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Key summary
What is new?

•• In adult Fontan patients with a dominant 
left ventricle the serum phospholipid and 
acylcarnitine profile is altered, possibly 
reflecting altered cell signalling and metab-
olism as found in heart failure, inflamma-
tion, or alteration of vascular properties.

What are the clinical implications?

•• Metabolic profiling with the help of ‘metab-
olomics’ offers promise in understanding 
Fontan (patho)physiology and may be of 
interest as a new diagnostic modality that 
can facilitate minimally intensive Fontan 
follow-up.

Targeted metabolomic analysis of serum 
phospholipid and acylcarnitine in the adult 
Fontan patient with a dominant left ventricle
Miriam Michel , Karl-Otto Dubowy, Manuela Zlamy, Daniela Karall, Mark Gordian Adam, 
Andreas Entenmann, Markus Andreas Keller, Jakob Koch, Irena Odri Komazec, Ralf Geiger, 
Christina Salvador, Christian Niederwanger, Udo Müller, Sabine Scholl-Bürgi*  
and Kai Thorsten Laser*

Abstract
Background: Patients with a Fontan circulation have altered cholesterol and lipoprotein 
values. We analysed small organic molecules in extended phopsholipid and acylcarnitine 
metabolic pathways (‘metabolomes’) in adult Fontan patients with a dominant left ventricle, 
seeking differences between profiles in baseline and Fontan circulations.
Methods: In an observational matched cross-sectional study, we compared phosphatidylcholine 
(PC), sphingomyelin (SM), and acylcarnitine metabolomes (105 analytes; AbsoluteIDQ® p180 kit 
(Biocrates Life Sciences AG, Innsbruck, Austria) in 20 adult Fontan patients having a dominant 
left ventricle with those in 20 age- and sex-matched healthy controls.
Results: Serum levels of total PC (q-value 0.01), total SM (q-value 0.0002) were significantly 
lower, and total acylcarnitines (q-value 0.02) were significantly higher in patients than in 
controls. After normalisation of data, serum levels of 12 PC and 1 SM Fontan patients were 
significantly lower (q-values <0.05), and concentrations of 3 acylcarnitines were significantly 
higher than those in controls (q-values <0.05).
Conclusion: Metabolomic profiling can use small specimens to identify biomarker patterns 
that track derangement in multiple metabolic pathways. The striking alterations in the 
phospholipid and acylcarnitine metabolome that we found in Fontan patients may reflect 
altered cell signalling and metabolism as found in heart failure in biventricular patients, 
chronic low-level inflammation, and alteration of functional or structural properties of 
lymphatic or blood vessels.
Trial registration number: ClinicalTrials.gov Identifier NCT03886935

Keywords:  acylcarnitine, angiogenesis, congenital heart disease, Fontan, heart failure, 
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Introduction
Chronic heart failure is an important cause of 
morbidity and mortality in adults with congenital 
heart disease (CHD), in whom its prevalence is 
underappreciated.1 The rarity of individual mal-
formations and their often complex anatomy and 
physiology make the assessment of cardiac func-
tion in CHD difficult.2 Heart failure (HF) symp-
toms may not always correlate with objective 
measures like systemic ventricular function or 
parameters of cardiopulmonary exercise testing, 
and the established biomarkers B-type natriuretic 
peptide (BNP) and N-terminal pro-BNP, used in 
diagnosis and management of HF due to acquired 
heart disease in a biventricular circulation, still 
are of controversial value in adults with CHD, as 
are high-sensitivity troponin, galectin-3, or 
growth differentiation factor 15, emerging bio-
markers in adults with CHD.3–7 A special sub-
group are patients with univentricular circulation 
after a Fontan operation, which, without a sub-
pulmonary ventricle, provides blood flow in series 
to the pulmonary and systemic circulatory sys-
tems.8 Elevated systemic venous pressure to 
approximately 10–16 mm Hg in the Fontan circu-
lation conveys blood passively into the pulmonary 
bed (total cavopulmonary connection), with low-
shear and non-pulsatile blood flow. Only oxygen-
ated blood passes to the single subsystemic 
ventricle. For Fontan patients especially, early 
and non-invasive biomarkers are required for the 
best haemodynamic monitoring and treatment,9 
as with increased numbers of increasingly older 
patients who have undergone Fontan surgery – in 
addition to specific cardiac concerns of Fontan 
pathophysiology such as systolic dysfunction or 
raised end-diastolic ventricular pressures – we 
face new situations that present an important 
combination of chronic Fontan-specific organ 
system alterations and aging-specific chronic co-
morbidities. In addition to (subtle) ventricular 
dysfunction, the central feature determining end-
organ damage is a high central venous pressure, 
‘natural’ for these patients, which impedes lym-
phatic drainage into this high-pressure venous 
system. In addition to the development of chylo-
thorax, plastic bronchitis, or protein-losing enter-
opathy (PLE), liver function and structure in 
particular are progressively affected.10–12 Usual 
biomarkers of hepatobiliary injury are often 
abnormal in Fontan patients but do not reliably 
track the extent of hepatobiliary disease; the same 
holds for findings on imaging studies, including 

elastography.10 The role of the liver as a central 
metabolising and synthesising organ implies that 
profiling metabolic patterns may offer insights 
into Fontan physiology.10,11 The last decade saw 
initial attempts to assess Fontan-patient metabo-
lism with usual clinical-biochemistry testing. 
Besides hyperuricemia and abnormal glucose 
handling, alterations in cholesterol and lipopro-
tein metabolism were reported.13–17 With that in 
mind, and extrapolating from findings in HF 
patients with a biventricular system, where the 
myocardial energy source switches from metabo-
lism of fatty acids to the metabolism of glucose 
and ketone bodies,18 and from findings on the 
important role as proinflammatory analytes that 
other lipids metabolised in the liver, especially 
phospholipids (PL), play in the setting of 
increased cardiovascular risk,19 we inferred that 
patients with a Fontan circulation also would 
handle lipids anomalously. We thus elected to 
examine Fontan patients’ serum levels of a variety 
of PL and acylcarnitines (taking serum acylcarni-
tine levels as tracking intramitochondrial long-
chain fatty acids in the form of their activated 
acyl-coenzyme-A-esters) and attempted in a 
homogeneous patient group with a dominant left 
ventricle (LV) to define patterns that reflect met-
abolic derangement and that offer promise of bet-
ter understanding of Fontan physiology.

Materials and methods

Patients
At the Centre of Paediatric Cardiology and 
Congenital Heart Disease, Heart and Diabetes 
Centre North Rhine-Westphalia, Ruhr-University 
of Bochum, Germany, between September 2016 
and March 2017, we prospectively examined 
adult Fontan patients with a dominant LV and 
one age- and sex-matched healthy biventricular 
control per case (observational matched cross-
sectional study). All Fontan patients had under-
gone two-stage palliation (Norwood II and III) 
without aortic reconstruction. Age-and sex-
matched healthy controls were recruited among 
staff of the Centre of Paediatric Cardiology and 
Congenital Heart Disease, Heart and Diabetes 
Centre North Rhine-Westphalia, Ruhr-University 
of Bochum, Germany.

Eligibility criteria for all subjects included written 
informed consent of participants, an age at testing 
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of ⩾18 years, and 8 h fasting before blood sam-
pling. Additional criteria for patients were that 
the left systemic ventricle be dominant and for 
controls both that the heart be biventricular with-
out structural or functional abnormality and that 
they have no systemic, including cardiovascular, 
disease.

Exclusion criteria were: missing written informed 
consent; <8 h fasting before blood sampling; 
medication directly affecting metabolic state, 
such as cholesterol-lowering agents, or haemody-
namic state, such as beta-blockers or sildenafil, 
with the exceptions of angiotensin converting 
enzyme inhibitors, diuretics, and anticoagulants; 
atrial or ventricular arrhythmia; coronary artery 
disease (history of myocardial infarction, myocar-
dial revascularisation, percutaneous coronary 
intervention, or coronary artery bypass surgery); 
failure of the systemic ventricle as assessed by 

echocardiography; valvular heart disease with ste-
nosis or with worse than mild atrioventricular or 
aortic regurgitation as assessed by echocardiogra-
phy; recurrent effusions or PLE; any metabolic 
disease, such as diabetes mellitus; malignancy or 
other cachectic disease; liver or renal disease; 
inflammatory disease such as acute or chronic 
infection; a myeloproliferative disorder; preg-
nancy or lactation; multiple organ failure; mal-
nourishment; mental handicap not allowing valid 
consent to participation in the study or preclud-
ing treadmill exercise; physical impairment pre-
cluding treadmill exercise; and uptake of oxygen 
at the anaerobic threshold (V ̇O2AT) <20 ml/kg/
min (patients) and <25 ml/kg/min (controls) on 
exercise capacity testing.20,21 The chart according 
to STROBE (Figure 1) gives details on the flow 
of patients through the present study, which is a 
prespecified subwork of the main study protocol 
[ClinicalTrials.gov identifier: NCT03886935].

Since in Fontan patients loss of exercise capacity 
is a powerful predictor of mortality, we correlated 
metabolic results with routine laboratory param-
eters and exercise capacity parameters.15 All 
patients underwent symptom-limited treadmill 
exercise capacity testing with expired-gas analy-
sis.21 A 12-lead electrocardiogram was used to 
determine heart rate, and oxygen uptake at rest 
(V̇O2 at rest; ml/kg/min), V ̇O2AT (ml/kg/min), 
and maximum uptake of oxygen (V ̇O2max; ml/kg/
min) were measured.

Age, sex, weight, body mass index, vital parame-
ters, cardiac risk factors, history of cardiac disease, 
and cardiac medications, with blood sampling for 
routine haematological and biochemical profiling, 
were assessed during an outpatient-clinic visit. 
Fasting patients underwent phlebotomy while 
recumbent. Echocardiography followed, and, after 
a defined snack rich in carbohydrates, exercise 
capacity was tested. Blood studies required sam-
ples 0.5 ml greater than those for routine assess-
ments to permit determinations of concentrations 
of lipid-metabolism analytes. For serum prepara-
tion, the blood sample was directly drawn into a 
tube containing a clotting activator. To separate 
serum, the sample was centrifuged within 20 min 
(15°C, 10 min at 2500g). Serum aliquots were 
immediately frozen and stored at −80°C for fur-
ther analyses (maximum storage time 4 months). 
Frozen samples were transported on dry ice to the 

Figure 1.  Patient flow chart according to STROBE.
The study population. AT, anaerobic threshold; h, hour; V̇O2, 
oxygen uptake.
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analysing laboratory. Analyses were performed in 
batches of 10 samples.

Sample preparation and method
Before analysis, all serum samples were processed 
as described, with samples thawed on ice and cen-
trifuged; the supernatant was subjected to further 
analyses.22 The AbsoluteIDQ® p180 kit assay 
(Biocrates Life Sciences AG, Innsbruck, Austria) 
permitted targeted, fully automated quantification 
of 188 metabolites (142 lipids comprising PC, SM, 
and acylcarnitines) based on phenylisothiocyanate 
derivatisation in the presence of internal standards 
followed by flow injection analysis tandem mass 
spectrometry using a SCIEX 4000 QTRAP® 
instrument (SCIEX, Darmstadt, Germany) with 
electrospray ionisation.

The SCIEX 4000 QTRAP instrument was cali-
brated periodically after each cleaning cycle, at 
least once a year, using a chemical standards kit 
with low/high concentrations of polypropylene 
glycol polymers (SCIEX, MS Chemical Kit 1, 
Low-High Conc. PPGs, part number 4406127). 
The solutions were measured according to the kit 
instructions and mass calibration and resolution 
were manually adjusted to meet the specifications 
of the manufacturer. Measurements were vali-
dated by meeting criteria specified by the 
manufacturer.

Statistics
To exclude metabolites below the limit of detection 
(LOD), the raw data (µmol/l) were cleaned apply-
ing a modified 80% rule; thus, for statistical analy-
sis, at least 80% valid values above LOD needed to 
be available per analyte in the samples for each 
group. This reduced the dataset to 143 analytes, 
including 97 phosphatidylcholines (PC) and sphin-
gomyelins (SM) and 23 acylcarnitines. Remaining 
values below LOD were imputed applying a log-
spline method with values between LOD and 
LOD/2. After log2 transformation of metabolomics 
data as well as of ‘routine analytes’ and clinical 
data, the dataset was used for multivariate (hierar-
chical cluster analysis) and univariate statistical 
analyses. Student’s t-tests with a Benjamini–
Hochberg correction identified significant metabo-
lite (and clinical routine-parameter) differences 
between patients and controls and p values were 

calculated, with values <0.05 considered statisti-
cally significant. Correlations between the concen-
tration values of the metabolites (and metabolite 
sums and ratios) with the clinical variables of the 
participants were evaluated by calculating the 
Pearson’s correlation coefficient r, with r a measure 
of linear correlation that can have values between 
−1 and 1, where 1 indicates total positive linear 
correlation, 0 indicates no linear correlation, and 
−1 indicates total negative linear correlation. In 
general, r values >0.5 (< −0.5) indicate a moder-
ate correlation and r values >0.8 (or < −0.8) indi-
cate a strong correlation.23 To interpret the 
correlation, the significance of the correlation was 
calculated from r and the degrees of freedom (a 
variable dependent on the sample number). The 
resulting p value was adjusted for multiple testing, 
or false discovery rate (FDR), according to 
Benjamini and Hochberg.24 Correlations with 
FDR-adjusted p-values <0.05 were considered sta-
tistically significant. To differentiate between gen-
eral lipid mass changes and species-specific 
alterations the data were normalised in a class- and 
samplewise manner and were subjected to statisti-
cal analysis (t-tests with Benjamini–Hochberg cor-
rection, p < 0.05). Values below LOD were not 
considered for normalisation and were removed 
before hypothesis testing. For calculation of the 
ratio between total PC and SM LOD values were 
treated similarly. Statistical analysis was performed 
using R version 3.5.1 or 3.6.1 (R Core Team, 
2019).25

Ethics
The study conformed to the principles outlined in 
the Declaration of Helsinki and was approved by 
the local ethics committees of the Medical 
University of Innsbruck, Austria (AN2015-0303 
357.43), and of the Heart and Diabetes Centre 
North Rhine-Westphalia, Ruhr-University of 
Bochum, Germany (AZ 52/2016).

Results
Of the 398 Fontan patients registered at the 
Centre of Paediatric Cardiology and Congenital 
Heart Disease, Heart and Diabetes Centre North 
Rhine-Westphalia, Ruhr-University of Bochum, 
Germany, 176 patients were potentially eligible 
for our study by morphology (dominant LV). 
Applying the criterion of ⩾ 18 years of age, 71 
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patients were eligible. After all exclusion criteria 
were applied, 20 Fontan patients and 20 age- and 
sex-matched controls were enrolled (Figure 1). 
Data were complete for all of them. Table 1 lists 
clinical and echocardiographic parameters of 
patients and controls.

Exercise capacity testing
In Fontan patients, V̇O2 at the anaerobic thresh-
old and at maximum was significantly lower than 
in controls (Table 2).

Routine analytes
Haemoglobin and haematocrit, partial thrombo-
plastin time, international normalised ratio 
(INR), triglyceride, gamma glutamyl transferase 
activity, alanine aminotransferase activity, total 
bilirubin, creatinine, urea, and uric acid values 
were significantly higher, and high density lipo-
protein-cholesterol (HDL-C) values and throm-
bocyte counts were significantly lower in patients 
than in controls (Table 3).

Metabolomic examination of serum
Serum concentrations of 14 lyso-PC (12 above 
LOD), 76 PC (71 above LOD), and 15 SM  
(14 above LOD) were determined. Among the 97 
analytes above LOD, serum concentrations of 60 
(62 %), including analytes in all three subgroups 
and fatty acids with mostly higher carbon num-
bers, were significantly lower in Fontan patients 
than in controls (q-values <0.05) (Figure 2, 
Figure 3). Values for no single analyte were higher 
in patients than in controls. Serum concentrations 
of 40 acylcarnitines were determined; 23 with 
values above LOD, 3 were significantly higher in 
patients than in controls (C0, C18:2, C3; q-val-
ues < 0.05). Summed by subgroups – all PC, all 
lyoPC, all SM, and all acylcarnitines – all lipids 
were significantly decreased in patients. Table 4 
shows concentrations and statistical results are 
shown for all metabolites determined.

Normalisation of metabolomics data by lipid class 
reduced the 60 (lyso)PC and SM with significant 
LODs to just 13 (PC aa C30:0, C32:2, C32:3, 
C34:3, C34:4, C36:6, C40:4; PC ae C30:0, 
C38:0, C40:1, C40:3, C42:3; SM (OH) C22:1). 
All these are low in relative abundance (<5% of 

total lipid mass). With normalisation all the 3 acyl-
carnitines with significant LODs lost significance.

Correlations of routine biochemical and clinical 
parameters with metabolomic parameters
Among routine biochemical analytes, the varia-
bles INR, alanine aminotransferase activity, hae-
moglobin, and haematocrit displayed significantly 
negative correlations with metabolic parameters. 
Significantly positive correlations existed between 
metabolomic parameters and minimum and max-
imum oxygen saturations. No other correlations 
could be established, especially none with respect 
to platelet count, total protein, albumin, CRP, 
NT-proBNP, and any exercise capacity parame-
ter, including peak V̇O2 (Online Supplemental 
Table 1).

Discussion
To the best of our knowledge, ours is the first 
clinical metabolomics study focussing on Fontan 
patients’ serum PL and acylcarnitine levels. Its 
main result is the observation that PC, SM, and 
acylcarnitine values differed significantly between 
Fontan patients and controls: Fontan patients 
had lower total PC and SM values and higher 
total acylcarnitine values.

A general decrease in total PL mass in Fontan 
patients accords with the reduction that we 
observed in HDL-C, a major lipid constituent of 
serum. To differentiate effects on lipid mass in 
general from particular changes in individual lipid 
species, we normalised our metabolomics data by 
lipid class. Following normalisation, statistical 
significance in LOD was lost for > 80% of analyte 
comparisons, with significance persisting for 
some low-abundance lipid species (13 PL, <5% 
of lipid mass). This indicates that in Fontan 
patients the imbalance in the metabolism of polar 
lipids is not limited to a subset of distinct lipids, 
constituting a lipid profile, but instead quantita-
tively affects all classes of PL and acylcarnitines.

PC and SM are PL; SM also is a sphingolipid  
(a phosphosphingolipid). PL typically are major 
participants in structural-lipid metabolism, in 
concert with cholesterol and steroids forming the 
extracellular lipid bilayer of cells and located in 
all tissues.26 While cholesterol and steroids are 
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Table 1.  Participants’ clinical characteristics (mean values ± standard deviation).

Fontan patients (%) Controls (%) p-value

Malformation Double inlet left ventricle: 50  

TA+PS/PA: 45  

TA+PS+VSD: 5  

Extracardiac Fontan 80  

Open fenestration (time of study) 15  

Female sex 35 35  

After TCPC (years) 18.8 ± 5.2  

Age (years) 23.1 ± 5.1 24.7 ± 6.6 0.28

Weight (kg) 69.8 ± 13.2 73.3 ± 11.7 0.17

Height (cm) 171.3 ± 7.4 174.5 ± 8.7 0.04

Body mass index (kg/m²) 23.8 ± 4.1 22.5 ± 3.3 0.05

Further cardiac procedures LPA dilation/stent: 20 -  

Tunnel dilation/stent: 30 -  

Closure of fenestration: 5 -  

Closure of vv collateral: 15 -  

Electrophysiologic exam: 10 -  

Further extracardiac disease Celiac disease: 5 -  

Atopic dermatitis: 5 -  

Dietary intake Gluten-free diet: 5 -  

Medication

Aspirin 5 -  

Phenprocoumon 80 -  

ACE inhibitor 20 -  

Diuretic 20 -  

Aldosterone antagonist 20 -  

Echocardiography

Good ventricular function 100 100  

Absent or mild atrioventricular 
valve regurgitation

100 100  

Absent or mild aortic valve 
regurgitation

100 100  

ACE, angiotensin-converting-enzyme; exam, examination; LPA, left pulmonary artery; PA, pulmonary atresia; pts, patients; 
PS, pulmonary stenosis; TA, tricuspid atresia; TCPC, total cavopulmonary connection; VSD, ventricular septal defect; vv, 
veno-venous. Patients with celiac disease were on gluten-free diets.

https://journals.sagepub.com/home/taj
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Table 2.  Participants’ exercise capacity testing results.

Fontan patients Controls p-value

V̇O2 at rest, ml/kg/min 5.6 ± 1.7 5.8 ± 1.1 0.03

V̇O2AT, ml/kg/min 24.5 ± 4.9 30.1 ± 3.6 <0.00001

V̇O2max, ml/kg/min 28.8 ± 10.1 45.7 ± 6.4 <0.00001

Heart rate at rest, 1/min 83 ± 17 86 ± 19 0.08

SpO2 at rest, % 93 ± 3 99 ± 1 <0.00001

SpO2 at exercise, % 90 ± 3 98 ± 1.4 <0.00001

BP systolic at rest, mmHg 123 ± 10 119 ± 12 0.04

BP diastolic at rest, mmHg 68 ± 8 71 ± 8 0.46

Values are given as mean ± standard deviation. AT, anaerobic threshold; BP, blood pressure; RR, Riva Rocci; SpO2, pul-
soxymetric oxygen saturation; V ̇O2, oxygen uptake.

Table 3.  Values, routine analytes.

Fontan patients Controls p-value

Total cholesterol, mg/dl 145.3 ± 26.5 149.0 ± 34.2 0.77

HDL-C, mg/dl 42.5 ± 15.9 51.3 ± 12.3 0.03*↓

Non-HDL-C, mg/dl 85.2 ± 24.8 73.1 ± 20.8 0.2

Triglycerides, mg/dl 128.6 ± 86.5 47.3 ± 22.8 0.0003*↑

Lipoprotein (a), mg/dl 12.4 ± 15.5 10.9 ± 6.6 0.47

Total protein, g/dl 7.2 ± 0.5 7.0 ± 0.7 0.31

Albumin, mg/dl 4145 ± 492 4215 ± 208 0.64

Uric acid, mg/dl 5.9 ± 1.4 3.9 ± 1.3 0.0003*↑

Urea, mg/dl 32.6 ± 7.4 22.8 ± 8.9 0.0008*↑

Creatinine, mg/dl 0.8 ± 0.12 0.53 ± 0.18 <0.00001*↑

Total bilirubin, mg/dl 1.22 ± 0.67 0.3 ± 0.29 <0.00001*↑

AST, U/l 35.3 ± 7.7 31.6 ± 8.4 0.12

ALT, U/l 39.4 ± 11.4 31.9 ± 10.1 0.04*↑

gGT, U/l 86.5 ± 43.6 35.1 ± 19.4 0.00002*↑

Alkaline phosphatase, U/l 103.3 ± 53.2 99.1 ± 72.6 0.20

GLDH, U/l 3.7 ± 1.9 3.5 ± 1.5 0.26

 (Continued)
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Fontan patients Controls p-value

CRP, mg/dl 0.18 ± 0.2 0.16 ± 0.14 0.47

Creatine kinase, U/l 128.7 ± 65.5 94.8 ± 37.7 0.09

NT-proBNP, pg/ml 52.4 ± 69.2 39.3 ± 30.4 0.88

INR 2.1 ± 0.76 1.02 ± 0.04 <0.00001*↑

PTT, sec 35.2 ± 5.7 27.0 ± 3.9 0.00004*↑

Fibrinogen, mg/dl 239.2 ± 78.4 258.7 ± 57.3 0.17

Antithrombin III, % 101.6 ± 10.5 104.5 ± 8.5 0.38

Leucocytes, 1/nl 6.7 ± 3.2 7.2 ± 2.6 0.23

Thrombocytes, 1000/nl 171.3 ± 73.2 279.8 ± 88.5 0.0002*↓

Haemoglobin, g/dl 16.4 ± 2.1 12.7 ± 1.4 <0.00001*↑

Haematocrit, % 47.8 ± 5.6 39.3 ± 4.2 <0.00001*↑

Values are given as mean ± standard deviation. ALT, alanine aminotransferase activity; AST, aspartate aminotransferase 
activity; C, cholesterol; CRP, C-reactive protein; gGT, gamma glutamyl transferase activity; GLDH, glutamate dehydro-
genase activity; HDL, high density lipoprotein; INR, international normalised ratio; NT-proBNP, N-terminal prohormone 
of brain natriuretic peptide; PTT, partial thromboplastin time; *↑, statistically significant higher serum concentration in 
Fontan patients than in controls; *↓, statistically significant lower serum concentration in Fontan patients than in controls.

Table 3.  (Continued)

stabilising and stiffening components, PL confer 
fluidity upon polar-bilayer cell membranes. They 
also are important components of HDL.27 In 
addition to their function in structural metabo-
lism, PL are importantly involved in signalling 
and they can affect synthesis of prostaglandins 
and leukotrienes and thus inflammation.28 
Moreover, like fatty acids, PL are involved in 
energy metabolism. Of the 13 PL that we still 
found to be decreased in Fontan patients’ serum 
after normalisation of data, 12 are PC. Aside from 
pregnancy and obesity, no distinct conditions and 
disorders, especially no cardiovascular disorders, 
are associated with altered concentrations of these 
analytes.

A further PL for which we still found decreased 
serum concentrations in Fontan patients after 
normalisation of data is SM (phosphosphin-
golipid). On hydrolysis into ceramides, SM like 
the one that we identified are generally involved 
in necroptosis (as long chain fatty acids are), a 
type of regulated cell death characterised by 
plasma membrane rupture and inflammatory 
response.29 Tissues are enriched in HDL-SM 

in Niemann–Pick disease, which is caused by 
an acid sphingomyelinase deficiency due to 
mutations in SMPD1,30 and SM-depleted 
HDL was observed in patients with diabetes.31 
Furthermore, SM is substantially involved in 
the development and progression of the athero-
sclerotic plaques of coronary artery disease 
(CAD): human atherosclerotic lesions are 
enriched in SM and ceramide species,32 and 
elevated SM serum levels are independent pre-
dictors of CAD in humans.33,34

An increase in acylcarnitine blood concentration 
can mirror an imbalance of mitochondrial fatty 
acid degradation, as found in patients with patho-
genic mutations in genes encoding enzymes 
involved in long-chain fatty acid oxydation.35 
Interestingly, one important feature of mitochon-
drial disorders can be the development of a car-
diomyopathy. Of further note is that, like SM, 
long-chain fatty acids are involved in necroptosis, 
with increased acylcarnitine cell concentrations.29 
Possibly underlying the changes that we saw are 
shifts in cellular signalling associated with HF, 
chronic low-level inflammation, and alteration of 
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functional or structural properties of lymphatic or 
blood vessels.

Altered cell signalling and metabolism as 
indicators of subtle HF
That decreased PL concentrations of PL in our 
Fontan patients accompany increased acylcarni-
tine concentrations agrees with our second 

hypothesis that in addition to structural homeo-
stasis, energy metabolism also might be per-
turbed, marking early, subtle changes in 
(myocardial) cell metabolism. The normal heart 
primarily utilises free fatty acids as a source of 
energy and switches to glucose metabolism dur-
ing stress. In biventricular patients with HF, 
changes in myocardial mitochondrial function 
result in preferential use of glucose and ketone 

Figure 2.  Heat map of phospholipid serum concentrations.
Heat map of serum concentrations of all phospholipids that were significantly different between Fontan patients (green 
boxes) and matched healthy biventricular controls (red boxes). The colours in the heat map represent the fold changes 
(Fontan patients versus controls) of the univariate statistic: negative values represent a decrease in concentration. PC, 
phosphatidylcholine; SM, sphingomyelin.
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bodies. When the substrate shifts as HF pro-
gresses is still unknown.36

PL, especially SM, with their location mainly in 
the (cell) membrane, serve as signalling molecules 
in cell metabolism. Sphingolipid content of myo-
cardial tissues is decreased in cardiomyopathic 
hamster models at the onset of HF.37,38 Even sub-
tle stages of HF may be indicated, as emphasised 
by the fact that Fontan patients in our study  
‘clinically’ had sustained haemodynamics with a 
mean V̇O2AT of 25 ml/kg/min and V̇O2max of 
29 ml/kg/min, which correlates well with normal 
values for right-ventricle Fontan patients.39

Findings in atrial-fibrillation patients with a 
biventricular system, in whom blood PL levels 
rose between closure of left atrial appendage 
(LAA) and 6 months thereafter, support the 
assumption that decreased PL levels in our 
patients indicate subtle stages of HF with slightly 

Figure 3.  Serum concentrations of phospholipid subgroups.
Box-and-whisker-plots of serum concentrations of phospholipid subgroups that were significantly lower in Fontan patients 
(grey boxes) than in matched healthy biventricular controls (white boxes). The boxes show the 25th and the 75th percentile, 
the whiskers the minimum and the maximum. PC, phosphatidylcholine; SM, sphingomyelin.

raised end-diastolic pressures, hinting at altered 
diastolic and sustained systolic ventricular func-
tion.40 In these atrial-fibrillation patients and in 
our patients, values for PL with fatty acids of 
higher carbon numbers were altered. However, 
whilst in the atrial-fibrillation patients analyte 
concentrations were higher than in controls, we 
found lower analyte concentrations in patients 
than in controls. This calls attention to the fact 
that LAA closure leads to a loss of LAA metabolic 
and endocrinologic functions. In our patients, 
who had all undergone extracardiac tunnel sur-
gery, these LAA functions should be relatively 
intact. Typical of the aging Fontan circulation 
(even of the so-called ‘intact’ Fontan circulation) 
is the development of raised end-diastolic ven-
tricular pressures with sustained systolic function, 
a feature still difficult to assess by conventional 
echocardiographic measures of diastolic func-
tion.41 Many of our patients (all adult) thus may 
have experienced slightly raised atrial pressures, 
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which might explain the studies opposed findings 
with respect to how analyte values shifted. 
Haemodynamic measurements of end-diastolic 
ventricular and atrial pressures might buttress 
this inference. Moreover, even if our patients did 
not exhibit differences from controls in 
NT-proBNP levels, and even if this established 
marker for HF could not be correlated with the 
lipidome alterations that we found, measure-
ments in our patients of cardiovascular biomark-
ers that are established in the normal population 
and emerging in adults with CHD, such as high-
sensitivity troponin, galectin-3, or growth differ-
entiation factor 15, would be interesting.6,7,42

Chronic low-level inflammation
Involvement of PL in arachidonic acid metabolism 
and thus in the production of pro-inflammatory 
metabolites like leukotrienes agrees with our second 
hypothesis that our results indicate inflammation in 
our patients. In addition, sphingomyelinase activa-
tion of the SM-ceramide pathway is thought to 
induce inflammation, adding to oxidative stress, 
and to induce cell death, resulting in atherosclerosis, 
aging, and cardiovascular events.29,32 An activated 
pathway can be characterised by reduced levels of 
SM, as seen in our patients.43 Even if acute inflam-
mation is not to be expected in our patients 18 years 
after Fontan repair and independent of surgery in 
general, as supported by the normal CRP levels in 
patients and controls and by the lack of correlation 
with lipidomic variables, chronic low-level inflam-
mation might still be present. High-sensitivity 
C-reactive protein (hsCRP) is a potential biomarker 
in adult patients with various forms of CHF44; 
assays measuring hsCRP can differentiate concen-
trations within the normal range and can thus in the 
normal population indicate chronic low-level 
inflammation, which is known to reflect atheroscle-
rotic cardiovascular disease. Higher hsCRP levels, 
even within the normal range, are associated with an 
increased risk for cardiovascular events. Adults with 
various forms of CHD (including single-ventricle 
Fontan circulation) with elevated hsCRP not only 
have a worse functional status and exercise capacity 
as measured by peak V̇O2, but also have a greater 
risk for death or non-elective cardiovascular hospi-
talisation.44 The CHD cohort showed no associa-
tion between hsCRP and history of coronary artery 
disease or cerebrovascular events, but increased 
hsCRP levels still indicate chronic low-level inflam-
mation due to non-atherosclerotic causes and higher 
values might predict adverse outcomes.44 These 

findings support our hypothesis that the altered lev-
els of PL observed could be due to inflammation, 
even if in our study patients (and controls) ‘routine’ 
CRP levels could not be correlated with lipidomic 
variables and even if CRP levels did not differ 
between Fontan and control cohorts. One reason 
for a chronic inflammatory status in Fontan patients 
might be the combination of (intestinal) inflamma-
tion and altered mesenteric haemodynamics, both 
affecting or even provoking PLE.45,46 In combina-
tion, subtle impairment of myocardial (diastolic) 
function, inflammation in biventricular patients 
with chronic congestive HF and a chronic low car-
diac output, and altered PL levels (with induction of 
endothelial-cell oxidative stress) in patients with 
CAD underscore the possibility that chronic low-
level inflammation exists in our Fontan patients 
even without overt HF and without overt PLE.47,48 
Of note is that in addition to decreases in HDL-C 
values and different structural and functional HDL 
properties in patients with an acute-phase response 
3 days after cardiopulmonary bypass surgery in 
comparison with healthy controls,49 patients with 
rheumatoid arthritis and thus with chronic inflam-
mation also have low values for total cholesterol, 
low density lipoprotein cholesterol, and HDL-C, 
similar to the significant decrease in HDL-C values 
that we found in Fontan patients and similar to 
low cholesterol metabolism profiles in Fontan 
patients.15–17,50 Such alterations in cholesterol pro-
file exist even 5 years before rheumatoid arthritis 
manifests clinically, and a similar cholesterol profile 
is associated with an increased risk of cardiovascular 
disease.50 We propose that inflammation affects 
cholesterol and PL metabolism at different stages of 
liver and/or vessel disease. If so, the combination of 
cyanosis with a chronic inflammatory state might 
exacerbate changes like those that we found: adults 
with cyanotic CHD have hypocholesterolaemia, 
although their extended lipid status has not been 
further examined.51

Alteration of structural or functional lymphatic-
vessel or blood-vessel properties
As with subtle alteration of myocardial function 
and a chronic inflammatory state, decreased 
serum concentrations of PL may also indicate 
alteration of structural or functional vascular 
properties in our Fontan patients.

This might involve lymphatic vessels. Various dis-
orders such as HF and inflammatory diseases dis-
rupt the lymphatic vascular system.12 Assuming 
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that the Fontan circulation imposes a state of 
(subtle) chronic HF associated with chronic low-
level systemic inflammation, increased vascular 
permeability, and increased production of inter-
stitial fluid, the chronic challenge to the lymphatic 
system is evident, with poor drainage especially 
into the Fontan-specific high-pressure systemic 
venous system.52 Besides lymphangiectasia, lym-
phatic collaterals form and tortuosity and dilation 
of the thoracic duct occur in Fontan patients; 
these interestingly have also been reported in chil-
dren before Fontan surgery, but might be exacer-
bated by the Fontan circulation.52 Lymphatic 
dysfunction can contribute to deterioration of 
organ function in Fontan patients, with lymphoe-
dema, plastic bronchitis, PLE, and liver dysfunc-
tion. The two latter disorders can be seen as 
major reasons for the alterations in PL, acylcarni-
tine, and HDL-C levels that we found; even if our 
patients exhibited no overt signs of PLE and even 
if lipidomic variables did not correlate with serum 
total protein or albumin levels, enteral lipid 
uptake might be altered, in combination with 
altered hepatic metabolism of lipids and of lipo-
proteins, which are important carriers of PL.15 
Whether this mirrors the ‘normal’ Fontan situa-
tion or is already a subtle indication that the 
Fontan circulatory system is impaired remains to 
be seen.

This could refer to the alteration of structural or 
functional properties of blood vessels. Two facts 
reinforce this assumption. First, SM is important 
in the development and progression of the athero-
sclerotic plaques of CAD.32–34 Second, stiffening 
of vessels is seen in patients with non-alcoholic 
fatty liver disease or with hypoplastic left heart syn-
drome, in the latter group an observation discussed 
as evidence of ventriculo-vascular or rheo-vascular 
coupling.53–55 The Fontan patient with a right sys-
temic ventricle who has undergone extensive aortic 
surgery is especially likely to exhibit aortic stiffness 
<5 years after Fontan completion.54 Young Fontan 
patients with a dominant LV, like our patient 
group, show arterial stiffening, and this increased-
stiffening process can be seen especially in the 
ascending aorta.55 Non-invasive work in a hetero-
geneous group of young adult Fontan patients 
(80% showing dominant LV morphology) sup-
ports these findings, with elevated global arterial 
stiffness detected on peripheral-artery sphyg-
momanometry.56 Positive correlations also existed 
between increased arterial stiffness and inflamma-
tion, which might be explained by disturbed 

vitamin D/parathormone interactions frequent in 
this patient group.56,57 Vascular stiffening also 
occurs in cerebral arteries in young Fontan 
patients, suggesting altered (arterial) vascular 
properties in general or at least in vessels neigh-
bouring the heart.58 Local assessment of arterial 
stiffness would be desirable.59,60 Might these alter-
ations, which we interpret as altered structural or 
functional blood vascular properties and regard as 
adaptation to Fontan physiology, be simultane-
ously adverse with regard to elevated cardiovascu-
lar risk as known in the biventricular patient and 
favourable in the setting of Fontan physiology? 
Might altered structural and functional properties 
of blood vessels, especially vascular stiffening, 
maintain arterial pulsatility sufficient to support 
end-organ perfusion and supply a driving force for 
pulmonary circulation? In histopathologic investi-
gations of Fontan patients with a mean age of 
30 years, mural remodelling has been demon-
strated in the pulmonary artery and in the inferior 
and superior vena cava.61 Moreover, in the course 
of their signalling function, PL regulate angiogen-
esis, possibly linking their concentrations in serum 
with altered collateral-vessel formation.37 A 
decrease in PL concentrations as measured might 
mean that PL are present in another form, an acti-
vated or oxidised one, which in our assay was not 
determined.37 Further to assess this hypothesis it 
would be useful in Fontan patients to determine 
the forms and concentrations of PL in vascular 
walls and to assess the degree of collateral flow.

Summary
The metabolism of PL and acylcarnitines is dis-
torted in adult Fontan patients with a dominant 
LV. Three mechanisms may act alone or in com-
bination in altering PL and/or acylcarnitine 
metabolism: a) altered cell signalling and metabo-
lism as indicators of subtle HF; b) chronic low-
level inflammation; d) alteration of functional or 
structural properties of lymphatic or blood ves-
sels. Our results do not identify single metabolites 
that may permit differentiation between disease 
groups and controls, but differences in the con-
tent of an entire substance class such as – in our 
study – serum PL and acylcarnitine content may 
suggest extended metabolic alterations in LV 
Fontan patients. These findings may, extended 
and confirmed, permit better understanding of 
Fontan physiology, which should be regarded as a 
complex state involving diverse pathways and 
(patho)physiological processes.
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Limitations
In patients with a Fontan circulation, the underly-
ing (embryologic) cardiovascular malformation, 
extent of surgical reconstruction of the neoaorta, 
or loading conditions (also in the case of relevant 
collateral flow) can differ significantly. To limit 
variability, we focused on Fontan patients with a 
dominant LV who underwent Norwood II and III 
surgery. Our patient group thus is small. This may 
limit the extent to which our findings can be gen-
eralised. So may our choice of a targeted metabo-
lomic approach, as metabolites not included in the 
commercial kit that we used might be important. 
That we analysed serum samples precludes direct 
comparisons between our results and those of 
studies that used tissue samples. That PL and 
acylcarnitines are reliably detectable in healthy 
human serum and plasma lends our data cre-
dence.27 Still, having used not vascular (or myo-
cardial) tissue but serum, we cannot rule out 
certain system-driven aspects of pathogenesis – 
unknown confounders that affect metabolic pro-
files might be the true basis for the observed 
differences. We strove to lessen the likelihood of 
such errors by following a strict inclusion and 
exclusion protocol, especially with regard to 
(known) comorbidities or medication. Although 
only fasting serum was tested, differences in body 
composition or lifestyle might still have influenced 
our results to an unknown degree. The opportu-
nity to correlate our findings with those on inva-
sive assessment would have been advantageous, 
especially for the general possible explanation of 
our findings that they might reflect (slightly) raised 
end-diastolic ventricular pressure, which our con-
ventional echocardiographic measurements were 
not able to reveal. Furthermore, to distinguish 
Fontan patients with preserved haemodynamic 
status (as suggested by clinical findings, echocar-
diography results, and routine laboratory bio-
marker values) from those with impaired 
haemodynamic status, we might not have focused 
only on the configuration of the systemic ventricle, 
oxygen saturation, exercise capacity, and valve 
regurgitation, but also ideally on haemodynamic 
parameters like fenestration due to elevated pul-
monary vascular resistance and high central 
venous pressure, as well as on the presence of sub-
stantial collateral flow, dilatation of the tunnel, 
diaphragmatic paresis, or cardiac index. Without 
data from angiography, our hypothesis that our 
findings indicate angiogenesis/collateral flow must 
be considered carefully. Further influencing our 

findings might be the intake of phenprocoumon, 
which 80% of our patients received. As an oral 
anticoagulant inhibitor of vitamin K oxidoreduc-
tase, it interacts with hepatic metabolism and can 
even induce hepatitis. An effect on our results 
cannot be excluded, a possibility that should be 
examined in a larger cohort of patients with more 
patients not taking phenprocoumon.

Finally, to evaluate our hypothesis that chronic 
low-level inflammation contributes to the altera-
tions in the lipidome that we found, measuring 
hsCRP levels would be elegant. To demonstrate 
higher hsCRP levels between in Fontan patients 
than in controls would support that hypothesis; 
such a study might even expose correlations with 
the lipidome that ‘routine’ CRP levels could not 
unmask.44

Outlook
To use non-invasive haemodynamic MRI studies, 
assessing end-diastolic ventricular pressures and 
atrial pressures, flow patterns, and calculating col-
lateral flow, in evaluating our hypotheses regarding 
raised end-diastolic ventricular pressures, inflam-
mation, and functional or structural alteration of 
vascular systems is an interesting prospect. To 
compare and to contrast lipidome-constituent 
levels in subgroups of Fontan patients stratified 
by underlying malformation, morphologic features 
of the systemic ventricle, type of aortic surgery, 
comorbidities, (semi-)invasive haemodynamic 
parameters, and particularly by means of evalua-
tion of hepatic function is an immediate aim, as is, 
in the longer term, follow-up to investigate how 
rapidly metabolomic changes develop in patients 
with Fontan circulation.20 Further, to correlate our 
results with proteomic studies, especially those 
that dissect inflammation, will be very satisfying, as 
will be both histopathologic studies to assess vessel 
alterations and genomic investigations.

Conclusion
Requiring only minute specimens for simultane-
ous quantitation of participants in multiple meta-
bolic pathways, lipidomic profiling was useful for 
assessment of metabolic derangement in LV 
Fontan patients, in whom we found striking PL 
and acylcarnitine level alterations that may reflect 
altered cell signalling and metabolism as found in 
HF in biventricular patients; inflammation; or 
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alteration of structural or functional properties of 
the lymphatic and blood vessel system.

Acknowledgements
The authors gratefully thank the laboratory team 
of the Erich and Hanna Klessmann Institut, Bad 
Oeynhausen, Germany, and the team of the 
Kinderlabor Innsbruck, Austria (Claudia Ertl, 
Ulrike Eichinger-Öttl, Christine Kluckner), for 
supporting our work by giving us the facilities to 
preanalyse and to store the probes, Schwester 
Dagmar of the laboratory for exercise capacity test-
ing at the Center of Pediatric Cardiology and 
Congenital Heart Disease, Heart and Diabetes 
Center North Rhine-Westphalia, Bad Oeynhausen, 
Germany, for supporting us in exercise capacity 
testing and in blood drawing, and A.S. Knisely and 
E. Michel for comments on manuscript drafts.

Author contributions
MM designed the study, examined patients, pre-
pared samples, analysed and interpreted results 
and wrote the manuscript; KOD supervised lung 
function and exercise testing; KOD and KTL 
helped classify the patients; MGA and UM per-
formed biochemical assays and helped with statis-
tical analysis of metabolomic-examination results; 
SSB, KTL, KOD, MAK, and JK assisted in anal-
ysis and interpretation of results; AE, UM and JK 
provided the figures; all authors proofread the 
manuscript and read and approved the final ver-
sion of the manuscript.

Funding
This work is part of the project Metabolic aspects in 
Fontan patients, which is financed by a grant from 
the Tiroler Wissenschaftsförderung (grant number UNI- 
0404-2126).

Conflict of interest statement
MM, KOD, MZ, DK, MGA, AE, MK, JK, IOK, 
RG, CS, CN, UM, SS-B, and KTL declare that 
they have no financial or non-financial competing 
interests with respect to the research, authorship, 
and/or publication of this article.

ORCID iD
Miriam Michel  https://orcid.org/0000-0002- 
3626-3270

Supplemental material
Supplemental material for this article is available 
online.

References
	 1.	 Shaddy RE and Webb G. Applying heart failure 

guidelines to adult congenital heart disease 
patients. Expert Rev Cardiovasc Ther 2008; 6: 
165–174.

	 2.	 Larsson DA, Meurling CJ, Holmqvist F, et al. 
The diagnostic and prognostic value of brain 
natriuretic peptides in adults with a systemic 
morphologically right ventricle or Fontan-type 
circulation. Int J Cardiol 2007; 114: 345–351.

	 3.	 Diller GP, Dimopoulos K, Okonko D, et al. 
Exercise intolerance in adult congenital heart 
disease: Comparative severity, correlates, and 
prognostic implication. Circulation 2005; 112: 
828–835.

	 4.	 Giannakoulas G, Dimopoulos K, Bolger AP, 
et al. Usefulness of natriuretic peptide levels to 
predict mortality in adults with congenital heart 
disease. Am J Cardiol 2010; 105: 869–873.

	 5.	 Eindhoven JA, van den Bosch AE, Jansen PR, 
et al. The usefulness of brain natriuretic peptide 
in complex congenital heart disease: a systematic 
review. J Am Coll Cardiol 2012; 60: 2140–2149.

	 6.	 Baggen VJ, van den Bosch AE, Eindhoven JA, 
et al. Prognostic value of N-terminal pro-B-type 
natriuretic peptide, troponin-t, and growth-
differentiation factor 15 in adult congenital heart 
disease. Circulation 2017; 135: 264–279.

	 7.	 Opotowsky AR, Baraona F, Owumi J, et al. 
Galectin-3 is elevated and associated with adverse 
outcomes in patients with single-ventricle Fontan 
circulation. J Am Heart Assoc 2016; 5. pii: 
e002706.

	 8.	 Fontan F, Mounicot FB, Baudet E, et al. 
“Correction” of tricuspid atresia. 2 cases 
“corrected” using a new surgical technic. Ann 
Chir Thorac Cardiovasc 1971; 10: 39–47.

	 9.	 Marino BS, Goldberg DJ, Dorfman AL, et al. 
Abormalities in serum biomarkers correlate with 
lower cardiac index in the Fontan population. 
Cardiol Young 2017; 27: 59–68.

	10.	 Rathgeber SL and Harris KC. Fontan-associated 
liver disease: evidence for early surveillance of 
liver health in pediatric Fontan patients. Can J 
Cardiol 2019; 35: 217–220.

	11.	 Michel M, Zlamy M, Entenmann A, et al. Impact 
of the Fontan operation on organ systems. 
Cardiovasc Hematol Disord Drug Targets 2019; 19: 
205–214.

	12.	 Telinius N and Hjortdal VE. Role of the 
lymphatic vasculature in cardiovascular medicine. 
Heart 2019; 105: 1777–1784.

https://journals.sagepub.com/home/taj
https://orcid.org/0000-0002-3626-3270
https://orcid.org/0000-0002-3626-3270


Therapeutic Advances in Chronic Disease 11

24	 journals.sagepub.com/home/taj

	13.	 Ohuchi H, Negishi J, Hayama Y, et al. 
Hyperuricemia reflects global Fontan 
pathophysiology and associates with morbidity 
and mortality in patients after the Fontan 
operation. Int J Cardiol 2015; 184: 623–630.

	14.	 Ohuchi H, Miyamoto Y, Yamamoto M, et al. 
High prevalence of abnormal glucose metabolism 
in young adult patients with complex congenital 
heart disease. Am Heart J 2009; 158: 30–39.

	15.	 Whiteside W, Tan M, Ostlund RE, Jr., 
et al. Altered cholesterol metabolism and 
hypocholesterolemia in patients with single 
ventricle following Fontan palliation. J Pediatr 
2016; 171: 73–77.

	16.	 Whiteside W, Tan M, Yu S, et al. Low total, low-
density lipoprotein, high-density lipoprotein, and 
non-high-density lipoprotein cholesterol levels in 
patients with complex congenital heart disease 
after Fontan palliation. J Pediatr 2013; 162: 
1199–1204.

	17.	 Zyblewski SC, Argraves WS, Graham EM, 
et al. Reduction in postoperative high-density 
lipoprotein cholesterol levels in children 
undergoing the Fontan operation. Pediatr Cardiol 
2012; 33: 1154–1159.

	18.	 Bedi KC, Snyder NW, Brandimarto J, et al. 
Evidence for intramyocardial disruption of lipid 
metabolism and increased myocardial ketone 
utilization in advanced human heart failure. 
Circulation 2016; 133: 706–716.

	19.	 Matsumoto T, Kobayashi T and Kamata 
K. Role of lysophosphatidylcholine (LPC) 
in atherosclerosis. Curr Med Chem 2007; 14: 
3209–3220.

	20.	 Ohuchi H, Negishi J, Miike H, et al. Positive 
pediatric exercise capacity trajectory predicts 
better adult Fontan physiology rationale for early 
establishment of exercise habits. Int J Cardiol 
2019; 274: 80–87.

	21.	 Dubowy KO, Baden W, Bernitzki S, et al. A 
practical and transferable new protocol for 
treadmill testing of children and adults. Cardiol 
Young 2008; 18: 615–623.

	22.	 Siskos AP, Jain P, Römisch-Margl W, et al. 
Interlaboratory reproducibility of a targeted 
metabolomics platform for analysis of human 
serum and plasma. Anal Chem 2017; 89: 656–665.

	23.	 Colton T. Statistics in medicine. 1st ed. Boston: 
Little, Brown and Company.

	24.	 Benjamini Y and Hochberg Y. Controlling the 
false discovery rate: a practical and powerful 
approach to multiple testing. J R Statist Soc B, 
Series B 1995; 57: 289–300.

	25.	 R Core Team (2019) R: a language and 
environment for statistical computing. R Foundation 
for Statistical Computing, Vienna, Austria. 
https://www.R-project.org/

	26.	 Gibellini F and Smith TK. The 
Kennedy pathway–De novo synthesis 
of phosphatidylethanolamine and 
phosphatidylcholine. IUBMB Life 2010; 62: 
414–428.

	27.	 Hammad SM, Pierce JS, Soodavar F, et al. Blood 
sphingolipidomics in healthy humans: impact of 
sample collection methodology. J Lipid Res 2010; 
51: 3074–3087.

	28.	 Calder PC. Omega-3 fatty acids and 
inflammatory processes: from molecules to man. 
Biochem Soc Trans 2017; 45: 1105–1115.

	29.	 Parisi LR, Li N and Atilla-Gokcumen GE. Very 
long chain fatty acids are functionally involved in 
necroptosis. Cell Chem Biol 2017; 24: 1445–1454.e8.

	30.	 Lee CY, Lesimple A, Larsen A, et al. ESI-MS 
quantitation of increased sphingomyelin in 
Niemann-Pick disease type B HDL. J Lipid Res 
2005; 46: 1213–1228

	31.	 Bagdade JD and Subbaiah PV. Abnormal high-
density lipoprotein composition in women with 
insulin-dependent diabetes. J Lab Clin Med 1989; 
113: 235–240.

	32.	 Edsfeldt A, Duner P, Stahlman M, 
et al. Sphingolipids contribute to human 
atherosclerotic plaque inflammation. Arterioscler 
Thromb Vasc Biol 2016; 36: 1132–1140.

	33.	 Xu X, Gao B, Guan Q, et al. Metabolomic profile 
for the early detection of coronary artery disease 
by using UPLC-QTOF/MS. J Pharm Biomed 
Anal 2016; 129: 34–42.

	34.	 Martínez-Beamonte R, Lou-Bonafonte JM, 
Martínez-Gracia MV, et al. Sphingomyelin in 
high-density lipoproteins: structural role and 
biological function. Int J Mol Sci 2013; 14: 
7716–7741.

	35.	 Knottnerus SJG, Blooker JC, Wüst RCI, et al. 
Disorders of mitochondrial long-chain fatty acid 
oxidation and the carnitine shuttle. Rev Endocr 
Metab Disord 2018; 19: 93–106.

	36.	 Neubauer S. The failing heart - an engine  
out of fuel. N Engl J Med 2007; 356:  
1140–1151.

	37.	 Bochkov V, Gesslbauer B, Mauerhofer C, et al. 
Pleiotropic effects of oxidized phospholipids. Free 
Radic Biol Med 2017; 111: 6–24.

	38.	 Maekawa K, Hirayama A, Iwata Y, et al. Global 
metabolomic analysis of heart tissue in a hamster 

https://journals.sagepub.com/home/taj
https://www.R-project.org/


M Michel, K-O Dubowy et al.

journals.sagepub.com/home/taj	 25

model for dilated cardiomyopathy. J Mol Cell 
Cardiol 2013; 59: 76–85.

	39.	 Möller P, Weitz M, Jensen KO, et al. Exercise 
capacity of a contemporary cohort of children 
with hypoplastic left heart syndrome after staged 
palliation. Eur J Cardiothorac Surg 2009; 36: 
980–985.

	40.	 Yücel G, Behnes M, Barth C, et al. Percutaneous 
closure of left atrial appendage significantly affects 
lipidome metabolism. Sci Rep 2018; 8: 5894.

	41.	 Cordina R, Ministeri M, Babu-Narayan SV, et al. 
Evaluation of the relationship between ventricular 
end-diastolic pressure and echocardiographic 
measures of diastolic function in adults with a 
Fontan circulation. Int J Cardiol 2018; 259: 71–75.

	42.	 Baggen VJM, van den Bosch AE and Eindhoven 
JA, et al. Prognostic value of galectin-3 in adults 
with congenital heart disease. Heart 2018; 104: 
394–400.

	43.	 Adada M, Luberto C and Canals D. Inhibitors of 
the sphingomyelin cycle: sphingomyelin synthases 
and sphingomyelinases. Chem Phys Lipids 2016; 
197: 45–59.

	44.	 Opotowsky AR, Valente AM, Alshawabkeh L, 
et al. Prospective cohort study of C-reactive 
protein as a predictor of clinical events in adults 
with congenital heart disease: results of the 
Boston adult congenital heart disease biobank. 
Eur Heart J 2018; 39: 3253–3261.

	45.	 Ostrow AM, Freeze H and Rychik J. Protein-
losing enteropathy after fontan operation: 
investigations into possible pathophysiologic 
mechanisms. Ann Thorac Surg 2006; 82: 695-700

	46.	 Rychik J, Goldberg D, Rand E, et al. End-organ 
consequences of the Fontan operation: liver 
fibrosis, protein-losing enteropathy and plastic 
bronchitis. Cardiol Young 2013; 23: 831–840.

	47.	 Levine B, Kalman J, Mayer L, et al. Elevated 
circulating levels of tumor necrosis factor in 
severe chronic heart failure. N Engl J Med 1990; 
323: 236–241.

	48.	 Matthan NR, Ooi EM, Van Horn L, et al. Plasma 
phospholipid fatty acid biomarkers of dietary 
fat quality and endogenous metabolism predict 
coronary heart disease risk: a nested case control 
study within the Women's Health Initiative 
Observational Study. J Am Heart Assoc 2014; 3: 
e000764.

	49.	 Pruzanski W, Stefanski E, de Beer FC, et al. 
Comparative analysis of lipid composition of 
normal and acute-phase high density lipoproteins. 
J Lipid Res 2000; 4: 1035–1047.

	50.	 Choy E and Sattar N. Interpreting lipid levels 
in the context of high-grade inflammatory states 
with a focus on rheumatoid arthritis: a challenge 
to conventional cardiovascular risk actions. Ann 
Rheum Dis 2009; 68: 460–469.

	51.	 Fyfe A, Perloff JK, Niwa K, et al. Cyanotic 
congenital heart disease and coronary artery 
atherogenesis. Am J Cardiol 2005; 96: 283–290.

	52.	 Udink Ten Cate FEA and Tjwa ETTL. Imaging 
the lymphatic system in Fontan patients. Circ 
Cardiovasc Imaging 2019; 12: e008972.

	53.	 Long MT, Wang N, Larson MG, et al. 
Nonalcoholic fatty liver disease and vascular 
function: cross-sectional analysis in the 
Framingham heart study. Arterioscler Thromb Vasc 
Biol 2015; 35: 1284–1291.

	54.	 Logoteta J, Ruppel C, Hansen JH, et al. 
Ventricular function and ventriculo-arterial 
coupling after palliation of hypoplastic left heart 
syndrome: a comparative study with Fontan 
patients with LV morphology. Int J Cardiol 2017; 
227: 691–697.

	55.	 Schäfer M, Younoszai A, Truong U, et al. 
Influence of aortic stiffness on ventricular 
function in patients with Fontan circulation. 
J Thorac Cardiovasc Surg 2018; pii: S0022-
5223(18)32543-1.

	56.	 Tomkiewicz-Pajak L, Dziedzic-Oleksy H, Pajak 
J, et al. Arterial stiffness in adult patients after 
Fontan procedure. Cardiovasc Ultrasound 2014; 
12: 15.

	57.	 Holler F, Hannes T, Germund I, et al. Low 
serum 25-hydroxyvitamin D levels and secondary 
hyperparathyroidism in Fontan patients. Cardiol 
Young 2016; 26: 876–884.

	58.	 Saiki H, Kurishima C, Masutani S, et al. Cerebral 
circulation in patients with Fontan circulation: 
assessment by carotid arterial wave intensity and 
stiffness. Ann Thorac Surg 2014; 97: 1394–1399.

	59.	 Lyle AN and Raaz U. Killing Me Unsoftly: 
causes and mechanisms of arterial stiffness. 
Arterioscler Thromb Vasc Biol 2017; 37: e1–e11.

	60.	 Laurent S, Cockcroft J, Van Bortel L, et al; 
European Network for Non-invasive Investigation 
of Large Arteries. Expert consensus document 
on arterial stiffness: methodological issues and 
clinical applications. Eur Heart J 2006; 27: 
2588–2605.

	61.	 Hays BS, Baker M, Laib A, et al. 
Histopathological abnormalities in the central 
arteries and veins of Fontan subjects. Heart 2018; 
104: 324–331.

Visit SAGE journals online 
journals.sagepub.com/
home/taj

SAGE journals

https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj



