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The effects of different stress on
intestinal mucosal barrier and
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Recent studies have revealed that the effect of intestinal microecological
disorders on organismal physiology is not limited to the digestive system,
which provides new perspectives for microecological studies and new ideas for
clinical diagnosis and prevention of microecology-related diseases. Stress
triggers impairment of intestinal mucosal barrier function, which could be
duplicated by animal models. In this paper, pathological animal models with
high prevalence and typical stressors—corresponding to three major stressors
of external environmental factors, internal environmental factors, and social
psychological factors, respectively exemplified by burns, intestinal ischemia-
reperfusion injury (IIRl), and depression models—were selected. We
summarized the construction and evaluation of these typical animal models
and the effects of stress on the organism and intestinal barrier, as well as
systematically discussed the effects of different stresses on the intestinal
mucosal barrier and intestinal microecology.

KEYWORDS

stress, burns, intestinal ischemia-reperfusion injury, depression, intestinal
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Introduction

Stress refers to the adaptive changes and reconstruction of the homeostasis of the
internal environment in order to meet needs when the body is strongly stimulated by
various factors (Charmandari et al., 2005). But, when this stimulus exceeds the degree of
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the organism’s ability to compensate, it leads to a series of
pathological changes in the organism. Factors that trigger the
stress response of the organism are collectively called stressors,
which could be divided into three major categories according to
their sources: external environmental factors, internal
environmental factors, and social psychological factors.

Recent study has found that chronic stress promoted
increased systolic blood pressure, increased urinary protein,
and glomerular damage in 5/6 nephrectomy injury mice,
which could be prevented by cathepsin K deficiency or
pharmacological inhibition. Chronic stress is also a risk factor
for cardiovascular disease (Yue et al., 2022). Besides, cathepsin S
plays an important role in stress-related chronic intimal
hyperplasia and chronic stress accelerates the degradation of
GLP-1 mediated by Dipeptidyl Peptidase-4(DPP4) (Piao et al,
2017; Wang et al,, 2019). These results are a new therapeutic
target for the control of vascular aging, vascular remodeling, and
restenosis associated with chronic psychological stress.
Moreover, a study on hematopoietic stem cell activation in
response to chronic stress suggested that inhibition of DPP4
or stimulation of GLP-1R may have application value in the
treatment of inflammatory diseases (Zhu et al., 2017). Thus, the
impact of stress is extensive, so it is of great significance to
explore its specific mechanism to prevent emergency damage.

Stress also causes damage to the intestinal mucosal barrier,
which further leads to intestinal microecological disorders.
Under normal circumstances, the intestine relies on the
mucosal barrier consisting of a mechanical barrier, biological
barrier, immune barrier, and chemical barrier to selectively
transport relevant substances, and at the same time effectively
prevent bacteria and endotoxins in the intestinal cavity from
passing through the intestinal mucosal barrier (Chen et al.,
2021), thus maintaining the health of intestine and body.
However, an organism prioritizes the blood and energy supply
to vital organs when it suffers severe or prolonged situations. The
redistribution of blood may result in insufficient effective blood
circulation in the intestine and reduce the energy supply of
intestinal epithelial cells, leading to a series of pathophysiological
changes such as reduced bile secretion or enterohepatic
circulation disorder. These alterations disrupt the intestinal
barrier and further cause intestinal dysfunction. In addition,
intestinal mucosa injury also triggers bacterial translocation
(BT), systemic bacterial infection, or even systemic organ
dysfunction and circulatory failure, which endanger patients’
lives. Therefore, prevention and controlling the damage of
intestinal mucosal barrier function under various pathological
stresses are important parts of the prevention and treatment of
enteric-derived infections today, and it is of significance to
understand the effects of stressors on the intestine and their
pathophysiological basis to achieve good prevention and
treatment effects.
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Subsections relevant to the subject

1 Typical animal models and
evaluation criteria of
different stressors

1.1 Exogenous stress-extensive burns

1.1.1 Model establishment

The burn model was established according to the principle of
flame burn, in general burning for 15 s causes deep-partial thickness
burns (deep 2™ degree). After being anesthetized and secured, the
mice were shaved of the hair on the pre-modeling area of the back
using 8% sodium sulfide solution. A piece of paper, controlling the
burn area to about 10% of the body surface, was placed on the back
of the mice and ignited by adding a drop of 95% ethanol, and
extinguished with a wet cloth after burning for 15 s. 0.3-0.4 mL
glucose saline was injected intraperitoneally immediately after the
burning, and 0.2-0.3 mL milk by gavage on the second day. Data
collection could be started on the third day. This method is simple
and easy to perform without additional instruments and the control
group should be treated with a pseudo-burn, ie. shaving and hair
removal after anesthesia only, which was reported by the study of
Abdullahi A (Abdullahi et al, 2014). Considering that the
anesthetized mice still had symptoms such as back skin folds and
even general convulsions and were easily burned directly by 8%
sodium sulfide aqueous solution, pre-experiments should be
conducted before the formal experiment to determine the burn
time, burn level, and whether to shave to achieve the best results.

1.1.2 Model evaluation

The evaluation of burn grade is mainly based on the
histopathological changes of burned skin. The keratinocytes, clear
skin appendages, and dermal collagen fibers were observed in
normal mice. Superficial thickness (1% degree) and superficial-
partial thickness (2" degree) damage the superficial skin layer and
superficial dermis, deep 2" degree triggers the deep dermis layer and
still left skin attachments, and full thickness (3" degree) induces the
subcutaneous, fat, muscle and bone injury, and so on (Morarasu
et al, 2021). Repair of the burn wound, healing, prevention, and
treatment mainly focuses on deep 2™ degree burns, which harm the
deep dermis, inducing unclear keratinocyte structure, obvious
necrosis, partial cells lysis, collagen fiber breakage, and skin
appendages such as sebaceous glands and hair follicles cannot be
clearly observed, while the muscle cell structure is intact.

The evaluation of burn grade should not be delayed too long
and HE staining of burned skin should be performed on the 3™ day
after burning for evaluation, considering the newborn hair follicles
will appear in the deep dermis 2 to 3 days after skin trauma in mice
(Takeo et al., 2015).
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1.2 Endogenous stress-intestinal
ischemia-reperfusion injury

1.2.1 Model establishment

Mice should be fasted for 24 h before the establishment of
ITIRI models. After being anesthetized and secured, mice were
shaved with the hair on the surgical site of the abdomen. A
median incision was made under the scabbard to expose the
right abdominal cavity and superior mesenteric artery (SAM),
and clamp the SAM root with a non-invasive micro-arterial clip.
When the disappearance of SAM pulsation, swelling of the
intestine and gradual whitening of the intestinal wall appears,
indicating the blood flow is successfully blocked. Isotonic
sodium chloride solution was intermittently injected into the
abdominal cavity or onto the gauze covering the abdominal
cavity during clamping to prevent and alleviate the transient
blood volume reaction, which occurred after loosening the
arterial clip (Zhu et al, 2006). Release the arterial clip after a
period of ischemia, and the color of the intestinal tube changed
to pink, suggesting blood flow restoration and ischemia-
reperfusion happened. Putting the intestinal tissue back in situ
as much as possible and suturing the abdomen to avoid
intestinal obstruction and reduce mortality. Ischemia time can
be determined by 45 min, 60 min, 75 min, and 90 min after pre-
experimentation and injury scoring.

1.2.2 Model evaluation

The evaluation of IIRI includes abnormal behaviors of mice,
histopathological sections of ischemic intestinal segments, and
intestinal water content.

A. Behavioral changes. After awakening from anesthesia,
IIRI mice showed obvious painful postures such as head
down and back arching, responsiveness decreases, and
activities reduce.

B. Intestinal histopathological changes. Intestinal
mucosa ulcer and hemorrhage, intestinal structure
disorder, villus structure fracture, fall off or basic
disappearence, intestinal gland reduction, capillary
hyperemia and edema, and inflammatory cells
infiltration can be observed in histopathological
sections of ischemia-reperfusion injury sites. The
specific evaluation is based on Chiu’s scoring criteria
for IIRI model as reported by Chiu (Chiu et al., 1970).

C. Increased intestinal water content. A part of the IIRI
segment was taken to weigh the intestine wet weight
(W1) and the dry weight (W2) after constant
temperature baking to completely remove the water
with an analytical balance. The intestinal water content
(%) = [(W1-W2)/W1] x 100%.
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1.3 Psychosocial stress-chronic social
defeat stress

Psychological stress generated by psychosocial stressors such as
emotion, family, growth experience, living environment, and
disasters is an important cause of depression. Researchers have
constructed various stress-induced depression animal models in the
past, but psychological stress is caused by artificially imposed
environmental stress, all of which have social properties.
Therefore, in addition to its characteristics of persistent behavioral
and biological changes, CSDS can simulate the pathological process
of chronic psychosocial stress and progressive development of
depression to a greater extent, making it one of the best models
to explore chronic psychological stress and depression.

1.3.1 Model establishment

The specific construction methods refer to the study by
Golden S A (Golden et al., 2011). The key to the establishment of
the CSDS model is making a mouse be continuously attacked by
“aggressive mice”, and the attacked mouse suffered persistent
maladjustment to the attack due to an inability to seek help and
environmental stress, which means the persistent social defeat
triggers the development of psychological stress. Ten days later,
the attacked mice showed crouching, bowing, reduced behavior,
and even giving up attempts to escape, suggesting depression-
like behavior occurs and the model evaluation can be further
proceeded (Berton et al., 2006).

1.3.2 Model evaluation

The evaluation of depression-like behavior analysis includes
sucrose preference test, sociability test, forced swimming test, tail
suspension test, novel object recognition, elevated plus maze, Morris
water maze, Y maze, and so on (Bevins and Besheer, 2006; Walf and
Frye, 2007; Holter et al,, 2015; Kapadia et al.,, 2016). The sucrose
preference test detects the depression pleasure deficit degree. Novel
object recognition evaluates the memory ability for familiar objects.
Morris water maze evaluates the spatial memory ability and
learning ability. Elevated plus maze evaluates anxiety-like
behavior. The sociability test directly reflectes the social avoidance
behavior of depressed mice. The rest were classical experiments to
evaluate the depression-like behavior of mice. This paper introduces
four classic tests with simple apparatus and convenient operation.

A. Sucrose preference test (Willner et al., 1987). A greater
rate of sucrose water preference indicates a more severe
depressive pleasure deficit in the experimental subject.
This experiment is simple and only needs normal ultra-
pure water at high pressure and 1% sucrose water. Two
bottles of water were placed in a suitable area for the
subject to drink freely and the two bottles are swaped
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every 12 h to avoid the subject’s position preference.
The two bottles of water were withdrawn and fasted for
24 h after four exchanges. Following, the two bottles
were placed randomly for 1 h, and calculated the 1%
sucrose water consumption (A) and ultra-pure water
consumption (B). The sucrose preference index (%) =
A/(A + B) x 100%.

B. Sociability test (Xu et al., 2019). Behavioral tests were
performed during the daytime and the experimental
devices consist of a video analysis system, a rectangular
box, and two square metal cages that can accommodate
just one mouse, being placed diagonally on both sides of
the rectangular box. Firstly, the subjects were
acclimatized in the test chamber for 30 min before
recording. Secondly, the subjects were placed inside the
rectangular box for 5 min to adapt to unfamiliar mice in
the upper right corner of the metal cage. Thirdly, the
subjects were allowed to move freely in the rectangular
box for 10 min with an unfamiliar female mouse of the
same age in the upper right metal cage, and record the
data of path trajectories, number of interactions with
female mice, and time spent in diagonal areas, etc.

C. Forced swimming test. Add about 2L of water of 22 +
1°C in a 3L beaker to ensure the water is deep enough to
prevent the subject standing upright and force them to
float. Mice will try to escape when forced to swim, but
the inescapable oppressive environment makes them
show a typical “immobile state”. The subject was placed
in the beaker for 15 min on the first day and for 6 min
on the next day, and the immobile time for the latter 4
min should be recorded.

D. Tail suspension test. Similar to the forced swimming
test, it is a classic experiment to evaluate depression-like
behavior in animals (Yan et al., 2014). The mouse is
secured by the tail by a rubber band, suspended about
30-40 cm from the ground, and its behavior recorded
for 6 min and the immobile time for the latter 4 min.

2. Overview of different stressors
and effects on intestinal
microecology

2.1 Burns

Burns are a common type of accidental injury caused by flame,
hot liquid, steam, electricity, incandescent metals, etc. (Smolle et al,,
2017), which are classified as 1% degree, ond degree, deep ond degree,
and 3™ degree according to the severity of the burn trauma. Skin
microcirculation changes occur locally only in the acute period of
3-4 days after light burns, while in serious cases, distant organs like
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the intestine will show microcirculation adjustment disorders.
When burned, the patient’s skin is bare, and the mucous
membrane is damaged, which directly destroys the natural
barrier between the organism and the outside, and the bacteria
and toxins in the external environment can easily infect it.
Extensive burns cause protein loss, and lead to immune system
function injury, while massive use of antibiotics will cause
gastrointestinal dysfunction, and further trigger internal and
external infection and aggravation of the condition. BT occurs
in severe burns patients, which leads to the arrival of bacteria
through the mesenteric vein system to the portal vein and
intestinal lymphatic system to systemic circulation (Ciftci et al,
2012), further endangering patients’ lives due to systemic
inflammatory response syndrome (SIRS) or multiple organ
dysfunction syndrome (MODS).

In the early stage of burns, there is a transient constriction of
blood vessels in the burn area, the blood flow in the capillaries
slows down, and leukocytes attach to the capillaries and small
veins causing poor blood flow and promoting thrombosis. In
addition, blood viscosity increases due to the aggregation of red
blood cells and platelets, and the slowing down of the flow speed
and forms vortices, which further promotes the formation of
thrombosis (Liu et al., 2021). Microvessels dilate reduces
vascular resistance and promotes blood flow, but excessive
dilatation will cause blood pressure to decrease and blood flow
blocked, leading to bruising of tissues and organs (Jeschke et al.,
2020). Besides, microvessels dilate also increases the
permeability of some microvenules and capillaries, as well as
leads to the leakage of some blood components, and further
triggers edema and decrease in plasma colloid osmotic pressure,
which are the primary causes of body fluid loss or even shock in
the early stages of the burn (Hu et al., 2015). Due to neutrophil
aggregation, massive release of inflammatory mediators such as
pro-inflammatory cytokines and oxygen radicals, and activation
of related transduction pathways (Agay et al., 2008; Cevik et al.,
2012; Kim et al, 2012; Chi et al, 2021), the inflammatory
response damages the vascular endothelium, changes in
endothelial cell morphology, and increases microvascular
permeability, which triggers massive leakage of albumin into
the tissue space and causes secondary changes such as systemic
edema, thoracic and abdominal exudate (Rizzo et al., 2016). The
decreased effective circulating blood volume further develops
into multiple organ failure (MOF), shock, and even death.

Ischemia and hypoxia of the gastrointestinal tract are the
main manifestations of the intestinal effects of burns. Burn
injury leads to a large loss of body fluids. For ensuring the
blood supply to the heart, brain, and other vital organs, the
sympathetic-adrenomedullary system of the body is excited to
redistribute blood in the body, causing in the gastrointestinal
tract a state of ischemia and hypoxia (He et al., 2019), which
leads to structural damage to the intestinal mucosa, increased
permeability, cell necrosis, apoptosis, and ulcer formation.
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Intestinal microorganisms play crucial roles in maintaining
the integrity of the intestinal mucosal barrier and intestinal
microecological balance. Burned mice mainly exhibited a
reduced abundance of Bacteroidetes and an increased
abundance of Phylum Firmicutes. When severe burn
happened, the genera Mollicutes_RF9_g_norank,
Candidatus_Saccharimonas, Butyricimonas, Rumino-
coccaceae_UCG_010, and Ruminiclostridium_6 were increased
(Feng et al.,, 2019). It found that the reduction of Clostridium
butyricum and butyric acid, which contribute to the
maintenance of endostasis in the intestinal flora, was
particularly significant and negatively affected the intestinal
mucosal barrier (Zhang et al., 2020). Oral administration of
Clostridium butyricum to mice increased butyric acid levels,
decreased TNF-a and IL-6 levels, and inhibited intestinal injury
in burned mice. Burn-induced intestinal mucosal barrier
damage and intestinal microecological disorders may be a
potential mechanism for burn-induced sepsis (Beckmann
et al,, 2018). Intestinal bacteria and bacterial endotoxins
invade through the damaged intestinal mucosa epithelium and
reach mesenteric lymph nodes, causing bacterial translocation
and imbalance of the intestinal flora ratio and intestinal micro-
ecosystem, and further producing masses of potentially
pathogenic substances and promoting systemic infection
(Wang et al., 2019).

Considering that the traditional debridement treatment
caused secondary injury to the wound, so the modified moist
exposure therapy with moist burn cream was used. Under
treatment, it should not ignore the protection of the intestinal
tract, and it is vital to monitor intestinal function in time to

avoid intestinal microecological disorder and BT.

2.2 lIRI

The pathogenesis of exogenous stress exhibits microcirculatory
disorders and intestinal ischemia. The intestinal tract is highly
sensitive to ischemia-reperfusion injury, which is the pathological
processes of blood flow restoration and follow-up response after
ischemia. Considering that transient ischemia leads to substantial
damage to local mucosa and there is no uniform clinical treatment
for IIRI, it is necessary to discuss the specificity of IIRI as
endogenous stress.

Apoptosis, calcium overload, oxidative stress, and inflammatory
and immune responses are associated with IIRI. Increased immune
cell and mast cell activation promotes the release of inflammatory
mediators, causing an inflammatory response and aggravating the
injury. The conversion of xanthine dehydrogenase to xanthine
oxidase in intestinal epithelial cells generates excessive oxygen free
radicals, which directly or indirectly damage the DNA, proteins, and
enzymes (Bhattacharyya et al., 2014). Increased anaerobic
metabolism and free radicals after intestinal mucosal injury causes
impaired calcium pump and induces calcium overload, which leads
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to the increase in intracellular calcium ion concentration and further
trigger mitochondrial dysfunction and related enzyme activation,
eventually causing apoptosis.

Intestinal microbes play a role in maintaining intestinal
immune function and the intestinal mucosal barrier. It has
been shown that when broad-spectrum antibiotics are taken it
disrupts the normal colonization of the intestine, which weakens
the intestinal barrier and immune function, and further
exacerbates the injury in intestinal ischemia-reperfusion (Chen
etal., 2008). After IIRI, microorganisms in the intestine leave the
usual site of residence and penetrate from the injury into the
intestinal mucosa and submucosa (Nadatani et al., 2018), and
also through the intestinal mucosal microcirculation into other
organs, thus inducing inflammation.

After IIRI, the composition of colonic bacteria in mice was
significantly disturbed. The relative abundance of Bacteroidetes
and Phylum Firmicutes was significantly increased, while the
relative abundance of Mycobacterium verrucosum was
decreased (Deng et al, 2022). Metabolomic results showed
that the biosynthesis of secondary metabolites and
polysaccharides and the genomic abundance of metabolic
pathways were significantly impaired after IIRI, and the
capsiate in microbial metabolites decreased (Deng et al., 2021).
Besides, some strains have been found to exacerbate injury. The
presence of P. aeruginosa in the distal intestine may enhance the
lethal effects of IIRI (Fink et al., 2011), and single colonization of
Escherichia coli strain JP313 enhances leukocyte adhesion to
small mesenteric veins with IIRI (Ascher et al., 2020).

At present, more and more enteric bacteria have been found
to have the potential to treat intestinal and extraintestinal organ
damage caused by intestinal IIRI. But since the pathogenesis of
IIRI is not yet fully understood, clinical treatment or prevention
is mostly aimed at alleviating acute injury by simulating several
links in the process of IIRI, such as ischemic preconditioning
and ischemic postconditioning (Wong et al., 2021; Mi
et al., 2021).

2.3 Depression

The morbidity of depression is increasing and the suicide
rate of depression groups is higher than those without,
accompanying the increasing living standards and material
abundance, as well as the spiritual dissatisfaction and
challenges (Cavanagh et al., 2003). Psychosocial problems are
a major risk factor for depression. Except for psychological
problems, some physiological changes will appear when
depression is in an advanced stage. Studies demonstrated
that depression is associated with decreased levels of 5-
hydroxytryptamine (5-HT) and norepinephrine, for which
some targeted drugs, like isoniacyl isprehydrazine and
promimazine, have been used in clinical treatment according
to monoamine theory.
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Depression is profoundly associated with some intestinal
disorders, acts in both directions with intestinal diseases, and has
relevance in their pathogenesis. The reports of psychosomatic
factors on the pathogenesis of ulcerative colitis (UC) indicate
that negative psychological stimuli affect the neuro-endocrine
immune system and brain-gut axis system by altering the
secretion of transmitters like 5-HT, leading to abnormal
secretion of immune factors such as IL-2, IL-6, and IL-8
(Feuerstein et al., 2019; Peppas et al., 2021). These immune
factors have a certain pro-inflammatory effect on the
pathogenesis of UC, and promote the secretion of 5-HT
feedback through the neuro-endocrine, immune, and brain-gut
systems, aggravating the disease and further worsening the
intestinal inflammation.

Studies showed that Phylum Firmicutes significantly
reduced in depressed patients (Huang et al., 2018). Besides, the
Phylum Firmicutes decreased and Bacteroidetes increased in
Major Depressive Disorder (MDD) patients, which lead to a
reduced ability to produce short-chain fatty acids (SCFA) (Liu
et al., 2020). Phylum Firmicutes contribute to the fermentation
of carbohydrates into SCFA, and SCFA deficiency may weaken
the function of the intestinal barrier, leading to the crossing of
pathogens and metabolites, which induce an immune response
that may be associated with the onset and development of
depression (Duncan et al., 2007).

3. Effects of different stressors on
intestinal mucosa

3.1 Reasons for burn-induced intestinal
mucosal injury

Burns are a common cause of intestinal mucosal injury.
Studies showed that burns increase intestinal permeability and
tissue damage, allowing bacteria to enter the bloodstream and
causing damage to the organism (Costantini et al., 2009a). The
tight junction (T]) between intestinal epithelial cells plays a
crucial protective role in preventing bacteria. When burned,
inflammation promotes the destruction of the tight connection
structure mainly through the myosin light chain kinase (MLCK)
signaling pathway.

3.1.1 Disruption of tight junctions induced
intestinal mucosal damage

TJs are composed of proteins located on the cell membrane
and maintains the integrity of the intestinal mucosa, such as
claudin, occludin, and the ZO family, and the absence of these
proteins will damage the intestinal epithelial barrier (Shen et al.,
2011). Changes in TJs after severe burns are mainly twofold. On
the one hand, TJs in intestinal epithelial cells redistribute.
Chuanli Chen found that when mice underwent 30% burns
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for 6 h, intestinal wall permeability changed and claudin-1,
occludin and zonula occludens-1 (ZO-1) redistributed (Chen
etal, 2012). Besides, Costantini also found the rearrangement of
occludin and ZO-1 (Costantini et al., 2009b). On the other hand,
changes were found in the expression of TJ. Reduced levels of
occludin and ZO-1 expression were also found in Costantini’s
study, and remained lower even after 24 hours than in the
control group, suggesting that burn injury has an important
effect on the expression of TJ.

3.1.2 Molecular mechanism of TJ disruption

The permeability of the intestinal mucosal barrier is related
to the regulatory mechanisms of the cytoskeleton since TJs are
connected to the cytoskeleton through ZO proteins (Fasano,
2008). Many signaling pathways involved in the cytoskeleton
regulate intestinal mucosal barrier, such as phospholipase C-
dependent signaling pathway, Ca2+-E cadherin signaling
pathway, tyrosine kinase-phosphatase signaling pathway, Rho-
Gtase pathway, MLCK signaling pathway, etc. MLCK signaling
pathway plays a major role in the regulation of tight junctions,
while phospholipase C-dependent signaling pathway and Rho-
GTPase pathway can regulate MLCK signaling pathway.
Mechanisms of cell contraction induced by burns are
presented in Figure 1.

3.1.2.1 Relationship between MLCK signaling pathway
and TJ

It has been shown that MLCK regulates T] (Cunningham
and Turner, 2012). When MLCK is activated by calmodulin, etc.,
phosphorylation of residues at Thr18 and Ser19 of the myosin
light chain (MLC) increased. Phosphorylated-MLC activates the
ATPase of the myosin heavy chain, causing shrinkage of
downstream cells, shortening of gaps between cells, and
disruption of TJs (Zahs et al., 2012). The expression of MLCK
was also associated with mucosal damage in addition to its
activation. Multiple types of MLCK were generated due to the
differences in MLCK promoters, among which smooth muscle
myosin light chain kinase (smMLCK) and non-muscle myosin
light chain kinase (nmMLCK) participate in the regulation of
cell contraction via myosin. When activated by Ca2+, smMLCK
induced cell contraction while nmMLCK did not (Lazar and
Garcia, 1999). However, under inflammation, like burns, the
transcriptional levels of smMLCK will be enhanced
corresponding to the increase of MLCK, which destroys the T]
and further enlarges the intercellular space (Ye and Ma, 2008). In
addition, burns prompt a massive release of cytokines and other
inflammatory mediators such as TNF-o and IL-1B, which
compete for herpesvirus receptors on T cells, upregulate
MLCK transcription and exacerbate the destruction of the
intestinal epithelial mucosa, further causing multifunctional
organ failure, sepsis, even life-threatening conditions (Al-Sadi
and Ma, 2007; Feng et al., 2019).
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Mechanisms of cell contraction induced by burns.

3.1.2.2 Relationship between phospholipase C-
dependent signaling pathway and MLCK
signaling pathway

Burns activate G proteins mediated phospholipase C (PLC),
which breaks down phosphatidylinositol (Piao et al., 2017; Zhu
etal., 2017) bisphosphate (PIP2) into inositol triphosphate (IP3)
and diacylglycerol (DG). IP3 binds to its receptors on the
endoplasmic reticulum to release Ca2+, which activates the
MLCK signaling pathway and promotes phosphorylation of
MLC, ultimately leading to the disruption of TJ (De Bock
et al,, 2013).

3.1.2.3 Relationship between Rho-GTPase pathway and
MLCK signaling pathway

The Ras homologous (Rho), a member of the Ras
superfamily of GTPases, mainly plays a regulatory role
between actin and myosin in the intestinal mucosal epithelial
barrier, and its mechanism of affecting TJ is also related to
MLCK. Rho GTPases are divided into Rho (RhoA, RhoB, and
RhoC), Rac (Racl, Rac2, and Rac3), Cdc42 (Cdc42, RhoJ, and
RhoQ), and RhoF (RhoD and RhoF) (El Masri and Delon, 2021).
Rho-associated coiled-coil kinase (ROCK) is a kind of serine/
threonine protein kinase (STPK), which is activated by RhoA.
Myosin light chain phosphatase (MLCP) is phosphorylated and
inactivated by activated-ROCK, and results in the inability to
dephosphorylate MLC, further leading to an increase in
phosphorylated-MLC and disruption of TJ (Xue et al., 2019).
Studies have shown that intestinal mucosal reduced and
permeability and phosphorylation of MLC decreased in
burned mice injected with ROCK inhibitor (Liu et al., 2008).
Therefore, the Rho-GTP pathway is also thought to be involved
in the disruption of TJ in mice after burns.
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3.2 Reasons of IIRl induced intestinal
mucosal injury

When intestinal ischemia, the permeability of capillaries
increases and causes fluid in the vessels to leak out into the
tissue interstitial spaces, forming interstitial edema. If IIRI
occurs, the capillary permeability of the intestinal wall will be
further increased and even damage the intestinal mucosa. The
effects of ITRI on intestinal mucosal injury are shown in Figure 2.

3.2.1 Intestinal mucosal injury induced by
oxidative stress in IIRI

It has been shown that a large number of reactive oxygen
species (ROS) are generated during ischemia-reperfusion, which
form lipid peroxides with the unsaturated fatty acids in the
plasma membrane and activate the complement system to
induce oxidative stress and further damage intestinal mucosal
(Li et al,, 2021). ROS are mainly derived from mitochondria in
macrophages and neutrophils and produced to prevent intestinal
pathogens from invading (Cieslar-Pobuda et al., 2017). The
hypoxia-produced xanthine oxidase (XO) leads to ROS
overload (Akinrinmade et al., 2016). Excess ROS also induces
the production of inflammatory factors and apoptosis, which
aggravate intestinal mucosa injury. The transfer of
mitochondrial DNA also leads to increased oxidative stress
(Yu and Bennett, 2016). Oxidative stress damages
mitochondrial DNA and blocks the synthesis of the electron
transport chain complex, leading to mitochondrial dysfunction.
At the same time, the positive feedback of dysfunctional
mitochondria increases the generation of ROS and exacerbates
oxidative stress damage. Studies also found that oxidative
damage exacerbates via the JAK/STAT signaling pathway
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Effects of IIRI on intestinal mucosal injury

(Wen et al, 2012), TLR receptor-mediated signaling pathway,
and PKCPII/p66shc pathway in the organism (Fink et al., 2007;
Wang et al., 2014). Similarly, Wen He demonstrated that
ischemia-reperfusion could manifest as abnormal TJ] between
intestinal epithelial cells, enhancing intestinal permeability and
causing focal hemorrhage and necrosis.

3.2.2 The role of intestinal microorganisms
in 1IRI

Toll-like receptors (TLR) that recognize bacterial
component molecules are closely related to intestinal mucosal
injury, which plays a vital role in intestinal homeostasis and
immune function in the intestine. It has been shown that the
family member of TLR associated with IIRI is mainly TLR2 and
TLR4, both of which can be induced to produce TNF-o. and NF-
KB by activation of relevant components of microorganisms.
TLR2 is mainly activated by Gram-positive bacteria and
peptidoglycan in fungi (Kawai and Akira, 2009), while TLR4 is
mainly activated by lipopolysaccharide in Gram-negative
bacteria (Hoshino et al., 1999). Some studies verify that TLR4
prevents increased intestinal permeability via TNF-o signaling
to reduce IIRI, while others deem TLR4-mediated COX2
expression exacerbates intestinal mucosal injury (Moses et al.,
2009; Zhu et al., 2017). Different effects produced by TLR4 may
be related to various types of ligands.

3.2.3 Roles of miRNAs in IIRI

A variety of miRNAs have been reported to play important
roles in the maintenance of gastrointestinal homeostasis and
immune function, as well as in the maintenance of intestinal
mucosal barrier function (Akbari, 2020). MiR-29b, a member of
the miR-29 family, is involved in the mediation of apoptosis,
inflammatory response, and oxidative stress. When suffering
IIRI, miR-29b expression is down-regulated which activates p-
TAK signaling and promotes inflammatory response by up-
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regulating p65, IL-13, and IL-6. Besides, decreased miR-29b
induces apoptosis by up-regulating Bax and down-regulating
Bcl-2. All above mentioned factors together exacerbate intestinal
mucosal injury (Wang et al., 2017). Hu Y found that miR-351-5p
induces oxidative stress by reducing SIRT6 and AMPK
phosphorylation levels (Hu et al., 2018), as well as enhancing
FOXO3a. phosphorylation, IL-1, IL-6, and ICAM-1 expression.
MiRNAs associated with IIRI reduce oxidative stress by
decreasing SIRT1 and SIRTS6, reduce apoptosis by inhibiting
IGF-1/PI3K/Akt/mTOR pathway, Apaf-1, Cyt ¢, caspase-3,
caspase-9, and PTEN, and reduce inflammatory response by
inhibiting MAPKD1/NF-xB/IL-1, IL-6 and TNF-a
inflammatory signaling pathways (Akbari, 2020).

3.3 Reasons of depression induced
intestinal mucosal injury

Depression is a serious mental illness that negatively affects
people’s thoughts and behaviors and poses a serious risk to
human physical and mental health (De Zwart et al, 2019).
Depression has been reported to disturb the homeostasis of
the gastrointestinal tract and affects gastrointestinal tract
function such as constipation, nausea, vomiting, etc (Bhatia
and Tandon, 2005). Lina Wei found that chronic stress
regulates the intestinal nervous system and secretory function
to affect the activity of intestinal microorganisms, which
counteract the intestinal mucosa causing intestinal mucosal
damage and inflammation (Wei et al., 2019).

3.3.1 Roles of microbiota-gut-brain axis
in depression

The bidirectional link between brain and gut microbiota is
known as the microbiota-gut-brain axis (Burokas et al., 2017),
and signals from the brain affect the gut microbes through it.
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Conversely, microbes affect the central nervous system.
According to Dabo Xu (Xu et al., 2014), chronic psychological
stress causes changes in the number and type of intestinal
communities, disrupting intestinal microecology (Ding et al.,
2020). The disturbance of intestinal microorganisms produces
lipopolysaccharides, increased inflammatory factors that
damage the intestinal mucosa. Suzuki K found that
psychological stress reduces o-defensin secreted by Paneth
cells and destroys the diversity of intestinal microbes such as
Firmicutes and Bacteroidetes (Suzuki et al., 2021).

3.3.2 Roles of the immune-inflammatory
pathway in depression

In patients with major depression, the immune-
inflammatory pathway is overactivated, and the pro-
inflammatory cytokines, T cell activation, and acute-phase
protein increase and lead to intestinal inflammation
(Sluzewska et al., 1996; Dowlati et al., 2010; Beurel et al.,
2013). The increased levels of Oxidative and nitrative stress
trigger the generation of ROS and reactive nitrogen species
(RNS), resulting in impaired cell membrane structure and
adhesion and further causing the destruction of intestinal wall
cells (Maes et al., 2011).

3.3.3 Roles of the hypothalamic-pituitary-
adrenal axis in depression

Activation of the HPA axis promotes the release of
catecholamine, and increases the activity of intestinal wall
lymphocytes, macrophages, and neutrophils, which cause
intestinal inflammation. Studies showed that chronic psychosocial
stress increased the severity of 2, 4, 6-trinitrobenzenesulfonic acid
(TNBS) and induced colitis in rats (Mawdsley and Rampton, 2005).
Clinical studies also showed that chronic stress aggravated the

10.3389/fcimb.2022.953474

course of enteritis, and the prognosis was easy to relapse
(Gerbarg et al, 2015). Moreover, catecholamines enhanced IL-
17A-induced neutrophil infiltration by activating the STAT3
signaling pathway in a model of enteritis induced by Dextran
sulfate sodium (DSS) (Deng et al., 2016).

In addition, chronic stress causes the release of substance P
from intestinal nerve endings (Zheng et al., 2009), inducing the
production of corticotropin-releasing hormone (CRH) by
eosinophil and activating mast cells to induce intestinal
epithelial barrier damage. The main reasons for chronic stress-
induced intestinal mucosal injury are listed as follows (Figure 3).

4. Discussion

The growing evidence demonstrates that the intestinal
mucosa is damaged under stress. The alteration of intestinal
microecology and intestinal mucosal barrier induced by the
above-mentioned three typical stressors is different (Table 1).
Firstly, in terms of the time when the stress begins up to the
appearance of the intestinal response, the shortest is IIRI,
followed by burns, and the longest is depression (Karabeyoglu
et al,, 2008; Cruz et al,, 2011). Secondly, in terms of assays, the
same detection of intestinal mucosal barrier damage induced by
three typical stressors are TJ protein, fluorescein isothiocyanate
(FITC)-dextran permeability, while the burn model also
measures the MLCK activity, the ischemia-reperfusion model
tests free radical content, and more attention was paid to the
changes of gut microflora for the depression. Thirdly, in terms of
intestinal microbiota changes, the abundance of intestinal
Bacteroidetes decreased and Phylum Firmicutes increased
when burned, Bacteroidetes and Phylum Firmicutes all
increased in IIRI, and Bacteroidetes increased and Phylum

Oxidative stress 1
Nitrosative stress T

catecholamine

v v

l v
ROS T Neutrophil
RNS 1 orit

[ Chronic stress |
Chronic stress % l

Intestinal nervous

v

———Brain Paneth Cell

substance : . N N q
» ‘ Intestinal microorganism disorder Fa—defensm )

IL-17A lipopolysaccharides

|

pro-inflammatory cytokines 1
ApPP1T
T cell activation T

Intestinal mucosa damage |

FIGURE 3
Mechanisms of chronic stress-induced intestinal mucosal injury
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TABLE 1 Difference between intestinal mucosal barrier injury and intestinal microecological imbalance caused by burning, IIRI, and depression.

Burn IIRI Depression
Time Medium Shortest Longest
Assays Similarities TJ protein, FITC-dextran, etc
Differences MLCK Free radical microflora
microbiota Bacteroideted | 1 1
Phylum Firmicutes 1 1 |

The symbols of | means decrease and 1 means increase.

Firmicutes decreased in depression. Fourthly, the differences
between these three typical stresses on the intestinal response
remain to be investigated because of the difference in the
experimental parameters and the indicators detected. However,
it is worth noting that there is also a temporary ischemia-
reperfusion injury to the intestine in the burn model due to
the large loss of body fluids and thus greater damage to the
intestinal mucosa (Zhi et al., 2015).

5. Summary and outlook

The biological barrier consists of a stable proportion of
intestinal flora that colonizes the surface of intestinal mucosa
or resides in the intestinal lumen, which effectively prevents the
invasion of harmful bacteria. The chemical barrier is composed
of intestinal mucus and digestive juices secreted by intestinal
epithelial cells, bacteriostatic substances produced by intestinal
parasitic bacteria, and co-metabolites revised from them, which
moderates intestinal peristalsis and permeability, and prevents
the adhesion of toxins and pathogens. The structural and
functional integrity of the intestinal mucosal epithelium and
TJ between cells constitute a mechanical barrier that directly
prevents bacterial endotoxins and bacteria from crossing. The
secretory IgA (SIgA) and other antibodies secreted by
submucosal lymphoid tissue, intestinal mucosal epithelial cells,
and the interaction between immune molecules and immune
cells constitute the immune barrier, which kills pathogens,
maintains mucosal integrity, and its normal function. The
structural integrity and functional coordination of the above
four barriers together constitute the intestinal mucosal barrier,
maintaining the microecological stability of the human intestine.

As a relatively common pathogenic factor, stress is prone to
cause digestive and psychiatric disorders, which seriously affect the
physical and mental health of patients. In recent years, more and
more studies have shown that under stress, the intestinal mechanical
barrier is damaged, and then the intestinal mucosal permeability
increases, which brings a large amount of endotoxin into the blood
and can even be life-threatening. The mechanical barrier is the most
important layer of the intestinal mucosal barrier, which is composed
of multiple proteins that work together to maintain the normal form
and function of the intestinal mucosa. The imbalance of intestinal
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microecology, poor tissue perfusion, impaired blood circulation,
prolonged lack of nutrition or ischemia and hypoxia lead to
edema or atrophy of intestinal mucosal cells, enlarging the
intercellular space and damaging the TJ. Once the TJ between
epithelial cells is mutated or missing, the integrity of the mucosal
barrier cannot be guaranteed. The toxic substances and bacteria in
the intestinal cavity leak into the surrounding tissues through the
intercellular space or enter the intestinal mucosal lymph nodes and
portal vein system by cell bypass because of the increase of
intercellular permeability, which activates the immune
inflammation, destroys the intestinal epithelium again, further
increase the permeability, aggravate the disease and even
endangers the patient’s life. In this paper, we summarize the
mechanisms of intestinal wall permeability increased by burns,
intestinal ischemia-reperfusion injury, and depression.
Inflammatory response and intestinal microecology disorders are
the initial or aggravating factors of intestinal mucosal barrier damage
and intestinal microecological disorder caused by these three
stressors, and intestinal dysfunction further causes an
inflammatory response. Selective inhibition of pathogenic bacteria
in the intestinal tract and growth of conditioned pathogenic bacteria,
reduction of drug-resistant strains, protection of intestinal mucosa,
and maintenance of intestinal microecological balance are important
means to prevent stress-induced intestinal dysfunction, which
provide references for alleviating intestinal dysfunction or inducing
endotoxemia in patients suffered stress. However, the mechanisms of
stress-induced increased intestinal wall permeability are not
completely clarified, and it still needs to be explored and solved.
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