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Abstract
Molecular oxygen (O2) is a universal electron acceptor that is eventually synthesized into ATP in the mitochondrial
respiratory chain of all metazoans. Therefore, hypoxia biology has become an organizational principle of cell
evolution, metabolism and pathology. Hypoxia-inducible factor (HIF) mediates tumour cells to produce a series of
glucose metabolism adaptations including the regulation of glucose catabolism, glycogen metabolism and the
biological oxidation of glucose to hypoxia. Since HIF can regulate the energy metabolism of cancer cells and
promote the survival of cancer cells, targeting HIF or HIF mediated metabolic enzymes may become one of the
potential treatment methods for cancer. In this review, we summarize the established and recently discovered
autonomous molecular mechanisms that can induce cell reprogramming of hypoxic glucose metabolism in tumors
and explore opportunities for targeted therapy.
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Background
Hypoxia is a characteristic feature of locally advanced
solid tumours resulting from an imbalance in oxygen
(O2) supply and consumption in the proximity [1]. The
disordered vasculature that is developed in response to
the oxygen demand of rapidly growing tumours leads to
widespread hypoxic regions in solid tumours. In cancer,
hypoxia is associated with tumour progression and poor
prognosis. Sustained hypoxia in growing tumours may
lead to clinically aggressive phenotypes, increased invasive capacity, tumour cell metastasis, and resistance to
both chemotherapy and radiation treatment [2, 3]. Oxygen tension in normal human tissues usually exceeds 40
mmHg; in contrast, oxygen tension in tumours may
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persist at 0–20 mmHg [4]. In normal cells, hypoxia usually induces growth arrest and causes death. However,
under hypoxic conditions, tumour cells can adapt to
poor nutrition and unfavourable microenvironments
through genomic changes, thereby remaining vital [1]. In
addition, cancer stem cells (CSC) are particularly responsible for hyper-adaptation to unfavorable TME. Indeed, CSC plays an important role in tumorigenesis and
invasion/metastasis potential. Importantly, metabolic reprogramming is essential for maintaining the selfrenewal of CSC [5, 6]. Studies also found that, as the
tumour volume increases, the depletion of glucose will
lead to the cytolysis and necrosis of tumour cells [7].
These suggests that metabolism may play an important
role in tumorigenesis and development.
There are ten hallmarks including genome instability,
inflammation, sustaining proliferative signaling, evading
growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, activating
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invasion and metastasis, reprogramming of energy metabolism and evading immune destruction in cancer [8]. As
one of ten hallmarks in cancer, metabolic reprogramming
has been extensively studied in the past two decades, and
it has been widely accepted that carcinogenic transformation causes cancer cells to adapt to a well-defined metabolic phenotype, thereby profoundly affecting the tumour
microenvironment (TME) [9]. Among these adaptations,
reprogramming of glucose metabolism, one of the three
major metabolic pathways, has been shown to be involved
in mediating tumour growth [10]. Considering the effects
of hypoxia and glucose metabolism on tumours, in this review, we summarize discoveries of hypoxia-related mechanisms that cause the metabolic reprogramming of human
tumour cells.

Metabolic adaptations to tumour cellular hypoxia
In general, oxygen and nutrient levels determine
whether cells participate in mitochondrial respiration or
glycolysis metabolism to balance the synthesis of ATP,
macromolecules and reactive oxygen species (ROS). It is
believed that the glycolysis efficiency of normal tissues is
inhibited under normal oxygen; that is, they are characterized by the Pasteur effect. Glucose is mainly decomposed into pyruvate, which is then further decomposed
by the mitochondrial tricarboxylic acid cycle and oxidative phosphorylation. In contrast, even under nonhypoxic conditions, malignant tumours exhibit a higher
rate of glycolysis, a phenotype that allows carbon to be
rapidly transferred from glycolysis into anabolic pathways at the expense of mitochondrial ATP synthesis
[11]. This mandatory glycolysis phenotype was originally
discovered by O. H. Warburg in dividing cancer cells;
therefore, it is called the Warburg effect [12]. It has been
suggested that the Warburg effect can induce cells to
proliferate while preventing the production of ROS and
oxidative stress, which are by-products of mitochondrial
respiration [13]. From this perspective, enhanced glycolysis metabolism of tumour cells can both reduce oxidative stress and limit mitochondrial ATP synthesis.
However, although the Warburg effect promotes the
proliferation in a limited number of cell types under
normoxic conditions, all human hypoxic tumour cells
undergo glucose metabolism reprogramming regardless
of their proliferation status [14]. Therefore, exploring
the mechanism by which hypoxia regulates the adaptive
switch of tumour cells to glucose metabolism may reveal
new targets for use in tumour therapy.
Cellular hypoxia adaptation is regulated by HIF
Several cellular mechanisms are involved in the adaptation to acute hypoxia, such as activation of ion channels
through gas signalling in carotid body glomus cells and
direct AMPK-induced upregulation of glycolysis in
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cardiomyocytes [15]. However, the main cellular response to hypoxia is mediated at the transcriptional
level. Hypoxia activates a series of genes and microRNAs
that maintain metabolic homeostasis that is regulated by
HIF through transcriptional induction [16–18]. These
genes facilitate the adaptation to decreasing O2 levels at
the cell and organ levels. The continuous activation of
hypoxia-inducible factor will destroy homeostasis, causing the body to be in a pathological state. The activation
of HIF is regulated by a canonical pathway mediated by
PHD, and the binding of some other proteins to HIF
promote its stability.
The canonical pathway of PHD-mediated regulation of
HIF

Three members of the human HIF family have been
identified: HIF-1, HIF-2, and HIF-3. These heterodimers
are composed of α and β subunits, which dissociate
under normal oxygen conditions [19]. HIF-1 and HIF-2
are the main transcription factors involved in cell adaptation to hypoxia [20]. HIF binds to the hypoxia response element (HRE) in the promoter region of the
target and is involved in tumour cell survival, angiogenesis, glycolysis, and invasion/metastasis. HIF is a heterodimer consisting of a HIFα protein subunit expressed
only during hypoxia and a constitutively expressed HIF1β protein subunit. Under normoxic conditions, oxygendependent hydroxylation leads to the recognition of
HIFα by the von Hippel-Lindau (pVHL) tumour suppressor, which recruits the E3 ubiquitin ligase, resulting
in ubiquitination and protease degradation of HIFα [21,
22]. This prolyl-4-hydroxylase (PHD)-catalysed hydroxylation reaction is coupled with the oxidative decarboxylation of 2-oxoglutarate (2-OG), and succinate and
carbon dioxide are produced [21]. Notably, all three
PHD enzymes can utilize O2 as substrate and 2-OG,
Fe2+ and ascorbic acid as co-substrates to hydroxylate
both HIF-1α and HIF-2α. Compared to the loss of
PDH2 heterozygosity or homozygous PDH3, a single lost
PHD1 allele has the ability to induce hypoxia tolerance
in mice, thus highlighting the functional specificity of
PHD in vivo [23–25]. In vivo experiments, compared to
the loss of heterozygous PDH2 or homozygous PDH3, a
single lost mouse carrying PHD1 has the ability to induce hypoxia tolerance, thus highlighting the functional
specificity of PHD in vivo [26]. Under hypoxia, the hydroxylation of HIFα is inhibited, leading to the
stabilization of HIFα. HIFα dimerizes with HIF-1β to
form a transcriptional activation complex. In addition,
HIF asparaginyl hydroxylase or factor inhibiting HIF1(FIH-1), a member of the Fe2+ and 2-OG-dependent
dioxygenase family, can inhibit the transcriptional activity of HIFs by targeting the C-terminal transcription activation domain (CTAD) of HIF1-α and HIF-2α under
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normoxia to block the interaction between HIFα, p300
and CBP [27]. Importantly, due to the differences in the
amino acid sequence of the protein subunits of the HIFα
adjacent to the hydroxylated asparagine residue, the efficiency of CTAD hydroxylation of HIF-2α is lower than
it is for HIF-1α [21, 28, 29]. Another difference is that
HIF-1α expression is ubiquitous, while HIF-2α expression is restricted to specific tissues [30]. Furthermore,
the heterogeneity of HIF protein isomers is also manifested by the lack of CTAD action with HIF-3α, which
results in alternative splicing of HIF-3α to form an inhibitory PAS domain-containing protein, forming a transcriptionally inactive heterodimer with HIF-1α to inhibit
the HIF reaction [19]. In addition to HIFα, FIH-1 has
other substrates, the physiological functions of which
need to be further explored [31, 32] (Fig. 1). In addition,
some other potential targets of PHD, such as molecular
scaffolds, may require structures to be effectively hydroxylated in tumour cells.
Other proteins that promote the stability of HIF

PHD is known to promote the hydroxylation reaction
of HIFα, thereby inducing the degradation of HIFα.
Current research has revealed many proteins that can
regulate the stability of HIF-1α. For example, overexpression of adenylate kinase 4 (AK4) promotes the
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stabilization of HIF-1α by increasing intracellular ROS
levels,
subsequently
inducing
the
epithelialmesenchymal transition (EMT) and enhancing tumour
invasion potential under hypoxic conditions [33];
BRCA1-IRIS is a chromatin-associated replication and
transcriptional regulator that is overexpressed in a
variety of primary human cancers and can prevent
glycogen synthase kinase-3 (GSK-3β) from recruiting
F-box protein (Fbw7), a tumor suppressor associated
with chromosomal instability and some types of malignancy, through phosphorylation of HIF. Fbw7 can
further mediate ubiquitylation and degradation of HIF
[34, 35]; Collagen prolyl 4-hydroxylase (P4H) is an essential catalytic enzyme in the progression of breast
cancer. The α1 subunit of P4H (P4HA1) regulates the
levels of 2-OG and succinic acid, suppressing the hydroxylation of proline in HIF-1α, thereby enhancing
HIFα stability in cancer cells [36]. Additionally, HIFinduced proteins can also inhibit the degradation of
HIFα through a feedback loop. The overexpression of
HIF-2α in pancreatic cancer cells leads to the nuclear
translocation of β-catenin, and the formation of the
HIF-2α/β-catenin complex significantly prolongs the
half-life of HIF-2α, maintaining the stability of HIF2α [37]. These recently discovered proteins can be
targeted to inhibit the stability of HIFα, thereby

Fig. 1 Activation and degradation of HIFα. Under normoxic conditions, PHD uses 2-OG as a substrate and ascorbic acid and Fe2+ as co-substrates to
catalyse the oxygen-dependent hydroxylation (OH) of HIFα (both HIF-1α and HIF-2α). Oxygen-dependent hydroxylation leads to the recognition of
HIFα by the pVHL tumour suppressor, which recruits the E3 ubiquitin ligase, resulting in the ubiquitination and protease degradation of HIFα. Under
hypoxia, the hydroxylation of HIFα is inhibited, leading to the stabilization of HIFα. HIFα dimerizes with HIF-1β to form a transcriptional activation
complex, which binds to the HRE in the promoter region of target genes, inducing their transactivation
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regulating tumor cell growth. Most of the proteins
discovered in recent studies are described in detail in
Table 1.
The importance of HIF in the microenvironment has
made increasing researchers pay attention to the stability
of HIF. However, current research has not fully explained the interaction mechanism between HIF and
other molecules. For example, a recent study found that
in hypoxic TME, enriched miR-301a-3p could be transmitted between GC cells via exosomes and then contributed to inhibit HIF-1α degradation through targeting
PHD3 [45]. This means that extracellular vesicles (EVs)
with proteins or RNA can regulate the stability of HIF in
tumor cells. It has been widely recognized that HIF regulates the secretion of EVs under hypoxic conditions
[46]. However, there are few studies on the negative
feedback effect of EVs on the stability of HIF, which
needs more in-depth research to explain the mechanism.

Hypoxia regulates tumor glucose metabolism
The activation of HIF in a hypoxic environment can
lead to the complex reprogramming of tumour cell
glucose metabolism, summarized as follows: first, in
terms of glucose catabolism, comprehensively enhanced glycolysis, glucose uptake and lactic acid formation regulate anaerobic oxidation and inhibit
acetyl-CoA in the TCA cycle through pyruvate dehydrogenase (PDH) phosphorylation, which ultimately
modulates aerobic oxidation; second, glycogen synthesis is regulated, and cancer cell glycogen reserves are
increased; third, the bio-oxidation of glucose is
increased by ROS production regulation, thereby inhibiting mitochondrial biogenesis and promoting mitochondrial clearance. The direct targets of HIFα and
the HIFα-dependent genes that mediate these adaptations are illustrated in the metabolic pathway shown
in Fig. 2.
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HIF regulates glucose catabolism

Glucose catabolism mainly includes the anaerobic oxidation of sugar, aerobic oxidation of sugar and the pentose
phosphate pathway, depending on the metabolic characteristics and oxygen supply status of different types of
cells [47]. The Warburg effect allows tumour cells to
gain survival advantages in two ways. One is to increase
carbon sources, which are used to synthesize proteins,
lipids, and nucleic acids to meet the needs of tumour
growth; the other is to turn off aerobic oxidation channels to prevent the generation of free radicals, thereby
preventing apoptosis [12]. Therefore, under hypoxic
conditions, HIFα can regulate tumour growth by regulating the anaerobic and aerobic oxidation of glucose.
HIF regulates anaerobic glucose oxidation (glycolysis)

Current research has shown that hypoxia can regulate
glucose anaerobic oxidation through the HIF-1α regulation of glucose transporters, glycolytic enzymes and
NAD+, increasing glucose uptake and lactic acid formation, thereby promoting tumour growth. Tumourassociated macrophages (TAMs) induce increased expression of glucose transporters and glycolytic enzymes
by stabilizing HIF-1α, including glucose transporter 1
(GLUT1), glucose transporter 3 (GLUT3), hexokinase-2
(HK2) and lactate dehydrogenase (LDH), to increase glucose uptake and lactate formation in breast cancer. The
stabilizing effect of TAM on HIF-1α is achieved by an
lncRNA (HISLA) in secreted EVs blocking the interaction between PDH2 and HIF-1α [48]. In addition to
regulating the transcriptional activity of HIF-1α through
PDH2, pyruvate kinase (PKM2) (whose mRNA is regulated by HIF-1α) can also act as a transcription coactivator, activating HIF-1α through feedback and inducing
HIF-1α under hypoxic expression of glycolytic genes in
HeLa cells [18, 49]. Subsequently, in non-small cell lung
cancer, hypoxia-induced the lncRNA AC020978 can
promote glycolysis metabolism by regulating the PKM2/

Table 1 Proteins that Promote the Stability of HIF
Cancer

Protein

Mechanism

Ref

liver, cervical

Bclaf1

Myb region of Bclaf1 participates in binding HIF-1α

[38]

lung

AK4

increase ROS levels

[33]

breast

HER2

/

[39]

liver

YAP

/

[40]

breast

FOXA1

/

[41]

breast

BRCA1-IRIS

prevents GSK-3β phosphorylation-driven degradation

[34]

breast

P4HA1

regulates the levels of 2-OG and succinic acid

[36]

myeloma

TRIM44

as a deubiquitinase of HIF-1α

[42]

colorectal

SOD3

decreases the activity of HIF-prolyl hydroxylase domain-containing protein

[43]

pancreatic

β-catenin

extends the half-life of HIF-2α

[37]

head and neck

GATA3

/

[44]
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(See figure on previous page.)
Fig. 2 Hypoxic HIFα-Dependent Glucose Metabolic Reprogramming. Metabolic pathways illustrating HIFα transcriptional targets under hypoxia in
tumor cells. Blue boxes, known HIFα targets. HIFα induces the expression of GLUT1, GLUT3, HK1/2 and LDHA, to increase glucose uptake and
lactate formation. HIFα also induces the expression of PDK1, which then negatively regulates the entry of pyruvate to the TCA cycle. In addition,
under hypoxic conditions, HIF-1 reduces the activity and respiration of complex I by inducing NDUFA4L2, and induces the expression of several
microRNAs (miRNA) including miR-210, which can inhibit the assembly of ETC complex, thereby reducing the activity of ETC.

HIF-1α axis [50]. Recently, it was also found that HIF-1α
mediated protein kinase C(PKC)-induced upregulation
of glycolytic genes, thereby promoting tumor cell proliferation in prostate cancer cells [51]. Another study of
Tseng et al. revealed that transketolase (TKT), a metabolic enzyme involved in the non-oxidative branch of
the pentose phosphate pathway (PPP), can increase the
level of fumarate hydratase (FH) to promote the expression of HIF-1α, controlling breast cancer cell metastasis
[52]. However, the promotion of HIF-1α on glycolysis
will inevitably be negatively regulated. It has been confirmed that fructose-1,6-bisphosphatase (FBP1) can bind
to the inhibitory domain of HIF-1α and restrict the
growth of kidney cancer by inhibiting glycolysis [53].
In addition to glucose transporters and glycolytic enzymes, NAD+ also plays an irreplaceable role in the
maintenance of glycolysis. In the presence of NADH,
LDHA reduction of pyruvate to lactic acid is an important source of NAD+ regeneration. In hypoxic tumour
cells, HIF-1α can induce the full expression of LDHA,
which promotes the conversion of pyruvate to lactic acid
and ensures the continuous production of NAD+ [14].
Interestingly, the level of nuclear NAD+ can also regulate the activity of HIF-1α. Lactic acid pretreatment can
reduce the level of NAD+, thereby stabilizing HIF-1α
and inducing a pseudohypoxic state, resulting in a decrease in the expression of the OXPHOS gene and reduction in ATP production [54].
HIF regulates aerobic glucose oxidation

Apart from the regulation of anaerobic oxidation, hypoxia induces LDHA and pyruvate dehydrogenase kinase
1 (PDK1) through HIF-1α to regulate pyruvate in the
TCA cycle [54–56]. In cells with sufficient oxygen, pyruvate is transported to mitochondria and oxidized by
pyruvate dehydrogenase (PDH) to acetyl-CoA, thus entering the TCA cycle. In contrast, under hypoxic conditions, on the one hand, HIF-1α induces the conversion
of pyruvate to lactic acid, inhibiting its entry into the
TCA cycle; on the other hand, HIF-1α induces the expression of pyruvate dehydrogenase kinase 1 (PDK1),
followed by the phosphorylation of serine at PDK1specific phosphorylation site 203 in PDH to inhibit PDH
activity, resulting in a reduction in TCA cycle flux and
limiting the production of mitochondrial NADH and
FADH2 [55, 56]. Additionally, a recent study showed
that HIF-1α can promote the expression of pyruvate

dehydrogenase kinase 4(PDK4), further inducing macrophages polarize to M1 phenotype [57], which was described as a pro-inflammatory phenotype and tends to
inhibit tumor progression [58]. Although this
phenomenon occurs in carotid artery tissue, we can
speculate that it may also occur in tumor cells. A decrease in reduction equivalents suppresses ETC, resulting in reduced electron transfer. Another important
result of the decrease in TCA flux under hypoxia is a reduction in the production of aspartic acid, which is converted from oxaloacetic acid, a metabolite of the TCA
cycle. Aspartic acid is necessary for nucleotide synthesis
and cell proliferation. In a mouse model, cell hypoxia reduces aspartic acid levels, which in turn damages cell
proliferation and tumour growth in vitro. In primary human tumours, aspartic acid levels are negatively correlated with hypoxic indicators [59]. Therefore, aspartic
acid may be a metabolite that restricts tumour growth,
and pathways related to the availability of aspartic acid
may become targets for new cancer treatment.
In addition, the mitochondrial translocation of phosphoglycerate kinase 1 (PGK1) can also act as a protein
kinase to activate PDK1 and inhibit the activity of PDH,
thereby inhibiting the TCA cycle and eventually leading
to the occurrence of brain tumours. Under hypoxia,
HIF-1α induces the binding of PGK1 to the mitochondrial outer membrane translocation enzyme (TOM)
complex and enters the mitochondria; in addition, HIF1α promotes the binding of PIN1 and PGK1, thereby
regulating the binding of PGK1 and TOM [60].
HIF regulates glycogen metabolism

In addition to regulating glucose catabolism, HIF can increase cancer glycogen reserves [61] under hypoxia. Pelletier et al. found that the glycogen content of cancer cell
lines cultured in 1% oxygen increased from 5 to 37-fold,
indicating that the synthesis of glycogen is HIF-1αdependent. Within 24 h of glucose removal from the
culture medium, cells that accumulate glycogen under
hypoxic conditions have higher viability (70–80%) than
cells cultured under normoxic conditions (20–60%) [62].
In addition, PHD2 gene inactivation or systemic pharmacological inhibition in neutrophils can lead to the
stabilization of non-hypoxic HIF-1α, thereby enhancing
glycogen storage. Therefore, it is necessary to understand
how HIF regulates glycogen metabolism. Glycogen originates from the allosteric formation of glucose-6-
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phosphate (G6P), glucose-1-phosphate (G1P) and uridine
triphosphate (UTP) to form uridine diphosphate glucose
(UDPG) [61]. UDPG is connected by α-1,4-glycosidic
bonds to form a straight chain and connected by α-1,6glycosidic bonds to form branches, and these formed
branches can increase the water solubility of glycogen.
The synthesis and decomposition of glycogen involve
the activities of various enzymes and regulatory proteins.
Among these, glycogen synthase (GS) and glycogen
phosphorylase (GP) are key enzymes in the process of
catalysing glycogen synthesis and degradation, respectively. GS elongates the glycogen branch by forming an
α-1,4 glycosidic bridge, while GP cleaves these glycogens, releasing G1P, which enters the glycolysis pathway,
or G6P that enters the PPP [63]. This result suggests
that the pathways by which HIF regulates glycogen metabolism include the key regulatory enzymes and related
kinases of glycogen synthesis and decomposition. Studies
have shown that under hypoxic conditions, HIF not only
upregulates the expression of UDP-glucose pyrophosphorylase and promotes glucose activation before glycogen synthesis but also inhibits liver glycogen
phosphorylase (PYGL) by promoting glycogen synthase
1 (GYS1) regulation of glycogen synthesis. Moreover,
the activation of glycogen branching enzyme (GBE1) by
HIF can further regulate the formation of glycogen
branches [56, 63]. Interestingly, direct regulation of key
enzymes is not the only mechanism by which glycogen
metabolism is modulated. In fact, indirect effects on key
enzymes can also regulate glycogen synthesis. For example, the HIF-1α-dependent expression of PP1 complex phosphatase (PPP1R3C) in human MCF7 cells
activates GYS1 while reducing the breakdown of glycogen into glucose monomers [64]. These HIF-dependent
effects allow glycogen to accumulate under conditions of
hypoxia and nutritional deficiencies, affecting cell
responses.
HIF regulates the biological oxidation of glucose

Mitochondria, organelles that generate energy in the
body, are composed of simple organophospholipid bilayer membranes, intermembrane spaces, complex internal phospholipid bilayers, and mitochondrial
matrices. They are especially enriched in the heart
muscle, skeletal muscle, liver, kidney, and especially
neuronal cells, which need high levels of energy to function [65]. The biological oxidation of glucose is a precise
process that relies on the oxidized the mitochondrial respiratory chain to transfer electrons from NADH and
succinate to oxygen and finally the combination of
hydrogen protons and oxygen to form water and release
ATP [66]. The oxidized respiratory chain consists of four
mitochondrial complexes located on the inner mitochondrial membrane, called complexes I, II, III, and IV.
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They are NADH-CoQ reductase, succinate-CoQ reductase, CoQ-cytochrome c reductase, and cytochrome c
oxidase. Ubiquinone (CoQ) and cytochrome c are two
freely diffusible molecules that mediate electron transfer
between complexes [67]. Current research shows that
HIF can regulate the biological oxidation of glucose
through the regulation of mitochondria in a hypoxic environment, including the regulation of mitochondrial
biogenesis, the generation of ROS [68, 69] and the removal of mitochondria.
HIF inhibits mitochondrial biogenesis

Because of the important role of mitochondria in energy
production, the regulation of mitochondrial biogenesis
by HIF under hypoxia is an important mechanism by
which biological oxidation is regulated. According to reports, in kidney cancer cells lacking VHL, HIF-1α can
negatively regulate mitochondrial mass and O2 consumption. Further in vitro experiments showed that
Myc-transformed cancer cells exhibited an increased
mitochondrial mass and increased rate of oxygen consumption. Furthermore, it has been reported that Mycoverexpressing tumor cells are exquisitely sensitive to
the inhibitor of the mitochondrial electron transport
chain. Myc-induced transformation from oxidation glucose as the main strategy to the conversion essential to
the activity substrate. This paradoxical phenomenon can
be explained by the accumulation of glutamine, the
major catabolizing bio-energetic substrates in mitochondrial TCA cycle. Myc-induced transformation leads to
the conversion from glucose to glutamine as the
oxidizable substrate which is essential to maintain TCA
cycle activity [70]. HIF-1α not only can bind and activate
the transcription of the MXI-1 gene, thereby inhibiting
the transcriptional activity of c-Myc through its encoded
product but can also promote the degradation of c-Myc
in an independent manner through MXI-1. More specifically, c-Myc regulates mitochondrial biogenesis by inhibiting PGC-1β [56, 71, 72]. In a recent study, researchers
established transgenic mice with liver-specific PGC-1β
overexpression (LivPGC-1β) and PGC-1β gene knockout
(LivPGC-1βKO), and in vivo experiments demonstrated
that PGC-1β played a key role in driving tumour development [73]. In addition, the role of PGC-1α in promoting mitochondrial biogenesis was also confirmed in a
recent study [74] but did not confirm whether it was
also targeted by HIF in tumour cells. Additionally, HIF1α can inhibit mitochondrial biogenesis by inhibiting the
expression of PINK1, an essential gene for mitochondrial
biogenesis. The HEY1 gene is an important member of
the HEY family, which mainly functions to recruit corepressors for its target genes to inhibit transcription.
Under hypoxia, HIF-1α can upregulate the expression of
HEY1 and then recruit corepressors to inhibit the
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transcriptional activity of PINK1, reducing mitochondrial mass and promoting the growth of cancer cells
[75]. In summary, the inhibition of mitochondrial biogenesis by HIF depends mainly on the regulation of key
genes, such as c-Myc, PGC-1, and PINK1, which may
also provide new therapeutic targets for future cancer
treatment. However, it is not unclear that the mechanisms underlying how hypoxia is sensed to trigger
mitophagy.
HIF regulates mitochondrial ROS production

When the balance between the production and
utilization of oxidant molecules is disrupted, oxidative
stress occurs. As observed in an ischaemia/reperfusion
model, excessive production of ROS during oxidative
stress may cause protein, DNA, and lipid damage,
thereby causing cell damage [76, 77]. Active oxygen includes hydrogen peroxide, hydroxyl radicals and superoxide anions, which are mainly produced in complexes I
and III of the mitochondrial inner membrane [78–82]
(Fig. 3). Moreover, other sources of ROS, including
lipoxygenase, peroxisomes and NADPH oxidase, can
also regulate the production of ROS [83–85]. In healthy
individuals, hypoxia increases mitochondrial ROS to induce HIF-dependent induction of human telomerase [G]
(hTERT) gene expression to extend the cell lifespan,
while hypoxia increases the activity of complexes I and
III in tumour cells, limiting the production of ROS, preventing tumour cells from being damaged, and promoting tumour growth [86–88].
A recent study showed that NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 4-like 2 (NDUFA4L2) is
highly overexpressed in hypoxic liver cancer cells, and it
has been confirmed that NDUFA4L2 is regulated by HIF1α in HCC cells. Inactivation of HIF-1α/NDUFA4L2 increased mitochondrial activity and oxygen consumption,
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resulting in ROS accumulation and apoptosis, which further inhibited the growth and spread of HCC [89]. Coincidentally, the effect of HIF/NDUFA4L2 on ROS
production is also found in kidney cancer [90] and lung
cancer [91], suggesting the universal applicability of this
signalling pathway in cancer cells. Further research found
that NDUFA4L2 appears to affect ETC activity by specifically inhibiting complex I [69]. As an important part of
protease complex I, Fe-S clusters participate in electron
transport and oxidative phosphorylation [92]. Notably, the
biogenesis of Fe-S clusters depends on the assembly protein ISCU1/2 [93]. Therefore, once the expression of
ISCU1/2 is inhibited, the activity of complex I is inhibited.
Researchers have found that the expression of miR-210 is
significantly increased by the transcriptional activation of
HIFα in vitro in kidney cancer tissues under hypoxic conditions [94]. Importantly, miR-210 can significantly inhibit
ISCU1/2 protein expression, resulting in the destruction
of iron-sulfur cluster integrity and limiting ROS production [94, 95].
In addition, complex III can also participate in the
process of hypoxic ROS production. After RNAi interferes with Rieske iron-sulfur protein (RISP) in complex
III, hypoxia-induced HIF-1α stabilization is attenuated,
and ROS production is decreased, suggesting a strong
link between ROS production and complex III and HIF1α stabilization [68]. Moreover, in HeLa cells, HIF-1α induces the transcription of genes encoding COX4-i2 and
LON, a mitochondrial protease that is required for
COX4-i1 degradation [96]. Although its role in tumour
cells has not been confirmed, COX4-i2 can increase the
production of ROS in hypoxic carotid body spherical
cells [97], suggesting that COX4i2 may play the same
function in tumour cells. Additionally, more recently,
the emerging concept of the “reverse Warburg effect”,
involving the regulation of energy metabolism by ROS,

Fig. 3 Sites where hypoxia inhibits ROS production. Hypoxia increases the activity of complexes I and III in tumour cells, limiting the production
of ROS. NADPH oxidase can also regulate the production of ROS, which may become a potential site regulated by HIFα
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has attracted considerable attention. Tumor cell derived
ROS decrease the expression of caveolin-1 in cancerassociated fibroblasts (CAFs). Loss of caveolin-1 in CAFs
also results in elevated ROS levels, which in turn
stabilize HIF-1α [98, 99].
In summary, under hypoxic conditions, HIF mainly
regulates the activity of mitochondrial complexes to induce the production of ROS, which may become a potential strategy for the treatment of cancer.

HIF promotes mitochondrial clearance

In addition to inhibiting the production of mitochondria,
HIF can also reduce the mass of mitochondria by promoting mitochondrial clearance. Current research shows that
HIF-1α promotes mitochondrial clearance in tumour cells
mainly by inducing mitochondrial autophagy, also referred
as mitophagy [100]. Mechanically, mitophagy serves as an
adaptive metabolic response that prevents accumulation
of high levels of ROS by removing old/damaged mitochondria. Mitochondrial permeability transition is thought
to be responsible for the mitophagy of depolarized mitochondria, there by generating cytotoxic ROS [101]. Further research showed that HIF-1α upregulates BNIP3
expression under hypoxic conditions, thereby inducing
Beclin1-dependent mitophagy and mitochondrial metabolic reprogramming, resulting in reduced ROS production and promoted tumour growth [102, 103].
Furthermore, BNIP3-dependent mitochondrial autophagy
leads to enhanced RGC neuroglycolysis, which in turn
promotes the differentiation of macrophages into the M1
phenotype during inflammation [104]. Therefore, the
regulation of the inflammatory response by BNIP3dependent mitophagy may also be another possible mechanism that has not been proven to affect tumorigenesis
and development.
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Therapeutic strategy by targeting HIF in Cancer
metabolism
Since HIF can regulate the energy metabolism of cancer
cells through multiple channels under hypoxic conditions and promote the survival of cancer cells, inhibiting
the cancer metabolism pathway mediated by HIF or HIF
may become one of the potential treatment methods for
cancer [105–107]. It has been discovered that many
drugs, such as aspirin [108] and Tamoxifen [109], can
block the growth of tumors by inhibiting the expression
or activity of HIF-1α thereby providing new anti-cancer
treatments. On the other hand, drugs targeting HIF-1α
mediated metabolic enzymes may also affect tumor cell
proliferation induced by hypoxia. For example, the inhibition of Metformin on PDH [110], Cetuximab on
LDHA [111] and Dovitinib on GLUT [112] expression
will change the ability of cancer cells to metabolize pyruvate to lactic acid, leading to a decline in tumor growth.
The above examples also remind us that drugrepositioning (DR), an attractive approach that can facilitate the drug discovery process by repurposing existing
pharmaceuticals to treat illnesses other than their primary indications, may be a promising therapeutic strategy, such as metformin that is a traditional medicine for
treating diabetes [113]. Moreover, the enhanced glucose
metabolism induced by HIF-1α can also lead to the resistance of Gemcitabine to pancreatic cancer [114].
However, the role of HIF and HIF-regulated metabolic
enzymes in tumor resistance is still unclear, and further
research is needed.
Metabolic reprogramming in cancer cells induced by
hypoxia is a complex event that cannot be simply explained as the transition from OXPHOS to aerobic
glycolysis.
The development of drugs targeting HIF or HIF mediated metabolic enzymes will become a new potential
method for the treatment of cancer (Table 2).

Table 2 Drugs targeting HIF/HIF mediated metabolic enzymes
Drug

Target

Tumor

Ref

Atorvastatin

HIF-1α

Burkitt’s Lymphoma

[115]

Oxaliplatin

HIF-1α

Colorectal cancer

[116]

Tamoxifen

HIF-1α

Breast cancer

[109]

Trichostatin A

HIF-1α

Cervical cancer

[117]

Diacetoxyscirpenol

HIF-1α

Liver cancer

[118]

Metformin

HIF-1α

Breast cancer

[119]

Metformin

HIF-1α/GLUT, HK2, PKM, LDH

Cervical cancer

[120]

Ginsenoside Compound K

HIF-1α/PDK1

Lung cancer

[121]

Dovitinib

HIF-1α/GLUT

Lung cancer

[112]

Metformin

HIF-1α/PDH

Oral cancer

[110]

Cetuximab

HIF-1α/LDHA

Head and neck cancer

[111]

Troxacitabine

HIF-1α/PGK

Lung cancer

[122]
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Conclusion
The remarkable metabolic adaptability of hypoxic human
tumour cells can be understood as a balance among energy production, sufficient macromolecule biosynthesis
and redox balance preservation of tumour cells. The
process of metabolic adaptation must be studied in depth
to determine the weakness of tumour metabolic pathways
and to formulate an effective treatment strategy. Since the
early nineteenth century, scientists have discovered a fascinating new level of complexity that has added to our understanding of molecular and cellular mechanisms, onto
which is superimposed the biochemical metabolic network
that has been recently dissected and characterized. This
wealth of knowledge illustrates that HIF regulates the
adaptation of tumour cells to undertake glucose metabolism through the regulation of glucose anaerobic oxidation,
aerobic oxidation, glycogen and biological oxidation.
Clarifying the molecular mechanism of HIF-mediated
hypoxia driving metabolic changes at the cellular level will
help to strategically focus on certain pathways for designing improved therapeutic strategies to treat cancers.
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