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INTRODUCTION

Heart failure (HF) affects over 26 million people worldwide.1 HF mortality and 
hospitalization rates remain high despite the availability of current pharmacological and 
device interventions that have rapidly advanced in recent years.2 Therefore, further agents 
that, when added to the standard care of therapy, improve long term prognosis and extend 
life expectancy of patients with HF are urgently needed. 

HF is often accompanied by other comorbidities such as hypertension, diabetes mellitus, 
obesity, hyperlipidemia, metabolic syndrome, chronic kidney disease (CKD), chronic 
obstructive pulmonary disease (COPD), stroke and anemia.3,4 Analysis from European 
Society of Cardiology Heart Failure Pilot Survey revealed that around 74% of HF patients 
have more than 1 comorbidity.5 The large burden of comorbidities have been associated 
with increased mortality in HF.2,6,7 Intriguingly, more than half of the hospitalizations for 
patients with HF are related to comorbid conditions rather than the HF condition itself.8

It has been known that preventing HF hospitalizations and improving functional capacity 
are considered as important aspect in the management of HF. Current guideline and 
consensus paper have now included modification of risk factors in order to delay the onset 
of HF.2,9 In HF, modification of lifestyle and related comorbidities become important as it 
contributes to change the HF epidemiology.10 

CARDIOVASCULAR EFFECTS OF NON-CARDIOVASCULAR DRUGS IN 
HEART FAILURE

Polypharmacy is common among HF patients, with average 6.8 prescription medication 
per day.11,12 Unfortunately, several classes of drugs have been shown to potentially induce 
HF in patients without any history of cardiovascular disease (CVD) or provoke the incidence 
of HF in patients with impaired left ventricular function.13–15 Also, drugs that were not 
intentionally designed to treat HF may have the effects on the CV system.

Sodium-glucose co-transporter inhibitors 

Despite effectively lowering the blood glucose, some anti-diabetic drugs can paradoxically 
increase adverse CV events in patients with HF.16–18 In response to the concerns of increased 
CV risk, the U.S. Food and Drug Administration (FDA) and other regulatory agencies have 
requested large cardiovascular outcomes trials (CVOTs) for all new diabetic medication.19 

Currently, oral anti-diabetic drug sodium-glucose co-transporter inhibitors (SGLT2i) 
received a lot of attention after showing reduction of mortality and HF hospitalization when 
added to standard care of therapy in patients with and without diabetes.20–23 Therefore, it is 
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possible that the benefits of SGLT2i will expand to non-diabetic HF as well. Many hypotheses 
have been proposed, but the definitive mechanisms remain poorly understood. Several 
dedicated HF trial (NCT03057977, NCT03057951, NCT03619213) are currently underway to 
assess the effects of SGLT2i in HF. 

Factor Xa inhibitor

HF has been acknowledged as a prothrombotic state because the elements of Virchow’s 
triad: aberrations in blood flow, blood vessel and blood components, that can promote 
thrombosis, are present in HF.24,25 Patients with HF are at higher risk of LV thrombi, 
stroke and venous thromboembolism, even in the setting of sinus rhythm.26–28 Previous 
studies have reported that coagulation factors such as Factor Xa (FXa) and thrombin 
can also target protease activated receptors (PARs) in the myocardium, and it has been 
suggested that their activation may contribute to maladaptive cardiac remodeling and 
promote HF progression.29–32 However, the direct evidence on the role of PAR signaling in 
HF is limited.31,32 Additionally, it is unknown whether anticoagulant therapy, such as FXa 
inhibitor, may amend PAR activation and/or influence disease progression in HF. The 
potential consequence of FXa inhibition in HF have not been studied to date.

Ketone bodies

Ketone bodies are endogenous metabolites that are produced by the liver, in particular 
under conditions of prolonged fasting, insulin deprivation and extreme exercise.33 
Circulating ketone concentrations as well as the cardiac uptake of ketone bodies are 
increased in patients with HF, both in HF with reduced (HFrEF) and preserved (HFpEF) 
ejection fraction.34–36 Experimental evidence suggests in the failing heart energy metabolism 
is re-programmed towards increased oxidation of ketone bodies as a fuel source.37 Indeed, 
mice which are unable to oxidize ketone bodies in their hearts develop more severe cardiac 
dysfunction in response to myocardial infarction (MI) and pressure overload.38 Accordingly, 
interventions that enhance circulating ketone levels result in increased ketone oxidation in 
the myocardium and improve cardiac function.38–41 Recent advances in our understanding 
of these mechanisms will aid in the development of novel therapies, including metabolic 
manipulations that could prevent and treat HF.
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AIMS AND OUTLINE OF THE THESIS

The primary aims of this thesis are: 

1. To evaluate the cardiac and renal effects of sodium-glucose co-transporter inhibitors 
in non-diabetic HF.

2. To evaluate the effects of anticoagulation with factor Xa inhibitor in HF.
3. To evaluate the effects of ketone ester supplementation in HF.

In Chapter 2 and 3, we investigate the cardiac and renal effects of sodium-glucose co-
transporter inhibitors (SGLT2i) in non-diabetic HF. For this purpose, we perform deep 
cardiac and renal phenotyping of SGLT2i empagliflozin in non-diabetic rats with HF after 
myocardial infarction (MI). Furthermore, in Chapter 4, we describe the current knowledges 
regarding the potential effects of SGLT2i as treatment for atrial fibrillation in diabetes.

In Chapter 5, we study the role of factor Xa (FXa) inbibitor in HF. For this purpose, we use 
FXa inhibitor apixaban in a well-established rat model of chronic post-MI HF. In Chapter 
6, we examine the effects of oral ketone ester supplementation in HF. In doing so, we use 
oral ketone ester as a prevention and treatment strategies in pre-clinical models of HF. 
In Chapter 7, we review the cardiovascular properties of ketone bodies in cardiovascular 
disease (CVD).

Finally, we discuss the main findings and conclusion of this thesis, as well as the future 
perspectives, in Chapter 8. 
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ABSTRACT

Aims: Sodium glucose co-transporter-2 (SGLT2) inhibition reduces heart failure (HF) 
hospitalizations in patients with diabetes, irrespective of glycemic control. We examined 
the effect of SGLT2 inhibition with empagliflozin (EMPA) on cardiac function in non-
diabetic rats with left ventricular (LV) dysfunction after myocardial infarction (MI). 

Methods and results: Non-diabetic male Sprague-Dawley rats underwent permanent 
coronary artery ligation to induce MI, or sham surgery. Rats received chow containing EMPA 
that resulted in an average daily intake of 30 mg/kg/day or control chow, starting before 
surgery (EMPA-early) or 2 weeks after surgery (EMPA-late). Cardiac function was assessed 
using echocardiography and histological and molecular markers of cardiac remodelling and 
metabolism were assessed in the left ventricle. Renal function was assessed in metabolic 
cages. 

EMPA increased urine production by two-fold without affecting creatinine clearance and 
serum electrolytes. EMPA did not influence MI size, but LV ejection fraction (LVEF) was 
significantly higher in the EMPA-early and EMPA-late treated MI-groups compared to the 
MI group treated with vehicle (LVEF 54%, 52% and 43% respectively, all P < 0.05). EMPA 
also attenuated cardiomyocyte hypertrophy, diminished interstitial fibrosis and reduced 
myocardial oxidative stress. EMPA treatment reduced mitochondrial DNA damage and 
stimulated mitochondrial biogenesis, which was associated with the normalisation of the 
myocardial uptake and oxidation of glucose and fatty acids. EMPA increased circulating 
ketone levels as well as the myocardial expression of the ketone body transporter and two 
critical ketogenic enzymes, indicating that myocardial utilization of ketone bodies was 
increased. Together these metabolic changes were associated with an increase in cardiac 
ATP production.

Conclusion: Empagliflozin favourably affects cardiac function and remodelling in non-
diabetic rats with LV dysfunction after MI, associated with substantial improvements 
in cardiac metabolism and cardiac ATP production. Importantly, it did so without renal 
adverse effects. Our data suggest that EMPA might be of benefit in HF patients without 
diabetes.

Keywords: Diabetes • Heart failure • Metabolism • Mitochondria • Renal function • 
Remodelling 
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) and heart failure (HF) commonly coexist.1 Patients with 
T2DM have two-fold increased risk of developing HF during their lifetime,2,3 and are also 
twice as likely to be hospitalized for HF.4–6 

Cardiovascular events and HF hospitalizations can be reduced by adequate glycaemic 
control in patients with T2DM,7 but once HF develops the therapeutic options become 
limited.8–10 Currently, only metformin is considered safe in HF patients because other oral 
anti-diabetic drugs have suspected or established safety concerns in this population.1 This 
is not the case for SGLT2 inhibitors (SGLT2i), a new class of anti-diabetic drugs that have 
been shown to markedly reduce CV events and HF hospitalizations in patients with T2DM. 
SGLT2i are not only safe and well tolerated in patients with HF but also reduce the incidence 
of HF hospitalizations, both in subgroups of patients with and without HF at baseline.11,12  

SGLT-2 is a sodium-dependent glucose transporter expressed in the proximal tubule of the 
kidney and is responsible for 90% of the renal reabsorption of filtered glucose. Accordingly, 
SGLT2i induce urinary glucose and sodium excretion and promote diuresis.13 SGLT2i have 
relatively few side effects and rarely cause symptomatic hypoglycaemia, even when given 
to non-diabetic patients.14 SGLT2i have relatively modest effects on glycaemic control, 
suggesting that alternative mechanism may be responsible for the reductions in HF events, 
which may also apply to non-diabetic patients. The effects of SGLT2i on diuresis and HF 
hospitalisations without significant side-effects had prompted the hypothesis that SGLT2i 
could also be of benefit in HF patients, with or without T2DM. 

While this hypothesis is currently under investigation in several clinical trials,15,16 the effect 
of SGLT2 inhibition on outcomes in non-diabetic HF patients remains unclear at this 
point.17,18 We sought to determine the effect of the SGLT2i empagliflozin (EMPA) on cardiac 
function and remodelling after MI. 

METHODS

A detail description of methods is available in the supplementary Materials.

Experimental protocol

The experimental protocol was approved by the Animal Ethical Committee of University 
of Groningen (IvD number: 16487-02-001). The investigation conforms to the Guide for 
the Care and Use of Laboratory Animals published by the US National Institutes of Health. 
We followed ARRIVE guidelines when reporting this study.19 Non-diabetic male Sprague-
Dawley rats (Envigo, The Netherlands) were randomized to treatment with chow containing 
EMPA  or control chow, starting either 2 days before surgery (early) or 2 weeks after surgery 
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(late). Treatment allocation in the late groups was stratified according to left ventricular 
ejection fraction (LVEF) 2 weeks post-surgery to ensure that the baseline cardiac function 
is similar in the EMPA and the vehicle groups. After 10 weeks of treatment, rats were 
anesthetized, blood was drawn and the hearts were rapidly excised for further analysis. 
Rats with an infarct size of  less than 15% were excluded from analysis as these small infarcts 
are haemodynamically fully compensated.20

MI surgery 

Rats were randomized to permanent ligation of the left anterior descending coronary artery  
or sham surgery under isoflurane (2.5%) inhalation anaesthesia, as previously described.21 

Investigational drug

Empagliflozin (BI 10773) was kindly supplied by Boehringer Ingelheim, Germany. EMPA 
(BI 10773) was mixed with standard rat chow (R/M-H V1534-70, Ssniff, Germany) in a final 
concentration of 200 mg/kg intended to reach an average dose of 30 mg/kg/day. 

Echocardiography 

Two weeks after surgery and 1 week before termination, the M-mode and two-dimensional 
echocardiography was performed using a Vivid 7 echo machine (GE Healthcare, Milwaukee, 
WI, USA) equipped with a 10-MHz phase array linear transducer for serially assessment of 
cardiac structure and function as previously described.21,22 

Invasive hemodynamic measurements 

Prior to sacrifice, invasive haemodynamics were analysed by aortic and left ventricular 
(LV) catheterization, as previously described.21 The data were acquired using a PowerLab 
data acquisition system (ADInstruments, Colorado Springs, CO, USA) and analyzed with a 
LabChart 8 software.

Infarct size, cardiomyocyte size and interstitial fibrosis measurement 

For immunohistochemical analysis, the mid-papillary slice of the left ventricle was fixed in 
4% formaldehyde and paraffin-embedded. Masson trichrome staining was performed to 
evaluate the infarct size and the extent of interstitial fibrosis. Furthermore, to determine 
cardiomyocyte size, sections were stained with FITC Labelled wheat germ agglutinin (WGA) 
as previously described.21,22 

Metabolic cage 

Two weeks before termination, rats were placed in metabolic cages to monitor 24-hour 
water and food intake and 24-hour urine collection, as previously described.23 
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Blood and urine measurements 

Blood samples were obtained via tail vein at regular intervals under isoflurane anaesthesia 
to monitor blood glucose and haematocrit levels.  At sacrifice, 8 ml of blood was drawn from 
the abdominal aorta (either anti-coagulated with EDTA or sodium heparin), and urine was 
collected directly from bladder. 

Mitochondrial DNA (mtDNA)-to-nuclear DNA (nDNA) ratio and mtDNA damage

Total DNA including mtDNA was extracted from the non-infarcted left ventricle using 
Nucleospin® Tissue XS (Macherey-Nagel GmBH&Co. KG, Düren, Germany). mtDNA-
to-nDNA ratio was determined by quantitative real-time polymerase chain reaction 
(qRT-PCR), as described previously.24 Expression of mitochondrial genes were corrected 
for nuclear gene expressions values, and the calculated values were expressed relative to 
the control group per experiment. To determine DNA damage (lesions/10kb), the D-loop 
mitochondrial genomic region was amplified by a semi-long-run qRT-PCR, as described 
before.24 Primer sequences are listed in the supplementary Table S1.

Quantitative real-time polymerase chain reaction

RNA was extracted from the non-infarcted left ventricle using TRIzol reagent (Invitrogen 
Corp., Carlsbad, CA, USA) and QuantiTect RT kit (Qiagen) was then used to make cDNA, 
following manufacturer’s instructions as previously described.25 36B4 reference gene 
were used to correct all measured mRNA expression. Primer sequences can be found in 
supplementary Table S1. 

Advanced oxidation protein products measurements

The advanced oxidation protein product (AOPP) assay was performed using the AOPP 
Assay Kit from Abcam (#ab242295, Cambridge, U.K.) according to the manufacturer’s 
instructions. Results were then normalized by protein concentrations of each test.

ATP measurements

The ATP assay was performed using the ATP Assay Kit (colorimetric/fluorometric) from 
Abcam (#ab83355, Cambridge, U.K.) according to the manufacturer’s instructions. Results 
were then normalized by protein concentrations of each test.

Pyruvate dehydrogenase activity 

According to manufacturer’s instruction, we measured the activity of pyruvate 
dehydrogenase (PDH) using the assay kit from Sigma MAK183 and a spectrophotometric 
multiwell plate reader (Synergy H1, BioTek).
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Insulin and glucagon measurements

Circulating hormones were measured by a rat ultrasensitive insulin ELISA kit 
(80-INSRT-E01, ALPCO) and Glucagon ELISA (48-GLUHU-E01, ALPCO) according to the 
manufacturer’s instructions.

Statistical analysis 

Data are presented as means ± standard errors of the mean (SEM). To compare normally 
distributed parameters, one-way analysis of variance (ANOVA) followed by Tukey’s Post 
Hoc test was used. When data were not normally distributed, a non-parametric Kruskal-
Wallis test followed by a Mann-Whitney U test with correction for multiple comparisons 
was used. To compare EMPA and Vehicle treatment independent of treatment allocation, 
an independent T test or a Mann-Whitney U test was used, where appropriate. Wilcoxon 
signed rank test was used to evaluate LVEF post-MI versus before termination (Figure 
2E). Differences were considered significant at p<0.05. IBM SPSS Statistics for Windows, 
version 23.0 (IBM Corp., Armonk, NY, USA) was used to perform all statistical analysis. 

RESULTS

A total of 140 rats were randomized to MI or sham surgery, 47 rats died during the surgical 
procedure. Overall mortality in the MI groups was 41%. All rats died from ventricular 
fibrillation within 60 minutes of left anterior descending coronary artery ligation. No 
mortality was observed during the subsequent stages of the study and no mortality was 
observed in sham-operated rats throughout the study. There were no statistically significant 
differences in mortality between the MI-vehicle vs. the MI-EMPA-E or the MI-EMPA-L 
groups (43% vs. 40% vs. 40%, respectively). In total, 20 rats with infarct sizes of < 15% were 
excluded from analysis (8 rats in MI-vehicle group, 5 rats in MI-EMPA-E group and 7 rats in 
EMPA-L group), leaving a total of 73 rats for the current analysis. The final group sizes were 
8 for the sham-vehicle group, 19 for sham-EMPA group, 22 for MI-vehicle group, 13 for MI-
EMPA-early group and 11 for MI-EMPA-late group. 

Efficacy and safety of empagliflozin in non-diabetic rats with LV dysfunction after MI

Efficacy of empagliflozin
Daily food intake was comparable between EMPA and vehicle treated groups and the 
average daily dose of EMPA was 30 mg/kg of body weight/day (supplementary Figure S1A). 
As expected, EMPA increased urinary glucose (Figure 1A) and sodium excretion (Figure 1B), 
resulting in a 2-fold increase in urine production (Figure 1C). The increase in urinary glucose 
excretion was associated with a substantial reduction in body weight in the EMPA treated 
sham and MI groups (supplementary Figure S1C).
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Safety
The increase in diuresis after EMPA treatment was compensated by a proportionate increase 
in fluid intake (Supplementary Figure S1B) and did not affect haematocrit (supplementary 
Figure S2A) or renal function (Figure 1D), indicating that EMPA did not cause excessive 
plasma contraction. In addition, EMPA did not cause significant changes in plasma glucose, 
sodium or potassium levels (supplementary Figure S2B-D). 
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Figure 1.

A

C

B

D

FIGURE 1. Efficacy and safety of empagliflozin (EMPA) in non-diabetic rats with left ventricular dysfunction after 
myocardial infarction (MI). (A) 24 h urinary glucose excretion. (B) 24 h urinary sodium excretion. (C) 24 h urine 
production. (D) Creatinine clearance of all groups. EMPA-E, EMPA-early; EMPA-L, EMPA-late; Veh, vehicle. Data are 
presented as means ± standard errors of the mean. *p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh. 

Effect of empagliflozin on blood pressure and cardiac function

The average LV infarct size was 33% and did not differ among the MI, MI-EMPA-early 
and MI-EMPA-late groups (Figure 2A and 2B). Systolic and diastolic blood pressure was 
also not different between the groups (supplementary Table S2). As expected, MI resulted 
in significant LV dilatation (Figure 2C) and a reduction in LVEF (Figure 2D). LVEF was 
significantly higher in both MI-EMPA treated groups compared to the MI-vehicle group 
(Figure 2D) A pooled analysis of longitudinal changes in LVEF revealed that EMPA prevented 
the progressive deterioration of cardiac function that occurs after MI (Figure 2E). Other 
relevant echocardiographic parameters are depicted in supplementary Table S3. There was 
no significant between-group difference in LV filling pressures (supplementary Table S2). 
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Effect of empagliflozin on cardiac histology and molecular markers for remodelling 
and fibrosis

A large MI invariably causes pathological remodelling of the non-infarcted myocardium 
which contributes to further deterioration of cardiac performance.26–28 

Marked cardiac hypertrophy was observed after MI as reflected by a 10% increase in 
ventricular mass (Figure 2F) and an 81% increase in cardiomyocyte cross sectional area 
(Figure 3A and 3B).  Both early and late treatment with EMPA attenuated the increase in left 
ventricular mass (Figure 2F) and diminished cardiomyocyte cross-sectional area compared 
to the vehicle-treated MI group (Figure 3A and B).  Myocardial fibrosis was increased three-
fold in the non-infarcted left ventricle, and this was also was markedly attenuated by 
EMPA treatment (Figure 3B and 3C). The reductions in fibrosis after EMPA treatment were 
accompanied by similar reductions in the expression of the fibrosis markers collagen 1 and 
procollagen (Figure 3E).

Increased myocardial expression of atrial natriuretic peptide (ANP) and an increase in the 
relative expression of foetal (β-MHC) over adult (α-MHC) myocin heavy chain isoform ie. 
β-MHC/α-MHC ratio are generally considered as robust markers for the activation of the 
cardiac fetal gene program.29 Myocardial ANP expression was increased by six-fold in the 
vehicle-treated MI group compared to the sham groups. Both early and late treatment with 
EMPA reduced cardiac ANP expression by 50%. Similarly, the increase in β-MHC/α-MHC ratio 
observed in the MI group was normalized to sham levels after EMPA treatment (Figure 3D).

Effects of empagliflozin on oxidative stress

To investigate the effect of EMPA on myocardial oxidative stress, we determined the 
advanced oxidation protein products (AOPP) level and the expression level of the  superoxide 
generating enzyme NOX2. AOPP was higher in the heart of rats in MI-vehicle group than 
in the sham-vehicle group, and was suppressed by EMPA in both early and late treatment 
(Figure 4A). Similarly, expression of NOX2, was up-regulated in MI-vehicle group, but was 
attenuated in both the MI-EMPA-early and MI-EMPA-late group (Figure 4A).

 



Chapter 2

28

2

C
o

ll
a

g
e

n
 I

P
ro

co
ll

a
g

e
n

0
.0

0
.5

1
.0

1
.5

2
.0

mRNA level (fold change)

#

*
*

#

*
*

A
N

P
β

/ α
-M

H
C

 r
a

ti
o

02468
mRNA level (fold change)

#

*
*

#

*
*

% Fibrosis

V
e

h
E

M
P

A
V

e
h

E
M

P
A

-E
E

M
P

A
-L

05

1
0

1
5

2
0

2
5

*
*

#

S
h

a
m

M
I

Cardiomyocyte

cross-sectional area (µm
2
)

V
e

h
E

M
P

A
V

e
h

E
M

P
A

-E
E

M
P

A
-L

0

2
0

0

4
0

0

6
0

0

8
0

0

1
0

0
0

*
*

#

S
h

a
m

M
I

Wheat germ
agglutinin(WGA) Massons  trichrome

C

B

Fi
gu

re
3.

A

D

Sh
am

-V
eh

Sh
am

-E
M

PA
   

   
   

   
   

   
   

  M
I-V

eh
M

I-E
M

PA
-E

   
   

   
   

   
   

 M
I-E

M
PA

-L

E

 

   

S
h

a
m

-V
e

h
S

h
a

m
-E

M
P

A
M

I-
V

e
h

M
I-

E
M

P
A

-E
M

I-
E

M
P

A
-L

FI
G

U
R

E 
3.

 E
ffe

ct
 of

 em
pa

gl
ifl

oz
in

 (E
M

PA
) o

n 
pa

th
ol

og
ica

l c
ar

di
ac

 re
m

od
el

lin
g 

an
d 

fib
ro

sis
 in

 n
on

-d
ia

be
tic

 ra
ts

 w
ith

 le
ft 

ve
nt

ric
ul

ar
 d

ys
fu

nc
tio

n 
af

te
r m

yo
ca

rd
ia

l i
nf

ar
ct

io
n 

(M
I).

 
(A

) Q
ua

nt
ifi

ca
tio

n 
of

 ca
rd

io
m

yo
cy

te
 cr

os
s-

se
ct

io
na

l a
re

a 
fro

m
 w

he
at

 g
er

m
 a

gg
lu

tin
in

 (W
GA

) s
ta

in
ed

 se
ct

io
n.

 (B
) R

ep
re

se
nt

at
iv

e 
le

ft 
ve

nt
ric

ul
ar

 se
ct

io
ns

 st
ai

ne
d 

w
ith

 W
GA

 a
nd

 
M

as
so

ns
 tr

ich
ro

m
e 

st
ai

ni
ng

 to
 a

ss
es

s c
ar

di
om

yo
cy

te
 h

yp
er

tr
op

hy
 a

nd
 fi

br
os

is.
 (C

) Q
ua

nt
ifi

ca
tio

n 
of

 fi
br

os
is 

in
 th

e 
no

n-
in

fa
rc

te
d 

le
ft 

ve
nt

ric
le

 fr
om

 M
as

so
ns

 tr
ich

ro
m

e 
st

ai
ne

d 
se

ct
io

n.
 (D

,E
) M

ea
su

re
m

en
t o

f m
RN

A 
le

ve
ls 

to
 as

se
ss

 m
ol

ec
ul

ar
 m

ar
ke

rs
 fo

r r
em

od
el

lin
g 

an
d 

fib
ro

sis
, r

es
pe

ct
iv

el
y, 

no
rm

al
iz

ed
 to

 36
B4

. E
M

PA
-E

, E
M

PA
-e

ar
ly

; E
M

PA
-L

, E
M

PA
-la

te
; 

Ve
h,

 ve
hi

cle
. D

at
a a

re
 p

re
se

nt
ed

 as
 m

ea
ns

 ±
 st

an
da

rd
 er

ro
rs

 of
 th

e m
ea

n.
 *p

<0
.0

5 v
s. 

M
I-V

eh
; #

p<
0.

05
 vs

. S
ha

m
-V

eh
.



Empagliflozin in post-MI HF

2

29

Effects of empagliflozin on mitochondrial biogenesis and ATP production

Detailed cardiac and renal analysis of diabetic animal models has revealed tha the SGLT2i 
affect mitochondrial morphology and mitochondrial density.30,31 Mitochondrial content 
and respiratory capacity are also significantly reduced in HF, which is tied to diminished 
expression of the transcription factor PGC-1α.32  To determine whether the favourable effects 
of EMPA on cardiac remodelling were associated with similar recovery of mitochondrial 
biogenesis, mitochondrial content was quantified by normalizing mtDNA to nDNA. We also 
performed a semi-long-run PCR to detect mtDNA damage. As expected,  mtDNA damage 
was also increased after MI (Figure 4B). In addition, mtDNA/nDNA was markedly reduced 
after MI (Figure 4C), accompanied by similar reductions in PGC-1α expression (Figure 4C).  
EMPA normalized PGC-1α expression and partial recovered of mtDNA/nDNA (Figure 4A) 
and mtDNA damage (Figure 4B).  

To verify whether the effects of EMPA on mtDNA damage and the increase in mtDNA/nDNA 
were associated with increased ATP production, we determined the cardiac ATP levels in 
our study. ATP levels were significantly reduced in MI-vehicle group and interestingly, ATP 
levels were significantly restored in MI-EMPA-early group and there was a trend towards 
increased ATP levels in the MI-EMPA-late group (p=0.08) (Figure 4D).

Effects of empagliflozin on myocardial glucose and fatty acid metabolism

HF is accompanied by profound changes in the myocardial utilization of carbon based 
fuels.33 During HF development, cardiac substrate preference first shifts from fatty acids 
to glucose as the primary fuel source, while the later stages of HF are also associated 
with disruption of myocardial glucose uptake and utilization.33 Molecular signatures 
for impaired substrate utilization are, among others, down-regulation of the fatty acid 
transporter carnitine palmitoyltransferase I-α (CPT1-α), downregulation of the glucose 
transporter type 4 (GLUT4) and inhibition of the pyruvate dehydrogenase complex through 
up-regulation of pyruvate dehydrogenase kinase 4 (PDK4).33   Pyruvate dehydrogenase is 
required for carbohydrate  intermediates to enter the Krebs cycle and PDK4 inhibits this 
enzyme complex.33  

As expected, CPT1-α, GLUT4, PGC1-α levels and PDH activity were reduced and PDK4 
expression was increased in cardiac tissue of MI-vehicle group compared to sham-vehicle 
group. Interestingly, EMPA treatment restored the expression of all these markers to sham 
levels (Figure 5A-5B, 5D), suggesting that EMPA restores myocardial substrate metabolism.
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FIGURE 4. Effect of empagliflozin (EMPA) on oxidative stress, mitochondrial biogenesis and cardiac ATP levels. (A) 
Cardiac advanced oxidation protein products and measurement of mRNA levels to assess oxidative stress. (B) Semi-
long-run polymerase chain reaction was performed using primers specific for mitochondrial DNA fragments in the 
mitochondrial D-loop region to determine mitochondrial DNA damage. (C) Mitochondrial DNA (CYTB)-to-nuclear 
DNA (TRPM-2) ratio and mRNA levels to assess mitochondrial biogenesis. (D) Cardiac ATP levels. EMPA-E, EMPA-
early; EMPA-L, EMPA-late; MI, myocardial infarction; Veh, vehicle. Data are presented as means ± standard errors of 
the mean. *p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh.

Effects of empaglilfozin on ketone metabolism

The disruption of glucose and fatty acid oxidation causes the failing heart to increasingly rely 
on ketone bodies as a fuel source.34,35 EMPA increases circulating ketone levels and indirect 
evidence suggests that EMPA promotes  ketone utilization in patients with diabetes.36 
The beneficial effects of EMPA on cardiac performance could therefore be explained by 
increased myocardial ketone utilization.37,38 
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FIGURE 5. Effect of empagliflozin (EMPA) on glucose metabolism, insulin/glucagon ratio and fatty acid metabolism. 
(A) Measurement of mRNA levels to assess cardiac glucose metabolism. (B) Pyruvate dehydrogenase (PDH) activity. 
(C) Insulin/glucagon ratio. (D) Measurement of mRNA levels to assess fatty acid metabolism. CPT1-𝛼, carnitine 
palmitoyltransferase 1-𝛼; EMPA, empagliflozin; EMPA-E, EMPA-early; EMPA-L, EMPA-late; MI, myocardial infarction; 
Veh, vehicle. Data are presented as means ± standard errors of the mean. *p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh.

Hepatic ketogenesis is induced by reductions in the systemic insulin/glucagon ratio and 
EMPA decreased insulin-to-glucagon ratio (Figure 5C). Consistent with these observations, 
EMPA treatment increased both circulating ketone levels and urinary ketone excretion, in 
sham and MI groups (Figure 6A and 6B). To determine whether the increases in circulating 
ketone levels was also associated with changes in the myocardial capacity to utilize ketone 
bodies we performed a detailed analysis of three critical proteins involved in myocardial 
ketolysis, namely the ketone body transporter monocarboxylate transporter 1 (MCT1), 
ketogenic enzyme β- hydroxy butyrate dehydrogenase (BDH1) and Succinyl-CoA:3-ketoacid 
CoA transferase (SCOT). The expression of the MCT1 and BDH1 gene and the protein 
expression of SCOT were all significantly increased in MI-vehicle group. Furthermore, the 
expression was further increased in both MI-EMPA-early and MI-EMPA-late groups (Figure 
6C and 6D). These findings suggest that ketone bioavailability and cardiac ketone utilization 
are increased by EMPA.
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FIGURE 6. Effect of empagliflozin (EMPA) on ketone metabolism. (A) Plasma total ketone body levels. (B) 24 h 
urinary ketone body excretion. (C) Measurement of mRNA levels to assess ketone metabolism. (D) Protein levels 
of succinyl-CoA:3-ketoacid CoA transferase (SCOT). BDH1, ketogenic enzyme 𝛽-hydroxy butyrate dehydrogenase; 
EMPA-E, EMPA-early; EMPA-L, EMPA-late; MCT1, monocarboxylate transporter 1; MI, myocardial infarction; Veh, 
vehicle. Data are presented as means ± standard errors of the mean. *p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh.

DISCUSSION 

In the present study in which we treated non-diabetic rats with LV dysfunction after a large MI 
with the SGLT2i EMPA for 10 weeks, diuresis was markedly increased without affecting kidney 
function, serum glucose and electrolyte levels. EMPA did not influence MI size, but it did 
improve cardiac function and attenuated pathological cardiomyocyte hypertrophy and cardiac 
fibrosis. The beneficial effects of EMPA on cardiac function were associated with favourable 
effects on cardiac metabolism, including reduction of mitochondrial DNA damage and 
oxidative stress, activation of mitochondrial biogenesis, and the restoration of cardiac glucose 
and fatty acid oxidation. Furthermore, EMPA promoted the bioavailability of ketones as well 
as the cardiac capacity of utilize ketone bodies as a fuel source. These findings provide robust 
evidence that EMPA improves cardiac performance in non-diabetic failing hearts, and provides 
further mechanistic insights that provide a rationale for the clinical trials that are underway. 
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SGLT2i have emerged as oral anti-diabetic drugs that reduce cardiovascular events and 
HF hospitalisations in patients with diabetes.11,12,39 Pre-specified secondary analysis of the 
Empagliflozin Cardiovascular  Outcome  Event Trial in Type 2 Diabetes Mellitus Patients 
(EMPA-REG OUTCOME) revealed that EMPA reduced new-onset HF and that the reduction 
in HF hospitalizations was consistent among several subgroups, including patients with 
HF at baseline.11 In the Canagliflozin Cardiovascular Assessment Study (CANVAS), SGLT2i 
canagliflozin also reduced HF hospitalizations compared to placebo and the reductions in 
HF hospitalizations were more pronounced in  patients with a history of HF at baseline.12 
It has to be noted that the history of HF was not robustly adjudicated and that the results 
of these secondary analyses should be considered hypothesis generating. The validity 
of this hypothesis is currently being tested in dedicated cardiovascular outcome trials in 
HF patients with reduced and preserved ejection fraction (NCT03057977, NCT03057951, 
NCT03036124, NCT03619213), which are expected to be completed in 2019-2022. 

Interestingly, these trials have been launched in the absence of robust evidence that SGLT2i 
affect cardiac performance in the absence of diabetes. Indeed, most mechanistic studies 
have been performed in the context of diabetes. Byrne et al.40 reported that EMPA treatment 
prevented the progressive deterioration of cardiac dysfunction in a model of transverse 
aortic constriction surgery in vivo and ex vivo. Another study reported that EMPA reduced 
cardiac hypertrophy and fibrosis in rat model of metabolic syndrome with prediabetes.41 
Moreover, EMPA was also shown to improve diastolic function and ameliorate cardiac 
hypertrophy and fibrosis in female db/db mice.42  Evidence for clinical translation of 
these findings was recently provided by the EMPA-HEART Cardiolink-6 study, which 
demonstrated that 6 months of treatment with EMPA resulted reduced cardiac mass and 
increased LVEF (Verma S., unpublished data) 

In non-diabetic context, a study of Lee et al.43 demonstrated that the SGLT2i dapagliflozin 
and phlorizin attenuated oxidative stress after myocardial infarction in non-diabetic male 
Wistar rats. They also observed that SGLT2i did not reduce the infarct sizes, however it 
did attenuate the cardiac fibrosis.43 Our data extends this observation as we demonstrate a 
reduction in fibrosis and oxidative damage to mitochondrial DNA. In addition, we have now 
added evidence that EMPA also attenuates total myocardial oxidative stress as evidenced by 
reductions in AOPP and NOX2 expression (Figure 4A).

The mechanisms responsible for the beneficial effects of SGLT2i on HF outcomes are a 
matter of intense speculation.15,18 The most obvious beneficial mechanisms could be derived 
from the fact that SGLT2i are potent proximal tubule diuretics. The diuretic effects of EMPA 
were obvious from our study and, in contrast to other diuretics, EMPA did not affect renal 
function and plasma levels of glucose and electrolytes remained normal. These findings are 
consistent with the reno-protective effects observed in patient with diabetes.44,45 Of note, 
while loop diuretics are commonly used to reduce symptoms in patients with HF, there 
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is no data to support a prognostic benefit of using diuretics in this population.8 Another 
interesting hypothesis is that the natriuresis induced by EMPA attenuates sodium overload 
in cardiomyocytes through inhibition of the sarcolemmal sodium-hydrogen exchanger. 
Elevated intracellular sodium levels are thought to compromise mitochondrial calcium 
handling and thereby contributes to mitochondrial dysfunction in HF.46 The metabolic 
effects of EMPA observed in our study could thus partially reflect reductions in intracellular 
sodium. Nevertheless, it is hard to comprehend that the profound effects of EMPA on 
cardiac remodelling and cardiac metabolism that we observed are solely explained by their 
diuretic effects, as we did not observe a difference in blood pressure or LV filling pressures 
(Supplementary Table S2).  

Another possible explanation for the beneficial effects of SGLT2i could lie in their effects 
on systemic and cardiac metabolism, which have consistently been observed in models of 
diabetes and heart disease. First, EMPA improves glycaemic control in diabetic patients 
and the caloric loss associated with increased urinary glucose excretion results in weight 
loss.47,48 Weight loss is thought to improve myocardial insulin sensitivity and myocardial 
insulin resistance is common in severe HF, irrespective of the presence of T2DM.33 
Second, several studies have suggested that SGLT2i can restore cardiac mitochondrial 
dysfunction. Indeed, the SGLT2i dapagliflozin restored cardiac PGC1-α in prediabetic 
rats.49 PGC1-α is a critical mediator of mitochondrial biogenesis and the reductions in 
PGC1-α are thought to contribute to mitochondrial dysfunction observed in HF. Mizuno 
et al.30 recently demonstrated that EMPA normalizes the size and number of mitochondria 
in diabetic hearts after a MI. This is consistent with our observation that EMPA restored 
the mtDNA damage, mtDNA/nDNA ratio and restored PGC1-α expression, indicating that 
the effects of SGLT2i on mitochondrial biogenesis can be translated to the non-diabetic 
failing heart. Third, the changes in PDH activity and the expression levels of CPT1, GLUT4 
and PDK4 observed by us and by others,49 suggest that the myocardial capacity to oxidize 
glucose and fatty acids is improved by EMPA. Verma et al.50 recently validated this concept 
by comparing substrate utilisation in a working heart model using hearts from EMPA 
or vehicle-treated diabetic rats. In accordance with our observations, these authors also 
showed that EMPA treatment restored myocardial glucose and fatty acid oxidation to non-
diabetic levels. Fourth, during disease progression diabetic, and failing hearts increasingly 
rely on ketone bodies as a fuels source,37,38,51 and SGLT2i increase circulating ketone levels.36 
The  myocardial capacity to metabolize ketone bodies is increased in HF, reflected by an 
increased expression of ketogenic enzymes such as BDH1.37,38 Ketones are considered to 
be more energy efficient under conditions of metabolic stress as they require less oxygen 
per molecule of ATP generated.37,38  In addition,  ketone oxidation does not inhibit the 
oxidation of other substrates through the Randel cycle,50 and ketones appear to improve 
myocardial blood flow.52 A single dose of EMPA was recently shown to increase myocardial 
ATP, which was strongly correlated with the changes in circulating ketone levels.53 Our 
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findings that EMPA increases the bioavailability and the myocardial utilization of ketone 
bodies which also increases ATP production in non-diabetic rats with LV dysfunction 
after MI are consistent with these observations. Together these data strongly suggest 
that the restoration of cardiac ATP levels by EMPA is at least partially caused by increased 
ketones oxidation. Of note, the result suggests that SGLT2-mediated refuelling of the heart 
contributes to the beneficial effects of EMPA on cardiovascular outcomes. Our study thus 
clearly demonstrates that the salutary effects of EMPA on cardiac metabolism that have 
been described in diabetic models also occur in a non-diabetic context. 

STUDY LIMITATIONS

First, our study provides a detailed insight into the myocardial effects of SGLT2 inhibition 
but was not designed to establish cause and effect of the proposed mechanisms responsible 
for the cardio-metabolic effects. Second, while we describe multiple molecular effect of 
EMPA in the myocardium,  we did not establish the mechanisms underlying these molecular 
changes. More focused mechanistic studies with for instance BDH1 or SCOT knockout mice 
would be required for this purpose.54 Third, we also do not provide direct proof that ketone 
body oxidation is increased in EMPA-treated hearts nor did we quantify the contribution of 
ketone body oxidation to the increase in myocardial ATP levels. This would require detailed 
metabolomics analysis, which is beyond the scope of the current manuscript. In addition, 
the effects of EMPA on ketone body utilization appear to be dependent on the severity of 
cardiac dysfunction as myocardial ketone utilization is not affected in mild HF.50,55 Ketone 
bodies may also have vasodilatory effects on the myocardium, which could explain part of 
the protective effects beyond myocardial ketone utilization.52 Finally, while the post-MI LV 
dysfunction models allows robust and predictable changes in cardiac remodelling and HF 
development, the effects of EMPA may be different in a clinical context. Nevertheless, our 
study provides unique insights into the cardiac effects of EMPA in the non-diabetic failing 
heart and supports the exploration of EMPA as a bona fide HF drug in patients with or 
without diabetes. 

CONCLUSION

Empagliflozin favourably affects cardiac function and remodelling in non-diabetic rats 
with LV dysfunction after MI, associated with substantial improvements in cardiac ATP 
production. Importantly, it did so without renal adverse effects. Our data suggest that 
EMPA might be of benefit in HF patients without diabetes.
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SUPPLEMENTARY MATERIALS

Supplementary Methods

Animals
The investigation was conducted in accordance with the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health. The experimental 
protocol was approved by the Animal Ethical Committee of University of Groningen (IvD 
number: 16487-02-001). The study was performed in non-diabetic male Sprague Dawley rats 
weighing 250-280 g (Envigo, The Netherlands). Animals were fed ad libitum and housed 
conventionally in groups of two to four rats with 12:12 h light-dark cycles (N = 8-22/group, 
unless indicated). We followed ARRIVE guidelines when reporting this study.  

Myocardial infarction surgery 
Rats were randomized to HF or sham surgery under isoflurane (2.5%) inhalation anaesthesia. 
After left-sided thoracotomy, HF was induced by permanent ligating of the proximal 
portion of the left coronary artery. Sham operated rats underwent the same procedure but 
without coronary ligation.  

Experimental protocol 
We aimed to study the effect of empagliflozin (EMPA) on both early remodelling after an 
acute MI, as well as the effect of EMPA on the already remodelled heart and chose two 
treatment regimens. In the early treatment group, rats were randomized to EMPA or vehicle 
starting 2 days before surgery and continued until 10 weeks after MI. In the late group, rats 
were stratified according to left ventricular ejection fraction and then randomized to EMPA 
or vehicle starting 2 weeks after MI or sham surgery. After 10 weeks of treatment, rats were 
anesthetized, blood was drawn (either anti-coagulated with EDTA or sodium heparin) and 
the hearts were rapidly excised. Myocardial tissue was sectioned transversally and processed 
for immunohistochemistry or snap-frozen for molecular analysis. Rats with an infarct size 
of  less than 15% were excluded from analysis as these small infarcts are haemodynamically 
fully compensated.

Echocardiography 
Two weeks after surgery and 1 week before termination, the M-mode and 2D 
echocardiography was performed using a Vivid 7 echo machine (GE Healthcare) equipped 
with a 10-MHz phase array linear transducer for serially assessment of cardiac structure 
and function. The measurements included systolic and diastolic LV internal dimensions 
(LVIDs and LVIDD). LV fractional shortening was calculated as FS = (LVIDd – LVIDs) / 
LVIDd x 100 %. LV ejection fraction (LVEF%) was calculated by using the Teichholz method 
of estimated LV volumes.
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Invasive hemodyamic measurements 
Prior to sacrifice, invasive hemodynamics were analysed by aortic and LV catheterization. 
The right carotid artery was isolated, punctured, and a 1.9 F rat pressure‐volume catheter 
(Scisense, London, Ontario, Canada) was inserted into the right carotid artery. The tip of the 
catheter was advanced through the aorta into the LV cavity. Heart rate (HR), left ventricular 
end-systolic (LVESP) and end-diastolic (LVEDP) pressures, and maximal rates of increase 
and decrease in developed LV pessures (dP/dtmax and dP/dtmin) were determined. The 
data were acquired using a PowerLab data acquisition system (ADInstruments, Colorado 
Springs, CO) and analyzed with a LabChart 8 software.

Infarct size, cardiomyocyte size and interstitial fibrosis measurement 
Rats were euthanized under isoflurane anaesthesia. Heart were rapidly excised and 
weighed. The mid-papillary slice of the LV was fixed in 4% formaldehyde and paraffin-
embedded. Infarct size was calculated as percentage of the scar length to the total LV 
circumference on Masson trichrome-stained section. Furthermore, Masson trichrome 
staining was also used to evaluate the extent of interstitial fibrosis. Hamamatsu microscope 
was used to capture the whole tissue section and Aperio ImageScope software was used to 
quantify fibrosis in the left ventricular free wall remote from the infarction. Finally, sections 
were stained with FITC Labelled wheat germ agglutinin (WGA) to determine cardiomyocyte 
size. Cell size from transversally cut cardiomyocytes in the left ventricular free wall remote 
from the infarcted area was measured using image analysis (Zeiss KS400, Germany) and 
quantified using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The 
investigators analysing the data were blinded to the treatment allocation.

Metabolic cage 
Two weeks before termination, rats were placed in metabolic cages to monitor 24-hour 
water and food intake and 24-hour urine collection. The metabolic cages consist of an upper 
chamber with a grid floor where the rat is housed; and a lower chamber with specialized 
funnel that separates fecal pellets and urine. After 24-hour housed in the metabolic cage, 
under isoflurane anesthesia, blood samples were drawn from tail vein and plasma was 
collected. Plasma and urine were stored at -80 ˚C for later analysis.

Blood measurements 
Blood samples were obtained via tail vein at regular intervals under isoflurane anaesthesia 
to monitor blood glucose and haematocrit levels.  At sacrifice, 8 ml of blood was drawn from 
the abdominal aorta and urine was obtained from the bladder. Plasma creatinine and glucose 
were determined enzymatically on the Roche/Hitachi Cobas system (Roche Germany). Plasma 
sodium and potassium were measured by ion-selective electrode methods on the Roche/Hitachi 
Cobas system (Roche Germany). Plasma total ketone body concentrations were quantified via a 
cyclic enzymatic method using Autokit Total Ketone Body (Wako Chemicals, Germany). 
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Urine measurements 
Urine creatinine and glucose were determined enzymatically on the Roche/Hitachi cobas 
system (Roche Germany). Urine sodium and potassium were measured by ion-selective 
electrode methods on the Roche/Hitachi Cobas system (Roche, Germany). Urine total 
ketone body concentrations was quantified via a cyclic enzymatic method using Autokit 
Total Ketone Body (Wako Chemicals, Germany). Total urinary protein was measured by 
turbidimetric method on the Roche/Hitachi Cobas system (Roche Germany). Creatinine 
clearance, as an estimation for glomerular filtration rate, was calculated from urinary and 
plasma creatinine levels. Creatinine clearance = (urine creatinine x urine flow) / (plasma 
creatinine x body weight) and presented as mL/min/kg body weight. 

Quantitative real-time polymerase chain reaction
RNA was extracted from the non-infarcted left ventricular free wall remote from the 
infarction using TRIzol reagent (Invitrogen Corp., Carlsbad, CA, USA) and the NanoDrop 
device was used to measure RNA concentration. Random primer mix was used to prepare 
first-stranded DNA and thereafter used as a template for quantitative real-time reverse-
transcriptase-PCR (qRT-PCR) (25 ng/reaction). mRNA levels obtained by a qRT-PCR using 
C1000 Thermal Cycler CFX384 Real-Time PCR Detection System (Bio-Rad Laboratories, 
Veenendaal, The Netherlands). 36B4 reference gene were used to correct all measured 
mRNA expression. Primer sequences can be found in supplementary Table S1. 
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Supplementary Figures
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FIGURE S1. (A) Daily food intake. (B) Daily water intake. (C) Body weight at termination. Veh, Vehicle; EMPA, 
empagliflozin; EMPA-E, EMPA early; EMPA-L, EMPA late. Data are presented as means ± SEM. * p<0.05 vs. MI-Veh; 
#p<0.05 vs. Sham-Veh.

P
la

sm
a 

P
o

ta
ss

iu
m

 (
m

m
o

l/l
)

V e h E M P A V e h E M P A -E E M P A -L
0

2

4

6

S h a m M I

P
la

s
m

a
 S

o
d

iu
m

 (
m

m
o

l/
l)

V e h EM P A V e h E M P A -E E M P A -L
0

1 0 0

1 2 5

1 5 0

S h a m M I

P
la

sm
a 

g
lu

co
se

 (
m

m
o

l/L
)

V e h EM P A V e h E M P A -E E M P A -L
0

5

1 0

1 5

2 0

S h a m M I

%
 H

e
m

a
to

c
ri

t

V e h EM P A V e h E M P A -E E M P A -L
0

2 0

4 0

6 0

S h a m M I

A

C

B

D

Figure S2.

FIGURE S2. (A) % Hematocrit levels. (B) Plasma glucose levels. (C) Plasma sodium levels. (D) Plasma potassium 
levels. Veh, Vehicle; EMPA, empagliflozin; EMPA-E, EMPA early; EMPA-L, EMPA late. Data are presented as means ± 
SEM. *p< 0.05 vs. MI-Veh; #p< 0.05 vs. Sham-Veh.
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Supplementary Tables

TABLE S1. List of primers used in this study.

Transcript Forward primer (5’ - 3’) Reverse primer (5’ - 3’)

36B4 GTTGCCTCAGTGCCTCACTC GCAGCCGCAAATGCAGATGG

ANP ATGGGCTCCTTCTCCATCAC TCTACCGGCATCTTCTCCTC

α-MHC GACAACTCCTCCCGCTTTGG AAGATCACCCGGGACTTCTC

β-MHC TCTGGAGGCCTTTGGCAATG GATGCCAACTTTCCTGTTGC

Collagen I ACAGCGTAGCCTACATGG AAGTTCCGGTGTGACTCG

Procollagen GAGGGCGAGTGCTGTCCTT GGTCCCTCGACTCCTATGACTTC

PGC1-α ACCGTAAATCTGCGGGATGATG CATTCTCAAGAGCAGCGAAAGC

GLUT4 CCGTGGCCTCCTATGAGATACT AGGCACCCCGAAGATGAGT

PDK4 CCTTCACACCTTCACCACAT AAAGAGGCGGTCAGTAATCC

CPT1-α CCTACCACGGCTGGATGTTT TACAACATGGGCTTCCGACC

BDH1 TCCTGAGAAGGGAATGTGGG AGTGAACTCCACCTCCCCAA

MCT1 GGCACCTCTTCTGGAATGCT GCCCCTCAAACCCACACATA

NOX2 CTGCCAGTGTGTCGGAATCT AATGGCCGTGTGAAGTGCTA

CYTB CCTCCCATTCATTATCGCCGCCCTTGC GTCTGGGTCTCCTAGTAGGTCTGGGAAA

TRPM2 GTACAACGAGCTGCTTCATTCC GCACCTCTAAGAGGCATCCATC

Mt D-loop short TCGGATGCCTTCCTCAACATAG TGCTGACCTTCATGCCTTGAC

Mt D-loop long CTACCATCCTCCGTGAAATC ACCAACCCTGAGAGGTATAG

TABLE S2. Hemodynamics parameters for sham-operated and post-MI rats.

Parameters Sham-Veh Sham-EMPA MI-Veh MI-EMPA-E MI -EMPA-L

SBP (mmHg) 114 ± 4 116 ± 4 118 ± 4 106 ± 4 113 ± 4

DBP (mmHg) 81 ± 4 82 ± 4 85 ± 3 75 ± 4 80 ± 4

LVESP (mmHg) 88 ± 9 106 ± 5 110 ± 4 93 ± 7 107 ± 4

LVEDP (mmHg) 13 ± 4 13 ± 1 14 ± 2 16 ± 1 15 ± 1

corrected dP/dt max 59 ± 2 53 ± 1 53 ± 2 50 ± 1 47 ± 2

corrected dP/dt min -64 ± 1 -55 ± 1 -52 ± 2 -47 ± 2 -45 ± 3

Data are presented as means ± SEM. *p< 0.05 vs. MI-Veh; #p< 0.05 vs. Sham-Veh.
SBP, systolic blood pressure; DBP, diastolic blood pressure; LVESP, left ventricular end-sytolic pressure; LVEDP, 
left ventricular end-diastolic pressure, dP/dtmax and dP/dtmin, the maximal rate of increase and decrease of left 
ventricular pressure, respectively. Veh, Vehicle; EMPA, empagliflozin; EMPA-E, EMPA early; EMPA-L, EMPA late.
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TABLE S3. Echocardiographic parameters for sham-operated and post-MI rats.

Parameters Sham-Veh Sham-EMPA MI-Veh MI-EMPA-E MI-EMPA-L

IVSd 1.91 ± 0.17 1.86 ± 0.07 1.67 ± 0.10 1.60 ± 0.11 1.81 ± 0.11

LVIDd 7.89 ± 0.27 8.03 ± 0.15 9.47 ± 0.22# 9.36 ± 0.24 9.10 ± 0.43

LVPWd 2.02 ± 0.15 2.32 ± 0.19 2.21 ± 0.14 2.06 ± 0.15 1.94 ± 0.09

IVSs 3.42 ± 0.20 3.45 ± 0.15 2.35 ± 0.17# 2.97 ± 0.36 2.89 ± 0.87

LVIDs 4.47 ± 0.15 4.30 ± 0.17 7.17 ± 0.27# 6.35 ± 0.34 6.29 ± 0.54

LVPWs 3.28 ± 0.17 3.24 ± 0.14 2.84 ± 0.14 2.95 ± 0.13 2.74 ± 0.16

FS (%) 43.9 ± 3.2 46.1 ± 2 23.1 ± 1.2# 32.6 ± 2.3* 31.7 ± 3.5*

EF (%) 73 ± 3 75 ± 2 43 ± 2# 54 ± 3* 52 ± 4*

Data are presented as means ± SEM. *p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh.
IVS, interventricular in diastole (d) and systole (s), respectively; LVID, left ventricular internal dimensions in both 
diastole (d) and systole (s); LVPW, the thickness of left ventricle posterior wall in diastole (d) and systole (s); FS, 
fractional shortening; EF, left ventricular ejection fraction.
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ABSTRACT

Background: The use of sodium–glucose co-transporter 2 inhibitors (SGLT2i) is currently 
expanding to cardiovascular risk reduction in non-diabetic subjects, but renal (side-)effects 
are less well studied in this setting. 

Methods: Male non-diabetic Sprague-Dawley rats underwent permanent coronary ar-
tery ligation to induce MI, or sham surgery. Rats received chow containing empagliflozin 
(EMPA) (30 mg/kg/day) or control chow. Renal function and electrolyte balance were meas-
ured in metabolic cages. Histological and molecular markers of kidney injury, parameters 
of phosphate homeostasis and bone resorption were also assessed.

Results: EMPA resulted in a two-fold increase in diuresis, without evidence for plasma vol-
ume contraction or impediments in renal function in both sham and MI animals. EMPA 
increased plasma magnesium levels, while the levels of glucose and other major electrolytes 
were comparable among the groups. Urinary protein excretion was similar in all treatment 
groups and no histomorphological alterations were identified in the kidney. Accordingly, 
molecular markers for cellular injury, fibrosis, inflammation and oxidative stress in renal 
tissue were comparable between groups. EMPA resulted in a slight increase in circulating 
phosphate and PTH levels without activating FGF23-Klotho axis in the kidney and bone 
mineral resorption, measured with CTX-1, was not increased. 

Conclusions: EMPA exerts profound diuretic effects without compromising renal structure 
and function or causing significant electrolyte imbalance in a non-diabetic setting. The 
slight increase in circulating phosphate and PTH after EMPA treatment was not associated 
with evidence for increased bone mineral resorption suggesting that EMPA does not affect 
bone health.

Keywords: Sodium–glucose co-transporter 2 inhibitors • Diabetes • Heart failure • Renal 
function
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INTRODUCTION 

Sodium glucose co-transporter 2 inhibitors (SGLT2i) reduce cardiovascular (CV) events and 
prevent heart failure (HF) hospitalizations when given to diabetic subjects with either es-
tablished CV disease or with multiple risk factors for CV disease [1–3]. Furthermore, SGL-
T2i also appear to slow the progression of diabetic kidney disease in patients with type 2 
diabetes mellitus (T2D) [4–6]. On the other hand, it has also been suggested that SGLT2-in-
hibitors promote bone mineral reabsorption and may increase fracture risk in these pa-
tients [7–9].

The substantial reduction in HF hospitalizations observed in patients with T2D have led to 
the hypothesis that these drugs could also be beneficial in non-diabetic patients. Indeed, we 
and others have recently demonstrated that the SGLT2i EMPA improves cardiac function 
and ameliorates cardiac remodelling in non-diabetic animals with HF after a large myocar-
dial infarction (MI) [10,11]. The effects of SGLT2i on clinical outcomes are also currently un-
der investigation in several phase 3 clinical trials that include diabetic and non-diabetic HF 
patients (NCT03057977, NCT03057951, NCT03036124, NCT03619213). Recently, the Dapa-
gliflozin And Prevention of Adverse-outcomes in Heart Failure (DAPA-HF, NCT03036124) 
trial revealed that the SGLT2i dapagliflozin reduced the risk of worsening heart failure or 
cardiovascular mortality, regardless of the presence or absence of diabetes [12]. Improtant-
ly, dapagliflozin did not appear to compromise renal function [12].

SGLT2i have potent diuretic properties, which may partially explain their beneficial effects 
on HF-hospitalisations [13,14]. Nevertheless, the diuretic effects of SGLT2i could also limit 
the use of SGLT2i in HF patients without T2D. While diuretics are recommended to allevi-
ate congestion in HF patients, their side effects include plasma volume contraction, elec-
trolyte imbalance, renal dysfunction and even kidney injury [15,16]. As renal dysfunction 
is strongly associated with impaired outcome in HF patients [16–18], careful titration of 
diuretics is of paramount importance in HF [16]. While the effects of SGLT2i on renal func-
tion are well described in patients with T2D, little is known about the renal effects of SGLT2i 
in the non-diabetic context. We therefore aimed to determine the effects of empagliflozin 
(EMPA) on renal structure and function in non-diabetic rats with LV dysfunction after MI, 
as this is a realistic clinical scenario if not now, likely in the near future.

METHODS

The current analysis represents a renal substudy of a recently published article [10]. We 
refer to this publication for detailed description of the methods and the cardiometabolic 
effects. 
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Animals

The study was performed in male non-diabetic Sprague-Dawley rats weighing 250-280 
g (Envigo, The Netherlands). Animals were fed ad libitum and housed conventionally in 
groups of two to four rats with 12:12 h light-dark cycles. The study was approved by the local 
Animal Ethics committee (IvD number 16487-02-001) and we followed ARRIVE guidelines 
when reporting this study [19].

Myocardial infarction surgery 

Rats were randomized to HF or sham surgery under isoflurane anaesthesia. HF was in-
duced by permanent ligation of the proximal portion of the left coronary artery as previ-
ously described [20,21]. Sham operated rats underwent the same procedure but without 
coronary ligation. 

Investigational drug

Empagliflozin (BI 10773) was mixed with standard rat chow (R/M-H V1534-70, Ssniff, Germa-
ny) in a final concentration of 200 mg/kg intended to reach an average dose of 30 mg/kg/day. 

Experimental protocol 

As described previously, this study represents a renal-oriented sub study of a recently pub-
lished cohort of non-diabetic rats with LV dysfunction after MI [10]. Rats were treated with 
EMPA or chow starting either 2 days before surgery (EMPA-early) or 2 weeks after surgery 
(EMPA-late). After 10 weeks of treatment with EMPA or vehicle, rats were anesthetized, 
blood was drawn (either anti-coagulated with EDTA or sodium heparin) and the organs 
were rapidly excised. Kidney tissues were sectioned transversally and processed for immu-
nohistochemistry or snap-frozen for molecular analysis. Rats with an infarct size of less 
than 15% were excluded from analysis.

Metabolic cage 

Two weeks before termination, rats were placed in metabolic cages to monitor 24-h water 
and food intake and 24-h urine collection, as previously described [10]. After 24-h, blood 
samples were drawn from tail vein and plasma was collected. Plasma and urine were stored 
at -80 ˚C for later analysis.

Histology 

The kidney was sectioned transversally, fixed by immersion in 4% buffered formaldehyde 
solutions for 48 h (Klinipath, The Netherlands) and subsequently embedded in paraffin ac-
cording to standard procedures. Paraffin sections were stained with periodic acid Schiff 
(PAS), as described before [22]. Mesangial matrix expansion, focal glomerulosclerosis and 
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interstitial fibrosis were evaluated histomorphologically by an experienced renal patholo-
gist (HvG). 

Blood measurements 

Upon sacrifice, 8 ml of blood was drawn from the abdominal aorta and urine was obtained 
from the bladder. Routine plasma biochemistries (urea, creatinine, phosphorus, magnesi-
um, calcium, uric acid) were determined by Roche COBAS (Roche Diagnostics, Germany). 
Plasma parathyroid hormone (PTH) concentration was analyzed using Immutopics intact 
PTH ELISA kit 60-2500 (San Clemente, USA) according to the manufacturer’s protocol. Fi-
broblast growth factor 23 (FGF-23) level was measured in plasma using LSBio intact FGF-23 
ELISA kit according to the manufacturer’s protocol (Seattle, USA). Cross-linked C-terminal 
telopeptide of type I collagen (CTX-1) concentration in plasma was measured using RatLap-
sTM EIA kit (IDS, Boldon, UK). 

Urine measurements 

Routine urinalysis (total protein, creatinine and phosphorus) were determined on the Ro-
che COBAS (Roche Diagnostics, Germany). Creatinine clearance, as an estimation for glo-
merular filtration rate, was calculated from 24 h urinary and plasma creatinine levels, as 
previously described [10,22]. 

Quantitative real-time PCR

RNA was extracted from the kidney using TRIzol reagent (Invitrogen Corp., USA) and 
cDNA was synthesized by QuantiTect Reverse Transcription Kit (Qiagen, The Netherlands), 
as previously described [10], following manufacturer’s protocol. Relative gene expressions 
were determined by a qRT-PCR (Bio-Rad Lab, The Netherlands). 36B4 reference gene was 
used to correct all measured mRNA expression. Primer sequences can be found in the sup-
plementary Table S1. 

Statistical analysis 

Data are presented as means ± standard errors of the mean (SEM). To compare normally dis-
tributed parameters, One-way analysis of variance (ANOVA) followed by Tukey’s Post Hoc 
test was used. When data were not normally distributed, a non-parametric Kruskal-Wal-
lis test followed by a Mann-Whitney U test with correction for multiple comparisons was 
used. To compare EMPA and vehicle treatment independent of treatment allocation, an 
independent t-test or a Mann-Whitney U test was used, where appropriate. Differences 
were considered significant at p<0.05. IBM SPSS Statistics for Windows, Version 23.0 (IBM 
Corp, USA) was used to perform all statistical analysis.
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RESULTS

A total of 140 rats were randomized to MI or sham surgery, 47 rats died during the sur-
gical procedure and 20 rats with an infarct < 15% of the left ventricle were excluded from 
analysis, leaving a total of 73 rats for the current analysis. The final group sizes were 8 for 
the sham-vehicle (Sham-Veh) group, 19 for sham-EMPA group, 22 for MI-vehicle (MI-Veh) 
group, and 24 for MI-EMPA group. 

TABLE 1. Cardiovascular characteristics.

Parameters Sham-Veh Sham-EMPA MI-Veh MI-EMPA

MI size (%) 0 0 31.3 ± 1.5 33.5 ± 2.0

VWs/TL (mg/mm) 30.8 ± 0.4 30.7 ± 0.6 33.9 ± 0.5# 30.7 ± 0.6*

LVEF (%) 73 ± 3 75 ± 2 43 ± 2# 54 ± 2*

% Fibrosis 4.8 ± 1.7 3.95 ± 0.9 19.5 ± 2.5# 10.1 ± 0.6*

Cardiomyocyte CSA (µm2) 447.9 ± 158.3 450.4 ± 103.3 814.4 ± 49.0# 629.1 ± 28.6*

SBP (mmHg) 114 ± 4 116 ± 4 118 ± 4 109 ± 9

DBP (mmHg) 81 ± 4 82 ± 4 85 ± 3 78 ± 8

ANP mRNA (fold change) 1.00 ± 0.18 1.33 ± 0.24 6.51 ± 0.84# 3.67 ± 0.61*

𝛽-MHC/𝛼-MHC mRNA ratio (fold change) 1.00 ± 0.18 1.04 ± 0.07 1.98 ± 0.18# 1.16 ± 0.07*

Data are presented as means ± SEM. *p<0.05 vs. MI-Veh; #p< 0.05 vs. Sham-Veh.
Veh, Vehicle; EMPA, empagliflozin; MI, myocardial infarction; VW/TL, ventricular weight/tibia length; LVEF, 
LV ejection fraction, CSA, cross-sectional area; SBP, systolic blood pressure; DBP, diastolic blood pressure; ANP, 
atrial natriuretic peptides; 𝛽-MHC, myosin heavy chain isoform beta; 𝛼-MHC, myosin heavy chain isoform alpha.

General and cardiac effects of EMPA

A detailed description of the effects of EMPA on food and fluid intake as well as cardiac 
structure and function in this cohort have been recently published [10], as a reference they 
are depicted in Table 1. Food intake was comparable between vehicle and EMPA treated 
groups (Table 2), resulting in an average daily intake of 30 mg/kg/day of EMPA. While the 
size of the MI was comparable between the vehicle and the EMPA treatment groups, EMPA 
resulted in a marked improved cardiac function and attenuated echocardiographic and his-
tological indices for cardiac remodelling (Table 1).
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FIGURE 1. Effect of empagliflozin on parameters of renal structure. (A) Ratio of wet kidney weight to tibia length; 
n=8-24/group. (B) 24-hour urinary protein excretion; n=8-24/group. (C) Representative images of PAS-stained kidney 
sections (Scale bar: 100 µm); n=8/group. Veh, Vehicle; EMPA, empagliflozin. Data are presented as means ± SEM. 
*p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh.

Effects of EMPA on renal structure

To investigate the effect of EMPA on the renal structure, wet weight of the kidney and 24-h 
protein excretion were measured and kidney sections stained with PAS were analysed. 
The relative wet kidney weight was slightly increased in sham and MI animals treated with 
EMPA compared to vehicle-treated rats (Figure 1A). Daily protein excretion did not differ 
among the groups, indicating that EMPA did not cause proteinuria (Figure 1B). Further-
more, histomorphological changes were not observed in sham and MI animals treated with 
EMPA or vehicle (Figure 1C).
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FIGURE 2. Effect of empagliflozin on markers of kidney damage. (A) Measurements of mRNA levels to assess mo-
lecular markers for kidney injury; n=8-24/group. (B) Measurements of mRNA levels to assess molecular markers for 
fibrosis ; n=8-24/group. (C) Measurements of mRNA levels to assess molecular markers for inflammation; n=8-24/
group. (D) Measurements of mRNA levels to assess molecular markers for oxidative stress; n=8-24/group. Veh, Ve-
hicle; EMPA, empagliflozin. Data are presented as means ± SEM. *p<0.05 vs. MI-Veh; #p<0.05 vs. Sham-Veh.

To assess molecular markers for kidney damage, mRNA expression of markers for kidney 
injury, fibrosis, inflammation and oxidative stress were determined. The cellular injury 
markers kidney injury molecule-1 (KIM-1), tissue inhibitor of metalloproteinases 2 (TIMP2) 
and Cystatin C, that is used as a marker to estimate GFR,  as well as the kidney fibrosis 
markers transforming growth factor beta-1 (TGF-β1), alpha-smooth muscle actin (α-SMA) 
and Galectin-3 were comparable between groups (Figure 2A-B). Moreover, the inflammato-
ry markers interleukin 6 (IL-6) and interleukin 1 beta (IL-1β) and the oxidative stress mark-
ers NADPH oxidase 4 (NOX4) and the nuclear factor (erythroid-derived 2)-like 2 (NRF2) 
were also comparable (Figure 2C-D). Taken together, our results indicate that the small 
increase in kidney weight observed in our cohort was not associated with evidence of struc-
tural damage to the kidney. The increase in kidney weight is probably caused by non-patho-
logical fluid accumulation that was removed by alcohol solutions in dehydration step.
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Effects of EMPA on electrolytes and renal function 

EMPA resulted an increased in sodium and glucose excretion as well as a twofold increase in 
urine production (Table 2). Fluid intake was also twofold higher in EMPA-treated sham and 
MI groups and there was no evidence for plasma volume contraction as evidenced by com-
parable haematocrit levels (Table 2) and plasma urea concentrations (Figure 3A). Similarly, 
creatinine clearance was comparable between the groups (Figure 3B). No changes were ob-
served in plasma concentrations of glucose, sodium and potassium (Table 2). Plasma calci-
um and uric acid (Figure 3C and 3D) were also comparable between EMPA and vehicle-treat-
ed groups. EMPA has been shown to increase magnesium levels in patients with diabetes 
[23] and we also detected a small increase in plasma magnesium levels in the EMPA-treated 
sham and MI groups (Figure 3E).

TABLE 2. General characteristics of rats with LV dysfunction and sham-operated animals.

Parameters Sham-Veh Sham-EMPA MI-Veh MI-EMPA

Water intake (ml /24h) 33.7 ± 0.9 59.8 ± 1.3# 31.9 ± 0.6 63.4 ± 1.3*

Food intake (g/24 h) 32.9 ± 0.3 33.3 ± 0.3 32.9 ± 0.3 33.6 ± 0.2

Urine Production (ml/24 h) 13.56 ± 1.16 32.79 ± 1.48# 14.35 ± 0.66 34.09 ± 1.40*

Plasma glucose (mmol/l) 13.72 ± 1,47 12.31 ± 0.90 13.72 ± 0.57 12.62 ± 0.87

Plasma sodium (mmol/l) 138.83 ± 1.05 138.88 ± 0.34 139.30 ± 0.36 140.00 ± 0.47

Plasma potassium (mmol/l) 5.08 ± 0.25 4.80 ± 0.12 4.83 ± 0.07 4.79 ± 0.08

Glucose excretion (mmol/day) 0.01 ± 0.01 8.98 ± 0.84# 0.01 ± 0.00 11.07 ± 0.92*

Sodium excretion (mmol/day) 1.93 ± 0.08 2.87 ± 0.15# 1.85 ± 0.15 3.13 ± 0.17*

Hematocrit (L/L) 45.85 ± 1.39 48.81 ± 0.90 48.42 ± 1.05 49.16 ± 0.71

Insulin/glucagon ratio 4.15 ± 0.77 1.65 ± 0.22# 4.42 ± 0.78 1.66 ± 0.10*

Data are presented as means ± SEM.  * p<0.05 vs. MI-Veh; #p< 0.05 vs. Sham-Veh.
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Effects of EMPA on phosphate homeostasis 

Phosphate homeostasis is regulated by a complex process involving intestinal, renal and 
bone handling [24]. Plasma phosphate plays an essential role on bone health [25]. It has been 
suggested that SGLT2i stimulate diabetes-related bone resorption and can increase the 
fracture-risk in patients with diabetes [7,26]. To assess whether this occurs in non-diabetic 
rats with HF, we evaluated several parameters of phosphate homeostasis namely plasma 
levels of PTH and FGF23 as well as the renal expression of Klotho and renal type 2a sodium-
phosphate co-transporter (NaPi-2a). 

EMPA increased plasma phosphate levels by 8% (Figure 4A) and increased the urinary excre-
tion of phosphate (Figure 4B). Furthermore, EMPA increased circulating PTH levels (Figure 
4C). Plasma levels of FGF23 were not affected by EMPA (Figure 4D), nor was kidney expres-
sion of klotho (Figure 4E) and NaPi-2a (Figure 4F) different in sham and MI groups. In ad-
dition, EMPA had no effect on bone mineral resorption marker CTX-1 in both sham and 
MI animals. These findings suggest that EMPA marginally increases plasma phosphate and 
PTH levels without affecting FGF23-klotho axis thus does not affect bone resorption in a 
non-diabetic setting.

DISCUSSION 

We previously discovered that the anti-diabetic drug empagliflozin (EMPA) improves car-
diac function in non-diabetic rats with HF after MI, suggesting that it may also benefit 
non-diabetic HF patients. In the current analysis we aimed to determine the renal effects 
of EMPA in non-diabetic HF and were able to demonstrate that (1) the beneficial effects of 
EMPA on cardiac function and remodelling were not offset by detrimental consequences 
on renal structure and function. (2) The marked diuretic effects of EMPA were not associ-
ated with severe plasma volume contraction, nor did EMPA alter plasma levels of glucose 
and (most) electrolytes. (3) Structural, functional and molecular analyses did not provide 
any suggestion for EMPA-induced (long term) renal damage in rats with or without HF. (4) 
EMPA increased circulating magnesium levels. (5) EMPA increased circulating phosphate 
and PTH levels without activating the FGF23-klotho axis. Accordingly, EMPA did not pro-
mote bone mineral resorption. These findings suggest that the beneficial effect of EMPA in 
non-diabetic HF are not offset by renal side effects or an increased fracture risk. 

Renal dysfunction is common in HF [27], and worsening renal function (WRF) has been 
associated with mortality and HF hospitalisations [17]. Moreover, HF has been associated 
with elevated galectin-3 that play a central role in both heart and kidney fibrosis [28,29]. 
Congestion is one of the clinical hallmarks of HF and congestion can also promote renal 
dysfunction [30,31]. HF patients are often treated with diuretics to prevent or treat con-
gestion, but little is known about their effect on prognosis [16,32]. In high doses, diuretics 
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activate the renin-angiotensin-aldosterone system (RAAS) and may thereby promote HF 
progression [33,34]. Furthermore, diuretics can cause plasma volume contraction, worsen 
renal function and can cause various electrolyte disturbances including hypokalemia, hypo-
magnesemia, hypocalcemia, hyponatremia, and hyperuricemia [35–37]. While mineralo-
corticoid receptor antagonists (MRAs) have mild diuretic effects and do improve prognosis 
in HF with reduced ejection fraction (HFrEF) [38], hyperkalemia and WRF are common side 
effects of these drugs as well [39]. Our findings showed that the potent diuretic effects of 
EMPA are not accompanied by renal dysfunction and electrolyte imbalance are reassuring, 
and SGLT2i may offer a safe opportunity to alleviate congestion. 

An emerging hypothesis is that SGLT2i may directly inhibit the Na+/H+ exchanger isoform 
1 (NHE1) in the myocardium and NHE isoform 3 (NHE3) in the kidney [40–43]. It is thought 
that the suppression of NHE1 by SGLT2i reduces cardiac, injury, hypertrophy and fibro-
sis as well as reduce in the risk of cardiovascular death and hospitalization for heart fail-
ure [40,41], and AMPK might also mediate indirect SGLT2i–NHE interactions in the heart 
[44]. Whereas the suppression of NHE3, which is increased in HF, leads to the inhibition of 
proximal tubular reabsorption of sodium and thereby decrease intravascular volume and 
cardiac wall stress [40,41,45]. Thus, inhibition of NHE1 and NHE3 may be beneficial to pre-
vent and/or treat heart failure.

The considerable increase in diuresis observed with SGLT2i suggests that these drugs could 
be classified as diuretics. A study in patients with T2D demonstrated that SGLT2i dapa-
gliflozin may have a diuretic-like effect beyond the glycemic control [46]. The mechanisms 
of SGLT2i mediated diuresis are, however, very different from classical diuretics prescribed 
to HF patients. SGLT2i function as osmotic diuretics and reduce interstitial fluid volume 
without causing major changes to plasma volume and sodium levels, whereas the reverse is 
true for loop diuretics [47,48]. Another difference between SGLT2i and classical diuretics is 
that SGLT2i promote uric acid excretion and may therefore prevent gout [49]. Nevertheless, 
the cardiovascular benefits of SGLT2i in high risk exceed the benefits of classical diuretics, 
making it highly unlikely that these benefits are merely explained by enhanced diuresis [50]. 
Future studies should better map the interplay and interactions of joint use of thiazides and 
loop diuretics and SGLT2i. 

The US Food and Drug Administration (FDA) has raised the concern for acute kidney injury 
(AKI) associated with SGLT2i canagliflozin and dapagliflozin use [51]. However, a longitu-
dinal analysis from two large health system registries, Mount Sinai chronic kidney disease 
registry and the Geisinger Health System cohort, demonstrated that SGLT2i use is not as-
sociated with an increased risk of AKI in patients with T2D [52]. Furthermore, a study by 
Cahn et al. confirmed that SGLT2i do not increase risk for AKI compared with DPP4 in-
hibitors among patients with T2D [53]. DAPA-HF trial revealed that the beneficial effects 
of SGLT2i dapagliflozin was not related to any adverse events on renal function [12]. Our 
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findings support and extend this observation as we found no evidence of renal damage, by 
either functional (plasma urea, creatinine clearance) or structural (proteinuria, renal histo-
pathological analysis) renal damage after EMPA treatment. Similarly, we have performed 
a comprehensive screening of the relevant markers for kidney injury, fibrosis, inflamma-
tion and oxidative stress, and no significant differences were observed among the various 
groups, providing molecular proof that there are no damaging processes occurring in kid-
neys of rats treated with SGLT2i.

SGLT2i increases circulating Mg2+ levels in individuals with T2D and therefore it has been 
proposed that the increase in circulating Mg2+ could at least partially underlie the cardio-
beneficial effects of SGLT2i [23,54,55]. Mg2+ homeostasis is maintained by the interaction 
of intestine, bone and kidneys [56,57]. Several hormones have been suggested to affect the 
Mg2+ balance. Studies in rats showed that Mg2+ reabsorptive capacity in the distal segment 
of the kidney is increased after glucagon and PTH infusion [58,59]. Insulin causes a shift 
of magnesium from the extracellular to the intracellular space, resulting in a decrease in 
plasma magnesium and an increase in erythrocyte magnesium content in both healthy non-
diabetics and diabetic individuals [60,61]. In our study, we observed that EMPA reduced in-
sulin/glucagon ratio (Table 2) and increased PTH levels in plasma (Figure 4C). Building upon 
these observations, our data suggest that increases in plasma magnesium levels are most 
probably explained by the effects of EMPA on insulin, glucagon, and PTH. 

Our observation demonstrated that EMPA caused a slight but significant increase in se-
rum phosphate and PTH concentrations, and is in line with similar observations in patients 
with or without diabetes [62–64]. The increase in PTH levels has raised the concern that 
SGLT2i may promote bone mineral resorption and increase fracture risk [62]. The putative 
mechanisms are sought in the fact that SGLT2i increase tubular sodium concentrations and 
increase renal phosphate reabsorption through enhanced activity of sodium-phosphate co-
transporter (NaPi) [62]. The resultant increase in plasma phosphate levels will then trigger 
a reactive increase in PTH secretion by the parathyroid gland and the secretion of FGF23 
by osteocytes. PTH and FGF-23 promote bone resorption and reduce bone mineralisation, 
respectively, and are both implicated in osteoporosis [24,65]. Furthermore, both factors 
suppress the activity of NaPi-2a and NaPi-2c in the kidney which promotes urinary phos-
phate excretion [66]. A study by Weir et al. demonstrated that in patients with T2D receiving 
SGLT2i canagliflozin versus placebo, minimal increases in serum phosphate and magne-
sium were within normal limits and has no clinical relevance [67]. While we did observe an 
increase in plasma phosphate and PTH levels, the observed changes were within physiologi-
cal range [68]. Furthermore, calcium levels were unaltered and we did not find evidence for 
enhanced bone resorption. Plasma FGF23 and renal expression of NaPi-2a were also unal-
tered, indicating that EMPA did not result in the activation of the FGF-23-Klotho axis. In 
addition, no effect on plasma CTX-1 was noted in both vehicle and empa-treated animals. 
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These results are in contrast with observations by Thraikill et al. who studied a model for di-
abetic bone disease [7]. Our findings are also in line with recent evidence that demonstrated 
that SGLT2i do not result in a net increase in fracture risk [69,70]. Taken together, our data 
suggest that EMPA does not affect the bone mineral resorption in a non-diabetic context.

STUDY LIMITATIONS

Despite strengths related to the direct measures of renal structure, function and other 
physiological parameters, our study does have limitations. In addition to the inherent limi-
tations associated with our experimental heart failure model and differences among spe-
cies, there are a number of specific limitations to our study. First, in accordance with the 
previous studies, our post-MI HF model did not induce renal dysfunction in rats [71,72]. 
Our findings may therefore not reflect the effects of EMPA in patients with both cardiac and 
renal dysfunction. Second, we compared EMPA with placebo in this study and therefore 
cannot extrapolate whether there will be a meaningful interaction with other HF drugs, in-
cluding diuretics. Third, our study was not focussed on bone health and we did not perform 
direct measurements of bone mineral density. Nevertheless, our study does provide com-
pelling evidence suggesting that the cardiac benefits of EMPA are not associated with detri-
mental renal consequences or impediments in bone health. Another potential limitation of 
our study was the exclusion of 20 rats with small infarctions because their cardiac function 
is close to normal. As a sensitivity analysis we performed all analysis both with and without  
rats with small infarctions, and no differences in the outcomes were observed (data not 
shown). Further research is clearly required to ascertain whether the improvement of car-
diac function was associated with diuretic properties of EMPA treatment, or, improvement 
of cardiac function caused the diuresis.

CONCLUSION

SGLT2 inhibition with EMPA exerts profound diuretic effects without compromising renal 
structure and function or causing significant electrolyte imbalance. The slight increase in 
circulating phosphate and PTH after EMPA treatment was not associated with evidence for 
increased bone mineral resorption suggesting that EMPA does not affect bone health.
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SUPPLEMENTARY MATERIAL

Supplementary Table

TABLE S1. List of primers used in this study.
Genes Forward primer (5’-3’) Reverse primer (5’-3’)

KIM-1 AGAGAGAGCAGGACACAGGCTT ACCCGTGGTAGTCCCAAACA

TIMP2 TGGACGTTGGAGGAAAGAAG TGTCCCAGGGCACAATAAAG

Cystatin C AGCGAGTACAACAAGGGCAGCAAC TTGTCAGGGTGTGTGTGCCTTTCC

TGF-β1 AAGAAGTCACCCGCGTGCTA TGTGTGATGTCTTTGGTTTTGTCA

α-SMA CATCATGCGTCTGGACTTGG TCACGCTCAGCAGTAGTCAC

Galectin-3 CCCGCTTCAATGAGAACAAC ACCGCAACCTTGAAGTGGTC

IL-6 AGCGATGATGCACTGTCAGA TAGCACACTAGGTTTGCCGA

IL-1β TGTGATGAAAGACGGCACACC GGGAACTGTGCAGACTCAAC

NOX4 ATGTTGGGCCTAGGATTGTGT AAGTTCAGGGCGTTCACCAA

NRF2 ATCCAGACAGACACCAGTGGATC GGCAGTGAAGACTGAACTTTCA

36B4 GTTGCCTCAGTGCCTCACTC GCAGCCGCAAATGCAGATGG

Klotho CGTGAATGAGGCTCTGAAAGC GAGCGGTCACTAAGCGAATACG

NaPi-IIa CCAACATCGGGACCTCTGTC CCACCACGGATGTTGAAGGA

ANP ATGGGCTCCTTCTCCATCAC TCTACCGGCATCTTCTCCTC

α-MHC GACAACTCCTCCCGCTTTGG AAGATCACCCGGGACTTCTC

β-MHC TCTGGAGGCCTTTGGCAATG GATGCCAACTTTCCTGTTGC
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ABSTRACT

While patients with type 2 diabetes mellitus (T2DM) are at increased risk to develop atrial 
fibrillation (AF), the mechanistic link between T2DM and AF-susceptibility remains unclear. 
Common co-morbidities of T2DM, particularly hypertension, may drive AF in the setting of 
T2DM. But direct mechanisms may also explain this relation, at least in part. In this regard, 
recent evidence suggests that mitochondrial dysfunction drives structural, electrical and 
contractile remodelling of atrial tissue in patients T2DM. Mitochondrial dysfunction may 
therefore be the mechanistic link between T2DM and AF and could also serve as a therapeutic 
target. 

An elegant series of experiments published in Cardiovascular Diabetology provide compelling 
new evidence to support this hypothesis. Using a model of high fat diet (HFD) and low-dose 
streptozotocin (STZ) injection, Shao et al. provide data that demonstrate a direct association 
between mitochondrial dysfunction and the susceptibility to develop AF. But the authors also 
demonstrated that the sodium-glucose co-transporter 2 inhibitors (SGLT2i) empagliflozin 
has the capacity to restore mitochondrial function, ameliorate electrical and structural 
remodelling and prevent AF. These findings provide a new horizon in which mitochondrial 
targeted therapies could serve as a new class of antiarrhythmic drugs. 

Keywords: Mitochondria • Diabetes • Atrial fibrillation • Sodium-glucose co-transporter-2 
inhibitors
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INTRODUCTION

Type 2 diabetes mellitus (T2DM)  is a major cardiovascular (CV) risk factor, and its global 
prevalence is predicted to increase from 425 million to 600 million by the year 2045 [1]. 
The projected number of individuals with atrial fibrillation (AF) in the European Union 
could reach 14-17 million by 2030 [2]. T2DM and AF have both emerged as cardiometabolic 
epidemics [1,2].  Patients with T2D are at a 40% increased risk to develop new-onset AF 
[3–5] and the risk of new-onset AF increased gradually with advancing diabetic stage [6]. 
Furthermore, patients with T2D and AF are also at increased risk to for complications of AF 
such as stroke and systemic embolisms and hospitalisations for heart failure (HF) [7–9]. In 
addition, the evidence has suggested that these patients may actually benefit from the use of 
non-vitamin K oral anticoagulants (NOACs) given the demonstrated efficacy and improved 
safety profile as compared to warfarin [10]. This improved safety profile was also confirmed 
in ARISTOTLE trial [11].  

The mechanism responsible for the high incidence and increased severity of AF in patients 
with T2DM is the subject of intense speculation but remains largely enigmatic. Patients 
with AF and T2DM share common comorbidities such as hypertension, atherosclerosis and 
obesity [12]. Targeted therapy of risk factors has been shown to improve AF outcomes [13]. 
An observational cohort study from Korean National Health Insurance Service database 
suggests avoiding body weight fluctuation, regardless weight gain or weight loss, is 
important to prevent AF development and to decrease the risk [14,15].

Interestingly, an experimental study by Chen et al. showed that insulin resistance promotes 
interstitial fibrosis and alters calcium handling that induce arrythmogenesis in the atria [16]. 
Morphological and functional comparisons of atrial tissue from patients with or without 
diabetes have revealed that fibrosis was more elevated in diabetic atria [17]. Furthermore, 
atria from patients with T2DM and AF consistently display evidence for increased oxidative 
stress, suggesting that the oxidative stress and/or underlying mechanisms may represent a 
T2DM-specific therapeutic target for AF  [18,19]. 

The myocardium requires tremendous amounts of energy in the form of adenosine 
triphosphate (ATP) to sustain its continuous mechanical work [20]. The majority of this 
energy is generated through oxidative phosphorylation in mitochondria, which comprise 
about 30% of the myocardial volume. Mitochondrial energy provision is not only essential 
for contraction and relaxation, but calcium handling by the sarcoplasmic reticulum and 
ion channel homeostasis are also critically dependent on ATP availability. In addition, 
mitochondria also important myocellular storage compartments and alterations in 
mitochondrial calcium handling contribute to arrhythmogenesis, pathological cardiac 
remodelling, and apoptosis. Mitochondria are also the main cardiac source of reactive 
oxygen species (ROS), which originate from the electron transport chain during oxidative 
phosphorylation. Under physiological conditions, ROS-induced myocardial damage is 
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minimized through tight control of the mitochondrial redox balance and an efficient 
and dynamic mitochondrial quality control program. Mitochondrial quality control/
mitochondrial dynamics ensure the fitness of the mitochondrial population through 
continuous quality checks, the elimination of dysfunctional mitochondrial and promoting 
growth of new organelles [21]. 

In many patients with heart disease these protective mechanisms fall short, resulting 
in increases in mitochondrial ROS, reductions in myocardial ATP and the accumulation 
dysfunctional mitochondria. While mitochondrial dysfunction has been recognised as a 
therapeutic target in other heart diseases such as heart failure, the role of mitochondrial 
dysfunction in arrhythmogenesis is not well described. In an elegant study published in 
Cardiovascular Diabetology, Shao et al. confirm and extend upon previous evidence for a 
mechanistic link between T2DM, mitochondrial dysfunction and AF [22]. In addition, and 
rendering translational importance, the authors demonstrate that the sodium-glucose 
co-transporter 2 inhibitors (SGLT2i) empagliflozin can reverse mitochondrial dysfunction 
and ameliorate the susceptibility to develop AF in rats with T2DM. Together, these findings 
indicate that mitochondrial dysfunction is a potentially treatable cause of AF, for which 
therapeutic interventions are already available. In the current commentary we will summarize 
contemporary evidence for the role of mitochondria in arrhythmogenesis in patients with AF 
and also discuss the therapeutic perspectives provided by the study by Shao et al. [22]. 

MITOCHONDRIAL DYSFUNCTION IN T2DM AND AF

Mitochondrial dysfunction has been described in many organs of patients with T2DM, including 
the atria [23]. For instance, mitochondria isolated from the atria of patients with diabetes 
display reduced mitochondrial respiration and increased oxidative stress, when compared to 
subjects without diabetes [24]. The mitochondrial architecture and the assembly of the electron 
transport chain are also altered in patients with T2DM and these ultrastructural changes appear 
to be even more pronounced in the presence of AF, suggesting a reciprocal relation [25]. 

Indeed, abnormal mitochondrial structure and function have been reported in animal model 
of AF [26], Moreover, the atria of non-diabetic patients with AF already display enhanced 
mitochondrial DNA damage [27,28], and reduced respiratory capacity [27,29]. Mitochondrial 
dynamics are also altered in patients with AF, characterized by a reduction in  mitochondrial 
biogenesis[30]. Specifically, Jeganathan et al. observed that the main regulator of mitochondrial 
biogenesis peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) 
is downregulated in atrial tissue from patients with post-operative AF [30]. Furthermore, 
molecular markers for mitochondrial volume are also reduced in the atrial tissue from patients 
with AF [31]. It remains uncertain whether the observed mitochondrial dysfunction is a cause 
or a consequence of AF. 
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HOW DOES MITOCHONDRIAL DYSFUNCTION LEAD TO AF?

As described above, dysfunctional mitochondria are less able to generate ATP and produce 
more ROS. Excessive ROS production can disturb cellular electrical activity in two ways. 
First, ROS has pro-arrhythmic effects by modulating redox-sensitive regulatory domains of 
multiple proteins involves in excitation contraction coupling, including sarcoendoplasmic 
reticulum (SR) calcium transport ATPase (SERCA), Na+ channels, K+ channels, L-type 
Ca2+ channels (LCCs), ryanodine receptors (RyRs), Na+/Ca2+ exchanger (NCX) [32–36]. In 
addition, ROS can also directly activate signalling such as Ca2+/calmodulin dependent 
kinase II (CaMKII). CaMKII is a multifunctional protein that serves as a nodal regulator of 
many cellular responses, including excitation-contraction coupling, excitation-metabolism 
coupling and excitation-transcription coupling [37–40]. CaMKII can be activated by 
multiple stimuli, including but not restricted to sustained increases in mitochondrial ROS 
and hyperglycaemia [37,41]. The combination of hyperglycaemia and increased ROS which 
occurs in diabetic atria sets the ideal stage for robust and sustained CaMKII activation, 
which has been identified as a major driver of arrhythmogenicity in diabetic hearts, and 
may at least partially explain the high incidence of AF in patients with diabetes [41]. 

Bioenergetic deficiencies caused by mitochondrial dysfunction may also result in impediments 
in ion channels homeostasis. [42]. Reductions in ATP levels can lead to the activations of 
sarcoplasmic ATP-sensitive potassium (KATP) channels, causing shortening of action potential 
duration (APD) and reduction of action potential amplitude (APA) [43]. Furthermore, reduced 
mitochondrial ATP production suppresses the activity of SERCA and  Na+/K+ ATPase, which 
will alter calcium (Ca2+) handling [44,45] and increase the susceptibility to develop AF [46]. 

Finally, oxidative stress and bioenergetic deficiencies can also promote cardiomyocyte 
hypertrophy and interstitial fibrosis, two central drivers of atrial remodelling that promote 
AF [47]. As described above, atrial remodelling is a hallmark of AF and the degree of atrial 
remodelling is more pronounced in individuals with diabetes [48]. In summary, mitochondrial 
dysfunction in atria from diabetic subject can promote AF through multiple mechanisms 
summarized in Figure 1. These findings suggest that targeting mitochondria could represent 
a feasible therapeutic strategy to reduce the burden of AF in diabetic patients. 

SGLT2i are designed to reduce hyperglycaemia [49] but have been shown to improve 
mitochondrial function in ventricular myocardium of diabetic and non-diabetic animal models 
of heart failure [50,51].  Dr. Shao et al. tested the hypothesis that these drugs may also preserve 
mitochondrial function and reduce atrial remodelling in diabetic atria [22]. For this purpose, 
they employed a combination of high fat diet (HFD) and low-dose streptozotocin (STZ) injection 
to induce T2DM in male rats. HFD and low-dose of STZ model has been used as a reasonable 
animal model of T2DM. Similar to pathophysiology in human, this model demonstrates the 
progression from insulin resistance to hypoinsulinemia and hyperglycaemia [52]. 
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FIGURE 1. Contribution of diabetes to pathophysiology of atrial fibrillation. OXPHOS, oxidative phosphorylation; 
ATP, adenosine triphosphate; ROS, reactive oxygen species; CaMKII, Ca2+/calmodulin dependent kinase II; AF, atrial 
fibrillation. Part of illustration elements courtesy of Servier Medical Art.

Animals with non-fasting blood glucose levels above 16.7 mmol/l measured one week after 
STZ injection were considered diabetic. Diabetic rats were then randomized to intragastric 
administration of empagliflozin (10 or 30 mg /kg/day) or vehicle for the duration of 8 
weeks. Rats on a normal diet that did not receive HFD or STZ served as controls. After 8 
weeks, cardiac structure and function were measured by echocardiography and a Millar 
conductance catheter. After sacrifice, atrial tissue was harvested to study histological 
and molecular indices of atrial remodelling and mitochondrial dynamics. In addition, 
mitochondria were isolated and their respiratory capacity and membrane potential was 
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probed with the Oroboros system. In separate series of experiments, the hearts were excised 
and retrogradely perfused using a Langendorff setup to test AF-susceptibility with a well-
established burst pacing protocol. 

As expected, empagliflozin lowered blood glucose levels and reduced body weight. 
Moreover, treatment with high dose empagliflozin prevented LA enlargement and reduced 
cardiomyocyte hypertrophy and interstitial fibrosis. The susceptibility to AF was also 
normalized to control levels. Empagliflozin reduced oxidative stress as evidenced by increased 
superoxide dismutase (SOD) activity and reduced malondialdehyde (MDA) concentrations. 
Furthermore, the reductions in mitochondrial respiration and mitochondrial membrane 
potential which occurred in diabetic animals were restored to control levels by empagliflozin. 
Finally, the recovery of mitochondrial function by empagliflozin were accompanied by 
similar improvements in mitochondrial dynamics. 

The study by Shao et al. [22] is worth noticing for several reasons. 

First, most studies with SGLT2i have focussed on ventricular myocardium. The current 
study is the first to show that SGLT2i prevent electrical and structural remodelling of atria 
and reduces the propensity to develop AF. It was recently shown that SGLT2i can improve 
outcome in heart failure patients with or without diabetes [53]. Mitochondrial dysfunction 
and atrial remodelling are relatively independent of the presence of diabetes and similar mito-
protective effects have been observed in non-diabetic models. The beneficial effects of SGLT2i 
could therefore also translate into similar generic benefits patients with AF. Nevertheless, it 
is also possible that the benefits on the atria occur via changes in plasma metabolites or other 
indirect effects. Thus, further research is required to confirm this hypothesis. 

Diabetes

Atrial �brillation

Mitochondrial 
dysfunction

SGLT2 inhibitors

Atria

FIGURE 2. Proposed mechanisms for a SGLT2 inhibitors-induced antiarrhythmic effect in diabetes. SGLT2, sodium-
glucose co-transporter 2. Part of illustration elements courtesy of Servier Medical Art.
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Second, while several studies have provided suggestive evidence that empagliflozin improves 
myocardial function, the authors are the first to convincingly show that SGLT2i improve 
mitochondrial respiration at the organelle level. In addition, the authors are the first to 
demonstrate that these mito-protective effects also occur in the atrium. In addition, the authors 
provide evidence that the favourable mitochondrial effects of SGLT2i have the propensity to 
reduce the burden of AF. Of note, a meta-analysis of 35 studies that included 34,987 T2DM 
patients showed no difference in AF occurrence between SGLT2i and placebo [54]. 

SUMMARY AND CONCLUSIONS 

In summary, the present study has extended our knowledge on the effects of SGLT2i and 
empagliflozin on atrial electrical and structural remodelling in diabetic setting. It provides 
compelling evidence that mitochondrial dysfunction could serve as a promising therapeutic 
target in AF, at least in diabetic patients. A proposed mechanism illustrating how SGLT2i 
could prevent AF in T2DM is shown in Figure 2. Indeed, further mechanistic studies in 
both human and animals to better understand the benefits and potential application are 
warranted. Post-hoc analyses of ongoing and upcoming trials may also help to better 
define the scope of clinical effects of SGLT2i in patients with prevalent AF and to evaluate 
their effects on new onset AF. The current analysis provides a first step that may lead to 
mitochondrial targeted therapy for the treatments of AF in patients with diabetes?
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ABBREVIATIONS

T2DM: type 2 diabetes mellitus; AF: atrial fibrillation; HF: heart failure; ATP: adenosine 
triphosphate; ROS: reactive oxygen species; SGLT2i: sodium glucose co-transporter 
2 inhibitors; PGC-1α: peroxisome proliferator-activated receptor gamma coactivator 
1-alpha; SERCA : sarcoendoplasmic reticulum (SR) calcium transport ATPase; LCCs: 
L-type Ca2+ channels; RyRs: ryanodine receptors; NCX: Na+/Ca2+ exchanger; CaMKII: Ca2+/
calmodulin dependent kinase II; KATP: ATP-sensitive potassium channels; APD: action 
potential duration; APA: action potential amplitude; Ca2+: calcium; HFD: high fed diet; 
STZ: streptozotocin; SOD: superoxide dismutase; MDA: malondialdehyde; SGLT2: sodium 
glucose co-transporter 2.

ACKNOWLEDGEMENTS

Dr. Yurista is supported by a grant from the Indonesia Endowment Fund for Education 
(LPDP No. 20150722083422). Dr. de Boer is supported by the Netherlands Heart Foundation 
(CVON DOSIS, grant 2014-40, CVON SHE-PREDICTS-HF, grant 2017-21, and CVON 
RED-CVD, grant 2017-11); and the Innovational Research Incentives Scheme program of 
the Netherlands Organization for Scientific Research (NWO VIDI, grant 917.13.350). Dr. 
Westenbrink is supported by The Netherlands Organisation for Scientific Research (NWO 
VENI, grant 016.176.147).



Chapter 4

78

4

REFERENCES

1. Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Delgado V, et al. 2019 ESC Guidelines on diabetes, pre-
diabetes, and cardiovascular diseases developed in collaboration with the EASD. Eur Heart J. 2020;41:255–
323. 

2. Kirchhof P, Benussi S, Kotecha D, Ahlsson A, Atar D, Casadei B, et al. 2016 ESC Guidelines for the management 
of atrial fibrillation developed in collaboration with EACTS. Eur Heart J. 2016;37:2893–962. 

3. Benjamin EJ. Independent Risk Factors for Atrial Fibrillation in a Population-Based Cohort. JAMA. 
1994;271:840. 

4. Krahn AD, Manfreda J, Tate RB, Mathewson FAL, Cuddy TE. The natural history of atrial fibrillation: 
Incidence, risk factors, and prognosis in the manitoba follow-up study. Am J Med. 1995;98:476–84. 

5. Huxley RR, Filion KB, Konety S, Alonso A. Meta-Analysis of Cohort and Case–Control Studies of Type 2 
Diabetes Mellitus and Risk of Atrial Fibrillation. Am J Cardiol. 2011;108:56–62. 

6. Kim YG, Han K-D, Choi J-I, Boo KY, Kim DY, Oh S-K, et al. The impact of body weight and diabetes on new-
onset atrial fibrillation: a nationwide population based study. Cardiovasc Diabetol. 2019;18:128. 

7. Laupacis A. The Efficacy of Aspirin in Patients With Atrial Fibrillation. Arch Intern Med. 1997;157:1237. 
8. Karayiannides S, Lundman P, Friberg L, Norhammar A. High overall cardiovascular risk and mortality in 

patients with atrial fibrillation and diabetes: A nationwide report. Diabetes Vasc Dis Res. 2018;15:31–8. 
9. Risk factors for stroke and efficacy of antithrombotic therapy in atrial fibrillation. Analysis of pooled data 

from five randomized controlled trials. Arch Intern Med. 1994;154:1449–57. 
10. Yamagishi S. Concerns about clinical efficacy and safety of warfarin in diabetic patients with atrial fibrillation. 

Cardiovasc Diabetol. 2019;18:12. 
11. Westenbrink BD, Alings M, Granger CB, Alexander JH, Lopes RD, Hylek EM, et al. Anemia is associated with 

bleeding and mortality, but not stroke, in patients with atrial fibrillation: Insights from the Apixaban for 
Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation (ARISTOTLE) trial. Am Heart J. 
2017;185:140–9. 

12. Sun Y, Hu D. The link between diabetes and atrial fibrillation: cause or correlation? J Cardiovasc Dis Res. 
2010;1:9–11. 

13. Brandes A, Smit MD, Nguyen BO, Rienstra M, Van Gelder IC. Risk Factor Management in Atrial Fibrillation. 
Arrhythmia Electrophysiol Rev. 2018;7:118. 

14. Lee H-J, Choi E-K, Han K-D, Lee E, Moon I, Lee S-R, et al. Bodyweight fluctuation is associated with increased 
risk of incident atrial fibrillation. Hear Rhythm. 2020;17:365–71. 

15. Gallagher C, Stokes MB, Sanders P, Lau DH. Bodyweight fluctuation and atrial fibrillation: A new risk factor? 
Hear Rhythm. 2020;17:372–3. 

16. Chan Y-H, Chang G-J, Lai Y-J, Chen W-J, Chang S-H, Hung L-M, et al. Atrial fibrillation and its 
arrhythmogenesis associated with insulin resistance. Cardiovasc Diabetol. 2019;18:125. 

17. Lamberts RR, Lingam SJ, Wang H-Y, Bollen IAE, Hughes G, Galvin IF, et al. Impaired relaxation despite 
upregulated calcium-handling protein atrial myocardium from type 2 diabetic patients with preserved 
ejection fraction. Cardiovasc Diabetol. 2014;13:72. 

18. Van Wagoner DR. Oxidative Stress and Inflammation in Atrial Fibrillation: Role in Pathogenesis and 
Potential as a Therapeutic Target. J Cardiovasc Pharmacol. 2008;52:306–13. 

19. Gutierrez A, Van Wagoner DR. Oxidant and Inflammatory Mechanisms and Targeted Therapy in Atrial 
Fibrillation. J Cardiovasc Pharmacol. 2015;66:523–9. 

20. Taegtmeyer H, Young ME, Lopaschuk GD, Abel ED, Brunengraber H, Darley-Usmar V, et al. Assessing 
Cardiac Metabolism. Circ Res. 2016;118:1659–701. 

21. Brown DA, Perry JB, Allen ME, Sabbah HN, Stauffer BL, Shaikh SR, et al. Mitochondrial function as a 
therapeutic target in heart failure. Nat Rev Cardiol. 2017;14:238–50. 

22. Shao Q, Meng L, Lee S, Tse G, Gong M, Zhang Z, et al. Empagliflozin, a sodium glucose co-transporter-2 
inhibitor, alleviates atrial remodeling and improves mitochondrial function in high-fat diet/streptozotocin-
induced diabetic rats. Cardiovasc Diabetol. 2019;18:165. 



SGLT2i in atrial fibrillation

4

79

23. Yaribeygi H, Atkin SL, Sahebkar A. Mitochondrial dysfunction in diabetes and the regulatory roles of 
antidiabetic agents on the mitochondrial function. J Cell Physiol. 2019;234:8402–10. 

24. Anderson EJ, Kypson AP, Rodriguez E, Anderson CA, Lehr EJ, Neufer PD. Substrate-Specific Derangements 
in Mitochondrial Metabolism and Redox Balance in the Atrium of the Type 2 Diabetic Human Heart. J Am 
Coll Cardiol. 2009;54:1891–8. 

25. Kanaan GN, Patten DA, Redpath CJ, Harper M-E. Atrial Fibrillation Is Associated With Impaired Atrial 
Mitochondrial Energetics and Supercomplex Formation in Adults With Type 2 Diabetes. Can J Diabetes. 
2019;43:67-75.e1. 

26. Ausma J, Wijffels M, Thoné F, Wouters L, Allessie M, Borgers M. Structural Changes of Atrial Myocardium 
due to Sustained Atrial Fibrillation in the Goat. Circulation. 1997;96:3157–63. 

27. Lin P-H, Lee S-H, Su C-P, Wei Y-H. Oxidative damage to mitochondrial DNA in atrial muscle of patients with 
atrial fibrillation. Free Radic Biol Med. 2003;35:1310–8. 

28. Tsuboi M, Hisatome I, Morisaki T, Tanaka M, Tomikura Y, Takeda S, et al. Mitochondrial DNA deletion 
associated with the reduction of adenine nucleotides in human atrium and atrial fibrillation. Eur J Clin 
Invest. 2001;31:489–96. 

29. Ad N, Schneider A, Khaliulin I, Borman JB, Schwalb H. Impaired mitochondrial response to simulated 
ischemic injury as a predictor of the development of atrial fibrillation after cardiac surgery: In vitro study in 
human myocardium. J Thorac Cardiovasc Surg. 2005;129:41–5. 

30. Jeganathan J, Saraf R, Mahmood F, Pal A, Bhasin MK, Huang T, et al. Mitochondrial Dysfunction in Atrial 
Tissue of Patients Developing Postoperative Atrial Fibrillation. Ann Thorac Surg. 2017;104:1547–55. 

31. Tu T, Zhou S, Liu Z, Li X, Liu Q. Quantitative Proteomics of Changes in Energy Metabolism-Related Proteins 
in Atrial Tissue From Valvular Disease Patients With Permanent Atrial Fibrillation. Circ J. 2014;78:993–1001. 

32. Priest BT, McDermott JS. Cardiac ion channels. Channels. 2015;9:352–9. 
33. Maack C, O’Rourke B. Excitation-contraction coupling and mitochondrial energetics. Basic Res Cardiol. 

2007;102:369–92. 
34. Murphy E, Eisner DA. Regulation of Intracellular and Mitochondrial Sodium in Health and Disease. Circ Res. 

2009;104:292–303. 
35. Williams GSB, Boyman L, Chikando AC, Khairallah RJ, Lederer WJ. Mitochondrial calcium uptake. Proc Natl 

Acad Sci. 2013;110:10479–86. 
36. Zhou L, Aon MA, Liu T, O’Rourke B. Dynamic modulation of Ca2+ sparks by mitochondrial oscillations in 

isolated guinea pig cardiomyocytes under oxidative stress. J Mol Cell Cardiol. 2011;51:632–9. 
37. Joiner MA, Koval OM, Li J, He BJ, Allamargot C, Gao Z, et al. CaMKII determines mitochondrial stress 

responses in heart. Nature. 2012;491:269–73. 
38. Blaich A, Welling A, Fischer S, Wegener JW, Kostner K, Hofmann F, et al. Facilitation of murine cardiac 

L-type Cav1.2 channel is modulated by Calmodulin kinase II-dependent phosphorylation of S1512 and S1570. 
Proc Natl Acad Sci. 2010;107:10285–9. 

39. Ho H-T, Liu B, Snyder JS, Lou Q, Brundage EA, Velez-Cortes F, et al. Ryanodine receptor phosphorylation by 
oxidized CaMKII contributes to the cardiotoxic effects of cardiac glycosides. Cardiovasc Res. 2014;101:165–74. 

40. Westenbrink BD, Edwards AG, McCulloch AD, Brown JH. The promise of CaMKII inhibition for heart disease: 
preventing heart failure and arrhythmias. Expert Opin Ther Targets. 2013;17:889–903. 

41. Erickson JR, Pereira L, Wang L, Han G, Ferguson A, Dao K, et al. Diabetic hyperglycaemia activates CaMKII 
and arrhythmias by O-linked glycosylation. Nature. 2013;502:372–6. 

42. Overend CL, Eisner DA, O’Neill SC. Altered Cardiac Sarcoplasmic Reticulum Function of Intact Myocytes of 
Rat Ventricle During Metabolic Inhibition. Circ Res. 2001;88:181–7. 

43. Zhou L, Cortassa S, Wei A-C, Aon MA, Winslow RL, O’Rourke B. Modeling Cardiac Action Potential 
Shortening Driven by Oxidative Stress-Induced Mitochondrial Oscillations in Guinea Pig Cardiomyocytes. 
Biophys J. 2009;97:1843–52. 

44. Ziegelhöffer A, Kjeldsen K, Bundgaard H, Breier A, Vrbjar N, Dzurba A. Na,K-ATPase in the myocardium: 
molecular principles, functional and clinical aspects. Gen Physiol Biophys. 2000;19:9–47. 



Chapter 4

80

4

45. De Marchi U, Castelbou C, Demaurex N. Uncoupling Protein 3 (UCP3) Modulates the Activity of Sarco/
Endoplasmic Reticulum Ca 2+ -ATPase (SERCA) by Decreasing Mitochondrial ATP Production. J Biol Chem. 
2011;286:32533–41. 

46. Heijman J, Voigt N, Nattel S, Dobrev D. Calcium handling and atrial fibrillation. Wien Med Wochenschr. 
2012;162:287–91. 

47. Karam BS, Chavez-Moreno A, Koh W, Akar JG, Akar FG. Oxidative stress and inflammation as central 
mediators of atrial fibrillation in obesity and diabetes. Cardiovasc Diabetol. 2017;16:120. 

48. Bell DSH, Goncalves E. Atrial fibrillation and type 2 diabetes: Prevalence, etiology, pathophysiology and 
effect of anti-diabetic therapies. Diabetes, Obes Metab. 2019;21:210–7. 

49. de Leeuw AE, de Boer RA. Sodium-glucose cotransporter 2 inhibition: cardioprotection by treating diabetes-a 
translational viewpoint explaining its potential salutary effects. Eur Hear journal Cardiovasc Pharmacother. 
2016;2:244–55. 

50. Yurista SR, Silljé HHW, Oberdorf-Maass SU, Schouten E, Pavez Giani MG, Hillebrands J, et al. Sodium-
glucose co-transporter 2 inhibition with empagliflozin improves cardiac function in non-diabetic rats with 
left ventricular dysfunction after myocardial infarction. Eur J Heart Fail. 2019;21:862–73. 

51. Mizuno M, Kuno A, Yano T, Miki T, Oshima H, Sato T, et al. Empagliflozin normalizes the size and number 
of mitochondria and prevents reduction in mitochondrial size after myocardial infarction in diabetic hearts. 
Physiol Rep. 2018;6:e13741. 

52. Skovsø S. Modeling type 2 diabetes in rats using high fat diet and streptozotocin. J Diabetes Investig. 
2014;5:349–58. 

53. McMurray JJ V, Solomon SD, Inzucchi SE, Køber L, Kosiborod MN, Martinez FA, et al. Dapagliflozin in 
Patients with Heart Failure and Reduced Ejection Fraction. N Engl J Med. 2019;381:1995–2008. 

54. Usman MS, Siddiqi TJ, Memon MM, Khan MS, Rawasia WF, Talha Ayub M, et al. Sodium-glucose co-
transporter 2 inhibitors and cardiovascular outcomes: A systematic review and meta-analysis. Eur J Prev 
Cardiol. 2018;25:495–502. 



Factor Xa inhibition with apixaban does not 
influence cardiac remodeling in rats with 
heart failure after myocardial infarction

5
Salva R. Yurista, Herman H.W. Silljé, Kirsten T. Nijholt, Martin M. Dokter, 

Dirk J. van Veldhuisen, Rudolf A. de Boer, B. Daan Westenbrink 

Department of Cardiology, University Medical Center Groningen, 
University of Groningen, Groningen, The Netherlands

Cardiovascular Drugs and Therapy. 2020 May 26. Online ahead of print.



Chapter 5

82

5

ABSTRACT

Background: Heart failure (HF) is considered to be a prothrombotic condition and it has 
been suggested that coagulation factors contribute to maladaptive cardiac remodelling 
via activation of the protease-activated receptor 1 (PAR1). We tested the hypothesis that 
anticoagulation with the factor Xa (FXa) inhibitor apixaban would ameliorate cardiac 
remodelling in rats with HF after myocardial infarction (MI). 

Methods and results: Male Sprague-Dawley rats were either subjected to permanent ligation 
of the left ascending coronary artery (MI) or sham surgery. The MI and sham animals were 
randomly allocated to treatment with placebo or apixaban in the chow (150 mg/kg/day), 
starting 2 weeks after surgery. Cardiac function was assessed using echocardiography 
and histological and molecular markers of cardiac hypertrophy were assessed in the left 
ventricle (LV). 

Apixaban resulted in a fivefold increase in anti-FXa activity compared to vehicle, but no 
overt bleeding was observed and haematocrit levels remained similar in apixaban- and 
vehicle- treated groups. After 10 weeks of treatment, LV ejection fraction was 42±3 % in the 
MI group treated with apixaban and 37±2 in the vehicle treated MI group (p>0.05). Both 
vehicle and apixaban-treated MI groups also displayed similar degrees of LV dilatation, LV 
hypertrophy and interstitial fibrosis. Histological and molecular markers for pathological 
remodelling were also comparable between groups, as was the activity of signalling 
pathways downstream of the PAR1 receptor.

Conclusion: FXa inhibition with apixaban does not influence pathological cardiac 
remodelling after MI. These data do not support the use of FXa inhibitor in HF patients 
with the aim to amend the severity of HF. 

Keywords: Anticoagulant • Heart failure • Cardiac function • Cardiac remodelling
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INTRODUCTION 

Heart failure (HF) is major global health problem that is reaching epidemic proportions in 
the near future [1,2]. Despite the large range of pharmacological and device-based therapies 
available, mortality and morbidity remain high [3]. Patients with HF are at increased risk 
of stroke and other thromboembolic events and are also more likely to succumb from 
these events [4–9]. The higher incidence of thromboembolic events is observed both in 
patients with sinus rhythm with atrial fibrillation [10,11], suggesting that HF should be 
considered as a prothrombotic or hypercoagulable state. Interestingly, coagulation factors 
such as thrombin and FXa can exert direct effects on the heart, which are thought to 
promote inflammation, endothelial dysfunction and maladaptive cardiac remodelling [12]. 
Anticoagulants could therefore offer therapeutic benefits in HF patients beyond prevention 
of thromboembolic events [10]. 

The effects of thrombin and FXa on myocardial tissues are thought to be governed by 
protease-activated receptors (PARs), which coordinate a myriad of cellular responses in 
multiple cell types. PAR1 and PAR2 are expressed in cardiac tissue and it has been proposed 
that these receptors contribute to the progression of HF [13–15]. Indeed, cardiomyocyte-
specific overexpression of PAR1 induces cardiac hypertrophy that rapidly progressed 
into dilated cardiomyopathy [16]. Conversely, deletion of the PAR1 receptor attenuates 
cardiac remodelling after a myocardial infarction (MI) in mice [16]. Nevertheless, direct 
evidence for enhanced activity of PARs in HF is sparse and the exact role of PAR signalling 
in cardiac remodelling remains poorly defined. Furthermore, it is unknown whether PAR 
receptor activation in HF is amendable by anticoagulant therapy. In this study, we tested 
the hypothesis that inhibition of PAR signalling by the direct FXa inhibitor apixaban could 
attenuate cardiac remodelling in rats with established LV dysfunction after MI.

METHODS

Experimental protocol

Male Sprague Dawley rats (Envigo, The Netherlands) were randomized to treatment with 
chow containing apixaban or control chow, starting 2 weeks after MI surgery. We chose this 
protocol to represent a population of stable chronic HF after a large myocardial infarction, 
which still represents the majority of patients with chronic HF. Here, we examined the 
effects of clinically relevant doses of apixaban on cardiac remodeling in rats with HF after 
MI [17]. Treatment allocation was stratified according to left ventricular ejection fraction 
(LVEF) to ensure that the baseline cardiac function is similar in the apixaban and the vehicle 
groups. After 10 weeks of treatment, rats were anesthetized, blood was drawn and the hearts 
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were rapidly excised for further analysis. Rats with an infarct size of less than 15% were 
excluded from analysis as these small infarcts are haemodynamically fully compensated 
[18]. The experimental protocol is illustrated in Scheme 1.

Apixaban

2 weeks

MI / sham
Surgery Echo Echo

11 weeks 12 weeks

Vehicle

0

Male Sprague-
Dawley rats

Sacrifice

Scheme 1

SCHEME 1. Schematic representation of the experimental protocol.

Ethical statement

The experimental protocol was approved by the Animal Ethical Committee of University of 
Groningen (IvD number: 16487-02-001). The investigation conforms to the Guide for the 
Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH 
Publication no. 85–23, revised 1996). We followed ARRIVE guidelines when reporting this 
study. 

MI surgery 

Rats were randomized to HF or sham surgery under isoflurane (2.5%) inhalation 
anaesthesia. After left-sided thoracotomy, HF was induced by permanent ligating of the 
proximal portion of the left coronary artery as previously described [19]. Sham operated rats 
underwent the same procedure but without coronary ligation.

Investigational drug

Apixaban was kindly supplied by Bristol-Myers Squibb (BMS, USA). Apixaban was mixed 
with standard rat chow (R/M-H V1534-70, Ssniff, Germany) in a final concentration 1,95 
gram/kg intended to reach an average dose of 150 mg/kg. Standard rat chow (R/M-H V1534-
70, Ssniff, Germany) was used as control (vehicle). 

Echocardiography 

Two weeks after surgery and 1 week before termination, the M-mode and 2D 
echocardiography was performed using a Vivid 7 echo machine (GE Healthcare) equipped 
with a 10-MHz phase array linear transducer for serially assessment of cardiac structure 
and function as previously described [19].
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Invasive haemodyamic measurements 

Prior to sacrifice, invasive hemodynamics were analysed by aortic and LV catheterization 
as previously described [19]. The right carotid artery was isolated, punctured, and a 1.9 F rat 
pressure‐volume catheter (Scisense, London, Ontario, Canada) was inserted into the right 
carotid artery. The tip of the catheter was advanced through the aorta into the LV cavity. 
Heart rate (HR), left ventricular end-systolic (LVESP) and end-diastolic (LVEDP) pressures, 
and maximal rates of increase and decrease in developed LV pressure (dP/dtmax and dP/
dtmin) were determined. The data were acquired using a PowerLab data acquisition system 
(ADInstruments, Colorado Springs, CO) and analysed with a LabChart 8 software.

Infarct size, cardiomyocyte size and interstitial fibrosis measurement 

Rats were euthanized under isoflurane anaesthesia. Heart was rapidly excised and weighed. 
The mid-papillary slice of the LV was fixed in 4% formaldehyde and paraffin-embedded. 
The infarct size was calculated using midline length methods as percentage of the scar 
length to the total LV circumference on Masson’s trichrome-stained section, as described 
previously [19,20]. Furthermore, Masson’s trichrome staining was also used to evaluate the 
extent of interstitial fibrosis. Hamamatsu microscope was used to capture the whole tissue 
section and Aperio ImageScope software was used to quantify fibrosis in the non-infarcted 
LV [19]. Finally, sections were stained with FITC Labelled wheat germ agglutinin (WGA) to 
determine cardiomyocyte size as previously described [19]. Cell size from transversally cut 
cardiomyocytes in the non-infarcted LV was measured using image analyer (Zeiss KS400, 
Germany) and quantified using ImageJ software (National Institutes of Health, Bethesda, 
MD, USA). The investigators analysing the data were blinded to the treatment allocation. 

Blood and urine measurements 

Blood samples were obtained via a tail vein under isoflurane anaesthesia to determine anti-
factor Xa activity (AXA), pro-thrombin time (PT) and activated partial thromboplastin time 
(APTT) levels. At sacrifice, 8 ml of blood was drawn from the abdominal aorta (either anti-
coagulated with sodium citrate or EDTA), and urine was collected directly from bladder. 
Complete blood count was determined on the day of sacrifice using a Sysmex hematology 
analyzer (Symex XN-10, Sysmex Corporation, Japan).

Prothrombin time (PT), activated partial thromboplastin time (APTT) and anti-
factor Xa activity (AXA) assay

To determine the effect of apixaban on PT and APTT levels, each sample was tested using 
Innovin (PT) and Actin FS (APTT) reagents (Siemens Healthcare Diagnostics). Plasma 
apixaban concentration was assessed using a chromogenic anti-factor Xa activity (AXA) 
assay, the Berichrom Heparin Assay (Dade Behring, Marburg, Germany) as this is the most 
reliable method to measure the pharmacodynamics of apixaban [21].
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Urine occult blood test

Haemoglobin/red blood cells was determined by a semiquantitative method using 
Combur10 Test Sticks (Roche Diagnostics GmbH, Mannheim, Germany).

Quantitative real-time PCR

RNA was extracted from the non-infarcted LV using TRIzol reagent (Invitrogen Corp., 
Carlsbad, CA, USA), as previously described [19,22] and the NanoDrop device was used to 
measure RNA concentration. Random primer mix was used to prepare first-stranded DNA 
and thereafter used as a template for quantitative real-time reverse-transcriptase-PCR 
(qRT-PCR) (25 ng/reaction). mRNA levels obtained by a qRT-PCR using C1000 Thermal 
Cycler CFX384 Real-Time PCR Detection System (Bio-Rad Laboratories, Veenendaal, The 
Netherlands). 36B4 reference gene was used to correct all measured mRNA expression. 
Primer sequences can be found in supplementary Table S1. 

Western blot

Frozen non-infarcted LV tissue was homogenized in ice-cold lysis buffer containing 
phosphatase inhibitor cocktail 1 (Sigma) and protease inhibitor (ROCHE) as described 
previously [19]. Bio-Rad DC Protein Assay (Bio-Rad Laboratories, Veenendaal, The 
Netherlands) was used for protein quantifications with bovine albumin as a standard, as 
described before [19]. Immunoblotting was performed using primary antibodies from 
commercial suppliers (Supplementary Table S2). Immunoblots were incubated with 
appropriate secondary antibodies for 1 h at room temperature. Signals were detected by ECL 
(ParkinElmer, Waltham, MA, USA). Blots were quantified using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA). The density of each band was normalized to 
GADPH acting as a loading control and presented as fold change over Sham-veh group. 

RhoA activity assay

RhoA activity was measured according to manufacturer’s protocol (BK124; Cytoskeleton 
Inc.), as previously described [23].

Statistical analysis 

Data are presented as means ± standard errors of the mean (SEM). To compare normally 
distributed parameters, one-way analysis of variance (ANOVA) followed by Tukey’s Post 
Hoc test was used. When data were not normally distributed, a non-parametric Kruskal-
Wallis test followed by a Mann-Whitney U test with correction for multiple comparisons 
was used. Wilcoxon signed rank test was used to evaluate LVEF post-MI vs. before 
termination. Differences were considered significant at p<0.05. IBM SPSS Statistics for 
Windows, Version 23.0 (IBM Corp, USA) was used to perform all statistical analysis.
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RESULTS

We performed MI or sham surgery on a total of 78 male Sprague Dawley rats; 21 rats (27%) 
died during the surgical procedure, all remaining rats survived the rest of the study. A total 
of 4 rats with an infarct <15% of the LV were excluded from further analysis, leaving a total of 
53 rats for the analysis. The final group sizes were 8 for the sham-apixaban group, 13 for the 
sham-vehicle group, 17 for the MI-apixaban group and 15 for the MI-vehicle group.

TABLE 1. General characteristics and haematological parameters.

Parameters Sham-vehicle Sham-apixaban MI-vehicle MI-apixaban

Food intake (g/day) 31.91± 0.5 29.87 ± 0.7 30.27 ± 0.5 29.64 ± 0.3

Water intake (ml/day) 31.97 ± 0.9 29.86 ± 0.6 30.89 ± 1.0 28.50 ± 0.4

Body weight change (g) 91.15 ± 3.2 93.25 ± 4.8 94.73 ± 4.8 93.24 ± 4.8

AXA (ng/ml) 21 ± 2 109 ± 17† 19 ± 1 103 ± 11#

PT (sec) 11.12 ± 0.12 11.00 ± 0.10 11.31 ± 0.21 11.17 ± 0.17

APTT (sec) 15.48 ± 1.13 16.74 ± 0.62 17.24 ± 1.20 16.91 ± 0.94

WBC (10^9/L) 9,34 ± 2,18 11,34 ± 0,68 11,23 ± 1,24 10,66 ± 0,80

RBC (10^9/L) 9.01 ± 0.17 8.94 ± 0.10 8.99 ± 0.10 9.32 ± 0.23

HCT (mmol/L) 10.02 ± 0.25 9.84 ± 0.12 9.79 ± 0.13 10.00 ± 0.12

HGB (L/L) 0.503 ± 0.02 0.489 ± 0.01 0.493 ± 0.01 0.505 ± 0.01

PLT (10^9/L) 1025.60 ± 53.50 911.00 ± 47.85 826.56 ± 57.10 946.50 ± 57.56

Data are presented as means ± SEM. † p<0.05 vs Sham-veh; # p<0.05 vs MI-veh.
AXA, anti-factor Xa activity; PT, prothrombin time; APTT, activated partial thromboplastin time; WBC, white 
blood cell count; RBC, red blood cell count; HCT, hematocrit; HGB: hemoglobin; PLT, absolute automated platelet 
count.

Efficacy and safety of apixaban in rats with HF after MI

Efficacy of apixaban 
Daily food intake and water intake were comparable among the groups (Table 1). As expected, 
plasma PT and APTT were not affected by apixaban treatment (Table 1) [24]. In rats treated 
with apixaban, the plasma AXA activity was increased by fivefold as compared with that in 
vehicle-treated rats (Table 1). 

Safety of apixaban
We did not observe any bleeding events during the study, nor did we observe reductions 
in haemoglobin levels (Table 1) or detect blood in the urine (Supplementary Figure S1). 
Furthermore, apixaban did not affect other haematological parameters such as white blood 
cells (WBC), red blood cells (RBC), haematocrit (HCT) and platelet (PLT) counts (Table 1). 
Body weight was similar in apixaban and vehicle treated groups (Table 1).
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FIGURE 1. Effect of apixaban on cardiac function. (A) Representative LV sections stained with Massons trichrome. 
(B) Quantification of infarct size from Massons trichrome stained section; n=8-17/group. (C) Left ventricular internal 
dimensions in diastole (LVIDd) at week 11; n=8-17/group. (D) Ejection fraction of the LV at week 11. (E) Longitudinal 
change of LV ejection fraction post-MI and before termination; n=8-17/group. (F) Ratio of biventricular weight to tibia 
length; n=8-17/group. Data are presented as means ± SEM. *p<0.05 vs Sham with the same treatment; ‡p < 0.05 vs 
LVEF Post-MI.

Effect of apixaban on cardiac function

The average MI size was 38±2% and was comparable between MI-vehicle and MI-apixaban 
(Figure 1A and 1B). MI surgery resulted in cardiac dilatation and a marked reduction in 
LVEF (Figure 1B and 1C). At the initiation of therapy, two weeks after MI, all indices of 
left ventricular function were comparable between the MI-Apixaban and the MI-vehicle 
groups. As expected, a progressive deterioration in LVEF was observed in the MI-vehicle 
group over the 10-week treatment period (Figure 1E). Treatment with apixaban did not alter 
cardiac function and all echocardiographic parameters remained comparable between 
the MI-vehicle- and the MI-apixaban-treated animals (Figure 1, Table 2). All other relevant 
echocardiographic parameters at week 11 are depicted in Table 2. The infarcted rats were 
hemodynamically compromised, as reflected by a decrease in contractility and relaxation 
(dP/dt max-min), and an increase in LVEDP. Treatment with apixaban did not alter these 
parameters (Table 3). Moreover, no significant difference was found in systolic blood 
pressure or diastolic blood pressure among the groups (Table 3).
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TABLE 2. Echocardiography parameters in sham operated and post-myocardial infarction rats at week 11.

Parameters Sham-veh Sham-apixaban MI-vehicle MI-apixaban

IVSd (mm) 2.09± 0.15 2.46 ± 0.13 1.89 ± 0.10* 1.81 ± 0.13*

LVIDd (mm) 7.67 ± 0.22 7.34 ± 0.18 9.29 ± 0.31* 8.99 ± 0.33*

LVPWd (mm) 2.18 ± 0.13 2.23 ± 0.27 1.88 ± 0.12 1.85 ± 0.12

IVSs (mm) 3.45 ± 0.18 3.64 ± 0.27 2.39 ± 0.15* 2.31 ± 0.21*

LVIDs (mm) 4.52 ± 0.25 4.38 ± 0.22 7.52 ± 0.37* 7.04 ± 0.35*

LVPWs (mm) 3.14 ± 0.13 2.86 ± 0.34 2.37 ± 0.10* 2.42 ± 0.14

FS (%) 41.41 ± 2.37 37.40 ± 1.68 19.02 ± 1.22* 22.17 ± 1.76*

EF (%) 70 ± 2 66 ± 2 37 ± 2* 42 ± 3*

Data are presented as means ± SEM. * p < 0.05 vs Sham with the same treatment.
IVS, interventricular in diastole (d) and systole (s), respectively; LVID, left ventricular internal dimensions in both 
diastole (d) and systole (s); LVPW, the thickness of left ventricle posterior wall in diastole (d) and systole (s); FS, 
fractional shortening; EF, left ventricular ejection fraction.

Effect of apixaban on cardiac histology and molecular markers for remodelling and 
fibrosis

The biventricular weight/tibia lengths ratio was calculated as a marker of hypertrophy 
and was found to be significantly increased in MI-vehicle rats compared with that in 
sham operated rats (Figure 1E). The MI rats demonstrated increased cardiomyocyte cross 
sectional-area and fibrosis compared with the control rats (Figure 2A-C). However, apixaban 
therapy did not affect the extent of cardiac hypertrophy nor did it influence the degree of 
LV fibrosis (2A-C).

MI surgery increased the myocardial expression of atrial natriuretic peptide (ANP), brain 
natriuretic peptide (BNP) and increased the relative expression of foetal (𝛽-MHC) compared 
to adult (𝛼-MHC) myosin heavy chain isoform (i.e. 𝛽-MHC/𝛼-MHC ratio), as markers for 
foetal gene reprogramming in heart failure (Figure 2D). The mRNA levels of cardiac fibrosis 
markers collagen, type I, alpha 1 (COL1A1) and tissue inhibitor of metalloproteinases 1 
(TIMP1) were also significantly increased in the hearts of rats following MI, compared to the 
hearts of sham rats (Figure 2E). Apixaban treatment had no effect on ANP, BNP, 𝛽-MHC/𝛼-
MHC ratio, COL1A1 or TIMP1 mRNA levels (Figure 2D and 2E).

Effect of apixaban on PAR1 signalling pathways

Next we aimed to determine whether apixaban influenced the activity of thrombin-related 
pathways downstream of the PAR1 receptor. Binding of thrombin to the PAR1 receptor 
results in the activation of RhoA, which in turn phosphorylates Rho-associated coiled-coil 
kinase (ROCK) [25]. The RhoA/ROCK pathway has been shown to contribute to cardiac 
remodelling in HF [26,27]. It has also been reported that PAR1 activates AKT and ERK, two 
well established regulators of cardiac remodelling, independent from RhoA [16,28].
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FIGURE 2. Effect of apixaban on cardiac histology and molecular markers for remodelling and fibrosis. (A) 
Quantification of cardiomyocyte cross-sectional area from WGA stained section; n=8-17/group. (B) Representative LV 
sections stained with WGA and Massons trichrome to assess cardiomyocyte hypertrophy and fibrosis. (C) Quantification 
of fibrosis in non-infarcted LV from Massons trichrome stained section; n=8-17/group. (D-E) Measurement of mRNA 
levels to assess molecular markers for remodelling and fibrosis in non-infarcted LV, respectively, normalized to 36b4; 
n=8-17/group. Data are presented as means ± SEM. * p<0.05 vs Sham with the same treatment.

Next we determined the effects of apixaban on myocardial RhoA activity. As expected, 
RhoA activity was increased after MI, but the RhoA activity did not differ between the MI-
vehicle and the MI-apixaban group (Figure 3A). Furthermore, apixaban did not influence 
the phosphorylation levels of AKT (Figure 3B and 3D), nor did it affect the activation of 
ERK1/2 (data not shown). Finally, the LV protein expression levels of the PAR1 receptor were 
comparable between all groups (Figure 3B and C), indicating that the results above could not 
be explained by aberrant expression of the PAR1 receptor. 
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FIGURE 3. Effect of apixaban on PAR1 signalling pathways (A) RhoA activity; n=6/group. (B) Western blot analysis of 
PAR1, total and phosphorylated Akt; n=6/group (C) Quantification of PAR1 protein levels; n=6/group. (D) Quantification 
of Akt phosphorylation protein levels; n=6/group. Apix, apixaban. The density of each band was normalized to GADPH 
acting as a loading control and presented as fold change over Sham-veh group. Data are presented as means ± SEM. 
*p<0.05 vs Sham with the same treatment.

DISCUSSION

We tested the hypothesis that treatment with FXa inhibitors apixaban would     improve 
cardiac function and ameliorate cardiac remodelling in rats with HF after a large transmural 
anterior MI. For this purpose, we used a well-established model of chronic post-MI HF 
and ensured that the degree of LV dysfunction was similar in in the apixaban and vehicle-
treated groups at the initiation of therapy. Furthermore, we used a clinically relevant dose 
  of apixaban that also appeared to be safe and effective, as evidenced by a consistent 5-fold 
increase in AXA and by the absence of (occult) bleeding. We demonstrate that treatment with 
apixaban did not influence LV function, nor did it influence LV dilatation of LV hypertrophy. 
Moreover, histological and molecular markers for pathological LV remodelling were also 
not influenced by apixaban and the activity of signal transduction pathways downstream 
of the PAR1 was unaltered. These findings suggest that the inhibition of FXa with a safe, 
effective and clinically relevant dose of apixaban does not influence cardiac remodelling 
in the chronic phase after MI. In addition, our findings suggest that the role of thrombin-
mediated PAR1 receptor activation to the pathophysiology of HF is limited. Our findings are 
in line with the results from the COMMANDER HF trial and do not support the use of FXa 
inhibitor in HF patients with the aim to amend the severity of HF. 
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HF reflects a procoagulant state, because all prerequisites for thrombosis as described 
in Virchow’s law are met: abnormalities in blood flow, in the vessel wall, and in blood 
constituents [29,30]. Aberrant platelet activation and increased levels of pro-coagulant 
factors reflect abnormalities in blood constituents. Impaired contractility and dilated 
chambers perturb myocardial blood flow and endothelial damage and reduced endothelium-
dependent vasodilation reflect the changes in the vessel wall [31]. It has been previously 
recognized that patients with HF have an increased risk of thromboembolic events, both 
systemic and venous. The prothrombotic molecules, such as fibrinogen and von Willebrand 
factors, have been found to be elevated in subjects with HF. Moreover, previous studies 
showed that the thrombotic risk associated with HF appears to increase with the severity 
of the disease [32,33]. A large Danish prospective cohort study demonstrated that the risk 
of stroke and thromboembolic event was increased in patients with HF independent of 
the CHA2DS2-VASc score. Furthermore, patients with HF and a CHA2DS2-VASc score≥4, 
the absolute risk of thromboembolic events was even higher in patients without than 
with concomitant AF [34]. In addition, the prognosis of HF markedly deteriorates after a 
thromboembolic event occurs, suggesting that interventions to reduce thromboembolic 
events may improve prognosis in HF patients [35]. Another mechanism by which the 
hypercoagulable state could contribute to the progression of HF is coronary microvascular 
embolization leading to MI [36,37].  

Anticoagulants are often prescribed in HF patients without AF that are considered to be 
at high risk for stroke, such as those with an LV thrombus. There is, however, very little 
evidence to support lenient prescription of anticoagulants in patients with HF and sinus 
rhythm [38]. In the Warfarin versus Aspirin in Reduced Cardiac Ejection Fraction (WARCEF) 
trial, warfarin did not result in a meaningful reduction in the rates of ischaemic stroke, 
intracerebral haemorrhage or death from any cause [39]. Furthermore, the effect of FXa 
inhibitor rivaroxaban on clinical outcomes was recently tested in the COMMANDER HF (“A 
Study to Assess the Effectiveness and Safety of Rivaroxaban in Reducing the Risk of Death, 
Myocardial Infarction, or Stroke in Participants with Heart Failure and Coronary Artery 
Disease Following an Episode of Decompensated Heart Failure”) trial [40]. The authors 
randomized >5000 patients with chronic ischemic HF with reduced ejection fraction but 
without atrial fibrillation to a low dose of rivaroxaban or placebo. Rivaroxaban was safe 
and well tolerated, but did not affect the incidence of the combined endpoint of all-cause 
mortality, stroke or a myocardial infarction. In both the WARCEF and the COMMANDER 
HF study, anticoagulation did reduce the incidence of ischemic stroke, suggesting that the 
lack of effect was not dose related. Our results confirm and extend upon the results of the 
COMMANDER HF trial and provide mechanistic underpinnings that explain the neutral 
outcomes. Furthermore, our findings suggest that clinically relevant doses of FXa inhibitors 
do not influence PAR mediated signalling and cardiac remodelling.
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To the best of our knowledge, our study is the first to study the effect of Xa inhibition on 
cardiac remodeling in rats with established LV dysfunction. Several studies have, however, 
evaluated the early effect FXa inhibition on myocardial ischemia/reperfusion injury and 
post-infarct remodelling. The indirect FXa inhibitor fondaparinux has been shown to 
reduce infarct size following 2 h of reperfusion in a rat model of myocardial ischemia-
reperfusion [41]. The effects of FXa inhibitors are more variable as Flierl et al. did not observe 
infarct size reduction when rivaroxaban was given in rats with permanent coronary ligation 
[42]. However, a similar study by Bode et al. indicated that administration of rivaroxaban 
immediately after surgery resulted in reduction in infarct size and improvements in cardiac 
function. Conversely, when rivaroxaban was initiated 3 days after MI surgery, no effect on 
infarct size or cardiac function was observed [43]. Taken together, the available evidence on 
the effect of FXa inhibitors on cardiac function are in line with our observations and dispute 
their utility in chronic HF setting.

There are four PAR isoforms, but PAR1 and PAR2 are the predominant isoforms in the 
heart [13,16]. PAR1 is activated by thrombin and FXa, but PAR2 is only activated by FXa. 
Both receptors are expressed in cardiomyocytes and cardiac fibroblast. Cleavage of PARs 
results in activation of several G protein coupled receptors and their downstream signalling 
pathways, including RhoA/ROCK, the MAPK pathways, ERK 1/2 and ERK5 [16]. Several lines 
of evidence indicate that PARs are activated in HF and contribute to disease progression. 
First, PAR1 expression and the activity of its downstream signal transduction pathways are 
increased in murine models of chronic HF and in the ventricles of HF patients with ischemic 
or idiopathic dilated cardiomyopathy [14,15]. Second, the activation of PARs in cultured 
cardiomyocytes induces pathological hypertrophy, reflected by increases in cell size and 
sarcomeric organization, the activation of the foetal gene program and perturbations in 
cardiac calcium handling [28]. Third, PAR1 activation in cardiac fibroblasts induces a pro-
fibrotic state reflected by enhanced proliferation and increased expression of transforming 
growth factor Beta (TGF-ß) [13,28,44]. Fourth, PAR1 activation is strongly pro-inflammatory 
as it induces the expression of interleukin (IL)-6, IL-8, and monocyte chemoattractant 
protein (MCP-1) [12,13]. Yet, the most robust evidence comes from studies in PAR1-knockout 
(KO) mice and mice with overexpressing the PAR1. In a PAR1-KO mouse model reduced 
cardiac remodelling was observed after I/R injury; however, infarct size was not affected. 
Accordingly, mice with cardiomyocyte specific overexpression of PAR1 exhibited eccentric 
hypertrophy and dilated cardiomyopathy [16]. Additionally, PAR signalling activate RhoA/
ROCK pathway [25,45] which has been shown to mediate fibrosis in the heart [26]. Protein 
levels of ROCKs as well as RhoA activity were significantly increased in CHF patients 
[27]. Furthermore, deletion of ROCK attenuates HF progression and improve the cardiac 
performance in mice [46,47]. These findings provided a clear rationale for our studies.   
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However, in contrast to our expectations we did not observe any changes in protein levels 
for PAR1 protein, nor did we detect differences in the activation of the AKT and ERK 1/2 
signal transduction pathways downstream of  PAR1 [48]. These findings are in consistence 
with a previous study [49] in which PAR1 protein expression did not differ at 12 weeks after 
MI induction or apixaban treatment. Moreover, it has been previously published that up-
regulated AKT exerts cardioprotective effects in models of preconditioning resulting in 
limiting infarct size [50,51]. However, AKT is not regulated in a chronic ischemia setting[52], 
and this finding was also seen in our study. Our observation that ERK1/2 protein levels were 
also not affected in post-MI LV dysfunction is in accordance with similar studies in post-MI 
LV dysfunction [53]. Consistent with other reports, we were able to detect a clear increase in 
RhoA activity after MI, but this was not affected by treatment with apixaban.

Other studies have demonstrated evidence that FXa inhibitors can influence PAR receptor 
signalling. For instance, Bukowska et al. showed that FXa inhibitor rivaroxaban reduced 
MAP kinase activity  and diminished the upregulation of PARs, ICAM-1, LOX-1, and IL-8 and 
in human atrial tissue cultures in media containing activated FXa [54]. Interestingly, FXa 
has also been shown to activate ERK1/2 and induce pro-inflammatory cytokines in alveolar 
epithelial cells, which was suppressed by FXa inhibitor edoxaban [55]. In addition, the FXa 
inhibitor rivaroxaban did inhibit cardiac FXa activity and reduced cardiac fibrosis in model 
of transverse aortic constriction [56]. Our results may therefore have been different in 
other disease models or if we would have induced a murine model prone to develop cardiac 
thrombi [57].

STUDY LIMITATIONS

Despite strengths related to the direct measures of cardiac structure, function and other 
haematological parameters, our study does have limitations. First, in accordance with 
the previous study [49], we did not observe changes in PAR1 protein levels in post-MI HF 
model. Furthermore, the activity of downstream signalling pathways of the PAR1 was not 
increased after MI and apixaban did not alter this. It is possible that the activation of PAR1 
and other thrombin-related pathways is more pronounced in other models or settings. 
Second, we started the treatment 2 weeks after MI when infarct healing had completed, we 
cannot exclude that FXa inhibition could be beneficial during earlier stages of post-infarct 
remodelling. Third, we employed apixaban at a dose that was within the safety range (FDA 
application No. 202155Orig1s000). Based on the AXA levels, this dosage is comparable to a 
5 mg dose in humans [17]. The outcome of our study may have been different when a higher 
dose had been used. The clinical relevance of a study with high-dose apixaban is, however, 
limited as anticoagulants have a narrow therapeutic window and the benefits are often 
offset by the associated increased risk of bleeding events [39]. Our study does not exclude 
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the possibility that thrombin-related pathways and PARs contribute to cardiac remodelling 
in HF. Our findings do, however, question the utility of FXa inhibitors as a pharmacological 
therapy to attenuate cardiac remodelling. Importantly, our study is in line with the neutral 
effects of the COMMANDER-HF trial, and the molecular insights do not hint towards a 
direct of effect of apixaban on cardiac muscle structure and function.

CONCLUSIONS

FXa inhibition with apixaban does not influence pathological cardiac remodelling after a 
MI. These data do not support the use of FXa inhibitor in HF patients with the aim to amend 
the severity of HF. 

CLINICAL PERSPECTIVES 

It has been suggested that coagulation factors such as factor Xa (FXa) and thrombin promote 
maladaptive cardiac remodelling and could promote heart failure (HF) development via 
activation of the protease-activated receptors (PARs) in myocardial tissue. If this hypothesis 
is true, cardiac remodelling would be amendable by treatment with anticoagulants. To test 
this hypothesis, rats with HF after myocardial infarction (MI) were treated with the FXa 
inhibitor apixaban or a matching vehicle. While apixaban was effective in inhibiting FXa 
activity, it did not affect the activity of PAR1 signaling pathways, nor did it affect cardiac 
function and cardiac remodelling after MI. These findings are in line with the results of the 
recent COMMANDER HF trial, and do not support the use of FXa inhibitors in HF patients 
with the aim to improve heart function or to modulate the clinical course of HF.
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SUPPLEMENTARY MATERIAL

Supplementary Tables

TABLE S1. List of primers used in this study.

Transcript Forward primer sequence Reverse primer sequence

ANP ATGGGCTCCTTCTCCATCAC TCTACCGGCATCTTCTCCTC

BNP ACAATCCACGATGCAGAAGCT GGGCCTTGGTCCTTTGAGA

α-MHC GACAACTCCTCCCGCTTTGG AAGATCACCCGGGACTTCTC

β-MHC TCTGGAGGCCTTTGGCAATG GATGCCAACTTTCCTGTTGC

COL1A1 ACAGCGTAGCCTACATGG AAGTTCCGGTGTGACTCG

TIMP1 AGAGCCTCTGTGGATATGTC CTCAGATTATGCCAGGGAAC

36B4 GTTGCCTCAGTGCCTCACTC GCAGCCGCAAATGCAGATGG

TABLE S2. List of primary antibodies for Western bloting.

Antibody Species/Clonality Source (Catalog No.)

phosphorylated-Akt Rabbit/Monoclonal Cell signaling (#4060)

Akt Rabbit/Monoclonal Cell signaling (#4691)

PAR1 Mouse/Monoclonal Santa Cruz (sc-13503)

GAPDH Mouse/Monoclonal Fitzgerald (10R-G109A)
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ABSTRACT

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

Methods and Results: Two independent rodent heart failure models were used for the 
studies; trans-aortic constriction/myocardial infarction (TAC/MI) in mice and post-MI 
remodeling in Sprague-Dawley rats. The mice underwent a prevention treatment strategy 
with a ketone ester comprised of hexanoyl-hexyl-3-hydroxybutyrate (KE-1) diet, and the rats 
were treated in either a prevention or treatment regimen using a commercially available 
beta-hydroxybutyrate-(R)-1,3 butanediol (DeltaG®) ketone ester (KE-2) diet. The KE-1 diet 
in mice elevated beta-hydroxybutyrate (ßHB) levels during nocturnal feeding whereas the 
KE-2 diet in rats induced ketonemia throughout a 24h period. The KE-1 diet preventive 
strategy attenuated development of left ventricular (LV) dysfunction remodeling post-TAC/
MI. The KE-2 diet therapeutic approach reduced LV dysfunction and remodeling post-MI. 
In addition, ventricular weight, cardiomyocyte cross-sectional area and the expression 
of atrial natriuretic peptide were significantly attenuated in the KE-2 treated MI group. 
However, treatment with KE-2 did not influence cardiac fibrosis post-MI. The myocardial 
expression of the ketone transporter monocarboxylate transporter 1 (MCT1) and the ketolytic 
enzyme ßHB dehydrogenase 1 (Bdh1) were significantly increased in rats fed KE-2 diet along 
with normalization of myocardial ATP levels to sham values. 

Conclusions: Chronic oral supplementation with ketone esters were effective in both 
prevention and treatment of heart failure in two pre-clinical animal models. In addition, our 
results indicate that treatment with ketone esters re-programmed the expression of genes 
involved in ketone body utilization and normalised myocardial ATP production following 
MI, consistent with provision of an auxiliary fuel. These findings provide rationale for the 
assessment of ketone esters as a treatment for patients with heart failure.

Keywords: Ketone bodies • Fuel metabolism • Myocardial infarction • Heart failure
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INTRODUCTION 

Growing evidence indicates that derangements in cardiac fuel metabolism and 
bioenergetics contribute to the development of heart failure (HF), a global health problem. 
Magnetic resonance spectroscopy studies have shown that stores of myocardial high-energy 
phosphates adenosine triphosphate (ATP) and phosphocreatine (PCr) are reduced in humans 
with pathological ventricular hypertrophy, with further decline during the transition to 
HF.1–5 Notably, the [PCr]/[ATP] ratio correlates with HF severity and is a strong predictor 
of cardiovascular mortality.6,7 In addition, studies conducted in animal models have 
consistently revealed re-programming of myocardial fuel utilization in the hypertrophied 
and failing heart with a shift away from the chief fuel metabolic pathway, fatty acid oxidation 
(FAO), to increased reliance on glycolysis.8–15 Cardiac positron emission tomography studies 
in humans with hypertensive cardiac hypertrophy or idiopathic cardiomyopathy have 
largely corroborated this fuel shift.16–18  In an effort to identify alternative fuel sources in 
the context of HF, we and others have conducted metabolomic and proteomic profiling of 
failing versus normal hearts in mouse models of early-stage HF and in the end-stage failing 
human heart. The results of these studies identified protein and metabolite signatures, 
and NMR-based flux evidence of increased ketone body utilization in the hypertrophied 
and failing heart.19–21  In addition, we have found that a ketogenic diet, which increases 
circulating levels of the ketone body ß-hydroxybutyrate (ßHB), retarded the development 
of HF in mice and infusion of ßHB markedly enhanced cardiac function and reduced 
elevated ventricular filling pressures in a canine tachypacing model of progressive HF.22 
Recently, acute infusion of ßHB to humans with HF resulted in impressive hemodynamic 
improvement.23 These collective results suggest that increasing delivery of ketone bodies 
may prevent the development of heart failure. 

Given the growing evidence that ketones are beneficial in HF, efforts to develop chronic 
therapeutic strategies to increase myocardial ketone body delivery are warranted. A 
ketogenic diet, while increasing circulating levels of ketone bodies, introduces significant 
nutrient imbalances including a marked enrichment in long-chain fatty acids together 
with reduced carbohydrate and protein composition. Direct infusion of sodium ßHB, while 
potentially useful for acute HF, is too invasive for chronic use.24  ßHB or acetoacetate salts 
are also available as oral formulations, but  have limited bioavailability and an adverse taste. 
Ketone esters (KE) offer a more practical approach for chronic oral therapies. The first 
commercially available oral ketone ester is ßHB-butanediol.25–28 The ßHB-butanediol ester 
is thought to be cleaved in the gut by esterases to yield ßHB and 1,3-butanediol, the latter of 
which is further metabolized to ßHB in the liver by alcohol and aldehyde dehydrogenases. 
Studies conducted in rodents and in humans have shown that this ester, when given orally 
admixed in liquid or solid diets, results in a substantial transient increase in circulating 
ßHB.26,29–31 Some evidence, including studies in humans, suggest that oral administration of 
ßHB-butanediol ester increases cognitive function and exercise performance.26–28,30,32 
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The goal of this study was to determine the impact of chronic oral administration of KE 
in rodent models of HF.  We sought to assess the efficacy of a KE diet for both prevention 
and treatment of HF, given that the effects of chronic ketone body therapy as a treatment 
intervention have not been established. We report that diets enriched in KE were effective 
in partially preventing and treating HF in a mouse model of combined ventricular pressure 
overload/ischemia and in rats following myocardial infarction (MI). Moreover, these effects 
were achieved with two different KE preparations in different model systems.  Evidence is 
also presented to support the conclusion that the benefit of KE-treatment in HF is due, at 
least in part, to improving cardiac energetics likely by provision as an alternate fuel. These 
results provide rationale for the development of ketone therapies for HF in humans.

METHODS 

Ethical statement

Mouse experiments were approved by the IACUC at the University of Pennsylvania. The 
rat experimental protocol was approved by the Animal Ethical Committee of University of 
Groningen (IvD number: 16487-02-002). The investigation conforms to the Guide for the 
Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH 
Publication no. 85–23, revised 1996). We followed ARRIVE guidelines when reporting this 
study.

Ketone ester administration

A hexanoyl-hexyl-(R)-3-hydroxybutyrate (AK Scientific, Union City, CA, US) ketone ester 
(KE-1) diet was custom-synthesized for the mouse experiments. Purity was confirmed 
by GC at >97%, and the structure verified by NMR, GC/MS, and FT-IR. The KE-1 diet was 
formulated from a base of LabDiet 5010 (St. Louis, MO, US) by adding either 10% w/w or 15% 
w/w KE-1. To maintain a similar macronutrient profile to the original chow, soybean meal 
was increased and grains (corn, oats, and wheat germ) and pork animal fat were decreased 
in KE-1 diets. The calorie composition of the diets is listed in Table 1. Mice were housed in 
a facility with 12-hour light/dark cycles and provided ad libitum access to food and water.

For rat experiments, H.V.M.N. ßHB-butanediol monoester (DeltaG®) was purchased from 
H.V.M.N. (San Francisco, CA, US). The diet base was prepared by mixing the standard rat 
chow (1150-70 SM R/M maintenance in powder form, Ssniff, Germany) with “sugar free” 
jelly crystals (Hartley’s™, UK) to stimulate food intake as described elsewhere.33 The KE was 
subsequently added to chow/jelly mixture in a final concentration of 12.5 gram/100 gram. 
This diet will be referred to as KE-2 diet. Control chow referred to a mixture of standard 
chow and jelly without KE supplementation.33 The percentage of calorie compositions of the 
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KE-2 and control chow diet are listed in Table 2. Animals were fed ad libitum and housed 
conventionally in groups of two to four rats with 12:12 h light-dark cycles.  

TABLE 1. Composition of mouse diets 

% Energy composition Chow 10% KE-1 15% KE-1

Fat (% kcal) 12.7 14.6 8.2

Protein (% kcal) 28.7 23.6 23.0

Carbohydrate (% kcal) 58.5 43.1 41.4

Ketone ester (% kcal) 0 18.7 27.4

Total (% kcal) 100 100 100

Macronutrient composition of mouse diets calculated as percentage of kilocalorie (kcal) of total nutrient content. 
KE-1, hexanoyl-hexyl-3-hydroxybutrate ketone ester. 

Animal studies

Male C57BL/6NJ mice (Jackson Laboratories, Bar Harbor, ME) aged 7 weeks were 
randomized to chow or KE-1 diet starting 1 week prior to surgery. Heart failure was achieved 
via transaortic constriction combined with an apical myocardial infarction (TAC/MI) as 
previously described.34 Sham surgery consisted of anesthesia, intubation, and intercostal 
thoracotomy as per the TAC/MI procedure without performing aortic constriction or 
coronary ligation. Four weeks after surgery, mice failing to meet echocardiographic criteria 
for sufficient TAC gradient and infarct size were excluded by a researcher (SVS) blinded to 
treatment. TAC/MI surgery was performed on 53 mice (26 in Chow group, 27 in KE-1 group). 
A total of 8 mice were excluded due to low TAC gradient or small MI (6 in Chow group, 2 in 
KE-1 group).

Seventy-seven male Sprague Dawley rats (Envigo, The Netherlands) were randomized 
to HF or sham surgery under isoflurane (2.5%) inhalation anaesthesia. After left-sided 
thoracotomy, HF was induced by permanent ligating of the proximal portion of the 
left coronary artery as previously described.35 Sham operated rats underwent the same 
procedure but without the actual ligation. Rats were randomized to treatment with chow 
containing ketone ester (KE-2) or control chow, starting 2 days before surgery (early) or 2 
weeks after surgery (late). In the early group, weight-matched rats were randomly assigned 
to the KE-2 or control chow group. Whereas in the late group, treatment allocation was 
stratified according to left ventricular ejection fraction (LVEF) at 2 weeks after MI to ensure 
that the baseline cardiac function was similar in the KE-2 and the control chow groups. Six 
weeks after surgery, rats were anesthetized, blood was drawn and the hearts were rapidly 
excised for further analysis. Rats with an infarct size of less than 15% were excluded from 
analysis as these small infarcts are hemodynamically fully compensated.36 Ten rats (13%) 
died during the surgical procedure, all remaining rats survived the rest of the study. A total 
of 6 rats with an infarct < 15 % of the LV were excluded from further analysis (4 rats in early 
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group and 2 rats in late group), leaving a total of 61 rats for the analysis. The experimental 
protocol is illustrated in Figure 3A. 

Echocardiography 

Four weeks after surgery, ultrasound examination was performed on mice using a Fujifilm 
VisualSonics Ultrasound System (Visualsonics Inc, Toronto, ON, Canada). Long-axis 2D 
and Doppler ultrasound examination of the TAC gradient were obtained as previously 
described.22,34 Two weeks after surgery and 1 week before termination, the M-mode and 
2D echocardiography was performed on rats using a Vivid 7 echo machine (GE Healthcare) 
equipped with a 10-MHz phase array linear transducer for serially assessment of cardiac 
structure and function as previously described.35 The echo studies were performed by a 
blinded investigator (BDW) and measurements were validated by external observer. 

Invasive hemodynamic measurements 

Prior to sacrifice, invasive hemodynamics were analysed by aortic and LV catheterization 
as previously described.35 The right carotid artery was isolated, punctured, and a 1.9 F 
rat pressure‐volume catheter (Scisense, London, Ontario, Canada) was inserted into 
the right carotid artery. The tip of the catheter was advanced through the aorta into the 
LV cavity. Heart rate (HR), aortic systolic and diastolic blood pressure (SBP and DBP) 
and maximal rates of increase and decrease in developed LV pressure (dP/dtmax and dP/
dtmin) were determined. The data were acquired using a PowerLab data acquisition system 
(ADInstruments, Colorado Springs, CO) and analysed with LabChart 8 software.

Infarct size, cardiomyocyte size and interstitial fibrosis measurement 

Rats were euthanized under isoflurane anaesthesia. Heart were rapidly excised and 
weighed. The mid-papillary slice of the LV was fixed in 4% formaldehyde and embedded in 
paraffin. Masson’s trichrome staining was also used to evaluate infarct size and the extent 
of interstitial fibrosis in the non-infarcted LV, as described previously.35,37 The whole tissue 
section was scanned with Hamamatsu scanner and quantified using Aperio ImageScope 
software.35 FITC labelled wheat germ agglutinin (WGA) was used to determine cardiomyocyte 
size as previously described.35 Cardiomyocyte cross-sectional area were measured using 
image analysis (Zeiss KS400, Germany) and quantified using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA). The investigators analysing the data were blinded 
to the treatment allocation. 

Blood and plasma measurements 

Blood was obtained from mice via needle prick of the tail followed by immediate 
measurement of ßHB concentration with a Precision Xtra blood ketone meter (Abbott, 
Columbus, OH). To characterize ketonemia induced by KE-1 diet, ßHB measurements were 
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taken during the day (09:00 – 13:00) and at night (00:00 – 02:00). To assess ketonemia in 
rats, 0.5 ml of blood was drawn from the tail vein during fasting (09:00-10:30) and feeding 
hours (22:00-22:30), and anti-coagulated with perchloric acid (PCA). At sacrifice, 8 ml of 
blood was drawn from the abdominal aorta and either anti-coagulated with heparin or 
EDTA. Plasma creatinine, sodium and potassium were measured by the Roche/Hitachi 
Cobas system (Roche, Germany). Plasma beta-hydroxybutyrate concentrations were 
quantified using Autokit 3-HB (Wako Chemicals, Germany). Circulating hormones were 
measured by a rat ultrasensitive insulin ELISA kit (80-INSRT-E01, ALPCO) and Glucagon 
ELISA (48-GLUHU-E01, ALPCO) according to the manufacturer’s instructions. 

Quantitative real-time polymerase chain reaction

RNA was isolated from the non-infarcted LV using TRIzol reagent (Invitrogen Corp., CA, USA) 
and quantified by the NanoDrop device as previously described.35,38 mRNA levels obtained 
by a quantitative real‐time polymerase chain reaction (RT-PCR) using CFX384 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories, Veenendaal, The Netherlands). 36B4 
reference gene was used to correct all measured mRNA expression. Primer sequences can 
be found in the Supplementary Table S1. 

Mitochondrial DNA (mtDNA)-to-nuclear DNA (nDNA) ratio and mtDNA damage

Total DNA including mtDNA was extracted from the non‐infarcted left ventricle using 
Nucleospin® Tissue XS (Macherey‐Nagel GmBH&Co. KG, Düren, Germany). mtDNA‐
to‐nDNA ratio was determined by qRT-PCR, as described previously.35 Expression of 
mitochondrial genes were corrected for nuclear gene expressions values, and the calculated 
values were expressed relative to the control group per experiment. Relative levels of damage 
in mtDNA was measured by using semi-long real time-PCR amplification of mtDNA 
fragments of different lengths, as described before.35 Primer sequences are listed in Table 1 
of the Data Supplement. 

Western blot 

Frozen LV tissue was homogenized and quantified as described before.35 Immunoblotting 
was performed using primary antibodies from the following commercial suppliers: OXCT1 
/ SCOT (#ab105320; Abcam, Cambridge, UK), GAPDH (#10R-G109A; Fitzgerald Industries 
International, Acton, MA, USA). Immunoblots were incubated with appropriate secondary 
antibodies for 1 hour at room temperature. Signals were detected by ECL (ParkinElmer, 
Waltham, MA, USA). Blots were quantified using ImageJ software (NIH, Bethesda, MD, 
USA). The density of each band was normalized to GADPH acting as a loading control and 
presented as fold change over Sham-Chow group.
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ATP measurements

ATP concentrations in the LV were measured using an ATP Assay Kit (colorimetric/
fluorometric) from Abcam (#ab83355, Cambridge, UK) according to the manufacturer’s 
instructions. Results were normalized by protein concentrations of each test, as previously 
described.35 

Statistical analysis 

Data are presented as means ± standard errors of the mean (SEM). To compare normally 
distributed parameters, one-way analysis of variance (ANOVA) followed by Tukey’s Post Hoc 
test was used. Data with two variables were analysed by 2-way ANOVA followed by Tukey’s 
Post Hoc test. When data were not normally distributed, a non-parametric Kruskal-Wallis 
test followed by a Dunn test with correction for multiple comparisons was used. Wilcoxon 
signed rank test was used to evaluate LVEF post-MI vs. before termination. Differences 
were considered significant at p<0.05. GraphPad Prism version 8 (San Diego, CA, USA) was 
used to perform all statistical analysis.

RESULTS 

Preventive intervention with a ketone ester diet attenuates pathologic cardiac 
remodeling and dysfunction in a mouse model of heart failure 

To establish an effective oral ketone supplementation in mice we used a ketone diester 
consisting of a central βHB moiety flanked by two six carbon chains (KE-1, Figure 1A). This 
ester is hydrolysed following ingestion to yield one molecule of ßHB and two medium-
chain C6 fatty acid moieties that also provide substrate for ketogenesis. We formulated 
diets containing 10% or 15% w/w KE-1 to closely match the macronutrient profile of the 
control diet (Chow) (Table 1). After one week of feeding, the 10% KE-1 diet was confirmed to 
elevate nocturnal circulating ßHB levels by ~2.7-fold compared to Chow-fed control levels 
(mean 1.06 ± 0.09 vs 0.39 ± 0.02 mM; Figure 1B). The 15% KE-1 diet further elevated the 
nocturnal levels to ~5.0-fold compared to Chow (Figure 1B). Notably, both KE-1 diets only 
induced ketonemia during the main feeding period (nocturnal hours). Compared to Chow-
fed controls, mice fed the 15% KE-1 diet had a modest but significant weight loss during 
the 1-week feeding period (Figure 1C). To limit confounding from differences in body weight 
between treatment groups, the 10% KE-1 diet was selected to evaluate the effect of ketone 
supplementation in the setting of HF.
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Figure 1. Ketone ester diet increases nocturnal circulating beta-hydroxybutyrate in mice. (A) Structure of the
hexanoyl-hexyl-3-hydroxybutyrate ketone ester (KE-1) depicting a central β-hydroxybutyrate (βHB) flanked by two six-
carbon fatty acids. (B) Levels of blood ßHB measured after one week of feeding normal Chow, 10% w/w KE-1 diet, or
15% w/w KE-1 diet. ßHB measurements were taken during the day (09:00-13:00) and at night (00:00-02:00) *p<0.05, 2-
way ANOVA with Tukey multiple comparison test. (C) Body weight normalized to starting weight measured after one
week of feeding normal Chow, 10% w/w KE-1 diet, or 15% w/w KE-1 diet. *p<0.05, 1-way ANOVA with Tukey
multiple comparison test.
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FIGURE 1. Ketone ester diet increases nocturnal circulating beta-hydroxybutyrate in mice. (A) Structure of the 
hexanoyl-hexyl-3-hydroxybutyrate ketone ester (KE-1) depicting a central β-hydroxybutyrate (βHB) flanked by two 
six-carbon fatty acids. (B) Levels of blood ßHB measured after one week of feeding normal Chow, 10% w/w KE-1 
diet, or 15% w/w KE-1 diet. ßHB measurements were taken during the day (09:00-13:00) and at night (00:00-02:00) 
*p<0.05, 2-way ANOVA with Tukey multiple comparison test. (C) Body weight normalized to starting weight measured 
after one week of feeding normal Chow, 10% w/w KE-1 diet, or 15% w/w KE-1 diet. *p<0.05, 1-way ANOVA with Tukey 
multiple comparison test.

We next sought to determine whether the oral ketone ester supplementation would 
impact pathologic cardiac remodeling en route to heart failure in a well-established 
murine model of TAC/MI.22,34 Male wild-type C57BL/6NJ mice were fed normal chow or a 
10% KE-1 diet starting one week prior to TAC/MI surgery and throughout the duration of 
the 4-week post-surgical period (Figure 2A). The KE-1 diet induced consistent ketonemia 
during the dark cycle throughout the duration of the experimental protocol (Figure S1A 
in the Data Supplement). Compared to Chow-fed controls, mice fed KE-1 diet gained less 
weight during the experimental protocol although this weight difference stabilized during 
the 5-week treatment period (Figure S1B in the Data Supplement). There were no differences 
in survival between groups fed Chow or the KE-1 diet (Figure S1C in the Data Supplement). 
Following TAC/MI, cardiac hypertrophy was significantly attenuated in mice fed KE-1 diet 
compared to Chow-fed mice (Figure 2B). In addition, the KE-1 diet-treated group exhibited a 
significant improvement in pathologic cardiac remodeling and left ventricular (LV) function 
as evidenced by reduced LV end-systolic and -diastolic volumes (Figure 2C) and improved 
LV ejection fraction (LVEF), respectively (Figure 2D). The KE-1 diet did not affect cardiac 
function in Sham-operated mice.
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Figure 2. Preventive treatment with ketone ester diet attenuates pathologic cardiac remodeling and left
ventricular dysfunction in a mouse model of heart failure. (A) Schematic showing the experimental timeline. Male
C57Bl/6NJ mice aged 7 weeks were randomized to diet of either standard Chow or 10% KE-1 diet. One week later, mice
received either sham surgery or TAC/MI surgery. (B) Ratio of biventricular weight (BV) to tibia length (T). (C) Left
ventricular (LV) end-systolic volume (ESV) and end-diastolic volume (EDV) four weeks after TAC/MI surgery as
determined by echocardiography. (D) LV ejection fraction (LVEF) 4 weeks post-TAC/MI surgery. *p<0.05, 2-way
ANOVA with Tukey multiple comparison test.
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FIGURE 2. Preventive treatment with ketone ester diet attenuates pathologic cardiac remodeling and left 
ventricular dysfunction in a mouse model of heart failure. (A) Schematic showing the experimental timeline. Male 
C57Bl/6NJ mice aged 7 weeks were randomized to diet of either standard Chow or 10% KE-1 diet. One week later, 
mice received either sham surgery or TAC/MI surgery. (B) Ratio of biventricular weight (BV) to tibia length (T). (C) 
Left ventricular (LV) end-systolic volume (ESV) and end-diastolic volume (EDV) four weeks after TAC/MI surgery as 
determined by echocardiography. (D) LV ejection fraction (LVEF) 4 weeks post-TAC/MI surgery. *p<0.05, 2-way ANOVA 
with Tukey multiple comparison test.

Development of a ketone ester supplementation protocol to induce sustained 
ketonemia in rats

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

% Energy composition Chow KE-2 diet

Fat (% kcal) 9.8 5.9

Protein (% kcal) 30.0 18.3

Carbohydrate (% kcal) 60.1 36.6

Ketone ester (% kcal) 0 33

Total (% kcal) 100 100

Nutrient composition calculated as percentage of kilocalorie (kcal) of total nutrient content. KE-2, βHB-butanediol 
monoester. 

A schematic representation of the treatment strategy with KE-2 in rats is depicted in figure 
3A. A detailed analysis of the ketonemic response was performed for 10 days. Daily caloric 
intake was comparable among the groups (Table S2 in the Data Supplement). Rats consumed 
an average of 3.4 ± 1 g of KE-2 per day which was equivalent to 9.4 g/kg body weight/day. 
ßHB concentrations increased from 0.2 ± 0.03 mmol/l in rats fed control chow to 1.8 ± 0.2 
mmol/l during the nocturnal feeding hours (Figure 3B). Circulating ketone levels remained 
elevated during fasting hours (Figure 3B). Importantly, we did not observe any effect on body 
weight after KE-2 supplementation (Figure 3C).  Liver, kidney and spleen weight were not 
affected by ketone treatment and we did not observe any difference in plasma creatinine 
or electrolyte levels (Table 2 in the Data Supplement). As expected, treatment with KE reduced 
plasma insulin levels without affecting glucagon (Table 2 in the Data Supplement).39 
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Figure 3. Ketone ester supplementation induces sustained ketonemia in rats. (A) Experimental design of two
BHB-butanediol monoester (KE-2 diet) supplementation regimens in rats with heart failure (HF) after myocardial
infarction (MI). (B) Plasma beta-hydroxybutyrate (BHB) concentrations measured after ten days of KE-2
supplementation during fasting (09:00-10:30) and feeding hours (22:00-23:30). (C) Body weight at the end of the study.
Data are presented as means ± SEM. *p<0.05, 2-way ANOVA with Tukey multiple comparison test.

FIGURE 3. Ketone ester supplementation induces sustained ketonemia in rats. (A) Experimental design 
of two BHB-butanediol monoester (KE-2 diet) supplementation regimens in rats with heart failure (HF) after 
myocardial infarction (MI). (B) Plasma beta-hydroxybutyrate (BHB) concentrations measured after ten days of KE-2 
supplementation during fasting (09:00-10:30) and feeding hours (22:00-23:30). (C) Body weight at the end of the 
study. Data are presented as means ± SEM. *p<0.05, 2-way ANOVA with Tukey multiple comparison test.
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Treatment with a ketone ester diet attenuates pathologic cardiac remodeling and 
dysfunction in a rat model of heart failure 

Our results demonstrating that the KE-1 diet partially prevented cardiac dysfunction 
and remodeling following TAC/MI in mice led us to assess the potential of ketone ester 
supplementation to serve as a treatment of heart failure.  The 24h ketosis achieved with 
the KE-2 diet provided further rationale for this experiment. The treatment study was 
conducted in a well-established post-MI heart failure model in rats using the experimental 
design shown in Figure 3A.35 We employed two treatment strategies: 1) early administration 
of the KE-2 diet administered two days before the MI surgery (KE-2-E; Figure 3A),  and 2) 
administration of the KE-2 diet at 2 weeks post-surgery to assess the effect of KE-2 as a 
true treatment post-MI remodeling (KE-2-L; Figure 3A). Early treatment with KE-2 did not 
influence myocardial infarct size induced by a permanent coronary artery ligation (Figure 4A 
and 4B) Consistent with the results of the preventive KE-1 strategy in the mouse model, left 
ventricular function and remodeling indices were improved in the KE-2-E group compared 
to Chow-fed controls (Figure 4B-E). 

The impact of a treatment strategy in the context of stable cardiac dysfunction was next 
assessed using the KE-2-L protocol.  The average MI size was 34±1% and was comparable 
between MI-Chow and MI-KE-2 diet groups (Figure 4A and 4B). As expected, MI resulted 
in ventricular hypertrophy, dilatation of the LV, along with significant diminution in 
LV ejection fraction (LVEF) (Figure 4C-E). Treatment with ketone ester improved cardiac 
function and reduced cardiac remodeling (Figure 4C-E). Analysis of longitudinal changes in 
LVEF during active treatment with the KE-2-L protocol revealed modest further worsening 
of cardiac function was apparent in the MI-Chow group, whereas improvement of cardiac 
function was observed with the KE-2 diet (Figure 4F). Notably, the ketone ester also slightly 
improved LVEF in the sham group (Figure 4E). 

Hemodynamic studies were also conducted to assess the remodeling response in the KE-2 
study. As expected, the infarcted rats were hemodynamically compromised, as reflected 
by a decrease in contractility and relaxation (dP/dtmax-min), and substantial reduction in 
systolic blood pressure (Table 3). Treatment with KE-2 diet reduced heart rate and improved 
contractility as indicated by a significantly enhanced LV dP/dtmax (Table 3). Systolic and 
diastolic blood pressure were similar among the groups (Table 3). Taken together, these 
results indicate that KE supplementation is useful to both prevent and treat pathologic 
cardiac remodeling and ventricular dysfunction in a rat model of heart failure. 



Ketone ester in pre-clinical models of HF

6

113

A

B

D

C

E

F

Sham-Chow Sham-KE-2 MI-Chow MI-KE-2 early MI-KE-2 late

Figure 4. Ketone ester treatment improves pathologic
cardiac remodeling and LV dysfunction in a rat model of
heart failure. (A) Representative LV sections stained with
Masson’s trichrome. (B) Quantification of infarct size from
Masson’s trichrome stained sectionS. (C) Ratio of biventricular
weight (BV) to tibia length (T). (D) LV internal dimensions in
diastole (LVIDd) as determined by echocardiography. (E) LV
ejection fraction (LVEF). *p<0.05, 1-way ANOVA with Tukey
multiple comparison test. (F) Longitudinal change of LVEF
post-MI and before termination (late group). *p<0.05,
Wilcoxon signed rank test. KE-2-E, KE-2-early; KE-2-L, KE-
2-late. Data are presented as means ± SEM.

FIGURE 4. Ketone ester treatment improves pathologic cardiac remodeling and LV dysfunction in a rat model 
of heart failure. (A) Representative LV sections stained with Masson’s trichrome. (B) Quantification of infarct size 
from Masson’s trichrome stained sectionS. (C) Ratio of biventricular weight (BV) to tibia length (T). (D) LV internal 
dimensions in diastole (LVIDd) as determined by echocardiography. (E) LV ejection fraction (LVEF). *p<0.05, 1-way 
ANOVA with Tukey multiple comparison test. (F) Longitudinal    change of LVEF post-MI and before termination (late 
group). *p<0.05, Wilcoxon signed rank test. KE-2-E, KE-2-early; KE-2-L, KE-2-late. Data are presented as means ± SEM. 

TABLE 3. Hemodynamics parameters for sham-operated and post-MI rats.

Parameters Sham-Chow Sham-KE-2 MI-Chow MI-KE-2-E MI-KE-L

HR (bpm) 268 ± 8 231 ± 7* 263 ± 5 242 ± 7‡ 246± 3‡

SBP (mmHg) 116 ± 3 122 ± 3 108 ± 2* 108 ± 2†‡ 107 ± 2†‡

DBP (mmHg) 78 ± 2 83 ± 3 78 ± 2 74 ± 1 76 ± 2

dP/dt max (mmHg/s) 6589 ± 350 6191 ± 298 4612 ± 134* 5328 ± 244†‡ 5093 ± 179†‡

dP/dt min (mmHg/s) -6854 ± 455 -6526 ± 342 -4685 ± 189* -5049 ± 331† -4939 ± 205†

Data are presented as means ± SEM. *p<0.05 vs. Sham-Chow, †p<0.05 vs. Sham-KE-2, ‡p<0.05 vs. MI-Chow. HR, 
heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; dP/dt max and dP/dt min, the maximal rate 
of increase and decrease of left ventricular pressure, respectively.



Chapter 6

114

6

Treatment with ketone ester reduces cardiac hypertrophy independent of the 
fibrotic response

We next evaluated the impact of KE-2 treatment on cellular and molecular markers of 
pathologic cardiac remodeling.  The ventricular weight was increased in the MI-Chow 
control group compared to sham-Chow group at 6 weeks post-MI (Figure 4C). Accordingly, 
this difference was also reflected in mean cardiomyocyte cross sectional-area (CSA) (Figure 
5A and 5B). The KE-2 diet treatment resulted in significant reductions in both ventricular 
weight and a 22% reduction in cardiomyocyte CSA (Figure 4C, 5A and 5B). MI-Chow rats 
exhibited an increase in atrial weight-to-tibia length ratio, which was normalised to sham 
values by KE-2 (Table S2 in the Data Supplement). In contrast to the observed amelioration of 
ventricular hypertrophy with KE-2 diet, interstitial fibrosis in the left ventricular myocardial 
regions remote from the infarct were increased to a similar degree in both Chow and KE-
2-treated groups (Figure 5A and 5C). Gene markers of the hypertrophic and fibrotic response 
paralleled the histological responses to KE-2 diet post-MI (Figure 5D-E, Figure S2A in the 
Data Supplement). Consistent with the ventricular hypertrophy findings, left ventricular 
expression of atrial natriuretic peptide (ANP) was induced to a lesser extent in the KE-2 
group compared to controls (Figure 5D).  In contrast, induction of mRNAs encoding collagen 
type I alpha 1 (COL1A1) and tissue inhibitor of metalloproteinases 1 (TIMP1), known markers 
of the fibrotic response, were induced to the same level in both groups (Figure 5E, Figure 2A 
in the Data Supplement).

Evidence for enhanced cardiac energetics after treatment with ketone ester  

Previous studies have demonstrated that myocardial ketone utilization is increased in 
animal models of heart failure20 and in the human failing heart,20,21 and that infusion of 
ßHB enhanced cardiac function in pre-clinical models22 and in humans with heart failure.23 
Increased delivery and uptake of ketone bodies could improve cardiac function by several 
different mechanisms including provision of an alternate fuel to enhance ATP production 
in the setting of reduced capacity for utilization of fatty acids.22 Alternatively, or in 
addition, ketone ester treatment could provide cytoprotective effects such as prevention of 
oxidative or other forms of mitochondrial damage. However, mitochondrial DNA integrity 
was not affected by KE-2 treatment, and the total mitochondrial content was unaltered 
(Figure S2B-S2C in the Data Supplement). To determine the effect of KE-2 administration on 
myocardial ketone utilization capacity, we measured the expression of the gene encoding 
monocarboxylate transporter 1 (MCT1), Slc16a1, the main transporter for ketone bodies 
to enter cardiomyocytes. The expression of Slc16a1 was increased in the MI-Chow group 
(Figure 6A), and treatment with KE-2 resulted in a further significant (5-fold) increase in 
Slc16a1 expression, but was unaltered in the sham-KE-2 group (Figure 6A).  In addition, the 
expression of the gene encoding the enzyme catalysing the first step in ketone oxidation, 
3-hydroxybutyrate dehydrogenase 1 (Bdh1) was modestly but significantly increased in the
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Figure 5. Ketone ester treatment attenuates cardiac hypertrophy independent of fibrotic response. (A)
Representative LV sections stained with wheat-germ agglutinin (WGA) and Masson’s trichrome to assess cardiomyocyte
hypertrophy and fibrosis, respectively. Scale bars = 50 µm and 100 µm, respectively. (B) Quantification of cardiomyocyte
cross-sectional area from WGA stained section. (C) Quantification of fibrosis in non-infarcted LV from Masson’s
trichrome stained section. The graph denotes fold change over Sham-Chow control group. (D-E) Measurement of mRNA
levels to assess molecular markers for remodeling and fibrosis, respectively, normalized to 36b4. The graph denotes fold
change over Sham-Chow group. ANP, atrial natriuretic peptide; COL1A1, collagen type I alpha 1. Data are presented as
means ± SEM. p<0.05, 2-way ANOVA with Tukey multiple comparison test.
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FIGURE 5. Ketone ester treatment attenuates cardiac hypertrophy independent of fibrotic response. (A) 
Representative LV sections stained with wheat-germ agglutinin (WGA) and Masson’s trichrome to assess 
cardiomyocyte hypertrophy and fibrosis, respectively.  Scale bars = 50 µm and 100 µm, respectively. (B) Quantification 
of cardiomyocyte cross-sectional area from WGA stained section. (C) Quantification of fibrosis in non-infarcted 
LV from Masson’s trichrome stained section. The graph denotes fold change over Sham-Chow control group. (D-E) 
Measurement of mRNA levels to assess molecular markers for remodeling and fibrosis, respectively, normalized to 
36b4. The graph denotes fold change over Sham-Chow group. ANP, atrial natriuretic peptide; COL1A1, collagen type I 
alpha 1. Data are presented as means ± SEM. p<0.05, 2-way ANOVA with Tukey multiple comparison test. 

 MI-Chow group, and treatment with KE-2 resulted in a >50% further increase in both sham 
and MI groups (Figure 6B). Furthermore, protein expression of the enzyme catalyzing the 
second step of ketone oxidation,  Succinyl CoA:3-oxo acid CoA transferase (SCOT), was 
significantly increased in both sham and MI groups treated with KE-2 (Figure 6C) Together 
these results indicate that capacity for transport and oxidation of ßHB is specifically 
increased in the ketone ester treated failing heart. To determine the effect of ketone ester 
supplementation on myocyte energetics, myocardial ATP levels were measured. Consistent 
with increased utilization of ßHB as a fuel, the reductions in myocardial ATP levels observed 
in the MI-Chow group were normalised to sham values in the MI-KE-2 group (Figure 6D). 
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Figure 6. Ketone ester treatment enhances cardiac energetic. Levels of mRNA encoding monocarboxylate
transporter 1 (MCT1) (A) and β‐hydroxybutyrate dehydrogenase (BDH1) (B) in left ventricle (as determined by qPCR)
shown as arbitrary units (AU) normalized to the value of Sham Chow-control (+1.0). (C) Representative immunoblot
analyses of Succinyl CoA:3-oxo acid CoA transferase (SCOT) performed using protein extracts prepared from LV tissue
homogenates. The density of each band was normalized to GADPH acting as a loading control and presented as fold
change over Sham-Chow group. (D) ATP-levels in the left ventricle, measured as described in Methods. Data are
presented as means ± SEM. *p<0.05, Kruskal–Wallis test with Dunn's multiple comparisons test.
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FIGURE 6. Ketone ester treatment enhances cardiac energetic. Levels of mRNA encoding monocarboxylate 
transporter 1 (MCT1) (A) and β‐hydroxybutyrate dehydrogenase (BDH1) (B) in left ventricle (as determined by qPCR) 
shown as arbitrary units (AU) normalized to the value of Sham Chow-control (+1.0). (C) Representative immunoblot 
analyses of Succinyl CoA:3-oxo acid CoA transferase (SCOT) performed using protein extracts prepared from LV tissue 
homogenates. The density of each band was normalized to GADPH acting as a loading control and presented as 
fold change over Sham-Chow group. (D) ATP-levels in the left ventricle, measured as described in Methods. Data are 
presented as means ± SEM. *p<0.05, Kruskal–Wallis test with Dunn's multiple comparisons test.

DISCUSSION

This study was designed to determine whether chronic administration of a KE-
supplemented diet could reduce the development and the severity of HF in pre-clinical 
small animal models. The rationale for this study included emerging evidence that the 
failing heart increases utilization of ketones, and that a chronic ketogenic diet and acute 
infusion of ßHB retarded the development of HF in small and large animals, respectively.20,22 
In addition, a recent study demonstrated that an acute infusion of ßHB to humans with 
severe heart failure conferred significant hemodynamic benefit.23 We first sought to develop 
a strategy to induce persistent ketonemia in rodents using oral administration of KE. The 
second major goal was to determine whether KE could not only impact the development of 
HF, but also serve as a treatment initiated after the onset of HF. Our results demonstrated 
that: 1) KE-enriched diets can be formulated to induce sustained ketonemia, including 24h 
exposure in rodents;  2) chronic KE supplementation was efficacious in both preventive and 
treatment strategies for HF in rodent models; 3) diets formulated with two different KE 
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preparations, in two independent heart failure models across both mice and rats, reduced 
pathological cardiac remodeling and enhanced ventricular function; 4) KE supplementation 
reduced pathological ventricular hypertrophy but did not impact fibrosis during post-MI 
remodeling; and 5) chronic treatment with a ßHB-butanediol monoester (KE-2 diet) led to 
induction of genes involved in the myocardial uptake and oxidation of ßHB and recovered 
myocardial ATP levels post-MI. 

In order to effectively test the impact of chronic oral ketone delivery on HF, it was necessary 
to ensure that sufficient and sustained ketonemia was induced. The use of KE-1, hexanoyl-
hexyl-(R)-3-hydroxybutyrate, in the mouse diet resulted in a significant elevation in 
circulating βHB, but only during periods of feeding. KE-1 was used because it generates one 
molecule of ßHB by esterase cleavage as well as drives hepatic ketogenesis by oxidation of 
the hexanoate and hexanol moieties liberated from the initial cleavage. Whereas the KE-1 
diet resulted in a significant short-term increase in blood βHB, attempts at increasing dose 
to attain more sustained elevations into the non-feeding period was limited by weight loss 
despite a similar caloric content/weight compared to the standard chow diet.  It is likely 
that the weight loss relates, at least in part, to the known anorexigenic effects of ketone 
bodies.26,40 We modified the KE administration approach by testing a different KE-2 diet 
which contained ßHB-butanediol monoester and assessed whether the effects of ketone 
supplementation were also apparent in a different rodent species. The ßHB-butanediol 
monoester has been used previously by others in animal models, and has been shown to 
be safe and well tolerated in humans.41,42 In order to maintain food intake, the KE-2 diet 
was supplemented with a sugar-free jelly crystal to enhance taste. This approach resulted 
in a similar caloric intake for both Chow and KE-2-treated groups. Accordingly, the KE-2 
diet did not cause significant weight loss and resulted in sustained therapeutic ketonemia 
over a 24-hour period. Our results do not allow us to determine whether the differences in 
duration of ketonemia and weight loss between the KE-1 and KE-2 diets are related to species 
or specific KE formulations. Future studies aimed at addressing these questions, especially 
in humans, will be necessary for further development of this therapeutic approach. Notably, 
despite achieving ketonemia limited only to the nocturnal feeding period, the KE-1 diet was 
effective in the mouse HF model as a preventive treatment. 

A major question related to this KE study is how do ketone bodies improve HF?  Studies 
of aging and neurodegenerative disease in animal models suggest that ketones may be 
cytoprotective by several mechanisms including anti-oxidant and anti-inflammatory 
actions or through epigenetic effects related to HDAC inhibition.43–45 We did not observe 
significant changes in mitochondrial damage as a readout for oxidative stress in rats 
treated with KE-2. In addition, acute administration of ßHB may reduce systemic vascular 
resistance in HF as suggested by large animal,22 and human studies.23,46 Ketone bodies 
can also be used by the heart as a fuel. It is well known that the failing heart re-programs 
to a lower capacity for oxidizing fatty acids, the chief fuel for the normal heart.15 Several 
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lines of evidence, including the cardiomyopathy phenotype of human genetic defects 
in mitochondrial ß-oxidation,47 suggest that reduced capacity for myocardial fatty acid 
utilization contributes to a vicious cycle of energy starvation and pathological remodeling. 
Accordingly, ketones could supply an alternate mitochondrial energy substrate to the 
failing heart. In support of this mechanism, infusion of ßHB in a canine tachypacing 
HF model resulted in a marked increase in ventricular function and reduced glucose 
utilization suggestive of substrate competition.22 In addition, administration of ßHB to 
isolated mitochondria in the context of limited substrate availability improved the redox 
state, mitochondrial membrane potential, and proton motive force for ATP synthesis.22 The 
results described herein provide additional support for ketone bodies serving as an alternate 
fuel for the failing heart. First, cardiac expression of the main ßHB transporter, Mct1, and 
the ketolytic enzymes Bdh1 and SCOT were increased in the post-MI rat heart and further 
increased by the KE-2 diet. Ketolytic enzymes have also been shown to be induced in HF in 
mice and humans.20,21 Secondly, KE-2 diet normalized reduced ATP levels in the post-MI 
rat heart. These results are supportive of the conclusion that ketone ester supplementation 
provides an ancillary fuel to the failing heart. However, other cardioprotective or extra 
cardiac hemodynamic mechanisms may also contribute. Interestingly, we also found that 
KE supplementation reduced cardiac hypertrophy, both in mice and rats. In the rat post-MI 
model this effect was shown to be uncoupled from the fibrotic response. It is tempting to 
speculate that the increased mitochondrial oxidation of ßHB reduces glucose utilization, 
thus impacting the hypertrophic growth response. Indeed, recent studies in which high 
rates of fatty acid oxidation are maintained the pathologic cardiac hypertrophic response 
is diminished.48,49 It is possible that increasing ketone-generated acetyl-CoA input into the 
TCA cycle would have a similar effect.   

TRANSLATIONAL IMPLICATIONS

The therapeutic paradigm for the treatment of HF has recently shifted from the inhibition 
of potentially deleterious neurohormonal activation towards stimulation of endogenous 
protective responses. Indeed, substantial improvements in outcome have been achieved by 
increasing natriuretic peptides with neprylisin inhibition50 and more recently by activating 
guanyl cyclase.51 Promoting an adaptive metabolic switch towards enhanced myocardial 
ketone oxidation would nicely fit into this paradigm. Indirect evidence that increasing 
circulating ketone concentrations may be beneficial for HF patients is provided by the 
observation of mild but persistent ketonemia induced by sodium-glucose co-transporter 
2 (SGLT2) inhibitors. While originally designed for the treatment of diabetes, studies by us 
and by others have demonstrated that SGLT2-inhibitors can improve cardiac function and 
ameliorate cardiac remodeling in non-diabetic small and large animal models of HF.35,52 
These beneficial effects of SGLT2-inhibition were accompanied by a marked increase in 
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circulating ketone levels, increased cardiac ketone utilization, and partial normalization 
of myocardial ATP.35,52 Accordingly, the SGLT2-inhibitor Dapagliflozin was recently found 
to reduce HF hospitalizations and prevent cardiovascular mortality in patients with heart 
failure and reduced left ventricular ejection fraction (HFrEF),53 both with or without diabetes 
at baseline.54 While it is tempting to speculate that the salutary effects of SGLT2-inhibitors 
are mediated by their effects on myocardial ketone metabolism, many other potential 
mechanisms of action may exist. Further mechanistic studies are required to determine the 
true contribution of ketone oxidation to the salutary effects of SGLT2 inhibition.55 

The only direct clinical evidence that exogenous ketone could benefit HF patients comes from a 
small Danish study in patients with HFrEF who received sodium-ßHB for up to 3 hours, during 
which invasive cardiac pressure measurements and echocardiography were performed.23 
Acute ßHB infusion improved biventricular function and resulted in a dose-dependent 
increase in cardiac output, without major hemodynamic side effects.  In this study we sought 
to assess the chronic effects of ßHB on pathologic cardiac remodeling. While intravenous ßHB 
infusion warrants further investigation as a treatment for selected patients with acute heart 
failure, the ketone ester ßHB-butanediol or related esters are excellent candidates for initial 
clinical trials in chronic HF. ßHB-butanediol is commercially available and a single oral dose 
of ßHB-butanediol was shown to be sufficient to improve exercise performance in athletes as 
well as in patients with very long-chain acyl-CoA dehydrogenase deficiency.32,42 Furthermore, 
chronic ßHB-butanediol treatment is safe and well tolerated by healthy volunteers and the 
efficacy of several clinical trials in various patient populations are currently enrolling patients. 
Several additional KE preparations are currently under development, including esterification 
of medium-chain fatty acids to ßHB to boost hepatic ketogenesis. 

STUDY LIMITATIONS

Next to limitations inherent to the use of animal models to study human diseases, our 
study has several specific limitations. First, our results did not allow us to assess effects 
on myocardial ischemic damage given that we used a model of permanent coronary artery 
ligation.  It has been reported, however, that ketones exert cardioprotective properties in the 
setting of ischemia / reperfusion injury.56 Second, while the increase in cardiac ATP levels and 
the improvements in cardiac function induced by ketone supplementation strongly suggest 
that the heart is utilizing KE as a fuel, we do not provide direct proof that ketone oxidation 
is increased nor did we quantify the contribution of ketone oxidation to the increase in 
myocardial ATP levels. This would require mass spectrometry-based quantitative proteomics 
and metabolomics analyses and / or studies in mice incapable of oxidizing BHB.20,22 In our 
opinion, this is beyond the scope of the current investigation, and such effects have been 
demonstrated with BHB infusion in a canine pacing model of heart failure.22 
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CONCLUSIONS

We show that chronic oral supplementation with ketone esters prevent and treat heart failure 
in two pre-clinical small animal models. Our results also indicate that chronic treatment 
with ketone esters re-programs the expression of genes involved in ketone body uptake and 
oxidation, and restored myocardial ATP production following MI consistent with provision 
of an auxiliary fuel. Taken together these findings suggest that treatment with ketone esters 
could be of benefit for patients with heart failure.
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Supplementary Figures
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Supplemental Figure S1. Effect of ketone ester diet on ketonemia, body weight, and survival in a mouse model of
heart failure. (A) Blood β-hydroxybutyrate (BHB) levels remained consistently elevated at night for the duration of the
heart failure experiment in mice fed C6x2-BHB ketone ester (KE-1) diet. *p<0.05 Sham Chow vs. Sham KE-1, #p<0.05
TAC/MI Chow vs. TAC/MI KE-1, 2-way ANOVA with Tukey multiple comparison test. (B) KE-1 diet prevented
weight gain compared to Chow in Sham treated mice. Chow-fed mice had lower body weight after TAC/MI surgery
compared to Sham operated controls. *p<0.05 Sham Chow vs. Sham KE-1, †p<0.05 Sham Chow vs. TAC/MI Chow, 2-
way ANOVA with Tukey multiple comparison test. (C) There were no differences in survival between Chow and KE-1
diet.

SUPPLEMENTAL FIGURE S1. Effect of ketone ester diet on ketonemia, body weight, and survival in a mouse 
model of heart failure. (A) Blood β-hydroxybutyrate (BHB) levels remained consistently elevated at night for the 
duration of the heart failure experiment in mice fed C6x2-BHB ketone ester (KE-1) diet. *p<0.05 Sham Chow vs. 
Sham KE-1, #p<0.05 TAC/MI Chow vs. TAC/MI KE-1, 2-way ANOVA with Tukey multiple comparison test. (B) KE-1 diet 
prevented weight gain compared to Chow in Sham treated mice. Chow-fed mice had lower body weight after TAC/
MI surgery compared to Sham operated controls. *p<0.05 Sham Chow vs. Sham KE-1, †p<0.05 Sham Chow vs. TAC/MI 
Chow, 2-way ANOVA with Tukey multiple comparison test. (C) There were no differences in survival between Chow 
and KE-1 diet.
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A B

SUPPLEMENTAL FIGURE S2. Effects of ketone ester supplementation on markers of cardiac fibrosis,
mitochondrial DNA content and mitochondrial DNA damage in a rat model of heart failure. (A) Levels of mRNA
encoding tissue inhibitor of metalloproteinases 1 (TIMP-1) normalized to 36b4 shown as arbitrary units (AU) normalized
to the value of Sham Chow-control (+1.0). (B), Mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) ratio normalized
to the value of Sham Chow-control (C) Semi long run PCR of specific mtDNA fragments were used to determine
oxidative damage to mtDNA. Data are presented as means ± SEM. . *p<0.05, Kruskal–Wallis test with Dunn's multiple
comparisons test. .

C

SUPPLEMENTAL FIGURE S2. Effects of ketone ester supplementation on markers of cardiac fibrosis, 
mitochondrial DNA content and mitochondrial DNA damage in a rat model of heart failure. (A) Levels of mRNA 
encoding tissue inhibitor of metalloproteinases 1 (TIMP-1) normalized to 36b4 shown as arbitrary units (AU) 
normalized to the value of Sham Chow-control (+1.0). (B), Mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) ratio 
normalized to the value of Sham Chow-control (C) Semi long run PCR of specific mtDNA  fragments were used to 
determine oxidative damage to mtDNA. Data are presented as means ± SEM. *p<0.05 *p<0.05, Kruskal–Wallis test 
with Dunn's multiple comparisons test.
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SUPPLEMENTARY TABLES

TABLE S1. List of primers used in this study.

Gene Forward primer sequence Reverse primer sequence

ANP ATGGGCTCCTTCTCCATCAC TCTACCGGCATCTTCTCCTC

α-MHC GACAACTCCTCCCGCTTTGG AAGATCACCCGGGACTTCTC

β-MHC TCTGGAGGCCTTTGGCAATG GATGCCAACTTTCCTGTTGC

COL1A1 ACAGCGTAGCCTACATGG AAGTTCCGGTGTGACTCG

TIMP1 AGAGCCTCTGTGGATATGTC CTCAGATTATGCCAGGGAAC

MCT1 GGCACCTCTTCTGGAATGCT GCCCCTCAAACCCACACATA

Bdh1 TCCTGAGAAGGGAATGTGGG AGTGAACTCCACCTCCCCAA

36B4 GTTGCCTCAGTGCCTCACTC GCAGCCGCAAATGCAGATGG

TRPM-2 short fragment GTACAACGAGCTGCTTCATTCC GCACCTCTAAGAGGCATCCATC

CYTB short fragment CCTCCCATTCATTATCGCCGCCCTTGC GTCTGGGTCTCCTAGTAGGTCTGGGAAA

CYTB long fragment AAAATCCCCGCAAACAATGACCACCC GGCAATTAAGAGTGGGATGGAGCCAA

TABLE S2. General characteristics in sham-operated and post-MI rats.

Parameters Sham-Chow Sham-KE-2 MI-Chow MI-KE-2-E MI-KE-2-L

Caloric intake (kcal/day) 48.5 ± 1.2 45.5 ± 0.5 45.3 ± 0.6 44.6 ± 2.2 45.8 ± 0.9

Atria/TL (mg/mm) 1.32 ± 0.08 1.24 ± 0.04 1.79 ± 0.08* 1.44 ± 0.1‡ 1.50 ± 0.05‡

Lungs/TL (mg/mm) 39.5 ± 0.8 38.8 ± 1.2 39.4 ± 0.6 38.4 ± 1.1 37.2 ± 0.6

Liver/TL (mg/mm) 326.2 ± 8.3 323.1 ± 6.0 314.7 ± 6.9 303.9 ± 11.9 313.6 ± 8.0

Left kidney/TL (mg/mm) 36.7 ± 1.2 35.4 ± 0.8 36.8 ± 0.8 37.3 ± 1.4 34.3 ± 1.0

Right kidney/TL (mg/mm) 35.4 ± 1.2 36.5 ± 0.5 37.9 ± 0.9 36.1 ± 0.8 36.3 ± 1.1

Spleen/TL (mg/mm) 18.2 ± 1.0 17.1 ± 0.6 17.7 ± 0.5 17.5 ± 1.0 17.9 ± 0.5

Plasma creatinine (µmol/l) 22.0 ± 0.9 22.0 ± 1.0 22.3 ± 0.7 23.2 ± 0.9 22.4 ± 0.9

Plasma sodium (mmol/l) 134.3 ± 0.5 134.7 ± 0.7 134.2 ± 0.3 134.7 ± 0.2 135.1 ± 0.2

Plasma potassium (mmol/l) 3.3 ± 0.1 3.5 ± 0.2 3.7 ± 0.1 3.7 ± 0.1 3.5 ± 0.1

Plasma insulin (ng/ml) 1.5 ± 0.2 0.9 ± 0.1* 1.7 ± 0.4 1.1 ± 0.2 0.6 ± 0.2‡

Plasma glucagon (pg/ml) 459.5 ± 47.4 406.0 ± 26.2 316.7 ± 14.1* 314.9 ± 11.7† 306.6 ± 10.7†

Data are presented as means ± SEM.*p<0.05 vs. Sham-Chow, †p<0.05 vs. Sham-KE-2, ‡p<0.05 vs. MI-Chow. 
TL, tibia length
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ABSTRACT

While metabolic perturbations underlie a variety of cardiovascular disease (CVD), metabolic 
interventions to prevent or treat these disorders are sparse. Ketones carry a negative 
clinical stigma as they are involved in diabetic ketoacidosis. However, evidence from both 
experimental and clinical research has uncovered a putative protective role for ketones 
in CVD. While ketones may provide supplemental fuel for the energy starved heart, their 
cardiovascular effects appear to extend far beyond cardiac energetics. Indeed, ketone bodies 
have been shown to influence a variety of cellular processes including gene transcription, 
oxidative stress, endothelial function, cardiovascular risk factors and cardiac remodeling. 
In this article, we have reviewed the bioenergetic and pleiotropic effects of ketone bodies 
that could potentially contribute to its cardiovascular benefits based on evidence from 
animal and human studies. 
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INTRODUCTION

Cardiovascular disease (CVD) remains the most common cause of death globally.1 In 2017, 
an estimated 17.8 million people died from CVD and around 85% of these deaths were due 
to heart attack and stroke.1 Reports from the American Heart Association (AHA) on the 2019 
Heart Disease and Stroke Statistics update stated that 48 percent of persons ≥20 years of age 
in the United States have CVD.2 It is well documented that around 70% of CVD and deaths 
were attributed to modifiable risk factors.3 Lipid levels, blood pressure, diabetes and obesity 
accounted for 40% of the total risk for CVD.3 Targeting these modifiable factors along with 
implementation of therapeutic strategies has been shown to be associated with reduced 
mortality.4 

Growing evidence from preclinical and clinical studies suggest that ketone bodies may be 
beneficial for CVD.5–7 In addition to the expected role of ketone bodies as a substrate for 
(cardiac) metabolism, those beneficial effects seem to be linked to additional cardioprotective 
actions of ketone bodies that extend beyond energetics. As a result, regardless of the method 
used, ketosis has been reported to have favourable effects on risk factors for CVD.8,9 The 
scope of this review paper is to compile the evidence and discuss the pleiotropic effects of 
ketone bodies from animal and human studies.

KETONE METABOLISM: KETOGENESIS AND KETOLYSIS 

Systemic ketone metabolism has been discussed in detail.10 In this section, we provide a 
brief review of ketone body metabolism. Under influence of a reduced insulin to glucagon 
ratio, fatty acids (FA) are mobilized and converted into ketone bodies by the liver. This is 
achieved through a series of enzymatic steps that can be summarized as incomplete beta 
oxidation. Ketones are then transferred from the liver, which cannot oxidize ketones by 
itself, to peripheral tissues where they undergo terminal oxidation via the electron transport 
chain. This physiological mechanism provides an alternative fuel for multiple organs during 
fasting or severe carbohydrate restrictions, starvation and after periods of very intense 
exercise.11–13 Up to 300 g of ketone bodies are produced in the liver per day14 which constitutes 
approximately 5-20% of the total energy expenditure.15,16  Ketone body metabolism includes 
both ketogenesis and ketolysis, illustrated in Figure 1. 

Ketogenesis is the process which include series of reactions that leads to the formation of 
ketone bodies: acetoacetate (AcAc), beta-hydroxybutyrate (βOHB) and acetone. Ketogenesis 
primarily occurs in hepatocyte mitochondria, and to a lesser extent of ketogenesis has 
also been found in kidney epithelia, astrocytes and enterocytes. As the first step, FA are 
transported to mitochondria by carnitine palmitoyl transferase (CPT) and then broken 
down into acetyl CoA via beta-oxidation. Two acetyl-CoA molecules are then condensed 
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into acetoacetyl-CoA via a process of catalysis by the enzyme thiolase namely acetoacetyl-
CoA thiolase (ACAT). Afterward, the third acetyl-CoA is condensed with acetoacetyl-CoA to 
form hydroxymethylglutaryl (HMG)-CoA via the enzyme rate-limiting enzyme HMG-CoA 
synthase. HMG-CoA lyase then cleaves HMG-CoA to acetyl-CoA and acetoacetate (AcAc). The 
majority of AcAc is later reduced to βOHB, the most abundant ketone body in circulation, by 
beta-hydroxybutyrate dehydrogenase (BDH). The remaining AcAc can also be spontaneously 
converted into acetone through non-enzymatic decarboxylation.10,17–19 

FIGURE 1. Metabolic pathways of ketone bodies in liver and extrahepatic organs. CPT, carnitine palmitoyl transfer-
ase; ACAT, acetoacetyl-CoA thiolase; HMGCS, HMG-CoA synthase; HMGCL, HMG-CoA lyase; MCT, monocarboxylate 
transporter; BDH, beta-hydroxybutyrate dehydrogenase; OCXT, succinyl-CoA:3-ketoacid-CoA transferase (SCOT). 
Part of illustration elements courtesy of Servier Medical Art.

The process of ketone body oxidation to redeem energy is called ketolysis. Unlike ketogenesis, 
ketolysis occurs in mitochondria of almost all cells, except hepatocytes. AcAc and βOHB 
in the circulation are avidly transported to extrahepatic tissues by monocarboxylate 
transporter (MCT). βOHB is converted to acetoacetate via the enzyme beta-hydroxybutyrate 
dehydrogenase (BDH), and AcAc is converted back to acetoacetyl-CoA by the enzyme 
succinyl-CoA-dependent transferase (succinyl-CoA:3-ketoacid-CoA transferase, OXCT/
SCOT), the key reaction that enables ketone body utilization as energy substrates. Next, 
ACAT cleaves acetocetyl-CoA into two molecules of acetyl-CoA. Acetyl-CoA then goes 
through the citric acid cycle, and after oxidative phosphorylation to generate ATP. Acetone 
does not convert back to acetyl-CoA, so it is either excreted through urine or exhaled.10,17–19 
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When circulating ketone concentrations are sufficiently high (a ketotic state defined as 
serum ketone concentration of > 0.5 mmol/l), ketone body are used as alternative energetic 
fuel in heart, skeletal muscle and brain.14,15,17,20,21 

CARDIAC METABOLISM

Detailed cardiac metabolism has been discussed elsewhere,22,23 here we provide a brief 
review of cardiac metabolism in healthy hearts and heart disease.

Healthy hearts

It is well known that the heart has a high energy demand, about 6 kilograms of ATP per day, 
to maintain its continuous work.24 The heart consumes the majority of ATP generated from 
oxidative phosphorylation in mitochondria (~90-95%) to match cellular demand. Cardiac 
metabolism has the highest oxygen consumption rate on the per unit weight basis.25,26

In normal conditions, the heart is capable utilizing all classes of energy substrates namely 
fatty acids, glucose, ketones and amino acid to produce ATP.27–30 The fetal heart primarily 
relies on glucose and lactate for ATP generation under low oxygen pressure. Fatty acyl-
CoA, primary metabolites of fatty acid, is the preferred substrate in adult heart to produce 
ATP (~40-60%). While pyruvate, primary metabolites of glucose, generates the remainder 
ATP (~20-40%). Lactate, ketone bodies and amino acids can enter Krebs cycle directly for 
oxidation. Normally, the availability of lactate, ketone bodies and amino acids is low, thus, the 
contribution of these substrates to cardiac oxidative metabolism is minor.12,31–33 Furthermore, 
myocardium is also equipped with particular ability, called “metabolic flexibility”, to switch 
energy sources to maintain the contractile function according to the workload, substrate 
availability, and hormonal status.34 Of note, myocardial ketone oxidation is known to be 
proportional to the arterial ketone concentration.35 Hence, circulating ketone levels are 
important factor in determining myocardial ketone body oxidation rates.35,36 

Metabolic dysregulation in heart disease

Cardiac diseases have been associated with loss of metabolic flexibility. Even in early stages 
of structural heart diseases, the heart loses part of its metabolic flexibility and is associated 
with reductions in oxidative metabolism and a switch in substrate utilisation from fatty 
acids to glucose.37,38 Intriguingly, compelling evidence suggests that the failing heart 
reprograms metabolism to increase its reliance on ketone bodies as a fuel source.5,39,40  
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Evidence for increased ketone oxidation in heart failure

Although metabolic perturbations in HF have been studied since the 1930’s, it took more than 
80 years before the metabolic switch towards increased ketone metabolism was discovered 
and published as back to back articles by two independent research groups in 2016.39,40 In an 
elegant follow up study, Horton et al.5 provided detailed and compelling evidence that the 
shift towards increased ketone utilization is adaptive. The authors demonstrated that mice 
with cardiomyocyte-autonomous knock down of BDH1 had exacerbated cardiac dysfunction 
and pathologic cardiac remodeling after fasting or a pressure overload/ischemic (TAC/MI) 
insult. Furthermore, interventions that enhance circulating ketone levels provides protective 
effect on pathological cardiac remodeling in mice and in canine with tachypacing model of 
dilated cardiomyopathy.5 

It is now known that circulating ketone concentrations and cardiac ketone utilization are 
increased in HF patients, both in patients with reduced (HFrEF) and preserved (HFpEF) 
ejection fraction. 39–42 Study by Mizuno et al. demonstrated that the diabetic heart also utilizes 
ketone bodies as an energy source.43 It has been discovered that patients with HFrEF have 
increased concentrations of acetone in their breath,44–48 which is associated with the severity 
of cardiac dysfunction and an impaired prognosis4749  Moreover,  plasma βOHB and cardiac 
utilization thereof is also increased in patients with arrhythmogenic cardiomyopathy  and 
is associated with disease progression, suggesting that the ketogenic shift is a universal 
cardiac response to stress.50  

In a murine models of HFrEF, ketone body oxidation accounts for approximately 20% of 
cardiac energy production.51 This is roughly similar to what has been observed in clinical 
studies using coronary sinus sampling, where the contribution of ketone oxidation to 
myocardial ATP production increased from 6.8% in controls to 24% in patients with HFrEF.42 

Ketosis

Circulating total ketone body levels range from 100-250 µM in healthy humans to >25mM 
in subjects with diabetic ketoacidosis.10,52 Prolonged exercise or 24h of fasting can rise 
ketone levels above ~1 mM. Ketosis has been shown to provide a broad range of health 
benefits. Ketosis can be achieved by diet modification to induce endogenous ketosis, or 
simply by ingesting exogenous ketones or its precursors. Elevating endogenous ketone 
can be stimulated by ketogenic diet (KD),53 starvation54 and prolonged exercise55. KD have 
become an extremely popular diets, both within as well as outside the medical arena. KD 
is a very low carbohydrate and high fat pattern of eating designed to force the body into 
ketosis (endogenous ketones), but the compliance to such diets can be difficult and may 
have undesirable side-effects such as gastrointestinal symptoms and dyslipidemia.56,57 

The alternative to achieve nutritional ketosis is consumption of exogenous dietary 
ketones or its precursors, such as 1,3 butanediol, medium chain triglyceride (MCT), ketone 
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salts (KS) or ketone ester (KE). 1,3 butanediol has been shown to increase blood βOHB 
concentrations to ∼0.8 mM in animals,58 while MCT can increase blood ketone levels to 1-2 
mM in humans.59,60 Yet the used of MCT is currently limited due to gastrointestinal side 
effects. KS has also been shown to increase circulating ketone levels,61 but it was feared 
that sodium overload would occur at therapeutic levels of ketosis. KE has been shown to 
be safe, well-tolerated and effective to induce ketosis in both animals and healthy humans 
without dietary changes.16,62,63 Unlike the ketogenic diet that stimulate the endogenous 
ketone production by the combination of low insulin levels and high glucagon levels (i.e., 
a low insulin/glucagon ratio), ketone supplementation using KE (R)-3-hydroxybutyl (R)-
3-hydroxybutyrate may reduce the insulin spike when consuming carbohydrate without 
affecting glucagon, thus, improving  insulin sensitivity.63 

Sodium-glucose co-transporters inhibitors (SGLT2i) are drugs that stimulate urinary 
glucose excretion and have recently received increased interest for the treatment of 
patients with T2D. While most SGLT2i reduce cardiovascular events, their most potent and 
unequivocally benefits lie in the reductions in HF hospitalizations. SGLT2i also reduced HF 
hospitalisations and all-cause of mortality in the DAPA-HF trial which included patients 
with chronic heart failure with or without diabetes.64,65 The caloric loss associated with 
glucosuria results in a reduction in the insulin to glucagon levels, and in turn stimulates 
lipolysis in adipocytes ketone production in the liver.66 Accordingly, SGLT2i induced mild 
ketosis in both diabetic and non-diabetic subjects.67 Some authors suggested that the CV 
benefits during SGLT2i could be mediated by the increase in circulating ketone bodies,68 
but a causal link remains controversial. We and others have shown that SGLT2i increased 
ketone levels in non-diabetic small and large animal models of HF,69,70 accompanied by 
increased myocardial markers of ketone oxidation69 and normalisation of cardiac ATP69,70. 
Further mechanistic studies are required to explore the CV benefits of SGLT2i, that may 
be related to substrate metabolism or signalling role of ketone bodies.

KETONE BODIES: PLEIOTROPIC EFFECTS BEYOND CARDIAC ENERGETICS 

Beside cardiac energetics, the benefits of myocardial ketone oxidation in CVD are largely 
unknown, but there are several pleiotropic effects, although speculative, that may provide 
CV benefit (summarized in Figure 2). 

Endothelial function

Under physiological conditions, the endothelium controls the vascular tone in a paracrine 
fashion in response to a various stimuli.71,72  It is of interest that cardiovascular risk 
factors such as insulin resistance and type 2 diabetes mellitus (T2D) lead to 2‐ to 3‐fold 
increase in cardiovascular mortality together with endothelial dysfunction and coronary 
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microvascular dysfunction.73 Furthermore, neurohumoral activation in the failing heart 
could reduce NO production which crucially contribute to endothelial dysfunction.74,75 

In animals, treatment with 1,3-butanediol, a precursor of βOHB, increased nitric oxide 
synthase activity in resistance arteries from Dahl salt-sensitive rats.76 Furthermore, Mccarthy 
et al. showed that increased βHOB levels from fasting induced endothelium-dependent 
relaxation in isolated arteries from rats.77 In the clinical setting, ketone infusion with Na‐3‐
hydroxybutyrate resulted in an increase in myocardial blood flow by about 75% and did so in all 
vascular territories (left anterior descending, left circumflex, and right coronary).7 Moreover, 
βHOB has been shown to increase local cerebral and renal blood flow in humans.78,79

FIGURE 2. Pleiotropic effects of ketone bodies. 

In another study, KD increased endothelial nitric oxide synthase (eNOS) protein expressions 
in young healthy mice.80 These findings suggest that βOHB is a potent endothelium-
dependent vasodilator that may be of benefits for patients with CVD.

Blood pressure 

Hypertension has been recognized as an important risk factors for CVD, the leading cause of 
death worldwide.81,82 In a systematic review and meta-analysis including >140.000 patients 
demonstrated that lowering systolic blood pressure reduces the risk of CVD and all-cause 
mortality.83 

Study in rats on high salt diet showed that mild ketosis induced by 1,3-butanediol reduced 
blood pressure to the value of a low salt diet control group.84 Moreover, administration of 
1,3-butanediol reduced the activity of the Nlrp3 inflammasome, that is thought to play a 
crucial role in the pathophysiology of renal hypertension.84 
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In clinical scenario, KD resulted in slight but not significant reduction of systolic and 
diastolic blood pressure.85 Cicero et al., showed that KD reduced systolic blood pressure for 
the first 12 weeks, but no further changes were observed after 1 year.86 These data, although 
limited, suggest that ketone bodies may potentially be useful in lowering arterial blood 
pressure. Therefore, further studies are warranted to confirm this hypothesis.

Oxidative stress and mitochondrial function

Mitochondria occupies about one-third of cellular volume of cardiomyocytes, making the heart 
the organ with the highest mitochondrial content.87 Mitochondria are not only crucial to generate 
ATP to fulfil the energy demand of electric and contractile activities of cardiac muscle, but also 
the main source of reactive oxygen species (ROS) from oxidative phosphorylation (OXPHOS).88 

Study by Uchihashi et al. demonstrated that cardiac overexpression of BDH1 in mice resulted 
in 1.7-fold increase in ketone body oxidation, supressed oxidative stress and increased the 
expression of antioxidant superoxide dismutase after TAC surgery.89 Furthermore, histone 
deacetylases serve critical roles in transcriptional regulations and βOHB has been shown 
to inhibit class I class I histone deacetylases (HDACs).90 The inhibition of HDAC1 by βOHB 
activates Foxo3a and Mt2 promoters genes and results in the suppression of mitochondrial 
oxidative stress.90 

In another study, continuous treatment with βOHB via osmotic pump resulted in reduction of 
the lipid peroxidation product malondialdehyde and ER stress in myocardial tissue from mice 
that underwent I/R surgery.91 Furthermore, Yu et al. showed that treatment with βOHB reduced 
mitochondrial ROS and mitochondrial swelling, and moderately restored mitochondrial 
membrane potential in myocardium.91 

In addition, a study by Krebs et al. showed that KD could mitigate lethal mitochondrial 
cardiomyopathy in mice.92 In rats, KD has also been shown to increase the number of cardiac 
mitochondria as compared to the normal diet group.93 Together these data suggest that ketone 
bodies have the potential to mitigate salutary effect in oxidative stress and mitochondrial 
function in CVD.

Cardiac remodelling

Cardiac remodeling refers to alterations in molecular, cellular and interstitial myocardium 
which lead to changes in heart size, shape, structure and function as the result of myocardial 
injury, and it has been recognized as an important of the clinical course of HF.94 In clinical 
scenario, Pfeffer et al.95 first demonstrated that such remodelling can be reversed. Treatment 
with ACE inhibitors captopril has been demonstrated to reduce cardiac dilation and 
contribute to 40% reduction in CV mortality in patients with LV dysfunction after MI. This 
observation has been fundamental to therapeutic progress and most current therapies for 
heart failure have clear effects on preclinical cardiac remodeling.  
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Most evidence for a role for ketones in cardiac remodeling comes from studies in which 
critical ketolytic enzymes were overexpressed or knocked down. For instance, mice with 
cardiac-specific overexpression of BDH1 are more resistance to cardiac remodeling after TAC 
surgery.89 Conversely, in mice with a cardiac-specific knock down of BDH1, the combination 
of pressure-overload with a small myocardial infarction resulted in more severe pathological 
cardiac remodeling.5 Furthermore, pathological cardiac remodeling in response to pressure-
overload was more pronounced in  mice with cardiomyocyte-specific knock down of SCOT.96 

Ketone bodies have been shown to attenuate cardiac remodeling in different animal 
experimental settings. Treatment with β-OHB infusion alongside with prolonged fasting 
reduced infarct size in myocardial I/R injury rat model.97 Reduction of infarct size has also 
been observed in I/R mice treated with continuous β-OHB infusion via implanted osmotic 
pump.91 Likewise, treatment with βHOB infusion attenuated pathologic cardiac remodeling 
in a canine pacing model of progressive HF.5 

In a mouse model of pressure overload and myocardial infarction-induced HF, KD has been 
shown to ameliorate pathologic cardiac remodeling.5 In a another study, KD attenuated 
pressure-overload induced ventricular remodeling in rats.98 short term fasting-induced 
ketosis reduced infarct size in rats following I/R.13

The mechanisms responsible for the beneficial effects of ketone bodies on cardiac remodeling 
are not well described, but these data provide more insights into anti-remodeling properties 
of ketone bodies.

Body weight

Having excess weight and obesity independently increase the risk for CVD. Obesity has also been 
associated with increased risk of morbidity and mortality as well as reduced life expectancy.99–102 

Ketosis achieved by administration of exogenous ketone ester (KE) R,S-1,3-butanediol 
acetoacetate diester (BD-AcAc2) reduced body weight in both obese and non-obese mice.103,104 
Another type of KE, D-β-hydroxybutyrate-(R)-1,3 butanediol monoester, did not reduced 
body weight but increased energy expenditure in mice.105 Normal Wistar rats fed with D-β-
hydroxybutyrate-(R)-1,3 butanediol monoester diet had lower plasma leptin and a decreased 
food intake.106 

Weight loss was also observed in male Sprague-Dawley rats fed with five different 
exogenous ketone [1,3-butanediol (BD), a sodium/potassium β-hydroxybutyrate mineral 
salt (BMS), medium chain triglyceride oil (MCT), BMS + MCT 1:1 mixture, and 1,3 butanediol 
acetoacetate diester (KE)].107 Administration of βOHB salts reduced visceral adipocyte 
volume in rats.61 In healthy individuals, acute consumption of a ketone ester drink containing 
D-β-hydroxybutyrate-(R)-1,3 butanediol monoester following an overnight fast resulted in 
lower plasma ghrelin levels and reduced feeling of hunger.108
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On the other hand, the effect of KD on body weight has also been evaluated in many 
studies. KD has been shown to reduce body weight in obese and non-obese rodents.109–113 
In the clinical setting, there is strong evidence that KD are very effective for weight loss in 
humans.85,114–116 The mechanisms recruited by KD include reduced caloric intake, increased 
satiety, increased energy expenditure, decreased appetite, reduced ghrelin and leptin 
levels.117–119 To summarize, both exogenous ketones and KD seem to provide advantage on 
reducing body weight that may be beneficial in CVD.

Blood glucose

Framingham study has documented diabetes as an independent risk factor for CVD.120,121 
Administration of exogenous ketone in different animal models significantly reduced blood 
glucose within a few minutes.122,123 In obese and non-obese subjects, ingestion of D-β-
hydroxybutyrate-(R)-1,3 butanediol monoester drinks could reduce blood glucose without 
affecting insulin secretion.63,124 In another study, exogenous ketone drinks containing KE 
(R)-3-hydroxybutyl (R)-3-hydroxybutyrate, or ketone salts (KS); sodium plus potassium 
βOHB reduced circulating blood glucose in healthy volunteers.125 

The effect of KD on blood glucose has been controversial. Some authors have reported that 
KD caused insulin resistance in mice and rats,126–128 despite reduced glucose and insulin 
levels.127 While others have reported that KD did improve glycemic control in diabetic and 
non-diabetic rodents.113,129,130 Small study involving six healthy men showed that KD reduced 
insulin capability to suppress endogenous glucose production.131 On the contrary, KD has 
been reported to lower fasting glucose and improved insulin sensitivity in non-diabetic 
obese humans.85,115 

The positive effects of KD are more profound in subjects with T2D. Reduction of fasting blood 
glucose and HbA1c were observed in 377 patients with T2D following KD.86 Positive findings 
on glycemic control in T2D patients were also observed by others.116,132–134 Furthermore, 
KD has been shown to improve insulin resistance and glycemic variability in diabetic 
patients.85,133,134 In another study, dietary analysis from UK National Diet and Nutrition 
Survey demonstrated that KD was associated with higher HbA1c and more likelihoods 
of having diabetes.135 Interestingly, nutritional ketosis achieved by diet modification 
significantly reduced the medication use in patients with T2D.136,137 Further studies are 
needed to ascertain any potential role for ketone therapy, and whether exogenous ketones 
and KD have different outcomes.

Lipid profile

Dyslipidemia has been recognized as major risk factor for CV events.138 Therefore, high 
amount of fat in KD has raised a concern about possible associations of KD exposure with 
dyslipidemia. Mice fed with KD shorter than 5 weeks did not significantly change LDL, fatty 
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acids and triglycerides levels.126,139 While increased total cholesterol and triglycerides levels 
were observed in mice fed with KD for longer duration (>28 weeks).112,113 Kwiterovich et al. 
studied the effects of KD on plasma levels of lipids, lipoproteins and apolipoproteins in 
children.57 The authors found that KD increased atherogenic apoB–containing lipoproteins 
and decreased the HDL cholesterol.57 On the other hand, another studies have demonstrated 
the favorable effects of KD in increasing HDL and reducing total cholesterol, LDL and 
triglycerides levels.85,115,134,140–143 Study in non-obese and normolipid men demonstrated that 
six weeks of KD reduced fasting triacylglycerol and increased HDL without affecting total 
cholesterol, LDL and oxidized LDL levels.143 

In another study, βOHB salts has been shown to increase HDL-cholesterol and decrease 
LDL/HDL ratio in Wistar rats.144 Administration of KE (R,S)-1,3-butanediol mono- and 
diacetoacetate did not alter total cholesterol and triglycerides levels in pigs.145 In healthy 
subjects, no abnormal changes of total cholesterol, HDL, LDL, triglycerides and free fatty 
acids following the ingestion of KE (R)-3-hydroxybutyl (R)-3-hydroxybutyrate.146 Reduced 
plasma free fatty acid and triglycerides have been observed in healthy volunteers consuming 
exogenous ketone drinks containing either KE (R)-3-hydroxybutyl (R)-3-hydroxybutyrate, 
or KS (sodium plus potassium βOHB).125  To summary, the impact of exogenous ketones 
and KD on lipid profile differs, long-term study are needed to explore the (side) effects and 
benefits of ketone bodies in serum lipid concentrations.

SUMMARY AND PERSPECTIVES

A large number of studies has addressed if ketone bodies benefit subjects with 
cardiovascular disease. In addition to its role as (cardiac) substrate metabolism, there are 
striking pleiotropic effects of ketone bodies. These additional benefits include favorable 
effects of ketone bodies on endothelial function, in decreasing blood pressure, ameliorating 
oxidative stress, improving mitochondrial function, mitigating cardiac remodeling, and 
other possible mechanism on body weight, blood glucose and lipid profile. Regardless of the 
pathway achieve ketosis, ketone bodies have potential clinical application which requires 
further exploration. In the next years, we will learn whether ketone bodies can be beneficial 
and optimized to be used in treatment and prevention of cardiovascular disease.
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SUMMARY

Heart Failure (HF) is a clinical syndrome that represents the final stage of most cardiac 
diseases, and the incidence of HF is approaching epidemic proportions.1–3 Despite improved 
pharmacologic and device management of patients with HF, we are still unable to restore 
cardiac function in most patients nor can we rejuvenate the heart.4,5 Thus, clinical and 
preclinical investigations are still needed to establish innovative therapies that could tackle 
this problem. Furthermore, polypharmacy becomes prevalent in HF patients because HF 
can be complex and often accompanied with more than 1 comorbidity.6 As the number of 
comorbidities increases, the therapeutic regimens are also more complex.7 On the other 
hand, drugs that are not prescribed to treat HF may potentially affect the cardiovascular 
(CV) system.8–11 Cardiologists should therefore be aware of the effects and the possible 
interaction that may arise from the use of these drugs. 

Sodium-glucose co-transporter 2 inhibitors (SGLT2i) have received a lot of attention due 
to their reported CV benefits in patients with type 2 diabetes (T2D), including patients 
with HF at baseline.12–14 Since SGLT2i are antidiabetic drugs, it is unclear whether the CV 
benefits can be translated to non-diabetic subjects. In Chapter 2, we investigated the role of 
sodium-glucose co-transporter 2 inhibitors (SGLT2i) empagliflozin (EMPA) in the context 
of non-diabetic HF. To determine the effects of EMPA on cardiac function and metabolic 
parameters in non-diabetic setting, we treated non-diabetic rats with left ventricular (LV) 
dysfunction after myocardial infarction (MI) with EMPA or vehicle for 10 weeks. In this 
chapter, we demonstrated that EMPA improves cardiac function in non-diabetic rats with 
HF and this is associated with the reversal of the metabolic derangements observed in the 
failing myocardium. EMPA also enhanced the circulating and cardiac oxidation of ketone 
bodies as an additional fuel source. Interestingly, EMPA did not induce hypoglycemia. 

SGLT2i also have been shown to prevent the progression of renal disease in patients with 
T2D.13–16 In contrast, it has also been warned that SGLT2i may induce endocrine changes that 
may increase fracture risk in these patients.17–19 Unlike in diabetic subjects, the renal effects of 
SGLT2i in the non-diabetic context have not been well described. In Chapter 3, using the same 
animals used in Chapter 2, we performed deep renal phenotyping to determine the effects 
(safety) of EMPA on renal structure and function in non-diabetic rats with LV dysfunction 
after MI. In this chapter, we showed that EMPA promotes diuresis without affecting renal 
structure and function or causing substantial electrolyte imbalance in a non-diabetic setting, 
which is in line with the findings from DAPA-HF trial.20 Furthermore, we did not find evidence 
for increased bone mineral resorption suggesting that EMPA does not affect bone health. Our 
study therefore provides robust evidence that SGLT2 inhibition with EMPA has the potential to 
improve cardiac performance in non-diabetic failing hearts, and provides further mechanistic 
insights that suggest that SGLT2i may be both safe and beneficial in HF patients without 
diabetes. The findings in Chapter 2 and Chapter 3 are summarized in Figure 1. 
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FIGURE 1. Cardiac and renal effects of sodium-glucose co-transporter inhibitors empagliflozin in non-diabetic rats 
with LV dysfunction after myocardial infarction

In Chapter 4, we hypothesise that that SGLT2i could reflect a mitochondrial targeted therapy 
to reduce the burden of atrial fibrillation (AF) in patients with diabetes. This commentary 
discusses a paper by Shao et al, which demonstrated that SGLT2i EMPA attenuate structural 
and electrical remodelling of atrial tissue, associated with mitochondrial biogenesis in 
diabetic rats.21 In Chapter 4, we discussed the mechanistic implications of this study and 
also describe how SGLT2i could potentially prevent AF in T2D. We argue that mitochondria-
targeted therapy could serve as a promising therapeutic target in AF, especially in diabetic 
patients.  

In heart failure (HF) patients, the incidence of left ventricular (LV) thrombi, ischemic strokes, 
and other thromboembolic events is increased, suggesting that is HF should be considered 
to be a hypercoagulable state.22–26 To further investigate the role of FXa inhibitor in HF, in 
Chapter 5, we conducted animal experimentation in which we treated rats with heart failure 
after a large anterior wall myocardial infarction with apixaban or vehicle for 10 weeks.
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FIGURE 2. Cardiovascular effects of factor Xa inhibitor apixaban in rats with heart failure after myocardial infarction.

As expected, apixaban treatment resulted in a significant reduction in FXa activity. 
Nevertheless, the reductions in FXa activity with apixaban did not affect the activity of 
PAR1 signaling pathways in hearts from rats with or without HF. Furthermore, apixaban 
did not influence cardiac function and cardiac remodeling after MI. Our results confirm 
and provide mechanistic insights explaining the neutral outcomes of the COMMANDER HF 
trial.27 Moreover, our results do not support the use of FXa inhibitors in HF patients with the 
aim to modulate the severity of HF. The results are summarized in Figure 2.

In patients with HF, metabolic roadblocks in fat and carbohydrate metabolism occur, which 
reduce the myocardial capacity to generate ATP.28–30 This results in myocardial energy 
deficiency, and the failing heart is often compared with an engine out of fuel.31 In Chapter 
6, we investigated the effect of oral ketone ester (KE) supplementation on cardiac function 
in pre-clinical models of HF. In this chapter we demonstrated that we were able to attenuate 
cardiac remodeling and improve cardiac function through chronic oral supplementation 
with KE in two different pre-clinical models of HF. Additionally, treatment with KE also 
normalized myocardial ATP production. These findings suggest that treatment with KE 
could benefit patients with HF. The results are summarized in figure 3. 



Summary and future perspectives

8

153

Ketone oxidation

LV function

Chow Ketone 
ester

MI

Ketone ester

LV remodeling

TAC/MI

LV function

Chow Ketone 
ester 

LV remodeling

PREVENTION PREVENTION & 
TREATMENT

FIGURE 3. Cardiovascular effects of ketone ester in pre-clinical models of heart failure. Part of illustration elements 
courtesy of Servier Medical Art.

In Chapter 7, we provide an overview from available data from experimental and human 
studies evaluating the pleiotropic effects of ketone bodies that potentially contribute to its 
cardiovascular benefits. We concluded that the pleiotropic effects of ketone bodies extend 
far from cardiac energetics, and it could be mediated through their vasodilatory effect, anti-
oxidant and anti-remodeling effects, mito-protective effects, and other possible mechanism 
on cardiovascular risk factors.

FUTURE PERSPECTIVES

SGLT2i were originally indicated as a treatment for diabetes before they were found to have 
unexpected benefits in HF. Currently, it is thought that the CV benefits of SGLT2i are actually 
beyond its glucose-lowering effects, therefore, it may also benefit non-diabetic HF patients. 
Our experimental study demonstrated that SGLT2i EMPA attenuate cardiac remodeling and 
fibrosis, normalize myocardial metabolic abnormalities and improve cardiac function in the 
post-MI, non-diabetic HF model. We also found that EMPA increases circulating ketone 
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bodies as well as cardiac ketone oxidation, and it was associated with increased myocardial 
ATP production. Based on this experimental study, we hypothesized that SGLT2i are safe and 
could be of benefits in non-diabetic patients with HF, and these effects could be mediated 
by mild ketosis seen during SGLT2i treatment. Similar observations have also been reported 
by others in non-diabetic porcine model of HF.32 Therefore, we designed and performed an 
experimental study in which we treated rodent models of HF with ketone ester. We observed 
that ketone ester was effective both as preventive and treatment strategy in experimental 
HF. Moreover, KE could ameliorate cardiac remodeling and improve cardiac function. 
As expected, we observed an increase in cardiac ketone oxidation and normalization of 
myocardial ATP production during KE treatment. Taken together, it provides more insight 
on the ketosis-mediated effects during SGLT2i treatment and the potential use of KE in 
patients with HF. 

Evidence suggests that patients with HF have a higher risk of thromboembolic events, 
including in the setting of sinus rhythm.22,33,34 In fact, HF is the second leading cause of 
cardioembolic stroke after AF.35 Thus, it sounds reasonable that oral anticoagulant therapy 
could benefit HF patients. However, several randomized trials failed to show benefits of 
oral anticoagulant in HF with sinus rhythm,27,36 and it reflects to the current guidelines that 
do not support the use of anticoagulant in HF without AF, a prior thromboembolic event 
or known cardioembolic source.2,37 Our experimental study confirms and clarifies why FXa 
inhibitor failed to provide benefits in HF patients with sinus rhythm. 

In this thesis, we have addressed the cardiovascular effects of non-cardiovascular drugs (i.e 
SGLT2i, FXa inhibitor and ketone ester) in HF. We also have described the potential benefits 
of SGLT2i in diabetic AF and the cardioprotective properties of ketone bodies. However, 
the results may have been different in other species or other disease model (i.e HFpEF), 
therefore, further study in both animals and human is needed to better understand the 
benefits and its potential application. Nevertheless, our study provides molecular insights 
into the cardiovascular effects of SGLT2i, FXa inhibitor and KE in the failing heart.
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Hartfalen (HF) is een klinisch syndroom dat een gemeenschappelijke eindstadium vormt 
voor vrijwel alle hartziekten en de incidentie van HF begint epidemische proporties aan te 
nemen. Ondanks ontwikkelingen van medicamenteuze en device therapie in HF, is het in 
de meeste gevallen nog niet mogelijk om de hartfunctie van patiënten met HF te herstellen 
of het hart te verjongen. Er is dus nog steeds behoefte aan klinisch en preklinisch onderzoek 
naar vernieuwende therapieën om dit probleem aan te pakken. Daarnaast is polyfarmacie 
een toenemend probleem in patiënten met HF, omdat HF als complexe ziekte vaak samen 
gaat met meer dan één comorbiditeit. Hoe meer comorbiditeiten er naast HF ontstaan, 
hoe complexer de therapeutische opties worden. Veel van de medicijnen die niet specifiek 
gebruikt worden om HF te behandelen kunnen echter wel cardiovasculaire (CV) effecten 
teweeg brengen. Cardiologen moeten zich daarom bewust zijn van de effecten en mogelijke 
interacties die het gebruik van deze nieuwe medicijnen met zich mee kunnen brengen.  

Natrium-glucose-cotransporter 2 remmers (SGLT2i) hebben veel aandacht gekregen 
door de bewezen positieve CV effecten op patiënten met diabetes mellitus type 2 (T2D), 
waaronder ook patiënten met HF. Omdat SGLT2i antidiabetica zijn, is het onbekend of 
deze positieve effecten op CV eindpunten ook in niet-diabetische patiënten van toepassing 
zijn. In Hoofdstuk 2 onderzochten we de rol van natrium-glucose-cotransporter 2 remmers 
(SGLT2i) empagliflozine (EMPA) in de context van niet-diabetisch HF. Om het effect 
van EMPA op hartfunctie en op metabole parameters in de niet-diabetische context te 
bepalen, behandelden we niet-diabetische ratten met linker ventrikel (LV) dysfunctie na 
een myocard infarct (MI) gedurende tien weken met EMPA of placebo. In dit hoofdstuk 
demonstreerden we dat EMPA de hartfunctie in niet-diabetische ratten met HF verbetert 
en dat dit geassocieerd is met een omkeer van verstoringen van het metabolisme in het 
falende hartspierweefsel. Daarnaast zorgde EMPA voor een toename in circulatoire en 
cardiale oxidatie van ketolichamen als aanvullend energie substraat. Het gebruik van EMPA 
induceerde echter geen hypoglykemie. 

Het is aangetoond dat SGLT2i een beschermend effect hebben op de progressie van 
nierziekte in patiënten met T2D. Er wordt echter ook gewaarschuwd voor het feit dat SGLT2i 
endocriene veranderingen zouden kunnen veroorzaken wat het risico op fracturen van 
deze patiënten zou kunnen verhogen. De effecten van SGLT2i op de nieren zijn in de niet-
diabetische context nog niet goed onderzocht, in tegenstelling tot in diabetische patiënten. 
In Hoofdstuk 3 onderzochten we, de effecten (veiligheid) van EMPA op de structuur en 
functie van de nier in niet-diabetische ratten met LV dysfunctie na MI. In dit hoofdstuk 
toonden we aan dat EMPA de diurese bevordert zonder de structuur en functie van de nier 
aan te tasten of substantiële elektrolyt verstoringen teweeg te brengen in de niet-diabetische 
setting, wat overeenkomt met de bevindingen uit de DAPA-HF studie. Bovendien vonden 
we geen aanwijzingen voor toename van mineraalresorptie in het bot, wat suggereert dat 
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EMPA geen negatief effect heeft op de botgezondheid. Onze studie levert daarmee robuust 
bewijs dat SGLT2i met EMPA de potentie hebben om hartfunctie in niet-diabetische falende 
harten te verbeteren, en geeft meer mechanistische inzichten die suggereren dat SGLT2i 
zowel veilig zijn als beschermend werken in HF patiënten zonder diabetes.

In Hoofdstuk 4 formuleren we de hypothese dat SGLT2i als mitochondriale doelgerichte 
therapie zouden kunnen worden gebruikt tegen atriumfibrilleren (AF) bij patiënten met 
diabetes. In deze beschouwing wordt een manuscript van Shao et al. besproken waarin 
aangetoond werd dat SGLT2i EMPA de structurele en elektrofysiologische remodellering 
van het atriale weefsel verzwakt, wat geassocieerd is met biogenese van mitochondriën in 
ratten met diabetes. In Hoofdstuk 4 bespraken we de mechanistische implicaties van deze 
studie en beschreven we hoe SGLT2i potentieel preventief zouden kunnen werken tegen 
atriumfibrilleren in T2D. We beargumenteren dat mitochondriale doelgerichte therapie als 
veelbelovend therapeutisch doelwit in AF zou kunnen fungeren, met name in diabetische 
patiënten. 

Bij HF patiënten is er een vergrote kans op linker ventrikel (LV) trombose, ischemische 
beroertes en overige trombo-embolische insulten, dit suggereert dat HF beschouwd zou 
moeten worden als een status met hypercoagulatie. In Hoofdstuk 5 hebben we de rol van 
FXa remming en hartfalen verder onderzocht. In dit hoofdstuk hebben we een dierproef 
uitgevoerd waarin ratten met HF, ontwikkeld na een groot myocard infarct (MI) in de 
anterieure hartwand, behandeld zijn met apixaban of een placebo middel gedurende tien 
weken. Zoals verwacht, resulteerde behandeling met apixaban in een significante reductie 
in FXa activiteit. Niettemin, resulteerde de reductie in FXa activiteit door apixaban niet tot 
een verandering in de activiteit van PAR1 signalering in harten van ratten met of zonder 
HF. Bovendien, had apixaban geen invloed op de cardiale functie en cardiale remodelering 
na MI. Onze bevindingen bevestigen en bieden mechanistische inzichten die de neutrale 
uitkomsten van de COMMANDER HF trial kunnen verklaren. Daarbij wordt het gebruik 
van FXa remmers in HF patiënten met het doel om de ernst van HF te moduleren, niet 
ondersteund door onze resultaten. 

In patiënten met HF ontstaan obstakels in het metabolisme van koolhydraten en vetten, 
hierdoor verminderd de myocardiale capaciteit om ATP te generen. Dit resulteert in 
een energie deficiëntie in het myocard, aldus wordt het falende hart vaak gezien als een 
motor zonder brandstof. In Hoofdstuk 6, is in preklinische modellen van HF het effect van 
supplementaire orale ketonen esters (KE) op de cardiale functie onderzocht. In dit hoofdstuk 
demonstreren we dat we de cardiale remodelering kunnen verminderen en de cardiale 
functie kunnen verbeteren door middel van chronische orale toediening van supplementaire  
KE in twee verschillende preklinische HF modellen. Hierbij, leidt behandeling met KE 
ook tot normalisering van myocardiale ATP productie. Deze bevindingen suggereren dat 
behandeling met KE een bevorderlijk effect kan hebben voor patiënten met HF.
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In Hoofdstuk 7, geven we een overzicht van de beschikbare data van experimentele en 
klinische studies gerelateerd aan ketonen. Hiermee evalueren we de pleiotrope effecten van 
ketonen die potentieel bijdragen aan beschermende eigenschappen van het hart, los van 
de effecten op cardiale energetica. We concludeerden dat beschermende eigenschappen 
van ketonen op het hart gemedieerd kunnen worden door effecten op vasodilatatie, anti-
oxidante en anti-remodelering effecten, mitochondriële effecten en andere mogelijke 
mechanismen op lichaamsgewicht, bloed glucose en lipiden profiel. 

TOEKOMSTPERSPECTIEVEN 

Voordat er onverwacht ontdekt werd dat SGLT2i een voordelig effect hebben voor HF 
patiënten, werden ze oorspronkelijk geïndiceerd ter behandeling van diabetes. De huidige 
hypothese is dat de cardiovasculaire voordelen van SGLT2i los van het glucose-verlagende 
effect werken, en daarbij dus ook een positief effect hebben op HF patiënten zonder diabetes. 
Onze experimentele studie heeft laten zien dat SGLT2i EMPA, cardiale remodelering en 
fibrose verminderde, myocardiale metabole abnormaliteiten normaliseerde en cardiale 
functie post-MI verbeterde in een HF model zonder diabetes. Ook hebben we laten zien 
dat EMPA circulerende ketonen verhoogde, net als de oxidatie van cardiale ketonen wat 
geassocieerd was met een verhoging van myocardiale ATP productie. Op basis van deze 
experimentele studie, hebben we de hypothese gesteld dat SGLT2i veilig zijn en positieve 
effecten kunnen hebben voor HF patiënten zonder diabetes, waarbij de effecten gerelateerd 
kunnen zijn aan de milde ketose die wordt gezien bij behandeling met SGLT2i. Vergelijkbare 
bevindingen van andere onderzoeksgroepen zijn eerder aangetoond in een varkens model 
van HF zonder diabetes. Derhalve, hebben wij een experimentele studie ontworpen en 
uitgevoerd waarin we ketonen behandeling toedienden in muis- en ratmodellen met 
HF. In onze resultaten was de ketonen behandeling effectief voor beide preventie- en 
behandelstrategieën in experimentele HF. Daarnaast kon KE behandeling cardiale 
remodelering verminderen en cardiale functie verbeteren. Zoals verwacht, observeerden 
we ook een verhoging in cardiale ketonen oxidatie en normalisatie van myocardiale ATP 
productie tijdens KE behandeling. Samenvattend, biedt deze studie meer inzicht in de 
ketose-gemedieerde effecten van SGLT2i behandeling en de potentiele behandeling van KE 
bij patiënten met HF.

Wetenschappelijke studies suggereren dat HF patiënten een hoger risico hebben op het 
ontwikkelen van trombo-embolische insulten, ook als er sprake is van een sinus ritme. In 
feite, is HF de tweede belangrijkste oorzaak voor cardio-embolische beroerte na AF. Het 
klinkt daarom logisch dat behandeling met orale anticoagulantia een positief effect kan 
hebben bij HF patiënten. Echter, zijn er verscheidene gerandomiseerde klinische proeven 
uitgevoerd, waarbij de resultaten geen positief effect laten zien van orale anticoagulantia 
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bij HF met sinus ritme. Deze bevindingen reflecteren de huidige richtlijnen die het gebruik 
van anticoagulantia bij HF patiënten zonder AF, vóor een trombo-embolisch insult of een 
bekende cardio-embolische bron, niet ondersteunen. Onze experimentele studie bevestigt 
en verklaart waarom FXa remming niet succesvol is in het voorzien van positieve effecten in 
HF patiënten met een sinus ritme. 

In dit proefschrift hebben we de rol van niet-cardiovasculaire medicamenten (d.w.z. SGLT2- 
en FXa remmer en ketonen esters) op de cardiovasculaire effecten bij HF in kaart gebracht.  
Hierbij hebben we ook de potentiele voordelen van SGLT2 remming en de beschermende 
eigenschappen van ketonen bij patiënten met AF en diabetes beschreven. Desalniettemin, 
is het mogelijk dat onze resultaten verschillen in modellen van andere organismen of andere 
ziekte modellen (bijvoorbeeld HFpEF). Met inachtneming van deze mogelijke verschillen, 
en om de kennis omtrent de positieve effecten en potentiele toepassing in de kliniek 
te optimaliseren, is het van belang dat er in de toekomst onderzoek plaatsvindt in beide 
dierlijke- en humane modellen. Desondanks, biedt onze studie moleculaire inzichten in de 
cardiovasculaire effecten van SGLT2- en FXa remmers en KE in het falende hart.
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