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Abstract
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Recent studies have shown that the gut microbiota regulates intestinal function and maintains intestinal homeostasis, as well as interacting

with the central nervous system to affect brain function and human behavior. Microglia are the most common immune cell type in the

central nervous system during homeostasis. These cells play an important role in immune surveillance by responding to infections and

other pathological conditions. Microglia also play a major role in maintaining brain homeostasis in both developing and adult mice by

phagocytosing cell debris and regulating the formation of neural networks. The specific signaling pathways and cytokines that control

the maturation and activation of microglia are currently not fully established. However, research on germ-free (GF) mice and specific

pathogen-free (SPF) mice indicate that gut microbiota have important interactions with microglia. Here, we review the latest research

findings on how gut microbiota can affect the morphology, maturation, phenotype and function of microglia. We also discuss recent

advances in the gut microbiota-microglia-disease axis.
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1. Introduction

Interaction between gut microbiota and the human
body, especially the central nervous system, has been
demonstrated in numerous studies. These includes studies
ofthe gut-brain axis, as well as animal models of microbiota
and brain diseases. Gut microbiota can have bidirectional
communications with the brain, thereby affecting behaviors
such as social interaction [1], depression-like behavior [2]
and anxiety-like behavior [2]. Gut microbiota also show
close relationships with the pathological course of several
neurological inflammatory diseases. The four main ways in
which gut microbiota can affect host brain activity include
the vagus nerve pathway [3], the neurotransmitter pathway
[4], the neuroendocrine pathway [5], and the immune path-
way [6]. The mechanism by which hosts regulate their gut
microbiota is thought to be via miRNA control of bacterial
gene expression [7], with the miRNAs originating from the
host epithelium.

Microglia arise from the embryonic yolk sac and
are the most common immune cells residing in the brain
parenchyma. They are involved in a wide variety of pro-
cesses in the central nervous system, including defense
against infection, mediating inflammation, and phagocyto-
sis of cell debris. Recent studies have found that microglia
play important roles in neurodevelopment in addition to tra-
ditional macrophage functions. These include: (1) regula-
tion of neuronal cell programmed death [8], (2) promotion
of axon formation, synapse generation, and fasciculation of

axons [9,10], and (3) stripping of excess synapses from de-
veloping neurons in order to form functional neuronal cir-
cuits [11]. Such important functions mean that microglia
also play key roles in several diseases of the nervous sys-
tem, including Alzheimer’s disease (AD) [12], Parkinson’s
disease (PD) [13], multiple sclerosis (MS) [14] and glioma
[15].

2. Gut Microbiota Affect the Morphology of
Microglia

Microglia have a variety of shapes, including
ramified-, amoeboid-, hypertrophic-, rod-, dystrophic-, and
satellite-type [16]. The morphology of microglia is thought
to be closely related to their function. Rod-shaped mi-
croglia participate in the detachment of presynaptic mem-
brane from its corresponding postsynaptic membrane [17].
Amoeboid-shaped microglia exist mainly in the develop-
ing central nervous system and during some acute infec-
tions of the central nervous system, where they are thought
to be involved in myelination and in certain inflamma-
tory processes, respectively [18]. Compared with specific
pathogen-free (SPF) mice, the microglia of germ-free (GF)
mice have a ramified-type morphology, with longer protru-
sions and more branch and end points [19]. Moreover, they
do not show a normal immune response to Lipopolysac-
charide (LPS) or to viral infection. Highly branched mi-
croglia are also seen in mice models after long-term treat-
ment with broad-spectrum antibiotics. Researchers have
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also found that microglia morphology in a mouse model
of Alzheimer disease (AD) is affected by the microbial
population in a gender-specific manner [20]. In male AD
mice treated with broad-spectrum antibiotics, the microglia
are clustered around amyloid plaques and show smaller
cell bodies, longer tree-like branches, and more branching
points. On the other hand, the microglia in female AD mice
show a larger cell body, and no significant changes in the
tree-like branches and branch points. The pathological pro-
cess in male AD mice was also found to be attenuated af-
ter treatment with broad-spectrum antibiotics. In a mouse
model that combined malnutrition with iterative exposure to
fecal commensals, the microglia showed a smaller cell vol-
ume and territory, but no significant change in the number
of endpoints and branch points [21]. Thus, gut microbiota
has an important influence on the morphology of microglia.
Although the function of microglia appears to be closely re-
lated to their morphology, the specific mechanism involved
is unclear and requires further research.

3. Gut Microbiota Affect the Maturation of
Microglia

Microglia originate from the yolk sac of the embryo.
They enter the brain when the first neurons are generated at
around embryonic day 9.5 in mice (E9.5), and self-renew
in adulthood. Erny ef al. [19] found that gut microbiota
is an important factor in the maturation and gene expres-
sion of microglia. RNA sequencing analysis revealed that
microglia RNA transcripts from GF mice are significantly
different to those of SPF mice.

Some genes related to microglia activation and im-
mune function are down-regulated in GF mice compared to
SPF mice, including Mapk8, Fcgr2f3, IL-1a, Ly86, Cd86,
Hifla, B2m, Statl and JAK3 [19]. In contrast, TRIM
family members (such as 7rim30c, involved in pathogen-
recognition and regulation of transcriptional pathways in
host defense), inhibitors of transcription (such as Nfkbic,
encoding 1kBa), and the transcription and survival factors
Spfil (encoding PU.1) and Csfir, were up-regulated [19].
Genes that are often up-regulated in mature microglial cells
are involved in the activation of cell proliferation (Iggap!,
Ddit4), stimulation of the cell cycle (Cdk9 and Ccnd3),
and inhibition of autophagy (Bc/2) [19]. The expression of
CSFIR, F4/80 and CD31 decreased significantly during the
maturation of microglia. Under GF conditions, however,
the percentage of CSFIR+, F4/80+ and CD31+ microglia
cells increased significantly, together with the mean fluo-
rescence intensity of CSFIR and F4/80 [19]. The above
studies show that the maturation of microglia is clearly
slowed in the absence of microbiota. Furthermore, Morgan
et al. [22] reported that the effect of gut microbiota on mi-
croglia maturation during embryonic development showed
gender dimorphism. Only 19 genes were found to be dif-
ferentially expressed in microglia between GF mice and
SPF mice at E14.5. The influence of gut microbiota shows

more gender specificity close to birth. Compared to SPF
mice embryos, 1216 genes were differentially expressed in
microglia from E18.5 GF male mice, but only 20 in mi-
croglia from E18.5 GF female mice. In adults, 433 genes
were differentially expressed in microglia from female GF
mice and only 26 in male GF mice compared with SPF
mice. The differentially expressed genes in microglia from
males were mainly related to translation and metabolism. In
microglia from females, inflammation-related genes were
down-regulated, while genes involved in the regulation of
transcription were up-regulated.

Investigators have also studied Altered Schaedler
Flora mice (ASF mice, mouse model with 8 strains of bac-
teria) in addition to SPF mice [19]. Although the ASF mice
and SPF mice were made to have the same microbial load,
their microglia were still very different in terms of morphol-
ogy, function and maturity. This study showed that single
or several different bacterial populations do not help mi-
croglia to mature, and that maturation requires complex and
diverse microbial populations. By transplanting the micro-
biota of SPF mice, the immature microglia phenotype of GF
mice can essentially return to a normal state and full matu-
rity can be reached in adulthood. Adult SPF mice show
an immature microglia phenotype following treatment with
broad-spectrum antibiotics. Therefore, the involvement of
microbiota on the maturation of microglia continues from
embryonic development through to adulthood. The above
research findings confirm that microglia in GF mice are in
an immature state, but can return to a normal state after the
intestinal microbiota is restored. This suggests a close con-
nection between the maturation state of microglia and the
intestinal microbiota, although the specific mechanism re-
quires further in-depth study.

4. Gut Microbiota Affect the Microglia
Phenotype

Similar to peripheral macrophages, microglia have
different states under different stimulating factors. Re-
searchers have simplified these into the M1 and M2 phe-
notypes in order to distinguish two different polarization
states [23-25]. Polarization to M1 phenotype after stim-
ulation with IFN-v, TNF or TLR, and to M2 phenotype af-
ter stimulation with IL-4, IL-10 or IL-13. They can also
convert to each other. The M1 phenotype is considered
to be an anti-tumor or inflammation-promoting phenotype
with a classical activation pathway. This microglia phe-
notype also appears to secrete more TNF-£3, IL-10, super-
oxide, nitric oxide and active oxygen. The M2 phenotype
results from Alternative Activation and Acquired Deactiva-
tion, both of which are believed to have anti-inflammatory,
tissue repair and reconstruction properties. Under GF con-
ditions, microglia were not polarized to a specific pheno-
type. M1 and M2 phenotype-related genes are only slightly
different, whereas most differentially expressed genes are
located in the MO cluster, indicating that gut microbiota
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plays an important role in regulating the microglia pheno-
type [19]. In a mouse model of postoperative cognitive
impairment [26], prebiotic (galacto-oligosaccharide) treat-
ment was found to affect the intestinal microbiota, which
in turn affected the phenotype of microglia. Expression of
the M 1-type markers of microglia (iNOS, CD6, CD32, etc.)
are generally increased in this mouse model, and may be
related to the occurrence and development of postoperative
cognitive impairment. Following treatment with galacto-
oligosaccharide, the concentration of bifidobacterial in the
mouse intestine increased significantly, while the M1 mi-
croglia markers were significantly down-regulated. Sim-
ilar findings were made in mouse models of intracerebral
hemorrhage (ICH) [27], with metformin shown to regulate
the phenotype of microglia and thus improve neuroinflam-
mation after ICH. Following metformin treatment, the mi-
croglia ratio of Ibat decreased whereas the microglia ra-
tio of ARG-1+, the M2 phenotype marker, increased [27].
Metformin was also found to improve the intestinal flora
disorder caused by ICH, with a decrease in the ratio of Fir-
micutes and Bacteroidetes [27]. Finally, broad-spectrum
antibiotics and fecal bacteria transplantation were used to
prove the effects of metformin were dependent on intesti-
nal flora [27]. Similar observations have been reported in
other disease models, including AD [28,29] and PD [30,31].

The use of M1/M2 phenotypes helps to simplify
our understanding of the functional heterogeneity of mi-
croglia. However, it remains controversial whether the
the M1/2 phenotype concept, originally applied to periph-
eral macrophages, can also be applied to microglia [32].
Furthermore, three subsets (M2a, M2b, and M2c) were
observed in M2 phenotype macrophages. M2a and M2c
macrophages inhibit inflammation and promote tissue re-
pair, while M2b macrophages have both proinflammatory
and anti-inflammatory functions [33,34]. Whether these
phenotypes also exist in microglia is still unknown. Never-
theless, a close relationship clearly exists between gut mi-
crobiota and the phenotype of microglia, thus providing an
interesting framework to study the specific mechanism of
the microbiota-gut-brain axis.

5. Gut Microbiota Regulates the Function of
Microglia

The function of microglia is clearly affected by its
morphology, phenotype and maturity, with the gut micro-
biota being closely linked to these influencing factors. Most
studies on the association between intestinal microbiota and
microglia function focus on the regulation of neuroinflam-
mation by microglia. Lactobacillus plantarum MA2 iso-
lated from traditional Tibetan kefir grains can improve cog-
nitive disorder and anxiety-like behavior in a mouse model
of AD, as well as reduce the deformation of neurons and a3
accumulation in the brain [35]. The mechanism underly-
ing this is the inhibition of microglia activation through the
TLR4/MYDS88/NLRP3 signaling pathway, thereby reducing
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secretion of the inflammatory factors IL-1 5 and IL-18. A
mouse model of postoperative emotional disorder showed
disorder of the gut microbiota, with activated microglia and
increased expression of the proinflammatory cytokines IL-
6 and TNF-« [36]. These symptoms could be alleviated by
antibiotic treatment. The gut microbiota was also found to
upregulate the antigen presentation ability of microglia in a
mouse model of virus-induced nerve injury [37]. The more
severe symptoms of encephalic hepatitis virus infection in
GF mice were found not to be caused by T-cell defects, but
rather by external factors. Further research confirmed there
was reduced expression of MHC-II and the co-stimulatory
molecules CD86 and CD40 in microglia in the GF state, and
that broad-spectrum antibiotics in SPF mice produced simi-
lar results. This study demonstrated that homeostasis of the
gut microbiota is a key factor in maintaining the antigen pre-
senting function of microglia. The lack of dietary fiber in a
mouse model of cognitive impairment led to the disruption
of intestinal epithelial barrier integrity and disorder of the
gut microbiota, with decreased Bacteroides and increased
Proteobacteria [38]. A lack of dietary fiber also results in
activation of microglia, polarization to the M1 type, and in-
creased production of the proinflammatory factors TNF-c,
IL-6, and IL-1/. There was also an increased number of ac-
tivated microglia gathered around postsynaptic density pro-
tein, indicating activation of microglia-mediated synaptic
phagocytosis. Finally, cognitive impairment was found to
occur after an imbalance of intestinal microbiota, indicating
that intestinal microbiota can regulate the synaptic phago-
cytosis of microglia. Nicotinamide n-oxide, a metabolite of
intestinal flora, was recently found to improve the symp-
toms of herpes simplex encephalitis by activating mito-
chondrial autophagy of microglia [39]. The effects of in-
testinal microbiota on microglia function can also be seen
in the pathological processes of many other diseases.

6. Gut Microbiota-Related Substances and
Microglia

At present, the possible mechanisms of gut micro-
biota and its related products entering the central nervous
system to regulate microglia mainly include direct and in-
direct ways. In the direct pathway, gut microbiota trans-
mits information to the brain through stimulation of va-
gus nerve. In ischemic stroke, stimulation of the vagus
nerve has been found to modulate microglia M1/M2 type
activation [40]. Vagotomy may have the effect of de-
laying the progression of AD pathology [41]. In addi-
tion, metabolites of the intestinal flora including short-
chain fatty acids, secondary bile acids and TMAO have
modulatory effects on neurodegenerative diseases [42—44].
These products are characterized by low molecular weight
and high lipid solubility, so they can cross the blood-
brain barrier to the central nervous system. In the indi-
rect way, the gut microbiota promotes the production of
pro-inflammatory cytokines such as IL-1a, IL-153, TNF-
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« and IL-6 through pathogen-associated molecular patterns
(PAMPs) [45]. These cytokines stimulate the development
of CD4+ Th1 and TH7 cells [46]. Meanwhile, various neu-
rotransmitters such as norepinephrine, dopamine, acetyl-
choline, and 5-hydroxytryptamine can be secreted to affect
the organism [4]. In addition, GF mice have been found
to have Foxp3 + Tregs lymphocyte defects [47] suggesting
that gut microbiota can indirectly affect the immune status
of central nervous system (CNS) by acting on the peripheral
immune system (Fig. 1).

Microglia express a variety of innate immune-related
pattern recognition receptors, including Toll-like receptors,
NOD-like receptors, and scavenger receptors, which are es-
sential for their recognition and response to PAMPs of gut
microbiota. The transcription products of almost all Toll-
like receptors are expressed in microglia, including TLR1-
9, but not all TLRs are translated into proteins [48]. Only
TLR1,2,3,4 and 9 have been found to be expressed at the
protein level in primary rodent and human microglia cell
lines [48]. TLR4 responds to bacterial LPS and promotes
microglia paracrine activation [49], while TLR2 activation
promotes antagonism against Gram-positive bacteria in the
CNS [50,51]. TLRs, upon receiving LPS stimulation, pass
through their intracellular part to promote cell signaling,
induce microglia to polarize toward M1 type and secrete
proinflammatory factors such as THF-«, IL1-43, and IL-12
[52,53]. NOD-like receptors are intracellular pattern recog-
nition receptors located in the cell and play a role in natural
immunity by forming inflammatory vesicles. Inflammatory
vesicles within microglia have been found to play a role in
S. aureus and prion infections [54,55].

The intestinal microbiota can anaerobically ferment
undigested food in the colon into extremely diverse metabo-
lites. The intestinal barrier, composed of intestinal epithe-
lial cells, allows these metabolites to enter the cells and to
regulate the immune system and disease [56].

Short-Chain Fatty Acids (SCFAs)

The gut microbiota can ferment undigested complex
carbohydrates into organic acids, gases and short-chain
fatty acids (SCFAs) through a series of complex enzymatic
reactions. SCFAs include acetate, propionate and butyrate.
Their concentration in the intestine is determined by the
composition of the intestinal microbiota and the dietary
fiber content of food. SCFAs have been found to regulate
the immune status in humans and the development of mul-
tiple diseases [42,57-59].

Erny et al. [19] first reported that SCFAs produced by
the gut microbiota could influence the maturation and func-
tion of microglia in the central nervous system. They found
that dietary supplementation with SCFAs could promote
partial re-maturation of immature microglia in the brains
of GF mice and mice treated with broad-spectrum antibi-
otics. The expression of CSFR1, a marker of immature mi-
croglia, was reduced after supplementation with SCFA. In

a follow up study, these authors studied the mechanism by
which acetate drives microglia maturation and functional
changes [60]. Comprehensive analysis of mitochondrial
function revealed selective complex II damage in the mi-
croglia mitochondria of GF mice. Acetate supplementation
was found to restore defective mitochondrial function in mi-
croglia by replenishing tricarboxylic acid cycle intermedi-
ates. Intestinal-derived acetate labeled with C'* was con-
verted to acetyl-CoA and stored in the mitochondria. The
lack of acetate was speculated to result in the conversion of
citric acid to acetyl-CoA in GF mice, causing oxaloacetate
to increase which in turn caused subsequent functional im-
pairment of complex II. In thy1-aSYn mice (a mouse model
in which human alpha-synuclein is overexpressed under the
Thyl promoter in many central and peripheral cells type
including neurons, SCFAs resulted in significant microglia
activation [61]. The PD phenotype could be prevented un-
der GF conditions or by treatment with broad-spectrum an-
tibiotics. Feeding a SCFA mix to a GF mouse model of
PD resulted in microglia activation, accompanied by a-
synuclein aggregation and motor deficits. Interestingly, an-
other study found that sodium butyrate can cause degrada-
tion of a-synuclein via the PI3K/Akt/mTOR pathway [62].
Several studies have shown that SCFAs can cross the
blood-brain barrier [63,64], suggesting they may act di-
rectly on microglia to affect their functions. SCFAs can be
bound by specific receptors, such as Free Fatty Acid Recep-
tor 2 and 3 (FFAR2, FFAR3) [65]. Although FFAR2 is not
expressed in any adult brain cells including microglia and
endothelial cells, FFAR2 gene-deficient mice have similar
microglia to GF mice [19,66]. This suggests that SCFAs can
also bind to FFAR2 expressed by peripheral myeloid cells
or lymphocytes (e.g., spleen or intestinal macrophages),
thus indirectly sending signals to the central nervous sys-
tem and thereby regulating the maturation and function of
microglia. However, there is currently no evidence show-
ing that brain cells express FFAR2 during early embryonic
development. More research is therefore needed to under-
stand the mechanism by which SCFAs affect microglia.

7. Gut Microbiota, Microglia, and
Neuroinflammatory Diseases

7.1 Alzheimer s Disease

AD is the most common neurodegenerative disease
and causes dementia in millions of people worldwide. Cere-
bral amyloidosis and abnormal protein deposition are typ-
ical pathological features of AD. Microglia in the brain
proliferate, activate and concentrate around these amy-
loid plaques and protein depositions. Genetic studies have
shown that most AD risk genes are highly and selec-
tively expressed in microglia, including TREM2, CD33
and APOE [67]. In-depth studies of the microbe-gut-brain
axis have led to the hypothesis that gut microbes influence
the pathological changes observed in AD by affecting mi-
croglia. Harach et al. [68] found significantly less amyloi-
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Fig. 1. Gut microbiota-associated substances modulate maturation, morphology, function and phenotype of microglia. Direct

pathway includes gut microbiota metabolites, stimulation of the vagus nerve. Indirect pathway includes secretion of neurotransmitters,

effect of PAMPs on innate immunity via PRR and regulation of T cell maturation.

dosis in the central nervous system of APPPS1 transgenic
mice (AD model containing human transgenes for both APP
bearing the Swedish mutation and PSEN! containing an
L166P mutation, both under the control of the Thy/) un-
der GF conditions compared to SPF mice. However, the
level of amyloidosis became similar after the transplan-
tation of intestinal microbes from specific pathogen free
APPPS1 mice. The above studies suggest that the presence
or absence of intestinal flora has an important impact on
the pathology of AD. Changes in the composition of gut
microbiota were also found in the 5 x FAD mouse line,
another widely used mouse model for AD [69]. In addi-
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tion, the diversity of fecal microbiota was observed to be
significantly reduced in a small study of AD patients [70].
Treatment of an AD mouse model with broad-spectrum an-
tibiotics significantly reduced the amyloidosis-related mi-
croglia and amyloidosis burden [71], but only in males. The
gender difference in response of microglia to AD and in-
testinal microbiota was later confirmed in another mouse
model (APPPS1-21) [20]. In summary, the mechanisms by
which intestinal microorganisms can affect the function of
microglia are only just beginning to be understood and re-
quire further in-depth research.
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7.2 Parkinson s Disease

PD is the second most common neurodegenerative
disease after AD and is characterized by the impairment
of movement and cognitive decline. PD is caused by the
loss of dopaminergic neurons in the substantia nigra com-
pact area, and accumulation of a-synuclein (asyn) in the
endoneurium. Gut microbes have been shown to aggra-
vate the severity of PD in the Thyl-aSyn (alpha-synuclein-
overexpressing) mouse model [46]. Treatment of Thyl-
aSyn mice with broad-spectrum antibiotics reduced the ac-
tivation of microglia and the secretion of pro-inflammatory
factors such as TNF-« and IL-6. These authors also found
transplanted gut microbes from SPF-Thyl-aSyn mice to
GF-Thyl-aSyn mice, or increasing the supply of SCFAs
could resulting in more severe pathological manifestations
of PD compared to the control group. Other investigators
have reported that a-synuclein initially accumulates in the
intestine only, and then transfers to the central nervous sys-
tem through the vagus nerve, leading to PD-like patholog-
ical changes [72]. In support of this, vagus nerve ampu-
tation has been observed to delay the pathological process
of PD in some sporadic cases [73,74]. In summary, there
is now sufficient evidence to suggest a close regulatory re-
lationship between intestinal microbes, microglia and PD.
However, the specific mechanisms and functional changes
require further clarification.

7.3 Multiple Sclerosis

MS is a chronic neurodegenerative disease of the cen-
tral nervous system mediated by T cells. Immune cells
from the central nervous system and from the peripheral
immune system are involved in the pathological process
of MS. The important role of gut microbiota in this pro-
cess was demonstrated by Berer ef al. [75]. These work-
ers used a self-developed mouse model of MS to show that
intestinal microbiota and myelin autoantigens jointly in-
duced an autoimmune demyelination response. In follow-
up work they found that Akkermansia may cause aggrava-
tion of MS symptoms. Using Experimental Autoimmune
Encephalomyelitis (EAE) mice model (a model widely used
to simulate MS), Haghika et al. [76] showed that long-
chain fatty acids can sustainably reduce the concentration
of SCFAs in the intestine, thereby increasing Th1 and Th17
cells in the small intestine and aggravating the disease
symptoms. Meanwhile, in the EAE mouse model, treat-
ment with a mixture of Clostridium strains reduced mi-
croglia activation rate and improved axonal damage. In
addition, Clostridium treated mice were found to have el-
evated plasma butyrate levels, but treatment with butyrate
alone did not produce a therapeutic effect on EAE mouse
model [77]. Further, transplantation of fecal from healthy
mice into EAE mice modulates the gut microbiota of EAE
mouse model, improves the severity of EAE by alleviat-
ing blood-brain barrier (BBB) leakage and decreasing mi-
croglia activation [78]. It is not yet known how the gut mi-

crobiota regulates immune cells in the peripheral and cen-
tral nervous system during the pathological process of MS,
although antibiotic treatment of lecithin-induced MS mouse
models was shown to alter the central nervous system. In-
flammatory conditions such as the functional impairment
of myelin fragments and the differentiation of oligodendro-
cyte progenitor cells were also shown to be affected by the
activation of microglia. Recent studies have found that the
Aryl Hydrocarbon Receptor (AHR) ligand derived from gut
microbiota not only controls astrocytes but also binds to mi-
croglia that express AHR. This activates the microglia and
increases their secretion of TGF-3 and VEGF-{, thereby
regulating the inflammatory response of astrocytes and mi-
croglia during the pathological process of EAE. Other stud-
ies have reported that AHR receptor-deficient microglia can
aggravate EAE symptoms. The peripheral immune system
was not affected, suggesting that AHR activation can alle-
viate symptoms of the central nervous system. The above
studies indicate that microbial metabolism of tryptophan
can affect the activation of astrocytes and microglia, thus
providing new treatment options in the future.

7.4 Autism Spectrum Disorder (ASD)

ASD is a severe neurodevelopmental disorder char-
acterized by age inappropriate, impaired social communi-
cation, and the presence of stereotypic behavior. During
neurodevelopment, microglia are involved in regulating the
number and strategic positioning of neurons and shaping
neuronal connectivity [79,80], and also support gliogene-
sis and myelination [79,81]. Due to their important func-
tions, microglia are thought to play an important role in
ASD. In a study of pathological samples, Vargas et al. [82]
found increased microglia activation throughout the cere-
brum and cerebellar cortex of ASD patients, as evidenced
by increased MHCII expression. In another study, it was
also found that microglia density was increased in the brain
and cerebellar cortex of patients with ASD and exhibited
enlarged cell bodies, synaptic constriction and thickening
[83,84]. Also, it was found that overproduction of proteins,
such as overexpression of the transcription initiation factor
EIF4e, in microglia alone was sufficient to cause mice to
exhibit impaired synapse formation and ASD-like behavior
[85]. Several studies have found alterations in the compo-
sition and abundance of the intestinal flora of children with
ASD, with increased proportions of Clostridium, Suterella,
Ruminococcus, Lactobacillus, and decreased proportions
of Bifidobacterium, Akkermansia, Blautia, and Prevotella
[86-91]. Transplantation of fecal microbiota from the neu-
rotypical control donors group into ASD patients signifi-
cantly improved irritability, communication skills and so-
ciability [92,93]. Propionate in SCFAs increases inflam-
matory cytokine production and ASD-like behavior in mice
by increasing the activation of microglia [94,95]. While bu-
tyrate was found to promote the transcription of genes re-
lated to [96] neuronal inhibitor pathways, thereby improv-
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ing social behavior in BTBR mouse strains, an idiopathic
ASD model. There is a significant relationship between mi-
croglia function, gut microbiota and ASD, which may pro-
vide us with new therapeutic targets, but the exact mecha-
nisms remain to be fully established.

7.5 Major Depressive Disorder (MDD)

Depression is a major mental disorder, estimated to
reach approximately 4.4% of the world population [97].
The main symptoms of Major Depressive Disorder include
depressed mood, anhedonia, irritability, difficulty concen-
trating, changes in appetite and sleep, and others [98]. The
main hypothetical theories about MDD include monoamine
neurotransmitter depletion hypothesis, neuroplasticity hy-
pothesis, hypothalamus—pituitary—adrenal [99]. Several
studies have shown that microglia are closely related to the
three hypotheses mentioned above [100,101]. Microglia
play an important role in neuroinflammatory diseases be-
cause of their functions such as activation of inflamma-
tion, synaptic refinement, synaptic pruning, and neuronal
connectivity [102]. Thus, MDD is also considered to be
a microglia-related disease. Probiotic targeted regulation
of gut microbiota has been found to be a new strategy
for improving MDD. Lactobacillus reuteri NK33 and Bifi-
dobacterium adolescentis NK98 were found to ameliorate
restraint-induced stress anxiety/depression in mice [103].
A study by Zhang et al. [104] showed that administra-
tion of an anti-mouse IL-6 receptor antibody (MR16-1)
led to antidepressant effects in a model of socially defeat
stress and an improvement in Firmicutes/Bacteroidetes ra-
tio in susceptible mice, suggesting that IL-6 blockade in-
duces antidepressant effects by normalizing the composi-
tion of the altered gut microbiota. The kynurenine path-
way (KP) plays an important role in the development of
psychiatric disorders, including schizophrenia [105] and
MDD [106]. Gut microbiota metabolites such as short-
chain fatty acids can promote 5-hydroxytryptamine pro-
duction via tryptophan, thereby modulating this pathway
and preventing the conversion of tryptophan to kynure-
nine [107]. A small fraction of tryptophan is metab-
olized to 5-hydroxytryptamine through indoleamine-2,3-
dioxygenase (IDO) enzymes, which are contained in all
tissues, while another fraction enters the kynurenine path-
way [108]. During intestinal inflammation, stimulation
of the inflammatory cytokines, such as interferon v (IFN-
v) and IL-6, induces the production of IDO and leads to
changes in tryptophan metabolism, resulting in a shift in 5-
hydroxytryptamine synthesis to the kynurenine metabolic
pathway [109,110]. KP are divided into two pathways:
(a) production of kynurenic acid (KYNA), and (b) produc-
tion of quinolinic acid (QUIN) [111]. MDD is associated
with overproduction of QUIN and a decrease in KYNA
[112]. Investigators hypothesize that MDD is associated
with pathological pathways that produce inflammatory KP,
maintaining a persistent microglia imbalance and the per-
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sistence of chronic inflammation [106,113].

8. Gut Microbiota, Microglia, and Tumors
Glioma

Gliomas are the most common and lethal tumor of the
central nervous system in adults. About 50% of glioma pa-
tients have the most aggressive phenotype. The five-year
survival rate of these patients is just 3.3%, with a median
survival time of only 14.6 months [114]. Like other solid tu-
mors, gliomas have a complex immune microenvironment
that has important effects on tumor proliferation, invasion
and metastasis [15]. Microglia are believed to play a role
in the pathogenesis of gliomas by promoting the migration
and proliferation of glial cells. The relative abundance of
Akkermansia and Bacteroides increased after tumor growth
in the syngeneic mouse model of glioma (GL261), but no
obvious difference was found in 6 glioma patients [115].
Moreover, the concentrations of fecal microbiota metabo-
lites such as SCFAs, 5-hydroxyindole acetic acid and nore-
pinephrine were reduced. In another study using the GL261
mouse model, treatment with broad-spectrum antibiotics
promoted the growth of mouse gliomas and altered the sub-
population and function of NK cells in the brain, bone mar-
row, and spleen [116]. Although they did not find a sig-
nificant change in the density of microglia, these authors
found that antibiotic treatment increased the expression of
Argl, P2ry12 and INOS in the brain. Some researchers have
speculated that the observed phenomenon may be due to
the lack of signals from Prevotellaceae, Rikenellacaea and
Helicobacteraceae, or to the up-regulation of signals from
Burkholderiales. In summary, the research to date on reg-
ulation of microglia by intestinal microbes and the possible
effects on glioma development is still preliminary. Further
research is needed to clarify these relationships, including
identification of the specific mechanisms or signaling path-
ways.

Multiple experiments have shown that the intestinal
microbiota regulates peripheral immune cells, thereby af-
fecting malignant tumors of the digestive system. For ex-
ample, it was recently reported that the intestinal micro-
biota of colorectal cancer patients can stimulate cathepsin
K secretion, mediate the polarization of TLR4 receptor-
dependent M2 microglia, and promote tumor metastasis
[117]. Microglia are considered to be macrophages in the
central nervous system. Intestinal microbiota could in the-
ory also change the polarization state of microglia, thereby
affecting the microenvironment of central nervous system
tumors and of brain metastases.

Recent studies have shown that the intestinal micro-
biota can affect not only the occurrence, invasion and
metastasis of tumors, but may also impact the efficacy of tu-
mor treatment. The efficacy of cyclophosphamide, a tradi-
tional and widely used cancer drug, in a mouse tumor model
has been shown to depend on the intestinal bacteria. Mice
with solid tumors showed a reduced Th17 response under
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sterile conditions or with the use of broad-spectrum antibi-
otics. The tumors were also resistant to cyclophosphamide.
Specific strains (e.g., B. fragilis) in GF mice may overcome
tumor resistance to CTLA-4 immunotherapy [118]. In light
of the above findings it is likely that microglia, as the only
resident immune cell in the brain, are also regulated by the
intestinal microbiota. Therefore, microglia occupy an im-
portant position in the development of brain tumors (pri-
mary or metastatic) and in treatment response. The intesti-
nal microbiota can affect brain tumors by regulating mi-
croglia, suggesting this axis may provide a novel therapeu-
tic target as well as new directions for future studies of brain
diseases.

9. Discussion

Perhaps five years ago, it would have been difficult
to imagine such a broad and tight connection between the
intestinal microbiota and microglia, which could serve as
an axis through a wide variety of disease pathologies and
as potential therapeutic targets. Because of the importance
of these connections, we need to go back to the roots of
these connections and dig deeper into the underlying mech-
anisms. First, the pathways through which the gut mi-
crobiota affect microglia are diverse and can be function-
ally oriented to investigate the specific mechanisms of each
regulatory pathway and possible synergistic effects in dis-
ease models. Second, the regulation of metabolism on
the polarization state of microglia can be studied from a
metabolomics perspective, similar to the regulation of pe-
ripheral macrophage metabolism. Third, the existence of
the concept of M1/M2 type polarization of microglia is still
controversial and can be studied from the perspective of
individual cell genomics, proteomics and metabolomics to
expand the understanding of the microglia phenotype.
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