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Abstract
Oxygen is vital to mammalian survival. Oxygen deprivation,
defined as hypoxia, elicits adaptive responsesin cells and tis-
sues, a process regulated by proteins known as hypoxia-in-
ducible factors (HIF). Animal studies have provided compel-
ling data to demonstrate a pivotal role for the HIF pathway
in the pathogenesis of acute kidney injury (AKI) that have
led to initial human clinical trials examining this pathway in
ischemia-reperfusion injury in various organ systems, in-
cluding the kidney. HIF are master regulators and mediate
adaptive responses to low oxygen in tissues and cells. This
review will summarize recent key advances in the field high-
lighting preclinical and clinical studies relevant to the HIF
pathway in the pathophysiology of AKI.
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Hypoxia

Oxygen is vital to the survival of mammalian cells and
tissues. Deprivation of adequate oxygen supply, defined
as hypoxia, is a critical pathophysiologic event in the
pathogenesis of acute kidney injury (AKI). Hypoxia can

occur systemically but most generally it is localized to a
particular location or tissue [1]. Hypoxia is not only crit-
ical in cardiopulmonary conditions but also in the regula-
tion of the microenvironment of every cell [1, 2]. Under-
standing the molecular regulation of hypoxia and how
cells and organisms adapt to hypoxia is a major area of
research focus. The key proteins that regulate such adap-
tive tissue and cellular responses to low oxygen levels are
hypoxia-inducible factors (HIF).

Hypoxia-Inducible Factors

HIF-1 and HIF-2 are a family of heterodimeric basic
helix-loop-helix transcription factors that belong to the
Per-Arnt-Sim (PAS) family of regulators [3]. These basic
helix-loop-helix domains mediate dimerization and bind
to contact DNA of target genes and activate transcription
[1]. HIF have an oxygen-sensitive a subunit and a consti-
tutively expressed [ subunit [2]. Transcriptional regula-
tion of HIF occurs when the HIF heterodimer binds to a
hypoxia response element [2]. They are present on regu-
latory regions of hypoxia-responsive genes [2]. HIF-1 and
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HIF-2 have distinct functions that only minimally over-
lap [2]. The gene targets for HIF-1 and HIF-2 are not
completely clear but may involve interactions with nucle-
ar factors and cofactors [2]. The HIFa subunit is the reg-
ulator of HIF activation, when it is allowed to translocate
to the nucleus where it dimerizes with the  subunit and
recruits transcriptional cofactors, such as p300 and others
[2]. HIF-1a mRNA is expressed in almost all tissues in
humans and rodents [1]. HIF-2a shows a more selective
expression pattern in tissues and is largely localized to the
endothelium and in interstitial cells of the kidney [2]. HIF
levels are regulated by the von Hippel-Lindau (VHL) pro-
teins (pVHL).

Von Hippel-Lindau Proteins

pVHL is a tumor suppressor protein which is part of
the E3 ubiquitin ligase complex that targets HIFa for deg-
radation [2]. pVHL is the gene product and is critical for
targeting the o portion of HIF for proteolysis [2]. Under
normoxic conditions, HIFa binds to VHL and then the
prolyl hydroxylase domain (PHD)-containing proteins
recruit ubiquitin to help degrade the complex [2]. There
are three PHDs, PHD1, PHD2 and PHD3, which display
tissue-specific expression patterns. All three PHDs are
found to be expressed in renal epithelial cells [2]. Phar-
macological inhibition of PHDs has been used to stimu-
late HIF-dependent genes, such as erythropoietin (EPO),
to help in improving the outcome of ischemic injury in
animal models [3]. During hypoxia, however, prolyl hy-
droxylases are inactivated and HIFa degradation does not
occur [2]. This leads to an accumulation and stabilization
of HIFa, which is then translocated into the nucleus,
binding the a subunit to the B subunit and to cognate
DNA binding sequences and transcription of target genes
[2]. In renal carcinoma, cell lines that lack the expression
of VHL, HIF-1a and HIF-2a are both maximally activat-
ed. This expression can be restored in cells that are trans-
fected with VHL expression vectors [1], thereby, impli-
cating a critical role of both VHL and HIF in the ability
to regulate and coordinate the cellular response to hyp-
oxic conditions.

Regulators
Besides hypoxia, several other mediators can regulate

HIF. These include reactive oxygen species, generated by
mitochondrial complex III, nitric oxide, cobalt chloride,
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tumor necrosis factor-a, angiotensin II and others [2].
HIF is involved in the regulation of many biological pro-
cesses related to kidney function, such as glucose and en-
ergy metabolism, angiogenesis, erythropoiesis, and iron
homeostasis, cell migration, vasomotor regulation, and
cell-cell and cell-matrix interactions [2]. There are a num-
ber of HIF-regulated genes, and the list continues to grow
as more mechanisms are elucidated [2]. These include
vascular endothelial growth factor (VEGF), heme oxy-
genase-1 (HO-1), connective tissue growth factor, EPO
and others [2]. Figure 1 shows examples of direct tran-
scriptional HIF targets with relevance to kidney disease

[2].

Animal Studies

Tissue hypoxia is a normal part of embryogenesis, im-
plying an important role for HIF in development [2]. It is
not completely understood how HIF and VHL are re-
quired in kidney development, but they exhibit cell- and
stage-specific patterns during nephrogenesis [2]. In ani-
mal models, inactivation of HIF-1a, HIF-2a or VHL in
germ cell lines results in either embryonic or perinatal
lethality [2]. In mice that do not express pVHL, embry-
onic death occurs during mid gestation and primarily due
to abnormal vascularization of the placenta [3]. This phe-
notype appears to be mediated by HIF [3]. In mouse mod-
els, it has been shown that inhibition of HIFa degradation
leads to improved EPO levels [2]. This inhibition also im-
proves iron uptake, while also suppressing hepatic hepci-
din. Hepcidin inhibits iron transport and is a key factor
in the development of anemia.

Rats exposed to hypoxic conditions (7% O,) show that
HIF-1a and HIF-2a mRNA are detected in the brain,
heart, kidney, liver, lung, and spleen, while C57BL/6]
mice under hypoxic conditions show a more pronounced
induction in the brain, kidney, and lung [4]. In a mouse
model (C57BL/6]) of AKI, Kapitsinou et al. [5] tested
pretreatment with a prolyl hydroxylase inhibitor,
GSK1002083A, before an ischemic event. In this precon-
ditioning protocol, animals were treated with the inhibi-
tor or vehicle control before clamping of the renal pedicle.
The authors showed that pretreatment before the is-
chemic event preserved kidney function and prevented
the development of fibrosis, inflammation, and anemia.
In contrast, inhibiting HIF prolyl hydroxylation during
the recovery phase (postischemic event) did not have a
protective effect [5].
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Fig. 1. Examples of direct transcriptional HIF targets with rele-
vance to kidney function. Shown are selected direct HIF target
genes and their classification into functional groups. For a com-
prehensive list of HIF target genes, the reader is referred to Wenger
et al. [14]. Some of the HIF targets listed here appear to be prefer-
entially regulated by HIF-2 (e.g. VEGF and EPO). In contrast to
HIF-2a, HIF-1a is expressed in most renal epithelial cells, whereas
HIF-2a is mainly found in endothelial cells and renal interstitial
fibroblast-like cells. HIF-1a is also expressed in papillary and inner
medullary interstitial and endothelial cells but was not detected in
interstitial an endothelial cells of the cortex and outer medulla.
ANP = Atrial natriuretic peptide; Bnip-3 = BCL2/adenovirus E1B

In another study, the authors, also interested in the
outcomes of treatment for AKI, examined 2-oxoglutarate
analogues [6]. Since oxoglutarate is a substrate of PHD,
analogues are used to inhibit PHD and led to stabilization
of HIF in the presence of oxygen. Pretreatment with
2-oxoglutarate analogues has demonstrated preservation
of kidney function and structure in the presence of acute
ischemic injury [6]. The authors used a mouse model and
induced ischemia-reperfusion injury in the kidney and
treated with two 2-oxoglutarate analogues, dimethyloxa-
Iyl glycine and oxalyl glycine. The results showed that
HIF-1a expression was increased and confined to the kid-
neys, especially in proximal tubule cells, and afforded a
protective effect. Using medicinal chemistry approaches,
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19-kDa-interacting protein 3 (proapoptotic BH3 domain; only
BCL-2 family member); c-Met = tyrosine kinase receptor for scat-
ter factor/hepatocyte growth factor; CTGF = connective tissue
growth factor; CXCR4 = chemokine receptor 4; EC = endothelial
cell; ECM = extracellular matrix; eNOS = endothelial nitric oxide
synthase; FLT-1 = fetal liver tyrosine kinase-1 (VEGF receptor-1);
IC = interstitial cell; IGFBP-1 = insulin-like growth factor binding
protein-1; iNOS = inducible nitric oxide synthase; PAI-1 = plas-
minogen activator inhibitor-1; RTEC = renal tubular epithelial
cell; TIMP-1 = tissue inhibitor of metalloproteinase-1. This figure
is reprinted with permission from the American Physiological So-
ciety from Haase [2].

they synthesized two compounds with enhanced phar-
macokinetic profiles and showed that one of these mole-
cules, 2-(1-chloro 4-hydroxy isoquinoline-3-carboxami-
do) acetic acid, was protective in AKI. This result may
offer a feasible target for treatment in AKI from ischemic
events [6].

Acetazolamide is commonly prescribed to treat glau-
coma and high-altitude mountain sickness. It has been
reported to induce vessel dilation (including in the renal
system) and is also a potent inducer of HIF-1a [7]. In a
mouse model of ischemia-reperfusion injury, treatment
with acetazolamide improved renal function by decreas-
ing creatinine and plasma blood urea nitrogen compared
to the vehicle-treated animals [7]. In cell culture, using
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HK-2 cells, treatment with acetazolamide showed a cyto-
protective effect even after ischemic injury [7]. These
studies show how acetazolamide may be effective in reno-
protection in AKI.

In rat renal medullary interstitial cells, hypoxia causes
a significant increase in HO-1 mRNA and inhibitors of
HIF-1a degradation reverse such activation of HO-1 [re-
viewed in ref. 8]. HIF-1 has been shown to regulate
hypoxia-mediated HO-1 induction in rat aortic vascular
cells but not in pulmonary cells; this difference implies
that regulation of genes to hypoxia differs in cells from
various systems. It is also important to note that in the
case of HO-1, hypoxia is a potent activator in rodents, but
most human cells/tissues show hypoxia-mediated HO-1
repression [reviewed in ref. 8]. Figure 2 depicts the role of
HIF activation in kidney disease. Both ischemic and non-
ischemic AKI leads to renal hypoxia thus activating HIF
[9]. Once HIF is activated, it protects the kidney against
hypoxia and induces adaptive responses [9].

Clinical Studies

While animal models have led to novel targets and a bet-
ter understanding on how AKI occurs, the use of pharma-
ceuticals is still relatively untested in human AKI. As noted
above, there are differences in the regulation of genes be-
tween rodents and human. A current phase II study in
which the investigators are testing the hypothesis that
GSK1278863 (a HIF prolyl hydroxylase inhibitor) will re-
duce neurologic, renal, and/or cardiac ischemia in patients
undergoing elective descending thoracic aorta/thoraco-
abdominal aortic aneurysm repair (NCT01920594 [10]).
At the time of writing this review, this study was not yet
actively recruiting patients. In a currently active study,
GSK1278863 is being tested in patients with renal impair-
ment (including patients on hemodialysis) in comparison
to healthy individuals (NCT01406340 [11]). This study is
testing the pharmacokinetics of GSK1278863 and will like-
ly help direct future dosing paradigms.

Evidence from Evolution

High-altitude Tibetans are able to maintain normal aer-
obic metabolism despite profound arterial hypoxia, while
visitors to this region demonstrate increased hemoglobin
levels at this same altitude [12]. In these high-altitude com-
munities, adaptations occur, as can be seen in the birth
weight, hemoglobin levels, oxygen saturation in the blood
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Fig. 2. HIF activation in kidney disease. Both ischemic and non-
ischemic AKI leads to hypoxia of the kidney, which, in turn, acti-
vates HIF. Activated HIF protects the kidney against hypoxia and
induces adaptive responses. Chronic kidney disease and hypoxia
of the kidney compose a vicious cycle. Hypoxia activates HIF,
which protects the kidney against tissue injury due to oxygen de-
pletion. Furthermore, the kidney suffering from chronic kidney
disease is paradoxically protected against AKI under some condi-
tions. This paradoxical tolerance may be mediated by HIF activa-
tion as hypoxic preconditioning. However, HIF activation may
also result in adverse outcomes of the disease under certain condi-
tions. This figure is reprinted with permission from Wiley Publish-
ing from Nangaku et al. [9].

of infants, and in adults after exercise [13]. One of the vari-
ations found in these genetic studies on high-altitude Ti-
betans versus their lower-altitude Asian counterparts was
a variation in EGLN1, also known as Egl nine homolog 1,
and a gene thatencodes PHD2. EGLNT1 targets two HIF-1a
proteins for degradation under normoxic condition de-
creasing the transcription of HIF targets (like EPO). These
changes in EGLNT1 in the high-altitude genome might im-
ply that HIF and HIF targets are important in this adapta-
tion to high altitude seen in this population [12]. Another
variation was in the EPAS1 gene, which is part of the PAS
protein family and is also known as HIF-2a [13]. Persons
with this EPAS1 variant demonstrate lower erythrocyte
levels and hemoglobin levels [13].

Conclusion

HIF is a master regulator switch for the adaptive re-
sponse to cellular and tissue hypoxia. Modification of HIF
is protective in multiple animal models of AKI, and clin-
ical studies to explore these effects in humans are ongoing
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and of great interest. There is a cell-specific distribution
of HIF-1 and HIF-2 and the regulation of these genes is
tissue specific. There are also species-specific effects on
responses to hypoxia. What works in rodents might not
always be translatable to humans. Learning how specific
tissues respond to hypoxic events will help in narrowing
down therapeutic regimens to better prevent AKI and
hasten recovery. Hypoxia is associated with the recovery
phase of AKI and further mechanistic studies will help
elucidate the effects of these hypoxic events on the tissue
recovery and repair. HIF activation shows a protective ef-
fect in the setting of AKI but has a controversial role in
the pathogenesis of chronic kidney disease, needing fur-
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