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Coronary microvascular dysfunction serves as one of the etiological factors for ischemic heart disease
and represents a novel therapeutic direction for coronary artery diseases; however, the research on its
pathogenesis remains inconsistent. This study aims to explore the single-cell gene expression profiles
in rats with coronary microvascular dysfunction using single-cell RNA sequencing, with a particular
focus on the in-depth analysis of endothelial cell gene expression characteristics. By establishing

a rat model of coronary microvascular dysfunction, we collected cardiac apical tissue to prepare
single-cell suspensions and further analyzed them using bioinformatics methods. From a total of
55,419 cells, we identified 28 distinct cell clusters, with endothelial cells and fibroblasts being the
predominant cell types. Compared to the NC group, the proportion of endothelial cells in the CMD
group was significantly reduced, while the number of fibroblasts was significantly increased. Through
further analysis of the endothelial cells, we classified them into normal phenotype endothelial cells,
mesenchymal phenotype endothelial cells, proliferative phenotype endothelial cells, and lymphatic
endothelial cells, with mesenchymal and proliferative endothelial cells originating from normal
phenotype endothelial cells. Additionally, the CMD group exhibited an increase in immune cells,
enhanced inflammatory response, and increased oxidative stress. These findings may provide novel
potential therapeutic targets for the treatment of Coronary microvascular dysfunction.

Keywords Coronary microvascular dysfunction, Single-cell RNA sequencing, Bioinformatics analysis,
Endothelial cells, Endothelial-to-mesenchymal transition

Abbreviations

CMD Coronary microcirculation dysfunction
ECs Endothelial cells

VSMCs Vascular smooth muscle cells

EndoMT  Endothelial-to-mesenchymal transition
eNOS Endothelial nitric oxide synthase

Coronary microvascular dysfunction is defined as impaired coronary flow reserve due to structural and/or
functional abnormalities of the microvasculature, and is associated with adverse cardiovascular outcomes. CMD
is considered one of the etiologies of ischemic heart disease, accompanied by signs and symptoms of myocardial
ischemia, but without obstructive coronary artery disease!. Up to 70% of patients with angina pectoris have
no obstructive coronary artery lesions detected after coronary angiography (epicardial vessel stenosis>50%),
suggesting the presence of coronary microcirculatory dysfunction or non-obstructive coronary heart disease?.
In recent years, multiple guidelines both domestically and internationally have highlighted the importance of
CMD in cardiovascular diseases, making it a new direction in the treatment of coronary artery disease. However,
the current diagnostic methods for CMD are limited, leading to missed and misdiagnoses. Due to the lack of
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targeted pharmacological treatment, traditional drugs for coronary heart disease have limited effects on CMD.
Therefore, these patients continue to experience recurrent angina pectoris, impaired quality of life, leading to
repeated hospitalizations and unnecessary coronary angiography, as well as short-term and long-term adverse
cardiovascular outcomes?. Therefore, finding effective diagnostic and therapeutic methods for CMD is an urgent
need to be addressed. Currently, single-cell sequencing technology, particularly single-cell RNA sequencing, has
brought revolutionary changes to the research of cardiovascular diseases. It can identify different cell types and
analyze the construction of single-cell trajectories to explore new drug targets?. Therefore, we collected apical
heart tissue samples from CMD rats for single-cell RNA sequencing to reveal the dynamic changes of cells in
the coronary microvasculature and surrounding tissues, seeking the etiology of the progression of endothelial
cell (EC) dysfunction. The results presented allow us to explore the pathways and key genes involved in the
interactions between different endothelial cell populations or with other cell types. By modulating their activities
through inhibition or promotion, we can further prevent alterations in the structure and function of endothelial
cells, thereby retarding the onset and progression of CMD. Thus providing potential new targets and theoretical
basis for the diagnosis and treatment of CMD.

Materials and methods

Chemicals and reagents

Streptozotocin and Pentobarbital sodium were purchased from MedChemExpress, USA. Dobutamine was
obtained from Zhejiang Ruixin Pharmaceutical Co., Ltd. PBS buffer was sourced from Solarbio Science
& Technology Co., Ltd., China. The 10x Genomics single-cell RNA sequencing kit v3 was procured from
10x Genomics, USA. Red cell lysate and Decaying cell kit were acquired from Miltenyi Biotec, Germany.
Dissociating solvent was bought from Merck Group, Germany.

Animals

Twenty Sprague-Dawley rats (male, 4-6 weeks old) were obtained from the Animal Laboratory of Shanxi
Medical University. All rats were housed in the laboratory of Shanxi Bethune Hospital. This study was approved
by the Ethics Committee of Shanxi Bethune Hospital, and the ethics approval number was YXLL-2023-238. We
numbered 20 rats and used a random number generator to randomly select rats, assigning the selected numbers
to the NC group until there were 10 rats in this group. The remaining rats were then assigned to the CMD
group. During the experimentation, the NC group (n=10) rats were fed a normal diet, while the CMD group
(n=10) rats were fed a high-fat and high-sugar diet (67% rat maintenance feed + 10% lard + 20% sucrose +2.5%
cholesterol +0.5% sodium cholate). After 4 weeks of high-fat and high-sugar diet feeding, the CMD group
was fasted for 12 h and induced by intraperitoneal injection of streptozotocin (30 mg/kg bw). Meanwhile,
age-matched NC group rats were fed a regular maintenance diet for 31 days. Three days after streptozotocin
injection, the 12-h fasting blood glucose levels of all rats were measured.

Cardiology ultrasound

Two weeks later, rats were anesthetized with intraperitoneal injection of pentobarbital sodium (35 mg/kg) and
placed in a supine position with chest hair removed. The room temperature was maintained at 37-38 °C, and
heart rate was monitored using the Epiq software. Echocardiography was performed using a 13-24 MHz linear
probe: the probe was positioned using a rail system to obtain a parasternal short-axis view, moved to locate the
pulmonary artery, and slightly moved caudally to visualize the anterior descending artery and store the images.
The anterior descending artery was displayed in color Doppler mode, and then the mode was switched to pulsed
wave mode. The cine store was used to capture the resting blood flow velocity waveform at the peak diastolic
phase of the anterior descending artery. After obtaining the resting velocity of the anterior descending artery,
dobutamine liquid was administered via the tail vein at a dose of 20 pg/kg/min (observing changes in rat heart
rate, with a maximum observation time of 5 min). The maximum velocity during the administration process
was measured, and coronary flow reserve (calculated as the ratio of the peak velocity during stress to the resting
velocity) was calculated. After the measurement, the infusion of dobutamine liquid was stopped, the tail vein
infusion device was removed, hemostasis was performed, and the rats were allowed to recover from anesthesia.

Sample collection

After completing the ultrasound measurements, one week later, we used a random number generator to
randomly select three rats from each of the NC and CMD groups for the study. These rats were anesthetized and
euthanized by cervical dislocation, and their hearts were promptly removed and placed in ice-cold saline at 4 °C.
The apical tissue of the hearts was then minced using ophthalmic scissors and stored in PBS solution at 4 °C.

Preparation of single-cell suspension

The tissue was transferred to a culture dish pre-filled with 1xPBS (free of RNase and Ca, Mg ions) and
placed on wet ice. The tissue was then cut into small pieces of 0.5 mm2 and repeatedly washed with 1 xPBS
to remove surface blood stains, fats, and other adherent substances. The cleaned tissue pieces were then added
to a dissociation solution containing 0.35% collagenase IV, 2 mg/ml papain, and 120 Units/ml DNase I, and
incubated at 37 °C on a shaking water bath (100 rpm) for 20 min. The dissociation was terminated by adding
1 xPBS containing 10% fetal bovine serum (FBS). The cell suspension was then pipetted up and down 5-10
times with a pipette (gentle operation to prevent shear force-induced cell death). The cell suspension was filtered
through a 70-30 pm cell strainer and centrifuged at 300 g for 5 min at 4 °C. The cell pellet was collected after
centrifugation and resuspended in 100 pl of 1 x PBS (0.04% BSA). To remove red blood cells, 1 ml of red blood
cell lysis buffer (MACS 130-094,183, 10 x) was added and incubated on wet ice for 2-10 min. After lysis, the
cells were centrifuged at 300 g for 5 min at room temperature, and the cell pellet was collected. The cell pellet

Scientific Reports |

(2025) 15:5050 | https://doi.org/10.1038/s41598-025-85318-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

was then resuspended in 100 pl of dead cell removal reagent: Dead Cell Removal MicroBeads (MACS 130-090-
101) and dead cells were removed using the Miltenyi® Dead Cell Removal Kit (MACS 130-090-101). After the
reaction, the reagent was removed by centrifugation. The cells were then resuspended in 1 x PBS (0.04% BSA)
and centrifuged at 300 g for 3 min at 4 °C (repeated twice). The resulting cell suspension, which had undergone
tissue dissociation, red blood cell lysis, and dead cell removal, was then adjusted to 50 pl of 1 x PBS (0.04% BSA).
Cell viability was assessed using the trypan blue staining method, with a requirement of >85% viability. The
cell count was performed using a Countess IT Automated Cell Counter, with a required cell concentration of
700-1200 cells/pl.

Library construction and sequencing

The cell suspension obtained after dissociation was loaded into the 10x Chromium instrument, and cell capture
(targeting 5,000 cells) was performed according to the manufacturer’s instructions for the library preparation kit
(10X Genomics Chromium Single-Cell 3’ kit, V3). Following this, cDNA amplification and library construction
were conducted. Upon completion of library construction, the NovaSeq 6000 sequencing platform was utilized
for paired-end multiplexing sequencing with a read length of 150 bp, with a required sequencing depth of 20,000
reads per cell.

ScRNAseq analysis

Sequencing data were processed using the Cell Ranger single-cell software suite v7.1.0 (10 x Genomics) to
handle single-cell expression data, including data filtering, genome alignment, transcript quantification, and cell
identification, ultimately yielding gene expression matrices for individual cells. The gene barcode matrix and
UMI count data were integrated using Seurat (V4.1.1)°. The output was then imported into Seurat (V4.1.1) R for
subsequent quality control and downstream analysis of single-cell RNA sequencing data®. The PercentFeatureSet
function of the Seurat software package was employed to calculate mitochondrial gene expression’. Cells
with>25% UMI in the mitochondrial genome and fewer than 500 genes were removed through quality control.
The integrated matrix was scaled, and principal component analysis (PCA) was performed to identify 20
principal components for downstream analysis. The FindNeighbors function was used to cluster cells with similar
expression patterns, and the FindClusters function was applied to delineate distinct cell subpopulations, which
were visualized using the Uniform Manifold Approximation and Projection (UMAP) algorithm. Subsequently,
the FindAllMarkers function in Seurat was utilized to identify differentially expressed genes in each cluster
for subsequent cell annotation and classification. Cell clusters were manually annotated into major cell types
based on known markers. To further delineate EC subpopulations, the entire EC subclass was extracted using
Seurat, and the FindClusters function was applied again with a resolution of 0.3 for clustering analysis, followed
by manual annotation of cell types. Additionally, the FindMarkers function in Seurat was used to screen for
differentially expressed genes between the CMD and NC groups. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed genes (DEGs) were
performed using the ClusterProfiler (v 3.14.0) software package.

Pseudotemporal analysis

We utilized the Monocle 2 software package to perform machine learning based on the expression patterns of
key genes and simulate the dynamic changes over time. Initially, we selected genes with substantial intercellular
expression differences and performed spatial dimensionality reduction according to their expression profiles.
Subsequently, we constructed a minimum spanning tree and identified the longest path that represents the
differentiation trajectory of cells with similar transcriptional features.

GSVA analysis

Gene set variation analysis (GSVA) was performed using theOmicStudio tools at https://www.omicstudio.cn/t
ool.The plots was drawn based on the R version 4.1.3 (2022-03-10) on the Omicstudio platform (https://www.
omicstudio.cn).

Cell-to-cell communication network analysis

We employed the CellChat package, which is based on the R programming language, to analyze intercellular
communication. Overexpressed ligands or receptors identified within the cell population were mapped onto the
protein-protein interaction (PPI) network. CellChat infers biologically significant intercellular communication
by assigning probability values to each interaction and conducting permutation tests. Communication networks
and signaling pathways were visualized using circular plots and heatmaps.

Results

Animals and ultrasound

After 31 days of high-fat and high-sugar feeding and 3 days following intraperitoneal injection of streptozotocin
(STZ), blood glucose levels were measured. The results indicated that all rats in the CMD group had blood
glucose levels above 11.1 mmol/L, whereas those in the normal control (NC) group had levels below 11.1 mmol/L
(P<0.05) (Table 1). Subsequently, echocardiographic examinations were performed on both groups of rats. The
findings (Fig. 1A-D) revealed a significant reduction in the coronary flow reserve in the CMD group compared
to the NC group (P<0.05) (Table 2). For further investigation, rats from the NC group with the IDs 2, 5, and 10,
and rats from the CMD group with the IDs 1, 4, and 7 were randomly selected as study subjects and designated
as NCI, NC2, NC3, CMD1, CMD2, and CMD3, respectively, for subsequent analyses.
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Table 1. Blood glucose levels of rats in both groups.

The transcriptomic profiles of the rats in the NC group and CMD group

After filtering cells with low RNA content or high mitochondrial RNA content, a total of 55,419 cells were
annotated (ranging from 7,558 to 11,010 cells per sample). Unsupervised clustering of gene expression revealed
28 clusters (Fig. 2A). The segregation of these cell subclusters was well-illustrated by the top 10 marker genes
for each subcluster (Fig. 2B). Upon reviewing the pertinent literature, we have observed the presence of various
cell types, including endothelial cells, fibroblasts, and immune cells, within coronary microvascular and the
surrounding tissue®. Under ischemic conditions due to myocardial infarction, endothelial cells may interact
with immune cells and potentially undergo transient mesenchymal activation, leading to endothelial cell
dysfunction’. Consequently, we speculate that these cells may also play a crucial role in the pathogenesis of
CMD. Therefore, by referring to relevant literature, we manually annotated 10 cell types: endothelial cells (ECs)
(Cdh5, Vwf, Sox17, Cldn5, and Pecam1), fibroblasts (Collal, Col3al, Pdgfrb, and Dcn), vascular smooth muscle
cells (VSMCs) (Acta2, Tagln, Caldl, and Myl9), pericytes (Rgs5 and Abcc9), T cells (Cd3g, Cd3e, Cd3c), B
cells (Ms4al and Cd79a), natural killer (NK) cells (Gzma, Ctsw, Nkg7, Xcl1, and Ccl5), macrophages (Cd68,
Adgrel, Clqa, Csflr, and Clqc), monocytes (Ccr2, Csflr, Fcgr3, Plac8, Mal, and Fenb), and neutrophils (S100a8,
GOs2, and Alox5ap) (Fig. 2C)!°. We observed that the predominant cell populations were ECs (25,119, 45.33%)
and fibroblasts (15,793, 28.50%), with the remaining cell types occupying varying proportions: VSMCs (2,356,
4.25%), pericytes (2,548, 4.60%), T cells (2,447, 4.41%), macrophages (2,345, 4.23%), NK cells (2,023, 3.65%),
monocytes (1,015, 1.83%), neutrophils (980, 1.77%), and B cells (793, 1.43%). The bubble plots of marker
genes for different cell types demonstrated a clear separation between the various cell types (Fig. 2E). A further
comparison of the cell percentages between the CMD and NC groups (Fig. 2D) revealed that, compared to
the NC group, the CMD group exhibited the most significant decrease in the number and proportion of ECs,
while the number and proportion of fibroblasts increased the most. Additionally, the number and proportion
of VSMC:s did not change significantly, while the number and proportion of pericytes relatively decreased. In
contrast, the number and proportion of immune cells, such as macrophages, T cells, NK cells, monocytes, B cells,
and neutrophils, relatively increased. The UMAP plot also illustrated the changes in different cell types between
the two groups (Fig. 2F).

Differential phenotypes and functions of endothelial cells
We further investigated the primary cell types contributing to the progression of coronary microcirculatory
dysfunction. Unsupervised clustering analysis using Seurat identified 11 ECs subclusters (Fig. 3A). The top 10
marker genes of these ECs subclusters demonstrated good separation between different subclusters (Fig. 3B),
and these 11 types of ECs were distributed in each sample (Fig. 3C) (excluding cluster 10, which was cell debris,
for subsequent analysis). Based on the functional differences of their expressed genes, we classified clusters 0-5
and 9 as normal endothelial phenotype (EC1), cluster 6 as mesenchymal endothelial phenotype (EC2), cluster 8
as proliferative endothelial phenotype (EC3), and cluster 7 as lymphatic endothelial phenotype (EC4) (Fig. 3D).
The separation of these four EC types was well illustrated by the bubble plot of marker genes for each cell type
(Fig. 3E). The identification rationale is as follows:

All four types of ECs expressed pan-endothelial genes Sox17, Cldn5, Pecam1, Cdh5, Vwf, Kdr, but ECI had
relatively higher expression levels of these pan-endothelial genes compared to other types of ECs. These genes
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Fig. 1. (A) Representative resting-state echocardiogram of the NC group. (B) Representative stress-state
echocardiogram of the NC group. (C) Representative resting-state echocardiogram of the CMD group. (D)
Representative stress-state echocardiogram of the CMD group.

collaborate in the development, maintenance, and function of the vascular system, playing a crucial role in
maintaining the stability, adaptability, and normal function of blood vessels. Therefore, EC1 was identified as the
normal endothelial phenotype.

EC2 also expressed pan-endothelial genes, but at relatively lower levels, and significantly expressed genes
related to Endothelial-to-mesenchymal transition (EndoMT), such as Mfap5, Bgn, Timpl, Fn1, Col5a2, Col3al,
and Serpinel®. EndoMT refers to the process of ECs transforming into mesenchymal cells. During this process,
ECs, mainly vascular ECs, lose their typical endothelial characteristics and gradually acquire mesenchymal cell
features!!. This is a phenomenon of cell transformation, similar to Epithelial-to-Mesenchymal Transition, but
occurring in ECs. Therefore, EC2 was identified as the mesenchymal endothelial phenotype. The Gene Ontology
(GO) analysis of these ECs mainly enriched in extracellular matrix organization, response to endoplasmic
reticulum stress, cell adhesion, regulation of collagen fibril organization, response to oxidative stress, positive
regulation of cell migration, and Transforming Growth Factor-p receptor signaling pathway (Fig. 3F).

EC3 also expressed pan-endothelial genes at relatively lower levels and significantly expressed genes such
as HMGB2, MKI67, CENPE, and Top2a, which are associated with tumors. Overexpression of HMGB2 and
CENPF can regulate the cell cycle and promote cell proliferation'>!3. Ki-67 is commonly used as a biomarker for
cell proliferation. Histologically, the expression of Ki-67 can estimate the proliferation status of cells, and high
Ki-67 levels are usually associated with more active cell proliferation!*. Top2a plays a key role in cell division,
helping to unwind the supercoiled structure of DNA and allowing chromosomes to separate. Therefore, the
overexpression of Top2a may be related to excessive cell proliferation'®. In summary, the genes significantly
expressed by EC3 are related to cell proliferation, so we identified it as the proliferative endothelial phenotype.
The GO analysis of these ECs mainly enriched in cell division, mitotic cell cycle, cell cycle regulation, DNA
replication initiation, DNA template-dependent transcription, cell growth, positive regulation of telomerase
maintenance of telomeres, regulation of cell population proliferation, and positive regulation of cell migration
(Fig. 3G). This indicates that the genes significantly upregulated in EC3 regulate cell division and proliferation
compared to other types of ECs.
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Group ID | Blood flow velocity at rest (m/s) | Blood flow velocity under load (m/s) | CFR
1 0.38 0.69 2.32
2 0.30 0.71 2.38
3 0.32 0.64 1.97
4 0.36 0.72 2.01
5 0.30 0.74 247
NC group 6 0.33 0.66 2.00
7 0.34 0.70 2.11
8 0.32 0.73 227
9 0.31 0.68 221
10 | 0.28 0.69 2.42
1 0.45 0.60 1.33
2 0.36 0.56 1.55
3 0.33 0.57 1.72
4 0.40 0.64 1.59
CMD group 5 0.42 0.57 1.35
6 0.31 0.54 1.73
7 0.43 0.60 1.41
8 0.36 0.59 1.64
9 0.37 0.58 1.52
10 | 0.39 0.57 1.44
Table 2. CFR levels in two groups of rats.
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EC4 also expressed pan-endothelial genes, but in addition, it expressed lymphatic endothelial cell-related
genes such as Pdpn, Prox1, Lyvel, and Itga2b®. Lymphatic ECs are key components of the lymphatic vascular
system, closely related to the circulatory system, responsible for transporting interstitial fluid and fat metabolic
products back to the circulatory system, and also participate in the transport of immune cells and inflammatory
responses. Therefore, EC4 was identified as the lymphatic endothelial phenotype.
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Fig. 3. (A) The UMAP plot of all sample endothelial cell clusters revealed 11 clusters. (B) Heatmap of the
top 10 marker genes for the 11 endothelial cell clusters. (C) UMAP plot of the distribution of 11 endothelial
cell types across all samples. (D) The UMAP plot of all samples manually clustered into 4 endothelial cell
subclasses. (E) Bubble plot of marker genes for the 4 endothelial cell subclasses. (F) Gene Ontology (GO)
enrichment analysis for EC2. (G) GO enrichment analysis for EC3.

Endothelial cell pseudotime analysis

In a comparative analysis, we observed a significant decrease in the quantity and proportion of EC1 cells, while a
notable increase in the number and proportion of EC2 and EC3 cells was evident in the CMD group relative to the
NC group (Fig. 4A-B). Given that EC4 cells do not originate from the same lineage as vascular ECs, we excluded
EC4 and employed pseudotime analysis to identify gene expression trajectories associated with functional
changes, thereby delving into the transformation relationships among EC1, EC2, and EC3. Pseudotime analysis
of ECs revealed that EC1 primarily occupies the starting point of the developmental trajectory, branching into
EC2 and EC3 during differentiation. EC2 and EC3 are positioned at the terminal ends of the two trajectories
in the pseudotime analysis (Fig. 4C). ECs from the NC group were predominantly distributed near the starting
point and branching stages of the developmental trajectory, with a small number located at the terminal end.
Conversely, ECs from the CMD group were mainly distributed at the terminal ends of the two developmental
trajectories, with a minority found at the starting point and branching stages (Fig. 4D). Finally, we analyzed the
markers of mesenchymal phenotype ECs and proliferative phenotype ECs to observe their specific expression
patterns along the pseudotime trajectory (Fig. 4E, F). The results suggest that the expression of mesenchymal
phenotype EC markers such as Bgn, Fnl, Col3al, and Timpl gradually increases throughout the trajectory,
peaking at the location of EC2 distribution. Conversely, proliferative phenotype EC markers such as HMGB2,
MKI67, CENPE and Top2a were barely expressed at the onset of the trajectory, with expression gradually
increasing as the trajectory progresses, reaching its peak at the location of EC3 distribution.

Transcriptional landscape of macrophages

In this analysis of macrophages, we utilized unsupervised clustering based on the Seurat platform to identify
macrophage subclusters, revealing seven distinct macrophage subclusters (Fig. 5A). The top 10 marker genes of
these macrophage subclusters demonstrated clear separation between different cell types (Fig. 5B), with these
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Fig. 4. (A) Proportion of the four endothelial cell types in the CMD group compared to the NC group. (B)
UMAP plot of the four endothelial cell types in the CMD group versus the NC group. (C) Pseudotemporal
analysis after excluding lymphatic endothelial cells. (D) Pseudotemporal analysis of endothelial cells in the
CMD group versus the NC group. (E) Pseudotemporal analysis of marker genes for mesenchymal phenotype
endothelial cells. (F) Pseudotemporal analysis of marker genes for proliferative phenotype endothelial cells.

seven macrophage subtypes distributed across all samples (Fig. 5C). When comparing the percentage of cells in
the CMD group versus the NC group, we observed a significant increase in the overall number and proportion of
macrophages in the CMD group compared to the NC group (Fig. 2D). Further subdivision showed an increase
in the proportions of clusters 0, 2, 3, 4, and 6, with clusters 0 and 2 showing the most pronounced increase, while
the proportions of clusters 1 and 5 decreased relatively (Fig. 5D). The UMAP plots between the two groups
also illustrated the changes in different macrophage clusters (Fig. 5C). To investigate the functions of different
macrophage subclusters, we conducted GSVA analysis, which revealed that inflammatory signaling pathways
such as TNF signaling pathway, NF-kappa B signaling pathway, NOD-like receptor signaling pathway, IL-17
signaling pathway, Apoptosis, and Fc gamma R-mediated phagocytosis were upregulated in clusters 0, 2, and
6, while they were relatively downregulated in clusters 1, 3, and 4; pathways promoting angiogenesis and cell
proliferation, such as VEGF signaling pathway, TGF-beta signaling pathway, PI3K-Akt signaling pathway, and
ErbB signaling pathway, and anti-inflammatory and antioxidant pathways, such as FoxO signaling pathway and
PPAR signaling pathway, were upregulated in cluster 5 (Fig. 5E).

Endothelial-macrophage communication network analysis

To investigate whether EndoMT influences the interactions between ECs and other cells in the heart, we
constructed a cell-cell communication network based on CellChat, with a particular focus on the communication
network between ECs and macrophages.

The overall analysis of intercellular communication between CMD and NC samples was similar; therefore,
we concentrated on intercellular communication within CMD (Fig. 6A, B). The primary signaling pathways
detected by CellChat included MIF, CCL, PTN, CXCL, SPP1, GALECTIN, MK, CSE, IGE, TNE, TGFb, GAS,
OSM, and VEGF (Fig. 6C-D). Among these, MIF exhibited the highest enrichment level, followed by CCL, PTN,
CXCL, and SPP1. These signaling pathways are primarily associated with inflammatory responses, immune cell
recruitment, cell proliferation, differentiation, and migration.
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Fig. 5. (A) UMAP plot of macrophage clustering across all samples, revealing seven distinct clusters. (B)
Heatmap of the top 10 marker genes for the seven endothelial cell clusters. (C) UMAP plot showing the
distribution of seven macrophage types in the CMD group versus the NC group. (D) Bar graph illustrating the
proportion of seven macrophage types in the CMD group compared to the NC group. (E) Heatmap of GSVA
(Gene Set Variation Analysis) for the seven macrophage types.

Discussion
In this study, we characterized the single-cell gene expression profiles of rats with CMD. Previous research has
primarily focused on how various risk factors lead to EC dysfunction through oxidative stress and endothelial
nitric oxide synthase (eNOS), subsequently affecting coronary microcirculatory perfusion. However, these studies
have not addressed the cellular heterogeneity. In our investigation, we analyzed 55,419 cells through single-cell
RNA sequencing and identified 28 cell clusters and 10 cell subtypes, including ECs, fibroblasts, vascular smooth
muscle cells, pericytes, T cells, B cells, NK cells, macrophages, monocytes, and neutrophils. In healthy rats, ECs
were the most abundant, but their proportion significantly decreased in CMD rats, while fibroblasts and immune
cells increased. Studies have shown that under stress conditions (such as hypoxia, hyperglycemia, and high
levels of free fatty acids), reactive oxygen species and their downstream signaling pathways are activated, leading
to reduced eNOS signaling, mitochondrial damage, upregulation of the NLRP3 inflammasome, accelerated
degradation of NO, and decreased utilization, resulting in impaired EC functions such as proliferation, adhesion,
migration, and apoptosis. This dysfunction also causes microvascular constriction and a decrease in coronary
flow reserve fraction!®. Our study further demonstrates that during disease progression, an increase in immune
cells, enhanced inflammation and oxidative stress, and a decrease in the number of ECs affect their function.
Furthermore, due to the significant role of ECs in the development of CMD and their marked reduction, we
conducted a further analysis of their gene expression characteristics. Through re-clustering, we identified 11 EC
subclusters and categorized them into four EC subtypes. Our data indicate that genes related to extracellular matrix
organization, endoplasmic reticulum stress response, cell adhesion, regulation of collagen fiber organization,
response to oxidative stress, positive regulation of cell migration, and TGF-P receptor signaling pathways are
highly enriched in EC2. Studies have shown that under pathologically pro-inflammatory conditions associated
with high TGF- levels, ECs can undergo EndoMT during adulthood, acquiring characteristics of mesenchymal
cells, such as extracellular matrix remodeling, cytoskeletal rearrangement, and enhanced migratory capacity!”!8.
In EC3, tumor-related genes were upregulated, which are associated with biological processes such as cell division,
cell cycle regulation, DNA replication initiation, cell growth, and regulation of cell population proliferation,
promoting cell proliferation and migration through interactions with other cells. Studies have shown that in
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Fig. 6. (A) Network visualization of potential specific interactions in CMD rats, where nodes represent
clusters and edges denote the number of significant ligand-receptor pairs. (B) Network visualization of
potential specific interactions in NC rats, with nodes representing clusters and edges indicating the number of
significant ligand-receptor pairs. (C) Ingress signaling patterns in CMD rats. (D) Egress signaling patterns in
CMD rats.

certain pathological states, EC proliferation may become abnormal, potentially leading to vascular stenosis or
obstruction and vascular remodeling!®?°. Electron microscopy revealed swollen ec nuclei, irregular narrowing
of arteriolar lumens, and hypertrophy and deformation of the media smooth muscle cells?!, which is consistent
with our findings.

Pseudotemporal analysis suggests that during disease progression, ECs transition from a normal phenotype
to a mesenchymal and proliferative phenotype. EndoMT is a biological process in which ECs lose their
endothelial characteristics and acquire mesenchymal cell features. EndoMT has been reported in tumors and
is believed to promote atherosclerosis?*?* and myocardial fibrosis?»?° after cardiac stress or injury. Although
fibroblasts significantly increased during disease progression in our study, recent fibroblast lineage tracing
analyses suggest that the overall contribution of ECs to the cardiac fibroblast population is limited?®. Partial
mesenchymal transformation or activation may also promote pathological vascular growth through the
enhancement of pro-migratory and pro-invasive EC phenotypes?’. Additionally, studies have shown that during
myocardial infarction, ECs undergo transient mesenchymal activation, which is related to metabolic adaptation.
After 10 days of recovery following vascular recanalization, mesenchymal transcripts return to levels detected
under steady-state conditions, indicating they experience transient EndoMT rather than complete EndoMT®.
Recent single-cell RNA sequencing studies have also failed to detect a large number of cells undergoing complete
mesenchymal transformation after myocardial infarction?®. Therefore, we hypothesize that ECs can promote
mesenchymal cell transformation and abnormal proliferation through oxidative stress and cytokine action,
leading to vascular remodeling and EC dysfunction. Although we have not yet studied the reversibility of
the transformation of ECs to mesenchymal and proliferative phenotypes in CMD rats, we speculate that this
transformation may be persistent due to the non-transient nature of myocardial ischemia in CMD rats. Further
research is needed to validate this hypothesis.
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Macrophages and fibroblasts have become the main drivers of angiogenic responses following myocardial
ischemia®. In our research findings, a marked increase in the ratio of macrophages to fibroblasts is observed
during the progression of CMD. Furthermore, correlative studies have demonstrated that macrophages play
a decisive role in the vascular remodeling essential for arterial formation.’’. Studies have shown that pro-
inflammatory lymphocytes are mostly derived from the blood, while the myocardium primarily retains
macrophages, which play a key role in lymphocyte recruitment and cardiac fibrosis®. Therefore, we conducted
an in-depth analysis of macrophages. Macrophage re-clustering and GSVA results showed that inflammation-
related pathways were relatively upregulated in clusters 0, 2, and 6, which also increased in proportion during
CMD progression. In contrast, pathways related to neovascularization, cell proliferation, and anti-inflammatory
and antioxidant responses were relatively upregulated in cluster 5, which decreased in proportion during CMD
progression. As central cellular components of the human myocardium, ECs not only regulate angiogenesis
and neovascularization during tissue remodeling but also modulate leukocyte infiltration to regulate local
inflammation®!. Therefore, we explored the communication network between ECs and macrophages. The key
signaling pathways identified in our investigation encompass MIECCLs,PTN, and CXCLs.MIF, an important
pro-inflammatory factor in atherosclerosis, has been reported to promote atherogenic leukocyte recruitment
and pathological inflammation through interactions with chemokine receptors CXCR2 and CXCR43>3%. PTN
is a cytokine belonging to the growth factor family that affects various cell types. The PTN signaling pathway
refers to a series of biological processes mediated by PTN molecules, involving cell proliferation, differentiation,
migration, and survival**. The CXCL signaling pathway is a class of important cell signaling pathways
primarily involved in regulating cell migration, inflammatory responses, and immune responses. Members
of the CXCL family include several different chemokines that can attract immune cells, such as T cells and
neutrophils, to migrate towards inflammatory areas®”. The CCL signaling pathway is another important pathway
in regulating cell migration, inflammatory responses, and immune responses, similar to the CXCL signaling
pathway. It regulates cell behavior through the binding of chemokines to receptors on the cell surface®. In
summary, we believe that the interaction between ECs and macrophages plays a crucial role. When vascular
ECs are damaged, macrophages are recruited to the site of injury and participate in inflammatory responses and
vascular remodeling through the release of various inflammatory and growth factors, leading to microvascular
dysfunction in coronary arteries.

In conclusion, through single-cell RNA sequencing and bioinformatics analysis of rat myocardial tissue, we
found that under conditions of myocardial ischemia, there is an increase in immune cells, enhanced inflammation
and oxidative stress, and a decrease in the number of ECs. Coronary microvascular ECs can transform into
mesenchymal cells and proliferative phenotypes. During this process, macrophages are recruited to the site of
injury, promoting coronary microvascular remodeling through inflammation, immune cell recruitment, cell
proliferation, migration, and differentiation, leading to luminal narrowing or obstruction.

Therefore, on one hand, we can manipulate the pathways associated with macrophages that are most closely
related to endothelial cells, such as MIF, CCLs, PTN, and CXCLs. Through further experimentation, we can
find common hub genes within these pathways for intervention, thereby inhibiting inflammation and oxidative
stress, and reducing the recruitment of immune cells. On the other hand, we can regulate the pathways and genes
related to EndoMT and cell proliferation, such as the TGF-f pathway and cancer-associated genes, to suppress
or even reverse the transformation of normal endothelial cells to other phenotypes. By employing these methods
to modulate inflammation and prevent vascular remodeling, we can effectively alleviate endothelial dysfunction,
aiding in the identification of therapeutic targets for CMD. Additionally, by measuring changes in related genes
and proteins, we can develop CMD biomarkers based on endothelial cells or macrophages, which will facilitate
early detection of CMD and enable the implementation of appropriate treatment measures to improve patient
prognosis.

However, this study has some limitations. First, the sample size is small, and the use of rats as the research object
may not fully reflect the molecular characteristics of human CMD. Second, although single-cell RNA sequencing
technology can provide gene expression information at the single-cell level, its results may be influenced by
cellular heterogeneity and individual differences. Therefore, in future research, we need to expand the sample
size and combine animal experiments, in vitro cell experiments, and other methods to validate our research
findings and predictions, further exploring the molecular changes in CMD and the specific pathophysiological
mechanisms of disease occurrence.

Conclusions

To investigate the single-cell gene expression profiles of cardiac microvascular disease (CMD) and the specific
characteristics of endothelial cell gene expression, we conducted a comparative analysis using single-cell RNA
sequencing on apex cardiac tissues from CMD rats and control groups. Our findings revealed a significant
reduction in both the number and proportion of coronary microvascular endothelial cells in CMD rats.
Additionally, we observed the occurrence of endothelial-to-mesenchymal transition and a transformation
towards a proliferative endothelial phenotype, accompanied by heightened inflammatory responses and
oxidative stress levels. Furthermore, there was an evident recruitment of macrophages, which interacted with the
endothelial cells, leading to dysfunction of these cells—a primary cause of coronary microvascular pathology in
CMD.Our research not only provides a comprehensive reference for the cellular types and interaction networks
involved in the progression of CMD but also offers novel insights and theoretical foundations for understanding
the disease mechanism and advancing future therapeutic strategies.
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Data availability
Our data was sequenced by Lianchuang Company. Due to the involvement of these raw data in other related top-

ics,

it cannot be made public at the moment. We have uploaded the raw data to the GSA database as requested,

You can download the raw data within 3 months at the following link: https://ngdc.cncb.ac.cn/gsa/s/nU99mo0J,
and the raw data will be officially released in 2 years.
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