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Ketone Ester Treatment Improves Cardiac
Function and Reduces Pathologic Remodeling in
Preclinical Models of Heart Failure

Salva R. Yurista®, MD, PhD*; Timothy R. Matsuura, PhD*; Herman H.W. Silljé, PhD; Kirsten T. Nijholt®, BS;
Kendra S. McDaid, BS; Swapnil V. Shewale, PhD; Teresa C. Leone, BS; John C. Newman, MD, PhD; Eric Verdin, MD;
Dirk J. van Veldhuisen, MD, PhD; Rudolf A. de Boer®, MD, PhD; Daniel P. Kelly®, MD; B. Daan Westenbrink®, MD, PhD

BACKGROUND: Accumulating evidence suggests that the failing heart reprograms fuel metabolism toward increased utilization
of ketone bodies and that increasing cardiac ketone delivery ameliorates cardiac dysfunction. As an initial step toward
development of ketone therapies, we investigated the effect of chronic oral ketone ester (KE) supplementation as a
prevention or treatment strategy in rodent heart failure models.

METHODS: Two independent rodent heart failure models were used for the studies: transverse aortic constriction/myocardial
infarction (MI) in mice and post-MI remodeling in rats. Seventy-five mice underwent a preventjehistreatment strategy with

a KE comprised of hexanoyl-hexyl-3-hydroxybutyrate KE (KE-1) diet, and 77 rats were treated\in &ither a prevention or
treatment regimen using a commercially available B-hydroxybutyrate-(R)-1,3-butanediol monoester (DeltaG; KE-2) diet.

RESULTS: The KE-1 diet in mice elevated B-hydroxybutyrate levels during nocturnal feeding, whereas the KE-2 diet in
rats induced ketonemia throughout a 24-hour period. The KE-1 diet preventive strategy attenuated development of left
ventricular dysfunction and remodeling post-transverse aortic constriction/MI (left ventricular ejection fraction+SD, 3618 in
vehicle versus 45+11 in KE-1; P=0.016). The KE-2 diet therapeutic.approach also attenuated left ventricular dysfunction
and remodeling post-MI (left ventricular-ejection fraction, 4111 in Ml-vehicle versus 617 in MI-KE-2; A<0.001). In
addition, ventricular weight, cardiomyocyte cross-sectional area, and the expression of ANP (atrial natriuretic peptide) were
significantly attenuated.in the KE-2-treated MI group. However, treatment with KE-2 did not influence cardiac fibrosis post-
MI. The myocardial expression of the ketone transporter and 2 ketolytic enzymes was significantly increased in rats fed KE-2
diet along with normalization of myocardial ATP levels to sham values.

CONCLUSIONS: Chronic oral supplementation with KE was effective in both prevention and treatment of heart failure in 2
preclinical animal models. In addition, our results indicate that treatment with KE reprogrammed the expression of genes
involved in ketone body utilization and normalized myocardial ATP production following MI, consistent with provision of an
auxiliary fuel. These findings provide rationale for the assessment of KEs as a treatment for patients with heart failure.

Key Words esters m heart failure ® ketone bodies ® myocardial infarction ® myocardium

cardiac fuel metabolism and bioenergetics con-  revealed reprogramming of myocardial fuel utilization

G rowing evidence indicates that derangements in Studies conducted in animal models and in humans have
tribute to the development of heart failure (HF).'” in the hypertrophied and failing heart with a shift away
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WHAT IS NEW?

» Ketone ester (KE)-—enriched diets that induce
sustained ketonemia reduce pathological cardiac
remodeling and enhance ventricular function in mul-
tiple heart failure models across both mice and rats
using both prevention and treatment strategies.

* In rats with heart failure, KE—enriched diets induce
the expression of genes involved in the myocardial
uptake and oxidation of ketones.

* KE-enriched diets restore myocardial ATP produc-
tion to normal values, consistent with the provision
of an auxiliary fuel.

WHAT ARE THE CLINICAL IMPLICATIONS?

* These results provide a rationale for the develop-
ment of ketone therapies for heart failure in humans.

* Our findings suggest that the increase in myocar-
dial ketone oxidation observed in patients with heart
failure is an adaptive response to overcome bioen-
ergetic insufficiency.

Nonstandard Abbreviations and Acronyms

pHB B-hydroxybutyrate

ANP atrial natriuretic peptide

COL1A1  collagen type | alpha 1

HF heart failure

KE ketone ester

KE-1 hexanoyl-hexyl
3-hydroxybutyrate ketone ester

KE-2 BHB-butanediol monoester

Lv left ventricle

LVEF left ventricular ejection fraction

MCT1 monocarboxylate transporter 1

Mmi myocardial infarction

SGLT2 sodium-glucose cotransporter 2

TAC transverse aortic constriction

TIMP1 tissue inhibitor of metalloproteinase 1

from the chief fuel metabolic pathway, fatty acid oxida-
tion, to increased reliance on glycolysis.!”!'" Recently, we
and others have found that the failing rodent and human
heart increases ketone body utilization.’>”'* In addition,
we have found that a ketogenic diet, which increases
circulating levels of the ketone body (-hydroxybutyrate
(BHB), retarded the development of HF in mice, and
infusion of BHB markedly enhanced cardiac function
and reduced elevated ventricular filling pressures in a
canine tachypacing model of progressive HFE."® Recently,
acute infusion of BHB to humans with HF resulted in
impressive hemodynamic improvement.'® These collec-
tive results suggest that increasing delivery of ketone
bodies may prevent the development of HF.

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684
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Given the growing evidence that ketones are beneficial
in HF, efforts to develop chronic therapeutic strategies to
increase myocardial ketone body delivery are warranted.
A ketogenic diet, while increasing circulating levels of
ketone bodies, introduces significant nutrient imbalances
including a marked enrichment in long-chain fatty acids
together with reduced carbohydrate and protein composi-
tion. Direct infusion of sodium BHB, while potentially useful
for acute HF, is too invasive for chronic use.'” HB or ace-
toacetate are also available as oral salt formulations but
have limited bioavailability, an adverse taste, and can result
in substantial sodium loading. Ketone esters (KEs) offer
a more practical approach for chronic oral therapies. The
first commercially available oral KE is HB-butanediol.'®-2!
The BHB-butanediol ester is thought to be cleaved in the
gut by esterases to yield BHB and 1,3-butanediol—the lat-
ter of which is further metabolized to fHB in the liver by
alcohol and aldehyde dehydrogenases. Studies conducted
in rodents and in humans have shown that this ester, when
given orally admixed in liquid or solid diets, results in a sub-
stantial transient increase in circulating BHB.'9?2-2* Some
evidence, including studies in humans, suggests that oral
administration of BHB-butanediolyester increases cogni-
tive function and exercise perfo‘rﬁr?\fi)m;efbut their effects in
HF have not been established,'2123%5™"

The goal of this study was to determine the impact of
chronic oral administration of KE in rodent models of HF.
We sought to_assess the efficacy of a KE diet for both
prevention and treatment of HF, given that the effects of
chronic ketone body therapy as a treatment intervention
have not been established. We report that diets enriched in
2 separate KEs were effective in partially preventing and
treating HF in a mouse model of combined ventricular pres-
sure overload/ischemia and in rats following MI. Evidence
is also presented to support the conclusion that the benefit
of KE treatment in HF is due, at least in part, to improving
cardiac energetics. These results provide rationale for the
development of ketone therapies for HF in humans.

METHODS

The data generated and analyzed during the current study are
available from the corresponding author on reasonable request.
The description of the materials and methods is presented
below and in the Data Supplement.

Ethical Statement

Mouse experiments were approved by the Institutional Animal
Care and Use Committee at the University of Pennsylvania. The
rat experimental protocol was approved by the Animal Ethical
Committee of the University of Groningen (permit number:
16487-02-002). The investigation conforms to the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (Publication No. 85—23, revised 1996). We
followed Animal Research: Reporting In Vivo Experiments guide-
lines when reporting this study.
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KE Administration

A hexanoyl-hexyl-3-hydroxybutyrate KE (KE-1; AK Scientific,
Union City, CA; Figure 1A) diet was custom-synthesized for the
mouse experiments and mixed with LabDiet 5010 (St. Louis,
MO) by adding either 10% w/w or 15% w/w KE-1. More
details can be found in the Data Supplement. For rat experi-
ments, HV.M.N. BHB-butanediol monoester (DeltaG; KE-2)
was purchased from HV.MN. (San Francisco, CA) and mixed
with standard rat chow (Ssniff, Germany) and sugar-free jelly
crystals (Hartley’s, United Kingdom) to stimulate food intake as
described elsewhere.?® The calorie composition of the diets is
listed in Table 1.

Animal Studies
Seventy-five male C57BL/6NJ mice (Jackson Laboratories,
Bar Harbor, ME) aged 7 weeks were randomized to chow or
KE-1 diet starting 1 week before surgery. HF was achieved
via transverse aortic constriction (TAC) combined with an api-
cal myocardial infarction (MI) as described previously.'®*” Sham
surgery consisted of anesthesia, intubation, and intercostal
thoracotomy as per the TAC/MI procedure without performing
aortic constriction or coronary ligation. The experimental proto-
col is listed in Figure 2A.

Seventy-seven male Sprague-Dawley rats (Envigo, the
Netherlands) were randomized to KE-2 treatment starting

Ketone Ester Improves Cardiac Function

before surgery (early) or 2 weeks after surgery (late). HF or
sham surgery was performed under isoflurane (2.56%) inhala-
tion anesthesia as described previously.?®?° After left-sided
thoracotomy, HF was induced by permanent ligating of the
proximal portion of the left coronary. Sham-operated rats
underwent the same procedure but without the actual ligation.
The experimental protocol is illustrated in Figure 3A.

Cardiac End Points

Echocardiography, invasive hemodynamics, and cardiac gravi-
metric and histological measurements were performed as
described elsewhere, 927730

Statistical Analysis

Data are presented as meantSD unless otherwise indicated.
Two-way ANOVA followed by Tukey post hoc test was used
to compare the effects of 2 variables (surgical intervention
and treatment). For other normally distributed variables, 1-way
ANOVA followed by Tukey post hoc test was used. When skew
distributed, a nonparametric Kruskal-Wallis test followed by a
Dunn test with correction for multiple comparisons was used.
Wilcoxon signed-rank test was used to evaluate left ventricular
(LV) ejection fraction (LVEF) post-MI versus before termination.
Differences were considered sigqifiiénkﬁLR0.0B. GraphPad

Association.
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Figure 1. Ketone ester diet increases nocturnal circulating f-hydroxybutyrate (BHB or BHB) in mice.

A, Structure of the hexanoyl-hexyl-3-hydroxybutyrate ketone ester (KE-1) depicting a central BHB flanked by two 6-carbon moieties. B, Levels
of blood BHB measured after 1 wk of feeding normal chow, 10% w/w KE-1 diet, or 15% w/w KE-1 diet (n=5-9). fHB measurements were
taken during the day (09:00-13:00) and at night (00:00-02:00). Two-way ANOVA with Tukey multiple comparison test. C, Body weight
normalized to starting weight measured after 1 wk of feeding normal chow, 10% w/w KE-1 diet, or 15% w/w KE-1 diet. Data are presented as
meant+SEM. Comparisons between groups were performed using 1-way ANOVA with Tukey multiple comparison test.
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Table 1. Composition of Mouse and Rat Diets
Mouse diet Rat diet
10% 15%

%Energy composition | Chow KE-1 KE-1 Chow KE-2
Fat, %kcal 12.7 14.6 8.2 9.8 5.9
Protein, %kcal 28.7 23.6 23.0 30.0 18.3
Carbohydrate, %kcal 58.5 43.1 41.4 60.1 36.6
KE, %kcal 0 18.7 274 0 33
Total, %kcal 100 100 100 100 100

Macronutrient composition of mouse diets calculated as a percentage of kilo-
calorie of total nutrient content. KE indicates ketone ester; KE-1, hexanoyl-hexyl-
3-hydroxybutyrate ketone ester; and KE-2, BHB-butanediol monoester.

Prism, version 8 (San Diego, CA), was used to perform all sta-
tistical analyses.

RESULTS

Preventive Intervention With a KE Diet
Attenuates Pathological Cardiac Remodeling
and Dysfunction in a Mouse Model of HF

After 1 week of feeding, circulating BHB levels were sig-
nificantly higher in 10% KE-1-fed mice compared with
chow-fed control mice (mean, 1.1+0.2 versus 0.4%0.1
mmol/L; Figure 1B). The circulating fHB concentration
was further increased in mice fed the 15% KE-1. diet
(2.0+£0.5 mmol/L; Figure 1B). Notably, both KE-1 diets
only induced ketonemia during the main feeding period
(nocturnal hours). Compared with chow-fed .controls,
mice fed the 15% KE-1 diet had a modest but signifi-
cant weight loss during the 1-week feeding period (Fig-
ure 1C). To limit confounding effects from differences in
body weight between treatment groups, the 10% KE-1
diet was selected for further studies.

We next sought to determine whether the oral KE
supplementation would impact pathological cardiac
remodeling en route to HF in a well-established murine
model of TAC/MI. Male wild-type C57BL/6NJ mice
were fed normal chow or a 10% KE-1 diet starting 1
week before TAC/MI surgery and throughout the dura-
tion of the 4-week postsurgical period (Figure 2A). The
KE-1 diet induced consistent ketonemia during the dark
cycle throughout the duration of the experimental pro-
tocol (Figure IA in the Data Supplement). Compared
with chow-fed controls, mice fed KE-1 diet gained less
weight although this weight difference stabilized dur-
ing the 5-week treatment period (Figure IB in the Data
Supplement). There were no differences in survival
between groups fed chow or the KE-1 diet (Figure IC
in the Data Supplement). Following TAC/MI, cardiac
hypertrophy was significantly attenuated in mice fed
KE-1 diet compared with chow-fed mice (Figure 2B). In
addition, the KE-1 diet-treated group exhibited a sig-
nificant improvement in pathological cardiac remodeling

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684
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and left ventricular function as evidenced by reduced LV
end-systolic and end-diastolic volumes (Figure 2C) and
improved LVEF, respectively (Figure 2D). The KE-1 diet
did not result in significant changes in cardiac function
in sham-operated mice.

Development of a KE Supplementation
Protocol to Induce Sustained Ketonemia in
Rats

We next sought to develop a KE supplementation
regimen that maintained ketonemia in rodents over a
24-hour period. For these studies, adult male Sprague-
Dawley rats were used. The rats received either control
chow or a KE-2 diet that was supplemented with the
BHB-butanediol monoester as 30% of calories (Table 1).

A schematic representation of the treatment strategy
with KE-2 in rats is depicted in Figure 3A. A detailed
analysis of the ketonemic response was performed for
10 days. Rats consumed an average of 3.4+1 g of KE-2
per day, and the daily caloric intake was comparable
among the groups (Table Il in the Data Supplement).
During the nocturnal feeding howuts, the circulating fHB
concentrations increased from" Oi'héﬂjs mmol/L in rats
fed control chow to 1.840.2 mmol/L in rats fed the KE-2
diet (Figure 3B). Circulating ketone levels remained ele-
vated during the day (Figure 3B). Importantly, we did not
observe a significant effect on body weight after KE-2
supplementation (Figure 3C). Liver, kidney, and spleen
weight were notaffected by ketone treatment, and we did
not observe any.significant difference in plasma creati-
nine or electrolyte levels (all P>0.05; Table Il in the Data
Supplement). As expected, treatment with KE reduced
plasma insulin levels without significant changes in glu-
cagon (Table Il in the Data Supplement).

Treatment With a KE Diet Attenuates
Pathological Cardiac Remodeling and
Dysfunction in a Rat Model of HF

Our results demonstrating that the KE-1 diet partially
prevented cardiac dysfunction and remodeling following
TAC/Mlin mice led us to assess the potential of KE sup-
plementation to serve as a treatment of HF. The 24-hour
ketosis achieved with the KE-2 diet provided further
rationale for this experiment. The treatment study was
conducted in a well-established post-MI HF model in
rats using the experimental design shown in Figure 3A.
We used 2 treatment strategies: (1) early administra-
tion of the KE-2 diet administered 2 days before the
MI surgery (KE-2-early; Figure 3A) and (2) administra-
tion of the KE-2 diet at 2 weeks post-surgery to assess
the effect of KE-2 as a true treatment for post-M|
remodeling (KE-2-late; Figure 3A). Early treatment with
KE-2 did not result in significant changes in myocardial
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Figure 2. Preventive treatment with ketone ester diet attenuates pathological cardiac remodeling and left ventricular

dysfunction in a mouse model of heart failure.

A, Schematic showing the experimental timeline. Male C57BI/6NJ mice aged 7 wk were randomized to diet of either standard chow or 10%
hexanoyl-hexyl-3-hydroxybutyrate ketone ester (KE-1) diet. One week later, mice received either sham surgery or transverse aortic constriction
(TAC)/myocardial infarction (MI) surgery. B, Ratio of biventricular weight (BV) to tibia length (T). C, Left ventricular (LV) end-systolic volume
(ESV) and end-diastolic volume (EDV) 4 wk after TAC/MI surgery as determined by echocardiography. D, LV ejection fraction (LVEF) 4 wk
post-TAC/MI surgery (n=11-16). Data are presented as mean=SEM. Comparisons between groups were performed using 2-way ANOVA with

Tukey multiple comparison test.

infarct size induced by a permanent coronary artery liga-
tion (Figure 4A and 4B). Consistent with the results of
the preventive KE-1 strategy in the mouse model, LV
function and remodeling indices were improved in the
KE-2-early group compared with Chow-fed controls
(Figure 4B through 4E).

The impact of a treatment strategy in the context of
stable cardiac dysfunction was next assessed using the
KE-2-late protocol. The average MI size was 34%1%
and was comparable between MIl-chow and MI-KE-2
diet groups (Figure 4A and 4B). As expected, Ml
resulted in ventricular hypertrophy, dilatation of the LV,
along with significant diminution in LVEF (Figure 4C
through 4E). Treatment with KE-2 improved cardiac

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684

function and reduced cardiac remodeling (Figure 4C
through 4E). Analysis of longitudinal changes in LVEF
during active treatment with the KE-2-late protocol
revealed modest further worsening of cardiac function
in the MI-chow group, whereas improvement of cardiac
function was observed with the KE-2 diet (Figure 4F).
Notably, the KE-2 also slightly improved LVEF in the
sham group (Figure 4E).

Hemodynamic studies were also conducted to
assess the remodeling response in the KE-2 study.
As expected, the infarcted rats were hemodynamically
compromised, as reflected by a decrease in contractil-
ity and relaxation (dP/dt ) and substantial reduc-
tion in systolic blood pressure (Table 2). Treatment with

January 2021 5
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Figure 3. Ketone ester supplementation induces sustained ketonemia in rats.

A, Experimental design of early and late -hydroxybutyrate (3HB or BHB)-butanediol monoester (KE-2) diet supplementation regimens in
rats with heart failure (HF) after myocardial infarction (Ml). B, Plasma fHB concentrations measured after 10 d of KE-2 supplementation
during the day (09:00-10:30) and at night (22:00-22:30; n=8-26). C, Body weight at the end of the study (n=8-20). Data are presented
as meantSEM. Comparisons between groups were performed using 2-way ANOVA with Tukey multiple comparison test. Echo indicates

echocardiography.

KE-2 diet reduced heart rate and improved contractil-
ity as indicated by a significantly enhanced LV dP/dt__
(Table 2). Systolic and diastolic blood pressures were
similar among the groups (Table 2).

Treatment With KE Reduces Cardiac
Hypertrophy Independent of the Fibrotic
Response

We next evaluated the impact of KE-2 treatment on cellular
and molecular markers of pathological cardiac remodeling.
The ventricular weight was increased in the MI-chow control
group compared with sham-chow group at 6 weeks post-Ml
(Figure 4C). Accordingly, this difference was also reflected
in mean cardiomyocyte cross-sectional area (Figure bA
and 5B). The KE-2 diet treatment resulted in significant
reductions in both ventricular weight and a 22% reduction
in cardiomyocyte cross-sectional area (Figures 4C, bA, and
5B). MI-chow rats exhibited an increase in atrial weight/
tibia length ratio, which was normalized to sham values by
KE-2 (Table Il in the Data Supplement). In contrast to the

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684

observed amelioration of ventricular hypertrophy with KE-2
diet, interstitial fibrosis in the LV myocardial regions remote
from the infarct was increased to a similar degree in both
chow and KE-2-treated groups (Figure 5A and 5C). Gene
markers of the hypertrophic and fibrotic response paralleled
the histological responses to KE-2 diet post-MI (Figure 5D
and 5E; Figure lIA in the Data Supplement). Consistent
with the ventricular hypertrophy findings, LV expression of
Nppa, atrial natriuretic peptide (ANP), was induced to a
lesser extent in the KE-2-early group compared with con-
trols (Figure 5D). In contrast, induction of MRNAs encoding
Col1at (collagen type | alpha 1) and Timp1 (tissue inhibi-
tor of metalloproteinase 1), known markers of the fibrotic
response, was comparable between all Ml groups (Fig-
ure 5E; Figure IIA in the Data Supplement).

Evidence for Enhanced Cardiac Energetics After
Treatment With KE

Mitochondrial DNA integrity was not affected by KE-2
treatment, and the total mitochondrial content was

January 2021 6
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Figure 4. Ketone ester treatment improves pathological cardiac remodeling and left ventricular (LV) dysfunction in a rat model

of heart failure.

A, Representative LV sections stained with Masson trichrome. B, Quantification of infarct size from Masson trichrome stained section
(n=7-22). C, Ratio of biventricular weight (BV) to tibia length (T; n=7-21). D, LV internal dimensions in diastole (LVIDd) as determined by
echocardiography (n=7-22). E, LV ejection fraction (LVEF; n=7-22). Comparisons between groups were performed using 1-way ANOVA with
Tukey multiple comparison test. F, Longitudinal change in LVEF between 2 wk post-myocardial infarction (MI) and termination in the 3HB-
butanediol monoester (KE-2)-late (KE-2-L) compared with the chow control group, tested using Wilcoxon signed-rank test. Data are presented
as mean+SEM. KE-2-E indicates KE-2-early.

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684

January 2021 7



T20Z ‘ST Arenuer uo Aq Bio'sfeuuno feye//:dny wouy papeojumoq

Yurista et al

Table 2. Hemodynamic Parameters for Sham-Operated and Post-MI Rats

Ketone Ester Improves Cardiac Function

Parameters Sham-chow Sham-KE-2 MI-chow MI-KE-2-E MI-KE-2-L
HR, bpm 268+25 231+20* 263+23 242+18t 24611t
SBP, mmHg 11619 12249 108+7* 10817+ 107168
DBP, mmHg 78+5 8318 7810 7412 76+6
dP/dt_ , mmHg/s 6589+1051 61911842 46121627 5328+6451% 5093+644t§
dP/dt ., mmHg/s —6854+1365 —65261+967 —46851+886|| —5049+876§ —4939+739§

n=7 to 22. Data are presented as meansSD. bpm indicates beats per minute; DBR, diastolic blood pressure; dP/dt  and
dP/dt , maximal rate of increase and decrease of left ventricular pressure; E, early; HR, heart rate; KE, ketone ester; KE-2,
PHB-butanediol monoester; L, late; MI, myocardial infarction; and SBR, systolic blood pressure.

*P<0.05 vs sham-chow.
1P<0.05 vs MI-chow.
$P<0.05 vs sham-KE.
§P<0.01 vs sham-KE.
||P<0.01 vs sham-chow.

unaltered (Figure 1B and IIC in the Data Supplement).
Expression of the gene encoding MCT1 (monocarbox-
ylate transporter 1), Slc16al, the main transporter for
ketone bodies to enter cardiomyocytes, was increased in
the Ml-chow compared with the sham-chow group (Fig-
ure BA). Treatment with KE-2 resulted in a significant
further increase in Slc16al expression in the MI-KE-2
group but did not result in significant changes in the
sham-KE-2 group (Figure 6A). In addition, the expres-
sion of the gene encoding the enzyme catalyzing the first
step in ketone oxidation, Bdh1, was modestly but sig-
nificantly increased in the MI-chow group, and treatment
with KE-2 resulted in a further increase in both sham
and MI groups (Figure 6B). Furthermore, protein expres-
sion of the enzyme catalyzing the second step of ketone
oxidation, succinyl CoA:3-oxo acid CoA transferase,
was significantly increased in both sham and Ml groups
treated with KE-2 (Figure 6C). To determine the effect of
KE supplementation on myocyte energetics, myocardial
ATP levels were measured. Consistent with increased
utilization of PHB as a fuel, the reductions in myocardial
ATP levels observed in the MI-chow group were normal-
ized to sham values in the MI-KE-2 group (Figure 6D).

DISCUSSION

This study was designed to determine whether chronic
administration of a KE-supplemented diet could reduce
the development and the severity of HF in preclinical
small animal models. To achieve this goal, we first sought
to formulate a KE-supplemented diet that was able to
induce persistent ketonemia in rodents. The second
major goal was to determine whether KE could not only
impact the development of HF but also serve as a treat-
ment initiated after the onset of HF. Our results demon-
strated that (1) KE-enriched diets can be formulated to
induce sustained ketonemia, including 24-hour exposure
in rodents; (2) chronic KE supplementation was effica-
cious in both preventive and treatment strategies for HF
in rodent models; (3) diets formulated with 2 different KE

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684

preparations, in 2 independent HF models across both
mice and rats, reduced pathological cardiac remodeling
and enhanced ventricular function; (4) KE supplemen-
tation reduced pathological ventricular hypertrophy but
did not impact fibrosis during post-MI remodeling; and
(B) chronic treatment with a pHB-butanediol monoes-
ter (KE-2 diet) led to induction of genes involved in the
myocardial uptake and oxidatiorgii)fAﬁldB and recovered
myocardial ATP levels post-MI. 4

To effectively test the impact of chronic oral ketone
delivery on HF, it was necessary to ensure that sufficient
and sustained ketonemia was induced. The use of KE-1,
hexanoyl-hexyl-(R)-3-hydroxybutyrate, in the mouse diet
resulted in a significant elevation in circulating fHB but
only during periods of feeding. KE-1 was used because
it generates one molecule of BHB by esterase cleav-
age and drives hepatic ketogenesis by oxidation of the
hexanoate and hexanol moieties liberated from the initial
cleavage. Whereas the KE-1 diet resulted in a significant
short-term increase in blood BHB, attempts at increas-
ing dose to attain more sustained elevations into the
nonfeeding period were limited by weight loss despite a
similar caloric content/weight compared with the stan-
dard chow diet. It is likely that the weight loss relates, at
least in part, to the known anorexigenic effects of ketone
bodies.’®3" We modified the KE administration approach
by testing a different KE-2 diet, which contained fHB-
butanediol monoester, and assessed whether the effects
of ketone supplementation were also apparent in a dif-
ferent rodent species. The BHB-butanediol monoester
has been used previously by others in animal models
and has been shown to be safe and well tolerated in
humans.3?3% To maintain food intake, the KE-2 diet was
supplemented with a sugar-free jelly crystal to enhance
taste. This approach resulted in a similar caloric intake
for both chow and KE-2-treated groups. Accordingly,
the KE-2 diet did not cause significant weight loss
and resulted in sustained therapeutic ketonemia over
a 24-hour period. Our results do not allow us to deter-
mine whether the differences in duration of ketonemia

Y Heart
Association.
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Figure 5. Ketone ester treatment attenuates cardiac hypertrophy independent of fibrotic response.

A, Representative left ventricular (LV) sections stained with wheat germ agglutinin (WGA) and Masson trichrome to assess cardiomyocyte
hypertrophy and fibrosis, respectively. B, Quantification of cardiomyocyte cross-sectional area from WGA-stained section (n=7-22). C,
Quantification of fibrosis in noninfarcted LV from Masson trichrome—stained section (n=7-22). The graph denotes fold change over sham-chow
control group. D and E, Measurement of mRNA levels to assess molecular markers for remodeling and fibrosis, respectively, normalized to
36B4 (n=7-22). The graph denotes fold change over sham-chow group. Data are presented as meantSEM. Comparisons between groups
were performed using 1-way ANOVA with Tukey multiple comparison test. ANP indicates atrial natriuretic peptide; COL1A1, collagen type |
alpha 1; KE-2-E, fHB-butanediol monoester-early; KE-2-L, BHB-butanediol monoester-late; and MI, myocardial infarction.
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Figure 6. Ketone ester treatment enhances cardiac energy.

Levels of mMRNA encoding MCT1 (monocarboxylate transporter 1; n=9-21; A) and BDH1 (3-hydroxybutyrate dehydrogenase 1; n=9-21; B)
in left ventricular (LV) free wall remote from the infarction (as determined by quantitative polymerase chain reaction) shown as arbitrary units
normalized to the value of sham-chow control (+1.0). C, Top, Representative immunoblot analyses of succinyl CoA:3-oxo acid CoA transferase
(SCOT) and GAPDH from protein extracts derived from the noninfarcted LV free wall. Bottom, Average SCOT protein expression normalized
to GADPH and presented as fold change over the sham-chow group (n=5-6). D, ATP levels in the LV tissue (n=9-21). Data are presented

as meantSEM. Comparisons between groups were performed using Kruskal-Wallis test with Dunn multiple comparisons test. Ml indicates

myocardial infarction.

and weight loss between the KE-1 and KE-2 diets are
related to species or specific KE formulations. Future
studies aimed at addressing these questions, especially
in humans, will be necessary for further development
of this therapeutic approach. Notably, despite achieving
ketonemia limited only to the nocturnal feeding period,
the KE-1 diet was effective in the mouse HF model as a
preventive treatment.

A major question related to this KE study is how do
ketone bodies improve HF? Studies of aging and neu-
rodegenerative disease in animal models suggest that
ketones may be cytoprotective by several mechanisms
including antioxidant and anti-inflammatory actions or
through epigenetic effects related to histone deacet-
ylase inhibition.3*%¢ We did not observe significant

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684

changes in mitochondrial damage as a readout for oxi-
dative stress in rats treated with KE-2. Furthermore,
we did not observe differences in myocardial infarct
size induced by the early treatment, although it should
be noted that our permanent ligation model is not the
most suitable to study early infarct formation. In addi-
tion, acute administration of BHB may reduce systemic
vascular resistance in HF as suggested by large ani-
mal'® and human studies.’®®” Ketone bodies can also
be used by the heart as a fuel. It is well known that
the failing heart reprograms to a lower capacity for oxi-
dizing fatty acids—the chief fuel for the normal heart.®
Several lines of evidence, including the cardiomyopa-
thy phenotype of human genetic defects in mitochon-
drial B-oxidation,®® suggest that reduced capacity for
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myocardial fatty acid utilization contributes to a vicious
cycle of energy starvation and pathological remodeling.
Accordingly, ketones could supply an alternate mito-
chondrial energy substrate to the failing heart. In sup-
port of this mechanism, infusion of BHB in a canine
tachypacing HF model resulted in a marked increase
in ventricular function and reduced glucose utiliza-
tion suggestive of substrate competition.”™ In addition,
administration of BHB to isolated mitochondria in the
context of limited substrate availability improved the
redox state, mitochondrial membrane potential, and
proton motive force for ATP synthesis.'® The results
described herein provide additional support for ketone
bodies serving as an alternate fuel for the failing heart.
First, cardiac expression of the main BHB transporter,
MCT1, and the ketolytic enzymes Bdh1 and SCOT were
increased in the post-Ml rat heart and further increased
by the KE-2 diet. Ketolytic enzymes have also been
shown to be induced in HF in mice and humans.'3'*
Second, KE-2 diet normalized reduced ATP levels in
the post-MI rat heart. These results are supportive of
the conclusion that KE supplementation provides an
ancillary fuel to the failing heart. However, other cardio-
protective or extracardiac hemodynamic mechanisms
may also contribute. Interestingly, we also found that
KE supplementation reduced cardiac hypertrophy, both
in mice and rats. In the rat post-MI model,-this effect
was shown to be uncoupled from the fibrotic response.
It is tempting to speculate that the increased mitochon-
drial oxidation of HB reduces glucose utilization, thus
impacting the hypertrophic growth response.-Indeed,
pathological cardiac hypertrophic response is dimin-
ished in recent studies in which high rates of fatty acid
oxidation are maintained.®**° It is possible that increas-
ing ketone-generated acetyl-CoA input into the TCA
cycle would have a similar effect.

Translational Implications

The therapeutic paradigm for the treatment of HF has
recently shifted from inhibition of potentially deleterious
neurohormonal activation toward stimulation of endog-
enous protective responses. Indeed, substantial improve-
ments in outcome have been achieved by increasing
natriuretic peptides with neprilysin inhibition*' and more
recently by activating guanyl cyclase.*? Promoting an
adaptive metabolic switch toward enhanced myocardial
ketone oxidation would nicely fit into this paradigm. Indi-
rect evidence that increasing circulating ketone concen-
trations may benefit HF patients comes from the mild but
persistent ketonemia induced by SGLT2 (sodium-glu-
cose cotransporter 2) inhibitors. SGLT2 inhibitors have
been shown to improve cardiac function in small and
large animal models of HF, accompanied by increased
cardiac ketone utilization and partial normalization of
myocardial ATP284% The SGLT2 inhibitor dapagliflozin

Circ Heart Fail. 2021;14:e007684. DOI: 10.1161/CIRCHEARTFAILURE.120.007684
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was also recently found to reduce HF hospitalizations
and prevent cardiovascular mortality in patients with HF
and reduced LVEF* both with or without diabetes at
baseline.* While it is tempting to speculate that these
benefits are mediated by ketones, many other potential
mechanisms of action may exist. Further mechanistic
studies are required to determine the true contribution
of ketone oxidation to the salutary effects of SGLT2
inhibition.*®

The only direct clinical evidence that exogenous
ketones could benefit HF patients comes from a small
Danish study in patients with HF and reduced LVEF who
received sodium-BHB for up to 3 hours, during which inva-
sive cardiac pressure measurements and echocardiog-
raphy were performed.'® Acute BHB infusion improved
biventricular function and resulted in a dose-dependent
increase in cardiac output, without major hemodynamic
side effects. In this study, we sought to assess the chronic
effects of BHB on pathological cardiac remodeling. While
intravenous PHB infusion warrants further investiga-
tion as a treatment for selected patients with acute HF
the KE BHB-butanediol or related esters are excellent
candidates for initial clinical tri%@ in chronic HF. pHB-
butanediol is commercially av;g}lribll@ﬁgcand a single oral
dose of BHB-butanediol was showi™t6"be sufficient to
improve exercise performance in athletes and in patients
with long-chain acyl-CoA dehydrogenase deficiency.?%3?
Furthermore, chronic fHB-butanediol treatment is safe
and well tolerated by healthy volunteers and efficacy tri-
als in-various patient populations are currently enrolling
patients. Several-additional KE preparations are currently
under development, including esterification of medium-
chain fatty acids to BHB to boost hepatic ketogenesis.

Study Limitations

Next to limitations inherent to the use of animal models
to study human diseases, our study has several specific
limitations. First, our results did not allow us to assess
effects on myocardial ischemic damage given that we
used models of permanent coronary artery ligation. It
has been reported, however, that ketones exert cardio-
protective properties in the setting of ischemia/reper-
fusion injury.*” Second, while the increase in cardiac
ATP levels and the improvements in cardiac function
induced by ketone supplementation strongly suggest
that the heart is utilizing KE as a fuel, we do not provide
direct proof that ketone oxidation is increased nor did
we quantify the contribution of ketone oxidation to the
increase in myocardial ATP levels. This would require
mass spectrometry—based quantitative proteomics and
metabolomics analyses or studies in mice incapable of
oxidizing BHB.™' In our opinion, this is beyond the
scope of the current investigation, and such effects
have been demonstrated with BHB infusion in a canine
pacing model of HFE?
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Conclusions

We show that chronic oral supplementation with KEs
prevents and treats HF in 2 preclinical small animal
models. Our results also indicate that chronic treatment
with KEs reprograms the expression of genes involved
in ketone body uptake and oxidation and restores myo-
cardial ATP production following M| consistent with pro-
vision of an auxiliary fuel. Taken together, these findings
suggest that treatment with KEs could be of benefit for
patients with HF,
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