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Abstract
Inhibitors of sodium glucose cotransporter 2 (SGLT2) undoubtedly shift the paradigm in diabetic
medicine/research, especially for diabetic kidney disease (DKD). The pharmacological action of
SGLT2 inhibitors is as simple as releasing glucose into urine; however, how SGLT2 inhibitors
contribute to the health of diabetic people has not been completely elucidated. Here, we provide a
novel insight of the action of SGLT2 inhibitors by introducing a neglected fuel-burning system in
proximal tubular cells, “glycolysis.” Exploring the details of the molecular mechanisms and clinical
biomarkers of the organ protection conferred by SGLT2 inhibitors is required for the preparation for
the next stage of diabetic medicine in the clinic, a “post-SGLT2 inhibitor era.”
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Introduction
Diabetes is a global health threat, with 425 million people affected in 2017, that is expected to
increase to 629 million by 2045. Diabetic kidney disease (DKD) is the major cause of end-stage
renal disease worldwide, and no specific therapy is available to halt its progression. In addition to
therapies appropriate for controlling major risk factors, including those directed to blood glucose
management and blood pressure control, the most relevant therapy to combat DKD is a reninangiotensin system (RAS) inhibitor; it is apparent that a significant residual risk of DKD remains.
Substantial efforts have been made to discover alternative therapies to halt DKD progression, but
none makes a significant contribution to stopping DKD expansion yet. Therefore, significant unmet
needs are driving diabetes researchers to discover alternative strategies to mitigate DKD progression.
In this regard, we have been living in the dark for the past 20 years, with insignificant
progress from the clinical utility of the RAS inhibitors against DKD. However, in the past 5 years,
we have witnessed an astonishing outcome in DKD research, a diabetic drug that releases glucose
into urine: the sodium glucose cotransporter 2 (SGLT2) inhibitor.1

Glucose reabsorption by kidney and the SGLT2 inhibitors
Over the past 20 years, considerable data have accumulated indicating that the human kidney is
involved in the regulation of glucose via gluconeogenesis, taking up glucose from the circulation, and
reabsorbing glucose from urine. SGLT2 is expressed on the S1 and S2 segments of the kidney proximal
tubule and plays a fundamental role in the reabsorption of urine glucose that has been filtered in the
glomerulus.2 Approximately 90-95% of filtered urine glucose is reabsorbed through SGLT2. This
essential biological function of SGLT2 in glucose reabsorption and the lack of significant health
problems in patients with renal glycosuria, a population with mutations in the SGLT2 gene, have led
scientists to develop an SGLT2 inhibitor as an antidiabetic drug that releases excess glucose into urine
(FIG 1).2
Initiating from the discovery of potential renal protection by SGLT2 inhibitors in the EMPAREG trial,3,4 later large clinical trials, such as CANVAS
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renal benefits of SGLT2 inhibitors in high-risk diabetic populations7 (Table 1). The CREDENCE trial8
recruited only patients with advanced DKD and found that canagliflozin significantly reduced the
primary outcome and kidney-specific outcomes (Table 1). These cardiovascular outcome trials of
SGLT2 inhibitors led to groundbreaking clinical practices and basic scientific research on diabetic
medicine.

Aerobic glycolysis and sirtuin 3 suppression
Glucose is a macronutrient that can be utilized for diverse biological purposes, such as ATP production
and biosynthesis, via the production of macromolecules such as DNA, RNA, proteins, and lipids.9 The
first step of glucose metabolism in the cells, glycolysis, is essential for cell survival in most cell types.9
This cellular dependence on glycolysis is much more significant in cells with high energy demands,
such as cancer cells.10 In cancer cells, glycolysis has been observed even under physiologically normal
oxygen conditions, and the process by which glucose is fermented to synthesize lactate is called
aerobic glycolysis.10 Later, mitochondrial dysfunction was described as a fundamental event that
causes a metabolic shift to aerobic glycolysis. Warburg, who discovered specific glycolysis in cancer
cells, hypothesized that mitochondrial dysfunction is essential for aberrant glycolysis in cancer cells,
and later, Racker named this aberrant glycolysis in cancer cells as the Warburg effect.10
In cancer cells, aberrant glycolysis with dysfunctional mitochondria is associated with the
suppression of sirtuin 3 (SIRT3), the major mitochondrial deacetylase that targets several diverse
enzymes involved in central metabolism resulting in the activation of many oxidative pathways.11
SIRT3 functions as a tumor suppressor by maintaining genomic stability12 and preventing the
development of organ fibrosis by regulating transforming growth factor (TGF)-β/smad signaling.13,14
We have shown that diabetic mice with kidney fibrosis showed significant suppression of SIRT3 and
associated aberrant glycolysis. SIRT3 has been shown to inhibit the angiotensin II-stimulated
epithelial-mesenchymal transition in renal tubules, which is associated with the suppression of
oxidative stress and defects in mitochondria.15 SIRT3 deficiency augmented cisplatin-induced
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nephrotoxicity through the enhancement of renal tubular cell apoptosis and tissue inflammation16 and
aggravated palmitate-induced ROS production in proximal tubular cells and tissue inflammation.17
SIRT3 deficiency was coupled with the suppression of PGC1α, a master regulator of renal oxidative
metabolism in epithelial cells.18 Smad3, the specific intracellular transcriptional factor for fibrogenic
cytokine transforming growth factor β, directly interacts with the regulatory region of the PGC1α gene
and inhibits mitochondrial biosynthesis and metabolism.19 The suppression of PGC1α is associated
with SIRT3 suppression in the damaged organs and mitochondrial defects.20,21 Interestingly, the
inhibition of aberrant glycolysis rescued PGC1α levels, thus normalizing SIRT3 levels in diabetic
kidneys, suggesting that the PGC1α-SIRT3 axis contributes to homeostasis in mitochondrial
metabolism and glycolysis.

Proximal tubular cell glycolysis and fibrogenic program
The proximal tubules reabsorb glomerulus-filtered glucose from urine and can also synthesize glucose.
In proximal tubular cells, perhaps in normal status, reabsorbed glucose from urine is not utilized for
energy requirements, and most of the energy is generated by the oxidation of free fatty acids.22 These
suppositions were based on the analysis of healthy tubular cells; in cells undergoing the transformation
process, the metabolic program is changed.23,24 Therefore, the utilization and selection of energy
sources in these damaged cells is a matter of debate. Alterations to the metabolic program could lead
to myofibroblast/precursor accumulation and facilitate fibroblast activation, survival and
proliferation.25,26 Under reduced ambient oxygen conditions (e.g. high altitude) diabetic kidney may
not adjust oxygen consumption to meet the oxygen supply and thus present with higher lactate levels
and lower redox potential, a shift similar to Warburg metabolism in cancer cells.27 Glycolysis induction
is linked to mitochondrial defects in atrophic tubular cells after acute ischemic kidney injury (AKI) in
rats.28 In the AKI models, several alterations to metabolic programs were reported, such as increased
lactate release into the interstitium29 and elevated pyruvate kinase in kidney homogenates30.
Diminished fatty acid oxidation after folic acid nephropathy31 and increased glycolysis after mercuric
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chloride-induced AKI, have been reported32. Altered levels of methylglyoxal, a byproduct of
glycolysis, had a negative association with changed eGFRs, as observed in individuals with type 2
diabetes mellitus over 6 years 33.
Kidney tubules are essential for homeostasis in fluid, electrolytes, and acid-base balance.
The GFR is approximately 180 L per day; the average urine output is only approximately 1.5 L per
day, and estimates indicate that tubular cells are critical for the reabsorption of 178.5 L per day34,35
Additionally, tubular cells play roles as endocrine sources. Therefore, it is reasonable to assume that
the baseline energy demand of kidney tubular cells is high. However, damaged proximal kidney
tubular cells display defects in both fatty acid oxidation and mitochondria.31,36 In proximal tubular cell
lines, defects in fatty acid oxidation have been linked to the suppression of epithelial markers and the
induction of mesenchymal markers, such as αSMA, vimentin, intermediate filament, and collagens
(epithelial to mesenchymal transition: EMT), suggesting that metabolic reprogramming is associated
with EMT induction.37 In parallel with fatty acid oxidation defects, glycolysis is induced.37 In kidney
tubular cells, the induction of glycolysis serves as a substitutional energy source to compensate for
defective fatty acid oxidation; indeed, glycolysis can also participate in this fibrotic mechanism by
supplying the metabolic demands of myofibroblasts undergoing transformation.37,38 Diacylglycerol, a
byproduct of the glycolysis pathway, is a key molecule that activates protein kinase C, which is
involved in the development of diabetic kidney disease pathogenesis.39

Fibrotic mouse model strain displays induction of aberrant glycolysis
The magnitudes of diabetes-associated kidney fibrosis are different among the strain in either type 140
or type 2 41 diabetic mice model. We have utilized STZ-induced CD-1 mice as kidney fibrosis models
in diabetes in several papers.37,42-46 However, until recently, we did not know the major molecular
mechanisms responsible for the differences in kidney fibrosis levels between CD-1 mice and other
mice with diabetes. We have shown that the fibrotic kidneys of diabetic CD-1 mice displayed
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suppressed SIRT3 levels.37 SIRT3 suppression in the kidneys of CD-1 diabetic mice was linked to
TGF-β/smad signaling induction and HIF-1α accumulation with pyruvate kinase muscle isozyme
(PKM)2 dimer formation; these alterations subsequently led to aberrant glycolysis with abnormal
mesenchymal transformation.37 Inhibition of aberrant glycolysis by small molecules [2-deoxyglucose
(DG) and dichloroacetates (DCA)] resulted in the suppression of fibrogenic programming and
restoration of SIRT3 levels.37 Similar aberrant glycolysis was found in KK/Ta-Ins2Akita mice,
constituting a model of progressive diabetic kidney disease.37 In vitro, in the HK2 tubular cell line,
TGF-β1-induced aberrant glycolysis and the EMT were inhibited by DCA. In contrast, SIRT3
knockdown induced aberrant glycolysis and EMT; DCA failed to inhibit EMT in SIRT3-knockdown
HK2 cells. In vivo suppression of SIRT3 by siRNA augmented fibrogenic programs in CD-1 mice.
These data suggest that SIRT3 is essential for both the inhibition of aberrant glycolysis and the
disruption of a balanced epithelial cell phenotype, affecting antifibrogenic homeostasis (FIG 2).37
The higher levels of glycolytic protein were associated with the induction of the PKM2
dimer, the inactive form of this kinase, and suppression of the PKM2 tetramer. In contrast to the
cytoplasm-localized PKM2 tetramer, the PKM2 dimer accumulates in the nucleus and binds to several
transcriptional factors, including HIF-1α47. The PKM2 dimer has been shown to enhance, perhaps
somewhat detrimentally, HIF-1α transcriptional activity and therefore induces the transcription of
glycolysis-promoting enzymes, subsequently causing glycolytic intermediates to accumulate as
metabolites at higher levels than the level of the pyruvate kinase necessary for the synthesis of nucleic
acids, phospholipids, glycoproteins, and amino acids and O-linked glycosylation, among other
functions47. Recently, Joslin investigators demonstrated that the restoration of low active form of
PKM2 by TEPP-46, the PKM2 activator, inhibited fibronectin, type I collagen α3, and TGF-β1
expression levels in the tubular lesion; in contrast, the effects of TEPP-46 were minimal in the
glomeruli of experimental animals.48 These data demonstrated that aberrant glycolysis, particularly
PKM2 dimer formation, may be a potential therapeutic target to halt kidney damage, especially in
diabetic patients.48
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SGLT2 inhibitor: focus on the pathogenic significance of reabsorbed urine glucose and aberrant
glycolysis
As described in the previous paragraph, aberrant glycolysis in proximal tubules is a provocative target
in DKD therapy. However, glycolysis in kidney proximal tubules has long been ignored and is rarely
analyzed. Moreover, the pathological significance of urine glucose has never had much appeal. One
of the reasons why proximal tubular cell glycolysis and urine glucose have been ignored as
pathomechanisms of kidney injury may be based on the belief that reabsorbed glucose from urine is
directly transported out from the basolateral side. In the 1960s and 1970s, it would have been common
sense to suggest “no or minimal glycolysis happens in proximal tubules.”49,50 However, recent reports
have demonstrated that nonnegligible glycolysis is undertaken in proximal tubules, even those in a
normal state, as revealed by multiphoton microscopy analysis,51 and even several stress conditions
have been associated with the augmentation of glycolysis in damaged proximal tubules.52,53 To support
the implication for a pathogenic role of glycolysis, the inhibition of glycolysis suppressed kidney
fibrosis in a unilateral ureteral obstruction model.54 mTOR activation is linked to glycolysis.55 Both
mTOR activation and aberrant glycolysis have been shown to contribute to the pathogenesis of
polycystic kidney disease.56-61 Indeed, either the mTOR inhibitor-62 or β-hydroxybutyrate-, a potent
inhibitor of glycolysis,63 mediated mTOR inhibition,58 halted the progression of polycystic kidney
disease.59 Interestingly, tubule-derived lactate has shown to be required for fibroblast activation in an
acute kidney injury model.64
The proximal tubule of the diabetic kidney carries an immense amount of glucose
reabsorbed from urine via SGLT2; however, the pathological relevance of urine-derived glucose has
not yet been established. Even worse, SGLT2 levels have shown to be increased in diabetic
kidneys.65,66 Therefore, proximal tubular cells cannot adjust or otherwise appropriately reduce glucose
transport rates to prevent excessive glucose accumulation under high-glucose conditions.65 SGLT2mediated glucose uptake from urine was coupled with the export of glucose from proximal tubular
cells from the basolateral side through GLUT2 via a glucose concentration-dependent gradient. The
8
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exact ratio of glucose uptake by SGLT2 to glucose export by GLUT2 in vivo and in humans has not
yet been elucidated. In theory, if the glucose concentration is higher on the basolateral side, such as
under diabetic conditions, to establish the necessary GLUT2 gradient, intracellular glucose levels in
proximal tubular cells must be higher (FIG 3). Additionally, no one knows whether GLUT2 function
is appropriate in diabetic conditions and/or kidney damage. Regarding GLUT2 in the proximal tubule,
GLUT2 deficiency in humans is associated with Fanconi nephropathy, a disease manifesting proximal
tubular cell dysfunction and damage.67-70 Therefore, urine-derived glucose transport defects on the
basolateral side of the proximal tubular cells could lead to kidney damage (FIGs 2 and 3). Diabetic
conditions are associated with both high glucose on the basolateral side and SGLT-mediated uptake
of high urine glucose levels filtered in glomeruli 65,66. The mechanism by which glucose levels alter
or cause fluctuations in urine glucose transport to the basolateral extracellular space has not been
sufficiently analyzed.
The reason that SGLT2 inhibition can inhibit aberrant glycolysis has not yet been clearly
revealed. From our previous report on the kidney fibrosis phenotype in diabetic mice, the glycolysis
phenotype was not simply explained by the blood glucose levels 46. Our previous report demonstrated
that the significant difference between fibrotic and nonfibrotic mouse strains could be based on the
levels of sirtuins, such as SIRT1 and SIRT337, NAD+-dependent deacetylases.71 Even though major
interest in diseases of aging area focusing on this deacetylase, the regulation of SIRT3 levels has not
yet been clearly shown.71 Regard with this, alterations in NAD+ could occur in diabetic mice, even
though we did not measure that in the particular fibrotic kidney of CD-1 diabetic mice. SIRT1 is
mainly localized in the nucleus, but SIRT3 is localized in mitochondria.71 NAD+ levels may affect the
levels of both sirtuins in the kidney; the difference cannot be simply explained. Other than NAD+,
ERRα, and PGC-1α have been shown to contribute the regulation of SIRT372 and the details on the
regulation of these SIRT3 regulators associated with SGLT2 have not yet been elucidated.
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Restoration of SIRT3 levels by SGLT2 inhibition is key to understanding antiglycolytic
systems and antifibrotic pathway activation. We have previously shown that SGLT2 inhibition leads
to suppressed aberrant tubular glycolysis,46 and others showed that it induces gluconeogenesis,73
indicating a logical connection between alterations to tubular glucose metabolism and SGLT2
inhibition. We have also shown that SGLT2 inhibition suppresses glycolysis flux to a level similar to
that of nondiabetic CD-1 mice and is associated with the suppressed accumulation of HIF-1α, PSTAT3 and PKM2 dimer formation,46 the typical alteration in aberrant glycolysis.74,75 Whether
glycolysis inhibition and/or gluconeogenesis induction in tubules can be attributed to the amelioration
of kidney injury by SGLT2 inhibition is unknown; we have shown that the glycolysis inhibitor 2-DG
suppresses EMT and fibrosis in the kidney.37 The accumulation of HIF-1α and P-STAT3 has been
linked to the EMT in kidney tubules.76,77
PKM2 forms a complex with HIF-1α; this complex can recruit the p300 acetyltransferase,
which enhances HIF target gene transactivation.78 Tumor cells are often in hypoxic environment and
such hypoxia induces the interaction of JMJD5 (Jumonji C domain-containing dioxygenase) with
PKM2.79 JMJD5-PKM2 interaction subsequently accelerates the PKM2 nuclear translocation to
facilitate HIF1-mediated glycolytic enzyme transcriptional activation to support cancer cell survival.79
In addition, nuclear PKM2 is likely in dimer form and directly phosphorylates Y705 of STAT3, even
when neither the Jak2 nor c-Src pathways are activated, and PKM2-phosphorylated STAT3 activates
the transcription of a number of STAT3-targeted genes.80 In addition to its effect on HIF-1α and
STAT3, PKM2 acts as a kinase to stimulate numerous transcriptional factors that are relevant to
glycolysis and fibrosis.81
In addition to PKM2, fibrogenic cytokines such as transforming growth factor (TGF)-β
and interleukin (IL)-6 appear to be glycolytic stimuli82,83 and activate STAT3.84,85 STAT3, a
downstream transcriptional factor activated by mTOR signaling, induces glycolysis by targeting
hexokinase 2 in hepatocellular carcinoma cells.86 In CD8 T cells, STAT3 activation is also linked to
fatty acid oxidation.87 As described above, in the diabetic kidney, fatty acid oxidation is significantly
10
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diminished, suggesting that STAT3 activation can trigger compensatory mechanisms that restore fatty
acid oxidation in tubular cells. The constitutively active form of STAT3 (Y-P STAT3) promotes
aerobic glycolysis and suppression of mitochondrial activity, partly by acting through the
transcriptional activation of HIF-1α targets.88 Regardless of the mechanism, the functional interaction
between STAT3 and HIF-1α is relevant to the specific binding of STAT3 to the promoter of HIF-1α
target genes, forming active HIF-1α/RNA Polymerase II transcriptional complexes.89 Thus, SGLT2
inhibition can suppress aberrant glycolysis via the restoration of SIRT3 and the subsequent inhibition
of STAT3, HIF-1α and PKM2 cross talk (FIG2).80,90
There has been no clear demonstration of the link between the inhibition of aberrant
glycolysis and SGLT-2 inhibitor use in human DKD. Plasma lactate levels has been shown to
systematically increase in people with diabetes, and SGLT2 inhibition has been shown to suppress
lactate levels.91 However, plasma lactate at this level cannot be simply attributed to the kidneys;
therefore, reliable biomarkers to detect kidney glycolysis are necessary but have not yet been
established.

SGLT2 inhibition may benefit neighboring cells
The EMT in the kidney has been the focus of debate, and some communities doubt that kidney
epithelial cells undergo EMT.92 We support these dynamic discussion and suggest that the EMT may
be incomplete; that is, the complete conversion of epithelial cells into fibroblast may be a rare or
nonevent. However, others confirmed, at minimum, an extant epithelial to mesenchymal transition
phase.93,94 Here, we would like to emphasize that this transition program in epithelial cells may
influence neighboring cells via the induction of transition programs that lead to the acquisition of a
mesenchymal phenotype.
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In general, it is logical to assume that SGLT2 inhibitors must primarily display their
pharmacological effects on kidney proximal tubular cells. In our analysis,46 SGLT2 inhibition restored
the epithelial phenotype in proximal tubular cells and inhibited endothelial-mesenchymal transition
(EndMT) in peritubular endothelial cells (PECs) as well. The conditioned medium experiment using
SGLT2-knockdown HK2 tubular cells also demonstrated that epithelial SGLT2 contributes to the
production of fibrogenic paracrine factors.46 These data suggest that SGLT2-mediated glucose entry
into tubular cells plays, at least, a pathogenic role in neighboring cells via paracrine factors; diabetic
kidney tubular cells, which absorb massive amounts of glucose, are damaged, and these cells acquire
matrix-producing cell phenotypes, expressing mesenchymal proteins, such as αSMA and FSP1. Not
in the diabetic mouse model, in other fast progressive aggressive kidney fibrosis model, pericyte or
resident fibroblasts has shown to be major source of myofibroblast or active fibroblast,95 such
phenotypic alteration in pericyte could be also influenced by paracrine factor from epithelial cells.
Indeed, erythropoietin, the hematopoietic factor produced in kidney pericytes, has shown to be
suppressed in diabetic individuals and is increased by SGLT2 inhibitor administration.96 This finding
suggests that an SGLT2 inhibitor can restore the tubular phenotype from the EMT to normal form,
suppress paracrine factors, and subsequently normalize the erythropoietin-producing pericyte
phenotype.46 Kidney fibrosis may progress because of the interactions among any types of kidney
cells.92 Therefore, our data strongly indicates that the restoration of proximal tubular cells from EMT
by SGLT2 inhibitor mitigates such paracrine factors-induced fibrogenic interaction among kidney
cells (FIG2).

Glomerular injury: how it connects to tubular cell phenotype
As described above, SGLT2 inhibitors have a dominant effect on proximal tubular cells. However, as
evidenced by clinical trials,97 SGLT2 inhibitors suppress urine albumin excretion, and we confirmed
a significantly reduced albumin:creatinine ratio (ACR) in diabetic mice, a finding similar to that of
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other studies. In addition, in our analysis, empagliflozin treatment mitigated the podocyte phenotype
and mesangial expansion in diabetic mice. To explain the glomerular phenotypic alterations, the most
sophisticated hypothesis suggests the recovery of the tubule-glomerular feedback mechanism, which
is diminished in diabetic kidneys.98 How the glycolysis phenotype in kidney tubules could functionally
influence hemodynamic alterations has not yet been analyzed. There are some evidences that suggest
the tubular phenotype may be linked to the glomerular phenotype. In our fibrotic mouse strain analysis,
SIRT1 levels were not altered and therefore was not relevant for our model; however, the working
hypothesis suggesting the suppression of proximal tubular SIRT1 levels and subsequent podocyte
injury via a reduction in tubule-derived nicotinamide, the substrate for podocyte SIRT1, has been
proposed.99 Tubulointerstitial injury is directly connected to kidney parenchymal hypoxia, by which
global kidney damage, including glomeruli, can be induced.100 Interestingly, some papers have shown
that SGLT2 is expressed in glomerular mesangial cells101 and podocytes.102 Additionally, in early lung
cancer cells, the SGLT2-mediated uptake of glucose plays a pathogenic role.103 The authors believe
that, SGLT2 in the tubular cells plays a dominant role in the development of diabetic kidney injury;
however, for the reasons outlined above, it is difficult to discriminate whether SGLT2 in proximal
tubular cells and/or in other types of cells manifest dominant pathogenic roles. Experiments utilizing
the inducible SLGT2 knockdown in specific cell type would be required for further study.

Perspective: looking to a post-SGLT2 inhibitor era
As described above, the renoprotective effects of SGLT2 inhibitors are gradually becoming clear.
However, from the translational research point of view, inhibition of hyperfiltration with the
restoration of tubuloglomerular feedback mechanisms may be the most relevant theory. A clearer
demonstration of the underlying mechanisms based on analyses of previous clinical trials is needed.
To this point, a sub-analysis of the EMPA-REG renal outcome study provided important
clues to understand the renoprotective effects of SGLT2 inhibitors. Cherney et al. analyzed EMPAREG study data on basal urine albumin levels104 and showed that empagliflozin had distinct
renoprotective effects and induced alterations in parameters of renal function. In their analysis,
13
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empagliflozin suppressed urine albumin levels, even in normoalbuminuric diabetic patients, compared
to the levels induced by the placebo; after the intervention period (average 2.6 years), the urine
albumin levels had increased to the levels in the placebo group after a washout period of 5 weeks.104
Interestingly, the patients with albuminuria displayed a different pattern: the empagliflozin treatment
suppressed urine albumin levels in both the microalbuminuria and macroalbuminuria groups, as
expected; however, after the intervention and wash-out period, the empagliflozin-treated group
continued to display low urine albumin levels compared to those of the placebo group.104 The
renoprotection by SGLT2 inhibitors7 taken with the finding of divergence/fluctuation of urine
albuminuria caused by empagliflozin suggest that the SGLT2 inhibition by empagliflozin is not limited
to pure hemodynamic effects, and especially in patients with advanced-stage diabetic kidney disease,
SGLT2 inhibitors may exhibit renoprotective effects by morphological amelioration in the diabetic
kidney. However, the characteristics of those who did and did not respond to SGLT2 inhibitors are not
reported, at least in the publication base. All exciting raw data should be included in all clinical studies,
and we sincerely request these data for use in further analysis when addressing unanswered questions
in the future; for example, is suppression of urine albumin important? Is the initial dip of eGFR in
response to SGLT2 inhibition important? Also, we eager to endeavor the clinical biomarkers for
estimating the glycolytic status in the kidney tubule.

Conclusion
Our analysis, focused on glycolysis in kidney tubules, is solely one aspect of beneficial effect of
SGLT2 inhibitors. Indeed, many theories have been proposed following the provocative clinical data
of SGLT2 inhibitors on renal outcomes.7,8 To date, the most rational clinical theory could be the
normalization of tubule-glomerular feedback mechanisms and subsequent suppression of glomerular
hypertension in the diabetic kidney,98 which are classical glomerular injury molecular mechanisms.
Other theories could be involved but no single theory can explain the whole story of renoprotection
by SGLT2 inhibitors (FIG 4). Tubular glycolysis theory,37,46 on which we focus, can explain, at least
in part, how the inhibition of SGLT2 in the renal tubule directly affects the tubule metabolic pathways
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associated with the inhibition of the EMT and paracrine factors and thereby the restoration of
neighboring cell phenotype as well (FIGs 2-4).
The discovery of SGLT2 inhibitors opens the door for a new paradigm shift away from the
past 20 years of stagnant advances to a “post-SGLT2 inhibitor era” in the research of DKD.

Acknowledgments
Authors declare there is no competing interest associated with this review manuscript. The associated
study was primarily supported by a grant from the Japan Diabetes Foundation (2016), and partially
supported by grants from the Japan Society for the Promotion of Science to KK (19K08738) and the
Uehara Memorial Foundation to KK (2019). KK collaborated with Boehringer Ingelheim at both
Kanazawa Medical University and Shimane University. Boehringer Ingelheim, Mitsubishi-Tanabe
Pharma and Ono Pharmaceutical contributed to establishing the Division of Anticipatory Molecular
Food Science and Technology. KK is under a consultancy agreement with Boehringer Ingelheim.

References

15

Morita and Kanasaki

Table 1 Cardiovascular and renal outcomes in clinical trials with SGLT2 inhibitors

Figure Legends
Figure 1 Mechanism of action of SGLT2 inhibitors. SGLT2 inhibitors primarily function with the
S1 and S2 segments of the proximal tubule of the kidney. Inhibition of SGLT2 results in the enhanced
delivery of glucose to the downstream urinary tract and is associated with theoretically higher sodium
levels in urine. Higher sodium levels are monitored by the Na-K-2Cl cotransporter (NKCC2) of the
macula-densa; driven by activated NKCC2, adenosine is released into glomerular capillaries.
Adenosine contracts afferent arterioles and dilates efferent arterioles, subsequently suppressing
glomerular hyperfiltration/intraglomerular pressure.

Figure 2 SGLT2-mediated reabsorbed glucose induces aberrant glycolysis. under diabetic
conditions, glucose filtered from the glomerulus is increased; therefore, the glucose reabsorbed by
SGLT2 in proximal tubular cells is also greatly increased. This accumulated glucose theoretically is
transferred to the vascular side by a glucose gradient-dependent transport established by GLUT2;
under diabetic conditions, this accumulated glucose in the proximal tubule is expected to be higher
and persistent. This accumulated glucose may suppress sirt3 levels. Sirt3 suppression subsequently
induces HIF1α accumulation, PKM2 dimer formation, and STAT3 phosphorylation; consequently,
aberrant glycolysis is induced. This aberrant glycolysis is utilized for the transformation process or
the maintenance of fibrotic programs. Alternatively, glycolysis-induced energy is utilized to meet the
metabolic demands of proximal tubular cells.

Figure 3 Difference in the glucose gradient between the proximal tubule and vascular side of the
extracellular space in diabetic and nondiabetic kidney disease. Right: in nondiabetic kidney
disease patients, due to normal systemic glucose processes, a glucose gradient between the proximal
tubule and extracellular space of the vascular side is easily generated. Left top: in diabetic patients,
due to the high and unstable levels of glucose processed in the body, to create a glucose gradient
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between the proximal tubule and extracellular space of the vascular side, proximal tubular cells require
higher levels of intracellular glucose. Left bottom: However, due to unstable systemic processes,
glucose levels in the plasma/extracellular space may be higher than those of the intracellular proximal
tubular cells; in these cases, the glucose flux direction could be from the extracellular space to
proximal tubular cells.

Figure 4 Potential renoprotection by SGLT2 inhibitors. The reno-protective effects of SGLT2
inhibitors can be divided by two essential mechanisms, hemodynamic-dependent or -independent, and
each mechanism may be further subdivided into detailed mechanisms. None of the single mechanisms
can explain the whole picture of reno-protection induced by SGLT2 inhibitors. At minimum, these
interactions play vital roles in the renal benefit conferred by SGLT2 inhibitors.
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40.6

50.4
(all cardiovascular disease)

Inclusion criteria

All patients with established
cardiovascular disease.
eGFR >30

HbA1c ≥7.0 and ≤10.5
≥30 years old with a history of
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the risk factors for cardiovascular
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Primary endpoint
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Progression of albuminuria#

Renal outcome
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Incident or worsening
nephropathy*
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###
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MACE*
composite of cardiovascular
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Composite of a sustained
decrease of 40% or more in
eGFR to < 60, new end-stage
renal disease, or death from
renal or cardiovascular
causes
0.76 (0.64-0.87

Composite of end-stage
kidney disease, a doubling of
the serum creatinine level, or
death from renal or
cardiovascular causes
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death
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*defined as progression to macroalbuminuria; a doubling of the serum creatinine level, accompanied by an eGFR of ≤ 45 ml per
minute per 1.73 m2 ,as calculated by the MDRD formula; the initiation of renal-replacement therapy; or death from renal disease
ASCVD: atherosclerotic cardiovascular disease
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