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Abstract

Aims Paediatric heart transplantation requires lifelong immunosuppression, highlighting the need for recovery-oriented
strategies. A subset of children with dilated cardiomyopathy (DCM) recovers left ventricular (LV) function after LV assist device
(LVAD) implantation, allowing for device explantation. We aimed to identify factors associated with LV functional recovery
using single-nucleus multiomics analysis of LV tissue collected at LVAD implantation.
Methods We included children with idiopathic DCM who underwent LVAD implantation between 2013 and 2023. Patients
who achieved device explantation and medical stabilization were classified as the recovery group while those who required
transplantation or died were classified as the non-recovery group. Single-nucleus RNA and ATAC sequencing were performed
in six representative cases. Differential gene expression, chromatin accessibility and gene ontology (GO) enrichment analyses
were conducted. Candidate markers were validated histologically and serologically in the full cohort.
Results Twenty-five cases were included (non-recovery, n = 15; recovery, n = 10). Age at LVAD implantation [median (range)]
was 0.9 (0.1–4.6) versus 0.8 (0.3–5.6) years (P = 0.8), sex 27% versus 30% male (P > 0.9) and body weight 5.9 (3.8–14.0) versus
7.5 (5.0–26.0) kg (P = 0.049). LV ejection fraction at implantation was similar (24 (10–44) % vs. 15 (10–25) %, P = 0.2). RNA
sequencing showed elevated NPPB, MYL7 and PCDH9 in recovery-group cardiomyocytes, with NPPB highest expression
[baseMean = 16 305; log2Fold Change (FC) = 2.698; P < 0.001] and an accessible chromatin peak at its locus (log2FC = 1.17;
P < 0.01). GO analysis indicated enrichment in apoptosis-related pathways (coefficient = 1.77, P = 0.023). Serum brain
natriuretic peptide (BNP), the protein product of NPPB, was significantly higher in the recovery group at implantation [732
(372–4179) vs. 3048 (642–6032) pg/mL, P = 0.04] as was the proportion of non-apoptotic cardiomyocytes [0.21 (0.02–0.37)
vs. 0.37 (0.19–0.48), P = 0.03].
Conclusions Elevated NPPB expression and BNP levels at LVAD implantation are associated with LV recovery in paediatric
DCM. These findings support an anti-apoptotic role of BNP in successful bridge-to-recovery outcomes.
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Graphical Abstract

This study investigated factors associated with left ventricular recovery after LVAD implantation in paediatric dilated
cardiomyopathy. Patients were classified into recovery and non-recovery groups. Single-nucleus sequencing revealed higher
NPPB expression and altered apoptosis-related pathways in the recovery group. Serological and histological analyses showed
elevated BNP levels and a greater proportion of non-apoptotic cardiomyocytes in the recovery group. These findings suggest
that BNP may contribute to myocardial recovery through anti-apoptotic effects.

Keywords single-cell multiomics; paediatric; dilated cardiomyopathy; left ventricular assist device; bridge to recovery; natriuretic
peptides; apoptosis
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Introduction

The treatment of paediatric severe heart failure presents
considerable challenges, including prolonged waiting periods
under bridge-to-transplantation (BTT) left ventricular (LV) as-
sist device (LVAD) support owing to donor shortages, as well
as post-transplant complications such as cardiac allograft vas-
culopathy and immunosuppressant-related adverse effects.1,2

Notably, some paediatric patients with dilated cardiomyopa-
thy (DCM) demonstrate LV functional recovery post-
BTT-LVAD implantation, enabling device explantation.3 This

‘bridge-to-recovery’ approach offers a promising solution to
these challenges.

However, not all paediatric DCM cases achieve LV functional
recovery post-LVAD implantation. Determining the DCM type
suitable for the bridge-to-recovery approach and identifying
the optimal preoperative conditions remain important clinical
questions. Although our previous histological studies have
identified factors such as reduced fibrosis, increased vascular
density and diminished DNA damage in cardiomyocytes as fac-
tors associated with successful recovery,4–6 the preoperative
distinctions underlying LV functional recovery remain unclear.

2 Y. Kugo et al.

ESC Heart Failure (2025)
DOI: 10.1002/ehf2.15430

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15430 by T

he U
niversity O

f O
saka, W

iley O
nline L

ibrary on [22/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

mailto:kawamura.takuji.med@osaka-u.ac.jp
mailto:miya-p@surg1.med.osaka-u.ac.jp


Paediatric DCM exhibits significant heterogeneity in both ge-
netic background and phenotype,7–9 and the effects of LV
unloading on myocardial tissue involve various molecular
pathways.10,11 Given the expected complexity of the preoper-
ative factors influencing bridge-to-recovery outcomes, a com-
prehensive approach is essential to elucidate the cellular and
molecular mechanisms involved.

Single-cell RNA sequencing enables cellular-level gene ex-
pression profiling, and the assay for transposase-accessible
chromatin (ATAC) sequencing reveals the epigenetic land-
scape by analysing open chromatin regions within individual
cells or cell types, which could lead to a better understand-
ing of molecular mechanisms.12,13 In this study, we aimed
to explore intracellular molecular characteristics to achieve
the bridge-to-recovery approach using a single-nucleus
multiomics analysis of myocardial tissue samples extracted
during LVAD implantation.

Methods

Ethical statement

This study complied with the Declaration of Helsinki and was
approved by the Institutional Ethics Committee of Osaka
University Hospital [approval date: 22 August 2023; approval
number: 23135(T3)-3]. Written informed consent was ob-
tained from all participants and/or legal guardians.

Overview

Paediatric patients with idiopathic DCM undergoing bridge-
to-transplant LVAD (BTT-LVAD) implantation at our institu-
tion were divided into recovery and non-recovery groups
based on sustained LV function after LVAD implantation.

Figure 1 Overview of the study and single nuclei analysis. (A) Top: description of myocardial tissue collection and preservation. Bottom: three cases
are extracted from each outcome group, single nuclei multiomics are performed, and validation is attempted on all cases based on the omics results.
(B) Patients’ selection flow. (C) A scatter plot showing LVEF improvement and PCWP at 6 months after LVAD implantation. Colours indicate the out-
come group. The large points indicate typical clinical presentations, which are selected for single nucleus multiomics. (D) UMAP plots and cell type
labelling for all cells after integration of a total of six samples. Cardiomyocytes, fibroblasts and endothelium make up a large portion, with no significant
unbalanced distribution among each outcome group. (E) Feature plots of representative marker genes in each cell type. DCM, dilated cardiomyopathy;
HTx, heart transplantation; LV, left ventricle; LVAD, left ventricular assist device; FFPE, formalin fixed paraffin embedded; RNA/ATAC seq, ribonucleic
acid/the assay for transposase-accessible chromatin with sequencing.
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Three representative cases from each group underwent
single-nucleus RNA–ATAC sequencing of LV tissue obtained
at implantation to identify candidate genes. These were then
evaluated in the whole cohort using histological and serolog-
ical analyses (Figure 1A).

Patients

Inclusion criteria were as follows: (1) age ≤ 15 years, (2) id-
iopathic DCM diagnosed according to the 2023 European So-
ciety of Cardiology guidelines9 and (3) Berlin Heart EXCOR
implantation as BTT between January 2013 and December
2023. Secondary cardiomyopathies and fulminant myocardi-
tis were excluded. Patients with <6 months follow-up after
LVAD implantation were also excluded.

All received maximal medical therapy including beta-
blockers, angiotensin-converting enzyme inhibitors (ACEIs)
and diuretics preoperatively; those with persistent severe
heart failure despite inotropes underwent LVAD implantation.
Postoperatively, all received adequate support (cardiac
index ≥ 2.5) and guideline-directed medical therapy for heart
failure.

LVAD implantation, myocardial tissue collection
and preservation

EXCOR implantation was performed via median sternotomy
under cardiopulmonary bypass. LV apical tissue was collected
at coring: one portion was frozen at �80°C, another fixed in
10% formalin and embedded in paraffin.

LVAD off test and definition of outcomes

At 6 months post-LVAD implantation, patients who did not
demonstrate LV functional recovery on echocardiography
and exhibited strong dependence on LVAD support were
excluded from the off-test protocol. Others underwent
stepwise support reduction during catheterization. Those
meeting published recovery criteria14 (or approximating
them) were considered for explantation, with the final deci-
sion based on overall clinical assessment.

Recovery cases were defined as stable LV function after ex-
plantation without inotropes and delisting for transplant.
Non-recovery cases included failure to meet these criteria
or deterioration after explantation requiring re-LVAD implan-
tation, heart transplantation or experiencing mortality.

Single-nucleus RNA/ATAC sequencing

From six representative patients (three per group), frozen LV
tissue underwent nuclei isolation,15,16 library preparation

(10× Genomics Chromium Multiome), sequencing (NovaSeq
6000), and bioinformatic analysis (Seurat, Signac, DESeq2,
iDEA, CellChat). Quality control thresholds, reference
datasets,17 and analytical parameters are provided in the
Data S2. Figure 1C shows a scatter plot of the LVEF improve-
ment rates (defined as the LVEF at the time of the VAD-off
test minus the LVEF immediately before implantation, %)
versus PCWP during the VAD-off test. The large data points
in the figure indicate the cases selected for single-cell
analysis.

Validation of candidate genes across all cases

Candidate genes identified by multiomic analysis were
validated histologically and serologically in the full patient
cohort. LV tissue was analysed by haematoxylin and eosin,
Masson’s trichrome and TUNEL staining, and serum bio-
markers were quantified from perioperative samples. Image
analysis was performed using standardized region-of-interest
and thresholding protocols.5.6 Full staining protocols and im-
age analysis parameters are available in the Data S2.

Statistics for non-omics data

Continuous variables are reported as medians (range), cate-
gorical as n (%). Group comparisons used Wilcoxon
rank-sum or Fisher’s exact test; correlations used Pearson’s
r. LV dimensions were indexed to body surface area using
Kampmann’s equation.18

Results

Patients and clinical outcomes

As Figure 1B shows, a total of 26 paediatric patients with
DCM underwent EXCOR implantation for BTT-LVAD. One pa-
tient received a heart transplant 1 month after implantation
and was excluded from the analysis, leaving 25 patients for
evaluation. Among them, 15 cases were classified as
non-recovery cases and 10 as recovery cases. Table 1 shows
the preoperative patient characteristics. The body weight at
implantation was lower in the non-recovery cases than in
the recovery cases [non-recovery: 5.9 (3.8–14.0) kg vs. recov-
ery: 7.5 (5.0–26.0) kg, P = 0.049], while the age at LVAD im-
plantation was similar in both cases [non-recovery: 0.9 (0.1–
4.6) years vs. recovery: 0.8 (0.3–5.6) years, P = 0.8]. The time
from diagnosis to LVAD implantation was longer in
non-recovery cases than in recovery cases [non-recovery:
6.0 (1.0–37.0) months vs. recovery: 2.0 (0.0–15) months,
P = 0.04], although the age at diagnosis was older in recovery
cases. There were no significant differences in the indexed
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LVDd [non- recovery: 173.5 (135–237) vs. recovery: 189.5
(129–229), P = 0.6] or LVEF based on echocardiographic
long-axis views [non-recovery: 24.0 (10–44) % vs. recovery:
15 (10–25) %, P = 0.2]. The PCWP on preoperative catheteri-
zation tended to be higher in non-recovery cases, but this dif-
ference was not significant [non-recovery: 23.0 (14–33)
mmHg vs. recovery: 16.0 (14–23) mmHg, P = 0.2]. Postopera-
tive LVAD support levels did not differ significantly
[non-recovery: 2.86 (1.74–3.76) L/min/m2 vs. recovery: 2.55
(1.14–3.43) L/min/m2, P = 0.2]. Representative drugs
(carvedilol, enalapril, furosemide and digoxin) are summa-
rized in Table 2. Preoperative carvedilol usage was similar
(non-recovery: 86% vs. recovery: 80%, P > 0.9), as was enal-
april usage (non-recovery: 93% vs. recovery: 70%, P = 0.3).
Postoperatively, carvedilol was used at comparable rates
(non-recovery: 93% vs. recovery: 100%, P > 0.9), and enala-
pril was used in all patients in both groups. Furosemide was
used preoperatively in all patients; postoperatively, usage
tended to be lower in the recovery group (non-recovery:
87% vs. recovery: 60%, P = 0.2).

During the LVAD-off test in the recovery cases, the PCWP
was 6 (3–10) mmHg, the cardiac index (thermodilution) was

4.6 (3.9–6.4) L/min/m2, and the indexed pulmonary vascular
resistance was 1.4 (0.5–3.4) Wood units (WU)·m2. The
follow-up period after LVAD explantation was 5.3 (1.4–8.2)
years. In all recovery cases, inotropes were successfully dis-
continued, and the patients were managed with oral medica-
tions such as ACEIs and beta-blockers to be withdrawn from
the transplant waiting list. Results of the LVAD-off test among
recovery cases are shown in Table S1.

Genetic panel testing for cardiomyopathy-related genes
for the six cases included in the single-cell analysis showed
that one recovery case exhibited a missense mutation in
MYH7, while one non-recovery case exhibited a variant of un-
certain significance, LDB3 c.2017G > A. No mutations were
detected in the remaining four cases. The list of genes in-
cluded in the panel is shown in Data S1.

Single-nucleus RNA/ATAC sequencing

Cell filtering and labelling
The number of nuclei per sample prior to cell filtering was
8897 (3142–14 410), with an average of 7323 (1541–8831)

Table 2 Perioperative pharmacological characteristics.

Medication

Patients, n (%) Mean daily dose

Non-recovery (N = 15) Recovery (N = 10) P value Non-recovery (N = 15) Recovery (N = 10) P value

Preoperative
Carvedilol (mg/kg/day) 12 (86%) 8 (80%) >0.9 0.10 [0.01–0.46] 0.05 [0.04–0.30] 0.5
Enalapril (mg/kg/day) 14 (93%) 7 (70%) 0.3 0.16 [0.10–0.53] 0.10 [0.03–0.34] 0.10
Furosemide (mg/kg/day) 15 (100%) 10 (100%) NA 3.10 [0.40–9.60] 5.25 [1.40–9.00] 0.3
Digoxin (μg/kg/day) 3 (20%) 1 (10%) 0.6 5.0 [2.0–10] 10.0 >0.9

Postoperative
Carvedilol (mg/kg/day) 14 (93%) 10 (100%) >0.9 0.20 [0.05–0.50] 0.21 [0.10–0.40] 0.6
Enalapril (mg/kg/day) 15 (100%) 10 (100%) NA 0.20 [0.10–0.42] 0.23 [0.10–0.40] >0.9
Furosemide (mg/kg/day) 13 (87%) 6 (60%) 0.2 2.00 [0.90–3.75] 1.20 [0.50–5.10] 0.8
Digoxin (μg/kg/day) 0 (0%) 0 (0%) NA — — —

Note: Values are presented as the number of patients (n) with the percentage in parentheses for the proportion of patients, and as me-
dian [range] for drug dosages, respectively. Furosemide doses represent the total of both intravenous and oral administration. Digoxin
doses are expressed in μg/kg/day, whereas all other drugs are expressed in mg/kg/day. P values were calculated using the Wilcoxon
rank-sum test or Fisher’s exact test, as appropriate.
Abbreviation: NA, not applicable.

Table 1 Patients characteristics.

Characteristic Non-recovery, N = 15a Recovery, N = 10a P valueb

Sex (male) 4 (27%) 3 (30%) >0.9
Age (years) 0.9 [0.1–4.6] 0.8 [0.3–5.6] 0.8
Body weight (kg) 5.9 [3.8–14.0] 7.5 [5.0–26.0] 0.049
Pre-MCS 4 (27%) 3 (30%) >0.9
Age at diagnosis (months) 3.0 [0.0–48.0] 10.0 [1.0–60.0] 0.016
Pre-LVEF (%) 24.0 [10.0–44.0] 15.0 [10.0–25.0] 0.2
Pre-LVDd (%) 173.5 [135–237] 189.5 [129–229] 0.6
Pre-PCWP (mmHg) 23.0 [14.0–33.0] 16.0 [14.0–23.0] 0.15

Note: All variables with prefixes pre- indicate values from catheterization prior to left ventricular assist device implantation.
Abbreviations: LVDd, left ventricular diameter of diastolic phase; LVEDP, left ventricular end diastolic pressure; LVEF, left ventricular ejec-
tion fraction; MCS, mechanical circulatory support; PAP, pulmonary arterial pressure.
an (%); median [min–max].
bFisher’s exact test; Wilcoxon rank sum test; Wilcoxon rank sum exact test.
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nuclei retained after filtering. Cell labelling using published
single-cell analysis data categorized the nuclei into 15 cell
types. The most abundant cell type was cardiomyocytes,
followed by fibroblasts and vascular endothelial cells (Figure
1D,E). The remaining cells (immunocompetent cells and neu-
rons) were few in number and not labelled with high quality
to withstand further analysis and discussion. A summary of
the metrics for each sample, including quality control metrics
for the gene expression matrix, features of dimensional reduc-
tion, prediction scores for cell labelling and QC metrics for
ATAC data, is presented in Table S2 and Figures S1 and S2. In
the subsequent analysis, the results are presented for the
three cell types with adequate accuracy and cell counts.

Cardiomyocytes
By isolating cardiomyocytes and performing pseudobulk dif-
ferentially expressed gene (DEG) analysis, increased expres-
sion of genes such as NPPB, MYL7 and PCDH9 was observed
in recovery cases, whereas KCNIP2 and KCNMB2 were ele-
vated in non-recovery cases (Figure 2A). Similarly, pseudobulk
differential accessibility region (DAR) analysis using ATAC se-
quencing data revealed alterations in chromatin accessibility
for several structural genes (Figure 2B). Among these, NPPB,
which exhibited significantly increased expression in the
recovery group, also showed higher enriched chromatin ac-
cessibility with the highest baseline expression among the ex-
amined genes.

Figure 2 Single-nuclei (sn) RNA/ATAC seq results in cardiomyocytes. (A) A volcano plot of pseudobulk differentially expresses gene analysis from
snRNA sequencing. Horizontal axis indicates fold change, vertical axis indicates significance, and point size indicates the baseline expression levels.
(B) A volcano plot of pseudobulk differentially accessibility region analysis from sn ATAC sequencing. Labelled point indicates genes found significant
in differentially expressed gene analysis, where NPPB is included. (C,D) Unsupervised clustering in cardiomyocytes. Although 14 subclusters are clas-
sified, the set of genes characterizing each cluster does not include the major genes, such as NPPB, that showed alterations in the pseudobulk analysis.
(E) Violin plots showing NPPB gene expression in 14 subclusters. In all subclusters, expression is upregulated in recovery cases. (F) Coverage plot show-
ing Tn5 insertion frequency over NPPB and adjacent region. Both NPPB and NPPA showed significant high frequency in recovery cases, with links to
both genes. RNA/ATAC sequencing: ribonucleic acid/the assay for transposase-accessible chromatin with sequencing.
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The unsupervised clustering of cardiomyocytes identified
13 subclusters, whereas NPPB was not among the top five
defining features (ranked by fold change) for any specific
subcluster. Instead, it showed consistent expression differ-
ences across all subclusters between the recovery and
non-recovery groups (Figure 2C–E). The chromatin accessibil-
ity of NPPB was associated with that of NPPA, and both
showed elevated peaks (Figure 2F). Gene Ontology pathway
analysis using pseudobulk DEG results via integrated gene
set enrichment analysis highlighted changes in pathways as-
sociated with ventricular cardiac muscle tissue development,
motor activity (sarcomere-related pathways), ion channel-
related pathways, cell adhesion pathways and pathways re-
lated to apoptosis and cell division regulation (Figure 3A).
Motif analysis of chromatin regions with differential

accessibility indicated possible altered activity of transcrip-
tion factors, such as ZNF148 and EGR1. Transcription factor
foot printing analysis revealed that these transcription
factors were more active in the non-recovery group (Figure
3B,C). Genes of pseudobulk DEG, all variable markers of
clusters, pseudobulk DAR, and motif analysis are listed in
Tables S3–S7.

Fibroblasts and endothelial cells
Similarly, cell types other than cardiomyocytes were also
analysed. In fibroblasts, unsupervised clustering identified 15
subclusters, with differences in distribution observed between
groups (Figure S3A). A pseudobulk DEG analysis revealed in-
creased expression of extracellular matrix (ECM) proteins such
as COL1A1, COL1A4 and FN, as well as SPARC in the recovery

Figure 3 Gene set enrichment and motif analyses in cardiomyocytes. (A) The pathways that showed significant alteration in gene ontology are shown.
Alteration is found in pathways related to apoptosis regulation and cell division. (B) A volcano plot of motif analysis using ATAC sequence results. Hor-
izontal axis shows fold change and vertical axis shows significance. (C) Results of footprint analysis of transcription factors that are significant in the
Motif analysis. All show increased activity in non-recovery groups. ATAC, assay for transposase-accessible chromatin.
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group (Figures S3B,C). Gene ontology-based gene set enrich-
ment analysis further demonstrated significant alterations in
pathways related to ECM components, along with alterations
in pathways associated with intracellular metabolism (Figure
S3D). Endothelial cells were subclustered into 15 groups, and
pseudobulk DEG analysis showed findings similar to those of
fibroblasts, with increased expression of COL4A1 and SPARC,
as well as elevated IGFBP7 expression in the recovery group
(Figures S4A–C). These results are consistent with the observa-
tions in fibroblasts, as ECM-related pathways were also
enriched in endothelial cells. Additionally, pathways related
to interactions with the basementmembrane were altered, in-
dicating changes in interactions with surrounding cells in en-
dothelial cells (Figure S4D). To investigate the potential impact
on IGF receptor-related pathways involving IGFBP7, a cell–cell
interaction analysis was performed. However, even in the
recovery group, no alterations were observed in the IGF recep-
tor pathway from the endothelium to the cardiomyocytes

(Figure S5). For other cell types, insufficient cell counts and
low prediction scores prevented the identification of statisti-
cally significant differentially expressed genes.

Histological and serological validation

We focused on validating NPPB and its functional products
based on RNA/ATAC sequencing results and baseline expres-
sion levels. Blood levels of type B natriuretic peptide (BNP), a
product of NPPB, were measured in all patients prior to LVAD
implantation. We analysed BNP values at two time points be-
fore LVAD implantation (Figure 4A): the maximum value
among all measurements from diagnosis to implantation and
the value measured at the time of LVAD implantation. Al-
though there was no significant difference between the out-
come in terms ofmaximumBNP levels during the preoperative
period, the BNP levels at LVAD implantation were significantly

Figure 4 Validation of NPPB gene and BNP in all cases. (A) Timing of BNP measurements prior to LVAD implantation. The maximum value of all pre-
operative measurements and the value immediately before LVAD implantation are enrolled. (B) Left: bar chart of maximum value of prior to LVAD
implantation and the value at LVAD implantation. Right: a scatter plot of plasma BNP level at LVAD implantation and EF improvement after LVAD im-
plantation. (C) TdT-mediated dUTP nick end labelling (TUNEL) staining of LV apex samples (×10 magnification). Cells within the rectangle are examples
of one of the positive and negative cells. The length of the scale bar is 100 μm. (D) Left: bar chart of TUNEL negative (non-apoptotic) cells proportion.
Right-upper: a scatterplot of TUNEL negative cells proportion and EF improvement. Right lower: a scatterplot of TUNEL negative cells proportion and
BNP level at LVAD implantation. BNP, type B natriuretic peptide; EF, ejection fraction; LV, left ventricular; LVAD, left ventricular assist device.
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higher in the recovery cases [non-recovery: 732 (372–4179) vs.
recovery: 3048 (642–6032) pg/mL, P = 0.04]. Additionally, BNP
levels at LVAD implantation showed a positive correlation with
LVEF improvement at 6 months after LVAD implantation
(r = 0.5, P = 0.01) (Figure 4B). As shown in Figure S6, BNP levels
were not significantly correlated with age at diagnosis, timing
of LVAD implantation or the duration from diagnosis to LVAD
implantation (r = 0.13, 0.05, and �0.27, respectively; all
P> 0.2). Likewise, TUNEL-positive cell ratios showed no signif-
icant association with either age variable (r = 0.20 and 0.22,
respectively). In the multivariate logistic regression analysis,
including the BNP level at LVAD implantation, age at the diag-
nosis and the time from the diagnosis to the implantation,
while BNP levels at LVAD implantation were not significant in-
dependent confounding factors between the recovery and
non-recovery groups, they showed a trend towards associa-
tion with recovery outcomes (Table S7). Figure S7 shows a re-
ceiver operating characteristic curve of the BNP level for the
LV recovery. The area under the curve was 0.767, and the
cut-off value determined by Youden’s index was 850 pg/mL.

To further investigate the association between BNP and its
anti-apoptotic effects on cardiomyocytes, TUNEL staining of
myocardial tissues was performed (Figure 4C). The proportion
of TUNEL-negative cardiomyocytes was significantly higher in
the recovery cases [vs. non-recovery: 0.21 (0.02–0.37) vs. re-
covery: 0.37 (0.19–0.48), P < 0.01], and the proportion of
TUNEL-negative cells showed a positive correlation with the
LVEF improvement rate at 6 months after LVAD implantation
(r = 0.5, P < 0.05). While the trend suggested an association
between preimplantation BNP levels and the proportion of
TUNEL-negative cells, no statistically significant difference
was found (r = 0.38, P = 0.06) (Figure 4D).

To verify the difference in the gene expression of ECM
components in fibroblasts, the fibrosis rate of the myocardial
tissue was measured. The fibrosis rate did not differ between
the two groups [non-recovery: 0.28 (0.06–0.62) % vs. recov-
ery: 0.26 (0.06–0.46) %, P = 0.5) and did not significantly cor-
relate with the LVEF improvement rate (r = �0.03, P = 0.89)
(Figure S8). Among the other cells that were not suitable
for further analysis, the results of clustering and DEG analysis
related to macrophages are shown in Figure S9.

Discussion

This study is the first to use single-nucleus multiomics analy-
sis to elucidate the mechanisms of LV functional recovery fol-
lowing LVAD implantation in paediatric DCM. Twenty-five
cases were analysed based on LV functional recovery, with
single-nucleus RNA and ATAC sequencing performed on the
myocardium at LVAD implantation. The recovery group
showed increased NPPB expression and chromatin accessibil-
ity in cardiomyocytes, with higher serum BNP levels correlat-

ing with LV improvement. TUNEL staining confirmed an associ-
ation between the anti-apoptotic effects of BNP and recovery.

Miera et al. reported higher recovery rates in patients aged
<2 years and those diagnosed with myocarditis.19 However,
their cohort included a substantial proportion of patients with
myocarditis and congenital heart disease, and only 57% of pa-
tients had a diagnosis of DCM. Conversely, our study focused
exclusively on patients with confirmed idiopathic or familial
DCM, excluding those with myocarditis based on clinical and
histopathological findings. A re-analysis of the DCM-only sub-
group in Miera et al.’s data did not show a significant associa-
tion between younger age and recovery, suggesting that age
may not be a universal predictor in DCM cohorts. In our co-
hort, no significant differences were observed in preoperative
or postoperative treatments between groups. Some patients
in both groups could not start or titrate beta-blockers or ACEIs
preoperatively due to hypotension or shock, but adequate
dosing was achieved postoperatively. These results indicate
that factors beyond conventional clinical parameters may ex-
plain LV functional recovery after LVAD implantation.

Mechanism of altered NPPB expression

NPPB is located on chromosome 1, adjacent to NPPA, which
encodes type A natriuretic peptide. Both genes share a com-
mon enhancer region that coordinates and regulates their
expression.20 BNP is primarily secreted by cardiomyocytes
during heart failure and serves as a serum marker for disease
severity.21 Through NPR-A and NPR-B receptors, BNP elevates
cGMP levels, activating the PKG pathway and exerting
anti-apoptotic effects.22,23 Alterations in NPPB gene expres-
sion in these cases may be influenced by both genetic and en-
vironmental factors.

Unknown genetic factors related to NPPB could result in an
alteration of its expression, which influences apoptosis resis-
tance. Gene expression is dynamically regulated by complex
mechanisms depending on the cell type and disease state;
it has recently been reported that mutations in enhancer
regions of sarcomere-related genes affect the DCM
phenotype.24 Thus, there is a possibility that patients with
DCM also have similar cis-regulatory element mutations in
NPPB. DCM genotypes have been mainly discussed in terms
of structural gene mutations, but it may be possible to pro-
pose novel genotypes of regulatory mutations in paediatric
DCM. ZNF148 and EGR1, which showed increased footprints
in the non-recovery group, are reported to be involved in cell
growth inhibition and apoptosis promotion, respectively.25,26

To detect such regulatory mutations, whole-genome analysis
focusing on transcription factors identified in the current
ATAC-sequencing study rather than those in whole-exome se-
quencing will be crucial.

We also should consider the possibility that the preopera-
tive treatment, an environmental factor, influenced NPPB
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expression levels. Excessive mechanical stress on myocardial
cells elevates NPPB expression levels, but further increases in
load can induce apoptosis.27,28 The present results may repre-
sent the heterogeneity of preoperative treatment and patient
responses. Thus, it is crucial to perform LVAD implantation be-
fore apoptosis in cardiomyocytes; NPPB gene expression and
BNP levels can be clinical markers and therapeutic targets to
achieve the bridge-to-recovery approach. A cohort study
showed that a population with LV diastolic dysfunction had
relatively low blood BNP levels and was more prone to patho-
logic hypertrophy,29 showing that the existence of subpopula-
tions indicates that BNP is valid as amarker of favourable prog-
nosis. Angiotensin receptor-neprilysin inhibitors (ARNIs),
which block the enzyme responsible for degrading natriuretic
peptides, have been demonstrated to be superior to conven-
tional heart failure therapies, such as ACEIs.30 ARNIs elevate
plasma BNP levels,31 making this treatment a strategy aimed
at maximizing the cardioprotective effects of BNP itself. A
similar role of BNPmay be expected for the bridge-to-recovery
approach, if further validation with much more cases is
performed.

Need for experimental validation of BNP,
apoptosis and cell function and applicability to
other candidate genes

To confirm those hypotheses, it is necessary to validate the
molecular biology of interactions among NPPB/BNP, myocar-
dial apoptosis and clinical outcomes. Key challenges include
elucidating the quantitative relationships between increased
LV volume load in DCM and NPPB expression/apoptosis, as
well as examining the quantitative effects of BNP supplemen-
tation on apoptosis under volume overload conditions. How-
ever, robust validation of these relationships is challenging
with retrospective study designs. In this context, experimen-
tal verification using in vitro or in vivo models and evaluation
systems would be particularly valuable. Emerging tools, such
as engineered heart tissue models derived from patient-
specific iPS cells for cardiomyopathy32–34 or DCM model mice
developed via genetic modification35 will offer promising
platforms for such investigations.

In addition to NPPB, other genes such as MYL7 and PCDH
family members have shown expression changes. MYL7 en-
codes a sarcomere-associated protein involved in cardiomyo-
cyte differentiation and maturation,36 and its expression sug-
gests that cells with differentiation potential may exhibit
greater recovery capacity in paediatric DCM. Meanwhile,
PCDH9, a member of the protocadherin family primarily local-
ized in neuronal membranes, has been linked to cognitive
disorders,37 but its function in cardiomyocytes remains un-
clear. These novel candidate genes, beyond NPPB, may also
play roles in bridge-to-recovery outcomes. However, down-
stream protein quantification and functional analyses for

such genes are also difficult within this retrospective study.
As gene-editing technology can be used to control the ex-
pression of specific genes, disease model-based experimental
systems are equally essential for their investigation.33

Other surrounding cells

In DCM, mechanical stimulation of cardiomyocytes activates
fibroblasts, leading to interstitial fibrosis without a reduction
in cell numbers. The extent of this fibrosis correlates with car-
diac function,38 and previous reports have associated LV
functional recovery after LVAD implantation with fibrosis.4,5

While fibroblasts exhibited increased expression of ECM com-
ponents such as collagen and fibronectin, histological analysis
revealed no significant differences in the degree of fibrosis.
This may suggest either that the progression from elevated
gene expression to observable tissue changes requires time,
or that gene expression levels reflect fibroblast activation or
survival. It is quite possible that there is a gap between the
variation in expression of ECM-related genes and the degree
of histological fibrosis at a given time point. Moreover, Tsuru
et al. isolated cardiac fibroblasts from both paediatric DCM
and healthy myocardium and performed in vitro coculture
with cardiomyocytes, which demonstrated that fibroblasts
derived from DCM exacerbated cardiomyocyte function. They
also observed various changes in gene expression, beyond
ECM components, between fibroblasts from these two
sources. This suggests that, in addition to the quantity of
ECM (degree of fibrosis), direct interactions between fibro-
blasts and cardiomyocytes may influence the DCM
phenotype.39 Further investigations are needed to explore
the physiological effects of fibroblasts on cardiomyocytes,
focusing on the genes that showed alterations in this study.
Additionally, IGFBP7, a protein implicated in the development
of heart failure,40 showed increased expression in vascular
endothelial cells. However, no activation of the IGF-1 recep-
tor was observed in cardiomyocytes as the cell–cell interac-
tion analysis showed. This raises the possibility of receptor
signalling-inhibition mechanisms, indicating the need for fur-
ther investigation into intercellular interactions.

Limitations

This was a retrospective, single-centre study with an analysis
based on a small sample size. However, this is a multiomics
analysis conducted using robust methods onmyocardial tissue
from a rare disease, which allowed us to identify important
candidate genes and propose various molecular mechanisms
related to LV functional recovery after LVAD implantation.
Based on these results, experimental functional validation
using robust methods and prospective clinical studies is
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expected to bring us closer to the clinical application of the
bridge to recovery.

Conclusions

Single-nucleus multiomics analysis of LV myocardium re-
vealed that increased expression of NPPB in cardiomyocytes
is associated with LV functional recovery following LVAD im-
plantation in paediatric DCM. The findings suggest milestones
and targets to investigate anti-apoptotic effects of BNP for
bridge-to-recovery LVAD strategy.
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