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Abstract 
It is important to investigate the mechanisms of chronic kidney disease as it is a public 
health problem worldwide. The unique architecture of the kidney vasculature underpins 
the kidney’s susceptibility to hypoxia. The countercurrent arrangement of arteries and 
veins in the renal cortex and of capillaries (ascending and descending) in the medulla 
contributes to decreased oxygen availability. Kidney disease is also associated with a loss 
of peritubular capillaries in the tubulointerstitium. Tissue hypoxia contributes to the 
progression and pathogenesis of chronic kidney disease. Hypoxia occurs in the 
tubulointerstitium prior to structural microvascular damage. Thus, hypoxia is a 
pathogenic factor in early stage renal disease. Approaches to increase intrarenal 
oxygenation form a potential therapeutic target. Presently, inhibition of the renin 
angiotensin system is used to treat chronic kidney disease. Angiotensin-II receptor 
antagonists and angiotensin-converting-enzyme inhibitors afford renoprotection in part 
by altering the balance between oxygen delivery and oxygen consumption, thereby 
treating chronic hypoxia in the tubulointerstitium. Erythropoietin (EPO) may confer renal 
cytoprotection and improve kidney oxygenation. However, its efficacy in the treatment of 
chronic renal disease in the human condition is yet to be established. Modulation of the 
hypoxia inducible factor (HIF) system via prolyl hydroxylase inhibitors is a potential 
therapeutic target for the treatment of chronic kidney disease. Additional research should 
be conducted to further elucidate the mechanisms of kidney oxygenation and the adaptive 
hypoxic response. 
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Introduction 
Chronic kidney disease is a global public health problem [1], with an estimated 
prevalence of 11% of the adult United States population [2, 3]. The annual incidence of 
end stage renal disease, the type of chronic kidney disease in which life can only be 
sustained by transplantation or dialysis, continues to increase substantially [4]. 
Significantly, kidney disease is the 12th leading cause of death and the 17th cause of 
disability worldwide [2]. This public health problem disproportionately affects 
disadvantaged populations and racial minorities, such as Indigenous Australians [5] and 
African Americans [6]. Chronic kidney disease engenders morbidity and mortality, 
lowers quality of life and is expensive on both a patient and governmental level [3]. 
Further, chronic kidney disease gives rise to kidney failure and increases the risk of 
cardiovascular disease [1]. Thus, it is important to investigate novel mechanisms which 
may provide a therapeutic target for kidney disease.  
 
Importantly, renal ischaemia is an established cause of kidney disease [7]. One of the 
consequences of ischaemia is hypoxia, providing the impetus for recent studies regarding 
the role of hypoxia in kidney disease. Indeed, recent evidence suggests that both 
decreased oxygen delivery and increased oxygen consumption might contribute to the 
pathogenesis of kidney disease. This article will outline some of the evidence that 
hypoxia plays a role in chronic kidney disease. Thus, increasing renal oxygenation may 
provide a new therapeutic avenue for the treatment and prevention of kidney disease. 
 
 
What Makes the Kidney Susceptible to Hypoxia? 
The kidneys have the largest blood supply per weight and the least fraction of extracted 
oxygen of all the body’s organs [8]. Specifically, this well perfused organ receives an 
overall oxygen supply of more than 80 ml/min per 100 g weight. Irrespective of the high 
blood flow and oxygen delivery, oxygen tension in the renal medulla is relatively low. In 
particular, oxygen tension can be less than 10 mm Hg in the inner medulla [9]. The renal 
medulla, unlike the renal cortex, receives only ~10% of the total renal blood flow [10]. 
Maintenance of a relatively low blood flow in the medulla, and thus relatively low 
oxygen delivery, is critical for maintenance of the medullary interstitial osmotic gradient 
that is required for urine concentration [11]. Thus, at least part of the explanation for the 
relatively low tissue pO2 in the medulla is its relatively poor perfusion. Another reason 
for the discrepancy between the high oxygen delivery and relatively low tissue oxygen 
tension is the unique vascular architecture which is characteristic of the kidney [11, 12]. 
The countercurrent arrangement of arteries and veins in the renal cortex and capillaries 
(ascending and descending vasa recta) in the medulla characterize this unique 
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architecture [13, 14]. Specifically, the arterial and venous preglomerular and 
postglomerular vessels are arranged in a parallel organisation, which permits oxygen to 
pass from the arterioles into the postcapillary venous system by diffusion [15]. This 
anatomical architecture underpins the kidney’s susceptibility to acute renal ischemic 
injury [11].  The efferent arterioles of deep juxtamedullary glomeruli, which supply the 
renal medulla, merge to form vasa recta [16]. Countercurrent exchange between 
ascending and descending vasa recta contributes to decreased oxygen availability in the 
renal medulla [16]. Oxygen tension measured in renal venous blood greatly exceeds that 
in the renal parenchyma, reflecting the fact that arterial-to-venous shunting of oxygen 
limits oxygen delivery to kidney tissue [8]. 
  
Significantly, most of the tubular segments in the kidney are dependent on oxygen for 
active transtubular reabsorption of solutes because they have an extremely limited 
capacity for anaerobic energy production [12]. Thus, the kidney has a high oxygen 
demand. Further, both the low oxygen tensions in the renal parenchyma and the high 
oxygen demand of the tubular epithelium cause the kidney to be vulnerable to hypoxia, 
which is an important factor in the pathogenesis of renal disease [8]. Adler and Huang 
[17] demonstrated that nitric oxide suppresses mitochondrial respiration. Thus, the 
depletion of nitric oxide due to oxidative stress may enhance mitochondrial respiration 
and thereby result in tissue hypoxia [17]. Interestingly, oxidative stress may be associated 
with chronic kidney disease [18]. Oxidative stress leads to increased tissue oxygen 
consumption by decreasing nitric oxide bioavailability. Inefficient cellular respiration as 
a consequence of oxidative stress and reduced nitric oxide bioavailability may be a factor 
in the development of renal hypoxia in various renal pathologies, such as hypertension 
[19].  
 
The Role of Tissue Hypoxia in the Pathogenesis of Kidney Disease 
Only a limited number of studies have investigated intrarenal oxygenation in chronic 
kidney disease [11]. However, there is sufficient evidence to suggest that renal hypoxia is 
a significant factor in the pathogenesis of chronic kidney disease [16]. Fine and 
colleagues [20] formulated the chronic hypoxia hypothesis, which emphasizes the role of 
hypoxia in the progression of chronic renal disease [16]. They propose that the final 
common pathway in end-stage renal disease is chronic hypoxic damage in the 
tubulointerstitium [18]. Further, renal injury engenders a vicious cycle, which consists of 
tissue fibrosis, subsequent destruction of the renal microvasculature and hypoxia [20]. In 
accordance with this concept, Eckardt and colleagues [12] propose that various forms of 
kidney disease are linked to rarefaction of postglomerular capillaries. Further, the 
decrease in capillary density and consequent capillary hypoperfusion gives rise to tissue 
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hypoxia in the diseased kidney [12]. In support of this theory, Ohashi and colleagues [21] 
demonstrated that peritubular capillary disruption and the ensuing reduction of the 
capillary network may be a factor in the development of tubulointerstitial injury, which 
occurs in progressive glomerulonephritis. Similarly, Basile and colleagues [22] 
demonstrated that chronic tubulointerstitial disease gives rise to a depletion of peritubular 
capillaries, indicating a reduction in oxygen delivery. Glomerular perfusion influences 
both oxygen consumption, which is proportional to the filtration and reabsorption of 
sodium, [22] and oxygen delivery. Hence, the extent to which the net balance of renal 
oxygen tension is affected by changes in glomerular perfusion is difficult to predict [12]. 
 
Importantly, hypoxia occurs in the tubulointerstitium prior to structural microvasculature 
damage, reflecting the fact that hypoxia is a pathogenic factor in the early stages of renal 
disease [18]. Correspondingly, Matsumoto and colleagues [24] demonstrated that the 
aggravation of tubulointerstitial injury and peritubular capillary damage occurs 
subsequent to the development of hypoxia in the renal cortex, as was revealed by 
immunohistochemical analysis using pimonidazole. However, Eckardt and colleagues 
[12] note that the use of the bioreductive agent pimonidazole has limitations, as the 
immunohistochemistry required to visualize binding of the dye is non-quantitative. Thus, 
staining intensity and tissue oxygen tensions do not have a direct relationship due to 
additional complex factors which are difficult to control [12]. Nevertheless it is important 
to note that the existence of hypoxia before tissue injury suggests that it participates in 
the progression of tubulointerstitial injury [24].  
 
Therapeutic Implications for Chronic Kidney Disease 
Considering the role of tissue hypoxia in the pathogenesis of chronic kidney disease, 
attempts to increase renal oxygenation or to avoid a reduction in oxygen tensions may 
provide a therapeutic avenue for the preservation of renal function. Specifically, 
improving oxygen transport or regional oxygen supply could enhance renal oxygenation 
[12]. Currently, inhibition of the renin angiotensin system, by angiotensin-converting-
enzyme (ACE) inhibitors or angiotensin type 1 receptor (AT1-receptor) antagonists, may 
be used to treat some forms of chronic kidney disease. However, AT1-receptor 
antagonists and ACE inhibitors are contraindicated in certain forms of kidney disease 
(such as ischemic renal disease due to renal artery stenosis) as their use can result in acute 
renal failure [25]. AT1-receptor blockade decreases the filtered load by reducing efferent 
arteriole tone, and also enhancing peritubular perfusion [12]. Significantly, these agents 
also inhibit sodium reabsorption and thus reduce oxygen consumption both by reducing 
the filtered load of sodium and the proportion of the filtered load that is reabsorbed [11]. 
The vasodilator actions of these agents increase oxygen delivery. Hence, these agents 
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should enhance kidney oxygenation by shifting the balance between oxygen delivery and 
consumption.  Consistent with this concept, Norman and colleagues [26] demonstrated 
that blockade of AT1-receptors increases pO2 in the interstitial microvascular 
compartment in the normal rat kidney. This increase in renal cortical oxygen tensions 
may play a role in the renoprotective effects of AT1-receptor antagonists and ACE 
inhibitors in retarding the development of chronic kidney disease [26]. Such a role 
remains to be established, although there is some indirect evidence for this proposition. 
For example, in the remnant kidney model, AT1-receptor receptor antagonists ameliorate 
tubular hypoxia and prevent changes in the renal vasculature [27]. Additionally, AT1-
receptor blockade modulates nitric oxide production by upregulating mitochondrial nitric 
oxide synthase activity. This modulation is linked to changes in renal mitochondrial 
function [28]. Treatment with enalapril, an ACE inhibitor, increases the bioavailability 
and/or production of nitric oxide, indicating that a reduction in angiotensin II formation 
favors nitric oxide bioavailability [28]. Moreover, it is important to consider the role of 
angiotensin type II receptors (AT2-receptors) in the regulation of intrarenal oxygenation. 
Palm and colleagues [29] provided evidence that AT2-receptor mediated nitric oxide 
release sustains renal oxygenation in rats with renovascular hypertension. Significantly, 
chronic inhibition of the renin angiotensin system affords renoprotection in chronic 
kidney disease and also increases intrarenal oxygenation [30]. However, a mechanistic 
link between these two phenomena is yet to be established. 
 
Additionally, the use of erythropoietin (EPO) may also confer renal cytoprotection [12]. 
EPO regulates erythrocyte production by controlling the proliferation, maturation and 
terminal differentiation of erythroid progenitors [31]. There is mounting evidence to 
suggest that in addition to the aforementioned actions, EPO displays paracrine effects via 
EPO receptors and affords protection against acute hypoxic injury [31]. Additionally, 
Gouva and coworkers [32] established that early initiation of EPO treatment in 
predialysis subjects with anaemia considerably retarded the progression of renal disease. 
However, increasing haemoglobin levels with exogenous EPO administration may down-
regulate endogenous paracrine EPO production such that local EPO levels could, in fact, 
decrease [12]. While EPO may be beneficial in the treatment of acute kidney injury and 
chronic renal disease in animal models [12], its efficacy in the human condition is yet to 
be established.  
 
Additionally, the use of selective manipulation of hypoxia adaptive responses may be 
used to confer renoprotection [16]. Specifically, modulation of the hypoxia inducible 
factor (HIF) system, via prolyl hydroxylase inhibitors, forms a potential therapeutic 
approach for the treatment of chronic kidney disease [18]. HIF plays a pivotal role in the 
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protective response to hypoxia by regulating gene expression [10]. HIF binds to the 
hypoxia-responsive element and transcriptionally activates various genes, which encode 
for specific proteins [18]. These proteins mediate adaptive responses to decreased oxygen 
availability [18]. Under normoxic conditions, prolyl hydroxylase domain containing 
protein (PHD) hydroxylates two proline residues within the central oxygen-dependent 
degradation domains of the HIF proteins [18]. Under hypoxic conditions, the HIF 
proteins avoid degradation as the hydroxylation reaction does not occur due to the lack of 
oxygen. On the contrary, HIF proteins heterodimerize with HIF-β and subsequently 
upregulate the transcription of various protective genes [18]. Indeed, Eckardt and 
coworkers [12] determined that HIF was undetectable in any region of the kidney under 
normoxic conditions. However, under hypoxic conditions, almost all renal cells were able 
to induce a transcriptional response through activation of HIF [12]. Importantly, HIF 
contributes to the regulation of angiogenesis, vascular tone, glucose metabolism and cell 
death [12]. Further, an increase in cellular production of angiogenic growth factors, such 
as vascular endothelial growth factor, occurs as a result of HIF activation [33]. Thus, the 
cellular effects associated with HIF induction may afford protection against hypoxic 
injury [12]. In support of this concept, Bernhardt and coworkers [34] demonstrated that 
activation of the HIF system ameliorates ischaemic acute renal failure. Similar to EPO, 
the protective effects of modulating the HIF system are not yet established in chronic 
renal disease [12]. Hence, further research on the molecular mechanisms regulating HIF 
will help to elucidate the role of hypoxia in the progression of chronic kidney disease. 
The use of prolyl hydroxylase inhibitors may provide a novel therapeutic avenue to 
stabilise HIF and therefore, confer renoprotection. 
 

Summary and Conclusion 
The unique vascular architecture and functional imperatives of the kidney render it 
particularly susceptible to hypoxia. Considering the role of hypoxia in the pathogenesis 
of chronic kidney disease, approaches to increase intrarenal oxygenation form a potential 
therapeutic target. Presently, inhibition of the renin angiotensin system is used to retard 
the progression of chronic kidney disease. Specifically, inhibition of the renin angiotensin 
system shifts the balance between oxygen delivery and oxygen consumption, and this 
may contribute to the renoprotective effect of this class of drugs. EPO may improve renal 
oxygenation; however, its efficacy in the treatment of chronic renal disease in humans is 
yet to be established. Modulation of the HIF system via prolyl hydroxylase inhibitors is a 
potential therapeutic target for the treatment of chronic kidney disease. Additional 
research should be conducted to further elucidate the mechanisms of kidney oxygenation 
and the adaptive hypoxic response and this would aid in the development of therapeutic 
approaches to prevent or treat chronic kidney disease.  
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