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ARTICLE INFO ABSTRACT

Keywords: Aging is the strongest risk factor for cardiovascular disease, with progressive decline in the
Aging function of vascular endothelial cells (ECs) with age. Systematic analyses of the effects of aging on
EC

different cardiac EC types remain limited. Here, we constructed a scRNA atlas of EC tran-
scriptomes in young and old mouse hearts. We identified 10 EC subclusters. The multidimen-
sionally differential genes (DEGs) analysis across different EC clusters shows molecular changes
with aging, showing the increase in the overall inflammatory microenvironment and the decrease
in angiogenesis and cytoskeletal support capacity of aged ECs. And we performed an in-depth
analysis of 3 special ECs, Immunology, Proliferating and Angiogenic. The Immunology EC
seems highly associated with some immune regulatory functions, which decline with aging at
different degrees. Analysis of two types of neovascular ECs, Proliferating, Angiogenic, implied
that Angiogenic ECs can differentiate into multiple EC directions after initially originating from
proliferating ECs. And aging leads to a decrease in the ability of vascular angiogenesis and dif-
ferentiation. Finally, we summarized the effects of aging on cell signaling communication be-
tween different EC clusters. This cardiac EC atlas offers comprehensive insights into the molecular
regulations of cardiovascular aging, and provides new directions for the prevention and treatment
of age-related cardiovascular disease.

scRNA-seq

1. Introduction

Aging is the greatest risk factor that increases the incidence of cardiovascular disease. It can significantly alter heart structure and
function, leading to biological processes associated with aging features, such as reduced autophagy, increased mitochondrial oxidative
stress, telomere depletion, altered insulin-like growth factor signaling and growth differentiation activator and protein kinase path-
ways [1]. These conditions also occur frequently in the cardiac vascular system. Age-related cardiovascular changes are an important
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Fig. 1. Construction of single-cell sequencing atlas of mouse heart ECs. (A) Flow chart of scRNA-seq and bioinformatics analysis of Young and Old
heart ECs. Young (female), n = 10630; Old (female), n = 6695. (B) Left panel: UMAP plots shows the different cell types and corresponding dis-
tribution of mouse heart ECs. Right panel. Distribution of ECs in the UMAP plots of Young and Old mouse. (C) Feature map shows the expression of
cell type-specific marker genes in different clusters of mouse heart ECs. (D) Heat map shows the top 30 marker genes for specific clusters in the Old
group with the enriched functional annotation of each marker gene on the right. (E) Network diagram shows the transcriptional regulators of the top
30 cluster-specific marker genes in all heart ECs. (F) Heat map shows specific regulators in different clusters of mouse heart ECs. (G) Heat map shows
specific Transcription factor (TF) in different clusters of mouse heart ECs. (H-J) Representative micrographs of Old mouse heart sections, stained for
an EC marker (CD31) and Apln (Angiogenic, H), Birc5 (Proliferating, I), Cd52 (Immunology, J) and counterstained with DAPI.

cause of cardiovascular diseases such as atherosclerosis [2,3]. The relationship between the endothelium and disease caused by aging
has been investigated in more detail by other studies [4-6]. However, despite these efforts, the specific impacts of aging on different
types of cardiovascular ECs remain less deeply explored. While some mechanisms have been described in greater detail than others, a
more complete understanding of vascular ECs aging is important to develop measures to delay vascular aging and prevent the
development of various cardiovascular diseases. For example, previous research has demonstrated that aging-related molecular
changes occur in multiple cardiac cell types, including endothelial cells [7], which exhibit high mutations and instability in their
genome [8].

Here, we describe a transcriptional atlas of single-cell RNA sequencing (scRNA-seq) in young and old mouse hearts, providing a
comprehensive picture of the changes in the cellular and molecular complexity of aging at single-cell resolution. From this atlas, early
dysregulated transcriptional changes in ECs can be visually identified. We analyzed the gene expression of multiple endothelial subsets
and examined their potential biological functions. Specifically, we investigated the effects of aging factors on their gene expression and
depicted some of the unique biological processes that arise in the aging vascular endothelium. Overall, our research improves the
understanding of the aging process in cardiac ECs and provides a resource for potential therapeutic targets for aging-related cardio-
vascular diseases.

2. Results
2.1. Construction of single-cells transcriptomic atlas in ECs

To investigate the molecular characteristics of the aging heart endothelium, we captured each type of EC from different parts of the
heart in different mouse. ECs from each sample were subjected to scRNA-seq by a 10x genomics-based protocol (Fig. 1A). We selected
EC clusters as previous study [9] based on the expression of EC markers (Pecaml) and excluded pericytes (Pdgfrb), immune cells
(Ptprc), smooth muscle cells (Acta2), fibroblasts (Collal) and erythrocytes (Hba-al, Hba-a2, Hbb-bs). After rigorous quality control of
the gene expression profile and filtering, a total of 17,325 eligible ECs from 4 young and 4 old mouse heart samples were retained and
used for downstream analysis. Due to the effects of senescence on the vascular endothelium, we observed age-related differences in cell
types and cell numbers (Fig. S1E). A total of 10 cell types were identified by the Uniform Manifold and Projection (UMAP) algorithm
based on their unique gene expression characteristics (Fig. 1B). And the quality of cell sequencing of these types ECs basically meets the
requirements of analysis (Figs. STA-1D). The possibility of low mass and dead cells is basically excluded. Among these, some heart ECs
types identified in both groups were previously characterized [9], and they included Capillary1(Hspala), Capillary2 (Rgcc), Capillary
arterial (Rbp7), Capillary venous (Vcaml), Artery (FbIn5), Angiogenic (Apln), Vein (Cfh), Lymphatic (Mmrnl) ECs (Fig. 1C and
Fig. S1F). Not only that, but we also identified other 2 special types of EC clusters, Inmunology and Proliferating. And there were 2
unknow clusters. The Immunology ECs (Cd52) expressed multiple immune-related biomarkers and a variety of
immunoglobulin-related genes and complement-related genes (Table S1). We found the coexistence of two ECs, Proliferating
(Birc5/Top2a) and Angiogenic, with vascular EC regeneration ability in cardiac samples.

Then, we compared our own dataset with another aging mouse heart scRNA dataset [8] to observe the effect of various time points
and different enrichment methods on the cell frequency of different cell clusters. The results showed that there were significant dif-
ference in the endothelial subpopulations of different age groups and different enrichment methods (Fig. S1E and Table S7). The
endothelial frequency was further altered when the batch effect was removed after the integration analysis, suggesting a large in-
fluence of the batch effect (Fig. S1E). Therefore, considering the batch effect from different sequencing technologies and enrichment
methods, the subsequent analysis still used our original data.

For each of the cell type, we identified a set of Top50 markers (Table S1). Gene Ontology (GO) analysis of the Top30 marker genes
demonstrated functional characteristics of the corresponding cell type (Fig. 1D). For example, “DNA synthesis and transcriptional
processes” was enriched for Capillaryl, which was predominant in the young mice. On the other hand, “regulation of cytokines
production and cellular response to IFN-p” was enriched for Capillary2, the predominant in the old mice. In addition, “body fluid
balance regulation” was enriched for ECs associated with either Artery or Vein (Artery, Vein, Capillary venous), “Signal reception and
cell killing processes” for the Immunology ECs, “Regulation of endothelial proliferation and sprouting” for the Proliferating ECs, and
“cell cycle transition and further mitotic proliferation” for the Angiogenic ECs.

We also investigated the molecular mechanisms driving EC phenotypic differentiation using single-cell regulatory network
inference and clustering (SCENIC). We compiled a regulatory network of transcription factors (TFs) of Top30 marker genes, defining
key TFs for each ECs and TFs cross different cell types (Fig. 1E). These transcription factors determine the phenotypic characteristics of
ECs. In addition to this, we analyzed the regulons that have the greatest impact on each type of ECs (Fig. 1F), clarifying the regulation
strength of each regulon for different cell types. We also showed the expression of transcription factors corresponding to these
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Fig. 2. Multidimensional molecular characteristics of aging mouse heart ECs (A) Histogram plot shows aging-associated up- and down-regulated
differentially expressed genes (DEGs) (adjusted P-value <0.05, |LogFC| > 0.25). (B) Bar graph shows the GO terms for overall DEGs between
the Young and Old groups. (C) Graph shows significant GO terms or pathways for DEGs in 10 cell types in mouse heart ECs. (D) Dot plots shows the
top five cell type-specific DEGs for all clusters. Up-regulated genes are shown in red, while down-regulated genes are shown in blue. (E) Heat map
shows the gene expression of DEGs that are simultaneously expressed in at least three clusters in different EC clusters. (F) Graph shows the number
of specific up-regulated DEGs in each cluster and the intersecting DEGs in different clusters. CD74, which expressed in the most clusters are marked.
(G) Network diagram shows DEGs associated with cardiovascular disease in different cell types of mouse heart ECs. (For interpretation of the
Eeferences to color in this figure legend, the reader is referred to the Web version of this article.)

regulators (Fig. 1G).
The double immunostaining of IF and FISH for an EC marker (CD31) and the markers of these specialized EC phenotypes confirmed
the scRNA-seq data (Fig. 1H-J; Figs. S1G-S1I).

2.2. Characterization of aging-related molecular features in ECs

In order to further identify the effect of aging on cardiovascular endothelium molecular function, we analyzed the overall
differentially expressed genes (DEGs) in the young and old heart ECs (Fig. 2A and Table S2). We found that “protein folding” was
enriched for downregulated DEGs in early stage; whereas increased expression of genes involved in “IFN responses”, “rolling adhesion
of leukocytes” and “immune responses” suggested the potential for increased inflammatory signatures in the micro-environment in
later stages of aging (Fig. 2B). These observations are consistent with previous research on aging heart [7,10]. Next, to dissect cell
type-specific changes in gene expression, we identified key cell types and molecular mechanisms affected by cardiac senescence by
showing various age-related DEGs that were differentially expressed in at least one cell type in old versus young hearts (Table S2). We
found that the highest numbers of DEGs occurred in the Immunology, Proliferating, and Capillary venous regions (360, 123, and 65
up-regulated genes, and 260, 173, and 147 down-regulated genes, respectively, in the aged hearts) (Fig. 2A). Apart from this, the
proportions of these cells also differed significantly between the young and old hearts (Fig. S1E), suggesting that these may be the cell
types more strongly affected by aging.

Next, we investigated the molecular pathways most affected by aging in these cell types through functional annotation enrichment
analysis. We noted that “regulation to heart function, blood pressure, and myofilament functions” were enriched in the down-regulated
DEGs in the Capillary arterial and Capillary venous ECs (Fig. 2C), suggesting that genes associated with microvascular contraction and
cardiac regulation were dysregulated in an early transcriptional stage. “regulation of cytoskeleton organization” were also enriched in
the down-regulated DEGs in the Capillaryl, Proliferating, Angiogenic and Artery ECs (Fig. 2C), implying for a correlation between
impaired cellular support and aging [11]. In addition, age-related upregulated DEGs in Capillary arterial, Capillaryl, Capillary2,
Lymphatic, Proliferating and Vein ECs were enriched in “cell adhesion”, pointing to a link between cell adhesion and EC aging [12].
Furthermore, “Cell cycle transition and nuclear division”, “angiogenesis”, and “vascular and endothelial development” were enriched
in down-regulated DEGs in Proliferating-, Capillary1-, Angiogenic- and Capillary venous-ECs, respectively, suggesting the impairment
of neovascular function by aging, which is consistent with previous findings [13,14]. Finally, almost all types of aging-related
upregulated DEGs in ECs were associated with “inflammation” and “Immune-related process” (Fig. 2C), pointing to that the corre-
lation between aging and inflammation is universal across different ECs [4,15].

To further investigate the impacts of aging on different EC subtypes, we examined cell-type-specific DEGs and identified the top 5
genes for each cell type (Fig. 2D). These dysregulated genes may underlie the progressive endothelial decline in the heart during aging.
Among these, the rs6647 variant G allele in Serpinal family genes, which was upregulated in aged Artery ECs, has been reported to be
associated with the risk of large-artery atherosclerotic stroke (LAS) (Fig. 2D) [16]. We also found that S100a8/a9 was upregulated in
aged Immunology EC (Fig. 2D). Previous studies have identified the link between S100a8/a9 and mitochondrial dysfunction as well as
cardiomyocyte death in response to ischemia-reperfusion injury [17]. Intriguingly, S100a8/a9 has also been reported to be an in-
flammatory marker that determines the prognosis of COVID-19 [18]. And further studies could be explored to investigate the role of
$100a8/a9 during COVID-19 infection and mortality among elderly patients.

We also identified the Top15 up- and down-regulated genes that affected the majority of ECs types (Fig. 2E). The results showed
that inflammation-related genes CD74 and Cxcl10 were expressed in 9 EC types (Fig. 2E) and they were the most significantly
upregulated genes in aged hearts (Table S2) [19,20]. We also noted upregulated histones H2Aa, H2Ab1, and H2Eb1, all of them
showing highly consistent expression trends. They may have synergistic effect on aging process [21,22]. In addition, we identified the
increased expression of Vcam1 gene in many ECs (Fig. 2E), supporting a correlation between vascular cell adhesion and cardiac aging
[12,23]. Finally, we listed 80 intersections of the same DEGs in these cell populations, which allow us to identify which EC cell types
are similarly affected by aging (Fig. 2F and Fig. S1L).

To annotate hotspot genes associated with age-related diseases in ECs, we performed a comprehensive comparative analysis be-
tween age-related DEGs and cardiovascular disease annotated genes from the Aging Atlas gene set (Fig. 2G). We found that the
Immunology, Proliferating and Artery ECs are rich in most high-risk DEGs, suggesting that these three cell types may be more sus-
ceptible to age-related cardiovascular disease. Of these, Heat Shock Protein Family B Member 1 (HSPB1) and Von Willebrand Factor
(VWF) were both expressed in all the three cell types, which were associated with heart failure (Fig. 2G). Homologous oxidized HSPB1
(homo-oxidized HSPB1) attenuates oxidative stress injury in cardiomyocytes [24], and its specific knockout exacerbates cardiac
dysfunction through NFkB-mediated leukocyte recruitment [25]. In contrast, VWF exists as an indicator of endothelial dysfunction due
to prolonged heart failure [26]. We also identified some high-risk DEGs that are associated with multiple diseases (Fig. 2G). For



Z. Liu et al.

Heliyon 9 (2023) 18324

<2e-16
A B P2 D p<2e-16
0.4
0.50
Vein
e 02 025
Proliferating E
0.0
Lymphatic 0.00
Immunology -0.2 -0.25
' Young old Young
Capillary2 SASP Procogulatlon
Capillary1 C p<2e-16 E p<2e-16
Capillary venous 0.2 1.0
Capillary arterial 0.5
0.1
Artery H
0.0
Angiogenic 0.0
-0.5
SASP
Young Old Young
Inflammation Antlcogulat|on
F G
SASP Inflammation
cluster: Angiogenic cluster: Artery cluster: Capillary arterial cluster: Capillary venous cluster: Angiogenic cluster: Artery cluster: Capillary arterial cluster: Capillary venous
04 s o e =
I []
02 % 0.1 —] ==
0.0 I# l 0.0 1
-0.2
cluster: Capillary1 cluster: Capillary2 cluster: Immunology cluster: Lymphatic cluster: Capillary1 cluster: Capillary2 cluster: Immunology cluster: Lymphatic
04 ! ’ N 02 ¢ ns T | B
0.2 ‘ ! 0.1 1
L \;
0.0 \ 0.0 \ l
-0.2
cluster: Prolferating cluster: Vein Young  Old Young  Old cluster: Prolferating oluster: Vein Young  Old Young  Old
0.4 ns e 02 e o
0.2 * 0.1
o \—y* ! 0.0 !
-0.2 o
‘Young Old Young  Old Young Old ‘Young Old
|
H Bhlhe40
The AUC of RegulonActivity Young
Row Z-score s
KIf6 (41
“ "‘ N ‘ W1 (exlge)nded(ﬂg) %
Bnets (sig) ded (104g) 0 s
240_extende g High|
Hes1_extended (16g) sample 2
lﬁuhm te o i el g
W Junb_extended (170g) ¥ Young Low u%
Fos_ extended (599)
‘ s cluster
[T ‘IF ‘\H‘ Fv'sb( eﬂe;'ded (159) M Capillary1 N & Young oud
‘H J h H Atf3_extended (193g) W Capillary2 E4
T Vi Ets2(130) W Capillary arterial 3
Fli1 (10g) I Capillary venous
i Fli1_extended (18g) m Artery
[ | \\\ \h| Fosl2_extended (12g)
EIf1 (T5) M Angiogenic J 05 20
I ‘ \N I H B oteneed o3 mpein g
eyl-oxtended \2ed M Lymphatic i
KIf3_extended (10¢ . : [a]
| “ w | ‘ FIEs _exended S8 [ Proliferating 204
‘ Irf7 (759) M Immunology 2 15
/ I ﬂu i \ o ‘Nﬂifwxézgded(w g z
il 11 R m‘ || KIf6_extended (75¢) 502 g
Il [l H | H Rad21_extended (15g) g 103
HHHI Ry HI\I‘HIH \ Ets1_extended (31g) ko 2
Foxpi (529) S 0.2 S
v “\ \ | Foxp1_extended (99g) 2 3
H ‘ ‘ M \ Gata6_extended (46g) E 5 &
[l NEA Gatad (18) S o1
il H\\ T \\\ " Il Margisg e 3
HHM L R LA L A X ) @ .. .
‘ ‘ HH | | Cebpb (30g) 0.0 --- 0
Cebpb_extended (54g) 5
2 «© N
& N
o S & F
[l \q,c\ q@ RS
&
[Sial:

Fig. 3. Analysis of mouse heart endothelial aging phenotypes and drivers. (A) Ridge plots shows gene set scores associated with SASP gene set.
(B-C) Violin plot shows changes in SASP(B) and Inflammation(C) gene set scores with age in all ECs of Young and Old mouse hearts. (D-E) Violin
plot shows changes in Procogulation(D) and Anticogulation(E) gene set scores with age in all ECs of Young and Old mouse hearts. (F-G) Boxplot
shows changes in SASP(F) and Inflammation(G) gene set scores with age in different EC clusters. (H) Heat map shows regulator activity scored by
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the AUC method, Bhlhe40 is highlighted as it is closely associated with the aging group. (I) Feature plot and violin plot shows the expression of
Bhlhe40 gene in Young and Old mouse heart ECs. (J) The upper line plot shows the number of TFs in each cluster and the lower bars represent the
proportion of Bhlhe40-regulated and upregulated differentially expressed genes in Old mouse heart ECs.

example, Vascular endothelial growth factor A (VEGFA) has been shown to be associated with inflammatory environmental stimuli in
the aged heart and various cardiovascular diseases [27]. IL-6 has also been shown to be associated with atherosclerosis, heart failure,
and myocardial Infarction (Fig. 2G) [28].

Taken together, we have characterized the aging-related molecular profile of the cardiac endothelium, suggesting that the impaired
cytoskeletal vascular neovascularization and increased cellular adhesion and inflammatory responses may be the most affected
functional features of age-related endothelial degeneration in the heart.

2.3. Profiling of phenotypes and potential drivers of aging in ECs

2.3.1. Aging phenotypic related analyses

Senescence-associated secretory phenotype (SASP) genes are traditionally considered as aging-related biomarkers [29] (Table 54).
Thus, we compared the SASP scores of different ECs. We found that SASP scores were relatively low in Angiogenic and Proliferative ECs
(Fig. 3A). We also compared the scores of inflammatory gene set. Consistent with other tissues, the inflammatory score and SASP score
of EC were significantly higher in the old hearts than in the young ones (Fig. 3B and C) [30]. Besides, we also compared the differences
of SASP and Inflammation scores in the same EC cell type between young and old hearts. We found that many ECs clusters (except for
Capillary venous, Immunology and Proliferating ECs) had a higher SASP score in the old hearts (Fig. 3F), and except for Capillary2,
Immunology ECs, basically all aging endothelial clusters exhibit higher levels of inflammation score (Fig. 3G). In general, these two
results are in good agreement. It is worth noting, however, that the Inmunology EC scored higher in the young mouse for SASP and
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Fig. 5. Analysis of neovascular endothelium, Proliferating and Angiogenic EC for mouse hearts. (A) Density plot shows the Angiogenesis gene set
score of overall ECs for Young and Old hearts. The dotted line represents the mean score. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. (B-C) Density plot shows the Angiogenesis gene set score of Proliferating EC(B), Angiogenic EC(C) for Young and Old hearts. The dotted line
represents the mean score. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) Pseudo-time analysis of six specific cell types
(Capillary 1, Capillary 2, Capillary artery, Capillary venous, Angiogenic, Proliferating) in heart ECs (Young and Old integrated). The tree plot shows
the differentiation trajectories of the integrated heart EC samples and the differentiation trajectories of Young and Old heart ECs, respectively. The
state analysis and histogram show the proportions of the three states in each EC cluster. (E) Heat map shows the expression profiles of all genes in
the trajectory along the pseudo-time, divided into four clusters, whose GO enrichment analysis is on the right. (F) Heat map shows the alignment of
genes in branch node 1 and divided into four clusters. (G) Density plot shows the pre-branch state score of Angiogenic EC for Young and Old hearts.
The dotted line represents the mean score. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (H) The histogram shows the
Eroportion of Young and Old Angiogenic EC in the three types of sates. State2 can be understood as the pre-branch state.

Inflammation gene sets. We speculate that this result may be due to a more active immune state in the Immunology EC of the young
hearts. Regardless, the differences in SASP and Inflammation score in various ECs also reflect their heterogeneity in aging extent.
In addition, we also examined the overall coagulation function of ECs of the aging and young mouse. Similar to previous report of
other tissues, senescent endothelial cells exhibited higher levels of anticoagulant and procoagulant states (Fig. 3D and E) [30]. These
results may represent a disordered clotting state in the endothelium of the heart of aging mice and certain pathological states of aging.

2.3.2. Transcriptional regulatory analyses

Based on the binary heat map results, we observed that the Bhlhe40 regulon exerted a regulatory effect on almost all ECs in old
hearts (Fig. 3H), whereas this was rarely the case for the ECs in young hearts. Thus, Bhlhe40 may be one of the drivers of the EC
senescence process. We compared the distribution of Bhlhe40 expression in young and old hearts (Fig. 3I). Furthermore, to assess the
contribution of Bhlhe40 to each class of EC type in aging hearts, we analyzed the percentage of aging-upregulated DEGs regulated by
Bhlhe40 in the total aging-upregulated DEGs (Fig. 3J). Finally, to evaluate the degree of regulation specificity of Bhlhe40 for each
aging ECs, we present the total number of transcription factors for the upregulated DEGs/Top 50 marker genes using a line graph
format (Fig. 3J).

2.3.3. Aging impairs the immune regulatory function of immunology EC

Next, we conduct a detailed analysis of Immunology EC. We found the Immunology EC expressed specifically multiple immune-
related biomarkers, such as the Cd79b (B cell) (Fig. 4A) [31], Lyz2 (Macrophages) (Fig. 4B) [32], Cd14 (Fig. 4C) (Monocyte) [33].
Since immune cells (Cd45/Ptprc) have been excluded, we believe that this is a type of EC that is highly associated with immune
function. To further confirm our hypothesis, we scored the immune-related gene ( IRG ) gene set for all ECs, and found that this EC
does have a greater correlation with IRG (Fig. 4D) [34].To further explore the specific immune regulatory functions of this EC, we
scored a number of different functions summarized by the IRG gene set separately. The results showed that the Immunology EC
exhibited significantly higher scores in “antigen processing and presentation”, “chemokine receptors”, “natural killer cell cytotoxicity”
and “natural killer cell cytotoxicity” (Fig. 4E-H, S2A-S2I), which may reflect that the Inmunology EC plays a significant role in these
immunomodulatory functions.

After that, we compared the immunomodulatory capacity of Immunology EC between the young and old groups, respectively. The
results showed that significant differences of gene set scores in “antigen processing and presentation”, “secrete Chemokine receptors”,
“and exert the ability of Natural Killer Cell cytotoxicity” (Fig. 4I-K). Although the involvement of this EC in the BCR signaling pathway
process can also be reduced, this effect is not significant enough (Fig. 4L). These results are consistent with the above-mentioned
decrease in the expression of inflammatory factors in the aging Immunology EC compared to the younger (Fig. 3G), which may
reflect a decrease in immune-related function with aging [35,36].

In summary, we identified a class of ECs involved in immune regulation. And our findings suggested that aging may lead to a
decline in a variety of immune regulatory abilities.

Aging impairs the angiogenesis and differentiation ability of neovascular ECs without changing the direction of differentiation of
endothelial lineages.

We conducted an in-depth analysis of Proliferating, Angiogenic EC to explore the effects of aging on vascular endothelial growth
and development. Consistent with previous studies [14], we have observed that there is a significant decrease of angiogenesis score in
senescent endothelium overall (Fig. 5A). Our discoveries of two types of angiogenesis-related ECs, Proliferating and Angiogenic, aided
in our studies of how aging affects these cells. Our results showed that senescent Angiogenic EC exhibited a significant decrease in
angiogenesis capacity (Fig. 5C), whereas Proliferating EC did not (Fig. 5B). These findings may point to the potential mechanism of the
decline in angiogenesis with aging.

Next, we explore whether aging also change the differentiation directions of the neovascular ECs. It has been shown that nascent
vasculature has the ability to differentiate in different directions in Venous, Arterial [37], but whether the differentiation trajectory
changes with age remains unclear. To investigate whether the differentiation trajectory and molecular changes in neovascular ECs
occur with age, we subjected Capillary, Capillary venous, Capillary arterial, Proliferating, and Angiogenic EC cells to pseudo-temporal
analysis. We observed that Capillary2 and Capillary venous are essentially in statel, while most of the cells in Capillaryl and Capillary
arterial are in state3, which implies similarities in the states of differentiation between them (Fig. 5D). In addition, Proliferating is in
the state2 of initiation of differentiation, while Angiogenic is evenly distributed across the three cellular states (Fig. 5D). These results
showed a progressive differentiation from Proliferating ECs (as the starting point), to Angiogenic ECs and finally to the state in which
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Fig. 6. Analysis of the effects of aging on endothelial signaling communication. (A) Circular network diagram shows the number of cell-cell
interaction in Young and Old hearts sample, with arrows and edge colors indicating the pathway direction (ligand-receptor). The edge thickness
indicates the sum of the number of interpopulation interactions. (B) Histogram counts the number and interaction strength of cell-to-cell in-
teractions in Young and Old heart samples. (C) Heat map shows the difference in cell-cell interactions of various EC clusters between the Young and
Old heart samples. The plot on the left is based on the number of interactions and the plot on the right is based on the weights. Red color represents
up-regulation of interactions compared to the Young group and blue color represents down-regulation of interactions. (D) Bar graph shows predicted
pathways for Young and Old heart ECs, with gray labels representing pathways in the Young group, black representing pathways shared by the
Young and Old groups, and orange representing pathways in the Old group. (E) Heat map showing comparison of overall different signaling
pathway intensities between Young and Old heart ECs. The relative intensity is colored in a gradient from white to green. (F) Circular network
diagram shows the number of cell-cell interaction in Old hearts sample, with arrows and edge colors indicating the pathway direction (ligand-
receptor). The edge thickness indicates the sum of the number of interpopulation interactions. (G-H) Circular network diagram shows the cellular
communication paradigm when the Proliferating(G), Angiogenic(H) EC as the signaler. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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different ECs of Capillary1, Capillary2, Capillary venous and Capillary arterial are located. This result suggests that the Proliferating EC
may act as the “initiator” of the new EC sprouting, while the Angiogenic EC is more like the “executor” of the differentiation into
various ECs. This is in agreement with the overall temporal trend in the UMAP diagram (Fig. S3A). The direction of differentiation
trajectory is consistent with the separate data from the young and old hearts ECs in tree plot (Fig. 5D), and is also consistent with
previous findings [37]. In addition, we established a potential molecular cascade along the pseudo-temporal trajectory. We found that
the proliferating marker gene Birc5 was located at the beginning of the trajectory and was expressed at a decreasing level during
differentiation (Fig. S3F). In addition, the marker genes expression trends for Capillaryl, Capillary2, Capillary venous, Capillary
arterial, and Angiogenic EC, were in agreement with their respective positions on the time trajectories (Figure S3B-S3E and
Figure S3G), verifying the credibility of time trajectories. These results suggested that aging may not alter the general direction of
nascent blood vessels differentiation.

We further explore whether aging impairs the differentiation ability of neovascular ECs. The stage-specific gene expression along
pseudo-time was clustered to obtain four distinct clusters of gene expression profiles, and we analyzed their corresponding enriched
GO terms (Fig. 5E and Table S6). Custer 1 genes enriched in functions regulating “cell proliferation and nuclear division”, “early
vascular morphogenesis” and “chromatin regulation” were progressively down-regulated over time (Fig. 5E). In contrast, the genes
defined by cluster 2 were progressively up-regulated along the trajectory and characterize genes involved in the “circulatory processes”
and “cell adhesion” processes of the mature endothelium (Fig. 5E). These results prove that there is a chronological relationship
between these ECs’ genes. We then proceeded to analyze branch point 1 genes in neovascular EC differentiation, aiming to identify key
genes that promote differentiation. Clustering of branchpoint-specific gene expression along pseudo-times yielded four distinct
clusters. We found that cluster 4 seemed to be more closely associated with pre-branch status (Fig. 5F and Table S6) , which can be
understood as undifferentiated state2. We found that aging Angiogenic EC has a greater tendency to express the pre-branch state gene
(Fig. 5G), and a larger proportion of its cells are in the pre-branch state (undifferentiated state) (Fig. 5H). These results mean that aging
Angiogenic EC may have a harder time reaching mature states (1 and 3) and may not be able to perform differentiation functions well.

We further analyzed the mechanisms of the production of two neovascular ECs. We summarized all the signaling pathways acting
on the two types of neovascular ECs and found that their signal pathways were very similar (Figure S3H and Figure S3I). The results
show that capillary venous and Artery EC affected Proliferating and Angiogenic EC cells mainly through the multiple VEGF pathways,
which is critically important for neovascularization (Figure S3H and Figure S3I) [38]. Tnfsf family of genes, which are associated with
ischaemic vascular diseases [39], significantly regulated both Proliferating and Angiogenic biological processes (Figure S3H and
Figure S3I). In addition, both ECs contain a large number of signaling pathways of the Sema3 family, which have previously been
thought to be involved in pathological angiogenesis and remodeling processes (Figure S3H and Figure S3I) [40]. We also found that
Kitl/Kit was a common pathway for all endothelial regulation of Angiogenic ECs (Fig. S3I), which was previously thought to regulate
stem cell proliferation and differentiation behavior [41-43].

Considering the tendency that aging leads to a decrease in the ability of angiogenesis and lineage differentiation of Proliferating EC
and Angiogenic EC, we analyzed the transcriptional regulatory network of aging-associated DEGs in the two cell types. We identified a
set of key transcription factors regulating aging-associated DEGs, including Interferon Regulatory Factor 1 (IRF1), Basic Helix-Loop-
Helix Family Member E40 (BHLHE40), Early Growth Response 1 (EGR1), jun B proto-oncogene (JUNB), Activating Transcription
Factor 3 (ATF3), etc (Figure S3J and Figure S3K). In both groups of cells, we identified Egrl that has been previously associated with
VEGFR signaling and angiogenesis [44,45], and which regulates multiple down-regulated DEGs. Besides, Similarly, Junb has also been
reported to have a pro-angiogenic function [46] and was found to regulate many down-regulated DEGs in our study. These results may
have implications for future research to explain why the aging heart have a reduced capacity in angiogenesis.

Taken together, our analysis depicted the effects of aging on angiogenesis and differentiation in ECs, revealing the complete tra-
jectory of cardiovascular endothelial, exploring potential mechanisms of angiogenesis and differentiation of ECs.

2.3.4. Profiling of the effects to ECs cellular communication and molecular signaling pathways of aging

To investigate endothelial cell-to-cell interactions between the young and old groups, we used Cellchat algorithm [47] to analyze
ECs. The results showed that the signal communication intensity between the aging group was stronger (Fig. 6A and B), suggesting that
the amount and intensity of endothelial cell-to-cell communication increases with age. We then explored the changes in the number
and intensity of signaling between each EC clusters. The results showed that the number of signal effects was generally increased
except for Proliferating and Immunology, and the intensity changes were different upon different ECs (Fig. 6C). These results sup-
ported that senescent ECs may fall into a state of stress where signals are overcommunicated. In addition, we compared the signaling
pathways between the two groups, identified the signaling pathways unique to the young group and the old group (Fig. 6D), and
evaluated the contribution of each endothelium in these unique pathways (Figs. S4A-S4G). Among them, the Immunology EC has
made significant contributions to the young unique TNF, CCL, GAS signaling pathway (Figs. S4A-S4C), which pointed to that aging
may lead to a decline of some immune-related pathways in Immunology EC. We then described all the overall signaling patterns
between the two groups in the form of heat maps, and compared the strength of each EC participation in different signaling pathways
between the two groups (Fig. 6E).

Next, we analyze the signal communication situation of the old ECs sample separately. We showed the number and strength of
interactions between EC cells (Fig. 6F and Fig. S4H). Lymphatic ECs had more ligand receptor pathways in signaling communication
with other ECs, suggesting a tight signaling association between aging lymphatic and vascular endothelium (Fig. 6F and Fig. S4P). The
effects of Artery EC cells may be linked to the many histopathological changes in the heart following arterial senescence (Fig. 6F and
Fig. S4L). In addition, the Proliferating and Angiogenic EC cells also exert signaling effects on other ECs (Fig. 6F, G and Fig. 6H). To
visualize the interaction network, we arranged the signals for each EC type separately (Fig. 6G and H and Fig. S41-P). To identify the
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inner connection between the action modes of each signaling pathway, we sorted out communication patterns of each cell and cor-
responding pathways (Figure S4Q and Figure S4R).

Overall, our cellchat analysis depicted the relationships of cardiac vascular EC signaling interactions networks and reveals potential
molecular signaling pathways changes with aging.

3. Discussion

So far, there have been some studies that utilize single-cell sequencing technology to analyze the effects of aging on heart tissue [8,
9]. They focused on describing the overall changes in the parenchymal and interstitial cells of the heart caused by aging to explore the
association between aging and cardiovascular system diseases. However, an important reason for the decline in cardiovascular system
function due to aging is the weakening of the physiological function of the vascular endothelium. The heterogeneous effects of aging on
different vascular endotheliums are still worth exploring. However, the single-cell data endothelial cells of previous aging hearts have
not been enriched and captured [8,9], so it is difficult to depict a more complete map of aging endothelial subsets due to the lack of
adequate amounts of ECs. In addition, the exact effects and mechanisms of aging on various vascular ECs have likewise not been
determined.

Firstly, we constructed the first single-cell map of senescent cardiac ECs and identified 10 different types of ECs (Fig. 1B). Apart
from these traditionally identified cell types [9], we also identified an immune-related EC and two EC classes specific to the senescent
heart. We also used GO analysis to confirm the biological functions of various ECs.

Secondly, we performed a multidimensional analysis of the effects of aging on EC subsets. We investigated the heterogeneity of the
extent to which the ECs is affected by aging and found that Immunology, Proliferating and Capillary venous are the cells most affected
by aging, because they exhibited the majority of DEGs. Next, we analyzed the heterogeneity of the aging state of the ECs. There was
damage to the cytoskeletal support of certain endothelial subpopulations, and a decrease in the ability of angiogenesis during the early
transcription of cardiac aging. In addition, the endothelial microenvironment exhibits increased inflammation. These findings are in
line with the results from previous reports (Fig. 2C) [4,11,13,14]. We also demonstrated the heterogeneity (Fig. 2D) and similarity
effects (Fig. 2E and F and Fig. S1L) of aging on cells in various subpopulations through various methods. We substituted the DEGs into
the human disease gene set to form an aging-related heart disease network. This allows us to identify the aging gene in EC that causes
human cardiovascular disease (Fig. 2G).

Thirdly, we identified a subpopulation of Inmunology EC in the endothelium of the heart. Our functional analysis revealed that it
has a clear association with immunomodulation. In line with our findings, there have been several previous literature reports of EC
immune functions. The researchers found that the endothelium can express major histocompatibility complex class II (MHC-II) surface
molecule HLA-DR to present antigens and activate T cells [48-50]. Moreover, the endothelium is also capable of recruiting different
immune cells simultaneously through various adhesion molecules, selectors, and pro-inflammatory factors [51-54]In addition, several
studies have demonstrated that organ-specific endothelial immune regulatory behaviors exist, including lymph nodes, livers, lungs,
kidneys, brains, etc [55-62].

In this study, we found that such cardiac ECs can specifically express immune-related genes and discovered its various immuno-
modulatory functions. In addition, we found that aging weakens many immune-regulating abilities to varying degrees. Consistent with
our conclusions, previous reports have shown that aging indeed can have a huge impact on the physiological function of immune-
related cells. For example, the ability of aging naive Treg CD4 T cells to form high-function immune synapses is reduced, resulting
in naive CD4 T cells being unable to produce cytokines and differentiate to exert immune function [63,64]. The ability of CD8 T cells to
respond to viral infections also diminishes with age as CD8 TCR diversity decreases [65]. Considering the inflammatory microenvi-
ronment of aging, we believe that this is a manifestation of a positive immune regulatory function that weakens with aging. Taken
together, our findings add weight to the view that the cardiovascular endothelium also has the immunomodulation ability, and that
this ability is directly related to a specific class of EC.

Fourthly, we found that there are two types of EC related to angiogenesis in the heart, Proliferating and Angiogenic ECs. This is
similar to the “Sprouting angiogenesis model” of blood vessels [66]. By performing a pseudo-temporal analysis of all vascular ECs, we
found that Proliferating EC can act as an ‘initiator’ of neovascularization, which is more akin to the ‘sprouting’ process of neo-
vascularization. Angiogenic EC, on the other hand, acts more like an “executor” of differentiation into different EC cells. The overall
differentiation trajectory and results are consistent with previous reports [67-69]. Overall, we found that senescence does not
significantly alter the differentiation trajectory of neovascularization. However, it significantly impairs the ability to angiogenesis and
differentiate of endothelium. This finding offers a deeper understanding of the mechanism of angiogenesis and differentiation of heart
vasculature.

Fifthly, we analyze the changes caused by aging on endothelial intercellular communication. The results show that most of the
aging ECs falls into a state of signal overshoot. We also analyzed some signaling pathways unique to youth and aging. Finally, further
analysis of cell communication between senescent ECs was also carried out.

This study has many limitations. First, we have only performed single-cell RNA analysis of mouse heart endothelium and cannot
determine whether the molecular regulatory mechanisms identified in this study are similarly seen in primate or human heart
endothelium. Second, we would like to acknowledge that future protein analysis and functional validation experiments are required to
confirm the role of each EC phenotype. Third, we removed pericytes (Pdgfrb) from our analysis, which may have removed some of the
endothelial cells undergoing EndMT due to the relevance of the PDGF pathway to Aging-EC1. Finally, we cannot exclude the possibility
that some EC cells or sub-types may have been lost during tissue dissociation and MACS-based EC enrichment.

Nevertheless, by constructing this single-cell resolution transcriptome atlas of the cardiac endothelium, we have a better
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understanding of the physiological aging of the cardiac endothelium and its pathological relevance. This study provides a rich resource
for understanding potential diagnostic biomarkers of cardiovascular aging and in the prevention and treatment of age-related car-
diovascular disease.

4. Methods
4.1. Animals

Six-to eight-week-old and 48-month-old wild-type C57BL6/J mouse were housed at the Animal Management Center. All animal
experimental procedures were in compliance with the legal requirements for animal research.

The Young and Old mouse were processed parallelly, including all baseline information, feeding environment, material retrieval
method, quality control of sequencing data, and other pertinent details.

4.2. Collection of cardiac ECs cells

After perfusion with PBS, the mouse hearts were surgically removed, rinsed with ice-cold PBS and dissected into small pieces using
sterile scalpels. Then, the tissue was transferred to 10 ml HBSS digestion buffer, including 0.1% collagenase II (Thermo Fisher Sci-
entific, Cat# 17101015), 0.25% collagenase IV (Thermo Fisher Scientific, Cat# 17104019), 7.5 mg/mL DNase I (Sigma-Aldrich, Cat #
11284932001), and incubated in a 37 °C water bath for 25 min, pipetting it with a 1 ml tip every 5 min. 1 ml of 10% FBS (Biological
Industries, Cat# 04-001-1A) was used to terminate digestion. The cell suspension is filtered through a 40 mm cell strainer (Sigma-
Aldrich, Cat#CLS431750-50 EA) and centrifuged at 300 g for 5 min. Carefully remove the obtained supernatant and then enrich the
ECs in the cell suspension using CD31 microbeads (Miltenyi Biotec, Cat#130-097-418) in DMEM medium containing 10% FBS (GIBCO,
Cat #C11330500BT) according to the manufacturer’s instructions.

4.3. Library preparation and sequencing

We resuspended freshly isolated cardiac ECs in PBS containing 0.04% ultrapure BSA. The scRNA-seq libraries were prepared using
Chromium Single Cell 3’ Reagent Kits v2 (10x Genomics; Pleasanton, CA, USA) according to the manufacturer’s instructions. The
target recovery rate for all libraries was 5000 cells. Generated libraries were sequenced on an Illumina HiSeq4000 and then demul-
tiplexed and mapped to the mouse genome (build mm10) using CellRanger (10x Genomics, version 2.1.1).

4.4. Quality control of scRNA-seq data

Using CellRanger software (10x Genomics), gene expression matrices were generated. The sample data were summarized using
CellRanger software and the raw data were analyzed in R (version 4.1.1). Data from young and old cardiac EC samples were loga-
rithmized using Seurat’s “LogNormalize” algorithm. With “FindIntegrationAnchors”, we selected features and anchor points for
downstream integration, ensuring that all cells were counted. The following quality control steps were then performed.

(i) Genes expressed in less than 3 cells or with a line average < 0.002 were not considered.
(ii) Cells expressing less than 200 genes (low quality), and cells expressing more than 4000 genes (potential doublets) were
excluded from further analysis.
(iii) Cells with more than 10% of unique molecular identifiers (UMIs) from the mitochondrial genome were excluded.

4.5. Clustering and identification of cell types

We used the seurat3 approach to integrate all the samples. After data integration and scaling, principal component analysis was
performed by the “RunPCA” function. Graph-based clustering was then performed with Seurat’s “FindClusters” function, which
clusters cells according to their gene expression (cluster resolution = 0.25, k-nearest neighbor = 12). The “FindAllMarkers” function
was used to determine marker genes for each cluster, and only those with min.pct>0.25 and logfc.threshold>0.25 were considered as
marker genes. We screened these top 50 lists of marker genes for each identified cluster to identify consistent enrichment of known
canonical marker genes for traditional EC subtypes (i.e., Capillary arterial, Capillary venous, Artery, Vein, Lymphatic) and genes
involved in specific cellular pathways or processes to facilitate putative annotation of clusters (i.e. Angiogenic and Proliferating,
annotated according to biologically meaningful phenotypes.

4.6. Immunofluorescence staining

We performed immunofluorescence staining as previously described [30]. Briefly, paraffin sections were dewaxed 3 times in xylene
and treated with gradient ethanol (100%, 85%, 70%). After waiting for it to cool to room temperature (RT), the slices are rinsed twice
in PBS. The slices are soaked in 0.01% pepsin and digested at 37 °C for 10 min. We infiltrated with PBS containing 0.4% Triton X-100
for 2 h and rinse with PBS. We incubated the sections with blocking buffer (PBS containing 5% BSA) for 1 h at RT. The rabbit-derived
primary antibody CD31, Mouse Anti-Digoxin Conjugate RNA probe, and Rabbit Anti-Biotin Conjugate RNA probe were subsequently
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diluted with 5% BSA at a ratio of 1:1:1:500. We incubated the diluted antibody with the slice overnight at 4 °C. Then Goat Anti-Rabbit
AF488, Anti-Biotin FITC-Conjugate and HRP-Monoclonal Mouse Anti-Digoxin Antibody were diluted at RT at a ratio of 1:1:1:500, and
incubated with slice for 1 h. Finally, the nucleus is counterstained with DAPI. The Zeiss 980 confocal system is used for immuno-
fluorescence microscopy. All mRNA FISH probes were purchased from the Exonbio Lab (Guangzhou, China). The antibodies and
probes used for immunofluorescence staining are as follows: Anti-CD31(Thermo Fisher, PA5-32321,1:500), Apln mRNA FISH Probe
(007.220701), Ogn mRNA FISH Probe (007.220702), mus Cd52 mRNA FISH Probe (007.221040), mus Trem11 mRNA FISH Probe
(007.221014), mus Birc5 mRNA FISH Probe (007.221012). The secondary antibodies used are as follows: Goat Anti-Rabbit AF488
(Thermo Fisher, A-11008, 1:500), Anti-Biotin FITC-Conjugate (BS-0437P-FITC, Bioss, 1:500) and HRP-Monoclonal Mouse Anti-
Digoxin Antibody(200-032-156, Jackson, 1:500).

4.7. Analysis of DEGs between young and old cardiac ECs data

Differential gene expression analysis was performed with Seurat’s “FindMarkers” function for the old and young groups using the
Wilcox test. Only those with adjusted |logFC| > 0.25 were identified as DEGs.

4.8. GO terminology and KEGG pathway analysis

GO and KEGG pathway enrichment analysis of marker genes and aging-associated DEGs was performed with Metascape (https://
metascape.org/gp/index.html). Results were visualized with the ggplot2 R package (https://ggplot2.tidyverse.org/) (version 3.3.5).

4.9. Genome score analysis

The score for each genome was calculated by using the Seurat function “AddModuleScore”. Previously published literature was
manually analyzed to identify genes associated with procoagulation and SASP [7,70,71]. The genes associated with EMT were from
another study [72]. The set of genes associated with inflammation and WNT pathway was from Zhang’s study [30]. The gene sets
associated with cardiovascular diseases were obtained from the database DisGeNET (https://www.disgenet.org/home/), obtained by
filtering for “disease name” (heart failure, atherosclerosis, myocardial infarction, cardiac hypertrophy, coronary artery disease).
4.10. Pseudo-time analysis

Both Monocle and Monocle3 R packages were used for pseudo-temporal analysis. Genes with high variability in the “Varia-
bleFeatures” function in the Seurat package were used as ranked genes. Trajectories were constructed using the DDRTree dimen-
sionality reduction method and plotted in two dimensions. DEGs associated with temporal differentiation were obtained with a cut-off
of q-value <1le-4.
5. Analysis of transcriptional regulatory networks

Transcriptional regulatory network analysis was performed using the SCENIC workflow (version 1.1.2.2). Cell type-specific
transcriptional regulatory networks were calculated by using all genes from young and old cardiac ECs. The obtained transcrip-
tional regulatory networks were visualized by Cytoscape (version 3.8.2) [73].

5.1. Cell-cell communication analysis

Cell-cell communication analysis was conducted using CellChat R package (version 1.1.3) [47]. Analysis and comparison of old and
young endothelial cells were performed separately.
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