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Abstract Over the course of evolution, aerobic organ-

isms have developed sophisticated systems for responding

to alterations in oxygen concentration, as oxygen acts as a

final electron acceptor in oxidative phosphorylation for

energy production. Hypoxia-inducible factor (HIF) plays a

central role in the adaptive regulation of energy metabo-

lism, by triggering a switch from mitochondrial oxidative

phosphorylation to anaerobic glycolysis in hypoxic condi-

tions. HIF also reduces oxygen consumption in mitochon-

dria by inhibiting conversion of pyruvate to acetyl

CoA, suppressing mitochondrial biogenesis and activating

autophagy of mitochondria concomitantly with reduction

in reactive oxygen species production. In addition, meta-

bolic reprogramming in response to hypoxia through HIF

activation is not limited to the regulation of carbohydrate

metabolism; it occurs in lipid metabolism as well. Recent

studies using in vivo gene-targeting technique have

revealed unexpected, but novel functions of HIF in energy

metabolism in a context- and cell type-specific manner, and

shed light on the possibility of pharmaceutical targeting

HIF as a new therapy against many diseases, including

cancer, diabetes, and fatty liver.
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Abbreviations

ACC Acetyl-CoA carboxylase

BCL2 B-cell lymphoma 2

BNIP3 BCL2/adenovirus E1B 19 kd-interacting

protein

C/EBP CCAAT/enhancer binding protein

COX Cytochrome c oxidase

DEC Differentiated embryo chondrocyte

GK Glucokinase

GLUT Glucose transporters

HIF Hypoxia inducible factor

HK Hexokinase

HNF Hepatocyte nuclear factor

LDH Lactate dehydrogenase

MEF Mouse embryonic fibroblast

NADH Nicotinamide adenine dinucleotide

PDH Pyruvate dehydrogenase

PDK PDH kinase

PGC PPAR-c coactivator, PGC

PGK Phosphoglycerate kinase

PHD Prolyl hydroxylase domain

PK Pyruvate kinase

PPAR Peroxisome proliferator-activated receptor

PEPCK Phosphoenolpyruvate carboxykinase

PTEN Phosphatase and tensin homolog deleted

from chromosome 10

RXR Retinoid X receptor

ROS Reactive oxygen species

SREBP Sterol regulatory element-binding protein

TCA Tricarboxylic acid

VHL von Hipple-Lindau

Introduction

Oxygen is an essential molecule for the survival of aerobic

organisms, as it serves as the final electron acceptor in
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oxidative phosphorylation for energy production. Electron

transfer of the respiratory chain in mitochondria is not

completely efficient, and leakage of electrons occurs and

produces reactive oxygen species (ROS), such as super-

oxide anion and hydrogen peroxide, by directly reducing

oxygen. Although cells are equipped with anti-oxidant

systems, unscavenged ROS have a highly oxidizing effect

on cellular components, such as lipids, proteins, and

nucleotides, which may threaten cell survival. Oxygen

concentration must therefore be regulated tightly to balance

oxygen demand and supply, by which cells can maintain

ATP production with less ROS generation.

Hypoxia (lowered oxygen conditions) can be caused by

not only reduced oxygen supply from local circulatory

system (e.g. cancer, ischemia heart disease, and embryos),

but also increased oxygen consumption by cells engaged in

certain functions (e.g. inflammation, proliferation, and

hormone secretion). Hypoxia-inducible factor (HIF) is a

central transcription factor that enables adaptive response

to hypoxic stress in normal and pathological conditions by

activating a large number of genes responsible for oxygen

delivery, angiogenesis, cell proliferation, cell differentia-

tion, and metabolism [1, 2]. As energy production is linked

intimately with almost all cellular events, we will describe

first how HIFs play key roles in the regulation of cellular

energy metabolism in response to hypoxia, and then dis-

cuss the complex range of functions of HIFs in whole-body

energy metabolism in health and diseases.

HIF-1 determines fate of pyruvate to be metabolized

to lactate in hypoxia

To adapt to oxygen deprivation, cells simultaneously

undergo two dramatic alterations of cellular metabolism:

oxygen-independent ATP production, and reduction of

mitochondrial oxygen consumption (Fig. 1). The former

‘‘fermentative’’ energy production is under the control of

HIF-1 activity, which stimulates glycolytic flux by induc-

ing the expression of glucose transporters (GLUT1 and

GLUT3) [3, 4] and glycolytic enzymes including hexoki-

nase (HK1 and HK2) [5] and phosphoglycerate kinase 1

(PGK1) [6]. Although glycolysis produces less ATP per

glucose molecule compared to oxidative phosphorylation,

cooperative induction of glucose uptake and glycolysis can

achieve rapid energy production that compensates for its

low efficiency. In addition, HIF-1 also upregulates lactate

dehydrogenase A (LDHA) [7], which regenerates NAD?

for continuous supply for glycolysis. The hypoxic altera-

tions in metabolism are essential for hematopoietic stem

cells to maintain their stemness in bone marrow niche,

where oxygen concentrations are low enough to activate

HIF-1 constitutively under physiological conditions [8, 9],

and it has been reported that the Meis1-HIF-1 cascade is

involved in enhanced glycolysis [10]. In contrast to normal

cells, cancerous cells have long been known to show high

glycolytic rates even under normoxic conditions (Warburg

effect) [11]. Oncogenes, such as c-Myc and v-Src, have

been shown to promote metabolic reprogramming, in part,

by cooperation with and activation of HIF-1, respectively

[12, 13]. In addition, loss of tumor suppressor genes,

including PTEN [14] and VHL [15], has been implicated in

development of the Warburg effects via HIF-1 activation,

independent of oxygen concentration. While these reports

have clearly shown the importance of HIF-1 in the main-

tenance of highly activated state of glycolysis in cancer

cells, Luo et al. [16] have recently reported intricate

interactions between glycolysis and HIF via PHD3. Pyru-

vate kinase M2 (PKM2) is an alternative form of PK

expressed predominantly in embryonic and cancer cells,

which catalyzes last step of irreversible reactions in gly-

colysis, and is induced by hypoxia in a HIF-1-dependent

manner. Although hypoxic PKM2 induction itself can

enhance HIF-1 transcriptional activity to some extent,

hydroxylation of PKM2 by PHD3 is a prerequisite for the

full function of HIF-1 in hypoxia, and thus the maintenance

of highly activated glycolysis, providing a positive feed-

back loop to reprogram a characteristic glucose metabolism

in cancer cells.

Reduction of oxygen consumption in mitochondria

serves as a safeguard for cell survival under hypoxia by

inhibiting aberrant electron leakages from mitochondria

and, in turn, preventing ROS production. As NADH, which

is abundantly produced in the TCA cycle, stimulates

mitochondrial oxygen consumption, entry of acetyl CoA

into TCA cycle must be diminished under hypoxia. Acetyl

CoA is produced only by oxidative decarboxylation of

pyruvate or b-oxidation of fatty acids. Pyruvate dehydro-

genase (PDH) is an E1 component of a large multienzyme

complex responsible for conversion of pyruvate to acetyl

CoA, and its enzymatic activity is inactivated substantially

by phosphorylation at specific serine residues by four PDH

kinases (PDKs). Of these, PDK1 and -3 are well-known

targets of HIF-1 [17, 18], and PDK1 can phosphorylate

all three sites of serine residues in PDH, conferring

extreme resistance to dephosphorylation (reactivation) to

the enzyme [19]. Upon exposure to hypoxia, HIF-1-medi-

ated PDK1 induction in conjunction with LDHA shunts

pyruvate away from the mitochondria, which reduces flux

through TCA cycle and delivery of NADH to mitochon-

drial respiratory chain. In addition, hypoxia-elicited PDH

inhibition by PDK1 is not likely to be abrogated immedi-

ately after reoxygenation, compared to such inhibition by

other PDKs as seen in starvation, thus providing a pro-

tective mechanism against reoxygenation-associated mito-

chondrial ROS production by slowing restoration of acetyl

CoA entry via PDH into TCA cycle. In agreement with
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these notions, mouse embryonic fibroblasts (MEFs) lacking

HIF-1a gene undergo cell death as a result of excess ROS

production due to a failure of PDK1 induction [20]. A

recent report by Aragones et al. [21] shows critical roles of

PDK4 in a shift in glucose metabolism from inside

to outside of the mitochondria in PHD1-null muscle, and

such an induction is attributable to an activation of PPARa,

in part, by HIF-2. Besides PDK induction, reduced activity

in TCA cycle enzyme(s) also may present other regulatory

mechanism to control mitochondrial oxygen consumption.

In response to hypoxia, HIF-1 has recently been reported

to induce transcription of a microRNA, miR-210, which

decreases expression of iron-sulfur scaffold proteins

ISCU1/2, essential components for assembly of iron–sulfur

cluster [22]. As iron–sulfur cluster is a prerequisite for the

activity of aconitase, subunit D of succinate dehydroge-

nase, complex I, and COX subunit10, increased miR-210

inhibits TCA cycle and oxidative phosphorylation, leading

to a reduction in mitochondrial oxygen consumption under

hypoxia [23].

Hypoxic stress reduces oxygen consumption

by remodeling mitochondria

Alternative metabolic reprogramming that leads to decrea-

sed oxygen consumption causes drastic organelle remod-

eling in mitochondria (Fig. 1). In VHL-deficient renal

carcinoma cells, HIF-1 blocks mitochondrial biogenesis by

inducing MXI-1, which interferes with c-Myc-Max inter-

action and consequently represses transcriptional activity

of PGC-1a, a critical transcription factor for mitochondrial

biogenesis [24]. Recent report by Jensen et al. [25] sug-

gests that HIF-1-mediated FoxO3A directly antagonizes

c-Myc function, resulting in hypoxic suppression of mito-

chondrial mass and oxygen consumption with metabolic

shifts to glycolysis. It has also been reported that HIF-1-

mediated miR-210 induction activates another c-Myc

antagonist, MNT, and may be involved in the regulation of

mitochondrial mass through competition with Max for

c-Myc binding in a similar way of MXI-1 [26]. On the

other hand, HIF-2 also counteracts c-Myc activity and

inhibits mitochondrial biogenesis in a manner similar to

HIF-1 [24]. However, controversy remains regarding the

role of HIF-2 in the regulation of mitochondrial mass, as

Gordan and colleagues [27] have reported that HIF-2a
conversely enhances c-Myc transcriptional activity by

binding Max, resulting in the promotion of renal cell car-

cinoma. A second key remodeling of mitochondria is

evoked by the induction of BNIP3, a member of BCL2

family. HIF-1-mediated BNIP3 expression impedes asso-

ciation of Bcl-2/xL and Beclin-1 (also known as atg6, an

essential component of autophagy), and then released

Beclin-1 promotes selective autophagy of mitochondria

(mitophagy), resulting in mitochondrial mass reduction

[28]. In fact, HIF-1a-deficient MEFs fails to decrease

mitochondrial mass and oxygen consumption due to a lack

of BNIP3 induction, leading to increase in ROS production

and cell death under hypoxia [28]. In addition, BNIP3

may participate in hypoxia-induced mitochondrial fission

by inhibiting a mitochondrial fusion-associated protein,

Fig. 1 HIF-1-dependent

regulation of carbohydrate and

energy metabolism. Under

hypoxia, HIF-1 activates

glucose intake, glycolysis, and

conversion of pyruvate to

lactate, by which ATP

production is maintained even

in oxygen deprivation. On the

other hand, HIF also reduces

mitochondrial oxygen

consumption by inhibiting

mitochondrial biogenesis and

activating mitophagy.

Molecules activated by HIF-1

is drawn in red box
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OPA1, thereby accelerating mitophagy of dysfunctional

mitochondria, a putative source of ROS production [29].

Although reduction in mitochondrial mass is the most

effective way to limit oxygen consumption in hypoxia,

mitochondrial respiration is not halted completely unless

oxygen tension drops to extreme low levels (\0.3 % oxy-

gen), suggesting that mitochondria still functions as ATP

generating system in hypoxic conditions. This idea is

supported by the fact that HIF-1 regulates COX activity by

switching from COX4-1 to COX4-2 [30]. This subunit

conversion is also promoted by progressive degradation of

COX4-1 by LON, which operates as a mitochondrial pro-

tease under hypoxia, and is upregulated by HIF-1 [30].

Thus, the subunit switch serves as a promising metabolic

response to ensure efficient ATP production with lower

ROS generation in hypoxic cells.

In vivo functions of HIF-1 on carbohydrate metabolism

Emerging data on metabolic adaptation to hypoxia have

stemmed largely from works using cancer cells, suggesting

the importance of HIF-1 in energy homeostasis under low

oxygen conditions. Next, we will discuss roles of HIF in

the regulation of whole-body energy metabolism, focusing

particularly on the liver, a central organ of energy metab-

olism. As inactivation of HIFas and HIF-related gene

results in embryonic lethality [31], a conditional targeting

of the gene has been conducted to investigate in vivo

function of HIFs. Surprisingly, Kahn and colleagues

showed that deletion of HIF-1b gene in liver causes

impaired glucose tolerance with normal fasting blood

glucose levels only in male mice, and the diabetic pheno-

type is attributable, in part, to aberrant activation of

C/EBPa and enhanced gluconeogenesis [32]. In addition,

liver-specific VHL-deficient mice show great reduction in

the expression of gluconeogenetic enzymes and, thus,

suffer from severe hypoglycemia, which are accompanied

by decreased levels in HNF4a and PGC1a [33]. These

data suggest that basal levels of HIFas expression are a

prerequisite for suppression of hepatic gluconeogenesis

through complicated interactions with other transcription

factors. On the other hand, loss of HIF-1a has no sub-

stantial effect on basal carbohydrate metabolism and the

related gene expressions, including GLUT1, GK, and

PGK1 in the liver, although isolated primary hepatocytes

can respond to hypoxia by enhancing GK and PGK1

expression (unpublished data). These data suggest that a

compensatory safeguard system mediated by HIF-2 or

other transcription factors may operate in vivo.

We have next investigated role of HIF-1 in liver

regeneration, during which liver gluconeogenesis and

glycolysis are, respectively, highly activated and sup-

pressed to maintain whole-body energy metabolism. It is

worth noting that hypoxia-induced HIF-1 target genes,

such as PKL and inducible PFK, are not altered in regen-

erated liver, although HIF-1a activity is transiently

induced, presumably by decreased liver perfusion in liver

regeneration [34]. Unexpectedly, hepatic gluconeogenesis

is markedly suppressed through a failure of induction of

PEPCK and PGK1 in HIF-1a-deficient mice, resulting in

severe fasting hypoglycemia during liver regeneration.

These data suggest that HIF-1 induction is necessary for

the regenerated liver to activate gluconeogenesis, rather

than glycolysis, to maintain whole-body energy metabo-

lism. In addition, these mice accumulate liver glycogen in

the fed state to greater extents compared to control mice

presumably by an aberrant activation of AKT-GSK3b
signaling. While these findings appear to conflict with a

previous report that showed hypoxic glycogen accumula-

tion, the later response seen in a certain cell line results

from HIF-1-mediated activation of the muscle type of

glycogen synthase (GYS1), but not the liver one (GYS2)

[35], suggesting a tissue-specific regulation of glycogen

metabolism in response to HIF-1 activation. In diet-

induced obese mice, we have found that HIF-1a expression

is also transiently induced with expansion of the hypoxic

area in the affected liver [36]. Mice lacking functional HIF-

1a gene show severe glucose intolerance by impaired b cell

functions and insulin resistance in peripheral tissues such

as skeletal muscles and adipose tissues after long-term

treatments with high-fat/sucrose diets [36]. The metabolic

alterations seen in HIF-1a-deficient mice appear to be

secondary to impaired hepatic glucokinase (GK) induction

and the resultant reduction in postprandial glucose uptake

by the liver, such that forced GK induction restores the

capacity for hepatic glucose disposal. However, GLUT1

and other glycolytic enzymes such as PGK1 are expressed

comparably between control and HIF-1a-deficient mice fed

the diet. Collectively, although HIF-1a expression is

detectable under physiological conditions and induced in

certain types of diseases in the liver, many hypoxic chan-

ges of genes involved in the energy homeostasis seen in

cell lines (e.g. activation of glycolysis) are not reproduced

in the liver, strongly suggesting that HIF-1-dependent

metabolic shift occurs in a context- and tissue-dependent

manner. In conclusion, the targeting of HIF-1 to modulate

hepatic glucose metabolism may provide a promising

therapy against diabetes and postsurgical liver dysfunction,

but additional studies are needed to examine in detail

what affects HIF-1-mediated regulations of carbohydrate

metabolism in the liver.

Complicated HIFs regulation of lipid metabolism

As oxidative breakdown of fatty acids consumes a large

amount of oxygen to produce energy, it is conceivable that
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lipid metabolism should be regulated through activation of

HIFs in hypoxia. It has been reported that, in certain cell

types, the expression of PPARa and/or RXR, an obligate

binding partner of PPARa, or the ability of DNA-binding

affinity of PPARa/RXR complex are reduced under

hypoxia, in part, in a HIF-1-dependent manner [37]. In

contrast, liver-specific VHL-deficient mice disclose the

importance of HIF-2 rather than HIF-1 in the regulation of

b oxidation and lipid droplet formation, by which a con-

stitutive activation of HIF-2a causes severe lipid accumu-

lation in the VHL-deficient liver [38]. This is further

supported by a recent study showing development of severe

fatty liver in PHD2/3 double-knockout mice in a HIF-

2-dependent manner [39]. However, much controversy

remains regarding the roles of HIF-2 as a pro-lipogenic

factor, inasmuch as HIF-2a-deficient mice also exhibit

hepatic steatosis [40] and forced expression of HIF-1a, but

not HIF-2a, in liver stimulates lipid accumulation in mice

[41]. Moreover, HIF-1 has been reported to induce HIG2

expression, a lipid droplet protein involved in neutral lipid

formation, under hypoxia, [42] and accelerate fatty acid

synthesis through simultaneous activations of PPARc and

glycolysis in cardiac hypertrophy [43].

Although the data described above suggest that HIF

activation results in lipid accumulation by several mech-

anisms, we have recently reported a converse function of

HIF-1 in lipid metabolism in alcoholic fatty liver. Chronic

intakes of excessive alcohol have been known to accu-

mulate neutral lipids in liver and cause liver hypoxia

concomitantly with increased oxygen consumption in the

affected liver. In fact, such a disrupted oxygen homeo-

stasis induces hepatic HIF-1a expression and its tran-

scriptional activity in liver of mice exposed to alcohol

only for 4 weeks [44]. Loss of HIF-1a deteriorates fatty

infiltration predominantly in the pericentral region of the

liver compared to control mice, suggesting anti-lipogenic

roles of HIF-1 in alcoholic fatty liver. In the mutant mice,

enhanced hepatic lipid accumulation is accompanied by

aberrant induction of SREBP1c and ACC1, and these

transcriptional alterations are evoked by a lack of HIF-1-

mediated DEC1 activation. This idea is supported by the

finding that forced expression of a transcriptional repres-

sor, DEC1, in the mutant liver completely suppresses lipid

accumulation by reducing SREBP1c activation. In addi-

tion, a PHD inhibitor dimethyloxalylglycine, which sta-

bilize and activate HIFa, reduces alcoholic-elicited lipid

deposition in control, but not HIF-1a-deficient mice,

confirming the protective roles of HIF-1 against alcoholic

fatty liver [44]. Consistent with these findings, deletion of

the HIF-2a gene in liver does not show any effects on

lipid accumulation in the same disease model (unpub-

lished data). Collectively, these data strongly suggest that

HIF-1 protects against development of alcoholic fatty

liver by inhibiting de novo fatty acid synthesis. More

importantly for liver biology, our study appears to raise

complex, but important issues for the understanding of in

vivo functions of HIFs in the regulation of liver metab-

olism, as hepatocytes show distinct metabolic properties

depending on their locations in the liver acinus. In lipid

metabolism, lipogenesis and fatty acid oxidation occur

predominantly in pericentral (less-oxygenated) and peri-

portal (well-oxygenated) region of liver acinus [45].

When HIFa expression is forced by either inactivation of

VHL gene or adenovirus vector encoding HIFa gene,

HIF-2 may regulate genes responsible for fatty acid oxi-

dation, rather than those for de novo lipogenesis, as

ubiquitous activation of HIFas can occur in the acinus.

Selective functions of HIF-1 (but not HIF-2) on fatty acid

synthesis could alternatively be at work, even if both

HIFas are activated exclusively in pericentral hepatocytes.

In either case, the HIF-mediated metabolic alterations

described above appears important for the maintenance of

local oxygen homeostasis in the liver by limiting either

oxygen consumption (fatty acid oxidation) or ATP utili-

zation (de novo fatty acid synthesis), which are charac-

teristic responses in cells evoked by hypoxia (Fig. 2).

Fig. 2 HIFs-mediated lipid metabolism in liver. HIF-1 and HIF-2

inhibits de novo fatty acids synthesis and b-oxidation, respectively, in

the liver. In addition, HIF-2 also stimulates lipid droplet formation to

promote triacylglycerol storage. Although HIF-mediated regulation of

lipid metabolism is complicated, HIF activation appears to lead to

reduction in consumption of both ATP and oxygen
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Conclusion

Metabolic reprogramming to hypoxia mediated by HIFs is

critically important for aerobic cells (organisms) to survive

as oxygen concentrations surrounding them vary drastically

in disease conditions, and even under physiological ones.

Much information as to how HIFs are activated and what

genes are regulated by HIFs is now available to easily

understand the importance of HIFs in hypoxic adaptation.

Although HIF-1 and HIF-2 can be activated simultaneously

or separately by hypoxia (and certain types of human dis-

eases) in one cell, the consequences on cellular and tissue

metabolism appear to differ markedly in a cell type- and

context-dependent manner. Further investigation of the

roles of HIFs in different cells and conditions is needed to

gain a better understanding of the whole picture of their

physiological and pathophysiological roles, and is essen-

tial for developing novel therapeutic strategies against

diseases.
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