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ORIGINAL INVESTIGATION

Empagliflozin improved systolic blood 
pressure, endothelial dysfunction and heart 
remodeling in the metabolic syndrome ZSF1 rat
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Abstract 

Background: Empagliflozin (empa), a selective sodium–glucose cotransporter (SGLT)2 inhibitor, reduced cardiovas‑
cular mortality and hospitalization for heart failure in patients with type 2 diabetes at high cardiovascular risk inde‑
pendent of glycemic control. The cardiovascular protective effect of empa was evaluated in an experimental model of 
metabolic syndrome, the obese ZSF1 rat, and its’ lean control.

Methods: Lean and obese ZSF1 rats were either non‑treated or treated with empa (30 mg/kg/day) for 6 weeks. Vas‑
cular reactivity was assessed using mesenteric artery rings, systolic blood pressure by tail‑cuff sphygmomanometry, 
heart function and structural changes by echocardiography, and protein expression levels by Western blot analysis.

Results: Empa treatment reduced blood glucose levels from 275 to 196 mg/dl in obese ZSF1 rats whereas normo‑
glycemia (134 mg/dl) was present in control lean ZSF1 rats and was unaffected by empa. Obese ZSF1 rats showed 
increased systolic blood pressure, and blunted endothelium‑dependent relaxations associated with the appear‑
ance of endothelium‑dependent contractile responses (EDCFs) compared to control lean rats. These effects were 
prevented by the empa treatment. Obese ZSF1 rats showed increased weight of the heart and of the left ventricle 
volume without the presence of diastolic or systolic dysfunction, which were improved by the empa treatment. 
An increased expression level of senescence markers (p53, p21, p16), tissue factor, VCAM‑1, SGLT1 and SGLT2 and a 
down‑regulation of eNOS were observed in the aortic inner curvature compared to the outer one in the control lean 
rats, which were prevented by the empa treatment. In the obese ZSF1 rats, no such effects were observed. The empa 
treatment reduced the increased body weight and weight of lungs, spleen, liver and perirenal fat, hyperglycemia and 
the increased levels of total cholesterol and triglycerides in obese ZSF1 rats, and increased blood ketone levels and 
urinary glucose excretion in control lean and obese ZSF1 rats.

Conclusion: Empa reduced glucose levels by 28% and improved both endothelial function and cardiac remodeling 
in the obese ZSF1 rat. Empa also reduced the increased expression level of senescence, and atherothrombotic mark‑
ers at arterial sites at risk in the control lean, but not obese, ZSF1 rat.
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Background
Metabolic syndrome is a critical health state comprising 
central obesity, dyslipidemia, hypertension, and glucose 
intolerance that carries increased risk for both type 2 
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diabetes (T2D) and cardiovascular disease (CVD) [1–4]. 
Over the past three decades, the prevalence rate of meta-
bolic syndrome has increased rapidly with age worldwide 
and its prevalence ranges from < 10% up to 84% [5, 6]. 
The direct and indirect effects of hyperglycemia in T2D 
on the vascular tree promote both macrovascular com-
plications including stroke, coronary artery diseases, and 
peripheral vascular diseases, and microvascular compli-
cations including diabetic retinopathy, nephropathy, and 
neuropathy [7]. One of the earliest impact of hyperglyce-
mia on the cardiovascular system leads to the induction 
of an endothelial dysfunction characterized by a reduced 
nitric oxide (NO) component and often also endothe-
lium-dependent hyperpolarization (EDH) component, 
and the induction of endothelium-dependent contractile 
responses (EDCFs) [8–14]. Even though the entire vascu-
lar tree is subjected to cardiovascular risk factors, pheno-
typic alterations leading to a dysfunctional endothelium 
are revealed initially at specific regions of arteries such 
as curvatures and bifurcations, where disturbed flow 
and low shear stress take place and which are prone to 
early atherogenesis. Senescent endothelial cells (ECs), 
which are characterized by endothelial nitric oxide syn-
thase (eNOS) down-regulation and a reduced formation 
of NO, are observed in the human aortic arch [15] and 
coronary artery at sites overlying atherosclerotic plaques 
[16]. The fact that the selective expression of the senes-
cence marker p53 in the endothelium leads to diminished 
endothelium-dependent relaxations and NO formation 
in aortic rings of rats [17] suggests that the induction of 
cellular senescence acts as a critical upstream signaling 
pathway to promote endothelial dysfunction.

Gliflozins including empagliflozin, dapagliflozin, and 
canagliflozin are a novel class of antidiabetic agents 
used for the treatment of T2D that selectively inhibit the 
sodium–glucose cotransporter (SGLT)2 to prevent glu-
cose reabsorption in the renal proximal tubule. In the 
cardiovascular EMPA-REG OUTCOME trial including 
7020 T2D patients with established CVD, empagliflozin 
reduced cardiovascular death by 38% and heart failure 
(HF) hospitalization by 35% [18]. In T2D patients with 
established CVD, canagliflozin reduced the compos-
ite of cardiovascular cause of death including nonfatal 
myocardial infarction or nonfatal stroke by 14% and HF 
hospitalization by 33% [19], and dapagliflozin lowered 
the rate of cardiovascular death or HF hospitalization, 
with a 27% lower rate of HF hospitalization [20]. Sub-
sequent analysis of the EMPA-REG OUTCOME data 
indicated that the cardioprotective effect of empagliflo-
zin appears to be independent of glycemic control [21], 
suggesting that mechanisms, in addition to glycemic 
control, are involved. Such a concept is also supported 
by experimental studies indicating that empagliflozin 

improved endothelium-dependent relaxations in strep-
tozotocin-induced diabetic rats [22], and hemodynamics 
in a hypertensive heart failure rat model [23], decreased 
left ventricular weight, cardiomyocytes size, and cardiac 
interstitial fibrosis and macrophage infiltration in genetic 
prediabetic rats with metabolic syndrome [24]. Empagli-
flozin also significantly reduced left ventricle (LV) mass 
and LV systolic dilatation [25], decreased glucotoxicity 
thereby preventing the development of endothelial dys-
function, and reduced oxidative stress, cardiac fibrosis 
and exhibited anti-inflammatory effects in ZDF rats and 
mice [26, 27]. Moreover, empagliflozin reduced the lev-
els of CD36 and cardiotoxic lipids improving autophagy 
in the hearts of ZDF rats [28], and decreased aortic stiff-
ness, renal resistivity index and kidney injury in T2D 
female mice [29]. Finally, empagliflozin ameliorated kid-
ney injury in T2D female mice by promoting glycosuria, 
and possibly by reducing systemic and renal artery stiff-
ness [29]. In addition, a redox-sensitive up-regulation 
of SGLT1 and 2 has been observed in coronary artery 
ECs in response to high glucose and  H2O2 leading to 
enhanced glucose uptake and induction of atherothrom-
botic responses [30]. Altogether, these findings support 
the concept that gliflozins protect the cardiovascular sys-
tem, besides the improvement of the glycemic control, 
possibly also by targeting the cardiovascular and, in par-
ticular, the pivotal protective endothelial function.

Therefore, the aim of the present study was to inves-
tigate the effect of a 6-week oral intake of empagliflozin 
on the cardiovascular system in the obese ZSF1 rat, an 
established experimental model of metabolic syndrome 
with preserved ejection fraction (HFpEF) and systolic 
hypertension, and its’ lean control. In particular, the 
effect of the empagliflozin treatment was evaluated on: 
(1) the metabolic status, (2) the level of systolic blood 
pressure, (3) the endothelial function in the isolated mes-
enteric artery, and (4) the structure and function of the 
heart.

Materials and methods
Materials
Empagliflozin was provided by Boehringer Ingelheim 
Pharma GmbH & Co KG (Biberach an der Riss, Ger-
many). All other chemicals were from Sigma-Aldrich 
(Sigma-Aldrich Chemie SARL, St Quentin Fallavier, 
France) unless otherwise specified.

Animals and in vivo treatment
The experimental model of metabolic syndrome stud-
ied was the obese Zucker diabetic fatty/Spontaneously 
hypertensive heart failure F1 hybrid (ZSF1)-HFpEF 
rats and its’ lean control. A total number of 20 obese 
ZSF1 rats and respective 20 lean control rats were 
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obtained from Charles River Laboratories. At an age of 
12  weeks, rats were divided into four groups of n = 10 
per group: lean control rats, lean control rats + empagli-
flozin (30  mg/kg/day), obese ZSF1 rats and obese ZSF1 
rats + empagliflozin (30 mg/kg/day) provided in the feed. 
After a 6-week treatment period, rats were euthanized by 
IP injection of an overdose of ketamine and xylazine (120 
and 20 mg/kg, i.p.).

Biochemical analysis
Urine samples were collected from rats for 24 h in meta-
bolic cages on the day before sacrifice and blood glu-
cose and ketone levels were assessed in tail bleed from 
overnight (15 h) fasted rats using the blood glucose and 
β-ketone meter  (GLUCOFIX® Premium, A. Menar-
ini diagnostics) shortly after being euthanized. Blood 
samples were collected by terminal cardiac puncture in 
heparin containing tubes and plasma was prepared after 
centrifugation at 7000  rpm for 10 min at room temper-
ature. Thereafter aliquots were stored at − 80  °C until 
use. Plasma parameters were determined using an Advia 
20400 automatic analyzer (Siemens Healthineers) and 
plasma lipid levels using an AU480 chemistry analyzer 
(Beckman Coulter). Total cholesterol was assessed using 
OSR6116 (Enzymatic Color Test CHOD-PAP Method), 
HDL using cholesterol OSR6187 (Immunoinhibition/
enzymatic color test), LDL cholesterol using OSR6183 
(enzymatic color test CHOD-PAP method) and triglyc-
erides using OSR61118 (enzymatic color test GPO-PAP 
method).

Blood pressure measurements
Systolic blood pressure was determined by tail-cuff 
sphygmomanometry twice weekly during 5 weeks using 
the blood pressure analysis system (BP-2000 Serie II, Vis-
itech Systems). Prior to start of blood pressure monitor-
ing, rats were trained daily for 1 week to get used to the 
system.

Echocardiography
After 5  weeks of treatment, rats were anaesthetized by 
inhalation of isoflurane (5% induction and 2% for main-
tenance, 5 l/min of air plus 2 l/min of  O2). Cardiac struc-
ture and function were determined by transthoracic 
echocardiography using the Phillips Sonos 5500 machine 
equipped with a probe 12 MHz transducer. Two-dimen-
sional short axis views of the left ventricle and M-mode 
tracings were recorded through anterior and posterior 
left ventricular walls at the papillary muscle level.

Morphological characterization of the cardiac left ven-
tricle was performed following the determination of the 
parameters: left ventricular end-diastolic diameter, left 
ventricular end-systolic diameter, and posterior diastolic 

wall thickness (PWT). Left ventricular volume, E/E′ ratio, 
cardiac output and left ventricular ejection fraction were 
subsequently obtained from these parameters.

Western blot analysis
Inner and outer segments of the aortic arch were homog-
enized in extraction buffer [composition in mM: Tris/HCl 
20 (pH 7.5), NaCl 150,  Na3VO4 1,  Na4P2O7 10, NaF 20, 
okadaic acid 0.01, 1% Triton X-100 and protease inhibi-
tor cocktail (Complete Mini, Roche)]. Total proteins 
(15 μg) were separated on 8 or 12% SDS polyacrylamide 
gels and transferred electrophoretically onto nitrocel-
lulose membrane (GE Healthcare Life Sciences). After 
blocking with 5% bovine serum albumin in Tris-buffered 
saline (TBS) containing 0.1% Tween 20 for 1  h at room 
temperature, membranes were incubated with primary 
antibodies against rabbit polyclonal anti-p53 (1:1000; 
Santa Cruz Biotechnology; sc-6243), mouse monoclonal 
anti-p21 (1:1000; Santa Cruz Biotechnology; sc-817), rab-
bit polyclonal anti-p16-INK4 (1:500; Abbiotec; 250804), 
murine monoclonal anti-tissue factor (TF; 1:1000; Sekisui 
Diagnostics; 4509), mouse monoclonal anti-eNOS/NOS 
(1:5000; BD Transduction Laboratories; 610297), rabbit 
monoclonal anti-VCAM-1 (1:10,000; Abcam; ab134047), 
rabbit polyclonal anti-SGLT1 (1:1000; Santa Cruz Bio-
technology; sc-98974), rabbit polyclonal anti-SGLT2 
(1:1000; Santa Cruz Biotechnology; sc-98975) or mouse 
monoclonal anti-β-tubulin (1:20,000; Sigma-Aldrich; 
T7816) overnight at 4  °C. After washing, membranes 
were incubated with the secondary antibody (peroxi-
dase-labeled anti-rabbit or anti-mouse immunoglobulin 
G; 1:10,000; Cell Signaling Technology; #7074, #7076, 
respectively) for 1 h at room temperature. The immuno-
reactive bands were developed by enhanced chemilumi-
nescence (ECL, Amersham) using ImageQuant LAS 4000 
(GE Healthcare).

Vascular reactivity study
Vascular reactivity study was performed using the main 
mesenteric artery as described previously [31]. Briefly, 
the main superior mesenteric arteries were cleaned 
of connective tissue, and cut into rings (2–3  mm in 
length). Then, rings were suspended in organ baths 
containing oxygenated (95%  O2, 5%  CO2) Krebs bicar-
bonate solution (mM: NaCl 119, KCl 4.7,  KH2PO4 1.18, 
 MgSO4 1.18,  CaCl2 1.25,  NaHCO3 25, and d-glucose 
11, pH 7.4) at 37  °C for the assessment of changes in 
isometric tension. Following equilibration for at least 
60  min at a stable resting tension of 1  g, rings were 
exposed to 80  mM of KCl-containing Krebs solution. 
Thereafter, rings were contracted with phenylephrine 
(1  μM) before the induction of a relaxation to acetyl-
choline (1  μM), to clarify the presence of a functional 
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endothelium. After washout and a 30-min resting 
time, rings were contracted with phenylephrine (1 μM) 
prior to the construction of a concentration-relaxation 
curve in response to acetylcholine (1  nM–10  μM) or 
sodium nitroprusside (0.1 nM–10 μM). In some experi-
ments, rings were exposed to an inhibitor for 20  min 
before the addition of phenylephrine. To evaluate NO-
mediated relaxation, rings were incubated in the pres-
ence of indomethacin (10  μM), and TRAM-34 (1  μM) 
plus UCL-1648 (1  μM) to exclude the formation of 
vasoactive prostanoids and EDH-mediated relaxa-
tion, respectively. The EDH-mediated relaxation was 
evaluated in rings incubated with indomethacin and 
 Nω-nitro-l-arginine (L-NA; 300  μM) to exclude the 
formation of vasoactive prostanoids and NO, respec-
tively. To evaluate EDCFs, rings were exposed to L-NA 
and TRAM-34 plus UCL-1648 for 20  min to prevent 
the formation of NO and EDH, respectively before the 
induction of about a 20–30% pre-contraction with phe-
nylephrine followed by the construction of a concentra-
tion-contraction curve to acetylcholine.

Statistical analysis
Values are expressed as mean ± SEM of different rats. 
Statistical analysis was assessed by one-way analysis of 
variance followed by Tukey’s multiple comparison post 
hoc test using GraphPad Prism (Version 7). The differ-
ences between groups were considered statistically sig-
nificant at P < 0.05.

Results
Effect of empagliflozin treatment on metabolic parameters 
in ZSF1 rats
Plasma parameters have indicated an increased level 
of glycemia, plasma proteins and albumin, AST, ALT 
and ALP whereas plasma creatinine and bilirubin were 
decreased in the obese ZSF1 group compared to the lean 
control group (Table 1). The empagliflozin treatment sig-
nificantly decreased glycemia and ALP in the obese ZSF1 
group but not in the lean control group except creatinine, 
which was slightly but significantly decreased (Table  1). 
In addition, the empagliflozin treatment increased 
urea in both the lean control and obese ZSF1 groups 
(Table  1). The obese ZSF1 group had an altered plasma 

Table 1 Effect of  a  6-week oral intake of  empagliflozin on  plasma, blood and  urine parameters in  the  lean control 
and ZSF1 groups

Metabolic parameters were measured in plasma except for ketone and glucose which were determined in whole blood, and glycosuria and proteinuria which were 
determined in urine collected over a 24-h period. Values are shown as mean ± SEM of n = 5–10 per group

Empa empagliflozin, AST aspartate aminotransferase, ALT alanine aminotransferase, ALP alkaline phosphatase, HDL high density lipoprotein, LDL low density 
lipoprotein

* P < 0.05 vs control group and #P < 0.05 vs ZSF1 group

Control Empa ZSF1 ZSF1 + Empa

Plasma

 Glycemia (mmol/l) 11.33 ± 1.11 9.94 ± 1.30 28.07 ± 2.13* 20.81 ± 0.78*,#

 Urea (mmol/l) 5.84 ± 0.26 8.71 ± 0.31* 6.86 ± 0.30 7.56 ± 0.28*

 Plasma creatinine (µmol/l) 33.18 ± 0.46 31.23 ± 0.56* 24.21 ± 0.80* 25.37 ± 0.22

 Plasma proteins (g/l) 58.89 ± 0.99 58.88 ± 0.83 64.88 ± 0.90* 64.00 ± 0.69*

 Albumin (g/l) 36.49 ± 0.49 37.16 ± 0.49 39.46 ± 0.48* 39.49 ± 0.43*

 Bilirubin (μmol/l) 0.57 ± 0.02 0.61 ± 0.06 0.25 ± 0.16* 0.01 ± 0.01*

 AST (U/l) 130.90 ± 12.34 171.00 ± 7.80 220.60 ± 35.64* 152.20 ± 8.94

 ALT (U/l) 63.78 ± 2.74 108.80 ± 7.56 161.20 ± 19.02* 131.20 ± 8.05

 ALP (U/l) 62.78 ± 4.06 72.13 ± 8.60 136.60 ± 13.24* 97.11 ± 10.87#

 Total cholesterol (mmol/l) 2.33 ± 0.06 2.38 ± 0.11 6.31 ± 0.34* 4.90 ± 0.30*,#

 HDL cholesterol (mmol/l) 1.37 ± 0.02 1.43 ± 0.05 2.51 ± 0.09* 2.45 ± 0.08*

 LDL cholesterol (mmol/l) 0.63 ± 0.03 0.69 ± 0.02 0.75 ± 0.04* 0.66 ± 0.06

 Triglycerides (mmol/l) 0.48 ± 0.05 0.49 ± 0.03 6.23 ± 1.06* 2.92 ± 0.28*,#

Blood

 Ketone (mmol/l) 0.33 ± 0.06 0.71 ± 0.10* 0.32 ± 0.06 0.56 ± 0.10#

 Glucose (mg/dl) 134.60 ± 9.07 134.10 ± 8.69 274.50 ± 29.41* 196.70 ± 22.16#

Urine

 Glycosuria (mmol) 0.89 ± 0.40 12.03 ± 1.55* 6.09 ± 0.85* 17.47 ± 0.98*,#

 Proteinuria (g/l) 1.59 ± 0.17 0.74 ± 0.06 11.35 ± 0.84* 4.62 ± 0.44*,#

 Volume (ml) 9.33 ± 0.94 26.22 ± 1.62* 22.11 ± 2.31* 39.40 ± 2.22*,#
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lipid profile with increased levels of total cholesterol, 
HDL, LDL and triglycerides compared to the lean control 
group (Table  1). Among them, the level of total choles-
terol and triglycerides was significantly decreased by the 
empagliflozin treatment (Table  1). Blood ketone levels 
were similar in the lean control and obese ZSF1 groups, 
and both were significantly increased by the empagliflo-
zin treatment (Table  1). Both glycosuria and proteinu-
ria were significantly increased in the obese ZSF1 group 
compared to the lean control group (Table 1). The empa-
gliflozin treatment increased glycosuria in both the lean 
control and obese ZSF1 groups, and markedly reduced 
proteinuria in the obese ZSF1 group without affecting 
that in the lean control group (Table 1).

Effect of empagliflozin treatment on morphometric 
parameters in ZSF1 rats
The morphometric evaluation of rats and organs has indi-
cated that the weight of several organs including spleen, 
liver, kidney, perirenal fat, lung, heart and body weight 
were higher in the obese ZSF1 group than the lean con-
trol group (Table 2). The empagliflozin treatment signifi-
cantly decreased the weight of the spleen, liver, perirenal 
fat, lung, heart and body weight in the obese ZSF1 group 
(Table 2). In the control group, empagliflozin significantly 
decreased the weight of the heart and body (Table 2).

Empagliflozin treatment reduces systolic blood pressure 
in obese ZSF1 rats
Systolic blood pressure was higher by about 14.5 mmHg 
in the obese ZSF1 group compared to that in the 
lean control group (Fig.  1). The empagliflozin treat-
ment significantly reduced systolic blood pressure 
by about 3.6  mmHg (reduction from 173.9 ± 0.7 to 

170.3 ± 0.9 mmHg) in the obese ZSF1 group after 5 weeks 
without affecting that in the lean control group (Fig. 1).

Empagliflozin prevents alteration of heart structure 
and function in obese ZSF1 rats
Evaluation of the structure of the different parts of the 
heart by weight and echocardiography has indicated that 
the left ventricle plus septum, right ventricle, left auricle 
plus septum and right auricle weights, the left ventricu-
lar and auricular volume and the left ventricular poste-
rior diastolic wall thickness (PWT) were increased in the 
obese ZSF1 group compared to those of the lean control 
group (Fig.  2). The empagliflozin treatment significantly 
reduced the left ventricle plus septum, right ventricle and 
right auricle weights, and also the left ventricular and 
auricular volumes in the obese ZSF1 group (Fig. 2). The 
empagliflozin treatment also reduced the left ventricle 

Table 2 Effect of  empagliflozin on  morphometric parameters of  different organs and  body weight in  the  lean control 
and ZSF1 groups

Organs were weighted and indexed to the respective tibial length. Values are shown as mean ± SEM of n = 7–10 per group

Empa empagliflozin

* P < 0.05 vs control group and #P < 0.05 vs ZSF1 group

Control Empa ZSF1 ZSF1 + Empa

Spleen (mg mm−1) 17.45 ± 0.38 16.55 ± 0.62 20.90 ± 0.32* 18.53 ± 0.81#

Liver (mg mm−1) 286.40 ± 12.58 264.80 ± 7.80 771.40 ± 34.64* 547.90 ± 21.37*,#

Kidney (mg mm−1) 40.52 ± 1.33 41.58 ± 1.34 55.22 ± 1.46* 54.92 ± 1.60*

Perirenal fat (mg mm−1) 11.32 ± 1.85 8.47 ± 1.63 183.70 ± 36.89* 100.60 ± 27.25*,#

Left lung (mg mm−1) 11.06 ± 0.20 10.65 ± 0.65 12.92 ± 0.69* 11.02 ± 0.25#

Dry weight of left lung (mg mm−1) 2.30 ± 0.03 2.16 ± 0.06 2.70 ± 0.08* 2.42 ± 0.06#

3 lobes of lung (mg mm−1) 17.94 ± 0.41 16.40 ± 0.41 21.48 ± 1.64* 17.23 ± 0.37#

Heart (mg mm−1) 31.93 ± 0.66 28.74 ± 0.75* 38.98 ± 0.95* 35.40 ± 0.63*,#

Tibial length (mm) 41.76 ± 0.35 42.54 ± 0.53 40.22 ± 0.42 39.89 ± 0.43

Weight (g) 407.70 ± 9.07 366.00 ± 7.67* 523.80 ± 19.93* 478.90 ± 8.73*,#

Fig. 1 Effect of empagliflozin treatment on systolic blood pressure 
in the lean control and the ZSF1 groups. Values are shown as 
mean ± SEM of n = 9–10 per group. *P < 0.05 vs control group and 
#P < 0.05 vs ZSF1 group
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plus septum weight in the control lean group, whereas 
the other parameters were not affected (Fig. 2).

The cardiac output and left ventricular ejection frac-
tion were similar in the lean control and the obese ZSF1 
groups, and not affected by the empagliflozin treatment 
(Fig.  2). The E/E′ ratio, an indicator of the function of 
left ventricle filling, was slightly increased in the obese 
ZSF1 group compared to that of the lean control group, 
however, this effect did not reach statistical significance 
(Fig. 2).

Empagliflozin treatment improves 
endothelium‑dependent relaxations and reduces 
endothelium‑dependent contractile responses in ZSF1 
rats: role of cyclooxygenases
The endothelial and vascular function were assessed by 
vascular reactivity studies of the main mesenteric artery. 
The concentration-dependent relaxation curve to ace-
tylcholine was slightly but significantly shifted to the 
right in mesenteric artery rings with endothelium of the 
obese ZSF1 compared to that of the lean control group 

Fig. 2 Oral intake of empagliflozin prevents heart remodeling in ZSF1 rats. a–d All the four cavities of heart (left ventricle and septum, right 
ventricle, left auricle and septum and right auricle) were weighted and indexed to the respective tibial length. e–j The different cardiac markers 
related to cardiac function and morphology were assessed by echocardiography. Values are shown as mean ± SEM of n = 6–10 per group. *P < 0.05 
vs control group and #P < 0.05 vs ZSF1 group
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(Fig.  3a). The blunted endothelium-dependent relaxa-
tion in the ZSF1 group was associated with increased 
endothelium-dependent contractile responses to acetyl-
choline (Fig.  3b). The empagliflozin treatment restored 
normal endothelium-dependent relaxations and blunted 
endothelium-dependent contractile responses to ace-
tylcholine (Fig.  3a, b). The empagliflozin treatment did 
affect neither relaxations nor the small endothelium-
dependent contractile responses to acetylcholine in the 
control lean group (Fig. 3a, b). In addition, relaxations to 
the NO donor sodium nitroprusside were similar in all 
groups (Fig. 3c).

The characterization of the blunted endothelium-
dependent relaxation to acetylcholine in mesenteric 
artery rings of the ZSF1 group has indicated a slight but 
significant increased relaxation in the presence of indo-
methacin, a non-selective inhibitor of cyclooxygenases 
indicating the involvement, to some extent, of vasocon-
strictor prostanoids (Fig. 4a). The role of endothelial NO 
in the relaxation to acetylcholine was assessed using the 
NO synthase inhibitor  Nω-nitro-l-arginine, and that of 
EDH by using TRAM-34 and UCL-1684, inhibitors of 
intermediate and small calcium-dependent  K+ channels, 
respectively, involved in EDH. Although the addition of 
TRAM-34 and UCL-1684 to indomethacin affected only 
slightly the relaxation to acetylcholine, the response was 
abolished in the presence of  Nω-nitro-l-arginine dem-
onstrating the exclusive involvement of NO (Fig.  4a). 
In addition, the endothelium-dependent contractile 

response to acetylcholine in mesenteric artery rings of 
the obese ZSF1 group was abolished in the presence of 
indomethacin (Fig. 4b).

Empagliflozin prevents the expression of senescence 
and pro‑atherothrombotic markers, and also SGLT1 and 2 
at arterial sites at risk
Since senescence has been identified as an early event 
promoting endothelial dysfunction [17], the expression 
level of the senescence markers p53, p21 and p16 was 
evaluated by Western blot analysis in the outer aortic 
arch curvature, an arterial site exposed to a high level 
of shear stress and at low risk, and the inner aortic arch 
curvature, an arterial site exposed to a low level of shear 
stress and at high risk [32]. The expression level of p53, 
p21 and p16 were significantly higher in the inner than 
outer aortic arch curvatures in the lean control group 
(Fig. 5). The empagliflozin treatment reduced the expres-
sion level of p53, p21 and p16 in the inner curvature to 
a similar level as those observed in the outer curvature 
of the aortic arch in the lean control group (Fig. 5). The 
empagliflozin treatment also reduced significantly the 
expression level of p16 in the outer aortic arch curvature 
whereas those of p53 and p21 were not affected in the 
lean control group (Fig. 5).

In contrast to the lean control group, the obese ZSF1 
group showed low levels of p53 and p21 which were 
similar in the inner and outer aortic arch curvatures and 
not affected by the empagliflozin treatment (Fig.  5a, b). 

Fig. 3 Effect of empagliflozin treatment on the endothelium‑dependent relaxation and endothelium‑dependent contractile response to 
acetylcholine in the lean control and ZSF1 groups. Arterial rings from the main mesenteric artery with endothelium were suspended in organ baths 
containing oxygenated Krebs buffer. For concentration‑relaxation curves, rings were precontracted with phenylephrine (1 μM) before the addition 
of increasing concentrations of either acetylcholine (a) or the NO donor sodium nitroprusside (c). b Endothelium‑dependent contractile responses 
(EDCF) were studied in the presence of  Nω‑nitro‑l‑arginine (300 μM) and UCL‑1684 plus TRAM‑34 (1 μM each) to prevent the formation of NO‑ and 
EDH‑mediated relaxations, respectively. Rings were precontracted to about 20–30% of the maximal contraction with phenylephrine before the 
addition of increasing concentrations of acetylcholine. Values are shown as mean ± SEM of 8–10 rats per group. *P < 0.05 vs control group and 
#P < 0.05 vs ZSF1 group
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Regarding p16 levels, an increased level was observed 
in the inner compared to the outer curvatures, however, 
this difference did not reach statistical significance and 
was not affected by the empagliflozin treatment (Fig. 5c).

To evaluate the endothelial dysfunction at arterial sites 
at risk, the expression level of pro-atherothrombotic 
markers including eNOS, VCAM-1 and tissue factor, the 

initiator of the coagulation cascade, was assessed in the 
inner and outer aortic arch curvatures by Western blot 
analysis. These investigations have indicated that eNOS 
is down-regulated and VCAM-1 and tissue factor are 
up-regulated in the inner versus outer aortic arch curva-
tures in the lean control group, and that these effects are 
normalized by the empagliflozin treatment (Fig. 6a–c). In 

Fig. 4 Characterization of endothelium‑dependent relaxation and contractile responses to acetylcholine in mesenteric artery rings with 
endothelium of the ZSF1 group. Arterial rings from the main mesenteric artery with endothelium were suspended in organ baths containing 
oxygenated Krebs buffer. Pharmacological inhibitors were added 20 min before the contraction to phenylephrine to assess the role of the 
NO‑mediated component  (Nω‑nitro‑l‑arginine, L‑NA, 300 μM), the EDH‑mediated component (UCL‑1684 plus TRAM‑34, UCL + Tram, 1 μM each), 
and the formation of vasoactive prostanoids (indomethacin, Indo, 10 μM). Rings were contracted with phenylephrine (1 μM) (a) or to about 20‑30% 
of the maximal contraction (b) before the addition of increasing concentrations of acetylcholine. Values are shown as mean ± SEM of n = 8–10. 
*P < 0.05 vs control group
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Fig. 5 Effect of empagliflozin treatment on the expression level of senescence markers (p53, p21 and p16) in segments of the outer curvature 
(AOC), an arterial site at low risk, and in those of the inner curvature (AIC) of the aortic arch, an arterial site at high risk, in the lean control and ZSF1 
groups as assessed by Western blot analysis. Results are shown as representative immunoblots (upper panels) and corresponding cumulative data 
(lower panels). Values are shown as mean ± SEM of n = 3–4 per group. *P < 0.05 vs AOC of control group and #P < 0.05 vs AIC of control group and 
+P < 0.05 vs AOC of Empa group
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the ZSF1 group, eNOS levels were decreased in the inner 
versus outer aortic arch curvatures, but this effect did 
not reach statistical significance (Fig.  6a). The levels of 
VCAM-1 and tissue factor were similar in the inner and 
outer aortic arch curvatures of the ZSF1 group, and not 
affected by the empagliflozin treatment (Fig. 6b, c).

Of interest, an increased expression level of SGLT1 
and SGLT2 (immunoreactive bands of about 70  kDa) 
were observed in the inner compared to the outer aortic 
arch curvatures in the lean control group (Fig. 6d, e). The 
empagliflozin treatment normalized the expression level 
of SGLT1 and SGLT2 in the inner aortic arch curvature 
to a level similar as that observed in the outer aortic arch 
curvature (Fig. 6d, e). Similar expression levels of SGLT1 
and 2 were observed in the inner and outer aortic arch 
curvatures in the ZSF1 group and the empagliflozin-
treated ZSF1 group (Fig. 6d, e).

Discussion
The major findings of the present study indicate that the 
selective SGLT2 inhibitor empagliflozin improves sys-
tolic blood pressure, heart remodeling and endothelial 
dysfunction in an experimental model of metabolic syn-
drome with HFpEF, the ZSF1 rat. The protective effect of 
empagliflozin on the heart of the ZSF1 rat with HFpEF 
involves normalization of the heart weight with an 
improvement of the left ventricle weight and volume, and 
also of the posterior wall thickness. The protective effect 
of empagliflozin on the endothelial function in the mes-
enteric artery involves normalization of NO-mediated 
endothelium-dependent relaxations and prevention of 
endothelium-dependent contractile responses to acetyl-
choline most likely by targeting the cyclooxygenase path-
way. A protective effect of empagliflozin is also observed 
at arterial sites at risk (inner versus outer curvatures of 
the aortic arch) in the lean control group as indicated by 
the normalization of the expression level of senescence 
markers (p53, p21, p16), atherothrombotic markers, and 
SGLT1 and 2. Moreover, the empagliflozin treatment 
resulted in improved glycemic level, lipid profile and 
body weight. Altogether, the present findings indicate 
that the highly selective SGLT2 inhibitor is able to target 
several major components of the metabolic syndrome in 
the ZSF1 rat to improve the function of the cardiovascu-
lar system.

The EMPA-REG OUTCOME, the CANVAS and the 
DECLARE-TIMI58 trials showed that SGLT2 inhibitors 
reduced the risk of cardiovascular death or hospitaliza-
tion for heart failure in T2D individuals with established 
CVD [18–20]. The subsequent analysis of the EMPA-
REG OUTCOME data indicated that the cardiovascular 
benefits of empagliflozin is independent of glycemic con-
trol [21]. More recently, the DAPA-Heart Failure trial 
indicated that among patients with heart failure and a 
reduced ejection fraction, dapagliflozin reduced the risk 
of worsening heart failure or death from cardiovascular 
causes regardless of the presence or absence of diabetes 
[33]. Altogether, these findings suggest that SGLT2 inhib-
itors act on the cardiovascular system possibly through 
glucose-independent mechanisms, which however 
remain to be elucidated. Several potential mechanism, 
besides glycemic control, have been suggested such as the 
involvement of visceral adiposity, body weight, hyperin-
sulinemia, blood pressure, arterial stiffness, lipid profile, 
and albuminuria [34]. In addition, SGLT1 and 2 expres-
sion has been observed in cultured and native ECs under 
pathological conditions such as hyperglycemic state and 
oxidative stress, promoting endothelial senescence and 
dysfunction subsequent to excessive glucose entry [30]. 
Since all of these effects were inhibited by empagliflozin, 
SGLT2 inhibitors may possibly also contribute to pro-
tect the cardiovascular system by targeting the pivotal 
endothelial function [30]. Therefore, the present study 
has evaluated the impact of empagliflozin on the cardio-
vascular system in an experimental model of metabolic 
syndrome with HFpEF, the ZSF1 rat, which combines 
several major cardiovascular risk factors including obe-
sity, hypertension, diabetes and dyslipidemia [35–37].

After 18  weeks, the obese ZSF1 rat showed many 
characteristics of metabolic risk such as visceral obesity 
as indicated by increased perirenal fat, elevated body 
weight, hyperglycemia, and dyslipidemia characterized 
by high levels of total cholesterol, LDL and triglycerides. 
In addition, an increased level of systolic blood pressure 
was observed in the obese ZSF1 rat compared to the lean 
rat. The present findings indicate a beneficial effect of the 
empagliflozin treatment promoting a reduction of the 
body weight and the weight of perirenal fat, and hyper-
glycemia, and an improvement of the lipid profile as well 
as of systolic blood pressure in the obese ZSF1 rat. Previ-
ous studies have also shown that empagliflozin reduced 

(See figure on next page.)
Fig. 6 Effect of empagliflozin treatment on the expression level of eNOS (a), VCAM‑1 (b), TF (c), SGLT1 (d) and SGLT2 (e) in segments of the AOC 
and in those of the AIC of the lean control and ZSF1 groups as assessed by Western blot analysis. Results are shown as representative immunoblots 
(upper panels) and corresponding cumulative data (lower panels). Values are shown as mean ± SEM of n = 3–4 per group. *P < 0.05 vs AOC of 
control group and #P < 0.05 vs AIC of control group
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body weight and fat associated with an increased urinary 
glucose excretion in an animal model of diet-induced 
obesity [38], lowered plasma cholesterol and liver tri-
glyceride levels in pre-diabetic ob/ob−/− mice [39], and 
decreased blood pressure by about 15  mmHg in the 
Cohen-Rosenthal diabetic hypertensive rat [25].

Consistent with previous studies, the obese ZSF1 rat, 
an experimental model of HFpEF, is characterized by 
pronounced heart remodeling affecting the left and right 
heart with a preserved heart function as indicated by 
normal cardiac output and ejection fraction. The present 
findings indicate that the empagliflozin treatment was 
able to prevent the hypertrophy of both the left and right 
heart as indicated by the normalization of the weight of 
the left and right ventricles and the right auricle, and also 
of the heart remodeling as indicated by the normaliza-
tion of the volume of the left ventricle and auricle, and 
the posterior wall thickness of the left ventricle. A ben-
eficial effect of empagliflozin on the heart has also been 
observed previously since empagliflozin reduced left 
ventricle weight, cardiomyocyte size, cardiac intersti-
tial fibrosis and macrophage infiltration in genetic pre-
diabetic rats with metabolic syndrome [24], improved 
cardiac function and ATP production in db/db mice asso-
ciated with preserved cardiac glucose and lipid metabo-
lism [40] and improved diastolic function, mitochondrial 
expansion, and myocardial fibrosis in female db/db mice 
[41]. In addition, Connelly et al. observed that empagli-
flozin preserved lung weight, ameliorated diastolic dys-
function, and attenuated cardiac hypertrophy using a rat 
model of uninephrectomy treated with deoxycorticoster-
one acetate and 1% NaCl water to induce HFpEF [42].

Chronic inhibition of SGLT2 decreases extracellular 
fluid and plasma volumes as was obvious in the EMPA-
REG OUTCOME trial with a 5.2% rise in hematocrit 
level at the end of the study [18]. The diuretic effect 
subsequent to inhibition of the SGLT2-mediated glu-
cose uptake in the kidney proximal tube will further 
reduce central aortic pressure and afterload, resulting in 
improved left ventricular function, and decreased car-
diac workload and myocardial oxygen demand [43, 44]. 
Preload reduction by lower plasma volume most likely 
acts synergistically with afterload reduction to promote a 
reduction of cardiac events, especially in individuals with 
diabetes and impaired left ventricular function, ischemic 
heart disease, or congestive HF [43, 44].

Endothelial dysfunction caused by hyperglycemia is 
a critical initiator of the development of macro- and 
micro-vascular complications in T2D with high meta-
bolic risk [7, 45]. Previous studies have indicated that 
hyperglycemia-related endothelial dysfunction is charac-
terized often by blunted NO and EDH components of the 
endothelium-dependent relaxation as observed in the rat 

arterioles [14], rat aorta [13], and rabbit aorta [12]. In the 
obese ZSF1 rat, the endothelial dysfunction of the main 
mesenteric artery is characterized by blunted endothe-
lium-dependent relaxations and the appearance of 
endothelium-dependent contractile responses to acetyl-
choline. Moreover, the characterization of the endothelial 
dysfunction to acetylcholine indicated that the NO com-
ponent is significantly reduced in the mesenteric artery 
of the obese ZSF1 rat. Interestingly, empagliflozin treat-
ment restored the protective endothelial function in the 
mesenteric artery as indicated by normal endothelium-
dependent relaxations and blunted endothelium-depend-
ent contractile responses to acetylcholine most likely by 
preventing the formation of cyclooxygenase-derived con-
tractile prostanoids. Experimental investigations have 
also shown that empagliflozin improved endothelium-
dependent relaxations in streptozotocin‐induced diabetic 
rats and Zucker diabetic fatty rats [22, 27]. Canagliflozin 
has also been shown to increase SNP-dependent relaxa-
tion in coronary arteries from diabetic mice subsequent 
to vascular smooth muscle hyperpolarization involv-
ing potassium channels [46] and Ipragliflozin improved 
endothelium-dependent vasodilation in streptozocin-
induced diabetic mice, in part, by an improvement of 
eNOS function as suggested by an increased phospho-
rylation level of eNOS at the activator site Ser1177 and 
Akt [47].

Premature endothelial senescence as indicated by 
senescence-associated β-galactosidase (SA-β-gal), p53 
and p16 staining was observed in the aortas obtained 
from Zucker diabetic rats [48]. SA-β-gal-positive stain-
ing was also observed in atherosclerotic lesions of the 
human thoracic aorta at the intimal side as well as at sites 
of disturbed blood flow including branches and bifurca-
tions [49, 50]. Since the selective p53 overexpression in 
ECs resulted in impaired endothelium-dependent relaxa-
tion and NO bioavailability [17], premature endothe-
lial senescence most likely acts as an upstream signaling 
event to promote endothelial dysfunction. Although the 
lean control ZSF1 rat is characterized by normal heart 
structure and function, and endothelial function in the 
mesenteric artery, a more precise analysis of the vascu-
lar tree has provided evidence of premature senescence 
at arterial sites at risk. Indeed, an increased level of 
senescence markers p53, p21 and p16 was observed in 
the inner compared to the outer aortic arch curvature, a 
potential site of early atherogenesis characterized by dis-
turbed flow and low shear stress [32]. Moreover, the pre-
mature senescence was associated with the appearance of 
pro-atherothrombotic signals as indicated by a decreased 
expression level of eNOS and increased levels of tissue 
factor, the main activator of the coagulation cascade, 
and VCAM-1 involved in the recruitment of monocytes 
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into the arterial wall. Furthermore, an increased expres-
sion level of SGLT1 and SGLT2 was observed at the arte-
rial site at risk supporting the concept that possibly an 
excessive entry of glucose via SGLTs might contribute to 
promote structural and functional changes favoring the 
pathologic development of the arterial site at risk. The 
present findings indicate that the empagliflozin treat-
ment was able to normalize the expression level of senes-
cence markers, eNOS, tissue factor, VCAM-1 and SGLT1 
and 2 in the inner aortic arch curvature to levels similar 
to those in the outer aortic arch curvature, which is pro-
tected by the exposure to high levels of shear stress. Thus, 
these observations suggest that empagliflozin might pos-
sibly contribute to protect arterial sites of atherogen-
esis by blunting the SGLT2-mediated pro-senescent and 
pro-atherothrombotic responses [30]. The fact that no 
such differences in the expression level of pro-athero-
thrombotic markers are observed in the inner and outer 
curvature of the obese ZSF1 rat suggests that the respon-
siveness of the arterial wall to local blood flow behavior 
appears to be altered possibly due to the chronic expo-
sure of metabolic stress.

Conclusions
The study indicates that empagliflozin prevents hyper-
trophy and remodeling of the heart, and also endothelial 
dysfunction as indicated by an improved NO-mediated 
relaxation and the prevention of cyclooxygenases-medi-
ated endothelium-dependent contractile responses in an 
experimental model of metabolic syndrome with HFpEF. 
The beneficial effect involves an improvement of sys-
tolic blood pressure, glycemia, the lipid profile and body 
weight, and also of premature vascular senescence at 
arterial sites at risk.

Abbreviations
AIC: Inner curvature of the aortic arch; ALP: Alkaline phosphatase; ALT: Alanine 
aminotransferase; AOC: Outer curvature of the aortic arch; AST: Aspartate 
aminotransferase; CVD: Cardiovascular disease; ECs: Endothelial cells; EDCFs: 
Endothelium‑dependent contractile responses; EDH: Endothelium‑dependent 
hyperpolarization; empa: Empagliflozin; eNOS: Endothelial nitric oxide 
synthase; HDL: High density lipoprotein; HF: Heart failure; HFpEF: Heart failure 
with preserved ejection fraction; L‑NA: Nω‑nitro‑l‑arginine; LDL: Low density 
lipoprotein; NO: Nitric oxide; PWT: Posterior diastolic wall thickness; SA‑β‑gal: 
Senescence‑associated β‑galactosidase; SGLT: Selective sodium–glucose 
cotransporter; T2D: Type 2 diabetes; TBS: Tris‑buffered saline; TF: Tissue factor; 
ZSF1: Obese Zucker diabetic fatty/spontaneously hypertensive heart failure 
F1 hybrid.

Acknowledgements
Not applicable.

Authors’ contributions
S‑HP, MAF, SG, CB, AWQ, H‑HL, DB, and BP performed the experiments 
and analyzed the data. S‑HP, DS, PO, J‑ML, EM, CA, OM, and VS‐K designed 
the study and wrote the paper. All authors read and approved the final 
manuscript.

Funding
This work was supported by an unrestricted research grant from Boehringer 
Ingelheim Pharma GmbH & Co. KG, Biberach, Germany.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
All animal procedures complied with the Guide of Care and the Use of Labora‑
tory Animals published by the U.S. National Institutes of Health (Bethesda, 
MD, USA; NIH publication number 85–23, revised 1996) and authorization was 
given by the French Ministry of Research (#10073‑2017053013335510) after 
approval by the local Ethics Committee (Comité Régional d’Ethique en Matière 
d’Expérimentation Animale de Strasbourg, CE35).

Consent for publication
Not applicable.

Competing interests
This work was supported by an unrestricted research grant from Boehringer 
Ingelheim Pharma GmbH & Co. KG, Biberach, Germany.

Author details
1 INSERM (French National Institute of Health and Medical Research), UMR 
1260, Regenerative Nanomedicine, FMTS, Strasbourg, France. 2 Hôpitaux 
Universitaires de Strasbourg, Service des Maladies Vasculaires ‑ Hypertension 
Artérielle, Strasbourg, France. 3 UMR CNRS 7021 Laboratoire de Bioimagerie 
et Pathologies, Strasbourg, France. 4 Hôpitaux Universitaires de Strasbourg, 
Service de Cardiologie, Strasbourg, France. 5 Laboratory of Biochemistry 
and Molecular Biology, Hôpitaux Universitaires de Strasbourg, Strasbourg, 
France. 6 Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach, Germany. 

Received: 31 October 2019   Accepted: 6 February 2020

References
 1. Isomaa B, Almgren P, Tuomi T, Forsen B, Lahti K, Nissen M, Taskinen MR, 

Groop L. Cardiovascular morbidity and mortality associated with the 
metabolic syndrome. Diabetes Care. 2001;24(4):683–9.

 2. Laaksonen DE, Lakka HM, Niskanen LK, Kaplan GA, Salonen JT, Lakka 
TA. Metabolic syndrome and development of diabetes mellitus: 
application and validation of recently suggested definitions of the 
metabolic syndrome in a prospective cohort study. Am J Epidemiol. 
2002;156(11):1070–7.

 3. Lakka HM, Laaksonen DE, Lakka TA, Niskanen LK, Kumpusalo E, Tuomile‑
hto J, Salonen JT. The metabolic syndrome and total and cardiovascular 
disease mortality in middle‑aged men. JAMA. 2002;288(21):2709–16.

 4. Lorenzo C, Okoloise M, Williams K, Stern MP, Haffner SM. The metabolic 
syndrome as predictor of type 2 diabetes: the San Antonio heart study. 
Diabetes Care. 2003;26(11):3153–9.

 5. Desroches S, Lamarche B. The evolving definitions and increasing preva‑
lence of the metabolic syndrome. Appl Physiol Nutr Metab Physiologie 
appliquee, nutrition et metabolisme. 2007;32(1):23–32.

 6. Kolovou GD, Anagnostopoulou KK, Salpea KD, Mikhailidis DP. The 
prevalence of metabolic syndrome in various populations. Am J Med Sci. 
2007;333(6):362–71.

 7. Fowler MJ. Microvascular and macrovascular complications of diabetes. 
Clin Diabetes. 2008;26:77–82.

 8. Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK, Creager MA. 
Impaired endothelium‑dependent vasodilation in patients with insulin‑
dependent diabetes mellitus. Circulation. 1993;88(6):2510–6.

 9. McVeigh GE, Brennan GM, Johnston GD, McDermott BJ, McGrath LT, 
Henry WR, Andrews JW, Hayes JR. Impaired endothelium‑dependent and 
independent vasodilation in patients with type 2 (non‑insulin‑depend‑
ent) diabetes mellitus. Diabetologia. 1992;35(8):771–6.

 10. Williams SB, Cusco JA, Roddy MA, Johnstone MT, Creager MA. Impaired 
nitric oxide‑mediated vasodilation in patients with non‑insulin‑depend‑
ent diabetes mellitus. J Am Coll Cardiol. 1996;27(3):567–74.



Page 13 of 14Park et al. Cardiovasc Diabetol           (2020) 19:19  

 11. Clarkson P, Celermajer DS, Donald AE, Sampson M, Sorensen KE, Adams 
M, Yue DK, Betteridge DJ, Deanfield JE. Impaired vascular reactivity 
in insulin‑dependent diabetes mellitus is related to disease dura‑
tion and low density lipoprotein cholesterol levels. J Am Coll Cardiol. 
1996;28(3):573–9.

 12. Tesfamariam B, Brown ML, Deykin D, Cohen RA. Elevated glucose pro‑
motes generation of endothelium‑derived vasoconstrictor prostanoids in 
rabbit aorta. J Clin Investig. 1990;85(3):929–32.

 13. Pieper GM, Meier DA, Hager SR. Endothelial dysfunction in a model 
of hyperglycemia and hyperinsulinemia. Am J Physiol. 1995;269(3 Pt 
2):H845–50.

 14. Bohlen HG, Lash JM. Topical hyperglycemia rapidly suppresses EDRF‑
mediated vasodilation of normal rat arterioles. Am J Physiol. 1993;265(1 
Pt 2):H219–25.

 15. Vasile E, Tomita Y, Brown LF, Kocher O, Dvorak HF. Differential expression 
of thymosin beta‑10 by early passage and senescent vascular endothe‑
lium is modulated by VPF/VEGF: evidence for senescent endothelial cells 
in vivo at sites of atherosclerosis. FASEB J. 2001;15(2):458–66.

 16. Minamino T, Miyauchi H, Yoshida T, Ishida Y, Yoshida H, Komuro I. 
Endothelial cell senescence in human atherosclerosis: role of telomere in 
endothelial dysfunction. Circulation. 2002;105(13):1541–4.

 17. Kumar A, Kim CS, Hoffman TA, Naqvi A, Dericco J, Jung SB, Lin Z, Jain MK, 
Irani K. p53 impairs endothelial function by transcriptionally repressing 
Kruppel‑Like Factor 2. Arterioscler Thromb Vasc Biol. 2011;31(1):133–41.

 18. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, 
Mattheus M, Devins T, Johansen OE, Woerle HJ, et al. Empagliflozin, 
cardiovascular outcomes, and mortality in type 2 diabetes. N Engl J Med. 
2015;373(22):2117–28.

 19. Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G, Erondu N, Shaw 
W, Law G, Desai M, Matthews DR. Canagliflozin and cardiovascular and 
renal events in type 2 diabetes. N Engl J Med. 2017;377(7):644–57.

 20. Wiviott SD, Raz I, Bonaca MP, Mosenzon O, Kato ET, Cahn A, Silverman MG, 
Zelniker TA, Kuder JF, Murphy SA, et al. Dapagliflozin and cardiovascular 
outcomes in type 2 diabetes. N Engl J Med. 2019;380(4):347–57.

 21. Inzucchi SE, Kosiborod M, Fitchett D, Wanner C, Hehnke U, Kaspers 
S, George JT, Zinman B. Improvement in cardiovascular outcomes 
with empagliflozin is independent of glycemic control. Circulation. 
2018;138(17):1904–7.

 22. Oelze M, Kroller‑Schon S, Welschof P, Jansen T, Hausding M, Mikhed Y, 
Stamm P, Mader M, Zinssius E, Agdauletova S, et al. The sodium–glucose 
co‑transporter 2 inhibitor empagliflozin improves diabetes‑induced vas‑
cular dysfunction in the streptozotocin diabetes rat model by interfering 
with oxidative stress and glucotoxicity. PLoS ONE. 2014;9(11):e112394.

 23. Lee H‑C, Shiou Y‑L, Jhuo S‑J, Chang C‑Y, Liu P‑L, Jhuang W‑J, Dai Z‑K, Chen 
W‑Y, Chen Y‑F, Lee A‑S. The sodium–glucose co‑transporter 2 inhibi‑
tor empagliflozin attenuates cardiac fibrosis and improves ventricular 
hemodynamics in hypertensive heart failure rats. Cardiovasc Diabetol. 
2019;18(1):45.

 24. Kusaka H, Koibuchi N, Hasegawa Y, Ogawa H, Kim‑Mitsuyama S. Empagli‑
flozin lessened cardiac injury and reduced visceral adipocyte hypertro‑
phy in prediabetic rats with metabolic syndrome. Cardiovasc Diabetol. 
2016;15(1):157.

 25. Younis F, Leor J, Abassi Z, Landa N, Rath L, Hollander K, Naftali‑Shani 
N, Rosenthal T. Beneficial effect of the SGLT2 inhibitor empagliflozin 
on glucose homeostasis and cardiovascular parameters in the cohen 
rosenthal diabetic hypertensive (CRDH) rat. J Cardiovasc Pharmacol Ther. 
2018;23(4):358–71.

 26. Li C, Zhang J, Xue M, Li X, Han F, Liu X, Xu L, Lu Y, Cheng Y, Li T, et al. SGLT2 
inhibition with empagliflozin attenuates myocardial oxidative stress and 
fibrosis in diabetic mice heart. Cardiovasc Diabetol. 2019;18(1):15.

 27. Steven S, Oelze M, Hanf A, Kroller‑Schon S, Kashani F, Roohani S, Welschof 
P, Kopp M, Godtel‑Armbrust U, Xia N, et al. The SGLT2 inhibitor empagli‑
flozin improves the primary diabetic complications in ZDF rats. Redox 
Biol. 2017;13:370–85.

 28. Aragon‑Herrera A, Feijoo‑Bandin S, Otero Santiago M, Barral L, Campos‑
Toimil M, Gil‑Longo J, Costa Pereira TM, Garcia‑Caballero T, Rodriguez‑
Segade S, Rodriguez J, et al. Empagliflozin reduces the levels of CD36 
and cardiotoxic lipids while improving autophagy in the hearts of Zucker 
diabetic fatty rats. Biochem Pharmacol. 2019;170:113677.

 29. Aroor AR, Das NA, Carpenter AJ, Habibi J, Jia G, Ramirez‑Perez FI, 
Martinez‑Lemus L, Manrique‑Acevedo CM, Hayden MR, Duta C, et al. 

Glycemic control by the SGLT2 inhibitor empagliflozin decreases aortic 
stiffness, renal resistivity index and kidney injury. Cardiovasc Diabetol. 
2018;17(1):108.

 30. Khemais‑Benkhiat S, Belcastro E, Idris‑Khodja N, Park SH, Amoura L, Abbas 
M, Auger C, Kessler L, Mayoux E, Toti F, et al. Angiotensin II‑induced 
redox‑sensitive SGLT1 and 2 expression promotes high glucose‑
induced endothelial cell senescence. J Cell Mol Med. 2019. https ://doi.
org/10.1111/jcmm.14233 .

 31. Dal‑Ros S, Bronner C, Schott C, Kane MO, Chataigneau M, Schini‑Kerth VB, 
Chataigneau T. Angiotensin II‑induced hypertension is associated with a 
selective inhibition of endothelium‑derived hyperpolarizing factor‑
mediated responses in the rat mesenteric artery. J Pharmacol Exp Ther. 
2009;328(2):478–86.

 32. Glagov S, Zarins C, Giddens DP, Ku DN. Hemodynamics and atherosclero‑
sis Insights and perspectives gained from studies of human arteries. Arch 
Pathol Lab Med. 1988;112(10):1018–31.

 33. McMurray JJV, Solomon SD, Inzucchi SE, Kober L, Kosiborod MN, Martinez 
FA, Ponikowski P, Sabatine MS, Anand IS, Belohlavek J, et al. Dapagliflozin 
in patients with heart failure and reduced ejection fraction. N Engl J Med. 
2019. https ://doi.org/10.1056/NEJMo a1911 303.

 34. Inzucchi SE, Zinman B, Wanner C, Ferrari R, Fitchett D, Hantel S, Espadero 
RM, Woerle HJ, Broedl UC, Johansen OE. SGLT‑2 inhibitors and cardio‑
vascular risk: proposed pathways and review of ongoing outcome trials. 
Diabetes Vasc Dis Res. 2015;12(2):90–100.

 35. Hamdani N, Franssen C, Lourenço A, Falcão‑Pires I, Fontoura D, Leite 
S, Plettig L, López B, Ottenheijm CA, Becher PM, et al. Myocardial titin 
hypophosphorylation importantly contributes to heart failure with 
preserved ejection fraction in a rat metabolic risk model. Circ Heart Fail. 
2013;6(6):1239–49.

 36. Leite S, Oliveira‑Pinto J, Tavares‑Silva M, Abdellatif M, Fontoura D, Falcão‑
Pires I, Leite‑Moreira AF, Lourenço AP. Echocardiography and invasive 
hemodynamics during stress testing for diagnosis of heart failure with 
preserved ejection fraction: an experimental study. Am J Physiol Heart 
Circ Physiol. 2015;308(12):H1556–63.

 37. Tofovic SP, Kusaka H, Kost CK Jr, Bastacky S. Renal function and struc‑
ture in diabetic, hypertensive, obese ZDFxSHHF‑hybrid rats. Ren Fail. 
2000;22(4):387–406.

 38. Vickers SP, Cheetham SC, Headland KR, Dickinson K, Grempler R, Mayoux 
E, Mark M, Klein T. Combination of the sodium–glucose cotransporter‑2 
inhibitor empagliflozin with orlistat or sibutramine further improves the 
body‑weight reduction and glucose homeostasis of obese rats fed a 
cafeteria diet. Diabetes Metab Syndr Obes Targets Ther. 2014;7:265–75.

 39. Adingupu DD, Göpel SO, Grönros J, Behrendt M, Sotak M, Miliotis T, Dahl‑
qvist U, Gan L‑M, Jönsson‑Rylander A‑C. SGLT2 inhibition with empagliflo‑
zin improves coronary microvascular function and cardiac contractility in 
prediabetic ob/ob −/− mice. Cardiovasc Diabetol. 2019;18(1):16.

 40. Verma S, Rawat S, Ho KL, Wagg CS, Zhang L, Teoh H, Dyck JE, Uddin GM, 
Oudit GY, Mayoux E, et al. Empagliflozin increases cardiac energy produc‑
tion in diabetes: novel translational insights into the heart failure benefits 
of SGLT2 inhibitors. JACC Basic Transl Sci. 2018;3(5):575–87.

 41. Habibi J, Aroor AR, Sowers JR, Jia G, Hayden MR, Garro M, Barron B, May‑
oux E, Rector RS, Whaley‑Connell A, et al. Sodium glucose transporter 2 
(SGLT2) inhibition with empagliflozin improves cardiac diastolic function 
in a female rodent model of diabetes. Cardiovasc Diabetol. 2017;16(1):9.

 42. Connelly KA, Zhang Y, Visram A, Advani A, Batchu SN, Desjardins J‑F, Thai 
K, Gilbert RE. Empagliflozin improves diastolic function in a nondiabetic 
rodent model of heart failure with preserved ejection fraction. JACC Basic 
Transl Sci. 2019;4(1):27–37.

 43. Kimura G. Importance of inhibiting sodium–glucose cotransporter and its 
compelling indication in type 2 diabetes: pathophysiological hypothesis. 
J Am Soc Hypertens JASH. 2016;10(3):271–8.

 44. McMurray J. EMPA‑REG—he “diuretic hypothesis”. J Diabetes Complicat. 
2016;30(1):3–4.

 45. Tziomalos K, Athyros VG, Karagiannis A, Mikhailidis DP. Endothelial dys‑
function in metabolic syndrome: prevalence, pathogenesis and manage‑
ment. Nutr Metab Cardiovasc Dis NMCD. 2010;20(2):140–6.

 46. Han Y, Cho YE, Ayon R, Guo R, Youssef KD, Pan M, Dai A, Yuan JX, Makino 
A. SGLT inhibitors attenuate NO‑dependent vascular relaxation in the 
pulmonary artery but not in the coronary artery. Am J Physiol Lung Cell 
Mol Physiol. 2015;309(9):L1027–36.

https://doi.org/10.1111/jcmm.14233
https://doi.org/10.1111/jcmm.14233
https://doi.org/10.1056/NEJMoa1911303


Page 14 of 14Park et al. Cardiovasc Diabetol           (2020) 19:19 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 47. Salim HM, Fukuda D, Yagi S, Soeki T, Shimabukuro M, Sata M. Glycemic 
control with ipragliflozin, a novel selective SGLT2 inhibitor, ameliorated 
endothelial dysfunction in streptozotocin‑induced diabetic mouse. Front 
Cardiovasc Med. 2016;3:43.

 48. Chen J, Brodsky SV, Goligorsky DM, Hampel DJ, Li H, Gross SS, Goligorsky 
MS. Glycated collagen I induces premature senescence‑like phenotypic 
changes in endothelial cells. Circ Res. 2002;90(12):1290–8.

 49. Chen J, Park HC, Patschan S, Brodsky SV, Gealikman O, Kuo MC, Li H, Add‑
abbo F, Zhang F, Nasjletti A, et al. Premature vascular senescence in meta‑
bolic syndrome: could it be prevented and reversed by a selenorganic 
antioxidant and peroxynitrite scavenger ebselen? Drug Discov Today Ther 
Strateg. 2007;4(1):93–9.

 50. Hayashi T, Matsui‑Hirai H, Miyazaki‑Akita A, Fukatsu A, Funami J, Ding 
QF, Kamalanathan S, Hattori Y, Ignarro LJ, Iguchi A. Endothelial cellular 
senescence is inhibited by nitric oxide: implications in atherosclerosis 
associated with menopause and diabetes. Proc Natl Acad Sci USA. 
2006;103(45):17018–23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Empagliflozin improved systolic blood pressure, endothelial dysfunction and heart remodeling in the metabolic syndrome ZSF1 rat
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Materials
	Animals and in vivo treatment
	Biochemical analysis
	Blood pressure measurements
	Echocardiography
	Western blot analysis
	Vascular reactivity study
	Statistical analysis

	Results
	Effect of empagliflozin treatment on metabolic parameters in ZSF1 rats
	Effect of empagliflozin treatment on morphometric parameters in ZSF1 rats
	Empagliflozin treatment reduces systolic blood pressure in obese ZSF1 rats
	Empagliflozin prevents alteration of heart structure and function in obese ZSF1 rats
	Empagliflozin treatment improves endothelium-dependent relaxations and reduces endothelium-dependent contractile responses in ZSF1 rats: role of cyclooxygenases
	Empagliflozin prevents the expression of senescence and pro-atherothrombotic markers, and also SGLT1 and 2 at arterial sites at risk

	Discussion
	Conclusions
	Acknowledgements
	References




