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ABSTRACT

The association between stress and gastrointestinal (GI) tract diseases is well established,
while the exact mechanism remains elusive. As a result, it is urgent to establish mouse
models to investigate restraint stress-associated GI leakage, but current models have their
limitations. A new Evans blue-fed restraint mouse model has recently been developed that
allows researchers to study restraint stress-associated GI leakage in live animals. This
review article will focus on this model, including its mechanisms, clinical implications, and
applications for studying restraint stress-associated GI injury. Recent findings from studies
using this model will also be highlighted, along with their potential for diagnosis and
treatment. The article aims to discuss about current research and provide recommendations
for further study, ultimately improving our understanding of the link between stress and GI

injury and improving patient outcomes.
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RESTRAINT STRESS AND GASTROINTESTINAL
INJURY

estraint stress is the emotional and physiological response
KEO perceive a situation as demanding or overwhelming,
impacting various aspects of well-being [1]. Restraint
stress-associated gastrointestinal (GI) injury refers to the
physical damage that can occur in the digestive system due
to psychological and physiological stresses. Psychological
stress can activate the body’s “fight or flight” response, which
can cause changes in the digestive system, such as decreased
blood flow and increased inflammation [2]. These changes can
lead to damage to the gut lining, disruption of gut motility
and secretion, and alterations in gut microbiota [3-5]. The
gut and brain maintain a bidirectional communication system
that involves multiple pathways, including immune pathways,
endocrine pathways, neural pathways, the autonomic nervous
system, enteric nervous system (ENS), hypothalamic—
pituitary—adrenal (HPA) axis, and the vagus nerve [Figure 1].
This intricate network allows for extensive interactions
and information exchange between the gut and the brain,
facilitating the regulation of physiological processes [6-9].
Understanding the mechanisms of restraint stress-associated
GI injury and developing effective management strategies
is crucial for maintaining digestive health and overall
well-being.

Access this article online

Quick Response Code:
[] st [m]

f =

Website: www.tcmjmed.com

DOI: 10.4103/tcmj.tcmj_101_23

STRESS-ASSOCIATED GASTROINTESTINAL INJURY IN
CLINICAL SETTINGS

The risk of GI tract diseases can be increased by
psychological stress [10-12]. For example, an increased
risk of GI tract diseases has been linked to neurocognitive
and psychiatric disorders [13], such as autism [14],
dementia [15,16], schizophrenia [17], bipolar disorder [18], and
depression and anxiety [11]. Psychological stress-associated
GI injury can lead to increased gut permeability, dysbiosis,
inflammation, and immune response, all of which have been
linked to the development of GI disorders [4,19-21]. Studies
have shown that individuals who experience chronic stress are
more likely to develop irritable bowel syndrome, inflammatory
bowel disease, and other gut-related disorders [20,21].

In addition to the cross-talk between psychological stress
and GI disorders, psychological stress may also lead to
various adverse effects, which may as lead to GI injuries.
For example, stress-associated GI injury has been implicated
in impaired nutrient absorption [22,23]. Meanwhile,
psychological stress has been involved in poor immune
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Figure 1: Bidirectional communication between the gut and the brain. The diagram illustrates the bidirectional communication between the gut and the brain, which is
influenced by various pathways such as the immune pathways, endocrine pathways, neural pathways, autonomic nervous system, enteric nervous system, hypothalamic—

pituitary—adrenal axis, and vagus nerve

function, making individuals more susceptible to infections
and other illnesses [24,25]. In addition, psychological stress
has been implicated in delayed wound healing [26,27], which
may delay the repair of GI injury, leading to complications
in surgical and other medical procedures [26,27]. All these
effects may cause GI disorders.

MECHANISMS OF PSYCHOLOGICAL
STRESS-ASSOCIATED GASTROINTESTINAL INJURY

The mechanism that leads to psychological stress-associated
GI injury is still not fully understood.

The communication between the brain and the digestive
system involves intricate pathways partly mediated by
the vagus nerve. Through sensory fibers, the vagus nerve
transfers information about the state of the digestive system
to the brain. This bidirectional communication occurs through
various mechanisms, such as the direct vagus nerve-to-brain
connection and interactions with the ENS and enteroendocrine
cells with neuropods. By conveying neuronal, endocrine,
and immune messages, the vagus nerve influences the gut
microbiota and ultimately impacts brain health [9,28,29].

In this communication process, GI bioactive molecules,
including neurotransmitters, hormones, cytokines, and
microbial metabolites play a significant role [9,28,29].
Evidence suggested a bidirectional microbiota—gut—brain
axis that psychological stress can cause changes in the gut
microbiota, alter gut permeability, and promote inflammation,
leading to GI injury and brain damage [30-33]. Furthermore,
the immune cells, including dendritic cells, macrophages,
neutrophils and T-cells are also involved in the inflammatory
response to psychological stress. These cells may produce
pro-inflammatory ~ cytokines, such as interleukin-1,
interleukin-6, and tumor necrosis factor-o, which are
released in response to stress-associated inflammation in the
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gut [34-36]. These cytokines and inflammatory responses can
cause the suppression of epithelial tight junction and damage
to the intestinal epithelium, leading to further increases in
GI permeability and promoting the entry of more bacteria
and toxins into the bloodstream [34-39]. These results
suggested that epithelial tight junctions, regulated cell death,
and inflammatory pathways of the GI system are potential
research directions for studying restraint stress-associated
GI injury. These bioactive molecules are produced within
the GI system under the influence of external factors such
as prebiotics, psychobiotics, drugs, and lifestyle habits.
They can traverse the blood-brain barrier, which consists
of endothelial cells lining the brain capillary wall, astrocyte
end-feet surrounding the capillary, and pericytes embedded
in the capillary basement membrane. Thus, these bioactive
molecules can directly reach brain tissue and exert their
effects [9,28,29].

The activation of the HPA axis is another important
aspect of brain—gut communication [9,28,29]. The HPA axis
is characterized by releasing corticotropin-releasing hormone
from the hypothalamus upon psychological stress induction,
which stimulates the anterior pituitary gland to produce
adrenocorticotropic hormone (ACTH). ACTH, in turn, acts on
the adrenal gland, producing and releasing cortisol, a stress
hormone [40,41]. Cortisol modulates the intestinal epithelial
barrier and immune responses, contributing to the overall
interplay between the brain and the gut [9,28,29].

Within the gut, enteroendocrine cells play a crucial role in
bidirectional communication with the brain. The innervation
induced by the vagus nerve stimulates signaling between
enterochromaffin cells and neuronal circuits. This signaling
influences various aspects, such as pain, background emotions,
immune responses, neurogenesis, and neurodevelopment.
Furthermore, the vagus nerve exhibits immunomodulatory
properties and has a significant impact on GI and psychiatric
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disorders, highlighting its essential role in maintaining
homeostasis between the gut and the brain [9,28,29].

In summary, both in normal and psychological stress
conditions, the complex interaction between the brain and
the gut incorporates several key elements. These include the
vagus nerve, GI bioactive molecules, the HPA axis, the gut
microbiome, and enteroendocrine cells. However, the precise
mechanisms underlying gut-brain communication remain
largely elusive. To provide a visual representation of these
intricate connections, we have summarized the gut-brain
communication pathways in a concise diagram [Figure 1].

RESTRAINT STRESS MOUSE MODEL FOR STUDYING
STRESS-ASSOCIATED GASTROINTESTINAL INJURY

The restraint stress mouse model is useful for exploring
stress-associated pathophysiological changes

The restraint stress mouse model is a widely accepted
approach for examining the physiological, behavioral,
and biochemical alterations linked to psychological stress
in mice [42-46]. By studying the effects of restraint
and immobilization stress, researchers can uncover the
pathophysiological changes that contribute to anxiety and
stressed behavior in experimental animals [42]. As a result, the
restraint stress mouse model is a valuable tool for exploring
stress-associated GI injuries [47,48].

Comparisons between traditional restraint stress
models versus Evans blue-fed restraint stress mouse
model

There are certain drawbacks to current animal
models used to measure GI leakage. For instance,
some models may be time-consuming (e.g., lactulose/

mannitol test), require specialized equipment (e.g., liquid
chromatography and mass spectrometry), or involve isotope
labeling (e.g., 51Cr-labeling) [49]. Although endoscopy is

commonly used for evaluating GI injuries in patients [50,51],
it is not feasible for mice due to their small size [47].
Therefore, we developed a relatively simple method that
involves feeding mice with GI nonabsorbable Evans blue dye,
enabling us to measure plasma Evans blue levels to observe
the timely changes of GI leakage [47,48]. The traditional
use of intravenous injection of Evans blue, which binds to
serum albumin and only leaks into peripheral tissues, when
there is increased vascular permeability (dye leaks from
blood to tissue) [52-56]. Unlike the traditional use, in this
oral-fed model, Evans blue leaks into the bloodstream from
the GI system when GI injury occurs (dye leaks from tissue
to blood) [Figure 2, experiment outline] [47,48]. The restraint
stress can be applied for a specific or extended period of
time, and the mice are euthanized for examination of their
GI tissues for signs of GI injury, such as inflammation,
suppressed tight junction, and increased epithelial cell
death [47,48]. This model enables researchers to investigate
the mechanisms of GI injury induced by restraint stress,
such as molecular regulations of gut epithelial tight
junctions and cell death. The Evans blue-fed restraint stress
mouse model is advantageous in that it allows for real-time
examination of GI injury, enabling researchers to explore
the temporal relationship between stress exposure and GI
injury. In addition, this non-invasive model is ethical and
practical, making it a useful tool for preclinical studies to
evaluate potential therapies for stress-related gut disorders.
It is a convenient and useful animal model. From a practical
standpoint, it is important to note that the experimental results
can be significantly influenced by the circadian rhythm.
In order to obtain meaningful results, it is recommended
to perform the restraint stress during the dark cycle (active
period) of the experimental mice.
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Restraint stress

Gl injury
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Figure 2: Experiment outline of the Evans blue-fed restraint stress mouse model. The experimental protocol for the Evans blue-fed restraint stress mouse model was
adopted from previous studies [47,48]. Mice were subjected to 9 h of restraint stress in a 50-mL plastic falcon tube with air holes. Blood samples were collected at 0, 5, 7,
and 9 h, and Evans blue (1.2 g/kg) was fed to the mice before stress. Their blood plasma was isolated by collecting blood in an Eppendorf tube and mixing it with an equal
proportion of anticoagulant citrate dextrose solution to prevent coagulation [54,57,58]. The concentration of Evans blue in the plasma was measured using a spectrum analyzer
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MAJOR FINDINGS OF EVANS BLUE-FED RESTRAINT
STRESS MOUSE MODEL

The Evans blue-fed restraint stress mouse model [Figure 2,
experiment outline] has revealed several significant findings,
including (1) the ability to assess the dynamic changes of
GI leakage in live animals and (2) timely evaluation of tight
junctions, inflammation, and epithelial cell death at a cellular
level [47,48].

Increased gut permeability

Research has shown that restraint stress can result in an
increase in gut permeability. To measure gut permeability
and monitor its changes over time in live animals with good
reproducibility, the Evans blue-fed restraint stress mouse model
has been utilized [47,48]. This model enables researchers to
determine the appropriate time points for peak restraint stress,
facilitating further mechanism studies and functional analyses.

Tight junction, inflammation, and epithelial cell death

The advantage of the Evans blue-fed mouse model is its
ability to assess the dynamic changes in gut permeability
over time in vivo. This time course information allows for the
collection of gut tissue at appropriate time points to evaluate
tight junction integrity, inflammation, and epithelial cell death
accurately. For example, exposure to restraint stress has been
shown to increase inflammation and cellular stress in the gut,
leading to GI damage and dysfunction [47,48]. The restraint
stress-associated abnormal suppression on the gene and protein
expressions of tight junctions (e.g., zonula occludens-1,
claudin-3; and junctional adhesion molecule 3) could be
revealed in proper time courses [47,48]. In addition, restraint
stress-associated regulated cell death pathways [54,57,58],
such as apoptosis, in the GI epithelial cells could be
revealed [47,48]. As a result, when using the Evans blue-fed
restraint stress mouse model in combination with various
other analysis methods, such as RNA (e.g., quantitative
real-time reverse transcription polymerase chain reaction
assay) and protein identification (e.g., Western blotting,
flow cytometry, enzyme-linked immunosorbent assay, and
immunohistochemistry) methods [47,48], it becomes a
powerful preclinical model for mechanism studies.

Effects of interventions for preclinical studies

In previous studies, the restraint stress mouse model has
been employed to evaluate the impact of different interventions
on GI injury caused by psychological stress [59-61].
Platelet-rich plasma is a well-established therapeutic agent to
facilitate tissue repair and anti-inflammation [62-64]. Utilizing
platelet-rich-plasma and platelet transfer have been tested in
Evans blue-fed restraint stress mouse model [48], revealing
potential alternative treatment strategies for stress-associated
GI injury. Although the precise molecular pathways involved
in restraint stress-associated gut injury remain unknown,
previous studies utilizing the Evans blue-fed restraint stress
mouse model have shed some light on the topic. Specifically,
these studies have demonstrated the importance of activating
transcription factor 3 (ATF3) and P-selectin in repairing restraint
stress-associated gut injury. ATF3 is a member of the ATF/
CREB family of transcription factors involved in the regulation
of cellular processes, including anti-stress, anti-inflammation,
and pro-survival responses [65,66]. P-selectin, also known
as CD62P, is a transmembrane protein found on activated
endothelial cells and platelets, which plays a critical role
in mediating leukocyte adhesion during inflammation and
participates in the regulation of thrombosis, angiogenesis,
and cell signaling [67]. In comparison to wild-type control
mice, mutant mice lacking the ATF3 and P-selectin gene
expressions exhibited significantly higher levels of GI leakage
and suppressed epithelial tight junction following restraint
stress [47,48]. These findings indicate that both the ATF3
and P-selectin pathways play a role in protecting against
stress-associated inflammation and epithelial damage, though
further researches are needed to fully elucidate the underlying
mechanisms and roles of ATF3 and P-selectin pathways on the
amelioration of restraint stress-associated gut injury.

Involvements of psychological stress

Restraint stress can induce both physiological and
psychological stresses in experimental mice. In order to
explore the potential involvement of psychological stress in the
Evans blue-fed restraint stress mouse model, we conducted the
elevated plus maze mouse behavior test following previously
reported methods [68]. These results demonstrate that mice
subjected to Evans blue-fed restraint stress treatment exhibited
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Figure 3: Restraint stress resulted in the development of anxiety-like behaviors in C57B1/6J mice. Throughout the 20-h stress procedure, both the no stress and stress
groups were deprived of access to food and water. After the termination of restraint stress, both the unstressed and stressed groups of mice were given access to food and
water for a period of 2 h to restore their resources. Subsequently, the elevated plus maze (EPM) was conducted. Video recordings were captured using an iPhone Xs Max
and later analyzed using ToxTrac_v2.98 software. Representative video tracking images captured during a 5-minute EPM are presented (a). A comparison was made
between the control group (no stress) and the restraint stress group (stress) for open-arm traveled distance (b), and open-arm staying time (c). The number of samples used
for analysis was 3 (n = 3). The statistical significance of the obtained results was examined using student's t-test. and *indicates statistical significance at P < 0.05, when
compared to their respective no stress groups. All protocols for examining the experimental animals were approved by the Animal Care and Use Committee of Tzu Chi

University, Hualien, Taiwan (approval ID: 111052)
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anxiety-related behavior, providing further evidence of the
involvement of psychological stress in this model [Figure 3].
Such data align with numerous previous reports identify
psychological stress as one of the primary stressors associated
with restraint stress animal models [42-46].

FUTURE DIRECTIONS
Clinical applications

The Evans blue-fed restraint stress mouse model has
clinical implications for the study of stress-associated GI
injury. This model allows researchers to investigate GI leakage
in live animals and study the mechanisms, diagnosis, and
treatment of stress-related GI disorders. It provides a real-time
examination of GI injury, enabling the exploration of the
temporal relationship between stress exposure and GI injury.
The model has been used to assess gut permeability and
evaluate tight junction integrity, inflammation, and epithelial
cell death. It has also been utilized to study the effects of
interventions on GI injury caused by stress, and is likely
helpful for the development of new therapeutic agents against
stress-associated GI diseases [69].

Challenges and future perspectives

Despite its advantages, the model also presents challenges.
For instance, the variability in the stress response of individual
mice can affect the reproducibility of study results. In addition,
the sole use of restraint stress may not fully recapitulate
the range of stressors that humans experience in daily life.
Furthermore, the long-term effects of stress-associated GI
injury in humans remain unclear, and the extent to which the
mouse model translates to human physiology is limited. Future
perspectives involve standardized stress protocols, measuring
GI leakage, studying effects of stressors on GI injury, and
exploring therapeutic interventions for stress-associated GI
damage. Further validation of the model’s relevance to human
GI injury and the exploration of potential biomarkers for the
early detection and diagnosis of stress-associated GI injury in
humans are also needed.

CONCLUSION

Stress-associated GI injury is a complex phenomenon that
involves various mechanisms, including inflammation, gut
microbiota dysbiosis, and cellular stress. The Evans blue-fed
restraint stress mouse model has emerged as a valuable tool
for studying stress-associated GI injury in live animals. The
model has provided evidence for increased gut permeability in
response to stress and has implications for the diagnosis and
treatment of GI disorders associated with stress. However,
the model has limitations and further studies are needed to
validate its findings and overcome its limitations. The Evans
blue-fed restraint stress mouse model has the potential to
advance our understanding of the link between stress and GI
injury and ultimately improve patient outcomes.
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