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Abstract

The myocardium is metabolically flexible, however, impaired flexibility is associated with cardiac
dysfunction in conditions including diabetes and heart failure. The mitochondrial pyruvate carrier
(MPC) complex, composed of MPC1 and MPC2, is required for pyruvate import into the
mitochondria. Here we show that MPC1 and MPC2 expression is downregulated in failing human
and mouse hearts. Mice with cardiac-specific deletion of MPC2 (CS-MPC2-/-) exhibited normal
cardiac size and function at 6-weeks old, but progressively developed cardiac dilation and
contractile dysfunction, which was completely reversed by a high fat, low carbohydrate “ketogenic
diet.” Diets with higher fat content, but enough carbohydrate to limit ketosis, also improved heart
failure, while direct ketone body provisioning provided only minor improvements in cardiac
remodeling in CS-MPC2-/- mice. An acute fast also improved cardiac remodeling. Together, our
study reveals a critical role for mitochondrial pyruvate utilization in cardiac function, and
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highlights the potential of dietary interventions to enhance cardiac fat metabolism to prevent or
reverse cardiac dysfunction and remodeling in the setting of MPC-deficiency.

The myocardium requires vast amounts of chemical energy stored in nutrients to fuel cardiac
contraction. To maintain this high metabolic capacity, the heart is extremely flexible and can
adapt to altered metabolic fuel supplies during diverse developmental, nutritional, or
physiologic conditions. Cardiac mitochondria are capable of oxidizing fatty acids, pyruvate
(derived from either glucose or lactate), ketone bodies, or amino acids when needed.
Whereas fatty acids are considered a predominant fuel source for normal adult hearts!-2,
several physiological conditions can increase the importance of other substrates for cardiac
metabolism. For example, the mammalian fetal heart relies mostly on anaerobic glycolysis
until oxygen is abundant and the oxidative capacity of the heart matures ~15-20 days
postnatally in rodents3~2, In the adult heart, myocardial lactate® and ketone body’—2
extraction and oxidation can be greatly enhanced depending upon the physiological
condition.

A hallmark of heart failure in mice and humans is a metabolic switch away from
mitochondrial oxidative metabolism10-13, Fatty acid oxidation (FAO) is reduced in the
failing heart as a result of deactivating the expression of a wide transcriptional program for
FAO enzymes and transporters1%.14-16 and other mitochondrial metabolic enzymes19-12.13,
The deactivation of mitochondrial metabolism in pathological heart remodeling leads to an
increased reliance on glycolysis!’, but decreased glucose/pyruvate oxidation® results in a
mismatch that may cause energetic defects, altered redox status, or accumulation of
metabolic intermediates with signaling and physiological effects.

Many aspects of cardiac pyruvate/lactate metabolism in heart remain to be fully understood.
For pyruvate to enter the mitochondrial matrix and be oxidized, it must be transported across
the inner mitochondrial membrane by the mitochondrial pyruvate carrier (MPC); a hetero-
oligomer composed of MPC1 and MPC2 proteins1?-20, Pyruvate oxidation occurs in the
mitochondrial pyruvate dehydrogenase (PDH) complex and previous studies have shown
that impaired cardiac PDH activity in mouse heart limits metabolic flexibility?1-24,
However, PDH deactivation does not cause overt cardiac remodeling or dysfunction in the
absence of further cardiac stress?1-24. Another metabolic fate for pyruvate is carboxylation
which is an anaplerotic reaction capable of replenishing TCA cycle intermediates. In cardiac
myocytes, pyruvate carboxylation can occur in the cytosol via malic enzyme 1, or in the
mitochondrial matrix via malic enzymes 2 or 3, or pyruvate carboxylase. Because MPC
deletion could affect both pyruvate carboxylation and oxidation, we hypothesized that
impaired MPC activity would have a greater impact on pyruvate metabolism and regulation
of cardiac metabolic flexibility compared to modulating PDH activity alone.

In the present study, we demonstrate that MPC expression is decreased in failing human and
mouse hearts, and that genetic deletion of the MPC in mice leads to cardiac remodeling and
dysfunction. Interestingly, this heart failure can be prevented or even reversed by providing a
high-fat, low carbohydrate “ketogenic” diet. A 24 h fast in mice also provided significant
improvement in heart remodeling. Diets with higher fat content, but enough carbohydrates to
limit ketosis also significantly improved heart failure in mice lacking cardiac MPC
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expression. Gene expression, metabolomic analyses, and cardiac respiration analyses all
suggest improved myocardial fat metabolism, rather than increased ketone body metabolism,
as the mechanism driving these improvements in heart failure. These results demonstrate
that mitochondrial pyruvate carrier deficiency induces cardiac dysfunction in mice, and that
dietary manipulations can prevent or reverse cardiomyopathy in this model.

RESULTS

Mitochondrial Pyruvate Carrier Is Downregulated in Human and Mouse Heart Failure

We first examined the expression of MPC proteins in heart samples of human patients
obtained at the time of left-ventricular assist device (LVAD) implantation or cardiac
transplantation. We compared these samples to cardiac donor tissue from hearts that were
non-failing but deemed unsuitable for transplant. As expected, qRT-PCR analyses indicated
that failing human hearts exhibited increased expression of natriuretic peptides and fibrotic
collagens compared to non-failing controls (Extended Data Fig. 1a) as well as decreased
expression of PPARGC1A, PPARA and mitochondrial FAO enzymes (Extended Data Fig.
1b). Failing hearts also expressed lower levels of MPC1 and MPCZ2 compared to non-failing
controls at both the mRNA and protein level (Fig. 1a—c). Other mitochondrial proteins such
as VDAC1 and the complex | subunit NDUFB8 and complex Il subunit SDHB were also
reduced in the failing hearts (Fig. 1c), further supporting the notion that heart failure is
associated with a general loss of mitochondrial abundance and oxidative functionl0-16.
However, the complex 111 subunit UQCRC2 and complex 5 subunit ATP5A were not
downregulated in the failing hearts (Fig. 1c), thus the MPC proteins trended to be, or were
significantly reduced depending on how expression is normalized to other mitochondrial or
cytosolic proteins (Extended Data Fig. 1c—d). Interestingly, failing hearts showed
improvements in metabolic gene expression after LVAD placement, but natriuretic peptides
and collagens were not significantly improved (Fig. 1a—b and Extended Data Fig. 1a-b).
Mpc1 and Mpc2were also reduced in WT mouse hearts subjected to the heart failure model
of transverse aortic constriction and myocardial infarction (TAC+MI) compared to sham
(Extended Data Fig. 1e). Thus, consistent with recent data?®, human heart failure is
associated with decreased cardiac MPC expression. While this reduced expression could be
due to the general downregulation of mitochondrial oxidative pathways, we suspect that
MPC loss might contribute to the reduced glucose/pyruvate oxidation that occurs in heart
failure despite elevated rates of glycolysis’-18,

CS-MPC2-/- Mice Display Altered Pyruvate Metabolism and TCA Cycle Defects

To determine whether this decrease in cardiac MPC expression was an adaptive process in
heart failure or contributes to the cardiac remodeling and dysfunction, we generated cardiac-
specific Mpc2 knockouts (CS-MPC2-/-) using our established Mpc2 floxed mouse26-28 and
mice expressing Cre under the endogenous myosin light chain 2v promoter2®. CS-MPC2-/-
mice had complete loss of cardiac Mpc2 gene expression (Extended Data Fig. 1f). Loss of
MPC2 led to destabilization of MPC1 protein as well, and neither MPC2 nor MPC1 protein
was detected in CS-MPC2-/- mouse hearts (Fig. 1d). CS-MPC2-/- heart mitochondria
displayed drastically reduced pyruvate stimulated oxygen consumption rates (OCR), and
were resistant to inhibitory effects of the MPC inhibitor UK-5099 on respiration (Fig. 1e).
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Mpc2flox heterozygotes expressing Cre (CS-MPC2+/— mice) displayed a ~50% decrease in
MPC expression and pyruvate-stimulated respiration (Fig. 1d—e and Extended Data Fig. 1f).
Isolated mitochondria from CS-MPC2+/- and CS-MPC2-/- hearts displayed hormal OCR
on palmitoylcarnitine/malate, glutamate/malate, and succinate (Fig. 1f), suggesting a
specific defect in mitochondrial pyruvate metabolism. CS-MPC2-/- mice also displayed
slight, but significantly elevated blood lactate levels (Extended Data Fig. 1g), consistent with
the heart as an appreciable lactate-consuming organ or suggesting that the CS-MPC2-/-
hearts were producing lactate.

To more thoroughly investigate how loss of MPC expression altered mitochondrial
metabolism, targeted metabolomics analyses were conducted on hearts from 6-week old
female mice (Fig. 1g—h and Supplemental Table 1). CS-MPC2-/- hearts contained
decreased acetyl-CoA levels, and an accumulation of TCA cycle intermediates upstream of
acetyl-CoA (fumarate, malate, and oxaloacetate [aspartate measured as surrogate])(Fig. 1g—
h and Supplemental Table 1). Interestingly, pyruvate accumulated, but myocardial lactate
concentrations were unaltered, leading to a decreased lactate/pyruvate ratio in the CS-
MPC2-/- hearts (Fig 1g—h and Supplemental Table 1). The elevated blood lactate (Extended
Data Fig. 1g) and unchanged myocardial lactate concentrations potentially suggests elevated
lactate release from the CS-MPC2-/- hearts, or that these hearts were not efficiently using
lactate from the blood. These results are similar to lactate and pyruvate concentrations of
perfused rat hearts treated with the MPC inhibitor a-cyanocinnimate30. Transamination to
alanine is another potential fate of pyruvate, and CS-MPC2-/- hearts displayed significantly
elevated alanine concentrations (Fig. 1g—h and Supplemental Table 1). The decreased
lactate/pyruvate ratio suggests a decreased cytosolic NADH/NAD+ redox ratio. However,
analysis of other mitochondrial redox-linked reactions does not provide a consistent
conclusion on redox status as the aketoglutarate/succinyl-CoA ratio was increased, and the
succinate/fumarate ratio was decreased in CS-MPC2-/- hearts (Supplemental Table 1).
Altogether, these findings suggest that loss of cardiac MPC results in defective
mitochondrial pyruvate metabolism, alterations in TCA cycle flux, and potentially
dysregulated redox status.

Mice Develop Dilated Cardiomyopathy

Hearts from 6-week old CS-MPC2-/- mice appeared normal by echocardiography, but heart
weight and hypertrophic gene expression were slightly elevated in these young mice (Fig.
2a—c, Extended Data Fig. 1h—j, and Extended Data Fig. 2a—h). Cardiac enlargement and
decreased contractile function was well-evident at 10-weeks and further worsened at 16-
weeks of age (Fig. 2a—d and Extended Data Fig. 2a—h). Increased ventricular mass was
confirmed at sacrifice (Fig. 2e—f), as was increased lung weight indicative of lung edema
(Fig. 2g). CS-MPC2-/- hearts also showed dramatically altered gene expression markers of
heart failure and fibrosis (Fig. 2h—i). Importantly, CS-MPC2+/- heterozygotes displayed
normal cardiac size, function, and hypertrophic gene expression (Fig. 2a—i and Extended
Data Fig. 2a-h), suggesting that MPC haploinsufficiency or Cre expression alone was not
provoking this heart failure phenotype. WT C57BL6/J mice treated with the MPC inhibitor
MSDC-0602, currently in development to treat diabetes and nonalcoholic steatohepatitis8,
also did not show cardiac enlargement or cardiac hypertrophic gene expression (Extended
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Data Fig. 2i-j), although beneficial pharmacologic effect on fatty liver disease was observed
in these mice28. Together, these results indicate that complete loss of MPC expression, but
not partial loss or pharmacologic MPC inhibition, results in cardiac remodeling and
dysfunction.

Interestingly, other than Cpt1b, this cohort of CS-MPC2-/- hearts did not show major
downregulation of FAO enzymes and transporters associated with FAO as is typical for
failing hearts (Fig. 2j and Extended Data Fig. 2k). However, many other PPARa target genes
were downregulated in these failing hearts (Extended Data Fig. 2I). CS-MPC2-/- hearts
exhibited increased expression of BDH1 at the gene and protein level (Fig. 2j—k) and
significantly elevated plasma ketone bodies were found in CS-MPC2-/- mice (Fig. 2l).
Together, this elevated ketosis and increased BDH1 expression suggests increased ketone
body metabolism in the failing CS-MPC2-/- hearts31:32, which was recently shown to be an
adaptive and protective process in heart failure33,

High Fat, Low Carbohydrate “Ketogenic Diet” Prevents Heart Failure in CS-MPC2-/- Mice

We hypothesized that the cardiac remodeling and dysfunction in CS-MPC2-/- mice could
be improved by providing nutrients in the diet that could be better used by CS-MPC2-/-
hearts. To test this, fl/fl and CS-MPC2-/- mice were fed a low-carbohydrate (1.8% kcal),
high-fat (93.9% kcal) “ketogenic diet” (KD) or a low-fat (LF) control diet from 6 weeks
until 17 weeks of age. KD resulted in the expected increase in ketosis (Fig. 3a, Supplemental
Table 2), as well as limited weight gain, decreased blood glucose, and decreased plasma
insulin concentrations in both fl/fl and CS-MPC2-/- mice (Extended Data Fig. 3a—c,
Supplemental Table 2). LF-fed CS-MPC2-/- mice displayed extreme cardiac enlargement
and dysfunction upon echocardiography (Fig. 3b—d and Extended Data Fig. 3d—n), which
was even worse when compared to chow-fed CS-MPC2-/- mice (see Fig. 2), potentially due
to the increased content of refined sucrose in the LF diet. Strikingly, KD-fed CS-MPC2-/-
mice displayed virtually normal cardiac size and function during echocardiography studies
at 10- and 16-weeks of age (Fig. 3b—d, Extended Data Fig. 3d—n, and Supplemental Video
1). The severe cardiac dysfunction in LF-fed CS-MPC2-/- mice was associated with loss of
body weight by 17 weeks of age (Extended Data Fig. 3a), which was driven by loss of
adipose tissue fat mass (Extended Data Fig. 30-s). Nearly 35% of LF-fed CS-MPC2-/-
mice died prior to 17 weeks of age, but all CS-MPC2-/- mice fed KD survived (Fig. 3e).
Extreme cardiac enlargement, increased lung edema, and increased cardiomyocyte cross-
sectional area were observed in LF-fed CS-MPC2-/- mice, which were all completely
prevented by feeding KD (Fig. 3f—i). Gene expression markers for heart failure and fibrosis,
as well as trichrome fibrosis staining, were all elevated in LF-fed, and completely corrected
in KD-fed, CS-MPC2-/- hearts (Fig. 3f and Fig. 3j—n). LF-fed CS-MPC2-/- hearts also
displayed altered hypertrophic growth signaling by increased ERK phosphorylation,
decreased AMPKa phosphorylation, increased mTOR phosphorylation, and increased S6
ribosomal protein phosphorylation (Fig. 30), consistent with increased protein synthesis
required to drive pathologic cardiac hypertrophy34. Feeding CS-MPC2-/- mice KD
completely prevented this aberrant hypertrophic growth signaling (Fig. 30). Altogether, these
results show that ketogenic diet is able to completely prevent cardiac remodeling and
dysfunction of CS-MPC2-/- mice.
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Ketogenic Diet Downregulates Cardiac Ketone Body Oxidation and Enhances Fat

Metabolism

The chow-fed CS-MPC2-/- mice showed elevated ketone bodies and increased BDH1
expression (Fig. 2j-1), consistent with recent work suggesting an increase in ketone body
oxidation in failing hearts31:32, | F-fed CS-MPC2-/- mice also displayed an increase in
plasma ketone bodies (Fig. 3a), and the failing hearts from these mice showed an
upregulation of the ketolytic enzymes Badh1 and Oxctl, as well as increases in C4-OH-
carnitine and 3-hydroxybutyrate-CoA (Fig. 4a—f). Interestingly, hearts from both fl/fl and
CS-MPC2-/- mice show decreased BDH1 and Oxct1 expression after KD-feeding (Fig. 4b—
d), in agreement with a previous report demonstrating that the myocardium downregulates
ketone body oxidation during ketogenic diet3°. Along these lines, the levels of succinyl-
CoA, succinate, and succinate/succinyl-CoA ratio all suggest increased ketolytic flux in
failing LF-fed CS-MPC2-/- hearts that is reduced by KD-feeding (Fig. 4g—i and
Supplemental Table 3). KD-feeding also normalized the levels of free CoA-SH, malonyl-
CoA, as well as the expression of malonyl-CoA-generating enzymes Acacaand Acacbin
CS-MPC2 hearts (Fig. 4j—n and Supplemental Table 3). Altogether, these results suggest that
the improvements in cardiac remodeling and function from KD-feeding were not related to
enhanced ketone metabolism.

The failing LF-fed CS-MPC2-/- hearts displayed an accumulation of acylcarnitines and
depletion of free carnitine, which was normalized by KD-feeding (Fig. 5a—d, and
Supplemental Table 3). Accumulation of acylcarnitines suggests a decrease in their transport
into the mitochondrial matrix and oxidation, as has been shown previously in ischemia and
heart failure36:37, Indeed, failing LF-fed CS-MPC2-/- hearts displayed decreased
expression of Ppargcla, Ppara and many of their target genes for fatty acid transport and
metabolism (Fig. 5e-l). KD-feeding rescued or strongly elevated the expression of Ppargcia,
Ppara, and its gene targets related to FAO in both fl/fl and CS-MPC2-/- hearts (Fig. 5e-l).
Interestingly, the Pparatarget gene, HmgcsZ, which generates ketone bodies and is normally
expressed almost exclusively in the liver, was strongly induced in KD-fed fl/fl and CS-
MPC2-/- hearts (Fig. 5I). Cumulatively, these results suggest that KD-feeding does not
enhance cardiac ketone body metabolism, but rather stimulates FAO, which may be
responsible for the improved cardiac remodeling and performance.

Exogenous Ketone Bodies Moderately Attenuate Cardiac Remodeling in CS-MPC2-/- Mice

We also wanted to assess whether increased ketosis without altering dietary fat intake was
able to improve cardiac function. To test this, CS-MPC2-/- mice were maintained on chow
diet and injected i.p. with saline vehicle or 10 mmol/kg B-hydroxybutyrate (BHB) daily for
two weeks (Extended Data Fig. 4a). Over this timeframe, vehicle treated CS-MPC2-/- mice
displayed worsened LV dilation and contractile function, which were either limited or
slightly improved by daily pHB administration (Extended Data Fig. 4b-h). At sacrifice, 4
hours after the last BHB injection, plasma ketone concentrations were significantly elevated
(Extended Data Fig. 4i), but not nearly to the same degree as when fed a ketogenic diet (see
Fig. 3a). Heart weight (Extended Data Fig. 4j) and hypertrophic/fibrotic gene expression
(Extended Data Fig. 4k) were only modestly improved by administering ketone bodies daily
on top of carbohydrate-rich chow diet.
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In a second attempt to raise ketosis without altering dietary fat, we fed mice a diet
supplemented with 16.5%kcal D-B-hydroxybutyrate-(R)-1,3 butanediol monoester “ketone
ester” (KE). For this experiment, mice were fed control or KE diet from 9-15 weeks of age.
KE diet slightly raised plasma ketone bodies (Extended Data Fig. 5a), but did not improve
cardiac size or contractile function measured by echocardiography (Extended Data Fig. 5b—
e), or heart weight at sacrifice (Extended Data Fig. 5f). Lastly, cardiac gene expression of
markers of heart failure were only modestly improved by KE diet (Extended Data Fig. 5g—i).
Thus, two different ways to enhance ketosis without altering dietary fat intake did not
drastically improve cardiac size or function in CS-MPC2-/- mice. These results suggest that
provision of ketones per se is not sufficient to improve heart failure in KD-fed CS-MPC2-/-
mice.

High-Fat Diets Significantly Improve Heart Failure in CS-MPC2-/- Mice

To dissect the importance of dietary fat and myocardial FAO, we also fed fl/fl and CS-
MPC2-/- mice two diets that were higher in fat, but with moderate levels of carbohydrate
and protein, which only modestly increased plasma ketone body concentrations compared to
LF-fed fl/fl mice (Fig. 6a—b). Feeding CS-MPC2-/- mice a ~42% medium chain
triglyceride (MCT) or a 60% high-fat (HF) diet was able to significantly improve cardiac
enlargement and contractile function as measured by echocardiography (Fig. 6¢—d, Extended
Data Fig. 6a—i, and Supplemental Video 2). Heart weight, lung edema, and hypertrophic/
fibrotic gene expression were also significantly improved by MCT and HF diets (Fig. 6e-m).
Interestingly, in CS-MPC2-/- hearts the HF diet was also capable of enhancing expression
of Pparaand its target genes (Extended Data Fig. 6j—1), as well as lowering Badh1 expression
(Fig. 6n) compared to LF diet. Thus, diets enriched with higher levels of fat but enough
carbohydrate and protein to limit ketosis were also able to significantly improve or even
prevent cardiac remodeling and dysfunction in CS-MPC2-/- mice.

A 24-Hour Fast Improves Cardiac Remodeling Concordant with Enhanced Fat Oxidation

Like ketogenic diet, prolonged fasting increases the cardiac reliance on fatty acid oxidation
and reduces ketolytic flux despite increased cardiac ketone body delivery3®. We aged fl/fl
and CS-MPC2-/- mice to 16-weeks, and then either fasted them for 24 h or allowed them to
continue consuming chow ad libitum. As expected, the 24 h fast reduced blood glucose
levels, and strongly enhanced plasma concentrations of non-esterified fatty acids and ketone
bodies in both fl/fl and CS-MPC2-/- mice (Fig. 7a—c). Interestingly, fasting completely
corrected the elevated blood lactate concentrations (Extended Data Fig. 7a), but had no
effect on the elevated cardiac glycogen concentrations observed in fed CS-MPC2-/- mice
(Extended Data Fig. 7b). Fasting also did not markedly alter plasma TAG concentrations
(Extended Data Fig. 7¢). Strikingly, the 24 h fast significantly improved CS-MPC2-/- heart
weights (Fig. 7d) and several gene expression markers of hypertrophy, failure, and fibrosis
(Fig 7e—g, and Extended Data Fig. 7d—e). Similar to ketogenic diet feeding, despite mM
concentrations of circulating ketone bodies, 24 h fasting resulted in reduced expression of
the ketolytic enzymes Bdh1and Oxctl in the heart compared to the fed condition (Fig. 7h—
i). While many PPARa target genes and genes important for fatty acid oxidation, including
Cptlb, Acadl, and Acadm, were reduced in the fed CS-MPC2-/- hearts, these were all
normalized or even enhanced by the 24 h fast (Fig. 7j—I and Extended Data Fig. 7f-h).
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Acaca, which encodes acetyl-CoA carboxylase and generates malonyl-CoA which inhibits
mitochondrial fat oxidation, was elevated in the fed CS-MPC2-/- hearts, and reduced by
fasting (Extended Data Fig. 7i).

A subset of hearts were used to generate permeabilized cardiac muscle fibers to assess their
ability to oxidize pyruvate and palmitoyl-CoA. As expected, the CS-MPC2-/- heart fibers
displayed lower OCR from pyruvate in both the fed and fasted conditions (Fig. 7m). Fasting
reduced pyruvate-stimulated respiration in the fl/fl hearts and surprisingly also tended to
reduce OCR from pyruvate in the CS-MPC2-/- hearts. In the fed condition, failing CS-
MPC2-/- hearts displayed reduced OCR with palmitoyl-CoA as substrate during both state
2 and ADP-stimulated state 3 conditions (Fig. 7n—0). However, palmitoyl-CoA respiration
was strongly enhanced in the CS-MPC2-/- hearts by the 24 h fast (Fig. 7n—0). In summary,
a 24 h fast significantly reduced the size of CS-MPC2-/- hearts and suppressed the
expression of hypertrophic and fibrotic genes, which was associated with a downregulation
of ketolytic enzymes and an enhancement of cardiac fat oxidation.

Ketogenic Diet Can Reverse Heart Failure in CS-MPC2-/- Mice

We also assessed if 3 weeks feeding the high fat, low carbohydrate KD could reverse
existing heart failure. We allowed CS-MPC2-/- mice to consume chow until 16 weeks of
age, then assigned them to either LF- or KD-feeding for 3 weeks (Fig. 8a). All CS-MPC2-/-
mice displayed cardiac dilation and poor contractile function during the 16-week
echocardiograms, which remained or was worsened by 3 weeks of LF diet feeding (Fig. 8b—
d and Extended Data Fig. 8a—h). However, 3-weeks of KD-feeding greatly improved the LV
dilation and contractile function of the previously failing CS-MPC2-/- hearts (Fig. 8b—d,
Extended Data Fig. 8a—h, and Supplemental Video 3). The 3 weeks of KD-feeding strongly
elevated ketosis (Fig. 8e) and heart weight, lung edema, and cardiac gene expression
markers of pathological remodeling and fibrosis were all drastically reversed by 3-weeks of
KD-feeding (Fig. 8f-h). Lastly, the 3-weeks of KD-feeding reduced cardiac gene expression
of ketolytic enzymes and induced PPARa target genes encoding fat oxidation enzymes (Fig.
8i—j). Thus, ketogenic diet consumption for only 3-weeks and the concordant increase in fat
metabolism was associated with reverse remodeling of the failing CS-MPC2-/- hearts to
essentially normal size.

DISCUSSION

Myocardial fuel metabolism is altered in hypertrophy and heart failure, characterized as a
generalized decrease in the ability to oxidize fatty acids and pyruvate in the
mitochondrionl”:18:38 The import of pyruvate into the mitochondria occurs via the
mitochondrial pyruvate carrier, which was identified in 2012 as a hetero-oligomeric complex
of MPC1 and MPC2 proteins1920, An early study conducted prior to the cloning of MPC
proteins and using a chemical inhibitor estimated that cardiac MPC expression was quite
high, and MPC activity would be rate-limiting for pyruvate oxidation in heart
mitochondria3®. Subsequent studies agreed that inhibitor-binding of cardiac mitochondria
was very high (indicating high cardiac MPC expression), but did not suggest pyruvate
transport to be the limiting factor for pyruvate oxidation4%41, Studies regarding the
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importance of MPC activity in cardiac function or development of heart failure have been
quite limited. Expression of MPC1 and MPC2 was shown to be an important marker of
surviving myocardium near the border of infarct zones in a pig model, and this study also
identified increased MPC expression in human hearts with ischemic heart failure*2. While
this current work was in preparation, another report showed that failing human hearts
exhibited decreased expression of the MPC proteins2°, which we have confirmed in this
current study. Thus, myocardial MPC expression in heart failure may depend on ischemic vs
non-ischemic etiology, as well as location in relation to infarct zone. Together with two
companion papers*344, we show that complete deletion of the MPC in myocardium leads to
a severe, progressive cardiac remodeling and dilated heart failure. However, pharmacologic
MPC inhibition or loss of one MPC2 allele and approximately 50% of the MPC protein did
not affect cardiac function. These findings suggest that partial inhibition of MPC activity in
the heart can be overcome metabolically and is not sufficient to cause pathologic remodeling
as long as other cardiac stressors are not present. However, the work of Fernandez-Caggiano
and colleagues demonstrates that MPC1 overexpression in a TAC model improves
hypertrophy?3, suggesting that MPC deactivation in the context of pressure overload plays a
role in pathological remodeling.

Previous work has shown that modulating the expression or activity of PDH limits cardiac
metabolic flexibility by decreasing glucose oxidation and increasing FAO?1-24, Interestingly,
these models of decreased PDH activity did not result in overt cardiac dysfunction. One
possible explanation for why MPC-deletion is more severe is that blocking pyruvate entry
could also impact pyruvate carboxylation (anaplerosis) and the replenishing of TCA cycle
intermediates. Although the effects of deleting pyruvate carboxylase in the myocardium are
unknown, this pathway is known to be active in the heart*>. However, the majority of
pyruvate carboxylation in the heart likely occurs by NADP+-dependent malic enzyme?*®
generating malate in the cytosol. Additionally, the abundance of most TCA cycle
metabolites was normal or even elevated in the CS-MPC2-/- hearts (Fig. 1g-h,
Supplemental Tables 1 & 3), suggesting no defect in anaplerosis. Another possibility is that
a small amount of pyruvate is able to enter the mitochondrial matrix in the absence of the
MPC, potentially through pyruvate-alanine cycling as we have described in the liver2S.

The current studies cannot definitively explain why CS-MPC2-/- mice develop heart
failure. The simplest explanation would be an inability to oxidize pyruvate results in an
energetic deficit. Interestingly, the failing CS-MPC2-/- hearts display decreased AMPK
phosphorylation (Fig. 30), suggesting that their metabolic stress does not involve
dysregulated AMP/ATP levels. Another possibility is that a decrease in mitochondrial
pyruvate metabolism results in an accumulation of metabolic intermediate(s) that enhance
hypertrophic signaling. One example of this would be the oncometabolite 2-
hydroxyglutarate (2-HG), which has been implicated in driving cardiac hypertrophy and
impairing contractility*’:48, We found that failing LF-fed CS-MPC2—/- hearts contained
almost 2-fold higher concentrations of total 2-HG (Supplemental Table 3). However, hearts
from KD-fed mice also had higher total 2-HG compared to LF-fed fl/fl mice (Supplemental
Table 3). Unfortunately, our mass-spectrometry analyses did not distinguish between D- and
L-2-HG, as only D-2-HG appears to be responsible for inducing cardiomyopathy*748. Two
recent studies have suggested that cardiac hypertrophy is associated with enhanced glucose
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flux into the pentose phosphate pathway, generating reducing equivalents as NADPH and
potentially other metabolites that signal to mTOR to stimulate protein synthesis#®-°0. While
we have not identified specific signals, we can confirm that the failing CS-MPC2-/- hearts
display enhanced mTOR activation and downstream signaling to support hypertrophic
growth (Fig. 30). The decreased AMPK phosphorylation in CS-MPC2-/- hearts likely does
not indicate “energetic stress”, but is consistent with elevated mTOR activation, as AMPK is
a repressor of mTOR activity. However, the relationship between AMPK and cardiac
hypertrophy is not completely clear as genetic mouse models of AMPK depletion do not
lead to hypertrophy®1:52 and can even protect against isoproterenol-induced hypertrophy®3.
Additionally, while acute pharmacologic AMPK activation inhibits mTOR, chronic AMPK
activation can induce cardiac hypertrophy®#. Lastly, a recent study also showed that
enhancing fat oxidation via acetyl-CoA carboxylase 2 deletion was able to reduce altered
glucose metabolism and prevent cardiac hypertrophy®0. Therefore, as our current study
suggests, altered glucose and pyruvate metabolism seems to drive pathologic remodeling,
while enhanced fat oxidation appears to correct this cardiac remodeling. Further study is
required to dissect what metabolites are altered by decreased MPC activity that ultimately
increase hypertrophic growth.

Recent studies have described improvements in cardiac function with ketone body infusion
in both a dog model and human patients with heart failure33:55, Additionally, genetic mouse
models of BDH1 or OXCT1 suggest that increased ketone metabolism is a protective
adaptation in heart failure3356:57_ |nterestingly, a ketogenic diet was unable to improve
cardiac hypertrophy in a mouse model of defective FAO caused by carnitine
palmitoyltransferase 2 deletion®8 suggesting that enhancing ketolysis per se cannot rescue
heart failure in that model. Several lines of evidence suggest that the prevention or reversal
of heart failure in CS-MPC2-/- mice were driven by enhanced fatty acid metabolism rather
than ketone body utilization. Injecting CS-MPC2-/- mice daily with p-hydroxybutyrate did
slightly ameliorate cardiac remodeling, but feeding a ketone-ester-supplemented chow did
not improve cardiac size or function. Diets that were enriched with fat, but not overtly
ketogenic, were also able to significantly prevent heart failure in CS-MPC2-/- mice. While
hearts can extract and metabolize ketone bodies in proportion to their delivery, ketones and
fatty acids are in competition for oxidation’~? and in agreement with a previous report in
normal mouse hearts3®, we show that fasting or ketogenic diet decreased the expression of
the ketolytic enzymes BDH1 and OxctI and likely reduced ketolytic flux. KD-feeding and
fasting were also associated with upregulation of PPARa-target genes related to FAO and
corrected the cardiac accumulation of acylcarnitines. Fasted CS-MPC2-/- hearts also
displayed increased oxidation of palmitoyl-CoA consistent with enhanced fat oxidation.

It should also be noted that the MPC has been suggested to also be a mitochondrial importer/
exporter of ketone bodies®®, which may further suggest that the ameliorative effects of
ketogenic diet on MPC hearts are not due to enhanced cardiac ketolysis. However, there is
genetic evidence that the MPC is not the sole mitochondrial ketone transporter. Cardiac -
hydroxybutyrate flux into the TCA cycle was actually increased in MPC1-/- hearts*4,
indicating that the MPC is not required for cardiac mitochondrial ketone body import.
Ketone bodies are produced and released almost exclusively in the liver, and hepatic
MPC1/2 knockout mice display normal or even enhanced plasma ketone body
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concentrations?6:60, suggesting no defect in mitochondrial ketone export. Whether genetic
loss of the MPC impacts mitochondrial ketone import/export will require future study.

Lastly, it is interesting that the degree of heart failure improvement appears to also track
with a reduction in dietary carbohydrate. Hearts from CS-MPC2-/- mice showed even
worse failure after refined LF diet feeding compared to chow (Fig. 3 and Extended Data Fig.
3 compared to Fig. 2 and Extended Data Fig. 2), potentially due to the large amount of
sucrose in the LF diet compared to complex carbohydrates in chow. Fasting also lowered
blood glucose concentrations and is known to reduce cardiac glucose uptake and
oxidation3®. Collectively, we believe the present data using a variety of model systems
suggest that enhanced FAO and limiting the provision of carbohydrate to be the predominant
mechanism for preventing or reversing cardiac dysfunction in CS-MPC2-/- mice.

Conclusions and Limitations of Study

These studies describe that the MPC is deactivated in failing human and mouse hearts and
that cardiac deletion of MPC2 in mice results in progressive cardiac hypertrophy and dilated
heart failure. Interestingly, heart failure in CS-MPC2-/- mice could be prevented or even
reversed by feeding a ketogenic diet and that an acute fast was also able to initiate reverse
remodeling. These improvements appear to be predominantly mediated by increasing
cardiac fat oxidation and limiting provision of carbohydrate, rather than enhancing ketone
metabolism. Some mechanistic aspects of the cause of heart failure observed in mice lacking
MPC in the heart remain to be teased apart. A limitation of the models we used is that the
circulating ketone concentrations generated by ketone injection or feeding ketone ester diet
are not as high as when feeding a ketogenic diet or fasting. Thus, it is difficult to say
whether a more pronounced level of ketosis would also improve the CS-MPC2-/- hearts.

METHODS

Human Heart Tissue Collection.

Animals.

Human heart tissue was collected with written informed consent received from participants
as part of an Institutional Review Board (IRB)-approved protocol (#201101858) at the
Washington University School of Medicine. Failing human left ventricular heart tissue was
obtained from the Washington University Translational Cardiovascular Tissue Core at the
time of left ventricular assist device (LVAD) placement, or post-LVAD placement at the time
of cardiac transplantation. Non-failing human heart tissue was obtained from Mid-America
Transplant (St. Louis, MO) from hearts deemed unsuitable for transplantation due to donor
age, non-occlusive coronary artery disease, or high-risk behavioral profile. The collected
piece of cardiac tissue had fat removed, was rinsed in saline, and then was snap-frozen in
liquid nitrogen and stored at —80°C until analyzed.

All animal procedures were performed in accordance with National Institutes of Health
guidelines and approved by the Institutional Animal Care and Use Committees at the
Washington University School of Medicine and Saint Louis University School of Medicine
(Protocol 2845). The use of mice conformed to guidelines set forth in the NIH’s Guide for
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the Care and Use of Laboratory Animals (National Academies Press, 2011). Generation of
mice with the Mpc2 gene flanked by loxP sites has been described previously2®. To create
cardiac myocyte specific deletion, these mice were crossed with a knock-in mouse in which
one allele of the myosin light chain 2v (MIc2v) gene was replaced with Cre recombinase?,
which was obtained from the Jackson Laboratory (Bar Harbor, ME). All mice were from a
C57BL6/J background. Unless specifically noted, all experiments were performed with a
mixture of male and female littermate mice. Most studies were performed with mice
beginning at 6-weeks-old and ending at 16-17 weeks of age (chow fed, ketogenic diet study,
and MCT/HFD study). The fed/fasted study was performed on mice that were chow-fed for
16 weeks before acute 24 h fast. For the ketogenic diet reversal study, 16-week-old chow-fed
mice were switched to either LF or KD for 3 weeks and euthanized at 19 weeks of age. For
the TAC+MI studies, 4-5 week-old wildtype C57BL6/J females were purchased from the
Jackson Laboratory (Bar Harbor, ME) , thus were not necessarily littermates.

Animal Care.

Mice were housed in a climate-controlled barrier facility maintained at 22-24°C and 40—
60% humidity in ventilated cages with a 12-hour light/dark cycle with light period from
0600 to 1800 local time. Ad-/ibitum access to drinking water was provided by individual
bottles in each cage. Mice were housed in cages with corn-cob bedding or switched to aspen
chip bedding during special diet studies or fasting prior to sacrifice. All mice were group-
housed, up to 5 mice per cage, with cloth nestlets to use for enrichment. Mice on special
diets were also provided with a Nylabone (Central Garden & Pet Co., Neptune City, NJ) for
both enrichment and to maintain teeth when fed soft, higher fat diets. With all diets, mice
were provided ad-/ibitum access to food, except for a brief 4-hour fast prior to euthanasia.
Unless specifically noted, all special diets were initiated at 6-weeks of age. All diets were
provided on a wire rack above the cage bedding, with the exception of the ketogenic diet
paste which was spread into a glass petri dish, placed on the bottom of the cage, and
replaced every 2-3 days. Mice fed standard chow received PicoLab® Rodent Diet 20
(#5053, LabDiet, St. Louis, MO) which comprised of 62.1%kcal carbohydrate, 13.2%kcal
fat, and 24.7%kcal protein. The refined low-fat (LF) diet was composed of 70%Kkcal
carbohydrate, 10%kcal fat, and 20%kcal protein (D12450B, Research Diets, New
Brunswick, NJ). The high fat, low carbohydrate, low protein “ketogenic diet” (KD) was
composed of 1.8%kcal carbohydrate, 93.4%kcal fat, and 4.7%kcal protein (F3666, Bio-Serv,
Flemington, NJ). The medium-chain triglyceride (MCT) diet was composed of 37.9%kcal
carbohydrate, 43%kcal fat (depleted of long-chain fatty acids), and 19.1%kcal protein
(TD.00308, Envigo, Madison, WI). High-fat (HF) diet was composed of 20%kcal
carbohydrate, 60%kcal fat, and 20%kcal protein (D12492, Research Diets, New Brunswick,
NJ). Hearts were also analyzed from a cohort of WT mice fed a high trans-fat, fructose,
cholesterol (HTF-C) diet (D09100301, Research Diets, New Brunswick, NJ) with or without
insulin-sensitizing MPC-inhibitor MSDC-0602K treatment, which were previously
published with respect to nonalcoholic steatohepatitis?8. For the ketone ester (KE) diet
experiment, control diet consisted of 63%kcal carbohydrate, 10%kcal fat, and 24%kcal
protein (104403, Dyets, Bethlehem, PA), and the KE diet was composed of the same diet
except 16.5%kcal of the carbohydrates were replaced with D-B-hydroxybutyrate-(R)-1,3
butanediol monoester “ketone ester” (16.5%kcal ketone-ester, 46.5%kcal carbohydrate,
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10%kcal fat, and 24%kcal protein)(104404, Dyets, Bethlehem, PA). Control or KE diet were
fed from 9-15 weeks of age.

Unless specifically noted, mice were euthanized after a 4 hour fast by CO, asphyxiation and
blood was collected via cannulation of the inferior vena cava into EDTA-treated tubes.
Tissues were then excised, rinsed in PBS, weighed, and snap frozen in liquid nitrogen.
Plasma was collected by spinning blood tubes at 8,000 x g for 8 minutes and then freezing
the plasma supernatant in liquid nitrogen. For the fed vs 24 h fasted experiment, 16-week-
old fl/fl and CS-MPC2-/- mice were either fasted ~8:00 AM, or allowed to continue
feeding on normal chow ad libitum. The following day at ~8:00 AM, mice were sacrificed
by CO, asphyxiation, and blood and tissue collected as above, except for a small piece of LV
tissue which was processed for tissue respiration studies as explained below.

Gene Expression Analysis.

Levels of gene expression were determined by gPCR. Total RNA was extracted from snap
frozen tissues using RNA-Bee (Tel-Test, Friendswood, TX). ~50 mg of tissue was
homogenized in RNA-Bee for 3-5 minutes using a 3 mm stainless steel bead at 30 Hz using
a TissueLyser Il (Qiagen, Hilden, Germany). RNA abundance and quality were assessed by
Nanodrop (ThermoFisher Scientific, Waltham, MA). 1 ug of sample was then reverse
transcribed into cDNA by Superscript VILO (ThermoFisher Scientific, Waltham, MA) using
an Eppendorf Mastercycler® X50 thermocycler (Hauppauge, NY). Relative quantification of
target gene expression was measured in duplicate using Power SYBR Green (ThermoFisher
Scientific, Waltham, MA), using an ABI 7500 Real-Time PCR System (ThermoFisher
Scientific, Waltham, MA). Target gene Ct values were normalized to reference gene (Rp/p0)
Ct values by the 272ACt method. Oligonucleotide primer sequences used for qPCR are listed
in Supplemental Table 4.

Western Blotting and Protein Expression Analysis.

Protein extracts were prepared by homogenizing ~50 mg of frozen tissue in an NP-40-based
lysis buffer (15 mM NaCl, 25 mM Tris Base, 1 mM EDTA, 0.2% NP-40, 10% glycerol)
supplemented with 1X cOmplete™ protease inhibitor cocktail (Roche, Basel, Switzerland)
and a phosphatase inhibitor cocktail (1 mM NagVOy4, 1 mM NaF, and 1mM PMSF). Tissue
was homogenized in this buffer for 3-5 minutes using a pre-chilled 3 mm stainless steel
bead at 30 Hz using a TissueLyser Il (Qiagen, Hilden, Germany). Protein concentrations
were measured using a Pierce MicroBCA kit (ThermoFisher Scientific, Waltham, MA), and
detected with a BioTek Synergy plate reader and Gen5 software (BioTek Instruments,
Winooski, VT). 50 pg of protein lysate was electrophoresed on precast Criterion 4-15%
polyacrylamide gels (Biorad, Hercules, CA), and transferred onto 0.45 um Immobilon
PVDF membranes (MilliporeSigma, St. Louis, MO). Membranes were blocked with 5%
Bovine Serum Albumin (Sigma, St. Louis, MO) in TBS-T for at least 1 hour.

Primary antibodies were then used at 1:1000 (or 1:5000 for VLCAD and LCAD) in
5%BSA-TBS-T overnight while rocking at 4°C. Antibodies for human MPC1 and MPC2
were from Cell Signaling (Danvers, MA), while anti-mouse MPC1 and MPC2 antibodies
were a gift from Dr. Michael Wolfgang?6:62.63, Antibodies for VLCAD®4, LCADS5, and
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MCAD® were gifts from Drs. Daniel Kelly or Arold Strauss. Anti-CPT1B antibody was
from Alpha Diagnostic International (San Antonio, TX). Anti-BDH1 and Anti-OX PHOS
cocktail antibodies were from ThermoFisher Scientific (Waltham, MA). Phospho-ERK1/2
(Thr202/Tyr204), Total ERK1/2, Phospho-AMPKa (Thrl172), Total AMPKa, Phospho-
mMTOR (Ser2448), Total MTOR, Phospho-S6 Ribosomal Protein (Ser235/236), Total S6
Ribosomal Protein were from Cell Signaling (Danvers, MA). VDAC1 antibody was from
Abcam (Cambridge, United Kingdom). Anti-a.-Tubulin and p-Actin antibodies were from
Sigma (St. Louis, MO). After primary antibody incubation, membranes were washed 3-5X
for 5 min in TBS-T, and probed with IRDye secondary antibodies at 1:10,000 (Li-Cor
Biosciences, Lincoln, NE) in 5%BSA-TBS-T for 1 hour. Membranes were imaged on an
Odyssey® imaging system and analyzed with Image Studio™ Lite software (Li-Cor
Biosciences, Lincoln, NE).

Mitochondrial Isolation and High Resolution Respirometry.

Mitochondria were isolated by differential centrifugation from whole mouse hearts by
homogenization with 10 passes of a glass-on-glass Dounce on ice with 4 mL of buffer
containing 250 mM sucrose, 10 mM Tris Base, and 1 mM EDTA (pH 7.4). Homogenates
were then spun at 1,000 x g for 5 min at 4°C to pellet nuclei and undisrupted cell debris. The
supernatant was then spun at 10,000 x g for 10 min to pellet the mitochondrial fraction. The
mitochondrial pellet was washed twice in homogenization buffer minus the EDTA with
10,000 x g 10 min spins. After the final wash, mitochondrial pellets were solubilized in
~150 pL Mir05 respiration buffer (0.5 mM EGTA, 3 mM MgCl,, 60 mM Lactobionic acid,
20 mM Taurine, 10 mM KH»POy4, 20 mM HEPES, 110 mM sucrose, and 1 g/L fatty acid
free Bovine Serum Albumin; pH 7.1). Mitochondrial protein concentration was then
measured using a Pierce MicroBCA kit (ThermoFisher Scientific, Waltham, MA), and
detected with a Synergy plate reader and Gen5 software (BioTek Instruments, Winooski,
VT).

To measure oxygen consumption rates, 50 pg of mitochondrial protein was added to each 2
mL chamber of an Oxygraph O2k equipped with DatLab software (Oroboros Instruments,
Innsbruck, Austria). Substrates used to assess pyruvate-stimulated respiration were 5 mM
sodium pyruvate, 2 mM malate, 2.5 mM ADP+M32* and then 5 M UK-5099. To assess
respiration on other substrates, 50 uM palmitoyl-DL-carnitine and 2 mM malate + 2.5 mM
ADP+M32* 'or 10 mM glutamate and 2 mM malate + 2.5 mM ADP+M32+ or 5 mM
succinate + 2.5 mM ADP+M32* were used. Oxygen consumption rates were measured as
pmol O,/s/mg mitochondrial protein.

For the fed vs 24 h fasted experiment, immediately after euthanasia hearts were briefly
stored in BIOPS solution (10 mM Ca/K,-EGTA, 5.77 mM Na,ATP, 6.56 mM MgCl,, 20
mM Taurine, 15 mM NayPhosphocreatine, 20 mM Imidazole, 0.5 mM DTT, and 50 mM
MES hydrate) on ice. 1-4 mg of LV muscle was teased apart into fibers and permeabilized
with 50 pg/mL saponin in 2 mL BIOPS on ice for 20 minutes. After permeabilization,
muscle fibers were washed in 2 mL Mir05 buffer on ice for 15 minutes. Muscle fibers were
patted dry, weighed, and added to the 2 mL chamber of an Oxygraph O2k containing Mir05
buffer supplemented with 20 mM creatine and 25 pM blebbistatin. Before chambers were
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sealed, O, was injected to hyperoxygenate the buffer (to ~375 uM) to prevent lack of O,
diffusion into tissue from limiting O, consumption rates. After chambers were sealed and
baseline respiration rates equilibrated to zero, substrates were added in the following order:
2 mM carnitine, 2.5 mM malate, 50 uM palmitoyl-CoA, 7 mM ADP+M32+ 5 mM sodium
pyruvate, 5 mM succinate. Oxygen consumption rates were measured as pmol/s/mg tissue
weight.

Blood and Plasma Metabolite and Hormone Measurements.

Immediately prior to euthanasia, a snip of the tail was made with a razor blade and a drop of
mixed venous blood was used to measure blood glucose using a Contour Next EZ (Bayer
Ascensia Diabetes Care, Parsippany, NJ) glucometer. A second drop of blood was then used
to measure blood lactate concentrations using a Lactate Plus meter (Nova Biomedical,
Waltham, MA). Plasma insulin concentrations were measured from 10 uL of plasma by
Singulex Erenna® assay (Sigma, St. Louis, MO) performed by the Washington University
Core Lab for Clinical Studies. Total ketone bodies were measured from 4 pL plasma using
the Total Ketone AutoKit (FujiFilm Wako, Mountain View, CA) according to kit directions.
Optic density (OD) at 405 and 600 nm were measured every minute for 5 minutes, and
absorbance changes were normalized to a 300 uM standard. Non-esterified “free” fatty acids
were measured from 2 uL plasma using a non-esterified fatty acid kit according to
manufacturer’s directions (FujiFilm Wako, Mountain View, CA). OD at 560 nm was
measured and normalized to a standard curve. Triglycerides were measured from 5 uL
plasma using Infinity assay kit according to manufacturer’s directions (ThermoFisher
Scientific, Waltham, MA). OD and 540 was measured and related to the OD of a standard
curve. OD for all assays was measured in clear 96-well plates using a Synergy plate reader
and Genb5 software (BioTek Instruments, Winooski, VT).

Targeted Metabolomics for Amino Acids, Acylcarnitines, Organic acids, and Short Chain

Acyl-CoAs.

Mice used for targeted metabolomic analyses were fasted for 3 hours, anesthetized with 100
ug/g sodium pentobarbital injected i.p., and euthanized by excision of the beating heart.
Hearts were snap frozen in liquid nitrogen and stored at —80°C until they were collectively
processed and analyzed. Flash frozen hearts were pulverized to a fine powder in a liquid
nitrogen chilled percussion mortar and pestle and weighed into pre-chilled 2ml tubes. A
chilled 5mm homogenizing bead was added to samples and tissue was diluted to 50 mg/ml
with 50% acetonitrile containing 0.3% formate (for acylcarnitines, amino acids, and organic
acids) or isopropanol/phosphate buffer (for CoAs), homogenized for 2 min at 30 Hz using a
TissueLyser 11 (Qiagen, Hilden, Germany) and aliquoted for metabolite assays. For all
metabolite analyses, tissues and homogenates were kept on ice, centrifuged at 4°C, and
when ready to measure, were placed in an autosampler kept at 4°C.

Amino acids and acylcarnitines were analyzed by flow injection electrospray ionization
tandem mass spectrometry and quantified by isotope or pseudo-isotope dilution similar to
previous®7-69, which are based on methods developed for fast ion bombardment tandem
mass spectrometry’0. Extracted heart samples were spiked with a cocktail of heavy-isotope
internal standards (Cambridge Isotope Laboratories, Tewksbury, MA; or CDN Isotopes,
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Pointe-Claire, Canada) and deproteinated with methanol. The methanol supernatants were
dried and esterified with either acidified methanol or butanol for acylcarnitine or amino acid
analysis, respectively. Mass spectra for acylcarnitine and amino acid esters were obtained
using precursor ion and neutral loss scanning methods, respectively. The spectra were
acquired in a multi-channel analyzer (MCA) mode to improve signal-to-noise. The data
were generated using a Waters TQ (triple quadrupole) detector equipped with Acquity™
UPLC system and a data system controlled by MassLynx 4.1 operating system (Waters,
Milford, MA). For the amino acids analysis, the mass spectrometer settings were as follows:
ionization mode - positive electrospray, capillary voltage - 3.6 V, cone voltage - 14 V,
extractor voltage - 2 V, RF lens voltage - 0.1 V, collision energy - 14-25 V, source
temperature - 130°C, desolvation temperature - 200°C, desolvation gas flow - 550 L/hr, and
cone gas flow - 50 L/hr. For the acylcarnitine analysis, the mass spectrometer settings were
as follows: ionization mode - positive electrospray, capillary voltage - 3.5 V, cone voltage -
25V, extractor voltage - 2 V, RF lens voltage - 0.1 V, collision energy - 30 V, source
temperature - 130°C, desolvation temperature - 200°C, desolvation gas flow - 550 L/hr, and
cone gas flow - 50 L/hr. lon ratios of analyte to respective internal standard computed from
centroided spectra are converted to concentrations using calibrators constructed from
authentic aliphatic acylcarnitines and amino acids (Sigma, St. Louis, MO; Larodan, Solna,
Sweden) and Dialyzed Fetal Bovine Serum (Sigma, St. Louis, MO).

Organic acids were analyzed by capillary gas chromatography/mass spectrometry (GC/MS)
using isotope dilution techniques employing Trace Ultra GC coupled to ISQ MS operating
under Xcalibur 2.2 (ThermoFisher Scientific, Austin, TX)”1. The mass spectrometer settings
were as follows: ionization mode - electron ionization, ion source temperature - 250°C, and
the transfer line temperature - 275°C. The supernatants of tissue homogenates were spiked
with a mixture of heavy isotope labeled internal standards and the keto acids were stabilized
by ethoximation. The organic acids were acidified and extracted into ethyl acetate. The
extracts were dried and derivatized with N,O-bis(Trimethylsilyl) trifluoroacetamide. The
organic acids were quantified using ion ratios determined from single ion recordings of
fragment ions which are specific for a given analyte and its internal standard. These ratios
were converted to concentrations using calibrators constructed from authentic organic acids
(Sigma, St. Louis, MO). The heatmap for acylcarnitines was generated by shinyheatmap’2.

Short chain acyl CoA were analyzed by LC-MS/MS using a method based on a previously
published report’3. The extracts were spiked with 13C,-Acetyl-CoA, centrifuged and filtered
through the Millipore Ultrafree-MC 0.1 um centrifugal filters before being injected onto the
Chromolith FastGradient RP-18e HPLC column, 50 x 2 mm (MilliporeSigma, St. Louis,
MO) and analyzed on a Waters Xevo TQ-S triple quadrupole mass spectrometer coupled to
an Acquity UPLC system (Waters, Milford, MA). The mass spectrometer settings were as
follows: ionization mode - positive electrospray, capillary voltage - 3.7 V, cone voltage - 50
V, source offset voltage - 50 V, collision energy - 28 V, dwell time - 0.06 seconds,
desolvation temperature — 500°C, desolvation gas flow - 600 L/hr, cone gas flow - 150 L/hr,
and nebulizer pressure - 7 bar. The following MRM transitions were monitored: Acetyl-
CoA - 810.2->303.1, 13C,-Acetyl-CoA - 812.2->305.1, Succinyl-CoA - 868.2 ->361.1, and
Malonyl-CoA — 854.2->347.1.
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Mouse Echocardiography.

Histology.

In vivo cardiac size and function were measured by echocardiography performed with a
Vevo 2100 Ultrasound System equipped with a 30-MHz linear-array transducer
(VisualSonics Inc, Toronto, Ontario, Canada)’4. Mice were lightly anesthetized by i.p.
injection of 0.005 ml/g of 2% Avertin (2,2,2-tribromoethanol; Sigma, St. Louis, MO). If
required, one-fifth of the initial dose was given as a maintenance dose at regular intervals.
Hair was removed from the left anterior chest by shaving, and mice were then placed onto a
warming pad in a left lateral decubitus position. Normothermia (37°C) was maintained and
monitored by a rectal thermometer. Ultrasound gel was applied to the chest and care was
taken to maintain adequate transducer contact while avoiding excessive pressure on the
chest. Two-dimensional and M-mode images were obtained in the long- and short-axis
views. Images were retrieved off-line and analyzed using the Vevo LAB software package
(VisualSonics Inc, Toronto, Ontario, Canada). Measurements were averaged from three
separate images for each mouse. LV volumes were calculated from M-mode measurements
using standard techniques’>76. Immediately after completion of imaging, mice were allowed
to recover from anesthesia on a warming pad and returned to their home cage. For
echocardiography during the ketone ester diet experiment, procedures were the same as
above except mice were anesthetized by 1-2% inhaled isoflurane, and imaging was
performed with a Vevo 770 Ultrasound System equipped with a 30-MHz linear-array
transducer (VisualSonics Inc, Toronto, Ontario, Canada).

Short-axis slices of the LV were fixed in 10% neutral buffered formalin overnight and
processed by the Anatomic and Molecular Pathology core laboratory of the Washington
University School of Medicine or the Research Microscopy & Histology Core of the Saint
Louis University School of Medicine. The short-axis heart slices were embedded in paraffin
blocks and sectioned onto glass slides. Slides were then stained for either Hematoxylin and
Eosin (H&E) or Mason’s trichrome stains. Cardiomyocyte cross-sectional area (CSA) was
measured from H&E images of the left ventricle taken at 10X magnification. At least 3
images of each heart were taken, and 10 myocytes per image measured. CSA was measured
with ImageJ software. The individual taking images and measuring cardiomyocytes size was
blinded to genotype and diet.

Body Composition Analysis.

Mouse body composition analysis was performed using an EchoMRI 3-in-1 system

(EchoMRI™, Houston, TX). Briefly, after machine calibration with an olive oil standard,
conscious mice were restrained in a plastic tube and placed into the instrument bore. Fat,
lean, free water, and total water mass was then determined. Imaging required <5 min per
mouse, and following imaging, mice were immediately placed back into their home cage.

TAC+MI Surgically-Induced Heart Failure Model.

7-week old female WT C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were
subjected to TAC+MI surgery as performed previously’4’7. Mice were anesthetized with
100 mg/kg ketamine and 10 mg/kg xylazine injected i.p. and were then restrained supine,
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intubated, and ventilated with a respirator (Harvard Apparatus, Holliston, MA). After
shaving of the left anterior chest, the intercostal muscles were dissected, and aorta identified
and freed by blunt dissection. 7-0 silk suture was placed around the transverse aorta and tied
around a blunt 26-gauge needle. The needle was then removed after placement of the
constrictor. Immediately following the first procedure, the LV and left main coronary artery
system were exposed and the apical portion of the LAD was ligated with 9-0 silk suture.
The surgical incision was closed, and the mice were recovered on a warmer until arousal
from anesthesia whence they were returned to their home cage. All surgeries were
performed in under 20 minutes. Mice were sacrificed 4 weeks after sham or TAC+MI
surgery by CO, asphyxiation after a 4 hour fast for collection of plasma and tissues.

Ketone Body Injection.

12-week old CS-MPC2-/- mice underwent echocardiography as detailed above and were
then randomized into two groups to receive daily i.p. injections of either saline vehicle or 10
mmol/kg R-3-hydroxybutyric acid sodium salt (BHB) (Sigma, St. Louis, MO), which was
pH’d to ~7.0. After 2 weeks of daily i.p. injection, echocardiography was repeated following
the same procedures as detailed above. The following day, mice received a final saline or
BHB injection, were fasted for 4 hours, and were euthanized by CO, asphyxiation for
collection of plasma and tissues.

Cardiac Glycogen Assay.

Glycogen concentrations were measured in a similar fashion as performed previously’8. 15—
60 mg of heart tissue was placed into 2 mL Eppendorf tubes and boiled in 300 uL of 30%
KOH at 100°C for 30 minutes, with vortex mixing every 10 minutes. Tubes were cooled on
ice and then 100 pL of 2% Na,SO4 and 800 pL of 100% EtOH was added and tubes
vortexed. Tubes were boiled again for 5 minutes to aid in the precipitation of glycogen and
then tubes centrifuged at 16,000 x g for 5 min and supernatant aspirated. The pellet was
dissolved in 1 mL of 80% EtOH, vortexed and recentrifuged 16,000 x g for 5 min, and this
wash was repeated 1 more time (3 total pelleting steps). The final pellets were resuspended
in 200 pL of 0.3 mg/mL amyloglucosidase (Sigma, St. Louis, MO) in 0.2M sodium acetate.
Serial dilutions of 10 mg/mL oyster glycogen (Sigma, St. Louis, MO) were prepared as
standards. Samples and standards were then incubated in a 40°C water bath for 3 h. Samples
and standards were then diluted 1:1 with H,0, and 5 L of each added to a 96-well plate.
200 pL of glucose assay buffer (0.3 M Triethanolamine, pH~7.5, 4 mM MgCI2, 2 mM ATP,
0.9 mM NADP+, and 5 pg/mL Glucose-6-phosphate dehydrogenase [all from Sigma, St.
Louis, MQ]) was then added to each well, and the absorbance at 340 nm measured. 1 g of
Hexokinase (Sigma, St. Louis, MO) was then added to each well, and the plate incubated at
room temperature in the dark for 30 min, then the absorbance again read at 340nm. The
glycogen concentration was calculated from the difference in absorbance readings and
plotted in relation to the oyster glycogen standards.

Statistical Analysis.

All data are presented as dot plots with mean +/- s.e.m., or as PRE-POST data points. All
data was first entered into Microsoft Excel v16.4 and then imported into GraphPad Prism
8.4.2 for graphing and statistical analysis. Multiple comparisons were analyzed using a 2-
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way ANOVA with Tukey’s multiple-comparisons test. An unpaired, 2-tailed Student’s ftest
was used for comparison of 2 groups. A Pvalue of less than 0.05 was considered statistically

significant.

Reporting Summary.

Further information on research design and technical information is available in the Nature

Research Reporting Summary linked to this article.

Extended Data
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Extended Data Fig. 1: Human heart failure gene expression and characterization of 6-week old

CS-MPC2-/- mice.
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Gene expression from human non-failing, failing, and failing hearts after left ventricular
assist device (LVAD) placement (n=14, 9, and 6 for Non-failing, Failing, and Post-LVVAD,
respectively). c-d, MPC1 and MPC2 protein expression quantification from non-failing and
failing human hearts normalized to either VDAC, complex | and 11, complexes 111 and 1V, or
Tubulin (n=5). e, Gene expression for Mpcl and Mpc2 from wildtype C57BL6/J mouse
hearts after sham or transverse aortic constriction plus myocardial infarction (TAC+MI)
surgery (n=9 sham, 12 TAC-MI). f, Mouse heart gene expression for MpcI and Mpc2 (n=7,
5, 7 for fl/fl, +/-, —=/- respectively). g, Blood lactate measured after a 4 h fast prior to
sacrifice in 6-week old mice (n=6). h-i, Heart weight and lung weight of 6-week old mice
(n=6). j, Mouse heart gene expression of heart failure, and hypertrophy genes from 6-week
old mice (n=7, 5, 7 for fl/fl, +/-, —/- respectively). Data are presented as mean + s.e.m.
within dot plot. Each data point represents one individual mouse or sample. Two-tailed
unpaired Student’s #test.
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Extended Data Fig. 2: Heart failure develops in CS-MPC2-/- mice, but not CS-MPC2+/- or
mice treated with the MPC inhibitor MSDC-0602K.
a-h, Serial echocardiography data of chow-fed mice at 6, 10, and 16 weeks of age. Left

ventricular internal diameter at end diastole (LVIDd) and end systole (LVIDs), end systolic
volume (ESV), fractional shortening (FS), relative wall thickness (RWT), stroke volume
(SV), and cardiac output (CO) (n=7, 10, and 9 for fl/fl, +/-, and —/-, respectively). i, Heart
weights from WT mice fed low fat (LF) diet or a high trans-fat, fructose, cholesterol (HTF-
C) diet +/- 330 ppm MSDC-0602, an insulin-sensitizing MPC inhibitor (n=7, 9, and 9 for
LF, HTF-C, and HTF-C+MSDC-0602K, respectively). j, Heart gene expression of
hypertrophy gene markers from WT mice fed LF, HTF-C, or HTF-C + MSDC-0602 diets
(n=6 for all groups). k-I, Heart gene expression for fatty acid transport and oxidation genes
and PPARa target genes from chow-fed 16-week old mice after a 4 h fast (n=7, 5, and 7 for
fl/fl, +/-, and —/—, respectively). Data are presented as mean + s.e.m., or mean * s.e.m.
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within dot plot. Each data point represents one individual mouse or sample. Two-tailed
unpaired Student’s £test.
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Extended Data Fig. 3: Ketogenic diet prevents heart failure in CS-MPC2-/- mice.
a, Body weights of mice fed low fat (LF) or ketogenic diet (KD) from 6-17 weeks of age

(initial n=19, 15, 21, and 14 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD,
respectively)(fl/fl LF vs KD p<0.0001; CS-Mpc2-/- LF vs KD p<0.0001). b-c, Blood
glucose and plasma insulin measured after a 4 h fast (n=19, 11, 20, and 14, respectively for
glucose and 8, 5, 9, and 7, respectively for insulin). d-n, Echocardiography data at 10 and 16
weeks of age. Left ventricular internal diameter at end diastole (LVIDd) and end systole
(LVIDs), fractional shortening (FS), relative wall thickness (RWT), end diastolic volume
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(EDV), end systolic volume (ESV), stroke volume (SV), ejection fraction (EF), and cardiac
output (CO) (n=9, 7, 12, and 9 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD,
respectively). o-g, % Fat mass, % lean mass, and % free water body composition measured
by echoMRI (n= 19, 12, 20, and 14, respectively). r-s, Gonadal and inguinal white adipose
tissue (WAT) weights normalized to body weight (n=19, 12, 20, and 14, respectively). Data
are presented as mean + s.e.m. or mean * s.e.m. within dot plot. Each data point in dot plot
represents one individual mouse sample. Two-way ANOVA with Tukey’s multiple
comparisons test. For d-n, black p values indicate LF-fed fl/fl vs. CS-Mpc2-/-, red p values
indicate LF vs. KD for CS-Mpc2-/- for each echocardiography date.

d

1duosnuepy Joyiny

1duosnuep Joyiny

Extended Data Fig. 4: Ketone body injection modestly reduces cardiac remodeling in CS-

MPC2-/- mice.

a, Timeline for B-hydroxybutyrate (8HB) injection experiment in which CS-MPC2-/- mice
were injected i.p. with saline vehicle or 10 mmol/kg BHB daily from 12 to 14 weeks of age.
b-h, Echocardiography measurements before and after 2 weeks of daily i.p. injection of
saline vehicle (Veh) or 10mmol/kg B-hydroxybutyrate. Left ventricular (LV) mass index,
end-diastolic volume (EDV), end-systolic volume (ESV), heart rate (HR), relative wall
thickness (RWT), ejection fraction (EF), and cardiac output (CO) (n=4 \eh, 5 BHB). i,
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Plasma total ketone body concentrations (n=4 Veh, 5 BHB). j, Heart weight normalized to
tibia length (n=4 Veh, 5 BHB). k, Gene expression markers of hypertrophy, heart failure,
and fibrosis from hearts after 2 weeks of daily vehicle or BHB treatment (n=4 Veh, 5 BHB).
Data presented either as PRE-POST, or mean * s.e.m. shown within dot plot. Each symbol
represents an individual sample. Two-tailed unpaired Student’s #test.
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Extended Data Fig. 5: Ketone ester diet does not improve cardiac remodeling or function in CS-

MPC2-/- mice.

a, Plasma ketone bodies measured from mice fed either control or ketone ester (KE)-

supplemented diet (n=10, 7, 4, and 8, respectively). b-e, Echocardiography measurements
after 6 weeks of KE diet feeding. Left ventricular (LV) mass index, end-diastolic volume
(EDV), end-systolic volume (ESV), and ejection fraction (EF) (n=10, 7, 4, and 8,
respectively). f, Heart weight normalized to tibia length (n= 10, 7, 4, and 8, respectively). g-
i, Cardiac gene expression markers of hypertrophy and heart failure (Nppa, Nppb, Actal)
(n=10, 7, 4, and 8, respectively). Data presented as mean + s.e.m. shown within dot plot.
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Each symbol represents an individual sample. Two-way ANOVA with Tukey’s multiple

comparisons test.
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Extended Data Fig. 6: High fat diets also greatly improve cardiac remodeling and function of

CS-MPC2-/- mice.

a-l, Echocardiography measurements taken at 16 weeks of age after 10 weeks of low fat

(LF), medium chain triglyceride (MCT), or high-fat (HF) feeding. Left ventricular internal
diameter at end diastole (LVVIDd) and end systole (LVIDs), fractional shortening (FS),
relative wall thickness (RWT), end diastolic volume (EDV), end systolic volume (ESV),
stroke volume (SV), and cardiac output (CO) (n=5, 4, 4, 8, 4, and 5, respectively). j-I,
Cardiac gene expression for Ppara and it’s targets Acotl and Hmgces2 (n=11, 6, 10, 8, 4, and
5, respectively). Data are presented as mean + s.e.m. within dot plot. Each data point
represents an individual mouse. Two-way ANOVA with Tukey’s multiple comparisons test.
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Extended Data Fig. 7: A 24 hour fast improves cardiac remodeling by enhancing fat oxidation.
a, Blood lactate of fed or fasted mice just prior to euthanasia (n=22, 15, 16, and 14,

respectively). b, Cardiac glycogen concentrations in hearts of fed and fasted mice (n=10, 14,
15, and 14, respectively). ¢, Plasma TAG from fed or fasted mice (n=22, 15, 16, and 14,
respectively). d-i, Cardiac gene expression for natriuretic peptides and PPARa-target and
fatty acid metabolism genes (n=8, 9, 7, and 6, respectively). Data are presented as mean *
s.e.m. within dot plot. Each symbol on dot plot represents an individual sample. Two-way
ANOVA with Tukey’s multiple comparisons test.
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Extended Data Fig. 8: Ketogenic diet reverses heart failure in CS-MPC2-/- mice.

a-h, Echocardiography measurements before and after 3 weeks of LF or KD-feeding in 16-
week-old CS-MPC2-/- mice with established heart failure (n=3 LF, 5 KD). Data are
presented as PRE-POST. Each data point represents an individual mouse. Paired two-tailed
student’s #test for PRE vs. POST. Unpaired two-tailed student’s #test for LF vs. KD.
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Fig. 1: MPCs downregulated in human heart failure, deletion of cardiac MPC2 results in TCA
cycle dysfunction.

a-b, Gene expression measured by qRT-PCR for MPCI and MPCZ2normalized to RPLPO
from human hearts of non-failing, failing, and failing hearts Post-left ventricular assist
device (LVAD) implant (n=14, 9, and 6 for Non-failing, Failing, and Post-L\VVAD,
respectively). ¢, Western blot images for MPC1, MPC2, VDAC1, OX PHOS subunits, and
aTubulin in non-failing and failing human heart tissue (n=5). d, Representative western
blots of MPC1, MPC2, and a.Tubulin of mouse heart tissue and densitometry quantification
(n=4). e, Oxygen consumption rates (OCR) stimulated by pyruvate/malate (P/M) of isolated
cardiac mitochondria before and after addition of ADP and 5uM of the MPC-inhibitor
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UK-5099 (n=13, 6, and 8 for fl/fl, CS-Mpc2+/-, and CS-Mpc2-/-, respectively). f, Oxygen
consumption rates stimulated by palmitoyl carnitine/malate (PC/M), glutamate/malate
(G/M) or succinate (S) before or after the addition of ADP measured from isolated cardiac
mitochondria (n=10, 8, and 10 for fl/fl, CS-Mpc2+/-, and CS-Mpc2-/-, respectively). g,
Schematic of TCA cycle alterations measured by metabolomic analyses of heart tissue.
red=increased, purple=decreased, black=unchanged (comparing fl/fl to CS-Mpc2-/-), and
grey=unmeasured. h, TCA cycle intermediates (Pyruvate, Lactate, Alanine, Acetyl-CoA,
Citrate, a-ketoglutarate, Succinyl-CoA, Succinate, Fumarate, Malate, Aspartate/Asparagine,
and Glutamate/Glutamine) measured by mass-spectrometry from 6-week old heart tissue
(n=6). Mean + s.e.m. shown within dot plot. Each symbol represents an individual sample.
Two-tailed unpaired Student’s Ztest.
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Fig. 2: CS-MPC2-/- mice develop dilated cardiomyopathy.
a-c, Echocardiography measures of left ventricular (LV) mass index, end-diastolic volume

(EDV), and ejection fraction (EF) of mice at 6, 10, and 16-weeks of age (n=7, 10, and 9 for
fl/fl, CS-Mpc2+/-, and CS-Mpc2-/-, respectively). d, Representative M-mode
electrocardiogram images of 16-week old mice. e, Representative short-axis heart images
stained by H&E (scale bar = 1mm). For d and e, experiments were repeated four times with
small independent groups of littermate mice, with similar results obtained. f-g, Heart weight
and lung weight normalized to body weight from 16-week old mice (n=7, 6, and 6 for fl/fl,
CS-Mpc2+/-, and CS-Mpc2-/-, respectively). h-i, Gene expression markers of cardiac
hypertrophy/failure from 16-week old mouse hearts (n=7, 5, and 7 for fl/fl, CS-Mpc2+/-,
and CS-Mpc2-/-, respectively). j, Western blot images of VLCAD, LCAD, MCAD,
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CPT1B, BDH1, and aTubulin from whole cardiac lysates (n=3). k, Gene expression for
Bdh1 and Oxctl from 16-week old mouse hearts (n=7, 5, and 7 for fl/fl, CS-Mpc2+/-, and
CS-Mpc2-/-, respectively). I, Plasma total ketone body levels from 16-week old mice (n=9,
5, and 8 for fl/fl, CS-Mpc2+/-, and CS-Mpc2-/-, respectively). Mean £ s.e.m. shown within
dot plot. Each symbol represents an individual sample. Two-tailed unpaired Student’s ¢test.
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Fig. 3: Ketogenic diet can prevent heart failure in CS-MPC2-/- mice.
a, Plasma total ketone bodies from low fat (LF)- or ketogenic diet (KD)-fed mice (n=8, 5, 9,

and 7 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD, respectively). b-d,
Echocardiography measures of left ventricular (LV) mass index, end-diastolic volume
(EDV), and ejection fraction (EF) of LF- or KD-fed mice at 16-weeks of age (n=9, 7, 11,
and 9 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD, respectively). e, Survival
curve of LF- or KD-fed mice (initial n=19, 15, 21, and 14 for fl/fl LF, CS-Mpc2-/- LF, fl/fl
KD, and CS-Mpc2-/- KD, respectively). f, Representative short-axis H&E images and
magnified trichrome stains of hearts from LF- or KD-fed 17-week old mice (black scale bar
= 1mm; similar data reproduced with seven independent groups of littermate mice). g-h,
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Heart weight and lung weight normalized to tibia length of LF- or KD-fed 17-week old mice
(n=19, 11, 20, and 14 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD,
respectively). i, Cardiac myocyte cross-sectional area (CSA) measured from H&E images
(n=8, 5, 9, and 7 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2—-/- KD, respectively).
j-n, Gene expression markers of cardiac hypertrophy/failure and fibrosis from mouse hearts
(n=7, 5, 6, and 6 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD, respectively).
o0, Western blot images for signaling pathways associated with cardiac hypertrophic growth
(PhosphoERK, Total ERK, PhosphoAMPKa, Total AMPKa., Phospho-mTOR, Total
mTOR, Phospho-S6-Ribosomal Protein, Total S6-Ribosomal Protein, and B-Actin) from
hearts of LF- or KD-fed mice (n=3). Mean + s.e.m. shown within dot plot. Each symbol
represents an individual sample. Two-way ANOVA with Tukey’s multiple-comparisons test.
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Fig. 4: Ketogenic diet downregulates cardiac ketone body catabolism.
a, Schematic of oxidative and non-oxidative ketone body catabolism. b-c, Gene expression

for the ketolytic enzymes Bdhiand Oxctl from hearts of low fat (LF)- or ketogenic diet
(KD)-fed fl/fl or CS-Mpc2-/- mice (n=7, 5, 6, and 6 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD,
and CS-Mpc2-/- KD, respectively)(Oxctl: p=0.0058 for LF fl/fl vs CS-Mpc2-/-, p=0.0083
for fl/fl LF vs KD). d, Western blot images of BDH1 and Actin from heart tissue of LF- or
KD-fed mice (n=3). e-l, Cardiac concentrations of metabolites associated with ketone body
catabolism measured in hearts from LF- or KD-fed mice (n=6). m-n, Gene expression for
Acacaand Acacbnormalized to Rp/p0from hearts of LF- and KD-fed mice (n=7, 5, 6, and 6
for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD, respectively). Mean + s.e.m.
shown within dot plot. Each symbol represents an individual sample. Two-way ANOVA
with Tukey’s multiple-comparisons test. *£< 0.05, **£< 0.01, ***P< 0.001.
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Fig. 5: Ketogenic diet enhances cardiac fatty acid metabolism.
a, Heatmap of acylcarnitine species measured in hearts of low fat (LF)- or ketogenic diet

(KD)-fed fl/fl or CS-Mpc2—/- mice (n=6). b-d, Concentrations of free carnitine, total
acylcarnitines, and the acylcarnitine/free carnitine ratio measured by mass-spectrometry of
heart tissue (n=6). e-l, Gene expression markers of PPARa and fatty acid oxidation (Fpara,
Ppargcla, Pdk4, Acoxl1, Acotl, Acsl1, Cptlb, and Hmgcs2) from heart tissue of LF- or KD-
fed mice (n=7, 5, 6, and 6 for fl/fl LF, CS-Mpc2-/- LF, fl/fl KD, and CS-Mpc2-/- KD,
respectively). Mean + s.e.m. shown within dot plot. Each symbol represents an individual
sample. Two-way ANOVA with Tukey’s multiple-comparisons test.
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Fig. 6: High fat diets also prevent cardiac remodeling and dysfunction in CS-MPC2-/- mice.
a, Comparison of diet macronutrient composition for low fat (LF), medium chain

triglyceride (MCT), high fat (HF), and ketogenic diet (KD). b, Plasma total ketone body
concentrations measured from mice after LF, MCT, or HF diet feeding (n=11, 4, 10, 8, 4,
and 5 for fl/fl LF, CS-Mpc2-/- LF, fl/fl MCT, CS-Mpc2-/- MCT, fl/fl HF, and CS-Mpc2-/
— HF, respectively). c-d, Echocardiography measures of left ventricular (LV) mass index and
ejection fraction (EF) of mice fed LF, MCT, or HF diets (n=5, 4, 4, 8, 4, and 5 for fl/fl LF,
CS-Mpc2-/- LF, fl/fl MCT, CS-Mpc2-/- MCT, fl/fl HF, and CS-Mpc2-/- HF,
respectively). e-f, Heart weight and lung weight normalized to tibia length (n=11, 6, 10, 8, 4,
and 5 for fl/fl LF, CS-Mpc2-/- LF, fl/fl MCT, CS-Mpc2-/- MCT, fl/fl HF, and CS-Mpc2-/
- HF, respectively). g, Representative short-axis heart images stained with H&E (scale bar =
1mm; similar results obtained during four independent experiments of littermate mice). h-n,
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Gene expression markers of hypertrophy, heart failure, fibrosis, and the ketolytic enzyme
Bdh1 from mouse hearts (n=11, 6, 10, 8, 4, and 5 for fl/fl LF, CS-Mpc2-/- LF, fl/fl MCT,
CS-Mpc2-/- MCT, fl/fl HF, and CS-Mpc2-/- HF, respectively). Mean * s.e.m. shown
within dot plot. Each symbol represents an individual sample. Two-way ANOVA with
Tukey’s multiple-comparisons test. Exact p values given unless ***P < 0.0001.
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Fig. 7: Improved cardiac remodeling during fasting is associated with enhanced fat oxidation.
a-c, Blood glucose, plasma non-esterified fatty acid (NEFA), and plasma total ketone body

concentrations from fed or 24 h-fasted mice (n=22, 15, 16, and 14 for fl/fl fed, CS-Mpc2-/-
fed, fl/fl fasted, and CS-Mpc2-/- fasted, respectively). d, Heart weight normalized to tibia
length after feeding or fasting (n=22, 15, 16, and 14 for fl/fl fed, CS-Mpc2-/- fed, fl/fl
fasted, and CS-Mpc2—/- fasted, respectively). e-1, Cardiac gene expression markers of heart
failure, fibrosis, or ketone and fatty acid metabolizing enzymes (n=8, 9, 7, and 6 for fl/fl fed,
CS-Mpc2-/- fed, fl/fl fasted, and CS-Mpc2-/- fasted, respectively). m-o, Oxygen
consumption rates (OCR) measured from permeabilized cardiac muscle fibers using
pyruvate (Pyr) or palmitoyl-CoA with carnitine and malate (Palm-CoA/Carn/Mal) as
substrates (n=9, 9, 9, and 7 for fl/fl fed, CS-Mpc2-/- fed, fl/fl fasted, and CS-Mpc2-/-
fasted, respectively). Data are presented as mean + s.e.m. within dot plot. Each symbol in
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dot plot represents an individual sample. Two-way ANOVA with Tukey’s multiple-
comparisons test.
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Fig. 8: Ketogenic diet can reverse heart failure in CS-Mpc2—-/- mice.
a, Timeline for heart failure reversal experiment, in which CS-MPC2-/- mice were switched

to low fat (LF) or ketogenic diet (KD) at 16 weeks of age for 3 weeks. b-d,
Echocardiography measures of left ventricular (LV) mass index, end-diastolic volume
(EDV), and ejection fraction (EF) of CS-MPC2-/- mice PRE and POST LF or KD feeding
(n=3 LF, 5 KD; data presented as PRE-POST with first data point at 16-weeks old and
second data point at 19-weeks old after 3 weeks of LF or KD). e, Plasma total ketone values
from CS-MPC2-/- mice fed LF or KD (n=3 LF, 5 KD). f-g, Heart weight and lung weight
normalized to tibia length (n=3 LF, 5 KD). h-j, Cardiac gene expression of hypertrophy,
heart failure, fibrosis, and ketone body and fatty acid metabolizing genes (n=3 LF, 5 KD).
Data presented either as PRE-POST, or mean = s.e.m. shown within dot plot. Each symbol
represents an individual sample. Two-tailed paired Student’s ftest to compare PRE vs.
POST, two-tailed unpaired Student’s #test to compare LF vs. KD.
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