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Previous studies highlight the potential for sodium-glucose cotransporter type 2 (SGLT2) inhibitors (SGLT2i) to exert
cardioprotective effects in heart failure by increasing plasma ketones and shifting myocardial fuel utilization toward

ketone oxidation. However, SGLT2i have multiple in vivo effects and the differential impact of SGLT2i treatment and ketone
supplementation on cardiac metabolism remains unclear. Here, using gas chromatography-mass spectrometry (GC-MS) and
liquid chromatography-tandem mass spectrometry (LC-MS/MS) methodology combined with infusions of [*C Jglucose or
[*C,IBOHB, we demonstrate that acute SGLT2 inhibition with dapagliflozin shifts relative rates of myocardial mitochondrial
metabolism toward ketone oxidation, decreasing pyruvate oxidation with little effect on fatty acid oxidation in awake rats.
Shifts in myocardial ketone oxidation persisted when plasma glucose levels were maintained. In contrast, acute fOHB
infusion similarly augmented ketone oxidation, but markedly reduced fatty acid oxidation and did not alter glucose uptake
or pyruvate oxidation. After inducing heart failure, dapagliflozin increased relative rates of ketone and fatty acid oxidation,
but decreased pyruvate oxidation. Dapaglifiozin increased mitochondrial redox and reduced myocardial oxidative stress in
heart failure, which was associated with improvements in left ventricular ejection fraction after 3 weeks of treatment. Thus,
SGLT2i have pleiotropic effects on systemic and heart metabolism, which are distinct from ketone supplementation and may
contribute to the long-term cardioprotective benefits of SGLT2i.

Introduction
Sodium-glucose cotransporter type 2 (SGLT2) inhibitors (SGLT2i)
block glucose reabsorption in the renal proximal tubule, thereby
inducing glycosuria and natriuresis and leading to reductions in
hyperglycemia, body weight, and blood pressure (1). More recent-
ly, large clinical trials have demonstrated that SGLT2i have ben-
eficial effects on cardiovascular outcomes in patients with both
reduced and preserved ejection fraction when added to standard-
of-care therapy (2-8). However, the mechanisms responsible for
the beneficial effects of SGLT2i on heart failure remain debated.
One proposed mechanism is that SGLT2 inhibition shifts car-
diomyocyte energy metabolism toward ketone utilization with
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potential improvement in bioenergetic capacity and cardiac effi-
ciency in the failing heart (9-11). The myocardium requires large
amounts of energy derived from nutrient metabolism to fuel cardi-
ac contraction and maintain transmembrane ionic gradients (12).
To generate adequate amounts of adenosine triphosphate (ATP),
the normal heart is extremely flexible and can adapt to altered fuel
supply and hormonal concentrations (13). Cardiac mitochondria
are capable of oxidizing fatty acids, pyruvate (derived from glu-
cose and/or lactate), ketone bodies, and amino acids depending on
energy demand, substrate availability, and/or circulating hormone
concentrations (14). Although fatty acids are considered to be the
predominant fuel source for normal adult hearts in the fasting state,
several physiologic and pathologic conditions increase the contri-
bution of other substrates for ATP production (13). In heart failure,
the balance of myocardial fatty acid oxidation, pyruvate oxidation,
and glycolysis is altered, depending on the duration and severity of
disease (13). More recently, enhanced myocardial ketone oxidation
has been shown to be an adaptive response in both experimental
and clinical heart failure (15-19). In light of these studies, ketones
have been hypothesized to be a “thrifty-fuel” (9), with increases
in ketone availability (either directly by ketone infusion or indi-
rectly through SGLT2 inhibition) being demonstrated to reduce
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pathologic cardiac remodeling and improve systolic function in
murine, canine, and swine models of heart failure (15, 20, 21). In
addition, acute ketone supplementation has also been shown to
increase cardiac output in humans with heart failure (22).

Most prior studies investigating cardiac metabolism in heart
failure have not measured myocardial substrate oxidation rates in
the intact heart in awake animals. Instead, they have relied on ex
vivo measurements of substrate oxidation using isolated cardio-
myocytes or working heart perfusions (23-25) or static measure-
ments of metabolites and/or changes in metabolic enzymes (16,
26-29). Of note, in vitro studies do not replicate the changes in cir-
culating hormones and substrates that occur in heart failure and
have a critical impact on cardiac metabolism. Thus, a fully inte-
grated in vivo approach is needed to understand the overall impact
of substrate delivery, hormonal alterations, and cardiac metabolic
remodeling on heart metabolism, along with the impact of SGLT2i
treatment. The measurement of differences in blood arterial and
coronary venous metabolite concentrations provides an over-
all assessment of substrate extraction or production in vivo, but
sampling of coronary venous blood is not feasible in rodents,
limiting the application of this technique to small animal models
(21). Moreover, in patients, the use of anesthesia confounds met-
abolic substrate metabolism (17, 21). Recent in vivo stable isotope
tracer studies tracking cardiac glucose and branched chain ami-
no metabolism in conscious rodents have circumvented some of
these methodological limitations (29-34), but to date, the deter-
minants of in vivo cardiac BOHB utilization in the awake, unre-
strained state have not been determined, limiting the assessment
of ketone metabolism during SGLT2 inhibition.

Thus, using gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) methodology combined with infusions of [*C ]
glucose or [C, ]BOHB, we developed and utilized a method
to assess the relative rates of myocardial mitochondrial pyru-
vate (derived from glucose and lactate) and ketone oxidation
in awake rats. We compared the relative utilization of myocar-
dial pyruvate, ketones, and fatty acids both in healthy rats and
in rats following the induction of heart failure after myocardi-
al infarction (MI). We then used this method to elucidate the
acute effects of SGLT2 inhibition on myocardial mitochondrial
substrate oxidation in both healthy and heart-failure rats. We
tested the hypothesis that SGLT2i-mediated increases in hepat-
ic ketogenesis would lead to increased POHB availability and
oxidation and evaluated whether the myocardial fuel switch
to ketone bodies was accompanied by a decrease in pyruvate
(derived from glucose and lactate) and/or fatty acid oxidation.
The contribution of glucose lowering to the effects of SGLT2i
on substrate oxidation was further investigated by concomitant
glucose infusion to maintain euglycemia. The effects of SGLT2i
treatment were then compared with those of acute ketone infu-
sions to achieve comparable plasma ketone levels, in order to
better understand how additional metabolic changes might con-
tribute to the SGLT2i effects on heart metabolism. Finally, we
assessed the extent to which the shift in myocardial substrate
utilization by SGLT2i was sustained with chronic therapy and
whether SGLT2i would acutely or chronically improve cardiac
contractile function in the setting of heart failure.
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Results

Measurement of relative rates of cardiac-specific substrate oxidation
in vivo. We first developed a combined stable isotope tracer and
mass spectrometry approach to assess relative rates of myocardi-
al substrate utilization in chow-fed awake male Sprague-Dawley
rats, based on previously established methodology in skeletal
muscle (35-37). Following a 6-hour fast, a steady-state infusion of
[*C ]glucose was initiated and continued for 2 hours; hearts were
excised and the myocardial ®*C enrichments of glutamate and ala-
nine were assessed for the calculation of mitochondrial pyruvate
dehydrogenase flux (V) to total mitochondrial oxidation (V
citrate synthase flux) (Supplemental Figure 1, A-G; supplemental
material available online with this article; https://doi.org/10.1172/
JCI176708DS1). Metabolism of [*C ]glucose produces [*C,]pyru-
vate (m+3) via glycolysis that enters the TCA cycle via pyruvate
dehydrogenase (PDH) to produce [“CJacetyl-CoA (m+2). The
ratio of [*C Jacetyl-CoA (m+2) to [“C ]pyruvate (m+3) reflects
carbohydrate flux through V. relative to V¢ (V,./VJ), such that
a ratio of one indicates 100% pyruvate oxidation (derived from
glucose/lactate) and any ratio less than one reflects dilution of the
tracer from unlabeled acetyl-CoA derived from the oxidation of
fatty acids, ketones, and /or ketogenic amino acids (Supplemental
Figure 1A). Since pyruvate and acetyl-CoA enrichments are small
and difficult to reliably measure in tissues, we assessed the enrich-
ment of their reciprocal pools, [C,]alanine (m+3) and [4,5-3C,]
glutamate (m+2) (35, 36), for an estimation of myocardial V,./V
(Supplemental Figure 1G). Importantly, in separate experiments,
we found that [®CJalanine equilibrated with [“C,]pyruvate
(m+3) (Supplemental Figure 1C) while [4,5-C,]glutamate (m+2),
equilibrated with [*C,Jacetyl-CoA (m+2) (Supplemental Figure
1D), validating the use of reciprocal [*C]metabolite pools for
our measurements (35, 36).

Using a similar approach, we next assessed the relative con-
tribution of ketone oxidation (V) to total mitochondrial oxida-
tion (V) following a 2-hour steady-state infusion of [*C JBOHB
in a separate cohort of rats (Supplemental Figure 1, H-N). In the
heart, B-hydroxybutyrate dehydrogenase (BDH1) catalyzes the
oxidation of [¥C, ]BOHB to [“C,]acetoacetate (m+4), which is
subsequently transferred onto CoA through the activity of suc-
cinyl-CoA:3-oxoacid-CoA transferase (SCOT) and catalyzed
by mitochondrial thiolase into 2 molecules of [*C Jacetyl-CoA
(m+2). The ratio of [¥C,]acetyl-CoA (m+2) to [*C,]BOHB (m+4)
reflects ketone flux of BOHB (V) relative to V, (V. /V.J),
such that a ratio of one indicates 100% ketone oxidation and any
ratio less than one reflects dilution of the tracer from unlabeled
acetyl-CoA derived from the oxidation of other substrates such
as glucose, pyruvate, lactate, fatty acids, and ketogenic amino
acids (Supplemental Figure 1H). While myocardial [*C,]BOHB
(m+4) enrichments can reliably be measured following a steady-
state infusion of [¥C ]JBOHB (Supplemental Figure 1, ] and N),
[4,5-3C, ]glutamate (m+2) was again used as a surrogate for [*C,]
acetyl-CoA (m+2) (Supplemental Figure 1, K and N).

Based onthese measurements, we next calculated the relative
rates of cardiac mitochondrial substrate oxidation. As shown in
Supplemental Figure 1, 0-Q, relative rates of V, /V _  were 45%,
while relative rates of V /V _  were 13%. The relative oxidation

rate of fatty acids and ketogenic amino acids (V,,, ,,) to total
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mitochondrial oxidation (V) was indirectly assessed by calcu-
lating the residual V_, that was not accounted for after combining
the myocardial vV /V  and V, /V _  obtained during the [*C ]
glucose and [*C,|BOHB infusions, i.e., [1- (V. /V .+ V0. /V )]
Using this approach, we estimated that fatty acid and ketogenic
amino acid oxidation (V,,, ,,,) accounts for 42% of total cardiac
mitochondrial oxidation in chow-fed rats (Supplemental Figure
1Q). Together, these results indicate that during brief fasting (6-8
hours), a healthy rodent heart oxidizes 3-to-4-fold more glucose
and lactate-derived pyruvate (~45%) compared with ketones
(~13%) in the awake state, while also indicating less reliance on
the oxidation of fatty acids than hearts perfused in vitro with
free fatty acids and glucose (38). These relative oxidation rates
are in accordance with early studies of human cardiac substrate
metabolism in vivo (39-42).

Acute dapagliflozin treatment increases plasma ketone availabil-
ity and myocardial ketone oxidation. To examine the effect of acute
SGLT?2 inhibition on in vivo cardiac mitochondrial metabolism, we
treated 2-hour-fasted awake chow-fed rats with a single oral dose of
1.5mg/kg dapagliflozin, a dose that achieved clinically relevant plas-
ma concentrations of dapagliflozin (~0.8 uM [Supplemental Figure 1,
R-S] versus ~0.4 uM in humans) (43). The rats were infused 4 hours
later with [*C |glucose (for an additional 2 hours) and given a bolus
of [“C]2-deoxy-D-glucose (2-DG) during the last 20 minutes of the
infusion to assess relative rates of myocardial V, . /V ., and glucose
uptake, respectively (Figure 1A). A separate group of rats were infused
with [®C,JBOHB to assess relative rates of myocardial V,/V
and whole-body BOHB turnover (Figure 2A). Six hours after treat-
ment, there was marked accumulation of dapagliflozin in the kidney
and a consequent 3- to 4-fold increase in plasma BOHB levels (Sup-
plemental Figure 1, S and T). Consistent with the known metabolic
effects of SGLT2i, acute dapagliflozin treatment led to reductions in
fasting plasma glucose and insulin concentrations and a small but
detectable weight loss due to glycosuria (Figure 1, B-D, and Supple-
mental Figure 2A). Dapagliflozin treatment also reduced the insulin/
glucagon ratio and increased whole-body glucose turnover com-
pared with what occurred in vehicle-treated control rats (Figure 1, D
and E, and Supplemental Figure 2, B and C). These parameters were
associated with an increase in fasting plasma nonesterified fatty acid
(NEFA) concentrations and hepatic ketogenesis, as evidenced by a
marked increase in whole-body BOHB turnover, plasma BOHB con-
centrations, and plasma acetoacetate levels in dapagliflozin-treat-
ed rats compared with controls (Figure 1, F-H, and Supplemental
Figure 2D). BOHB clearance was not significantly altered between
treatment groups (Supplemental Figure 2E). Notably, dapagliflozin
treatment increased V,_/V . by 2-fold from approximately 20%
to approximately 51% (Figure 1I). Acute dapagliflozin treatment
also reduced myocardial glucose uptake, as assessed by [“C]2-DG
accumulation, and V, . /V . by 60% compared with vehicle controls
(Figure 1, ] and K). In contrast, relative rates of V, _,,/V,.  remained
unchanged (Supplemental Figure 2H). These results indicate that
in vivo dapagliflozin treatment augments myocardial oxidation of
ketones relative to pyruvate (derived from glucose/lactate) rather
than by diminishing relative fatty acid oxidation.

Dapagliflozin-mediated reductions in relative rates of cardiac
pyruvate oxidation are independent of plasma glucose concentrations.
Acute dapagliflozin-mediated reductions in glucose uptake and

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/JC1176708
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relative rates of V,  /V . could be driven by reductions in plasma
glucose/insulin and/or increases in plasma ketone availability and
myocardial ketone oxidation. In order to differentiate between
these 2 possibilities, a separate group of dapagliflozin-treated rats
was also given a variable infusion of glucose, which matched plas-
ma glucose and insulin concentrations to those of vehicle-treated
rats (~125 mg/dL and 20 pU/ml, respectively; herein referred to as
dapagliflozin + glucose) (Figure 1, A, C, and D).

The exogenous infusion of glucose reduced dapagliflozin-me-
diated increases in plasma glucagon, whole-body BOHB turnover,
plasma BOHB concentrations, and plasma acetoacetate concentra-
tions, independently of changes in BOHB clearance (Figure 1, E-H,
and Supplemental Figure 2, B-E). Interestingly, plasma NEFA lev-
els and whole-body glucose turnover remained increased (Figure
1F and Supplemental Figure 2C), most likely due to only a partial
restoration of the insulin/glucagon ratio in dapagliflozin-treated
rats infused with glucose compared with vehicle controls (Supple-
mental Figure 2B). Although dapagliflozin + glucose also increased
myocardial glucose uptake, it remained partially suppressed
compared with vehicle-treated rats (Figure 1J), and dapagliflozin
+ glucose had no significant effect to increase myocardial V,_/
V. Which remained lower than in vehicle controls (Figure 1K).
Relative rates of V.. /V . increased in dapagliflozin + glucose-
treated versus vehicle-treated control rats and dapagliflozin-treat-
ed rats (~47% versus 31% and 23%; Supplemental Figure 2H)
despite the plasma glucose and insulin levels being higher than
in dapagliflozin-treated rats and similar to that in vehicle-treat-
ed rats (Figure 2D). In contrast to the heart, exogenous glucose
infusion significantly increased glucose uptake in white adipose
tissue (eWAT) and skeletal muscle in rats treated with dapagli-
flozin (Supplemental Figure 2, F and G). The differential effect of
glucose infusion to suppress glucose uptake in heart as compared
with adipose or skeletal muscle likely reflects the more prominent
Randle effect (44) of residually elevated plasma NEFA concentra-
tions in the heart (Figure 1F).

In contrast, the elevated relative rate of myocardial POHB
oxidation in dapagliflozin-treated rats was reduced by exogenous
glucose infusion, which partially normalized hepatic ketogen-
esis and fasting plasma BOHB levels to those in vehicle-treated
rats (Figure 1, G and H). Collectively, these data suggest that
dapagliflozin-mediated increases in cardiac BOHB oxidation are
dependent on plasma glucose/insulin concentrations and presum-
ably are driven primarily by increases in plasma ketone availabili-
ty resulting from increased hepatic ketogenesis. They also suggest
that the relative suppression of myocardial pyruvate oxidation
during dapagliflozin treatment might be related to competition
from elevated plasma NEFA levels rather than reduced plasma
glucose and insulin levels. In addition, reductions in myocardial
pyruvate oxidation may be driven by competition from increased
circulating ketones, which were only partially corrected with exog-
enous glucose infusion (Figure 1H and Supplemental Figure 2D).

Contribution of elevated plasma ketones to the effects of dapagli-
flozin on cardiac metabolism. To further assess the impact of ele-
vated circulating ketones per se in driving alterations in cardiac
substrate oxidation in vivo, we next assessed mitochondrial sub-
strate oxidation in a separate cohort of rats treated with vehicle or
dapagliflozin or infused with 50 pmol/kg-min exogenous BOHB to
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Figure 1. Acute dapagliflozin treatment significantly increases relative rates of JOHB oxidation at the expense of pyruvate oxidation in chow-fed male
rats. (A) Outline of study design. Rats were given an intravenous bolus of “C[2-DG] during the last 20 minutes of the infusion. (B-K) Weight change (B),
plasma glucose (C), plasma insulin (D), plasma glucagon (E), plasma NEFAs (F), whole-body BOHB turnover (G), plasma BOHB (H), relative rates of myocar-

dial BOHB oxidation (V

BDH)

to total mitochondrial oxidation (V) (I), myocardial glucose uptake (J), and relative rates of myocardial pyruvate oxidation (V

PDH)

to total mitochondrial oxidation (V_.) (K) in chow-fed male rats treated as in A. In panels (B-K), n = 24, 20, 20 (B and D and F); n = 22, 20, 20 (C); n = 24,

S

19,19 (E); n = 11,10, 11(G); n = 22,19, 20 (H); n = 12,10, 11 (1); n = 11,9, 9 ()); and n =12, 10, 9 (K). All data are represented as mean + SEM. P < 0.05 by 1-way
ANOVA with Bonferroni’s corrections for multiple comparisons. Dapa, dapagliflozin; Tx, treatment; po, orally.

match BOHB levels to those measured in dapagliflozin-treated rats
(~0.6 mM) (Figure 2, A and I). In contrast to dapagliflozin treat-
ment, exogenous POHB infusion had no effect on body weight,
fasting plasma glucose, plasma insulin, plasma glucagon, glucose
turnover, or plasma NEFA levels when compared with vehicle
controls (Figure 2, B-G, and Supplemental Figure 3A). As shown
in Figure 2, H-J, and Supplemental Figure 3B, whole-body BOHB
turnover and plasma POHB levels were increased without evident
changes in plasma or myocardial acetoacetate levels. BOHB infu-
sion caused a 2-fold increase in myocardial BOHB concentrations
and markedly increased V,  /V . from 13% to 63% (Figure 3A

B[Hi/

and Supplemental Figure 3C). In contrast to dapagliflozin, which
increased ketone oxidation at the expense of glucose uptake and
relative pyruvate oxidation (Figure 1, ] and K), exogenous BOHB
infusion did not significantly decrease myocardial glucose uptake
or V,./V. (Figure 3, B and C). However, in the absence of an
increase in plasma NEFA levels that was seen with dapaglifloz-
in, BOHB infusion substantially reduced fatty acid and ketogenic
amino acid oxidation (Supplemental Figure 3D).

Plasma and myocardial mitochondrial redox (NADH:NAD", as
assessed by BPOHB:AcAc) (45, 46), were also increased with BOHB
infusion (Figure 2K and Figure 3D), consistent with increased

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/)C1176708
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Figure 2. BOHB infusion significantly increases relative rates of BOHB oxidation in chow-fed male rats. (A) Outline of study design. Rats were
given an intravenous bolus of *C[2-DG] during the last 20 minutes of the infusion. (B-K) Weight change (B), plasma glucose (C), plasma insulin (D),
plasma glucagon (E), whole-body glucose turnover (F), plasma NEFAs (G), whole-body BOHB turnover (H), plasma BOHB (1), plasma acetoacetate (}),

and plasma BOHB:AcAc in chow-fed male rats treated as in A. In panels (B-K), n

=11,10,9(B); n=9,10,13(C); n=8,9,12(D); n = 9,10, 11 (E, G, and I);

n=4,56(F);n=4,4,5(H);n=9,10,10 ()); and n = 8, 9, 11 (K). All data are represented as mean + SEM. P < 0.05 by 1-way ANOVA with Bonferroni’s

corrections for multiple comparisons.

extracellular BOHB leading to modulation of the intracellular
mitochondrial redox state (47-49). BOHB infusion also increased
myocardial acetyl-CoA content and oxidation of myocardial
BOHB (Figure 3, A and E). This increase in myocardial BOHB oxi-
dation during acute BOHB infusion was observed without evident
changes in BDH1 and SCOT protein expression (Figure 3H). In
contrast, protein expression of the cardiac glucose transporters
GLUT1 and GLUT4 tended to be numerically higher (Figure 3F),
consistent with previous studies in isolated human and mouse
cardiomyocytes (50). The inhibitory phosphorylation of pyruvate
dehydrogenase (PDH), the rate limiting enzyme for pyruvate oxi-
dation, also trended down with BOHB infusion and acute dapagli-
flozin treatment (Figure 3G); however, neither trend was directly
reflected in vivo by an increase in myocardial glucose uptake or
the relative rate of pyruvate oxidation. Myocardial cytosolic redox
(lactate:pyruvate) (Supplemental Figure 3, E-G), short chain
CoA esters (Supplemental Figure 3H), anaplerosis-dependent

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/JC1176708

substrates (Supplemental Figure 3, I-K), and ATP:ADP/ATP:AMP
ratios (Supplemental Figure 3, L and M) could also not account
for changes in cardiac substrate utilization associated with acute
increases in BOHB availability. Collectively, these studies indi-
cate that dapagliflozin-mediated increases in relative rates of
myocardial ketone utilization are driven mainly by plasma ketone
availability resulting from enhanced hepatic ketogenesis. Con-
sistent with this conclusion, circulating plasma concentrations of
BOHB positively correlated with the relative rates of myocardial
BOHB oxidation (Figure 3I).

Acute dapagliflozin treatment increases plasma ketone availability
and myocardial ketone oxidation during heart failure. Having demon-
strated that dapagliflozin shifts myocardial substrate utilization
toward ketones in normal awake chow-fed rats, we next sought to
directly assess its effects on cardiac mitochondrial substrate oxida-
tion in heart failure. To this end, we utilized a well-characterized
model of left anterior descending (LAD) coronary artery ligation,
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Figure 3. Acute dapagliflozin-mediated increases in relative rates of BOHB oxidation are driven by plasma BOHB levels. (A-E) Relative rates of

myocardial BOHB oxidation (V) to total mitochondrial oxidation (V) (A)

oxidation (V,

BDH:

PDH)

myocardial glucose uptake (B), relative rates of myocardial pyruvate

to total mitochondrial oxidation (V) (C), myocardial BOHB:AcAc (D), and myocardial acetyl-CoA content (E) in chow-fed male rats

treated with vehicle, 1.5 mg/kg body weight dapagliflozin (po), or infused with 50 umol/(kg-min) BOHB. (F-H) Representative Western blot analysis
of GLUT1 and GLUT4 (F), pPDH/PDH (G), and BDH1 and SCOT (H) in the hearts of chow-fed male rats treated as in A-E. HSP90 was used as a loading
control. Quantification of blots shown below each blot. (I) Correlation of plasma BOHB and V! Vs in rats treated as in A-E. In panels (A-1),n=4,4,
S5(A);n=57506(BandC);n=9,9,7(D);n=9,12,13 (E); n = 4 per group (F-H); and n = 4, 4, 5 (1). All data are represented as mean + SEM. P< 0.05 y

1-way ANOVA with Bonferroni’s corrections for multiple comparisons.

leading to MI and subsequent heart failure (51). Heart failure was
evidenced 2 weeks after MI by significant reductions in left ven-
tricular (LV) ejection fraction, fractional shortening, cardiac out-
put, and stroke volume compared with sham-surgery controls
(Supplemental Table 1). LV end-diastolic and end-systolic volumes
were also markedly increased in heart-failure rats compared with
sham-surgery rats, indicative of pathological cardiac remodeling
(Supplemental Table 1). Sham-surgery controls and rats with heart
failure (LV ejection fraction 72% +1% versus 41% + 1%, respectively)
were randomized to acute treatment with dapagliflozin or vehicle.

For metabolic assessment, rats were infused with [“C ] glucose and
given a bolus of [*C]2-DG to assess V,,/V ., and myocardial glu-
cose uptake, respectively, or alternatively infused with [*C ]BOHB
to assess V,./V . (Figure 4A). Similarly to what occurred in nor-
mal chow-fed rats, acute dapagliflozin treatment induced glycos-
uria, decreased plasma glucose, and reduced body weight in both
sham-surgery and heart-failure rats compared with vehicle-treated
rats (Figure 4, B-D, and Supplemental Figure 4A). Acute dapagli-
flozin treatment also increased plasma glucagon concentrations,
lowered the insulin-to-glucagon ratio, and increased whole-body
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glucose turnover in sham-surgery and heart-failure rats (Figure
4, E and F, and Supplemental Figure 4B). However, significant
reductions in plasma insulin concentrations were only observed in
sham-surgery rats (Figure 4G). Dapagliflozin treatment caused a
2-fold increase in fasting plasma NEFA concentrations and whole-
body BOHB turnover and increases in plasma POHB and acetoace-
tate concentrations in the absence of changes in ketone clearance in
both groups (Figure 4, H-K, and Supplemental Figure 4C).

In sham-surgery rats, dapagliflozin treatment led to an
approximately 100% increase in V/V . and a 50%-80% reduc-
tion in both myocardial glucose uptake and V, . /V_ (Figure 5,
A-F). Heart-failure rats did not demonstrate significant changes in
baseline LV substrate utilization in the ischemic/infarction area,
which is distal to the coronary artery ligation and includes border
zones that have residual perfusion and metabolically active car-
diomyocytes (51), as compared with sham-surgery rats (Figure 5,
A-C). Heart-failure rats also had no change in substrate utilization
in the nonischemic LV myocardium (Figure 5, D-F), which under-
goes hemodynamic stress and remodeling, but is remote from the
infarction. However, dapagliflozin treatment increased the rela-
tive rates of myocardial BOHB oxidation and decreased the rela-
tive rates of pyruvate oxidation in both regions in the heart-failure
rats compared with vehicle control rats (Figure 5, B, C, E, and F).

Interestingly, the reduction in V, /V_ . was mirrored by a
drop in glucose uptake in dapagliflozin-treated sham hearts, but
notin the ischemic/infarct region of the heart-failure rats (Figure
5A). This suggests that there was an uncoupling of myocardial
glucose oxidation and glucose uptake in the ischemic/infarct
region, which likely reflected a shift to anaerobic glycolysis, in
contrast to the nonischemic remote region where myocardi-
al glucose uptake paralleled the reduction in V,  /V ¢ (Figure
5D). In dapagliflozin-treated compared with vehicle-treated
heart-failure rats, the calculated rates of myocardial V,,,,/V_
were numerically higher in both the ischemic/infarct and non-
ischemic regions (Supplemental Figure 4, D and E), which par-
alleled their increase in plasma NEFA during SGLT?2 inhibition.
Together, these data indicate that dapagliflozin shifts the sub-
strate preference for oxidative metabolism throughout the fail-
ing heart toward ketone oxidation and possibly free fatty acid
and amino acid oxidation relative to pyruvate oxidation (Supple-
mental Figure 4, C and D).

Acute dapagliflozin treatment does not alter cardiac gene
expression in rats with heart failure. We next measured myocardial
mRNA and protein content of key mediators of cardiac metab-
olism. We analyzed tissue from the nonischemic LV myocardi-
um remote from the infarct, so as to avoid the heterogeneity of
the ischemic/infarct region. As shown in Supplemental Figure 4,
E-G, acute dapagliflozin treatment did not significantly alter the
mRNA content of important cardiac transporters and enzymes
involved in glucose, fatty acid, or ketone oxidation. Interestingly,
despite dapagliflozin-mediated reductions in myocardial glucose
uptake and the relative rates of pyruvate oxidation, there were no
significant differences in GLUT1 or GLUT4 protein expression
(Figure 5G) or phosphorylated PDH (pPDH), although pPDH5%%?/
PDH tended to increase (Figure 5H). Acute dapagliflozin treat-
ment also did not significantly alter BDH1 or SCOT protein
expression (Figure 5I), suggesting that dapagliflozin-mediated
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myocardial BOHB oxidation may be driven primarily by circu-
lating BOHB levels, consistent with our previous observations
in normal chow-fed rats. Similarly, the relative rates of POHB
oxidation positively correlated with circulating BOHB concen-
trations in both sham-surgery and heart-failure rats (Figure 5J),
further highlighting that substrate availability is an important
determinant of BOHB metabolism in heart failure.

Acute dapagliflozin treatment does not significantly alter cardiac
function or efficiency. Recent evidence suggests that acute ketone
supplementation can improve cardiac function and efficiency in
the failing heart (22). To determine whether acute dapaglifloz-
in-mediated increases in circulating plasma ketones and myocar-
dial V. ./V ¢ impact heart function or cardiac efficiency in rats
with heart failure, we performed echocardiography and metabolic
analyses in a separate cohort of sham-surgery and heart-failure
rats before and after acute dapagliflozin treatment. Two weeks
after induction of MI or sham surgery, rats underwent baseline
echocardiography. Heart-failure rats demonstrated significantly
reduced LV ejection fraction, fractional shortening, and global
longitudinal strain, while LV volumes also increased significant-
ly, compared with sham-surgery controls (Supplemental Figure 5,
A-G). Other parameters of systolic function (cardiac output and
stroke volume) and diastolic function (E/e’) were also reduced in
heart-failure rats compared with sham-surgery controls (Supple-
mental Figure 5, H-K).

After confirming cardiac dysfunction and LV remodeling 2
weeks after coronary ligation, rats with heart failure were ran-
domized to treatment groups. Rats were fasted the morning
following the echocardiogram and treated with dapagliflozin
or vehicle. A second echocardiogram was performed 6 hours
after initiation of treatment. Body weight and fasting plasma
glucose and insulin were lower in the dapagliflozin-treated
groups compared with vehicle controls; dapagliflozin treatment
also markedly increased fasting plasma NEFAs and circulating
BOHB levels in sham-surgery and heart-failure rats, indicative
of SGLT2 inhibition (Figure 6, A-E). Analysis of the echocardio-
graphic data revealed no differences in the LV ejection fraction,
global longitudinal strain (GLS), end-diastolic or end-systolic
volume, stroke volume, or diastolic function (E/A, E/e’) with
acute dapagliflozin treatment in either the heart-failure or sham-
surgery control groups (Supplemental Figure 6, A-G). These
results indicate that short-term dapagliflozin treatment does not
acutely increase LV contractile function in rats with heart fail-
ure, despite the increase in plasma ketone levels and myocardial
ketone oxidation. They also indicate that the metabolic changes
that were observed with acute dapagliflozin treatment were not
secondary to alterations in cardiac contractile function. Although
the rats developed glucosuria during dapagliflozin treatment,
there was not enough intravascular volume depletion to cause
either a decrease in preload sufficient to measurably reduce the
mitral E/e’ (an indicator of left atrial pressure) or the LV diastolic
volume (Supplemental Figure 6, C and H).

Acute dapagliflozin treatment alters mitochondrial redox and
reduces markers of oxidative stress in heart-failure rats. Myocardi-
al ketone oxidation has previously been postulated to provide
an additional source of energy to the failing heart and improve
mitochondrial respiratory dynamics (15, 49). In order to test this
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Figure 4. Acute dapagliflozin treatment increases hepatic ketogenesis and plasma ketone levels in sham-surgery and Ml rats. (A) Outline of study
design. Rats were given an intravenous bolus of “C[2-DG] during the last 20 minutes of the infusion. (B-K) Weight change (B), urine glucose (C), plasma
glucose (D), plasma glucagon (E), whole-body glucose turnover (F), plasma insulin (G), plasma NEFAs (H), whole-body BOHB turnover (1), plasma BOHB (J),
and plasma acetoacetate (K) in chow-fed male rats treated as in A. In panels B-K, n = 26, 27, 33, 29 (B); n = 18, 16, 21,18 (C); n = 24, 26, 32, 29 (D); n = 22,
26,28,27(E);n=7,9,7,9 (F); n=25,27,32,30 (G); n = 26, 27,33,30 (Hand }); n = 9,10, 10, 9 (1);and n = 16, 17, 21, 19 (K). All data are represented as mean *
SEM. P < 0.05 by 1-way ANOVA with Bonferroni's corrections for multiple comparisons.

hypothesis, we next assessed mitochondrial redox (BOHB:AcAc)
and the content of short-chain CoA esters and adenine nucleotides
in the noninfarcted myocardium in heart-failure rats acutely treat-
ed with dapagliflozin or vehicle for 6 hours. Similar to our chow-fed
studies, acute dapagliflozin treatment served as a strong reductant
ofthe mitochondrial nicotinamide adenine dinucleotide (NAD) sys-
tem, as shown by the increased ratio of myocardial BOHB to aceto-
acetate in the failing LV myocardium (Figure 6, F-H). Intriguingly,
the increase in LV mitochondrial reducing equivalents (BOHB:A-
cAc, a surrogate for NADH:NAD") was independent of changes in
myocardial acetyl-CoA and malonyl-CoA (Supplemental Figure
6, L and ]), suggesting that it may be driven by increases in hepatic
ketogenesis and circulating BOHB concentrations (47). Anincrease
in cardiac mitochondrial reducing equivalents would be expected
to (a) improve energy transfer and ATP production (15) and/or (b)
contribute to the production of mitochondrial NAD(P)H, through
nicotinamide nucleotide transhydrogenase, for the glutathione
(GSH) redox cycle (52). Although acute dapagliflozin treatment did
not alter cellular energy change (ATP:ADP, ATP:AMP) (Supple-
mental Figure 6, K and L), myocardial GSH: glutathione disulfide

(GSSG) was increased in the LV myocardium of heart-failure rats
with acute dapagliflozin treatment compared with vehicle-treated
controls (Figure 61). In addition, myocardial lipid peroxidation, a
marker of oxidative stress, was reduced with acute dapagliflozin
treatment in rats with heart failure (Figure 6]). Together, these data
suggest that acute dapagliflozin-mediated increases in myocardi-
al ketone oxidation and reducing equivalents are associated with
reduced oxidative stress in rats with heart failure and are consistent
with previous studies reporting the beneficial effects of SGLT2i to
reduce oxidative stress (53-56).

Chronic dapagliflozin treatment alters relative rates of myocar-
dial substrate oxidation and mitochondrial redox and improves LV
ejection fraction in heart-failure rats. To determine whether the
acute metabolic changes observed with SGLT2 inhibition were
sustained and associated with enhanced cardiac function in the
failing heart during more chronic dapagliflozin treatment, we
next performed echocardiography and metabolic analyses in
a separate cohort of heart-failure rats after 3 weeks of dapagli-
flozin treatment (~1 mg/kg body weight/day in drinking water)
(Figures 7 and 8). One week after coronary artery ligation, male
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The Journal of Clinical Investigation

RESEARCH ARTICLE

A ischermic/ infarct region B ischemic/infarctregion C  ischemic/infarct region
<0.0001 o \Vehicle o Vehicle o Vehicle
%T:‘ — « Dapa = 100 00289 ) 0354 Dapa 2 100 s Dapa
gt P b
S bt 0
oD 2 60 o
ge I 40 5
=1 T 20 a8
[} = =
0 Sham MI
D norHschemic area E F
_ 1000, <0.0001 o Vehicle —_ o Vehicle — o Vehicle
sc o Dapa & » Dapa £ eDapa
SE @ @
oD =
WB %
8E 5 o
2 a @
o i > >
Sham MI Sham MI
G Sham Ml
GLUT1/GAPDH  GLUT4/GAPDH .
Vehicle Dapa Vehicle Dapa (arbitrary units)  (arbitrary units) ~ © Vehicle
4 e« Dapa
GLUT1 [rOpp——— T 3
GLUT4 - ——— - 2
1 s
GAPDH = ~— - o 1Rl s
Sham MI
H Sham M
Vehicle Dapa Vehicle Dapa
T e iy iy oy
' " i
pPDH o - (arbitrary units) (arbitrary units) ry Vehi
4 o Vehicle
5203 .
pPDH . . N Dapa
PPOHSZ? _ | geme - —m@e 288 .
1
1 J —R¥037
e " BDH1/HSP30 SCOT/HSP30 P=0.0003
- - _. B0
Vehide Dapa Vehicle_Dapa (arbitrary units) (arbitrary units) = N R
BDH1 = 2.0 5 @9 40
e - - (4]
1.5{e » * g %
scot - 1.0 . 2 82
0.5 1
HSPS) e=gm=—aesg-==s 0.0 0+ T T T 1
Sham M 00 05 10 15 240
BOHB (mmol/L)

Figure 5. Acute dapagliflozin treatment reduces and increases relative rates of glucose and BOHB oxidation, respectively, in the ischemic/infarct
area and nonischemic myocardium remote from the infarct area 2 weeks after MI. (A-F) Glucose uptake, relative rates of myocardial pyruvate oxi-

dation (V,

PDH)

to total mitochondrial oxidation (Vcs), and relative rates of BOHB oxidation (V,

aon) t0 total mitochondrial oxidation (V) in the ischemic/

infarct region (A-C) and nonischemic myocardium remote from the infarct area (D-F) in chow-fed male rats 2 weeks after Ml or sham surgery. (G-1)
Representative Western blot analysis of GLUT1 and GLUT4 (G), pPDH/PDH (H), and BDH1 and SCOT (1) in the LV of sham and Ml rats treated as in A-F.

HSP30 was used as a loading control. Quantification of blots shown in the right panels. (J) Correlation of plasma BOHB and V

aon/ Vs in rats treated

as in A-F. In panels A-),n =10, 8,10,9(A); n=10,12,7,6 (B); n=12,12,10,10 (C); n=11,8,6,5(D); n=7,9,7, 9 (E); n=11,12, 7,6 (F); n = 6 per group
(G-1);and n=8,779()). All data are represented as mean + SEM. P < 0.05 by 1-way ANOVA with Bonferroni's corrections for multiple comparisons.

chow-fed rats underwent baseline echocardiography to confirm
cardiac dysfunction and were randomized to treatment groups
(Supplemental Table 2). A second echocardiogram was per-
formed 3 weeks after dapagliflozin treatment, which was 1 day
prior to metabolic assessment (Figure 7A). Notably, echocardio-
graphic analyses revealed that chronic dapagliflozin treatment
increased LV contractility, based on improvement in the LV ejec-
tion fraction, as compared with what occurred in vehicle-treated
rats (Figure 7, I-L). There were no significant changes detected in
LV volumes or heart rates (Figure 7, [-L).

J Clin Invest. 2024;134(24):e176708

We next assessed systemic and cardiac metabolic parame-
ters. Body weight, fasting plasma glucose, plasma insulin, and
the insulin/glucagon ratio were lower in chronic dapaglifloz-
in-treated groups compared with vehicle controls; dapagliflozin
treatment also increased plasma glucagon, whole-body BOHB
turnover, whole-body glucose turnover, circulating BOHB, and
circulating acetoacetate levels in heart- failure rats (Figure 7, B-G,
and Supplemental Figure 7, A-C), indicative of SGLT2 inhibition.
Interestingly, chronic dapagliflozin treatment did not further
increase plasma NEFA concentrations (Figure 7H), which were
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already 2-fold higher than those observed in heart-failure rats 2
weeks after coronary artery ligation, possible due to higher cate-
cholamine levels with long-term heart failure.

The myocardial metabolic analyses focused on the LV myocar-
dium remote from the ischemic/infarct region, since at this later
time point, the infarct zone expands and becomes progressively
fibrotic, limiting its ability to provide insight into heart-failure
metabolism. Dapagliflozin treatment led to an approximately
100% increase in relative rates of V/V - and a 50% reduction
in myocardial glucose uptake as well as the relative rate of V, ./
V., (Figure 8, A-C). The calculated myocardial V,,,,/V ., was
numerically slightly higher in the dapagliflozin-treated compared
with vehicle-treated heart-failure rats (Figure 8D). Consistent with
our acute studies, dapagliflozin-mediated alterations in the relative
rates of substrate utilization were not associated with appreciable
differences in the protein expression of myocardial glucose trans-
porters or proteins affecting BOHB oxidation (Figure 8E). While
myocardial pPDH*2/PDH was decreased, no differences were
detected in other inhibitory phosphorylation sites of PDH (Figure
8F). Relative rates of BOHB oxidation positively correlated with
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Figure 6. Acute dapagliflozin treatment increases plasma OHB and
improves mitochondrial redox in rats 2 weeks after MI. (A-]) Weight
change (A), plasma glucose (B), plasma insulin (C), plasma NEFAs (D),
plasma BOHB (E), myocardial BOHB (F), myocardial acetoacetate (G), myo-
cardial BOHB:AcAc (H), myocardial GSH:GSSG (1) and myocardial malondi-
aldehyde (MDA) (J) in chow-fed male rats 2 weeks after M| or sham surgery
and treated with vehicle or 1.5 mg/kg body weight dapagliflozin (po) for 6
hours. In panels A-},n=8,8,6,7(A);n=78,7,6(B);n=8,10,7,7(C); n
=79,8,7(D);n=6,76,5();n=8,775(F-H);n=10,9,7,5(1);and n =
7,7,12,10 ()). All data are represented as mean + SEM. P < 0.05 by 1-way
ANOVA with Bonferroni’s corrections for multiple comparisons.

circulating BOHB concentrations in heart-failure rats (Figure 8G),
suggesting that substrate availability remained an important deter-
minant of POHB metabolism in long-term heart failure.

Finally, we explored whether chronic dapagliflozin-mediated
increases in myocardial ketone utilization might be associated
with alterations in mitochondrial redox. As with acute inhibition,
chronic SGLT2 inhibition increased plasma and myocardial mito-
chondrial redox (BOHB:AcAc) and myocardial GSH:GSSG and
decreased myocardial lipid peroxidation (Figure 8, H-J, and Sup-
plemental Figure 7, D-F). Taken together, these data indicate that
chronic dapagliflozin treatment increases myocardial ketone oxi-
dation and mitochondrial reducing equivalents, lowers oxidative
stress, and improves LV ejection fraction in rats with heart failure.

Discussion

The role of increased myocardial ketone oxidation in the cardi-
oprotective effects of SGLT2 inhibition remains widely debated.
Our study documents differential systemic and cardiac metabolic
effects of dapagliflozin treatment versus exogenous ketone infu-
sions in conscious animals, thus providing a fully integrated insight

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/)C1176708
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Figure 7. Chronic dapagliflozin treatment increases plasma BOHB and improves LV ejection fraction in rats 4 weeks after MI. (A) Outline of study
design. Rats were given an intravenous bolus of “C[2-DG] during the last 20 minutes of the infusion. (B-L) Body weight (B), plasma glucose (C), plasma
glucagon (D), plasma insulin (E), plasma BOHB (F), plasma acetoacetate (G), plasma NEFAs (H), percentage change in heart rate (I), percentage change
in diastolic volume (J), percentage change in stroke volume (K), and percentage change in LV ejection fraction (L) in chow-fed male rats 4 weeks after
Ml surgery and dapagliflozin (po) treatment (1.0 mg/kg body weight x 3 weeks). Panels B-H, were endpoint measures (4 weeks post-MI), while panels
I-L represent percentage change from baseline (1 week post-MI compared with 4-weeks post-MI). In panels B-L, n =15, 15 (B and I-L); n =15,13 (C); n =
11,10 (D); n = 9,10 (E); n =10, 8 (F); n =10, 9 (G); and n = 11, 9 (H). All data are represented as mean + SEM. P < 0.05 by unpaired Student’s t test.

into the actions of dapagliflozin in vivo, which expands upon pre-
viously published reports (21, 23, 28, 33,50, 53). We developed and
utilized a stable isotope tracer method to directly assess the effects
of acute and chronic SGLT2 inhibition on the relative rates of myo-
cardial mitochondrial substrate utilization in a rat heart-failure
model. We found that glucose and/or lactate-derived pyruvate
was a major fuel source after a short fast and that ketone bodies
contributed up to approximately 20% of total mitochondrial oxi-
dation in the healthy rat myocardium. Acute dapagliflozin treat-
ment increased hepatic ketogenesis and plasma POHB availability
and preferentially shifted mitochondrial myocardial metabolism
toward ketone oxidation relative to pyruvate (glucose and lactate)
oxidation in both the nonfailing and failing heart. Similar shifts in
substrate utilization were sustained with more chronic dapaglifloz-
in treatment in heart failure. Reductions in cardiac ketone utiliza-
tion were observed when hepatic ketogenesis and plasma BOHB
levels were reduced by altering the insulin-to-glucagon ratio by
infusion of glucose in dapagliflozin-treated animals. Conversely,
cardiac BOHB utilization was increased when animals were given
an exogenous infusion of OHB, further suggesting that cardiac
ketone utilization is dependent on substrate availability, consis-
tent with prior human studies (17, 57).

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/)C1176708

Unlike the well-defined substrate competition between
fatty acids and glucose described by Randle (44), the effect of
increased ketosis on cardiac fuel utilization is less clear (58).
Prior studies have shown that myocardial ketone oxidation can
supplement (24) or replace myocardial oxidation of fatty acids
(59-61) or glucose (15, 62, 63). Here, we demonstrate that exog-
enous infusion of BOHB (plasma levels ~0.5-1 mM) increases
relative cardiac BOHB utilization at the expense of fatty acid
and amino acid oxidation in awake animals, while myocardi-
al glucose uptake and the relative rates of pyruvate oxidation
remain similar to those in saline-infused controls. Interesting-
ly, the marked reduction in fatty acid oxidation occurred inde-
pendently of changes in plasma NEFAs or cardiac malonyl-CoA
content, the latter suggesting a CPT1-independent mechanism
by which ketones inhibit fatty acid oxidation (59). The increase
in myocardial acetyl-CoA content and mitochondrial redox
during exogenous POHB infusion suggests that ketones may
inhibit fatty acid oxidation by altering the acetyl-CoA/free CoA
ratio or NADH/NAD* ratio (64).

In contrast, dapagliflozin treatment had very distinct sys-
temic and cardiac metabolic effects compared with exogenous
BOHB infusion. While both treatments increased the relative
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Figure 8. Chronic dapagliflozin treatment reduces and increases relative rates of glucose and OHB oxidation, respectively, in the LV myocardium

remote from the infarct area 4 weeks after MI. (A-D) Glucose uptake (A), relative rates of myocardial pyruvate oxidation (V

opy) t0 total mitochondrial

oxidation (V) (B), relative rates of BOHB oxidation (V,,) to total mitochondrial oxidation (V) (C), and relative rates of pyruvate, BOHB, and unmea-
sured free fatty acid and amino acid oxidation (D) in the nonischemic LV myocardium remote from the infarct area in chow-fed male rats 4 weeks
after Ml surgery and dapagliflozin (po) treatment (1.0 mg/kg body weight x 3 weeks). (E-F) Representative Western blot analysis of GLUT1, GLUT4,
BDH1, and SCOT (E) and pPDH/PDH in the LV of Ml rats treated as in A-D. n = 7 per group. HSP90 was used as a loading control. Quantification of

blots shown in the right panels. (G) Correlation of plasma BOHB and V.

son/ Ve, In rats treated as in A-D. (H-]) Myocardial BOHB:AcAc (H), myocardial

GSH:GSSG (1), and myocardial MDA (J) in the LV of Ml rats treated as in A-D. In panels A-},n=8,6 (Aand)); n=6,8(B);n=8,7(Cand Gand H); n =
6-8 per treatment group (D); n =7, 7 (E and F); and n =10, 10 (I). All data are represented as mean + SEM. P < 0.05 by unpaired Student’s t test.

rates of myocardial ketone utilization, acute dapagliflozin had
little effect on reducing fatty acid/amino acid oxidation and
instead increased ketone oxidation at the expense of pyruvate
oxidation. Differential actions of dapagliflozin and BOHB infu-
sion on plasma hormones and NEFA levels were also observed,
with dapagliflozin reducing plasma insulin and increasing plas-
ma NEFA concentrations, in contrast to exogenous POHB infu-
sion. Together, these results highlight the importance of the ext-
racardiac systemic effects of dapagliflozin on heart metabolism,
beyond just elevating plasma ketone levels.

During the development of heart failure, myocardial fuel
metabolism is reprogrammed, substantially impacting its progres-
sion (13, 65). Generally, it is believed that the failing heart is ener-
getically compromised due to reductions in myocardial fatty acid
(26) and glucose-derived pyruvate oxidation (25, 33, 66, 67), rely-
ing more on glycolysis (31, 68, 69). More recent in vivo and ex vivo
studies in rodents and humans have shown that the failing myocar-
dium has an increased capacity to utilize ketones (16-18, 24, 70),
with variable effects on branched chain amino acid oxidation (21,
30, 71). Using a rodent model of heart failure induced by coronary
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artery ligation and MI (51), we evaluated cardiac substrate utiliza-
tion 2 and 4 weeks after MI. Interestingly, rats with heart failure
did not show significant changes in myocardial BDH1 expression
or ketone utilization compared with sham-surgery rats. This lack
of increased ketone utilization was likely attributed to unchanged
hepatic ketogenesis and ketone availability in this model, consis-
tent with prior studies showing similar ketone concentrations and
cardiac ketone utilization in patients with heart failure (70, 72).
Additionally, upregulation of ketone utilization may be related to
the type of heart failure; for example, the model used in our study
is less severe than another surgical heart- failure model that com-
bines pressure overload and MI (73-75). Collectively, these data
underscore the variability in circulating ketone availability, myo-
cardial BDH1 protein expression, and myocardial ketone utiliza-
tion that occur during heart failure (16-19, 21, 24, 28,70, 76).

Myocardial glucose utilization and glycolysis have also been
reported to be altered during the progression of heart failure
(13). Specifically, myocardial glucose uptake and glycolysis are
augmented in patients with heart failure with reduced ejection
fraction (68, 77). Increases in myocardial glucose uptake have
also been reported in experimental heart failure, such as canine
models of cardiac pacing and Dahl salt-sensitive rats (78, 79).
Although we did not assess glycolysis directly, our data using
[*C]2-DG demonstrate that myocardial glucose uptake and phos-
phorylation as well as the relative rates of pyruvate oxidation are
unaltered in both the ischemic/infarction area (which includes
the border zone with residual metabolic activity; ref. 51) and the
hemodynamically stressed nonischemic LV myocardium remote
from the infarct. Since flow in the ischemic area is reduced in
this model (51), the preserved overall myocardial glucose uptake
in the ischemic area indicates an increase in fractional glucose
extraction due to augmented glucose transport and glycolysis
that occurs in ischemia (80).

Previous studies demonstrate that enhanced cardiac ketone
delivery and utilization, achieved either through SGLT2 inhibition
or exogenous ketone infusion, can improve cardiac function and
efficiency in the failing heart (15, 20-22, 24, 81). Here, we observed
that acute and chronic dapagliflozin treatments both marked-
ly increased myocardial ketone oxidation, but only improved LV
ejection fraction in heart-failure rats after chronic therapy. To our
knowledge, acute SGLT2 inhibition has not been shown to have
rapid effects on cardiac contractility or LV ejection fraction. In con-
trast, acute increases in LV ejection fraction have been reported
in the literature during short term BOHB infusion in heart failure
patients (22). However, these increases were minor at lower doses
that achieved comparable plasma BOHB concentrations to those
measured during dapagliflozin or ketone infusions in the current
study. It is also noteworthy that acute ketone infusion had a sig-
nificant and dose-dependent vasodilatory effect in heart failure
patients, which contributed to their increased cardiac output (22).
Although SGLT?2i have less vasodilatory effects than high-dose
ketone infusions, mild vasodilation might also contribute to an
improvement in LVEF with chronic SGLT2i therapy in heart failure.

Aside from providing ancillary fuel for substrate metabolism,
ketone bodies have additional cardioprotective effects, including
reductions in oxidative stress (19, 82, 83). Our study indicates that
dapagliflozin has chronic cardioprotective effects to reduce oxidative
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stress by increasing myocardial mitochondrial redox, presumably
through cardiac ketone oxidation ensuing from increases in hepatic
ketogenesis (48, 49). The NADH/NAD* couple supports the diver-
gent transfer of electrons from fuel substrates to both the electron
transport chain (via complex I) for the generation of ATP and the
antioxidant system via nicotinamide nucleotide transhydrogenase
(NNT) (52). The observation that acute and chronic dapagliflozin
treatment increased the GSH:GSSG ratio and lowered lipid peroxi-
dation suggests that the excess NADH contributed to NADPH pro-
duction for antioxidant defense (84). This antioxidant effect was evi-
dent in the absence of changes in cellular energy charge (ATP:ADP,
ATP:AMP) or cardiac contractile function with acute SGTL2 inhibi-
tion in rats with heart failure. Indeed, a recent study demonstrated
that BOHB supplementation led to a more reduced NAD(P)H/NAD*
redox state and augmented respiratory efficiency in isolated cardiac
mitochondria from mice (15). These results are also consistent with
previous work showing that supplementation of POHB can improve
cardiac respiratory efficiency and proton-driving force in healthy
dogs and rats (48, 49, 85). Collectively, these findings suggest that
over time the cardioprotective effects of dapagliflozin are due to a
combination of reductions in oxidative stress and perhaps increased
respiratory efficiency, both of which we propose are driven by
increases in myocardial ketone oxidation and mitochondrial redox.
Our study demonstrates the differential effects of POHB utili-
zation versus SGLT2 inhibition on the relative rates of cardiac mito-
chondrial substrate utilization in conscious, unrestrained rodents.
This approach avoided the confounding effects of anesthesia on the
neurohumoral milieu and alterations in circulating hormones and
metabolites that are key determinants of cardiac metabolism (86-
88). However, there are several limitations worth discussing. First,
our method relied on stable isotope tracing to track relative rates of
pyruvate and BOHB oxidation and did not directly assess the abso-
lute rates of oxidation. Thus, they indicate substrate preference for
mitochondrial utilization, rather than quantitative rates of oxidative
metabolism, andlimited ourabilitytodirectly quantifytheefficiency
of ATP production and mitochondrial coupling, which are more
readily assessed in working heart perfusions and isolated cardiac
mitochondria (15, 24). Second, although we were able to estimate
the relative rates of myocardial fatty acid oxidation by subtract-
ing out pyruvate and BOHB oxidation rates, this calculation is not
a direct measurement and slightly overestimates fatty acid utili-
zation by the heart, since ketogenic amino acids also supply ace-
tyl-CoA that enters the TCA cycle. Although ketogenic amino acids
typically only contribute 1%-2% of cardiac energy production (13),
recent studies have demonstrated that myocardial amino acid uti-
lization is increased during heart failure (30). Thus, future studies
using stable isotope tracer methodology targeted at amino acids
are warranted to assess the effects of SGTL2 inhibition on cardi-
ac ketogenic amino acid oxidation during heart failure. Third, the
design of our study did not allow us to discern whether dapaglifloz-
in-mediated reductions in the relative rates of pyruvate oxidation
that we observed were due to decreases in glucose and/or lactate
oxidation. However, cardiac glucose uptake tracked with relative
rates of pyruvate oxidation in almost all of our infusion studies,
suggesting that differences in pyruvate oxidation were determined
at least in part by glucose-derived pyruvate. Finally, we assessed
substrate oxidation in myocardial tissue, and while cardiomyocytes
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constitute the bulk of tissue mass, we cannot distinguish the con-
tributions of different myocardial cell types to overall myocardi-
al substrate oxidation. Intriguingly, it has recently been shown
that both endothelial cells (89) and macrophages (90, 91) oxidize
ketone bodies, suggesting that dapagliflozin’s metabolic and car-
dioprotective effects may also be determined in part by enhanced
ketone oxidation in noncardiomyocyte cell types.

In conclusion, we utilized a [*C,]BOHB-labeling strategy to
assess in vivo myocardial BOHB oxidation relative to total rates of
mitochondrial oxidation in the intact rodent heart in conscious,
unrestrained animals. Coupled with an infusion of [*C ]glucose,
this strategy allowed us to rigorously assess the impact of acute
SGLT2 inhibition on systemic metabolism as well as the relative
rates of myocardial substrate utilization in healthy rats and rats
with heart failure in a fully integrated neurohumoral milieu. Our
results demonstrate that dapagliflozin treatment shifts myocar-
dial substrate utilization toward ketone oxidation, at the expense
of pyruvate rather than fatty acid oxidation. In marked contrast,
ketone infusion reduced fatty acid oxidation, but had no effect on
glucose uptake or pyruvate oxidation. Thus, the systemic effects of
SGLT2i are pleiotropic and extend well beyond augmenting ketone
availability. The fully integrated effects of dapagliflozin on circu-
lating hormones and substrates are critical determinants of how
SGLT2i regulate cardiac metabolism. This shift in substrate oxi-
dation had acute and chronic cardioprotective metabolic effects to
increase cardiac mitochondrial redox and reduce oxidative stress
in rats with heart failure. However, recent studies have suggested
that SGLT2i also have off-target effects. Sglt2 knockout mice do not
replicate the cardioprotective effects of SGLT2i, despite displaying
similar metabolic profiles, and SGLT?2i are protective against heart
failure in Sgt/2 knockout mice (92, 93). These latter findings high-
light the need to better understand the degree to which shifts in
cardiac metabolism versus off-target effects contribute to the ben-
eficial action of SGLT2i treatment in human heart failure.

Methods
Further information can be found in the Supplemental Methods (Sup-
plemental Tables 3 and 4).

Sex as a biological variable. Our study exclusively examined male
rats to minimize biological variability. It is unknown whether the find-
ings are relevant for female rats.

Statistics. Animal sample size for each study was chosen to yield 90%
power (at o = 0.05) to detect 20% differences in metabolic parameters,
with an expected SEM of 15%. The number of animals used in each study
is listed in the figure legends. Rodents were randomly allocated to exper-
imental treatment groups based on LV ejection fraction for MI studies;
weight matching was ensured before beginning experimental protocols.
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No outliers were excluded, and no experiments were terminated prema-
turely. In rare cases, animals were excluded due to technical issues (i.e.,
rats whose catheters did not remain patent after surgery, rats in the MI
group who did not have a LV ejection fraction < 45%, or rats who did not
survive the LAD ligation surgery). Investigators were not blinded in all
experiments due to practical reasons; however, ex vivo analyses of tissue
samples were performed in a blinded fashion. Experimental values are
represented as mean * SEM. Data were analyzed using GraphPad Prism
(GraphPad software, version 9); individual tests are described in the fig-
ure legends. P < 0.05 was considered statistically significant.

Study approval. All procedures were approved by the Institutional
Animal Care and Use Committee of Yale School of Medicine and con-
ducted in accordance with NIH guidelines.

Data availability. All data generated by the present study are
included in this article and the Supplemental Data. Values for all data
points in graphs are reported in the Supporting Data Values file.

Author contributions

LG, LHY, and GIS conceived the project. LG, MK, GWC, LHY, and
GIS developed methodology. LG, GWC, LHY, and GIS performed
formal analysis. LG, YM, RCG, AN, JL, DZ, KDG, XH, JZ, NG, XL,
TL, BTH, SH, XW, JS, SD, GMB, MK, and RJP performed experi-
ments. LG, GWC, LHY, and GIS supervised the project. LHY and
GIS provided resources. LG, LHY, and GIS acquired funding. LG
created the figures and graphical abstract, which were edited by
LHY and GIS. LG wrote the original draft of the manuscript. LG,
LHY, and GIS reviewed and edited the manuscript with input from
all authors.

Acknowledgments

We thank Jianying Dong, Irina Smolgovsky, Ye Zhang, Daniel
Vatner, and Xian-Man Zhang for their expert technical assis-
tance. We thank Graeme F. Mason and Douglas Rothman for
helpful discussions. This study was supported by grants from the
NIH (ROOHL150234 to LG; RO1DK119968, UC2DK134901 and
P30DK045735 to GIS; and RO1HL148008 and RO1IHL148344 to
LHY) and an investigator-initiated award from Astra-Zeneca (to
GIS). Figures were created using BioRender.com.

Address correspondence to: Leigh Goedeke, Icahn School of
Medicine at Mount Sinai, One Gustave L. Levy Place, Box 1014,
New York New York 10029, USA. Phone: 212.824.8906; Email:
leigh.goedeke@mssm.edu. Or to: Lawrence H. Young or Gerald
I. Shulman, Yale School of Medicine, 333 Cedar St., New Haven
Connecticut 06510, USA. Phone: 203.785.4102; Email: lawrence.
young@yale.edu (LHY). Phone: 203.785.5447; Email: gerald.
shulman@yale.edu (GIS).

1. Perry RJ, Shulman GI. Sodium-glucose cotrans-
porter-2 inhibitors: Understanding the mech-
anisms for therapeutic promise and persisting
risks. J Biol Chem. 2020;295(42):14379-14390.

2. Zinman B, et al. Empagliflozin, cardiovascular
outcomes, and mortality in type 2 diabetes. N
Engl ] Med. 2015;373(22):2117-2128.

3. Mahaffey KW, et al. Canagliflozin for primary
and secondary prevention of cardiovascular
events: results from the CANVAS program

(canagliflozin cardiovascular assessment study).
Circulation. 2018;137(4):323-334.

4. Mosenzon O, et al. Effects of dapagliflozin on
development and progression of kidney disease
in patients with type 2 diabetes: an analysis from
the DECLARE-TIMI 58 randomised trial. Lancet
Diabetes Endocrinol. 2019;7(8):606-617.

5. Cosentino F, et al. Efficacy of ertugliflozin on
heart failure-related events in patients with type 2
diabetes mellitus and established atherosclerotic

cardiovascular disease: results of the VERTIS CV
trial. Circulation. 2020;142(23):2205-2215.

6. Cannon CP, et al. Evaluating the effects of cana-
gliflozin on cardiovascular and renal events in
patients with type 2 diabetes mellitus and chronic
kidney disease according to baseline HbA1c,
including those with <7%: results from the CRE-
DENCE Trial. Circulation. 2020;141(5):407-410.

7. McMurray JJV, et al. A trial to evaluate the effect
of the sodium-glucose co-transporter 2 inhibi-

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/)C1176708



The Journal of Clinical Investigation

tor dapagliflozin on morbidity and mortality in
patients with heart failure and reduced left ven-
tricular ejection fraction (DAPA-HF). Eur ] Heart
Fail. 2019;21(5):665-675.
Packer M, et al. Effect of empagliflozin on the
clinical stability of patients with heart failure and
areduced ejection fraction: The EMPEROR-Re-
duced Trial. Circulation. 2021;143(4):326-336.
Ferrannini E, et al. CV protection in the EMPA-
REG OUTCOME trial: a “thrifty substrate”
hypothesis. Diabetes Care. 2016;39(7):1108-1114.
10. Mudaliar S, et al. Can a shift in fuel energetics
explain the beneficial cardiorenal outcomes in
the EMPA-REG OUTCOME study? A unifying
hypothesis. Diabetes Care. 2016;39(7):1115-1122.
. Lopaschuk GD, Verma S. Mechanisms of cardio-

*®

Rl

1

sy

vascular benefits of sodium glucose co-transport-
er 2 (SGLT?2) inhibitors: a state-of-the-art review.
JACC Basic Transl Sci. 2020;5(6):632-644.

12. Lopaschuk GD, et al. Myocardial fatty acid
metabolism in health and disease. Physiol Rev.
2010;90(1):207-258.

. Lopaschuk GD, et al. Cardiac energy metabolism
in heart failure. Circ Res. 2021;128(10):1487-1513.

14. Stanley WC, et al. Myocardial substrate metabo-

1

w

lism in the normal and failing heart. Physiol Rev.
2005;85(3):1093-1129.

15. Horton JL, et al. The failing heart utilizes
3-hydroxybutyrate as a metabolic stress defense.
JCI Insight. 2019;4(4):€124079.

16. Aubert G, et al. The failing heart relies on ketone
bodies as a fuel. Circulation. 2016;133(8):698-705.

17. Murashige D, et al. Comprehensive quantifi-
cation of fuel use by the failing and nonfailing
human heart. Science. 2020;370(6514):364-368.

18. Bedi KC Jr. Evidence for intramyocardial disrup-

tion of lipid metabolism and increased myocar-

dial ketone utilization in advanced human heart
failure. Circulation. 2016;133(8):706-716.

Uchihashi M, et al. Cardiac-specific Bdh1 overex-

pression ameliorates oxidative stress and cardiac

remodeling in pressure overload-induced heart
failure. Circ Heart Fail. 2017;10(12):e004417.

20. Yurista SR, et al. Ketone ester treatment improves
cardiac function and reduces pathologic remod-
eling in preclinical models of heart failure. Circ
Heart Fail. 2021;14(1):e007684.

. Santos-Gallego CG, et al. Empagliflozin amelio-

1

©

2

—-

rates adverse left ventricular remodeling in nondi-
abetic heart failure by enhancing myocardial ener-
getics. JAm Coll Cardiol. 2019;73(15):1931-1944.

22. Nielsen R, et al. Cardiovascular effects of treat-
ment with the ketone body 3-hydroxybutyrate
in chronic heart failure patients. Circulation.
2019;139(18):2129-2141.

23.Verma S, et al. Empagliflozin increases cardiac
energy production in diabetes: novel transla-
tional insights into the heart failure benefits
of SGLT2 inhibitors. JACC Basic Transl Sci.
2018;3(5):575-587.

24.Ho KL, et al. Increased ketone body oxidation
provides additional energy for the failing heart
without improving cardiac efficiency. Cardiovasc
Res. 2019;115(11):1606-1616.

25. Zhabyeyev P, et al. Pressure-overload-induced
heart failure induces a selective reduction in
glucose oxidation at physiological afterload. Car-
diovasc Res. 2013;97(4):676-685.

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/)C1176708

26. Barger PM, Kelly DP. Fatty acid utilization in
the hypertrophied and failing heart: molec-
ular regulatory mechanisms. Am J Med Sci.
1999;318(1):36-42.

27. Shao Q, et al. Empagliflozin, a sodium glucose
co-transporter-2 inhibitor, alleviates atrial
remodeling and improves mitochondrial func-
tion in high-fat diet/streptozotocin-induced
diabetic rats. Cardiovasc Diabetol. 2019;18(1):165.

28. Yurista SR, et al. Sodium-glucose co-transporter
2 inhibition with empagliflozin improves cardiac
function in non-diabetic rats with left ventricular
dysfunction after myocardial infarction. Eur |
Heart Fail. 2019;21(7):862-873.

29. Flam E, et al. Integrated landscape of cardiac
metabolism in end-stage human nonischemic
dilated cardiomyopathy. Nat Cardiovasc Res.
2022;1(9):817-829.

30. Murashige D, et al. Extra-cardiac BCAA catab-
olism lowers blood pressure and protects from
heart failure. Cell Metab. 2022;34(11):1749-1764.

31. Schnelle M, et al. In vivo [U-*C|glucose labeling
to assess heart metabolism in murine models of
pressure and volume overload. Am ] Physiol Heart
Circ Physiol. 2020;319(2):H422-H431.

32. Fulghum KL, et al. In vivo deep network tracing
reveals phosphofructokinase-mediated coor-
dination of biosynthetic pathway activity in the
myocardium. ] Mol Cell Cardiol. 2022;162:32-42.

33. Xie B, et al. Empagliflozin restores cardiac meta-
bolic flexibility in diet-induced obese C57BL6/]
mice. Curr Res Physiol. 2022;5:232-239.

34. Wang Y, et al. Empagliflozin-enhanced antioxi-
dant defense attenuates lipotoxicity and protects
hepatocytes by promoting FoxO3a- and Nrf2-medi-
ated nuclear translocation via the CAMKK2/AMPK
pathway. Antioxidants (Basel). 2022;11(5):799.

35. Perry R, et al. Leptin mediates a glucose-fatty
acid cycle to maintain glucose homeostasis in
starvation. Cell. 2018;172(1-2):234-248.

36. Song D, et al. Dissociation of muscle insulin resis-
tance from alterations in mitochondrial substrate
preference. Cell Metab. 2020;32(5):726-735.

37. Wang Y, et al. Uncoupling hepatic oxidative phos-
phorylation reduces tumor growth in two murine
models of colon cancer. Cell Rep. 2018;24(1):47-55.

38. Fillmore N, et al. Uncoupling of glycolysis from
glucose oxidation accompanies the development
of heart failure with preserved ejection fraction.
Mol Med. 2018;24(1):3.

39. Bing RJ, et al. Metabolic studies on the human
heart in vivo. L. Studies on carbohydrate
metabolism of the human heart. Am J Med.
1953;15(3):284-296.

40. Bing RJ, et al. Metabolism of the human heart. II.
Studies on fat, ketone and amino acid metabo-
lism. Am ] Med. 1954;16(4):504-515.

41. Wisneski JA, et al. Myocardial metabolism of free
fatty acids. Studies with 14C-labeled substrates
in humans. J Clin Invest. 1987;79(2):359-366.

42. Wisneski JA, et al. Metabolic fate of extracted glu-
cose in normal human myocardium.  Clin Invest.
1985;76(5):1819-1827.

43. Kasichayanula S, et al. Clinical pharmacokinetics
and pharmacodynamics of dapagliflozin, a selec-
tive inhibitor of sodium-glucose co-transporter
type 2. Clin Pharmacokinet. 2014;53(1):17-27.

44. Randle PJ, et al. The glucose fatty-acid cycle.

RESEARCH ARTICLE

Its role in insulin sensitivity and the metabol-
ic disturbances of diabetes mellitus. Lancet.
1963;1(7285):785-789.

45. Williamson JR, et al. Control of citrate formation
inrat liver by the nicotinamide-adenine dinucleo-
tide redox state. Biochem J. 1967;104(3):45P-46P.

46. Krebs HA, Gascoyne T. The redox state of the
nicotinamide-adenine dinucleotides in rat liver
homogenates. Biochem J. 1968;108(4):513-520.

47. Nocito L, et al. The extracellular redox state mod-
ulates mitochondrial function, gluconeogenesis,
and glycogen synthesis in murine hepatocytes.
PL0S One. 2015;10(3):e0122818.

48. Kim DK, et al. Effects of beta-hydroxybutyrate
on oxidative metabolism and phosphorylation
potential in canine heart in vivo. Am J Physiol.
1991;260(6 pt 2):H1767-H1773.

49. Veech RL. The therapeutic implications of ketone
bodies: the effects of ketone bodies in patholog-
ical conditions: ketosis, ketogenic diet, redox
states, insulin resistance, and mitochondrial
metabolism. Prostaglandins Leukot Essent Fatty
Acids. 2004;70(3):309-319.

50. Mustroph J, et al. Empagliflozin enhances human
and murine cardiomyocyte glucose uptake by
increased expression of GLUT1. Diabetologia.
2019;62(4):726-729.

. Pfau D, et al. Angiotensin receptor neprilysin
inhibitor attenuates myocardial remodeling and
improves infarct perfusion in experimental heart
failure. Sci Rep. 2019;9(1):5791.

52. Nesci S, et al. Nicotinamide nucleotide transhy-

5

ety

drogenase as a sensor of mitochondrial biology.
Trends Cell Biol. 2020;30(1):1-3.

. Li C, et al. SGLT2 inhibition with empagliflozin
attenuates myocardial oxidative stress and fibro-

5

[

sis in diabetic mice heart. Cardiovasc Diabetol.
2019;18(1):15.

54.LiX, et al. Direct cardiac actions of sodium-glu-
cose cotransporter 2 inhibition improve mito-
chondrial function and attenuate oxidative stress
in pressure overload-induced heart failure. Front
Cardiovasc Med. 2022;9:859253.

55. Satoh T, et al. Metabolic syndrome mediates
ROS-miR-193b-NFYA-dependent downregula-
tion of soluble guanylate cyclase and contributes
to exercise-induced pulmonary hypertension in
heart failure with preserved ejection fraction.
Circulation. 2021;144(8):615-637.

56. Uthman L, et al. Empagliflozin reduces oxi-
dative stress through inhibition of the novel
inflammation/NHE/[Na*] /ROS-pathway in
human endothelial cells. Biomed Pharmacother.
2022;146:112515.

57. Monzo L, et al. Myocardial ketone body utiliza-
tion in patients with heart failure: The impact of
oral ketone ester. Metabolism. 2021;115:154452.

. Matsuura TR, et al. Ketones and the heart: met-

abolic principles and therapeutic implications.

Circ Res. 2023;132(7):882-898.

Stanley WC, et al. beta-Hydroxybutyrate inhibits

myocardial fatty acid oxidation in vivo independent

5

<]

5

0

of changes in malonyl-CoA content. Am ] Physiol
Heart Circ Physiol. 2003;285(4):H1626-H1631.

60. Little JR, et al. Effect of ketones on metabolism of
FFA by dog myocardium and skeletal muscle in
vivo. Am ] Physiol. 1970;219(5):1458-1463.

61. Lammerant J, et al. Inhibitory effects of the D(-)

= [



B

RESEARCH ARTICLE

isomer of 3-hydroxybutyrate on cardiac non-es-
terified fatty acid uptake and oxygen demand
induced by norepinephrine in the intact dog. J
Mol Cell Cardiol. 1985;17(4):421-433.

62. Ari C, et al. Exogenous ketones lower blood glu-
cose level in rested and exercised rodent models.
Nutrients. 2019;11(10):2330.

63. Gormsen LC, et al. Ketone body infusion with
3-hydroxybutyrate reduces myocardial glucose
uptake and increases blood flow in humans: a
positron emission tomography study. ] Am Heart
Assoc. 2017;6(3):e005066.

64. Kunau WH, et al. beta-oxidation of fatty acids
in mitochondria, peroxisomes, and bacteria: a
century of continued progress. Prog Lipid Res.
1995;34(4):267-342.

65. Neubauer S. The failing heart — an engine out of
fuel. N Engl ] Med. 2007;356(11):1140-1151.

66. Schroeder MA, et al. Hyperpolarized (13)C mag-
netic resonance reveals early- and late-onset
changes to in vivo pyruvate metabolism in the
failing heart. Eur ] Heart Fail. 2013;15(2):130-140.

67. Zhang L, et al. Cardiac insulin-resistance and
decreased mitochondrial energy production
precede the development of systolic heart failure
after pressure-overload hypertrophy. Circ Heart
Fail. 2013;6(5):1039-1048.

68. Diakos NA, et al. Evidence of glycolysis up-reg-
ulation and pyruvate mitochondrial oxidation
mismatch during mechanical unloading of the
failing human heart: implications for cardiac
reloading and conditioning. JACC Basic Transl
Sci. 2016;1(6):432-444.

69. Cluntun AA, et al. The pyruvate-lactate axis mod-
ulates cardiac hypertrophy and heart failure. Cell
Metab.2021;33(3):629-648.

70. Funada J, et al. Substrate utilization by the
failing human heart by direct quantification
using arterio-venous blood sampling. PLoS One.
2009;4(10):e7533.

71. Fillmore N, et al. Cardiac branched-chain amino

acid oxidation is reduced during insulin resis-
tance in the heart. Am J Physiol Endocrinol Metab.
2018;315(5):E1046-E1052.

72.Janardhan A, et al. Altered systemic ketone body
metabolism in advanced heart failure. Tex Heart
Inst J.2011;38(5):533-538.

73. Weinheimer CJ, et al. Novel mouse model of
left ventricular pressure overload and infarction
causing predictable ventricular remodelling and
progression to heart failure. Clin Exp Pharmacol
Physiol. 2015;42(1):33-40.

74. Anthonio RL, et al. Myocardial infarction with
aortic banding. A combined rat model of heart
failure. Jpn Heart J.1997;38(5):697-708.

75. Nolan SE, et al. Increased afterload aggravates
infarct expansion after acute myocardial infarc-
tion. JAm Coll Cardiol. 1988;12(5):1318-1325.

76. Colak D, et al. Integrated left ventricular global
transcriptome and proteome profiling in human
end-stage dilated cardiomyopathy. PLoS One.
2016;11(10):e0162669.

77. Lei B, et al. Paradoxical downregulation of the
glucose oxidation pathway despite enhanced
flux in severe heart failure. ] Mol Cell Cardiol.
2004;36(4):567-576.

78. Kato T, et al. Analysis of metabolic remodeling
in compensated left ventricular hypertrophy and
heart failure. Circ Heart Fail. 2010;3(3):420-430.

79. Osorio JC, et al. Impaired myocardial fatty acid
oxidation and reduced protein expression of ret-
inoid X receptor-alpha in pacing-induced heart
failure. Circulation. 2002;106(5):606-612.

80. Russell RR, et al. AMP-activated protein kinase
mediates ischemic glucose uptake and prevents
postischemic cardiac dysfunction, apoptosis, and
injury. J Clin Invest. 2004;114(4):495-503.

81. Matsumura K, Sugiura T. Effect of sodium glu-
cose cotransporter 2 inhibitors on cardiac func-
tion and cardiovascular outcome: a systematic
review. Cardiovasc Ultrasound. 2019;17(1):26.

82. Oka S, et al. B-hydroxybutyrate, a ketone body,

The Journal of Clinical Investigation

potentiates the antioxidant defense via thiore-
doxin 1 upregulation in cardiomyocytes. Antioxi-
dants (Basel). 2021;10(7):1153.

83. Nagao M, et al. B-Hydroxybutyrate elevation as a
compensatory response against oxidative stress
in cardiomyocytes. Biochem Biophys Res Commun.
2016;475(4):322-328.

84. Nickel A, et al. Mitochondrial reactive oxygen
species production and elimination. ] Mol Cell
Cardiol. 2014;73:26-33.

85. Sato K, et al. Insulin, ketone bodies, and
mitochondrial energy transduction. FASEB].
1995;9(8):651-658.

86. Mock-Ohnesorge J, et al. Perioperative changes
in the plasma metabolome of patients receiving
general anesthesia for pancreatic cancer surgery.
Oncotarget. 2021;12(10):996-1010.

87.SanoY, et al. Effects of various types of anes-
thesia on hemodynamics, cardiac function, and
glucose and lipid metabolism in rats. Am J Physiol
Heart Circ Physiol. 2016;311(6):H1360-H1366.

88. Brunner EA, et al. Effects of anesthesia on
intermediary metabolism. Annu Rev Med.
1975;26:391-401.

89. Weis EM, et al. Ketone body oxidation increases
cardiac endothelial cell proliferation. EMBO Mol
Med.2022;14(4):e14753.

90. Puchalska P, et al. Hepatocyte-macrophage ace-
toacetate shuttle protects against tissue fibrosis.
Cell Metab. 2019;29(2):383-398.

91. Adam C, et al. Acetoacetate protects macro-
phages from lactic acidosis-induced mitochon-
drial dysfunction by metabolic reprograming.
Nat Commun. 2021;12(1):7115.

92. Berger JH, et al. SGLT2 inhibitors act inde-
pendently of SGLT2 to confer benefit for HFrEF
in mice. Circ Res. 2024;135(5):632-634.

93. Wu Q, et al. Dapagliflozinprotects against
chronic heart failure in mice by inhibiting macro-
phage-mediated inflammation, independent of
SGLT2. Cell Rep Med. 2023;4(12):101334.

J Clin Invest. 2024;134(24):e176708 https://doi.org/10.1172/)C1176708



	Graphical abstract

