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ABBREVIATIONS
AND ACRONYMS

AA = amino acid

ADP = adenosine diphosphate
ANOVA = analysis of variance
ATP = adenosine triphosphate

BCAA = branched-chain amino
acid

BVNF = biventricular
nonfailing

CHD = congenital heart disease
CoA = coenzyme A

CPT = carnitine
palmitoyltransferase

DEG = differentially expressed
gene

DEM = differentially expressed
metabolite

FA = fatty acid
GO = Gene Ontology
HF = heart failure

HLHS = hypoplastic left heart
syndrome

LC = liquid chromatography
LV = left ventricle

MS = mass spectrometry
-OX = B-oxidation

OXPHOS = oxidative
phosphorylation

PANTHER = Protein Analysis
Through Evolutionary
Relationships

PCA = principal component
analysis

RNA-Seq = RNA sequencing
RV = right ventricle
SV = single ventricle

SVHF = single-ventricle heart
failure

SVHFpEF = single-ventricle
heart failure with preserved
ejection fraction (systolic
function)

SVHFrEF = single-ventricle
heart failure with reduced
ejection fraction (systolic
function)

SVNF = single-ventricle
nonfailing

TCA = tricarboxylic acid

UPLC = ultrahigh-pressure
liquid chromatography

SUMMARY

creativecommons.org/licenses/by-nc-nd/4.0/).

Ithough 1% of children are born with

congenital heart disease (CHD),

there are limited treatment options
for those patients with the most complex
CHDs, such as single-ventricle CHD (SV). SV
is the most common complex CHD and repre-
sents a heterogeneous group of anatomical
cardiac defects typified by severe underde-
velopment of 1 side of the heart that results
in a univentricular circulation. Patients with
SV have a higher risk of mortality than pa-
tients with any other CHD. Patients with a
systemic right ventricle (RV) in particular,
such as those with hypoplastic left heart syn-
drome (HLHS), represent the most common
SV subtype and tend to have worse out-
comes.” " Because the geometry, fiber orien-
tation, and metabolic adaptations of the RV
are not tailored to support the high-pressure
systemic circulation, patients with SV of right
ventricular morphology are at particularly
increased risk of morbidity and mortality.”""
Given the poor outcomes in this subgroup,
patients with SV of right wventricular
morphology (including those with HLHS)
are the focus of this study.

SV is universally fatal without surgical
intervention or heart transplantation; how-
ever, in the past several decades, remarkable
advances in surgical techniques and post-
operative care have resulted in an increasing
number of patients with SV living into
adulthood. It is estimated that there are
approximately 1.6 per 10,000 children and
young adults living with SV physiology
today.”” Nevertheless, despite the growing

numbers of child and adult survivors with SV, hy-
pertrophy, remodeling, and eventual heart failure
(HF) are important lifelong sequelae after palliative
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The mechanisms responsible for heart failure in single-ventricle congenital heart disease are unknown. Using
explanted heart tissue, we showed that failing single-ventricle hearts have dysregulated metabolic pathways,
impaired mitochondrial function, decreased activity of carnitine palmitoyltransferase activity, and altered
functioning of the tricarboxylic acid cycle. Interestingly, nonfailing single-ventricle hearts demonstrated an
intermediate metabolic phenotype suggesting that they are vulnerable to development of heart failure in the
future. Mitochondrial targeted therapies and treatments aimed at normalizing energy generation could
represent a novel approach to the treatment or prevention of heart failure in this vulnerable group of patients.
(J Am Coll Cardiol Basic Trans Science 2022; m:m-m) © 2022 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://

surgical repair in these patients.’>'® Patients with SV
therefore require a substantial investment of health
care resources over their lifetime, and their long-term
prognosis remains guarded even after surviving the
early neonatal period."”” Importantly, more than 30%
of patients with SV die or require cardiac trans-
plantation within the first year of life, and 10-year
survival in these patients is only 39% to 50%.%' In
a normal heart, the RV supports the low-pressure
pulmonary circulation; however, in patients with a
single RV, the RV must adapt to sustain systemic
perfusion. Therefore, long-term survival and quality
of life ultimately depend on preservation of systemic
right ventricular function. Chronic right ventricular
dysfunction in patients with SV hearts may reflect
irreversible adverse remodeling that is presumably a
precursor to HF.' Unfortunately, how the systemic
RV adapts to the chronically altered hemodynamic
conditions of SV physiology is poorly understood, and
this lack of mechanistic understanding limits the
ability to identify clinically relevant pathways, bio-
markers of disease progression, and effective thera-
peutics. The use of proven adult HF therapies has
been ineffective in preventing the development of
ventricular dysfunction and the progression to end-
stage HF in patients with SV CHD, a finding suggest-
ing that focused study of the mechanisms underlying
HF progression in patients with SV is warranted.’>'°

At present, very little is known about gene
expression changes and cardiometabolic adaptations
specific to the pediatric SV heart. Here, we performed
comprehensive multiomics analysis (transcriptomics,
metabolomics, and lipidomics) of the SV myocardium
from both failing SV (SVHF) subjects and nonfailing
SV (SVNF) subjects, compared with biventricular
nonfailing (BVNF) control subjects. Furthermore, on
the basis of our integrated pathway analysis, we
assessed functional components of mitochondrial
bioenergetics in each of these groups of patients. We
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uncovered a distinct cardiometabolic profile in SVHF
subjects, accompanied by altered tricarboxylic acid
(TCA) cycle flux, significantly decreased mitochon-
drial carnitine palmitoyltransferase (CPT) enzyme
activity, and mitochondrial dysfunction. Addition-
ally, similar analysis of SVNF subjects (normal sys-
tolic function) revealed an intermediate phenotype,
with less dramatic metabolic remodeling, suggesting
vulnerability of the SV heart even before the onset of
overt HF. Therefore, these findings may assist in the
identification of new treatments aimed at preserving
cardiac bioenergetics and preventing further car-
diometabolic remodeling for the treatment or pre-
vention of SV failure.

METHODS

HUMAN SUBJECTS. These studies were conducted
according to Declaration of Helsinki principles. Sub-
jects or guardians of subjects less than 18 years of age
included in this study gave written informed consent
before inclusion in the study, and they donated their
heart tissue to the Institutional Review Board-
approved pediatric and adult tissue banks at the
University of Colorado Denver Anschutz Medical
Campus (Aurora, Colorado, USA). Subjects included in
this study were male and female patients of all ethnic
backgrounds. At the time of surgical palliation or
cardiac explantation, heart tissue was immediately
cooled in ice-cold oxygenated Tyrode’s solution in
the operating room. Ventricular tissue and septa were
rapidly dissected and used immediately or were flash
frozen and stored at —80 °C until further use. Samples
from BVNF subjects originated from brain dead organ
donors less than 24 years of age with normal left
ventricular function (ejection fraction >50%) whose
hearts could not be placed because of the lack of an
appropriate recipient (eg, size or blood type
mismatch). Given the limited availability of fresh
pediatric BVNF tissue samples, BVNF patients less
than 67 years of age were included for high-resolution
respirometry studies only, where fresh tissue was
needed. RV tissue from SV subjects originated from
patients undergoing the Norwood-Sano surgical
palliation procedure or cardiac transplantation at less
than 18 years of age, with a morphologic single RV
and no clinical evidence of inherited cardiomyopa-
thies. SVNF subjects were free from HF symptoms and
had normal systolic function at the time of primary
transplantation or at the time of the Norwood-Sano
procedure. SVHF subjects underwent cardiac trans-
plantation secondary to the presence of medically
refractory HF. SVHF subjects had decreased right
ventricular function transthoracic

systolic on
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echocardiogram, medically refractory protein-losing
enteropathy, plastic bronchitis, and/or right ventric-
ular end-diastolic pressure or pulmonary capillary
wedge pressure of =12 mm Hg. Determination of
systolic function was made on the basis of review of
the clinical echocardiographic report for each subject.
For the purposes of some analyses, SVHF subjects
were further subdivided into those with reduced
systolic function on echocardiogram (SVHFrEF) and
those with preserved systolic function on echocar-
diogram (SVHFpEF).

RNA EXTRACTION. Human RV samples were ho-
mogenized in QIAzol (Qiagen), and RNA was extrac-
ted using the RNeasy Plus Mini Kit (Qiagen).
Following extraction, RNA was treated with TURBO
DNase (Thermo Fisher Scientific) according to the
manufacturer’s protocol.

TRANSCRIPTOMIC ANALYSIS. Library preparation
was performed using the TruSeq Ribo-Zero rRNA
depletion kit (Illumina), and 2 x 150 total RNA
sequencing was performed on an Illumina HiSEQ
4000 sequencer (high-throughput mode), with an
average of 39 to 44 million mapped reads per sample.
Samples were de-multiplexed and aligned to the
reference genome Homo sapiens (hg19) using GSNAP
(Genomic Short-read Nucleotide Alignment Pro-
gram).’® HTSeq software (Huber Group) was used to
produce gene counts for each of our 27 samples,
including RV myocardium from BVNF (n = 4), SVNF
(n = 8), SVHFTEF (n = 9), and SVHFpEF (n = 6) sub-
jects.”® Counts of reads generated by HTSeq were
normalized and annotated using the edgeR pipeline
(Bioconductor).” Although RNA sequencing (RNA-
Seq) identified more than 41,000 genes, counts of =5
in any 1 sample and a log, fold-change =1.2 were
necessary for inclusion. After filtering, approximately
7,500 to 12,000 genes remained in each data set.
Significant changes in gene expression between BVNF
and SVNF were calculated using Welch’s t-test and a
false discovery rate-adjusted P value, q <0.1. Signif-
icant changes in gene expression among the BVNF,
SVHFIEF, and SVHFpEF groups were calculated using
an analysis of variance (ANOVA) and post hoc false
discovery rate-adjusted P value, q <0.1. A schematic
overview of the transcriptomic analysis is provided in
Figures 1A and 1B.

Hierarchical clustering, heat map, volcano, chord,
and principal component analysis (PCA) plots were
generated using R software (R Foundation). Signifi-
cantly differentially regulated genes were subjected

to Gene Ontology (GO) categorization,”® canonical
pathway, and gene networks analysis using Ingenuity

Pathway Analysis®* (Qiagen) and Metascape.”
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A Transcriptomic Analysis Overview

FIGURE 1 Overview of Single-Ventricle Transcriptomic Analysis
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(A) Schematic overview of next-generation RNA sequencing (RNA-Seq) in biventricular nonfailing (BVNF) and single-ventricle myocardial samples. (B) Unbiased
principal component analysis (PCA, using a combination of significantly dysregulated genes in each group relative to biventricular nonfailing samples) illustrates
segregation of biventricular nonfailing, single-ventricle nonfailing (SVNF), and single-ventricle heart failure groups among the principal components and overlap
between the single-ventricle heart failure with reduced ejection fraction (SVHFrEF) and single-ventricle heart failure with preserved ejection fraction (SVHFpEF)
groups. DEG = differentially expressed gene; FDR = false discovery rate; PC = principal component.

Disease-gene association analyses were performed
using DisGeNET (a Cytoscape application).?®?” GO
categorization of differentially expressed genes on
the basis of molecular function, biologic process,
and cellular component was generated using
PANTHER (Protein Analysis Through Evolutionary
Relationships).?®3!

METABOLOMICS ANALYSIS. Untargeted metabolomics
analysis was performed by University of Colorado
Metabolomics Core Facility by using ultrahigh-
pressure (UP) liquid chromatography (LC; UPLC)
coupled to online mass spectrometry (MS). Briefly,
cardiac tissue sample extracts were injected into a
UPLC system (Ultimate 3000, Thermo) and run on a
Kinetex XB-C18 column (150 x 2.1 mm and 1.7-pm
particle size, Phenomenex) at 250 pL/min (mobile
phase, 5% acetonitrile, Sigma-Aldrich), 95% 18 mQ
H,0 (Sigma-Aldrich), and 0.1% formic acid (Sigma-
Aldrich). The UPLC system was coupled online with a

Q Exactive system (Thermo), scanning in Full MS
mode (2 microscans) at a 70,000 resolution in the 60-
to 900-m/z range, 4-kV spray voltage, 15 sheath gases
and 5 auxiliary gases, operated in negative-ion and
then positive-ion mode (separate runs). Calibration
was performed before each analysis against positive-
ion or negative-ion mode calibration mixes (Pierce,
Thermo Fisher) to ensure subparts per million error of
the intact mass. Metabolite assignments were per-
formed using Maven software,*” on conversion of
.raw files into .mzXML format through MassMatrix
software. Such software allows peak picking, feature
detection, and metabolite assignment against the
KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway database to be conducted. Assignments
were  further against  chemical
formula determination (as gleaned from isotopic

confirmed

patterns and accurate intact mass), and retention
times were confirmed against an in-house validated

standard library (>650 compounds, including
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various metabolites, amino acids [AAs], and acylcar-
nitines) (Sigma-Aldrich; MLSMS, IROATech). Relative
quantitation was performed by exporting integrated
peak area values into Excel (Microsoft) for statistical
analyses. To account for variability between
2 different MS runs, metabolites were normalized to
the average of all BVNF control samples in each run.
PCA plots were generated using R software
(R Foundation). Differentially regulated metabolites
were subjected to GO categorization, canonical
pathway, and networks analysis using Reactome?3"”
and MetaboAnalyst (R Foundation)3**° resources.

INTEGRATED MULTIOMICS ANALYSIS. Differentially
regulated transcripts and metabolites were subjected
to joint pathway integrated -omics analysis using the
R software package MetaboAnalyst version 4.0.3%4°

CANONICAL PATHWAY ENRICHMENT AND GENE-DISEASE
ASSOCIATION ANALYSIS. Quantitative analysis of cat-
egorical data identified the pathways and molecular
interactions that were most significantly enriched in
differentially expressed genes, metabolites, or a
combination of the 2. Fisher’s exact tests were per-
formed to calculate a P value determining the prob-
ability that the association between the genes or
metabolites in the observed values and the canonical
pathway are explained by chance alone. Significant
enrichment was set a priori at P <0.05.

CARNITINE PALMITOYLTRANSFERASE ACTIVITY.
in RV
myocardial tissue samples by using a stable isotope-

CPTI and CPTII activity was measured

based assay with carbon-14 (14C) carnitine, as
described.*' Briefly, CPTI activity is measured by
permeabilizing the plasma membrane and
measuring the production of palmitoyl-carnitine
from palmitoyl-coenzyme A (CoA). CPTII activity is
measured by permeabilizing the inner mitochondrial
membrane and adding malonyl-CoA to inhibit CPTI.

HIGH-RESOLUTION  RESPIROMETRY. High-resolu-
tion respirometry was conducted using the Oroboros
Oxygraph-2k (02k, Oroboros Instruments) to measure
respiration in permeabilized cardiac fibers as
described.** All 02k analyses were conducted using
freshly isolated RV, LV, or septal myocardial tissue
within 2 to 16 hours after explantation. Briefly, pieces
of tissue were teased and placed into ice-cold bio-
preservation medium (BIOPS, containing 2.77 mM
dipotassiocalcium ethylene glycol tetraacetic acid
[EGTA], 7.23 mM dipotassium EGTA, 20 mM imid-
azole, 20 mM taurine, 50 mM 4-morpholine-ethane-
sulfonic acid, 0.5 mM dithiothreitol, 6.56 mM
magnesium chloride hexahydrate, 5.77 mM disodium

Impaired Cardiac Bioenergetics in SV Heart Disease

adenosine triphosphate (ATP), and 15 mM disodium
phosphocreatine) containing 30 mg/mL saponin for
30 minutes to permeabilize the plasma membrane (all
reagents from Sigma-Aldrich). Following per-
meabilization, samples were washed for 10 minutes
in ice-cold mitochondrial respiration medium
(MiRo5 [Oroboros], 0.5 mM EGTA, 3mM magnesium
chloride hexahydrate, 60 mM potassium lactobio-
nate, 20 mM taurine, 10 mM potassium dihydrogen
phosphate, 20 mM HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid], 110 mM sucrose,
and 1 g/L fatty acid (FA)-free bovine serum albumin
in sterile water; all reagents from Sigma-Aldrich)
supplemented with 25 mM blebbistatin (Millipore
Sigma). Samples were then blotted on filter paper,
weighed, and placed into the O2k chambers con-
taining 25 mM blebbistatin and MiRo5 at 37 °C. The
chambers were calibrated and mitochondrial respi-
ratory function was measured using a stepwise
substrate-uncoupler-inhibitor titration (SUIT) proto-
col (5 mM pyruvate, 1 mM malate, 4 mM adenosine
diphosphate [ADP], 10 mM glutamate, 10 mM succi-
nate, 10 mM cytochrome ¢, 0.5 mM steps of carbonyl
cyanide p-trifluoromethoxyphenylhydrazone [CCCP],
and 2 mM rotenone; all reagents from Sigma-Aldrich).
Oxygen flux rate and oxygen concentration were
simultaneously measured, and data were analyzed
using DatLab software (Oroboros Datlab Version 7.0,
Oroboros Instruments).

LIPIDOMIC ANALYSIS. Acyl-Coenzyme A. Acyl-CoAs
were isolated from RV myocardial tissue samples as
described,*® and they were quantified by LC-MS
using an API 4000 electrospray ionization mass
spectrometer (AB Sciex) and an Acquity UPLC Hy-
drophilic Interaction Chromatography (HILIC) col-
umn (Waters) with solvent A composed of 2%
ammonium hydroxide in 50% methanol and solvent
B composed of 5 mM ammonium formate in meth-
anol, pH 5. Runs were 12 minutes long with flow
starting at 90% B, decreasing to 20% B at 2 minutes,
and then back up to 90% B at 9 minutes. Samples
were detected using neutral loss at m/z 507 and
were quantified using the ratio to 3 internal stan-
dards of different chain lengths for short-, medium-
, and long-chain acyl-CoAs (*3*C-acetyl CoA, '3C-C8:0
CoA, and C17:0 CoA, respectively; Avanti Po-
lar Lipids).**

Sphingolipids. Sphingolipids were isolated from RV
myocardial tissue samples, extracted onto a 1-phase
neutral organic solvent system, and analyzed by
LC-MS-MS on an API-2000 mass spectrometer using
ceramide standards (Avanti Polar Lipids) to identify
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both nonpolar and polar species as described.***>
Sphingolipid species were quantified per milligram
of protein on the basis of a protein assay of the tissue
homogenates (BCA Protein Assay Kit, Pierce).
Phospholipids. Phospholipids were extracted from
RV myocardial tissue samples that were homogenized
using a glass-on-glass homogenizer in phosphate-
buffered saline (PBS) according to previously pub-
lished methods.*®*® Phospholipids were quantified
using LC coupled to electrospray ionization MS in an
API 4000 mass spectrometer, as described.*® Tetra-
myristyl cardiolipin (1,000 nmol) and Splash phos-
pholipid standards (Avanti Polar Lipids) were used as
internal standards to identify phospholipid retention
times. Phospholipid species were quantified per
milligram of protein on the basis of a protein assay of
the tissue homogenates (BCA Protein Assay Kit).
Analysis was performed using Analyst software.

STATISTICAL ANALYSIS. With the exception of the
transcriptomic analysis, all statistical analyses were
performed using GraphPad Prism version 9.0
(GraphPad Software), and statistical significance was
set a priori at P <0.05. All statistical tests used and
graphic depictions of data (means and error bars, or
box and whisker plots) are defined within the figure
legends for the respective data panels. Exact n values
for all experiments with statistical analysis are
included in the figure legends. Data were tested for
gaussian  distribution with the Shapiro-Wilk
normality test. Welch’s correction was used when
variances were unequal on the basis of the F-test.
Comparisons between 2 normally distributed groups
were conducted using an unpaired t-test, compari-
sons between 2 non-normally distributed groups were
conducted using the nonparametric Mann-Whitney
test, and comparisons between 2 groups with un-
equal variances were conducted using Welch’s t-test.
Comparisons of 3 or more normally distributed
groups were conducted using a 1-way ANOVA; if the
overall comparison reached significance, a Holm-
Sidak post hoc test for multiple pairwise compari-
sons was performed. Comparisons among 3 or more
non-normally distributed groups were conducted
using the nonparametric Kruskal-Wallis test; if the
overall comparison reached significance, Dunn’s post
hoc test for multiple pairwise comparisons was per-
formed. Comparisons among 3 or more groups with
unequal variances were conducted using Welch’s
ANOVA; if the overall comparison reached signifi-
cance, Dunnett’s post hoc test for multiple pairwise
comparisons was performed.
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RESULTS

SUBJECT CHARACTERISTICS. Aggregate character-
istics for patients included in this study are listed in
Table 1, and a more detailed description of individual
subject characteristics is included in Supplemental
Table 1. A total of 32 BVNF, 21 SVNF, and 34 SVHF
(n = 26, SVHFIEF; n = 8, SVHFpEF) subjects were
included in this study. Given the amount of tissue
required for each experiment combined with the
finite resource the tissue bank represents, all analyses
could not be performed on every patient. Therefore,
for those studies relying on frozen tissue (eg,
RNA-Seq, CPT activity, metabolomics, and lip-
idomics), inclusion in the study was determined on
the basis of the amount of tissue available for use.

DISTINCT TRANSCRIPTOMIC PROFILES DISCRIMINATE
SINGLE-VENTRICLE HEART DISEASE SUBJECTS FROM
CONTROL SUBJECTS. Next generation RNA-Seq was
performed on RV myocardial tissue samples from
BVNF (n = 4), SVNF (n =8), and SVHF (SVHF1EF,
n = 9; SVHFpEF, n = 6) patients. A schematic over-
view of the comprehensive transcriptomic analysis is
provided in Figure 1A, with segregation of groups on
the basis of phenotype evident in the PCA seen in
Figure 1B. There were 1,007 significantly differentially
expressed genes (DEGs) between BVNF and SVNF
myocardial samples. Of these, roughly one-half (477)
were up-regulated, whereas the remaining 530 were
down-regulated (Figure 2A; the top 20 DEGs are listed
in the volcano plot). Unsupervised hierarchical clus-
tering separated BVNF and SVNF subjects on the basis
of their DEG profiles (Figure 2B). A list of all 1,007
DEGs is included in Supplemental Table 2. Gene-
disease association analysis performed using Dis-
GeNET?%?7°° on DEGs predicted dysregulated disease
processes, including liver amyloidosis, fatty liver
disease, complement deficiency, and atrial septal
defects associated with SVNF samples (Figure 2C).
Pathway and transcriptional network analysis per-
formed using a combination of Ingenuity Pathway
Analysis and Metascape revealed multiple dysregu-
lated canonical pathways associated with SVNF
samples (Figure 2D). Most prominently, canonical
pathways involved in the immune and inflammatory
response, cell cycle, lipid metabolism, signaling, and
development were significantly enriched (P <0.01) in
SVNF samples relative to BVNF control subjects.
PANTHER GO analysis was used to categorize the
1,007 DEGs on the basis of their implicated functional
processes. The top 3 biologic process categorizations
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TABLE 1 Aggregate Characteristics for All Subjects Included in This Study
Sex, Age, Median Years
Experiment (Figure) Group N % Male (Q1-Q3) Last Surgical Palliation
RNA-Seq (Figures 1-4) BVNF 4 50 2.32(1.38-4.18) =
SVNF 8 38 0.23 (0.11-0.23) N = 4 none, n = 3 PDA stent, bilateral PA bands
SVHF 15 60 3.85 (1.92-7.23) N = 4 Norwood, n = 4 Glenn, n = 7 Fontan
CPT Activity (Figure 5) BVNF 10 80 10.83 (1.3-18.00) —
SVNF 4 50 0.22 (0.1-0.27) N = 4 PDA stent
SVHF 13 54 2.92 (0.3-6.70) N = 4 Norwood, n = 6 Glenn, n = 3 Fontan
02k (Figure 5) BVNF 15 33 53 (5-56.5) =
SVNF 8 75 0.01 (0.005-0.06) N = 8 none
SVHF 14 79 5.65 (0.23-9.93) N = 2 Norwood, n = 4 Glenn, n = 1 hemi-Fontan, n = 7 Fontan
Metabolomics (Figures 6 and 7) BVNF 10 60 7.70 (4.18-8.67) -
SVNF 5 40 0.23 (0.20-0.40) N = 5 PDA stent, bilateral PA bands
SVHF 10 50 2.45 (1.06-4.56) N =1 PDA stent, bilateral PA bands, n = 3 Norwood, n = 4 Glenn, n = 2 Fontan
All patient samples BVNF 32 53 17.5 (1.3-52.25) -
SVNF 21 52 0.13 (0.005-0.24) = 6 PDA stent, n = 2 PDA stent, bilateral PA bands, n = 13 none
SVHF 34 68 3.9 (0.23-7.40) N = 2 PDA stent, bilateral PA bands, n = 7 Norwood, n = 9 Glenn, n = 1 hemi-
Fontan, n = 14 Fontan, n = 1 Kawashima
BVNF = biventricular nonfailing; CPT = carnitine palmitoyltransferase; 02k = Oroboros Oxygraph-2k (Oroboros Instruments); PA = pulmonary artery; PDA = patent ductus arteriosus; Q1-Q3 = 25th-75th
percentiles; RNA-Seq = RNA sequencing; SVHF = single-ventricle heart failure; SVNF = single-ventricle nonfailing.

indicated that most of the DEGs are involved in
cellular processes (25.4%, eg, cell communication,
activation, division), biologic regulation (14.6%; eg,
regulation of biologic processes, quality, and molec-
ular function), and metabolic processes (14.5%; eg,
primary metabolism and ATP metabolism) (Figure 2E).

RNA-Seq was also performed on RV myocardial
tissue samples from a subset of SVHF patients (n =15,
SVHF; n = 9, SVHFIEF; and n = 6, SVHFpEF)
(Figures 1A and 1B). There were 928 DEGs shared be-
tween SVHFTEF and SVHFpEF groups (Figure 3A). Of
these, 634 were up-regulated, whereas 294 were
down-regulated (Figure 3B). Unsupervised hierarchi-
cal clustering separated BVNF and SVHF subjects on
the basis of DEGs (Figure 3C). A list of all 928 DEGs is
included in Supplemental Table 3. Gene-disease as-
sociation analysis of the 928 DEGs predicted dys-
regulated disease processes, including infection,
liver cirrhosis, myopathy, immune disease, and
decreased mitochondrial activity associated with
SVHF samples (Figure 3D). Pathway and transcrip-
tional network analysis revealed multiple dysregu-
lated canonical pathways associated with SVHF
(Figure 3E). Most prominently, canonical pathways
involved in the and inflammatory
response, translation, mitochondrial metabolism,
RNA metabolism, and autophagy were significantly
enriched (P <0.01) in SVHF subjects relative to
BVNF control subjects. The top 3 biologic process

immune

categorizations indicated that most of the 928 DEGs
are involved in cellular processes (30.8%; eg, cell

activation, communication, division), metabolic
processes (19.2%; eg, primary metabolism and ATP
metabolism), and biologic regulation (15.4%; eg,
regulation of biological processes, quality, and mo-
lecular function) (Figure 3F).

There were 220 common DEGs between the SVNF
and SVHF groups, a finding suggesting that these
genes are associated with SV regardless of HF status
(Figure 4A and Supplemental Figures 1A and 1B).
Pathway and transcriptional network analysis of
those 220 common DEGs identified the immune
response signaling pathways as
conserved across all SV samples (Supplemental
Figures 1A and 1B). Additionally, there were
708 DEGs specifically associated with SVHF. Pathway
and transcriptional network analysis of those
708 SVHF-specific DEGs identified mitochondrial
metabolism and RNA metabolism as significantly

and various

dysregulated (P <0.01) specifically in SVHF subjects
(Figures 4A and 4B). A list of all 220 common DEGs
and all 708 SVHF-specific DEGs are included in
Supplemental Tables 4 and 5, respectively.

MITOCHONDRIAL BIOENERGETICS ARE IMPAIRED
IN SINGLE-VENTRICLE MYOCARDIUM. Because long-
chain FAs are well recognized as the preferred sub-
strate for oxidative phosphorylation (OXPHOS) by
cardiac mitochondria,”’ we quantified the activity of
the mitochondrial CPT system that is required for the
delivery of long-chain FAs from the cytoplasm into
the mitochondria for their subsequent B-oxidation
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FIGURE 2 Distinct Transcriptomic Profiles Discriminate Nonfailing Single-Ventricle Subjects From Control Subjects
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(B-OX) (Figure 5A). The enzymatic activity of CPTI and
CPTII was significantly decreased (P = 0.018 and
P = 0.013, respectively) in SVHF myocardial tissue
compared with BVNF tissue (Figure 5B). Additionally,
although CPTI activity is preserved in the SVNF heart,
the activity of CPTII is significantly decreased
(P = 0.007) compared with BVNF tissue (Figure 5B).

Additionally, we quantified mitochondrial function
by using high-resolution respirometry to assess
OXPHOS capacity in a subset of BVNF, SVNF, and
SVHF freshly isolated myocardial fibers (a represen-
tative sample trace is shown in Figure 5C). There was
significantly lower normalized mitochondrial oxygen
flux in SVHF myocardium using pyruvate, malate,
and ADP (complex [C] I), glutamate (CI), and succi-
nate (CI and CII) as substrates (P = 0.044, P = 0.019,
and P = 0.014, respectively) (Figure 5D). Additionally,
there was significantly lower maximal respiration in
SVHF with bypassing of oxygen flux through CI and
CII using the uncoupler carbonyl cyanide m-chlor-
ophenyl hydrazone (CCCP; P = 0.004). Oxygen flux
was also measured in SVNF myocardial samples, and
although there were trends toward decreased CI ac-
tivity, we noted no statistically significant changes in
CI, CI and CII, or maximal respiratory capacity in
SVNF subjects (Figure 5D).

SINGLE-VENTRICLE MYOCARDIUM IS ASSOCIATED
WITH IMPAIRED MITOCHONDRIAL, AMINO ACID,
AND LIPID METABOLISM. Given the significant over-
representation of genes associated with mitochondrial
metabolism and the pathologic changes in mitochon-
drial function seen in SVHF subjects, metabolomics
analysis was conducted on myocardial tissue samples
from a subset of BVNF, SVNF, and SVHF patients. Un-
biased PCA separated SVNF from BVNF subjects
(Figure 6A) and SVHF from BVNF subjects (Figure 6D)
on the basis of their significantly differentially

Impaired Cardiac Bioenergetics in SV Heart Disease

expressed metabolites (DEMs). Reactome-based
pathway analysis of all DEMs revealed canonical
pathways similar to those detected by transcriptomic
analysis alone. Pathways related to the cell cycle,
AA metabolism, and transport, for example, were
significantly = dysregulated (P <0.05) in SV
myocardium (Figures 6B and 6E).

Molecular pathway and network analysis of both
DEGs and DEMs was performed using MetaboAnalyst.
Integrated multiomics analysis revealed multiple
overlapping dysregulated pathways associated with
SV, similar to those identified in each data set alone
(Figures 6C and 6F). Most notably, pathways impli-
cated in AA metabolism, the TCA cycle, the immune
system, lipid metabolism, and RNA metabolism were
significantly enriched (P <0.05) in SV samples relative
to BVNF control subjects on the basis of DEG and DEM
profiles.

On the basis of the overrepresentation of lipid and
mitochondrial metabolic pathways related to SVHF in
the integrated multiomics analysis, specific metabo-
lites associated with the TCA cycle were assessed in
more detail (Figure 7A). Although there were no sig-
nificant changes in metabolites related to glycolysis
(glucose, glucose 6-phosphate, pyruvate, or lactate),
the fundamental metabolite, citrate, and the TCA
cycle intermediate, o-ketoglutarate, were signifi-
cantly increased in SVNF (P = 0.008 and P = 0.017,
respectively) and SVHF (P = 0.046 and P = 0.046,
respectively) myocardial samples relative to BVNF
control subjects. TCA cycle intermediates succinate,
fumarate, malate, cofactor nicotinamide adenine
dinucleotide (NAD'), and ADP, however, were
significantly decreased (P = 0.049, P = 0.028,
P = 0.041, P = 0.049, and P = 0.026, respectively),
specifically in SVHF samples relative to BVNF control
subjects. Importantly, energy molecules ATP
(P = 0.039) and phosphocreatine (P = 0.034) were

FIGURE 2 Continued

(A) Volcano plot representation of all the transcripts detected (after filtering) by RNA sequencing depicted as the log, fold-changes in expression (x-axis) and the log
odds of a gene being differentially expressed (y-axis), thus highlighting the 1,007 transcripts that are significantly differentially expressed between biventricular
nonfailing (BVNF) and single-ventricle nonfailing (SVNF) samples (above dotted line); Welch's t-test, false discovery rate-adjusted P value of g <0.1 (P <0.01). (B) Heat
map of the 1,007 significantly differentially expressed transcripts in single-ventricle nonfailing myocardium (raw fragments per kilobase of transcript per million
mapped reads [FPKM values]). Unsupervised hierarchical clustering separated biventricular nonfailing (n = 4) and single-ventricle nonfailing (n = 8) patient samples.
(O) Significantly dysregulated associations in biventricular nonfailing vs single-ventricle nonfailing samples identified with DisGeNET by using the 1,007 transcripts that
changed significantly in single-ventricle nonfailing samples (P <0.01, a minimum count of 3, and an enrichment factor >1.5). (D) Significantly dysregulated canonical
pathways in biventricular nonfailing vs single-ventricle nonfailing samples identified with Ingenuity Pathway Analysis and Metascape by using the 1,007 transcripts
that changed significantly in single-ventricle nonfailing samples (Fisher's exact test, —log;o [P value] >1.3 or P <0.05). (E) Categorization of Gene Ontology (GO)
annotations for biologic processes in biventricular nonfailing vs single-ventricle nonfailing right ventricular myocardial samples identified with PANTHER (Protein
Analysis Through Evolutionary Relationships) by using the 1,007 transcripts that changed significantly in single-ventricle nonfailing samples. DEG = differentially
expressed gene; R-HSA = Reactome Gene Sets - Homo Sapiens; TX = transplantation.
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also significantly decreased in SVHF myocardial
samples relative to BVNF control samples. Moreover,
whereas ATP levels were preserved in SVNF subjects,
phosphocreatine  was decreased
(P = 0.019).

Given the implication of alterations in AA meta-
bolism in SVHF, all AAs detected by metabolomics
analysis were assessed in more detail (Figure 7B).
Numerous AAs, including alanine, asparagine,
aspartate, glycine, histidine, methionine, phenylala-
nine, proline, and serine, were significantly
decreased (P < 0.001, P = 0.003, P = 0.048, P = 0.001,
P < 0.001, P < 0.001, P = 0.007, P = 0.030, and
P = 0.021, respectively) in SVHF myocardial samples
compared with BVNF samples. Strikingly, however,
the branched-chain AA (BCAA) isoleucine was signif-
icantly increased (more than 540-fold; P < 0.001) in
SVHF samples relative to BVNF control samples.
Several AAs, including asparagine, glycine, phenyl-

significantly

alanine, and serine, were also significantly decreased
in the SVNF myocardium (P = 0.003, P = 0.046,
P = 0.007, P = 0.021, respectively), whereas
arginine (P = 0.014) and the BCAAs isoleucine and
valine (P < 0.001 and P = 0.001, respectively) were
significantly increased (Figure 7B).

Moreover, given the importance of mitochondrial
FA B-OX in the heart and the overrepresentation of
mitochondrial metabolic pathway alterations in
SVHF, lipidomic analysis of acyl-CoAs and acylcarni-
tines was conducted in BVNF and SVHF cardiac
specimens. Although free and acetyl-CoA values were
unchanged in SVHF samples, short-chain (total car-
bon atom numbers from 1C to 7C) acyl-CoA species
were significantly increased (P = 0.049), whereas

Impaired Cardiac Bioenergetics in SV Heart Disease

medium-chain (8C-15C) and long-chain (=16C) acyl-
CoA species were significantly decreased (P = 0.038
and P = 0.003, respectively) in SVHF samples relative
to BVNF control samples (Supplemental Figure 2A).
Correspondingly, there was no significant change
detected in acetyl-L-carnitine levels, but short-chain
carnitine species were significantly increased
(P = 0.005), whereas L-carnitine, medium-chain, and
long-chain carnitine species were significantly
decreased (P = 0.031, P = 0.025, and P = 0.008,
respectively) in SVHF samples relative to BVNF con-
trol samples (Supplemental Figure 2B).

Lipidomics analysis of sphingolipids identified no
significant changes in ceramide, glucosylceramide, or
sphingosine levels in the SVHF myocardium; how-
ever, total lactosylceramide significantly
increased in SVHF samples relative to BVNF control
samples (P = 0.007) (Supplemental Figure 2C).
Additionally, phospholipid species, including phos-

was

phatidylcholine, phosphatidylinositol, phosphatidyl-
ethanolamine, and phosphatidylglycerol,
significantly decreased in SVHF samples (P = 0.036,
P = 0.004, P < 0.001, and P = 0.029 respectively)
relative to BVNF control samples (Supplemental
Figure 2D).

were

DISCUSSION

Although there are growing numbers of infants and
children living with SV physiology, no previous
comprehensive studies have evaluated tran-
scriptomic, metabolomic, lipidomic, or functional
changes in the SV heart. There is a major gap in
knowledge related to the specific molecular changes

FIGURE 3 Continued

(A) Venn diagram of differentially expressed genes (DEGSs) in each group; 928 differentially expressed genes were common among single-ventricle heart failure (SVHF)
myocardial samples; 1,193 differentially expressed genes were specific to single-ventricle heart failure with reduced ejection fraction (SVHFrEF) myocardial samples;
60 differentially expressed genes were specific to single-ventricle heart failure with preserved ejection fraction (SVHFpEF) myocardial samples. (B) Volcano plot
representation of all the transcripts detected (after filtering) by RNA sequencing depicted as the log, fold-changes in expression (x-axis) and the log odds of a gene
being differentially expressed (y-axis), thus highlighting the 928 transcripts that are significantly differentially expressed between biventricular nonfailing (BVNF)
and all single-ventricle heart failure samples (above dotted line); analysis of variance (biventricular nonfailing vs single-ventricle heart failure with reduced ejection
fraction vs single-ventricle heart failure with preserved ejection fraction groups) and post hoc false discovery rate-adjusted P value, q <0.1. (C) Heat map of the 928
significantly differentially expressed transcripts in single-ventricle heart failure myocardium (raw fragments per kilobase of transcript per million mapped reads
[FPKM] values). Unsupervised hierarchical clustering separated biventricular nonfailing (n = 4) and single-ventricle heart failure (n = 15; n = 9, single-ventricle heart
failure with reduced ejection fraction; n = 6, single-ventricle heart failure with preserved ejection fraction) patient samples. (D) Significantly dysregulated associations
in biventricular nonfailing vs single-ventricle heart failure samples identified with DisGeNET using the 928 transcripts that changed significantly in all single-ventricle
heart failure samples (P <0.01, a minimum count of 3, and an enrichment factor >1.5). (E) Significantly dysregulated canonical pathways in biventricular nonfailing vs
single-ventricle heart failure samples identified with Ingenuity Pathway Analysis and Metascape using the 928 transcripts that changed significantly in all
single-ventricle heart failure samples; Fisher's exact test, —log;o (P value) >1.3 or P <0.05. (F) Categorization of Gene Ontology (GO) annotations for biologic
processes in biventricular nonfailing vs single-ventricle heart failure right ventricular myocardial samples identified with PANTHER (Protein Analysis Through
Evolutionary Relationships) using the 928 transcripts that changed significantly in all single-ventricle heart failure samples. Abbreviations as in Figure 2.
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associated with adaptation and remodeling of the
systemic RV, and the ability to predict the progres-
sion to HF in patients with SV has been limited, pri-
marily by an incomplete understanding of the disease
pathogenesis. This is the first study to perform
comprehensive multiomic characterization of human
SV myocardium in combination with functional bio-
energetic analysis of the SV heart. In an effort to
understand the transition to HF in patients with SV
more thoroughly, we conducted our study using both
SVHF and SVNF myocardial samples. This integrative
approach provides important insight into the molec-
ular remodeling of the SV heart before overt HF and
identifies potential mechanisms associated with the
transition to HF in this vulnerable group of patients.

Our next-generation RNA-Seq analyses revealed a
common transcriptional program associated with SV
that is highly enriched for alterations in immune
effector pathways regardless of HF status. Of note,
surgical thymectomy is performed routinely in in-
fants with CHD during surgical repair or palliation,
and although the consequences of this procedure are
poorly understood, mounting evidence suggests that
this practice could result in altered immune cell
composition and impaired immune-mediated re-
sponses.”>>3 Additionally, investigators have shown
that neonates with HLHS display evidence of in-
flammatory activation preoperatively as well as
postoperatively, and the degree of inflammatory
response correlates with postoperative outcomes and
mortality.>*>°> The specific alterations in immune re-
sponses will be an interesting avenue for further
investigation in patients with SV CHD, particularly in
the context of metabolic remodeling.

With respect to the failing SV heart, canonical
pathways related to RNA metabolism, mitochondrial
metabolism, and autophagy or mitophagy were spe-
cifically overrepresented. These data demonstrate
altered mitochondrial metabolic pathways as a hall-
mark of the failing SV myocardium. Intriguingly,
some metabolic genes are up-regulated in the failing
SV heart and are unchanged in the nonfailing SV
heart, a finding suggesting that post-transcriptional

Impaired Cardiac Bioenergetics in SV Heart Disease

and post-translational modifications may contribute
to alterations in cardiac energy metabolism in SV
CHD. A summary of the major metabolic changes in
SVNF and SVHF myocardium compared with BVNF
myocardium is shown in Figure 8.

Reducing equivalents necessary for OXPHOS are
generated by FA B-OX, pyruvate oxidation, and the
TCA cycle and are then delivered to the electron
transport chain for ATP production. Therefore, alter-
ations in TCA cycle intermediates suggest impaired
TCA cycle flux leading to downstream impaired
electron transport chain function. Here we show that
in addition to alterations in metabolic gene expres-
sion, the failing SV heart is characterized by an
altered abundance of TCA cycle metabolites, AAs,
acyl-CoAs, acylcarnitines, phospholipids, and overall
decreased myocardial energy supply (diminished ATP
and phosphocreatine levels), suggesting global dys-
regulation of cardiac metabolism. Interestingly,
although gene expression changes related to mito-
chondrial metabolism were not seen in the nonfailing
SV heart, levels of phosphocreatine, which can be
used for the maintenance and recycling of ATP in the
myocardium, were significantly diminished, a finding
suggesting limited myocardial energy reserve capac-
ity even in SVNF subjects. When taken together,
these data suggest that there is truncated TCA cycle
flux such that levels of the more proximal in-
termediates (citrate and a-ketoglutarate) are elevated
in both SVNF and SVHF hearts, whereas the more
distal intermediates (succinate, fumarate, and ma-
late) are decreased in SVHF. Although it was beyond
the scope of this study to quantify the activity of TCA
cycle enzymes such as isocitrate dehydrogenase,
succinate dehydrogenase, or fumarate hydratase, this
information could provide important insights into
TCA cycle function in SV CHD. The TCA cycle may
play an important role in the transition to HF in SV
CHD, and it therefore represents a potential thera-
peutic target for SV failure.

In the healthy heart, long-chain FAs are well
recognized as the preferred substrates for OXPHOS by
cardiac mitochondria.”>>® The mitochondrial CPT

FIGURE 4 Continued

Gene Sets - Homo Sapiens; Mito = mitochondrial.

(A) Venn diagram of differentially expressed genes (DEGs) in each group; 220 differentially expressed genes were common between
single-ventricle nonfailing (SVNF) and single-ventricle heart failure (SVHF) myocardial samples; 708 differentially expressed genes were
specific to single-ventricle heart failure myocardial samples; 787 differentially expressed genes were specific to single-ventricle nonfailing
myocardial samples. Significantly dysregulated canonical pathways in biventricular nonfailing (BVNF) vs single-ventricle heart failure
samples identified with Ingenuity Pathway Analysis and Metascape using the 708 heart failure-specific differentially expressed transcripts
that changed significantly in only single-ventricle heart failure samples; Fisher's exact test, —log,o (P value) >1.3 or P <0.05. (B) Chord plot
illustrating the relationship between differentially expressed genes related to mitochondrial metabolism (associated genes) and each
differentially expressed canonical pathway (Gene Ontology [GO] term). ATP = adenosine triphosphate; Ca™* = calcium; R-HSA = Reactome
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FIGURE 5 Mitochondrial Bioenergetics Are Impaired in Single-Ventricle Subjects
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(A) Graphic illustration of the mitochondrial carnitine palmitoyltransferase (CPT) System. (B) Stable isotope-based enzymatic activity analysis of carnitine palmi-
toyltransferase | and Il (CPTI and CPTII) in biventricular nonfailing (BVNF), single-ventricle nonfailing (SVNF), and single-ventricle heart failure (SVHF) myocardial
samples. For all groups, box and whisker plot shows mean (bar) and minimum to maximum (ends); each point represents individual patient values (n = 10, biventricular
nonfailing; n = 4, single-ventricle nonfailing; and n = 13, single-ventricle heart failure samples); asterisks denote significant differences among groups; *P <0.05 and
**P <0.01; analysis of variance (Welch) and Dunnett's. (C) Representative high-resolution respirometry trace from the Oroboros Oxygraph 2K. (D) Mitochondrial
oxygen flux in biventricular nonfailing and single-ventricle heart failure myocardial samples. For all groups, bar equals mean + SEM; each point represents individual
patient values (n = 16 [1 patient replicate], biventricular nonfailing; n = 8 single-ventricle nonfailing; and n = 14, single-ventricle heart failure samples);

asterisks denote significant differences among groups; *P <0.05 and **P <0.01; analysis of variance and Holm-Sidak for pyruvate (Pyr) and malate (Mal)

and adenosine diphosphate (ADP), Kruskal-Wallis test and Dunn's for glutamate, succinate, and carbonyl cyanide p-trifluoromethoxyphenylhydrazone (CCCP).

CACT = carnitine-acylcarnitine translocase; CoA = coenzyme A; ET = electron transport; B-OX = B-oxidation; OXPHOS = oxidative phosphorylation.
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system is responsible for the delivery of long-chain
FAs from the cytoplasm into the mitochondria for
their subsequent oxidation,”” and CPTI catalyzes the
rate-limiting step of B-OX by converting acyl-CoAs
into acylcarnitines. Functional analysis of the mito-
chondrial CPT system demonstrated significantly
decreased activity of the mitochondrial CPT trans-
porters, therefore suggesting that the decreased
abundance of myocardial acylcarnitine species is
related to an overall decreased capacity of the failing
SV heart to oxidize long-chain FAs, with a resulting
diminished rate of cardiac ATP production. Although
we are unable on the basis of the present study to
identify the mechanism by which CPT activity is
significantly reduced in SVHF, these data suggest a
potential increased reliance on short-chain FA
oxidation in the failing SV heart. However, further
work is needed to understand fully this complex
system in the context of SV physiology.
Interestingly, although CPTI activity was preserved
in the nonfailing SV myocardium, the enzymatic ac-
tivity of CPTII was significantly reduced, thus sug-
gesting an intermediate phenotype of bioenergetic
remodeling in the nonfailing SV heart where some
changes in mitochondrial bioenergetics precede
development of overt HF. In addition to the role of
the CPT system in activating f-OX and ATP produc-
tion, this system also functionally intertwines with
other key pathways and factors to regulate both gene
expression and the production of potentially toxic
lipid metabolites such as sphingolipids and their
precursors, palmitoyl-CoA and palmitic acid. There-
fore, the activity of the CPT system and the specific
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metabolic lipid milieu are important modulators of
overall mitochondrial function, and restoration or
preservation of CPT enzymatic activity could repre-
sent a novel avenue for the prevention and treatment
of SVHF.

Given the critical need for a constant supply of
energy in the beating heart, it is not surprising that
many causes of cardiovascular disease involve dis-
turbances in cardiac metabolism.>**>® However, the
systemic RV may be uniquely vulnerable to increased
energy demand because morphologically it is
designed to pump to the low-resistance pulmonary
circulation. It is known that patients with SV have
decreased exercise tolerance compared with their
peers, with an aerobic capacity 66% of that in the
healthy population,”® consistent with altered
myocardial energetics in SV physiology. We also
previously showed that although the failing SV heart
has no significant change in relative mitochondrial
copy number, levels of cardiolipin, an inner mito-
chondrial membrane phospholipid that is critical for
proper mitochondrial function, are significantly
depleted, a finding further suggesting compromised
mitochondrial integrity in the failing SV myocar-
dium.*® Our systematic analysis of mitochondrial
function using high-resolution respirometry corrob-
orates these data and determined that the failing SV
heart is typified by impaired OXPHOS, including sig-
nificant reductions in CI and combined CI and CII
OXPHOS, as well as diminished uncoupled electron
transport capacity (maximal respiratory capacity).
Similar to our findings in the human heart, analysis of
neonatal mice with a hypoplastic left ventricle (LV)

FIGURE 6 Continued

(A) Unbiased principal component analysis of single-ventricle nonfailing (SVNF) vs biventricular nonfailing (BVNF) (using significantly dysregulated metabolites)
illustrates segregation of each group among the principal components. (B) Reactfoam illustration of significantly dysregulated canonical pathways in biventricular
nonfailing vs all single-ventricle nonfailing samples identified with Reactome using the differentially expressed metabolites that changed significantly in all
single-ventricle nonfailing samples; Fisher's exact test, -log;o (P value) >1.3 or P <0.05 (significant pathways highlighted in yellow). (C) Significantly dysregulated
canonical pathways in biventricular nonfailing vs all single-ventricle nonfailing samples identified using integrated pathway and network analysis of both differ-
entially expressed genes (DEGs) and significantly differentially regulated metabolites using MetaboAnalyst. Graphic depicts the pathway impact (x-axis, on the basis of
the number of genes or metabolites differentially regulated) and the log odds of a pathway being differentially expressed (y-axis); Fisher's exact test, -log;o (P value)
>1.3 or P <0.05 (above dotted line); relevant significant pathways are identified in boxes. (D) Unbiased principal component analysis (PCA) of single-ventricle heart
failure vs biventricular nonfailing (using significantly dysregulated metabolites) illustrates segregation of each group among the principal components. (E) Reactfoam
illustration of significantly dysregulated canonical pathways in biventricular nonfailing vs all single-ventricle heart failure samples identified with Reactome using the
85 differentially expressed metabolites that changed significantly in all single-ventricle heart failure samples; Fisher's exact test, —log;o (P value)>1.3 or P <0.05
(significant pathways highlighted in yellow). (F) Significantly dysregulated canonical pathways in biventricular nonfailing vs all single-ventricle heart failure samples
identified using integrated pathway and network analysis of both differentially expressed genes and significantly differentially regulated metabolites using
MetaboAnalyst. Graphic depicts the pathway impact (x-axis, on the basis of the number of genes or metabolites differentially regulated) and the log odds of a pathway
being differentially expressed (y-axis); Fisher's exact test, —log;o (P value) >1.3 or P <0.05 (above dotted line); relevant significant pathways are identified in boxes.
ABC = adenosine triphosphate-binding cassette; BCAA = branched-chain amino acid; cGMP = cyclic guanosine monophosphate; DEMs = differentially expressed
metabolites; HIPPO = xxx; OXPHOS = oxidative phosphorylation; PC = principal component; PKG = xxx; TCA = tricarboxylic acid; WNT = xxx.
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FIGURE 7 TCA Cycle Flux and Amino Acid Metabolism Are Dysregulated in Subjects
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and an induced pluripotent stem cell-derived model
of HLHS identified alterations in mitochondrial
metabolism, thereby suggesting that dysregulated
cardiometabolic function may be both a cause and a
consequence of SV failure.®®:° Together, these find-
ings suggest the potential for mitochondrial targeted
therapies in this group of patients with few other
options.

Both dietary and endogenous AAs contribute to an
important common metabolic pool in the body and
can be stored, integrated into proteins, or shuttled
and catabolized for energy generation. AAs must be
properly balanced because they represent important
signaling molecules regulating metabolism, protein
synthesis, and autophagy.®? Interestingly, many AAs
are significantly decreased in the failing SV myocar-
dium, and possible implications of this phenomenon
could include decreased muscle protein synthesis,
intracellular signaling, and energetics. Post-Fontan
patients with SV have significantly decreased serum
concentrations of asparagine, histidine, and threo-
nine, further highlighting the relevance of AA meta-
bolism in the SV heart.® Alternatively, elevations in
specific AAs, such as BCAAs are associated with
numerous systemic diseases, including cancer, dia-
betes, and HF. The BCAAs leucine, isoleucine, and
valine are important modulators of autophagic flux
and have a role in mitochondrial quality control.®*°
However, each of these BCAAs also has distinct bio-
logic effects. Specifically, levels of isoleucine were
dramatically increased in the SV heart irrespective of
HF, increased levels of isoleucine could mediate al-
terations in autophagic flux and subsequent accu-
mulation of damaged mitochondria. Additionally,
through anaplerotic reactions, AAs can be substan-
tially involved in TCA cycle flux. Elevation of BCAAs
and defects in BCAA catabolic activities are emerging
as metabolic and molecular contributors to the HF
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phenotype. However, much of our current knowledge
is based on correlative observations in animal models
of heart diseases; therefore, it remains unclear
whether 1 BCAA or all BCAAs may be necessary and
sufficient to promote pathologic myocardial remod-
eling. Additionally, there is much to be determined
with respect to the specific mechanisms by which
specific BCAA abundance or regulation may modulate
HF progression in different human disease states.
Therefore, attaining proper balance of myocardial
AAs, some of which can be used as alternative sources
of energy, may represent yet another novel thera-
peutic intervention for SV failure. Future studies are
planned to investigate autophagic and mitophagic
flux and mitochondrial morphology and integrity as
mechanisms of HF progression in the SV heart.

STUDY LIMITATIONS. Although this study represents
the most comprehensive multiomic and functional
characterization of SV, several limitations deserve
consideration. The tissue bank-based aspect of the
multiomics analysis in this study is inherently cross-
sectional, and as such, determination of whether
changes are pathologic or compensatory is not
possible. Moreover, studies of SV are challenged by
small subject numbers because of the rarity of the
condition. We recognize that comparisons of patients
with SV at various stages of surgical palliation may
exhibit differences in systemic right ventricular vol-
ume load that may influence gene expression and
metabolic function. Additionally, global metabolomic
and transcriptomic studies of human heart tissue,
especially in SV CHD, are influenced by multiple
factors in addition to palliation stage, including het-
erogeneity within the myocardium (septum, apex,
free wall), genetic diversity among patients, medical
comorbidities, duration of HF, degree of cyanosis,

gestational age, diet, or the role of specific

FIGURE 7 Continued

(A) Mass spectrometry-based metabolomics analysis of glycolysis and tricarboxylic acid (TCA) cycle intermediates in biventricular nonfailing (BVNF), single-ventricle
nonfailing (SVNF), and single-ventricle heart failure (SVHF) myocardial samples. For all groups, box and whisker plot shows mean (bar) and minimum to maximum
(ends); each point represents individual patient values (n = 10, biventricular nonfailing; n = 5, single-ventricle nonfailing; and n = 10, single-ventricle heart failure
samples); asterisks denote significant differences among groups; *P <0.05 and **P <0.01; analysis of variance and Holm-Sidak for citrate, malate, succinate,
adenosine diphosphate (ADP), nicotinamide adenine dinucleotide (NAD™), and phosphocreatine; Kruskal-Wallis test and Dunn's for a-ketoglutarate, fumarate, and
adenosine triphosphate (ATP). (B) Mass spectrometry-based metabolomics analysis of all amino acids in biventricular nonfailing, single-ventricle nonfailing, and
single-ventricle heart failure myocardial samples. For all groups, box and whisker plot shows mean (bar) and minimum to maximum (ends); each point represents
individual patient values (n = 10, biventricular nonfailing; n = 5, single-ventricle nonfailing; and n = 10, single-ventricle heart failure samples); asterisks denote
significant differences among groups; *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001; analysis of variance and Holm-Sidak for asparagine, phenylalanine,
and serine; Kruskal-Wallis test and Dunn's for aspartate, glycine, histidine, isoleucine, methionine, and proline. CoA = coenzyme A; FAD = flavin adenine dinucleotide;
FADH = reduced form of flavin adenine dinucleotide; NA = not applicable; NADH = reduced form of nicotinamide adenine dinucleotide; P-creatine = phosphocreatine.
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Model of integrated multiomic and functional cardiac bioenergetics analysis in single-ventricle heart disease. Red text indicates an increase, whereas blue text indicates
a decrease relative to biventricular nonfailing (BVNF) control subjects. Normal text indicates the change occurs solely in the single-ventricle heart failure (SVHF) group,
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medications. Additionally, because it is uncommon
for a pediatric donor heart to go unmatched, it is
difficult to attain age-matched control heart tissue.
For some pediatric BVNF samples, limited de-
mographics data are available. We also recognize that
our SVNF samples are inherently from younger pa-
tients than our SVHF and BVNF samples because
these patients undergo the Norwood-Sano procedure
or primary cardiac transplantation in the first few
weeks to months of life. However, despite these age
differences, metabolic gene expression and some
lipid and metabolite species in these patients are
similar to those seen in BVNF control subjects and do

not correlate with age. This finding suggests that age
is not the primary variable accounting for our detec-
ted changes among groups. Our experiments were
performed using explanted myocardium, and we
acknowledge that the data are not representative of
cardiomyocytes alone, and relative contributions of
the extracellular matrix, fibroblasts, endothelial cells,
immune cells, or other cell types therefore cannot be
determined. Because pediatric explanted heart tissue
is an extremely limited resource, we chose to perform
this initial transcriptomics analysis using bulk RNA-
Seq. Future studies are planned to perform single-
nuclei RNA-Seq to refine our understanding of the
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molecular dynamics of various cell types in the SV
heart further. Additionally, we recognize that tissue-
level metabolic measurements do not provide defin-
itive conclusions on alterations in myocardial meta-
bolic flux and substrate use. Finally, we included only
SV subjects with a single RV, and we subsequently
elected to use RV tissue, as opposed to LV tissue,
from our BVNF subjects to eliminate the influence of
underlying ventricular morphology. Although RV vs
LV comparisons may be interesting, the normal
postnatal RV maintains a cardiac output equal to that
of the LV at approximately one-fifth of the energy
cost, and even though right ventricular metabolism
and right ventricular metabolism have shared char-
acteristics, they also have several unique proper-
ties.®7-® Therefore, the innate metabolic differences
between the LV and the RV would limit the inter-
pretation of comparisons between the systemic RV
and the normal or failing LV. Nevertheless, this study
addresses important gaps in knowledge, by providing
novel and valuable insight into the molecular path-
ways and functional changes in the SV heart that
deserve further study given the absence of evidence-
based therapies to prevent or treat HF in this growing
group of patients.

CONCLUSIONS

Unbiased integrated multiomics investigations
together with functional bioenergetics analysis sug-
gest that the SV heart is characterized by tran-
scriptomic remodeling and impaired cardiac
bioenergetics to varying degrees depending on the
presence of HF. The failing SV heart displays
decreased metabolic intermediates, diminished
mitochondrial CPTI and CPTII enzyme activity,
reduced mitochondrial OXPHOS, and impaired car-
diac energy generation. These data further support
our hypothesis that the failing SV heart is energy
starved, primarily in response to a decreased avail-
ability of reducing equivalents, an altered lipid
milieu, diminished long-chain FA uptake by the
mitochondria, and impaired mitochondrial respira-
tory chain function. Interestingly, although altered
cardiometabolic function may be a final common
pathway of HF regardless of origin, some of these
bioenergetic perturbations precede the onset of overt
failure and are seen in nonfailing SV myocardium,
findings suggesting vulnerability of the normally
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functioning SV heart. Therefore, these results provide
novel information on some of the mechanisms
involved in the transition to HF in patients with SV
CHD, and they contribute to the identification of
promising novel therapeutic targets aimed at the
treatment or prevention of SV failure in a group of
patients with few other options.
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PERSPECTIVES

disease in SV CHD.

COMPETENCY IN MEDICAL KNOWLEDGE: The
failing SV heart is typified by alterations in metabolic
gene expression associated with diminished ATP and
phosphocreatine levels, decreased activity of CPT trans-
porters, and impaired OXPHOS and maximal respiratory
capacity. The nonfailing SV heart demonstrates an inter-
mediate metabolic phenotype suggesting that the SV
heart is vulnerable to eventual failure; these results pro-
vide some insights into the transition from health to

Garcia et al
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TRANSLATIONAL OUTLOOK: This study presents a
comprehensive characterization of the transcriptome
combined with functional mitochondrial studies in SV
CHD myocardium. Results from this study suggest that
mitochondrial targeted therapies, including treatments
aimed at preserving or restoring the potential to generate
energy, in the SV heart could have the potential to pre-
vent or treat SV HF.
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