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Hypoxia-inducible factor 1 (HIF1) is the central actor of an 
ancient, highly conserved pathway that responds to low-oxy-
gen conditions. This transcription factor is composed of two 
subunits: constitutively expressed HIF1β and oxygen-sensitive 
HIF1α (1). In normoxic conditions, the HIF prolyl hydroxylases 
(PHDs) and asparaginyl hydroxylase (Factor Inhibiting HIF or 
FIH, respectively) modify residues on HIF1α that target the pro-
tein for degradation and prevent its transcriptional activity (2, 3). 
During hypoxia, these posttranslational modifications are lim-
ited, allowing HIF1α to enter the nucleus, dimerize with HIF1β, 
and bind to genomic hypoxia response elements to promote tran-
scription. Another HIF isoform, HIF2α, senses oxygen and plays 
a more restricted, albeit important role, especially in the vascu-
lature (4). Less is known about the final member, HIF3α; analysis 
of this isoform has been complicated by multiple variants encod-
ed from the Hif3a locus (i.e., NEPAS and IPAS). Additionally, 
full-length HIF3α lacks a C-terminal transactivation domain but 
still dimerizes with HIF1β, thereby acting as a negative regulator 
of HIF1 and HIF2 activity (5).

The heart depends on oxidative metabolism to produce the 
large amounts of ATP required to sustain contractility. It is exqui-
sitely sensitive to hypoxia, and as a result, cardiac ischemia is the 
most common cause of death in the developed world. Beyond 
their systemic roles in oxygen delivery, through erythropoiesis 
and angiogenesis, HIF-regulated pathways help to protect the 
heart against hypoxia, tuning the balance of metabolic pathways 
to provide ATP and activating cell-survival pathways. HIF has 
other important roles in the heart, directing embryonic develop-
ment and response to limited oxygen delivery caused by coronary 
disease. It even plays a role in the progression of atherosclerotic 
arterial disease that underlies ischemia in many vascular beds, 

especially the heart. This Review examines what we have learned 
about the pleiotropic role of HIF in the heart, touching especially 
on its participation in cardiac development, metabolic response to 
stress, and atherosclerosis.

The HIF pathway in heart development
The heart is the first organ to form in the embryo, and its develop-
ment is necessary for maturation of a working vasculature and for-
mation of other organs. Numerous factors are responsible for the 
specification and maturation of cardiac cells, including transcrip-
tion factors (e.g., NKX2.5, TBX, GATA4, MESP1), morphogens 
(e.g., BMP4, FGF, TGF-β), and epigenetic mechanisms (e.g., DNA 
methylation) (6, 7). Together, these pathways give rise to numer-
ous heart cell types and lineages by initiating specific transcrip-
tional programs (8). Studies over the past 25 years have shown 
important roles for oxygen and the HIF pathway during embryonic 
development, particularly in heart morphogenesis, with a still-im-
proving mechanistic understanding (9–11).

In mice, heart development begins at embryonic day 7.5 
(E7.5) with formation of the cardiac crescent and is largely com-
plete by E15 (Figure 1A). During this time, localized regions of 
hypoxia are observed throughout the embryo, and the stabiliza-
tion of HIFs tracks with these areas (12). The earliest evidence of 
nuclear HIF1α in the developing heart is at E8.5 (13), although it 
is likely stabilized even earlier in newly formed cardiac precur-
sors. By E9.5, HIF1α is found in the myocardium of the outflow 
tract and the nascent ventricular and atrial chambers (14, 15). 
From E10.5 to E12.5, HIF1α becomes restricted to the compact 
myocardium but is absent in the forming trabeculae, endocardi-
um, and epicardium. By E14.5, once septation and chamber for-
mation have occurred, HIF1 is no longer detectable in most of the 
heart but persists in the interventricular septum (15). Little has 
been published regarding HIF2α protein in the embryonic heart; 
however, Hif2a mRNA is detected in cardiac tissues at E9 (16). 
Hif3a does not appear to be expressed in the embryonic heart, 
although a splicing variant of Hif3a, called Nepas, is found in the 
late embryonic and early postnatal heart (17).
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The confounding effects of deleting HIF genes in the entire 
embryo can be avoided by the use of tissue-specific conditional 
knockouts (Table 2). The earliest conditional knockout of Hif1a 
deletes Hif1a in the embryonic mesoderm at E6.5 using Mesp1-Cre. 
Only half of Hif1afl/Δ Mesp1-Cre+ embryos survived to E17.5, and 
heart abnormalities were observed in a third of surviving animals 
(31). In the same study, using an Nkx2.5-Cre line, which deletes 
Hif1a at E7.5 in cardiac precursors, a majority of Hif1afl/Δ Nkx2.5-
Cre+ animals survived to E17.5, with only 14% presenting heart 
abnormalities. However, another study using a different Nkx2.5-
Cre line found that most Hif1afl/Δ Nkx2.5-Cre+ mice died between 
E14.5 and E17.5, and almost all had ventricular abnormalities,  
including incomplete septation (14). This study also deleted Hif1a 
using other Cre lines, including Myh6-Cre in cardiomyocytes at 
E12, Wt1-Cre in epicardial cells at E9.5, and Tie2-Cre in endocar-
dial cells at E9.5, and found that these mice all survive to birth. 
Experiments with conditional deletion of Hif1b in early cardiac 
lineages are sparse; only one study deleted this gene in adult car-
diomyocytes (32). Further research into this factor could be partic-

HIF-regulated transcription is necessary for important cardiac 
developmental events including septation (14, 18) and trabeculation 
(15). Embryos lacking Hif1a arrest at E10 with small hearts and a 
hypocellular myocardium (19–21). The range of cardiac abnormalities 
with Hif1a deletion is broad and is influenced by the specific allele and 
mouse genetic background (ref. 22 and Table 1). Homozygous deletion 
of the Arnt gene, encoding HIF1β, also results in embryonic lethality 
at E10, with placental defects that may contribute to heart deformi-
ties (23, 24). Mice lacking Hif2a (also known as Epas1) either arrest in 
embryogenesis or survive to adulthood with multiple organ patholo-
gies, again depending on the allele used and the mouse background 
(25–27). Hif3a deletion results in right ventricle hypertrophy, although 
this may arise from defects in lung remodeling, with the major play-
er being NEPAS rather than full-length HIF3α (17). Stabilization of 
HIF1, through deletion of Phd2, can also have deleterious effects on 
heart development (28). As with Hif1b mutations, these heart defects 
may be partly due to defects in placenta development and subsequent 
oxygen deprivation of the embryo. CITED2, a negative transcriptional 
regulator of HIF1α, is also important for cardiac development (29, 30).

Figure 1. HIF1 expression and function in the developing mouse heart. (A) Mouse heart development occurs over a period of 7 days, beginning with 
formation of the cardiac crescent, followed by looping, chamber formation and trabeculation, and finally septation. HIF1α stabilization has been detected 
at E9.5 in the nascent chambers and outflow track and then becomes restricted to the compact myocardium at E12.5. By E14.5, HIF1α is restricted to the 
interventricular septum (IVS). (B) Possible targets and functions of HIF1 during heart embryogenesis. HIF1 is thought to promote cardiomyocyte prolif-
eration, glycolysis, and cardiomyocyte specification in embryonic cardiomyocytes. A switch from glycolysis to oxidative phosphorylation is dependent on 
HIF1α compartmentalization in different regions of the heart over time. LV, left ventricle; RV, right ventricle.

Table 1. Phenotypes of mice null for HIF pathway genes

Allele Phenotype Mouse background Reference
Hif1a Hif1atmRsjo Lethal by E10; heart defects; myocardial thinning C57BL/6 × 129 20

Hif1atm1Jhu Lethal by E10; heart defects; myocardial thinning 21
Hif1atm1Pec Lethal by E10; cardia bifida 129/SvJ × Swiss 19

Arnt (i.e., Hif1b) Arnttm1Mcs Lethal between E9.5 and E10.5 
Placental and heart defects

129/SvJ 23

Arnttm1Oha Lethal between E9.5 and E10.5; placental defects C57BL/6 × 129 24
Epas1 (i.e., Hif2a) Epas1tm1Rus Lethal by E16.5 C57BL/6 × 129/Sv 27

Epas1tm1Rus Lethal in utero 129 (isogenic) 25
Epas1tm1Rus Lethal in utero C57BL/6 (congenic) 25
Epas1tm1Rus ¼ survival; cardiac hypertrophy C57BL/6 × 129 25
Epas1tm1Fong Lethal between E9.5 and E12.5 129/Sv 26

Hif3a Hif3atm1Mym Viable; abnormal lung development; right ventricle hypertrophy C57BL/6 17
Egln1 (i.e., Phd2) Egln1tm1Fong Lethal between E12 and E14; placental and heart defects C57BL/6 × 129/S6 28
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of the myocardium to meet the 
proliferating heart’s high energy 
demands (Figure 1B). That both 
HIF1α deletion and stabilization 
in cardiomyocytes could lead to 
cardiac hypoplasia argues for 
the complexity of the gene cir-
cuitry that HIF1 controls during 
myocyte proliferation and dif-
ferentiation. These studies also 
highlight the requirement for 
precise timing and appropri-
ate levels of the different HIF 
isoforms during development. 
Compensatory roles between the 
different HIF isoforms, or other 
factors, may underlie the pheno-
types observed in hearts lacking 
or constitutively stabilizing HIFs. 
Still, the role for HIFs in launch-
ing the cardiac developmental 
program may be more direct. In 
frogs, HIF1α is required for the 
correct expression of Nkx2.5, 
a master transcription factor 
important in heart progenitor 
specification (35, 36). A more 
thorough analysis of the tran-

scriptional effects of all HIFs in launching cardiac developmental 
gene programs, possibly at the single-cell level, is necessary to 
identify direct and indirect effects of HIF activity.

Numerous cell types contribute to the developing heart, 
including cardiomyocytes, fibroblasts, endothelial cells, and 
immune cells (37). The majority of work done so far has focused 
on HIF in cardiomyocytes, so it will be of interest to understand 
HIF’s role in other cell types that are likely to have distinct hypox-
ia responses. For example, coronary vasculature development is 
dependent on HIF, and HIF dysregulation may contribute to clini-
cally important coronary malformations (38, 39). Recent evidence 
has also shown HIF1’s involvement in sympathetic innervation of 
the heart (40). The transcriptional response to hypoxia likely inte-
grates multiple factors independent of HIF, including chromatin 
factors that can sense oxygen and could be major effectors of tran-
scriptional events found in the hypoxic embryonic heart (41, 42). 
Also, the relationship between HIF and noncoding RNAs is likely 
to be an additional axis influencing heart development (43, 44).

HIF’s role in congenital heart disease
Congenital heart disease (CHD) is the most common birth defect, 
occurring in 1 in 100 live births (45, 46). Approximately 10% of 
CHD arises from de novo autosomal dominant or inherited auto-
somal recessive mutations, and many genetic translocations, copy 
number variations, and point mutations have been identified over 
the past 20 years (47, 48). The remaining CHD cases are thought to 
arise from a combination of both genetic and environmental fac-
tors (49). Given the importance of the HIF axis in heart develop-
ment, oxygen levels in utero and polymorphisms in HIF pathway 

ularly revealing, since HIF1β dimerizes with all three α isoforms. 
The discrepancies between these genetic experiments have been 
attributed to differences in alleles, mouse backgrounds, and the 
effectiveness and timing of Cre drivers. Taken together, while the 
range of phenotypes seen in mice deficient in HIF pathway com-
ponents is heavily influenced by specific experimental parameters, 
these studies underscore the importance of the HIF pathway in 
regulating early, rather than late, events of cardiogenesis.

How might the HIF pathway regulate heart development? 
Recent analyses have argued for roles in regulating fetal cardio-
myocyte proliferation and metabolic switching events in specific 
regions of the heart (14, 15). One study reported that HIF1α pro-
motes cell cycle gene expression by modulating the transcrip-
tional inhibitor p53 in cardiomyocytes (14). Loss of Hif1a led to 
downregulation of the p53 inhibitor macrophage migration inhib-
itory factor (MIF), upregulation of p53 transcript, and subsequent 
suppression of p53 target genes that promote cardiomyocyte pro-
liferation (Figure 1B). This finding could explain the hypoplastic 
heart phenotype observed in Hif1a-null mice; however, the inter-
play between p53 and HIF is complex, and various reports have 
argued for both activating and repressive roles of HIF in p53-reg-
ulated transcription (33). Interestingly, Mif-null mice are viable 
and fertile with no reported defects in heart development (34). 
Another study effectively stabilized HIFs in embryonic cardiomy-
ocytes by deleting Vhl, which, surprisingly, also led to hypoplasia 
and embryonic death by E17.5 (15). The authors suggested that 
degradation of HIFs, specifically HIF1, in appropriate compart-
ments of the heart allows for a switch from glycolytic to oxida-
tive metabolism, which is necessary for appropriate thickening 

Table 2. Experiments using cardiac conditional knockout of HIF pathway genes 

Cre lineA Alleleb Phenotype Reference
Hif1a Mesp1-Cre 

(E6.5 embryonic mesoderm)
Hif1atm3Rsjo/Δ 55% Lethal at E17.5 31

Nkx2.5-Cre 
(E7.5 cardiac precursors)

Hif1atm3Rsjo/Δ ~95% Survival to at least E17.5 
Heart abnormalities in 14% of surviving animals

31

Nkx2.5-Cre 
(E7.5 cardiac precursors)

Hif1atm3Rsjo/Δ Lethal by E17.5 14

MLC2v-Cre 
(E8.25 ventricles)

Hif1atm3Rsjo/Δ Lethal by E12.0 13

Myh6-Cre 
(E12 cardiomyocytes)

Hif1atm3Rsjo/Δ Survive to birth 14

Wt1-Cre 
(E9.5 epicardial cells)

Hif1atm3Rsjo/Δ Survive to birth 14

Tie2-Cre 
(E9.5 endocardial cells)

Hif1atm3Rsjo/Δ Survive to birth 14

Arnt Myh6-MerCreMer 
(Tam-inducible, cardiomyocytes)

Arnttm1.1Gonz Deleted in adults, not tested earlier in development 32

Vhl Nkx2.5-Cre 
(E7.5 cardiac precursors)

Vhltm1Jae Lethal by E17.5 
Septal defects, myocardium thinning

15

Egln1 MLCv-Cre 
(E8.25 ventricles)

Egln1tm1.1Brei No reported developmental cardiac phenotypes 187

Myh6-Cre 
(E12 cardiomyocytes)

Egln1tm1Kael No reported developmental cardiac phenotypes 75

AEmbryonic stage of earliest Cre activity and targeted cardiac cell type or tissue are indicated. B The Δ indicates a 
null allele used in combination with a floxed allele to achieve greater knockout efficiency.
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tion (60). Expression of a dominant-negative form of HIF1α in these 
hearts or exposure to hyperoxia prevented this regeneration. Inter-
estingly, in the more regenerative fish heart, HIF-mediated vascular 
growth contributes to cardiomyocyte repopulation by serving as a 
cellular scaffold (61). The neonatal mouse heart is able to regener-
ate for a few days after birth, and exposing adult mice to hypoxia 
may also promote cardiac regeneration (62, 63). Recently, moder-
ate hypoxia was shown to affect human cardiomyocyte proliferation 
through upregulation of YAP1 (64). Current clinical trials are explor-
ing whether hypoxia can ameliorate cardiac damage in humans (65, 
66). At this time, the mechanisms underlying cardiomyocyte cell 
cycle reentry under hypoxic conditions are not fully understood, 
and the role HIFs play in this process remains undefined.

HIF and cardiac metabolism
HIF plays a crucial role in shaping the metabolic response in the 
heart (Figure 2). The heart synthesizes and consumes approxi-
mately 6 kg of ATP every day, largely for contraction and ion flux 
(67, 68). Cellular metabolism is inextricably linked with cardiac 
contractility. In the healthy human heart, oxidative phosphoryla-
tion generates almost all of the ATP (~95%), with fatty acids uti-
lized as substrate (~70%) (67). Glucose and other carbohydrates 
provide most of the remainder, with minor contributions from 
other pathways (67). However, given the crucial, unremitting need 
for proper cardiac function, the heart is omnivorous and will con-
sume any substrate available to sustain contractility, as seen in the 
increased reliance on glucose in aging and failing hearts (67). Gly-
colysis is also increased in other cardiac diseases, and in diabetes 
there is increased consumption of ketone bodies (67, 69, 70).

While HIF1 promotes glycolysis during hypoxia, it also influ-
ences metabolism under normoxic conditions. Deleting HIF1α in 
cardiomyocytes alone causes decreased ATP, lactate, and phospho-
creatine levels, in addition to impaired cardiac contractility (71). 
Paradoxically, overexpressing myocardial HIF1α can also produce 
contractile dysfunction, despite increased ATP, glucose metabo-
lism, glycogen stores, and lactate production (72–74). Similarly, 
cardiac loss of PHD or VHL function, which stabilizes HIF1α (and 
HIF2α), also leads to upregulation of glycolytic genes and concom-
itant loss of contractility (75–77). These results suggest that tight 
control of HIF1α expression is crucial to proper cardiac function 
and that HIF1α’s effects on metabolism extend beyond glycolysis.

HIF1α also influences mitochondrial metabolism. Reduced 
HIF activity leads to mitochondrial loss and lipid accumulation, 
along with decreased oxidative phosphorylation and fatty acid 
metabolism (72, 73, 76, 77). Reactive oxygen species (ROS) are 
also generated during hypoxia from disruption of the electron 
transport chain and a perturbed redox state (78). Detailed work 
has demonstrated that HIF1α mitigates this toxicity by limiting 
TCA activity and decreasing mitochondrial mass through upregu-
lation of the mitochondrial proteins PDK1 and BNIP3 (78–81).

HIF1 expression and activation can also be regulated by 
metabolite feedback loops. For example, increased glucose (or 
GLUT1 expression) limits HIF1α expression through upregulation 
of ubiquitin degradation pathways (82). Also, in addition to its role 
in the TCA cycle, succinate is generated as a byproduct of an α-ke-
toglutarate–dependent PHD hydroxylation reaction and can act 
as a rheostat to modulate PHD activity and HIF stability (83–86). 

genes can contribute to CHD. Insights into this may lie in genetic 
population studies of groups that live at high altitudes, exposed to 
chronic hypoxia. Remarkably, CHD prevalence has been reported 
to be ten times higher in these groups than in groups living at sea 
level (50). Certain genetic polymorphisms, such as those found in 
Hif2a, that have allowed adaptation to high altitude have also been 
implicated in contributing to abnormal heart development (26, 51). 
Efforts to model in utero hypoxia have revealed important insights 
into the potential contributors and events leading to CHD. In one 
study, exposure to hypoxia in mouse embryos lacking a single copy 
of either of the essential cardiac development genes Tbx1 and 
Nkx2.5 led to an increase in heart malformations and embryonic 
death (52). This genetic sensitization, combined with abnormal 
oxygen levels, highlights the combinatorial effects of genetics and 
environment on heart development. The epigenetic mechanisms 
linking in utero hypoxia to cardiovascular disease later in life, and 
possibly across generations, are a current research focus, although 
the roles that HIFs play are not yet clear (reviewed in ref. 53).

HIF and cardiac regeneration
Mature mammalian cardiomyocytes have very low proliferative 
capacity and are not replenished in damaged adult hearts to any 
substantial degree. Repopulating damaged areas of the heart with 
functional cardiomyocytes is a long-sought goal of regenerative 
medicine and may benefit from refinement of induced pluripotent 
stem cell techniques. Links between cellular stemness, hypoxia, 
and HIF activity have been established (54). Many adult stem cells 
reside in hypoxic niches, an environment that is thought to keep 
cells in an undifferentiated state, limiting oxidative DNA damage 
and promoting glycolysis as a main energy source (55). Addition-
ally, genes encoding pluripotency factors (e.g., Oct4) are direct tar-
gets of the HIF pathway, specifically HIF2α, supporting the hypoth-
esis that the HIF axis is a direct regulator of pluripotency. However, 
recent experiments have cast doubt on the presence of resident 
stem cells in the mammalian heart (56). Instead, a tiny population 
of adult cardiomyocytes may retain the ability to reenter the cell 
cycle under extreme circumstances, such as hypoxia (57).

Fate mapping has suggested a limited number of proliferative 
adult cardiomyocytes (58). The role of hypoxia and HIFs in this pro-
cess is now being explored. In one study, adult hypoxic cardiomyo-
cytes were identified by fusing of HIF1α’s oxygen-dependent deg-
radation domain to a tamoxifen-inducible CreERT2 recombinase 
(57). Introducing this transgene into mice harboring a floxed-TdTo-
mato reporter turns cells red (TdT+) if they are hypoxic at the time 
of tamoxifen treatment. In 1-month old mice, a small percentage of 
cardiomyocytes were hypoxic by this assay. Remarkably, the num-
ber of TdT+ cardiomyocytes, albeit small, increased over time with-
out additional tamoxifen treatment, suggesting that a tiny number 
of cardiomyocytes (0.01%–0.06% of cells) in the adult can reenter 
the cell cycle. Molecular characterization of these rare cardiomy-
ocytes may reveal what makes these cells special, with hopes to 
instill these features into nondividing cardiomyocytes.

In contrast to mammals, zebrafish and amphibians efficiently 
repair damaged hearts through a process of dedifferentiation and 
proliferation of existing cardiomyocytes (59). Ventricular amputa-
tion of zebrafish hearts induces localized hypoxia at the resection 
site that promotes cardiomyocyte dedifferentiation and prolifera-
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targets including Glut1, Epo, and Glut4 (92). HIF3 expression was 
also found to be upregulated in response to insulin (93). Addition-
al studies have demonstrated that DMOG, desferrioxamine, PHD 
inhibitors, and other small molecules can also modulate HIF-de-
pendent metabolic processes (83, 94, 95). While HIF1 appears to 
be the major regulator of cellular metabolism, further study will 
be necessary to specifically delineate the roles of each of the HIF 
proteins and regulators in cardiovascular metabolism.

Unsurprisingly, HIF signaling affects the metabolic response 
to heart disease in myriad ways. Many cardiac pathologies lead to 
reduced oxygen availability either directly (reduced oxygen deliv-
ery) or indirectly (mismatch between demand and supply). Both 
HIF1 and HIF2 are expressed after acute ischemic injury, and 
HIF1 has been shown to be protective, at least partly as a result 
of increased glycolysis and reduced oxidative metabolism (74, 96–
100). Chronic ischemia can develop from atherosclerosis, aortic 
stenosis, hypertrophic cardiomyopathy, and hypertension, all of 
which can lead to heart failure. Although often described as “non-
ischemic cardiomyopathy,” hypertrophy and dilation can also pro-
duce stabilization of HIF1 and upregulation of its metabolic path-
ways (73, 101). Given the reduced ATP production of glycolysis 
compared with oxidative phosphorylation, long-term HIF1 stabi-
lization may not always be beneficial, as observed in heart failure 

Work in cancer cells shows that several additional citric acid and 
glycolytic metabolites can also regulate PHD activity and HIF sta-
bility (84, 85, 87), but additional mechanistic studies will be need-
ed to assess their importance in the heart.

While HIF1 drives the initial response to hypoxia, HIF2 appears 
to regulate the long-term response to restore oxygen homeosta-
sis. Global loss of HIF2α leads to cardiac hypertrophy, along with 
impaired mitochondrial metabolism and increased ROS genera-
tion due to loss of antioxidant enzymes (25). Cardiomyocyte-spe-
cific loss of HIF2α increases ischemic damage (88). HIF2α over-
expression in cardiomyocytes also increases transcription of HIF 
target genes (and produces a dilated cardiomyopathy) (75), indi-
cating a role for HIF2 in chronic hypoxia and mitochondrial main-
tenance. Additionally, VHL deletion in adipocytes causes cardiac 
hypertrophy via HIF2-dependent changes in lipid metabolism and 
inflammatory signaling (89). Interestingly, global loss of FIH, the 
other HIF hydroxylase, leads to an increased metabolic rate and 
insulin sensitivity that does not coincide with increases in gly-
colysis, fatty acid oxidation, or HIF1 target gene expression (90, 
91). Rather, FIH appears to regulate mitochondrial ROS produc-
tion and glycogen storage (91). Limited data exist on HIF3 in the 
heart, but recent work in cardiomyocytes in vitro indicates it may 
behave similarly to PHDs by limiting expression of typical HIF1 

Figure 2. Effects of HIF on metabolism. HIF expression or stabilization has many effects on cell metabolism, both directly and indirectly. Under 
normoxic conditions, HIF1α and HIF2α (HIFα) are hydroxylated by PHDs (and FIH) using available oxygen and α-ketoglutarate, which leads to proteo-
somal degradation. When oxygen tension is low, HIFα translocates to the nucleus, where it binds to DNA with its heterodimeric binding partner HIFβ 
to initiate transcription of HIF target genes. These transcription products affect all levels of cellular metabolism to reduce oxidative phosphorylation 
(OXPHOS) in mitochondria and favor glycolysis, from substrate transport to apoptotic signaling molecules (e.g., BNIP3). Some evidence suggests that 
HIFα may also directly modulate mitochondrial metabolism, through a currently undefined mechanism. Metabolite levels are independently affected 
by changes in oxygen tension and HIF expression through reduction of PHD activity, which influences concentrations of several citric acid metabolites 
(e.g., α-ketoglutarate and succinate). Dashed lines indicate transport across the mitochondrial membrane, where these metabolites serve distinct roles 
in each location. PPP, pentose phosphate pathway.
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patients whose hearts utilize glycolysis to a greater degree than 
those of healthy counterparts (67, 69, 73, 101). Recent work also 
indicates that HIF-dependent maladaptive pathways, e.g., fructol-
ysis, can be upregulated under cardiac stress and contribute to car-
diac pathology (101). Diabetes, obesity, and insulin resistance can 
also modify HIF’s metabolic effects through reduced HIF1 expres-
sion and glucose uptake as well as increased oxidative stress (86, 
102–105). Given the increasing prevalence of diabetes and meta-
bolic disorders, additional study of the effects of metabolic stress 
on HIF signaling in the heart is needed to develop more effective 
therapies for these diseases.

HIF and angiogenesis
Following the path-breaking work of Judah Folkman (106), the 
understanding of angiogenesis has burgeoned over the past 30 
years. This work initially focused on VEGF and a few other mole-
cules for positive angiogenic treatments, and their antagonists for 
cancer therapies and age-related macular degeneration. Exciting 
work has also been done on angiogenesis in noncardiac vascular 
beds, especially the retina and peripheral extremities; these mod-
els form the basis of much of our understanding of clinical angio-
genesis and have been well reviewed elsewhere (107–111).

Genetic evidence suggests that modulation of HIF activity 
in the cardiovascular system could have clinical benefit. Sever-
al SNPs at the Hif1a locus are associated with vascular response 
(112–115). As it became clear that HIF was a principal regulator 
of angiogenesis, mediating VEGF expression and a host of other 
molecules, clinical efforts focused on increasing HIF1 expression 
in peripheral artery disease to induce collateral circulation in the 
lower extremities. While preclinical and phase I studies produced 
encouraging results, a larger clinical trial ultimately found no sig-
nificant functional improvement (109, 112, 116–118). Preclinical 
work also indicated that viral expression of HIF1 could improve 
cardiac perfusion after ischemia (119); however, subsequent clini-
cal studies were less encouraging (120, 121).

Although much focus has been on HIF1, HIF2 also plays 
an important, distinctive role in angiogenesis. Like HIF1, sev-
eral HIF2 (Epas1) knockout models displayed vascular defects, 
although the specific phenotypes differed between genetic back-
grounds and from those seen in HIF1 deletion (122). While HIF1 
and HIF2 share a number of transcriptional targets to activate 
angiogenesis, the limited and cell-specific nature of HIF2 expres-
sion (brain, heart, lungs, liver, kidneys, intestines, vasculature) 
suggests it serves a nonredundant role in this process (123). Stud-
ies to date indicate that HIF1 is crucial to early steps (sprouting, 
intussusception), while HIF2 influences later stages of vessel sta-
bilization and maturation (122, 124). Additionally, HIF1 and HIF2 
have been reported to have different sensitivities to oxygen ten-
sion (with higher HIF1 hydroxylation and turnover at physiological 
levels of hypoxia) and different temporal expression in the hypox-
ic endothelium (HIF1 > HIF2 in the first 24 hours, HIF2 > HIF1 
after 24 hours), which appears to support their complementary 
roles in vessel formation and development (124, 125). Limited data 
on HIF3 suggest it can also modulate angiogenesis, with delayed 
expression in the endothelium upon hypoxia exposure (similar to 
HIF2) and some effects on heart, lung, and vascular development 
(125). While therapeutic modulation of HIF2 in clinical trials has 

largely been limited to small-molecule inhibitors to limit tumor 
vascular formation, preclinical study of HIF2 stabilization indi-
cates that it may improve perfusion in ischemic injury (122, 126). 
For now, more definitive evaluation of HIF modulation for cardiac 
angiogenesis awaits more specific therapeutics and delivery meth-
ods, improved noninvasive evaluation of perfusion, and a deeper 
understanding of the underlying molecular signaling.

HIF and preconditioning
The concept of preconditioning tissue with short intervals of 
ischemia to limit more severe ischemic injury has been a tantaliz-
ingly attractive clinical strategy for decades. Naturally occurring 
responses to ischemia in the heart suggest the benefits of this 
approach. Patients with myocardial infarction who had preceding 
angina or collateral vessels had better recovery than those who did 
not (112, 127, 128), suggesting that prior exposure to hypoxia and 
angiogenesis, or perhaps “remodeling” of metabolism, both of 
which are likely to be HIF-related, may be protective. A number of 
recent reviews discuss HIF and preconditioning in the heart (10, 
112, 129–131). Treatment, whether it is ischemia, hypoxia, or small 
molecules that activate related pathways, can be delivered either 
directly to the tissue of interest, or indirectly (often referred to as 
remote preconditioning). The timing of treatment can also vary, 
including before (preconditioning), during, or after prolonged 
ischemic insult (postconditioning). Here we highlight a few recent 
publications that provide new insight into mechanisms underlying 
the protective effects of preconditioning.

Both genetic and pharmacological studies suggest that HIF 
is involved in preconditioning. Many of these protective effects 
relate to transcriptional activity in known pathways that promote 
glycolysis and oxygen delivery, or minimize oxidative metabolism, 
which all fall into the late phase of preconditioning (>24 hours 
after treatment) (10, 112, 130). However, some evidence suggests 
that HIF1 is also involved in the early phase of preconditioning 
(within hours of therapy) before transcription is upregulated, pos-
sibly by directly modulating mitochondrial metabolism (78, 132). 
The advantages of HIF signaling are not limited to cardiomyo-
cytes, as deletion of HIF1 in endothelial cells also abolishes car-
dioprotection conferred by ischemic preconditioning (112, 133). 
Interestingly, while HIF is involved in several of these pathways, 
its activation may not be necessary for some aspects of protection, 
as regulation of downstream molecules such as adenosine is also 
beneficial (112, 129–131, 134). These results suggest that in addi-
tion to HIF itself, identification of HIF targets involved in precon-
ditioning may produce additional candidates to more specifically 
modulate cardioprotective pathways.

In addition to direct preconditioning, there has been excit-
ing recent progress in understanding remote preconditioning to 
protect the heart. These models usually involve temporary isch-
emia of a remote region prior to cardiac injury, typically a limb, 
but systemic treatments to alter oxygen availability can also be 
considered forms of remote conditioning. Numerous studies have 
found that exposure to ambient hypoxia, administration of hypox-
ic blood, or small-molecule inhibitors of HIF degradation can 
confer cardiac protection before ischemic injury (10, 63, 100, 112, 
129, 135, 136). While remote preconditioning can provide protec-
tion through both humoral and neural pathways, humoral factors 
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including erythropoietin, adenosine, and NO are at least partially 
HIF dependent (78, 129, 131), suggesting that HIF is also involved 
in remote preconditioning.

While much preclinical work has focused on preconditioning, 
this may not be a realistic option for most at-risk patients. Postcon-
ditioning could provide clinical benefit, especially if it could be 
applied at the time of coronary intervention. Studies have suggest-
ed that ischemic postconditioning can limit ischemic damage in the 
heart, but others indicate this treatment may not offer long-term 
benefits (129, 131, 137, 138). Pharmacological modulation through 
PHD inhibitors and/or HIF antagonists could allow more precise 
targeting and temporal regulation of HIF signaling to enhance its 
protective effects in future studies of postconditioning.

Since the first demonstration of ischemic preconditioning of the 
heart (139), substantial effort has gone into elucidating the mech-
anisms of this protection for clinical application. Unfortunately, 
inconsistency in the timing and delivery of preconditioning thera-
pies in both preclinical and clinical studies makes it difficult to com-
pare results and discern the ideal window for treatment (137, 140). 
These issues, combined with difficulties inherent in excluding con-
founding factors such as age, comorbidities, and patient presenta-
tion, limit the conclusions that can be drawn from work thus far (137, 
140). Meaningful progress on new HIF-based therapies will only be 
possible when better preclinical models are combined with carefully 
controlled clinical trials and relevant endpoints.

The role of HIF in atherosclerosis
Atherosclerosis of the coronary arteries, with subsequent throm-
botic occlusion, is the principal cause of myocardial infarction. 
Among the numerous factors contributing to atherosclerosis, 
the two most important are dyslipidemia and inflammation. It 
is generally accepted that the macrophage is the most important 
inflammatory cell in the etiology of atherosclerosis owing to its 
ability take up and process lipids and its contribution to inflam-
mation in the plaque. Vascular smooth muscle cells (VSMCs) also 
play an important role, as their proliferation and migration toward 

the neointima form the fibrous cap that protects the inflammatory 
contents of the plaque from contacting the blood and initiating a 
thrombus. Endothelial cells (ECs) overlying the artery play a key 
role in regulating the influx of lipoprotein particles and inflamma-
tory cells into the intimal space where atherosclerosis occurs.

Hypoxia plays an important role in atherogenesis (141). Over 
years, buildup of extracellular matrix and lipid material leads to 
formation of hypoxic areas in the plaque. This is especially true 
of macrophage-rich areas (142), and VSMCs and ECs also both 
respond to hypoxia by expressing HIF. Whereas direct evidence 
of HIF1α expression is seen in both carotid and femoral endarter-
ectomy from patients (143), strongly indicating its participation in 
atherogenesis, little is known about HIF2α’s role. Many HIF1-reg-
ulated genes are expressed in the plaque region, including VEGF 
and endothelin-1 (144). While HIF1 influences macrophage func-
tions known to mediate atherogenesis, it also regulates other 
innate immune cells such as neutrophils (145–147) and dendritic 
cells (148–150) as well as adaptive T and B cells (151–156), in which 
HIF1α controls cellular functions such as survival, migration, and 
cytokine production. Although the effects of HIF expression can 
be wide-ranging, its effects in the three most important cell types 
of atherosclerosis — macrophages, VSMCs, and ECs — are of par-
ticular interest (Figure 3).

Macrophages. Macrophages contribute to atherogenesis through 
multiple pathways, and hypoxia affects many of these (157, 158). 
Atherosclerotic plaque is hypoxic. Under these hypoxic conditions, 
lipid accumulation is increased, the ability of macrophages to efflux 
cholesterol is compromised, and HIF1α also directly suppresses the 
expression of ABCA1, an important transport protein that facili-
tates the excretion of cholesterol out of lipid-loaded macrophages 
(159–161). Interestingly, ApoA1, the key apolipoprotein that acts as 
a cholesterol acceptor in reverse cholesterol transport, was recently 
found to be expressed by macrophages, and its expression is also 
inhibited by HIF1α (160). Studies using HIF1α-deficient myeloid 
cells have revealed that HIF1α has a pleiotropic role in macrophage 
function, including its ability to regulate glucose metabolism, 

Figure 3. HIF1α plays multiple roles in the development of atherosclerosis. This sketch shows the major effects of HIF1α on the three most important cell 
types in atherosclerosis: endothelial cells, macrophages, and smooth muscle cells. Whereas HIF1α directly induces vascular endothelial growth factor (VEGF), 
endothelin-1, and matrix metalloproteinases (MMPs) in endothelial cells to facilitate angiogenesis, its effect on vascular smooth muscle cells is to induce 
proliferation of these cells in the atheroma by upregulating factors such as CD98 and macrophage migration inhibitory factor (MIF). HIF1α also regulates 
lesional macrophage foam cell function by rendering the cells more inflammatory and apoptotic while suppressing their capacity to metabolize lipids.
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Angiogenesis is a key feature of atherosclerosis. HIF1α medi-
ates the expression of several genes, including endothelin-1 
(177), matrix metalloproteinase (178), and VEGF (179), that facil-
itate angiogenesis in the plaque. Interestingly, while oxidized 
LDL can promote angiogenesis by inducing HIF1α expression in 
macrophages (180), native LDL has an antiangiogenic effect by 
inhibiting HIF expression in ECs (181). One of the most import-
ant functions of EC is the production of NO as a powerful vaso-
dilator. HIF1α upregulates iNOS as well as cytochrome c oxidase 
to increase NO production. This relaxes VSMCs and dilates the 
blood vessel, increasing oxygen supply to the tissue (182).

There is little doubt that HIF1α is a major player in the patho-
genesis of atherosclerosis. However, whether HIF1α acts to exac-
erbate or inhibit atherosclerosis likely depends on the cell type in 
which it is expressed as well as the timing of its expression during 
the course of the disease. A key requirement in considering HIF1α 
as a therapeutic target for atherosclerosis would be specificity both 
in the delivery of HIF regulators to the plaque and in targeting of 
specific cells within the plaque. A greater understanding of the tim-
ing and cellular distribution of HIF1α in the plaque is needed to ful-
fill the promise of modulating the HIF axis in atherosclerosis.

Summary
We have reviewed only a portion of the recent work on the HIF 
axis in the heart. There are exciting new developments in each 
highlighted area that point to how little we know and how much 
there is to discover. This includes the potential antagonism of 
HIF1 and HIF2 and their effects on angiogenesis, fibrosis, and 
cardiac metabolism (183). Currently, several small molecules 
that modulate HIF signaling are being assessed in clinical trials 
(94). One of these compounds, the PHD inhibitor roxadustat, is 
currently under review in the United States and has already been 
approved in several countries for anemia associated with chronic 
kidney disease (184). Other agents that inhibit the action of HIF2 
may be useful in pulmonary hypertension and polycythemia (185), 
and are in clinical trial for treatment of renal cell carcinoma (186). 
As these enter the clinic, it will be important to determine what 
effects these treatments may have on patients with heart disease. 
Perhaps as methods for tissue-specific gene expression and mod-
ulation advance, manipulation of HIF activity will become an 
attractive target in the heart itself. It is easy to imagine a role for 
such therapies in focused angiogenesis or metabolic modification. 
The HIF axis is a fertile area of investigation and, increasingly, is 
a ripe target for clinical manipulation. It will be important to bal-
ance the protective and maladaptive effects of HIF signaling to 
preserve, and improve, cardiac function.
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chemotaxis, and apoptosis (162). It is possible that the increase in 
apoptosis is due to accumulation of unesterified cholesterol in mac-
rophages under hypoxic conditions (163). In vivo studies with LDL 
receptor–null mice transplanted with bone marrow isolated from 
HIF1α-null mice showed that HIF1α deficiency in myeloid cells led 
to a 72% reduction in atherosclerosis in these mice (162).

HIF1α is intimately involved in the inflammatory response of 
macrophages. Activating macrophages with agents such as LPS 
or IFN-γ prompts these cells to become proinflammatory through 
HIF1α activation, eventually leading to production of cytokines 
like TNF-α and IL-6 as well as inducible NO synthase (iNOS) (164). 
This is due, in part, to the activation of macrophages leading to the 
accumulation of succinate, which acts to stabilize HIF1α and boost 
the transcription of proinflammatory genes (165). Moreover, defi-
ciency of HIF1α in macrophages leads the cells to adopt an antiin-
flammatory M2 polarization phenotype (166). HIF2α also appears 
to regulate M2 polarization in macrophages (167). Whereas LPS or 
IFN-γ increases the production of HIF1α, they strongly suppress 
HIF2α expression. On the other hand, M2-inducing agents such as 
IL-4 and IL-13 enhance the production of HIF2α.

Vascular smooth muscle cells. A key feature of atherosclerosis is 
the migration and proliferation of VSMCs. Once in the neointima, 
VSMCs secrete collagen and other structural materials that form the 
plaque’s fibrous cap. Hypoxia and HIF1α play an important role in 
VSMC proliferation (168), but the timing of this proliferation has not 
been determined. It is also not clear exactly what triggers the migra-
tion of these cells, although hypoxia is a leading candidate (169). 
Growth factors such as PDGF and FGF may trigger VSMC mobility 
(170); whether or not these factors play a role in vivo and the extent 
to which they are regulated by hypoxia have not been conclusive-
ly determined. A recent study has identified CD98 as a potential 
inducer of VSMC proliferation during intermediate stages of ath-
erosclerosis (171). It is interesting that the heavy chain of CD98, 
also known as SLC3A2, is a target of HIF1α. Intermittent hypoxia 
was also found to augment the VSMC proliferation by upregulating 
inflammatory factors such as IL-6 and epiregulin (172).

MIF is another important cytokine in VSMCs that responds 
to hypoxia. Stabilization of HIF1α leads to increased MIF produc-
tion, whereas deletion of HIF1α in SMCs leads to reduced MIF 
production (173). The increase in proliferation seen in SMCs cul-
tured under hypoxic conditions is abrogated when the cells are 
treated with MIF siRNA (173). HIF1α can also contribute to the cal-
cification of atherosclerotic plaques by mediating the osteochon-
drogenic differentiation of VSMCs (174).

Endothelial cells. ECs do not normally encounter hypoxia, as 
they are bathed in a constant flow of blood. Thus, it appears that 
HIF1α expression in ECs is triggered by other factors such as lip-
ids, cytokines, or reactive oxidative products that may be induced 
during inflammation. HIF1α expressed by ECs can promote mono-
cyte chemotaxis to the atherosclerosis-prone vessel wall and thereby 
contribute to the growth of atherosclerotic plaque (175). In hypoxia, 
when blood flow is interrupted or oxygen-carrying capacity of the 
blood is diminished, stabilized HIF1α has substantial functional 
effects in the endothelium. In addition to VEGF, HIF1α upregulates 
the VEGF receptors VEGFR1 and VEGFR2 on ECs. Atherosclero-
sis-related changes in endothelial permeability and EC proliferation 
are affected by VEGF interacting with its receptors (176).
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