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Introduction
As an incessantly working pump, the adult mammalian heart has very high energy demands that are met 
by a specialized mitochondrial system. Fatty acids serve as the chief  fuel for mitochondrial ATP produc-
tion in the normal adult heart (1, 2). Glucose is also an important cardiac energy substrate, allowing for 
adaptive fuel utilization shifts during development and in accordance with diverse nutritional and phys-
iological conditions. The mitochondrial fuel utilization machinery of  the adult heart is programmed for 
fuel utilization flexibility during the perinatal and postnatal developmental periods (2). Specifically, the 
fetal heart has relatively low mitochondrial oxidative capacity and relies largely on glucose and lactate as 
fuels, with fatty acids serving as a minor energy substrate (3, 4). At birth, a well-defined transcriptional 
circuitry triggers mitochondrial biogenesis, followed by induction of  genes involved in mitochondrial 
fatty acid oxidation (FAO) during the postnatal period (2, 5–9). The corresponding developmental matu-
ration renders the heart a fuel omnivore, relying on both fatty acids and glucose.

The heart changes fuel utilization preferences in chronic pathophysiological circumstances that lead to heart 
failure (HF). For example, during development of cardiac hypertrophy and HF caused by chronic hypertension 
or recurrent ischemic insult, cardiac myocyte mitochondria undergo a reprogramming resulting in a reduction 
in capacity for mitochondrial FAO with increased reliance on glucose oxidation and glycolysis (10–13). Signif-
icant evidence suggests that this metabolic reprogramming leads to bioenergetic derangements that contribute 
to the pathogenesis of HF. For example, human genetic defects in FAO can cause childhood cardiomyopathy 
in conditions that increase reliance of the heart on fatty acids as a fuel, such as with prolonged fasting (14). In 
addition, magnetic resonance spectroscopy measurements of humans with cardiac hypertrophy and HF have 
shown that reduced myocardial phosphocreatine (PCr)/ATP ratio correlates with worsened outcomes (15–19).

Evidence has emerged that the failing heart increases utilization of ketone bodies. We sought to 
determine whether this fuel shift is adaptive. Mice rendered incapable of oxidizing the ketone body 
3-hydroxybutyrate (3OHB) in the heart exhibited worsened heart failure in response to fasting 
or a pressure overload/ischemic insult compared with WT controls. Increased delivery of 3OHB 
ameliorated pathologic cardiac remodeling and dysfunction in mice and in a canine pacing model 
of progressive heart failure. 3OHB was shown to enhance bioenergetic thermodynamics of isolated 
mitochondria in the context of limiting levels of fatty acids. These results indicate that the heart 
utilizes 3OHB as a metabolic stress defense and suggest that strategies aimed at increasing ketone 
delivery to the heart could prove useful in the treatment of heart failure.
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Recently, we and others discovered an unrecognized fuel metabolic shift in the hypertrophied and fail-
ing heart (20, 21). Unbiased metabolomic profiles in well-defined mouse models of  HF and in the failing 
human heart were indicative of  increased ketone body oxidation. Proteomic studies identified increased 
levels of  D-β-hydroxybutyrate dehydrogenase (BDH1) in the failing heart (20). BDH1 is a mitochondrial 
enzyme that catalyzes the first step in the oxidation of  3-hydroxybutyrate (3OHB), a ketone body that is 
synthesized mainly in the liver. 13C-NMR spectroscopy studies confirmed that the hypertrophied mouse 
heart utilizes 3OHB to a greater extent than the normal heart (20), and in vivo measurements confirmed a 
higher ketone body uptake by canine failing hearts (22). Taken together, the results of  these recent studies 
suggest that, in the context of  reduced capacity to oxidize fatty acids as a fuel, the heart reprograms to 
increase utilization of  ketone bodies generated in the liver. However, the role of  this fuel switch as adaptive, 
maladaptive, or of  no consequence to the pathogenesis of  HF is unknown.

In this study, we sought to assess the importance of  ketone body utilization in the stressed and diseased 
heart. Our results indicate that the heart increases utilization of  3OHB as an adaptive metabolic response 
during periods of  nutritional and chronic hemodynamic stress. Moreover, strategies aimed at increas-
ing ketone delivery to the heart reduced pathologic cardiac remodeling and dysfunction in mice and in a 
large-animal model of  progressive HF. Studies conducted in isolated mouse mitochondria provided evidence 
that 3OHB provides ancillary substrate and enhances respiratory efficiency. These results raise the intriguing 
possibility that therapeutic strategies aimed at increasing myocardial 3OHB utilization could prevent or 
reverse the energy metabolic derangements and fuel starvation that contributes to the syndrome of  HF.

Results
Generation of  mice incapable of  oxidizing 3OHB in the heart. We first sought to define the cardiac phenotype of  
mice that are unable to oxidize 3OHB. To this end, cardiac-specific BDH1-deficient (csBDH1–/–) mice were 
generated by crossing mice harboring loxP sites within the Bdh1 gene with a line expressing Cre recombi-
nase downstream of  the cardiac-specific α myosin heavy chain promoter (αMHC-Cre mice) (23) to create 
mice with the final genotype of  Bdh1fl/flMHC-Cre+/WT (Bdh1fl/flCre+) (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/jci.insight.124079DS1). csBDH1–/– 
mice appeared grossly normal, including no significant difference in body weight compared with Cre– litter-
mate controls (Supplemental Figure 1B). Assessment of  offspring ratios from breeding pairs of  Bdh1fl/flCre+ 
× Bdh1fl/flCre– revealed a small but finite deviation from Mendelian inheritance patterns at weaning, suggest-
ing incomplete penetrance of  a perinatal lethal phenotype (Supplemental Table 1). Thereafter, no differ-
ence in survival between the csBDH1–/– and control mice was observed. Levels of  circulating 3OHB were 
similar in csBDH1–/– and littermate controls (Supplemental Figure 1C). csBDH1–/– mice did not exhibit a 
cardiac phenotype under basal conditions. Specifically, there were no abnormalities in ventricular mass or 
left ventricular (LV) chamber size or function, as determined by echocardiographic analysis (Supplemental 
Figure 1D and data not shown).

The myocardial substrate utilization profile of  the csBDH1–/– mouse heart was determined by 13C-NMR 
spectroscopy, which allows for assessment of  the relative contribution of  specific labeled substrates for 
acetyl-CoA formation and entry into the tricarboxylic acid (TCA) cycle. Hearts isolated from csBDH1–/– 
and control groups were perfused in the Langendorff  mode with 0.5 mM D-3-hydroxy-[2,4-13C2]butyrate 
([2,4-13C2]3OHB) and unlabeled 0.4 mM palmitate or with 0.4 mM [U-13C] palmitate and unlabeled 0.5 
mM D-3-hydroxybutyrate, both in the presence of  unlabeled 1 mM lactate and 5 mM glucose. Functional 
performance was similar between the groups (rate-pressure product for controls = 41,716 ± 2,314 mmHg 
× bpm; csBDH1–/– = 42,826 ± 3050 mmHg × bpm). The fractional contribution (Fc) of  [2,4-13C2]3OHB 
was virtually undetectable in the csBDH1–/– hearts compared with approximately 0.4 for the control group 
(Figure 1A). As expected, 13C-palmitate accounted for the majority of  Fc to acetyl-CoA production (~0.6) 
for control hearts. Palmitate utilization was modestly but significantly elevated in csBDH1–/– hearts com-
pared with controls, consistent with a compensatory increase in the context of  an inability to oxidize 3OHB 
(Figure 1B). These results confirm a complete deficit of  3OHB oxidation in the hearts of  csBDH1–/– mice.

To assess the uptake and fate of  3OHB in csBDH1–/– hearts, quantitative mass spectrometry–based 
measurements were performed. Levels of  3OHB were significantly elevated in the csBDH1–/– myocardium 
of  fed mice (Figure 1C). The observation that 13C-palmitate oxidation and 3OHB levels are increased in the 
BDH1–/– heart indicates that the normal adult mouse heart is capable of  oxidizing ketone bodies as a minor 
fuel, even in nonstressed conditions.
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BDH1 is necessary to maintain cardiac function in the context of  a nutritional stress. Tissues that rely on glu-
cose as a chief  fuel source, including many regions in the brain, shift to ketone oxidation as an ancillary 
fuel source during periods of  fasting and starvation (24). Less is known about the importance of  ketone 
body oxidation in the heart during states of  nutritional stress, given that this organ — in contrast to the 
brain — is capable of  high-capacity FAO (1, 25). The csBDH1–/– mice afforded us the opportunity to assess 
the necessity of  3OHB as a fuel source in the heart in the context of  nutritional deprivation. Accordingly, 
csBDH1–/– and littermate control mice were subjected to a 24-hour fast. There were no significant differ-
ences in the fed or fasting levels of  circulating 3OHB or glucose between groups (Supplemental Figure 2A). 
To assess the cardiac functional response to prolonged fasting, echocardiographic studies were conducted 
at the conclusion of  the fasting period. The fasted csBDH1–/– mice exhibited significant alterations in LV 
function compared with fasted Bdh1fl/flCre– controls, as reflected by percent LV fractional shortening (FS) 
and longitudinal strain rate, together with an increase in LV internal diameter and volumes (Supplemental 
Figure 2B and Supplemental Table 2). These results strongly suggest that a shift to myocardial 3OHB oxi-
dation serves as an adaptive alternative fuel source to maintain cardiac function in response to prolonged 
fasting and possibly other nutritional stress states.

Inability to oxidize 3OHB in the heart results in worsened pathologic cardiac remodeling in the context of  pressure over-
load/ischemic stress. Recent studies have shown that the hypertrophied and failing heart oxidize ketone bodies 
coincident with an induction in the expression of myocardial ketolytic enzymes BDH1 and succinyl-CoA-3-ox-
aloacid CoA transferase (SCOT) (20, 21, 26). An important question is whether this shift in myocardial fuel 
utilization is adaptive, maladaptive, or inconsequential to the disease process. As an initial step to address this 
question, csBDH1–/– and Bdh1fl/flCre– littermate control mice were subjected to an established mouse surgical HF 
model involving pressure overload via transverse aortic constriction (TAC) combined with a small apical myo-
cardial infarction (TAC/MI) that results in predictable, progressive, pathological LV dilatation and contractile 
dysfunction over a 4-week period (20, 27, 28). Following surgery, mortality rates were no different between the 
2 groups. Echocardiography performed 4 weeks after TAC/MI surgery demonstrated that csBDH1–/– mice had 
developed more severe LV dysfunction and pathological remodeling compared with the control group. Specifi-
cally, LV ejection fraction (LVEF) was significantly lower in the csBDH1–/– mice (Figure 2A and Supplemental 
Table 3). In addition, csBDH1–/– mice exhibited greater LV end-diastolic volume (EDV) and end-systolic vol-
ume (ESV) compared with controls (Figure 2B and Supplemental Table 3).

Molecular signatures of  cardiac remodeling were also indicative of  worsened LV remodeling in csB-
DH1–/– mice after TAC/MI intervention. Induction of  natriuretic peptide A (Nppa) was significantly great-
er in LV of  csBDH1–/– mice compared with the control group (Supplemental Figure 3A). Similarly, LV 
expression of  genes encoding ATPase sarcoplasmic/ER Ca2+ transporting 2 (Atp2a2), cardiac troponin I 
(Tnni3), and genes involved in fatty acid utilization — which are well-known to be downregulated in the 
failing heart — were reduced to a greater extent in the csBDH1–/– mice (Supplemental Figure 3, B and C). 
Lastly, as we have recently shown, cardiac expression of  Bdh1 was induced in hearts of  the control mice 
following TAC/MI (20). Bdh1 was not induced by TAC/MI in csBDH1–/– mice (Supplemental Figure 3D), 
indicating that the increased myocardial expression of  Bdh1 observed in HF is specific to cardiac myocytes.

Increased delivery of  ketone bodies to the heart ameliorates pathological cardiac remodeling and dysfunction. We 
next sought to determine whether increasing levels of  circulating ketones would alter cardiac remodeling in 
mice following TAC/MI. To this end, WT mice were fed normal chow or a ketogenic diet (KD) starting 1 
week before TAC/MI surgery and for the 4-week postsurgical period (Supplemental Figure 4A). The KD 
was confirmed to induce significant ketonemia prior to surgery (mean fed blood 3OHB levels with standard 
chow = 0.5611 ± 0.036 mM; KD group = 1.213 ± 0.1802 mM; P < 0.0001), and circulating 3OHB levels 
remained elevated at 4 weeks after surgery (Supplemental Figure 4B). Following TAC/MI surgery, no 
significant difference in mortality rates was observed between the chow and KD groups (data not shown). 
In addition, there was no significant difference in LVEF between the groups (Figure 3A and Supplemental 
Table 4). However, several pathologic LV remodeling endpoints were improved in the KD group, as evi-
denced by assessment of  LV volumes. Specifically, LVEDV and LVESV were both significantly reduced in 
the TAC/MI KD group compared with controls (Figure 3B and Supplemental Table 4).

A KD, while increasing circulating levels of ketone bodies, introduces other significant dietary variables, 
including a marked enrichment in long-chain fatty acids together with reduced carbohydrate and amino acid 
composition. We sought to address the direct impact of chronically increasing 3OHB delivery to the heart. To 
this end, studies were conducted in the canine tachypacing model of dilated cardiomyopathy that recapitulates, 
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with high reproducibility, many of the functional, structural, biochemical, and molecular alterations that occur 
in human congestive HF (29). Importantly, this large-animal model allows chronic delivery of 3OHB via an 
indwelling catheter in the right ventricle together with in vivo measurements of hemodynamics and myocardial 
substrate metabolism. The graded tachypacing protocol results in severe and predictable cardiac decompensa-
tion over a period of approximately 4 weeks (30). Starting on day 13 of pacing, when cardiac function was still 
in the compensated stage, 3OHB was infused continuously into the right ventricle until the end of the protocol 
(day 29 of pacing), resulting in a steady-state arterial plasma concentration of approximately 2.5-fold higher 

Figure 1. csBDH1–/– mouse hearts are incapable of oxidizing D-3-hydroxybutyrate. (A) (Left) The fractional enrichment of 
acetyl-CoA (Fc), representing oxidation of 13C-labeled D-3-hydroxybutyrate into the TCA cycle, is shown in Bdh1fl/flCre– (con-
trol) and csBDH1–/– isolated perfused mouse hearts (12- to 16-week-old male littermates) (n = 6). (Right) Representative in 
vitro NMR spectra displaying 13C labeling of glutamate at the 4- and 3-carbon (glu C-4 and glu C-3) positions in tissue extract 
from the hearts of control mice (top) and csBDH1–/– mouse (bottom) is shown. The latter has complete absence of signal 
(1% natural abundance). (B) Fc for 13C-labeled palmitate perfused isolated mouse hearts is shown (n = 5–6) (12- to 16-week-
old male littermates). (C) Levels of myocardial 3-hydroxybutyrate (3OHB) per wet weight (ww) measured in control and 
csBDH1–/– male mice 8–10 weeks after 4-hour fast (n = 5). Bars represent mean ± SEM; *P < 0.05 control vs. csBDH1–/– using 
unpaired, 2-tailed Mann-Whitney test.
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than that measured in an untreated historical control HF group used for comparison in this study (Supplemental 
Figure 5A). The infusion did not alter arterial pH and did not affect food or water intake, as also indicated by the 
absence of significant changes in body weight compared with the HF control group at the end of the study (data 
not shown). The impact of chronic ketone body administration on cardiac function and LV remodeling was 
dramatic. With 3OHB infusion, heart rate and cardiac output remained at prepacing levels, and the progressive 
pacing-induced diminution in LVEF was markedly blunted (Figure 4A and Supplemental Table 5). The 3OHB 
infusion completely prevented the rise in LV end-diastolic pressure (LVEDP) and attenuated the increase in LV 
end-diastolic diameter (LVEDD) (Figure 4A and Supplemental Table 5). The latter effect indicated reduced 
chamber remodeling, as confirmed by the preservation of cardiac weight relative to control nonpaced hearts, 
while pacing alone led to a significant increase in cardiac mass (data not shown). The characteristic reduction in 
dP/dtmax and dP/dtmin was not influenced by 3OHB under basal conditions (Supplemental Table 5), but dP/dtmax 
was increased by 3OHB in response to a dobutamine challenge (Figure 4B). In addition, although mean arterial 
pressure was unchanged by the treatment, total peripheral resistance and effective arterial elastance (Ea), 2 indi-
ces of afterload, were lower in the 3OHB-infused animals (Figure 4A and Supplemental Table 5). Taken togeth-
er, these results demonstrate a remarkable protective effect of 3OHB infusion on pathologic cardiac remodeling 
and suggest that the beneficial effects involve direct actions on the myocyte, as well as afterload reduction.

The impact of  3OHB on cardiac substrate oxidation rates was assessed at the conclusion of  the pacing 
protocol by infusing [9,10-3H]-oleate and [U-14C]-glucose isotopic tracers and measuring coronary blood 
flow. In addition, arteriovenous (A-V) differences of  ketone bodies and lactate across the heart were mul-
tiplied by coronary flow to calculate net cardiac uptake. As expected, the uptake of  ketone bodies was 
increased with HF compared with historical non–cardiac-paced controls and further with 3OHB infusion 
(Figure 5A). The infusion of  3OHB did not significantly alter the arterial levels of  free fatty acid (FFA) and 
glucose, while it caused a slight, albeit significant, reduction in circulating lactate (Supplemental Figure 
5A). Consistent with previous studies in this model (22), palmitate oxidation rates decreased and glucose 
oxidation rates increased in the HF group compared with controls in the absence of  3OHB treatment 
(Figure 5, B and C). In the failing heart, myocardial glucose uptake and oxidation rates were markedly 
suppressed by 3OHB infusion, whereas FFA uptake and oxidation was not significantly changed (Fig-
ure 5, B–E). 3OHB infusion reduced net lactate uptake, which could reflect reduced consumption and/or 
increased production by the myocyte (Figure 5F).

Notably, the reduction in myocardial O2 consumption (MVO2) occurring in the HF group was pre-
vented by 3OHB infusion, consistent with increased work (Figure 5G). Since pressure-volume or diameter 
loops were not measured in this study, we could not precisely calculate cardiac efficiency. However, stroke 
volume was determined by echocardiography, and — by approximating the height of  the pressure-volume 
loop as equal to mean arterial pressure minus half  of  the LVEDP — we calculated a close estimate of  the 

Figure 2. Inability to oxidize 3OHB in the heart results in worsened pathologic cardiac remodeling in the context of pressure overload/ischemic stress. 
Echocardiographic data collected 4 weeks following sham or TAC/MI surgeries in Bdh1fl/flCre– (control) and csBDH1–/– male mice aged 8–11 weeks at time of 
surgery. (A) EF graphed as percent, (B) EDV (left), and ESV (right) graphed as volume (µl). Bars represent mean ± SEM (Sham, n = 5; TAC/MI, n = 8–9); *P 
< 0.05 TAC/MI control vs. TAC/MI csBDH1–/–, using unpaired, 2-tailed t test. EF, ejection fraction; TAC/MI, transverse aortic constriction with myocardial 
infarction; EDV, end-diastolic volume; ESV, end-systolic volume, csBDH1–/–, cardiac-specific β-hydroxybutyrate dehydrogenase–deficient.
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pressure-volume loop area. This was then divided by MVO2 to determine myocardial mechanical energetic 
efficiency (31). These calculations indicated that myocardial mechanical efficiency was approximately 30% 
higher in dogs infused with 3OHB than nontreated dogs (79,850.70 ± 5,549.48 vs. 59,770.58 ± 6,171.35 
mmHg × beat/100 g, P < 0.05).

Interestingly, the impact of  3OHB on myocardial substrate utilization exhibited a different pattern in 
nonpaced control hearts. Specifically, 3OHB infusion resulted in decreased palmitate uptake and oxidation 
rates, whereas glucose uptake and oxidation rates remained unchanged and net lactate uptake was reduced 
(Supplemental Figure 5B). In addition, chronic 3OHB infusion decreased MVO2 in the nonpaced control ani-
mals (Supplemental Figure 5B). Taken together, the substrate utilization results suggest that ketones compete 
with the main myocardial substrates in a pattern that is influenced by the existence of  cardiac dysfunction.

3OHB augments respiratory efficiency in isolated heart mitochondria. Infusion of  3OHB resulted in a marked 
improvement in cardiac function and remodeling in the tachypacing model, together with evidence of  
increased myocardial uptake of  the ketone body. These observations suggest that, in the context of  reduced 
capacity for oxidizing the main substrates (fatty acids and glucose), 3OHB improved cardiac bioenergetics, 
thereby augmenting contractile function. One potential mechanism for the observed effect on energetics is 
that 3OHB provides a substrate for generating additional acetyl-CoA (32, 33), leading to increased produc-
tion of  NADH to drive energy transfer and ATP production (32, 33). We sought to discern the energetic 
value of  3OHB using a recently developed bioenergetics assay platform in which comprehensive assessment 
of  mitochondrial respiratory flux is conducted on freshly isolated mouse heart mitochondria (34). The plat-
form features a modified version of  the creatine kinase (CK) energetic clamp technique (25, 35, 36), which 
permits dynamic control of  the extramitochondrial concentration ratio of  ATP/ADP — and, thus, the 
energy of  ATP hydrolysis (ΔGATP) — within a near-physiologic range. In simple terms, the technique eval-
uates how well a given population of  mitochondria exposed to a specific mixture of  carbon fuels responds 
to an energetic challenge. The transition from a high to low ATP/ADP ratio mimics an increase in energy 
demand, akin to a transition between rest and exercise, and thereby serves as an in vitro stress test. Analysis 
of  the linear relationship between energy demand (ATP/ADP, ΔGATP) and steady-state oxygen flux (JO2) 
allows for an estimation of  respiratory conductance (i.e., reciprocal of  resistance), wherein a steeper slope 
indicates greater sensitivity and improved kinetics. Both the absolute rates of  oxygen consumption and 
respiratory sensitivity (slope) depend on energy gradients and fluxes controlled by 3 principal regulatory 
nodes (Supplemental Figure 6): (a) the dehydrogenase enzymes, (b) the electron transport system (ETS), 
and (c) ATP synthesis and transport, which together mediate the transfer of  energy from that available in 
carbon substrates to electron potential energy (ΔGredox), to the proton motive force (PMF, ΔGH+), to the 
free energy of  ΔGATP. Thus, to gain insight into the free energies that drive the transduction process, the 
dynamic JO2 assays are combined with parallel assessments of  mitochondrial membrane potential (ΔΨ), 
the primary contributor to the PMF, and NAD(P)H/NAD+ redox state.

Figure 3. Increased delivery of ketone bodies to the heart supplied by a ketogenic diet ameliorates pathological cardiac remodeling. Results of echo-
cardiography 4 weeks after TAC/MI surgery on C57BL/6N mice fed standard chow (Chow) vs. ketogenic diet (KD) starting 1 week prior to surgery (total of 5 
weeks on diet). (A) LVEF graphed as percent, (B) EDV (left) and ESV (right) graphed as volume (µl). Bars represent mean ± SEM (n = 8–15), *P < 0.05 Chow 
vs. KD or #P < 0.05 Sham vs. TAC/MI using 1-way ANOVA with Tukey’s post hoc test to correct for multiple comparisons. EF, ejection fraction; TAC/MI, 
transverse aortic constriction with myocardial infarction; EDV, end-diastolic volume; ESV, end-systolic volume.
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The assay system was first used to evaluate 3OHB-supported energy transduction in the context of  Km 
concentrations of  the anaplerotic substrates, pyruvate and malate (P/M), in the absence of  fatty acid (Sup-
plemental Figure 6). Addition of  2 mM 3OHB caused a modest but significant increase in respiratory sen-
sitivity (slope of JO2 vs. ΔGATP), while affording a more polarized (more negative) ΔΨ and a more reduced 
NAD(P)H/NAD+ redox state (e.g., a higher NAD[P]H/NAD+ ratio). Ketone-mediated enhancements in 
JO2 and energy transfer were even more impressive when added to Km concentrations of  either P/αKG or 
αKG alone (Supplemental Figure 6). Notably, in all 3 cases, the relationship between JO2 and ΔΨ shifted 
rightward, such that mitochondria exposed to 3OHB were able to maintain a greater (more negative) ΔΨ 
for any given rate of  oxygen consumption (Supplemental Figure 6).

We next sought to examine the impact of  3OHB on mitochondria fueled with a more physiological 
mixture of  substrates, including P/M and fatty acids. Here, octanoyl-carnitine (OC) concentrations rang-
ing from 10–100 μM were used to mimic impaired versus robust flux through the β-oxidation pathway, as 
occurs in failing hearts versus healthy hearts, respectively. Notably, increasing provision of  OC resulted 

Figure 4. Chronically increased delivery of ketone bodies to the heart by direct infusion ameliorates pathological 
cardiac remodeling. (A) Results of echocardiography and hemodynamic monitoring at weeks 0, 2, and 4 of tachypacing 
in dogs without (HF) or with infusion of 3-hydroxybuytrate (HF + 3OHB). Note that the “2 week” echo was performed 
on day 14 for the HF dogs, and — for the HF+3OHB group — the echo was performed on days 12–13 immediately before 
starting 3OHB infusion. The set of data for HF was randomly selected from a historical pool. (B) β-Adrenergic response 
to dobutamine infused after 4 weeks of cardiac pacing. Dots and bars represent mean ± SEM (n = 7–8 per group), *P 
< 0.05 vs. baseline or #P < 0.05 HF vs. HF + 3OHB at the corresponding time point using 2-way ANOVA followed by 
Student-Newman test for multiple comparisons. HR, heart rate; EF, ejection fraction; CO, cardiac output; LVEDP, left 
ventricular end-diastolic pressure; LVEDD, left ventricular end-diastolic diameter; TPR, total peripheral resistance; Ea, 
effective arterial elastance; dP/dtmax, maximal first derivative of left ventricular pressure.
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in greater maximal JO2 (Figure 6A), along with a more polarized ΔΨ (Figure 6B) and a more reduced 
NAD(P)H/NAD+ redox state (Figure 6C). Regardless of  the OC concentration, addition of  3OHB had 
little impact on absolute JO2 and respiratory sensitivity but again produced a more negative ΔΨ, a more 
reduced NAD(P)H/NAD+ redox state, and a clear rightward shift in ΔΨ versus JO2, suggesting improved 
respiratory efficiency (Figure 6D), particularly at the 2 lower OC doses.

To assess the necessity of  3OHB oxidation for the observed effects, identical experiments were repeat-
ed in heart mitochondria isolated from csBDH1–/– mice compared with Bdh1fl/flCre–controls. The findings 
demonstrate that the efficiency profile observed in the presence of  3OHB depends on BDH1 activity. Spe-
cifically, the 3OHB-mediated effects on ΔΨ, respiratory efficiency, and NADH redox were not observed 
in BDH1–/– mitochondria (Figure 7 and Supplemental Figure 8). Moreover, the S-enantiomer of  3OHB 
(S-3OHB, which is not a substrate for BDH1) did not confer the improvement in the respiratory efficiency 

Figure 5. Impact of 3OHB infusion on cardiac substrate utilization. Cardiac substrate 
utilization measured at the last day of the cardiac pacing protocol in dogs without (HF) 
or with infusion of 3-hydroxybuytrate (HF + 3OHB) compared with nonpaced controls. 
The set of data for HF and nonpaced controls was randomly selected from historical 
pools. (A) Cardiac uptake of ketone bodies. (B and C) Myocardial oxidation of (B) FFA 
and (C) glucose. (D and E) Cardiac uptake of (D) glucose and (E) FFA. (F) Cardiac uptake 
of lactate. (G) Myocardial oxygen consumption (MVO2). Bars represent mean ± SEM (n 
= 6 for all groups), *P < 0.05 vs. Control; #P < 0.05 HF vs. HF + 3OHB by 1-way ANOVA 
followed by Student-Newman test for multiple comparisons.
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profile observed with the R-enatiomer (R-3OHB) (Figure 7). The necessity of  BDH1 for the effects of  3OHB 
on NADH generation and JO2 are further shown in Supplemental Figure 7. Lastly, the use of  acetoacetate 
(which bypasses the BDH1 step) produced a blunted response (Figure 7). In summary, while R-3OHB did 
not fully compensate for a limitation in FAO, this specific ketone clearly improved bioenergetic parameters 
when flux through the FAO pathway was limited. The energetic profile of  3OHB-supported respiration 
is consistent with increased flux through NADH generating dehydrogenase enzymes and increased redox 
driving forces across the ETS, which in turn supports a more polarized ΔΨ for any given rate of  oxygen 
consumption. These results suggest that ketones can defend against pathologic remodeling and HF not only 
by averting a severe acetyl-CoA deficit, but also by enhancing mitochondrial respiratory thermodynamics, 
including maintenance of  a stronger PMF.

Discussion
During the development of  HF, myocardial fuel metabolism is reprogrammed, resulting in reduced capac-
ity to oxidize fatty acids, the chief  myocardial fuel (10, 12, 37). Recently, we and others found that the 
hypertrophied and failing mouse heart utilizes ketone bodies at increased rates (20, 21). These results, 
together with observations that circulating ketone bodies are increased in humans and experimental dogs 
with HF (22, 38, 39), suggest that the failing heart oxidizes ketone bodies as an ancillary fuel in the con-
text of  reduced capacity to burn fatty acids, the chief  substrate of  the normal heart. However, the role of  
chronic ketone utilization as adaptive or maladaptive in the failing heart is unknown. In this study, we 
provide evidence that this fuel switch comprises an adaptive stress response based on the following lines of  
evidence. First, mice with cardiac deficiency of  BDH1 cope poorly with nutritional deprivation and chronic 
pressure overload stress. Secondly, strategies aimed at increasing availability of  ketone bodies ameliorated 
pathologic cardiac remodeling in both murine and large-animal models of  HF. Lastly, in the context of  
reduced capacity to oxidize fatty acids and glucose, such as occurs in the failing heart, 3OHB enhanced 
bioenergetics in isolated mitochondria.

Our stable isotope labeling protocol confirmed that the mitochondrial enzyme BDH1 is necessary 
for myocardial 3OHB oxidation in mouse hearts. Accordingly, the related cytosolic short-chain fatty acid 
dehydrogenase, BDH2, does not likely contribute significantly to 3OHB oxidation, raising a question as 
to its function. Our results also indicate that the normal mouse heart oxidizes 3OHB as a minor fuel, 
as evidenced by the increase in myocardial 3OHB levels and enhanced palmitate oxidation rates in the 
BDH1–/– heart. Interestingly, we found that BDH1 is necessary to maintain cardiac function in the context 
of  the nutritional stress imposed by prolonged fasting. Specifically, the csBDH1–/– mice developed modest 
but significant fasting-induced reductions in LV function and increases in LV volume following a 24-hour 
fast. It is well known that the brain shifts to oxidation of  ketone bodies as a fuel in the context of  nutritional 
deprivation. The cardiac response of  csBDH1–/– mice to fasting suggests that this adaptive shift to reliance 
on ketone bodies as a fuel is also operative in the heart. Hepatic production of  ketone bodies 3OHB and 
acetoacetate is markedly increased in the prolonged fasting state. Notably, the csBDH1–/– mice should 
still be able to oxidize acetoacetate in the heart via the reaction catalyzed by 3-oxoacid CoA-transferase 1 
(Oxct1) (40). Accordingly, our results suggest that acetoacetate cannot fully substitute for 3OHB to meet the 
demands of  the heart in the fasting state.

The observation that csBDH1–/– mice develop worsened cardiac remodeling compared with controls 
following TAC/MI supports the conclusion that a shift to myocardial 3OHB oxidation in the hyper-
trophied and failing heart is adaptive. This conclusion is also supported by the previous observation 
that Oxct1-deficient mice also exhibit modest cardiac dysfunction with prolonged pressure overload 
(41). It should be noted that the csBDH1–/– mice exhibited greater LV dysfunction and remodeling than 
Oxct1-deficient mice in the context of  a HF intervention. This could relate to the more aggressive HF 
model used here (TAC/MI) compared with TAC alone in the study with Oxct1–/– mice (41). However, 
we cannot exclude other explanations for this phenotypic difference, such as the impact on redox state or 
metabolite accumulation profile related to the specific enzymatic action of  BDH1. Regardless, the results 
of  the Oxct1–/– and csBDH1–/– mice, together with the observed increase in 3OHB oxidation in the failing 
heart that occurs in the context of  reduced utilization of  fatty acids, suggest that ketone bodies are being 
used as an alternate oxidative fuel in order to maintain adequate ATP generation. This result is further 
supported by the recent observation that transgenic mice overexpressing BDH1 exhibit less pathologic 
remodeling in response to TAC (42).
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The response of  csBDH1–/– mice to TAC/MI prompted us to explore the impact of  enhancing myocar-
dial ketone delivery on the pathologic remodeling process that leads to HF. Administration of  a KD, prior 
to and after the TAC/MI procedure in mice, reduced LV dilatation. However, KD also introduces major 
changes in nutrient composition. To avoid these potentially confounding factors and directly assess the 

Figure 6. 3OHB augments respiratory efficiency in isolated heart mitochondria. Freshly isolated mitochondria from 
heart ventricles of C57BL/6N mice were utilized to assess the impact of 3-hydroxybutyrate (3OHB) on the relation-
ship between (A) oxygen consumption rate (JO2) (B) mitochondrial membrane potential (ΔΨ) in millivolts (mV), and 
(C) NAD(P)H/NAD(P)+ redox state versus the estimated Gibbs energy of ATP hydrolysis (ΔGATP). Mitochondria were 
fueled with pyruvate + malate (P/M, 110 μM each) and increasing concentrations of L-octanoylcarnitine (OC; 10, 50, 
or 100 μM) in the absence (purple) or presence (red) of 2 mM 3OHB. (D) Mitochondrial respiratory efficiency was 
evaluated by plotting JO2 against ΔΨ in the presence of P/M + 10–100 μM OC ± 3OHB. Dotted lines separate the sub-
maximal and maximal portions of JO2 vs. ΔGATP. Triangle denotes the changing concentrations of ATP relative to ADP 
(ATP/ADP), resulting in a reciprocal change in energy demand. Data are mean ± SEM (n = 5). Measurements made at 
submaximal JO2 (A–C) were analyzed by 2-way ANOVA (†main effect of ketone; ‡ketone, ΔGATP interaction; P < 0.05), 
whereas those representing maximal JO2 (ΔGATP = –12.95) were analyzed via t test (*P < 0.05).
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effects of  increasing ketone body delivery, 3OHB was infused in a well-established canine pacing model of  
HF (29), starting during the phase of  compensated cardiac dysfunction. The results were striking. 3OHB 
infusion completely prevented changes in LVEDP, preserved baseline heart rate, and markedly reduced 
pacing-induced diminutions in cardiac output and EF, thus halting the progression toward congestive HF. 
The chronic infusion of  3OHB also reduced LV remodeling, as evidenced by the less pronounced LV dila-
tation and lack of  cardiac hypertrophy. Moreover, the enhanced dP/dtmax during β-adrenergic stimulation 
in 3OHB-treated dogs indicates a better-preserved myocyte contractile reserve. It should also be noted that 
our in vivo findings raise the possibility that 3OHB infusion also influences cardiac output and remodeling 

Figure 7. The effects of 3OHB on mitochondrial respiratory efficiency depend on BDH1 flux. (A–C) Freshly isolated mitochondria from heart ventricles 
of BDH1fl/fl (controls), csBDH1–/–, or WT C57BL/6N mice were used to assess the impact of 3OHB on the relationship between (A) oxygen consumption rate 
(JO2), (B) membrane potential (ΔΨ ) in millivolts (mV), and (C) NAD(P)H/NAD(P)+ redox state versus the estimated Gibbs energy of ATP hydrolysis (ΔGATP). 
Mitochondria were fueled with pyruvate + malate (110 μM each) and 50 μM L-octanoylcarnitine in the absence (purple) or presence of 2 mM of the (R, red) 
or (S, green) enantiomer of 3OHB, or acetoacetate (AcAc, gray). (D) Mitochondrial respiratory efficiency was evaluated by plotting JO2 against ΔΨ. Dotted 
lines separate the submaximal and maximal portions of JO2 vs. ΔGATP. Triangle denotes the changing concentrations of ATP relative to ADP (ATP:ADP), 
resulting in a reciprocal change in energy demand. Data represent mean ± SEM (n = 4–6). Comparisons between BDH1fl/fl versus csBDH1–/– mitochondria 
were analyzed by 3-way ANOVA followed by Tukey HSD (#ketone/genotype interaction; §ketone effect; P< 0.05 and family-wise error rate [FWER] < 0.05) 
using measurements (A–C) made at submaximal JO2. Energy fluxes representing maximal JO2 (ΔGATP = –12.95) were analyzed by 2-way ANOVA and Tukey 
HSD (*FWER < 0.05, relative to vehicle control). Comparison of R and S enantiomers were analyzed by 2-way ANOVA (submaximal JO2) and 1-way ANOVA 
(maximal JO2) each followed by Tukey HSD (§effect of R at submaximal JO2; 

¤effect of S at maximal JO2; FWER < 0.05). Effects of AcAc were analyzed by 
2-way ANOVA at submaximal JO2 (

†main effect of ketone; ‡ketone/ΔGATP interaction, P < 0.05) and t test at maximal JO2 (*P < 0.05).  
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by lowering afterload, as evidenced by reduced peripheral resistance and effective Ea. Such an effect could 
be related to a direct vasodilatory action exerted by 3OHB on resistance vessels, a secondary response to 
an increase in cardiac output, and/or decreased sympathetic tone. Future studies aimed at the extracardiac 
effects of  3OHB should prove interesting.

The capacity for FAO is reduced in the failing heart, setting the stage for a compensatory increase in glu-
cose utilization, though increased glycolysis has been shown to outpace the increases in downstream pyruvate 
oxidation due to PDH inhibition and elevated pyruvate carboxylation via malic enzyme 1 (43). These collec-
tive fuel metabolic disturbances set the stage for a mitochondrial fuel (acetyl-CoA) input deficit. The myocar-
dial substrate utilization studies following the pacing protocol indicate that the exogenous 3OHB served as 
an additional fuel for the failing canine heart. This conclusion is supported by the observations that cardiac 
3OHB uptake was increased, together with an increase in oxygen consumption. The changes in myocardial 
substrate oxidation observed with 3OHB infusion are also consistent with the conclusion that 3OHB provides 
an additional source of  acetyl-CoA to the TCA cycle. The observed decrease in glucose oxidation rates likely 
reflects the well-known impact of  increased acetyl-CoA levels on pyruvate dehydrogenase activity, otherwise 
known as the Randle effect (44). Interestingly, the effect of  3OHB on substrate utilization in the normal (non-
paced) canine heart was different than that of  the failing heart. In the normal heart, 3OHB infusion competed 
with FAO rather than glucose oxidation. This likely reflects the high rates of  β-oxidation and derivative ace-
tyl-CoA production in the normal heart. The substrate competition results in the normal canine heart shown 
here differ from those of  a recent report that described a reduction on cardiac glucose uptake with acute infu-
sion of  3OHB in humans without HF (45). The basis for this discrepancy is unclear but could relate to species 
differences or the impact of  acute versus chronic infusion of  3OHB. It should also be noted that, in the study 
by Gormsen et al., glucose uptake — rather than glucose oxidation — was measured.

The bioenergetic effects of  3OHB oxidation were evaluated in freshly isolated mouse heart mitochon-
dria using a recently developed assay platform that permits comprehensive assessment of  respiratory fluxes 
and determinants of  energy transfer (34). Importantly, this approach provides for a highly tractable model 
system wherein substrate supply and energetic backpressure (ΔGATP) can be precisely controlled. In the 
context of  physiologic energy demands and limiting amounts of  fatty acids and other substrates (as occurs 
in the failing heart), provision of  3OHB to intact mitochondria enhanced respiratory kinetics and thermo-
dynamics. Our results support the conclusion that oxidation of  3OHB provides an alternate and uniquely 
efficient source of  acetyl-CoA in the context of  reduced oxidation of  fatty acids and pyruvate in the failing 
heart. Accordingly, increased generation of  acetyl-CoA provides substrate for the TCA cycle, leading to 
increased production of  NADH. NADH is also produced by the Bdh1-mediated oxidative reaction con-
verting 3OHB to acetoacetate. We propose that the increased flow of  reducing equivalents at Complex I 
of  the ETC augments and protects the proton driving force and ΔGATP (Supplemental Figure 9). Notably, 
the findings here align with the results of  previous work conducted in healthy dogs and in rats, showing 
that provision of  3OHB improves cardiac respiratory efficiency and proton driving force (32, 33, 46). In 
these studies, the investigators surmised that the 3OHB oxidation reaction augments ΔGredox and promotes 
electron flux through Complex I of  the ETS, while limiting flux through FAD-linked enzymes. In theory, 
the resulting improvement in redox driving forces across the ETS should support a more polarized ΔΨ for a 
given rate of  oxygen consumption — the exact phenotype observed in our in vitro assays. This observation 
is noteworthy because, in working hearts, the energy harnessed in the steady-state PMF (Δp) determines 
the extent to which the ATP synthase complex can displace the ATP/ADP ratio from equilibrium, which 
dictates the free energy of  ΔGATP and, thus, the power available for cardiac work.

Taken together, our results support the conclusion that ketone bodies provide an additional myocardial 
fuel source when fatty acids and glucose cannot fully satisfy energy demands such as occurs in HF or in the 
context of  prolonged fasting. Accordingly, increasing the availability of  3OHB exerts cardioprotective effects 
in pathophysiologic circumstances that lead to HF by providing an ancillary fuel source and improving 
mitochondrial energetics. It should be noted that our data do not exclude additional cardioprotective actions 
of  3OHB beyond energetics. For example, our results raise the possibility that 3OHB can exert beneficial 
extracardiac effects, including reducing peripheral resistance, although we have not determined if  this is a 
primary or secondary effect. In addition, 3OHB has been shown to convey antiinflammatory functions and 
exert epigenomic effects, including inhibition of  histone deacetylases (HDACs), which have been implicated 
in pathologic cardiac hypertrophy (47, 48). Taken together, our results strongly suggest that increasing deliv-
ery of  3OHB to the heart should be considered as a potentially novel ancillary therapeutic approach to HF.
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Methods

Mouse studies
General. Mouse studies were performed on male mice 6–12 weeks of  age (see below for further detail). Mice 
were housed in a facility with 12-hour light/dark cycles. Mice were provided ad libitum access to water 
and either normal chow (16.4% protein, 4.0% fat, and 48.5% carbohydrates; Harlan Teklad) or KD (20% 
protein, 80% fat, and 0.1% carbohydrate; Research Diets Inc., catalog D03022101) as specified. In certain 
circumstances, singly housed mice were fasted for 24 hours with ad libitum access to water. For experi-
ments involving isolated cardiac mitochondria, all mice were on a C57BL/6NJ (BL6N) background, male, 
and aged 16–30 weeks. Prior to tissue removal, animals were anesthetized with pentobarbital (Nembutal, 
Oak Pharmaceuticals, 100 mg/kg). TAC/MI cardiac surgeries were utilized to induce HF, as described (27, 
49). Ultrasound examination of  the cardiovascular system was noninvasively performed using a Vevo2100 
Ultrasound System (VisualSonics Inc.), as described previously (49). More details on TAC, TAC/MI, and 
echocardiography can be found in Supplemental Methods.

Generation of csBDH1–/– mice
To generate cardiac-specific BDH1-KO mice, targeted ES cells were purchased from EUCOMM  
(Bdh1tm1a[EUCOMM]Wtsi) and injected into C57BL/6J blastocysts (Charles River Laboratories). The allele contains 
flippase recognition target (FRT) sites flanking the lacZ and neo cassettes (gene trap), as well as Loxp sites flank-
ing exons 3 and 4 (Supplemental Figure 1A). Founder mice were crossed to C57BL/6J to confirm germline 
transmission, followed by crossing to the flippase (FLP) mouse (The Jackson Laboratory, 009086) to remove the 
gene trap. Subsequent mating was performed to remove the FLP allele and create the Bdh1flox mice. The Bdh1flox 
mice were backcrossed twice with WT BL6N mice to obtain Bdh1flox mice on a BL6N (Nnt WT) genetic back-
ground. Finally, to create the cardiac-specific BDH1–/– mice, a Cre recombinase strategy was employed using the 
αMHC promoter (Supplemental Figure 1A) (23). Breeding pairs were established with Bdh1flox BL6N mice and 
hemizygous αMHC-Cre BL6N mice. The litters generated from final breeding pairs included mice with floxed 
Bdh1 alleles and either αMHC-Cre+ or αMHC-Cre– genotype.

For genotyping, ear punch samples were collected from pups at 4 weeks of age (after weaning). DNA was 
extracted from ear punch samples by adding 100 μl of 25 mM NaOH (Thermo Fisher Scientific) and 0.2 mM 
EDTA (Thermo Fisher Scientific, pH 12), and by heating the samples at 95°C for 20 minutes. Subsequent addition 
of 100 μl of 40 mM Tris (Thermo Fisher Scientific, pH 5) neutralized the samples. Samples were used immediate-
ly following extraction or stored at 4°C. Standard PCR protocols using the following primers (manufacturered by 
IDT) were utilized to amplify the DNA region of interest. PCR products were analyzed using standard gel elec-
trophoresis. Bdh1, meltine temperature (Tm) = 58°C, (forward) 5′-TGCAGGAATCAGTGCTCTCTCCTAG-
CA-3′, (reverse) 5′-GGTGTCAGGGCTGAAGGATG-3′; Cre, Tm = 60°C, (forward) 5′-CCGGTGAACGT-
GCAAAACAGGCTCTA-3′, (reverse) 5′-CTTCCAGGGCGCGAGTTGATAGC-3′; Nnt, Tm = 60°C, (WT, 
forward) 5′- GGGCATAGGAAGCAAATACCAAGTTG-3′, (mutant, forward) 5′- GTGGAATTCCGCTGA-
GAGAACTCTT-3′, (common, reverse) 5′- GTAGGGCCAACTGTTTCTGCATGA-3′.

Canine studies
Surgical instrumentation. Thirteen male mongrel dogs (aged 9–12 months; 21–27 kg) were chronically instru-
mented with a solid state pressure gauge inserted in the left ventricle, 3 fluid-filled catheters (1 inserted 
in the descending thoracic aorta, 1 in the right ventricle, and 1 in the left atrium), a Doppler flow probe 
placed around the left circumflex coronary artery, and 2 pacing leads attached to the LV epicardial surface, 
as previously described (22, 30). The dogs wore cotton/nylon jackets to protect the exteriorized wires and 
catheters. Continuous intravascular infusions were performed by connecting external pumps (50 ml capac-
ity), held in the pockets of  the jacket, to the right ventricular catheter or, in case of  occlusion, to the left 
atrial one. All the experiments were performed in conscious, nonsedated dogs recumbent on the right side 
on the laboratory table.

General protocol. The study included 4 groups of  dogs, characterized and named as follows. (a) HF + 
3OHB group: 8 dogs underwent cardiac pacing with an external pacemaker at the rate of  210 beats/min 
for 3 weeks and at 240 beats/min for an additional week to induce HF, as previously described (22, 30). 
Starting at 12–13 days of  pacing, sodium D-3OHB dissolved in sterile water was continuously infused first 
at the dose of  2.5 μmol/kg/min and progressively increased until day 16, when the dose of  5 μmol/kg/min 
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was reached and maintained constant until day 29 of  pacing. The total infusion volume was approximately 
55 ml/day, a negligible amount in dogs of  this size, if  compared with their total blood volume of  2.5–3 
liters. (b) Control + 3OHB group: in 5 dogs, the heart was not paced and was 3OHB infused in a similar 
fashion for 14 days. (c) HF group: the control HF group not infused with 3OHB was composed of  8 dogs 
randomly drawn from a larger historical pool of  15 dogs previously studied by us for a recent study on 
cardiac metabolism (22). (d) Control group: a non–heart-paced control group was obtained by randomly 
drawing 6 dogs from a larger historical pool of  10 dogs utilized for the same study mentioned above. The 
control group was necessary as a term of  comparison for the study on cardiac metabolism, since in HF and 
HF + 3OHB groups radioisotopes could be infused only once; hence, baseline metabolism could not be 
measured before starting the pacing protocol, as for functional measurements. Dogs were euthanized after 
performing the final functional and metabolic measurements. The end-point for the HF group was based on 
the time when LVEDP reached 25 mmHg, which — in our model — typically occurs after approximately 
4 weeks of  pacing (30); therefore, dogs of  the HF + 3OHB group were euthanized at 29 days (14–15 days 
of  3OHB infusion), regardless of  their stage of  cardiac dysfunction. Dogs of  the control + 3OHB group 
were euthanized after 14 days of  3OHB infusion. After euthanasia, the hearts were extracted and weighed.

Recorded and calculated functional parameters. Hemodynamics and cardiac morphofunctional parameters 
were measured, respectively, by connecting the chronically implanted probes to recorders or by echocar-
diography. In the HF group, measurements were taken at baseline, before cardiac pacing, and then every 
week. In the HF + 3OHB group, intermediate measurements were not taken at 14 days, but at 13 days — 
immediately before starting the 3OHB infusion. In the control + 3OHB group, measurements were taken at 
baseline and after 14 days of  3OHB infusion. Directly measured hemodynamic parameters were heart rate; 
LV end-diastolic, aortic systolic, and diastolic pressures; and coronary blood flow. Calculated parameters 
were mean aortic pressure, mean blood flow in the left circumflex coronary artery, and the first derivative 
of  LV pressure (dP/dt). dP/dtmax is an index of  contractility, and dP/dtmin is an index of  diastolic relaxation 
rate during the respective isovolumic phases. Data for each time point were obtained by averaging measures 
over 1 respiratory cycle. Hemodynamic measurements were also taken, after 29 days of  cardiac pacing, 
during β-adrenergic stimulation with dobutamine infusion at 5, 10, and 15 μg × kg−1 × min−1, with 5 min-
utes for each dose (50). Echocardiographic measurements were performed based on the right parasternal 
short axis and long axis, as well as apical 4-chamber and 2-chamber views of  at least 5 consecutive cardiac 
cycles at a frame rate of  40.70 frames per second (fps). EF was calculated using the Simpson formula on 
the apical views. Cardiac output was calculated by multiplying stroke volume by heart rate. Total peripheral 
resistance, an index of  mean afterload, was calculated by dividing mean arterial pressure by cardiac output. 
Effective Ea, a more integrated index of  both mean and pulsatile afterload (51), was calculated by dividing 
mean arterial pressure by stroke volume.

Cardiac oxygen and energy substrate consumption. Cardiac metabolism was assessed on the last day of  the 
protocol. A catheter was inserted into the coronary sinus, through peripheral veins, under X-ray fluoroscopic 
guidance. Blood partial pressure of  O2 (PO2) and O2 concentrations were determined in paired arterial and 
coronary sinus blood samples, and coronary blood flow was measured to calculate MVO2. The isotopic trac-
ers [9,10-3H]-oleate (0.7 μCi/min) and [U-14C]-glucose (20 μCi as a bolus, followed by 0.3 μCi/min) were 
infused through a peripheral vein to track the metabolic fate of  FFA and glucose, respectively, which are 
used by cardiac muscle as a source of  energy (52). After 40 minutes of  tracer infusion, baseline hemodynam-
ics were recorded, and paired blood samples were withdrawn from aorta and coronary sinus. The concentra-
tions of  total and radiolabeled FFA and glucose,14CO2, 

3H2O, lactic acid, and ketone bodies were determined 
in arterial and coronary sinus blood samples, and the rate of  cardiac substrate uptake and oxidation were 
calculated using coronary blood flow, according to well-established methods (22, 52). All the calculated 
values of  MVO2 and cardiac substrate uptake and oxidation were normalized by heart rate and heart weight.

RNA analyses
Aliquots of  pulverized tissue were placed into Precellys homogenization tubes on ice. QIAzol Lysis Reagent 
(Qiagen, 700 μl) was added to each sample. Samples were then placed into a prechilled Precellys Homog-
enizer. The homogenization protocol used 3 cycles of  20 seconds at 6,800 rpm agitation, followed by a 
10-second pause. The remainder of  the RNA isolation followed the manufacturer’s instructions (Qiagen 
miRNeasy). Isolated RNA was diluted to 0.1 μg/μl for use in cDNA synthesis. Quantitative PCR (qPCR) 
was performed as described previously (20) using the appropriate primers (Supplemental Table 2).
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Immunoblotting analyses
Western immunoblotting was performed with either heart or liver tissue lysate prepared as previously described 
(53). Protein concentrations were quantified with the Micro BCA Protein Assay Kit (Thermo Fisher Scientif-
ic). Primary antibodies for BDH1 (Proteintech, catalog 15417-1-AP) and SDHA (Invitrogen, catalog 459200) 
were diluted 1:5,000 in 1:1 Odyssey Blocking Buffer (LI-COR Biosciences) and 0.1% Tween in Tris-buffered 
saline (TBS-T, MilliporeSigma) and incubated overnight at 4°C. Secondary antibodies IRDye 800CW donkey 
anti–mouse or anti–rabbit IgG (H + L) (LI-COR Biosciences, catalogs 926-32212 and 926-32211) were added 
to blot at 1:7,500 dilution in 1:1 Odyssey Blocking Buffer and TBS-T. Odyssey Image Studio software (LI-COR 
Biosciences) was used for quantification.

Metabolite measurements
Myocardial 3OHB measurements were performed by the Metabolomics Core at Sanford Burnham Prebys 
Medical Discovery Institute in Lake Nona using previously described methods (20, 28). This was followed by 
the derivatization of  organic acids, as described (49). More details can be found in Supplemental Methods.

Blood samples were taken between 8–10 a.m. from the tail vein for determination of  β-hydroxybutyrate 
concentrations using a Precision Xtra Ketone Meter according to manufacturer’s instructions (Abbott). 
Plasma glucose and FFAs were measured using kits from Cayman Chemical (catalogs 10009582 and 
700310, respectively), according to the manufacturer’s instructions.

NMR-based substrate oxidation measurements
Mice were heparinized (100 U, Mckesson Medical) by i.p. injection and anesthetized with 85 mg/
kg ketamine (Hospira) and 12 mg/kg xylazine (Akorn Inc.). Following sacrifice, hearts isolated from 
csBDH1–/–, and control groups were perfused in the Langendorff  mode with a fluid-filled intraventric-
ular balloon for hemodynamic monitoring and to apply an external load at a 5-mm diastolic pressure. 
Perfusate contained either 0.5 mM D-3-hydroxy-[2,4-13C2] butyrate ([2,4-13C2]3OHB) (Isotec, Milli-
poreSigma) and unlabeled 0.4 mM palmitate/BSA (MilliporeSigma) or 0.4 mM [U-13C] palmitate/
BSA (Cambridge Isotope Laboratories Inc., MilliporeSigma) and unlabeled 0.5 mM D-3-hydroxybu-
tyrate (MilliporeSigma), both in the presence of  unlabeled 1 mM lactate (MilliporeSigma) and 10 mM 
glucose (MilliporeSigma). Following each perfusion, hearts were snap frozen with liquid nitrogen–
cooled tongs. NMR spectroscopy of  tissue extracts was used to quantify the fractional enrichment of  
acetyl-CoA (Fc) from glutamate isotopomers produced from labeled substrate oxidation — ketone or 
palmitate, as specified in text (54, 55).

Mitochondrial isolation
For experiments involving isolated cardiac mitochondria, all mice were on a BL6N background, male, and 
aged 16–24 weeks. Prior to tissue removal, animals were anesthetized with pentobarbital (Nembutal, Oak 
Pharmaceuticals, 100 mg/kg).

Mitochondria were isolated from murine hearts by differential centrifugation. The following buf-
fers were utilized for all isolations: Buffer A, phosphate buffered saline (pH 7.4) with EDTA (10 mM); 
Buffer B, MOPS (50 mM, pH 7.1), KCl (100 mM), EGTA (1 mM), and MgSO4 (5 mM); Buffer C, 
Buffer B, supplemented with BSA (2 g/l, MilliporeSigma, A3803). Heart tissue was excised and imme-
diately placed in ice-cold Buffer A. The atria and aorta were trimmed away. Tissues were minced, 
incubated 5 minutes on ice in Buffer A supplemented with 0.05% (wt/vol) trypsin (MilliporeSigma, 
T4799), and centrifuged at 200 g for 5 minutes at 4°C, and the supernatant was discarded to remove 
trypsin. Tissue pellets were suspended in Buffer C and homogenized with a Potter-Elvehjem tissue 
grinder with polytetrafluoroethylene (PTFE) pestle. After centrifugation at 500 g for 5 minutes at 4°C, 
the supernatant from this step was centrifuged at 10,000 g for 10 minutes at 4°C to pellet mitochon-
dria. Mitochondrial pellets were gently washed in 1.4 ml of  Buffer B, transferred to a 1.7 ml micro-
centrifuge tube, and centrifuged at 10,000 g for 5 minutes at 4°C. The supernatant was aspirated and 
the mitochondrial pellet resuspended in 130 μl of  Buffer B. Mitochondrial protein concentration was 
determined using the bicinchoninic acid (BCA) assay and subsequently diluted to a working concen-
tration of  10 mg/ml in Buffer B. Functional assays involving isolated mitochondria were performed in 
Buffer D: potassium-MES (105 mM, pH 7.2), KCl (30 mM), KH2PO4 (10 mM), MgCl2 (5 mM), EGTA 
(1 mM), BSA (2.5 g/L).
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Substrates
The following substrates were used for the experiments described above: Potassium Pyruvate (Combi-blocks, 
QA-1116, prepared fresh daily); L-Malic Acid (MilliporeSigma, M1000), from 1M stock solutions (pH 7 with 
KOH) stored at –20°C; α-Ketoglutaric acid potassium salt (MilliporeSigma, K2000, prepared fresh daily);  
L-Octanoylcarnitine (MilliporeSigma, 50892) from 50 mM stock solutions stored at –20°C; 
(R)-3-Hydroxybutyric acid (MilliporeSigma, 54920, prepared fresh daily), (S)-3-Hydroxybutyric acid (Milli-
poreSigma, 54925, prepared fresh daily); and Acetoacetate (MilliporeSigma, A8509, prepared fresh daily).

Creatine kinase clamp
Mitochondrial respiration, ΔΨ, and NAD(P)H/NAD(P)+ redox states were measured using a modified ver-
sion of  the creatine (Cr) energetic clamp technique (35, 56). In this assay, the free energy of  ATP hydroly-
sis (ΔG’ATP) can be calculated based on known amounts of  Cr, PCr, and ATP, in combination with excess 
amounts of  CK and the equilibrium constant for the CK reaction (i.e., K’CK). Calculation of  ΔG’ATP was 
performed according to the following formula:

    Equation 1

where ΔG’°ATP is the standard apparent transformed Gibbs energy (under a specified pH, ionic 
strength, free magnesium, and pressure), R is the gas constant (8.3145 J × K–1 × mol–1), and T is tempera-
ture in Kelvin (310.15 K), and K’CK is the apparent equilibrium constant for the CK reaction. Given that 
experiments were performed via sequential additions of  PCr, both the ΔG’°ATP and K’CK were determined 
at each titration step based on the changes in buffer ionic strength and free magnesium, as previously 
described (57, 58). Calculation of  ΔG’ATP at each titration point was performed using the recently pub-
lished online tool (https://dmpio.github.io/bioenergetic-calculators/).

Mitochondrial respiratory control
High-resolution O2 consumption measurements were conducted using the Oroboros Oxygraph-2K (Orob-
oros Instruments) at 37°C in a 2-ml reaction volume. Buffer for all assays was Buffer D, supplemented with 
creatine (Cr, 5 mM; MilliporeSigma, C3630), PCr (1.5 mM; MilliporeSigma, P1937), and CK (20 U/ml; 
MilliporeSigma, CK-RO). Isolated mitochondria were added to the assay buffer (0.025 mg/ml), followed 
by the addition of  respiratory substrates, then ATP (5 mM; MilliporeSigma, A9062). Then, sequential 
additions of  PCr were added to produce concentrations of  3, 6, 9, 12, and 15 mM.

ΔΨ and NAD(P)H/NAD(P)+ redox
Fluorescent determination of  ΔΨ and NAD(P)H/NAD(P)+ were carried out simultaneously via a Quan-
taMaster Spectrofluorometer (QM-400; Horiba Scientific). The ΔΨ was determined using the ratiometric 
fluorescent dye tetramethylrhodamine, methyl ester (TMRM) (59). Briefly, the excitation/emission inten-
sities at 572/590 nm and 551/590 nm were recorded, and the 572/551 nm ratio was subsequently con-
verted to millivolts using a KCl standard curve in the presence of  valinomycin. The excitation/emission 
parameters for NAD(P)H were 340/450 nm. All experiments were carried out at 37°C in a 0.2-ml reaction 
volume with constant stirring. All assays were performed in Buffer D, supplemented with creatine (Cr, 
5 mM; MilliporeSigma, C3630), PCr (1.5 mM; MilliporeSigma, P1937), ATP (5 mM; MilliporeSigma, 
A9062), CK (20 U/ml; MilliporeSigma, CK-RO), and TMRM (0.2 μM; Thermo Fisher Scientific, T668). 
Isolated mitochondria were added to the assay buffer (0.1 mg/ml), followed by the addition of  respira-
tory substrates, and then sequential PCr additions to produce concentrations of  3, 6, 9, 12, and 15 mM. 
Next, potassium cyanide (4 mM) was added to generate a state of  100% reduction within the NAD(P)H/
NAD(P)+ redox couple. Finally, alamethicin (12.5 μg/ml; AG Scientific, A-1286) was added to generate 
a state of  0% reduction. The NAD(P)H/NAD(P)+ throughout the experiment was expressed as a percent 
reduction based on the following formula: (F – F0%)(F100%  – F0%)–1

BDH1 activity
Rates of  NADH production were determined as previously described (34). More detail can be found in 
Supplemental Methods.
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Statistics
GraphPad Prism 7.0 was used for all statistical analyses except χ2 test. Significance was defined as P < 0.05. 
Statistical tests were chosen based on the number of compared variables and the size of samples (60). For com-
parisons of 2 groups with 1 variable: if  at least 1 comparison group n < 5, an F-test was applied to determine if  
variance between groups differed significantly. If  variance did not differ significantly, a 2-tailed unpaired t test 
was applied. If  F-test results showed significant difference in variance, a 2-tailed unpaired t test with Welch’s 
correction was applied (61). For experiments with a small sample size (such as Figure 1, at least 1 group less 
than n = 8), a 2-tailed Mann-Whitney U test was used (62). When both groups had n = 8 or greater, a D’Agosti-
no-Pearson omnibus normality test was used to determine if  values followed a Gaussian distribution (63). If  val-
ues were determined to be normally distributed, an F-test was applied to determine if  variance between groups 
differed significantly. Depending on these results, either a 2-tailed t test or 2-tailed t test with Welch’s correction 
was applied as described above. If  values were determined to come from a nonnormal distribution, a 2-tailed 
unpaired Mann-Whitney U test was applied. Comparisons of more than 2 groups were analyzed with 1- or 
2-way ANOVA (normal distribution or n < 5 in at least 1 group) with post hoc analysis as described in individual 
legends (64). For determination of Mendelian inheritance patterns, χ2 test was applied using Excel (65). The χ2 
test was conducted using 1 degree of freedom with χ2 table set at 3.841. Statistical analysis for the canine studies 
was performed by using commercially available software (SigmaStat 4.0). Data were found normally distributed; 
therefore, changes were compared by t tests and paired t tests or 1-way and 2-way ANOVA followed by Student–
Newman post hoc test, depending on the number of groups and time points involved in the comparisons. Data 
are presented as mean ± SEM. For all the statistical analyses, significance was accepted at P < 0.05.

For experiments using isolated cardiac mitochondria, statistical analyses were performed using the 
python libraries pandas (0.23.4) and statsmodels (0.9.0). For JO2, ΔΨ, and NAD(P)H/NAD(P)+ redox 
potential plotted against ΔGATP, an ANOVA (2-way, ketone × ΔGATP ; or 3-way, ketone × ΔGATP × genotype) 
was performed with a significant threshold (α) of  P ≤ 0.05, followed by Tukey’s multiple comparisons test. 
These analyses excluded measurements made at the lowest ΔGATP, which represents an extreme, nonphys-
iological energetic condition positioned outside the linear range of  JO2. Maximal JO2 and corresponding 
energetics recorded upon addition of  1.5 mM PCr at ΔGATP of  –12.95 kCal/mol (approximately state 3 
respiration) were analyzed separately by 2-tailed t test. Data are presented as mean ± SEM, and plots were 
generated using the python library matplotlib (3.0.2).

Study approval
All experiments performed with animals were conducted with protocols approved by IACUCs at SBP-LN, 
Duke University, and Temple University.
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