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 Oxygen, an Essential Molecule for Life 

 Virtually all organs are dependent on a sufficient and 
consistent supply of oxygen. Oxygen is essential to many 
metabolic processes, including oxidative   phosphoryla-
tion, in which it serves as an electron acceptor   during 
ATP formation. This energy production system is in fact 
so efficient that it yields a total of 38 ATP molecules per 
mole of glucose oxidized, in contrast to anaerobic gly-
colysis, which produces only 2. In fact, the overall envi-
ronmental increase in oxygen during the past 200 million 
years has played a critical role in the evolution of placen-
tal mammals: oxygen exchange via the placenta forces the 
fetus to live at a low arterial oxygen pressure, and success-
ful reproduction accordingly requires relatively high am-
bient oxygen concentrations  [1] .

  Hypoxia, the Final Common Pathway to End-Stage 

Renal Disease 

 Although blood flow to the kidney is relatively high, 
the presence of oxygen shunt diffusion between arterial 
and venous vessels that run in close parallel approxima-
tion keeps renal tissue oxygen tension comparatively low. 
Deprivation of oxygen as an essential metabolic fuel thus 
serves as an established   common final pathway to end-
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 Abstract 

 Tissue hypoxia occurs when local metabolism is disturbed 
by an imbalance between oxygen supply and consumption. 
In patients with chronic kidney disease, chronic hypoxia in 
the kidneys is the end result of multiple processes and mech-
anisms. Once established, however, accumulating evidence 
points to this chronic hypoxia as the central player and final 
common pathway to end-stage renal disease. The cellular 
response to hypoxia is centered on hypoxia-inducible factor, 
HIF. This factor is composed of two subunits, an oxygen-sen-
sitive HIF- �  subunit and a constitutively expressed HIF- �  
subunit. Intracellular accumulation of HIF induces the coor-
dinated expression of a number of adaptive genes against 
hypoxic insult.   Three isoforms of HIF- �  subunits have been 
identified, HIF-1 � , HIF-2 � , and HIF-3 � , of which HIF-2 �  is
involved in the regulation of erythropoietin as well as oxi-
dative stress. HIF is regulated by prolyl hydroxylation and 
asparaginyl hydroxylation of the HIF- �  subunit at the pro-
tein level. Because HIF is activated only to suboptimal levels 
in various pathogenic states, therapeutic activation holds 
promise as a novel and effective approach to the future care 
of end-stage renal disease.  Copyright © 2008 S. Karger AG, Basel 
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stage renal disease. This mechanism was originally pro-
posed by Norman and Fine as the chronic hypoxia hy-
pothesis  [2] , and has been validated by a large number of 
studies since (for recent reviews, see  table 1 ). With regard 
to cellular location, the final common pathway of chron-
ic hypoxia operates principally in the tubulointersti-
tium.

  The development of chronic hypoxia in the tubuloin-
terstitium actually occurs via multiple mechanisms 
( fig. 1 ). Glomerular efferent arterioles enter the peritubu-
lar capillary plexus, which surrounds the tubules and of-
fers oxygen to tubular and interstitial cells. Extensive tu-
bulointerstitial injury is associated with damage to the 
renal arterioles and arteries as well as with distortion and 
loss of peritubular capillaries, leading to a decrease in 
peritubular capillary flow and oxygen supply. Moreover, 
by distancing capillaries from the tubular cells, the sub-
sequent interstitial fibrosis reduces oxygen diffusion ef-
ficiency, thereby impairing tubular oxygen supply even 
further. 

  A number of other mechanisms induce tubulointersti-
tial hypoxia even before the development of fibrosis. Glo-
merular injury and vasoconstriction of arterioles due to 
imbalances in vasoactive substances such as angiotensin 
II and nitric oxide functionally decrease postglomerular 
peritubular capillary blood flow, while oxidative stress 
and dysregulation of hepatic arginine metabolism impair 
oxygen utilization efficiency by exaggerating mitochon-
drial respiration, and thereby induce relative hypoxia in 
the kidney  [3] . The issue of enhanced transport burden 
in remnant nephrons is also crucial. In order to compen-
sate for the loss of nephrons, remnant nephrons need to 
deal with enhanced transport burden. Because of in-
creased demand for energy required for active transport, 
oxygen consumption is increased in remnant nephrons, 
resulting in a decrease in local oxygen tensions. Further, 
renal anemia hinders oxygen delivery.

  Together, these mechanisms act at various points in 
the disease course to result in chronic hypoxia of the kid-
ney.

  Hypoxia-Inducible Factor as a ‘Master Gene’ Switch 

to Protect Organs against Hypoxia 

 Against this multitude of threats, organisms have de-
veloped an efficient system to protect tissues suffering 
from hypoxia. 

  To economize energy use under hypoxic conditions, 
cells suppress protein synthesis. They do this by regulat-
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  Fig. 1.  Multiple mechanisms of chronic hypoxia in the kidney. 
Various factors induce hypoxia of the kidney via both structural 
and functional changes.  

Table 1. Recent reviews on hypoxia in chronic kidney disease

Review Main topic

Singh et al. [18] diabetic nephropathy
Singh et al. [19] angiotensin II and nitric oxide
Nangaku and Eckardt [20] HIF
Eckardt et al. [21] HIF
Haase [22] HIF
Haase [23] HIF
Welch [24] oxygen consumption in hyper-

tensive kidney disease
Palm [25] oxygen consumption in diabetic 

kidney disease
Norman and Fine [26] comprehensive overview
Nangaku [27] comprehensive overview
Rosenberger et al. [28] HIF
Eckardt et al. [29] comprehensive overview
Nangaku [30] comprehensive overview
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ing the initiation step of mRNA translation, as follows. 
First, hypoxia activates the unfolded protein response, 
which occurs in response to endoplasmic reticulum 
stress. The subsequent phosphorylation of eukaryotic 
initiation factor 2 �  inhibits the translation of most genes. 
However, at the same time as this pathway is bringing 
about a general inhibition of translation, the cell is also 
activating other pathways essential to survival, which re-
sults in the expression of genes involved in adaptation to 
hypoxia. 

  Importantly, this multi-actor response occurs via the 
activation of a ‘master gene’ switch that results in a broad 
and coordinated downstream reaction. Sitting at the cen-
ter of this web of cellular responses to hypoxia is hypoxia-
inducible factor, HIF.

  Structurally, HIF is composed of an O 2 -regulated  � -
subunit and a constitutively expressed  � -subunit (arylhy-
drocarbon receptor nuclear translocator, ARNT), both of 
which belong to the basic helix-loop-helix (bHLH)-PAS 
(PER, ARNT, SIM) protein family. Transactivation in-
volves dimerization of the two HIF subunits, which then 
binds to an enhancer element called the hypoxia-respon-
sive element in target genes.

  HIF is constitutively transcribed and   translated. Its 
production is primarily regulated by the rate of degrada-
tion. The HIF- �  subunit interacts with a protein that reg-
ulates its half-life, namely von Hippel-Lindau tumor sup-
pressor protein (pVHL). This interaction is triggered 
through HIF- �  hydroxylation, which in turn is catalyzed 
by a set of oxygen-dependent enzymes. This interaction 
is triggered through HIF- �  hydroxylation, which in turn 
is catalyzed by a set of oxygen-dependent enzymes which 
cause the hydroxylation of specific proline residues with-
in the oxygen-dependent-degradation domain by specif-
ic HIF-prolyl hydroxylase domain proteins (PHDs;  fig. 

2 ). The hydroxylated protein is then recognized by pVHL, 
which functions as an E3 ubiquitin ligase. Thus, under 
normoxic conditions, HIF- �  is targeted for ubiquitinyl-
ation by pVHL and rapidly degraded by the proteasome. 
Concurrently, the asparagine residue within the COOH-
terminal activation domain (C-TAD) is also hydroxylat-
ed by an asparaginyl hydroxylase (also referred to as FIH-
1), which prevents the coactivator p300/CBP from bind-
ing to the HIF- �  subunit.

  PHDs function with low   efficiency under conditions 
of hypoxia, and nonhydroxylated HIF- �  cannot interact 
with pVHL. Stabilized HIF- �  then binds to its heterodi-
meric partner HIF- � ,   and together these proteins act in 
the nucleus to transactivate   genes involved in adaptation 
to hypoxic-ischemic stress.   Although three HIF prolyl 
hydroxylases with the potential to catalyze this reaction 
have been identified, termed PHD1, PHD2 and PHD3, 
the relative importance of the individual PHD isozymes 
and FIH in the hypoxic response in different cell types 
has yet to be fully defined.

  Isoforms of HIF 

 The activated HIF then proceeds to drive the tran-
scription of more than 70 genes, which variously partici-
pate in erythrocytosis, angiogenesis, glucose metabo-
lism, and cell proliferation/survival, to bring about the 
many compensatory responses to oxygen deprivation at 
both cellular and physiological levels.

  Three isoforms of the HIF- �  subunit have been identi-
fied, HIF-1 � , HIF-2 � , and HIF-3 � . HIF-1 �  and HIF-2 �  
are structurally and functionally similar and share 48% 
overall amino acid identity. In contrast, while HIF-3 �  has 
high similarity with HIF-1 �  and -2 �  in the bHLH and 
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  Fig. 2.  Structure of the HIF- �  subunit. 
HIF-1 �  and HIF-2 �  are structurally simi-
lar. Hydroxylation of two proline residues 
by PHD earmarks the protein for degrada-
tion, whereas hydroxylation of an aspara-
gine residue by FIH reduces its transcrip-
tional activity. HIF- �  possesses two tran-
scriptional activation domains [TADs; 
NH(2)-terminal (N-TAD) and COOH-ter-
minal (C-TAD)], and both the N-TAD and 
C-TAD are important for optimal HIF 
transcriptional activity. N-TAD overlaps 
with oxygen-dependent-degradation do-
main (ODDD). 
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PAS domains, it lacks structures for transactivation found 
in the C-termini of HIF-1 �  and -2 � , suggesting that it 
may be a negative regulator of hypoxia-inducible gene ex-
pression.

  While most cell types express HIF-1 � , HIF-2 �  shows 
a more restricted pattern of expression, which includes 
the developing vasculature. In the kidney, HIF-1 �  is ex-
pressed in tubules, while HIF-2 �  is confined to endothe-
lial and interstitial cells. Knockout of either results in em-
bryonic or perinatal lethality, suggesting a nonredundant 
role for both.

  Recent molecular genetics studies in mice have identi-
fied HIF-2 �  as a physiological regulator of erythropoie-
tin ( table 2 ). In humans, a mutation of HIF-2 �  which sta-
bilizes the product was shown to be a cause of familial 
erythrocytosis  [4] . In polycystic kidney disease, cyst ex-
pansion may result in pericystic hypoxia and consecutive 
upregulation of pericystic HIF-2 induction, leading to 
comparatively high hemoglobin concentrations  [5] . 

  In addition to erythropoiesis, HIF-2 plays a crucial 
role in defense against oxidative stress. Although the no-
tion of oxidative stress under hypoxic conditions sounds 
paradoxical, hypoxic cells do in fact suffer from energy 
depletion and oxidative stress ( fig. 3 ). Knockout of PHD1 
in mice reduces the occurrence of oxidative stress with 
subsequent lowering of oxygen consumption in skeletal 
muscle. This metabolic adaptation to oxygen conserva-
tion, which provides acute protection of myofibers against 
lethal ischemia, relies primarily on HIF-2  [6] . Studies in 
HIF-2 knockdown mice show that HIF-2 in the endothe-
lium exerts a protective effect against ischemia in the kid-
ney by ameliorating oxidative stress  [7] .

  HIF Activation Is Not Enough in Kidney Disease 

 If HIF activation were already maximal under patho-
logical conditions, therapeutic approaches which target 
HIF might be of little use. In kidney disease, however, this 
is not the case; HIF activation is suboptimal, and the door 
to this strategic route is accordingly wide open. Evidence 
for this comes from a variety of studies. HIF activation is 
suboptimal in diabetic conditions, and is augmented by 
treatment with antioxidants  [8, 9] . HIF accumulation in 
acute ischemia was substantially less than   that seen in 
animals exposed to carbon monoxide, indicating that ac-
tivation was also submaximal in renal ischemia with 
complete shutdown of blood flow  [10] . In a model of rhab-
domyolysis, transcriptional hypoxia adaptation in the 
most affected tubules was transient and heterogeneous 
 [11] , while proteinuric states may also inhibit optimal 
HIF activation  [12] . Rosenberger et al.  [13]  utilized an ex 
vivo   model of the isolated perfused rat kidney with con-
trolled oxygen consumption and provided evidence for a 
‘window of opportunity’ for HIF activation, under mod-
erate sublethal hypoxia, whereas a more severe hypoxia 
results in suppression/disappearance of HIF and induc-
tion of apoptotic cell death. Together, these reports sug-
gest the potential of pharmacologic enhancement of HIF 
to improve outcomes.

Table 2. Evidence of HIF-2 as a physiological regulator of EPO

Methodology Results

Gruber 
et al. [31]

acute postnatal abla-
tion of HIF-2� in 
conditional knockout 
mice

anemia with impaired 
EPO response

Rankin 
et al. [32]

conditional knockout 
of HIF-2� in hepato-
cytes in mice

anemia in neonates 
with impaired EPO 
response

Kojima 
et al. [7]

knockdown of HIF-
2� in mice

anemia with impaired 
EPO response

Scortegagna 
et al. [33]

knockout of HIF-2� 
in a hybrid back-
ground (129 ! C57)

anemia with impaired 
EPO response

Warnecke 
et al. [34]

siRNA in Hep3B and 
Kelly cells

responsiveness only to 
HIF-2� knock-down

ATP depletion

ROS excess

Homeostasis

ROS

excess

PO2

  Fig. 3.  Oxygen tension and cellular homeostasis. Both an increase 
and a decrease in oxygen tension lead to oxidative stress. ROS = 
Reactive oxygen species.          D
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  Activation of HIF Is Effective in Kidney Disease 

 Thanks to the powerful and coordinated response it 
produces against hypoxia, modulation of HIF activity 
should be effective in a variety of hypoxic states. This 
concept has been validated by gene transfer studies of 
constitutively active HIF into the rat kidney.

  How might this best be achieved? The finding above 
that HIF level is determined by hydroxylation-induced 
degradation suggests that the hydroxylases in this reac-
tion might be good targets for therapeutic intervention. 
PHD requires iron as a cofactor to hydroxylate the critical 
prolines on   HIF- � , and some of the best-established acti-
vators of HIF are chelators   of iron. Among the most well-
established chelators in HIF activation are desferoxamine 
and cobalt chloride. Chemical preconditioning with co-
balt chloride protected the kidney in an ischemia-reper-
fusion model of the kidney, while cobalt chloride im-
proved disease manifestations in a variety of kidney dis-
ease models even when administration was started after 
the initial insult. Other stimuli which activate HIF have 
also shown renoprotective effects, including carbon mon-
oxide ( table 3 ).

  Expectations for HIF activation in not only kidney 
disease but also conditions involving other organs such 
as the heart and brain have attracted much recent effort 
in the development of specific and nontoxic HIF activa-
tors. While screening a siRNA library against the entire 
druggable genome failed to identify suitable candidates, 
possibly due to off-target effects of siRNA, screening of a 
small-molecule library using an HIF reporter cell line re-
vealed a class of alkyliminophenylacetate compounds 
which inhibit hypoxia-induced HIF reporter activity at 
single-digit nanomolar concentrations, possibly via the 
blockade of hypoxia-induced mitochondrial reactive ox-

ygen species production  [14] . This method may also be 
useful in identifying HIF activators. Employing a differ-
ent strategy, namely docking simulation based on the 3-
dimensional structure of PHD2, we identified novel HIF-
activating compounds which induced angiogenesis in a 
mouse sponge assay and protected the brain against isch-
emic injury in gerbils  [15] . These technological advances 
will help us to develop more specific HIF activators in 
years to come.

  The Yin and Yang of HIF Activation 

 A fine line between therapeutic benefit and harmful 
side effects must always be drawn. Any novel use of HIF 
activation requires the careful consideration of overall 
net effect. Iron is a necessary cofactor for   a host of impor-
tant cellular functions, including oxidative   phosphoryla-
tion and arachidonic acid signaling. We may find that the  
 potential side effects of iron chelation hinder its thera-
peutic use in activating HIF. Indeed, the pharmaceutical 
effect of HIF activation cannot be free from side effects. 
pVHL knockout mice showed de novo expression of the 
HIF target gene Cxcr4 in glomeruli in association with 
the development of rapidly progressive glomerulonephri-
tis  [16] . HIF activation enhances angiogenesis, and may 
thus be associated with a range of adverse effects, espe-
cially on systemic application in patients with known or 
as yet unrecognized coexistent conditions, such as the 
induction of occult tumor growth. One HIF target gene 
is connective tissue growth factor (CTGF), and while 
CTGF is an angiogenic factor, it also serves as a profi-
brotic factor, and inappropriate long-term HIF activation 
may thus lead to fibrosis  [17] .

Table 3. HIF activation therapy in kidney disease models

Model HIF activation

Matsumoto et al. [35] ischemia-reperfusion cobalt
Tanaka et al. [36] progressive uninephrectomized anti-Thy1 nephritis cobalt
Tanaka et al. [37] remnant kidney cobalt
Tanaka et al. [38] cisplatin nephropathy cobalt
Kudo et al. [39] Habu snake venom nephritis cobalt
Bernhardt et al. [40] ischemia-reperfusion carbon monoxide, PHD 

inhibitor FG-4487
Weidemann et al. [41] cisplatin nephropathy carbon monoxide
Ohtomo et al. [42] type 2 diabetic nephropathy cobalt
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  Conclusion 

 Chronic hypoxia is the final common pathway to end-
stage renal failure. Hypoxia of the kidney is induced by 
multiple mechanisms, and therapeutic approaches against 
this final common pathway should be effective in a broad 
range of renal diseases. HIF is the master switch of the 
many hypoxic adaptation responses. Our challenge is to 
investigate the different pathways of HIF regulation and 
discover novel HIF-affecting drugs. We are confident 

that the near future will witness new discoveries for HIF 
and HIF-regulated pathways that will enhance and fa-
cilitate strategies to protect the kidney.

  Acknowledgement 

 The authors were supported by a Grant-in-Aid for Scientific 
Research   from the Japan Society for the Promotion of Science 
(19390228).
 

 References 

  1 Falkowski PG, Katz ME, Milligan AJ, Fennel 
K, Cramer BS, Aubry MP, Berner RA, Nova-
cek MJ, Zapol WM: The rise of oxygen over 
the past 205 million years and the evolution 
of large placental mammals. Science 2005;  
 309:   2202–2204. 

  2 Fine LG, Orphanides C, Norman JT: Pro-
gressive renal disease: the chronic hypoxia 
hypothesis. Kidney Int Suppl 1998;   65:S74–
S78. 

  3 Palm F, Friederich M, Carlsson PO, Hansell 
P, Teerlink T, Liss P: Reduced nitric oxide in 
diabetic kidneys due to increased hepatic ar-
ginine metabolism: implications for reno-
medullary oxygen availability. Am J Physiol 
Renal Physiol 2008;   294:F30–F37. 

  4 Percy MJ, Furlow PW, Lucas GS, Li X, Lappin 
TR, McMullin MF, Lee FS: A gain-of-func-
tion mutation in the HIF2A gene in familial 
erythrocytosis. N Engl J Med 2008;   358:   162–
168. 

  5 Bernhardt WM, Wiesener MS, Weidemann 
A, Schmitt R, Weichert W, Lechler P, Cam-
pean V, Ong AC, Willam C, Gretz N, Eck-
ardt KU: Involvement of hypoxia-inducible 
transcription factors in polycystic kidney 
disease. Am J Pathol 2007;   170:   830–842. 

  6 Aragonés J, Schneider M, Van Geyte K, Fraisl 
P, Dresselaers T, Mazzone M, Dirkx R, Zac-
chigna S, Lemieux H, Jeoung NH, Lamb-
rechts D, Bishop T, Lafuste P, Diez-Juan A, 
Harten SK, Van Noten P, De Bock K, Willam 
C, Tjwa M, Grosfeld A, Navet R, Moons L, 
Vandendriessche T, Deroose C, Wijeyekoon 
B, Nuyts J, Jordan B, Silasi-Mansat R, Lupu 
F, Dewerchin M, Pugh C, Salmon P, Mortel-
mans L, Gallez B, Gorus F, Buyse J, Sluse F, 
Harris RA, Gnaiger E, Hespel P, Van Hecke 
P, Schuit F, Van Veldhoven P, Ratcliffe P, Baes 
M, Maxwell P, Carmeliet P: Deficiency or in-
hibition of oxygen sensor Phd1 induces
hypoxia tolerance by reprogramming basal 
metabolism. Nat Genet 2008;   40:   170–180. 

  7 Kojima I, Tanaka T, Inagi R, Kato H, 
Yamashita T, Sakiyama A, Ohneda O, Take-
da N, Sata M, Miyata T, Fujita T, Nangaku M: 
Protective role of hypoxia-inducible factor-

2alpha against ischemic damage and oxida-
tive stress in the kidney. J Am Soc Nephrol 
2007;   18:   1218–1226. 

  8 Katavetin P, Miyata T, Inagi R, Tanaka T, 
Sassa R, Ingelfinger JR, Fujita T, Nangaku M: 
High glucose blunts vascular endothelial 
growth factor response to hypoxia via the 
oxidative stress-regulated hypoxia-induc-
ible factor/hypoxia-responsible element 
pathway. J Am Soc Nephrol 2006;   17:   1405–
1413. 

  9 Rosenberger C, Khamaisi M, Abassi Z, Shilo 
V, Weksler-Zangen S, Goldfarb M, Shina A, 
Zibertrest F, Eckardt KU, Rosen S, Heyman 
SN: Adaptation to hypoxia in the diabetic rat 
kidney. Kidney Int 2008;   73:   34–42. 

 10 Hill P, Shukla D, Tran MG, Aragones J, Cook 
HT, Carmeliet P, Maxwell PH: Inhibition of 
hypoxia inducible factor hydroxylases pro-
tects against renal ischemia-reperfusion in-
jury. J Am Soc Nephrol 2008;   19:   39–46. 

 11 Rosenberger C, Goldfarb M, Shina A, Bach-
mann S, Frei U, Eckardt KU, Schrader T, 
Rosen S, Heyman SN: Evidence for sustained 
renal hypoxia and transient hypoxia adapta-
tion in experimental rhabdomyolysis-in-
duced acute kidney injury. Nephrol Dial 
Transplant 2008;   23:   1135–1143. 

 12 Katavetin P, Inagi R, Miyata T, Tanaka T, 
Sassa R, Ingelfinger JR, Fujita T, Nangaku M: 
Albumin suppresses vascular endothelial 
growth factor via alteration of hypoxia-in-
ducible factor/hypoxia-responsive element 
pathway. Biochem Biophys Res Commun 
2008;   367:   305–310. 

 13 Rosenberger C, Rosen S, Shina A, Bernhardt 
W, Wiesener MS, Frei U, Eckardt KU, Hey-
man SN: Hypoxia-inducible factors and tu-
bular cell survival in isolated perfused kid-
neys. Kidney Int 2006;   70:   60–70. 

 14 Lin X, David CA, Donnelly JB, Michaelides 
M, Chandel NS, Huang X, Warrior U, Wein-
berg F, Tormos KV, Fesik SW, Shen Y: A 
chemical genomics screen highlights the es-
sential role of mitochondria in HIF-1 regula-
tion. Proc Natl Acad Sci USA 2008;   105:   174–
179. 

 15 Nangaku M, Izuhara Y, Takizawa S, Yamashi-
ta T, Fujii-Kuriyama Y, Ohneda O, Yamamo-
to M, van Ypersele de Strihou C, Hirayama 
N, Miyata T: A novel class of prolyl hydroxy-
lase inhibitors induces angiogenesis and
exerts organ protection against ischemia. 
Arterioscler Thromb Vasc Biol 2007;   27:  
 2548–2554. 

 16 Ding M, Cui S, Li C, Jothy S, Haase V, Steer 
BM, Marsden PA, Pippin J, Shankland S, 
Rastaldi MP, Cohen CD, Kretzler M, Quag-
gin SE: Loss of the tumor suppressor Vhlh 
leads to upregulation of Cxcr4 and rapidly 
progressive glomerulonephritis in mice. Nat 
Med 2006;   12:   1081–1087. 

 17 Higgins DF, Kimura K, Bernhardt WM, 
Shrimanker N, Akai Y, Hohenstein B, Saito 
Y, Johnson RS, Kretzler M, Cohen CD,
Eckardt KU, Iwano M, Haase VH: Hypoxia 
promotes fibrogenesis in vivo via HIF-1 
stimulation of epithelial-to-mesenchymal 
transition. J Clin Invest 2007;   117:   3810–
3820. 

 18 Singh DK, Winocour P, Farrington K: Mech-
anisms of disease: the hypoxic tubular hy-
pothesis of diabetic nephropathy. Nat Clin 
Pract Nephrol 2008;   4:   216–226. 

 19 Singh P, Deng A, Weir MR, Blantz RC: The 
balance of angiotensin II and nitric oxide in 
kidney diseases. Curr Opin Nephrol Hyper-
tens 2008;   17:   51–56. 

 20 Nangaku M, Eckardt KU: Hypoxia and the 
HIF system in kidney disease. J Mol Med 
2007;   85:   1325–1330. 

 21 Eckardt KU, Bernhardt W, Willam C, Wie-
sener M: Hypoxia-inducible transcription 
factors and their role in renal disease. Semin 
Nephrol 2007;   27:   363–372. 

 22 Haase VH: Hypoxia-inducible factors in the 
kidney. Am J Physiol Renal Physiol 2006;   291:
F271–F281. 

 23 Haase VH: The VHL/HIF oxygen-sensing 
pathway and its relevance to kidney disease. 
Kidney Int 2006;   69:   1302–1307. 

 24 Welch WJ: Intrarenal oxygen and hyperten-
sion. Clin Exp Pharmacol Physiol 2006;   33:  
 1002–1005. 

D
ow

nloaded from
 http://w

w
w

.karger.com
/nee/article-pdf/110/1/e1/3791260/000148256.pdf by guest on 24 April 2024



 HIF in the Kidney Nephron Exp Nephrol 2008;110:e1–e7 e7

 25 Palm F: Intrarenal oxygen in diabetes and a 
possible link to diabetic nephropathy. Clin 
Exp Pharmacol Physiol 2006;   33:   997–1001. 

 26 Norman JT, Fine LG: Intrarenal oxygenation 
in chronic renal failure. Clin Exp Pharmacol 
Physiol 2006;   33:   989–996. 

 27 Nangaku M: Chronic hypoxia and tubuloin-
terstitial injury: a final common pathway to 
end-stage renal failure. J Am Soc Nephrol 
2006;   17:   17–25. 

 28 Rosenberger C, Rosen S, Heyman SN: Cur-
rent understanding of HIF in renal disease. 
Kidney Blood Press Res 2005;   28:   325–340. 

 29 Eckardt KU, Bernhardt WM, Weidemann A, 
Warnecke C, Rosenberger C, Wiesener MS, 
Willam C: Role of hypoxia in the pathogen-
esis of renal disease. Kidney Int 2005;   99:
S46–S51. 

 30 Nangaku M: Hypoxia and tubulointerstitial 
injury: a final common pathway to end-stage 
renal failure. Nephron Exp Nephrol 2004;   98:
e8–e12. 

 31 Gruber M, Hu CJ, Johnson RS, Brown EJ, 
Keith B, Simon MC: Acute postnatal ablation 
of HIF-2alpha results in anemia. Proc Natl 
Acad Sci USA 2007;   104:   2301–2306. 

 32 Rankin EB, Biju MP, Liu Q, Unger TL, Rha J, 
Johnson RS, Simon MC, Keith B, Haase VH: 
Hypoxia-inducible factor-2 (HIF-2) regu-
lates hepatic erythropoietin in vivo. J Clin 
Invest 2007;   117:   1068–1077. 

 33 Scortegagna M, Ding K, Zhang Q, Oktay Y, 
Bennett MJ, Bennett M, Shelton JM, Rich-
ardson JA, Moe O, Garcia JA: HIF-2alpha 
regulates murine hematopoietic develop-
ment in an erythropoietin-dependent man-
ner. Blood 2005;   105:   3133–3140. 

 34 Warnecke C, Zaborowska Z, Kurreck J, Erd-
mann VA, Frei U, Wiesener M, Eckardt KU: 
Differentiating the functional role of hypox-
ia-inducible factor (HIF)-1alpha and HIF-
2alpha (EPAS-1) by the use of RNA interfer-
ence: erythropoietin is a HIF-2alpha target 
gene in Hep3B and Kelly cells. FASEB J 2004;  
 18:   1462–1464. 

 35 Matsumoto M, Makino Y, Tanaka T, Tanaka 
H, Ishizaka N, Noiri E, Fujita T, Nangaku M: 
Induction of renoprotective gene expression 
by cobalt ameliorates ischemic injury of the 
kidney in rats. J Am Soc Nephrol 2003;   14:  
 1825–1832. 

 36 Tanaka T, Matsumoto M, Inagi R, Miyata T, 
Kojima I, Ohse T, Fujita T, Nangaku M: In-
duction of protective genes by cobalt amelio-
rates tubulointerstitial injury in the progres-
sive Thy1 nephritis. Kidney Int 2005;   68:  
 2714–2725. 

 37 Tanaka T, Kojima I, Ohse T, Ingelfinger JR, 
Adler S, Fujita T, Nangaku M: Cobalt pro-
motes angiogenesis via hypoxia-inducible 
factor and protects tubulointerstitium in the 
remnant kidney model. Lab Invest 2005;   85:  
 1292–1307. 

 38 Tanaka T, Kojima I, Ohse T, Inagi R, Miyata 
T, Ingelfinger JR, Fujita T, Nangaku M:
Hypoxia-inducible factor modulates tubular 
cell survival in cisplatin nephrotoxicity. Am 
J Physiol Renal Physiol 2005;   289:F1123–
F1133. 

 39 Kudo Y, Kakinuma Y, Mori Y, Morimoto N, 
Karashima T, Furihata M, Sato T, Shuin T, 
Sugiura T: Hypoxia-inducible factor-1alpha 
is involved in the attenuation of experimen-
tally induced rat glomerulonephritis. Neph-
ron Exp Nephrol 2005;   100:e95–e103. 

 40 Bernhardt WM, Câmpean V, Kany S, Jür-
gensen JS, Weidemann A, Warnecke C,
Arend M, Klaus S, Günzler V, Amann K, 
Willam C, Wiesener MS, Eckardt KU: Pre-
conditional activation of hypoxia-inducible 
factors ameliorates ischemic acute renal fail-
ure. J Am Soc Nephrol 2006;   17:   1970–1978. 

 41 Weidemann A, Bernhardt WM, Klanke B, 
Daniel C, Buchholz B, Câmpean V, Amann 
K, Warnecke C, Wiesener MS, Eckardt KU, 
Willam C: HIF activation protects from 
acute kidney injury. J Am Soc Nephrol 2008;  
 19:   486–494. 

 42 Ohtomo S, Nangaku M, Izuhara Y, Takizawa 
S, Strihou CY, Miyata T: Cobalt ameliorates 
renal injury in an obese, hypertensive type 2 
diabetes rat model. Nephrol Dial Transplant 
2008;   23:   1166–1172. 

  

D
ow

nloaded from
 http://w

w
w

.karger.com
/nee/article-pdf/110/1/e1/3791260/000148256.pdf by guest on 24 April 2024


