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Background: Tetralogy of Fallot (TOF) is the most common cyanotic heart disease.
However, the association of cardiac metabolic reprogramming changes and underlying
molecular mechanisms in TOF-related chronic myocardial hypoxia damage are
still unclear.

Methods: In this study, we combined microarray transcriptomics analysis with liquid
chromatography tandem-mass spectrometry (LC-MS/MS) spectrum metabolomics
analysis to establish the metabolic reprogramming that occurs in response to chronic
hypoxia damage. Two Gene Expression Omnibus (GEO) datasets, GSE132176 and
GSE141955, were downloaded to analyze the metabolic pathway in TOF. Then, a
metabolomics analysis of the clinical samples (right atrial tissue and plasma) was
performed. Additionally, an association analysis between differential metabolites and
clinical phenotypes was performed. Next, four key genes related to sphingomyelin
metabolism were screened and their expression was validated by real-time quantitative
PCR (QT-PCR).

Results: The gene set enrichment analysis (GSEA) showed that sphingolipid
metabolism was downregulated in TOF and the metabolomics analysis showed that
multiple sphingolipids were dysregulated. Additionally, genes related to sphingomyelin
metabolism were identified. We found that four core genes, UDP-Glucose Ceramide
Glucosyltransferase (UGCG), Sphingosine-1-Phosphate Phosphatase 2 (SGPP2), Fatty
Acid 2-Hydroxylase (FA2H), and Sphingosine-1-Phosphate Phosphatase 1 (SGPP7),
were downregulated in TOF,

Conclusion: Sphingolipid metabolism was downregulated in TOF; however, the detailed
mechanism needs further investigation.

Keywords: Tetralogy of Fallot, sphingolipid metabolism, metabolomic analysis, mass spectrometry analysis,
cyanotic congenital heart disease
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clinically important phenotypes in TOF.

FIGURE 6 | Association analysis between differential sphingomyelin metabolites and important clinical phenotypes in TOF. (A,B) Heatmaps based on z-scores of
differential sphingomyelin metabolites and clinically associated phenotypes. (C,D) Correlation analysis between z-scores of differential sphingomyelin metabolites and

protein CYP2J2 (33), lipid transport protein clusterin and high-
density lipoprotein-binding protein (34), triglyceride catabolic
process protein lipoprotein lipase (35), and lipid modification
protein soat2 (36). This was consistent with our finding, in
which the sphingolipid metabolism pathway was downregulated.
However, sphingomyelin was found to be highly expressed and
identified as an independent risk factor for coronary heart disease
(37, 38). These findings may indicate that the overall rate of lipid
metabolic processes decreases in response to pathophysiological
changes in TOF but not CHD, which decreases cardiac efficiency
and energetic utilization.

Evidence has confirmed that lipid synthesis and degradation
that target cardiac reactive oxygen species production and
ventricular remodeling play a crucial role in maintaining
cardiac function. In this study, it is important to mention the
role of sphingolipid metabolism, which regulates the activity
of cardiac glycolysis and structural and electrical remodeling
involved in chronic hypoxic environments (39). Liu et al. (40—
42) found that metabolic disorders of myocardial tissue in
response to diverse pathological stimulus conditions, including
ischemia reperfusion (I/R) injury, metabolic myocardial damage,
and defects in hypoxia, play a critical role in the clinical
prediction, diagnosis, and targeted treatment of cardiovascular

disease. Wang et al. (43) demonstrated that the main cause of
cardiac microvascular I/R injury is the no-reflow phenomenon
after thrombolytic or revascularization therapy in patients with
myocardial infarction. Their results indicate that the energy
metabolism-related mitochondrial quality control (MQC) system
may play an important role in the response to the pathological
changes involved in oxidative stress, metabolic abnormalities,
and mitochondrial dysfunction, which demonstrates a potential
clinical transformation value against cardiac I/R injury (43).
In addition, Wang et al. (44) demonstrated that FUN14
Domain Containing 1 (FUNDCI1) exerts a significant influence
on restraining myocardial stress and mitochondrial damage
by targeting the mitochondrial unfolded protein response in
lipopolysaccharide-induced sepsis. Li et al. (45) mapped the
metabolic profile of cardiac development in pig hearts postnatally
based on LC-MS/MS assays and found that early postnatal
cardiac development is mainly focused on the pathway of active
anabolisms of nucleotides and proteins, while a metabolic switch
from glucose to fatty acids was detected in the later stage of
cardiomyocyte development.

The mechanisms of sphingolipid dysregulation involved
in metabolic reprogramming changes in response to chronic
hypoxia damage demonstrated in this study may play an
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FIGURE 7 | Identification of core regulatory genes related to sphingomyelin metabolism in TOF. (A) Common genes among the GES141955 differentially expressed
genes (DEGs), GSE132176 DEGs, GES141955 consensus genes, GES132176 consensus genes, and sphingomyelin metabolism-related genes. (B) Gene-pathway
interaction network by partial correlation analysis based on standardized gene expression values and sphingomyelin metabolic pathway scores in the GSE141955
dataset. (C) Gene-pathway interaction network by partial correlation analysis based on standardized gene expression values and sphingomyelin metabolic pathway
scores in the GSE132176 dataset. (D,E) Expression of core genes in GSE132176 and GSE141955. (F,G) QT-PCR validation of the expression of the four core genes.

(H) Mechanism plot of the study. #p < 0.05.
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important role in glycolysis and lipid metabolism and increase
the damage associated with restraining the glycolysis process,
myocardium energy supply, and lipid peroxidation (25). Thus,
these factors may be novel markers for the diagnosis or treatment
of CHD-related chronic myocardial damage. In this study, by
integrated bioinformatic analyses and metabolomics, we found
that sphingolipid metabolism-related products were dysregulated
in TOF. Additionally, these products showed a close correlation
with clinical characteristics such as SpO,, EE, RVOT, RVOTd,
McGoon index, RVAW, and IVS.

In another study, Xia et al. (32) also found that lipid
metabolism-related proteins were associated with clinical
characteristics. In addition, FA2H, SGPPI, SGPP2, and
UGCG, the core sphingolipid metabolism-related genes,
were downregulated in TOF. FA2H encodes fatty acid 2-
hydroxylase (46), which plays a significant role in maintaining
the neuronal myelin sheath (47) and influences lipid structures
and metabolic signaling (48). SGPP1 and SGPP2 are two
homologous sphingosine-1-phosphate (S1P) phosphatases
involved in the metabolism of S1P (49). SI1P has a strong effect
on the development and function of the heart (50). Studies have
shown that S1P regulates calcium metabolism and ionic currents
in cells of the sinoatrial node, which controls heart rate (51).
SGPP1 has been associated with sphingomyelins (52), which
may contain genetic risk loci associated with cardiometabolic
diseases (53). SGPP2 was found to play multiple roles including
tumor progression (54) and inflammatory responses (55).
Inflammation is very common in cardiovascular disease.
However, the relationship between the inflammatory response
and SGPP2 expression in TOF remains unclear. Further studies
should be proposed to unveil the potential pathophysiologic
implications of SGPP1 and SGPP2 in TOF. In addition, UGCG
encodes glucosylceramide synthase and older Ugcg-/- mice
developed severe heart failure and left ventricular dilatation and
even died prematurely (56). Moreover, depletion of UGCG in
the brain (57) and liver (58) causes an increase in sphingomyelin,
which may confirm the relationship between UGCG and
sphingomyelin metabolism in this study on TOF.

In conclusion, bioinformatics and powerful full-spectrum
metabolomics techniques were used to investigate the differential
metabolite profile of CHD. The results of the metabolomics
analysis indicated the dysregulated level of metabolites related
to sphingolipid metabolism. In addition, by bioinformatics
analyses and QT-PCR validation, we obtained four sphingolipid
metabolism-related genes under pathophysiological TOF
conditions and this change was not detected in previous studies.
This study may open new windows for understanding cardiac
maladaptation in TOF. However, we still need to further elucidate
the functions of these genes in TOF and the detailed regulatory
relationships between these genes and differential metabolites.

However, several limitations of this study must be noted.
First, RA and blood samples were selected for this study.
Although TOF can be systematically analyzed from the heart to
peripheral blood, it is undeniable that TOF-related myocardial
damage is mainly associated with RV lesions. Limited by the
difficulty and ethical requirements of obtaining RV tissue, the
challenges of obtaining ample RV samples for LC-MS/MS

analysis remain. Second, the abundances of different metabolites,
especially sphingolipid metabolism, among the TOF and ASD
groups before CPB surgery were detected. In this study, multiple
metabolic pathways were identified based on differentially
expressed metabolites (DEM) analysis. A weighted co-expression
network analysis between clinical phenotypes and DEMs is
needed. In this study, large sample and multicenter exponential
investigations are warranted to validate the role of sphingolipid
metabolism in cardiac remodeling in cyanotic CHD.
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