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1 | INTRODUCTION

Abstract

Central nervous system injuries may lead to the disorders of the hypothalamic-pitui-
tary-adrenal axis, autonomic nervous system, and enteric nervous system. These ef-
fects then cause the changes in the intestinal microenvironment, such as a disordered
intestinal immune system as well as alterations of intestinal bacteria. Ultimately, this
leads to an increase in intestinal permeability. Inflammatory factors produced by the
interactions between intestinal neurons and immune cells as well as the secretions
and metabolites of intestinal flora can then migrate through the intestinal barrier,
which will aggravate any peripheral inflammation and the central nervous system
injury. The brain-gut-microbiota axis is a complex system that plays a crucial role
in the occurrence and development of central nervous system diseases. It may also
increase the consequences of preventative treatment. In this context, here we have
summarized the factors that can lead to the increased intestinal permeability and

some of the possible outcomes.
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and eventually lead to intestinal inflammation.® Additionally, the

intestinal microorganism-host interactions may play a crucial role

The hypothalamus-pituitary-adrenal (HPA) axis and the autonomic
nerves are activated under the stimulus of inflammation induced
by a central injury. The brain-gut-microbiota axis is the channel for
information exchange between the brain and the intestine. The
central sympathetic and parasympathetic nerve fibers transmit
information to the intestine,! and the intestine in turn affects the
brain activity through the vagus nerve and the intestinal immune
system.2 Activation of the vagus nerve and an increase in sympa-

thetic nerve activity can lead to inhibition of immune cell function

in regulating intestinal and brain activity.* Corticotropin-releasing
factor (CRF) released by the HPA axis can also influence the intes-
tinal function. It can also directly act to increase intestinal perme-
ability. We believe that an increase in intestinal permeability is a
key factor involved in the cross-talk between intestinal and brain
function. After a central nervous system (CNS) injury, not only will
gastrointestinal dysfunction quickly appear, but over time, the
CNS injury will also become aggravated and the patient's prognosis

will worsen (Figure 1).
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2 | INCREASED PERMEABILITY OF THE
INTESTINAL MUCOSAL BARRIER AFTER
CNS INJURY

After CNS injury, the permeability of the intestinal mucosal barrier is
increased. The destruction of the integrity of the intestinal wall and
intestinal inflammation are the key factors involved in this effect. In
the intestinal tract, the conduction of biochemical signals and diges-
tive function depend on the regulation of the intestinal mucosal bar-
rier and the high integrity of the tight junctions.® In rodent models of
CNS injury, several kinds of changes that impair the integrity of the
intestinal mucosa have been observed,®” such as damage to intes-
tinal mucosal epithelial cells, apoptosis of intestinal epithelial cells,
intestinal tissue villi loss, inflammatory cell infiltration, and changes
in intestinal goblet cells.81° In addition, a lack of tight junction pro-
teins is a critical reason for the increased intestinal mucosal perme-
ability. Decreased expression of the tight junction proteins ZO-1,
occludin, claudin-1, and claudin-5 in the intestine accelerates the
increase in intestinal of mucosal permeability after CNS injury.3%:12
Apoptosis of intestinal epithelial cells and the loss of tight junctions
between adjacent intestinal cells in a traumatic brain injury (TBI) rat
model were observed under electron microscopy.*® Mucin secreted
by goblet cells has a protective effect on the intestinal mucosa, so
damage to the intestinal mucosa is associated with a decrease in the
number or function of goblet cells. Intestinal inflammation that alters
intestinal contraction function significantly affects the permeability
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of the intestinal mucosal barrier.!*!> Enhancement of NF-KB activ-
ity and the production of the proinflammatory cytokines IL-1a, IL-1p,
and IL-17 in the intestine can lead to the delayed contractile activ-
ity of the ileum.'® Increased expression of TNF-« in the intestinal
tract after TBI has been demonstrated.’* The structure of the tight
junction proteins in intestinal epithelial cells depends on the produc-
tion and regulation of TNF-a. Overexpression of TNF-a promotes
increased permeability of the intestinal mucosal barrier.*!

3 | FACTORS INDUCING INCREASE OF
INTESTINAL MUCOSAL PERMEABILITY
AFTER CNS INJURY

3.1 | Enhanced activity of the HPA axis induced by
CNS injury

Enhanced activity of the HPA axis after CNS injury releases many
hormones, which can influence the intestinal mucosal permeability.
Vascular ischemia and hypoxia in the injured tissue within hours
of CNS injury will lead to massive apoptosis and necrosis, which
will induce innate and adaptive immune responses. In addition,
necrotic cells release danger-associated molecular patterns,t’18
which activate pattern recognition receptors. Inflammation will
develop, followed by the release of proinflammatory cytokines by

nearby microglia and macrophages.t”*? The inflammatory factors

Disordered
intestinal flora

FIGURE 1 Excessive activation of the
hypothalamus-pituitary-adrenal axis and
the autonomic nervous system, as well

as partial loss of intestinal neurons and
imbalance of the intestinal flora after CNS
injury, changes the internal environment,
which can lead to increased intestinal
permeability furtherly. These changes can
lead to poor outcomes such as intestinal
bacteria translocation, gastrointestinal
dysfunction, and aggravation of brain
injury. Following this, secondary
infections, especially pulmonary and
urinary tract infections, can occur.
Nervous dysfunction and intestinal

flora imbalances also result in intestinal
immune imbalances, increasing intestinal
permeability and worsening the patient's

' outcome
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will then activate the neural circuit and trigger the activity of the
HPA axis.?° The hypothalamus releases hormones that will act on
the pituitary gland to induce the secretion of adrenocorticotropic
hormone, which then promotes the production and release of glu-
cocorticoids through the zona fasciculata of adrenal cells.?*2% The
increased level of adrenocorticotropic hormone leads to damage

to the intestinal mucosal.?*

Activation of cerebral corticotropin-
releasing factor (CRF)-R2 subtype inhibits gastric motility, while
CRF-R1 stimulates neuromotility of the colon and induces visceral
hypersensitivity. Intestinal CRF-R1 activates colonic myenteric
neurons and induces the secretion of serotonin by mucosal cells.
Mucus and prostaglandin E2 induce the degranulation of mast cells
to enhance mucosal permeability and propel motor function.?® A
recent study suggested that in the mice with acute spinal cord in-
jury (SCI), the release of serum norepinephrine was inhibited, which
occurred concomitantly with cortisol level increased.?* The au-
thors of another study also reported that the levels of cortisone,
corticosterone, epinephrine, and corticotropin-releasing hormone
were increased in the plasma of mice after cerebral ischemia.? In
addition, studies of clinical cases showed that the increased release
of cortisol in humans under stress results in an increase in perme-
ability of the small intestine. After administration of exogenous
corticotropin-releasing hormone, both the release of cortisol and
the intestinal permeability are increased, along with activation of
mast cells.?’ Experiments have shown that exogenous CRF en-
hances the intestinal permeability and affected the function of the

.28 Under stress, the increase in cortisol and

gastrointestinal trac
the activation of mucosal mast cells cause peripheral CRF recep-
tors to participate in the changes in intestinal function.?® After CNS
injury, glucocorticoids are released, which increases the intestinal
epithelial permeability by disrupting the function of the intestinal
epithelial mucosa.?”3° Likewise, the number of mast cells in the gut
will decrease because of the increased levels of glucocorticoids.®*
Mast cells are essential for producing host antimicrobial agents and
are involved in intestinal mucosal regulation, epithelial secretion,
and the contractions of intestinal smooth muscles. Therefore, an
increased glucocorticoid level may be one of the factors involved in

gastrointestinal dysfunction after CNS injury.

3.2 | Disordered autonomic nerves system induced
by CNS injury

The sympathetic and parasympathetic nerves are activated imme-
diately after CNS injury, releasing catecholamines and acetylcholine
into the peripheral circulation.?*? Some neurotransmitters, such as
catecholamines and acetylcholine, indirectly regulate the intestinal
mucosal permeability. Modulated by the CNS, the autonomic nerv-
ous system communicates with the enteric nervous system (ENS),
which regulates host physiological homeostasis. The regulation of
gastrointestinal blood flow through sympathetic vasoconstriction is
neuro-dependent and relies on a-adrenergic receptor antagonists to

reduce vasoconstriction.3® Excessive norepinephrine in the blood has
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a negative effect on gastrointestinal vasoconstriction, and an increase
in some endogenous vascular substances also leads to a decrease in
intestinal blood flow, which will cause gastrointestinal mucosal dam-
age.3*% |t has been reported that cutting the sympathetic nerves in
cerebral ischemia rats can increase the occurrence of stress ulcers.?*
Sympathetic nerve branches also regulate the number, degranulation,
and activity of mast cells, and can lead to an imbalance in histamine
release from tryptase and induce stress-related muscle dysfunction.®®

The brain and gastrointestinal tract also communicate through
the vagus nerve. The vagus nerve fibers can innervate the myenteric
plexus in the colon and ileum. After the central nervous system in-
jury, the vagus nerve becomes activated and enhances the secretion
of gastric acids through the discharge of acetylcholine from its dis-
tal end. Moreover, the vagus nerve impulses can directly stimulate
gastric parietal cells to secrete acid and indirectly stimulate gastric
antral G cells to release gastrin. The increase in H+ ions can pro-
mote excessive histamine secretion and increase gastrointestinal

permeability.

3.3 | Loss of enteric neurons induced by CNS injury

The sympathetic and parasympathetic nerves that enter the inner
wall of the intestinal tract form synapses with the enteric nervous,
transmitting information from the CNS. The enteric nervous system
is composed of the gastrointestinal submucosal nerve plexus, inter-
muscular nerve plexus, and interconnecting fibers. It mainly regu-
lates the peristalsis of the gastrointestinal tract, changes in blood
flow, and the secretion of water and electrolytes.

Loss of enteric neurons after a central nervous injury is an-
other factor that can increase intestinal mucosal permeability. It
has been revealed in the literature that patients with spina bifida
and spinal cord injuries may show signs of the loss of colonic neu-
rons loss, decreased nerve fiber density, and severe loss of inter-
stitial cells of Cajal (ICC) around the myenteric plexus.®” It was
also reported that in mice with permanent middle cerebral artery
embolization (pMCAO) both intestinal submucosal neurons and
intermuscular neurons were lost. The loss of neurons was espe-
cially severe in the ileum, where the maximum loss was observed
at 3 days after stroke, and the number of intestinal neurons was
decreased in the colon as well.’®%? Quantitative analysis of sub-
sets of specific submucosal neurons in the ileum of stroke mice
demonstrated that the submucosal cholinergic ChAT+ cells were

lost.*0

Changes in the number and structure of intestinal neurons
affect intestinal function.*® The intermuscular nerve plexus in the
enteric nervous system plays a key role in regulating the intestinal
motility, and the submucosal plexus regulates mucosal secretions
and blood flow.? Activation of «2-adrenergic receptors in the my-
enteric plexus inhibits gastrointestinal motility, whereas activation
of a2-adrenergic receptors on submucosal neurons reduces muco-
sal electrolyte secretion.® Loss of the intestinal myenteric plexus
weakens the peristaltic intestinal function and causes symptoms

such as constipation.37



78LI—W[ L EY— CN'S Neuroscience & Therapeutics

LI ET AL

3.4 | Imbalanced intestinal flora induced by
CNS injury

Increased intestinal permeability is related to changes in the intesti-
nal flora composition and its metabolism.***? Intestinal barrier dys-
function and intestinal movement disorders in poststroke mice are
related to decreased diversity of intestinal microbial species and ex-
cessive bacterial growth.*® The changes of firmicutes, bacteroides,
and actinomycetes in the intestinal tract of cerebral ischemia mice

model are significant.*3

Changes in the variety and magnitude of
intestinal microorganisms aggravate inflammation in the intestinal
tract, and vice versa.

Gut microbiotas interact with neurons to influence intestinal
permeability. Enhanced autonomic nerve activity will increase nor-
epinephrine content and induce the transformation of intestinal

104445 |t has been shown that the microbiota can affect the ac-

flora.
tivity of the enteric nervous system by producing molecules that act
as local neurotransmitters. Reduced intestinal transport that is con-
trolled by parasympathetic activity is associated with overgrowth of
the small intestine bacteria and increased bacterial translocation.*
Additionally, microbiota-host interactions in the gut lead to the re-
lease of microbial byproducts (cytokines, chemokines, neurotrans-
mitter) that can infiltrate the blood lymphatic systems and the
brain.*’ Some bacteria can release endotoxins or short-chain fatty
acids, acetylcholine and other substances to stimulate intestinal re-
actions.*”*” Harmful bacteria in the intestine can bind to the surface
molecules of intestinal epithelial cells to disrupt the expression of
tight junction proteins, leading to intestinal mucosal barrier damage.
Probiotics can improve the inflammation in the intestinal tract and
reduce intestinal permeability, resulting in the protection of the in-

testinal mucosa.>°

3.5 | Disordered intestinal immunity system

After CNS injury, ileal mucosal injury can activate intestinal immu-
nity. Impaired immune cell function contributes to the release of
proinflammatory factors and aggravates the intestinal damage. The
intestinal immune system is composed of Peyer's patches, individual
immune cells within the intestinal epithelium and the lamina propria.
The system is controlled by sympathetic nerves, and it forms an im-
mune barrier between the intestinal microflora and the systemic
circulation.”?

Immune dysfunction of the intestinal tract is characterized by
changes in the quantity and activity of intestinal immune cells and
the abnormal secretion of inflammatory factors by immune cells.
However, there are different conclusions about the changes in the
quantity of immune cells in intestinal-associated lymphoid tissues
after CNS injury. Liu Yanning and other researchers found that
T lymphocytes, especially in CD4+ and CD8+ T cells, in Peyer's
plagues increased significantly at 12 and 24 hours after cerebral

ischemia. However there were no remarkable differences found

for B lymphocytes and intraepithelial lymphocytes.® In contrast,
studies by Dragana Stanley have shown a notable increase of B
cells in the mesentery 24 hours after cerebral ischemia, partic-
ularly of IgA + B cells.*® Another study showed that 24 hours
after cerebral ischemia, both the B cells and the T cells in Peyer's
patches were decreased,’ whereas there was no difference in the
natural killer cells, macrophages, or lymphocytes subsets in the
intestinal epithelium and lamina propria.>® In addition, compared
with the sham-operated group, the proinflammatory factors IL-17
and IFN-y were increased 4-fold in the Peyer's patches of cerebral
ischemic mice.*®

There are many factors that contribute to the intestinal immune
system disorders that can increase intestinal mucosal permeability.
In the following sections, we will discuss some of the more important
factors to consider.

3.5.1 | Autonomic nerve-induced intestinal
immune disorder

Dysfunction of autonomic nerves induces a disordered intestinal
immune system. The neurotransmitters released by the autonomic
nerve affect the activity of intestinal macrophages, and the release
of acetylcholine from the vagus nerve indirectly inhibits the activ-
ity of macrophages.54 Bone morphogenetic protein 2 secreted by
muscle macrophages regulates the activity of intestinal neurons and
affects smooth muscle contractility under steady-state conditions.
After TBI, the expression of glial fibrillary acidic protein, a marker of
glial activity in the intestine, is increased. Furthermore, glial fibril-
lary acidic protein is expressed after stimulation of the vagus nerve,
indicating that stimulation of the vagus nerve can enhance the ac-
tivity of glial cells.” Glial GFAP and Sox10 in the colon are notably
increased at 28 days after TBI injury.”® Intestinal glial cells play an
important role in intestinal integrity and are activated in response to
intestinal inflammation. Activated glial cells can produce abundant
proinflammatory factors and aggravate the injury to the intestinal
mucosa.’

3.5.2 | Intestinal immune disorder induced by the
loss of enteric nerves

After CNS injury, in addition to the release of abnormal neurotrans-
mitters by the intestinal sympathetic and parasympathetic nerves,
there is also a loss of neurons in the intestinal tract that may affect
the activity and homeostasis of macrophages. As described above,
studies have found that the loss of intestinal subcholine cholinergic
neurons results in a decrease in the number of cholinergic ChAT+
cells in the submucosal layer, which can stimulate the inflammatory
immune response in the gut.40 The loss of VIP and nNOS neurons
that control intestinal blood flow and electrolyte secretion may lead

to defective cell function.385¢
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3.5.3 | Increased expression of intestinal TREM1
induces intestinal immune disorder

An emerging line of evidence has shown that the expression of trig-
gering receptors in myeloid cells 1 (TREM1) in the Mo/M® subset in
the propria of the small intestine increases at 4.5 hours after middle
cerebral artery occlusion (MCAOQ). Activation of TREM1 further ex-
acerbates the sympathetic nerve-dependent intestinal permeability
and induces the migration of LPS and bacteria into the surrounding
tissues. There are a large number of macrophages in the intestinal
lamina propria, which can maintain a complete intestinal epithelial
barrier and play a role in antiinflammatory homeostasis. TREM1,
which is expressed on myeloid lineage cells, is an amplifier of proin-
flammatory innate immune responses. This study also demonstrated
that compared with sham mice, FITC-dextran serum levels were in-
creased in wild-type mice who were administered scrambled peptide
after MCAOQ, but the FITC-dextran levels were markedly reduced in
Trem1-/- mice. Morphometric examination of the lamina propria of
the jejunum and ileum revealed decreases in the width of the mus-
cularis layer and crypt height in Trem1+/+ mice. Additionally, expres-
sion of the epithelial cell adhesion molecule (EpCAM) was reduced
in wild-type mice, but not in Trem1-/- mice. These results suggest
that activated TREM1 further increases intestinal permeability and
bacterial translocation after MCAO.%’

3.5.4 | Intestinal immune disorder induced by
imbalanced intestinal flora

Intestinal flora imbalances also alter the immune homeostasis of the
small intestine. The interface between the intestinal lumen and mu-
cosal is where the host interacts with intestinal bacteria. Molecular
exchanges through the epithelium and the mucus layer promote
communication between the gut and the immune system.*” The gut
microbiota influences the populations and function of subsets of im-
mune cells. Intestinal microbiota can activate Toll-like receptors on
intestinal immune cells and promote the release of the inflamma-
tory cytokines IL-1B, IL-6, IL-8, and TNF-«.>® One study showed that
bacterial disorders lead to an upregulation of regulatory T cells and
a downregulation of IL-17-positive ydT cells by altering dendritic cell
activity.”” The number of mucosal CD11b monocytes was increased
in mice vaccinated with feces of focal MCAQ.*® The state of the gut
microbiota affects the polarization of naive T cells in the gut, and
the antiinflammatory microbial group induces polarization of naive T

cells in the lamina propria toward antiinflammatory Tregs.®°

3.6 | Abnormal secretion of brain-gut peptide after
CNS injury

Both autonomic and enteric nerves secrete cholinergic neurotrans-
mitters, adrenergic neurotransmitters, and neuropeptides such as

motilin, vasoactive intestinal peptide, and substance P into the blood

CWILEY-Y

to regulate gastrointestinal activity.> After CNS injury, the abnor-
mal secretion of brain-gut peptides can damage the gastrointestinal
mucosal layer.
The vagus nerve controls peripheral ghrelin secretion.
Acetylcholine and norepinephrine can increase ghrelin secretion.?
After CNS injury, the increased secretion of acetylcholine and nor-
epinephrine leads to an increase of blood ghrelin, which is one of
the factors causing gastrointestinal mucosal damage.'? Vasoactive
intestinal peptide (VIP) is widely distributed in the central, periph-
eral nervous system and surrounding tissues. The number of VIP-
immunoreactive submucosal neurons in the ileum is increased in the
pMCAO model.®® Elevated levels of vasoactive intestinal peptides
lead to excessive gastric acid secretion. Somatostatin has a strong
inhibitory effect on gastric acid secretion. Decreased expression of
somatostatin in the gastric antrum mucosa after spinal cord injury is

also an important cause of damage to the gastrointestinal mucosa.®®

4 | OUTCOMES OF INCREASED
INTESTINAL MUCOSAL PERMEABILITY
AFTER CNS INJURY

4.1 | Bacterial translocation

Cases of central nervous injuries are complicated by infectious dis-
eases such as pneumonia and sepsis, which are consequences of
bacterial migration. The intestinal single cell layer prevents bacteria
from coming into contact with the visceral tissues, which is achieved
by secretion of the mucus layer by epithelial goblet cells.*” Therefore,
intestinal epithelial cell apoptosis and a decrease of goblet cells after
central nervous injury may lead to increased mucosal permeability.
Some harmful bacterium and their metabolites can migrate through
the intestinal mucosal barrier to the internal organs, which con-
versely aggravates the central nervous system injury.60 For exam-
ple, the number of microorganisms in the ileum and colon decrease
after stroke while the number of corresponding microorganisms in-
creases in the Iungs.40 Great changes to the microbes occur in the
gastrointestinal mucosa after 24 hours after stroke onset. There is
an increased abundance of Akkermansia muciniphila and an exces-
sive increase of Clostridium bolteae and Clostridium indolis, which
are associated with gastrointestinal dysfunction, whereas overall
the number of bacteria is reduced in the stroke mouse model gut.®*
When the feces of poststroke mice were transplanted into the gut of
SPF-grade mice, some bacteria were found to increase in the blood,

lung, liver, and mesentery of the latter.4°

4.2 | Dysfunction of the gastrointestinal gut

There has been an increase in the incidence of CNS injury diseases
such as stroke, TBI, and SCI in recent years, and these patients
often have a poor prognosis.®>¢> Numerous data from the clinic

have shown that patients with CNS injuries are often accompanied
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by severe gastrointestinal dysfunction, which mainly manifests as
inhibition of gastrointestinal motility and gastrointestinal mucosal
damage.3>¢¢

Bidirectional neuroimmune circuits connect intestinal immune
and neuronal cells and regulate fundamental aspects of enteric phys-
iology. Mast cells can interact with nearby neurons. The histamine
and tryptase produced by mast cells can activate submucosal neu-
rons and peptidergic neurons to secrete VIP and SP, which can for
regulate mast cells.” After CNS injury, the immune system in the
intestine is disordered and the mast cells release histamine, which
affects the function of the gastrointestinal tract.

Reduced parasympathetic nerve activity following acute CNS in-
jury is associated with overgrowth of bacteria in the small intestine
and increased bacterial translocation. Substances released by bac-
teria and metabolites, enteroendocrine factors, and media released
by the gastrointestinal immune system can all affect gastrointestinal
movement.*>*

Bacterial endotoxins such as lipopolysaccharide may affect bowel
movements. For example, gastric emptying can be delayed by it af-
fecting the enteric nervous system and related transmitters (such as
nitric oxide).*® Increased Clostridium bolteae and Clostridium indolis

are associated with gastrointestinal dysfunction.®*

4.3 | Aggravation of central nervous system damage

Numerous experiments have shown that increased intestinal per-
meability promotes intestinal flora translocation, and this aggra-
vates cerebral infarctions by stimulating the innate and adaptive
immunity after CNS injury.®® Transplanting feces of mice affected
by stroke into sterile mice can increase the cerebral infarct size and
aggravate functional defects in the sterile mice.*® Additionally, the
mRNA levels of IFN-(y) and IL-17 were increased significantly in the
brain of sterile mice that had received cecal contents from MCAO
mice.®® The number of microglia/macrophages increased in the
ischemic hemisphere of mice colonized by bacteria, and the mor-
phology of the microglia in the contralateral hemisphere was also
affected. There was upregulation of the expression of the proin-
flammatory cytokines IL-1 and TNF-a associated with microglia ac-
tivation.®’ Moreover, there were excessive numbers of IL-17 + y8T
cells in the intestinal lamina propria and epithelial cells, which can
aggravate ischemic brain injury by secreting IL-17, an inducer of
chemokines, and generating catalytic signals from peripheral my-
eloid cells. After MCAO, disturbance of the intestinal flora results in
adecreasein IL17 + 3T in the intestine. However, L17 + y8T will ac-
cumulate in the meninges. IL-17 + y8T cells are associated with the
infiltration of neutrophils and monocytes into the brain parenchyma
and they can aggravate brain damage.sc’J In the spleen of bacterial
colonized mice, not only T cells and B cells, but also CD4+, FOXP3+,
and Th17 in the intestinal immune region of Peyer's patches and
specific T-helper cell subtypes including IL-10 and IL-17 in the is-
chemic brain are increased.®’ Interestingly, increased permeabil-

ity of the intestinal mucosal barrier can promote the migration of

TREM1. The increase in TREM1 PET signals may reflect the induc-
tion of TREM1 and the response to pathogen-associated molecu-
lar model molecules (PAMP) migrating across the intestinal barrier
after MCAO. The expression of Mo/M® subsets in the spleen and
blood as well as intestinal TREM1 is increased. Both TREM1 and
neutrophils infiltrate into the brain and increase the area of the
cerebral infarction.”” TREM1 inhibits functions necessary for brain
recovery, including antioxidant glutathione metabolism, antiinflam-
matory TREM2 signaling, and lysosomal degradation.

5 | CONCLUSION

Many studies have demonstrated that dysfunction of the CNS se-
riously affects gastrointestinal tract function. In this work, we first
explored the key elements that lead to impairment of the intesti-
nal permeability induced by CNS injury based on the brain-gut-
microbiota axis. We focused on the effects of increased intestinal
permeability and analyzed the outcomes. We believe that the
neurotransmitters and hormones released by the disordered au-
tonomic nerves and the HPA axis after CNS injury are the primary
factors leading to increased intestinal permeability. However, the
neuro-humoral-immunity functions are complementary and inter-
act, and this regulates intestinal biological signals and intestinal
function. Intestinal inflammation caused by the intestinal nerves,
disordered intestinal flora, and an imbalanced intestinal immune
system are a factor directly leading to increased intestinal per-
meability. The destruction of the intestinal mucosal barrier and
the increases in inflammatory factors are inseparable. The brain-
gut-microbial axis is a complex system that has become a research
hotspot in recent years.*” The increased intestinal permeability
promotes the migration of intestinal flora and lipopolysaccharides,
causing local organ infection and aggravating the CNS injury.>>7¢°
There is no available therapy that can reduce the intestinal per-
meability. The administration of acid-suppressing agents to pa-
tients after cerebral hemorrhage accompanied by gastric bleeding
will increase the bleeding rate,” and therefore, antacids are not
suitable for the treatment of gastrointestinal diseases after CNS
injury. Antiplatelet drugs are used to prevent gastric bleeding in
patients with cerebral ischemia.® Exogenous gastrointestinal hor-
mones such as calcitonin gene-related peptide (CGRP) and ghre-
lin have protective effects on gastrointestinal dysfunction after
brain injury.?*%> Current researches suggest that probiotics can
reduce both intestinal inflammation and intestinal permeability,
and thus provide simultaneous intestinal mucosa protection and
cerebral protection.'®>® One report showed that gut-innervating
TRPV1 + nociceptor sensory neurons in the dorsal root ganglion
and vagal ganglia release CGRP to regulate the levels of micro-
fold cells and segmented filamentous bacteria in Peyer's patches
to resist the invasion of Salmonella enterica serovar Typhimurium
into the internal organs. The loss of TRPV1 + DRG receptor neu-
rons will change the type and quantity of intestinal flora; how-

ever, this does not directly effect on gut-specific immune cells.”®
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Cross-talk of nociceptor neurons with epithelial cells and intestinal
microorganisms can be used to regulate nociceptor neurons with
epithelial cells and intestinal microorganisms can be used to regu-
late the intestinal barrier defense. We speculate that the loss of
TRPV1 + DRG receptor neurons is related to the destruction of the
intestinal mucosal barrier and increased intestinal barrier perme-
ability. Therefore, it is necessary to investigate whether gut-inner-
vating TRPV1 + nociceptor sensory neurons in the dorsal root and
vagal ganglia are involved in intestinal flora disorder and intestinal
barrier function damage caused by CNS injury. This is expected to
be one of the targets for the treatment of gut dysfunction.

In addition, the results of numerous studies have suggested
that the primary task of treating infection after central injury is
to restrain the migration of intestinal bacteria into the body.
Therefore, protecting the intestinal barrier is a priority after a CNS

injury.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ORCID

Yan-jun Zhang https://orcid.org/0000-0003-2176-6657

REFERENCES

1. Browning KN, Verheijden S, Boeckxstaens GE. The vagus
nerve in appetite regulation, mood, and intestinal inflammation.
Gastroenterology. 2017;152:730-744.

2. Filpa V, Moro E, Protasoni M, Crema F, Frigo G, Giaroni C. Role
of glutamatergic neurotransmission in the enteric nervous sys-
tem and brain-gut axis in health and disease. Neuropharmacology.
2016;111:14-33.

3. Bonaz BL, Bernstein CN. Brain-gut interactions in inflammatory
bowel disease. Gastroenterology. 2013;144:36-49.

4. Lyte M, Vulchanova L, Brown DR. Stress at the intestinal surface:
catecholamines and mucosa-bacteria interactions. Cell Tissue Res.
2011;343:23-32.

5. Arneth BM. Gut-brain axis biochemical signalling from the gastro-
intestinal tract to the central nervous system: gut dysbiosis and al-
tered brain function. Postgrad Med J. 2018;94:446-452.

6. Liu Y, Luo S, Kou L, et al. Ischemic stroke damages the intestinal
mucosa and induces alteration of the intestinal lymphocytes and
CCL19 mRNA in rats. Neurosci Lett. 2017;658:165-170.

7. BansalV, Costantini T, Ryu SY, et al. Stimulating the central nervous
system to prevent intestinal dysfunction after traumatic brain in-
jury. J Trauma. 2010;68:1059-1064.

8. ChengY, Wei Y, Yang W, et al. Ghrelin attenuates intestinal barrier
dysfunction following intracerebral hemorrhage in mice. Int J Mol
Sci. 2016;17:2032.

9. Kharrazian D. Traumatic brain injury and the effect on the brain-gut
axis. Altern Ther Health Med. 2015;21(Suppl 3):28-32.

10. Houlden A, Goldrick M, Brough D, et al. Brain injury induces spe-
cific changes in the caecal microbiota of mice via altered auto-
nomic activity and mucoprotein production. Brain Behav Immun.
2016;57:10-20.

11. BansalV, Costantini T, Kroll L, et al. Traumatic brain injury and intes-
tinal dysfunction: uncovering the neuro-enteric axis. J Neurotrauma.
2009;26:1353-1359.

12. Xu X, Zhu'Y, Chuai J. Changes in serum ghrelin and small intestinal
motility in rats with ischemic stroke. Anat Rec. 2012;295:307-312.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

CWILEY-®

Hang CH, Shi JX, Li JS, Wu W, Yin HX. Alterations of intestinal mu-
cosa structure and barrier function following traumatic brain injury
in rats. World J Gastroenterol. 2003;9:2776-2781.

Hu Y, Wang F, Zhang D, et al. Expression of intestinal CD40
after experimental traumatic brain injury in rats. J Surg Res.
2013;184:1022-1027.

Olsen AB, Hetz RA, Xue H, et al. Effects of traumatic brain injury on
intestinal contractility. Neurogastroenterol Motil. 2013;25:463-593.
Patterson TT, Nicholson S, Wallace D, Hawryluk GWJ, Grandhi R.
Complex feed-forward and feedback mechanisms underlie the re-
lationship between traumatic brain injury and the gut-microbiota-
brain axis. Shock. 2019;52:318-325.

Liesz A, Dalpke A, Mracsko E, et al. DAMP signaling is a key path-
way inducing immune modulation after brain injury. J Neurosci.
2015;35:583-598.

Shim R, Wong C. Complex interplay of multiple biological sys-
tems that contribute to post-stroke infections. Brain Behav Immun.
2018;70:10-20.

An C, ShiY, Li P, et al. Molecular dialogs between the ischemic brain
and the peripheral immune system: dualistic roles in injury and re-
pair. Prog Neurobiol. 2014;115:6-24.

Liu DD, Chu SF, Chen C, Yang PF, Chen NH, He X. Research
progress in stroke-induced immunodepression syndrome
(SIDS) and stroke-associated pneumonia (SAP). Neurochem Int.
2018;114:42-54.

Pruss H, Tedeschi A, Thiriot A, et al. Spinal cord injury-induced im-
munodeficiency is mediated by a sympathetic-neuroendocrine ad-
renal reflex. Nat Neurosci. 2017;20:1549-1559.

Kanczkowski W, Sue M, Zacharowski K, Reincke M, Bornstein
SR. The role of adrenal gland microenvironment in the HPA axis
function and dysfunction during sepsis. Mol Cell Endocrinol.
2015;408:241-248.

Bellavance MA, Rivest S. The HPA - immune axis and the immuno-
modulatory actions of glucocorticoids in the brain. Front Immunol.
2014;5:136.

Liu YC, Qi ZW, Guo SG, Wang Z, Yu XZ, Ma S. Role of corticotrophin
releasing hormone in cerebral infarction-related gastrointestinal
barrier dysfunction. World J Emerg Med. 2011;2:59-65.

Tache Y, Larauche M, Yuan PQ, Million M. Brain and gut CRF signal-
ing: biological actions and role in the gastrointestinal tract. Curr Mol
Pharmacol. 2018;11:51-71.

Mracsko E, Liesz A, Karcher S, Zorn M, Bari F, Veltkamp R.
Differential effects of sympathetic nervous system and hypotha-
lamic-pituitary-adrenal axis on systemic immune cells after severe
experimental stroke. Brain Behav Immun. 2014;41:200-209.
Vanuytsel T, van Wanrooy S, Vanheel H, et al. Psychological stress
and corticotropin-releasing hormone increase intestinal per-
meability in humans by a mast cell-dependent mechanism. Gut.
2014;63:1293-1299.

Tache Y, Perdue MH. Role of peripheral CRF signalling pathways
in stress-related alterations of gut motility and mucosal function.
Neurogastroenterol Motil. 2004;16(Suppl 1):137-142.

Ocon B, Aranda CJ, Gamez-Belmonte R, et al. The glucocorticoid
budesonide has protective and deleterious effects in experimental
colitis in mice. Biochem Pharmacol. 2016;116:73-88.

Meddings JB, Swain MG. Environmental stress-induced gastroin-
testinal permeability is mediated by endogenous glucocorticoids in
the rat. Gastroenterology. 2000;119:1019-1028.

de Lima MB, Gama LA, Hauschildt AT, Dall'Agnol D, Cora LA,
Americo MF. Gastrointestinal motility, mucosal mast cell, and in-
testinal histology in rats: effect of prednisone. Biomed Res Int.
2017;2017:4637621.

Shi K, Wood K, Shi FD, Wang X, Liu Q. Stroke-induced
immunosuppression and poststroke infection. Stroke Vasc Neurol.
2018;3:34-41.



https://orcid.org/0000-0003-2176-6657
https://orcid.org/0000-0003-2176-6657

MW[ L EY— CN'S Neuroscience & Therapeutics

33.

34.

35.
36.

37.
38.
39.

40.

41.

42.
43.

44,

45.
46.
47.
48.
49.
50.

51.

LI ET AL

Cervi AL, Lukewich MK, Lomax AE. Neural regulation of gastro-
intestinal inflammation: role of the sympathetic nervous system.
Auton Neurosci. 2014;182:83-88.

Wang V. Effects of intestinal mucosal blood flow and motility on
intestinal mucosa. World J Gastroenterol. 2011;17:657.
Camara-Lemarroy CR, Ibarra-Yruegas BE, Gongora-Rivera F.
Gastrointestinal complications after ischemic stroke. J Neurol Sci.
2014;346:20-25.

Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis:
interactions between enteric microbiota, central and enteric ner-
vous systems. Ann Gastroenterol. 2015;28:203-209.

den Braber-Ymker M, Lammens M, van Putten MJAM, Nagtegaal
ID. The enteric nervous system and the musculature of the colon
are altered in patients with spina bifida and spinal cord injury.
Virchows Arch. 2017;470:175-184.

Cheng X, Svensson M, Yang Y, et al. Focal, but not global, cere-
bral ischaemia causes loss of myenteric neurons and upregulation
of vasoactive intestinal peptide in mouse ileum. Int J Exp Pathol.
2018;99:38-45.

Cheng X, Boza-Serrano A, Turesson MF, Deierborg T, Ekblad E, Voss
U. Galectin-3 causes enteric neuronal loss in mice after left sided
permanent middle cerebral artery occlusion, a model of stroke. Sci
Rep. 2016;6:32893.

Stanley D, Mason LJ, Mackin KE, et al. Translocation and dissem-
ination of commensal bacteria in post-stroke infection. Nat Med.
2016;22:1277-1284.

Karl JP, Margolis LM, Madslien EH, et al. Changes in intestinal mi-
crobiota composition and metabolism coincide with increased in-
testinal permeability in young adults under prolonged physiological
stress. Am J Physiol Gastrointest Liver Physiol. 2017;312:G559-G571.
Kigerl KA, Zane K, Adams K, Sullivan MB, Popovich PG. The spinal
cord-gut-immune axis as a master regulator of health and neurolog-
ical function after spinal cord injury. Exp Neurol. 2020;323:113085.
Singh V, Roth S, Llovera G, et al. Microbiota dysbiosis con-
trols the neuroinflammatory response after stroke. J Neurosci.
2016;36:7428-7440.

Zhu C, Grandhi R, Patterson T, Nicholson S. A review of traumatic
brain injury and the gut microbiome: insights into novel mecha-
nisms of secondary brain injury and promising targets for neuro-
protection. Brain Sci. 2018;8:113.

Clarke MB, Hughes DT, Zhu C, Boedeker EC, Sperandio V. The
QseC sensor kinase: a bacterial adrenergic receptor. Proc Natl Acad
Sci USA. 2006;103:10420-10425.

Sorby-Adams AJ, Marcoionni AM, Dempsey ER, Woenig JA, Turner
RJ. The role of neurogenic inflammation in blood-brain barrier dis-
ruption and development of cerebral oedema following acute cen-
tral nervous system (CNS) injury. Int J Mol Sci. 2017;18:1788.

Cryan JF, O'Riordan KJ, Cowan C, et al. The microbiota-gut-brain
axis. Physiol Rev. 2019;99:1877-2013.

Barbara G, Stanghellini V, Brandi G, et al. Interactions between
commensal bacteria and gut sensorimotor function in health and
disease. Am J Gastroenterol. 2005;100:2560-2568.

Kigerl KA, Mostacada K, Popovich PG. Gut microbiota are dis-
ease-modifying factors after traumatic spinal cord injury.
Neurotherapeutics. 2018;15:60-67.

Li H, Sun J, Du J, et al. Clostridium butyricum exerts a neuropro-
tective effect in a mouse model of traumatic brain injury via the
gut-brain axis. Neurogastroenterol Motil. 2018;30:€13260.

Ma S, Zhao H, Ji X, Luo Y. Peripheral to central: organ interactions
in stroke pathophysiology. Exp Neurol. 2015;272:41-49.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Oyama N, Winek K, Backer-Koduah P, et al. Exploratory investi-
gation of intestinal function and bacterial translocation after focal
cerebral ischemia in the mouse. Front Neurol. 2018;9:937.
Schulte-Herbruggen O, Quarcoo D, Meisel A, Meisel C. Differential
affection of intestinal immune cell populations after cerebral isch-
emia in mice. Neuroimmunomodulation. 2009;16:213-218.
Verheijden S, Boeckxstaens GE. Neuroimmune interaction and
the regulation of intestinal immune homeostasis. Am J Physiol
Gastrointest Liver Physiol. 2018;314:G75-G80.

Ma EL, Smith AD, Desai N, et al. Bidirectional brain-gut interactions
and chronic pathological changes after traumatic brain injury in
mice. Brain Behav Immun. 2017;66:56-69.

Rivera LR, Pontell L, Cho HJ, et al. Knock out of neuronal nitric
oxide synthase exacerbates intestinal ischemia/reperfusion injury
in mice. Cell Tissue Res. 2012;349:565-576.

Liu Q, Johnson EM, Lam RK, et al. Peripheral TREM1 responses
to brain and intestinal immunogens amplify stroke severity. Nat
Immunol. 2019;20:1023-1034.

Zhao L, Xiong Q, Stary CM, et al. Bidirectional gut-brain-microbiota
axis as a potential link between inflammatory bowel disease and
ischemic stroke. J Neuroinflammation. 2018;15:339.

Benakis C, Brea D, Caballero S, et al. Commensal microbiota affects
ischemic stroke outcome by regulating intestinal y8 T cells. Nat Med.
2016;22:516-523.

Durgan DJ, Lee J, McCullough LD, Bryan RJ. Examining the role of
the microbiota-gut-brain axis in stroke. Stroke. 2019;50:2270-2277.
de Jonge WJ. The gut's little brain in control of intestinal immunity.
ISRN Gastroenterol. 2013;2013:630159.

Davis J. Hunger, ghrelin and the gut. Brain Res. 2018;1693:154-158.
Feng G, Xu X, Wang Q, Liu Z, Li Z, Liu G. The protective effects of
calcitonin gene-related peptide on gastric mucosa injury after cere-
bral ischemia reperfusion in rats. Regul Pept. 2010;160:121-128.
Stanley D, Moore RJ, Wong CHY. An insight into intestinal mucosal
microbiota disruption after stroke. Sci Rep. 2018;8:568.

Meisel C, Schwab JM, Prass K, Meisel A, Dirnagl U. Central ner-
vous system injury-induced immune deficiency syndrome. Nat Rev
Neurosci. 2005;6:775-786.

Iruthayarajah J, Mcintyre A, Mirkowski M, Welch-West P, Loh E,
Teasell R. Risk factors for dysphagia after a spinal cord injury: a sys-
tematic review and meta-analysis. Spinal Cord. 2018;56:1116-1123.
Huh JR, Veiga-Fernandes H. Neuroimmune circuits in inter-organ
communication. Nat Rev Immunol. 2019;20:217-228.

Bernstein CN. The brain-gut axis and stress in inflammatory bowel
disease. Gastroenterol Clin North Am. 2017;46:839-846.

Singh V, Sadler R, HeindlI S, et al. The gut microbiome primes a cere-
broprotective immune response after stroke. J Cereb Blood Flow
Metab. 2018;38:1293-1298.

Lai NY, Musser MA, Pinho-Ribeiro FA, et al. Gut-innervating noci-
ceptor neurons regulate peyer's patch microfold cells and sfb levels
to mediate salmonella host defense. Cell. 2019;180:33-49.e22.

How to cite this article: Li X-J, You X-Y, Wang C-Y, et al.
Bidirectional of the brain-gut-microbiota axis in increased
intestinal permeability induced by central nervous system
injury. CNS Neurosci Ther. 2020;26:783-790. https://doi.
org/10.1111/cns.13401



https://doi.org/10.1111/cns.13401
https://doi.org/10.1111/cns.13401

