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Abstract
Background Empagliflozin is an effective treatment for heart failure with preserved ejection fraction (HFpEF), but its 
definite mechanism of action is unclear. Systemic microvascular dysfunction strongly relates to HFpEF aetiology, and 
we hypothesised that empagliflozin improves microvascular function in HFpEF.

Objective To investigate the effect of the sodium–glucose cotransporter-2 inhibitor empagliflozin on peripheral 
microvascular function in HFpEF.

Methods This is a pre-post intervention study in patients diagnosed with HFpEF who are eligible for treatment with 
empagliflozin. Microvascular function assessment using laser speckle contrast analysis of the dorsal forearm during 
iontophoresis of vasoactive stimuli (acetylcholine, insulin sodium nitroprusside) was performed at baseline and after 3 
months of empagliflozin treatment (10 mg daily). The primary outcome was the difference in blood flow measured in 
the forearm microvasculature between baseline and at follow-up (cutaneous vascular conductance, CVC). Secondarily 
we investigated quality-of-life based on the EQ-5D-5 L questionnaire at baseline and follow-up.

Results Twenty six patients finished the study according to protocol (mean age of 74 ± 7 years, 62% female). We 
observed a decreased blood flow response to acetylcholine after 3 months of empagliflozin (CVC: 0.77 ± 0.24 vs. 
0.64 ± 0.20, p < 0.001). In contrast, the response to insulin improved (CVC: 0.61 ± 0.43 vs. 0.81 ± 0.32, p = 0.03), and the 
response to sodium nitroprusside remained stable after 3 months. No significant correlations were found between 
the changes in blood flow and quality of life.

Conclusion This study shows that three months treatment with empagliflozin changed peripheral microvascular 
function in patients with HFpEF. Empagliflozin may enhance microvascular blood flow specifically via vascular actions 
of insulin, rather than a general effect on endothelial vasoregulation or smooth muscle cell function. As such, systemic 
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microvascular dysfunction can be a modifiable factor in patients with HFpEF, while the clinical implications thereof 
warrant further investigations.

Trial registration The trial was preregistered at clinicaltrials.gov (NCT06046612).

Graphical abstract

Research insights
What is currently known about this topic? SGLT-2 inhibitors are an effective treatment for patients with 
HFpEF, improving symptoms and outcomes. Systemic microvascular dysfunction is strongly implicated in the 
pathophysiology of HFpEF.

What is the key research question? Does SGLT-2 inhibitor empagliflozin improve peripheral microvascular function 
in patients with HFpEF? 

What is new? This study identifies microvascular function as a modifiable factor in HFpEF. Empagliflozin enhances 
microvascular blood flow specifically via vascular actions of insulin, rather than a general effect on endothelial 
vasoregulation or smooth muscle cell function.

How might this study influence clinical practice? The findings can result in more specific treatments targeting 
endothelial dysfunction in HFpEF.

Keywords Heart failure, Laser speckle contrast analysis, SGLT-2 inhibitor, Insulin, Acetylcholine, Nitroprusside, 
Endothelial function, Microcirculation
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Introduction
Heart failure (HF) with preserved ejection fraction 
(HFpEF) is an important public health problem with a 
poor prognosis, as approximately half of the patients 
die within 5-years from their diagnosis. Its prevalence is 
largely driven by ageing and comorbidities such as dia-
betes, obesity and kidney disease. Systemic microvascu-
lar dysfunction (MVD) has been proposed to link these 
comorbidities to the development of HFpEF, by aggravat-
ing the deleterious effects of left ventricular (LV) diastolic 
dysfunction on peripheral organs [1–3]. Previous studies 
have consistently reported both coronary and peripheral 
MVD beds in patients with HFpEF [4–7]. Although the 
evidence is based on various techniques and vasoactive 
stimuli, it supports the concept that systemic MVD is a 
substrate for HFpEF [5, 6, 8, 9]. Also, systemic MVD has 
been associated with worsening of disease progression 
and cardiovascular outcomes in HFpEF [1, 10, 11].

The treatment options for patients with HFpEF remain 
limited. sodium–glucose cotransporter-2 (SGLT-2) 
inhibitors have been the first treatment for HFpEF proven 
to be beneficial. Empagliflozin reduced the combined risk 
of cardiovascular death or hospitalisation in patients with 
HFpEF in the EMPEROR-PRESERVED trial, indepen-
dent of the glycaemic status [12]. Similar results were 
shown for dapaglifozin in the DELIVER trial in patients 
with HF and mildly reduced or preserved ejection frac-
tion [13]. These drugs were initially recognised for their 
ability to improve glycaemic control in diabetes mellitus 
by increasing urinary glucose excretion due to blocking 
of the sodium–glucose co-transporter 2 in the proximal 
convoluted tubule of the nephron. This is particularly rel-
evant, as patients with type 2 diabetes have a 25% lifetime 
risk of HF and their predominant subtype is HFpEF [14]. 
However, the EMPA-REG trial in diabetic patients with 
high cardiovascular risk showed that empagliflozin has 
pleiotropic effects, not only improving glycaemic con-
trol, but also renal and cardiovascular outcomes after a 
median follow-up of 3 years [15]. These effects, mediated 
by mechanisms such as glycosuria and natriuresis, may 
not fully explain the favourable cardiac effects of SGLT-2 
inhibition. The cardio-protective effects of SGLT-2 inhib-
itors appear to be independent of improvements in the 
classical risk factors such as hypertension or hypercho-
lesterolemia, because the benefits from these improve-
ments usually require more time to become apparent 
[16–18].

Despite the absence of SGLT-2 receptors in the heart, 
empagliflozin may have direct cardiac effects. Preclini-
cal studies have shown that SGLT-2 inhibitors might 
improve diastolic function in patients with HFpEF [19]. A 
study in non-diabetic mice demonstrated increased glu-
cose and fatty acid oxidation, along with improved car-
diomyocyte contractility [20]. However, clinical evidence 

of the effect of SGLT-2 inhibition on LV structure and 
function has been contradicting [21–23]. Furthermore, 
preclinical studies have suggested that empagliflozin may 
reduce inflammation and oxidative stress in HFpEF via 
multiple mechanisms [24, 25].

Understanding the effects of SGLT2 inhibition in 
HFpEF is essential to optimise its use in this growing 
population. However, no clinical research has been con-
ducted to evaluate the effect of empagliflozin on systemic 
microvascular function in HFpEF. Based on previous evi-
dence of systemic MVD in HFpEF, we hypothesised that 
empagliflozin improves systemic microvascular func-
tion in HFpEF. To allow more in-depth assessments of 
microvascular function modulation by empagliflozin in 
patients with HFpEF, we investigated peripheral micro-
vascular function (changes in blood flow following vaso-
dilation) through various pathways activated by different 
vasoactive stimuli.

Methods
Trial design
The current study is a pre-post intervention mono-centre 
study performed in MUMC+, the Netherlands. Patients 
with HFpEF who were eligible for treatment with empa-
gliflozin but not yet using SGLT-2 inhibitors were identi-
fied by their treating physician. They underwent baseline 
peripheral microvascular function assessment before 
starting empagliflozin. All patients received 10 mg empa-
gliflozin once daily for three months. After three months 
the assessment was repeated. Patients were instructed to 
inform the researcher if empagliflozin had to be discon-
tinued. Therapy compliance was assessed verbally during 
the follow up visit. Participants were asked to complete 
a quality of life (QoL) questionnaire (Eq.  5D–5  L) dur-
ing both visits. Based on previous preclinical and clini-
cal research we considered three months to be sufficient 
to observe any significant differences in MV function 
[26–29]. The trial was preregistered at clinicaltrials.gov 
(NCT06046612). This study complies with the declara-
tion of Helsinki and was approved by the Medical Ethics 
Committee University Hospital Maastricht/Maastricht 
University as a low-intervention clinical trial according 
to the Clinical Trial Regulation (EU CT 2022-501682-45). 
All patients provided written informed consent before 
enrolment.

Study population
The current study was performed in patients diagnosed 
with HFpEF based on the 2021 ESC guidelines for HF 
at our specialized HFpEF outpatient clinic [30]. Patients 
underwent an elaborate workup for HFpEF diagnosis. 
Consensus on the diagnosis was reached between at 
least 2 HF cardiologists during a weekly meeting [31]. 
The study population consisted of newly diagnosed 
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patients with HFpEF and patients visiting for their yearly 
check-ups.

Inclusion criteria were: HFpEF diagnosis, ability to 
understand and speak the Dutch language, treatment 
with empagliflozin 10 mg once daily planned to be started 
by the treating physician and written informed consent. 
Subjects were excluded from the study based on the fol-
lowing criteria: unable or unwilling to provide informed 
consent, under 18 years of age, contra-indication to the 
use of empagliflozin (severe kidney disease with glomer-
ular filtration rate < 20 ml/min, severe liver insufficiency, 
recent or planned major surgery, severe acute disease 
such as acute coronary syndrome or stroke < 12 months, 
pregnancy), use of SGLT-2 inhibitor at baseline, known 
hypersensitivity to empagliflozin, acetylcholine, insulin, 
or sodium nitroprusside, insulin dependence in diabe-
tes, enrolment or participation in another investigational 
device or drug study within the past 30 days, any condi-
tion that interferes with the correct execution of the laser 
speckle contrast analysis measurements (such as inability 
to keep arms motionless during the measurements, any 
condition that does not allow disposables to be attached 
to the forearm skin), or any other reason that makes it 
undesirable for patient to use empagliflozin according to 
the researcher or treating physician.

Study procedures/assessment of peripheral microvascular 
function
Peripheral microvascular function was assessed using 
laser speckle contrast analysis (LASCA). LASCA enables 
non-invasive and continuous monitoring of microvascu-
lar blood flow in superficial microvascular beds, such as 
those in the skin. LASCA allows the evaluation of micro-
vascular responses to different vasoactive agents admin-
istered by iontophoresis. Iontophoresis is a non-invasive 
method of transdermal drug delivery based on the trans-
fer of charged ions/molecules due to a low-intensity 
electric current. The electrical circuit consisted of a 

drug delivery electrode with a 1.54 cm2 chamber to hold 
liquid, and a dispersive electrode placed at 10–15  cm 
distance from the latter. This procedure includes ionto-
phoresis of acetylcholine (Ach), insulin (INS) and sodium 
nitroprusside (SNP). This combination of stimuli allows 
the evaluation of endothelium-dependent (Ach and 
INS) and endothelium-independent (SNP) microvas-
cular function. These aspects of microvascular function 
have different regulating mechanisms in physiology and 
pathophysiology, resulting in a need for multiple stimuli 
[32–35]. While Ach and INS both stimulate nitric oxide 
(NO) production, INS additionally activates the endothe-
lin-1 (ET-1) pathway providing complementary insights 
into endothelial dependent microvascular function [36, 
37]. SNP acts as a direct NO donor, bypassing the endo-
thelium to cause smooth muscle cell relaxation [34].

To improve reproducibility of the measurements, the 
following circumstances were taken into account: Mea-
surements were started after a 30-min acclimation period 
in a temperature-controlled (22–23 °C) room to avoid 
confounding effects of temperature. No exercise was 
allowed before measurements and measurements were 
performed in the fasting state (medication use allowed), 
to minimise variation of blood flow due to physical activ-
ity and endogenous insulin production. A standardised 
protocol was used to perform LASCA and iontophoresis 
(Appendix 1).

Primary and secondary endpoints of microvascular 
function
The primary endpoint was the change in cutaneous vascu-
lar conductance (CVC) in response to acetylcholine, insu-
lin, and sodium nitroprusside between baseline and after 
3 months of empagliflozin treatment. CVC is the ratio 
between the blood flow increase during iontophoresis of the 
vasodilator (peak–baseline), and the mean arterial pressure 
(Fig. 1), calculated by the formula CVC = (Qpeak−Qbaseline)/
MAP where Q is the cutaneous blood flow.

Fig. 1 Example measurement for laser speckle contrast analysis during iontophoresis of insulin
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Blood flow was expressed in arbitrary perfusion units 
(APU) and mean arterial pressure in mmHg. CVC was 
measured at the baseline and 3-month follow-up vis-
its. Secondary endpoints were peak blood flow (APU), 
absolute change in blood flow (APU), and area under the 
curve (AUC) (Fig.  1) LASCA data was obtained using 
dedicated software (Pimsoft version 1.11).

The X-axis represents time in minutes, the Y-axis rep-
resents blood flow in arbitrary perfusion units (APU). 
The baseline flow is the average flow (APU) during the 
first 30 s of the protocol. The peak flow is the average flow 
(APU) during the 30 s of highest blood flow. The absolute 
flow change is the delta between peak and baseline flow 
(APU).

Quality of life
Quality of life was assessed using the EQ-5D-5  L ques-
tionnaire at baseline and after 3-months of follow-up. 
The data were collected through physical copies of the 
questionnaires during these two study visits. Partici-
pants were instructed to report their QOL as they felt 
on that particular day. The EQ-5D-5  L evaluates five 
dimensions: mobility, self-care, daily activities, pain/dis-
comfort, and anxiety/depression, which are described in 
detail elsewhere [38]. The EQ-5D index score was derived 
from patients’ responses using the Dutch value set [39]. 
The visual analogue scale (VAS) was obtained to assess 
patients’ self-rated overall health status. The VAS can 
range from 0 (“worst health you can imagine”) to 100 
(“best health you can imagine”). In addition, The Pare-
tian Classification of Health Change (PCHC) was used 
to compare individual changes from baseline to 3-month 
follow-up [40].

Measurement of blood markers of metabolism and 
vascular function
In all patients we determined blood markers of vasore-
activity (endothelin 1), insulin sensitivity (fasting insu-
lin), inflammation (C-reactive protein) and oxidative 
stress (free thiols). Adiponectin was measured in plasma 
as a potential determinant of microvascular insulin 
responses. Serum and plasma samples were obtained 
from all patients in the fasting state at baseline and after 
3 months of follow-up. The samples were centrifuged for 
10 min (2000 g-max) and frozen at − 80 degrees Celsius 
until use.

Insulin, triglycerides and C-reactive protein were deter-
mined in serum using standard assays.

An endothelin ELISA kit (R&D systems, catalog num-
ber DET100, USA) was used to determine endothelin-1 
(ET-1) levels in EDTA plasma. ET-1 levels were measured 
in duplicate. We assessed whether empagliflozin reduces 
plasma ET-1, and whether the effect of empagliflozin on 
plasma ET-1 relates to its effect on insulin-stimulated 

blood flow in skin. Insulin-stimulated blood flow in skin 
may be a correlate of ET-1 bioactivity, and therefore may 
relate to ET-1 levels in plasma. Free plasma thiols, a bio-
marker for systemic oxidative stress, were measured as 
previously described [41] and expressed relative to the 
concentration of albumin. Adiponectin was measured 
with the Human Adiponectin Kit of Meso Scale Discov-
ery® (Rockville, MD, US) with intra-assay variation coef-
ficient (VC) of 2.4% and inter-assay VC of 2.8%.

Sample size calculation
A sample size calculation was performed based on the 
Hoorn diabetes Care cohort [42], assuming a mean 
change in Ach-induced CVC + 0.16 APU/mmHg. The 
Ach-induced CVC response was selected as the primary 
measure for this calculation, due to its endothelium-
dependent effects, which are relevant to HFpEF patho-
physiology. Additionally, it is a more widely established 
stimulus for evaluating microvascular function in cardio-
vascular research, compared to INS. The mean change 
was based on a baseline mean of 0.99 APU/mmHg, and 
a standard deviation of the change of 0.25 APU/mmHg, 
and a within-person correlation of 0.8. Sample size calcu-
lation using G-Power (with a 2-sided level of significance 
α = 0.05, power 1−β = 0.80, and effect size 0.440) yielded 
a required sample size of n = 43. To compensate for pos-
sible drop-out, we increased the aimed total study popu-
lation size by 10% to 48.

Interim analysis
As per protocol, an interim analysis was performed after 
50% of the study participants (n = 24) completed the full 
study, to reassess the required sample size. The found 
mean change in CVC for acetylcholine was − 0.11 with 
an SD of 0.15. The sample size calculation using G-power 
(with a 2-sided level of significance α = 0.05, power 
1-β = 0.80, and effect size − 0.733) yielded a required 
sample size of n = 13. Based on these results, the study 
was closed for new inclusions, and was ended after all 
planned follow-up visits had taken place.

Statistical analysis
A statistical plan was created prior start of study inclu-
sions and is summarised here. Continuous baseline char-
acteristics are described as mean ± SD, or median and first 
and third quartile in case of skewed distribution. Categori-
cal characteristics are described as count and percentage. 
Baseline characteristics between patients in the per proto-
col group (n = 26) and the patients who are only included 
in the intention to treat group (n = 11) were tested using 
Pearson’s chi-square test or Fisher’s exact test as appropri-
ate for categorical variables and the paired-samples t-test or 
Mann-Whitney U-test for continuous variables. Pearson’s 
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correlation was used to identify correlations between 
variables.

All outcome parameters are compared between base-
line and follow-up after 3 months. Data was analysed 
using the paired samples t-test or Wilcoxon signed-rank 
test as appropriate. A sensitivity analysis for the primary 
endpoint was performed using the intention-to-treat 
data rather than the per-protocol data.

Clinical correlates for the change in CVC in response to 
Ach, INS and SNP between baseline and after 3 months 
of follow-up were analysed using univariable and mul-
tivariable linear regression. Acknowledging the sample 
size, a multivariable model was prespecified to contain 
age, sex, and NYHA class.

For the QOL analysis summary statistics were derived, 
including the number of patients and proportions of cat-
egorical responses for the five EQ-5D dimensions. Cor-
relation between the CVC and both EQ-5D index and 
visual analogue scale (VAS) were calculated.

The relation between the effects of empagliflozin on 
plasma ET-1 and adiponectin levels and microvascu-
lar function in the forearm skin was assessed using lin-
ear regression analysis. When normality testing of data 
revealed a lognormal distribution, data were log-trans-
formed before analyses.

Results
Patient data availability
From February 2023 until February 2024 in total 42 patients 
were enrolled in this study. Three patients were lost to fol-
low-up, as they were not able to attend the follow up visit 

due to events unrelated to study medication or study pro-
cedures. LASCA data were unavailable for two patients due 
to software malfunction. These two patients were excluded 
from the primary analysis but remained in the QoL analy-
sis. Insulin data were missing for two patients, because one 
LASCA measurement was stopped prematurely on the 
patient’s request, and one failed due to a technical issue with 
insulin iontophoresis. The final analysis included 26 patients 
who completed the study according to protocol (per proto-
col analysis). These 26 patients took empagliflozin daily for 
3 months and had complete primary endpoints available. 
The remaining eleven patients stopped empagliflozin pre-
maturely or missed doses during the three month follow-up, 
with a median of 36 missed doses [7–65]. The most com-
mon reasons for non-adherence were side effects or forget-
ting to take the medication. These 11 patients were included 
in the intention-to-treat analysis. Detailed numbers per 
group are shown in Fig. 2.

Population characteristics
Baseline characteristics are shown in Table  1. The 26 
patients included in the final analysis had a mean age 
of 74 ± 7 years, and 62% were female. The most preva-
lent comorbidities were hypertension and atrial fibril-
lation. Only one patient had diabetes mellitus. Half of 
all patients were using loop diuretics and beta blockers 
at baseline. The baseline characteristics of the patients 
in the final analysis (n = 26) were comparable to the 
11 patients that prematurely stopped empagliflozin or 
missed doses.

Laser speckle contrast analysis—per protocol analysis
When comparing microvascular responses between base-
line and follow-up after 3 months of empagliflozin, we 
observed a significant decrease in CVC during iontopho-
resis of acetylcholine (0.77 ± 0.24 vs. 0.64 ± 0.20, p < 0.001) 
(Table  2; Fig.  3). BMI was a univariable significant pre-
dictor of this CVC response, although it lost significance 
after adjusting for age, sex, and NYHA class (Table  3). 
Conversely, a significant increase of CVC in response 
to insulin iontophoresis was observed after 3 months 
of empagliflozin (0.62 ± 0.43 vs. 0.82 ± 0.31, p = 0.040) 
(Table  2; Fig.  3). Left atrial volume index (LAVI) was a 
univariable significant predictor of this CVC response 
and remained significant after adjusting for age, sex, and 
NYHA class (Table 3).

Age, sex, and NYHA class were not significant univari-
able predictors of CVC response to either acetylcholine 
or insulin. The effect of SNP on CVC did not significantly 
change after 3 months of empagliflozin treatment, but 
showed a decreasing trend (0.75 ± 0.23 vs. 0.65 ± 0.21, 
p = 0.086) (Table 2; Fig. 3). Creatinine values were predic-
tors of this CVC response and remained significant after 

Fig. 2 Study flow diagram. *Applicable to acetylcholine and sodium 
nitroprusside analyses. N = 25 for insulin per protocol analysis, due to 1 
non-valid measurement. ** Applicable to acetylcholine and sodium nitro-
prusside analyses. N = 35 for insulin intention to treat analysis, due to 2 
non-valid measurements
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Characteristics Per protocol (n = 26) Intention to treat (n = 37)
Age (years) 74 ± 7 74 ± 7
Female 16 (62%) 22 (60%)
Body mass index (kg/m2) 29 [26–36] 30 [26–36]
Mean arterial pressure (mmHg) 101 ± 13 102 ± 13
Systolic BP (mmHg) 149 ± 24 147 ± 22
Diastolic BP (mmHg) 78 ± 10 79 ± 11
Heart rate (/min) 62 ± 13 62 ± 13
NYHA functional class
I 3 (12%) 3 (8%)
II 19 (73%) 28 (76%)
III 4 (15%) 6 (16%)
IV 0 0
Medication
Loop diuretics 14 (54%) 20 (54%)
Thiazide diuretics 3 (12%) 4 (11%)
Beta blockers 14 (54%) 22 (60%)
ACE inhibitors 11 (42%) 12 (35%)
Angiotensin receptor blockers 5 (19%) 8 (22%)
Calcium antagonists 11 (42%) 14 (38%)
Long-acting nitrates 2 (8%) 2 (5%)
Comorbidities
Significant CADb 7 (27%) 8 (22%)
Atrial fibrillation 15 (58%) 19 (51%)
Hypertension 19 (73%) 26 (70%)
Diabetes mellitus 1 (4%) 3 (8%)
Hypercholesterolemia 8 (31%) 15 (41%)
Kidney diseasec 12 (46%) 14 (38%)
Iron deficiency 8 (31%) 13 (35%)
COPD 4 (15%) 7 (19%)
Asthma 5 (19%) 5 (14%)
Current smoking 1 (4%) 1 (3%)
Stroke 1 (4%) 1 (3%)
Sleep apnoea 11 (42%) 18 (49%)
Echocardiography
LV ejection fraction (%) 60 ± 5 60 ± 5
Interventricular septum (mm) 9 [9–11] 9 [8–11]
LV posterior wall (mm) 9 [ 8–10] 9 [8–10]
LV mass index (gr/m2) 86 ± 18 83 ± 17
Relative wall thickness 0.36 [0.34–0.41] 0.36 [0.34–0.43]
LA volume index (ml/m2) 44 [38–54] 43 [37–52]
E/A ratio 0.9 [0.7–1.6] (n = 15) 0.9 [0.7–1.6] (n = 23)
Septal e’ (cm/s) 6.7 ± 1.8 (n = 25) 6.6 ± 1.8 (n = 35)
Lateral e’ (cm/s) 9.1 ± 3.0 (n = 24) 8.9 ± 2.8 (n = 34)
Septal E/e’ 12.9 [11.3–17.9] (n = 23) 13.4 [11.3–18.4 ] (n = 32)
Lateral E/e’ 10.2 [8.5–12.8] (n = 22) 10.4 [8.6–12.8 ] (n = 31)
E/e’average 11.6 [ 9.3–14.3] (n = 23) 11.7 [9.3–14.9] (n = 32)
TR peak velocity (m/s) 2.6 ± 0.3 (n = 21) 2.6 ± 0.3 (n = 32)
Laboratory values
NT-proBNP (pmol/l) 41 [28–109] 43 [29–100]
Creatinine (umol/l) 92 [77–111] 90 [ 79–103]
eGFR (mL/min/1.73m2) 60 ± 15 62 ± 15

Table 1 Baseline clinical characteristics
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adjusting for age, sex, and NYHA class (Supplemental 
table S1).

Laser speckle contrast analysis—intention to treat analysis
In the intention to treat population, including patients 
who missed doses of empagliflozin during the 3 months 
follow-up (n = 37 for Ach and SNP, n = 35 for INS), we 
did not observe significant changes in CVC or AUC 
after 3 months in response to iontophoresis of acetyl-
choline, insulin, sodium nitroprusside (Supplemental 
table S2). During the 3 months follow-up, three patients 
missed fewer than 10 doses of empagliflozin, two missed 
between 10 and 30 doses, two missed between 31 and 50 
doses, and four missed more than 50 doses.

General cardiometabolic effects of empagliflozin
During the treatment period with empagliflozin, no sig-
nificant changes were observed in body mass index, 
blood pressure, fasting triglycerides, fasting insulin, 
C-reactive protein and free thiols, a marker of systemic 
oxidative stress (Table  2). In the per-protocol group 
(n = 26), 19 patient had no medication changes. Diuretic 
doses were increased in 2 patients (8%), decreased in 2 
(8%) and discontinued in 3 (12%).

Endothelin-1 in plasma
Treatment with empagliflozin did not affect plasma 
concentrations of ET-1 compared to baseline (1.1 pg/
ml [1.0–1.4] after treatment vs. 1.3 pg/ml [1.1–1.6] at 
baseline) P = 0.21; Fig. 4A). After 3 months of follow-up, 
16/25 participants showed a decrease in plasma ET-1 
during empagliflozin treatment. In the intention to treat 
analysis, the effect of empagliflozin on plasma ET-1 was 
also not significant (P = 0.096). Insulin-stimulated skin 
blood flow after empagliflozin treatment weakly associ-
ated with the change in plasma ET-1 concentration dur-
ing empagliflozin treatment (R = 0.44, p = 0.026; Fig. 4B). 
Responses to acetylcholine (Fig.  4C) and SNP (Fig.  4D) 
did not relate to the change in plasma ET-1 during empa-
gliflozin treatment.

As adipose tissue determines microvascular responses 
to insulin and adiponectin is an important adipokine 
mediating this interaction, we studied whether adipo-
nectin in plasma relates to the effects of empagliflozin on 

microvascular function in HFpEF. Similarly to ET-1, we 
did not observe a systemic change in adiponectin levels 
during empagliflozin treatment (Fig. 5A), but a decrease 
in plasma adiponectin levels specifically associated 
with increased microvascular flow responses to insulin 
(Fig. 5B–D). No relationship with ACh or SNP responses 
was observed.

Quality of life
In the per-protocol analysis (n = 28), the PCHC results 
showed 12 participants (42.9%) with overall improve-
ment in quality of life, six participants (21.4%) with over-
all worsening, six participants (21.4%) showed a mixed 
change, two participants (7.1%) showed no change, and 
two participants (7.1%) showed no problems during both 
visits (Table 4). At 3 months follow-up compared to base-
line, patients reported fewer moderate or severe prob-
lems in all EQ-5D dimensions, most prominently in the 
dimensions of mobility and pain/discomfort (Fig. 6, sup-
plemental table S3). The mean levels of the EQ-5D-5  L 
index and the VAS score did not significantly change 
between baseline and after three months. (Table  5). No 
significant correlations were found between the CVC and 
the EQ-5D-5 L index or VAS score.

Discussion
To our knowledge, this study is the first to report on the 
effects of the SGLT-2 inhibitor empagliflozin on periph-
eral microvascular function in response to endothe-
lium-dependent and independent stimuli in patients 
with HFpEF. Our findings reveal an association between 
three months of empagliflozin treatment in HFpEF and 
changes in endothelium-dependent microvascular func-
tion. We observed an improved endothelium-dependent 
blood flow response to insulin measured by LASCA in 
the forearm skin. This effect of empagliflozin was not 
accompanied by a generalised improvement of endothe-
lium-dependent vasodilation, as we observed decreased 
responses to acetylcholine, nor did we observe endo-
thelium independent changes, assessed by response to 
sodium nitroprusside.

Characteristics Per protocol (n = 26) Intention to treat (n = 37)
Haemoglobin (mmol/l) 8.3 ± 0.9 8.4 ± 1.0
Hba1c (mmol/mol) 38 [36–41] (n = 25) 39 [35–41] (n = 35)
Data presented as count (percentage), median [interquartile range], or mean ± standard deviation, as appropriate. BP, blood pressure; CAD, coronary artery 
disease; COPD, chronic obstructive pulmonary disease; eGFR (CKD-EPI), estimated glomerular filtration rate according to the Chronic Kidney Disease Epidemiology 
Collaboration equation; LA, left atrium; LV, left ventricle; NT-proBNP, N-terminal pro B-type natriuretic peptide; NYHA, New York Heart Association; TR, tricuspid 
regurgitation
bsignificant CAD was defined as stenosis > 70%
ckidney disease was defined as glomerular filtration rate < 60 mL/min/1.73m2 during more than 3 months (at least 2 or more measurements)

Table 1 (continued) 
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The role of insulin in endothelial function and the interplay 
with SGLT2-inhibitors
A prior study demonstrated an improved vascular 
response (vascular stiffness and microvascular perfusion) 
to insulin in cardiac and skeletal muscles in 11 subjects 

with type II diabetes after treatment with empagliflozin 
[43]. Despite the low number of patients with diabetes 
mellitus in our study population, it is likely that insulin 
resistance is present to some extent in our multi-morbid 
HFpEF population. These patients often suffer from a 
combination of comorbidities such as hypertension and 
obesity, leading to increased oxidative stress and inflam-
mation [44, 45].

In contrast, the EMBLEM study, a multi-centre pla-
cebo-controlled double-blind randomized trial of 105 
subjects with type 2 diabetes and cardiovascular disease, 
did not identify any positive or negative effect on periph-
eral microvascular function after a 24-week treatment 
with empagliflozin [46]. The latter study assessed reactive 
hyperaemia index (RHI) as measured by peripheral arte-
rial tonometry (EndoPAT). This measurement reflects a 
combination of endothelial function as well as endothe-
lium—independent mechanisms [47]. Similarly, RHI did 
not improve after exercise training in HFpEF [48]. The 
combination of mechanisms assessed using RHI could 

Table 2 Blood perfusion measured by laser speckle contrast 
analysis during iontophoresis of acetylcholine, insulin, and 
sodium Nitroprusside

Baseline Follow-
up at 3 
months

P-
value

Acetylcholine (n = 26)
Baseline perfusion (APU) 51 [43–59] 42 [36–49] 0.005
Baseline perfusion (APU/mmHg)* 0.51 ± 0.12 0.46 ± 0.13 0.064
Peak perfusion (APU) 130 ± 30 107 ± 21 < 0.001
Peak perfusion (APU/mmHg)* 1.29 ± 0.27 1.10 ± 0.24 < 0.001
Absolute change (APU) 78 ± 27 62 ± 19 < 0.001
CVC (APU/mmHg)* 0.77 ± 0.24 0.64 ± 0.20 < 0.001
Area under the curve 23,520 

[17583–
29577]

16,841 
[11594–
24943]

0.011

Insulin (n = 25)
Baseline perfusion (APU) 44 ± 10 44 ± 12 0.987
Baseline perfusion (APU/mmHg)* 0.44 ± 0.12 0.45 ± 0.13 0.719
Peak perfusion (APU) 106 ± 39 123 ± 29 0.054
Peak perfusion (APU/mmHg)* 1.07 ± 0.42 1.27 ± 0.33 0.044
Absolute change (APU) 62 ± 42 79 ± 29 0.051
CVC (APU/mmHg)* 0.62 ± 0.43 0.82 ± 0.31 0.040
Area under the curve 32,400 

[7365–
67016]

49,336 
[37593–
66808]

0.032

Sodium nitroprusside (n = 26)
Baseline perfusion (APU) 56 ± 16 45 ± 11 0.002
Baseline perfusion (APU/mmHg)* 0.56 ± 0.16 0.47 ± 0.14 0.008
Peak perfusion (APU) 136 

[115–152]
106 
[96–123]

0.004

Peak perfusion (APU/mmHg)* 1.31 ± 0.27 1.12 ± 0.21 0.008
Absolute change (APU) 75 ± 23 64 ± 22 0.051
CVC (APU/mmHg)* 0.75 ± 0.23 0.65 ± 0.21 0.086
Area under the curve 37,026 

[27180–
46277]

31,730 
[20793–
39098]

0.028

Metabolic parameters (n = 26)
Weight (kg) 82 [75–96] 81 [71–97] 0.038
BMI ( kg/m2) 29 [26–35] 28 [26–35] 0.091
Mean arterial pressure (mmHg) 101 ± 13 99 ± 14 0.24
Systolic blood pressure (mmHg) 149 ± 24 142 ± 21 0.10
Diastolic blood pressure (mmHg) 78 ± 10 77 ± 11 0.65
Fasting triglycerides (mM) 1.2 (1.0-1.7) 1.4 (1.0-1.6) 0.30
Fasting insulin (pmol/L) 73 (59–116) 70 (46–123) 0.14
C-reactive protein (mg/L) 2.6 (0.8-6.0) 2.2 (1.2–5.7) 0.57
Free thiols (umol/g albumin) 8.9 ± 0.8 8.8 ± 1.0 0.35
Data presented as median [interquartile range], or mean ± standard deviation, 
as appropriate. APU Arbitrary perfusion units, CVC Cutaneous vascular 
conductance (Absolute change/mean arterial pressure). *perfusion/mean 
arterial pressure

Fig. 3 Changes in cutaneous vascular conductance at baseline and after 
3 months of empagliflozin treatment. The results are shown during ionto-
phoresis of acetylcholine (A), insulin (B) and sodium nitroprusside (SNP; C)
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have led to these neutral results, while our study assessed 
endothelium-dependent changes specifically. This under-
scores the complexity of assessing microvascular and 
endothelial (dys)function.

The combination of an improved vasodilator response 
to insulin and diminished response to acetylcholine 
observed in our study can be explained by a selective 
effect of empagliflozin on insulin-mediated responses, 
and different mediators of microvascular responses to 
insulin and acetylcholine. Insulin affects the vascular 

endothelium via various pathways, resulting in either 
vasodilation or vasoconstriction. In healthy conditions, 
insulin stimulates nitric oxide (NO) production and 
relaxation of vascular smooth muscle cells via phosphati-
dylinositol 3-kinase (Pl3K) and Akt-mediated phosphory-
lation of endothelial nitric oxide synthase (eNOS) [36]. In 
inflammatory conditions such as type 2 diabetes, insulin 
can increase endothelin-1 (ET-1) leading to vasoconstric-
tion via the mitogen-activated protein kinase (MAPK) 
pathway. This imbalance can be reversed by SGLT2 

Table 3 Predictors for differences in blood flow response between baseline and 3 months follow up
Unadjusted Adjusted *
Beta (95% CI) Standardised beta p-value Beta (95% CI) Standardised beta p-value

Acetylcholine
BMI − 0.014 (− 0.025 to − 0.02) − 0.439 0.025 − 0.011 (− 0.025 to 0.003) − 0.363 0.114
Insulin
LAVI 0.017 (0.003–0.032) 0.468 0.017 0.019 ( 0.002 to 0.035) 0.502 0.027
BMI Body mass index, LAVI Left atrial volume index

*Adjusted for age, sex, and New York Heart association class

Fig. 4 Endothelin levels before and after empagliflozin treatment in HFpEF patients. A Endothelin levels in plasma before (baseline) and after 3 months 
of empagliflozin treatment. B–D Correlations between changes in plasma ET-1 during empagliflozin treatment and skin blood flow stimulated by insulin 
(B), acetylcholine (C) and sodium nitroprusside (D). CVC Cutaneous vascular conductance
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inhibition [49, 50], as empagliflozin increases levels of 
the adipokine adiponectin which reduces ET-1 activity 
and specifically enhances insulin-induced vasodilatation 
[51, 52]. In HFpEF, overproduction of ET-1 is a feature 
of endothelial dysfunction and related to an increase of 
symptoms resulting in hospitalisations [53]. Unlike insu-
lin, vasodilator effects of acetylcholine in precapillary 

arterioles are partially mediated by hydrogen perox-
ide. Empagliflozin reduces H2O2 production in HFpEF 
[25], potentially explaining the decrease in acetylcholine 
responses we observed.

Importantly, the improvement in insulin-stimulated 
blood flow in the skin during empagliflozin treatment 
appears largely independent of changes in systemic ET-1 

Table 4 Health changes after 3 months of empagliflozin 
according to the Paretian classification of health change (PCHC)
PCHC Per protocol (n = 28) Intention to treat 

(n = 39)
N % N %

Improved 15 38.5 12 42.9
Mixed change 8 20.5 6 21.4
No change 5 12.8 2 7.1
No problems 2 5.1 2 7.1
Worsen 9 23.1 6 21.4
Patients who reported the same classification of health at baseline and 3 
months follow-up were represented as ‘no change’. Patients who never 
reported any health problems were represented as ‘no problems’. Patients who 
did not consistently improve or worsen on all aspects of the classification were 
represented as ‘Mixed change’ Fig. 6 Patients reporting moderate or severe problems of EQ-5D-5 L di-

mensions at baseline and 3 months follow-up

 

Fig. 5 Adiponectin levels before and after empagliflozin treatment in HFpEF patients. A Adiponectin levels in plasma before (baseline) and after 3 
months of empagliflozin treatment. B–D Correlations between changes in plasma ET-1 during empagliflozin treatment and skin blood flow stimulated 
by insulin (B), acetylcholine (C) and sodium nitroprusside (D). CVC Cutaneous vascular conductance
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levels, indicating that mechanisms beyond ET-1 reduc-
tion contribute to empagliflozin’s effects on microvascu-
lar function during hyperinsulinemia. Improved insulin 
sensitivity may be a potential contributing factor to the 
insulin specific effects of empagliflozin observed in our 
study. Although oxidative stress plays a major role in 
the mechanisms of insulin resistance, and empagliflozin 
appears to mitigate oxidative stress, this is unlikely the 
primary mechanism for improved insulin sensitivity in 
HFpEF [24, 54–56]. As such effect would also be expected 
to improve acetylcholine dependent vasodilation, and we 
observed a decreased vasodilation in the present study.

Another potential mechanism affecting insulin spe-
cific effects of SGLT-2 inhibition involves adipose tissue. 
SGLT-2 inhibitors have been shown to reduce epicar-
dial adipose tissue, which causes a decrease secretion of 
pro-inflammatory adipokines such as Il-6, and increase 
adiponectin levels [57, 58]. Adiponectin increases 
AMP-activated protein kinase (AMPK) activity, which 
is thought to enhance insulin sensitivity in peripheral 
tissues [52, 59, 60]. Besides this indirect effect, empa-
gliflozin may also directly activate AMPK in the endo-
thelium [61, 62]. Surprisingly, we observed a paradoxical 
inverse relationship between effects of empagliflozin on 
plasma adiponectin levels and insulin-stimulated blood 
flow (see graphical abstract). This “adiponectin para-
dox” is in line with the finding that high adiponectin pre-
dicts heart failure [63]. In this light, it should be noted 
that adiponectin is an outside-in messenger produced 
by perivascular fat tissue, binding to vascular AdipoR1/
R2 receptors. Plasma levels of adiponectin are therefore 
determined by production as well as adiponectin recep-
tor expression in the vessel wall. Expression of AdipoR1/
R2 is decreased in experimental HFpEF [64], and this 
decrease in receptors can increase plasma levels of adi-
ponectin while decreasing its bioactivity. The exact role 
of vascular adiponectin signaling in HFpEF remains to be 
determined.

Even though the cardiovascular benefits of empa-
gliflozin in HFpEF have been shown in patients with 
and without diabetes mellitus [12], the results of our 
study raise the question whether patients with insulin 
resistance benefit more from empagliflozin treatment in 

terms of microvascular function. Further research is war-
ranted to investigate this hypothesis.

Acetylcholine and sodium nitroprusside: empagliflozin 
affects specific pathways in microvascular function
The current results suggest that empagliflozin does not 
have a generalised effect on peripheral microvascular 
vasodilator function in HFpEF. Generalised effects on 
endothelial and smooth muscle cells would have improve 
responses to both acetylcholine and nitroprusside. 
Instead, we observed decreased acetylcholine and stable 
nitroprusside responses, suggesting that the effects on 
microvascular function by empagliflozin are insulin spe-
cific, without direct impact on smooth muscle cells.

Acetylcholine induces vasodilation through three pri-
mary pathways. Firstly, it increases NO production via 
activating the muscarinic M3 receptor on endothelial 
cells. Secondly, acetylcholine activates the cyclooxygen-
ase (COX) pathway, generating prostacyclin (PGI2), to 
increase cyclic adenosine monophosphate (cAMP) and 
hyperpolarise the smooth muscle cell. The third poten-
tial pathway is via endothelial-derived hyperpolarizing 
factors (EDHF). The EDHF pathway, particularly the 
EDHF hydrogen peroxide (H2O2), is predominant in 
the microcirculation [37, 65]. Furthermore, in a state of 
diminished NO bioavailability, compensatory upregu-
lation of EDHF may occur [66]. In the myocardium of 
patients with HFpEF empagliflozin has been shown to 
reduce H2O2 by reducing reactive oxygen species [25]. 
As H2O2 is a mediator of endothelium-dependent vaso-
dilatation in human arterioles, functioning as an EDHF, 
this may explain the reduction of acetylcholine responses 
we observed [51, 67].

Combining the previous results with our new data, we 
propose that empagliflozin treatment in HFpEF influ-
ences vasodilator homeostasis in the microcirculation, 
with specific insulin mediated effects.

Clinical implications and future directions
The current findings suggest that empagliflozin may 
have specific effects on microvascular endothelial func-
tion in HFpEF. This observation paves the way for further 
research to investigate whether specific endothelial-spe-
cific pathways relate to improved outcomes in HFpEF, 
which can result in more specific treatments target-
ing endothelial dysfunction. Furthermore, if we identify 
patients based on their microvascular function profile, 
this may lead to possibilities for personalised treatment 
approaches. The observed differential effects on insulin 
and acetylcholine responses highlight the complex path-
ways in the microvasculature, which remain to be fur-
ther elucidated in relation to HFpEF pathophysiology. 
The opposing effects we found for insulin, acetylcholine 
and sodium nitroprusside underscore the importance of 

Table 5 Mean levels of EQ-5D index and the visual analogue 
scale (VAS) by visit

Baseline Follow-up at 3 months P-value
Mean ± SD Mean ± SD

Intention to treat
EQ VAS 69 ± 14 72 ± 13 0.364
EQ-5D index 0.78 ± 0.14 0.79 ± 0.17 0.714
Per protocol
EQ VAS 69 ± 16 75 ± 15 0.219
EQ-5D index 0.78 ± 0.14 0.80 ± 0.19 0.411
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comprehensive endothelial function assessment in evalu-
ating novel therapies for HFpEF. This study adds to the 
existing evidence of the effect of empagliflozin in HFpEF 
and was the first to show that peripheral microvascu-
lar endothelial function is a druggable target in these 
patients.

Study limitations
Certain limitations should be considered when inter-
preting the current study results. Firstly, the absence 
of a control or placebo group limits our ability to defi-
nitely attribute the observed microvascular effects to the 
empagliflozin treatment, rather than other confounding 
factors. However, while our patients who prematurely 
stopped the treatment had similar baseline character-
istics, the microvascular effect was absent without full 
3 months of empagliflozin use, which strengthens the 
likeliness that the observed effects are a treatment effect. 
Secondly, while LASCA is known for its reproducibil-
ity and was performed under controlled circumstances, 
reference values in a healthy population and effects of 
potential day to day variations in microvascular function 
are presently lacking. Therefore, our analysis is limited 
to comparisons between baseline and follow-up, but we 
could not determine the absolute presence or severity of 
microvascular dysfunction. Lastly, the small sample size 
and specific Caucasian patient cohort, included from a 
single centre specialised HFpEF outpatient clinic, may 
limit the statistical power and external validity of our 
results.

Conclusions
This study shows that three months of empagliflozin 
treatment changed peripheral microvascular function 
in patients with HFpEF. Our results suggest that empa-
gliflozin enhances microvascular blood flow, as measured 
by LASCA, specifically via vascular actions of insulin, 
rather than a general effect on endothelial- or smooth 
muscle cell function. Moreover, this study proves that 
microvascular function is a modifiable target in HFpEF. 
Novel treatment approaches in HFpEF may be found 
through further research on the underlying modifiable 
microvascular mechanisms in HFpEF.

Abbreviations
Ach  Acetylcholine
AMPK  AMP-activated protein kinase
APU  Arbitrary perfusion units
AUC  Area under the curve
cAMP  Cyclic adenosine monophosphate
cGMP  Guanosine 3′,5′-cyclic monophosphate
COX  Cyclooxygenase
CVC  Cutaneous vascular conductance
EDHF  Endothelial derived hyperpolarizing factors
eNOS  Endothelial nitric oxide synthase
ET-1  Endothelin-1
HFpEF  Heart failure with preserved ejection fraction

INS  Insulin
IP  Prostaglandin I2 receptor
K +  Potassium ion
LASCA  Laser speckle contrast analysis
MAPK  Mitogen-activated protein kinase
M3  Muscarinic receptor 3
MO  Mobility
MVD  Microvascular dysfunction
NO  Nitric oxide
PCHC  Paretian Classification of Health Change
PGI2  Prostacyclin
Pl3K  Phosphatidylinositol 3-kinase
RHI  Reactive hyperaemia index
ROS  Reactive oxygen species
SNP  Sodium nitroprusside

Supplementary Information
The online version contains supplementary material available at  h t t p s :   /  / d o  i .  o r  
g  /  1 0  . 1 1   8 6  / s 1 2  9 3 3 -  0 2 5 - 0  2 6 7 9 - 8.

Supplementary Material 1.

Acknowledgements
The authors would like to express their gratitude to Tilman Hackeng 
(Cardiovascular research institute Maastricht), Ulrich Schotten (Physiology, 
Maastricht University), Kevin Vernooy (Cardiology, MUMC+, Maastricht 
University), Leon Schurgers (Biochemistry, Maastricht University), and Casper 
Schalkwijk (Internal medicine, Maastricht University) for their financial support, 
which facilitated the purchase of essential materials for this study. The authors 
express their gratitude to Sander van Kuijk (Clinical Epidemiology and Medical 
Technology Assessment, MUMC+) for his support in developing the statistical 
analysis plan.

Author contributions
Conceptualization, methodology (SM, JW, EE, VvE, CK, AA), methodology 
and software (SM, MS), investigation (SM, RH, MS, GS, EA, HvG, CS), project 
administration (SM), validation (SM, RH), formal analysis (SM), resources (EE, 
VvE), data curation (SM, RH), writing – original draft (SM, RH), writing – review 
& editing (AA, MS, EA, JW, YA, CK, HvG, CS, VvE, EE), visualization (SM, RH AA), 
supervision (EE, VvE), funding acquisition (VvE, EE, SM).

Funding
This work was supported by the Dutch Cardiovascular Alliance Consortium 
IMPRESS (2020B004) to V.P.M.v.E, and S.G.J.M. by the Dutch Heart Foundation 
CVON RECONNEXT consortium (2020B008) to E.C.E, by Cardiovascular 
Research Institute Maastricht to V.P.M.v.E, by ZonMW (09120232310119) to 
E.C.E, by Health Foundation Limburg to V.P.M.v.E, and by Vaillant Fonds to S.G.J 
M.

Data availability
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study complies with the declaration of Helsinki and was approved by 
the Medical Ethics Committee University Hospital Maastricht/ Maastricht 
University as a low-intervention clinical trial according to the Clinical Trial 
Regulation (EU CT 2022-501682-45). All patients provided written informed 
consent before enrolment.

Consent for publication
Not applicable.

Competing interests
V.P.M.v.E received sponsoring/grants from Roche, Vifor Pharma, Boehringer 
Ingelheim, Astra Zeneca and Pfizer (paid to institute), and received 
consultancy fees from Novartis, Janssen, Boehringer Ingelheim, Novonordisk 

https://doi.org/10.1186/s12933-025-02679-8
https://doi.org/10.1186/s12933-025-02679-8


Page 14 of 15Mourmans et al. Cardiovascular Diabetology          (2025) 24:182 

(paid to institute).Pfizer and Astra Zeneca provided an unrestricted research 
grant to Maastricht University Medical Centre.C.K. received consulting fees 
from Pfizer, Novartis, BMS, and Alnylam (paid to institute).J.W. received grants 
from Corvia Medical, CSL Vifor, and Boehringer Ingelheim and is a member of 
the scientific committee on Atrial Disorders of the Heart Failure Association of 
the European society of cardiology.

Author details
1Department of Cardiology, Cardiovascular Research Institute Maastricht 
(CARIM), Maastricht University Medical Centre (MUMC+), Maastricht, The 
Netherlands
2Department of Physiology, Cardiovascular Research Institute Maastricht 
(CARIM), Maastricht, The Netherlands
3Department of Cardiology, Amsterdam UMC Heart Centre, Amsterdam, 
The Netherlands
4Department of Physiology, Amsterdam Cardiovascular Sciences, 
Amsterdam UMC, Amsterdam, The Netherlands
5Department of Pathology and Medical Biology, University of Groningen, 
University Medical Centre Groningen, Groningen, The Netherlands
6Department of Internal Medicine, Cardiovascular Research Institute 
Maastricht (CARIM), Maastricht University Medical Centre (MUMC+), 
Maastricht, The Netherlands

Received: 10 December 2024 / Accepted: 10 March 2025

References
1. Arnold JR, Kanagala P, Budgeon CA, Jerosch-Herold M, Gulsin GS, Singh A, 

Khan JN, Chan DCS, Squire IB, Ng LL et al. Prevalence and prognostic signifi-
cance of microvascular dysfunction in heart failure with preserved ejection 
fraction. JACC: Cardiovasc Imaging 2022.

2. Paulus WJ, Tschöpe C. A novel paradigm for heart failure with preserved ejec-
tion fraction: comorbidities drive myocardial dysfunction and remodeling 
through coronary microvascular endothelial inflammation. J Am Coll Cardiol. 
2013;62(4):263–71.

3. Lam CSP, Voors AA, de Boer RA, Solomon SD, van Veldhuisen DJ. Heart failure 
with preserved ejection fraction: from mechanisms to therapies. Eur Heart J. 
2018;39(30):2780–92.

4. Yang JH, Obokata M, Reddy YNV, Redfield MM, Lerman A, Borlaug BA. 
Endothelium-dependent and independent coronary microvascular dysfunc-
tion in patients with heart failure with preserved ejection fraction. Eur J Heart 
Fail. 2020;22(3):432–41.

5. Shah SJ, Lam CSP, Svedlund S, Saraste A, Hage C, Tan RS, Beussink-Nelson L, 
Ljung Faxén U, Fermer ML, Broberg MA, et al. Prevalence and correlates of 
coronary microvascular dysfunction in heart failure with preserved ejection 
fraction: PROMIS-HFpEF. Eur Heart J. 2018;39(37):3439–50.

6. Akiyama E, Sugiyama S, Matsuzawa Y, Konishi M, Suzuki H, Nozaki T, Ohba K, 
Matsubara J, Maeda H, Horibata Y, et al. Incremental prognostic significance 
of peripheral endothelial dysfunction in patients with heart failure with nor-
mal left ventricular ejection fraction. J Am Coll Cardiol. 2012;60(18):1778–86.

7. Maréchaux S, Samson R, van Belle E, Breyne J, de Monte J, Dédrie C, Chebai 
N, Menet A, Banfi C, Bouabdallaoui N, et al. Vascular and microvascular endo-
thelial function in heart failure with preserved ejection fraction. J Card Fail. 
2016;22(1):3–11.

8. Weerts J, Mourmans SGJ, Barandiarán Aizpurua A, Schroen BLM, Knackstedt 
C, Eringa E, Houben A, van Empel VPM. The role of systemic microvascular 
dysfunction in heart failure with preserved ejection fraction. Biomolecules 
2022, 12(2).

9. Rush CJ, Berry C, Oldroyd KG, Rocchiccioli JP, Lindsay MM, Touyz RM, Murphy 
CL, Ford TJ, Sidik N, McEntegart MB, et al. Prevalence of coronary artery 
disease and coronary microvascular dysfunction in patients with heart failure 
with preserved ejection fraction. JAMA Cardiol. 2021;6(10):1130–43.

10. Taqueti VR, Solomon SD, Shah AM, Desai AS, Groarke JD, Osborne MT, Hainer 
J, Bibbo CF, Dorbala S, Blankstein R, et al. Coronary microvascular dysfunction 
and future risk of heart failure with preserved ejection fraction. Eur Heart J. 
2018;39(10):840–9.

11. Tromp J, Lim SL, Tay WT, Teng T-HK, Chandramouli C, Ouwerkerk W, Wander 
GS, Sawhney JPS, Yap J, MacDonald MR, et al. Microvascular disease in 
patients with diabetes with heart failure and reduced ejection versus pre-
served ejection fraction. Diabetes Care. 2019;42(9):1792–9.

12. Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Böhm M, Brunner-
La Rocca HP, Choi DJ, Chopra V, Chuquiure-Valenzuela E, et al. Empa-
gliflozin in heart failure with a preserved ejection fraction. N Engl J Med. 
2021;385(16):1451–61.

13. Solomon SD, McMurray JJV, Claggett B, Boer RAd, DeMets D, Hernandez AF, 
Inzucchi SE, Kosiborod MN, Lam CSP, Martinez F, et al. Dapagliflozin in heart 
failure with mildly reduced or preserved ejection fraction. N Eng J Med. 
2022;387(12):1089–98.

14. Hoek AG, Dal Canto E, Wenker E, Bindraban N, Handoko ML, Elders PJM, 
Beulens JWJ. Epidemiology of heart failure in diabetes: a disease in disguise. 
Diabetologia. 2024;67(4):574–601.

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

16. Benham JL, Booth JE, Sigal RJ, Daskalopoulou SS, Leung AA, Rabi DM. 
Systematic review and meta-analysis: SGLT2 inhibitors, blood pressure and 
cardiovascular outcomes. Int J Cardiol Heart Vasc. 2021;33:100725–100725.

17. Langslet G, Zinman B, Wanner C, Hantel S, Espadero RM, Fitchett D, Johansen 
OE. Cardiovascular outcomes and LDL-cholesterol levels in EMPA-REG OUT-
COME(®). Diab Vasc Dis Res. 2020;17(6):1479164120975256.

18. Dyck JRB, Sossalla S, Hamdani N, Coronel R, Weber NC, Light PE, Zuurbier 
CJ. Cardiac mechanisms of the beneficial effects of SGLT2 inhibitors in 
heart failure: evidence for potential off-target effects. J Mol Cell Cardiol. 
2022;167:17–31.

19. Pabel S, Wagner S, Bollenberg H, Bengel P, Kovács Á, Schach C, Tirilomis P, 
Mustroph J, Renner A, Gummert J, et al. Empagliflozin directly improves dia-
stolic function in human heart failure. Eur J Heart Fail. 2018;20(12):1690–700.

20. Li X, Lu Q, Qiu Y, do Carmo JM, Wang Z, da Silva AA, Mouton A, Omoto ACM, 
Hall ME, Li J, et al. Direct cardiac actions of the sodium glucose co-transporter 
2 inhibitor empagliflozin improve myocardial oxidative phosphoryla-
tion and attenuate pressure‐overload heart failure. J Am Heart Assoc. 
2021;10(6):e018298.

21. Connelly KA, Mazer CD, Puar P, Teoh H, Wang C-H, Mason T, Akhavein F, Chang 
C-W, Liu M-H, Yang N-I, et al. Empagliflozin and left ventricular remodeling in 
people without diabetes: primary results of the EMPA-HEART 2 cardiolink-7 
randomized clinical trial. Circulation. 2023;147(4):284–95.

22. Verma S, Mazer CD, Yan AT, Mason T, Garg V, Teoh H, Zuo F, Quan A, 
Farkouh ME, Fitchett DH, et al. Effect of empagliflozin on left ventricu-
lar mass in patients with type 2 diabetes mellitus and coronary artery 
disease: the EMPA-HEART cardiolink-6 randomized clinical trial. Circulation. 
2019;140(21):1693–702.

23. Zhou H, Peng W, Li F, Wang Y, Wang B, Ding Y, Lin Q, Zhao Y, Pan G, Wang X. 
Effect of sodium–glucose cotransporter 2 inhibitors for heart failure with 
preserved ejection fraction: a systematic review and meta-analysis of ran-
domized clinical trials. Front Cardiovasc Med. 2022;9:875327.

24. Juni RP, Kuster DWD, Goebel M, Helmes M, Musters RJP, van der Velden J, 
Koolwijk P, Paulus WJ, van Hinsbergh VWM. Cardiac microvascular endothelial 
enhancement of cardiomyocyte function is impaired by inflammation and 
restored by empagliflozin. JACC Basic Transl Sci. 2019;4(5):575–91.

25. Kolijn D, Pabel S, Tian Y, Lódi M, Herwig M, Carrizzo A, Zhazykbayeva S, Kovács 
Á, Fülöp G, Falcão-Pires I, et al. Empagliflozin improves endothelial and car-
diomyocyte function in human heart failure with preserved ejection fraction 
via reduced pro-inflammatory-oxidative pathways and protein kinase Gα 
oxidation. Cardiovasc Res. 2021;117(2):495–507.

26. Xue M, Li T, Wang Y, Chang Y, Cheng Y, Lu Y, Liu X, Xu L, Li X, Yu X, et al. 
Empagliflozin prevents cardiomyopathy via sGC-cGMP-PKG pathway in type 
2 diabetes mice. Clin Sci. 2019;133(15):1705–20.

27. Lee HC, Shiou YL, Jhuo SJ, Chang CY, Liu PL, Jhuang WJ, Dai ZK, Chen WY, 
Chen YF, Lee AS. The sodium-glucose co-transporter 2 inhibitor empagliflozin 
attenuates cardiac fibrosis and improves ventricular hemodynamics in hyper-
tensive heart failure rats. Cardiovasc Diabetol. 2019;18(1):45.

28. Nassif ME, Windsor SL, Borlaug BA, Kitzman DW, Shah SJ, Tang F, Khariton Y, 
Malik AO, Khumri T, Umpierrez G, et al. The SGLT2 inhibitor Dapagliflozin in 
heart failure with preserved ejection fraction: a multicenter randomized trial. 
Nat Med. 2021;27(11):1954–60.

29. Abraham WT, Ponikowski P, Brueckmann M, Zeller C, Macesic H, Peil B, Brun 
M, Ustyugova A, Jamal W, Salsali A, et al. Rationale and design of the EMPE-
RIAL-preserved and EMPERIAL-reduced trials of empagliflozin in patients with 
chronic heart failure. Eur J Heart Fail. 2019;21(7):932–42.

30. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, Burri 
H, Butler J, Čelutkienė J, Chioncel O, et al. 2021 ESC guidelines for the diagno-
sis and treatment of acute and chronic heart failure: developed by the task 



Page 15 of 15Mourmans et al. Cardiovascular Diabetology          (2025) 24:182 

force for the diagnosis and treatment of acute and chronic heart failure of 
the European society of cardiology (ESC) with the special contribution of the 
heart failure association (HFA) of the ESC. Eur Heart J. 2021;42(36):3599–726.

31. Barandiarán Aizpurua A, Sanders-van Wijk S, Brunner-La Rocca H-P, Henkens 
M, Heymans S, Beussink-Nelson L, Shah SJ, van Empel VPM. Validation of the 
HFA-PEFF score for the diagnosis of heart failure with preserved ejection frac-
tion. Eur J Heart Fail. 2020;22(3):413–21.

32. Muniyappa R, Iantorno M, Quon MJ. An integrated view of insulin resis-
tance and endothelial dysfunction. Endocrinol Metab Clin North Am. 
2008;37(3):685–711. ix-x.

33. Cordovil I, Huguenin G, Rosa G, Bello A, Köhler O, de Moraes R, Tibiriçá E. 
Evaluation of systemic microvascular endothelial function using laser speckle 
contrast imaging. Microvasc Res. 2012;83(3):376–9.

34. Tesselaar E, Sjöberg F. Transdermal iontophoresis as an in-vivo technique for 
studying microvascular physiology. Microvasc Res. 2011;81(1):88–96.

35. de Jongh RT, Serné EH, Ijzerman RG, Jørstad HT, Stehouwer CDA. Impaired 
local microvascular vasodilatory effects of insulin and reduced skin microvas-
cular vasomotion in obese women. Microvasc Res. 2008;75(2):256–62.

36. Muniyappa R, Montagnani M, Koh KK, Quon MJ. Cardiovascular actions of 
insulin. Endocr Rev. 2007;28(5):463–91.

37. Ozkor MA, Quyyumi AA. Endothelium-derived hyperpolarizing factor and 
vascular function. Cardiol Res Pract. 2011;2011:156146.

38. Herdman M, Gudex C, Lloyd A, Janssen M, Kind P, Parkin D, Bonsel G, Badia X. 
Development and preliminary testing of the new five-level version of EQ-5D 
(EQ-5D-5L). Qual Life Res. 2011;20(10):1727–36.

39. K MV MMV, de Wit SMAAE, Prenger GA, E AS. Dutch tariff for the five-level 
version of EQ-5D. Value Health. 2016;19(4):343–52.

40. Devlin NJ, Parkin D, Browne J. Patient-reported outcome measures in the 
NHS: new methods for analysing and reporting EQ-5D data. Health Econ. 
2010;19(8):886–905.

41. Abdulle AE, Bourgonje AR, Kieneker LM, Koning AM, la Bastide-van Gemert S, 
Bulthuis MLC, Dijkstra G, Faber KN, Dullaart RPF, Bakker SJL, et al. Serum free 
thiols predict cardiovascular events and all-cause mortality in the general 
population: a prospective cohort study. BMC Med. 2020;18(1):130.

42. Canto ED, van Deursen L, Hoek AG, Elders PJM, den Ruijter HM, van der 
Velden J, van Empel V, Serné EH, Eringa EC, Beulens JWJ. Microvascular 
endothelial dysfunction in skin is associated with higher risk of heart failure 
with preserved ejection fraction in women with type 2 diabetes: the Hoorn 
diabetes care system cohort. Cardiovasc Diabetol. 2023;22(1):234.

43. Jahn LA, Hartline LM, Nguyen T, Aylor K, Horton WB, Liu Z, Barrett EJ. Empa-
gliflozin improves vascular insulin sensitivity and muscle perfusion in persons 
with type 2 diabetes. Am J Physiol Endocrinol Metab. 2024;326(3):E258–67.

44. Li C, Qin D, Hu J, Yang Y, Hu D, Yu B. Inflamed adipose tissue: A culprit underly-
ing obesity and heart failure with preserved ejection fraction. Front Immunol 
2022, 13.

45. Paulus WJ, Zile MR. From systemic inflammation to myocardial fibrosis. Circ 
Res. 2021;128(10):1451–67.

46. Tanaka A, Shimabukuro M, Machii N, Teragawa H, Okada Y, Shima KR, 
Takamura T, Taguchi I, Hisauchi I, Toyoda S, et al. Secondary analyses to 
assess the profound effects of empagliflozin on endothelial function in 
patients with type 2 diabetes and established cardiovascular diseases: the 
placebo-controlled double-blind randomized effect of empagliflozin on 
endothelial function in cardiovascular high risk diabetes mellitus: Multi-
center placebo-controlled double-blind randomized trial. J Diabetes Investig. 
2020;11(6):1551–63.

47. Jakubowski M, Turek-Jakubowska A, Szahidewicz-Krupska E, Gawrys K, Gaw-
rys J, Doroszko A. Profiling the endothelial function using both peripheral 
artery tonometry (EndoPAT) and laser doppler flowmetry (LD)—complemen-
tary studies or waste of time? Microvasc Res. 2020;130:104008.

48. Gevaert AB, Böhm B, Hartmann H, Goovaerts I, Stoop T, Heyning CMVD, Beck-
ers PJ, Baldassarri F, Mueller S, Oberhoffer R, et al. Effect of training on vascular 
function and repair in heart failure with preserved ejection fraction. JACC: 
Heart Fail. 2023;11(4):454–64.

49. Kim JA, Montagnani M, Koh KK, Quon MJ. Reciprocal relationships between 
insulin resistance and endothelial dysfunction: molecular and pathophysi-
ological mechanisms. Circulation. 2006;113(15):1888–904.

50. Goto Y, Otsuka Y, Ashida K, Nagayama A, Hasuzawa N, Iwata S, Hara K, Tsuruta 
M, Wada N, Motomura S, et al. Improvement of skeletal muscle insulin sensi-
tivity by 1 week of SGLT2 inhibitor use. Endocr Connect. 2020;9(7):599–606.

51. Sakurai S, Jojima T, Iijima T, Tomaru T, Usui I, Aso Y. Empagliflozin decreases the 
plasma concentration of plasminogen activator inhibitor-1 (PAI-1) in patients 

with type 2 diabetes: association with improvement of fibrinolysis. J Diabetes 
Complications. 2020;34(11):107703.

52. de Boer MP, Meijer RI, Richter EA, van Nieuw Amerongen GP, Sipkema P, van 
Poelgeest EM, Aman J, Kokhuis TJA, Koolwijk P, van Hinsbergh VWM, et al. 
Globular adiponectin controls insulin-mediated vasoreactivity in muscle 
through AMPKα2. Vasc Pharmacol. 2016;78:24–35.

53. Chowdhury Mohammed A, Moukarbel George V, Gupta R, Frank Stephanie 
M, Anderson Ann M, Liu Lijun C, Khouri Samer J. Endothelin 1 is associated 
with heart failure hospitalization and long-term mortality in patients with 
heart failure with preserved ejection fraction and pulmonary hypertension. 
Cardiology. 2019;143(3–4):124–33.

54. Yaribeygi H, Sathyapalan T, Atkin SL, Sahebkar A. Molecular mechanisms 
linking oxidative stress and diabetes mellitus. Oxidative Med Cell Longev. 
2020;2020(1):8609213.

55. Ceriello A, Motz E. Is oxidative stress the pathogenic mechanism underlying 
insulin resistance, diabetes, and cardiovascular disease? The common soil 
hypothesis revisited. Arterioscler Thromb Vasc Biol. 2004;24(5):816–23.

56. Jongh RTd, Serné EH, IJzerman RG. Vries Gd, Stehouwer CDA: impaired micro-
vascular function in obesity. Circulation. 2004;109(21):2529–35.

57. Takano M, Kondo H, Harada T, Takahashi M, Ishii Y, Yamasaki H, Shan T, 
Akiyoshi K, Shuto T, Teshima Y, et al. Empagliflozin suppresses the differentia-
tion/maturation of human epicardial preadipocytes and improves paracrine 
secretome profile. JACC Basic Transl Sci. 2023;8(9):1081–97.

58. Xu L, Nagata N, Chen G, Nagashimada M, Zhuge F, Ni Y, Sakai Y, Kaneko S, Ota 
T. Empagliflozin reverses obesity and insulin resistance through fat Browning 
and alternative macrophage activation in mice fed a high-fat diet. BMJ Open 
Diabetes Res Care. 2019;7(1):e000783.

59. Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita S, 
Noda M, Kita S, Ueki K, et al. Adiponectin stimulates glucose utilization and 
fatty-acid oxidation by activating AMP-activated protein kinase. Nat Med. 
2002;8(11):1288–95.

60. Entezari M, Hashemi D, Taheriazam A, Zabolian A, Mohammadi S, Fakhri F, 
Hashemi M, Hushmandi K, Ashrafizadeh M, Zarrabi A, et al. AMPK signaling in 
diabetes mellitus, insulin resistance and diabetic complications: A pre-clinical 
and clinical investigation. Biomed Pharmacother. 2022;146:112563.

61. Cai C, Guo Z, Chang X, Li Z, Wu F, He J, Cao T, Wang K, Shi N, Zhou H, et 
al. Empagliflozin attenuates cardiac microvascular ischemia/reperfusion 
through activating the AMPKα1/ULK1/FUNDC1/mitophagy pathway. Redox 
Biol. 2022;52:102288.

62. Zhou H, Wang S, Zhu P, Hu S, Chen Y, Ren J. Empagliflozin rescues diabetic 
myocardial microvascular injury via AMPK-mediated Inhibition of mitochon-
drial fission. Redox Biol. 2018;15:335–46.

63. Nielsen MB, Çolak Y, Benn M, Mason A, Burgess S, Nordestgaard BG. Plasma 
adiponectin levels and risk of heart failure, atrial fibrillation, aortic valve 
stenosis, and myocardial infarction: large-scale observational and Mendelian 
randomization evidence. Cardiovasc Res. 2023;120(1):95–107.

64. Tan W, Wang Y, Cheng S, Liu Z, Xie M, Song L, Qiu Q, Wang X, Li Z, Liu T, et 
al. AdipoRon ameliorates the progression of heart failure with preserved 
ejection fraction via mitigating lipid accumulation and fibrosis. J Adv Res. 
2025;68:299–315.

65. Shimokawa H, Yasutake H, Fujii K, Owada MK, Nakaike R, Fukumoto Y, Takay-
anagi T, Nagao T, Egashira K, Fujishima M, et al. The importance of the hyper-
polarizing mechanism increases as the vessel size decreases in endothelium-
dependent relaxations in rat mesenteric circulation. J Cardiovasc Pharmacol. 
1996;28(5):703–11.

66. Huang A, Sun D, Carroll MA, Jiang H, Smith CJ, Connetta JA, Falck JR, Shesely 
EG, Koller A, Kaley G. EDHF mediates flow-induced dilation in skeletal 
muscle arterioles of female eNOS-KO mice. Am J Physiol Heart Circ Physiol. 
2001;280(6):H2462–9.

67. Matoba T, Shimokawa H, Kubota H, Morikawa K, Fujiki T, Kunihiro I, Mukai 
Y, Hirakawa Y, Takeshita A. Hydrogen peroxide is an endothelium-derived 
hyperpolarizing factor in human mesenteric arteries. Biochem Biophys Res 
Commun. 2002;290(3):909–13.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	The effect of empagliflozin on peripheral microvascular dysfunction in patients with heart failure with preserved ejection fraction
	Abstract
	Research insights
	Introduction
	Methods
	Trial design
	Study population
	Study procedures/assessment of peripheral microvascular function
	Primary and secondary endpoints of microvascular function
	Quality of life
	Measurement of blood markers of metabolism and vascular function
	Sample size calculation
	Interim analysis
	Statistical analysis

	Results
	Patient data availability
	Population characteristics
	Laser speckle contrast analysis—per protocol analysis
	Laser speckle contrast analysis—intention to treat analysis
	General cardiometabolic effects of empagliflozin
	Endothelin-1 in plasma



