiota composition and depression disorders [26,

@ Springer



224

Current Epidemiology Reports (2024) 11:222-232

27]. According to the American Psychiatric Association's
Diagnostic and Statistical Manual of Mental Disorders
(DSM-5), depression is characterized by persistent feelings
of sadness and/or a loss of interest in previously enjoyable
activities, leading to various behavioral symptoms. In the
United States, approximately 10% of the population suffers
MDD. However, due to the diverse symptoms and rela-
tively unknown underlying causes of MDD, effective treat-
ments have proven elusive [28]. For example, antidepres-
sants like selective serotonin reuptake inhibitors (SSRIs)
may be effective for some, but one-third of depression
patients respond only partially or poorly to the medica-
tion [29]. Other treatment options like NMDA modulators,
brain stimulation, anti-inflammatory agents, and psych-
edelics either have a short time window of effectiveness
that requires the patient make frequent clinic visits, have
undesirable side effects like gastrointestinal dysfunction,
or are still in development (reviewed in Marwaha et al.,
2023) [28]. Interestingly, a substantial percentage, ranging
from 60 to 70% of individuals with MDD report gastroin-
testinal issues as comorbidities [30-32] and a significant
proportion of irritable bowel disease (IBD) patients also
reported depression [33]. This connection underscores the
need to develop a deeper understanding of how alterations
in the gut-brain axis can impact mental health and whether
it could provide new therapeutic targets for MDD.

The gut-brain axis is comprised of the gut microbiota,
immune system, vagus nerve, and enteric nervous system.
It integrates hormonal, metabolic, immunological, and neu-
ral signals allowing gut microbes and their metabolites to
influence host physiology. The majority of existing studies
focus on how gut microbes influence brain function; how-
ever, given the bidirectionality of the axis, the brain could
also modulate gut physiology by means of regulating motil-
ity or mucin production. Immune cytokine secretion is also
regulated by both the brain and the gut microbiota.

Dysbiosis of the gut microbiome has been demonstrated
in patients with major depression disorders (MDD) [34, 35].
Correlations between gut microbiota composition in early-
stage depression and disease severity as well as remission
post-treatment have been reported [36]. For instance, a
study in Rotterdam with over 1,000 participants identified
13 bacterial genera and 1 family associated with depres-
sive symptoms and verified the results with a second cohort
with 1,539 participants [37]. Moreover, gut microbiota
from MDD patients was shown to transfer depression-like
behaviors to mice — fecal microbiota transplant (FMT) from
depression patients’ sample successfully recapitulated the
depressive-like phenotypes in microbiota-depleted antibiotic
rats [38]. In preclinical research employing rodent models
for depression, shifts in gut microbial ecology have been
shown in parallel with the onset of depression-like behav-
iors [39]. These data illustrate that the gut microbiota could
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modulate host behavior via the gut-brain axis, and could
therefore serve as a potential therapeutic target for treating
psychiatric diseases.

Pathways in the Gut-Brain Axis Associated
with Mental Health/Psychiatric Disorders

The HPA Axis

The hypothalamic—pituitary—adrenal (HPA) axis is a path-
way activated in response to stress composed of the hypo-
thalamus, pituitary gland, and the adrenal gland. It is acti-
vated when input from the parasympathetic, sympathetic, or
limbic systems is received by the paraventricular nucleus of
the hypothalamus (PVN) stimulating the release of cortico-
tropin-releasing hormone (CRH) and arginine vasopressin
(AVP) from the anterior pituitary gland, which then leads to
the release of adrenocorticotrophic hormone (ACTH) into
circulation thereby inducing the release of glucocorticoids
like cortisol or corticosterone, the principal endogenous
adrenal steroids in humans and rodents, respectively, from
adrenal cortex into the system [40].

Dysfunction of the HPA axis has been shown to contrib-
ute to stress and depressive disorders [41]. As previously
reviewed, early-life stress can lead to persistent changes in
patterns of HPA axis activation in response to stress in adult-
hood [42]. Notably, HPA axis activation has been proposed
as a biomarker for differentiating depression subtypes [43].
Interest in the interaction between the HPA axis and the
gut microbiome in psychiatric disorders emerged within the
past decade. In a landmark study, Wu et al. demonstrated
that over-activation of the HPA axis associated with elevated
levels of corticosterone in germ-free and antibiotics-treated
mice contributed to social dysfunction in that animals that
could be reversed through surgically (adrenalectomy) or
pharmacologically-mediated reductions in corticosterone
output [44]. Conversely, activation of corticosterone-pro-
ducing neurons in the PVN was sufficient to induce social
deficits in conventionally colonized mice. Similarly, Luo
et al. found that germ-free (GF) mice that had received a
fecal microbiota transplant from patients with depression
(diagnosed with DSM-IV-TR and with high 17-item Ham-
ilton rating scores) showed elevated HPA axis activity, as
indicated by increased expression of glucocorticoid receptor
pathway genes [45]. Moreover, O’Mahony et al. observed
increased plasma corticosterone levels and changes in fecal
microbiota in a rat model for maternal separation, drawing
a correlation between activation of HPA axis and gut micro-
biota alterations [46]. In the same model, hyperactivation
of the HPA axis — as measured by corticosterone levels in
both stool and circulation and catecholamine in the hypo-
thalamus —was corrected by administration of the probiotic
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strain Bifidobacterium CECT 7765 during early-life develop-
ment [47]. Finally, Tian et al. identified increased levels of
serum corticosterone in mice with depressive-like behavior
that were corrected by ingestion of Bifidobacterium breve
CCFM1025 during a 5-week stress-induction period in the
chronic unpredictable mild stress (CUMS) mouse model
for depression [48]. The two studies mentioned above were
among the first to demonstrate the utility of probiotics in
dampening stress induced HPA axis activation. Together,
these data suggest that gut microbiota can modulate HPA
axis activation in response to stress and further suggest that
therapeutic targeting of the gut microbiome could be an
innovative approach to treating stress-induced conditions
like depressive disorders.

The Immune System

The immune system is a critical component of the microbi-
ota-gut-brain axis. Microbe-immune interactions are medi-
ated by bacterial components interacting with pattern rec-
ognition receptors and antigen-presenting cells as well as
the release of microbially-derived metabolites such as short-
chain fatty acids (SCFAs) which can then activate both the
innate and adaptive immune systems and ultimately influ-
ence the activity of the nervous system [49]. Pathological
activation of the immune response has been widely impli-
cated in pathophysiology of stress-associated conditions like
depressive disorders and is also associated with gut micro-
bial changes [50, 51]. Bailey et al. showed that in mice,
intruder-induced social stress resulted in increased levels of
the pro-inflammatory cytokines TNF-a and IL-6 in circula-
tion as well as changes in cecal microbiota, both of which
were attenuated by prophylactic antibiotic administration
prior to stressor presentation [52]. This study demonstrated
a critical role for the gut microbiome in inducing inflamma-
tion in response to stress. Another study using the CUMS
rat model for depression showed that stress could initiate
or exacerbate inflammation in the colon, as demonstrated
by increased CD-45 positive cells and elevated IFN-y and
IL-6 in the colon. The authors also reported differences in
B-diversity of the gut microbiome and changes in phyla-level
abundance with a decrease in the Firmicutes to Bacteroidetes
ratio, a commonly reported metric of dysbiosis, as measured
by 16S ribosomal RNA (rRNA) gene amplicon sequencing
analysis of fecal microbiota [53]. In another study, Wong
et al. used genetic and pharmacological approaches to nega-
tively regulate caspase-1, which decreases inflammasome
function, and showed that mice with reduced caspase-1 acti-
vation were more resistant to depressive-like phenotypes fol-
lowing stress exposures. Furthermore, caspase-1 KO mice
and WT mice treated with caspase-1 inhibitors showed
similar changes in microbiota composition: increases in the
relative abundance of Akkermansia spp., Blautia spp., and

Lanchnospiraceae. This study thus identified the inflam-
masome as a potential contributor to regulation of the gut
microbiota-immune-brain axis in response stress which
could ultimately lead to depression onset [54]. Intriguingly,
multiple studies have shown that depressive phenotypes
induced by dysbiosis-mediated activation of the immune
response can be transferred to stress-naive recipients via
FMT. For instance, a study illustrated that transferring
feces from stress-vulnerable rats to germ-free, stress naive
recipients not only recapitulated the depressive-like phe-
notypes in the recipient rats but also increased the inflam-
matory state, as evidence by an increase in Iba-1-positive
cells (activated microglia), elevated levels of IL-1f in the
ventral hippocampus, and increased plasma corticosterone
levels [55]. This study demonstrates that dysbiosis of the
gut microbiome can independently induce pro-inflammatory
processes associated with depression-like phenotypes. While
a consensus depression-linked microbial signature in psychi-
atric diseases remains to be found, the studies reviewed here
reveal that gut microbiota can modulate immune activation
in response to stress. Future research into functional com-
positions of the gut microbiome that yield stress resilience
versus vulnerability will be key to further elucidating the
mechanisms at play as well as identifying potential biomark-
ers that precede disease onset as well as the development
of microbiome-targeted therapies to dampen pathological
immune activation and the neuropathology underlying some
cases of depression.

The Vagus Nerve

The vagus nerve — the 10th cranial nerve — provides para-
sympathetic innervation and plays a crucial role in modu-
lating multiple physiological functions including mood,
immune responses, digestion, and appetite [56]. Vagal dys-
function can result in obesity [57], inflammation [58], and
mood disorders and it is thus a therapeutic target of inter-
est for multiple disorders [56]. Evidence for vagal nerve
involvement in neuropsychiatric diseases has largely been
demonstrated in therapeutic applications like vagus nerve
stimulation (VNS), an FDA-approved therapy in patients
aged greater than 12 years with treatment-resistant depres-
sion (TRD). Remarkably, while VNS has been found to
effectively alleviate depression scores in TRD patients [59,
60] and change the functional connectivity within default
mode network in the brain using fMRI that’s associated with
decreased depression scores (24-item Hamilton Depression
Rating Scale) [61], the mechanism by which VNS exerts its
effects on mental health remains unclear.

Anatomical studies of the vagus nerve show that it is
composed of 20% efferent (motor) and 80% afferent (sen-
sory) fibers, which together enable bidirectional commu-
nication between the brain and peripheral organs [62-64],
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including the gastrointestinal tract. Given that the majority
of signaling in the GI tract is mediated by gut microbiota,
the vagus nerve also plays a crucial role in communication
along the microbiota-gut-brain axis in both health and in
psychiatric disease [65]. In a pioneering study, Bravo et al.
showed that bilateral subdiaphragmatic vagotomy — surgical
means of obliterating vagal signaling beyond the diaphragm
— attenuates the anxiolytic effect of Lactobacillus rhamnosus
(JB-1) administration to mice exposed to stress via modula-
tion of CNS GABA receptor expression [66]. A similar study
that also used vagotomy to disrupt vagal transmission in
mouse model for depression induced by exposure to the bac-
terial outer membrane molecule lipopolysaccharide (LPS),
a bacterial toxin, demonstrated that vagotomized mice were
protected from developing depressive-like behaviors, gut
microbial changes, and systemic inflammation [67]. Fur-
thermore, FMT from nicotinic acetylcholine receptor alpha
7 knockout mice (Chrna7 KO), which have depressive-like
phenotypes shown by the forced swim and tail suspension
tests, and to antibiotics-treated mice was sufficient to transfer
the disease phenotype. An intact vagus nerve was required
for the phenotype transfer of FMT, which resulted in sys-
temic inflammation in the prefrontal cortex of the recipi-
ent mice [68]. Additionally, antibiotic-treated mice receiv-
ing FMT from donor mice exposed to chronic social defeat
stress showed depressive-like phenotypes and increased
IL-6 levels which was ameliorated in vagotomized recipi-
ent mice. Together, these data suggest that the vagus nerve
is required for bidirectional communication along the gut-
brain axis in depressive disorders [69e, 70]. In an effort to
delineate the mechanisms by which targeting the vagal nerve
can ameliorate stress phenotypes, a study employed VNS in
rats with strong depressive-like behaviors. VNS effectively
restored hippocampal SHT1B receptor and BDNF levels and
relieved depressive-like behaviors [71]. Overall, these find-
ings demonstrated that the vagus nerve plays a crucial role
in regulating the gut-microbiome-brain axis in psychiatric
disorders. Consequently, it is likely that VNS stimulation
acts via the gut-brain axis to exert some of its beneficial
effects and, furthermore, that modulating the microbiome
could serve as a potential therapeutic target for treatment-
resistant depression.

The Enteric Nervous System

The enteric nervous system (ENS) is composed of enteric
neurons and ganglia spread across the myenteric plexi
(control of the gut muscle) and Meissner’s plexi (located
beneath the mucus) in the intestinal tract [72]. It innervates
the epithelial layer of the gut where the gut microbiome
can interact directly with host cells. The ENS can control
gut motility independent of central nervous system (CNS)
input and can also be modulated by external factors like the
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immune system or gut microbiome. The ENS serves as a
channel of communication along the microbiota-gut-brain
axis, relaying signals from the gut lumen to the vagus nerve
which ultimately reach the CNS [73e].

The role of the ENS in mediating the stress response has
been widely described [73e]. It has been shown in BALB/c
mice, which have an intrinsic anxiogenic phenotype, that an
intact epithelium and ENS are required for therapeutic effi-
cacy of SSRIs, which significantly increase vagal activity, as
evidenced by ex vivo recordings [74]. For in vivo evidence,
a study using a chronic unpredictable stress mouse model
showed decreased intestinal motility in stressed mice. This
study further demonstrated that stress induces transcriptional
changes in genes encoding neurotransmitters (dopamine and
noradrenaline) as well as ENS markers involved in plastic-
ity and motility (Gdnf and Bdnf) in the proximal colon. In
addition, the authors report a significant negative correlation
between serotonin (5-HT) and catecholamine levels with
neurotrophic factors in the colon, indicating a correlation
between stress-induced intestinal motility deficits and ENS
activity-related transcriptional changes [75]. Furthermore,
a recent study in a chronic restraint stress rodent model for
depression combining colonic single-cell and single-nucleus
transcriptomics showed that ENS glia promote intestinal
inflammation upon exposure to glucocorticoids during
chronic stress, which results in an elevated inflammatory
response to colitis-inducing insults. The study also demon-
strated that in humans (subjects with IBD and undergoing
stress vs. no stress), stress leads to decreased gut motility.
Finally, transcriptomic studies performed on stressed mice
showed a shift in the profile of ENS cell types, many of
which reverted to a more immature state, which not only
reduced gut motility but also made the host more suscepti-
ble to gut inflammation. Thus, the ENS relays stress signals
from the brain to the gut, both priming inflammation as well
as affecting gut motility [76ee].

Interaction between the ENS and microbiota was shown
by GF mice studies, in which the ENS morphology defi-
cits in GF mice were rescued by colonization of complex
gut microbiota flora [77]. Since the ENS is at the interface
between the gut lumen and the CNS, it can be stimulated
by bacterial metabolites and then relay the signals to the
sympathetic and parasympathetic and autonomic nerv-
ous systems [78], which transmit information to the brain.
SCFAs, including but not limited to acetate, propionate, and
butyrate, are metabolites generated upon microbial fermen-
tation of dietary fibers [79]. Decreased SCFA production
correlates with changes in gut microbiome composition in
the chronic restraint stress mouse model for depression [80]
and also in human patients (recently reviewed in Liu et al.,
2023) [81]. Changes in SCFA abundance can reduce gut
motility [82], increase gut permeability/disrupt the gut bar-
rier, and increase inflammation via modulation of the ENS
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[83]. Administration of SCFA in the chronic social defeat
mouse model for depression ameliorated anhedonia — the
perception of pain in response to normally innocuous stimuli
— and normalized intestinal permeability [84]. In addition to
SCFAs, synaptic neurotransmission via direct ENS signaling
is crucial for GI motility and mood. The activity of 5-HT
within the gut-brain axis is largely implicated in psychiat-
ric diseases [85]. Indeed, it has been shown that mice with
a mutation in tryptophan hydroxylase 2 (TPH2), the rate-
limiting enzyme in 5-HT production, have abnormal ENS
development, decreased gut motility, and reduced epithelial
growth, phenotypes which can be rescued by administra-
tion of slow release 5-HT in adulthood [86]. The inhibitory
neurotransmitter GABA also plays a critical role in ENS
signaling that modulates mood. In the chronic restraint
stress mouse model for depression, application of a modified
nano GABA molecule was shown to alleviate the depres-
sive phenotype by targeting the enteric nervous system [87].
Furthermore, a study applying GABA-producing microbes
in mice fed with high-fat diet showed that the intervention
reduced the depressive phenotypes, corrected corticosterone
and increased GABA levels in the intestine [88]. The data
from these associative studies warrants further investiga-
tion into the impact of host-microbe interactions regulating
ENS function and its potential role in the pathophysiology
of depression.

Toward Realizing the Therapeutic Potential
of the Gut Microbiome in Mental Health
Management

The etiology of neuropsychiatric disorders like major depres-
sive disorder is complex, with genetic and environmental
factors, as well as their interactions, contributing to disease
risk and onset, making it challenging to address clinically.
Current therapeutic strategies targeting synaptic transmis-
sion have shown limited effects, with one third of depres-
sion patients remaining resistant to current pharmacological
treatments. Emerging research demonstrating contributions
of the gut-microbiome-brain axis to depressive disorders is
beginning to reveal the diagnostic and therapeutic potential
of the gut microbiome for patients with depression.
Probiotics are a common mode of intervention for target-
ing gut microbiome in psychiatric diseases [89]. In the rat
maternal separation model for depression, administration of
Bifidobacterium infantis was shown to alleviate depressive-
like phenotypes [90]. Another study in the CUMS mouse
model showed that treatment with Limosilactobacillus reu-
teri was sufficient to improve despair behavior and metabolic
alterations via inhibiting the kynurenine pathway [91]. A
meta-analysis of probiotics and prebiotics in clinical trials
with depression patients showed that there is a positive effect

of probiotics but not prebiotics — nutrients that promote
the expansion of specific microbial species — in mitigating
depressive symptoms [89]. Certain probiotic strains have
also shown beneficial effects as add-on treatment in patients
with depression. In a study, patients received multi-strain
probiotics (Vivomixx, which is a commercially available
probiotic cocktail comprised of 8 bacterial strains) while
maintaining their normal treatment regimen for 4 weeks,
after which the severity of depression was measured using
the HAM-D score. The probiotic intervention increased
abundance of genus Lactobacillus in the gut, which was
negatively correlated with HAM-D score immediately post-
intervention and at a 4-week follow-up [92]. This study sug-
gests that regardless of the polypharmacy of patient’s medi-
cation, add-on treatment of probiotics has the potential to
further ameliorate depression symptoms. While the hetero-
geneity of patient compliance to the probiotic treatments can
make it difficult to assess the long-term effects of probiotics,
preclinical and clinical evidence shows potential for the use
of probiotics as treatment in relieving depression.

Beyond probiotics, an alternative treatment strategy for
targeting the gut microbiome is via FMT, the transfer of fecal
microbiota from healthy donor subjects to patients. The first
study to apply FMT as a possible antidepressant treatment
was reported in 2019. A 79-year-old woman who suffered
from depression and GI symptoms, and for whom none of
the prescribed medicine alleviated her symptoms, received
an FMT from her healthy grandson. The patient’s depression
score decreased from 21 to 4, as measured by the PHQ-9
scale. The patient had also suffered from chronic constipa-
tion, which was likewise decreased at 6 months post-FMT
[93]. Following the previous case reported in 2019, Doll
et al. conducted a randomized clinical trial using FMT as
adjuvant therapy for two female treatment-resistant Cauca-
sian depression patients who also suffered from constipa-
tion. The patients were administered frozen FMT-capsules
daily and were followed up after 4 weeks. Consistent with
the previous study, the patients in this small clinical trial
showed decreased HAM-D scores and improved GI symp-
toms after 4 weeks of treatment. Furthermore, 16S rRNA
gene amplicon sequencing revealed a significant increase
in species evenness and a concomitant decrease in species
diversity following the FMT [94]. Despite the low number
of cases reporting use of FMT for treating depressive disor-
ders and the absence of robust controls, the existing clini-
cal results are consistent with preclinical studies in rodent
models of depression, including work in humanized mice
in which patient microbiomes were transplanted into germ-
free mice. Notably, the humanized mice showed promising
results in successfully recapitulating patient phenotypes
in laboratory assays for depressive-like phenotypes [34,
38, 95]. Conversely, FMT from healthy donor animals or
human subjects has been shown to alleviate depressive-like
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phenotypes rodents after stress induction [96-98]. There-
fore, FMT could serve as a great platform to develop more
precise microbial treatments for patients with depression.

Importantly, gut microbiota form unique, defined com-
munities in each GI subregion: the small intestine (subdi-
vided into duodenum, ileum and jejunum), large intestine,
and colon. Each region is different in terms of acidity, villi
length, intestinal immunity, and lumen nutritional metabolite
content [99—101]. Therefore, gut microbiota distribute dif-
ferently along the GI tract and perform specialized functions
in their established niche. While fecal microbiota transplants
are the gold standard for demonstrating causality of micro-
bial actors in host phenotypes and show promising results for
treatment-resistant depression, it is possible that whole intes-
tinal microbiota transplant (WIMT) — which could be made
possible by negative pressure capsules designed to sample
discrete gut compartments in a pH-dependent manner, analo-
gous to sampling made possible by “smart capsules” [102]
— comprised of the diverse array of microbes present within
each GI sub-region would be a better approach. Thus, it is
crucial to investigate differences in efficacy between FMT
versus WIMT and to determine whether WIMT could poten-
tially elicit a better therapeutic outcome in treating psychi-
atric disorders in the future. Overall, modulation of the gut
microbiome holds great promise for relieving depressive and
GI symptoms in patients with depression (Fig. 1). However,
further research into the microbes, metabolites, and means
of treatment is warranted to improve treatment safety and
effectiveness.

Considering findings supporting a role for dysbiosis of
the gut microbiome in depression, antibiotics have also been
explored as a possible treatment strategy for depression.
Minocycline is one of the most common antibiotics used in
patient treatments [103, 104]; however, it remains in limited
use, being reserved for specific populations of depression
patients like those with baseline low-grade inflammation
[105]. That said, prolonged administration of antibiot-
ics could decrease diversity of the gut microbiome, which
could unintentionally increase risk for disease progression.
Thus, antibiotic administration is not a standard treatment
for patients with depression and is unlikely to emerge as a
new treatment frontier.

Conclusion and Future Directions

Effective treatments for patients with major depressive dis-
order (MDD) is a global unmet need. Unfortunately, the
complex interplay of genetics and environmental factors in
MDD makes diagnosis, treatment, and prevention across the
heterogeneous patient population difficult. While previous
research has focused on brain-specific manipulations, com-
monly by using drugs that modulate synaptic transmission,
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Impact of gut microbiota
on Depression

Probiotics
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Fig. 1 Bidirectional microbiota-gut-brain pathways could contribute
to susceptibility and disease onset in depression, they also represent
a promising therapeutic target. Major communication pathways along
the microbiota-gut-brain axis include: 1) Hypothalamic—pituitary—
adrenal axis (HPA axis), a neuroendrocrine pathway along which the
hypothalamus releases corticotropin-releasing factor that stimulates
the pituitary gland to produce adrenocorticotropic hormone and lead-
ing to cortisol secretion from the adrenal gland into circulation. Acti-
vation of the HPA axis results in local and systemic inflammation that
could alter the gut microbiota, while the gut microbiota can recipro-
cally influence the activity of the HPA axis. 2) Microbiome-immune
interactions can likewise affect host brain function and physiology. 3)
The enteric nervous system (ENS) can respond to SCFAs or neuro-
transmitters (NTMR) and their precursors produced by gut bacteria to
modulate gut physiology and relay signals to the vagus nerve that are
then transmitted to the brain. 4) The vagus nerve can transduce sen-
sory signals from the gut to the brain via direct synaptic connections
with neuropod cells, neuroendocrine cells located within the gut epi-
thelium, and can also be activated by neurotransmitters produced by
bacteria, including GABA and serotonin. Conversely, the vagus nerve
can also modulate gut physiology via afferent signals from the brain.
Therapeutic targeting of the gut microbiota could be achieved by
precision probiotic administration or via microbial transplant, which
has been shown to alleviate depressive-like phenotypes in preclinical
studies and in limited clinical interventions, reviewed here. HPA axis,
hypothalamus—pituitary—adrenal axis; ENS: enteric nervous system;
SCFA: short-chain fatty acid; NTMR: neurotransmitter; FMT, fecal
microbiota transplant

this “one size fits all” approach has not proven particularly
successful. In recent decades, research has revealed sizable
contributions of the microbiome-gut-brain axis to mental
health and the potential for microbiome-targeted therapies
to treat neuropsychiatric disorders. In this review, we exam-
ined recent literature highlighting the relationship between
the gut microbiome and neuropsychiatric disorders, with
an emphasis on depressive disorders. We also explored the
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different pathways that mediate bidirectional communication
along the microbiome-gut-brain axis: the HPA axis, immune
system, vagus nerve, and enteric nervous system. Signals
initiated in either the brain or the gut can induce downstream
response pathways that result in physiological changes,
enteroendocrine secretion, gut motility changes, and inflam-
mation responses that can ultimately influence brain func-
tion and behavior. While investigation into the mechanisms
by which gut microbes influence risk for neuropsychiatric
disorders, their onset, and the therapeutic utility of target-
ing the gut microbiome to relieve GI and behavioral symp-
toms in depression remains in its infancy, a growing body
of literature clearly indicates that host-microbe interactions
exert profound effects on host physiology, including on brain
function, and identify the gut-brain axis as a clear target for
therapeutic intervention. Now, more research is needed to
determine whether the gut microbiome could serve as a bio-
marker for developing personalized medicine for treatment
of depression and other psychiatric disorders.
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