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ABSTRACT

Sphingosine-1-phosphate (S1P) is a bioactive lipid that affects cardiac contractility and calcium homeostasis and exerts potent
cardioprotective properties in myocardial infarction, heart failure, preconditioning. Whether and how it may affect energy
metabolism in the heart is still unknown. Here, we examined S1P effects on glycolysis of adult cardiomyocytes (ACM) using
Seahorse technology and observed that intracellular S1P rather than extracellular S1P potently potentiates basal glycolysis and
increases glycolytic capacity. Accordingly, ACM from mice administered a S1P lyase inhibitor to prevent S1P degradation fea-
tured 3-fold higher S1P levels and a 30%-40% increase in basal glycolysis and glycolytic capacity, whereas acute S1P stimulation
had no effect. Cardiomyocyte-specific GLUT4-deficient ACM were resistant to this increase, whereas ACM from S1P lyase-
inhibited mice featured a 3-fold higher glucose uptake, suggesting that higher glycolysis may be a function of increased glucose
influx through GLUT4. Comparing glycolysis in ACM from normal chow-fed mice with ACM from pre-diabetic mice following
long-term feeding of a high caloric diet revealed a rapid and progressive loss of glycolytic potential without yet affecting cardiac
function despite a beginning hypertrophy on echocardiography. Most importantly, both could be reconstituted to normal by S1P
lyase inhibition. As the levels of bioactive lipids such as S1P are altered in obesity and diabetes, understanding their effects on
metabolism may help reveal novel aspects of lipid biology in metabolic diseases of the heart.

1 | Introduction work is performed through the constriction and relaxation of

cardiomyocytes that make up the largest volume of the ventricu-
The heart has an enormous demand for energy and belongs to lar wall [4-7]. To satisfy the constant energy demand, adult car-
the most metabolically active organs [1-3]. The vital mechanical diomyocytes generate ATP mostly from mitochondrial oxidative
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phosphorylation using fatty acids (FA) as the main and most po-
tent energy source. However, cardiomyocytes also utilise other
substrates such as carbohydrates, lactate, amino acids, ketone
bodies for energy production. This ability to metabolise diverse
classes of substrates enables the heart to be metabolically flex-
ible and ensures sufficient ATP production despite fluctuating
availability of substrates and/or sudden changes in energy de-
mand. This is essential for the heart, as the high turnover but
low ATP content of 8-10mM requires its constant ATP produc-
tion to maintain cardiac function [8, 9].

The importance of this metabolic flexibility becomes apparent
during pathological conditions such as myocardial infarction,
cardiac hypertrophy, and diabetes, when cardio-metabolic bal-
ance is disrupted and prolonged shifts of substrate preference
occur. The two main shifts during pathophysiological condi-
tions are either an overreliance on beta-oxidation with reduced
glucose utilisation, as in the diabetic heart, or persistently in-
creased glycolysis, as commonly noted in cardiac hypertrophy
and heart failure [10-20]. These chronic shifts in cardiac me-
tabolism are the result of pathophysiological changes in the
regulation of transporters and enzymatic shifts used to fine-
tune the substrate utilisation—the so-called Randle cycle. The
Randle cycle, also termed ‘glucose-fatty acid cycle’, is used to
regulate the metabolic competition between glucose and FAs as
substrates for energy generation [21]. In ACMs, FAs oxidation
causes a decrease of glucose utilisation by inhibiting glucose up-
take and catabolism. Several FA oxidation intermediates such as
citrate and FA-acyl CoA suppress glucose utilisation by inhib-
iting glucose transporters (GLUT) and key glycolytic enzymes
such as hexokinase, phosphofructokinase, pyruvate dehydroge-
nase [22-28]. Even a short-term feeding of high-fat diet (HFD) or
direct exposure to lipids is capable of repressing glucose uptake
[24, 29, 30] by inhibition of the insulin-stimulated AKT activa-
tion that promotes translocation of GLUT4 from the intracellu-
lar storage to the cell membrane to facilitate glucose uptake [31].
Chronic overexposure to lipids as in obesity or diabetes and the
concomitant increase of intracellular intermediates result in a
dysregulation of these molecular mechanisms through negative
feedback and adaptation. One such maladaptation is the heart's
desensitisation to insulin through dampening of AKT signalling
[32, 33] and decreased expression of GLUT4 [22, 30].

However, many of these studies have been performed in isolated
perfused hearts or in vitro in cell lines, and only a few have ad-
dressed energy metabolism at the single adult cardiomyocyte
level using extracellular flux technology. Instead, mostly neona-
tal cardiomyocytes or myocytic cell lines have been employed,
which differ considerably in transcriptomics, proteomics, lipi-
domics, and most certainly, metabolomics from ACM [34-38].
Also, no study so far has compared glucose metabolism in adult
cardiomyocytes from normal and insulin-resistant diabetic or
pre-diabetic hearts. Here, we have examined how overall meta-
bolic changes induced by HFD in vivo, such as hyperglycaemia
and insulin resistance, and in vitro models recapitulating these
changes correlate with and contribute to energetic disturbances
in adult mouse cardiomyocytes.

Moreover, we have examined how altering the metabolism of
sphingosine-1-phosphate (S1P), a bioactive lipid with potent car-
dioprotective properties in myocardial infarction, heart failure

and preconditioning [39-42] may affect energy metabolism in
healthy and diabetic cardiomyocytes. The rationale for look-
ing into this was our recent discovery that non-S1P receptor-
mediated intracellular S1P signalling dynamically regulated
GLUTI1- and GLUT4-mediated glucose uptake in red blood cells
under normal and diabetic conditions [43].

2 | Material and Methods
2.1 | Ethics Statement

All mouse experiments were performed according to ARRIVE
(Animal Research: Reporting of In Vivo Experiments) 2.0
guidelines and were approved by the State Office for Nature,
Environment and Consumer Protection (LANUV) of North
Rhine-Westphalia (Germany), in accordance with the European
Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes.

2.2 | Mouse Model

Male mice were used. C57BL/6J mice were obtained from
Charles River Laboratories or purchased from Janvier Labs
(Saint-Berthevin, France). a-MHC-Cre GLUT4 loxP mice were
originally a kind gift from Abel, Department of Medicine,
David Geffen School of Medicine, University of California, Los
Angeles, CA, USA, as published previously [44]. All mice were
housed and cared for within the central animal research facil-
ity of the Heinrich Heine University Diisseldorf at an ambient
temperature (22°C) on a 12/12h light/dark cycle with ad libitum
drinking water. Normal chow animals were fed a standard ro-
dent diet. DIO mice were fed a high-fat diet (60% kcals from fat)
for 12 or 16 weeks. To inhibit the sphingosine-1-phosphate lyase,
4-deoxypyridoxine (DOP, Sigma-Aldrich: D0501) was adminis-
tered via drinking water for either 2weeks in normal chow ani-
mals or for 6 weeks in DIO mice before being sacrificed.

2.3 | Glucose Tolerance Test

Glucose tolerance tests (GTT) were performed on overnight
fasted mice. Blood was drawn from the tail vein and blood glu-
cose concentration was determined (Omin) using the StatStrip
Xpress2 glucometer (Nova Biomedical, USA). Blood glucose lev-
els were subsequently measured at 15, 30, 60, 90, 120, 240 min
after intraperitoneal glucose injection (2 g/kg body weight).

2.4 | Isolation of Primary Adult Cardiomyocyte

Adult cardiomyocytes (ACM) were isolated from mice by the
Langendorff perfusion method. Briefly, the mice were sacri-
ficed by cervical dislocation, and the heart was rapidly excised
and placed in ice-cold Tyrode buffer (11.3mmol/L sodium
chloride, 0.47mmol/L potassium chloride, 0.06 mmol/L po-
tassium dihydrogen phosphate, 0.06 mmol/L disodium hydro-
gen phosphate, 0.12 mmol/L magnesium sulphate, 1.2 mmol/L
sodium hydrogen carbonate, 1.0 mmol/L potassium hydrogen
carbonate, 1.0mmol/L HEPES, 3 mmol/L taurine, 10 umol/L
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blebbistatin Biozol: APE-B1387 and 5.5mmol/L glucose). To
facilitate retrograde perfusion, the aorta was cannulated with
a blunted 18-gauge needle under a stereo zoom microscope
and secured in place with silk suture. The cannulated heart
was then attached to a simplified Langendorff apparatus and
perfused with 37°C-warm Tyrode buffer (with 0.01 mmol/L
calcium chloride, pH7.42) for 3min. Afterwards, the sys-
tem was switched to an enzyme solution (37°C Tyrode with
0.01 mmol/L calcium chloride, pH 7.42+ 0.014% Trypsin EDTA
(Gibco: 15090046) and 0.075mg/mL Liberase TM (Merck:
5401127001)) for 5min. After digestion, all other tissue (e.g.,
aorta, atria, fatty tissue) was carefully removed from the ven-
tricles and discarded. The ventricles were transferred to a dish
with 3mL enzyme solution and pulled apart with fine forceps.
The remaining tissue was gently triturated usinga 1 mL pipette
with cut-off tip end and filtered through a 200 um polyamid
sieve cloth (neoLab: 4-1413). The enzymatic digestion was
quenched through the addition of 3mL warm Tyrode buffer
containing 20% FCS. The ACM cells were allowed to sediment
by gravity in a round-bottom 14mL tube for 10 min at room
temperature. After sedimentation, the solution was aspirated,
and the pelleted cells were repeatedly gently re-suspended and
centrifuged in solutions with increasing calcium concentra-
tion (0.1 mmol/L, 0.2mmol/L, 0.4mmol/L, and 0.8 mmol/L
calcium chloride). Lastly, after the final of the four calcium
gradients was complete, the solution was carefully aspirated,
and the ACM were re-suspended in plating medium (M199
medium (Hanks' Balanced Salts, Gibco: 12350039) containing
10% FCS, 1xAntibiotika-Antimykotikum (Gibco: 15963194),
1xInsulin-Transferrin-Selen (Gibco: 12097549), 10umol/L
blebbistatin; 5mmol/L creatine, 2mmol/L L-carnitine,
5mmol/L taurine). This method produced ~5 x 10° viable rod-
shaped cells per heart.

2.5 | Seahorse Analysis

Determination of real-time changes in cellular bioenergetics
measurements of extracellular flux rates using a Seahorse XF
Pro Analyser (Agilent Technologies, Santa Clara, USA) was
used according to manufacturer's instructions, with minor
optimisations.

Prior to the isolation, each well of the Seahorse XFe96 tissue cul-
ture plate was coated with 50 uL of a 10 ug/mL mouse laminin
(Merck: CC095-5MG-M) solution overnight at 4°C, followed by
incubation at 37°C for 2h. Immediately before seeding the cells
in plating medium, the laminin solution was removed from the
plate. Cells were seeded at a density of 175 cells/mm?. The ACM
were cultivated at 37°C in the presence of 5% CO, in a humidified
incubator for 1h after isolation. Two hours before the assay, the
plating medium was replaced with XF DMEM (Agilent: 103575-
100) supplemented with 1x Antibiotic-Antimycotic, 1x Insulin-
Transferrin-Selenium, 10umol/L blebbistatin, 0.5mmol/L
L-carnitine, 2mmol/L L-glutamine. For wells designated for
the Glycolytic Rate Assay, an additional 10mmol/L glucose
was added. The same medium was maintained throughout the
measurement.

The measurements were controlled by an automated programma-
ble protocol which consists of microplate insertion, measurement

of baseline extracellular acidification rate (ECAR) in 180 uL XF
DMEM followed by injections of substrates or inhibitors and re-
peated measurements of ECAR. The injections for the Seahorse
Glycolytic Rate assay consist of a mixture of rotenone (Rot,
Adipogen: AG-CN2-0516-G005) and antimycin A (AA, LKT
Laboratories: A5378) to an end concentration of 1mmol/L each
and 50 mmol/L 2-deoxy-D-glucose (2-DG, Sigma-Aldrich: D6134).
The Seahorse Glycolysis Stress assay is performed in glucose-free
media followed by sequential addition of 10 mmol/L glucose (Glc,
Agilent: 103577-100), Rot/A A and 2-DG.

2.6 | Glucose Uptake-Glo Assay Uptake

Cellular glucose uptake was measured indirectly using the
Glucose Uptake-Glo assay (J1341, Promega). Briefly, the kit uses
2-DG as a glucose analog, which is transported into cells and
converted to 2-DG 6-phosphate (2DG6P) by hexokinase. 2DG6P
cannot be further metabolised and is quantified by an enzy-
matic luminescence reaction.

The assay was performed as per the manufacturer's instruc-
tions with slight modifications to account for the specificity of
ACMs. Briefly, freshly isolated ACMs were seeded in 96-well
plates (5x 103 cells/well) and cultivated for 1h. Medium was
aspirated and exchanged for glucose- and phenol red-free me-
dium. The ACMs were then incubated for 2h at 37°C with 5%
CO,. Afterwards, 2-DG was administered to a final concentra-
tion of 1 mM for 20 min. Stop buffer was added, and the plate
was shaken vigorously at room temperature for 30 min. Then,
neutralisation buffer was added and the plate was shaken
vigorously before detection reagent was added to each well
and the plate was incubated at room temperature for 90 min.
Afterwards, the solution was transferred into a white 96-well
plate, and luminescence was recorded using a CLARIOstar
Plus microplate reader (BMG LABTECH GmbH, Offenburg,
Germany).

2.7 | LCMS Measurements

S1P measurements were performed as described [43]. In brief,
chromatographic separation for S1P was performed with a
2x60mm MultoHigh-C18 RP column with 3um particle size
at 40°C on a LCMS-8050 triple quadrupole mass spectrometer
(Shimadzu Duisburg, Germany) interfaced with a Dual Ion
Source and a Nexera X3 Front-End-System (Shimadzu Duisburg,
Germany). MS settings were the following: Interface: electro-
spray ionisation, nebulising gas flow: 3 L/min, heating gas flow:
10L/min, interface temperature: 300°C, desolvation tempera-
ture: 526°C, DL temperature: 250°C, heat block temperature:
400°C, drying gas flow: 10L/min. Flow rate was 0.4 mL/min.
Mobile phases for S1P measurement consisted of [A] =metha-
nol and [B] =aqueous HCO,H (1% vol/vol) and the following
gradient settings were used: [A] increased from 10% to 100%
over 3min (B.curve=-2) and returned to 10% from 8.01 min
to 10min prior to the next injection. Data were collected using
multiple reaction monitoring (MRM) and positive ionisation
was used for qualitative analysis and quantification. Standard
curves were generated by measuring increased amounts of
analytes (100 fmol to 50pmol S1P) with internal standard
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FIGURE1 | Glycolysis is improved in ACMs with in vivo inhibition of sphingosine-1-phosphate lyase but not after acute in vitro S1P stimulation.
Representation of relative extracellular acidification rates (ECAR, 1 =control basal) of cardiomyocytes from controls and DOP treated mice during (A)
XF Seahorse Glycolytic Rate and (B) Glycolysis Stress assays. At the indicated times glucose (Glc, 10mM), a rotenone and antimycin A mix (Rot/AA,
1uM each) or 2-deoxy-D-glucose (2-DG, 50 uM) were injected. Each tracing shows the calculated weighted mean and standard error (SD) of 3 indepen-
dent measurements using multiple wells each, expressed relative to basal respiration of the control. Quantification of one time-matched ECAR value
in comparison from each metric (Basal, Glycolysis, Capacity and Non-Glycolytic acidification) is shown below. (C) Intracellular S1P levels of ACM
measured by LCMS from controls and mice after 2weeks 30 ug/L DOP treatment (n=11). (D) Glucose uptake of DOP-treated ACMs (n=4) compared
to controls (n =5) as determined by Glucose Uptake-Glo Assay. Tracings and quantification of S1P-stimulated ACMs (n = 3) compared to untreated cells
(n=3) for Seahorse (E) Glycolytic Rate and (F) Glycolysis Stress assays. Data for C and D are shown as mean +SD and analysed by Mann-Whitney-U-
test. The Seahorse measurements of A, B, E and F were statistically analysed using a two-way ANOVA. *p <0.05, **p <0.01 and ****p <0.0001.
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FIGURE 2 | DOP effect is dependent on the insulin-sensitive GLUT4 transporter. Agilent Seahorse XFe96 Extracellular Flux Analyser was used
to analyse and compare (A) the glycolytic rate and (B) glycolysis stress profiles of ACM from GLUT4~/~ mice (n=2) and genetic background controls

(GLUT4**, n=5) and investigate the effect of S1P lyase inhibition (oLuTa4/+42wDOP 3). Trace and quantification of measured

=3, NoLuTa—/—12wD0OP =
extracellular acidification are shown as relative to basal conditions as 1. Statistical differences were calculated using two-way ANOVA and consid-

ered significant with p <0.05. **p <0.01, ***p <0.001 and ****p <0.0001.

(C,,-S1P=1pmol or S1P d:18:1-d, =1 pmol). Injection volume of
all samples was 10 uL and the following MRM transitions (pos-
itive mode) were used for quantification: m/z=380.3 — 82.0,
264.1, 247.2, 362.2, 282.3 for S1P, m/z=366.2—250.1, 348.2,
268.3, 233.3 for C,,-S1P and m/z=387.2 — 271.25, 254.3, 369.45,
81.9 for S1P-d.. Linearity of standard curves and correlation co-
efficients were obtained by linear regression analysis. All MS
analyses were performed with LabSolutions 5.114, analysed
with LabSolutions Insight (Shimadzu, Kyoto, Japan) and fur-
ther processed in Microsoft Excel.

2.8 | Echocardiography

Echocardiography was performed as established [40]. In brief,
mice were anaesthetised with isoflurane (1.5 vol%) and laid on
a warming pad to keep body temperature stable at 37°C-38°C.
Ultrahigh frequency Visualsonics Vevo 3100 (Fujifilm) with a
high-resolution ultrasound transducer (18-38 MHz) was used
to gain images and videos in the parasternal long-axis view.
Measurements and post-processing analyses were performed
with commercial software (VevoLab 3.2.6., Visualsonics).
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FIGURE3 | High fatdietleads to time-dependent deterioration in ACM glucose utilisation. Terminal bodyweight of (A) C57BL/6J mice fed a high-
12w =10, ;. =10) after 12weeks (12w, n=10) and 6 additional weeks (16w, n=9).
(B) Fasting blood glucose levels (n =7) and (C) glucose tolerance test in DIO mice compared to chow control mice (n = 7). (D) Echocardiography: left
ventricular end-diastolic volume (EDV, uL), end-systolic volume (ESV, uL), ejection fraction (EF, %), and intraventricular septum thickness (IVS,
=6andn

fat diet (DIO) were compared to normal chow-fed controls (Chow, n

mm) in DIO (12 and 16w) compared to chow animals (n, . =6, n =6). Evaluation of the glycolytic phenotype in cardiomyocytes from

12w 16w
Chow and DIO (12 and 16w) mice (n¢, ., =8, n,,,,=5and n, = 3) using the Seahorse XF Analyser: (E) Glycolytic Rate assay and (F) Glycolysis Stress
Test and Extracellular acidification rate (ECAR) was normalised to baseline and reported for basal glycolysis, glycolytic capacity and non-glycolytic

acidification. p value of B was calculated with a Mann-Whitney-U-test. Statistical analysis of D was performed using one-way ANOVA, A, C, E and

F were analysed using two-way ANOVA. *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001.

2.9 | Statistics

All data are expressed as the mean+SD. Statistical analyses
for two groups were carried out using a Mann-Whitney U test
for multiple comparisons or continued measurements 2-way
ANOVA with Sidak correction. p-value <0.05 was considered
statistically significant. All statistical analyses were performed
using GraphPad Prism 9 (GraphPad Software).

3 | Results

3.1 | Short-Term Sphingosine-1-Phosphate
Lyase Inhibition In Vivo Stimulates Glycolysis
and Glucose Uptake in ACM

To investigate the effect of high intracellular S1P in vivo on
ACM glycolysis, we treated mice with the S1P lyase inhibitor
4-deoxypyridoxine (DOP) for 2weeks, a treatment that we routinely
use to raise S1P concentrations in vivo [45-48]. These ACMs dis-
played a significant increase in basal glycolysis and a ~45% higher
glycolytic capacity (anaerobic glycolysis) as measured by extracel-
lular acidification rate (ECAR) after rotenone injection compared
tonon-treated ACMs in Seahorse Glycolytic Rate assays compared
to non-treated ACMs (Figure 1A). Furthermore, Glycolysis Stress
assays demonstrated a 24% increase in ACM glycolysis after ex-
posure to glucose and ~44% higher compensatory anaerobic gly-
colysis (Figure 1B). We confirmed the increased intracellular S1P
levels by DOP as ACM isolated from DOP-treated mice showed
3-fold higher S1P content (Figure 1C). To test whether increased
glycolysis may be accompanied by increased glucose uptake, we
measured 2-deoxyglucose-6-phosphate (2DG6P) incorporation
in the Glucose Uptake-Glo assay and observed that ACM from
DOP-treated mice featured a 3-fold increase (Figure 1D). These
effects were not due to S1P receptor signalling as acute stimula-
tion with S1P had no effect on Glycolytic Rate or Glycolysis Stress
(Figure 1E,F).

3.2 | Stimulation of ACM Glycolysis by S1P Lyase
Inhibition Is Dependent on the Insulin-Sensitive
GLUT4 Transporter

To test whether the stimulatory effect on glycolysis was depen-
dent on glucose uptake, we performed the same experiments
using DOP in mice with cardiac-specific deletion of GLUT4, the
dominant insulin-dependent glucose transporter in the heart
[49]. Without DOP, Glycolytic Rate revealed a 52% decrease in
GLUT4~/~ ACM compared to GLUT4*+ ACMs (Figure 2A) and
only a 4% increase in GLUT4~/~ ECAR in comparison to the 12%

in GLUT4** (Figure 2B). Glycolysis Stress assays also showed
a significant impairment of glucose utilisation in GLUT4~/~
versus GLUT4*/* ACM: after glucose administration, the acid-
ification rate of GLUT4*/* ACM rose to 3.53-fold of baseline,
whereas ECAR of GLUT4~/~ ACM was only 1.73-fold higher
than baseline (Figure 2B). Most importantly, DOP treatment for
2weeks had no stimulatory effect on glycolysis whatsoever in
GLUT4~/~ ACM. Our data suggest that the stimulatory effect of
S1P lyase inhibition is due to an increase in glucose uptake by
cardiomyocyte GLUT4.

3.3 | High Fat Diet Impairs Glycolysis in ACM
and Causes Subtle Changes in Cardiac Function

We then asked the question of how ACM glucose metabolism is
altered in mice rendered insulin-resistant by diet-induced obe-
sity (DIO). To answer this, we fed mice a high-fat diet (HFD)
for 12 and 16 weeks and compared glycolysis of isolated ACM
to that of age-matched normal chow-fed controls—an experi-
ment that, to our knowledge, is the first to examine glycolytic
function in prediabetes in isolated primary adult cardiomyo-
cytes using real-time glycolytic flux measurements. These mice
were obese and displayed a pathological glucose tolerance test
(Figure 3A-C). Cardiac function was not altered as neither ejec-
tion fraction (EF), end-diastolic volume (EDV), nor end-systolic
volume (ESV) were changed (Figure 3D). However, the inter-
ventricular septum (IVS) was thickened after 12 (~18%) and
16 weeks (~30%, Figure 3D) as a sign of beginning hypertrophy.

Very much in contrast to these subtle changes, there were dramatic
alterations in glucose metabolism. Glycolytic Rate assays revealed
a reduction of basal glycolysis by 25% after 12weeks and 50%
after 16 weeks, respectively, as estimated by the changes in ECAR
compared to normal chow-fed controls (Figure 3E). Furthermore,
while ECAR increased by 22% in response to Rot/AA in control
ACM as a measure of anaerobic glycolysis, it was significantly im-
paired at 12weeks HFD and decreased to only 14% at 16 weeks
HFD (Figure 3E). In the Glycolysis Stress assays, ECAR increased
by 300% after glucose administration in ACM from normal chow-
fed mice, which was reduced significantly to ~230% at 12weeks
and ~140% at 16 weeks high-fat DIO (Figure 3F).

3.4 | S1P Lyase Inhibition After Onset of Glycolytic
Defects Completely Restores Glucose Utilisation

To test whether S1P lyase inhibition can improve the dysfunc-
tional glucose utilisation of ACM, we first fed mice a HFD
for 10weeks and then administered DOP for another 6weeks
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FIGURE4 | Therapeutic inhibition of S1P lyase restores glucose utilization in diabetic ACM. Tracing of ECAR during Seahorse XF (A) Glycolytic
rate and (B) Glycolysis Stress assays from ACM of DIO and DIO+DOP treated mice (n =3) normalised to Chow (grey). Extracellular acidification rate
(ECAR) was normalised to baseline and reported for basal glycolysis, glycolytic capacity and non-glycolytic acidification. (C) Echocardiography: left
ventricular end-diastolic volume (EDV, uL) and end-systolic volume (ESV, pL), ejection fraction (EF, %), and intraventricular septum thickness (IVS,
mm) in Chow, 16 week DIO (n=6), and DIO 10w+6w DIO/DOP (n=6) animals. Significance levels in the Seahorse XF assays A and B were analysed
with a two-way ANOVA and C was analysed using one-way ANOVA. *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001.

together with HFD. For comparison, we fed HFD to mice for
16 weeks. This treatment improved blood glucose levels but did
not lead to a significant body weight loss (data not shown). We
then isolated ACM and analysed glycolysis in Glycolytic Rate
and Glycolysis Stress assays. We observed that not only did DOP
prevent the deterioration of glycolysis occurring between 10 and
16 weeks, but it completely normalised it to levels of ACM from
normal chow-fed mice (Figure 4A,B). As expected, cardiac func-
tional parameters were unaltered, but the increase in IVS thick-
ness was reduced by DOP (Figure 4C).

4 | Discussion

S1P has potent cardioprotective properties in myocardial in-
farction, heart failure and preconditioning [41, 42, 50-52]. In
this study, we adressed whether it affects cardiomyocyte me-
tabolism and, if so, whether this may generally contribute to
its beneficial properties in the context of the metabolic changes
occurring in diabetic cardiomyopathy. In tumour cells, S1P
signalling has been shown to improve glycolysis through bind-
ing to its receptors (S1PR1-3) and activation of PI3K/AKT/
mTOR [53-55]. We did not observe increase in glycolytic flux
in ACMs through exogenous S1P stimulation, suggesting that
S1P receptor activation is not sufficient to improve the glycol-
ysis of ACMs to an extent detectable by extracellular acidifi-
cation. Our data do not exclude receptor-mediated effects on
glycolysis but show that the S1P/S1PR axis and downstream
signal cascades do not convey fast-acting glycolytic pathways.
In our study, inhibition of S1P degradation and elevated levels
of endogenous S1P and/or tonic S1P signalling or any other
DOP effect also contributed to an improvement in blood glu-
cose levels with unknown cause, although body weight did
not change, leaving systemic effects as another possibility of
metabolic ACM conditioning. Our experimental setup focused
specifically on isolated ACM and revealed enhanced glycoly-
sis. Indeed, improvement of glycolysis as a result of an inactive
S1P lyase has been shown in mouse embryonic fibroblasts,
where sphingosine-1-phosphate lyase 1-deficient cells pre-
sented with increased uptake and metabolisation of glucose
[54]. The elevated glucose uptake in these cells was linked
to an increased expression level of GLUT1. To investigate if
GLUT4, as the major glucose transporter in ACMs, is respon-
sible for the enhanced glycolysis after DOP treatment, we
analysed ACMs from mice with selective ablation of GLUT4
in the heart and observed that the DOP effect on glycolysis
was absent, leading us to believe that the increased glucose
influx involves insulin-stimulated GLUT4 activation. Indeed,
we have observed effects of intracellular SIP on glycolysis in
red blood cells through externalisation of GLUT1 and GLUT4
[43]. Furthermore, DIO ACMs had reduced protein levels of
GLUT4, phosphorylated AKT1 and insulin receptor that were

augmented by lyase inhibition (data not shown), providing a
possible regulatory mechanism that remains unknown and is
still under investigation.

The development of heart diseases like diabetic cardiomyopa-
thy is commonly linked to the impairment of cardiometabolic
homeostasis by insulin resistance, the reduced trafficking of
GLUTH4 to the cell surface in response to insulin, and impaired
glycolysis in favour of a shift towards fatty acid oxidation. Shared
aspects between comorbidities and risk factors of cardiovascular
diseases like metabolic syndrome and diabetes feature hypergly-
caemia, hyperlipidaemia, hyperinsulinaemia. To our knowledge,
we are the first to show a rapid deterioration of glycolysis in ACM
of diabetic mice that precedes impairment of cardiac function,
albeit correlating with mild hypertrophy. Our most important
finding was that we could reverse the metabolic depression of
glycolysis caused by HFD even after its onset by administration
of DOP and ameliorate cardiac hypertrophy, respectively.

Increasing glucose utilisation at early stages of diabetic cardio-
myopathy to counteract the cardiomyocyte metabolic derange-
ment caused by hyperglycaemia may offer a new avenue for
therapeutic intervention. It aligns with approaches similarly
designed to target other metabolic pathways such as reduction
of FA levels by inhibiting lipoprotein lipase (Xenical Orlistat)
[56-58], carnitine palmitoyltransferase I inhibitors for reduction
of mitochondrial FA import (Pexid Perhexiline) [59-61] and f3-
oxidation (Ranexa Ranolazine) [62, 63], respectively.

Author Contributions

Jens Vogt: conceptualization (equal), data curation (equal), formal
analysis (equal), investigation (lead), methodology (equal), validation
(equal), visualization (lead), writing - original draft (lead). Melissa
Kim Nowak: data curation (equal), formal analysis (supporting), in-
vestigation (equal), visualization (supporting). Marcel Benkhoff: data
curation (equal), formal analysis (equal), investigation (equal), visual-
ization (supporting), writing - review and editing (equal). Hao Hu: data
curation (equal), formal analysis (supporting), investigation (equal).
Philipp Wollnitzke: investigation (supporting), methodology (equal).
Lisa Dannenberg: resources (equal). Amin Polzin: conceptualiza-
tion (equal), funding acquisition (equal), project administration (equal),
supervision (equal). Bodo Levkau: conceptualization (equal), funding
acquisition (equal), project administration (equal), supervision (equal),
writing - original draft (equal).

Acknowledgements

The authors have nothing to report. Open Access funding enabled and
organized by Projekt DEAL.

Consent

The authors have nothing to report.

Journal of Cellular and Molecular Medicine, 2025

9o0f12

85U8017 SUOLILLIOD SAIIERID 3|dedt(dde ay) Aq peuenob a2 ssjone O 8sn 0 Sa|n. 1oy Akeid 18Ul UO A8 |1 UO (SUONIPUOD-PUE-SWISIALIY A8 |1 AReIq 1 pUI|UO//SANY) SUONIPUOD Pue WS 1 8L 89S *[9202/50/70] Uo AreiqiTauljuo A8|iM ‘HOpsSNd %Bylol(aigsepue] pun -SIISeAIUN AQ #1260, WWOITTTT 0T/I0pALOY A8 |im Akeiq 1 uljuo//:Sdny Wols papeo|umoq ‘T2 ‘5202 ‘YE6rZesT



Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data will be available from the corresponding author upon reasonable
request.

References

1.Z. Wang, Z. Ying, A. Bosy-Westphal, et al., “Specific Metabolic Rates
of Major Organs and Tissues Across Adulthood: Evaluation by Mecha-
nistic Model of Resting Energy Expenditure,” American Journal of Clin-
ical Nutrition 92, no. 6 (2010): 1369-1377, https://doi.org/10.3945/ajcn.
2010.29885.

2.S. B. Heymsfield, B. Smith, J. Dahle, et al., “Resting Energy Expen-
diture: From Cellular to Whole-Body Level, a Mechanistic Historical
Perspective,” Obesity 29, no. 3 (2021): 500-511, https://doi.org/10.1002/
oby.23090.

3.F. Javed, Q. He, L. E. Davidson, et al., “Brain and High Metabolic
Rate Organ Mass: Contributions to Resting Energy Expenditure Beyond
Fat-Free Mass,” American Journal of Clinical Nutrition 91, no. 4 (2010):
907-912, https://doi.org/10.3945/ajcn.2009.28512.

4. P. Anversa, G. Olivetti, M. Melissari, and A. V. Loud, “Stereological
Measurement of Cellular and Subcellular Hypertrophy and Hyperplasia
in the Papillary Muscle of Adult Rat,” Journal of Molecular and Cellu-
lar Cardiology 12, no. 8 (1980): 781-795, https://doi.org/10.1016/0022-
2828(80)90080-2.

5. T. Mattfeldt, K. L. Krdmer, R. Zeitz, and G. Mall, “Stereology of Myo-
cardial Hypertrophy Induced by Physical Exercise,” Virchows Archiv A
Pathological Anatomy and Histopathology 409, no. 4 (1986): 473-484,
https://doi.org/10.1007/BF00705418.

6.Y. Tang, J. R. Nyengaard, J. B. Andersen, U. Baandrup, and H. J. G.
Gundersen, “The Application of Stereological Methods for Estimating
Structural Parameters in the Human Heart,” Anatomical Record 292,
no. 10 (2009): 1630-1647, https://doi.org/10.1002/ar.20952.

7. H. W. Vliegen, A. Van Der Laarse, C.J. Cornelisse, and F. Eulderink,
“Myocardial Changes in Pressure Overload-Induced Left Ventricular
Hypertrophy: A Study on Tissue Composition, Polyploidization and
Multinucleation,” European Heart Journal 12, no. 4 (1991): 488-494,
https://doi.org/10.1093/oxfordjournals.eurheartj.a059928.

8. W. Chen, R. London, E. Murphy, and C. Steenbergen, “Regulation of
the Ca?* Gradient Across the Sarcoplasmic Reticulum in Perfused Rab-
bit Heart,” Circulation Research 83, no. 9 (1998): 898-907, https://doi.
org/10.1161/01.RES.83.9.898.

9. E. Murphy and C. Steenbergen, “Ion Transport and Energetics During
Cell Death and Protection,” Physiology 23 (2008): 115-123, https://doi.
org/10.1152/physiol.00044.2007.

10. K. J. Mather, G. D. Hutchins, K. Perry, et al., “Assessment of Myo-
cardial Metabolic Flexibility and Work Efficiency in Human Type 2
Diabetes Using 16-[18F|Fluoro-4-Thiapalmitate, a Novel PET Fatty
Acid Tracer,” American Journal of Physiology-Endocrinology and Me-
tabolism 310, no. 6 (2016): E452-E460, https://doi.org/10.1152/ajpendo.
00437.2015.

11. D. Neglia, A. De Caterina, P. Marraccini, et al., “Impaired Myocar-
dial Metabolic Reserve and Substrate Selection Flexibility During Stress
in Patients With Idiopathic Dilated Cardiomyopathy,” American Jour-
nal of Physiology-Heart and Circulatory Physiology 293, no. 6 (2007):
H3270-H3278, https://doi.org/10.1152/ajpheart.00887.2007.

12. L. R. Peterson, P. Herrero, K. B. Schechtman, et al., “Effect of Obe-
sity and Insulin Resistance on Myocardial Substrate Metabolism and
Efficiency in Young Women,” Circulation 109, no. 18 (2004): 2191-2196,
https://doi.org/10.1161/01.CIR.0000127959.28627.F8.

13. V. G. Déavila-Roman, G. Vedala, P. Herrero, et al., “Altered Myo-
cardial Fatty Acid and Glucose Metabolism in Idiopathic Dilated Car-
diomyopathy,” Journal of the American College of Cardiology 40, no. 2
(2002): 271-277, https://doi.org/10.1016/S0735-1097(02)01967-8.

14.J. C. Osorio, W. C. Stanley, A. Linke, et al., “Impaired Myocardial
Fatty Acid Oxidation and Reduced Protein Expression of Retinoid X
Receptor-a in Pacing-Induced Heart Failure,” Circulation 106, no. 5
(2002): 606-612, https://doi.org/10.1161/01.CIR.0000023531.22727.C1.

15. F. A. Recchia, P. I. McConnell, R. D. Bernstein, T. R. Vogel, X. Xu,
and T. H. Hintze, “Reduced Nitric Oxide Production and Altered Myo-
cardial Metabolism During the Decompensation of Pacing-Induced
Heart Failure in the Conscious Dog,” Circulation Research 83, no. 10
(1998): 969-979, https://doi.org/10.1161/01.RES.83.10.969.

16. M. N. Sack, T. A. Rader, S. Park, J. Bastin, S. A. McCune, and D. P.
Kelly, “Fatty Acid Oxidation Enzyme Gene Expression Is Downregu-
lated in the Failing Heart,” Circulation 94, no. 11 (1996): 2837-2842,
https://doi.org/10.1161/01.CIR.94.11.2837.

17. M. F. Allard, B. O. Schonekess, S. L. Henning, D. R. English, and
G. D. Lopaschuk, “Contribution of Oxidative Metabolism and Gly-
colysis to ATP Production in Hypertrophied Hearts,” American Jour-
nal of Physiology-Heart and Circulatory Physiology 267, no. 2 (1994):
H742-H750, https://doi.org/10.1152/ajpheart.1994.267.2.H742.

18. A. Doria, R. Nosadini, A. Avogaro, P. Fioretto, and G. Crepaldi,
“Myocardial Metabolism in Type 1 Diabetic Patients Without Coronary
Artery Disease,” Diabetic Medicine 8, no. S2 (1991): S104-S107, https://
doi.org/10.1111/j.1464-5491.1991.tb02168.x.

19. I. Ungar, M. Gilbert, A. Siegel, J. M. Blain, and R. J. Bing, “Studies
on Myocardial Metabolism: IV. Myocardial Metabolism in Diabetes,”
American Journal of Medicine 18, no. 3 (1955): 385-396, https://doi.org/
10.1016/0002-9343(55)90218-7.

20. A. Avogaro, R. Nosadini, A. Doria, et al., “Myocardial Metabolism in
Insulin-Deficient Diabetic Humans Without Coronary Artery Disease,”
American Journal of Physiology-Endocrinology and Metabolism 258, no.
4(1990): E606-E618, https://doi.org/10.1152/ajpendo.1990.258.4.E606.

21. P.J. Randle, P. B. Garland, C. N. Hales, and E. A. Newsholme, “THE
Glucose Fatty-Acid Cycle its Role in Insulin Sensitivity and the Meta-
bolic Disturbances of Diabetes Mellitus,” Lancet 281, no. 7285 (1963):
785-789, https://doi.org/10.1016/S0140-6736(63)91500-9.

22.7Z. Maria, A. R. Campolo, and V. A. Lacombe, “Diabetes Alters the
Expression and Translocation of the Insulin-Sensitive Glucose Trans-
porters 4 and 8 in the Atria,” PLoS One 10, no. 12 (2015): e0146033,
https://doi.org/10.1371/journal.pone.0146033.

23. M. Armoni, C. Harel, F. Bar-Yoseph, S. Milo, and E. Karnieli, “Free
Fatty Acids Repress the GLUT4 Gene Expression in Cardiac Muscle via
Novel Response Elements,” Journal of Biological Chemistry 280, no. 41
(2005): 3478634795, https://doi.org/10.1074/jbc.M502740200.

24. R. Vettor, R. Fabris, R. Serra, et al., “Changes in FAT/CD36, UCP2,
UCP3 and GLUT4 Gene Expression During Lipid Infusion in Rat Skele-
tal and Heart Muscle,” International Journal of Obesity 26, no. 6 (2002):
838-847, https://doi.org/10.1038/s].ij0.0802005.

25. P. B. Garland, P. J. Randle, and E. A. Newsholme, “Citrate as an In-
termediary in the Inhibition of Phosphofructokinase in Rat Heart Mus-
cle by Fatty Acids, Ketone Bodies, Pyruvate, Diabetes and Starvation,”
Nature 200, no. 4902 (1963): 169-170, https://doi.org/10.1038/200169a0.

26. A. Dresner, D. Laurent, M. Marcucci, et al., “Effects of Free Fatty
Acids on Glucose Transport and IRS-1-Associated Phosphatidylinositol
3-Kinase Activity,” Journal of Clinical Investigation 103, no. 2 (1999):
253-259, https://doi.org/10.1172/JCI5001.

27.C. M. Jenkins, J. Yang, H. F. Sims, and R. W. Gross, “Reversible High
Affinity Inhibition of Phosphofructokinase-1 by Acyl-CoA: A Mecha-
nism Integrating Glycolytic Flux With Lipid Metabolism,” Journal of
Biological Chemistry 286, no. 14 (2011): 11937-11950, https://doi.org/10.
1074/jbc.M110.203661.

10 of 12

Journal of Cellular and Molecular Medicine, 2025

85U8017 SUOLILLIOD SAIIERID 3|dedt(dde ay) Aq peuenob a2 ssjone O 8sn 0 Sa|n. 1oy Akeid 18Ul UO A8 |1 UO (SUONIPUOD-PUE-SWISIALIY A8 |1 AReIq 1 pUI|UO//SANY) SUONIPUOD Pue WS 1 8L 89S *[9202/50/70] Uo AreiqiTauljuo A8|iM ‘HOpsSNd %Bylol(aigsepue] pun -SIISeAIUN AQ #1260, WWOITTTT 0T/I0pALOY A8 |im Akeiq 1 uljuo//:Sdny Wols papeo|umoq ‘T2 ‘5202 ‘YE6rZesT


https://doi.org/10.3945/ajcn.2010.29885
https://doi.org/10.3945/ajcn.2010.29885
https://doi.org/10.1002/oby.23090
https://doi.org/10.1002/oby.23090
https://doi.org/10.3945/ajcn.2009.28512
https://doi.org/10.1016/0022-2828(80)90080-2
https://doi.org/10.1016/0022-2828(80)90080-2
https://doi.org/10.1007/BF00705418
https://doi.org/10.1002/ar.20952
https://doi.org/10.1093/oxfordjournals.eurheartj.a059928
https://doi.org/10.1161/01.RES.83.9.898
https://doi.org/10.1161/01.RES.83.9.898
https://doi.org/10.1152/physiol.00044.2007
https://doi.org/10.1152/physiol.00044.2007
https://doi.org/10.1152/ajpendo.00437.2015
https://doi.org/10.1152/ajpendo.00437.2015
https://doi.org/10.1152/ajpheart.00887.2007
https://doi.org/10.1161/01.CIR.0000127959.28627.F8
https://doi.org/10.1016/S0735-1097(02)01967-8
https://doi.org/10.1161/01.CIR.0000023531.22727.C1
https://doi.org/10.1161/01.RES.83.10.969
https://doi.org/10.1161/01.CIR.94.11.2837
https://doi.org/10.1152/ajpheart.1994.267.2.H742
https://doi.org/10.1111/j.1464-5491.1991.tb02168.x
https://doi.org/10.1111/j.1464-5491.1991.tb02168.x
https://doi.org/10.1016/0002-9343(55)90218-7
https://doi.org/10.1016/0002-9343(55)90218-7
https://doi.org/10.1152/ajpendo.1990.258.4.E606
https://doi.org/10.1016/S0140-6736(63)91500-9
https://doi.org/10.1371/journal.pone.0146033
https://doi.org/10.1074/jbc.M502740200
https://doi.org/10.1038/sj.ijo.0802005
https://doi.org/10.1038/200169a0
https://doi.org/10.1172/JCI5001
https://doi.org/10.1074/jbc.M110.203661
https://doi.org/10.1074/jbc.M110.203661

28. E. A. Newsholme and P. J. Randle, “Regulation of Glucose Uptake
by Muscle. 6. Fructose 1,6-Diphosphatase Activity of Rat Heart and Rat
Diaphragm,” Biochemical Journal 83, no. 2 (1962): 387-392, https://doi.
0rg/10.1042/bj0830387.

29.R. W. Schwenk, Y. Angin, L. K. M. Steinbusch, et al., “Overex-
pression of Vesicle-Associated Membrane Protein (VAMP) 3, but Not
VAMP2, Protects Glucose Transporter (GLUT) 4 Protein Translocation
in an In Vitro Model of Cardiac Insulin Resistance,” Journal of Biologi-
cal Chemistry 287, no. 44 (2012): 37530-37539, https://doi.org/10.1074/
jbc.M112.363630.

30.J.J. Wright, J. Kim, J. Buchanan, et al., “Mechanisms for Increased
Myocardial Fatty Acid Utilization Following Short-Term High-Fat
Feeding,” Cardiovascular Research 82, no. 2 (2009): 351-360, https://
doi.org/10.1093/cvr/cvp017.

31.Y. Fischer, J. Thomas, L. Sevilla, et al., “Insulin-Induced Recruit-
ment of Glucose Transporter 4 (GLUT4) and GLUT1 in Isolated Rat
Cardiac Myocytes: Evidence of the Existence of Different Intracellular
Glut4 Vesicle Populations,” Journal of Biological Chemistry 272, no. 11
(1997): 7085-7092, https://doi.org/10.1074/jbc.272.11.7085.

32.J.Lee, Y. Xu, L. Lu, et al., “Multiple Abnormalities of Myocardial In-
sulin Signaling in a Porcine Model of Diet-Induced Obesity,” American
Journal of Physiology-Heart and Circulatory Physiology 298, no. 2 (2010):
H310-H319, https://doi.org/10.1152/ajpheart.00359.2009.

33.L. Han, J. Liu, L. Zhu, et al.,, “Free Fatty Acid Can Induce Cardiac
Dysfunction and Alter Insulin Signaling Pathways in the Heart,” Lipids
in Health and Disease 17, no. 1 (2018): 185, https://doi.org/10.1186/s1294
4-018-0834-1.

34.Z. Gulyas-Onodi, T. Visnovitz, A. Koncz, et al., “Transcriptomic
Analysis and Comparative Characterization of Rat H9C2, Human AC16
and Murine HL-1 Cardiac Cell Lines,” Cardiovascular Research 118, no.
S1 (2022): cvac066.008, https://doi.org/10.1093/cvr/cvac066.008.

35.Z. Onodi, T. Visnovitz, B. Kiss, et al., “Systematic Transcriptomic
and Phenotypic Characterization of Human and Murine Cardiac Myo-
cyte Cell Lines and Primary Cardiomyocytes Reveals Serious Limita-
tions and Low Resemblances to Adult Cardiac Phenotype,” Journal of
Molecular and Cellular Cardiology 165 (2022): 19-30, https://doi.org/10.
1016/j.yjmece.2021.12.007.

36. K. S. Mdaki, T. D. Larsen, L. J. Weaver, and M. L. Baack, “Age Re-
lated Bioenergetics Profiles in Isolated Rat Cardiomyocytes Using Ex-
tracellular Flux Analyses,” PLoS One 11, no. 2 (2016): €0149002, https://
doi.org/10.1371/journal.pone.0149002.

37. A. V. Kuznetsov, S. Javadov, S. Sickinger, S. Frotschnig, and M.
Grimm, “H9c2 and HL-1 Cells Demonstrate Distinct Features of En-
ergy Metabolism, Mitochondrial Function and Sensitivity to Hypoxia-
Reoxygenation,” Biochimica et Biophysica Acta 1853, no. 2 (2015):
276-284, https://doi.org/10.1016/j.bbamcr.2014.11.015.

38. M. Eimre, K. Paju, S. Pelloux, et al., “Distinct Organization of En-
ergy Metabolism in HL-1 Cardiac Cell Line and Cardiomyocytes,” Bio-
chimica et Biophysica Acta-Bioenergetics 1777, no. 6 (2008): 514-524,
https://doi.org/10.1016/j.bbabio.2008.03.019.

39. P. Keul, K. Sattler, and B. Levkau, “HDL and Its Sphingosine-1-
Phosphate Content in Cardioprotection,” Heart Failure Reviews 12, no.
3(2007): 301-306, https://doi.org/10.1007/s10741-007-9038-x.

40. A. Polzin, L. Dannenberg, M. Benkhoff, et al., “Revealing Concealed
Cardioprotection by Platelet Mfsd2b-Released S1P in Human and Mu-
rine Myocardial Infarction,” Nature Communications 14, no. 1 (2023):
2404, https://doi.org/10.1038/s41467-023-38069-5.

41. A. Polzin, L. Dannenberg, M. Benkhoff, et al., “Sphingosine-1-
Phosphate Improves Outcome of No-Reflow Acute Myocardial Infarc-
tion via Sphingosine-1-Phosphate Receptor 1,” ESC Heart Failure 10, no.
1(2023): 334-341, https://doi.org/10.1002/ehf2.14176.

42. G. Theilmeier, C. Schmidt, J. Herrmann, et al., “High-Density Li-
poproteins and Their Constituent, Sphingosine-1-Phosphate, Directly

Protect the Heart Against Ischemia/Reperfusion Injury In Vivo via the
S1P3 Lysophospholipid Receptor,” Circulation 114, no. 13 (2006): 1403-
14009, https://doi.org/10.1161/CIRCULATIONAHA.105.607135.

43.N. Thomas, N. H. Schroder, M. K. Nowak, et al., “Sphingosine-1-
Phosphate Suppresses GLUT Activity Through PP2A and Counteracts
Hyperglycemia in Diabetic Red Blood Cells,” Nature Communications
14 (2023): 8329, https://doi.org/10.1038/541467-023-44109-x.

44.E. Abel, H. Kaulbach, R. Tian, et al., “Cardiac Hypertrophy With
Preserved Contractile Function After Selective Deletion of GLUT4
From the Heart,” Journal of Clinical Investigation 104 (1999): 1703-1714,
https://doi.org/10.1172/ICI7605.

45. M. Benkhoff, M. Barcik, P. Mourikis, et al., “Targeting Sphingosine-
1-Phosphate Signaling to Prevent the Progression of Aortic Valve Dis-
ease,” Circulation 151, no. 4 (2025): 333-347, https://doi.org/10.1161/
CIRCULATIONAHA.123.067270.

46. S. Weske, M. K. Nowak, A. Zaufel, et al., “Intracellular Sphingosine-
1-Phosphate Induces Lipolysis Through Direct Activation of Protein Ki-
nase C Zeta,” FASEB Journal 39, no. 7 (2025): €70528, https://doi.org/10.
1096/£j.202403272R.

47. A. Polzin, L. Dannenberg, M. Benkhoff, et al., “S1P Lyase Inhibi-
tion Starting After Ischemia/Reperfusion Improves Postischemic Car-
diac Remodeling,” JACC Basic to Translational Science 7, no. 5 (2022):
498-499, https://doi.org/10.1016/j jacbts.2022.03.009.

48.J. M. Wagner, A. Wille, M. Fueth, et al., “Pharmacological Elevation
of Sphingosine-1-Phosphate by S1P Lyase Inhibition Accelerates Bone
Regeneration After Post-Traumatic Osteomyelitis,” Journal of Cellular
and Molecular Medicine 27, no. 23 (2023): 3786-3795, https://doi.org/10.
1111/jcmm.17952.

49. L. Aerni-Flessner, M. Abi-Jaoude, A. Koenig, M. Payne, and P. W.
Hruz, “GLUT4, GLUT1, and GLUTS Are the Dominant GLUT Tran-
scripts Expressed in the Murine Left Ventricle,” Cardiovascular Diabe-
tology 11, no. 1 (2012): 63, https://doi.org/10.1186/1475-2840-11-63.

50. P. Keul, M. M. G. J. van Borren, A. Ghanem, et al., “Sphingosine-1-
Phosphate Receptor 1 Regulates Cardiac Function by Modulating Ca?*
Sensitivity and Nat/H* Exchange and Mediates Protection by Ischemic
Preconditioning,” Journal of the American Heart Association 5, no. 5
(2016): 003393, https://doi.org/10.1161/JAHA.116.003393.

51.Z. Q. Jin, E. J. Goetzl, and J. S. Karliner, “Sphingosine Kinase Acti-
vation Mediates Ischemic Preconditioning in Murine Heart,” Circula-
tion 110, no. 14 (2004): 1980-1989, https://doi.org/10.1161/01.CIR.00001
43632.06471.93.

52.Z. Q. Jin, H. Z. Zhou, P. Zhu, et al., “Cardioprotection Mediated
by Sphingosine-1-Phosphate and Ganglioside GM-1 in Wild-Type and
PKCe Knockout Mouse Hearts,” American Journal of Physiology-Heart
and Circulatory Physiology 282, no. 6 (2002): H1970-H1977, https://doi.
org/10.1152/ajpheart.01029.2001.

53.X.T.Liu, Y. Huang, D. Liu, et al., “Targeting the SphK1/S1P/PFKFB3
Axis Suppresses Hepatocellular Carcinoma Progression by Disrupting
Glycolytic Energy Supply That Drives Tumor Angiogenesis,” Journal
of Translational Medicine 22, no. 1 (2024): 43, https://doi.org/10.1186/
$12967-023-04830-z.

54.8S.Y. Afsar, S. Alam, C. Fernandez Gonzalez, and G. van Echten-
Deckert, “Sphingosine-1-Phosphate-Lyase Deficiency Affects Glucose
Metabolism in a Way That Abets Oncogenesis,” Molecular Oncol-
ogy 16, no. 20 (2022): 3642-3653, https://doi.org/10.1002/1878-0261.
13300.

55.Y. Shen, S. Zhao, S. Wang, et al., “S1P/S1PR3 Axis Promotes Aerobic
Glycolysis by YAP/c-MYC/PGAM1 Axis in Osteosarcoma,” EBioMed-
icine 40 (2019): 210-223, https://doi.org/10.1016/j.ebiom.2018.12.038.

56. E. Gagnon, D. Gill, D. Chabot, et al., “Evaluating the Cardiomet-
abolic Efficacy and Safety of Lipoprotein Lipase Pathway Targets in
Combination With Approved Lipid-Lowering Targets: A Drug Target
Mendelian Randomization Study,” Circulation: Genomic and Precision

Journal of Cellular and Molecular Medicine, 2025

11 of 12

85U8017 SUOLILLIOD SAIIERID 3|dedt(dde ay) Aq peuenob a2 ssjone O 8sn 0 Sa|n. 1oy Akeid 18Ul UO A8 |1 UO (SUONIPUOD-PUE-SWISIALIY A8 |1 AReIq 1 pUI|UO//SANY) SUONIPUOD Pue WS 1 8L 89S *[9202/50/70] Uo AreiqiTauljuo A8|iM ‘HOpsSNd %Bylol(aigsepue] pun -SIISeAIUN AQ #1260, WWOITTTT 0T/I0pALOY A8 |im Akeiq 1 uljuo//:Sdny Wols papeo|umoq ‘T2 ‘5202 ‘YE6rZesT


https://doi.org/10.1042/bj0830387
https://doi.org/10.1042/bj0830387
https://doi.org/10.1074/jbc.M112.363630
https://doi.org/10.1074/jbc.M112.363630
https://doi.org/10.1093/cvr/cvp017
https://doi.org/10.1093/cvr/cvp017
https://doi.org/10.1074/jbc.272.11.7085
https://doi.org/10.1152/ajpheart.00359.2009
https://doi.org/10.1186/s12944-018-0834-1
https://doi.org/10.1186/s12944-018-0834-1
https://doi.org/10.1093/cvr/cvac066.008
https://doi.org/10.1016/j.yjmcc.2021.12.007
https://doi.org/10.1016/j.yjmcc.2021.12.007
https://doi.org/10.1371/journal.pone.0149002
https://doi.org/10.1371/journal.pone.0149002
https://doi.org/10.1016/j.bbamcr.2014.11.015
https://doi.org/10.1016/j.bbabio.2008.03.019
https://doi.org/10.1007/s10741-007-9038-x
https://doi.org/10.1038/s41467-023-38069-5
https://doi.org/10.1002/ehf2.14176
https://doi.org/10.1161/CIRCULATIONAHA.105.607135
https://doi.org/10.1038/s41467-023-44109-x
https://doi.org/10.1172/JCI7605
https://doi.org/10.1161/CIRCULATIONAHA.123.067270
https://doi.org/10.1161/CIRCULATIONAHA.123.067270
https://doi.org/10.1096/fj.202403272R
https://doi.org/10.1096/fj.202403272R
https://doi.org/10.1016/j.jacbts.2022.03.009
https://doi.org/10.1111/jcmm.17952
https://doi.org/10.1111/jcmm.17952
https://doi.org/10.1186/1475-2840-11-63
https://doi.org/10.1161/JAHA.116.003393
https://doi.org/10.1161/01.CIR.0000143632.06471.93
https://doi.org/10.1161/01.CIR.0000143632.06471.93
https://doi.org/10.1152/ajpheart.01029.2001
https://doi.org/10.1152/ajpheart.01029.2001
https://doi.org/10.1186/s12967-023-04830-z
https://doi.org/10.1186/s12967-023-04830-z
https://doi.org/10.1002/1878-0261.13300
https://doi.org/10.1002/1878-0261.13300
https://doi.org/10.1016/j.ebiom.2018.12.038

Medicine 18, no. 2 (2025): €004933, https://doi.org/10.1161/CIRCGEN.
124.004933.

57.T. Pulinilkunnil and B. Rodrigues, “Cardiac Lipoprotein Lipase:
Metabolic Basis for Diabetic Heart Disease,” Cardiovascular Research
69, no. 2 (2006): 329-340, https://doi.org/10.1016/j.cardiores.2005.
09.017.

58. H. Yagyu, G. Chen, M. Yokoyama, et al., “Lipoprotein Lipase (LpL)
on the Surface of Cardiomyocytes Increases Lipid Uptake and Produces
a Cardiomyopathy,” Journal of Clinical Investigation 111, no. 3 (2003):
419-426, https://doi.org/10.1172/JCI16751.

59. R. M. Beadle, L. K. Williams, M. Kuehl, et al., “Improvement in Car-
diac Energetics by Perhexiline in Heart Failure due to Dilated Cardio-
myopathy,” JACC. Heart Failure 3, no. 3 (2015): 202-211, https://doi.org/
10.1016/j.jchf.2014.09.009.

60. L. Lee, R. Campbell, M. Scheuermann-Freestone, et al., “Metabolic
Modulation With Perhexiline in Chronic Heart Failure,” Circulation
112, no. 21 (2005): 3280-3288, https://doi.org/10.1161/CIRCULATIO
NAHA.105.551457.

61. X.Yin,J. Dwyer, S. R. Langley, et al., “Effects of Perhexiline-Induced
Fuel Switch on the Cardiac Proteome and Metabolome,” Journal of Mo-
lecular and Cellular Cardiology 55 (2013): 27-30, https://doi.org/10.
1016/j.yjmcc.2012.12.014.

62. K. Zacharowski, B. Blackburn, and C. Thiemermann, “Ranolazine,
a Partial Fatty Acid Oxidation Inhibitor, Reduces Myocardial Infarct
Size and Cardiac Troponin T Release in the Rat,” European Journal
of Pharmacology 418, no. 1-2 (2001): 105-110, https://doi.org/10.1016/
$0014-2999(01)00920-7.

63.J. G. McCormack, R. L. Barr, A. A. Wolff, and G. D. Lopaschuk,
“Ranolazine Stimulates Glucose Oxidation in Normoxic, Ischemic, and
Reperfused Ischemic Rat Hearts,” Circulation 93, no. 1 (1996): 135-142,
https://doi.org/10.1161/01.CIR.93.1.135.

12 of 12

Journal of Cellular and Molecular Medicine, 2025

85U8017 SUOLILLIOD SAIIERID 3|dedt(dde ay) Aq peuenob a2 ssjone O 8sn 0 Sa|n. 1oy Akeid 18Ul UO A8 |1 UO (SUONIPUOD-PUE-SWISIALIY A8 |1 AReIq 1 pUI|UO//SANY) SUONIPUOD Pue WS 1 8L 89S *[9202/50/70] Uo AreiqiTauljuo A8|iM ‘HOpsSNd %Bylol(aigsepue] pun -SIISeAIUN AQ #1260, WWOITTTT 0T/I0pALOY A8 |im Akeiq 1 uljuo//:Sdny Wols papeo|umoq ‘T2 ‘5202 ‘YE6rZesT


https://doi.org/10.1161/CIRCGEN.124.004933
https://doi.org/10.1161/CIRCGEN.124.004933
https://doi.org/10.1016/j.cardiores.2005.09.017
https://doi.org/10.1016/j.cardiores.2005.09.017
https://doi.org/10.1172/JCI16751
https://doi.org/10.1016/j.jchf.2014.09.009
https://doi.org/10.1016/j.jchf.2014.09.009
https://doi.org/10.1161/CIRCULATIONAHA.105.551457
https://doi.org/10.1161/CIRCULATIONAHA.105.551457
https://doi.org/10.1016/j.yjmcc.2012.12.014
https://doi.org/10.1016/j.yjmcc.2012.12.014
https://doi.org/10.1016/s0014-2999(01)00920-7
https://doi.org/10.1016/s0014-2999(01)00920-7
https://doi.org/10.1161/01.CIR.93.1.135

	Titelblatt_Levkau_final
	Levkau_sphingosine
	Sphingosine-1-Phosphate Lyase Inhibition Increases Glycolysis in Adult Cardiomyocytes and Restores Glycolytic Flux in Diabetic Cardiomyopathy
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Ethics Statement
	2.2   |   Mouse Model
	2.3   |   Glucose Tolerance Test
	2.4   |   Isolation of Primary Adult Cardiomyocyte
	2.5   |   Seahorse Analysis
	2.6   |   Glucose Uptake-Glo Assay Uptake
	2.7   |   LCMS Measurements
	2.8   |   Echocardiography
	2.9   |   Statistics

	3   |   Results
	3.1   |   Short-Term Sphingosine-1-Phosphate Lyase Inhibition In Vivo Stimulates Glycolysis and Glucose Uptake in ACM
	3.2   |   Stimulation of ACM Glycolysis by S1P Lyase Inhibition Is Dependent on the Insulin-Sensitive GLUT4 Transporter
	3.3   |   High Fat Diet Impairs Glycolysis in ACM and Causes Subtle Changes in Cardiac Function
	3.4   |   S1P Lyase Inhibition After Onset of Glycolytic Defects Completely Restores Glucose Utilisation

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Consent
	Conflicts of Interest
	Data Availability Statement
	References



