Immune Netw. 2021 Jun;21(3):e20
https://doi.org/10.4110/in.2021.21.e20
pISSN 1598-2629-eISSN 2092-6685

Review Article

‘ '.) Check for updates ‘

Received: Jun 3, 2021
Revised: Jun 9, 20921
Accepted: Jun12, 2021

*Correspondence to

Sun-Young Chang

Laboratory of Microbiology, College of
Pharmacy, Ajou University, 206 Worldcup-ro,
Yeongtong-gu, Suwon 16499, Korea.

E-mail: sychang@ajou.ac.kr

Copyright © 2021. The Korean Association of
Immunologists

This is an Open Access article distributed
under the terms of the Creative Commons
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial
use, distribution, and reproduction in any
medium, provided the original work is properly
cited.

ORCID iDs

Min-Gyu Gwak
https://orcid.org/0000-0001-5700-0499
Sun-Young Chang
https://orcid.org/0000-0001-7336-9245

Conflict of Interest
The authors declare no potential conflicts of
interest.

Abbreviations

ACTH, adrenocorticotropic hormone; AhR, aryl
hydrocarbon receptor; AlS, acute ischemic
stroke; ANS, autonomic nervous system; BBB,
blood-brain barrier; CCK, cholecystokinin;
CNS, central nerve system; CORT,
corticosterone; CRH, corticotropin-releasing

IMMUN=
N=TWORK

Gut-Brain Connection: Microbiome, Gut
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ABSTRACT

The gut is an important organ with digestive and immune regulatory function which
consistently harbors microbiome ecosystem. The gut microbiome cooperates with the

host to regulate the development and function of the immune, metabolic, and nervous
systems. It can influence disease processes in the gut as well as extra-intestinal organs,
including the brain. The gut closely connects with the central nervous system through
dynamic bidirectional communication along the gut-brain axis. The connection between

gut environment and brain may affect host mood and behaviors. Disruptions in microbial
communities have been implicated in several neurological disorders. A link between the gut
microbiota and the brain has long been described, but recent studies have started to reveal
the underlying mechanism of the impact of the gut microbiota and gut barrier integrity on
the brain and behavior. Here, we summarized the gut barrier environment and the 4 main
gut-brain axis pathways. We focused on the important function of gut barrier on neurological
diseases such as stress responses and ischemic stroke. Finally, we described the impact of
representative environmental sensors generated by gut bacteria on acute neurological disease
via the gut-brain axis.

Intestine; Brain; Microbiome; Stroke; Short-chain fatty acid;
Aryl hydrocarbon receptor

GUT BARRIERS

The gut mucosa has multiple layers to provide an efficient barrier against noxious luminal
agents. The intestinal epithelium is continuously renewed from pluripotent intestinal

stem cells (ISCs) at the base of the crypt. The secretory epithelial cells produce a mucous
physicochemical barrier containing antimicrobial peptides to control microbial invasion.
The gut epithelial cells are tightly interconnected with various junctions. Under gut
epithelium, an immunological surveillance system finally combats external invaders. Here
we summarized a well-organized network of gut mucosa to sustain sterile conditions in most
organs within the body.
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Gl, gastrointestinal; GIP, glucose-dependent

insulinotropic polypeptide; GLP-1, glucagon- The intestine is covered by an epithelial monolayer consisting of crypts and villi. Although
like peptide-1; GPCR, G-protein coupled there are differences between the small intestine and colon, the intestinal epithelial
receptor; HDAC, histone deacetylase; HPA, cells (IECs) include various cell types (Fig. 1). Besides enterocytes, there are secretory

hypothalamic-pituitary-adrenal; IEC, intestinal

IECs including enteroendocrine cells, goblet cells, Paneth cells, and other types of cells.
epithelial cell; IEL, intraepithelial lymphocyte;

o S ) Enteroendocrine cells, which are divided into several subtypes according to hormone
ISC, intestinal stem cell; ITF, intestinal trefoil . . . . .
factor: LrS, leucine-rich repeat-containing secretion, regulate physiological function (Table 1). Enterochromaffin cells secrete serotonin,
G-protein coupled receptor 5; Muc2, mucin D cells secrete somatostatin, and G cells secrete gastrin (1). Goblet cells and Paneth cells play
2; NMDA, N-methyl-D-aspartic acid; PD, critical roles in forming physical and biochemical barriers. Goblet cells secrete glycosylated

Parkinson's disease; PYY, peptide YY: RELM-B.  mpycins into the intestinal lumen and then form a mucus layer through the disulfide bonds
resistin-like molecule-; SCFA, short-chain
fatty acid; VN, vagus nerve; ZO, zonula
occludens.

of glycosylated mucins. On the epithelial surface, mucin 2 (Muc2) plays an important role
in organizing mucus (2). It maintains intestinal barrier homeostasis and induces anti-
inflammatory signals by binding to glycan receptors in lamina propria dendritic cells
Author Contributions (DCs). Muc2 secretion is regulated by gut microbes and their metabolites such as short-
Conceptualization: Chang SY; Visualization: chain fatty acids (SCFAs). In addition, goblet cell-derived products such as intestinal trefoil
Chang SY; Writing - original draft: Gwak MK; T . . .
factor (ITF) and resistin-like molecule-p (RELM-f), contribute to the regulation of physical

Writing - review & editing: Chang SY. . L . . . . . . .
barriers (3). ITF is involved in regulating tight junctions, cell apoptosis, and promoting
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Figure 1. Dynamic homeostasis of the gut epithelium and gut barrier integrity. (A) Gross features of the small intestine. Proliferation and differentiation of

Lgr5* ISCs into TA cells occur at the intestinal crypt. TA cells are differentiated into secretory and absorptive epithelial lineages during migration from the crypt
to the villi. Secretory lineage cells are more differentiated into mucin/antimicrobial peptide-secreting goblet cells and Paneth cells or neuroendocrine cells
producing hormones. When these fully differentiated cells reach the villi tips, apoptotic cell death occurs via cell signaling. (B) The intestinal epithelial barrier is
constructed of cellular junctions in the paracellular spaces between adjacent cells. Tight junctions are composed of claudin, occludin, and ZO-1, and adherens
junctions are composed of E-cadherin. There are also desmosomes, gap junctions, and hemidesmosomes in the paracellular space, which are involved in
transporting nutrients and forming the physical intestinal barrier.

TA, transit-amplifying.
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Table 1. Subtypes of intestinal enteroendocrine cells
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Subtypes Functions Marker Function

Enterochromaffin cells Aid in intestinal motility reflexes and secretion 5-HT Appetite, motility
Enterochromaffin-like cells ~ Stimulate gastric acid secretion Histamine Acidity

D cells Inhibit gastrin and somatostatin release SST Acidity and insulin

Gcells Stimulate gastric acid secretion Gastrin Acidity

I cells Stimulate pancreatic enzyme secretion CCK Appetite, motility, bile acid
K cells Stimulate insulin release GIP Insulin

L cells Aid in carbohydrate uptake, mucosal enterocyte proliferation, and insulin release ~ GLP-1, GLP-2, PYY Appetite, insulin, motility
Mo cells Initiate myoelectric complex migration Motilin Motility

N cells Inhibit intestinal contractions NTS Motility

Scells Reduce acidity in the upper small intestine SCT Acidity

Acells Secrete ghrelin and nesfatin-1 Ghrelin Appetite, growth hormone release
P cells Secrete leptin Leptin Appetite

5-HT, 5-hydroxytryptamine; SST, somatostatin; NTS, neurotensin; SCT, secretin.

epithelial repair. RELM- modulates Th2-mediated responses. Microfold cells are found
in the follicle-associated epithelia and are involved in the immune response through the
absorption of luminal Ags and delivery to Ag-presenting cells. Cup cells account for 6% of the

ileum epithelial cells, but their function remains unknown. Tuft cells (taste chemosensory
epithelial cells) are involved in the immune response by secreting cytokines (3).

INTERCELLULAR BARRIERS

Tight junctions form a proteinaceous film that regulates the diffusion of ions and solutes
between cells in mammals (Fig. 1A). Tight junctions include claudins, occludins, and zonula
occludens (ZO) (3). The claudin and occludin proteins are arranged in chains and linked

by sealing between adjacent cells. In humans, claudins are comprised of families, which
include claudin 1, 2, 3, 4, 5, 7, 8, 12, and 15 (4). Occludin can regulate large molecules, but
its specific role remains to be investigated. ZO-1 belonging to the ZO proteins (ZO-1, ZO-2,

and ZO-3) acts as a scaffold protein that anchors to the actin cell skeleton through cross-
linking (5). The adherens junction, a basal protein complex serves as a pathway for cell-cell
adhesion, actin cytoskeleton regulation, cell signaling, and gene transcription regulation.
Cadherin, one of the adherens junction protein complexes, is a major type of transmembrane
protein and connects with cadherin in adjacent cells in a calcium-dependent manner. It is
indirectly bound to a-catenin through p120 and f-catenin, and a-cadherin connects the actin

cytoskeleton. P120-catenin complex linked to the cadherin ternary complex regulates the life

cycle of cadherin in the plasma membrane (6).

REGENERATION OF GUT EPITHELIUM

An essential factor in maintaining barrier homeostasis is the controlled supply of new cells.
IECs, one of the most proliferative in the body, constantly regenerate themselves to maintain
intestinal homeostasis and barrier integrity against the invasion of many pathogens. The
differentiation of these cells is a process that is precisely controlled by several signaling
pathways and molecular markers (Fig. 1A). The differentiation of epithelial cells originates
from pluripotent leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5)* ISCs
(7). Lgr5, one of the G-protein coupled receptor (GPCR) class proteins, is critical for the
process of self-renewal and differentiation and is a major component of Wnt signaling
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and plays an essential role in intestinal recovery. Crypt base columnar cells multiply at the
bottom of the crypt and the daughter cells move up to the villous tip. The rapidly dividing
cells differentiate into transit-amplifying cells, which are regulated by 3 main signaling
pathways, Wnt, Notch, and BMP (8). Notch-HES1 signaling promotes the absorptive lineage,
whereas Math1-Atoh1 signaling promotes the secretory lineage. The process by which

each cell is rapidly and precisely differentiated requires much additional research, but it is
certainly important in maintaining intestinal homeostasis. At the top ofvilli, damaged cells
are replaced with newly differentiated cells and also inhibit excessive proliferation, thereby
inhibiting intestinal tumor formation. Microbial factors influence stem cell differentiation.
The importance of SCFAs, dietary metabolites fermented by microbes, is currently being
studied. For example, butyrate as a histone deacetylase (HDAC) inhibitor (9), inhibits crypt
proliferation, whereas lactate accelerates stem cell proliferation dependent upon GPR81 (10).

GUT-BRAIN COMMUNICATION

The brain-gut axis has been the subject of research over the past several years. Cross-
communication between the brain and gut occurs through multiple biological networks
involving the neural network, neuroendocrine system, immune system, and metabolic
pathways, which enable bidirectional communication (Fig. 2). In addition, microbial changes
in the gut can influence brain physiology and behavioral cognitive functions (11). Here,

the complexity and mechanistic modalities for these connections are highlighted in the
pathogenesis of human diseases.

The intestine physically links the brain through 2 neuroanatomical pathways (12). The

first is the direct interaction with the autonomic nervous system (ANS) and vagus nerve
(VN). The VN innervates the mucosal and muscle layers of the gut, senses stimuli, and
transmits these signals to the brain. These relationships can mediate mechanoreceptors or
chemoreceptors, which sense the luminal volume or chemical stimuli such as hormones,
neurotransmitters, and metabolites. The efferent VN transfers information from the central
nerve system (CNS) to the viscera and plays a critical role in metabolism and immunity. These
functions suggest that the VN is an important mediator of bidirectional communication. The
second is the bidirectional exchange via the enteric nervous system (ENS) in the intestine,
which is connected to the ANS and VN in the spinal cord. This neural network has 4 steps,
starting from the ENS and followed by the ganglia that modulate the peripheral visceral
reflex response. The next step is the ANS and VN dorsal motor nucleus of the spinal cord

and the brain stem nucleus tractus solitarius. The VN dorsal motor nucleus affects the
gastrointestinal (GI) tract and, in particular, regulates vagal sensitivity. The final is the higher
brain center. Brainstem nuclei control intestinal function according to information from

the cortex and the subcortical center. The gut microbiota directly modulates sympathetic
neurons (13). Bacteria stimulate the afferent neuron of the ENS, and vagal signals can

induce an anti-inflammatory response. Intestinal microbes play an important role in

the development and maturation of the immune, endocrine, and nervous systems. Aryl
hydrocarbon receptor (AhR) ligands, microbial products, and SCFAs influence ENS activity
and regulate gut motility. These findings suggest that gut microbiota mediate neuronal
pathways of the gut-brain axis through their metabolites.
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Figure 2. The dynamic communication of the gut microbiota-brain axis. Bidirectional communication between the gut and brain can be mediated by several direct
and indirect pathways. The communication routes involve @ the nervous system including the ENS and the VN, @ the neuroendocrine and HPA axis, ® the immune
system, and ® microbiota-derived neuroactive compounds. The gut microbiota can produce neurotransmitters such as GABA, dopamine, and serotonin; amino
acids such as tyramine and tryptophan; and microbial metabolites such as SCFAs and AhR ligands. The gut epithelium consists of various kinds of hormone-secreting
specialized neuroendocrine cells. These hormone and neuroactive compounds influence the local gut physiology and can travel through the blood circulation

to interact with the host immune system and metabolism that directly signals the brain. The gut microbiota can influence epithelial barrier integrity, controlling

the transit of signaling molecules from the gut lumen to the lamina propria, which contains various immune cells and neurons, or the blood circulation. Some
neuropsychiatric conditions can disrupt gut barrier integrity. Stress can activate an HPA axis response that involves CRH, ACTH, and cortisol sequentially. Cortisol
regulates neuro-immune signaling and affects intestinal barrier integrity. Therefore, stress hormones, immune mediators, and CNS neurotransmitters can change the
gut environment and alter microbiota composition.

5-HT, 5-hydroxytryptamine.

The gut microbiota aids in the maturation of the neuroendocrine system. The quality and
quantity of microbiota and the expression of TLRs may affect neuroendocrine secretion.
The gut microbiota is essential for the postnatal development of the HPA axis in the

stress response. Mice lacking a stress response had decreased expression of brain-derived
neurotrophic factor and 2A subtype of N-methyl-D-aspartic acid (NMDA) receptors. NMDA
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receptors affect the release and expression of corticotrophin-releasing hormone from the
hypothalamus and induce changes in HPA axis function. In turn, the stress-HPA axis also
affects the gut microbiota composition. Cortisol is a substance that plays a central role in the
stress response. Corticotropin-releasing hormone (CRH) in the hypothalamus influences
cortisol through the regulation of adrenocorticotropic hormone (ACTH). Therefore, the

HPA axis, a key regulator of the stress response, can influence the regulation of the brain-
gut-axis (12). The gut epithelium consists of various kinds of hormone-secreting specialized
neuroendocrine cells (Table 1). K-cells regulate insulin through glucose-dependent
insulinotropic polypeptide (GIP) release and promote triglyceride storage (14). GIP stimulates
the release of insulin hormone and is involved in the metabolism of dietary fat. In addition,
glucagon-like peptide-1 (GLP-1) is responsible for insulin release after glucose intake, which
is called the incretin effect. It stimulates fat deposition of adipose tissues, which is related

to over-nutrition and obesity. L-cells secrete GLP-1 and peptide YY (PYY) in response to food
intake (15). The release of GLP-1 inhibits insulin secretion in pancreatic -cells and increases
satiety. PYY inhibits GI motility, slows food intake, decreases appetite, and increases energy
consumption. I-cells release anti-orexigenic and the principal satiety peptide hormone
cholecystokinin (CCK) (16). CCK reacts to fatty acids, amino acids, and luminal nutrients and
is released by I cells, inhibiting gastric discharge and stimulating gallbladder contraction and
the secretion of enzymes in the pancreas to promote digestion. G cells are neuroendocrine
cells responsible for the synthesis and secretion of gastrin, which is stimulated by gastrin-
releasing peptide neurons or vagal efferent neurons (16). They are mainly located in the
pyloric antrum and are also found in the duodenum and pancreas. Enterochromaffin-like
cells are found in the gastric pits of the fundus and cardia of the stomach and secrete
histamine to bind to H2 receptors in the adjacent parietal cells (1). Gastric acid secretion

is further stimulated by parietal cells. S cells found in the jejunum and duodenum release
secretin (1). When the internal pH of the small intestine falls below 4, S cells release secretin,
which increases the secretion of HCO;™ into the lumen. D cells, also known as delta cells,

are involved in the production of the hormone somatostatin (1). Somatostatin is involved

in inhibiting the production of gastric acid, intestinal motility, and the release of digestive
enzymes from the pancreas.

The gut microbiota is necessary for the normal development of the peripheral immune
system in the gut as well as the brain. For example, the gut microbiota influences microglia,
innate immune cells of the brain (17). Germ-free mice have increased numbers of immature
microglia while treatment with complex microbiota or SCFAs can rescue mature microglia
deficiency (18). Microglia affected by the gut microbiota can influence processes such

as stress and human behavioral and neurological disorders. Cytokines produced in the
intestine can travel to the brain through the bloodstream and affect the systemic immune
system. Altered systemic immunity changes immune signaling and peripheral inflammation
in the brain, which is associated with many neuropsychiatric diseases including anxiety,
depression, and autism spectrum disorder. The possibility of passing through the blood-
brain barrier (BBB) is low, but signals can be transmitted to the brain through the BBB. The
production of LPS and cytokines induces a change in the barrier function, and further affects
brain development due to the generation of inflammatory factors that can change peripheral
vascular permeability. The gut microbiota influences the permeability of the BBB. Increased
permeability of the BBB in germ-free mice resulted from the reduced expression of occludin
and claudin 5 (19). Injury, infection, and autoimmunity affect BBB permeability and increase
the access of microbial products in the circulatory system to the brain (20). Immunological
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sensitization in BBB integrity is a characteristic feature of neuropathological symptom,
suggesting a connection between the gut environment and the brain. IL-1 and IL-6 in the
hypothalamus induce the release of cortisol through activation of the HPA axis (21).

Neuroactive substances such as serotonin (5-hydroxytryptamine), y-aminobutyric acid
(GABA), and SCFAs can affect brain function. Some substances like ammonia and D-lactic
acid can produce neurotoxic effects. Bifidobacterium infantis has been shown to affect serotonin
by raising tryptophan levels in plasma (22). Gut microbes influence the synthesis and release
of neurotransmitters such as noradrenaline, dopamine, and acetylcholine (23). These
neurotransmitters originating in the gut are allowed to pass through the intestinal vein but
does not directly affect brain function because of BBB. Thus, it can be postulated that the
effect of the gut microbiota on brain function is indirect. SCFA is a fermented product of the
intestinal microbial metabolism of dietary fiber. SCFAs affect the intestinal epithelium and
immunity through GPCRs. These GPCRs are rare but are present in the brain. SCFAs can also
affect psychological function through HDACs. Thus, SCFAs can affect the brain in direct and
indirect ways such as humoral effects, hormones, immune pathways, and nerve pathways
(24). SCFAs modulate microglial immune programming by inducing microglial maturation
and morphologic changes in the murine brain (18).

Serotonin is one of the neurotransmitters derived from tryptophan. Tryptophan is
converted to 5-hydroxytryptophan by tryptophan hydroxylase and then further converted

to serotonin by aromatic amino acid decarboxylase. Serotonin is mainly produced by
enterochromaffin cells of the intestine, although it can be produced in both the brain and
intestines (25). Therefore, serotonin can participate in communication between them. In
the brain, serotonin is involved in feeling a wide range of emotions, including happiness.
Serotonin plays an important role in gut homeostasis, sensory motor function, immune cell
function, and angiogenesis following the onset of inflammation (20). Serotonin signaling
through its receptor is involved in the regulation of mucus secretion and fluid and intestinal
electrolyte transport (27). Serotonin induces gut motility via the extrinsic as well as the
intrinsic nervous system. The binding of serotonin to its receptor increases the secretion of
acetylcholine and calcitonin gene-related peptide from intrinsic primary afferent neurons.
In addition, intestinal contraction and relaxation (substance p and vasoactive intestinal
peptide) are induced by the interaction of the intermediate nerve cells of the stimulation
site and motor nerve cells (28). Thus, serotonin is a key component of irritable bowel
syndrome (25). Serotonin receptors are expressed in almost all immune cells (29). At the
site of inflammation, innate immune cells such as immature DCs, monocytes, mast cells,
and eosinophils are activated by serotonin during acute inflammation. It also promotes the
proliferation of natural Killer cells and helper T cells. Cells stimulated by serotonin increase
the secretion of IL-1B, IL-6, and IL-8. Serotonin regulates innate immune responses through
reactive oxygen species produced by NADPH oxidase 2 (30). Changes in enterochromaffin
cells are related to intestinal inflammation such as ulcerative colitis and irritable bowel
syndrome (31). In Crohn's patients, an increase in enterochromaffin cells was observed, and
elevated serotonin levels were observed in patients with collagenous colitis (32). Serotonin
affects blood vessel synthesis to induce angiogenesis via matrix metalloproteinase and
vascular endothelial growth factor induction through activation of the PI3K/AKT/mTOR
pathway, suggesting the potential of alternative therapeutic interventions targeting the
vascular and lymphatic endothelium in inflammatory bowel disease (33).
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IMPACT OF THE GUT BARRIER AND MICROBIOME IN
BRAIN DISEASE

Symbiosis of gut bacteria with their hosts impact various neurological function through
dynamic communication between gut and brain. These processes may affect human health and
behaviors in several neurological disorders. Here we discuss emerging evidences and possible
contributions by the gut microbiota to neurological disorders such as host mood and stroke.

From animal experiments and clinical data, the microbiota has been shown to affect host
mood and behavior by producing metabolites and neurotransmitters. Lactobacillus reuteri
increased social behavior in the murine model of autism spectrum disorder by upregulating
oxytocin in the plasma and brain (34). Lactobacillus rhamnosus generated GABA and regulated
its receptors in the CNS to attenuate depression and anxiety-like behavior in the murine
model (34,35). Bifidobacterium longum ameliorated mood alterations in irritable bowel
syndrome patients via VN signals (36). Bacteroides fragilis improved anxiety-like behavior and
communication in a murine model of autism spectrum disorder by reducing 4-ethylphenyl
sulfate (37). The gut microbiota affected Parkinson's disease (PD)-like motor symptoms

and neuroinflammation in a murine PD model (38). Oral treatment with Proteus mirabilis
reproduced PD-like symptoms and increased microglial activation via LPS. Gut bacteria are
involved in fear extinction learning via microbial metabolites in mice (39). Depression was
associated with impaired control of the HPA axis (40). The comparative analysis of specific
pathogen-free mice versus germ-free mice showed that postnatal microbial colonization
programmed the HPA system for a stress response via corticosterone (CORT) and ACTH

(41). Neonatal mice separated from their mothers underwent a constitutive change in the

gut microbiota and impaired growth due to neonatal stress (42). Early life stress alters
immunity, which has implications for irritable bowel syndrome and psychiatric illnesses (43).
Stress-related psychiatric disorders induce the breakdown of the gut barrier and increased
intestinal permeability (44). Once the gut barrier is dysregulated, luminal bacteria can pass
through the intestinal mucosa and directly access immune cells and ENS neurons (45).

The administration of probiotics such as B. infantis or Lactobacillus sp. ameliorated colonic
dysfunction via normalizing the levels of norepinephrine and CORT (46). Probiotic treatment
such as Lactobacillus farciminis prevents gut leakage by attenuating HPA responses (47). Besides
HPA axis regulation, microbes can directly affect CNS through the neuronal network.
Infection with Citrobacter rodentium or Campylobacter jejuni increased anxiety-like behavior
through the vagus neuronal system (48,49). The induction of cFOS, a neuronal activation
marker, was evident in vagal sensory neurons during the acute phase of C. jejuni infection.

Stroke is a disease caused by ischemic or hemorrhagic bleeding followed by brain malfunction
due to brain cell death. Acute ischemic stroke (AIS) accounts for 90% of strokes and occurs
when blood clots block blood flow through the brain arteries (50). The gut microbiome
affects post-stroke outcome and recovery. Microbiome deficiency in germ-free animals

had a negative impact on stroke outcomes compared to specific pathogen-free mice (51).
During the acute stage of stroke, extensive infarction results in the impaired regulation of

the sympathetic nervous system and parasympathetic nervous system and stress hormone
secretion from the HPA axis (52). Thereafter, stroke altered the gut microbiota composition
leading to dysbiosis (53), which induced barrier dysfunction and leaky gut followed by
enhancing inflammatory tones (Fig. 3). The microbiota-gut-brain axis has a critical role in
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Figure 3. Gut-brain system crosstalk via immunity and HPA axis after stroke. Stroke induces dysbiosis, mucosal barrier dysfunction, an increase in gut
permeability, and bacteria translocation, leading to post-stroke infection. In the gut, dysbiosis and bacteria translocation induce a pro-inflammatory T cell
response via innate immune cells. Immune cells, especially IL-17° v T cells, macrophages, and DCs migrate from the gut to the meninges and the brain after
stroke, which leads to post-stroke inflammation and exacerbated brain tissue damage.

SNS, sympathetic nervous system; PNS, parasympathetic nervous system; MLN, mesenteric lymph node.

immune system regulation after AIS. Especially, T cells are critical players in secondary brain
damage following brain injury. Th1, Th17, and IL-17-producing yd T cells are associated with
post-stroke neurotoxicity although Treg cells are closely linked with neuroprotective function
via inhibiting pathogenic T cells. Post-stoke effector T cells traffic from the gut to the brain

and localize in the leptomeninges and enhance neuroinflammation by secreting IL-17 and the
subsequent infiltration of cytotoxic neutrophils (54). Microbiota and their metabolites maintain
immune homeostasis by balancing the generation of immune-regulatory Treg cells versus
pro-inflammatory T cell subsets in the gut. Stroke-induced gut barrier dysfunction increased
translocation from the gut lumen into the lamina propria and the dissemination of commensal
bacteria into peripheral tissue, leading to post-stroke infections such as pneumonia and
urinary tract infections (55). Taken together, post-stroke dysbiosis enhanced the generation

of intestinal pro-inflammatory T cells and the migration of intestinal immune cells into the
meninges followed by the exacerbation of brain damage and worse stroke outcomes.

MANIPULATION OF BRAIN HEALTH BY THE GUT
ENVIRONMENT

The gut microbiota is emerging as one of important factors in neurological health and
disease. Understanding the nature of the microbiome-brain crosstalk, we discuss the current

https://immunenetwork.org https://doi.org/10.4110/in.2021.21.e20 9/18
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microbiome-based therapeutic approaches that can improve patient recovery after an
ischemic insult in stroke.

Stroke alters the microbiota composition in the gut, and this dysbiosis has a substantial
impact on post-stroke recovery by modulating the immune response. AIS rapidly triggers

gut microbiome dysbiosis with Enterobacteriaceae overgrowth, followed by the exacerbation

of brain infarction (56). Acute brain ischemia-induced dysbiosis leads to increased gut
permeability and motility. This microbiota impact on immunity and stroke outcome was
transmissible by microbiota transplantation. Secondary brain damage induced by dysbiosis
is treated with antibiotics to reduce the symptoms of brain ischemic disease. Treatment

with ampicillin or vancomycin in ischemic brain damage exerted neuroprotection, but
treatment with neomycin showed no beneficial effect in mice (53). The antibiotic-dependent
microbial shift can be associated with the metabolites from beneficial microbiota. Fecal
transplantation from post-stroke mice into germ-free mice induced stroke symptoms by
enhancing inflammatory Thl and Th17 cells (51). Fecal transfer from a healthy donor reduced
the brain damage area consistent with neuroprotection by microbial eubiosis (57). Microbial
priming of lamina propria DCs led to the expansion of Treg cells in the small intestine and
suppression of effector IL-17* y3 T cell function (54). Representative metabolites for cross-talk
between the gut and brain are xenobiotic/aromatic compound derivatives and fermentative
SCFAs from dietary fibers. Membrane-derived molecules originating from the gut microbiota
have an important impact on host immunity and neurological diseases. Representatively, the
consistent introduction of LPS endotoxin into sterile tissues induces chronic inflammatory
diseases. Enhanced gut barrier permeability facilitates LPS dissemination to induce a strong
inflammatory response, which can disrupt the BBB and activate microglia.

Intestinal cells constantly interact with the luminal milieu originating from host metabolism
as well as environmental substances, diet, and commensal flora via multiple environmental
sensors. One of these sensors is the AhR, a ligand-activated transcription factor (58). The
AhR pathway participates in a broad variety of physiological and pathological processes.
AhR ligands can be broad-spectrum, including endogenous metabolic products from
essential aromatic amino acids and tryptophan, and exogenous molecules from artificial
xenobiotic or bacterial metabolites (Fig. 4). Upon ligand binding in the cytosol, AhR and
some components of the chaperone complex translocate to the nucleus, where the AhR
complex binds DNA-responsive elements to control target gene expression. In gut epithelial
cells, AhR activation suppresses uncontrolled ISC growth and malignant tumor progression,
supporting barrier integrity (59). AhR inhibits pro-inflammatory pathways via the IL-10
receptor and regenerating islet-derived protein Illy expression and maintains gut epithelial
barrier integrity (60,61). AhR activation has multiple effects on immune cells. In DCs, AhR
dampens the induction of pro-inflammatory cytokines and MHC class II expression. AhR
induces indoleamine 2,3-dioxygenase 1, leading to kynurenine production, which induces
TGF-B-driven Treg cells. In T cells, AhR induces Th17 differentiation and stabilizes Treg and
Trl cells (62). In intraepithelial lymphocytes (IELs), AhR downregulates T helper-inducing
POZ/Kriippel-like factor, leading to differentiation into immunoregulatory TCRaf*CD8aa*
IELs (63). AhR activation in CD2*CD5* IELs specific to myelin induces migration into the
CNS and limits inflammation through lymphocyte activation gene 3 protein (LAG3) and
TGF-B (64). AhR is involved in the homeostasis of TCRy3" CD8ao’ IELs (65). AhR mediates
the homeostasis of and IL-22 secretion from ILC3s (66). Therefore, AhR deficiency reduces
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Figure 4. The role of AhR signals in the gut and brain. (A) Upon agonist binding, AhR and some components of the chaperone complex translocate to the
nucleus, where AhR binds DNA-responsive elements to control target gene expression such as the CYP1A1. CYP1AT inactivates AhR ligands in the cytosol.

(B) In AhR activation in T cells, AhR induces Th17 differentiation and stabilizes Treg and Tr1 cells. In IELs, AhR leads to differentiation into immunoregulatory
TCRof*CD8a” IELs. AhR activation in CD2°CD5" IELs specific to myelin induces migration into the CNS and limits inflammation. AhR functions in the homeostasis
of TCRy3'CD8 ao' IELs. AhR mediates the homeostasis of and IL-22 secretion from ILC3s. AhR controls IEC regeneration, preventing malignant outgrowth.

AhR agonists derived from the diet, gut flora, and host metabolism may affect brain tissues crossing the BBB. In astrocytes and microglia, AhR suppresses or
enhances inflammatory tones in the CNS in a ligand-specific manner.

CYP1AT, cytochrome P450 family 1 subfamily A member 1; ARNT, aryl hydrocarbon receptor nuclear translocator.

IL-22 producing ILC3s, leading to impaired protection against C. rodentium infection (67,68).
Taken together, intestinal AhR may control inflammation at distant CNS organs as well as

the gut. However, the relevance of AhR signaling in astrocytes and microglial cells of the
CNS is still unclear. In astrocytes and microglia of the CNS, AhR activation decreased the
NF-kB-driven proinflammatory program and AhR deficiency worsened multiple sclerosis and
experimental autoimmune encephalitis (69,70). However, other high-affinity AhR agonists
induced Th17 differentiation and caused accelerated onset and increased pathology (71).
Neural cell-specific AhR activation following AIS increased proinflammatory astrogliosis and
suppressed restorative neurogenesis, leading to exacerbated symptoms in an experimental
mice model (72). Therefore, AhR-dependent neuroprotection seems to be ligand-dependent.
In addition, the kynurenine pathway involved in endogenous tryptophan metabolism is
enhanced following ischemic stroke, leading to increased inflammation and worse outcome
(73). Decreased inflammation by the inhibition of AhR indirectly favors neurogenesis after
stroke (74). The AhR-mediated gut-brain axis controls the inflammatory activity of CNS-
resident cells by microbial products in health and disease. Therefore, AhR modulation can be
investigated as a therapeutic target for the management of the pro-inflammatory activities of
CNS-resident cells. Pharmacological and genetic blockade of AhRs can improve post-stroke
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recovery (72). Laquinimod, an AhR agonist decreases CNS inflammation via reduced myelin
loss and increased protective natriuretic factor (75,76). AhR ligand-fermenting probiotics
such as L. reuteri or the administration of synthetic AhR ligand represent possible anti-
inflammatory therapeutic approaches (77).

Brain and SCFAs

SCFAs are microbiota-derived metabolites fermented from dietary fiber by anaerobic

flora and include acetate, propionate, butyrate, and valerate (Fig. 5). SCFAs are agonists
for GPR 41, GPR43, and GPR109A on IECs or immune cells (78). In the gut epithelium,
SCFAs enhance antimicrobial peptides such as REGIIIy and B-defensin via the mTOR/
STAT3 pathway (79,80). In the colonic crypts, butyrate suppresses the proliferation of ISCs
by inhibiting HDACs and promoting the negative cell-cycle regulator FoxO3, whereas fully
differentiated epithelial cells in the villous region reduce butyrate levels through metabolism
by acyl-CoA dehydrogenase (9). Butyrate can promote TGF-f expression through HDAC
inhibition and SP1 from human enterocytes (81). In contrast, lactate accelerates the
proliferation of stem cells dependent on GPR81 (10). In intestinal immune cells, SCFAs

Dietary fiber Brain

Satiety 1

Microglia 1

BBB permeability |
Neurogenesis 1

Regulatory effect on immune,
endocrine, neuronal pathway from gut

Acetate

Immune
regulation

Propionate

Butyrate Enhanced gut
barrier function

Lactate \

GPR109A GPR41  GPR43

HDAC Regllly

-defensins
HD.
TGF-B TGF-B

Treg cells Inflammation |

Barrier
molecules

Lamina

propria TJ17  Enteric nerve system Intestinal Enterocytes

Gut motility T stem cell

Figure 5. Potential gut-brain pathways through SCFAs modulating brain function. Dietary fiber-derived SCFAs fermented by gut microbiota influence gut-brain
communication. SCFAs locally interact with IECs and immune cells by their receptors, GPRs, or by inhibiting histone deacetylases, which influence intestinal
mucosal immunity and barrier function. In IEC, SCFAs can enhance barrier integrity by upregulating the expression of tight-junction proteins and Reglily.
Butyrate suppresses the proliferation of IEC, but lactate enhances it. SCFAs induce Treg expansion but inhibit Th17 generation via lamina propria DCs. SCFA
promotes the secretion of gut hormones from the enteroendocrine cells and indirectly affects the brain via the systemic circulation or vagal pathways. In the
brain, SCFAs also increased satiety, microglia, and neurogenesis, and decreased BBB permeability. After a stroke, SCFAs have a critical role in balancing y3T-
IL-17* cells and Tregs and decrease in microglial activation, associated with better recovery after a stroke.
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mediate various immune responses in immune cells such as T cells, DCs, and macrophages.
Butyrate enhances IL-10 (79), producing Tregs (82), and reduces the pro-inflammatory
cytokine TNF-a from macrophages in the gut (83). After a stroke, reduced levels of plasma
SCFAs are associated with worse symptoms (84). Oral supplementation with SCFAs improved
post-stroke recovery via immunological modifications. In an independent study, combined
supplementation with fermentative bacteria and dietary fiber improved depressive-like
behavior following stroke with reduced IL-17* yd T cells in the ischemic region of aged

mice (85). These data suggest that SCFAs have a beneficial role in post-stroke recovery via
immunomodulatory effects. For CNS-resident cells, SCFAs can modulate microglial activity
while the molecular mechanism is unclear since the receptor for SCFAs is not expressed in
the CNS (18). SCFA supplementation improved motor function and control in post-stroke
recovery via regulatory effects on CNS resident microglial activation, which induced the
recruitment of circulating T cells to the infarcted brain (84).

CONCLUSION

Here, we summarized the current findings on how the CNS system communicates with the
gut environment. The obstacles to understanding the mechanisms of action in this field
are connected to the complexities of human neurological disorders and the limitations of
animal systems that attempt to model human disease. Although many essential questions
regarding the gut-brain axis remain unanswered, the bilateral system of the gut barrier/
microbiome on CNS organ have been established as neuronal network, hormone secretion,
neurotransmitters, and immune system. Therefore, brain disease can closely affect the

gut environment, and dysregulated gut homeostasis can induce the exacerbation of CNS
diseases. Specifically, the outcome of AIS is closely linked to the gut microbiome, barrier
integrity, and gut immune system. Besides the neuroprotective effects of probiotic bacterial
supplements, the gut environmental sensors need further investigation to understand the
molecular mechanism of the gut-brain axis. Studies on SCFAs or AhR ligands may suggest
novel strategies to target the gut microbiota to provide new, safe, and effective therapeutic
options for neuropsychiatric and neurodegenerative diseases.
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