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Abstract:

Objectives: Investigation of the effect of SGLT2-inhibition by empagliflozin on left

ventricular function in a model of diabetic cardiomyopathy.

Background: SGLT2 inhibition is a new strategy to treat diabetes. In the EMPAREG
Outcome trial empagliflozin treatment reduced cardiovascular and overall mortality in
patients with diabetes presumably due to beneficial cardiac effects, leading to
reduced heart failure hospitalization. The relevant mechanisms remain currently
elusive but might be mediated by a shift in cardiac substrate utilization leading to

improved energetic supply to the heart.

Methods: We used db/db mice on high-fat western diet with or without empagliflozin
treatment as a model of severe diabetes. Left ventricular function was assessed by

pressure catheter with or without dobutamine stress.

Results: Treatment with empagliflozin significantly increased glycosuria, improved
glucose metabolism, ameliorated left ventricular diastolic function and reduced
mortality of mice. This was associated with reduced cardiac glucose concentrations
and decreased calcium/calmodulin-dependent protein kinase (CaMKII) activation with
subsequent less phosphorylation of the ryanodine receptor (RyR). No change of
cardiac ketone bodies or branched-chain amino acid (BCAA) metabolites in serum
were detected nor was cardiac expression of relevant catabolic enzymes for these

substrates affected.

Conclusions: In a murine model of severe diabetes empagliflozin-dependent SGLT2
inhibition improved diastolic function and reduced mortality. Improvement of diastolic
function was likely mediated by reduced spontaneous diastolic sarcoplasmic
reticulum (SR) calcium release but independent of changes in cardiac ketone and
BCAA metabolism.



1. Introduction

Inhibition of the sodium-dependent glucose transporter 2 (SGLT2) is a
pharmacological approach to treat diabetes by increasing urinary glucose excretion,
thus reducing blood glucose levels. Importantly, in three large cardiovascular
outcome trials (CVOTs) (EMPA-REG Outcome (empagliflozin), CANVAS
(canagliflozin) and DECLARE (dapagliflozin)), SGLT2 inhibitors reduced heart failure
events in high-risk type 2 diabetes patients. Besides, SGLT2 inhibition reduced heart
failure hospitalization and cardiovascular death in patients with preexisting heart
failure (HFrEF) with and without diabetes. Separation of event curves occurred early

within the trials demonstrating immediate effectiveness of the drugs [1-3].

Various mechanisms have been discussed to explain this beneficial finding including
hemodynamic effects, effects on blood pressure and arterial stiffness, as well as
changes in cardiac energy metabolism and substrate utilization [4]. Urinary glucose
excretion caused by SGLT2 inhibition has been hypothesized to shift cardiac
substrate utilization to a preferred utilization of ketone bodies, fatty acids and BCAAs
mimicking a fasting response [5-8]. Data from our group, employing an unbiased
metabolomic approach in empagliflozin-treated patients with type 2 diabetes and
cardiovascular (CV) disease, suggest that SGLT2 inhibitor treatment leads to an
expanded ketone body utilization and an increased BCAA catabolism [9]. Since
ketone utilization is increased in advanced heart failure, enhanced ketone body
catabolism mediated by empagliflozin may be beneficial and potentially contribute to
the reduction in heart failure hospitalization seen in the CVOTs mentioned above [10,
11].

In the present study, we investigated effects of SGLT2 inhibition on cardiac function
and metabolism in the murine diabetes model of db/db mice on a high fat western-

type diet.

2. Methods
2.1. Animal studies

All experiments were approved by the government of North Rhine-Westphalia
(Germany). Male db/db and adequate control mice (db/db: BKS(D)-Lepr®®®/JOrIRj



and control: BKS(D)-Lepr®*/JOrIR]), 6 weeks of age were obtained from Janvier
Labs and placed in a 12 h day-night cycle with unlimited supply of food and water in
the animal facility of the University Hospital of the RWTH Aachen University. After a
one-week adaptation to our facility, mice were fed a high fat western-type diet (39
kJ% fat, 41 kJ% carbohydrates and 20 kJ% protein; ssniff EF R/M acc. TD88137AQ8
mod.; ssniff Spezialdiaten GmbH) for 4.5 weeks with or without empagliflozin in a
concentration of 150 mg/kg. Urine collection was performed in metabolic cages for 16
hours with an unlimited supply of water and urinary glucose concentration was
assessed by the chemistry department of the animal facility of the University Hospital
RWTH Aachen. Hemodynamics were measured by Millar catheter (Millar
Instruments) after advancing the catheter across the right carotid artery through the
aortic valve into the left ventricle of anesthetized mice. Basal measurement was
followed by i.p. injection of dobutamine (5 pl/g body weight) as a cardiac stress test.
Signals were continuously recorded and analyzed using iox (emka Technologies).
Finally, overnight fasted mice were sacrificed by cervical dislocation, blood glucose
levels were assessed using a glucometer (Contour, Bayer) and tissue samples were

snap-frozen in liquid nitrogen and stored at —80°C for further analysis.
2.2. Blood sample analysis

Serum concentrations of B-type natriuretic peptide (BNP) (Cloud-Clone Corp.) were
determined by enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’'s protocol. Serum cholesterol (CHOL) and triglycerides (TG) (both
Diasys Diagnostics) were measured enzymatically by CHOD-PAP method using

commercial reagents for photometric systems (Tecan).
2.3. Gene expression analysis by RT-PCR

Total ribonucleic acid (RNA) was isolated with the RNeasy Mini Kit (heart and liver)
and RNA preparation was followed by DNase digestion and reverse transcription into
complementary DNA (cDNA) (Invitrogen). Gene expression was quantified by the use
of SYBR reagents with a VIIATM 7 Real-Time PCR System (Applied Biosystems).
Measurements were conducted in duplicates under standard reaction conditions and
normalized to Actb (B-actin). Genes were selected concerning their
pathophysiological/physiological function (heart failure: Anp; mitochondrial
transcription factors: Pgc-71a, Tfam; mitochondrial fusion (Mfn-2, Opa-1) and fission

(Drp-1, Fis-1); BCAA catabolism: Bckde2, Bckd kinase, Bcat2, Bckdelb, Ppmlk;
4



inflammation: 1I-1B8, II-6, Tnfa, Infy, F4/80, Ccl2). Primers were obtained from Eurofins

Genomics and all primer sequences are presented in supplementary table 1.
2.5. Western Blot analysis

Heart tissue samples were homogenized in lysis buffer (0.25 M Sucrose, 2.2 mM
Na2-EDTA, 10 mM Tris and complimented with PhosSTOP and cOmplete from
Roche), then separated on a 4-15% gradient SDS-gel and transferred to a
nitrocellulose membrane. All antibodies were obtained from Cell Signaling if not
indicated otherwise: AKT1, phospho-AKT (Thr308), AMPKa, phospho-AMPKa
(Thrl72), phospho-CaMKII (Thr286), CaMKIl, GLUT4, GAPDH, phospho-Troponin |
(cardiac) (Ser23/24) (all concentration 1:1.000), BDH-1 (concentration 1:500)
(Thermo Fisher), OXCT1 (SCOT) (concentration 1:500) (Sigma-Aldrich/Merck),
phospho-BCKDHA (Ser293), BCKDHA, DBT, OXPHOS, ryanodine receptor 2/RYR-2
and phosphor-ryanodine receptor 2/RYR-2 (Ser2808) (all concentration 1:500)
(abcam) and ANP, PGC1a and SERCA2 (concentration 1:1.000) (Santa Cruz) and
anti-rabbit or anti-mouse 1gG, HRP-linked antibodies were used as secondary
antibody (both concentration 1:1.000). Western blots were detected by Chemi DocTM
MP Imaging System (BioRad) and analyzed with the software Image Lab 5.0
(BioRad).

2.6. Histological analysis

Heart tissue was fixed in 4% paraformaldehyde overnight and embedded in paraffin.
The heart was cut in direction from top to apex and 4 pum sections were collected
after the mitral valve. Collagen was visualized by Gomori's one-step trichrome stain

and analyzed with the software Image-Pro Plus 7.0 (Media Cybernetics).

To analyze the size and area of cardiomyocytes tissue sections were rehydrated and
heat-induced antigen retrieval was performed in citrate buffer. Slides were incubated
with fluoresein-coupled WGA (wheat germ agglutinin, 1:100 (Vector Laboratories))
and counterstained with DAPI. Slides were digitalized using Aperio Versa200 whole
slide scanner (Leica Biosystems). In each mouse 150-200 cross-cut cardiomyocytes
were measured and analyzed using ImageJ (NIH).

2.7. Metabolomics analysis



Untargeted metabolomics analysis was performed at the Genome Analysis Center,
Research Unit Molecular Endocrinology and Metabolism, Helmholtz Centrum Munich.
Frozen mice cardiac samples were weighted and were placed into pre-cooled (dry
ice) 2 ml homogenization tubes containing ceramic beads with a diameter of 1.4 mm
(Precellys® Keramik-Kit 1.4 mm). Pre-cooled water in a ratio of 5 pl/mg tissue was
added into the tubes. The samples were then homogenized in a Precellys 24
homogenizer (PEQLAB Biotechnology GmbH) equipped with an integrated cooling
unit for 3 times 20 s at 5,500 rpm, with 30 s intervals (to ensure freezing
temperatures in sample vials) between the homogenization steps. Hundred pl of the
cardiac homogenate was loaded onto a 2 ml 96- deep well plate. In a separate
sample set, 100 pl mice plasma samples were loaded onto a separate 2 ml 96- deep
well plate. Three types of quality control samples were analyzed in concert with the
experimental samples in each sample set: samples generated from a pool of human
plasma; samples generated from a small portion of each sample of the study served
as technical replicate throughout the data set; and extracted water samples served
as process blanks. Experimental samples and controls were randomized across the

platform run.

The 100 pl of the sample in each well of the 2 ml 96- deep well plate were extracted
with 500 ul methanol, containing four recovery standards to monitor the extraction
efficiency. After centrifugation, the supernatant was split into 4 aliquots into two 96-
well microplates. The first 2 aliquots were used for ultra-high performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) analysis in positive and
negative electrospray ionization mode. Two further aliquots on the second plate were

kept as backup. The extract aliquots were dried on a TurboVap 96 (Zymark).

Before UPLC-MS/MS analysis, the dried extract samples were reconstituted in acidic
or basic LC-compatible solvents, each of which contained 8 or more standard
compounds at fixed concentrations to ensure injection and chromatographic
consistency. The UPLC-MS/MS platform utilized a Waters Acquity UPLC with
Waters UPLC BEH C18-2.1%x100 mm, 1.7 ym columns and a Thermo Scientific Q-
Exactive high resolution/accurate mass spectrometer interfaced with a heated
electrospray ionization (HESI-II) source and Orbitrap mass analyzer operated at
35,000 mass resolution. Extracts reconstituted in acidic conditions were gradient

eluted using water and methanol containing 0.1% formic acid, while the basic
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extracts, which also used water/methanol, contained 6.5mM ammonium bicarbonate.
The MS analysis alternated between MS and data-dependent MS2 scans using
dynamic exclusion, and the scan range was from 80-1000 m/z.

Metabolites were identified by automated comparison of the ion features in the
experimental samples to a reference library of chemical standard entries that
included retention time, molecular weight (m/z), preferred adducts, and in-source
fragments as well as associated MS spectra and curated by visual inspection for
quality control using software developed at Metabolon (Metabolon, Inc.).
Chromatographic peaks were quantified using area-under-the-curve. Metabolomics
data were analyzed by 1-way ANOVA using GraphPad PRISM (GraphPad Software,

Inc.).

3. Results

In our model of db/db mice on high-fat diet (HFD) empagliflozin treatment for 4.5
weeks increased glucosuria (Figure 1a) and reduced blood glucose levels (Figure 1b)
but did not affect body weight (Figure 1c). This was accompanied by a significant
reduction of serum cholesterol but no effect on triglycerides (Figure 1d). Liver weight
(Figure 1e) was significantly reduced by empagliflozin without a difference in hepatic
lipid content (Figure 1f). Hepatic inflammatory cytokine expression was significantly
increased in the diabetic milieu of db/db mice and significantly reduced by
empagliflozin treatment (Figure 1g and h). Interestingly, empagliflozin led to a robust
reduction of mortality (Figure 1i) of severely diabetic db/db mice: after 4.5 weeks 54%
of db/db mice on HFD died while all heterogeneous wild type as well as all

empagliflozin-treated db/db mice on HFD were alive.

To investigate whether the reduction in mortality was attributable to improved cardiac
function we assessed cardiac contractility by Millar catheter with and without
dobutamine stress. Empagliflozin significantly improved cardiac relaxation as an
indicator of diastolic function while affecting systolic left ventricular function by trend
and showed no effect on heart rate (Figure 2a-c). No significant difference in heart
weight (Figure 2d) and BNP concentrations (Figure 2e) nor cardiac atrial natriuretic
peptide (ANP) protein nor mRNA expression (Figure 2f-h) were detected between

empagliflozin and control-treated db/db mice. Furthermore, no significant differences
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in cardiac morphology measured by fibrosis (Figure 2i and j) and left ventricular wall
thickness (Figure 2k) nor cardiomyocyte diameter or area (Figure 2i, | and m) were
found between groups.

Given that changes in cardiac energy substrate utilization have been discussed to
contribute to the beneficial effects seen on heart failure hospitalization in SGLT2
inhibitor-treated patients, we next analyzed the expression of enzymes relevant for
cardiac energy substrate metabolism in our model. First, we analyzed cardiac
glucose metabolism and found an increase in AKT(Thr308)-phosphorylation by
empagliflozin treatment suggesting improved cardiac insulin signaling (Figure 3a and
b). In contrast, empagliflozin did not affect the expression of cardiac glucose
transporter GLUT4 (Figure 3a and b). Further, we found no changes for
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) (Figure 3a and c)
while AMPK(Thr172)-phosphorylation as an indicator of energy metabolism (Figure
3a and c) was slightly increased. Next, we assessed PGC1a, Tfam, and OXPHOS as
regulators and effectors of mitochondrial function in addition to genes relevant for
mitochondrial fusion and fission without finding differences between groups (Figure
3d-h). To evaluate changes in cardiac energy substrate metabolism as a possible
cause for the beneficial effects of empagliflozin treatment, we analyzed beta-
hydroxybutyrate dehydrogenase (BDH-1), a key enzymes of ketone body catabolism,
which was significantly reduced in db/db mice relative to wild type controls but not
affected by empagliflozin treatment (Figure 3i and j). Expression levels of succinyl-
CoA-3-oxaloacid CoA transferase (SCOT), another enzyme critically involved in
ketone metabolism, also remained unchanged (Figure 3i and j). Furthermore,
empagliflozin did not alter expression level of branched-chain amino acid
transaminase-2 (Bcat2), branched-chain alpha-ketoacid dehydrogenase complex,
BCKDHA(Ser293)-phosphorylation and DBT, enzymes crucially involved in BCAA

catabolism (Figure 3i, k and |).

We next performed untargeted metabolomic analyses from serum and cardiac tissue
to further investigate substrate availability and utilization after 4.5 weeks of treatment
on HFD. As expected, db/db mice presented with increased circulating and cardiac
glucose concentrations relative to wild type controls, which were significantly reduced
by empagliflozin treatment (Figure 4a and c). B-hydroxybutyrate and acetoacetate —

the most abundant ketone bodies — were increased in the diabetic environment of



db/db mice and by trend reduced by empagliflozin treatment (Figure 4a and c). No
difference in circulating or cardiac concentrations of lactate, BCAAs (Figure 4a-d) nor
short-chain- and middle-chain fatty acids (data not shown) were found between
groups. Empagliflozin however significantly increased carnitine coupling of long-chain
fatty acids — required for mitochondrial entry and beta-oxidation — in serum, which
was however not recapitulated in cardiac tissue (Figure 4e and g). No relevant
differences in TCA cycle metabolites was found between groups, not indicating a
relevant modulation of the final step of substrate oxidation by empagliflozin treatment
(Figure 4f and h).

To better understand the empagliflozin-dependent improvement of the left ventricular
diastolic function we assessed cardiac troponin [(Ser23/34)-phosphorylation, which
we found to be increased in the diabetic environment of db/db mice while being
significantly reduced by empagliflozin treatment. As troponin I-phosphorylation is
known to reduce myofilament calcium sensitivity in response to adrenergic stimuli we
next assessed activating phosphorylation of CaMKII(Thr286) which was reduced by
empagliflozin treatment. Consistently, downstream CaMKIl target RyR(Ser2808)-
phosphorylation was similarly reduced by empagliflozin. This observation suggests
empagliflozin-dependent improvement of diastolic function of db/db mice to be
caused by reduced RyR-dependent spontaneous diastolic sarcoplasmic reticulum

calcium leak.

4. Discussion

The present study shows a reduction in mortality after 4.5 weeks of treatment with
the SGLT2 inhibitor empagliflozin in db/db mice on HFD which was accompanied by
an improvement in diastolic left ventricular function [12]. In this model, empagliflozin
reduced circulating and cardiac concentrations of glucose levels with potential
relevance for the observed improvement of left ventricular diastolic function.
Unexpectedly, empagliflozin did not affect circulating or cardiac metabolites of ketone
bodies or BCAAs nor the expression of enzymes critically involved in their catabolism
in this model. Empagliflozin however reduced cardiac CaMKII(Thr286)-activation with
lower downstream RyR(Ser2808)-phosphorylation as a cause for spontaneous
diastolic sarcoplasmic reticulum calcium leak which is a relevant mechanism for

diastolic left ventricular dysfunction.



Diastolic dysfunction is characterized by slow or incomplete relaxation of the
ventricles during diastole and is an important contributor to heart failure
pathophysiology mainly driven by calcium mishandling and interstitial fibrosis [13].
During systole, intracellular Ca®" is released from the sarcoplasmic reticulum into the
cytoplasm through type-2 ryanodine receptor/Ca®" release channels. In heart failure,
chronically elevated circulating catecholamine levels cause pathological remodeling
of type-2 ryanodine receptor/Ca®" release channels resulting in diastolic sarcoplasmic

reticulum Ca®* leak and decreased myocardial contractility [14].

In recent CV outcome trials, SGLT2 inhibitors like empagliflozin, canagliflozin, and
dapagliflozin have been shown to reduce heart failure hospitalization in patients with
type 2 diabetes and/or preexisting heart failure [1-3]. The exact underlying
mechanisms for this finding remain incompletely understood but hemodynamic
effects, a reduction of total body sodium content as well as direct effects on cardiac
energy metabolism — among other modes of action — have been discussed

extensively [5-8].

In this model we found SGLT2 inhibition to improve diastolic function of db/db mice
on HFD. This is consistent with results of others studies in rodent and human [15,
16]. Blood glucose lowering by SGLT2 inhibition leads to a fasting response of the
organism indicated by an elevation of glucagon levels and the formation of ketone
bodies which has been reported in a variety of studies [17]. A consequential switch in
substrate utilization from glucose to other substrates including lactate, fatty acids,
BCAAs and ketone bodies have been suggested to provide additional energy for the
functionally impaired cardiac muscle. Heart failure favors the uptake of glucose and
free fatty acids by cardiomyocytes. Insufficient capacity to shuttle these substrates to
the mitochondria for oxidation causes cytosolic accumulation with disturbance of
cellular hemostasis termed gluco- and lipotoxicity [18]. Similar mechanisms have
been identified to be relevant for diabetes-induced cardiomyopathy together with
cardiac insulin resistance and impaired metabolic flexibility [19, 20]. As an alternative
substrate ketone bodies have been suggested to overcome these limitations and
directly fuel the TCA cycle in an insulin-independent manner [4]. This concept is
intriguing since cardiac ketone body metabolism was recently identified as an

important mechanism to provide alternative energy supply for the failing heart [11].
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Given an elevation of circulating ketone bodies upon SGLT2 inhibitor treatment, it
has been hypothesized that an increase in cardiac ketone utilization may contribute
to the beneficial effects seen in the different CV-outcome trials with this class of
drugs [21, 22].

Unexpectedly, empagliflozin did not increase but rather reduced ketone body
abundance in serum and cardiac tissue of db/db mice on HFD in our model. As
ketone body formation is part of the stress response of the organism, this might be
indicative for increased metabolic stress of the control group under more severe
diabetic conditions [23]. This interpretation is supported by reduced hepatic
inflammation and mortality of empagliflozin treated db/db mice in our experiment.
Unaltered cardiac expression of relevant ketone catabolizing enzymes does not
suggest the relevance of ketone body metabolism for improvement of left ventricular
diastolic function in our model. In contrast, empagliflozin reduced circulating and
cardiac glucose concentrations, which might be indicative for increased metabolic
flexibility as a possible cause for improved diastolic function. This was paralleled by
increased cardiac AKT(Thr308)-phosphorylation as a possible indicator of improved
insulin signaling in our model. Similarly, others have found empagliflozin to
significantly increase cardiac AKT-phosphorylation in ob/ob mice [24]. In contrast,
SGLT2 inhibition did not affect cardiac AKT-signaling in ischemic myocardium
following acute myocardial infarction, which most likely reflects differential

experimental conditions [25].

Reduced glucotoxicity might also explain the decreased inflammatory response found
in liver tissue, which warrants further investigations [18]. Interestingly empagliflozin
also increased carnitine coupling of circulating long-chain fatty acids. As carnitine
coupling is a necessary prerequisite for mitochondrial entry and beta-oxidation of
fatty acids, this suggests SGLT2 inhibition to increase fatty acid catabolism in our
model [26, 27]. The same signature was however not found in cardiac tissue.
Additional investigations including flux analysis will be required to understand the
consequences of SGLT2 inhibition for cardiac fatty acid oxidation. Others have
reported cardiac fatty acid oxidation to be increased by SGLT2 inhibition in a non-
diabetic pig model of ischemic cardiomyopathy, while unaltered fatty acid flux was
reported in the hearts of empagliflozin treated db/db mice under ex vivo working heart

conditions. Also, we did not find indications for altered lactate and BCAA metabolism
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by SGLT2 inhibition in this model, which has been reported to be increased by other
investigators [28].

Our study has certain strengths and limitations. Our mouse model of db/db mice on
HFD is a model of severe diabetes with extensive metabolic disarrangements beyond
diabetes alone. Thus, neither metabolic nor cardiac effects can be extrapolated to
other diabetes models or the human situation. We only performed snapshot
metabolomic analysis but did not detect energy substrate flux. This was combined
with expression analysis of enzymes previously been shown to be a hallmark of
altered ketone and BCAA metabolism in heart failure [10, 11, 29]. However, the lack
of an effect on the expression levels of enzymes involved in ketone and BCAA
metabolism seen in our study may be related to our model of severe diabetes and
may not apply to other models of the human situation. Importantly, our study
suggests SGLT2 inhibition to augment myocardial calcium handling as a mechanism
of improved diastolic function. This observation requires confirmation and further
mechanistic elaboration. As an additional limitation cardiac contractility was only
performed by pressure catheter and not by echocardiographic analysis. Finally, the
present study cannot explain the dramatic reduction in mortality by empagliflozin in
our db/db mice. Potential mechanisms may include effects on calcium metabolism or
sodium content with subsequent relevance for cardiac arrhythmias [5, 30, 31].
Diabetes is considered a state of sodium overload and increased intracellular sodium
in the myocardium may increase the risk of arrhythmias and impair myocardial
function [32]. Interestingly, experimental data in an animal model of heart failure
showed an increase in myocardial intracellular sodium and in this model the blockade
of the mitochondrial Na*/Ca** exchange prolonged survival of these animals and
significantly decreased arrhythmias in the heart [32]. SGLT2 inhibition leads to an
early and transient increase in urinary sodium excretion with a subsequent reduction
in total body and intracellular sodium content which may in the heart reduce the risk
for arrhythmias [5]. Still, future work is warranted to further elaborate the mechanisms
contributing to the mortality benefit seen in patients in recent CVOTs as well as in our

murine model of diabetes.

5. Conclusion
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In conclusion, our study in a murine model of severe diabetes suggest a beneficial
effect of the SGLT2 inhibitor empagliflozin on mortality and diastolic function which
might be mediated by improved cardiomyocyte Ca** handling.
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Figure legends
Figure 1. Empagliflozin improves glucose metabolism and reduces mortality

Db/db mice (n=13 per group) and adequate db/db (wt) control mice (n=6 per group)
were fed a HFD with or without empagliflozin. Empagliflozin increased urinary
glucose excretion (a) and decreased fasting blood glucose (b) with no effect on body
weight (c). Serum cholesterol was reduced by empagliflozin treatment while
triglycerides were not changed (d). Liver weight was significantly reduced by
empagliflozin treatment (e), with no change in hepatic lipid or B-hydroxybutyrate
content (f). Hepatic mRNA expression (g and h) of db/db mice treated with or without
empagliflozin in comparison to db/db (wt) control. Furthermore, empagliflozin led to a
significant reduction of mortality (i) in diabetic db/db mice. Results are expressed as
mean = SEM. 1-way ANOVA,; *p<0.05, **p<0.01, **p<0.001 and ****p<0.0001.

Figure 2: Empagliflozin improves diastolic left ventricular function

Empagliflozin significantly improved left ventricular relaxation of db/db mice (a) while
affecting left ventricular contractility only by trend (b). No differences in heart rate (c)
between groups before and during dobutamine stress by final Millar catheter (db/db
(wt): n=6, db/db: n=5 and db/db + Empa: n=11). No difference of heart weight (d),
serum BNP levels (e), cardiac ANP protein nor mRNA expression (f-h) nor
histological cardiac fibrosis (i and j) and left ventricular septal sickness (k) as well as
for cardiomyocyte diameter and area (i, | and m) under empagliflozin treatment. Scale
bar, 25 um. Results are expressed as mean + SEM. 1-way ANOVA; **p<0.01.

Figure 3: Empagliflozin treatment did not affect mitochondrial biogenesis nor

expression of enzymes relevant for ketone and BCAA metabolism

Western blot analysis of cardiac glucose and energy metabolism (a-d) and cardiac
MRNA expression of mitochondrial marker (mitochondrial transcription factors (f),
genes for mitochondrial fusion and fission (g and h)) from db/db mice treated with or

without empagliflozin in comparison to db/db (wt) control mice. Protein analysis of
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cardiac tissue for ketone (i and j) and BCAA metabolism by western blot and PCR (i,
k and I) (WB: n=5 per group; RNA: db/db (wt): n=3, db/db: n=4-5 and db/db + Empa:
n=5-6). Results are expressed as mean + SEM. 1-way ANOVA,; *p<0.05 and
**xxn<0.0001.

Figure 4: Empagliflozin treatment increases carnitine coupling of long-chain fatty

acids

Metabolome analysis showed an increase of circulating (a) and cardiac (d) glucose
levels in db/db mice which were significantly decreased by empagliflozin treatment.
Beta-hydroxybutyrate was also increased in db/db mice and decreased by trend
under empagliflozin treatment (serum (b) and cardiac tissue (e)). No difference in
circulating (c) and cardiac (f) concentrations of BCAA was found between groups.
Empagliflozin significantly increased circulating carnitine coupling of long-chain fatty
acids (g) while not affecting cardiac level (i). No change in TCA cycle metabolites
(serum (h) and cardiac tissue (j)) (nd=not detectable). Results are expressed as
mean + SEM. 1-way ANOVA; *p<0.05, **p<0.01 and ***p<0.001.

Figure 5: Empagliflozin treatment reduces RyR-dependent spontaneous diastolic

sarcoplasmic reticulum calcium leak

Western blot analysis of cardiac troponin | phosphorylation, CaMKII(Thr286)-
phosphorylation as well as downstream RyR(Ser2808)-phosphorylation from db/db
mice treated with or without empagliflozin in comparison to db/db (wt) control mice
(n=5 per group). Results are expressed as mean + SEM. 1-way ANOVA; *p<0.05 and
**p<0.01.
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HIGHLIGHTS

This study investigates the effects of empagliflozin dependent SGLT2
inhibition on glucose metabolism, cardiac function and cardiac substrate
utilization in severely diabetic db/db mice on high fat diet.

Empagliflozin improved glucose metabolism, reduced mortality and
ameliorated left ventricular diastolic function of db/db mice.

Not effect of empagliflozin was noted on systemic levels of ketone bodies or
cardiac expression of enzymes relevant for ketone body or branched chain
amino acid catabolism.

We conclude in a murine model of severe diabetes suggest a beneficial effect
of the SGLT2 inhibitor empagliflozin on mortality and diastolic function which
might be mediated by improved cardiomyocyte Ca** handling.
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