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Abstract

Aim—This study evaluates the effect of dapagliflozin, a SGLT2 inhibitor, on fluid/electrolyte 

balance and its effect on urea transporter-A1 (UT-A1), aquaporin-2 (AQP2) and Na-K-2Cl 

cotransporter (NKCC2) protein abundance in diabetic rats.

Methods—Diabetes mellitus was induced by injection of streptozotocin into the tail vein. Serum 

Na+, K+, Cl− concentration, urine Na+, K+, Cl− excretion, blood glucose, urine glucose excretion, 

urine volume, urine osmolality and urine urea excretion were analyzed after the administration of 

dapagliflozin. UT-A1, AQP2 and NKCC2 proteins were detected by western blot.

Results—Dapagliflozin treatment decreased blood glucose by 38% at day 7 and 47% at day 14 

and increased the urinary glucose excretion rate compared with the untreated diabetic animals. 

Increased 24-h urine volume, decreased urine osmolality and hyponatremia, hypokalemia and 

hypochloremia observed in diabetic rats were attenuated by dapagliflozin treatment. Western 

analysis showed that UT-A1, AQP2 and NKCC2 proteins are up-regulated in DM rats over control 

rats; dapagliflozin treatment results in a further increase in IM tip UT-A1 protein abundance by 

42% at day 7 and 46% at day 14, but it did not affect the DM-induced up-regulation of AQP2 and 

NKCC2 proteins.

Conclusion—Dapagliflozin treatment augmented the compensatory changes in medullary 

transport proteins in DM. These changes will tend to conserve solute and water even with 

persistent glycosuria. Therefore, diabetic rats treated with dapagliflozin have a mild osmotic 

diuresis compared to non-diabetic animals, but this does not result in an electrolyte disorder or 

significant volume depletion.
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Introduction

Diabetes mellitus is a major health problem affecting people worldwide. Several lines of 

evidence suggest that there is increased tubular Na+-glucose reabsorption in uncontrolled 

diabetes, due to the increase in filtered glucose load and the increased expression of sodium 

glucose co-transporter 1 (SGLT1), SGLT2 and glucose transporter isotype 2 (GLUT2) 

transporters in proximal tubule cells[1]. So there is a growing interest in SGLT inhibitors to 

manage diabetic patients by inhibiting SGLTs in the kidney[2, 3]. Phlorizin, a nonspecific 

SGLT inhibitor, was suggested to be effective in controlling blood glucose and have a 

beneficial role in treating diabetic nephropathy in diabetic animal[4, 5]. However, oral 

phlorizin does meet therapeutic requirements as it blocks gastrointestinal absorption of 

glucose and thus produces osmotic diarrhea. SGLT2 reabsorbs 90% of filtered glucose load 

in the proximal tubule, therefore, specific SGLT2 inhibitors, such as dapagliflozin or 

canagliflozin, were produced to lower blood glucose in diabetic patients. The effectiveness 

of SGLT2 inhibitors in decreasing blood glucose in diabetic patients has been proven in 

phase I to III clinical trials[6, 7]. Some animal experiments also suggested that SGLT2 

inhibitors were effective in preventing diabetic vascular complications including diabetic 

nephropathy[8, 9]. However, the increased urinary glucose excretion associated with SGLT2 

inhibition would result in an osmotic diuresis that could be associated with a reduction in 

intravascular volume and electrolyte disorder. Thus, one point of concern in the adoption of 

SGLT2 inhibitor therapy is the possibility of osmotic diuresis and its effect on fluid/

electrolyte balance in patients with T2DM. In clinical trials of dapagliflozin in patients with 

T2DM, although the number of events of hypovolemia was elevated in the dapagliflozin 

group versus the placebo group, the overall rates of volume-related events were low, and 

serum electrolytes were mostly unchanged[10]. This suggests the hypothesis that the degree 

of polyuria is mild due to compensatory changes that occur in the kidney during urine 

concentration to maintain fluid/electrolyte balance, despite persistent glycosuria resulting 

from dapagliflozin treatment.

The renal medulla is the primary site of urine concentration. There are three major transport 

proteins in the renal medulla that work in combination to produce an osmotic gradient that is 

necessary to produce concentrated urine: the UT-A1 urea transporter, the aquaporin-2 

(AQP2) water channel, and the Na-K-2Cl cotransporter NKCC2. In the outer medulla, NaCl 

is the main constituent of the osmotic gradient and NKCC2, located in the medullary thick 

ascending limb, is chiefly responsible for the absorption of NaCl. The urea transporters UT-

A1 and UT-A3 are present in the inner medulla and are responsible for the reabsorption of 

urea to increase the hypertonicity of the interstitium. AQP2, located in the apical plasma 

membrane of the inner medulla, is responsible for absorption of water. Our previous study 

found that the abundance of the three major medullary transport proteins involved in the 

urinary concentrating mechanism increased in uncontrolled diabetes mellitus to prevent a 

progressive decline in urinary concentrating ability despite the continuing osmotic diuresis 
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[11]. However, it is not clear whether hyperglycemia or glycosuria play a key role in the 

DM-induced increases of the medullary transporter protein abundances. SGLT2 inhibitors 

decrease blood glucose by increasing urinary glucose excretion, resulting in the 

disassociation between blood glucose and urinary glucose level. Therefore, how SGLT2 

inhibitor treatment may affect medullary transport protein expression is not clear. The 

present study evaluated the effects of an SGLT2 inhibitor, dapagliflozin, on plasma glucose, 

urinary glucose excretion, and parameters reflective of fluid/electrolyte balance, as well as 

on the expression of three major transport proteins UT-A1, AQP2, and NKCC2.

Methods

Animals

All animal protocols were approved by the Emory University Institutional Animal Care and 

Use Committee. Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA), 

weighing 150–200 g, received free access to water and standard rat chow (Teklad diet # 

5001) containing 23% protein. Rats were made diabetic by injection of streptozotocin (STZ; 

60 mg/kg) into the tail vein. Hyperglycemia was verified 24–48 h after injection using a 

Lifescan Ultra II glucometer. Dapagliflozin (1 mg/kg/day; Selleck Chemicals, Houston, TX) 

was started 2 days after STZ injection. Dapagliflozin was dissolved in 1% hydroxypropyl 

methylcellulose. The dose per animal was delivered in 2 ml of this solution by gavage for 7 

days or 14 days.

Sample preparation

One day before sacrifice, a 24-h urine collection was obtained to measure urinary volume, 

osmolality and urinary urea excretion. Rats were killed by decapitation and blood was 

collected and assayed for glucose, blood urea, Na+, K+ and Cl− levels. Kidneys were 

removed and dissected into outer medulla (OM), base of the inner medulla (IM), and tip of 

the IM. Tissues were placed into ice-cold isolation buffer (10 mM triethanolamine, 250 mM 

sucrose, pH 7.6, 1 μg/ml leupeptin, 40 μg/ml PMSF) and homogenized with glass 

homogenizers. SDS was added to a final concentration of 1%, and the samples were sheared 

with a 25-gauge needle. Homogenates were centrifuged at 8,000xg for 15 min, and the 

protein in the supernatant fractions was measured by a modified Lowry method (DC Protein 

Assay Kit; Bio-Rad, Hercules, CA).

Western blot analysis

Proteins were size separated by SDS-PAGE by using 10 or 12.5% gels and then 

electroblotted to polyvinylidenedifluoride membranes (Imobilon, Millipore, Bedford, MA). 

Blots were blocked with 5% nonfat dry milk in Tris-buffered saline (TBS; 20 mM Tris·HCl, 

0.5 M NaCl, pH 7.5) at room temperature for 1 h and then incubated with primary antibody 

overnight at 4°C. The primary antibodies were to the following proteins: UT-A1[12], 

NKCC2 [13, 14] and AQP2 [15, 16]. Blots were washed three times in TBS with 0.5% 

Tween-20 (TBS/Tween) and then incubated with Alexa Fluor 680-linked anti-rabbit IgG 

(Molecular Probes, Eugene, OR). Blots were washed three times with TBS/Tween, and then 

the bound secondary antibody was visualized using infrared detection with the Licor 

Odyssey protein analysis system. Blots were stained with Ponceau S for total protein and 
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scanned. Image J (NIH) was used to quantitate lane protein density. We normalized each 

protein of interest to the loading control [17]. The amounts of protein loaded per well are as 

follows: 20μg for UT-A1, 30μg for AQP2 and 30μg for NKCC2.

Statistics

All data are presented as mean percent of control ± S.E. To test more than two groups, we 

used an ANOVA, followed by Fisher’s least significant difference (protected t-test) to 

determine statistical differences. The criterion for statistical significance is P<0.05.

Results

Animal parameters

The weight gain of control rats was significantly greater than the weight gain of untreated 

diabetic rats and dapagliflozin-treated rats (7-day control: 87±11g vs untreated diabetic: 

42±22g vs dapagliflozin treatment: 38±14g). Blood and urinary parameters are provided in 

Table 1. Blood glucose was significantly increased in diabetic over control rats, and 

dapagliflozin treatment decreased blood glucose significantly both at day 7 and day 14 when 

compared with untreated diabetic rats. The difference in 24h urinary glucose excretion 

amount between dapagliflozin treated and untreated diabetic groups was not statistically 

significant, but dapagliflozin treatment resulted in an increased urinary glucose excretion 

rate expressed as 24h urinary glucose (g)/blood glucose (blood glucose concentration × 

blood volume[18]) compared with the rate in untreated diabetic rats. Both untreated diabetic 

rats and dapagliflozin treatment rats showed polyuria and decreased urine osmolality 

compared with control rats, but when comparing with untreated diabetic rats, dapagliflozin 

treatment decreased the 24h-urine volume by 29% at day 7 and 30% at day 14, and 

increased urine osmolality by 29% at day 7 and 23% at day 14 (Fig. 1). Untreated, diabetic 

rats showed hyponatremia, hypochloremia and hypokalemia at both day 7 and day 14. With 

dapagliflozin treatment, blood Na+ and Cl− levels were not changed at either time point 

compared with control rats. The blood K+ level decreased at day 7 but increased to about the 

level of control rats at day 14. Comparing with control rats, all diabetic rats showed 

increased urinary excretion of Na+, K+ and Cl−. Dapagliflozin treatment appeared to 

decrease urinary excretion of these electrolytes when compared to untreated diabetic rats; 

however, these changes did not reach statistical significance. Diabetes produced a significant 

increase in urine urea excretion comparing with the control group, but dapagliflozin 

treatment decreased urinary urea excretion when compared to untreated diabetic rats.

Effects on concentrating mechanism transport proteins

Administration of dapagliflozin further increased the compensatory up-
regulation of UT-A1 normally observed with DM—UT-A1 is expressed in both IM tip 

and base and has two glycoprotein forms of molecular weights 117 and 97-kDa. The total 

protein abundance of UT-A1 was significantly increased in the IM tip of untreated DM rats 

at both day 7 and day 14. UT-A1 increased to 646% of control at day 7 and 734% of control 

at day 14 (p<0.05), consistent with previous findings[11]. Dapagliflozin treatment further 

increased UT-A1 expression by 42% and 46% at day 7 and day 14 in IM tip, respectively 

(p<0.05). In the IM base, UT-A1 protein abundance increased to 164% of control at day 7 

Chen et al. Page 4

Am J Med Sci. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and 295% of control at day 14 after STZ induction of DM. Dapagliflozin treatment also 

appeared to further increase IM base UT-A1 expression by17% and 9% at day 7 and day 14; 

however, these changes did not reach statistical significance (Fig. 2).

Dapagliflozin did not alter the DM-induced up-regulation of AQP2 and NKCC2

AQP2: AQP2, the water channel, exists as glycosylated (35–50 kDa) and unglycosylated 

(29 kDa) forms. The total protein abundance of AQP2 significantly increased in both the IM 

tip and base (Fig. 3) in untreated DM, consistent with previous findings[11]. Dapagliflozin 

treatment did not interrupt the DM-induced up-regulation of AQP2 protein abundance in 

either the IM tip or base when compared with untreated diabetic rats.

NKCC2: NKCC2 protein abundance increased (226%) in the untreated DM rats compared 

with control rats, consistent with previous findings[11]. Although there appeared to be a 

trend toward decrease of NKCC2 with dapagliflozin treatment of the DM rats, the decrease 

in NKCC2 in the OM of treated rats did not reach statistical significance (p= 0.19 at 7d and 

0.21 at 14 d) (Fig. 4).

Discussion

The goal of this study was to determine how SGLT2 inhibition affects fluid/electrolyte 

balance in DM with compromised urine concentrating mechanism. Using STZ-induced 

diabetic rats, we found that: 1) Dapagliflozin treatment decreased blood glucose and 

increased the urinary glucose excretion rate in diabetic rats; 2) Dapagliflozin treatment 

alleviated the polyuria observed in untreated diabetes; 3) Untreated DM is associated with 

hyponatremia, hypochloremia and hypokalemia, and dapagliflozin treatment showed a 

tendency to reverse these electrolyte disorders; and 4) UT-A1, AQP2 and NKCC2 proteins 

were upregulated in DM rats, and dapagliflozin treatment further increased UT-A1 protein 

abundance but did not affect the DM-induced up-regulation of AQP2 and NKCC2 proteins.

Consistent with previous studies [19, 20], dapagliflozin treatment decreased blood glucose 

level in this study, and the ability of dapagliflozin to improve glycemic control was achieved 

by inducing urinary glucose excretion. The glucose molecule can be freely filtered by 

glomeruli and more than 99.5% of the glucose filtered in mammalian kidneys is absorbed by 

the renal tubules. Detailed data have indicated that SGLT2 plays a major role in renal 

glucose reabsorption, which led many pharmaceutical companies to develop SGLT2 

inhibitors as a way to improve glycemic control in patients with diabetes[21–23]. In this 

study, urinary glucose excretion as high as 40g/d/kg body wt was observed in dapagliflozin 

treated diabetic rats. The difference of 24h urinary glucose amount was not statistically 

significant in dapagliflozin treated and untreated diabetic rats. Increased urinary glucose 

excretion would result in an osmotic diuresis. Polyuria and decreased urinary osmolality 

were observed in both dapagliflozin treated and untreated diabetic rats over control rats. 

However, the urinary volume was decreased and the urinary osmolality was increased in 

dapagliflozin treated diabetic rats when comparing with untreated diabetic rats. Taken 

together, these data suggest that the dapagliflozin-induced increases in urinary glucose 

excretion lead to improve glycemic control and a milder osmotic diuresis than that in 

untreated diabetic animals.
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In dapagliflozin-treated rats, the blood glucose level is lower than in uncontrolled diabetic 

rats. As a result, the total glucose amount filtered by glomeruli in dapagliflozin-treated rats 

is lower. We speculate that this is the reason why our results did not show increased glucose 

excretion in dapagliflozin-treated rats when compared with uncontrolled diabetic rats. 

However, the urine glucose concentration is similar between two diabetic groups, with or 

without dapagliflozin treatment. This result suggests dapagliflozin promotes urinary glucose 

excretion in diabetic rats. Because increased solute excretion, such as Na+, Cl− and K+, is 

believed to be attributable (at least in part) to osmotic diuresis in DM, we investigated 

whether dapagliflozin treatment leads to electrolyte disorder in diabetic rats. In this study, 

uncontrolled diabetic rats showed hyponatremia, hypochloremia and hypokalemia, but 

dapagliflozin treatment corrects these electrolyte disorders. This is consistent with the result 

of human clinical trials where serum electrolytes were mostly unchanged in patients 

receiving dapagliflozin treatment[24]. Increased urinary excretion of Na+, K+ and Cl− was 

observed in all diabetic rats when compared with control rats; dapagliflozin treatment 

appeared to decrease urinary excretion of these electrolytes when compared with untreated 

diabetic group; however, these changes did not reach statistical significance. These results 

suggest the correction of electrolyte disorder by dapagliflozin in diabetic rats may not rely 

solely on decreasing electrolyte excretion in urine.

Next, we examined the effect of dapagliflozin on the abundance of the main transporter 

proteins involved in urine concentration. Our previous study suggested that DM induced the 

up-regulation of UT-A1, AQP2 and NKCC2 to prevent excessive water and solute loss. The 

present study confirmed the earlier finding that UT-A1, AQP2 and NKCC2 proteins were 

upregulated in uncontrolled DM rats. Dapagliflozin treatment resulted in a further increase 

in UT-A1 protein abundance and did not affect the DM-induced up-regulation of AQP2 and 

NKCC2 proteins. These changes will tend to conserve solute and water despite the persistent 

glycosuria existing during dapagliflozin treatment. These changes also suggest the increases 

in abundance of urinary concentrating associated transport proteins result from persistent 

glycosuria but not hyperglycemia in diabetes.

The further increase of protein expression of UT-A1 in IM may explain, in part at least, how 

dapagliflozin partially alleviates pronounced polyuria even in the face of the same urinary 

glucose concentrations that are present in the untreated diabetic rats. However, the 

mechanism by which dapagliflozin treatment further increases IM UT-A1 protein expression 

is not clear. To our knowledge, in situations where the urea content of the urinary solute is 

low, UT-A1 protein abundance increases[25]. This increase in UT-A1 may be an effort to 

restore the hyperosmolality of the medullary interstitium to promote urine concentrating 

ability. This study showed that urea excretion in dapagliflozin treated diabetic rats is 

significantly lower than in untreated diabetic rats. Therefore, it was suggested that a 

reduction of urine urea excretion could be responsible for this further increase of UT-A1 

protein expression in dapagliflozin treated diabetic rats. The reason why dapagliflozin 

treatment decreases urea excretion in diabetic rats is also not clear. A small number of 

studies have shown that SGLT2 inhibition induced SGLT1 up-regulation and activation[26, 

27]. Some data indicate that SGLT1 may be an alternative channel for urea uptake[28]. It is 

possible that urea reabsorption by SGLT1 increases when SGLT2 is inhibited, which leads to 

the decrease of urea excretion, but this hypothesis needs to be further studied. In this study, 
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there was no comparison to diabetic rats treated with insulin, so it is not known whether the 

decrease of blood glucose upon dapagliflozin treatment might contribute to UT-A1 up-

regulation in diabetic rat IM. However, our previous study showed that absence of nitric 

oxide (NO) production in kidney reduced UT-A1 protein abundance in DM[29]. 

Hyperglycemia is believed to play a key role in reducing NO production in kidney[30]. 

Therefore, it is also possible that dapagliflozin alleviates the reduction of NO production in 

kidney by decreasing blood glucose, then up-regulating UT-A1 protein expression.

Our previous study showed that diabetic animals do not cope with osmotic diuresis 

effectively in the absence of UT-A1 and UT-A3 despite the fact that AQP2 levels still 

increased. This suggests that the two transport systems are dependent on each other for 

effective compensation for polyuria[31]. The present study showed that dapagliflozin 

treatment further increased UT-A1 protein abundance above levels in untreated diabetic 

animals, but did not result in a further up-regulation on AQP2 expression. These results 

suggest that dapagliflozin is specifically effecting urea transport rather than having a 

generalized effect on all urine concentrating transporter abundances.

In conclusion, diabetic rats treated with dapagliflozin have a mild osmotic diuresis compared 

to non-diabetic animals, but this does not result in an electrolyte disorder. Dapagliflozin 

treatment did not interrupt the DM-induced increases in either AQP2 or NKCC2 protein 

expression. Moreover, dapagliflozin treatment further increased UT-A1 protein abundance 

above the levels in uncontrolled DM rats. Taken together, the results of this study suggest 

that dapagliflozin treatment is unlikely to exacerbate any risk of worsening hypovolemia in 

diabetes despite the ongoing glycosuria.
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Figure 1. 
24-h urine volume (A) and urine osmolality (B) from control, untreated diabetic and 

dapagliflozin treated diabetic rats. Ctrl: control rats; DM 7d: untreated diabetic rats at 7 days 

after STZ injection; DAPA 7d: diabetic rats treated with DAPA for 7d; DM 14d: untreated 

diabetic rats at 14 days; DAPA 14d: diabetic rats treated with DAPA for 14d. Bar graphs: 

results of 2 combined experiments. The experimental conditions were performed two times 

with five animals per experimental group in each cohort. In total, 10 animals per 

experimental group were analyzed. *=P < 0.05 vs control; # =P < 0.05 vs DM-7d; &=P < 

0.05 vs DM-14d.
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Figure 2. 
Representative Western blot of IM tip (A) and IM base (B) from control, untreated (Ctrl) 

diabetic (DM) and dapagliflozin-treated diabetic (DAPA) rats probed for UT-A1. The blot is 

from a single gel. Dashed lines were added only to aid in identification of sample groups. 

Ctrl: control rats; DM 7d: untreated diabetic rats at 7 days after STZ injection; DAPA 7d: 

diabetic rats treated with DAPA for 7d; DM 14d: untreated diabetic rats for 14 days; DAPA 

14d: diabetic rats treated with DAPA for 14 days. Bar graphs: densitometry results of 2 

combined experiments presented as percent of control. The experimental conditions were 

performed two times with five animals per experimental group in each cohort. In total, 10 

animals per experimental group were analyzed.*=P < 0.05 vs control; # =P < 0.05 vs 

DM-7d; &=P < 0.05 vs DM-14d.
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Figure 3. 
Representative Western blot of IM tip (A) and IM base (B) from control, untreated diabetic 

and dapagliflozin treated diabetic rats probed for AQP2. The blot is from a single gel. 

Dashed lines were added only to aid in identification of sample groups. Ctrl: control rats; 

DM 7d: untreated diabetic rats at 7 days after STZ injection; DAPA 7d: diabetic rats treated 

with DAPA for 7d; DM 14d: untreated diabetic rats for 14 days; DAPA 14d: diabetic rats 

treated with DAPA for 14 days. Bar graphs: densitometry results of 2 combined experiments 

presented as percent of control. The experimental conditions were performed two times with 

five animals per experimental group in each cohort. In total, 10 animals per experimental 

group were analyzed.*=P < 0.05 vs control.
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Figure 4. 
Representative Western blot of OM from control, untreated diabetic and dapagliflozin 

treated diabetic rats probed for NKCC2. The blot is from a single gel. Dashed lines were 

added only to aid in identification of sample groups. Ctrl: control rats; DM 7d: untreated 

diabetic rats at 7 days after STZ injection; DAPA 7d: diabetic rats treated with DAPA for 7d; 

DM 14d: untreated diabetic rats for 14 days; DAPA 14d: diabetic rats treated with DAPA for 

14 days. Bar graphs: densitometry results of 2 combined experiments presented as percent of 

control. The experimental conditions were performed two times with five animals per 

experimental group in each cohort. In total, 10 animals per experimental group were 

analyzed.*=P < 0.05 vs control.
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