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Diabetic nephropathy (DN) is now a leading cause of end-stage renal disease. In addition, DN accounts for the increased mortality
in type 1 and type 2 diabetes, and then patients withoutDN achieve long-term survival compatible with general population.Hypoxia
represents an early event in the development and progression of DN, and hypoxia-inducible factor- (HIF-) 1 mediates themetabolic
responses to renal hypoxia. Diabetes induces the “fraternal twins” of hypoxia, that is, pseudohypoxia and hypoxia. The kidneys are
susceptible to hyperoxia because they accept 20% of the cardiac output. Therefore, the kidneys have specific vasculature to avoid
hyperoxia, that is, AVoxygen shunting.TheNAD-dependent histone deacetylases (HDACs) sirtuins are sevenmammalian proteins,
SIRTs 1–7, which are known to modulate longevity and metabolism. Recent studies demonstrated that some isoforms of sirtuins
inhibit the activation of HIF by deacetylation or noncatalyzing effects. The kidneys, which have a vascular system that protects
them against hyperoxia, unfortunately experience extraordinary hypernutrition today. Then, an unexpected overload of glucose
augments the oxygen consumption, which ironically results in hypoxia. This review highlights the primary role of HIF in diabetic
kidneys for the metabolic adaptation to diabetes-induced hypoxia.

1. Hypoxia in Diabetic Kidney

Diabetic nephropathy (DN) is now a leading cause of end-
stage renal disease (ESRD) and therefore constitutes a major
factor in progressive kidney disease. In addition, in absence
of DN, diabetes is not associated with a large increase inmor-
tality risk in type 1 or type 2 diabetes [1, 2]. Chronic hypoxia
and tubulointerstitial fibrosis are presently considered to be
a common pathway for various progressive kidney diseases
including DN, and hypoxia inducible factor- (HIF-) 1𝛼 plays
an important role in these pathological mechanisms [3–6].

Earlier studies have demonstrated that hypoxia represents
an early event in the development and progression of exper-
imental DN [7, 8] and an increased HIF-1𝛼 expression in
diabetic kidneys compared to the kidneys of control rats [9]
and normal human kidneys [10]. Intrarenal oxygenation can
be assessed noninvasively in subjects with type 1 or type 2
diabetes by blood oxygenation level dependent magnetic res-
onance imaging (BOLDMRI) [11–13]. Inoue et al., especially,
demonstrated hypoxia in the renal parenchyma of chronic
kidney disease (CKD) patients with or without diabetes,

using diffusion-weighted (DW) MRI and BOLDMRI [13],
and confirmed intrarenal hypoxia in patients with diabetes,
suggesting that factors other than tubulointerstitial alteration
(such as loss of peritubular capillaries) determine the degree
of hypoxia in the renal cortex [13]. The kidneys are less
than 1% of total body weight and use 10% of total oxygen
consumption. Na+/K+-ATPase in cortical proximal tubular
cells consumes 80%of the oxygen for kidneys [14], and kidney
needs 3%–18% of the total oxygen consumption for its basal
metabolism [15].

Usually, tissue oxygen tension is determined by the
balance between the blood flow and tissue oxygen consump-
tion. However, the kidneys do not fall under such a simple
calculation, because the kidneys receive blood to regulate the
blood volume and composition, not for their own benefit.
Increased renal blood flow increases the glomerular filtration
rate, which in turn increases the rate of sodium reabsorption,
which increases the tissue oxygen consumption.

Additionally, diabetes induces glomerular hyperfiltration
[16] and increases tubular sodium and glucose reabsorp-
tion through sodium glucose cotransporters (SGLTs), which
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enhances Na+/K+-ATPase activity, resulting in an increased
ouabain-sensitive oxygen consumption [17]. Therefore, in
diabetic kidney, hyperfiltration triggers a vicious circle
between increasing oxygen delivery and increasing oxygen
consumption that leads to more needs for oxygen supply.

Previous studies have shown that the loop diuretic
furosemide, which inhibits reabsorption in the medullary
thick ascending limb, increased medullary oxygen tension
by reducing oxygen consumption rather than by increasing
medullary blood flow [18, 19]. Intriguingly, the novel antidia-
betic drug and SGLT2 inhibitor empagliflozin attenuate renal
hyperfiltration in subjects with type 1 diabetes [20], suggest-
ing the potential role of SGLT2 inhibitors in renoprotection
in diabetic kidneys by inhibiting proximal tubular oxygen
consumption.

In an in vitro study, high glucose failed to induce
or enhance the expression of HIF-1𝛼 protein in human
renal proximal tubular cells (HRPTECs) in normoxia or in
hypoxia, respectively [21]. In addition, it was found in the
same study that high glucose abolished the Pasteur effects,
which are adaptive responses to hypoxic stress by decreased
oxidative phosphorylation and an increase in anaerobic
fermentation, and that high glucose decreasedmitochondrial
efficiency by uncoupling oxygen consumption from ATP
production [21]. Furthermore, in another cultured system,
high glucose blunted the vascular endothelial growth factor
(VEGF) response to hypoxia in immortalized rat proximal
tubular cells via the oxidative stress-regulated HIF/hypoxia-
responsible element (HRE) pathway [22]. Collectively, hyper-
glycemia itself fails to enhance HIF-1 expression, whereas
it attenuates HIF-1 mediated responses to hypoxia. Thus,
hyperglycemia induces hypoxia and hypoxia-induced HIF-
1 expression in the diabetic kidneys through hemodynamic
or/and metabolic changes in vivo, not by a direct effect.

It is well known that there are some pathways that are
activated by hyperglycemia, such as the polyol pathway,
the hexosamine pathway, the protein kinase C activation,
and the AGE pathway [23]. However, every therapeutic
challenge using the inhibitors for these pathways failed to
cure diabetic complications including DN, indicating the
inappropriate therapeutic strategy and needs for an alter-
native approach. Recently, Friederich-Persson et al. studied
the effects of the mitochondrial uncoupler dinitrophenol
(DNP) in rats [24]. DNP did not affect renal blood flow,
glomerular filtration, blood glucose, or oxidative stress but
increased the kidney oxygen consumption and resulted in
intrarenal tissue hypoxia. In addition, DNP increased urinary
protein excretion, kidney vimentin expression, and infiltra-
tion of inflammatory cells. Friederich-Persson et al. thus
confirmed that kidney tissue hypoxia, without confounding
hyperglycemia or oxidative stress, may be sufficient to initiate
the development of nephropathy.

We previously showed that the antidiabetes drug met-
formin suppresses mitochondrial respiratory function, sug-
gesting that the redistribution of intracellular oxygen is
involved in the inhibitory effects of metformin on HIF-
1𝛼 expression (Figure 1) [21]. Our results also suggest that
metformin inhibits mitochondrial respiration, indicated as
the inhibition of oxygen consumption and intracellular
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Figure 1: Metformin redistributes the intracellular oxygen. Met-
formin inhibits oxygen consumption and ATP production by
inhibiting mitochondrial complex I. Subsequently, intracellular
oxygen redistribution supplies oxygen for prolyl hydroxylase, which
promotes the degradation of HIF-1𝛼 in the proteasome. ATP deple-
tion caused by mitochondrial inhibition activates AMPK, which is
a downstream signaling pathway of mitochondrial respiratory chain
[21].

ATP levels, which subsequently activates AMPK pathways,
suggesting that AMPK𝛼 is a downstream regulator of the
mitochondrial respiratory chain, and metformin-induced
AMPK phosphorylation is not related to HIF-1𝛼 inhibition
(Figure 1). Moreover, our preclinical study using type 2
diabetic model Zucker diabetic fatty (ZDF) rats confirmed
the renoprotective effects ofmetformin in vivo.Therefore, the
therapeutic target for diabetic kidneys should be to prevent
excessive mitochondrial oxygen consumption or to restore
renal oxygen availability, not the accompanying oxidative
stress or downstream HIF activation.

2. Sirtuins, Pseudohypoxia, and
NAD+-Related HIF

Sirtuins (SIRTs) are NAD-dependent Class III HDACs
and their deacetylase activity is controlled by the cel-
lular [NAD+]/[NADH] ratio, and age-, hypoxia-, and
hyperglycemia-related NAD+ deficiency lead to a reduction
of SIRTs activity [25]. Previous studies, especially, proposed
that SIRT1 has been linked to diabetes [26–28]. SIRT1 mRNA
expression may be associated with energy expenditure and
insulin sensitivity in the offspring of type 2 diabetic patients
[26]. Moreover, a SIRT1 mutation was identified in a family
with type 1 diabetes [27, 28].

In 1993, Williamson et al. first referred to pseudohypoxia
as an increase in cytosolic NADH/NAD+, caused by an
increased rate of reduction of NAD+ to NADH [29]. They
proposed that the tissue lactate/pyruvate ratio is a more
reliable parameter of the cytosolic ratio of freeNADH/NAD+,
because the oxidation of NADH to NAD+ by LDH is coupled
to the reduction of pyruvate to lactate. They also stated that
the increased metabolism of glucose via the sorbitol pathway
is the most important mechanism for pseudohypoxia [29].
Interestingly, cells with an increased NADH/NAD+ ratio
attributable to hyperglycemic pseudohypoxia require less
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Figure 2: Oxygen regulates HIF-1𝛼 protein expression. HIF-1 is a heterodimeric transcription factor complex that is composed of an oxygen-
regulated HIF-1𝛼 subunit and a constitutively expressed HIF-1𝛽 subunit; HIF-1 activity depends on the degradation of HIF-1𝛼 subunit; the
half-life of HIF-1𝛼 protein on reoxygenation is less than one minutes [31].

severe hypoxia or ischemia to increase NADH/NAD+ to
the same level caused by hypoxia or ischemia alone. The
relationship between pseudohypoxia and hypoxia has not yet
been determined. Recent findings indicate that a number
of nonhistone substrates, such as HIF-1, are deacetylated by
sirtuin family members, expanding the physiological and
pathophysiological roles of sirtuins, more than longevity and
metabolism.

HIF-1 is a heterodimeric transcription factor complex
composed of an oxygen-regulated HIF-1𝛼 subunit and a
constitutively expressed HIF-1𝛽 subunit, and HIF-1 activity
depends on the degradation of the HIF-1𝛼 subunit. In
normoxia, specific Fe2+- and oxoglutarate-dependent prolyl
4-hydroxylases (PHDs) hydroxylateHIF-1𝛼 at two prolyl sites
of the oxygen-dependent domain (ODD). The hydroxylated
HIF-1𝛼 binds to the von Hippel-Lindau (VHL) tumor sup-
pressor protein that is part of an E3 ubiquitin ligase complex
targeting HIF-1 for proteasomal degradation [30] (Figure 2).

The expression of HIF-1𝛼 protein is tightly coupled to
the intracellular oxygen concentration, and the half-life of
HIF-1𝛼 protein on reoxygenation is less than 1min [31].
Accumulating evidence demonstrates that HIF-1 is a target
of epigenetic regulation such as the DNA hypermethylation
of gene promoters, histone modifications, small interfering
RNAs and microRNAs [32]. In light of the inhibitory effects
of histone deacetylase inhibitors (HDAIs), HIF function
apparently requires deacetylase-dependent transactivation
[33].

Interestingly, some isoforms of sirtuins have been known
to modulate HIF-1 activity [34–38] (Figure 3). SIRTs consist
of seven mammalian proteins, SIRTs 1–7. During hypoxia,
decreased NAD+ levels downregulated SIRT1, which allowed
the acetylation and activation of HIF-1𝛼 [34]. SIRT1 inacti-
vates HIF-1𝛼 by binding to HIF-1𝛼 and deacetylating it and
by blocking coactivator p300 recruitment and consequently
repressed HIF-1 targeted genes [34]. SIRT2 also regulates
the autoacetylation of p300, in vitro and in cells [35],

and thus it might modulate HIF-1 activation. Mitochondrial
SIRT3 destabilizes HIF-1𝛼, which controls glycolytic gene
expressions, opposing the reprogramming of cancer cell
metabolism, known as the Warburg effect [36]. SIRT6-
deficient mice develop normally but die early due to lethal
hypoglycemia [37]. As SIRT6 functions as a corepressor of
HIF-1𝛼 and controls the expressions of multiple glycolytic
genes, SIRT6-deficient cells exhibit increased HIF-1𝛼 activity
and show increased glucose uptake with an upregulation
of glycolysis and diminished mitochondrial respiration [37].
At last, SIRT7 negatively affects HIF-1𝛼 and HIF-2𝛼 protein
levels by a mechanism that is independent of prolyl hydrox-
ylation and that does not involve proteasomal or lysosomal
degradation [38]. Then the mechanism by which SIRT7
regulates HIF activity differs from those of the other sirtuins
because of the independence of its deacetylase activity. SIRT7
could regulate HIF through protein-protein interactions, not
by enzymatic activity [38].

Although it is due to a complex metabolic scenario of
pathological mechanisms, pseudohypoxia might be defined
as a paucity of NAD+, leading to sirtuins-HIF interac-
tion (Figure 3). Indeed, pseudohypoxia should be consid-
ered hyperglycemia-induced metabolic hypoxia, presenting
the activation of HIF, a pathophysiological state in which,
although oxygen is present, oxygen is less used in mitochon-
drial respiration by secondary mitochondrial dysfunction,
similar to the Warburg effect in cancer cells. Therefore, cells
with pseudohypoxia, which has already induced HIF-1, do
not need severe hypoxia for inducingHIF-1, and this fraternal
hypoxia results in the preference for glycolysis.

The pyruvate/lactate ratio during normoxic conditions
in early diabetes may be explained by either increased
gluconeogenesis or by glycolysis, not by making an effect
on oxidative phosphorylation. In addition, hyperglycemia
activates NADPH oxidase (NOX), which critically provides
additional NAD+ for glycolysis. NOXs are one of the many
sources of reactive oxygen species (ROS) [39]. NOX4, which
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noncatalyzing effects [34–38]. Under hypoxia or pseudohypoxia, decreased NAD+ levels downregulated SIRT, leading to upregulated HIF-1
activation which shift the glucose metabolism by promoting glycolysis and by inhibiting oxidative phosphorylation.

is highly expressed by human vascular endothelial cells, is the
predominant form in the kidneys. NOX4 is known to be a
novel target forHIF-1 [40] and specifically inhibitsmitochon-
drial complex I [41], leading to mitochondrial dysfunction.
Therefore, in diabetic kidney, hyperglycemia and hypoxia
may induce glycolysis partly via activation of NOX4 by
providing NAD+ for fuel and by suppressing mitochondrial
oxidative phosphorylation.

3. AV Shunting and Polar Vasculosis

Originally, the kidneys are away from hypoxia, because they
receive approximately 25% of the cardiac output at only less
than 1% of the total body weight. Oxygen delivery to the
human kidney is 84mL/min/100 g, and oxygen consumption
in the kidney is 6.8mL/min/100 g [15]. The renal oxygen
delivery thus exceeds the renal oxygen consumption. How-
ever, the kidneys normally do not suffer from hyperoxia;
rather they are susceptible to hypoxia as shown in DN as well
as acute kidney injury (AKI), which is the paradox of oxygen
physiology in the kidneys.

One of the reasons for the sensitivity of the kidneys
to hypoxia is diffusional arterial-to-venous (AV) oxygen
shunting [42, 43]. It is well known that the pressure of oxygen
(pO
2
) in renal veins is above those in the efferent arterioles

of the outer cortex, proximal tubules, and distal tubules [44].
In addition, the fractional extraction of oxygen falls with
increased renal blood flow (RBF), but renal parenchymal
pO
2
remains unchanged [43]. These findings indicate pre-

glomerular AVoxygen shunting by a countercurrent arrange-
ment of mammalian arteries and veins [45] and indicate that
AV oxygen shunting contributes to the dynamic regulation of
intrarenal oxygenation [43].

However, AV oxygen shunting limits the change in
oxygen delivery to renal tissue and stabilizes tissue pO

2
when

arterial pO
2
changes but renders renal parenchyma suscep-

tible to hypoxia when oxygen delivery falls or parenchy-
mal oxygen consumption increases [46]. In physiologi-
cally normal conditions, this AV oxygen shunting preserves

the antioxidant defense mechanisms in the kidneys from
hyperoxia-induced reactive oxygen superoxide production,
by which the kidneys could cope with superfluous oxygen
as like in the lung with its pO

2
close to atmospheric pO

2

(159mmHg) [45]. The kidneys are second to the heart
in terms of oxygen consumption, especially for sodium
transport. For the first time in the evolution of humans,
the kidneys are experiencing exceeded metabolic demand,
because of hypernutrition. Since hyperglycemia increases
the renal blood flow and then the tubular reabsorption of
glucose and erythrocytes (which need oxygen consump-
tion), leading to decreased oxygen tension of peritubular
capillaries, the increased oxygen gradient between arterioles
and veins augments the AV oxygen shunting, promoting
renal parenchymal hypoxia (Figure 4). Then, the AV oxygen
shunting preferentially promotes hypoxia-induced injury in
diabetic kidney rather than an escape from hyperoxia.

Interestingly, retinal venous oxygen saturation is in-
creased in diabetic patients with the severity of the diabetic
retinopathy, although no significant differences in the retinal
arterial oxygen saturation were observed between controls
and patients with diabetic retinopathy at any stage, suggesting
the involvement of the occlusions and obliterations in the
retinal capillary bed, leading to the formation of AV shunting
vessels [47]. Similarly, physiological preglomerularAV shunt-
ing might make an important contribution to the sequential
decline of the glomerular filtration rate (GFR) caused by the
glomerular hypertension in DN.

Although cortical tissue oxygenation is independent of
medullary blood flow and oxygenation, medullary tissue
pO
2
appears to be dependent on the levels of both cortical

and medullary perfusion [48], which seem to have equal
effects on renal perfusion pressure (RPP). Kidneys have an
autoregulation system in which the total renal blood flow
(RBF) is autoregulated between the RPP values of 90 and
200mmHg. However, the blood flow to the medulla is not
autoregulated [49]. Three decades ago, Casellas and Mimran
demonstrated that one-tenth of all juxtamedullary glomeruli
have anatomical shunts with preglomerular vessels to post-
glomerular vasa recta capillaries [50]. Since these shunts
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and metabolic interactions of renal blood flow, GFR, oxygen consumption, and arteriovenous (AV) oxygen shunting. Originally, AV oxygen
shunting develops as a unique system to rescue kidney from hyperoxia. However, in diabetic kidney, hyperglycemia induces hyperfiltration
leading to more AV oxygen gradient which turns in increased AV oxygen shunting. The figure was modified from O’Connor et al. [42].

arise proximally to the afferent arterioles, these would not
be subject to tubuloglomerular feedback and autoregulation.
Although the medullas of the kidneys receive less than 10%
of the total RBF, the medullary blood flow responding to an
elevation of systemic arterial pressuremight contribute to the
high oxygen tension in the outer stripe of the outer medulla,
as in the superficial cortex [51].

Intriguingly, there is another specific vascular architec-
ture involved in the pathogenesis of diabetic kidneys, that
is, polar vasculosis [52–54]. Like the new vessel formation
in diabetic retinopathy, neovascularization at the glomerular
vascular pole was described in diabetic nephropathy [52–54].
Min and Yamanaka demonstrated that 72% of 73 autopsy
cases and 21 biopsy cases of diabetic glomerulonephropathy
had multiple small vessels around the polar vascular pole
which connect at a point after two or three branches from
the afferent arteriole, and their opposite ends outside the
glomerulus anastomose to peritubular capillaries [53]. Those
authors proposed that these vessels probably compensate
for the decreased function of efferent arterioles because
of sclerosis, which is a characteristic finding in diabetic
nephropathy [55]. Although this vascular abnormality was
specific to diabetic kidneys, the pathological role of polar
vasculosis remains obscure. The neovascularization might
lower the intraglomerular pressure by shunting afferent and
efferent arteries, and it may reveal a compensatory response
for glomerular hypertension. However, the diameters of these
abnormal arterioles are so small that theymight be affected by
arteriosclerosis and are obstructed, leading to the progression
of renal dysfunction.

4. Roles of HIF in Diabetic Kidneys

HIF-1 was discovered in an investigation of the regulation of
human erythropoietin gene, which encodes erythropoietin
[56], and it was later shown to regulate VEGF expression

[57]. These earlier studies indicated the pivotal roles of HIF-
1 in hematogenesis and angiogenesis. All metazoan species
including the simplest animal Trichoplax adhaerens which
totally has no specialized systems for oxygen delivery, such
as blood cells or vessels, possess HIF-1 [58]. HIF targets
in T. adhaerens include glycolytic and metabolic enzymes,
suggesting a primary role for HIF in the regulation of oxygen
consumption as an adaptation of basal multicellular animals
to fluctuating oxygen levels. Of note, taPDK is among the
strongest hypoxically induced genes in T. adhaerens, and
human pyruvate dehydrogenase (PDH) kinase 1 (PDK1)
is also an HIF target gene [58]. PDK1 inhibits the PDH-
catalyzed conversion of pyruvate to acetyl-coenzyme A
(acetyl-CoA) for the entry into mitochondrial tricarboxylic
acid (TCA) cycle (Figure 5). Therefore, HIF in T. adhaerens
also switches from oxidative phosphorylation to glycolysis.
Since HIF originally functions as master regulator of oxygen
homeostasis in all metazoan species, HIF also regulates
glucose and energy metabolism to adapt to reduced oxygen
availability in hypoxia-susceptible diabetic kidneys. Under
a sustained hypoxic condition, HIF subsequently remodels
the hemodynamics by producing blood cells and by inducing
new vessels, via, respectively, targeted erythropoietin and
VEGF. Even after this newHIF-inducedmicroenvironmental
reprogramming, hypoxia still exists, and then HIF would
eliminate these hypoxic lesions as seen in wounds or infec-
tions distant from healthy tissues by surrounding fibrotic
capsules.

Using HIF-1𝛼 knockout mice, Higgins et al. demon-
strated that HIF-1𝛼 enhanced the epithelial-to-mesenchymal
transition (EMT) in vitro and that the genetic ablation
of renal epithelial HIF-1𝛼 inhibited the development of
tubulointerstitial fibrosis [10]. Sun et al. further provided
a novel explanation for the EMT of hypoxic renal tubular
cells through the upregulation of Twist induced by HIF-1𝛼
[59]. Kimura et al. showed that the stable expression of HIF-
1𝛼 in tubular epithelial cells promotes interstitial fibrosis in
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knockout mice with VHL tumor suppressor, which acts as an
ubiquitin ligase to promote the proteolysis of HIF-1𝛼 [60].
If HIF can play a renoprotective role in diabetic kidneys,
HIF expression would not be observed in diabetic kidneys,
because HIF rescues the kidneys from hypoxia, and its signal
will vanish within a few minutes. Therefore, when HIF is
observed in diabetic kidneys, it means that HIF cannot con-
quer persistent hypoxia.The long-standing expression of HIF
induces deleterious phenomena such as renal fibrosis. Two
recent studies also clarified that the continuous activation
of HIF-1 or HIF-1-targeted molecules contributed to chronic
kidney diseases [61, 62]. Wang et al. showed that silencing
of HIF-1𝛼 gene attenuates chronic ischemic renal injury in
two-kidney one-clip rats [61]. Gobe et al. demonstrated that
recombinant human erythropoietin protected the tubular
epithelium from apoptosis but stimulated EMT, and the sup-
raphysiological dose needed for renoprotection contributed
to fibrogenesis and stimulated chronic kidney disease in the
long term [62]. This adverse effects of erythropoietin remind
us of the potential disadvantage of the HIF stabilizer, FG-
4592, which is an oral compound in Phase III trials for the
treatment of anemia in ESRD patients. FG-4592, an inhibitor
of HIF prolyl hydroxylase (HIF-PH), prevents HIF degra-
dation and stimulates the erythropoietin production [63].
The therapeutic short activation of HIF may be protective
for kidneys by switching from oxidative phosphorylation to
glycolysis, accompanied by decreased oxygen consumption,
suppressed ROS production, andminimumATP production.
On the contrary, the chronic activation of HIF does not
seem to have potential in the treatment of diabetic kidneys,
because HIF would consistently mediate hypoxia-caused

cell injury via the HIF-downstream molecules. In addition,
chronically enhanced HIF expression implies abnormal cell
metabolism as is common in cancer. We cannot exclude the
possibility that HIF promotes carcinogenesis. Further studies
are required to clarify the mechanisms underlying diabetic
hypoxic kidneys and to understand the over- and sustained
expressions of HIF-promoted cell metabolism. Furthermore,
it has been recently shown that the therapeutic target for
diabetic kidneys could be simply hypoxia, not HIF.This point
was brought into focus by the findings of Friederich-Persson
and colleagues [24].

5. Why Hypoxia in Diabetic Kidneys?

As described above, the kidneys are very sensitive to hypoxia,
because of the energy demand for its function, and this is the
reason why hypoxia contributes to the glucose metabolism.
The kidney is unique organ that uptakes, uses, and produces
glucose. Kidneys need oxygen for the reabsorption of filtrated
glucose and electrolytes, and they produce ATP via oxidative
phosphorylation and glycolysis. Under hypoxic conditions,
to produce ATP to maintain kidney function, the kidneys
use anaerobic fermentation by Pasteur effects. Even in nor-
moxia, hyperglycemia causes an increased glucose influx
along with activated glycolysis, which leads to other glucose
submetabolic pathways such as polyol pathways. Therefore,
hyperglycemia promotes glycolysis and othermetabolic path-
ways rather thanmitochondrial oxidative phosphorylation in
normoxia, which resembles the Warburg effect that plays an
important role in cancer metabolism.
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HIF plays a key role in the glycolytic switch by the
regulation of genes encodingmost glycolytic transporters and
enzymes and then enhancing renal medullary glycolysis. By
using hyperpolarized [1- 13C] pyruvate MRI, Laustsen et al.
demonstrated that reduced oxygen availability in streptozo-
tocin diabetic rat kidney altered the energy metabolism by
increasing lactate and alanine formation [64]. In addition
to diabetes-induced pseudohypoxia, reduced oxygen con-
tent in inspired air increased the pyruvate-to-lactate and
pyruvate-to-alanine formation accompanied by a reduced
NAD+/NADH ratio. Both increased themRNA expression of
lactate dehydrogenaseA (LDHA)whichmetabolites pyruvate
to lactate and alanine aminotransferase (ALT)which converts
pyruvate to alanine, suggesting that these two pathways may
contribute to reducing substrate flux into the TCA cycle and
limiting oxidative phosphorylation [64].The similar pyruvate
depletion in kidney is known during AKI in mice [65].
Although lactate levels inAKImice kidneys fell below control
levels, the pyruvate levels remained depressed, because AKI
increases gluconeogenesis, which results in pyruvate con-
sumption [65].

The kidney is known to be a significant gluconeogenic
organ, and in overnight-fasted normal humans, proximal
tubule gluconeogenesis is responsible for approximately 40%
of whole-body gluconeogenesis [66]. Renal and hepatic glu-
cose release in human diabetic subjects with type 2 diabetes
are increased [67]. A study of ZDF rats also showed that renal
gluconeogenesis is upregulated accompanied by an increase
in the activities and mRNA levels of the key gluconeogenic
enzymes [68].

The proximal tubule reabsorbs glucose and synthesizes
glucose, known as “gluconeogenesis,” but does notmetabolize
glucose. The renal medulla utilizes glucose and generates
lactate for its glycolysis. Simultaneously, the cortical proximal
tubules take up the lactate released by the medulla, use it
for oxidative phosphorylation, and then generate and release
glucose for the energy production by themedullary glycolysis

(Figure 6). A similar lactate shuttle may operate in the brain
between astrocytes and neurons as a main source of energy
to sustain neuronal physiology [69]. In diabetic kidneys, HIF
may augment the medullary glycolysis rather than oxidative
phosphorylation, leading to the production of lactate, which
could be taken up by the cortical proximal tubules for gluco-
neogenesis. HIF thus could remodel the energy production
system for diabetic kidneys under hypoxia. In contrast, in
AKI, HIF fails to work, which might result in deficits of
medullary glycolysis and subsequent cortical gluconeogen-
esis, because the oxygen-sensitive medulla does not suffer
severe hypoxia by relative lack of oxygen consumption for
sodium reabsorption, due to a marked decrease in GFR [70].

In conclusion, if human beings do not develop diabetes
mellitus, under a blood supply that is one-fourth of the
cardiac output, AV oxygen shunting and high capacity for
production of energy by rich mitochondria could protect
the kidneys from hyperoxia-induced ROS. Diabetes mel-
litus increases the renal blood flow, glomerular filtration,
sodium absorption, need for ATP production, and oxygen
consumption. Diabetes mellitus thus induces hypoxia in the
kidneys.The systems that protect the kidneys from hyperoxia
ironically promote the susceptibility of diabetic kidneys to
hypoxic injury.
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“NADPH oxidases, reactive oxygen species, and the kidney:
friend and foe,” Journal of the American Society of Nephrology,
vol. 24, pp. 1512–1518, 2013.

[40] I. Diebold, A. Petry, J. Hess, and A. Görlach, “The NADPH
oxidase subunit NOX4 is a new target gene of the hypoxia-
inducible factor-1,”Molecular Biology of the Cell, vol. 21, no. 12,
pp. 2087–2096, 2010.

[41] R. Kozieł, H. Pircher, M. Kratochwil et al., “Mitochondrial
respiratory chain complex i is inactivated by NADPH oxidase
Nox4,” Biochemical Journal, vol. 452, no. 2, pp. 231–239, 2013.

[42] P. M. O'Connor, W. P. Anderson, M. M. Kett, and R. G.
Evans, “Renal preglomerular arterial-venous O

2
shunting is a

structural anti-oxidant defence mechanism of the renal cortex,”
Clinical and Experimental Pharmacology and Physiology, vol. 33,
no. 7, pp. 637–641, 2006.

[43] C.-L. Leong, W. P. Anderson, P. M. O'Connor, and R. G.
Evans, “Evidence that renal arterial-venous oxygen shunting
contributes to dynamic regulation of renal oxygenation,” Amer-
ican Journal of Physiology—Renal Physiology, vol. 292, no. 6, pp.
F1726–F1733, 2007.
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