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BACKGROUND: The ketone body 3-hydroxybutyrate (3-OHB) increases cardiac output (CO) by 35% to 40% in healthy people
and people with heart failure. The mechanisms underlying the effects of 3-OHB on myocardial contractility and loading condi-
tions as well as the cardiovascular effects of its enantiomeric forms, D-3-OHB and L-3-OHB, remain undetermined.

METHODS AND RESULTS: Three groups of 8 pigs each underwent a randomized, crossover study. The groups received 3-hour
infusions of either D/L-3-OHB (racemic mixture), 100% L-3-OHB, 100% D-3-OHB, versus an isovolumic control. The animals
were monitored with pulmonary artery catheter, left ventricle pressure-volume catheter, and arterial and coronary sinus blood
samples. Myocardial biopsies were evaluated with high-resolution respirometry, coronary arteries with isometric myogra-
phy, and myocardial kinetics with D-["'C]3-OHB and L-['"C]3-OHB positron emission tomography. All three 3-OHB infusions
increased 3-OHB levels (P<0.001). D/L-3-OHB and L-3-OHB increased CO by 2.7 L/min (P<0.003). D-3-OHB increased CO
nonsignificantly (P=0.2). Circulating 3-OHB levels correlated with CO for both enantiomers (P<0.001). The CO increase was
mediated through arterial elastance (afterload) reduction, whereas contractility and preload were unchanged. Ex vivo, D-
and L-3-OHB dilated coronary arteries equally. The mitochondrial respiratory capacity remained unaffected. The myocardial
3-OHB extraction increased only during the D- and D/L-3-OHB infusions. D-[''C]3-OHB showed rapid cardiac uptake and
metabolism, whereas L-['"C]3-OHB demonstrated much slower pharmacokinetics.

CONCLUSIONS: 3-OHB increased CO by reducing afterload. L-3-OHB exerted a stronger hemodynamic response than D-3-
OHB due to higher circulating 3-OHB levels. There was a dissocitation between the myocardial metabolism and hemody-
namic effects of the enantiomers, highlighting L-3-OHB as a potent cardiovascular agent with strong hemodynamic effects.
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creases cardiac output (CO) by 33%' and myocar-

dial blood flow by 75% in healthy participants.? In
patients with chronic heart failure, 3-OHB increases CO
by 40% and left ventricular ejection fraction (LVEF) by
8 percentage points.! We recently reported beneficial
hemodynamic effects of 3-OHB treatment in patients
with cardiogenic shock® and pulmonary hypertension.*

The ketone body 3-hydroxybutyrate (3-OHB) in-

Our findings suggested that 3-OHB may represent a
promising therapeutic target for treatment of heart fail-
ure, although further studies are needed to fully under-
stand its mechanisms of action.5~"

3-OHB exists as 2 enantiomers, D-3-OHB and L-
3-OHB. The D-3-OHB enantiomer is the main phys-
iologically active enantiomer in humans and can be
metabolized by most cells and organs in the body.®
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CLINICAL PERSPECTIVE
What Is New?

¢ Increased cardiac output was primarily mediated
by afterload reduction rather than by changes in
left ventricular contractility or preload.

e Enantiomer-selective cardiovascular  effects
were observed with 3-hydroxybutyrate (3-OHB)
infusion. D/L-3-OHB and L-3-OHB increased
cardiac output by 2.7 L/min, whereas D-3-OHB
had a minor, nonsignificant effect.

e This study emphasizes the important and unex-
pected role of L-3-OHB in securing a beneficial
hemodynamic response to 3-OHB infusion; a
dissociation was observed between the myo-
cardial metabolism of D- and L-3-OHB and their
corresponding hemodynamic responses.

What Are the Clinical Implications?

e The enantiomer-specific pharmacokinetic ef-
fects of 3-OHB suggest that the L-enantiomer
has greater potential for enhancing cardiac out-
put than the D-enantiomer has.

e The hemodynamic response during 3-OHB
infusion is driven primarily by afterload reduc-
tion, suggesting potential benefits in conditions
where it is desirable to reduce afterload, for ex-
ample, in chronic and acute heart failure.

Nonstandard Abbreviations and Acronyms

3-OHB 3-hydroxybutyrate

co cardiac output

D-[''C]3-OHB D-["'C]3-hydroxybutyrate

D-3-OHB D-3-hydroxybutyrate

E, arterial elastance

E_ end-systolic elastance

L-['"C]3-OHB L-[""C]3-hydroxybutyrate

L-3-OHB L-3-hydroxybutyrate

LVESP left ventricle end-systolic
pressure

LVP, .« left ventricle maximal
pressure

PV pressure volume

PVA pressure-volume area

PVR pulmonary vascular
resistance

v, volume of distribution

In the basal state, the concentration of circulating
D-3-OHB is around 100 umol/L, whereas L-3-OHB
constitutes only 4% (4 umol/L) of the total amount of

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628

Cardiovascular Effects of 3-OHB Enantiomers

3-OHB in human plasma® and 2% (3 ug/mg) in the liver.
Intriguingly, heart tissue has the highest fraction of L-
3-OHB of any body organ, 34% (38 ug/mg),'"" but the
metabolism of L-3-OHB remains unclarified.

3-OHB improves mitochondrial function, especially
in neuronal cells.’*'® Few studies have investigated
myocardial mitochondrial function during ketonemia.
One study showed no change in isolated rat ventricu-
lar myocyte excitation-contraction during ketonemia,'
whereas other studies showed increased ATP produc-
tion during ketonemia.'®'® Furthermore, 3-OHB’s po-
tential stereoselective effect on mitochondrial function
has yet to be investigated.

In previous studies, 3-OHB infusion'? consisted
of a racemic mixture of 50% L-3-OHB and 50% D-3-
OHB. It remains unknown whether the cardiovascular
effects of 3-OHB are stereoselective. Therefore, we
investigated the unique cardiovascular effects of D/L-
3-0OHB, L-3-OHB, and D-3-OHB infusions in a porcine
model. The main purposes of this study were (1) to
study whether the hemodynamic changes of 3-OHB
were mediated through changes in myocardial con-
tractility, preload, or afterload; (2) to separately inves-
tigate the specific hemodynamic responses of each
3-OHB enantiomer; (3) to address the potential effects
on myocardial mitochondrial respiratory function; (4) to
study the direct effects of each 3-OHB enantiomer on
isolated coronary vessels; and (5) to examine the myo-
cardial kinetics of each 3-OHB enantiomer by positron
emission tomography (PET) using dedicated D-[''C]3-
OHB and L-[""C]3-OHB radiotracers.

METHODS

Animals

We used 60-kg female Danish LandracexYorkshire
pigs. Premedication with Zoletil Vet 50 (Virbac, Carros,
France) was administered intramuscularly (Data S1).
The pigs were intubated and mechanically ventilated.
Tidal volume was maintained at 8mL/kg, fraction
of inspired oxygen at 40%, positive end-expiratory
pressure at 5cm H,O, and a respiratory rate of 12 to
16 breaths/min. Intravenous propofol (3.5mg/kg per h)
and fentanyl (15 ug/kg per h) were administered for an-
esthesia and analgesia. Throughout the entire study, all
animals received a continuous isotonic saline infusion
of 7.6mL/kg per h to sustain euvolemia. The data that
support the findings of this study are available from the
corresponding author upon reasonable request.

Design

The study was a randomized, controlled, assessor-
blinded crossover study (Figure 1). A total of 24 pigs
were randomly and equally divided into 3 groups. No
inclusion or exclusion criteria were applied. One group
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Figure 1. Study design.

Study overview. The pigs were divided into 3 groups of 8 pigs each. The groups received D/L-3-
OHB, L-3-OHB, or D-3-OHB for 180minutes and the control infusion for 180 minutes in random
order. Invasive hemodynamic measurements with a pulmonary artery catheter and pressure-
volume loops were performed hourly and after each dobutamine infusion. Blood samples were
collected hourly. Endomyocardial biopsies for high-resolution respirometry were performed
after each infusion period. D-3-OHB indicates D-3-hydroxybutyrate; and L-3-OHB, L-3-

hydroxybutyrate.

received infusion of 0.36mg/kg per hour D/L-3-OHB
(racemic mixture of 50% D-3-OHB and 50% L-3-OHB,
sodium 3-OHB, GoldBio, US) and an isovolumic control
(Ringer-acetate, Fresenius Kabi, Norway) for 3h in a bal-
anced random order. Another group received infusion of
100% L-3-OHB (0.36mg/kg per hour, sodium-3-OHB,
Glpbio, USA) and isovolumic control (Ringer-acetate,
Fresenius Kabi, Norway) for 3hours a in balanced
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random order, whereas a third group received infu-
sion of 100% D-3-OHB (0.36mg/kg per hour, sodium
(R)-3-OHB, Sigma-Aldrich, USA) and isovolumic control
(Ringer-acetate, Fresenius Kabi, Norway) for 3hours in
random order. Dobutamine (3.0ug/kg per min, STADA
Nordic, Denmark) was administered as positive inotropic
control after the 180-minute measurements at the end
of each infusion period for 20minutes in all animals.
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End Points and Measurements

All pigs were monitored using invasive blood pres-
sure measurements: a pulmonary artery catheter, a
pressure-volume (PV) catheter in the left ventricle (LV),
and arterial, venous, and coronary sinus blood sam-
pling. Measurements were performed at baseline and
every hour during the 6-hour study period. Additionally,
after a 20-minute dobutamine infusion at the end of
each infusion period, hemodynamic measurements
were obtained (Figure 1). The primary end point was
CO changes during the 3-OHB infusion compared
with the control period. Secondary outcomes were
stroke volume, end-systolic elastance (&), arterial
elastance (E,), LVEF, LV end-systolic pressure (LVESP),
LV end-diastolic volume (LVEDV), LV maximal pressure
(LVP, .0, mixed venous saturation, pulmonary artery
wedge pressure, mean pulmonary artery pressure,
pulmonary vascular resistance (PVR), and systemic
vascular resistance (SVR).

Right Heart Catheterization

A pulmonary artery catheter was placed, pressure
guided, through the external jugular vein to the pul-
monary artery. Right atrial pressure, mean pulmonary
artery pressure, pulmonary artery wedge pressure,
mixed venous saturation, and CO were measured at
baseline and hourly after infusion initiation. CO was
measured by the bolus thermodilution technique as the
mean of 3 consecutive measurements. The SVR was
calculated as mean arterial pressure-right atrial pres-
sure/CO. The PVR was calculated as mean pulmonary
artery pressure-pulmonary artery wedge pressure/CO.

Pressure-Volume Catheter

A PV admittance catheter (7 Fr, Transonic Systems,
lthaca, NY) was inserted into the LV through the left
common carotid artery."”'® Cardiac function measure-
ments were collected at baseline and hourly after infu-
sion initiation. An occlusion balloon was placed through
the femoral vein into the inferior vena cava at the level
of the diaphragm. Balloon inflation caused preload de-
cline and allowed measurement of the slope (E,,) of
the end-systolic PV relationship as a load-independent
contractility parameter. PV loops were also used to
quantify the afterload estimates, E,, and LVESP. LVEF,
LVP, ., LVEDV, PV area (PVA), and cardiac efficiency
were also assessed using the PV loops.

Blood Samples

Blood samples were drawn from the central venous
and arterial catheters of the femoral vein and artery, re-
spectively. A Judkins right coronary artery catheter was
placed in the coronary sinus by fluoroscopy-guidance
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through the external jugular vein. The catheter was
used for coronary sinus blood sampling. The arterio-
venous gradients of circulating metabolites across the
heart were calculated by subtracting the concentration
in the arterial blood from that in the coronary sinus.
The extraction ratio was determined as the ratio of the
arteriovenous gradient to the arterial concentration. All
samples were collected at baseline and hourly after in-
fusion was initiated. The pH, glucose, and lactate levels
were analyzed immediately after sampling using a YSI
STAT 2100 (YSI Inc., Netherlands). All other samples
were kept at —80 °C and analyzed at study closure.
Total 3-OHB, that is, the sum of D- and L-3-OHB, was
measured by hydrophilic interaction liquid chroma-
tography-tandem mass spectrometry, as previously
described.”® D-3-OHB levels were measured using a
Beta-hydroxybutyrate Assay Kit (Sigma-Aldrich, USA).
The L-3-OHB level was calculated as the difference be-
tween total 3-OHB and D-3-OHB.

High-Resolution Respirometry of
Endomyocardial Biopsies

Endomyocardial biopsies (0.5-2.0mg) were obtained
from the LV through the common carotid artery using
a bioptome catheter. Biopsies were taken at the end
of each intervention period (180 minutes) as shown in
Figure 1. High-resolution respirometry (Oxygraph-2k;
Oroboros, Innsbruck, Austria) was used to evaluate
the mitochondrial respiratory capacity, as previously
described.?°2®> The chambers were hyperoxygen-
ated to avoid any O,-limitation and all measurements
were conducted in duplicate. Respiratory rates are ex-
pressed as O, flux and normalized to the cardiac mus-
cle mass of the individual fibers (detailed description in
Data S1). The oxidative phosphorylation capacity was
calculated as the absolute difference between com-
plex I+l coupled respiration and basal, nonphospho-
rylating respiration. All measurements were corrected
for residual oxygen consumption.

PET Substudy: Pharmacokinetics of
D-['"C]3-OHB and L-[''C]3-OHB

Fouradditional40-kgfemale DanishLandracexYorkshire
crossbred pigs were premedicated with ketamine and
midazolam. The pigs were studied under propofol an-
esthesia in a nonrecovery setup with D-['"C]3-OHB and
L-["C]3-OHB?* radiotracers under various conditions
(detailed description in Data S1). The pigs were PET
scanned to determine (1) the biodistribution of D-[''C]3-
OHB; (2) the myocardial kinetics of D-["C]3-OHB; (3)
the myocardial kinetics of L-["C]3-OHB; and (4) the
myocardial kinetics of D-['"C]3-OHB during conditions
of low ketone levels (<50 umol/L) and high ketone levels
(~3mmol/L) achieved by D/L-3-OHB infusion (75g/L).
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The pigs were euthanized with an overdose of pento-
barbitone (100mg/kg, V).

Pharmacokinetics were estimated for D-['"C]3-OHB
and L-[""C]3-OHB. All input functions were based on a
time-activity curve from the volume of interest placed
in the LV. One-tissue and 2-tissue compartmental
models were applied to the dynamic data. In addi-
tion, graphical analyses with linearization models for
irreversible uptake (Patlak plots) and reversible uptake
(Logan plots) were applied to obtain simple estimates
of flux and volume of distribution (V,), respectively. Flux
is a measure of the net uptake rate of the tracer, and V,
is a measure of the ratio of the total amount of tracer
distributed in the tissue to the total amount of tracer in
the plasma.

Myograph: Coronary Artery Tension

Porcine heart tissue was collected from a local abat-
toir and transported to the laboratory in ice-cold physi-
ological saline solution.?® Small side-branches of the
left anterior descending artery were isolated under a
stereo microscope and mounted on 40um wires in
physiological saline solution-filled myograph chambers
(DMT 610M and 620M, Denmark) for isometric evalua-
tion (detailed description in Data S1). The coronary ar-
teries were precontracted with the thromboxane analog
U46619 and then exposed to 3mmol/L Na-D-3-OHB
or Na-L-3-OHB. Relative active tension changes of the
isolated coronary arteries were reported.

Statistical Analysis

The coefficient of variation of the primary end point
CO is 4%.%5 By enrolling 8 pigs in each group, we
expected to detect a relative difference of minimum
10% with a power of 80% and a 2-sided significance
level of 5%. The data were tested for normality by qg
plots. Data are presented as the mean+SD. A priori,
all animals completing both intervention periods were
included in the analyses. A linear mixed model with
repeated measurements was performed. To com-
pare the effects of each intervention with their control,
treatment, time, treatment-by-time interaction, period,
and treatment sequence were defined as fixed ef-
fects, whereas animals and period nested within ani-
mals were selected as random effects. The residuals
were tested for normality and homoscedasticity. Data
were log transformed if needed. To compare the ef-
fects between each ketone infusion (L-3-OHB versus
D-3-OHB), the ketone infusion type was added to the
fixed effects. Pearson’s coefficient was applied to as-
sess the correlation between change in 3-OHB levels
and hemodynamic changes. During control infusion,
the mean+SE is presented. The effect sizes of each ke-
tone infusion are presented as the mean with 95% CI.
Vascular responses and mitochondrial functions were
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compared using repeated measures 2-way ANOVA.
Statistical significance was set at P<0.05. LabChart
(ADInstruments, New Zealand) was used to record and
analyze all PV measurements. Data analyses and fig-
ures were made with R (Rstudio, PBC) and GraphPad
Prism (GraphPad Software, USA). Randomization
sequence generation was accomplished with www.
randomizer.org. The investigators were blinded to the
randomization order during the experiments and out-
come assessments.

RESULTS

Twenty-four animals were included and randomized
1:1:1 to the 3 interventions (D/L 3-OHB, -3-OHB, and
D-3-OHB). Each animal was further randomized to
start with either the control or one of the ketone infu-
sions in a balanced order (Figure 1).

Effects of the Racemic Mixture of 50%
D-3-Hydroxybutyrate and 50% L-3-
Hydroxybutyrate

Total circulating 3-OHB increased from 0.00mmol/L
to 5.71mmol/L (95% CI, 4.50-6.93mmol/L) compared
with controls (Table 1; Figure S1). D-3-OHB increased
by 111mmol/L (95% ClI, 0.90-1.31 mmol/L); and L-
3-OHB, by 4.61 mmol/L (95% ClI, 3.52-5.69mmol/L)
(Table 1). CO increased by 2.8L/min (95% CI, 1.5-4.1L/
min) during D/L-3-OHB infusion from 4.7+0.2 L/min dur-
ing control infusion (Table 1; Figure 2). LVEF increased
by 13 percentage points (95% Cl, 4-22 percentage
points), whereas mean arterial pressure decreased from
87+5mmHg during control infusion by 14mmHg (95%
Cl, =26 to —2mmHg) during D/L-3-OHB infusion. Heart
rate was 87+6beats per minute (opm) during control in-
fusion and exhibited a nonsignificant 18 bpm increase
(95% CI, -1 to 36bpm) during D/L-3-OHB infusion. E,,
SVR, LVESP, LVP,,,, and PVR decreased significantly
during D/L-3-OHB infusion (Table 1; Figure S2). No sig-
nificant changes were observed in E,, whereas dP/dt, .
increased during D/L-3-OHB infusion compared with
control infusion (Table 1). PVA and cardiac efficiency re-
mained unchanged during D/L-3-OHB infusion.

No significant changes in glucose, lactate, or free
fatty acid (FFA) plasma levels were observed. pH in-
creased by 0.12 (95% ClI, 0.07-0.17), and acetoacetate
increased by 3.08 mmol/L (95% Cl, 2.24-3.92 mmol/L)
during the D/L-3-OHB infusion compared with controls
(Table 2). The arteriovenous gradients of the circulating
metabolites across the heart are presented in Table 3.
Arteriovenous gradients of 3-OHB and glucose were
significantly increased during D/L-3-OHB compared
with controls. No change was observed in the arte-
riovenous gradients of lactate, oxygen, or FFA during
D/L-3-OHB infusion compared with controls. The
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Figure2. Hemodynamic changes during D/L-3-OHB, L-3-OHB, and D-3-OHB infusions compared

with control.

Error bars indicate the mean change and 95% Cl for cardiac output (A), arterial elastance (B), end-systolic
elastance (C), and end-diastolic volume (D) for D/L-3-OHB, L-3-OHB and D-3-OHB compared with their

respective control. D-3-OHB indicates D-3-hydroxybutyrate; E,, arterial elastance; E,

end-systolic

es?

elastance; L-3-OHB, L-3-hydroxybutyrate; and LVEDV, left ventricular end-diastolic volume.

extraction ratio of 3-OHB and glucose also rose by 15
percentage points (95% ClI, 11-18 percentage points)
and 28 percentage points (95% ClI, 3-52 percentage
points), respectively, during D/L-3-OHB infusion com-
pared with controls. No changes were recorded in the
extraction ratios of the other metabolites (Table 3).

Effects of 100% L-3-Hydroxybutyrate
[-3-OHB infusion increased total 3-OHB from
0.00mmol/L  to 6.59mmol/L  (95% Cl, 516
-8.02mmol/L), D-3-OHB by 0.49mmol/L (95% ClI,
0.34-0.64 mmol/L), and L-3-OHB by 6.10 mmol/L (95%
Cl, 4.80-7.41 mmol/L). CO increased from 5.0+0.4L/
min during control infusion by 2.7 L/min (95% ClI, 1.2—
4.1L/min) during L-3-OHB infusion. LVEF increased
by 7 percentage points (95% Cl, 1-14 percentage
points) (Table 1; Figure 2). Mean arterial pressure did
not change significantly. Heart rate increased from
70£5bpm by 12bpm (95% Cl, 1-22bpm). E, de-
creased significantly during L-3-OHB infusion com-
pared with controls, whereas SVR, LVESP, LVP,,,,
and PVR did not reach statistical significance (Table 1;
Figure 2). E,, was 0.56+0.08 mmHg/mL during con-
trol infusion and decreased by 0.19mmHg/mL (95%
Cl, -0.33 to -0.05mmMHg/mL) during L-3-OHB infu-
sion, whereas dp/dt,,, increased significantly during
L-3-OHB infusion (Table 1). PVA and cardiac efficiency
were unchanged during L-3OHB infusion.

Glucose levels decreased by 1.3mmol/L (95%
Cl, —2.3 to —0.4) during L-3-OHB infusion compared
with control infusion. Lactate and acetoacetate lev-
els increased with L-3-OHB infusion compared with
controls (Table 2). Arteriovenous gradients of 3-OHB
across the heart increased by 0.47 mmol/L (95% ClI,
0.22-0.71 mmol/L) during L-3-OHB infusion compared
with controls (Table 3). Arteriovenous gradients of
other metabolites remained unchanged. Additionally,
the extraction ratio of 3-OHB and the other metabolites
across the heart were unchanged.

Effects of 100% D-3-Hydroxybutyrate

D-3-OHB infusion increased total 3-OHB from
0.00mmol/L  to 4.83mmol/L  (95% CI, 3.81-
5.85mmol/L). CO and LVEF did not increase sig-
nificantly during D-3-OHB infusion compared with
controls (0.6L/min, 95% ClI, -0.4 to 1.6L/min and 3.6
percentage points, 95% CI, —4.6 to 11.9 percentage
points, respectively). Heart rate was 87+8bpm dur-
ing control infusion and increased by 31bpm (95%
Cl, 9-53 bpm) during D-3-OHB infusion. E,, SVR,
LVESP, mean arterial pressure, and LVP,,, remained
unchanged during D-3-OHB infusion compared with
control. PVR decreased 2 WU (95% ClI, -3 to 0 WU)
during the D-3-OHB infusion from 4+1 WU during con-
trol infusion. £,, was unchanged during D-3-OHB infu-
sion, whereas dp/dt, . increased significantly (Table 1).

max
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Table 2. Blood Samples

3-OHB, mmol/L 5.71 (4.50 to 6.93) <0.001 6.59 (5.16 t0 8.02) <0.001 4.83 (3.81 t0 5.85) <0.001
D-3-OHB, mmol/L 1.11 (0.90 to 1.31) <0.001 0.49 (0.34 t0 0.64) <0.001 NA NA
L-3-OHB, mmol/L 4.61 (3.52 to 5.69) <0.001 6.10 (4.80 to 7.41) <0.001 NA NA
Acetoacetate, 3.08 (2.24 t0 3.92) <0.001 111 (0.81 t0 1.42) <0.001 3.51 (2.58 to 4.44) <0.001
mmol/L

pH 0.12 (0.07 to 0.17) <0.001 0.06 (0.03 to 0.09) <0.001 0.12 (0.09 to 0.16) <0.001
Glucose, mmol/L 1.7 (0.0 t0 3.5) 0.070 -1.3(-2.3t0 -0.4) 0.017 -1.6 (-2.3t0 -0.8) <0.001
Lactate, mmol/L 0.4 (-0.7 to 1.4) 0.5 0.4(0.0t00.8) 0.051 0.4 (-0.2t0 1.0) 0.3
Free fatty acid, 0.11 (-0.31 t0 0.53) 0.6 -0.33(-0.65to 0.052 -0.48 (-0.79 to 0.005
mmol/L -0.02) -0.18)

Insulin, mU/L 1.79 (-2.55 to 6.14) 0.4 5.28 (2.77 t0 7.79) <0.001 3.40 (0.75 to 6.05) 0.021

The effect size is shown as mean (95% Cl). The effect size indicates the mean change observed for each outcome during the intervention period compared
with the control during the 180-minute infusion period. The symbols “<” and “>” indicate whether there was a statistically significant difference between L-3-OHB
and D-3-OHB. 3-OHB indicates 3-hydroxybutyrate; D-3-OHB, D-3-hydroxybutyrate; L-3-OHB, L-3-hydroxybutyrate; and NA, not available.

The PVA and cardiac efficiency changes did not meet
statistical significance (Table 1).

Glucose and FFA levels decreased during the D-3-
OHB infusion compared with controls. Acetoacetate
levels were elevated during the D-3-OHB infusion
compared with controls (Table 2). Arteriovenous gra-
dients of 3-OHB across the heart were increased
by 0.79mmol/L (95% ClI, 0.62-0.95mmol/L) and
lactate decreased by 0.45mmol/L (95% CI, -0.74
to —0.16mmol/L) during D-3-OHB compared with
controls (Table 3). The arteriovenous gradients of the
other metabolites were similar during the D-3-OHB
infusion compared with controls. The extraction ratios
of 3-OHB and lactate increased by 20.0 percentage
points (95% CI, 14-26 percentage points) and de-
creased by 29 percentage points (95% ClI, —47 to —12

percentage points), respectively, during D-3-OHB in-
fusion compared with control infusion.

Differential Cardiovascular Effects of the
2 Enantiomers of 3-Hydroxybutyrate
[-3-OHB infusion produced the highest concentra-
tions of circulating 3-OHB compared with D-3-OHB
infusion. However, the difference was not significant
(Table 1). L-3-OHB infusion increased CO significantly
more than D-3-OHB infusion. The increase in circulat-
ing total 3-OHB levels exhibited a positive correlation
with CO changes during both L-3-OHB and D-3-OHB
infusions (P<0.001; Figure 3A). Similarly, the increase
in circulating total 3-OHB levels exhibited a significant
negative correlation with SVR changes (Figure 3B). The

Table 3. Arteriovenous Gradients of Metabolites Across the Heart and Cardiac Extraction Ratio

3-OHB, mmol/L 0.67 (0.50 t0 0.83) <0.001 0.47 (0.22 to 0.71) 0.003 0.79 (0.62 to 0.95) <0.001
Lactate, mmol/L -0.2(-0.61t00.2) 0.3 0.1(-0.3t0 0.5) 0.6 -0.5(-0.7 t0o -0.2) 0.008
Glucose mmol/L 2.0(0.3t03.7) 0.035 -0.6 (-1.4 t0 0.1) 0.1 0.1 (-0.7 to 1.0) 0.7
Oxygen, mg/dL -2.1(-4.0to -0.1) 0.052 -1.3(-4.1t0 1.6) 0.4 0.2 (-0.7to 1.1) 0.7
FFA, mmol/L -0.1 (-0.3t0 0.1) 0.3 0.0(-0.3t00.9) >0.9 0.1(-011t00.2) 0.4
Extraction ratio
3-OHB, % 15 (11 to 18) <0.001 7 (-21o0 16) 0.15 20 (14 to 26) <0.001
Lactate, % -14 (-33 to 6) 0.2 0 (-27 to 26) >0.9 —-29 (47 to -12) 0.006
Glucose, % 28 (310 52) 0.038 -11(-24t0 2) 0.13 4 (-26 to 393) 0.8
Oxygen, % 6 (-9 t022) 0.5 15 (-2't0 33) 0.1 -4 (-9to 1) 0.13
FFA, % —17 (=90 to 55) 0.6 —41 (<157 to 76) 0.5 14 (=47 to 74) 0.7

The effect size is shown as mean (95% Cl). The effect size indicates the variation in change observed for each outcome during the intervention compared with
the control infusion. The symbols “<” and “>” indicate whether there was a statistically significant difference between L-3-OHB and D-3-OHB. 3-OHB indicates

3-hydroxybutyrate; D-3-OHB, D-3-hydroxybutyrate; FFA, free fatty acid; and L-3-OHB, L-3-hydroxybutyrate.

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628
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Figure 3. Correlation of circulating 3-OHB levels and hemodynamic measurements.

Correlation between changes in total 3-OHB concentration and changes in cardiac output (A) and
changes in SVR (B). There were no significant differences in the slopes of the regression lines (P=0.134
and P=0.876, respectively). 3-OHB indicates 3-hydroxybutyrate; D-3-OHB, D-3-hydroxybutyrate; L-3-
OHB, L-3-hydroxybutyrate; SVR, systemic vascular resistance; and WU, Wood units.

slope of the regression lines for CO and SVR did not
differ significantly between L-3-OHB and D-3-OHB in-
fusions (P=0.134 and P=0.876, respectively). No major
changes were observed in the PV measurements
between interventions (Table 1). Acetoacetate and
pH levels were higher during D-3-OHB infusion. The
arteriovenous gradients across the heart showed an
increased extraction ratio of 3-OHB during D-3-OHB
infusion compared with L-3-OHB (Table 3). No signifi-
cant differences were observed in the arteriovenous

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628

gradients of other metabolite extraction ratios between
-3-OHB and D-3-OHB (Table 3).

Dobutamine Challenge

Dobutamine was chosen as a positive inotropic con-
trol. Dobutamine increased CO by 1.2L/min (95% CI,
0.9-1.5L/min) from 5.8+1.4 L/min during the ketone and
control infusions alone (Figure 2). LV contractility meas-
urement, E_., increased significantly (0.24 mmHg/mL,

es’

95% CI, 0.10-0.38mmHg/mL). Heart rate and LVEF
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Figure 4. Myocardial mitochondrial function measured by high-resolution
respirometry.

High-resolution respirometry of myocardial biopsies after ketone infusion
and control infusion. The oxidative phosphorylation (OXPHOS) capacity after
180minutes of 3-OHB infusion was compared with that after 180minutes of
control infusion. Glutamate, malate, and ADP were added to 1 high-resolution
respirometry chamber (A), whereas glutamate, 3-OHB, ADP, and succinate
were added to another high-resolution respirometry chamber (B). 3-OHB
indicates 3-hydroxybutyrate; D-3-OHB, D-3-hydroxybutyrate; L-3-OHB, L-3-

hydroxybutyrate.

increased significantly, whereas SVR, mean pulmo-
nary artery pressure, and PVR decreased (Table S1).

Myocardial Mitochondrial Function

High-resolution respirometry was performed to esti-
mate myocardial mitochondrial function. Compared
with controls, neither D/L-3-OHB, L-3-OHB or D-3-
OHB infusions had sustained effects on glucose-
linked oxidative phosphorylation capacity that could
be detected in tissue samples evaluated without 3-
OHB present in the oxygraphy (Figure 4A). The pres-
ence of 3-OHB in the oxygraphy chamber elicited
no differences in oxidative phosphorylation capac-
ity (Figure 4B). Oxidative phosphorylation capacity
measured with and without 3-OHB present did not
differ significantly between tissues sampled from pigs

treated with D/L-3-OHB, D-3-OHB, or -3-OHB, and
control infusions (P>0.05).

Myocardial Kinetics of L-[''C]3-OHB and

D-[''C]3-OHB

The biodistribution of D-['"C]3-OHB showed avid car-
diac ketone uptake (Figure 5A). Myocardial kinetics of
the physiologically occurring D-3-OHB revealed that a
simple 1-tissue model fitted the data best under low
ketone conditions (Table S2). The high K1 value of 0.63
corresponded well with the anticipated myocardial
blood flow and high myocardial extraction fraction of
D-3-OHB. During elevated circulating 3-OHB levels of
3mmol/L (Figure 5B), a 2-tissue model fitted the data

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628 10
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Figure 5. Tracer kinetics.

A, Biodistribution of ""C-D-OHB after injection of 183 MBq radiotracer (summed image 0-60minutes). There is avid tracer uptake in
the liver, kidneys, and the heart. B, Experimental setup to determine the myocardial kinetics of "'C-D-OHB during conditions of low
and elevated ketones. C, Summed (6-15minutes) dynamic images of "'C-D-OHB and "'C-L-OHB in the heart and liver in the field of
view. D, Image-derived whole blood activity after the injection of "C-D-OHB and ''C-L-OHB. The D-enantiomer was cleared more
rapidly than the L-enantiomer. E, Myocardial TACs of "C-D-OHB and "'C-L-OHB showing uptake and clearance of the D-enantiomer
(blue), whereas the L-enantiomer (red) to a large extent was cleared immediately, leaving only a small fraction that was metabolized or
irreversibly bound. V, for the L-3-OHB was 146+0.19 and for the D-3-OHB was 3.77+0.46. F, One-tissue compartmental modeling of
myocardial "'C-D-OHB kinetics yielding a good fit to the measured data. D-3-OHB indicates D-3-hydroxybutyrate; K1, rate constant
for the transfer of a radiotracer from plasma to tissue; k2, rate constant for the transfer of a radiotracer from tissue back to plasma;
L-3-OHB, L-3-hydroxybutyrate; PET, positron emission tomography; SUV, standardized uptake value; TAC, tissue activity curve; Vb,
blood volume; and V,, volume of distribution.

better (Table S2) with the second tissue compartment,
possibly indicating "'C-isotope trapping in the byprod-
ucts of the tricarboxylic acid cycle. The irreversible
model for kinetic analysis (Patlak) returned negative k-
values and was deemed unsuitable for the data analy-
sis (Table S2).

L-[""C]3-OHB and D-["'C]3-OHB had different kinetics
as shown in Figure 5D and E. Heart tissue radioac-
tivity from L-[""C]3-OHB peaked shortly after injection
but decreased rapidly to a plateau. Thus, L-3-OHB
retention in cardiac tissue was lower than that of the
D-enantiomer, probably reflecting less oxidation via
the tricarboxylic acid cycle. When comparing V,, the
ratio of the total amount of tracer distributed in the
heart tissue (Figure 5E) to the total amount of tracer
in the blood (Figure 5D), the V, of the L-["'C]3-OHB
was about half that of the D-[""C]3-OHB (1.46+0.19
versus 3.77+0.46; Table 4). Additionally, circulating
radiotracers were higher for L-[""C]3-OHB (Figure 5D)

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628

throughout the studies, reflecting an attenuated tissue
uptake of L-3-OHB.

Effects of L-3-OHB and D-3-OHB on
Isolated Coronary Arteries

Isolated porcine coronary arteries were precontracted
with the thromboxane analogue U46619 and then ex-
posed to D-3-OHB or L-3-OHB. Overall, 3-OHB relaxed

Table 4. D-["'C]3-OHB and L-[""C]3-OHB Kinetics

Flux (Patlak) V, (Logan)
D-["'C]3-OHB (n=2) NA 3.77+0.46
L-[""C]3-OHB (n=3) 0.39+0.09 1.46+0.19

A Patlak plot was used to estimate the flux (Ki) for irreversible tracer kinetics,
and a Logan plot was used to estimate V, for reversible tracer kinetics. Data
are presented as mean+SD. 3-OHB indicates 3-hydroxybutyrate; and V,,
volume of distribution, the ratio of the total amount of tracer distributed in the
tissue to the total amount of tracer in the plasma.
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Figure 6. Isolated coronary arteries.

Myograph measures of isolated coronary arteries exposed for
3mmol/L D-3-OHB or L-3-OHB and control. The relative active
tension for 20minutes is presented. D-3-OHB indicates D-3-
hydroxybutyrate; and L-3-OHB, L-3-hydroxybutyrate.

arteries compared with equimolar NaCl (P=0.04), but
we observed no differences in the vasorelaxant re-
sponses of the 2 3-OHB enantiomers (Figure 6).

DISCUSSION

In the present study, we investigated and compared
the acute cardiovascular effects of D/L-3-OHB, L-3-
OHB, and D-3-OHB in 60-kg pigs. The main findings
were as follows. First, the increase in CO during D/L-3-
OHB infusions was mediated through a reduction in £,
(afterload) and not by an increase in E_ (left ventricular
contractility) or LVEDV (preload). Second, L-3-OHB in-
fusion resulted in a greater increase in CO of 2.7 L/min,
whereas D-3-OHB infusion caused only a minor rise
in CO of 0.6L/min. This difference was explained by
higher circulating 3-OHB levels during L-3-OHB due to
its slower metabolization at whole body level. Thus, CO
and SVR changes during L-3-OHB and D-3-OHB infu-
sions displayed a similar correlation with the change in
circulating 3-OHB levels. Third, myocardial mitochon-
drial respiratory capacity did not change significantly
after each 3-OHB infusion compared with their control
infusion. Fourth, in experiments on isolated coronary
arteries, D- and L-3-OHB produced similar levels of
vasorelaxation. Fifth, D-[''C]3-OHB was rapidly taken
up by the cardiac tissue and metabolized, whereas
L-[""C]3-OHB was taken up and metabolized more
slowly. This was further supported by the increased ar-
teriovenous extraction ratio of 3-OHB across the heart
during D-3-OHB infusion but not during L-3-OHB infu-
sion (Figure 7).

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628
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Cardiovascular Effects of D/L-3-OHB
Clinical studies have shown that D/L-3-OHB infusion
increases CO by 33% in healthy participants' and by
40% patients with heart failure."?” However, the exact
mechanisms underlying these hemodynamic changes
have not been investigated. The present study aimed
to investigate the LV hemodynamic changes contrib-
uting to the increase in CO during 3-OHB infusion.
Our findings indicated that afterload reduction, as
estimated by reduced E,, LVESP, LVP_,,, and SVR,
was the primary underlying mechanism involved in
the CO increase during D/L-3-OHB infusion (Table 1).
Meanwhile, the load-independent LV contractility
measurement, E_, exhibited no significant changes
during D/L-3-OHB infusion. Although the observed
18 bpm increase in heart rate contributed to the in-
crease in CO during 3-OHB, it does not fully account
for the considerably larger increase in CO of 2.8 L/min.
During D/L-3-OHB infusion, the preload, as measured
by LVEDV, decreased compared with the control infu-
sion. Therefore, the preload changes did not explain
the CO increase. Furthermore, D/L-3-OHB infusion did
not alter myocardial mitochondrial oxidative capacity.
These findings highlight that the cardiovascular effect
is mediated by a vascular effect rather than by a di-
rect myocardial mechanism. Indeed, our study further
demonstrates that 3-OHB relaxes isolated coronary
arteries in the relevant concentration range. The po-
tential of 3-OHB to unload the heart holds promise in
that previous studies have demonstrated the beneficial
effects of unloading the compromised heart in the con-
text of acute myocardial infarction or chronic heart fail-
ure.?® Notably, unloading the failing heart reversed the
cellular and anatomical changes commonly observed
in the pathological state of heart failure.?® Moreover,
the arterial elastance reduction by 1.38mmHg/mL
during 3-OHB infusion was more pronounced than
the reported effects of nitroglycerin infusion in patients
with and without heart failure.?®%% This substantiates
the notion that 3-OHB enjoys therapeutic potential for
reducing cardiac overload while concurrently increas-
ing CO and LVEF."#

Differential Cardiovascular Effects of

D- and L-3-OHB

D-3-OHB is the predominant endogenous ketone
body in humans, primates, and mammals.®! However,
the sterecisomer L-3-OHB has received little atten-
tion. Previous animal studies have reported that the
highest concentration of L-3-OHB is found in cardiac
tissue,'®"32 suggesting either active cardiac uptake or
production of L-3-OHB. Under physiological conditions,
the exact mechanism responsible for the formation
of L-3-OHB is unclear. Some studies suggest hepatic

12
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Figure 7. Summary of relevant findings of the study.

L-3-OHB elicits greater increases in circulating 3-hydroxybutyrate levels and cardiac output than
D-3-OHB infusion. The isolated coronary artery responses and myocardial mitochondrial function
were similar during exposure to L-3-OHB and D-3-OHB. The correlations between circulating
3-OHB levels and cardiac output were similar for both L-3-OHB and D-3-OHB levels. Myocardial
3-OHB uptake was more pronounced during D-3-OHB infusion than L-3-OHB infusion. 3-OHB
indicates 3-hydroxybutyrate; D-3-OHB, D-3-hydroxybutyrate; and L-3-OHB, L-3-hydroxybutyrate.

production of L-3-OHB by L-3-hydroxybutyryl-CoA de-
hydrogenase,®® whereas others have shown that L-3-
OHB is not metabolized by hepatic dehydrogenase but
via mitochondrial activation.®*3® L-3-OHB can be con-
verted from D-3-OHB by a racemase responsible for

J Am Heart Assoc. 2024;13:e033628. DOI: 10.1161/JAHA.123.033628

the interconversion of L-and D-3-hydroxybutyryl-CoA
dehydrogenase.*® However, the physiological role of L-
3-OHB is not fully understood. L-3-OHB can be trans-
ported into cardiomyocytes through monocarboxylate
transporters®” but is not believed to be metabolized.
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Some studies have further suggested that [-3-OHB is
an intracellular intermediate metabolite.’® The specific
impact of [-3-OHB on the cardiovascular system has
not previously been explored in depth. In the present
study, L-3-OHB infusion increased CO, whereas D-3-
OHB infusion produced only a minor increase in CO.
This difference in hemodynamic response was due to
different pharmacokinetic properties of the 3-OHB en-
antiomers. L-3-OHB was metabolized more slowly, re-
sulting in higher circulating 3-OHB levels. The increase
in circulating 3-OHB levels correlated with CO for both
enantiomers (Figure 3A). Therefore, the significant in-
crease in CO during L-3-OHB infusion may be mediated
through higher circulating 3-OHB levels as compared
with D-3-OHB infusion. Additionally, we observed simi-
lar vasorelaxant effects of the 2 enantiomers on isolated
coronary arteries under closely controlled D- and L-3-
OHB concentrations. Furthermore, our findings chal-
lenge the concept that D-3-OHB is the only enantiomer
with cardiovascular effects. The importance of -3-OHB
is supported by a previous study showing that glucose
use in cardiomyocytes is reduced by D-3-OHB and
recovered in a dose-dependent manner by L-3-OHB
addition.!® Additionally, although D/L-3-OHB has been
shown to protect the heart from ischemia-reperfusion-
induced myocardial damage,’® D-3-OHB alone did
not protect cardiac tissue during low-flow ischemia.3®
Finally, the 2 3-OHB enantiomers have different effects
on cardiac myocyte electrophysiology.®® The stereose-
lective effect of 3-OHB has also been observed in other
organ tissues. 3-OHB prevents muscle weakness dur-
ing sepsis or critical ilness.*%4! An animal study showed
that L-3-OHB reached its maximal muscle-protective
effect at a lower dose than did D-3-OHB.** These ef-
fects are consistent with the pharmacokinetic differ-
ences between D- and L-3-OHB, which results in higher
plasma concentrations of 3-OHB during L-3-OHB treat-
ment and leads to stronger cardiovascular effects.
Additionally, these data showed that the acute beneficial
hemodynamic response to 3-OHB is mediated through
vasodilation and afterload reduction rather than through
the direct myocardial metabolism of 3-OHB.

Mitochondrial Function

Only a few studies have investigated the effect of 3-OHB
on myocardial mitochondrial function. 3-OHB does not
alter excitation-contraction coupling in isolated rat ven-
tricular myocyte.* Similarly, pressure-overloaded, hy-
pertrophied failing mouse hearts increase cardiac ATP
production, whereas cardiac work and cardiac efficiency
remain unaltered during ketonemia.'® Furthermore, in
patients with chronic heart failure, 3-OHB infusion do
not change myocardial external energy efficiency.! The
present study directly examined myocardial mitochon-
drial oxygen consumption after ketonemia and found no
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changes when compared with the control infusion as
measured with high-resolution respirometry (Figure 4).
These findings support the safety of myocardial tissue
when exposed to 3-OHB as we observed no evidence of
harm or damage to mitochondrial function. Furthermore,
the findings supported our hemodynamic results, which
showed that the effects of 3-OHB were not driven by
enhanced myocardial contractility, that is, a direct car-
diac effect. Additionally, PVA (Table 1), which correlates
with myocardial oxygen consumption,*® remained un-
changed during 3-OHB infusion. In conjunction, our re-
sults suggest that the hemodynamic effects induced by
3-OHB are attributable to extracardiac factors, involving
vasodilation, which reduces the left ventricular afterload.

Arteriovenous Gradients of Metabolites
Across the Heart and Extraction Ratio

The arteriovenous gradients across the heart of 3-
OHB were substantial for D/L-3-OHB, D-3-OHB, and
L-3-OHB (Table 3). The arteriovenous gradient of 3-
OHB was significantly higher during D-3-OHB infusion
than during L-3-OHB infusion. The extraction ratios of
3-OHB significantly increased during D/L-3-OHB and
D-3-OHB infusion but not during L-3-OHB infusion
(Table 3). These findings are consistent with observa-
tions from our radiotracer PET study, demonstrating
a slower cardiac uptake of L-[''C]3-OHB than of D-
['"C]3-OHB (Figure 5C and 5E). Notably, the arterio-
venous gradients of other metabolites across the heart
remained largely unchanged during each intervention
when compared with the control infusion (Table 3), al-
though the glucose arteriovenous gradients during D/L-
3-OHB were significantly increased. These findings run
counter to those of other clinical studies.?** In healthy
volunteers, infusion of D/L-3-OHB halved myocardial
glucose uptake, whereas palmitate uptake remained
unaltered.? Another study, examining oral ketone ester
treatment in healthy volunteers and patients with heart
failure using arterial and coronary sinus blood sampling,
demonstrated that 3-OHB, FFA, and lactate are taken
up by the myocardial tissue.** However, in a mouse
model with pressure-overloaded heart failure and in
healthy mice, ketonemia did not affect cardiac glu-
cose oxidation or palmitate oxidation.'®*% Accordingly,
there are inconsistencies in the studies examining car-
diac metabolism during ketonemia. The present study
highlighted the distinctive metabolic effects of 3-OHB
enantiomers and the dissociation between their met-
abolic and hemodynamic responses. D-3-OHB ad-
ministration significantly increased the extraction ratio
of 3-OHB across the heart while merely exhibiting a
modest hemodynamic response. In contrast, L-3-OHB
demonstrated no significant change in the extraction
ratio of 3-OHB across the heart while demonstrating
pronounced hemodynamic effects.
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Cardiac Uptake and Metabolism of
D-[''C]3-OHB—and L-[''C]3-OHB

The present proof-of-concept PET study with dedi-
cated D-['"C]3-OHB tracers provided evidence that the
cardiac metabolism of D-3-OHB and L-3-OHB were
markedly different. The metabolization of D-['"C]3-OHB
in heart tissue closely resembles that of [''CJ-acetate,
suggesting that the k2-value reflected the oxidation of
D-3-OHB to ['"C]CO2 and not the resecretion of unme-
tabolized D-["C]3-OHB back into circulation. This no-
tion was supported by rapid appearance of metabolites
in the form of ["C]CO2 in plasma (Figure S3). The myo-
cardial metabolism of D-['""C]3-OHB is similar in healthy
participants.*® Whereas D-3-OHB was taken up and
metabolized by the myocardial tissue, -3-OHB was
metabolized at a much slower rate or bound irrevers-
ibly to the tissue, suggesting a receptor-binding effect. A
slow metabolization of L-3-OHB was supported by a low
rate of appearance of ['C]JCO2 in plasma (Figure S3).
Both enantiomers are transported across the plasma
membrane through monocarboxylate transporters,
which have no stereoselective abilities.3” Thus, the high
L-3-OHB levels in cardiac tissue may be due to a dis-
sociation between cardiac uptake and metabolization.
In a rat study, high L-3-OHB levels in heart tissue were
observed after a single oral D/L-3-OHB dose.®? Overall,
our PET findings documented a dissociation between
the rather slow cardiac metabolism of the [-3-OHB en-
antiomer and its profound hemodynamic effects. This
further supports that acute cardiovascular effects are
mediated by noncardiac mechanisms (ie, vasodila-
tion). Intriguingly, the slow metabolization of L-3-OHB
at the whole-body level*” also yielded a more favora-
ble pharmaco-kinetic and -dynamic profile. It would be
worth exploring a novel L-3-OHB ester in future studies
owing to the potential L-3-OHB harbors as a novel car-
diovascular treatment option.

Metabolic Changes During D-3-OHB and
L-3-OHB Infusion

The influence of 3-OHB on FFA release is extensively
documented and involves a negative feedback loop
acting through the hydroxycarboxylic acid receptor 2 on
the surface of adipocytes.*® This receptor exhibits affin-
ity for the 3-OHB enantiomers.*® In the present study,
both -3-OHB and D-3-OHB infusions suppressed cir-
culating FFA levels consistent with the observations in
clinical studies using D/L-3-OHB infusions."42”
Additionally, our study revealed that both L-3-OHB
and D-3-OHB infusions decreased glucose levels and
increased insulin levels. These changes have not been
investigated in the clinical studies during D/L-3-OHB
infusion as an euglycemic clamp was used."427:%0
However, during oral 3-OHB treatment, glucose levels
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were reduced in healthy participants and patients with
type 2 diabetes.?"%? The perceived beneficial effects of
3-OHB on glucose metabolism warrant further investi-
gation, particularly regarding the distinct metabolic ef-
fects of 3-OHB enantiomer infusion in clinical studies.

Limitations

The results of this study were obtained from a healthy animal
model. Thus, the hemodynamic effects of 3-OHB infusion
may be different in a cardiac-diseased animal model and in
humans. However, clinical studies have shown that the car-
diovascular effects of D/L-3-OHB are similar in patients with
heart failure and healthy participants. This demonstrates
that the ketonemic response is induced irrespective of pre-
existing cardiac disease."? Presently, 100% pure D- and
-3-OHB are not available for human use. Therefore, we
chose to study enantiomer-specific effects in human-sized
pigs. Furthermore, the current investigation focused on ex-
amining the acute impacts of 3-OHB infusion; however, we
recognize that the outcomes of long-term 3-OHB treatment
might diverge and that the enantiomer-specific effects of 3-
OHB may exhibit different actions.

The present study was structured as a crossover
trial, which carries a well-established risk of carryover
bias. To mitigate this risk, a mixed-effects model was
used to evaluate the interaction between period and
treatment order. No significant carryover bias was ob-
served in the hemodynamic measurements.

The power calculation was based on the primary
end point CO and therefore interpretations of the sec-
ondary outcomes should be done with caution and in-
vestigated further in separate studies. The radiotracer
PET study was designed as a proof-of-concept study
with only 4 animals. Despite the small sample size, the
results clearly demonstrated differential cardiac uptake
of D-3-OHB and L-3-OHB.

The afterload reducing effects of 3-OHB were not
compared with other afterload reducing agents, such
as sodium nitrite. The choice of dobutamine as a pos-
itive control was deliberate, aligning with its common
use in heart failure and allowing us to emphasize the
unique impact of 3-OHB on the primary end point CO.
Future research endeavors may explore direct compar-
isons with afterload reducing agents to better elucidate
the distinctive properties of 3-OHB in this context.

The animals were anesthetized using propofol and
fentanyl, both of which may cause vasodilation. Despite
administering minimal doses to mitigate these effects, it is
possible that the observed hemodynamic effects during
the interventions may be more pronounced without
anesthesia.

In the porcine model, termination of the azygos vein
in the coronary sinus raises the concern that blood
samples collected from this location may not accurately
reflect the heart’s use of metabolites. Nevertheless,
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efforts were made to accurately place the catheter in
the coronary sinus by using fluoroscopy, positioning it
beyond the entrance of the azygos vein.

CONCLUSIONS

3-OHB increased CO by reducing afterload rather than
enhancing contractility or preload. The myocardial uptake
and metabolism of D-3-OHB exceeded those of L-3-
OHB, but the hemodynamic response was stronger dur-
ing L-3-OHB infusion. The correlation between changes
in CO and SVR was similar for both enantiomers. Neither
of the enantiomers of 3-OHB affected myocardial mito-
chondrial respiratory capacity, and both enantiomers
caused equal dilation of the coronary arteries. The en-
hanced hemodynamic response during L-3-OHB infu-
sion was caused by higher circulating 3-OHB levels due
to slower whole-body metabolization. These findings
suggest that [-3-OHB may be a potent cardiovascular
agent with strong hemodynamic effects.
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