
Citation: 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. https://doi.org/10.3390/

nu14102081

Academic Editors: Cuixiang Wan and

Franck Carbonero

Received: 25 April 2022

Accepted: 13 May 2022

Published: 16 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Review

The Microbiota–Gut–Brain Axis in Depression: The Potential
Pathophysiological Mechanisms and Microbiota Combined
Antidepression Effect
Fangyuan Zhu 1,2, Huaijun Tu 1,* and Tingtao Chen 1,3,*

1 Departments of Geriatrics, The Second Affiliated Hospital of Nanchang University, Nanchang 330031, China;
zhufy719@163.com

2 Queen Mary School, Nanchang University, Nanchang 330031, China
3 National Engineering Research Center for Bioengineering Drugs and Technologies, Institute of Translational

Medicine, Nanchang University, Nanchang 330031, China
* Correspondence: ndefy10061@ncu.edu.cn (H.T.); chentingtao1984@163.com (T.C.)

Abstract: Depression is a kind of worldwide mental illness with the highest morbidity and disability
rate, which is often accompanied by gastrointestinal symptoms. Experiments have demonstrated
that the disorder of the intestinal microbial system structure plays a crucial role in depression. The
gut–brain axis manifests a potential linkage between the digestion system and the central nervous
system (CNS). Nowadays, it has become an emerging trend to treat diseases by targeting intestinal
microorganisms (e.g., probiotics) and combining the gut–brain axis mechanism. Combined with the
research, we found that the incidence of depression is closely linked to the gut microbiota. Moreover,
the transformation of the gut microbiota system structure is considered to have both positive and
negative regulatory effects on the development of depression. This article reviewed the mechanism
of bidirectional interaction in the gut–brain axis and existing symptom-relieving measures and
antidepression treatments related to the gut microbiome.
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1. Introduction

Depression is described as a state characterized by a low mood and aversion to activ-
ity, considered as one of the most prevalent mental and behavioral disorders around the
world [1], which is mainly caused by a combination of factors, including family history,
certain medications, substance abuse, chronic health problems, and major life changes [2,3].
Depression has an overwhelming influence on public mental health worldwide, affecting
about two percent of the world’s population in 2017 [4]. People with depression show
signs of sadness, difficulty concentrating, loss of appetite, loss of interest, impaired sleep,
and, in the worst cases, self-denial leading to suicidal behavior. There are the preferred
antidepression drugs, including selective serotonin reuptake inhibitors (SSRIs), tricyclic
antidepressant amitriptyline, and monoamine oxidase inhibitors [5]. However, the widely
used antidepressant treatment regimen has various disadvantages, including drug toler-
ance, delayed action, unsatisfactory efficacy, and various adverse reactions [6]. Therefore,
finding new potential therapeutic measures for depression is significant, and the gut
microbiota might provide insights.

As technology has progressed, more attention has gradually been paid to exploring the
application of the intestinal microbiome as a therapeutic target for diseases. Recent research
has indicated that the gut microbiota has shown great therapeutic potential in diseases
such as gastrointestinal cancer, type II diabetes, autisms, Alzheimer’s, and Parkinson’s
disease [7–11]. In terms of mental illness, there are numerous studies showing a strong
association with mental illness and gut microbiota, including depression.
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Recently, an increasing number of studies have pointed out that depressed patients
show intestinal microbiota disorder accompanied by irritable bowel syndrome (IBS) [12].
Through high-throughput sequencing of depressed patients’ feces and comparison with
that of healthy people, it was found that the microbial composition in depressed patients
has changed [13]. The researchers also used fecal microbiota transplantation (FMT) to
show that modification in the gut microbiota can cause or alleviate depression [14]. This
bidirectional linkage between the intestinal microbiota and central nervous system (CNS) in
patients with depression demonstrated that influencing gut microbiota might be beneficial
in the treatment of depression [14–16]. Based on these findings, the effect of gut microbes
in depression alleviating regimes and antidepression treatment has been firmly established,
and a growing number of studies are devoted to the potential of applying intestinal
microbes in the adjuvant therapy of depression.

This article critically reviews the current literature about the potential mechanism
association between the microbiota–gut–brain axis and depression, and explores the current
evidence of the feasibility of the intestinal microbiota in the relief of depression symptoms.
In this review, we summarize the linkage between the intestinal microbiota and depres-
sion, and integrate evidence further to discuss the possible contribution of the intestinal
microbiota to the antidepression effect.

2. Depression Mechanism and Existing Treatment Options

Depression is classified as a common mood disorder which, according to a global
survey, occurs in more than 264 million people regardless of gender or age [17]. Depression
often occurs when people are suffering a stressful life or devastating change. Indeed, this
kind of intractable mental disease has various negative effect symptoms, including feelings
of sadness, loss of interest, memory loss, and self-deprecation; it also has bad effects on the
normal life of the patient and those around them [18].

The contributing factors of depression are complex and are often thought to be related
to biological, psychological, and social factors, even including childhood trauma [19–23].
Studies focused on the physiological mechanism level indicate that depression might be
related to low levels of brain-derived neurotrophic factor (BNDF), abnormal function of
the hypothalamic–pituitary–adrenal axis (HPA), and glutamate-mediated toxicity, and
may even be a result of structural and functional brain abnormality [24–26]. Furthermore,
the mechanism of depression is also explained by the serotonin system, corticotrophin
system, and dopamine system [26–28]. Chronic stress and severe depression often lead to
further structural changes in the brain, usually reflected in hippocampus volume changes,
neurogenesis, and neuronal apoptosis [29,30]. The hippocampus is connected to nerve
fibers in areas of the brain associated with emotion, such as the prefrontal cortex and
amygdala, and is involved in regulating pressure on the HPA axis by secreting nerve
factors [31].

By analyzing the existing literature on the mechanism of depression, we can find that
stress is a crucial intermediate factor of external factors acting on the body to produce
depression. The mechanism of stress is based on the serotonin system, hypothalamus–
pituitary axis, corticotropin releasing factor, and dopamine system [5,32]. These factors
interact with each other to aggravate depression; for example, chronic stress and endocrine
disruption caused by disruption form positive feedback, leading to depression [32–34].

Existing treatments for depression mainly rely on pharmacotherapy. The most used
first-line drug is serotonin reuptake inhibitors (SSRIs); serotonin-norepinephrine reuptake
inhibitors (SNRIs) and monoamine oxidase inhibitors are also used. Although existing
antidepressant drugs have some efficacy, they are very limited, and in clinical cases, they
can only provide alleviation and prevention [35]. Moreover, tolerance has been found in
subsequent treatment—the same drug being used more than once in the same patient was
less effective. Up to 35 percent of people are known to have treatment-resistant depression
(TRD), the symptoms of which cannot relieved after four or more conventional treat-
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ments [36]. For the sake of TRD patients and ensuring the quality of life of all depression
patients, it is indispensable to explore new antidepressant methods.

3. The Crucial Role the Gut Microbiota and Gut–Brain Axis Play in Central Nervous
System Diseases

Microbiota can be found all around body surfaces and cavities [37]. The gut microbiota
is described as the community of microbiota which colonize the intestinal tract and partici-
pate in a variety of physiological activities of the host [38]. These intestinal microorganisms
get involved in various basic activities of host life, including nutrition metabolism, main-
taining the structure of the intestinal mucosal barrier, immune regulation, and resistance to
pathogens [39].

Based on the bidirectional regulation of the gut microbiota and the body, scientists
regard the intestinal microbiome as a virtual organ in the human body which interacts
with the human body and takes part in the metabolism and regulation of life activities [40].
The dynamic composition of the gut microbiota is regulated by various factors, including
nutrition, lifestyle, hormonal changes, immunity, health situation, the application of drugs,
and possibly microbiome–gut–brain axis crosstalk (e.g., stress, depression, autism) [41,42].
On the contrary, intestinal microorganisms can act on the host and regulate the host body
by metabolites [43]. The gut microbiota can function as a rich repository of information,
which is 100 trillion microbes in the gut, but only about 40 to 60 trillion cells in the human
body [44], and the gene set of the intestinal microbiota is 150 times that of the human gene
complement [45].

The dynamic structure and composition of the gastrointestinal microbiota are a mu-
tual selection between the microorganism and the host, which improve interconnecting
cooperation and functional stability within this complex ecosystem. Fluctuations in the
gut microbiota within a certain range of limitation are considered as physiological health
conditions. However, severe disruptions of the gastrointestinal microbiota will result in dis-
ease such as appetite loss, diarrhea, malnutrition, vitamin deficiency, and other symptoms,
and even serious cases such as spontaneous bacterial peritonitis, hepatorenal syndrome,
hepatopulmonary syndrome, and hepatic encephalopathy [46]. Nowadays, it has been
indicated that the gastrointestinal microbiota can have an effect on central nervous system
disease, including autism, depression, Parkinson’s disease, and Alzheimer’s disease, which
is able to be illustrated by the gut–brain axis.

The gut–brain axis is an integrated physiological concept involving afferent and
efferent nervous, endocrine, and immune signals between the central nervous system and
the gastrointestinal system [27,47]. The conception of the gut–brain axis was primarily
carried out by studying the connection of digestive function and satiety [15]. However,
this concept has now been developed into the description of the interaction between
the central nervous system and gastrointestinal system—especially the gut microbiome.
The communication progress is regarded as bidirectional; therefore, the gut can regulate
emotional activity in the CNS, and the CNS can regulate gastrointestinal function in
turn [48,49].

The gut–brain axis is the interaction of the central nervous system, the enteric nervous
system, and the digestive system [50]. The intestinal microbiota interacts bidirectionally
with major parts of the central nervous system through a variety of direct and indirect
pathways. Based on the literature to date, intestinal microorganisms are involved in basic
physiological processes, including digestion, growth, and immune defense [48,51,52]. In
addition, gut microbes, the enteric plexus, and the central nervous system also regulate
responses to each other [47]. The nervous system affects the composition of the intestinal
microbiota by modulating gut motility, the secretion of hormones, and the production of
acid, bicarbonates, and mucus [52]. The secretions of intestinal microorganisms can enter
the systemic circulation through the small intestinal epithelium, and some of them can
directly act on the brain through the blood–brain barrier [53].
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4. The Gut Microbiota and Microbes Interact Bidirectionally in People with Depression
4.1. Variation Occurs in the Intestinal Microbiota of Depression Patients

Depression patients commonly suffer from gut–brain dysfunction as well, such as ap-
petite disturbances, metabolic disturbances, functional gastrointestinal disorders, and gut
microbiota abnormalities [54,55]. According to the analysis of existing studies, we are able
to conclude that the gut microbiota of depressed people is significantly different from that of
healthy people. Studies commonly collect feces samples from depression mouse models or
humans and analyze the microbiota species by high throughput molecular sequencing tech-
nology. Generally, the human gut microbiota consists of five phyla: Bacteroidetes, Firmicutes,
Actinobacteria, Fusobacteria, and Protobacteria. Among them, Bacteroidetes and Firmicutes are
the predominant phyla. These two phyla also appear to be the most affected in depression
according to the literature [56,57]. Across all five phyla, nine bacteria were found to have a
larger population in depression (Anaerostipes, Blautia, Clostridium, Klebsiella, Lachnospiraceae
incertae sedis, Parabacteroides, Parasutterella, Phascolarctobacterium, and Streptococcus), six
had a smaller population (Bifidobacterium, Dialister, Escherichia/Shigella, Faecalibacterium,
and Ruminococcus), and six were conflicting (Alistipes, Bacteroides, Megamonas, Oscillibacter,
Prevotella, and Roseburia) [13]. According to the variation of intestinal microbiota in patients
with depression, we can demonstrate that the central nervous system impairment caused
by depression will have an impact on the intestinal tract. Disorders of the gut microbiota
caused by depression can lead to gastrointestinal symptoms, the most prevalent of which
is irritable bowel syndrome (IBS)—both are accompanied by the increase of Bacteroidetes
and Firmicutes [58]. Moreover, researchers have revealed that patients accompanied by IBS
carry a higher risk of getting depression, and that disturbed intestinal microbiota is more
common in these patients [59].

4.2. Intestinal Microbiota Can Regulate CNS in Depression Patients

Through experiments, it was found that the changes of intestinal microbiota in the
central nervous system of patients with depression are not unidirectional: the intestinal
microbiota can alleviate the symptoms of the central nervous system as well. An experiment
carried by Kelly et al. showed that transplanting feces from depression patients into mice
could generate depression-like behaviors [37]. In another experiment, researchers’ detection
of interferon γ (IFN-γ) and the tumor necrosis factor-alpha (TNF-α) in the hippocampus
increased in the brains of the mice which received the microbiota [16]. The recipient
mice showed the same depression activities as their donor, including a loss of happiness,
increased anxiety activity, and tryptophan metabolism dysfunction. Zheng harvested
microorganisms from the excrement of depression patients (experimental group) and
healthy people (control group), then transplanted them into germ-free mice. As a result,
they found that the experimental mice exhibited higher depressive symptoms, and their
microbiota composition was different from that of the control mice [14]. These experiments
prove that composition variation in the intestinal microbiota can react on the nervous
system and result in depression [37]. Sun et al. demonstrated that L. plantarum WLPL04
treatment can relieve host anxiety behavior [60]. The gut microbiota of patients with
alcoholism can cause their hosts to exhibit depressive and anxious behaviors, and these
changes can be spread through fecal bacteria transplants [61,62].

After further study, it was found that the mechanism of action of intestinal microor-
ganisms may be related to their secretion of metabolites’ metabolism molecules [43]. First
of all, the intestinal microbiota has a perfect structural basis for easy communication with
the host, for which its secretions can communicate with the host through only one layer of
small intestinal epithelial cells [63]. The molecules move across the intestinal epidermis
and enter the inner circulatory system to act on the nervous system. LPS expressed by
Gram-negative bacteria can affect central nervous system activity through mechanisms
that have been shown to be related to the immune system and vagus nerve [64]. Microbial
metabolites such as short-chain fatty acids and microbial neural particles such as cate-
cholamine, histamine, and gamma-aminobutyric acid (GABA) may directly or indirectly
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affect the brain [13]. Gut microbes may also control serotonin levels by regulating trypto-
phan metabolism [65]. Short-chain fatty acids are also thought to be an important influence
on bidirectional communication between the gut and brain [63].

In addition to the direct factors between intestinal microbes and the central nervous
system, some external factors can act as intermediate factors and simultaneously affect
both. The stress response in particular is considered as an important intermediate fac-
tor of depression which can be explained by the gut–brain axis. The intestinal changes
caused by stress usually include two mechanisms: changes in intestinal motility dynamics
and changes in intestinal barrier permeability [66,67]. In a 2013 study by Park et al., the
researchers used bilateral olfactory bulbectomy mice as a model of stress-induced depres-
sion for study [68]. The results showed that the hypothalamic–pituitary–adrenal (HPA)
axis was activated and the intestinal motility changed with the increased concentration
of corticotropin-releasing hormone (CRH) [68]. These changes in intestinal motility and
permeability were accompanied by transformation in the composition and stability of the
gut microbiota after subsequent examination. Moreover, by measuring the prevalence and
median values of serum IgM and IgA against lipopolysaccharide (LPS) in patients with
depression, which have a negative effect on depressed patients, we found that the intestinal
permeability of inflammatory factors was stronger in patients with depression [69].

The most common disease caused by stress-induced gut microbiota disorder is irritable
bowel syndrome (IBS). IBS is a kind of general functional gastrointestinal disorder which
is characterized by chronic and periodic unpleasant abdominal symptoms [70], which is
considered related to variation of the gut microbiota system, epithelial barrier functions,
and inflammatory response [39]. These intestinal symptoms include visceral pain, which
travels to the central nervous system through the C nerve fiber and can be accompanied
by negative emotions, which can create stress and worsen depression and form positive
feedback [71].

The further mechanism of the communication between the gut microbiota and CNS
has been illustrated in Figure 1.
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Figure 1. The communication pathway of the gut–brain axis in a depression patient. The HPA
axis is activated under internal or external pressure [72]. The hypothalamus activates the release of
CRH, promotes the release of ACTH by the pituitary gland, and results in the release of cortisol by
the adrenal gland [72]. Cortisol is a hormone that affects intestinal integrity, motility, and mucus
production, inducing changes in the composition of intestinal microbiota. In patients with depression,
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this pathway is significantly enhanced and HPA axis activity is overactive [73]. The end result is
often IBS and disrupted gut microbiota. Microbial metabolites including short-chain fatty acids and
microbial neural substrates such as catecholamines, histamines, and GABA can act on intestinal
epithelial cells and stimulate intestinal nerves, which will stimulate the central nervous system
through the vagus nerve [74]. Some SCFAs and peptide can cross the blood–brain barrier and act
directly on the central nervous system. LPS on the surface of Gram-negative bacteria can mediate the
effects of immune cells and the vagus nerve on the brain [75]. HPA, hypothalamus–pituitary–adrenal;
CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; CNS, central nervous
system; GABA, γ-aminobutyric acid; SCFA, short-chain fatty acid; LPS, lipopolysaccharide; IBS,
irritable bowel syndrome.

5. Treatments of Depression
5.1. Traditional Treatment

Traditional treatments for depression include psychotherapy, medication, and electric
shock therapy. The choice of treatment depends on the severity of the disease. In milder
cases, exercise has been demonstrated to be a very effective treatment [76,77]. Usually,
patients with mild symptoms are treated with psychotherapy and medication. Emergency
electroshock therapy is used in very serious life-threatening cases, especially in cases with
suicidal intention [78]. The most common type of drug treatment is with selective sero-
tonin reuptake inhibitors (SSRIs) [28]. However, the limitations of SSRIs are obvious, as
the responses are delayed and vary from patient to patient. In addition, brain-derived
neurotrophic factor (BDNF) is also an important target for depression treatment based on
the BNDF hypothesis [79]. It is believed that the occurrence of depression is related to the
decrease of BNDF and its resulting neuronal apoptosis [80]. Therefore, there is a kind of
antidepressant (e.g., fluoxetine) aimed at reducing hippocampal neuronal apoptosis by
increasing the neurotrophic factor and nerve regeneration, so as to achieve the goal of im-
proving patients’ depressive symptoms [81,82]. In addition, chronic central neuroendocrine
abnormalities in patients with depression can induce structural changes in the subgenual
cingulate region and become overactive; they are drug resistant and are usually repaired
by electrical stimulation of the subgenual cingulate white matter [83,84].

Recent research has found that traditional treatments not only act directly on the
nervous system, but also alter the structure of the gut microbiota system. For example,
serotonin, a traditional antidepressant, also improves the gut microbiome while treating
depression [85]. Even Qu and his colleagues found that the use of traditional Chinese
medicine for depression was associated with an improvement in the gut microbiota [86].
Therefore, we can reason that their antidepressant effect might be partially connected
with the adjustment of the microbe–gut–brain axis. Other therapies also target modifying
gut microbiota composition. In addition, it has been demonstrated that the metabolic
products of intestinal microorganisms have synergistic effects on antidepressant effects and
pharmacokinetics [87]. Newer antidepressants even target regulation of the gut microbiota
in the hopes of improving the disease. Yan et al. demonstrated that a polysaccharide (OP)
which was isolated from okra (Abelmoschus esculentus (L) Moench), used in the treatment
of the microbial–enteric–brain axis, achieved a good therapeutic effect [88].

5.2. Diet and Prebiotics

Diet is a crucial factor affecting the composition of intestinal microbes. The effect of
food on the gut microbiota is significant, and research has revealed that dietary changes
within a limited time (24 h) can apparently improve the structure of the intestinal micro-
biota system [89,90]. This suggests that we can harness the significant impact of diet on
gut microbes to improve them, which could be presented as an option for adjuvant antide-
pression therapy. It has been proven that some component of diet can keep the structural
homeostasis of the gut microbiota, and this effect is considered to have the potential to be
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put into clinical application. Through dietary relief, patients can reduce the psychological
resistance to treatment to alleviate the effect of mild symptoms.

Prebiotics, one of the most commonly used dietary supplements, are non-digestive
fibers which are partially digested in the gastrointestinal tract and support the growth of
helpful gut bacteria [74]. Prebiotics, including galacto-oligosaccharide (GOS) and fructo-
oligosaccharide (FOS), insulins, and oligofructose, in the diet may regulate the ecosystem
structure of the intestinal microbiota system, which is significantly decreased in depression
patients, such as Lactobacillus, Bacteroides, and Bifidobacterium [91,92]. In 2015, Andrew’s
experiment demonstrated that the oligosaccharides 3′sialyllactose (3′SL) or 6′sialyllactose
(6′SL) in human breast milk have the effect of restraining the development of anxiety [93].
In 2019, Richard et al. collected multiple clinical samples and data to study the efficacy of
prebiotics on depression with meta-analysis. People generally support the antidepressant
and anti-anxiety effects of probiotics, but due to the inaccuracy and insufficient number of
clinical tables, further validation is still lacking [94].

In 2016, Schnorr and Bachner treated an anxiety patient with a combination of diet and
psychotherapy. They eliminated diets that lead to hyperglycemia and added probiotic-rich
foods to their diets. The results showed that the comprehensive antidepressant thera-
peutic regimen diminished the anxiety and insomnia symptoms of patients, increased
the amount of helpful microorganisms such as Lactobacillus, decreased the abundance of
harmful microorganism such as Clostridium, and changed the composition and diversity of
bacteria [95].

5.3. Psychobiotics

Previous studies have shown that an abnormal intestinal microbiota leads to a decline
in the stability of the gastrointestinal barrier, resulting in an increase of LPS entering
the body, which activates systemic inflammation and promotes the stress response [96].
However, the treatment of probiotics can effectively prevent intestinal barrier damage and
work through multiple mechanisms of action to reduce the response of the HPA axis to
stress [97–99]. Lactobacillus rhamnosus probiotics can regulate the excitation-induced plasma
corticosterone level and relieve depression through hormones such as BNDF and oxytocin
secreted by the vagus nerve and hippocampus [100–102]. The mechanism of action of
Bifidobacterium infantis is related to hormones such as acetylcholine and corticosterone and
vagal nerve regulation [103,104]. In addition, when mixed strains probiotic supplement
preparation (PSP) was used on anxious college students, anxiety was reduced in the
experimental group in comparison with the control group [105].

Different kinds of probiotic may have different effects on different patients. A study
finding suggests that a daily complement of L. casei Strain Shirota improves the composition
of the intestinal microbiota, preserves its function, and may even alleviate symptoms of
exposure to stress in healthy subjects [106]. However, another study showed that when
all subjects were healthy, the improvement by intaking L. casei was not significant [107].
The benefits of probiotics became apparent only when the subjects were stressed or de-
pressed [107]. In another study, however, healthy participants who were fed a diet including
L. helveticus and B. longum for 30 days showed that the intake of the strain benefited stress
states and negative mood regulation [108].

Bamling et al. applied an innovative combined antidepressant treatment by incorpo-
rating probiotics, magnesium, and SSRIs in 2017, hoping to have an effect on treatment
resistant depression (TRD). The results were good: patients had significant relief in depres-
sive symptoms [109].

5.4. Engineered Bacteria

Since the interconnection mechanism between the intestinal microbiota and central
nervous system was gradually revealed [66], it has been demonstrated that the mechanisms
of interaction between the gut microbiome and nervous system include: serotonin and
tryptophan metabolism, the immune system, gut hormonal response, and short-chain
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fatty acids from bacterial metabolites [110]. This may provide a new therapeutic idea to
enable engineered strains to continuously express therapeutic metabolites after intestinal
colonization, so as to achieve therapeutic effects [111]. L-4-chlorokynurenine (L-4-Cl-KYn)
is a novel neurochemical antidepressant that is being used in the therapeutic regime
of depression. Dr. Hanna in recent times discovered that marine bacteria express this
sequence, and, combined with the natural enzymes in the strain, will better exhibit its
curative effect [112]. Targeting intestinal peptide release may be a way to combine with
future breakthroughs in psychology. It can concentrate on peptide-mediated immune
responses, promote vagal signaling, or regulate neuropeptide expression in certain brain
areas to achieve the goal of symptom relief.

However, intestinal peptides have many limitations in practical application, such as a
short half-life and blood–brain barrier crossing rate [113,114]. To solve this problem, using
engineered strains with a targeted modification of peptide chemistry, intestinal peptides
can be more effective. Better sequences of modified peptide chains and selection of strains
are still being explored.

5.5. Fecal Microbiota Transplantation (FMT)

FMT is a method of transferring fecal bacteria from a donor to a recipient and is
widely applied in treatment and research. Many studies have demonstrated that anxiety
and depressive behaviors can induce depressive behaviors and stress responses in healthy
hosts through fecal bacteria transplantation [16,61,115]. Although FMT has been used in
scientific research on depression, it is rarely used with the therapeutic effect of psychiatric
disorders. Until 2017, Kang et al. applied FMT to relieve autism and continued to improve
both gastrointestinal and autism symptoms [116].

Under stress and depression, the gut microbiota can become disorganized, having a
negative effect on the central nervous system and worsening the disease. However, FMT
has shown outstanding results in the treatment of microbial structural disorders [117]
and depression [118,119], also reprogramming the host’s metabolism [120]. Geng et al.
have announced that FMT can regulate the diversity and ecosystem structure of colon
microbiota, reduce the intestinal epithelial validation response, and reduce the host inflam-
matory response. Serotonin and 5-HT levels in the host are regulated [121]. Zhang et al.
demonstrated that the transplantation of NLRP3 KO flora alleviates anxiety behavior in
wild-type mice [122].

IBS is a common complication of depression, and the treatment of IBS and alleviation
of depression may have therapeutic effects on both diseases [123]. In the treatment of
IBS, FMT has been included in common treatment plans as a treatment with significant
efficacy [124,125]. The remission rate of IBS patients who finish FMT treatment can be up
to 89% [126]. Therefore, the treatment of FMT in patients with depression combined with
IBS can be a focus of research.

The current treatment of fecal bacteria transplantation usually adopts endoscope,
enema, and orally taken freeze-dried materials to achieve the effect of transplantation
of bacteria [127,128]. Other types of transplants are being explored, such as Microbial
Ecosystem Therapeutics-2 (MET-2). MET-2 is used to extract gut microbes from the stool
samples of healthy people, and is then screened, cultured in a laboratory, and treated with
industrial food before being given to patients [129,130]. Furthermore, FMT is considered
to be a more effective and safe treatment. In the course of FMT treatment, pathological
side effects were found due to changes in intestinal microbiota [131–133] and most of the
adverse reactions in these studies were mild [132] or self-limited [131,133] (Table 1).
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Table 1. Effects of microbiological treatments on mouse models and human behavior.

Author Treatment Experimental Subjects Main Results

Yan et al. [88]

A polysaccharide (OP)
which is isolated from okra
(Abelmoschus esculentus (L)

Moench)

CUMS-induced mice and fecal
microbiological transplantation

(FMT)-induced mice were used as
models of depression

OP can treat depression through
the microbial–gut–brain axis

Vulevic et al. [92] Prebiotics-FOS1 and GOS C57BL/6J male mice
Chronic prebiotics FOS1 GOS
showed antidepressant and

anti-anxiety effects

Tarr et al. [93]
Oligosaccharides

3′sialyllactose (3′SL) or
6′sialyllactose (6′SL)

6~8-week-old male C57/BL6 mice
used of the social

disruption stressor

This prebiotic has a preventive
effect on anxious behavior and

inhibits nervous
anxiety-related responses

Benton et al. [107] Milk with probiotics 124 healthy members of
general population

There was an improvement in
subjects, a positive effect on mood,

and probiotic intake was also
associated with

demonstrated memory

Qin et al. [105] Probiotic supplement
preparation (PSP)

120 college students with
anxiety trend

Anxiety parameters decreased in
the experimental group compared

to the control group

Bravo et al. [100]
Probiotic Lactobacillus

rhamnosus (JB-1)
administration

Stress induced anxiety- and
depression-like behaviors mice

Reduced stress-induced anxiety-
and depression-like behaviors

were found in mice

Messaoudi et al. [108] Lactobacillus casei
strain Shirota

Subjects’ mild depressive
symptoms and low scores

Long-term combined use of
Lactobacillus helveticus R0052 and

Bifidobacterium longum R0175
reduced the symptoms of people

with mild depression and
effectively alleviated anxiety

Kang et al. [116] Human fecal extract
and FMT

Adult germ-free (GF), Swiss
Webster female mice

Fecal bacteria transplantation can
change the neural structure of the

brain and affect the brain

Geng et al. [121] FMT Newborn piglets and subsequent
lipopolysaccharide (LPS) challenge

FMT can regulate tryptophan
metabolism and improve intestinal

microbial disorders

Rao et al. [119] FMT
Mice with chronic depression-like

behavior induced by mild
external stressors

FMT improves stress-induced
depression-like behavior

associated with inhibition of rat
brain glial cells and

NLRP3 inflammasome

Zhang et al. [122]
Transplantation of the

NLRP3 KO microbiota from
NLRP3 KO mice

NLRP3 KO mice

FMT from NLRP3 KO mice
significantly alleviates the

depressive-like behavior induced
by chronic unpredictable stress

(CUS)-induced
depressive-like behaviors

6. Conclusions and Outlook

With increasing pressure in modern life, depression has become a common disease, yet
there is no complete treatment for the disease. According to the literature on the gut–brain
axis, depression has a lot to do with changes in the gastrointestinal microbiota. Depression
can alter the composition of the gut microbiota and even lead to a complication called
IBS. Disturbances in the gastrointestinal microbiota can further cause stress responses and
worsen depression. Disruption of the gut microbiome can lead to IBS, which increases
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the risk of depression. The purpose of relieving the depressive symptoms of patients can
be achieved by adjusting and modifying the composition of microorganisms. Therefore,
we concluded with the inductive integration of the changes in the intestinal microbiota of
patients with depression and research about microbiota targeting measures.

Existing alleviating regimens and antidepressant treatment associated with gut mi-
crobes include traditional microbial-targeting drugs, dietary therapy, prebiotics, probiotics,
engineered bacteria that express antidepressants, and fecal microbiota transplantation.
Acceptable outcomes can be achieved in the prevention and remission of depression by
regulating the intestinal microbiota and utilizing the mechanism of action of the gut–brain
axis. Moreover, these measures are more flexible and maneuverable, which allows patients
to use non-drug measures to relieve symptoms and improve their quality of life.

According to the molecular mechanism and bacterial species changes of depression
summarized in this paper, the future research direction can be based on the adjustment of
the bacterial community structure in patients with depression, or the synthesis of target
molecules using engineered bacteria.
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M.; et al. Irritable bowel syndrome. Nat. Rev. Dis. Primers 2016, 2, 16014. [CrossRef]

72. Dean, J.; Keshavan, M. The neurobiology of depression: An integrated view. Asian J. Psychiatr. 2017, 27, 101–111. [CrossRef]
73. Mayer, S.E.; Lopez-Duran, N.L.; Sen, S.; Abelson, J.L. Chronic stress, hair cortisol and depression: A prospective and longitudinal

study of medical internship. Psychoneuroendocrinology 2018, 92, 57–65. [CrossRef]
74. Kim, Y.K.; Shin, C. The Microbiota-Gut-Brain Axis in Neuropsychiatric Disorders: Pathophysiological Mechanisms and Novel

Treatments. Curr. Neuropharmacol. 2018, 16, 559–573. [CrossRef]
75. Foster, J.A.; Neufeld, K.A.M. Gut-brain axis: How the microbiome influences anxiety and depression. Trends Neurosci. 2013, 36,

305–312. [CrossRef]
76. Balchin, R.; Linde, J.; Blackhurst, D.; Rauch, H.L.; Schönbächler, G. Sweating away depression? The impact of intensive exercise

on depression. J. Affect. Disord. 2016, 200, 218–221. [CrossRef]
77. Daley, A.J.; Foster, L.; Long, G.; Palmer, C.; Robinson, O.; Walmsley, H.; Ward, R. The effectiveness of exercise for the prevention

and treatment of antenatal depression: Systematic review with meta-analysis. BJOG 2015, 122, 57–62. [CrossRef]
78. Croarkin, P.E.; Nakonezny, P.A.; Deng, Z.D.; Romanowicz, M.; Voort, J.L.V.; Camsari, D.D.; Schak, K.M.; Port, J.D.; Lewis,

C.P. High-frequency repetitive TMS for suicidal ideation in adolescents with depression. J. Affect. Disord. 2018, 239, 282–290.
[CrossRef]

79. Zhang, E.; Liao, P. Brain-derived neurotrophic factor and post-stroke depression. J. Neurosci. Res. 2020, 98, 537–548. [CrossRef]
[PubMed]

80. Castrén, E.; Monteggia, L.M. Brain-Derived Neurotrophic Factor Signaling in Depression and Antidepressant Action. Biol.
Psychiatry 2021, 90, 128–136. [CrossRef] [PubMed]

81. Castrén, E.; Kojima, M. Brain-derived neurotrophic factor in mood disorders and antidepressant treatments. Neurobiol. Dis. 2017,
97, 119–126. [CrossRef] [PubMed]

82. Mostert, J.P.; Koch, M.W.; Heerings, M.; Heersema, D.J.; de Keyser, J. Therapeutic potential of fluoxetine in neurological disorders.
CNS Neurosci. 2008, 14, 153–164. [CrossRef]

83. Holtzheimer, P.E.; Husain, M.M.; Lisanby, S.H.; Taylor, S.F.; Whitworth, L.A.; McClintock, S.; Slavin, K.V.; Berman, J.; McKhann,
G.M.; Patil, P.G.; et al. Subcallosal cingulate deep brain stimulation for treatment-resistant depression: A multisite, randomised,
sham-controlled trial. Lancet Psychiatry 2017, 4, 839–849. [CrossRef]

84. Mayberg, H.S.; Lozano, A.M.; Voon, V.; McNeely, H.E.; Seminowicz, D.; Hamani, C.; Schwalb, J.M.; Kennedy, S.H. Deep brain
stimulation for treatment-resistant depression. Neuron 2005, 45, 651–660. [CrossRef]

85. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161, 264–276. [CrossRef]

86. Qu, W.; Liu, S.; Zhang, W.; Zhu, H.; Tao, Q.; Wang, H.; Yan, H. Impact of traditional Chinese medicine treatment on chronic
unpredictable mild stress-induced depression-like behaviors: Intestinal microbiota and gut microbiome function. Food Funct.
2019, 10, 5886–5897. [CrossRef]

87. Klünemann, M.; Andrejev, S.; Blasche, S.; Mateus, A.; Phapale, P.; Devendran, S.; Vappiani, J.; Simon, B.; Scott, T.A.; Kafkia, E.;
et al. Bioaccumulation of therapeutic drugs by human gut bacteria. Nature 2021, 597, 533–538. [CrossRef]

88. Yan, T.; Nian, T.; Liao, Z.; Xiao, F.; Wu, B.; Bi, K.; He, B.; Jia, Y. Antidepressant effects of a polysaccharide from okra (Abelmoschus
esculentus (L) Moench) by anti-inflammation and rebalancing the gut microbiota. Int. J. Biol. Macromol. 2020, 144, 427–440.
[CrossRef]

89. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;
Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [CrossRef]

90. Brinkworth, G.D.; Noakes, M.; Buckley, J.D.; Keogh, J.B.; Clifton, P.M. Long-term effects of a very-low-carbohydrate weight loss
diet compared with an isocaloric low-fat diet after 12 mo. Am. J. Clin. Nutr. 2009, 90, 23–32. [CrossRef]

91. Akbari, E.; Asemi, Z.; Kakhaki, R.D.; Bahmani, F.; Kouchaki, E.; Tamtaji, O.R.; Hamidi, G.A.; Salami, M. Effect of Probiotic
Supplementation on Cognitive Function and Metabolic Status in Alzheimer’s Disease: A Randomized, Double-Blind and
Controlled Trial. Front. Aging Neurosci. 2016, 8, 256. [CrossRef]

92. Vulevic, J.; Juric, A.; Walton, G.E.; Claus, S.P.; Tzortzis, G.; Toward, R.E.; Gibson, G.R. Influence of galacto-oligosaccharide mixture
B-GOS) on gut microbiota, immune parameters and metabonomics in elderly persons. Br. J. Nutr. 2015, 114, 586–595. [CrossRef]

http://doi.org/10.1007/s13311-017-0585-0
http://doi.org/10.1111/jpi.12013
http://doi.org/10.1111/nmo.12153
http://doi.org/10.1016/j.jad.2012.02.023
http://doi.org/10.3389/fmicb.2019.01136
http://doi.org/10.1038/nrdp.2016.14
http://doi.org/10.1016/j.ajp.2017.01.025
http://doi.org/10.1016/j.psyneuen.2018.03.020
http://doi.org/10.2174/1570159X15666170915141036
http://doi.org/10.1016/j.tins.2013.01.005
http://doi.org/10.1016/j.jad.2016.04.030
http://doi.org/10.1111/1471-0528.12909
http://doi.org/10.1016/j.jad.2018.06.048
http://doi.org/10.1002/jnr.24510
http://www.ncbi.nlm.nih.gov/pubmed/31385340
http://doi.org/10.1016/j.biopsych.2021.05.008
http://www.ncbi.nlm.nih.gov/pubmed/34053675
http://doi.org/10.1016/j.nbd.2016.07.010
http://www.ncbi.nlm.nih.gov/pubmed/27425886
http://doi.org/10.1111/j.1527-3458.2008.00040.x
http://doi.org/10.1016/S2215-0366(17)30371-1
http://doi.org/10.1016/j.neuron.2005.02.014
http://doi.org/10.1016/j.cell.2015.02.047
http://doi.org/10.1039/C9FO00399A
http://doi.org/10.1038/s41586-021-03891-8
http://doi.org/10.1016/j.ijbiomac.2019.12.138
http://doi.org/10.1038/nature12820
http://doi.org/10.3945/ajcn.2008.27326
http://doi.org/10.3389/fnagi.2016.00256
http://doi.org/10.1017/S0007114515001889


Nutrients 2022, 14, 2081 14 of 15

93. Tarr, A.J.; Galley, J.D.; Fisher, S.E.; Chichlowski, M.; Berg, B.M.; Bailey, M.T. The prebiotics 3′Sialyllactose and 6′Sialyllactose
diminish stressor-induced anxiety-like behavior and colonic microbiota alterations: Evidence for effects on the gut-brain axis.
Brain Behav. Immun. 2015, 50, 166–177. [CrossRef]

94. Liu, R.T.; Walsh, R.F.L.; Sheehan, A.E. Prebiotics and probiotics for depression and anxiety: A systematic review and meta-analysis
of controlled clinical trials. Neurosci. Biobehav. Rev. 2019, 102, 13–23. [CrossRef]

95. Schnorr, S.L.; Bachner, H.A. Focus: Microbiome: Integrative Therapies in Anxiety Treatment with Special Emphasis on the Gut
Microbiome. Yale J. Biol. Med. 2016, 89, 397.

96. Velloso, L.A.; Folli, F.; Saad, M.J. TLR4 at the crossroads of nutrients, gut microbiota, and metabolic inflammation. Endocr. Rev.
2015, 36, 245–271. [CrossRef]

97. Ait-Belgnaoui, A.; Durand, H.; Cartier, C.; Chaumaz, G.; Eutamene, H.; Ferrier, L.; Houdeau, E.; Fioramonti, J.; Bueno, L.;
Theodorou, V. Prevention of gut leakiness by a probiotic treatment leads to attenuated HPA response to an acute psychological
stress in rats. Psychoneuroendocrinology 2012, 37, 1885–1895. [CrossRef]

98. Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.F.; et al.
Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013, 155,
1451–1463. [CrossRef]

99. Tillisch, K.; Labus, J.; Kilpatrick, L.; Jiang, Z.; Stains, J.; Ebrat, B.; Guyonnet, D.; Legrain-Raspaud, S.; Trotin, B.; Naliboff, B.;
et al. Consumption of fermented milk product with probiotic modulates brain activity. Gastroenterology 2013, 144, 1394–1401.e4.
[CrossRef]

100. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of
Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050–16055. [CrossRef]

101. Gareau, M.G.; Wine, E.; Rodrigues, D.M.; Cho, J.H.; Whary, M.T.; Philpott, D.J.; Macqueen, G.; Sherman, P.M. Bacterial infection
causes stress-induced memory dysfunction in mice. Gut 2011, 60, 307–317. [CrossRef]

102. Buffington, S.A.; di Prisco, G.V.; Auchtung, T.A.; Ajami, N.J.; Petrosino, J.F.; Costa-Mattioli, M. Microbial Reconstitution Reverses
Maternal Diet-Induced Social and Synaptic Deficits in Offspring. Cell 2016, 165, 1762–1775. [CrossRef] [PubMed]

103. Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.N.; Kubo, C.; Koga, Y. Postnatal microbial colonization programs the
hypothalamic-pituitary-adrenal system for stress response in mice. J. Physiol. 2004, 558, 263–275. [CrossRef] [PubMed]

104. Bercik, P.; Park, A.J.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.A.; Fahnestock, M.; Moine,
D.; et al. The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal pathways for gut-brain communication.
Neurogastroenterol. Motil. 2011, 23, 1132–1139. [CrossRef] [PubMed]

105. Qin, Q.; Liu, H.; Yang, Y.; Wang, Y.; Xia, C.; Tian, P.; Wei, J.; Li, S.; Chen, T. Probiotic Supplement Preparation Relieves Test Anxiety
by Regulating Intestinal Microbiota in College Students. Dis. Markers 2021, 2021, 5597401. [CrossRef]

106. Kato-Kataoka, A.; Nishida, K.; Takada, M.; Kawai, M.; Kikuchi-Hayakawa, H.; Suda, K.; Ishikawa, H.; Gondo, Y.; Shimizu, K.;
Matsuki, T.; et al. Fermented Milk Containing Lactobacillus casei Strain Shirota Preserves the Diversity of the Gut Microbiota
and Relieves Abdominal Dysfunction in Healthy Medical Students Exposed to Academic Stress. Appl. Env. Microbiol. 2016, 82,
3649–3658. [CrossRef]

107. Benton, D.; Williams, C.; Brown, A. Impact of consuming a milk drink containing a probiotic on mood and cognition. Eur. J. Clin.
Nutr. 2007, 61, 355–361. [CrossRef]

108. Messaoudi, M.; Violle, N.; Bisson, J.F.; Desor, D.; Javelot, H.; Rougeot, C. Beneficial psychological effects of a probiotic formulation
(Lactobacillus helveticus R0052 and Bifidobacterium longum R0175) in healthy human volunteers. Gut Microbes 2011, 2, 256–261.
[CrossRef]

109. Bambling, M.; Edwards, S.C.; Hall, S.; Vitetta, L. A combination of probiotics and magnesium orotate attenuate depression in
a small SSRI resistant cohort: An intestinal anti-inflammatory response is suggested. Inflammopharmacology 2017, 25, 271–274.
[CrossRef]

110. Dash, S.; Clarke, G.; Berk, M.; Jacka, F.N. The gut microbiome and diet in psychiatry: Focus on depression. Curr. Opin. Psychiatry
2015, 28, 1–6. [CrossRef]

111. Brown, L.C.; Cockburn, C.L.; Eyre, H.A. An Introduction to Antidepressant Pharmacomicrobiomics and Implications in De-
pression. In Convergence Mental Health: A Transdisciplinary Approach to Innovation; Oxford University Press: Oxford, UK, 2021; p.
329.

112. Luhavaya, H.; Sigrist, R.; Chekan, J.R.; McKinnie, S.M.; Moore, B.S. Biosynthesis of l-4-chlorokynurenine, an antidepressant
prodrug and a non-proteinogenic amino acid found in lipopeptide antibiotics. Angew. Chem. 2019, 131, 8482–8487.

113. Rafferty, J.; Nagaraj, H.; McCloskey, A.P.; Huwaitat, R.; Porter, S.; Albadr, A.; Laverty, G. Peptide Therapeutics and the
Pharmaceutical Industry: Barriers Encountered Translating from the Laboratory to Patients. Curr. Med. Chem. 2016, 23, 4231–4259.
[CrossRef]

114. Yin, L.; Yuvienco, C.; Montclare, J.K. Protein based therapeutic delivery agents: Contemporary developments and challenges.
Biomaterials 2017, 134, 91–116. [CrossRef]

115. Kelly, J.R.; Borre, Y.; O’Brien, C.; Patterson, E.; el Aidy, S.; Deane, J.; Kennedy, P.J.; Beers, S.; Scott, K.; Moloney, G.; et al.
Transferring the blues: Depression-associated gut microbiota induces neurobehavioural changes in the rat. J. Psychiatr Res. 2016,
82, 109–118. [CrossRef]

http://doi.org/10.1016/j.bbi.2015.06.025
http://doi.org/10.1016/j.neubiorev.2019.03.023
http://doi.org/10.1210/er.2014-1100
http://doi.org/10.1016/j.psyneuen.2012.03.024
http://doi.org/10.1016/j.cell.2013.11.024
http://doi.org/10.1053/j.gastro.2013.02.043
http://doi.org/10.1073/pnas.1102999108
http://doi.org/10.1136/gut.2009.202515
http://doi.org/10.1016/j.cell.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27315483
http://doi.org/10.1113/jphysiol.2004.063388
http://www.ncbi.nlm.nih.gov/pubmed/15133062
http://doi.org/10.1111/j.1365-2982.2011.01796.x
http://www.ncbi.nlm.nih.gov/pubmed/21988661
http://doi.org/10.1155/2021/5597401
http://doi.org/10.1128/AEM.04134-15
http://doi.org/10.1038/sj.ejcn.1602546
http://doi.org/10.4161/gmic.2.4.16108
http://doi.org/10.1007/s10787-017-0311-x
http://doi.org/10.1097/YCO.0000000000000117
http://doi.org/10.2174/0929867323666160909155222
http://doi.org/10.1016/j.biomaterials.2017.04.036
http://doi.org/10.1016/j.jpsychires.2016.07.019


Nutrients 2022, 14, 2081 15 of 15

116. Kang, D.W.; Adams, J.B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.; Maldonado, J.; McDonough-
Means, S.; et al. Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism symptoms: An
open-label study. Microbiome 2017, 5, 10. [CrossRef]

117. Bakken, J.S.; Borody, T.; Brandt, L.J.; Brill, J.V.; Demarco, D.C.; Franzos, M.A.; Kelly, C.; Khoruts, A.; Louie, T.; Martinelli, L.P.;
et al. Treating Clostridium difficile infection with fecal microbiota transplantation. Clin. Gastroenterol. Hepatol. 2011, 9, 1044–1049.
[CrossRef]

118. Fond, G.B.; Lagier, J.C.; Honore, S.; Lancon, C.; Korchia, T.; de Verville, P.L.S.; Llorca, P.M.; Auquier, P.; Guedj, E.; Boyer, L.
Microbiota-Orientated Treatments for Major Depression and Schizophrenia. Nutrients 2020, 12, 1024. [CrossRef]

119. Rao, J.; Qiao, Y.; Xie, R.; Lin, L.; Jiang, J.; Wang, C.; Li, G. Fecal microbiota transplantation ameliorates stress-induced depression-
like behaviors associated with the inhibition of glial and NLRP3 inflammasome in rat brain. J. Psychiatr. Res. 2021, 137, 147–157.
[CrossRef]

120. Yan, Z.X.; Gao, X.J.; Li, T.; Wei, B.; Wang, P.P.; Yang, Y.; Yan, R. Fecal Microbiota Transplantation in Experimental Ulcerative Colitis
Reveals Associated Gut Microbial and Host Metabolic Reprogramming. Appl. Environ. Microbiol. 2018, 84, e00434-18. [CrossRef]

121. Geng, S.; Cheng, S.; Li, Y.; Wen, Z.; Ma, X.; Jiang, X.; Wang, Y.; Han, X. Faecal Microbiota Transplantation Reduces Susceptibility
to Epithelial Injury and Modulates Tryptophan Metabolism of the Microbial Community in a Piglet Model. J. Crohns Colitis 2018,
12, 1359–1374. [CrossRef]

122. Zhang, Y.; Huang, R.; Cheng, M.; Wang, L.; Chao, J.; Li, J.; Zheng, P.; Xie, P.; Zhang, Z.; Yao, H. Gut microbiota from NLRP3-
deficient mice ameliorates depressive-like behaviors by regulating astrocyte dysfunction via circHIPK2. Microbiome 2019, 7, 116.
[CrossRef]

123. Gracie, D.J.; Hamlin, P.J.; Ford, A.C. The influence of the brain-gut axis in inflammatory bowel disease and possible implications
for treatment. Lancet Gastroenterol. Hepatol. 2019, 4, 632–642. [CrossRef]

124. Ooijevaar, R.E.; Terveer, E.M.; Verspaget, H.W.; Kuijper, E.J.; Keller, J.J. Clinical Application and Potential of Fecal Microbiota
Transplantation. Annu. Rev. Med. 2019, 70, 335–351. [CrossRef]

125. Xu, D.; Chen, V.L.; Steiner, C.A.; Berinstein, J.A.; Eswaran, S.; Waljee, A.K.; Higgins, P.D.R.; Owyang, C. Efficacy of Fecal
Microbiota Transplantation in Irritable Bowel Syndrome: A Systematic Review and Meta-Analysis. Am. J. Gastroenterol. 2019, 114,
1043–1050. [CrossRef]

126. Evrensel, A.; Ceylan, M.E. Fecal Microbiota Transplantation and Its Usage in Neuropsychiatric Disorders. Clin. Psychopharmacol.
Neurosci. 2016, 14, 231–237. [CrossRef]

127. Grigoryan, Z.; Shen, M.J.; Twardus, S.W.; Beuttler, M.M.; Chen, L.A.; Bateman-House, A. Fecal microbiota transplantation: Uses,
questions, and ethics. Med. Microecol. 2020, 6, 100027. [CrossRef]

128. Kelly, C.R.; Khoruts, A.; Staley, C.; Sadowsky, M.J.; Abd, M.; Alani, M.; Bakow, B.; Curran, P.; McKenney, J.; Tisch, A.; et al. Effect
of Fecal Microbiota Transplantation on Recurrence in Multiply Recurrent Clostridium difficile Infection: A Randomized Trial.
Ann. Intern. Med. 2016, 165, 609–616. [CrossRef]

129. Kao, D.; Wong, K.; Franz, R.; Cochrane, K.; Sherriff, K.; Chui, L.; Lloyd, C.; Roach, B.; Bai, A.D.; Petrof, E.O.; et al. The effect of a
microbial ecosystem therapeutic MET-2) on recurrent Clostridioides difficile infection: A phase 1, open-label, single-group trial.
Lancet Gastroenterol. Hepatol. 2021, 6, 282–291. [CrossRef]

130. Iqbal, U.; Anwar, H.; Karim, M.A. Safety and efficacy of encapsulated fecal microbiota transplantation for recurrent Clostridium
difficile infection: A systematic review. Eur. J. Gastroenterol. Hepatol. 2018, 30, 730–734. [CrossRef]

131. de Leon, L.M.; Watson, J.B.; Kelly, C.R. Transient flare of ulcerative colitis after fecal microbiota transplantation for recurrent
Clostridium difficile infection. Clin. Gastroenterol. Hepatol. 2013, 11, 1036–1038. [CrossRef]

132. Fischer, M.; Kao, D.; Kelly, C.; Kuchipudi, A.; Jafri, S.M.; Blumenkehl, M.; Rex, D.; Mellow, M.; Kaur, N.; Sokol, H.; et al. Fecal
Microbiota Transplantation is Safe and Efficacious for Recurrent or Refractory Clostridium difficile Infection in Patients with
Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2016, 22, 2402–2409. [CrossRef]

133. Colman, R.J.; Rubin, D.T. Fecal microbiota transplantation as therapy for inflammatory bowel disease: A systematic review and
meta-analysis. J. Crohns Colitis 2014, 8, 1569–1581. [CrossRef] [PubMed]

http://doi.org/10.1186/s40168-016-0225-7
http://doi.org/10.1016/j.cgh.2011.08.014
http://doi.org/10.3390/nu12041024
http://doi.org/10.1016/j.jpsychires.2021.02.057
http://doi.org/10.1128/AEM.00434-18
http://doi.org/10.1093/ecco-jcc/jjy103
http://doi.org/10.1186/s40168-019-0733-3
http://doi.org/10.1016/S2468-1253(19)30089-5
http://doi.org/10.1146/annurev-med-111717-122956
http://doi.org/10.14309/ajg.0000000000000198
http://doi.org/10.9758/cpn.2016.14.3.231
http://doi.org/10.1016/j.medmic.2020.100027
http://doi.org/10.7326/M16-0271
http://doi.org/10.1016/S2468-1253(21)00007-8
http://doi.org/10.1097/MEG.0000000000001147
http://doi.org/10.1016/j.cgh.2013.04.045
http://doi.org/10.1097/MIB.0000000000000908
http://doi.org/10.1016/j.crohns.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25223604

	Introduction 
	Depression Mechanism and Existing Treatment Options 
	The Crucial Role the Gut Microbiota and Gut–Brain Axis Play in Central Nervous System Diseases 
	The Gut Microbiota and Microbes Interact Bidirectionally in People with Depression 
	Variation Occurs in the Intestinal Microbiota of Depression Patients 
	Intestinal Microbiota Can Regulate CNS in Depression Patients 

	Treatments of Depression 
	Traditional Treatment 
	Diet and Prebiotics 
	Psychobiotics 
	Engineered Bacteria 
	Fecal Microbiota Transplantation (FMT) 

	Conclusions and Outlook 
	References

