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ABSTRACT

Sodium-glucose co-transporter type 2 (SGLT2) inhibitor therapy to treat type 2 diabetes unexpectedly reduced all-cause mortality and hospitalization due to heart
failure in several large-scale clinical trials, and has since been shown to produce similar cardiovascular disease-protective effects in patients without diabetes. How
SGLT2 inhibitor therapy improves cardiovascular disease outcomes remains incompletely understood. Metabolic flexibility refers to the ability of a cell or organ to
adjust its use of metabolic substrates, such as glucose or fatty acids, in response to physiological or pathophysiological conditions, and is a feature of a healthy heart
that may be lost during diabetic cardiomyopathy and in the failing heart. We therefore undertook studies to determine the effects of SGLT2 inhibitor therapy on
cardiac metabolic flexibility in vivo in obese, insulin resistant mice using a [U'3C]-glucose infusion during fasting and hyperinsulinemic euglycemic clamp. Relative
rates of cardiac glucose versus fatty acid use during fasting were unaffected by EMPA, whereas insulin-stimulated rates of glucose use were significantly increased by
EMPA, alongside significant improvements in cardiac insulin signaling. These metabolic effects of EMPA were associated with reduced cardiac hypertrophy and
protection from ischemia. These observations suggest that the cardiovascular disease-protective effects of SGLT2 inhibitors may in part be explained by beneficial
effects on cardiac metabolic substrate selection.

1. Introduction

Inhibition of the sodium-glucose co-transporter type 2 (SGLT2) has
received growing acceptance as a novel, safe, and effective means to
improve glycemic control in patients with type 2 diabetes. SGLT2 is a
symport transport protein found primarily in the proximal tubule of the
kidney where it is responsible for the majority of glucose reabsorption
(Vallon et al., 2011). Thus, inhibition of SGLT2 lowers the renal glucose
threshold and reduces blood glucose levels by promoting glycosuria.
Unexpectedly, SGLT2 inhibitor therapy is also beneficial for patients
with cardiovascular disease (CVD). Results from EMPA-REG OUTCOME,
a clinical trial to establish the effects of the SGLT2 inhibitor

empagliflozin (EMPA) on CVD outcomes in patients with type 2 diabetes
at high risk of CVD, demonstrated marked reductions in mortality and
rates of hospitalization due to heart failure in patients taking EMPA
compared with placebo (Zinman et al., 2015). More recent large-scale
clinical trials evaluating CVD-related outcomes of the SGLT2 in-
hibitors canagliflozin (CANVAS) (Neal et al., 2017) and dapagliflozin
(DECLARE-TIMI 58) (Wiviott et al., 2019) produced similar findings,
demonstrating that the effects on mortality and heart failure hospitali-
zations are a class effect and not specific to one inhibitor. Furthermore,
clinical trials designed to evaluate the cardio-protective effects of SGLT2
inhibitor therapy across a breadth of heart failure phenotypes, including
heart failure with reduced (DAPA-HF, EMPEROR-Reduced) or preserved
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(EMPEROR-Preserved) ejection fraction and acute heart failure
(EMPULSE) have all shown a consistent benefit (McMurray et al., 2019;
Packer et al., 2020; Anker et al., 2021; Voors et al., 2022). While the
preponderance of evidence demonstrates a clear beneficial effect of
SGLT2 inhibitor therapy on CVD-related outcomes, the underlying
mechanism(s) for these observed benefits remain unclear.

A large number of putative mechanisms for the CVD protective ef-
fects of SGLT2 inhibitors are proposed and are the topic of recent re-
views (Lopaschuk Gary and Verma, 2020; Lam Carolyn et al., 2019;
Perry and Shulman, 2020). Several proposed mechanisms focus on
changes in cardiac metabolism that restore bioenergetic capacity and
improve cardiac efficiency, both of which decline during diabetic car-
diomyopathy and heart failure (Neubauer, 2007; Jia et al., 2018). Pre-
vious studies exploring a metabolic basis for the CVD-protective effects
of EMPA relied on static measures of cardiac or plasma metabolites or
changes in gene expression, ex vivo approaches utilizing isolated cells or
perfused working hearts, or in vivo measures of trans-cardiac metabolite
concentrations (Verma et al., 2018; Shao et al., 2019; Yurista et al.,
2019; Santos-Gallego Carlos Requena-Ibanez Juan Antonio San Antonio
Rodolfo et al., 2019). In order to understand whether changes in cardiac
metabolism in response to EMPA occur in vivo, we applied a stable
isotope tracing approach in awake mice under physiological conditions,
in order to measure cardiac-specific rates of relative glucose and fatty
acid  oxidation during fasting and in response to
hyperinsulinemic-euglycemic clamp.

2. Materials and methods
2.1. Animal care and use

Mice were studied at the University of Pittsburgh according to
guidelines established by the Institutional Care and Use Committee.
Age-matched male high-fat diet-fed (HFD; Research Diets D12492 60%
kcal fat, 5.21 kcal/g) and control low-fat diet-fed (LFD; Research Diets
D12450B 10% kcal fat, 3.82 kcal/g) mice were purchased from Jackson
Labs (stock 380050 and 380056). Mice were fed custom diets beginning
at 6 weeks of age and were studied at 30 weeks old, such that custom
diets were fed for 24 weeks where the last four weeks included EMPA
(10 mgekg'+day™?) in the HFD + E group. EMPA dosing was chosen
based on previous studies showing CVD benefits at a 10 mg/kg dose for
similar duration (Verma et al., 2018; Habibi et al., 2017; N Dimitriadis
et al., 2018). Metabolic cage studies consisted of 72h of analysis in the
Columbus Labs Comprehensive Lab Animal Monitoring System where n
4 LFD and n 6 HFD and HFD + E were studied. For
fasting/re-feeding studies, mice were fasted overnight and euthanized at
7am or fasted overnight and re-fed for 1 h prior to euthanasia. Group
sizes of n = 6 for fasted and n = 6 re-fed LFD, HFD, and HFD + E mice
were compared.

2.2. Biochemical analyses

Urine and plasma glucose levels were measured by the glucose oxi-
dase method using the Analox GM9. Plasma insulin was measured using
the Stellux chemiluminescent insulin ELISA. Plasma glucagon levels
were measured using ELISA Kit from Millipore. Plasma fatty acid and
B-hydroxybutyrate levels were measured spectrophotometrically using
commercially available kits from Wako and Sigma.

2.3. Echocardiography

M-mode echocardiography was performed using the Vevo 3100
(Visualsonics) in isofluorane-anesthetized mice and data were analyzed
by Vevo LAB software. Group sizes of n = 15 LFD and N = 16 HFD and
HFD + E were studied.
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2.4. Coronary artery ligations

Mice underwent open thoracotomy to place a suture around the left
anterior descending artery and left loose (sham) or tightly tied (coronary
artery ligation), as previously described (McGaffin et al., 2011). Briefly,
mice were anesthetized, intubated, ventilated and a small incision was
made on the left chest through the fourth intercostal space. The peri-
cardium was opened and the left anterior descending coronary artery
was tied off at its mid-segment with a suture to induce myocardial
infarction. The suture was left intact for seven days after which the mice
were euthanized for heart collection and dissection of the infarct,
peri-infarct and remote heart regions. Group sizes of n = 3-4 were used
for sham studies and n = 5-6 per group were used for CAL studies.

2.5. Gene expression and western blotting

Quantitative PCR and western blotting were performed as previously
described (Edmunds et al., 2020). Primers were designed with Primer-
s3web (https://primer3.ut.ee/) or purchased from Qiagen. Sequences
for designed primers were as follows: Slc2al(Glutl) (F:5'-
TTGTTGTAGAGCGAGCTGGA-3' R:5- ATGGCCACGATGCTCAGATA
-3); Slc2a4(Glut4) (F:5'- CTGGGCTTGGAGTCTATGCT-3' R:5'-
CGCTTTAGACTCTTTCGGGC-3'); and Cptlb (F:5'- GTCGCTTCTTC
AAGGTCTGG-3' R:5'- AAGAAAGCAGCACGTTCGAT-3'). Primary anti-
bodies were as follows: GAPDH (FL-335), Santa Cruz, SC-25778; Akt
(pan) (40D4), Cell Signaling, 2920S; p-Akt (pSer473), Cell Signaling,
4060P; PDH (C54G1), Cell Signaling, 3205; p-PDH (Ser293), Cell
Signaling, 37115.

2.6. Cardiac-specific substrate utilization

Mice underwent surgery to implant an indwelling catheter in the
right jugular vein and recovered five days prior to study. Mice were
fasted 6 h in the morning prior to study. To determine cardiac-specific
substrate use and metabolic flexibility, mice were infused with
[U'3C]-glucose at a rate of 1 mgekg~lemin~! for 120 min to achieve
steady-state for the fasted state, or underwent a 120 min
hyperinsulinemic-euglycemic clamp where [U13C]—glucose (25%
enriched 13C enriched 20% dextrose) was infused to maintain euglyce-
mia and match plasma glucose levels during the last 40-min of the study,
or steady-state. Insulin was given as a primed/continuous infusion
(Novolin-R, Novo Nordisk; prime dose: 30 mU/kg over 3 min; contin-
uous dose: 4.5 mUskg~*emin~1). After each study, mice were sacrificed
and hearts collected within 15 s of euthanasia and snap frozen in liquid
nitrogen. Frozen hearts were pulverized and processed for analysis by
liquid chromatography mass spectrometry (LC-MS) to determine en-
richments of [1,2,3—13C]-pyruvate and [1,2—13C]-acetyl-CoA for the
calculation of carbohydrate flux through pyruvate dehydrogenase
(Vppp) relative to total mitochondrial TCA cycle flux (Vrca), or Vppu/
Vrca, as previously described (Thapa et al.,, 2019). The ratio of [1,
2—13C]—acetyl—CoA to [1,2,3—13C]—pyruvate reflects Vppy relative to
Vrca, such that a ratio of one indicates 100% glucose oxidation and any
reduction in this ratio reflects dilution of [1,2—13C]—acetyl—C0A by un-
labeled acetyl-CoA from other sources, primarily fatty acid oxidation.
Due to difficulties in measuring isotopologues of acetyl-CoA and pyru-
vate related to pool size in the fasted samples during LC/MS, [4,
5-13¢] -glutamate and [1,2,3—13C] -lactate were used as surrogates for [1,
2-13C]-acetyl-CoA and [1,2,3-'3C] pyruvate, respectively, as previously
described (Alves et al., 2011; Shulman et al., 1987). Isotopologues of [1,
2—13C]—acetyl—CoA and [1,2,3—13C]—1actate were used for calculations in
insulin clamped mice. Groups sizes of n = 4 LFD, n = 6 HFD and n = 3
HFD + E were used for fasted studiesandn=5,n=4HFDandn =5
HFD + E were used for hyperinsulinemic studies.
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2.7. Statistical analyses

Data shown are the mean =+ s.e.m. and were compared by one-way
ANOVA followed by Tukey’s multiple comparison test or Student’s t-
test where noted. For all comparisons p < 0.05 was considered
significant.

3. Results
3.1. EMPA promotes glucosuria and whole-body fat oxidation

Urine glucose concentrations were increased 7- and 5-fold in HFD +
E compared with LFD and HFD mice, respectively (Fig. 1A; P < 0.001).
The respiratory exchange ratio, indicative of relative glucose and fat
oxidation, was reduced in HFD compared with LFD mice, demonstrating
increased whole-body fat oxidation in the HFD group (Fig. 1B; P < 0.01).
The respiratory exchange ratio was further reduced in HFD + E mice
compared with HFD mice (Fig. 1B; P < 0.05) consistent with previous
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reports in rodents and humans demonstrating that SGLT2 inhibition
promotes whole-body fat oxidation (Ferrannini et al., 2014, 2016a).
Body weight was significantly increased in HFD and HFD + E compared
with LFD mice, and there was no difference in body weight between HFD
and HFD + E mice (Fig. 1C), likely due to the relatively low dose (10
mg-kg’l-day’l) and short duration (4 weeks) of EMPA treatment (see
discussion).

Increased plasma glucagon levels and cardiac ketone utilization are
thought to contribute to improved CVD outcomes in patients treated
with SGLT2 inhibitor therapy (Ferrannini et al., 2016b). We therefore
measured plasma levels of a number of hormonal and metabolic factors
after fasting and re-feeding. The fasting/re-feeding paradigm produced
increases in plasma glucose and insulin levels (Fig. 1D&F), as well as
reductions in fatty acid and ketone levels in LFD mice (Fig. 1E&H),
indicative of a successful protocol. Fasting plasma glucose levels were
significantly increased in HFD and HFD + E compared with LFD mice
and there was no difference between HFD and HFD + E mice (Fig. 1D; P
< 0.01). There were no differences in plasma glucose levels following
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Fig. 1. EMPA increases glucosuria and promotes whole-body lipid oxidation. A. Urine glucose levels measured in the morning in ad libitum fed mice after two
weeks of EMPA diet. B. The 24h average respiratory exchange ratio measured in metabolic cages during the second week of EMPA treatment. C. Body weights after
four weeks of EMPA treatment. D. Plasma glucose levels by glucose oxidase method. E. Plasma fatty acids measured by spectrophotometric assay. F. Plasma insulin
levels measured by ELISA. G. Plasma glucagon levels measured by ELISA. H. Plasma f-hydroxybutyrate levels measured by spectrophotometric assay. Data are the
mean =+ s.e.m. for groups of n = 4-6 for A-B, n = 15-16 for C, and n = 6 for D-H. Data were compared by one-way ANOVA and followed by multiple comparison
testing to compare all groups when a significant effect was observed. *P < 0.05, **P < 0.01, ***P < 0.001.
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re-feeding between groups (Fig. 1D). Plasma insulin levels were signif-
icantly increased in HFD and HFD + E compared with LFD mice in both
fasted and re-fed mice, and there were no differences between HFD and
HFD + E mice (Fig. 1E). There were no differences in plasma glucagon
levels between groups in either the fasted or re-fed states, although
plasma glucagon levels in fasted HFD + E mice appeared modestly
elevated compared with LFD and HFD mice (Fig. 1G; P = 0.11). Fasted
plasma fatty acid levels were significantly reduced in HFD and HFD + E
mice compared with LFD and there no differences between HFD and
HFD + E mice (Fig. 1E; P < 0.001). There were no differences in re-fed
plasma fatty acid levels between groups (Fig. 1E). Lastly, plasma levels
of p-hydroxybutyrate were not different between groups in either the
fasted or re-fed state (Fig. 1H).

3.2. Cardiac hypertrophy and susceptibility to ischemic stress are
improved in EMPA-treated mice

Next, we assessed ventricular mass and dimensions as surrogates of
cardiac hypertrophy using echocardiography in anesthetized mice.
During diastole, the interventricular septum width (IVSd) was signifi-
cantly increased in HFD and HFD + E compared with LFD mice, and
reduced in HFD + E compared with HFD mice (Fig. 2A; P < 0.001, P <
0.05 and P < 0.05, respectively). There were no differences in the left
ventricle internal dimension (LVID) or the left ventricular posterior wall
(LVPW; Fig. 2B&C). During systole, there were no differences in LVID
between groups (Fig. 2D). The estimated left ventricular mass (LV mass)
was significantly increased in HFD compared with LFD mice, and
reduced in HFD + E compared with HFD mice (Fig. 2E; P < 0.001 and P
< 0.05, respectively).

To determine whether EMPA protected against a cardiac-specific
stress in our model, we performed coronary artery ligations and sacri-
ficed mice seven days after the procedure in order to isolate the area of
infarct, peri-infarct and remote heart. Expression of the cardiac stress-
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related genes B-type natriuretic peptide (Bnp) and atrial natriuretic
peptide (Anp) appeared elevated in the area of infarct compared with
sham treated mice from each group, indicative of a successful procedure
(Fig. 2F&G). Bnp expression was significantly different in the remote
heart (Fig. 2F; P < 0.05). Multiple comparison testing did not detect
significant differences between groups, although there were trends for
increased Bnp expression in HFD compared with LFD and HFD + E
(Fig. 2F; P = 0.07 and P = 0.06, respectively). Similar observations were
made for Anp expression in remote heart, where the effect of group
trended towards significance (Fig. 2G; P = 0.05), and multiple com-
parison testing detected similar trends of increased Anp expression in
HFD compared with LFD and HFD + E (Fig. 2G; P = 0.07 and P = 0.08,
respectively). Expression of Bnp and Anp in the area of infarct and peri-
infarct did not differ between groups, despite a similar pattern of
expression as observed in the remote heart (Fig. 2F&G).

3.3. EMPA restores cardiac metabolic flexibility

Cardiac-specific substrate selection was measured after a 6h morning
fast or during a hyperinsulinemic euglycemic-clamp by infusing mice
with [U13C]—glucose. Plasma glucose levels were matched at approxi-
mately 110 mg/dL across all three groups during steady-state, or the last
40 min of the clamp (Fig. 3A upper panel; P = 0.7 for average plasma
glucose levels during steady-state compared by 1-way ANOVA, data not
shown). The average glucose infusion rate (GIR) required to maintain
euglycemia during steady-state was significantly greater in LFD
compared with HFD and HFD + E, demonstrating impaired whole-body
insulin sensitivity in the HFD and HFD + E mice (Fig. 3A lower panel and
3B; P < 0.001). There was no difference in whole-body insulin sensi-
tivity between HFD and HFD + E mice (Fig. 3A lower panel and 3B; P =
0.29). In the fasted state, there were no differences in Vppy/Vrca be-
tween groups and the measured value of approximately 0.2 reflected
20% glucose and 80% fatty acid utilization (Fig. 3C). During
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hyperinsulinemia, Vppy/Vrca was significantly reduced in HFD
compared with LFD and HFD + E mice, reflecting increased glucose
utilization in LFD and HFD + E compared with HFD mice in response to
insulin (Fig. 3D; P < 0.05 and P < 0.01, respectively). Insulin resistance
plays an important role in obesity-associated metabolic inflexibility by
reducing the amount of glucose transported and thus oxidized by cell
types expressing the insulin-responsive glucose transporter GLUT4, such
as skeletal and cardiac muscle (Galgani et al., 2008). To determine
whether the observed differences in cardiac metabolic flexibility were
associated with changes in insulin sensitivity in LFD and HFD + E
compared with HFD mice, we measured changes in cardiac Akt phos-
phorylation. There were no differences in phospho-Akt during fasting
(Fig. 3E&F); however, phospho-Akt was significantly increased in HFD
+ E compared with HFD mice, and there was a trend towards increased
levels in LFD compared with HFD (Fig. 3E&F; P < 0.05 and P = 0.07,
respectively). The fold-change in phospho-Akt in response to re-feeding
was significantly reduced in HFD compared with LFD and HFD + E,
demonstrating impaired insulin signaling in HFD mice that was reversed
by EMPA (Fig. 3G; P < 0.05 and P < 0.01).
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Metabolic flexibility and cardiac substrate selection are regulated by
multiple factors including the expression and activity of key mediators
of substrate selection, such as PDH and CPT1 (Fillmore et al., 2014).
Phosphorylation of PDH, which leads to inhibition and reduced glucose
oxidation, was similar between groups under fasted and re-fed condi-
tions (Fig. 4A and B). Expression of Cptlb, which facilitates mitochon-
drial fatty acid import and oxidation, was similar between groups in the
fasted state, whereas in the re-fed state, Cpt1b expression was greater in
HFD compared with LFD mice and there was no difference between HFD
and HFD + E mice (Fig. 4C; P < 0.05). Expression of the glucose
transporter Glut4 was significantly different between groups in both the
fasted and re-fed state, where Glut4 expression was significantly less in
HFD + E compared with LFD mice (Fig. 4D; P < 0.05), and levels tended
to be reduced in HFD compared with LFD in the fasted state (Fig. 4D; P
= 0.07). There were no differences in Glut4 expression between HFD and
HFD + E (Fig. 4D). Changes in Glutl expression followed a similar
pattern as Glut4 and were significantly reduced in HFD compared with
LFD mice in the fasted state, whereas expression in HFD + E tended to be
reduced, although not significantly (Fig. 4E; P < 0.05, P < 0.07).



B. Xie et al. Current Research in Physiology 5 (2022) 232-239
A. LFD HFD HFD+E B.
—51-0' O LFD
Fast Fed Fast Fed Fast Fed < 0sd © o . © HFD
T 0.8 u
o %o m I,
(<9 0.6 |& + Y]
§ 04-
g uf
w
(23
_ I 0'2-
[=]
o
2 0.0
Fasted Re-fed
C. D. E.
—~ 2.5 _ * —~ 2.0
g g 16 3207 oo,k
< = P=0.07 2 l i L i
< i < *
520 . * 12 £ 15— Pexy
° — 5 * k-] [e]
S 1.51 . 2 o — S
£ ° <08 - = 1.0 -
< mE .0 ] .
Z 1.0 ° ; o " § ol ® N °
4 o [ O o 4
E E 0.4 o € 0.5
o 0.54 < -~
= 5 = 5 A
S o o
O 0.0 0.0 0.0 r r
Fasted Re-fed Fasted Re-fed Fasted Re-fed

Fig. 4. Changes in PDH, CPT1 and autophagy do not account for changes in metabolic substrate utilization in EMPA-treated mice. A. Representative
immunoblots for phosphorylated PDH at serine 293 (pPDHSER?°%), total PDH and GAPDH. B. Quantification of data in A. C-E. Gene expression by QPCR. Data are the
mean =+ s.e.m. for groups of n = 4-6. Data were compared by one-way ANOVA and followed by multiple comparison testing to compare all groups when a significant

effect was observed. *P < 0.05, **P < 0.01.

Following re-feeding, Glutl expression was significantly reduced in HFD
and HFD + E compared with LFD mice (Fig. 4E; P < 0.01). There were no
differences in Glut1 expression between HFD and HFD + E mice in fasted
or re-fed mice (Fig. 4E).

4. Discussion

In summary, we found that in the fasted state, relative rates of
cardiac-specific glucose versus fatty acid utilization were similar in lean
and diet-induced obese mice with or without EMPA treatment (Fig. 3C).
The ability to increase glucose utilization in response to a physiological-
stimuli, hyperinsulinemia, was impaired in the obese compared with
lean mice and partially restored by EMPA treatment (Fig. 3D).
Approximation of the fold change in relative glucose utilization in
clamped versus fasted mice serves as an index of metabolic flexibility.
LFD-fed mice displayed a 3.2-fold increase compared with 1.3- and 2.3-
fold increases in HFD and HFD + E mice, demonstrating loss of cardiac-
specific metabolic flexibility during obesity that was restored by EMPA.
The improved cardiac glucose utilization and metabolic flexibility in
EMPA-treated mice was associated with reduced cardiac hypertrophy
(Fig. 2A&E), suggesting that the ability to use multiple metabolic sub-
strates for energy production, particularly glucose, improved cardiac
contractile efficiency and lessened compensatory hypertrophy. EMPA-
treated mice were protected from ischemic stress (Fig. 2F&G), which
may also result from their ability to increase glucose utilization in
response to stress, thereby maximizing ATP production when oxygen
levels are limiting and preventing cell death and subsequent adverse
cardiac remodeling. Overall, our data support the notion that SGLT2
inhibitor therapy produces metabolic changes in heart that likely
contribute to the CVD-protective effects of this class of drug.

While there is general agreement that the failing heart is bio-
energetically compromised, in part due to altered metabolic substrate
utilization where the heart favors metabolism of glucose over fatty acids
(Neubauer, 2007; Neubauer et al., 1997), there is less agreement as to
whether similar changes occur during diabetic cardiomyopathy prior to
heart failure (Sowton et al., 2019). In general, studies performed in vivo
using isotope tracing and preclinical animal models of insulin resistance
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demonstrated reduced cardiac glucose utilization and increased fatty
acid utilization (Thapa et al., 2019; Mansor et al., 2013; Rohm et al.,
2018; van den Brom et al., 2009; How et al., 2006) whereas studies
performed ex vivo using models of insulin insufficiency detected reduced
cardiac fatty acid utilization (Chatham and Forder, 1997; Chatham
et al., 1999). Our data add to the growing body of in vivo evidence
demonstrating that glucose metabolism is reduced and fatty acid
metabolism is increased in models of diabetic cardiomyopathy, which
likely results from cardiac insulin resistance, as well as increased plasma
fatty acid levels that occur in these models. And although diabetic car-
diomyopathy and heart failure differ from a metabolic standpoint in
terms of substrate selection, both are characterized by the loss of
metabolic flexibility or the use of the correct metabolic fuel given a
specific physiological condition. Our data therefore suggest that the
CVD-protective effects of EMPA may result in part from changes in
cardiac metabolism and restored cardiac metabolic flexibility.

Indeed, a number of recent studies suggest that changes in cardiac
metabolism contribute to the CVD-protective effects of EMPA therapy.
In both diabetic and non-diabetic rodent studies, EMPA treatment
resulted in improved cardiac mitochondrial function defined by
increased ex vivo respiratory capacity and changes in gene expression
suggesting increased mitochondrial biogenesis and increased utilization
of both glucose and fatty acid metabolic substrates (Shao et al., 2019;
Yurista et al., 2019). Our studies support and expand upon these ob-
servations by demonstrating in vivo changes in cardiac mitochondrial
function following EMPA treatment, namely the ability to switch
metabolic substrate utilization in response to changing physiological
conditions, a feature of cardiac metabolism lost during diabetic car-
diomyopathy and heart failure. Studies focused specifically on cardiac
substrate utilization following EMPA treatment report somewhat
different results. Using the ex vivo working heart system combined with
isotope tracing, Verma and colleagues demonstrated that in a genetic
model of obesity (db/db), EMPA increased cardiac glucose and fatty acid
oxidation without affecting ketone use (Verma et al., 2018). In contrast,
in a non-diabetic porcine model of heart failure, EMPA treatment
reduced glucose utilization and partially restored fatty acid utilization,
and ketone use was markedly enhanced (Santos-Gallego Carlos
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Requena-Ibanez Juan Antonio San Antonio Rodolfo et al., 2019). Our
studies differ from these in that we measured relative and not absolute
rates of glucose and fatty acid utilization, and based on the design of our
tracing strategy, we cannot discern the relative contribution of lipids,
which includes fatty acids and ketones. So, while our studies clearly
demonstrate that on a percent basis that glucose use during hyper-
insulinemia is increased and lipid use, including fatty acids and ketones,
is reduced in EMPA treated mice, they cannot address whether increases
in the absolute amount of both glucose and lipid are increased, as re-
ported ex vivo by Verma and colleagues, or whether absolute levels of
ketone oxidation are increased in the absence of insulin, as reported by
Santos-Gallego and colleagues. Despite challenges in comparing studies
based on model systems and techniques used to assess changes in cardiac
metabolism, a consistent observation across past studies and ours is that
EMPA-treatment likely affects cardiac mitochondrial function and re-
stores the bioenergetic capacity of the heart in both diabetic cardio-
myopathy and heart failure (Verma et al., 2018; Shao et al., 2019;
Yurista et al., 2019; Santos-Gallego Carlos Requena-Ibanez Juan Anto-
nio San Antonio Rodolfo et al., 2019).

Despite the marked effects of EMPA on cardiac insulin sensitivity and
glucose utilization in our studies, we did not observe significant effects
on body weight or glucose homeostasis, which was somewhat of a sur-
prise. SGLT2 inhibitor therapy has been shown to reduce body weight in
several clinical trials (List et al., 2009; Wilding et al., 2009; Bailey et al.,
2010; Neeland et al., 2016) and multiple studies employing rodent
models of obesity, diabetes or CVD (Shao et al., 2019; Yurista et al.,
2019; Xu et al., 2017; Katsuno et al., 2009). However, the effect on body
weight in rodent studies appears to be dose and dose duration depen-
dent. In low dose studies using 10 mg/kg, as was used in our studies, and
dose durations of two to five weeks, changes in body weight were not
observed, despite changes in heart metabolism and CVD endpoints,
similar to what was observed herein (Verma et al., 2018; Habibi et al.,
2017; N Dimitriadis et al., 2018; Han et al., 2008). In contrast, studies of
longer duration (8-16 weeks) at 10 mg/kg, or longer duration and a
higher dose of 30 mg/kg produced significant effects on body weight
(Shao et al., 2019; Yurista et al., 2019; Katsuno et al., 2009). The mild to
no of effect of EMPA on body weight and glucose homeostasis in our
model therefore likely results from the low dose and short duration of
dosing. Indeed, eight weeks of treatment of db/db mice with EMPA at the
same dose used here improved insulin sensitivity (Kern et al., 2016).

Despite the mild phenotype observed with regards to glucose ho-
meostasis, our studies did detect significant improvements in left ven-
tricular mass in the HFD-fed EMPA-treated group. This reduced left
ventricular hypertrophy is consistent with recent trials where both
EMPA and dapagliflozin reduced left ventricular mass in patients with
type 2 diabetes (Brown et al., 2020; Verma et al., 2019). In addition to
improving left ventricular hypertrophy, EMPA has been shown to
improve diastolic function (Santos-Gallego et al., 2021) potentially due
to changes in cardiac bioenergetics during diastole (Garc i a-Ropero A
Vargas-Delgado et al., 2019). One of the limitations of our study with
regards to the CVD phenotype reported is that we did not make any
direct measures of diastolic function, nor did we measure changes in
plasma markers of cardiac stress or cardiac infarct size or fibrosis after
coronary artery ligation studies. Despite these limitations herein, several
groups have reported reduced infarct size, myocardial cell death and
susceptibility to cardiac arrhythmias in EMPA-treated rodents following
ischemia/reperfusion injury (Hu et al., 2021; Andreadou et al., 2017; Lu
et al., 2020).

Although our study cannot account for a single, mechanistic change
by which EMPA restored cardiac metabolic flexibility, we observed a
small number of changes in specific pathways that may contribute to the
effect. First, cardiac-specific insulin sensitivity was improved by EMPA
treatment (Fig. 3E-G), which would facilitate increased GLUT4-
mediated glucose transport and thus glucose utilization. Second, sys-
temic insulin sensitivity was mildly improved by EMPA (Fig. 3A and B)
and the post-prandial suppression of adipose tissue lipolysis by insulin,
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calculated from the percent change in plasma fatty acid levels shown in
Fig. 1E, was partially restored by EMPA; plasma fatty acid levels were
reduced following re-feeding by 60% in LFD-fed mice compared with
25% in HFD and 40% in HFD + E mice. Thus, improved adipose tissue
insulin sensitivity may have reduced fatty acid delivery to the heart and
thus utilization in EMPA treated mice. Finally, we did not observe
changes in PDH protein levels or phosphorylation, expression of Cpt1f
or Glutl/4 that could account for changes in substrate use, suggesting
they did not contribute to the observed phenotype (Fig. 4A-E).

In conclusion, by using a novel approach to measure relative glucose
versus fatty acid utilization in heart in vivo, we found that glucose uti-
lization and metabolic flexibility are impaired in obese, insulin resistant
mice compared with lean controls. More importantly, we found that
SGLT2 inhibitor therapy restored insulin-stimulated glucose utilization
and metabolic flexibility in heart, changes that were associated with
reduced ventricular hypertrophy and protection from ischemic stress.
These observations add to the growing list of potential mechanisms of
action by which SGLT2 inhibitors are CVD-protective, and more broadly
suggest that interventions that restore metabolic flexibility or glucose
utilization in heart during diabetic cardiomyopathy may produce similar
beneficial effects.
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