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ABSTRACT
Mental disorders related to the imbalance of neurotransmitters, which are substantially affected by gut microbiota. Gut micro-
biota impacts onmental health by regulating the level of neurotransmitters in the host. To understand the influence of gutmicro-
biota on mental health via neurotransmitters, we conducted a literature survey on the association between gut microbiota and
neurotransmitters. We identified trustworthy evidences by critically appraising the related articles in terms of its evidence level.
This paper provides a fairly comprehensive list of gut microbiota strains that can regulate neurotransmitters. Gut microbiota,
neurotransmitters and mental disorders influence each other in a bidirectional way which form a triangle relationship. Under-
standing the triangle relationship benefits for the treatment of mental disorders. People who have experienced mental disorders
may cure in the future by altering gut microbiota.

© 2020 The Authors. Published by Atlantis Press SARL.
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1. INTRODUCTION

Gut microbiota, the complex and dynamic population of microor-
ganisms that live in the human gastrointestinal tract, has a
significant influence on the mental health of the host. It has been
demonstrated that gut microbiota is a contributor to several men-
tal disorders, such as depression [1,2] and anxiety disorders [3].
Germ-free mice with gut microbiota from depressed patients show
depression-like behaviors compare to the healthy control individ-
uals [4,5]. That means depression is associated with an altered
composition of gut microbiota. Proper regulation of probiotics
can reduce the anxiety- and depression-related behaviors in mice
[6,7], and ameliorate neuropsychiatric disorders [7]. Gut micro-
biota composition and diversity change associated with sleeping
disorder [8] and eating disorders [9] in humans. These studies
implicate that the dysbiosis of gut microbiota plays a causal role in
the development of mental disorders. This causal relationship may
involve the neurotransmitter imbalance caused by gut microbiota,
as depicted in Figure 1.

Gut microbiota alters the level of neurotransmitters by produc-
ing neurotransmitters directly or regulating the related metabolism
pathways [10]. The enteric nervous system, regarded as the human
second brain, produces and utilizes more than 30 classes of neuro-
transmitters which are also identified in the central nervous system.
It’s well known that serotonin is a brain neurotransmitter, but more
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Figure 1 Gut microbiota affects mental health by regulating the level of
neurotransmitters.

than 90% of the body’s serotonin is synthesized in the digestive
tract [11,12]. In addition to serotonin, the gut produces and stores
about 50% of the body’s dopamine [13,14]. Gut microbiota regu-
lates the level of serotonin [15,16] and dopamine [7,17] in the host.
More and more evidences prove that gut microbiota also produces
or consumes other neurotransmitters, such as norepinephrine [18],
gamma-aminobutyric acid (GABA) [6], histamine [19] and acetyl-
choline [20].

Abnormal neurotransmitter activities lead to mental disorders.
Neurotransmitters play a crucial role in maintaining homeostasis
for the human body. The result of interrupted neurotransmitters
can lead to several mental disorders [21]. Depression is one of
the mental disorders with significant potential for morbidity and
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mortality. Preclinical and clinical evidences show that depression
accompanied by the disturbance in serotonin, dopamine and nore-
pinephrine transmission in the central nervous system [22,23].
Serotonin network is the main target for most common classes
of antidepressants [24]. Serotonin also has a well-confirmed role
in the regulation of eating behaviors [25] and bipolar disorders
[26]. In addition, serotonergic, noradrenergic and GABAergic sys-
tems mediate the sleep cycle [27] and some types of anxiety dis-
orders [28,29]. The imbalance of neurotransmitters is one reason
that responsible for the distress or impairment of personal mental
health.

We hypothesize that gut microbiota influences on mental health by
regulating the level of neurotransmitters (Figure 1). In this paper,
we aim at understanding the association between gut microbiota
and neurotransmitters. The contributions of this paper are (i) con-
ducts a literature survey on the neurotransmitter modulation by
gut microbiota; (ii) annotates research conclusions in that selected
literature with evidence levels; (iii) provides a fairly comprehensive
list of neurotransmitter producing gut microbiota; (iv) proposes
a triangle relationship between gut microbiota, neurotransmitters
and mental disorders; (v) discusses the possibility of treating men-
tal disorders with gut microbiota interventions.

2. MICROBIOTA-GUT-BRAIN AXIS

Gutmicrobiota influences brain-related diseases by interactingwith
the enteric nervous system and the central nervous system via com-
munication along the gut-brain axis [30–32]. This influence is gen-
erally achieved by multiple routes including the vagus nerve, the
hypothalamic–pituitary–adrenal (HPA) axis, the immune system,
cytokines production by the immune system, secretion of short-
chain fatty acids (SCFAs), alteration of neurotransmitters level by
producing neurotransmitters directly or regulating the tryptophan
metabolism pathway [32–34]. We illustrate the microbiota-gut-
brain axis as shown in Figure 2.

2.1. Linking between Gut Microbiota
and Mental Disorders

The potential association between gut microbiota and mental dis-
orders has been established in animal models. The patients with an
anxiety disorder and depression have more gastrointestinal symp-
toms than the healthy controls [35,36], which are related to the
disorders of gut microbiota [1,2,37]. Compare to the healthy con-
trol, composition of gut microbiota in depression patients notable
changes in the relative abundance of Firmicutes, Actinobacteria
and Bacteroidetes [5]. Chronic administration probiotics, such as
L. plantarum, reduce the anxiety- and depression-related behaviors
[6] and induce changes in other emotional behaviors [7]. Hyper-
active locomotor behaviors of germ-free fruit flies are rescued by
single colonization of L. brevis [38]. The gut microbiota also has a
crucial impact on host weight regulation, energy harvest from the
diet or the host-derived compounds [39,40]. Such evidences indi-
cate that gut microbiota has an influence on the mental health of
the host.

2.2. Regulation of Neurotransmitters by
Gut Microbiota

Gut microbiota has been reported to generate major neurotrans-
mitters. In vitro studies reveal that H. alvei, K. pneumoniae and
M. morganii strains produce serotonin, dopamine and histamine
in histidine decarboxylase broth [17]. E. coli synthesizes sero-
tonin, dopamine and norepinephrine in its growth medium dur-
ing the late growth phase [41,42]. The association of germ-free
mice with Clostridium species result in the drastic elevation of free
norepinephrine and dopamine [18]. Some species of Lactobacillus
increase the level of serotonin [7,43], dopamine [7], GABA [6,44]
and acetylcholine [20] both in vitro and in vivo.More details of other
reported neurotransmitter producing gutmicrobiota will discuss in
the section of results. These studies implicate that neurotransmit-
ters can modulated by gut microbiota.

2.3. Neurotransmitters Imbalance
Cause Mental Disorders

Mental health disorders, such as depression and anxiety disor-
ders, developed as a result of neurotransmitter imbalance in the
brain. Depression is associated with an imbalance of serotonin,
norepinephrine and dopamine [23,45,46]. It’s thought that off-
balance of dopamine may not only contribute to one’s risk of
developing depression [46] but also responsible for sleep dis-
orders [27] and eating disorders [47,48]. Decreased serotonin
metabolite level and increased norepinephrine are common in
the pathophysiology of bipolar disorders [26]. The adminis-
tration of a dopamine blocker altering the smoking addiction
behaviors [49]. The abnormal metabolism of GABA leads to cog-
nitive impairment [50,51]. Reduced level of GABA also give rise
to cases of depression [52–54] and anxiety disorders [29,55].
Normal level of GABA helps to increase feelings of relaxation
and decrease anxiety and mood disorders [56,57]. These stud-
ies implicate that changes in neurotransmitters occur in mental
disorders.

3. METHODOLOGY

Gut microbiota influences mental health by regulating the level
of neurotransmitters. To understand the relationship between gut
microbiota, mental disorders and neurotransmitters, we did the
bibliometric analysis basis of available literatures (Subsection 3.1).
We classify the evidence of neurotransmitter modulate by gut
microbiota into five levels by using evidence-based medical analy-
sis (Subsection 3.2).

3.1. Bibliometric Analysis

Bibliometric data can be obtained through various search engines.
In this study, we choose the Scopus database for literature retrieval.
Using Scopus as our data source to retrieve “titles, abstracts and
keywords” is reasonable because it is not only the largest abstract
and citation database of peer-reviewed literature but also provides
a comprehensive overview of the world’s research outputs. The
resources of Scopus more accurate and comprehensive than other
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Figure 2 Illustration of microbiota-gut-brain axis. Communication routes between gut microbiota and brain include
vagus nerve, hypothalamic–pituitary–adrenal (HPA) axis, immune system, cytokines production by the immune system,
secretion of short-chain fatty acids (SCFAs), alteration of neurotransmitter levels by producing neurotransmitters directly
or regulating the tryptophan metabolism pathway [32–34]. The disturbance of these routes result in the disorders of
cognition, mood and behavior of the host.

alternatives such as PubMed, Web of Science and Google Scholar
[58–60]. The Elsevier Scopus’s API1 is a Python library which eas-
ily to pull, cache and extract data from the Scopus database [61]. In
this paper, we review the articles on the topic of gut microbiota and
neurotransmitters with the extracted data from the Scopus database
(Figure 3).

Scopus searches conducted on 21 June 2019 retrieve 8027 articles
that study the association between neurotransmitters and mental
disorders (Figure 3). It’s well known that neurotransmitters play
a role in maintaining mental health conditions. The impact of
gut microbiota on mental health is a new research topic recently,
especially in the past two or three years. A total of 445 articles

1 https://github.com/pybliometrics-dev/pybliometrics

indicate a steady growth and an exponential increase in publication
numbers (Figure 4). The data on the connection of gut microbiota
and neurotransmitter also showing a similar trend with 422 articles
(Figure 5). There are 100 articles published in the past ten years to
investigate the interaction between gut microbiota, neurotransmit-
ters and mental disorders (Figure 6). The influence of gut micro-
biota on mental health by regulating neurotransmitters needs to
further explore (Figure 4).

3.2. Hierarchy of Evidence Strength

To systematically overview the updated studies of the association
between gutmicrobiota and neurotransmitters, related articles were
identified by using the Scopus retrieval. We critically appraised and
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Figure 3 The number of publications per year on the topic of “neurotransmitters and mental disorders.” We search the articles in Scopus
database with the combination in the code: title-abs-key (“neurotransmitter” and (“gamma-aminobutyric acid (GABA)” or “serotonin” or
“5-HT” or “dopamine” or “norepinephrine”) and (“mental health” or “mental disorder” or “mood disorder” or “depression” or “anxiety” or
“eating disorder” or “major depressive disorder”)).

Figure 4 The number of publications per year on the topic of “gut
microbiota and mental disorders.” We search the articles in Scopus
database with the combination in the code: title-abs-key ((“gut flora” or
“gut microbiota” or “intestinal bacteria”) and (“mental disorder” or “mood
disorder” or “depression” or “major depressive disorder” or “anxiety or
“eating disorder”)).

classified the evidence hierarchy of these relevant articles in accor-
dance with the strength of the randomized controlled trials (RCTs)
design (Table 1) [62]. In medicine, levels of evidence arranged in
a ranking system used in evidence-based practices to describe the
strength of the results measured in a clinical trial or research study
[63]. The design of a study (such as a case report for an individ-
ual patient or a double-blinded RCT) and the endpoints measured
(such as survival or quality of life) affect the strength of evidence
[64]. In this paper, we classified the articles into five levels (Table 1)
in terms of the strength and reliability of evidence. We assorted the
final conclusions into four levels (Table 2) on the basis of evidence
analysis results [65]. A comprehensive list provided in this paper
does not only contains representative neurotransmitters producing
gut microbiota strains but also includes the gut microbiota strains
which can be growth-regulated by neurotransmitters (Table 3). The
full name of the gut microbiota strains listed in Figure 7.

4. RESULTS

Neurotransmitters (include serotonin, dopamine, norepinephrine,
GABA, histamine and acetylcholine) have been implicated most
often in etiological studies of mental disorders [66]. In this
paper, we focus on these neurotransmitters which are the possible

Figure 5 The number of publications per year on the topic of “gut
microbiota and neurotransmitters.” We search the articles in Scopus
database with the combination in the code: title-abs-key ((“gut flora” or
“gut microbiota” or “intestinal bacteria”) and (“neurotransmitter” or
“serotonin” or “5-HT” or “dopamine” or “norepinephrine” or
“gamma-aminobutyric acid (GABA)”)).

Figure 6 The number of publications per year on the topic of “gut
microbiota, mental disorders and neurotransmitters.” We search the
articles in Scopus database with the combination in the code: title-abs-key
((“gut flora” or “gut microbiota” or“intestinal bacteria”) and (“mental
disorder” or “mood disorder” or “depression” or “major depressive
disorder” or “anxiety” or “eating disorder”) and (“gamma-aminobutyric
acid (GABA)” or “serotonin” or “5-HT” or “dopamine” or
“norepinephrine”)).

mediators between gut microbiota and mental disorders. We sum-
marized the evidence details of the association between gut micro-
biota and neurotransmitters as shown in Table 3. The taxonomy of
gut microbiota strains are shown in Figures 7 and 8.
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Table 1 Hierarchy of evidence based on the strength of randomized
controlled trials (RCTs) design.

Level Design of Study
1 Evidence obtained from a systematic review or at least

one RCTs
2 Evidence obtained from well-designed pseudo-RCTs of

appropriate size
3 Evidence fromwell-designed trials without randomization,

single group pre-post, cohort, time-series studies
4 Evidence obtained from case series or nonexperimental

studies from more than one center or research group
5 Opinions of authorities, based on clinical experience,

descriptive studies or reports of expert committees

Table 2 Classification of conclusions based on evidence analysis.

Level Conclusions Based on Literature Analysis
A Based on one Level 1 systematic review or research or at

least two independent Level 2 evidence
B Based on one Level 2 evidence or at least two independent

Level 3 evidence
C Based on one Level 3 evidence or at least two independent

Level 4 evidence
D Based on at least one Level 5 evidence

4.1. Serotonin

As a neurotransmitter in the central nervous system, serotonin
takes part in the regulation ofmany physiological functions, includ-
ing sleep [89], appetite [90], sexual behavior [91], mood and cog-
nition [92]. Many scientists believe that an imbalance of serotonin
influences mood in a way that leads to depression, which called
the “serotonin hypothesis” of clinical depression [93]. It’s possi-
bly related to less serotonin release or too fewer serotonin recep-
tors, impaired serotonin receptor-mediated signal transduction, or
a shortage in tryptophan, the chemical from which serotonin is
made [94–96]. Serotonin has awell-confirmed role in the regulation
of eating behaviors. Increased serotonin neurotransmission results
in reduced eating behaviors of animals and humans, whereas reduc-
ing serotonin activity precipitates compulsive or binge eating [25].
Microbiota-dependent effects on gut serotonin significantly affect
host physiology, modulating gastrointestinal motility and platelet
function [16].

There are four Level 2RCTs proved that the gutmicrobiota regulates
the serotonin level in the host. Animal-like gut-brainmodule detec-
tion frequency in human gut-associatedmicrobial genomes identify
that B. cereus, B. oklahomensis, A. baumannii and paenibacil-
lus spp. are act as potential serotonin producers. Administrating
L. plantarum to a germ-free mouse model significantly increases
the levels of both serotonin and dopamine in the striatum [7]. Fecal
metabolites analysis showed that indigenous spore-forming of B.
uniformis promote serotonin biosynthesis from enterochromaffin
cells to the mucosa, lumen and circulating platelets [16]. The pres-
ence of Cl. ramosum in gut promotes the secretion of serotonin in
germ-free mice (67 ).

Eight Level 3RCTs suggested that bacteria also produce serotonin in
vitro. Serotonin is detected in histidine decarboxylase broth which
contain the strains ofH. alvei,K. pneumoniae andM.morganii [17],
respectively. During the late growth phase of E. coli, the M-9 or LB
culture medium of E. coli contained nanomolar of serotonin that
is sufficient for animal/human receptors to bind [42]. Özoğul et al.
proved that lactic acid bacteria can form the serotonin in arginine
decarboxylase broth, the lactic acid bacteria including L. plantarum,

L. l. cremoris and L. l. lactis [43]. S. thermophilus has the ability to
increase the concentration of serotonin in its growth medium [19].
C. albicans is the most common fungus species and member of the
human gut microbiota. On one hand, it coats on the lining of the
intestinal tract and suppresses the gut ability to produce serotonin
[68]. On the other hand, serotonin has anti-fungal activity against
Candida spp. in vitro [68]. Other fungi C. guilliermondii [69] and
S. cerevisiae [71], as well as bacteria E. faecalis [69] and R. rubrum
[70], can be growth-stimulated by serotonin. In a word, gut micro-
biota has the ability to regulate biosynthesis of serotonin.

4.2. Dopamine

Mental disorders are complex conditions caused by a number of
factors. Dopamine, similar to serotonin, plays a part in control-
ling the movement of a person, as well as their emotional response
[97]. The right balance of dopamine is vital for both physical and
mental well-being. Multiple sources of evidence support that a
dopamine deficiency related to certain medical conditions, such as
depression [98] and Parkinson’s disease [99]. Low dopamine can
be a major contributor to depressive symptoms [98]. As we men-
tioned, the level of dopamine significantly increased in a germ-free
mouse that carries with L. plantarum strain [7]. B. oklahomensis
has a positive correlation with the synthesis of dopamine metabo-
lite 3,4-dihydroxyphenylacetic acid [2]. Substantial contents of free
dopamine and norepinephrine were detected in the gut lumen of
either specific pathogen-free or germ-free mice with Clostridium
species [18]. In addition to serotonin, Özoğul et al. certified that
H. alvei,K. pneumoniae andM.morganii able to generate dopamine
in histidine decarboxylase broth [17]. Similar to these bacteria,
E. coli can also produce serotonin and dopamine in its cul-
ture medium [42,72]. Tsavkelova et al. found that the family of
Bacillus are potential bacteria to produce dopamine [72]. This was
confirmed by Lyte et al. at 2011 [73]. In addition, P. vulgaris,
S. aureus and S. marcescens strains also have the ability to secrete
dopamine [72]. The proliferation of S. cerevisiae EPF cells on solid
maltose-peptone-yeast extract medium was growth stimulated by
the addition of dopamine, serotonin or histamine [71]. The infec-
tious spectrum of Y. enterocolitica is principally in the gut. The
catecholamine responsiveness in Y. enterocolitica is limited to nore-
pinephrine and dopamine [74]. E. coli and S. enterica were both
response to these too neurotransmitters [74]. In brief, gut micro-
biota plays a key role in promoting the production of dopamine in
the host.

4.3. Norepinephrine

Norepinephrine plays a determinant role in executive function-
ing regulating cognition, motivation and intellect [23,100]. In the
1960s, the “Catecholamine hypothesis” was a popular explanation
for why people developed depression. This hypothesis suggested
that a deficiency of the neurotransmitter norepinephrine in certain
areas of the brain was responsible for creating a depressed mood
[101]. Recently, more and more studies suggested that depressed
persons have low levels of norepinephrine indeed [23]. A number
of bacteria had been reported to yield norepinephrine. Clostridium
increased the free norepinephrine in the gut lumen of both germ-
free and specific pathogen-free mice, the concentration is lower in
the former than the latter one [18]. Norepinephrine was also yield
by E. coli in its growth medium [42]. B. mycoides and B. subtilis,
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Table 3 Neurotransmitters-modulating gut microbiota. “Levels” show the hierarchy of evidence (Table 1). “+” indicates that gut microbiota increase the
level of neurotransmitter. “P” means the neurotransmitter promote the growth of gut microbiota, whereas “I” means the inhibition. Full strain names listed
in Figure 7.

Neurotransmitters Levels Gut Microbiota Strains Regulate References

Serotonin 2 B. cereus, B. oklahomensis, A. baumannii, + Valles et al. [2]
Paenibacillus spp.
L. plantarum + Liu et al. [7]
B. uniformis + Yano et al. [16]
Cl. ramosum + Mandic et al. [67]

3 H. alvei, K. pneumoniae, M. morganii + Özoğul [17]
E. coli + Shishov et al. [42]
C. albicans + I Mayr et al. [68]
L. l. cremoris, L. l. lactis, L. plantarum + Özoğul et al. [43]
S. thermophilus + Gezginc et al. [19]
E. faecalis, C. guilliermondii P Strakhovskaia et al. [69]
R. rubrum P Oleskin et al. [70]
S. cerevisiae P Malikina et al. [71]

Dopamine 2 B. oklahomensis + Valles et al. [2]
L. plantarum + Liu et al. [7]
Clostridium spp. + Asano et al. [18]

3 H. alvei, K. pneumoniae, M. morganii + Özoğul [17]
E. coli + Shishov et al. [42]
S. cerevisiae P Malikina et al. [71]
S. thermophilus + Gezginc et al. [19]
B. cereus, B. mycoides, B. subtilis, E. coli + Tsavkelova et al. [72]
P. vulgaris, S. aureus, S. marcescens
Bacillus spp. + Lyte et al. [73]
Y. enterocolitica, S. enterica, E. coli P Freestone et al. [74]

Norepinephrine 2 Clostridium spp. + Asano et al. [18]
3 E. coli + Shishov et al. [42]

B. mycoides, B. subtilis, P. vulgars, S. marcescens + Tsavkelova et al. [72]
Y. enterocolitica, S. enterica, E. coli P Freestone et al. [74]
P. aeruginosa P Hegde et al. [75]

GABA 1 Oscillibacter spp. + Naseribafrouei et al. [37]
Bacteroides, Parabacteroides, Escherichia. + Strandwitz et al. [76]

2 Coprococcus spp. + Valles et al. [2]
L. reuteri + Kunze et al. [44]
B. dentium + Vadder et al. [77]
B. dentium + Pokusaeve et al. [78]

3 L. rhamnosus + Bravo et al. [6]
L. brevis, B. dentium + Barrett et al. [79]
L. brevis + Wu et al. [80]
L. buchneri + Cho et al. [81]
L. paracasei + Komatsuzaki et al. [82]
L. plantarum, L. rhamnosus, L. delbrueckii + Siragusa et al. [83]
M. purpureus + Su et al. [84]
S. salivarius + Yang et al. [85]

Histamine 2 A. baumannii, F. varium, B. fragilis, F. ulcerans + Valles et al. [2]
M. morganii + Kim et al. [86]

3 S. thermophilus + Gezginc et al. [19]
S. cerevisiae P Malikina et al. [71]
E. coli + Scheffer et al. [87]
L. vaginalis + Diaz et al. [88]

Acetylcholine 2 A. hydrogeniformans + Valles et al. [2]
3 L. plantarum + Stanaszek et al. [20]

both belong to the genius ofBacillus, have the ability to secrete nore-
pinephrine [72]. The author also found P. vulgaris and S. marcescens
have the same potential [72]. Norepinephrine specific induced the
growth of S. enterica, Y. enterocolitica and E. coli [74]. In addition,
norepinephrine also promoted the growth, virulence factor produc-
tion, and swimming motility of P. aeruginosa in a concentration-
dependentmanner [75]. In short, gutmicrobiota plays a critical role
in the generation of norepinephrine.

4.4. Gamma-Aminobutyric Acid

GABA constitutes a major inhibitory neurotransmitter in the sym-
pathetic nervous system and has antidepressant [102], antihyper-
tensive [103] and anti-diabetic effects in humans [104]. Numerous
experiments and clinical data indicate that the decreased GABA
function was accompanied by depressed or manic mood states
[105]. Other disorders such as psychiatric disease, sleep disorders,
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Figure 7 Taxonomy of gut microbiota that can affect or be affected by neurotransmitters.

drug and alcohol addiction have been related to the chaos of
GABAergic function in the brain [106]. Animal models of depres-
sion showed regional brain GABA deficits and GABA agonists
have antidepressant activity [105]. A variety of GABA-producing
intestinal bacteria have been found, theOscillibacter-type strain has
valeric acid (a homolog of neurotransmitter GABA) as its main
metabolic end product. Oscillibacter has previously been shown
to be associated with induced stress in mice [37]. The transcrip-
tome analysis of human stool samples from healthy individuals
proved that the GABA-producing pathways are actively expressed
by species of Bacteroides, Parabacteroides and Escherichia [76]. Gut-
brain module analysis of fecal meta-genomes indicated that the
Coprococcus spp. has a potential role in microbial GABA produc-
tion in depression patients [2]. Commensal B. dentium can pro-
duce GABA via enzymatic decarboxylation of glutamate by GadB
[78]. It stimulated the generation of GABA in germ-free mice
[77], sprague-dawly rats [78] and monosodium glutamate medium
[79]. The addition of L. brevis to the gut microbiota increased the
GABA concentration in the fermented fecal slurry at physiologi-
cal pH [79]. Other GABA-producing Lactobacillus strains include
L. reuteri [44], L. brevis [80], L. buchneri [81], L. paracasei [82],
L. plantarum [83], L. rhamnosus [6,83] and L. delbrueckii [83].
GABA formed by S. salivarius subsp. via submerged fermentation

[85]. In addition to bacteria, GABA also can be produced by
fungi, such as Monascus spp [84]. During solid-state fermentation,
M. purpureus improve the production of GABA significantly [84].
All in all, these studies reveal that gut microbiota has the capability
to produce GABA both in vivo and in vitro.

4.5. Histamine

Abnormally of histamine in the brain lead to mental disorders.
Intestinal bacteria secrete histamine and release histamine from
human basophil leukocytes and mast cells which influence the host
immunological processes [107,108]. Two Level 2 RCTs proved that
M.morganii,A. baumannii, F. varium and B. fragiliswere four types
of histamine secreting bacteria [2,86]. S. thermophilus isolates had
an ability to produce twelve different biogenic amines, including
seroptonin and dopamine, in histidine broth and lysine decarboxy-
lase broth [19]. Bacterial adherence and hemolysin production of
E. coli induced histamine release from cells [87]. L. vaginaliswas an
another potential histamine-producing strain [88]. The addition of
histamine can stimulate the proliferation of S. cerevisiae EPF cells
on solid maltose-peptone-yeast extract medium [71]. To sum up,
gut microbiota also contributes to elevate the histamine level.
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Figure 8 Neurotransmitters modulation by gut microbiota. The gut microbiota include six phyla of bacteria and one phylum of fungi. Light
blue background ellipses and oblongs indicate the species relationship of the bacteria, and light purple backgrounds ellipse and oblongs
represent the fungi. Connection lines with different colors are used to show the link between gut microbiota and neurotransmitters: dopamine
(pink), serotonin (green), Norepinephrine (blue), gamma-aminobutyric acid (GABA) (red) and others (gray). The “others” contain histamine
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4.6. Acetylcholine

Acetylcholine serves as a primarily excitatory neurotransmitter in
the central nervous system. It plays a role in arousal, memory and
learning. It works together with dopamine to enable smooth move-
ments. Acetylcholine systems had a crucial role in the regulation
of the sleep-waking cycle [109]. Increased acetylcholine signaling
led to symptoms of depression and anxiety in both human and
animal models [110]. A. hydrogeniformans promoted the synthesis
of acetylcholine in host [2]. Stanaszek et al. successfully extracted
acetylcholine from the growth medium of L. plantarum strain [20].
In conclusion, gut microbiota induces the synthesis and release of
acetylcholine in the host.

4.7. The Triangle Relationship between Gut
Microbiota, Mental Disorders and
Neurotransmitters

Gutmicrobiota impacts onmental health by regulating neurotrans-
mitters level in the host. Such an impactmay not just be a linear rela-
tionship, but a bidirectional triangle relationship (Figure 9). Change

the composition and diversity of gut microbiota cause mental dis-
orders in the host [5]. Conversely, mental disorder can tamp down
beneficial bacteria in the host, decrease the overall diversity of the
gut microbiome and promote the overgrowth of harmful bacteria
[111]. Gut microbiota has the ability to promote the production
of neurotransmitters [7]. On the contrary, neurotransmitters can
affect the growth and toxicity of gutmicrobiota [69]. It’s well known
that interruption of neurotransmitters involved in the development
of mental disorders [21]. On the other side, prolonged periods of
stress can deplete neurotransmitters levels leading to neurotrans-
mitters imbalance [112]. It means that mental disorders may lead
to an imbalance of neurotransmitters in the host. Taken together,
these studies implicate a potential triangle relationship between gut
microbiota, neurotransmitter, and mental disorders (Figure 9).

5. DISCUSSION

Gut microbiota has impacts on mental disorders though
neurotransmitter-mediated pathways [2,6,7]. Increasing evidences
suggest an interaction between the gut microbiota, the gut and the
brain which recognized as the microbiota-gut-brain axis (Figure 2)
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Figure 9 The triangle relationship between gut microbiota,
neurotransmitters and mental disorders. Gut microbiota modulates the
level of neurotransmitters [7] and conversely neurotransmitters affect the
growth of gut microbiota [69]. Disturbance of neurotransmitters involved
in the mental problems [21] and conversely mental disorders cause an
imbalance of neurotransmitters in host [112]. Mental disorder cause an
overgrowth of bad microbiota [111] and conversely change the
composition of gut microbiota cause mental disorders [5].

[113,114]. The presence or absence of conventional gut microbiota
influenced the development of behaviors, which accompanied
by neurochemical changes in the brain [115]. The Coprococcus
and Oscillibacter were two type strains involve in depression and
both can promote GABA production [2,37]. The Coprococcus was
consistently depleted which company with increased GABA lev-
els in the blood in individuals with depression [2]. Ingestion of
L. plantarum induced changes in emotional behaviors that corre-
lated with the increase of serotonin, dopamine and norepinephrine
in the striatum [7]. Lactobacillus strains reduced the anxiety- and
depression-related behaviors through GABA signaling in a mouse
model [6,32]. Taken together, these studies proved that neuro-
transmitters work as mediating pathways in the influences of gut
microbiota on mental health conditions.

The interaction between gut microbiota and neurotransmitters is a
bidirectional act. A lot of studies focus on the capacity of gut micro-
biota to produce the neurotransmitters. At the same time, there
are several studies concerning the ability of specific neurotrans-
mitters to affect the growth of gut microbiota. Some studies have
demonstrated that the in vitro growth of a number of gut micro-
biota species can be increased in the presence of one or more of
the neurotransmitters. As we listed in the Table 3, serotonin can be
secreted by C. albicansis and it also has anti-fungal activity against
Candida spp. [68]. E. coli yield norepinephrine and dopamine in the
growth medium [42] and it’s growth specific induced by these two
neurotransmitters [74]. S. cerevisiae can be growth-stimulated by
serotonin, dopamine and histamine [71]. In addition, serotonin
stimulates the growth of E. faecalis [69] and R. rubrum [70].
The hormone norepinephrine increased the growth, virulence
factor production and swimming motility of P. aeruginosa in a
concentration-dependent manner [75]. To sum up, gut microbiota
and neurotransmitters regulated by each other.

Mental disorders can be prevented and treated by altering the com-
position and diversity of gut microbiota. Recent studies show that
the absence of gut microbiota during early life affect the anti-
anxiety behaviors of mice [116]. Transplanting the gut microbiota
from depressed patients to germ-free animals induced depressive-
like behaviors of the host [5,117,118]. The effect of gut microbiota

on depressive-like behaviors abolished by using the antidepres-
sants [119]. Gutmicrobiota also associated with the pathogenesis of
schizophrenia [120], eating disorder [9] and sleep disorder [8]. Var-
ious strategies, include fecal microbiota transplantation [5], antibi-
otic use [121], probiotic treatment [7] and germ-free models [38],
have been used by researchers to explore the influence of gutmicro-
biota on mental disorders. These methods provide the support to
research on the composition changes of gut microbiota that hap-
pened in the mental disorders of animals. All told, modification of
gutmicrobiota through diet or other strategies have significant util-
ity in preventing and treating mental disorders.

6. RECOMMENDATION

Multiple neurotransmitter systems play parts in mental disorders
and tend to contribute to specific symptoms. To be sure, the neuro-
transmitters are involved in mental disorders, but it’s not as simple
as one being too low and another too high. In this paper, we come to
conclude that neurotransmitters as messenger molecules mediated
in the influence of gut microbiota on mental health. Further work
is needed to explore how gut microbiota regulating the level of the
neurotransmitters. The potential mechanism very likely involves
neurotransmitters and their receptors [122], as they are produced
by and move from one system to another linking the brain, gut,
immune system and microbiota. The communication between the
central nervous system and bacteria relies on the presence of neuro-
transmitter receptors on bacteria [123]. The binding sites for enteric
neurotransmitters produced by the host are present in bacteria and
can influence the function of components of the microbiota [123].
That means the neurotransmitter receptors may say is a key point
to figure out how gut microbiota regulates neurotransmitters pro-
duction and metabolism.

Gut microbiota is an appealing therapeutic target for treating men-
tal disorders. Resident gut microbiota is an important contributor
to health. The presence of healthy and diverse gut microbiota is
important for normal behavioral, cognitive and emotional manage-
ment [124,125]. Compare to healthy individuals, major depressive
disorder patients showed significant changes in gutmicrobial diver-
sity and composition [5]. That means the patients with mental dis-
orders may be cured by altering the composition of gut microbiota.
Ingestion of appropriate amounts and types of probiotics might
confer a mental health benefit by affecting gut microbiota of the
host. It has been reported that the consumption of probiotics, such
as L. plantarum, reduced the anxiety and depression-related behav-
iors [6,32]. Many probiotics often produce essential neurotransmit-
ters that affect mood, motivation and cognition. Taken together,
the gut microbiota is a potential therapeutic target for mental dis-
orders. More clinical trials need to test to develop proper treatment
programs for individuals.

The establishment of good gut microbiota during early life may
prevent the occurrence of mental disorders. The gut microbiota
plays an important role in the maturation of the immune system,
especially in the early stage of life, during infant growth and devel-
opment [126]. It has been assumed that the process of colonization
and development of gut microbiota in early life is linked to diseases
in later life. The absence of commensal microbiota during early life
markedly affects the neurotransmitters system in the hippocampal
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of mice and how they respond to anxiety [116]. As critical mod-
ulators of the enteric nervous system and central nervous system
development and function, neurotransmitters substantial influence
on the microbiota-gut-brain axis. Therefore, establish good intesti-
nal microbiota during early life might help prevent children at risk
of developing mental disorders.

7. CONCLUSION

There is a correlation between the quality of life and the poten-
tial ability of the gut microbes to synthesize the neurotransmit-
ters. Gut microbiota has an impact on mental disorders through
neurotransmitter-mediated pathways (Level A). Microbial-derived
neurotransmitters interact with the human central nervous system
to alter the host’s behavior or disease risk. We summarized the key
evidence of gut microbiota-mediated influence on neurotransmit-
ters, including serotonin, dopamine, norepinephrine, GABA, his-
tamine and acetylcholine. We found that the interaction between
gut microbiota and neurotransmitters is a bilateral act (Level A).
On one hand, gut microbiota promotes the production of neuro-
transmitters in the host. On the other hand, gut microbiota con-
versely growth stimulated by these chemicals. Together withmental
disorders, gut microbiota and neurotransmitters formed a bidirec-
tional triangle relationship (Level B). It implicate that gut micro-
biota is an appealing therapeutic target for treatingmental disorders
(Level A). The establishment of intestinal microbiota during early
life can prevent the occurrence of mental disorders (Level A). The
diet continues to have a significant impact on microbiota compo-
sition throughout the lifespan of the host. People who have experi-
enced mental disorders may be cured in the future by altering the
gut microbiota, by taking probiotics or changing dietary.
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