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Abstract: Background: Cyanotic congenital heart disease (CCHD) is one of the most common birth anomalies, in 
which chronic hypoxia is the basic pathophysiological process. Methods: To investigate the heart’s metabolic remod-
eling to hypoxia, we performed an untargeted metabolomic analysis of cardiac tissue from 20 CCHD patients and 15 
patients with acyanotic congenital heart disease (ACHD). Results: A total of 71 (63%) metabolites from 113 detected 
substances in cardiac tissue differed between the CCHD and ACHD groups. A partial least squares discriminant 
analysis showed separation between the CCHD and ACHD groups. A pathway enrichment analysis revealed that the 
most enriched metabolic pathways were amino acid metabolism and energy metabolism. Eleven amino acids were 
increased in CCHD patients, indicating that protein synthesis was down-regulated. Most of the metabolites in Krebs 
circle were increased in CCHD patients, suggesting down regulation of aerobic energy metabolism. Hierarchical clus-
ter analysis showed that nicotinamide adenine dinucleotide (NAD) was clustered with Krebs cycle related substrates 
and its level was significantly higher in CCHD than that in ACHD patients. These analyses suggest that NAD might 
play an important role in response to hypoxia in CCHD patients. Conclusion: Our data showed a significantly differ-
ent metabolic profile in CCHD patients compared to ACHD patients, including reduced protein synthesis and aerobic 
energy production, and the increased level of NAD in the myocardium may be a response mechanism to hypoxia.

Keywords: Congenital heart disease, chronic hypoxia, metabolomics, Krebs cycle, nicotinamide adenine dinucleo-
tide

Introduction

Congenital heart disease (CHD) is the most 
common birth anomaly. The prevalence is 
about 1%, which is similar around the world 
[1-3]. CHD occurs in 10% of aborted fetuses, 
and is the leading cause of mortality from con-
genital disabilities [4, 5]. Cyanotic CHD (CCHD) 
account for approximately 25% of all CHDs [2], 
and chronic hypoxia is the basic pathophysio-
logical process. Under such circumstances, the 
heart itself adapts to hypoxia and survives in a 
certain period. Thus, research into the protec-
tive mechanisms of cardiomyocytes against 
chronic hypoxia can lead to novel treatment 
strategies for many patients.

Metabolomics is the study of metabolism glob-
ally which captures global biochemical events 

by assaying thousands of small molecules in 
tissues, followed by applying of informatics 
techniques to define metabolomic signatures  
of the targets [6]. Gas and liquid chromatogra-
phy coupled with mass spectrometry is well 
suited for metabolomic research to identify  
and accurately quantify the small-molecular-
weight metabolites [7]. Metabolomics is widely 
used in studies on cancers, where significant 
discoveries have potential therapeutic value 
[8]. However, there are few metabolomic stud-
ies of CCHD patients using human cardiac 
tissues.

Our study evaluates the effects of hypoxia on 
the metabolism of the human heart by compar-
ing cardiac tissue from CCHD patients with car-
diac tissue from acyanotic CHD (ACHD) patients 
to describe the metabolic remodeling of cardiac 
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tissue in CCHD. Significantly differential meta-
bolic profiling in the cardiac tissue shown be- 
tween CCHD and ACHD patients. Interestingly, 
the content of nicotinamide adenine dinucleo-
tide (NAD) was significantly higher in myocardi-
um from CCHD than that from ACHD patients. 
The present study provides a valuable result for 
a better understanding of the pathogenesis 
mechanism of CCHD.

Methods

Patients

Thirty-five children who had cardiac surgery for 
CHD at Fuwai Hospital were enrolled in this 
study. Our sample included 15 patients with 
ACHD and 20 patients with CCHD were grouped 
into CCHD group. A small piece of tissue from 
the patients’ left atrial was excised when a  
cardiopulmonary bypass was performed. The 
study was approved by the Institutional Ethics 
Committee of Fuwai Hospital and was conduct-

The LC-MS analysis used a Waters ACQUITY 
UPLC (Waters Corp., Massachusetts, USA) and 
a LTQ-Orbitrap mass spectrometer (ThermoFi- 
sher Scientific, Massachusetts, USA). The sam-
ple extract was split into two aliquots, dried, 
and then reconstituted in either acidic or basic 
LC-compatible solvents. One aliquot was ana-
lyzed using acidic positive ion optimized condi-
tions and the other using basic negative ion 
optimized conditions in two independent injec-
tions using separate dedicated columns. Ex- 
tracts reconstituted in acidic conditions were 
gradient eluted using water and methanol both 
containing 0.1% formic acid, while the basic 
extracts, which also used water and methanol, 
contained 6.5 mM ammonium bicarbonate.

The LC-MS data were analyzed with the 
Micromass MarkerLynx Applications Manager, 
Version 4.1 (Waters, Milford, MA, USA), which 
allowed deconvolution, alignment, and data 
reduction. The data were collated into a table of 
mass and retention time pairs with associated 
intensities for all the detected peaks.

Statistical analysis

The Shapiro-Wilk tests was applied to deter-
mine whether data were normally distributed. 
Continuous variables were expressed as either 
mean ± SD or median (interquartile range), 
while discrete variables were expressed with 
counts and percentages. We used t-tests com-
bined with Levene’s tests to compare each 
group’s mean as well as Mann-Whitney U tests 
to compare each group’s median. Discrete vari-
ables were compared with the χ2 or Fisher’s 
exact tests. SPSS 23.0 software (IBM Corp., 

Table 1. Baseline characteristics
All (n=35) CCHDa (n=20) ACHDb (n=15) P value

Age (Months) 10 (8, 16) 14 (9.5, 23.5) 9 (7, 10) 0.003
Males 22 (63) 15 (75) 7 (47) 0.086
Body weight (Kg) 9.1±3.0 10.0±3.5 7.8±1.6 0.028
Body length (cm) 74.3±12.1 77.8±14.6 69.6±5.2 0.028
BSAc (kg/m2) 0.42±0.11 0.45±0.13 0.37±0.05 0.039
SaO2

d (%) 86.3±13.2 77.7±11.0 97.9±2.9 < 0.001
Hbe (g/dL) 130.5±34.7 145.2±39.6 110.9±9.0 0.001
Creatinine (mg/dL) 26.2±6.7 27.7±7.8 24.4±4.6 0.125
BUNf (mg/dL) 3.5±1.4 3.9±1.5 3.0±1.3 0.061
LVEFg (%) 64.9±5.2 65.5±4.5 64.0±6.1 0.406
aCCHD, cyanotic congenital heart disease; bACHD, acyanotic congenital heart dis-
ease; cBSA, body surface area; dSaO2, arterial oxygen saturation; eHb, hemoglobin; 
fBUN, blood urea nitrogen; gLVEF, left ventricle ejection fraction.

Table 2. Congenital heart defects of the 
patients

N %
CCHD
    aTOF 11 55%
    bd-TGA 9 45%
ACHD
    cASD 6 40%
    dVSD 6 40%
    ASD+VSD 3 20%
CCHD, cyanotic congenital heart disease; aTOF, tetralogy 
of Fallot; bd-TGA, transposition of great arteries; ACHD, 
acyanotic congenital heart disease; cASD, atrial septal 
defect; dVSD, ventricular septal defect.

ed following the Declaration  
of Helsinki principles. Written 
informed consent was obtain- 
ed from the guardians of each 
patient.

Sample preparation for me-
tabolomics analysis

Cardiac tissue was excised 
during the cardiopulmonary 
bypass, washed in ice-cold 
PBS to remove excess blood, 
and snap-frozen in liquid nitro-
gen. Metabolites were extract-
ed with methanol and then 
prepared for LC-MS. 
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Armonk, NY) was used for these analyses. 
Partial least squares discriminant analysis 
(PLS-DA) and hierarchical cluster analysis were 
performed using the online software Meta- 
boanalyst 4.0 (Wisehart Research Group, Otto- 
wa; http://www. metaboanalyst.ca/). Reported 
probability values were for two-sided tests, and 
p values < 0.05 were considered statistically 
significant.

Results

Study population

Thirty-five patients with congenital heart dis-
ease were included in our study, 20 with CCHD 
and 15 with ACHD. The baseline characteristics 

biased, non-targeted metabolomic approach.  
A total of 113 metabolites in cardiac tissue 
were quantified. Multivariate and univariate 
analyses were used to investigate changes  
in myocardial metabolism in the ACHD and 
CCHD groups. Seventy-one metabolites (63%) 
that differed between the groups were involved 
in different pathways, as shown in Figure 1A. 
The metabolites that changed significantly 
were in Krebs cycle, glycometabolism and 
amino acid metabolism (Figure 1B). PLS-DA 
score plot showed a separation between  
ACHD and CCHD groups (Figure 2). These anal-
yses indicated a significant difference in meta-
bolic profiling between CCHD and ACHD 
patients.

Figure 1. Metabolites distribution and directional changes in heart tissue. 
A. Class distribution of differential identified metabolites. B. Percentage of 
metabolites that increased, decreased and unchanged in each class.

of the patients are shown in 
Table 1. The median age of 
all the patients, CCHD pa- 
tients and ACHD patients 
was 10, 14 and 9 months. 
The overall average weight 
of all the patients, CCHD 
patients and ACHD patients 
was 9.1 kg, 10 kg and 7.8 
kg. As expected, the aver-
age arterial oxygen satura-
tion was lower, and the 
hemoglobin was higher in in 
CCHD group than in the 
ACHD group. There were no 
differences in creatinine, 
blood urea nitrogen and left 
ventricular ejection fraction 
between the groups. In the 
CCHD group, 11 (55%) pa- 
tients had tetralogy of Fallot 
and nine (45%) had com-
plete transposition of the 
great arteries. In the ACHD 
group, six (40%) had an atri-
al septal defect, six (40%) 
had a ventricular septal de- 
fect and three (20%) had an 
atrial and ventricular septal 
defect (Table 2).

Alterations in myocardial 
metabolism in CCHD

The relative concentrations 
of myocardial metabolites 
were measured by mass 
spectrometry using an un- 
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Pathway impact analyses

A pathway enrichment analysis 
revealed that the significantly 
enriched metabolic pathways 
included aminoacyl-tRNA bio-
synthesis, histidine metaboli- 
sm, D-glutamine and D-gluta- 
mate metabolism, glutathione 
metabolism, phenylalanine, ty- 
rosine and tryptophan biosyn-
thesis, alanine, aspartate and 
glutamate metabolism, pyruva- 
te metabolism, arginine biosyn-
thesis, and nicotinate and nico-
tinamide metabolism (Figure 3).

The results showed that 11 
amino acids, including gluta-
mine, arginine, asparagine, tryp-
tophan, phenylalanine, isoleu-
cine, leucine, methionine, tyro-
sine, threonine and lysine, were 
increased in CCHD patients, 
indicating that protein synthesis 
was down-regulated (Figure 4). 
Most of the metabolites involv- 
ed in the Krebs cycle were in- 
creased in CCHD patients (Fi- 
gure 5). These findings implied 
that aerobic energy metabolism 
was down regulated in these 
patients. On the other hand, lac-
tate was higher in the CCHD 
group, which indicated that 
anaerobic energy metabolism 
was up-regulated (Figure 6). 
The metabolites involved in gly-
colysis, including glucose 6- 
phosphate and pyruvate, were 
higher in the CCHD group, sug-
gesting decreased glucose me- 
tabolism (Figure 6). In fatty acid 
metabolism, acyl-carnitines su- 
ch as palmitoyl-carnitine, butyr-
yl-carnitine, hexanoyl-carnitine, 
2-methylbutyroyl-carnitine, do- 
decanoyl-carnitine and propio-
nyl-carnitine, were increased in 
the CCHD group, indicating the 
down regulation of beta-oxygen-
ation of fatty acid (Figure 6).

Figure 2. Partial Least Squares Discriminant Analysis (PLS-DA) of cardiac 
tissue metabolites.

Figure 3. Pathway impact analysis of metabolic changes.
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Figure 4. The difference of amino acids involved in protein synthesis.
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Hierarchical cluster analysis of the metabolites 
separated the groups (Figure 6). We found that 
NAD was in the same cluster with Krebs cycle 
related substrates, indicating that the level of 
NAD was significantly correlated with the condi-
tion of the Krebs cycle. These results suggest 
that NAD may be an endogenous myocardial 
protective substance that plays an essential 
role in CCHD patients adapting to the chronic 
hypoxic condition. We further quantitatively 
verified the level of NAD in myocardium using a 
method based on liquid chromatography/triple-
stage quadrupole mass spectrometry (LC/TSQ-
MS). The CCHD group levels were approximate-
ly two times higher than those of the ACHD 
group (Figure 7), supporting the hypothesis 
that NAD may play an important role in myocar-
dial energy metabolism during the chronic 
hypoxia process in CCHD patients.

Discussion

This study’s results reveal profound and pro-
gressive changes in the hearts’ metabolic pro-
files when comparing patients with CCHD to 
those with ACHD. Hearts affected by ACHD dis-
played significant changes in Krebs cycle, 
amino acid and carbohydrate metabolism, with 
relatively little fatty acid and nucleotide metab-
olism changes. These findings reveal the differ-
ent metabolic features of ACHD patients and 
CCHD patients.

Compared with ACHD patients, CCHD patients 
were ina state of relative hypoxic condition. 
Since the oxygen supply was insufficient in the 
heart, mitochondrial oxidative phosphorylation 
declined. An increased level of many metabo-
lites in the Krebs cycle was detected in CCHD 
patients. This may indicate a down regulation of 

Figure 5. Changed metabolites involved in Krebs circle. *The metabolites without bar graph were not detected.
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energy metabolism that lead to the accumula-
tion of intermediates of Krebs cycle. However, 
we also found that lactic acid and pyruvic acid 
were increase in CCHD patients. We was dem-
onstrated that anaerobic respiration and gly-
colysis were up-regulated in CCHD patients. 
Limited oxygen supply might lead to a decline in 
fatty acid oxygenation, which stimulates the 
cells in heart to uptake more fatty acid for com-
pensation. This could explain, the increased 
level of acyl carnitine in the CCHD group.

Protein synthesis is a process that need energy 
support. Under such conditions as CCHD, with 
a limited energy supply, protein synthesis 
should be down-regulated. As our data shows, 

Figure 6. Hierarchal cluster analysis of the patients with CHD based on their metabolic profile.

Figure 7. The relative quantification of NAD in 
myocardium from CCHD and ACHD. ***P < 0.001.
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the amount of protein synthetic amino acids 
was increased in CCHD patients, indicating that 
the process was down-regulated. In addition, 
some branched-chain amino acids (BCAAs) 
such as isoleucine and leucine were increased 
in CCHD patients. Previous studies showed that 
BCAAs could improve metabolism and recover 
protein content in injured tissue [9, 10], and 
supplement of BCAAs could promote the con-
traction of cardiac and skeletal muscle [11-13]. 
D’Antona and her colleagues found that BCAA 
regulate metabolism by increasing insulin 
release and promoting mitochondrial biogene-
sis to keep the morphology of myocytes and 
improve their function. The increased level of 
BACCs may be a protective response to the 
hypoxia stress, and the molecular mechanism 
should be further investigated.

Several studies have demonstrated that NAD 
could provide myocardial preservation during 
the ischemia/reperfusion process [14]. NAD is 
essential for the mitochondrial electron trans-
port reaction. Excessive NAD depletion will lead 
to the opening of the mitochondrial permeabili-
ty transition pore and, eventually, to cell death 
[15, 16]. Our study found that the significant 
metabolic characteristics of the myocardium 
from CCHD patients were high-level NAD. 
Compared to other metabolites, the hierarchi-
cal cluster analysis showed that NAD was tight-
ly clustered with several Krebs cycle intermedi-
ates. This result indicated that the level of NAD 
in the myocardium might positively correlate 
with energy metabolism in CCHD patients. 
However, the collaborative accumulation of 
NAD and the Krebs cycle intermediates did not 
show cause and effect in CCHD patients. 
Whether the endogenous elevation of NAD was 
proactive myocardial protection, passive accu-
mulation, or both still needs further investiga-
tion. A previous study showed that NAD’s exog-
enous supplement could attenuate myocardial 
cell apoptosis and increase viability [14]. The 
hypoxia condition during cardiopulmonary 
bypass may lead to a depletion of NAD. This 
may cause a higher postcardiac surgery injury 
susceptibility of CCHD patients than ACHD 
patients because of the low tolerance of deple-
tion of NAD.

The present study still has several limitations. 
First, even though many metabolites were 
detected, some important metabolites could 
not be detected due to technical limitations. 

Second, cross-section metabolites were mea-
sured so that the available database deduced 
the metabolites’ fluxes. Third, it is possible that 
tissue sample collection and metabolites 
extraction could introduce artificial changes.
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