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Abstract

Diabetic kidney disease is the most common cause of end-stage kidney disease and poses a major
global health problem. Finding new, safe, and effective strategies to halt this disease has proven
to be challenging. In part that is because the underlying mechanisms are complex and not fully
understood. However, in recent years evidence has accumulated suggesting that chronic hypoxia
may be the primary pathophysiological pathway driving diabetic kidney disease, and chronic
kidney disease of other etiologies, and was coined the ‘chronic hypoxia hypothesis’. Hypoxia is
the result of a mismatch between oxygen delivery and oxygen demand. The primary determinant
of oxygen delivery is renal perfusion (blood flow per tissue mass), whereas the main driver of
oxygen demand is active sodium reabsorption. Diabetes mellitus is thought to compromise the
oxygen balance by impairing oxygen delivery due to hyperglycemia-associated microvascular
damage and exacerbate oxygen demand due to increased sodium reabsorption as a result of SGLT
upregulation and glomerular hyperfiltration. The resultant hypoxic injury creates a vicious cycle
of capillary damage, inflammation, deposition of extracellular matrix and, ultimately, fibrosis
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and nephron loss. This review will frame the role of chronic hypoxia in the pathogenesis of
diabetic kidney disease and its prospect as a promising therapeutic target. We will outline the
cellular mechanisms of hypoxia and evidence for renal hypoxia in animal and human studies.
Additionally, we highlight the promise of newer imaging modalities including blood-oxygenation
level dependent-MRI, and discuss salutary interventions such as sodium-glucose cotransporter-2
inhibition that (may) protect the kidney through amelioration of renal hypoxia.
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Physiology of renal oxygen metabolism

The kidneys are highly metabolically active organs and second only to the heart with
respect to oxygen consumption per tissue mass. Despite excessive oxygen delivery, owing
to abundant perfusion, the kidneys are considerably susceptible to hypoxic injury 1. Oxygen
deprivation is widely considered a key event in acute kidney injury (AKI) due to various
causes including ischemia-reperfusion, sepsis, and exposure to nephrotoxins 2. Importantly,
in recent years evidence has accumulated indicating that hypoxia plays an equally crucial
role in the development and progression of chronic kidney disease (CKD) of various
etiologies and could therefore represent a therapeutic target. The most common cause of
CKD is diabetes which accounts for approximately 45% of the cases of end-stage kidney
disease (ESKD) worldwide 3. This review will outline the role of chronic hypoxia in the
pathogenesis of diabetic kidney disease (DKD) and will discuss promising interventions
such as sodium-glucose cotransporter (SGLT)2 inhibition to mitigate kidney hypoxia.

Renal tissue oxygenation (PO,) is the result of a delicate balance between oxygen delivery
and oxygen demand (QO,) 4. The principal determinant of oxygen demand is the formation
of ATP required for the tubular reabsorption of filtered sodium. By secondary active
transport several tubular transporters, including SGLT2, use the electrochemical gradient
established by active extrusion of sodium by the Na*/K* -ATPase (NKA) pump at the
basolateral membrane to transport sodium along with water and other molecules. The
production of ATP to drive the NKA pump is the primary source of QO,, as over 90%

of ATP is generated through oxidative phosphorylation . Moreover, the proximal tubules,
which constitute half of the kidney mass and are accountable for the majority of sodium
reabsorption, almost exclusively use oxidative phosphorylation for ATP-production under
normal conditions 6. The principal determinant of oxygen delivery on the other hand, is renal
perfusion. In most tissues, such as the heart, an increase in QO» is met by an increase in
tissue perfusion. For the kidneys, however, the interplay between oxygenation and perfusion
is more complicated. An increase in perfusion not only results in increased oxygen delivery,
but likely also in an increase in glomerular filtration rate (GFR), filtered sodium, and,

thus increased ATP demand and QO,. Moreover, renal perfusion needs to be regulated to
maintain the Kidneys primary function of excreting waste products and preserve extracellular
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fluid volume and electrolyte homeostasis 1. Therefore, additional mechanisms are necessary
to preserve renal tissue oxygenation.

The renal cortex and medulla experience different levels of perfusion reflecting their
different functions 7. The kidney cortex receives 20-25% of cardiac output in order to
drive GFR. The amount of blood flow and oxygen delivery thereby exceeds the metabolic
demand and could even potentially be perilous due to the formation of excessive reactive
oxygen species (ROS). Diffusional shunting of oxygen from pre-glomerular arteries to
post-glomerular veins has been argued to be an adaptive mechanism protecting the kidney
from the harmful effects of hyperoxia and to maintain cortical tissue PO, at 50-60 mmHg
5. In support of the hypothesis of diffusional oxygen shunting are findings that show that
oxygen migrates through the renal vasculature faster than red blood cells do & and the PO,
of the renal vein exceeds the PO, of both efferent arterioles and cortical nephron tissue °.
In addition, renal PO, has been shown to remain stable when RBF is experimentally altered
within the physiological range by +30%, possibly explained by a corresponding change

in oxygen shunting 1. The shunting of oxygen, however, does confer the risk of hypoxic
injury, foremost in the medullary region.

In contrast to the well perfused cortex, the medulla receives a mere 10% of cortical

blood flow, which is necessary to establish a hypertonic interstitium in the medulla as

a prerequisite for urine concentration /. Together with the high metabolic requirements

of the medullary thick ascending limbs (mTAL), this result in a medullary tissue PO,

of 10-20 mmHg, which translates to a borderline hypoxic milieu 4. Medullary defenses
against the worsening of hypoxia are posited to include a relative insensitivity to vasoactive
substances in comparison to the cortical region, including angiotensin 11, endothelin-1,
and noradrenaline 7. Adenosine in particular has distinct and opposite effects on cortical
and medullary blood flow, consistent with a primary role in metabolic control of renal
function 11, In addition, the production of erythropoietin (EPO) is a hormonal response to
hypoxic stimuli and increases hematocrit and the oxygen delivery capacity. These defenses
however may not suffice to counteract progressive hypoxia. Furthermore, due to the close
arrangement of the descending and ascending vasa recta, oxygen shunting is thought to
also occur in the medulla, which endangers the inherently low PO, to further aggravate the
oxygen demand and supply imbalance, such as in a state of disease.

Chronic hypoxia hypothesis of diabetic kidney disease

It is this mismatch of oxygen delivery and oxygen demand that has been hypothesized to
underlie CKD of various etiologies. The so called ‘ chronic hypoxia hypothesis’12 proposes
that glomerular disease, irrespective of the underlying primary pathoetiology, damages
glomerular capillaries which leads to a restriction of glomerular and post-glomerular blood
flow. Therefore, oxygen delivery is impaired and results in hypoxic injury of the downstream
segments. The remaining unaffected glomeruli make up for the loss of tissue by increasing
their single-nephron GFR. Following, their QO, increases, which further reduces local

PO, and predisposes to a vicious cycle of hypoxic injury, nephron loss and progressive
nephropathy 13. Diabetes in particular is thought to compromise the oxygen balance due
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to several mechanisms that increase ATP demand and therefore QO,, and at the same time
possibly decrease ATP generation, as detailed below (figure 1).

i. Increased renal ATP demand:

As stated, the biggest contributor to ATP consumption is tubular sodium reabsorption.
Diabetes and hyperglycemia increase renal sodium transport due to 1) tubular growth, which
enhances the tubular transport machinery including an upregulation of sodium-glucose
cotransporters (SGLTSs) in order to reabsorb the enhanced amounts of filtered glucose, as
well as 2) an increase in GFR due to the physiology of the tubuloglomerular feedback
(TGF) mechanism. The TGF mechanism involves the macula densa, which are specialized
tubular cells at the end of the thick ascending limb that sense the luminal sodium-chloride
delivery and cause inverse changes in GFR, such that sodium-chloride delivery to the
further distal tubule is stabilized. Tubular growth and enhanced sodium-glucose cotransport
increase the proximal tubular reabsorption of sodium-chloride and fluid. As a result, the
amount of sodium-chloride that reaches the macula densa is lowered and the physiology

of the TGF mechanism increases GFR through changes in afferent and efferent arteriolar
tone 11, Both experimental and observational studies report glomerular hyperfiltration

in response to hyperglycemia as an early clinical entity of diabetes 1416, In addition

to an increased sodium reabsorption due to SGLT upregulation and hyperfiltration, the
renin-angiotensin-aldosterone system (RAAS) can be activated in diabetes which stimulates
sodium reabsorption through the epithelial sodium channel 17- 18, as well as the elevation of
vasopressin levels induces antinatriuretic effects 1924 by increasing the mRNA expression
and subsequent protein abundance of the Na*/K* ATPase 25 26, Taking all these diabetes-
induced alterations into account, mathematical modeling of the rat nephron has predicted
an increase of sodium transport and sodium transport-dependent Qg by ~50% and 100%,
respectively 15,

ii Decreased ATP generation:

Because of an increased renal ATP demand, efficient substrate utilization is required to
generate enough ATP to sustain function. However, animal data show that the kidneys are
unable to compensate for the increased ATP consumption due to the effects of diabetes on
fuel generation 2729, The less oxygen-efficient fuel profile observed in diabetes is thought
to be secondary to insulin resistance (IR). IR shifts renal fuel utilization away from glucose,
glutamine and citrate towards free fatty acids (FFA) oxidation, due to increased delivery of
FFAs and activation of FFA metabolism 30-32, although this may differ between the various
tubular segments. Compared to other substrates, FFAs are less energy efficient with a lower
ATP yield per oxygen consumed 3334, Further, IR results in impaired ability to synthesize
ATP by inhibition of adenosine monophosphate-activated protein kinase (AMPK) 35-37,
mitochondrial dysfunction 3840, and reduced electrolyte transport efficiency 41.

In conclusion, the net effect of increased ATP demand and decreased ATP generation is an
ATP deficit and increased renal QO,. Together with a reduction in oxygen delivery, due to
hyperglycemia-associated damage of the microvasculature, the diabetes disease state makes
the kidneys more susceptible to the self-reinforcing process of hypoxic tissue damage (figure
2).
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Molecular mechanisms of hypoxia

Histological examination of chronically diseased kidneys, irrespective of the primary
etiology, show characteristic changes suggestive of chronic tissue hypoxia 42. As such,
common pathological findings include a loss of glomerular and peritubular microvasculature
as well as the presence of tubulointerstitial fibrosis, extracellular matrix (ECM)
accumulation, and inflammatory cell infiltration 43 44, Even more, experimental studies
support a causal role of hypoxia on a pro-fibrogenic renal tissue profile. In a series of
experiments Norman et al. exposed in vitro human renal cells to hypoxia (1% O,) and
observed hypoxia to increase ECM (collagen) production, to decrease ECM turnover, and to
promote fibrogenesis 4°: 46,

The hypoxia inducible factor (HIF) family is thought to stand at the center of the cellular
response to hypoxia and targets hundreds of genes that are important for counteraction to
hypoxia and tissue adaptationt’. As such, HIF activation leads to an increase in oxygen
supply by promoting angiogenesis through increased vascular endothelial growth factor
(VEGF) expression and by upregulation of EPO production. Conversely, HIF activation
leads to a decrease of the oxygen demand. Within minutes HIF induces metabolic
suppression of ATP-consuming processes such as protein formation. Conjointly, HIF
instigates a shift from aerobic ATP production through oxidative phosphorylation to
anaerobic ATP production by glycolysis, termed the Pasteur effect 48. By reduction of
mitochondrial leak respiration, which is a reaction to oxidative stress due to increased
electrolyte transport, HIF further conserves oxygen use #°. Lastly, alongside the effect
on tissue oxygenation, HIF plays a vital role in the repairment of cellular damage by
recruitment of inflammatory cells and induction of matrix synthesis.

Taken together HIF orchestrates an array of presumably adaptive effects. However, the
renoprotective role of HIF is controversial and is mainly supported in the event of

acute kidney injury. Experimental evidence suggests that when HIF and its downstream
pathways become permanently activated, its effects can become detrimental %0, In fact,
chronic HIF activation may then promote inflammation, pathological ECM accumulation,
and progressive fibrosis, all characteristics of chronic hypoxia and possibly contributors to
permanent damage. Several excellent reviews have outlined these contradictory observations
and conclude that future research is merited to obtain a deeper understanding of HIF and its
potential 47 50. 51,

Renal hypoxia and diabetic kidney disease — evidence from animal studies

With the employment of a variety of research techniques, cellular and tissue hypoxia have
been common findings in animal models of DKD (table 1).

In 1994 Korner et al. were the first to show that the induction of T1D by streptozotocin
(STZ) led to an increase of cellular QO in rat renal tubules 2. The increased QO mirrored
an increase in tubular sodium transport, as the effect was abolished by administration of
ouabain which blocks the NKA pump. Likewise, as measured with micro-electrodes, Palm
and colleagues showed a marked decrease of PO, throughout the entire renal parenchyma
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following the induction of diabetes, predominantly in the medullar region 33. The study
also confirmed an increase in tubular QO,, again accountable to enhanced tubular activity
of NKA as well as to ROS-dependent cellular oxygen consumption. Also Nordquist et al.
measured a decrease of renal PO, and increase of renal QO after the induction of diabetes,
which was indicated to result from an increased oxygen utilization due to glomerular
hyperfiltration and oxygen loss through mitochondrial leak respiration 4%, Importantly,
Franzén et al. showed intrarenal hypoxia to precede the development of albuminuria,
indicating a causal role of hypoxia on the initiation of DKD 5.

Furthermore, various studies using different forms of immunohistochemical staining have
provided insight into the distribution and extent of hypoxic tissue occurring during the
development of DKD. By HIF staining, which visualizes the hypoxic response of regions
with limited oxygenation, and pimonidazole adduct (PIM) staining, which identifies cells
that experience severe hypoxia as the substance exponentially binds to tissue with a PO,
below 10 mmHg, hypoxia was shown to be present as early as 7 days after diabetes
induction 5. Both HIF and PIM staining intensified during the first 30 days after induction,
most markedly in the medulla region. Interestingly, the staining was no longer present at 90
days after diabetes induction, which can possibly be explained by declining tubular transport
activity after a prolonged diabetes duration 60,

To further our understanding of short- and long-term hypoxia /in vivo in both animals and
humans, it has been essential to develop a non-invasive measurement method of oxygen
metabolism. In this regard, the development of blood-oxygenation-level-dependent (BOLD)-
MRI has been of considerable value. BOLD-MRI is a non-invasive measurement method,
which measures deoxyhemoglobin as an endogenous contrast agent and as such does not
require injection of any exogenous contrast agent. If one assumes that blood PO, is in a
dynamic equilibrium with the surrounding tissue PO,, then the BOLD-MRI measurements
reflects tissue PO,. The outcomes measure is expressed as the apparent relaxation rate
(R2*), which inversely relates to level of tissue oxygenation 61, and has been validated by
comparing the outcomes with renal PO, measurements by micro-electrodes in swine 2.

BOLD-MRI has been used to study the early stages of renal disease in several rat models

of diabetic nephropathy. A study by dos Santos et a/. showed a decrease of renal PO, only
two days after the induction of diabetes, which aggravated over the time course of 28 days,
and was assessed by both BOLD-MRI and micro-electrode measurements 4. In addition,
Ries et al. measured PO, of the cortex and three medullar regions of different depths by
BOLD-MRI 7. Their results indicated intrarenal oxygenation to be lower in all four regions
of the kidney of diabetic animals as compared with healthy controls. Hypoxia was most
pronounced in the outer strip of the outer medulla, which corresponds to the region with the
highest metabolic burden.

In conclusion, various animal studies employing various measurement techniques have
observed an early decline in tissue oxygenation following the induction of DKD. Also of
note but beyond the scope of this review, animal studies concerning the role of hypoxia

in CKD due to etiologies other than diabetes, have largely reported similar findings 12.
However, although animal models have greatly contributed to our understanding of hypoxia
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and the development of DKD, the renal physiology between murines and humans can differ
as a consequence of interspecies differences, differences in the pathogenesis underlying
CKD, and difference in disease duration. Animal data therefore might not fully translate to
human clinic, which argues the need for human research.

Renal hypoxia and diabetic kidney disease — evidence from human studies

In human research, BOLD-MRI was first applied in the mid-1990s and much of the early
literature focused on the medulla 3. Since this region is known to be at risk for ischemic
injury, understanding the endogenous mechanisms that maintain oxygenation status and
effects of exogenous maneuvers that can modulate the oxygenation status were the aim of
early studies 83-68_ Of these, the most interesting and widely used maneuver in this regard is
the application of furosemide, which inhibits sodium-chloride reabsorption along the mTAL
and hence reduces QO,, and increases PO, 89: 70, This intervention therefore allows for the
estimation of QO, determined by medullary tubular solute reabsorption.

Now, with the gaining interest in the chronic hypoxia hypothesis, multiple studies have
evaluated renal oxygenation status in CKD of various etiologies "1~73, The initial human
BOLD-MRI studies showed conflicting results 7. This may have been related to a lack

of standardization of confounding factors such as water consumption or use of low field
strength (1.5T).”® Since then, technical progress has been made and several studies indeed
indicate renal function to relate to renal oxygenation. Pruijm et al. demonstrated that
patients with CKD and high cortical R2* values were three times more likely to develop

an adverse renal outcome 7. Moreover, various studies showed that cortical oxygenation
independently predicts progression of CKD by annual GFR loss ">~'7. In addition, BOLD-
MRI measurement has been combined with arterial spin labeling (ASL) to quantify renal
perfusion in patients with diabetes and stage 3 CKD"8. The results indicated that cortical
oxygenation in patients with mild to moderate CKD was reduced, although the measurement
did not reach statistical significance. Importantly, cortical blood flow was reduced and the
lower renal perfusion and lower tubular function, as evaluated by furosemide response, were
associated with a faster deterioration of renal function.

Also in research concerning DKD in specific, BOLD-MRI measurements have assessed a
lower PO, of the renal cortex in patients with DKD compared with healthy controls 7.
Paradoxically however, although cortical PO, declined with progression of nephropathy,
medullary hypoxia was alleviated. This could be the result of a deterioration of tubular
function and therefore oxygen requirement.

Although of great merit to the research field, the use of BOLD-MRI currently has its
limitations. A common finding in all the studies to-date in CKD is that cortical R2* is only
minimally increased compared to controls. However, cortical perfusion has been shown to
be substantially reduced in CKD with diabetes and strongly associated with eGFR 89: 81, |t
is not yet clear whether this anomalous finding of small increase in cortical R2* in CKD

is a reflection of oxygenation being conserved in CKD due to a compensatory reduction in
QO, ora limitation of BOLD-MRI as implemented to-date. Furthermore, R2* is determined
by deoxyhemoglobin content, which is inherently dependent on hematocrit, fractional blood
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volume and oxygen saturation of hemoglobin. While decreased oxygen saturation increases
R2*, reductions in hematocrit and/or fractional blood volume will decrease R2*. Since

this combination is expected in CKD, it is suspected that R2* may not be specific to
oxygenation. Accordingly, direct estimation of oxygen saturation of hemoglobin 82 may

be necessary to fully appreciate the extent of renal hypoxia in DKD by BOLD-MRI 83,

This however necessitates additional measurement of fractional blood volume which is not
readily available. It is inherently an imaging concept and requires blood pool contrast media
84 or hemoglobin-labeling to measure 85. Overall, BOLD MRI (as currently implemented) is
more suitable in evaluating acute changes in intra-renal oxygen availability by physiologic
or pharmacologic maneuvers than in comparing relative oxygen status between different
kidneys. A study to investigate the effect of acute and chronic inhibition of SGLT2 on renal
oxygenation as evaluated by BOLD MRI is currently underway 6.

Intervening with renal hypoxia - therapeutic targets

Given the presumed role for hypoxia as driver of progressive DKD, a logical step would be
to develop strategies or drugs that target tissue hypoxia. In the next sections we will discuss
several interventions that are speculated to have the ability to mitigate deterioration of PO,
and tissue integrity, of which SGLT2 inhibitors are the most prominent candidate.

SGLT2 inhibition — a paradigm shift in DKD treatment and prevention

The SGLT2 inhibitors are the most recent oral agents in the therapeutic armamentarium

for the treatment of diabetes. They exert their glycemic control by induction of glucosuria
through blockade of SGLT2, the main renal transporter of glucose. SGLT2 is expressed

in the apical brush border of the proximal tubule and actively reabsorb glucose together
with sodium in a 1:1 stoichiometry 87. As such, SGLT2 mediates all glucose reabsorption
in the early proximal convoluted tubule and, in euglycemia, ~97% of glucose reabsorption
on whole kidney level. The remaining ~3% of filtered glucose is reabsorbed by SGLT1

in the late proximal tubule. In addition to the glucose lowering properties, SGLT2
inhibition has systemic pleiotropic effects, which include a decrease of blood pressure,
body weight, and uric acid 88: 8. In long-term cardiovascular outcome trials including
EMPA-REG OUTCOME (empagliflozin), CANVAS (canagliflozin) and DECLARE-TIMI
58 (dapagliflozin), SGLT2 inhibitors improved renal outcomes including reduction in ESKD
90, This was confirmed in the dedicated kidney trial CREDENCE, which studied the effects
of canagliflozin on renal outcomes in DKD patients, demonstrating a relative risk reduction
of end-stage kidney disease of 32% 91.

Although these trials demonstrated exciting results, the mechanisms underlying the
beneficial effects are yet to be determined. Both the glucose lowering as well as the

small pleiotropic systemic effects individually cannot account for the renoprotective effect
observed 92, Remarkable with SGLT?2 inhibition is the acute drop in GFR, reversible after
drug discontinuation, which is consistent with a functional GFR decline due to increased
delivery of sodium to the macula densa and the physiology of TGF 88.93.94 byt could also
be secondary to an increment in proximal tubule hydrostatic pressure following a decrease in
reabsorption of sodium and therefore water uptake 93 95, This reduction in GFR will result
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in reduced tubular workload and QO», thus has the potential to result in improved tissue
oxygenation.

Current evidence of effects of SGLT2 inhibition on renal hypoxia

Using mathematical modeling Layton et a/. predicted the effect of SGLT2 inhibition on
QO of the various segments of the renal tubule of rats. The model predicted a reduction

in GFR, and a concomitant reduction of cortical QO, by 30% 1% 9. Further modelling of
the nephron predicted that SGLT2 inhibition shifts tubular glucose and sodium load and
transport work downstream to segments in the outer medulla, including the late proximal
tubule, where SGLT1 partially compensates for SGLT2 blockade, as well as the mTAL of
the loop of Henle 14-16 As a consequence, outer medullary PO, is expected to be reduced
by SGLT2 inhibition, although the reduction in GFR attenuates such an effect. By lowering
medullary PO,, SGLT2 inhibition may render the outer medullary region more vulnerable to
hypoxia and injury. On the other hand, the transport shift may mimic systemic hypoxia and
induce HIF signaling in the cortex/outer medulla and enhance the expression of protective
genes and stimulate EPO release with secondary improvement in renal and systemic oxygen
supply 97: 98 Thus, SGLT2 inhibition may be a double-edge sword with regard to medullary
oxygenation and it is yet unknown if the final outcome of medullary hypoxia is adverse or
could be of benefit to overall kidney function due to counter responses.

In correspondence to the modeling studies, non-selective SGLT inhibition and selective
SGLT?2 inhibition in animal models of type 1 diabetes have indeed shown to improve renal
oxygenation of primarily the cortical region. Korner et al. showed that SGLT inhibition

by phlorizin lead to a rapid dissipation of hyperfiltration, a reduction of NKA-activity and
sodium reabsorption, and a normalization of QO, of renal tubular cells of diabetic rats 22,93
A rat model of T1D recently extended these results and showed SGLT inhibition to reduce
glomerular hyperfiltration and reverse cortical hypoxia 2. However, the study also showed
that sodium reabsorption was shifted from the proximal tubule to the distal segments of the
nephron, at the cost of a deterioration of medullar tissue oxygenation. As indicated above, it
is unclear whether medullary hypoxia is unbeneficial, or could contribute to preserve renal
function due to secondary effects such as HIF-activation and EPO formation.

In animal models of type 2 diabetes, in which a mutation of the gene encoding the

leptin receptor induces a metabolic state of obesity and insulin resistance, renal benefits
by selective SGLT2 inhibition have also been indicated. In a study by Tanaka and
colleagues SGLT?2 inhibition was shown to reduce GFR and concomitantly normalize
tricarboxylic acid (TCA) cycle activity, which reduces oxygen consumption. In addition,
SGLT2 inhibition led to less TCA-metabolite accumulation, less oxidative stress, and a
decrease in albuminuria, although no effect on tubulointerstitial inflammation was observed
99, Gallo et al. demonstrated that treatment with SGLT2 inhibition attenuated the diabetes-
induced upregulation of profibrotic genes in diabetic mice, although urinary markers of
tubular damage exhibited no change 199, Lastly, following SGLT2 inhibition Bessho et

al. observed a decrease of HIF-1a expression in the proximal tubular cells, suggesting

an alleviation of tissue hypoxia, together with a decrease in tubular injury and interstitial
fibronectin 9.
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The effect of SGLT2 inhibition on human kidneys has thus far been limited to /in vitro
research. Although loss of SGLT2 expression under cultured conditions remains a risk,
exposure of human proximal tubular cells to glucose infusion in the presence and absence
of an SGLT2 inhibitor, has shown an increase of markers of renal inflammation following
hyperglycemia, yet a decrease of inflammation after the initiation of SGLT2 inhibition
101 n addition, it has been demonstrated that the supplementation of SGLT2 inhibition to
human renal tubular epithelial cells (HRTECS) that are exposed to hypoxia (1% oxygen),
inhibits HIF-1a expression and the expression of specific target genes that contribute

to tissue fibrosis °9. Moreover, SGLT2 inhibition decreased QO, of the HRTECs and
diminished regions positive for pimonidazole staining.

Summarizing, the performed studies to date provide encouraging evidence for a beneficial
effect of SGLT2 inhibition on renal oxygenation and potential reactive tissue damage.

In addition to the repeatedly observed decrease in renal oxygen demand, it is indicated

that SGLT2 inhibition also has the ability to increase oxygen supply by attenuation of
capillary rarefaction of peritubular capillaries following injury through a VEGF-dependent
pathway 192, Future research in humans is imperative to further examine the advantages

or disadvantages of selective SGLT2 inhibition on various regions the kidney and will
elucidate the concordance between animal and human studies on renal physiology and tissue
oxygenation.

Other interventions

Many chronic diseases, including diabetes, hypertension, and cardiovascular disease, are
related to lifestyle and responsive to lifestyle modifications such as dietary intervention.
Because sodium handling plays an essential role in the renal energy- and oxygen
requirements, it has been thought that a change in sodium intake could have a beneficial
influence on oxygenation status. Therefore, Pruijm. ef a/. requested normotensive and
hypertensive non-diabetic young men to adhere to an one-week diet of high-sodium intake
and an one-week diet of low-sodium intake 8. In these individuals, low sodium-diet did not
improve cortical oxygenation but did show a significant benefit on medullary oxygenation.
In contrast, an animal model of T1D showed that a low-sodium intake increased GFR,
possibly due to activation of TGF as a result of a low filtered sodium concentration, called
the sodium paradox 193, The added value of a low-salt diet on renal oxygenation and QO in
patients with diabetes, particularly for people with T1D, therefore remains in question.

Other therapeutic interventions besides SGLT2 inhibition that have the potential to mitigate
hypoxia risk, might be most effective if they address both sides of the metabolic mismatch
equation, i.e. ATP consumption and ATP generation. A promising example includes
combining agents that may lower renal ATP consumption (e.g. vasopressin receptor blockers
21 ‘and dual SGLT1 and 2 inhibitors 4) with interventions to improve ATP generation (e.g.
mitochondrial peptides and bioavailable-small molecule activators of AMPK and mTORC1
inhibitors 104-106 or even glucagon-like peptide (GLP)-1 receptors agonists 107. Even small
enhancements in fuel utilization minute to minute may translate into large improvements in
renal function and ultimately clinical outcomes, although data are currently limited.
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In addition to the prevention of hypoxia, hypoxia-adaptability is a promising therapeutic
target as well. As stated, the HIF system induces cell-type specific gene expression changes
to promote cell survival in response to hypoxia including increased EPO production in the
kidney. Prolyl hydroxylase (PH) inhibitors are novel drug agents, which are designed to
increase EPO production by increasing expression of HIF-2a. under normoxic conditions.
Two recent phase three trials have shown the beneficial effect of Roxadustat on Hb levels in
patient with CKD with and without dialyses treatment 108. 109, Data also suggest that EPO
has direct renoprotective effects beyond improving hematocrit and oxygen carrying capacity.
For example, EPO has been shown to prevent podocyte injury 110: 111 improve endothelial
function and attenuate albuminuria 112. However, since chronic HIF stabilization may lead to
ongoing inflammation and pathological tissue alterations, the safety profile and therapeutic
effect are currently evaluated in ongoing trials.

Another line of investigational drugs with the ability to regulate the antioxidant defense

is aimed at nuclear factor erythroid factor 2 (Nfr2) 113, Nrf2 is a transcription factor

that controls the expression of several antioxidants which detoxify and eliminate ROS.
Tolvaptan, a vasopressin type 2 antagonist which is currently indicated for the treatment of
hyponatremia and polycystic kidney disease, has shown to upregulate the Nfr2 antioxidant
pathway and subsequently reduce proteinuria and improve renal function in mice 114, In
addition, the Nrf2 activator bardoxolone methyl (BARD) showed to improve renal function
after 24 and 52 weeks of use in patients with CKD 115, A following trial however terminated
early due to an excess in heart failure events 118, primarily occurring in the presence of
baseline B-type ANP elevation and prior hospitalization for heart failure 117, Nevertheless,
several global trials currently continue to research the effect of BARD on renal function in
different populations 118, Both aforementioned therapeutic agents are only two highlights of
the many antioxidant drugs under investigation, including N-acetyl cysteine, coenzyme Q10
and vitamin E 3. 119, Furthermore, an integrated approach by patient tailored micronutrient
therapy with anti-oxidant properties, might have the ability to mitigate oxidative damage.

Conclusion and final notes

Data summarized in this review support the hypothesis that a potential mismatch between
renal oxygen demand and oxygen delivery may underlie DKD, in large part driven by
hyperglycemia, hyperfiltration, tubular growth, and altered substrate metabolism. As a
result, chronic hypoxia is posited to drive a vicious cycle of inflammation, fibrosis, and
nephron loss, ultimately resulting in a state of progressive DKD. To date, human research
on renal hypoxia has been scarce due to the lack of non-invasive technologies. With

the development of BOLD-MRI to measure tissue oxygenation, possibly combined with
positron emission tomography tracers that can assess QO», there now is a promising
modality to further examine hypoxia-related pathophysiological mechanisms.

Assuming hypoxia is a major culprit in the pathogenesis of DKD, targeting the underlying
risks factors early in the course of the disease holds promise as a major therapeutic
avenue for treatment and prevention of DKD. Ideally therapeutic strategies should both
attenuate inappropriate renal energy expenditure and improve substrate metabolism to
normalize renal QO», as well as to optimize renal oxygen delivery. SGLT2 inhibition has
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received considerable attention due to the observed clinical benefits and might modulate
several factors related to renal oxygen homeostasis. Therefore, future studies addressing the
underlying mechanisms of SGLT2 inhibition and other compounds in development, will be
critical to delineate their therapeutic promise.
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Increased ATP demand

Decreased ATP generation

/N Hyperfiltration
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N RAAS activation

/N Vasopressin

N Microvascular damage leading to diminished renal
perfusion and oxygen supply

J Oxygen efficient fuel utilization
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N Mitochondrial dysfunction

Figu

A\

re 1. Diabetic kidneys are prone to develop an adenosine triphosphate (ATP) demand-

generation imbalance.
Diabetes is affected by mechanisms that increase renal ATP consumption and decrease

ATP generation. ATP demand is foremost dependent on sodium reabsorption, which
is increased owing to (i) hyperglycemia-induced hyperfiltration, (ii) tubular growth,

(iii)

sodium—glucose cotransporter (SGLT) upregulation, (iv) renin-angiotensin-aldosterone

system (RAAS) activation, and (v) vasopressin elevation. At the same time, ATP generation
is decreased owing to (i) vascular dysfunction resulting in decreased oxygen delivery,
(ii) a metabolic fuel shift in parts of the tubule from glucose oxidation to free fatty

acid

oxidation, which results in less ATP generation per oxygen molecule, (iii) by

inhibition of adenosine monophosphate—activated protein kinase (AMPK), and (iv) owing
to mitochondrial dysfunction.
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Figure 2. The vicious cycle of renal tissue deterioration after hyperglycemia-induced renal
hypoxia.
Chronic hyperglycemia following insulin resistance is perceived to induce (single-nephron)

hyperfiltration, tubular growth, and upregulation of sodium—glucose cotransporters. All
adaptations lead to an increase in sodium reabsorption, which increases adenosine
triphosphate (ATP) demand and oxygen (O2) consumption. Diversely, hyperglycemia causes
microvascular damage, resulting in a decrease in renal perfusion and O2 delivery, and a
metabolic shift in energy substrate use from glucose oxidation toward the less efficient
oxidation of free fatty acids, which results in less generation of ATP per O2 molecule.

The net effect of increased ATP demand and decreased ATP generation is an ATP deficit
and renal tissue hypoxia. Hypoxia triggers inflammation, extracellular matrix (ECM)
remodeling, capillary rarefaction, and fibrosis. In addition, hyperglycemia leads to oxidative
cell damage directly because of the increased formation of reactive oxygen species (ROS)
as a byproduct of the electron transport chain. The deterioration of renal tissue initiates a
vicious cycle of hypoxic injury, glomerular loss, and progressive nephropathy.
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