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Abstract

In addition to fatty acids, glucose and lactate are important myocardial substrates under
physiological and stress conditions. They are metabolized to pyruvate that enters mitochondria via
the mitochondrial pyruvate carrier (MPC) for citric acid cycle (CAC) metabolism. Here, we show
that MPC-mediated mitochondrial pyruvate utilization is essential for the partitioning of glucose-
derived cytosolic metabolic intermediates, which modulate myocardial stress adaptation. Mice
with cardiomyocyte-restricted deletion of subunit 1 of MPC (cMPC1~/~) developed age-dependent
pathologic cardiac hypertrophy, transitioning to a dilated cardiomyopathy and premature death.
Hypertrophied hearts accumulated lactate, pyruvate, and glycogen and displayed increased protein
O-GlcNacylation (O-GIcNAc), which was prevented by increasing availability of non-glucose
substrates /in vivo by ketogenic (KD) or high-fat (HFD) diets, which reversed the structural,
metabolic and functional remodeling of non-stressed cMPC1~/~ hearts. While concurrent short-
term KD did not rescue cMPC1~/~ hearts from rapid decompensation and early mortality
following pressure overload, 3-week of KD prior to TAC was sufficient to rescue this phenotype.
Together, our results highlight the centrality of pyruvate metabolism to myocardial metabolism
and function.

Introduction

Altered cardiac metabolism may contribute to the complex pathophysiology and inexorable
progression of heart failure (HF)1. Metabolic flexibility enables the healthy heart to
effectively utilize multiple substrates to sustain ATP generation based on substrate
availability and hemodynamic conditions. Fatty acid oxidation (FAQ) contributes about 70%
of baseline myocardial energy requirements? with important contribution from glucose and
lactate, which are crucial substrates for anaplerosis3->. The heart also metabolizes amino
acids and ketones, the importance of which might increase under certain pathological
conditions such as heart failure*6-11, In response to stimuli that induce physiologic or
pathologic cardiac hypertrophy such as exercise training or pressure overload respectively,
glucose and lactate assume increased importance as an energy sourcel?13, The majority of
glucose enters glycolysis following conversion by hexokinase to glucose 6-phosphate (G6P).
A smaller fraction is converted by aldose reductase to sorbitol in the polyol pathway.
Additional metabolic fates of G6P include the pentose phosphate pathway (PPP), the
hexosamine biosynthesis pathway (HBP) and glycogen synthesis41°. Pathological cardiac
remodeling is associated with increased glycolysis, that might not be matched by increased
glucose oxidation16-18, This metabolic imbalance has been hypothesized to contribute to
impaired myocardial contractility in pathologic cardiac hypertrophy and heart failurel’.
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Pyruvate is the key metabolite connecting glycolysis and glucose oxidation. After entering
the mitochondria, pyruvate undergoes decarboxylation (PDC: oxidation) to acetyl-CoA by
the pyruvate dehydrogenase complex (PDH), which then enters the CAC. Pyruvate is also
carboxylated, supporting CAC anaplerosis, by pyruvate carboxylation (PC) to oxaloacetate
(OAA) via carboxylation by pyruvate carboxylase or by cytosolic malic enzyme 1 (ME1),
which in the heart, is more abundant than pyruvate carboxylase>1%-22, Decarboxylation is
the dominant fate of pyruvate in mitochondria of healthy myocardium?3-25 and anaplerosis
from pyruvate carboxylation represents 10% or less of total CAC flux?1:22,

The discovery of the high-affinity mitochondrial pyruvate carrier (MPC) complex, has
advanced the understanding of mitochondrial pyruvate partitioning and its metabolic
consequences?6-28, The MPC is a mitochondrial inner membrane protein complex
composed of two subunits, MPC1 and MPC2. Both are essential for maintaining normal
function of MPC and loss of either subunit impairs mitochondrial pyruvate transport and
pyruvate-supported oxygen consumption26:28, Embryonic deletion of MPC is incompatible
with embryonic survival?. MPC deficiency in mouse liver reduced pyruvate-driven
gluconeogenesis and these animals resisted high fat diet-induced hyperglycemia, insulin
resistance and hepatic fibrosis3%-32, Disrupting MPC in skeletal muscle increased muscle
glucose uptake and whole-body energy expenditure33. The contribution of mitochondrial
pyruvate uptake and metabolism in normal and failing hearts is incompletely understood,
although induction of MPC expression in peri-infarct zones from patients with ischemic
cardiomyopathy has been proposed to represent an adaptive response that promotes
cardioprotection34,

The present study undertook detailed characterization of a mice with cardiomyocyte-
selective deletion of MPC1 under stressed and non-stressed conditions (cMPC17/7). Initial
mitochondrial adaptations included MPC-independent pathways for acetyl-CoA generation
from pyruvate via PDC but not for anaplerosis. Although associated with increased left
ventricular (LV) contractility, increased relative contribution to CAC from pyruvate and
preserved CAC intermediates, FAO was increased and acyl-carnitines, glycogen, pyruvate,
lactate and O-linked N-Acetylglucosamine (O-GlcNAc) modifications were accumulated.
These initial adaptations paralleled pathological LV hypertrophy and rapid progression to
heart failure with pressure overload. They also developed an age-dependent dilated
cardiomyopathy in concert with declining acetyl CoA, citrate and ATP. Increasing the
dietary supply of alternative metabolic substrates such as ketones, fatty acids or triglycerides
prevented the accumulation of lactate and pyruvate and reversed pathological remodeling.
These data indicate an essential role for MPC-derived pyruvate for sustaining CAC function
(oxidation and anaplerosis) in response to hemodynamic stress and reveal potential cardiac
toxicity of accumulated glycolytic intermediates.

Generation of cMPC1~/~ mice

MPC1 cardiomyocyte-specific knockout mice (¢cMPC1~/~ mice) were generated by crossing
MPC1 floxed mice with mice expressing Cre recombinase controlled by the alpha myosin
heavy chain (@MHC) promoter3%:35. cMPC1~/~ mice were viable at birth and developed
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normally. MPC1 RNA was decreased in whole heart homogenates, whereas MPC2 mRNA
remained unaltered (Fig 1a). Western blot analysis in isolated cardiomyocytes revealed no
detectable MPC1 and MPC2 protein in cMPC1~/~ (Fig 1b,c). Residual MPC protein in
whole heart homogenates likely reflect MPC expression in non-cardiomyocytes (Extended
Data Fig 1a,b). Pyruvate uptake in cMPC1~/~ mitochondria was reduced by 75% relative to
wildtype (WT) controls (Fig 1d). Basal and maximal pyruvate-supported mitochondrial
oxygen consumption was also reduced by 32% and 43 %, respectively (Fig 1e). Basal or
maximal glutamate or palmitoyl-carnitine-supported respiration rates were not impaired (Fig
1f, Extended Data Fig 1c). Mitochondrial ultrastructure, electron transport chain subunit
content and DNA copy number were unchanged in hearts of 4 or 8-week-old cMPC1™/~
mice (Extended Data Fig 1d—g).

cMPC1~~ mice develop age-dependent cardiac hypertrophy and cardiac dysfunction.

No significant difference was observed in cardiac structure, ejection fraction, L\ chamber
mass or heart weight normalized to tibia length in cMPC1~/~ at the age of 4 weeks (Fig 1g-
j). By 8-weeks of age, cMPC1~/~ mice developed concentric LV hypertrophy (LVH) with
preserved ejection fraction (Fig 1g—j). LV function progressively declined thereafter, as
evidenced by LV dilatation and reduced ejection fraction that was clearly evident in 18-
week-old mice and inexorably progressing until death (Fig 1g—j, 1I). Consistent with
pathologic LVH, expression of the hypertrophic markers, ANP, BNP and actal (Fig 1k),
were dramatically induced at the age of 8 weeks.

Metabolic characterization of cMPC1~/~ hearts.

To further explore metabolic changes that could inform mechanisms underlying cardiac
dysfunction in the absence of MPC, a detailed characterization of myocardial substrate
metabolism was undertaken in hearts of 8-week-old cMPC1~/~ mice at the stage of
compensated pathological LVH.

Substrate Oxidation in Isolated Working Hearts: Glucose oxidation was reduced by
50% but glycolysis was not altered in cMPC1~/~ hearts (Fig 2a,b). FAO was increased by ~
55% in cMPC1~/~ hearts, while MVO, was decreased by ~ 28% (Fig 2c,d). Cardiac power
was increased by ~ 2.4-fold and cardiac efficiency was significantly increased by 8% in
cMPC17/~ hearts (Fig 2e,f).

Fate of Glycolytic Intermediates: Although glycolytic flux in isolated working hearts
was not increased, glycolytic intermediates determined by gas chromatography-mass
spectrometry (GC-MS) analysis were increased in cMPC1~/~ hearts collected by freeze
clamping /n situ. Glucose-6-phosphate, glucose-1-phosphate and pyruvate were increased by
~ 2.6-fold, ~ 1.8-fold and ~ 1.8-fold respectively (Extended Data Fig 2a). Protein levels of
glycolysis enzymes (hexokinase | and GAPDH) isolated from cardiomyocytes were
increased by ~ 1.4-fold and ~ 1.3-fold respectively in cMPC1~/~ hearts (Extended Data Fig
2b). The intermediate of the PPP, sedoheptulose-7-phosphate (S7P), was also increased by ~
2.1-fold (Extended Data Fig 2a). O-GIcNAc protein modifications - a proxy of flux through
the HBP, and glycogen content were determined in hearts from 8-week-old control and
cMPC1~/~ mice. cMPC1~/~ hearts exhibited a 76% increase in total O-GIcNAC protein
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modification (Fig 2g,h) and a 70% increase in levels of the enzyme O-GIcNAc transferase
(Extended Data Fig 2b). Under both fed and overnight fasting (18 hours fasting) conditions,
glycogen storage was increased by ~ 4.2-fold and ~ 1.4-fold in cMPC17/~ hearts,
respectively (Fig 2i). In addition, total glycogen synthase protein and its phosphorylation
level were increased in cMPC1~/~ hearts (Extended Data Fig 2b). These data indicate that
glucose is shunted into alternative glucose metabolic pathways such as the PPP, the HBP and
glycogen in cMPC1~/~ hearts.

Metabolomics Analysis in Perfused cMPC1~/~ hearts: To evaluate metabolite
partitioning in cMPC1~/~ hearts in greater detail, an independent cohort of hearts from 8-
week-old control and cMPC1~/~ mice were perfused with unlabeled substrates in the
Langendorff mode and subjected to metabolomics analysis using GC-MS. Tissue levels of
pyruvate, alanine and serine were increased in cMPC1~/~ hearts, but lactate and ketone
bodies (B-hydroxybutyrate: p-HB; Acetoacetate: AcAc) concentrations were unchanged (Fig
3a—f). The increase in pyruvate is consistent with restricted mitochondrial pyruvate entry and
increased alanine suggests increased conversion of accumulated pyruvate to alanine by
alanine transaminase (ALT). Tissue concentrations of the CAC intermediates citrate, a-
ketoglutarate (a-KG), succinate, fumarate and malate were not significantly changed in
cMPC1~/~ hearts (Fig 3g). The ratio of lactate/pyruvate and B-HB/AcAC reflects the ratio of
NADH/NAD* in the cytosol and mitochondria respectively?3:36. In cMPC1~/~ hearts, the
lactate/pyruvate ratio was reduced but the p-HB/AcAc was unchanged (Fig 3h,i), which
suggests the redox state was maintained in mitochondria, but not in the cytosol. The lower
lactate/pyruvate ratio reflects increased NAD™ relative to NADH, which suggests the
cytoplasmic redox state became more oxidized in cMPC1~/~ hearts.

Carbon Isotopomer Flux Analysis in cMPC1~/~ Hearts: To further determine the
metabolic fate of glucose-derived carbons, Langendorff perfusions were conducted using a
modified Krebs buffer containing a mixture of substrates at physiological concentrations
including [U-13Cg]-glucose (Extended Data Fig 3). 13C-Molar Percentage Enrichment
(MPE) of pyruvate, lactate and alanine but not serine was increased in cMPC1~/~ mouse
hearts (Fig 4a, Extended Data Fig 4a—d). The increased 13C-MPE of pyruvate and lactate
supports accumulation of glycolytic intermediates and flux into pyruvate and lactate versus
conversion from lactate to pyruvate via lactate dehydrogenase. Increased 13C-MPE of
alanine is consistent with increased relative flux of accumulated pyruvate into alanine by
ALT. No changes were observed in the MPE of M+2 pyruvate (Extended Data Fig 4a),
suggesting that the proportional contribution from the PPP to pyruvate was not increased
relative to glycolytic flux. In addition, the MPE of M+3 serine was not significantly changed
between control and cMPC1~/~ hearts (Extended Data Fig 4d), suggesting the relative flux
into the serine biosynthesis pathway (SBP) of glycolytic intermediates derived from
exogenous glucose was not increased in cMPC1~/~ hearts.

Although tissue concentrations of CAC intermediates were maintained in cMPC1~/~ hearts,
the 13C-MPE of these CAC intermediates was increased (Fig 4b). PC flux (contributed by
both pyruvate carboxylase and ME1) and PDC flux relative to citrate synthase (CS) were
calculated from tissue 13C-MPE of isotopomers of citrate, pyruvate, OAA moiety of citrate
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(OAAC!T and succinate3’. Although PC/CS and PDC/CS flux ratio were not significantly
changed in cMPC17/~ hearts (Fig 4c,d), the flux ratio of PC/PDC was significantly reduced
in cMPC17/~ hearts (Fig 4e), indicating that PDC flux is maintained or increased in
cMPC17/~ hearts, without a concurrent increase in PC flux. Consistent with the reduced
PC/PDC flux ratio, the percentage of recycled 13C-labeled citrate metabolized into the CAC
(% citrate recycling), ( calculated from the tissue 13C-MPE of isotopomers of citrate,
succinate and OAAC!T 25) was increased in cMPC1~/~ hearts (Fig 4f). These observations
were independently validated by NMR analysis of Langendorff-perfused hearts
supplemented with [1,6-13C5]-glucose and [3-13C]-pyruvate/lactate, in addition to unlabeled
palmitate. The fractional enrichment of 13C-labeled glutamate was increased in cMPC17~/~
hearts (Fig 4g). Anaplerosis contributed by unlabeled carbohydrate, determined as the ratio
of anaplerosis to citrate synthase ()) was not increased (Fig 4h) when analyzed by NMR in
hearts perfused with [U-13C;g]-palmitate, in addition to unlabeled substrates. These results
identify potential MPC-independent auxiliary pathways by which pyruvate-derived carbons
enter the mitochondria to generate acetyl-CoA, and changes in CAC intermediate
metabolism or flux that increases the contribution of carbohydrate-derived acetyl-CoA
carbons to the CAC, when MPC content is reduced. Notably, increased anaplerotic flux does
not account for the MPC-independent increase in the relative contribution of glucose-derived
acetyl-CoA carbons to the CAC in cMPC1~/~ hearts at the compensated hypertrophy stage.

Increased 13C-enrichment of acetyl-CoA (Fig 4i) in hearts perfused with [2,4-13C,]-B-
hydroxybutyrate revealed increased ketone oxidation in cMPC1~/~ hearts. Liquid
chromatography mass spectrometry (LC-MS) revealed increased 13C-labeling of
isotopomers of CAC intermediates (Extended Data Fig 5), consistent with elevated
utilization of ketones.

A ketogenic diet reverses structural and functional remodeling in non-stressed cMPC1~/~

hearts

Given the evidence for increased ketone oxidation in cMPC1~/~ hearts and published
evidence that a ketogenic diet (KD) rescued embryonic lethality in germline MPC-deficient
mice2, we tested the hypothesis that increasing the delivery of ketones to cMPC1~/~ hearts
could ameliorate cardiac dysfunction. The first experiments used a KD that significantly
raised circulating concentrations of the ketone body p-hydroxybutyrate (B-HB) by 10-fold
(Fig 5a) and FGF21 (Fig 5b). Four protocols for KD feeding were used, with mice placed on
the KD at varying ages, characterized by progressive degrees of cardiac dysfunction. In
protocol 1, KD was initiated at the time of weaning (3-week-old). Cardiac hypertrophy, LV
dysfunction and the induction of pathologic hypertrophy genes were completely prevented
after 15 weeks of KD feeding (Fig 5d—g). No fibrosis was observed in either control or
cMPC1~/~ hearts on the control diet or KD (Fig 5c). Thus, a KD prevents cardiac
dysfunction induced by loss of MPC. In protocol 2, 10-week-old cMPC1~/~ mice with
established cardiac hypertrophy were placed on the KD, which reversed LVH and
hypertrophic gene induction after 8-weeks of feeding (Fig 6a—b, Extended Data Fig 6).
Thus, a KD leads to regression of LVH in cMPC1~/~ mice with compensated LVH. In
protocol 3, 18-week-old cMPC1~/~ mice with reduced ejection fraction were placed on a
KD. The increased LV mass and decreased ejection fraction were reversed by KD feeding
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for 8 weeks (Fig 6¢—d). However, in protocol 4, the dilated cardiomyopathy in 24-week-old
cMPC1~/~ mice was only partially reversed by KD feeding (Fig 6e—f). The earliest evidence
for interfibrillar fibrosis was observed in cMPC1~/~ hearts at the age of 22 weeks (Fig 6g-h).
Taken together, KD reversed heart failure in cMPC1~/~ mice prior to the development of
fibrosis.

To examine the durability of KD protection, another cohort of 10-week-old mice were
started on KD for 8 weeks and then 50% of mice for each genotype were then randomized to
remain on the ketogenic diet or switched back to normal chow (2920X). Cardiac
hypertrophy and heart failure re-developed in cMPC1~/~ mice when placed back on normal
chow (Extended Data Fig 7). These results clearly indicate that the protection from KD are
present only as long mice are consuming KD.

High fat diet or ketone ester diet reverses cardiac structural remodeling in non-stressed
cMPC17/~ hearts

The KD is a low carbohydrate and high-fat diet, which increases fatty acid and ketone
availability to the heart. To test if the protective effects derived specifically from fat or
ketone bodies, a high fat diet (HFD) or a ketone ester (KE) diet was used to determine the
specific impact of these fuels on cardiac structure and function in cMPC1~/~ mice. The KE
diet increased circulating concentrations of B-HB by 2-fold (Fig 6i) and was employed in
10-week-old mice (similar to KD Protocol 2). Although cardiac hypertrophy was attenuated
(Fig 6j—k), KE did not completely normalize heart weights. However, LV function was
preserved (Fig 6l). The non-ketogenic HFD, which was matched for micronutrients with the
normal control diet (NCD), was initiated in 10-week-old cMPC1~/~ mice to mirror protocol
2. HFD fully rescued cardiac hypertrophy and heart failure in cMPC1~/~ mice, relative to
animals on NCD (Fig 6m-n).

Metabolic adaptations to ketogenic diet in non-stressed cMPC1~/~ hearts

To explore potential mechanisms for the KD rescue, freeze-clamped hearts from both
control and cMPC1~/~ mice fed the control diet (2920X) or the KD were subject to
metabolomics analysis. Data from both GC-MS and LC-MS were combined and depicted on
a heat map (Fig 7a). The PCA plot revealed distinct metabolomics profiles between control
and cMPC1 7/~ hearts in mice fed the 2920X chow. However, the metabolomics pattern
became overlapping in control and cMPC1~/~ when fed the KD (Fig 7b). The majority of
acyl-carnitines with chain lengths from 3:0 to 20:4 were increased in cMPC1~/~ hearts
relative to controls when fed 2920X chow (Fig 7¢). Moreover, on the KD, control hearts
displayed increased acyl-carnitines accumulation. In contrast, cMPC1~/~ hearts did not
further increase acyl-carnitines on the KD but maintained levels that were equivalent to that
of controls on the KD (Fig 7c). Accumulation of pyruvate and lactate in cMPC1~/~ heart was
reversed by KD feeding (Fig 7d). KD feeding also reduced the relative tissue concentration
of glucose, glucose-6-phosphate and fructose-6-phosphate. Together these data suggest that
glucose uptake and glycolysis were markedly repressed in both control and cMPC1~/~ hearts
on KD (Fig 7d). A reduction in some CAC intermediates (acetyl-CoA and citrate, Fig 7¢)
and ATP (Fig 7f) was observed in the 14-week-old cMPC1~/~ hearts compared to control
hearts on 2920X chow and these deficiencies were rescued by KD feeding (Fig 7e—f).
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Accumulation of the PPP intermediate (sedoheptulose-7-phosphate) and the SBP
intermediate (serine and glycine) was reversed in the cMPC1~/~ hearts fed with KD (Fig 7g).
Some of the nucleotides, which were increased in cMPC1~/~ hearts on 2920X chow, were
normalized in cMPC1~/~ hearts fed with KD (Fig 7h). Moreover, the increased glycogen
storage and elevated protein O-GIcNAc modification in cMPC1~/~ hearts were reversed by
KD feeding (Fig 7i-k). In conclusion, KD feeding reversed the accumulation of pyruvate
and lactate, the decline in citrate and the shunting of glucose into alternative pathways (PPP,
SBP, HBP and glycogen storage) in cMPC1~/~ hearts that correlate with reversal of the age-
dependent structural remodeling.

Divergent effects of short-term versus long-term ketogenic diets on cMPC1~/~ mice
following pressure overload

Given the striking effect of KD to prevent or reverse LV remodeling in non-stressed
cMPC1~/~ hearts, we sought to determine if this would modify the response of these hearts
to hemodynamic stress. cMPC1~/~ mice were subjected to transverse aortic constriction
(TAC) surgery. Young (6-week-old) control mice tolerate TAC and do not develop heart
failure. However, 6-week-old cMPC1~/~ mice exhibited accelerated LV remodeling and
heart failure characterized by increased cardiac hypertrophy and fibrosis and greater
reduction in ejection fraction (Fig 8a—€). To explore if short term KD feeding could
ameliorate the exacerbated heart failure phenotype of cMPC1~/~ mice under pressure
overload, 8-week-old mice were placed on KD that was started at the time of TAC or
maintained on control diet (2920X). cMPC1~~ mice on control diet all died within 6-days of
TAC surgery, while the mortality of WT mice was 20%. In the KD cohort, survival of WT
mice was 100% within 1 week. However, all cMPC1~/~ mice on the KD died within 5-days
of TAC (Fig 8f). Seeing that short term KD feeding did not rescue the heart failure induced
by TAC in cMPC1~/~ mice, a separate cohort of mice fed with KD starting at weaning (3-
week-old) were subjected to TAC surgery at the age of 6 weeks to explore the effect of long-
term KD feeding. 3-weeks post TAC, cMPC1~/~ mice exhibited similar cardiac hypertrophy
as control mice following TAC and ejection fraction was not decreased (Fig 8g—i). Thus,
long-term KD feeding prevented heart failure in cMPC1~/~ mice without attenuating the
hypertrophic response. To further characterize the impact of KD in WT mice we compared
the response to TAC in chow and KD-fed WT mice. Cardiac hypertrophy attenuation was
detected in young WT mice (6-week-old) after TAC surgery (Extended Data Fig 8a—c) but
not 10-week-old WT mice (Extended Data Fig 8d-f).

Discussion

This study, demonstrating that loss of MPC in cardiomyocytes leads to age-dependent
cardiac dysfunction and impaired substrate metabolism provides interesting insights into the
physiological role of normal levels of MPC-dependent mitochondrial pyruvate uptake in the
heart. First, we identified metabolic adaptations that develop in the heart including the
existence of potential alternative pathways for pyruvate mitochondrial entry, independent of
anaplerosis that are insufficient to maintain normal CAC activity in response to aging and
hemodynamic stress. Second, we identified the existence of adaptive changes in fatty acid
metabolism, that not only increase rates of fatty acid oxidation but also lead to accumulation
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of acyl-carnitines. Despite the existence of these adaptive mechanisms by which glucose-
derived carbons could enter the CAC and an increased dependence on FA metabolism,
cMPC1~/~ hearts inexorably progress to failure. Reduced mitochondrial pyruvate uptake led
to the accumulation of pyruvate and lactate /7 vivo and accumulation of pyruvate in perfused
hearts, which recapitulate findings reported with chemical inhibitors of the MPC38, In
addition, there was increased partitioning of glycolysis-derived metabolites into other
cytosolic pathways such as glycogen synthesis, the HBP, the PPP and the SBP, which in
concert with changes in mitochondrial substrate utilization likely contributed to cardiac
dysfunction. All of these metabolic abnormalities were reversed when animals were
presented with supra-physiological availability of alternative substrates such as ketones or
fatty acids, which also prevented structural remodeling.

Determination of pyruvate uptake and respiration in isolated mitochondria /n vitro, revealed
residual potential MPC-like pyruvate uptake activity in MPC1 deficient mitochondria. This
could reflect supra-physiological concentrations of pyruvate used in /n vitro assays that
could potentially lead to limited mitochondrial uptake via non-specific mechanisms such as
carboxylate carriers with low affinity for pyruvate3?, or from MPC in non-cardiomyocyte
mitochondria (Extended Data Fig 1a). However, despite reduced mitochondrial pyruvate
uptake, isotopomer analysis of [U-13Cg]-glucose perfused hearts and fractional enrichment
of 13C-glutamate from [1,6-13C,]-glucose and [3-13C]-pyruvate/lactate perfused hearts at the
stage of compensated cardiac hypertrophy, revealed the existence of robust adaptations by
which pyruvate-derived carbons were entering the CAC acetyl-CoA pool most likely via
MPC-independent mechanisms as discussed below.

Cytosolic pyruvate can be converted to malate and alanine by ME1 and ALT1
respectively*:41 hoth of which then enter mitochondria via specific shuttles. Malic Enzyme
1 (MEZ1), catalyzes the conversion of cytosolic pyruvate to malate accompanied by NADPH
consumption®41:42. ME1 has been reported to be a significant source for anaplerosis and its
expression level is significantly induced in rodent models of pressure overload-induced
pathological hypertrophy®. In this context, cytosolic malate serves directly as an anaplerotic
substrate via exchange with a-ketoglutarate. However, carbon from this cytosolic malate
need not enter the TCA cycle solely through anaplerosis, because the mitochondrial
isoforms of malic enzyme, ME2 and ME3 could reconvert malate into pyruvate within the
mitochondria for oxidation via PDH. Indeed, in the absence of elevated anaplerosis and even
at baseline levels of ME1 in the normal heart, the pathway converting cytosolic pyruvate into
malate, which enters the mitochondria, remains a source of mitochondrial pyruvate, via the
action of ME2 and ME3. The ME redox pair (malate/pyruvate) was decreased in cMPC17/~
hearts, suggesting that the accumulated pyruvate could potentially drive the ME1 reaction to
generate malate. However, tissue pyruvate was predominantly labeled in the M+3. This
pattern does not support this mechanism because if the transfer was occurring through
malate, pyruvate should also be labeled at M+2 and M+1. M+3 labeling of pyruvate could
predominate if there was no isotopic label randomization at fumarase, which is believed to
be rapid and if there was no mixing of labeled malate coming from ME, with that derived
from the recycling of labeled citrate in the CAC. Although unlikely, this possibility cannot
be ruled out.
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Alanine and a-KG can be converted to pyruvate and glutamate, respectively in
mitochondria, by the enzyme ALT2, which is highly expressed in heart40. 13C enrichment
and absolute concentration of alanine was increased in cMPC1~/~ hearts, raising the
possibility that glucose and pyruvate-derived carbons could enter the CAC in an MPC-
independent manner via alanine, as was recently described in MPC deficient livers3L.
However, tissue levels of a-KG were repressed. Moreover, the expression level of the
cytosolic alanine transaminase isoform ALT1 is low in hearts*0 and the total ALT activity in
cMPC1~/~ hearts was not increased (Extended Data Fig 9b—c). Although these data suggest
that bypass via ALT might not represent the mechanism that increases pyruvate contribution
to CAC acetyl-CoA in cMPC1~/~ hearts at the compensated cardiac hypertrophy stage,
specific experiments to support this conclusion: such as reducing ALT activity or expression
or perfusing hearts with [2-13C,U-2H3]-pyruvate*3 to test for the role of alanine were not
performed. As such this mechanism cannot be completely ruled out.

Increased flux via the SBP could represent an alternative pathway for pyruvate carbons to
enter the CAC in an MPC-independent manner. Although the total serine pool determined by
metabolomics in in cMPC1 ™/~ hearts was increased, the M+3 enrichment of serine was <1%.
Thus, while the SBP was activated in cMPC1~/~ hearts, there is no evidence from the
labeling pattern of serine that the exogenous labeled glucose was contributing increased
CAC labeling of TCA intermediates via serine. An additional mechanism that was not
directly tested in this study is the possibility of increased mitochondrial lactate uptake and
an intramitochondrial lactate-pyruvate shuttle as recently proposed*4—46.

The metabolic impact of MPC deficiency in the heart differs profoundly from all other
tissues in which this has been previously examined. Specifically, the metabolic
reprogramming in cMPC1~/~ hearts does not result in increased use of glutamine carbons for
CAC metabolism (oxidative glutaminolysis) (Extended Data Fig 10). This contrasts with
other tissues such as liver, wherein the increased use of glutamine carbons for CAC
metabolism was associated with higher pyruvate-alanine, among other pathways30:31,

Although the specific mechanisms by which pyruvate enters the CAC when MPC levels or
activity are reduced remains to be definitively elucidated, our metabolic analyses indicate
that these adaptations appear to initially increase cardiac efficiency and increase cardiac
contractility in the short term, even when molecular evidence of pathological LVH is
present. However, decreased CAC intermediates and ATP in 14-week-old cMPC1~/~ hearts
(Fig 7e—f) indicates that alternate routes or mechanisms for mitochondrial pyruvate
utilization in the heart are insufficient in the long-term to sustain LV function as these mice
age. The possibility of CAC impairment is also supported by the observation that pyruvate
flux to anaplerosis was not increased in cMPC1~/~ hearts. Without MPC-dependent
anaplerosis, the CAC pool could be sustained by increasing the recycling of CAC
intermediates (Fig 4f) in the short term but this compensation mechanism is insufficient
during aging or in the face of an acute hemodynamic load. Together, these data suggest a
specific requirement for MPC in channeling or maintaining pyruvate availability for
anaplerotic pathways.
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Loss of mitochondrial pyruvate uptake in cardiomyocytes increased the accumulation of
glycolytic intermediates resulting in shunting of glucose into alternative pathways, such
SBP, PPP, HBP and glycogen storage. In [U-13Cg]-glucose perfused cMPC17~/~ hearts, the
relative enrichment of M+2 pyruvate and M+3 serine was unchanged (Extended Data Fig 4).
However, total tissue levels of pyruvate and serine were increased in the perfused cMPC17/~
hearts (Fig 3a, 3d), indicating that absolute abundance of M+2 pyruvate and M+3 serine was
increased. These data suggest increased PPP and SBP flux in ex vivo perfused cMPC17/~
hearts. Moreover, metabolomics analysis from /n situ (non-perfused) hearts revealed
accumulation of the PPP intermediate sedoheptulose-7-phosphate and SBP intermediates
serine and glycine in cMPC1~/~ hearts (Extended Data Fig 2a, Fig 7g); consistent with
increased shunting of glycolytic intermediates into the PPP and SBP /n vivo. Metabolomics
analysis also revealed increased nucleotide synthesis, suggesting that increased PPP flux
may be supporting increased nucleotide synthesis (Fig 7h). Increased glycogen (Fig 2i) and
O-GlcNAc content (Fig 2g-h) in cMPC1~/~ hearts indicate increased diversion of glucose
into the HBP and glycogen synthesis, changes in which have been reported to correlate with
pathological cardiac remodeling®7+48.

The multiple metabolic and mitochondrial adaptations that develop in cMPC1~/~ hearts
inform potential mechanisms that may initially maintain cardiac function but also contribute
to the ultimate decline in cardiac function on normal chow versus the beneficial effect of
KD. Although the auxiliary pathways by which pyruvate-derived carbons may enter the
CAC to support CAC function in cMPC1~/~ hearts in the short term, they are insufficient, as
evidenced by accumulation of lactate, pyruvate and increased diversion of glucose carbons
into non-glycolytic pathways such as the HBP, glycogen and the PPP. In concert, cMPC1~/~
hearts develop increased FAO and ketone body oxidation capacity, which could support
mechanisms by which ketogenic diets or high fat diets (HFD) rescue their structural
remodeling. A dramatic reduction in the accumulation of pyruvate, lactate, and glycogen
storage correlated with reversal of structural remodeling on KD or HFD. This raises the
possibility that mechanisms for cardiotoxicity could arise from accumulation of glucose-
derived intermediates (e.g. O-GIcNAc and glycogen) and potentially, tissue acidosis
secondary to increased lactate.

HFD was as effective as KD in reversing cardiac remodeling in cMPC1~/~ hearts, whereas a
ketone ester (KE) diet, that selectively increased ketone body availability had an attenuated
effect. It is possible that the level of hyperketonemia following KE feeding might not have
been elevated enough to overcome the CAC defect in cMPC1~/~ hearts. Our observations
that increasing the availability of ketones or FA substrates by dietary manipulation could
prevent or reverse LV remodeling in non-stressed cMPC1~/~ hearts, suggests that increasing
the availability of alternative carbon sources could ameliorate the pathophysiologic
consequences of altered CAC function or pyruvate partitioning in cMPC1~/~ hearts. This is
supported by our observation that protection by KD feeding in cMPC17/~ hearts was
dependent on the continuity of KD feeding (Extended Data Fig 7). Additional mechanisms
by which KD or HFD reverse cardiac structural, molecular and functional remodeling
induced by MPC deficiency in non-stressed heart should also be considered. For example, in
addition to metabolic changes such as increased ketone and FA oxidation, KD may also
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mediate some of its effect via alternative mechanisms such as epigenetic changes that alter
myocardial gene expression#9:50,

Normal hearts initially develop compensated cardiac hypertrophy following acute pressure
overload (PO) and this adaptation to PO requires energetic adaptations to the increased
energy demand. As discussed above, increased anaplerosis via pyruvate carboxylation from
both ME1 and PC is an important aspect of this adaptation. Without a functional MPC, entry
of pyruvate into the CAC by alternative mechanisms that exist in cMPC1~/~ hearts is
preferentially partitioned to PDC rather than entering CAC pool as OAA or malate. Thus,
the high energy demand induced by pressure overload does not appear to be supported by
increased ME1 flux into anaplerosis, leading to the rapid failure of MPC-deficient hearts.
The failure of short-term KD to rescue cMPC1~/~ hearts when subjected to pressure
overload identifies an indispensable requirement for MPC delivered pyruvate to support
CAC flux in the face of pathological stress. However, long-term KD leads to adaptations that
reverse age-dependent ventricular remodeling via molecular and metabolic mechanisms
discussed above. These adaptations restore the ability of cMPC1~/~ hearts to respond to an
added hemodynamic stress such as pressure overload. Thus, the protective impact of KD to
restore the adaptive response to pressure overload, does not depend solely on the immediate
availability of this alternative substrate, but also on the reversal of pathogenic and molecular
abnormalities that require a longer time course to regress.

Although the protection by KD feeding in cMPC1~/~ hearts was dramatic, a protective role
for KD in murine models of heart failure remain to be definitively resolved. Mild protection
of KD feeding on a heart failure model induced by TAC+MI were published recently®2.
Fatty acid oxidation rates in murine models of pressure overload-induced heart failure in
mice are reported to be reduced or unchanged and remains repressed when these hearts are
exposed to a more readily oxidized substrate like ketones®2. This contrasts with cMPC1~/~
hearts that reveal increased utilization of fatty acids and ketones. Additional metabolic
changes in the pressure-overload heart are also distinct from what was observed in the
compensated hypertrophy stage in cMPC1~/~ mice. For example, pressure overload is
characterized by elevated anaplerosis via the carboxylation of pyruvate mediated by
ME154L, In rodents and humans with heart failure ME1 expression is induced*!, which
contrasts with cMPC1~/~ hearts where ME1 expression was unchanged. Although a
mismatch between glycolysis and glucose oxidation has been described following TAC,
increasing ketone body utilization does not reverse this pattern®2, This contrasts with
cMPC1~/~ mutants, which exhibit regression of heart failure and LV remodeling in concert
with reduced accumulation of glycolytic intermediates and an overall increased dependence
on fatty acid oxidation on a KD. Taken together, these observations make it unlikely that
altered MPC expression or function can account for the metabolic characteristics of
pressure-overloaded (TAC) hearts or the partial effect of ketogenic diets on murine hearts
following TAC.

In conclusion, despite evidence for short-term adaptive mechanisms by which glucose
derived carbons could enter the CAC in cMPC17/~ hearts, these hearts inexorably progress
to heart failure and this inevitable cardiac dysfunction can be prevented by dramatically
increasing the delivery of FA and ketones. We identify a conserved role for mitochondrial
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pyruvate uptake in the myocardium to mobilize glycolysis-derived pyruvate for
mitochondrial metabolism. Without MPC-mediated pyruvate uptake, the accumulation of
potentially toxic glycolytic intermediates and their metabolic by-products likely contributes
to the maladaptive pathological hypertrophy, leading to age-dependent heart failure or
accelerated heart failure in response to a hemodynamic stress. The complete inhibition of
glycolysis and prevention of glycolytic metabolite accumulation by feeding alternate
substrates parallels the reversal or prevention of LV remodeling.

Animal Experiments and Generation of Cardiomyocyte-restricted MPC1 Knockout Mice

Animal work was performed in accordance with protocols approved by the University of
lowa Institutional Animal Care and Use Committee (IACUC). Mice were maintained on
rodent diet and water available ad libitum in a vivarium with a 12-hour light/dark cycle at
22°C and 30%-70% humidity. MPC1 cardiomyocyte-restricted knockout mice (cMPC17/7)
were generated by interbreeding MPC11oX/floX mice, with mice hemizygous for Cre
recombinase under control of the myosin heavy chain 6 (¢ MHC) promoter, which results in
the recombination of the LoxP sites and removal of exons 3-5. Experimental cohorts were
generated by crossing MPC1flox/flox ang MpC1floxX/* :q MHC-Cre mice to generate
Mpcaflox/flox :q MHC-Cre (cMPC17/7) and Mpc1flox/flox (\w) littermates, which were used
as controls. For the ketogenic diet study, mice were fed with Teklad 2920X diet (control
chow) or ketogenic diet (Bio-Serv, AIN-76A-Modified, Flemington, NJ). For high fat diet
feeding, the normal control diet (NCD, D12450J) and high-fat diet (HFD, D12492) were
purchased from Research Diets (New Brunswick, NJ), and the ketone ester (KE) chow was
prepared by Research Diets using 2920X mixed with the 10% (vol/weight) R,S-butanediol
diacetoacetate (KE) purchased from Keto Research Chemicals (Chicago, IL). The KE diet
was supplemented with the addition of 200mM potassium B-HB to the drinking water.

Transmission Electron Microscopy

LV tissue was isolated and cut into small pieces (less than 1 mm?3) and fixed with 2.5%
glutaraldehyde (in 0.1 M sodium cacodylate buffer [pH 7.4]) overnight at 4°C and then post-
fixed with 1% osmium tetroxide for 1 hour. Following serial alcohol dehydration (50%,
75%, 95%, and 100%), the samples were embedded in Epon 12 (Ted Pella, Redding, CA).
Ultramicrotomy was performed, and ultrathin sections (70 nm) were post-stained with
uranyl acetate and lead citrate. Samples were examined with a JEOL 1230 transmission
electron microscope (Tokyo, Japan). Mitochondrial volume density, number, and size were
quantified in a grid system.

Echocardiography

Transthoracic echocardiograms were acquired from sedated (midazolam 0.1 mg
subcutaneous injection) mice. The anterior chest hair was removed with Nair™ and warmed
gel was applied. The mouse was held gently by the nape of the neck and positioned in the
left lateral position. Cardiac images were obtained via a 30-MHz linear array transducer
applied to the chest. The transducer was coupled to a Vevo 2100 imager (VisualSonics,
Toronto, Canada). Images of the short and long axis were obtained with a frame rate of
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~180-250 Hz. All image analysis was performed offline using Vevo 2100 analysis software
(\Version 1.5). Endocardial and epicardial borders were traced on the short axis view in
diastole and systole. Left ventricular length was measured from endocardial and epicardial
borders to the left ventricular outflow tract in diastole and systole. The biplane area-length
method was then performed to calculate left ventricular mass and ejection fraction.

Mitochondrial Pyruvate Uptake

Mitochondria were isolated in buffer containing 70 mmol/L sucrose, 210 mmol/L D-
mannitol, 1 mmol/L EGTA, 0.5% fatty acid-free BSA, and 5 mmol/L HEPES pH 7.2.
Mitochondria were resuspended in 100 L of Uptake Buffer (120 mmol/L KCI, 5 mmol/L
KH,PO4, 1 mmol/L EGTA, 5 mmol/L HEPES, pH 7.4, 1 umol/L Rotenone, and 1 pmol/L
Antimycin A) and were aliquoted into two 30 UL aliquots. One aliquot was treated with 2
mM a-Cyano-4-hydroxycinnamic acid (CHC, Sigma-Aldrich 476870, St. Louis, MO) and
the other was treated with a volume of uptake buffer equal to the volume of CHC added. The
remaining untreated resuspension was used to perform a protein assay for normalization. 30
uL of treated mitochondria were rapidly mixed with 30 uL of 2X Pyruvate buffer (Uptake
buffer, pH 6.1, containing 0.1 mM [2-14C]-pyruvate (Perkin Elmer NEC256050UC, Hebron,
KY)), generating the pH gradient needed to initiate uptake. The final concentration of 14C-
pyruvate was 0.05 mM. 100 uL of Stop buffer (Uptake Buffer, pH 6.8, supplemented with 10
mmol/L CHC) was added to halt uptake 60 seconds after uptake was initiated. Mitochondria
were recovered by passing the solution through a 0.8 um cellulose filter (Millipore
AAWP-142-50, Burlington, MA) and a 0.45 um nitrocellulose filter (Bio-Rad 162-0115,
Hercules, CA). Filters were washed twice with 200 uL Wash buffer (Uptake Buffer, pH 6.8,
supplemented with 2 mmol/L CHC and 5 mmol/L Pyruvate) and placed into scintillation
vials for quantification. The assays were conducted with all buffers and reaction vessels
cooled to 4°C and maintained throughout the assay period on wet ice. Mitochondria pre-
treated with CHC were used as a negative control and counts were subtracted from non-pre-
treated mitochondria. Although rotenone and antimycin A are included in assay buffer to
ablate electron transport chain (ETC) activity, limited pyruvate oxidation via pyruvate
dehydrogenase or other metabolic reactions may occur during the assay until cofactors are
depleted or through trace residual ETC activity. However, because of the proton gradient
experimentally generated by the ApH of 0.6 units between the mitochondria and the extra
mitochondrial pyruvate containing media, pyruvate uptake, which is proton-dependent, is
expected to remain rate-limiting during the linear phase of pyruvate uptake assay. In the
event of limited pyruvate oxidation, the use of [2-14C]-pyruvate ensures that 14C persists
within mitochondria for a full turn of the TCA cycle. Therefore, 14C counts were interpreted
as mitochondrial pyruvate uptake.

Mitochondrial Respiration

Fresh whole hearts were used to isolate mitochondria. Mitochondria were isolated in buffer
containing 70 mmol/L sucrose, 210 mmol/L D-mannitol, 1 mmol/L EGTA, 0.5% fatty acid-
free BSA, and 5 mmol/L HEPES pH 7.2. Mitochondria were resuspended and protein
concentration was determined by the Bradford method (ThermoFisher Scientific, 23236,
Waltham, MA). OCR measurements were performed in isolated mitochondria using the
Seahorse XFe24 (Agilent, Santa Clara, CA) according to the manufacturer’s instructions.
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Mitochondria were loaded into plates for the assays at a concentration of 10 pg/well.
Isolation buffer was replaced by pre-warmed unbuffered DMEM (Sigma, St. Louis, MO)
and equilibrated for 1 h at 37 °C. Oligomycin (2 umol/L), FCCP (0.4 pmol/L), rotenone (0.5
pumol/L) and antimycin A (0.5 pmol/L) were dissolved in assay medium and loaded on
sensor cartridge ports. Oxygen consumption was detected under basal conditions followed
by the sequential addition of the indicated drugs.

Gene Expression Analysis

Hearts were excised, rinsed in ice-cold PBS and snap-frozen. RNA from ventricular tissue
was extracted using TRIzol (Life Technologies, 15596018, Waltham, MA). The RNA was
quantified with a Nanodrop 2000 Spectrophotometer (ThermoFisher Scientific, Waltham,
MA). Complementary DNA was generated with the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems 4368814, Waltham, MA) using the oligo(dT)12-18
primer (ThermoFisher Scientific, Waltham, MA) and analyzed by real-time PCR using
SYBR green chemistry (ThermoFisher Scientific, 4367659). Primers were designed using
Primer-BLASTS3 and are listed in Supplementary Table 1. QPCR standard curves were
plotted using serial dilutions of cDNA of the analyzed samples. At least 4 dilution points
were used to plot the standard curve and the efficiency of all primer sets was between 80 and
120%. The housekeeping gene RP16S was used as an internal control for cDNA
quantification and normalization of the amplified products. All data are reported as mean +
SE.

Immunoblot Analysis

Heart tissue was homogenized in RIPA buffer (50 mmol/L Tris-HCI pH 8.0, 150 mmol/L
NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1.0% NP-40) with 1X
protease inhibitor (ThermoFisher Scientific, 78440, Waltham, MA). Homogenates were
incubated on ice for 30 minutes and centrifuged at 16,0009 before the supernatants were
collected. Protein concentration was determined using the BCA kit (ThermoFisher
Scientific, 23225). Proteins were separated by tris-glycine gels, transferred to 0.22 pm
PVDF membrane (Millipore, IPVH00010, Burlington, MA), and blocked with TBST (50
mmol/L Tris, 150 mmol/L NaCl, and 0.05% Tween-20) supplemented with 5% nonfat dry
milk (Bio-Rad, 1706404XTU, Hercules, CA), incubated with primary antibodies at 4°C
overnight and fluorescent secondary antibodies (Cell Signaling Technology, 5366 & 5257,
Danvers, MA) for 1 hour, and visualized using the LiCor Odyssey CLx system (LI-COR
Biotechnology, Lincoln, NE). Primary antibody information is listed in Suppl. Table 2.

In-situ Metabolomics

Heart samples were freeze-clamped and stored at —80 °C. Frozen tissue was lyophilized
overnight and then extracted in 720uL of methanol, acetonitrile and water in a 2:2:1 ratio.
The standards mixture (Img/ml of D4-succinate, Dg-valine, D4-citrate, 13Cs-glutamine,
13Cs-glutamate, 13Cg-lysine, 13Cs-methionine, 13Cs-serine and 13Cy;-tryptophan) was added
into the extraction buffer at a 1:1000 ratio before use. Tissues were placed in tubes with
ceramic beads and extracted using a Bead Mill Homogenizer (Bead Ruptor Elite, Omni
International, Kennesaw, GA) at 6.45 m/s for 30 sec. After rotating at =20 °C for 1 hour,
sample tubes were centrifuged at 21,000 g for 10 minutes and then the supernatant (~400
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uL) was transferred to a new tube to dry at room temperature in a Savant™ SPD131DDA
SpeedVac™ Concentrator (ThermoFisher Scientific, Waltham, MA).

For liquid chromatography-mass spectrometry (LC-MS), 40 uL of acetonitrile/water (1:1)
was added into the completely dried samples and vortexed to completely dissolve. After
centrifuging at 21,0009 for 5min, supernatants were transferred to the LC tube for the assay.
LC-MS-based analyses were performed on a Millipore SeQuant ZIC-pHILIC (2.1 x 150
mm, 5 um particle size) with a ZIC-pHILIC guard column (20 x 2.1 mm, Sigma-Aldrich, St.
Louis, MO) coupled to a Thermo Q Exactive hybrid quadrupole Orbitrap mass spectrometer
with a Vanquish Flex UHPLC system (ThermoFisher Scientific, Waltham, MA). The
chromatographic gradient was run at a flow rate of 0.150 mL/min as follows: 0-20 min—
linear gradient from 80 to 20% Buffer B (CH3CN, mixed with 20 to 80% of Buffer A: 20
mmol/L ammonium carbonate and 0.1% ammonium hydroxide respectively); 20-20.5 min
—Tlinear gradient from 20 to 80% Buffer B; and 20.5-28 min—hold at 80% Buffer B. The
mass spectrometer was operated in full-scan, polarity-switching mode, with the spray
voltage set to 3.0 kV, the heated capillary held at 275 °C, and the HESI probe held at 350 °C.
The sheath gas flow was set to 40 units, the auxiliary gas flow was set to 15 units, and the
sweep gas flow was set to 1 unit. MS data acquisition was performed in a range of m/z 70—
1,000, with the resolution set at 70,000, the AGC target at 1 x 106, and the maximum
injection time at 20 ms.

For gas chromatography—mass spectrometry (GC-MS), samples were derivatized using a
combination of methoxyamine and pyrimidine (MOX solution). MOX solution was made by
adding methoxyamine in anhydrous pyridine to achieve 11.4mg/mL. The pyridine was
extracted from the bottle under a continuous flow of nitrogen using a dry syringe and a
nitrogen adapter. 30 pL of the MOX solution was added into the dried extracts, vortexed for
10 min and followed by heating at 60 °C for 1 hour. Then, 20 uL of N-Methyl-N-
(trimethylsilyl) trifluoroacetamide reagent (TMS) was added to the 30 pL solution, vortexed
for 1 min and heated at 60 °C for 30 min. The GC-MS data were acquired using a Trace
1310 Gas Chromatograph (ThermoFisher, Waltham, MA) coupled with an 1ISQ LT Single
Quadrupole Mass Spectrometer (ThermoFisher, Waltham, MA). GC was performed using a
TraceGOLD TG-5SilMS GC Column (30m x 0.25mm I.D., coated with a 0.25um film,
ThermoFisher, Waltham, MA). The GC conditions were as follows: initial oven temperature
of 80°C held for 3 minutes, followed by a temperature ramp of 20°C/min to 280°C with a
final hold at 280°C for 8 minutes. Helium was used as a carrier gas with a flow rate of
1.2mL/min. The mass spectrometer was operated by electron impact ionization at 70eV and
the scan mode was selected ion monitoring (SIM).

Both LC-MS and GC-MS, data was collected using Xcalibur™ Software (ThermoFisher,

Waltham, MA). Metabolite peak detection were performed by TraceFinder General Quant
(Thermo Scientific, Waltham, MA). Metabolites were identified using an in-house library
developed from purchased standards. Metabolomics data was analyzed by MetaboAnalyst
(http://www.metaboanalyst.ca).
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Isolated Working Heart Perfusion

Langendorff heart perfusion was initially prepared as previously described®®. In brief, hearts
from WT and cMPC1~/~ mice were excised after isoflurane anesthesia, and then cannulated
and retrogradely perfused with modified Krebs-Henseleit buffer (118.5 mmol/L NaCl, 4.7
mmol/L KCI, 2 mmol/L CaCly, 1.2 mmol/L MgSOy, and 1.2 mmol/L KH,POy4, 17.3 mM
NaHCO3). After a stable perfusion for 5min, the perfusion line was switched to the working
heart mode (pre-load at 10 mmH-,O and after-load at 60 mmH,0) with modified Krebs-
Henseleit buffer equilibrated with 95% O,/5% CO», containing 0.4 mmol/L palmitate bound
to bovine serum albumin in a 3:1 ratio, 5 mmol/L glucose, 0.5 mmol/L sodium pyruvate and
1 mmol/L sodium lactate. Buffer temperature was maintained at 39°C. Glucose oxidation
and glycolysis were measured in one cohort of perfused hearts, and palmitate oxidation was
measured in the second cohort. Glucose oxidation was determined by capturing 14CO,
released from the oxidation of [U-14Cg]-glucose (PerkinElmer, specific activity, 296 MBq/
mol). Glycolytic flux was measured by the amount of 3H,0 released from the metabolism of
exogenous [5-3H]-glucose (PerkinElmer, specific activity, 177 MBg/mol). Palmitate
oxidation was assessed from the amount of 3H,0 oxidized from the [9,10-3H,]-palmitate
(PerkinElmer, specific activity, 42 GBg/mol).

The perfusion lasted for 1 hour and buffer samples were collected from the circulating
system every 20 min. Cardiac function, including heart rate (HR, in beat/min), and
developed pressure (DevP, in mm Hg), was monitored by a Millar pressure catheter (Millar
Instruments, Houston, TX). Oxygen content and coronary flow were recorded every 20 min
throughout the 1-hour perfusion.

The oxygen content of freshly oxygenated buffer (arterial partial pressure of oxygen [PaO5])
and oxygen concentration in the pulmonary artery effluent (venous partial pressure of
oxygen [PvO,]) were collected using a capillary tube and measured using a fiber optic
oxygen sensor (Ocean Optics, Orlando, FL). Myocardial O, consumption (MVO,), cardiac
hydraulic work (CHW), and cardiac efficiency (CE) were calculated using the following
formulas.

Myocardial O, consumption, in pmole - min~1 - g1 dry heart weight (DHW), was
determined as follows: MVVO5 = [(PaO, — Pv0,)/100] - (coronary flow/DHW) - 0.0393 -
(1000 - C), where PaO, is the arterial partial pressure of oxygen in mm Hg, PvO, the venous
partial pressure of oxygen in mm Hg and C is the Bunsen coefficient for plasma, i.e., 0.0212.
MVO, (ml/min) was converted to pmol/min by multiplying by the conversion factor 0.0393.

Cardiac hydraulic work, in J - min™ . g~} WHW, was determined as follows: CHW = CO -
DevP - 1.33 - 10~4/g WHW, where CO is the cardiac output in ml/min.

Cardiac efficiency, as a percentage, was determined as follows: CE = CHW/MVO, - 100.

MVO, (ml/min) was converted to pmol/min by multiplying by the conversion factor 0.0393
and then to joules per min (J/min) using the conversion formula of 1 pymol O, = 0.4478 J.
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Metabolite concentration and 13C-flux analysis by GC-MS

GC-MS was performed to measure the tissue concentration and 13C-enrichment of CAC
intermediates, pyruvate, lactate and intracellular free amino acids as described
previously®>:56, Hearts from both control and cMPC1~/~ mice were perfused retrogradely
through the aorta at a constant pressure of 70 mmHg with a nonrecirculating modified Krebs
buffer containing (in mmol/L) 118.5 NaCl, 4.7 KClI, 1.5 CaCl,, 1.2 KH,POy, 1.2 MgSOy,
17.3 mM NaHCO3 (pH 7.4) and various substrates (in mmol/L: glucose 10; lactate 0.5;
palmitate bound BSA 0.4; p-hydroxybutyrate (B-HB) 0.1; glutamine 0.5; pyruvate 0.2).
Cardiac function was monitored by LabChart system using a Millar catheter connected to a
balloon filled with water. The balloon was inserted into left ventricle and the diastolic
pressure was set to 5-10 mmHg. Hearts were perfused with unlabeled substrates, freeze-
clamped and extracted with 70% methanol and 1 mol/L hydroxylamine (pH 7.6). Tissue
lysate was mixed with the mixture containing internal and external standards. The mixture of
organic acids (OA) standards included 200 nmol 13Cs-lactic acid, 60 nmol 13Cg-pyruvic
acid, 30 nmol 13C4-B-hydroxybutyric acid, 20 nmol 13C,-a-ketobutyric acid, 20 nmol
citrate, 20 nmol 13C4-a-ketoglutarate, 20 nmol D4-succinate and 20 nmol Ds-malate. The
mixture of amino acids (AA) external standards included 13Cs-alanine, 13C,-glycine, 13Cs-
valine, 13Cg,15N-leucine, 13Cg-isoleucine, 13Cs,15N-proline, 13Cs-methionine, 13Cs,15N-
serine, 13C4,15N-threonine, Dg-phenylalanine, 13C,,15N-aspartate, 13Cs,1°N-glutamate,
13Cg-arginine, 13Cq-tyrosine, 13Cg-histidine. Samples were homogenized with 2.8 mm
zirconium oxide beads (Omni International, Kennesaw, GA). Lysates were added with 1
mol/L hydrochloric acid (pH between 5 and 6) to incubate at 70 °C for 15 min and then
centrifuged at 22,000 g for 10 min. The supernatant was evaporated, rinsed once with 100%
methanol, and drained twice with ammonium sulfate. After a quick centrifugation at 7,000 g,
the supernatant was evaporated again, samples were solubilized in 100% pyridine at 45 °C
for 90 min and followed by derivatization using A-methyl- /-
tertbutyldimethylsilyltrifluoroacetamide at 90 °C for 4 h. Samples were injected into an
Agilent 6890N chromatograph coupled to a 5975N mass spectrometer operated in electronic
ionization mode (helium gas) at a flow rate maintained throughout (OA: 23.3 ml/min and
AA: 20.1 ml/min) in split mode (OA: 28:1 and AA: 23.2:1). The temperature program for
OA was fixed as followed: 150 °C for 5min, increment of 10°C /min up to 300°C, and then
20 °C/min up to 320 °C. For AA, the temperature program was set as: 150 °C for 3min,
increment of 7 °C/min up to 210 °C and maintained constant for 3min, increment of 7
°C/min up to 310 °C and maintained for 3min and then 10 °C/min up to 320 °C. Metabolites
were identified according to m/z and retention time and quantified using internal or external
standards and standard curves.

For 13C-labeling experiments, unlabeled glucose or glutamine was replaced by U-13Cg-
glucose or U-13Cg-glutamine, respectively. The perfusate was gassed with 5% C0,-95% O,.
The hearts were perfused with unlabeled substrates for 15 min to reach stabilization and then
the buffer was switched to the labeled substrate and the perfusion continued for 30 min.
Hearts were freeze-clamped and saved immediately after perfusion and analyzed via GC-
MS. Procedures for determination of concentrations and 13C-labeling of metabolites (citrate,
OAA, a-KG, succinate, malate, fumarate, pyruvate, lactate, alanine and serine) were
performed as previously described8 with slight modifications. Briefly, metabolites were
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extracted from pulverized heart powder using 70% methanol. The 13C-labeling of the OAA
moiety of citrate (OAAC!T) was assessed as previously described®®.

The absolute concentrations and 13C-enrichment of pyruvate, lactate, amino acids (alanine,
serine, glutamate, glutamine, leucine, isoleucine and valine) and CAC intermediates (citrate,
a-KG, succinate, fumarate, and malate) in the extracted tissue was measured by GC-MS
using an Agilent 6890N gas chromatograph equipped with a HP-5 column coupled to a
5975N mass spectrometer (Agilent Technologies, Santa Clara, CA) as described before®>.
Raw data was collected by GC/MSD ChemStation. Data are presented as molar percent
enrichment (MPE).

AM +i

MPE= a0

% 100,

where A represents the peak area of each fragmentogram, measured by computer integration
and corrected for naturally occurring heavy isotopes and /7ranges from 0 to n, where 77 stands
for the number of carbon atoms. Mass isotopomers of metabolites containing 1 to n 13C-
labeled atoms were identified as M+i, with i=1, 2, ... n.

The relative contribution of pyruvate to the formation of citrate via decarboxylation to
acetyl-CoA (PDC) and via carboxylation (PC) to OAA or malate (via pyruvate carboxylase
or NADP*-linked malic enzyme, respectively) is expressed relative to citrate synthase (CS)
and was assessed from the 13C-labeling of tissue citrate, OAAC!T, pyruvate and succinate as
previously described in detail®®. The percent 13C-labeled citrate recycling into the CAC (%
citrate recycling) was estimated as previously reported>>7,

Briefly, the equations of PDC/CS and PC/CS were listed as equation 1 and 2, respectively.

PDC

<5 = (Fepyr — acccrm) = (Fepyr— ac) X (Feac = cir)
_ OAA]c\'/Ilzz Equation 1:
~ PYRp43
cIT
PC OAA 43 S
TS = (FepyR — 044) X (Fcoaa — ciT) = PYRurss3 Equation 2:
The M+3 OAAC!T were calculated as equation 3:
PR
CIT’ cir . OAAM 43

OAApf 4 3= measured OAApNr L 3 — DF

The DF and M+3 OAAPR were calculated as equation 4 and 5 respectively.
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[CIT g, = (X /i 0AAlT )]

DF = Equation 4:
[SUCZ Mi]
PR 1
OAARF. 3 = |5 % (ACw 2% 0AAy +1)
+ [% X(ACp 42X OAAp 1 0)| + [% X(ACpr 42X OAAp  3) Equation 5:

+[%X(ACM+1 X OAAp +3)

+[(ACy +1 X OAAp 4 4)]

The % citrate recycling was calculated as equation 6:

0AALTY 3

%Citrate Recycling = DF CIT x 100
measured OAA N 4 3

In vitro NMR

Hearts from both control and cMPC1~/~ mice were perfused retrogradely through the aorta
at a constant pressure of 70 mmHg with a nonrecirculating modified Krebs buffer containing
(in mmol/L) 118.5 NaCl, 4.7 KCI, 1.5 CaCl,, 1.2 KH,POy4, 1.2 MgSOy, 17.3 mM NaHCO3
(pH 7.4) and various substrates (in mmol/L): glucose 10; lactate 0.5; palmitate bound BSA
0.4; B-HB 0.1; glutamine 0.5; pyruvate 0.2. The perfusate was gassed with 5% C0O,-95% O,
and the water-filled balloon was inserted into left ventricle and the pressure set to 5-10
mmHg. The hearts were perfused with unlabeled substrates for 15 min to reach stabilization
and then the buffer was switched to the labeled substrate and the perfusion continued for 30
min. Hearts were snap-frozen and saved immediately after perfusion. Perfused hearts were
extracted by perchloric acid, lyophilized and reconstituted in deuterium oxide. High-
resolution proton-decoupled 13C NMR spectra were collected from acid extracts of hearts
perfused with 13C enriched substrates in a 14.1 T NMR system (Bruker Instruments,
Billerica, MA). Analysis of glutamate isotopomers and isotopologues from in vitro 13C
NMR of acid extracts of myocardium perfused with 13C-enriched substrates provided the
ratio of anaplerosis to citrate synthase () and the fractional 13C-enrichment of acetyl-CoA
from 13C-B-HB (Fc) entering the CAC cycle. The fractional 13C-enrichment of glutamate in
myocardium was quantified by signal intensity relative to a standard 13C NMR spectrum of
100 mmol/L glutamate and quantification of tissue glutamate via UV spectrophotometry®8.

13C-labeled Metabolite Analyses in Perfused Hearts by LC-MS

Lyophilized heart extracts from hearts perfused with [2,4-13C,]-B-HB were analyzed by LC-
MS as previously reported®?. Briefly, the analysis was performed using a Dionex Ultimate
3000 RSLC liquid chromatograph with Thermo Q-Exactive Plus mass spectrometer
equipped with a heated ESI source. Samples were injected and separated on a Luna
Aminopropyl (100 x 1 mm, 3 pL) column using mobile phases A (10 mM ammonium
acetate/10 mM ammonium hydroxide in 95% water), and B (10 mM ammonium acetate/10
mM ammonium hydroxide in 95% AcN). Separation was performed using binary gradient of
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75-0% B for 45 min, then 0% B for 12 min, and 75% B for 13 min at flow rate 50 uL/min
and column temperature at 30°C. The mass spectrometer was operated in negative mode
(m/z 68-1020) with optimized HESI source conditions: auxiliary gas 10, sweep gas 1, sheet
gas flow at 35 (arbitrary unit), spray voltage -3 kV, capillary temperature 275°C, S-lens RF
50, and auxiliary gas temperature 150°C. AGC target was set at 1e ions and Resolution at
70,000. Before analysis, the mass spectrometer was calibrated to fully optimize mass
accuracy performance. Before and after sample analysis, the QC samples were analyzed to
ensure high quality of the data. Samples within the sequence were injected in randomized
order to minimize the possibility of column carry-over. The RAW files were collected and
converted into mzXML format using Xcalibur™ software. The mzXML files were divided
into two groups and analyzed using X13CMS R package. Metabolites were identified based
on the m/z and retention times compared to standard counterparts analyzed using the same
conditions. Data are presented as fractional enrichment.

Mouse hearts were fixed in 10% Zinc-formalin, embedded in paraffin, proportioned into 5-
pm sections and stained with Hematoxylin and Eosin (H&E) and Trichrome under standard
protocols. Images were obtained using the Olympus BX-61 microscope (Olympus, Center
Valley, PA) and Leica Aperio Ariol Automated Slide Scanner (Leica Biosystems, Buffalo
Grove, IL). Cardiac fibrosis area was quantified using ImageJ.

Glycogen Assay

Heart tissue from control and cMPC1~/~ mice was freeze-clamped and extracted in ice-cold
0.3 mol/L perchloric acid solution. The extract was incubated with and without
amyloglucosidase (Sigma-Aldrich A7095) in 50 mmol/L acetate (pH 5.5) and 0.02% BSA.
Absorbance at 340 nm was compared with a series of standard samples (0-80 mmol/L
glucose solution). Results are presented as glucose released from glycogen and normalized
to tissue weight.

Transverse Aortic Constriction

Mice were anesthetized with ketamine/xylazine (100 mg/kg/5 mg/kg) via intraperitoneal
injection, intubated with a 20-gauge poly-ethylene tube and ventilated with a small rodent
ventilator (Harvard Apparatus, Holliston, MA). An opening was created between the second
and third intercostal space where the aortic arch could be visualized. Transverse aortic
constriction was performed by tightening a ligature with 7-0 PROLENE suture against a 27-
gauge needle. The sham group was subjected to the same procedure but not banded. The
skin was closed using 6-0 ETHILON nylon sutures. Mice were then removed from the
ventilator, extubated and anesthesia stopped. Following recovery, mice were administered
buprenorphine (1 mg/kg subcutaneous injection) twice a day for 48 hours.

Data Analysis

All data are presented as means + standard error of the mean (SEM). Unpaired Student’s t-
test was performed for the comparison of two groups (Control and cMPC1~/~ groups). Two-
way ANOVA was performed to analyze the differences by genotype and chow between 4
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groups (such as Control and cMPC1~/~ under regular chow and KD/HFD), followed by
Tukey multiple comparison test. Statistical analysis was performed using the GraphPad
Prism software (GraphPad, La Jolla, CA). For all analyses, a probability value of less than
0.05 was regarded as significantly different.

Data availability Statement

Source data for western blots are provided with this paper. All other data that support the
findings of this study are available from the corresponding author upon reasonable request.
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Extended Data Fig. 1. Mitochondrial Characterization of cMPC17/~ hearts
(a-b) MPC protein levels were determined by Western blots in whole heart lysates from 4-

week-old cMPC1~/~ mice. Images are representative of n=8 per group. (c) Palmitoyl-
carnitine driven oxygen consumption by seahorse respirometry in isolated mitochondria
(n=6 both groups). (d) Expression of selected electron transport chain (ETC) subunits
(Complexes 1-V) and VDAC by Western blot in heart lysates from control and cMPC1~/~
mice. Images are representative of n=3 per group. (¢) mtDNA copy number determined by
gPCR analysis and normalized to the nuclear gene RPL13A in 8-week-old cMPC1~/~ hearts
(Control, 12; cMPC17/~, 10). (f) Representative TEM images of cMPC1~/~ hearts from 4
and 8-week-old mice. Images are representative of n=9 (4-week-old control and cMPC1~/7)/
6(8-week-old control)/12(8-week-old cMPC17/7). (g) Quantification of mitochondrial
number, volume density and size (4 weeks: Control, 9; cMPC17/~, 9; 8 weeks: Control, 6;
cMPC17/~, 12). Data are presented as mean + SEM and analyzed by two-tailed unpaired
Student’s t-test.
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Extended Data Fig. 2. Glycolysis enzymes and intermediates in cMPC1

I~ hearts.

(a) Glycolysis-derived metabolic intermediates in 8-week-old control and cMPC17~/~ hearts
were determined by GC-MS. Mice were random fed before sacrifice. (Control, 15;
cMPC17/7, 11). (b) hexokinase | (HK 1), GAPDH, O-GlcNAc transferase (OGT) and
glycogen synthase (GS) blots were performed in lysates of cardiomyocytes isolated from 8-
week-old control and cMPC1~/~ mice. Protein quantification was normalized to total
Coomassie blue staining. (n=5 both groups). Data are presented as mean + SEM and
analyzed by two-tailed unpaired Student’s t-test.
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Extended Data Fig. 3. Flux scheme of 13C-labeled substrate utilization in cMPC17/~ hearts
Schematic depicting metabolic fate of uniformly labeled glucose ([U-13Cg]-glucose) into

glycolysis, the pentose phosphate pathway (PPP), serine biosynthesis pathway (SBP) and the
Citric Acid Cycle (CAC). Closed and open circles represent 13C-labeled and 12C-labeled
carbons respectively.
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Extended Data Fig. 4. 13¢-MPE for pyruvate, lactate, alanine and serine from [U-13C6]-glucose

perfusion

13C-isotopomer labeling pattern of pyruvate (a), lactate (b), alanine (c) and serine (d)
following [U-13Cg]-glucose perfusion (Control, 7; cMPC17/~, 9). Data are presented as
mean + SEM and P values were determined by two-tailed unpaired Student’s t-test.
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Extended Data Fig. 5. 13C-isotopomer labeling pattern of CAC intermediates from 13(3-[5-HB
perfusion

13C-labeled CAC intermediates analysis of Langendorff-perfused hearts perfused with
[2,4-13C,]-B-HB and unlabeled glucose, palmitate and lactate. Fractional enrichment 13C-
labeled isotopomers of citrate (a), glutamate (b), succinate (c), a-ketoglutarate (KG) (d),
malate (e), aspartate (f) and p-hydroxybutyrate (HB) (g) were determined by LC-MS
(Control, 3; cMPC17/~, 5). Data are presented as mean + SEM and A values were
determined by two-tailed unpaired Student’s t-test.
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Extended Data Fig. 6. Expression levels of hypertrophic markers and selected transcripts
encoding metabolic genes in the cMPC17/~ hearts on 2920X and ketogenic diet

The cMPC1~/~ mice under protocol 2 were analyzed for gene expression after 8-week-
feeding on Ketogenic (Keto) Diet or control diet (2920X). Sample sizes: n=4
(Control-2920X), n=4 (cMPC1~/~=2920X), n=5 (Control-Keto), n=6 (cMPC1~/~-Keto).
Data are presented as mean = SEM and P values were determined by two-way ANOVA
followed by Tukey multiple comparison test.
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Extended Data Fig. 7. Cardiac function of cMPC17/~ after switching ketogenic diet to regular
chow

10-week-old control and cMPC1~/~ mice were fed a Keto Diet for 8 weeks and then 50% of
mice of each genotype were switched to regular chow for 6 weeks. The feeding scheme is
shown in panel (a). LV mass (b) and ejection fraction (c) were determined via
echocardiography at the age of 22 weeks (4 weeks after chow switch). Heart weight and
tibia length (d) was determined at the age of 24 weeks. Sample sizes: n=10
(Control-2920X), n=8 (cMPC1~~-2920X), n=9 (Control-Keto), n=8 (cMPC1~/~-Keto).
Data are presented as mean + SEM and P values were determined by two-way ANOVA
followed by Tukey multiple comparison test.
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Extended Data Fig. 8. Effects of ketogenic diet feeding on pressure overload-induced cardiac
remodeling in WT mice
(a-c) 8-week-old WT C57BI6/J mice were fed with chow and Keto Diet 1 day before TAC

surgery. LV mass (a) and ejection fraction (b) were measured by echocardiography prior to
surgery and 3 weeks post TAC. Heart weight normalized to tibia length (c) was determined
at the time of sacrifice. (n=5 for both groups). (d-f) 12-week-old WT C57BI6/J mice were
fed with chow and Keto Diet 1 day before sham/TAC surgery. LV mass (d) and ejection
fraction (e) were measured by echocardiography prior to surgery and 3 weeks post TAC.
Heart weight normalized to tibia length (f) was determined at the time of sacrifice. (n=10 for
Keto Diet-TAC group and n=5 for other groups). Data are presented as mean + SEM and P
value was determined by two-way ANOVA followed by Tukey multiple comparison test.
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Extended Data Fig. 9. mRNA level of ME isoforms and ALT activity in cMPC17~ hearts
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(a) mRNA level of three malic enzyme isoforms were determined by gPCR in the hearts
from control and cMPC1~/~ mice (Control, 6; cMPC17/~, 5). (b-c) ALT activity (Cayman
700260) were determined in the hearts from 8-week-old and 18-week-old control and
cMPC17/~ mice (8-week-old group: Control, 6; cMPC1~/~, 4. 18-week-old group: Control,
7: cMPC17/7,7). Data are presented as mean + SEM and P values were determined by two-

tailed unpaired Student’s t-test.
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Extended Data Fig. 10. 13C-labeled CAC intermediates analysis from [U-13C5]-glutamine
perfusion
13C-labeled CAC intermediates analysis of Langendorff-perfused hearts perfused with

0.5mM [U-13C5]-glutamine and unlabeled substrates (10mM glucose, 0.4mM palmitate,
0.5mM lactate, and 0.1mM B-HB). 13C-MPE of glutamine (a), glutamate (b), alpha
ketoglutarate (a-KG) (c), citrate (d), malate (e), succinate (f) and pyruvate (g) were
determined by GC-MS (Control, 6; cMPC17/~, 6). Data are presented as mean + SEM and 2
values were determined by two-tailed unpaired Student’s t-test.
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Figure 1. Generation and phenotype of cMPC17/~ mice
(a-c) Loss of MPC1 was confirmed by qPCR (a) in heart lysates of 4-week-old cMPC17/~

(Sample size (n): Control, 5; cMPC1~/~, 4) and Western blot (b-c) in isolated
cardiomyocytes from 8-week-old cMPC1~/~ mice (n: Control, 4; cMPC17/~, 5). (d)
Mitochondrial pyruvate uptake was performed in mitochondria isolated from 8-week-old
cMPC17~ hearts (n: Control, 5; cMPC17/~, 4). (e-f) Oxygen consumption rates (OCR) were
determined by Seahorse respirometry in isolated mitochondria from 8-week-old cMPC1~/~
hearts in the presence of pyruvate (1 mmol/L)/malate (0.25 mmol/L) (e) (n: Control, 4
cMPC17~, 4) and glutamate (1mmol/L)/malate (0.25 mmol/L) (f) (n: Control, 10;
cMPC17/~, 9). Concentration of the MPC inhibitor, CHC was 1mM. See methods for
concentrations of other inhibitors. (g) Midventricular cross sections of cMPC1 and control
hearts at the ages as shown. Scale bar, 500 um. Images are representative of n=3 per group.
(h-i) LV Mass and Ejection Fraction by echocardiography (j) Heart weight to tibia length
ratio (HW/TL) at the ages as shown. Sample size (n) is represented as Control/cMPC1~/~.
For h-i, 4-week-old and 8-week-old: 17/21; 18-week-old: 12/15; 34-week-old: 12/12. For j,
4-week-old: 11/8; 8-week-old: 10/8; 18-week-old: 7/11; 34-week-old: 8/7.) (k) mRNA levels
of hypertrophic genes, ANP (NPPA), BNP (NPPB) and ACTA1 were determined by gPCR
in 4- and 8-week-old cMPC1~/~ hearts. For k, 4-week-old: 4/5; 8-week-old: 5/4. (1) Survival
curves of control and cMPC1~/~ mice over a 1-year period (Control, 34; cMPC17/~, 30).
Data are presented as mean £ SEM and analyzed by two-tailed unpaired Student’s t-test.
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Figure 2. Substrate Metabolism and Partitioning in cMPC17/~
(a-f) Hearts from 8-week-old control and cMPC1~/~ mice were perfused with either 14C-/

3H-glucose (5mM) or 3H-palmitate (0.4mM) with unlabeled pyruvate (0.5mM) and lactate
(ImM), in the working heart mode to determine glucose oxidation (a), glycolysis (b) and
fatty acid oxidation (c) respectively. MVVO, (d), cardiac power (e) and cardiac efficiency (f)
were also determined in the 3H-palmitate perfused hearts shown in panel c. Three replicates
were obtained in each heart for panels a-f (Control, 7; cMPC17/~, 4). (g-h) HBP flux was
estimated by quantifying O-linked N-Acetylglucosamine modifications by western blot in
hearts from 8-week-old control and cMPC1~/~ mice (Control, 6; cMPC17~, 10). (i)
Glycogen content was measured in the hearts from 8-week-old control and cMPC1~/~ mice
under fed and overnight fasting conditions (Fed: Control, 12; cMPC1~/-, 9. Fasting: Control,
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15; cMPC17/~, 14). Data are presented as mean + SEM and analyzed by two-tailed unpaired
Student’s t-test.
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Figure 3. Concentrations of metabolic intermediates in perfused cMPC1
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Metabolite concentrations determined in Langendorff-perfused 8-week-old hearts perfused
with unlabeled substrates (10mM glucose, 0.4mM palmitate, 0.5mM lactate, 0.1mM b-
hydroxybutyrate (B-HB) and 0.5mM glutamine). Tissue concentration of pyruvate (a),
lactate (b), alanine (c), serine (d), ketones (e-f), and citric acid cycle (CAC) intermediates (g)
were determined by GC-MS (Control, 7; cMPC17/~, 5). The ratio of lactate/pyruvate (h) and
B-HB/ACAC (i) were calculated using tissue concentrations of lactate(b), pyruvate (a), B-HB
(e) and AcAc (f). Data are presented as mean + SEM and Pvalues were determined by two-
tailed unpaired Student’s t-test.
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Figure 4. 13C-enrichment of metabolites in 13C-labeled substrate-perfused ¢cMPC17~ hearts.
(a-d) Metabolic flux analysis of Langendorff hearts from 8-week-old mice perfused with

10mM [U-13Cg]-glucose and unlabeled substrates (0.4mM palmitate, 0.5mM lactate, 0.1mM
B-HB and 0.5mM glutamine). (a-b) Total molar percentage enrichment (MPE) of all 13C-
labeled isotopomers of tissue pyruvate, lactate, alanine, serine and citric acid cycle (CAC)
intermediates were determined by GC-MS (Control, 6; cMPC17/~, 9). (c-f) The flux ratio of
pyruvate dehydrogenase/citrate synthase (PDC/CS), pyruvate carboxylation/citrate synthase
(PCICS), PC/PDC and percentage of 13C-labeled citrate recycling into CAC were calculated
from tissue 13C-MPE of isotopomers of citrate, OAA moiety of citrate (OAAC!T), pyruvate
and succinate (Control, 6; cMPC17/~, 9). (g) Fractional enrichment (FE) analysis of 13C-
glutamate performed on neutralized acid extracts of Langendorff hearts perfused with 20mM
[1,6-13C,]-glucose, 0.5mM [3-13C]-pyruvate and 1mM [3-13C]-lactate, in addition to
0.4mM unlabeled palmitate (Control, 7; cMPC17~/~, 8). (h) Ratio of anaplerosis to citrate
synthase flux ()) was determined in neutralized acid extracts of Langendorff hearts perfused
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with 0.4mM U-13C-palmitate, in addition to unlabeled substrates (10mM glucose, 0.5mM
pyruvate and 1mM lactate) (Control, 9; cMPC17/~, 4). (i) Langendorff perfusion was
performed with 0.5mM [2,4-13C,]-B-HB (B-hydroxybutyrate) and unlabeled substrates
(10mM glucose, 0.4mM palmitate, 0.5mM pyruvate and 1mM lactate) (Control, 3;
cMPC17-, 5). Neutralized acid extracts were analyzed by NMR to determine fractional 13C-
enrichment of acetyl-CoA entering the CAC from oxidation of 13C-B-HB,
(FCs-HB—Acetyl-coa). Data are presented as mean + SEM and P values were determined by
two-tailed unpaired Student’s t-test.
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Figure 5. Ketogenic diet feeding prevents cardiac dysfunction in cMPC17~ mice.

Control and cMPC1~/~ mice were fed with normal chow (2920X) or a ketogenic diet at the
age of 3 weeks. (a-b) serum concentration of g-HB (a) and FGF21 (b) after 8 weeks of
feeding. (c) Trichrome staining reveals no increase in cardiac fibrosis in cMPC1~/~ mouse
hearts. Scale bar, 200 um. Images are representative of n= 3 per group. (d-e) LV mass (d)
and ejection fraction (e) were determined by echocardiography after 15 weeks of feeding. (f-
g) Heart weight/Tibia length (f) and gene expression analysis (g) were determined at the
time of sacrifice after 18 weeks of feeding. For panels a and d-f, n=5 (Control-2920X), n=5
(cMPC17/--2920X), n=11 (Control-Keto), n=10 (cMPC1~/~-Keto); for panel b, n=5
(Control-2920X), n=5 (cMPC1~/~-2920X), n=6 (Control-Keto), n=6 (cMPC1~/~-Keto); for
panel g, n=6 (Control-2920X), n=5 (cMPC17/~-2920X), n=6 (Control-Keto), n=6
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(cMPC17/=-Keto). Data are presented as mean = SEM and 2 value was determined by two-
way ANOVA followed by Tukey multiple comparison test.
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Figure 6. Alternative substrates feeding reverses cardiac dysfunction in ¢cMPC17/~ mice.
Three different cohorts of mice were fed with ketogenic diet at the age of 10 (a-b), 18 (c-d)

and 24 (e-f) weeks. (a) Heart weight/Tibia length (HW/TL) and (b) ejection fraction were
determined after 8 weeks of ketogenic diet in the 10-week-old cohort. (c-f) LV mass (c, €)
and ejection fraction (d, f) were measured by echocardiography after 8 weeks in the 18- and
24-week-old cohorts respectively. (g-h) Trichrome stained sections reveal mild cardiac
interfibrillar fibrosis in the 24-week-old cMPC1~/~ mice. Scale bar, 50 um. Images are
representative of n= 7(control)/6(cMPC1~/"). For panels a-b, n=7 (Control-2920X), n=8
(Control-Keto), n=13 (cMPC1~/~=2920X), n=14 (cMPC1~/~-Keto); for the other panels,
sample sizes (n) of Control/cMPC17/~: 7/4 (c-d); 10/3 (e-f); 7/6 (h). Control and cMPC17/~
mice were fed with ketone ester (KE) chow at the age of 10 weeks and serum concentration
of p—Hydroxybutyrate (i) was determined after 2 weeks of feeding. Heart weight/Tibia
length (j), LV mass (k) and ejection fraction (I) were determined after 8 weeks of KE chow
feeding. Another cohort of mice were fed a normal chow diet (NCD) or a 60% high fat diet
(HFD) at the age of 10 weeks and LV mass (m) and ejection fraction (n) were measured after
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8 weeks of feeding by echocardiography. For panels i-j, n=8 (Control-2920X), n=5
(cMPC17/7-2920X), n=15 (Control-KE), n=11(cMPC1~/=-KE); for panels k-1, n=4 (all
groups); for panels m-n, n=6 (Control-NCD), n=4 (Control-HFD), n=4(cMPC1~/~-NCD),
n=5 (cMPC1~/~-HFD). Data are presented as mean = SEM and P value was determined by
two-way ANOVA followed by Tukey multiple comparison test. Control vs cMPC1~/~: **p<
0.01. Treatment vs baseline: ##P< 0.01.
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Figure 7. Metabolite Profiles in KD hearts
Control and cMPC1~/~ mice were fed with ketogenic diet starting at the age of 8 weeks and

hearts were freeze-clamped after 6 weeks of feeding. GC-MS and LC-MS were employed to
determine levels of metabolites in the heart tissue. The fold change of all metabolites was
normalized to control hearts fed on normal chow (2920X). Two-way heatmap (a) and
Principal Component Analysis (PCA) (b) were analyzed and plotted by MetaboAnalyst.
Acyl-carnitines(c), glycolysis intermediates (d), CAC intermediates (e), ADP and ATP (f),
PPP and SBP intermediates (g) and nucleotides (h) were plotted and analyzed by two-way
ANOVA followed by Tukey multiple comparison test. Sample sizes are as follows: n=7
(Control-2920X), n=5 (cMPC1~/-2920X), n=5 (Control-Keto), n=6 (cMPC1~/~-Keto). O-
GIcNAC blot (i) normalized to total Coomassie blue staining (i) and glycogen storage (k)
was determined in 18-week-old control and cMPC1~/~ mice after 8 weeks of KD (Protocol
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2). For panel j, sample sizes are as follows: n=6 (Control-2920X), n=5 (cMPC17/~-2920X),
n=>5 (Control-Keto), n=4 (cMPC1~/~-Keto). For panel k, sample sizes are as follows: n=7
(Control-2920X), n=5 (cMPC1~/~=2920X), n=5 (Control-Keto), n=6 (cMPC1~/~-Keto).
Data are presented as mean + SEM and analyzed by two-way ANOVA followed by Tukey
multiple comparison test. All P values <0.05 are shown on the figure panels. If not indicated,
then P values are >0.05.
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Figure 8. Divergent effects of ketogenic diet feeding on pressure overload-induced cardiac
remodeling in cMPC17/~ mice.

Control and cMPC1~/~ mice were subjected to TAC surgery at the age of 6 weeks and heart
weights or lung weights normalized to tibia length (a-b) and ejection fraction (c) were
determined 3 weeks post TAC. Cardiac fibrosis was revealed by Trichrome staining (d-e) at
time of sacrifice. Scale bar, 200 pm. Images are representative of n= 3 per group. Transverse
aortic constriction surgery was performed on 8-week-old control and cMPC1~/~ mice that
were maintained on chow diet or initiated on a ketogenic diet (KD) at the time of TAC
surgery. The survival curve following TAC is shown in panel f. Control and cMPC1~/~ mice
were fed with ketogenic diet at weaning and were subjected to TAC surgery at the age of 6
weeks. Ejection fraction (g) and heart weights or lung weights normalized to tibia length (h,
i) were assessed at 3 weeks post TAC. For panels a-c and e, n=3 (all groups); for panel F,
n=6 (Control-2920X), n=6 (Control-Keto), n=7 (cMPC1~/~=2920X), n=8 (cMPC1~/~-Keto):
for panel g-i, n=5 (Control-2920X), n=5 (cMPC17/~-2920X), n=7 (Control-Keto), n=6
(cMPC17/~-Keto). Data are presented as mean + SEM and P value was determined by two-
way ANOVA followed by Tukey multiple comparison test.

Nat Metab. Author manuscript; available in PMC 2021 April 26.

-e- Control-2920X

-+ Control-Keto Diet
- cMPC1"-Keto Diet



	Abstract
	Introduction
	Results
	Generation of cMPC1−/− mice
	cMPC1−/− mice develop age-dependent cardiac hypertrophy and cardiac dysfunction.
	Metabolic characterization of cMPC1−/− hearts.
	Substrate Oxidation in Isolated Working Hearts:
	Fate of Glycolytic Intermediates:
	Metabolomics Analysis in Perfused cMPC1−/− hearts:
	Carbon Isotopomer Flux Analysis in cMPC1−/− Hearts:

	A ketogenic diet reverses structural and functional remodeling in non-stressed cMPC1−/− hearts
	High fat diet or ketone ester diet reverses cardiac structural remodeling in non-stressed cMPC1−/− hearts
	Metabolic adaptations to ketogenic diet in non-stressed cMPC1−/− hearts
	Divergent effects of short-term versus long-term ketogenic diets on cMPC1−/− mice following pressure overload

	Discussion
	Methods
	Animal Experiments and Generation of Cardiomyocyte-restricted MPC1 Knockout Mice
	Transmission Electron Microscopy
	Echocardiography
	Mitochondrial Pyruvate Uptake
	Mitochondrial Respiration
	Gene Expression Analysis
	Immunoblot Analysis
	In-situ Metabolomics
	Isolated Working Heart Perfusion
	Metabolite concentration and 13C-flux analysis by GC-MS
	In vitro NMR
	13C-labeled Metabolite Analyses in Perfused Hearts by LC-MS
	Histology
	Glycogen Assay
	Transverse Aortic Constriction
	Data Analysis

	Data availability Statement
	Extended Data
	Extended Data Fig. 1
	Extended Data Fig. 2
	Extended Data Fig. 3
	Extended Data Fig. 4
	Extended Data Fig. 5
	Extended Data Fig. 6
	Extended Data Fig. 7
	Extended Data Fig. 8
	Extended Data Fig. 9
	Extended Data Fig. 10
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

