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Introduction

Gastric cancer is the most common malignancy of the 
digestive tract. There was 1,000,000 new cases of gastric 
cancer worldwide accounting for 5.7% of new cancer cases, 
and 783,000 gastric cancer deaths accounting for 8.2% of 
cancer deaths in 2018 (1). According to the 2019 China 

Cancer Report, the incidence of new gastric cancer is 
10.26% and the mortality rate of gastric cancer is 12.45%. 
In addition, gastric cancer was the second incidence and 
third mortality in 2015. In China, the detection rate and 
diagnosis rate of early gastric cancer were less than 10%, 
and most patients were already in the advanced stage of 
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gastric cancer or the tumor has metastasized. The 5-year 
survival rate for patients with advanced gastric cancer is still 
less than 15% after treatment (2). Therefore, gastric cancer 
has become a serious threat to public health diseases.

Hypoxia is a characteristic of tumor cells which can lead to 
tumor progression, invasion, and metastasis (3,4). Metabolic 
disorders are the characteristic features of malignant tumor 
metabolism and promote tumor development (5). Warburg 
first found that tumor cells still convert glucose into 
lactic acid for anaerobic metabolism even in the presence 
of sufficient oxygen in 1956 (6). Hypoxic environment 
significantly inhibits oxidative phosphorylation and increases 
the expression of key enzymes or important molecules 
in glycolysis, thus promoting glycolysis metabolism (7). 
Promoting glycolysis accelerated the progression of tumor 
cells and inhibiting glycolysis reduced the metastasis of 
tumors (8). Hexokinase (HK), pyruvate kinase M1 (PKM1), 
Succinate dehydrogenase complex A (SDHA), glucose-6-
phosphate dehydrogenase (G6PD) are the key enzymes to 
regulate glycolysis, tricarboxylic acid cycle (TCA cycle) and 
pentose phosphate pathway. Current studies have found 
that HK1 and PKM2 is highly expressed in tumor cells, 
which can enhance the Warburg reaction to promote tumor 
growth, and related to the staging, lymphatic metastasis and 
prognosis of gastric cancer (9). 6-diphosphatase 1 (FBP1), 
a key enzyme in gluconeogenesis, was found to inhibit 
glycolysis of cancer cells (10). Lung cells were found to 
change the type of cell energy metabolism from oxidative 
phosphorylation to glycolysis in a hypoxic environment 
to reduce oxidative stress and promote cell proliferation 
and invasion (11). Therefore, clarifying the activity of key 
enzymes of glucose metabolism in gastric cancer cells in 
hypoxic environment may provide a new research direction 
for anticancer treatment. 

The study will explore the changes of mitochondrial 
metabolic function and the level of glucose metabolism 
enzymes in gastric cancer cells in the hypoxic environment 
from the animal and cell levels, so as to provide a new 
treatment strategy for clinical cancer treatment. We present 
the following article in accordance with the ARRIVE 
reporting checklist (available at http://dx.doi.org/10.21037/
tcr-20-2598).

Methods

Gastric cancer model

C57B/L6 mice (W: 18–22 g) were bought by Qinglongshan 

Animal Breeding Farm, Jiangning District, Nanjing City 
(license number: SCXK2019-0002). The syringe sucked 
up gastric cancer cells, and then gastric cancer cells were 
injected into the wall of the mice’s stomach. The gastric 
cancer model mice were fed for 2 months. Experiments 
were approved by the Ethics Committee of Affiliated 
Hospital of Qinghai University (P-SL-2017009) and animal 
operations conformed to measures for the Administration 
of Laboratory Animals in Qinghai Province.

Cell culture

The human gastric cancer lines MKN45 from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China). 
MKN45 were respectively cultured in DMEM/F12 (1:1) and 
RPMI1640 supplemented with 10% fetal bovine serum at 
37 ℃ in a humidified incubator with 5% CO2. For hypoxic 
condition, MKN45 were incubated in a hypoxic incubator 
containing 1% O2, which was balanced by CO2 and nitrogen.

Main instruments and reagents

BD Celesta Flow Cytometer (FACS Celesta, BD, USA), 
fluorescent quantitative analysis system (Tissue FAXS-S 
Plus, Tissue Gnostics, Austria), cellular metabolism analysis 
system (Seahorse XFe96 Analyzer, Agilent, USA) and 
real-time PCR instrument (Light Cycler 480 II, Roche, 
Switzerland). 

Group of experimental animals

C57B/L6 mice were randomly divided into normal group 
(n=5) and gastric cancer group (n=15), and the gastric 
cancer model is based on the method of TakeshiKuwata 
(12). The human gastric cancer cell line BGC823 was 
transplanted in situ into C56/b mice. Then different batches 
of mice in normal group and gastric cancer group were 
placed in animal decompression chamber (Yantai Ice Wheel 
High Pressure Oxygen Chamber Co, Ltd.) to simulate 
2,000, 3,000, and 4,000 m altitude environments, lifting 
speed of 10 m/s, and each altitude was treated for 7 days. 
Normal-2,000 m and gastric cancer-2,000 m groups mice 
were kept in a feeding chamber. 

Analysis of mitochondrial membrane potential and ROS 
by the flow cytometry

0.01 g sample of fresh gastric cancer tissue was put in PBS 



819Translational Cancer Research, Vol 10, No 2 February 2021

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2021;10(2):817-826 | http://dx.doi.org/10.21037/tcr-20-2598

buffer to create a single cell suspension. The suspension 
was centrifuged at 400 g for 10 min, and the gastric cancer 
cell suspension was resuspended to a concentration of 5×105 
cells/mL. MKN45 was collected in normal and anoxic 
conditions for flow cytometry analysis, and 5×105 cells were 
used to perform each assay in triplicate. 

Reactive oxygen species (ROS) assay kit (Beyotime, 
S0033) and mitochondrial membrane potential assay kit 
(Becton, S551302) were respectively utilized to examine 
ROS and mitochondrial membrane potential of each group 
of cells treated with different oxygen concentrations.

Real-time qPCR analysis of HK1, PKM, SDHA, 
G6PDCT-2, RAD51, ASCT-2, and mtDNA expression in 
gastric tissue 

Filtered distilled water was used as the no-template control. 
Template without reverse transcription was used to check 
for contamination with genomic DNA. Real-time qPCR 
was used to measure HK1, PKM, SDHA, G6PDCT-2, 
RAD51, ASCT-2, mtDNA and TFAM mRNA expression. 
The reaction system is 20 μL. Reaction conditions: pre-
denaturation at 95 ℃ for 10 min, denaturation at 94 ℃ for 
60 s, annealing extension at 60 ℃ for 34 s (fluorescence 
signal is collected in this step), 40 cycles (LightCycler  
480 II).

The seahorse analysis mitochondrial respiratory function

MKN45 cells were seeded in XF 96-well and the number 
of cells per well is 1.5×104; in this way two 96-well plates 
were prepared and respectively incubated in normoxic and 
hypoxic conditions for 24 hours prior to cell metabolic 
analysis. The XF Cell Mito Stress Test kit (Cat# 103015-
100) was used assay mitochondrial metabolism of the cells 
treated with different lactate and oxygen concentrations. 

Statistical analysis

Statistical analysis was performed using the SPSS 19.0 
statistical software program. The normal distribution data 
were expressed as mean ± standard deviation, a Student’s t 
unpaired test was performed between the two groups, and 
one-way analysis of variance (ANOVA) was used to evaluate 
the intergroup differences. The level of significance was 
determined as a probability level of less than 0.05.

Results

High altitude low oxygen environment can reduce 
the damage of mitochondrial function and protect 
mitochondria from damage in gastric cancer rats

Effects of high altitude hypoxia environment on 
mitochondrial membrane potential and ROS in gastric 
cancer tissue
The gastric of normal and model mice showed in Figure 1A.  
The decreased mitochondrial membrane potential and 
ROS production in gastric cancer tissues were significantly 
higher than those in the control group at the same altitude 
(Figure 1B,C,D,E). The decreased level of mitochondrial 
membrane potential in gastric cancer-2,000 m group was 
significantly higher than that in 3,000 and 4,000 m gastric 
cancer groups (P<0.001, P=0.0011) (Figure 1C). The 
production of ROS in gastric cancer groups was higher than 
that in normal groups, and the level of ROS reduced in 
gastric cancer groups as the altitude increasing (Figure 1D). 
The results suggested that hypoxia could play a protective 
role by inhibiting the decrease of mitochondrial membrane 
potential and the increase of ROS production in gastric 
cancer.

Effects of high altitude hypoxic environment on 
mtDNA expression in gastric tissue
The standard curve is shown in Figure 2A,B is the sample 
amplification curve, and Figure 2C is standard product 
amplification curve. The expression of mtDNA reduced in 
normal groups as the altitude increasing. The expression 
of mtDNA in gastric cance-2,000 m group was higher than 
that in gastric cancer-3,000 m group (P<0.001), and the 
expression of mtDNA in gastric cancer-4,000 m group was 
higher than that in gastric cancer-3,000 m group (P<0.001) 
(Figure 2D). 

Effects of high altitude hypoxic environment on 
enzymes related to mitochondrial metabolism in gastric 
cancer tissue
The expression of HK1, PKM, SDHA, G6PD, AST2, 
RAD51 decreased with the elevation of altitude in normal 
groups (Figure 3A,B,C,D,E,F), and the expression of PKM, 
G6PD decreased with the elevation of altitude in gastric 
cancer groups (P<0.001) (Figure 3B,D). HK1, SDHA, AST2 
expression in gastric cancer-3,000 m group was higher than 
that in gastric cancer-2,000 m and gastric cancer-4,000 
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Figure 1 Results of gastric tissue mitochondrial membrane potential and ROS. (A) Normal and model mice gastric. (B) The results of 
mitochondrial membrane potential. (C) The results of mitochondrial membrane potential. (D) The results of ROS. (E) The results of 
ROS. Four samples per time point and 3 sample tubes per sample for flow cytometry. P3 represents a decrease in mitochondrial membrane 
potential. P2 represents the generation of ROS.
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Figure 2 Results of gastric tissue mtDNA. The recombinant plasmid of cytochrome B (Cyt-B) gene sequence encoded by mtDNA of rats 
was constructed as a standard, and the Cyt-B gene in mitochondria of rat stomach tissues was quantified by real-time quantitative PCR, so 
as to achieve the absolute quantitative determination of mtDNA content. (A) The standard curve. (B) The sample amplification curve. (C) 
Standard product amplification curve. (D) The result of gastric tissue mtDNA.

Figure 3 The level of HK1, PKM, SDHA, G6PDCT-2, RAD51 and ASCT-2 mRNA in gastric tissue. (A) The level of HK1 mRNA. (B) 
The level of PKM mRNA. (C) The level of SDHA mRNA. (D) The level of G6PD mRNA; (E) The level of AST2 mRNA. (F) The level of 
mRNA.
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m groups. The results suggest that hypoxia can promote 
glycolysis, tricarboxylic acid cycle and pentose phosphate 
pathway, and also promote the expression of damage repair 
genes in gastric cancer.

Effects of high altitude hypoxia environment on 
mitochondria functions of MKN45 
Analysis of hypoxia mitochondrial membrane potential 
and ROS in MKN45
The results of mitochondrial membrane potential were 
shown in Figure 4A,B, and ROS production were shown 
in Figure 4C,D. The decreased mitochondrial membrane 
potential and ROS production in hypoxia condition were 
significantly lower than those in the normoxia condition 
(P=0.0012, P<0.001) (Figure 4E,F). Hypoxia can inhibit the 
decrease of mitochondrial membrane potential and promote 
the production of ROS.

Effects of hypoxic environment on mtDNA expression 
in MKN45
The expression of mtDNA in hypoxia condition was higher 
than that in normoxia condition (P<0.001) (Figure 5).  
The results showed that hypoxia can promote the 

Figure 4 Results of hypoxia mitochondrial membrane potential and ROS in MKN45. (A,B) The results of MKN45 mitochondrial 
membrane potential. (C,D) Present the results of MKN45 ROS. (E) The statistical of MKN45 mitochondrial membrane potential. (F) The 
statistical of MKN45 ROS.

Figure 5 Results of MKN45 mtDNA.
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Figure 6 Results of HK1, PKM, SDHA, G6PDCT-2, RAD51 and ASCT-2 mRNA in MKN45. (A) The level of HK1 mRNA. (B) The level 
of SDHA mRNA. (C) The level of G6PD mRNA. (D) The level of AST2 mRNA. (E) The level of RAD5 mRNA. (F) The level of PKM 
mRNA.

expression of mtDNA.

Effects of hypoxic environment on enzymes related to 
mitochondrial metabolism in MKN45
The level of HK1 expression in hypoxia condition 
was higher than that in normoxia condition (P<0.05)  
(Figure 6A), SDHA, G6PD, AST2, RAD51 expressions 
in hypoxia condition was lower than that in normoxia 
condition (P<0.05) (Figure 6B,C,D,E), and no difference 
was found between the level of PKM mRNA in normoxia 
condition and hypoxia condition (P>0.05) (Figure 6F). It 
suggests that hypoxia can change the metabolic pattern of 
glucose and promote glycolysis.

Effects of hypoxic environment on mitochondrial 
respiratory function in MKN45
Seahorse XFe 96 was used to detect cellular respiratory 
function. Mitochondrial stress test was shown in Figure 7A.  
The respiratory function of MKN45 at different oxygen 
concentrations was shown in Figure 7B. The proton 
leak (Figure 7C), ATP production (Figure 7D) and spare 

respiratory capacity (Figure 7E) in hypoxia group was 
declined than in normoxia group of the MKN45 (P<0.001, 
P<0.001, P<0.05). 

Discussion

Gastric cancer is a leading cause of cancer-related deaths 
worldwide, especially in developing country (such as Asia, 
Eastern Europe) (13,14). Hypoxia is a common feature 
of tumor cells and plays an important role in therapeutic 
resistance, recurrence and metastasis (15,16). Metabolic 
disorders are the characteristic features of malignant tumor 
metabolism, which can promote tumor development (5). 
Exploring the role of hypoxia in gastric cancer cells may 
provide a new treatment for gastric cancer. 

The glycolysis of gastric cancer cells was significantly 
higher than that of normal cells, and hypoxia also promotes 
glycolysis in gastric cancer cells (17,18). Warburg found that 
the metabolize respiration of cancer cells was different from 
normal cells. Even if in plentiful oxygen, cancer cells prefer 
glycolysis for energy. HK, PKM, SDHA, G6PD are the key 
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enzymes in glucose metabolism (19,20). HK is a key enzyme 
that catalyzes the first step of the glycolysis pathway, 
which catalyze the conversion of glucose to glucose  
6-phosphate (21). PKM catalyzes the conversion of 
phosphoenolpyruvate and ADP to pyruvate and ATP. 
SDHA catalyzed succinic acid to fumaric acid in 
tricarboxylic acid cycle, and G6PD catalyzed 6-phosphate 
glucose to 6-phosphate gluconic acid in pentose phosphate 
pathway. Previous studies found that the expression levels 
of HK1 and PKM2 in gastric cancer cells were increased 
(9,22). Overexpression of PKM2 enhanced warburg effect 
of tumor and promoted the growth of tumor cells (23). 
Overexpression of PKM2 contributes to tumor progression, 
invasion and metastasis (9,22). Inhibiting glycolysis and 
reducing energy supply can inhibit proliferation and 
promote apoptosis of tumor cells (24,25). The study also 
found that the expression of HK1 and PKM increased 
in gastric cancer tissue. What is more, we found that 
the expression of G6PD and SDHA increased, and 
aerobic respiration reduced in gastric cancer tissue. That 
suggests that gastric cancer cells play a role in maintaining 
mitochondrial function by promoting glucose metabolism 
and inhibiting mitochondrial oxidative function.

Domestic researches have founded that hypoxic can 
promote the proliferation of breast cancer and lung cancer 
cells, enhance their invasion and metastasis ability, and 
promote the occurrence of epithelial to mesenchymal 
transformation (EMT) of cancer cells. Some studies have 
found that hypoxia can promote cell proliferation by 
increasing the expression of transforming growth factor, 
C-X-C Motif Chemokine Receptor 4 and Jumonji domain, 
containing 2B (26-28). Hypoxia can change the transcription 
and translation of genes related to DNA damage response 
and repair, leading to inhibit the recombination-mediated 
repair of double strand breaks in DNA. We also found that 
hypoxia can inhibit the expression of RAD51 and ASCT-
2, and HK1expression was increased, G6PD and SDHA 
expression were decreased in MKN45. The results suggest 
that hypoxia can reduce mitochondrial aerobic respiration 
capacity and inhibit RAD51 and ASCT-2 expression, 
promote mtDNA expression and glycolysis process, which 
may play an important role in mitochondrial function in 
gastric cancer.

The present study had several limitations. First, we 
only studied MKN45, and we can increase other gastric 
cancer cell lines. Second, we found the effect of hypoxia 

Figure 7 The seahorse analysis of the MKN45. (A) Mitochondrial stress test steps. (B) the O2 consumption rate (OCR) of MKN45 at 
different oxygen concentrations. (C) The proton leak. (D) ATP production. (E) Spare respiratory capacity. Pairwise comparison using 
independent sample t-test.
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on mitochondrial function, but the exact mechanism is not 
clear.

Conclusions

Hypoxia  plays  an important  role  in  mainta ining 
mitochondrial functions in gastric cancer cells by promoting 
glycolysis and inhibiting mitochondrial aerobic respiration 
capacity.
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