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Aims Ketones have been proposed to be a ‘thrifty’ fuel for the heart and increasing cardiac ketone oxidation can be car-
dioprotective. However, it is unclear how much ketone oxidation can contribute to energy production in the heart,
nor whether increasing ketone oxidation increases cardiac efficiency. Therefore, our goal was to determine to what
extent high levels of the ketone body, b-hydroxybutyrate (bOHB), contributes to cardiac energy production, and
whether this influences cardiac efficiency.

....................................................................................................................................................................................................
Methods
and results

Isolated working mice hearts were aerobically perfused with palmitate (0.8 mM or 1.2 mM), glucose (5 mM) and in-
creasing concentrations of bOHB (0, 0.6, 2.0 mM). Subsequently, oxidation of these substrates, cardiac function,
and cardiac efficiency were assessed. Increasing bOHB concentrations increased myocardial ketone oxidation rates
without affecting glucose or fatty acid oxidation rates where normal physiological levels of glucose (5 mM) and fatty
acid (0.8 mM) are present. Notably, ketones became the major fuel source for the heart at 2.0 mM bOHB (at both
low or high fatty acid concentrations), with the elevated ketone oxidation rates markedly increasing tricarboxylic
acid (TCA) cycle activity, producing a large amount of reducing equivalents and finally, increasing myocardial oxygen
consumption. However, the marked increase in ketone oxidation at high concentrations of bOHB was not accom-
panied by an increase in cardiac work, suggesting that a mismatch between excess reduced equivalents production
from ketone oxidation and cardiac adenosine triphosphate production. Consequently, cardiac efficiency decreased
when the heart was exposed to higher ketone levels.

....................................................................................................................................................................................................
Conclusions We demonstrate that while ketones can become the major fuel source for the heart, they do not increase cardiac

efficiency, which also underscores the importance of recognizing ketones as a major fuel source for the heart in
times of starvation, consumption of a ketogenic diet or poorly controlled diabetes.
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1. Introduction

The heart is the most metabolically demanding organ in the body.1 To
sustain contractile function, the heart meets its high demand for energy
[adenosine triphosphate (ATP)] by metabolizing an array of fuels—fatty
acids, glucose, lactate, ketones, and amino acids.2,3 A healthy, insulin-
sensitive heart is metabolically versatile and can dynamically adapt to

various physiological states (fed vs. fasted) by shifting its reliance primar-
ily between fatty acids and glucose.2 For example, during a post-prandial
state, increases in circulating insulin levels prime the heart to use glucose
for energy.2 Conversely, in a fasted state where circulating levels of
blood glucose are low, the heart increases its reliance on fatty acids for
energy.2 Maintenance of this cardiac ‘metabolic flexibility’ (shifting fuel
use from fatty acids to glucose and vice versa) is also attributed to the
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..Randle cycle phenomenon, whereby fatty acid and glucose metabolism
are reciprocally regulated.4 Loss of this metabolic flexibility, such as that
seen in diabetes and heart failure, can lead to perturbed cardiac meta-
bolic profiles and contractile dysfunction.5,6

Ketones are a source of energy that our bodies primarily use during
fasting/starvation,7 though ketones are also a prominent fuel source dur-
ing consumption of a ketogenic diet,8 prolonged exercise,9 or in poorly
controlled diabetics.10 There are three different types of ketone bodies:
b-hydroxybutyrate (bOHB), acetoacetate, and acetone,11 with the pre-
dominant ketone body found in our circulation being bOHB.12 While
most studies have focused on the involvement of fatty acids and carbo-
hydrates in cardiac intermediary energy metabolism, there has recently
been a growing appreciation for ketones as an important cardiac fuel
source.3 This has become increasingly apparent in light of the proposed
concept that ketones are a potential ‘super-fuel’ for the heart in a dia-
betic setting.13,14 The notion that ketones are a ‘super-fuel’ was sug-
gested following the demonstration that empagliflozin, an SGLT2
inhibitor used to treat type 2 diabetes, exhibited profound cardioprotec-
tive effects in diabetic patients with high cardiovascular risk.15 It has been
proposed that empagliflozin-mediated increases in ketone levels could
explain the cardioprotection seen in these patients by improvements in
the cardiac metabolic state,13,14 specifically an increase in cardiac effi-
ciency. However, we have shown that neither ketones nor empagliflozin
improve cardiac efficiency in diabetic mice.16 Ketones have also been
brought to the forefront in the setting of heart failure where we, along-
side several other labs, have shown that the failing heart has increased re-
liance on ketones as a fuel source.17–21

The heart can be exposed to increased ketone concentrations under
numerous physiological (fasting, exercise), supra-physiological (adminis-
tering ketone esters, SGLT2 inhibitors, or a ketogenic diet) and patho-
logical states (heart failure, uncontrolled diabetes). However, it is not
clear to what extent ketones can be used as a source of energy by the
heart, what effect increased ketone concentrations have on the metabo-
lism of other cardiac energy substrates, or what effect increased ketones
directly have on cardiac efficiency. In this study, we investigated what ef-
fect increasing ketone concentrations, specifically bOHB, has on cardiac
energetics, to definitively underline its effects on cardiac metabolism,
function, and efficiency in the healthy heart.

2. Methods

2.1 Animal care
All protocols involving our mice were approved by the University of
Alberta Institutional Animal Care and Use Committee. All mice received
treatment and care abiding by the guidelines set out by the Canadian
Council on Animal Care and all procedures conformed to the guidelines
from Directive 2010/63/EU of the European Parliament. All mice were
kept in a temperature-controlled housing unit with a 12-h light/dark cy-
cle. Furthermore, mice had access to water and regular chow diet ad libi-
tum. C57BL/6J male mice were purchased from Jackson Laboratories at
12-weeks of age and after an intraperitoneal injection of sodium pento-
barbital (60 mg/kg), their hearts were subjected to an isolated working
heart perfusion.

2.2 Isolated working heart perfusion
Isolated working hearts from C57BL/6J male mice were perfused aerobi-
cally for 60-min, with either a low or high concentration of radiolabelled

palmitate pre-bound to 3% albumin (low, 0.8 mM or high, 1.2 mM),
glucose (5 mM), and three increasing concentrations of bOHB (0, 0.6,
and 2.0 mM). The bOHB levels used are representative of bOHB
concentrations that can acutely change under physiological condi-
tions (fasting, intense exercise) and supra-physiological conditions
(ex. with a ketone ester22) of healthy hearts with an intact insulin axis.
Moreover, all hearts were perfused with and without insulin to assess
bOHB’s effect on cardiac insulin sensitivity. Alongside ex vivo cardiac
function, oxidation of these substrates was measured as previously
described.17 In light of the pressing question of whether ketones can
improve cardiac efficiency, we also measured cardiac efficiency by
cannulating the pulmonary artery, and oxygen concentrations differ-
ence in the buffer were measured between the left atria and the can-
nulated pulmonary artery.

2.3 CoA/nucleotide levels
Frozen heart tissue was homogenized using a 6% perchloric acid (PCA)/
1 mM dithiothreitol (DTT)/0.5 mM ethylenediaminetetraacetic acid
(EDTA) solution and after centrifugation at 12 000�g, half of the super-
natant was weighed and subjected to Ultra Performance Liquid
Chromatography (UPLC) for CoA quantification. The other half of the
supernatant had its pH brought to 7 using K2CO3, after which it was cen-
trifuged, and the supernatant was weighed and subjected to UPLC for
nucleotide quantification.

2.4 Triacylglycerol levels
Frozen heart tissue was homogenized in 2:1 chloroform:methanol so-
lution, after which samples were centrifuged at 3500 rpm and the su-
pernatant was quantified and transferred to new tubes. CaCl2 was
then added to the supernatant to separate the mixture into two
phases. Following centrifugation at 2400 rpm, the upper phase was
removed and the interface was rinsed with pure solvent three times.
Next, methanol was added to get one phase and samples were dried
under N2 gas at 60�C. Finally, samples were re-dissolved in 3:2 tert-
butyl alcohol:triton X-100/methyl alcohol (1:1) mixture and then
triacylglycerol (TAG) levels were determined using the Wako
Triglyceride E Kit.

2.5 Immunoblotting
Frozen myocardial tissue was homogenized using a ‘TissueLyser’, and ly-
sate was extracted after which a Bradford protein assay was carried out.
After samples were prepared, they were resolved via gel electrophoresis
[sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE)] and following transfer to a nitrocellulose membrane, immuno-
blotting was carried out.

2.6 Statistical analysis
Data are presented as mean ± standard error of the mean (SEM).
Statistically significant differences were determined by an unpaired, two-
tailed Student’s t-test, one-way or two-way analysis of variance
(ANOVA) followed by a Bonferroni post hoc test. Commercially avail-
able software was used to conduct the statistical analysis (GraphPad
Prism V7). Differences were deemed statistically significant when
P < 0.05.

Ketones do not increase cardiac efficiency 1179
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3. Results

3.1 Ketones are an unregulated fuel source
in the heart and are oxidized in proportion
to their availability independent of the
Randle cycle
Circulating ketone levels have the capacity to significantly increase under
various physiological and pathophysiological conditions.23 Using meth-
odology we developed to directly measure ketone oxidation in the
heart,17 we subjected isolated working mice hearts to increasing concen-
trations of bOHB that were physiologically relevant to a mildly ketotic
(0.6 mM) and a higher ketotic state (2.0 mM).23 Furthermore, to mimic a
ketogenic condition (high fat), we perfused hearts at two concentrations
of palmitate, 0.8 and 1.2 mM.24 This was also an important and inten-
tional aspect of the study because physiologically speaking, one would
not see high blood ketone levels unless high fat was available.25

Increasing bOHB concentrations increased myocardial ketone oxidation
rates in a first-order kinetics-manner (Figure 1A,E), agreeably with previ-
ous findings from Sultan et al.26 To our surprise though, the absolute
rates of bOHB oxidation reached 11 233 nmol/g dry weight/min in
hearts perfused with 2.0 mM bOHB with insulin, a considerably high oxi-
dative rate compared to previous reports on myocardial ketone oxida-
tion.26,27 The addition of insulin to assess myocardial insulin sensitivity
did increase myocardial ketone oxidation rates at 2.0 mM bOHB, inter-
estingly suggesting that myocardial ketone oxidation may be positively
regulated by insulin at higher ketone concentrations (Figure 1A,E).

As expected, increasing the fatty acid concentration to 1.2 mM palmi-
tate resulted in elevated cardiac palmitate oxidation rates (Figure 1F)
compared to 0.8 mM palmitate (Figure 1B), although this increase in pal-
mitate concentration did not affect bOHB oxidation rates (Figure 1E
vs. A). However, glucose oxidation rates were lower at 1.2 mM palmi-
tate (Figure 1G) than at 0.8 mM palmitate (Figure 1C), consistent with
classical Randle cycle regulation.4 The addition of insulin in these
hearts also confirmed that these hearts were insulin sensitive as seen
by significant increases in glucose oxidation rates (Figure 1C,G) and
decreases in palmitate oxidation rates (Figure 1B,F). It should also be
noted that our cardiac energy metabolism profiles in the presence of
low/high bOHB or palmitate concentrations were independent of
changes in the content of short chain CoA esters (e.g. succinyl CoA,
malonyl CoA, acetyl CoA, etc.) (Supplementary material online,
Figure S1).

Surprisingly, despite an intact Randle cycle and cardiac metabolic flexi-
bility in response to insulin, increasing bOHB to 2.0 mM (which markedly
increased ketone oxidation rates) had no effect on glucose oxidation
rates (Figure 1C,G), although there was a trend to a decrease glucose oxi-
dation rates at 2.0 mM but did not reach the threshold of statistical signif-
icance (P > 0.05). Glycolysis rates were also unaffected by increasing
bOHB concentrations (Figure 1D,H). Palmitate oxidation rates were also
unaffected by increasing concentrations of bOHB at 0.8 mM palmi-
tate (Figure 1B), but at 1.2 mM palmitate, 2.0 mM bOHB did have an
inhibitory effect on palmitate oxidation rates (Figure 1F). Since endog-
enous TAG turnover is a potential source of fatty acids for b-oxida-
tion, we also measured the TAG content in the hearts at the end of
the perfusion (Supplementary material online, Figure S2A,D), as well
as radiolabelled fatty acid content of palmitate in myocardial TAG
(Supplementary material online, Figure S2B,E). No changes in TAG
content or the radiolabelled content in TAG was seen with high
ketones, suggesting that high ketone concentrations were not

affecting TAG contribution of fatty acids for b-oxidation
(Supplementary material online, Figure S2).

Since cardiac work is an important determinant of the heart’s oxida-
tive capacity and oxidative rates,28,29 we normalized all absolute meta-
bolic rates (Figure 1) to cardiac work (Supplementary material online,
Figure S3) and found no significant differences between absolute and nor-
malized metabolic rates.

While glucose oxidation and fatty acid oxidation, both of which had
substantially lower absolute rates than bOHB oxidation
(Figure 1B,C,F–G), are reciprocally regulated via the Randle cycle, myocar-
dial ketone oxidation appears to be unregulated by this cycle, and conse-
quently the heart has a powerful capacity to increase the oxidation of
ketones in proportion to its availability.

3.2 Increasing ketone concentrations
markedly increases cardiac TCA cycle
activity and ketones can become the major
fuel of the heart
Since our isolated working heart perfusion method of assessing cardiac
energy metabolism allows for direct quantification of acetyl CoA en-
tering the TCA cycle, the consequence of increasing bOHB concen-
tration’s on TCA cycle activity was directly assessed. Increasing
bOHB concentration to 2.0 mM resulted in a three-fold increase in
total TCA cycle activity, with bOHB oxidation having the greatest
contribution of acetyl CoA for the TCA cycle at both 0.8 mM and
1.2 mM palmitate (Figure 2A,F). This robust increase in myocardial ke-
tone oxidation rates at higher ketone concentrations (Figures 1A and
2E) were translated into marked increases in TCA cycle activity and
NADHþ FADH2 production (Figure 2B,G). As a result, at high ketone
concentrations, ketones became the major fuel of the heart
(Supplementary material online, Figure S4).

Myocardial oxygen consumption was also assessed throughout the
heart perfusions. Increasing bOHB concentration to 2.0 mM resulted
in a significant increase in oxygen consumption at 0.8 mM palmitate
(Figure 2C) and a trend to also increase oxygen consumption at
1.2 mM palmitate (Figure 2H). However, while myocardial oxygen
consumption proportionally increased alongside the increased TCA
cycle activity (Figure 2A,F) and NADH þ FADH2 production
(Figure 2B,G), this was not translated into changes in cardiac ATP lev-
els (Figure 2D,I) or cardiac work (Figure 2E,J). As a result, bOHB-medi-
ated TCA cycle activity increases in reducing equivalents were
accompanied by increases in myocardial oxygen consumption but did
not translate into increases in cardiac ATP content or cardiac
function.

3.3 Increasing ketone concentrations
decreases cardiac efficiency
Since significant increases in myocardial ketone oxidation rates, TCA
cycle activity and NADHþ FADH2 production were uncoupled from
changes in cardiac work, we analysed cardiac efficiency. Cardiac effi-
ciency was determined by two ways: cardiac work normalized to to-
tal TCA cycle activity and cardiac work normalized to oxygen
consumption. As bOHB concentration increased, cardiac efficiency
significantly decreased (Figure 3A,B) at 0.8 mM palmitate and trended
to decrease at 1.2 mM palmitate (Figure 3C,D). This shows that while
the heart can readily oxidize ketones, it is not a more efficient source
of fuel.

1180 K.L. Ho et al.
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Figure 1 The metabolic profile of the healthy heart perfused at increasing concentrations of bOHB in the presence of 0.8 mM or 1.2 mM palmitate. (A, E)
bOHB (ketone body) oxidation (n = 4–7). (B, F) Palmitate (fatty acid) oxidation (n = 3–7). (C, G) Glucose oxidation (n = 6–7). (D, H) Glycolysis (n = 5–9).
Hearts perfused with 0 mM bOHB are represented by yellow circles, 0.6 mM bOHB by orange triangles, and 2.0 mM bOHB by red squares. A one-way
ANOVA with Bonferroni correction for multiple comparisons was carried out for each panel in this figure. Data are expressed as mean ± SEM. *P < 0.05
compared to the 0 mM bOHB group except for A where *P < 0.05 compared to the 0.6 mM bOHB. †P < 0.05 compared to the without insulin group.
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Figure 2 The effect of increasing ketone levels on TCA cycle activity, oxygen consumption, cardiac ATP content and cardiac work. (A, F) TCA cycle activ-
ity from glucose oxidation (n = 4–7), palmitate oxidation (n = 3–7), or bOHB oxidation (n = 4–7). (B, G) Total NADH and FADH2 produced as calculated
from glycolysis (n = 5–8), glucose oxidation (n = 4–7), palmitate oxidation (n = 3–7), or bOHB oxidation (n = 4–7) rates. (C, H) Myocardial oxygen consump-
tion rates at 10-min intervals for the duration of the perfusion (n = 9–13). (D, I) Total cardiac adenosine triphosphate (ATP) content as determined from
heart tissue snap-frozen at the end of the perfusion by UPLC (n = 10–14). (E, J) Ex vivo cardiac work measured at each time interval during the perfusion
(n = 10–15). Hearts perfused with 0 mM bOHB are represented by yellow circles, 0.6 mM bOHB by orange triangles, and 2.0 mM bOHB by red squares. A
two-way ANOVA with Bonferroni correction for multiple comparisons was carried out for each panel in this figure. Data are expressed as mean ± SEM.
*P < 0.05 compared to the 0 mM bOHB group (except in A, B, F, G where *P < 0.05 compared to the 0.6 mM bOHB group when comparing bOHB oxida-
tion). †P < 0.05 compared to the without insulin group.
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..4. Discussion

This study provides several important novel observations. First, through
direct measurement of myocardial ketone oxidation rates and compet-
ing energy substrate rates, we found that ketones can become the major
fuel of the healthy heart. Second, our experimental model is novel in that
it allows for the first time measurement of the coupling of myocardial
NADH and FADH2 production and oxygen consumption to contractile
function in the heart. Third, while our study confirms that glucose and
fatty acid metabolism are reciprocally regulated, ketones had no inhibi-
tory effect on glucose oxidation and its oxidation increases in an unregu-
lated manner proportional to its availability. Fourth, through direct
measurement of reducing equivalent production rates simultaneously
with cardiac oxygen consumption and cardiac work, we found that in-
creasing ketone availability to the heart was not accompanied by changes
in cardiac function despite the heart’s high capacity to oxidize ketones.
As a result, we show that increasing ketone availability to the heart
decreases cardiac efficiency, challenging the notion that ketones are
a ‘thrifty fuel’ for the heart. Fifth, we demonstrate that when the
heart is provided with an excess of energy substrates, such as high

ketones, the enhanced supply of reducing equivalents becomes
uncoupled from ATP production rates, leading to a decrease in car-
diac efficiency.

Despite a growing and overwhelming interest in the role of ketones in
the failing and diabetic heart, no previous study has directly assessed the
actual contribution of ketones to cardiac energy metabolism. The impor-
tance of this is further implicated when considering that many scenarios
can physiologically, supra-physiologically, and pathologically increase cir-
culating ketone levels and thus, its availability to the heart. Ketones have
also been proposed to be a ‘thrifty fuel’ or ‘super fuel’ for the heart,13,14

although we have previously challenged this concept.30 In this study, we
demonstrate that the heart does have a powerful capacity to oxidize
ketones in proportion to its availability, and at high concentrations,
ketones can actually become the major fuel of the heart. Of importance,
we also show that despite marked increases in the contribution of ke-
tone oxidation to TCA cycle activity at high concentrations of ketones,
this was not accompanied by decreases in the contribution of glucose
oxidation or fatty acid oxidation to TCA cycle activity. This could have
important implications in the setting of heart failure, where providing
ketones could be a potential extra source of energy for a starved heart,31

Figure 3 Ketones decrease cardiac efficiency. (A, C) Cardiac efficiency as calculated by cardiac work normalized to total TCA cycle activity (n = 3–7).
(B, D) Cardiac efficiency as calculated by cardiac work normalized to oxygen consumption (n = 8–13). Hearts perfused with 0 mM bOHB are represented
by yellow circles, 0.6 mM bOHB by orange triangles, and 2.0 mM bOHB by red squares. A one-way ANOVA with Bonferroni correction for multiple com-
parisons was carried out for (A, C) while a two-way ANOVA with Bonferroni correction for multiple comparisons was carried out for (B, D). Data are
expressed as mean ± SEM. *P < 0.05 compared to the 0 mM bOHB group. †P < 0.05 compared to the without insulin group.
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without the concern that other sources of energy production would be
inhibited. A previous study by Stanley et al.32 investigated the impact of
co-infusion of bOHB with fat emulsion on myocardial fatty acid uptake
in vivo using an anaesthetized pig model. An important point of this study
is that the measurement of myocardial fatty acid oxidation was based on
the assumption that fatty acid uptake equals fatty acid oxidation.
However, a growing body of evidence has shown that this is not always
the case and that enhanced myocardial uptake of fatty acid does not al-
ways mean it is going to be oxidized by the heart since it can be accumu-
lated in the myocardium or stored at TAG. Considering that neither
cardiac ATP nor TAG were measured in that study, it is not clear how
these changes in myocardial uptake fatty acid and bOHB actually influ-
enced cardiac fatty acid and bOHB oxidation, cardiac ATP levels or en-
dogenous stores of fatty acids in the heart. However, the Stanley et al.32

study does supports the novel findings of our submitted study that
ketone’s contribution to cardiac ATP production can be increased by en-
hancing circulating levels of ketone with no inhibitory effect on cardiac
glucose oxidation or no changes to cardiac function.

We also demonstrate that ketones are not a more efficient energy
substrate compared to other carbon substrates, and that increases in ke-
tone oxidation in the healthy heart are actually accompanied by
decreases in cardiac efficiency. Increasing ketone concentrations in the
healthy heart had no impact on cardiac function despite the fact that
both TCA cycle activity and oxygen consumption increased, the result of
which was an actual decrease in cardiac efficiency. In the failing heart, we
showed that the increase in TCA cycle and oxygen consumption seen
with increasing ketone concentrations is matched by an increase in car-
diac work, resulting in no change in cardiac efficiency.17 Combined, these
results suggest that ketones are a potential extra source of fuel for the
heart, albeit without increasing cardiac efficiency.

Through reciprocal regulation of glucose and palmitate oxidation, one
would expect that an increase in ketone oxidation, as with increased
fatty acid oxidation, would result in competition for acetyl CoA supply
for the TCA cycle. However, to our surprise, significantly increasing ke-
tone oxidation did not result in any form of glucose oxidation inhibition,
and palmitate oxidation was only inhibited at 1.2 mM palmitate by
2.0 mM bOHB. This suggests that ketones are not subjected to the clas-
sic Randle Cycle phenomena that glucose and fatty acids are. Indeed,
while raising fatty acid concentrations significantly decreased glucose oxi-
dation as expected (Figure 1C,G), both in the presence or absence of in-
sulin, raising ketone concentrations did not alter glucose oxidation rates.
Interestingly, we found that increasing bOHB or palmitate concentration
had no effect on the phosphorylation of pyruvate dehydrogenase, a key
‘feedback inhibited’ enzyme that contributes to the interplay between
glucose and palmitate oxidation (Supplementary material online, Figure
S5). Regardless, the fact that ketones had no effect on glucose oxidation
or the phosphorylation of its rate-limiting enzyme (pyruvate dehydroge-
nase), has potential significance in the setting of heart failure, where stim-
ulating glucose oxidation can benefit the failing heart.5 It suggests that
increasing ketone oxidation may not compromise glucose oxidation, and
therefore heart function, in the failing heart. Our findings, while in a
healthy setting, are not consistent with a recent study claiming that the
failing myocardium treated with empagliflozin (increases circulating ke-
tone levels) switches its fuel use away from glucose to ketones. Their
findings suggest that ketones decrease glucose use, and this results in an
increase in cardiac efficiency. However, the authors do not measure glu-
cose oxidation and only measure glucose uptake.33 Therefore, further
studies are still needed to directly assess the interaction between ketone
oxidation and glucose oxidation in the failing heart.

We also demonstrate that the main determinant of how much
ketones are used as an energy source by the heart is the concentration
of ketones to which the heart is exposed. Insulin is an important regula-
tor of energy metabolism in the heart, with increasing insulin concentra-
tions resulting in an increase in glucose oxidation (Figure 1C,G) and a
decrease in fatty acid oxidation (Figure 1B,F).2,34 In contrast, at lower con-
centrations of ketones, insulin had no effect on ketone oxidation rates
(Figure 1A).26,35 Interestingly, insulin did have a mild stimulatory effect on
ketone oxidation at high ketone concentrations (Figure 1A,B), although
the mechanism by which this occurred is not clear.

Notably, increasing bOHB concentrations resulted in an uninhibited
three-fold increase in TCA cycle activity and at 2.0 mM bOHB, ketones
became the major fuel source for the heart (Supplementary material on-
line, Figure S4). Our results support early work from Jeffrey et al.36 who
also demonstrated that acetoacetate (the second most abundant ketone
body found in our circulation) contributed up to 78% of acetyl-CoA in
an isolated working rat heart in a fasted state where ketone levels were
also elevated. However, in addition to not having used bOHB as the sub-
strate, Jeffrey et al.36 did not report any glucose oxidation rates as they
were too low and entirely suppressed by their competing substrates. In
contrast, we did not recapitulate these findings and instead, present
novel data that despite bOHB becoming the major fuel for the heart,
bOHB did not exhibit any effects on myocardial glucose oxidation rates.

The consequence of an unregulated and increased reliance on ketones
for energy ultimately resulted in depressed cardiac efficiency (Figure 3).
Through the metabolism of glucose, palmitate and bOHB, the hydrogen
carriers NADþ and FAD are reduced to NADH and FADH2, respec-
tively. The reduced equivalents then carry the hydrogens to the electron
transport chain where they are used to reduce oxygen to water. Their
oxidation also results in proton pumping and the subsequent proton
motive force which is used for ATP synthesis. We found high bOHB
causes excess supply of NADH and FADH2 that was directly measured
for the first time in this study. Interestingly, this excess supply was not ac-
companied with an increase in ATP levels (Figure 2I), cardiac function
(Figure 2J) or additionally quantified nucleotides (Supplementary material
online, Figure S6). We also found that there was an increase in myocardial
oxygen consumption in the high bOHB perfused hearts, which supports
an increase in electron transport chain (ETC) activity that accompanied
the increase in NADH and FADH2 supply. Interestingly, this increase in
oxygen consumption was not accompanied by an increase or a decrease
in cardiac work, suggesting there is no change in ATP use by the contrac-
tile proteins. Together, there are two possibilities that may explain this
disassociation between the excess supply of reducing equivalents and no
change in cardiac ATP levels. One possibility is that ATP production in-
creased in the presence of high levels of bOHB, but that high ßOHB’s
are decreasing the efficiency of the contractile proteins causing an exces-
sive ATP hydrolysis. The second possibility is that the increase in ETC ac-
tivity, evidenced by an increase supply of NADH and FADH2 and
oxygen consumption, becomes uncoupled from ATP production.
However, we believe the first possibility is unlikely, and, to the best of
our knowledge, there is no evidence in the literature that supports this
hypothesis. Cardiac work, which is the major consumer of ATP in the
heart, did not change in the presence of excess ßOHB levels, and there
no evidence in the literature that ketones decrease the efficiency of the
contractile proteins. As a result, this suggests that excess NADH and
FADH2 supply from the high ketone oxidation rates became uncoupled
from ATP production in the ETC. In line with our findings, perfusing rat
hearts with high levels of lactate (8 mM) and palmitate (1.2 mM) also
causes an excessive supply of reducing equivalents, with no effect on the
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heart’s contractile function.37 Therefore, it seems plausable to suggest
that the heart is equipped with a machinery to uncouple reduced equiva-
lent supply from ATP production to handle the excessive supply of en-
ergy in times of ‘super plenty’ (excessive supply of reducing equivalents).

While mitochondrial uncoupling has been well described,38 it is still
unclear exactly how this occurs. A likely scenario is that the proton mo-
tive force that normally drives ATP production is reduced by allowing
Hþ to flow to the mitochondrial matrix, instead of building up in the mi-
tochondrial intermembrane space. Uncoupling proteins (UCPs) are mi-
tochondrial inner membrane proteins that are regulated proton
channels. UCPs are thus capable of dissipating the proton gradient gen-
erated by reducing equivalents-powered pumping of protons between
mitochondrial intermembrane space and the mitochondrial matrix.

UCPs have also been implicated in regulating the mitochondrial mem-
brane potential by channelling Hþ to the mitochondrial matrix. UCP 2
and 3 are present in the heart mitochondria and are classically known for
their roles in thermogenesis and regulation of mitochondrial production
of reactive oxygen species, energy expenditure, and obesity.39–41 The
role of UCPs in the healthy heart is not likely to be to promote gross
thermogenesis, since the heart is not a ‘thermogenic organ’ like brown
adipose tissue. Instead, UCP2 and UCP3’s roles in fatty acid export and
attenuation of mitochondrial reactive oxygen species are thought to be
important in protecting the heart in pathological conditions and can af-
fect cardiac efficiency.42,43 Taken together, UCPs are potential candi-
dates that can allow Hþ to flow to the mitochondrial matrix to decrease
the proton motive force and consequently ATP production in times of
super plenty such as high ketone supply to the heart (Figure 4). In a num-
ber of conditions expression of UCPs increases under conditions sugges-
tive of mitochondrial uncoupling.42,44,45 However, in our study,
increasing ßOHB supply resulted in an immediate increase in reduced
equivalent supply, suggesting that an increased expression of UCPs could
not explain the proposed uncoupling that we observed. The possibility
exists that excess ketone supply could directly affect the activity of the
UCPs, although this has yet to be determined.

Another potential candidate contributing to uncoupling is the mito-
chondrial permeability transition pore (PTP). PTP is a non-selective
channel between the inner membrane and mitochondrial matrix that
allows the passage of molecules <1.5 kDa including Hþ,46–48 and it regu-
lates mitochondrial membrane potential.49,50 Although still controver-
sial, recent studies have suggested that PTP could be an uncoupling
channel within the c-subunit ring of the mitochondrial ATP synthase
(Complex V) that allows Hþ to flow to the mitochondrial matrix in time
of stress.51,52 While ATP synthase normally functions as a Hþ pore that
couples proton motive force to ATP synthesis, this Hþ flux may theoret-
ically become uncoupled from ATP synthesis. It is possible that ATP syn-
thase allows Hþ to flow from the intermembrane space to the
mitochondrial matrix uncoupled from ATP synthesis in time of super
plenty, such as excess ketone oxidation rates. This is an exciting area to
be explored in future investigations.

These proposed mechanisms do not exclude the possibility that there
could be another undefined candidate(s) which can be responsible for
mitigating the sudden supraphysiological supply of reducing equivalents
due to an unregulated fuel source (such as ketones) when there is no in-
crease in cardiac work demand. The fact that cardiac work neither in-
creased nor decreased with the addition of ketones suggests that the
increases in the oxidation of this excess supply of reducing equivalents
resulted in a subsequent ‘mild’ uncoupling in which there was a lowered
proton motive force, but ATP synthesis was still normal. As the law of
thermodynamics states that energy cannot be created or destroyed,53

the ‘mild’ decrease of this proton motive force is likely dissipated as heat
(Figure 4).

While our study looked at the acute effects of bOHB on cardiac me-
tabolism, function, and efficiency, it is important to note that scenarios
that result in chronic elevations in ketone levels (as with a ketogenic diet
or long-term ketone ester consumption) introduce another layer of
complexity due to eventual physiological compensatory adaptations in
transcriptional machinery as previously reported by Wentz et al.27

Instead, the acute design of our study allows for us to definitively assess
the effect of ketones on cardiac energetics independent of transcrip-
tional compensatory changes. Therefore, regardless of what ketones are
doing acutely or chronically, the direct effect of bOHB on cardiac effi-
ciency still stands—it does not improve cardiac efficiency.

Figure 4 Proposed mechanism for preserving the capacity of ATP
production in the event of high ketone-derived excess of reducing
equivalents and the absence of cardiac work-load. (A) The flow of re-
ducing equivalents to the electron transport chain to be oxidized to
provide hydrogen (Hþ) and electron to build up the proton motive
force that drives the production ATP. (B) Our proposed role of uncou-
pling proteins (UCPs) and/or ATP synthase in preserving the mitochon-
drial capacity of ATP production in the event of a high supply of
reducing equivalents in the absence of cardiac work demand for ATP
production. We proposed that such excess in reducing equivalents sup-
ply, derived from unregulated oxidation of substrates like ketones, trig-
gers the activity of UCPs and/or ATP synthase to reduce proton
motive force and allow Hþ to flow to the mitochondrial matrix. This
will prevent excessive production of ATP when it is not needed and
preserve the limit, unreplaceable amount of nucleotide (i.e. ADP) that
is available for ATP production. This proposed mechanism do not ex-
clude the possibility that there could be another undefined candidate(s)
that can be responsible for mitigating the sudden supraphysiological
supply of reducing equivalents due to an unregulated fuel source (such
as ketones) when there is no cardiac work demand. ADP, adenosine
diphosphate.
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To conclude, we present novel data in an animal model showing that

bOHB is oxidized in an unregulated manner proportional to its delivery.
Importantly, increasing bOHB concentration resulted in marked
increases to TCA cycle activity without any significant decrease in glu-
cose oxidation or palmitate oxidation. As a result, increasing bOHB led
to an accumulation of reduced equivalents, and increases in myocardial
oxygen consumption, all of which were uncoupled from ATP production
and cardiac function, ultimately decreasing cardiac efficiency. Our find-
ings not only indicate that acute ketotic milieus can significantly impact
cardiac energetics but also underscore the importance of appreciating
ketones as a major fuel source for the heart that do not exhibit substrate
competition or increase cardiac efficiency.
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Translational perspective
Recent clinical interest has focused on ketones as a potential fuel source for the failing heart, primarily because ketones have been popularized as a
‘thrifty’ fuel that may increase cardiac efficiency. However, we have directly assessed cardiac ketone oxidation rates alongside their competing en-
ergy substrates and found that: not only can ketones become the major fuel of the heart with no inhibitory effect on cardiac glucose oxidation, but
they can provide the healthy heart with an excess energy supply, with no changes to cardiac function, resulting in a mismatch between reducing
equivalents supply and cardiac ATP production, ultimately contributing to a decrease in cardiac efficiency.
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