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Abstract

Background—Significant evidence indicates that the failing heart is “energy-starved”. During 

the development of heart failure, the capacity of the heart to utilize fatty acids, the chief fuel, is 

diminished. Identification of alternate pathways for myocardial fuel oxidation could unveil novel 

strategies to treat heart failure.

Methods and Results—Quantitative mitochondrial proteomics was used to identify energy 

metabolic derangements that occur during the development of cardiac hypertrophy and heart 

failure in well-defined mouse models. As expected, amounts of proteins involved in fatty acid 

utilization were downregulated in myocardial samples from the failing heart. Conversely, 

expression of β-hydroxybutyrate dehydrogenase 1 (BDH1), a key enzyme in the ketone oxidation 

pathway, was increased in the heart failure samples.

Studies of relative oxidation studies in an isolated heart preparation using ex vivo NMR combined 

with targeted quantitative myocardial metabolomic profiling using mass spectrometry revealed 

that the hypertrophied and failing heart shifts to oxidizing ketone bodies as a fuel source in the 

context of reduced capacity to oxidize fatty acids. Distinct myocardial metabolomic signatures of 

ketone oxidation were identified.

Conclusions—These results indicate that the hypertrophied and failing heart shifts to ketone 

bodies as a significant fuel source for oxidative ATP production. Specific metabolite biosignatures 
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of in vivo cardiac ketone utilization were identified. Future studies aimed at determining whether 

this fuel shift is adaptive or maladaptive could unveil new therapeutic strategies for heart failure.
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INTRODUCTION

Growing evidence indicates that derangements in myocardial fuel metabolism and 

bioenergetics contribute to the development of heart failure, a global health problem. The 

adult mammalian heart requires enormous amounts of energy to sustain contractile function. 

Given that cardiac myocyte energy reserves are limited, ATP must be continually generated 

by oxidation of carbon fuels.1–5 Over 95% of the ATP produced in the healthy adult 

mammalian heart comes from mitochondrial oxidative phosphorylation, with the remainder 

being derived from glycolysis.2–5 Genetic studies have provided evidence that alterations in 

mitochondrial ATP production is casually linked to the development of heart failure. 

Specifically, human genetic defects in mitochondrial fatty acid oxidation (FAO) and 

oxidative phosphorylation (OXPHOS) cause cardiomyopathy.

Studies in humans with common acquired forms of heart failure have also provided evidence 

that derangements in fuel and energy metabolism contribute to heart failure. Cardiac 

magnetic resonance spectroscopy studies have shown that myocardial “high-energy” 

phosphate (phosphocreatine or PCr) stores are reduced in humans with pathological 

ventricular hypertrophy, with further decline during the transition to heart failure.6–10 

Notably, the [PCr]/[ATP] ratio correlates with heart failure severity and is a strong predictor 

of cardiovascular mortality.11,12 In addition, studies conducted in animal models have 

consistently revealed re-programming of myocardial fuel utilization in the hypertrophied 

and failing heart; a shift from the chief fuel metabolic pathway, fatty acid oxidation (FAO), 

to increased reliance on glycolysis.13–20 Cardiac positron emission tomography studies in 

humans with hypertensive cardiac hypertrophy or idiopathic cardiomyopathy have largely 

corroborated this fuel shift.21–23 The mechanisms through which the failing heart 

compensates for this reduced capacity for oxidizing its chief energy substrate are unknown. 

Delineation of such alternate fuel utilization pathways, if they exist, could unveil new 

therapeutic strategies for heart failure.

In this study, we undertook an unbiased proteomic approach to probe mitochondrial fuel and 

energy metabolic abnormalities that occur during the development of heart failure in well-

defined models of compensated and de-compensated pressure overload-induced cardiac 

hypertrophy in mice. Our results confirmed that contents of proteins involved in fatty acid 

utilization are reduced in the hypertrophied and failing heart. The proteomic dataset also 

demonstrated that the β-hydroxybutyrate dehydrogenase 1 (BDH1), a key enzyme in the 

ketone oxidation pathway, is upregulated in the hypertrophied and failing heart. Metabolite 

profiling and labeled substrate utilization studies supported the conclusion that the 

hypertrophied and failing heart shifts to ketone bodies as an alternate fuel.
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METHODS

Animal studies

All animal experiments and euthanasia protocols were approved by the Institutional Animal 

Care and Use Committee at Sanford Burnham Prebys Medical Discovery Institute at Lake 

Nona. Studies were performed on female C57BL/6J mice 7–12 weeks of age on either 

standard chow (16.4% protein, 4.0% fat and 48.5% carbohydrates; Harlan Teklad, #2016) or 

ketogenic diet (8.6% protein, 75.1% fat and 3.2% carbohydrates; BioServ Co, AIN-76A). 

Animals were fed the ketogenic diet starting at 7–8 weeks of age.

8 week old female C57BL/6J mice in the following groups were utilized: compensated 

hypertrophy (CH) vs sham controls; heart failure (HF) vs sham controls. CH was achieved 

by transverse aortic constriction (TAC). HF was achieved by TAC plus a small apical 

myocardial infarction as described.24–26 Mice were harvested 1 month following each 

procedure.

Proteomics using Stable Labeling by Amino Acids (SILAC)

Mass spectrometry-based quantitative proteomics was conducted on mitochondrial enriched 

fractions27 prepared from cardiac tissue of CH, HF, and sham control non-labeled (light) 

mice, spiked with Lys6 labeled mitochondria prepared from cardiac tissue of Lys6 (13C6-

Lysine, Silantes) labeled (heavy) non-surgery mice,28 as described in the online-only Data 

Supplement.

The proteomics data have been deposited into the Proteome Xchange Consortium (http://

proteomecentral.proteomexchange.org) via the PRIDE partner repository with the dataset 

identifier PXD001820.

Substrate oxidation measurements

Langendorff heart perfusions were performed as previously described.29,30 Briefly, mice 

received 100 units of heparin by intraperitoneal injection and 10 min later were anesthetized 

with an intraperitoneal injection of 390 mg/kg sodium pentobarbital.

Excised hearts were perfused with a modified Krebs-Henseliet buffer (118 mM NaCl, 25 

mM NaHCO3, 4.7 mM KCl, 0.4 mM KH2PO4, 2.5 mM CaCl2, pH 7.4) supplemented with 5 

mM glucose and either i) 0.6 mM [2, 4,6,8,10,12,14,16-13C8] palmitate complexed (3:1 

ratio) to a 3% fatty acid free bovine serum albumin (BSA) plus unlabeled 1 mM βOHB or 

unlabeled 0.6 mM palmitate/BSA plus 1 mM [2, 4-13C2] βOHB, with 1 mU/ml insulin 

(rDNA origin; Lilly) and continuous equilibration to a 95% O2/5% CO2 gas mixture. 

Following each perfusion, hearts were snap frozen in LN2 cooled tongs.

In vitro NMR spectroscopy was performed on reconstituted (D2O) lyophilized samples of 

neutralized, acid extracts of frozen myocardium, as previously described using either direct 

detect proton-decoupled 13C NMR or 13C-edited, 1H-observed NMR.30,31 The relative 

contribution of each substrate was calculated as previously described.29,31 Briefly, glutamate 

enrichment was used as a reporter of carbon entry into the TCA cycle. The fractional 

enrichment of acetyl-coenzyme A (Fc) entering the TCA cycle and the contribution of 
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anaplerosis relative to citrate synthase activity (Y) were determined by isotopomer analysis 

of the glutamate 3- and 4-carbon 13C resonance.

RNA analyses

Total RNA was isolated from mouse bi-ventricle using the RNAzol method (Tel-Test). qRT-

PCR was performed as described previously32 and in the online-only Data Supplement.

Western blot

Western blotting was performed with lysates from bi-ventricle as previously described33 

using the following antibodies: VDAC/porin, (Abcam #ab15895); and BDH1 (Abcam 

#ab93931). Detection was performed by measuring the chemiluminescent signal as assayed 

by SuperSignal Dura (Pierce).

Metabolomic analysis of organic acids and acylcarnitines

Measurements of succinate, C4OH-carnitine, and acetylcarnitine (C2-carnitine) in mouse 

heart were conducted as described25,34 and in the online-only Data Supplement.

Plasma biochemistry measurements

Ketone bodies (total and β-hydroxybutyrate) were measured in blood serum using assays 

from Wako (Wako Diagnostics) according to the manufacturer’s instructions or on a 

Beckman-Coulter UniCel DxC 600 Analyzer. Plasma glucose and free fatty acids were 

measured using assays from Cayman (Cayman Chemical). Plasma triglyceride levels were 

determined using the Stanbio (Stanbio Laboratory) assay. The assays were conducted 

according to the manufacturer’s instructions.

Statistical Analyses

All data were analyzed with a 2-tailed Mann-Whitney or Student’s T-test (GraphPad Prism 

6), where noted. The level of significance was set at p < 0.05 in all cases. The Pearson’s 

correlation coefficient was used to define the relationship between the amounts of CH and 

HF proteins.

RESULTS

Mitochondrial proteomic profiling reveals evidence for altered fuel utilization in the 
hypertrophied and early stage failing mouse heart

As an initial step towards defining energy metabolic alterations in the hypertrophied and 

early stage failing heart, quantitative mitochondrial proteomics was conducted on two well-

defined mouse surgical models that exhibit distinct cardiac functional manifestations over a 

4 week period: i) Left ventricular (LV) hypertrophy with preserved ventricular function 

(compensated hypertrophy or CH) achieved via surgically-placed transverse aortic 

constriction (TAC);24 and ii) decompensated cardiac hypertrophy (heart failure or HF) 

caused by combining TAC with a small apical myocardial infarction (TAC/MI) leading to 

reduced LV systolic function and global chamber dilatation.25,26 To identify regulated 

proteins, mitochondrial-enriched samples prepared from cardiac ventricles of CH and HF 
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mice, and corresponding sham-operated control mice were subjected to quantitative 

proteomics using Stable Isotope Labeling by Amino Acids (SILAC) in mouse. Heavy 

isotope-tagged mitochondrial-enriched proteins were prepared from the hearts of control 

mice fed a diet containing 13C6-Lysine (Lys6) for 3 generations35 (Figure 1A). 516 

mitochondrial proteins were identified in all samples (Table 1 in the online-only Data 

Supplement). The levels of 55 of these proteins were determined to be regulated in CH (23), 

HF (10) or both (22) groups compared to corresponding controls, using a cutoff of < −1.25 

or > 1.5-fold change (Figure 1B, and in the online-only Data Supplement Table 2). Notably, 

the majority of dysregulated proteins in the HF group were similarly impacted in the CH 

group. In addition, changes in protein amounts in CH and HF are significantly correlated 

(Pearson correlation coefficient r=0.82; Figure 1C).

Rather surprisingly, the proteomic data revealed that few proteins involved in the electron 

transport chain (ETC) or mitochondrial OXPHOS were downregulated in CH or HF mice, in 

contrast to the results from other studies using models of chronic heart failure.36–39 These 

results are consistent, however, with the results of our previous transcriptomic profiling of 

the same samples demonstrating that very few genes involved in ETC/OXPHOS were 

regulated in CH or HF samples.25 Many of the regulated proteins detected in our study were 

involved in myocyte fuel metabolism. First, proteins needed for cellular fatty acid utilization 

were reduced in both the CH and HF groups [enoyl-CoA, hydratase/3-hydroxyacyl CoA 

dehydrogenase (EHHADH), enoyl CoA hydratase 1 (ECH1), acetyl-CoA acyltransferase 2 

(ACAA2), and hydroxysteroid (17-beta) dehydrogenase 4 (HSD17B4), non-specific lipid 

transfer protein (SCP2); Figure 1C]. These results are concordant with many published 

studies showing that expression of genes involved in FAO are downregulated in the 

hypertrophied and failing hearts.15,16,20,40–42 Secondly, BDH1, an enzyme involved in 

ketone body metabolism, was increased in both CH and HF samples (2.8 and 1.9 fold, 

respectively; Figure 1C, and in the online-only Data Supplement Table 2). The induction of 

BDH1 protein expression was among the highest in the dataset. Quantitative real-time PCR 

(qRT-PCR) and immunoblotting confirmed a significant increase in Bdh1 mRNA and 

protein expression in CH and HF hearts harvested under both fed and fasted conditions 

(Figures 2A, B).

The hypertrophied heart re-programs to utilize ketone bodies as an alternate fuel source

We next conducted studies to determine whether the hypertrophied heart shifts to using 

ketone bodies as suggested by the results of the proteomic profiling. 13C-NMR studies were 

performed to measure the relative contribution of fatty acids and ketone bodies to 

tricarboxylic acid (TCA) cycle flux. For these studies, hearts isolated from CH or sham-

operated control groups were perfused in the Langendorff mode with 13C-labeled palmitate 

in the presence of unlabeled R-β-hydroxybutyrate (R-βOHB), or 13C-labeled R-βOHB in the 

presence of unlabeled palmitate. Consistent with findings described in numerous published 

studies15,16,18,31,41,43,44, the contribution of 13C-labeled palmitate to oxidative intermediary 

metabolism was decreased by approximately 40% in the CH hearts (Figure 1 in the online-

only Data Supplement). Conversely, the contribution of βOHB to carbon entry into the 

oxidative pathway of the TCA cycle increased significantly in hearts from CH mice 

compared to control mice (Figure 3, left). These data indicate a 25% increase in the 
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contribution of βOHB to oxidative production of ATP from carbon flux through the TCA 

cycle. In addition, the entry of anaplerotic carbon flux into the TCA cycle was increased in 

the CH heart, consistent with previous reports31,43,45 (Figure 3, right).

Identification of metabolite signatures of ketone utilization in the myocardium of the failing 
heart

We next sought to determine whether cardiac ketone utilization was increased in vivo in the 

failing heart. To this end, we measured myocardial levels of metabolites that reflect ketone 

body oxidation. Targeted quantitative metabolomic datasets generated previously from heart 

samples of the CH and HF groups and corresponding controls25 were analyzed for changes 

in metabolites that can be produced during ketone body metabolism including 

hydroxybutyrylcarnitine (C4OH-carnitine), acetylcarnitine (C2-carnitine), and succinate 

(Figure 4A). Levels of C4OH-carnitine and C2-carnitine have been shown to rise in the 

context of increased ketone body utilization in human and mouse skeletal muscle, and in 

human subcutaneous interstitial fluid.46–48 Concentrations of C4OH-carnitine, C2-carnitine, 

and succinate were increased in hearts of the HF group, but not the CH samples, compared 

to corresponding controls (Figure 4B), consistent with increased flux through the reaction 

catalyzed by BDH1.

The relevance of the distinct HF metabolite signatures to myocardial ketone body 

metabolism was further assessed by comparison with profiles obtained from hearts of wild-

type C57BL/6J mice fed a ketogenic diet for 4 weeks to increase myocardial ketone body 

delivery and utilization.29,49–51 As expected, the ketogenic diet resulted in a dramatic 

increase in concentration of plasma ketone bodies compared to controls fed a standard chow 

(Figure 2 in the online-only Data Supplement). Notably, this dietary intervention had no 

effect on ventricular function in this timeframe (echocardiographic data not shown). 

Importantly, the pattern of myocardial metabolite alterations observed in the mice fed a 

ketogenic diet was strikingly similar to that observed for the HF mice on a standard chow 

diet, including elevated amounts of both the R and S enantiomers of C4OH-carnitine (Figure 

5A). An increase in both C4OH-carnitine enantiomers is consistent with an increase in 

uptake and oxidation of ketone bodies. In addition, rat ventricular myocytes cultured in 

fatty-acid free, ketone body-rich media also showed an elevated content of C4OH-carnitine 

compared to cells in control (ketone body-free) media (Figure 5B). Notably, the amount of 

Coenzyme A (CoASH) was not different between HF and control groups (data not shown).

Lastly, to assess ketone delivery to the heart in the CH and HF groups, plasma substrate 

concentrations were measured. Plasma ketone body levels were modestly but significantly 

increased in HF but not CH, compared to corresponding controls (Figure 5C). Plasma 

glucose, free fatty acid levels, and triglycerides were unchanged in CH or HF groups (Figure 

5C). The expression of the genes encoding the putative cellular ketone body transporters 

[Slc16a1 (MCT1) and Slc16a7 (MCT2)] were also assessed as an indirect measure of 

transport capacity given that Bdh1 expression was increased in CH and HF. Analysis of our 

published gene expression profiles25 did not reveal any differences in CH or HF compared 

with control myocardium following a 4h fast. However, after a 24h fast, when circulating 

ketone bodies are increased, we found that Slc16a7 mRNA levels were significantly 

Aubert et al. Page 6

Circulation. Author manuscript; available in PMC 2017 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased in both CH and HF samples, compared to corresponding sham-operated controls 

(Figure 3 in the online-only Data Supplement). Taken together, these results provide 

evidence that myocardial ketone body utilization is increased in the HF mice through several 

potential mechanisms including increased delivery of ketone bodies and gene regulatory re-

programming of ketone uptake and oxidation.

DISCUSSION

The results of this study yielded several new findings including: 1) the amounts of relatively 

few mitochondrial proteins involved in energy transduction and ATP production are 

regulated in the early stages of cardiac hypertrophy (CH) and heart failure (HF) in the mouse 

models studied here. Within the subset of regulated proteins in the CH and HF samples, a 

significant number were involved in fatty acid utilization, providing proteomic confirmation 

that the failing heart has reduced capacity for oxidizing fatty acids as a fuel; 2) the 

hypertrophied and failing rodent heart oxidizes ketone bodies as an alternate fuel for 

oxidative ATP production; and 3) metabolite signatures of myocardial ketone oxidation have 

been identified and suggest that a subset of mitochondrial ketone oxidation intermediate 

pools accumulate in the failing heart.

Our data support the conclusion that the shift to ketone oxidation in the failing heart occurs 

through several complementary mechanisms. First, ketone bodies are competitive with other 

substrates for heart, particularly fatty acids. The observed shift to ketone body oxidation in 

the hypertrophied and failing heart occurs in the context of reduced oxidation of fatty acids, 

the chief substrate for the normal adult heart. Downregulation of FAO gene expression is a 

well-characterized response in the hypertrophied and failing heart, driven at least in part, by 

reduced PPARα-mediated transcriptional control of genes involved in fatty acid 

utilization.20,52–54 Second, the delivery of ketone bodies is increased in the failing heart 

(increased plasma concentration). Indeed, previous studies have shown that the mammalian 

heart is capable of avid ketone body uptake and oxidation.55–57 We also cannot rule out the 

possibility that ketone body synthesis is activated in the cardiac myocyte although our gene 

expression data do not support this notion. Third, our results indicate that the hypertrophied 

and failing heart undergo gene regulatory re-programming to increase capacity for uptake 

and oxidation of ketone bodies. Specifically, the expression of Bdh1 and the transporter 

Slc16a1 were increased in CH and HF.

Our work has identified metabolite signatures of myocardial ketone utilization in the failing 

and normal heart (C4OH-carnitine and C2-carnitine). The metabolites were selected based 

on known derivatives of ketone utilization pathway intermediates (Figure 4A), and 

published work by others focused on tissues known to oxidize ketones.46–48 It should be 

noted that this set of metabolites are not unique to ketone utilization pathways, given that 

other metabolic pathways can generate the intermediates. However, our results demonstrate 

that this metabolite profile is elevated in both HF samples and normal mice fed a ketogenic 

diet, providing additional support for our conclusion. In addition, we found that C4OH 

content is increased in rat neonatal cardiac myocytes exposed to βOHB. Interestingly, the 

increase in C4OH-carnitine and C2-carnitine was observed in HF but not CH samples. The 

reason for this latter specificity is unknown, but could reflect higher ketone oxidation rates 
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related to increased ketone body delivery (elevated plasma levels) in HF. Alternatively, 

capacity for flux through downstream pathways such as the TCA cycle, ETC, and OXPHOS 

may become reduced with progression to HF creating a mismatch with high flux rates 

through the ketone oxidation pathway. This latter conclusion is supported by our observation 

that most TCA cycle organic acid intermediates (with the exception of succinate) are 

reduced in HF samples,25 consistent with a “bottleneck” downstream of ketone and other 

fuel inputs to the TCA cycle. It will be of significant interest to explore this metabolomic 

signature in other experimental heart failure models, and in humans, to determine whether 

activation of ketone utilization is a broad paradigm relevant to energy metabolic 

reprogramming of the failing heart.

We speculate that the shift toward ketone body utilization in the hypertrophied heart is an 

early adaptive response to maintain adequate fuel supplies for oxidative ATP production in 

the context of reduced FAO. Consistent with this notion, a recent study demonstrated that 

targeted disruption of succinyl-CoA:3-oxoacid-CoA transferase (SCOT), a key enzyme in 

the ketone body metabolic pathway, resulted in a heart failure phenotype in mice in the 

context of pressure overload.30 However, it is possible that over the longer term, high rates 

of ketone utilization lead to maladaptive consequences. Others have shown that ketone 

oxidation may lead to reduced anaplerotic input in an isolated heart preparation.58 In 

addition, as noted above, the pools of several metabolite intermediates including succinate 

and C2-carnitine are expanded in the myocardial samples from the HF group. Increased 

availability of short-chain carbon moieties and succinate could set the stage for post-

translational modifications of mitochondrial enzymes and proteins reducing oxidative flux 

or ATP generation.

The findings described herein raise the obvious question of relevance to human heart failure. 

Little is known about ketone body metabolism in the failing human heart, although studies 

have shown increased concentrations of ketone metabolites in urine and breath samples of 

patients with heart failure.59–62 In addition, increased concentrations of serum βOHB have 

been described in patients with severe heart failure.63

CONCLUSIONS

In summary, our findings indicate that during the development of pathologic cardiac 

remodeling in mouse models of heart failure, the myocardium increasingly relies on ketone 

bodies as a fuel. We propose that this fuel metabolic shift is triggered by reduced capacity 

for oxidizing fatty acids, the chief fuel for the normal adult mammalian heart. Future studies 

aimed at determining the relevance of these findings to human heart failure, and delineation 

of the impact of chronic ketone utilization on cardiac metabolism and function will be 

important to determine whether this response represents a new therapeutic target for the 

metabolic modulation of heart failure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective

Significant evidence, based on results of pre-clinical studies and observations in humans, 

indicates that energy metabolic derangements contribute to the development of heart 

failure. A prototypical fuel shift occurs in the hypertrophied and failing heart, in which 

the capacity for oxidizing fatty acids, the chief substrate for the normal adult heart, 

becomes reduced along with an increase in reliance on glucose. It is generally believed 

that reduced capacity for oxidation of fatty acids leads to an “energy-starved” heart. 

Therefore, identification of alternate fuel utilization pathways that may compensate for 

this fuel shift could lead to new therapeutic strategies aimed at heart failure. In this study, 

using well-defined mouse models of cardiac hypertrophy and heart failure, we 

demonstrate that the heart begins to utilize ketone bodies en route to the development of 

heart failure. This shift to reliance on ketone bodies as a fuel is likely driven by multiple 

mechanisms, including elevation in plasma ketones, a reduction in competition with fatty 

acids, and gene regulatory re-programming of the heart. These findings set the stage for 

future studies aimed at determining whether the shift to oxidizing ketone bodies in the 

failing heart is adaptive or maladaptive. This fuel utilization pathway could prove to be a 

new candidate target for metabolic modulatory therapies aimed at early stages of heart 

failure.
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Figure 1. 
Mitochondrial proteomic profiling in the hypertrophied and failing mouse heart. (A) 
Schematic of the experimental design for quantitative proteomic analysis using Stable 

Isotope Labeling by amino ACids (SILAC), in mitochondrial enriched fractions, from the 

ventricles of sham-operated, compensated hypertrophy (CH), and heart failure (HF) animals. 

(B) Venn diagram displaying the number of regulated proteins identified in the CH, HF or 

both groups using a cut-off of < −1.25 or > 1.5 fold change (FC) as compared to sham-

operated controls (n=2 per group). (C) The graph denotes fold change in levels of proteins 
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that meet the defined cut-offs; HF/sham (ordinate) and CH/sham (abscissa). The key denotes 

regulated proteins involved in two fuel utilization pathways of interest as described in the 

text: fatty acid β-oxidation (white) and ketone catabolism (black). Spearman’s correlation 

coefficient (r) was calculated to determine the relationship between the CH and HF protein 

changes.
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Figure 2. 
Bdh1 expression is induced in the hypertrophied and failing mouse heart. (A) Bdh1 mRNA 

levels in cardiac ventricular tissue from mice 4 weeks after sham, TAC (CH), or TAC/MI 

(HF) surgeries. Expression is normalized to Rplp0 (36B4). Bars represent mean ±SEM 

values (n=9–11 per group). *p<0.05. (B) Representative immunoblot analyses performed 

using protein extracts prepared from mouse cardiac ventricular tissue homogenates 4 weeks 

post-sham, -CH, or -HF surgeries collected in the fed state (4h after feeding) or following a 
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24 hour fast. Antibodies used are shown on the left. Anti-VDAC was used as a 

mitochondrial protein loading control.
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Figure 3. 
Increased βOHB oxidation in the hypertrophied heart. Left Panel: The fraction of 13C-

enriched acetyl-CoA entering the TCA cycle from 13C-labeled βOHB (Fc, βOHB) is shown. 

Right panel: The fraction of carbon entering the TCA cycle via anaplerosis relative to that 

entering via citrate synthase (Y) is shown for CH and sham-operated controls. Data are 

shown as mean ±SEM (n=10, Sham and 11, CH). *p<0.05.
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Figure 4. 
The myocardial metabolite profile of the failing heart is indicative of increased ketone 

utilization in the failing heart. (A) Schematic of the ketone metabolism pathway indicating 

relevant intermediary metabolite derivatives (dashed arrows). (B) Levels of ketone 

utilization pathway metabolite derivatives (C4OH-carnitine, succinate, C2-carnitine) in 

cardiac biventricular tissue from CH or HF mice and corresponding sham-operated controls 

4 weeks post-surgery as measured previously using mass spectrometry-based quantitative 

metabolomics.25 Data are shown as mean ± SEM (n=6 per group). *p<0.05.
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Figure 5. 
Myocardial metabolite profile on a ketogenic diet is similar to that observed for the HF mice 

on a standard chow diet. (A) Levels of R-C4OH-carnitine, S-C4OH-carnitine, and C2-

carnitine in cardiac ventricular tissue from wild-type C57BL/6J mice fed a ketogenic (Keto) 

diet or standard (Std) chow diet for 4 weeks (n=5 per group). Values were determined using 

mass spectrometry. *p<0.05. (B) Total C4OH-carnitine levels in extracts prepared from 

neonatal rat ventricular myocytes (NRVMs) cultured in media +/− 8mM ketone, R-βOHB, 

in the presence of 1g/L glucose and 1mM carnitine, for 24h (n=3 per group, *p<0.05 by 
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Student’s t-test). (C) Total plasma ketones (acetoacetate+βOHB), glucose, free fatty acids 

(FFA), and triglycerides in CH, HF and sham-operated control mice in the fed state (after a 

4h morning fast; n=5–11 per group). Bars represent mean ± SEM for all panels.*p<0.05.
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