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Summary
1. Acute kidney injury (AKI) puts a major burden on health systems that may arise from multiple
initiating insults, including ischemia-reperfusion injury, cardiovascular surgery, radio-contrast
administration as well as sepsis. Similarly, the incidence and prevalence of chronic kidney disease
(CKD) continues to increase with significant morbidity and mortality. Moreover, an increasing
number of AKI patients survive to develop CKD and end-stage kidney disease (ESRD).

2. Although the mechanisms for development of AKI and progression of CKD remain poorly
understood, initial impairment of oxygen balance is likely to constitute a common pathway,
causing renal tissue hypoxia and ATP starvation that will in turn induce extracellular matrix
production, collagen deposition and fibrosis. Thus, possible future strategies for one or both
conditions may involve dopamine, loop-diuretics, inducible nitric oxide synthase inhibitors and
atrial natriuretic peptide, substances that target kidney oxygen consumption and regulators of renal
oxygenation such as nitric oxide and heme oxygenase-1.
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Introduction
Acute kidney injury (AKI) may result from a variety of insults, e.g. ischemia-reperfusion
(IR) injury, cardiovascular surgery, radio-contrast administration and sepsis. It has been
estimated that AKI develops in ~5% of hospitalized patients1, and the risk is increased to
15-30% in high-risk post-operative patients.2, 3 Specifically, IR-induced AKI affects 5-20%
of patients admitted to the intensive care unit and can be a major complication after kidney
transplantation.4-6 Chronic kidney disease (CKD) is also associated with significant
morbidity, mortality and health care expenditure. It has a high prevalence worldwide and the
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prevalence of CKD continues to increase with increasing incidence of its precursors such as
diabetes, hypertension, cardiovascular disease, and AKI.

To compound the problem, therapeutic options for the treatment of AKI and CKD remain
inadequate. Treatments targeting currently known mechanisms of disease have not been
very successful in improving outcomes. Lately, alteration in renal oxygenation has been
identified as a common pathway to the development and progression of disease in both acute
and chronic renal injury. In this review, we outline the available data on renal oxygenation
in AKI and CKD and discuss possible future treatment strategies.

Kidney oxygenation
For optimal function of intracellular organelles, cells require continuous ATP generation.
Both oxidative and glycolytic pathways produce ATP, but oxidative phosphorylation is
more efficient (38 molecules of ATP per mole of glucose vs. 2 molecules of ATP with
glycolysis). Hence, most cells have an incessant need for oxygen to generate ATP via
mitochondrial oxidative phosphorylation. While lack of oxygen supply is a definite cellular
stress, excess oxygen can also lead to oxidant damage.7 Hence, tight regulation of tissue
oxygenation to prevent hypoxia or hyperoxia is critical for survival.

At the whole body level, the cardiovascular system controls the blood flow and hence
oxygen delivery to individual organs, but all organs possess local mechanisms to regulate
blood flow.8, 9 Local autoregulation is one such mechanism and refers to the stabilization of
blood flow in the presence of altered arterial or perfusion pressure. Autoregulation occurs in
nearly all vascular beds, but is prominent in the kidney and brain. In the kidney, myogenic
and tubuloglomerular feedback mediate autoregulation of renal blood flow (RBF).10 In
addition, metabolic regulation of blood flow also occurs in tissues. This refers to regulation
of blood flow by vasoactive end products of metabolism when increased metabolic activity
augments oxygen demand.11 Unlike other organs where increments in blood flow uniformly
improves oxygenation by increasing oxygen supply, increased RBF augments glomerular
filtration rate (GFR) and the filtered reabsorptive load. This further increases oxygen
demand, due to a linear relationship between tubular transport of filtered sodium (TNa) and
oxygen consumption (QO2).12 So, in the kidneys, an increased oxygen supply
simultaneously increases oxygen demand and may not improve net oxygenation, unless
GFR and RBF are dissociated.

Determinants of kidney tissue oxygen tension (pO2) include oxygen in arterial blood,
oxygen consumed by the cells and arterial-to-venous oxygen shunting, which describes the
diffusion of oxygen from preglomerular arteries to post-glomerular veins without being
available to the cell for consumption.13 The kidney enjoys a high blood flow, nearly 25% of
the cardiac output, which is needed to sustain GFR. Compared to other major body organs,
renal QO2 per gram of tissue is high, second only to the heart (2.7 mmol/kg/min vs. 4.3
mmol/kg/min for the heart).14 This is largely driven by the high RBF, since renal oxygen
extraction (RO2Ex) is low, presumably to prevent hyperoxia. It has been hypothesized that
renal arterial-to-venous O2 shunting is an adaptation to prevent hyperoxia due to high renal
perfusion needed to sustain GFR.13

A peculiarity in the kidney is the inhomogeneous blood supply. The cortex receives nearly
20% of the cardiac output with a tissue pO2 of 50-60 mmHg, while the blood supply to the
medulla is limited to just 5-10% of the total RBF with a tissue pO2 of 10-20 mmHg. (38)
The low blood flow is necessary to preserve medullary osmotic gradients for urinary
concentration, but leaves the medullary tissue at the brink of hypoxia. The high metabolic
requirements of the medullary thick ascending limbs (mTAL) also contribute to the low
tissue pO2 in this region. The oxygen costs of sodium (Na) reabsorption increase along the
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nephron with the proximal tubule being most metabolically efficient. Although the bulk of
Na transport occurs in the proximal tubule, only 60% of this is active transport. The mTALs
are the site of significant active Na transport, needed to generate the osmotic gradients and
have higher Na/K-ATPase activity than the proximal tubules. The metabolic energy used per
milligram of protein is 50% higher in the TAL than in proximal tubules, and is further
increased in the distal tubule.15 Increase in Na transport in the TAL without an increase in
oxygen supply can aggravate medullary hypoxia. Brezis et al have clearly demonstrated that
inhibition of Na transport in the TAL and proximal tubule by specific diuretics increased
pO2 in the medulla and cortex respectively.16 Hence, tubular transport and QO2 are the
principal determinants of intrarenal oxygenation.

Regulation of renal oxygenation—Nitric oxide (NO) is a major regulator of
microvascular oxygen supply and QO2. NO increases RBF via vasodilation and hence
oxygen delivery. Laycock et al have also showed that non-specific NOS blockade reduces
GFR and TNa, and augments renal QO2 in dogs. Inhibition of neuronal NO synthase
(nNOS/NOS-1) increases QO2 both in vivo and in freshly harvested proximal tubules in
vitro.17, 18 These studies and other contemporary work suggest that NO acts as a “brake” on
oxidative metabolism at various sites, including direct competition with oxygen for
mitochondrial respiration and inhibition of cytochrome c oxidase.18-21 This implies a basal
modulatory role for NO on QO2. Decreased NO bioavailability is thought to contribute to
the high renal QO2 in various experimental pathophysiological conditions e.g. diabetes,
hypertension and progressive renal disease.17, 22-24 Angiotensin II (Ang II) also significantly
impacts renal oxygenation and appears to be antagonistic to the effects of NO. It induces
renal vasoconstriction, lowering oxygen delivery and increases QO2 as observed in various
high Ang II states such as 2-kidney, 1-clip Goldblatt hypertensive rats, Ang II infusion and
in subtotal nephrectomy (STN), a classic CKD model of nephron mass reduction.24-28

Inhibition of Ang II with ACE-inhibitors and receptor blockers lower the elevated renal
QO2. In addition, kidney ischemia may itself play a key role in activation of the renin-Ang II
system,29 which may further implicate it in the pathogenesis of CKD.

Recently, the role of hypoxia inducible factor-1α (HIF-1α), a master regulator of cellular
hypoxia response, has received significant attention. Downstream HIF-1 target proteins have
important functions in renal physiology including vasomotor regulation (inducible iNOS/
NOS-2 and heme oxygenase-1 (HO-1), angiogenic growth (vascular endothelial growth
factor), energy metabolism (glucose transporters and key glycolytic enzymes) and cell
proliferation and survival.30 HIF-1α also has significant effects on mitochondrial
metabolism.31 It suppresses mitochondrial QO2 by diminishing NADH supply to the
electron transport chain (ETC).32, 33 It induces a subunit switch in complex IV of ETC to
optimize its efficiency in hypoxia.33 Finally, it represses mitochondrial biogenesis and
induces mitochondrial autophagy as an adaptive metabolic response to prevent increased
levels of reactive oxygen species and cell death in hypoxia.34 Inherent HIF-1α expression
has been observed in early STN 35 and diabetic kidney.36, 37 but activation appears to be
sub-maximal, as the activity can be further augmented by various measures.
Pharmacological HIF induction by cobalt chloride and dimethyloxalyglycine (DMOG)
significantly improved the high QO2/TNa ratio in early STN kidney along with significant
increments in RBF and GFR.38 The specific mechanisms underlying this response remain to
be investigated. Thus, the HIF transcription complex is expressed in the kidney in hypoxic
conditions and induces several target proteins that impact O2 delivery and consumption. The
significance of the regulation of renal oxygenation by HIF in pathophysiological conditions
is a novel area of investigation and is being increasingly explored.
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Acute kidney injury and renal oxygenation in cardiovascular surgery
In patients undergoing major cardiovascular surgery, even minor changes in serum
creatinine are associated with increased in-patient mortality.39 Postoperative AKI in this
group of patients is considered a consequence of impaired renal oxygen delivery, in turn
caused by intra-operative hypotension and hemodilution-induced anaemia,40 as well as
perioperative low cardiac output.3 Particularly the outer portion of the medulla is sensitive to
ischemia, which is in turn explained by the high QO2 of the renal medulla due to
concentration mechanisms.41

In patients undergoing cardiovascular surgery, it is possible to perform rapid bedside
estimations of RBF, GFR, QO2 and renal oxygenation (renal oxygen supply/demand) by the
use of the retrograde renal vein thermodilution technique and renal extraction
of 51chromium–ethylenediaminetetraacetic acid (51Cr–EDTA).(39-41) From these studies it
has been shown that TNa stays as the major determinant of renal QO2 as under normal
conditions,42 and in postoperative patients, there is a close correlation between GFR, TNa
and QO2,42-44 Thus, manoeuvres that increase GFR and sodium load to the tubules may
potentially impair medullary oxygenation and vice versa. In uncomplicated postoperative
patients, agents like atrial natriuretic peptide (ANP),43 mannitol,42 and vasopressin44

augment renal filtration fraction and RO2Ex. But the increase in GFR and consequently
renal QO2 is not matched by a proportional increase in RBF. The close positive correlation
between filtration fraction and renal oxygen extraction after administration of mannitol in
post-cardiac surgery patients is shown in Figure 1.

Renal oxygenation is impaired in postoperative ischemic acute kidney injury
In patients with AKI, data on renal QO2, RBF, GFR and renal oxygenation, i.e. the renal
oxygen supply-demand relationship, are lacking and current views on renal oxygenation are
presumptive and largely based on experimental studies. Recently, it was shown that renal
QO2 is approximately 10-12 ml/min in the postoperative sedated, mechanically ventilated
patients,45 a value, which is slightly lower than previously reported in conscious healthy
volunteers.46 These patients consumed a mean of 0.82 ml/mmol QO2/TNa, which is similar
to findings from animal studies.47 In contrast, in high-risk cardiac surgery complicated by
AKI, patients consumed 1.9 ml/mmol QO2/TNa. Thus, the AKI group consumed 2.4 times
more oxygen than the non-AKI group to reabsorb the same amount of sodium. Figure 2
shows the close correlation between GFR and renal QO2 in patients with early AKI after
cardiac surgery vs. those undergoing uncomplicated surgery. It also demonstrates that the
resetting of the relationship between GFR and QO2 in clinical ischemic AKI is accompanied
by a severe impairment of the renal oxygen demand/supply relationship, as demonstrated by
70% higher RO2Ex, in the presence of pronounced vasoconstriction and hypoperfusion but a
similar QO2, compared to controls (Table 1).45 One can only speculate about the
mechanisms underlying the increased QO2/TNa in AKI patients. A potential explanation
could be the loss of epithelial cell-polarisation and tight junction integrity in AKI, as has
been shown in experimental studies and after human renal transplantation,47, 48 making TNa
less efficient.49 Another explanation may be diminished renal NO generation due to
endothelial damage and down-regulation of endothelial NOS (eNOS/NOS-3) impairing
basal NO modulation of QO2 18, 50

Acute kidney injury and renal oxygenation in ischemia-reperfusion
IR injury is the leading cause of AKI, affects 5-20% of patients admitted to the intensive
care unit and brings in its trail up to 50% mortality.4, 5 It constitutes a major setback after
kidney transplantation, and can also develop from congestive heart failure, sepsis, renal
artery stenosis or following shock from any cause.6, 51, 52
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In 2010, Oostendorp et al. used MRI to demonstrate reduced oxygenation accompanied by
impaired RBF and GFR after IR.53 In kidney transplantation, during the ischemic phase,
renal oxygen delivery is completely disrupted and the kidney becomes anoxic. However,
especially in the medulla, renal oxygen delivery is also reduced during the subsequent
reperfusion phase, due to vasoconstriction, endothelial congestion, oedema and capillary
obstruction.52, 54 QO2 may increase due to ATP depletion, mitochondrial damage and loss
of tubular integrity and in the long-term, post-AKI, capillary density is reduced, leading to
hypoxia.52, 55, 56 In addition, interstitial fibrosis can increase diffusion distances between
blood and tissue.54 All in all, structural and functional changes induce tissue hypoxia and
cause a vicious cycle by further worsening kidney damage and hypoxia, and can lead to the
development of CKD.55, 56

As with other AKI, hypoxia is believed to be the key pathogenic feature in renal
transplantation as well as other causes of IR injury.53, 54, 57, 58 Injury originates from oxygen
deficiency, but paradoxically also from restoration of RBF.51 During reperfusion, oxygen
shunting and renal arterial resistance may increase, whereas RBF and QO2 appear to
decrease.59

Diabetes increases susceptibility to IR injury.6, 60, 61 A possible explanation for this is the
renal tissue hypoxia seen in diabetes,23, 62 likely caused by a combination of oxidative stress
and glomerular hyperfiltration increasing tubular electrolyte load, resulting in increased TNa
and QO2, but without a compensatory increment in oxygen delivery.23, 63, 64 This is also
supported by reports that reduction in QO2 protects against IR injury,5 and by reports such
as that by Hu et al., proposing crucial involvement of increased oxidative stress in renal IR
injury.65

Acute kidney injury as a result of sepsis
In critically ill patients, sepsis-induced kidney injury is the most common form of AKI and
is manifested by hemodynamic alterations, inflammation, as well as endothelial and
epithelial cell injury.66, 67 The traditional concept that septic AKI is initiated by renal
ischemia and vasoconstriction68 has been questioned, as it has been shown that RBF may be
increased in early, volume-resuscitated, hyperdynamic septic animals with AKI.69 Thus, it
has been hypothesized that other factors than renal oxygenation might contribute to the
pathophysiology of septic AKI, e.g. a combination of immunologic, toxic, inflammatory
factors and apoptosis that may affect the microvasculature and the tubular cells.70 There is
still no data available on RBF, GFR, or renal oxygenation in early clinical sepsis, but recent
observations suggest alterations in vasoconstrictor tone of the afferent and efferent arterioles
may be crucial in inducing loss of GFR, contributing to pathogenesis of septic AKI.71

Acute kidney injury after radio-contrast administration
Radio-contrast administration can influence renal hemodynamics, subsequently reduce renal
tissue oxygenation and renal function. It is known that radio-contrast media increase the risk
of perioperative AKI, especially in diabetic patients, and hence should be avoided in
conjunction with high-risk procedures such as cardiac surgery.72 It may well be that hypoxia
of the renal medulla is the underlying cause of contrast-induced AKI: predisposing
conditions such as tubulointerstitial disease and diabetes are distinguished by chronic
medullary hypoxia and upregulation of hypoxia-inducible factors, and when Hofmann et al.
used blood oxygenation level-dependent magnetic resonance imaging (BOLD-MRI) to study
acute alterations in renal tissue oxygenation induced by iodinated radio-contrast media, they
were able to demonstrate a significant decrease in medullary oxygenation after iopromide
injection.73 No alterations were observed in renal cortex.
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Kidney oxygenation in chronic kidney disease
Today, it is estimated that more than 35% of the adult US population with diabetes and more
than 20% of the adult population with hypertension suffer from CKD.74 In addition, AKI
mortality has increased over the past few decades, and as a consequence, an increasing
number of AKI patients now survive to develop CKD and end-stage renal disease. In total,
CKD afflicts over 10 million North Americans and inexorably progresses to ESRD. Its
impact extends well beyond being a precursor to ESRD, given the associated morbidity,
mortality and high risk of cardiovascular disease.75 The notion that disease progression in
CKD results from certain common pathways irrespective of underlying aetiology of CKD is
well accepted. Lately, experimental evidence suggests that oxygen demand-supply mismatch
may be the common final pathway of progression in CKD.76 According to this hypothesis,
oxygen imbalances leading to renal tissue hypoxia in turn promote extracellular matrix
production, collagen deposition and fibrosis. This chronic hypoxia hypothesis proposed by
Norman and Fine and expounded by Nangaku and others has gained significant traction and
has been validated by several investigators in experimental and human CKD.76-78 Hence, it
is imperative to understand the factors that regulate kidney oxygenation in health and
disease.

The major focus of research in validating the chronic hypoxia hypothesis has been on the
compromised oxygen supply due to functional and structural changes in CKD impairing
blood flow. Functional reduction in RBF due to intrarenal vasoconstriction as a result of
increased local Ang II generation and/or low NO activity can contribute to intrarenal
hypoxia. Development of anaemia in CKD can also impair oxygen delivery and contribute
to hypoxia. Structural lesions that can impair oxygen delivery to the tubules include
arteriolar disease due to underlying aetiology of CKD (diabetes, hypertension) and
intraglomerular lesions (glomerulonephritis).79 Since peritubular capillaries originate from
post-glomerular efferent arteriole, any impairment in glomerular blood flow will impact
peritubular blood flow. Finally, density of peritubular capillaries is decreased in several
experimental models of kidney disease - glomerulonephritis, remnant kidney, ureteral
obstruction and renal artery stenosis.80-82 Human biopsy specimens from progressive kidney
disease also demonstrate rarefaction of peritubular capillaries.83, 84 Development of hypoxia
due to these structural changes can set-off downstream fibrogenic pathways, leading to
interstitial fibrosis, which can further impair oxygen diffusion from capillaries to the tubular
cells, thus, aggravating the hypoxia.

Recent findings from experimental models in diabetes, hypertension and CKD suggest that
metabolic abnormalities and alterations in oxygen utilization may precede and aggravate
decrements in GFR and nephron loss.23, 24, 28 Tubular hypoxia has been demonstrated to
precede any structural changes which occur late in the disease.85 In early stages,
hemodynamic and metabolic adaptations may increase oxygen demand leading to early
hypoxia, which can instigate the above-mentioned structural changes and perpetuate
hypoxia. Hence, targeting the determinants and regulators of QO2 at the early stages offers
the benefit of developing potential therapeutics to alter the course of disease before any
permanent damage sets in.

In experimental CKD, nephron loss provokes hyperfiltration in the remaining nephrons.
Hyperfiltration begets hyper-reabsorption, which likely occurs at an increased metabolic
price. An increased QO2 factored for TNa or nephron number has been observed in
STN.17, 86, 87 Due to the linear relationship between TNa and QO2, a majority of increase in
QO2 is presumed to be driven by the increase in TNa, and QO2/TNa has been described as
an index of transport efficiency. But, it is possible that the slope of the linear relationship
between TNa and QO2 is altered in a diseased kidney. In an isolated perfusion kidney
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model, Harris et al. found that the 40% increase in TNa could not completely account for all
the nearly 3-fold increase in the QO2 per nephron observed in STN at 4 weeks 86. Nath et al.
performed in vivo QO2 studies and found similar results in a 3-week STN kidney.87

Increased QO2/TNa has also been observed in even earlier stages in a 1-week STN kidney.85

The lower amounts of TNa for a given amount of oxygen utilized may suggest that TNa is
more energetically expensive in the STN kidney, perhaps due to a disproportionate increase
in transport in the distal segments with typically higher energy expenditure for TNa
compared to the proximal segments. Alternatively, other energy consuming processes in
STN, especially cellular hypertrophy, which is prominent in STN, gluconeogenesis or
activation of oxidases, have to be invoked to explain the increased QO2

88, 89. Lastly, a
dissociation of oxygen utilization with ATP generation in the mitochondria could also
account for some of the increase in QO2.

Treatment and prevention of acute kidney injury and’ chronic kidney
disease

Dialysis-dependent AKI causes a three-fold increased risk for ultimately requiring chronic
dialysis and AKI should therefore be considered as a risk factor for CKD.90 Furthermore, in
cardiac surgery, the risk for CKD progression is linked to the severity of AKI.91 However,
the mechanisms underlying AKI and CKD progression remain partially understood, at best,
and despite scientific and medical advances, the outcomes have not improved satisfactorily.
Treatment strategies which can efficiently prevent or reverse AKI and CKD and their
progression to end stage renal disease remain a paramount therapeutic challenge. Existing
therapies targeting known mechanisms of disease progression have been inadequate in
significantly improving the outcomes, and transplantation aside, supportive, life-long renal
replacement therapy remains the obvious conventional therapy, though at tremendous
financial costs.

The chronic hypoxia hypothesis offers a promising target for future therapy strategies in
AKI and CKD. If hypoxia resulting from oxygen demand-supply mismatch promotes kidney
injury, this may well be the common final pathway of progression of CKD.76 In prevention
of ischemic AKI, it would seem logical to decrease renal QO2 and/or to increase RBF to
improve renal oxygenation.

A common treatment target in patients involves Ang II inhibition. In rats, seven day
treatment with Ang II receptor blocker telmisartan prevented IR-induced AKI, possibly by
decreasing renal QO2.27, 28, 92 However, for late renal recuperation from ischemia Ang II
receptor blockade does not offer long-term protection from IR injury. Moreover, ACE
inhibition initially improves renal function, but causes long-term aggravation of hypoxia and
oxidative stress.60, 93 Thus, treatment options targeting pathways other that the renin-Ang II
system require attention.

Loop diuretics have been shown to decrease tubular metabolic demand and maintain
medullary oxygenation.16 Indeed, there are several reports demonstrating the renoprotective
effect of furosemide in experimental ischemic AKI,94 and recently, Briguori and colleagues
were able to demonstrate effects on prevention of contrast-induced acute kidney injury, as
well.95 In post-cardiac surgery patients, Swärd et al. showed that furosemide improved renal
oxygenation through a 20-30% decrease in TNa, renal QO2 and RO2Ex with no change in
RBF.43 Redfors et al. recently demonstrated that in post-cardiac surgery patients, low-dose
dopamine induced a 40-50% increase in RBF with no significant change in GFR or renal
QO2.96 Thus, dopamine decreased RO2Ex, which suggests that this agent can be used
prophylactically to increase the tolerance to ischemia during perioperative renal
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hypoperfusion. The use of furosemide or low-dose dopamine for treatment of acute renal
dysfunction of various aetiologies is not supported by recent meta-analyses.97, 98 However,
the potential preventive effects of furosemide or dopamine on renal outcome have, so far,
not been studied in high-risk cardiac surgery patients in a prospective randomised controlled
trial.

An ideal agent to treat most patients with AKI would be one that increases both RBF and
GFR, i.e. an agent that induces a vasodilation of preferentially the preglomerular resistance
vessels. Such an agent will not only augment GFR, but also meet the increased renal
metabolic demand of the medulla by increases in renal oxygen delivery. In patients with
postoperative ischemic AKI, it has been shown that ANP induces a selective dilation of
renal afferent arterioles with an increase in both RBF and GFR by approximately 40%,99, 100

in contrast to postoperative uncomplicated patients with no AKI, in whom ANP increased
only GFR.43 In addition, in a prospective, randomized, blinded trial, Swärd et al. showed
that infusion of ANP at an infusion rate of 50 ng/kg/min, enhanced renal excretory function,
decreased the probability of dialysis and improved dialysis-free survival in early, ischemic
AKI after complicated cardiac surgery (Fig. 3).101 As of today, clinical treatment of AKI
and CKD is still inadequate. It is clear that maintaining GFR is of utmost importance for
reducing long-term morbidity and development of ESRD in AKI and CKD, but what
mechanisms to target remain largely obscure. However, recent data increasingly supports the
hypothesis that early oxygen demand/supply mismatch leading to renal tissue hypoxia is a
major culprit in the development of AKI and CKD, and that targeting early events have
better odds at succeeding. Thus, preservation of GFR by the prevention or reversal of kidney
hypoxia could be considered a major therapeutic avenue for treatment and prevention of
AKI.
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Abbreviations

AKI acute kidney injury

Ang II angiotensin II

ANP atrial natriuretic peptide

BOLD-MRI blood oxygenation level-dependent magnetic resonance imaging

CKD chronic kidney disease

DMOG dimethyloxalyglycine

ESRD end-stage kidney disease

GFR glomerular filtration rate

HIF-1α hypoxia inducible factor-1α

HO-1 heme oxygenase-1

IR ischemia-reperfusion

NO nitric oxide

NOS nitric oxide synthase
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QO2 oxygen consumption

pO2 oxygen tension

RBF renal blood flow

RO2Ex renal oxygen extraction

RVR renal vascular resistance

STN subtotal nephrectomy
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Figure 1.
Shows the close correlation between renal filtration fraction and renal oxygen extraction in
individual uncomplicated post-cardiac surgery patients treated with mannitol. Mannitol
induced a de-swelling effect of renal tubules which increased GFR and renal QO2 with no
effect on RBF. By permission from Redfors et al. 42
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Figure 2.
Shows the close correlation between GFR and renal QO2 in uncomplicated post-cardiac
surgery patients (controls, n= 37)) and in patients with postoperative acute kidney injury
(AKI). Note that the slope of the regression line is steeper in the AKI group. Thus filtration
and reabsorption of sodium consumes approximately 2.5 times more oxygen in the AKI
group. By permission from Redfors et al.96
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Figure 3.
Shows the effects of treatment with ANP (50 ng/kg/min) vs. placebo on the probability of
dialysis in patients with acute kidney injury after complicated cardiac surgery, By
permission from Sward et al.101
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Table 1

Renal perfusion, filtration and oxygenation in postoperative AKI.

Control group
(n=37)

AKI group
(n=12) p-value

Mean arterial pressure (mmHg) 73.9 ± 1.1 73.5 ± 0.7 ns

Cardiac index (L/min/m2) 2.63 ± 0.08 2.77 ± 0.16 ns

RBF (ml/min) 758 ± 40 477 ± 54 <0.001

RVR (mmHg/ml/min) 0.097 ± 0.005 0.146 ± 0.015 <0.01

GFR (ml/min) 74.7 ± 4.7 32.3 ± 3.6 <0.001

Sodium reabsorption
(mmol/min) 9.7 ± 0.7 4.0 ± 0.4 <0.001

Renal QO2 (ml/min) 10.4 ± 0.6 11.0 ± 1.1 ns

RO2Ex 0.097 ± 0.004 0.163 ± 0.009 <0.001

RBF, renal blood flow assessed by the thermodilution technique; RVR, renal vascular resistance; GFR, glomerular filtration rate; QO2, oxygen

consumption; RO2Ex, renal oxygen extraction. Values are means±SEM.
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