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Background: The roles of the Pink1/Parkin pathway and mitophagy in lung injury during heat stroke remain 

unclear. In this study, we investigated the role of Pink1/Parkin-mediated mitophagy in acute lung injury (ALI) 

in rats with exertional heat stroke (EHS). 

Methods: Sixty Sprague Dawley rats were randomly divided into control (CON), control + Parkin overexpression 

(CON + Parkin), EHS, and EHS + Parkin overexpression (EHS + Parkin) groups. Parkin was overexpressed by 

injecting an adeno-associated virus carrying the Parkin gene into the tail vein, and a rat model of EHS was estab- 

lished. Pathological changes in the lung tissue were analyzed using microcomputed tomography (micro-CT), and 

the lung coefficient and pulmonary capillary permeability were measured. Enzyme-linked immunosorbent assay 

were used to determine the levels of interleukin-6 (IL-6), IL-1 𝛽, and tumor necrosis factor- 𝛼, and reactive oxygen 

species. The morphology of mitochondria in type Ⅱ epithelial cells of lung tissue was observed using transmission 

electron microscopy; and the apoptosis of lung tissue, the level of mitophagy, and the co-localization of Pink1 

and Parkin were determined using immunofluorescence. The expression of Pink1, Parkin, mitofusin-2 (MFN2), 

phosphatase and tensin homolog (PTEN), PTEN-L, p62, and the autophagy marker microtubule-associated pro- 

tein 1 light chain 3 (LC3) in rat lung tissue was measured by Western blotting, and the ratio of LC3II/LC3I was 

calculated. 

Results: Compared with the EHS group, the survival rate of rats in the EHS + Parkin group was significantly 

higher. Their lung coefficient and pulmonary vascular permeability decreased and the pathological changes were 

significantly alleviated ( P < 0.05). Their levels of inflammatory factors and reactive oxygen species were signif- 

icantly decreased ( P < 0.05), and the degree of mitochondrial swelling in pulmonary type II epithelial cells was 

alleviated. The apoptosis of lung tissue was alleviated, the colocalization of Pink1 and Parkin, LC3 and Tom20 was 

enhanced, and the ratio of LC3-II/LC3-I increased. The expression of Pink1, MFN2, PTEN-L, and p62 decreased, 

whereas the expression of PTEN was not significantly different from that in the EHS group ( P > 0.05). 

Conclusion: Pink1/Parkin-mediated mitophagy dysfunction is one of the mechanisms underlying ALI in rats with 

EHS, and activation of Parkin overexpression-mediated mitophagy can alleviate ALI caused by EHS. 
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Global warming is increasing the frequency and duration of

xtreme high-temperature weather and the annual incidence

f heat stroke (HS).[ 1 ] HS is associated with high-temperature

nd high-humidity environments and has extremely high dis-

bility and mortality if not effectively treated. It is divided

nto “Classic HS ” and “Exertional heat stroke (EHS) ” accord-

ng to the source of the heat.[ 2 ] EHS has a very high mortality

nd mostly occurs in individuals who work outdoors or train
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n the summer.[ 3 ] It is characterized by a core body temper-

ture greater than 40 °C and is accompanied by central ner-

ous system dysfunction, which progresses to mutipleorgan dys-

unction in severe cases.[ 2 ] As an important organ regulating

eat dissipation, the lung is vulnerable to heat stress, which

eads to the occurrence of acute lung injury (ALI) or acute res-

iratory distress syndrome (ARDS).[ 4 , 5 ] Organ damage due to

S is associated with mitochondrial damage.[ 4 ] Mitochondria

re important organelles in eukaryotic cells that are responsi-

le for energy synthesis, metabolism, cell differentiation, and
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poptosis.[ 6 ] HS can directly cause mitochondrial damage and

ctivate cell apoptosis.[ 6 , 7 ] Mitochondrial damage produces a

arge number of reactive oxygen species (ROS), enhances intra-

ellular oxidative stress, and induces inflammation.[ 8 ] Oxida-

ive stress and inflammatory reactions further disturb telomeres

nd damage mitochondria,[ 9 ] resulting in cascade amplification

f oxidative stress, systemic inflammatory response syndrome

SIRS), and organ failure. Therefore, the effective and selec-

ive removal of damaged mitochondria is a crucial, adaptive re-

ponse that supports the maintenance of human health.[ 10 ] 

Mitophagy refers to the process whereby damaged, ag-

ng, and dysfunctional mitochondria are recognized by spe-

ific autophagosomes and selectively transported to lysosomes

or degradation. It represents an important control that main-

ains mitochondrial quality and dynamic balance.[ 11 ] The

ink1/Parkin pathway is one of the classical pathways that reg-

late mitophagy. During sepsis, Parkin is transported from the

ytoplasm to the mitochondria and induces mitophagy. In septic

ice, Pink1 and Parkin knockout resulted in more severe intra-

ellular mitochondrial damage and higher levels of organ failure

nd mortality compared to controls.[ 12–15 ] However, the role of

he Pink1/Parkin pathway and mitophagy in ALI during EHS

emains unclear. Mitochondrial damage and SIRS occur in EHS

wing to its pathophysiological mechanism being similar to that

f sepsis. In this study, we established the EHS rat model to ob-

erve the effect of Parkin overexpression on the lung tissue and

xplore the role of the Pink1/Parkin pathway in EHS-induced

ung injury. Our results provide a theoretical basis for the treat-

ent of ALI by EHS. 

ethods 

nimals 

Sixty healthy male 8-week-old Sprague Dawley rats, weigh-

ng 300 g–350 g were purchased from Home-SPF (Beijing

iotechnology Co., Ltd.; License number: SCXK [Beijing] 2019–

010). The animals were raised in the animal laboratory under

pecific pathogen-free conditions, moderate ventilation, a 12-h

ight/dark cycle, at 25 °C–26 °C, and relative humidity of 50 %–

0 %. The animal experimentation was approved by the Animal

thics Committee of the 8th Medical Center of Chinese PLA Gen-

ral Hospital (approval number: 20208141030). 

ntibodies used 

Anti-rat glyceraldehyde phosphate dehydrogenase (GAPDH)

onoclonal antibody, rabbit anti-rat p62, mouse anti-rat

om20, rabbit anti-rat Pink1 polyclonal antibodies, and rab-

it anti-rat mitofusin-2 (MFN2) polyclonal antibodies were

urchased from Abcam (Cambridge, UK); rabbit anti-rat

icrotubule-associated protein 1 light chain 3 (LC3) poly-

lonal antibody, mouse anti-rat Parkin monoclonal antibody,

nd mouse anti-rat phosphatase and tensin homolog (PTEN)

olyclonal antibody were purchased from Cell Signaling Tech-

ology (Danvers, MA, USA); mouse anti-rat PTEN- 𝛼 monoclonal

ntibody was purchased from Merck Millipore (Burlington, MA,

SA); and horseradish peroxidase-labeled goat anti-rabbit poly-

lonal antibody was purchased from Beijing ZSGB-BIO Biotech-

ology Co., Ltd (China). 
90
nimal groups and model construction 

The rats were randomly divided into four groups: control

CON), control + Parkin overexpression (CON + Parkin), EHS,

nd EHS + Parkin overexpression (EHS + Parkin) groups; with

5 rats in each group. Before HS modeling, all the experimental

ats were placed into a transparent simulated high-temperature

nd humidity environment experimental cabin containing a six-

rack small animal treadmill (XR-PT-10A; Shanghai Xin Ruan

nformation Technology Co., Ltd., Shanghai, China). After 7

ays of adaptive feeding in both the CON + Parkin and the

HS + Parkin rats, 300 ×10− 9 L of an adeno-associated virus

arrying the Parkin gene (OBiO Technology, Shanghai, China)

as injected into the tail vein to overexpress Parkin in the lung

issues.[ 16 ] Four weeks after injection, the heat stress experi-

ents were performed in both the EHS and the EHS + Parkin

ats. Prior to the experiment, the rats were fasted for 12 h and

rovided with unlimited drinking water. Thirty minutes before

he start of the modeling, the rats were weighed and drinking

ater was removed, stimulating defecation. When the temper-

ture of the experimental cabin reached (39.5 ± 0.3) °C and the

elative humidity was (55 ± 5)%, the rats were placed onto the

readmill, which was started at an initial speed of 5 m/min

slope = 0).[ 17 ] The speed was increased by 1 m/min every 2 min.

fter 20 min, the speed was increased to 15 m/min, main-

ained until fatigue occurred, and then stopped. Consciousness

nd mental changes in the rats were closely observed through-

ut the experiment. The diagnostic criterion for EHS is central

ervous system dysfunction; for example, a duration of no au-

onomic activity for more than 5 s (mild painless stimulation

oes not cause animals to crawl or change position).[ 17 ] Once

he rats reached the diagnostic criterion of EHS, heat exposure

as stopped by removal from the hot chamber. The rats were

eighed, cooled naturally at 24°C–26°C, and their mental state

as monitored until 5 h after modeling. Both the CON and

he CON + Parkin rats were placed in the experimental cabin

temperature [25 ± 0.3]°C, relative humidity [30 ± 5]%). Neither

roup was subjected to heat stress or running stimulation. After

 h, the rats were removed and observed at room temperature

or 5 h. 

easurement of the core body temperature within 3 h of 

odeling 

After the rats were modeled, the anal temperature meter was

alibrated, and an anal temperature sensor was coated with lu-

ricant and inserted horizontally into the anus at a depth of 5–

 cm. The core body temperature was maintained for 10 s before

he measurement was recorded every 10 min for 3 h. The core

ody temperature curve for each group was then generated. 

alculation of the 5-h survival rate 

Fifteen rats in each group were observed and recorded at 0,

, 2, 3, 4, and 5 h after modeling, and survival curves were

onstructed to calculate the survival rate of each group. 

at lung microcomputed tomography (micro-CT) 

Five hours after modeling, the rats were anesthetized by

soflurane inhalation, and images of the rat lungs were recorded
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sing a micro-CT instrument. The measurement parameters

ere: photographing time, 120 s; voltage, 90 kV; current, 160

A; and photo pixel, 40 μm. 

istopathological analysis of rat lungs 

Small pieces of tissue from the lower lobe of the right lung

ere dissected and fixed. The sections were dehydrated, em-

edded in paraffin, sectioned (5 μm), dewaxed, stained with

ematoxylin and eosin, and the pathological changes in the

ung tissue observed under a DM4000B optical microscope (Le-

ca instrument Co., Ltd., Knokke-Heist, Belgium) at 200 × mag-

ification. Ten visual fields were randomly selected, and the

athological injury score of the lung tissue was evaluated as

escribed by Hong et al.[ 18 ] The average was then calculated.

n addition, the degree of pulmonary interstitial and alveolar

dema was scored as 0, 1, 2, and 3 and the average score was

alculated.[ 19 ] 

easurement of pulmonary vascular permeability 

The Evans blue (EB) dye exudation technique was used to

etermine the lung tissue permeability.[ 20 ] EB (MedChemEx-

ress, Monmouth Junction, NJ, USA) was dissolved in 2 % nor-

al saline and injected into the tail vein of rats at a dose of

 mL/kg. The ears and eyes of the rats turned blue, confirm-

ng that the EB dye was uniformly distributed in the rats. The

B dye was circulated in vivo for 2 h, and the abdominal cavity

as anesthetized. After thoracotomy, the right atrial appendage

as cut, and the pulmonary circulation was flushed through

he left ventricle with 10 mL of phosphate buffer saline (PBS).

he lung tissue was soaked in formamide (Shanghai Macklin

iotechnology Co., Ltd., Shanghai, China) solution and then in-

ubated with formamide at 60°C for 16 h. Once all the pigment

as extracted, the tissue was removed. After centrifugation at

000 × g for 10 min, the supernatant was collected and the

bsorbance was measured to calculate the EB content of the

issue. 

etermination of the lung coefficient 

The rats were sacrificed by abdominal aortic bloodletting,

nd the lung tissues were collected and rinsed repeatedly with

BS. The surface water was removed with filter paper, the

ungs were weighed, and the lung coefficient (lung weight/body

eight [LW/BW]) was calculated. LW/BW = wet LW (mg)/rat

W (g). 

nzyme-linked immunosorbent assay (ELISA) 

The levels of cytokines interleukin (IL-6), IL-1 𝛽, and tumor

ecrosis factor- 𝛼 (TNF- 𝛼) and ROS in the lung tissues were deter-

ined by double-antibody sandwich ELISA using the Rat IL-6,

L-1 𝛽, TNF- 𝛼 (Abcam) and ROS (Shanghai Yaji Biotechnology

o., Ltd., Shanghai, China) ELISA kits, according to the manu-

acturer’s instructions. 

ransmission electron microscopy 

The tissue mass of the left lower lung of the rats, approxi-

ately 1 mm3 , was fixed with 2.5 % glutaraldehyde solution
91
nd rinsed with PBS three times for 15 min each. The tissue was

hen fixed with 1 % osmic acid for 2 h and then rinsed three

imes with PBS. Ethanol gradient dehydration, embedding, and

olymerization were used to create a resin block, which was

ater sectioned on an ultrathin microtome and double-stained

ith 3 % uranyl acetate-lead citrate. The section, supported on

 copper mesh, was viewed and analyzed using a JEM-1230

ransmission electron microscope (Jeol Ltd., Tokyo, Japan) at

0,000 × magnification. 

dT-mediated dUTP nick-end labeling (TUNEL) 

The lung paraffin sections were dewaxed with gradient

thanol, rinsed with tap water, dripped into the working solu-

ion of protease, incubated at 37 °C for 20 min, and washed

ith PBS. The TUNEL solution (Hoffmann-La Roche Co., Ltd.

asel, Switzerland) was then added and incubated at 37 °C for

 h. After washing with PBS, TUNEL solution was added and in-

ubated at 24 °C–26 °C for 20 min. After washing with PBS,

he sections were stained with diaminobenzidine and hema-

oxylin before gradient ethanol dehydration. The sections were

hen mounted and observed under a light microscope. ImageJ

Developed by National Institutes of Health) software was used

or analysis.[ 21 ] Five visual fields were randomly selected under

he microscope and the apoptosis index was calculated. Apop-

osis index (%) = (number of positive cells/total number of

ells) × 100. 

estern blotting method and calculation of the LC3II/LC3I 

atio 

Protein was extracted from a fresh right upper lung tissue

ample using 1 mL of radioimmunoprecipitation assay buffer,

nd the concentration was determined using a bicinchoninic

cid kit. The protein samples were then separated using sodium

odecyl sulfate-polyacrylamide gel electrophoresis and trans-

erred to a membrane by electroblotting. The antibody working

olution was prepared according to the manufacturer’s instruc-

ions. Pink1, Parkin, p62, and LC3 antibodies were all diluted at

:2000. The membrane was blocked with skimmed milk pow-

er solution, and the primary antibodies were incubated at 4 °C

n a shaker overnight. The corresponding secondary antibodies

1:5000) were incubated at 24 °C–26 °C for 1 h and the results

ere visualized by enhanced chemiluminescence. The optical

ensity of the bands was analyzed using ImagePro Plus 6.0 (Me-

ia Cybernetics, Rockville, MD, USA), and the relative expres-

ion was calculated as the ratio of the absorbance of the bands

o that of the GAPDH internal reference. 

mmunofluorescence detection 

Paraffin sections of rat lung tissues were dewaxed with

radient ethanol, dehydrated, dried, and then washed with PBS

hree times before fixing at 24 °C–26 °C for 1 h with 1 % Triton

-100 and 2 % sheep serum. After washing in PBS, the sections

ere incubated with Pink1 (1:50), Parkin (1:50), LC3 (1:50),

nd Tom20 (1:100) primary antibodies at 4 °C overnight. After

ashing, DyLight 594-labeled goat anti-rabbit or DyLight 488-

abeled goat anti-mouse secondary antibodies were added and

ncubated at 24 °C–26 °C for 30 min. After washing with PBS,
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Figure 1. Changes in the core body temperature in each group. 
∗ P < 0.001 vs . CON group. n = 5. 

CON: Control; EHS: Exertional heat stroke. 

Figure 2. Survival rate of the experimental groups. 
∗ P < 0.05 vs . EHS group. n = 15 

CON: Control; EHS: Exertional heat stroke. 
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he nucleus was stained with 4 ′ ,6-diamidino-2-phenylindole.

o-staining of Pink1 and Parkin, LC3, and Tom20 in the

ung tissue was observed using Olympus FV3000 confocal

icroscopy (Tokyo, Japan). 

tatistical analysis 

GraphPad Prism 9 software (GraphPad Software, Boston,

A, USA) was used for statistical analysis. The data are ex-

ressed by mean ± standard deviation. One-way analysis of vari-

nce was used for comparison among groups, and the Student–

ewman–Keuls- q test was used for comparison between

roups. Differences were considered statistically significant at

 < 0.05. 

esults 

omparison of core body temperature changes in each group 

The core body temperatures of the CON and CON + Parkin

roups were maintained at approximately 37 °C–38 °C, whereas

hose of the EHS rats increased sharply and reached 43 °C.

fter exiting the thermal environment, the core body tem-

erature of the EHS group decreased gradually, between

00 min and 125 min, the core body temperature was

ower than that of the CON group. Compared to the EHS

roup, the core body temperature of the EHS + Parkin

roup remained stable after reaching normal body temperature

 Figure 1 ). 

he effect of Parkin overexpression on survival in EHS rats 

The 1, 3, and 5 h survival rates of the EHS group after heat

hock were approximately 86.7 % (13/15), 53.3 % (8/15), and

3.3 % (5/15), respectively ( Figure 2 ). Compared to the EHS

roup, the survival rates of the EHS + Parkin group were sig-

ificantly higher ( P < 0.05), except at 2 h where it was similar.

here was no difference in the survival rates of rats in the CON

nd CON + Parkin groups. 

he effect of Parkin overexpression on pulmonary micro-CT 

maging in EHS rats 

Micro-CT showed patchy exudation and increased texture in

he lung tissues of the EHS group ( Figure 3 ). In the EHS + Parkin

roup, the patchy exudation of both lungs was significantly de-

reased and the texture was slightly increased compared to the

HS group ( P < 0.05). There were no significant differences ob-

erved between the CON and CON + Parkin groups. 

ffect of Parkin overexpression on the lung coefficient and 

ulmonary vascular permeability in EHS rats 

Figure 4 shows that the lung coefficient ( Figure 4 A) and pul-

onary vascular permeability ( Figure 4 B and C) of the EHS

roup were significantly higher than those in the CON group

 P < 0.001). In contrast, the lung coefficient ( Figure 4 A) and

ulmonary vascular permeability ( Figure 4 B and C) of the

HS + Parkin group decreased significantly compared with
92
hose of the EHS group ( P < 0.05). There was no significant dif-

erence in lung coefficient and pulmonary vascular permeability

etween the CON and CON + Parkin groups ( P > 0.05). 

arkin overexpression causes rats to resist the EHS-induced 

athological changes in the lung 

The lung tissue structures of the CON and CON + Parkin

roups were clear, the alveolar wall was smooth, and no fluid

xudation was observed in the alveolar cavity ( Figure 5 A). In

he EHS group, a large number of red blood cells, inflamma-

ory cells, and plasma-like substances were present in the alve-

lar cavity ( Figure 5 A); and the pulmonary pathology score

 Figure 5 B) and pulmonary edema scores ( Figure 5 C) increased

ignificantly ( P < 0.001). Compared to the EHS group, alveolar

ollapse, inflammatory infiltration, pulmonary pathology score,
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Figure 3. Parkin overexpression attenuates lung injury in EHS rats. Micro-CT images of representative lung scans of four froups. A: CON group. B: CON + Parkin 

group. C EHS group, Red arrows denote patchy exudation. D: EHS + Parkin group. 

CON: Control; EHS: Exertional heat stroke; micro-CT: Microcomputed tomography. 

Figure 4. The overexpression of Parkin decreased the pulmonary index and vascular permeability of EHS rats. A: Pulmonary index. B: EB staining of lung tissue. C: 

Measurement of the pulmonary vascular permeability. 
∗ P < 0.001 vs . CON group; 
† P < 0.05 vs . EHS group. 

CON: n = 15; CON + Parkin: n = 15; EHS: n = 5; EHS + Parkin: n = 9. 

BW: Body weight; CON: Control; EB: Evans blue; EHS: Exertional heat stroke; HS: Heat stroke; LW: Lung weight. 

a  

i

E

T

 

R  

i  

w  

c  

n  

a

M

a

 

o  

t  

r  

b  

c  

a  

t  

s  

t  

t

P

g

 

a  

g  

(  

c  

i  

C

E

t

 

C  

t  

P  

e  
nd pulmonary edema score were significantly lower ( P < 0.05)

n the EHS + Parkin group ( Figure 5 ). 

ffect of Parkin overexpression on the levels of IL-6, IL-1 𝜷, 

NF- 𝜶, and ROS in the lung 

Figure 6 shows that the levels of IL-6, IL-1 𝛽, TNF- 𝛼, and

OS in the lung tissues of the EHS group were significantly

ncreased compared with those in the CON group ( P < 0.001),

hereas their levels in the EHS + Parkin group were signifi-

antly lower than those of the EHS group ( P < 0.05). There were

o significant differences in cytokine levels between the CON

nd CON + Parkin groups ( P > 0.05). 

orphologically, pulmonary mitochondrial injury was 

ttenuated to a greater extent in EHS + Parkin rats 

Transmission electron microscopy revealed that the morphol-

gy of mitochondria in type II lung epithelial cells of rats in

he CON and CON + Parkin groups was regular, and the ar-

angement of the mitochondrial crest was compact and could

e seen clearly ( Figure 7 A and B). In the EHS group, the mito-

hondria were swollen, the mitochondrial cristae were broken,

nd most mitochondria were vacuolated ( Figure 7 C), whereas in
93
he EHS + Parkin group, the volume of mitochondria increased

lightly, the degree of mitochondrial swelling was lower than

hat in the EHS group, the mitochondrial crest was intact, and

here was no vacuolization ( Figure 7 D). 

ulmonary apoptosis was attenuated in the EHS + Parkin 

roup 

Figure 8 shows that the number of apoptotic cells ( Figure 8 A)

nd the apoptotic index ( Figure 8 B) in the lung tissue of the EHS

roup were significantly higher than those in the CON group

 P < 0.001); and in the EHS + Parkin group, they were signifi-

antly lower than the EHS group ( P < 0.05). There was no signif-

cant difference in lung tissue apoptosis between the CON and

ON + Parkin groups. 

ffect of Parkin overexpression on mitophagy levels in lung 

issues 

The expression of Parkin in the lung tissue of the

ON + Parkin and EHS + Parkin groups increased after in-

ravenous injection of an adeno-associated virus carrying the

arkin gene ( Figure 9 A). In the lung tissue of the EHS group, the

xpression of Parkin was increased ( P < 0.001), the autophagy
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Figure 5. Histopathological analysis of the lungs (hematoxylin and eosin staining). A: The pathological changes of the lung in each group of rats. Arrows indicate 

the exudation in the alveolar cavity. Scale bar = 100 μm. B: Pulmonary pathology scores. C: Pulmonary edema scores. 
∗ P < 0.001 vs . CON group; 
† P < 0.05 vs . EHS group. 

CON: n = 15; CON + Parkin: n = 15; EHS: n = 5; EHS + Parkin: n = 9. 

CON: Control; EHS: Exertional heat stroke. 

Figure 6. Parkin overexpression attenuates the EHS-induced increase in IL-1 𝛽, IL-6, TNF- 𝛼, and ROS in the lung. A: IL-1 𝛽. B: IL-6. C: ROS. D: TNF- 𝛼. 
∗ P < 0.001 vs . CON group; 
† P < 0.05 vs . EHS group. 

CON: n = 15; CON + Parkin: n = 15; EHS: n = 5; EHS + Parkin: n = 9. 

CON: Control; EHS: Exertional heat stroke; IL: Interleukin; ROS: Reactive oxygen species; TNF- 𝛼: Tumor necrosis factor- 𝛼. 

Figure 7. Mitochondrial morphology in lung epithelial cells. A: CON group. B:CON + Parkin group.C: EHS group. D: EHS + Parkin group. Arrows indicate mito- 

chondria. Scale bar = 1 μm. 

CON: Control; EHS: Exertional heat stroke. 
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Figure 8. The effect of Parkin overexpression on apoptosis in lung tissue. A: TUNEL staining of the lung in each group of rats. Apoptotic cells are stained brown, 

whereas normal cells are stained blue. Scale bar = 100 μm. B: Apoptosis index. 
∗ P < 0.001 vs . CON group; 
† P < 0.05 vs . EHS group. 

CON: n = 15; CON + Parkin: n = 15; EHS: n = 5; EHS + Parkin: n = 9. 

CON: Control; EHS: Exertional heat stroke; TUNEL: TdT-mediated dUTP nick-end labeling. 
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evel marker LC3-II/LC3-I ratio was significantly decreased ( P

 0.001), and the expression of p62 was increased ( P < 0.001)

ompared to the CON group ( Figure 9 B–D). In the EHS + Parkin

roup, the LC3-II/LC3-I ratio was elevated ( P < 0.05) and the

xpression of p62 was reduced ( P < 0.05) compared to the EHS

roup. 

Compared with the CON group, the fluorescence intensity of

C3 (green) in the lung tissue of the EHS group was decreased

nd the colocalization (orange) fluorescence intensity of LC3

green) and Tom20 (red) was also decreased ( Figure 9 E). In the

HS + Parkin group, the fluorescence intensity of LC3 and colo-

alization of LC3 and Tom20 were higher than in the EHS group.

he ratio of LC3-II/LC3-I in the CON + Parkin group was slightly

igher than that in the CON group; however, there was no differ-

nce in the expression of p62. The fluorescence intensity of LC3

nd the colocalization of LC3 and Tom20 were also enhanced. 

arkin overexpression activates the Pink1/Parkin pathway in 

he lung tissue of EHS rats 

Western blotting showed that the expression of Pink1,

arkin, MFN2, and PTEN-Lin the lung tissue of the EHS groups

as significantly higher than in the CON group ( Figure 10 A)

 P < 0.001). Compared to the EHS group, the protein levels of

ink1, MFN2, and PTEN-L in the lung tissue of the EHS + Parkin

roup decreased significantly ( P < 0.05). There was no signif-

cant difference in the expression of Pink1, MFN2, or PTEN-L

etween the CON + Parkin and CON groups ( P > 0.05). No sig-
95
ificant difference in the expression of PTEN was observed in

he lung tissues of any group ( P > 0.05) ( Figure 10 B–E). 

The immunofluorescence results showed that the fluores-

ence intensity of Parkin (red) in the lung tissue of the

ON + Parkin group was significantly enhanced compared to

he CON group ( Figure 10 F). In the lung tissue of the EHS

roup, the colocalization (orange) fluorescence intensity of

ink1 (green) and Parkin (red) decreased compared with the

ON group. In the EHS + Parkin group, the colocalization flu-

rescence intensity of Pink1 and Parkin was higher than that

f the EHS group. In the CON + Parkin group, the fluorescence

ntensity of Pink1 did not change compared with CON, whereas

he colocalization fluorescence intensity of Pink1 and Parkin

as slightly enhanced. 

iscussion 

HS is a fatal disease caused by heat stress to the body

hat is characterized by multiple organ failure. HS-induced ALI

nd ARDS are common complications.[ 22 ] We established a rat

odel of EHS and found that, in an external environment of

igh temperature and humidity, the core body temperature of

ats undergoing high-intensity exercise increased sharply. Sig-

ificant pathological changes occurred in the lungs, charac-

erized by progressive infiltration of inflammatory cells, mas-

ive alveolar hemorrhage, and blurred alveolar structure. These

hanges led to an increase in the lung coefficient and pul-

onary vascular permeability. A large number of apoptotic cells

ere observed in the lung. This finding is consistent with those
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Figure 9. Parkin overexpression rats exhibited an increasing level of mitophagy in the lung. A: Western blotting showing the levels of Parkin, P62, and LC3. B–D: 

Statistical analysis of Parkin, P62 expression and LC3- Ⅰ /LC3- Ⅱ ratio. 
∗ P < 0.001 vs . CON group; 
† P < 0.05 vs . EHS group. 

E: Immunofluorescence staining of LC3 (green) and Tom20 (red). The colocalization (orange) of LC3 and Tom20 is shown by the white arrows. Scale bar = 50 μm. 

CON: Control; EHS: Exertional heat stroke; GAPDH: Glyceraldehyde phosphate dehydrogenase; LC3: Light chain 3. 
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f the previous studies.[ 5 , 9 , 23 ] The mechanism underlying ALI

aused by HS remains unclear. At present, the direct heat in-

ury and the secondary systemic inflammation are believed to

e the pathophysiological changes of this disease.[ 24 ] Endotox-

ns and inflammatory cytokines have been detected in the lung

issue during ARDS caused by HS. The inflammatory cell in-

ltration and alveolar macrophages increased simultaneously,

ndicating that there was an obvious inflammatory reaction in

he lungs of patients with HS.[ 5 ] Our study found that in the

ung tissue of rats with EHS, the levels of IL-6, IL-1 𝛽, and TNF-

were significantly increased, confirming that EHS caused in-

ammation in these tissues. EHS not only causes local inflam-

ation but also leads to SIRS. Therefore, the immune response
96
f the body is disrupted in EHS, and the cascade amplifica-

ion of immune cells and inflammatory factors can induce an

nflammatory storm, leading to more serious organ and tissue

amage. 

Oxidative stress plays an important role in the pathological

njury caused by EHS. Our results suggest that the level of ROS

n the lungs of EHS rats was significantly increased, further con-

rming that EHS can lead to excessive activation of oxidative

tress. 

Mitochondrial dysfunction leads to increased intracellular

xidative stress and ROS expression.[ 25 ] Transmission electron

icroscopy showed that the mitochondria in type II lung ep-

thelial cells of rats with EHS were swollen, the mitochondrial
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Figure 10. Parkin overexpression activates the Pink1/Parkin pathway in the lungs. A: Western blotting of Pink1, MFN2, PTEN-L, and PTEN. B–E: Statistical analysis 

of Pink1, MFN2, PTEN-L, and PTEN expression. 
∗ P < 0.001 vs . CON group; 
† P < 0.05 vs . EHS group. 

F: Immunofluorescence staining of Pink1 (green) and Parkin (red). The colocalization (orange) of Pink1 and Parkin is shown by the white arrows. Scale bar = 50 μm. 

CON: Control; EHS: Exertional heat stroke; GAPDH: Glyceraldehyde phosphate dehydrogenase; MFN2: Mitofusin-2. 
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c  
ristae were broken, and most of the mitochondria were vacuo-

ated. The change revealed that the mitochondria in lung tissue

ells were seriously damaged by EHS. Injury to mitochondria

eads to the accumulation of ROS production, which in turn

ggravates mitochondrial damage. This forms a vicious circle,

eading to the amplification of ROS, causing a “waterfall ” in-

ammatory reaction, apoptosis, and necrosis of cells; finally pro-

ressing to organ failure.[ 26 ] Therefore, the timely removal of

amaged mitochondria plays a positive role in protecting organ

unction. 

There is a strict quality control system that exists in cells to

dentify and repair damaged mitochondria and maintain mi-

ochondrial homeostasis. Mitophagy is an important regula-

ory mechanism that maintains the balance of mitochondrial

uantity and quality and preserves the dynamic balance of

he intracellular mitochondrial network.[ 11 ] Mutations in mito-

hondrial genes, high intracellular ROS levels, and the chem-

cal factor antimycin may lead to mitochondrial damage and

nduce mitophagy.[ 27 ] Enhanced mitophagy can clear injured

itochondria, reduce oxidative stress response, and alleviate

ung injury.[ 26 , 27 ] Our study found that in the lung tissue of rats

ith EHS, the mitochondria showed swelling, enlargement, dis-

ppearance of the mitochondrial crest, and vacuolization. West-

rn blotting showed a decrease in the ratio of LC3-II/LC3-I,

 marker of autophagy, and an increase in the expression of

62. Immunofluorescence results showed a reduction in LC3

inding to mitochondria, suggesting a decrease in autophago-

omes enclosing the mitochondria. Therefore, the inhibition of

itophagy by EHS may be one of the mechanisms leading to an

nflammatory response and cell injury in lung tissue. 

Pink1/Parkin-mediated mitophagy is one of the classical

athways. Under the stress of ROS, nutrient deficiency, cell

ging, and other effects, the mitochondria in cells will show

epolarization of the outer mitochondrial membrane (OMM).

ink1 associates with the OMM and recruits Parkin through au-

ophosphorylation. Activated Parkin polyubiquitinates numer-

us substrates of OMM proteins, leading to the formation of au-

ophagosomes including the ubiquitin- and LC3-binding recep-

or SQSTM1/p62.[ 28,29 ] Autophagosomes engulf the damaged

itochondria under the guidance of LC3 junction proteins, lead-

ng to mitophagy.[ 29 ] MFN2 is a downstream molecule in this

athway that inhibits mitochondrial fusion and provides au-

ophagy signals.[ 30 ] Pinkl-phosphorylated MFN2 transmits dam-

ged mitochondrial signals to bind to Parkin, while Parkin fur-

her ubiquitinates MFN2, thereby recruiting more Parkin and

nitiating the ubiquitination cycle.[ 31 ] Our study showed that

lthough EHS increased the expression of Pink1 and Parkin pro-

eins in rat lung tissue, the degree of binding between them de-

reased, suggesting that the inhibition of mitophagy by EHS was

elated to the blockade of the interaction between Pink1 and

arkin. EHS inhibits the activation of the Pink1/Parkin path-

ay, resulting in a decrease in the production of mitochondrial

utophagosomes and the inhibition of mitophagy in the lung

issue. The dysfunction of mitophagy further hinders the degra-

ation of Pink1, Parkin, and MFN2, all of which accumulate in

he lung tissue.[ 32 ] 

PTEN-L is a protein phosphatase that inhibits the phospho-

ylation of ubiquitin on Ser65 by Pink1, which is a key step in

he Pink1-mediated translocation of Parkin to damaged mito-

hondria and the activation of Parkin E3 ubiquitin ligase. In-
98
reased expression of PTEN-L can prevent the translocation of

arkin to the mitochondria, inhibit the E3 ubiquitin ligase ac-

ivity of Parkin, and prevent Parkin-induced mitophagy.[ 33 ] Our

tudy found that the expression of PTEN-L in the lung tissue of

HS rats was increased, whereas PTEN levels did not change.

s a negative regulator of the Pink1/Parkin pathway, upregula-

ion of PTEN-L expression can weaken the interaction between

ink1 and Parkin, inhibit mitophagy, and eventually lead to

ung injury. This may explain why mitophagy levels decreased,

lthough HS induced an increase in the expression of both Pink1

nd Parkin in lung tissues. 

Many studies have shown that activating the Pink1/Parkin

athway has a protective effect against lung, kidney, and liver

njury caused by sepsis.[ 13 , 34 , 35 ] In our study, we found that af-

er EHS, the survival rate of rats overexpressing Parkin was sig-

ificantly better than that of controls. Pulmonary vascular per-

eability decreased, pathological injury in the lung tissue was

lleviated, and pulmonary apoptosis significantly decreased in

hese animals. The levels of ROS and inflammatory factors IL-6,

L-1 𝛽, and TNF- 𝛼 decreased significantly. Transmission electron

icroscopy showed that the degree of mitochondrial swelling

n pulmonary epithelial cells decreased and no vacuolization

as observed. Immunohistochemistry and immunofluorescence

howed that Parkin overexpression significantly increased the

xpression of Parkin in rat lung tissue, enhanced the interaction

etween Pink1 and Parkin, increased the binding of LC3 to mi-

ochondria, increased the LC3-II/LC3-I ratio, and decreased the

xpression of p62. These results suggest that Parkin overexpres-

ion can partially counteract the inhibition of the Pink1/Parkin

athway by PTEN-L. This promotes mitophagy to clear dam-

ged mitochondria, maintaining the effectiveness of mitochon-

rial function and cell homeostasis to reduce inflammatory re-

ctions and ROS, alleviates the ALI, and improves the prognosis

f EHS rats. In addition, Parkin overexpression reduced the ex-

essive accumulation of Pink1 and MFN2 in the lung tissue after

ncreasing the level of mitophagy. Therefore, the activation of

ink1/Parkin induced-mitophagy has protective effects against

he ALI caused by EHS. 

A limitation of this study concerns the fact that the

ink1/Parkin pathway is only one of the pathways affecting

itophagy. Proteins on the mitochondrial membrane, such as

IP3-like protein X, can also participate in Parkin-dependent

itophagy.[ 36 ] FUN14 domain-containing protein 1 receptor

nd Bcl-2-like protein 13 induce mitophagy in a Parkin-

ndependent manner.[ 15 , 31 ] Whether these mitochondrial path-

ays are involved in the pathogenesis of lung injury during HS

equires further investigation. 

onclusions 

In summary, this study demonstrated that HS could affect

he respiratory system and cause lung injuries. Pink1/Parkin-

ediated mitophagy dysfunction is one of the mechanisms

nderlying ALI in rats with EHS, and Parkin overexpression-

ediated mitophagy can alleviate ALI caused by EHS. 
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