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Simple Summary: The right ventricle (RV) of children with hypoplastic left heart syndrome (HLHS),
in which volume overload (VO) is inevitable, pumps blood into the systemic circulation. Understand-
ing the molecular differences and their different responses to VO between the RV and left ventricle
(LV) at the neonatal and highly plastic stages may improve the long-term management of children
with HLHS. Using our newly developed neonatal ventricular VO model, we demonstrated that one
of the major differences between a normal neonatal RV and LV is related to the insulin and thyroid
hormone signaling pathways. In response to VO, the RV favored an arrhythmogenic right ventricular
cardiomyopathy (ARVC) phenotypic change and the LV favored a reduction in microRNAs in cancer.
Considering that a major cause of death in children with HLHS is arrhythmia, which is the hallmark
of ARVC, the current study suggests that inhibiting ARVC may improve RV function. In addition,
the current study also suggests that insulin, thyroid hormone, and cancer-associated microRNAs
may be potential therapeutic targets that should be explored by basic science studies to improve the
function of the RV to match that of the LV.

Abstract: Background: In children with hypoplastic left heart syndrome (HLHS), volume overload
(VO) is inevitable, and the right ventricle (RV) pumps blood into the systemic circulation. Under-
standing the molecular differences and their different responses to VO between the RV and left
ventricle (LV) at the neonatal and highly plastic stages may improve the long-term management of
children with HLHS. Methods and Results: A neonatal rat ventricular VO model was established
by the creation of a fistula between the inferior vena cava and the abdominal aorta on postnatal
day 1 (P1) and confirmed by echocardiographic and histopathological analyses. Transcriptomic
analysis demonstrated that some of the major differences between a normal neonatal RV and LV were
associated with the thyroid hormone and insulin signaling pathways. Under the influence of VO,
the levels of insulin receptors and thyroid hormone receptors were significantly increased in the LV
but decreased in the RV. The transcriptomic analysis also demonstrated that under the influence of
VO, the top two common enriched pathways between the RV and LV were the insulin and thyroid
hormone signaling pathways, whereas the RV-specific enriched pathways were primarily associated
with lipid metabolism and arrhythmogenic right ventricular cardiomyopathy (ARVC); further, the
LV-specific enriched pathways were primarily associated with nucleic acid metabolism and microR-
NAs in cancer. Conclusions: Insulin and thyroid hormones may play critical roles in the differences
between a neonatal RV and LV as well as their common responses to VO. Regarding the isolated
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responses to VO, the RV favors an ARVC change and the LV favors a reduction in microRNAs in
cancer. The current study suggests that insulin, thyroid hormone, and cancer-associated microRNAs
are potential therapeutic targets that should be explored by basic science studies to improve the
function of the RV to match that of the LV.

Keywords: hormone; hypoplastic left heart syndrome; long-term management; neonatal; volume
overload

1. Introduction

Hypoplastic left heart syndrome (HLHS) is an uncommon and complex congenital
heart disease (CHD) with an incidence of about 1–27 per 100,000, accounting for about
1.4% of CHDs [1–3]. Although the incidence of HLHS is low, it accounts for 23% and 15%
of cardiac deaths within the first week and the first month of life, respectively [4,5]. The
15-year survival of children with HLHS is only 48%, with most of these deaths occurring
during the first year of life [4,5]. HLHS is characterized by a hypoplastic left ventricle (LV),
systemic outflow tract obstruction, and pumping of systemic blood by the right ventricle
(RV) [1]. Therefore, understanding the molecular differences between the neonatal RV and
LV may aid in enhancing RV function, which improves the survival rate and long-term
quality of life of children with HLHS.

One of the mechanisms underlying the causes of HLHS is the lack of sufficient volume
load on the LV during the fetal stage [6,7]. In the embryonic period, the RV bears more
volume load and is thicker than the LV; however, at term, the ventricular free wall thickness
of both the LV and RV increases in parallel to almost 3.5 mm [8–10]. Increasing evidence
suggests that neonatal hearts have a high degree of plasticity [11,12]. Our previous studies
demonstrated that even at the prepubertal stage, volume overload (VO) still contributed
to RV and LV adaptation [13–15]. To the best of our knowledge, no previous study has
evaluated how VO remodels the neonatal RV and LV. Before the first-stage palliation,
children with HLHS have adequate communication at the atrial level, which is required for
survival and leads to RV VO [16,17]. During the first stage of palliative surgery (Norwood
procedure), atrial septectomy is performed to produce unlimited pulmonary venous flow
into the RV, which further increases VO to the RV [18–20]. After the third stage of correction
(Fontan procedure, which is typically performed at preschool age) is completed, the RV
simultaneously actively supports the systemic circulation and passively supports the
pulmonary circulation [1,21–23]. It is unclear whether the function of the RV can be
improved to match that of the LV in response to VO. Considering that most deaths due to
HLHS occur within the first year of life [1–3], identifying the molecular differences between
neonatal RV and LV, as well as their responses to VO, may help to improve the survival
rate and the long-term performance of the RV in children with HLHS.

Previous studies have demonstrated that at the neonatal stage (from postnatal day
1 [P1] to P7), rodent cardiomyocytes (CMs) are immature, characterized by disorganized
sarcomere arrangement, glycolysis metabolism, and a lack of T-tubules [11,24]. At the pre-
pubertal stage (from P7 to P21), rodent CMs begin to mature, and by P21, the CMs are fully
mature, characterized by a highly arranged sarcomere, lipid oxidative phosphorylation,
and fully developed T-tubules [11,24]. Previously, we created a prepubertal ventricular
VO model, showing that VO changed the prepubertal maturation track of both RV and
LV and highlighting the higher degree of plasticity of prepubertal ventricles than that of
adult ventricles [13–15]. In the current study, we constructed a neonatal and ventricular
VO model on P1, as in our previous publication [25]. We selected the LV- and RV-free walls
at P7 for analysis and compared them to demonstrate the molecular differences between
neonatal RV and LV and to determine the differences in their responses to VO.
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2. Materials and Methods
2.1. Animals and Surgery

Sprague–Dawley neonatal rats underwent either fistula surgery or sham operation
at P1, as previously described, with associated video recordings to demonstrate the sur-
gical process [25]. Briefly, the neonates were pre-anesthetized with 5% isoflurane and
administered general anesthesia with ice cooling. The abdominal aorta (AA) and inferior
vena cava (IVC) were exposed by midline laparotomy. Then, a fistula was created using a
needle (diameter, 0.06 mm) puncture, directed from the AA to the IVC. A 2 min hemostatic
compression was carried out after the puncture. Then, the abdominal wall was closed
using local lidocaine treatment for pain relief. The neonatal rats were warmed on a heating
plate at 37 ◦C for 2 min and then returned to their mother.

2.2. Abdominal Ultrasonography

A Vevo 2100 imaging system (Visual Sonics, Toronto, Ontario, Canada) and a pulse-wave
mode were used to analyze the AA and IVC fistula (AVF), as reported previously [13–15].

2.3. Echocardiography

The creation of VO in AVF rats was confirmed by echocardiography using a Vevo
2100 imaging system (Visual Sonics, Toronto, Ontario, Canada). Moreover, the pulmonary
artery (PA) velocity time integral (VTI), PA velocity, aortic valve (AoV) VTI, and AoV
velocity were analyzed according to previous reports [13–15].

2.4. Histopathological Analysis

To evaluate the morphological changes in the ventricle caused by VO, the hearts of six
rats per group were randomly selected to be stained with hematoxylin and eosin (H&E)
using an H&E kit according to the manufacturer’s instructions.

2.5. Oil Red Stain

Oil red staining was performed using an Oil Red Stain Kit (ab150678; Abcam, Shanghai,
China), as instructed by the manufacturer. In brief, the tissue sections were incubated in
propylene glycol for 2 min, oil red O solution for 6 min, 85% propylene glycol for 1 min,
and finally hematoxylin for 2 min.

2.6. Western Blotting Analysis

Proteins were extracted, separated, and transferred onto polyvinylidene fluoride
membranes (Merck, Millipore, Billerica, MA, USA). The membranes were then blocked
in 5% non-fat milk for 1 h at room temperature. After washing, the membranes were
incubated with primary antibodies overnight at 4 ◦C. After washing, the membranes were
incubated with secondary antibodies at room temperature for 1 h, and the blots were
detected with a Bio-Rad ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA).

2.7. Library Construction and Sequencing

RV- and LV-free walls were selected for RNA-seq analysis. For RNA extraction, a
PureLink RNA Micro Scale Kit was used. The NEBNext Ultra RNA Library Prep Kit for
Illumina (NEB, USA) was utilized to generate sequencing libraries. Briefly, mRNA was first
purified with poly-T oligo-attached magnetic beads. Then, we performed fragmentation
with First Strand Synthesis Reaction Buffer. First-strand cDNA was synthesized using
RNase H and random hexamer primers, and second-strand cDNA was synthesized with
DNA polymerase I and RNase H. The cDNA fragments were first adenylated and then
ligated with NEB Next Adaptors. An AMPure XP system (Beckman Coulter, Beverly,
MA, USA) was used to purify library fragments that were preferentially 370–420 bp in
length. Then, we performed PCR with Index (X) Primer, Universal PCR primers, and
Phusion High-Fidelity DNA polymerase. Subsequently, we purified the PCR products
with an AMPure XP system and assessed the library quality with the Agilent Bioanalyzer
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2100 system. The samples were finally clustered with a TruSeq PE Cluster Kit v3-cBot-HS
(Illumina) and sequenced on an Illumina Novaseq platform.

2.8. Quality and Quantification of Gene Expression Levels

To generate clean data (clean reads), reads containing adapters or poly-N or reads with
low quality were removed from the raw data, and the downstream analyses were based on
the clean data. Hisat2 v2.0.5 was used to establish the index of the reference genome and
to align the paired-end clean reads to the reference genome. The featureCounts v1.5.0-p3
was employed to count the number of reads mapped to each gene. Gene expression levels
were expressed as fragments per kilobase of transcript sequence per million base pairs
sequenced (FPKM).

2.9. Analysis of Differentially Expressed Genes

The DESeq2 R package (1.16.1) was used to determine differentially expressed genes
(DEGs). Benjamini and Hochberg’s approach was applied to adjust the resulting P values.
Genes with an adjusted p value of <0.05 and fold change > 1.3 were considered to be differ-
entially expressed. The clusterProfiler R package was used to analyze Gene Ontology (GO)
and KEGG pathway enrichment. Terms with corrected p values of <0.05 were considered
to be significantly enriched.

2.10. Statistical Analysis

Continuous data are expressed as means ± standard deviation. When the data were
normally distributed, as shown by the Shapiro–Wilk test, Student’s t-test was used to test
the differences between groups; otherwise, the data were analyzed with the rank-sum
test. p < 0.05 was considered to indicate a significant difference. Statistical analyses were
conducted using SAS software ver. 11.0 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Establishment of Ventricular VO via AVF Surgery

Similar to our previous publications [13–15], no pulsatile blood flow was shown
in the IVC of the AVF rats (Figure 1A); however, pulsatile blood flow appeared in the
AA (Figure 1B) and at the puncture point (PP). The mean peak velocity at the PP was
286.7 ± 17.2 (Figure 1C,D). The data demonstrated that a fistula was created between the
AA and IVC.

To evaluate the RV VO, the PA velocity and PA velocity time integral (VTI) at P7
were detected. The PA velocities and PA VTIs in the VO groups significantly increased
(Figure 2A–C) when compared to the sham group. Similarly, in the LV, the AoV velocities
and AoV VTIs in the VO groups significantly increased when compared to the sham
group (data not shown). H&E staining showed that the diameters of the RV and LV
chambers were increased at the middle panel in the VO group (Figure 2D–F). These results
suggested that VO was successfully created by AVF in both the RV and the LV, as previously
reported [13–15].

3.2. Molecular Differences between Neonatal LV and RV

To explore how VO contributes differently to RV and LV, we compared the transcrip-
tome between normal neonatal RV and LV by RNA-seq. As shown in Figure 3A, there
were 1806 differentially expressed genes (DEGs) between neonatal LVs and RVs, of which
1095 were downregulated and 711 were upregulated. When these genes were clustered,
a heatmap showed that the DEGs of the individual RVs were similar to each other but
differed significantly from those of the LVs (Figure 3B), suggesting good reproducibil-
ity of the study. Enrichment analysis of the DEGs between normal neonatal LVs and
RVs showed that among the top 10 enriched terms for biological process (BP), 6 were
associated with signal transduction, whereas calcium ion binding and protein kinase ac-
tivity were among the top 10 enriched terms for molecular function (MF) (Figure 3C and
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Supplementary Figure S1A). Because intracellular signal transduction depends on calcium
ion binding and protein kinase activity [26,27], the above results suggested that one of
the major molecular differences between the normal neonatal RV and LV was related to
intracellular signal transduction.

To further understand the regulation of molecular differences between the LV and RV
by intracellular signaling, a pathway enrichment analysis was applied. The results showed
that the top four enriched pathways were the thyroid hormone signaling pathway, insulin
resistance, cGMP-PKG signaling pathway, and insulin signaling pathway (Figure 3D and
Supplementary Figure S1B).

The above-mentioned results suggest that one of the major differences between neona-
tal LV and RV was in the thyroid hormone and insulin signaling pathways.

To verify the results demonstrated by RNA-seq, we detected the thyroid hormone
and insulin receptors. The results showed that the levels of thyroid hormone and insulin
receptors were significantly lower in the LV than in the RV (Figure 4A–G). In addition,
under the condition of VO, thyroid hormone receptor (Thra) and insulin receptor (Insr)
levels were upregulated in the LV but were downregulated in the RV (Figure 4A–G).

Figure 1. Establishment of the abdominal aorta (AA) and inferior vena cava (IVC) fistula (AVF).
(A) IVC manifested no pulsatile blood flow. (B) There was pulsatile blood flow in the AA, with a peak
blood flow velocity of 200 mm/s. (C) Representative image of the pulsating blood flow at the fistula,
with a peak blood flow velocity of 300 mm/s. (D) Quantification of peak velocity at the fistula.
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Figure 2. Verification of volume overload (VO) in the AVF group. (A) Representative echocardiogram
of pulmonary artery (PA) velocity time integral (VTI) and velocity in the sham and VO groups.
(B) Quantification of PA mean velocity in the sham and VO groups, n = 6. (C) Quantification of PA
VTI in the sham and VO groups, n = 6. (D) Representative hematoxylin and eosin staining of hearts
from the sham and VO groups. (E) Quantification of the diameter of the right ventricle (RV) chamber.
(F) Quantification of the diameter of the left ventricle (LV) chamber.
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Figure 3. Molecular differences between neonatal right ventricle (RV) and left ventricle (LV). (A) Vol-
cano map of the differentially expressed genes (DEGs) between neonatal LV and RV. There were
711 upregulated and 1095 downregulated genes in the normal LV compared to the normal RV.
(B) Cluster analysis of the DEGs between neonatal LV and RV. The clusters of genes in each group
were different from each other but were similar within the same group. (C) Histogram of the GO
analysis. Based on the results of the GO enrichment analysis, we displayed the 10 most significant
terms. The abscissa is the GO term, and the ordinate is the significance level for GO term enrichment.
The higher the value, the more significant the results. The different colors represent three different GO
subclasses: biological process (BP), cellular component (CC), and molecular function (MF). (D) His-
togram of the 20 most significant KEGG pathways. The 20 most significant Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways from the KEGG enrichment results are shown. The abscissa
is the KEGG pathway and the ordinate is the significance level of pathway enrichment; the higher the
value, the greater the significance.
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Figure 4. Expression of thyroid and insulin receptors in the left ventricle (LV) and right ventricle (RV).
(A) FPKM of insulin receptor (Insr). (B) FPKM of thyroid receptor alpha (Thra). (C) The mRNA level
of Insr. (D) The mRNA level of Thra. (E) Representative Insr and Thra blots. (F) Quantification of Insr
blots. (G) Quantification of Thra blots. It is noted that Insr and Thra were significantly lower in the LV
than in the RV, and when subjected to VO, Insr and Thra were upregulated in LV but downregulated
in the RV.

3.3. Neonatal LV Was more Transcriptionally Active at Baseline in Response to VO Than the RV

As shown in Figure 5A, under the influence of VO, there were 922 DEGs in the RV
comparison, while there were 3408 DEGs in the LV comparison, suggesting that VO pro-
duced almost a 4-fold increase in DEGs in the LV in comparison to the RV. A Venn diagram
showed that the LV comparison shared 530 DEGs with the RV comparison; 2878 DEGs
were expressed only in the LV comparison, and 392 DEGs were only expressed in the RV
comparison (Figure 5B). As shown in Figure 5C, when the DEGs were clustered in the
RV or LV comparison, a heatmap showed that the individuals were similar to each other
in the same group but differed significantly from those in the other group, suggesting
good reproducibility of the study. The results suggested that the neonatal LV was more
transcriptionally active at baseline in response to VO than the RV.
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Figure 5. Left ventricle (LV) was more sensitive to VO than the right ventricle (RV). (A) Volcano map
of the differentially expressed genes (DEGs) between VO and sham groups. There were 926 DEGs in
the RV comparison and 3408 DEGs in the LV comparison. (B) Venn map of the LV comparison and
RV comparison. The LV comparison shared common 530 DEGs with the RV comparison, 2878 DEGs
were expressed only in the LV comparison, and 392 DEGs were only expressed in the RV comparison.
(C) Cluster analysis of the DEGs between VO and sham groups. The clusters of genes in each group
were quite different from each other but were similar within the same group.

3.4. Common Responses between Neonatal LV and RV under the Influence of VO

The aforementioned DEGs were subjected to an enrichment analysis. In the top
150 enriched terms (50 terms each for biological process, cellular component, and molecu-
lar function) and 30 pathway terms, LV and RV comparisons shared 5 biological process
terms (10%) (Supplementary Figure S2A), 13 cellular component terms (26%) (Supplemen-
tary Figure S2B), 16 molecular function terms (32%) (Figure 6A), and 14 pathway terms
(36.7%) (Figure 6B). The scores of enriched terms in the LV comparison were higher than
those in the RV comparison, except for the terms of insulin resistance and thermogenesis
in pathways (Figure 6B), thereby confirming that the neonatal LV was more transcrip-
tionally active in response to VO than the RV. Although the normal neonatal LV and RV
differed in terms of the thyroid hormone and insulin signaling pathways (Figure 3D and
Supplementary Figure S1B), the thyroid hormone and insulin signaling pathway were the
top two enriched terms in both the LV and the RV under the influence of VO (Figure 6B),
suggesting that thyroid hormone and insulin play a critical role in regulating their common
responses to VO.
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Figure 6. Common responses to volume overload (VO) between the neonatal left ventricle (LV)
and right ventricle (RV). (A) Molecular function (MF) terms of GO analysis shared by LV and RV.
(B) KEGG signaling pathways terms shared by LV and RV. The scores in terms of insulin resistance and
thermogenesis(highlighted in red box) in the LV comparison were lower than in the RV comparison.

3.5. Different Responses of Neonatal LV and RV under the Influence of VO

The aforementioned DEGs were subjected to enrichment analysis which showed the
top 30 RV- or LV-specific enriched terms in response to VO (Figure 7). In the RV, VO
caused BP enrichment that was associated with protein and lipid metabolism (Figure 7A),
while in the LV, it caused BP enrichment that was associated with nucleoside metabolism
(Figure 7B). Further, VO caused CC enrichment that was associated with protein and lipid
synthesis sites in the RV, while it was associated with vesicles in the LV (Supplementary
Figure S3A,B). Moreover, VO caused MF enrichment that was associated with protein
and lipid-metabolic enzyme activities in the RV, while it was associated with nucleoside
metabolic regulation in the LV (Supplementary Figure S3C,D).

Figure 7. Different responses to volume overload (VO) between the neonatal left ventricle (LV)
and right ventricle (RV). (A) Top 30 RV-unique biological process (BP) terms from GO analysis of
differentially expressed genes (DEGs) between sham and VO groups. (B) Top 30 LV-unique biological
process (BP) terms from GO analysis of DEGs between sham and VO groups.

In addition, the top three pathways enriched by VO in the RV were arrhythmogenic
right ventricular cardiomyopathy (ARVC), the adipocytokine signaling pathway, and the
PPAR signaling pathway (Figure 8A), whereas in the LV they were microRNAs in cancer,
the longevity regulating pathway, and the citrate cycle (TCA cycle) (Figure 8B). ARVC, the
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adipocytokine signaling pathway, and the PPAR signaling pathway are closely associated
with the regulation of protein and lipid metabolism [28–30]. The microRNAs in cancer and
longevity-regulating pathways are closely associated with nucleic acid metabolism [31,32].
These results suggested that under the influence of VO, the RV favors the regulation of
protein and lipid metabolism, while the LV favors the regulation of nucleic acid metabolism.

Figure 8. Different KEGG pathways between the neonatal left ventricle (LV) and right ventricle (RV)
in response to volume overload (VO). (A) Top 16 RV-unique terms of KEGG pathway analysis of
differentially expressed genes (DEGs) between sham and VO groups. (B) Top 16 LV-unique terms of
KEGG pathway analysis of DEGs between sham and VO groups.

To confirm the above results, we detected lipid metabolism in the RV and cancer-
associated microRNAs in the LV. Although the adipocytes (a marker of ARVC) were
not increased in the RV under the influence of VO (Figure 9A), the lipid metabolism
enzyme long-chain acyl-CoA synthetase 1 (ACSL1) was significantly increased in the RV
(Figure 9B,C). Moreover, cancer-associated microRNAs were downregulated in the LV
(Figure 9D).

Figure 9. Verification of unique responses in the right ventricle (RV) or left ventricle (LV). (A) Represen-
tative image of Oil red staining. In the control, adipocytes were stained with oil red. (B) Representative
ACSL1 blots. (C) Quantification of ACSL1 blots. (D) Relative expression of cancer-associated microR-
NAs. * p < 0.05.



Biology 2022, 11, 1831 12 of 15

4. Discussion

The mortality of children with HLHS is the highest between stage 1 and stage 2 of
the operation, during which VO is inevitable and has been associated with arrhythmias
and RV failure [1,2]. Previous studies have focused mainly on the hemodynamic changes
rather than on the molecular changes at this stage [3,4]. To the best of our knowledge,
the current study is the first to demonstrate the transcriptomic differences between the
neonatal RV and LV as well as their responses to VO, thereby providing useful information
to improve the function of the RV to support the systemic circulation and to reduce the rate
of arrhythmias and RV failure.

Our results demonstrated that the insulin and thyroid hormone signaling pathways
were the two of the most enriched pathways regulating the differences between the RV
and LV as well as their common responses to VO, suggesting that these two hormone
pathways may be used to improve RV function. Previous studies demonstrated that insulin
promotes the use of glucose as the main cardiac energy substrate, resulting in reduced
myocardial O2 consumption and increased cardiac efficiency [33,34]. As a result, insulin
resistance contributes to VO-induced adult heart failure and prepubertal cardiac metabolic
maladaptation [35,36]. To our knowledge, the present study is the first to reveal the role
of insulin in VO-stimulated neonatal RV and LV responses. Thyroid hormone leads to
increased expression of the fast isoform of the myosin heavy chain and sarcoplasmic
reticulum calcium-activated ATPase and increased beta-1-adrenergic receptor density,
enhancing both systolic and diastolic LV function [37,38]. In addition, recent studies
have demonstrated that thyroid hormone controls cardiac plasticity, including cardiac
regeneration [39]. Based on the results of the current and previous studies, we suggested
that insulin and thyroid hormones may be used to support neonatal RV function in response
to VO. Moreover, our previous studies demonstrated that VO induced an immune response
of the neonatal RV and prepubertal LV [13,15,25], whereas the current study showed that
VO induced an immune response of both RV and LV (Supplementary Figure S4). In addition,
adult hearts also respond to VO with an immune response [40,41]. This confirmed our
previous results and highlighted the role of immune response in ventricular maladaptation.
However, fibrosis and angiogenesis were the two hallmarks of adult hearts in response
to VO [40,41]. However, neonatal hearts exposed to VO, either in the RV or LV, did not
show any enriched BP, CC, MF, or pathway terms associated with fibrosis and angiogenesis
(Figure 6). Additionally, the enriched terms associated with insulin and thyroid hormones
in neonatal hearts did not appear in adult hearts [40,41].

Another finding of the present study is that the responses between the neonatal RV
and LV under the influence of VO are different. The hallmarks of ARVC are arrhythmia,
adipocytes, and an imbalance of calcium homeostasis [28]. In the RV, the BP enriched by
VO was mainly associated with protein and lipid metabolism (Figure 7A), whereas the CC
was mainly associated with protein and lipid synthesis sites (Supplementary Figure S3A),
and the MF was mainly associated with protein- and lipid-metabolic enzyme activities
(Supplementary Figure S3C). Similarly, the pathways enriched by VO in the RV were
mainly associated with ARVC and the adipocytokine signaling pathway (Figure 8A). These
results indicated that under the influence of VO, neonatal RV developed an AVRC-like
phenotype, which partly explains why some children with HLHS died of arrhythmia. In
contrast, the neonatal LV uses cancer-associated microRNAs to adapt to VO (Figure 8B).
Thus, the function of the RV may be improved to match that of the LV using ion channel
blockers and cancer-associated microRNAs, which are potential therapeutic targets that
should be explored by basic science studies.

An important limitation of the current study is that we did not use a transgenic mouse
to evaluate the role of insulin, thyroid hormone, ion channel blockers, and cancer-associated
microRNAs in RV performance. Further studies are required to extend our evaluation
of the effects of insulin, thyroid hormone, ion channel blockers, and cancer-associated
microRNAs on RV performance. Another major concern is that the model cannot exactly
mimic HLHS and, to some extent, is much more similar to left-to-right shunt. However,
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AVF produces VO not only in the RV but also in the LV and has been extensively used
to study the effect of VO on both the RV and LV [13,42,43]. Thus, this model provides an
alternative method to study how VO affects LV and RV, especially at the neonatal stage,
at which no other ventricular VO models have been developed [13–15]. The third major
concern is whether the LV is more capable than the RV in maintaining persistent function
under VO. Most of our knowledge concerning the different responses to VO between the
LV and RV was obtained from adult animals. For example, based on the study of adult
animals, we know that the LV was more sensitive to VO than the RV, whereas the RV was
more sensitive to pressure overload than the LV [42]. One may expect that the LV would
not demonstrate higher capability than the RV to maintain persistent function under VO.
However, neonatal hearts are quite different from adult hearts in terms of their molecular
structure, metabolism, and electrophysiology [12], and we should not apply our knowledge
obtained from adult hearts to neonatal hearts. For example, one cause of HLHS is the
lack of volume load at the fetal stage [6]. However, one would not expect volume load to
contribute to adult LV development. Moreover, the adult LV responds to pressure overload
with dysfunction, while the neonatal LV responds to the same stimulus with proliferation
and a pure adaptive response with preserved cardiac function [44,45]. When considering
HLHS, the RV replaces the LV as a systemic ventricle. This means that the RV bears a
higher load (volume load, pressure load, or both) than under normal circumstances. The
current study aimed to shed light on the fact that the RV may be rebuilt and may function
better than the LV from the aspect of volume load. In addition, the RV has two layers and
two types of fibers (clockwise spiral fibers and longitudinal fibers), whereas the LV has
three layers and three types of fibers (clockwise spiral fibers, anti-clockwise spiral fibers,
and longitudinal fibers) (Supplementary Figure S5), rendering the LV more resistant to
dilatation than the RV [42]. Thus, with increasing volume load, the LV is more prone to
dysfunction than the RV at the adult stage [42]. Whether a similar phenomenon exists at
the neonatal stage was largely unknown and was a part of the question the study tried to
answer. As shown in Figure 5A, our results demonstrated that the LV was more sensitive
to VO than the RV, producing 4 times more DEGs.

5. Conclusions

In summary, we found that insulin and thyroid hormones were involved in the
common responses to VO for both the neonatal RV and the neonatal LV, suggesting that
these hormones may be used to improve RV performance. We also demonstrated that
under the influence of VO, the RV transformed to an AVRC-like phenotype, while the LV
demonstrated reduced production of cancer-associated microRNAs, suggesting that ion
channel blockers and cancer-associated microRNAs are potential therapeutic targets that
should be explored by basic science studies.

Supplementary Materials: The following supporting information can be downloaded at: Supplemen-
tary Figure S1: Scatter plots of GO and KEGG pathway analyses (https://doi.org/10.5281/zenodo.72
74420); Supplementary Figure S2: Biological process (BP) and cellular component (CC) terms of GO
analysis shared by the LV and RV under the condition of VO (https://doi.org/10.5281/zenodo.7274
437); Supplementary Figure S3: Biological process (BP) and cellular component (CC) terms of GO anal-
ysis shared by the LV and RV under the condition of VO (https://doi.org/10.5281/zenodo.7274444);
Supplementary Figure S4: Immune response-associated GO and KEGG terms enriched by vol-
ume overload (VO) (https://doi.org/10.5281/zenodo.7274448); Supplementary Figure S5 Differ-
ent anatomy of the RV and LV (https://doi.org/10.5281/zenodo.7274452); Supplementary Ta-
ble S1: Primers (https://doi.org/10.5281/zenodo.7278606); Supplementary Table S2: Reagents
(https://doi.org/10.5281/zenodo.7278629).

Author Contributions: Q.C., Y.S., L.Y. and C.Z. designed the study; Q.C., D.L., Q.S., Y.H. and C.Z.
performed the experiments; C.J., D.L. and Y.X. collected the samples; Q.C., Y.S. and D.L. conducted the
statistical analysis; Y.S., L.Y., D.L. and Q.C. wrote the manuscript; and H.Z., L.Q. and L.Y. reviewed and
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

https://doi.org/10.5281/zenodo.7274420
https://doi.org/10.5281/zenodo.7274420
https://doi.org/10.5281/zenodo.7274437
https://doi.org/10.5281/zenodo.7274437
https://doi.org/10.5281/zenodo.7274444
https://doi.org/10.5281/zenodo.7274448
https://doi.org/10.5281/zenodo.7274452
https://doi.org/10.5281/zenodo.7278606
https://doi.org/10.5281/zenodo.7278629


Biology 2022, 11, 1831 14 of 15

Funding: This work was supported by the National Key R&D Program of China (No. 2019YFA0110401),
Shanghai Science and Technology Innovation Project (19411950200), Key Discipline Group Develop-
ment Fund of Health and Family Planning Commission of Pudong New District (PWZxq2017-14),
the Shanghai Natural Science Foundation (No. 22ZR147900), the Science and Technology Innovation
Action Plan of Shanghai—Experimental Animal Research (No. 201409005900), National Natural
Science Foundation of China (No. 82270314), and the Foundation of Pudong Science and Technology
Development (No. PKJ2019-Y12).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the animal welfare and human studies committee at Shanghai Children’s
Medical Center (protocol code SCMCIRB-Y2020094 and 06/16/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The RNA-seq data were deposited in the GEO database (https://www.
ncbi.nlm.nih.gov/geo (accessed on 5 December 2022)) with accession number GSE186247.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Feinstein, J.A.; Benson, D.W.; Dubin, A.M.; Cohen, M.S.; Maxey, D.M.; Mahle, W.T.; Pahl, E.; Villafañe, J.; Bhatt, A.B.; Peng,

L.F.; et al. Hypoplastic left heart syndrome: Current considerations and expectations. J. Am. Coll. Cardiol. 2012, 59, S1–S42.
[CrossRef] [PubMed]

2. Ohye, R.G.; Schranz, D.; D’Udekem, Y. Current Therapy for Hypoplastic Left Heart Syndrome and Related Single Ventricle
Lesions. Circulation 2016, 134, 1265–1279. [CrossRef] [PubMed]

3. Saraf, A.; Book, W.M.; Nelson, T.J.; Xu, C. Hypoplastic left heart syndrome: From bedside to bench and back. J. Mol. Cell Cardiol.
2019, 135, 109–118. [CrossRef] [PubMed]

4. Brida, M.; Diller, G.P.; Gatzoulis, M.A. Systemic Right Ventricle in Adults with Congenital Heart Disease: Anatomic and
Phenotypic Spectrum and Current Approach to Management. Circulation 2018, 137, 508–518. [CrossRef] [PubMed]

5. Khairy, P.; Fernandes, S.M.; Mayer, J.E., Jr.; Triedman, J.K.; Walsh, E.P.; Lock, J.E.; Landzberg, M.J. Long-term survival, modes of
death, and predictors of mortality in patients with Fontan surgery. Circulation 2008, 117, 85–92. [CrossRef]

6. Dewan, S.; Krishnamurthy, A.; Kole, D.; Conca, G.; Kerckhoffs, R.; Puchalski, M.D.; Omens, J.H.; Sun, H.; Nigam, V.; McCulloch,
A.D. Model of Human Fetal Growth in Hypoplastic Left Heart Syndrome: Reduced Ventricular Growth Due to Decreased
Ventricular Filling and Altered Shape. Front. Pediatr. 2017, 5, 25. [CrossRef]

7. Feit, L.R.; Copel, J.A.; Kleinman, C.S. Foramen ovale size in the normal and abnormal human fetal heart: An indicator of
transatrial flow physiology. Ultrasound Obstet. Gynecol. 1991, 1, 313–319. [CrossRef] [PubMed]

8. García-Otero, L.; Soveral, I.; Sepúlveda-Martínez, Á.; Rodriguez-López, M.; Torres, X.; Guirado, L.; Nogué, L.; Valenzuela-Alcaraz,
B.; Martínez, J.M.; Gratacós, E.; et al. Reference ranges for fetal cardiac, ventricular and atrial relative size, sphericity, ventricular
dominance, wall asymmetry and relative wall thickness from 18 to 41 gestational weeks. Ultrasound Obstet Gynecol. 2021, 58,
388–397. [CrossRef] [PubMed]

9. Sepúlveda-Martínez, A.; García-Otero, L.; Soveral, I.; Guirado, L.; Valenzuela-Alcaraz, B.; Torres, X.; Rodriguez-Lopez, M.;
Gratacos, E.; Gómez, O.; Crispi, F. Comparison of 2D versus M-mode echocardiography for assessing fetal myocardial wall
thickness. J. Matern Fetal Neonatal. Med. 2019, 32, 2319–2327. [CrossRef]

10. Ito, T.; Harada, K.; Takada, G. In situ morphometric analysis of left and right ventricles in fetal rats: Changes in ventricular
volume, mass, wall thickness, and valvular size. Tohoku J. Exp. Med. 2001, 193, 37–44. [CrossRef]

11. Ye, L.; Wang, S.; Xiao, Y.; Jiang, C.; Huang, Y.; Chen, H.; Zhang, H.; Zhang, H.; Liu, J.; Xu, Z.; et al. Pressure Overload Greatly
Promotes Neonatal Right Ventricular Cardiomyocyte Proliferation: A New Model for the Study of Heart Regeneration. J. Am.
Heart Assoc. 2020, 9, e015574. [CrossRef] [PubMed]

12. Galdos, F.X.; Guo, Y.; Paige, S.L.; VanDusen, N.J.; Wu, S.M.; Pu, W.T. Cardiac Regeneration: Lessons From Development. Circ. Res.
2017, 120, 941–959. [CrossRef] [PubMed]

13. Sun, S.; Hu, Y.; Xiao, Y.; Wang, S.; Jiang, C.; Liu, J.; Zhang, H.; Hong, H.; Li, F.; Ye, L. Postnatal Right Ventricular Developmental
Track Changed by Volume Overload. J. Am. Heart Assoc. 2021, 10, e020854. [CrossRef] [PubMed]

14. Zhou, C.; Sun, S.; Hu, M.; Xiao, Y.; Yu, X.; Ye, L.; Qiu, L. Downregulated developmental processes in the postnatal right ventricle
under the influence of a volume overload. Cell Death Discov. 2021, 7, 208. [CrossRef]

15. Hu, Y.; Li, D.; Zhou, C.; Xiao, Y.; Sun, S.; Jiang, C.; Chen, L.; Liu, J.; Zhang, H.; Li, F.; et al. Molecular Changes in Prepubertal Left
Ventricular Development Under Experimental Volume Overload. Front. Cardiovasc. Med. 2022, 9, 850248. [CrossRef]

16. Graham, E.M.; Bradley, S.M.; Atz, A.M. Preoperative management of hypoplastic left heart syndrome. Expert Opin. Pharmacother.
2005, 6, 687–693. [CrossRef]

https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
http://doi.org/10.1016/j.jacc.2011.09.022
http://www.ncbi.nlm.nih.gov/pubmed/22192720
http://doi.org/10.1161/CIRCULATIONAHA.116.022816
http://www.ncbi.nlm.nih.gov/pubmed/27777296
http://doi.org/10.1016/j.yjmcc.2019.08.005
http://www.ncbi.nlm.nih.gov/pubmed/31419439
http://doi.org/10.1161/CIRCULATIONAHA.117.031544
http://www.ncbi.nlm.nih.gov/pubmed/29378757
http://doi.org/10.1161/CIRCULATIONAHA.107.738559
http://doi.org/10.3389/fped.2017.00025
http://doi.org/10.1046/j.1469-0705.1991.01050313.x
http://www.ncbi.nlm.nih.gov/pubmed/12797035
http://doi.org/10.1002/uog.23127
http://www.ncbi.nlm.nih.gov/pubmed/32959925
http://doi.org/10.1080/14767058.2018.1432041
http://doi.org/10.1620/tjem.193.37
http://doi.org/10.1161/JAHA.119.015574
http://www.ncbi.nlm.nih.gov/pubmed/32475201
http://doi.org/10.1161/CIRCRESAHA.116.309040
http://www.ncbi.nlm.nih.gov/pubmed/28302741
http://doi.org/10.1161/JAHA.121.020854
http://www.ncbi.nlm.nih.gov/pubmed/34387124
http://doi.org/10.1038/s41420-021-00593-y
http://doi.org/10.3389/fcvm.2022.850248
http://doi.org/10.1517/14656566.6.5.687


Biology 2022, 11, 1831 15 of 15

17. Stieh, J.; Fischer, G.; Scheewe, J.; Uebing, A.; Dütschke, P.; Jung, O.; Grabitz, R.; Trampisch, H.J.; Kramer, H.H. Impact of
preoperative treatment strategies on the early perioperative outcome in neonates with hypoplastic left heart syndrome. J. Thorac.
Cardiovasc. Surg. 2006, 131, 1122–1129.e2. [CrossRef]

18. Mazurak, M.; Kusa, J. A milestone in congenital cardiac surgery: Four decades of the Norwood procedure. J. Card. Surg. 2021, 36,
2919–2923. [CrossRef]

19. Kelleher, D.K.; Laussen, P.; Teixeira-Pinto, A.; Duggan, C. Growth and correlates of nutritional status among infants with
hypoplastic left heart syndrome (HLHS) after stage 1 Norwood procedure. Nutrition 2006, 22, 237–244. [CrossRef] [PubMed]

20. Mahle, W.T.; Hu, C.; Trachtenberg, F.; Menteer, J.; Kindel, S.J.; Dipchand, A.I.; Richmond, M.E.; Daly, K.P.; Henderson, H.T.; Lin,
K.Y.; et al. Heart failure after the Norwood procedure: An analysis of the Single Ventricle Reconstruction Trial. J. Heart Lung
Transplant. 2018, 37, 879–885. [CrossRef] [PubMed]

21. Metcalf, M.K.; Rychik, J. Outcomes in Hypoplastic Left Heart Syndrome. Pediatr. Clin. North Am. 2020, 67, 945–962. [CrossRef] [PubMed]
22. Farrell, P.E., Jr.; Chang, A.C.; Murdison, K.A.; Baffa, J.M.; Norwood, W.I.; Murphy, J.D. Outcome and assessment after the

modified Fontan procedure for hypoplastic left heart syndrome. Circulation 1992, 85, 116–122. [CrossRef] [PubMed]
23. Khoo, N.S.; Smallhorn, J.F.; Kaneko, S.; Myers, K.; Kutty, S.; Tham, E.B. Novel insights into RV adaptation and function in hypoplastic

left heart syndrome between the first 2 stages of surgical palliation. JACC Cardiovasc. Imaging 2011, 4, 128–137. [CrossRef]
24. Porrello, E.R.; Mahmoud, A.I.; Simpson, E.; Hill, J.A.; Richardson, J.A.; Olson, E.N.; Sadek, H.A. Transient regenerative potential

of the neonatal mouse heart. Science 2011, 331, 1078–1080. [CrossRef]
25. Cui, Q.; Sun, S.; Zhu, H.; Xiao, Y.; Jiang, C.; Zhang, H.; Liu, J.; Ye, L.; Shen, J. Volume Overload Initiates an Immune Response in

the Right Ventricle at the Neonatal Stage. Front. Cardiovasc. Med. 2021, 8, 772336. [CrossRef]
26. Catterall, W.; Epstein, P.N. Ion channels. Diabetologia 1992, 35, S23–S33. [CrossRef]
27. Hilgemann, D.W. Cytoplasmic ATP-dependent regulation of ion transporters and channels: Mechanisms and messengers. Annu.

Rev. Physiol. 1997, 59, 193–220. [CrossRef]
28. Te Riele, A.S.; Hauer, R.N. Arrhythmogenic right ventricular dysplasia/cardiomyopathy: Clinical challenges in a changing

disease spectrum. Trends Cardiovasc. Med. 2015, 25, 191–198. [CrossRef]
29. Gual, P.; Le Marchand-Brustel, Y.; Tanti, J.F. Positive and negative regulation of insulin signaling through IRS-1 phosphorylation.

Biochimie 2005, 87, 99–109. [CrossRef]
30. Feige, J.N.; Gelman, L.; Michalik, L.; Desvergne, B.; Wahli, W. From molecular action to physiological outputs: Peroxisome proliferator-

activated receptors are nuclear receptors at the crossroads of key cellular functions. Prog. Lipid Res. 2006, 45, 120–159. [CrossRef]
31. Lee, Y.S.; Dutta, A. MicroRNAs in cancer. Annu. Rev. Pathol. 2009, 4, 199–227. [CrossRef]
32. Kalayinia, S.; Arjmand, F.; Maleki, M.; Malakootian, M.; Singh, C.P. MicroRNAs: Roles in cardiovascular development and

disease. Cardiovasc. Pathol. 2021, 50, 107296. [CrossRef] [PubMed]
33. Iliadis, F.; Kadoglou, N.; Didangelos, T. Insulin and the heart. Diabetes Res. Clin. Pract. 2011, 93, S86–S91. [CrossRef] [PubMed]
34. Wong, A.K.; Struthers, A.D.; Choy, A.M.; Lang, C.C. Insulin sensitization therapy and the heart: Focus on metformin and

thiazolidinediones. Heart Fail Clin. 2012, 8, 539–550. [CrossRef] [PubMed]
35. Melenovsky, V.; Benes, J.; Skaroupkova, P.; Sedmera, D.; Strnad, H.; Kolar, M.; Vlcek, C.; Petrak, J.; Benes, J., Jr.; Papousek, F.; et al.

Metabolic characterization of volume overload heart failure due to aorto-caval fistula in rats. Mol. Cell Biochem. 2011, 354, 83–96. [CrossRef]
36. Liu, Y.; Luo, Q.; Su, Z.; Xing, J.; Wu, J.; Xiang, L.; Huang, Y.; Pan, H.; Wu, X.; Zhang, X.; et al. Suppression of Myocardial

Hypoxia-Inducible Factor-1α Compromises Metabolic Adaptation and Impairs Cardiac Function in Patients With Cyanotic
Congenital Heart Disease During Puberty. Circulation 2021, 143, 2254–2272. [CrossRef]

37. Klein, I.; Ojamaa, K. Thyroid hormone and the cardiovascular system. N. Engl. J. Med. 2001, 344, 501–509. [CrossRef]
38. Jabbar, A.; Pingitore, A.; Pearce, S.H.; Zaman, A.; Iervasi, G.; Razvi, S. Thyroid hormones and cardiovascular disease. Nat. Rev.

Cardiol. 2017, 14, 39–55. [CrossRef]
39. Hirose, K.; Payumo, A.Y.; Cutie, S.; Hoang, A.; Zhang, H.; Guyot, R.; Lunn, D.; Bigley, R.B.; Yu, H.; Wang, J.; et al. Evidence for

hormonal control of heart regenerative capacity during endothermy acquisition. Science 2019, 364, 184–188. [CrossRef]
40. You, J.; Wu, J.; Zhang, Q.; Ye, Y.; Wang, S.; Huang, J.; Liu, H.; Wang, X.; Zhang, W.; Bu, L.; et al. Differential cardiac hypertrophy

and signaling pathways in pressure versus volume overload. Am. J. Physiol. Heart Circ. Physiol. 2018, 314, H552–H562. [CrossRef]
41. Bossers, G.P.L.; Hagdorn, Q.A.J.; Ploegstra, M.J.; Borgdorff, M.A.J.; Silljé, H.H.W.; Berger, R.M.F.; Bartelds, B. Volume load-induced

right ventricular dysfunction in animal models: Insights in a translational gap in congenital heart disease. Eur. J. Heart Fail. 2018,
20, 808–812. [CrossRef] [PubMed]

42. Modesti, P.A.; Vanni, S.; Bertolozzi, I.; Cecioni, I.; Lumachi, C.; Perna, A.M.; Boddi, M.; Gensini, G.F. Different growth factor
activation in the right and left ventricles in experimental volume overload. Hypertension 2004, 43, 101–108. [CrossRef] [PubMed]

43. Toischer, K.; Zhu, W.; Hünlich, M.; Mohamed, B.A.; Khadjeh, S.; Reuter, S.P.; Schäfer, K.; Ramanujam, D.; Engelhardt, S.; Field,
L.J.; et al. Cardiomyocyte proliferation prevents failure in pressure overload but not volume overload. J. Clin. Investig. 2017, 127,
4285–4296. [CrossRef] [PubMed]

44. Malek Mohammadi, M.; Abouissa, A.; Heineke, J. A surgical mouse model of neonatal pressure overload by transverse aortic
constriction. Nat. Protoc. 2021, 16, 775–790. [CrossRef] [PubMed]

45. Malek Mohammadi, M.; Abouissa, A.; Azizah, I.; Xie, Y.; Cordero, J.; Shirvani, A.; Gigina, A.; Engelhardt, M.; Trogisch, F.A.;
Geffers, R.; et al. Induction of cardiomyocyte proliferation and angiogenesis protects neonatal mice from pressure overload-
associated maladaptation. JCI Insight 2019, 23, e128336. [CrossRef]

http://doi.org/10.1016/j.jtcvs.2005.12.025
http://doi.org/10.1111/jocs.15657
http://doi.org/10.1016/j.nut.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16500550
http://doi.org/10.1016/j.healun.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29571602
http://doi.org/10.1016/j.pcl.2020.06.008
http://www.ncbi.nlm.nih.gov/pubmed/32888691
http://doi.org/10.1161/01.CIR.85.1.116
http://www.ncbi.nlm.nih.gov/pubmed/1728440
http://doi.org/10.1016/j.jcmg.2010.09.022
http://doi.org/10.1126/science.1200708
http://doi.org/10.3389/fcvm.2021.772336
http://doi.org/10.1007/BF00586276
http://doi.org/10.1146/annurev.physiol.59.1.193
http://doi.org/10.1016/j.tcm.2014.11.003
http://doi.org/10.1016/j.biochi.2004.10.019
http://doi.org/10.1016/j.plipres.2005.12.002
http://doi.org/10.1146/annurev.pathol.4.110807.092222
http://doi.org/10.1016/j.carpath.2020.107296
http://www.ncbi.nlm.nih.gov/pubmed/33022373
http://doi.org/10.1016/S0168-8227(11)70019-5
http://www.ncbi.nlm.nih.gov/pubmed/21864757
http://doi.org/10.1016/j.hfc.2012.06.002
http://www.ncbi.nlm.nih.gov/pubmed/22999238
http://doi.org/10.1007/s11010-011-0808-3
http://doi.org/10.1161/CIRCULATIONAHA.120.051937
http://doi.org/10.1056/NEJM200102153440707
http://doi.org/10.1038/nrcardio.2016.174
http://doi.org/10.1126/science.aar2038
http://doi.org/10.1152/ajpheart.00212.2017
http://doi.org/10.1002/ejhf.931
http://www.ncbi.nlm.nih.gov/pubmed/28925007
http://doi.org/10.1161/01.HYP.0000104720.76179.18
http://www.ncbi.nlm.nih.gov/pubmed/14638623
http://doi.org/10.1172/JCI81870
http://www.ncbi.nlm.nih.gov/pubmed/29083322
http://doi.org/10.1038/s41596-020-00434-9
http://www.ncbi.nlm.nih.gov/pubmed/33328612
http://doi.org/10.1172/jci.insight.128336

	Introduction 
	Materials and Methods 
	Animals and Surgery 
	Abdominal Ultrasonography 
	Echocardiography 
	Histopathological Analysis 
	Oil Red Stain 
	Western Blotting Analysis 
	Library Construction and Sequencing 
	Quality and Quantification of Gene Expression Levels 
	Analysis of Differentially Expressed Genes 
	Statistical Analysis 

	Results 
	Establishment of Ventricular VO via AVF Surgery 
	Molecular Differences between Neonatal LV and RV 
	Neonatal LV Was more Transcriptionally Active at Baseline in Response to VO Than the RV 
	Common Responses between Neonatal LV and RV under the Influence of VO 
	Different Responses of Neonatal LV and RV under the Influence of VO 

	Discussion 
	Conclusions 
	References

