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While the heart is a “metabolic omnivore’, the predominant sources of energy production
are fatty acid and glucose/lactate catabolism (Stanley et a/. 2005). Cardiomyocytes can

also utilize ketone bodies but circulating concentrations of ketones are typically low
compared to other substrates in the fed state (Stanley et a/. 2005). Regardless, studies

of rodent isolated working hearts have suggested that even at normal physiological
concentrations of mixed substrates, the perfused heart can derive a substantial amount
(~34%) of acetyl-CoA from ketones (Stowe et al. 2006), and cardiac ketone utilization can
be enhanced in proportion to delivery (Jeffrey et al. 1995). The two main ketone bodies,
B-hydroxybutyrate (BOHB), and acetoacetate (AcAc), are catabolized by two mitochondrial
enzymes, B-hydroxybutyrate dehydrogenase 1 (BDH1) and succinyl-CoA:3-oxoacid CoA
transferase (SCOT), respectively. A great deal of excitement has been drawn to cardiac
ketone metabolism due to recent evidence demonstrating that failing mouse and human
hearts preferentially switch to ketone utilization (Aubert et a/. 2016; Bedi et al. 2016).
Ketone extraction and oxidation are increased in failing human hearts compared to normal
hearts (Monzo et al. 2020; Murashige et al. 2020). The following discussion describes a
parallel body of work indicating that ketones may not be sufficient to sustain the metabolic
demand of the heart and raises the debate regarding the importance of ketones as a metabolic
fuel.
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Ketone metabolism insights from ex vivo studies

Cardiac ketone metabolism has been studied extensively in isolated hearts, where the heart
is isolated and perfused with buffer containing metabolite(s). Early work suggested that
ketones could serve as the preferred oxidative fuel in Langendorff-perfused rat hearts
(Williamson & Krebs, 1961). However, using an isolated working heart model, Taegtmeyer
and colleagues demonstrated that ketone oxidation rates were unchanged in response to
increased workload (Taegtmeyer et al. 1980). Also, perfusion of ketones as the sole
metabolic substrate could not sustain cardiac work (Taegtmeyer et a/. 1980). Only if the
hearts were perfused with a combination of ketone and glucose (Taegtmeyer et al. 1980), or
ketone and fatty acid (Russell ef a/. 1995) could contractile work be maintained. The authors
described that hearts perfused with AcAc alone displayed inhibition of 2-oxoglutarate
dehydrogenase activity due to sequestration of free CoA (Taegtmeyer, 1983; Russell &
Taegtmeyer, 1991). This contractile dysfunction and loss of free CoA was reversed by
addition of glucose, fatty-acylcarnitine or TCA cycle intermediates to the perfusate. A
more recent study demonstrated that isolated normal working hearts and isolated pressure-
overload failing hearts perfused with BOHB increased overall ATP production due to
enhanced ketone and glucose utilization, but cardiac efficiency was unchanged (Ho et a/.
2019).

A recent study in 7he Journal of Physiology also supports the notion of ketones not
being an important metabolic fuel for cardiac mitochondrial oxidation ex vivo. Petrick
and colleagues demonstrated that when AcAc or BOHB was added to mitochondria
isolated from left ventricle or permeabilized left ventricular muscle fibres, the maximal
mitochondrial respiration from ketones was low compared to pyruvate (Petrick et al. 2020).
Additionally, if pyruvate was already present in these preparations, addition of ketones
could not further increase mitochondrial respiration (Petrick et al. 2020). Thus, this study
also suggests that ketones may not be an important metabolic fuel for the heart; however,
the effects of ketones likely go beyond their metabolic role (Poffe & Hespel, 2020). For
instance, ketones are known to have both signalling and post-translational modification/
epigenetic roles (Puchalska & Crawford, 2017).

Ketones and substrate competition

While the heart is metabolically flexible, all substrates are catabolized to acetyl-CoA for
oxidation. Several studies suggest that ketones compete with glucose and fatty acids as
metabolic fuel. Both /n vitroand /n vivo studies have shown that ketones compete with

fatty acids and inhibit their oxidation (Hasselbaink ef a/. 2003; Stanley ef a/. 2003). It has
also been demonstrated that chronic exposure to BOHB induces insulin resistance in isolated
cardiomyocytes (Tardif er al. 2001; Pelletier et a/. 2007). BOHB infusion can also reduce
cardiac glucose uptake in humans (Gormsen et al. 2017) suggesting that ketones have the
potential to compete with both glucose uptake and oxidation in the heart. However, the
ketone-associated inhibition of fat or glucose oxidation appears to be specific to ketone
body concentration, with lower ketone concentrations either not affecting, or even enhancing
cardiac oxidative capacity of these other substrates (Ho ef a/. 2019).
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Insights from in vivo studies on myocardial ketone metabolism

While ex vivo studies allow direct assessment of myocardial substrate metabolism, these
interpretations of cardiac fuel utilization may not faithfully represent the /n vivo scenario,
particularly in conditions associated with chronically elevated ketone levels such as fasting,
consumption of a ketogenic diet, or uncontrolled diabetes. Intriguingly, high ketogenic
conditions have been shown to diminish the ability of the heart to catabolize ketone

bodies. Hearts from mice provided a ketogenic diet or after 24 h fasting displayed reduced
expression of ketolytic enzymes, and reduced ketone oxidation both /in vivoand ex vivo
(Wentz et al. 2010). We and others have also described decreased cardiac expression of
BDH1 and SCOT after ketogenic diet or fasting, even in failing hearts that were previously
upregulating the expression of these ketolytic enzymes (McCommis et a/. 2020; Zhang et
al. 2020). We also reported a similar observation in a mouse model of diabetes, where
despite elevated levels of circulating ketone bodies, myocardial ketolytic machinery was
inhibited (Brahma et a/. 2020). During these physiological and pathological states of high
ketosis, the heart is also receiving high levels of fatty acids delivered either from dietary
sources with the ketogenic diet or from enhanced adipose tissue lipolysis during any of these
scenarios. Thus, it appears the heart may be downregulating ketolytic machinery in order
to maintain or enhance fatty acid oxidation during ketosis (Wentz et a/. 2010; McCommis
et al. 2020). Interestingly, enhanced cardiac glucose uptake and utilization from glucose
transporter-1 or —4 overexpression is also able to downregulate ketolytic enzyme expression
and decrease ketone oxidation (Yan et al. 2009; Brahma et a/. 2020). Altogether, these
findings suggest that in chronic ketotic states /n vivo, hearts downregulate the ketolytic
enzymes and preferentially oxidize other substrates.

Lastly, several genetic mouse models also suggest that ketone metabolism is not crucial

to maintaining normal cardiac homeostasis (Schugar et al. 2014; Horton et al. 2019). As
described in these studies, mice with cardiac deletion of SCOT (Schugar et al. 2014) or
BDH1 (Horton et al. 2019), which cannot metabolize ketone bodies, display normal cardiac
size and function, unless subjected to pressure overload when both models display enhanced
cardiac remodelling and dysfunction. Thus, complete genetic loss of the cardiac ketolytic
machinery does not negatively affect cardiac performance in the absence of a secondary
stress.

Conclusions

In our opinion, controversies related to the importance of cardiac ketone metabolism may
be due to comparing acute ex vivo studies to the chronic /n vivo scenario. Additionally,
some findings appear to be different between studies comparing high, but submillimolar, to
very high millimolar levels of ketones. But we believe the bulk of evidence from in vitro
and /n vivo experimentation suggests that ketone catabolism is not crucial for normal hearts.
Further understanding is needed to address the importance of ketone metabolism in heart
failure, as recent studies in preclinical models (Ho et a/. 2019; Horton et a/. 2019; Yurista et
al. 2021) and humans (Bedi et a/. 2016; Monzo et al. 2020; Murashige et al. 2020) suggest
enhanced ketone body metabolism in heart failure.
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Call for comments

Readers are invited to give their views on this and the accompanying CrossTalk articles in
this issue by submitting a brief (250 word) comment. Comments may be submitted up to

6 weeks after publication of the article, at which point the discussion will close and the
CrossTalk authors will be invited to submit a ‘Last Word’. Please email your comment,
including a title and a declaration of interest, to jphysiol@physoc.org. Comments will be
moderated and accepted comments will be published online only as ‘supporting information’
to the original debate articles once discussion has closed.

Acknowledgments
Funding

A.R.W. is supported by NIH RO1 HL133011. K.S.M. is supported by NIH RO0 HL136658.

Biography

Manoja Kumar Brahma s a postdoctoral fellow in the Signal Transduction and
Metabolism Laboratory at the Université libre de Bruxelles (Belgium). He completed his
PhD from the University of Graz at Austria followed by postdoctoral training in the
laboratory of Dr Adam R. Wende at the University of Alabama at Birmingham (USA).
His work was primarily focused on understanding why diabetic patients are susceptible to
developing heart failure with a focus on defective myocardial ketone body metabolism.

-
'

References

Aubert G, Martin OJ, Horton JL, Lai L, Vega RB, Leone TC, Koves T, Gardell SJ, Kruger M, Hoppel
CL, Lewandowski ED, Crawford PA, Muoio DM & Kelly DP (2016). The failing heart relies on
ketone bodies as a fuel. Circulation 133, 698-705. [PubMed: 26819376]

Bedi KC Jr, Snyder NW, Brandimarto J, Aziz M, Mesaros C, Worth AJ, Wang LL, Javaheri A, Blair
IA, Margulies KB & Rame JE (2016). Evidence for intramyocardial disruption of lipid metabolism
and increased myocardial ketone utilization in advanced human heart failure. Circulation 133, 706—
716. [PubMed: 26819374]

Brahma MK, Ha CM, Pepin ME, Mia S, Sun Z, Chatham JC, Habegger KM, Abel ED, Paterson AJ,
Young ME & Wende AR (2020). Increased glucose availability attenuates myocardial ketone body
utilization. J Am Heart Assoc 9, e013039. [PubMed: 32750298]

Gormsen LC, Svart M, Thomsen HH, Sondergaard E, Vendelbo MH, Christensen N, Tolbod LP,
Harms HJ, Nielsen R, Wiggers H, Jessen N, Hansen J, Botker HE & Moller N (2017). Ketone
body infusion with 3-hydroxybutyrate reduces myocardial glucose uptake and increases blood flow
in humans: A positron emission tomography study. J Am Heart Assoc 6, e005066. [PubMed:
28242634]

Hasselbaink DM, Glatz JF, Luiken JJ, Roemen TH & Van der Vusse GJ (2003). Ketone bodies disturb
fatty acid handling in isolated cardiomyocytes derived from control and diabetic rats. Biochem J
371, 753-760. [PubMed: 12489982]

Ho KL, Zhang L, Wagg C, Al Batran R, Gopal K, Levasseur J, Leone T, Dyck JRB, Ussher JR, Muoio
DM, Kelly DP & Lopaschuk GD (2019). Increased ketone body oxidation provides additional

J Physiol. Author manuscript; available in PMC 2022 March 03.


https://jphysiol@physoc.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brahma et al.

Page 5

energy for the failing heart without improving cardiac efficiency. Cardiovasc Res 115, 1606-1616.
[PubMed: 30778524]

Horton JL, Davidson MT, Kurishima C, Vega RB, Powers JC, Matsuura TR, Petucci C, Lewandowski
ED, Crawford PA, Muoio DM, Recchia FA & Kelly DP (2019). The failing heart utilizes 3-
hydroxybutyrate as a metabolic stress defense. JCI Insight 4, e124079.

Jeffrey FM, Diczku V, Sherry AD & Malloy CR (1995). Substrate selection in the isolated working
rat heart: Effects of reperfusion, afterload, and concentration. Basic Res Cardiol 90, 388—-396.
[PubMed: 8585860]

McCommis KS, Kovacs A, Weinheimer CJ, Shew TM, Koves TR, llkayeva OR, Kamm DR, Pyles
KD, King MT, Veech RL, DeBosch BJ, Muoio DM, Gross RW & Finck BN (2020). Nutritional
modulation of heart failure in mitochondrial pyruvate carrier-deficient mice. Nat Metab 2, 1232—
1247. [PubMed: 33106690]

Monzo L, Sedlacek K, Hromanikova K, Tomanova L, Borlaug BA, Jabor A, Kautzner J & Melenovsky
V (2020). Myocardial ketone body utilization in patients with heart failure: The impact of oral
ketone ester. Metabolism 115, 154452. [PubMed: 33248064]

Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman MC, Rabinowitz JD, Frankel DS
& Arany Z (2020). Comprehensive quantification of fuel use by the failing and nonfailing human
heart. Science 370, 364-368. [PubMed: 33060364]

Pelletier A, Tardif A, Gingras MH, Chiasson JL & Coderre L (2007). Chronic exposure to ketone
bodies impairs glucose uptake in adult cardiomyocytes in response to insulin but not vanadate: The
role of PI13-K. Mol Cell Biochem 296, 97-108. [PubMed: 16960657]

Petrick HL, Brunetta HS, Pignanelli C, Nunes EA, van Loon LJC, Burr JF & Holloway GP (2020).

In vitro ketone-supported mitochondrial respiration is minimal when other substrates are readily
available in cardiac and skeletal muscle. J Physiol 598, 4869-4885. [PubMed: 32735362]

Poffe C & Hespel P (2020). Ketone bodies: beyond their role as a potential energy substrate in
exercise. J Physiol 598, 4749-4750. [PubMed: 32969026]

Puchalska P & Crawford PA (2017). Multi-dimensional roles of ketone bodies in fuel metabolism,
signaling, and therapeutics. Cell Metab 25, 262-284. [PubMed: 28178565]

Russell RR 3rd, Mommessin JI & Taegtmeyer H (1995). Propionyl-L-carnitine-mediated improvement
in contractile function of rat hearts oxidizing acetoacetate. Am J Physiol 268, H441-H447.
[PubMed: 7840294]

Russell RR 3rd & Taegtmeyer H (1991). Changes in citric acid cycle flux and anaplerosis antedate the
functional decline in isolated rat hearts utilizing acetoacetate. J Clin Invest 87, 384-390. [PubMed:
1671390]

Schugar RC, Moll AR, Andre d’Avignon D, Weinheimer CJ, Kovacs A & Crawford PA (2014).
Cardiomyocyte-specific deficiency of ketone body metabolism promotes accelerated pathological
remodeling. Mol Metab 3, 754-769. [PubMed: 25353003]

Stanley WC, Meadows SR, Kivilo KM, Roth BA & Lopaschuk GD (2003). B-Hydroxybutyrate
inhibits myocardial fatty acid oxidation in vivo independent of changes in malonyl-CoA content.
Am J Physiol Heart Circ Physiol 285, H1626-H1631. [PubMed: 12969881]

Stanley WC, Recchia FA & Lopaschuk GD (2005). Myocardial substrate metabolism in the normal
and failing heart. Physiol Rev 85, 1093-1129. [PubMed: 15987803]

Stowe KA, Burgess SC, Merritt M, Sherry AD & Malloy CR (2006). Storage and oxidation of
long-chain fatty acids in the C57/BL6 mouse heart as measured by NMR spectroscopy. FEBS Lett
580, 4282-4287. [PubMed: 16831433]

Taegtmeyer H (1983). On the inability of ketone bodies to serve as the only energy providing substrate
for rat heart at physiological work load. Basic Res Cardiol 78, 435-450. [PubMed: 6626122]

Taegtmeyer H, Hems R & Krebs HA (1980). Utilization of energy-providing substrates in the isolated
working rat heart. Biochem J 186, 701-711. [PubMed: 6994712]

Tardif A, Julien N, Pelletier A, Thibault G, Srivastava AK, Chiasson JL & Coderre L (2001).

Chronic exposure to beta-hydroxybutyrate impairs insulin action in primary cultures of adult
cardiomyocytes. Am J Physiol Endocrinol Metab 281, E1205-E1212. [PubMed: 11701435]

J Physiol. Author manuscript; available in PMC 2022 March 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Brahma et al.

Page 6

Wentz AE, d’Avignon DA, Weber ML, Cotter DG, Doherty JM, Kerns R, Nagarajan R, Reddy
N, Sambandam N & Crawford PA (2010). Adaptation of myocardial substrate metabolism to a
ketogenic nutrient environment. J Biol Chem 285, 24447-24456. [PubMed: 20529848]

Williamson JR & Krebs HA (1961). Acetoacetate as fuel of respiration in the perfused rat heart.
Biochem J 80, 540-547. [PubMed: 13785549]

Yan J, Young ME, Cui L, Lopaschuk GD, Liao R & Tian R (2009). Increased glucose uptake and
oxidation in mouse hearts prevent high fatty acid oxidation but cause cardiac dysfunction in
diet-induced obesity. Circulation 119, 2818-2828. [PubMed: 19451348]

Yurista SR, Matsuura TR, Sillje HHW, Nijholt KT, McDaid KS, Shewale SV, Leone TC, Newman
JC, Verdin E, van Veldhuisen DJ, de Boer RA, Kelly DP & Westenbrink BD (2021). Ketone ester
treatment improves cardiac function and reduces pathologic remodeling in preclinical models of
heart failure. Circ Heart Fail 14, e007684. [PubMed: 33356362]

Zhang Y, Taufalele PV, Cochran JD, Robillard-Frayne I, Marx JM, Soto J, Rauckhorst AJ, Tayyari
F, Pewa AD, Gray LR, Teesch LM, Puchalska P, Funari TR, McGlauflin R, Zimmerman K,
Kutschke WJ, Cassier T, Hitchcock S, Lin K, Kato KM, Stueve JL, Haff L, Weiss RM, Cox
JE, Rutter J, Taylor EB, Crawford PA, Lewandowski ED, Des Rosiers C & Abel ED (2020).
Mitochondrial pyruvate carriers are required for myocardial stress adaptation. Nat Metab 2, 1248—
1264. [PubMed: 33106689]

J Physiol. Author manuscript; available in PMC 2022 March 03.



	Ketone metabolism insights from ex vivo studies
	Ketones and substrate competition
	Insights from in vivo studies on myocardial ketone metabolism
	Conclusions
	Call for comments
	References

