
MOLECULAR MEDICINE REPORTS  23:  241,  2021

Abstract. Heat stroke can induce a systemic inflammatory 
response, which may lead to multi‑organ dysfunction including 
acute kidney injury (AKI) and electrolyte disturbances. To 
investigate the pathogenesis of heat stroke (HS)‑related AKI, 
a mouse model of HS was induced by increasing the animal's 
core temperature to 41˚C. Blood samples obtained from the 
tail vein were used to measure plasma glucose and creati‑
nine levels. Micro‑positron emission tomography‑computed 
tomography (micro‑PET/CT), H&E staining and trans‑
mission electron microscopy were conducted to examine 
metabolic and morphological changes in the mouse kidneys. 
Immunohistochemistry (IHC) and western blot analyses were 
performed to investigate the expression of apoptosis‑inducing 

factor mitochondria‑associated 2 (Aifm2), high‑mobility group 
box 1 (HMGB1) and receptor for advanced glycosylation end 
products (RAGE). Liquid chromatography‑mass spectrometry 
analysis was conducted to find differential metabolites and 
signaling pathways. The HS mouse model was built success‑
fully, with significantly increased creatinine levels detected 
in the serum of HS mice compared with controls, whereas 
micro‑PET/CT revealed active metabolism in the whole 
body of HS mice. H&E and TUNEL staining revealed that 
the kidneys of HS mice exhibited signs of hemorrhage and 
apoptosis. IHC and western blotting demonstrated significant 
upregulation of Aifm2, HMGB1 and RAGE in response to 
HS. Finally, 136 differential metabolites were screened out, 
and enrichment of the ‘biosynthesis of unsaturated fatty acids’ 
pathway was detected. HS‑associated AKI is the renal manifes‑
tation of systemic inflammatory response syndrome, and may 
be triggered by the HMGB1/RAGE pathway. Metabolomics 
indicated increased adrenic acid, docosahexaenoic acid and 
eicosapentaenoic acid may serve as metabolic biomarkers for 
AKI in HS. The findings suggested that a correlation between 
the HMGB1/RAGE pathway and biosynthesis of unsaturated 
fatty acids may contribute to the progression of HS‑related 
AKI.

Introduction

Heat stroke (HS) is a potentially fatal medical condition, and 
its incidence and mortality rates are predicted to increase 
due to global warming (1). Between 2006 and 2010, ~3,000 
HS‑related deaths were reported in the USA according to an 
epidemiological analysis (2). In 2003, ~30,000 HS‑related 
deaths were caused by a European heat wave event (3). 
Additionally, ~1,600 HS‑related deaths are reported in India 
annually (4). A study estimated that HS‑related deaths could 
increase to ~2.5 times the current rate (5).

HS is characterized by a core body temperature in excess 
of 40˚C, skin that feels hot and dry to the touch, dysfunction 
of the central nervous system and occasionally multiple organ 
dysfunction syndrome (MODS) (6‑8). HS is classified into 
exertional HS (EHS) and non‑exertional HS (NEHS). EHS 
primarily affects young individuals who perform physical 
activities in high temperature and humid environments, such 
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as soldiers and athletes, whereas NEHS primarily affects 
elderly individuals, or those with preexisting conditions such 
as diabetes and heart disease (9). Regardless of the type, HS 
affects the temperature regulation system of the body, trig‑
gering damage to important body organs, such as the lungs, 
liver, brain and kidneys (10‑12); this series of events may 
progress to MODS and induce death. The most common 
complication of HS is acute kidney injury (AKI), which can 
rapidly develop into acute renal failure (ARF), with a high 
mortality (13,14).

Although advances in medical science have resulted in the 
development of effective treatment/management strategies, such 
as rapid cooling, blood purification to stabilize organ functions 
and supportive therapies, the incidence and mortality rates of 
severe HS have not decreased in previous decades (15‑17). A 
number of studies have identified certain biochemical markers 
as prognostic factors for HS. For example, Ye et al (18) found 
that increased creatine kinase and decreased blood platelet 
count are useful in assessing the progression of HS, thereby 
enabling timely prediction of complications. Zhao et al (19) 
reported that disseminated intravascular coagulation (DIC) 
and AKI are the only two significant prognostic factors for 
HS among all its complications, including MODS, that predict 
increased HS‑related mortality. Another study demonstrated 
that AKI occurred during the early stages of HS and lasted for 
a sustained period of time, before progressing to ARF if left 
untreated (20). Moreover, a study also found that occurrence 
of AKI has been associated with increased myeloperoxi‑
dase, tumor necrosis factor‑α and interleukin‑6 levels in the 
kidneys (21). A study on CASQ1‑knockout mice indicated that 
calsequestrin‑1 could be a novel candidate gene for malignant 
hyperthermia and EHS (22). Unfortunately, the identification 
of all of these parameters associated with HS has resulted in 
only limited improvements in the treatment of HS. Therefore, 
understanding the potential mechanisms underlying HS is 
important for improving the treatment of HS.

Several mechanisms involved in HS are currently 
accepted. Systemic inflammation and MODS are reported to 
play key roles in the pathophysiology of HS (23,24). HS causes 
dysfunction of the intestinal barrier (25), leading to intercel‑
lular penetration of harmful substances such as bacteria and 
endotoxins within the gut lumen. The bacteria and endotoxins 
then seep into the circulation, and cause inflammation and 
cytokine secretion, which will eventually result in systemic 
inflammatory response syndrome (SIRS) and MODS (26,27). 
Metabolomics profiling, an emerging research methodology 
of systems biology, enables the comprehensive and quantita‑
tive analysis of all metabolites in a biological sample and 
the identification of their direct associations with biological 
phenotypes, such as responses to a disease or a drug treatment 
or intervention (28,29). In contrast to genomics and proteomics, 
which focus on intermediate media, metabolomics measures 
end products, which helps in accurate identification of disease 
pathogenesis. HS increases glucose utilization, which reduces 
the availability of the metabolic substrates required for proper 
function of the brain, heart and muscles (30).

In the present study, a mouse model of HS was 
constructed to examine whether the high‑mobility group 
box 1 (HMGB1)/receptor for advanced glycosylation end 
products (RAGE) pathway is activated in mouse kidneys. 

Metabolomics analysis was performed to investigate the 
underlying mechanisms of HS. A total of 136 differential 
metabolites were screened out and analyzed, and several 
important signaling pathways that may play important roles in 
HS development, including ‘biosynthesis of unsaturated fatty 
acids’, were determined to be enriched.

Materials and methods

Animals. The present study was conducted on 20 8‑week‑old 
male C57BL/6J mice (weight, 21‑23 g; Beijing HFK Bioscience 
Co., Ltd.). The mice were housed in a specific pathogen‑free 
and 40‑50% humidity environment at the animal laboratory of 
the Affiliated Hospital of Southwest Medical University (free 
access to food and water; 12‑h light/12‑h dark cycle; 24˚C).
All animal experiments complied with the guidelines of the 
Animal Care and Use Committee of the Southwest Medical 
University; the study protocol was approved by the same 
committee.

Experimental design. The mice were randomly divided into 
control (no heat exposure) and HS groups (heat exposure). 
The experimental design was based on a previously described 
method (31‑33). After being subjected to 6 h of fasting, the HS 
group was housed in a temperature‑controlled environment 
at 41.0˚C (relative humidity, 60%). An infrared thermom‑
eter (MC818A; Shenzhen MileSeey Technology Co., Ltd.) 
was used to detect the shell temperature of the mice every 
15 min until the temperature reached 41˚C. Electrodes were 
then inserted into the rectum of each mouse to re‑detect the 
temperature. The onset of HS was defined as when the core 
temperature exceeded 41˚C (34). In the experimental group, all 
mice were immediately withdrawn from the heat environment 
and showered with cold water to rapidly decrease their core 
temperature to 37.0˚C. This temperature was maintained by 
placing the mice in ambient conditions (26˚C). In the control 
group, the core temperature of the mice was maintained at 
36˚C using a folded heating pad, if needed. Control animals 
were housed in the same temperature‑controlled environment 
at the HS group during the protocol. After model construction, 
two mice from each group were selected for a micro‑positron 
emission tomography‑computed tomography (micro‑PET/CT) 
scan. All mice were then anesthetized with 3% pentobarbital 
sodium (30 mg/kg) by intraperitoneal injection and sacrificed 
via cervical dislocation. Death was ascertained based on pupil 
dilation and an inability to palpate the carotid pulse. Blood 
samples were then collected, and the kidneys were dissected 
and fixed in 4% paraformaldehyde for 30 min at room temper‑
ature for follow‑up examinations.

Plasma glucose and creatinine levels. Before sacrificing the 
mice, peripheral plasma glucose levels were measured with a 
blood glucose meter (Roche Applied Science). The tails were 
removed to ensure that 18F‑deoxyglucose (18FDG), which was 
injected into the tail vein for micro‑PET/CT, did not influence 
the peripheral plasma glucose level measurements. Cardiac 
blood samples were collected immediately after cervical 
dislocation. Subsequently, peripheral and cardiac blood was 
centrifuged at 2,000 x g for 30 min at room temperature to 
isolate the plasma, which was stored at ‑80˚C. The obtained 
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plasma was then transported to a diagnostic laboratory for the 
measurement of creatinine levels using an Indiko™ system 
(Thermo Fisher Scientific, Inc.).

Micro‑PET/CT scanning. 18FDG is a commonly used radio‑
nuclide imaging agent that is actively absorbed by cells as an 
energy substrate and indirectly reflects the energy metabolism 
of the body. 18FDG (3.7 MBq/kg), obtained from an Eclipse 
HP/RD accelerator (Siemens AG), was injected into the 
tail vein 20 min before the scan. The radioisotope uptake 
of the tissues, which reflects the status of the body's energy 
metabolism, was detected using an Inveon™ micro‑PET/CT 
system (Siemens AG). The test parameters were set as follows: 
Resolution of transverse, longitudinal and axial directions of 
the PET module, 1.5 mm; collection timing window, 3.4 nsec; 
energy window, 350‑650 keV; and collection time, 10 min. The 
filtered back projection algorithm was used for reconstruction. 
The images were analyzed using Inveon image acquisition 
(IAW 1.5; Siemens AG). The PET value was set at 1.8‑9.9, and 
the CT window width at 500‑1000 HU.

H&E staining. Paraformaldehyde‑fixed kidney tissues were 
paraffin‑embedded, cut into 4‑µm sections, deparaffinized, 
and serially rehydrated using xylene, an ethanol gradient 
series (100, 96, 80 and 70% ethanol) and finally H2O. Next, the 
sections were stained with 10% hematoxylin for 5 min at room 
temperature (Sigma‑Aldrich; Merck KGaA), washed, stained 
with 1% eosin (Sigma‑Aldrich; Merck KGaA) supplemented 
with 0.2% glacial acetic acid for 5 mins at room tempera‑
ture, immediately washed again, and dehydrated using an 
ethanol gradient (70, 80, 96 and 100%) and xylene. Finally, 
the sections were examined under an inverted phase‑contrast 
microscope (DMi1; Leica Microsystems GmbH). The renal 
tubule injury score based on the Parller system was calculated 
to analyze renal injury (35). A total of 10 renal tubules within 
10 non‑overlapping high magnification fields were randomly 
selected for a total of 100 renal tubules, which were then 
evaluated to determine the renal tubule injury score as follows: 
Normal structure of the epithelial cells, 0 points; obvious 
renal tubule expansion, loss of brush border, epithelial cell 
edema, vacuolar degeneration, granular degeneration and/or 
nuclear deflation, 1 point; and foaming of the cell membrane, 
cell necrosis and/or tubular appearance in the tubule lumen, 
2 points. The sum of the scores for all 100 tubules was used as 
the Parller score for each animal.

Immunohistochemistry (IHC) analysis. In brief, 4‑µm 
paraffin‑embedded sections were deparaffinized, subjected 
to antigen retrieval using citrate buffer (pH 6.0) at 95˚C for 
10 min and treated with 0.3% H2O2 to block their endog‑
enous peroxidase activity at room temperature for 10 min. 
Next, the sections were continuously treated with blocking 
reagent QuickBlock™ (cat. no. P0260; Beyotime Institute 
of Biotechnology), then incubated with the appropriate 
primary antibodies, such as apoptosis‑inducing factor mito‑
chondria‑associated 2 (Aifm2; 1:1,000; cat. no. GXP20453; 
GenXspan) and HMGB1 (1:100; cat. no. ab227168; Abcam) at 
4˚C overnight, and then with the secondary antibody (1:5,000; 
cat. no. TA130017 Biotinylated Goat anti rabbit; OriGene 
Technologies, Inc.) for 1 h at room temperature. Peroxidase 

activity was visualized using 3,3'‑diaminobenzidine at room 
temperature for 5 min. The relative expression density and 
location of Aifm2 and HMGB1 in the mouse kidney tissues 
were quantified at x400 magnification per 30 fields, according 
to the Envision method (36), by two pathologists blinded to 
the experiment. The relative expression of proteins located 
mainly in the cytoplasm was calculated using the relative 
mean absorbance according to the Envision method. The rela‑
tive expression of proteins located mainly in the nucleus was 
determined as the number of positive cells per 200 cells in a 
high‑power field (magnification, x400). All IHC sections were 
examined with a phase‑contrast microscope. Image‑Pro Plus 6 
software (Media Cybernetics, Inc.) was used for analysis.

Transmission electron microscopy (TEM). Dissected mouse 
kidneys were fixed in 2.5% glutaraldehyde at 4˚C overnight, 
washed three times with 0.1 M PBS and stained with 1% 
osmium acid at 4˚C for 3 h. The sections were then washed 
3 times with PBS, dehydrated in ethanol and subsequently 
propylene oxide, embedded in Spurr resin at room tempera‑
ture overnight and finally polymerized at 70˚C overnight. The 
embedded sections were cut into 70‑nm slices. Slides of these 
slices were prepared and stained with lead citrate and uranium 
dioxide acetate at 80˚C for 15 min, and photographed under a 
transmission electron microscope.

TUNEL assay. Sections (2‑3 µm) of mouse kidney tissues 
were incubated for 2 min with 0.1% Triton X‑100 and washed 
using ice‑cold PBS. Cell apoptosis was assayed using TUNEL 
reagent for 60 min at 37˚C (Roche Applied Science), according 
to the manufacturer's protocols. Cells with yellow‑stained 
nuclei were defined as positive cells at 25˚C for 10 min 
(Concentrated DAB reagent kit; OriGene Technologies, Inc.). 
The positive cells in 200 randomly selected cells were counted 
using a phase‑contrast microscope (magnification, x100; 10 
fields of view).

Western blot analysis. The dissected kidney tissues were 
lysed and sonicated (20 sec per 5 min) for 30 min on ice in 
radioimmunoprecipitation assay buffer (Beyotime Institute 
of Biotechnology) supplemented with a protease inhibitor 
and a phosphatase inhibitor (Sigma‑Aldrich; Merck KGaA) 
on an ice bath for 30 min. The tissues were then centrifuged 
for 15 min at 13,000 x g and 4˚C. The supernatant thus 
obtained was subjected to the bicinchoninic acid assay for 
protein quantitation, and bovine serum albumin (Beyotime 
Institute of Biotechnology,) was used as the standard. In 
brief, 40 µg protein extracts were denatured, separated via 
10% SDS‑PAGE, and transferred to Hybond® polyvinyli‑
dene difluoride membranes. The membranes were washed 
and blocked using 0.1% TBS‑Tween buffer and 5% non‑fat 
milk (BD Biosciences) at room temperature for 2 h and 
subsequently probed with RAGE (1:2,000; cat. no. ab3611; 
Abcam), HMGB1 (1:2,000; cat. no. ab227168; Abcam) and 
β‑actin (1:5,000; cat. no. ab8226; Abcam) primary antibodies 
at 4˚C overnight, and secondary antibodies for 1 h at room 
temperature [1:5,000; Biotinylated Goat anti rabbit IgG 
(H + L); cat. no. ab6721; Abcam] Protein bands were evalu‑
ated using enhanced chemiluminescence reagent (Bio‑Rad 
Laboratories, Inc.) and Biomax MR films (Kodak). Relative 
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protein abundance of the indicated proteins was determined 
using ChemiDoc XRS+ System/Image Lab Software 
version 2.0 (Bio‑Rad Laboratories, Inc.).

Liquid chromatography‑mass spectrometry (LC‑MS) 
analysis. All chemicals and solvents used were of analytical or 
high‑performance liquid chromatography grade. Acetonitrile, 
formic acid, methanol and water were acquired from CNW 
Technologies GmbH, and 2‑chloro‑L‑phenylalanine from 
Shanghai Hengchuang Bio‑technology Co., Ltd. Aliquots 
of the samples (30 mg) were transferred to tubes containing 
two small steel balls. To each tube, 400 µl extraction solvent 
with methanol water (4:1, v/v) and 20 µl internal standard 
(2‑chloro‑L‑phenylalanine in methanol, 0.3 mg/ml) were 
added. The samples were frozen to ‑80˚C for 2 min, ground for 
2 min at 60 Hz, ultrasonicated (frequency, 40 KHz; capacity, 
200 W) for 10 min in ice water bath, and frozen again to 
‑20˚C for 20 min. The extract was centrifuged for 10 min at 
15,624 x g in 4˚C. Supernatants (200 µl) from each tube were 
collected using crystal syringes, filtered using microfilters 
(pore size, 0.22 µm) and transferred to liquid chromatography 
vials. The vials were stored at ‑80˚C until LC‑MS analysis.

An ACQUITY UPLC BEH C18 column (1.7 µm, 
2.1x100 mm) was employed in both positive and negative 
modes. The binary gradient elution system consisted of 
(A) water (containing 0.1% formic acid, v/v) and (B) aceto‑
nitrile (containing 0.1% formic acid, v/v) and separation was 
achieved using the following gradient: 0 min, 5% B; 2 min, 
20% B; 4 min, 25% B; 9 min, 60% B; 14 min, 100% B; 18 min, 
100% B; 18.1 min, 5% B and 19.5 min, 5% B. The flow rate 
was 0.4 ml/min and the column temperature was 45˚C. All the 
samples were kept at 4˚C during the analysis. The injection 
volume was 5 µl. Data acquisition was performed in full scan 
mode (m/z; ranges from 70‑1,000 m/z) combined with IDA 
mode. Parameters of mass spectrometry were as follows: Ion 
source temperature, 550˚C (+) and 550˚C (‑); ion spray voltage, 
5,500 V (+) and 4,500 V (‑); curtain gas of 35 PSI; declustering 
potential, 100 V (+) and ‑100 V (‑); collision energy, 10 eV (+) 
and ‑10 eV (‑); and interface heater temperature, 550˚C (+) 
and 600˚C (‑). For IDA analysis, range of m/z was set as 
25‑1,000 m/z, the collision energy was 30 eV. The QCs were 
injected at regular intervals (every 10 samples) throughout 
the analytical run to provide a set of data from which repeat‑
ability can be assessed. Metabolic profiles were analyzed in 
both the electrospray ionization‑positive and electrospray 
ionization‑negative modes by using an AB SCIEX Triple TOF 
5600 system (SCIEX) and an ACQUITY UHPLC system 
(Waters Corporation).

Identification of differential metabolites. The raw data 
obtained from LC‑MS were analyzed using Progenesis 
QI (v 2.3; Waters Corporation) for baseline filtering, peak 
identification and alignment, normalization, integration and 
retention time correction. Quantitative analysis was performed 
using the Metlin metabolite database (metlin.scripps.edu), the 
Human Metabolome Database (http://www.hmdb.ca/) and 
LIPID MAPS (http://www.lipidmaps.org/). The metabolic 
alterations in each group were visualized using orthogonal 
partial least squares discriminant analysis (OPLS‑DA) and 
principal component analysis (PCA). Differential metabolites 

were defined as metabolites with variable influence on projec‑
tion values >1.0 (obtained using the OPLS‑DA model) and 
P<0.05 (obtained using a two‑tailed Student's t‑test of normal‑
ized peak areas).

Pearson correlation coefficient analysis was used to 
calculate the correlations among the differential metabolites. 
Moreover, MBRole 2.0 (37) pathway analysis of the differen‑
tial metabolites was conducted using the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database (38) to determine 
signaling pathways associated with HS‑related AKI.

Statistical analysis. All statistical analyses were performed 
using SPSS v22.0 (IBM Corp.). Measurement data are 
expressed as the mean ± SD. Between‑group comparisons were 
performed using unpaired Student's t‑test. The heat map and 
volcano plot were performed and analyzed using ‘pheatmap’ 
packages in R 3.53. P<0.05 was considered to indicate a statis‑
tically significant difference.

Results

HS can induce SIRS. After inducing HS in mice, 18FDG was 
injected into the tail vein of each of the 4 mice selected for the 
measurement of changes in energy metabolism. As 18FDG is 
a glucose analog that influences cell metabolism by inhibiting 
glycolysis, peripheral plasma glucose levels were analyzed. 
The results indicated that there were no significant differences 
in plasma glucose concentrations between the control group 
(5.1 and 5.4 mM) and the HS group (5.2 and 5.5 mM; Table I). 
Micro‑PET/CT showed that in the control group, the uptake and 
dispersion of the radionuclide imaging agent occurred only in 
the skeletal muscles and brain, which are metabolically active 
organs (Fig. 1A). In the HS model, the intestine was diversely 
metabolically activated, and the integrity of the intestinal barrier 
may be disrupted, as indicated by the accumulation of the 
imaging agent in the intestinal barrier, which led to the release 
of bacteria and endotoxins into the circulation, influencing the 
whole body. The radionuclide imaging agent had also accumu‑
lated in the liver, brain, and kidneys, indicating the presence of 
SIRS and MODS. Moreover, it was noted that in the HS group, 
the kidneys were more active than the other organs (Fig. 1B).

HS triggers AKI in mice. The plasma creatinine level was 
significantly upregulated in the HS group compared with the 
control group (P<0.05; Table I). In the HS group, H&E staining 
revealed glomerular swelling, inflammatory cell infiltration, 
vacuolar degeneration of endothelial cells and red blood cells 
in renal tubules, which is a characteristic sign of hyperemia and 

Table I. Change in blood glucose and creatinine levels in the 
study groups.

Group Glucose, mmol/l Serum creatinine, umol/l

Control 5.26±1.63 11.47±3.91
Heat stroke 5.34±1.92 20.53±4.75a

aP<0.05 Heat stroke vs. Control.
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indicates a high risk of hemorrhage (Fig. 2C and D). All these 
changes were not present in the control group (Fig. 2A and B). 
The TUNEL assay revealed yellow‑stained nuclei of apoptotic 
cells primarily located in the renal tubule area in the HS group. 
The number of apoptotic cells was significantly increased in 
the HS group compared with in the control group (P<0.05; 
Fig. 2E, F and M). Moreover, the renal tubule injury score 
was significantly increased in the HS group compared with in 
the control group (P<0.001; Fig. 2N). TEM revealed swollen 
mitochondria with diminished inner ridges in the HS group 
(Fig. 2G‑L). All of these changes indicated HS‑induced AKI.

HS activates the HMGB1/RAGE pathway. IHC staining 
revealed cytoplasmic expression of Aifm2 in the kidney tissues 
in both groups, but the expression was significantly increased 
in the HS group compared with in the control group (P<0.05; 
Fig. 3A‑B). HMGB1 was primarily expressed in the nuclei of 
the renal tubule cells in both groups; however, HMGB1‑positive 
cells were abundant in the HS group and rarely observed in the 
control group (P<0.05; Fig. 3C and D).Western blot analysis 
revealed that the expression levels of HMGB1 and RAGE were 
significantly elevated in the HS group compared with in the 
control group (P<0.05; Fig. 3E and F).

Metabolomic evaluation of HS model. Intrinsic clustering and 
potential outliers were detected using PCA. A plot of PC1 vs. 
PC2 scores (R2X=0.691, Q2=0.528; Fig. 4A and B) showed 
good separation between the control and HS groups, except 
for three outliers. PLS‑DA also showed good separation in the 
scatter plot (R2X=0.794, R2Y=0.736, Q2=0.472; Fig. 4C). To 
minimize any potential effects of intergroup variability and 
improve the between‑group separation, the OPLS‑DA scores 
were plotted (Fig. 4D) through LC‑MS analysis of the kidney 
tissues, and a distinct separation between the HS and control 
groups was found (R2X=0.794, R2Y=0.736, Q2=0.006), which 
demonstrated a difference in kidney metabolites between 
the two groups. The OPLS‑DA model was selected for the 
following experiment to examine variations in metabolite 
profiles between the groups.

Identification of differential metabolites and signaling 
pathways. OPLS‑DA models were used to identify differ‑
ences in metabolites between the control and HS groups. The 
HS‑group cluster was distant from the control‑group cluster 
(Fig. 4). The results revealed that of the 136 metabolites that 
were differentially expressed in the HS and control groups, 
80 were upregulated and 56 were downregulated (Fig. 5A and 
Table SI). The top 50 metabolites were selected to construct 
a heat map, and it was found that the differential metabolites 
were highly efficiently clustered in each group (Fig. 5B). A 
majority of the differential metabolites exhibited high correla‑
tion with other different metabolites (Fig. 6A). These results 
indicated that the screened‑out metabolites may cooperate 
with each other to induce AKI in response to HS. To further 
investigate the mechanism of AKI in HS, enrichment analysis 
was performed using the KEGG pathway database. The results 
revealed that the ‘biosynthesis of unsaturated fatty acids’, 
‘synthesis and degradation of ketone bodies ,̓ ‘Chagas disease’, 
‘D‑arginine and D‑ornithine metabolism’ and ‘amyotrophic 
lateral sclerosis (ALS)’ pathways were the only five signaling 
pathways significantly enriched with differential metabolites 
(Fig. 6B). Adrenic acid, docosahexaenoic acid (DHA), eicosa‑
pentaenoic acid (EPA), stearic acid, acetone and L‑arginine 
were the metabolites enriched in these signaling pathways.

Discussion

Recently, an increasing number of studies (39‑41) focusing 
on high temperature‑related diseases have been published, 
primarily due to the continuously and rapidly increasing 
HS‑related morbidity and mortality rates (23). In addition to 
affecting the temperature‑regulation system, HS can cause 
several complications, such as rhabdomyolysis, ARF, acute 
respiratory distress syndrome, hepatic failure and DIC, all of 
which can eventually progress to MODS, which commonly 
results in mortality for affected individuals (42).

HS is considered to be to an SIRS‑like disease that is trig‑
gered by endotoxins, cytokines and other immune‑regulatory 
factors (43). Impaired integrity of the intestinal barrier and 

Figure 1. 18FDG‑labeled micro‑PET/CT scanning. Mice were injected with 18FDG and subjected to micro‑PET/CT to visualize energy metabolism. (A) Control 
group (n=2). (B) HS group (n=2). Red indicates high uptake and dispersion of the radionuclide imaging agent, whereas green indicates low uptake and disper‑
sion of the radionuclide imaging agent. HS, heat stroke; micro‑PET/CT, micro‑positron emission tomography‑computed tomography; 18FDG, 18F‑deoxyglucose.
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increased intestinal permeability may be the cause of these 
factors entering the circulation, as was reported by a study, 
which revealed increased leakage of lipopolysaccharides (LPS) 
and endotoxins into the circulation from the gut during 

HS (44,45). Furthermore, another study found that the use 
of anti‑LPS antibodies can prevent this translocation during 
HS (46). Translocation of endotoxins and LPS induces the 
release of various cytokines and HMGB1, a prototypic alarmin, 

Figure 2. HS triggers acute kidney injury in mice. (A‑D) Representative H&E‑stained images of the kidneys in both groups. HS group (n=8) displays glomerular 
swelling, inflammatory cell infiltration, vacuolar degeneration of endothelial cells and red blood cells in the renal tubules (C and D). These changes were not 
found in the control group (n=8) (A and B). Scale bar, 50 µm. Representative TUNEL assay images of the kidneys in the (E) HS (n=8) and (F) control groups 
(n=8). Yellow nuclear staining indicates apoptotic cells in the kidney tissues. scale bar, 100 µm. Representative transmission electron microscope images of 
the kidneys in the (G‑I) control (n=8) and (J‑L) HS group (n=8). Scale bar, 2 µm in G and J, 1 µm in H and K, and 500 nm in I and L. (M) Statistical analysis 
of the TUNEL assay. *P<0.05 HS group (n=8) vs. Control group (n=8). (N) Statistical analysis of renal tubule injury in the HS (n=8) and control groups (n=8). 
*P<0.05 HS group vs. Control group. HS, heat stroke.
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which causes excessive activation of leukocytes and endothelial 
cells, resulting in the development of SIRS (47,48). Therefore, 
protecting the integrity of the intestinal barrier appears to be 
important for preventing HS. Furthermore, the combination 
of inflammatory factors and direct cytotoxic effects of heat 
may cause injury to the vascular endothelium, resulting in 
microthromboses (49). Certain authors have reported signifi‑
cantly different expression of long non‑coding RNAs and their 
competing endogenous RNAs in exosomes secreted from human 
umbilical vein endothelial cells in response to HS (50). Although 
these studies may identify certain biomarkers involved in HS, 
the function and regulatory mechanisms underlying the condi‑
tion remain unexplored (50). In HS, microthrombosis‑induced 
platelet consumption and hyperthermia‑induced platelet aggre‑
gation both lead to a decreased platelet count (51). Although 
thrombocytopenia has been associated with the development 
and prognosis of AKI in HS (52), the precise mechanism under‑
lying AKI in HS remains unclear.

In the present study, a mouse model of HS was established. 
Heat stress led to an increase in plasma creatinine levels in the 
HS group compared with the control group. This demonstrated 
that the renal function of heat‑stressed mice was impaired, and 
this deficiency in the HS mice may be comparable to AKI. 
Micro‑PET/CT scanning was used to visualize the uptake and 
dispersion of 18FDG in mice. The tissue uptake of 18FDG is 
highly increased during states of inflammation and hypercatab‑
olism (53). Although a glucose analog, 18FDG did not influence 
blood glucose concentrations in the present study, indicating 
that it has no role in mouse glucose metabolism. 18FDG accumu‑
lation was noted in all organs, including the liver, intestine and 
kidneys, in the HS group, which indicated that HS may induce 
SIRS in mice. It was also found that 18FDG was primarily 
aggregated in the kidneys, which is consistent with the increase 
observed in the creatinine levels of the mice. Earlier studies 
have investigated the pathogenesis of HS mainly in terms of 
systemic inflammation (54) or nervous system protection (55). 

Figure 3. HS activates the HMGB1/RAGE pathway. (A) Representative IHC staining of Aifm2 protein expression in the kidneys of HS (n=5) and control 
group (n=5) mice. Aifm2 is mainly located in the cytoplasm of kidney tissues. Scale bar, 40 µm. (B) Statistical analysis of the IHC staining of Aifm2. *P<0.05 
HS (n=5) vs. Control (n=5) group. (C) Representative IHC staining of HMGB1 protein expression in the dissected kidneys of HS (n=5) and Control (n=5) 
group mice. HMGB1 is mainly located in the nuclei of kidney tissues. Scale bar, 40 µm. (D) Statistical analysis of the IHC staining of HMGB1. *P<0.05 HS 
(n=5) vs. Control (n=5) group. (E) Western blot analysis of HMGB1 and RAGE in kidney tissues. (F) Relative protein abundance of the indicated proteins 
determined using Quantity One. *P<0.05 HS (n=8) vs. Control (n=8) group. HS, heat stroke; IHC, immunohistochemistry; Aifm2, apoptosis‑inducing factor 
mitochondria‑associated 2; HMGB1, high‑mobility group box 1; RAGE, receptor for advanced glycosylation end products.
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The present study aimed to acquire a deeper understanding of 
the mechanisms underlying HS‑induced AKI, which has been 
rarely studied and could provide novel insight.

HMGB1, also known as alarmin, is a gene transcription 
cofactor and a damage‑associated molecular pattern molecule 
that mediates proinflammatory effects by activating multiple cell 
surface receptors, such as RAGE and Toll‑like receptors (56). 
This proinflammatory role is relevant to the pathogenesis of 
several kidney diseases, including AKI (57). HMGB1 is also 
considered to be involved in the pathogenesis of HS, as increased 
serum HMGB1 levels indicate poor prognosis in HS (48). 
Inhibiting the HMGB1/RAGE pathway may aid in the treatment 
of AKI, although its role in HS‑related AKI is unclear (58). It was 
observed that both HMGB1 and RAGE were significantly upreg‑
ulated in the kidneys of HS mice. Furthermore, both the TUNEL 
assay and TEM scanning suggested that mitochondrial‑depen‑
dent apoptosis had occurred in the kidneys of HS mice, which 
was supported by the upregulation of Aifm2, a gene involved in 
mitochondrial‑dependent apoptosis (59). As the HMGB1/RAGE 
pathway may trigger mitochondria‑related apoptosis in inflam‑
matory states (60), it is hypothesized that the apparent increase 
in renal tubular epithelial cell apoptosis observed in the present 
study was caused, at least partly, by the HMGB1/RAGE pathway. 
However, pathological examination indicated renal tubular 
hyperemia and edema, instead of apoptosis. A previous study 
has reported the occurrence of severe pulmonary hemorrhage in 
patients who died of HS; however, kidney injury due to HS was 
not mentioned (61). Hence, it is proposed that bleeding, rather 
than apoptosis, may be a characteristic feature of HS‑associated 
AKI. Moreover, HS‑induced SIRS and secondary hyperfibri‑
nolysis may be other reasons for hyperemia and edema in the 
kidneys, which were different from the reported manifestations 
of common acute tubular necrosis (23). Dysregulation of the 

HMGB1/RAGE pathway may be involved in this process (62), 
but the specific mechanism needs to be elucidated.

In present study, metabolomics analysis of the animal 
model was conducted to further explore the pathogenesis of 
HS. Of the 136 differential metabolites, 80 metabolites were 
upregulated and 56 were downregulated. The top 15 differ‑
ential metabolites were associated with fatty acid metabolism 
and other associated metabolic pathways, which may induce 
early changes in the kidneys during HS. Additionally, the 
correlation among a number of the top 50 metabolites was 
strong, indicating their probable interplay in inducing AKI 
in response to HS. Enrichment analysis of all the differential 
metabolites was performed, and ‘biosynthesis of unsaturated 
fatty acids ,̓ ‘synthesis and degradation of ketone bodies ,̓ 
‘Chagas disease’, ‘D‑arginine and D‑ornithine metabolism’ 
and ‘ALS’ were the only five significantly enriched signaling 
pathways between the two groups. Adrenic acid, DHA and 
EPA, which are involved in the ‘biosynthesis of unsaturated 
fatty acids̓ pathway, were upregulated in the HS group. This 
may appear to be in contrast to a previous study, which reported 
the synergistic functioning of DHA and EPA to protect intes‑
tinal barrier integrity in HS (63). However, these are, in fact, 
two phases of a process. HS can damage the intestine barrier 
to allow the seepage of unsaturated fatty acids, which are 
important components of cell membranes, into the urinary 
system, leading to an increase in their levels in the urinary 
system. As DHA and EPA treatment prevents the disruption 
of the intestinal barrier, fewer metabolites, such as unsaturated 
fatty acids, flow into the circulation to initiate inflamma‑
tory processes, and the damage caused by HS is limited. As 
reported previously, the HMGB1/RAGE pathway may be 
a potential target for unsaturated fatty acids or regulate the 
concentration of unsaturated fatty acids in other diseases via 

Figure 4. Scatter plots of scores established by PCA. (A) Multivariate statistical comparison of PCA between the two groups with quality control. (B) Multivariate 
statistical comparison of PCA between the two groups without quality control. (C) PLS‑DA. (D) OPLS‑DA. PCA, principal component analysis; OPLS‑DA, 
orthogonal partial least squares discriminant analysis; PLS‑DA, partial least squares discriminant analysis; HS, heat stroke; QC, quality control.
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Figure 5. Identification of differential metabolites. (A) Volcano plot of the total metabolites. Red indicates upregulated metabolites, and blue indicates down‑
regulated metabolites. (B) Heat map of the top 50 differential metabolites in the heat stroke group (A1‑10) compared with the control group (B1‑10). Red 
indicates upregulated metabolites, and green indicates downregulated metabolites. FC, fold change.

Figure 6. Identification of enriched signaling pathways. (A) Correlation analysis of top 50 differential metabolites. Red indicates positive correlation, and blue 
indicates negative correlation. (B) Histogram of top 10 significantly enriched signaling pathways between the two groups.
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various means (64,65). At present, the relationship between the 
HMGB1/RAGE pathway and unsaturated fatty acids remains 
unclear, and further studies are required.

The present study has certain limitations. First, for a 
more in‑depth investigation of the mechanisms underlying 
HS‑related AKI, multiple observation time points should 
be used, such as 15 and 30 min, and 1 and 2 h; this will be 
explored in subsequent studies. Second, the correlations 
between metabolic changes and alterations in signaling path‑
ways should be verified using gain‑or‑loss experiments. Third, 
as HS is a complex disease that involves alterations in diverse 
signaling pathways, therapeutic interventions targeting the 
HMGB1/RAGE pathway or biosynthesis of unsaturated fatty 
acids could be added in future studies into HS.

In summary, the present study suggested that HS‑associated 
AKI is the most common result of HS‑induced SIRS, and may 
be associated with the HMGB1/RAGE pathway. Furthermore, 
a feedback loop between the HMGB1/RAGE pathway and the 
biosynthesis of unsaturated fatty acids may contribute to the 
progression of HS‑related AKI. Therefore, it is of great impor‑
tance to elucidate the relationship between the HMGB1/RAGE 
pathway and disordered unsaturated fatty acid metabolism in 
the pathogenesis of HS‑associated AKI.
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