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Abstract

Aims Impairment of vascular function contributes to the progression of chronic heart failure (HF) by increasing the afterload.
Treatment with selective sodium-glucose cotransporter 2 (SGLT2) inhibitors improves the prognosis of HF, but the precise
mechanisms remain unclear. The aim of this study was to analyse the effect of empagliflozin on vascular function in patients
with HF.
Methods and results In an investigator initiated, double-blind, randomized, placebo-controlled, parallel-group, clinical study,
patients with HF NYHA II-III and an ejection fraction of 49% or less were randomized 2:1 to receive empagliflozin 10 mg once
daily or placebo for 3 months. A total of 74 patients (15% female), aged 66 ± 9 years, with a mean ejection fraction of 39 ± 8%
and a median NTproBNP of 558 pg/mL (IQR 219–1051 pg/mL), were included. Vascular parameters such as central systolic
blood pressure (cSBP), central pulse pressure (cPP), forward (FPH), and reflected pressure pulse height (RPH) decreased under
resting conditions after 1 and 3 months (1 month: cSBP �6.4 ± 8.3 mmHg, P < 0.001, cPP �3.0 ± 6.6 mmHg, P = 0.004, FPH
�2.5 ± 4.5 mmHg, P = 0.001, RPH �1.6 ± 3.0 mmHg, P = 0.001; 3 months: cSBP �4.6 ± 8.4 mmHg, P = 0.001, cPP
�3.1 ± 4.8 mmHg, P < 0.001, FPH �1.7 ± 3.7 mmHg, P = 0.004, RPH �1.4 ± 2.5 mmHg, P = 0.001) in patients treated with
empagliflozin (n = 45). In accordance, cSBP and cPP decreased in patients with empagliflozin treatment under 24 h ambulatory
conditions after 1 and 3 months (1 month: cSBP �4.8 ± 10.1 mmHg, P = 0.003, cPP �2.0 ± 5.7 mmHg, P = 0.026; 3 months:
cSBP �4.7 ± 9.0 mmHg, P = 0.002, cPP �2.1 ± 6.4 mmHg, P = 0.044). In the placebo group, there was no significant change
after 1 and 3 months. The decrease in cSBP under resting conditions (�5.7 ± 2.4 mmHg, P = 0.019) after 1 month and in cSBP
(�6.0 ± 2.6, P = 0.027) as well as in pulse wave velocity (�0.5 ± 0.2 m/s, P = 0.021) under 24 h ambulatory conditions after
3 months was greater in the empagliflozin group than in the placebo group.
Conclusions We found an improvement of vascular function after treatment with empagliflozin that indicates decreased
afterload of the left ventricle and may contribute to the beneficial effects of SGLT2 inhibition in HF.
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Introduction

Chronic heart failure (HF) is still a major cause of morbidity
and mortality, affecting estimated 64 million people world-
wide and thus constituting a global health concern, which is

increasing with the aging population.1 Despite on-going
improvement of cardiac diagnostics and therapy, the quality
of life and the survival rate of patients with diagnosed
heart failure remains poor. The 2019 Guidelines on diabetes,
pre-diabetes, and cardiovascular diseases, developed in
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collaboration with the European Association for the Study
of Diabetes, highlighted the selective sodium-glucose
cotransporter 2 (SGLT2) inhibitors as recommended diabetes
mellitus treatment to reduce the risk of heart failure hospital-
izations in patients with HF and diabetes.2 The 2021 Update
to the 2017 ACC Expert Consensus Decision Pathway for Op-
timization of Heart Failure Treatment emphasized the SGLT2
inhibitor as a valuable add-on in patients with HF who are
already receiving beta-blockers, angiotensin receptor-
neprilysin inhibitors or angiotensin-converting enzyme inhib-
itors or angiotensin receptor blockers, and aldosterone recep-
tor antagonist, regardless of the presence of diabetes
mellitus.3 In the new guidelines on acute and chronic heart
failure of the European Society of Cardiology, to be released
in 2021, the SGLT2 inhibitors will certainly represent a new
therapeutic cornerstone in the treatment strategy of HF.

Pivotal large randomized controlled trials demonstrated
that SGLT2 inhibitors prevent major adverse cardiovascular
events as well as the occurrence of hospitalizations for heart
failure and progression of chronic kidney disease in patients
with type 2 diabetes.4 Moreover, a reduction in the incidence
of heart failure hospitalizations and mortality by the treat-
ment with SGLT2 inhibitors was also demonstrated in pa-
tients with previously diagnosed HF in both patients with
and without diabetes.5,6 The SGLT2 inhibitors, initially devel-
oped as antidiabetic medication, have been proven to exert
nephroprotective and cardioprotective effects in patients
with and without diabetes. However, the precise underlying
mechanisms are still unclear and remain to be elucidated.

It is common knowledge that impairment of vascular func-
tion plays a central role in the development and progression
of HF (ventricular-arterial coupling).7,8 A key marker of vascu-
lar changes is arterial stiffness, which increases with the aging
process and, which has been identified as a strong predictor of
cardiovascular events and death.9,10 The reduced compliance
in the arterial system leads to increased pulse wave velocity
(PWV) in the arterial vascular tree and thereby to increased
central systolic blood pressure (cSBP) and central pulse pres-
sure (cPP), both augmenting the afterload imposed on the left
ventricle.11 In patients with HF, increased vascular tone due to
activation of the sympathetic nervous system and renin-angio-
tensin-aldosterone system additionally leads to a reduction of
the arterial compliance and thereby to an increased cardiac
afterload. Data on the effects of SGLT2 inhibition on vascular
function in patients with HF have not yet been thoroughly
analysed and constitute the aim of this current study.

Methods

Study design

This was an investigator initiated, double-blind, randomized,
placebo-controlled, parallel-group, prospective phase II single

centre study, performed at the Clinical Research Unit (CRC) of
the Department of Nephrology and Hypertension, University
Hospital Erlangen-Nuremberg, Germany, in order to analyse
changes of vascular function and of tissue sodium content
in patients with HF after SGLT2 inhibition with empagliflozin.
Patients with HF were recruited between July 2017 and
March 2020 by local newspaper advertisement, referring
physicians and from the cardiology outpatient clinic of the
University Hospital. The patients were consecutively enrolled,
if all inclusion criteria and none of the exclusion criteria were
fulfilled. After the run-in phase, the first vascular examination
took place (baseline). Patients were then consecutively
randomized (2:1) to receive either empagliflozin 10 mg once
daily or placebo. The 2:1 randomization was chosen to
increase the power for comparing the effects of the SGLT2 in-
hibitor empagliflozin versus baseline. Subsequent vascular
examinations were performed after 1 and 3 months of treat-
ment. Each patient provided written informed consent prior
to study inclusion. The study was conducted in accordance
with local laws, the Declaration of Helsinki, and the principles
of good clinical practice guidelines. The local ethics commit-
tee of the University of Erlangen-Nuremberg approved the
study protocol. The study was registered at http://www.
clinicaltrials.gov (NCT03128528).

Study population

Individuals, aged between 18 and 85 years, were included in
the study, if they had a HF with reduced (HFrEF) or mid-range
ejection fraction (HFmrEF), according to the ESC guidelines’
definition, in stable condition [New York Heart Association
(NYHA) II-III].12 Patients could have diabetes or not; however,
key exclusion criteria were any other form of diabetes than
type 2 diabetes, the use of insulin, or any SGLT2 inhibitor
10 weeks prior to inclusion. Patients with glycosylated
haemoglobin (HbA1c) ≥ 10% or fasting plasma
glucose ≥ 240 mg/dL, an estimated glomerular filtration
rate < 30 mL/min/1.73 m2, NYHA IV or the use of loop
diuretics above furosemide > 80 mg/day were excluded. If
the patients had experienced a stroke, transient ischaemic
attack, instable angina pectoris, or myocardial infarction
within the last 6 months prior to study inclusion, no inclusion
was possible.

Clinical parameters

Demographic data including medical history and any concom-
itant medication were recorded at the first visit (screening).
At the randomization visit (baseline), fasting blood samples
were drawn to measure N-terminal prohormone of brain
natriuretic peptide (NTproBNP), fasting plasma glucose,
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HbA1c, and other clinical safety markers such as creatinine
and liver enzymes.

Office blood pressure (BP) and heart rate were assessed
according to European Society of Hypertension/European
Society of Cardiology guideline recommendations, in seated
position after 5 min rest by a validated device (Dinamap Pro
100V2; Criticon, Norderstedt, Germany).13 In addition, 24 h
ambulatory peripheral BP was provided by a validated device
(Mobil-O-Graph, I.E.M., Aachen, Germany).14,15

Vascular function

The vascular analyses were performed at three time points,
at baseline and after 1 and 3 months of treatment.

Pulse wave analysis and pulse wave velocity
Brachial systolic BP is often different from cSBP as systolic BP
undergoes various alterations from the heart, central aorta to
the artery of the arm. Over the past years, central BP devices
emerged, and in 2017, the Artery Society released recom-
mendations on validation protocols for these devices and
demanded invasive central BP as being the reference.16 One
of these validated, highly reliable systems is the SphygmoCor
XCEL System (AtCor Medical, Sydney, Australia), which was
used in this study to assess vascular parameters under resting
conditions.17 Peripheral brachial BP was measured with a
conventional brachial oscillometric device which records the
volumetric displacement related to the volume of the bra-
chial artery within the cuff around the upper arm. The system
then calculates the central aortic pressure wave from the pe-
ripheral signal by a validated transfer function.18 The ob-
tained aortic central waveforms gave us data on cSBP and
central diastolic BP, cPP, augmentation pressure, forward
and reflected pressure pulse height. The forward pressure
pulse height describes the first systolic peak of the aortic
wave from the left ventricle to the periphery of the arterial
tree, whereas the reflected pulse pressure height describes
the second systolic peak from the reflection of the forward
wave from segments of the arterial tree.

Further, the SpygmoCor XCEL system enables us to deter-
mine the aortic PWV using simultaneously the carotid pulse
acquired by applanation tonometry and the femoral pulse ac-
quired by a femoral cuff around the upper thigh. The soft-
ware calculates the PWV by measuring the foot-to-foot
transit time between carotid and femoral pulse divided by
the physical distance measured. The cuff-based assessment
of carotid-femoral PWV by SphygmoCor Xcel, introduced
2012, has been validated against the accepted tonometric
method, giving comparable results and being in accordance
with the Artery Society guidelines for validation of
non-invasive haemodynamic measurement devices.19,20 The
non-invasive assessment of central aortic pulse wave and
PWV was performed in a quiet temperature controlled

examination room with the patient being in supine position.
The coefficient of variation for the Sphygmocor device was
below 10%.

Twenty-four hour ambulatory blood pressure and ambula-
tory vascular parameters
Twenty-four hour ambulatory brachial BP was assessed by an
oscillometric brachial-cuff based sphygmomanometer (Mobil-
O-Graph, I.E.M., Aachen, Germany), which has been shown to
be valid and reproducible in the past.14,15 The BP cuff over
the brachial artery was inflated to the diastolic BP level, and
the pressure oscillations were registered. From this periph-
eral signal, central aortic pulse wave was gained by a trans-
ducer and generated by a computer software. PWV was
then derived from the ARCSolver algorithm integrating age,
cSBP, and the data derived from the pulse wave analysis.21

Pulse wave analysis has been validated against common
tonometric method, and PWV has been validated against
intraaortic catheter measurements and found to produce
reliable and valid data.22,23

Statistical analysis
Data are presented as percentages, means with standard
deviation (SD) for normally distributed parameters, or
median with interquartile range (IQR) in all other cases.
Statistical significance of changes between baseline and 1 or
3 months treatment with empagliflozin or placebo were
determined using paired t-test, whereas for differences be-
tween 1 or 3 months treatment with empagliflozin compared
with placebo, an unpaired t-test was used. A two-sided
P-value < 0.05 was considered statistically significant. Statis-
tical analysis was performed using SPSS Statistics software,
version 24.0 (IBM Corporation, Chicago, IL, USA).

Results

Study population

Out of 87 patients screened, 75 patients were randomized.
One patient had to be excluded due to a major protocol
violation by receiving incorrect study medication. Out of the
intention-to-treat population (n = 74), 66 completed all three
vascular exams. The loss of eight patients is explained by
arrhythmias preventing measurements of high quality, for
example, runs of bigeminy, trigeminy, atrial fibrillation, or
isolated premature beats and following compensatory beats,
at the time of the vascular exam. The mean age of the
patients was 66 ± 9 years, 15% being female and 23% had
type 2 diabetes mellitus. Mean left ventricular ejection frac-
tion was 39 ± 8%, and median NTproBNP was 558 pg/mL
(IQR 219–1051 pg/mL). Forty of the 66 patients (61%) had
HFmrEF, and myocardial ischaemia was the predominant
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cause for heart failure (73%). The patients were receiving
appropriate treatment for heart failure (Table 1).

There was no significant difference between the two treat-
ment groups regarding HF classification, cause of HF, or distri-
bution in medication (data not shown). All patients were
adherent to the study medication. Patients randomized to
the empagliflozin group had significant glucosuria at 1 and
3 months (full adherence), and none of the placebo group
had evidence of glucosuria in the 24 h urine (no drop-ins).

Vascular function

Under office conditions, the key parameters of vascular func-
tion, namely, cSBP, cPP, and forward and reflected pulse
pressure height, were improved after 1 month (P < 0.001,
P = 0.004, P = 0.001, P = 0.001) and 3 months (P = 0.001,
P < 0.001, P = 0.004, P = 0.001) of empagliflozin compared
with baseline (Tables 2 and 3). Comparing the two treatment
arms, under resting conditions, the decrease of cSBP and of
forward pressure pulse height was greater after 1 month
(P = 0.019, P = 0.035), and the decrease of cPP (P = 0.030)
was greater after 3 months in the empagliflozin group. With
respect to the 24 h ambulatory daily life measurements, the
key parameters cSBP and cPP were improved after one
(P = 0.003, P = 0.026) and 3 months (P = 0.002, P = 0.044)
of treatment with empagliflozin to baseline. Comparing the
two treatment arms, the decrease of 24 h ambulatory cSBP
and of 24 h ambulatory PWV was greater after 3 months
(P = 0.027, P = 0.021) in the empagliflozin group. There was
no change in the placebo group after 1 and 3 months com-
pared with baseline in either condition.

Office and 24 h ambulatory peripheral blood
pressure

Office systolic BP decreased after treatment with
empagliflozin by 9.8 ± 13.2 mmHg after 1 month
(P < 0.001) and by 6.0 ± 16.6 mmHg after 3 months
(P = 0.020) compared with baseline. Office diastolic BP was
lower after treatment with empagliflozin by 3.8 ± 7.3 mmHg
after 1 month (P = 0.001) and by �2.0 ± 7.8 mmHg after
3 months (P = 0.096) compared with baseline. 24 h

ambulatory BP was also reduced, both systolic and diastolic
after 1 month (P = 0.007, P = 0.004) and 3 months
(P = 0.033, P = 0.040), whereas no change was observed in
the placebo group for either condition.

Clinical characteristics

After one and 3 months treatment with empagliflozin
effected weight loss, improved HbA1c concentration and in-
creased serum creatinine were observed, findings repeatedly
shown by others before (Tables 4 and 5). With regard to the
urinary parameters, the 24 h urinary sodium excretion and
24 h urinary volume increased after 1 month versus baseline,
but the changes were no longer significant after 3 months.
The 24 h glucose excretion was after one and 3 months
treatment with empagliflozin 35 and 37 g/day, respectively.

Discussion

Treatment with empagliflozin improved vascular function
under office as well as 24 h daily life conditions in our
patients with stable HF compared with baseline as well as
to placebo (Figure 1). Further, in accordance with other trials,
we found reduced brachial office and 24 h ambulatory BP,
improved metabolic control and body weight loss under
treatment with empagliflozin.

This study is the first to analyse the effects of the treat-
ment of SGLT2 inhibitor empagliflozin on vascular function
in patients with stable HF and reduced ejection fraction.
Increased arterial stiffness augments the haemodynamic load
afflicted to the left ventricle and thereby represents a rele-
vant process leading to the development and worsening of
heart failure. Our data indicate that empagliflozin causes a
decrease in the stiffness of the aorta and the proximal
branches, reducing thereby the afterload of the left ventricle.
The observed effect is not only evident after a short period of
treatment but also persists over 3 months. The underlying
mechanisms are multifaceted and not fully elicited. In our
study, the empagliflozin treatment lowered cSBP and cPP
under office conditions and consistently 24 h daily life
conditions.

Table 1 Medical therapy at baseline of the intention-to-treat population (n = 74) and categorized by treatment group

Drug class All (n = 74) Empagliflozin (n = 48) Placebo (n = 26)

AT1 receptor antagonist, % (n) 42 (31) 44 (21) 39 (10)
ACE inhibitor, % (n) 49 (36) 41 (20) 61 (16)
Mineralocorticoid receptor antagonist, % (n) 55 (41) 50 (24) 65 (17)
Diuretic, % (n) 55 (41) 56 (27) 55 (14)
Beta-blocker, % (n) 69 (51) 69 (33) 69 (18)
Calcium channel blocker, % (n) 16 (12) 15 (7) 19 (5)

ACE, angiotensin-converting enzyme; AT1, angiotensin I receptor.
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Increased cPP was shown to be linked to cardiovascular
morbidity and mortality in several studies in the past, inde-
pendently of cardiovascular risk factors and co-morbidities.24

Chilton et al. previously analysed post hoc the data of five tri-
als conducted in patients with type 2 diabetes and demon-
strated not only a reduction in BP but also a significantly
reduced cPP under the treatment of empagliflozin compared
with placebo.25 In a previous study of our group, a 6 week
empagliflozin treatment in patients with type 2 diabetes led
to a significant reduction of �5.14 mmHg in cSBP and
�2.77 mmHg in cPP under resting conditions.26 These find-
ings are in accordance with our current findings of
�5.7 mmHg after 1 month and �4.3 mmHg after 3 months
for cSBP and of �1.8 mmHg after 1 month and �3.3 mmHg
after 3 months for cPP in the empagliflozin group. We also
found a significant decrease in cSBP and PWV under 24 h am-
bulatory daily life conditions, numerically similar to the re-
sults of our previous work.26,27 In another randomized
controlled trial analysing the effect of canagliflozin compared
with perindopril on vascular function in patients with type 2
diabetes and arterial hypertension, a significant decrease in
SBP and DBP under office conditions and 24 h ambulatory
conditions as well as in office cSBP was observed, supporting
our findings with empagliflozin in patients with stable HF.28 In
a post hoc analysis of pooled data from four phase 3 studies,
patients with type 2 diabetes showed a reduction of SBP and
DBP as well as pulse pressure after 26 weeks treatment with
canagliflozin.29 After 6 months treatment with tofogliflozin,
an improved arterial stiffness was observed in patients with
type 2 diabetes.30

Other research groups analysed changes in BP and arterial
stiffness after SGLT2 inhibition mainly in patients with type 2
diabetes and type 1 diabetes. Despite the considerable
changes in pathophysiology and the disease course, it is im-
portant to mention shortly trials conducted in patients with

type 1 diabetes. In trials with patients with type 1 diabetes,
an 8 week treatment with empagliflozin as well as a 12 weeks
treatment with empagliflozin on top of metformin signifi-
cantly reduced office PWV.31,32 Dapagliflozin led in 26
patients with type 2 diabetes to an acute reduction of PWV
(10.1 ± 1.6 to 8.9 ± 1.6 m/s, P < 0.05), independent of BP
reduction, compared with hydrochlorothiazide after 2 days
of treatment.33

We observed a significant reduction of 24 h PWV in our co-
hort of patients with stable HF after 12 weeks treatment with
empagliflozin compared with placebo, while there was no sig-
nificant reduction in PWV under resting conditions. In
non-diabetic patients with HFrEF, a 6 month treatment with
empagliflozin showed a significant reduction of PWV
assessed by cardiac magnetic resonance.34 This discrepancy
to our results may be due to inaccuracy of the measurement
of the linear distance from surface points on the body to es-
timate the arterial path length by the Sphygmocor operator.

In patients with HF, SGLT2 inhibitors improve the loading
condition of the left ventricle by two mode of actions. SGLT2
inhibitors block the reabsorption of sodium and glucose in
the proximal tubule, thereby causing natriuresis, glucosuria,
and osmotic diuresis with the consequence of the reduction
of the preload. Indeed, 24 h urine volume excretion increased
by approximately 394 mL after 1 month and 229 mL after
3 months, accompanied by increased haematocrit. Besides
reduction of the intravascular volume, our data support that
by empagliflozin treatment, the afterload is diminished by
reducing the stiffness of the arterial system indicated by the
decrease in cSBP, cPP, forward pressure pulse height, and
reflected pressure pulse height in our patients with HF. In a
recently published trial with 70 euvolemic patients with
HFrEF, pulmonary capillary wedge pressure was reduced after
12 weeks treatment with empagliflozin compared with
placebo.35 These findings underline the reduction of the

Figure 1 (Left) Change from baseline after 1 month of treatment with empagliflozin with corresponding P values. (Right) Change from baseline after
3 months of treatment with empagliflozin with corresponding P values.
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filling pressure of the left ventricle and consequently the
unloading of the left ventricle with enhancement of the sub-
endocardial blood flow.

Many previous clinical studies analysed the effect of SGLT2
inhibitors in patients with type 1 and 2 diabetes and showed
no compensatory increase of the office or 24 h heart rate ac-
companying the BP reduction, due to the lack of the reflex
sympathetic nervous system activation.31,36,37 We found as
well no notable change of heart rate under treatment with
empagliflozin, underlying the sympathoinhibitory effect of
the SGLT2 inhibition in patients with overactive sympathetic
nervous system.

One limitation may be the small sample size and short du-
ration of our study; however, our power calculation indicated
that the number of participants is large enough to detect
significant differences, in particular in the empagliflozin
group, in the face of the 2:1 randomization in favour of
empagliflozin. In our group, we focused our analysis on pa-
tients with reduced ejection fraction because the first studies
showed a significant reduction of hospitalizations rate and
overall mortality in this group. We did not address patients
with heart failure with preserved ejection fraction, and this
would require a separate study. Nevertheless, our data of im-
proved vascular function support the findings of the large
clinical trials in patients with HFmrEF and HFrEF.

Conclusions

In conclusion, we demonstrated that the treatment with the
SGLT2 inhibitor empagliflozin exerts beneficial effects on vas-
cular function in patients with HF and reduced ejection frac-
tion. This improvement of vascular function by increased

arterial and aortic compliance is linked to a reduction of the
afterload of the left ventricle. We suggest that the resulting
improvement of ventricular-arterial coupling may contribute
to the improved prognosis observed in patients with HF
under SGLT2 inhibition.
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