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Aim: To investigate the effects of the sodium-glucose co-transporter-2 inhibitor empagliflozin

on myocardial ketone body utilization in diabetic, obese rats with spontaneously hypertensive

heart failure (SHHF), after 6 months of treatment.

Materials and Methods: Myocardial ketone body utilization was measured in vivo real time using

a novel ketone probe (hyperpolarized [3-13C]acetoacetate) and magnetic resonance spectroscopy

(MRS). Myocardial glucose utilization and cardiac function were also determined in vivo using

hyperpolarized [1-13C]pyruvate MRS and magnetic resonance imaging (MRI), respectively. Myo-

cardial fatty acid uptake and liver ketogenesis were assessed via protein expression.

Results: At baseline, myocardial ketone and glucose utilization were both higher in SHHF compared

with control rats. Six months of empagliflozin treatment in SHHF rats was associated with less obe-

sity, lower blood pressure, reduced blood glucose and insulin levels, and increased fasting blood

β-hydroxybutyrate levels, as expected. Contrary to the hypothesis, myocardial ketone body utiliza-

tion was lower in empagliflozin-treated SHHF rats, while glucose utilization and cardiac function

were unaltered and hepatic congestion was reduced, compared with vehicle-treated SHHF rats.

Conclusions: In diabetic hypertensive heart disease, empagliflozin reduces afterload without

altering myocardial function and glucose utilization in the face of falling blood glucose levels,

but does not enhance myocardial ketone utilization despite increased circulating levels.
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1 | INTRODUCTION

Diabetes is a major risk factor for cardiovascular disease.1 Despite the

vast availability of antidiabetic drugs and their efficacy in glycaemic

control, rates of cardiovascular hospitalization or mortality associated

with diabetes remain high.2 The EMPA-REG OUTCOME trial showed

remarkable benefits of the sodium-glucose co-transporter-2 (SGLT2)

inhibitor empagliflozin in reducing heart failure hospitalization and

cardiovascular mortality in patients with type 2 diabetes3; however,

the mechanisms of the cardioprotective effects of empagliflozin are

yet to be fully elucidated.
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Alterations in myocardial substrate metabolism have been impli-

cated in the development of diabetic cardiomyopathy and heart

failure.4 In the healthy heart, fatty acids (FAs; 60%-70%) and glucose

(30%-40%) substrates provide most of the energy requirement, while

in the diabetic heart, the substrate balance shifts towards more exclu-

sive use of FAs, which is associated with reduced cardiac efficiency.4,5

In addition to FAs and glucose, ketone bodies and amino acids may

play an important role, although collectively, they normally contribute

to only ~10% of total energy production.6 It has recently been shown

that the failing heart relies on ketone bodies as a fuel.7,8 More inter-

estingly, circulating ketone bodies (ie, β-hydroxybutyrate [β-OHB])

have been shown to be increased by empagliflozin,9 leading to the

hypothesis that an increase in ketone body utilization in the heart

may explain the cardioprotective effects of empagliflozin, by improv-

ing cardiac efficiency.10,11 This hypothesis relies, however, on indirect

evidence from circulating ketone bodies, and direct evidence of myo-

cardial ketone body utilization in response to SGLT inhibitors has not

been available to date.

Techniques to measure myocardial ketone body utilization in vivo

are challenging and not widely available. We have recently developed a

novel technique to determine myocardial ketone body utilization in vivo

in animals using hyperpolarized [3-13C]acetoacetate. In the body, ketone

bodies are available in the form of β-OHB and acetoacetate. Prior to its

use in the heart, β-OHB is first converted into acetoacetate. Using 13C

magnetic resonance spectroscopy (MRS), the conversion of [3-13C]acet-

oacetate into its metabolic products, ie, [1-13C]acetylcarnitine and

[5-13C]glutamate, can be followed in vivo in real time.

In the present study, we applied our novel hyperpolarized 13C

MRS to investigate the effects of empagliflozin on myocardial ketone

body utilization in vivo in diabetic obese rats with spontaneously

hypertensive heart failure (SHHF), reminiscent of the patient popula-

tion studies in the EMPA-REG OUTCOME trial. Furthermore, we

comprehensively determined the effects of empagliflozin on in vivo

myocardial glucose utilization using hyperpolarized [1-13C]pyruvate

MRS, myocardial FA uptake and liver ketogenesis via expression of

proteins, myocardial structure via histology, and myocardial function

via magnetic resonance imaging (MRI).

2 | MATERIALS AND METHODS

2.1 | Animals

Male obese SHHF rats bred by Charles River (Kingston, New York)

were purchased via iDNA (Singapore). Male Sprague–Dawley

(SpD) rats, which served as lean controls, were purchased from InVi-

vos (Singapore). The rats were housed in a 12-hour:12-hour dark: light

cycle, with ad libitum access to food (Rat/Mouse Diet #1324 mod.,

Altromin, Lage, Germany) and water. Starting from 10 weeks of age, a

subset of SHHF rats (SHHF-EMPA; n = 13) were given empagliflozin

(25 mg/kg body weight) dissolved in 0.5% hydroxyethylcellulose

(Sigma-Aldrich/Merck, St Louis, Missouri) by oral gavage daily for

~6 months (25-27 weeks). Another SHHF subset (SHHF-VEH; n = 8)

and the lean SpD control (SpD-VEH; n = 14) were given vehicle (ie,

0.5% hydroxyethylcellulose). The rats underwent in vivo 13C MRS and

MRI to assess myocardial ketone body and glucose utilization, and

cardiac function, respectively. Blood pressure was also measured. At

the end of the study, organ and blood samples were collected. All pro-

cedures involving animals were approved by A*STAR Institutional Ani-

mal Care and Use Committee (#171212).

2.2 | In vivo hyperpolarized 13C MRS and MRI

13C MRS was performed at a 9.4 T magnetic resonance (MR) scanner

(Bruker, Ettlingen, Germany) under isoflurane anaesthesia. A cardiac-

triggered 13C MR pulse-acquire spectroscopy was first initiated, fol-

lowed immediately by injection of hyperpolarized [3-13C]acetoacetate

(0.240 mmol/kg body weight) or [1-13C]pyruvate (0.5 mmol/kg body

weight), via tail vein at a rate of 6 mL/min. Cinematic FLASH MRI was

used to assess cardiac function. The details of hyperpolarized sub-

strate preparation, 13C MRS and cinematic MRI are provided in

File S1.

2.3 | Blood pressure measurements

Systolic and diastolic blood pressure were measured using a near-

infrared blood pressure system (CODA; Kent-Scientific, Torrington,

Connecticut).

2.4 | Ex vivo blood and tissue analysis

Blood glucose and ketone body levels were determined in a drop of

blood using meters. Serum acetoacetate, free fatty acids (FFAs), tri-

glycerides, brain natriuretic peptide (BNP), atrial natriuretic peptide

(ANP), insulin and glucagon were determined using assay kits. Expres-

sion of cardiac CPT1B and liver HMGCS2 was determined via West-

ern blotting. Fibrosis was assessed via Sirius Red histology. Details of

blood analysis, Western blotting and histology are provided in File S1.

2.5 | Statistical analysis

All statistical analysis was performed with the Graphpad Prism soft-

ware package (GraphPad Software, San Diego, California). Statistical

analysis was performed using one-way analysis of variance (ANOVA)

using Holm-Sidak's post hoc test. For data acquired at more than one

time point, statistics were analysed using ANOVA repeated measures.

If the interaction term between time and groups was significant,

Holm-Sidak's multiple comparisons were performed. Data were pre-

sented as means � SD. The significance level was set at P < 0.05.

3 | RESULTS

3.1 | Empagliflozin attenuated weight gain and high
blood pressure in obese SHHF rats

At baseline, body weight was similar in all groups (P > 0.99). Over the

study period, SHHF-VEH rats gained weight rapidly compared with

SpD-VEH rats (Figure S1, File S1). At the end of the study period, the

body weight of SHHF-VEH rats was 31% higher than that of SpD-

VEH rats (P < 0.001), while the body weight of SHHF-EMPA rats was
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13% higher than that of SpD-VEH rats (P < 0.001) and 14% lower

compared with that of SHHF-VEH rats (P < 0.001; Table 1).

At ~6 months of treatment, systolic blood pressure was 30% higher

in SHHF-VEH rats compared with SpD-VEH rats (P < 0.001). Systolic

blood pressure was also higher in SHHF-EMPA than in SpD-VEH rats

(P = 0.049); however, this was 12% lower than in SHHF-VEH rats

(P = 0.047; Table 1). Diastolic blood pressure was 24% higher in SHHF-

VEH rats (P = 0.024) than in SpD-VEH rats, while it was not different

between SHHF-EMPA and SHHF-VEH rats (P = 0.34) and between

SHHF-EMPA and SpD-VEH rats (P = 0.12; Table 1).

3.2 | Empagliflozin modulated circulating substrate
availability

At baseline, insulin-induced blood glucose lowering was less in SHHF

rats than in SpD rats, which indicates that obese SHHF rats were less

insulin-sensitive compared with SpD rats (Figure S2, File S1). Baseline

blood glucose levels were higher in the SHHF-VEH and SHHF-EMPA

groups compared with the SpD-VEH group (P = 0.030 and P < 0.001,

respectively; Table 1). At the end of treatment, blood glucose levels of

SHHF-VEH rats did not change compared with baseline (P = 0.29),

while the levels in SHHF-EMPA rats were reduced by 45% compared

with baseline (P < 0.001; Table 1). Serum insulin levels were 78-fold

higher in SHHF-VEH compared with SpD-VEH rats (P < 0.001), while

the levels were 69% lower in SHHF-EMPA compared with SHHF-VEH

rats (P = 0.007). Serum FFA levels were 58% higher in SHHF-EMPA

than in SHHF-VEH rats (P = 0.035), while serum glucagon and triglyc-

eride levels were not different from those in SHHF-VEH rats (P = 0.11

and P = 0.30, respectively). Fasting blood β-OHB levels were 49%

higher in SHHF-EMPA than in SpD-VEH rats (P = 0.027), and 36%

higher compared with baseline values (P = 0.01). At fed state, blood

β-OHB and serum acetoacetate levels were similar between SHHF-

EMPA and SHHF-VEH rats (P = 0.82 and P = 0.96, respectively).

3.3 | Empagliflozin lowered in vivo myocardial
ketone body utilization in obese SHHF rats

Using 13C MRS and hyperpolarized [3-13C]acetoacetate, we investigated

myocardial ketone body utilization in vivo. Upon uptake into the heart,

acetoaocetate is metabolized into acetoacetyl-CoA by a rate-limiting

enzyme, succinyl-CoA-3-ketoacid-CoA transferase (SCOT). Acetoacetyl-

CoA is then converted into acetyl-CoA, which can be converted into

acetylcarnitine, or utilized further in the tricarboxylic acid (TCA) cycle

(Figure 1A). The production of [1-13C]acetylcarnitine, [5-13C]citrate and

TABLE 1 Body weight, blood pressure, blood characteristics and organ weight

Baseline �6 months of treatment

SpD-VEH SHHF-VEH SHHF-EMPA SpD-VEH SHHF-VEH SHHF-EMPA

Body weight, g 340.7 � 23.6 338.7 � 23.1 340.0 � 18.7 542.2 � 60.2† 709.5 � 84.2*† 610.7 � 47.9*#†

Systolic blood pressure, mm Hg - - - 128.7 � 7.8 166.8 � 21.3* 146.6 � 11.5*#

Diastolic blood pressure, mm Hg - - - 90.3 � 8.7 112.0 � 18.4* 103.4 � 12.6

Blood glucose, mmol/L 8.9 � 1.6 13.3 � 4.7* 16.1 � 5.3* 8.1 � 1.6 10.5 � 3.8 8.9 � 2.9†

Blood β-OHB, mmol/L 0.4 � 0.1 0.5 � 0.1ξ 0.5 � 0.1ξ 0.4 � 0.1 0.5 � 0.1ξ 0.5 � 0.1ξ

Blood β-OHB: fasted, mmol/L 1.0 � 0.2 1.2 � 0.5 1.0 � 0.3 0.9 � 0.1 1.0 � 0.4 1.3 � 0.4*†

Serum AcAc, mmol/L - - - 0.19 � 0.03 0.14 � 0.04* 0.14 � 0.05*

Serum TG, mmol/L - - - 1.5 � 0.9 6.2 � 1.6* 5.4 � 2.1*

Serum FFAs, μmol/L - - - 42.7 � 11.4 43.3 � 12.2 68.3 � 30.1*#

Serum insulin, μg/L - - - 1.5 � 1.3 117.1 � 98.6* 36.5 � 32.8#

Serum glucagon, pmol/L - - - 39.4 � 12.8 18.3 � 8.9* 10.7 � 3.2*

Serum insulin/glucagon ratio - - - 0.04 � 0.04 9.5 � 5.4* 3.8 � 3.5*#

Serum ANP, pg/mL - - - 162.4 � 90.5 509.1 � 279.8* 335.4 � 99.3

Serum BNP, pg/mL - - - 158.0 � 68.6 274.8 � 85.5* 202.1 � 57.3

Heart weight/tibia length, mg/mm - - - 35.4 � 3.5 54.8 � 19.6* 49.7 � 6.8*

LV weight/tibia length, mg/mm - - - 21.8 � 2.7 32.0 � 7.9* 30.1 � 2.4*

Septum weight/tibia length, mg/mm - - - 7.0 � 1.4 11.0 � 1.4* 10.0 � 1.0*

Liver weight/tibia length, mg/mm - - - 39.3 � 5.0 79.3 � 8.6* 67.2 � 7.3*#

Lungs weight/tibia length, wet mg/mm - - - 42.8 � 5.9 51.1 � 13.5 51.0 � 10.9

Lungs, wet/dry ratio - - - 6.1 � 0.9 6.4 � 1.1 6.7 � 1.7

Tibia length, mm - - - 45.3 � 1.8 37.6 � 1.8* 37.4 � 1.4*

Abbreviations: β-OHB, β-hydroxyxbutyrate; AcAc, acetoacetate; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; FFAs, free fatty acids; LV,
left ventricular; SHHF-VEH, rats with spontaneously hypertensive heart failure given vehicle; SpD-VEH, SpD rats given vehicle; SHHF-EMPA, rats with
spontaneously hypertensive heart failure given empagliflozin; TG, triglycerides.
All data are at non-fasting condition unless indicated. Data are means � SD (SpD-VEH n = 9-13, SHHF-VEH n = 7-8, SHHF-EMPA n = 9-12; except for
systolic and diastolic blood pressure SpD-VEH n = 6, SHHF-VEH n = 4, SHHF-EMPA n = 5).
*P < 0.05 vs. SpD-VEH.; #P < 0.05 vs. SHHF-VEH.
†P < 0.05 vs. baseline for the same group.
ξP < 0.05 vs. SpD-VEH independent of time.
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[5-13C]glutamate upon injection of hyperpolarized [3-13C]acetoacetate

can be quantified from the 13C MR spectra (Figure 1B,C).

At baseline, total production of [1-13C]acetylcarnitine + [5-13C]glu-

tamate was higher in SHHF-VEH rats (40% higher; P = 0.004) and

SHHF-EMPA rats (39% higher; P = 0.004) compared with that in SpD-

VEH rats (Figure 1D), which indicates higher myocardial ketone body

utilization in obese SHHF rats. [5-13C]Glutamate production was not

significantly different among any of the groups (ANOVA P = 0.075),

while [1-13C]acetylcarnitine production was higher in SHHF-VEH (55%

higher; P = 0.007) and SHHF-EMPA rats (63% higher; P = 0.002) than

in SpD-VEH rats (Figure 1D). This suggests that the higher myocardial

ketone body utilization in obese SHHF rats was accounted for by a

higher conversion into acetylcarnitine, rather than being used in the

TCA cycle for oxidation.

At 23 to 25 weeks of treatment, the total production of [1-13C]acet-

ylcarnitine + [5-13C]glutamate was 21% lower in SHHF-EMPA compared

with SHHF-VEH rats (P = 0.030; Figure 1E). Similarly, [1-13C]acetylcarni-

tine production in SHHF-EMPA rats was 23% lower than that in SHHF-

VEH rats (P = 0.037; Figure 1E), while [5-13C]glutamate production was

not different among any of the groups (ANOVA P = 0.10; Figure 1E).

3.4 | Empagliflozin did not alter in vivo myocardial
glucose utilization in obese SHHF rats

To investigate whether empagliflozin also affected the metabolism of

glucose-derived substrates, we assessed myocardial pyruvate utiliza-

tion in vivo using hyperpolarized [1-13C]pyruvate. We quantified the

production of [13C]bicarbonate, [1-13C]lactate and [1-13C]alanine

upon [1-13C]pyruvate injection (Figure 2A), as observed in the 13C MR

spectra (Figure 2B,C).

At baseline, [13C]bicarbonate production was higher in SHHF-VEH

rats (66% higher; P < 0.001) and SHHF EMPA rats (59% higher;

P < 0.001; Figure 2D) compared with that in SpD-VEH rats, which sug-

gests higher pyruvate dehydrogenase (PDH) flux in obese SHHF rats.

The higher [13C]bicarbonate production was also maintained at 23 to

25 weeks after treatment (SHHF-VEH vs. SpD-VEH rats: 55% higher;

FIGURE 1 Myocardial acetoacetate metabolism as studied using hyperpolarized [3-13C]acetoacetate. A, Acetoacetate metabolic pathway

(metabolites detected by magnetic resonance are indicated in bold). B, Cardiac 13C spectra upon administration of hyperpolarized [3-13C]
acetoacetate over 60 seconds (data from rats with spontaneously hypertensive heart failure given vehicle [SHHF-VEH] at baseline). C,
Representative summed spectra of SpD rats given vehicle (SpD-VEH) and SHHF-VEH rats at baseline, and quantification of the total production
of [5-13C]glutamate + [1-13C]acetylcarnitine, [1-13C]acetylcarnitine, and [5-13C]glutamate upon [3-13C]acetoacetate injection, at D, baseline
and E, 23 to 25 weeks after treatment. Data are means � SD (SpD-VEH, n = 8-10; SHHF-VEH, n = 7-9; rats with spontaneously hypertensive
heart failure given empagliflozin [SHHF-EMPA], n = 9-12). *P < 0.05. AC, acetylcarnitine; AcAc, acetoacetate; ACAT, acetoacetyl-CoA thiolase;
BDH, β-hydroxybutyrate dehydrogenase; CRAT, carnitine acetyltransferase; GLDH, glutamate dehydrogenase; glu, glutamate; SCOT, succinyl-
CoA-3-ketoacid-CoA transferase; SHHF, spontaneously hypertensive heart failure; TCA, tricarboxylic acid
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P = 0.002; SHHF-EMPA vs. SpD-VEH rats: 46% higher; P = 0.004), and

was not different between SHHF-VEH and SHHF-EMPA rats (P = 0.57;

Figure 2D). At 23 to 25 weeks after treatment, [1-13C]lactate production,

indicating glycolytic rates, was also higher in SHHF-VEH rats (71%

higher; P < 0.001) and SHHF-EMPA rats (58% higher; P < 0.001) com-

pared with SpD-VEH rats, while this was not different between SHHF-

VEH and SHHF-EMPA rats (P = 0.16; Figure 2E). [1-13C]Alanine produc-

tion was not different among groups (ANOVA P = 0.18; Figure 2F).

Taken together, this result suggests that myocardial pyruvate utilization

was higher in SHHF rats, and was not affected by EMPA treatment.

3.5 | Empagliflozin did not affect mitochondrial FA
uptake in obese SHHF rats

To obtain insight into the FA metabolic pathway, we measured protein

expression of CPT1B, the protein involved in long-chain FA transport

into mitochondria. CPT1B expression was higher in SHHF-VEH

(P = 0.012) and SHHF-EMPA rats (P < 0.001) compared with SpD-

VEH rats, and was not different between SHHF-VEH and SHHF-EMPA

rats (P = 0.14; Table 2 and Figure S3A, File S1).

3.6 | Empagliflozin did not change liver ketogenesis
in obese SHHF rats

We also measured the expression of 3-hydroxyl-3-methylglutaryl-

CoA synthase 2 (HMGCS2), the protein involved in the liver metabo-

lism of acetoacetyl-CoA and acetyl-CoA into 3-hydroxyl-3-methylglu-

taryl-CoA. In the next step, 3-hydroxyxl-3-methylglutaryl-CoA is

metabolized into acetoacetate. HMGCS2 expression was lower in

SHHF-VEH (P = 0.012) and SHHF-EMPA rats (P < 0.001) than in

SpD-VEH rats, while it was similar in SHHF-VEH and SHHF-EMPA

rats (P = 0.27; Table 2 and Figure S3B, File S1).

FIGURE 2 Myocardial pyruvate metabolism as studied using hyperpolarized [1-13C]pyruvate. A, Pyruvate metabolic pathway (metabolites

detected by magnetic resonance are indicated in bold). B, Cardiac 13C MR spectra on administration of hyperpolarized [1-13C] pyruvate over
60 seconds (data from SpD rats given vehicle [SpD-VEH] at baseline). C, Representative summed spectra of SpD-VEH and rats with
spontaneously hypertensive heart failure given vehicle (SHHF-VEH) at baseline, and quantification of the production of D, [13C] bicarbonate, E,
[1-13C]lactate, and F, [1-13C]alanine upon [1-13C]pyruvate administration, at baseline and at 25 to 26 weeks after treatment. Data are means �
SD (SpD-VEH, n = 9-10; SHHF-VEH, n = 7-9; rats with spontaneously hypertensive heart failure given empagliflozin [SHHF-EMPA], n = 7-13).
*P < 0.05. ala, alanine; ALT, alanine aminotransferase; bic, bicarbonate; lac, lactate; LDH, lactate dehydrogenase; pyr, pyruvate; PDH, pyruvate
dehydrogenase
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3.7 | Empagliflozin reduced hepatic congestion but
did not have measurable effects on left ventricular
hypertrophy or fibrosis in obese SHHF rats

To determine whether changes in myocardial substrate metabolism

induced by empagliflozin were manifested in improvement in cardiac

hypertrophy and function, we performed cinematic MRI at baseline,

and after 5 to 8 weeks and 24 to 26 weeks of treatment (Figure 3A).

At baseline, left ventricular mass (LVM)/tibia length (TL) was similar in

all groups (Figure 3B); however, at 5 weeks of study period, LVM/TL

in SHHF-VEH rats was 35% higher compared with that in SpD-VEH

rats (P < 0.001), which was further increased to 63% at 24 to

26 weeks of study period (P < 0.001 vs. SpD-VEH rats), indicating

progressive left ventricular (LV) hypertrophy. Ejection fraction (EF), as

a measure of cardiac systolic function, was similar in all groups at

baseline and at 5 weeks of study period (Figure 3C), and remained

normal (>60%) in all groups throughout the study. Similarly, end dia-

stolic volume and stroke volume were comparable in all groups at all

time points (general group effects P = 0.79 and P = 0.41, respectively;

Figure 3D,E). The MRI findings were corroborated by higher heart, LV,

septal mass indexed to TL at the time the rats were killed in SHHF-

VEH compared with SpD-VEH rats (Table 1). The LV hypertrophy in

SHHF-VEH rats was associated with increased natriuretic peptides (ie,

ANP, P < 0.001 and BNP, P = 0.005), evidence of hepatic congestion

(higher liver weight/TL; P < 0.001) and a trend towards pulmonary

congestion (numerically higher wet lung weight/TL although not

achieving statistical significance, ANOVA P = 0.11; Table 1), thus indi-

cating that the SHHF-VEH rats had evidence of early heart failure

with preserved EF. Furthermore, SHHF-VEH had more cardiac fibrosis

by picrosirius red staining (P < 0.001) compared with SpD-VEH rats

(Table 2 and Figure S4, File S1).

After treatment with empagliflozin, LVM/TL remained higher in

SHHF-EMPA compared with SpD-VEH rats at 5 weeks (30% higher;

P < 0.001) and 24 to 26 weeks of study period (54% higher;

P < 0.001), respectively. The LVM/TL in SHHF-EMPA rats was not

different from that in SHHF-VEH rats (P = 0.64 at 5 weeks and

P = 0.13 at 24 to 26 weeks of study period). Ex vivo heart, LV and

septum weight normalized to TL was higher in SHHF-EMPA

rats (P < 0.001 for all variables) compared with SpD-VEH rats and not

different between SHHF-EMPA and SHHF-VEH rats (P = 0.72,

P = 0.63, P = 0.11, respectively; Table 1). Of note, liver weight/TL

was lower in SHHF-EMPA than in SHHF-VEH rats (P < 0.001), indi-

cating improvement in hepatic congestion. Consistently, ANP and

BNP values trended lower in SHHF-EMPA compared with SHHF-VEH

rats, although this difference did not achieve statistical significance

(P = 0.051 and P = 0.10, respectively). However, we did not detect

statistically significant differences in wet lung weight/TL among

groups (Table 1; ANOVA P = 0.11), suggesting that none of the groups

had overt decompensated heart failure with pulmonary oedema. Fur-

thermore, cardiac fibrosis was not different between SHHF-VEH and

SHHF-EMPA rats (P = 0.33; Table 2 and Figure S4, File S1).

4 | DISCUSSION

This study is the first to demonstrate the effects of empagliflozin on

myocardial ketone body utilization in vivo. Using novel 13C MRS and

hyperpolarized [3-13C]acetoacetate, we were able to measure myocardial

ketone body utilization in vivo real time in diabetic hypertensive rats with

mild heart failure and preserved EF. Six months of empagliflozin treat-

ment in SHHF rats was associated with less obesity, lower blood pres-

sure, reduced blood glucose and insulin levels, and increased circulating

FFAs and fasting blood β-hydroxybutyrate levels. Despite increased cir-

culating ketone bodies, empagliflozin lowered myocardial ketone body

utilization in SHHF rats and reduced hepatic congestion, while not affect-

ing myocardial PDH flux and cardiac function. There was no change in

myocardial CPT1B or liver HMGCS2 expression. Empagliflozin did not

affect LV hypertrophy or fibrosis in SHHF rats within the study period.

The most striking finding of the present study is that myocardial

ketone body utilization in SHHF-EMPA rats was lower, not higher,

compared with SHHF-VEH rats. It has been hypothesized in the “thrifty

substrate” fuel hypothesis,10 that cardioprotective effects of empagli-

flozin may be associated with increased circulating ketone bodies and

the subsequent shift towards ketone body use in the heart.10,11 As

ketone bodies are a more oxygen-efficient fuel, the increase in ketone

body utilization is thought to increase cardiac efficiency10,11. However,

to date, it has not been clear what causes the increase in circulating

β-OHB upon empagliflozin treatment. Ferrannini et al10 proposed that

glucose removal and a reduction in insulin/glucagon ratio by empagli-

flozin increased FA oxidation in the liver, and subsequently,

ketogenesis, which results in an increase in circulating β-OHB levels.

By contrast, Lopaschuk and Verma12 argued that the increase in circu-

lating β-OHB levels may rather be attributable to a reduction in myo-

cardial ketone body utilization, because increased ketone body use

may potentially be maladaptive. In turn, these authors hypothesized

that the increase in ketone body levels may inhibit histone deacetylase

and increase anti-hypertrophic transcription.12

The fuel hypothesis was based on increased circulating ketone

bodies as an enhanced source for higher myocardial ketone utiliza-

tion with SGLT2 inhibitors; however, the increased circulating

ketone body levels may be a result of changes in myocardial sub-

strate utilization, rather than the cause. Accordingly, potential

explanations for the increase in circulating β-OHB with

TABLE 2 Protein expression and histology

SpD-VEH SHHF-VEH SHHF-EMPA

Protein expression

Cardiac CPT1B 1.00 � 0.35 1.68 � 0.53* 2.04 � 0.57*

Liver HMGCS2 1.00 � 0.12 0.85 � 0.14* 0.79 � 0.09*

Histology

Sirius Red-positive
area, %

3.0 � 0.7 8.8 � 4.2* 10.2 � 0.03*

Abbreviations: CPT1B, carnitine palmitoyoltransferase 1B; HMGCS2,
3-hydroxy-3-methylglutaryl-CoA synthase 2; SHHF-VEH, rats with spon-
taneously hypertensive heart failure given vehicle; SpD-VEH, SpD rats
given vehicle; SHHF-EMPA, rats with spontaneously hypertensive heart
failure given empagliflozin.
Protein expression is normalized to GAPDH. Representative immunoblots
are provided in Figure S3, File S1. Representative Sirius Red-stained sec-
tions are provided in Figure S4. Data are means � SD (SpD-VEH,
n = 12-13; SHHF-VEH, n = 7-8; SHHF-EMPA, n = 10-11).
*P < 0.05 vs. SpD-VEH.
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empagliflozin include increased liver production of ketone bodies,

reduced myocardial utilization of ketone bodies, or both. Our find-

ings suggest that in diabetic hypertensive heart disease, increased

circulating β-OHB with empagliflozin is predominantly related to

reduced myocardial ketone body utilization rather than increased

liver ketogenesis. While serum FFA levels were higher in SHHF-

EMPA rats, this was not accompanied by an increase in liver

HMGCS2 expression, which suggests unaltered liver ketogenesis in

SHHF-EMPA rats. It cannot be excluded, however, that the unal-

tered HMGCS2 expression in the SHHF-EMPA rats may be related

to the early diabetic stage of the obese SHHF rats, as shown by a

mild hyperglycaemia and a 78-fold increase in insulin levels. It is

possible that, in the setting of advanced diabetes, further removal

of blood glucose and further lowering in insulin/glucagon ratio may

further stimulate an increase in liver ketogenesis. In humans, the

effect of empagliflozin on circulating β-OHB levels was more pro-

nounced in people with diabetes than in those with impaired glu-

cose tolerance or without diabetes.9,13 Nevertheless, it is tempting

to speculate that, even in conditions in which liver ketogenesis con-

tributes to the increase in circulating β-OHB upon empagliflozin

treatment, myocardial ketone body utilization may still be reduced

instead of being increased. Wentz et al14 previously demonstrated

that in a sustained ketosis environment, the heart adapts by limiting

its ketone body utilization.

FIGURE 3 Left ventricular (LV) hypertrophy and function as measured using cinematic MRI. A, Representative images of four-chamber long axis,

two-chamber long axis, and short axis of the heart at 24 to 26 weeks of study period. B, LV mass/tibia length, and C, ejection fraction (EF), D, end
diastolic volume (EDV), and E, stroke volume (SV). Data are means � SD (SpD rats given vehicle [SpD-VEH], n = 9; rats with spontaneously
hypertensive heart failure given vehicle [SHHF-VEH], n = 8; rats with spontaneously hypertensive heart failure given empagliflozin [SHHF-
EMPA], n = 10). *P < 0.05. τGeneral time effect independent of group, P < 0.05
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While ketone body oxidation has been demonstrated to be

increased in the failing heart,7,8 there is no consensus on whether this

is adaptive or maladaptive.12,15,16 An increase in ketone body oxida-

tion may lead to an increase in mitochondrial protein acetylation

because of an increase in ketone body-derived acetyl-CoA,17 and a

reduction in mitochondrial oxidative phosphorylation because of

decreased anaplerosis.18 The suppression of glucose oxidation

because of increased ketone body use may result in reduced cardiac

efficiency.12 Similarly, ketone bodies suppress FA use,19 which may

not be preferable as FAs produce more energy compared with ketone

bodies for the same amount of carbon molecules. It is interesting to

note that it has previously been shown that the heart adapted to a

ketosis environment not only by lowering ketone body use, but also

by diminishing the ability of ketone bodies to suppress FA

oxidation,14 which suggests the importance of FA oxidation for ATP

production. Previous studies have also shown that FAs may be impor-

tant in maintaining cardiac function under stressed conditions.20–22 In

the present study, while myocardial ketone body utilization was lower

in SHHF-EMPA rats, we did not observe changes in PDH flux in vivo.

We did not measure myocardial FA utilization rate; however, CPT1B

protein expression was similar in the hearts of SHHF-EMPA and

SHHF-VEH rats, which suggests unaltered long-chain FA uptake into

the mitochondria. Moving forward, we aim to develop hyperpolarized
13C-FAs to investigate changes in FA oxidation.

The effects of empagliflozin on myocardial ketone body utilization

were accompanied by a lower systolic blood pressure in SHHF-EMPA

rats, which is in agreement with observations in patients with diabetes

and hypertension.23,24 Lower blood pressure decreases cardiac after-

load and oxygen consumption (MVO2), which may be related to the

reduced need for alternative substrate utilization by the heart. Of

note, empagliflozin treatment was associated with improvement in

hepatic congestion with a trend towards reduction in natriuretic pep-

tides in SHHF rats, although we were unable to detect differences in

LV hypertrophy or fibrosis. Even without invoking a direct myocardial

effect of empagliflozin, a reduction in LV afterload may have been

expected to be associated with reduction in LV hypertrophy and fibro-

sis. Potential explanations include the baseline early diabetic status,

mild cardiomyopathy, modest reduction in blood pressure, limited

duration of therapy, or small sample size. The effects of empagliflozin

on cardiac hypertrophy and function in animal models indeed varied.

Empagliflozin has been shown to reduce LV mass in SHR rats,25 but

not in obese ob/ob or diabetic db/db mice.26,27 In these mice, empa-

gliflozin improved diastolic function, without affecting systolic

function,26,27 which was accompanied by a reduction in fibrosis.27

Data on cardiac structure and function were not available in the

EMPA-REG OUTCOME trial, although in a follow-up study involving

10 patients with diabetes, empagliflozin as an add-on treatment

improved LVM index and diastolic function.28 Finally, it is possible

that the beneficial effects of empagliflozin on cardiac function would

have been more evident under stress conditions, for example, during

dobutamine challenge26 or myocardial infarction.29

Obese SHHF rats had a cardiac metabolic profile consistent with

LV hypertrophy with preserved EF. Particularly, myocardial glucose

utilization was increased, as shown in pressure-overloaded mice with

normal EF.21,30 A reduction in EF in obese SHHF rats, potentially at an

older age,31,32 may be accompanied by a further increase in myocar-

dial glucose utilization, as myocardial glucose uptake has been shown

to negatively correlate with EF.21 Myocardial ketone body utilization

may also be further increased, as it was shown to be upregulated in

advanced heart failure.7,8 In this case, it remains to be seen whether

empagliflozin would improve EF, and whether this is achieved via nor-

malization of myocardial glucose and/or ketone body utilization.

In conclusion, the present study contributes to the elucidation of

myocardial ketone body utilization with empagliflozin treatment. In

diabetic hypertensive heart disease, empagliflozin reduces afterload

without affecting myocardial function and glucose utilization in the

face of falling blood glucose levels, but does not enhance myocardial

ketone utilization despite increased circulating levels. Our results fur-

ther suggest that the increase in circulating ketone bodies upon empa-

gliflozin treatment is related to a reduction in myocardial ketone body

use in vivo while liver ketogenesis is not altered. For future research,

it will be of interest to determine whether empagliflozin normalizes

myocardial substrate utilization in an overtly decompensated failing

heart, and whether this translates to an improved prognosis.
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