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Abstract

Aims: We studied the association of circulating metabolic biomarkers with asymptomatic left ventricular diastolic

dysfunction, a risk-carrying condition that affects 25% of the population.

Methods and results: In 570 randomly recruited people, we assessed in 2005–2010 and in 2009–2013 the multi-

variable-adjusted correlations of e’ (early left ventricular relaxation) and E/e’ (left ventricular filling pressure) measured

by Doppler echocardiography with 43 serum metabolites, quantified by magnetic resonance spectroscopy. In 2009–2013,

e’ cross-sectionally increased (Bonferroni corrected p� 0.016) with the branched-chain amino acid valine (per one

standard deviation increment, þ0.274 cm/s (95% confidence interval, 0.057–0.491)) and glucoseþthe amino acid (AA)

taurine (þ0.258 cm/s (0.067–0.481)), while E/e’ decreased (p� 0.017) with valine (–0.264 (–0.496– –0.031)). The risk of

developing left ventricular diastolic dysfunction over follow-up (9.4%) was inversely associated (p� 0.0059) with baseline

glucoseþamino acid taurine (odds ratio, 0.64 (0.44–0.94). In partial least squares analyses of all the baseline and follow-up

data, markers consistently associated with better diastolic left ventricular function included the amino acids 2-amino-

butyrate and 4-hydroxybutyrate and the branched-chain amino acids leucine and valine, and those consistently associated

with worse diastolic left ventricular function glucoseþamino acid glutamine and fatty acid pentanoate. Branched-chain

amino acid metabolism (–log10p¼ 12.6) and aminoacyl-tRNA biosynthesis (9.9) were among the top metabolic pathways

associated with left ventricular diastolic dysfunction.

Conclusion: The associations of left ventricular diastolic dysfunction with circulating amino acids and branched-chain

amino acids were consistent over a five-year interval and suggested a key role of branched-chain amino acid metabolism

and aminoacyl-tRNA biosynthesis in maintaining diastolic left ventricular function.
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Introduction

Over the past decade, metabolomics has developed into
a state-of-the-art technology providing metabolic fin-
gerprints of individual patients as a gateway to risk
stratification, identification of molecular mechanisms
and possibly personalised medicine.1 The 2015 Global
Burden of Disease report2 stated that heart failure
affects 40m of the world’s population. Several case-
control studies compared circulating metabolic signa-
tures between patients with advanced heart failure and
normal controls3,4 or between heart failure patients
with preserved and reduced ejection fraction.5,6

Landmark population studies7 also introduced metabo-
lomics as a novel tool in population research. However,
population-based studies did not yet relate early-
stage asymptomatic diastolic left ventricular (LV)
dysfunction with circulating metabolic profiles.
Asymptomatic diastolic LV dysfunction affects over
25% of the general population.8,9 It carries a 10%
risk for further deterioration over five years,10 and
is a forerunner of cardiovascular complications.11

In a cross-sectional analysis of the Flemish Study
on Environment, Genes and Health Outcomes
(FLEMENGHO),12 using a non-targeted metabolomic
approach, we previously demonstrated that diastolic
LV function was associated with circulating metabolites
indicative of energy substrate utilisation or protection
against oxidative stress and that these metabolites
differentiated normal function from asymptomatic dia-
stolic LV dysfunction. In the present study, we investi-
gated the consistency of these associations five years
later and we explored to what extent the baseline
levels of the circulating metabolites predicted diastolic
LV function and the incidence of diastolic LV dysfunc-
tion at follow-up.

Methods

Design, participants, and setting

FLEMENGHO is a family-based population study
representative for a defined geographic area in northern
Belgium, for which recruitment started in 1985 and
continued until 2004.12 The initial participation rate
was 78.0%. The study complies with the Helsinki dec-
laration. The Ethics Committee of the University
Hospitals Leuven approved the protocol. Participants
were repeatedly followed up. Of 711 individuals,12 who
from 2005–2010 underwent a first echocardiographic
examination along with an assessment of their circulat-
ing metabolites, 667 survivors still residing in the catch-
ment area were eligible for a second assessment, of
whom 575 renewed written informed consent (86.2%).
Of those, we excluded five from analysis, because of
atrial fibrillation (n¼ 2) or a paced heart rhythm

(n¼ 3). Thus the number of participants with a full
set of baseline (2005–2010) and follow-up (2009–2013)
data totalled 570 (Supplementary Material Figure S1).

Clinical and biochemical measurements

At baseline (2005–2010) and follow-up (2009–2013)
venous blood samples were drawn after �8 h of fasting.
Body mass index was weight in kilograms divided by
height in meters squared. Blood pressure was the aver-
age of five consecutive auscultatory readings.
Hypertension was a blood pressure of �140mm Hg
systolic or �90mm Hg diastolic or use of antihyperten-
sive drugs. Mean arterial pressure was diastolic pres-
sure plus one-third of the difference between systolic
and diastolic pressure. Estimated glomerular filtration
rate (eGFR) was derived from serum creatinine by the
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation.13 Diabetes mellitus was a self-
reported diagnosis, a fasting plasma glucose of
7mmol/l or higher, or use of antidiabetic agents.

Echocardiography

A single observer acquired the echocardiographic
images and did the off-line analysis according to cur-
rent guidelines.14 In continuous analyses, lower e’ (early
LV relaxation) and higher E/e’ (LV filling pressure)
indicated worse diastolic LV function. Patients with
diastolic LV dysfunction had an abnormally low age-
specific transmitral E/A ratio indicative of impaired
relaxation or a mildly-to-moderately elevated LV filling
pressure (E/e’ >8.5) with normal or decreased age-spe-
cific E/A ratio.8 These age-specific criteria, first estab-
lished in a healthy reference sample of the
FLEMENGHO study,8 were subsequently replicated
in an independent European cohort.9

Nuclear magnetic resonance spectroscopy

At baseline and follow-up, venous blood was sampled
from an antecubital vein and immediately spun for
10min at 1500 g in a refrigerated centrifuge. The super-
natant plasma was stored for maximum two months at
–20�C and afterwards at –80�C. For measurement of
the metabolites, plasma samples were within 24 h
shipped on dry ice from Leuven to Valencia and after
arrival kept deep frozen at –80�C until analysis. We
measured 43 metabolites in plasma using nuclear mag-
netic resonance (NMR) spectroscopy and methods
described in previous publications12,15 and in the
Supplementary Material (pp. 2–3). To study reproduci-
bility of the NMR measurements, the complete ali-
phatic spectral region was split into 0.005 ppm
buckets. The mean bucket difference for all aliphatic
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spectral regions was 5.1% with a maximum of 7.0% for
the bucket containing the HDL apolipoprotein signal
(Supplementary Material Figure S2). NMR spectros-
copy is fast and keeps samples separated from the
instrument, but produces crowded spectra that cannot
always be reliably deconvoluted into single metabol-
ites.16 When two peaks contributed to a spectral
region, the two metabolites were jointly reported.12,15

Statistical analysis

For database management and statistical analysis, we
used SAS, version 9.4 (SAS Institute Inc., Cary, North
Carolina, USA). Means were compared using the large-
sample z-test or analysis of variance (ANOVA) and
proportions the Fisher exact test. For pairwise com-
parison of proportions, we used the McNemar test.
We normalised the distribution of g-glutamyltransfer-
ase by a logarithmic transformation. We rank normal-
ised the distributions of the metabolites by sorting
measurements from the smallest to the highest
and then applying the inverse cumulative normal
function. We computed 95% confidence interval of
rates as

R� 1:96�
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR=TÞ

p

where R and T are the rate and the denominator used
to calculate the rate.

Using the partial regression coefficients derived by
multiple linear regression, we standardised e’ and E/e’
to the population averages of covariables identified in
previous publications,12 including sex, age, body mass
index, mean arterial pressure, heart rate, total serum
cholesterol, serum g�glutamyltransferase (as index of
alcohol intake and potential predictor of heart fail-
ure17), fasting plasma glucose, LV mass index, treat-
ment with diuretics, b�blockers and inhibitors of the
renin-angiotensin system (angiotensin-converting
enzyme inhibitors and angiotensin II type-1 receptor
blockers). While accounting for covariables, including
baseline values of the echocardiographic indexes in the
longitudinal analyses, we regressed e’ and E/e’ on the
metabolic markers. We applied mixed models to
account for relatedness as a random effect and the
other covariables as fixed effects. We used cluster ana-
lysis to classify correlated circulating metabolites into
groups with the eigenvalue set at 1 (Supplementary
Material pp. 3–4 and Table S1).7 Based on the
number of groups so determined, we adjusted signifi-
cance levels and confidence intervals for multiple test-
ing by the Bonferroni approach. In an attempt to
differentiate direct associations of diastolic LV function
(e’ and E/e’) with the metabolic markers from indirect
associations mediated via LV mass index, we ran the

PROC CALIS procedure, as implemented in SAS 9.4
(maintenance level TS1M1).

In the next step of our analyses, we applied partial
least squares analysis (PLS) to identify a set of inde-
pendent latent factors that were linear combinations of
the metabolites and maximised the covariance between
the variables describing diastolic LV function (e’ and E/
e’) and the metabolic markers. We retained the smallest
number of latent factors for which the predicted resi-
dual sums of squares (PRESS, calculated using the
leave-one-out cross-validation) did not significantly
differ (p> 0.10) from the model with the minimum
PRESS value, as assessed by the van der Voet T2 stat-
istic. The importance of each metabolite in the con-
struction of the PLS factors in relation to diastolic
LV function was assessed from the variable importance
in projection (VIP) score of Wold with the threshold set
at 1.1.12 Finally, we used metabolic pathway analysis to
estimate the relative importance of metabolites asso-
ciated with diastolic LV function and the pathways
that they represent (MetPA, version 3.0, Edmonton,
Canada).

Results

Baseline and follow-up characteristics of participants

All 570 participants were white Europeans (50.1%
women). Age at baseline averaged 50.6 years (inter-
quartile range (IQR), 42.2–59.8 years. Median follow-
up was 4.7 years (IQR, 4.4–5.1 years). From baseline
(2005–2010) to follow-up (2009–2013), blood pressure
increased by 3.7mm Hg systolic and 2.7mm Hg dia-
stolic, body mass index by 0.7 kg/m2 and serum creatin-
ine by 5.7mmol/l, whereas eGFR decreased by 7.5ml/
min/1.73m2 (p< 0.0001; Table 1). Over follow-up, the
prevalence of hypertension, treated hypertension, use of
lipid-lowering drugs and diabetes mellitus all increased,
whereas the number of people reporting smoking
declined (Table 1). The 570 analysed participants had
baseline characteristics, which were broadly similar
to those of 141 individuals, who were examined at base-
line but not followed up (Supplementary Material
Table S2).

Over follow-up, all echocardiographic measurements
changed significantly (p< 0.0001; Supplementary
Material Table S3). Left atrial volume index increased
by 2.8ml/m2 and LV mass index by 3.3 g/m2.
Transmitral E, A and E/A and mitral annular e’, a’,
e’/a’ decreased by 8.5 cm/s, 3.4 cm/s and 0.08 and by
1.7 cm/s, 0.6 cm/s and 0.11, respectively. The opposite
was the case for E/e’, which increased by 0.39 during
follow-up (Supplementary Material Table S3). At base-
line, LV ejection fraction was greater than 50% in all
but three participants and from baseline to follow-up
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decreased slightly but significantly (p¼ 0.0058) from
68.4% (standard deviation (SD), 6.8) to 67.5% (6.8%).

Associations with single metabolites

Table 2 lists the metabolites, which in multivariable
cross-sectional analyses of the 2009–2013 data retained
significance with adjustment for multiple testing
applied. A one-SD increment in serum valine
(branched-chain amino acid (BCAA)) was associated
(p� 0.017) with higher e’ (þ0.274 cm/s) and lower E/
e’ (–0.264). Higher glucoseþtaurine (amino acid (AA))
was associated with greater e’ (þ0.258 cm/s; p¼ 0.0066)
and higher 2-oxobutyrate (a short-chain fatty acid
(SCFA)) with lower E/e’ (–0.335; p¼ 0.0012). For the
markers listed in Table 2, we differentiated direct asso-
ciations with the index of diastolic LV function from
indirect associations mediated by LV mass index.
Considering e’, direct/indirect correlations were 0.10
(p¼ 0.015)/0.033 (p¼ 0.0025) for valine, 0.13

(p¼ 0.0014)/–0.0046 (p¼ 0.63) for glucose þ taurine,
and –0.14 (p¼ 0.064)/–0.046 (p¼ 0.012) for pentanoate.
Considering E/e’, direct/indirect correlations were –
0.092 (p¼ 0.030)/–0.028 (p¼ 0.0050) for valine and –
0.11 (p¼ 0.013)/–0.033 (p¼ 0.0024) for 2-oxobutyrate.

In the longitudinal analysis, we correlated e’ and E/e’
at follow-up (2009–2013), while adjusting for their
baseline value (e’ or E/e’) and for baseline covariables
and metabolites (2005–2010). Per one-SD increment in
the baseline biomarkers, e’ at follow-up was 0.239 cm/s
(CI, 0.008–0.471; p¼ 0.040) lower in relation to
the SCFA pentanoate. E/e’ at follow-up was 0.186
(CI, 0.006–0.365; p¼ 0.040) lower in relation to
baseline glucose þ AA taurine and 0.274 cm/s (CI,
0.043–0.505; p¼ 0.011) lower in relation to the baseline
level of BCAA valine. Thus, the longitudinal associ-
ations with valine, pentanoate and glucose þ taurine
were directionally and statistically consistent with the
cross-sectional associations of the 2009–2013 data
(Table 2).

Table 1. Baseline and follow-up characteristics of 570 participants.

Characteristic Baseline 2005–2010 Follow-up 2009–2013 Change over time 95% CI

Number of participants (%)

Women 287 (50.1) 287 (50.1) . . .

Smokers 107 (18.7) 84 (14.7) –4.0 (–5.9– –2.2)a

Drinking alcohol 240 (41.9) 221 (38.6) –3.3 (–6.9–0.2)

Hypertension 231 (40.3) 294 (51.3) 11.1 (7.6–14.5)a

Antihypertensive treatment 137 (23.9) 182 (31.8) 7.9 (5.4–10.4)a

Lipid-lowering treatment 83 (14.6) 144 (25.3) 10.7 (7.8–13.6)a

Diabetes mellitus 18 (3.2) 34 (5.9) 2.8 (1.4–4.3)b

Mean of characteristic

Age (years) 50.6 (14.6) 55.3 (14.5) 4.7 (4.6–4.7)a

Body mass index (kg/m2) 26.6 (4.3) 27.3 (4.3) 0.7 (0.6–0.9)a

Blood pressure (mm Hg)

Systolic pressure 128.6 (16.3) 132.3 (16.5) 3.7 (2.6–4.8)a

Diastolic pressure 79.9 (9.3) 82.5 (9.8) 2.7 (1.9–3.4)a

Mean arterial pressure 96.1 (10.2) 99.1 (10.0) 3.0 (2.3–3.8)a

Heart rate (beats/min) 60.8 (9.4) 60.6 (9.7) –0.3 (-0.9–0.4)

Biochemical data

Serum creatinine (mmol/l) 84.3 (16.4) 90.0 (23.5) 5.7 (4.5–7.0)a

eGFR (ml/min/1.73 m2) 81.9 (16.2) 74.4 (15.5) –7.5 (–8.3– –6.7)a

Total cholesterol (mmol/l) 5.24 (0.94) 5.00 (0.93) –0.24 (–0.31– –0.16)a

Plasma glucose (mmol/l) 4.93 (0.76) 4.92 (0.72) –0.01 (–0.08–0.06)

g-Glutamyltransferase (units/l) 23 (16–33) 24 (16–33) 1.7 (0.7–2.8)b

CI: confidence interval; eGFR: estimated glomerular filtration rate (derived from serum creatinine by the Chronic Kidney Disease Epidemiology

Collaboration equation).

Baseline and follow-up values are number of participants (%), arithmetic mean (standard deviation (SD)), or geometric mean (interquartile range).

Changes are given in percentage for categorical variables and the logarithmically transformed g-glutamyltransferase. Hypertension was a blood pressure

of �140 mm Hg systolic or �90 mm Hg diastolic, or use of antihypertensive drugs. Mean arterial pressure is diastolic pressure plus one third of the

difference between systolic and diastolic pressure. Diabetes mellitus was a self-reported diagnosis, a fasting glucose level of �7 mmol/l, or use of

antidiabetic agents. Significance of the changes over time: ap� 0.0001; bp� 0.001.
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Of 435 people with normal diastolic LV function at
baseline, 41 progressed to diastolic LV dysfunction
(Supplementary Material Table S4). The incidence of
diastolic LV dysfunction was therefore 9.4% (CI, 9.1–
9.7%). Of 135 participants with diastolic LV dysfunc-
tion at baseline, 27 progressed, while 108 maintained
their status or regressed (Supplementary Material Table
S4). The progression rate was therefore 20.0% (CI,
19.2–20.8%). With adjustment for the baseline covari-
ables, the odds ratios of developing diastolic LV dys-
function or of progressing across stages of diastolic LV
dysfunction in relation to glucose þ AA taurine were
0.64 (CI, 0.44–0.94; p¼ 0.0059) and 0.63 (CI, 0.46–0.86;
p¼ 0.0039), respectively.

PLS analysis

Figure 1 shows the overlaid V-plots for the cross-
sectional associations of e’ (Figure 1(a)) and E/e’
(Figure 1(b)) with the metabolites at baseline (2005–
2010) and follow-up (2009–2013) and for the longitu-
dinal associations of e’ (Figure 1(c)) and E/e’
(Figure 1(d)) at follow-up (2009–2013) with the baseline
metabolites (2005–2010). The markers in the top left
quadrant (lower e’ and higher E/e’) and top right quad-
rant (higher e’ and lower E/e’) of the V-plots are
respectively indicative of worse or better diastolic LV
function. Markers with a VIP score consistently higher
than 1.1 in the cross-sectional analysis of the baseline
and follow-up data and in the longitudinal analysis are
listed in Table 3. Markers associated with worse dia-
stolic LV function included glucose þ AA glutamine
and SCFA pentanoate, whereas metabolites

consistently associated with better diastolic LV func-
tion comprised AAs 2-aminobutyrate and 4-hydroxy-
butyrate and BCAAs leucine and valine.

Pathway analysis

In the pathway analysis (Figure 2), we included
27 metabolites (bold in Supplementary Material
Table S1), i.e. those with a VIP score higher than
1.1 in any of the four V-plots (Figure 1) and the
AA taurine predictive of better diastolic LV function
in the longitudinal analysis of single markers. On the
basis of human data available in the Kyoto
Encyclopaedia of Genes and Genomes (KEGG
[https://www.genome.jp/kegg/pathway.html]), the most
important pathways (–log10p-value>5) included:
BCAA metabolism (12.6), aminoacyl-tRNA biosynthe-
sis (9.9), taurine and hypotaurine metabolism (7.1),
alanine, aspartate and glutamate metabolism (6.6),
glycolysis and gluconeogenesis (5.9), and propanoate
metabolism (5.5).

Discussion

Circulating metabolic markers consistently associated
with more performant diastolic LV function in the
multi-marker analyses were the AAs 2-aminobutyrate
and 4-hydroxybutyrate and the BCAAs leucine and
valine, while those consistently associated with worse
diastolic LV function comprised glucose þ AA glutam-
ine and SCFA pentanoate (Table 3 and Figure 1).
Single markers associated with more performant dia-
stolic LV function in the cross-sectional analysis at
follow-up (Table 2) included valine, glucose þ taurine
and 2-oxobutyrate, whereas pentanoate was associated
with worse function. Mediation analysis suggested
that association of diastolic LV function with valine,
2-oxobutyrate and pentanoate were partly direct and
partly indirect mediated via LV mass index, whereas
the association with glucose þ taurine was a direct
association only. BCAA metabolism and aminoacyl-
tRNA biosynthesis were among the top metabolic
pathways associated with diastolic LV dysfunction.

Diastolic relaxation requires high amounts of
energy.18 One of the most studied metabolic signatures
of heart failure is the shift from a dominant fatty acid
bio-energetic state into a more glycolytic state, viewed
as a compensatory response with the purpose of enhan-
cing the utilisation of energy substrate and oxygen.18 In
our current analysis, glucose þ AA glutamine and
SCFA pentanoate were associated with worse diastolic
LV function, which may reflect the balance between
anaerobic and aerobic energy generation
(Supplementary Material Figure S3). Indeed, glutamine
and SCFAs are alternative anaplerotic substrates that

Table 2. Cross-sectional associations of e’ and E/e’ with the

metabolites at follow-up.

Tissue Doppler

Indexmetabolite Estimate (95% CI) p pB

e’ peak

Valine 0.274 (0.057–0.491) 0.0009 0.0054

Glucose þ taurine 0.258 (0.067–0.481) 0.0011 0.0066

Pentanoate –0.268 (–0.501– –0.035) 0.0026 0.016

E/e’ ratio

Valine –0.264 (–0.496– –0.031) 0.0029 0.017

2-Oxobutyrate –0.335 (–0.572– –0.098) 0.0002 0.0012

All estimates accounted for relatedness and were adjusted for sex, age,

body mass index, mean arterial pressure, heart rate, total cholesterol,

g�glutamyltransferase, plasma glucose, left ventricular (LV) mass index

and treatment with diuretics, b�blockers and inhibitors of the renin-

angiotensin system. Estimates express the change in the dependent vari-

able per one standard deviation (SD) increase in the circulating metabol-

ites. P and PB respectively refer to significance without and with

correction applied for multiple testing. 95% Confidence intervals (CIs)

account for multiple testing.
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can replenish the tricarboxylic acid cycle (TCA) cycle
intermediates and thereby generate energy via aerobic
oxidation.19 However, glutamine is also a precursor of
proline and hydroxyproline, which are building blocks
of collagen.20 Thus higher glutamine levels may also
reflect LV fibrosis and stiffening of the heart, which
can explain the association with lower e’ (Table 3 and
Figure 1).

The molecular mechanisms underlying left ventricu-
lar dysfunction recently underwent a paradigm shift
moving away from the balance between fatty acid and

glucose utilisation as energy sources towards BCAA
metabolism as another potentially important con-
tributor.21 In line with these novel insights,21 we noticed
that valine and leucine (Tables 2 and 3) were associated
with better diastolic LV function, while in pathway
analysis BCAA metabolism appeared as the top
molecular mechanism associated with diastolic LV
function (Figure 2). The BCAAs valine, leucine and
isoleucine share structural features in the side-chain
and have a common catabolic pathway. They are indis-
pensable building blocks in protein synthesis and

2.5
(a) (b)

(c) (d)

2.0

1.5

1.0

0.5

0.0
–0.08 0.08–0.04

Correlation coefficient

Longitudinal analysis of e’ Longitudinal analysis of E/e’

Cross-sectional analyses of E/e’Cross-sectional analyses of e’

Correlation coefficient

Correlation coefficientCorrelation coefficient

0.040

–0.08 0.08 0.06 0.03 –0.03 –0.060

0.06 0.03 –0.03 –0.060

–0.04 0.040

2.5

2.0

1.5

1.0

0.5

0.0

2.0

2

2

1
3

4
5

2

1
5

5
2

4
5

3

1

2

1

4
3

6
4

3

6

1 5
3

4
4

3

6

51

2

1.5

1.0

V
IP

V
IP

V
IP

V
IP

0.5

0.0

2.0

1.5

1.0

0.5

0.0

Figure 1. Overlaid V-plots for the cross-sectional associations of e’ (a) and E/e’ (b) with the metabolites at baseline (2005–2010,

blue) and follow-up (2009–2013, red) and for the longitudinal associations of e’ (c) and E/e’ (d) at follow-up (2009–2013) with the

baseline metabolites (2005–2010). The variable importance in projection (VIP) score indicates the importance of a metabolite in the

construction of the partial least squares factors and is plotted against the centred and rescaled correlation coefficients, which reflect

the associations of the echocardiographic measurements with the metabolites. For E/e’ the x-axis was inverted to be directionally

similarly associated with worse diastolic LV function as for e’. Markers in the top left quadrant (lower e’ and higher E/e’) and top right

quadrant (higher e’ and lower E/e’) of the V-plots are respectively associated with worse or better diastolic left ventricular function.

Markers with a VIP score consistently higher than 1.1 are listed in Table 3. Numbers identify metabolites: (1) pentanoate; (2) glucose þ

glutamine; (3) 4-hydroxybutyrate; (4) 2-aminobutyrate; (5) leucine; and (6) valine.
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are involved in the aminoacyl-tRNA biosynthesis
(Supplementary Material Figure S4). BCAAs are cata-
bolised to branched-chain keto acids (BCKAs) by a
branched-chain aminotransferase (Figure 3). BCKAs
complexed with the BCKA dehydrogenase require a
mitochondrial protein phosphatase (PP2Cm) for fur-
ther catabolism to acetyl-coenzyme A (CoA), which
can enter the TCA cycle.21 BCAAs are essential nutri-
ents, which implies that their homeostasis is regulated
via their catabolic turnover. Unlike other AAs, BCAA
catabolism mainly occurs in non-hepatic tissues, par-
ticularly also in cardiomyocytes.22 Due to their poor
hepatic catabolism, circulating BCAAs act as nutri-
tional sensors and in this role interact with mammalian
target of rapamycin (mTOR), thereby uncoupling insu-
lin signalling (Supplementary Material Figure S3).23

Recent experimental studies24–27 support the impli-
cation of BCAAs in modulating LV function. In a salt-
loaded rat model of heart failure24 and in middle-aged
mice,25 BCAA dietary supplements promoted cardio-
myocyte survival,24 preserved cardiac function25 and
prolonged lifespan.24,25 In the failing heart of PP2Cm
knock-out mice, myocardial accumulation of BCKAs
was a prominent feature, which was subsequently repli-
cated in a human case-control study of dilated cardio-
myopathy.26 Expression of PP2Cm in the heart is
dynamically regulated by stressors. In hypertrophic
and failing hearts, its expression is significantly reduced
at both the mRNA and protein level.27 Elevated

Table 3. Parameter estimates in partial least squares analysis.

Tissue Doppler

Index metabolite

Cross-sectional analysis of

baseline data (2005–2010)

Cross-sectional analysis

of follow-up data (2009–2013)

Longitudinal analysis

(2005–2010 ! 2009–2013)

VIP r VIP r VIP r

e’

2-Aminobutyrate 1.24 þ0.043 1.67 þ0.047 1.26 þ0.045

Glucoseþglutamine 1.64 –0.058 1.39 –0.052 1.66 –0.060

4-Hydroxybutyrate 1.33 þ0.043 2.05 þ0.063 1.35 þ0.054

Leucine 1.28 þ0.048 1.47 þ0.038 1.26 þ0.045

Pentanoate 1.22 –0.046 1.78 –0.047 1.23 –0.046

E/e’

2-Aminobutyrate 1.39 –0.042 2.10 –0.042 1.46 –0.044

Glucoseþglutamine 1.53 þ0.043 1.41 þ0.028 1.68 þ0.056

4-Hydroxybutyrate 1.37 –0.042 2.15 –0.043 1.42 –0.044

Leucine 1.34 –0.038 1.58 –0.031 1.37 –0.039

Pentanoate 1.21 þ0.031 1.68 þ0.033 1.30 þ0.034

Valine 0.98 –0.038 1.64 –0.033 1.18 –0.046

The variable importance in projection (VIP) score indicates the importance of a metabolite in the construction of the partial least squares factors. The

centred and rescaled correlation coefficient, r, reflects the associations of the echocardiographic measurements with the metabolites. Listed are the

parameter estimates, which were consistent in the cross-sectional analysis of the baseline (2005–2010) and follow-up (2009–2013) data and in the

longitudinal analysis relating e’ and E/e’ at follow-up (2009–2013) to the baseline metabolites (2005–2010). For valine in the cross-sectional analysis of

the baseline data, the VIP score was lower than the 1.1 threshold.
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Figure 2. Metabolic pathway analysis based on human data in

the Kyoto Encyclopaedia of Genes and Genomes. The analysis

included 27 metabolites with a VIP score higher than 1.1

(Figure 1 and Supplementary Material Table S1). The size of the

plotted points is proportional to the impact of the pathway.

Metabolic pathways of potential relevance (–log10p-value>5) for

the association with diastolic LV function are annotated: (1)

BCAA metabolism (12.6); (2) aminoacyl tRNA biosynthesis (9.9);

(3) taurine and hypotaurine metabolism (7.2); (4) alanine, aspar-

tate and glutamate metabolism (6.6); (5) glycolysis and gluco-

neogenesis (5.9); and (6) propanoate metabolism (5.5).
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circulating BCAA levels reflect a healthy nutritional
state and must be beneficial in normal or slightly dys-
functional hearts, but might become harmful when
BCAA catabolism is defective and cardiotoxic
BCKAs accumulate in the failing myocardium (Figure
3).

Metabolic markers associated with more performant
diastolic LV function also included glucose þ taurine
and 2-aminobutyrate (Tables 2 and 3; Figure 1). The
AA taurine inhibits the generation of reactive oxygen
species and taurine administration to heart failure
patients improves end-diastolic LV volume, symptoms,
and exercise capacity.28 The AA 2-aminobutyrate
reflects hepatic glutathione (GSH) consumption.29

The anti-oxidant GSH provides systemic protection
against oxidative stress. In the presence of low hepatic
availability of cysteine, the rate-limiting precursor in

GSH biosynthesis, 2-aminobutyrate enters an alterna-
tive pathway (Supplementary Material Figure S3)
driven by the same enzymes leading to the synthesis
of ophthalmate.29 Higher circulating levels of 2-amino-
butyrate therefore reflect less hepatic uptake of this AA
and lower systemic oxidative stress. This might explain
the association of a more performant diastolic LV func-
tion with higher serum 2-aminobutyrate. In keeping
with this hypothesis, oral administration of 2-aminobu-
tyrate in a mouse model of cardiomyopathy induced by
oxidative stress efficiently raised both circulating and
myocardial GSH levels.30

Strong points of our current study are the consist-
ency in the identification of the metabolic markers over
time in a sample of people representative of the general
population and of the initial transition from normal LV
function to asymptomatic diastolic LV dysfunction.

Dietary intake of BCAAs
(leucine, isoleucine, valine)

Normal or slightly
dysfunctional

hearts as in the
current study

Failing hearts

PP2Cm

Branched-chain
aminotransferase

(BCAT)

Branched-chain keto acids
(BCKAs)

BCKA dehydrogenase
complex
(BCKD)

Acetyl-CoA

Energy generation
via TCA

Circulating
BCAAs

Figure 3. Take home figure. Differential role of the branched-chain amino acid catabolic pathway in normal and failing hearts – a

hypothesis supported by the current data and the literature (see discussion). The branched amino-acids (BCAAs) leucine, isoleucine

and valine are essential nutrients. The first step of BCAA catabolism mainly takes place in non-hepatic tissues, including cardio-

myocytes. BCAAs are catabolised to branched-chain keto acids (BCKAs) by a branched-chain aminotransferase (BCAT). BCKAs

complexed with the BCKA dehydrogenase require a mitochondrial protein phosphatase (PP2Cm) for further catabolism to acetyl-

coenzyme A (CoA), which can enter the tricarboxylic acid cycle (TCA) and contribute to energy generation. Circulating BCAA levels,

reflecting the balance between nutritional intake and catabolism, may be beneficial in normal or slightly dysfunctional hearts.

Expression of mitochondrial proteins, including PP2Cm, is reduced in failing hearts. BCAAs become harmful in advanced heart failure

when their catabolism is defective and cardiotoxic BCKAs accumulate in the myocardium.
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Moreover, our current findings are in line with recent
research developments focusing on the role of a defect-
ive BCAA catabolism in the pathogenesis of LV dys-
function.24–27 As in the Framingham Heart Study,7 we
adjusted significance levels for multiple testing by clus-
tering the metabolites into six groups. PLS analysis
allowed entering 43 highly inter-correlated markers
together into a single computer run without the need
to adjust the significance levels. Nevertheless, our study
must also be interpreted within the context of its poten-
tial limitations. First, this report is the first population
study relating diastolic LV function to circulating
BCAAs, but does not include a replication in a different
cohort. However, we reproduced our main observa-
tions at a five-year interval. Although the sample size
is relatively small, our study satisfies the Bradford-Hill
criteria,31 of consistency (between baseline and follow-
up), temporality (baseline markers predicting diastolic
LV dysfunction at follow-up), plausibility
(Supplementary Material Figure S3) and coherence
(between clinical and experimental observations).24–27

Second, the attrition rate between baseline and follow-
up was 19.8%. However, participants dropping out had
broadly similar characteristics as those remaining in
follow-up (Supplementary Material Table S2). Third,
metabolomics performed on circulating blood provide
a snapshot of the metabolic composition of a sample.
Keeping in mind the redundancy and bidirectionality in
many metabolic pathways,32 without additional meas-
urements in multiple serial samples, studies like ours
cannot determine whether levels of circulating metabol-
ites vary because of changes in production or degrad-
ation or release into or clearance from the circulation, or
reflect a combination of these mechanisms. However, it
is possible to determine the metabolic cores involved and
postulate explicative mechanisms based on the combin-
ation of metabolomics data and other physiological/clin-
ical information. Fourth, NMR spectroscopy is fast and
keeps samples separated from the instrument, but pro-
duces crowded spectra that cannot always be reliably
deconvoluted to single metabolites.33 However, differ-
ently to other metabolomics platforms, NMR is very
reproducible and sensitive to quantitative (vs qualitative)
changes in metabolic composition. Finally, our findings
are representative for people with normal or slightly
impaired diastolic LV function with normal LV ejection
fraction and can therefore not be extrapolated to systolic
LV dysfunction or advanced heart failure.

Conclusions

In previous publications, we described the association of
diastolic LV function with genetic variation in candidate
genes,34 circulating markers of collagen turnover 35 or
cardiomyocyte injury,36 multidimensional urinary

proteomic classifiers,37,38 and parental proteins identified
from sequenced urinary peptides.35 In general, genetics
and epigenetics are far from the phenotype, proteomics
occupy a middle position and metabolomics are close.
However, circulating metabolic markers are typically
considered to be volatile at best and to represent only
a snapshot of an underlying pathologic process. We
showed that among people covering the range from
normal to asymptomatic diastolic LV dysfunction,
there was consistency over five years in the associations
of diastolic LV function with metabolic markers.
Demonstrating temporal consistency in the associations
between a phenotype and a biomarker is key for the
clinical application of biomarkers. In addition to dis-
turbances in the balance between aerobic and anaerobic
energy generation, our observations suggested a key role
of BCAA metabolism and aminoacyl-tRNA biosynthe-
sis in maintaining diastolic LV performance. These
observations open new research perspectives for treat-
ment and early prevention of heart failure, for instance
by pharmacologically activating the defective mitochon-
drial phosphatase PP2Cm in the failing myocardium or
by dietary BCAA supplementation to non-diabetic23

patients at risk for heart failure.
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