
1017

Explore the molecular mechanism of controlled 
hypothermic surgery to promote autophagy and 
inhibit oxidative damage to reduce the damage of 
neurovascular unit barrier
1Lixiong Chen, 2Ming Wang, 2Feng Li, 2Pifeng Jia

1Department of Anesthesiology and 2Department of Neurosurgery, RuiJin Hospital, Shanghai Jiao 
Tong University School of Medicine, Shanghai, China 

Abstract 

Background: Controlled hypothermia surgery is a method to lower the body temperature to a certain 
level in order to reduce the body’s metabolism and maintain or delay cell activity. Autophagy can 
antagonize the apoptotic effect of cells by promoting cell survival. Methods: Normal and hypothermic 
cerebral ischemia models in mice were established. Nissl staining and HE staining were used to 
analyze the pathological damage characteristics of mouse brain tissue. Microplate reader was used to 
measure the activity of SOD, and the fluorescent probe DCFH-DA was used to detect the content of 
ROS. The brain tissue sections were stained with MDC to observe the characteristics of autophagy. 
The characteristics of autophagosomes were observed by TEM. Western blot analysis was used to 
determine the expression of related proteins in brain tissue. RT-PCR analysis was used to determine 
the mRNA expression of genes Bcl-2 and Bax in brain tissue. Results: HE staining and Nissl staining 
indicated that controlled hypothermia effectively reduced pathological damage. The activity of SOD 
and the content of ROS indicated that LI group has the lowest degree of oxidative damage. MDC 
staining, TEM imaging and Western blot analysis showed that controlled hypothermia surgery also 
increased the content of autophagosomes, and then promoted autophagy and apoptosis. RT-PCR also 
showed that LI group has the highest Bax/Bcl-2 ratio.
Conclusion: Controlled hypothermia can protect brain tissue and reduces damage caused by cerebral 
ischemia by promoting cell autophagy.
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INTRODUCTION

Controlled hypothermia surgery is a method that 
reduces the body temperature to a certain level 
in order to reduce the body’s metabolism and 
maintain or delay cell activity. It aims to improve 
the body’s tolerance to hypoxia by reducing tissue 
metabolism and oxygen consumption.1,2 The 
implementation of controlled hypothermia surgery 
can reduce the pathophysiological state of neurons 
in cellular oxygen-glucose deprivation (OGD) 
to preserve the activation of neurons, microglia, 
astrocytes and other cells, and reduce hypoxic 
brain damage mediated inflammatory damage.3

 Neurovascular unit (NVU) is a physiological 
unit with specific structure and function composed 
of neurons, glial cells, intracerebral vascular 
endothelial cells, smooth muscle cells, pericytes 

and extracellular matrix, forming a fully functional 
blood brain barrier (BBB).4 NVU constitutes 
a huge network of many components, and the 
interaction between the components precisely 
regulates the balance of oxygen demand and 
oxygen supply in brain tissue, so that brain 
function can reach the optimal state. Among them, 
the tight connections between vascular endothelial 
cells is to maintain the nerve center and blood 
material exchange, and it is also a key structure 
to maintain the balance of NVU. The various 
components of NVU are related to each other.5,6 
After hypoxia and ischemia, each component is 
damaged to different degrees, causing the relative 
balance between the components to be broken, 
causing a series of cascades of inflammatory 
cascades, and finally causing brain injury.7,8
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 Autophagy can antagonize the apoptotic effect 
of cells by promoting cell survival. For example, 
it is possible to remove the organelles damaged 
by oxidative stress, or to degrade and denature 
macromolecular substances, to provide the hungry 
cells with the nutrients and energy needed for 
survival, or to inhibit endoplasmic reticulum 
stress by degrading unfolded proteins. These 
functions of autophagy will inhibit the generation 
of pro-apoptotic signals, thereby antagonizing cell 
apoptosis.9,10

 This project explores the molecular mechanisms 
that reduce the body’s production of some free 
radical molecules and reactive oxygen species 
(ROS) after controlled hypothermic surgery, 
inhibit oxidative damage of cerebrovascular nerve 
units, promote cell autophagy, and reduce brain 
barrier damage. A mouse model of controlled 
hypothermia cerebral ischemia was established, 
and one group of mice was injected with the 
autophagy inhibitor Baf A1 through the tail vein. 
Collect mouse brain tissue, Nissl staining and 
HE staining to analyze the pathological damage 
characteristics of mouse brain tissue. Microplate 
reader was used to detect superoxide dismutase 
(SOD) activity. Fluorescent probe DCFH-DA 
method was applied to detect intracellular activity 
oxygen free radicals (reactive oxygen species, 
ROS) content. Stain brain tissue slices with acid-
tropic fluorescent dye MDC and transmission 
electron microscopy was utilized to observe 
the characteristics of autophagy in brain tissue. 
Western blot analyzed the expression levels of 
middle protein LC3I, LC3II, Beclin-1, Caspase-3, 
cleaved Caspase-3 and RT-PCR analyzed the 
mRNA expression levels of genes Bcl-2 and Bax 
in brain tissue.

METHODS

Experiment design

Purchase 80 healthy, clean-grade C57BL/6 male 
mice of 3 weeks old and divide them into four 
groups at random: normal control group (NC 
group), normal temperature cerebral ischemia 
group (NI group), controlled hypothermia cerebral 
ischemia group (LI group), and controlled 
hypothermia cerebral ischemia Group + autophagy 
inhibitor Baf A1 (LI+ Baf A1 group). Establish a 
mouse model of controlled hypothermia cerebral 
ischemia according to the following steps: Inject 
chlorpromazine into the abdominal cavity of the 
mouse, then place them in an incubator to cool 
them to a mild hypothermia state of 18.5±0.5°C, 

and then clamp the bilateral common carotid 
artery of the mice for 120 minutes, and the 
establishment of the DHCA model was completed. 
Besides, a group of mice were injected with 
the autophagy inhibitor Baf A1 through the tail 
vein. After the mouse model was established, 
the mice were anesthetized with isopentane and 
their necks severed. Collect mouse brain tissue, 
Nissl staining and HE staining were used to 
analyze the pathological damage characteristics of 
mouse brain tissue. For the collected brain tissue 
samples, a microplate reader was used to measure 
the activity of superoxide dismutase (SOD), and 
the fluorescent probe DCFH-DA method was 
used to detect the content of reactive oxygen 
species (ROS). The brain tissue sections were 
stained with acid-tropic fluorescent dye MDC 
to observe the characteristics of autophagy. The 
characteristics of autophagosomes in brain tissue 
were observed by TEM. Western blot analysis was 
used to determine the expression of the proteins 
LC3I, LC3II, Beclin-1, Caspase-3, and cleaved 
Caspase-3 in brain tissue. RT-PCR analysis was 
used to determine the mRNA expression of genes 
Bcl-2 and Bax in brain tissue.

HE staining and Nissl staining

The histopathological characteristics of the brain 
tissue was observed with hematoxylin-eosin 
staining (HE staining) under light microscope. 
The detailed steps of HE staining are as followed. 
After fixing with 4% paraformaldehyde (PFA) at 
4°C overnight, the retina tissues were dehydrated 
by gradient ethanol, permeabilized by xylene, and 
embed with paraffin. Following this, tissues were 
cut into 4 μm slices and stained with hematoxylin-
eosin solution (Nanjing Jiancheng, Nanjing, 
Jiangsu, China) according to the manufacturers’ 
protocols. Finally, slices were mounted with 
neutral resins and analyzed by a light microscope 
(Nikon Eclipse 1000, Tokyo, Japan).
 The procedure of Nissl staining was as follows. 
The brain tissue was fixed with 10% formalin for 
48 hours, and dehydrated with gradient ethanol. 
The tissue was transparentized with xylene and 
then embedded in paraffin. Use a microtome to 
cut the composition into slices of 4-7 μm. The 
sections were deparaffinized and hydrated, and 
then placed in Cresyl violet stain for staining. 
After rinsing with deionized water, use Nissol 
Differentiation for 1-3min until the background 
was close to colorless under the microscope. 
Finally, it was made transparent with xylene and 
sealed with neutral gum.
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The detection of ROS content and SOD activity

Dilute the 5 mM DCFH-DA reagent stock solution 
(prepared above) in HBSS/Ca/Mg or suitable 
buffer to make a 5 μM DCFH-DA reagent working 
solution. Apply 1.0–2.0 mL of 5 μM DCFH-DA 
reagent working solution to cover cells adhering 
to coverslips. Incubate cells for 10 minutes at 
37˚C, protected from light. Then wash cells 
gently three times with warm buffer. Stain cells 
with counterstains as desired and mount in warm 
buffer for imaging. Then the fluorescence intensity 
of ROS was measured.
 The SOD activity was measured according to 
the procedure of the kit. Mix the reagents in the kit 
with a vortex mixer according to the proportions, 
and place them in a constant temperature water 
bath at 37°C for 40 minutes. Then add 2ml of 
color developer to both the measuring tube and 
the control tube and mix them evenly, and place 
them in a room temperature environment for 10 
minutes. Finally, deionized water was used as a 
zero adjustment control, a 1cm optical path cuvette 
was used, and a microplate reader was used for 
color comparison at a wavelength of 550nm.

Acid-tropic fluorescent dye MDC staining

Dilute 10×Wash buffer to 1× with deionized 
water. Centrifuge and collect the cells, wash 
the cells once with 1×Wash buffer, and discard 
the supernatant. Add an appropriate amount of 
1×Wash buffer to resuspend the cells, count and 
adjust the cell concentration to 106/ml. Take an 
appropriate amount of cell suspension into a new 
EP tube, add MDC Stain, and mix gently. Avoid 
light staining at room temperature. The cells were 
collected by centrifugation, washed twice with 
1×Wash buffer, and the supernatant was discarded. 
Add Collection buffer to resuspend the cells, 
drop them onto the glass slide and add a cover 
glass. Observe under a fluorescence microscope 
(excitation filter wavelength 355nm, blocking 
filter wavelength 512nm), count and take pictures.

TEM observation

Place the brain tissue section in TEM, zoom in 
to observe the inside of each cell, and determine 
the characteristics of autophagosomes in the cell.

Western blot analysis

Collect cells from each group, and add 200 
μl of cell lysate to each six-well plate. After 
sonication, the cells were lysed on ice for 1 
hour. The lysed cell sample was centrifuged at 

12,500 rpm for 15 minutes at 4°C. Then, transfer 
the supernatant in the centrifuge tube to a clean 
centrifuge tube. β-actin protein quantification 
kit was used to quantify protein concentration. 
The measured protein samples were stored at 
-80°C. In Western blot electrophoresis, the protein 
loading concentration was 50 μg per well. After 
SDS-PAGE electrophoresis, the membrane was 
transferred and blocked. Proteins LC3I, LC3II, 
Beclin-1, Caspase-3 and cleaved Caspase-3 
primary antibody (1: 500, anti-human, Thermo-
Fisher, USA) were diluted to use concentration. 
The samples were incubated overnight on a shaker 
at 4°C. After washing with PBS, the samples 
were incubated with the secondary antibody (1: 
1000, anti-human, Thermo-Fisher, USA) for 30 
minutes at room temperature in the dark. Finally, 
the developer was used for development and 
photography.

RT-PCR analysis

The brain tissue cells were treated with TRIzol 
reagent to extract the total RNA in the cells. 
Revert Aid TW first Strand cDNA Synthesis Kit 
was used to synthesize the first chain of DNA. 
QuantiNova SyBr Green PCR Kit was used to 
perform PCR analysis. Reaction conditions: pre-
denaturation at 95℃ for 1 minute, denaturation 
at 95℃ for 30 seconds, annealing at 60℃ for 30 
seconds, and elongation at 72℃ for 30 seconds, 
running 40 cycles.

Statistical analysis

The experimental results are expressed as mean 
± standard deviation. Statistical analysis was 
performed using SPSS 22.0 software. The figures 
were produced with Origin 2022 and Adobe 
Illustrator 2020 software.

RESULTS

Controlled hypothermia effectively reduced 
pathological damage

The results of HE staining and Nissl staining are 
shown in Figure 1. It can be seen from the figure 
that the pathological damage in the NI group was 
very serious, and the pathological damage was 
effectively suppressed by performing controlled 
hypothermia surgery. After adding Baf A1, the 
pathological damage has increased, indicating 
that the mechanism of controlled hypothermic 
surgery to inhibit damage is closely related to 
the autophagy process.
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Activity of SOD and content of ROS indicated the 
degree of oxidative damage 

The detection results of SOD activity and ROS 
content are shown in Figure 2. SOD is an important 
component of the antioxidant enzyme system in 
the biological system, and plays a vital role in the 
balance of oxidation and antioxidant in the body. 
The sharp increase in ROS levels can cause serious 
damage to the cell structure. Therefore, the higher 
the activity of SOD and the lower the content of 
ROS, the less oxidative stress damage. The results 
in the figure indicate that controlled hypothermia 
surgery effectively reduces the degree of oxidative 
stress damage through autophagy.

Controlled hypothermia surgery increased the 
content of autophagosomes

The results of acid-tropic fluorescent dye MDC 

staining are shown in Figure 3. The results of 
TEM imaging are shown in Figure 4. It can be 
seen from the two figures that both the MDC 
staining and the TEM imaging results indicated 
that the controlled cryogenic surgery effectively 
increased the number of autophagosomes, 
thereby promoting the occurrence of autophagy. 
Autophagy can inhibit oxidative stress damage, 
thereby reducing the damage to the body caused 
by cerebral ischemia.

Controlled hypothermia surgery promoted 
autophagy and apoptosis

The results of Western blot analysis are shown in 
Figure 5. LC3 is protein light chain 3, which is the 
most critical marker of the autophagy process, and 
its function is mainly to participate in the formation 
of autophagosomes. In the process of autophagy, 

Figure 1. The results of HE staining and Nissl staining to analyze the characteristics of pathological damage in 
mouse brain tissue. The staining results of the NC group accorded with the physiological characteristics 
of normal mice.

Figure 2. The results of SOD activity measured by microplate reader and the intracellular ROS content detected 
by the fluorescent probe DCFH-DA method. The data of NC group are consistent with the normal value. 
Symbol * means p < 0.05 compared to NI group. Symbol # means p < 0.05 compared to LI+Baf A1 
group.
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Figure 3. The results of staining brain tissue sections with acid-tropic fluorescent dye MDC. The staining results 
of the NC group accorded with the physiological characteristics of normal mice.

Figure 4. The results of TEM for the characteristics of autophagosomes in brain tissue. The number of autophagosomes 
in the LI group was significantly more than that of the other three groups.

Figure 5. The results of Western blot analysis of the expression of the proteins LC3I, LC3II, Beclin-1, Caspase-3, 
and cleaved Caspase-3 in brain tissue. All the data of NC group are consistent with the normal value.

LC3-I gradually transforms into lipidated LC3-II. 
When the degree of autophagy is relatively high, 
the amount of LC3-I is lower, while the amount 
of LC3-II will increase. When the total amount 
of LC3-I and LC3-II is constant, LC3-II/LC3-I is 
used to indicate the level of autophagy. Beclin1 
is a key protein in autophagy and is responsible 

for the assembly of autophagosomes in the early 
stage of autophagy. Caspase-3 is a key element 
in the process of cell apoptosis. When a cell 
receives an apoptotic stimulus, Caspase-3 will be 
cleaved into cleaved-caspase 3 to be activated, 
thereby inducing cell apoptosis. Both autophagy 
and controlled apoptosis can inhibit tissue damage 
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from oxidative stress. Therefore, the five proteins 
shown in the results all indicated that controlled 
cryogenic surgery effectively promoted autophagy 
and apoptosis, thereby protecting the body.

The ratio of Bax/Bcl-2 is closely related to 
apoptosis

The results of RT-PCR are shown in Figure 6. 
Bax and Bcl-2 genes are both important genes 
that regulate cell apoptosis, Bax is a pro-apoptotic 
gene, and Bcl-2 is an anti-apoptotic gene. When 
the expression ratio of Bax/Bcl-2 increases, the 
degree of apoptosis increases. It can be seen from 
the figure that the degree of apoptosis in the LI 
group was the highest, which was consistent with 
the results of Western blot analysis and once again 
confirmed the previous conclusions.

DISCUSSION

Controlled hypothermia is indicated for 
neuroprotection after cardiac arrest, neonatal 
asphyxia, and neonatal encephalopathy, with 
improved outcome in the intensive care unit 
setting. It has been shown that decreasing core 
temperature is protective when there is a risk 
of ischemia and hypoxia.11,12 The brain has 
high metabolic demands, requiring a constant 
glucose and oxygen supply, which make it 
highly vulnerable to injury. Hypothermia is 

applied intraoperatively in neurosurgical and 
cardiac surgeries, both of which are associated 
with high risk of tissue hypoxia and ischemia.13 
Cardiac surgery requiring cardiopulmonary 
bypass (CPB) exposes multiple organ systems, 
including the brain, to the risk of hypoxia and 
ischemia. Hypothermia during CPB reduces whole 
body oxygen consumption.14,15 However, routine 
application of induced hypothermia continues to 
be controversial.
 Autophagy is an evolutionary conservative 
process that involves the transport of damaged 
organelles, misfolded proteins and other 
macromolecular substances to the lysosome for 
degradation and reuse through the lysosomal 
mechanism of the cell’s own structure.16,17 
Autophagy is a phenomenon widely present in 
eukaryotic cells, and can be divided into three 
categories: macroautophagy, microautophagy and 
molecular chaperone-mediated autophagy.18 This 
is a tightly regulated step. This step is a routine 
step in cell growth, development and homeostasis, 
helping cell products to maintain a balanced state 
during synthesis, degradation, and subsequent 
cycles.19,20 Autophagy has played a vital role 
in this project. Controlled hypothermia surgery 
protects cells from oxidative stress by promoting 
autophagy, thereby reducing the severity of 
cerebral ischemia.
 The effect of controlled hypothermia on the 

Figure 6. The results of RT-PCR analysis of mRNA expression of genes Bcl-2 and Bax in brain tissue. The data 
of NC group are consistent with the normal value. Symbol * means p < 0.05 compared to NI group. 
Symbol # means p < 0.05 compared to LI+Baf A1 group.
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promotion of autophagy has been verified in many 
ways. The setting of LI+Baf A1 group is just for 
comparison with LI group. In all the experiments 
carried out in this subject, the results of the LI 
group and the LI+Baf A1 group have significant 
statistical differences. MDC staining and TEM 
imaging experiments directly showed the 
quantitative characteristics of autophagosomes. 
The number of autophagosomes in the LI group 
was significantly higher than the other three 
groups. In Western blot analysis experiments, 
the ratio of LC3-II/LC3-I is the main detection 
index of the molecular level of autophagy. The 
extremely high ratio of LC3-II/LC3-I in the LI 
group also proves the large-scale occurrence 
of autophagy. Autophagy helps protect brain 
tissue from oxidative stress, making controlled 
hypothermic surgery an effective treatment for 
cerebral ischemia.
 In summary, this project has established an 
animal model to study the inhibition of oxidative 
stress damage caused by cerebral ischemia by 
controlled hypothermia. Through the verification 
of various macroscopic and microscopic 
experiments, it is finally proved that controlled 
hypothermia can protect brain tissue and reduces 
damage caused by cerebral ischemia by promoting 
cell autophagy. This provides a new potential 
strategy for the treatment of cerebral ischemia. 
Nevertheless, more in-depth research is still 
needed to improve the conclusions of this topic in 
order to have a deeper understanding of cerebral 
ischemia and controlled hypothermia surgery.
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