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Abstract. Exposure to hypoxia disrupts energy metabolism 
and induces inflammation. However, the pathways and 
mechanisms underlying energy metabolism disorders caused 
by hypoxic conditions remain unclear. In the present study, 
a hypoxic animal model was created and transcriptomic and 
non‑targeted metabolomics techniques were applied to further 
investigate the pathways and mechanisms of hypoxia exposure 
that disrupt energy metabolism. Transcriptome results showed 
that 3,007 genes were significantly differentially expressed 
under hypoxic exposure, and Gene Ontology annotation anal‑
ysis and Kyoto Encyclopaedia of Genes and Genomes (KEGG) 
enrichment analysis showed that the differentially expressed 
genes (DEGs) were mainly involved in energy metabolism and 
were significantly enriched in the tricarboxylic acid (TCA) 
cycle and oxidative phosphorylation (OXPHOS) pathway. The 
DEGs IDH3A, SUCLA2, and MDH2 in the TCA cycle and the 
DEGs NDUFA3, NDUFS7, UQCRC1, CYC1 and UQCRFS1 
in the OXPHOS pathway were validated using mRNA and 
protein expression, and the results showed downregulation. 
The results of non‑targeted metabolomics showed that 365 
significant differential metabolites were identified under 
plateau hypoxia stress. KEGG enrichment analysis showed 
that the differential metabolites were mainly enriched in 
metabolic processes, such as energy, nucleotide and amino 
acid metabolism. Hypoxia exposure disrupted the TCA cycle 
and reduced the synthesis of amino acids and nucleotides by 
decreasing the concentration of cis‑aconitate, α‑ketoglutarate, 
NADH, NADPH and that of most amino acids, purines, and 
pyrimidines. Bioinformatics analysis was used to identify 

inflammatory genes related to hypoxia exposure and some 
of them were selected for verification. It was shown that the 
mRNA and protein expression levels of IL1B, IL12B, S100A8 
and S100A9 in kidney tissues were upregulated under hypoxic 
exposure. The results suggest that hypoxia exposure inhibits 
the TCA cycle and the OXPHOS signalling pathway by 
inhibiting IDH3A, SUCLA2, MDH2, NDUFFA3, NDUFS7, 
UQCRC1, CYC1 and UQCRFS1, thereby suppressing energy 
metabolism, inducing amino acid and nucleotide deficiency 
and promoting inflammation, ultimately leading to kidney 
damage.

Introduction

After the human body rises to the plateau area at an altitude of 
2,500 m, the partial pressure of oxygen (PaO2) decreases with 
increasing altitude, producing a low‑pressure hypoxic situation. 
The inability of the human body to adapt to low‑pressure and 
hypoxic environments can lead to tissue hypoxia, followed by 
acute plateau reactions, such as plateau pulmonary or cerebral 
oedema, and acute altitude sickness (1). Acute and prolonged 
exposure to low‑pressure and hypoxic environments can lead 
to the generation of reactive oxygen species (ROS), which 
accelerates with increasing altitude (2). Relatively high levels 
of ROS may cause oxidative damage to tissues or induce apop‑
tosis under immune defence or pathological conditions (3). 
It is estimated that >140 million individuals worldwide live 
at altitudes >2,500 m (4). Therefore, it is important to study 
the molecular mechanisms of tissue systems in response to 
hypoxic stress at high altitudes in workers and sojourners in 
high‑altitude areas.

The kidney is a highly metabolic organ that requires a 
large amount of adenosine triphosphate (ATP) to maintain the 
energy needed for water and solute reabsorption. Abnormal 
energy production or utilisation can lead to cell dysfunc‑
tion and death (5). At the centre of cellular bioenergetics, 
mitochondria serve a key role in the regulation of cellular 
metabolism (6). In response to hypoxic environments, mito‑
chondria were reported to adjust their metabolism in different 
ways, including exchanging or modifying subunits of the respi‑
ratory chain, reducing oxidative phosphorylation (OXPHOS), 
tricarboxylic acid (TCA) cycle intermediates, adapting to 
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ROS production and reducing β‑oxidation (7). A recent study 
showed that impaired energy metabolism is characterised by 
ATP deficiency and increased ROS (8), while a previous study 
showed that increased ROS ultimately leads to mitochondrial 
dysfunction by inducing mitochondrial oxidative damage (9). 
In addition, mitochondrial ROS production plays a key role 
in the development of diabetic nephropathy and inhibiting 
excessive mitochondrial ROS production can improve tubular 
oxidative damage (10). It was previously reported that energy 
metabolism dysfunction is a key factor in the pathogenesis of 
acute kidney injury (AKI) (5). AKI is widely recognised as an 
important risk factor for the development and progression of 
chronic kidney disease (CKD) (11‑13). Dysregulation of mito‑
chondrial homeostasis, changes in bioenergetics, and organelle 
stress crosstalk can lead to the transformation of AKI into 
CKD (14). Taken together, dysfunction of energy metabolism 
can induce kidney tissue damage.

The TCA cycle and OXPHOS are important sources 
of cellular energy and are involved in numerous cellular 
metabolic pathways (15,16). Exposure to hypoxia inhibits 
the TCA cycle pathway and converts the glycolytic pathway 
into the primary metabolic pathway that generates avail‑
able energy (17). Therefore, further investigation is required 
regarding changes to energy metabolism mechanisms induced 
by hypoxia through the TCA cycle with the OXPHOS pathway.

To improve the comprehension of the effect of hypoxic 
exposure on mouse kidney tissue, a plateau hypoxia animal 
model was constructed in the present study. Kidney tissue 
morphology was observed using haematoxylin and eosin 
(H&E) staining. Illumina transcriptome sequencing and liquid 
chromatography‑tandem mass spectrometry (LC‑MS/MS) 
non‑targeted metabolomics techniques were used to iden‑
tify differentially expressed genes (DEGs) and significantly 
different metabolites (SDMs) between experimental and 
control groups (P<0.05). The mechanism by which hypoxia 
inhibits energy metabolism in kidney tissues was explored 
using the TCA cycle and OXPHOS. Furthermore, inflamma‑
tion‑related genes (IRGs) were screened using the Ensembl 
database and combined with DEGs to analyse the possible 
effects of hypoxia on inflammation. The present study clarified 
that hypoxia‑induced alterations in renal energy metabolism 
and that changes in energy metabolism induced inflammation.

Materials and methods

Experimental animals. Six‑ to eight‑week‑old specific 
pathogen‑free (SPF) male C57BL/6 mice with a body mass of 
18±2 g were purchased from the Experimental Animal Centre 
of the Department of Medicine, Xi'an Jiaotong University 
[animal production license no. SYXK (Shaanxi) 2020‑005]. 
The research institute is located in Xining, China at an altitude 
of 2,200 m; in order to provide a natural normoxic and hypoxic 
condition, mice were randomly divided into two groups (five 
mice per group). The control group raised at the Experimental 
Animal Centre of the Department of Medicine, Xi'an Jiaotong 
University (Xi'an, China) at an altitude of 400 m, was named 
the plain normoxia (PKC) group. The plateau hypoxia 
(HKT) group was raised in the Experimental Animal Room 
of the People's Hospital of Maduo County, Guoluo Tibetan 
Autonomous Prefecture (Xining, China), at an altitude of 

4,200 m. All animals were provided with free access to food 
and water. The ambient temperature was 18‑25˚C, and the rela‑
tive humidity was 40‑50%. In the process of animal feeding 
and experimental operation, if mice developed either sponta‑
neous tumors the size of which was >10% of the body weight of 
mice, incurable skin ulcers, severe shivering, spasm, dyspnea 
or cyanosis, they were to be euthanized immediately. No mice 
were euthanized for these reasons in the present study. After 
30 days, kidney tissues were aseptically collected from mice; 
one part was stored in liquid nitrogen, and the other part was 
fixed with 4% paraformaldehyde at 4˚C for 48 h.

Reagents and instruments. Primers were purchased from 
Shanghai Sangong Pharmaceutical Co., Ltd. and the TRIzol® 
RNA extraction buffer was purchased from Invitrogen 
(Thermo Fisher Scientific, Inc.). The reverse transcription 
kit PrimeScript™ RT reagent Kit with gDNA Eraser (cat. 
no. RR047A) and quantitative polymerase chain reaction 
(qPCR) kit TB Green® Premix Ex Taq™ II (Tli RNaseH 
Plus; cat. no. RR820A) were purchased from Takara Bio, Inc. 
The fluorescent qPCR instrument was purchased from Roche 
Diagnostics GmbH. Antibodies, the ECL chemiluminescent 
solution and the western blot imaging system were purchased 
from Proteintech Group, Inc., Thermo Fisher Scientific, Inc. 
and Vilber Lourmat, respectively.

Measurement of blood gas analysis index and kidney index 
in mice. After 30 days of modelling, the two groups of mice 
remained on an empty stomach for 12 h, their fasting weights 
were measured, and they were anesthetized using 400 mg/kg 
10% chloral hydrate. The mice were then fixed on a foam 
plate to take blood and kidney tissues by laparotomy. After 
taking 10% chloral hydrate, there was no sign of peritonitis 
in animals. After laparotomy, 0.2 ml of blood was taken 
through the abdominal aorta using a heparin anticoagulant 
needle, and attention was paid to avoid discharging air bubbles 
in the needle tube and isolating air. Using a PT1000 blood 
gas analyzer (Wuhan Easy Diagnosis Biomedicine Co., Ltd.), 
arterial oxygen PaO2 and blood oxygen saturation (SaO2) were 
measured within 15 min. Subsequently, mouse bilateral kidney 
tissues were removed aseptically, rinsed with pre‑cooled 
saline, and filter paper was used to absorb the water on the 
kidney surface. Both kidneys were then weighed. The kidney 
index of the mice was calculated using the following formula: 
Kidney index=bilateral kidney mass (g)/body mass (g) x100%.

H&E staining of mouse kidney. Mouse kidney tissues were 
fixed in 4% paraformaldehyde at 4˚C for 48 h, dehydrated in 
an ethanol gradient, embedded in paraffin and sliced into 5‑ to 
6‑µm thick sections. After xylene dewaxing, the slices were 
stained with hematoxylin for 5 min at room temperature, and 
after washing, the slices were incubated with eosin for 2 min. 
Tissue sections were observed by Nikon microscope (Nikon 
Corporation) and the images were analyzed by Zeiss software 
(version 2.3; Zeiss AG).

RNA extraction and reverse transcription‑qPCR (RT‑qPCR). 
Total RNA in the mouse kidneys was isolated with TRIzol® 
reagent (Thermo Fisher Scientific, Inc.), and the concen‑
tration of RNA was measured with a Nanodrop 2000 
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spectrophotometer (Thermo Fisher Scientific, Inc.). The RNA 
was reversed into cDNA using SYBR Green (Takara Bio, Inc.) 
with Prime Script RT Regent Kit with GDNA Eraser (Takara 
Bio, Inc.), with the following reaction conditions: 37˚C for 
15 min and 87˚C for 5 sec. PCR amplification was performed 
using cDNA as a template and β‑actin as an internal refer‑
ence. Primer sequences are listed in Table I. All primers used 
were designed by Shanghai Shenggong Biology Engineering 
Technology Service, Ltd. The total PCR measured 20 µl, and 
included 10 µl TB Green® Premix Ex Taq™ II, 6.4 µl ddH2O, 
2 µl template and 0.8 µl of upstream and downstream primers. 
The thermocycling conditions included pre‑denaturation 
at 95˚C for 30 sec, amplification at 95˚C for 5 sec, 63˚C for 
60 sec, and 60 cycles of lysis at 95˚C for 10 sec, 65˚C for 
60 sec, 97˚C for 1 sec and finally cooling at 37˚C for 30 sec. 
The relative expression levels of selected genes in the HKT 
and PKC groups were quantified using the 2‑ΔΔCq method (18).

Western blotting. To extract the total protein of mouse kidney 
tissues, samples were taken out of the refrigerator at ‑80˚C and 
put into a centrifuge tube equipped with protein extraction 
Lysis Buffer (Beijing Solarbio Science & Technology Co., Ltd.). 
Kidneys were cut into pieces using sterile surgical scissors 
and then centrifuged (Beyotime Institute of Biotechnology) at 
13,400 x g for 10 min at 4˚C. The supernatant was added to a 
new aseptic enzyme‑free centrifuge tube and the total protein 
concentration was measured using a BCA kit (Beyotime 
Institute of Biotechnology). Total protein (30 µg protein/lane) 
was separated by SDS‑PAGE on a 12% gel and transferred onto 
a nitrocellulose membrane. The membrane was blocked with 
5% skimmed milk for 2 h at room temperature and then incu‑
bated with primary antibody at 4˚C for 15 h. IDH3A polyclonal 
antibody (1:500; cat. no. 15909‑1‑AP; Proteintech Group, Inc.), 
SUCLA2 polyclonal antibody (1:1,000; cat. no. 12627‑1‑AP; 
Proteintech Group, Inc.), MDH2 polyclonal antibody (1:500; 
cat. no. 15462‑1‑AP; Proteintech Group, Inc.), UQCRFS1 
polyclonal antibody (1:1,000; cat. no. 18443‑1‑AP; Proteintech 
Group, Inc.), UQCRC1 polyclonal antibody (1:1,000; cat. 
no. 21705‑1‑AP; Proteintech Group, Inc.), CYC1 polyclonal 

antibody (1:500; cat. no. 10242‑1‑AP; Proteintech Group, Inc.), 
NDUFA3 polyclonal antibody (1:200; cat. no. K008505P; 
Beijing Solarbio Science & Technology Co., Ltd.), NDUFS7 
polyclonal antibody (1:1,000; cat. no. 15728‑1‑AP; Proteintech 
Group, Inc.), IL12B polyclonal antibody (1:300; cat. no. DF5111; 
Affinity Biosciences), IL1B monoclonal antibody (1:300; cat. 
no. BF8021; Affinity Biosciences), S100A8 polyclonal anti‑
body (1:300; cat. no. 15792‑1‑AP; Proteintech Group, Inc.), 
S100A9 polyclonal antibody (1:300; cat. no. 26992‑1‑AP; 
Proteintech Group, Inc.) and β‑actin monoclonal antibody 
(1:10,000; cat. no. 66009‑1‑Ig; Proteintech Group, Inc.). The 
relative expression levels of the target proteins were normal‑
ized to those of β‑actin. The membranes were washed with 
TBS containing 0.05% Tween‑20 (Beijing Solarbio Science & 
Technology Co., Ltd.) and then incubated with goat anti‑rabbit 
(1:5,000; cat. no. SA100001‑2; Proteintech Group, Inc.) or goat 
anti‑mouse (1:2,000; cat. no. SA100001‑1; Proteintech Group, 
Inc.) secondary antibodies for 1 h at room temperature. The 
membrane was washed with TBS containing 0.05% Tween‑20 
five times, each time for 6 min, and the protein bands were 
visualized using an enhanced chemiluminescence reagent 
(Thermo Fisher Scientific, Inc.). Protein bands were imaged 
using a gel imaging analysis system (Vilber Lourmat) and 
Image J (version 1.80; National Institutes of Health) was used 
to quantify the protein expression.

Transcriptome sequencing [RNA‑sequencing (RNA‑seq)] and 
data processing. Changes in total RNA after high‑altitude 
hypoxia treatment were analysed using transcriptome analysis. 
The total RNA of mouse kidney was isolated by TRIzol reagent 
(Thermo Fisher Scientific, Inc.). Next, the RNA integrity of 
HKT and PKC samples was accurately detected by Agilent 2100 
bioanalyzer (Agilent Technologies Inc.). The initial RNA of the 
library was total RNA, and the total amount was ≥1 µg. The 
ribosomal RNA in RNA samples was removed to obtain mRNA, 
and each group of mRNA was randomly cut into fragments and 
reverse transcribed into cDNA. A 3' adenosine fragment and an 
Illumina linker (Illumina, Inc.) at the repair end were added to the 
blunt‑ended and phosphorylated cDNA. In order to select cDNA 

Table I. Primers used in the present study.

 Primer sequences (5'‑3')
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Gene Forward Reverse

β‑actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
IDH3A AGTTTGATGTTCTTGTCATGCC GAAGCATCATCACAGCACTAAG
SUCLA2 AAAGGAACATTTACAAGTGGCC GCTCACAGACCAAAACTTGATT
MDH2 CAAAGAGACGGAATGCACTTAC CTTTCTTGATGGAGGCTTTCAG
UQCRFS1 AGGTGCCCGACTTCTCTGACTATC  CCGCATAAGCAACACCCACAGTAG
UQCRC1 GGACCTTGCCCAGAAACACTTGAG CAGTAGAGCGACATGGAGTGAGAC
CYC1 GCCCTTCATTCTGCCGTGAGTG GGTGTGGTCCAAGGAGGAGAGG
IL12B ATGTGGAATGGCGTCTCTGTCTG CAGTTCAATGGGCAGGGTCTCC
IL1B TCCAGGATGAGGACATGAGCAC GAACGTCACACACCAGCAGGTTA
S100A8 CTTGAGCAACCTCATTGATGTC GGAACTCCTCGAAGTTAATTGC
S100A9 GGAAGCACAGTTGGCAACCTTTA GATCAACTTTGCCATCAGCATCA
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fragments of preferentially 370‑420 bp in length, the library frag‑
ments were purified with AMPure XP system (Beckman Coulter, 
Inc.). The kit used to build the database was the NEBNext® 
Ultra™ RNA Library Prep Kit (Shanghai Yihui Biological 
Technology Co., Ltd.) for Illumina. After the construction of 
the library, the library was initially quantified using a Qubit2.0 
Fluorometer (Thermo Fisher Scientific, Inc.), and the library was 
diluted to 1.5 ng/µl. Next, the insert size of the library was detected 
using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc.). 
After the insert size met expectations, the effective concentra‑
tion of the library was accurately quantified by qRT‑PCR (the 
effective concentration of the library was >2 nM) to ensure the 
quality of the library. After the library was constructed, it was 
sequenced by Illumina Novaseq platform (Beijing Novogene 
Co., Ltd.). Subsequently, the original data were filtered, and the 
clean reads were quickly and accurately compared with the refer‑
ence genome (mus_musculus_Ensembl_102, ftp://ftp.ensembl.
org/pub/release‑102/fasta/mus_musculus/dna/Mus_musculus.GRCm38.
dna.toplevel.fa.gz, ftp://ftp.ensembl.org/pub/release‑102/gtf/mus_
musculus/Mus_musculus.GRCm38.102.gtf.gz) using HISAT2 
(version 2.0.5; https://kim‑lab.org/) to obtain the positioning 
information of reads on the reference genome. The percentage of 
bases with Phred value greater than 20 (Q20) or 30 (Q30) to total 
bases and GC content of the filtered clean reads were calculated, 
and all downstream analyses were based on high‑quality clean 
reads. The FeatureCounts tool in the Subread (version 1.3.1; 
https://bioconductor.org/) was used to measure original gene 
expression. Sample gene expression was normalized using the 
gene expression values of all samples reported as fragments per 
kilobase of transcript per million mapped reads (FPKM) and was 
successively corrected for sequencing depth and gene length.

Extraction, preparation and analysis of metabolites. After 
blood collection by laparotomy, the mice were sacrificed, using 
cervical dislocation as the method of euthanasia. After mice 
were sacrificed, the kidney tissues of the mice in the PKC and 
HKT groups were separately isolated, and cold methanol at 
nine times the volume of the kidney was added. Tissue samples 
were homogenized on ice with 30‑Hz ultrasound for 30 min. 
After homogenisation, the mixture was shaken for 5 min, 
centrifuged at 4˚C at 13,400 x g for 15 min (Eppendorf), and 
the supernatant was transferred to a new centrifuge tube. The 
remaining precipitate was homogenised again with precooled 
ethyl acetate:methanol (ratio, 1:3) and centrifuged once under 
the same conditions. The supernatant obtained from both 
centrifugation steps was transferred to a fresh glass vial for 
non‑targeted metabolomic analysis. Electrospray ionisation 
(ESI) was used to detect positive and negative ion patterns. The 
samples were separated by ultra‑high‑performance LC and 
analysed using an Agilent 6550 mass spectrometer (Fig. S1; 
Agilent Technologies, Inc.). The ESI source conditions were as 
follows: Gas temperature, 250˚C; dry gas, 16 l/min, atomiser, 
20 psig; intrathecal gas temperature, 400˚C; intrathecal gas 
flow, 12 l/min; Vcap, 3,000 V; nozzle voltage, 0 V; fragment, 
175 V; mass range, 50‑1,200 m/z; acquisition rate, 4 Hz; cycle 
time, 250 msec.

Bioinformatics analysis. DESeq2 (version 1.20.0; 
Bioconductor) (19) was used to analyse DEGs between the 
HKT and PKC groups, and corrected for P‑values (P‑adjust). 

Genes with P‑adjust<0.05, and |log2fold‑change(FC)|≥0 were 
considered to be DEGs. The screened DEGs were subjected 
to Gene Set Enrichment Analysis (GSEA; https://www.
gsea‑msigdb.org/gsea), Gene Ontology (GO; https://www.
geneontology.org/) and Kyoto Encyclopaedia of Genes and 
Genomes (KEGG, https://www.genome.jp/kegg/pathway.
html) enrichment analysis. Metabolites with Very Important 
Pool score (VIP)>1, FC>1.5 or FC>0.667 and P<0.05 were 
considered to be SDMs taxonomically annotated using the 
KEGG, Human Metabolome Database (HMDB; https://hmdb.
ca/metabolites) and LIPID MAPS (https://lipidmaps.org) 
databases.

Data collection of IRGs. IRGs were obtained from the 
Ensembl database (https://www.ensembl.org/). After removing 
duplicate genes, 689 IRGs were identified (Table SI). When 
drawing the Venn diagram of DEGs and inflammation‑related 
genes (IRGs), the intersection of the genes in the Venn diagram 
was defined as the differential IRGs (DE‑IRGs). Pearson's 
correlation coefficients between DE‑IRGs and energy metabo‑
lism‑related genes were calculated using R stats (version 3.6.2; 
https://rdocumentation.org/packages/stats/versions/3.6.2), and 
the results are shown as heat maps.

Statistical methods. Data analysis was performed using SPSS 
(version 18.0; IBM Corp.) and GraphPad Prism (version 8.4.0; 
GraphPad; Dotmatics). Normality and log normality tests in 
GraphPad Prism software are used to detect the normality 
of data. Quantitative data that conformed to a normal 
distribution are expressed as the mean ± standard deviation 
of three experiments. All statistical tests in the text are two 
independent‑sample t‑tests. P<0.05 was considered to indicate 
a statistically significant difference. By using the calculation 
method of linear algebra, the dimensions of tens of thousands 
of gene variables were reduced and the principal components 
were extracted, and the gene expression values (FPKM) of all 
samples were analyzed by PCA. Partial least squares regres‑
sion was used to establish the relationship model between 
the expression of metabolites and sample categories, so as to 
predict the sample categories and establish partial least squares 
discriminant analysis (PLS‑DA) models of each comparison 
group.

Results

Plateau hypoxia induces kidney injury in mice. Physiological 
and biochemical changes indicated that the modelling of 
plateau hypoxia in mice was successful. PaO2 and SaO2 in 
the hypoxic group were significantly decreased by 32.66 and 
14.58% (P<0.0001; Table II), respectively. The mRNA and 
protein expression of HIF‑1α were upregulated in the kidney 
tissues of the HKT group compared with that in the PKC 
group (Fig. 1A‑C), suggesting that a plateau hypoxia mouse 
model was successfully established.

As shown in Table III, compared with that in the PKC 
group, the body weight of mice decreased significantly after 
30 days of plateau hypoxia exposure (HKT group) by 16.28% 
(P<0.0001). Compared with the PKC group, the kidney mass 
and index in the HKT group were significantly decreased by 
30.41% (P<0.0001) and 17.03% (P<0.01), respectively. This 
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indicated that kidney weight was reduced in mice under a 
hypoxic environment in the plateau. In the histological anal‑
ysis, H&E staining showed that the kidney tissues in the PKC 
group had normal glomerular and tubular morphology without 
evident tissue damage. The kidney tissues in the HKT group 
were damaged, including glomerular atrophy and deforma‑
tion, irregular arrangement of kidney tubular epithelial cells, 
swelling of some kidney tubular epithelial cells, erythrocyte 

exudation and partial cell denucleation (Fig. 1D). It is therefore 
suggested that hypoxic environment may induce renal tissue 
damage in mice.

Plateau hypoxia stress alters energy metabolism. The quality 
of the transcriptome sequencing results was evaluated. The 
results showed that the PKC and HKT groups achieved clean 
reads of 41.47 and 40.68 M, respectively. The base error rates 

Table II. Blood gas analysis indexes of two groups of mice.

 Groups
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Blood gas indexes Plain normoxia Plateau hypoxia t

PaO2, mmHg 94.896±2.592 63.902±3.026 17.4a

SaO2, % 95.006±2.079 81.153±0.961 10.93a

Compared with control group, aP<0.0001.

Figure 1. After 30 days of hypoxia treatment, the expression of HIF‑1α in the kidney of mice is downregulated and the kidney tissue of mice is damaged. 
(A) The mRNA expression of HIF‑1α. (B) Western blotting of HIF‑1α protein expression in the two groups. (C) Quantitative analysis of HIF‑1α protein 
expression, with β‑actin as the standard. (D) H&E staining of mouse kidney, with scale bar 500 µm, and the overall morphology of mouse kidney, with scale 
bar, 50 µm; black box circle area; red arrow refers to atrophic and deformed glomeruli; scale bar, 20 µm. The red arrow pointed to the swelling of renal tubular 
epithelial cells and cell enucleation. Data are presented as mean ± standard deviation (n=3). Compared with PKC, *P<0.05 and **P<0.01. PKC, plain normoxia 
group; HKT, plateau hypoxia group.
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of the data obtained from sequencing, Q20 and Q30 values 
were 0.02, 98.14 and >94.47%, respectively, and the range 
of the GC content was 46.97‑48.71% (Table SII). The gene 
expression levels of samples were normalized using FPKM, 
and the distribution of gene expression levels in different 
samples was plotted using box‑shaped and density diagrams. 
The results showed that the average Log2(FPKM+1) values of 
genes in both the HKT and PKC groups were ~2 (Fig. 2A). 
The density indices of genes in the PKC and HKT groups 
were as high as 0.40 and 0.44, respectively (Fig. 2B). PCA 
results showed that the samples were dispersed among the 
groups and concentrated within the group (Fig. 2C). Pearson's 
correlation test showed that the range of inter‑sample correla‑
tion coefficients (r2) within the group was 0.811‑0.977, with 
r2>0.8 (Fig. 2D). These results suggest that the transcriptome 
sequencing biological experiment was repeatable and that the 
sequencing data were reliable and could be used for subse‑
quent differential gene analysis.

P‑adjust<0.05 and |log2FC|>0 were used as the screening 
thresholds for DEGs. Compared with the PKC group, a total 
of 3,007 DEGs, 1,349 upregulated and 1,658 downregulated, 
were identified in the HKT group (Fig. 3A). GSEA was used 
to enrich all the possible pathways under hypoxic exposure, 
among which the most significantly enriched gene set was 
negatively correlated with the hypoxic environment, including 
Parkinson signalling pathway (Fig. 3B), OXPHOS signalling 
pathway (Fig. 3C), thermogenic signalling pathway (Fig. 3D), 
carbon metabolism signalling pathway (Fig. 3E), pyruvate 
metabolism signalling pathway (Fig. 3F) and TCA cycle 
signalling pathway (Fig. 3G). The core genes of these path‑
ways were all significantly downregulated (P<0.05).

To further understand the biological functions and adap‑
tive pathways of DEGs under hypoxic stress at the plateau, 
GO functional annotation and KEGG pathway enrichment 
analyses were performed on the 3,007 enriched DEGs. GO 
functional annotation showed that DEGs were enriched in 
‘biological processes’, such as ‘ribose phosphate metabolic 
process’, ‘purine nucleotide metabolic process’ and ‘energy 
production of precursor metabolites’. In terms of ‘cellular 
components’, the ‘mitochondrial inner membrane’, ‘organelle 
inner membrane’ and ‘mitochondrial protein complex’ were 
the most active. Regarding ‘molecular functions’, ‘structural 
constituent of ribosome’ and ‘coenzyme binding’ were 
significantly enriched (Fig. 4A). KEGG pathway enrichment 
analysis showed that DEGs were significantly enriched in 
322 signalling pathways. According to P‑adjust, the 20 most 

significant KEGG pathways were selected to draw the KEGG 
pathway enrichment map, including those related to energy 
metabolism, such as ‘OXPHOS’, the ‘TCA cycle’, ‘peroxi‑
some’, ‘thermogenesis’ and ‘carbon metabolism’ signalling 
pathways (Fig. 4B). These results suggest that hypoxic stress at 
the plateau influences energy metabolism.

TCA cycle and OXPHOS pathways in mouse kidney tissues 
are inhibited by plateau hypoxia stress. The present study 
focused on the TCA cycle and OXPHOS signalling pathways 
under hypoxic conditions. IDH3A, SUCLA2 and MDH2 are 
three key enzymes in the TCA cycle for ATP generation, 
and their downregulation leads to reduced ATP produc‑
tion (20,21). The mRNA expression of genes was examined 
using RT‑qPCR, and the results showed that IDH3A (P<0.05), 
SUCLA2 (P<0.01) and MDH2 (P<0.01) were downregulated 
in the HKT group compared with the PKC group (Figs. 5A 
and S1A). Accordingly, the protein expression of IDH3A, 
SUCLA2 and MDH2 was significantly downregulated in the 
HKT group compared with that in the PKC group (P<0.05; 
Fig. 5B and C).

The results of the transcriptome sequencing showed that 
there were 53 molecular subunits differentially expressed 
in the mitochondrial electron transport chain (ETC), 
and the range of log2FC of these differential molecular 
subunits was‑0.25‑3.89 (Table SIII). In the present study, 
UQCRC1, CYC1, UQCRFS1, NDUFS7 and NDUFA3 genes 
in the OXPHOS pathway were selected for validation using 
RT‑qPCR and western blotting. RT‑qPCR results showed 
that hypoxic exposure significantly reduced the mRNA 
expression of UQCRC1 (P<0.05), CYC1 (P<0.01), UQCRFS1 
(P<0.001), NDUFS7 (P<0.01) and NDUFA3 (P<0.001) 
(Figs. 5D and S1B). Similarly, the protein levels of UQCRC1, 
CYC1 (P<0.01), UQCRFS1 (P<0.01), NDUFS7 and NDUFA3 
(P<0.05) were downregulated in the HKT group, whereas 
there was no significant downregulation of UQCRC1 and 
NDUFS7 between the two mouse groups (Fig. 5E and F). 
These results suggest that hypoxia exposure inhibits the TCA 
cycle and the OXPHOS signalling pathways (22,23) in mouse 
kidney tissues (Fig. S2).

Plateau hypoxia stress inhibits energy metabolism. Energy 
metabolism is the process by which an organism produces ATP 
via the TCA cycle and OXPHOS (15,16,24). To further inves‑
tigate whether plateau hypoxia can inhibit energy metabolism 
in the organism, metabolomic analysis of kidney tissues was 

Table III. Kidney indexes of two groups of mice.

 Groups
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics Plain normoxia Plateau hypoxia t

Body mass, g 22.267±0.619 18.643±0.641 9.097b

Bilateral renal mass, g 0.336±0.016 0.234±0.022 8.504b

Renal index, % 1.50±0.085 1.27±0.089 4.704a

aP<0.01 and bP<0.0001.
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performed to assess changes in differential metabolites associ‑
ated with energy metabolism induced by hypoxic exposure. 
Metabolomics PLS‑DA score scatter plots (Fig. 6A and B) 
showed that samples from the HKT and PKC groups were 
significantly separated in both positive and negative ion modes, 
with R2Y > Q2Y in both positive and negative ion modes; in 
the PLS‑DA ranking validation plots (Fig. 6C and D), R2 data 
in positive and negative ionization mode were higher than 
Q2 data, while the intercept of Q2 regression line and Y‑axis 
were <0. These results indicate that the PLS‑DA model has 
good stability and that there is no overfitting. Hierarchical 
clustering analysis of the obtained differential metabolites in 
each group revealed that the metabolic expression patterns in 
the same comparison group were consistent and the metabolic 
expression patterns were significantly separated between the 
two groups (Fig. S3).

When the differential metabolites detected in the positive 
and negative ion models were combined, 365 SDMs (P<0.05) 
were detected between the HKT and PKC groups (VIP>1; 
P<0.05; Fig. 7A), of which 190 and 175 were significantly 
upregulated and downregulated, respectively. In addition, 
KEGG results revealed that SDMs were mainly enriched in 
metabolic processes, such as ‘energy metabolism’, ‘nucleo‑
tide metabolism’, ‘amino acid metabolism’, ‘metabolism of 
cofactors and vitamins’, ‘lipid metabolism’ and ‘carbohydrate 
metabolism’ (Fig. 7B). SDMs were primarily annotated in 
the HMDB database with ‘organic acids and derivatives’, and 
‘lipids and lipid‑like molecules’ (Fig. S4). The results anno‑
tated by Lipid MAPS show that SDMs are mainly enriched in 
‘fatty acids and conjugates’, ‘eicosanoids’, ‘fatty esters’ of fatty 
acyls, glycosides in glycerophospholipids and ‘flavonoids’ of 
polyketides (Fig. S5).

Figure 2. Quality assessment of transcriptome sequencing. (A) Boxplot shows the distribution of gene expression in each sample. (B) Density distribution 
plot shows the distribution of FPKM within different samples. (C) PC analysis shows the aggregation and separation of samples within and between groups. 
(D) Pearson's correlation coefficient shows the correlation between different samples, and the horizontal and vertical coordinates in the figure are the squares 
of the correlation coefficients of each sample. PKC, plain normoxia group; HKT, plateau hypoxia group; PC, principal component; FPKM, Fragments Per 
Kilobase of transcript per Million mapped reads.
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The metabolomic results showed that most amino 
acids in the kidney tissues of mice in the HKT group were 
significantly downregulated compared with those in the PKC 
group, with L‑hydroxylysine and L‑cysteine significantly 
decreased by 86.48% (P<0.001) and 76.21% (P<0.05), respec‑
tively (Fig. 8A). In addition, Asp‑Phe, N‑acetyl‑L‑leucine, 
S‑adenosyl‑L‑methionine, N‑acetyl valine, N‑acetyl glycine 
and 5‑oxoproline levels decreased by >41.44% compared 
with those in the PKC group (Table SIV). Among these 
significantly decreased amino acids, some participate in the 
central carbon metabolism of the organism and thus in the 

TCA cycle (Fig. 8D). Further analysis of the metabolomic 
data revealed that cis‑aconitic acid and α‑ketoglutarate, 
which are involved in the TCA cycle, were significantly 
reduced by 67.98% (P<0.001) and 78.11% (P<0.05), respec‑
tively, under high‑altitude hypoxia exposure (Fig. 8B). The 
pentose phosphate pathway is a mode of glucose oxidative 
decomposition that provides multiple raw materials for 
the synthesis and metabolism of purines and pyrimidines 
(Fig. 8D). NADPH is mainly generated via the pentose phos‑
phate pathway. Although NADPH cannot directly enter the 
respiratory linkage to be oxidised, the H+ in NADPH can be 

Figure 3. A total of 3,007 DEGs are enriched under hypoxia exposure. (A) Volcano map of DEGs, 1,349 and 1,658 genes were upregulated and downregulated, 
respectively. (B‑G) Gene set enrichment analysis of the transcriptome. DEGs, differentially expressed genes.

Figure 4. DEGs mainly enriche the pathway of energy metabolism after treatment for 30 days in a hypoxic environment. (A) GO enrichment analysis of DEGs. 
(B) KEGG enrichment analysis map of DEGs. GO, gene ontology; DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; 
TCA, tricarboxylic acid.
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transferred to NAD+ and converted to NADH to enter the 
electron transport chain to participate in ATP production. 
In the current study, NADPH and NADH levels in the HKT 
group were significantly decreased by 63.92 and 74.87% 
(P<0.01 for both), respectively compared with those in the 
PKC group (Fig. 8C). These results indicated that hypoxia 
exposure inhibits the central hubs of the three major energy 
metabolism pathways and suppresses the synthesis of amino 
acids and the upstream products of the mitochondrial elec‑
tron transport chain.

After 30 days of hypoxic exposure, the metabolism of 
purine and pyrimidine in the kidney tissues of the mice changed 
(Fig. 9A). In purine metabolism, the concentrations of GDP, 
GMP, guanine, ADP, adenine, deoxyadenosine and xanthosine 
monophosphate (XMP) were downregulated in the kidney 
tissues of mice in the HKT group compared with those in the 
PKC group, with a significant decrease of >41.86% (P<0.05) 
in adenine, deoxyadenosine and XMP (Fig. 9B; Table SV). In 
terms of pyrimidine metabolism, the concentrations of dCDP, 
thymidine, thymine, UDP, UMP, CTP and CDP were downreg‑
ulated in the kidney tissues of mice in the HKT group, among 
which the concentrations of thymidine, thymine, and UDP 
were significantly downregulated by 44.59% (P<0.01), 44.03% 
(P<0.05) and 69.31% (P<0.01), respectively (Fig. 9B; Table SV). 
These results suggest that exposure to hypoxia disrupts nucleo‑
tide synthesis. To assess the consistency of metabolite and 
metabolite trends, Pearson's correlation coefficient of metabo‑
lites involved in amino and nucleotide synthesis revealed that 
the correlations were all positive (Fig. S6). The aforementioned 
results further show that the energy metabolism of mouse 
kidney tissue is inhibited in a hypoxic environment.

Hypoxia exposure induces inf lammatory reactions in 
histiocytes. Impaired energy metabolism leads to decreased 
production of adenosine triphosphate and increased 

production of free radicals, exacerbating the inflammatory 
response (25). To further explore the mechanism of inflamma‑
tory reactions induced by hypoxia exposure in mouse kidney 
tissues, a cross‑analysis was conducted between DEGs and 
IRGs, indicating that 113 genes were DE‑IRGs (Fig. 10A). A 
total of eight DEGs in the TCA cycle and the OXPHOS signal‑
ling pathways were defined as energy metabolism‑related 
differential genes (ER‑DEGs). Results showed that the corre‑
lation between DE‑IRGs and ER‑DEGs was either positive 
or negative, and there were more negatively than positively 
correlated genes (Fig. 10B). The mRNA and protein expres‑
sion levels of the DEGs IL1B, IL12B, S100A8 and S100A9 
were subsequently verified by RT‑qPCR and western blotting. 
The results showed that the mRNA and protein expression 
of IL1B, IL12B and S100A9 were significantly upregulated 
(P<0.05). The mRNA expression of S100A8 was significantly 
upregulated (P<0.0001); however, its protein expression was 
not significantly different (Fig. 10D‑F). Pearson's correlation 
coefficients of inflammatory factors IL1B, IL12B, S100A8 
and S100A9 with ER‑DEGs revealed negative correlations 
(Fig. 10C), indicating that downregulated expression of 
ER‑DEGs promoted the expression of the inflammatory 
factors IL1B, IL12B, S100A8 and S100A9, and induced an 
inflammatory response. These results further suggest that 
energy metabolism inhibition influences inflammation in the 
kidney tissues of mice.

Discussion

In the current study, C57BL/6 mice were maintained at an alti‑
tude of 4,200 m in Maduo, China to construct a plateau hypoxia 
animal model. Transcriptomic sequencing and non‑targeted 
metabolomics were used to detect and analyse DEGs and 
SDMs in the kidneys of PKC and HKT mice. The mechanism 
by which hypoxia inhibits energy metabolism and leads to 

Figure 5. After 30 days of hypoxia treatment, the expression levels of key genes and their encoded proteins in the TCA cycle and OXPHOS pathways are 
downregulated. (A) mRNA expression, (B) protein expression and (C) protein quantification of IDH3A, SUCLA2 and MDH2 genes in the TCA cycle pathway, 
with β‑actin as the standard. (D) mRNA expression, (E) protein expression and (F) protein quantification of UQCRC1, CYC1, UQCRFS1, NDUFS7 and 
NDUFA3 genes in the OXPHOS pathway, with β‑actin as the standard. Compared with the PKC group, *P<0.05, **P<0.01 and ***P<0.001 (n=3). PKC, plain 
normoxia group; HKT, plateau hypoxia group; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic acid.
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kidney inflammation in mice was investigated. Under normoxic 
conditions, HIF‑1α is degraded by prolyl hydroxylase, which 
uses oxygen as a substrate. Therefore, hypoxia inhibits HIF‑1α 
prolyl hydroxylation and upregulates the expression of HIF‑1α, 
which regulates adaptation to hypoxic environments (26). In 
the current study, the mRNA and protein expression levels 
of HIF‑1α in the HKT group were significantly upregulated 
compared with those in the PKC group, indicating that the 
hypoxic animal model was successfully established. Changes 
in body mass and organ index are important health indicators. 
Therefore, the kidney and body mass of mice were further 
measured, and it was found that they were both significantly 
decreased, and the kidney index was also decreased. H&E 
staining results showed that the HKT group displayed obvious 
kidney damage, including glomerular atrophy and deforma‑
tion, irregular arrangement of tubular epithelial cells, swelling 
of some tubular epithelial cells, exudation of erythrocytes and 
denucleation of some cells compared with the PKC group. 
These results suggest that exposure to hypoxia leads to signifi‑
cant changes in the kidney tissues of mice.

To clarify the key pathways and genes that induce alterations 
in the kidney under hypoxic stimulation, DEGs were enriched 
for KEGG pathways and KEGG results of mouse kidney 
tissue transcriptomic analysis showed that metabolism‑related 
pathways, such as ‘OXPHOS’, ‘TCA cycle’, ‘peroxisome’, 
‘thermogenesis’ and ‘carbon’ metabolism signalling path‑
ways, were significantly enriched. Energy metabolism is the 
process of generating ATP through OXPHOS and the TCA 
cycle. Therefore, the mechanism of hypoxic exposure on the 
TCA cycle and OXPHOS signalling pathways was further 
investigated. A previous study showed that IDH3 is an 
NAD+‑dependent heterotetrameric enzyme that irreversibly 
catalyses the conversion of isocitrate (ICT) to α‑ketoglutarate 
(AKG) (27). The conversion of ICT to AKG is necessary for the 
TCA cycle and the production of NADH during OXPHOS for 
ATP generation (28). Succinyl coenzyme A synthase (SCS) is 
a TCA cycle enzyme responsible for the conversion of succinyl 
coenzyme A to succinic acid in the mitochondrial matrix and is 
coupled with phosphorylation of GDP or ADP, thus providing 
the only ‘substrate level’ phosphorylation in the TCA cycle (29). 

Figure 6. Renal metabolomics data of C57BL/6 mice exposed to hypoxia compared with the PKC group are reliable. (A and B) Scatter plots of metabolomics 
PLS‑DA scores and (C and D) the validation plots of PLS‑DA ordering for the control group and the hypoxic treatment group were used to evaluate the stability 
of the model. (A) and (C) from positive ionization mode. (B) and (D) from self‑ionization mode. Cor, correlation; PKC, plain normoxia group; HKT, plateau 
hypoxia group; PLS‑DA, partial least squares discriminant analysis.
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SUCLA2 encodes an ADP‑specific β‑subunit subtype of 
SCS (30) and its downregulation inhibits mitochondrial 

respiratory activity (31). Malate dehydrogenase 2 (MDH2) 
catalyses the reversible reduction of oxaloacetate to l‑malate 

Figure 7. A total of 365 SDMs were detected between the HKT and PKC groups, and SDMs are mainly enriched in energy metabolism pathway. (A) Volcanic 
diagram showing the expression of SDMs in mouse kidney tissue under hypoxic exposure. The gray dotted line in the diagram represented the threshold line 
of SDMs screening criteria, and the red, green and black circles respectively represented the metabolites significantly upregulated, significantly downregulated 
and without difference. (B) KEGG enrichment profile for SDMs. SDMs, significantly different metabolites; KEGG, Kyoto Encyclopaedia of Genes and 
Genomes; PKC, plain normoxia group; HKT, plateau hypoxia group.
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Figure 9. After 30 days of hypoxic exposure, compared with the PKC group, the nucleotide metabolism in the kidney tissue of the HKT group is disordered. 
(A) The most relevant metabolites that are disrupted by hypoxic exposure in purine and pyrimidine metabolism, in which hypoxia exposure inhibits nucleotide 
synthesis. (B) Downregulation of concentration of adenine, deoxyadenosine, XMP, thymidine, thymine and UDP in the kidney of mice in the hypoxia treat‑
ment group. Data are expressed as mean ± standard deviation (n=3). Compared with the PKC group, *P<0.05, **P<0.01 and ***P<0.001. PKC, plain normoxia 
group; HKT, plateau hypoxia group.

Figure 8. After 30 days of hypoxic exposure, compared with the PKC group, the energy metabolism and amino acid synthesis in the kidney tissue of the 
HKT group is disordered. (A) Downregulation of concentration of L‑hydroxylysine and L‑cysteine in HKT group. (B) Downregulation of concentration of 
cis‑aconitic acid and α‑ketoglutaric acid in the HKT groups. (C) Downregulation of concentration of NADH and NADPH in the hypoxia treatment group. 
(D) The most relevant metabolites the are disrupted by hypoxic exposure in central carbon metabolism and amino acid synthesis, in which hypoxia exposure 
inhibits amino acid synthesis and central carbon metabolism. Data are expressed as mean ± standard deviation (n=3). Compared with the PKC group, *P<0.05, 
**P<0.01 and ***P<0.001. PKC, plain normoxia group; HKT, plateau hypoxia group.
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depending on NAD+ (32). MDH2 deficiency limits the flux of 
pyruvate to complex I of the mitochondrial electron transport 
chain, thereby reducing complex I‑dependent respiration (33). 

By contrast, MDH2 deficiency interrupts the TCA cycle 
and mitochondrial NADH levels, resulting in an inadequate 
energy supply (34). In the present study, hypoxic exposure 

Figure 10. Correlation analysis of ER‑DEGs and inflammatory factors and expression of inflammatory factors. (A) Venn diagram of DE‑IRGs and a total of 
113 DE‑IRGs were identified; (B) Correlation analysis between ER‑DEGs and DE‑IRGs, there is a positive or negative correlation between ER‑DEGs and 
DE‑IRGs; (C) The correlation analysis between ER‑DEGs and inflammatory factors IL1B, IL12B, S100A8 and S100A9 was negatively correlated. (D) mRNA 
expression, (E) protein expression and (F) protein quantification of inflammatory factors IL1B, IL12B, S100A8 and S100A9 genes were upregulated, with 
β‑actin as the standard. Data were expressed as mean ± standard deviation (n=3). Compared with the PKC group, **P<0.01, ***P<0.001 and ****P<0.0001. PKC, 
plain normoxia group; HKT, plateau hypoxia group; DE‑IRGs, differential inflammation‑related genes; ER‑DEGs, energy metabolism‑related differential 
genes.
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significantly reduced the mRNA and protein expression of 
IDH3A, SUCLA2 and MDH2 in the TCA cycle. It is suggested 
that the hypoxic plateau environment inhibits the TCA cycle 
and suppresses ATP production in the mouse kidney.

The OXPHOS system of the mitochondrial inner membrane 
consists of five enzymes [complexes I‑V (cI‑V)] (35,36), and the 
RNA‑seq results showed that several molecular subunits in cI and 
cIII in the mitochondrial ETC were significantly downregulated 
under hypoxic exposure, suggesting that hypoxic stress may lead 
to changes in mitochondrial function. Mitochondrial respira‑
tory chain complex I (cI, NADH‑ubiquinone reductase/NADH 
dehydrogenase) is the main entrance of the mitochondrial respi‑
ratory chain, which accepts the electron transfer of NADH to 
ubiquinone and couples with the proton pump, thus providing 
proton power to ATP synthase for the production of ATP (36,37). 
cI is the largest ETC enzyme and consists of 45 subunits (38). 
NDUFA3 is required for the assembly and/or stabilisation of the 
cI matrix arm in human mitochondria, and NDUFA3 is neces‑
sary for the formation of functional cI (39). NDUFS7 is one of 
the subunits of iron‑sulphur proteins in cI, which is involved 
in the transfer of electrons in the respiratory chain and is the 
catalytic centre of electron flow in cI (40). NDUFS7 subunits 
are essential for maintaining cI activity, and their degradation 
leads to a decrease in cI activity (41). The data of the current 
study showed that NDUFA3 and NDUFS7 are downregulated 
in mouse kidney tissues exposed to hypoxic conditions, indi‑
cating that exposure of the organism to chronic hypoxia leads 
to decreased stability and activity of cI, which inhibits the func‑
tion of the mitochondrial ETC and energy production.

In the current study, it was found that hypoxia exposure 
downregulated the mRNA and protein expression of UQCRC1, 
CYC1 and UQCRFS1 subunits in cIII. The assembly of 10 
subunits encoded by nuclear DNA and one subunit encoded by 
mitochondrial DNA generates functional cIII, which transfers 
electrons from ubiquinol to cytochrome c (42). UQCRFS1 
is a protein containing the Fe/S cluster, which is the last 
component inserted into cIII. The insertion of UQCRFS1 is 
essential for the stable formation of cIII (43), while its muta‑
tion is a causative factor of cIII deficiency (44). UQCRC1 is a 
key component of cIII in the mitochondrial respiratory chain. 
UQCRFS1 is notably upregulated in UQCRC1‑overexpressing 
cells. UQCRC1 overexpression leads to increased mitochon‑
drial OXPHOS and ATP production (45). Downregulation 
of UQCRC1 promotes mitochondrial membrane potential 
collapse by increasing ROS production, thereby impairing 
mitochondrial function and affecting energy metabolism (46). 
Dysfunction of UQCRC1 and UQCRFS1 is associated with 
reduced cIII and brain mitochondrial content (47). In addi‑
tion, CYC1 is one of the component subunits of mitochondrial 
cIII. Downregulation of CYC1 decreases mitochondrial cIII 
activity and increases the ratio of AMP to ATP (48). Based on 
these findings, it is suggested that hypoxia exposure disrupts 
mitochondrial function and inhibits energy metabolism.

To further confirm that hypoxic exposure inhibits energy 
metabolism, we performed a non‑targeted metabolomic 
analysis of the kidney. A total of 365 SDMs were identified by 
non‑targeted metabolomics in positive and negative ion modes. 
KEGG results showed that SDMs were mainly enriched in 
metabolic processes, such as ‘energy metabolism’, ‘nucleotide 
metabolism’, ‘amino acid metabolism’, ‘cofactor and vitamin 

metabolism’, ‘lipid metabolism’ and ‘carbohydrate metabo‑
lism’. This indicates that plateau hypoxic stress alters energy 
metabolism. Cis‑aconitate and α‑ketoglutarate are key inter‑
mediate metabolites of the TCA cycle. In the present study, 
hypoxic exposure reduced the concentrations of cis‑aconitic 
acid and α‑ketoglutarate, confirming that hypoxic stress 
inhibits the TCA cycle. Inhibition of the TCA cycle inevitably 
reduces the efficiency of electron transfer to ubiquinone, 
thereby inhibiting the energy metabolism of OXPHOS. NADH 
and NADPH are involved in numerous biological reactions as 
electron carriers (49). NADH is mainly involved in energy 
metabolism through glycolysis and OXPHOS for ATP produc‑
tion, whereas NADPH is used to maintain redox homeostasis 
and nucleotide biosynthesis (50,51). The results of the present 
study showed that the concentrations of NADH and NADPH 
in the HKT group were significantly lower than those in the 
PKC group, indicating that hypoxic exposure inhibited the 
electron transfer process of OXPHOS and suppressed energy 
metabolism. Due to this inhibition of energy metabolism, the 
synthesis of amino acids, nucleotides, and other nutrients is 
bound to decrease, which may inhibit various biological reac‑
tions and ultimately affect cell growth (52). In the current 
study, the concentrations of most amino acids, pyrimidines 
and purines in the kidney tissues of mice were significantly 
downregulated under hypoxic exposure.

Inhibition of energy metabolism can lead to inflamma‑
tion. cI and III are generally considered the main sites of 
ROS production (53). Impaired mitochondrial respiratory 
chain complexes may lead to reduced ATP synthesis and 
increased ROS production (54), which increases the inflam‑
matory response (55). Therefore, to further investigate the 
mechanism of the inflammatory response caused by the 
inhibition of energy metabolism, 113 DE‑IRGs were identi‑
fied by analysing the inflammatory response database. It was 
found that the correlation between DE‑IRGs and ER‑DEGs 
was either positive or negative, and the number of negatively 
correlated genes was greater than that of positively correlated 
genes. These results suggest that ER‑DEG may play a role in 
the development of renal inflammatory response stimulated 
by hypoxia. A previous study showed that IDH1 and IDH2 
mRNA expression is notably reduced in the skin surrounding 
hidradenitis suppurativa lesions (56). Deletion of SUCLA2 
leads to TCA circulatory failure, mitochondrial DNA deple‑
tion and fatal childhood encephalomyopathy (57). In addition, 
MDH2 silencing promotes ovarian cancer cell proliferation 
in vitro and in vivo (58). Microglia U90926 directly binds to 
MDH2 and competitively reduces MDH2‑mediated CXCL2 
mRNA degradation, thereby promoting neutrophil infiltra‑
tion (59). NDUFA3 and NDUFS7 may play important roles 
in regulating oxidative stress, apoptosis, and inflammatory 
responses during cerebral ischaemia‑reperfusion (60). Based 
on the aforementioned results, the mRNA and protein expres‑
sion of the inflammatory factors IL1B, IL12B, S100A8 and 
S100A9 was verified. The results showed that IL1B, IL12B, 
S100A8 and S100A9 were upregulated. It has been suggested 
that inhibition of energy metabolism induces inflammation.

The present study provides convincing evidence that 
hypoxia exposure inhibits energy metabolism by suppressing 
the TCA cycle and OXPHOS pathway, leading to amino 
acid and nucleotide deficiencies, and further inducing 
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inflammation. The current study has several advantages, 
despite only reporting preliminary data. In animal experi‑
ments, mice were placed in a highland area at an altitude 
of 4,200 m to establish animal models to simulate human 
exposure in the real world. In addition, the present study 
applied multi‑omics techniques to comprehensively evaluate 
biological changes in the mouse kidney under hypoxic expo‑
sure. Transcriptomic results showed that hypoxic exposure 
inhibited the TCA cycle and OXPHOS pathway in the kidney. 
Non‑targeted metabolomics confirmed that hypoxic exposure 
inhibited energy metabolism, resulting in a lack of amino acids 
and nucleotides. By associating DEGs with the inflammatory 
response database, it was found that hypoxic exposure could 
induce inflammation. At present, for the treatment of chronic 
hypoxia, HIF oxygen‑dependent prolyl hydroxylase inhibitor, 
sodium‑glucose cotransporter 2 inhibitor, antioxidant drugs 
melatonin and hydrogen sulphide are mainly used to improve 
hypoxia‑induced renal inflammation (61). However, the 
present study has some limitations. It is difficult to establish 
a high altitude hypoxia model, and the sample size is small, 
hence periodic acid‑Schiff, periodic acid‑silver metheramine 
and immunohistochemical staining were not used in the 
early experimental design of the present study to measure the 
glomerular injury score and the number of tubular necrosis. 
In addition, there is no direct evaluation of the relationship 
between metabolites involved in amino acid and nucleotide 
synthesis and inflammatory reaction. Moreover, the conclu‑
sions would be more convincing if the genes related to energy 
metabolism, which are altered under hypoxic conditions, were 
induced to be expressed at high levels or knocked out. The 
current study provides new insights into hypoxia‑mediated 
kidney injury, which will guide future studies about the 
specific mechanism through which hypoxia inhibits energy 
metabolism and induces inflammation.
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