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Abstract

Renal parenchymal hypoxia, documented under a variety of
clinical conditions, conceivably contributes to the progres-
sion chronic kidney disease. In this review, normal physio-
logic medullary hypoxia and abnormal profiles of renal pO,
in chronic kidney diseases are presented, and the mecha-
nisms leading to anomalous renal tissue oxygenation are
discussed. Direct measurements of pO, with oxygen elec-
trodes, immunostaining with pimonidazole (which binds to
regions with very low p0O,), or the detection of hypoxia-in-
ducible factor (HIF)-a (which accumulates in hypoxic re-
gions, initiating hypoxia-adaptive responses), all serve to de-
tect the distribution and extent of renal parenchymal
hypoxia under experimental settings. The use of BOLD MRI
as a noninvasive tool, detecting deoxygenated hemoglobin
in hypoxic renal tissues, has evolved from experimental set-
tings to human studies. All these modalities indicate that ab-
normal renal oxygenation develops under conditions such
as chronic glomerular, tubulointerstitial or renovascular dis-
ease, in diabetes, hypertension, aging, renal hypertrophy,
anemia or obstructive uropathy. Abnormal renal tissue

hypoxia modifies the pattern of regional gene expression,
evoking a host of adaptive and renoprotective pathways
(such as HIF-mediated erythropoietin or heme-oxygenase-
1), in parallel with the induction of potentially harmful me-
diators that participate in the progression of chronic kidney
injury. Slowing the progression of chronic kidney disease
may be achieved by a better understanding of these parallel
processes and the accomplishment of a selective control of
such protective and maladaptive responses.
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Introduction

Kidney function, determined as the glomerular filtra-
tion rate (GFR), declines at a rate of about 1 ml/min per
year. In patients with chronic kidney disease (CKD), the
rate of decline in GFR is accelerated and may reach over
10 ml/min per year.
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Fig. 1. Renal medullary oxygen balance.
The renal medulla normally functions un-

Outer medullary oxygen balance

der hypoxic conditions, reflecting limited
oxygen supply, barely sufficient for intense
regional oxygen consumption for tubular
transport. Low oxygen delivery results
from limited blood supply and oxygen dif-

across VR

Regional oxygen delivery

Limited blood supply
Countercurrent oxygen diffusion

Regional oxygen consumption

Correlated with: GFR and distal tubular mass
Inversely correlated with PT reabsorption
Downregulated by adenosine, NO, PGE;

fusion from descending to ascending vasa
recta (illustrated in inset). Regional oxy-
gen consumption is governed by factors
affecting the extent of solute delivery for
distal tubular reabsorption, as well as to
the control of transport activity. VR =
Vasa recta; GFR = glomerular filtration
rate; PT = proximal tubules.

In the 1980s, Brenner et al. [1, 2] suggested that altered
glomerular hemodynamics govern the accelerated pro-
gression of chronic renal failure (CRF). They assumed
that an initial reduction in renal cell mass leads to a ‘wear
and tear’ phenomenon, with glomerular hypertension,
hyperfiltration, and hypertrophy of functioning glomer-
uli, ultimately ending with glomerular sclerosis, glomer-
ular dropout, and the generation of an ongoing vicious
circle of progressive renal damage.

The major flaw in this hypothesis is that in patients
with chronic renal disease the extent of renal dysfunction
poorly associates with changes in glomerular morphol-
ogy, whereas it correlates well with chronic tubulointer-
stitial injury [3]. This has shifted the interest to multiple
other factors, including proteinuria and associated inter-
stitial cytokine release, in the progression of CKD [4].
Numerous studies have underlined the importance of ox-
ygen free radicals, vasoactive substances, tubular hyper-
trophy, hypermetabolism, and endothelial dysfunction,
but noteworthy, until 1998 the word ‘hypoxia’ was still
missing in graphic illustrations of this complex patho-
physiology [5].

In 2000, Fine et al. [6] pointed out that inhibitors of the
renin-angiotensin-aldosterone axis slow the progression
of CRF regardless of the control of hypertension or the
presence or absence of proteinuria. Their review forms
the basis for a new evolving concept on the role of hypoxia
in the progression of CKD. They proposed that kidney
injury leads to a vicious circle of tissue fibrosis, pursuant
obliteration of the renal microvasculature, hypoxia and
continued damage [6].

Indeed, renal parenchymal hypoxia has been consis-
tently documented by currently available technologies.
Regional renal microcirculation and PO, can be continu-
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ously monitored under experimental settings with nee-
dle-laser Doppler flow probes and with oxygen micro-
electrodes, respectively. The distribution of renal paren-
chymal hypoxia and hypoxia adaptive responses can now
be mapped using immunostaining for pimonidazole
(molecular ‘hypoxia probe’ which, following injection,
binds to tissues with oxygen tension below 10 mm Hg)
and for hypoxia-inducible factors (HIF; see below). Fi-
nally, blood oxygenation level-dependent (BOLD) MRI
provides a noninvasive measure to determine the dy-
namic changes in the distribution and extent of deoxy-
genated hemoglobin within the renal parenchyma. Based
on these technologies, we shall appraise the evidence for
renal parenchymal hypoxia under conditions that predis-
pose to accelerated progression of CKD, providing in-
sight into potential interventional measures in efforts to
retard the decline in kidney function.

Renal Oxygen Profile: The Nature of Renal
Medullary Hypoxia

Renal parenchymal oxygenation reflects the balance
between regional oxygen supply and oxygen consump-
tion, principally for tubular transport [7, 8]. Oxygen de-
mand is governed by GFR, by tubular and ion-pump
mass, and by various regulators that control transport
activity. Oxygen supply mirrors systemic and intrarenal
factors that control intrarenal blood flow and distribu-
tion, the oxygen-carrying capacity of the blood, and the
specific structure of the renal microcirculation. Peritu-
bular capillaries are nourished by efferent glomerular ar-
terioles. Efferent arteriolar PO, is lower than renal ve-
nous PO,, implying cortical precapillary shunting that
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leads to renal parenchymal hypoxia [9]. Furthermore, a
non-homogenous distribution of renal parenchymal oxy-
genation exists, with renal parenchymal pO, sharply de-
clining at the cortico-medullary junction, reaching levels
as low as 25 mm Hg within the renal medulla under nor-
mal physiologic conditions [7, 10]. This physiologic hyp-
oxia of the renal medulla stems from limited oxygen sup-
ply, barely sufficient for ample regional oxygen consump-
tion (fig. 1). The medulla receives some 10%, only, of total
renal blood flow originating from efferent arterioles of
deep juxtamedullary glomeruli. These blood vessels
merge to form vascular bundles (vasa recta), a central
component of the renal concentrating machinery. Im-
portantly, the unique architecture of a countercurrent
blood flow in vasa recta facilitates oxygen diffusion from
descending to ascending blood vessels and contributes to
reduced oxygen availability to the medulla. At the same
time, the outer medullary oxygen requirement for tu-
bular transport by medullary thick ascending limbs
(mTALs) and S3 (straight) segments of the proximal tu-
bules is intense. Complex mechanisms participate in the
preservation of renal medullary oxygen sufficiency, by
the control and matching of both intrarenal blood flow
and tubular transport activity (fig.2). Prostaglandins
(principally PGE,), nitric oxide, adenosine and other me-
diators act in concert to maintain this oxygenation bal-
ance by enhancement of medullary blood flow and sup-
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pression of tubular transport. Reduction of GFR is one of
the mechanisms that maintain medullary oxygenation by
reducing solute delivery for reabsorption in the distal
nephron. It is noteworthy that reactive oxygen species
(ROS) undermine these protective mechanisms, compro-
mising ambient microcirculation and counteracting
mechanisms that attenuate tubular transport [7, 8, 10].

Changes in medullary oxygenation following the ad-
ministration of non-steroidal anti-inflammatory agents
illustrate the importance of the protective mechanisms
mentioned above: regional medullary blood flow (deter-
mined by laser Doppler probes) acutely declines and tu-
bular transport is enhanced, leading to a substantial fall
in ambient oxygenation over a protracted period of time
(11, 12]. Evidently, chronically intensified medullary
hypoxia underlies the pathophysiology of analgesic ne-
phropathy, characterized by medullary fibrosis and pap-
illary necrosis.

Renal HIF during Hypoxic Stress

Chronic tissue hypoxia invokes a hypoxic response,
mediated to large extent by HIFs [10, 13-15]. These ubiq-
uitous key transcription factors consist of o- and 3-sub-
units. The a-subunit is rapidly degraded and removed
under normal ambient oxygenation by specific oxygen-

Heyman/Khamaisi/Rosen/Rosenberger

Color version available online



sensitive prolyl hydroxylases. Hypoxia inactivates the
degradation of HIF-a by these enzymes, and it accumu-
lates and binds with the B-subunit. The formed heterodi-
mer translocates into the nucleus, binds to hypoxia-re-
sponse elements and activates a host of HIF-mediated
genes that participate in cell adaptation to hypoxia. There
are over 100 genes known to be mediated by HIF, which
control cell metabolism and survival, angiogenesis, vas-
cular tone, and tissue oxygenation. Heme oxygenase-1,
erythropoietin, and VEGF are among the long list of
HIF-mediated cytoprotective genes.

There are at least two HIF-a isoforms. Renal HIF is
cell-type specific with HIF-1a isoform principally ex-
pressed in tubular segments (mostly in collecting ducts),
while HIF-2a is detected in vascular endothelial and in-
terstitial cells. Genes expressed by HIF are also cell- and
locus-specific, for instance, erythropoietin is selectively
induced by interstitial cells at the cortico-medullary junc-
tion [16]. Not surprisingly, this region, functioning on the
verge of hypoxia, serves in the control of the blood oxy-
gen-carrying capacity.

Using immunostaining for both pimonidazole and
HIF, as well as for the expression of HIF-mediated genes,
we have recently mapped the extent and distribution of
renal hypoxia under acute settings, such as global renal
hypoxia or intrarenal regional vascular obliteration, fol-
lowing the administration of non-steroidal anti-inflam-
matory or radiocontrast agents, during the induction of
hypoxic acute renal failure or following rhabdomyolysis
[17-20]. With these methods applied at different intervals
after insults we could detect the spatial and chronological
evolution and recovery of localized intrarenal critical
hypoxia, and the pursuant induction of the HIF-medi-
ated hypoxic response.

Mechanisms for Intensified Renal Hypoxia in CKD

CKD is characterized by intensified renal hypoxia.
Using BOLD MRI, Manotham et al. [21] noticed the en-
hanced concentration of deoxygenated hemoglobin with-
in the medulla (i.e. intensified regional hypoxia) in
humans with CKD as compared with control healthy
kidneys. Interestingly, medullary hypoxia has been at-
tenuated following the administration of an angiotensin
II (AII) receptor antagonist. These observations illustrate
that AII plays an important role in the generation of renal
hypoxia in CKD [22]. BOLD MRI may also identify
whole-kidney or segmental renovascular disease affect-
ing parenchymal oxygenation. Importantly, in these set-
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tings BOLD MRI may distinguish between severely com-
promised but viable parenchyma (high basal values of
deoxygenated hemoglobin, falling after the administra-
tion of furosemide) and non-functional scar tissue (low
basal levels, unaffected by furosemide) [23].

Basile et al. [24] showed that chronic tubulointerstitial
disease also leads to depletion of peritubular capillaries,
illustrated by microfil infusion into rat kidneys 4-8 weeks
after ischemia/reperfusion injury. In this model the cap-
illary volume and perfusion index fall in all renal regions
along time, meaning less oxygen supply. Furthermore,
evolving fibrosis and the deposition of extracellular ma-
trix interferes with ambient oxygen diffusion [24]. As the
peritubular capillaries originate from efferent glomeru-
lar arterioles, it is noteworthy that primary glomerular
diseases with obliteration of glomerular capillaries also
compromise downstream peritubular microcirculation
and intensify parenchymal hypoxia [25, 26].

Nephron depletion per se may intensify renal hypoxia:
uninephrectomy results in the expression of pimonida-
zole adducts in the remaining kidney, evidence of intense
hypoxia, conceivably reflecting hypertrophy, enhanced
GFR and increased tubular transport [27]. Similarly, pi-
monidazole immunostaining is more pronounced fol-
lowing uninephrectomy in a model of experimental ne-
phritis, characterized by peritubular capillary depletion,
fibrosis, and inflammation [25].

In an experimental model of chronic tubulointerstitial
disease induced by ischemia-reflow injury, regions with
depleted renal microvasculature and expanded extracel-
lular matrix display deposition of pimonidazole, indicat-
ing critical hypoxia, as well as HIF expression, reflecting
a cellular response to hypoxia [28]. Similar indices of
evolving hypoxia were noted in other animal models of
hypoxic/nephrotoxic tubulointerstitial disease induced
by adriamycin, cyclosporine A and folic acid [29-31].
Both pimonidazole and HIF immunostaining are more
pronounced in kidneys with moderate tubulointerstitial
changes, as compared with severely damaged kidneys
[28]. Possibly this has to do with a more pronounced re-
duction in GFR in the more injured kidneys, with subse-
quent lower oxygen consumption for tubular transport.
Thus, the distorted anatomy of CKD can augment hyp-
oxia, but with extreme loss of functional tissue this hyp-
oxic condition may diminish.

Aging is also associated with intensified renal hypox-
ia. As shown by BOLD MRI, ambient pO, is some 20 mm
Hg lower both in the cortex and the medulla in otherwise
healthy aged individuals, as compared with tracings un-
dertaken in young subjects [32]. Hypoxia and hypoxia
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adaptation were also noted in aged rat kidneys, using im-
munostaining for pimonidazole, HIF and HIF-mediated
genes [33]. This may reflect the reduced capacity of the
aged kidney to generate nitric oxide and PGE, [34-36].

Diabetes also predisposes to renal parenchymal hyp-
oxia, as shown by Palm et al. [37] using oxygen microelec-
trodes in rats. The decline in parenchymal oxygenation
in the diabetic kidney is most pronounced in the medul-
la, and principally reflects enhanced tubular transport.
Renal oxygenation in the diabetic kidney is restored by
the administration of antioxidants, which scavenge ROS
and normalize transport activity. Medullary hypoxia in
the diabetic rat kidney has also been documented using
BOLD MRI [38, 39] and with pimonidazole and HIF im-
munostaining [40]. These indices of medullary hypoxia
disappear with the control of hyperglycemia. Interesting-
ly, though hypoxia is ameliorated [37], HIF expression
intensifies with the addition of a ROS scavenger [40], sug-
gesting that ROS suppresses hypoxic adaptive responses.
These findings are in agreement with studies in cultured
proximal tubular cells and in diabetic rats, showing oxi-
dative stress-regulated attenuation of the HIF-VEGF
pathway [41].

Thus, the role of hypoxia in the progression of injury
in the diabetic kidney is now well acknowledged [42] to
be induced by oxidative stress and ROS, by altered renal
hemodynamics (in part through altered nitrovasodila-
tion [43]), inflammation and fibrosis. Hypoxia may also
be enhanced by increased GFR, tubular hypertrophy and
transport activity.

Hypertension may also lead to renal hypoxia, as deter-
mined with oxygen microelectrodes in hypertensive rats
[9]. Intensified hypoxia in these animals reflects en-
hanced oxygen demand due to defective coupling of tu-
bular transport and oxygen consumption. As with diabe-
tes, ROS is considered to contribute to reduced renal
blood flow and to an inefficient use of oxygen for sodium
transport [44].

Chronic salt and volume depletion may invert the nor-
mal renal oxygenation gradient: under such experimen-
tal conditions cortical pO, declines, representing de-
creased total renal blood flow and vasoconstrictive stim-
uli, whereas medullary oxygenation paradoxically
improves [45]. The attenuated medullary hypoxia con-
ceivably reflects decreased tubular transport due to re-
duced GFR, enhanced proximal tubular reabsorption,
mTAL atrophy and cortico-medullary redistribution of
renal blood flow.

Hypoxia may also exist in transplanted kidneys, as
shown by HIF immunostaining in human renal trans-
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Table 1. Postulated mechanisms responsible for declining renal
oxygenation in CKD

Decreased oxygen supply

Peritubular capillary loss

Interstitial fibrosis

Glomerular sclerosis and a decline in downstream peritubular
flow

Anemia

Altered vascular tone
Decreased nitric oxide and prostaglandin synthesis
Enhanced vasoconstrictive stimuli: AIl-induced efferent arte-
riolar vasoconstriction; enhanced endothelin-1
Oxidative stress

Increased oxygen consumption

Tubular hypertrophy and enhanced GFR in remnant nephrons
Repeated transiently enhanced GFR (high-protein meals)
Oxidative stress-related dis-inhibition of tubular transport

plants, especially during cellular rejection [46]. However,
BOLD MRI studies disclosed contradictive findings,
where medullary physiologic hypoxia was attenuated in
rejected kidneys [47]. Differences in the magnitude of
GFR decline and subsequent attenuation of transport ac-
tivity might explain these discrepancies.

Low hematocrit also results in decreased oxygen sup-
ply to the kidney. As shown with oxygen microelectrodes
inserted into the kidney during acute decrements in he-
matocrit, both cortical and medullary pO, decline [48].
Renal parenchymal HIF accumulation appears under
comparable conditions, such as exposure of the animal to
carbon monoxide [17].

BOLD MRI experimental studies indicate that uri-
nary outflow obstruction results in reduced cortical oxy-
genation, while medullary pO, increases [49]. Conceiv-
ably, this reflects a renovascular response to obstruction,
with reduced cortical blood flow and GFR, with a subse-
quent reduced distal tubular transport activity.

Finally, renal hypoxia in CKD may hypothetically re-
flect additional causes for enhanced oxygen consump-
tion: ineffective proximal tubular work could shift reab-
sorption to more distal tubular sites where ATP and oxy-
gen costs may be higher. Additional metabolic workload
and oxygen consumption might be related to gluconeo-
genesis, to reabsorption and degradation of excessively
filtered proteins or to chemical utilization of oxygen via
activation of various kidney oxidases. The quantitative
contribution of such putative mechanisms in the evolu-
tion of renal hypoxia in CKD remains speculative.
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Table 2. Studies [reference numbers] giving evidence of renal hypoxia in CKD and in conditions predisposing

to CKD

Clinical setup Study type BOLD MRI  Oxygen Immunostaining
animal  human electrodes PIM HIF-medi-

ated genes

Tubulointerstitial disease \ J 21 28, 30 28,29

Primary glomerulopathy J 25 25

Nephrotoxic CKD J 30 29

Renal mass depletion J 25,27 27

Volume/salt depletion J 45

Diabetes J J 38,39 37 40 40

Hypertension J 9

Aging J 32 33 33

Anemia \' 48

Renovascular disease J J 23,63 18

Urine outflow obstruction J 49

Transplanted kidney J 46

* Conflicting data by BOLD MRI in humans [47].

Thus, to summarize, renal ‘physiologic’ hypoxia that
normally exists at certain regions is aggravated in a host
of clinical conditions that predispose to the evolution of
chronic kidney disease. The mechanisms that reduce re-
nal oxygenation in CKD are summarized in table 1 (mod-
ified from Nangaku [50]). Table 2 illustrates existing evi-
dence for renal parenchymal hypoxia under a variety of
clinical and experimental conditions of CKD.

Renal Hypoxia Response: Bad and Good
Components

Renal hypoxia leads both to desired and undesired ef-
fects that in most cases perpetuate the progression of
CKD through an ongoing vicious circle. As shown in fig-
ure 3, the two main initiating factors are hypoxia and
ROS, induced during hypoxia. These initiating proceed-
ings trigger transcription factors, HIF and non-HIF, and
a host of effectors classified as harmful or protective me-
diators with regard to the general outcome from the renal
perspective. Their action culminates in a list of subse-
quent physiopathologic processes that participate in the
progression of CKD. Among the harmful effectors are
the renin-angiotensin-aldosterone axis, endothelin, plas-
min-activatorinhibitor-I,adhesion moleculesand growth
factors which, triggered by hypoxia, induce endothelial
dysfunction, vasoconstriction, microvascular depletion,
inflammation, fibrosis and tubular and glomerular dam-
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age. These effects perpetuate the vicious circle of ongoing
hypoxia and progressive renal damage.

Against them rise hypoxia-triggered protective effec-
tors, many of them HIF-dependent, such as erythropoi-
etin and vascular endothelial growth factor (VEGEF),
which somewhat counteract the effect of the harmful
pathways, promoting angiogenesis, improving tissue ox-
ygenation and cell survival, and facilitating homing of
progenitor cells [51]. Indeed, rats with chronic tubuloin-
terstitial disease [28] or diabetes [40, 52] have shown un-
expected resistance to acute hypoxic insults, conceivably
through hypoxia tolerance, induced by HIF-mediated
pathways. However, it is noteworthy that diabetic kid-
neys subjected to extreme hypoxic conditions, such as
warm ischemia-reflow [53] or ex vivo perfusion with red
cell-free perfusate [52], are highly vulnerable to hypoxic
damage, suggesting that HIF-mediated reno-protection
is ineffective beyond a ‘window of opportunity’ of moder-
ate acute hypoxic stress [54].

The gross distinction between the harmful and protec-
tive effectors is not always easily done. It may depend to
large extent upon the intensity and persistency of their ex-
pression and on the concomitant action of other media-
tors. Some may have dual actions: for instance nitric oxide
synthase isoforms mediate vasodilation, but also lead to
the formation of peroxynitrite. Even VEGF, generally con-
sidered renoprotective, may after all not be fully so, as ev-
idenced by a human genotype characterized by enhanced
VEGF expression, associated with a higher rate of end-
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Fig. 3. Schematic presentation of hypoxia-driven renal parenchy-
mal destructive processes and their related mediators. Key regu-
lation of these processes may occur through HIF and non-HIF
mechanisms, such as p53 or STAT3. Effectors can roughly be di-
vided into protective and destructive mediators, and to some with
both potentially injurious and protective characteristics. Thisis a
simplistic and partial scheme only, and evidence for the associa-
tion of hypoxia and reactive oxygen species (ROS) and these in-
dividual effectors and pathophysiologies is often incomplete or
speculative.

stage renal disease [55]. The complex associations of the
various effectors with kidney hypoxia have recently been
detailed in depth by Norman and Fine [51].

In the perspective of the compound structure of the
kidney and its vasculature, evaluating the precise loca-
tion of an upregulated system is highly important. For
instance, hyperglycemia/hypoxia-related induction of
endothelin precursors and their regulator, endothelin-
converting enzyme-1, is associated with the induction of
endothelin-ETp receptors in the vasa recta and peritubu-
lar capillaries [56]. It is noteworthy that ETy receptors
mediate endothelin-induced vasodilatation [57]. Thus,
induction of a most potent vasoconstrictor is coupled
with localized activation of a counterbalancing system
that maintains medullary oxygenation.
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Therapeutic Implications

Interventions that were found to attenuate progressive
CKD evidently may relieve renal parenchymal hypoxia.
The importance of blocking the renin-angiotensin sys-
tem is underscored by improved medullary oxygenation
following the administration of AII receptor blockade
[21]. Indeed, the renal protective effects of these agents lie
far beyond the mere correction of hypertension and the
attenuation of proteinuria [58, 59]. The correction of ane-
mia is of utmost importance in the attenuation of the pro-
gression of CKD, and so is the control of glucose levels in
the prevention of progressive diabetic nephropathy. Plau-
sibly, alow salt and protein diet attenuates enhanced GFR
and transport activity in the remaining nephrons and
may prevent subsequent tissue hypoxia. The potential
benefit of selective manipulation of hypoxia renoprotec-
tive adaptive responses has also been suggested. Indeed,
intrinsic HIF upregulation in experimental CKD and in
the diabetic kidney seemingly confers protection against
acute hypoxic insults [28, 40], and the individual impact
of exogenous erythropoietin, one of the major renopro-
tective HIF-target genes, in delaying the progression of
CKD has been suggested in experimental and clinical
settings, probably regardless of the correction of anemia
[60, 61]. It is tempting to assume that upstream enhance-
ment of HIF by specific inhibitors of prolyl hydroxylases
may attenuate the progression of CKD [50, 51], as it seem-
ingly reduces kidney injury in acute settings [62]. How-
ever, caution is warranted since such an intervention on
a chronic basis might activate undesired genes as well.

In conclusion, renal hypoxia does occur throughout
the progression of CKD as has been shown by a variety of
methods; it is multi-factorial and conceivably plays a role
in CKD progression. The kidney responds to declining
ambient oxygenation by the activation of genes providing
adaptation and endurance, as well as with the induction
of pathways with a potential destructive nature. Through
the later responses, a vicious circle develops with en-
hanced fibrosis and microvascular depletion, and subse-
quent hypoxia and progressive kidney damage.

The significance of the mechanisms of renal hypoxia
and hypoxic response in the diseased kidney should be
further elucidated by interventional studies. This may
help us in the development of therapeutic interventions,
intensifying protective mechanisms and eliminating
maladaptive responses.
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