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Ischemia-reperfusion injury (IRI) causes vascular endothelial dysfunction. Preclinical data suggest 
that the SGLT2 inhibitor dapagliflozin may protect against vascular IRI. This trial has investigated if 
oral treatment with dapagliflozin can mitigate the transient impairment of IRI-induced-endothelial 
dysfunction in the forearm resistance vasculature. 32 healthy males (n = 16 per group, age: 27 ± 4 
yrs) were studied in this randomized, placebo-controlled, parallel-group, double-blinded trial. 
Acetylcholine (ACh; endothelium-dependent vasodilator) and glyceryltrinitrate (GTN; endothelium-
independent vasodilator) were administered into the brachial artery of the non-dominant arm. The 
response to stepwise increasing doses on forearm blood flow (FBF) was assessed. FBF was measured 
before and after a cuff-induced 20-minute forearm ischemia at pre-dose and following daily intake of 
10 mg dapagliflozin or placebo over 15 days. IRI reduced endothelium-dependent vasodilatation by 
29% (p < 0.001, paired t-test). After a 15-day treatment period, IRI-induced endothelial dysfunction 
was abrogated in participants receiving dapagliflozin (FBF AChAUC ratios post- vs. pre-ischemia: 
dapagliflozin: 0.93; 95% CI: 0.80–1.29) but unchanged with placebo (0.81; 95% CI: 0.68–0.92; p = 0.015 
vs. pre-ischemia). GTN-induced vasodilation was not altered by IRI or treatment. Dapagliflozin 
treatment at standard clinical doses over 15 days prevents IRI-induced vascular endothelial dysfunction 
in the forearm resistance vasculature of healthy young males. The underlying mechanism and the 
potential clinical impact remain to be demonstrated.

Clinical trial registration https://clinicaltrials.gov/study/NCT05217654 NCT05217654; EudraCT number: 
2021-005002-95 Date of registration: 20/01/2022.
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LAD	� Left Anterior Descend Coronary Artery
MAPK	� Mitogen-Activated Protein Kinase
NO	� Nitric Oxide
NOX	� Nicotinamide Adenine Dinucleotide Phosphate Oxidase
ROS	� Reactive Oxygen Species
SD	� Standard Deviation
SGLT2	� Sodium-Glucose-Cotransporter 2

Vascular ischemia-reperfusion injury (IRI) is characterized by a reduction of endothelium dependent vasodilation 
and may be reversible within days or weeks depending on ischemia duration1,2. IRI occurs paradoxically after 
restoration of blood flow as it is seen in myocardial infarction (MI) following percutaneous cardiac intervention 
(PCI) after vessel occlusion. During IRI, cell metabolism and enzymatic reactions are altered, and micro-
inflammation is observed. These pathological changes may contribute to myocardial contractile dysfunction3–5. 
While substantial progress was achieved by implementing strategies for catheter-based interventions for 
reperfusion, clinical evidence on treatment or prevention of IRI is not entirely convincing yet5,6.

The primary mechanism of vascular dysfunction is a reduced NO bioavailability caused by excessive reactive 
oxygen species formation(ROS) which may develop into tissue damage and cell death1,2,7. A NO deficiency may 
also result from eNOS “uncoupling” and therefore loss of function5,8. It has been demonstrated that stimulation of 
eNOS may exert positive effects on IRI by restoration of endogenous enzymatic NO production9,10. eNOS activity 
may be influenced by adenosine monophosphate-activated kinase (AMPK) mediated interventions5,8,11,12.

Dapagliflozin is a selective inhibitor of the sodium-glucose cotransporter 2 (SGLT2) which is mainly 
expressed in the proximal tubule of the kidney. Long term treatment with dapagliflozin has shown protective 
effects on proteinuria as well as hearth failure symptoms and reduced mortality13. A recent trial has demonstrated 
improved cardiometabolic outcome in patients with ST-elevation myocardial infarction by dapagliflozin in the 
absence of effects on overall survival or cardiovascular endpoints14. Several investigations in animal models 
have shown that dapagliflozin attenuates IRI15–19, which has been associated with AMPK phosphorylation and 
expression15. Dapagliflozin also mitigated the mitogen-activated protein kinase (MAPK) pathway in rats which 
leads to apoptosis17. Pre-ischemia administration of dapagliflozin prior to LAD occlusion in mice reduced 
infarction size by 16%16. In a mouse model of IRI, eNOS activity was reduced and expression of endothelin 1 was 
increased and these alterations were reversed by dapagliflozin18. In diabetic mice, dapagliflozin restored vascular 
function via eNOS activation, mitigated oxidative stress and attenuated arterial stiffness19.

To date, there are no data on the effect of dapagliflozin treatment on IRI in humans and it is unclear whether 
the results from the animal models can be extrapolated. This study aimed to investigate if treatment with 
dapagliflozin at a standard clinical dose can prevent the transient loss of endothelium-dependent vasodilatation 
of the forearm resistance vasculature following a short period of ischemia. This could serve as rationale to test 
the clinical application of dapagliflozin in acute vascular settings.

Methods
Objectives
We hypothesized that treatment with dapagliflozin for two weeks may prevent vascular IRI after forearm 
ischemia compared to placebo.

The primary objective was to test the effect of dapagliflozin compared to placebo on endothelium-dependent 
vasodilatation of the forearm resistance vasculature as assessed by forearm blood flow (FBF) measurement 
before and 10 min after a 20 min forearm ischemia. The area under the dose-effect curve (AUC) of different ACh 
doses was calculated and compared between treatment groups (dapagliflozin vs. placebo) and different time 
points (pre-ischemia vs. post-ischemia).

The secondary objective was to test the effect of dapagliflozin or placebo on endothelium-independent 
vasodilation before and 10 min after a 20 min forearm ischemia.

Study design
This phase I trial was conducted as a randomized, placebo-controlled, double-blind, parallel group study 
in 32 healthy male subjects. The study was conducted in accordance with the protocol, the principles of the 
Declaration of Helsinki in its current version and the European and Austrian laws and regulations. The trial 
was approved by the Ethics Committee of the Medical University of Vienna (EK 1968/2021) and the Austrian 
Competent Authority and is listed on clinicaltrials.gov (NCT05217654). Informed consent was obtained from 
all participants prior to study participation.

A detailed time schedule is presented in Fig.  1. A screening visit was scheduled within 3 weeks before 
the first trial day. Study days were conducted in a quiet room with an ambient temperature of 22° C with 
complete resuscitation facilities. On study day 1, the effect of local forearm ischemia on FBF reactivity without 
pharmacological treatment was assessed. The forearm was made ischemic by inflating a cuff to suprasystolic 
values (> 220mmHg) for 20 min. Before and 10 min after onset of reperfusion FBF reactivity to ACh and GTN 
were measured. Subjects received the first oral dose of dapagliflozin or placebo at discharge and continued 
treatment for 14 days. On day 15, subjects received 10 mg dapagliflozin or placebo, and the procedures (FBF 
reactivity, ischemia) were carried out as described on the first study day. Administration of the medication under 
study was scheduled 1.5 h prior to ischemia to assess the effect on FBF reactivity at the expected maximum 
plasma concentration of the drug under study after intake. Urine spot samples were taken to asses glucosuria and 
monitor therapy adherence. Results remained masked for the investigator until database lock.
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Population
A total of 41 healthy, non-smoking male volunteers without any concomitant medication were enrolled. 
Inclusion criteria were age between 18 and 40 years, normal findings in medical history and written informed 
consent. Subjects were excluded if there was any history of vascular disorders, diabetes, ketoacidosis, renal or 
liver function impairment. 32 participants were randomized and analyzed.

FBF and IRI
FBF measurement is considered as experimental gold standard for the measurement of vascular function. 
Mercury-filled silastic strain gauges were utilized, connected to a plethysmograph (EC-6, D.E. Hokanson Inc, 
USA). The strain gauge was attached to the upper part of both forearms, and inflatable cuffs were placed on 
both upper arms. The distance of the strain gauge from the wrist was measured to allow standardized repeated 
measurements at different time points.

With the forearm elevated above the level of the right atrium, rapid inflation of the upper arm venous 
occlusion cuff for 9 s to a supravenous pressure of 45 mmHg at every 30 s caused a linear increase in forearm 
volume. The following deflation period was sufficiently long to allow emptying of the forearm veins before 
the next measurement was taken. Upon inflation of the upper arm congesting cuff, the FBF output signal was 
transmitted to a computer, and traces were analyzed (NIVP 3.0, Hokanson).

Subjects remained in supine position in a quiet, air-conditioned room throughout the study. A 27-gauge 
needle was inserted into the brachial artery of the non-dominant arm for infusion of saline and vasoactive 
agents using a constant rate infusion pump (B.Braun Perfusor Compact S, Braun Austria Ges. m. b. H.). To test 
endothelium-dependent vasodilation, acetylcholine (ACh; Miochol-E®, Bausch & Lomb Swiss AG, Switzerland) 
was administered at increasing doses of 25, 50 and 100 nmol ∗ min− 1 each for 3 min. To test endothelium-
independent vasodilation, glyceryltrinitrate (GTN; Nitro POHL, G. Pohl-Boskamp GmbH & Co. KG, Germany) 
was administered at increasing doses of 4, 8 and 16 nmol ∗ min− 1 each for 3 min. A washout period of 10 min 
was implemented between the vasoactive drug infusion20. Recordings spanning 6 pulse cycles were averaged 
for FBF analysis, and 10 cycles during saline infusion were averaged for baseline assessment. FBF was measured 
as mL per minute per 100 mL of forearm tissue volume and expressed as a percentage change of ratios from 
baseline.

Following baseline/pre-ischemia FBF measurements, the intra-arterial needle was removed, and the 
forearm was made ischemic as described above. Immediately after cuff release, the intra-arterial cannula was 
reinserted, followed by the assessment of post-ischemia FBF responses to ACh or GTN at 10 min after the onset 
of reperfusion.

Study medication
Dapagliflozin tablets (Forxiga® 10  mg Filmtabletten) were from AstraZeneca GmbH, Tinsdaler Weg 183, 
22,880 Wedel, Germany. Placebo was produced by Auge Gottes Apotheke, Nußdorfer Straße 79, 1090 Vienna, 
Austria. Dapagliflozin tablets were repackaged into opaque capsules for oral administration. Dapagliflozin and 
placebo capsules were manufactured, filled and labeled by Auge Gottes Apotheke. The investigational products 
(dapagliflozin or placebo) were administered as a single daily oral dose with 250 ml of tap water. To monitor 
participant’s adherence, time of drug intake at home and any deviation were recorded in individual diaries.

Fig. 1.  Study procedure. FBF forearm blood flow measurement.
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Blinding and randomization
Randomization was performed by the Auge Gottes Apotheke using the web application www.randomizer.
org. Block randomization with two randomization groups (1:1 ratio between placebo and dapagliflozin) was 
performed. The sealed and identical looking study medication was provided to blinded staff.

Statistics
All statistical analyses were conducted using GraphPad Prism 9 (GraphPad, 225 Franklin Street. Fl. 26 
Boston, MA 02110, USA). Continuous variables were summarized as mean ± standard deviation (SD) if their 
distributions were consistent with normality. If the distributions were not consistent with normality, the 
variables were summarized by their median and the 25th to 75th percentile range. The effect of ACh and GTN 
at FBF (mean of 6 FBF measurements during ACh or GTN infusion) was calculated as relative change of ratios 
over baseline for each subject individually. FBF AUC were calculated by the linear trapezoidal rule of the active 
dosing range consisting of 3 data points (i.e. 25, 50, 100 nmol ∗ min− 1 for ACh, and 4, 8, 16 nmol ∗ min− 1 for 
GTN, respectively). The effect of forearm ischemia and the effect of dapagliflozin or placebo after 15-day intake 
as well as after ischemia was expressed as post- vs. pre- ratio of FBF AUC. Changes between and within groups 
(dapagliflozin or placebo) were analyzed by ANOVA, post- vs. pre- ratio of FBF AUC were analyzed using two 
sample t-test. A two-sided P value < 0.05 was considered statistically significant.

The sample size estimation was based on previous own data21. Assuming a standard deviation (SD) of 20%, a 
sample size of 16 subjects per group was estimated to provide an 80% power to detect a mean difference of 20% 
between dapagliflozin and placebo with a two-sample t-test at a significance level of 5% (two-tailed).

Results
A total of 41 participants were screened to randomize 32 subjects. A study flow chart is provided in Fig.  2. 
Baseline characteristics of the subjects are presented in Table 2.

Results of FBF measurement are presented in Table 1. Baseline FBF ratios during saline infusion were similar 
between intervention and control arm (p = 0.59, ANOVA) and within groups at any time point (p = 0.21, ANVOA 
for placebo; p = 0.41, ANVOA for dapagliflozin).

Fig. 2.  Study flow chart. IRI ischemia reperfusion injury, FBF forearm blood flow measurement.
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Endothelium-dependent response
Differences of ACh induced vasodilation between dapagliflozin and placebo are shown in Fig. 3; Table 1. The pre-
ischemia FBF AChAUC was comparable between both groups (p = 0.60, t-test on day 1; p = 0.48, t-test on day 15). 
On the first study day, at 10 min after IRI, endothelium-dependent response was significantly impaired in both 
groups (placebo= -22% (p = 0.0065), dapagliflozin= -34% (p < 0.001), vs. pre-ischemia, p = 0.18 between groups; 
ANOVA). On the second study day, following the treatment period with dapagliflozin or placebo, ACh-induced 
vasodilation was no longer impaired by IRI in participants receiving dapagliflozin (FBF AChAUC ratios post- 
vs. pre-ischemia: dapagliflozin: 0.93; 95% CI: 0.80–1.29) but detectable with placebo (0.81 95% CI: 0.68–0.92; 
p = 0.015 vs. pre-ischemia). The post-ischemia FBF AChAUC in the dapagliflozin group was also significantly 
greater compared to placebo (p = 0.035, t-test).

Endothelium-independent response
Effect of intraarterial GTN on endothelium-independent vasodilation is shown in Fig. 4; Table 1. There were no 
differences in GTNAUC between placebo and dapagliflozin at any time points as well as in post- vs- pre- ischemia 
GTNAUC ratios on both study days (p > 0.05, ANOVA).

Effect on blood pressure
At baseline, no significant difference in blood pressure measurements were found between groups (Table 2). On 
the second study day, systolic blood pressure was significantly lower in the dapagliflozin group (126 ± 7 mmHg) 
compared to placebo (132 ± 9 mmHg) (p = 0.04, t-test). No significant difference was found between both study 
days in the dapagliflozin group (p = 0.23, paired t-test). (Table 3)

Effect on glucosuria
Glucosuria was not detectable in any participant on day 1. After treatment with dapagliflozin, glucosuria was 
found in all but one participant in the dapagliflozin group but not in those receiving placebo (Table 3). The range 
of glucosuria was between 50 and 300 mg/dl.

Safety
There were no study discontinuations and no replacement of participants. All adverse events (AE) reported were 
mild and reversible and are shown in Table 4. The study medication was well tolerated. No ketone bodies were 
found in urine on the second study day. The most common reported AE was sweating (n = 2) and polydipsia 
(n = 2) in the dapagliflozin group and common cold (n = 2) and tiredness (n = 2) in the placebo group.

Discussion
In this randomized, placebo-controlled trial in healthy young males, a 15-day intake of a therapeutic dose of 
dapagliflozin prevented an IRI-induced transient vascular endothelial dysfunction after forearm ischemia. 
This treatment was accompanied by an increase in urinary glucose excretion in most participants receiving 
dapagliflozin.

Endothelial dysfunction (ED) after local IRI has been described previously21,22 and in response to triggers 
like inflammation10, hypertension or metabolic alterations5. This was reproduced in our study which showed 
a substantially reduced endothelial-dependent vasodilation after 20-minute forearm ischemia. This effect was 
consistent across all participants under study and also seen after placebo treatment. In contrast, the vasodilating 

Day 1 Day 15

Placebo Dapagliflozin Placebo Dapagliflozin

AchAUC (% nmol min−1)

 Pre 1239 (1149; 1408) 1348 (1043; 1733) 1055 (925; 1391) 1061 (850; 1440)

 Post 962 (889; 1143)* 805 (713; 961)* 932 (690; 1015)*† 1058 (873; 1413)

Ratio

 Post/Pre 0.88 (0.70; 0.97) 0.72 (0.50; 0.83) 0.81 (0.69; 0.91)# 0.93 (0.80; 1.27)§

GTNAUC (% nmol min−1)

 Pre 1136 (902; 1289) 942 (807; 1466) 1028 (739; 1315) 915 (722; 1200)

 Post 1074 (851; 1374) 955 (836; 1165) 1010 (855; 1305) 1151 (951; 1413)

 Ratio

 Post/Pre 0.91 (0.80; 1.20) 0.97 (0.73; 1.14) 0.93 (0.84; 1.49) 1.27 (0.99; 1.51)

Table 1.  Forearm blood flow (FBF) ratios of interventional vs. control arm in response to acetylcholine 
(ACh) or glyceryltrinitrate (GTN); vasodilation is calculated as area under the dose versus FBF curve (AUC). 
AUC are presented before (Pre) and after (Post) forearm ischemia reperfusion injury (IRI) on day 1 and after 
treatment with Dapagliflozin or placebo for 15 days (n = 16 per group). Response to ischemia reperfusion 
injury (IRI) is given as ratio (Post/Pre). Data are presented as median and interquartile ranges; *p < 0.05 vs. Pre 
(ANOVA). §p < 0.001 vs. Day 1 (paired t-test). †p = 0.035 between groups on day 15 (t-test). #p = 0.015 between 
groups on day 15 (t-test).
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effect of GTN was not affected, indicating that the vasodilatory potential was not impaired. This is also in 
agreement with previous experiments1,5,8,23–25.

As this trial represents a proof-of-concept study, it remains unclear if the preservation of endothelial-
dependent vasodilation by dapagliflozin in our study may be driven by the AMPK – eNOS pathway without or 
with direct eNOS activation5,6. Animal data and in vitro investigations support this hypothesis: Dapagliflozin 
increased AMPK activity via AMPK phosphorylation18. Further downstream, NOX was inhibited and ROS 
production decreased consequently15. The eNOS activation was induced by phosphorylation of the Ser-1177 
binding site leading to higher levels of bioactive NO19.

Several pharmaceutical substances, for example methotrexate26, dexamethasone27, atorvastatin21, 
allopurinol28 or antihypertensive drugs have demonstrated beneficial effects on endothelial dysfunction in 
a human IRI-setting. These observations concluded that a mitigation of IRI is caused by eNOS activation or 
prevention of eNOS uncoupling regardless the individual mode of drug action5.

We did not observe an improvement in pre-ischemic ACh-response after dapagliflozin treatment. These 
findings were expected as we included healthy participants without evidence of vascular dysfunction only. 
Chronic diseases like hypertension or metabolic alterations as hyperlipidemia5,8 or insulin resistance4,9,29 are 
associated with vascular endothelial dysfunction and reduced NO bioavailability. In patients with impaired 
glucose control and insulin resistance, chronic treatment with dapagliflozin resulted in an improved endothelial 
function assessed by flow-mediated dilation measurements30. A different magnitude of pharmacodynamic 
action is therefore possible in patients with concomitant disease.

Beneficial effects on cardiovascular outcome of dapagliflozin were reported in randomized controlled 
trials regardless the presence of type 2 diabetes mellitus14,30–32. The SGLT2-I AMI PROTECT Registry33 
observed patients with or without ongoing SGLT2 inhibitor therapy at time of acute myocardial infarction and 
percutaneous coronary intervention (PCI). SGLT2 inhibitor intake was associated with a quicker ST-elevation 

Fig. 3.  Forearm blood flow (FBF) response to acetylcholine (ACh) [nmol min−1]: Day 1 before (A) and 10 min 
after reperfusion (B) of 20 min forearm ischemia; after a 15 day treatment of dapagliflozin or placebo before 
(C) and 10 min after reperfusion of 20 min forearm ischemia (D); FBF ratios between intervention and control 
arm are presented as mean ± SEM, n = 16 per group. *Dapagliflozin vs. placebo, p = 0.035, t-test. **AChAUC after 
reperfusion vs. before ischemia, p < 0.05, ANOVA.
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resolution, better left ventricular ejection fraction and lower mortality. The DAPA-CKD32,34 trial also showed 
beneficial effects on kidney function and renal outcomes. Endothelial dysfunction and abnormal vasomotion 
as well as reduced regulation of arterial function may contribute to disease progression and mortality. In recent 
literature, manifold potential mechanisms of SGLT2 inhibition beyond glucose lowering effects are discussed: 
Inhibition of sodium-proton exchange, attenuation of oxidative stress and influence of the transcription 
pathways35. Combining this evidence with preclinical animal data15,16,18 and our results may indicate a potential 
benefit in the prophylactic treatment of patients at increased risk of ischemia before vascular interventions 
to reduce development of endothelial dysfunction and improve clinical outcome. In particular in conditions 
like type 2 diabetes, where endothelial dysfunction takes place even without derangements of blood glucose29, 
hypertension36, lipid disorders37, a SGLT2-targeted treatment approach may prevent vascular complications. 
Further prospective investigations are needed to evaluate the effect of dapagliflozin on IRI in a real-world cohort.

A reduction of systolic blood pressure in patients with diabetes38 or renal diseases39 receiving dapagliflozin 
was observed. This was also seen in the healthy males under study, where a lower systolic blood pressure with 
a mean difference of 6 mmHg was recorded after a 15-day treatment with dapagliflozin compared to placebo. 

Placebo Dapagliflozin p-value

Age [years] 26 ± 5 28 ± 5 0.41

BMI [kg m−2] 22.7 ± 2.0 22.9 ± 1.8 0.79

SBP [mmHg] 132 ± 10 129 ± 5 0.34

DBP [mmHg] 77 ± 7 77 ± 9 0.90

Table 2.  Baseline characteristics. BMI body mass index, SBP systolic blood pressure, DBP diastolic blood 
pressure. Results are mean ± SD; n = 16 per group.

 

Fig. 4.  Forearm blood flow (FBF) response to glyceryltrinitrate (GTN) [nmol*min− 1]: Day 1 before (A) and 
10 min after reperfusion (B) of 20 min forearm ischemia; after a 15 day treatment of dapagliflozin or placebo 
before (C) and 10 min after reperfusion of 20 min forearm ischemia (D). FBF ratios between intervention and 
control arm are presented as mean ± SEM, n = 16 per group.
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However, no difference was detectable within the dapagliflozin group, and this has to be interpreted with caution 
accordingly. Nevertheless, the difference in systolic blood pressure was comparable to effects in recent trials38,39.

Strengths and limitations
This trial has employed a robust study design and a validated model of FBF measurement20,40. However, effects 
of dapagliflozin were obtained in healthy individuals, which limits direct conclusions about the effect on vessels 
with functional or structural abnormalities, such as in diabetes mellitus, hyperlipidemia, high blood pressure or 
atherosclerotic vascular diseases. Further, the peripheral forearm vasculature can only serve as model and does 
not necessarily reflect vascular conditions of coronary conduct vessels or cardiac tissue ischemia. The study does 
not provide a direct mechanistic insight to clarify the mode of action of dapagliflozin on IRI. A direct assessment 
of oxidative stress and ROS or NO production is not available in vivo, and the mechanism of our observation is 
therefore unexplained. Further investigations are necessary to determine NO production, ROS reduction as well 
as clinically relevant outcomes. Finally, it is unclear if a salutary effect of dapagliflozin may be detectable even 
after a shorter treatment period.

Conclusion
Treatment with dapagliflozin at standard clinical doses over 15 days prevents IRI-induced vascular endothelial 
dysfunction in the forearm resistance vasculature of healthy young males. While underlying mechanisms need 
to be explored and clinical applications identified, the present results suggest new therapeutic possibilities in the 
management of reperfusion injury.

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