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Abstract

Despite existing therapy, patients with heart failure (HF) suffer substantial morbidity and
mortality, highlighting the urgent need to identify novel pathophysiological mechanisms as well as
therapies. Traditional models for pharmacologic intervention have targeted neurohormonal axes
and hemodynamic disturbances in HF. However, several studies have now highlighted the potential
for ketone metabolic modulation as a promising treatment paradigm. During the pathophysiologic
progression of HF, the failing heart reduces fatty acid and glucose oxidation, with associated
increases in ketone metabolism. Recent studies indicate that enhanced myocardial ketone use is
adaptive in HF, and limited data demonstrate beneficial effects of exogenous ketone therapy in
studies of animal models and humans with HF. This review will summarize current evidence
supporting a salutary role for ketones in HF including: 1) normal myocardial ketone utilization, 2)
alterations in ketone metabolism in the failing heart, 3) effects of therapeutic ketosis in animals
and humans with HF, and 4) the potential significance of ketosis associated with sodium-glucose
co-transporter 2 (SGLT2) inhibitors. Although a number of important questions remain regarding
the use of therapeutic ketosis and mechanism of action in HF, current evidence suggests potential
benefit, particularly in HF with reduced ejection fraction, with theoretical rationale for its use in
HF with preserved ejection fraction. While early in its study and development, therapeutic ketosis
across the spectrum of HF holds significant promise.
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INTRODUCTION

Heart failure (HF) affects 6.2 million people in the United States.! Paradigm shifts in
treatment approaches may help reduce the residual morbidity common to HF with reduced
ejection fraction (HFrEF) and preserved ejection fraction (HFpEF). At its most basic level,
HF can be viewed as a state of metabolic insufficiency, along with the well-known
functional impairment. Though original descriptions of HF focused on hemodynamic
maladaptations, and treatment has generally targeted the renin-angiotensin-aldosterone and
sympathetic nervous systems, fuel metabolic derangements are relevant to the pathogenesis
of HF. The “energy-starvation” hypothesis is now well established and has led some to
characterize the failing heart as “an engine out of fuel”.2 As a metabolically demanding
organ, the heart consumes more than seven times its weight in adenosine triphosphate (ATP)
daily, with limited reserves available.3 Therefore, augmenting cardiac ATP production in a
bioenergetically efficient manner is of significant interest to the HF field.

Specific fuel metabolic derangements during the pathophysiologic transition to HF include
early impairments in fatty acid oxidation (FAO) followed by alterations in glucose oxidation.
4 Given that FAs are the chief source of fuel for the normal heart, these metabolic re-
programming events set the stage for reduced ability to regenerate ATP. In this setting,
animal and human models have demonstrated increased ketone body utilization in the failing
heart.3: 5 \ery recently, pre-clinical and clinical studies suggest that exogenous delivery of
ketones may improve cardiovascular function as well as prevent the development of
pathological remodeling en-route to HF.8: 7 These small, early studies have offered a glimpse
into a promising new target for pharmacologic treatment of HF. The potential significance of
ketosis associated with sodium glucose cotransporter 2 (SGLT2) inhibitors and reductions in
HF morbidity and cardiovascular mortality observed in patients with HF (irrespective of
diabetes status) further motivates investigation of the potential benefits of ketones in patients
with HF.8 9 Accordingly, the goals of this review are to characterize normal myocardial
ketone metabolism, describe metabolic reprogramming and shifts in substrate utilization in
patients with HF, and review recent studies of therapeutic ketosis both in humans and animal
models.

KETONE METABOLISM: A BRIEF PRIMER

The energetic requirements of the human myocardium are robust due to the persistent
pumping of approximately 7200 liters of blood per day against systemic vascular resistance,
utilizing 35 liters of oxygen to generate the requisite kilogram quantities of ATP daily.1°
Given limited capacity to store energy, the heart turns over ATP stores at the remarkable rate
of every 10 seconds to accomplish these tasks. FAs provides the bulk of energetic substrate
(60-90%) under normal conditions. However, the heart demonstrates metabolic flexibility to
adapt to changing substrate availability, utilizing glucose (through glycolysis and glucose
oxidation), ketone bodies, lactate, and branched chain amino acids (BCAA) as necessary.
Mitochondrial B-oxidation supplies the vast majority of ATP substrate.* Comprehensive
review of cardiovascular metabolic substrates have been discussed elsewhere.* 11 However,
for the purposes of this article, we will review the role and physiology of ketone metabolism
in greater detail.
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Hepatic Production and Myocardial Metabolism of Ketone Bodies.

Normally, the myocardium minimally extracts ketone bodies under non-fasting conditions,2
as ketones are not normally present in great quantity. Teleologically, ketosis has been
hypothesized as an evolutionary mechanism to preserve carbohydrate stores in periods of
stress and starvation. Since the brain is largely incapable of oxidizing FA and predominantly
relies on glucose, ketones bodies conserve glucose since ketones can be used in the
periphery (and can themselves constitute neurologic fuel). In addition, ketones reduce
proteolysis that would be required to support gluconeogenesis from amino acids.
Ketogenesis is therefore a critical part of maintaining metabolic homeostasis during periods
of fasting or stress.13

Ketone bodies are produced mainly in the liver from mobilized FA, though other fuel
sources (ketogenic amino acids leucine and lysine) may contribute to limited ketogenesis.
14,15 During states of FA catabolism, such as fasting (Figure 1), mobilized FAs enter
hepatocytes and ultimately undergo complete mitochondrial p-oxidation to form several
molecules of acetyl-CoA. Several enzymatic reactions catalyze the conversion of acetyl-
CoA to acetoacetate, the first ketone body able to be delivered in the circulation.
Acetoacetate can also be reduced to f-hydroxybutyrate (BHB) for systemic transport.
Therefore, BHB, acetoacetic acid, and the breakdown product acetone are the three ketone
bodies endogenously produced. Levels of approximately 2-3 mmol/L of BHB can be
reached after a few days of fasting.16 Ketogenesis is influenced by hormonal signaling,
transcriptional regulation, and post-transcriptional modification.® Fates of ketone bodies
include urinary or lung elimination, lipid synthesis, or transport to extra-hepatic tissue for
utilization.

Circulating ketone bodies are taken up by tissues via monocarboxylate transporters (MCTSs)
for use in organs capable of ketone oxidation. In myocardial mitochondria, BHB
dehydrogenase 1 (BDH1) oxidizes BHB to acetoacetate. Acetoacetate is then activated to
acetoacetyl CoA by the CoA transferase succinyl-CoA:3 oxoacid-CoA transferase (SCOT),
which then undergoes a thiolysis reaction by acetyl-CoA acetyltransferase (ACAT) to
produce two molecules of acetyl CoA that can enter the tricyclic acid (TCA) cycle. These
enzymes are critical to ketolysis, consistent with observations that genetic defects in SCOT,
ACAT, and MCT1 cause recurrent ketoacidosis.1” The myocardium has among the highest
levels of ketolytic enzyme activity in the body.18 Indeed, states associated with physiological
increases in circulating ketones increase myocardial glycogen content in contrast to
decreases observed in skeletal muscle.1?

In contrast to glucose, an anaplerotic fuel source which replenishes TCA cycle
intermediates, ketones are cataplerotic and deplete TCA intermediates. Consequently, in rat
hearts, ketones as a sole source of fuel led to impairments in contractile function, while
delivery of anaplerotic substrates such as pyruvate reversed the pathology.20-22 These
studies highlight the importance of ensuring an anaplerotic input to the TCA cycle in the
context of increasing ketone body metabolism. Thus, some degree of glucose metabolism is
required to provide functional benefits from ketone therapies.
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Loss of ketone metabolic capability can be functionally significant in settings of myocardial
stress. This is illustrated in a cardiomyocyte specific SCOT knockout mice model, resulting
in impaired terminal ketone body oxidation. After eight weeks of transaortic constriction
(TAC), left ventricular (LV) volume is markedly increased and EF decreased in SCOT
knock-out mice compared to control mice.23 Similarly, mice with BDH1 gene knockout
exhibit worsened pathological remodeling in response to combined TAC and myocardial
infarction.> BDH1 knockout mice also exhibit cardiac dysfunction with prolonged fasting.”

Impact of Ketone Bodies on Cardiac Energetic Properties and Efficiency.

Beyond their contribution to energy generation, ketones oxidation is relatively efficient in
terms of oxygen utilization.* Fatty acid oxidation (FAQ) using a substrate such as palmitate
renders 105 ATP molecules at the expense of 23 molecules of oxygen per two carbon

moiety, with a phosphate to oxygen (P/O) ratio of 2.3.4 Glucose oxidation generates only 31
ATP molecules while consuming 6 molecule of oxygen: despite a lower ATP yield, glucose
oxidation is more efficient than FAO with a higher P/O ratio (2.6).# In this context, ketone
bodies strike a balance between energetic production and efficiency. Ketone oxidation has a
P/O ratio of 2.5, and thus are energetically more efficient than FAO, and generates more ATP
per 2 carbon moiety than glucose. Indeed, the addition of ketone bodies to working rat hearts
perfused with glucose buffer significantly increases cardiac output and efficiency in a
manner similar to insulin.24

Preferential Utilization of Ketones in the Normal Heart.

Under normal conditions, oxygen consumption is not limiting, and therefore the
myocardium primarily utilizes FAO and secondarily glucose oxidation. A formal recognition
of the substrate hierarchy of mitochondrial fuel selection (FAO at the expense of glucose
utilization) has been termed the “Randle Effect”.2 In a like manner, several studies have
demonstrated preferential utilization of ketones in normal hearts, such that in the presence of
increased ketones, both FA and glucose metabolism appear to be reduced.26-29

KETONE METABOLISM IN HEART FAILURE

Impaired Fatty Acid Oxidation.

The transition from normal myocardium to pathologic remodeling and ultimately heart
failure consists of well-described fuel metabolic alterations, including a reduction in
capacity for, and rates of, FAO.30: 31 Indeed, FAO impairment is observed in early
compensated cardiac hypertrophy32 and with more severe FAO dysfunction.39 A case-
control lipidomic analysis of myocardial tissues from end-stage HF patients showed
significantly decreased myocardial concentrations of the majority of lipids, including long-
chain acylcarnitines.3 Analogous substrate shifts can occur rapidly during induction of HF in
animal models. Acute pressure overload models of HF (TAC) engender a prompt switch
from FAO to glucose utilization,33 34 and deactivation of the upstream transcriptional
regulator PPAR-alpha has been implicated as a regulator of these shifts.33 In chronic
pressure overload models of HF, FAO mRNA levels were markedly reduced in LVH rats
compared with controls, whereas protein levels and enzyme activities were not significantly
different until HF develops.30 Similar shifts away from FAO to glucose oxidation are
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observed early in a canine chronic tachypacing model of HF.7 This impairment in FAO
combined with increased reliance on glucose oxidation resembles the fetal metabolic
program.’ Overall, these shifts in metabolic programming diminish the capacity of the
mitochondria to generate high quantities of ATP through FAO.

Alterations in Glucose Metabolism.

As an efficient metabolic substrate, glucose is theoretically well positioned to support the
high ATP requirements of the failing heart and is generally consumed to a greater degree in
early stages of HF.35 However, progressive deficits in glucose oxidation lead to greater flux
through the glycolytic pathway, a much less efficient process for generation of ATP. In
hypertrophied hearts, the reduced contribution of FAO to ATP generation at low workloads
is matched by an increase in glycolysis.36-38 Moreover, the increase in glucose utilization in
early stage HF and/or hypertrophy may deteriorate by later stages of HF,39: 40 potentially
mediated by the development of insulin resistance or other unknown mechanisms.*:
Myocardial tissue obtained at the time of LV assist device implantation demonstrated
decreased transcript levels encoding enzymes involved in glucose and pyruvate oxidation.42
These metabolic deficits in both FAO and glucose metabolism in HF conspire to produce an
“energy starved” heart that is primed to use alternative ATP-generating fuels.

Switch to Ketone Fuel Utilization.

As the failing heart progressively loses its capacity to oxidize FA and glucose, ketone bodies
provide a potential alternative substrate since ketone oxidation bypasses the complex
dysregulation of the beta-oxidation pathway and pyruvate dehydrogenase complex in HF. In
fact, one recent study of end-stage HF patients found an abundance of a ketogenic derivative,
B-hydroxybutyryl-CoA, along with decreased BHB in myocardial tissue in association with
increased expression of ketolytic enzymes such as BDH1.3 Extending these findings, a
mouse model of progressive HF, induced by TAC and distal coronary ligation (TAC/
myocardial infarction), likewise demonstrated increased expression of BDH1 along with
increased expression of genes encoding ketone body transporters (monocarboxylate
transporter 1 [MCT1] and MCT2) and increased 13C-BHB utilization based on nuclear
magnetic resonance studies.® Thus, despite well-known mitochondrial dysfunction that
occurs during the progression to HF and in contrast to FAO, ketones can be completely
oxidized given the metabolic pathway is upregulated in the failing heart and utilization can
occur via a shorter number of steps. ® Reports that cardiac-specific BDH1 knockout mice
exhibit more severe ventricular modeling and dysfunction following TAC/myocardial
infarction while BDH1 overexpression attenuates cardiac remodeling and DNA damage in
pressure overloaded model3 suggest that increased ketone utilization is adaptive.’

Ketones as a Biomarker in HF.

Several studies have reported increases in peripheral ketone levels in HF.44: 45 Exhaled
acetone, for example, was able to identify HF patients with similar predictive value to B-
type natriuretic peptide, and exhaled acetone levels positively correlated to New York Heart
Association class.*> Among 45 patients with predominantly systolic HF, higher circulating
levels of ketones were associated with lower EF, worse New York Heart Association Class,
and elevated filling pressures.** Increases in peripheral ketone levels do not themselves
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demonstrate the mechanism of their presence, as such elevation could reflect a decrease in
utilization or an increase in production of ketones. In addition, increased ketone levels may
be physiologic and compensatory in HF. In a related example, natriuretic peptides are
elevated in HF and strongly prognostic for adverse cardiovascular events, though they serve
necessary physiologic roles in natriuresis and sympathetic inhibition in HF. Accordingly,
though elevated levels of ketone track with HF diagnosis and severity, this observation does
not necessarily indicate that elevated ketones are maladaptive.

Ketone Metabolism in HFpEF vs. HFrEF.

In an investigation using arterial and coronary sinus sampling of patients with aortic stenosis
with LV hypertrophy and preserved LVEF, both ketones and FA uptake increased compared
to controls, while only ketone uptake increased in patients with HFrEF.46 Thus, ketone
uptake appears to be utilized as metabolic fuel in both HFpEF and HFrEF. Studies assessing
peripheral blood ketone levels showed that HFrEF patients had lower,*” or similar,8 levels
compared to HFpEF.

EFFECTS OF THERAPEUTIC KETOSIS

As highlighted in Table 1, recent studies have investigated the role of therapeutic ketosis in

animal and human studies in both normal and HF states with promising results. The method
of inducing ketosis (ketogenic diet, oral therapy, and/or intravenous infusion) as well as the
target population may account for distinctions observed among these studies.

Endogenous Ketosis in Healthy Humans.

In humans, the optimal mode to increase systemic ketone levels is unclear. The ketogenic
diet (KD) is intended to mimic the biochemical effects of starvation and consists of high fat
with low carbohydrate intake, a regimen that can engender difficulty with long-term
adherence. The KD lowers blood glucose (through reduced glucose availability and lower
gluconeogenesis) and elevates FA concentrations. Endogenous ketosis occurs in states of
low insulin and elevated glucagon levels which in turn drive lipolysis, releasing FA as a
substrate for hepatic ketogenesis. The lipolytic component of the ketogenic diet forms part
of the basis of its popularity as a weight loss regimen.>8 KDs typically result in mild to
moderate ketosis with BHB levels of roughly 0.5-1.5 mmol/L, which is currently considered
an accepted definition of ketosis (= 0.3 mmol/L).%° This level of ketosis may also reduce
appetite.

Classical ketogenic diets focus on augmenting intake of long-chain fats (approximately
55-75% of daily caloric intake) and significantly reducing carbohydrate intake (5-10% of
daily caloric intake, typically less than 30-50 grams per day). However, an alternative diet
consisting of medium-chain triglycerides (with corresponding fatty acids of 6-12 carbon
atoms) has been used to allow greater carbohydrate intake. Shorter FAs can rapidly generate
ketones and have been studied in in epilepsy, inherited disorders of metabolism, and diabetes
mellitus.® Potential benefits of medium-chain triglycerides include modest weight loss and
favorable changes in body composition compared to long-chain triglycerides, with similar
effects on lipids.5!
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Limited data are available regarding cardiovascular effects of the KD. Short term KD
induces a decrease in high-energy phosphate metabolism by cardiac magnetic resonance
imaging spectroscopy, without echocardiographic changes in function.®2 It has been shown
that increases in serum free fatty acids (FFAs) favor mitochondrial uncoupling, potentially
accounting for the spectroscopic findings.53 Observational data further suggest that
increasing FFA concentration is associated with diastolic dysfunction.54

Chronic use of a KD raises several other long-term concerns. First, the KD can induce
dyslipidemia with increased low density lipoprotein cholesterol, which may be problematic
in patients with, or prone to, atherosclerotic cardiovascular disease.>® Secondly, it reduces
peripheral glycogen stores, a strong determinant of exercise capacity.%° In addition, there are
concerns regarding anaplerosis and depletion of TCA intermediates with the KD (depending
on the strictness of conformity to the low carbohydrate portion of the diet), and whether
anaplerotic substrates should be incorporated into diets would be important to investigate.
Finally, population level studies suggest low carbohydrate diets are associated with increased
mortality, albeit with effect modification by the source of fat or protein used to supplement
the diet.56 Thus, endogenous ketosis by dietary modification may not be an ideal long term
solution to maintain ketosis. Future studies of the ketogenic diet should elucidate long term
atherosclerotic cardiovascular consequences, the impact of supplementation with medium-
chain triglycerides and/or anaplerotic substrates, and impact on myocardial metabolism
using cardiac magnetic resonance imaging and nuclear metabolic tracers.

Effects of Ketone Supplementation in Healthy Humans.

Exogenous delivery of ketones induces a unique state, since ketosis can be achieved in the
presence of normal carbohydrate and FA levels. Ketone supplementation demonstrates
consistent improvements in glucose control as well as reduced circulating FFAS. Intravenous
infusions of sodium BHB (5 mmol/kg/h for 1.5 hours®” and 4.7/9.4/18.8 pmol/kg/min each
for 1 hour88) significantly reduces glucose and FFA concentration. The latter regimen has
achieved BHB levels of approximately 0.5-2 mmol/L.%8 Glucose reduction is likely related
to limiting hepatic gluconeogenesis and increasing peripheral glucose uptake, as it is not
mediated by pancreatic stimulation.6” FFA reduction may be due to exogenous ketones
negatively feeding back on their own production through BHB-mediated agonism of the
PUMA-G receptor in adipose tissue, ultimately suppressing lipolysis.5®

The myocardial effects of relatively high doses of exogenous therapy (to a BHB level of
nearly 4 mmol/L), are substantial under carefully controlled circumstances. One study
demonstrated increase in heart rate, an increase in pulse pressure (mediated by lowering of
diastolic blood pressure), a 75% increase myocardial blood flow, and near halving of
glucose uptake.>! There was little change in FFA, insulin, and glucose levels, though these
assessments were made in the presence of a hyperinsulinemic-euglycemic clamp which may
complicate the assessment. The mechanism of the increased heart rate is not clear, but may
be a compensatory response to vasodilation rather than a sympathetic response, which is
typically downregulated by ketones.”?

Recognizing that intravenous infusion of ketones is not practical for therapeutic ketosis
among outpatients, different formulations of oral ketone therapy have been studied,
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including ketone salts and ketone esters. Unfortunately, oral ketone salts result in a very high
sodium intake and half the plasma concentration of the D-stereoisomer of BHB compared to
ketone ester. The differences in isomers are important to consider: the L-isoform is much
less readily oxidized, is more likely to accumulate, and is less well-studied regarding its
signaling effects.”! One ketone monoester, (R)-3-hydroxybutyl (R)-3-hydroxybutyrate, has
been studied for the purposes of therapeutic exogenous ketosis.5® 71 72 This compound
produces a rapid rise of blood levels of BHB in humans to nearly 3 mmol/L within 60
minutes of consumption with 282 mg/kg of KE.”1 No significant cardiovascular effects have
been reported at rest in healthy volunteers.’2

In contrast to ketone salts,”3 benefits of ketone ester therapy among athletes have been
demonstrated during exercise. Early studies indicate that athletes, in particular, appear to
undergo metabolic reprogramming that result in favorable and matched ketone utilization
during exercise.”* 7 In a recent blinded, crossover study of endurance athletes, ketone ester
therapy increased exercise distance by an average of 411 meters over 30 minutes cycling
duration, demonstrating that ketone therapy improves exercise capacity among highly
trained athletes, though a ceiling effect may be reached in that population.*® However,
pathologic conditions that cause metabolic dysregulation and where incremental
improvements in energy transduction may translate to increases in exercise capacity, such as
HF, may afford the greatest clinical benefit.4°

Effects of Therapeutic Ketosis in Animals with Cardiovascular Disease.

Models of therapeutic ketosis in animals tend to support a cardioprotective effect following
ischemic-reperfusion injury. Ketonemia induced by 3-day fasting in mice reduced
myocardial damage and arrhythmias.’® However, studies of KD following ischemia-
reperfusion conflict as to whether the dietary intervention is protective’” or increases
myocardial injury’S. Further, the possible protective effect of KD may be enhanced by
exogenous ketone therapy: fasting in addition to ketone infusion led to the least myocardial
damage relative to fasting without ketone infusion or a fed state with ketone infusion in rat
hearts after coronary occlusion.”8 In hypertensive heart disease models, low carbohydrate,
high fat (ketogenic) diets in Dahl salt-sensitive hypertensive rats and rats exposed to
pressure-overload banding models results in attenuated ventricular remodeling and
dysfunction compared to high carbohydrate and/or low fat diets.”9-81

Increased myocardial delivery of ketone bodies has been shown to ameliorate HF in mice
and in large animals. A KD that doubled levels of ketones led to significant reduction in
ventricular remodeling caused by TAC/myocardial infarction in wild-type mice compared to
mice fed normal chow.” A complementary study in a canine tachypacing HF model
demonstrated that a 2.5-fold increase in plasma ketones achieved via continuous delivery of
ketones to the right ventricle markedly reduces cardiac dilatation and reduced cardiac output
along with blunting decreases in LVEF compared with tachypacing and vehicle infusion.”
BHB delivery also decreases total peripheral resistance raising the question of whether
ketones are direct vasodilators or act indirectly such as via lowering sympathetic tone.” In
canines, BHB infusion reduces glucose oxidation and lactate production, without altering
FFA oxidation, consistent with a Randle effect (increased acetyl-CoA levels decrease
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pyruvate dehydrogenase activity).2> The corresponding decrease in glucose oxidation could
be beneficial in cardiometabolic disease states in order to limit glucotoxicity. While ketone
infusion augmented myocardial oxygen consumption, myocardial mechanic energetic
efficiency actually improved, implying the increased oxygen consumption was not
pathologic.

Notably, the direct impact of ketone bodies on cardiac energetics (phosphocreatine/ ATP
ratio) in the failing heart is not established. With that said, data suggest that infused ketones
are oxidized, along with improvement in cardiac function, in the canine tachypacing model
of HF.” Moreover, infusion of ketones competes with glucose oxidation in this setting.
Finally, mitochondria isolated from the normal mouse heart exhibit increased NADH/NAD
levels and enhanced defense of the mitochondrial membrane potential when supplemented
with ketones in the setting of limited supply of FA to mimic the substrate utilization of the
failing heart.”

While the energetic properties of ketones are important, it is not clear that efficiency as
defined by phosphate/oxygen ratio accounts for their beneficial effect in HF. In mice, ketone
infusion significantly increases the failing heart’s utilization of ketones (to over 20% from
<10%), but cardiac efficiency fails to improve and is similar to FA metabolic efficiency.12
Nevertheless, studies using isolated mitochondrial in the context of limiting levels of FA
input into the TCA cycle report that BHB maintains the mitochondrial membrane gradient to
a greater extent than other substrates.” Thus, the “respiratory efficiency” may be improved
by ketone bodies. Future animal studies should investigate relevance of exogenous ketosis in
acute versus chronic models of HF as well as in HFpEF, given these studies largely
investigate models of HFrEF.

Effects of Ketone Supplementation in Human HF.

Limited data in humans suggest that ketone supplementation has therapeutic potential in HF.
In a randomized, crossover study in patients with compensated HFrEF, a 3-hour infusion of
a racemic mixture of 7.5% 3-OHB (at 0.18 g/kg/h) achieved serum levels of 3.3 mmol/L and
increased cardiac output by 40% in association with decreases in systemic and pulmonary
vascular resistances, a modest increase in heart rate and stroke volume, and mildly reduced
cardiac filling pressures, which were not observed with saline infusion.6 These
hemodynamic changes were dose-dependent and cardiac effects were seen with even mild
ketosis. Laboratory analysis revealed little difference in insulin levels, B-type natriuretic
peptide, or norepinephrine levels. Myocardial external efficiency (defined as the ratio
between stroke work and myocardial oxygen consumption) was unchanged with ketone
infusion compared to isotonic saline. Similar hemodynamic effects of the ketone infusion
were observed in an-age matched control group who were largely hypertensive.

While important, this study generates several additional questions and considerations. A key
unanswered question with this study is whether the increases in cardiac output were solely
due to peripheral vasodilation or due to the use of ketones as a metabolic substrate. Given
that vasodilators are already a mainstay of HFrEF treatment, clarifying this distinction is key
to understanding whether exogenous ketones add unique benefits in HF. The comparison
with normal saline, as opposed to an alternative energetic fuel, likewise leaves unanswered
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questions about Aow the ketone infusion affected hemodynamics. In addition, favorable
short-term effects (as the ketone washes out very quickly)® may not translate to long term
benefits due to concerns related to the high sodium load, increased heart rate (which may be
detrimental in HFrEF), and depletion of TCA intermediates. Further, the small sample size
precludes further assessment of subgroups that might differentially respond to ketone
infusions (e.g. patients with diabetes mellitus). Finally, understanding how the degree of
mitochondrial dysfunction affects the response to ketone infusion is an important clinical
consideration.

The effects of ketone supplementation in HFpEF have not yet been assessed. However,
because many of the control patients in the aforementioned study had hypertension (a
common comorbidity in those with HFpEF) and achieved similar hemodynamic findings
with ketone infusion to HFrEF, the same benefit may be seen in HFpEF. It is also tempting
to speculate that improvement in systolic strain8 or vasodilatory effect of ketone therapy83
could be beneficial in patients with HFpEF.

Thus, ketone supplementation is therapeutically promising in human HF. However,
questions of mechanism of benefit, impact on peripheral muscles and glycogen content,
comparisons to other metabolic substrates, relevance in end-stage HF, and effect of
anaplerotic substrate supplementation are important to investigate further.

Non-Metabolic Benefits of Ketone Bodies.

The benefits observed with ketone therapy in the aforementioned studies might also relate to
the pleiotropic roles of ketone bodies in cellular signaling and modulating oxidative stress
and inflammation, which recently have been comprehensively reviewed.13 In particular,
ketone bodies regulate both lipolysis and sympathetic activity through their interactions with
specific G-protein coupled receptors. For example, BHB binds G-protein coupled receptor
GPR109A and provides negative feedback to lipolysis in adipoycytes through hormone-
sensitive triglyceride lipase.89 Additionally, ketones interact with GPR41 to suppress
sympathetic nervous system activity in the sympathetic ganglion.”® This latter effect may be
particularly relevant in HF, given the benefits of sympathetic antagonism. In addition, BHB
has anti-inflammatory activity by suppressing activation of the Nod-like receptor protein 3
(NLRP3) inflammasome.84 However, the inflammatory response may not be uniform among
ketones, with studies supporting both pro-inflammatory and anti-inflammatory effects of
acetoacetate.85: 86 Further, ketone bodies regulate fibroblastic growth factor 21 (FGF21),
which plays an important paracrine role in the heart and favorably influences myocardial
remodeling, as Fgf21-/- mice demonstrate greater cardiac hypertrophy and more deleterious
responses to isoproterenol infusion.87: 88 Finally, the role of ketones in regulating appetite
and promoting satiety are complex and in need of further study. Though speculative, the
differential milieu of endogenous versus exogenous ketosis may be important in evoking a
specific response. Since endogenous ketosis often occurs during sympathetic states, the anti-
lipolytic, anti-hyperlipidemic, anti-sympathetic, and anti-inflammatory effects may be
muted. Exogenous ketosis, however, might uniquely elicit these responses without requiring
the sympathetic state to promote ketosis.
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Epigenetic effects of BHB have also been observed. Ketone bodies inhibit class I histone
deacetylases and increase the activity of two promoters involved in protecting against
oxidative stress (FOXO3A and MT2).8% 90 Notably, increased histone acetylation was
observed both with endogenous and exogenous means of inducing ketosis.®? These globally
beneficial ketotic effects may be relevant to reversing the pathophysiologic remodeling
induced by reactive oxygen species that contribute directly and indirectly to worsening HF.%1
A ketone derived histone modification, p-hydroxybutyrylation, is another recently
discovered epigenetic regulatory mark, though its significance needs further elucidation.%2

Thus, the relevance of therapeutic ketosis in HF goes significantly beyond ATP generation.
Understanding the non-metabolic benefits of ketone bodies in HF, such as the effects on
inflammatory, oxidative stress, and neurohormonal pathways, is critical. Further defining
these pathways in HFpEF vs. HFrEF and method of ketosis (exogenous versus endogenous)
will be necessary in advancing the treatment paradigm.

Relationship between SGLT2 Inhibitors, Systemic Ketosis, and HF.

Very recently, administration of SGLT2 inhibitors as a primary HF therapeutic demonstrated
a striking reduction in HF hospitalization and all-cause mortality.? The mechanisms
responsible for the salutary impact of SGLT2 inhibitors in HF are unknown. Intriguingly,
SGLT2 inhibitors induce systemic ketosis but it is currently unclear whether this is a
mechanism of benefit.8 Since SGLT2 receptors are not located in cardiomyocytes, indirect
mechanisms, including ketosis, are likely to account for the benefit.%% SGLT2 inhibitors
decrease the insulin to glucagon ratio and increase lipolysis, both of which favor formation
of ketones (Figure 1).94 In fact, empagliflozin treatment mildly increases BHB levels (0.56
mmol/L in patients with diabetes, 0.27 mmol/L in patient without diabetes) with chronic
dosing (28 days).%® Because SGLT?2 inhibitor therapy increases ketone metabolism in animal
models of HF,56: 57 increased circulating levels of ketones may plausibly increase
myocardial utilization of ketones. Indeed, the systemic ketosis achieved with SGLT?2
inhibitors that decrease HF hospitalization is similar to levels shown to be beneficial in HF.6

Apart from ketosis, SGLT2 therapy may have other cardioprotective effects in HF. SGLT2
inhibitors may engender favorable changes in blood pressure, weight loss, uricosuria,
volume control through osmotic diuresis, natriuresis, and oxygen carrying capacity with
hemoconcentration.3 In animal and human hearts with pathologic hypertrophy or diabetes,
treatment with SGLT2 inhibitors improved diastolic function and reduced cardiac fibrosis,
but whether these are ketone-dependent benefits is unknown.?9: 52. 53 As SGLT? inhibitors
are employed to treat patients with HF, better understanding of whether ketosis is central to
their mechanism of action will have implications for their target population, potential risks,
use of dietary adjuvants, and safety monitoring.

CONCLUSION

Emerging evidence suggests that therapeutic ketosis may be a viable treatment target in
patients with HF (Figure 2). Striking short-term cardiovascular benefits observed with
exogenous ketosis, highlight the ketone metabolic axis as a promising frontier in novel HF
treatment. Interest in capitalizing on the unique metabolic effects of ketone utilization is
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growing but begs for greater understanding of the mechanisms through which ketones alter
cardiovascular function. For example, do ketone bodies work as alternate cardiac fuels,
vasodilators, and/or via other signaling pathways? Will they prove useful for both chronic
and acute (boosting short-term activity tolerance or in decompensated heart failure)
indications? Could peripheral effects of ketosis contribute to improved outcomes in
cardiomyopathies? How does ketone body supplementation interact with myocardial
branched-chain amino acid metabolism (a recently discovered pathway in HF genesis)?
Several other questions remain to be answered. Future studies should seek to clarify efficacy
and safety (particularly hepatic effects and acid-based disturbances) of long-term ketone
administration, optimal methods of achieving ketosis in HF (oral versus intravenous
administration), effect on patient centered outcomes, and differential effects in HFrEF and
HFpEF. For example, peripheral glycogen preserving effects may be important to both
subsets of HF, though may be particularly relevant to patients with HFpEF in whom
improvements in systolic function might be less relevant. It is an exciting time to investigate
the potential of ketone metabolic modulation as a therapeutic strategy for HF.
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ACAT acetyl-CoA acetyltransferase

ATP adenosine triphosphate

BCAA branched chain amino acids

BHD1 B-hydroxybutyrate dehydrogenase 1
BHB B-hydroxybutyrate

FAO fatty acid oxidation

FFA free fatty acid

FGF21 fibroblastic growth factor 21

KD ketogenic diet

LV left ventricular

HFpEF heart failure with preserved ejection fraction
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SCOT succinyl-CoA:3 oxoacid-CoA transferase (SCOT)
SGLT2 sodium glucose cotransporter 2
TAC transaortic constriction (TAC)
TCA tricyclic acid
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Figure 1: Pathways of Hepatic Ketogenesis and Myocardial Ketolysis
Exogenous fats are absorbed through the gastrointestinal tract (specifically, medium chain

triglycerides can be hydrolyzed by lipases to generate medium chain fatty acids). In
addition, free fatty acids generated by adipolysis are circulated to the liver, where they
undergo fatty acid oxidation in the hepatic mitochondria to produce acetyl CoA. Subsequent
ketogenesis ultimately produces two mature ketone bodies: acetoacetate and f3-
hydroxybutyrate (B-OHB). Export from the hepatocytes and import into the cardiomyocyte
is accomplished via monocarboxylate transporters. In cardiomyocyte mitochondria, ketolysis
produces acetyl CoA that can be used in the tricyclic acid cycle. Notably, circulating ketones
that are not oxidized by tissue can be 1) used for lipid or cholesterol synthesis (acetoacetate
only) or 2) eliminated through the urine or exhaled as acetone (derived from decarboxylation
of acetoacetate). Therapies used to achieve ketosis are noted in red. Abbreviations: ACAT,
acetyl-CoA acetyltransferase; BHB, B-hydroxybutyrate; BDH, BHB dehydrogenase;
HMGCL, HMG-CoA lyase; HMGCS2, HMG-CoA synthase; MCT, monocarboxylate
transporter; SCOT, succinyl-CoA:3 oxoacid-CoA transferase; TCA; tricyclic acid.
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Figure 2: Methods of Achieving Ketosis and Related Potential Cardiovascular Benefits
Popular, non-dietary ways of achieving ketosis include oral ketone ester drinks, intravenous

ketone salt infusions, and SGLT2 inhibitors. Reported cardiovascular benefits related to the
ketosis achieved are listed underneath with the corresponding patient population studied.
Note that the role of ketosis as a mediator of the cardiovascular benefits observed with
SGLT-2 inhibitors is speculative at this point. CV, cardiovascular; FA, fatty acid; HF, heart
failure; LV, left ventricular; PVR, peripheral vascular resistance; SVR, systemic vascular

resistance.
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Table 1.

Studies Relevant to Augmenting Ketosis in Human Heart Failure
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First Author and
Year

Population

Intervention

Main Findings

Human studies

Cox, 201640

8 endurance athletes

Crossover study of ketone
monoester and dextrose vs.
carbohydrate drink

Athletes after ingesting drink containing ketone
monoester cycled on average 411 m further over
30 minutes.

Verma, 20160

10 patients with diabetes and
established cardiovascular
disease

Before/after study with
empagliflozin

Empagliflozin reduced LV mass and improved
lateral E’ velocity.

Gormsen, 201752

8 healthy subjects

Randomized, crossover trial of
sodium-3-OHB infusion vs.
saline

Ketone infusion decreased myocardial glucose
uptake and increased myocardial blood flow by
75%.

Nielsen, 20196

16 HFrEF patients (EF<40%)

Randomized, crossover trial of
3-OHB infusion vs. isotonic
saline

3-OHB infusion increased cardiac output, reduced
systemic and pulmonary vascular resistance, and
marginally decreased biventricular filling
pressures.

McMurray, 2019°

4744 HFrEF patients
(EF<40%)

Randomized, crossover trial of
dapagliflozin vs. placebo

Dapagliflozin reduced risk of worsening heart
failure or cardiovascular death, irrespective of
underlying diabetes mellitus.

Animal studies

Joubert, 201752

Lipodystrophic (seipin
knockout) mice

Dapagliflozin only

Dapagliflozin treatment significant improved
diastolic function in the hypertrophic heart.

Lee, 201753

Normoglycemic male Wistar
rats after coronary ligation

Dapagliflozin therapy and
control arm

Dapagliflozin reduced cardiac fibrosis.

Verma, 201854

Mice with diabetes

Empagliflozin and control
arms

Empagliflozin increased cardiac ATP production,
but not through ketone oxidation.

Abdurrachim,
20195

Rats with obesity, diabetes,
hypertension and HF

Empagliflozin and control
arms

Empagliflozin lowered myocardial ketone
utilization; no effect observed on LV hypertrophy
or fibrosis.

Horton, 20197

TAC/MI mice and
tachycardia-induced
cardiomyopathy dogs

Ketogenic and normal chow
for mice; 3-OHB infusion vs.
no infusion in dogs with HF

Ketogenic chow improved LV remodeling in mice;
3-OHB infusion significantly improved systolic
dysfunction and LV remodeling in the canine
model.

Santos-Gallego,
201956

HF after left anterior
descending artery ligation in
nondiabetic pigs

Empagliflozin versus control

Empagliflozin improved systolic function and
cardiac remodeling. Empagliflozin-treated pigs
switched substrate utilization to ketones, FAs, and
branched chain amino acids.

Yurista, 201957

Rat models without diabetes
after MlI

Empagliflozin and control
chow arms

Empagliflozin significantly improved EF,
attenuated hypertrophy, diminished fibrosis, and
reduced oxidative stress after MI. Empagliflozin
increased myocardial expression of the ketone
body transporters and ketogenic enzymes.

3-OHB, 3-hydroxybutyrate; EF, ejection fraction; FA, fatty acid; g, gram; h, hour; HF, heart failure; kg, kilogram; LV, left ventricle; MI, myocardial
infarction; TAC, transaortic constriction.
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