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A B S T R A C T

Gut microbiota have crucial effects on brain function via the gut–brain axis. Growing evidence suggests that this interaction is mediated by
signaling molecules derived from dietary components metabolized by the intestinal microbiota. Although recent studies have provided a
substantial understanding of the cell-specific effects of gut microbial molecules in gut microbiome–brain research, further validation is
needed. This review presents recent findings on gut microbiota-derived dietary metabolites that enter the systemic circulation and influence
the cell-to-cell interactions between gut microbes and cells in the central nervous system (CNS), particularly microglia, astrocytes, and
neuronal cells, ultimately affecting cognitive function, mood, and behavior. Specifically, this review highlights the roles of metabolites
produced by the gut microbiota via dietary component transformation, including short-chain fatty acids, tryptophan metabolites, and bile
acid metabolites, in promoting the function and maturation of brain cells and suppressing inflammatory signals in the CNS. We also discuss
future directions for gut microbiome–brain research, focusing on diet-induced microbial metabolite-based therapies as possible novel ap-
proaches to mental health treatment.
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Statement of significance
Diet-derived gut microbial metabolites have cell-specific effects on the relationships between gut microbes and brain cells, including

microglia, astrocytes, and neuronal cells. Accordingly, approaches to modulate the levels of microbial metabolites have been suggested as a target
for treating neuropsychiatric diseases; however, a better understanding of which cells in the brain are affected by bacterial metabolites is needed
to develop more tailored treatments.
Abbreviations: AHR, aryl hydrocarbon receptor; ASD, autism spectrum disorder; BBB, blood–brain barrier; BDNF, brain-derived neurotrophic factor; Ccl2, C motif
chemokine ligand 2; CNS, central nervous system; CTNNB1, β-catenin; EAE, experimental autoimmune encephalomyelitis; ERK, extracellular signal-related protein
kinase; GF, germ-free; GFAP, glial fibrillary acidic protein; GPBAR1, G protein-coupled bile acid receptor; IFN, interferon; IPA, indole-3-propionate; KO, knockout;
mtROS, mitochrondrial reactive oxygen species; NEUROG2, neurogenin 2; NOS2, nitric oxide synthase 2; NSC, neural stem cell; ROS, reactive oxygen species; SCFA,
short-chain fatty acid; Tfam, mitochondrial transcription factor A; TGF, transforming growth factor; TMAO, trimethylamine N-oxide; TUDCA, tauroursodeoxycholic
acid; UDCA, ursodeoxycholic acid; VEGF, vascular endothelial growth factor.
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Introduction

The human body contains 100 trillion microorganisms, found
primarily within the gut, collectively designated the gut micro-
biota [1]. Research on symbiotic microorganisms in humans has
provided considerable evidence of their roles in human health
and disease [1–3]. For instance, certain bacteria establish a
mutually beneficial relationship with their human host,
contributing to physiological maintenance, while others are
pathogenic, contributing to disease development and patho-
genesis [4]. The loss of healthy microbiota leads to the invasion
of pathogenic bacteria, causing myriad conditions ranging from
metabolic to neurological diseases [4,5]. Thus, a healthy gut
microbiota that maintains an appropriate balance between
beneficial and harmful bacteria is important for human health
[5].

The functions of the gut microbiota extend beyond the
physical borders of the digestive tract [3]. Intestinal microbes
constantly communicate with the gut and distal organs of the
host [3]. The communication between the gut microbiota and
the brain, known as the gut–brain axis, is a bidirectional system
in which alterations in gut bacteria can impact the brain and vice
versa [3]. This bidirectional communication between the gut
microbiota and brain correlates with various neurological and
psychological disorders [6], including depression, Alzheimer’s
disease, and attention-deficit/hyperactivity disorder [7]. Addi-
tionally, recent studies have sought to elucidate the mechanisms
associated with the relationship between the gut microbiota and
brain [8] by investigating signaling molecules derived from the
host and gut microbes [6,8].

The central nervous system (CNS), comprising microglia, as-
trocytes, and neuronal cells, interacts with gut microbes through
signaling molecules, affecting cognition, mood, and behavior
[9–11]. This review summarizes the contemporary literature and
evidence on the cellular interactions between gut microbes and
the brain, specifically focusing on the role of diet-derived me-
tabolites as signaling molecules in cell-to-cell interactions.
Diet-Derived Microbial Metabolites Linking Gut
Microbes to Host CNS Cells

Existing data demonstrate that immune, enteric, and neural
pathways mediate communication between commensal bacteria
and the CNS [12]. These mechanistic actions appear intertwined
and require an in-depth investigation from a systems biology
perspective. Although the mechanisms underlying gut–brain
communication remain largely unknown, current research sug-
gests that the central feature of this intricate network is insti-
gated by various signaling molecules generated by intestinal
microbiota [13].

Microbial signaling molecules directly and indirectly influ-
ence the brain [14]. Some gut microbes produce neuroactive
molecules, including amino acids and neurotransmitters, in the
gut. However, as neurotransmitters (including serotonin,
γ-aminobutyric acid, acetylcholine, and noradrenaline) pro-
duced by gut bacteria cannot cross the blood–brain barrier (BBB)
[15], they indirectly influence the brain by acting on the enteric
nervous system [15]. Meanwhile, amino acids (including tyro-
sine and tryptophan) enter the systemic circulation and can cross
2

the BBB and are utilized as neurotransmitter precursors, directly
affecting brain functions [15,16]. Gut bacteria-derived signaling
molecules can also facilitate signals to regulate CNS functions by
affecting immune responses and inflammation, which is the
well-known pathogenesis of psychiatric disorders [17]. More-
over, short-chain fatty acids (SCFAs) produced by gut microbes
can modulate the function of peripheral immune cells [17],
which is crucial for the homeostasis of brain immunity and
neuroinflammation [18]. Collectively, gut microbiota produce
various signaling molecules linking the gut–brain axis. This re-
view focuses primarily on the mechanistic actions of diet-derived
gut microbial metabolites and their derivatives on brain health.
Transformation of dietary components by gut
microbiota

Gut microbes metabolize dietary components and produce
various associated metabolites [19]. Therefore, diet affects the
profiles and concentrations of microbially produced metabolites
[19]. Microbially produced metabolites in the gut that elicit
various physiological responses in the host include SCFAs,
tryptophan and its derivatives, as well as bile acid metabolites
[19, 20]. Herein, the cell-specific regulation of gut
microbiota-produced metabolites derived from dietary compo-
nents is discussed.

SCFAs.
Dietary fibers are metabolized by the gut microbiota in the

cecum and colon and are converted to monosaccharides by gut
microbiota, which are further fermented, producing SCFAs [21].
The major SCFAs synthesized by gut microbiota include acetate,
propionate, and butyrate, accounting for approximately 95% of
those produced in the gut [12]. The concentration of each SCFA
varies along the gut path, decreasing in the following order:
cecum > proximal colon > distal colon [21]. Given that butyrate
is primarily used as an energy source for colonocytes, it is present
in the peripheral blood at the lowest concentration among the
SCFAs [21]. In contrast, propionate and acetate are absorbed
through the portal vein [21]. Absorbed propionate is metabo-
lized in the liver by human enzymes, whereas acetate, which is
present in the periphery at the highest concentration, travels
throughout the body [21]. By acting as signaling molecules
through host G protein-coupled receptors expressed in various
tissues, SCFAs can affect a wide range of host physiology and
pathology, both locally in the gut and systemically in remote
cells [21,22].

Tryptophan metabolites.
Tryptophan is an essential amino acid metabolized by the

host and gut microbiota [19]. The gut microbiota catabolize
tryptophan to produce indole and its derivatives, including
indole-3-aldehyde and indole-3-propionic acid [23]. These de-
rivatives act as ligands for aryl hydrocarbon receptors (AHRs)
[24]. AHR, a ligand-activated transcription factor, regulates
immune and inflammatory responses, playing important roles in
health and diseases, including neurological diseases [25]. Recent
research has highlighted the involvement of AHR in the gut–-
brain axis, specifically its regulatory impact on CNS glial cells
such as astrocytes and microglia.
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Bile acid metabolites.
Bile acids are synthesized by human and gut microbial en-

zymes as products of cholesterol metabolism [26]. Cholesterol
metabolism first occurs in the liver, where the primary bile acids,
such as cholic and chenodeoxycholic acid, are produced from
cholesterol [27]. Primary bile acids are conjugated with glycine
or taurine in the liver and secreted into the lumen of the intestine
in response to dietary intake [26]. Over 95% of the bile acids
secreted in the intestine are reabsorbed and recycled back to the
liver via enterohepatic circulation; the remaining 5% reach the
large intestine to be excreted in feces or are further metabolized
by gut microbiota [26,28]. Gut microbiota mediate the decon-
jugation and dehydroxylation of primary bile acids and produce
secondary bile acids, such as ursodeoxycholic acid (UDCA) and
tauroursodeoxycholic acid (TUDCA) [26]. These bile acids play
various biological roles in facilitating the digestion and absorp-
tion of dietary lipids and lipid-soluble vitamins and act as
signaling molecules [26]. Circulating bile acids act on multiple
receptors, including nuclear (farnesoid X receptor) and cell sur-
face (G protein-coupled bile acid receptor [GPBAR1]). More
specifically, bile acid metabolites influence brain function as
they can cross the BBB and activate receptors in the brain [26].
Thus, bile acid-mediated gut–brain interactions have received
attention for their role in several neurological and psychological
disorders, including schizophrenia, Parkinson’s disease, cogni-
tive decline, and depression [26]. However, the cell-specific
regulatory roles of bile acid metabolites as signaling molecules
in the gut–brain axis remain understudied. Thus, the findings
reviewed in this paper regarding the impact of gut
microbiota-derived bile acid metabolites on brain cells warrant
more extensive investigation.

Cell-Specific Regulation by Gut Microbial
Metabolites

Various cell types exist in the CNS, including neurons, astro-
cytes, and microglia [29]. In this paper, we review the
cell-specific regulatory functions of gut microbiota-produced
metabolites in these cells in the CNS.

Gut microbes and neurons in the CNS
Neurons are generated throughout life in the mammalian

brain via neurogenesis through mitochondria-dependent
signaling [30]. The reduction of adult neurogenesis in the hip-
pocampus has been linked to memory decline, depression, and
anxiety in animals [30]. Recently, metabolites produced by gut
microbiota have received considerable attention for their roles in
neurogenesis, linking neuronal cells and gut microbes [31]. In
fact, microbiota-produced SCFAs, including propionate and
butyrate, promote adult neurogenesis by acting on the mito-
chondria of neural stem cells (NSCs) [31] (Table 1). For instance,
according to Ribeiro et al. [31], propionate and butyrate regulate
mitochondrial oxidative stress in NSCs by increasing reactive
oxygen species (ROS) levels, promoting neurogenic differentia-
tion. More specifically, the levels of early (βIII-tubulin) and late
(NeuN) neuronal markers increase at the transcriptional level in
NSCs following exposure to propionate or butyrate, suggesting
that both SCFAs promote NSC neurogenesis [31]. Additionally,
SCFA-induced neurogenesis is regulated by enhanced mitochon-
drial biogenesis and mitochondrial oxidative stress in NSCs [31].
It is well known that mitochondria contribute to the
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differentiation of NSCs, and increased mitochondrial ROS levels
(mtROS) impact NSC fate [31,32]. Meanwhile, themitochondrial
DNA copy numbers and mRNA expression of mitochondrial
transcription factor A (Tfam) are increased in NSCs treated with
propionate or butyrate, suggesting that both SCFAs also influence
mitochondrial biogenesis [31]. The increase in mitochondrial
number is mediated in NSCs by preventing the elimination of
mitochondrial ROS as propionate or butyrate treatment increases
mtROS levels without impacting the abundance of the major ROS
scavenger superoxide dismutase 2 or its activator protein
NAD-dependent deacetylase Sirtuin-3 [31]. Moreover, SCFAs
trigger neuronal differentiation of NSCs via ROS-related and
extracellular signal-related protein kinase 1/2 (ERK1/2)-de-
pendent mechanisms [31]. Indeed, increased mtROS levels have
been implicated in the suppression of the ERK1/2 pathway,
which is correlated with stem cell differentiation [33]. In line
with this finding, NSCs treated with propionate or butyrate
exhibit reduced levels of phosphorylated ERK1/2, leading to
neurogenesis with the elevated expression of βIII-tubulin in NSCs
[31]. Collectively, gut microbial metabolite SCFAs, including
propionate and butyrate, contribute to the regulation of NSC
neurogenesis via the ROS- and ERK1/2-dependent signaling
pathways [31].

Indole, a tryptophan metabolite produced by tryptophanase-
expressing gut microbes, also serves to regulate the in-
teractions between neurons and gut microbes [34]. An in vivo
study indicated that indole has neurogenic effects on the adult
mammalian brain [34] (Table 1). Oral administration of indole
(200 μM of indole in drinking water for 5 wk) induces neuro-
genesis by increasing β-catenin (CTNNB1), neurogenin 2 (NEU-
ROG2), and vascular endothelial growth factor-alpha (VEGF-α)
at the mRNA and protein levels via the AHR signaling pathway in
the hippocampus of adult mice [34]. Indole supplementation
also stimulates the functional integration of neurons by
increasing the expression of presynaptic synaptophysin and
postsynaptic density 95 at the mRNA and protein levels in the
hippocampus of mice [34]. In addition, the neurogenic potential
of indole has been verified in AHR-knockout (KO) mice
(AHR�/�) [34]. However, indole supplementation fails to pro-
mote neurogenesis as no significant changes occur in the
expression of Ctnnb1, Neurog2, and Vegfa in the hippocampus of
AHR-KO mice. Thus, dietary tryptophan-derived indole likely
exerts its neurogenic effects via the AHR signaling pathway [34],
which is closely associated with beneficial cognitive and
behavioral outcomes [44]. In addition, indole-3-propionate
(IPA) produced by gut microbes has neuroprotective effects
through the regulation of microglia–neuron interactions [35].
Neuronal cells cultured with conditionedmedia from IPA-treated
BV-2 microglial cells (5 μM IPA treatment) exhibit significant
upregulation of brain-derived neurotrophic factor (Bdnf) and
nerve growth factor expression, highlighting neuroprotective
effects of gut IPA [35].
Gut microbes and astrocytes in the CNS
Astrocytes are the most abundant cell type in the CNS and are

involved in neuronal development, circuit formation, and meta-
bolic support, as well as the protection and repair of the brain from
neuroinflammation [45]. Recent studies using in vitro and in vivo
mouse models have shown that microbiota-derived SCFAs influ-
ence the transcription of genes related to the immunomodulatory



TABLE 1
Gut microbiota-derived metabolites that regulate CNS cells

CNS cell Microbial metabolite Model Dose/duration Cell-specific effects Reference

Neuron SCFAs (propionate
and butyrate)

In vitro (NSCs from
14.5-d postcoitum
mouse fetal forebrain)

Sodium propionate:
1 mM/24 h
incubation
Sodium butyrate:
1 mM/24 h
incubation

↑ neurogenesis of
NSCs (↑βIII-tubulin
and NeuN mRNA
levels)
↑ mitochondrial
biogenesis of NSCs
(↑mtDNA copy
number and Tfam
mRNA levels)
↑ mitochondrial
oxidative stress of
NSCs (↑mtROS levels,
↔ SIRT3 and total
SOD2 protein levels)

Ribeiro et al., 2020 [31]

Indole Adult C57BL/6J male
mice (10- to 14-wk-
old)

Administration of
indole-supplemented
drinking water: 200
μM indole/5 wk

↑ neurogenesis in the
hippocampus
(↑CTNNB1,
NEUROG2, and VEGF-
α mRNA and protein
levels)
↑ functional
integration of neurons
in the hippocampus (↑
SYP and PSD-95
mRNA and protein
levels)

Wei et al., 2021 [34]

Indole-3-propionate In vitro (human
neuroblastoma SH-
SY5Y cells)

Treated with
conditioned media
from indole-3-
propionate-treated
microglia (indole-3-
propionate: 5 μM/24
h incubation)

↑ neuroprotection (↑
Bdnf and Ngf mRNA
level)

Kim et al., 2023 [35]

Astrocyte SCFAs (acetate,
propionate, and
butyrate)

In vitro (primary
astrocytes from
postnatal days 1–3 of
mouse cortices)

Acetate: 25–1500 μM,
propionate: 3.5–35
μM, butyrate: 2.5–25
μM

↓ neuroinflammation
(Acetate: ↑ Ahr and
Gfap expression in
male cortical
astrocytes,
Propionate: ↑ Il22
expression in male
cortical astrocytes)
↑ neuroprotection
(Butyrate: ↑ Bdnf and
Pgc1a expression in
female cortical
astrocytes)

Spichak et al., 2021 [36]

Tryptophan, indole,
indoxyl-3-sulfate,
indole-3-propionic
acid and indole-3-
aldehyde

EAE mouse model Daily oral gavage of
indole, indole-3-
propionic acid, and
indole-3-aldehyde:
400 μg/20 g body
weight/14 d, daily
intraperitoneal
administration of
indoxyl-3-sulfate: 200
μg/20 g body weight/
14 d

↓ neuroinflammation
(↑ Ccl2 and Nos2
mRNA level in
astrocytes of
antibiotic-treated EAE
mice)

Rothhammer et al., 2016 [37]

Bile acid metabolites
(TUDCA)

In vitro (primary
astrocytes from the
whole brain of
postnatal day 3–5 of
mouse)

TUDCA: 70 μM/24 h
incubation

↓ neurotoxic
polarization of
astrocytes (↓ A1
astrocyte-specific
gene expression)

Bhargava et al., 2020 [38]

EAE mouse model Daily oral gavage of
TUDCA: 500 mg/kg
body weight/28 d

↓ infiltration of
PSMβ8þGFAPþ cells
in the spinal cords of
mice with EAE

(continued on next page)
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TABLE 1 (continued )

CNS cell Microbial metabolite Model Dose/duration Cell-specific effects Reference

Microglia Serotonin In vitro (murine
microglial BV-2 cells
and primary microglia
isolated from the
hippocampus of
embryonic 18 (e18)
mouse)

Serotonin creatinine
sulfate monohydrate:
25 μM/16 h
incubation

↑ Release of microglial
exosome (↑ flotillin-1,
Alix, and IDE protein
level)

Glebov et al., 2015 [39]

SCFAs (acetate,
propionate, and
butyrate)

GF mouse Administration of
SCFAs supplemented
drinking water: 67.5
mM sodium acetate,
25 mM sodium
propionate, and 40
mM sodium butyrate/
4 wk

↑ morphology,
density, and
functional maturity of
cortical microglia of
GF mice (↑
populations CSFR1þ,
F4/80þ, CD31þ

microglia, ↑ number
of segments,
branching points,
terminal points, and
cell volume of
microglia)

Erny et al., 2015 [40]

Tryptophan and
indoxyl-3-sulfate

EAE mouse model Administration of diet
supplemented with
tryptophan: 14 d,
daily intraperitoneal
injection of indoxyl-3-
sulfate: 14 d

↓ neuroinflammation
(↓expression of genes
involved in NF-κB
signaling in microglia,
↓expression of genes
associated with EAE
pathogenesis in
astrocytes)

Rothhammer et al., 2018 [41]

Indole-3-propionate In vitro (murine
microglial BV-2 cells)

Indole-3-propionate:
1–10 μM/24 h
incubation

↓ neuroinflammation
(↓IL-1β and TNF-α
mRNA and protein
levels)

Kim et al., 2023 [35]

Bile acid metabolites
(UDCA and TUDCA)

In vitro (murine
microglial BV-2 cells)

UDCA: 300 μg/mL/48
h incubation

↓ neuroinflammation
(↓ nitrite production,
↓ expression of the
NF-κB-dependent
genes)

Joo et al., 2004 [42]

Animal model of acute
neuroinflammation

Intraperitoneal
injection of TUDCA:
500 mg/kg body
weight, 72 h

↓ neuroinflammation
(↓expression of genes
involved in the TGF-β
pathway in the brain
of LPS-treated mice)

Yanguas-Cas�as et al., 2017 [43]

In vitro (primary
microglia from the
whole brain of
postnatal days 3–5 of
mouse)

TUDCA: 70 μM/18 h
incubation

↓ proinflammatory
polarization of
microglia (↓ Nos2,
Il1a, and Tnfa mRNA
level)

Bhargava et al., 2020 [38]

EAE mouse model Daily oral gavage of
TUDCA: 500 mg/kg
body weight/28 d

↓ infiltration of Mac-
2þ microglia/
macrophages in the
spinal cords of mice
with EAE

Bhargava et al., 2020 [38]

The upward arrow indicates a statistically significant increase; the downward arrow indicates a statistically significant decrease. The horizontal
arrow indicates a statistically nonsignificant change.
Abbreviations: AHR, aryl hydrocarbon receptor; BDNF, brain-derived neurotrophic factor; Ccl2, C motif chemokine ligand 2; CNS, central nervous
system; CSFR1, colony-stimulating factor 1 receptor 1; CTNNB1, β-catenin; EAE, experimental autoimmune encephalomyelitis; GF, germ-free;
GFAP, glial fibrillary acidic protein; IDE, insulin-degrading enzyme; mtDNA, mitochondrial DNA; mtROS, mitochondrial ROS; NEUROG2, neu-
rogenin 2; NGF, nerve growth factor; NOS2, nitric oxide synthase 2; NSC, neural stem cell; PGC-1, peroxisome proliferator-activated receptor-γ
coactivator; PSD-95, postsynaptic density 95; SCFA, short-chain fatty acid; SIRT3, Sirtuin-3; SOD2, superoxide dismutase 2; SYP, synaptophysin;
Tfam, mitochondrial transcription factor A; TGF, transforming growth factor; TUDCA, tauroursodeoxycholic acid; UDCA, ursodeoxycholic acid;
VEGF-α, vascular endothelial growth factor-alpha.

C.-S. Kim Advances in Nutrition 15 (2024) 100136

5



C.-S. Kim Advances in Nutrition 15 (2024) 100136
and neuroprotective roles of astrocytes in sex-specific responses
[36] (Table 1). For example, Spichak et al. [36] studied the effects
of physiologically relevant doses of SCFAs on primary cortical
astrocyte cultures frommale and femalemice and reported that the
administration of acetate (25–1500 μM) increases Ahr and glial
fibrillary acidic protein (Gfap) gene expression only in male mice.
Meanwhile, propionate (3.5–35 μM) increases IL-22 expression
only in cortical astrocyte cultures obtained from male mice in a
dose-dependent manner [36]. In addition, incubation with buty-
rate (2.5–25 μM) induces a dose-dependent increase in the mRNA
levels of Bdnf and peroxisome proliferator-activated receptor-γ
coactivator 1a only in cortical astrocyte cultures from female mice
[36]. Hence, SCFAs appear to exert sex-dependent effects on the
anti-inflammatory and neuroprotective activities of astrocytes
[40]. In addition, gut microbial metabolites derived from dietary
tryptophan affect astrocytes and suppress CNS inflammation [37]
(Table 1).

Gut microbiota depletion via antibiotic treatment is commonly
adopted as a research strategy to understand the roles of gut
microbiota. In a study conducted by Rothhammer et al. [37], mice
with experimental autoimmune encephalomyelitis (EAE; a mouse
model of multiple sclerosis) were treated with antibiotics, and the
effects of supplementation with bacterial tryptophan catabolites
were examined. Dietary supplementation with bacterial trypto-
phan catabolites, such as indole, indoxyl-3-sulfate, indole-3-pro-
pionic acid, and indole-3-aldehyde, reduced neuroinflammation
by downregulating the expression of proinflammatory factors,
including C-C motif chemokine ligand 2 (Ccl2) and nitric oxide
synthase 2 (Nos2), in astrocytes in anAHR-dependentmanner [37]
(Table 1).

Additionally, Bhargava et al. [38] reported that the gut
bacteria-produced bile acid metabolite TUDCA protects astrocytes
from inflammation and neurodegeneration in vitro and in vivo.
They also examined the effects of TUDCA in primary astrocyte
cultures polarized toward a neurotoxic phenotype (A1: inflam-
matory phenotype) that secretes toxic factors capable of killing
surrounding oligodendrocytes and neurons [46]. Conditioned
media from TUDCA-treated astrocytes under proinflammatory
stimuli reduced the expression of A1 astrocyte-specific genes
involved in interferon (IFN) γ signaling and cytokine signaling
(including IFN-inducible GTPase 1, guanine-binding protein 2, and
serpin family G member 1 [38] (Table 1). Moreover, daily oral
gavage of TUDCA (500 mg/kg body weight for 28 d) reduced the
number of PSMβ8þGFAPþ cells (neurotoxic A1 astrocytes) in the
spinal cords of mice with EAE [38]. Taken together, these results
indicate that gut bacterial TUDCA could be used as a therapeutic
agent for neuroinflammation to target neurotoxic astrocytes spe-
cifically.However, additional investigation is required toassess the
immunomodulatory roles of astrocytes in the gut–brain interac-
tion, as it remains a misunderstood area of research.

Gut microbes and microglia in the CNS
Microglia are CNS-resident immune cells that play important

roles in various brain diseases, including Parkinson’s and Alz-
heimer’s diseases, in the context of neuroinflammation, neuro-
genesis, and synaptogenesis [12]. These primary immune cells in
the CNS respond to signals from metabolites produced by gut
microbes [47]. One microbial metabolite that influences micro-
glial activity is serotonin, 90% of which is produced from dietary
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tryptophan in the gut [12]. Treatment of murine microglial BV-2
cells and primary microglia cultures with serotonin increases
exosome-associated proteins, such as flotillin-1, Alix, and
insulin-degrading enzyme. This effect is blocked by 5-hydroxy-
tryptamine (serotonin) receptor antagonists [39] (Table 1).
Considering that exomes—extracellular vesicles released from
the fusion of multivesicular bodies with the plasma mem-
brane—participate in cytokine secretion [48], serotonin may be
closely associated with the release of cytokine-carrying exomes
from microglia [39]. Thus, serotonin-induced microglial exo-
somes could have important roles in neuroinflammation and
related diseases [48].

SCFAs are also involved in regulating microglial homeostasis
[40]. This was demonstrated by supplementing the drinking
water of germ-free (GF) mice, which lack all gut microbes, with a
mixture of 3 SCFAs (acetic acid, propionic acid, and butyric acid)
[40]. SCFA treatment normalized abnormalities in cortical
microglia morphology, density, and functional maturity [40]
(Table 1). In fact, GF mice supplemented with SCFAs exhibited
restored microglia maturity, as evidenced by normalized surface
expression of colony-stimulating factor 1 receptor 1 (a key
regulator of microglial homeostasis) and the mature microglia
(F4/80þCD31þ) population [40]. Moreover, SCFA supplemen-
tation normalized the number of microglia segments, branching
points, terminal points, and cell volume [40].

Additionally, dietary tryptophan and its metabolites, such as
indoxyl-3-sulfate, reportedly suppress microglia activation,
subsequently dysregulating astrocytes in an EAE animal model
[41] (Table 1). That is, EAE mice treated with either tryptophan
or indoxyl-3-sulfate exhibit reduced transcript levels of genes
involved in NF-κB signaling in microglia [41]. In line with this
finding, EAE mice treated with tryptophan or indoxyl-3-sulfate
exhibit reduced expression of genes associated with EAE patho-
genesis, such as Ccl2 and Nos2, in astrocytes; these effects are
blocked in CX3CR1-AHR mice [41]. Hence, dietary tryptophan
and its metabolite suppress NF-κB-mediated proinflammatory
signals in microglia, associated with astrocyte activation, in an
AHR-dependent manner [41]. Collectively, dietary tryptophan
and its microbial metabolites have the potential to regulate the
interaction between microglia and astrocytes, which is a key
mechanism in CNS inflammation. Moreover, in vitro, IPA—an
indole derivative produced by gut microbes—protects the
microglia from inflammation [35]. IPA-treated microglial BV-2
cells exhibit significant reductions in the concentration of
proinflammatory cytokines (IL-1β and TNF-α) following LPS
stimulation compared to the LPS-alone treatment group [35].

Bile acid metabolites also elicit anti-inflammatory effects in
microglia [49] (Table 1). Joo et al. [42] reported that UDCA, a
secondary bile acid produced by gut microbiota, inhibits nitrite
production and expression of NF-κB-dependent genes in BV-2
microglial cells under amyloid β peptide stimulus. Similarly,
TUDCA contributes to anti-inflammatory effects inmicroglia [43].
In a mouse model of acute neuroinflammation (mice intrave-
nously injected with bacterial LPS to induce acute neuro-
inflammation), activation of transforming growth factor (TGF)-β3
immunoreactivity was observed in microglia [43], which is a key
factor in the suppression of inflammatory signals [50]. Activation
of the TGF-β pathway was further enhanced by intraperitoneal
TUDCA treatment [43]. Hence, TUDCA may participate in
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activating the TGF-β pathway under inflammatory conditions,
contributing to its anti-inflammatory effects in microglia [43]. In
addition, TUDCA treatment suppresses proinflammatory polari-
zation of microglia in vitro by reducing the expression of Nos2,
Il1a, and Tnfa [38] (Table 1). Moreover, TUDCA supplementation
(500mg/kg body weight for 28 d) ameliorates the severity of EAE
disease by reducing the infiltration of Mac-2þ micro-
glia/macrophages in the spinal cords of mice with EAE through
cell-surface GPBAR1 [38]. These results indicate that bile acid
metabolites from gut microbiota and their influence on microglia
receptors may mediate anti-inflammatory signals in inflammatory
neurological and psychological disorders.

Targeting the Gut Microbial Metabolites in
Neuropsychiatric Disorders

Clinical translation of the therapeutic potential of microbial
metabolites in neuropsychiatric disease is important in gut
microbiome–brain research; however, currently available clin-
ical data is limited. Nevertheless, preclinical studies have re-
ported the roles of microbial metabolites in brain phenotypes
and behaviors using animal models of various neuropsychiatric
diseases, including autism spectrum disorder (ASD), Alzheimer’s
disease, and Parkinson’s disease [51]. For example, in a mouse
study using an autism model, supplementation with sodium
butyrate ameliorated ASD-like behavior, as indicated by reduced
repetitive behavior in a marble burying test [52]. Another study
using an Alzheimer’s disease mouse model reported that sodium
butyrate treatment improved learning and memory function
[53]. Treatment with SCFAs (a mixture of acetate, propionate,
and butyrate) improved motor dysfunction—a behavioral char-
acteristic of α-synuclein-overexpressing mice—in a mouse model
of Parkinson’s disease [54]. Therefore, approaches to modulate
the levels of microbial metabolites have been suggested as a
target for treating neuropsychiatric diseases [51]. However,
additional evidence from human studies is required to apply
microbial metabolites as a therapeutic target in clinical settings.
FIGURE 1. Role of diet-associated metabolites as signaling molecules in
microbiota have crucial effects on brain function through the gut–brain
circulation and act as signaling molecules by influencing cell-to-cell interact
astrocytes, and neuronal cells, which ultimately affect cognitive function,
SCFAs, tryptophan metabolites, and bile acid metabolites, promote the func
the CNS. To understand the complexity of cell-to-cell interactions betwe
searchers in nutritional science, microbiology, neuroscience, and psychol
short-chain fatty acid.
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Directives for Future Research
Diet directly affects the metabolite profiles derived from gut

microbiota. Dietary interventions focusing on specific signaling
molecules that govern the interaction between gut microbes and
the brain are promising therapeutic options for treating brain
disorders [55,56]. For example, diet and nutrition reportedly
regulate the gut–brain axis, which can help alleviate cognitive
impairment, anxiety, and depression [57–61] (Figure 1). In fact,
compared to prescribed psychiatric drugs, which have adverse
side effects, limited treatment periods, and symptom relapse
upon treatment cessation, dietary intervention is safe and can
function long-term, reducing risk of recurrence [62]. Moreover,
empirical data support integrated approaches, combining psy-
chological therapy and nutritional interventions focused on mi-
crobial metabolites. These approaches may yield superior
outcomes in addressing the intricate gut–brain axis interplay
instead of adopting a singular, reductionist approach [63,64].

However, studies on the mechanistic actions underlying the
impact of diet on gut–brain interactions are scarce. Hence, future
gut microbiome–brain research should focus on characterizing the
cell-specific effects of dietary component-derived metabolites on
the relationships between microorganisms and brain cells.

Over the past several decades, research methods in gut
microbiome science have continued to evolve. In vitro and in
vivo preclinical models, including those of GF mice, antibiotic
administration, and fecal microbiota transplantation, have been
adopted to confirm the validity of gut microbiota-targeted stra-
tegies for reducing the symptoms of neurological illnesses and
psychological disorders [65,66]. However, the question arises as
to what extent in vitro and in vivo rodent models accurately
reflect human emotions, cognitive functions, and behaviors,
hindering the translation of preclinical findings to humans [65].
Furthermore, evidence suggests that the responses of gut
microbiota vary among individuals and are influenced by their
baseline gut microbiota composition [67,68]. Meanwhile,
nonhuman primate models are genetically similar to humans and
cell-to-cell interactions between the gut bacteria and CNS. The gut
axis. Gut microbiota-produced dietary metabolites enter the systemic
ions between gut microbes and cells in the CNS, particularly microglia,
mood, and behavior. Specifically, diet-derived metabolites, including
tion and maturation of brain cells and suppress inflammatory signals in
en gut bacteria and the CNS, a multidisciplinary dialog between re-
ogy is necessary. Abbreviations: CNS, central nervous system; SCFA,
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have been actively employed to overcome these limitations [69].
In addition, studies have been conducted with small sample sizes
and more frequent observations over several time points to
confirm the variations in microbial responses in longitudinal
studies [70,71]. Nonetheless, a need persists for large cohort
studies considering individual gut microbiome-associated factors
(genetic characteristics, dietary habits, environmental charac-
teristics, and disease conditions). This approach can facilitate
computational modeling analysis to implement personalized
microbiome-based therapies targeting brain disorders in clinical
settings [72,73]. In line with this approach, intervention studies
based on microbial metabolites targeting specific brain cells in
clinical trials may significantly advance the research on mental
health illnesses.

This review primarily focused on studies that can explain
causality in the interaction between the gut microbiota and CNS
cells at the cellular level. However, other types of cells in the
CNS, including oligodendrocytes and brain endothelial cells,
also have important roles in CNS function and neuropsychiatric
diseases. A recent study reported that administering a mixture
of SCFAs (acetate, propionate, and butyrate) to a rat model of
hypoxic–ischemic brain injury suppresses the loss of oligoden-
drocyte precursor cells by reducing astrocyte activation via the
regulation of serum and glucocorticoid-induced protein kinase
1/IL-6 signaling pathway [74]. In addition, butyrate elicits
significant effects on the amelioration of demyelination and
maturation of oligodendrocyte precursor cells in the organo-
typic culture of a cerebellar slice [75]. Since research on the
gut–brain axis at the cellular level is an emerging area of
research, future studies on the impacts of gut microbial me-
tabolites on oligodendrocytes and brain endothelial cells are
warranted.

The current review covers select metabolites (SCFAs, tryp-
tophan metabolites, and bile acid metabolites) with well-
established evidence of cell-to-cell interactions between gut
microbes and brain cells. However, other microbial metabolites
have also been implicated in the regulation of gut–brain in-
teractions. For example, trimethylamine N-oxide (TMAO) is a
metabolite produced by the gut microbiota from dietary amines
that may serve as a risk factor predictor in patients with
neurological disorders [76]. Specifically, TMAO administration
negatively affects cerebral infarct size and poststroke behav-
ioral outcomes in a mouse model of middle cerebral artery
occlusion stroke [77]. Moreover, TMAO treatment of cultured
human astrocytes alters the cellular morphology toward acti-
vated astrocytes and increases protein markers related to
astrocyte activation, such as lipocalin and CD44 [78]. Mean-
while, p-cresol—a tyrosine-derived microbial metabolite—is
reportedly a key molecule in several neuropsychiatric disor-
ders, including ASD; however, its mechanistic actions at the
cellular level remain unknown [51]. One study reported that
cresol treatment impairs oligodendrocyte differentiation, as
evidenced by increased expressions of immature progenitor
markers in primary cultured oligodendrocyte progenitors [79].
However, further research is needed to demonstrate the
mechanistic actions of other microbial metabolites on CNS
cells.

A key lesson that has arisen from the past decades of gut
microbiome–brain research is that a multidisciplinary dialog be-
tween nutritional scientists, biologists, and psychologists is
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necessary to understand and interpret research outcomes [65,66]
(Figure 1). To date, most mainstream gut microbiome–brain
research has been conducted by researchers in microbiology [66].
However, understanding the contribution of gut bacteria to dietary
metabolismandneurological and psychological outcomes requires
greater involvement of nutritionists, neurobiologists, and psy-
chologists [66]. In particular, studies have shown that diet in-
fluences gut bacterial enzymes andmetabolism [19]. Therefore, an
in-depth understanding of the metabolic activities of gut micro-
biota (Figure 1) by researchers in microbiology and nutritional
science is necessary to demonstrate how diet-derived microbial
metabolites affect CNS functions.

The microbial ecology of the human body cannot be consid-
ered independently from the psychological issues posing
considerable burdens on society [80,81]. Recent findings have
demonstrated that temperament, personality, and psychopa-
thology are associated with the composition of gut microbes
[82–84]. Hence, traits closely related to mental health outcomes
and associated social conditions may be corrected by regulating
gut dysbiosis. Accordingly, researchers are encouraged to
conduct gut microbiome research to inform the development of
public policies and systems to address mental health-related
social challenges [85].

Conclusion

A growing body of research indicates that diet-associated gut
microbial metabolites regulate the relationship between gut
microbes and CNS cells [86]. Therefore, dietary strategies
centered on signaling molecules associated with the gut–brain
interaction, including supplementation of SCFAs and tryptophan
metabolites, are promising therapeutic options for brain disor-
ders [87,88]. However, the mechanistic actions underlying the
regulatory effects of dietary metabolites on brain functions
require further investigation. Specifically, a more comprehensive
understanding is needed regarding which cells in the brain are
affected by bacterial metabolites to enable the development of
more tailored treatments.
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