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Aims Heart failure with preserved ejection fraction (HFpEF) causes substantial morbidity and mortality. Importantly, atrial remodelling 
and atrial fibrillation are frequently observed in HFpEF. Sodium–glucose cotransporter 2 inhibitors (SGLT2i) have recently been 
shown to improve clinical outcomes in HFpEF, and post-hoc analyses suggest atrial anti-arrhythmic effects. We tested if isolated 
human atrial cardiomyocytes from patients with HFpEF exhibit an increased Na influx, which is known to cause atrial arrhythmias, 
and if that is responsive to treatment with the SGTL2i empagliflozin.

Methods and 
results

Cardiomyocytes were isolated from atrial biopsies of 124 patients (82 with HFpEF) undergoing elective cardiac surgery. Na influx 
was measured with the Na-dye Asante Natrium Green–2 AM (ANG-2). Compared to patients without heart failure (NF), Na influx 
was doubled in HFpEF patients (NF vs. HFpEF: 0.21 ± 0.02 vs. 0.38 ± 0.04 mmol/L/min (N = 7 vs. 18); P = 0.0078). Moreover, late 
INa (measured via whole-cell patch clamp) was significantly increased in HFpEF compared to NF. Western blot and HDAC4 pull-
down assay indicated a significant increase in CaMKII expression, CaMKII autophosphorylation, CaMKII activity, and CaMKII- 
dependent NaV1.5 phosphorylation in HFpEF compared to NF, whereas NaV1.5 protein and mRNA abundance remained 
unchanged. Consistently, increased Na influx was significantly reduced by treatment not only with the CaMKII inhibitor autocam-
tide-2-related inhibitory peptide (AIP), late INa inhibitor tetrodotoxin (TTX) but also with sodium/hydrogen exchanger 1 (NHE1) 
inhibitor cariporide. Importantly, empagliflozin abolished both increased Na influx and late INa in HFpEF. Multivariate linear regres-
sion analysis, adjusting for important clinical confounders, revealed HFpEF to be an independent predictor for changes in Na hand-
ling in atrial cardiomyocytes.

Conclusion We show for the first time increased Na influx in human atrial cardiomyocytes from HFpEF patients, partly due to increased late INa 

and enhanced NHE1-mediated Na influx. Empagliflozin inhibits Na influx and late INa, which could contribute to anti-arrhythmic 
effects in patients with HFpEF.
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1. Introduction
As a result of landmark clinical trials, SGLT2 inhibitors (SGLT2i) have re-
cently become a cornerstone in the treatment of patients with heart failure 
with reduced ejection fraction (HFrEF).1,2 Moreover, empagliflozin is the 
first drug to significantly reduce the combined risk of heart failure hospital-
ization (HHF) and cardiovascular death in patients with heart failure with 
preserved ejection fraction (HFpEF).3 Both forms of heart failure are asso-
ciated with pronounced atrial remodelling and consequent increased risk of 
the development of atrial arrhythmias (e.g. atrial fibrillation, atrial flutter), 
which are frequent causes of heart failure hospitalizations.4,5 Na overload 
of cardiomyocytes is a hallmark of heart failure and contributes not only 
to systolic and diastolic dysfunction but also to ventricular and atrial arrhyth-
mogenesis.6–9 Post-hoc analyses of clinical trials suggest a potential anti- 
arrhythmic effect of SGLT2i’s including a reduction of episodes of atrial 
arrhythmias including atrial fibrillation and atrial flutter.10,11 There are 

several lines of evidence for an effect of SGLT2i on Na handling in cardio-
myocytes by inhibition of Ca/calmodulin-dependent protein kinase II 
(CaMKII),12 the late sodium current (late INa)

13 as well as the sodium/hydro-
gen exchanger 1 (NHE1),14–17 with the relevance of the latter one still being 
debated.18,19 However, in contrast to HFrEF, there are very few data on Na 
handling in human cardiomyocytes of patients with HFpEF, and the import-
ance of the potential SGLT2i targets mentioned above for Na influx into car-
diomyocytes is almost completely unknown in these patients. Intriguingly, an 
increase in CaMKII activity, which is associated with fundamental alterations 
in cardiomyocyte Na handling,20 was reported in a rat model of HFpEF,21

suggesting a potential role of this enzyme also in HFpEF patients.
With these considerations in mind, we here examined Na handling in 

isolated atrial cardiomyocytes from HFpEF patients compared with non- 
failing cardiomyocytes (NF) and evaluated the effect of the SGLT2i empa-
gliflozin. Moreover, we differentiated the relative contribution of the 
above-mentioned Na entry pathways to Na influx in these cells.
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2. Methods
2.1 Study design
This study is a cross-sectional, experimental study performed as part of the 
prospective observational study in cardiovascular patients undergoing car-
diac surgery (NCT02877745). This study was performed in compliance 
with the Declaration of Helsinki (most recent revision in 2013) and approved 
by the local ethics committee (University of Regensburg, Bavaria, Germany; 
15-238-101). Prior to inclusion in the study, each patient gave written in-
formed consent. Patient data can be made available upon reasonable request 
only after informed consent has been given by each patient in the study.

Between May 2016 to July 2018 and February 2020 to October 2023, 
patients undergoing elective cardiac surgery for coronary and/or valvular 
heart disease at the University Hospital Regensburg were prospectively 
screened for eligibility. Inclusion criteria were elective coronary artery by-
pass graft (CABG) and/or valve surgery, age over 18 years, and written in-
formed consent for study participation. Exclusion criteria were reduced 
ejection fraction and persistent/permanent atrial fibrillation (which might 
potentially confound the results due to prominent electrical and structural 
remodelling independent of heart failure). Prospectively, 200 patients were 
screened as eligible (see Supplementary material online, Figure S1). Of these 
patients, 16 were excluded because of permanent/persistent AF, 37 were 
excluded because of diagnosis of HFrEF/HFmrEF and 23 were excluded be-
cause of insufficient clinical data, resulting in 124 patients included in this 
study (see Supplementary material online, Figure S1). A diagnosis of 
HFpEF was made in 82 patients according to current guidelines, requiring 
a preserved left ventricular ejection fraction (LVEF ≥ 50%), signs and/or 
symptoms of heart failure, and objective evidence of cardiac abnormalities 
[elevated N-terminal pro-brain natriuretic peptide (NT-proBNP) levels (≥ 
125 pg/nL) and/or structural abnormalities (left ventricular hypertrophy, 
left atrial enlargement, and/or diastolic dysfunction)]. Patients were defined 
as NF if they had a normal LVEF (≥ 50%) and did not fulfil the diagnostic 
criteria qualifying them for the diagnosis of HFpEF. After biopsies were ob-
tained during surgery, they were transported in ice-cold Custodiol® solu-
tion [2 mmol/L butanedione monoxime (BDM)] for cardioplegia until 
analysis by blinded investigators in our laboratory.

2.2 Isolation of human atrial cardiomyocytes
Chunk isolation of human atrial cardiomyocytes from right atrial append-
age biopsies was performed as previously described.16,22 Minced tissue 
was incubated at 37°C under continuous O2 bubbling in a spinner flask 
filled with Tyrode’s solution (in mmol/L: 100 NaCl, 10 KCl, 5 MgCl2, 
0.02 CaCl2, 1.2 KH2PO4, 50 Taurine, 5 MOPS, 10 BDM, 20 glucose, pH 
7.2) containing collagenase 1 and protease (type XXIV, 0.04%, Sigma). 
The solution was exchanged after 45 min for Tyrode’s solution containing 
collagenase 1 (protease omitted). This second digestion step was stopped 
by the addition of bovine calf serum (2%) and BDM (to 20 mmol/L) as soon 
as cardiomyocytes were visible in the solution. Next, cells were disaggre-
gated by careful pipetting with a Pasteur pipette and subsequently centri-
fuged at 95 g for 10 min at room temperature. Finally, the cell pellet was 
resuspended in a storage medium (in mmol/L: 30 KCl, 10 KH2PO4, 1 
MgCl2, 10 HEPES, 11 glucose, 20 taurine, 70 glutamic acid, 20 BDM, 2% 
BCS, and pH 7.4).22,23

2.3 Measurement of Na influx
The intracellular Na concentration was measured by loading cells with the 
Na-sensitive fluorescence indicator Asante Natrium Green–2 AM [ANG-2 
(ION Biosciences LLC, San Marcos, USA)].24,25 Isolated atrial myocytes 
were immobilized on laminin-coated coverslips and incubated with 5 µM 
ANG-2 for 45 min at room temperature together with either empagliflo-
zin (1 µM; Cayman Chemical, Ann Arbor, Michigan, USA), cariporide 
(10 µM; Sigma Aldrich, Hamburg, Germany), tetrodotoxin (TTX, 1 µM; 
Cayman Chemical, Ann Arbor, Michigan, USA), autocamtide-2-related 

inhibitory peptide (AIP, 1 µM, Sigma Aldrich, Hamburg, Germany) or 
DMSO (0,01%). Afterwards, coverslips were washed twice with 
Tyrode’s solution (in mmol/L: NaCl 140, KCl 4, MgCl2 1, HEPES 5, glucose 
10 and CaCl2 1.8, pH 7.4 with NaOH) including the respective drug and 
given 10 min for dye de-esterification. Subsequently, the measurement 
chambers were mounted on a confocal microscope (Zeiss LSM 700; 
Jena, Germany). Atrial cardiomyocytes were field stimulated at 1 Hz and 
continuously superfused with Tyrode’s solution at 37°C. ANG-2 was ex-
cited at 488 nm, and emitted fluorescence F545 was acquired using a band-
pass filter (536 nm, 40 nm bandwidth). Registered emission intensity was 
corrected by subtraction of background fluorescence.

F545 was calibrated using a sequence of calibration solutions with pre-
cisely set Na concentrations (in mmol/L: 0, 5, 10, and 20) generated by mix-
ture of two solutions containing (in mmol/L) 140 NaCl, 10 HEPES, 1 EGTA, 
5 strophantidin (specific Na/K-ATPase inhibitor), and 1 gramicidin D [iono-
phore (pH = 7.2 with TRIS: solution 1)] or 140 KCl instead of NaCl (solu-
tion 2), respectively (see Supplementary material online, Figure S2). Finally, 
the calibration curve was derived from a Boltzmann fit, and intracellular Na 
concentration ([Na]i) was calculated according to the following equation: 
[Na]i = F545 − Fmin

Fmax−F545
× KD.

Na influx was measured according to a protocol modified by Despa 
et al.26 Cells were superfused with drug-containing Tyrode’s solution at 
37°C until fluorescence reached a steady state (usually within 5–10 min). 
Afterwards, Na/K-ATPase was inhibited in myocytes by superfusion with 
potassium-free Tyrode’s solution (in mmol/L: NaCl 140, CsCl 4, MgCl2 
1, HEPES 5, glucose 10, and CaCl2 1.8, pH 7.4 with NaOH) including the 
respective drug for 10 min. The resulting increase in intracellular Na can 
be used as a measure for transsarcolemmal Na influx. This Na influx was 
assessed as the mean slope of the increase in [Na]i over time during Na/ 
K-ATPase inhibition. To avoid bias, the measurement sequence of the dif-
ferent groups was randomly altered by the investigator, who was blinded 
to clinical data.

2.4 Late INa measurement
Ruptured whole-cell patch-clamp experiments in voltage-clamp mode 
were performed to assess late INa in isolated human atrial cardiomyocytes 
on laminin-coated recording chambers mounted on an inverted micro-
scope (Zeiss Axio Observer).

Microelectrodes (3MΩ) were filled with (mmol/L) 95 CsCl, 40 
Cs-glutamate, 10 NaCl, 0.92 MgCl2, 1 EGTA, 5 Mg-ATP, 0.3 Li-GTP, 
0.36 CaCl2, 0.03 niflumic acid, 0.02 nifedipine, 0.004 strophanthidin, and 
5 HEPES (pH 7.2, CsOH). The bath solution contained (mmol/L) 135 
NaCl, 5 tetramethylammonium chloride, 4 CsCl, 2 MgCl2, 10 glucose, 
and 10 HEPES (pH 7.4, room temperature with CsOH). Cells were incu-
bated with DMSO (= vehicle, 0.01%), empagliflozin (1 µM), or AIP (1 µM) 
for 30 min prior to patch rupture.

Resting membrane potential was held at −120 mV, and INa was elicited 
by depolarizing to −20 mV for 1000 ms. Late INa was quantified by inte-
grating from 50 to 500 ms of the start of depolarizing and normalized to 
the membrane capacitance.

The experiments were performed at room temperature. Access resist-
ance was usually <10 MΩ after patch rupture. Fast capacitance was com-
pensated in a cell-attached configuration. Membrane capacitance and series 
resistance were compensated after patch rupture. Recordings began after 
3 min of equilibration following patch rupture. Signals were filtered with 
2.9 and 10 kHz Bessel filters and recorded with an EPC10 amplifier 
(HEKA Elektronik).

2.5 Western blot
Human right atrial appendages were homogenized in Tris buffer (in mmol/L: 
Tris–HCl 20, NaCl 200, NaF 20, Nonidet P-40 8.9 (Sigma Aldrich, 
Hamburg, Germany), phenylmethanesulfonylfluoride 18.3 (Sigma Aldrich, 
Hamburg, Germany), complete protease inhibitor cocktail (Roche diagnos-
tics, Mannheim, Germany), and complete phosphatase inhibitor cocktail 
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(Roche diagnostics, Mannheim, Germany). BCA assay (Pierce 
Biotechnology, Waltham, Massachusetts, USA) was used to determine 
protein concentration. After denaturation (30 min at 37°C for NaV1.5 
or 5 min at 95°C for CaMKII and GAPDH at 500 rpm in 2% 
β-mercaptoethanol (Sigma Aldrich)), proteins were separated on 8% 
SDS-polyacrylamide gels and transferred to a nitrocellulose membrane 
(GE Healthcare). Membranes were incubated with primary antibodies 
(rabbit polyclonal anti-phospho-NaV1.5 (at serine 571, 1:1000, a kind gift 
from Prof. Dr. P. Mohler and Prof. Dr. T. Hund, The Ohio State 
University, Columbus, Ohio, USA), rabbit polyclonal anti-NaV1.5 (1:200, 
Alomone Labs, catalog number ASC-013), mouse monoclonal 
anti-CaMKII (1:1000, BD Biosciences, catalog number 611293), mouse 
monoclonal anti-phospho-CaMKII (1:1000, Affinity BioReagents, catalog 
number MA1-047), or mouse monoclonal anti-GAPDH (1:20000, 
Abcam, catalog number G8795)) overnight at 4°C. Secondary antibodies 
HRP-conjugated sheep anti-mouse IgG (1:3000 for anti-CaMKII, 1:5000 
for anti-phospho-CaMKII, 1:30 000 for anti-GAPDH, GE Healthcare, cata-
log number NA931VS) and donkey anti-rabbit IgG (1:5000 for 
anti-phospho-NaV1.5 and for anti-NaV1.5, GE Healthcare, catalog number 
NV934 V) were incubated for 1 h at room temperature.

2.6 CaMKII activity assay
For the determination of CaMKII activity, a highly specific CaMKII activity 
assay was applied, as previously described.27,28 In brief, GST-HDAC4 
419-670 fusion protein containing a CaMKII activity-dependent binding do-
main was used for CaMKII pulldown from homogenized samples. By wash-
ing with sodium phosphate-buffered solution (PBS), unbound (and thus 
inactive) CaMKII was removed. Finally, bound (activated) CaMKII was as-
sessed for each pulldown experiment and normalized to the input bait 
GST-HDAC4 in the sample.

Detection of the protein bands was enabled by incubation with 
Immobilon™ Western Chemiluminescent HRP Substrate (Millipore, 
Darmstadt, Germany) for 5 min at room temperature. Afterwards, the 
bands were developed onto Super XR-N X-ray films (Fujifilm, 
Düsseldorf, Germany) and scanned using ChemiDoc™ MP Imaging 
System (Bio-Rad, Feldkirchen, Germany). ImageJ was used to analyse 
mean densitometric values.

2.7 Quantification of SCN5A mRNA 
expression
mRNA was extracted from right atrial biopsies using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s recommenda-
tion. cDNA was transcribed from 1 µg RNA using random primers, PCR 
nucleotide mix, RNasin ribonuclease inhibitor, reverse transcriptase, and 
reverse transcriptase 5 ×  reaction buffer (Promega GmbH, Walldorf, 
Germany) for 1 h at 37°C. mRNA Abundance of NaV1.5 (SCN5A; Assay 
ID: Hs00165693_m1) and β-actin (ACTB; Assay ID: Hs99999903_m1) 
was measured using the TaqMan Gene Expression (Thermo Fisher 
Scientific GmbH, Dreieich, Germany) detection method. For relative 
mRNA expression analysis according to the comparative threshold cycle 
(Ct) relative quantification analysis method,29 β-actin was used as the 
housekeeper gene.

2.8 Statistics
All experiments were performed and analysed blinded to the clinical data. 
Experimental data are presented as mean values per patient, unless indi-
cated otherwise,  ± standard error of the mean (SEM). Clinical data are 
presented as total number of patients (with relative proportion), mean  
± standard deviation (SD, if normally distributed), or mean ± interquartile 
range (IQR, if not normally distributed), as appropriate. If more than one 
observation was acquired in a single patient, the mean of these observa-
tions was calculated first to obtain a single value for each patient. 
Statistics were always based on the number of patients. For comparison 
of normally distributed data between two groups, Student’s t-test was 
used. For comparison of paired data with more than two groups that 

were normally distributed, mixed-effects analysis with Holm-Sidak’s post- 
hoc correction or one-way repeated measures ANOVA with 
Holm-Sidak’s post-hoc correction was applied. For some experiments, uni-
variate or multivariate linear regression was conducted. Two models were 
applied for multivariate linear regression analysis. They included existing 
HFpEF, age, sex, and BMI (Model I) or existing HFpEF, age, sex, BMI, AF, 
diabetes, arterial hypertension, NT-proBNP, and eGFR (Model II) as po-
tential confounding clinical parameters.

Differences in patients’ clinical baseline characteristics were analysed 
using Pearson’s χ2 test for categorical data and Student’s t-test or 
Wilcoxon rank-sum test for continuous data, respectively. All these tests 
were performed using GraphPad Prism 10 or Stata/MP 13.0. Two-sided 
P-values below 0.05 were considered statistically significant.

3. Results
3.1 Patient characteristics
Right atrial tissue from 124 patients undergoing elective cardiac surgery for 
coronary and/or valvular heart disease was analysed in this study (Table 1). 
Overall, the patients represent a typical cohort of patients with heart dis-
ease. They were predominantly male patients (83% vs. 80%; NF vs. HFpEF, 
P = 0.70, Table 1) at an average age of 63.4 ± 8.7 and 68.6 ± 8.1 years, re-
spectively (NF vs. HFpEF, P = 0.001, Table 1). Nineteen to 27% of the pa-
tients suffered from diabetes mellitus (NF vs. HFpEF, P = 0.34, Table 1), 
which was for the most part adequately controlled (HbA1c 5.95 ±  
0.77% vs. 5.87 ± 0.98%, NF vs. HFpEF, P = 0.57, Table 1). Arterial hyperten-
sion was diagnosed in 80–86% of patients (NF vs. HFpEF; P = 0.68, Table 1). 
The body mass index (BMI) was similar in both groups (29.0 ± 4.4 kg/m2 

vs. 27.91 ± 4.6 kg/m2, P = 0.18, Table 1). While the proportion of patients 
suffering from severe aortic valve stenosis was higher in the HFpEF group 
(0% vs. 19%, NF vs. HFpEF, P = 0.006, Table 1), almost all NF patients were 
diagnosed with coronary artery disease (95% vs. 78%, P = 0.014, Table 1). 
In conformity with the diagnostic criteria, HFpEF patients more frequently 
demonstrated enlarged left atria (29% vs. 55%, NF vs. HFpEF, P = 0.010, 
Table 1) as well as diastolic dysfunction (22% vs. 92%, NF vs. HFpEF, 
P < 0.001, Table 1). Median NT-proBNP levels were significantly increased 
in HFpEF patients (80.9 [95% CI: 50; 119] pg/mL vs. 437.0 [95% CI: 240; 
811] pg/mL, P < 0.001, Table 1) and 15% of them suffered from paroxysmal 
atrial fibrillation (vs. 0% in NF, P = 0.009, Table 1). Kidney function ap-
peared worse in HFpEF patients compared to NF patients (eGFR 82.0 ±  
16.8 vs. 71.1 ± 20.1 mL/min/1.73 m2, P = 0.003, Table 1). There was no dif-
ference regarding treatment with ACEi, AT1-receptor antagonists, 
β-blockers, calcium channel blockers, mineralocorticoid receptor antago-
nists, ranolazine, or diuretics between groups. None of the patients 
were treated with an angiotensin receptor neprilysin inhibitor (ARNI). 
One patient in the NF group and only two patients in the HFpEF group 
were pre-treated with an SGLT2i (2% vs. 2%, P = 0.98), which was peripro-
cedurally paused.

3.2 Atrial cardiomyocyte Na influx is 
increased in HFpEF
In a first step, we investigated, if transsarcolemmal Na influx into cardio-
myocytes is increased in HFpEF patients. Therefore, the intracellular Na 
concentration was measured in isolated atrial cardiomyocytes from NF 
and HFpEF patients by ANG-2 fluorescence. The increase in [Na]i after in-
hibition of Na/K-ATPase (by superfusion with K-free solution) can be 
used as a measure of transsarcolemmal Na influx. Intriguingly, during 
steady-state electrical stimulation at 1 Hz, Na influx was almost doubled 
in HFpEF compared to NF cardiomyocytes (NF vs. HFpEF: 0.21 ± 0.02 
vs. 0.38 ± 0.04 mmol/L/min (N = 7 vs. 18); P = 0.0078; Figure 1A and B), 
and remained significantly increased after correction for clinical confoun-
ders (multivariate linear regression: model I: B [95% CI]: 0.003 [0.0003; 
0.006], R2 = 0.257, P = 0.033; model II: B [95% CI]: 0.003 [0.0001; 0.007], 
R2 = 0.463, P = 0.047, Table 2).
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3.3 NaV1.5 phosphorylation and late INa are 
increased in atrial cardiomyocytes of HFpEF 
patients
Since cardiac NaV1.5 is a major contributor to transsarcolemmal Na influx, 
we performed Western blot and PCR to analyse the expression/mRNA 
levels of the cardiac sodium channel NaV1.5 in atrial tissue of patients with-
out heart failure (NF) and patients with HFpEF. Both SCN5A mRNA levels 
(NF vs. HFpEF: 0.09 ± 0.007 vs. 0.09 ± 0.0051 (N = 24 vs. 34); P = 0.98, 
Figure 2A) and NaV1.5 protein expression (NF vs. HFpEF: 0.43 ± 0.18 
A.U. vs. 0.57 ± 0.08 A.U. (N = 7 vs. 21), P = 0.43, Figure 2B) were similar 
in both groups. However, there was a significant increase in 
CaMKII-dependent NaV1.5 channel phosphorylation at serine 571 in 
HFpEF compared to NF (NF vs. HFpEF: 0.45 ± 0.14 vs. 1.00 ± 0.12 (N =  
7 vs. 20); P = 0.02, Figure 2C). Importantly, in a multivariate linear regression 
analysis accounting for the demographic parameters age and BMI (gender 
was omitted from the analysis since coincidentally all analysed patients 
were male), HFpEF remained the only significant and independent predict-
or for increased NaV1.5 phosphorylation (B [95% CI]: 0.495 [0.005; 0.985], 
R2 = 0.242, P = 0.048, Model I, Supplementary material online, Table S1). 

When the model was further extended by the potential confounders 
AF, diabetes, arterial hypertension, NT-proBNP level, and eGFR, a trended 
positive correlation between HFpEF and NaV1.5 phosphorylation per-
sisted without reaching statistical significance (B [95% CI]: 0.559 [−0.137; 
1.254], R2 = 0.368, P = 0.107, Model II, Supplementary material online, 
Table S1). NaV1.5 phosphorylation is known to result in an increase in 
late INa.

20 Consistently, late INa is significantly increased in atrial cardiomyo-
cytes of HFpEF patients compared to NF patients (NF vs. HFpEF; −11.60  
± 4.63 A*ms*F−1 vs. −45.69 ± 7.41 A*ms*F−1, N = 3 vs. N = 5, P = 0.017, 
Figure 2D and E).

3.4 CaMKII expression, phosphorylation, and 
activity are increased in atrial 
cardiomyocytes of HFpEF patients
As hyperphosphorylation of Ser571 at NaV1.5 is known to be 
CaMKII-dependent, we next investigated CaMKII expression and activity 
in the atrial tissue of NF and HFpEF patients. Indeed, CaMKII expression 
was significantly increased in the atrial myocardium of patients with 
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Table 1 Baseline characteristics

NF 
(N = 42)

HFpEF 
(N = 82)

P value

Age (years), mean ± SD 63.4 ± 8.7 (n = 42) 68.6 ± 8.1 (n = 82) 0.001t

Male gender, n (%) 35 (83) 66 (80) 0.70chi

Body mass index (kg/m2), mean ± SD 29.0 ± 4.4 (n = 42) 27.9 ± 4.6 (n = 82) 0.18t

Coronary artery disease, n (%) 40 (95) 64 (78) 0.01chi

Severe aortic valve stenosis, n (%)* 0 (0) 15 (19) 0.006chi

Hypertension, n (%) 34 (81) 68 (83) 0.79chi

Diabetes mellitus, n (%) 8 (19) 22 (27) 0.34chi

HbA1c (%), mean ± SD 5.95 ± 0.77 (n = 39) 5.87 ± 0.98 (n = 79) 0.68t

Hyperlipidemia, n (%) 27 (64) 52 (63) 0.92chi

eGFR (mL/min/1.73 m2), mean ± SD 82.0 ± 16.8 (n = 42) 71.1 ± 20.1 (n = 82) 0.003t

LVEF (%), mean ± SD 60.0 ± 5.0 (n = 42) 59.6 ± 6.1 (n = 82) 0.75t

Dilated left atrium, n (%)** 10 (29) 39 (55) 0.01chi

Diastolic dysfunction, n (%)*** 8 (22) 55 (92) <0.001chi

Paroxysmal atrial fibrillation, n (%) 0 (0) 12 (15) 0.009chi

NT-pro BNP (pg/mL), median (IQR) 80.9 (50, 119) (n = 40) 437 (240, 811) (n = 78) <0.001w

NYHA functional status, n (%) <0.001chi

I 22 (71) 3 (4)

II 9 (29) 60 (74)
III 0 (0) 17 (21)

IV 0 (0) 1 (1)

ACE-inhibitors, n (%) 24 (57) 42 (51) 0.53chi

AT1-receptor antagonists, n (%) 7 (17) 19 (23) 0.40chi

ARNI, n (%) 0 (0) 0 (0)

Beta blockers, n (%) 30 (71) 50 (61) 0.25chi

Spironolactone, n (%) 0 (0) 3 (4) 0.21chi

Calcium channel blocking agents, n (%) 9 (21) 24 (29) 0.35chi

Ranolazine, n (%)**** 1 (3) 0 (0) 0.15chi

Loop diuretics, n (%) 6 (14) 21 (26) 0.15chi

Thiazide diuretics, n (%) 11 (27) 23 (28) 0.89chi

SGLT2 inhibitor, n (%) 1 (2) 2 (2) 0.98chi

IQR indicates interquartile range, which lies between the 25th and 75th percentiles. The bold values are the parameters that show a statistically significant correlation. Abbreviations: NF, 
non-failing; HFpEF, heart failure with preserved ejection fraction; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain 
natriuretic peptide; NYHA, New York Hear Association; ACE, angiotensin-converting enzyme; AT1, angiotensin receptor I; ARNI, angiotensin receptor neprilysin inhibitor; SGLT2, sodium– 
glucose contransporter-2; t = Student’s t-test; chi = Pearson’s χ2 test; w = Wilcoxon rank-sum test. Divergent patient number from total: *Severe aortic valve stenosis (NF: n = 24/30); ** 
Dilated left atrium (NF: n = 35/42; HFpEF: 71/82); *** Diastolic dysfunction (NF: n = 37/42; HFpEF: n = 60/82); **** Ranolazine (NF: n = 35/42; HFpEF: n = 73/82).
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HFpEF (NF vs. HFpEF: 0.55 ± 0.06 A.U. vs. 0.90 ± 0.07 A.U. (N = 14 vs. 35); 
P = 0.007, Figure 3A). This significant positive correlation between HFpEF and 
increased CaMKII expression remained significant even after accounting for 
many clinical covariates (multivariate linear regression: model I: B [95% CI]: 
0.382 [0.079; 0.685], R2 = 0.156, P = 0.015; model II: B [95% CI]: 0.499 
[0.150; 0.849], R2 = 0.255, P = 0.006, Supplementary material online, 
Table S2).

Besides CaMKII expression, CaMKII autophosphorylation at Thr287, a 
measure of CaMKII activity, was also markedly increased in atrial myocytes 
of HFpEF patients (NF vs. HFpEF: 0.28 ± 0.05 A.U. vs. 0.63 ± 0.06 A.U. 
(N = 8 vs. 16); P < 0.001; Figure 3B), and this correlation also remained sig-
nificant after accounting for the above-mentioned clinical covariates (multi-
variate linear regression: model I: B [95% CI]: 0.295 [0.074; 0.515], 
R2 = 0.462, P = 0.011; Model II: B [95% CI]: 0.339 [0.122; 0.556], 
R2 = 0.702, P = 0.005, Supplementary material online, Table S3). In line 
with increased CaMKII expression and autophosphorylation, CaMKII activity 
(assessed by HDAC4 pull down) was also significantly increased in the 
atria of HFpEF patients (NF vs. HFpEF: 0.28 ± 0.11 A.U. vs. 0.75 ± 0.10 
A.U. (N = 5 vs. 20); P = 0.039; Figure 3C).

3.5 Inhibition of CaMKII, late INa, NHE1 as 
well as treatment with empagliflozin reduces 
Na influx in HFpEF
Consistent with our protein data, treatment of atrial cardiomyocytes of 
HFpEF patients with the specific late INa inhibitor TTX (1 µM) significantly 
reduced Na influx into these cells (HFpEF + vehicle vs. HFpEF + TTX, 
0.38 ± 0.04 mmol/L/min (N = 18) vs. 0.22 ± 0.04 mmol/L/min (N = 9); 
P = 0.0077, Figure 4A and B). Similar results could be achieved by treatment 
with the specific CaMKII inhibitor AIP (1 µM) (0.28 ± 0.04 mmol/L/min 
(N = 8); P = 0.0356 vs. HFpEF + vehicle, Figure 4A and B). We and others 
previously reported that SGLT2i inhibit CaMKII, late INa, and NHE1 all of 
which are potentially centrally involved in cardiomyocyte Na handling.12–17,30

We, therefore, exposed ANG-2-loaded atrial myocytes to empagliflozin 
(1 µM, 60 min pre-incubation). Empagliflozin, similarly to AIP and TTX, com-
pletely abolished the increase in Na influx into cardiomyocytes from HFpEF 
patients (HFpEF + vehicle vs. HFpEF + empagliflozin: 0.38 ± 0.04 vs. 0.20 ±  
0.02 mmol/L/min [N = 18 vs. 19]; P < 0.0001, Figure 4A and B). Of note, 
the NHE1 inhibitor cariporide (10 µM) also caused a significant decrease 

in Na influx (0.26 ± 0.02 mmol/L/min (N = 11); P = 0.0078 vs. HFpEF +  
vehicle, Figure 4A and B). Furthermore, combination of TTX and empagliflo-
zin resulted in a more pronounced inhibition of Na influx than treatment 
with TTX alone (HFpEF + TTX vs. HFpEF + TTX + empagliflozin, 0.22 ±  
0.04 mmol/L/min (N = 9) vs. 0.11 ± 0.01 mmol/L/min (N = 6); P = 0.031, 
Supplementary material online, Figure S3A). Neither empagliflozin (NF +  
vehicle vs. NF + empagliflozin, 0.21 ± 0.02 mmol/L/min (N = 7) vs. 0.26 ±  
0.04 mmol/L/min (N = 10), P = 0.474) nor TTX (0.21 ± 0.04 mmol/L/min 
(N = 7), P = 0.969 vs. NF + vehicle) reduced Na influx in atrial cardiomyo-
cytes of NF patients (see Supplementary material online, Figure S3B).

3.6 Increased late INa in atrial 
cardiomyocytes of HFpEF patients is 
normalized by empagliflozin
As the NHE inhibitor cariporide was also able to significantly reduce Na influx 
(see Figure 4) and addition of empagliflozin on top of TTX mediated a further 
decrease in Na influx (see Supplementary material online, Figure S3A), we set 
out to directly measure late INa to further discern the potential effect of em-
pagliflozin treatment on this current in atrial cardiomyocytes.

Treatment of atrial cardiomyocytes from HFpEF patients with empagliflozin 
resulted in a reduction of late INa to the level of NF patients (HFpEF + vehicle 
vs. HFpEF + empagliflozin; −45.69 ± 7.41 A*ms*F−1 vs. −15.67 ± 3.7 
A*ms*F−1, N = 5 vs. N = 5, P = 0.0187, Figure 5A and B). This effect was com-
parable to treatment with the specific CaMKII inhibitor AIP (HFpEF + vehicle 
vs. HFpEF + AIP; −45.69 ± 7.41 A*ms*F−1 vs. −16.75 ± 4.7 A*ms*F−1, N = 5 
vs. N = 5, P = 0.0187, Figure 5A and B), suggesting a role of CaMKII for in-
creased late INa in atrial cardiomyocytes of HFpEF patients.

4. Discussion
This is the first study to demonstrate increased Na influx in human atrial 
cardiomyocytes from HFpEF patients. Furthermore, we propose a mech-
anistic link between increased Na influx and increased CaMKII activity with 
enhanced CaMKII-dependent NaV1.5 phosphorylation leading to stimula-
tion of late INa. Both selective Na channel blockade with TTX and 
CaMKII inhibition with AIP but also NHE1 inhibition with cariporide abol-
ished increased Na influx. Importantly, treatment with empagliflozin nor-
malized increased late INa in atrial cardiomyocytes of HFpEF patients and 
normalized overall Na influx, which could contribute to the cardioprotec-
tive effects of this drug in these patients.

4.1 Late INa, NHE1, and CaMKII contribute to 
increased Na influx in atrial cardiomyocytes 
of HFpEF patients
It is widely accepted that cardiomyocytes from HFrEF patients are charac-
terized by cytosolic Na ([Na]i) and Ca ([Ca]i) overload, due in large part to 
deleterious CaMKII-dependent changes in excitation-contraction coupling 
as well as excitation-transcription coupling.20,28,31–34 For instance, 
CaMKII-dependent phosphorylation of NaV1.5 results in enhanced late 
INa,

20,35 an important pathway of Na entry into diseased cardiomyocytes, 
as seen in patients with HFrEF and persistent/permanent atrial fibrilla-
tion.6,23 Noteworthy, in animal models (Dahl salt-sensitive rats, rats with 
cardiorenal-induced HFpEF after subtotal nephrectomy), long-term treat-
ment with the late INa inhibitor ranolazine and the NCX inhibitors 
ORM-11035 and SEA0400, respectively, was able to improve diastolic 
function and to attenuate cardiac remodelling,7,36,37 suggesting a possible 
dysregulation of Na and Ca handling also in HFpEF. Noteworthy, it was 
previously shown in a mouse model expressing a human NaV1.5 variant 
harbouring a mutation in the anaesthetic-binding site, resulting in incom-
plete Na channel inactivation, that increased Na influx via late INa alone 
was sufficient to drive structural (including atrial dilatation, and fibrosis) 
and electrophysiological alterations leading to spontaneous episodes of 
AF.38 Whether such alterations of Na handling also play a role in atria of 
HFpEF patients without pre-existing persistent/permanent AF, which 
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Figure 1 Increased Na influx into isolated atrial cardiomyocytes of 
HFpEF patients. Original registrations of Na influx in isolated human atrial 
cardiomyocytes following inhibition of Na/K-ATPase by superfusion with 
K-free solution (A). Na influx was calculated as mean slope of the increase 
in [Na]i over time and derived values are illustrated as scatter plot (B). Na 
influx is almost doubled in isolated cardiomyocytes of HFpEF patients 
compared to NF patients (P = 0.0078, mixed-effects analysis with 
Holm-Sidak’s post-hoc correction).
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are, however, at an increased risk of concomitant AF,39 is completely 
unknown.

Here, we show an increased Na influx in atrial cardiomyocytes of HFpEF 
patients (Figure 1). Importantly, treatment of the cells with the late INa in-
hibitor TTX as well as the specific CaMKII inhibitor AIP reduced Na influx 
to the level of non-failing cardiomyocytes underscoring the relevance of 
CaMKII and late INa for Na dysregulation in our HFpEF myocytes 
(Figure 4A and B). This is further corroborated by our patch-clamp data 
showing an increase in late INa in atrial cardiomyocytes of HFpEF patients 
compared to NF patients (Figure 2D and E), which could be abolished by 
treatment of the cells with the CaMKII inhibitor AIP (Figure 5A and B). 
Moreover, the inhibition of NHE1, another relevant contributor to Na 
overload in ventricular cardiomyocytes of patients with HFrEF,40,41 by its 
specific inhibitor cariporide could also significantly reduce Na influx 
(Figure 4A and B). At first glance, this seems to be in contrast to our recently 
published data, showing no increase in NHE1 abundance in atrial cardio-
myocytes of HFpEF patients (in sinus rhythm).16 However, NHE1 activity 
is also regulated by post-translational modifications, including stimulation 
by CaMKII-dependent phosphorylation,42 which could explain the ob-
served NHE1-mediated Na influx into atrial HFpEF myocytes.

4.2 HFpEF is associated with increased 
CaMKII activity in human atrial 
cardiomyocytes
Although CaMKII has been reported to improve myofilament passive stiff-
ness by phosphorylating titin,43 which may reduce diastolic dysfunction in 
HFpEF, it is as yet unclear whether CaMKII may also contribute to the 
HFpEF phenotype through deleterious changes in EC coupling, particularly 
through the dysregulation of Na homeostasis described above.

While there are no data regarding CaMKII activity in the atria of HFpEF 
patients or from animal models of HFpEF, Franssen et al. previously re-
ported an increase in CaMKII activity in the ventricular myocardium of 
ZSF1-HFpEF rats.21 This is consistent with our results showing an increase 
in CaMKII activity as well as CaMKII-dependent NaV1.5 hyperphosphoryla-
tion in human atrial cardiomyocytes of HFpEF patients based on increased 
CaMKII expression and autophosphorylation at Thr287 (Figure 2A and 3). 
These findings underscore the relevance of CaMKII for the regulation of 
NaV1.5 in HFpEF. Noteworthy, in a porcine model of AF-induced heart fail-
ure, inhibition of CaMKII improved atrial contractile function and attenu-
ated atrial fibrosis, hypertrophy, and apoptosis, pointing to the role of 
CaMKII for arrhythmia-related atrial remodelling.44

4.3 Na handling in atrial cardiomyocytes of 
HFpEF patients is independent of 
paroxysmal AF, diabetes, or kidney function
In addition to the HFpEF phenotype, several other factors could theoret-
ically explain our experimental results. For example, atrial fibrillation and 
diabetes are known to be associated with a (CaMKII-dependent) increase 
in late INa

22,23,44–46 as well as NHE1 activity.47,48 Almost 30% of our HFpEF 
patient cohort were diagnosed with diabetes and 15% with paroxysmal AF. 
HbA1c levels were adequately controlled (HbA1c ∼6.0%) making 
glycaemia-induced alterations in CaMKII-dependent or NHE1-dependent 
pathways less likely.46

Importantly, our multivariate linear regression analyses showed that all 
these factors do not confound our experimental results and confirm 
HFpEF as an independent predictor of increased CaMKII expression/ 
auto-phosphorylation, Na influx as well as NaV1.5 phosphorylation (by 
trend). However, only patients with paroxysmal AF and probably less pro-
nounced (and reversible) atrial remodelling due to AF49,50 were included in 
our study. Therefore, we cannot make any statement about patients with 
persistent or permanent atrial fibrillation.

Arterial hypertension and chronic kidney disease are other known con-
ditions that promote CaMKII-mediated as well as NHE1-mediated cardiac 
alterations.51–53 Consequently, we also included these parameters in our 
model II of multivariate linear regression without finding a significant 
correlation.

Surprisingly, NT-proBNP levels (measured at admission) failed to correl-
ate with our experimental readouts. On the one hand, this could be caused 
by the fact that NT-proBNP levels are highly dynamic and might thus not 
reflect the severity of chronic atrial remodelling.54,55 On the other hand, 
NT-proBNP levels are not only determined by myocardial wall stress 
but also influenced by, e.g. age, sex, kidney function, diabetes, and 
BMI,56–58 which probably prevents a correlation between NT-proBNP le-
vels and measurements of disturbed Na homeostasis in our study.

4.4 Empagliflozin inhibits increased late INa 
and overall Na influx in atrial HFpEF 
myocytes
Previously, SGLT2i have been shown to directly or indirectly interfere with 
cardiomyocyte Na handling in patients with HFrEF and animal models of 
systolic contractile dysfunction.12–17 Philippaert and colleagues recently 
showed an SGLT2i-mediated inhibition of late INa in failing murine ventricu-
lar cardiomyocytes as well as in HEK293T cells expressing mutated human 
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Table 2 Linear regression analysis for Na influx

Simple Linear Regression Analysis

Multiple Linear Regression Analysis

Model I R2 0.257 Model II R2 0.463

Variable B (95% CI) P value B (95% CI) P value B (95% CI) P value

HFpEF 0.0029 (0.0007; 0.0052) 0.013 0.0029 (0.0003; 0.0055) 0.033 0.0033 (0.00006; 0.0066) 0.047
Age 0.00003 (−0.0001; 0.0002) 0.719 0.00004 (−0.0001; 0.0002) 0.605 0.00004 (−0.0001; 0.0002) 0.550

Male gender −0.0014 (−0.0039; 0.0011) 0.245 −0.0002 (−0.0029; 0.0025) 0.867 −0.0006 (−0.0037; 0.0024) 0.671

BMI 6.58 × 10−6 (−0.0002; 0.0003) 0.957 0.00004 (−0.0002; 0.0003) 0.738 −0.00002 (−0.0003; 0.0003) 0.872
AF 0.0021 (−0.0004; 0.0047) 0.095 0.0011 (−0.0030; 0.0052) 0.573

Diabetes 0.0019 (−0.0009; 0.0046) 0.181 0.0030 (−0.0002; 0.0061) 0.061

Art. Hypertension 0.0002 (−0.0022; 0.0027) 0.841 −0.0015 (−0.0043; 0.0013) 0.269
NT-proBNP 3.44 × 10−7 (−2.08 × 10−6; 2.76 × 10−6) 0.772 −2.0 × 10−6 (−5.6 × 10−6; 1.6 × 10−6) 0.245

eGFR −0.00001 (−0.00007; 0.00004) 0.645 −6.9 × 10-6 (−0.00008; 0.00007) 0.848

Model I accounts for age, gender, and BMI. Model II accounts for age, male gender, BMI, AF, diabetes, arterial hypertension, NT-proBNP, and eGFR. The bold values are the parameters that show a 
statistically significant correlation. Abbreviations: HFpEF, heart failure with preserved ejection fraction; BMI, body mass index (in kg/m2); AF, atrial fibrillation; NT-proBNP, N-terminal pro-brain 
natriuretic peptide (in pg/mL); eGFR, estimated glomerular filtration rate (in mL/min/1.73 m2).
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NaV1.5 channels and proposed a direct binding of SGLT2i to Na channels 
by application of molecular docking simulations.13 Although the relevance 
of CaMKII for the regulation of late INa was not investigated, it is conceiv-
able that CaMKII inhibition contributes to the empagliflozin-mediated ef-
fects in their study.

This notion is supported by results from experiments in a mouse model 
of pressure overload-induced heart failure and in ventricular cardiomyo-
cytes of patients with end-stage HFrEF, where empagliflozin significantly 
reduced CaMKII activity, which was associated with improved cellular Ca 
handling as well as acute reduction in [Na]i.

12 Furthermore, in human ven-
tricular cardiomyocytes of patients with aortic stenosis and a consequent 
HFpEF phenotype, empagliflozin significantly inhibited increased late INa 

comparable to AIP, while it was not able to inhibit ATXII- or 
veratridine-induced late INa.

30 These findings point to an, at least in part, 

indirect inhibition of this current via interference with CaMKII signalling.30

Similarly, in mouse models of HFpEF, empagliflozin pre-incubation (4 h) but 
not acute treatment (3 min) was not only capable of reducing late INa but 
also cellular proarrhythmia in ventricular cardiomyocytes in a 
CaMKII-dependent manner.59,60

Moreover, in a rat model of HFpEF (ZSF-1 obese) attenuation of left at-
rial remodelling and cellular arrhythmogenesis by treatment with the 
SGLT-1/2 inhibitor sotagliflozin was associated with an increased forward 
mode NCX (Na/Ca-exchanger) activity.61 Although neither [Na]i nor Na 
influx was assessed in that study, the authors suggested that a reduction 
of initially elevated [Na]i upon sotagliflozin treatment might account for 
the observed increase in forward mode NCX activity.61

In the present study, we show that exposure to empagliflozin significant-
ly reduced the overall Na influx in atrial myocytes of patients with HFpEF, 
similar to AIP, TTX, and cariporide. Importantly, we also demonstrate in-
hibition of increased late INa by treatment with empagliflozin in these cells 
comparable to the effect of CaMKII inhibition by AIP. Therefore, it is 
tempting to speculate that empagliflozin may also inhibit CaMKII and re-
sulting CaMKII-dependent NaV1.5 regulation in HFpEF. However, our ex-
perimental design does not allow us to differentiate between the effects of 
empagliflozin on CaMKII, late INa, and NHE1. Consequently, we cannot 
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Figure 2 Increased NaV1.5 phosphorylation in atrial cardiomyocytes of 
HFpEF patients is associated with increased late INa. NaV1.5 mRNA ex-
pression (gene: SCN5A [relative to β-actin as housekeeper]) was similar 
in NF and HFpEF cardiomyocytes (P = 0.9777, t-test) (A). Mean densito-
metric data (top) and representative original Western blot (bottom) of 
NaV1.5 (B) and pNaV1.5 (C ). Compared to control patients (NF), there 
was a significant increase in the phosphorylation of NaV1.5 at S571 in atrial 
cardiomyocytes from patients with HFpEF (P = 0.0197, t-test), while 
NaV1.5 protein levels were unaltered (P = 0.4316, t-test). Original regis-
trations of late INa (D) and mean values of late INa integrals (E) in atrial car-
diomyocytes of HFpEF and NF patients measured by whole-cell patch 
clamp (voltage protocol is shown in the inset). In line with increased 
NaV1.5 phosphorylation late INa was significantly increased in atrial cardi-
omyocytes of HFpEF patients compared to NF patients (N = 3 vs. 5, P =  
0.0172, t-test). N, number of patients.
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tivity in atrial cardiomyocytes of HFpEF patients. Mean densitometric 
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CaMKII expression (A) and phosphorylation (B) showing a significant in-
crease in CaMKII expression (P = 0.0067, t-test) as well as CaMKII autop-
hosphorylation at T287 (P = 0.0006, t-test) in atrial cardiomyocytes of 
HFpEF patients compared to NF patients. Accordingly, CaMKII activity as-
sessed by HDAC4 pulldown assay was also enhanced in HFpEF patients 
(P = 0.0391, t-test) (C ). N, number of patients.
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distinguish, whether empagliflozin-mediated direct inhibition of CaMKII re-
sults in a decrease in late INa and/or altered NHE1 function or whether dir-
ect inhibition of these sodium handling proteins results in decreased 
Ca-dependent CaMKII activation by improved cellular Na and Ca handling.

In this regard, it is important to mention that several lines of evidence also 
suggest a decrease in [Na]i as a consequence of SGLT2i-mediated inhibition 
of NHE1 in healthy ventricular cardiomyocytes from mice, rats, and rab-
bits.14,15,17 Using docking simulations the Na + -binding site of NHE1 was 
identified as a potential binding site of SGLT2i.15 Although we could recent-
ly reproduce an inhibitory effect of empagliflozin on NHE1 function in hu-
man atrial cardiomyocytes (including diseased myocytes),16 NHE1 
inhibition by SGLT2i and its effect on cellular Na handling is still a matter 
of debate, since Chung et al. were not able to reproduce these results in 
healthy ventricular cardiomyocytes from mouse, rat and guinea pig hearts.18

It is indeed questionable if NHE1 inhibition can decrease [Na]i in healthy 
cardiomyocytes, where NHE1 activity is low at normal intracellular pH 
and thus contributes only little to Na loading.62 Here, we show that treat-
ment of cardiomyocytes from HFpEF patients with cariporide significantly 
reduces Na influx. In this regard, it is also important to mention that treat-
ment of atrial cardiomyocytes with empagliflozin and TTX resulted in an 
even more pronounced inhibition of overall Na influx than treatment 
with TTX alone (Figure 3A), suggesting an effect of empagliflozin beyond 
late INa inhibition. Thus, it is conceivable that direct or indirect (via 
CaMKII) inhibition of NHE1 might contribute to, but not fully explain, re-
duced Na influx in HFpEF cardiomyocytes upon empagliflozin treatment.

Intriguingly, independent of the precise mechanism, reduction of increased 
Na influx into atrial HFpEF cardiomyocytes by SGLT2i might be key to under-
stand the cardioprotective effects of these drugs in HFpEF patients.3 Increased 
Na influx via late INa is centrally involved in the generation of early (EAD) and 
delayed afterdepolarizations (DAD), the cellular basis for atrial, as well as ven-
tricular arrhythmias.20,63–67 Noteworthy, post-hoc analyses of clinical trial data 
hint at anti-arrhythmic effects of SGLT2i. An explorative analysis of the 
DECLARE-TIMI 58 trial revealed a 19% reduction in the incidence of atrial 

fibrillation/atrial flutter in the dapagliflozin group in a high-risk collective of 
type II diabetic patients.10 Furthermore, a meta-analysis of 22 trials including 
52 115 patients suggests that SGLT2i reduces the risk of atrial fibrillation, em-
bolic stroke, and ventricular tachycardia.11

4.5 Limitations
As mentioned above, our experimental design does not allow us to distin-
guish between the effects of empagliflozin on late INa, CaMKII, and NHE1. 
This limitation is inherent to experiments in adult human cardiomyocytes 
that are not easily accessible for targeted genetic modifications. 
Furthermore, an indirect approach by estimation of an additive effect of 
specific inhibitors requires a lengthy and potentially injurious protocol, 
which most of the isolated human atrial cardiomyocytes would not sustain. 
Consequently, our approach is a trade-off between the investigation of im-
portant pathophysiological alterations in human HFpEF cardiomyocytes 
and practicability.

In addition, in this study, we used the non-ratiometric Na-dye ASANTE 
Na Green-2 AM for the measurement of Na influx. Although this dye is very 
useful for assessing changes in fluorescence (and therefore Na concentra-
tion) over time, it is not suitable for accurately measuring Na concentration 
quantitatively. However, the advantage of this dye is the short incubation 
time, which is critical when working with freshly isolated adult human car-
diomyocytes that tend to deteriorate in cell quality and viability quite 
rapidly.

Another potential limitation is the fact that the pathophysiological al-
terations observed in atrial cardiomyocytes cannot unreservedly be trans-
ferred to ventricular myocytes. However, especially for potential 
anti-arrhythmic effects of SGLT2i (e.g. in regards to atrial fibrillation), un-
derstanding Na handling in human atrial HFpEF cardiomyocytes might be 
crucial.

A technical limitation of our study is the application of BDM, which 
was used to enhance cell viability during isolation. BDM is a reversible 
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inhibitor of myosin ATPase, but has been shown to reversibly inhibit Ca 
currents in the adult rat cervical ganglion68 and induce Ca release from 
the canine cardiac sarcoplasmic reticulum.69 Although we extensively 

washed out BDM before starting data acquisition, we cannot complete-
ly exclude a possible influence of BDM on intracellular Na and Ca 
handling.

Translational perspective
Treatment strategies for patients with HFpEF are limited, not least because the underlying mechanisms are poorly understood. Here, we propose a 
role for increased CaMKII-dependent and late INa-mediated Na influx in atrial electrical remodelling in human HFpEF. Alterations in Na handling are 
known to promote diastolic dysfunction and arrhythmogenesis, both key features of HFpEF. Here, we demonstrate for the first time that treatment 
with an SGLT2i—the only class of drugs to date shown to reduce the risk of hospitalization for heart failure and cardiovascular death in HFpEF patients 
—leads to a reduction in Na influx in atrial cardiomyocytes of HFpEF patients, which may contribute to the improved clinical outcome.

5. Conclusion
Here, we demonstrate for the first time an increased Na influx in human car-
diomyocytes from HFpEF patients that may be due, at least in part, to 
CaMKII-mediated NaV1.5 hyperphosphorylation with consequently in-
creased late INa as well as increased NHE1 activity. Importantly, the increased 
Na influx could be normalized by the SGLT2i empagliflozin, which was pre-
viously shown to inhibit CaMKII, late INa and NHE1.12,14–16,30,40,59,60

However, the specific target through which SGLT2i affect Na handling in at-
rial HFpEF cardiomyocytes remains elusive and requires further investigation, 
as it may have helped to reduce the combined risk of HHF and cardiovascular 
death in a recent landmark clinical trial in HFpEF patients.3

Supplementary material
Supplementary material is available at Cardiovascular Research online.

Author contributions
Conceptualization: M.T. and S.W.; Performed the experiments: M.T., J.R., 
E.S., S.L., K.R., S.H., K.K., N.H., S.K.; Data analysis: M.T., J.R., E.S., S.W.; 

Patient recruitment: M.T., S.L., P.H., Z.P., M.A., M.W., N.H.; Tissue harvest-
ing: Z.P., C.S.; Writing—Original draft preparation: M.T.; Writing—Review 
and editing: M.T. and S.W.; Resources: S.W., L.S.M., M.A.; Supervision: S.W.; 
Funding acquisition: M.T., S.W., L.S.M., M.A.; all authors have read and ap-
proved the final version of the manuscript.

Acknowledgements
We acknowledge the expert technical assistance of T. Sowa, G. Pietrzyk, 
A. Ochsenkühn, and S. Benkhoff. We thank Prof. P. Mohler and 
Prof. T. Hund for kindly providing the antibody against phospho-NaV1.5. 
The graphical abstract was created with BioRender.com.

Conflict of interest: L.S.M. and S.W. receive compensation for talks for 
Boehringer Ingelheim, the company that sells empagliflozin. The other 
authors declare to have no conflict of interest associated with this 
manuscript.

Funding
This work was provided with support by the Else 
Kröner-Fresenius-Stiftung (EKFS to M.T. and S.L.); the German Cardiac 
Society (DGK) (to J.R., E.S., S.L., S.H., and P.H.); the Deutsche 

50
pA

100 ms

0 pA

HFpEF

HFpEF+Empa HFpEF+AIP

BA

-60

-40

-20

0

L
at
e
I N
a
In
te
g
ra
l(
A
*F
-1
*m
s)

HFpEF HFpEF+
Empa

HFpEF
+AIP

0.0187

0.0187

-120 mV

-20 mV

1s

Figure 5 Increased late INa in atrial cardiomyocytes of HFpEF patients is normalized by treatment with empagliflozin as well as AIP. (A) Original registrations 
of late INa and (B) mean values of late INa integrals in atrial cardiomyocytes of HFpEF patients treated with vehicle solution, empagliflozin, or the CaMKII inhibitor 
AIP measured by whole-cell patch clamp (voltage protocol is shown in the inset). Empagliflozin as well as the CaMKII inhibitor AIP significantly reduced late INa 

(P = 0.0187 vs. HFpEF + vehicle, repeated measures one-way ANOVA with Holm-Sidak’s post-hoc correction).

10                                                                                                                                                                                                          M. Trum et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article/doi/10.1093/cvr/cvae095/7668405 by U
niversitätsbibliothek user on 02 July 2024

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvae095#supplementary-data
http://BioRender.com


Forschungsgemeinschaft (DFG) through personal grants (LE 5009/1-1, 2-1, 
3-1 to S.L., WA 2539/8-1 to S.W., and MA 1982/5-1 to L.S.M.) and through 
TRR 374, A6 (to S.W. and L.S.M.); Philips Respironics (Murrysville, PA, 
USA; to M.A.); by the University of Regensburg ReForM A Program (to 
S.L. and to P.H.) and ReForM C Program (to S.W. and L.S.M.).

Data availability
The authors declare that all method protocols used in this study are made 
available for any researcher upon request. To exclude the possibility of un-
intentionally sharing private patient information, patient data can only be 
made available after informed consent about a specific request has been 
given by each patient.

References
1. Packer M, Anker SD, Butler J, Filippatos G, Pocock SJ, Carson P, Januzzi J, Verma S, Tsutsui H, 

Brueckmann M, Jamal W, Kimura K, Schnee J, Zeller C, Cotton D, Bocchi E, Böhm M, Choi 
D-J, Chopra V, Chuquiure E, Giannetti N, Janssens S, Zhang J, Gonzalez Juanatey JR, Kaul S, 
Brunner-La Rocca H-P, Merkely B, Nicholls SJ, Perrone S, Pina I, Ponikowski P, Sattar N, 
Senni M, Seronde M-F, Spinar J, Squire I, Taddei S, Wanner C, Zannad F. Cardiovascular 
and renal outcomes with empagliflozin in heart failure. N Engl J Med 2020;383:1413–1424.

2. McMurray JJV, Solomon SD, Inzucchi SE, Køber L, Kosiborod MN, Martinez FA, Ponikowski 
P, Sabatine MS, Anand IS, Bělohlávek J, Böhm M, Chiang C-E, Chopra VK, de Boer RA, Desai 
AS, Diez M, Drozdz J, Dukát A, Ge J, Howlett JG, Katova T, Kitakaze M, Ljungman CEA, 
Merkely B, Nicolau JC, O’Meara E, Petrie MC, Vinh PN, Schou M, Tereshchenko S, 
Verma S, Held C, DeMets DL, Docherty KF, Jhund PS, Bengtsson O, Sjöstrand M, 
Langkilde A-M. Dapagliflozin in patients with heart failure and reduced ejection fraction. 
N Engl J Med 2019;381:1995–2008.

3. Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Böhm M, Brunner-La Rocca H-P, Choi 
D-J, Chopra V, Chuquiure-Valenzuela E, Giannetti N, Gomez-Mesa JE, Janssens S, Januzzi JL, 
Gonzalez-Juanatey JR, Merkely B, Nicholls SJ, Perrone SV, Piña IL, Ponikowski P, Senni M, Sim 
D, Spinar J, Squire I, Taddei S, Tsutsui H, Verma S, Vinereanu D, Zhang J, Carson P, Lam CSP, 
Marx N, Zeller C, Sattar N, Jamal W, Schnaidt S, Schnee JM, Brueckmann M, Pocock SJ, 
Zannad F, Packer M. Empagliflozin in heart failure with a preserved ejection fraction. N 
Engl J Med 2021;385:1451–1461.

4. Zakeri R, Chamberlain AM, Roger VL, Redfield MM. Temporal relationship and prognostic 
significance of atrial fibrillation in heart failure patients with preserved ejection fraction: a 
community-based study. Circulation 2013;128:1085–1093.

5. Dries DL, Exner DV, Gersh BJ, Domanski MJ, Waclawiw MA, Stevenson LW. Atrial fibrilla-
tion is associated with an increased risk for mortality and heart failure progression in patients 
with asymptomatic and symptomatic left ventricular systolic dysfunction: a retrospective 
analysis of the SOLVD trials. Studies of left ventricular dysfunction. J Am Coll Cardiol 1998; 
32:695–703.

6. Sossalla S, Wagner S, Rasenack ECL, Ruff H, Weber SL, Schöndube FA, Tirilomis T, 
Tenderich G, Hasenfuss G, Belardinelli L, Maier LS. Ranolazine improves diastolic dysfunc-
tion in isolated myocardium from failing human hearts–role of late sodium current and intra-
cellular ion accumulation. J Mol Cell Cardiol 2008;45:32–43.

7. Primessnig U, Schönleitner P, Höll A, Pfeiffer S, Bracic T, Rau T, Kapl M, Stojakovic T, 
Glasnov T, Leineweber K, Wakula P, Antoons G, Pieske B, Heinzel FR. Novel pathomechan-
isms of cardiomyocyte dysfunction in a model of heart failure with preserved ejection frac-
tion. Eur J Heart Fail 2016;18:987–997.

8. Cappetta D, Esposito G, Coppini R, Piegari E, Russo R, Ciuffreda LP, Rivellino A, Santini L, 
Rafaniello C, Scavone C, Rossi F, Berrino L, Urbanek K, de Angelis A. Effects of ranolazine in a 
model of doxorubicin-induced left ventricle diastolic dysfunction. Br J Pharmacol 2017;174: 
3696–3712.

9. Pieske B, Maier LS, Piacentino V, Weisser J, Hasenfuss G, Houser S. Rate dependence of Na 
+i and contractility in nonfailing and failing human myocardium. Circulation 2002;106: 
447–453.

10. Zelniker TA, Bonaca MP, Furtado RHM, Mosenzon O, Kuder JF, Murphy SA, Bhatt DL, Leiter 
LA, McGuire DK, Wilding JPH, Budaj A, Kiss RG, Padilla F, Gause-Nilsson I, Langkilde AM, 
Raz I, Sabatine MS, Wiviott SD. Effect of dapagliflozin on atrial fibrillation in patients with 
type 2 diabetes Mellitus: insights from the DECLARE-TIMI 58 trial. Circulation 2020;141: 
1227–1234.

11. Li H-L, Lip GYH, Feng Q, Fei Y, Tse Y-K, Wu M-Z, Ren Q-W, Tse H-F, Cheung B-MY, Yiu 
K-H. Sodium-glucose cotransporter 2 inhibitors (SGLT2i) and cardiac arrhythmias: a sys-
tematic review and meta-analysis. Cardiovasc Diabetol 2021;20:100.

12. Mustroph J, Wagemann O, Lücht CM, Trum M, Hammer KP, Sag CM, Lebek S, Tarnowski D, 
Reinders J, Perbellini F, Terracciano C, Schmid C, Schopka S, Hilker M, Zausig Y, Pabel S, 
Sossalla ST, Schweda F, Maier LS, Wagner S. Empagliflozin reduces Ca/calmodulin- 
dependent kinase II activity in isolated ventricular cardiomyocytes. ESC Heart Fail 2018;5: 
642–648.

13. Philippaert K, Kalyaanamoorthy S, Fatehi M, Long W, Soni S, Byrne NJ, Barr A, Singh J, Wong 
J, Palechuk T, Schneider C, Darwesh AM, Maayah ZH, Seubert JM, Barakat K, Dyck JRB, Light 
PE. Cardiac late sodium channel current is a molecular target for the sodium/glucose cotran-
sporter 2 inhibitor empagliflozin. Circulation 2021;143:2188–2204.

14. Baartscheer A, Schumacher CA, Wüst RCI, Fiolet JWT, Stienen GJM, Coronel R, Zuurbier 
CJ. Empagliflozin decreases myocardial cytoplasmic Na+ through inhibition of the cardiac 
Na+/H+ exchanger in rats and rabbits. Diabetologia 2017;60:568–573.

15. Uthman L, Baartscheer A, Bleijlevens B, Schumacher CA, Fiolet JWT, Koeman A, Jancev M, 
Hollmann MW, Weber NC, Coronel R, Zuurbier CJ. Class effects of SGLT2 inhibitors in 
mouse cardiomyocytes and hearts: inhibition of Na+/H+ exchanger, lowering of cytosolic 
Na+ and vasodilation. Diabetologia 2018;61:722–726.

16. Trum M, Riechel J, Lebek S, Pabel S, Sossalla ST, Hirt S, Arzt M, Maier LS, Wagner S. 
Empagliflozin inhibits Na+/H+ exchanger activity in human atrial cardiomyocytes. ESC 
Heart Fail 2020;7:4429–4437.

17. Zuurbier CJ, Baartscheer A, Schumacher CA, Fiolet JWT, Coronel R. SGLT2 inhibitor em-
pagliflozin inhibits the cardiac Na+/H+ exchanger 1: persistent inhibition under various ex-
perimental conditions. Cardiovasc Res 2021;117:2699–2701.

18. Chung YJ, Park KC, Tokar S, Eykyn TR, Fuller W, Pavlovic D, Swietach P, Shattock MJ. 
Off-target effects of SGLT2 blockers: empagliflozin does not inhibit Na+/H+ exchanger-1 
or lower Na+i in the heart. Cardiovasc Res 2020;117:2794–2806.

19. Chung YJ, Park KC, Tokar S, Eykyn TR, Fuller W, Pavlovic D, Swietach P, Shattock MJ. SGLT2 
inhibitors and the cardiac Na+/H+ exchanger-1: the plot thickens. Cardiovasc Res 2021;117: 
2702–2704.

20. Wagner S, Dybkova N, Rasenack ECL, Jacobshagen C, Fabritz L, Kirchhof P, Maier SKG, 
Zhang T, Hasenfuss G, Brown JH, Bers DM, Maier LS. Ca2+/calmodulin-dependent protein 
kinase II regulates cardiac Na+ channels. J Clin Invest 2006;116:3127–3138.

21. Franssen C, Chen S, Unger A, Korkmaz HI, de Keulenaer GW, Tschöpe C, Leite-Moreira AF, 
Musters R, Niessen HWM, Linke WA, Paulus WJ, Hamdani N. Myocardial microvascular in-
flammatory endothelial activation in heart failure with preserved ejection fraction. JACC 
Heart Fail 2016;4:312–324.

22. Lebek S, Pichler K, Reuthner K, Trum M, Tafelmeier M, Mustroph J, Camboni D, Rupprecht 
L, Schmid C, Maier LS, Arzt M, Wagner S. Enhanced CaMKII-dependent late INa induces at-
rial proarrhythmic activity in patients with sleep-disordered breathing. Circ Res 2020;126: 
603–615.

23. Sossalla S, Kallmeyer B, Wagner S, Mazur M, Maurer U, Toischer K, Schmitto JD, Seipelt R, 
Schöndube FA, Hasenfuss G, Belardinelli L, Maier LS. Altered Na(+) currents in atrial fibril-
lation effects of ranolazine on arrhythmias and contractility in human atrial myocardium. J Am 
Coll Cardiol 2010;55:2330–2342.

24. Iamshanova O, Mariot P, Lehen’kyi V, Prevarskaya N. Comparison of fluorescence probes 
for intracellular sodium imaging in prostate cancer cell lines. Eur Biophys J 2016;45:765–777.

25. Yao L, Fan P, Jiang Z, Viatchenko-Karpinski S, Wu Y, Kornyeyev D, Hirakawa R, Budas GR, 
Rajamani S, Shryock JC, Belardinelli L. Nav1.5-dependent persistent Na+ influx activates 
CaMKII in rat ventricular myocytes and N1325S mice. Am J Physiol Cell Physiol 2011;301: 
C577–C586.

26. Despa S, Islam MA, Weber CR, Pogwizd SM, Bers DM. Intracellular Na(+) concentration is 
elevated in heart failure but Na/K pump function is unchanged. Circulation 2002;105: 
2543–2548.

27. Kreusser MM, Lehmann LH, Keranov S, Hoting M-O, Oehl U, Kohlhaas M, Reil J-C, 
Neumann K, Schneider MD, Hill JA, Dobrev D, Maack C, Maier LS, Gröne H-J, Katus HA, 
Olson EN, Backs J. Cardiac CaM Kinase II genes δ and γ contribute to adverse remodeling 
but redundantly inhibit calcineurin-induced myocardial hypertrophy. Circulation 2014;130: 
1262–1273.

28. Backs J, Backs T, Neef S, Kreusser MM, Lehmann LH, Patrick DM, Grueter CE, Qi X, 
Richardson JA, Hill JA, Katus HA, Bassel-Duby R, Maier LS, Olson EN. The delta isoform 
of CaM kinase II is required for pathological cardiac hypertrophy and remodeling after pres-
sure overload. Proc Natl Acad Sci U S A 2009;106:2342–2347.

29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantita-
tive PCR and the 2(-Delta Delta C(T)). Method. Methods 2001;25:402–408.

30. Mustroph J, Baier MJ, Pabel S, Stehle T, Trum M, Provaznik Z, Mohler PJ, Musa H, Hund TJ, 
Sossalla S, Maier LS, Wagner S. Empagliflozin inhibits cardiac late sodium current by Ca/ 
calmodulin-dependent kinase II. Circulation 2022;146:1259–1261.

31. Trum M, Wagner S, Maier LS, Mustroph J. CaMKII and GLUT1 in heart failure and the role of 
gliflozins. Biochim Biophys Acta Mol Basis Dis 2020;1866:165729.

32. Trum M, Riechel J, Wagner S. Cardioprotection by SGLT2 inhibitors-does it all Come down 
to Na+? Int J Mol Sci 2021:23:22.

33. Koval OM, Snyder JS, Wolf RM, Pavlovicz RE, Glynn P, Curran J, Leymaster ND, Dun W, 
Wright PJ, Cardona N, Qian L, Mitchell CC, Boyden PA, Binkley PF, Li C, Anderson ME, 
Mohler PJ, Hund TJ. Ca2+/calmodulin-dependent protein kinase II-based regulation of 
voltage-gated Na+ channel in cardiac disease. Circulation 2012;126:2084–2094.

34. Rivaud MR, Agullo-Pascual E, Lin X, Leo-Macias A, Zhang M, Rothenberg E, Bezzina CR, 
Delmar M, Remme CA. Sodium channel remodeling in subcellular microdomains of murine 
failing cardiomyocytes. J Am Heart Assoc 2017;6:e007622.

35. Hund TJ, Koval OM, Li J, Wright PJ, Qian L, Snyder JS, Gudmundsson H, Kline CF, Davidson 
NP, Cardona N, Rasband MN, Anderson ME, Mohler PJ. A β(IV)-spectrin/CaMKII signaling 
complex is essential for membrane excitability in mice. J Clin Invest 2010;120:3508–3519.

36. Primessnig U, Bracic T, Levijoki J, Otsomaa L, Pollesello P, Falcke M, Pieske B, Heinzel FR. 
Long-term effects of Na+/Ca2+ exchanger inhibition with ORM-11035 improves cardiac 
function and remodelling without lowering blood pressure in a model of heart failure 
with preserved ejection fraction. Eur J Heart Fail 2019;21:1543–1552.

37. de Angelis A, Cappetta D, Piegari E, Rinaldi B, Ciuffreda LP, Esposito G, Ferraiolo FAV, 
Rivellino A, Russo R, Donniacuo M, Rossi F, Urbanek K, Berrino L. Long-term administration 

Empagliflozin inhibits Na influx in HFpEF                                                                                                                                                                     11
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article/doi/10.1093/cvr/cvae095/7668405 by U
niversitätsbibliothek user on 02 July 2024



of ranolazine attenuates diastolic dysfunction and adverse myocardial remodeling in a model 
of heart failure with preserved ejection fraction. Int J Cardiol 2016;217:69–79.

38. Wan E, Abrams J, Weinberg RL, Katchman AN, Bayne J, Zakharov SI, Yang L, Morrow JP, 
Garan H, Marx SO. Aberrant sodium influx causes cardiomyopathy and atrial fibrillation 
in mice. J Clin Invest 2016;126:112–122.

39. Packer M, Lam CSP, Lund LH, Redfield MM. Interdependence of atrial fibrillation and heart 
failure with a preserved ejection fraction reflects a common underlying atrial and ventricular 
myopathy. Circulation 2020;141:4–6.

40. Baartscheer A. Increased Na+/H+-exchange activity is the cause of increased [Na+]i and un-
derlies disturbed calcium handling in the rabbit pressure and volume overload heart failure 
model. Cardiovasc Res 2003;57:1015–1024.

41. Yokoyama H, Gunasegaram S, Harding SE, Avkiran M. Sarcolemmal Na+/H+ exchanger ac-
tivity and expression in human ventricular myocardium. J Am Coll Cardiol 2000;36:534–540.

42. Fliegel L, Walsh MP, Singh D, Wong C, Barr A. Phosphorylation of the C-terminal domain of 
the Na+/H+ exchanger by Ca2+/calmodulin-dependent protein kinase II. Biochem J 1992; 
282:139–145.

43. Hamdani N, Krysiak J, Kreusser MM, Neef S, Remedios D, Maier CG, Krüger LS, Backs M, 
Linke J, A W. Crucial role for Ca2(+)/calmodulin-dependent protein kinase-II in regulating 
diastolic stress of normal and failing hearts via titin phosphorylation. Circ Res 2013;112: 
664–674.

44. Liu Z, Finet JE, Wolfram JA, Anderson ME, Ai X, Donahue JK. Calcium/calmodulin- 
dependent protein kinase II causes atrial structural remodeling associated with atrial fibrilla-
tion and heart failure. Heart Rhythm 2019;16:1080–1088.

45. Lu Z, Jiang Y-P, Wu C-YC, Ballou LM, Liu S, Carpenter ES, Rosen MR, Cohen IS, Lin RZ. 
Increased persistent sodium current due to decreased PI3K signaling contributes to QT pro-
longation in the diabetic heart. Diabetes 2013;62:4257–4265.

46. Erickson JR, Pereira L, Wang L, Han G, Ferguson A, Dao K, Copeland RJ, Despa F, Hart GW, 
Ripplinger CM, Bers DM. Diabetic hyperglycaemia activates CaMKII and arrhythmias by 
O-linked glycosylation. Nature 2013;502:372–376.

47. Jayachandran JV, Zipes DP, Weksler J, Olgin JE. Role of the Na(+)/H(+) exchanger in short- 
term atrial electrophysiological remodeling. Circulation 2000;101:1861–1866.

48. Darmellah A, Baetz D, Prunier F, Tamareille S, Rücker-Martin C, Feuvray D. Enhanced activ-
ity of the myocardial Na+/H+ exchanger contributes to left ventricular hypertrophy in the 
Goto-Kakizaki rat model of type 2 diabetes: critical role of Akt. Diabetologia 2007;50: 
1335–1344.

49. Wijffels MC, Kirchhof CJ, Dorland R, Allessie MA. Atrial fibrillation begets atrial fibrillation. A 
study in awake chronically instrumented goats. Circulation 1995;92:1954–1968.

50. Thomas D, Christ T, Fabritz L, Goette A, Hammwöhner M, Heijman J, Kockskämper J, Linz 
D, Odening KE, Schweizer PA, Wakili R, Voigt N. German cardiac society working group on 
cellular electrophysiology state-of-the-art paper: impact of molecular mechanisms on clinical 
arrhythmia management. Clin Res Cardiol 2019;108:577–599.

51. Cingolani HE, Alvarez BV, Ennis IL, Camilión de Hurtado MC. Stretch-induced alkalinization 
of feline papillary muscle: an autocrine-paracrine system. Circ Res 1998;83:775–780.

52. Cipolletta E, Rusciano MR, Maione AS, Santulli G, Sorriento D, Del Giudice C, Ciccarelli M, 
Franco A, Crola C, Campiglia P, Sala M, Gomez-Monterrey I, de Luca N, Trimarco B, 
Iaccarino G, Illario M. Targeting the CaMKII/ERK interaction in the heart prevents cardiac 
hypertrophy. PLoS One 2015;10:e0130477.

53. Ke H-Y, Chin L-H, Tsai C-S, Lin F-Z, Chen Y-H, Chang Y-L, Huang S-M, Chen Y-C, Lin C-Y. 
Cardiac calcium dysregulation in mice with chronic kidney disease. J Cell Mol Med 2020;24: 
3669–3677.

54. Richards AM. Variability of NT-proBNP levels in heart failure: implications for clinical appli-
cation. Heart 2007;93:899–900.

55. Bruins S, Fokkema MR, Römer JWP, Dejongste MJL, van der Dijs FPL, van den Ouweland 
JMW, Muskiet FAJ. High intraindividual variation of B-type natriuretic peptide (BNP) and 
amino-terminal proBNP in patients with stable chronic heart failure. Clin Chem 2004;50: 
2052–2058.

56. Raymond I, Groenning BA, Hildebrandt PR, Nilsson JC, Baumann M, Trawinski J, Pedersen F. 
The influence of age, sex and other variables on the plasma level of N-terminal pro brain 
natriuretic peptide in a large sample of the general population. Heart 2003;89:745–751.

57. Vaes B, Gruson D, van Pottelbergh G, Pasquet A, Matheï C, Adriaensen W, Rezzoug N, 
Vanoverschelde J-L, Degryse J. The impact of confounders on the test performance of natri-
uretic peptides for cardiac dysfunction in subjects aged 80 and older. Peptides 2012;38: 
118–126.

58. Wang TJ, Larson MG, Levy D, Benjamin EJ, Leip EP, Wilson PWF, Vasan RS. Impact of obes-
ity on plasma natriuretic peptide levels. Circulation 2004;109:594–600.

59. Hegyi B, Mira Hernandez J, Ko CY, Hong J, Shen EY, Spencer ER, Smoliarchuk D, Navedo MF, 
Bers DM, Bossuyt J. Diabetes and excess aldosterone promote heart failure with preserved 
ejection fraction. J Am Heart Assoc 2022;11:e027164.

60. Hegyi B, Mira Hernandez J, Shen EY, Habibi NR, Bossuyt J, Bers DM. Empagliflozin reverses 
late Na+ current enhancement and cardiomyocyte proarrhythmia in a translational murine 
model of heart failure with preserved ejection fraction. Circulation 2022;145:1029–1031.

61. Bode D, Semmler L, Wakula P, Hegemann N, Primessnig U, Beindorff N, Powell D, Dahmen 
R, Ruetten H, Oeing C, Alogna A, Messroghli D, Pieske BM, Heinzel FR, Hohendanner F. 
Dual SGLT-1 and SGLT-2 inhibition improves left atrial dysfunction in HFpEF. Cardiovasc 
Diabetol 2021;20:7.

62. Salameh A, Dhein S, Beuckelmann DJ. Role of the cardiac Na(+)/H(+)exchanger in Ca(2+)(i) 
and Na(+)(i)handling during intracellular acidosis. Effect of cariporide (Hoe 642). Pharmacol 
Res 2002;45:35–41.

63. Song Y, Shryock JC, Wagner S, Maier LS, Belardinelli L. Blocking late sodium current reduces 
hydrogen peroxide-induced arrhythmogenic activity and contractile dysfunction. J Pharmacol 
Exp Ther 2006;318:214–222.

64. Shryock JC, Song Y, Rajamani S, Antzelevitch C, Belardinelli L. The arrhythmogenic conse-
quences of increasing late INa in the cardiomyocyte. Cardiovasc Res 2013;99:600–611.

65. Sedej S, Heinzel FR, Walther S, Dybkova N, Wakula P, Groborz J, Gronau P, Maier LS, Vos 
MA, Lai FA, Napolitano C, Priori SG, Kockskämper J, Pieske B. Na+-dependent SR Ca2+ 
overload induces arrhythmogenic events in mouse cardiomyocytes with a human CPVT mu-
tation. Cardiovasc Res 2010;87:50–59.

66. Fischer TH, Herting J, Mason FE, Hartmann N, Watanabe S, Nikolaev VO, Sprenger JU, Fan 
P, Yao L, Popov A-F, Danner BC, Schöndube F, Belardinelli L, Hasenfuss G, Maier LS, Sossalla 
S. Late INa increases diastolic SR-Ca2+-leak in atrial myocardium by activating PKA and 
CaMKII. Cardiovasc Res 2015;107:184–196.

67. Rivaud MR, Baartscheer A, Verkerk AO, Beekman L, Rajamani S, Belardinelli L, Bezzina CR, 
Remme CA. Enhanced late sodium current underlies pro-arrhythmic intracellular sodium 
and calcium dysregulation in murine sodium channelopathy. Int J Cardiol 2018;263:54–62.

68. Zhu Y, Ikeda SR. 2,3-Butanedione monoxime blockade of Ca2+ currents in adult rat sympa-
thetic neurons does not involve ‘chemical phosphatase’ activity. Neurosci Lett 1993;155: 
24–28.

69. Phillips RM, Altschuld RA. 2,3-Butanedione 2-monoxime (BDM) induces calcium release 
from canine cardiac sarcoplasmic reticulum. Biochem Biophys Res Commun 1996;229: 
154–157.

12                                                                                                                                                                                                          M. Trum et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/advance-article/doi/10.1093/cvr/cvae095/7668405 by U
niversitätsbibliothek user on 02 July 2024


	Empagliflozin inhibits increased Na influx in atrial cardiomyocytes of patients with HFpEF
	1. Introduction
	2. Methods
	2.1 Study design
	2.2 Isolation of human atrial cardiomyocytes
	2.3 Measurement of Na influx
	2.4 Late INa measurement
	2.5 Western blot
	2.6 CaMKII activity assay
	2.7 Quantification of SCN5A mRNA expression
	2.8 Statistics

	3. Results
	3.1 Patient characteristics
	3.2 Atrial cardiomyocyte Na influx is increased in HFpEF
	3.3 NaV1.5 phosphorylation and late INa are increased in atrial cardiomyocytes of HFpEF patients
	3.4 CaMKII expression, phosphorylation, and activity are increased in atrial cardiomyocytes of HFpEF patients
	3.5 Inhibition of CaMKII, late INa, NHE1 as well as treatment with empagliflozin reduces Na influx in HFpEF
	3.6 Increased late INa in atrial cardiomyocytes of HFpEF patients is normalized by empagliflozin

	4. Discussion
	4.1 Late INa, NHE1, and CaMKII contribute to increased Na influx in atrial cardiomyocytes of HFpEF patients
	4.2 HFpEF is associated with increased CaMKII activity in human atrial cardiomyocytes
	4.3 Na handling in atrial cardiomyocytes of HFpEF patients is independent of paroxysmal AF, diabetes, or kidney function
	4.4 Empagliflozin inhibits increased late INa and overall Na influx in atrial HFpEF myocytes
	4.5 Limitations

	5. Conclusion
	Supplementary material
	Author contributions
	Acknowledgements
	Conflict of interest
	Funding
	Data availability
	References




