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Abstract.
OBJECTIVE: To investigate the role of Pink1/Parkin-mediated mitochondrial autophagy in exertional heat stroke-induced
acute lung injury in rats.
METHODS: Sixty SD rats were divided into four groups: normal group (CON group), normal Parkin overexpression group
(CON + Parkin group), exertional heat stroke group (EHS group), and exertional heat stroke Parkin overexpression group
(EHS + Parkin group). Adeno-associated virus carrying the Parkin gene was intravenously injected into the rats to overexpress
Parkin in the lung tissue. An exertional heat stroke rat model was established, and survival curves were plotted. Lung micro-CT
was performed, and lung coefficient and pulmonary microvascular permeability were measured.
RESULTS: Compared with the EHS group, the survival rate of rats in the EHS + Parkin overexpression group was significantly
increased, lung coefficient and pulmonary microvascular permeability were reduced, and pathological changes such as
exudation and consolidation were significantly reduced. The levels of inflammatory factors IL-6, IL-1�, TNF-�, and ROS
were significantly decreased; the degree of mitochondrial swelling in type II alveolar epithelial cells was reduced, and no
vacuolization was observed. Lung tissue apoptosis was reduced, and the colocalization fluorescence of Pink1 and Parkin, as
well as LC3 and Tom20, were increased. The expression of Parkin and LC3-II/LC3-I ratio in lung tissue were both increased,
while the expression of P62, Pink1, MFN2, and PTEN-L was decreased.
CONCLUSION: Impairment of Pink1/Parkin-mediated mitochondrial autophagy function is one of the mechanisms of
exertional heat stroke-induced acute lung injury in rats. Activation of the Pink1/Parkin pathway can alleviate acute lung
injury caused by exertional heat stroke.
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1. Introduction

Climate change has led to an increase in global warming year by year, the frequency and duration of
extreme hot weather, and an increase in the incidence of heat stroke year by year [1]. Heat stroke (HS) is
a heat illness associated with high temperature and humidity and has a high rate of disability and death
if not treated effectively. It is divided into “classic heat stroke” and “exertional heat stroke” depending
on the cause of heat [2]. Exertional heat stroke (EHS) occurs in people who work and train outdoors
in summer and has a high mortality rate [3]. It is characterized by a core body temperature > 40◦C and
is associated with central nervous system dysfunction, which progresses to multi-organ impairment
in severe cases [2]. The lungs, as an important organ for regulating heat dissipation in the body, are
susceptible to damage from heat shock, which leads to altered ventilation and the development of acute
lung injury (ALI)/or acute respiratory distress syndrome (ARDS) [4, 5]. Thermogenic organ damage
is associated with intracellular mitochondrial damage [5]. Mitochondria are important organelles in
eukaryotic cells and are responsible for energy synthesis and metabolism, cell differentiation, and
apoptosis, and can be referred to as the “motor of the cell” [6]. Studies have confirmed that heat
shock can directly cause damage to mitochondria and activate apoptosis [6, 7]. In addition, damage to
mitochondria generates large amounts of reactive oxygen species (ROS), which enhance intracellular
oxidative stress and induce an inflammatory response [8]. In turn, oxidative stress and inflammatory
responses further erode telomeres and damage mitochondria [9], thus creating a vicious cycle that
amplifies the degree of oxidative stress in a cascade and eventually generates systemic inflammatory
response syndrome (SIRS), leading to organ failure [10]. Therefore, effective and selective clearance of
damaged mitochondria is essential to adapt to the current environment of the organism and to maintain
the health of the body [11].

Mitochondrial autophagy is the process by which damaged, aged, and dysfunctional mitochondria
can be recognized by specific autophagic vesicles and then selectively transported to lysosomes to com-
plete degradation. Mitochondrial autophagy plays a crucial role in controlling mitochondrial quality
and maintaining mitochondrial dynamic homeostasis [12]. Enhancement of mitochondrial autophagy
facilitates the clearance of dysfunctional mitochondria and prevents excessive cellular damage. The
Pink1/Parkin pathway is a classical pathway that regulates mitochondrial autophagy. This pathway is
involved in the development of several diseases. It was found that Parkin translocated from the cyto-
plasm to mitochondria during sepsis and induced the onset of the mitochondrial autophagy process.
Animal experiments confirmed that in a mouse model of sepsis, Pink1 and Parkin knockout mice
had a greater degree of intracellular mitochondrial damage and a higher number of organ failures and
mortality [13–15]. However, the role of the Pink1/Parkin pathway and mitochondrial autophagy in
pulmonary injury in heat stroke is still lacking in research. Since the pathophysiological mechanism
of exertional heat stroke has similarities with sepsis, both of which have mitochondrial damage and
uncontrolled SIRS, this study investigates the role of Pink1/Parkin pathway in EHS lung injury by
establishing an EHS rat model and observing the effect of Parkin overexpression on HS rat lung tissue
and provides a corresponding theoretical basis for the rescue and treatment of EHS lung injury.

2. Materials and methods

2.1. Materials

2.1.1. Animals
Sixty healthy male SD rats, weighing 300–350 g, 8-week-old, were purchased from Spelford (Bei-

jing) Biotechnology Co. Ltd. (Beijing, China). They were maintained in the experimental animal center
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of the PLA General Hospital with a room temperature of 25◦C, 50%–60% relative humidity, and a 12
h light-dark cycle. The experimental animal protocol was approved by the Animal Ethics Committee
of the Eighth Medical Center of the PLA General Hospital with approval number 20208141030.

2.1.2. Main instruments and reagents
The six-channel small animal runner (XR-PT-10A, Shanghai Xinsoft Information Technology Co.,

Ltd.) was placed in a transparent simulated high temperature and high humidity environment cham-
ber [13], which can precisely control the temperature and humidity inside the chamber and maintain
them constantly. Adeno-associated virus (AAV-Lung-Parkin) with Parkin gene was purchased from
OBiO Technology (Shanghai, China); Evans blue (EB) was purchased from MCE, USA; rabbit anti-
glyceraldehyde phosphate dehydrogenase (GPHD) was purchased from MCE, USA. The rabbit anti-rat
glyceraldehyde phosphate dehydrogenase (GAPDH) monoclonal antibody, rabbit anti-rat P62 mono-
clonal antibody, mouse anti-rat Tom20 monoclonal antibody, rabbit anti-rat Pink1 polyclonal antibody,
rabbit anti-rat mitofusin-2 (MFN2) polyclonal antibody were purchased from Abcam, UK. The rab-
bit anti-rat microtubule-associated protein 1 light chain 3 (LC3) polyclonal antibody, mouse anti-rat
Parkin monoclonal antibody, mouse anti-rat PTEN polyclonal antibody was purchased from CST, US;
the mouse anti-rat PTEN-� monoclonal antibody was purchased from CST, US; TdT-mediated dUTP
nick-end labeling (TUNEL) kit was purchased from Roche, Switzerland; ELISA reagents for IL-1�
and IL-6 were purchased from CST, US. TNF-� ELISA kit was purchased from Abcam (UK); the ROS
kit was purchased from Shanghai Yaji Biotechnology Co. Ltd., Shanghai, China. All other reagents
were domestic analytical purity.

2.2. Methods

2.2.1. Animal grouping and model construction
Sixty healthy male SD rats were divided into 4 groups according to the random number table method,

including the control group (CON group), normal Parkin overexpression group (CON + Parkin group),
heat stroke group (HS group), and heat stroke Parkin overexpression group (HS + Parkin group),
(n = 15). Before HS modeling, experimental rats were placed in a thermal environmental chamber and
acclimatized at room temperature (24–26◦C) using the step training method for a period of 7 d. In
rats overexpressing Parkin in the lung tissue of the experimental group, we used tail vein injection
of AAV-Lung-Parkin (5×1011 �g) 300 NL [16]. After 4 weeks of injection, we performed a heat
stress experiment and closely observed the consciousness and mental changes in the rats [17]. In this
experiment, we did not perform mRNA level assays to verify the expression of Parkin in lung tissue.

For the construction details of Parkin-related viral vectors, we used the following method of construc-
tion. First, the Parkin gene fragment was cloned into a viral vector, and then the vector was amplified
in cells to finally prepare a viral vehicle containing the Parkin gene. During the injection process, we
introduced the viral vector into the rats by tail vein injection to achieve overexpression of Parkin in
lung tissue. As for the frequency of Parkin vector injection, it depended on the specific experimental
situation. Generally, the expression of the target genes can be observed after one injection. However,
to ensure the accuracy and reproducibility of the experiment, it was recommended to perform multiple
observations and experiments within an appropriate period after injection.

After 7 d of acclimatization, rats were injected with AAV-Lung-Parkin (5×1011 �g) 300 NL via tail
vein to overexpress Parkin in rat lung tissue [16], and heat stress experiments were performed 4 weeks
later. Rats were fasted for 12 h before the heat stress experiments, and drinking water was not restricted.
The rats were weighed 30 min before the start of the modeling and water intake was prohibited (the
rats were stimulated to defecate before the operation by gently pressing their lower abdomen with
our finger). When the temperature of the experimental chamber reached 39.5 ± 0.3◦C and the relative
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humidity was 55% ± 5%, the rats were put into the running platform and started to run at an initial
speed of 5 m/min (the slope was 0), and the speed was increased by 1 m/min every 2 min, and then
the speed was increased to 15 m/min for 20 min and kept at a constant speed until fatigue occurred
(the rats could not continue to run even after appropriate repulsion). The consciousness and mental
changes of the rats were closely observed throughout the experiment [17]. After the rats reached the
diagnostic criteria for EHS, they were removed from the thermal chamber, heat exposure was stopped,
weighed, and cooled naturally at room temperature (24–26◦C), and their mental status was continued
to be monitored until 5 h after modeling. The diagnostic criteria for EHS were that the rats showed
signs of central nervous system dysfunction, i.e., no voluntary activity for more than 5 s (mild painless
stimulation could not drive the animals to crawl or change position).

2.2.2. Observation of 5-h survival rate of rats
Sixty rats were randomly selected from each group, and their survival was observed and recorded

at 0, 1, 2, 3, 4, and 5 h after modeling and survival curves were plotted to calculate the survival rate.

2.2.3. Micro-CT of rat lungs
At 5 h after modeling, the rats were anesthetized by isoflurane inhalation (2 ml/100 g, 200 mg/kg,

induced concentration 2%–2.5%, maintained concentration 1%–1.5%), and the imaging of rat lungs
was recorded using a Micro-CT instrument (Aloka Latheta LCT-200, Hitachi, Japan) with the following
measurement parameters: 120 s of film time, 90 kV of voltage, 160 �A of current, and 40 �m of photo
pixels.

2.2.4. Histopathological observation of rat lung
First, pentobarbital sodium was used at a concentration of 3 mg/ml with a concentration of 30–50

mg/kg, and then 1 ml of liquid medicine was injected into rats by intravenous injection so that they were
decapitated under anesthesia. After the rats were killed, a small piece of tissue from the lower lobe of the
right lung was taken for observation, and then it was cut and soaked in 4% paraformaldehyde solution
for fixation, dehydrated in gradient ethanol, sectioned after conventional paraffin embedding (5 �m),
stained with hematoxylin-eosin (HE) after dewaxing, and dehydrated to observe histopathological
changes under light microscopy. Ten fields of view were randomly selected under a DM4000B light
microscope (×200). The lung histopathological damage was scored concerning the observation and
analysis of Hong et al. criteria [18]. The scoring items included alveolar cavity congestion, neutrophil
infiltration, fibrin exudation, and alveolar septal widening, and the score of each item was divided
into 0, 1, 2, and 3 points according to the degree of damage, which were no damage, mild damage,
moderate and severe damage, respectively, and the mean value was calculated. In addition, the mean
of the scores of the HE-stained sections for the degree of pulmonary edema was calculated according
to the degree of edema in the interstitium and alveoli, with scores of 0, 1, 2, and 3 for none, mild,
moderate and severe, respectively [19].

2.2.5. LW/BW
LW/BW is an index to assess the severity of pulmonary edema, where LW denotes wet lung weight

and BW denotes body weight. Higher values of LW/BW indicate more severe pulmonary edema. The
rats were given a 12-h fasting and allowed to drink unlimited water. Before the start of the experiment,
the rats were weighed and defecated to stimulate them, and their water intake was prohibited. When
the temperature of the experimental chamber reached 39.5 ± 0.3◦C and the relative humidity was
55% ± 5%, the rats were put into the running table. The rats started to run at an initial speed of 5
m/min, and the speed was increased by 1 m/min every 2 min, and then the speed was increased to 15
m/min in 20 min and kept at a constant speed until they were fatigued (unable to continue running after
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appropriate repulsion) and stopped running. The consciousness and mental changes of the rats were
closely observed throughout the experiment. At the end of the experiment, the rats were executed, and
their lung tissues were removed and measured for LW/BW. The lung tissues were gently dried with
absorbent paper and then weighed and recorded as wet weight. Afterward, the lung tissues were dried
at 70◦C to a stable weight, weighed again, and the dry weight was recorded.

The formula for calculating LW/BW is: LW/BW = (wet weight – dry weight) / body weight.

2.2.6. Measurement of pulmonary vascular permeability in rats
The lung tissue permeability of rats was measured using the EB dye exudation technique [20]. EB was

dissolved in saline in a 2% solution and injected from the tail vein of rats at 2 mL/kg. The EB dye was
observed to turn blue in both ears and eyes of the rats, and it was determined that the EB dye had been
uniformly distributed in the rats. The EB dye was circulated in vivo for 2 h, the right ear was cut open
after thoracotomy, and the pulmonary circulation was flushed with 10 mL of phosphate-buffered saline
(PBS) via the left ventricle. The whole lung tissue was taken and soaked in 2 mL formamide solution
(10 mL/kg), then incubated with formamide at 60◦C for 16 h. After all the pigments were extracted
from the lung tissue, the tissue was removed, and the supernatant was centrifuged at 7,000×g for 10
min, the absorbance (A) was measured, and the EB content in the tissue was calculated.

2.2.7. ELISA method for the determination of IL-6, IL-1β, TNF-α and ROS in lung tissues
The contents of cytokines, IL-6, IL-1�, TNF-α, and ROS in lung tissues were detected by dou-

ble antibody sandwich ELISA method using rat IL-6, IL-1�, TNF-α, and ROS ELISA kits, and the
instructions of the ELISA kits were strictly followed.

2.2.8. Mitochondrial morphology in type II epithelial cells of lung tissue by transmission electron
microscopy

The tissue was fixed with 2.5% glutaraldehyde solution and rinsed three times with PBS for 15 min
each time. The tissue was fixed again with 1% osmium acid for 2 h and rinsed through PBS three times.
The tissue was dehydrated in an ethanol gradient, embedded and polymerized to make resin blocks,
and then sectioned by an ultra-thin sectioning machine and double stained with uranyl acetate – lead
citrate (3%) to make copper mesh sections, which were observed and analyzed under transmission
electron microscope (JEM-1230) (×30000).

2.2.9. Detection of apoptosis by TUNEL method
Paraffin sections of lung tissues were taken, dewaxed with gradient ethanol, rinsed with tap water,

dripped with protease working solution, incubated at 37◦C for 20 min, washed with PBS; dripped with
TUNEL solution, incubated at 37◦C for 1 h, washed with PBS; dripped with TUNEL solution again,
incubated at room temperature for 20 min, rinsed with PBS and then stained with diaminobenzidine
(DAB), re-stained with hematoxylin, dehydrated with gradient ethanol. The cells were transparent,
sealed, and observed under a light microscope. Positive cells, i.e., apoptotic cells, were brownish-
yellow, and normal cells were blue. Image J image analysis software was used to analyze the images of
each group of TUNEL-stained sections, and five fields of view (200×) were randomly selected under
the microscope of each section to calculate the apoptosis index. Apoptosis index = number of positive
cells/total number of cells×100%.

2.2.10. Western blot
The protein concentration was determined by the diquinolinic acid (BCA) kit after protein extraction

from the supernatant, and the protein samples were electrophoresed in an electrophoresis apparatus,
followed by electrophoresis, closed by skim milk powder solution, and the antibody working solution
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Fig. 1. The over-expression of Parkin increases the survival rate of EHS rats (n = 15).

was prepared according to the instructions (Pink1, Parkin, P62 and LC3 antibodies were all expressed at
1:2). The primary antibody was incubated overnight at 4◦C in a shaker, and the corresponding secondary
antibody (1:5000) was incubated at room temperature for 1 h. The signal intensity was detected by the
ECL chemiluminescence imaging system. The band optical density values were analyzed by ImagePro
Plus 6. 0 software and the relative expression was calculated by the ratio of absorbance with GAPDH
internal reference.

2.2.11. Immunofluorescence detection
Paraffin sections of rat lung tissue were dewaxed with gradient ethanol, dehydrated, blown dry,

washed three times with PBS, and 1‰ Triton-X-100 mixed with 2% sheep serum was closed at room
temperature for 1 h. After washing with PBS, the following I antibodies [Pink1 (1:50), Parkin (1:50),
LC3 (1:50 and Tom20 (1:100)] were added and incubated overnight at 4◦C. After washing I antibody,
goat anti-rabbit fluorescent II antibody (DyLight 594, 1:500) or goat anti-mouse fluorescent II antibody
(DyLight 488, 1:500) was added and incubated at room temperature for 30 min. After washing with
PBS, the nuclei were stained with DAPI. The co-staining of Pink1 with Parkin and LC3 with om20 in
lung tissue was observed by confocal microscopy (Olympus FV3000).

2.3. Statistical processing

GraphPad Prism 9 software was used for statistical analysis. Data were expressed as mean ± standard
deviation (SD). One-way ANOVA was used for comparison between multiple groups, and the SNK-q
test was used for comparison between groups. Differences were considered statistically significant at
P < 0.05.

3. Results

3.1. Effect of Parkin overexpression on the survival rate of EHS rats

As shown in Fig. 1, the survival rate of rats in the EHS group was about 87% (13/15) at 1 h, 53%
(8/15) at 3 h, and 33% (5/15) at 5 h after heat shock. Compared with them, the survival rates of rats
in the EHS + Parkin group were significantly higher (P < 0.05), except for the 2-h survival rate, which
was essentially the same in both groups. there was no difference in the survival rates of rats in the CON
group and CON + Parkin group.
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Fig. 2. Micro-CT images of rats in each group. A: CON group; B: CON + Parkin group; C: EHS group; D: HS + Parkin group
red arrow: patchy exudation.

3.2. Effect of Parkin overexpression on lung imaging in EHS rats

Mi.cro-CT of rat lungs showed patchy exudate and increased lung texture in the EHS group (shown
by red arrows in Fig. 2). There was no significant difference in the lung imaging changes between the
CON and CON + Parkin overexpression groups.

3.3. Effect of Parkin overexpression on lung coefficient and pulmonary vascular permeability in
EHS rats

Compared with CON, the lung coefficient and pulmonary vascular permeability were significantly
higher in the EHS group, and the difference was statistically significant (P < 0.05, Fig. 3). In contrast, the
lung coefficient and pulmonary vascular permeability of the rats in the heat stroke Parkin overexpression
group decreased significantly compared with those in the EHS group, and the difference was statistically
significant (P < 0.05). there was no significant difference in the lung coefficient and pulmonary vascular
permeability in the CON group compared with the CON + Parkin group (P > 0.05).

3.4. Histological pathological changes of the lung in EHS rats by Parkin overexpression

As shown in Fig. 4, rats in the CON and CON + Parkin overexpression groups had clear lung tissue
structure, smooth alveolar walls, and no fluid exudation from the alveolar cavity; rats in the HS group
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Fig. 3. The over-expression of Parkin decreased the pulmonary index and vascular permeability of HS rats (N = 5). A: CON
group; B: CON + Parkin group; C: EHS group; D: EHS + Parkin group.

showed alveolar collapse, a large number of erythrocytes, inflammatory cells, and plasma-like material
exuded from the alveolar cavity, and a significant increase in lung pathology score and pulmonary
edema score (P < 0.05); compared with the HS group, the alveolar collapse was reduced in the heat
stroke Parkin overexpression group, the degree of inflammatory infiltration was low, no significant
exudate material was seen in the alveoli, and the pulmonary pathology score and pulmonary edema
score were significantly lower compared with the HS group (P < 0.05).

3.5. Effect of Parkin overexpression on the levels of IL-6, IL-1β, TNF-α, and ROS in lung tissues
of rats with pyrexia

The levels of IL-6, IL-1�, TNF-�, and ROS were significantly increased in the lung tissues of rats
in the EHS group compared with the CON group (P < 0.05, Fig. 5), while the levels of all the above
cytokines were significantly decreased in the lung tissues of rats in the EHS + Parkin group compared
with the EHS group (P < 0.05).

3.6. Effect of Parkin overexpression on mitochondrial morphology in lung epithelial cells

The mitochondrial morphology in the lung type II epithelial cells of the CON and CON + Parkin
groups was regular, and the mitochondrial cristae were tightly arranged and visible, while the mitochon-
dria in the lung type II epithelial cells of the EHS group were swollen, the mitochondrial cristae were
broken, and most of the mitochondria were vacuolated. In contrast, the mitochondria in the lung type
II epithelial cells of EHS + Parkin rats were slightly enlarged, the swelling of mitochondria was less
than that in the EHS group, and the mitochondrial cristae were intact and did not show vacuolization
(Fig. 6).

3.7. Effect of Parkin overexpression on apoptosis in rat lung tissues

Compared with the CON group, the number of apoptotic cells in the lung tissues of rats in the
EHS group increased and the apoptotic index was significantly higher (P < 0.05); compared with the
EHS group, the apoptotic cells in the lung tissues of rats in the EHS + Parkin group were significantly
reduced and the apoptotic index was significantly lower (P < 0.05). there was no significant difference
in apoptosis in the lung tissues of the CON and CON + Parkin groups (Fig. 7).
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Fig. 4. The Parkin over-expression rats resist the HS-induced pathological changes of the lung (N = 5). A: CON group;
B: CON + Parkin group; C: EHS group; D: EHS + Parkin group. Arrows indicate edema. E: The histologic scoring of lung
injury; F: The histologic scoring of lung edema.

3.8. Effect of Parkin overexpression on the level of mitochondrial autophagy in lung tissues of rats
with heat stroke

As shown in Fig. 8, the expression of the Parkin protein in the lung tissues of both CON + Parkin
and EHS + Parkin groups was significantly increased after tail vein injection of the adeno-associated
virus carrying the Parkin gene. Compared with the CON group, the expression of Parkin was increased
in the lung tissues of the HS group (P < 0.05), the autophagy level marker LC3-II/LC3-I ratio was
significantly lower (P < 0.05), and the expression of P62 was increased (P < 0.05). Compared with the
EHS group, the LC3-II/LC3-I ratio was increased and P62 expression was decreased in the lung tissues
of EHS + Parkin rats (P < 0.05).

Immunofluorescence results showed that the LC3 fluorescence intensity (green fluorescence) and
the co-localization of LC3 with Tom20 (red fluorescence) in lung tissues of rats in the EHS group
was reduced (orange fluorescence) compared with that in the CON group; the LC3 fluorescence
intensity (green fluorescence) was significantly enhanced in lung tissues of rats in the EHS + Parkin
group compared with that in the EHS group, and the co-localization of LC3 with Tom20 was also
significantly enhanced. The LC3-II/LC3-I ratio was slightly increased in the lung tissues of the rats in
the
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Fig. 5. The Parkin over-expression rats attenuated the HS-induced increasing level of IL-1�, IL-6, TNF-�, and ROS in the
lung (N = 5). A: IL-1�; B: IL-6; C: ROS; D: TNF-�. ∗P < 0.05 vs Control group; ∗∗P < 0.05 vs EHS group.

expression of P62 was not significantly different, and the LC3 fluorescence intensity (green fluo-
rescence) and LC3 co-localization with Tom20 (orange fluorescence) were also enhanced in the lung
tissues of the rats in the EHS + Parkin group.

3.9. Parkin overexpression activated the Pink1/Parkin pathway in lung tissues of EHS rats

Western results showed that the expression of Pink1, Parkin, MFN2, and PTEN-L in the lung tissues
of rats in the HS group was significantly increased compared with the CON group. Compared with
the HS group, the protein levels of MFN2 and PTEN-L in the HS + Parkin group decreased (P < 0.05),
and the level of Pink1 also tended to decrease. In contrast, there was no difference in the expression
of Pink1, MFN2, and PTEN-L in the CON + Parkin group compared with the CON group (P > 0.05).
There was also no significant difference in the expression of PTEN in the lung tissue of rats in each
group (P > 0.05, Fig. 9).

Immunofluorescence results showed that the intensity of Parkin fluorescence was significantly
enhanced (red fluorescence) in the lung tissues of rats in both CON and CON + Parkin groups after tail
vein injection of the adeno-associated virus carrying Parkin gene. The intensity of Pink1 (green fluores-
cence) and Parkin (red fluorescence) co-localized in lung tissues of rats in the EHS group was reduced
(orange fluorescence) compared with that in the CON group, whereas the intensity of Pink1 (green
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Fig. 6. Pulmonary mitochondrial injury was attenuated to a greater extent morphologically in HS + Parkin group rats. A:
CON group; B: CON + Parkin group; C: EHS group; D: EHS + Parkin group. Arrows indicate mitochondrion.

fluorescence) and Parkin (red fluorescence) co-localized in lung tissues of rats in the HS + Parkin group
was significantly enhanced compared with that in the EHS group. The intensity of Pink1 fluorescence
(green fluorescence) in lung tissue was unchanged and the intensity of Pink1 (green fluorescence) and
Parkin (red fluorescence) co-localization fluorescence (orange fluorescence) in lung tissue was slightly
enhanced compared with the CON group.
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Fig. 7. Pulmonary apoptosis was attenuated to a greater extent in the EHS + Parkin group (N = 5). A: CON group; B:
CON + Parkin group; C: EHS group; D: EHS + Parkin group. E: Apoptosis index. ∗P < 0.05 vs Control group; ∗∗P < 0.05
vs EHS group.

4. Discussion

Heat stroke is a fatal disease caused by thermal injury factors acting on the organism, and its patho-
physiology is characterized by multi-organ failure. Among them, hyperthermia-induced acute lung
injury or ARDS is one of its common complications [21]. We found, by establishing an exertional
heat stroke rat model, that the core temperature in rats performing high-intensity exercise in a high-
temperature and high-humidity external environment increased dramatically, and obvious pathological
changes occurred in the lungs, manifested by progressively increasing interstitial blood vessels with
significant dilatation and congestion, massive alveolar cavity hemorrhage, and blurred alveolar struc-
tures, which led to elevated lung coefficients and increased pulmonary vascular permeability, and a
large number of apoptotic cells were visible in the lungs. CT of the lungs showed a ground glass-like
shadow with parenchymal congestion with edema in mottled lung tissue. This is consistent with the
results of previous studies [4, 9, 22].

The mechanism of lung injury due to heat radiation is not fully understood. It is currently believed
that direct heat shock and secondary systemic inflammatory response are the pathophysiological basis
[23]. It was found that in ARDS due to heat stroke, significantly elevated concentrations of endotoxins
as well as inflammatory cytokines were detected in lung tissue, along with inflammatory cell infiltration
and increased alveolar cavity macrophages, indicating a significant inflammatory response in the lungs
of patients with heat stroke [24]. Our study likewise found that the levels of IL-6, IL-1�, and TNF-�
were significantly elevated in the lung tissues of heat-shot rats, confirming that heat shock caused an
inflammatory response in the lungs of rats. In addition, heat stroke not only caused local inflammatory
responses in tissues but also led to the development of SIRS. An animal study of heat stroke found that
the levels of inflammatory factors such as IL-1�, IL-6, and TNF-� were significantly elevated in the
blood of animal models of heat stroke, with IL-6 showing a significant elevation in the early stages of
SIRS. Therefore, the immune response is dysregulated in the heat-shot disease state, and immune cells
and inflammatory factors can induce an inflammatory storm through a cascade of amplified responses,
leading to more severe organ and tissue damage.

Oxidative stress likewise plays an important role in the pathological changes caused by heat stroke.
Liu et al. found a large number of oxidative stress genes highly expressed in the lungs of rats with
heat stroke (e.g., Aqp3, Cygb, SOD2, Hmox1, etc.) by high-throughput sequencing technology, and
inhibition of oxidative stress response could attenuate the heat stroke-induced pulmonary inflammatory
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Fig. 8. Parkin over-expression rats exhibited an increasing level of mitochondrial autophagy in their lung (N = 5). A: The
protein levels of Parkin, P62, and LC3 in lung tissues were performed by immunoblotting. B-D: The statistical analysis of
Parkin, P62 expression and LC3-I/LC3-IIratio. ∗P < 0.05 vs Control group; ∗∗P < 0.05 vs EHS group. E: Immunofluores-
cence staining against LC3 and Tom 20 was performed and observed by fluorescent microscopy. LC3 (green), Tom20 (red),
The co-staining (orange) of LC3 and Tom 20 was showed by a white arrow, bar = 50 �m.
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Fig. 9. Parkin over-expression rats activate the Pink1/Parkin pathway in their lung (N = 5). A: The protein levels of Pink1,
MFN2, PTEN-L, and PTEN in lung tissues were performed by immunoblotting. B-D: The statistical analysis of Pink1,
MFN2, PTEN-L, and PTEN expression. ∗P < 0.05 vs Control group; ∗∗P < 0.05 vs EHS group. E: Immunofluorescence
staining against Pink1 and Parkin was performed and observed by fluorescent microscopy. Pink (green), Parkin (red), The
co-staining (orange) of Pink1 and Parkin was showed by the white arrow, bar = 50 �m.
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response and improve lung function [24]. Our results suggest that the levels of reactive oxygen species
(ROS) clusters in the lungs of heat-shot rats are significantly elevated, further confirming that heat
shock can lead to excessive activation of oxidative stress responses in lung tissue.

Mitochondria are one of the main sources of ROS, and mitochondrial dysfunction occurs to induce
enhanced intracellular oxidative stress and increased ROS expression [25]. We found by transmission
electron microscopy that swelling of mitochondria, breakage of mitochondrial cristae, and vacuoliza-
tion of most mitochondria occurred in lung type II epithelial cells of heat-shot rats, confirming that
heat shock caused severe damage to mitochondria in lung tissue cells. The damage to mitochondria
enhanced oxidative stress, and the production of ROS in turn further aggravated the damage to mito-
chondria, forming a vicious circle, resulting in a cascade amplification of ROS content, which leads to
a “waterfall” inflammatory response, causing apoptosis and necrosis of cells, and eventually progress-
ing to organ failure [26]. Therefore, timely removal of damaged mitochondria plays a positive role in
protecting organ function.

To maintain mitochondrial homeostasis, a strict quality control system exists within the cell to iden-
tify and repair damaged mitochondria. If mitochondrial damage is too severe to be repaired, or if
there are too many mitochondria to be an operational burden, the cell removes the damaged or excess
mitochondria through the mitochondrial autophagy pathway. Mitochondrial autophagy is an important
regulatory mechanism to maintain the balance of mitochondrial quantity and quality and to maintain
the dynamic balance of the intracellular mitochondrial network [11]. Mitochondrial gene mutations,
high intracellular ROS levels, and the chemical factor antimycin may lead to mitochondrial damage and
induce a mitochondrial autophagic cascade [27]. Incomplete or inhibited mitochondrial autophagy can
lead to impaired clearance of damaged mitochondria, increased ROS production, enhanced inflamma-
tory response, increased apoptosis, and impaired organ function. Conversely, enhanced mitochondrial
autophagy can clear damaged mitochondria, reduce ROS production, decrease oxidative stress, and
reduce lung injury [26, 27]. Fu et al. found that a decrease in the number of mitochondria and conse-
quently low ATP production during mitochondrial injury can induce mitochondrial autophagy, reduce
apoptosis, and play a protective role in the injury [28]. In our study, we found that mitochondria
appeared swollen, increased in size, and loss of mitochondrial cristae as well as mitochondrial vac-
uolization in lung tissue of heat-shot rats. Immunoblotting showed that the autophagy level marker
LC3-II/LC3-I ratio would be low and the expression of P62 was increased in lung tissues of heat
shot rats. Immunofluorescence results showed decreased binding of LC3 to mitochondria suggesting a
decrease in autophagic vesicles encapsulating mitochondria. The above results suggest that heat shock-
induced a decrease in the level of mitochondrial autophagy in rat lung tissue. Therefore, heat shock
inhibition of mitochondrial autophagy levels may be one of the mechanisms causing inflammatory
responses and cellular damage in lung tissue.

Pink1/Parkin-mediated mitochondrial autophagy is one of the classical pathways of mitochondrial
autophagy. When mitochondrial damage under the influence of the external environment leads to
depolarization of the inner membrane, Pink1 accumulates on the inner mitochondrial membrane and
recruits and binds to Parkin molecules through autophosphorylation activation, and the autophagosome
wraps around the damaged mitochondria under the guidance of LC3 junction protein, and mitochon-
drial autophagy occurs [29]. The interaction between Pink1 and Parkin is the key link of Pink1/Parkin
pathway activation is a key link. Mitochondrial outer membrane fusion protein 2 (mitofusion2, MFN2)
is a downstream molecule of the Pink1/Parkin pathway. mFN2 inhibits mitochondrial fusion and pro-
vides autophagic signals [30]. Pinkl phosphorylates MFN2 to deliver impaired mitochondrial signals to
bind to Parkin and activated Parkin further ubiquitinates and modifies MFN2, thereby recruiting more
Parkin and ubiquitination cycles, and this positive cycle amplifies the molecular signal for mitochon-
drial autophagy, generating a cascade of amplified mitochondrial autophagic processes [31]. We found
that although heat shock caused an increase in Pink1 and Parkin protein expression in rat lung tissue
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(Figs. 8 and 9), the degree of binding between Pink1 and Parkin was decreased (Fig. 9), suggesting that
heat shock inhibits the level of mitochondrial autophagy associated with blocked intermolecular inter-
actions between Pink1 and Parkin. Exertional heat stroke inhibits Pink1/Parkin pathway activation,
resulting in a decrease in both mitochondrial autophagy vesicle production and degradation, leading
to a decrease in mitochondrial autophagy levels in lung tissue. The abnormal mitochondrial autophagy
process further causes impaired degradation of Pink1, Parkin, and MFN2 [32], which accumulate in
lung tissues and eventually manifest as increased expression of Pink1, Parkin, and MFN2 in lung
tissues of rats with heat stroke (Figs. 8 and 9).

PTEN-L, an isoform of PTEN, is localized to the outer mitochondrial membrane. PTEN-L is a protein
phosphatase that inhibits the phosphorylation of ubiquitin Ser65-Ub by Pink1.Ser65-Ub phosphory-
lation is a key component of Pink1-mediated translocation of Parkin to damaged mitochondria and
activation of Parkin’s E3 ubiquitin ligase. PTEN-L expression enhancement prevents Parkin translo-
cation to mitochondria, inhibits Parkin’s E3 ubiquitin ligase activity, and prevents its induction of
mitochondrial autophagy [33]. Our study found that PTEN-L expression was increased in the lung
tissue of rats in the heat-shock group (Fig. 9), while the level of PTEN was unchanged. upregulation
of PTEN-L, a negative regulator of the Pink1/Parkin pathway, attenuates Pink1 binding to Parkin and
inhibits the mitochondrial autophagy pathway, which ultimately leads to the onset of lung injury. This
may be the reason why heat shock induces increased expression of Pink1 and Parkin molecules in lung
tissue but decreases mitochondrial autophagy levels.

Pink1/Parkin-mediated mitochondrial autophagy protects cells from damage induced by differ-
ent stimuli. Studies have demonstrated that activation of the Pink1/Parkin pathway has a protective
effect against sepsis-induced lung injury, kidney injury, and liver injury [34–36]. Rat lung tissue
overexpressed Parkin protein by tail vein injection of adeno-associated virus carrying Parkin gene.
After administration of heat shock, we found that the survival rate of rats overexpressing Parkin
molecules was significantly increased (Fig. 1). Pulmonary vascular permeability was reduced (Fig.
3), lung imaging (Fig. 2) and lung histopathological changes were attenuated (Fig. 4), lung tissue
exudation was reduced, inflammatory cell infiltration was decreased, and apoptosis was signifi-
cantly reduced (Fig. 7). The levels of inflammatory factors IL-6, IL-1�, and TNF-� in lung tissue
were decreased, and the levels of oxidative stress products ROS were all significantly reduced (Fig.
5). Transmission electron microscopy revealed reduced mitochondrial swelling in lung epithelial
cells, and no vacuolization was detected (Fig. 6). Immunohistochemistry and immunofluorescence
results showed that Parkin overexpression caused a significant increase in Parkin expression in rat
lung tissue (Fig. 8), enhanced Pink1-Parkin interaction (Fig. 9), increased LC3 binding to mito-
chondria (Fig. 8), increased autophagy protein LC3-II/LC3-I ratio, and decreased P62 expression
(Fig. 8). These results suggest that Parkin overexpression can partially counteract the inhibition
of the Pink1/Parkin pathway by PTEN-L when lung injury occurs in HS rats, activate the path-
way, promote mitochondrial autophagy to clear damaged mitochondria, maintain the effectiveness
of mitochondrial function, and maintain cellular homeostasis, thus alleviating the inflammatory
response and excessive activation of oxidative stress, mitigating cellular damage, and ultimately reduc-
ing HS acute lung injury in rats and improve the prognosis of heat shot rats. In addition, Parkin
overexpression enhanced the level of mitochondrial autophagy and then attenuated the excessive accu-
mulation of Pink1 and MFN2 in lung tissue (Figs. 8 and 9). Therefore, activation of the Pink1/Parkin
pathway and enhancement of mitochondrial autophagy have a protective effect on heat-shot lung
injury.

In conclusion, this study demonstrated that HS spreads to the respiratory system and causes lung
injury, that the inhibition of mitochondrial autophagy level received in lung tissue is one of the mech-
anisms by which HS causes the occurrence of lung injury, and that lung injury in EHS rats can be
attenuated by activating Pink1/Parkin-mediated mitochondrial autophagy. The shortcoming of this
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assay may be that the Pink1/Parkin pathway is only one of the pathways that affect mitochondrial
autophagy. Mitochondrial membrane proteins such as Nip3-like protein X (Nix) can also be involved
in Parkin-dependent mitochondrial autophagy [37]. FUN14 domain-containing protein 1 (FUNDC1)
receptor [38] and Bcl-2-like protein 13 (Bcl-2-like protein 13, BCL2L13) [39] induce mitochondrial
autophagy in a Parkin non-dependent manner, whether these regulatory mitochondrial pathways are
involved in the development of lung injury in heat stroke still needs to be further explored.
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