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ABSTRACT—Obijective: Heatstroke can induce serious physiological dysfunction in the intestine. However, the underlying
mechanisms of this condition are unknown, and therapeutic strategies are not available. In this study, we explored the role of
endoplasmic reticulum (ER) stress signaling in this process and assessed whether pretreating mice with an inhibitor of ER
stress could alleviate intestinal damage. Methods: A heatstroke model was established in male mice. Mice were pretreated
with 4-phenylbutyrate (4-PBA) before exposure to heat stress. Intestinal morphological changes were observed by
hematoxylin and eosin (H&E) staining and transmission electron microscopy. The TUNEL assay was used to detect
intestinal apoptosis. The expression of the ER stress-related proteins and apoptosis-related proteins was investigated by the
Western blot assay. Results: Compared with control group, mice with heatstroke exhibited evidence of intestinal injury and
epithelial apoptosis, accompanied by significantly increased expression of ER stress-related proteins in the intestines. The
intestinal injury score and level of intestinal epithelial apoptosis were significantly reduced after administration of 4-PBA.
Furthermore, the levels of the intestinal ER stress-related proteins GRP78, PERK, p-elF2a, ATF4, and CHOP were decreased
after 4-PBA treatment. Conclusions: Our results indicate that the ER stress-mediated apoptosis pathway is activated during
heat stress-induced intestinal injury. 4-PBA can inhibit heatstroke-induced intestinal ER stress and attenuate intestinal injury.
We provide evidence that the beneficial effect of 4-PBA is closely related to the inhibition of ER stress-mediated apoptosis.

These findings suggest that ER stress may be a novel therapeutic target in patients with heatstroke.
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INTRODUCTION

Because of the global warming trend, heatstroke has become a
serious threat to public health in recent years (1). There is no
effective treatment for heatstroke, and the 28-day and 2-year
mortality rates are reported to be 58% and 71%, respectively (2).
Heatstroke has been defined as a core body temperature of
greater than 40°C in humans, and it is accompanied by a systemic
inflammatory response that can lead to multiorgan dysfunction
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syndrome (3). Currently, it is thought that the pathophysiological
process of heatstroke is a “sepsis-like” reaction secondary to
heat injury that triggers the process of multiorgan dysfunction.
The intestine plays an important role not only in the digestion and
absorption of nutrients, but also as an immune defense barrier (4).
Because the gut is considered to be the largest reservoir of
bacteria and endotoxins in the body, heat stress-induced intesti-
nal injury can lead to bacterial translocation and endotoxemia
(5). It has been reported that the local inflammatory response and
degree of injury in the intestine are closely related to the severity
of the systemic inflammatory response in heatstroke (6). Intesti-
nal injury is a common complication of heatstroke, and, in turn,
exacerbates the process of heatstroke injury. The underlying
mechanisms of intestinal injury in heatstroke have not been fully
investigated. Apoptosis triggered by heat stress has been reported
to cause intestinal dysfunction (7), but the mechanisms are not
clear and need further study.

The endoplasmic reticulum (ER) is an important intracellular
organelle commonly known as a protein-folding factory. The ER
provides the location for calcium storage, lipid synthesis, and
carbohydrate metabolism. Certain pathological conditions,
including sepsis, burns, trauma, and ischemia, can lead to
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the accumulation of unfolded proteins that alter the homeostasis
of the ER and cause ER stress (8). It has been reported that the
level and duration of ER stress can significantly affect the
function, adaptation, or apoptosis of stress cells (9). Glucose-
regulated protein 78 (GRP78) is a marker for ER stress that plays
a critical role in the regulation of the unfolded protein response
(UPR) signaling network (10). Under nonstress conditions,
GRP78 binds to ER transmembrane proteins, including the
membrane-embedded proteins inositol-requiring protein 1
(IRE1), protein kinase RNA-like endoplasmic reticulum kinase
(PERK), and activating transcription factor 6 (ATF6) (11). As a
response to ER stress, GRP78 dissociates from these transmem-
brane proteins, which leads to their activation and triggers three
types of UPR, subsequently controlling the expression of specific
transcription factors and UPR downstream pathways (12). Of the
three UPR pathways, the protein kinase RNA-like endoplasmic
reticulum kinase/activating transcription factor 4/C/EBP-homol-
ogous protein (PERK/ATF4/CHOP) signaling pathway has been
explored to determine whether it plays a crucial role in cell death
(13). Accumulated evidence shows that CHOP is a critical
mediator responsible for ER stress-induced apoptosis through
different mechanisms (14).

The intestinal epithelium is rich in developed ER structure.
Exogenous or endogenous risk factors capable of impairing ER
function can induce intestinal damage in the host. Upregulation
of CHOP expression exacerbates the development of colitis,
and a larger number of apoptotic cells in the intestinal mucosa
of wild-type mice than in CHOP-null mice were observed to
accompany the development of colitis (15). These results
indicate that the CHOP signaling pathway is associated with
apoptotic cell death in inflammatory bowel disease. Whether
this signaling is involved in heatstroke-induced intestinal dam-
age has not yet been investigated.

4-Phenylbutyrate (4-PBA), which is a chemical chaperone
that alleviates ER stress and acts as an ER stress inhibitor, has
been approved by the US Food and Drug Administration. It is
mainly used for the treatment of urea cycle disorders as an
ammonia scavenger (16). Recent research has found that 4-
PBA can treat severe sepsis and septic shock in rat models and
can significantly improve vital organ function and overall
treatment outcome without apparent side effects (17). There-
fore, our experiment was designed to investigate the effects of
ER stress in heatstroke-associated intestinal injury and explore
whether 4-PBA would prevent intestinal injury via the inhibi-
tion of the ER stress pathway.

MATERIALS AND METHODS

Animals

Because estrogen can improve survival during heatstroke by ameliorating
inflammatory responses and cardiovascular dysfunction (18), only pathogen-
free, 6- to 8-week-old, male BALB/c mice weighing 20.0 £ 2.0 g were used. All
animal procedures were approved by the Medical Ethics Committee of the
General Hospital of Southern Theatre Command of PLA. Mice were housed in
controlled environmental conditions (12-h light/dark cycle, 35% =+ 5% humid-
ity, temperature 23°C) and received water ad libitum.

Experimental design and heat stress protocol

In the pilot experiment, the heatstroke murine model and survival time were
assessed. Eighteen mice were randomly divided into three groups: control group
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(n=06), no heat exposure; heatstroke (HS) group (n=6); and 4-PBA group
(n=6).

In the main experiment, intestinal injury and endoplasmic reticulum stress
were assessed. Thirty mice were randomly divided into three groups: control
group (n=10), no heat exposure; HS group (n=10); and 4-PBA group
(n=10).

In the 4-PBA group, each mouse received an intraperitoneal injection of
120 mg/kg 4-PBA (Sigma, Calif) (19) before heat exposure. Mice in the HS
group and 4-PBA group were placed in an incubator that had been prewarmed
and was maintained at a temperature of 35.5 = 0.5°C with a relative humidity of
60% + 5%, whereas mice in the control group were kept at an ambient
temperature of 25+0.5°C with a humidity of 35% +5%. The rectal core
temperature (7;.) was continuously monitored with a rectal thermometer. When
the core temperature (7,.) reached 42°C, the heatstroke model was established
successfully. This murine model of heatstroke was used in our previous studies
(6, 20). Mice received cooling treatment after the 7. reached 42°C. The
treatment strategies were as follows: mice were removed from the incubator
and allowed to cool at an ambient temperature of 25 & 0.5°C with a humidity of
35% 4 5%; in addition, mice received water to drink. Our previous study
showed that the average survival time of mice with a 7, above 42°C is
approximately 6h, even with immediate application of cooling treatment
(6). Thus, this time point was selected for our follow-up experiment. Six hours
after the cooling treatment, all animals in the three groups were sacrificed by
cervical dislocation. The ileum was harvested, flushed with ice-cold phosphate-
buffered saline (PBS), and stored for further study.

Histopathological analysis

Distal ileum tissues were fixed in neural-buffered formalin. Fixed samples
were embedded in paraffin, cut into sections that were 4 to 5 wm thick, and
stained with H&E. Morphological changes were assessed and graded in a
blinded manner by two certified veterinary pathologists using the intestinal
injury score developed by Chiu (21). According to changes in the villi and
glands of the intestinal mucosa, the Chiu scoring system includes five sub-
divisions: grade 0, normal mucosa; grade 1, development of a subepithelial
Gruenhagen space at the villus tip; grade 2, extension of the space with
moderate epithelial lifting; grade 3, extensive epithelial lifting with a few
denuded villi; grade 4, denuded villi with exposed capillaries; and grade 5,
disintegration of the lamina propria, ulceration, and bleeding. Images were
acquired by using a Nikon microscope (Eclipse Ci, Nikon Corporation, Tokyo,
Japan).

Transmission electron microscopy

Tleum tissue samples for transmission electron microscopy were cut to a
size of approximately 1 to 2 mm> and fixed with 2.5% glutaraldehyde at 4°C
for 4h. After fixation, samples were dehydrated with a graded series of
ethanol treatments and were embedded in Epon overnight. Then, ultrathin
sections were cut and stained with uranyl acetate and lead citrate (22).
Images were acquired by transmission electron microscopy (Hitachi, Tokyo,
Japan).

Immunohistochemistry

For the immunohistochemical study, after deparaffinization, dehydration,
antigen retrieval, quenching of endogenous peroxidase activity, and blocking in
normal goat serum, sections were incubated overnight at 4°C with primary
antibodies against CHOP, BAX, and Bcl-2, which were obtained from Pro-
teintech Group, Inc. (Rosemont, Ill). After washing with PBS, sections were
incubated with secondary antibodies (Zhongshanjingiao, Beijing, China) for 1 h
at room temperature and rinsed in PBS. Immunoreactivity was detected using
diaminobenzidine (DAB), followed by counterstaining with hematoxylin.
Sections were rinsed in water, dehydrated in a graded alcohol series, cleared
with xylene, mounted with neutral balsam, and coverslipped. Proteins were
visualized as brown pigment according to a standard diaminobenzidine proto-
col. Images were acquired by using a Nikon microscope (Eclipse Ci,Nikon
Corporation, Tokyo, Japan).

Apoptosis assay of intestinal tissue

To detect apoptotic cell death in ileum tissues, a TUNEL assay (In Situ Cell
Death Detection Kit, Roche, Mannheim, Germany) was performed according to
the manufacturer’s instructions. Ileum tissue sections were incubated with
proteinase K for 20 min at room temperature and washed with PBS. After
that sections were incubated in TdT buffer containing FITC-conjugated dUTP
at 37°C for 60 min. Morphological changes in nuclei were observed by
counterstaining with DAPI (Beyotime, Shanghai, China). Sections were
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analyzed under a Nikon fluorescence microscope (Eclipse Ti-SR,Nikon Cor-
poration, Tokyo, Japan).

Western blot analysis

Frozen ileum tissue was ground into powder in liquid nitrogen, lysed in ice-
cold RIPA buffer mixed with 1 mM protease inhibitor and protein phosphatase
inhibitor (Roche Applied Science, Rockford, Ill), and centrifuged at
12,000 x g for 30 min at 4°C. The protein concentration was determined
using a BCA protein assay kit (Applygen Technologies, Inc., Beijing, China).
Equal amounts of protein (80 j.g) were separated on 12% SDS—PAGE gels and
transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercu-
les, Calif). Membranes were blocked in a 5% skim milk solution at room
temperature for 1 h and were then incubated with diluted primary antibody
overnight at 4°C. Antibodies against GRP-78, PERK, elF2a, p-eIF2«, and
CHOP were obtained from Cell Signaling Technology (Danvers, Mass).
Antibodies against ATF4, Bcl-2, and Bax were obtained from Proteintech
Group, Inc. (Rosemont). Blots were washed in PBS/Tween 20 (T20) for 5 min
with shaking. Blots were incubated with the secondary antibody (Zhongshan-
jingiao, Beijing, China) for 1 h at room temperature. The chemiluminescence
signal was detected by using ImmobilonWestern (Millipore Corporation,
Billerica, Mass). Protein bands were detected using GE ImageQuant LAS
500 (GE Healthcare, United States). Quantification of the digitized images of
the Western blot bands was performed using Imagel software (National
Institutes of Health, Bethesda, Md).

Statistical analyses

All data were presented as mean + SD and were analyzed using one-way
ANOVA followed by Duncan’s post hoc test using SPSS 13.0 software (SPSS,
Chicago, Ill). A value of P <0.05 was considered statistically significant.

RESULT

Inhibition of endoplasmic reticulum stress increased the
survival time after heatstroke

The survival time is shown in Table 1. In the HS group, the
survival time was 384 min. Pretreatment with 4-PBA signifi-
cantly increased the survival time by 136 min (P < 0.01). Mice
in the control group were monitored for 720 min, and no death
was observed.

Inhibition of endoplasmic reticulum stress reduced ileum
injury in animals affected by heatstroke

Gross morphological changes in the small intestine follow-
ing heatstroke were evident, including edema, hyperemia, and
petechial hemorrhages in the mesentery, and 4-PBA attenuated
this intestinal damage (Fig. 1A). Histopathological findings
are shown in Figure 2B. The morphology of the intestinal
mucosa was approximately normal in the control groups.
Heatstroke-induced acute intestinal mucosal damage and
inflammation was manifested by extensive destruction of
the villi and infiltration of inflammatory cells into the lamina
propria. 4-PBA significantly attenuated heatstroke-induced
pathological alterations, observed as reduced inflammatory
cell infiltration and basically intact glands and intestinal villi.

TaBLE 1. Survival time after heatstroke

Group Survival time, min
Control >720

HS 384425
HS+PBA 520+ 33*

The results are presented as mean + SD. Significant differences are
indicated as follows: *P < 0.01 vs. the heatstroke group.
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The intestinal injury scores in the heatstroke groups were
significantly higher than those in the control group
(P <0.01), whereas the injury scores in the 4-PBA group were
significantly lower than those in the heatstroke group
(P <0.01) (Fig. 10).

Findings from electron microscopic observation are shown in
Figure 1D. The microvilli on the surface of intestinal mucosal
epithelial cells in the control group were neatly arranged, the
epithelial cells were structurally intact, and the organelle
structures were normal. After heatstroke, microvilli were lost,
and epithelial cells were bare. ER structures exhibited extreme
expansion, and mitochondria were swollen and vacuole-like.
As seen via transmission electron microscopy, treatment with 4-
PBA appreciably ameliorated the heat-related changes in intes-
tinal mucosal morphology, including providing a more orderly
arrangement of the intestinal microvilli, although the villi were
shorter than those in the control group; restoring the ER
structure nearly to normal; and reducing mitochondrial swell-
ing.

Inhibition of endoplasmic reticulum stress reduced
intestinal epithelial apoptosis in animals affected by
heatstroke

It has been reported that the CHOP-dependent pathway
can lead to apoptotic cell death. Immunohistochemical
images of ileum samples showed that the expression of the
CHOP, Bcl-2, and Bax proteins was changed at the ileal
epithelium. As shown in Figure 2, heatstroke increased the
expression of CHOP and Bax, and decreased the expression of
Bcl-2. Interestingly, 4-PBA significantly increased the expres-
sion of Bcl-2 and decreased the expression of the CHOP and
Bax proteins.

The TUNEL assay results, shown in Figure 3, show that there
were no obvious apoptotic cells in the control group. However,
a large number of apoptotic cells at the ileal epithelium were
seen in the heatstroke group, and the apoptosis and tissue
damage were milder in the 4-PBA group than in the heatstroke

group.

Inhibition of heatstroke-induced endoplasmic reticulum
stress by 4-PBA

As shown in Figure 4, the levels of ER stress-related proteins,
that is, GRP78, PERK, p-elF2a, elF2a, ATF4, and CHOP, in
the intestinal tissue were assessed by Western blot analysis. The
protein levels of intestinal GRP78, PERK, p-elF2a, ATF4, and
CHOP in the heatstroke group were significantly higher than
those in the control group (P < 0.01). The application of 4-PBA
significantly attenuated the expression of the GRP78, PERK, p-
elF2a, ATF4, and CHOP proteins compared with that in the
heatstroke group (P < 0.01).

PBA attenuated heatstroke-induced apoptosis by
upregulation of Bcl-2 protein expression and
downregulation of bax protein expression

In Figure 5, we can see that the proapoptotic protein BAX was
more highly activated in the intestine of heat-exposed mice than
in control group mice (P < 0.01). In contrast, the expression of
the antiapoptotic protein Bcl-2 was downregulated compared



SHOCK Jury 2020

control

Fic. 1.

4-PHENYLBUTYRATE PREVENTS HEATSTROKE-INDUCED ApoPTOsls 105

HS+PBA

& o

Chiu's Score

HS+PBA

(A) Gross morphological changes in the ileum of mice. Edema, hyperemia, and petechial hemorrhages in the mesentery are clearly seen after

heatstroke. 4-PBA attenuated intestinal damage. (B) Pathological changes in the ileum of mice (magnification x200). Samples were harvested 6 h after heatstroke
and stained with H&E. The arrow indicates inflammatory cell infiltration and loss of villi. (C) Histological scores for the ileum are presented as mean + SD.
Significant differences are indicated as follows: “P < 0.01 and "P < 0.05 vs. the control group; **P < 0.01 and *P < 0.05 vs. the heatstroke group. (D) Changes in
the mucosal ultrastructure of the small intestine at 10,000x magnification and 25,000x magnification by transmission electron microscopy. The arrows indicate
the following: 1, loss of intestinal microvilli; 2, extreme expansion of the endoplasmic reticulum; 3, vacuole-like structure and mitochondrial swelling.

with that in control group mice (P <0.01), whereas 4-PBA
attenuated heatstroke-induced apoptosis by upregulating Bcl-2
protein expression and downregulating Bax protein expression
compared with that in heatstroke group mice (P < 0.01).

DISCUSSION

The most important finding in our study is that ER stress
participates in the occurrence of heatstroke-induced intestinal
epithelial apoptosis by the activation of the PERK/elF2a/

ATF4/CHOP unfolded protein response pathway, which sub-
sequently upregulates the protein expression of Bax and down-
regulates the protein expression of Bcl-2. Inhibition of ER
stress by 4-PBA ameliorated intestinal damage and reduced
intestinal epithelial apoptosis, thus indicating a potential ther-
apeutic approach for the treatment of heatstroke.

Heatstroke, defined as severe heat stress, has been reported to
induce gastrointestinal dysfunction, which is thought to be of great
importance in the pathophysiological process of heatstroke (23).
Intact epithelial barrier function is important for maintaining
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Fic. 2. Immunohistochemical staining of CHOP, Bax, and Bcl-2 expression in the small intestine of mice. The arrows indicate cells positive by
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Fic. 3. Representative photographs showing TUNEL immunofluorescence in the small intestine of mice.
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(A) The levels of the ER stress-related proteins GRP78, PERK, p-elF2q, elF2«, ATF4, and CHOP were measured using the Western blot

method. p-elF2a, phosphorylated elF2a. (B)—(F) Relative protein levels of GRP78, PERK, p-elF2a, ATF4, and CHOP. The graphs show the relative band
densities of the target protein to B-actin, normalized against the control group. The results are presented as mean =+ SD. Significant differences are indicated as
follows: P <0.01 and "P < 0.05 vs. the control group; *P < 0.01 and *P<0.05 vs. the heatstroke group.
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(A) The levels of Bax and Bcl-2 protein expression were measured by the Western blot method. (B)—(C) The graphs show the relative band

densities of BAX and Bcl-2 to B-actin, normalized against the control group. The results are presented as mean + SD. Significant differences are indicated as
follows: P <0.01 and "P < 0.05 vs. the control group; *#P < 0.01 and #P < 0.05 vs. the heatstroke group.

intestinal homeostasis. The intestinal mucus layer is located on the
outermost surface of the intestinal barrier, which participates in
protection and lubrication. Goblet cells are a major secretory cell
lineage in the intestinal epithelium that produces mucus. The
intestinal mucosal surface area and goblet cell area are greatly
reduced after heat stress (24). Tight junctions are significantly
opened at high temperatures and thus increase the permeability of
the intestinal epithelium (25). Heatstroke also causes small intes-
tinal epithelial cell apoptosis and increases oxidative stress (22).
Other studies have indicated that endotoxins from the gut cause an
inflammatory response, fuel the progression from heat stress to
heatstroke, and contribute to multiple-organ dysfunction syn-
drome, often causing death (26). In our study, the mouse model
of heatstroke was established according to our previous report.
Pathological sections showed that heatstroke induced the

destruction of villi and inflammatory cell infiltration. Moreover,
the pathological score was greatly increased, suggesting that
serious intestinal damage is induced by heatstroke. Transmission
electron micrographs revealed that heatstroke caused severe dam-
age to the ultrastructure of the intestinal epithelium. Intriguingly,
the ER stress inhibitor 4-PBA reduced intestinal congestion and
neutrophil infiltration and protected important organelles such as
the ER and mitochondria, suggesting that 4-PBA effectively
prevents the progression of intestinal damage in heatstroke.
Thermal tissue injury due to cell death can be caused in
different ways. Apoptosis and necrosis are the most described
mechanisms by which different types of stress can cause cell
death. Apoptosis produces a form of cell debris called apoptotic
bodies, which are rapidly cleared by phagocytosis before the
contents of the cell spill onto the surrounding cells and cause
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damage. It has been reported that apoptosis induced by hyper-
thermia is dependent on the dose and duration of heat stress
(27). Extreme heat stress (41°C—45°C) can induce apoptosis
through different mechanisms, such as the death receptor,
mitochondria, and reactive oxygen species (28, 29). In our
study, a large number of apoptotic cells in the intestinal
epithelium were observed in the heatstroke group by TUNEL.
Application of the ER stress inhibitor 4-PBA protected the
intestinal epithelium against heatstroke-induced apoptosis,
which reveals that ER stress may be involved in intestinal
epithelial apoptosis.

As we mentioned before, ER stress can be triggered by many
conditions, such as inflammatory stimulation, oxidative stress,
and ischemia—reperfusion injury. Thus, ER stress is a regulated
cell process that plays a crucial role in regulating a large
number of physiological processes. The UPR is a double-edged
sword. The primary aim of the three UPR signaling responses is
to reduce the accumulation of unfolded proteins in the ER and
restore cellular homeostasis. When these events are excessive
or sustained, however, apoptosis, autophagy, and other types of
cell death are initiated and eventually lead to disease (30). In
our study, we found that intestinal damage was accompanied by
ER stress. Our findings showed that the protein levels of
GRP78, PERK, p-elF2a, ATF4, and CHOP, which have been
found to be involved in one of the ER stress-mediated UPR
signaling pathways, were significantly increased in intestinal
tissues under conditions of heat stress. In this UPR pathway,
PERK activates elF2a phosphorylation to promote the transla-
tion of ATF4, which increases the transcription of specific UPR
target genes, including CHOP, and CHOP is thought to induce
apoptosis (31). In addition, 4-PBA suppressed the UPR in the
intestine, as evidenced by the decreased protein levels of
GRP78, PERK, p-elF2a, ATF4, and CHOP.

In addition, in the heatstroke group, BAX, which is a proa-
poptotic protein, was upregulated. In contrast, BCL-2, which is an
antiapoptotic protein, was downregulated. The Bcl-2 family con-
sists of a number of proteins that share Bcl-2 homology (BH)
domains. The proteins in the Bcl-2 family are located in the
cytoplasm and outer mitochondrial membrane (32). They are most
notable for their regulation of apoptosis, a form of programmed
cell death, in mitochondria (33). Under prolonged ER stress,
PERK signaling can trigger cell death, and CHOP is crucial in
downregulating the expression of Bcl-2, sensitising the cell to
apoptosis (34). Our results are consistent with this point of view.
Heat treatment activated ER stress and stimulated the proapoptotic
protein Bax, whereas inhibition of the antiapoptotic protein Bcl-2
was observed. The ER stress inhibitor 4-PBA reversed this
condition and alleviated intestinal epithelial apoptosis.

Some interesting phenomena were observed in recent stud-
ies, that is, ER stress was found to be involved in the regulation
of NLRP3 inflammasome activation, which mediates cysteine-
like proteolytic enzyme-1 (caspase-1)-dependent pyroptosis
(35). Our previous study demonstrated heat stress-induced
NLRP3 inflammasome activation and consequent IL-1 release
and hepatocyte pyroptosis in the rat liver (36). Whether ER
stress can mediate heat stress-induced pyroptosis needs further
study. In addition to forming the intestinal physical barrier,
intestinal epithelial cells also contribute to maintaining
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intestinal homeostasis by regenerating itself every 3 to 5 days.
The histone deacetylase inhibitor Givinostat can promote
intestinal epithelial regeneration via autocrine TGFB1 signal-
ing in inflammation (16). Current findings suggest that 4-PBA
can also inhibit histone deacetylases (37), but whether it can
promote intestinal epithelial regeneration in heatstroke requires
further investigation. In addition, the ATF6 and XBP1 UPR
pathways also facilitate ER stress (11), and we need to confirm
whether they participate in heat stress. Further work also needs
to be accomplished in studying the postheatstroke treatment
strategy because we only performed 4-PBA pretreatment in
mice with heatstroke, and it thus remains unknown whether
postheatstroke treatment confers any protective effects.

In summary, we demonstrated for the first time that heat-
stroke induced apoptosis through the PERK/eIF2o/ATF4/
CHOP ER stress pathway in the intestines of mice. Inhibition
of ER stress by 4-PBA ameliorated intestinal injury and
intestinal epithelial apoptosis. Thus, ER stress is expected to
be a novel therapeutic target for heatstroke.
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