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We examined the effect of increased levels of plasma ke-
tones on left ventricular (LV) function, myocardial glucose
uptake (MGU), and myocardial blood flow (MBF) in pa-
tients with type 2 diabetes (T2DM) with heart failure. Three
groups of patients with T2DM (n = 12 per group) with an
LV ejection fraction (EF)##50% received incremental infu-
sions of b-hydroxybutyrate (b-OH-B) for 3–6 h to increase
the plasma b-OH-B concentration throughout the physio-
logic (groups I and II) and pharmacologic (group III) range.
Cardiac MRI was performed at baseline and after each
b-OH-B infusion to provide measures of cardiac function.
On a separate day, group II also received a sodium bicar-
bonate (NaHCO3) infusion, thus serving as their own control
for time, volume, and pH. Additionally, group II under-
went positron emission tomography study with 18F-fluoro-
2-deoxyglucose to examine effect of hyperketonemia on
MGU. Groups I, II, and III achieved plasma b-OH-B levels
(mean ± SEM) of 0.7 ± 0.3, 1.6 ± 0.2, 3.2 ± 0.2 mmol/L, re-
spectively. Cardiac output (CO), LVEF, and stroke volume
(SV) increased significantly during b-OH-B infusion in
groups II (CO, from 4.54 to 5.30; EF, 39.9 to 43.8; SV, 70.3
to 80.0) and III (CO, from 5.93 to 7.16; EF, 41.1 to 47.5;
SV, 89.0 to 108.4), and did not change with NaHCO3 infu-
sion in group II. The increase in LVEF was greatest in
group III (P < 0.001 vs. group II). MGU and MBF were not
altered by b-OH-B. In patients with T2DM and LVEF
##50%, increased plasma b-OH-B level significantly
increased LV function dose dependently. Because MGU
did not change, themyocardial benefit ofb-OH-B resulted

from providing an additional fuel for the heart without in-
hibitingMGU.

Type 2 diabetes mellitus (T2DM) is a cardiometabolic dis-
order in which both microvascular and macrovascular
complications contribute to morbidity and mortality (1).

ARTICLE HIGHLIGHTS
• Sodium–glucose cotransporter 2 inhibitor (SGLT2i) ther-

apy is associated with an increase in plasma ketone
concentration.

• In patients with type 2 diabetes and heart failure with
reduced ejection fraction, we examined the effect of
b-hydroxybutyrate (b-OH-B) infusion, spanning the
physiologic and pharmacologic ranges of plasma
b-OH-B concentrations (0.7, 1.6, and 3.2 mmol/L) on
myocardial function (using MRI), myocardial blood
flow (measured with positron emission tomography
[PET]/15O-labeled water), and myocardial glucose up-
take (PET/18F-FDG).

• b-OH-B caused a dose-response increase in left ven-
tricular ejection fraction and myocardial blood flow
without altering myocardial glucose uptake.

• These results suggest that the SGLT2i-induced in-
crease in plasma ketone concentration may contribute
to its beneficial effects on myocardial function.
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Cardiovascular (CV) events continue to be the leading
cause of death in patients with T2DM. Additionally, heart
failure (HF) affects �6.5 million adults in the U.S. (2) and
�26 million worldwide (3). The incidence of HF in pa-
tients with T2DM is �22%. T2DM also increases the risk
for hospitalization for HF (HHF) by �50% and decreases
overall 5-year survival by �80% (4–6).

Although hyperglycemia is the major risk factor for mi-
crovascular complications, it is a weak risk factor for macro-
vascular complications (e.g., myocardial infarction, stroke)
(7) compared with the more classic CV risk factors (hyper-
tension, dyslipidemia, obesity, endothelial dysfunction,
insulin resistance, inflammation) (8). Nine large placebo-
controlled trials (9) have examined the effect of sodium–
glucose cotransporter 2 inhibitors (SGLT2is) on CV out-
comes in patients with T2DM, with eight of these trials
demonstrating a CV benefit. Although SGLT2i treatment
reduced both major adverse CV events (MACE) and HHF,
the magnitude of decrease in HHF produced by SGLT2is
was markedly greater than MACE. In contrast to MACE,
SGLT2is consistently and equally reduced HHF in partici-
pants with (by 30%) and without (by 37%) established CV
disease (9,10). Notably, the separation of Kaplan-Meier
curves for CV mortality and HHF occurred within 3 months,
suggesting nonatherogenic mechanism(s).

In the Dapagliflozin and Prevention of Adverse Out-
comes in Heart Failure trial (11) and the Empagliflozin
Outcome Trial in Patients with Chronic Heart Failure and
a Reduced Ejection Fraction (12), SGLT2i treatment de-
creased HHF plus CV mortality in patients with HFrEF by
24%, and 25%, respectively. A similar reduction was ob-
served in patients with HFrEF and without T2DM, indicat-
ing that the benefit of SGLT2is on HF is independent of
diabetes and decrease in plasma glucose concentration. It
also is unlikely that the modest reductions in body weight
and blood pressure can explain these CV benefits. Multiple
mechanisms have been invoked to explain the beneficial
effects of SGLT2is on HHF and CV mortality (13–17). He-
modynamic factors (specifically, simultaneous reduction in
preload secondary to intravascular volume depletion and
afterload secondary to reduced blood pressure and im-
proved aortic distensibility) most commonly have been
cited. The “ketone hypothesis” (18,19) (i.e., a shift from glu-
cose oxidation to ketone utilization as a more efficient and
less oxygen-consumptive substrate for the heart) also has
been proposed to explain the CV benefits of SGLT2i ther-
apy (19). However, the effect of ketones on the heart has
not been well studied.

Ketones are avidly taken up by multiple tissues in the
body, including skeletal and cardiac muscle, via the mono-
carboxylate transporter, in proportion to their delivery
(i.e. blood flow multiplied by arterial ketone concentration)
(20,21). The fractional extraction of ketones by muscle, both
skeletal and cardiac, is �40%, which is comparable to that
of pyruvate and much greater than that of glucose (�2%)
or free fatty acid (FFA; �15–20%) (18). Hyperketonemia,

thus, provides a glycolysis-independent pool of acetyl CoA
and, ultimately, energy in the form of ATP (18,19,22,23).
Furthermore, oxidation of ketones yields an amount of ATP
per mole of oxygen consumed that is similar to that of glu-
cose and much greater than FFA and does not lead to un-
coupling in the mitochondrial membrane, which can occur
with increased FFA oxidation (18,24,25). The heart has a
high energy demand, which primarily is met by oxidation of
glucose and FFA (24,26). The contribution of ketone oxida-
tion to myocardial energy demand is modest (10–20%)
(19,26) but can increase markedly at higher plasma ketone
concentrations (25). Thus, increasing ketone delivery to the
heart augments ATP production but does not increase myo-
cardial efficiency (i.e., cardiac work per oxygen consumed)
(19,25). Multiple studies have demonstrated that the failing
heart relies upon ketones as an oxidative fuel (25–28).

We and others have shown that SGLT2i treatment of
patients with T2DM consistently increases the fasting
plasma ketone concentration two- to fourfold (29,30),
and ketone levels >1 mmol/L have been reported in
15–20% of patients with diabetes treated with an SGLT2i
for 52 weeks (31). In patients with HF, cardiac muscle up-
take of b-hydroxybutyrate (b-OH-B) is increased (19,32,33),
although skeletal muscle ketone uptake has been reported
to be decreased (34). HF, independent of T2DM, is an
insulin-resistant state (35). However, ketone uptake by
cardiac and skeletal muscle is insulin independent (16,36).
It is possible, therefore, that the SGLT2i-induced hy-
perketonemia in patients with HF contributes to the
beneficial CV effects of this class of glucose-lowering
medication. As a first step in considering this hypothe-
sis, it must be demonstrated that physiologic hyperke-
tonemia can augment myocardial function in patients
with HF.

In this study, we examined, in patients with T2DM with
an ejection fraction (EF) #50%, the effect of b-OH-B infu-
sion, spanning the physiologic and pharmacologic ranges of
plasma b-OH-B concentrations, on myocardial function,
myocardial glucose uptake (MGU), and myocardial blood
flow (MBF), with cardiac MRI and positron emission to-
mography (PET).

RESEARCH DESIGN AND METHODS

Study Participants
Thirty-six participants with New York Heart Association
Class II-III HF (EF #50%) and T2DM (HbA1c >6.5%)
were studied (Table 1). Participants were recruited from
the HF clinic of UT Health San Antonio and from the
Texas Diabetes Institute. Before the screening visit, pa-
tients had an established diagnosis of HF documented by
an acceptable imaging modality within 6 months. If this
was not available, transthoracic echocardiography (Phillips
Equipment Corp, Bothell, WA) was performed at UT Health
San Antonio Echocardiology Core Laboratory by a certified
echocardiography cardiologist to confirm EF #50%.
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Other inclusion criteria included age range from 18 to
80 years; BMI 23–38 kg/m2; HbA1c 6.5–10.0%; blood
pressure <145/85 mmHg; and estimated glomerular fil-
tration rate (eGFR) >30 mL/min/1.73 m2. Participants
had to be taking a stable dose of medications (e.g., ACE
inhibitor or angiotensin receptor blocker, diuretic,
b-blocker, calcium channel blocker) for HF. Participants
were treated with diet plus metformin or metformin/
sulfonylurea. Patients treated with SGLT2is, glucagon-like
peptide-1 receptor agonists, or thiazolidinediones were

excluded. Body weight was stable (±4 pounds [1.8 kg])
over the past 3 months.

Study Design
At the screening visit, patients arrived at the Clinical Re-
search Center of the Texas Diabetes Institute at 0800 h,
after a 10- to 12-h overnight fast for determination of
lean body mass and fat mass with DEXA (Discovery Wi;
Hologic, Bedford, MA). After eligibility was confirmed,
participants underwent a medical history and physical
exam to exclude major organ system diseases other than
diabetes and cardiac disease. Routine blood chemistry
tests, complete blood cell count, complete metabolic panel,
urinalysis, lipid profile, thyrotropin level, HbA1c, and elec-
trocardiogram results were obtained. Blood pressure was
measured with an automated sphygmomanometer after
the participant had been reclining for 5 min.

Patients with diabetes who met entry criteria were ran-
domized (1:1:1 ratio) to receive one of three different infu-
sion rates of b-OH-B (Fig. 1): group I (mean values: age,
57 years; BMI, 31 kg/m2; HbA1c, 7.4%; EF, 31%) received a
6-h b-OH-B infusion (prime dose was 0.4 mg/kg/min for
20 min followed by constant rate of 0.2 mg/kg/min until
study end). A 6-h period was chosen on the basis of a pre-
vious study (37) that demonstrated a significant effect on
myocardial function within 6 h in patients with HFrEF.
Group II (mean values: age, 60 years; BMI, 32 kg/m2;

Figure 1—Study design. NYHA, New York Heart Association.

Table 1—Baseline physiological characteristics of study
participants

Group I Group II Group II
Plasma b-OH-B (0.7 mmol/L) (1.6 mmol/L) (3.2 mmol/L)

n 12 12 12

Age (years) 57 ± 2 60 ± 2 57 ± 3

Sex (M/F) 11/1 9/3 8/4

BMI (kg/m2) 31 ± 1 32 ± 1 34 ± 2

EF (%) 31 ± 3 39 ± 2 39 ± 3

HbA1c (%) 7.4 ± 0.3 7.7 ± 0.3 76.9 ± 0.3

eGFR
(mL/min/1.73 m2)

64 ± 7 77 ± 8 73 ± 7

Data are reported as mean ± SEM. One-way ANOVA was
used. P values were not statistically significant.
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HbA1c, 7.7%; EF, 39%) received a 6-h b-OH-B infusion
(prime dose was 1.5 mg/kg/min for 20 min followed by a
constant rate of 0.75 mg/kg/min). The randomization was
performed blindly by a pharmacist not involved in the
study, but the investigators performing the study were
aware of who received the low, intermediate, and high
b-OH-B infusion rates. The two individuals who performed
the data analyses were blinded to the randomization code.

On a separate day and in random order, group II
received a 6-h sodium bicarbonate (NaHCO3) infusion
(0.12 mol/L solution) with matching volume to the b-OH-B
study and thus served as their own controls. The NaHCO3

infusion was designed to mimic the expected increase in
plasma bicarbonate (HCO3) concentration and pH observed
with the b-OH-B infusion. Group III (mean values: age, 57
years; BMI, 34 kg/m2; HbA1c, 6.9%; EF, 39%) received a 3-h
b-OH-B infusion (prime dose of 4.0 mg/kg/min for 20 min
followed by constant rate of 2.0 mg/kg/min until study end).
Cardiac MRI was performed before and at end of each in-
fusion. Nab-OH-B (D/L) was obtained from Gold Bio
(St. Louis, MO). Within 10 days, group II also under-
went, in random order, two PET studies with 18F-fluoro-2-
deoxyglucose (18FDG)–15O-labeled water (15O-H2O) before
and after b-OH-B and NaHCO3 infusion (as described) to
examine whether b-OH-B replaced glucose as a metabolic
fuel for the heart. All MRI and PET studies were performed
in the morning after an overnight fast. A detailed descrip-
tion of the MRI and PET procedure is described in the fol-
lowing two subsections.

The three b-OH-B infusion rates were chosen to cover
the range of increments in plasma b-OH-B concentrations
observed in patients with T2DM who were treated with
an SGLT2i (29–31). Groups I, II, and III achieved plasma
b-OH-B levels of 0.7, 1.6, and 3.2 mmol/L, respectively.
Studies were performed at the Clinical Research Center of
the Texas Diabetes Institute, University Health System and
the Research Imaging Institute, UT Health San Antonio.

Cardiac MRI
Participants reported for cardiac MRI to the UT Health
San Antonio Research Imaging Institute (RII) at 0700 h af-
ter an overnight fast (38,39) to confirm EF #50% and ob-
tain quantitative measures of baseline cardiac function
(cardiac output [CO], stroke volume [SV], peak left ven-
tricular [LV] EF). After the participant was comfortably
reclining in the MRI machine, three blood samples were
collected from an antecubital vein catheter for b-OH-B,
glucose, insulin, C-peptide, glucagon, and HCO3 concen-
trations. Cardiac MRI was performed with a Siemens TIM
TRIO 3T whole-body MRI (Siemens Medical Systems,
Malvern, PA). The instrumentation, acquisition charac-
teristics, and derived parameters of LV function have
been described in detail in a previous publication (38).
Participants then were randomized (1:1:1 ratio) to receive
one of three infusion rates of b-OH-B, as described. Each
group received a prime-continuous infusion of b-OH-B

(4 mol/L solution; pH adjusted to 7.24) to increase plasma
b-OH-B concentration. The total volume infused was in com-
pliance with standard of care and did not exceed 300 mL, to
avoid volume overload (40). Baseline blood sample collec-
tion was repeated at 270, 285, and 300 min after start of
b-OH-B infusion. After 6 h of b-OH-B infusion, cardiac
MRI was repeated in groups I and II. In group III, the car-
diac scan was repeated after 3 h, to be compliant with rec-
ommendations concerning acute volume loading in patients
with congestive HF (40).

When infused with sodium, b-OH-B is a HCO3 equiva-
lent and is associated with a small increase in plasma
HCO3 concentration (36). Therefore, as a control for time
and increase in plasma HCO3, participants in group II re-
turned 7–10 days after b-OH-B infusion and received a
6-h infusion of NaHCO3 to mimic the increase in plasma
HCO3 concentration observed with Na–b-OH-B infusion.
The total volumes of b-OH-B and NaHCO3 infused were
the same to obviate any effect of volume on cardiac
function.

MRI data were analyzed blindly by two investigators
using a commercial postprocessing package (CMR42; Cir-
cle Cardiovascular Imaging Inc., Calgary, AB, Canada). The
CMR42 flow module computes velocity, flow, regurgitant
volumes, and CO. The EF was computed using end dia-
stolic volumes and end systolic volumes. Dimensional pa-
rameters were normalized to body surface area, using the
Mosteller formula. Ejection and filling functions were as-
sessed from the respective maximal and average down-
slope and upslope of volume time curves to determine
peak LV ejection and filling rates.

Cardiac PET
Participants in group II also underwent a cardiac PET study
to examine the effect of hyperketonemia on MGU and
MBF (38,41). Participants reported to the RII at 0700 h
after 10-h overnight fast 7–10 days after the NaHCO3 infu-
sion study. Catheters were placed in both antecubital veins,
one for b-OH-B (or NaHCO3) and radiotracer administra-
tion and another for blood withdrawal. PET scans were per-
formed in two-dimensional imaging mode using an ECAT
931–08/12 PET scanner (CTI, Knoxville, TN) with a 10.5-cm
axial field of view and resolution of 8.4 × 8.3×6.6 mm3 full
width at half-maximum. After optimization of the partic-
ipant’s position, a 20-min transmission scan was per-
formed after exposure to a retractable 68Ge ring source
to correct emission data for tissue attenuation of g
photons. Then, 15O-H2O (10.5 MBq/kg) was administered
intravenously through the antecubital vein catheter over
20 s, and a PET scan was performed to measure MBF
(38,41). A representative cardiac PET image is shown in
Supplementary Fig. 1.

As with the cardiac MRI study, participants underwent a
6-h b-OH-B infusion (prime dose was 1.5 mg/kg/min for
20 min followed by constant rate of 0.75 mg/kg/min) or
6-h NaHCO3 infusion (0.12 mol/L solution with matching
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volume) carried out in random order on two separate days,
with 18FDG/PET performed at the end of each infusion
visit. At 280 min after the start of b-OH-B or NaHCO3 in-
fusions, 15O-H2O was injected for repeated measurement
of MBF. At 300 min, 18F-FDG (185 MBq) was injected,
followed by a dynamic PET scan (12 × 10 s, 3 × 20 s,
4 × 40 s, 5 × 60 s, 4 × 150 s, 4 × 300 s, and 2 × 600 s) for
the measurement of MGU. The NaHCO3 infusion study
was not performed in groups I and III, because there was
no effect on any parameter of myocardial function (as de-
termined from MRI) or MGU and MBF (as determined
from PET scans) in group II, and the cost of performing
the NaHCO3 infusion study was felt to outweigh the
benefit.

PET sinograms were corrected for tissue attenuation and
reconstructed through standard reconstruction algorithms.
Regional time-activity curves were obtained from the left
ventricle, using Carimas 2.9 software (Turku PET Centre;
https://carimas.fi/). The input function for 18F-FDG was de-
rived from continuous monitoring of left ventricle blood
radioactivity and arterialized plasma samples. Whole blood
was converted into plasma input, and delay correction was
performed. Arterial input for 15O-H2O was obtained from
the left ventricle time activity curve. Fractional uptake rate
of 18F-FDG was calculated using fractional uptake concept,
and MGU was quantified by multiplying fractional uptake
rate by mean plasma glucose concentration during the imag-
ing period. Washout rate (represented by the rate constant
k2) for 15O-H2O was calculated using the one-tissue com-
partment analysis, and MBF was quantified by multiplying
k2 by the partition coefficient of water (0.9464).

Analytical Procedures
Plasma glucose was measured with a glucose oxidase method
(Analox Technologies, Toronto, ON, Canada). Plasma insulin
(IBL America, Minneapolis, MN) and C-peptide (MP Bio-
medicals, Santa Ana, CA) levels were determined with im-
munoradiographic assays and plasma glucagon (Millipore
Sigma, Burlington, MA) by radioimmunoassay (42). Plasma
b-OH-B concentration was measured using hydrophilic in-
teraction liquid chromatography–tandem mass spectrome-
try (37).

Statistics
Change from baseline (before versus after infusion of b-OH-B
or NaHCO3) in LV function, MBF, MGU, and plasma me-
tabolite and hormone levels was compared using a two-
sided paired Student t test. Between-group comparisons
for the change from baseline to study end for all preceding
variables were made using one-way or two-way ANOVA.
Post hoc testing was done with Tukey correction using
GraphPad Prism software (La Jolla, CA), with P # 0.05
considered statistically significant. All data are presented
as the mean ± SEM. There were no significant sex differ-
ences between the three groups.

Based on a study by Nielsen et al. (37) in patients with
HFrEF, we determined that 12 participants per group
would be sufficient to achieve power of 90%. The testing
procedure was carried out at all three infusion rates (I, II,
and III) and with three outcome variables (LV function,
MBF, and plasma metabolite/hormone levels). Tukey cor-
rection was used for multiple comparisons, assuming blood
flow and glucose uptake are normally distributed with the
same effect size as EF and a = 0.017 (0.05/3).

Study Approval
Protocols were approved by UT Health San Antonio Insti-
tutional Review Board (approval no. 18-077H). Informed
written consent was obtained from each patient before par-
ticipation. The study is registered with Clinical trials.gov
(identifier NCT03560323).

Data and Resource Availability
Data sharing will be available upon request to the corre-
sponding author.

RESULTS

Study Participants
Participants in the three groups were well matched for
age, sex, BMI, HbA1c, eGFR, and EF at baseline (Table 1).

Hemodynamic and Hormone Concentration Changes
In response to the b-OH-B infusion, groups I, II, and III
achieved plasma b-OH-B concentrations of 0.7 ± 0.3,
1.6 ± 0.2, and 3.2 ± 0.2 mmol/L, respectively (P < 0.0001 for
group I vs. group II and group II vs. III); the fasting b-OH-B
concentration was 0.1 ± 0.02 mmol/L (Fig. 2). Blood pressure
increased in all three groups, and heart rate changed variably
(Table 2). Plasma HCO3 concentration and pH increased dose
dependently in all three groups. As expected, plasma glucose
concentration decreased during the length of study (3–6 h)
after the overnight fast, and plasma insulin and C-peptide
concentrations declined in parallel to the decrease in plasma
glucose. Plasma glucagon decreased modestly in all three
groups.

Cardiac Response to b-OH-B Infusion
The increase in plasma ketone concentration (0.7 ±
0.3 mmol/L) in group I had no effect on any parameter
of LV function. However, in groups II and III, the in-
crease in plasma ketone concentration (1.6 ± 0.2 and
3.2 ± 0.2 mmol/L, respectively) significantly increased all
parameters of LV function (Fig. 3). In group II, CO (4.54 ±
0.28 to 5.30 ± 0.22; P = 0.02), EF (39.9 ± 3.5 to 43.8 ± 3.6;
P = 0.02), and SV (70.3 ± 6.5 to 80.0 ± 6.4; P = 0.04) all in-
creased. In group III, the increases in CO (5.93 ± 0.36 to
7.16 ± 0.44; P = 0.04), EF (41.1 ± 4.2 to 47.5 ± 4.9; P =
0.001), and SV (89.0 ± 5.4 to 108.4 ± 7.0; P = 0.007) were
greater than in group II. Infusion of NaHCO3 in group II
(the control study) had no effect on any parameters of LV
function (Fig. 4).
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Cardiac Metabolic Response to b-OH-B Infusion
The same 12 participants in group II also underwent car-
diac PET with 18F-FDG and [15O]-H2O on two separate
days with the b-OH-B and NaHCO3 infusions, respectively
(Fig. 4). Compared with NaHCO3, b-OH-B infusion had no ef-
fect on MGU [9.60 ± 1.01 vs. 8.56 ± 0.74 mmol/(min × 100 g);
P = 0.42] during b-OH-B and NaHCO3 infusion, respectively,
or MBF (1.23 ± 0.09 vs. 1.18 ± 0.11 mL/min; P = 0.76).

Safety
No serious adverse events were observed in any of the
three treatment groups.

DISCUSSION

The major novel observation of the present study is that
b-OH-B caused a dose-response increase in LV systolic

function (EF, CO, and SV) in participants with T2DM
whose LVEF was #50% without decreasing MGU. Only
two previous studies, to our knowledge, have examined
the effect of Na–b-OH-B infusion on myocardial function
and coronary blood flow. In the study by Gormsen et al.
(21), eight healthy participants without diabetes received
a ketone infusion for 390 min to increase the plasma
b-OH-B concentration to a mean of 3.8 mmol/L. This re-
sulted in a 51% decline in MGU (as determined with
18FDG) without change in myocardial palmitate uptake or
oxidation (11C-palmitate), whereas MBF increased by 75%.
In the study by Nielsen et al. (37), 16 patients without diabe-
tes but with HFrEF received a 3-h infusion of Na–b-OH-B,
which increased the mean plasma b-OH-B level from 0.4 to
3.3 mmol/L. CO, SV, and EF significantly increased by �8%;
coronary blood flow was not measured in this study (37).

Figure 2—Plasma b-OH-B concentration within each group before and after b-OH-B infusion. The mean plasma ketone level for group I
was 0.7 ± 0.3 (A); for group II, 1.6 ± 0.2 (B); and for group III, 3.2 ± 0.2 mmol/L. Results shown are mean ± SEM. ****P # 0.0001, paired
t test; n = 12/group.

Table 2—Hemodynamic measures and hormone concentrations before and after b-OH-B
Group I (0.7 mmol/L) Group II (1.6 mmol/L) Group III (3.2 mmol/L)

Before After P value Before After P value Before After P value

HR (bpm) 68 ± 3 65 ± 2 0.04 68 ± 4 69 ± 4 NS 70 ± 3 76 ± 4 0.01

SBP (mmHg) 118 ± 4 125 ± 4 0.02 123 ± 4 154 ± 4 0.001 130 ± 4 137 ± 5 NS

DBP (mmHg) 72 ± 3 73 ± 2 NS 72 ± 2 78 ± 3 NS 74 ± 3 76 ± 3 NS

Glucose (mg/dL) 162 ± 22 124 ± 13 0.006 138 ± 13 108 ± 9 0.001 143 ± 16 114 ± 13 <0.001

Insulin (mU/mL) 8.1 ± 0.87 6.2 ± 0.46 0.05 19 ± 3 12 ± 2 0.002 20 ± 2 18 ± 1 0.003

C-peptide (ng/mL) 6 ± 1.5 4 ± 0.7 0.05 5 ± 0.4 4 ± 0.3 <0.001 6 ± 0.8 4 ± 0.6 0.01

Glucagon (pg/mL) 65 ± 10 48 ± 7 0.01 84 ± 11 65 ± 10 0.04 76 ± 10 61 ± 9 NS

FFA (mEq/mL) 0.43 ± 0.09 0.55 ± 0.06 NS 0.47 ± 0.06 0.43 ± 0.05 NS 0.45 ± 0.07 0.22 ± 0.07 0.01

HCO3 (mEq/L) 27 ± 1 30 ± 1 <0.001 27 ± 1 33 ± 7 <0.001 24 ± 2 32 ± 7 <0.001

pH 7.38 ± 0.01 7.40 ± 0.01 NS 7.38 ± 0.01 7.43 ± 0.01 <0.001 7.39 ± 0.01 7.46 ± 0.01 <0.001

Data are reported as mean ± SEM; analysis was by paired t test.
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There was a dose-response increase in CO of 0.3 L/min at a
threshold plasma b-OH-B concentration of 0.7 mmol/L. In
general, the findings of these two studies (21,37), conducted
with participants without diabetes, are consistent with the
present results we report here for patients with T2DM. How-
ever, unlike the study of Gormsen et al. (21), we did not
observe any decrease in MGU after b-OH-B. This is an im-
portant difference and mostly likely is explained by the dif-
ferent patient populations (i.e., healthy participants without
diabetes with normal cardiac function in the Gormsen et al.
(21) study versus individuals with T2DM with HFrEF in
the present study) or by the different experimental condi-
tions [e.g., insulin clamp in the Gormsen et al. (21) study

versus overnight fast in our study]. Our results regarding
improved cardiac function after b-OH-B infusion in pa-
tients with diabetes with HFrEF are similar to those of
Nielsen et al. (37), who studied patients without diabetes
but with HFrEF.

Although we did not observe any increase in mean
MBF in group II patients who were studied with PET/
15O-H2O, there appeared to be a bimodal response, with
6 of 12 participants showing no change in MBF (1.23 ±
0.09 vs. 1.18 ± 0.11 mL/min; P = NS) and MBF in the
other six increasing (1.05 ± 0.13 to 1.38 ± 0.17; P = 0.003).
With multivariate analysis including age, sex, BMI, HbA1c,
eGFR, all measured myocardial functional parameters,

Figure 3—Effect of b-OH-B infusion on LV function in group I (A–C), group II (D–F), and group III (G–I). CO, LV EF, and SV were measured
with cardiac MRI. Results shown are mean ± SEM. *P# 0.05, **P# 0.01, paired t test; n = 12/group.
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MGU, plasma HCO3, and blood pH, only the baseline EF
(31.4 ± 5.1 vs. 48.6 ± 2.6%; P < 0.05) showed any differ-
ence between the nonresponders and responders, respec-
tively. This suggests the impact of b-OH-B infusion on
MBF is dependent on the baseline EF (i.e., participants
with high baseline EF experienced an increase in MBF).
This observation is consistent with the b-OH-B–induced
stimulation of MBF observed in participants without dia-
betes who have normal cardiac function (21) and is de-
serving of further follow up in a larger prospective study.

The present study demonstrates that elevation of the
plasma b-OH-B concentration to a mean of 1.6 mmol/L
significantly augments myocardial function. Because CV
function is enhanced by ketone infusion, this opens the
door to the development of novel therapeutic interven-
tions for patients with diabetes, as well as those without
diabetes, hospitalized with HF to improve myocardial con-
tractility while reducing oxygen consumption. Consistent
with this, in a recent study, Berg-Hansen et al. (43) demon-
strated that infusion of exogenous ketone ester to increase
the plasma b-OH-B concentration to 2.9 ± 0.3 mmol/L
(i.e., similar to that in group III participants in our study)
in 12 patients with cardiogenic shock significantly aug-
mented CO and increased EF by 4% in association with
decreased right ventricular and LV filling pressures and
increased mixed venous oxygen saturation. In the associ-
ated editorial (44), Lopaschuk and Karwi postulated that
the robust acute effect of ketone esters is mediated by in-
creased myocardial ketone uptake and oxidation, leading
to enhanced ATP production. This postulation is entirely
consistent with the results of our present study. Further-
more, our results demonstrate that a physiologic increase
(1.6 mmol/L) in plasma b-OH-B concentration does not
replace glucose as a substrate for the heart, as originally
suggested by Ferrannini et al. (18), but adds an additional
fuel to that of glucose that can be used to generate ATP
for the energy-starved failing heart.

With regard to the beneficial effects of SGLT2i on car-
diovascular function in patients with HF and with or
without diabetes (14–17), multiple mechanisms have been
proposed, of which one is the “ketone hypothesis” (18).

Although our findings are consistent with this hypothesis,
studies that examined the relationship between changes in
plasma ketone concentration, myocardial substrate utiliza-
tion, cardiac function, and MBF after treatment with
SGLT2i in humans have yielded conflicting results (45–47).
In the dapagliflozin heart failure trial (DAPAHEART) (45),
eight patients with T2DM without HF were treated with
dapagliflozin for 4 weeks. No change in MGU (as deter-
mined by PET) was observed, whereas MBF (corrected for
cardiac workload) at rest declined; plasma ketone levels
were not reported. Similarly, in 25 patients with T2DM
and without HF who were treated with dapagliflozin for
6 weeks, there was no change in CO, EF, or myocardial
FFA uptake; however, no increase in plasma ketone concen-
tration was observed in this study (46). In a study by Laurit-
sen et al. (47), 13 patients with T2DM and without HF were
treated with empagliflozin for 4 weeks. Plasma b-OH-B levels
increased from a mean of 49 to 92 umol/L, MGU decreased
by 57%, and myocardial FFA uptake remained unchanged;
neither EF nor MBF changed significantly. Unfortunately,
none of these studies included patients with diabetes with
HF, the duration of SGLT2i treatment was short (<6 weeks),
myocardial substrate utilization was not systematically ex-
amined, and, surprisingly, no increase in plasma ketone level
was observed in several studies. Therefore, the impact of
SGLT2i-induced hyperketonemia on myocardial function
and substrate utilization in patients with T2DMwith HFrEF
remains unresolved and awaits a long-term, prospective,
placebo-controlled study with MRI and PET/18F-FDG and
11C-b-OH-B.

In summary, the present study demonstrates, for the first
time, to our knowledge, that in patients with T2DM with HF
and reduced EF, acute physiologic increase in plasma b-OH-B
concentration with exogenous b-OH-B increases CO, EF, and SV.
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