
Review

Metabonomics window
into plateau hypoxia

Yue Chang1,2, Wen Zhang1,2, Kai Chen1,2,
Zhenguo Wang1, Shihai Xia1,2 and Hai Li2,3

Abstract

Oxygen deficiency in the plateau environment weakens aerobic metabolism and reduces the energy

supply, leading to high-altitude diseases including decreased circulatory function, decreased nutrient

and energy supply to tissues and organs, and decreased waste discharge. The involvement of many

metabolic pathways is reflected in dramatic changes in levels of endogenous small molecule metab-

olites. Metabolomics represents a promising technique for mechanistic studies and drug screening,

and metabonomics, or quantitative metabolomics, has been increasingly applied to the study of

hypoxic diseases and their pathogenesis, as well as to pharmacodynamics at high altitudes. In this

article, we review the recent literature on the pathogenesis of altitude hypoxia and the clinical and

preclinical metabonomics of drug interventions. Endogenous metabolites and metabolic pathways

change significantly under high-altitude hypoxia. Some drug interventions have also been shown to

regulate pathway metabolism, and the problems of applying metabonomics to hypoxic diseases at

high altitude and the prospects for its future application are summarized.
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Introduction

The plateau environment is an ecological
environment characterized by low oxygen,
low pressure, and high radiation.1 When

humans enter the plateau environment
from the plains, their tissues and organs
are subject to physiological hypoxia. High

altitude forces the body to reduce the arte-
rial oxygen partial pressure and oxygen
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saturation, eventually leading to tissue hyp-

oxia.2 In turn, hypoxia, including acute

high-altitude hypoxia or mild altitude

reactions, affects the metabolism of sub-

stances in the body and hinders normal

body functions, potentially resulting in

high-altitude pulmonary edema (HAPE)3

and high-altitude cerebral edema

(HACE),4 while chronic high-altitude hyp-

oxia can cause polycythemia and cardiovas-

cular disease.5

Approximately 140 million people

worldwide, accounting for 2% of the

world’s total population, live in high-

altitude regions.6 Furthermore, the tourism

industry, the development of transporta-

tion, and the increased military demands

of countries mean that the number of

people living in the plateau environment

has increased. Preventing high-altitude hyp-

oxia and reducing resulting damage to the

body has thus become a focus of attention.7

Metabonomics was first put forward in

the middle and late 1990s and focuses on

the changes in metabolites in biological sys-

tems.8,9 Metabonomics has recently been

widely used to identify biomarkers of hyp-

oxia, and in toxicology and pharmacology,

as well as other fields.10,11 Notable studies

demonstrated that high-altitude hypoxia

could lead to a lack of reactive oxygen spe-

cies and oxidative stress, with changes in

the corresponding metabolites.12,13 The

rise of drug metabonomics can also provide

important information on the mechanisms

of action of clinical drugs. In this paper, we

review progress in metabonomics research

into the mechanisms of hypoxia and of

anti-hypoxia drugs at high altitude. By

reviewing the changes in metabolites

and the pathophysiological mechanisms

involved in acclimatization to plateau hyp-

oxia, as well as new drug developments in

relation to plateau adaptation, this review

will open a metabonomics window for

future studies of plateau hypoxia.

Mechanism of hypoxia at high

altitude based on metabonomics

Changes in metabolites in the body vary
under different anoxic environments, and
this review focuses mainly on the metabo-
nomics of acute and chronic high-
altitude hypoxia.

Metabonomics studies of acute
plateau hypoxia

Metabonomic information on acute alti-
tude sickness is currently based mainly on
clinical samples. However, metabonomics
analysis of changes in related endogenous
metabolites can further reveal the mecha-
nisms responsible for the occurrence and
development of acute high-altitude hypoxia
and provide a basis for its clinical diagnosis.

Hypoxia at high altitudes has a dramatic
and comprehensive effect on metabolites,
with significant changes in a variety of
metabolites and key enzymes. Liao et al.14

found that metabolic pathways related to
the inflammatory response, fatty acid trans-
portation, bile acid metabolism, and heme
metabolism changed at high altitude.
O’Brien et al15 examined the first metabo-
lomic response to progressive exposure to
environmental hypoxia in healthy partici-
pants by metabolomic profiling of plasma
from 198 healthy individuals before and
during an ascent to Everest Base Camp
(5,300m) in 2019. They showed that the
rate of glycolysis and fat-store mobilization
increased, while isoleucine and glucose
decreased, and lactic acid and circulating
levels of free fatty acids (palmitic acid, lin-
oleic acid, and oleic acid) increased.15 Zhu
et al.16 found that plasma levels of hypo-
xanthine, cysteinyl glycine, D-arabinol,
L-threonine, 2-ketobutyric acid, and succin-
ic semialdehyde were significantly increased
in patients with acute high-altitude hypox-
ia. These studies also confirmed the view of
Serkova et al.,17 who showed that the
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physiological processes of acute and long-
term hypobaric hypoxia exposure at high
altitude included cardiac, pulmonary, and
hematological changes, and that adaptation
to hypoxia was often reflected in pathway
regulation of related metabolites. Tissot van
Patot et al.18 found that hypoxia induced
factor-1 (HIF-1) DNA binding and
HIF-1 a protein in leukocytes were signifi-
cantly changed by hypoxia. HIF-1 has been
suggested to increase the glycolysis energy
supply by increasing the expression of pyru-
vate dehydrogenase kinase and other
enzymes under hypoxia.19,20 In addition,
hypoxia also led to a decrease in the level
of circulating total glutathione and increases
in the levels of lactic acid and succinic acid.18

They also found that urinary 15-F(2t)-iso-
prostanes were associated with markers of
anoxic stress, thus revealing the mechanism
of hypoxia at the cellular level.

Interpreting the changes that occur
during plateau hypoxia is complicated and
the changes are thus still not fully under-
stood. However, there are several possible
explanations, including inhibition of mito-
chondrial function by the hypoxic environ-
ment, resulting in increased anoxic
glycolysis and inhibition of the mitochon-
drial tricarboxylic acid (TCA) cycle.21 The
increases in lactic acid22 and 12,13-
DiHOME support this view.23

Lou et al.24 studied systemic changes in
the human body induced by acute hypoxia
reflected in the urine. Expression levels of
purine and adenosine metabolites were sig-
nificantly increased after exposure to hyp-
oxia, while energy and lipid metabolism
were also affected. In addition, Luo
et al.25 found that plasma levels of amino
acids were significantly increased in patients
with HAPE, while b-glucose, trimethyl-
amine, and lipid metabolites were
decreased. Liu et al.26 showed that adeno-
sine monophosphate-activated protein
kinase was highly expressed in erythrocytes
after acute high-altitude hypoxia, and

adenosine concentration and soluble CD73
activity were also increased sharply. They
also used metabonomics to reveal the adap-
tation mechanism of the body under an
anoxic environment.26

The combination of target and nontarget
metabonomics is commonly used to study
the effects of acute high-altitude hypoxia.
Li et al.27 used both target and nontarget
metabonomics to screen 14 differential
metabolites in patients with HAPE, and
identified C8-ceramide, sphingosine, and
glutamine as candidate biomarkers for the
diagnosis of HAPE. Using target metabo-
nomics, Pichler et al.28 found that tetrahy-
drobiopterin and methionine sulfoxide
levels increased significantly in patients
with acute high-altitude hypoxia. These
results imply that metabolic methods can
be used to recognize small changes in
other metabolites, and that these newly
revealed metabolites have the potential to
act as biomarkers of specific diseases and
to provide a basis for their clinical diagno-
sis. The main metabolite spectra and meta-
bolic pathways involved in metabonomics
studies of clinical acute high-altitude hyp-
oxia are summarized in Table 1. The
metabonomics biomarkers identified
encompassed a series of pathways related
to energy metabolism (TCA cycle, glycoly-
sis, amino acid metabolism, and fatty acid
metabolism), inflammatory response-
related metabolism (linoleic acid metabo-
lism, arachidonic acid metabolism,
phospholipid metabolism, and purine
metabolism), heme metabolism, bile acid
metabolism, and others, and may support
the exploration of the currently unknown
mechanism responsible for the changes
and adaptations to high-altitude hypoxia.

Metabonomics studies of chronic
plateau hypoxia

Long-term exposure to high altitude envi-
ronments is likely to result in high-altitude
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polycythemia (HAPC),29 hypertension, gas-
tric mucosal lesions,30 and other chronic
altitude diseases, with in vivo changes in
metabolites and related metabol-
ic pathways.31

The effects of high-altitude exposure on
energy metabolism are generally believed to
be related to ATP consumption and phos-
phate accumulation. Under hypoxic condi-
tions, the body can increase the muscle
energy supply by changing the potential
metabolic pathway. D’Alessandro et al.32

found that the results of a metabonomics
study of erythrocytes after exposure of
healthy volunteers to hypoxia at high alti-
tude for different periods of time were con-
sistent with the results of basic studies in
vitro,33 in that hypoxia promoted glycolysis
and the pentose phosphate pathway and
catabolism of purine and nitric oxide. In
addition, D’Alessandro et al.32 also
proved for the first time that purine,
triose, pentose phosphate, and sphingosine
1-phosphate in red blood cells could be used

Table 1. Primary metabolic markers and pathways involved in clinical acute plateau hypoxia.

Sample

Metabolic markers (changed compared with

normal controls) Metabolic pathways

Human plasma Pentyl carnitine, octanoyl carnitine, decenyl

carnitine, oleoyl carnitine, octadecenyl carnitine,

linoleamide, palmitic amide (increased)

Fatty acid

metabolism25,27

Glutamic acid, methionine, glyceric acid, pyrogluta-

mic acid, phenylpyruvic acid, phenylalanine,

valine, leucine, cysteinylglycine, citrate, tyrosine,

L-histidine, 1-methylhistidine, histamine, betaine,

lysine, isoleucine, glycine, glutamine (increased);

L-glutamine, L-glutamic acid, succinic acid, crea-

tine, taurine, 3-indoleacetic acid, 2-oxobutyric

acid (decreased)

Amino acid

metabolism15,16,25,28

LysoPC (16:0), LysoPC (22:4), LysoPC (P18:0),

LysoPC (38:5), LysoPC (20:2), LysoPC (38:5)

(elevated); LysoPC (18:2), LysoPC (20:3), LysoPC

(22:5) (decreased)

Phospholipid

metabolism15,25,27

Sphingosine, sphingomyelin 1-phosphate, sphingo-

myelin (d18:1/16:0), palmitoylcarnitine, C8-cer-

amide (elevated)

Sphingolipid

metabolism15,25,27

Bilirubin (elevated) Heme metabolism25

Chenodeoxycholate-3-sulfuric acid, taurine

ursodeoxycholic acid (increased)

Bile acid metabolism25

Lactic acid, succinic acid, D-arabitol,3-hydroxybutyric

acid (increased); citric acid, a-glucose,
b-glucose (decreased)

Glucose

metabolism15,21,25

Hypoxanthine, inosine (elevated) Purine metabolism27

Human urine 1-Methyladenosine, 5-methylthioadenosine, cytosine,

xanthine, hypoxanthine, uric acid (increased)

3-inodoleacetic acid, L-glutamic (decreased)

Purine metabolism24

L-Carnitine, propionyl carnitine, butyryl carnitine,

decanoyl carnitine (increased)

Carnitine

metabolism24

LysoPC, lysophosphatidylcholine.
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as metabolic markers after long-term hyp-

oxia at high altitude. At the same time,

these results also showed that metabolic

regulation can effectively improve the adap-

tive response to hypobaric hypoxia.

A recent study from China34 showed that

levels of serum metabolites, including

fumaric acid, inosine, phytic acid, and

ribose, were significantly higher in patients

with chronic altitude sickness than in

normal residents. In addition, they also

found that isoleucine, fumaric acid, glucose

1-phosphate, and citrulline may be serum

biomarkers of chronic altitude sickness.

Combined with the recently discovered

adenosine-A2B-AMPK/Sphk1/ENT1 signal

transduction pathway,35 these results suggest

possible treatment strategies for HAPC.

The main metabolite spectra and metabolic

pathways involved in metabonomics studies

of clinical chronic altitude hypoxia are

summarized in Table 2. We speculate that

supplementation with the amino acids

valine, alanine, and proline might improve

energy metabolism and promote high-

altitude adaptation.
Although endogenous markers found in

animal models differ from those found in

the clinic, the related pathways are similarly

involved in energy metabolism, including

glucose metabolism and amino acid metab-

olism. Redox homeostasis and carbohy-

drate, fat, and energy pathways were

affected in animal studies of adaptation to

Table 2. Primary metabolic markers and pathways involved in clinical chronic plateau hypoxia.

Sample

Metabolic markers (changed compared with

normal controls) Metabolic pathways

Human plasma Propyl sugar, pentose phosphate, methyl

phosphate (increased)

Glucose metabolism32–34

Sphingomyelin 1-phosphate (elevated) Sphingomyelin metabolism32

Glucose-6-phosphate (increased at first and

then decreased); glyceraldehyde 3-phos-

phate, fumaric acid, pyruvic acid, ribose,

glucose-1-inosine phosphate (increased);

glyceraldehyde 3-phosphate, fumaric acid,

pyruvate, ribose, glucose-1-phosphate

(increased); phosphoglycerate, phosphoe-

nol pyruvate, 6-phosphogluconolactone,

6-phosphogluconate, lyxose (reduced)

Glycolysis and pentose

phosphate32,34

Glutathione, alanine, serine, aspartic acid,

tyrosine, 5-oxyproline, glycine, trimethyl

lysine, L-cysteine, citrulline, isoleucine

(increased); glutathione synthase, glutamic

acid, glutamine (decreased)

Metabolism and

transamination of amino

acids and glutamine32,34

Nitrite, adenine, adenosine, niacinamide,

ornithine, asymmetric dimethyl arginine,

niacinamide (increased); arginine, a-keto-
glutaric acid, ADP, ATP (decreased);

citrulline (increased and then decreased)

Nitrogen metabolism32,34

L-Homoserine (increased); creatine, creatine

anhydride, creatine phosphate (first

increased and then decreased); taurine/

hypotaurine (decreased)

Arginine and sulfur

metabolism32
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the plateau environment. Cao et al.36 vali-
dated this theory by comparing the specific
metabolic alterations between plateau pikas
in the Kekexili Reserve (4630m) and those
at the foot of Laji Mountain (2600m) on
the Qinghai-Tibet Plateau, using gas chro-
matography time-of-flight mass spectrome-
try metabolomics. Furthermore, an
experimental study of chronic hypoxia
showed that the metabolic pathway in the
model animals changed accordingly. Using
metabonomics analysis of rat urine,
Koundal et al.37 showed that hypoxia
resulted in major disturbances in energy
metabolism. Taurine metabolism and the
TCA cycle are important pathways leading
to the pathophysiological changes caused
by hypobaric hypoxia, and the TCA cycle
has been proven to play a role in erythro-
cyte metabolism under anoxic conditions.38

Interestingly, this experiment also found
that the metabolic response of the intestinal
microflora was significantly decreased after
hypoxia, suggesting that a chronic high-
altitude hypoxic environment could also
affect the intestinal microflora. Together
with a recent research report,39,40 these
results further improve our understanding
of the dialectical relationship between intes-
tinal flora disorders and plateau hypoxia. In
addition, hypoxia pretreatment can reduce
hypoxia-induced damage to tissues, cells,
organs, and systems. Zhou et al.41 accord-
ingly examined the changes in metabolites
and related pathways in mice. They noted
that the sphingolipid metabolic pathway
changed under hypoxic conditions, with
increases in levels of long-chain fatty acid
metabolites with alkene bonds and
decreases in levels of sphingomyelin with-
out alkene bonds. These interesting results
demonstrate the potential of the discovered
endogenous markers to protect the body
from hypoxia. Maimaitiyimin et al.42 ana-
lyzed the differences between hypoxia
model and normal rats and found that
endogenous substances related to energy

metabolism were disturbed and amino

acid levels were significantly increased in

the hypoxia group. At the same time,

b-glucose and a-glucose levels were signifi-

cantly increased, suggesting that blood glu-

cose and amino acid metabolism disorders

may represent a novel approach to the pre-

vention and treatment of hypoxia. The

main metabolite spectra and metabolic

pathways involved in the metabonomics

studies of chronic high-altitude hypoxia in

animal models are summarized in Table 3.
The mechanisms responsible for chronic

hypoxia adaptation and metabolic changes

may be affected by genetic factors.43

Mitochondrial gene polymorphisms,44 heat

shock protein 70 family gene polymor-

phisms,45 and the endothelial nitric oxide

synthase gene (dbSNP number: rs1799983;

protein polymorphism Glu298Asp)46 were

deemed to be associated with promoting

adaptation to hypoxia in long-term plateau

residents. However, more research on the

changes in and mechanisms of metabolites

is needed, at both the basic and clinical levels.

Metabonomics of drug

interventions in plateau hypoxia

Although few studies have investigated the

metabonomics of drugs at high altitude,

this approach can nevertheless provide a

theoretical basis for the future prevention

and treatment of plateau hypoxia. The

metabonomics of drug interventions was a

concept originally put forward by Clayton

in 2006,47 and metabonomics analysis of

hypoxia drugs at high altitude can be used

to determine the changes in endogenous

metabolites in hypoxia models after drug

interventions.48 Revealing the metabolic

pathways associated with drug interven-

tions and the pharmacological mechanisms

of high-altitude hypoxia drugs will improve

effective drug treatments and provide new

ideas for individualized treatment.

5446 Journal of International Medical Research 47(11)



Maimaitiyimin et al.42 conducted a
metabonomics study on the effect of
acetyl-L-cysteine (Da) on chronic high-
altitude hypoxia in rats by proton nuclear
magnetic resonance methods. Da can
improve glucose metabolism and amino
acid metabolism by increasing the body’s

oxygenation and decreasing the degree of
anaerobic glycolysis. They found that intra-
gastric administration of a Da suspension
increased amino acid levels (valine,
tyrosine, 1-methyl-histidine, leucine, phe-
nylalanine, and methionine) and decreased
b-glucose and a-glucose levels in the serum

Table 3. Primary metabolic markers and pathways involved in chronic plateau hypoxia in animals.

Sample

Metabolic markers (changed compared with

normal controls) Metabolic pathways

Mouse brain

tissue

Estradiol, 20-dione, 19-hydroxytestosterone,

estrone glucuronic acid (increased); 17b-estradiol-
3-glucuronide, 2-methoxyestrone-3-glucuronide,

3a, 21-dihydroxy-5 b-progesterone-11,
16a-hydroxydehydroepiandrosterone, 11-deoxy-
cortisol, corticosterone (decreased)

Steroid hormone

biosynthesis41

4-Hydroxyretinoic acid, 18-hydroxyretinic acid, all-

trans-5, 6-epoxy retinoic acid (increased); retinal

ester (decreased)

Retinol metabolism41

Linoleic acid (reduced) Linoleic acid metabolism41

Leukotriene C4 (increased); 5, 6-dihydroxyeicosa-

pentaenoic acid, 14, 15-dihydroxyeicosapentae-

noic acid, 8, 9-dihydroxyeicosapentaenoic acid,

11, 12-dihydroxyeicosapentaenoic acid, 12-keto-

tetrahydro-leukotriene B4 (decreased)

Arachidonic acid metabolism41

Heme, phenolinyl ester a, c-diamide, biliverdin,

D-urocholinogen (increased)

Porphyrin and chlorophyll

metabolism41

D-Pantoyl-L-cysteine, pantothenic acid 4-phosphate

(increased), a-ketoisovaleric acid (decreased)

pantothenic acid and CoA biosynthesis

phospholipid acid [16-0-18-1 (9Z)], lysophospha-

tidylcholine (22:0) (increased); lysophosphatidyl-

choline [20:3 (5Z, 8Z, 11Z)], glycerol-

ethanolamine phosphate (decreased)

Glycerol phospholipid

metabolism41

Rat plasma Isoleucine, valine, glycine, tyrosine, phenylalanine,

pyruvate, 1-methyl-histidine (increased)

Amino acid metabolism42

Lactic acid, glycoprotein, shark-inositol, creatine,

a-glucose, b-glucose (increased)

Glycolysis42

Plateau pikas Lactic acid, trehalose-6-phosphate, succinic acid,

fumaric acid (increased); 20-deoxyadenosine
50-monophosphate (decreased)

Glucose metabolism36

Taurine, methionine, tyrosine, citrulline and

glutathione (increased)

Amino acid and

glutathione metabolism36

Rat urine Glycine, serine, threonine, arginine,

proline (increased)

Amino acid metabolism37

Glycerol phospholipid (elevated) Phospholipid metabolism37
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of rats with high-altitude hypoxia. Da can
thus be used to improve the symptoms of
hypoxia at high altitude from the point of
view of energy metabolism. Similar conclu-
sions were reached by Hung et al.,49 who
showed that acetazolamide could be used
to treat patients with acute mountain sick-
ness; by increasing parasympathetic tone,
acetazolamide can accelerate the acclimati-
zation to ascents to the plateau
environment.

In addition, traditional Tibetan medicine
(TTM) has also been shown to be an effec-
tive pretreatment for preventing the occur-
rence of plateau hypoxia. Liu et al.50

developed the traditional Chinese medicine
Fu Fang Jin Jing Oral Liquid (FJJOL),
based on the TTM Rhodiola rosea.
Following treatment with FJJOL, nuclear
magnetic resonance-based metabolomics

revealed that brain levels of ATP, lactate,
malate, and fumarate recovered in hypoxia
model mice. Notably, FJJOL significantly
rescued the hypoxia-induced effects on
energy metabolism. FJJOL may thus be
an alternative therapy for the treatment of
hypoxia. Previous studies also showed that
supplements based on Rhodiola crenulata
and Cordyceps sinensis accelerated physio-
logical adaptation to anoxic environments
at high altitudes and improved aerobic
exercise ability by decreasing parasympa-
thetic activity and balancing circulating
hormones and hematological changes.51

Notably, erythrocyte, hematocrit, and
hemoglobin levels were all elevated to vary-
ing degrees.

HAPC is a common type of chronic
high-altitude hypoxia. Lu et al.52 found
that the Tibetan medicine Zuo-Mu-A

Figure 1. Changes in major metabolites in plateau hypoxia. LysoPC, lysophosphatidylcholine.
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Decoction (ZMAD) had a beneficial protec-
tive effect on blood parameters and against
myocardial injury in HAPC model rats. The
main endogenous markers involved were
erythropoietin and 8-hydroxy-2’-deoxygua-
nosine. Many TTM drugs may also be
effective for the prevention and treatment
of HAPC and high-altitude hypoxia.
However, there are currently relatively few
studies on the metabonomics of drug inter-
vention in this field, and further studies are
therefore needed.

Continuous developments in metabo-
nomics technology are expected to promote
research into additional mechanisms of
hypoxia at high altitude and to support
the development of reasonable and effective
therapeutic drugs in the near future.

Conclusions and prospects

Metabonomics, as a new technology in sys-
tems biology, is playing an increasingly
important role in the field of high-altitude
hypoxia. Metabonomics provides a good
starting point for studying the mechanisms
of high-altitude hypoxia and for overcom-
ing the deficiencies of more traditional stud-
ies examining single components and
targets involved in traditional hypoxia
mechanisms. Comparisons of circulatory
system, organ, and urine metabonomics in
acute and chronic plateau hypoxia clearly
identified some metabolites in blood
(Figure 1), but only small amounts of
amino acids and lipids in urine. However,
despite increasing attention to the treatment
and research of altitude hypoxia, its patho-
genesis is still not clearly explained.
Fortunately, metabonomics can also pro-
vide the technical basis for clinical screening
of anti-altitude hypoxia targets, by detect-
ing changes in metabolites such as glucose,
amino acids, and choline after pharmaceu-
tical interventions, and can also be used to
verify the effectiveness of a drug on the met-
abolic pathway, thus providing a favorable

basis for the development and marketing of
new drug indications.

Metabonomics still has many problems
and limitations, and the screening and iden-
tification of biomarkers remains both a
focus and difficulty of metabonomics
research. In addition, the complexity of
analyses and data processing, as well as
the deeper relationship between differential
metabolites and the pathogenesis of
altitude diseases, also present challenges.
Furthermore, it remains difficult to fully
interpret the overall comprehensive effect
and mechanisms of high-altitude hypoxia
by metabonomics alone. Nevertheless, this
review opens a new metabonomics window
for future studies of plateau hypoxia involv-
ing the combined application of multiple
disciplines and technologies to clarify
the mechanisms of altitude hypoxia
and adaptation.
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