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Abstract: Psychological stress increases risk of gastrointestinal tract diseases. However, the mechanism
behind stress-induced gastrointestinal injury is not well understood. The objective of our study is to
elucidate the putative mechanism of stress-induced gastrointestinal injury and develop an intervention
strategy. To achieve this, we employed the restraint stress mouse model, a well-established method to
study the pathophysiological changes associated with psychological stress in mice. By orally administering
gut-nonabsorbable Evans blue dye and monitoring its plasma levels, we were able to track the progression
of gastrointestinal injury in live mice. Additionally, flow cytometry was utilized to assess the viability,
death, and inflammatory status of splenic leukocytes, providing insights into the stress-induced impact
on the innate immune system associated with stress-induced gastrointestinal injury. Our findings reveal
that neutrophils represent the primary innate immune leukocyte lineage responsible for stress-induced
inflammation. Splenic neutrophils exhibited elevated expression levels of the pro-inflammatory cytokine
IL-1, cellular reactive oxygen species, mitochondrial burden, and cell death following stress challenge
compared to other innate immune cells such as macrophages, monocytes, and dendritic cells. Regulated
cell death analysis indicated that NETosis is the predominant stress-induced cell death response among
other analyzed regulated cell death pathways. NETosis culminates in the formation and release of
neutrophil extracellular traps, which play a crucial role in modulating inflammation by binding to
pathogens. Treatment with the NETosis inhibitor GSK484 rescued stress-induced neutrophil extracellular
trap release and gastrointestinal injury, highlighting the involvement of neutrophil extracellular traps in
stress-induced gastrointestinal inflammation. Our results suggest that neutrophil NETosis could serve as
a promising drug target for managing psychological stress-induced gastrointestinal injuries.

Keywords: neutrophil extracellular trap; NETosis; restraint stress; gastrointestinal injury; activating
transcription factor 3
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1. Introduction

Living a high-stress lifestyle in modern times may result in gastrointestinal (GI) dis-
eases [1,2]. Studies have linked chronic psychological stress and psychological disorders
to an elevated risk of GI tract diseases [3–6]. The gut microbiota–brain axis plays a role in
the connection between psychological stress and GI disorders. This axis involves multiple
systems, such as the central nervous system, neuroendocrine system, immune system,
enteric microbiota, and GI system [7,8]. However, changes in the gut microbiota usually
take several days or weeks to occur [2,7,9,10]. Therefore, this axis may not fully explain
how the acute GI diseases caused by mental stress that occur within hours develop in
humans and experimental animals [11]. As a result, the exact mechanism by which acute
psychological stress leads to GI injuries within hours remains poorly understood.

The restraint stress mouse model is a well-established technique used to investigate
the effects of psychological stress on biochemical, physiological, and behavioral changes
in mice [12–14]. As Evans blue is a dye that cannot be absorbed by the GI tract, orally
administering it to mice will result in limited appearance in the plasma [15,16]. By exam-
ining the levels of plasma Evans blue over time, we can track stress-induced GI leakage
in live animals and then examine disease progression at the molecular and cellular lev-
els [15,16]. For instance, our use of this model revealed that acute restraint stress causes
gut epithelial cell death and GI leakage, while platelets and activating transcription fac-
tor 3 (ATF3) play protective roles against these stress-induced defects [15,16]. As ATF3
is an anti-inflammatory transcription factor [17], and platelets are known to have anti-
inflammatory functions [18,19], our results suggest that excessive inflammation is involved
in the initiation of acute psychological stress-induced GI injury [15,16]. Nevertheless, the
exact mechanism underlying acute psychological stress-induced inflammatory responses
remains unclear.

The spleen is a major lymphoid organ located near the GI system that regulates both
innate and adaptive immune functions [20,21]. Changes in spleen function have been
linked to the development of inflammatory diseases [22], including those affecting the
GI system [23]. Moreover, the spleen is involved in changes to the distribution of blood
leukocytes in mice induced by restraint stress [24]. Nevertheless, the pathophysiological
alterations in splenic leukocytes after acute psychological stress are not yet fully understood.

This report focuses on the analysis of innate immune leukocytes in the spleen, in-
cluding neutrophils (Ly6G+), monocytes (CD11b+), macrophages (F4/80+), and dendritic
cells (CD11c+). Our findings suggest that neutrophils are the primary lineage responsible
for inflammation following restraint stress. After stress exposure, neutrophils exhibited
higher levels of pro-inflammatory cytokine interleukin-1 (IL)-1, reactive oxygen species
(ROS) from both cellular and mitochondrial sources, and cell death than the other leukocyte
lineages. Our analysis of regulated cell death responses (RCDs) revealed that the formation
of neutrophil extracellular traps (NETs) through NETosis is the primary cell death response
of splenic neutrophils, as opposed to other forms of RCD such as apoptosis, pyroptosis,
necroptosis, ferroptosis, and autophagy. NETs are extracellular DNA–protein complexes
that bind to pathogens and modulate inflammation [25,26]. Treatment with the NETosis
inhibitor GSK484 rescued stress-induced GI injury, suggesting that molecular pathways
contributing to NET release could be potential drug targets for managing stress-induced
GI injury.

2. Results
2.1. Restraint Stress Primarily Affects Neutrophils in the Spleen of Mice

In this investigation, we utilized a mouse model that underwent restraint stress
and received the oral administration of Evans blue dye to evaluate the acute phase of
gastrointestinal (GI) leakage, following the previously outlined methodology [15,16,27].
Using this model, we have demonstrated that acute restraint stress effectively disrupts
epithelial cell tight junctions and leads to cell death [15,16]. The potential leakage of luminal
substances from the gut into the circulation and abdominal lymphoid system, including
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the spleen, could theoretically result in inflammation and anomalous changes in the spleen.
Hence, our aim was to examine the levels of innate immune leukocytes such as neutrophils
(Ly6G+), macrophages (F4/80+), monocytes (CD11b+), and dendritic cells (CD11c+) in
the spleens of mice. Our findings indicated that stress-induced GI leakage (Figure 1A,
experimental outline; Figure 1B, plasma Evans blue levels) correlated with increased levels
of innate immune leukocyte populations, including neutrophils, macrophages, monocytes,
and dendritic cells (Figure 1C, gating; Figure 1D). These results suggest that stress-triggered
pathophysiological changes involve modifications in the spleen, leading to elevated levels
of innate immune leukocytes.
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LY6G+ cell population, respectively. (D) Relative cell-number levels of different leukocyte lineages 
(Ly6G+ neutrophil, F4/80+ macrophage, CD11b+ monocyte, CD11c+ dendritic cell) without (no stress 
groups) and with (stress groups) stress in the spleen of mice. The levels of respective leukocyte lin-
eages in the no stress groups were normalized to one-fold. (B,C) * p > 0.05, ** p > 0.01, vs. no stress 
groups. n = 6 (3 experiments with a total of 6 mice per group). The mouse graph was created with 
BioRender.com, accessed on 1 January 2024. 

Pro-inflammatory cytokines interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), 
and IL-6, as well as anti-inflammatory cytokine IL-10, are known to be up-regulated in 
various inflammatory diseases [28–32]. In this study, we analyzed the expression levels of 

Figure 1. Restraint stress-induced gastrointestinal (GI) leakage is associated with the infiltration of
innate immune leukocytes in the spleen of mice. (A) Experiment outline. (B) Plasma Evans blue
levels, indicating the stress-induced GI leakage and injury levels. ND: not detected. (C) An example
of the flow cytometry gating of Ly6G+ leukocytes after 9 h stress; the same method is applied to the
analyses in (D). In (C), the letters A and C represent the gated total live splenic leukocytes and the
LY6G+ cell population, respectively. (D) Relative cell-number levels of different leukocyte lineages
(Ly6G+ neutrophil, F4/80+ macrophage, CD11b+ monocyte, CD11c+ dendritic cell) without (no stress
groups) and with (stress groups) stress in the spleen of mice. The levels of respective leukocyte
lineages in the no stress groups were normalized to one-fold. (B,C) * p > 0.05, ** p > 0.01, vs. no stress
groups. n = 6 (3 experiments with a total of 6 mice per group). The mouse graph was created with
BioRender.com, accessed on 1 January 2024.

Pro-inflammatory cytokines interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), and
IL-6, as well as anti-inflammatory cytokine IL-10, are known to be up-regulated in various
inflammatory diseases [28–32]. In this study, we analyzed the expression levels of these
cytokines in total splenic leukocytes to investigate the inflammation status of the cells.
Our results showed that only IL-1β was markedly up-regulated after stress (Figure 2A,
experiment outline; Figure 2B, stress vs. no stress groups ** p < 0.01; IL-1β, vs. TNF-α,
IL-6, IL-10). Further lineage analysis revealed that IL-1β expression was up-regulated
in splenic Ly6G+ neutrophils, F4/80+ macrophages, and CD11b+ monocytes but not in
CD11c+ dendritic cells (Figure 2C, flow cytometry gating; Figure 2D, relative IL-1 signals
in respective leukocyte lineages). The expression levels of TNF, IL-6, and IL-10 were not
markedly up-regulated in these four analyzed leukocyte lineages (Figure 2E–G). These
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results suggest that stress-induced pro-inflammatory changes associated with IL-1β involve
neutrophils, macrophages, and monocytes.
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Figure 2. Restraint stress on the regulation of the cytokine expression of splenic innate immune
leukocytes in mice. (A) Experiment outline. Blue: no stress groups; Red: stressed groups. (B) Relative
levels of spleen splenocytes expressing pro-inflammatory cytokines IL-1β, TNF-α, IL-6, and anti-
inflammatory cytokine IL-10, in mice with (stress groups) and without (no stress groups) 9 h stress.
The levels of respective leukocyte lineages in the no stress groups were normalized to one-fold.
(C) An example of flow cytometry gating for analyzing IL-1 expression in Ly6G+ leukocytes; the same
method is applied to the analyses in (C–F). (C–F) Relative expression levels of IL-1β (D), TNF-α (E),
IL-6 (F), IL-10 (G) in different leukocyte lineages (Ly6G+ neutrophil, F4/80+ macrophage, CD11b+

monocyte, CD11c+ dendritic cell) without (no stress groups) and with (stress groups) stress. The
expression percentage of tested cytokines was normalized to a baseline value of 1 for the respective
leukocyte lineage population in the no stress groups. (B,D–G) * p > 0.05, ** p > 0.01, vs. no stress
groups; n = 6 (3 experiments with a total of 6 mice per group). The mouse graph was created with
BioRender.com, accessed on 1 January 2024.

The activation of leukocytes and subsequent inflammation can lead to cell death [33,34],
which involves the production of ROS and increased mitochondrial burden [35,36]. To
investigate whether stress-induced splenic changes involve cell death, ROS production,
and mitochondrial burden, we analyzed the relative levels of these parameters in splenic
neutrophils, macrophages, monocytes, and dendritic cells. Our findings revealed that only
neutrophils exhibited significantly increased cell death levels after 9 h of stress (Figure 3A,
neutrophil vs. Figure 3B, macrophages, Figure 3C, monocytes, and Figure 3D, dendritic
cells). Consistent with the cell death measurements, ROS levels were up-regulated only in
neutrophils among the four tested leukocyte lineages (Figure 3E). Despite the observation
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that both neutrophils and macrophages showed elevated levels of mitochondrial superoxide
(Figure 3F), the outcomes indicate that neutrophils are the main leukocyte population
in the spleen that undergo increased cellular ROS and cell death responses following
restraint stress.
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Figure 3. Relative levels of cell death, cellular ROS, and mitochondrial superoxide of splenic innate
immune leukocytes. (A–D) Relative percentage of live and death cells of innate immune spleno-
cytes, including (A) Ly6G+ neutrophil, (B) F4/80+ macrophage, (C) CD11b+ monocyte, (D) CD11c+

dendritic cell, in mice with (stress + groups) and without (stress − groups) stress. The levels of
respective leukocyte lineages in the no stress groups were normalized to one-fold. (E–G) Relative
levels of cellular ROS (E), and mitochondrial superoxide (F) without (no stress groups) and with
(stress groups) stress in mice were analyzed. (E,F) The levels of respective leukocyte lineages in the
no stress groups were normalized to one-fold. (A–G) * p > 0.05, ** p > 0.01, vs. respective no stress
groups; n = 6 (3 experiments with a total of 6 mice per group). The mouse graph was created with
BioRender.com, accessed on 1 January 2024.

2.2. Increased under Stress, NET-Associated Cell Death Represents a Significant Regulated Cell
Death Response in Splenic Neutrophils

There is evidence to suggest that a single cellular stressor may trigger multiple RCD
responses [30–32,37]. In this study, we investigated whether restraint stress leads to mul-
tiple RCDs of splenic neutrophils, including NETosis, pyroptosis, autophagy, ferroptosis,
necroptosis, and apoptosis. Our RCD profiling findings revealed that after stress, there was
a marked increase in the levels of neutrophil NETosis in wild-type mice (Figure 4A, experi-
ment outline; Figure 4B, % of live vs. death population; Figure 4C–H, NETosis, apoptosis,
autophagy, ferroptosis, necroptosis, and pyroptosis; representative flow cytometry gatings
in Figure S1).
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Figure 4. Restraint stress-induced cell death of splenic neutrophil in wild-type (ATF3+/+) and ATF3
deficient (ATF3−/−) mice. (A) Experiment outline. (B) Live and death cell percentage of splenic
neutrophil from ATF3+/+ and ATF3−/− mice without (stress − groups) and with (stress + groups)
stress were analyzed by flow cytometry using Zombie NIR live/death analysis kit. Light blue
represents the live cell population, while pink represents the dead cell population. (C–H) The
regulated cell death (RCD) profiles, denoted by the alterations in the percentage of RCD-signal
positive neutrophils in ATF3+/+ and ATF3−/− mice under unstressed (stress − groups) and stressed
(stress + groups) conditions, were assessed. The percentages of neutrophil RCD-marker+ cells,
including NETosis (C), apoptosis (D), autophagy (E), ferroptosis (F), necroptosis (G), and pyroptosis
(H), were delineated. In each group, the signal from wild-type mice was normalized to one-fold;
n = 6 (3 experiments with a total of 6 mice per group); * p < 0.05, ** p < 0.01, significantly higher vs.
without stress control groups; # p < 0.05, significantly higher vs. wild-type (WT) control groups. The
mouse graph was created with BioRender.com, accessed on 1 January 2024.

2.3. ATF3 Deficiency Leads to an Exacerbated Stress-Induced NET Formation in
Spleen Neutrophils

It has been shown that a deficiency of ATF3, an anti-inflammatory regulator, can worsen
stress-induced GI leakage [15]. If ATF3 plays a role in reducing stress-induced GI injury
associated with neutrophil NETosis, it is possible that the splenic neutrophils could activate
ATF3. In addition, it is theoretically expected that the neutrophils from stressed ATF3−/−
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mice may show increased levels of NET formation when compared to the wild-type controls.
To test this hypothesis, the ATF3 expression and RCDs of splenic neutrophils from ATF3
deficient (ATF3−/−) and wild-type (ATF3+/+) mice were analyzed before and after stress. As
suggested, here we observed increased expression levels of the ATF3 RNA of spleen Ly6G+

neutrophils (Figure S2). Additionally, restraint stress induced significantly higher levels of
neutrophil cell death (Figure 4A experiment outline, Figure 4B % of live vs. death population)
and NETosis marker detection (Figure 4C) in ATF3−/− mice compared to wild-type mice.
The levels of pyroptosis and autophagy were also higher in the neutrophils of ATF3−/− mice
than in those of wild-type mice. However, NET-associated cell death remained the major
increased RCD response under stress (Figure 4E,H). We calculated the percentage of NETosis
and other RCDs of splenic neutrophils using the methods described in Figure 4 to determine
whether NETosis is the major RCD with the highest level of change. The analysis of outcomes
revealed that, among the scrutinized forms of regulated cell death, NETosis emerged as the
primary and significantly heightened response of neutrophils following restraint stress. This
response was particularly exacerbated in ATF3-deficient mutant mice (Figure 4B,C).

Further investigation into the protective function of ATF3 involved assessing additional
parameters, including relative cell abundance, mitochondrial mass, mitochondrial membrane
potential, and cellular ROS levels in the spleen neutrophils of wild-type and ATF3 mutant mice.
Our findings revealed that these pathological changes were all intensified in the ATF3 mutant
mice compared to the wild-type mice (Figure 5A–D) (representative flow cytometry gatings in
Figure S3; and fluorescent dyes, including 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA),
MitoTracker Green, MitoTracker Red CMXRos, and MitoSOX Red, were employed for flow
cytometry analysis to assess cellular ROS, mitochondrial mass, mitochondrial membrane
potential, and mitochondrial superoxide levels, respectively). These collective results suggest
that the abnormal changes in relative cell abundance, mitochondrial mass, mitochondrial
membrane potential, and the cellular ROS in spleen neutrophils are linked to the increased
NETosis of spleen neutrophils after stress (Figure 5A–D).
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mice, with (stress + groups) and without (stress − groups) stress, were analyzed by flow cytometry.
Blue denotes the no-stress groups, while red indicates the stressed groups. n = 6 (3 experiments with
a total of 6 mice per group); * p < 0.05, vs. vehicle control (0 g/mL) groups; # p < 0.05, significantly
higher vs. wild-type (WT) control groups.

2.4. Treatments of NETosis Inhibitor GSK484 Ameliorated Restraint Stress-Induced GI Leakage

As NET formation may be involved in stress-induced GI injury, it could be a potential
target for drug therapy to manage the disease. In our study, we found that treatment with
the NET formation inhibitor GSK484 significantly suppressed stress-induced GI leakage
(Figure 6A, experiment outline, Figure 6B), neutrophil cell death (Figure 6C), and neu-
trophil NET formation signal (Figure 6D). Intriguingly, although the commonly prescribed
non-steroidal anti-inflammatory drug ibuprofen showed a tendency to alleviate restraint
stress-induced GI leakage when compared, the difference was not statistically significant
(Figure S4). In contrast, treatment with GSK484 at 0.5 mg/kg markedly ameliorated re-
straint stress-induced GI leakage in mice (Figure S4). These findings collectively suggest
that stress-induced neutrophil NET formation is part of the pathological process of GI
injury and can be improved by the use of the NET formation inhibitor GSK484.
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Figure 6. Treatments of NETosis inhibitor GSK484 rescued restraint stress-induced GI leakage and
pro-inflammatory changes in splenic neutrophil in mice. (A) Experiment outline. (B) Plasma Evans
blue levels, (C) neutrophil cell death levels, (D) neutrophil NETosis levels, in the spleen of mice,
with (stress + groups) or without (stress − groups) stress, and with (GSK484 + groups) or without
(GSK484 − groups) GSK484 treatments, were analyzed; n = 6 (3 experiments with a total of 6 mice per
group); # p < 0.05, ## p < 0.01, exacerbated vs. no stress control groups; * p < 0.05, ** p < 0.01, rescued
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vs. vehicle control (0 g/mL, without GSK484 treatments) groups. (B) ND: not detected. (C) Light blue
represents the live cell population, while pink represents the dead cell population. (D) The mouse
graph was created with BioRender.com, accessed on 1 January 2024.

3. Discussion

Studies have demonstrated that psychological stress can increase the number of
leukocytes by mobilizing hematopoietic progenitor cells, which leads to persistent splenic
myelopoiesis [38]. The restraint stress model is a common approach to measure behavioral
and physiological responses induced by psychological stress, and it has been shown to result
in abnormal immune regulation, including changes in splenic leukocyte counts, lymphocyte
proliferation, and leukocyte redistribution [24]. Nevertheless, the exact cellular reactions of
splenic leukocytes and their role in stress-induced GI injury remain incompletely elucidated.
Psychological stress-induced gut injuries pose an intricate and ambiguously characterized
challenge in present-day research.

Our findings indicate that both the total cell count and death-cell count of splenic
innate leukocytes increase following restraint stress. Interestingly, this response is similar
to the immune response observed in the mouse models of cecal ligation puncture (CLP)
and other severe GI infections [39–42]. The CLP model involves the perforation of the
cecum, which allows for the release of fecal matter into the peritoneal cavity, triggering an
exaggerated immune response caused by polymicrobial infection [39]. This, in turn, leads
to further cell death and leukocyte infiltration in the spleen [39,40,43]. While we did not
detect any LPS in the mouse circulation after restraint stress, we did observe orally fed
fluorescent-LPS labeled leukocytes present in the spleen (Figure S5). This suggests that,
despite restraint stress-induced GI injuries not significantly elevating circulating LPS levels,
bacterial components from the GI tract were still able to leak into the mouse body and
become trapped in the spleen. Following restraint stress-induced GI leakage, these fecal
materials may lead to subsequent cell death and leukocyte infiltration in the spleen, similar
to the CLP model [39,40,43], albeit to a lesser extent.

Our findings in this report indicate that restraint stress primarily affects neutrophils,
with NETosis being the main cell death response observed in splenic neutrophils. Neu-
trophil NET formation is a two-edged sword in innate immunity [44]. Neutrophils are the
first line of defense against infections by releasing cytokines and anti-microbials, engulfing
pathogens, and initiating NETosis, a cell death process that leads to NET formation [26,45].
However, excessive NET formation can also cause inflammatory pathophysiology, in-
cluding GI injuries such as ischemia–reperfusion injury and inflammatory bowel disease
(IBD) [44,46–48]. The role of NETs in acute psychological stress-induced GI injury is not
clear. Our analysis revealed that restraint stress significantly increased cellular ROS and
cell death levels in splenic neutrophils. NETosis is the primary cell death response of
neutrophils after stress, among the analyzed RCD pathways. Treatment with the NETo-
sis inhibitor GSK484 significantly reduced neutrophil cell death levels and GI leakage,
indicating that neutrophil NETosis is involved in restraint stress-induced GI injury.

The RCD profiling experiments have provided evidence that a single type of cellular
stress, such as a viral protein or nanodiamond particle, can trigger various forms of RCD
in different cell types, including neutrophils [30–32,37]. The presence of elevated levels of
multiple RCDs is termed a cell-type-specific RCD profile [30–32,37]. Given that restraint
stress can lead to the induction of multiple neuroendocrine and pro-inflammatory cellular
stressors, it is plausible that it can cause various RCDs in neutrophils. Inhibitors that
target the major RCD pathways may have therapeutic potential for injuries caused by
restraint stress. The rationale behind selecting GSK484, a peptidyl arginine deiminase
4 (PAD4) inhibitor, as the intervention of choice lies in its ability to target a key player in the
NETosis pathway [49,50]. PAD4 is known to catalyze the conversion of arginine residues
to citrulline, a crucial step in histone citrullination—a hallmark event in NETosis [51,52].
By inhibiting PAD4 activity, GSK484 effectively suppresses NETosis, thus attenuating the
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inflammatory response associated with excessive NET formation [32,49]. Our data analysis
shows that NETosis GSK484 can alleviate stress-induced pro-inflammatory changes in
splenic neutrophils and GI injury, indicating that stress-induced neutrophil NETosis and
inflammation play a critical role in GI injury. Additionally, compared to wild-type (ATF3+/+)
controls, neutrophils from ATF3−/− mice displayed significantly higher levels of NETosis
and IL-1 expression after restraint stress. These findings suggest that ATF3 is a natural
regulator that helps rescue GI injury under stress.

ATF3 is a transcription factor that contains a basic region–leucine zipper DNA binding
domain and functions as an anti-inflammatory regulator [17,53]. Previous reports have
mainly focused on its anti-inflammatory effects in macrophages [17,54,55], and its roles in
other types of leukocyte lineages are less well understood. Although evidence suggests that
ATF3 regulates neutrophil migration and infiltration [56], its role in regulating neutrophil
inflammation and NETosis remains unclear. In this study, we observed that stress-induced
ATF3 expression in spleen neutrophils and ATF3 deficiency led to an increase in neutrophil
NETosis cell death, which was associated with elevated levels of cellular ROS, changes
in mitochondrial mass and membrane potential after stress. These results suggest that
ATF3 has a profound anti-inflammatory role in neutrophils, and its protective effect against
stress-induced GI injury involves the suppression of neutrophil activation and NETosis.
In addition, previous studies have shown that chronic exposure to acute restraint stress
can contribute to and worsen colitis and IBD-like pathological alterations [9,10,57,58]. This
suggests that the pathogenesis of acute restraint stress could serve as an early stage of
colitis and IBD-like disease. Given the limited understanding of effective treatments for
these conditions, NETosis and ATF3 could also be viable targets for managing the initial
progression of colitis and IBD-like disease.

In our previous study, we showed that administering the proton pump inhibitor
esomeprazole alleviated acute gut leakage caused by restraint stress [15]. This implies
that the mechanism of restraint stress-induced gut injury might involve increased gastric
acid secretion and/or weakened resistance of the gut to gastric acid, resembling gastroin-
testinal ulcers in humans. Such stress-induced injuries likely further lead to subsequently
inflammation and cell death. However, it is important to note that the effects of restraint
stress may not entirely mirror those of typical human stressors. Furthermore, given the
current uncertainty regarding the precise mechanism, further exploration is needed to
understand how psychological stress contributes to the mechanism of gastrointestinal
pathogenesis, the involvement of brain–gut cross talks, and how ATF3 regulation intersects
with neutrophil inflammation, NET formation, alterations in inflammation factors such as
IL-1, and gut injuries.

4. Materials and Methods
4.1. Laboratory Mice

Wild-type (WT) C57BL/6J mice aged 8–12 weeks were purchased from the National
Laboratory Animal Center (Taipei, Taiwan) [59–61]. Genetically deficient ATF3−/− (ATF3
gene knockout, KO) mice with a C57BL/6J background [15,62,63], were provided by Dr.
Tsonwin Hai. ATF3−/− mice were backcrossed with WT C57Bl/6J mice over six generations.
The experimental mice were accommodated in the Animal Center of Tzu-Chi University,
where they resided in a controlled environment that was pathogen-free, regulated for light
and temperature, and maintained on a 12 h light to 12 h dark (12L:12D) cycle. The mice
tested were all male, and no more than 5 mice lived in one cage. They had ad libitum access
to both food and filtered water. Furthermore, the Animal Center administered veterinary
care, conducted health monitoring, facilitated environmental enrichment, and implemented
appropriate husbandry practices to safeguard the well-being and minimize the stress levels
of the experimental animals. Approximately 360 wild-type mice and 80 ATF3−/− mice
were employed. All experimental protocols for examining the experimental animals were
approved by the Animal Care and Use Committee of Tzu-Chi University, Hualien, Taiwan
(approval ID: 110024).
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4.2. Restraint Stress and Measurement of Stress-Induced GI Leakage

The Evans blue-fed restraint stress-induced GI leakage mouse model was performed
according to previously described methods [15,16]. The restraint stress mouse model
induces psychological stress in mice by confining them within specialized tubes, restricting
their movement for a set duration [27]. This model, validated by changes in behavior
post-stress, is extensively employed to investigate physiological and behavioral responses
to stress and probe the mechanisms underlying stress-related disorders [27,64,65]. During
restraint stress, mice undergo fluctuations in stress hormone levels [66,67]. To induce
restraint stress [15,68,69], the mice were placed in a 50-mL plastic falcon tube for 9 h. To
ensure sufficient air supply, holes were created at the tapering end of the falcon tube. After
the stress challenge began, blood samples (50 µL) were collected during the experiment at
0, 5, 7 and 9 h. The mice were fed with Evans blue (1.2 g/kg, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), using a steel feeding tube just before the commencement of the
stress challenge. Their blood sample was isolated by collecting blood in an Eppendorf
tube and mixing it with an equal proportion of anti-coagulant citrate dextrose solution to
prevent coagulation, and then plasma was obtained by centrifugation to pellet down the
blood cells [30–32]. The collected plasma was transferred to 96 well plates, in which the
concentration of Evans blue was determined using a full spectrum analyzer (Multiskan
Spectrum, Thermo Fisher Scientific, Waltham, MA, USA) at 620 nm. The NETosis inhibitor
(0.5 and 1.5 mg/kg GSK484; a protein arginine deiminase 4 inhibitor) was used to rescue
stress-induced GI injury. GSK484 was prepared for intraperitoneal administration in mice
by being dissolved in dimethyl sulfoxide (DMSO), with the final concentration of DMSO
being 0.1% in 0.9% NaCl solution.

4.3. Flow Cytometry: Cell Death, NETosis, ROS, and Mitochondrial Analysis

To prevent the fluorescent quenching effect of Evans blue dye, flow cytometry analyses
were performed using tissue and cell samples obtained from mice that were not exposed to
Evans blue feeding. Mouse spleen samples were cut into tiny pieces and incubated with
a collagenase D (Sigma-Aldrich, Burlington, MA, USA; 1 mg/mL)-containing serum-free
cell culture medium for 30 min in a 15 mL falcon tube at 37 ◦C with shaking (upright
shaking incubator; OSI 500, Kansin Instruments, New Taipei City, Taiwan) after 9 h of
restraint stress, following the described methods [15]. Mouse splenocytes were dissociated
from the remaining cell and tissue pellets by incubation with 2 mL of a non-enzymatic
cell-dissociation solution (Sigma-Aldrich) for 10 min at room temperature. After wash-
ing (phosphate-buffered saline, PBS), the cells were subjected to fluorescence staining to
determine the levels of RCDs, ROS and mitochondrial burden and fluorescent lipopolysac-
charide (LPS). Various RCDs, including NETosis (fluorescent anti-citrullinated histone H3,
CitH3 antibody, Abcam, Cambridge, UK), apoptosis (CaspGLOWTM Red Active Caspase-3
Staining Kit, BioVision, Milpitas, CA, USA), autophagy (Cyto-ID™ Autophagy Detection
Kit, Enzo Life Sciences, Farmingdale, NY, USA), ferroptosis (C11 BODIPY 581/591, Cay-
man Chemical, Ann Arbor, MI, USA), necroptosis (RIP3/B-2 alexa Fluor 488, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), pyroptosis (Caspase-1 Assay, Green, ImmunoChem-
istry Technologies, Davis, CA, USA), and live/dead cell labeling (Zombie NIR Fixable
Viability Kit, Biolegend, San Diego, CA, USA), were analyzed using respective cell labeling
reagents (30 min in PBS). Notably, to avoid detecting those RCD signals not contributed
by the purification and manipulation processes, Zombie-live/dead cell labeling (30 min)
should be performed immediately after splenocyte isolation and before the subsequent
RCD signal staining (30 min) then, the RCD pattern should be analyzed, focusing only on
the dead-cell population indicated by Zombie-live/dead staining. To analyze the induction
of cellular IL-1, ROS and mitochondrial superoxide levels, anti-IL-1 antibody (Biolegend,
San Diego, CA, USA) and a fluorescent secondary antibody (Jackson Immunoresearch,
West Grove, PA, USA), cell-permeant 2′,7′-dichlorodihydrofluorescein diacetate (DCFDA,
cellular ROS; Thermo Fisher Scientific) MitoTracker Green (mitochondrial mass; Thermo
Fisher Scientific), MitoTracker Red CMXRos (mitochondrial membrane potential; Thermo
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Fisher Scientific) and MitoSOX Red (mitochondrial superoxide indicator; Thermo Fisher
Scientific), and fluorescent-LPS (oral-fed; Thermo Fisher Scientific) were used (30 min in
PBS). For the staining of a non-cell permeable agent (e.g., anti-IL-1 antibody, fluorescent-
LPS), splenocytes were fixed by 4% paraformaldehyde in PBS for 30 min, permeabilized
by 0.1% Triton X-100 in 4% paraformaldehyde PBS for 10 min, and then blocked with 1%
bovine serum albumin buffer for 30 min at room temperature, as previously described [70].
The samples were then analyzed using flow cytometry (Gallios, Beckman Coulter Life
Sciences, Brea, CA, USA) for quantitative analysis [71–73].

4.4. Neutrophil Isolation and RNA-Level Analysis

For RNA isolation, cDNA preparation and reverse-transcription quantitative real-time
polymerase chain reaction (RT-qPCR) analysis, spleen samples from the mice were isolated,
washed (phosphate-buffered saline, PBS) and cut into tiny pieces and incubated with a col-
lagenase D (Sigma-Aldrich, Burlington, MA, USA; 1 mg/mL)-containing PBS. Neutrophils
were isolated using a mouse neutrophil isolation kit (Miltenyi Biotec, Bergisch Gladbach,
North Rhine-Westphalia, Germany). After dissolving in Trizol (Ambion, Thermo Fisher
Scientific) and the implementation of the ribonuclease-free deoxyribonuclease treatments
and standard isolation protocols, the neutrophil RNA concentration was analyzed using
a NanoDrop spectrophotometer (Thermo Fisher Scientific). The RNA (1 µg) was used to
synthesize complementary DNA (cDNA) using an iScript cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA, USA). The obtained cDNA was stored at −20 ◦C before use.
For qRT-PCR analysis, cDNA (2 µL) was mixed with 10 µL SYBR Green (Thermo Fisher
Scientific), 0.5 µL of each of the forward and reverse primers, and 7 µL of ddH2O, and
quantified in a real-time reverse-transcription linkage instrument (StepOnePlus Real-Time
PCR System, Thermo Fisher Scientific) with varying annealing temperatures according to
the primers. Each sample was run in triplicate and the average cycle threshold (Ct) values
were used to calculate 2−∆∆CT with that of the internal control GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) gene expression following the described methods [15]. The
primers used for the amplification of ATF3 are shown as follows: forward primer, 5′-
AGT GAC AGC ATG AGC CCT CT-3′; and reverse primer, 5′-GCA GCA CTG ACC TGA
TCA AA-3′.

4.5. Statistical Analyses

The experimental results were analyzed using Microsoft Office Excel 2003 and SPSS 17,
and the results were reported as mean ± standard deviation (SD). The statistical significance
of the obtained results was examined using a one-way analysis of variance and post hoc
Bonferroni-corrected t-test; the probability of type 1 error α = 0.05 was considered the
threshold of statistical significance.

5. Conclusions

In summary, we found that restraint stress impacts the innate immune leukocyte
lineage of the spleen, specifically neutrophils. This leads to an increase in the expression of
the pro-inflammatory cytokine IL-1, cellular ROS, and cell death. Neutrophil cell death,
primarily through NETosis, occurs in the spleen. Additionally, NET formation contributes to
the development of GI injury caused by psychological stress. By administering GSK484, an
inhibitor of NETosis, we successfully mitigated stress-induced GI injury in mice. Moreover,
ATF3 acts as a natural anti-inflammatory and prosurvival factor against NETosis. The
absence of ATF3 worsens stress-induced neutrophil cell death and NETosis. These findings
provide new insights into the mechanisms of stress-induced inflammation and could assist
in developing innovative therapeutic approaches for treating stress-induced GI injury.
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https://www.mdpi.com/article/10.3390/ijms25105261/s1.
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