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Abstract

Background/Aims: A sodium-glucose co-transporter-2 inhibitor dapagliflozin is widely used
for lowering blood glucose and its usage is limited in type 2 diabetes mellitus patients with
moderate renal impairment. As its effect on kidney function is discrepant and complicated,
the aim of this study is to determine the effect of dapagliflozin on the progression of diabetic
nephropathy and related mechanisms. Methods: Twelve-week-old male C,,BL/6 wild-type and
db/db mice were treated with vehicle or 1 mg/kg dapagliflozin for 12 weeks. Body weight,
blood glucose, insulin tolerance, glucose tolerance, pyruvate tolerance and 24-hour urine
were measured every 4 weeks. At 24 weeks of age, renal function was evaluated by blood
urea nitrogen level, creatinine clearance, urine output, urinary albumin excretion, Periodic
Acid-Schiff staining, Masson'’s trichrome staining and electron microscopy. Changes in insulin
signaling and gluconeogenic key regulatory enzymes were detected using Western blot
analysis. Results: Dapagliflozin did not alleviate but instead aggravated diabetic nephropathy
manifesting as increased levels of microalbuminuria, blood urea nitrogen, and glomerular
and tubular damage in db/db mice. Despite adequate glycemic control by dapagliflozin,
urinary glucose excretion increased after administration before 24 weeks of age and was likely
associated with renal impairment. Increased urinary glucose excretion was mainly derived
from the disturbance of glucose homeostasis with elevated hepatic and renal gluconeogenesis
induced by dapagliflozin. Although it had no effect on insulin sensitivity and glucose tolerance,
dapagliflozin further induced the expression of gluconeogenic key rate-limiting enzymes
through increasing the expression levels of FoxO1 in the kidney and liver. Conclusion: These
experimental results indicate that dapagliflozin aggravates diabetes mellitus-induced kidney

injury, mostly through increasing gluconeogenesis.
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Introduction

According to the International Diabetes Federation, the prevalence of diabetes mellitus
(DM) was almost 8.8% in 2017, and by 2045, approximately 629 million people will have
DM worldwide. In high-income countries up to 91% of adult DM belongs to type 2, T2ZDM.
Long-term poor glycemic control in patients with DM can lead to cardiovascular diseases,
nephropathy, neuropathy and retinopathy, which are responsible for high morbidity and
mortality in patients with T2DM [1, 2]. [t is reported that diabetic nephropathy (DN) occurs
in 20~30% of diabetic patients [3]. Normalizing hyperglycemia is necessary to slow the
progression of the diabetic process [1] and to reduce the risk of complications including
cardiovascular disease and nephropathy [2].

Although the glycemic control in patients with T2DM is improving with the use of
common clinical drugs, it is still difficult for most cases to achieve adequate glycemic control
without dose-limiting side effects such as the potential for hypoglycemia, weight gain and
sustained insulin resistance [1, 4]. Moreover, current interventions are almost insulin-
dependent, mainly through stimulating insulin secretion or addressing peripheral insulin
resistance. Therefore, the researches and development of novel anti-hyperglycemic agents
for T2DM with an insulin-independent mechanism are of interest in the drug discovery field.

More recent research has focused on the kidney as a therapeutic target, especially
because maximal renal glucose reabsorption is increased in T2DM. Sodium-glucose co-
transporter-2 (SGLT2) is responsible for 97% of glucose reabsorption in the renal proximal
tubule, and its expression and activities are increased in T2DM [5]. SGLT2 inhibitors are new
medications that improve cardiovascular and renal complications in patients with T2DM.
Dapagliflozin is the first highly selective SGLT2 inhibitor approved by the European Medicine
Agency and the U.S.Food and Drug Administration. A clinical trial of dapagliflozin is promising
because it significantly reduces hemoglobin Alc without increasing risk of hypoglycemia [6,
7]. Dapagliflozin also improves insulin sensitivity and -cell functions [8, 9], decreases body
weight and lowers systolic blood pressure independently from insulin secretion or action
[10]. Clinical data show that dapagliflozin lowers the estimated glomerular filtration rate
[11] and then slows the progression of DN. It is also reported that dapagliflozin improves
DN not only by lowering blood glucose but also by inhibiting inflammation and oxidative
stress in db/db mice [12]. However, the albuminuria-lowering action of dapagliflozin is
variable and dependent on renal function [13]. The U.S. Food and Drug Administration has
issued alerts regarding increased acute kidney injury risk with canagliflozin or dapagliflozin.
Consistent with this, the effectiveness of SGLT2 inhibitors is decreased with the increasing
severity of renal impairment, requiring dosage adjustments or restrictions with moderate-
to-severe renal dysfunction. Therefore, further evaluation regarding the long-term effect of
dapagliflozin on kidney with impaired function is needed. The purpose of this study is to
determine the effects of dapagliflozin on the progression of DN and related mechanism in
db/db mice with renal impairment.

Materials and Methods

Animals

Male C, BL/6 wild-type mice and male C,,BL/6 db/db mice at 12 weeks of age were acquired from
the Animal Center of Peking University Health Science Center. The mice were maintained on a standard diet
and had free access to water. For the experiment, mice were housed in cages in a light-, temperature- and
humidity- controlled environment. The wild-type mice and db/db mice were randomly divided into groups:
control group and dapagliflozin treated group. Vehicle or 1 mg/kg dapagliflozin (product code: HY-10450,
brand: MCE) was orally administered once daily for 12 weeks. The mice were placed in metabolic cages
adapted for one day, and 24-hour urine was collected every 4 weeks. The body weight was measured every
4 weeks. The blood glucose was measured after 8 h of fasting every 4 weeks. The mice at 24 weeks of age
were Killed to collect blood and tissues for the subsequent experiments. Data were collected from 9-10
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animals in each group. All animal experiments conformed to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Publication, eighth Edition, 2011) and
were approved by the Peking University Health Science Center Animal Experimentation Ethics Committee
(Laboratory animal use license No. XYSK (JING) 2011-0039, Laboratory animal production license No. SCXK
(JING) 2011-0012).

Insulin, glucose, and pyruvate tolerance testing

An insulin tolerance test (1 IU/kg insulin i.p.) and glucose tolerance test (1.5 g/kg glucose i.p.) were
performed in mice (every 4 weeks after vehicle or dapagliflozin treatment) after 6 h of fasting. A pyruvate
tolerance test (2 g/kg pyruvate i.p.) was performed in mice (every 4 weeks after vehicle or dapagliflozin
treatment) after 16 h of fasting. Blood (5 pul) was collected from the tail vein at 0, 15, 30, 60, 90, and 120
min after injection and then mixed with 45 pl saline. The samples were centrifuged at 1100xg, at 4 °C for 15
min and the supernatant was immediately collected to determine glucose concentrations using the glucose
oxidase-peroxidase method (N]]JC Bio) according to the manufacturer’s instructions. Data were expressed as
a blood glucose change relative to 0 min.

Urine and blood chemistry

Urea concentrations in urine and blood was measured using a QuantiChrom Urea Assay kit
(BioAssay Systems Q20). Creatinine and glucose concentration in urine and blood were measured with
commercial kits (NJJC Bio) according to the manufacturer’s instructions. Albumin was measured with
mouse microalbuminuria ELISA kits (EIA06044m, Wuhan Xinqidi Biological technology) according to the
manufacturer’s instructions. Urinary osmolality was measured using freezing point depression (Micro-
osmometer, FISKER ASSOCIATES, Norwood, Massachusetts, USA).

Renal histological assessment and ultrastructural examination

The kidneys were fixed with 4% paraformaldehyde overnight, dehydrated in graded alcohol and then
embedded in paraffin for staining with Periodic Acid-Schiff (PAS) to assess renal injury and Masson staining
to assess the level of collagen deposition. Renal tubular damages were assessed using a tubular damage
score, as previously described [14, 15]. In brief, tubular injury was scored in a blinded manner according
to the percentage of damage including atrophy and flattening of proximal tubule epithelial cell, and tubular
dilation: 0 = normal; 1 = < 20%; 2 = 20 to 40%; 3 = 40 to 60%; 4 = 60 to 80%; and 5 = > 80%. Ten random
pictures per kidney section were quantified. Glomerular diameter was measured using Image-Pro Plus 3.0
(Media Cybernetics, Silver Spring, MD).

For ultrastructural evaluation, kidneys that were 1 mm? in size, were fixed in 2.5% glutaraldehyde,
postfixed in osmium tetroxide, and stained with uranyl acetate and lead citrate. The specimen was thin-
sectioned and examined under a transmission electron microscope. Electron microscopic pictures were
randomly taken in each group.

Western blot analysis

Renal cortex or liver were lysed in RIPA lysis buffer containing protease inhibitor cocktail (Roche).
Total protein was measured by BCA (Pierce). The lysates were electrophoresed on polyacrylamide gels
and electrotransferred to polyvinylidene difluoride membranes (Amersham Biosciences). After blocking,
the membranes were incubated with antibodies against -actin (Santa Cruz, sc-47778, 1:5000 dilution),
thymoma viral proto-oncogene 1 (Aktl, Santa Cruz, sc-5298, 1:500 dilution), p-Akt1l Ser473 (Abclonal,
AP0140, 1:2000 dilution), p-Akt2 Ser474 (Abcam, ab38513, 1:1000 dilution), p-S6 Ser235/236 (CST, 2211,
1:1000 dilution), S6 (CST, 2217, 1:1000 dilution), cytosolic phosphoenolpyruvate carboxykinase 1 (PEPCK1,
Bioworld, BS6870, 1:5000 dilution), glucose-6-phosphatase (G6Pase, Santa Cruz, sc-25840, 1:500 dilution),
hepatic nuclear factor 4, alpha (HNF-4a, Abcam, ab181604, 1:1000 dilution), PPARYy coactivator-1a (PGC-1a,
Abcam, ab54481, 1:1000 dilution), forkhead box 01 (Fox01, CST, 2880, 1:1000 dilution), p-FoxO01 Ser 256
(CST, 9461, 1:1000 dilution), glycogen synthase kinase 3 beta (Gsk3(, CST, 9315, 1:1000 dilution), p-Gsk3§
Ser9 (CST, 9336, 1:1000 dilution), insulin receptor substrate 1 (IRS1, CST, 2382, 1:1000 dilution), p-IRS1
Ser302 (CST, 2384, 1:1000 dilution), IRS2 (CST, 4502, 1:1000 dilution), p-IRS2 Ser731 (Abcam, ab3690,
1:1000 dilution), insulin receptor beta (InRf3, CST, 3025, 1:1000 dilution), and anti-p-InRf (Santa Cruz, sc-
81500, 1:500 dilution). Goat anti-rabbit IgG or goat anti-mouse IgG (Santa Cruz) were added and the blots
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were developed with ECL plus kit (Amersham Biosciences). Quantitation was performed by scanning and
analyzing the intensity of the hybridization band.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA).
The data were expressed as the means + SEM, and each experiment was performed at least three times.
Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s multiple comparison
test. A “P value” < 0.05 was considered statistically significant.

Results

Dapagliflozin promoted urinary glucose excretion and lowered fasting blood glucose in

db/db mice

Db/db mice are usually used as the typical T2ZDM animal model and show significant
metabolic syndromes, including obesity, hyperglycemia and lipid metabolism disorders
[16]. In our study, db/db mice showed increased body weight (Fig. 1A), fasting blood glucose
(Fig. 1B), urine output (Fig. 1C) and urinary glucose excretion (Fig. 1D) compared with
wild-type mice from 12 to 24 weeks. Dapagliflozin treatment did not affect body weight, but
significantly decreased fasting blood glucose level in db/db mice from 12 to 24 weeks (Fig.
1). Additionally, it increased urine output and urinary glucose excretion at 16 and 20 weeks
and had no effect in db/db mice at 24 weeks (Fig. 1). Body weight and fasting blood glucose
were unchanged, but urine output and urinary glucose excretion increased significantly after
dapagliflozin treatment in wild-type mice (Fig. 1).

Dapagliflozin  aggravated ~ DM-

induced nephropathy in db/db mice o WT

To determine the functional A :g\gdgapa B
and structural changes in kidneys, 807 # db/db dapa 25 q Hkx
blood and kidney samples were . 60- e FFE R 290
collected after 12 weeks of vehicle or 5-’340_ ;W& g 15
dapagliflozin administration. The ratio |3 E10
of kidney weight to body weight (Fig. 201 Q5
2A) significantly. decre'flsed and ur?nary 0 12 16 20 24 0 12 16 20 24
albumin excretion (Fig. 2B), urinary C time (w) D time (w)
albumin/creatinine ratio (Fig. 2C), and 215 15
creatinine clearance (Fig. 2D) increased | S 88 g8 = 838 538 s
evidently in db/db mice compared with Q101 gs &8& ” & 1
wild-type mice. However, Fig. 2E shows \Ef_ 5| g ol 90 5
that there was no difference in BUN 3 PP G Rl R
between db/db mice and wild-type mice. |- 0l t====2 2 gl 0
The increased urinary albumin excretion 12 16 20 24 1216 20 24

. . . . time (w) time (w)

and urinary albumin/creatinine ratio

implied that db/db mice had progressive Fig. 1. Dapagliflozin lowered blood glucose through
mild renal impairment from 12 weeks promoting urinary glucose excretion in db/db mice.
to 24 weeks (Fig. 2B and Fig. 2C). The Wild-type mice and db/db mice were administrated with
results showed that dapagliflozin dapagliflozin or saline once daily for 12 weeks. (A) Body
treatment increased the ratio of weight (BW). (B) Blood glucose (BG). (C) Urine output
kidney weight to body weight, urinary (U,,...)- (D) Urinary glucose excretion (UGE). Means +
albumin excretion, urinary albumin/  SgM, n = 9. *P<0.05, *P<0.01 and ***P<0.001 vs. wild-
creatinine ratio and BUN but had no type (WT) mice. #P<0.05, #**P<0.01 and ***P<0.001
effect on creatinine clearance (Fig. 2). s db/db mice. “P<0.05, “P<0.01 and *<P<0.001 vs.

Urinary creatinine excretion, urinary gapagliflozin treated wild-type mice. One-way ANOVA,
urea excretion, and urinary osmolality  Bonferroni’s multiple comparison test.
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significantly increased in db/db mice
and were not affected by dapagliflozin
(Fig. 2F-H).

To determine the effect of
dapagliflozin  treatment on renal
morphology and ultrastructure,
PAS staining, Masson’s trichrome
staining, and transmission electron
microscopy were performed. The renal
morphological changes were found in
db/db mice, including tubular dilatation,
loss of proximal tubule brush border
(Fig. 3A), and collagen deposition
(Fig. 3B). Transmission electron
microscopy showed ultrastructures
of normal glomerulus (Fig. 3C) and
tubular epithelial cell damage including
mitochondrial swelling and necrosis
(Fig. 3D) in db/db mice. Dapagliflozin
treatment induced glomerular injury,
including collagen deposition (Fig.
3B), glomerular basement membrane
thickening, fusion of endothelial
cells, foot process fusion (Fig. 3C),
and increased glomerular diameter
(Fig. 3E). It also further accelerated
serious tubular injury (Fig. 3F) and
tubular epithelial cell damage including
mitochondrial swelling and necrosis
(Fig. 3D). No obvious change in renal
morphology was observed in wild-
type and dapagliflozin treated wild-
type kidneys. These data indicated that
dapagliflozin treatment aggravated the
progression of nephropathy in db/db
mice with renal damage.

Dapagliflozin promoted the disorder
of glucose homeostasis in db/db mice
To investigate the consequences of
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Fig. 2. Dapagliflozin aggravated impaired renal function
induced by DM in db/db mice. (A) The ratio of kidney
weight to body weight (KW/BW). (B) Urinary albumin
excretion (UAE). (C) The ratio of urinary albumin and
creatinine (UACR). (D) Creatinine clearance (C_). (E)
Blood urea nitrogen (BUN). (F) Urinary creatinine
excretion (U .} (G) Urinary urea excretion
(U, ren excretion)- (H) Urinary osmolality (U__ ). Means + SEM,
n = 9. *P<0.05, **P<0.01 and ***P<0.001 vs. wild-type
mice (WT). ¥P<0.05, #P<0.01 vs. db/db mice. *P<0.05,
4P<0.01 and ***P<0.001 vs. dapagliflozin treated wild-
type mice. One-way ANOVA, Bonferroni’s multiple
comparison test.

dapagliflozin treatment on glucose homeostasis, key metabolic parameters were measured.
The intraperitoneal insulin tolerance test showed that insulin sensitivity was significantly
reduced in db/db mice as evidenced by an increase in the area under the curve (AUC)
by 70.4% at 24 week, treatment with dapagliflozin for 12 weeks had no effect on insulin
sensitivity (Fig. 4A and Fig. 4D). A glucose tolerance test showed that glucose clearance
was significantly reduced in db/db mice as demonstrated by the upregulation of AUC by
31.6% at 24 week and slight downregulation after dapagliflozin administration (Fig. 4B and
Fig. 4E). Surprisingly, gluconeogenesis was enhanced in db/db mice evidenced by a 32.1%
increase in the AUC and was further elevated after dapagliflozin administration (increased
AUC by 40.5%) at 24 week (Fig. 4C and Fig. 4F). Increased gluconeogenesis by dapagliflozin
treatment occurred from 20 weeks in db/db mice (Fig. 4C and Fig. 4F). It was also found that
dapagliflozin had no effect on glucose homeostasis in wild-type mice (Fig. 4).
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Fig. 3. Dapagliflozin aggravated tubular injury
and induced glomerular damage in db/db mice.
(A) PAS staining of kidney sections. (B) Masson’s
trichrome staining of kidney sections. (C) Electron
micrograph of glomerulus. (D) Electron micrograph
of proximal tubules. (E) Glomerular diameter. (F)
Tubular injury score. Values were means + SEM,
n = 4. ¥*P<0.05, **P<0.01 and ***P<0.001 vs. wild-
type mice (WT). ¥P<0.05, #P<0.01 and #*#P<0.001
vs. db/db mice. #P<0.05, *P<0.01 and **P<0.001
vs. dapagliflozin treated wild-type mice. One-way
ANOVA, Bonferroni’s multiple comparison test for
EandF
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Fig. 4. Dapagliflozin affected glucose homeostasis in db/db mice. Blood was collected at 0, 15, 30, 60, 90,
and 120 min after insulin, glucose or sodium pyruvate injection (A) Insulin tolerance test at 12, 16, 20, and
24 week. (B) Glucose tolerance test at 12, 16, 20, and 24 week. (C) Pyruvate tolerance test at 12, 16, 20, and
24 week. (D) Area under the curve (AUC) of insulin tolerance test (ITT). (E) AUC of glucose tolerance test
(GTT). (F) AUC of pyruvate tolerance test (PTT). Values were means * SEM, n = 6. *P<0.05, **P<0.01 and
***P<0.001 vs. wild-type (WT) mice. ¥P<0.05, #*P<0.01 and #**#P<0.001 vs. db/db mice. *P<0.05, #P<0.01
and ¥#P<0.001 vs. dapagliflozin treated wild-type mice. One-way ANOVA, Bonferroni’s multiple comparison
test.
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Fig. 5. Dapagliflozin had no effect on insulin
signaling in kidney and liver in db/db mice. (A)
Expression of proteins associated with insulin
signaling in renal cortex. Representative blotting
(left) and quantification of protein levels (right)
are shown. (B) Expression of proteins associated
with insulin signaling in liver. Representative
blotting (left) and quantification of protein levels
(right) are shown. Values were means + SEM, n
= 6. *P<0.05, **P<0.01 and ***P<0.001 vs. wild-
type mice (WT).*P<0.05 vs. dapagliflozin treated
wild-type mice. One-way ANOVA, Bonferroni’s
multiple comparison test.

Dapagliflozin had no effect on insulin

signaling in db/db mice

Because glucose homeostasis is closely
related to insulin signaling, the effect of
dapagliflozin on hepatic and renal insulin
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INRB 49 =% =9 = Fig. 6. Dapagliflozin increased expression of
dapa -+ - * & I1 2 o gluconeogenic key regulatory enzymes in renal
WT  db/db elative level

cortex and liver in db/db mice. (A) Expression
of gluconeogenic key regulatory enzymes in
renal cortex. Representative blotting (up) and
quantification of protein levels (down) are shown.
(B) Expression of gluconeogenic key regulatory
enzymes in liver. Representative blotting (up)
and quantification of protein levels (down) are
shown. (C) Expression of transcriptional activators
in renal cortex. Representative blotting (up) and
quantification of protein levels (down) are shown.
(D) Expression of transcriptional activators in liver.
Representative blotting (up) and quantification
of protein levels (down) are shown. Values
were means * SEM, n = 6. *P<0.05, **P<0.01 and
*#*P<0.001 vs. wild-type mice (WT). #P<0.05,
#P<0.01vs. db/db mice. ¥P<0.05, *P<0.01 and
&&p<(0.001 vs. dapagliflozin treated wild-type
mice. One-way ANOVA, Bonferroni’s multiple
comparison test.

signaling is further studied. The expression and phosphorylation levels of InRf§ and IRS1
did not significantly change in the renal cortex of db/db mice (Fig. 5A). Although the
phosphorylation levels of IRS2 significantly increased (Fig. 5A), the phosphorylation levels
of Aktl, Akt2, and S6 significantly decreased (Fig. 5A). There was also no change in the
expression and phosphorylation levels of Gsk3{ (Fig. 5A).
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Analogously, the expression and phosphorylation levels of InRf and IRS2 did not
significantly change in livers of db/db mice (Fig. 5B). However, the expression of IRS1
significantly decreased (Fig. 5B). Likewise, the phosphorylation levels of Akt1, Akt2, and S6
were significantly reduced in livers of db/db mice (Fig. 5B). There was no change in either the
expression or thephosphorylation of Gsk3 either (Fig. 5B). These results indicate that there
was impaired insulin signaling in the renal cortex and liver in db/db mice. Dapagliflozin only
increased expression of IRS2 in renal cortex and IRS1 in liver in db/db mice (Fig. 5). Beyond
that, dapagliflozin did not affect the phosphorylation and expression levels of other proteins
in renal cortex and liver of db/db mice (Fig.5), showing that treatment with dapagliflozin for
12 weeks had no effect on insulin signaling in db/db mice.

Dapagliflozin increased renal and hepatic gluconeogenesis in db/db mice

Increased gluconeogenesis in DM is the main cause of fasting hyperglycemia and
contributes greatly to endogenous glucose production. A pyruvate tolerance test indicated
that gluconeogenesis significantly increased in dapagliflozin-treated db/db mice. Therefore,
the expression levels of gluconeogenic key rate-limiting enzymes PEPCK1 and G6Pase in the
renal cortex and liver were detected. As shown in Fig. 6A and B, the expression levels of
PEPCK1 and G6Pase were increased in the renal cortex and livers of db/db mice and were
further markedly promoted by dapagliflozin treatment. To obtain mechanistic insights into
increased gluconeogenesis, the expression of transcriptional activators was investigated. The
expression of Fox01, HNF-4a, PGC-1a and phosphorylation of Fox01 increased observably in
the renal cortex and liver of db/db mice (Fig. 6C and D). Moreover, only increased expression
of FoxO1 and decreased phosphorylation levels of FoxO1 were found after dapagliflozin
treatment. In dapagliflozin treated wild-type mice, there was no alteration in the expression
of key rate-limiting enzymes and transcriptional activators (Fig. 6).

Discussion

The motivation of this study was to determine whether SGLT2 inhibitors may prevent
diabetic nephropathy in an animal model of T2DM with obesity. SGLT2 inhibitors, such as
dapagliflozin, have been shown to improve glomerular hyperfiltration and blood pressure
[10, 11], as add-ons to their action on blood glucose and glycated hemoglobin levels.
The renoprotective effect of dapagliflozin in diabetic patients is still discrepant [13,
17]. Therefore, we chose diabetic db/db mice at an age of 12 to 24 weeks to investigate
the effect of dapagliflozin on renal function. Db/db mice at 12 weeks of age showed
serious hyperglycemia, glucosuria and polyuria, and mildly impaired renal function with
microalbuminuria. Moreover, higher levels of BUN and urinary albumin excretion were
observed in dapagliflozin treated db/db mice at the age of 24 weeks, indicating that
dapagliflozin could further aggravate DN.

Observation of histomorphology and electron microscopy also provided sufficient
evidence that glomerular damages was present, including hypertrophy and impairment of
the glomerular filtration barrier in dapagliflozin-treated db/db mice. More serious tubular
and tubulointerstitial injuries, such as interstitial fibrosis, epithelial cell swelling, necrosis
and tubular dilatation, were also found in dapagliflozin-treated db/db mice compared to
db/db mice. Despite adequate glycemic control with dapagliflozin, urinary glucose excretion
did not decline but increased after administration before 24 weeks of age. The amounts of
glucose filtered through the glomerulus and urinary glucose excretion have been shown to
be correlated with renal function [5, 18].

Unexpectedly, in this study, we found kidney injury induced by dapagliflozin, contrary
to previous reports in db/db mice with diabetic nephropathy [12]. Of note, db/db mice
treated with dapagliflozin have lower urinary glucose excretion than db/db mice; this
finding contradicts our results. Furthermore, glucosuria has typically been considered to
be a “bad thing” and is associated with untreated DM or generalized disorders of proximal
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tubule function [19-22]. Therefore, increased urinary glucose excretion itself may pose a
heavy burden on the kidneys. In another study, dapagliflozin slowed renal fibrosis in db/db
mice with right uninephrectomy [23]. Consistent with our findings, several pharmacokinetic
or pharmacodynamics studies have identified that the effects of SGLT2 inhibitors on urinary
glucose excretion and glycemic levels are attenuated by reduced renal function [18, 24, 25].
When uninephrectomy is performed, compensatory changes may occur in the kidney of db/
db mice and may affect the role of dapagliflozin in glucose metabolism.

The kidney contributes to glucose homeostasis through four major processes, glucose
filtration, glucose consumption, gluconeogenesis and glucose reabsorption in the proximal
tubule [26]. These processes can be adaptively altered in patients with T2DM, likely
contributing to hyperglycemia and providing potential targets for novel therapies. The most
important process among these is the paradoxical increase in glucose reabsorption because
of the increased expression and/or activity of SGLT2 in the kidneys that occurs in T2DM.

The abnormal change in SGLT2 is akin to increased hepatic gluconeogenesis that also
occurs in T2DM. Endogenous glucose production is mainly derived from two pathways:
gluconeogenesis and glycogenolysis, both of these are enhanced in T2DM and contribute to
fasting and postprandial hyperglycemia [27, 28]. In addition to the liver, the renal cortex also
has the highest expression of enzymes related to gluconeogenesis and is therefore capable
of generating considerable amounts of glucose (by gluconeogenesis) to be released into
the circulation [29]. The human liver and kidneys release approximately equal amounts of
glucose via gluconeogenesis in the post-absorptive state [29]. In patients with T2DM, hepatic
glucose release is increased by approximately 30%, and renal glucose release is increased
nearly 300% [30]. A key point of gluconeogenesis control is transcriptional regulation
of PEPCKland G6Pase, the first and last key rate-limiting enzymes for gluconeogenesis
respectively.

To identify if inhibiting SGLT2 will induce subsequent alterations of gluconeogenesis,
we examined the levels of PEPCK1 and G6Pase. We found that dapagliflozin can significantly
induce gluconeogenesis, as manifested by increased expression of PEPCK1 and G6Pase and
the AUC of the glucose tolerance test. Although there is conflicting evidence on the role of
SGLT2 inhibitorsinreflecting renal pharmacodynamic effects in patients with DN and diabetic
animal models, our results at least suggest that increased renal and hepatic gluconeogenesis
induced by dapagliflozin is an important contributor to the progression of DN.

To date, the significance of the kidney in glucose homeostasis both under physiological
and pathological conditions has been the focus of attention; however, the precise mechanism
has not been fully clarified. Our data show that expression levels of transcriptional activators
FoxO1, HNF-4qa, and PGC-1a were increased both in the liver and renal cortex in db/db mice.
Accumulating evidences demonstrates that the expression or the promoter-binding activity
of Fox01, HNF4, PGC-1a or cAMP responsive element binding protein (CREB), which bind
to the G6Pase and PEPCK1promoters, regulate gluconeogenesis in the liver [27, 31-35].
Recently, the transcriptional regulators of hepatic gluconeogenesis are also considered to be
potential therapeutic targets for the treatment of T2DM [27, 35, 36]. However, dapagliflozin
only further increased the expression of FoxO1, suggesting that FoxO1l might play an
important role in dapagliflozin-induced renal and hepatic gluconeogenesis.

Mammalian FoxO proteins are found throughout the body [37]. It is well established
that FoxOs can be phosphorylated and that their transcriptional activity is then repressed
by insulin-Akt signaling [38]. As phosphorylation of FoxO1 by PI3K/Akt signaling leads to its
nuclear exclusion and eventual ubiquitylation-dependent proteasomal degradation [39], a
lowered level of p-FoxO1 by dapagliflozin treatment may contribute to persistent activation
of Fox01. In this study, there was impaired insulin sensitivity with down-regulation of p-Akt
and p-S6 and an increased AUC for the insulin tolerance test and glucose tolerance test
curve in db/db mice that were not improved by dapagliflozin treatment. Even though our
data revealed that subsequent persistent activation of FoxO1 was an important factor for
the activation of gluconeogenic key enzymes induced by dapagliflozin, we failed to draw a
conclusion that dapagliflozin treatment mainly promotes gluconeogenesis by insulin-Akt-
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Fox01 signals. Although elevated gluconeogenesis is involved in dapagliflozin-induced renal
damage, the exact mechanisms are not yet known and still need further research.

Conclusion

We suggest that dapagliflozin may further aggravate diabetic renal impairment in db/
db mice and is most likely associated with increased renal and hepatic gluconeogenesis and
glucose homeostasis disturbance. Forthcoming data on the long-term efficacy and safety
profile of SGLT2 inhibitors should help to solidify the role of these agents in the management
of DM and DN.

Acknowledgements

We thank Chen Shao (Beijing YouAn Hospital, Capital Medical University) for technical
assistance in renal pathology evaluation. This work was supported by National Natural
Science Foundation of China grants 81370783, 41376166, 81261160507 and 81170632,
the 111 Project, and International Science & Technology Cooperation Program of China
2012DFA11070. State Key Laboratory of Kidney Diseases, Chinese PLA General Hospital
KF-01-130.

Disclosure Statement

The authors declare no duality of interest associated with this manuscript.

References

>1 Defronzo RA: Banting Lecture. From the triumvirate to the ominous octet: a new paradigm for the
treatment of type 2 diabetes mellitus. Diabetes 2009;58:773-795.

»2 The effect of intensive treatment of diabetes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus. The Diabetes Control and Complications Trial
Research Group. N Engl ] Med 1993;329:977-986.

>3 Afkarian M, Zelnick LR, Hall YN, Heagerty PJ, Tuttle K, Weiss NS, de Boer IH: Clinical Manifestations of
Kidney Disease Among US Adults With Diabetes, 1988-2014. JAMA 2016;316:602-610.

>4 Action to Control Cardiovascular Risk in Diabetes Study G, Gerstein HC, Miller ME, Byington RP, Goff DC,
Jr., Bigger JT, Buse JB, Cushman WC, Genuth S, Ismail-Beigi F, Grimm RH, Jr., Probstfield JL, Simons-Morton
DG, Friedewald WT: Effects of intensive glucose lowering in type 2 diabetes. N Engl ] Med 2008;358:2545-
2559.

»5 Vallon V: The mechanisms and therapeutic potential of SGLT2 inhibitors in diabetes mellitus. Annu Rev
Med 2015;66:255-270.

»6 Bailey CJ, Gross JL, Pieters A, Bastien A, List JF: Effect of dapagliflozin in patients with type 2 diabetes who
have inadequate glycaemic control with metformin: a randomised, double-blind, placebo-controlled trial.
Lancet 2010;375:2223-2233.

»7 Kaku K, Kiyosue A, Inoue S, Ueda N, Tokudome T, Yang ], Langkilde AM: Efficacy and safety of dapagliflozin
monotherapy in Japanese patients with type 2 diabetes inadequately controlled by diet and exercise.
Diabetes Obes Metab 2014;16:1102-1110.

>3 Merovci A, Solis-Herrera C, Daniele G, Eldor R, Fiorentino TV, Tripathy D, Xiong ], Perez Z, Norton L, Abdul-
Ghani MA, DeFronzo RA: Dapagliflozin improves muscle insulin sensitivity but enhances endogenous
glucose production. ] Clin Invest 2014;124:509-514.

»9 Merovci A, Mari A, Solis C, Xiong ], Daniele G, Chavez-Velazquez A, Tripathy D, Urban McCarthy S, Abdul-
Ghani M, DeFronzo RA: Dapagliflozin lowers plasma glucose concentration and improves beta-cell function.
] Clin Endocrinol Metab 2015;100:1927-1932.

KARGER

1756


http://dx.doi.org/10.1159%2F000487783

Ce”ular Phys|ology Cell Physiol Biochem 2018;45:1747-1758
DOL

»>10

>11

>12

»>13

»14

»>15

> 16

»17

»>18

»19

»20

»21

»22

»23

»24

»25

»26

»27

»28

»29

© 2018 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: March 01, 2018  |www.karger.com/cpb 1757

Jia et al.: Dapagliflozin Aggravates Renal Injury

Musso G, Gambino R, Cassader M, Pagano G: A novel approach to control hyperglycemia in type 2 diabetes:
sodium glucose co-transport (SGLT) inhibitors: systematic review and meta-analysis of randomized trials.
Ann Med 2012;44:375-393.

Tosaki T, Kamiya H, Himeno T, Kato Y, Kondo M, Toyota K, Nishida T, Shiroma M, Tsubonaka K, Asai H,
Moribe M, Nakaya Y, Nakamura J: Sodium-glucose Co-transporter 2 Inhibitors Reduce the Abdominal
Visceral Fat Area and May Influence the Renal Function in Patients with Type 2 Diabetes. Intern Med
2017;56:597-604.

Terami N, Ogawa D, Tachibana H, Hatanaka T, Wada ], Nakatsuka A, Eguchi ], Horiguchi CS, Nishii N,
Yamada H, Takei K, Makino H: Long-term treatment with the sodium glucose cotransporter 2 inhibitor,
dapagliflozin, ameliorates glucose homeostasis and diabetic nephropathy in db/db mice. PLoS One
2014;9:€100777.

Petrykiv SI, Laverman GD, de Zeeuw D, Heerspink HJL: The albuminuria-lowering response to dapagliflozin
is variable and reproducible among individual patients. Diabetes Obes Metab 2017.

JiaY, Sun Y, Weng L, Li Y, Zhang Q, Zhou H, Yang B: Low molecular weight fucoidan protects renal tubular
cells from injury induced by albumin overload. Sci Rep 2016;6:31759.

Vilaysane A, Chun ], Seamone ME, Wang W, Chin R, Hirota S, Li Y, Clark SA, Tschopp ], Trpkov K,
Hemmelgarn BR, Beck PL, Muruve DA: The NLRP3 inflammasome promotes renal inflammation and
contributes to CKD. ] Am Soc Nephrol 2010;21:1732-1744.

Wang B, Chandrasekera PC, Pippin J]: Leptin- and leptin receptor-deficient rodent models: relevance for
human type 2 diabetes. Curr Diabetes Rev 2014;10:131-145.

Min T, Wali L, Williams DM, Plummer E, Gurung A, Stephens JW: Dapagliflozin and renal function. Re:
Diabetes and kidney disease: the role of sodium-glucose cotransporter-2 (SGLT-2) and SGLT-2 inhibitors
in modifying disease outcomes. Mende CW. Curr Med Res Opin 2017;33:541-551. Curr Med Res Opin
2017;33:1715-1716.

Kohan DE, Fioretto P, Tang W, List JF: Long-term study of patients with type 2 diabetes and moderate renal
impairment shows that dapagliflozin reduces weight and blood pressure but does not improve glycemic
control. Kidney Int 2014;85:962-971.

Saad S, Stevens VA, Wassef L, Poronnik P, Kelly D], Gilbert RE, Pollock CA: High glucose transactivates

the EGF receptor and up-regulates serum glucocorticoid kinase in the proximal tubule. Kidney Int
2005;68:985-997.

Harwood SM, Allen DA, Raftery M], Yagoob MM: High glucose initiates calpain-induced necrosis before
apoptosis in LLC-PK1 cells. Kidney Int 2007;71:655-663.

Covington MD, Schnellmann RG: Chronic high glucose downregulates mitochondrial calpain 10 and
contributes to renal cell death and diabetes-induced renal injury. Kidney Int 2012;81:391-400.

Jiao X, Li Y, Zhang T, Liu M, Chi Y: Role of Sirtuin3 in high glucose-induced apoptosis in renal tubular
epithelial cells. Biochem Biophys Res Commun 2016;480:387-393.

Tang L, Wu Y, Tian M, Sjostrom CD, Johansson U, Peng XR, Smith DM, Huang Y: Dapagliflozin slows the
progression of the renal and liver fibrosis associated with type 2 diabetes. Am ] Physiol Endocrinol Metab
2017:ajpendo 00086 02017.

Petrykiv S, Sjostrom CD, Greasley PJ], Xu ], Persson F, Heerspink HJL: Differential Effects of Dapagliflozin on
Cardiovascular Risk Factors at Varying Degrees of Renal Function. Clin ] Am Soc Nephrol 2017;12:751-759.
Barnett AH, Mithal A, Manassie ], Jones R, Rattunde H, Woerle H]J, Broedl UC, investigators E-RRt: Efficacy
and safety of empagliflozin added to existing antidiabetes treatment in patients with type 2 diabetes and
chronic kidney disease: a randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol
2014;2:369-384.

Mitrakou A: Kidney: its impact on glucose homeostasis and hormonal regulation. Diabetes Res Clin Pract
2011;93:566-72.

Rines AK, Sharabi K, Tavares CD, Puigserver P: Targeting hepatic glucose metabolism in the treatment of
type 2 diabetes. Nat Rev Drug Discov 2016;15:786-804.

Magnusson [, Rothman DL, Katz LD, Shulman RG, Shulman GI: Increased rate of gluconeogenesis in type II
diabetes mellitus. A 13C nuclear magnetic resonance study. ] Clin Invest 1992;90:1323-1327.

Gerich JE: Role of the kidney in normal glucose homeostasis and in the hyperglycaemia of diabetes
mellitus: therapeutic implications. Diabet Med 2010;27:136-142.

KARGER


http://dx.doi.org/10.1159%2F000487783

Ce”ular Phys|ology Cell Physiol Biochem 2018;45:1747-1758
DOL

»30

»31

»32

>33

>34

»35

»36

»37

»38

»39

© 2018 The Author(s). Published by S. Karger AG, Basel

. . LIS 0000487783
and B|ochem|stry Published online: March 01, 2018  |www.karger.com/cpb

Jia et al.: Dapagliflozin Aggravates Renal Injury

Meyer C, Stumvoll M, Nadkarni V, Dostou ], Mitrakou A, Gerich J: Abnormal renal and hepatic glucose
metabolism in type 2 diabetes mellitus. ] Clin Invest 1998;102:619-624.

Oh KJ, Han HS, Kim M], Koo SH: Transcriptional regulators of hepatic gluconeogenesis. Arch Pharm Res
2013;36:189-200.

Nakae ], Kitamura T, Silver DL, Accili D: The forkhead transcription factor Foxo1 (Fkhr) confers insulin
sensitivity onto glucose-6-phosphatase expression. J Clin Invest 2001;108:1359-1367.

Puigserver P, Rhee ], Donovan ], Walkey CJ, Yoon ]JC, Oriente F, Kitamura Y, Altomonte ], Dong H, Accili D,
Spiegelman BM: Insulin-regulated hepatic gluconeogenesis through FOX01-PGC-1alpha interaction. Nature
2003;423:550-555.

Wei S, Zhang M, Yu Y, Xue H, Lan X, Liu S, Hatch G, Chen L: HNF-4alpha regulated miR-122 contributes to
development of gluconeogenesis and lipid metabolism disorders in Type 2 diabetic mice and in palmitate-
treated HepG2 cells. Eur ] Pharmacol 2016;791:254-263.

Yoon JC, Puigserver P, Chen G, Donovan ], Wu Z, Rhee ], Adelmant G, Stafford ], Kahn CR, Granner DK,
Newgard CB, Spiegelman BM: Control of hepatic gluconeogenesis through the transcriptional coactivator
PGC-1. Nature 2001;413:131-138.

Sharabi K, Lin H, Tavares CD, Dominy JE, Camporez JP, Perry R], Schilling R, Rines AK, Lee ], Hickey

M, Bennion M, Palmer M, Nag PP, Bittker JA, Perez ], Jedrychowski MP, Ozcan U, Gygi SP, Kamenecka

TM, Shulman GI, Schreiber SL, Griffin PR, Puigserver P: Selective Chemical Inhibition of PGC-1alpha
Gluconeogenic Activity Ameliorates Type 2 Diabetes. Cell 2017;169:148-160 e115.

Accili D, Arden KC: FoxOs at the crossroads of cellular metabolism, differentiation, and transformation. Cell
2004;117:421-426.

Brunet A, Bonni A, Zigmond M]J, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden KC, Blenis ], Greenberg ME:

Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell
1999;96:857-868.

Guo S, Rena G, Cichy S, He X, Cohen P, Unterman T: Phosphorylation of serine 256 by protein kinase B
disrupts transactivation by FKHR and mediates effects of insulin on insulin-like growth factor-binding
protein-1 promoter activity through a conserved insulin response sequence. | Biol Chem 1999;274:17184-
17192.

KARGER

1758


http://dx.doi.org/10.1159%2F000487783

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 


