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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. Tissue hypoxia contributes to the 

progression and pathogenesis of chronic kidney disease. Kidney disease is associated 

with a loss of peritubular capillaries in the tubulointerstitium. 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. 

Key words: chronic kidney disease, hypoxia, kidney oxygenation, chronic renal disease. 
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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. Particularly, 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 [7]. Specifically, this well perfused organ receives an 

overall oxygen supply of more than 80 ml/min per 100 g weight. However, tissue oxygen 

tension measured in the renal vein greatly exceeds that in the renal parenchyma, 

reflecting the fact that arterial-to-venous shunting of oxygen limits oxygen delivery to 
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kidney tissue [7]. 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 10mm Hg in the inner medulla [8]. The renal medulla, unlike the renal cortex, 

receives only 10% of the total renal blood flow [9]. The efferent arterioles of deep 

juxtamedullary glomeruli, which supply the renal medulla, merge to form vasa recta, or 

vascular bundles [10]. Countercurrent exchange in vasa recta contributes to decreased 

oxygen availability to the renal medulla [10]. The discrepancy between the high oxygen 

delivery and low tissue oxygen tension is a result of 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) in the medulla 

characterize this unique architecture. 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 shunt diffusion [13]. 

This anatomical architecture underpins the kidney’s susceptibility to acute renal ischemic 

injury [12].   

 

Importantly, 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 [11]. Thus, the kidney has a high oxygen 

demand. Further, both the low oxygen tensions in renal parenchyma and the high oxygen 

demand cause the kidney to be vulnerable to hypoxia, which is an important factor in the 

pathogenesis of renal disease [7]. Interestingly, oxidative stress may be associated with 
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chronic kidney disease [14]. In fact, 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 [15]. 

Indeed, Adler and Huang [16] 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 [16].  

 

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 [12]. However, there is sufficient evidence to suggest that renal hypoxia is 

a significant factor in the pathogenesis of chronic kidney disease [10]. Fine and 

colleagues [17] formulated the chronic hypoxia hypothesis, which emphasizes the role of 

hypoxia in the progression of chronic renal disease [10]. They propose that the final 

common pathway in end-stage renal disease is chronic hypoxic damage in the 

tubulointerstitium [14]. Further, renal injury engenders a vicious cycle, which consists of 

tissue fibrosis, subsequent destruction of the renal microvasculature and hypoxia [17]. In 

accordance with this concept, Eckardt and colleagues [11] 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 

hypoxia in the diseased kidney [11]. In support of this theory, Ohashi and colleagues [18] 

demonstrated that peritubular capillary disruption and the ensuing reduction of the 

capillary network may be a factor in the development of tubulointerstitial injury, which 
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occurs in progressive glomerulonephritis. Similarly, Basile and colleagues [19] 

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 associated with the filtration and reabsorption of 

sodium [20] and oxygen delivery. Hence, the extent to which the net balance of renal 

oxygen tension is affected by glomerular perfusion is difficult to predict [11]. 

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 [14]. Correspondingly, Matsumoto and colleagues [21] demonstrated that the 

aggravation of tubulointerstitial injury and peritubular capillary reduction occurs 

subsequent to the development of hypoxia in the renal cortex, as was revealed by 

immunohistochemical analysis using pimonidazole. However, Eckardt and colleagues 

[11] 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 [11]. Nevertheless it is important 

to note that the existence of hypoxia before tissue injury suggests that it participates in 

the progression of tubulointerstitial injury [21].  

 

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 
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provide a therapeutic avenue for the preservation of renal function. Specifically, 

improving oxygen transport or regional oxygen supply could enhance renal oxygenation 

[11]. Currently, inhibition of the renin angiotensin system, by angiotensin-converting-

enzyme (ACE) inhibitors or angiotensin-II receptor antagonists, is used to treat chronic 

kidney disease. Angiotensin type I receptor (AT1-receptor) blockade decreases the 

filtered load by reducing efferent arteriole tone and enhances peritubular perfusion [11]. 

Thus, AT1-receptor antagonists and ACE inhibitors increase the ratio between oxygen 

delivery and oxygen consumption, which is pivotal in the treatment of chronic renal 

disease. Further, Norman and colleagues [22] demonstrated that blockade of angiotensin-

II 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 angiotensin-II antagonists and ACE inhibitors in retarding the 

development of chronic kidney disease [22]. Further, in the remnant kidney model, 

angiotensin-II receptor antagonists ameliorate tubular hypoxia and prevent changes in the 

renal vasculature [23]. Additionally, AT1-receptor blockade modulates nitric oxide 

production by upregulating mitochondrial nitric oxide synthase activity. This modulation 

in linked to changes in renal mitochondrial function [24]. 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 [24]. 

Moreover, it is important to consider the role of angiotensin type II receptors (AT2-

receptors) in the regulation of intrarenal oxygenation. Palm and colleagues [25] provided 

evidence that AT2-receptor mediated nitric oxide release sustains renal oxygenation in 

rats with renovascular hypertension. Significantly, chronic inhibition of the renin 
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angiotensin system affords renoprotection in chronic kidney disease and also increases 

intrarenal oxygenation [26]. However, a mechanistic link between these two phenomena 

is yet to be established. 

 

Additionally, the use of erythropoietin (EPO) may also confer renal cytoprotection [11]. 

EPO regulates erythrocyte production and controls proliferation, maturation and terminal 

differentiation of erythroid progenitors [27]. 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 [27]. Additionally, Gouva 

and coworkers [28] 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 erythropoietin production such that local EPO levels could, in fact, 

decrease [11]. While EPO may be beneficial in the treatment of acute kidney injury and 

chronic renal disease in animal models [11], 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 [10]. 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 [14]. HIF plays a pivotal role in the 

protective response to hypoxia by regulating gene expression [9]. HIF binds to the 
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hypoxia-responsive element and transcriptionally activates various genes, which encode 

for specific proteins [14]. These proteins mediate adaptive responses to decreased oxygen 

availability [14]. Under normoxic conditions, prolyl hydroxylase domain containing 

protein (PHD) hydroxylates two proline residues within the central oxygen-dependent 

degradation domains of the HIF proteins [14]. Under hypoxic conditions, the HIF 

proteins avoid degradation as the hydroxylation reaction does not occur due to the lack of 

oxygen. On the contrary, the HIF proteins heterodimerize with HIF-β and subsequently 

upregulate the transcription of various protective genes [14]. Indeed, Eckardt and 

coworkers [11] 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 [11]. Importantly, HIF 

contributes to the regulation of angiogenesis, vascular tone, glucose metabolism and cell 

death [11]. Further, an increase in cellular production of angiogenic growth factors, such 

as vascular endothelial growth factor, occurs as a result of HIF activation [29]. Thus, the 

cellular effects associated with HIF induction may afford protection against hypoxic 

injury (Eckardt et al, 2005). In support of this concept, Bernhardt and coworkers [30] 

demonstrated that activation of the HIF system ameliorates ischemic acute renal failure. 

Similar to EPO, the protective effects of modulating the HIF system are not yet 

established in chronic renal disease [11]. 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. 
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Conclusion 

It is important to investigate the mechanisms involved in the progression of chronic 

kidney disease as it is a worldwide public health problem [1]. The unique architecture of 

the kidney vasculature renders the kidney particularly susceptible to hypoxia. Tissue 

hypoxia contributes significantly to the progression and pathogenesis of chronic kidney 

disease. Further, kidney disease is associated with a loss of peritubular capillaries in the 

tubulointerstitium. Hypoxia occurs in the tubulointerstitium prior to structural 

microvascular damage. Hypoxia’s preexistence underscores the pathogenic nature of this 

condition in the early stages of renal disease [14]. Considering the role of hypoxia in 

chronic kidney 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. Increasing intrarenal oxygenation may contribute to the 

therapeutic renoprotective effects of ACE inhibitors and angiotensin receptor blockade. 

Specifically, inhibition of the renin angiotensin system shifts the balance between oxygen 

delivery and oxygen consumption, which is essential in the treatment of chronic renal 

disease. Further, EPO may improve kidney oxygenation; however, its efficacy in the 

treatment of chronic renal disease in the human condition is yet to be established. Thus, 

the renoprotective effects of EPO in humans require further research. Moreover, 

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. Further insights into renal hypoxia will aid in the development of 

therapeutic approaches to prevent or treat chronic kidney disease.  
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Comment on “Increasing kidney oxygenation as a potential 
therapeutic avenue for kidney disease” by Nikki Adler 

I really enjoyed this manuscript “Increasing kidney oxygenation as a 
potential therapeutic avenue for kidney disease” by Nikki Adler (posted 
for review 23 Jul 2009 in Medical Physiology Online) and it all makes 
good sense. Presumably the normal (perfect?) system of tissue 
oxygenation and perfusion in non-specialised tissues has been altered to 
allow the equally important regulatory function of sensitively altering 
volume and solute loss through the kidneys. Hence, one should not be 
surprised if renal hypoxia is more common than hypoxia in other tissues. 
The hypotensive patient often comes to grief from associated hypoxic 
failure of the kidneys when other organs (brain, heart) are undamaged. It 
all makes sense and I hope prolyl hydroxylase inhibitors can be shown to 
work. Animal experimentation should provide the answer. 
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Nikki Adler (In: Increasing kidney oxygenation as a potential therapeutic 
avenue for kidney disease; posted for review in Medical Physiology 
Online, 23 Jul 2009) has raised an important issue of reno-protection by 
improving renal oxygenation as a potential therapeutic target. The article 
is well written and well argued. The key role of hypoxia and its prevention 
is an interesting hypothesis. To test this hypothesis, hemorrhagic shock 
and the effect of drug intervention can be readily studied in animal 
models. Goldblatt’s classical experiments are a source of inspiration. 

It is the vicious cycle of ischemia, hypoxia, fibrosis, microvascular 
damage and further hypoxia. I think that it is ischemia that results in 
hypoxia, rather than hypoxia per se being a primary cause. “Hypoxia” is 
given due emphasis in Nikki’s article. “Ischemia” also should be a key 
word. The Discussion and arguments are quite interesting. However, I 
have some issues on some points: 

Abstract: Line 3: The countercurrent arrangement is in the medulla rather 
than the cortex. 

A II antagonists and ACE inhibitors offer reno-protection by increasing 
blood flow and the resultant oxygen delivery. Why state “by altering the 
balance between oxygen delivery and oxygen consumption”? 

In the Section “What makes the kidney susceptible to hypoxia” End of para 
1: If oxygen can shunt/diffuse from the arteriolar to venous system, what 
prevents it from diffusing to tissues? It is the long vasa recta and their 
hairpin bends that is responsible for slow circulation in the medulla 
making it prone to hypoxic damage. 
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Comments by E.S.Prakash 
Nikki Adler's point of view manuscript "Increasing kidney 
oxygenation as a potential therapeutic avenue for kidney disease" 
(posted for peer review 23 Jul 2009 in Medical Physiology Online, 
http://www.medicalphysiologyonline.org) is well written, and the 
point of view presented is worth considering.  
 
General Comments:  
1. Like Dr Madanmohan, I too find excessive emphasis placed on 
hypoxia, when indeed ischemia might be the cause of it, and it is 
possible that at least some of the adverse consequences of renal 
ischemia might be due to factors other than a deficiency of oxygen 
supply. This needs to be acknowledged.  
 
2. Secondly, it must be acknowledged that maintenance of 
hypertonicity in the renal medullary interstitium also requires a low 
medullary blood flow, and that medullary ischemia is an inevitable 
consequence of it.  
 
Specific Comments:  
Page 5: Please explain what is "shunt diffusion". Is it any different 
from simple diffusion? 
 
Page 5, last line onward: Oxidative stress is brought in as a 
mechanism of renal injury and as a process predisposing to renal 
hypoxia. Please explain briefly the sequence of events postulated to 
lead to oxidative stress in the kidneys.  
 
Page 6: "Indeed, Adler and Huang [16] 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 [16]"  
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I do not expect enhancement of the normal form of oxidative 
phosphorylation to result in tissue hypoxia. Please explain.  
 
Page 8: "Currently, inhibition of the renin angiotensin system, by 
angiotensin-converting enzyme inhibitors (ACEI) or angiotensin-II 
receptor antagonists, is used to treat chronic kidney disease".  
 
This sentence is too general to be useful. Please provide a working 
definition of chronic kidney disease. Is this also meant to include 
chronic renal failure? ACEI must actually be stopped when creatinine 
clearance falls significantly because it can precipitate acute renal 
failure, especially in patients with bilateral renal artery stenosis or 
unilateral renal artery stenosis with a single kidney.   
 
Page 8: "Thus, AT1-receptor antagonists and ACE inhibitors 
increase the ratio between oxygen delivery and oxygen 
consumption, which is pivotal in the treatment of chronic renal 
disease".  
 
My understanding is that oxygen is delivered to renal tubular cells 
by filtration as well as through perfusion of peritubular capillaries. 
Thus, I find it difficult to reconcile with the statement that ACEI 
increase the ratio between oxygen delivery and oxygen 
consumption, just because they reduce filtration fraction. May be 
other factors are involved, ACEI inhibit the Na reabsorbing effects of 
ANG II. This might reduce the metabolic demand for oxygen.  
 
Page 8: "Further, Norman and colleagues [22] demonstrated that 
blockade of angiotensin-II 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 angiotensin-II antagonists and ACE 
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inhibitors in retarding the development of chronic kidney disease."  
 
The increase in renal cortical pO2 in this instance could have been 
the consequence of inhibition of ANG II driven reabsorption of Na in 
the nephron, an active process, from the glomerular filtrate. If so, 
would the resulting "renoprotection" be useful at all? 
 
Conflict of interests: none 
 
E.S.Prakash 
Department of Physiology,  
Faculty of Medicine,  
AIMST University, Malaysia 
 
Response to Reviewers Comments: 
 

Reviewers’ comments and associated responses for the manuscript “Increasing kidney 

oxygenation as a potential therapeutic avenue for kidney disease” 

Author: Nikki R. Adler 

E.S.Prakash - General Comments:   1. Like Dr Madanmohan, I too find 
excessive emphasis placed on hypoxia, when indeed ischemia might be the cause 
of it, and it is possible that at least some of the adverse consequences of renal 
ischemia might be due to factors other than a deficiency of oxygen supply. This 
needs to be acknowledged.  

It has been well established that ischaemia is a cause of kidney disease 
(Legrand et al, 2008). In this article I provide an argument for a role of 
hypoxia both as a consequence of ischaemia and also due to dysregulation 
of renal oxygen utilization. I acknowledge the role of ischaemia on page 4, 
paragraph 2 of the revised manuscript. 

2. Secondly, it must be acknowledged that maintenance of hypertonicity in the 
renal medullary interstitium also requires a low medullary blood flow, and that 
medullary ischemia is an inevitable consequence of it.  

This has been acknowledged on page 5, line 7. 
E.S.Prakash - Specific Comments:   Page 5: Please explain what is “shunt 
diffusion”. Is it any different from simple diffusion? 

Sorry, jargon – this has been deleted. 
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Page 5, last line onward: Oxidative stress is brought in as a mechanism of renal 
injury and as a process predisposing to renal hypoxia. Please explain briefly the 
sequence of events postulated to lead to oxidative stress in the kidneys.  

Please see page 7, line 6. It is well established that there is oxidative 
stress in kidney disease (Nangaku, 2006). Oxidative stress promotes 
hypoxia by promoting vasoconstriction and inefficient oxygen utilization. 

Page 6: “Indeed, Adler and Huang [16] 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 
[16]”  
I do not expect enhancement of the normal form of oxidative phosphorylation to 
result in tissue hypoxia. Please explain.  

This point is now explained in greater detail on page 7, line 6. Please see 
Palm et al. (2008) and Welch (2006) in the reference list for further 
evidence. 

Page 8: “Currently, inhibition of the renin angiotensin system, by angiotensin-
converting enzyme inhibitors (ACEI) or angiotensin-II receptor antagonists, is 
used to treat chronic kidney disease”.  
This sentence is too general to be useful. Please provide a working definition of 
chronic kidney disease. Is this also meant to include chronic renal failure? ACEI 
must actually be stopped when creatinine clearance falls significantly because it 
can precipitate acute renal failure, especially in patients with bilateral renal artery 
stenosis or unilateral renal artery stenosis with a single kidney.  

Thank you for bringing this point to my attention. Please see page 9, line 
15 for this alteration. 

Page 8: “Thus, AT1-receptor antagonists and ACE inhibitors increase the ratio 
between oxygen delivery and oxygen consumption, which is pivotal in the 
treatment of chronic renal disease”.  
My understanding is that oxygen is delivered to renal tubular cells by filtration as 
well as through perfusion of peritubular capillaries. Thus, I find it difficult to 
reconcile with the statement that ACEI increase the ratio between oxygen delivery 
and oxygen consumption, just because they reduce filtration fraction. May be 
other factors are involved, ACEI inhibit the Na reabsorbing effects of ANG II. 
This might reduce the metabolic demand for oxygen.  

There is no evidence that tubular fluid provides a significant oxygen 
supply. Dissolved oxygen represents a very small proportion of the oxygen 
in blood. Most oxygen is bound to haemoglobin. There are no red blood 
cells in tubular fluid so there is not much oxygen.  
The reviewer has pointed out a missing piece of logic which has been 
incorporated into the revised manuscript. Please see page 8, line 1. 

Page 8: “Further, Norman and colleagues [22] demonstrated that blockade of 
angiotensin-II receptors increases pO2 in the interstitial microvascular 
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compartment in the normal rat kidney. This increase in renal cortical oxygen 
tensions may play a role in the renoprotective effects of angiotensin-II antagonists 
and ACE inhibitors in retarding the development of chronic kidney disease.”  
The increase in renal cortical pO2 in this instance could have been the 
consequence of inhibition of ANG II driven reabsorption of Na in the nephron, an 
active process, from the glomerular filtrate. If so, would the resulting 
“renoprotection” be useful at all? 

The reviewer is correct. Indeed, the mechanisms mediating the increase in 
renal cortical pO2 after blockage of AT1-receptors have not been 
elucidated. My argument is that when the kidney is hypoxic, anything that 
promotes increased oxygenation could have therapeutic potential 
It is noteworthy that there is probably a contribution of increasing oxygen 
delivery and decreasing oxygen consumption. The actual contribution of 
these effects to renoprotection is unknown. However, these agents are 
evidently renoprotective. Please see page 10, line 3 for this alteration. 

Madanmohan – Specific Comments 
Nikki Adler (In: Increasing kidney oxygenation as a potential therapeutic avenue 
for kidney disease; posted for review in Medical Physiology Online, 23 Jul 2009) 
has raised an important issue of reno-protection by improving renal oxygenation 
as a potential therapeutic target. The article is well written and well argued. The 
key role of hypoxia and its prevention is an interesting hypothesis. To test this 
hypothesis, hemorrhagic shock and the effect of drug intervention can be readily 
studied in animal models. Goldblatt’s classical experiments are a source of 
inspiration. 
It is the vicious cycle of ischemia, hypoxia, fibrosis, microvascular damage and 
further hypoxia. I think that it is ischemia that results in hypoxia, rather than 
hypoxia per se being a primary cause. “Hypoxia” is given due emphasis in 
Nikki’s article. “Ischemia” also should be a key word. The Discussion and 
arguments are quite interesting. However, I have some issues on some points: 

Ischaemia has been added to the list of key words. 
 1. Abstract, Line 3: The countercurrent arrangement is in the medulla rather 
than the cortex. 

Actually, arteries and veins are also arranged in a counter-current 
fashion in the cortex. Their intimate arrangement facilitates diffusion of 
oxygen down its concentration gradient from arterial to venous blood 
(Nordsletten et al, 2006; O’Connor et al, 2006). I have now rearranged 
this section in the manuscript to make the argument tighter (see Abstract, 
like 5). 

2. A II antagonists and ACE inhibitors offer reno-protection by increasing blood 
flow and the resultant oxygen delivery. Why state “by altering the balance 
between oxygen delivery and oxygen consumption”? 

Ischaemia is only one determinant of kidney oxygenation. The other major 
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factor is oxygen consumption. Recent evidence indicates that angiotensin 
II both reduces oxygen delivery (Leong et al, 2007) and increases oxygen 
consumption (Palm et al, 2008). This latter effect is mediated, at least in 
part, by oxidative stress and reduced nitric oxide bioavailability. Please 
see page 10, line 3.  

Leong, CL, Anderson, WP, O’Connor, PM & Evans, RG. Evidence that renal 
arterial-venous oxygen shunting contributes to dynamic regulation of renal 
oxygenation. Am J Physiol Renal Physiol 2007; 292: F1726-F1733. 

3. In the Section “What makes the kidney susceptible to hypoxia” End of para 1: 
If oxygen can shunt/diffuse from the arteriolar to venous system, what prevents it 
from diffusing to tissues? It is the long vasa recta and their hairpin bends that is 
responsible for slow circulation in the medulla making it prone to hypoxic 
damage. 

Veins often surround more than 50% of the arterial profile (O’Connor et 
al, 2006). This issue has previously been reviewed in great detail. 
Oxygen almost certainly does diffuse to tissues from cortical arterioles. 
However, the intimate arrangement of arteries and veins in the cortex 
does promote diffusion of oxygen from arteries to veins, which is turn 
limits oxygen delivery to tissue. A similar phenomenon appears to operate 
in the medullary circulation.  
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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 
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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. 

Abstract word-count: 226 

Key words: chronic kidney disease, chronic renal disease, hypoxia, ischaemia, kidney 

oxygenation. 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 
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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 
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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 

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 
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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].  
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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]. Angiotensin type 1 receptor (AT1-receptor) antagonists and angiotensin converting 

enzyme (ACE) inhibitors are contraindicated in severe kidney disease as their use can 

result in acute renal failure. However, these agents are useful in retarding the progression 

of kidney disease if treatment is instituted before the disease is severe [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 increases oxygen delivery. Hence, these agents 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 
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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 



Submitted for publication in Medical Physiology Online 
http://www.medicalphysiologyonline.org   
  

Copyright © Nikki Adler, 2009. Please do not distribute without explicit permission 
from the author.  

33 

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 

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, the 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 
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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. 

 

Conclusion 

It is important to investigate the mechanisms involved in the progression of chronic 

kidney disease as it is a worldwide public health problem [1]. The unique vascular 

architecture and functional imperatives of the kidney render it particularly susceptible to 

hypoxia. Tissue hypoxia contributes significantly to the progression and pathogenesis of 

chronic kidney disease. Further, kidney disease is associated with a loss of peritubular 

capillaries in the tubulointerstitium. Hypoxia occurs in the tubulointerstitium prior to 

structural microvascular damage. Hypoxia’s preexistence underscores the pathogenic 

nature of this condition in the early stages of renal disease [18]. Considering the role of 

hypoxia in chronic kidney 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. Increasing intrarenal oxygenation may contribute to the 

therapeutic renoprotective effects of ACE inhibitors and AT1-receptor antagonists. 
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Specifically, inhibition of the renin angiotensin system shifts the balance between oxygen 

delivery and oxygen consumption, which is essential in the treatment of chronic renal 

disease. Further, EPO may improve kidney oxygenation; however, its efficacy in the 

treatment of chronic renal disease in the human condition is yet to be established. Thus, 

the renoprotective effects of EPO in humans require further research. Moreover, 

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. Further insights into renal hypoxia will aid in the development of 

therapeutic approaches to prevent or treat chronic kidney disease.  
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*************** 

Editor’s Comments on Revision R1 

Dear Nikki Adler:  
 
Your essay is very well written and suitable for publication but I have a 
couple of minor issues that I would like you to attend to:  
 
Please find an updated "Proof" version of your paper.  
 
1. I have highlighted the paragraph on "Summary and Conclusion" in Red 
font because I have condensed it from a longer version of yours. Please 
check if the condensed version is adequate to convey the intended 
message.  
 
2. Regarding use of ACE inhibitors in chronic kidney disease: My 
critique to your original statement that ACE inhibitors are used in the 
treatment of chronic kidney disease was that there are instances of CKD 
such as bilateral renal artery stenosis or unilateral renal artery stenosis 
with a single kidney wherein the use of ACE inhibitors could lead to 
development of acute renal failure (as indicated by a sharp rise in serum 
creatinine); Reference: Wynkel et al, 1998, Long-term follow up of acute 
renal failure caused by ACE inhibitors. Am J Hypertens). However, while 
withdrawing ACE inhibitors is one obvious recommendation, acute renal 
failure in such individuals could as well be precipitated by factors such as 
dehydration or worsening of cardiac function especially in the elderly that 
in turn contribute to the development of acute renal failure; i.e., the 
contraindication to the use of ACE inhibitors in these situations is relative, 
not absolute. The issue of whether ACE inhibitors are contraindicated even 
in atherosclerotic renal artery stenosis is not resolved. As an example, 
please see John Main 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1768825 in 
Heart, 2005.  
 
However, the statement in the revised manuscript that "ACE inhibitors are 
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contraindicated in severe kidney disease as their use can result in acute 
renal failure" is inaccurate because it requires a definition of "severe kidney 
disease" for it to be useful and a definition of severe kidney disease is not 
easy to provide in the context of your essay (would it be in terms of GFR or 
urinary albumin excretion or azotemia or poor renal oxygenation). Indeed 
the body of evidence you review suggests that ACE inhibitors would alter 
renal oxygen supply and demand favorably and retard the progression of 
chronic renal disease, a very heterogeneous clinical entity with multiple 
interacting causal factors.  
 
Please consider this issue and revise this statement or expand it if you 
wish, appropriately.  
 

E.S.Prakash 

Editor, MPO 

24 Sep 2009 

 

Author’s Response:  

Thank you for your response. The paragraph ‘Summary and Conclusion’ that you have 

condensed is indeed adequate to convey the intended message. Thank you for your 

insight regarding the use of ACE inhibitors in chronic kidney disease. I have altered this 

section in the manuscript. I have highlighted a section in light blue which should be 

removed and highlighted a section in yellow which should be added to the manuscript. 

The reference [25] is removed and a new reference [25] (Wynckel et al. 1998) has been 

changed in the reference list. 


