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Abstract

The heart consumes circulating nutrients to fuel lifelong contraction, but a comprehensive
mapping of human cardiac fuel use is lacking. We used metabolomics on blood from artery,
coronary sinus, and femoral vein in 110 patients with or without heart failure to quantify the
uptake and release of 277 metabolites, including all major nutrients, by the human heart and leg.
The heart primarily consumed fatty acids and, unexpectedly, little glucose; secreted glutamine and
other nitrogen-rich amino acids, indicating active protein breakdown, at a rate ~10 times that of
the leg; and released intermediates of the tricarboxylic acid cycle, balancing anaplerosis from
amino acid breakdown. Both heart and leg consumed ketones, glutamate, and acetate in direct
proportionality to circulating levels, indicating that availability is a key driver for consumption of
these substrates. The failing heart consumed more ketones and lactate and had higher rates of
proteolysis. These data provide a comprehensive and quantitative picture of human cardiac fuel
use.
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The heart generates copious adenosine 5’-triphosphate (ATP), almost all through oxidative
phosphorylation in mitochondria (1). A continuous supply of oxygen and nutrients is thus
vitally needed. Heart failure is a leading cause of death worldwide, and the failing heart is
often described as an “engine out of fuel” that fails to use circulating nutrients to satisfy its
metabolic demands (2). Understanding how the heart handles fuels during health and disease
is thus foundational to the rational development of new heart failure therapies.

We measured arteriovenous (A-V) gradients of circulating metabolites across the human
heart and leg by simultaneously sampling blood from radial artery, coronary sinus, and
femoral vein (Fig. 1A). We enrolled 87 patients who were undergoing elective percutaneous
catheter ablation of atrial fibrillation, had a left ventricular ejection fraction (LVEF) >50%,
and had no history of heart failure (fig. SLA). Patient characteristics were representative of
the US middle-aged population (table S1). A total of 600 known metabolites were measured
using liquid chromatography—mass spectrometry, 277 of which were reliably detected in the
plasma. By comparing the abundance of these metabolites in the artery (Cp) versus vein
(Ccs or Cry for coronarysinus and femoral vein, respectively) (Fig. 1A), we identified
statistically significant uptake or release of 117 metabolites across the leg and 65 across the
heart (Fig. 1B and fig. S1B). Our Cg\/Cx data confirmed all 10 previously reported
metabolites taken up or released by the human arm without anesthesia (3). We further
identified an additional 107 metabolites that were significantly altered across the human leg
(table S2).

Table S3 lists cardiac- and leg-specific uptake and release of abundant, high-turnover fuels.
Both organs efficiently extracted ketones, acetate, and glutamate (up to ~67%). Although the
leg took up glucose, there was no net average glucose uptake by the heart, unlike prior
reports (4, 5), and cardiac glucose uptake did not correlate with plasma insulin or insulin
resistance(fig. S2), perhaps reflecting the fasted state of patients. The heart consumed all
free fatty acid (FFA) species, whereas the leg primarily took up saturated FFAs and released
unsaturated FFAs, likely from subcutaneous adipose depots (table S4 and fig. S3). The heart
secreted most essential amino acids, indicating active proteolysis (table S3).

To quantify the net contribution of each metabolite to carbon balance, we measured absolute
arterial concentrations of the most abundant metabolites (tables S5 to S7) and used publicly
reported concentrations for the remaining ones (6). From the concentrations and molecular
formula of each metabolite, we calculated the absolute carbon uptake or excretion of each
metabolite, measured as micromoles per liter of blood passing through the heart or leg (Fig.
1, D and E). The leg obtained ~90% of carbons as glucose and ketone bodies, whereas it
released most carbons as FFAs, lactate, and amino acids (Fig. 1D). About half of the
released FFA was linoleate (C18:2), an abundant essential FFA, indicative of active lipolysis
from adipose depots. Many released amino acids were also essential, reflecting muscle
proteolysis. The total release of carbons was 15% higher than uptake, indicating a net loss of
leg mass during fasting.

In contrast to the leg, the heart obtained most carbons from FFAs (Fig. 1E), accounting for
>70% of carbons (1750 pM) extracted from the circulation [~99 pM FFA, similar to that
previously measured by 11C-palmitate and positron emission tomography (7) equivalent to
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~1.4 umol/min/g of FFA-derived carbons (8)]. This rate may be underestimated because
FFAs can also accumulate in venous plasma when liberated from lipoprotein particles (9).
Only a negligible portion of FA carbons were converted to acylcarnitines and secreted (<
0.25 UM carbons, ~0.01%), indicating nearly complete oxidation of FFAs. Ketones
accounted for ~15% of myocardial carbon uptake (Fig. 1E). Acetate, the most abundant
short-chain FA produced by gut microbiota (10), accounted for ~2% of myocardial carbon
uptake and was avidly taken up by the heart (Fig. 1E and table S3). Acetate may be used as
fuel and as an epigenetic modifier through histone acetylation (11, 12).

The heart secreted most amino acids (Fig. 1E and table S3), contributing to a large net
negative nitrogen balance of 108 puM (P < 0.0001) (fig. S4) and indicating active proteolysis.
Glutamine and alanine were the most abundant amino acids secreted. Glutamine release was
nearly equimolar to glutamate uptake, suggesting active exchange of glutamate for
glutamine for nitrogen removal. Lactate uptake likely supports nitrogen release as alanine
through pyruvate transamination (13). Amino acids with greater nitrogen content (i.e., the
ratio of nitrogen to carbon atoms) were strongly excreted (fig. S5A), further supporting the
notion that the heart actively releases nitrogen as amino acids (14-16). We calculated a net
cardiac proteolysis rate of 81 uM amino acid equivalents (AA-Egs) (Fig. 2A; see the
materials and methods for details of calculations), i.e., 0.06 pmol of AA-Eqs/min/g cardiac
tissue. By comparison, the rate of proteolysis in the leg was 0.006 pmol of AA-Eqgs/min/g.
Cardiac proteolysis thus occurs at ~10x the rate in the leg, equivalent to ~1.5 g of protein
over 12 hours, or just over 2% of that of cardiac protein (17, 18). Human cardiac protein is
thus actively consumed and produced across fasting-feeding cycles.

Suppression of branched chain amino acid (BCAA) catabolism is implicated in maladaptive
remodeling in heart failure (19-21). We calculate that BCAASs contribute 105 pM carbon
equivalents to overall carbon use, or just under 5% of total carbon combustion, similar to
that measured in mice (22). Further reduction of BCAA catabolism in the failing heart
would thus have only a small effect on overall accessible carbons for combustion, suggesting
that BCAAs affect heart failure through other mechanisms. Histidine was the most highly
secreted essential amino acid (Fig. 2A and figs. S5A and S5B), suggesting that the proteins
being degraded were histidine rich. Myoglobin constitutes 5 to 10% of cytosolic cardiac
protein, is dispensable for baseline cardiac function (23), and is composed of 6% histidine,
in contrast to most proteins, which contain only 1 to 2% histidine (24). Therefore, in
addition to carrying oxygen, myoglobin may also serve as a reservoir of carbons. Other
cardiac proteins may also contribute, as could sources exogenous to the heart, e.g., through
macropinocytosis of albumin or other plasma proteins (25).

Paradoxically, despite high reliance on the tricarboxylic acid (TCA) cycle for ATP
generation, the heart and leg release TCA cycle intermediates (Fig. 1, B to E). Tissues may
export citrate, an allosteric inhibitor of FA oxidation and glycolysis (26), to prevent
excessive suppression of these pathways. TCA intermediate secretion may also represent a
means of clearing excess TCA cycle four-carbon units produced by amino acid breakdown.
We calculated 140 uM (0.1 pmol/min/g) anaplerotic carbon flux from amino acid breakdown
(Fig. 2B), well in excess of the ~50 uM (0.04 pmol/min/g) loss of TCA intermediates to the
circulation. This is a likely underestimate of total anaplerosis because we could not quantify
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the contribution from pyruvate carboxylase (27, 28). This suggests active internal catabolism
of TCA four-carbon units, e.g., through malic enzyme.

Calculating the contribution of all metabolites to cardiac oxygen consumption and ATP
production (Fig. 3, A and B) implied a cardiac requirement of 3.0 mM plasma oxygen,
equivalent to 2.0 mM in whole blood after correction for plasma-to-blood volume. Measured
oxygen consumption was 3.5 mM (~9.5 ml Oy/g/min). Thus, ~60% of measured oxygen
consumption was accounted for by the measured metabolite A-V gradients (Fig. 3A). This is
an underestimate because it does not account for FAs liberated from lipoproteins (29). Thus,
the remaining ~40% oxygen consumption likely reflects a combination of lipoprotein-
derived FAs (LpFAs) that are combusted by the heart and those that replace albumin-derived
FFAs combusted by the heart. Consistent with this, unaccounted oxygen consumption
correlated inversely with measured FA uptake (fig. S6, B and C). Other minor sources may
include internal fuels such as triglycerides (30), FFAs liberated from epicardial adipose
tissue, or oxygen consumption that does not generate ATP (e.g., conversion of hypoxanthine
to uric acid by xanthine oxidase) (table S7) (31). Combustion of glycogen is not thought to
occur in the heart during fasting (32—-34). Assuming that ~35% of LpFAs are released into
the coronary sinus, we calculated that ~57% of cardiac ATP production derives from FFAs,
6.4% from ketones, 4.6% from amino acids, 2.8% from lactate, and ~28% from LpFAs (for a
total of ~85% from FAs) (Fig. 3B and table S8).

We evaluated in a similar fashion 23 patients diagnosed with cardiomyopathy with an LVEF
<40. Other than reduced LVEF, the cohort was similar to that with preserved LVEF (table
S1). Patients with reduced LVEF had nearly tripled consumption of ketones (16.4 versus
6.4%), doubled lactate consumption (5.0 versus 2.8%), and a doubled rate of net amino
acid—derived nitrogen release (212 versus 106 uM), i.e., rate of proteolysis (Fig. 3, B to D,
and tables S5 to S8). Overall use of FFAs was suppressed. Increased plasma long-chain
acylcarnitines have been associated with heart failure (35, 36), but tissue acylcarnitine
amounts are decreased in failing hearts (37). We detected no increase in secretion of
acylcarnitine by the failing heart (table S9), indicating that (i) any putative defect in FA
consumption in heart failure occurred upstream of acylcarnitine production and (ii) a tissue
other than the heart increases systemic acylcarnitine production.

To gain insight into factors affecting fuel choice, we looked for correlations between
metabolite concentrations and their use as fuel (Fig. 4A), between fractional extraction of
different metabolites (fig. S8, A and B), and between fractional extraction and clinical or
demographic parameters (fig. S9). Uptake of acetate, 3-hydroxybutyrate, and glutamate (but
not that of glucose, lactate, or FFA) was directly proportional to circulating concentrations in
both heart and leg (Fig. 4, A to C, and fig. S10C), suggesting that consumption of these three
fuels is driven by substrate availability without the need for overt regulation. Moreover, their
fractional uptake correlated strongly with each other (fig. S8, A and B), suggesting that it
depends on tissue perfusion. In patients with reduced LVEF, all three fuels were extracted
~20% more by the heart (fig. S10, A and B), consistent with the longer transit times of blood
through the heart vasculature allowing increased uptake. Thus, the increased consumption of
ketones and glutamate in heart failure reflects higher plasma concentrations and lower rates
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of cardiac perfusion, as opposed to an inherent change in cardiac capacity to combust these
fuels.

In summary, we measured the uptake and secretion of 277 circulating metabolites by the
human nonfailing and failing heart during fasting. FAs were the predominant cardiac fuel
source. Unexpectedly, we observed little glucose uptake, perhaps a response to fasting or to
general anesthesia, limitations of our study that were imposed by clinical necessity. Uptake
of ketones was substantial and accentuated in heart failure. Ketone consumption has been
suggested to be protective in heart failure (38), and our data suggest that delivery of ketones
to the heart should be readily achievable. There was evidence of cardiac proteolysis despite
the availability of circulating amino acids, which was markedly accentuated in heart failure.
Whether this increased proteolysis in heart failure is adaptive or maladaptive will require
further studies. The present data provide a framework of fuel use in the beating human heart
and a foundation for understanding aberrant cardiac metabolism in disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 3. Comparison of myocardial substrate usein patientswith preserved versus reduced
g ection fraction.

(A) Calculated substrate-specific contribution to total cardiac oxygen consumption. Average
measured myocardial O, consumption (AO») is indicated above each bar. (B) Substrate-
specific contribution to cardiac ATP generation in patients with preserved ejection fraction
(pEF) versus reduced ejection fraction (rEF). (C) Proportion of total AO, accounted for by
the catabolism of each indicated substrate class in pEF versus rEF. (D) Net amino acid—
derived nitrogen release in patients with pEF versus rEF. *£< 0.05 by #test.
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Fig. 4. Cardiac uptake of acetate, ketones, and glutamate primarily depends upon circulating

concentrationsin pEF and rEF.

(A) Relationship of A-V metabolite gradient (Cy, — Ca) with arterial concentration of
indicated metabolites by linear regression. (B) Ca versus uptake of indicated metabolites by
the heart after adjustment for acetate extraction [(Ccs — Ca)scaled; Se€ the supplementary
data]. *P < 0.05 by analysis of covariance. (C) Ca versus uptake of the indicated metabolites

by the leg.
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