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Hypoxia-inducible factor-1α is the 
therapeutic target of the SGLT2 
inhibitor for diabetic nephropathy
Ryoichi Bessho, Yumi Takiyama   , Takao Takiyama, Hiroya Kitsunai, Yasutaka Takeda, 
Hidemitsu Sakagami & Tsuguhito Ota

Previous studies have demonstrated intrarenal hypoxia in patients with diabetes. Hypoxia-inducible 
factor (HIF)-1 plays an important role in hypoxia-induced tubulointerstitial fibrosis. Recent clinical 
trials have confirmed the renoprotective action of SGLT2 inhibitors in diabetic nephropathy. We 
explored the effects of an SGLT2 inhibitor, luseogliflozin on HIF-1α expression in human renal proximal 
tubular epithelial cells (HRPTECs). Luseogliflozin significantly inhibited hypoxia-induced HIF-1α 
protein expression in HRPTECs. In addition, luseogliflozin inhibited hypoxia-induced the expression 
of the HIF-1α target genes PAI-1, VEGF, GLUT1, HK2 and PKM. Although luseogliflozin increased 
phosphorylated-AMP-activated protein kinase α (p-AMPKα) levels, the AMPK activator AICAR did 
not changed hypoxia-induced HIF-1α expression. Luseogliflozin suppressed the oxygen consumption 
rate in HRPTECs, and subsequently decreased hypoxia-sensitive dye, pimonidazole staining under 
hypoxia, suggesting that luseogliflozin promoted the degradation of HIF-1α protein by redistribution 
of intracellular oxygen. To confirm the inhibitory effect of luseogliflozin on hypoxia-induced HIF-1α 
protein in vivo, we treated male diabetic db/db mice with luseogliflozin for 8 to 16 weeks. Luseogliflozin 
attenuated cortical tubular HIF-1α expression, tubular injury and interstitial fibronectin in db/db mice. 
Together, luseogliflozin inhibits hypoxia-induced HIF-1α accumulation by suppressing mitochondrial 
oxygen consumption. The SGLT2 inhibitors may protect diabetic kidneys by therapeutically targeting 
HIF-1α protein.

Diabetic nephropathy is the most common disease resulting in end-stage renal disease (ESRD)1 and therefore it 
is imperative to develop an effective treatment for diabetic nephropathy.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors, a novel class of antidiabetic medications, target the 
renal proximal tubules to reduce glucose reabsorption, leading to increased urinary glucose excretion and 
anti-hyperglycemic effects. Recent clinical trials have demonstrated the renoprotective effects of SGLT2 inhibi-
tors in diabetic nephropathy2–5. SGLT2 inhibitors are now recommended as a second-line medication for patients 
with atherosclerotic cardiovascular disease or chronic kidney diseases for the management of type 2 diabetes6. 
However, the mechanisms of how SGLT2 inhibitors prevent diabetic nephropathy, especially their direct effect on 
proximal tubular cells, have not been fully elucidated.

Hypoxia status of renal tubular cells is known to cause fibrosis in diabetic kidney7. A key molecule that plays 
an important role in hypoxic conditions is hypoxia-inducible factor (HIF)-1α. HIF-1 is a heterodimeric tran-
scription factor composed of an oxygen-sensitive α subunit and a constitutively expressed β subunit8,9. The tran-
scriptional activity of HIF-1 is minutely regulated by the stability of HIF-1α protein, which is quickly degraded 
via ubiquitin-proteasome pathway under normoxic condition. Hypoxia in renal tubules has been considered as 
a common feature of early and advanced stages of diabetic nephropathy10,11. In addition, diabetes increased HIF-
1ααexpression in proximal tubular cells in a type 2 diabetic animal model with nephropathy12,13 and in renal 
tissues from patients with diabetic nephropathy14.

Stable HIF-1α expression in tubular epithelial cells leads to tubulointerstitial fibrosis15–18. In addition, 
plasminogen activator inhibitor-1 (PAI-1), a major HIF-1 target gene, is also an important factor for the pro-
gression of kidney fibrosis, and previous studies showed that genetically silencing Pai-1 alleviates diabetic 
nephropathy in mice19,20. On the other hand, the pharmacological inhibition of HIF-1α by an HIF-1 inhibitor 
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(YC-1;3-(5′-hydroxymethyl-2′-furyl)-1-benzyl indazole), improved kidney fibrosis in type 1 diabetic OVE26 
mice21. Thus, HIF-1 represents a potential candidate for the therapeutic interventions for diabetic nephropathy. 
However there is no clinical treatment targeting renal hypoxia in diabetic nephropathy to date.

These findings led us to study the renoprotective effects of the SGLT2 inhibitor luseogliflozin from the point 
of view of its impacts on renal hypoxia and HIF-1 α expression in human renal proximal tubular epithelial cells 
(HRPTECs) and proximal tubules in type 2 diabetes model db/db mice.

Results
Luseogliflozin inhibits hypoxia-induced HIF-1α protein expression.  HRPTECs faintly expressed 
HIF-1α protein under normoxic conditions (Fig. 1a). Hypoxia treatment (1% O2) markedly induced HIF-1α 
protein accumulation in HRPTECs, and luseogliflozin at 10–100 µmo/l significantly inhibited hypoxia-induced 
HIF-1α protein expression (Fig. 1a). Hypoxia-induced HIF-1α protein expression by more than 8-fold compared 
to the normoxic control condition (Supplementary Table 1, p < 0.01). Luseogliflozin (100 μmol/l) significantly 
decreased hypoxia-induced HIF-1α protein to 70.7 ± 2.3% (Supplementary Table 1, p < 0.01).

Luseogliflozin inhibits HIF-1 target gene expression.  We also examined the effects of luseogliflozin 
on the expression of HIF-1 target genes in HRPTECs (Fig. 1b–f). Quantitative RT-PCR results showed that 
hypoxia significantly promoted GLUT1, PAI-1 and VEGF gene expression in HRPTECs (Supplementary Table 2, 
p < 0.01). Luseogliflozin (100 μmol/l) significantly reduced these hypoxia-induced mRNA expression levels 
(p < 0.01). In addition, luseogliflozin also inhibited the expression of hypoxia-induced hexokinase 2 (HK2)22, 
which catalyzes the first step of glucose metabolism, and pyruvate kinase M1/2 (PKM)23, a rate-limiting glycolytic 
enzyme (Fig. 1e,f).

Luseogliflozin increases AMPK phosphorylation, and an AMPK activator and inhibitor do not 
affect HIF-1α protein expression.  Luseogliflozin increased AMPKα phosphorylation (Th172) under 
normoxia and hypoxia by approximately 2-fold (p < 0.05) (Fig. 2a and Supplementary Table 3). However, AICAR, 
an AMPK activator, failed to suppress hypoxia-induced HIF-1α expression (Fig. 2b and Supplementary Table 4). 
In addition, an AMPK inhibitor, compound C (20 µmol/l), also failed to change HIF-1α protein expression 
(Fig. 2b and Supplementary Table 4).

Mitochondrial inhibitors decrease hypoxia-induced HIF-1α protein expression.  To deter-
mine the mechanism implicated in the regulation of HIF-1α expression in HRPTECs, subsequent experiments 
were performed using inhibitors of mitochondrial respiratory complex I (rotenone, 1 µmol/l) and mitochon-
drial respiratory complex III (antimycin A, 10 ng/ml). These inhibitors of mitochondrial respiration suppressed 
hypoxia-induced HIF-1α expression (p < 0.01) (Fig. 2b and Supplementary Table 4).

Luseogliflozin decreases the OCR and intracellular ATP levels.  Because luseogliflozin has inhibitory 
effects on hypoxia-induced HIF-1α protein like the mitochondrial inhibitors (Fig. 2b), we examined the effects of 
luseogliflozin on mitochondrial respiration and ATP synthesis in HRPTECs. Luseogliflozin decreased the OCR 
under normoxic conditions to 31.3 ± 2.5% of that of the controls (p < 0.01) (Fig. 3a and Supplementary Table 5). 
Hypoxia also significantly decreased the OCR to 53.4 ± 10.4% of that of the controls in normoxia (p < 0.01), 
and luseogliflozin further inhibited the OCR under hypoxia to 52.5 ± 2.4% of that of the controls under hypoxia 
(p < 0.05) (Fig. 3a and Supplementary Table 5).

Luseogliflozin decreased intracellular ATP level to 79.2 ± 10.2% of that of the controls under normoxia 
(p < 0.05) (Fig. 3b and Supplementary Table 5). Hypoxia also significantly decreased the intracellular ATP level 
to 40.8 ± 13.2% of that of the controls under hypoxia (p < 0.05) (Fig. 3b and Supplementary Table 5). However, 
luseogliflozin failed to decrease ATP under hypoxic conditions (Fig. 3b and Supplementary Table 5).

Luseogliflozin restores hypoxic conditions in HRPTECs.  Because luseogliflozin decreased oxygen 
consumption in HRPTECs (Fig. 3a, Supplementary Table 5), we examined the effect of luseogliflozin on intracel-
lular oxygen levels using the hypoxia-sensitive dye pimonidazole (Fig. 3c). Interestingly, luseogliflozin rescued 
the hypoxic state in HRPTECs, even under hypoxic conditions (Fig. 3c). Immunocytochemical analysis demon-
strated that hypoxia apparently induced the nuclear expression of HIF-1α in HRPTECs, and luseogliflozin inhib-
ited hypoxia-induced HIF-1α expression (Fig. 3c).

Luseogliflozin improves hyperglycemia, but not blood pressure or albuminuria.  To confirm the 
effects of luseogliflozin on proximal tubular cells in vivo, we treated type 2 diabetic db/db mice with luseogli-
flozin for 8 weeks. Diabetic db/db mice showed higher fasting blood glucose levels than lean control db/m mice 
(p < 0.01; Table 1), as well as HbA1c levels (p < 0.01; Table 1). Luseogliflozin failed to decrease the body weights 
of db/db mice (Table 1). Furthermore, luseogliflozin did not change the blood pressure in normotensive db/db 
mice (Table 1). No significant difference was observed in food intake among mice (Table 1). Compared with 
db/m mice, db/db mice showed polydipsia, and luseogliflozin decreased water intake in db/db mice (Table 1). In 
addition, luseogliflozin ameliorated polyuria in db/db mice, but this difference was not significant because of the 
wide variation (Table 1). Db/db mice had albuminuria (Table 1). Luseogliflozin monotherapy failed to ameliorate 
proteinuria in db/db mice as recently described24. In addition, db/db mice did not show significant changes in uri-
nary and tissue KIM-1 levels compared with db/m mice as described in previous studies25,26, luseogliflozin tended 
to decrease KIM-1 levels in db/db mice (Table 1).

Luseogliflozin attenuates HIF-1α and fibronectin expression in the renal cortex and amelio-
rates tubular injury in db/db mice.  Luseogliflozin did not significantly improve glomerular sclerosis 
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(Fig. 4a and Supplementary Table 6). However, compared to non-treatment, luseogliflozin significantly amelio-
rated tubular injury in db/db mice (p < 0.05) (Fig. 4a and Supplementary Table 6). The diabetic db/db mice showed 
strong nuclear HIF-1α expression in their cortical proximal tubules (Fig. 4b). Notably, luseogliflozin decreased 
positive immunostaining for HIF-1α and fibronectin and picrosirius red staining in the kidneys of db/db mice 
(Fig. 4b,c and Supplementary Table 6). A semiquantitative assessment of the immunohistochemistry results 
revealed that luseogliflozin significantly decreased positive staining for HIF-1α (Fig. 4b) in db/db mice, accompa-
nied with the inhibition of fibronectin expression and Pirosirius Red staining (Fig. 4c) (p < 0.05) (Supplementary 
Table 6). There were no significant changes in HIF-1 target genes in kidney cortices of mice. However, db/db mice 
slightly increased the expressions of HIF-1 target genes compared with db/m mice (Glut1;1.00 ± 0.3 in db/m mice 

Figure 1.  Effects of luseogliflozin on hypoxia-induced HIF-1α protein and HIF-1α target gene expression. (a) 
Luseogliflozin inhibits hypoxia-induced HIF-1α protein expression. HRPTECs were incubated in serum-free 
DMEM with 1–100 µmol/l luseogliflozin under normoxic (21% O2) or hypoxic (1% O2) conditions for 24 h. The 
protein expression of HIF-1α was determined by western blot analysis and quantified by densitometry, with p62 
as the loading control (n = 3). All protein levels are expressed as fold of control. (b–f) Quantitative real-time 
RT-PCR analysis of HIF-1 target genes. HRPTECs were treated with or without 100 µmol/l luseogliflozin under 
normoxic and hypoxic conditions for 24 h. Total RNA was extracted from HRPTECs and used for quantitative 
RT-PCR (n = 3). The relative amounts of GLUT 1, PAI-1, VEGF, HEK2 and PKM mRNA were normalized to 
RPLP0 and expressed as an arbitrary unit in which the control group value equaled 1. All results are shown as 
the means ± SD. *p < 0.05, **p < 0.01, by one-way ANOVA followed by Tukey’s multiple comparison test.
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vs.1.30 ± 0.30 in db/db mice, Pai1;1.00 ± 0.47 in db/m mice vs.1.23 ± 0.22 in db/db mice, p > 0.05), and luseogli-
flozin tended to decrease these genes in db/db mice (Supplementary Table 7).

Discussion
In the current study, we demonstrated that luseogliflozin inhibited hypoxia-induced nuclear HIF-1α expres-
sion and HIF-1 target genes in HRPTECs (Fig. 1a). In addition, we found that luseogliflozin decreased 
diabetes-induced HIF-1α expression in proximal tubular cells and tubulointerstitial injury in the renal cortex in 
db/db mice (Fig. 4a–c and Supplementary Table 6). This is the first study to demonstrate that an SGLT2 inhibitor 
suppresses the HIF-1α pathway in renal proximal tubular cells using in vitro and in vivo experiments.

In diabetic nephropathy, tubular injury is an important component of renal failure, and tubular hypoxia is a 
driving force for proximal tubulopathy27. Hyperglycemia induces glomerular hyperfiltration and increases tubu-
lar sodium and glucose reabsorption through SGLTs, which enhance sodium-potassium-ATPase activity, result-
ing in increased oxygen consumption. Thus, proximal tubular cells in the diabetic kidney are exposed to chronic 
hypoxia28,29.

Recently, several studies demonstrated that SGLT2 inhibitors ameliorated hypoxia in the kidney cor-
tex in rodent models30–32. Acute SGLT inhibition by phlorizin, a dual inhibitor of SGLT1 and SGLT2, 
restored diabetes-induced reductions in renal cortex oxygen levels in streptozotocin (STZ)-induced diabetic 
Sprague-Dawley rats30. In addition, Layton et al. demonstrated that acute and chronic SGLT2 inhibition decreased 
sodium transport and oxygen consumption in an epithelial cell-based model of diabetic proximal tubules along a 
rat nephron31. Moreover, SGLT2 inhibitors significantly decreased pimonidazole immunostaining of the kidney 
cortex in a mouse model of ischemic reperfusion injury32.

In this study, we found that luseogliflozin decreased the OCR and pimonidazole staining in HRPTECs even 
under hypoxic conditions (Fig. 3a,c). These data indicate that luseogliflozin inhibits HIF-1α expression through 
suppressing mitochondrial oxygen consumption, which leads to the restoration of intracellular hypoxia and sub-
sequently promotes HIF-1α proteasomal degradation in HRPTECs (Fig. 5). These findings are similar to our 

Figure 2.  Luseogliflozin inhibits the hypoxia-induced HIF-1α protein, independent of AMPK activation. (a) 
Protein levels of pAMPKα were determined by western blot analysis and quantitated by densitometry (n = 3). 
HRPTECs were treated with 100 μmol/l luseogliflozin under normoxic or hypoxic conditions for 24 h. Then, 
total cellular extracts from HRPTECs were analyzed by western blot analysis and quantified by densitometry, 
with α-actinin as the loading control (n = 3). Luseogliflozin promoted the phosphorylation of AMPK under 
normoxia and hypoxia. (b) The inhibitors of mitochondrial respiratory complexes I and III, but not the AMPK 
activator and inhibitor, inhibited hypoxia-induced HIF-1α accumulation in HRPTECs. HRPTECs were treated 
with AICAR (1 mmol/l), compound C (20 µmol/l), rotenone (1 μmol/l) and antimycin A (10 ng/mL) under 
hypoxic conditions for 24 h. Nuclear extracts from HRPTECs were analyzed by western blot analysis and 
quantified by densitometry, with p62 as the loading control (n = 3). All results are shown as the means ± SD. 
*p < 0.05, **p < 0.01, by one-way ANOVA followed by Tukey’s multiple comparison test.
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previous report in which metformin, an antidiabetic agent, inhibited HIF-1α expression in the kidney cortex of 
Zucker diabetic fatty rats and HRPTECs by inhibiting mitochondrial respiratory function33.

In this study, we observed no change on cell viability of HRPTECs by the treatment with luseogliflozin despite 
of inhibition of SGLT2 and HIF-1-targeted GLUT1 under hypoxic conditions. Indeed, Biju et al. reported that the 
generation of adequate energy levels for the maintenance of renal proximal tubular cells viability under hypoxia 
does not require HIF-1, using HIF-1 deficient primary renal tubular epithelial cells34. Interestingly, they also 

Figure 3.  Luseogliflozin suppressed oxygen consumption and restored intracellular hypoxia in HRPTECs. (a) 
The oxygen consumption rate (OCR) of HRPTECs was measured as described in the methods. Luseogliflozin 
(100 µmol/l) inhibited the OCR in HRPTECs under normoxic conditions. Hypoxia significantly decreased 
the OCR, and luseogliflozin decreased the OCR, even under hypoxic conditions. All OCR levels are expressed 
as fold of control (n = 3). (b) Cell ATP levels during luseogliflozin treatment under normoxia and hypoxia. 
HRPTECs were treated with luseogliflozin for 24 h. At the end of the incubation, cells were extracted with 
perchloric acid for the measurement of ATP as described in the methods (n = 5). Hypoxia significantly 
decreased intracellular ATP, and luseogliflozin failed to decrease ATP under hypoxic conditions. All results are 
shown as the means ± SD. *p < 0.05, **p < 0.01, by one-way ANOVA followed by Tukey’s multiple comparison 
test. (c) Immunofluorescence analysis of HIF-1α and pimonidazole in HRPTECs. HRPTECs were grown on 
coverslides and then treated for 24 h. Hypoxia induced the nuclear expression of HIF-1α in HRPTECs, and 
luseogliflozin (100 µmol/l) inhibited hypoxia-induced HIF-1α expression. Hypoxia in HRPTECs was detected 
by pimonidazole hydrochloride. Luseogliflozin increased cellular oxygen levels in HRPTECs under hypoxic 
conditions. The nuclei were stained with DAPI. Scale bars, 30 µm for normoxia and 43.1 µm for hypoxia.
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showed that when glucose uptake or glycolysis was partially inhibited, the hypoxia-induced cell death and apop-
tosis onset was delayed in renal proximal tubular cells independent of HIF-134. Renal proximal tubular cells are 
specialized to reabsorb the filtered of glucose from tubular fluid back into the blood35. Instead of glucose, lactate 
and glutamine were effective substrates for maintaining ATP levels in the renal proximal tubule35. Taken together 
with previous works, our results suggest that avoidance from hypoxia is more important in maintaining cell via-
bility than glucose utilization via glucose transporters such as SGLT2 and GLUT1.

Furthermore, we found that luseogliflozin increased the phosphorylation of AMPKα in HRPTECs 
(Fig. 2a), in agreement with some studies36–38. In STZ-induced diabetic rats, phlorizin inhibited SGLT-coupled 
sodium-potassium-ATPase, which hydrolyzes ATP and activates AMPK through decreasing ATP/ADP and ATP/
AMP ratios36. In addition, canagliflozin suppressed mitochondrial respiration by inhibiting mitochondrial com-
plex I and increased AMPK phosphorylation in HEK-293 cells and mouse liver37 and in prostate and lung cancer 
cells38. Luseogliflozin decreased ATP levels concomitant with AMPK activation under normoxia (Fig. 2a and 
Fig. 3b). However, luseogliflozin failed to decrease ATP levels under hypoxia regardless of AMPK activation 
(Fig. 2a and Fig. 3b), indicating that luseogliflozin activates AMPK under hypoxia independent of any changes in 
the cellular ATP/ADP and ATP/AMP ratios. AMPK is activated by glucose deprivation39, but it is not confirmed 
whether this activation occurs via changes in ATP production. Recently, Zhang CS et al. found ATP-independent 
AMPK phosphorylation due to a decrease in the glycolytic metabolite fructose-1,6-bisphosphate (FBP)40. 
Luseogliflozin decreased HIF-1 target genes, such as the glucose transporter GLUT1 and the glycolytic enzymes 
HK2 and PKM, which have hypoxia response elements in their promoters22,23(Fig. 1b,e,f). Therefore, luseogli-
flozin inhibits glucose uptake and glycolysis in HRPTECs, which may result in a decrease in the glycolytic 
metabolite FBP, accompanied by AMPK activation, as described in a recent study40. These findings provide the 
underlying mechanism for luseogliflozin-induced AMPK activation independent of ATP under hypoxia.

Previous studies demonstrated that AMPK regulates HIF-1-mediated cellular metabolism41,42. However, our 
data showed that the AMPK activator AICAR failed to inhibit hypoxia-induced HIF-1α expression (Fig. 2b). 
These data imply that luseogliflozin-induced AMPK phosphorylation was not related to HIF-1α inhibition. Thus, 
our findings suggest that SGLT2 inhibitors may rescue renal proximal tubular cells from hypoxia and energy 
suppression by reducing oxygen and ATP consumption through inhibiting glucose entry following mitochondrial 
oxidative phosphorylation.

Although our results demonstrated that luseogliflozin improved pathological changes in the tubulointerstitial 
area in diabetic nephropathy, luseogliflozin failed to ameliorate albuminuria in db/db mice (Table 1). These data 
are consistent with those of a previous study25. Gallo et al. similarly demonstrated that empagliflozin failed to 
reduce albuminuria, urinary KIM-1 levels and glomerulosclerosis index in db/db mice25. In their study, db/db 
mice at 10 weeks of age were administered empagliflozin by oral gavage for 10 weeks25. The renoprotective effect 
of SLGT2 inhibitors in db/db mice might be highly dependent on the start time and duration of the treatment43–46. 
The earlier the treatment starts with SGLT2 inhibitor, the longer the treatment period and the greater the thera-
peutic effect on diabetic nephropathy. We recently clarified that luseogliflozin decreased the uptake of albumin 
in the proximal tubules of db/db mice by inhibiting cortical megalin expression, not by glomerular or tubular 
injury24. We demonstrated that db/db mice at 22-weeks old exhibited a significant decrease in the levels of the 
megalin protein in the kidneys accompanied with tubular injury24. Unexpectedly, luseogliflozin also decreased 
megalin expression in db/db mice with amelioration of tubutointerstitium fibrosis24. Furthermore, luseogliflozin 
decreased Texas Red conjugated-albumin uptake, suggesting that luseogliflozin induced albuminuria in db/db 
mice by inhibiting megalin expression24. Therefore, in the situation where albuminuria is used as the biomarker 
for diabetic nephropathy, we may overlook the renoprotective effect of SGLT2 inhibitors.

Recent basic experiments have already revealed that SGLT2 inhibitors ameliorated kidney fibrosis independ-
ent of their glucose-lowering effect in rodent models of chronic kidney diseases36,47. Further study is needed 
to confirm whether SGLT2 inhibitors ameliorate chronic hypoxia in the kidneys of diabetic and non-diabetic 
subjects.

db/m db/db db/db + Luseogliflozin

Fasting blood sugar (mmol/l) 3.11 ± 0.42 30.48 ± 4.50** 9.34 ± 0.79††

HbA1c (mmol/l) 15.83 ± 2.68 120.10 ± 10.54** 41.51 ± 2.89**††

HbA1c (%) 3.60 ± 0.24 12.93 ± 0.97** 5.95 ± 0.26**††

Food intake (g/day) 5.42 ± 1.22 6.61 ± 1.26 6.81 ± 0.77

Body weight (g) 27.51 ± 2.48 44.67 ± 6.80** 51.32 ± 1.60**

Mean blood pressure (mmHg) 57.04 ± 10.88 67.41 ± 10.33 72.80 ± 6.18

Water intake (ml/day) 4.90 ± 0.32 21.38 ± 3.63** 12.78 ± 1.37**††

Urinary volume (ml/day) 0.21 ± 0.16 8.33 ± 3.18** 7.13 ± 2.45**

Urinary albumin (μg/day) 4.15 ± 5.72 190.79 ± 159.75** 282.87 ± 104.02**

Urinary KIM-1 (pg/day) 187.08 ± 134.10 482.93 ± 422.46 188.32 ± 75.98

Tissue KIM-1 (pg/mg) 102.02 ± 19.95 89.03 ± 35.3 51.27 ± 15.85

Table 1.  Laboratory data of mice. Metabolic parameters and renal function of db/m, db/db mice and 
luseogliflozin-treated db/db mice. Eight-week-old db/db mice (n = 4) were treated with 15 mg/kg/day (0.01% in 
chow) luseogliflozin for 8 weeks. Urinary albumin and KIM-1 were log(e) transformed for parametric analysis. 
Values are means ± SD. *p < 0.05, **p < 0.01 vs db/m mice (n = 4). †p < 0.05, ††p < 0.01 vs non-treated db/db 
mice (n = 5).
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In the current study, luseogliflozin ameliorated polydipsia but not polyuria, which might cause a 
chance of dehydration in db/db mice. SGLT2 inhibitors-induced reduction of body fluid could activate 
renin-angiotensin-aldosterone system (RAAS)48. Previous studies have shown that SGLT2 inhibition induces 
intrarenal RAS activity in db/db mice25,49 and increases circulating RAS mediators in patients with type1 dia-
betes50,51. RAAS inhibitors significantly provided a more favorable outcome in diabetic patients in EMPA-REG 

Figure 4.  Luseogliflozin ameliorates tubular injury in db/db mice, accompanied by the inhibition of HIF-1α 
and tubulointerstitial fibrosis. (a) Periodic acid-Schiff (PAS) staining of the glomerular tuft area surrounded 
by the proximal tubules in each group of mice. Scale bars, 30 µm. (b) Immunohistochemistry for HIF-1 α 
protein. Scale bars, 30 µm. (c) Immunohistochemistry for fibronectin and Picrosirius Red staining. The red 
arrows show immunoreactive staining for fibronectin in db/db mice. Scale bars, 30 μm in the top and the second 
panels, and 50 μm in the middle panels. Bottom panels show higher magnification images of Picrosirius Red 
staining in the middle panels under polarized light. Data are semiquantitative morphometric analyses of the 
glomerulosclerotic score and tubular injury score (a), HIF-1α (b) and fibronectin expression (c). Comparisons 
by Kruskal-Wallis test followed by Man-Whitney U test for multiple comparisons. Picrosirius Red staining (c) 
was analyzed by one-way ANOVA, Tukey’s post hoc test. *p < 0.05, **p < 0.01. Db/m mice (n = 4), db/db mice 
(n = 5) and luseogliflozin-treated db/db mice (n = 4).
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OUTCOME52. Thus, the beneficial therapeutic effects of SGLT2 inhibitors possibly need the combination therapy 
with RAS inhibitors.

In conclusion, we found that luseogliflozin, an SGLT2 inhibitor, ameliorated diabetic nephropathy at least 
partly by inhibiting HIF-1α accumulation. These data provide a novel mechanism for the renoprotective effects of 
SGLT2 inhibitors in diabetic nephropathy. Furthermore, this is the first study that SGLT2 inhibitor regulates the 
expression of HIF-1α, which could be implicated in the many hypoxic conditions such as cancer53, heart failure54, 
osteoporosis55 and amputation56 in diabetic patients. Clarifying the molecular regulatory mechanisms underlying 
HIF-1α expression by SGLT2 inhibitors could lead to the improvement to manage diabetes and other diabetic 
complications and comorbidities.

Methods
Materials and antibodies.  Luseogliflozin was provided by Taisho Pharma, Co. (Tokyo, Japan). An anti-
HIF-1α antibody was obtained from Novus Biologicals, Inc. (Littleton, CO, USA). Anti-AMP-activated protein 
kinase (AMPK)-α and anti-phosphorylated (p)-AMPKα (Thr 172) antibodies were obtained from Cell Signaling 
Technology, Inc. (Beverly, MA, USA). An anti-nucleoporin p62 antibody was obtained from BD Bioscience Japan, 
Inc. (Tokyo, Japan), and an anti-fibronectin antibody was obtained from Merck, Inc. (Kenilworth, NJ, USA). 
Alexa Fluor 594 donkey anti-mouse and Alexa Fluor 488 donkey anti-rabbit secondary antibodies were pur-
chased from Invitrogen (Carlsbad, CA, USA). AICAR was purchased from Calbiochem (San Diego, CA, USA), 
and other chemicals and antibodies were obtained from Merck, Inc.

Cell cultures.  HPRTECs were purchased as once- or twice-passaged tubular cells from Lonza Walkersville, 
Inc. (Walkersville, MD, USA). The cells were grown in renal epithelial cell growth medium (REGM, Lonza) on 
collagen type 1-coated dishes at 37 °C in an incubator containing 5% CO2 and 95% humidified air as previously 
described57. Cells were exposed to reagents under normoxic (21% O2) or hypoxic (1% O2) conditions for 24 h and 
were then harvested for experiments as previously described33.

Quantitative RT-PCR.  Total RNA was extracted from HRPTECs and the cortex of right kidney from each 
group using an RNeasy mini kit (Qiagen, Tokyo, Japan) according to the manufacturer’s instructions. cDNA syn-
thesis was performed with the SuperScript™ III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). 
Each cDNA sample was analyzed for gene expression by quantitative real-time PCR using a fluorescent TaqMan 
57-nuclease assay and a sequence detection system (Prism 7300, Applied Biosystems, Carlsbad, CA, USA). 

Figure 5.  The renoprotective mechanism of the SGLT2 inhibitor occurs through oxygen metabolism in 
diabetic kidneys. Because luseogliflozin inhibits glucose uptake, which leads to subsequent glycolysis and 
mitochondrial respiration, luseogliflozin decreases oxygen consumption in renal proximal tubular cells. 
Subsequently, luseogliflozin-induced intracellular oxygen redistribution supplies oxygen for prolyl hydroxylase, 
which promotes HIF-1α degradation in the proteasome. Consequently, luseogliflozin inhibits hypoxia-induced 
HIF-1α protein expression and HIF-1-induced renal fibrosis in diabetic kidneys.
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TaqMan real-time PCR was performed using 2× TaqMan Master Mix and 20× assay-on-demand TaqMan prim-
ers and probes (Applied Biosystems). The analysis was performed with ABI Prism 7300 SDS software (Applied 
Biosystems). Unlabeled specific primers were purchased from Applied Biosystems for detecting the human glu-
cose transporter 1 (GLUT1) gene (assay ID: Hs 00892681), human plasminogen activator inhibitor 1 (PAI-1) 
gene (assay ID: Hs 00167155), human vascular endothelial growth factor (VEGF) gene (assay ID: Hs 00900055), 
human hexokinase 2 (HK2) gene (assay ID: Hs 00606086), human pyruvate kinase M1/2 (PKM) gene (assay ID: 
Hs 00987254), human ribosomal protein lateral stalk subunit P0 (RPLP0) gene (assay ID: HS 00420895), mouse 
glucose transporter 1 (Glut1) gene (assay ID: Mm 00441480), mouse plasminogen activator inhibitor 1(Pai1) 
gene (assay ID: Mm 00435858) and mouse ribosomal protein lateral stalk subunit P0(Rplp0) gene (assay ID: Mm 
00725448). After an initial 2 min at 50 °C and 10 min at 95 °C, the samples were cycled 55 times at 95 °C for 15 s 
and 60 °C for 1 min. For quantitative analysis, the cDNA content of each sample was normalized to the levels of 
the housekeeping gene RPLP0 using the comparative CT method.

Western blotting.  Total cellular extracts and soluble nuclear extracts from HRPTECs were prepared 
as described previously57,58. Western blotting was carried out using 3–8% Novex NuPAGE Tris-acetate gels 
(Invitrogen) for HIF-1α and nucleoporin p62 or 4–12% NuPAGE Bis-Tris SDS-PAGE gels (Invitrogen) for 
p-AMPKα (Th172), AMPK and α-actinin under reducing conditions. After proteins were transferred onto a 
Hybond-P PVDF membrane (Amersham Biosciences Co., Piscataway, NJ, USA), the membranes were incubated 
with the primary antibodies (dilution 1:1000), incubated with a peroxidase-conjugated secondary antibody (dilu-
tion 1:50000) (Amersham), and visualized with an enhanced chemiluminescence (ECL) system (Amersham). 
Selected blots were washed and reprobed with an antibody against nucleoporin p62 for nuclear protein extracts 
and α-actinin for total cellular extracts to control for small variations in protein loading and transfer. Images 
were processed using ImageJ (U. S. National Institutes of Health, Bethesda, MD, USA) for densitometric analysis. 
Signal intensities in the control lanes were arbitrarily assigned a value of 1.00.

Oxygen consumption rate (OCR) measurements.  OCRs were measured using an oxygen consumption 
assay (Agilent, Santa Clara, CA, USA) as described in a previous study59. Briefly, HRPTECs were cultured on 
black, clear bottom, collagen type 1-coated 96-well plates (Corning, NY, USA). After serum starvation for 24 h 
with serum-free DMEM, cells were exposed to normoxic or hypoxic conditions for 24 h. Subsequently, phospho-
rescent oxygen-sensitive probes were added to the culture medium with or without 100 µmol/l luseogliflozin, and 
the plates were measured with a fluorescent plate reader using a time-resolved fluorescence method (EnSpire, 
PerkinElmer Japan, Tokyo, Japan). Culture medium was changed from serum-free DMEM to REGM during the 
OCR measurement.

Intracellular ATP measurements.  ATP amounts were measured using an ATP assay kit (Abcam, 
Cambridge, UK) according to the manufacturer’s instructions60. HRPTECs were cultured on collagen type 
1-coated dishes as described above. Then, the cells were lysed in ATP assay buffer and deproteinized with trichlo-
roacetic acid (TCA) (Abcam). Intracellular ATP was measured by a GloMax Discover microplate plate reader 
(Promega, Madison, WI, USA).

Immunocytofluorescence.  Immunocytofluorescence was performed as described previously33. HRPTECs 
were cultured on collagen type 1-coated four-chamber glass slides (BD Biosciences). After exposure to 100 µmol/l 
luseogliflozin for 24 h under normoxic or hypoxic conditions, the cells were fixed with 100% ethanol for 10 min 
and incubated with a rabbit polyclonal anti-HIF-1α antibody (1:200) at room temperature for 1 h. Then, the cells 
were rinsed with PBS and subsequently incubated with an Alexa Fluor 488 donkey anti-rabbit secondary anti-
body (Invitrogen) at 1:500 dilution for 1 h at room temperature. Finally, the slides were analyzed by confocal laser 
scanning microscopy.

Detection of cellular hypoxia.  Cellular hypoxia was detected by adding pimonidazole hydrochloride 
(200 mmol/L; Hypoxyprobe-1, Hydroxyprobe. Inc., Burlington, MA), which binds to cells or tissues with pO2 
levels below 10 mmHg, to HRPTECs that were treated with 100 µmol/l luseogliflozin and exposed to hypoxia 
(1% O2) for 24 h. Staining was performed according to the manufacturer’s instructions using an Alexa Fluor 594 
donkey anti-mouse secondary antibody as previously described33.

Animals.  All animal experiments followed the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals and were approved by the Research Center for Animal Life Science of Asahikawa Medical 
University. We purchased male db/m mice (on a C57BLKs/J background) and db/db (Leprdb/db) mice from CLEA 
Japan, Inc. (Tokyo, Japan). Animals purchased at 7 weeks of age were housed on a 12-hr light/dark cycle and 
provided regular chow (MF, Oriental Yeast Co., Tokyo, Japan) ad libitum and tap water. Diabetic db/db mice were 
randomly assigned to two groups at the age of 8 weeks. A first group did not receive an active pharmacological 
treatment and were used as a control. A second group received luseogliflozin (0.01% in chow; 15 mg/kg body 
weight/day) in a regular rodent diet (MF) for 8 weeks to examine the effects of an SGLT2 inhibitor on the diabetic 
kidney. No adverse effects were founded in luseogliflozin-treated db/db mice. Systolic blood pressure (SBP) and 
mean blood pressure (MBP) were measured in conscious mice using an automated tail-cuff manometer system 
(MK-2000ST; Muromachi Kikai, Tokyo, Japan). The average of 10 consecutive measurements from each mouse 
was calculated. Glucose levels in whole blood extracted from the tail were quantified using a One Touch glucose 
analyzer (LifeScan Inc., Milpitas, CA, USA). HbA1c levels were measured using a DCA 2000 analyzer (Siemens 
Medical Solutions Diagnostics, Tokyo). Mice in each group were placed in metabolic balance cages for 24-h urine 
collection. Renal function was assessed by measuring urinary albumin excretion (UAE) (Exocell, Philadelphia, 
PA, USA) and urinary kidney injury molecule-1 (KIM-1) and KIM-1 in kidney tissue (Abcam) using ELIZA kits.
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Morphological analysis and immunohistochemistry.  Glomerulosclerotic scores were evaluated by a 
semiquantitative method in 20 glomeruli per animal using 2-μm kidney sections stained with periodic acid-Schiff 
(PAS) stain61. Assessment of tubulointerstitial injury was evaluated in the cortical regions using PAS staining and 
a semiquantitative scoring system evaluating interstitial fibrosis, inflammation, tubular atrophy, tubular dilation, 
debris accumulation, and cast formation in 20 tubulointerstitial areas per animal. A score of (0) for normal tub-
ulointerstitium, (1) for injury in less than 25%, (2) for injury up to 50%, and (3) for injury in more than 50% of 
the biopsy specimen, as described in the previous study33. Immunohistochemistry was performed with a rabbit 
polyclonal anti-HIF-1α antibody (1:200) (Novus Biologicals) and mouse monoclonal anti-fibronectin antibody 
(1:500) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) as previously described33. The picrosirius red stain was 
performed by Picrosirius Red Stain Kit (Polysciences, Warrington, PA, USA) and evaluated by optical micro-
scope and polarizing microscope. The picrosirius red-positive area was measured using Image J by identifying 
the percentage of interstitial collagen positive region at x 32 magnification in five randomly selected regions62. 
Morphometry was conducted in a blinded manner by two experienced nephrologists.

Statistical analysis.  The sample sizes for the animal studies were determined according to a previous pub-
lication24. At least three separate experiments were performed per protocol. Each treatment group was assayed 
in duplicate for real-time RT-PCR and OCR assays. The values shown represent the means ± standard deviation 
(SD). All measured parametric variables were log(e) transformed for all statistical analyses. For parametric tests, 
statistical analysis was performed by ANOVA and Tukey’s post hoc analysis. Non-parametric analyses of histo-
logical scores were conducted using a Kruskal-Wallis test with the unpaired, non-parametric Mann-Whitney U 
test as a post hoc analysis. Values of P < 0.05 were considered statistically significant. ANOVA and Tukey’s post 
hoc analysis were performed using GraphPad Prism ver. 7.0 software (San Diego, CA, USA). The other statistical 
analyses described above were performed using SPSS ver. 24 (Chicago, IL, USA).

References
	 1.	 Gilbertson, D. T. et al. Projecting the number of patients with end-stage renal disease in the United States to the year 2015. J Am Soc 

Nephrol 16, 3736–3741 (2005).
	 2.	 Wanner, C. et al. Empagliflozin and Progression of Kidney Disease in Type 2 Diabetes. N Engl J Med 375, 323–334 (2016).
	 3.	 Neal, B. et al. Canagliflozin and Cardiovascular and Renal Events in Type 2 Diabetes. N Engl J Med 377, 644–657 (2017).
	 4.	 Wiviott, S. D. et al. Dapagliflozin and Cardiovascular Outcomes in Type 2 Diabetes. N Engl J Med 380, 347–357 (2019).
	 5.	 Perkovic, V. et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and Nephropathy. N Engl J Med 380, 2295–2306 (2019).
	 6.	 Davies, M. J. et al. Management of hyperglycaemia in type 2 diabetes, 2018. A consensus report by the American Diabetes 

Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetologia 61, 2461–2498 (2018).
	 7.	 Nangaku, M. Chronic hypoxia and tubulointerstitial injury: a final common pathway to end-stage renal failure. J Am Soc Nephrol 17, 

17–25 (2006).
	 8.	 Haase, V. H. Hypoxia-inducible factors in the kidney. Am J Physiol Renal Physiol 291, F271–281 (2006).
	 9.	 Nangaku, M., Inagi, R., Miyata, T. & Fujita, T. Hypoxia and hypoxia-inducible factor in renal disease. Nephron Exp Nephrol 110, e1–7 

(2008).
	10.	 Singh, D. K., Winocour, P. & Farrington, K. Mechanisms of disease: the hypoxic tubular hypothesis of diabetic nephropathy. Nat Clin 

Pract Nephrol 4, 216–226 (2008).
	11.	 Ries, M. et al. Renal diffusion and BOLD MRI in experimental diabetic nephropathy. Blood oxygen level-dependent. J Magn Reson 

Imaging 17, 104–113 (2003).
	12.	 Ohtomo, S. et al. Cobalt ameliorates renal injury in an obese, hypertensive type 2 diabetes rat model. Nephrol Dial Transplant 23, 

1166–1172 (2008).
	13.	 Rosenberger, C. et al. Adaptation to hypoxia in the diabetic rat kidney. Kidney Int 73, 34–42 (2008).
	14.	 Norman, J. T. et al. Hypoxia-induced changes in extracellular matrix metabolism in renal cells. Exp Nephrol 7(5-6), 463–469 (1999).
	15.	 Higgins, D. F. et al. Hypoxia promotes fibrogenesis in vivo via HIF-1 stimulation of epithelial-to-mesenchymal transition. J Clin 

Invest 117, 3810–3820 (2007).
	16.	 Kimura, K. et al. Stable expression of HIF-1alpha in tubular epithelial cells promotes interstitial fibrosis. Am J Physiol Renal Physiol 

295, F1023–1029 (2008).
	17.	 Sun, S. et al. Hypoxia-inducible factor-1alpha induces Twist expression in tubular epithelial cells subjected to hypoxia, leading to 

epithelial-to-mesenchymal transition. Kidney Int 75, 1278–1287 (2009).
	18.	 Luo, L., Luo, G., Fang, Q. & Sun, Z. Stable expression of hypoxia-inducible factor-1alpha in human renal proximal tubular epithelial 

cells promotes epithelial to mesenchymal transition. Transplant Proc 46, 130–134 (2014).
	19.	 Lee, H. B. & Ha, H. Plasminogen activator inhibitor-1 and diabetic nephropathy. Nephrology (Carlton) 10(Suppl), S11–13 (2005).
	20.	 Lassila, M. et al. Plasminogen activator inhibitor-1 production is pathogenetic in experimental murine diabetic renal disease. 

Diabetologia 50, 1315–1326 (2007).
	21.	 Nayak, B. K. et al. HIF-1 Mediates Renal Fibrosis in OVE26 Type 1 Diabetic Mice. Diabetes 65, 1387–1397 (2016).
	22.	 Mathupala, S. P., Rempel, A. & Pedersen, P. L. Glucose catabolism in cancer cells: identification and characterization of a marked 

activation response of the type II hexokinase gene to hypoxic conditions. The Journal of biological chemistry 276, 43407–43412 
(2001).

	23.	 Luo, W. et al. Pyruvate kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1. Cell 145, 732–744 (2011).
	24.	 Takiyama, Y. et al. Impacts of Diabetes and an SGLT2 Inhibitor on the Glomerular Number and Volume in db/db Mice, as Estimated 

by Synchrotron Radiation Micro-CT at SPring-8. EBioMedicine 36, 329–346 (2018).
	25.	 Gallo, L. A. et al. Once daily administration of the SGLT2 inhibitor, empagliflozin, attenuates markers of renal fibrosis without 

improving albuminuria in diabetic db/db mice. Sci Rep 6, 26428 (2016).
	26.	 Nørgaard, S. A. et al. Nephropathy in diabetic db/db mice is accelerated by high protein diet and improved by the SGLT2 inhibitor 

dapagliflozin. Eur J Pharmacol 860, 172537 (2019).
	27.	 Gilbert, R. E. Proximal Tubulopathy: Prime Mover and Key Therapeutic Target in Diabetic Kidney Disease. Diabetes 66, 791–800 

(2017).
	28.	 Takiyama, Y. & Haneda, M. Hypoxia in diabetic kidneys. Biomed Res Int 2014, 837421 (2014).
	29.	 Blantz, R. C. Phenotypic characteristics of diabetic kidney involvement. Kidney Int 86, 7–9 (2014).
	30.	 O’Neill, J. et al. Acute SGLT inhibition normalizes O2 tension in the renal cortex but causes hypoxia in the renal medulla in 

anaesthetized control and diabetic rats. Am J Physiol Renal Physiol 309, F227–234 (2015).
	31.	 Layton, A. T., Vallon, V. & Edwards, A. Predicted consequences of diabetes and SGLT inhibition on transport and oxygen 

consumption along a rat nephron. Am J Physiol Renal Physiol 310, F1269–1283 (2016).

https://doi.org/10.1038/s41598-019-51343-1


1 1Scientific Reports |         (2019) 9:14754  | https://doi.org/10.1038/s41598-019-51343-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

	32.	 Zhang, Y. et al. A sodium-glucose cotransporter 2 inhibitor attenuates renal capillary injury and fibrosis by a vascular endothelial 
growth factor-dependent pathway after renal injury in mice. Kidney Int 94, 524–535 (2018).

	33.	 Takiyama, Y. et al. Tubular injury in a rat model of type 2 diabetes is prevented by metformin: a possible role of HIF-1alpha 
expression and oxygen metabolism. Diabetes 60, 981–992 (2011).

	34.	 Biju, M. P., Akai, Y., Shrimanker, N. & Haase, V. H. Protection of HIF-1-deficient primary renal tubular epithelial cells from hypoxia-
induced cell death is glucose dependent. Am J Physiol Renal Physiol 289, F1217–1226 (2005).

	35.	 McDonough, A. A. & Thomson, S. C. Metabolic Basis of Solute Transport. In Brenner & Rector’s The Kidney (ed. Maarten, W. et al.) 
9th ed. 138–157 (ELSEVIER, 2012).

	36.	 Korner, A., Eklof, A. C., Celsi, G. & Aperia, A. Increased renal metabolism in diabetes. Mechanism and functional implications. 
Diabetes 43, 629–633 (1994).

	37.	 Hawley, S. A. et al. The Na+/Glucose Cotransporter Inhibitor Canagliflozin Activates AMPK by Inhibiting Mitochondrial Function 
and Increasing Cellular AMP Levels. Diabetes 65, 2784–2794 (2016).

	38.	 Villani, L. A. et al. The diabetes medication Canagliflozin reduces cancer cell proliferation by inhibiting mitochondrial complex-I 
supported respiration. Mol Metab 5, 1048–1056 (2016).

	39.	 Salt, I. P., Johnson, G., Ashcroft, S. J. & Hardie, D. G. AMP-activated protein kinase is activated by low glucose in cell lines derived 
from pancreatic beta cells, and may regulate insulin release. The Biochemical journal 335(Pt 3), 533–539 (1998).

	40.	 Zhang, C. S. et al. Fructose-1,6-bisphosphate and aldolase mediate glucose sensing by AMPK. Nature 548, 112–116 (2017).
	41.	 Faubert, B. et al. AMPK is a negative regulator of the Warburg effect and suppresses tumor growth in vivo. Cell metabolism 17, 

113–124 (2013).
	42.	 Lieberthal, W. & Levine, J. S. The role of the mammalian target of rapamycin (mTOR) in renal disease. J Am Soc Nephrol 20, 

2493–2502 (2009).
	43.	 Jia, Y. et al. Dapagliflozin Aggravates Renal Injury via Promoting Gluconeogenesis in db/db Mice. Cell Physiol Biochem 45, 

1747–1758 (2018).
	44.	 Terami, N. et al. Long-term treatment with the sodium glucose cotransporter 2 inhibitor, dapagliflozin, ameliorates glucose 

homeostasis and diabetic nephropathy in db/db mice. PLoS One 9, e100777 (2014).
	45.	 Lin, B. et al. Glycemic control with empagliflozin, a novel selective SGLT2 inhibitor, ameliorates cardiovascular injury and cognitive 

dysfunction in obese and type 2 diabetic mice. Cardiovasc Diabetol 13, 148 (2014).
	46.	 Nagata, T. et al. Tofogliflozin, a novel sodium-glucose co-transporter 2 inhibitor, improves renal and pancreatic function in db/db 

mice. Br J Pharmacol 170, 519–531 (2013).
	47.	 Abbas, N. A. T., El Salem, A. & Awad, M. M. Empagliflozin, SGLT2 inhibitor, attenuates renal fibrosis in rats exposed to unilateral 

ureteric obstruction: potential role of klotho expression. Naunyn Schmiedebergs Arch Pharmacol 391, 1347–1360 (2018).
	48.	 Schork, A. et al. Effect of SGLT2 inhibitors on body composition, fluid status and renin-angiotensin-aldosterone system in type 2 

diabetes: a prospective study using bioimpedance spectroscopy. Cardiovasc Diabetol 18, 46 (2019).
	49.	 Wang, X. X. et al. SGLT2 Protein Expression Is Increased in Human Diabetic Nephropathy: SGLT2 protein inhibition decreases 

renal lipid accumulation, inflammation, and the development of nephropathy in diabetic mice. J Biol Chem 292, 5335–5348 (2017).
	50.	 Cherney, D. Z. et al. Renal hemodynamic effect of sodium-glucose cotransporter 2 inhibition in patients with type 1 diabetes 

mellitus. Circulation 29, 587–97 (2014).
	51.	 Cherney, D. Z. et al. Sodium glucose cotransport-2 inhibition and intrarenal RAS activity in people with type 1 diabetes. Kidney Int 

86, 1057–1058 (2014).
	52.	 Mayer, G. J. et al. Analysis from the EMPA-REG OUTCOME trial indicates empagliflozin may assist in preventing the progression 

of chronic kidney disease in patients with type 2 diabetes irrespective of medications that alter intrarenal hemodynamics. Kidney Int 
96, 489–504 (2019).

	53.	 Semenza, G. L. Targeting HIF-1 for cancer therapy. Nat Rev Cancer 3, 721–732 (2003).
	54.	 Giordano, F. J. Oxygen, oxidative stress, hypoxia, and heart failure. J Clin Invest 115, 500–508 (2005).
	55.	 Yellowley, C. E. et al. Hypoxia Signaling in the Skeleton: Implications for Bone Health. Curr Osteoporos Rep 17, 26–35 (2019).
	56.	 Rajagopalan, S. et al. Use of a constitutively active hypoxia-inducible factor-1alpha transgene as a therapeutic strategy in no-option 

critical limb ischemia patients: phase I dose-escalation experience. Circulation 115, 1234–1243 (2007).
	57.	 Miyauchi, K., Takiyama, Y., Honjyo, J., Tateno, M. & Haneda, M. Upregulated IL-18 expression in type 2 diabetic subjects with 

nephropathy: TGF-beta1 enhanced IL-18 expression in human renal proximal tubular epithelial cells. Diabetes Res Clin Pract 83, 
190–199 (2009).

	58.	 Takiyama, Y. et al. Decreased expression of retinoid X receptor isoforms in human thyroid carcinomas. J Clin Endocrinol Metab 89, 
5851–5861 (2004).

	59.	 Hynes, J., Natoli, E. Jr. & Will, Y. Fluorescent pH and oxygen probes of the assessment of mitochondrial toxicity in isolated 
mitochondria and whole cells. Curr Protoc Toxicol Chapter 2, Unit 2.16 (2009).

	60.	 Zou, X. et al. Renal scattered tubular-like cells confer protective effects in the stenotic murine kidney mediated by release of 
extracellular vesicles. Sci Rep 8, 1263 (2018).

	61.	 Forbes, J. M. et al. The breakdown of preexisting advanced glycation end products is associated with reduced renal fibrosis in 
experimental diabetes. Faseb j 17, 1762–1764 (2003).

	62.	 Gangadharan Komala, M. et al. Inhibition of kidney proximal tubular glucose reabsorption does not prevent against diabetic 
nephropathy in type 1 diabetic eNOS knockout mice. PLoS One 9, e108994 (2014).

Acknowledgements
We would like to thank Professor Kobayashi (Division of Immunopathology, Department of Pathology, 
Asahikawa Medical University) and Associate Professor Mizukami (Division of Gastroenterology and 
Hematology/Oncology, Department of Medicine, Asahikawa Medical University) for allowing us to use a plate 
reader. We would like to thank Professor Yuji Nishikawa (Division of Tumor Pathology, Department of Pathology, 
Asahikawa Medical University) for his cooperation in experiments using the polarizing microscope. The authors 
also thank Taisho Pharmaceutical Co. for providing luseogliflozin through a material transfer agreement.

Author Contributions
R.B. and Y. Takiyama collected the data and wrote the manuscript. Y. Takiyama contributed to the original 
idea, design and interpretation of the experiments. R.B., Y. Takiyama and T.O. interpreted the results of the 
experiments. T.T., H.K., Y. Takeda, H.S. and T.O. contributed to the discussion. All authors approved the final 
version of the manuscript. Y. Takiyama guarantees this work and had full access to all the data in the study; Y. 
Takiyama assumes responsibility for the integrity of the data and the accuracy of the data analysis.

https://doi.org/10.1038/s41598-019-51343-1


1 2Scientific Reports |         (2019) 9:14754  | https://doi.org/10.1038/s41598-019-51343-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-51343-1.
Competing Interests: The authors declare no competing interests.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51343-1
https://doi.org/10.1038/s41598-019-51343-1
http://creativecommons.org/licenses/by/4.0/

	Hypoxia-inducible factor-1α is the therapeutic target of the SGLT2 inhibitor for diabetic nephropathy

	Results

	Luseogliflozin inhibits hypoxia-induced HIF-1α protein expression. 
	Luseogliflozin inhibits HIF-1 target gene expression. 
	Luseogliflozin increases AMPK phosphorylation, and an AMPK activator and inhibitor do not affect HIF-1α protein expression. ...
	Mitochondrial inhibitors decrease hypoxia-induced HIF-1α protein expression. 
	Luseogliflozin decreases the OCR and intracellular ATP levels. 
	Luseogliflozin restores hypoxic conditions in HRPTECs. 
	Luseogliflozin improves hyperglycemia, but not blood pressure or albuminuria. 
	Luseogliflozin attenuates HIF-1α and fibronectin expression in the renal cortex and ameliorates tubular injury in db/db mic ...

	Discussion

	Methods

	Materials and antibodies. 
	Cell cultures. 
	Quantitative RT-PCR. 
	Western blotting. 
	Oxygen consumption rate (OCR) measurements. 
	Intracellular ATP measurements. 
	Immunocytofluorescence. 
	Detection of cellular hypoxia. 
	Animals. 
	Morphological analysis and immunohistochemistry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Effects of luseogliflozin on hypoxia-induced HIF-1α protein and HIF-1α target gene expression.
	Figure 2 Luseogliflozin inhibits the hypoxia-induced HIF-1α protein, independent of AMPK activation.
	Figure 3 Luseogliflozin suppressed oxygen consumption and restored intracellular hypoxia in HRPTECs.
	Figure 4 Luseogliflozin ameliorates tubular injury in db/db mice, accompanied by the inhibition of HIF-1α and tubulointerstitial fibrosis.
	Figure 5 The renoprotective mechanism of the SGLT2 inhibitor occurs through oxygen metabolism in diabetic kidneys.
	Table 1 Laboratory data of mice.




