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Abstract 

Per gram of tissue, the kidneys are amongst our most highly perfused organs. Yet the renal cortex, 

and in particular the renal medulla, are susceptible to hypoxia. In turn, hypoxia is a major 

pathophysiological feature of both acute kidney injury and chronic kidney disease. We identify 

seven factors that render the kidney susceptible to hypoxia: (1) The large metabolic demand 

imposed by active reabsorption of sodium, (2) Limitations on oxygen delivery to cortical tissue 

imposed by the density of peritubular capillaries, (3) The poor capacity for angiogenesis in the adult 

kidney, (4) The limited ability of the renal vasculature to dilate in response to hypoxia, (5) Diffusive 

oxygen shunting between arteries and veins in the cortex and descending and ascending vasa recta 

in the medulla, (6) The physiological requirement for low medullary blood flow to facilitate urinary 

concentration, and (7) The topography of vascular-tubular arrangements in the outer medulla that 

limit oxygen delivery to the thick ascending limb of Henle’s loop. Recent collaborative efforts 

between anatomists, physiologists and mathematicians have improved our understanding of the 

roles of these factors in both physiological regulation of intrarenal oxygenation and development of 

renal hypoxia under pathophysiological conditions. We are also better able to understand these 

apparent maladaptations in the context of evolution. That is, they can be explained by the combined 

effects of historical contingency (our ancestral life in the sea) and selection pressures imposed by 

the multiple functions of the kidney to regulate extracellular fluid volume, retain water, and control 

erythrocyte production. 
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Introduction 

Our kidneys weigh less than 0.5% of our body weight but receive 20-25% of our cardiac output at 

rest. Thus, per gram of tissue they are amongst the most highly perfused organs in the body. Under 

normal physiological conditions the kidneys only extract 10-20% of the oxygen delivered to them. 

So, relative to their metabolic activity, they appear to be amply supplied with oxygen.  Why then is 

the kidney, particularly the renal medulla, susceptible to hypoxia? It is important we resolve this 

paradox because renal hypoxia is a major pathophysiological feature of both acute kidney injury 

(AKI) and chronic kidney disease (CKD) (Liu et al., 2017; Ow et al., 2018).  

A major barrier in our understanding of the physiology of kidney oxygenation is its complexity 

(Evans et al., 2008; Evans et al., 2013). Consequently, the behavior of the system cannot always be 

predicted from the intuitive approach, along the lines of Cannon’s ‘wisdom of the body’ (Cannon, 

1932), commonly favored by physiologists. Computational models can provide additional insight 

into complex physiological processes. But these models must be based on accurate anatomical and 

functional data; the respective domains of anatomists and physiologists. In this brief review we 

outline our current understanding of the factors that render the kidney susceptible to hypoxia. We 

consider the potential impact, on the evolution of form and function of the kidney, of both historical 

contingency (Gould, 1989) and the competing imperatives arising from the multiple functions of 

this fascinating organ. By necessity, some of this discussion is speculative, for which we ask 

forgiveness from the reader. We also consider the importance of multidisciplinary approaches, both 

in shaping our current knowledge of the physiology of renal oxygenation and for the future 

aspirations in the field to improve this understanding and generate new ways to prevent or treat AKI 

and CKD. We base our narrative on seven factors that we believe are critical ‘reasons’ that the 

kidney is susceptible to hypoxia (Fig.1). Some of these factors act to limit renal tissue oxygenation 

under physiological conditions, while others really only become important when renal oxygenation 

is challenged.    
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Reason 1: The renal tubules are hungry for oxygen 

The renal blood flow of an ‘average’ person weighing 70 kg is approximately 1.25 L/min. 

Approximately 55% of their blood is plasma, so renal plasma flow is ~700 mL/min. Roughly 20% 

of renal plasma flow is filtered at the glomerulus (i.e ~140 mL/min or ~200 L/day). Plasma sodium 

concentration is ~140 mM, so the average person filters ~28 moles of sodium at their glomeruli 

each day, equivalent to ~1.6 kg of NaCl. If this person had a daily sodium intake of 8 g of NaCl per 

day, and if they were in sodium balance, they would have to reabsorb 99.5% of this filtered load of 

sodium (equivalent to 1.59 kg of NaCl) each day.  These numbers might seem unremarkable unless 

we consider the fact that the reabsorption of this sodium requires a considerable amount of energy 

in the form of ATP, which in turn requires a considerable amount of oxygen for its generation 

(Gullans and Hebert, 1996). Consequently, the active reabsorption of sodium, which also drives all 

other tubular transport processes, requires approximately 80% of the oxygen utilization by the 

kidney under physiological conditions (Evans et al., 2014).  

The kidney is thus a very energetically inefficient waste disposal system. By analogy, if you 

decided to clean your house you would hardly throw everything in it out on the street and then take 

everything back in except for the dirt. What selection pressures might have led to the evolution of 

this apparent ‘lack of wisdom of the body’? 

One potential explanation comes from consideration of the impact of historical contingency on the 

evolution of the mammalian kidney. Homer Smith considered the evolution of the kidney in his 

classic treatise From Fish to Philosopher 1953 (Smith, 1953). More recently, interest in the 

potential for evolutionary biology to help us understand diseases of the kidney has been rekindled 

with the birth of a discipline that has been dubbed ‘Evolutionary Nephrology’ (Chevalier, 2017). 

Homer Smith argued that vertebrates probably evolved chiefly in freshwater, with the flexible spine 

being an adaptation that allowed the animal to move about in water flowing constantly in one 

direction. The evolution of the glomerular kidney with high filtration rate was proposed to be an 
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adaptation to the freshwater environment, enabling production of dilute urine and maintenance of 

the hyperosmotic (relative to freshwater) extracellular environment. But the story of the evolution 

of vertebrates, the diversification of fish, and the emergence of animals (tetrapods) onto land turned 

out to be more complex than this. It is imperative we consider the environments in which our 

ancestors evolved, since marine environments are replete with salt and water, freshwater 

environments are replete with water but not salt, and terrestrial environments are replete with 

neither. Thus, the challenges for water and electrolyte homeostasis in the three environments are 

quite different. 

It is now well accepted that fish evolved from ancestral vertebrates in the sea; most likely in 

shallow coastal regions (Sallan et al., 2018). It is also now fairly certain that we, and all other 

tetrapods, evolved from lobed finned bony fish from the clade Sarcopterygii (sometimes called 

Crossopterygii) that lived in the sea during the Upper Silurian and Devonian periods (Bray, 1985). 

Thus, it is to this clade of marine fish that we must look if we are to consider the contingencies that 

influenced the evolution of the mammalian kidney. Sadly, there is limited information regarding 

renal anatomy and physiology in lobed-finned fishes, since their only extant representatives are two 

species of coelacanths and six species of lungfish.  On the other hand, extant ray-finned bony fish 

(clade Actinopterygii) evolved in fresh water, with many then later re-invading the marine 

environment. Thus, while it may be instructive for us to consider the renal physiology of marine 

bony fish, we must remember that they are not our ancestors. 

The mesonephric kidneys of extant marine bony fish function similarly to the metanephric kidneys 

of terrestrial mammals. That is, plasma is filtered at the glomerulus and the composition of the 

ultrafiltrate is subsequently modified through transport processes across the epithelium of the 

tubules (Hickman and Trump, 1969). Based mostly on anatomical evidence, the mesonephric 

kidney of the coelacanth (marine) (Jarial and Wilkins, 2010) and lungfish (freshwater) (Hickman 

and Trump, 1969), the extant representatives of the lobe-finned fishes, function similarly.  
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Critically, compared to terrestrial animals (and freshwater fish) there is much less transport of 

sodium or water across the tubular epithelium of marine fish. An extreme example is the marine 

hagfish, which reabsorbs only ~7% of the filtered load of sodium (Hickman and Trump, 1969). 

Indeed, many marine fish have evolved extrarenal mechanisms to actively excrete sodium (Conte, 

1969), while the kidney functions mainly for excretion of divalent ions (magnesium and sulfate) 

and retention of body water by production of concentrated urine. Critical to the latter, an important 

pre-adaptation to life on land, was probably the development of the ability to produce urea and so 

concentrate urine (Bray, 1985).  Thus, the evolution of the kidney in both terrestrial animals and 

freshwater fish, characterized by increasing complexity of the tubular network (Hickman and 

Trump, 1969), probably reflects the imperative for retention of sodium imposed by terrestrial and 

freshwater environments, a problem not faced by animals living in the sea. Put in a simpler way, the 

‘design flaw’ of the glomerular kidney only became apparent when animals invaded environments 

not replete in salt (freshwater) or salt and water (land). 

It might also be relevant that the kidneys of terrestrial mammals make a critical contribution to the 

excretion of nitrogenous wastes, yet these functions are mainly served by the gills of fish (Janis and 

Farmer, 1999; Ip and Chew, 2010). This might permit relatively low glomerular filtration rate in 

marine fish (and even the complete absence of glomeruli in aglomerular marine teleosts). In 

contrast, the relatively high glomerular capillary pressure, glomerular filtration rate, and thus 

filtered load of sodium in terrestrial tetrapods might have been selected for by the imperative for 

excretion of nitrogen in the form of urea. It could also be argued that it provides a means to rapidly 

excrete toxins for which the body has no specific mechanisms for metabolism or elimination. 

Regardless of the relative importance of these potential selection pressures, it seems that the 

energetic cost of sodium balance was greatly increased by the emergence of animals from the sea 

onto land.  
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The dominance of sodium reabsorption in determining the energy requirements of the kidney has 

another important consequence; renal oxygen consumption tends to vary with the filtered load of 

sodium (determined by the glomerular filtration rate). Glomerulo-tubular balance refers to the 

positive relationship between glomerular filtration rate and proximal tubular sodium reabsorption 

(i.e. load-dependence of proximal tubular sodium reabsorption) (Thomson and Blantz, 2008). 

Sodium reabsorption in more distal nephron segments is also load-dependent (Palmer and 

Schnermann, 2015). Thus, changes in glomerular filtration rate lead to changes in tubular sodium 

reabsorption  In turn, glomerular filtration rate tends to vary with renal blood flow, since it is 

heavily dependent on pre-glomerular vascular resistance (O'Connor, 2006). Furthermore, 

autoregulatory mechanisms have evolved that stabilize renal blood flow and glomerular filtration 

rate in the face of changes in arterial pressure (Carlstrom et al., 2015). These mechanisms include 

the myogenic response and macula densa tubuloglomerular feedback. They act to match oxygen 

demand and supply. But their dysfunction can lead to a mis-match between oxygen demand and 

supply, and thus renal hypoxia.  

In most organs, energy requirements are set by the functions of the organ and the blood flow to the 

organ is determined in large part by its metabolic activity. Consider the classic example of skeletal 

muscle, in which local factors such as adenosine, nitric oxide and prostanoids are released during 

activity, which in turn leads to local vasodilation and increased flow (Mortensen and Saltin, 2014). 

In contrast, in the kidney changes in blood flow are usually (but not always) linked to changes in 

glomerular filtration rate, and thus the filtered load of sodium. As a consequence, when renal blood 

flow (and thus renal oxygen delivery) increases, renal oxygen consumption is also often 

proportionally increased (Evans et al., 2014). Thus, the simple solution employed by most organs to 

avoid hypoxia, increased blood flow, is much less effective in the kidney. As we will see later, there 

are also functional imperatives that have probably led to a poorly developed hyperemic response to 

hypoxia in the kidney (see Reason 4). 
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Some organs, such as skeletal muscle, can survive at least brief periods of hypoxia by resorting to 

anaerobic metabolism. Other organs, like the brain, are so hungry for ATP that they can only 

function with the use of aerobic metabolism. The proximal tubule, like the brain, is an obligate 

aerobic metabolizer (Wirthensohn and Guder, 1986; Balaban and Mandel, 1988). Glycolytic 

capacity does vary across the various segments of the proximal tubule, but is uniformly low 

(Wirthensohn and Guder, 1986). Indeed, the proximal tubule is an important site of production of 

glucose (gluconeogenesis), a process that cannot proceed efficiently if glycolysis also occurs.  Thus, 

the proximal tubules utilize substrates other than glucose to derive ATP production and require 

oxygen for this to happen (oxidative metabolism). Consequently, in the face of hypoxia they have 

very little in the way of a backup plan. Tubular elements in the renal outer medulla, most notably 

the thick ascending limbs of the loop of Henle (TALH), do have the capacity for glycolysis and thus 

the generation of ATP in the absence of oxygen (Wirthensohn and Guder, 1986). However, as for 

the proximal tubule, their transport activity can only be maintained through oxidative metabolism 

and they become damaged in the presence of hypoxia (Epstein, 1997). As we will see later, the life 

of outer medullary TALH is probably made even more precarious by their anatomical position (see 

Reason 7).  

Reason 2: Oxygen delivery to renal cortical tissue is limited by the density of peritubular 

capillaries 

Capillary rarefaction has recently emerged as a common characteristic of CKD of multiple etiology 

(Babickova et al., 2017). The mechanisms driving the loss of the microvasculature in CKD are 

complex and far from resolved (Afsar et al., 2018). Nevertheless, they do provide a potential 

therapeutic target for more effectively delaying progression of CKD (Fine, 2014; Afsar et al., 2018). 

Roles for interstitial fibrosis and hypoxia have been identified (Afsar et al., 2018). Thus, as 

proposed by Fine and colleagues more than 20 years ago in their “chronic hypoxia hypothesis”, 

CKD may be driven by a vicious cycle of tubular damage, inflammation, interstitial fibrosis and 

capillary loss.    
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One important question we have to answer about the role of capillary rarefaction in the 

development of renal hypoxia in CKD is just how sensitive cortical tissue oxygenation is to loss of 

capillaries. The surface area density of peritubular capillaries in the kidney (239.7 cm2/cm3 when 

measured by unbiased stereological methods (Lee et al., 2017a) is similar to that in other internal 

organs that are richly perfused, such as the brain, liver and lung (Crone, 1963). Similarly, 

erythrocyte velocity in peritubular capillaries is ~ 1 mm/s (Yamamoto et al., 2002), similar to that 

observed in brain (~0.8 mm/s) and skeletal muscle (~1.1 mm/s (Ivanov et al., 1981)). Thus, there 

seems no obvious reason why the kidney should be particularly susceptible to the effects of 

capillary rarefaction. However, we must also consider the fact that organs such as the brain and 

skeletal muscle are able to recruit additional capillaries when exposed to hypoxia or when metabolic 

needs increase (Mortensen and Saltin, 2014; Nippert et al., 2018), yet the kidney appears much less 

able to do this (Evans et al., 2008; Evans et al., 2011).  

To examine the relative importance of the various factors that influence renal cortical oxygenation, 

Lee and colleagues recently developed a computational model of oxygen transport in the renal 

cortex (Lee et al., 2017a).  As would be predicted from first principles, cortical tissue PO2 in the 

model was sensitive to changes in renal blood flow, glomerular filtration rate (and thus the filtered 

load of sodium), and the efficiency of oxygen utilization for sodium reabsorption. The model 

simulations also predicted that cortical PO2 is exquisitely sensitive to changes (particularly 

decreases) in peritubular capillary surface area, supporting a role for capillary rarefaction in 

rendering the kidney hypoxic in CKD. Perhaps most interestingly, the model simulations predicted 

that a reduction in peritubular capillary surface area rendered cortical tissue PO2 much more 

sensitive to physiological challenges to its oxygenation, such as reductions in renal blood flow, 

increases in the filtered load of sodium, or decreases in the efficiency of oxygen utilization for 

sodium reabsorption.  This may, in part, explain why patients with pre-existing CKD are at elevated 

risk of developing AKI (Hsu et al., 2008). 
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Reason 3: The poor capacity for angiogenesis in the adult kidney 

Capillary rarefaction is not unique to the kidney in CKD, but also occurs systemically (Prommer et 

al., 2018). However, the endothelial cells of the kidney appear to have particularly poor 

proliferative capacity (Basile et al., 2012), which in turn appears to contribute to the progression 

from AKI to CKD (Basile et al., 2011). The poor proliferative capacity of renal endothelial cells 

appears to be at least partly due to their relative insensitivity to pro-angiogenic factors such as 

vascular endothelial growth factor, potentially due to the influence of (currently unidentified) 

negative regulatory signals (Basile et al., 2012). What selection pressures might have led to this? 

We speculate that it might have something to do with the role of the kidney as the body’s 

‘critmeter’ (Donnelly, 2003). The kidney regulates hematocrit both through release of 

erythropoietin, and thus stimulation of erythrocyte production, and through control of salt and water 

excretion and thus plasma volume. In response to either hypoxemia or anemia, the resultant renal 

hypoxia increases the renal production and circulating levels of erythropoietin (Lee et al., 2019; 

Montero and Lundby, 2019), which in turn stimulates erythropoiesis. Hypoxia also acutely 

stimulates diuresis and natriuresis (Goldfarb-Rumyantzev and Alper, 2014), promoting 

hemoconcentration. If hypoxia strongly stimulated angiogenesis in the kidney it would interfere 

with these critical functions. Thus, it may be that the poor proliferative potential of renal endothelial 

cells represents an evolutionary trade-off that protects the critmeter function of the kidney 

(Donnelly, 2003). The price paid for this might be increased susceptibility of the kidney to capillary 

rarefaction, thus hypoxia, and thus kidney disease. 

Reason 4: The kidney is not very good at defending itself from acute hypoxia 

Most organs in our body have well-developed mechanisms that increase the supply of oxygen in 

response to hypoxia. For example, our ability to perform physical work is critically dependent on 

the local mechanisms that increase overall blood flow and recruit additional capillaries in exercising 

muscle (a.k.a. ‘functional’ or ‘active’ hyperemia), which are in part driven by local hypoxia 
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(Mortensen and Saltin, 2014). Furthermore, the function of our brain is thought to be critically 

dependent on active hyperemia (Nippert et al., 2018).  

The kidney, like most other organs, is capable of mounting a vasodilator response after a period of 

complete ischemia (reactive hyperemia) (Eppel et al., 2003). However, if anesthetized animals are 

ventilated with hypoxic gas mixtures, resulting in reduced arterial PO2, blood flow increases in 

organs such as the brain (Bishai et al., 2003; Evans et al., 2008) and skeletal muscle (Edmunds and 

Marshall, 2001) but usually not the kidney (Evans et al., 2011; Evans et al., 2013). At first sight this 

might seem counter-adaptive, until we consider the important roles of the kidney in regulating both 

the cellular and non-cellular components of the blood volume. As described earlier (see Reason 3), 

through its role in the production of erythropoietin, and thus the production of erythrocytes, the 

kidney is the body’s ‘critmeter’ (Donnelly, 2003). Renal hypoxia provides the signal for production 

of erythropoietin (Lee et al., 2019; Montero and Lundby, 2019). Moreover, through its role in the 

excretion of fluid and electrolytes, the kidney determines extracellular fluid volume and thus plasma 

volume (Bie, 2009). In response to changes in extracellular fluid and/or blood volume, changes in 

neurohumoral factors and arterial pressure act to alter renal hemodynamics and tubular function 

(Evans and Bie, 2016). If the kidney did respond to hypoxia with changes in renal vascular tone, 

and thus local blood flow, it would interfere with these functions. Thus, it seems reasonable to infer 

that the inability of the kidney to protect itself against acute hypoxia, through increased blood flow, 

is due to selection pressure to preserve this trait and thus preserve other functions of the kidney. Put 

another way, it seems that evolution has put more value on the regulation of extracellular fluid 

volume and blood oxygen carrying capacity than it has on protecting the kidney from hypoxia.         

Reason 5: Diffusive oxygen shunting limits oxygen delivery to tissue 

In the renal cortex, arteries and veins are in a counter-current arrangement. Some veins partially 

wrap the walls of arteries, providing a pathway for diffusive shunting of oxygen (O'Connor et al., 

2006) and other molecules (Ngo et al., 2016). The consequence of arterial-to-venous (AV) oxygen 
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shunting is that some of the oxygen in renal arterial blood never reaches renal tissue, instead being 

effectively ‘stolen’ by nearby veins. The critical question, if we are to determine the importance of 

this phenomenon to the susceptibility of the kidney to hypoxia, is just how much oxygen is 

shunted? This quantity has not been directly measured, so estimates have come from computational 

models. Because these models have been based on differing assumptions, they have generated 

differing quantities. We believe it is worthwhile here to retrace some of the recent history of the 

development of these models and the growing consensus that has developed between two groups 

working independently to solve the same problem. 

An initial one dimensional model developed by Gardiner and colleagues predicted that ~13% of the 

oxygen delivered to the kidney in the renal artery is shunted to the renal veins (Gardiner et al., 

2011). The model was based on two sets of central assumptions. Firstly, the model utilized a dataset 

of the diameters and lengths of branching arteries and veins in the renal cortex (Nordsletten et al., 

2006). Secondly, the model was ‘calibrated’ using a set of measurements of oxygen tension in the 

structures on the surface of the renal cortex, showing a 7 mmHg difference in PO2 between the 

efferent arteriole (45 mmHg) and the renal vein (52 mmHg) (Welch et al., 2001). Olgac and 

Kurtcuoglu then developed a segment-wise model, which predicted that AV oxygen shunting is 

only <1% of total renal oxygen delivery (i.e., more than 10-fold less than that estimated by Gardiner 

and colleagues) (Olgac and Kurtcuoglu, 2015a). The major limitation of both models was that they 

did not consider the variations in the spatial arrangement between arteries and veins along the 

course of the renal circulation (Gardiner et al., 2012; Ngo et al., 2014). Following published 

correspondence between the authors in which these issues were discussed (Evans et al., 2015; Olgac 

and Kurtcuoglu, 2015b), Olgac and Kurtcuoglu (Olgac and Kurtcuoglu, 2016) and Lee and 

colleagues (Lee et al., 2017b) independently developed models that incorporated realistic 

information about both the axial and radial geometry of the renal pre-glomerular circulation. Both 

models predicted, in the base-case of ‘physiological conditions’, AV oxygen shunting of <1% of 

total renal oxygen delivery.  
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Thus, the currently best available evidence indicates that the magnitude of renal AV oxygen 

shunting is small under normal physiological conditions, but probably not negligible. That is, even 

under normal physiological conditions simulations using the model of Lee and colleagues indicate 

that it acts to reduce the PO2 of blood in the glomerular capillaries by ~6.6 mmHg (Lee et al., 

2017b). It also appears to become more important under conditions of renal ischemia, where the 

total amount of oxygen shunting is predicted to increase slightly, but the total oxygen flux across 

the arterial circulation is reduced (Lee et al., 2017b). Further development of these models should 

get us closer to understanding the physiological and pathophysiological significance of renal AV 

oxygen shunting (Kuo and Kurtcuoglu, 2017). In the absence of methods to directly and precisely 

measure its quantity, uncertainty will remain. But it is noteworthy that after more than 60 years of 

analysis of this phenomenon, since its first description by Levy and Sauceda (Levy and Sauceda, 

1959), real progress was only made when computational methods were applied to the problem.         

Oxygen also diffuses in the renal medullary circulation, from long descending to ascending vasa 

recta (Ngo et al., 2016). As with the situation for AV oxygen shunting in the renal cortex, the efforts 

of experimental physiologists are limited by the lack of methods to directly measure the quantity of 

oxygen that is shunted in the medulla. So once again, this is where computational models have 

made an enormous contribution. Simulations using available models indicate that oxygen shunting 

between vasa recta is physiologically significant and is a major factor rendering the inner medulla 

susceptible to hypoxia (Zhang and Edwards, 2002; Lee et al., 2018). For example, the most recently 

available estimate is that, under normal physiological conditions, ~3% of the oxygen delivered to 

long descending vasa recta is shunted by diffusion to adjacent long ascending vasa recta (Lee et al., 

2018).  

What selection pressures have led to the intimate counter-current arrangement of arteries and veins 

in the renal cortex and descending and ascending vasa recta in the renal medulla, that permit 

diffusive oxygen shunting? In the medulla, the counter-current arrangement of vasa recta appears to 
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be critical for medullary hyper-osmolality, enabling urine concentrating mechanisms (Pallone et al., 

1990). Thus, this arrangement is likely a consequence of a terrestrial habitat (Ngo et al., 2016). The 

factors leading to the unusually intimate relationships between arteries and veins in the kidney 

remain more enigmatic. O’Connor and colleagues proposed that it could be a structural anti-oxidant 

defense mechanism that protects the kidney from hyperoxia and thus oxidative stress (O'Connor et 

al., 2006; O'Connor and Evans, 2010). However, this now appears to be unlikely unless the 

currently available estimates of the magnitude of AV oxygen shunting under-estimate it by an order 

of magnitude. It is also possible that this peculiar anatomy developed due to selection pressure for 

counter-current exchange of molecules other than oxygen (e.g. carbon dioxide, nitric oxide, 

hydrogen disulfide or ammonia), although our analysis of available data indicates that this is 

unlikely (Ngo et al., 2016).  

Reason 6: To conserve water, blood flow to the renal medulla must be low 

Despite decades of research, the precise mechanisms that allow terrestrial mammals to concentrate 

their urine remain a matter of controversy (Dantzler et al., 2014). Nevertheless, it is widely accepted 

that the generation of a gradient of increasing osmolality, from the outer medulla to the tip of the 

papilla, is a critical component of the urinary concentrating process. It is also widely accepted that 

the generation of this gradient is facilitated by the counter-current arrangement of descending and 

ascending vasa recta (see Reason 5). Furthermore, the relatively low blood flow in the renal 

medulla is an absolute requirement for maintenance of this solute gradient (Brezis and Rosen, 

1995). This is because the efficiency of a counter-current system falls when the transit-time is 

reduced, as would happen if renal medullary blood flow were to increase. Thus, the terrestrial 

environment must have generated considerable selection pressure for a relatively low medullary 

blood flow, in turn adding to the susceptibility of the renal medulla to hypoxia. 
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Reason 7: Some tubules live a long way from capillaries  

The vascular bundles of the medulla have a distinctive architecture (Pannabecker and Layton, 2014; 

Ren et al., 2014). Simulations from computational models indicate that this architecture has 

important implications both for the radial gradients in oxygen tension within and around the 

vascular bundle and for the distribution of oxygen within the renal medulla.  

In the vascular bundles of the inner stripe of the outer medulla, the core region contains ‘long’ 

descending vasa recta that terminate in the inner medulla (Ren et al., 2014). Their sequestration 

within the core of the bundle likely acts to preserve oxygen delivery to the inner medulla (Fry et al., 

2014)  However, the TALH are situated at the periphery of the vascular bundles, some distance 

from descending vasa recta, thus potentially limiting their oxygen supply. The adaptive benefit of 

this topography remains a matter of speculation. It has been proposed that it could result in a lateral 

osmotic gradient that could promote sodium (Ren et al., 2014) and water (Pallone, 2014) 

reabsorption. 

 Computational models predict that the position of the TALH at the periphery of the vascular 

bundles in the inner stripe, where their oxygen supply comes predominantly from ascending vasa 

recta, together with their relatively high metabolic demand, could render this tubular element 

particularly sensitive to the development of hypoxia  (Fry et al., 2014). This proposition is 

consistent with the common finding of damage to medullary TALH in human AKI (Heyman et al., 

2010). It is also consistent with our understanding of the causes of AKI in humans. For example, 

Sgouralis and colleagues modelled the impact of cardiac surgery requiring cardiopulmonary bypass 

in their model of the rat renal medulla (Sgouralis et al., 2015; Sgouralis et al., 2017). Their findings 

indicate marked hypoxia in the inter-bundle region of the lower inner stripe of the outer medulla 

(where the TALH are located). Perhaps this partly explains why about a quarter of patients who 

have this operation develop AKI (Hu et al., 2016)?  
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Summary and conclusions 

The precise roles of renal hypoxia in kidney disease are far from resolved (Ow et al., 2018). 

Nevertheless, it is clear that the susceptibility of the kidney to hypoxia is a major factor in the 

development of both CKD and AKI. This susceptibility is due to multiple factors, seven of which 

we have identified in the current review. These apparent maladaptations should be viewed through 

the prism of evolution. We believe they can be understood in this context because the evolution of 

the kidney has been shaped by historical contingency (i.e. our ancestral life in the sea) and by the 

competing imperatives imposed by the multiple functions of the kidney in the regulation of 

extracellular fluid volume, in the retention of salt and water, and in the control of red blood cell 

production.  
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Figure Legend 

 

Figure 1. Seven reasons why the kidney is susceptible to hypoxia. The selection pressures we 

believe have led to these characteristics of the kidney are summarized in the text outside the red 

ellipse. See text for details. 

 


