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Abstract

Background: Recent studies indicated that sodium glucose cotransporter (SGLT)2 inhibition increases levels of
ketone bodies in the blood in patients with type 1 and 2 diabetes. Other studies suggested that in patients with
chronic heart failure (CHF), increased myocardial oxygen demand can be provided by ketone bodies as a fuel sub-
strate. Experimental studies reported that ketone bodies, specifically beta-hydroxybutyrate (3-OHB) may increase
blood pressure (BP) by impairing endothelium-dependant relaxation, thereby leading to increased vascular stiffness.
In our study we assessed whether the SGLT 2 inhibition with empagliflozin increases ketone bodies in patients with
stable CHF and whether such an increase impairs BP and vascular function.

Methods: In a prospective, double blind, placebo controlled, parallel-group single centre study 75 patients with

CHF (left ventricular ejection fraction 39.0 & 8.2%) were randomised (2:1) to the SGLT-2 inhibitor empagliflozin 10 mg
orally once daily or to placebo, 72 patients completed the study. After a run-in phase we evaluated at baseline BP by
24 h ambulatory blood pressure (ABP) monitoring, vascular stiffness parameters by the SphygmoCor system (AtCor
Medical, Sydney, NSW, Australia) and fasting metabolic parameters, including 3-OHB by an enzymatic assay (Beck-
man Coulter DxC 700 AU). The same measurements were repeated 12 weeks after treatment. In 19 of the 72 patients
serum levels of B-OHB were beneath the lower border of our assay (< 0.05 mmol/l) therefore being excluded from the
subsequent analysis.

Results: In patients with stable CHF, treatment with empagliflozin (n = 36) was followed by an increase of 3-OHB

by 33.39% (p=0.017), reduction in 24 h systolic (p =0.038) and diastolic (p=0.085) ABP, weight loss (p=0.003) and
decrease of central systolic BP (p=0.008) and central pulse pressure (p =0.008). The increase in 3-OHB was related to
an attenuated decrease of empagliflozin-induced 24 h systolic (r=0.321, p=0.069) and diastolic (r=0.516, p =0.002)
ABP and less reduction of central systolic BP (r=0.470, p=0.009) and central pulse pressure (r=0.391, p=0.033). No
significant changes were seen in any of these parameters after 12 weeks of treatment in the placebo group (n=17).

Conclusion: In patients with stable CHF ketone bodies as assessed by 3-OHB increased after treatment with empa-
gliflozin. This increase led to an attenuation of the beneficial effects of empagliflozin on BP and vascular parameters.

Trial registration The study was registered at http://www.clinicaltrials.gov (NCT03128528).

Introduction
Sodium glucose cotransporter (SGLT)2 inhibitors intro-
duced as antidiabetic agents have been found to decrease
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[2, 3]. SGLT2 inhibition represents nowadays a novel
treatment of chronic heart failure (CHF) with outlooks
on even more possible treatment indications [4]. Yet,
the mediators of these improved outcomes remain to be
determined.

Blood levels of ketones have been described to be
increased in patients with type 1 and 2 diabetes after
treatment with SGLT?2 inhibitors [5, 6]. A recent study,
called “the fuel hypothesis’, attributed the cardiovascular
benefits of SGLT2 inhibition to improved energetics by a
metabolism shift towards increased ketosis. According to
this concept, ketone body fuel utilization would improve
transduction of oxygen into increased work efficiency
[7]. In patients with CHEF, it is believed that the capacity
of the myocardium to use free fatty acids is diminished
and a shift to ketone body utilization as fuel for oxida-
tive ATP production takes place [8]. In a recent inter-
ventional study, patients with CHF were treated with
B-hydroxybutyrate (B-OHB) infusions. p-OHB showed
beneficial hemodynamic effects by increasing cardiac
output and left ventricular ejection fraction, without
impairing myocardial efficiency [9]. Similar observations
have been made in patients with T2D indicating that the
myocardium of patients with T2D prefers ketones as an
energy fuel source [10]. Furthermore, antiinflamma-
tory and antioxidative properties of SGLT2 inhibition
in patients with T2D have been shown to be related to
[B-OHB increases [11]. These findings support a potential
predominant role of B-OHB for the mediation of SGLT2
inhibitors-related organoprotective effects. Whereas
ketone bodies have been already analysed in several ani-
mal models and humans after acute myocardial infarc-
tion under therapy with SGLT2 inhibition, there are no
data on ketone bodies in a stable situation of patients
with CHF after SGLT2 inhibitor therapy.

The aim of the current analysis is to assess the influence
of the SGLT?2 inhibitor empagliflozin on blood levels of
ketone bodies in patients with CHF and to analyse their
relation to blood pressure (BP) and to vascular function.

Methods

Study design

This was a secondary analysis of an investigator initiated,
prospective, double blind, placebo controlled, parallel-
group phase II single centre study in order to analyse
changes in blood B-OHB levels in patients with CHF
following SGLT?2 inhibition with empagliflozin. Further-
more, the relationship between B-OHB and parameters
of vascular stiffness were analysed. All participants were
treated in our Clinical Research Unit of the Department
of Nephrology and Hypertension, University of Erlan-
gen-Nuremberg, Germany (http://www.clinicaltrials.
gov: NCT03128528). Between July 2017 and March 2020,
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subjects with stable CHF were recruited from the investi-
gator’s outpatient clinics, referring physicians, and adver-
tisement in local newspapers, and social media. After
being off any SGLT-2 inhibitors for at least 10 weeks,
subjects entered a run-in phase of 2 weeks and primary
and secondary evaluation criteria were assessed. Patients
were then consecutively randomised to either empagliflo-
zin 10 mg orally once daily or placebo (2:1) for 12 weeks.
The study was approved by the local Ethics Committee
(University of Erlangen-Nuremberg) and performed
in accordance with the Declaration of Helsinki and the
principles of good clinical practice guidelines.

Study population

Subjects between 18 and 85 who had heart failure with
mid-range ejection fraction (HFmEF) in stable condi-
tions or heart failure with reduced ejection fraction
(HFrEF) in stable conditions, according to the ESC
guidelines for the diagnosis and treatment of acute and
chronic heart failure were included in the study [12, 13].
Patients who had heart failure with preserved ejection
fraction (LVEF>50%) were not included in the study.
Other key exclusion criteria were any other form of dia-
betes than T2D, treatment with insulin or any SGLT-2
inhibitors within the past 10 weeks prior to screening, a
HbAlc>10% or fasting plasma glucose >240 mg/dl, an
estimated glomerular filtration rate <30 ml/min/1.73 m?,
uncontrolled hypertension, congestive heart failure New
York Heart Association IV or the use furosemide >80 mg/
day, or torasemide >40 mg/day, or piretanide >6 mg/day.
Any history of stroke, transient ischemic attack, instable
angina pectoris or acute myocardial infarction within the
last 6 months prior to study inclusion led to an exclusion
of the study.

Clinical parameters
Demographic data were recorded at the first visit (screen-
ing). At randomisation (baseline), fasting blood samples
were withdrawn in order to evaluate HbAlc, fasting
plasma glucose, lipid levels, B-OHB levels (our primary
endpoint of this secondary analysis) and other bio-chem-
ical safety parameters (e.g. creatinine, liver enzymes).
Blood levels of p-OHB, were measured by an automated
clinical chemistry analyser (Beckman Coulter DxC
700 AU), with a lower detection border for p-OHB of
0.05 mmol/l and a variation coefficient 1.68% for normal
controls and—2.29% for pathological controls. Squared
average of the errors of measurement was 0.00802 with
an error margin of 0.02271.

Office brachial BP was assessed according to the Euro-
pean Society of Hypertension guideline recommenda-
tions by an oscillometric device (Dinamap Pro 100V2;
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Criticon, Norderstedt, Germany) and averages of the last
three measurements were taken [14].

Vascular function

Central blood pressure

Central (aortic) BP represents the BP acting directly
on internal organs like heart and kidney and have been
found to independently predict cardiovascular outcome
[15]. A validated system (SphygmoCor XCEL System;
AtCor Medical, Sydney, Australia) was used to derive
the central systolic BP (cSBP) and central pulse pressure
(cPP) [16]. Brachial artery pressure curves were recorded
from the brachial artery, with the patient being in a
supine position, using a high-fidelity applanation tonom-
eter (Millar Instruments, Houston, Tex.), directly into the
SphygmoCorTM System which then calculated the cor-
responding central aortic waveform. After previous cali-
bration, corresponding central (aortic) waveforms were
automatically calculated from the brachial artery wave-
form by a validated transfer function. From the derived
central waveforms, data for c¢SBP, cPP, forward and back-
ward wave amplitude were provided.

Ambulatory blood pressure monitoring

Twenty four-hour ambulatory BP (ABP) monitoring
was assessed by a repeatedly validated device (Mobil-O-
Graph, L.E.M., Aachen, Germany) [17]. BP measurements
were taken at an interval of 15 min during the day and
every half an hour during the night.

Statistical analysis

Before further analysis, abnormal or normal distribu-
tion of variables was evaluated using Kolmogorov—
Smirnov test. Normally distributed data are expressed as
mean =+ standard deviation and not normally distributed
data presented as median and interquartile range (IQR).
A two-sided P-value<0.05 was considered statistically
significant. The comparison between baseline and the
end of the 12 week treatment phase within each treat-
ment group was performed using the non-parametric
Wilcoxon test (paired analysis). Statistical significance
of differences between the empagliflozin and the pla-
cebo treatment arm was determined applying the non-
parametric Mann—Whitney-test (unpaired analysis),
accordingly. Correlations were calculated by using the
Spearman analysis. All analyses were performed using
SPSS software, version 24.0.0.2 (IBM Corporation, Chi-
cago, IL, USA).
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Results

Clinical characteristics of the study population

A total of 87 patients with CHF were screened and 72
of them completed the study. In 19 patients at the time
of both measurements (at baseline and 12 weeks after
randomisation) levels of B-OHB were beneath the lower
detection border of our assay (<0.05 mmol/l) at base-
line and 12 weeks after randomisation, therefore being
excluded from the subsequent analysis (Empa: N=12,
Placebo: N=6) (Fig. 1). The mean age of our study popu-
lation N=53 (Table 1) was 68.5+ 8.2 years, 84.9% of them
were male. Thirty-two patients had HFmEF, representing
61.5% percent of our study population with myocardial
ischemia being the main cause of the CHF. Median NT-
pro-BNP levels were 506.0 (IQR: 268.5-1311.0) pg/ml.
Ejection fraction at baseline was 38.8+8.6%, 79.2% had
arterial hypertension and 24.5% T2D.

Effect of empagliflozin treatment

Twelve weeks of treatment with empagliflozin was associ-
ated with an increase in f-OHB from 0.1240.22 mmol/l
to 0.16 £0.18 mmol/l (p=0.017) compared to baseline.

Patients included
N =87

Patients’ dropout
before randomisation
N=12

Reasons:

Inclusion/exclusion criteria not met: N =9

Consent withdrawn: N =3

Adverse Event: 0

Patients randomized
N=75
(Safety population)

Patients’ dropout
after randomisation
N=3

Reasons:

Protocol violation: N =1 (major, verum)

(Incorrect study medication #112)

Patients completed
N=72
(Per protocol

Withdrawn of consent: N =2
(Adverse Event back pain #116)

population) (Burden of visit numbers #144)

Patients’ dropout after study
completion

Patients completed N=19

with evaluable
ketone bodies
N=53

Reasons:

Serum B-hydroxybutyrate concentration
beneath lower detection border of
enzymatic assay

Verum
N =36

Placebo
N=17

Fig. 1 Patient disposition
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Table 1 Clinical characteristics of the study population
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Parameter All (N=53) Empa (N=36) Placebo (N=17)
Age (years) 68,5482 69.0+8.1 674487

Male sex [no, (%)] 45 (84.9) 29 (80.6) 16 (94.1)

Weight (kg) 88.7+£13.1 87.6+138 908+11.3

BMI (kg/mz) 289+38 287140 292433

Office heart rate (bpm) 66.2+122 658+128 670+113
Office systolic BP (mmHg) 1245+19.7 1263+20.0 1205+189
Office diastolic BP (mmHg) 724+£93 72.14£96 729+£90

Left ventricular ejection fraction (%) 388+86 39.8+83 36.8+9.1
NT-pro-BNP (pg/ml) 506.0 (268.5-1311.0) 4990 (293.3-1401.8) 511.0 (189.0-1194.5)
Hypertension [no, (%)] 42(79.2) 27 (75) 15(88.2)

Type 2 diabetes [no, (%)] 13 (24.5) 10 (27.8) 3(17.6)

Data are given as mean = SD, NT-pro-BNP is given as median and interquartile range

BMI body mass index, bpm beats per minute, BP blood pressure, NT-pro-BNP N-terminal prohormone of brain natriuretic peptide

There was no significant change in f-OHB after 12 weeks
of treatment with placebo compared to baseline (from
0.08£0.04 mmol/l to 0.114+0.09 mmol/l, p=0.406).
Change of f-OHB between baseline and 12 weeks of
treatment with empagliflozin was not significantly differ-
ent compared to change between baseline and 12 weeks
of treatment with placebo (p=0.321) (Figs. 2 and 3).
Change of f-OHB between baseline and 12 weeks of
treatment with empagliflozin in patients with T2D was
not significantly different compared to change of f-OHB
between baseline and 12 weeks of treatment with empa-
gliflozin in patients without T2D (data not shown).
Twelve weeks of treatment with empagliflozin
was associated with a decrease in 24 h systolic ABP

(p=10.038), as well as in systolic (p=0.005) and diastolic
brachial (p=0.269) BP compared to baseline (Table 2).
Analysing vascular function, 12 weeks treatment with
empagliflozin was associated with a significant decrease
in ¢SBP (p=0.008), cPP (p<0.001) and forward pulse
pressure height (p=0.001) compared to baseline. There
was no significant change in BP and vascular parameters
after 12 weeks placebo compared to baseline (Table 2).
Subjects treated with empagliflozin for 12 weeks
showed the following changes in laboratory param-
eters compared to baseline: haematocrit: 40.2+£3.9% to
42.4+3.8% (p=0.197), HbAlc: 5.9+0.6% to 5.8 +0.4%
(p=0.135), fasted plasma glucose: 105.9£19.4 mg/
dl to 95.6+£13.1 mg/dl (p<0.001) and serum uric acid

p=0.017

serum B-Hydroxybutyrate (mmolil)

T
after 12 weeks of treatment with
empagliflozin

T
baseline

baseline and after 12 weeks of treatment with placebo (right side)

Fig. 2 Change in B-hydroxybutyrate (3-OHB) between baseline and after 12 weeks of treatment with empagliflozin (left side) and between
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p=0.406
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1.00+
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serum B-hydroxybutyrate (mmolil)
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T
baseline

T
after 12 weeks of treatment with
placebo
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Fig. 3 Relationship between changes in 3-hydroxybutyrate, blood pressure and vascular parameters. Correlation between changes (4) in
B-hydroxybutyrate (3-OHB) between baseline and after 12 weeks of treatment with empagliflozin and changes in 24 h diastolic blood pressure
(24 h DBP) (top left side), in forward pulse pressure height (FPH) (top right side) in central systolic blood pressure (cSBP) (bottom left side) and in
central pulse pressure (cPP) (bottom right side) between baseline and after 12 weeks of treatment with empagliflozin

6.9+£1.7 mg/dl to 5.7+ 1.4 mg/dl (p<0.001). No signifi-
cant changes were found in the same clinical parameters
after 12 weeks placebo therapy compared to baseline
(data not shown).

Relationship between 3-OHB, BP, vascular parameters

and laboratory findings (Table 3, Fig. 3)

Significant correlations were observed between the
change of B-OHB and the changes in BP parameters
in subjects treated with empagliflozin for 12 weeks.
Greater increases of f-OHB blood levels were related to
smaller decreases in diastolic ABP (r=0.516, p=0.002),
brachial systolic (r=0.458, p=0.011) and diastolic
(r=0.365, p=0.047) BP and tended to be related

to smaller decreases in 24-h systolic ABP(r=0.321,
p=0.069).

Regarding vascular parameters an increase of 3-OHB
correlated with the decrease of <¢SBP (r=0.470,
p=0.009), cPP (r=0.391, p=0.033) and forward pulse
pressure height (r=0.451, p=0.012). There were no
significant correlations between changes of f-OHB and
changes of BP and vascular parameters in the placebo
group.

No significant correlations between changes in f-OHB
and changes in the above mentioned laboratory param-
eters were observed.
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Table 3 Correlations between changes in
pressure and vascular parameters

-OHB, blood

Empa AB-OHB Placebo AB-OHB
A Resting peripheral systolic BP r=0458 r=-—0336
p=0011 p=0.203
A Resting peripheral diastolic BP r=0.365 r=-0.162
p=0.047 p=0548
A Resting peripheral pulse pressure  r=0471 r=-0.087
p=0.009 p=0.749
A Central systolic BP r=0470 r=-—0413
p=0.009 p=0.112
A Central pulse pressure r=0.391 r=—0.266
p=0.033 p=0.320
A Forward pulse pressure height r=0451 r=0.086
p=0.012 p=0.752
A Resting pulse pressure height r=0217 r=—0342
p=0250 p=0.194
A Systolic 24 h ambulatory BP r=0321 r=0.141
p=0.069 p=0.630
A Diastolic 24 h ambulatory BP r=0516 r=0.195
p=0.002 p=0.504
A Heart rate r=0.188 r=0439
p=0.320 p=0.089

A: change between baseline and after 12 weeks of treatment, B-OHB:
B-hydroxybutyrate; empa: empagliflozin; BP: blood pressure

Discussion

To the best of our knowledge, the current study is the
first to evaluate the effect of SGLT2 inhibitors on blood
ketone body concentration, as assessed by B-OHB,
in patients with CHEF, and to analyse the relationship
between changes in serum 3-OHB levels and changes in
vascular stiffness and BP.

Effect of SGLT2 inhibition on serum B-OHB concentration

The main finding of this study is that 12 weeks treatment
with empagliflozin leads to an increase of fasting serum
[-OHB in our patients with stable CHF compared to the
placebo group. Consistently, in rodent models employing
empagliflozin, ketone levels were significantly increased
in both lean control and obese ZSF1 groups [18], as
well as in high-fat diet-fed ApoE-knockout mice [19]. In
human studies with T2DM patients undergoing an acute
myocardial infarction ketone bodies in the blood tended
to increase in the empagliflozin group compared with
the placebo group [20]. In addition, in T1IDM patients
ketoacidosis rate was comparable between empagliflo-
zin 2.5 mg and placebo but increased with 10 mg and
25 mg [21]. Moreover, treatment with SGLT2 inhibi-
tors has been demonstrated to increase blood levels of
[-OHB in patients with type 1 and 2 diabetes mellitus [6,
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22]. The increment in serum -OHB concentration fol-
lowing SGLT2 inhibition can be explained by the SGLT2
inhibitor-induced glucosuria, which in turn accelerates
the fasting state and, thereby provokes ketogenesis. Glu-
cosuria is accompanied by osmotic diuresis and leads to
volume depletion along with dehydration. Hypovolemia
in combination with a carbohydrate depletion provokes
the secretion of glucagon and thereby, also ketogenesis.
This may explain the counterproductive effect of ketone-
mia on the cardiovascular system. The beneficial effect of
SGLT-2 inhibitors is possibly attenuated by the increase
glucagon production. These interesting effects need fur-
ther evaluation. Assuming that the failing heart prefers
ketone bodies as a fuel source, this might be one possible
explanation for the responsible underlying mechanisms
of the beneficial cardiovascular outcomes. The previously
quoted “fuel hypothesis” suggests that administration
of empagliflozin leads to an increase of ketone bodies,
thereby optimising cardiac energy metabolism and thus,
reduced cardiovascular mortality is achieved [7].

However, the increase of serum ketone bodies under
SGLT?2 inhibition has also been described to be linked to
diabetic ketoacidosis. A recent review of literature found
a small risk of diabetic ketoacidosis in patients with type
2 diabetes under the therapy of SGLT2 inhibitors. The
study collective included 39 randomised controlled stud-
ies and 60,580 patients [23]. In our study we did not find
any event of diabetic ketoacidosis. This is most probably
due to our patient collective being comparatively small,
more heterogeneous and being on a stable medication-
based treatment.

Effect of SGLT 2 inhibition on blood pressure and vascular
stiffness

Analysing the effects of 12 weeks treatment with empa-
gliflozin, we observed significant improvement in BP
and vascular function. Brachial systolic BP and systolic
24 h ABP decreased significantly after 12 weeks of treat-
ment with empagliflozin. Yet, we did not observe any sig-
nificant improvement in brachial diastolic BP and 24 h
ABP. Accordingly, DBP compared with SBP has been
described to decrease slower in patients treated with
empagliflozin [24]. Regarding vascular stiffness param-
eters, we observed significant improvement in cSBP, cPP,
forward and resting pulse pressure heights.

Association between serum 3-OHB concentration
increment and vascular parameters

In the current study we found that the improvement
in vascular stiffness and BP is inversely related to the
increase in serum [B-OHB, indicating that a greater
increase of -OHB is associated with less improvement
of central BP and 24 h ABP. Central BP and 24 h ABP are
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both being considered as strong independent predictors
of cardiovascular events and overall mortality [25, 26].

Interestingly, our findings propose rather nega-
tive effects of the B-OHB increase after treatment with
empagliflozin questioning the concept whether ketone
bodies are responsible for the improved cardiovascular
outcomes under the treatment with empagliflozin. Our
study suggests exactly the opposite of the “fuel hypoth-
esis”: B-OHB attenuates the beneficial effects of empagli-
flozin on vascular function and BP.

Coppola et al. reported increased arterial stiffness and
early functional endothelial damage in children with
drug resistant epilepsy that were treated with a ketogenic
diet. Vascular parameters like the p-index and augmen-
tation index, indicative for early functional endothelial
damage and vascular stiffness, increased after treatment
with ketogenic diet in this specific study [27]. Con-
cordant results have been already reported. In a recent
experimental study ketogenic diet aggravated hyperten-
sion in spontaneously hypertensive rats. The underlying
mechanism might consist in decreasing the expression of
eNOS and the endothelial marker CD31, thereby impair-
ing endothelial-dependent vasodilatation. Furthermore,
it was shown that ketogenic diet induced an increase of
inflammatory parameters, as well as increased oxidative
stress by the increase of reactive oxygen species [28]. On
this subject, Jain et al. reported increased oxidative stress
in hyperketonemic patients with type 1 diabetes [29].
These studies in accordance with our results, all indicate
that ketone bodies have adverse effects on vascular func-
tion and structure. Nevertheless, overall BP decreased
and vascular function improved after treatment with
empagliflozin, although clearly attenuated in the patients
with increased ketone bodies.

The strength of our study is that the effects of SGLT2
inhibitors on ketone bodies and their subsequent interac-
tion with vascular parameters were observed in a double
blind randomised controlled trial in patients with CHF.
This is the first time that ketone bodies and their subse-
quent interaction with vascular parameters are evaluated
in patients with stable CHF after SGLT2 inhibitor ther-
apy and timely in face of the new guidelines for CHF.

Limitations

Nevertheless we have to acknowledge certain limita-
tions: our study population is relatively small which
clearly diminishes the statistical power of our findings.
This is also due to the fact that several subjects had to
be excluded from our analysis as their serum levels of
B-OHB were below the measurement range of our assay
at both time points when blood was collected. How-
ever, no differences in the clinical characteristics of
the subgroup with measurable p-OHB concentrations
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and with the total study group were found (data not
shown). The lower limit of quantification for the enzy-
matic assay used is 0.05 mmol/l. However, we want to
stress, that this assay is a validated method of B-OHB
measurement used by our university laboratory in the
clinical daily routine [30]. It would be useful to addi-
tionally employ a more sensitive method for future
measurements.

Data on the relationship between ketone bodies,
SGLT2 inhibitors and cardiovascular effects are very lim-
ited. We therefore related our data to various studies in
different experimental settings, including empagliflozin-
induced ketonemia, ketogenic diet and infusion with
ketone bodies. It is difficult to compare and standardise
blood levels of ketone bodies from different studies as
they are very fluctuating and depend on various factors
like length of fasting, type of diet, medications, concomi-
tant diseases and amount of physical activity. Ketogenic
diet leads to a larger increment in serum ketone body
levels than SGLT?2 inhibition. Accordingly, Johnson et al.
observed an increase in serum f-OHB concentration of
0.24 mmol/l after 6 weeks of ketogenic diet as compared
to 0.04 mmol/l in our analysis [31]. However, we were
able to make similar observations like those, associated
with ketogenic diet. Moreover, in our study the meas-
urement timing and biochemichal assay was the same at
both time points when blood was collected, patients were
randomised in a double blind fashion and the placebo
group served as a control group.

In conclusion, treatment with empagliflozin lead to
a small but significant increase of serum ketones in
patients with HFmEF or HFrEF. The observed improve-
ment of BP and vascular function after treatment with
empagliflozin was attenuated by the increase of serum
ketone bodies.

Abbreviations

ABP: Ambulatory blood pressure; 3-OHB: Beta-hydroxybutyrate; BP: Blood
pressure; A: Changes; CHF: Chronic heart failure; cPP: Central pulse pressure;
¢SBP: Central systolic blood pressure; HFmEF: Heart failure with mid-range
ejection fraction; HFrEF: Heart failure with reduced ejection fraction; LVEF: Left
ventricular ejection fraction; SGLT: Sodium-glucose cotransporter; T2D: Type 2
diabetes mellitus.

Acknowledgements

We gratefully acknowledge the great expert technical assistance of Dorothea
Bader-Schmieder, Ingrid Fleischmann, Kerstin Frohlich-Endress, Ulrike Heinritz,
Wiebke Maurer and Simone Pejkovic (Clinical Research Centre, Department
of Nephrology and Hypertension, University Hospital Erlangen). The present
work was performed in fulfillment of the requirements for obtaining the
degree “Dr. med." by R. Pietschner.

Authors’ contributions

RS, JK, DK, CO and AB designed the study. RS, DK, AB, KS and RP analysed and
interpreted data. RP wrote the manuscript. All co-authors critically reviewed
and/or edited the manuscript and contributed to the discussion. RS super-
vised the project. All authors read and approved the final manuscript.



Pietschner et al. Cardiovasc Diabetol (2021) 20:219

Funding
Open Access funding enabled and organized by Projekt DEAL. The study was
supported by a Grant of Boehringer Ingelheim.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Written informed consent was obtained from each patient before study inclu-
sion. The study protocol of each trial was approved by the Local Ethics Com-
mittee (University of Erlangen-Nuremberg), and the studies were conducted
in accordance with the Declaration of Helsinki and the principles of good
clinical practice guidelines.

Consent for publication
All authors gave full consent for publication.

Competing interests
All authors declare that they have no competing interests.

Author details

'Department of Nephrology and Hypertension, University Hospital Erlangen,
Friedrich-Alexander-Universitat Erlangen-Nurnberg (FAU), Uimenweg 18,
91054 Erlangen, Germany. 2Department of Cardiology, University Hospital
Erlangen, Friedrich-Alexander-Universitat Erlangen-Nurnberg (FAU), Erlangen,
Germany. *Department of Nephrology and Hypertension, Paracelsus Medical
University, Nuremberg, Germany.

Received: 8 August 2021 Accepted: 27 October 2021
Published online: 09 November 2021

References

1. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, Mattheus
M, Devins T, Johansen OE, Woerle HJ, Broed!l UC, Inzucchi SE. Empagliflo-
zin, cardiovascular outcomes, and mortality in type 2 diabetes. N Engl J
Med. 2015;373:2117-28.

2. McMurray JJV, Solomon SD, Inzucchi SE, Keber L, Kosiborod MN, Martinez
FA, Ponikowski P, Sabatine MS, Anand IS, Bélohlavek J, Bhm M, Chiang
C-E, Chopra VK, de Boer RA, Desai AS, Diez M, Drozdz J, Dukat A, Ge J,
Howlett JG, Katova T, Kitakaze M, Ljungman CEA, Merkely B, Nicolau JC,
O'Meara E, Petrie MC, Vinh PN, Schou M, Tereshchenko S, Verma S, Held C,
DeMets DL, Docherty KF, Jhund PS, Bengtsson O, Sjéstrand M, Langkilde
A-M. Dapagliflozin in patients with heart failure and reduced ejection
fraction. N Engl J Med. 2019;381:1995-2008.

3. Packer M, Anker SD, Butler J, Filippatos G, Pocock SJ, Carson P, Januzzi J,
Verma S, Tsutsui H, Brueckmann M, Jamal W, Kimura K, Schnee J, Zeller C,
Cotton D, Bocchi E, Bohm M, Choi D-J, Chopra V, Chuquiure E, Giannetti
N, Janssens S, Zhang J, Gonzalez Juanatey JR, Kaul S, Brunner-La Rocca
H-P, Merkely B, Nicholls SJ, Perrone S, Pina |, Ponikowski P, Sattar N, Senni
M, Seronde M-F, Spinar J, Squire |, Taddei S, Wanner C, Zannad F. Cardio-
vascular and renal outcomes with empagliflozin in heart failure. N Engl J
Med. 2020;383:1413-24.

4. Seferovi¢ PM, Fragasso G, Petrie M, Mullens W, Ferrari R, Thum T, Bauer-
sachs J, Anker SD, Ray R, Cavusoglu Y, Polovina M, Metra M, Ambrosio G,
Prasad K, Seferovi¢ J, Jhund PS, Dattilo G, Celutkiene J, Piepoli M, Moura
B, Chioncel O, Ben Gal T, Heymans S, Jaarsma T, Hill L, Lopatin Y, Lyon
AR, Ponikowski P, Lainsc¢ak M, Jankowska E, Mueller C, Cosentino F, Lund
LH, Filippatos GS, Ruschitzka F, Coats AJS, Rosano GMC. Heart failure
association of the European society of cardiology update on sodium—
glucose co-transporter 2 inhibitors in heart failure. Eur J Heart Fail.
2020;22:1984-6.

5. Ferrannini E, Baldi S, Frascerra S, Astiarraga B, Heise T, Bizzotto R, Mari A,
Pieber TR, Muscelli E. Shift to fatty substrate utilization in response to
sodium-—glucose cotransporter 2 inhibition in subjects without diabetes
and patients with type 2 diabetes. Diabetes. 2016;65:1190-5.

Page 9 of 10

Shimada A, Hanafusa T, Yasui A, Lee G, Taneda Y, Sarashina A, Shiki K,
George J, Soleymanlou N, Marquard J. Empagliflozin as adjunct to
insulin in Japanese participants with type 1 diabetes: results of a 4-week,
double-blind, randomized, placebo-controlled phase 2 trial. Diabetes
Obes Metab. 2018;20:2190-9.

Ferrannini E, Mark M, Mayoux E. CV protection in the EMPA-REG
OUTCOME trial: a “thrifty substrate” hypothesis. Diabetes Care.
2016;39:1108-14.

Aubert G, Martin OJ, Horton JL, Lai L, Vega RB, Leone TC, Koves T, Gardell
SJ, Kriger M, Hoppel CL, Lewandowski ED, Crawford PA, Muoio DM,
Kelly DP. The failing heart relies on ketone bodies as a fuel. Circulation.
2016;133:698-705.

Nielsen R, Mgller N, Gormsen LC, Tolbod LP, Hansson NH, Sorensen J,
Harms HJ, Frekizer J, Eiskjaer H, Jespersen NR, Mellemkjaer S, Lassen TR,
Pryds K, Batker HE, Wiggers H. Cardiovascular effects of treatment with
the ketone body 3-hydroxybutyrate in chronic heart failure patients.
Circulation. 2019;139:2129-41.

. MizunoY, Harada E, Nakagawa H, Morikawa Y, Shono M, Kugimiya F,

Yoshimura M, Yasue H. The diabetic heart utilizes ketone bodies as an
energy source. Metabolism. 2017;77:65-72.

. Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, Rim JH, Hwang |, Lee CJ,

Lee M, Oh CM, Jeon JY, Gee HY, Kim JH, Lee BW, Kang ES, Cha BS, Lee MS,
Yu JW, Cho JW, Kim JS, Lee YH. SGLT2 inhibition modulates NLRP3 inflam-
masome activity via ketones and insulin in diabetes with cardiovascular
disease. Nat Commun. 2020;11:2127.

. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS, Falk

V, Gonzalez-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C,
Nihoyannopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GMC, Ruilope
LM, Ruschitzka F, Rutten FH, van der Meer P. 2016 ESC guidelines for

the diagnosis and treatment of acute and chronic heart failure: the Task
Force for the diagnosis and treatment of acute and chronic heart failure
of the European Society of Cardiology (ESC) developed with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J.
2016;37:2129-200.

. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm

M, Burri H, Butler J, Celutkiené J, Chioncel O, Cleland JGF, Coats AJS,
Crespo-Leiro MG, Farmakis D, Gilard M, Heymans S, Hoes AW, Jaarsma

T, Jankowska EA, Lainscak M, Lam CSP, Lyon AR, McMurray JJV, Mebazaa
A, Mindham R, Muneretto C, Francesco Piepoli M, Price S, Rosano GMC,
Ruschitzka F, Kathrine SA, Group ESD. 2021 ESC guidelines for the
diagnosis and treatment of acute and chronic heart failure: developed
by the Task Force for the diagnosis and treatment of acute and chronic
heart failure of the European Society of Cardiology (ESC) with the special
contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J.
2021;42:3599-726.

. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M,

Clement DL, Coca A, de Simone G, Dominiczak A, Kahan T, Mahfoud F,
Redon J, Ruilope L, Zanchetti A, Kerins M, Kjeldsen SE, Kreutz R, Laurent S,
Lip GYH, McManus R, Narkiewicz K, Ruschitzka F, Schmieder RE, Shlyakhto
E, Tsioufis C, Aboyans V, Desormais I. 2018 ESC/ESH guidelines for the
management of arterial hypertension. Eur Heart J. 2018;39:3021-104.

. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz

D, Pannier B, Vlachopoulos C, Wilkinson |, Struijker-Boudier H, Arteries
obotENfN-iloL. Expert consensus document on arterial stiffness: meth-
odological issues and clinical applications. Eur Heart J. 2006,27:2588-605.

. Pauca AL, O'Rourke MF, Kon ND. Prospective evaluation of a method

for estimating ascending aortic pressure from the radial artery pressure
waveform. Hypertension. 2001,38:932-7.

. Franssen PM, Imholz BP. Evaluation of the Mobil-O-graph new generation

ABPM device using the ESH criteria. Blood Press Monit. 2010;15:229-31.

. Park S-H, Farooq MA, Gaertner S, Bruckert C, Qureshi AW, Lee H-H,

Benrahla D, Pollet B, Stephan D, Ohlmann P, Lessinger J-M, Mayoux E,
Auger C, Morel O, Schini-Kerth VB. Empagliflozin improved systolic blood
pressure, endothelial dysfunction and heart remodeling in the metabolic
syndrome ZSF1 rat. Cardiovasc Diabetol. 2020;19:19.

. Tomita |, Kume S, Sugahara S, Osawa N, Yamahara K, Yasuda-Yamahara

M, Takeda N, Chin-Kanasaki M, Kaneko T, Mayoux E, Mark M, Yanagita M,
Ogita H, Araki S5-I, Maegawa H. SGLT2 inhibition mediates protection from
diabetic kidney disease by promoting ketone body-induced mTORC1
inhibition. Cell Metab. 2020;32:404-419.e6.



Pietschner et al. Cardiovasc Diabetol (2021) 20:219

20.

21

22.

23.

24.

Shimizu W, Kubota Y, Hoshika Y, Mozawa K, Tara S, Tokita Y, Yodogawa

K, Iwasaki Y-K, Yamamoto T, Takano H, Tsukada Y, Asai K, Miyamoto M,
Miyauchi'Y, Kodani E, Ishikawa M, Maruyama M, Ogano M, Tanabe J,
Shiomura R, Fukuizumi |, Matsuda J, Noma S, Sangen H, Komiyama H,
Imori Y, Nakamura S, Nakata J, Miyachi H, Takagi G, Todoroki T, Ikeda T,
Miyakuni T, Shima A, Matsushita M, Okazaki H, Shirakabe A, Kobayashi N,
Takano M, Seino Y, Nishi Y, Suzuki K, Shibuya J, Saito T, Nakano H, Taichirou
M, Furuse E, Nakama K, Hosokawa Y, Tsuboi |, Kawanaka H, EMBODY Trial
Investigators. Effects of empagliflozin versus placebo on cardiac sympa-
thetic activity in acute myocardial infarction patients with type 2 diabetes
mellitus: the EMBODY trial. Cardiovasc Diabetol. 2020;19:148.
Rosenstock J, Marquard J, Laffel LM, Neubacher D, Kaspers S, Cherney DZ,
Zinman B, Skyler JS, George J, Soleymanlou N, Perkins BA. Empagliflozin
as adjunctive to insulin therapy in type 1 diabetes: the EASE trials. Diabe-
tes Care. 2018;41:2560-9.

Nishimura R, Tanaka Y, Koiwai K, Ishida K, Salsali A, Kaspers S, Kohler S,
Lund SS. Effect of empagliflozin on free fatty acids and ketone bodies in
Japanese patients with type 2 diabetes mellitus: a randomized controlled
trial. Adv Ther. 2019;36:2769-82.

Liu J, Li L, Li S,Wang Y, Qin X, Deng K, Liu Y, Zou K, Sun X. Sodium-glu-
cose co-transporter-2 inhibitors and the risk of diabetic ketoacidosis in
patients with type 2 diabetes: a systematic review and meta-analysis of
randomized controlled trials. Diabetes Obes Metab. 2020;22:1619-27.
Ferdinand KC, Izzo JL, Lee J, Meng L, George J, Salsali A, Seman L.
Antihyperglycemic and blood pressure effects of empagliflozin in black
patients with type 2 diabetes mellitus and hypertension. Circulation.
2019;139:2098-109.

Page 10 of 10

25. Vlachopoulos C, Aznaouridis K, O'Rourke MF, Safar ME, Baou K, Stefanadis
C. Prediction of cardiovascular events and all-cause mortality with central
haemodynamics: a systematic review and meta-analysis. Eur Heart J.
2010;31:1865-71.

26. Dadlani A, Madan K, Sawhney JPS. Ambulatory blood pressure monitor-
ing in clinical practice. Indian Heart J. 2019;71:91-7.

27. Coppola G, Natale F, Torino A, Capasso R, D'Aniello A, Pironti E, Santoro
E, Calabro R, Verrotti A. The impact of the ketogenic diet on arterial
morphology and endothelial function in children and young adults with
epilepsy: a case—control study. Seizure. 2014;23:260-5.

28. GuoY,Wang X, Jia P YouY, Cheng Y, Deng H, Luo S, Huang B. Ketogenic
diet aggravates hypertension via NF-kB-mediated endothelial dysfunc-
tion in spontaneously hypertensive rats. Life Sci. 2020;258:118124.

29. Jain SK, McVie R, Bocchini JA Jr. Hyperketonemia (ketosis), oxidative stress
and type 1 diabetes. Pathophysiology. 2006;13:163-70.

30. BushVJ, Smola C, Schmitt P. Evaluation of the Beckman Coulter DxC 700
AU chemistry analyzer. Pract Lab Med. 2020;18:e00148.

31. Johnston C, Tjonn S, Swan P, White A, Hutchins-Wiese H, Sears B.
Ketogenic low-carbohydrate diets have no metabolic advantage over
nonketogenic low-carbohydrate diets. Am J Clin Nutr. 2006;83:1055-61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Effect of empagliflozin on ketone bodies in patients with stable chronic heart failure
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Study design
	Study population
	Clinical parameters
	Vascular function
	Central blood pressure
	Ambulatory blood pressure monitoring

	Statistical analysis

	Results
	Clinical characteristics of the study population
	Effect of empagliflozin treatment
	Relationship between β-OHB, BP, vascular parameters and laboratory findings (Table 3, Fig. 3)

	Discussion
	Effect of SGLT2 inhibition on serum β-OHB concentration
	Effect of SGLT 2 inhibition on blood pressure and vascular stiffness
	Association between serum β-OHB concentration increment and vascular parameters
	Limitations

	Acknowledgements
	References




