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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.! 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.37 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.® 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,®
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.!%-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.!?® The role of the liver as a central
metabolising and synthesising organ implies that
profiling metabolic patterns may offer insights
into Fontan physiology.1%!! The last decade saw
initial attempts to assess Fontan-patient metabo-
lism with wusual clinical-biochemistry testing.
Besides hyperuricemia and abnormal glucose
handling, alterations in cholesterol and lipopro-
tein metabolism were reported.!3-17 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,!® 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,!® 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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Patients with Fontan circulation (n=398)

Dominant right ventricle (n= 222)

Dominant left ventricle (n=176)

Age < 18 years (n=105)

Age > 18 years (n=71)

Affecting medication (n=13)

Valve regurgitation > mild (n=14)

Protein-losing enteropathy (n=2)

Malingnancy (n=1)

Pregnancy (n=1)

VO3 AT < 20 mL/kg/min (n=2)

Fasting < 8h (n=11)

Missing consent (n=7)

Patients included (n=20)

Figure 1. Patient flow chart according to STROBE.
The study population. AT, anaerobic threshold; h, hour; VO,,
oxygen uptake.

of =18years, and 8h 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; <8h 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 (VO,AT) <20ml/kg/
min (patients) and <25 ml/kg/min (controls) on
exercise capacity testing.2%-2! 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.!> All
patients underwent symptom-limited treadmill
exercise capacity testing with expired-gas analy-
sis.2l A 12-lead electrocardiogram was used to
determine heart rate, and oxygen uptake at rest
(VO, at rest; ml/kg/min), VO,AT (ml/kg/min),
and maximum uptake of oxygen (VO,max; 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 0.5ml 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, 10min 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
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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® pl80 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 (umol/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 r-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.?> 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.2* 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 (z-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).%5

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= 18years 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, VO, 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 (g-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; ¢g-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 VO, (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 PLL 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.?® 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 88

After TCPC (years) 18.8+5.2

Age (years) 23.1%5.1 247+ 6.6 0.28
Weight (kg] 69.8+13.2 733+ 117 0.17
Height (cm) 171.3 7.4 174.5+8.7 0.04
Body mass index (kg/m?) 23.8* 4.1 225+3.3 0.05
Further cardiac procedures LPA dilation/stent: 20 -

Tunnel dilation/stent: 30 -
Closure of fenestration: 5 -
Closure of v 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 100 100
valve regurgitation

Absent or mild aortic valve 100 100
regurgitation

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.

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

Fontan patients Controls p-value
V0, at rest, ml/kg/min 5.6+1.7 5.8-1.1 0.03
VO,AT, ml/kg/min 245*+4.9 30.1x3.6 <(0.00001
VO,max, 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
Sp0, at rest, % 93+3 99 +1 <0.00001
Sp0, 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; Sp0,, pul-
soxymetric oxygen saturation; VO,, 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+86.5 473+22.8 0.0003*T
Lipoprotein (a), mg/dl 12.4+155 10.9 6.6 0.47
Total protein, g/dl 7.2+0.5 70+0.7 0.31
Albumin, mg/dl 4145 * 492 4215+ 208 0.64
Uric acid, mg/dl 5.9+1.4 39+13 0.0003*T
Urea, mg/dl 32674 228+89 0.0008*T
Creatinine, mg/dl 0.8+0.12 0.53+0.18 <0.00001*71
Total bilirubin, mg/dl 1.22+0.67 0.3+0.29 <0.00001*7
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*T
gGT, U/L 86.5+43.6 35.1+19.4 0.00002*T
Alkaline phosphatase, U/l 103.3+53.2 991 +72.6 0.20
GLDH, U/L 3.7%1.9 3.5+1.5 0.26

(Continued)
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Table 3. (Continued)

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 2.1x0.76 1.02+0.04 <0.00001*%
PTT, sec 35.2+5.7 27.0+3.9 0.00004*T
Fibrinogen, mg/dl 239.2 +78.4 258.7 +57.3 0.17
Antithrombin Ill, % 101.6+10.5 104.5+8.5 0.38
Leucocytes, 1/nl 6.7+3.2 7.2+2.56 0.23
Thrombocytes, 1000/nl 171.3+73.2 279.8+88.5 0.0002*!
Haemoglobin, g/dl 16.4+2.1 127+ 1.4 <0.00001*7
Haematocrit, % 47.8%5.6 39.3+4.2 <0.00001*7

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; *T, statistically significant higher serum concentration in
Fontan patients than in controls; *!, statistically significant lower serum concentration in Fontan patients than in controls.

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.?8
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.?? Tissues are enriched in HDL-SM

in Niemann—Pick disease, which is caused by
an acid sphingomyelinase deficiency due to
mutations in SMPDI1,3° and SM-depleted
HDL was observed in patients with diabetes.3!
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,3? 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.3>
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.?®
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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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.

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
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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 25t and the 75t percentile,
the whiskers the minimum and the maximum. PC, phosphatidylcholine; SM, sphingomyelin.

bodies. When the substrate shifts as HF pro-
gresses is still unknown.3¢

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.?7:38 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 VO,AT of 25ml/kg/min and VO,max of
29 ml/kg/min, which correlates well with normal
values for right-ventricle Fontan patients.3®

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

raised end-diastolic pressures, hinting at altered
diastolic and sustained systolic ventricular func-
tion.*0 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 LLAA 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.*! 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. %742

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.?%32 An activated
pathway can be characterised by reduced levels of
SM, as seen in our patients.*? Even if acute inflam-
mation is not to be expected in our patients 18years
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 CHF%
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 VO,, but also have a greater
risk for death or non-elective cardiovascular hospi-
talisation.** 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.** 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.%¥:4 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,? 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.!5-17%:50 Such alterations in cholesterol pro-
file exist even 5years before rheumatoid arthritis
manifests clinically, and a similar cholesterol profile
is associated with an increased risk of cardiovascular
disease.’® 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.>!

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.!? 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.>2 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.’? 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.!>
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.32-3¢ 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.33-55 The Fontan patient with a right sys-
temic ventricle who has undergone extensive aortic
surgery is especially likely to exhibit aortic stiffness
<5years after Fontan completion.>* 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.>> 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.3% 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.>%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.5® Local assessment of arterial
stiffness would be desirable.5%:%0 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
30years, mural remodelling has been demon-
strated in the pulmonary artery and in the inferior
and superior vena cava.’! Moreover, in the course
of their signalling function, PL regulate angiogen-
esis, possibly linking their concentrations in serum
with altered collateral-vessel formation.?” 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.?” 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.?’ 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.2? 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.
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