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Single-Cell Omics Analysis Reveals 
Critical Cell Subtypes and their Functional 
Attributes in Myocardial Ischemia-
Reperfusion Injury
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 Ischemia-reperfusion (I/R) injury, a frequent complication of reperfusion ther-
apy, is a complex pathological process rather than a transient acute insult. It 
is driven by excessive ROS generation, calcium overload, and inflammatory 
signaling, and it leads to multiple forms of cell death, including apoptosis, 
necrosis, ferroptosis, and pyroptosis. Early NLRP3 inflammasome activation 
in cardiomyocytes (CMs) and endothelial cells, together with mitochondrial 
dysfunction and impaired PINK1/Parkin-mediated mitophagy, amplifies oxi-
dative stress and inflammation, and ultimately results in CM loss and adverse 
cardiac remodeling. In this study, we used single-cell transcriptomic profiling 
to systematically dissect CM and fibroblast heterogeneity after I/R injury; 
define their dynamic functional states and intercellular interactions; and iden-
tify key regulatory networks and potential therapeutic targets involved in CM 
death and fibrotic remodeling during the early phase of I/R injury.
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In brief
 Single-cell transcriptomic  analysis re-
veals an early-responsive  cardiomyocyte 
subtype (C0 Atcayos+ ) in  myocardial is-
chemia-reperfusion injury. This subtype 
exhibits prominent  bidirectional com-
munication with fibroblasts,  mediated 
primarily through the Bmp6 – (Bm-
pr1a+Bmpr2) and  Fgf1 − Fgfr1 signal-
ing axes, providing mechanistic insight 
into the transition from cardiomyocyte 
injury to fibrotic remodeling .
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Introduction

I/R injury, a common complication after 
reperfusion therapy for acute myocardial 
infarction and other coronary artery dis-
eases [1], substantially diminishes the clin-
ical benefits of revascularization [2]. The 
pathological process of I/R injury involves 
multiple forms of cell death, including 
apoptosis, necrosis, ferroptosis, and pyrop-
tosis. These processes, driven by reactive 
oxygen species (ROS) production, calcium 
overload, and inflammatory cascades, lead 
to CM loss and adverse remodeling [3]. 
NLRP3 inflammasomes are activated early 
during reperfusion by CMs and vascular 
endothelial cells, and subsequently trigger 
pyroptosis and amplify inflammation [4]. 
Mitochondrial dysfunction and impaired 
mitophagy, particularly in the PINK1/
Parkin pathway, worsen oxidative stress 
and cell death [5]. Collectively, I/R injury 
is not merely an acute damage event but 

a complex pathological process involving 
multiple cell types and interconnected sig-
naling networks.

After myocardial injury, quiescent car-
diac fibroblasts are activated and trans-
differentiate into myofibroblasts, which 
secrete large amounts of collagen that form 
fibrotic scars and help maintain structural 
integrity [6]. However, persistent fibroblast 
activation decreases ventricular compli-
ance, impairs electrical conduction, and 
increases arrhythmia risk [7]. During the 
acute inflammatory phase, specific immune 
cells, such as S100a9hi macrophages, pro-
mote fibroblast-to-myofibroblast tran-
sition via the TGF-β/Smad3 pathway  
and facilitate macrophage-to-myofibroblast 
transition, thereby exacerbating fibrosis 
[8]. Fibroblasts exhibit substantial hetero-
geneity; for example, subtypes originating 
from the endocardium display high pro-
liferative ability post-injury and can drive 
pathological fibrosis via the Wnt/β-catenin 
pathway [9]. Moreover, activation of the 
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Abstract

Cardiac cell death and myocardial fibrosis after ischemia-reperfusion (I/R) injury are the primary causes of 
impaired cardiac function. Despite advances in therapies targeting ischemia, fibrosis, and angiogenesis, the 
early molecular and cellular mechanisms driving I/R injury remain poorly defined, particularly regarding 
interactions between specific cardiomyocyte (CM) subtypes and stromal cells. Extensive signaling interac-
tions have been demonstrated between myocardial cells and fibroblasts during injury repair and remodeling, 
but the dynamic characteristics and molecular pathways involved in early I/R stages remain to be fully elu-
cidated. Herein, we used single-cell transcriptomics to identify a key subtype of CMs, termed C0 Atcayos+ 
CMs, that are activated in I/R. Components of the Bmp6–(Bmpr1a+Bmpr2) and Fgf1–Fgfr1 signaling axes 
were highly expressed and mediated interactions between the C0 Atcayos+ CM subtype and fibroblasts. 
These pathways are known to promote angiogenesis and regulate endothelial homeostasis, and to be crucial 
in inhibiting myocardial fibrosis. Ligand-receptor interaction network visualization suggested that commu-
nication between C0 Atcayos+ CMs and fibroblasts might be a critical link in the transition from myocardial 
cell death to fibrosis after I/R. Targeting these signaling axes might therefore offer new strategies to impede 
fibrosis progression and improve cardiac function after I/R. This research provides a potential reference for 
inhibiting the progression of diseases such as myocardial fibrosis after I/R.

Keywords

Cardiomyocytes, ischemia/reperfusion, myocardial fibrosis, scRNA-seq, transcriptional regulatory.

Single-Cell Omics Analysis Reveals 
Critical Cell Subtypes and their Functional 
Attributes in Myocardial Ischemia-
Reperfusion Injury
Wenyang Nie1,a , Junhao Yan2,a, Zibo Xie1,a, Yuhang Liu1, Jingwen Zhang3, Yong Wang3,* , Zhen Wang3,*  and 
Zhenzhen Zhao1,*

O
ri

g
in

al
 A

rt
ic

le

mailTo:71002050@sdutcm.edu.cn
mailTo:71002050@sdutcm.edu.cn
mailTo:71000799@sdutcm.edu.cn
mailTo:71000799@sdutcm.edu.cn
mailTo:2023110795@sdutcm.edu.cn
mailTo:2023110795@sdutcm.edu.cn
https://bio-integration.org/
https://bio-integration.org/
https://orcid.org/0009-0009-4688-6402

https://orcid.org/0000-0001-7428-8754

https://orcid.org/0009-0002-8554-4121


W. Nie et al.: DOI: 10.15212/bioi-2025-0159� 3

TGF-β-Smad2/3 signaling axis acts as a central driver of 
fibrosis, by markedly enhancing collagen deposition and 
extracellular matrix remodeling [10]. Therefore, post-I/R 
fibrosis is orchestrated by specific fibroblast subtypes and 
their associated signaling pathways.

Although fibroblasts play a central role in I/R-induced 
fibrosis, CMs remain the key cell type for maintaining and 
restoring cardiac function. Notably, microRNAs regulate 
hypertrophy, cell death, and cardiovascular disease pro-
gression, and consequently influence the development of 
I/R injury [11]. Furthermore, alterations in electrical cou-
pling between CMs and fibroblasts increase excitability and 
heighten arrhythmia risk [7]. Therefore, we reasoned that 
integrating studies of fibroblast pro-fibrotic activity with 
CMs’ functional characteristics might facilitate precise iden-
tification of critical injury mechanisms at the cellular level 
in I/R injury. Herein, we applied single-cell transcriptom-
ics to comprehensively characterize the functional features, 
subtype heterogeneity, and interactions between CMs and 
fibroblasts after I/R injury. The novelty of this work lies in 
the single-cell–level identification of distinct CM subtypes 
in the early phase of I/R injury, elucidation of their func-
tional states and potential regulatory networks, and proposal 
of new therapeutic targets to prevent CM death and fibrotic 
transformation.

Methods

Data source and processing

We analyzed a single-cell RNA-sequencing (scRNA-seq) 
(10× Genomics) dataset from the GEO database 
(GSE227088, https://www.ncbi.nlm.nih.gov/geo/). Our re-
analysis of the data was restricted to the sham (n=3) and 
ischemia/reperfusion (I/R, n=3) groups, whereas the pharma-
cologic Shexiang Baoxin pill cohort was excluded to avoid 
treatment confounding. In the sham group, mice received 7 
days of vehicle gavage and underwent needle passage with-
out ligation; in the I/R group, mice received 7 days of vehicle 
gavage, 30-min ligation of the left anterior descending cor-
onary artery, and 24-h reperfusion before tissue collection. 
Raw data were processed in R (v4.1.3) with Seurat (v4.1.1). 
Putative doublets were removed with DoubletFinder (v2.0.3). 
Low-quality nuclei were filtered with standard thresholds: 
300–4,000 detected genes (nFeature_RNA), 500–15,000 
UMIs (nCount_RNA), mitochondrial gene fraction <20%, 
and erythrocyte-associated gene fraction <5%.

Dimensionality reduction, clustering, 
and cell type annotation
Gene expression levels were normalized with log (x + 1) 
transformation, with counts scaled to transcripts per 10,000 
per cell. Highly variable genes (top 2,000) were identified, 
and principal component analysis was subsequently per-
formed. The Harmony algorithm was applied to mitigate 

batch effects across samples. The top 30 principal com-
ponents were selected for downstream clustering, and the 
results were visualized in two dimensions with UMAP.

For cell type annotation, cluster identities were assigned 
according to the expression of canonical markers (for 
CMs: TNNT2 and ACTC1; for fibroblasts: COL1A1, 
and PDGFRA; for endothelial cells: PECAM1 and KDR/
FLT1; for smooth muscle cells: ACTA2 and TAGLN; for 
macrophages: LST1a and C1QA/B). Cross-validation was 
conducted against the CellMarker database (v2.0) and 
curated literature. Clusters were labeled only when most 
of their top differentially expressed genes were concord-
ant with the expected lineage markers. Ambiguous clusters 
were left unlabeled until they were validated on the basis 
of additional evidence (http://xteam.xbio.top/CellMarker/), 
previously published studies, and established consensus. 
Identified CMs were further sub-clustered, and CM sub-
types were defined according to differentially expressed 
marker genes.

Regarding gene nomenclature, we note that in mice, 
Atcayos is the official MGI symbol for an antisense long 
non-coding RNA transcribed opposite from Atcay (cay-
taxin). In humans, the protein-coding ortholog is ATCAY, 
a conserved neuronal gene implicated in Cayman ataxia; 
recent clinical genetics findings further support conserved 
locus relevance across mammals [12]. Antisense lncRNAs 
are an abundant class of regulatory RNAs that often act 
in cis on neighboring genes, and are increasingly being 
resolved through long-read and strand-specific transcrip-
tomics [13, 14].

Differential expression and 
enrichment analysis
Differentially expressed genes (DEGs) for each cell cluster 
were identified with the Find Markers function in Seurat, on 
the basis of the Wilcoxon rank-sum test with default param-
eters. DEGs were defined as genes with logFC > 0.25 that 
were expressed in >25% of cells in each cluster. Functional 
enrichment analysis of DEGs, performed with the clus-
ter Profiler (v4.6.2) and SCP (v0.4.8) packages, included 
Gene Ontology (GO) biological process (BP) analysis and 
gene set enrichment analysis (GSEA). In addition, AUCell 
was applied to estimate the activity of predefined gene sets 
within individual cells.

Trajectory analysis with slingshot 
and CytoTRACE
To investigate lineage dynamics and differentiation 
states of CM subtypes after I/R injury, we reconstructed 
developmental trajectories with the Slingshot package 
(v2.6.0). Lineage hierarchies and pseudotime curves were 
inferred with the getLineages and getCurves functions. 
Differentiation states were further validated and ranked 
with CytoTRACE, to provide insights into CM subtype 
developmental heterogeneity.

BIOI  2026
O

rig
in

al A
rticle

https://www.ncbi.nlm.nih.gov/geo/
http://xteam.xbio.top/CellMarker/


4� W. Nie et al.: DOI: 10.15212/bioi-2025-0159

Pseudotime analysis of CM subtypes

We applied Monocle2 (v2.24.0) to reconstruct pseudotime 
trajectories of CMs, to capture dynamic transcriptional 
changes during differentiation after I/R injury. This analysis 
was aimed at revealing temporal cellular transitions along 
CM developmental pathways.

Cell–cell communication analysis

Cell–cell interactions were inferred from scRNA-seq data 
with the CellChat package (v1.6.1). Global intercellular 
communication networks were visualized, with a focus on 
interactions of key CM subtypes with fibroblasts, endothe-
lial cells, neutrophils, and macrophages. CellChatDB.human 
served as the reference ligand–receptor interaction database. 
Statistical significance was assessed with a p-value threshold 
of 0.05.

SCENIC analysis

To reconstruct transcriptional regulatory networks and 
identify stable cell states, we conducted SCENIC analysis. 
Specifically, we used PySCENIC (v0.10.0) in Python (v3.7) 
with default parameters. AUCell matrices were generated 
to evaluate transcription factor enrichment and regulatory 
activity across cell subtypes.

Results

Cell clustering and functional anno-
tation of the I/R and sham groups
After batch correction of cells from the I/R and sham groups 
in the GSE227088 dataset (Figure 1), 32,008 high-quality 
cells were obtained. On the basis of previous studies and 
established cell type–specific differential expression genes, 
we performed dimensionality reduction clustering and pro-
jected the data onto UMAP. The cells were classified into 
CMs; fibroblasts; ECs; T or NK cells; conventional dendritic 
cells (cDC1); neutrophils; Schwann cells; macrophages; and 
B or plasma cells. The top five marker genes for each cell 
type are shown in Figure 2A and B.

We further visualized the proportions of each cell type in 
the I/R and sham groups with UMAP. Among the cell types, 
T or NK cells, cDC1, neutrophils, and macrophages were 
more prevalent in the I/R group, whereas ECs, Schwann 
cells, and B or plasma cells were more abundant in the sham 
group (Figure 2C). Heatmap analysis revealed higher neu-
trophil gene expression in the I/R group than the sham group 
(Figure 2E). The higher prevalence of neutrophils and other 
inflammatory cells in the I/R group suggested that leukocyte-
mediated inflammatory responses contribute to I/R injury.

Compared with the sham group, CMs, fibroblasts, ECs, 
and macrophages showed a higher proportion of cells dis-
tributed across the G1, S, and G2/M phases. In contrast, 

Figure 1  Overview of the research.
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Figure 2  Cell subtype analysis and characterization of the I/R and sham groups. A: Loop graph (left) illustrates the clustering of various cell 
types after I/R. The four UMAP plots (arranged clockwise starting from the upper left corner) depict the distribution of cell stemness, nCount 
RNA, G2/MG2/M.Score, and S.Score across all cell types. B: Bubble plot shows the proportions and expression levels of the top five marker 
genes across cell types. C, D: Proportional bar charts display the distribution of cell types between the sham and I/R groups (C), and between 
S, G2/MG2/M, and G1 phases (D). E: Heatmap illustrates the Ro/e values of cell types in the sham and I/R groups. F: Boxplots compare 
the differences among all cell types, according to four metrics: cell stemness AUC, nCount RNA, S.Score, and G2/M.Score. G: Volcano plots 
display DEGs between CMs and fibroblasts in the I/R and sham groups. H: Word cloud plots from GO enrichment analysis depict the major 
biological processes involving DEGs in CMs and fibroblasts. I: Bar charts show enriched GO-BP terms for DEGs in CMs and fibroblasts. J: 
Heatmap shows the expression levels of key surface protein genes associated with cardiovascular function and immune responses across 
cell types, alongside GO functional annotations. K: GSEA showed the enrichment trends of differentially expressed gene sets in CMs and 
fibroblasts. Both positively and negatively enriched pathways are indicated.
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compared with the sham group, all cell types exhibited 
lower S.Score and G2/M.Score values, likely reflecting leu-
kocyte infiltration and inflammation-associated ischemia, 
which impair energy metabolism and lead to cellular injury 
[15] (Figure 2A, D, F). Among non-leukocyte cell types, 
fibroblasts displayed relatively higher stemness scores com-
pared with several other cell types. In addition, fibroblasts 
showed a higher nCountRNA score than most other cell 
types, except CMs (Figure 2A and F).

We then presented the top five upregulated and down-
regulated genes for CMs and fibroblasts, which had high 
stemness and nCountRNA scores (Figure 2G). Gene 
expression enrichment analysis revealed that fibroblasts 
were associated with morphogenesis, growth, and endothe-
lial terms, whereas CMs were associated with muscle, car-
diac, and metabolic terms (Figure 2H). GO-BP analysis 
indicated that CMs were enriched primarily in generation 
of precursor metabolites and energy derivation by oxi-
dation of organic compounds, whereas fibroblasts were 
enriched in extracellular matrix organization and extra-
cellular structure organization (Figure 2I and J). GSEA 
revealed that upregulated genes in CMs were involved 
primarily in regulation of cardiac muscle contraction and 
cardiac muscle cell development, whereas fibroblasts were 
enriched in external encapsulating structure organization 
and connective tissue development (Figure 2K).

Therefore, during the development of I/R injury, CMs are 
involved primarily in cardiac contraction and development, 
whereas fibroblasts play a role in tissue remodeling.

Single-cell profiling of CMs reveals 
subtype heterogeneity and functional 
enrichment during I/R injury

We performed batch correction and sequential processing of 
7,410 CMs from both the I/R and sham groups, followed 
by dimensionality reduction, clustering, and projection onto 
UMAP. Three distinct and heterogeneous CM subtypes were 
identified and designated as C0 Atcayos+ CMs, C1 Uqcr11+ 
CMs, and C2 Slit3+CMs, according to their specific marker 
gene expression (Figure 3A). Among these, C0 Atcayos+ 
CMs were the predominant subtype in both groups and had 
a higher relative proportion in the I/R group than the sham 
group. In contrast, the proportions of C1 Uqcr11+ CMs and 
C2 Slit3+ CMs were consistently lower in the I/R group than 
the sham group (Figure 3B).

Next, we evaluated stemness, G2/M phase, and S phase 
scores across the three subtypes (Figure 3C and D). We 
also identified the top five marker genes for each subtype 
(Figure 3E). For C1 Uqcr11+ CMs, these included Atp5k, 
Cox7a1, Atp5o, Chchd10, and Uqcr11. DEGs (upregulated 
and downregulated) in the three subtypes were further visu-
alized with volcano plots (Figure 3F).

To gain deeper insight into the biological functions and 
differences among subtypes, we conducted enrichment 
analyses. GO-BP analysis revealed that C0 Atcayos+ CMs 
were enriched primarily in terms such as ventricular cardiac 
muscle cell membrane repolarization, regulation of heart 

rate, negative regulation of protein localization, and intrin-
sic apoptotic signaling pathway, and showed strong associ-
ations with cardiac function and repolarization (Figure 3G 
and H). GSEA further indicated that C0 Atcayos+ CMs were 
enriched in cardiac muscle cell action potential, cell junction 
assembly, and cardiac muscle cell contraction (Figure 3I). 
These findings suggested that C0 Atcayos+ CMs might regu-
late heart rate, apoptotic signaling, and myocardial contrac-
tion, thereby contributing to myocardial injury [3, 16, 17].

Finally, to investigate the critical role of this key subtype 
in I/R-associated heart failure and myocardial fibrosis, we 
assessed heart failure and fibrosis scores across the three 
subtypes. C0 Atcayos+ CMs, together with C1 Uqcr11+ 
CMs, exhibited higher heart failure scores than C2 Slit3+ 
CMs, suggesting their potential involvement in heart failure. 
In contrast, fibrosis scores were relatively lower and were 
comparable across all three subtypes (Figure 3J and K).

Transcription factor regulatory 
differences in CM subtypes
To explore transcriptional regulatory differences among sub-
types, we performed pySCENIC analysis and identified the top 
five transcription factors (TFs) for each subtype (Figure 4A). 
The expression patterns of the top five TFs in C0 Atcayos+ CMs 
across the subtypes were further illustrated with UMAP and 
box plots. (Figure 4B and C). We used SCENIC to identify 
the transcriptional regulatory modules. The CM transcriptional 
regulatory network was divided into four major modules (M1, 
M2, M3, and M4) (Figure 4D). The average activity scores 
of each module were mapped to the UMAP plot (Figure 4E). 
Scatter plots revealed that the TFs in C0 Atcayos+ CMs were 
associated primarily with the M1 and M3 modules (Figure 
4F). To further assess the contributions of these modules, we 
performed a second round of dimensionality reduction and 
projected the data onto a new UMAP after selectively remov-
ing each module. Removal of the M1 module markedly altered 
the clustering structure, whereas removal of the M3 module 
had only a minor effect (Figure 4G and H). We then exam-
ined the TFs with higher expression in the M1 module than the 
other three modules, and observed that their expression levels 
remained consistently high in C0 Atcayos+ CMs (Figure 4I 
and J). Together, these findings suggested that the molecular 
features of the M1 module at least partly represented the tran-
scriptional characteristics of C0 Atcayos+ CMs.

Pseudotime trajectory of CM sub-
types and crosstalk with fibroblasts
We first applied CytoTRACE to evaluate the differentiation 
potential of the three CM subtypes. The analysis revealed 
higher CytoTRACE scores in C0 Atcayos+ CMs than in C1 
Uqcr11+ CMs and C2 Slit3+ CMs (Figure 5A and B), thus 
indicating a less differentiated transcriptional state of C0 
Atcayos+ CMs. Notably, C0 Atcayos+ CMs displayed the 
lowest differentiation potential and therefore might poten-
tially promote the early phase of I/R injury. Differential 
expression analysis demonstrated marked activation of 
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Figure 3  Heterogeneity analysis of CM subtypes and functional annotation of differentially expressed genes. A: CMs were clustered into the 
following subtypes: C0 (high expression of Atcayos), C1 (high expression of Uqcr11), and C2 (high expression of Slit3). UMAP plots show 
their spatial distribution and key gene expression. B: Box plots compare the distribution of the three subtypes in the sham and I/R groups. 
C, D: UMAP plot (A) and box plot (B) show the expression levels of cell stemness (cell stemness AUC), G2/M score (G2/M.Score), and S 
phase score (S.Score) for the three subtypes. E: Bubble chart shows the expression levels and proportions of five marker genes for the three 
subtypes. F: Volcano plot displays the differentially expressed genes (DEGs) within each subtype. G: Bar chart shows the enrichment status 
of different functional pathways in C0, C1, and C2 subtypes, according to GO enrichment analysis. H: Word cloud displays the major biolog-
ical processes in GO enrichment analysis for C0, C1, and C2 subtypes. I: GSEA reveals the positively and negatively correlated pathways 
enriched in C0, C1, and C2 subtypes. J: Distribution of cell scores associated with heart failure and myocardial fibrosis in each CM subtype. 
K: Box plots further compare the differences in heart failure and myocardial fibrosis scores among C0, C1, and C2 subtypes.
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cardiac structural and functional gene programs, whereas 
genes associated with metabolic and stress-response path-
ways were selectively downregulated (Figure 5C).

To elucidate the developmental continuum, we recon-
structed a pseudotime trajectory with Monocle2. The results 
indicated a progression from top to bottom, featuring two 

Figure 4  TF regulatory network and modular dynamics analysis. A: Heatmap shows the expression of the top five TFs in the three subtypes. 
B, C: UMAP plot (B) and box plot (C) display the expression distribution of high-expression TFs (Sox6, Atf6, Yy1, Foxo1, and Nr3c1) in the C0 
subtype. D: Mutual information heatmap reveals co-expression modules (M1–M4) in CMs, with colors indicating similarity. E: UMAP plot shows 
the distribution and expression levels of four modules (M1–M4) in the three subtypes. F: Schematic diagram of the average activity scores 
of modules M1–M4 across subtypes. G, H: New UMAP plot (G) after re-clustering of CM subtypes and differential clustering analysis with 
sequential removal of the M1, M2, M3, and M4 modules, thus generating four UMAP plots (H). I: Visual comparison of differential expression 
of M1 module characteristic TFs with other modules. J: Box plot shows the distribution of M1 module activity scores compared with those for 
other modules (M2, M3, and M4) in different subtypes (Hes1, Esrra, Junb, Mafg, Foxo1, Arnt, Atf4, Stat3, Eif2, and Clock).
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Figure 5  Single-cell trajectory inference reveals the differentiation dynamics of CM subtypes. A: CytoTRACE prediction results and cell 
phenotype distribution. Left: cell differentiation potential; right: cell phenotype distribution. B: Box plot presents the relationship between 
CytoTRACE predicted cell ordering and cell phenotype. C: Bar chart displays the expression of upregulated and downregulated differential 
genes in CytoTRACE prediction. D: Monocle2 pseudotime trajectory analysis, with a UMAP plot showing the developmental paths from the 
starting state toward different differentiation directions, with colors representing pseudotime progression. E: Pseudotime trajectory plot show-
ing the pseudotime analysis results based on groups, subtypes, and states. F: Distribution of CM cells across subtypes, groups, and phases 
(G1, G2/M, and S). G: Violin plot displays the pseudotime distribution differences across subtypes, groups, and phases (G1, G2/M, and S). H: 
Proportions of CMs in the I/R and sham groups at the indicated time points. I: Expression of Atcayos Uqcr11 and Atcayos Slit3 genes across 
cell lineages, subtypes, and pseudotime stages. J: Expression distribution of developmental-associated genes (Atcayos, Uqcr11, and Slit3) 
along the pseudotime trajectory, revealing their dynamic expression patterns during subtype transitions. K: Developmental trajectory of sub-
types, with Lineage1 on the left and Lineage2 on the right.
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branch points (nodes 1 and 2) that delineated five transcrip-
tional states: state 1 (early); state 3 (intermediate); and states 
2, 4, and 5 (late) (Figure 5D and E). UMAP and violin plots 
showed that C0 Atcayos+ CMs were located predominantly 
in the early stage, and were followed by C2 Slit3+ CMs, 
whereas C1 Uqcr11+ CMs were enriched in the later stages 
(Figure 5F and G). In agreement with these observations, 
cells from the I/R group were concentrated in the early stage, 
whereas those from the sham group were found predomi-
nantly in the later stages (Figure 5G and H).

Pseudotime analysis further revealed that the signa-
ture gene Atcayos was highly expressed in C0 Atcayos+ 
CMs during the earliest state, and its expression gradually 
decreased along the trajectory (Figure 5E, I, J). A small 
subtype of C1 Uqcr11+ CMs appeared at the initial seg-
ment, although most of these cells were distributed in later 
stages, whereas C2 Slit3+ CMs minimally contributed to 
the early states. Slingshot-based trajectory reconstruction 
identified C1 Uqcr11+ CMs as the computational starting 
point, according to global transcriptional similarity patterns. 
Notably, although C0 Atcayos+ CMs were not positioned at 
the trajectory origin, they represented the predominant early 
responding population during I/R, as evidenced by their high 
CytoTRACE scores and enrichment in early stress-response 
programs (Figure 5K). Therefore, the trajectory origin 
reflects algorithmic initialization within transcriptional man-
ifolds rather than a true developmental lineage starting point. 
This temporal sequence highlights the biological relevance 
of selecting C0 Atcayos+ CMs as a key focus for investigat-
ing the early events in I/R injury.

Cell–cell communication networks 
highlight functional interactions 
between C0 Atcayos+ CMs and 
fibroblasts

To investigate intercellular communication in the I/R and 
sham groups, we first conducted circle graph analysis to vis-
ualize the overall interaction strength and frequency among 
all cell types (Figure 6A). C0 Atcayos+ CMs exhibited exten-
sive communication networks with fibroblasts, macrophages, 
endothelial cells, and neutrophils. Among these, interactions 
between C0 Atcayos+ CMs and fibroblasts were particularly 
prominent, in agreement with their close functional asso-
ciation with cardiac remodeling and repair after I/R injury. 
Given the critical roles of fibroblasts in extracellular matrix 
regulation and structural remodeling, subsequent analyses 
were focused on C0 Atcayos+ CM–fibroblast communica-
tion (Figure 6B). Receptor expression in receiver cells and 
ligand expression in sender cells were then visualized as 
heatmaps to delineate the signaling landscape (Figure 6C).

Cell–cell communication network analysis identified two 
key signaling pathways mediating this interaction. In the 
BMP signaling network, fibroblasts were predicted to act as 
the source, whereas C0 Atcayos+ CMs served as the target. 
In contrast, within the FGF signaling network, C0 Atcayos+ 
CMs functioned as the source, and fibroblasts served as 
the target (Figure 6D and E). To further characterize these 

pathways, we examined ligand–receptor expression patterns. 
In the Bmp6–(Bmpr1a+Bmpr2) axis, fibroblasts expressed 
predominantly Bmp6, whereas C0 Atcayos+ CMs expressed 
high levels of Bmpr1a and Bmpr2. These findings suggested 
a potential regulatory influence of fibroblast-derived BMP 
signals on this CM subtype. In contrast, in the Fgf1–Fgfr1 
axis, C0 Atcayos+ CMs exhibited elevated Fgf1 expression, 
whereas fibroblasts expressed Fgf1 at high levels, thus indi-
cating a reciprocal regulatory interaction mediated by FGF 
signaling (Figure 6F–H). Together, these results highlighted 
a bidirectional communication between C0 Atcayos+ CMs 
and fibroblasts orchestrated through BMP and FGF signal-
ing pathways.

Discussion

I/R injury is a common and severe pathological process in 
coronary artery disease, and CM death is among its core fea-
tures. Beyond classical apoptosis and necrosis, newly iden-
tified forms of regulated cell death, including ferroptosis, 
necroptosis, and pyroptosis, have been found to be closely 
associated with I/R injury. These mechanisms exacerbate 
CM loss by promoting ROS generation, inducing calcium 
stress, and activating inflammatory responses, thereby driv-
ing adverse myocardial remodeling, functional impairment, 
and heart failure [3, 18–21]. The extensive loss of CMs and 
the accompanying inflammatory milieu create a pathologi-
cal environment that triggers subsequent myocardial remod-
eling and fibrotic responses. After I/R injury, the transition 
of the myocardium from acute inflammation to fibrosis is 
a key determinant of prognosis [8]. Myocardial fibrosis not 
only is a final common pathway in various cardiac diseases 
but also is tightly associated with the activation of cardiac 
fibroblasts. Under physiological conditions, fibroblasts par-
ticipate in extracellular matrix homeostasis; however, under 
injury, they transdifferentiate into myofibroblasts, thus pro-
moting excessive collagen deposition, chamber dilation, CM 
hypertrophy, and further cell death, and ultimately leading 
to heart failure. Despite the importance of fibrosis in cardi-
ovascular disease, incomplete understanding of the precise 
mechanisms underlying fibroblast-mediated fibrosis in I/R 
injury has limited the development of targeted therapeutic 
strategies [6, 22, 23]. Moreover, therapeutic approaches tar-
geting signaling pathways broadly involved in CM death and 
fibrosis have yet to achieve substantial clinical translation 
[4, 24]. Therefore, we aimed to identify key pathways and 
potential therapeutic targets capable of preventing CM death 
and fibrosis after I/R injury through single-cell analysis.

We first observed that the proportion of CMs was 
reduced in the I/R group, and cells were mainly distributed 
in the G1 phase, indicating a reduced proliferative capac-
ity. Simultaneously, neutrophils, key effector cells in acute 
inflammation, had Ro/e values markedly greater than 1 in the 
I/R group but less than 1 in the sham group, thus suggesting 
an unexpectedly high level of neutrophil enrichment in I/R 
injury. This cellular finding established a basis for the tran-
sition from inflammation to fibrosis after I/R injury. In I/R 
injury, inflammatory cells exert complex and diverse effects: 
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Figure 6  Signaling pathway interaction modes and functional regulation among CM subtypes. A: Total cell communication network among 
subtypes, showing the interaction strength and number of interactions for each cell type. B: Intercellular interactions. Left top and left bottom 
show interaction quantity between the C1 subtype and fibroblasts. Right top and right bottom show interaction weights between the C1 sub-
type and fibroblasts. C: Heatmap depicts the relative strengths of incoming (receiving) and outgoing (sending) signaling activities of different 
pathways across CM subtypes. D, E: BMP and FGF signaling networks. Panel D illustrates the roles of different cell types as signal senders 
and receivers, as well as their relative contributions to pathway-level signal transduction and downstream functional effects. Panel E shows 
the BMP-associated (top) and FGF-associated (bottom) signaling networks. F: Representative ligand-receptor genes in the BMP and FGF 
pathways in various cell types. G: Interactions among cells in the Bmp6–(Bmpr1a+Bmpr2) and Fgf1−Fgfr1 signaling pathways. Left: Bmp6-as-
sociated pathways; right: Fgf1-associated pathways. H: Chord diagram further visualizes the communication directions and strengths of Bmp6 
and Fgf1 signaling pathways among cell types.
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neutrophils and monocytes exacerbate local tissue injury by 
activating pro-inflammatory responses, whereas dendritic 
cells and regulatory T cells alleviate excessive inflamma-
tion and promote tissue repair through the secretion of anti-
inflammatory cytokines such as IL-10 [25–27]. Therefore, 
precise modulation of inflammatory cell functions is crucial 
for achieving a balance between protection and injury, and 
mitigating the myocardial damage caused by I/R.

Further enrichment analysis revealed significant CM 
enrichment in regulation of cardiac muscle contrac-
tion. Under ischemic conditions, CMs enter a viable but 
non-contractile protective state by lowering contractile 
energy demands, whereas after reperfusion, their transcrip-
tional profile shifts toward contraction-regulating genes; 
these observations reflect a metabolic adaptation process 
to maintain myocardial function [23, 28]. Fibroblasts were 
enriched in connective tissue development. After cardiac 
injury, fibroblasts modulate excitability by depositing 
extracellular matrix and regulating electrical coupling, and 
consequently affect cardiac rhythm [7]. Notably, Meg3 
was highly expressed in fibroblasts and was closely asso-
ciated with cardiac remodeling and matrix metalloprotein-
ase-2 (MMP-2) regulation. Silencing Meg3 suppresses 
Mmp-2 transcription and subsequently alleviates cardiac 
fibrosis [29]. Additionally, CMs exhibited high expression 
of Mhrt, a cardiac-specific lncRNA that antagonizes the 
chromatin remodeler Brg1, inhibits aberrant gene expres-
sion, and protects the heart against hypertrophy and failure 
under stress conditions [30, 31].

To further investigate the role of CM metabolism in I/R 
injury, we focused on the identified C0 Atcayos+ CM sub-
types. Differentially expressed genes in C0 Atcayos+ CMs 
included Sorbs1, Rbm20, Ryr2, Malat1, Cacna1c, Chchd10, 
Atp5o, Mb, Cox4i1, and Uqcr11, which were enriched pri-
marily in metabolic process terms such as regulation of heart 
rate and intrinsic apoptotic signaling pathway. Previous 
studies have shown that heart rate and its variability reflect 
disease status and can predict the risk of progression from 
post-perfusion injury to heart failure, including adverse out-
comes such as mortality [30, 32]. We therefore hypothesized 
that C0 Atcayos+ CMs were associated with heart rate regula-
tion and apoptosis in I/R injury. GSEA further revealed pos-
itive correlations with the terms cell junction assembly and 
cardiac muscle cell contraction. Notably, gap junction chan-
nels are critical for normal cardiac impulse propagation, and 
their dysfunction increases arrhythmia risk [33]. Therefore, 
C0 Atcayos+ CMs might influence apoptosis in I/R injury by 
modulating heart rate and cell–cell coupling. These findings, 
combined with the above results, suggested that C0 Atcayos+ 
CMs might enter a viable but non-contractile protective state 
that decreases contractile energy demands, and consequently 
plays a potential role in post-I/R adaptation and CM death.

Detailed scoring for heart failure and myocardial fibrosis 
further validated the selection of this key subtype. Although 
the I/R group exhibited lower myocardial fibrosis scores, 
because of substantial inflammatory infiltration and milder 
fibrosis, C0 Atcayos+ CMs showed higher heart failure 
scores, thus supporting the rationale for their selection.

PySCENIC analysis and visualization identified Sox6, 
Atf6, and Yy1 as highly expressed TFs in C0 Atcayos+ CMs. 

Sox6 overexpression is closely associated with cardiomyo-
pathy and heart failure, and this TF plays a key role in CM 
differentiation and cardiac function regulation [34, 35]. 
ROS overproduction after I/R injury exacerbates myocar-
dial infarction [36], and Atf6 contributes to this process by 
promoting ROS generation through endoplasmic reticulum 
stress responses [37]. Yy1 facilitates cardiac hypertrophy 
and heart failure by regulating the transcription and splic-
ing stability of downstream genes [38]. These findings sug-
gest that Sox6, Atf6, and Yy1 might be critical intervention 
points for preventing CM death and fibrotic transformation 
after I/R injury.

C0 Atcayos+ CMs exhibited high CytoTRACE scores, in 
agreement with a less differentiated (earlier-like) transcrip-
tional state. This state should not be interpreted to reflect active 
proliferation, because adult CMs are generally post-mitotic; 
instead, it reflects stress-induced transcriptional plasticity dur-
ing the early response to I/R injury. Monocle2 trajectory anal-
ysis confirmed that the early stage was composed primarily of 
C0 Atcayos+ CMs, and the I/R group showed a predominant 
presence in state 1. Trajectory analysis of the characteristic 
gene Atcayos showed high expression in early stages, which 
gradually declined over pseudotime. Similarly, Slingshot line-
age analysis confirmed that C0 Atcayos+ CMs were distributed 
primarily in early to mid-developmental stages, a finding fur-
ther supporting our hypothesis.

On the basis of these results, we speculated that C0 Atcayos+ 
CMs might be highly active after I/R injury and engage in 
specific intercellular interactions. Analysis of high-expres-
sion signaling pathways in the I/R group revealed the fol-
lowing: (1) In ECs, VEGF signaling promotes angiogenesis 
under hypoxia [39]. (2) BMP signaling is involved in CM 
proliferation, angiogenesis, and fibrosis-related remodeling 
in cardiovascular injury and regeneration [40–42]. (3) FGF 
signaling is associated with inflammation in heart failure, 
endothelial activation, and mechanotransduction, and BMP–
FGF synergy drives lineage diversification of cardiac valve 
progenitors [43]; (4) In neutrophils, laminin signaling sup-
ports endothelial proliferation and repair post-injury [44]. 
All these pathways are tightly associated with angiogenesis 
and fibrosis regulation.

Circular and chord diagram visualizations confirmed the 
strong potential biological significance of BMP and FGF 
signaling networks between C0 Atcayos+ CMs and fibro-
blasts. BMP signaling promotes angiogenesis and home-
ostatic endothelial behavior [45], whereas FGF signaling 
enhances endothelial glycolysis and supports proliferation 
and migration during vascular development [46]. At the 
molecular level, we identified two key communication axes: 
Bmp6–(Bmpr1a+Bmpr2) and Fgf1–Fgfr1. Notably, Bmp6 is 
highly expressed in fibroblasts and ECs, and has been shown 
to inhibit myocardial fibrosis [47], and recombinant Fgf1 
(rFgf1) also decreases myocardial fibrosis [48].

The hypoxic environment in early I/R injury directly 
triggers immune cell infiltration–driven inflammation and 
initiates angiogenesis [49]. This finding might explain 
the pro-angiogenic effects of Bmp6- and Fgf1-associated 
communication observed between C0 Atcayos+ CMs and 
fibroblasts. We therefore propose that these two com-
munication networks are critical regulatory pathways 
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linking CM death to fibrotic transformation after I/R 
injury. Given their importance in early repair, enhancing 
Bmp6–(Bmpr1a+Bmpr2) and Fgf1–Fgfr1 signaling might 
provide a promising therapeutic strategy to delay CM 
death, attenuate fibrosis, and ameliorate cardiac function 
after I/R injury.

Conclusion

Herein, we delineated a CM subtype, C0 Atcayos+ CMs, 
that shows early transcriptional responses to I/R injury and 
engages in putative crosstalk with fibroblasts through the 
established Bmp6–(Bmpr1a/Bmpr2) and Fgf1–Fgfr1 signa-
ling axes. These interactions align with pro-angiogenic and 
fibrosis-modulating programs, and provide a mechanistic 
link between CM injury and subsequent remodeling. Rather 
than proposing new targets, our results define the cell type 
and temporal context in which these pathways might be lev-
eraged to modulate early CM–fibroblast communication. 
Our analyses offer hypothesis-generating insights that invite 
confirmation with orthogonal approaches and have potential 
to inform more precise therapeutic strategies.
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