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Dual SGLT-1 and SGLT-2 inhibition improves left atrial dysfunction in HFpEF
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Abstract
Background
Sodium–glucose linked transporter type 2 (SGLT-2) inhibition has been shown to reduce cardiovascular mortality in heart failure independently of glycemic control and prevents the onset of atrial arrhythmias, a common co-morbidity in heart failure with preserved ejection fraction (HFpEF). The mechanism behind these effects is not fully understood, and it remains unclear if they could be further enhanced by additional SGLT-1 inhibition. We investigated the effects of chronic treatment with the dual SGLT-1&2 inhibitor sotagliflozin on left atrial (LA) remodeling and cellular arrhythmogenesis (i.e. atrial cardiomyopathy) in a metabolic syndrome-related rat model of HFpEF.

Methods
17 week-old ZSF-1 obese rats, a metabolic syndrome-related model of HFpEF, and wild type rats (Wistar Kyoto), were fed 30 mg/kg/d sotagliflozin for 6 weeks. At 23 weeks, LA were imaged in-vivo by echocardiography. In-vitro, Ca2+ transients (CaT; electrically stimulated, caffeine-induced) and spontaneous Ca2+ release were recorded by ratiometric microscopy using Ca2+-sensitive fluorescent dyes (Fura-2) during various experimental protocols. Mitochondrial structure (dye: Mitotracker), Ca2+ buffer capacity (dye: Rhod-2), mitochondrial depolarization (dye: TMRE) and production of reactive oxygen species (dye: H2DCF) were visualized by confocal microscopy. Statistical analysis was performed with 2-way analysis of variance followed by post-hoc Bonferroni and student’s t-test, as applicable.

Results
Sotagliflozin ameliorated LA enlargement in HFpEF in-vivo. In-vitro, LA cardiomyocytes in HFpEF showed an increased incidence and amplitude of arrhythmic spontaneous Ca2+ release events (SCaEs). Sotagliflozin significantly reduced the magnitude of SCaEs, while their frequency was unaffected. Sotagliflozin lowered diastolic [Ca2+] of CaT at baseline and in response to glucose influx, possibly related to a ~ 50% increase of sodium sodium–calcium exchanger (NCX) forward-mode activity. Sotagliflozin prevented mitochondrial swelling and enhanced mitochondrial Ca2+ buffer capacity in HFpEF. Sotagliflozin improved mitochondrial fission and reactive oxygen species (ROS) production during glucose starvation and averted Ca2+ accumulation upon glycolytic inhibition.

Conclusion
The SGLT-1&2 inhibitor sotagliflozin ameliorated LA remodeling in metabolic HFpEF. It also improved distinct features of Ca2+-mediated cellular arrhythmogenesis in-vitro (i.e. magnitude of SCaEs, mitochondrial Ca2+ buffer capacity, diastolic Ca2+ accumulation, NCX activity). The safety and efficacy of combined SGLT-1&2 inhibition for the treatment and/or prevention of atrial cardiomyopathy associated arrhythmias should be further evaluated in clinical trials.
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	AF
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	CaT
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	EF
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	HF
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	HFpEF
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Background
Heart failure (HF) with preserved ejection fraction (HFpEF) is an increasingly prevalent disease. Left atrial (LA) cardiomyopathy and remodeling are hallmark features of HFpEF and commonly associated with LA enlargement and (precursors of) atrial fibrillation (AF) [1–3]. Catheter ablation, rather than medical therapy (rate/rhythm control), is currently the most effective treatment for AF to reduce mortality and heart failure hospitalization in patients with HF with reduced ejection fraction (HFrEF) [4]. Investigators of the DECLARE-TIMI 58 trial have recently reported that the sodium glucose-linked transporter (SGLT) inhibitor dapagliflozin reduces the risk of AF events by 19% in patients with type 2 diabetes mellitus (T2DM) with cardiovascular risk factors, regardless of the patients’ previous history of AF [5]. In the DAPA-HF trial, dapagliflozin reduced cardiovascular mortality in HFrEF, (independent of the presence of T2DM) [6] and trials investigating SGLT-2 inhibition in HFpEF are ongoing.
SGLT inhibitors were designed to block the eponymous transporter in the proximal (SGLT-2) and distal (SGLT-1) tubule, which is responsible for the reabsorption of glucose filtered by the kidney glomerulus [7]. However, there is a growing body of evidence, that SGLT inhibition exerts its cardiovascular benefits beyond glycemic control, especially in patients with diabetes and heart failure [8]. Various sites-of-action (and an interplay thereof) have been suggested, e.g. [Na+] of cardiomyocytes, mitochondrial dysfunction and oxidative stress, endothelial inflammation, fibrosis and cardiac bioenergetics [9].
Gliflozins show varying SGLT type 2 over type 1 selectivity (empagliflozin: 2680-fold, dapagliflozin: 1242-fold, canagliflozin: 155-fold) [7]. Sotagliflozin (Sota) was designed to exert a 20-fold lower affinity for SGLT type 2 over type 1, while the presence of SGLT-2 in the heart, particular across species, remains a question of debate [10, 11]. SGLT-1 inhibition reduces glucose uptake in the proximal intestine, which significantly blunts and delays postprandial hyperglycemia [12]. SGLT-1 is expressed in human ventricular and atrial myocardium [13] heart and is associated with elevated Na+ and glucose influx in cardiomyocytes of HF patients with T2DM or obesity [14]. Humans with decreased functional SGLT-1 exhibit improved survival and decreased prevalence of HF [15]. While this effect was linked to improved glucose tolerance, these outcomes could also, at least in part, be mediated by improved cardiovascular function. Overall, cardiac SGLT-1 is perturbed in various cardiovascular disease entities and could pose an interesting target beyond glycemic control [16].
We hypothesized, that chronic treatment with the dual SGLT-1&2 inhibitor Sota mitigates LA remodeling and cellular arrhythmogenesis in a rat model of metabolic syndrome-related HFpEF. Our study explores the influence of Sota on the interplay of established pro-arrhythmic entities: LA enlargement, Ca2+ cycling and buffer capacity, mitochondrial (dys)function and glucose metabolism.
Methods
Heart failure model
Animal experiments were approved by local authorities (G0317/17 and G0276/16). The ZSF-1 obese rat model is based on a leptin receptor mutation resulting in severe metabolic dysfunction [17]. The model has repeatedly been reported to show distinct features of HFpEF, such as an increased left ventricular (LV) end diastolic pressure, LV hypertrophy, diastolic dysfunction, lung congestion and LA remodeling, while maintaining a preserved ejection fraction (EF) [18–21]. Wild-type (WT) rats (Wistar Kyoto and HFpEF (ZSF-1 obese) animals were obtained at 10 weeks (Charles River Laboratories, MA, USA) and fed a high caloric diet (Purina 5008; LabDiet, MO, USA). At 16 weeks, animals were randomly assigned to receive treatment (oral feeding) with either vehicle or the dual SGLT-1&2 inhibitor Sota (30 mg/kg/day; reported to exhibit near maximal urinary glucose secretion in rats [22]) for 7 weeks until final experiments were performed.
Serum biomarkers
Serum biomarkers were assessed by a licensed laboratory for veterinary diagnostics (Institut für veterinärmedizinische Diagnostik, Germany) using validated photometric (β-hydroxybutyrate) and enzymatic (creatinine, urea) assays.
Echocardiography
Echocardiography was performed and analyzed as previously described [21] by an experienced observer (N.H.) blinded to the treatment group immediately prior to sacrifice using a vevo lab ultrasound system to assess LA size and LV fractional shortening in-vivo. 1-lead electrocardiograms were obtained during echocardiography and the presence or absence of atrial rhythm disorders i.e. atrial fibrillation was documented.
Cardiomyocyte isolation
LA and LV cardiomyocytes were isolated using enzymatic digestion as previously described in detail [23].
Solutions and chemicals
Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless noted otherwise. The dual SGLT-1&2 inhibitor sotagliflozin was provided by Lexicon Pharamceuticals (The Woodlands, TX, USA). Fluorescent dyes Fura-2 AM, Rhod-2 AM, MitoTracker red, MitoTracker green, TMRE and H2-DCF were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Tyrode solution contained (in mM): 130 NaCL, 4 KCl, 2 CaCl, 1 MgCl2, 10 Glucose, 10 HEPES; pH adjusted to 7.4 with NaOH. LA cardiomyocytes were plated on laminin-coated glass coverslips.
20 mM caffeine was added to Tyrode solution to induce sarcoplasmic reticulum (SR) Ca2+ release and obtain a measure of SR Ca2+ content (Fig. 2f, g). For baseline recordings of Ca2+ transient (CaT), sarcomere shortening and arrhythmic events (Figs. 1c–f, 2a–e, 3a–f), Tyrode solution containing 3 mM Ca2+ was used. For glucose starvation (Figs. 2h–j, 5a–d), glucose of Tyrode solution was replaced with 30 mM mannitol. For sub-sequent glucose reintroduction, mannitol was replaced with 30 mM glucose (“high glucose condition”).[image: ../images/12933_2020_1208_Fig1_HTML.png]
Fig. 1a Representative B-mode images in parasternal long axis view. Yellow, dashed circles indicate the LA. b Related data of LA volume. c Representative recordings of spontaneous Ca2+ release during a non-stimulated interval, following stimulation at 3 Hz for 10 s. d Linear regression of arrhythmic SR Ca2+ release events (SCaEs) in-vitro (average per animal) and LA volume in-vivo. e Occurrence of SCaEs and their f corresponding CaT amplitude (average per cell, respectively). Statistical analysis: Two-way ANOVA followed by post-hoc Bonferroni. p-values: 10.001, 20.045, 3< 0.001, 40.028, 5< 0.001. b n = animals, e, f n = cells derived from 6 animals per group

[image: ../images/12933_2020_1208_Fig2_HTML.png]
Fig. 2a Representative examples of CaT during 1 Hz electric stimulation and 2 mM extracellular [Ca2+]. Related data of b diastolic Ca2+ and c CaT amplitude. d Averaged CaT (all cells per group) during 3 Hz electric stimulation and 5 mM extracellular [Ca2+]. Related data of e diastolic Ca2+, f CaT amplitude and g time-to-peak. h Representative examples of CaT at 1 Hz electric stimulation after 1 h incubation in glucose-deprived buffer (left) and after reintroduction of 30 mM glucose for 1 min (right). Red, dashed lines indicate diastolic Ca2+ at baseline, arrows indicate stimulation triggers. i Related data of diastolic Ca2+ before (man) and after treatment with glucose (glc); j change of diastolic Ca2+. Statistical analysis: two-way ANOVA followed by post-hoc Bonferroni. p-values: 10.03, 20.02, 30.01, 4< 0.001, 50.001, 60.046. n = cells derived from 6 animals per group
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Fig. 3a Representative examples of electrically (1 Hz; left) and caffeine-induced (20 mM; right) CaT. Tau of decay was determined during electric stimulation (left; blue curvature) and after caffeine (right; orange curvature). Blue arrows indicate electric stimulation triggers, orange arrows indicate caffeine application. Related data of b SR Ca2+ load, c tau of electrically stimulated CaT (d), tau of caffeine-induced CaT and e NCX forward-mode activity (calculated from c and d, see “Methods”). Statistical analysis: two-way ANOVA followed by post-hoc Bonferroni. p-values: 10.008, 20.01, 30.01. n = cells derived from 6 animals per group


For cell membrane permeabilization and subsequent measurements of mitochondrial Ca2+ uptake (see “Mitochondrial structure and Ca2+ uptake”) wash and internal solutions were used. Wash solution contained (in mM): 100 potassium acetate, 15 KCl, 0.35 EGTA, 0.75 MgCl2, 10 HEPES; pH adjusted to 7.2 with KOH. Internal solution contained (in mM): 125 KCl, 10 NaCl, 20 HEPES, 5 pyruvate, 2 maleic acid, 2 glutamic acid, 0.5 KH2PO4, 0.5 MgCl2, 5 EGTA, 0.002 free Ca2+ (MaxChelator), 15 BDM, pH adjusted to 7.2 with KOH. For permeabilization, 0.005% saponin was added to the internal solution.
Fluorescent dyes were used at the following concentration (in mM): 0.002 Fura, 1 Rhod-2, 1 Mitotracker, 0.01 H2-DCF, 50–6 TMRE.
For Western blot analysis, LA tissue was homogenized in lysis buffer. Lysis buffer contained (in mM): 137 NaCl, 20 NaF, 1 sodium pyrophosphate, 50 β-glycerophosphate, 10 EDTA, 1 EGTA, 1 PMSF, 10% glycerol, 1% NP 40, 4 µg/ml aprotinin 4 µg/ml pepstatin A, 4 µg/ml leupeptin.
Ca2+ measurements and sarcomere shortening
Ratiometric Ca2+ measurements (excitation: 340 nm and 385 nm, emission: 510 ± 10 nm; [Ca2+] expressed as the ratio R = F340/F380) were performed either with a CytoCypher MultiCell System (CytoCypher BV, Netherlands; Figs. 1c–f, 2d–g, 4a–f) or an Axiovert 200 microscope (Zeiss, Oberkochen, Germany) fluorescence imaging assembly (Figs. 2a–c, 2h–j, 3a–e, 6e–i). LA cardiomyocytes were loaded with Fura-2 for 30 min at room temperature, washed twice with Tyrode solution and transferred to the microscope. Experiments were conducted at 37 °C and CaT were recorded at steady-state (following electric stimulation).[image: ../images/12933_2020_1208_Fig4_HTML.png]
Fig. 4a Representative examples of sarcomere shortening during 3 Hz electric stimulation and 5 mM extracellular [Ca2+]. Related data of b diastolic sarcomere length, c sarcomere shortening, d time-to-peak and e RT50 of decay. f Relationship of averaged CaT (Fig. 2a) and averaged sarcomere shortening (Fig. 3a). Statistical analysis: two-way ANOVA followed by post-hoc Bonferroni. p-values: 10.03, 2< 0.001, 3< 0.001, 4< 0.001, 5< 0.001, 6< 0.001. n = cells derived from 6 animals per group


CaT and sarcomere shortening of LA and LV cardiomyocytes were recorded for 10 s at 3 Hz stimulation (Figs. 2d–g, 4a–f). Electric stimulation was turned off and spontaneous SR Ca2+ release events [24] (SCaEs) immediately recorded for a duration of 10 s (Fig. 1c–f). In a sub-set of LA cells, CaT were recorded for 10 s at 1 Hz stimulation. Electric stimulation was turned off, the cells immediately exposed to 20 mM caffeine and the sub-sequent caffeine-induced CaT recorded for 10 s (Figs. 2a–c, 3a–e). Sodium–calcium exchanger (NCX) activity was calculated as previously described [25].
For measurement under different metabolic conditions, LA cardiomyocyte CaT were recorded for 10 s at 1 Hz (Fig. 5e–i). Cells were treated with 2-deoxyglucose to inhibit glycolysis for a duration of 3 min, while maintaining steady stimulation at 1 Hz and CaT were recorded for another 10 s. A sub-set of cells was starved of glucose for 1 h at 37 °C. CaT were recorded for 10 s at 1 Hz stimulation (Fig. 2h–j). Cells were exposed to glucose and constant electric pacing at 1 Hz was maintained. After 1 min, CaT transients were recorded for 10 s at 1 Hz stimulation.[image: ../images/12933_2020_1208_Fig5_HTML.png]
Fig. 5a Representative examples of mitochondrial structure in LA cardiomyocytes (dye: MitoTracker after thresholding) and b related data of mitochondrial density. c Representative example of mitochondrial structure of LA cardiomyocytes after permeabilization of the sarcolemma (above), mitochondrial Ca2+ during perfusion with internal solution containing either 0 µM (center) or 2 µM Ca2+ (below). d Related data of mitochondrial Ca2+ uptake, e mitochondrial density and f correlation of mitochondrial Ca2+ uptake and mitochondrial swelling. g Serum concentration of β-hydroxybutyrate (BHB). Statistical analysis: Two-way ANOVA followed by post-hoc Bonferroni (b, e, g) or unpaired, two-tailed Student’s t-test (d). p-values: 10.004, 2< 0.001, 3< 0.001, 4< 0.001, 50.026, 60.049. a–f n = cells derived from 6 animals per group. g n = animals


Mitochondrial structure and Ca2+ uptake
Mitochondrial structure was visualized by local thresholding of two-dimensional images acquired with MitoTracker Red (Figs. 5a–b, 6d) and MitoTracker Green (Fig. 4c–f) at an LSM 800 laser scanning microscope (Zeiss, Oberkochen, Germany). The fraction of mitochondria in relation to cell surface was taken as a measure of mitochondrial density. The averaged perimeter to area ratio of mitochondrial structures per cell was calculated as an indicator of mitochondrial fission using a 2-step Otsu thresholding algorithm [26].[image: ../images/12933_2020_1208_Fig6_HTML.png]
Fig. 6a Example image sequence of ROS measurements in LA cardiomyocytes (shown: HFpEF). b Representative example and c related data of ROS production after 1 h incubation in glucose-deprived buffer (man) and after 30 s of glucose reintroduction (glc). d Mitochondrial fission of LA cardiomyocytes after 1 h incubation in glucose-deprived buffer (man) and after 60 s of glucose reintroduction (glc). e Representative examples of CaT at 1 Hz electric stimulation before (left) and 3 min after glycolytic inhibition with 2-deoxyglucose (2DG; right). Red, dashed lines indicate CaT peak (upper) and diastolic Ca2+ (lower) at baseline, arrows indicate stimulation triggers. Related data of f diastolic Ca2+ and (H) CaT amplitude before (glc) and after glycolytic inhibition (2DG); g corresponding change of diastolic Ca2+ and (I) CaT amplitude. Statistical analysis: Two-way ANOVA followed by post-hoc Bonferroni. p-values: 1< 0.001, 20.046, 30.015, 40.005, 50.007, 60.01, 70.04, 80.02, 90.016. n = cells derived from 6 animals per group


Mitochondrial Ca2+ uptake was determined as previously described in detail [27]. LA cardiomyocytes were loaded with Rhod-2 AM and MitoTracker green, transferred to an LSM 800 laser scanning microscope and washed twice with sodium and calcium-free wash solution. The cells were then permeabilized with internal solution containing 0.005% saponin for a duration of 30–60 s and consecutively washed twice with nominal Ca2+ free internal solution containing 5 mM EGTA. Two-dimensional images of Rhod-2 (excitation: 559 nm, emission: 575–675 nm) and MitoTracker green fluorescence (excitation: 488 nm, emission: 505–525 nm) were obtained. The perfusion was switched to internal solution containing 2 µM Ca2+. After 1 min, a second set of Rhod-2/MitoTracker images was obtained. Following another 1-min interval, a third set of images was obtained to confirm that mitochondrial Ca2+ uptake had indeed been completed in the second set. A binary mask of mitochondrial structures was derived from MitoTracker green images and positive pixels defined as the region-of-interest for sub-sequent determination of Rhod-2 signal intensity (F). Signal intensity during perfusion with 0 µM Ca2+ was defined as F0 and changes of [Ca2+] after exposure to 2 µM Ca2+ expressed as ΔF = F—F0. The change of mitochondrial density (Δ%) was quantified as a measure of mitochondrial swelling.
Mitochondrial depolarization
LA cardiomyocytes were loaded with TMRE and MitoTracker green, transferred to an LSM 800 laser scanning microscope and kept in Tyrode’s solution containing 2 mM Ca2+ and 10 nM TMRE. Two-dimensional images of TMRE (excitation: 561 nm, emission: 565–585 nm) and MitoTracker green fluorescence (excitation: 488 nm, emission: 505–525 nm) were acquired for a duration of 6 min (interval: 2 s, resolution: 512 × 512 px, pixel size: 1.25 µm, pixel time: 1.03 µs, laser intensity: 4%). A binary mask of both channels was derived using a Bernsen thresholding algorithm (ImageJ). Positive pixels of the MitoTracker green image were defined as mitochondria and a positive overlay of the TMRE image assumed to indicate a polarized state. The standard deviation of polarized mitochondria over time was taken as a measure of spatiotemporal oscillation.
ROS production
LA cardiomyocytes were starved of glucose for 1 h at 37 °C, loaded with H2-DCF and transferred to an LSM 800 laser scanning microscope. Two-dimensional images (excitation: 488 nm, emission: 505–252 nm) were acquired for a duration of 30 s (interval: 2 s, resolution: 256 × 256 px, pixel size: 0.624 µm, pixel time: 8.24 µs, laser intensity: 0.6%). Cells were exposed to 30 mM glucose and another set of images acquired for a duration of 90 s. Image sequences acquired between 0–30 s (glucose starved) and 90–120 s (glucose saturated) were individually assessed. H2-DCF signal intensity (F) of the initial image was defined as F0, reactive oxygen species (ROS) accumulation calculated as ΔF = F − F0 per image, averaged per image sequence and reported as the respective rate ΔF/(F0 * t).
Western Blots
LA tissue homogenate was run on a 4–12% Bis–Tris gel and transferred to a 0.45 µm nitrocellulose membrane for 120 min. The total protein on the membrane was stained with Ponceau S. Non-specific binding was blocked with 5% dried milk in Tris-buffered saline (pH 7.4) containing 0.1% Tween-20. Membranes were probed with anti-SGLT-1 (biomol, Germany), anti-SGLT-2 (abcam, UK & Santa Cruz, CA, US). Anti-mouse IgG linked with IRDye 680RD or anti-rabbit IgG linked with 800CW (LI-COR) were used as a secondary antibody. The signal was recorded with an Odyssey CLx System. Band intensities and total protein were determined by Image Studio software (LI-COR).
Data analysis and statistics
Results are shown as mean ± standard error. Individual data points are shown where spatially feasible. Statistical tests and p-values are supplied for each graph in the figure legend. A p-value of < 0.05 was considered to be of statistical significance.
Results

                           LA/LV interaction and Sota mitigating left atrial enlargement and arrhythmic Ca
                           2+
                           release in HFpEF
                        
In-vivo LA volume obtained via echocardiography showed severely enlarged atria in the HFpEF group (Fig. 1a, b). LA enlargement correlated with LV function (Additional file 1: Figure S1). In-vitro, LV and LA cardiomyocytes correlated regarding diastolic [Ca2+] (R2 = 0.98) and regarding (the closely related) diastolic sarcomere length (R2 = 0.63), indicative of LV/LA interaction in this HFpEF atrial cardiomyopathy model (Additional file 1: Figure S2). Spontaneous Ca2+ release events (SCaEs) of LA cardiomyocytes were more frequent and their Ca2+ release amplitude increased in HFpEF (Fig. 1c–e). Sota mitigated LA enlargement in HFpEF. Even though the event frequency remained unaltered, the amplitude of SCaEs in HFpEF was significantly reduced following Sota treatment. Overall, LA volume in-vivo correlated with the occurrence of SCaEs in-vitro, indicating mechanical stretch of cardiomyocytes (as determined by volumetric load in-vivo) to be a potential modulator of arrhythmic SR Ca2+ release in this model (Fig. 1f).

                           Sota lowers diastolic Ca
                           2+
                           in LA cardiomyocytes in HFpEF
                        
First, we examined CaT of LA cardiomyocytes at 1 Hz stimulation and 2 mM extracellular [Ca2+] (Fig. 2a). No differences could be observed in diastolic Ca2+ and CaT amplitude in HFpEF vs. WT (Fig. 2b, c). We then challenged the cells with increased stimulation frequencies (3 Hz) and extracellular [Ca2+] (5 mM; Fig. 2d). Again, we could not observe a difference in diastolic Ca2+, however, CaT amplitudes in HFpEF were increased (Fig. 2e, f). Time-to-peak remained unchanged (Fig. 2g). In order to assess the effect of glucose influx on cytosolic [Ca2+], LA cardiomyocytes were starved of glucose for 1 h in Tyrode’s solution containing 30 mM mannitol and consecutively challenged with 30 mM glucose (Fig. 2h). Both HFpEF and WT showed an increase in diastolic [Ca2+] at a similar extent (Fig. 2i, j). Chronic treatment with Sota did not alter diastolic [Ca2+] and CaT amplitude at baseline (1 Hz, 2 mM Ca2+). When challenged with 3 Hz and 5 mM extracellular [Ca2+] however, Sota lead to a significant reduction of diastolic [Ca2+] in HFpEF, while leaving CaT amplitudes unchanged. Interestingly, Sota also prevented glucose-mediated influx of diastolic Ca2+ in HFpEF.
Sota increases NCX forward-mode activity in HFpEF
CaT of LA cardiomyocytes were recorded during electric stimulation and after the application of caffeine in order to assess SR Ca2+ load, as well as the relative contribution of NCX activity towards cytosolic Ca2+ removal (Fig. 3a). In HFpEF, SR Ca2+ load and tau of decay during paced CaT remained unchanged (Fig. 3b, c). Tau of decay of caffeine-induced CaT however was significantly shorter in HFpEF (Fig. 3d). The contribution of NCX forward-mode activity to cytosolic [Ca2+] removal in paced CaT was unaltered in HFpEF (Fig. 3e). Treatment with Sota had no effect on SR Ca2+ load in HFpEF. In HFpEF, tau of decay was significantly prolonged in with Sota, yet tau of caffeine-induced CaT was unchanged. Interestingly, this resulted in a ~ 50% increased contribution of NCX forward-mode activity on cytosolic Ca2+ removal (7.6 ± 0.7 vs. 11.6 ± 0.7%, n = 14 and 21 cells).
Sota lengthens sarcomeres during diastole in HFpEF
Next, we investigated the effect of Sota on cardiomyocyte mechanics (Fig. 4a). Diastolic sarcomere length remained unaltered in HFpEF vs. WT. In support of the notion of a rather compensatory atrial phenotype [21], HFpEF cardiomyocytes showed an increased sarcomere shortening, shorter time-to-peak and relaxation time (Fig. 4c–e) vs. WT. Sota led to a significant increase of diastolic sarcomere length in HFpEF. In WT, Sota shortened time-to-peak and relaxation time, while this effect could not be observed in HFpEF. Overall, Sota reduced Ca2+ sensitivity in HFpEF (Fig. 4f).

                           Sota prevents mitochondrial swelling and increases mitochondrial Ca
                           2+
                           uptake in HFpEF
                        
To further elucidate how Sota mitigated atrial in-vivo remodeling and decreased the propensity for pro-arrhythmic Ca2+ release, we measured mitochondrial structure (Fig. 5a, b) and Ca2+ uptake (Fig. 5c, d). An increased density of mitochondria in LA cardiomyocytes could be observed in HFpEF, which was prevented by Sota. Treatment with Sota led to a two-fold increase of mitochondrial Ca2+ uptake in HFpEF (0.84 ± 0.07 vs. 1.76 ± 0.27 ΔF/F0, n = 21 and 18 cells from 6 animals/group) in permeabilized cells after exposure from 0 µM to 2 µM Ca2+. Additionally, a notable swelling of mitochondria was visible in HFpEF cells (35.9 ± 1.8 to 42.4 ± 1.6%, n = 21 cells and 18 cells from 6 animals), while this effect did not occur with Sota (Fig. 5e, f). Analysis of circulating ketone bodies revealed a shift in the availability of mitochondrial fuel: HFpEF showed an increased concentration of β-hydroxybutyrate compared to the control group, which was even further enhanced by Sota treatment (Fig. 5g). Differences in the incidence and spatial distribution of mitochondrial depolarizations could not be detected (Additional file 1: Figure S3).
Sota improves metabolic dysfunction during glucose depletion in HFpEF
As impaired myocardial glucose metabolism and increased oxidative stress are hallmark features of heart failure and acute decompensation [28], we used glucose depletion to further challenge HFpEF cardiomyocytes. Sota significantly reduced ROS production (Fig. 6a–c) and mitochondrial fission of LA cardiomyocytes after 1 h glucose starvation in HFpEF (Fig. 6d). As anticipated, ROS production in HFpEF decreased after reintroduction of glucose, while this effect could not be observed with Sota. In line with this, Sota also prevented an increased influx of diastolic Ca2+ and an increased CaT amplitude gain upon glycolytic inhibition with 2-deoxyglucose in HFpEF (Fig. 6e–i). Under baseline conditions, antioxidative treatment with acetylcysteine decreased the occurrence of SCaEs in LA cardiomyocytes in both HFpEF groups (Additional file 1: Figure S4).
Discussion
Chronic treatment with the dual SGLT-1&2 inhibitor sotagliflozin was effective in mitigating LA cardiomyopathy in a rat model of metabolic syndrome-related HFpEF. In HFpEF, Sota decreased the magnitude of arrhythmic Ca2+ release events of LA cardiomyocytes in-vitro. Sota reduced cytosolic [Ca2+] at baseline, as well as in response to glucose influx and depletion. Lower cytosolic [Ca2+] was accompanied by an increased Ca2+ buffer capacity of the mitochondrial compartment, decreased mitochondrial swelling at baseline and lower ROS production during glucose depletion.
In human right atria, previous work by Voigt et al. has highlighted the role of pro-arrhythmic SCaEs of cardiomyocytes in persistent AF [24]. The authors describe an increased SCaE incidence and Ca2+ release amplitude, accompanied by alterations of intrinsic Ca2+ cycling, i.e. enhanced SERCA function, increased CaT amplitude, larger RyR-mediated Ca2+ leak and unaltered NCX activity. The present model is not known to be a dedicated AF model and we did not find overt AF during our final experiments. However, atrial remodeling and atrial cardiomyopathy are entities preceding the presence of AF [3]. In support of this notion, our current study and previous work showed an overall similar cellular phenotype regarding Ca2+ handling in HFpEF-related LA remodeling [21]. This indicates a common denominator of pro-arrhythmogenic atrial remodeling, potentially associated with a progression towards AF. Chronic dual SGLT-1&2 inhibition led to a reduction of SCaE amplitudes in HFpEF, yet the incidence of events remained unaffected (Fig. 1e, f). This observation can be explained by an increased NCX forward-mode activity: Enhanced Ca2+ extrusion mitigates cytosolic Ca2+ overload (i.e. ryanodine receptor-mediated leak) and unburdens intrinsic Ca2+ buffer systems (i.e. mitochondria). This potentially alleviates pro-arrhythmic organ wide events as it also impacts Ca2+ wave propagation and limits spontaneous cytosolic Ca2+ induced Ca2+ release[29]. However, increased forward-mode activity also leads to a positive net charge shift (1 Ca2+ outwards, 3 Na+ inwards), which has been associated with an increased frequency of triggered, arrhythmic Ca2+ release events in patients with AF [30]. Recent data linked increased reverse mode NCX activity in ventricular cardiomyocytes to cardiac remodeling and diastolic dysfunction in a rat model of HFpEF (following partial nephrectomy) [31]. In contrast, in atrial cardiomyocytes, increased forward mode NCX was a potential contributor to the amelioration of structural remodeling (e.g. LA enlargement) observed in this study. Interestingly, increased forward mode NCX activity after chronic treatment with Sota only occurs in HFpEF, but not WT. Even though intracellular [Na+] was not determined in the current study, a probable driver might be a reduction of (initially elevated) cytosolic [Na+]. Different mechanisms of [Na+] lowering seem plausible: SGLT-2 inhibitors have been demonstrated to inhibit the Na+/H+ exchanger in murine cardiomyocytes [32]. Indeed, our results confirm not only the debated presence of SGLT-2 in the LA [11] but also support the notion of altered cytosolic [Na+] and [Ca2+] by its inhibition. Work by Lambert et al. indicates a contribution of the SGLT-1 transporter to cytosolic [Na+] in failing hearts, in particular in the presence of metabolic dysfunction (T2DM, obesity), making it another plausible site-of-action [14].
Mitochondria sequester large amounts of Ca2+, which is a crucial regulator of energy production, mitochondrial morphology and apoptosis. In the ZSF model of HFpEF, an elevated mitochondrial [Ca2+] of LV cardiomyocytes at rest has been associated with increased cytosolic [Ca2+], mitochondrial swelling and reduced mitochondrial respiration [20]. In our study, SGLT-1&2 inhibition normalized abnormal mitochondrial swelling of LA cardiomyocytes in HFpEF and enhanced mitochondrial Ca2+ buffer capacity (Fig. 5). This effect might be explained by a reduction of mitochondrial [Ca2+] at rest through reduced cytosolic [Na+] or [Ca2+] [33]. Mitochondrial Ca2+ uptake has been shown to contribute to the buffering of cytosolic Ca2+ peaks in cardiomyocytes [25, 34] and pharmacologic enhancement of mitochondrial Ca2+ uptake was associated with decreased SCaEs in catecholaminergic ventricular tachycardia models [35]. An increased mitochondrial Ca2+ buffer capacity might therefore contribute to decreased SCaEs amplitudes. Mitochondrial swelling has been described as a consequence of [Ca2+] overload, consecutively leading to an opening of the mitochondrial permeability transition pore, mitochondrial depolarization, ROS generation and ultimately apoptosis [36]. We further explored ROS-dependent SCaEs and spatial aspects of mitochondrial depolarizations, both established mediators of cellular arrhythmias [37]. However, we were unable to detect an effect with dual SGLT-1&2 inhibition (Additional file 1: Figure S3, S4), indicating that altered NCX activity and Ca2+ buffer related mechanisms are of greater relevance for the observed Sota-related reverse atrial remodeling.
A reduced cardiac energy reserve and metabolic disorders are hallmark features of severe HF. In addition, almost 50% of HFpEF patients suffer from T2DM and are at particular high risk for HF hospitalization [38]. SGLT inhibition and in particular Sota have been shown to provide beneficial effects on blood pressure and body weight in the setting of diabetes potentially through reduced glycogen accumulation and ROS production [39, 40]. While dual SGLT inhibition has also been associated with an exacerbation of cardiac dysfunction following myocardial infarction [41] in line with enhanced SGLT-1 mediated oxidative stress [42], others reported a protective role of SGLT-1 during the acute phase of ischemia/reperfusion injury [43]. Cardiac hypertrophy, a common predecessor of HFpEF, has frequently been linked to an increased glycolytic and decreased mitochondrial capacity [44, 45]. Recent animal studies suggest an additional uncoupling of glycolysis from mitochondrial glucose oxidation in HFpEF [46]. Work by Yoshii et al. has shown the significant role of SGLT-1 in the myocardial glucose uptake of the diabetic heart with respect to other glucose transporters (GLUT4 and GLUT1) [43] and altered (mitochondrial) Ca2+ homoeostasis is an established regulator of cellular energetics [47]. Moreover, Empagliflozin has been shown to mitigate diabetes related atrial fibrillation via improved mitochondrial function [48]. We therefore investigated whether Sota would normalize glucose-mediated metabolic abnormalities related to cellular arrhythmogenesis of LA cardiomyocytes in HFpEF (e.g. Ca2+ cycling, ROS production). Indeed, Sota prevented cytosolic Ca2+ accumulation upon glucose influx and glycolytic inhibition in HFpEF. Dual SGLT-1&2 inhibition lowered ROS production during glucose starvation. Interestingly, ROS production normalized upon reintroduction of glucose only in HFpEF, indicating an increased glucose-dependency to meet cellular energetic demand while maintaining an adequate degree of pro-arrhythmogenic ROS production.
Conclusion
The dual SGLT-1&2 inhibitor sotagliflozin ameliorated LA remodeling in HFpEF and exerted an anti-arrhythmic effect on LA cardiomyocytes. The safety and efficacy of dual SGLT-1&2 inhibition for the treatment and/or prevention of AF in HFpEF should be further evaluated in clinical trials.
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