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A sodium-glucose co-transporter 2 inhibitor
empagliflozin prevents abnormality of circadian
rhythm of blood pressure in salt-treated obese rats

Yui Takeshige1,2, Yoshihide Fujisawa3, Asadur Rahman1, Wararat Kittikulsuth1, Daisuke Nakano1,
Hirohito Mori4, Tsutomu Masaki4, Koji Ohmori5, Masakazu Kohno5, Hiroaki Ogata2 and Akira Nishiyama1

Studies were performed to examine the effects of the selective sodium-glucose co-transporter 2 (SGLT2) inhibitor empagliflozin

on urinary sodium excretion and circadian blood pressure in salt-treated obese Otsuka Long Evans Tokushima Fatty (OLETF) rats.

Fifteen-week-old obese OLETF rats were treated with 1% NaCl (in drinking water), and vehicle (0.5% carboxymethylcellulose,

n=10) or empagliflozin (10 mg kg−1 per day, p.o., n=11) for 5 weeks. Blood pressure was continuously measured by telemetry

system. Glucose metabolism and urinary sodium excretion were evaluated by oral glucose tolerance test and high salt challenge

test, respectively. Vehicle-treated OLETF rats developed non-dipper type blood pressure elevation with glucose intolerance and

insulin resistance. Compared with vehicle-treated animals, empagliflozin-treated OLETF rats showed an approximately 1000-fold

increase in urinary glucose excretion and improved glucose metabolism and insulin resistance. Furthermore, empagliflozin

prevented the development of blood pressure elevation with normalization of its circadian rhythm to a dipper profile, which was

associated with increased urinary sodium excretion. These data suggest that empagliflozin elicits beneficial effects on both

glucose homeostasis and hypertension in salt-replete obese states.

Hypertension Research (2016) 39, 415–422; doi:10.1038/hr.2016.2; published online 28 January 2016

Keywords: circadian blood pressure; empagliflozin; obese; sodium-glucose co-transporter 2 (SGLT2); urinary sodium excretion

INTRODUCTION

Hypertension and obesity frequently occur together, exposing patients
to increased metabolic risks, particularly patients with metabolic
syndrome and type 2 diabetes mellitus.1,2 Epidemiological studies
have shown that more than 75% of hypertensive patients are over-
weight or obese.3–5 Furthermore, obesity may render hypertensive
patients treatment resistant in metabolic syndrome and type 2 diabetes
mellitus.1

Recently, sodium-glucose co-transporter 2 (SGLT2) inhibitors were
approved for use as antihyperglycemic drugs.6 SGLT2 inhibitors lower
blood glucose levels by reducing renal reabsorption of glucose at the
S1 segment of the proximal tubules.7 In addition to having a low risk
of hypoglycemia,8 accumulating clinical evidence has revealed that
treatment with SGLT2 inhibitors elicits a significant blood pressure
reduction.6,9,10 A meta-analysis of 21 placebo-controlled studies
published in April 2013 showed a significant blood pressure reduction
by treatment with SGLT2 inhibitors in patients with type 2 diabetes.11

Another meta-analysis and a pre-specified pool analysis of 12 placebo-
controlled studies have also shown similar blood pressure lowering
effects of SGLT2 inhibitors.6 To directly demonstrate the blood

pressure lowering effect of SGLT2 inhibition, clinical trials with
pre-specified primary end points of changes in systolic blood pressure
(NCT01195662, NCT01939496) have just been completed and data
will be presented in the near future.
Although the precise mechanism responsible for SGLT2 inhibitor-

induced blood pressure reduction is not clear, possible hypotheses
include the improvement of glucose metabolism and insulin resis-
tance, as well as concomitant weight loss of patients with the SGLT2
inhibitors.6,8,10 However, clinical data have shown that during treat-
ment with SGLT2 inhibitors, reductions in blood pressure were not
correlated with changes in HbA1c levels and body weight, suggesting
that SGLT2 inhibitors have blood pressure lowering effects beyond
glycemic control and weight loss.6,12 Therefore, Lambers-Heerspink
et al.13 examined the effects of an SGLT2 inhibitor, dapagliflozin and
hydrochlorothiazide in patients with type 2 diabetes. They showed that
both dapagliflozin- and hydrochlorothiazide-induced blood pressure
reductions were associated with reductions in plasma volume,
suggesting that dapagliflozin may have a diuretic-like capacity to
lower the blood pressure. Nevertheless, there is no clinical report of
hyponatremia with the use of SGLT2 inhibitors.6 In addition,
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preclinical studies failed to show a significant increase in urinary
sodium excretion after chronic treatment with SGLT2 inhibitors,14,15

probably owing to the technical difficulties in the precise evaluation of
urinary sodium excretion under experimental conditions without any
dietary intervention.16

Here, we aimed to investigate whether an SGLT2 inhibitor actually
elicits blood pressure reduction with natriuresis. For this purpose,
we used a telemetry technique17 and sodium challenge test18 for
measuring 24-h blood pressure and urinary sodium excretion,
respectively. Recent studies have shown that in obese subjects, elevated
sodium sensitivity of blood pressure contributes to abnormality of
blood pressure circadian rhythm.19,20 Therefore, we examined the
effect of the selective SGLT2 inhibitor, empagliflozin,21 on urinary
sodium excretion and circadian blood pressure in salt-treated obese
Otsuka Long Evans Tokushima Fatty (OLETF) rats.22

METHODS

Experimental animals
Rats were maintained in a temperature-controlled (24± 2 °C) room with a 12-h
light/dark cycle and 55± 5% humidity. Experimental protocols and animal care
were performed according to the guidelines for the care and use of animals
established by Kagawa University, Japan.
Experiments were performed in 21 male 10-week-old OLETF rats and 8

age-matched lean Long-Evans Tokushima Otsuka (LETO) rats (Hoshino
Laboratory Animals, Sakai-Higashi, Japan).22 At 13 weeks of age, the radio-
telemetry device was implanted under isoflurane anesthesia. After 2 weeks of
acclimatization, all animals were treated with 1% NaCl in drinking water and
normal salt diet (0.5% NaCl, SLC Japan, Hamamatsu, Japan) from 15 weeks of
age. LETO rats were also treated with vehicle (0.5% methyl cellulose; Nacalai
Tesque, Kyoto, Japan), while OLETF rats were randomly divided into two
groups for treatment with vehicle (n= 10) or the selective SGLT2 inhibitor,
empagliflozin (10 mg kg−1 per day; p.o., n= 11). The dose of empagliflozin was
determined on the basis of previous studies in rats.23,24 Animals underwent
treatment for 5 weeks. Mean arterial pressure (MAP) was measured in
conscious rats by the telemetry device.17 Twenty-four-hour urine samples were
also collected every 2–3 weeks using metabolic cages.

Oral glucose tolerance test
At 20 weeks of age, an oral glucose tolerance test (OGTT) was performed with a
2 g kg−1 body weight glucose feeding by gavage, as previously described.22

Animals were food restricted overnight before the OGTT. Blood was drawn
from a cut at the tip of the tail before and at 15, 30, 60 and 90 min after the
glucose feeding, and blood glucose levels were analyzed by glucometer. Whole
blood was mixed thoroughly with ethylene-diaminetetraacetic acid and
centrifuged to separate the plasma. Plasma samples were analyzed to determine
the insulin concentration.

Sodium challenge test
After the OGTT test, 1% NaCl drinking water was switched to tap water.
Furthermore, all animals were treated with low sodium diet (0.03% NaCl, SLC
Japan) for 1 week, while treatment with vehicle or empagliflozin was continued.
Then, a sodium challenge test was performed with a 1 g kg−1 body weight NaCl
feeding by gavage, as previously described.18 Urine samples were collected every
12 h using metabolic cages, for up to 60 h.

Sample preparation
After finishing the sodium challenge test, animals were maintained with normal
salt diet (0.5% NaCl) and tap water for 3 days until 22 weeks of age. Thereafter,
animals were fasted overnight and blood was collected from the abdominal
aorta under sodium pentobarbital anesthesia (65 mg kg−1) at 0900–1200 h.
Then, the right renal artery was clamped, and renal cortical tissue from the
right kidney was collected in RNAlater (Life Technologies, Carlsbad, CA, USA)
and stored overnight at 4 °C, then subsequently snap frozen in liquid nitrogen
and stored at − 80 °C until processing for RNA extraction. Left kidneys were

perfused with saline and harvested for histological analyses, as previously
described.22

Telemetry system
To measure MAP in conscious animals, we used a telemetry technique, as
described previously.17 Under isoflurane anesthesia, an abdominal incision was
made for implantation of the radio-telemetry device. The system consists of a
radiofrequency transmitter (TA11PA-C40) with a receiver panel (RPC-1) and
an adaptor (R11CPA) with an ambient pressure monitor (APR-1) (Data
Science International, St Paul, MN, USA). Data were collected and analyzed
using Dataquest ART version 4.3 (Data Science International). Two weeks after
surgery, baseline MAP was measured. All animals underwent a 24-h acclima-
tization period on telemetry receiver panel, and vehicle and empagliflozin
were administered 3 h before the start 24-h blood pressure measurement.
To evaluate the circadian rhythm of blood pressure, we calculated the value of
12-h dark period (1800–0500 h) and 12-h light period (0600–1500 h).17

Real-time reverse-transcription PCR
RNA was isolated from renal cortical tissue by the phenol-chloroform
extraction method and cDNA prepared, as previously described.25 The mRNA
expression of SGLT1 and SGLT2 was analyzed by real-time PCR using an ABI
Prism 7000 with Power SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The following primers were used: sense 5′-TCT
TCGCTATCAGCGTCGTC-3′ and anti-sense 5′-TGCGCTCTTCTGTGCTG
TTA-3′ for rat SGLT1; sense 5′-GACATTCTGGTCATTGCCGC-3′ and
anti-sense 5′-CTGCCAAGAAGTAGCCACCA-3′ for rat SGLT2; sense 5′-GAA
CTTGGCATTGAGGAGTCT-3′ and anti-sense 5′-GTGATCGAACCTTTC
CAGTGC-3′ for rat CLOCK; sense 5′-TCCGATGACGAACTGAAACAC-3′
and anti-sense 5′-CTCGGTCACATCCTACGACAA-3′ for rat bmal1; sense
5′-CCAGGCCCGGAGAACCTTTTT-3′ and anti-sense 5′-CGAAGTTTGAGC
TCCCGAAGT-3′ for rat per1; sense 5′-GCAGCCTTTCGATTATTCTTC-3′
and anti-sense 5′-GCTCCACGGGTTGATGAAG-3′ for rat per2. The oligonu-
cleotide primer sequences for β-actin are described in previous studies.25

All data are presented as the relative differences between the vehicle-treated
LETO rats and the groups of OLETF rats after normalization to β-actin gene
expression.

Histological examination
The left kidney was fixed with 10% formalin (pH 7.4), embedded in paraffin,
sectioned into 3-μm-thick slices and stained with PAS (periodic acid-Schiff).
The extent of glomerular sclerotic changes was semi-quantitatively evaluated by
an automatic image analysis system using PAS-stained sections, as previously
described.25 Immunostaining of SGLT2 was also performed in formalin-fixed
paraffin-embedded kidney tissues. After paraffin sections were deparaffinized
and autoclaved in 10 mmol l−1 sodium citrate buffer (pH 6.0) for antigen
retrieval, 10% normal goat serum (Nichirei Biosciences, Tokyo, Japan) was
added to the sections to block non-specific binding. The sections were then
incubated with an anti-SGLT2 antibody (dilution 1:200, ab85626, Abcam,
Cambridge, UK). Sections were subsequently incubated with the secondary
antibody (Histofine Simple Stain Rat MAX-PO, Nichirei Biosciences).

Other analytical procedures
Urine osmolality was determined by freezing point depression (Osmett II;
Precision System, Natick, MA, USA). Urinary albumin (Shibayagi, Shibukawa,
Japan), plasma insulin (Morinaga Institute of Biological Science, Yokohama,
Japan), plasma aldosterone (Cayman Chemical, Ann Arbor, MI, USA) and
urinary angiotensinogen (Takara Bio, Kusatsu, Japan) were measured using
commercially available assay kits. Plasma total cholesterol, triglycerides,
glycoalbumin and creatinine were measured by an automated analyzer
(7020-Automatic Analyzer, Hitachi High-Technologies, Tokyo, Japan).

Statistical analysis
Data are presented as the means± s.e. Statistical comparisons of the differences
between values were performed using one- or two-way analysis of variance
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combined with the Newman–Keuls post hoc test. P-values of o0.05 were
considered as statistically significant.

RESULTS

Metabolic parameters and urinary glucose excretion
Food intake and body weight were greater in obese OLETF rats than in
lean LETO rats throughout the observation period. Treatment with
empagliflozin increased food intake but did not change the body
weight in salt-treated OLETF rats (Table 1). Postprandial blood
glucose (PPBG) and plasma glycoalbumin levels tended to be higher
in OLETF than in LETO rats; however, these changes were not
statistically significant. Treatment with empagliflozin did not change
PPBG and plasma glycoalbumin levels in OLETF rats (Table 1). Both
plasma total cholesterol and triglycerides levels were significantly
higher in OLETF than in LETO rats, but empagliflozin did not
significantly change these values. Salt-treated OLETF rats showed
obvious albuminuria at 20 weeks of age. Treatment with empagliflozin
tended to decrease urinary albumin excretion, but these changes were
not statistically significant. In contrast, plasma creatinine levels were
not different among the groups (Table 1). Similarly, the glomerular
PAS-positive area was similar among the groups (data not shown),
indicating that renal tissue injury is not obvious in salt-treated obese
OLETF rats at this age.
Figure 1 shows the temporal profiles of urinary glucose excretion.

At baseline (15 weeks of age), both LETO and OLETF rats showed
barely any glycosuria. During treatment with 1% NaCl, the urinary
excretion rate of glucose was not changed in LETO and OLETF rats
(1.7± 0.5 and 1.3± 0.2 mg per day at 20 weeks of age, respectively).
However, the urinary excretion rate of glucose was approximately
1000-fold increased by administration of empagliflozin in salt-treated
OLETF rats (1297.9± 107.5 mg per day at 20 weeks of age).
OGTT studies demonstrated that salt-treated OLETF rats showed a

significantly greater area under the curve (AUC) of blood glucose and
plasma insulin as compared with salt-treated LETO rats. Furthermore,
empagliflozin caused a significant decrease in the AUC of blood
glucose and plasma insulin in salt-treated OLETF rats (Figures 2a–d).

Mean arterial blood pressure
Temporal profiles of averaged 24-h MAP are shown in Figure 3.
At baseline, obese OLETF rats showed significantly higher MAP than
lean LETO rats (107± 1 vs. 100± 3 mmHg at 15 weeks of age,
respectively). Treatment with salt elevated the MAP in OLETF rats,

but not in LETO rats (113± 1 vs. 102± 2 mmHg at 20 weeks of age,
respectively). In obese OLETF rats, administration of empagliflozin
prevented the development of salt-induced blood pressure elevation.

Circadian rhythm of arterial blood pressure
The circadian rhythm of MAP is shown in Figure 4. At 15 weeks
of age, the baseline dark period MAP was significantly higher
as compared with light period MAP in both LETO (106± 2 vs.
101± 2 mmHg, Po0.05) and OLETF rats (110± 1 vs.
106± 1 mmHg, Po0.05), indicating the dipper-type phenomenon
of blood pressure.17,26,27 Administration of 1% NaCl for 5 weeks did
not change the dipping pattern of MAP in LETO rats (108± 3 vs.
102± 2 mmHg, during dark and light period MAP at 20 weeks of age,
respectively, Figure 4a). Similarly, the dipping pattern of MAP was not
changed by salt treatment for 3 weeks in OLETF rats. However, after
4 weeks of salt administration, the differences in the MAP between
dark and light period disappeared in OLETF rats (113± 1 vs.
112± 2 mmHg during dark and light period MAP at 20 weeks of
age, respectively, Figure 4b), indicating a non-dipper type of blood
pressure elevation.26,27 Notably, administration of empagliflozin
normalized dipping pattern of blood pressure in salt-treated obese
OLETF rats. Specifically, throughout the observation period in
empagliflozin-treated animals, MAP was significantly higher during
the dark period compared with the light period (110± 2 vs.
104± 2 mmHg at 20 weeks of age, respectively, Figure 4c). Changes
in delta difference between dark and light period MAP are depicted in
Figures 4d and e.

Urinary osmolality and sodium challenge test
As shown in Figure 5a, urinary osmolality was higher in LETO than in
OLETF rats throughout the observation period. Administration of
empagliflozin did not significantly change urinary osmolality in
salt-treated OLETF rats. Data obtained from the sodium challenge
test are shown in Figure 5b. After acute administration of NaCl
(1 g kg− 1, p.o.), the 0- to 12-h urinary sodium excretion rate was
similar between OLETF and LETO rats. However, treatment with
empagliflozin significantly increased the 0- to 12-h urinary sodium
excretion in OLETF rats (Po0.05). Similarly, the 12- to 24-h urinary
sodium excretion was also increased by empagliflozin (Po0.05).

Table 1 Body weight and metabolic parameters

Sampling period (weeks of age) LETO rats+vehicle OLETF rats+vehicle OLETF rats+empagliflozin

Food intake (g per day) 15 16±2 19±2 20±2

20 20±2* 23±2* 26±2*,w

Body weight (g) 15 382±6 480±12* 475±6*

20 446±6 572±21* 539±18*

PPBG (mg dl−1) 15 94±5 104±6 112±5

20 97±3 108±6 109±5

Glycoalbumin (%) 22 5.8±0.3 6.1±0.2 6.0±0.1

Total cholesterol (mg dl−1) 22 86±6 102±13* 89±6

Triglycerides (mg dl−1) 22 55±12 124±36* 122±20*

Creatinine (mg dl−1) 22 0.30±0.04 0.32±0.01 0.30±0.01

Urinary albumin excretion (mg per day) 20 0.7±0.2 140±25* 108±13*

Abbreviations: Cr, creatinine; LETO rats, Long Evans Tokushima Otsuka rats; OLETF rats, Otsuka Long Evans Tokushima Fatty rats; PPBG, postprandial blood glucose.
*Po0.05 vs. LETO rats+vehicle.
wPo0.05; OLETF rats+vehicle vs. OLETF rats+empagliflozin.

SGLT2 inhibitor and BP circadian rhythm
Y Takeshige et al

417

Hypertension Research



SGLT2, SGLT1 and clock genes in the kidney
After finishing the sodium challenge test, animals were maintained on
a normal salt diet and tap water for 3 days then renal cortical tissues
were harvested for measuring mRNA levels at 22 weeks of age. There
were no significant differences in mRNA levels of SGLT2 and SGLT1
among the groups (Figures 6a and b). Immunohistochemistry revealed
that SGLT2 staining in the brush borders of proximal tubules was
stronger in OLETF rats than in LETO rats. In contrast, SGLT2
immunostaining was faint in empagliflozin-treated rats (Figure 6c).
On the other hand, gene expression of clock genes, including clock,
bmal1, per1 and per2, in renal cortical tissues was not different among
the groups (data not shown).

Urinary angiotensinogen and plasma aldosterone
At 20 weeks of age, urinary angiotensinogen excretion was significantly
higher in salt-treated OLETF rats than in salt-treated LETO rats
(177± 60 vs. 442± 39 ng per day, Po0.05). Treatment with empagli-
flozin slightly but significantly increased urinary angiotensinogen
excretion in salt-treated OLETF rats (678± 65 ng per day, Po0.05).
At 22 weeks of age (animals were maintained on a normal salt diet and
tap water for 3 days after finishing the sodium challenge test), plasma
aldosterone levels were not different between LETO and OLETF rats
(239± 42 vs. 283± 51 pg ml− 1). Treatment with empagliflozin did not
change plasma aldosterone level in OLETF rats (308± 59 pg ml− 1).

DISCUSSION

The present study has demonstrated that SGLT2 inhibitor-induced
blood pressure reduction was accompanied by normalization of blood
pressure dipping pattern in salt-treated obese rats. Our data also
revealed that these effects of an SGLT2 inhibitor were associated with
an increase in urinary sodium excretion. To our knowledge, these data
indicate for the first time that in addition to the control of glucose
metabolism, treatment with an SGLT2 inhibitor elicits beneficial
effects on circadian rhythm of blood pressure in salt-replete obese
states.
In the present study, young obese OLETF rats showed similar MAP

to lean LETO rats before high salt treatment. In these animals, the
MAP was significantly higher in the dark time compared with the light
time. These data are similar to those in previous reports showing that
MAP was higher at dark time than light time in normotensive
rats.17,26,27 In the present study, treatment with salt for 3 weeks did
not change day time MAP, but significantly increased night time MAP
in obese OLETF rats, whereas MAP was not changed by salt treatment
in lean LETO rats. These data are similar to those observed in previous
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studies where acute salt feeding for 7 days significantly increased night
time MAP with an extreme dipping pattern of blood pressure in Dahl
salt-sensitive hypertensive rats.17 Interestingly, we found that further
continuous treatment with a high salt diet also increased daytime MAP
in obese OLETF rats, leading to non-dipper type of blood pressure
elevation. These data support the concept based on the clinical
studies1,2,19,20 that salt-dependent hypertension is associated with
disrupted circadian rhythm of blood pressure in obese subjects.
On the other hand, renal cortical expression of clock gene was not
different between the animals. Thus, the present study failed to show
any evidence regarding the possible contribution of clock gene in the
kidney to the abnormality of circadian rhythm of blood pressure.
In the present study, the selective SGLT2 inhibitor empagliflozin21

prevented the development of blood pressure elevation and disruption
of circadian rhythm of blood pressure. To test the hypothesis that
empagliflozin-induced blood pressure reduction is associated with
natriuresis, we tried to estimate a cumulative sodium balance.
Unfortunately, our metabolic cage system could not avoid the loss
of water, because OLETF rats severely spilled over a drinking water
containing 1.0% NaCl. On the other hand, further investigation with a
sodium challenge test18 revealed that treatment with an SGLT2
inhibitor actually elicited an increase in urinary excretion rate of
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sodium in obese OLETF rats. These data are in agreement with those
observed in sodium-sensitive hypertensive patients, such as those with
obesity and metabolic syndrome, where sodium restriction shifted the
circadian rhythm of blood pressure from non-dipper to dipper.28,29

Since high prevalence rates of cardiovascular complications including
stroke and myocardial injury are associated with a non-dipper pattern
of blood pressure in hypertensive patients,1,2 blood pressure control

with normalization of circadian rhythm may protect high-risk obese
type 2 diabetic patients against cardiovascular events. Recently, the
EMPA-REG OUTCOME study has revealed that treatment with
empagliflozin can reduce the rate of the primary composite cardio-
vascular outcome and death in type 2 diabetic patients.30 Importantly,
cardiovascular-protective effects of empagliflozin were associated with
reduction in blood pressure. Future studies will be needed to examine
the effects of SGLT2 inhibitors on circadian rhythm of blood pressure
in hypertensive patients with type 2 diabetes.
In the present study, the collective present data suggest that blood

pressure reduction and normalization of circadian rhythm of blood
pressure by treatment with an SGLT2 inhibitor were associated with
an increase in urinary sodium excretion in obese rats. However, it is
still not clear whether SGLT2 inhibitors have a direct effect on sodium
transporter at renal tubules to induce natriuresis. In this regard, we
found that treatment with empagliflozin did not change osmolality of
the urine. Thus, it seems likely that SGLT2 inhibitor-induced increases
in urinary sodium excretion cannot be explained solely by its direct
osmotic diuretic-like effect with glycosuria. It is also important to note
that under the present experimental conditions, blood pressure
reduction with an SGLT2 inhibitor may not uniformly be based on
body weight loss, as body weight was not decreased by treatment with
an SGLT2 inhibitor in salt-treated obese OLETF rats. Although our
metabolic cage system does not allow the strict monitoring of food
intake in rats, Devenny et al.31 have shown that during treatment with
the SGLT2 inhibitor dapagliflozin, the persistent urinary glucose
excretion is accompanied by compensatory hyperphagia, which
attenuates the weight loss in rats. Other studies have also shown that
chronic treatment with the SGLT2 inhibitor tofogliflozin significantly
increased food intake in rats.32

Previous studies have shown that SGLT2 expression in urinary
exfoliated proximal tubular cells was significantly increased in patients
with type 2 diabetes.33 In the present study, SGLT2 immunostaining
was higher in the brush borders of proximal tubules in obese OLETF
rats as compared with lean LETO rats. We also observed that SGLT2
immunostaining was faint in empagliflozin-treated rats, suggesting
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Figure 5 (a) Temporal profiles of urinary osmolality. Urinary osmolality was
higher in Long Evans Tokushima Otsuka (LETO) than in Otsuka Long Evans
Tokushima Fatty (OLETF) rats throughout the observation period.
Administration of empagliflozin did not significantly change urinary
osmolality in salt-treated OLETF rats. (b) Urinary sodium excretion evaluated
by a sodium challenge test. After acute administration of NaCl (1 g kg−1,
p.o.), 0- to 12- and 12- to 24-h urinary sodium excretion rates were similar
between OLETF and LETO rats. However, treatment with empagliflozin
significantly increased 0- to 12- and 12- to 24-h urinary sodium excretion
rates in OLETF rats (Po0.05).
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Figure 6 Gene expression of sodium-dependent glucose co-transporter 2 (SGLT2, a) and sodium-dependent glucose co-transporter 1 (SGLT1, b) in renal
cortical tissues. There were no significant differences in renal cortical mRNA levels of SGLT2 and SGLT1 among the groups. (c) Representative
photomicrograph of SGLT2 immunostaining in the kidney. Bar indicates 100 μm. SGLT2 staining was obvious in the brush border of proximal tubules in
vehicle-treated Otsuka Long Evans Tokushima Fatty (OLETF) rats. Treatment with empagliflozin decreased the immunostaining of SGLT2 in OLETF rats.
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that treatment with an SGLT2 inhibitor decreases SGLT2 expression in
the kidney. However, mRNA levels of SGLT2 in renal cortical tissues
were not changed between lean LETO and obese OLETF rats.
Furthermore, treatment with an SGLT2 inhibitor did not significantly
change these levels in OLETF rats. Although we have no good
explanation for the discrepant data between protein and mRNA levels
of SGLT2, it may be due to the tissue sampling methods for SGLT2
mRNA levels. SGLT2 is predominantly expressed in the S1 segment of
proximal tubules,7 but we have harvested renal cortical tissues for
SGLT2 mRNA levels. Thus, the relative S1 segment content may be
different between each segment of renal cortical tissue, which might
affect the values of SGLT2 mRNA levels. Further studies will be
needed to determine the expression of SGLT2 and SGLT1 in dissected
proximal tubular segments.
Renin–angiotensin–aldosterone system has an important role in the

development of hypertension.34,35 In the present study, we have
measured urinary angiotensinogen as a maker of the activity of
renin–angiotensin system in the kidney.34 We found that salt-treated
obese OLETF rats showed markedly increased urinary angiotensinogen
excretion as compared with salt-treated lean LETO rats. In salt-treated
OLETF rats, treatment with empagliflozin slightly but significantly
increased urinary angiotensinogen excretion, suggesting a possible
activation of intrarenal renin–angiotensin system by an SGLT2
inhibitor. These data are consistent with recent clinical data that
treatment with empagliflozin significantly increased urinary angioten-
sinogen excretion in patients with type 1 diabetes.36 On the other
hand, SGLT2 inhibitor did not change plasma aldosterone level in salt-
treated OLETF rats. The circadian rhythm of aldosterone is well
known,34 so further studies are needed to investigate time-dependent
changes in plasma levels of aldosterone.
In conclusion, the present study showed that treatment with the

SGLT2 inhibitor empagliflozin prevents the development of salt-
induced blood pressure elevation and abnormality of blood pressure
circadian rhythm, which are associated with an increase in urinary
sodium excretion in obese rats. As high prevalence rates of cardio-
vascular events are associated with disrupted blood pressure circadian
rhythm, these data support the postulation that the beneficial effects of
SGLT2 inhibitors on glucose metabolism and hypertension provide a
further advantage for reducing cardiovascular events.
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