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In the recent EMPA-REG OUTCOME trial (Empagliflozin Cardiovascular Outcome 
Event Trial in Type 2 Diabetes Mellitus Patients), treatment with empagliflozin, 
a member of the group of antidiabetic sodium-glucose cotransporter 2 inhibi-

tors, reduced cardiovascular mortality and hospitalization for heart failure in pa-
tients with type 2 diabetes mellitus and cardiovascular disease.1 In heart failure 
and type 2 diabetes mellitus, cardiac metabolic flexibility is impaired, and altera-
tion in glucose or fatty acid (FA) metabolism and changes in the use of ketone 
bodies and branched chain amino acids (BCAAs) occur.2 Because sodium-glucose 
cotransporter 2 inhibitors lead to a mild increase in ketones, it has been hypoth-
esized that empagliflozin may exhibit some of its beneficial effects through a shift 
in myocardial metabolism toward an energy-efficient use of ketone bodies, which 
may improve myocardial work efficiency and function.3,4 Still, these hypotheses are 
not proven yet, and data are lacking on the metabolic signature of sodium-glucose 
cotransporter 2 inhibitor-treated patients. Therefore, we performed an untargeted 
metabolomics approach in a group of empagliflozin-treated patients with type 2 
diabetes mellitus and cardiovascular disease.

In a prospective study (http://www.clinicaltrials.org; unique identifier: 
NCT03131232; ethics committee approved, and all patients gave informed consent), 
we enrolled 25 patients with type 2 diabetes mellitus and cardiovascular disease with 
a clinical indication for intensification of their glucose-lowering therapy and treated 
them with empagliflozin 10 mg/day. Serum was taken at baseline and after 1 month.

Untargeted metabolomics were performed at the Genome Analysis Center Mu-
nich using the DiscoveryHD4 platform, which consists of 4 different methods: 2 
separate reverse phase/ultraperformance liquid chromatography‒tandem mass 
spectrometry with positive ion mode electrospray ionization, reverse phase/ultra-
performance liquid chromatography‒tandem mass spectrometry with negative 
electrospray ionization, and hydrophilic interaction chromatography /ultraperfor-
mance liquid chromatography‒tandem mass spectrometry with negative electro-
spray ionization. Raw data were extracted, peak-identified, and quality control 
processed using hardware and software of Metabolon Inc. Data were analyzed by 
patient-matched Wilcoxon signed-rank test using MetaboAnalyst 3.0. Metabolites 
with P<0.05 and q<0.1were considered statistically significant.

Patients characteristics were as follows (mean±SD): age 64.1±9.9 years; body mass 
index 31.6±5.0 kg/m2; duration of diabetes mellitus 11.5±5.8 years; hemoglobin A1c 
8.5±1.3%; left ventricular function: ejection fraction 48.7±13.0%; and therapy: 
antihypertensive 96%, lipid lowering 92%, and antiplatelet/anticoagulation 96%. 
Thus, the patient population was comparable to the population in EMPA-REG OUT-
COME. Empagliflozin treatment for 1 month significantly decreased hemoglobin A1c 
levels from 8.5±1.3% to 8.0±1.3% (P=0.001) and increased glucagon levels from 
138±57pg/mL to 172±81pg/mL (P=0.026), whereas insulin levels were not altered. 
We measured 1269 metabolites (863 identified metabolites, 406 unknown metab-
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Figure. Untargeted serum metabolomics reveal a unique metabolic signature of empagliflozin treatment.  
A, Modified pathways of untargeted serum metabolomics before and after 1 month of empagliflozin treatment (n=25, 
patients matching inclusion criteria of EMPA-REG OUTCOME trial [Empagliflozin Cardiovascular Outcome Event Trial in Type 2 
Diabetes Mellitus Patients]). Metabolites with P<0.05 and q<0.1 by patient-matched Wilcoxon signed-rank test were consid-
ered statistically significant. Fold change indicates empagliflozin over baseline values. Significant increase is highlighted (Continued ) 
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olites), and among them 162 metabolites were altered 
by empagliflozin. As expected, empaglifozin reduced 
glucose and other sugars in the serum (Figure, A and 
B). Pathway enrichment analyses revealed an activation 
of tricarboxylic acid cycle as shown by increased levels of 
aconitate and fumarate (Figure, A and B). Because levels 
of pyruvate and lactate were not altered by empagliflozin, 
enhanced glycolysis is unlikely to be responsible for this 
finding. However, empagliflozin significantly increased 
levels of acetyl- and propionylcarnitine (known to reflect 
levels of acetyl- and propionyl-CoA), suggesting that deg-
radation of FAs, amino acids and ketone bodies fuel the 
tricarboxylic acid  cycle. Still, the lack of an increase in 
long-chain acyl carnitines (Figure, A), together with un-
changed free FAs (data not shown), make it unlikely that 
enhanced triglyceride breakdown is responsible for tricar-
boxylic acid  cycle activation. In contrast, empagliflozin 
particularly increased short-chain acylcarnitines derived 
from the degradation of BCAAs (valine, isoleucine, and 
leucine) (Figure, A and B). In addition to leucine and iso-
leucine, empagliflozin increased the degradation of ly-
sine, the third ketogenic amino acid. Finally, empagliflozin 
enhanced β-hydroxybutyrylcarnitine levels, suggesting 
expanded utilization of ketone bodies. It is important to 
note that empagliflozin enhanced intermediate metabo-
lites of the urea cycle, suggesting its activation and thus 
confirming increased amino acid utilization (Figure, A and 
C). The increase in glucagon levels on empagliflozin treat-
ment could explain some of the metabolic changes ob-
served here by facilitating amino acid catabolism.

In the normal heart, carbohydrate and FA oxidation 
contribute to ≈90% of adenosine triphosphate produc-
tion; in diabetes mellitus and heart failure with dysregu-
lated cardiac FA oxidation and impaired glucose oxida-
tion/uptake, other circulating substrates such as ketones 
or BCAAs may become an alternative source of energy. 
As such, in an elegant study, Bedi et al5 recently demon-
strated increased ketone utilization in the severely failing 
human heart. The role of BCAA is less clear; however, 
because BCAA catabolism is diminished in heart failure,2 
empagliflozin could potentially restore these defects, and 
together with the increase in ketone bodies derived from 
isoleucine, leucine and lysine provide an optimal energy 
source for the heart. In addition, ketones and BCAAs can 
directly influence cardiac signaling processes,2 thus poten-
tially exhibiting additional beneficial effects in the heart.

Our study has its limitations. Our data provide a sys-
tematic snapshot of the effect of empagliflozin on highly 
relevant metabolic pathways of the whole organism but 
do not yield definitive mechanisms on substrate flux in 
the myocardium. In addition, the data warrant verifica-
tion in other cohorts. Still, our unbiased metabolomics 
approach generates novel hypotheses by showing an ef-
fect of empagliflozin on expanded ketone body utiliza-
tion and BCAA catabolism. Thus, the study sets the basis 
for further experimental work to explore whether the 
metabolic signature described here in sodium-glucose 
cotransporter 2 inhibitor-treated patients corresponds to 
substrate flux and molecular pathways in the heart.
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Figure Continued. in red, significant decrease in green. As expected, empagliflozin reduces several sugars in the serum. How-
ever, tricarboxylic acid (TCA) cycle is activated by empagliflozin treatment. Short-chain but not long- or very long-chain acylcarnitines 
are increased by empagliflozin treatment, indicating that factors other than triglyceride breakdown contribute augmented energy 
harvest. B, Pathway visualization: breakdown of ketogenic and branched-chain amino acids (BCAAs) (lysine, leucine, isoleucine, 
and valine) but not glycolysis contributes ketogenesis and TCA cycle activation. Acyl-CoA is degraded rapidly and not detected in 
the analysis. Acyl-CoA levels strongly correlate with their corresponding acylcarnitine, which are used for estimation in this study. C, 
Pathway visualization: empagliflozin enhances intermediate metabolites of the urea cycle and orotate-containing pyrimidines, thus 
implying nitrogen removal of increased amino acid (AA) catabolism.
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