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Abstract

Aims This study aimed to explore the rapid effects of dapagliflozin in heart failure with reduced ejection fraction (HFrEF).
Methods and results We studied the functional, echocardiographic, electrophysiological, lung ultrasound, ambulatory
blood pressure (BP), microvascular and macrovascular function, and biochemical effects of 2 week treatment with
dapagliflozin in 19 type 2 diabetic HFrEF patients in a double-blind, crossover, placebo-controlled trial. Dapagliflozin had
no significant effect on clinical, functional, or quality of life parameters. Dapagliflozin reduced systolic BP [114 (105, 131)
vs. 106 (98, 113) mmHg, P < 0.01] and diastolic BP [71 (61, 78) vs. 62 (55, 70) mmHg, P < 0.01]. There was no effect on
cardiac chamber size, ventricular systolic function, lung ultrasound, or arterial wave reflection. Dapagliflozin increased creat-
inine [117 (92, 129) vs. 122 (107, 135) umol/L, P < 0.05] and haemoglobin [135 (118, 138) vs. 136 (123, 144) g/L, P < 0.05].
There was a reduction in ventricular ectopy [1.4 (0.1, 2.9) vs. 0.2 (0.1, 1.4) %, P < 0.05] and an increase in standard deviation
of normal heart beat intervals [70 (58, 90) vs. 74 (62, 103), P < 0.05]. Unexpectedly, dapagliflozin increased high-sensitivity
troponin T [25 (19, 37) vs. 28 (20, 42) ng/L, P < 0.01] and reduced reactive hyperaemia index [1.29 (1.21, 1.56) vs. 1.40 (1.23,
1.84), P < 0.05].

Conclusions After 2 weeks, while multiple parameters supported BP reduction and haemoconcentration with dapagliflozin,
reduction in cardiac filling pressure, lung water, and functional improvement was not shown. Reduced ventricular ectopic bur-
den suggests an early antiarrhythmic benefit. The small increase in troponin T and the reduction in the reactive hyperaemia
index warrant further mechanistic exploration in this treatment of proven mortality benefit in HFrEF.
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Introduction a mechanistic viewpoint, the benefit appears to manifest

within weeks.>® Rapid salient effects of this magnitude in

While sodium—glucose cotransporter 2 (SGLT2) inhibitors
have morbidity and mortality benefits in heart failure (HF)
with reduced ejection fraction (HFrEF),>® the mechanisms
responsible for their protective effect remain speculative.?
Postulated benefits include diuresis, renal protection, weight
loss, improved myocardial energetics, reduced myocardial
fibrosis, reduced blood pressure (BP) and arterial stiffness,
and attenuation of endothelial dysfunction.® Intriguingly from

HFrEF suggest haemodynamic attenuation of the pathophys-
iological HF state, an antiarrhythmic effect, or improved
myocardial function. The latter two have generally proven
to be mutually exclusive in the pharmacological management
of HFrEF through experiences with inotropic agents.® Finally,
a non-cardiovascular end-organ benefit in HFrEF may im-
prove short-term outcome (HF hospitalization), with the most
likely candidate organs being the lungs or kidneys.
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We explored the very early (2 weeks) haemodynamic,
cardiac energetics and arrhythmic effects of dapagliflozin in
type 2 diabetes mellitus (T2DM) HFrEF subjects to inform
and direct future mechanistic studies.

Methods

Nineteen T2DM subjects [HBAlc > 7.0%, age 73 (63, 81)
years, 26% female] with chronic HFrEF [left ventricular ejec-
tion fraction 35% (25, 40)], on stable, maximally tolerated
doses of guideline directed medical therapy for at least
2 weeks, were studied (Supporting Information, Figure S1).
Subjects were at least 2 weeks distant from a hospitalization
for decompensated HF. All subjects were taking angiotensin-
converting enzyme inhibitors/angiotensin receptor blockers/
angiotensin receptor neprilysin inhibitors and beta-blockers,
and 95% were taking mineralocorticoid receptor antagonists.
After baseline investigations, subjects received double-blind
dapagliflozin 10 mg daily or matching placebo for 2 weeks be-
fore investigations were repeated. After a further 2 week
washout period, subjects were crossed over for two more
weeks of therapy after which investigations were repeated.
Investigations were composed of (i) functional assessment
with 6 min walk test (6-MWT), quality of life score EQ-5D-5L
(sum score of five domains: mobility, self-care, usual activi-
ties, pain/discomfort, and anxiety/depression), and visual an-
alogue scale of ‘health today’ (EuroQol Research Foundation,
Rotterdam, the Netherlands); (ii) clinical assessment with
New York Heart Association functional classification, HF clini-
cal signs score [crepitations (0—3 based on severity), jugular
venous pressure (JVP) elevation (0-3), and peripheral oe-
dema (0-3)], waist circumference, and body weight; (iii) hae-
modynamic assessment with ambulatory 24 h BP monitor,
central aortic haemodynamic assessment with radial artery
applanation tomography’ (SphygmoCor, AtCor Medical, Syd-
ney, Australia), and microvascular endothelial function as-
sessment following 5 min of cuff brachial artery occlusion
using reactive hyperaemia peripheral arterial tonometry
(EndoPAT, Itamar Medical, Caesarea, Israel); (iv) echocardio-
graphic assessment of cardiac chamber size, chamber filling
pressure [mitral E-wave velocity to mitral annular velocity ra-
tio (E:e/), tricuspid regurgitation gradient, and inferior vena
cava size], and systolic function (left ventricular ejection frac-
tion, left ventricular outflow tract velocity time integral, left
ventricular global longitudinal strain, tricuspid annular plane
systolic excursion, and right ventricular S-wave velocity); (v)
lung ultrasound assessment of extravascular lung water
(Kerley B line quantification)®; (vi) cardiac rhythm assessment
of 24 h average heart rate, ventricular ectopy frequency (per-
cent of total heart beats), and heart rate variability [standard
deviation of normal heart beat intervals (SDNN)]; and (vii)
biochemical assessment of cardiac parameters [N-terminal

fragment of pro-brain natriuretic peptide (NT-proBNP) and
high-sensitivity troponin T], renal parameters (sodium, potas-
sium, bicarbonate, and creatinine), hepatic parameters (as-
partate aminotransferase and gamma-glutamyl transferase),
haematological parameters (haemoglobin), inflammatory pa-
rameters (C-reactive protein), and mixed-organ origin param-
eters (lactate dehydrogenase, ferritin, albumin, and urate). All
investigations and clinical staff were blinded to treatment.
Compliance was confirmed by pharmacist reconciliation of
returned drug (average compliance 96%).

At the time of recruitment, SGLT2 inhibitors were not sup-
ported as a therapy for HFrEF in Australia. They were pre-
scribed in this cohort on the basis of type 2 diabetes
mellitus. Trial participation resulted in participants being de-
nied dapagliflozin for 6 weeks of the 8 week trial duration. This
period was assessed as being too short to impact the
well-being of a type 2 diabetic. The study complies with the
Declaration of Helsinki and was approved by the Southern
Adelaide Clinical Human Research Ethics Committee, ap-
proval—203.18. Informed consent was obtained from all
subjects.

Given the exploratory nature of this study, the sample size
was determined based on the change in 6-MWT, a validated
HFrEF functional endpoint that incorporates several potential
pathophysiological changes of interest. Our power calculation
for 6-MWT, the primary endpoint, suggested that 22 subjects
were required to detect an effect size of 30 m (standard devi-
ation 50 m) with 80% power and a level of significance of 0.05.
The study was stopped at 19 subjects following the release of
data from a much larger study of empagliflozin in HFrEF
(n = 315) in February 2021, showing no significant benefit in
6-MWT.C As data were not normally distributed, results are
displayed as median (25th, 75th percentile) or number (%)
and compared with Wilcoxon signed-rank test for continuous
variables, P < 0.05 reported as statistically significant. To
account for baseline variability, our analysis compared the
difference between baseline and placebo vs. difference
between baseline and treatment. In comparing treatment
effects between treatment periods for these parameters, no
carry-over effect between Period 1 and Period 2 was ob-
served. No correction for multiple comparisons was made be-
cause of the relatively small subject numbers and the desire to
explore the many potential impacts of dapagliflozin in HFrEF.

Results

Dapagliflozin did not alter 6-MWT distance after 2 weeks [338
(281, 397) m] vs. placebo [327 (208, 389) m, P = 0.118]
(Figure 1). Dapagliflozin had no significant effect on clinical,
functional, or quality of life parameters except body weight,
which fell marginally [90 (73, 111) vs. 89 (73, 110) kg,
P < 0.05]. Dapagliflozin reduced systolic BP [114 (105, 131)

ESC Heart Failure 2021; 8: 4346-4352
DOI: 10.1002/ehf2.13553



4348

F. llyas et al.

Figure 1 Six minute walk test. n = 19, 6 min walk test distance (m), box and whisker plot (median, quartiles, and maximum/minimum) of baseline,
placebo (2 week treatment), and dapagliflozin (2 week treatment). The difference between baseline—placebo and baseline—dapagligflozin was com-

pared with no significant difference shown, P = 0.118.
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vs. 106 (98, 113) mmHg, P < 0.01] and diastolic BP [71 (61,
78) vs. 62 (55, 70) mmHg, P < 0.01]. While radial
artery-derived central arterial pulse pressure fell with
dapagliflozin [42 (34, 54) vs. 38 (28, 43) mmHg, P < 0.01], pe-
ripheral capillary-derived reactive hyperaemia index also fell
[1.40 (1.23, 1.84) vs. 1.29 (1.21, 1.56), P < 0.05]. There was
no effect on cardiac chamber sizes, ventricular systolic
function, lung ultrasound detection of extravascular lung wa-
ter, NT-proBNP, or wave reflection (augmentation index).
Dapagliflozin increased serum creatinine [117 (92, 129) vs.
122 (107, 135) umol/L, P < 0.05], haemoglobin [135 (118,
138) vs. 136 (123, 144) g/L, P < 0.05], and albumin [37 (35,
39) vs. 39 (36, 41) g/L, P < 0.01]. Dapagliflozin did not change
average heart rate; however, there was a reduction in the fre-
quency of ventricular ectopy [1.4 (0.1, 2.9) vs. 0.2 (0.1, 1.4) %,
P < 0.05] and an increase in the heart rate variability marker
of SDNN [70 (58, 90) vs. 74 (62, 103), P < 0.05]. Unexpect-
edly, dapagliflozin increased high-sensitivity troponin T [25
(19, 37) vs. 28 (20, 42) ng/L, P < 0.01] (Table 1).

Discussion

Consistent with the early beneficial effects in large clinical
trials with SGLT2 inhibitors in HFrEF, we have demonstrated
several salutatory changes in physiological and pathophysio-
logical parameters following 2 weeks of therapy with
dapagliflozin in T2DM HFrEF patients.

A relatively large BP reduction was demonstrated with
dapagliflozin with evidence to support a reduction in central
arterial stiffness (central arterial pulse pressure reduction).
Surprisingly, there was a concomitant signal for reduced
microvascular  endothelial-derived  vasodilatation  with
dapagliflozin (reduced reactive hyperaemia index). Clinical
trial data to explore endothelial function changes with SGLT2
inhibitors in T2DM patients are limited and conflicting.**?
Moreover, data in exclusive HFrEF populations are absent.
Endothelial dysfunction is associated with T2DM, HFrEF, and
several co-morbidities present in our cohort; it is a dynamic
state but one that is associated with poor cardiovascular

ESC Heart Failure 2021; 8: 4346-4352
DOI: 10.1002/ehf2.13553



Acute pleiotropic effects of dapagliflozin in HFrEF

4349

Table 1 Results of investigations: (i) clinical parameters (NYHA class, clinical score, body weight, and waist circumference); (ii) functional
assessment (6 min walk test and quality of life score); (iii) haemodynamic assessment (24 h BP monitor radial artery applanation
tomography and peripheral artery tonometry); (iv) cardiac rhythm assessment of 24 h Holter; (v) echocardiographic assessment; (vi)
lung ultrasound assessment of extravascular lung water; and (vii) biochemical parameters

Baseline Placebo Dapagliflozin P value®
Clinical parameters
6-MWT (m)® 325 (153, 385) 327 (208, 389) 338 (281, 397) 0.118
NYHA class, n (I, 1lI) 14,5 15,4 16, 3 NS
Clinical score 0(, 1) 0(,1) 0(0, 1) NS
Body weight (kg) 90 (73, 110) 90 (73, 111) 89 (73, 110) <0.05°¢
Waist circumference (cm) 110 (94, 124) 107 (98, 123) 106 (95, 124) NS
Quality of life (sum score) 8 (5, 10) 8 (5, 10) 7 (5,9 NS
Quality of life (visual analogue score) 75 (70, 85) 76 (70, 90) 80 (75, 90) NS
24 h BP monitor
Systolic BP (mmHg) 112 (100, 128) 114 (105, 131) 106 (98, 113) <0.01¢
Diastolic BP (mmHg) 69 (61, 76) 71 (61, 78) 62 (55, 70) <0.01¢
Radial artery applanation tomography
Systolic BP (mmHg) 113 (99, 119) 111 (95, 130) 101 (95, 110) <0.05°¢
Diastolic BP (mmHg) 66 (60, 74) 69 (61, 76) 67 (62, 72) NS
Pulse pressure (mmHg) 43 (32, 55) 42 (34, 54) 38 (28, 43) <0.01¢
Augmentation index 20 (16, 24) 24 (15, 29) 18 (10, 28) NS
Peripheral arterial tonometry
Reactive hyperaemia index 1.39(1.09, 1.71) 1.40 (1.23, 1.84) 1.29 (1.21, 1.56) <0.05°
Holter monitor
Average HR (b.p.m.) 61 (51, 70) 65 (51, 73) 62 (52, 69) NS
Ventricular ectopy (%) 0.2 (0.03, 2.6) 1.4 (0.1, 2.9) 0.2 (0.09, 1.4) <0.05°¢
SDNN 65 (52, 88) 70 (58, 90) 74 (62, 103) <0.05°¢
Echocardiography
LVEDD (cm) 5.5 (5, 6.3) 5.5(5.2, 6.2) 5.5 (5.1, 6.4) NS
LVESV (mL) 82 (46, 110) 69 (45, 106) 75 (53, 118) NS
LV ejection fraction (%) 43 (31, 48) 42 (35, 52) 44 (36, 51) NS
LV velocity time integral (cm) 17 (15, 19) 19 (16, 22) 17 (16, 19) NS
LV global Ion%itudinal strain (%) -9 (-11, -8) -11 (=12, -9) -10 (=13, -9) NS
LA size (mL/m?) 56 (44, 76) 53 (40, 67) 49 (39, 83) NS
E:es 14 (12, 16) 14 (13, 20) 14 (12, 19) NS
RVs/ (cm/s) 8(7,9) 8 (6, 10) 8 (6, 11) NS
TAPSE (cm) 1.7 (1.5, 2) 1.6 (1.3, 1.8) 1.4(1.3,1.9) NS
Tricuspid regurgitation gradient (mmHg) 27 (23, 34) 28 (24, 33) 27 (22, 37) NS
Inferior vena cava size (cm) 1.1 (0.8, 1.3) 1.1 (0.9, 1.2) 1.1 (0.8, 1.3) NS
Lung ultrasound
Kerley B lines (n) 8(3,12) 5(3,7) 3(2,8) NS
Haematology/biochemistry
Haemoglobin (g/L) 135 (115, 138) 135(118, 138) 136 (123, 144) <0.05°
Sodium (mmol/L) 140 (137, 141) 139 (137, 140) 139 (138, 142) NS
Potassium (mmol/L) 4.3 (4.2, 4.6) 4.3 (4,4.7) 4.4 (4.2, 4.5) NS
Bicarbonate (mmol/L) 27 (25, 30) 27 (24, 29) 27 (26, 30) NS
Creatinine (umol/L) 112 (93, 132) 117 (92, 129) 122 (107, 135) <0.05°¢
Albumin (g/L) 37 (34, 39) 37 (35, 39) 39 (36, 41) <0.01¢
Urate (mmol/L) 0.46 (0.34, 0.53) 0.36 (0.3, 0.46) 0.38 (0.34, 0.46) NS
Aspartate aminotransferase (U/L) 22 (20, 27) 22 (19, 26) 24 (20, 27) NS
Gamma-glutamyl transferase (U/L) 34 (20, 58) 33 (19, 55) 33 (19, 49) NS
Lactate dehydrogenase (U/L) 196 (175, 229) 197 (160, 233) 195 (164, 225) 0.058
C-reactive protein (mg/L) 2(1,6.4) 2(0.8,11) 1(0.7, 6) NS
Ferritin (ug/L) 193 (159, 598) 276 (105, 682) 243 (127, 855) NS
Iron saturation (%) 24 (20, 32) 24 (18, 31) 25 (17, 31) NS
Troponin T (ng/L) 24 (18, 39) 25 (19, 37) 28 (20, 42) <0.01¢
NT-proBNP (ng/L) 1043 (562, 1792) 815 (537, 2045) 803 (454, 2107) NS

6-MWT, 6 min walk test; BP, blood pressure; E:e/, mitral E-wave velocity to mitral annular velocity ratio; HR, heart rate; LA, left atrial; LV,
left ventricular; LVEDD, left ventricular end-diastolic diameter; LVESV, left ventricular end-systolic volume; NT-proBNP, N-terminal frag-
ment of pro-brain natriuretic peptide; NYHA, New York Heart Association; RVs/, right ventricular systolic excursion velocity; SDNN, stan-

dard deviation of normal heart beat intervals; TAPSE, tricuspid annular plane systolic excursion.

Data are presented as median (25th, 75th percentile). There were missing data for the primary endpoint of 6-MWT in two subjects at base-
line and another subject on treatment; of the other endpoints reported, three had more than four missing data points: urate, tricuspid
regurgitation gradient, and SDNN. There were no subject dropouts.

°Primary endpoint.

*Comparison between difference between baseline and placebo vs. difference between baseline and treatment.

‘Nominally statistically significant.

‘Sum of score based on clinical signs of heart failure; lung crepitations (0: none; 1: bases of lung fields only; 2: lower '%; and 3: over %), JVP
elevation (0: not elevated at 45° 1: 1-4 cm elevated; 2: 4-8 cm; and 3: at ear lobes), and peripheral oedema (0: none; 1: to level of ankles;

2: calves; and 3: thighs).
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outcome. Because SGLT2 inhibitors are of proven benefit in
HFrEF,*3 the demonstration of attenuated of microvascular
endothelial-derived vasodilatation at 2 weeks in this cohort
warrants confirmation and further exploration.

Two weeks of dapagliflozin therapy demonstrated
evidence to support diuresis and haemoconcentration with
increased haemoglobin, serum creatinine, and albumin
concentrations, as well as total body weight reduction. We
did not observe evidence of an associated reduction in
cardiac filling pressure (by either echocardiography or with
NT-proBNP), cardiac chamber size, pulmonary interstitial lung
water, and functional or clinical improvement arguing against
a significant acute haemodynamic benefit through simple
diuresis.

Our finding of a small increase in high-sensitivity troponin
T was unexpected. We cannot discount the reduction in renal
function with dapagliflozin as an explanation for the incre-
ment in high-sensitivity troponin T, although an ability to
demonstrate this in our cohort would seem unlikely. Troponin
T release from the myocardium is generally regarded as a
marker of poorer prognosis, and this small magnitude in-
crease appears counter-intuitive with the proven long-term
morbidity and mortality benefits of the SGLT2 inhibitors.
These incongruent observations may be mechanistically re-
lated through inhibition of the myocardial sodium—hydrogen
exchange (NHE) pump.*® NHE inhibitors have shown protec-
tive effects in models of cardiac damage by defending against
intracellular acidosis, where they reduce cellular Na* and Ca®*
concentrations and increase mitochondrial Ca**.** In diabetic
and failing hearts, cellular energetics are impaired, because
ATP generation is directly linked to mitochondrial Ca®*, the
increase in mitochondrial Ca®* resulting from SGLT2 inhibi-
tion has been postulated to improve cardiac energetics.*
This increased myocardial contraction may be associated with
a small increase in high-sensitivity troponin T, akin to what
has been recently described with the positive inotropic agent
omecamtiv mecarbil, which also does not increase intracellu-
lar Ca**,*® unlike traditional inotropic agents.® Although not
examined in our study, this small troponin elevation seen af-
ter initiation of dapagliflozin is unlikely to be associated with
adverse long-term prognosis.

Reduced ventricular ectopic burden and increased heart
rate variability (SDNN) support an early antiarrhythmic bene-
fit of dapaglifiozin in HFrEF. SGLT2 inhibitors have theoretical
antiarrhythmic potential, as an elevation of intracellular Ca**
concentration favours the opening probability of the
ryanodine receptor channels with the consequent release of
Ca®* from the sarcoplasmic reticulum. This in turn leads to
transient inward currents that are responsible for delayed af-
ter-depolarizations.'” This phenomenon typically triggers car-
diac arrhythmias. Although the inhibitory effect of SGLT2
inhibitors towards NHE, with consequent reduced intracellu-
lar Ca** and arrhythmogenesis in the failing heart, supports
the recently described observation of reduced atrial

fibrillation with dapagliflozin,*® many other potential SGLT2
inhibitor antiarrhythmic mechanisms are proposed.*®

The major limitation of the study is the relatively small
number of participants. While the crossover design increases
the trial power to show true effects, the unexpected changes
and repeated comparisons design demand caution in inter-
pretation and should be viewed as hypothesis generating.

In summary, significant BP lowering and evidence of
haemoconcentration and weight loss are detectable after
only 2 weeks of therapy with dapagliflozin in T2DM subjects
with HFrEF. The signal of an antiarrhythmic effect supports
an emerging early additional benefit of dapagliflozin in HFrEF.
The apparent worsening of microvascular endothelial func-
tion and the small increase in troponin T warrant confirma-
tion and further characterization in a larger cohort.
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