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Background: Acute kidney injury (AKI) is a common complication of exertional heat stroke (EHS) with a 
complex pathogenesis. We established a stable mouse model of EHS-related AKI (EHS-AKI). 
Methods: C57BL/6 male mice were divided into 6 groups: Saline Control group, Glycerol Control group, 
Saline + Sham heat exercise (SHE) group, Saline + Heat exercise (HE) group, Glycerol + SHE group, and 
Glycerol + HE group. Samples from the Saline Control group and the Glycerol Control group were taken 
6 h after the intramuscular injection of saline (4 mL/kg) or glycerol (4 mL/kg) to provide a baseline for 
comparisons with the other 4 groups. The other 4 groups of mice started exercise 6 h after the intramuscular 
injection of saline or glycerol, and were sacrificed to collect samples after exercise. Finally, serum and the 
pathology of kidney and muscle tissues were quantified. 
Results: There were no differences in the creatinine (Cr), blood urea nitrogen (BUN), creatine kinase (CK), 
and myoglobin (MYO) levels, but the interleukin 6 (IL-6) level was more increased (P<0.05) in the Glycerol 
Control group than the Saline Control group at the baseline. The IL-6 levels of the Glycerol + HE group 
were also higher than those of the Saline + HE groups at 6 and 12 h (P<0.05). The Cr levels at 12 h and  
1 day, the BUN levels at 6 h, 12 h, 1 day, and 2 days in the Glycerol+ HE group were higher than the 
baseline levels (P<0.05). And the renal pathological scores at 6 h, 12 h, 1 day, 2 days, or 3 days were 0.79, 1.29, 
1.58, 0.85, and 0.77. However, there was only slight renal pathological injury in the Saline + HE group at  
12 h, and 1 day, and the scores were 0.13, and 0.41. The CK level in each group all peaked at 6 h after 
exercise and higher than the baseline (P<0.05). However, there was no difference in the MYO levels of each 
group compared to the baseline. 
Conclusions: We established a stable mouse model of EHS-AKI by conducting a heat exercise after the 
intramuscular injection of glycerol. Our findings lay the foundation for follow-up clinical and basic research. 
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Introduction

Exertional heatstroke (EHS) is  a l i fe-threatening 
emergency defined as a core body temperature >40 ℃ 
and central nervous system dysfunction. EHS often 
occurs if an individual engages in intense exercise in a 
hot environment (1,2). The clinical mortality rate of 
EHS is high (approximately 70%) (3). EHS is likely to 
be complicated by acute kidney injury (AKI), which is 
referred to as EHS-related AKI or EHS-AKI (4,5). A study 
has shown that the risk factors for acute kidney injury 
in heatstroke patients included age 20–39 years, African 
American race, obesity, chronic kidney disease, congestive 
heart failure, and rhabdomyolysis (4). The incidence of 
AKI in EHS has been shown to be as high as 90.9% (6). 
AKI often manifests as oliguria, electrolyte imbalance, and 
elevated creatinine (Cr) levels, and requires continuous 
renal replacement therapy (6,7). The mechanism underlying 
the occurrence of AKI in EHS is not yet fully understood 
and may include hyperthermia, hypoperfusion, systemic 
inflammatory response syndrome (SIRS), disseminated 
intravascular coagulation (DIC), and rhabdomyolysis (8-12). 
Thus, a stable animal model is particularly important if the 
pathogenesis of EHS-AKI is to be studied in-depth.

The animal models of EHS reported in the literature 
include dog, rat, and mouse models (13-15). As the gene 
similarity between mice and humans is high, and the gene 
expression in mice is relatively easy to change, it may be 
more instructive to study EHS-AKI in mice than rats or 
dogs. As C57BL/6 is the most commonly used genetic 
background of transgenic mice, and most mouse models 
of EHS in the literature are also C57BL/6, we selected 
C57BL/6 mouse strains as the experimental objects (15-17). 

To establish EHS mouse models, most studies make 
mice exercise in high temperatures and humidity, and the 
experiment is deemed successful when a target core body 
temperature is reached or corresponding neurological 
symptoms are exhibited (18,19). The shortcoming of 
this approach is that this experimental method may not 
necessarily cause AKI. For example, King et al. established 
an EHS mouse model under an environment temperature 
of 37.5 ℃/ with 50% room, humidity (Tenv 37.5 ℃/RH 
50%), and the end points were a core body temperature 
≥42.5 ℃ and loss of consciousness; however, the Cr level 
of the mice was not significantly increased. Further, the 
renal pathology results only showed glomerular vascular 
congestion, bleeding and thrombosis, but there were no 
typical AKI manifestations, such as tubular epithelial cell 

necrosis, a loss of brush borders, or cast formation (18). He 
et al. conducted EHS experiment on mice at Tenv 39.5 ℃/
RH 65%, and while their renal pathology results showed 
necrosis of tubular epithelial cells at 1 day, they did not 
detect Cr levels, and thus the incidence and severity of AKI 
were not clear (20).

The kidney, as a paired organ in the body, receives and 
filters 20% of the cardiac output. One kidney contains up 
to 2.5 million nephrons, and has a strong compensatory 
capacity (21). Additionally, C57BL/6 mice have strong 
resistance to the induction of kidney injury (22). We believe 
that the continuous elevation of creatine kinase (CK) and 
myoglobin (MYO) in rhabdomyolysis plays an important 
role in EHS-induced AKI. However, as King and He 
(18,20) showered, since the half-life of CK in mice is only 
1/10 of that of humans, the exercise-induced increase 
of CK decreases rapidly. Thus, single exercise-induced 
rhabdomyolysis in EHS mouse models may not mimic 
the pathological damage to renal tubules caused by the 
continued elevation of CK in humans.

Fifty percent of glycerol (in a dose of 5–10 mL/kg) is 
usually used to construct mouse models of rhabdomyolysis, 
as glycerol has a clear injury effect on muscle (23,24). In one 
study, CK remained at 3,000 U/L 24 h after the injection 
of 10 mL/kg glycerol, resulting in AKI (24). Additionally, 
preexisting muscle injury is known to increase circulating 
levels of the pro-inflammatory cytokine of interleukin 6 (IL-
6), leading to further increases in core body temperature and 
IL-6 levels during subsequent exercise (25,26). Thus, we 
hypothesized that undertaking a classical EHS experiment 
after treatment with a low dose of glycerol would prolong 
the rise time of CK and promote the inflammatory 
response, thus aggravating kidney injury. Finally, the kidney 
and muscle injuries were assessed according to the serum 
levels of Cr, blood urea nitrogen (BUN), CK, MYO, IL-6, 
and pathology results. To test our hypothesis, we designed 
a mouse model that induced EHS-AKI. This experimental 
scheme can be used to establish a mouse model that 
simulates human EHS-AKI, and can be used in subsequent 
studies. We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-715/rc).

Methods

Experimental animals

Specific pathogen-free male wild-type C57BL/6 mice, aged 

https://atm.amegroups.com/article/view/10.21037/atm-22-715/rc
https://atm.amegroups.com/article/view/10.21037/atm-22-715/rc
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8–9 weeks, with body weights of 23–25 g, were selected 
(Beijing SiPeiFu Biotechnology Co. Ltd., China). A study 
has shown that female mice have greater resistance to  
EHS (15), only male mice were used in this study. The mice 
were housed in separate cages (4 mice per cage) under Tenv 
23 ℃/RH 55%±5% with a 12-h light/dark cycle, and had 
free access to standard chow and water. All experimental 
protocols involving animals were approved by the Animal 
Care and Use Committee of the Chinese People’s 
Liberation Army General Hospital, in compliance with the 
National Institutes of Health Guide for the Care and Use 
of Laboratory Animals. A protocol was prepared before the 
study without registration.

Experimental design and animal preparation

The mice were randomly divided into the following  
6 groups: Saline Control group, Glycerol Control group, 
Saline + Sham heat exercise (SHE) group, Saline + Heat 
exercise (HE) group, Glycerol + SHE group, and Glycerol 
+ HE group. The Saline Control group (n=8) and Glycerol 
Control group (n=8) were used to provide a 0-h baseline 
before exercise for the Saline + SHE group (n=40),  Saline 
+ HE group,  Glycerol + SHE group (n=40) and Glycerol + 
HE group, respectively. In the other 4 groups, 8 mice were 
sacrificed under anesthesia to collect samples at 6 h, 12 h, 
1 day, 2 days, or 3 days after exercise. Blood, kidney and 

muscle samples were collected (see Figure 1). As the Saline 
+ HE group and the Glycerol + HE group both had certain 
mortality, 59 mice and 93 mice, respectively, were included 
in these 2 groups for the experiment. Except for the Control 
group, 8 mice were included in each of the other 4 groups 
to observe the survival rate.

Before starting the experiments, all the mice in each 
group were subjected to adaptive training. Training was 
performed in Tenv 27±0.5 ℃/RH 55%±5% for a period of 
2 weeks. The methods were as follows: the mice were run 
on a treadmill (YLS-10B mouse wheel fatigue tester) for  
2 h every day at a speed of 15 rpm. After the completion of 
the adaptive training, the mice were rested for 2 days, and 
then began the experiment (20). The mice were deprived 
of water and fed freely  for 24 h before the experiment, and 
weighed 1 h before the experiment.

Saline Control group
The mice were intramuscularly injected with 4 mL/kg 
of 0.9% saline in the medial thigh of left hind limb, and 
samples were taken 6 h later.

Glycerol Control group
The mice were intramuscularly injected with 4 mL/kg of 
50% glycerol (comprising 0.9% saline and glycerol at a 1:1 
volume ratio) in the medial thigh of the left hind limb, and 
samples were collected 6 h later.

Saline control Saline 4 mL/kg IM

65 min running
(Tenv 27 ℃ RH 55%)

65 min running
(Tenv 39.5 ℃ RH 65%)

25 min running
(Tenv 39.5 ℃ RH 65%)

25 min running
(Tenv 27 ℃ RH 55%)

Saline 4 mL/kg IM

Saline 4 mL/kg IM

Saline + SHE

Saline + HE

Glycerol control Glycerol 4 mL/kg IM

Glycerol 4 mL/kg IM

Glycerol 4 mL/kg IM

Glycerol + SHE

Glycerol + HE
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Figure 1 Schematic of experimental procedures. Six study groups: the Saline Control group (n=8) and Glycerol Control group (n=8) 
provided baselines at 0 h for the other 4 groups; that is, the Saline + SHE group (n=40), Saline + HE group (n=59), Glycerol + SHE group 
(n=40), and Glycerol + HE group (n=93). *, sampling. SHE, sham heat exercise; HE, heat exercise; IM, intramuscular injection; Tenv, 
environment temperature; RH, room humidity.
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Saline + SHE group
The mice were injected with 4 mL/kg of 0.9% saline in the 
medial thigh of the left hind limb, and exercise began 6 h 
later. After the intramuscular injection of saline or glycerol, 
the mice needed to rest for a period before exercise. The 
exercise uniformly began after 6 h. The environmental 
conditions of the chamber were Tenv 27 ℃/RH 55%, the 
exercise speed was 15 rpm, and the exercise time was 65 min 
(the average exercise time of the Saline + HE group). After 
exercise, the mice were taken out and put in the condition 
of Tenv 23 ℃/RH 55%±5% for recovery with free access to 
food and water.

Saline + HE group
The mice were injected with 4 mL/kg of 0.9% saline 
in the medial thigh of the left hind limb, and exercise 
began 6 h later. The environmental conditions were Tenv  
39.5 ℃/RH 65%. The mice were placed on the treadmill 
wheel, and the forced running protocol was started. The 
exercise speed was 15 rpm. The behavior of the mice was 
observed, and the rectal temperature was taken. The core 
temperature (Tc) of the body was measured by inserting a 
thermal probe (BW-TH1101, Billion, Shanghai, China) 2 cm 
into the rectum of the mice. The endpoints were defined 
as follows: (I) Tc ≥42.5 ℃; and (II) a loss of consciousness: 
the mice had no reaction after 3 weeks of continuous 
rotation of the wheel (15,18). The model was considered 
to be successfully established if the 2 factors were satisfied 
at the same time. At the end of the experiment, the mice 
were removed and placed in a Tenv 23 ℃/RH 55%±5% 
environment for recovery, with free access to food and 
water.

Glycerol + SHE group
The mice were injected with 4 mL/kg of 50% glycerol in 
the medial thigh of the left hind limb, and exercise began  
6 h later. The environmental condition of the chamber was 
Tenv 27 ℃/RH 55%, the exercise speed was 15 rpm, and 
the exercise time was 25 min (the average exercise time of 
the Glycerol + HE group). After exercise, the mice were 
taken out and put in the environment of Tenv 23 ℃/RH 
55%±5% for recovery, with free access to food and water.

Glycerol + HE group
The mice were injected with 4 mL/kg of 50% glycerol in 
the medial thigh of the left hind limb, and exercise began  
6 h later. The environmental conditions were Tenv  

39.5 ℃/RH 65%, and the exercise speed was 15 rpm. 
The criteria for the end points were the same as those of 
the Saline + HE group. At the end of the experiment, the 
mice were removed and placed in an environment of Tenv  
23 ℃/RH 55%±5% for recovery, with free access to food 
and water.

Biochemical detection

Orbital blood samples (0.6 mL) were collected and 
centrifuged twice (3,500 rpm, 4 ℃, 10 min). The serum was 
collected and detected within 2 h. Corresponding reagent 
kits were used to measure Cr (S03076, Rayto, China), BUN 
(S03036, Rayto, China), CK (S03024, Rayto, China), IL-6 
(88-7064, ThermoFisher, USA), and MYO (MM-0518M1, 
MEIMIAN, China) levels.

Kidney pathological examination

Kidney tissues were fixed in 10% formalin for 24 h, followed 
by conventional dehydration and paraffin embedding. 
Kidney tissue sections with a thickness of 4 μm were stained 
with standard periodic acid-Schiff (PAS). The pathological 
manifestations of the kidneys were scored independently by 
2 kidney pathologists. The severity of acute tubular necrosis 
was quantified by calculating the percentages of tubules 
showing cell necrosis, brush border loss, cast formation, and 
tubular dilatation as follows: 0: none; 1: <25%; 2: 25–50%; 
3: 50–75%; and 4: >75% (27). At a magnification of ×400, 
10 fields of view were randomly selected from each slide 
for evaluation. The left vastus medialis of each mouse was 
collected and fixed in 10% formalin for 24 h, followed by 
routine dehydration and paraffin embedding. Hematoxylin 
and eosin (H&E) staining was conducted and observed at 
×200 magnification.

Statistical analysis

The data analysis was performed using the GraphPad 
Prism 7.0 software package. The survival rate is expressed 
as a percentage. Normally distributed data are expressed as 
the mean ± standard deviation. Non-normally distributed 
data are expressed as median ± interquartile ranges. The 
Kaplan-Meier method was used for the survival analysis, 
and the log-rank test was used for comparisons. A 1- or 
2-way analysis of variance (ANOVA) was used, followed by 
Dunnett’s or Tukey’s multiple comparison test to clarify the 
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significant differences between groups. The t-test was used 
for data with a normal distribution, and the Mann-Whitney 
test was used for data with a non-normal distribution. A P 
value <0.05 was considered statistically significant.

Results

Survival rate, experiment time, and endpoint temperature 
of mice

The mice in the Saline + SHE group and Glycerol + SHE 
group all survived for 3 days. The survival rates of the mice 
in the Saline + HE group were 87.50%, 75.00%, 62.50%, 
62.50%, and 62.50% at 6 h, 12 h, 1 day, 2 days, and  
3 days, respectively, and those of the Glycerol + HE group 
were 75.00%, 62.50%, 50.00%, 37.50%, and 25.00%, 
respectively. The survival analysis showed that there were 
no significant differences between the Saline + HE group 
and Glycerol + HE group (P=0.21; see Figure 2).

The Tc at the end point of the Glycerol + HE group 
(44.28±0.59 ℃; P<0.05) was higher than that of the Saline 
+ HE group (43.34±0.38 ℃). Additionally, the Glycerol + 
HE group [25.50±(20.00–41.75) min; P<0.05] reached the 

end point in a shorter time than the Saline + HE group 
[65.50±(43.25–77.00) min].

Biochemical analysis

There were no significant differences in Cr, BUN, CK, 
and MYO kevels between the Saline Control group and 
Glycerol Control group at the 0-h baseline. However, the 
IL-6 level of the Glycerol Control group was higher than 
that of the Saline Control group (P<0.05; see Table 1).

The Cr level of the Glycerol + HE group peaked  
a t  12  h ,  and then decreased gradual ly,  reaching 
141.00±40.29 μmol/L at 12 h, and 78.01±32.54 μmol/L at 
1 day, but was significantly higher than that of the Glycerol 
Control group at the baseline (P<0.05; see Figure 3A). 
The Cr level was also highest in the Saline + HE group at  
12 h (40.47±12.46 μmol/L), and was higher than that 
in the Saline Control group at the baseline (P<0.05; see  
Figure 3A). There was no significant increase in the Cr 
levels of the Saline + SHE group and Glycerol + SHE group 
compared to the baseline at each time point. The Cr levels 
of the Glycerol + HE group were higher at 6 h, 12 h, and 
1 day than those of the Saline + HE group, and higher at  
6 h, 12 h, 1 day, and 2 days than those of the Glycerol + 
SHE group (P<0.05; see Figure 3A). AKI was diagnosed 
as a Cr increase 1.5 times greater than that of the baseline 
within 7 days in accordance with the Kidney Disease 
Improving Global Outcomes (KDIGO) criteria (28). Based 
on this analysis, the proportion of Cr higher than 1.5 times 
the baseline level at the peak of 12 h was 37.50% in the 
Saline + HE group, and 100.00% in the Glycerol + HE 
group.

In relation to BUN, the Glycerol + HE group also 
peaked at 12 h (41.24±11.50 mmol/L), and then gradually 
decreased, but was significantly increased at 6 h, 12 h,  
1 day and 2 days compared to the baseline (all P<0.05; see  
Figure  3B ) .  The BUN levels  of  the Sal ine +  HE 
group also reached 20.56±12.21 mmol/L at 12 h and  
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Figure 2 Survival analysis of mice. Four study groups: (I) Saline + 
SHE group (n=8); (II) Glycerol + SHE group (n=8); (III) Saline + 
HE group (n=8); and (IV) Glycerol + HE group (n=8). *, P=0.21 
(Saline + HE group vs. Glycerol + HE group) Kaplan-Meier 
method. SHE, sham heat exercise; HE, heat exercise.

Table 1 Biochemical parameters of the Saline Control group and Glycerol Control group

Group Cr (μmol/L) BUN (mmol/L) CK (U/L) MYO (pg/mL) IL-6 (pg/mL)

Saline Control 25.85±5.31 8.53±1.18 848.20±387.60 2329.00±941.20 2.96±1.38

Glycerol Control 25.15±5.14# 8.50±0.87# 856.20±342.80# 2368.00±595.00# 22.55±10.01*

The data are expressed as mean ± standard deviation (mean ± SD). There were two study groups: (I) Saline Control group (n=8); and (II) 
Glycerol Control group (n=8). *, P<0.05; #, P>0.05 (Saline Control group vs. Glycerol Control group), t-test. Cr, creatinine; BUN, blood urea 
nitrogen; CK, creatine kinase; MYO, myoglobin; IL-6, interleukin-6.
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22.57±10.60 mmol/L at 1 day, and these levels were 
significantly higher than the baseline (P<0.05; see  
Figure 3B). There was no significant increase in the BUN 
levels of the Saline + SHE group and Glycerol + SHE 
group compared to the baseline at each time point. The 
BUN levels of the Glycerol + HE group were higher at  
12 h, 1 day, and 2 days than those of the Saline + HE group, 
and higher at 6 h, 12 h, 1 day, and 2 days than those of the 
Glycerol + SHE group (P<0.05; see Figure 3B).

Compared to the baseline, the CK level of each 
group reached different degrees after exercise. Notably, 
the CK level of the Saline + SHE group peaked at 6 h 
(1,385.00±326.10 U/L) (P<0.05; see Figure 3C). The CK 
level of the Saline + HE group (1,947.00±856.30 U/L) 
and Glycerol + SHE group (2,058.00±372.40 U/L) also 
peaked at 6 h, and remained significantly different at 12 h 
compared to the baseline (P<0.05; see Figure 3C). However, 
the CK levels of the Glycerol + HE group were still higher 

than the baseline at 12 h and 1 day, but peaked at 6 h 
(2,637.00±848.10 U/L) (P<0.05; see Figure 3C). The CK 
levels of the Glycerol + HE group were higher at 6 h and 
1 day than those of the Saline + HE group, and higher at  
6 h, 12 h, and 1 day than those of the Glycerol + SHE group 
(P<0.05; see Figure 3C). The MYO changes after exercise in 
each group are shown in Figure 3D. Notably, there was no 
significant increase compared to the baseline (P>0.05), and 
no statistically significant differences between the groups.

Compared to the baseline, the IL-6 levels of the Saline 
+ SHE group and Glycerol + SHE group peaked at 6 h 
(P<0.05, Figure 3E), and then gradually decreased. The 
IL-6 levels also peaked at 6 h in the Saline + HE group 
(310.90±181.10 pg/mL) and the Glycerol + HE group 
(649.30±408.20 pg/mL), and these levels were significantly 
higher than the baseline (P<0.05), and still differed at 12 h. 
The IL-6 levels of the Glycerol + HE group were higher 
at 6 h and 12 h than those of the Saline + HE group and 

6   12        24                    48                     72
Hours

6   12        24                    48                     72
Hours

6   12         24                    48                     72
Hours

6   12         24                    48                     72
Hours

6   12         24                    48                     72
Hours

200

150

100

50

0

C
r, 

um
oL

/L

3000

2500

2000

1500

1000

500

C
K

, U
/L

3500

3000

2500

2000

1500

M
Y

O
, p

g/
m

L
1000

800

600

400

200

0

IL
-6

, p
g/

m
L

50

40

30

20

10

0

B
U

N
, m

m
oL

/L

Saline + SHE
Saline + HE
Glycerol + SHE
Glycerol + HE

Saline + SHE

Saline + HE

Glycerol + SHE

Glycerol + HE

Saline + SHE

Saline + HE
Glycerol + SHE
Glycerol + HE

Saline + SHE

Saline + HE

Glycerol + SHE

Glycerol + HE

Saline + SHE

Saline + HE

Glycerol + SHE

Glycerol + HE

*#&
*#&

*#&

*#&

*#&

*

**
*

*#&& ***

*

*#&

*#&

*#&

*

**
*

* *&

#&

&

A B

C D E

Figure 3 Analysis of biomarkers. Six study groups: the Saline Control group (n=8) and Glycerol Control group (n=8) provided the baseline 
at 0 h for the other 4 groups; that is, the Saline + SHE group (n=40), Saline + HE group (n=40), Glycerol + SHE group (n=40), and 
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Glycerol + SHE group (P<0.05; see Figure 3E).

Pathological examination

Neither the Saline Control group nor the Glycerol Control 
group showed significant impairment in renal and muscle 
pathology (see Figure 4).

Neither the Saline + SHE group nor the Glycerol + 
SHE group showed significant kidney damage at any time 
point; thus, no injury score was calculated. In the Glycerol 
+ HE group, typical renal injuries, such as tubular epithelial 
necrosis, tubular dilatation, and cast formation, were 
observed (see Figure 5; the black arrows indicate tubule 
epithelial cell necrosis, and the yellow arrows indicate 
tubule dilation). The pathological scores of the Glycerol 
+ HE group at each time point were 0.79, 1.29, 1.58, 
0.85, and 0.77, respectively. Slight kidney injury was also 
observed in the Saline + HE group, and the pathological 
scores at each time point were 0.00, 0.13, 0.41, 0.00, and 
0.00, respectively.

There were no obvious lesions in the left vastus medialis 
muscle pathology at each time point in the Saline + SHE 
group and the Saline + HE group. The Glycerol + SHE 

and Glycerol + HE groups showed local muscle damage 
at each time point (see Figure 6; the black arrows indicate 
the fragmentation of muscle fiber nuclei, the yellow arrows 
indicate the infiltration of lymphocytes and neutrophils, and 
the red arrows indicate an increased number of fibroblasts).

Discussion

AKI is an important organ function injury of EHS, and 
is closely related to death caused by EHS (4). This study 
sought to establish a stable EHS-AKI mouse model. Under 
our model scheme: (I) the mice were intramuscularly 
injected with 4 mL/kg of 50% glycerol in their left hind 
limbs 6 h before exercise; (II) the environmental condition 
was Tenv 39.5 ℃/RH 65%; (III) the end point was Tc 
≥42.5 ℃, and a loss of consciousness. The results showed 
that the Cr and BUN levels of the Glycerol + HE group 
were significantly increased, and the mice in this group 
had typical AKI pathology results, including tubular 
epithelial cell necrosis, renal tubule dilatation, and cast 
formation. The results showed that a stable EHS-AKI 
model was successfully established. Despite optimizing 
an EHS-AKI model, the results indicated that this was a 

Saline control

Glycerol control Glycerol control

50 μm

Saline control

50 μm 100 μm

100 μm

Figure 4 Pathological features of kidney and muscle. Two study groups: (I) Saline Control group (n=8); and (II) Glycerol Control group 
(n=8). Kidney sections were stained with PAS (50 μm). Muscle sections were stained with H&E (100 μm). PAS, periodic acid-Schiff; H&E, 
hematoxylin and eosin.
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Glycerol + SHE 1 d
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Glycerol + SHE 3 d Glycerol + HE 3 d

Glycerol + HE 2 d

Glycerol + HE 1 d

Glycerol + HE 6h

Glycerol + HE 12 h

Saline + HE 6 h

Saline + HE 12 h

Saline + HE 1 d

A

B

C

D

E

Figure 5 Renal pathology. Four groups: (I) Saline + SHE group (n=40); (II) Saline + HE group (n=40); (III) Glycerol + SHE group (n=40); 
and (IV) Glycerol + HE group (n=40). (A) 6-h renal pathology of each group; (B) 12-h renal pathology of each group; (C) 1-day renal 
pathology of each group; (D) 2-day renal pathology of each group; (E) 3-day renal pathology of each group. PAS staining was performed on 
all sections with the black arrows indicate tubule epithelial cell necrosis, and the yellow arrows indicate tubule dilation. Magnification: ×400; 
bars: 50 μm. SHE, sham heat exercise; HE, heat exercise; PAS, periodic acid-Schiff.

relatively mild model. Thus, a more severe model may be 
needed to evaluate the effect of drug therapy in subsequent 
experiments.

At present, most animal studies on EHS focus on EHS-
related intestinal, heart, and liver injury, but research on 
EHS-related AKI has been limited (29-32). This may 

be because the classical EHS model does not actually 
simulate the renal pathological changes of human EHS-
AKI; however, continuous attempts have been made to 
optimize EHS conditions and establish stable EHS-AKI 
models (18,20). Our results showed that while the Cr 
level at 12 h and the BUN levels at 12 h and 1 day of the 
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Figure 6 Muscle pathology. Four groups: (I) Saline + SHE group (n=40); (II) Saline + HE group (n=40); (III) Glycerol + SHE group 
(n=40); and (IV) Glycerol + HE group (n=40). (A) Muscle pathology of each group at 6 h; (B) muscle pathology of each group at 12 h; (C) 
muscle pathology of each group at 1 day; (D) muscle pathology of each group at 2 days; (E) muscle pathology of each group at 3 days. H&E 
staining was performed on all sections with the black arrows indicate the fragmentation of muscle fiber nuclei, the yellow arrows indicate 
the infiltration of lymphocytes and neutrophils, and the red arrows indicate an increased number of fibroblasts. Magnification: ×200; bars:  
100 μm. SHE, sham heat exercise; HE, heat exercise; H&E, hematoxylin and eosin.

Saline + HE group differed significantly from the baseline 
results, the increase was very low. Further, there was only 
slight renal pathological injury at 12 h and 1 day, with 
the scores of 0.13 and 0.41, respectively. According to the 
clinical criteria of the KDIGO, AKI is diagnosed if Cr level 

increases ≥26.5 μmol/L within 48 h, or is 1.5 times higher 
than the baseline within the first 7 days, and/or there is a 
urine volume of <0.5 mL/kg/h for 6–12 h (28). The main 
histological feature of AKI is tubular cell death (33). Our 
study showed that the proportion of Cr 1.5 times higher 
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than the baseline level at peak 12 h was only 37.50% in 
the Saline + HE group, while the proportion of Cr in the 
Glycerol + HE group was 100.00%. Additionally, the renal 
pathology results of the Glycerol + HE group also showed 
typical AKI manifestations, such as tubular epithelial cell 
necrosis, tubular dilatation, and cast formation, with scores 
of 0.79, 1.29, 1.58, 0.85, and 0.77 at each time point, 
respectively. As a result, the Glycerol + HE group mice 
successfully formed significant AKI lesions with Cr peaked 
at 12 h and pathological damage was the worst at 1 day. 
In conclusion, we believe that this model can be used as a 
stable EHS-AKI mouse model. This EHS-AKI mice model 
was established by a combination of intramuscular glycerol 
injection and heat exercise, which was different from other 
etiology related AKI model establishment. For example, 
sepsis related AKI model was induced by cecal ligation 
and punctured or single intraperitoneal injection dose of  
10–15 mg/kg lipopolysaccharide. Cisplatin related AKI 
model was induced by single does 6–20 mg/kg cisplatin. 
And ischemia-reperfusion related AKI was usually induced 
by ischemia 30–45 min and reperfusion 24–48 h (33). 

Rhabdomyolysis is common in EHS. Both heat and 
exercise may contribute to rhabdomyolysis during EHS. 
CK is still the most effective indicator for identifying and 
measuring rhabdomyolysis (34). A study examined patients 
with CK >1,000 U/L in emergency rooms from 2012 to 
2017, and found that 2.1% had exertional rhabdomyolysis, 
with CK averaging 16,884.4±41,645.6 U/L (35). Another 
study on the changes of clinical biomarkers in patients with 
EHS over 16 days showed that CK reached its peak on the 
3rd day of onset, and was 4.65 times that of the normal 
upper limit (7). However, the muscle mass of mice was small 
and the half-life of CK was very short at 1.5 h, which is 1/10 
of that of humans, and the changes in vivo were relatively 
rapid (18). Compared to the baseline level, the CK levels of 
the Saline + HE group and Glycerol + HE group increased 
at 6 and 12 h, and the CK level of the Glycerol + HE group 
was still higher  at 1 day than the baseline. The CK levels 
of the Glycerol + HE group were higher than those of the 
Saline + HE group at 6 h and 1 day, and higher than those 
of the Glycerol + SHE group at 6 h, 12 h, and 1 day.

MYO is known to damage the kidney in various ways, 
including via renal vasoconstriction, cast formation, and 
direct toxicity to renal tubular cells, and is a relatively 
effective indicator for predicting AKI (34,36). The MYO 
level of the Glycerol + HE group was higher than that of 
the Saline + HE group at 6 h, but the difference was not 

statistically significant. Preexisting muscle injury caused by 
glycerol may have exacerbated the follow-up muscle injury 
caused by heat exercise, and prolonged the rise time of CK 
in the Glycerol + HE group.

As a typical member of the IL-6 cytokine family, 
IL-6 is a pleiotropic pro-inflammatory cytokine, which 
is released by the skeletal muscle during exercise, and is 
also promoted by infection, stress, and injury (37). IL-6 
promotes the production of multiple pro-inflammatory 
cytokines (including IL-6 itself) and chemokines through 
the activation of NF-κB and STAT3, thereby promoting 
systemic inflammation (38). The results showed that in the 
Glycerol Control group, glycerol damaged muscle tissue 
and promoted IL-6 production, and the IL-6 level was 
higher than that of the Saline Control group at 0 h. This 
further promoted the increase of IL-6 in the Glycerol + HE 
group during the subsequent heat exercise. The IL-6 levels 
of the Glycerol + HE group were higher than those of the 
Saline + HE group and Glycerol + SHE group at 6 and  
12 h. The significantly increased IL-6 levels of the Glycerol 
+ HE group suggested a more severe inflammatory 
response, which is also an important pathophysiological 
process of EHS. At the same time, as a pyrogen, the 
increased expression level of IL-6 may also promote the 
further increase of Tc in mice (39). The results also showed 
that the Tc at the endpoint of the Glycerol + HE group 
was 44.28 ℃ higher than that of the Saline + HE group. 
Additionally, the mice had more severe symptoms, such 
as severe convulsions at the end point. The higher Tc and 
more severe neurological symptoms of the Glycerol + 
HE group indicated that the heat damage of the mice was 
aggravated. The increased muscle injury, inflammatory 
response, and heat injury of the Glycerol + HE group may 
partly explain the occurrence of AKI in this model.

Our study had some limitations. First, the functional 
damage of other organs in mice was not evaluated, but some 
studies on EHS have confirmed damage to liver, intestine, 
and heart in mice (18,20,30). Second, this is a relatively 
mild EHS-AKI mouse model. Indeed, renal function had 
almost recovered at 48 h post-AKI. Thus, the model may 
not be able to be used to evaluate the therapeutic effects of 
drugs, and for therapeutic experiments, a more severe AKI 
model may be needed to observe the therapeutic effect of 
the relevant drugs.

In conclusion, in this study, we successfully constructed 
an EHS-AKI mouse model, in which the mice presented 
with increased Cr, BUN, and tubular necrosis. This model 
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may be an effective tool for further studying the underlying 
mechanism of EHS-AKI and exploring potential therapeutic 
targets.
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