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Abstract

Aims Identification of metabolic signatures in heart failure (HF) patients and evaluation of their diagnostic potential to dis-
criminate HF patients from healthy controls during baseline and exercise conditions.
Methods Plasma samples were collected from 22 male HF patients with non-ischemic idiopathic cardiomyopathy and
left ventricular systolic dysfunction and 19 healthy controls before (t0), at peak (t1) and 1 h after (t2) symptom-limited cardio-
pulmonary exercise testing. Two hundred fifty-two metabolites were quantified by gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography (LC)-MS/MS-based metabolite profiling.
Results Plasma metabolite profiles clearly differed between HF patients and controls at t0 (P < 0.05). The metabolic signa-
ture of HF was characterized by decreased levels of complex lipids and fatty acids, notably phosphatidylcholines, cholesterol,
and sphingolipids. Moreover, reduced glutamine and increased glutamate plasma levels, significantly increased purine degra-
dation products, as well as signs of impaired glucose metabolism were observed. The metabolic differences increased strongly
according to New York Heart Association functional class and the addition of three metabolites further improved prediction of
exercise capacity (Q2 = 0.24 to 0.35). Despite a high number of metabolites changing significantly with exercise (30.2% at
t1/t0), the number of significant alterations between HF and controls was almost unchanged at t1 and t2 (30.7 and 29.0%
vs. 31.3% at t0) with a similar predictive group separation (Q2 = 0.50 for t0, 0.52 for t1, and 0.56 for t2, respectively).
Conclusions Our study identified a metabolic signature of non-ischemic HF with prominent changes in complex lipids includ-
ing phosphatidylcholines, cholesterol, and sphingolipids. The metabolic changes were already evident at rest and largely pre-
served under exercise.
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Introduction

Heart failure (HF) constitutes a major burden on the health
care systems and projected demographics indicate a further
increase.1 Despite established criteria currently based on clin-
ical presentation, imaging techniques, and natriuretic pep-
tides,2 the diagnosis and risk stratification of HF can be
equivocal due to individual variations. Because HF is related
to the inability of the heart to meet the body’s metabolic

demands resulting in major changes of the overall metabo-
lism,3 metabolic profiling is a promising approach to provide
insights into pathogenesis and molecular pathways4,5 as well
as for the identification of new biomarkers.6,7 Even though it
is cost-consuming and time-consuming, cardiopulmonary ex-
ercise testing currently assists the functional diagnostic classi-
fication of HF and provides independent additional
information on disease severity and associated risk.8,9 Exercise
physiology is well reflected in the blood and skeletal muscle

OR IG INAL RESEARCH ART ICLE

© 2017 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of the European Society of Cardiology.

ESC HEART FAILURE
ESC Heart Failure 2017; 4: 178–189
Published online 8 March 2017 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.12133

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

http://creativecommons.org/licenses/by-nc/4.0/


profiles of low-molecular-weight metabolites,10,11 as con-
firmed by modern metabolite profiling techniques.12 There-
fore, addition of metabolic data to clinical characteristics
may enhance their power for prediction of exercise capacity.

To identify novel biomarkers for HF, we thus analysed the
metabolic profile in HF patients with a confirmed diagnosis of
non-ischemic idiopathic cardiomyopathy (NICM) and left ven-
tricular (LV) systolic dysfunction in comparison to an age-
matched control group. In addition, we aimed to evaluate if
the changes in HF-associated metabolic profiles are further
increased during and after exercise, thereby unmasking met-
abolic compensation mechanisms at rest and possibly im-
proving the power of discrimination. Broad untargeted
profiling based on gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography (LC)-MS/MS technolo-
gies was applied to ensure high coverage of the metabolite
spectrum. Catecholamines and derivatives as well as steroids
were selected as particularly relevant metabolite groups and
quantified by targeted methods.

Methods

Patients and controls

Male patients (n = 22) with HF and LV systolic dysfunction due
to NICM in New York Heart Association (NYHA) functional
classes I (n = 6), II (n = 11) and III (n = 5) were enrolled. Exclu-
sion criteria were female gender, age <18 or >75 years, LV-
ejection fraction (EF) ≥50%, NYHA functional class IV, stroke
or myocardial infarction within the last 4 months, angiograph-
ically confirmed significant coronary artery disease, surgery, or
any modification of pharmacological therapy within the last
month, reduced renal function (plasma creatinine
>2 mg/dL), autoimmune diseases and malignant tumours.
All patients were phenotyped based on cardiac catheteriza-
tion including hemodynamic measurements. A control group
of healthy men matched for age and BMI (n = 19) was in-
cluded. All patients were recruited from the Department of
Cardiology, University Hospital of Heidelberg, Germany. Con-
trols were recruited from the employees of the University
Hospital of Heidelberg. The Ethical Committee of the Univer-
sity of Heidelberg approved the study protocol, which was
performed according to the principles of the Declaration of
Helsinki, and informed consent was signed by all subjects.

Cardiopulmonary exercise testing

All patients and controls underwent symptom-limited cardio-
pulmonary exercise testing (Ergoline Ergometrics 900®,
VIASYS Healthcare GmbH). Starting from a work-load of 15
Watts, power was increased by 15 W every 2 min. ECG and
blood pressure were documented before, continuously

during and after exercise. Criteria for premature termination
were chest pain, severe dyspnea, severe arrhythmias, ST seg-
ment depression or elevation >0.2 mV, or a drop in systolic
blood pressure of >20 mmHg during exercise.

Imaging techniques

Echocardiography was performed in all 22 HF patients and
LV-EF was determined by the biplane disc summation
method (Simpson rule). In the control group, 15 subjects
(79%) underwent Gadolinium contrast-enhanced cardiac
magnetic resonance imaging (cMRI) including dobutamine
stress testing, and four subjects (21%) underwent 2-D echo-
cardiography at rest and under bicycle stress-
echocardiography for quantification of LV-EF, and to exclude
underlying significant coronary heart disease.

Blood sampling

Blood was collected from all patients and controls following
5 min of rest in supine position directly before (t0), at the
peak (t1), and 1 h after termination (t2) of cardiopulmonary
exercise testing. Subjects were fasted for at least 8 h to min-
imize the influence of nutrition on metabolite levels. High
sample quality and reliable results were ensured by pre-
analytics following a fixed procedure as a standard operating
protocol. Blood was collected in EDTA Monovette® tubes
(Sarstedt AG&Co, Germany) which were gently inverted five
times to allow mixing. Samples were stored for a maximum
of 1 h at 4°C before centrifugation at 1000 g for 10 min.
Plasma was immediately transferred to a prelabeled 1 mL
Mikro tube (Sarstedt AG & Co, Germany) and stored at
�80°C until shipment on dry ice.

Metabolite profiling

Broad metabolite profiling as well as quantification of cate-
cholamines and steroids from human plasma samples were
performed at metanomics GmbH (Berlin, Germany) as previ-
ously described.13,14 Briefly, MxP® Broad profiling was per-
formed using gas chromatography-mass spectrometry
(Agilent 6890 GC coupled to an Agilent 5973 MS-System)
and LC-MS/MS (Agilent 1100 HPLC-System coupled to a
MS/MS-System from Applied Biosystems API4000). For deter-
mination of catecholamines and steroids, solid phase extrac-
tion (SPE; Spark Symbiosis Pharma) coupled to LC-MS/MS
was used.

Statistical analysis

Distributions of the clinical characteristics were analysed by
Shapiro–Wilk test. Parameters following normal distribution
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were compared by Student’s t-test, and parameters deviating
from normal distribution were analysed by Kruskal–Wallis
test using SPSS 16.0 for Windows.

Multivariate analysis including principal component analy-
sis (PCA) and partial least squares -discriminant analysis
(PLS-DA) was applied using Umetrics SIMCA P+ 12 (MKS Data
Analytics Solutions). All data were log-transformed, centred,
and scaled to unit variance. The cross-validated cumulative
Q2 value was used to assess the predictive value of the
PLS-DA model. Univariate analysis was performed by
repeated-measures ANOVA using R-software package nlme,
details are given in the Supporting Information.

Results

Clinical characteristics

Clinical characteristics of HF patients due to NICM and
the healthy control group are presented in Table 1. In
HF patients, cardiopulmonary exercise performance was
significantly reduced compared with healthy controls
(Table 1).

Overview of the metabolic dataset

In plasma samples from patients and healthy controls, a total
of 252 metabolites fulfilled quality criteria for quantification.
Of these, 164 could be precisely assigned to known metabo-
lites, while 88 analytes required additional structure elucida-
tion efforts and were therefore classified as ‘unknown’. Data
for 250 metabolites (including unknown metabolites) were

used for analysis (two metabolites were excluded due to
missing data). The distribution of the metabolites across
major biochemical groups is shown in Figure 1. Supervised
PLS-DA analysis showed a complete separation of the groups
(Q2

cumulative = 0.52) and identified drivers of the separation
according to NYHA class and metabolite ontology group
(Figure 2). Comparison of metabolite profiles of the entire
cohort at baseline (t0) to peak-exercise (t1) by PLS-DA
(Q2

cumulative = 0.39) (Supporting Information Figure S1) also
indicated a marked impact of exercise on a subset of plasma
metabolite levels. In addition, the impact of both disease and
exercise on metabolite levels was clearly demonstrated by
repeated-measures ANOVA (Table 2).

Baseline differences of the metabolic profile

A total of 79 metabolites (31.3%) showed significantly dif-
ferent baseline values (P < 0.05) between HF patients and
controls. The metabolite classes most strongly affected in
HF due to NICM compared with controls at t0 were complex
lipids, fatty acids, and related [33 of 60 metabolites of the
class significantly different with reduced phosphatidylcho-
lines (PC), lysophosphatidylcholines (LPC), cholesterol,
sphingolipids, free and lipid-bound fatty acids], amino acids
and derivatives (10/33, including elevated glutamate, alpha-
ketoglutarate, and 2-hydroxybutyrate and reduced histi-
dine), hormones, signal substances and related (9/23,
among them elevated noradrenaline and normetanephrine),
carbohydrates and related (4/11, with elevated mannose,
glucose and reduced 1,5-anhydrosorbitol) and nucleobases
and related (3/3, with elevated hypoxanthine, and
pseudouridine). Metabolites with most pronounced baseline
differences between HF patients and controls are shown in

Table 1 Clinical characteristics of HF patients due to non-ischemic cardiomyopathy and controls

Characteristics Controls (n = 19) HF patients (n = 22) P-value

Male gender, n (%) 19 (100) 22 (100) NA
Age [years] (�SD) 47.5 (�12.8) 51.5 (�13.7) 0.34
BMI [kg/m2] (� SD) 25 (�3) 28 (�4) 0.45
NYHA class I, II, III, n (%) 0 6 (27), 11 (50), 5 (23) NA
LV-EF 1, n (%) 19 (100) 0 NA
LV-EF 2, 3, 4, n (%) 0 5(23), 4(18), 13 (59) NA
LV-EF [%] 57 (�4) 29 (�14) <0.0001
eGFR [mL/min] (�SD) 118.7 (�29.2) 115.6 (�43.5) 0.79
Arterial hypertension, n (%) 0 12 (55) NA
Hypercholesterolaemia, n (%) 0 9 (41) NA
Diabetes mellitus, n (%) 0 5 (23) NA
Ex/smoker, n (%) 0 10/3 (45/14) NA
BP at rest [mmHg] (�SD) 128 (�12) 117 (�22) 0.057
BP at max. exercise [mmHg] (�SD) 188 (�12) 163 (�32) 0.002
Power output [W] (�SD) 182 (�43) 114 (�46) <0.001
VO2,max [mL O2/min] (�SD) 32 (�6) 21 (�8) <0.001

SD, standard deviation; BMI, body mass index; NYHA, New York Heart Association; LV-EF 1, left ventricular ejection fraction >55%; LV-EF
2, 45-55%; LV-EF 3, 31-44%; LV-EF 4, <31%; eGFR, estimated glomerular filtration rate; BP, systolic blood pressure; VO2,max, max. oxygen
uptake during exercise
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Table 3. The baseline differences after additional correction
for diabetes and estimated glomerular filtration rate (eGFR)
can be found in Table S1. Moreover, Bonferroni correction
for multiple testing (P < 0.000198) revealed significant dif-
ferences for mannose (elevated 1.9-fold of control levels),
LPC (C18:2) (reduced to 0.6 of control levels), hypoxan-
thine (elevated 2.1-fold), phytosphingosine (reduced to
0.8), lignoceric acid (C24:0) (reduced to 0.7), glutamate
(elevated 2.0-fold), and 2-hydroxybutyrate (elevated 1.7-
fold). Analysis of metabolic data in relation to LV-EF or
NYHA functional class by ANOVA revealed a clear correla-
tion of the metabolic changes with clinical HF stage and
severity. The percentage of significant changes rose from

7.6% in NYHA I to 22.3% in NYHA II and 37.1% in NYHA III
(Table 2). Similar results were observed when metabolite
profiling data were correlated with LV-EF (Table 2).

Differentiation of non-ischemic HF and controls
using metabolic profiling during exercise

Overall, the metabolites and the direction of change was con-
served because the numbers of significantly different metab-
olites between HF and controls changed only slightly from 79
(31.3%) at baseline to 76 at t1 (30.7%) and 73 at t2 (29.0%)

Figure 1 Distribution of metabolites across major biochemical groups.

Figure 2 PLS-DA scores plot showing group separation between HF patients due to non-ischemic cardiomyopathy and controls at rest (t0) colored by
NYHA class (A) and loadings plot colored by metabolite ontology group (B).

Metabolic profiles in heart failure 181

ESC Heart Failure 2017; 4: 178–189
DOI: 10.1002/ehf2.12133



(Table 2). Multivariate analysis confirmed this finding show-
ing a similar predictive group separation between HF pa-
tients and controls at all three time points
(Q2

cumulative = 0.50 for t0, 0.52 for t1, and 0.56 for t2, re-
spectively). Analysis of metabolite profiles at the peak of
exercise (t1) added further three significantly alterered
metabolites inpatients compared with controls: lactate,
citrate, and one unknown metabolite.

Comparison of the exercise response between
non-ischemic HF and controls

Figure 3A shows a comparison of the exercise response
(t1 vs. t0) between HF and controls. When comparing
baseline to peak of exercise (t1/t0), significant changes
were observed in 81 (32.1%) metabolites for HF patients
and in 74 (29.4%) metabolites for healthy controls. A list
of metabolites with significant exercise-induced changes
(P < 0.05) is given in Table S2. Sixty-six metabolites
showed significantly changed levels in both HF patients
and controls with identical direction of regulation in all
metabolites. In contrast, eight metabolites were only sig-
nificantly changed in controls and 15 metabolites showed
a significant exercise-induced change only in HF patients
including glutamate, threonic acid, PC (C18:0/C20:4), LPC
(C18:1), LPC (C17:0), and coenzyme Q9 (Table S2). By
ANOVA analysis of the interaction between diagnosis
and exercise (t1/t0), 13 metabolites showed P < 0.05
(Table 2). Among these, lactate, adrenaline, hypoxanthine,
glutamate, and indol-3-lactic acid had P < 0.01. Figure 3B
displays the pattern of regulation for lactate and adrena-
line during exercise. After correction for exercise perfor-
mance, only changes in glutamate levels remained
significantly different between HF and controls (P < 0.05).

Correlation of metabolites to exercise capacity and
predictive value

The most significant correlations of metabolites with
maximal oxygen uptake (VO2,max) are summarized in Table
S3A. Metabolites from the ontology classes of complex
lipids and energy metabolism had the highest frequency
of significant correlations with VO2,max, which were rela-
tively consistent over different time intervals (Table S3B).
In total, 79 metabolites (31.9%) showed a significant
correlation to VO2,max at t0, 78 (31.5%) at t1, and 64
(25.8%) at t2, respectively.

For prediction of VO2,max by PLS-DA analysis, NYHA, NT-
proBNP, or LV-EF alone showed only weak Q2-values at
baseline (t0) (Table S3C). Using only one metabolite
[erythro-sphingosine (d18:1)], a similar prediction power
could be observed in comparison to NYHA functional class
(Q2

cumulative = 0.25 vs. 0.24) and use of three metabolites
[erythro-sphingosine, LPC (C17:0), LPC (C20:4); (Q2

cumula-

tive = 0.25 vs. 0.26)]. However, the combination of NYHA and
all three metabolites at baseline showed a higher Q2-value
of 0.35, which was similar to the results obtained when using
NYHA and five metabolites. At t1, again the combination of
NYHA and three metabolites [cholestenol No. 02,
sphingomyelin (d18:2,C16:0), lactate] exhibited the best
performance for prediction of VO2,max (Q

2
cumulative = 0.40) (Table

S2).

Discussion

In this study, plasma metabolite profiles were evaluated
in HF patients with LV systolic dysfunction due to NICM
in comparison to healthy controls. Patients and controls

Table 2 Overview of ANOVA significances depending on clinical HF diagnosis, LV systolic function and NYHA functional class

Diagnosis criteria HF LV-EF NYHA (categorical)

(numerical) NYHA 1 NYHA 2 NYHA 3
Factor % significances % significances % significances

Age 19.0 17.5 21.1
BMI 12.3 13.9 9.6
Time t1/t0 30.2 30.2 29.5
Time t2/t0 24.2 24.2 23.5
Time t2/t1 40.6 40.6 38.9
Diagnosis at t0 31.3 32.1 7.6 22.3 37.1
Diagnosis at t1 30.7 30.6 6.7 22.2 36.1
Diagnosis at t2 29.0 31.7 7.9 23.0 35.3
Interaction Time (t1/t0):Diagnosis 6.0 9.1 2.0 4.8 4.4
Interaction Time (t2/t0):Diagnosis 9.5 10.3 0.8 4.8 10.0
Interaction Time (t2/t1):Diagnosis 10.0 9.5 0.8 6.3 11.1

BMI, body mass index; HF, heart failure; NICM, non-ischemic cardiomyopathy; LV-EF, left ventricular ejection fraction; NYHA, New York
Heart Association.
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were stressed by cardiopulmonary exercise testing to eval-
uate the power of metabolic profiling for discrimination
of HF patients vs. healthy controls during and after

exercise. We used broad, untargeted screening, and
targeted methods for catecholamines and steroids which
together allowed for the detection of 252 metabolites.

Table 3 List of metabolites significantly changed in HF due to non-ischemic cardiomyopathy vs. controls at baseline

ANOVA results filtered by P-value and sorted by ontology class in the comparison of HF vs. control at t0 (P< 0.001). The results for invidual
NYHA classes and the correlation with LV-EF are shown for comparison. Ratio columns show the direction and strength of regulation
(estimated ratio of group averages from ANOVA). Intensities of the colors indicate P-value thresholds: light (P-value < 0.1), medium
(P-value < 0.05) and dark (P-value < 0.01).
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Using these methods, we first identified metabolic
changes characteristic of non-ischemic HF patients when
compared with healthy controls at rest. Among these, al-
tered levels of amino acids, carbohydrates, catechol-
amines, and lipids strongly differentiated patients from
healthy controls. In particular, we observed decreased
levels of complex lipids and fatty acids, notably phospha-
tidylcholines and sphingolipids. Moreover, reduced

glutamine and increased glutamate levels as well as in-
creased levels of adenosine triphosphate (ATP), purine
degradation products such as hypoxanthine, uric acid, as
well as indices of impaired glucose metabolism were ob-
served in plasma samples of non-ischemic HF patients.

Second, we found that the majority of metabolic differ-
ences observed between plasma samples from non-ischemic
HF patients and healthy controls at rest persisted throughout

Figure 3 Impact of exercise (t1 vs. t0) on the plasma metabolite profile of HF due to non-ischemic cardiomyopathy (A) and exercise-induced changes in
lactate and adrenaline in HF compared with controls (B).
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the subsequent sampling time-points during and after exer-
cise. Although exercise testing resulted in a clear and unique
pattern of metabolic changes, there were few specific
exercise-induced differences in the metabolic profile improv-
ing discrimination of non-ischemic HF patients from healthy
controls. Notably, HF signatures in NICM patients were stable
and largely preserved during and 1 h after stress testing,
thereby showing the robustness of the identified metabolic
pattern.

Third, the number of significant metabolic differences in-
creased strongly from NYHA I to III and was closely related
to decreasing LV-EF. The addition of three metabolites to
NYHA functional class furthermore significantly improved
prediction of exercise capacity.

The metabolic profile of heart failure at rest and
pathway analysis

Our results confirmed data from previous studies on blood
metabolites of HF concerning catecholamines, uric acid, and
glutamate metabolism15,16 and added new aspects such as
the extensive alterations in lipid metabolism. Notably, several
long and very long-chain fatty acids were decreased in the
group of HF patients and negatively correlated with disease
severity indicated by NYHA class. In particular, we observed
significant changes in the levels of phosphatidylcholines and
sphingolipids. Very long-chain fatty acids can be predomi-
nantly found in phospholipids and consistently our study
showed decreased levels of (lyso-)phosphatidylcholines and
sphingolipids in the group of HF patients. Sphingolipids are
located mainly in the plasma membrane and additionally
serve as signalling molecules regulating cellular differentia-
tion, proliferation, and apoptosis (e.g. ceramides).17 While
previous studies revealed myocardial accumulation of triglyc-
erides, fatty acids, and ceramides in the setting of LV dysfunc-
tion,18 others found that levels of phospholipid species
commonly containing linoleic acid (C18:2) were significantly
reduced in heart tissue of cardiomyopathic hamster model
at onset of HF.19 Our findings of reduced (lyso-)phosphatidyl-
cholines, cholesterol, sphingolipids, free, and lipid-bound
fatty acids support the idea that alterations in lipid homeo-
stasis are related to non-ischemic HF, because impaired inter-
action of membrane-associated protein complexes that
modulate cell signalling and myocardial metabolism may be
present.20

Regarding energy metabolism, prior studies suggested a
switch away from fatty acids towards glucose as a preferred
substrate of energy generation in the heart in patients with
(late-stage) HF with increased glucose and lower fatty acid
utilization.15,21–23 However, the direction and timing of the
substrate shift in HF is still unclear.15,23 Studies in failing hu-
man hearts and in animal models of end-stage HF previously
demonstrated a substantial down-regulation of both enzymes

of fatty acid oxidation and glucose metabolism, including the
GLUT-1, and GLUT-4 glucose transporters.24 Our findings of
significantly decreased fatty acids (sum parameter of free
and lipid-bound fatty acids) might support the idea that lipol-
ysis could be reduced because free fatty acids are possible in-
dicators of lipolysis in plasma. A greater dependency on
carbohydrate fuels at the expense of fatty acid and acetyl-
CoA oxidation in the tricarboxylic acid (TCA) cycle was re-
cently observed in patients with myocardial ischemia by
Turer et al.23 Similar to our findings, Alexander et al. showed
increased levels of anaplerotic TCA cycle intermediates in-
cluding elevations in circulating alpha-ketoglutarate in
plasma samples.15 The TCA cycle plays a predominant part
in oxidative phosphorylation as concentrations of TCA cycle
intermediates are regimented to allow adequate use of sub-
strates derived from glycolysis and fatty acid oxidation for
ATP production.

In addition to these findings, we observed a metabolic pro-
file of disturbed glucose metabolism with some overlap be-
tween HF and diabetes metabolites such as elevated
glucose, mannose, 2-hydroxybutyrate, and reduced 1,5-
anhydrosorbitol. However, after additional correction for dia-
betes and estimated glomerular filtration rate in univariate
analyses, significant differences could still be observed for
most metabolites, including glucose, mannose, and 2-
hydroxybutyrate but also hypoxanthine, pseudouridine, glu-
tamate, and several lipids. Thus, our data suggest a pathway
of disturbed glucose metabolism in non-ischemic HF which
may precede manifest diabetes mellitus. These implications
are supported by our findings regarding lipid metabolism be-
cause reduced plasma levels of LPC (C18:2) and elevated
acetylcarnitine have been described to be markers of pre-
diabetes.25 In addition, increased glutamate levels as ob-
served in our study with a high glutamate/glutamine ratio
have been found to be related to a higher risk of developing
diabetes.26

Moreover, our metabolite profiling revealed increased ATP
and purine degradation products such as hypoxanthine and
uric acid plasma levels indicating an increased catabolism of
energy-enriched purines. An increase in uric acid was found
to be related to reduced peripheral blood flow and vasodila-
tor function leading to impaired exercise capacity.27,28 Possi-
ble reasons for an up-regulation in HF are alterations in
purine metabolism with enhanced ATP turnover and oxida-
tive stress due to xanthine oxidase activity, which generates
superoxide anion and hydrogen peroxide.28

Metabolic profile in HF during exercise

A subset of the observed changes during exercise is in line
with knowledge on exercise physiology. Previous findings in
normal subjects suggested exercise-induced elevations in
lactate concentrations and products of adenine nucleotide
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metabolism in skeletal muscle and plasma that mirror in-
creased anaerobic metabolism and ATP turnover.10,29 More-
over, an expansion of TCA cycle intermediates may be
necessary to augment TCA cycle flux during exercise in
order to maintain oxidative metabolism during prolonged
exercise.11,12,30 However, concerning exercise response on
plasma concentrations in HF patients, Riley et al. previously
found that appropriate substrate levels were maintained
during exercise and thus concluded that an abnormal
metabolic response may not be contributory to exercise in-
tolerance in chronic HF.31 Similar to our study, only a mar-
ginal influence of exercise on the differentiation between
HF patients and controls was found. Despite a high number
of metabolites significantly correlated with exercise (30.2%
at t1/t0), we found a similar number of metabolite changes
between HF and controls at t0 and t1 (31.3% vs. 30.7%).
Multivariate analysis confirmed these findings demonstrat-
ing a similarly predictive group separation between HF pa-
tients and controls at all three time points. As a possible
explanation for exercise intolerance in HF despite largely
maintained metabolites, reduction in total delivery of sub-
strates and skeletal muscle blood flow was previously con-
sidered.31 This explanation is supported by recent studies
on impaired oxygen transport and utilization in HF pa-
tients.32 In our study, the slightly ‘pre-stressed’ metabolic
profile with elevated levels of catecholamines and energy
metabolites in HF at rest resembles the previous descrip-
tions of the metabolic signature of exercise.12 In contrast,
exercise did not lead to a comparably strong up-regulation
of the same metabolites in HF patients and this correlated
with reduced exercise performance. Thus, it seems possible
that the ‘pre-stressed’ metabolic/adrenergic phenotype at
least partially contributes to exercise intolerance.

Comparing metabolite profiles at baseline and peak exer-
cise revealed that differentiation between HF patients due
to NICM and controls did not strongly depend on the sam-
pling time point during the exercise test. Very similar alter-
ations between HF patients and controls at each time point
are an unexpected finding as exercise was expected to exag-
gerate differences. Moreover, the differentiation between
non-ischemic HF and controls was not significantly further
improved by exercise. Therefore, cardiopulmonary exercise
testing may not be required as pre-requisite for a metabolic
signature definition of non-ischemic HF. Furthermore, the
stability of the metabolic differences between healthy and
diseased even under exercise indicates that the identified
metabolic changes are quite robust.

Correlation with clinical stages of heart failure

The number of significant metabolic differences increased
with higher NYHA stages and decreasing LV-EF. Thus, dif-
ferences of metabolite levels may be indicative of clinical

disease severity and LV systolic function. However, be-
cause significantly increased plasma levels of certain me-
tabolites were already observed in asymptomatic HF
patients, our results indicate that metabolite disturbances
are not limited to higher stages of HF, but begin in the
early asymptomatic stage.

Metabolites for prediction of exercise capacity

Determination of VO2,max during symptom-limited cardiopul-
monary exercise testing provides an objective assessment of
exercise capacity inpatients with HF.33 Moreover, VO2,max

has been found to strongly correlate with cardiac output, mor-
tality risk, and skeletal muscle flow.34–36 With the limitations
of traditional parameters such as NYHA stage for prediction
of exercise capacity, additional markers are required to allow
a more objective assessment. In our study, the combination
of three metabolites with NYHA further improved the predic-
tive power compared with NYHA or other clinical parameters
such as LV-EF or NT-proBNP alone. Again, these features com-
prised metabolites from the lipid classes of phospholipids,
which supports our findings that the observed lipid changes
at baseline may further contribute to HF progression.

Limitations

The present study was designed as a proof-of-concept study
for a metabolic diagnosis of non-ischemic HF and to evaluate
whether exercise is necessary to provoke metabolic differ-
ences between HF patients and healthy control subjects.
Thus, a limitation of our study is the small size of the study
population which bears the risk of spectrum bias. Moreover,
the results are restricted to male patients with HF due to
non-ischemic, idiopathic cardiomoypathy, and cannot be gen-
eralized to all HF patients. Because underlying aetiologies of
non-ischemic HF may be diverse, patients were only included
when the diagnosis of HF due to idiopathic, non-ischemic
aetiology was ensured by a standardized routine diagnostic
evaluation, including detailed review of clinical history and
lab results, 2-D echocardiography and coronary angiography
with invasive hemodynamic measurements. In addition, se-
lection criteria aimed to minimize confounding effects of gen-
der, race, and age to provide a study group as homogenous as
possible. The longitudinal design of the study by measuring
changes after exercise in the same individual further allowed
the reduction of external confounders.

Conclusions

Our study identified a distinct metabolic signature in plasma
to distinguish male HF patients due to non-ischemic cardio-
myopathy from healthy control subjects. Profound alterations
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of lipid and amino acid metabolism as well as catecholamines
and their catabolites were observed even at rest. Our findings
on lipid metabolism in non-ischemic HF with decreased levels
of complex lipids, in particular phosphatidylcholines and
sphingolipids, support the idea that membrane perturbations
may be linked to HF. Furthermore, exercise testing did not
significantly improve discrimination between cases and con-
trols. Therefore, cardiopulmonary exercise testing may not
be required as part of the diagnostic workflow for a meta-
bolic description of HF patients. The metabolic differences
were already seen in asymptomatic HF patients and mirrored
disease severity as determined by NYHA functional class and
LV systolic function. Finally, combination of metabolites with
clinical features further improved the predictive power com-
pared with clinical parameters such as LV-EF or NT-proBNP
alone.
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