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Single-cell transcriptome analysis reveals cellular heterogeneity
in the ascending aortas of normal and high-fat diet-fed mice
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The aorta contains numerous cell types that contribute to vascular inflammation and thus the progression of aortic diseases.
However, the heterogeneity and cellular composition of the ascending aorta in the setting of a high-fat diet (HFD) have not been
fully assessed. We performed single-cell RNA sequencing on ascending aortas from mice fed a normal diet and mice fed a HFD.
Unsupervised cluster analysis of the transcriptional profiles from 24,001 aortic cells identified 27 clusters representing 10 cell types:
endothelial cells (ECs), fibroblasts, vascular smooth muscle cells (SMCs), immune cells (B cells, T cells, macrophages, and dendritic
cells), mesothelial cells, pericytes, and neural cells. After HFD intake, subpopulations of endothelial cells with lipid transport and
angiogenesis capacity and extensive expression of contractile genes were defined. In the HFD group, three major SMC
subpopulations showed increased expression of extracellular matrix-degradation genes, and a synthetic SMC subcluster was
proportionally increased. This increase was accompanied by upregulation of proinflammatory genes. Under HFD conditions, aortic-
resident macrophage numbers were increased, and blood-derived macrophages showed the strongest expression of
proinflammatory cytokines. Our study elucidates the nature and range of the cellular composition of the ascending aorta and
increases understanding of the development and progression of aortic inflammatory disease.
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INTRODUCTION
Consumption of high-fat diets (HFDs) like the Western diet is one of
the important factors leading to a high rate of obesity1. In
association with insulin resistance, hypertension, and dyslipidemia,
obesity contributes to metabolic syndrome, a hallmark of
cardiovascular risk2. Adipose tissue volume is increased in the
aortas of obese mice and humans, and this increase is accompanied
by an increase in inflammatory cytokines and oxidative stress.
Under adverse conditions, increased aortic stiffness, plaque
formation, and vascular dysfunction lead to aortic disease3.
Although the main pathological features of aortic disease include
extracellular matrix (ECM) degradation4, smooth muscle cell (SMC)
loss5, and immune cell infiltration and activation6, the molecular
and cellular processes that lead to aortic disease in HFD-induced
obesity remain poorly understood.
The main cell types in the entire aorta are well known, and

their heterogeneity is critical for aortic wall function7,8. However,
the heterogeneity and relative contributions of different vascular
cells in healthy and HFD aortas are poorly understood. Recently,
the application and progress of scRNA-seq has provided a
powerful tool for characterizing gene expression in individual
cells. The transcriptional landscapes of ECs7, SMCs9, macro-
phages8, lymphocytes10, and adventitial cells11 in the aorta have
been depicted by scRNA-seq data. Most studies have isolated
individual cells from the thoracic aorta or the entire aorta and
demonstrated the existence of complex cell populations and
regulatory relationships among genes.

In this study, we characterized the cellular heterogeneity and
diverse functional states within the wall of the ascending aorta in
healthy and diseased mice using scRNA-seq to better understand
the etiology and progression of aortic disease in HFD-induced
obesity. Here, we describe integrative and differential analyses of
lineage heterogeneity, functional status, and transcriptomic profiles
of vascular cells from the ascending aortic wall in healthy and HFD-
fed mice. By cluster analysis, we identified 27 clusters and 10
distinct cell types. Importantly, compared with healthy aortas, HFD-
fed mouse aortas showed changes in cellular subpopulations,
transcriptome characteristics, and biological functions.

MATERIALS AND METHODS
Animals
All animal experiments were conducted using protocols approved by the
Animal Care Committee of Jiangnan University. Adult male C57BL/6 J mice
at 6 weeks of age (Shanghai Laboratory Animal Co., Ltd., China) were fed a
60% fat diet (TP 2330055 A, Nantong Trofe Feed Technology Co., Ltd.,
China) or standard chow (11% fat) for 12 weeks12,13. Food and water were
provided ad libitum. The mice were housed under specific pathogen-free
conditions at 22–24 °C and on a 12-h/12-h light/dark cycle.

Aortic dissociation and single cell preparation
Mice were euthanized by CO2 inhalation. The ascending aorta was collected
after left ventricular perfusion with 10mL of phosphate-buffered saline (PBS)
and quickly transferred to cold PBS. A single-cell suspension of ascending
aortic cells was prepared with a method consistent with a previous
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protocol7,14. In brief, after removing the perivascular adipose tissue, ascending
aortas from the two groups were cut into ~1mm pieces and digested with an
enzyme solution (0.2% type I collagenase [Worthington Biochemical Corp.,
Lakewood, NJ] and 200 U/ml DNase [Sigma, USA]) for 20min at 37 °C. The cell
suspension was strained through a 40-μm filter (STEMCELL Technologies
China Co., Ltd., Shanghai) and washed twice with PBS. The cells were
resuspended in PBS with 0.04% bovine serum albumin, and their viability was
> 80%. The resuspended cells were then used for sequencing.

Single-cell RNA sequencing
Qualified aortic cell suspensions were loaded onto a Single-Cell Instrument
(10x Genomics GemCode Technology, CA) to generate single-cell Gel
beads in EMulsion (GEMs, Single Cell 3′ Library and Gel Bead Kit V2 [10x
Genomics]). The sequencing protocols have been described in a previous
report15. Briefly, the single-cell suspension, reagents, gel beads, and
partitioning oil were loaded onto 10x Chromium Chip B. Single-cell RNA
was barcoded through reverse transcription in individual GEMs. Next, all
cDNAs were pooled, and a general library was constructed. Finally, the
library was sent for sequencing. The accession number for the RNA-seq
data reported here is Single Cell Portal number SCP1361.

Single-cell RNA data analysis
The raw scRNA-seq data were processed using Cell Ranger software 3.0 (10x
Genomics). The FASTQ data were produced using the FASTX-Toolkit, and
then the reads were mapped to the prebuilt mouse mm10 transcriptome.
The scRNA-seq data were filtered by the R package Seurat v3.0 with the
following settings: a gene count per cell > 200 and < 5000, a percentage of
mitochondrial genes < 10%, and no hemoglobin subunit beta gene
detected in the cell16. The data were then normalized and programmed
as scalar data and were subjected to principal component analysis, variable
gene searching, cluster analysis, and t-distributed stochastic neighbor
embedding (t-SNE) dimensional reduction. Gene expression was visualized
with violin plots, dot plots, heatmaps, and t-SNE plots created with the
Suerat functions VlnPlot, DotPlot, DoHeatmap, and FeaturePlot. Signature
markers for each specific cluster were revealed by FindAllMarkers.
Differentially expressed genes (P < 0.05) between two entities were obtained
by FindMarkers in Seurat. Gene Ontology (GO) enrichment analysis was
performed for the enriched genes found by the FindMarkers function with
average log(fold change) values > 0.5 with the R package clusterProfiler.

Ligand-receptor cellular communication analysis
Cell-cell communication was determined with the CellChat17 framework.
Briefly, differentially expressed signaling genes (P < 0.05) were first
identified across cell clusters in the scRNA-seq dataset to infer specific
cellular communications. Next, signaling sources, influencers, targets,
mediators, and high-order information were obtained by social network
analysis. To evaluate ligand-receptor pairs, we used alluvial plots to show
the associations of latent patterns with cell clusters and ligand-receptor
pairs or signaling pathways. In addition, signaling networks for CXC
chemokine ligands and CC chemokine ligands among ECs, SMCs, and
macrophages were displayed with circle plots.

Statistical analysis
After data normalization, dimensionality reduction, and clustering, the
signature markers for each cluster were identified using the Wilcoxon rank-
sum test in Seurat to determine whether the expression of a specific class of
genes was altered in HFD aortas. GO enrichment analysis was performed with
the enrichGO function, and the P values were computed with a hypergeo-
metric test and adjusted for multiple hypothesis testing with the Benjamini-
Hochberg procedure. The mouse body weights, serum lipid levels, macro-
phage infiltration in the aortic wall, and mRNA expression determined by
RT–PCR are presented as the mean ± SEM. Statistical analysis was performed
using GraphPad Prism 8.0. One-way variance analysis and Student’s t tests
were used to analyze differences in data between different groups. P values of
less than 0.05 were considered to indicate statistical significance.

RESULTS
Single-cell RNA sequencing analysis of mouse ascending
aortic walls
We profiled 24,001 ascending aortic cells from mice on a normal
diet (ND) or a HFD (Fig. 1a and Supplementary Fig. S1). Overall, the

sequencing yielded 1669 genes (median), and a 70.4% mean
transcriptome mapping rate per cell was obtained with Cell
Ranger. The median number of unique molecular identifiers per
cell was 4063. After implementing quality control and filtering
cells based on the number of reported genes (see methods), the
individual transcriptional profiles of 14,663 cells for ND mice and
9,338 for HFD mice were included in the individual analysis
(Supplementary Fig. 2). Subsequently, we applied unbiased
clustering on 24,001 cells and identified 27 subpopulations, as
shown by t-SNE (Fig. 1b–d and Supplementary Fig. 3).
After examining the known conserved marker genes in each

cluster (Fig. 1e and h), we merged clusters with similar gene
expression profiles and identified 10 major cell types from the
integrated data. The 10 main cell types comprised (i) fibroblasts
(Clusters 1–4), which were enriched with the expression of
collagen proteins and small leucine-rich proteoglycan proteins,
collagen type 1α1 (Col1a1), Col1a2, and Decorin; (ii) SMCs
(Clusters 5–9), which strongly expressed the canonical SMC
markers Tagln, Myh11, and Acta2; (iii) ECs (Clusters 10–12),
which featured the expression of Pecam1, Cdh5, and Cldn5; (iv)
monocytes and macrophages (Mo/MΦ cells, Clusters 13–16),
which were marked by the expression of Cd68, C1qb, and Lyz2;
(v) mesothelial cells (Clusters 17 and 18), which strongly
expressed Nkain4, Igfpb5, and Cd248; (vi) pericytes (Clusters
19 and 20), which showed high levels of Wif1, Chad, and
Sult1d1; (vii) T cells (Cluster 21), which strongly expressed Cd3g,
Cd3d, and Nkg7; (viii) dendritic cells (DCs, Cluster 22), which
demonstrated strong expression of Cd209a, H2-Ab1, and H2-
Eb1; (ix) neural cells (Clusters 23 and 24), which strongly
expressed Kcan1, Plp1, and Mly1; and (x) B cells (Clusters 25–27),
which showed high levels of Cd79a, Ly6d, and Cd79b (Fig. 1f
and g). These cells were also singled out in HFD-fed mouse
aortic cells. Quantitatively, fibroblasts and SMCs were the largest
subpopulations. Importantly, the proportion of monocytes and
macrophages was increased in HFD aortas (Fig. 1i and
Supplementary Table 1). A list of signature genes was identified
for each cluster (Supplementary Table 2), and the top 5 marker
genes for a cluster relative to all other clusters were defined
(Supplementary Fig. 4).

Three EC subpopulations exhibit gene expression profiles
indicative of increased contractile gene expression in HFD
mouse ascending aortas
After examining the cell populations determined by the conserved
marker genes, we examined the subpopulations of cell types.
Clustering analysis of all cells in both the ND and HFD mouse
ascending aorta groups identified 3 distinct subpopulations
(Cluster 10, EC_1; Cluster 11, EC_2; and Cluster 12, EC_3) of ECs
(Fig. 2a). In the ND group, EC_1 accounted for the largest
proportion (49%) of the EC population, and the other two clusters
accounted for 51% (EC_2, 28%; EC_3, 23%). Of note, EC_1 was
significantly increased in the HFD group, and EC_2 and EC_3 were
both reduced by 5% (Fig. 2b).
To characterize these subpopulations, we identified the marker

genes that differentiated each cluster (Fig. 2c, d and Supplemen-
tary Table 3). The largest population (EC_1) expressed genes
involved in lipid transport (Fapb4, Cd36, and Gpihbp1), cell
adhesion (Igfbp7 and Cxcl12), and an angiogenesis marker (Flt1).
The second EC population (EC_2) was defined by strong
expression of canonical markers (Vcam1 and Pecam1) with other
genes involved in regulating EC function (Sfrp1, Clu, and Gxylt2).
The EC_3 population strongly expressed Mmrn1, lymphatic vessel
endothelial hyaluronic acid receptor 1 (Lyve1), and Ccl21a (log2FC
> 3 versus the other subpopulations, P < 0.001), and these genes
characterize markers of the lymphatic endothelium7. GO analysis
of the strongly expressed genes in EC_1 (75 genes with log2FC > 1
versus the other subpopulations, P < 0.05), EC_2 (72 genes with the
same criteria), and EC_3 (190 genes with the same criteria)
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showed enrichment of expected biological processes. The three
clusters also displayed some similar functions, such as the
response to wounding, EC proliferation, and regulation of
vasculature development (Fig. 2e–g and Supplementary Table 4).
Interestingly, GO analyses suggested highly specialized functional

features of different clusters. For example, EC_1 responded to the
regulation of body fluid levels and hemostasis (Fig. 2e), EC_2
expressed several genes that regulate cell migration and
angiogenesis (Fig. 2f), and EC_3 showed unique enrichment in
leukocyte migration (Fig. 2g).

Fig. 1 Identification of cell clusters in mouse ascending aortas by scRNA-seq. a Schematic diagram of the scRNA-seq program. ND, normal
diet; HFD, high-fat diet. b t-SNE plot of aggregate cells from ND and HFD mice (after quality control, there were 14,663 cells in the ND group
and 9338 in the HFD group). c t-SNE visualization of clustering revealing 27 cell clusters. d t-SNE plots of cell clusters across the indicated
conditions. e Dot plot of conserved marker genes per cluster. Fibro, fibroblasts; SMC, smooth muscle cells; EC, endothelial cells; Mo/MΦ,
monocytes/macrophages; T, T cells; DC, dendritic cells; Neural, neural cells; B, B cells. f t-SNE plot of cell clusters. g Major cell types and
corresponding marker genes. h Relative expression of several marker genes in all cells from all samples. The cells are projected onto t-SNE
plots. i Bar chart of the relative proportions of cell types from aggregated ascending aortas.
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Fig. 2 Comparison of EC subpopulations in ascending aortas from ND and HFD mice. a t-SNE plot of the EC subpopulations (EC_1, EC_2,
and EC_3) from the ND (336 cells) and HFD (521 cells) groups. b Percentages of the EC subpopulations in the ND (EC_1, 49%; EC_2, 28%; and
EC_3, 23%) and HFD (EC_1, 60%; EC_2, 23%; and EC_3, 17%) groups. c Heatmap of the top 10 marker genes per subpopulation. d Violin plots
of signature genes confirming the subpopulation identities. e–g Top 10 pathways associated with the EC_1 (e), EC_2 (f), and EC_3 (g) clusters.
h Feature plots of the expression of selected marker genes for the EC subpopulations from the ND and HFD groups. i Violin plots of the
expression of selected marker genes for the EC subpopulations from the ND and HFD groups. j Expression of cluster-specific and contractile
genes for EC subpopulations as visualized by dot plot.
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To further determine the effect of the HFD on endothelial
subpopulation markers, we next performed differential analysis on
the 3 ECs and identified the differentially expressed genes
between the ND and HFD groups (Fig. 2h, i and Supplementary
Table 5). Notably, S100a8, a calcium-binding protein that plays an
important role in the regulation of the immune response and
inflammatory processes, was upregulated in EC_1 in the setting of
HFD (Fig. 2h, i). Consistent with this finding, previous reports have
indicated that EC-derived S100a8/9 may contribute to the
amplification of inflammatory processes by enhancing leukocyte
shape changes and transmigration in the microcirculation18,19. In
addition, EC_1 in the HFD group strongly expressed a disintegrin
and metalloproteinase with thrombospondin motifs 1 and Lyve1.
Markers of cell migration, including insulin-like growth factor-
binding protein 420, which plays an important role in postdeve-
lopmental adipose tissue expansion, and peptidase inhibitor 1621,
were decreased in EC_1 in the HFD group. This evidence revealed
that the cells in EC_1, which is also called the ‘activated’ EC cluster,
may proliferate and play a role in adhesion via proinflammatory
cytokines under HFD feeding. We further identified the expression
of contractile genes7 such as Acta2, myosin light chain kinase
(Mylk), and Myh11 and found that the expression of these genes
was upregulated in all EC subpopulations after HFD feeding
(Fig. 2j). In addition, RT–PCR was used to confirm the significant
increases in the expression of Acta2 and Myh11 under HFD
conditions (Supplementary Fig. 5a).
Finally, we compared our EC subpopulations with endothelial

cells from a recent study involving single-cell analysis of mouse
aortas7. Three EC subpopulations showed significant differences in
gene expression, including Cd36high ECs, Vcam1high ECs, and
lymphatic endothelial cells; this classification was similar to the
classification of our endothelial cell subpopulations (Supplemen-
tary Fig. 6).

Vascular SMC transcriptomes display heterogeneity of
phenotype and function in HFD mouse ascending aortas
Five SMC clusters were identified in the ascending aortas of ND
and HFD mice (Fig. 3a). SMC_1, SMC_2, and SMC_3 accounted for
95% of the SMC population in the ND group, whereas SMC_4
accounted for 4%, and SMC_5 accounted for only 1% (Fig. 3b).
Interestingly, the proportion of SMC_1 increased from 43% in the
ND group to 64% in the HFD group, while the proportions of the
other subpopulations decreased to different degrees in the HFD
group compared with the ND group (Fig. 3b), suggesting a special
feature or origin of SMC_1.
Although all five subpopulations were considered SMCs, they

had various transcriptional characteristics (Figs. 1e, 3c, and
Supplementary Table 6). SMC_1 expressed genes associated with
proliferation and migration (Fn1, Ctgf, Eln, and Tns1) (Fig. 3c),
and their potential functions were also shown through GO
analysis of the significantly changed genes (Fig. 3d). SMC_2
displayed contractile markers (Acta2, Myl9, Myl6, and Tagln)
(Fig. 3c) and expressed low levels of cytokine and collagen genes
(Col4a2, Col6a1, and Ccl4) (Supplementary Table 6). This cluster
also expressed genes (Vim and Egr1) enriched in biological
processes (GO analysis results in Supplementary Table 7)
implicated in the transmembrane receptor protein serine/
threonine kinase signaling pathway (Fig. 3e). Gm12840, which
acts as a sponge for miR-677-5p to mediate the fibroblast
activation induced by TGF-β1 via the WISP1/PKB (Akt) signaling
pathway22, was strongly expressed in SMC_1 and the four other
clusters during HFD feeding (Fig. 3g, h). Gsto1, which presumably
modulates the severity and expansion of atherosclerosis, was
weakly expressed in SMC_1 in the HFD group (Fig. 3g, h). In
addition, similar gene expression patterns were displayed after
HFD feeding, including upregulation of proinflammatory genes
(Jchain and Rgs5) and migration-related genes (Fn1 and Clu) in
SMC_1 and SMC_2 (Supplementary Table 8).

Although SMC_3, SMC_4 and SMC_5 displayed the contractile
markers Tagln, Myh11, and Acta2, they displayed different
transcriptome profiles than SMC_1 and SMC_2 (Fig. 3c).
SMC_3 showed strong expression of collagen and oxidation-
reduction genes (Col6a1, Col6a2, Gpx3, and Colec11) (Fig. 3c)
and expressed genes (Vtn and Fbln1) that respond to
extracellular matrix organization, as shown by GO analysis
(Fig. 3f). In addition, SMC_4 and SMC_5 both strongly expressed
immune-related genes, such as Cd79a, C1qa, and Lyz2, as well
as migration-associated genes (Klf2 and Ctss) (Fig. 3c and
Supplementary Table 6). In response to the HFD, SMC_3 showed
strengthened expression of proinflammatory factors (Ccl21a,
Ccl1, and Cxcl1) and contractile factors (Nts and Actc1) (Fig. 3g,
h and Supplementary Table 8). Thus, SMC_3 showed a
proinflammatory feature, and the cells therein were hence
termed inflammatory-like SMCs. Notably, Igfbp6, which regu-
lates vascular SMC proliferation23, was strongly expressed in
SMC_4 and SMC_5 in the ND group, but the expression was
weaker in the HFD group (Fig. 3g, h). Furthermore, SMC_1–3
displayed enhanced expression of ECM degradation genes,
including Acan, Adamts8, Col6a3, Ctsl, Mmp2, and Nid1, in
response to HFD feeding (Fig. 3i). The expression of Acan,
Adamts8, Mmp2, and Nid1 was significantly increased in VSMCs
under HFD conditions, as determined by RT–PCR (Supplemen-
tary Fig. 5b).

Gene expression heterogeneity in monocyte/macrophage
populations in HFD mouse ascending aortas
Four monocyte/macrophage clusters (Mo/MΦ_1–4) were identi-
fied among the ascending aortic cells of ND and HFD mice in the
previous cluster analysis (Figs. 1f and 4a). In the ND group, 82%
of Mo/MΦ cells corresponded to Mo/MΦ_1, and the remaining
three clusters accounted for only 18% of cells (9%, 6%, and 3%)
(Fig. 4b). Notably, although four Mo/MΦ clusters expressed
recognized macrophage markers (Cd68, Cd14, and Adgre1), they
differentially expressed multiple genes (Fig. 4c, d and S3). For
example, Pf4, which was the first CXC class chemokine to be
described and is an abundant platelet protein24, and C1
complement genes (C1qa, C1ab, and C1qc) were prominently
expressed by Mo/MΦ_1. Mo/MΦ_2 strongly expressed cell
chemotaxis genes, including Coro1a, Ccr2, and Hmgb2 (Fig. 4c,
d and Supplementary Table 9), and expressed genes involved in
nuclear division (Top2a and Stmn1) (Fig. 4c, d). In Mo/MΦ_3,
Col1a1 (encoding type I collagen) and Sparc (regulating cell
growth) were strongly expressed (Fig. 4c, d). The smallest cluster,
Mo/MΦ_4, exhibited the strongest expression of B cell-like
markers, including Cd79a, Ms4a1, and Ly6d (Fig. 4c, d). Moreover,
an increased proportion of Mo/MΦ_2 cells and decreased
proportions of Mo/MΦ_1, Mo/MΦ_3, and Mo/MΦ_4 cells were
observed among all macrophage clusters in the ascending aortas
after HFD intake (Fig. 4b). The invasion of aortic macrophage
subpopulations was validated by immunostaining in HFD mouse
ascending aortas (Supplementary Fig. 7).
To further characterize the 4 subpopulations, we next

examined the biological processes differentially enriched per
population as well as the enriched pathway genes (Fig. 4e–h
and Supplementary Table 10). Both Mo/MΦ_1 and Mo/
MΦ_2 showed enrichment for leukocyte migration and leuko-
cyte chemotaxis, suggesting that cellular activation, recruit-
ment, and immune cell interactions drove their phenotype
(Fig. 4e, f). Of note, the biological processes of mitotic nuclear
division and sister chromatid segregation were enriched in Mo/
MΦ_2, which may have led to the increased proportion of Mo/
MΦ_2 cells under HFD conditions. Similar to findings in previous
reports25, Ccl8, Pf4, F13a1, Wfdc17, and Lyve1, considered to be
markers of aortic-resident macrophages, were strongly
expressed in Mo/MΦ_1 (Supplementary Table 9). In addition,
Mo/MΦ_3 was enriched for extracellular matrix organization
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(Fig. 4g), strongly expressed proteolysis genes (Mmp2, Adamts5,
and Ctsl) (Supplementary Table 9) and strongly expressed
proinflammatory cytokines (Ccl2, Ccl11, Ccr1, Cx3cr1, Cxcl12,
and Pf4) (Fig. 4j), thus resembling the subcluster of blood-
derived macrophages. In addition, the expression of chemo-
kines and receptors, including Ackr3, Ccl11, Ccl19, Ccl7, Cxcl12,
and Cxcl16, was enhanced in Mo/MΦ_3 during HFD intake

(Fig. 4i, j). Interestingly, Mo/MΦ_4 corresponded to lymphocyte
differentiation and B cell activation, and the most strongly
expressed genes included Ly6d, Ltb, and Cd79a, which are
known markers of B cells (Fig. 4c, d, h). Furthermore, RT–PCR
was used to show that the expression of most inflammatory
chemokines and receptors increased in the setting of HFD
feeding (Supplementary Fig. 5c).

Fig. 3 Comparison of SMC subpopulations in ascending aortas from ND and HFD mice. a, t-SNE plots of the SMC subpopulations (SMC_1,
SMC_2, SMC_3, SMC_4, and SMC_5) from the ND (2,601 cells) and HFD (2,370 cells) groups. b, Percentages of the SMC subpopulations from
the ND (SMC_1, 43%; SMC_2, 37%; SMC_3, 14%; SMC_4, 4%; and SMC_5, 1%) and HFD (SMC_1, 64%; SMC_2, 23%; SMC_3, 12%; SMC_4, 0.8%;
and SMC_5, 0.2%) groups. c, Heatmap of the top 20 marker genes per subpopulation. d–f, Top 10 pathways associated with the SMC_1 (d),
SMC_2 (e), and SMC_3 (f) clusters. g, Feature plots of the expression of selected marker genes for the SMC subpopulations from the ND and
HFD groups. h, Violin plots of the expression of selected marker genes for the SMC subpopulations from the ND and HFD groups. i, Expression
of extracellular matrix (ECM) degradation-associated genes for SMC subpopulations as shown by violin plots.
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Fig. 4 Comparison of monocyte/macrophage (Mo/MΦ) subpopulations in ascending aortas from ND and HFD mice. a t-SNE plots of the
Mo/MΦ subpopulations (Mo/MΦ_1, Mo/MΦ_2, Mo/MΦ_3, Mo/MΦ_4) from the ND (1991 cells) and HFD (731 cells) groups. b Percentages of
Mo/MΦ subpopulations from the ND (Mo/MΦ_1, 82%; Mo/MΦ_2, 9%; Mo/MΦ_3, 6%; and Mo/MΦ_4, 3%) and HFD (Mo/MΦ_1, 80%; Mo/
MΦ_2, 15%; Mo/MΦ_3, 4%; and Mo/MΦ_4, 1%) groups. c Heatmap of the top 20 marker genes per subpopulation. d Violin plots of signature
genes confirming the subpopulation identities. e–h Top 10 pathways associated with the Mo/MΦ_1 (e), Mo/MΦ_2 (f), Mo/MΦ_3 (g), and Mo/
MΦ_4 (h) clusters. i Violin plots of the differential expression of chemokine- and receptor-associated genes by Mo/MΦ subpopulation. j
Expression of chemokine- and receptor-associated genes for Mo/MΦ subpopulations as visualized by dot plot.

H. Kan et al.

1385

Experimental & Molecular Medicine (2021) 53:1379 – 1389



Intercellular communication drives inflammation in the
ascending aortas of HFD mice
In a previous report, to predict intercellular communication,
potential ligand-receptor interactions between cell types were
examined, and macrophages, ECs, and SMCs were found to have
increased numbers of interactions10. In our study, 30 signaling
pathways, including the TGFβ, BMP, PDGF, VEGF, CXCL, CCL, IL2,
and MIF pathways, were detected among the 12 cell subclusters
(Fig. 5g, h). EC and SMC populations are the sources for CXCL
ligands that act on Mo/MΦ cells, as was verified by analysis of the
CXCL signaling network (Fig. 5a, b). Interestingly, EC_2 was also an
important mediator and played the role of a gatekeeper of

intercellular communication. These findings demonstrate that ECs
play critical roles in initiating inflammation during aortic disease
and in driving the activation of aorta-resident macrophages via
CXCL signaling26. Furthermore, our data showed that the major
mode of CXCL interaction was paracrine signaling in HFD-fed
aortic cells, with only one EC population (EC_2) and one
macrophage population (Mo/MΦ_3) showing evident autocrine
signaling (Fig. 5a). Notably, aortic CXCL signaling was dominated
by the Cxcl12 ligand and its receptor Ackr3 among all ligand-
receptor pairs (Fig. 5c).
Compared with the CXCL signaling network, our analysis of the

CCL signaling network revealed a major difference: a simple

Fig. 5 Ligand–receptor interaction analyses to assess intracellular communication in ascending aortas from ND and HFD mice. a An
inferred intercellular communication network for CXCL signaling among endothelial cells, smooth muscle cells, and monocytes/macrophages
is shown in the circle plot (the number of cells in each cluster is proportional to the circle size; the line thickness represents the strength of
signaling). b The importance of each cluster based on the four network centrality measures of CXCL signaling is shown in the heatmap.
c Relative contribution of each ligand-receptor pair to the overall communication network of the CXCL signaling pathway. d An inferred
intercellular communication network for CCL signaling among endothelial cells, smooth muscle cells, and monocytes/macrophages is shown
in the circle plot. e The importance of each cluster based on the four network centrality measures of CCL signaling is shown in the heatmap.
f Relative contribution of each ligand-receptor pair to the overall communication network of the CCL signaling pathway. g, h Outgoing
communication patterns of secreting cells (g) and incoming communication patterns of target cells (h) are shown in the alluvial plot.
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structure with only one receptor (Ccr2) and only one population of
macrophages (Mo/MΦ_2) displaying a greater extent of
macrophage-to-macrophage signaling and less EC-to-
macrophage and SMC-to-macrophage signaling (Fig. 5d–f).
Prominent influencers, SMCs, were shown by network centrality
analysis to control communications (Fig. 2e). Importantly,
increased expression of Ccr2 in macrophages and its role in aortic
disease have been reported27–30.

DISCUSSION
The scRNA-seq technique has been used to show the hetero-
geneity of vascular cells, including ECs7, vascular SMCs9, macro-
phages8,10, monocytes31, and fibroblasts32, in healthy and
diseased arteries. However, the cellular heterogeneity and
transcriptional features associated with arterial disease remain
largely unknown. In this study, we revealed the comprehensive
cellular composition of the mouse ascending aorta and obtained
novel insights into how gene expression profiles are altered in a
multitude of multifunctional HFD-induced aortic cells. Our data
suggest that extensive expression of contractile genes in all ECs,
ECM degradation in inflammatory SMCs, and enhanced expression
of proinflammatory cytokines in blood-derived monocytes/macro-
phages occur in the ascending aorta after mice are fed a HFD. In
addition, the results of cluster analyses of other cell types in both
the ND and HFD mouse ascending aortas are displayed by t-SNE
plots (Supplementary Fig. 8).
In agreement with previous studies on EC heterogeneity in the

aorta conducted using scRNA-seq approaches7, our cellular
composition study revealed 3 subpopulations of ECs in the
ascending aortas of HFD mice and displayed their unique
transcriptome profiles, which suggested corresponding functional
signatures. EC heterogeneity has been identified among different
organs, among different levels of the vascular tree, and, more
recently, within a single vessel33–35. Previous work seeking to
define EC heterogeneity has focused on variations in individual
markers such as CD31, CD34, and vWF35,36. We identified 3 distinct
profiles of ECs in the ascending aorta, including one cluster of
adhesion/transport ECs (EC_1) characterized by the expression of
lipid transport- and cell adhesion-related markers such as Fapb4,
Cd36, Igfbp7, and Cxcl12. In addition, EC_1 exhibited reduced
expression of cell migration genes, increased expression of genes
related to inflammation and contraction, and an increased
percentage of cells in the setting of HFD feeding. These
differences suggest functional specialization of the
EC_1 subpopulation in lipid handling and inflammation. Based
on the differential gene expression patterns, we found that
EC_2 strongly expressed genes that contribute to EC proliferation
and the regulation of angiogenesis. A novel leukocyte-like EC
subpopulation (EC_3) with strong expression of molecules related
to leukocyte migration was also described. Importantly, the
finding of upregulation of contractile gene expression in ECs
after HFD feeding is particularly interesting given that endothelial-
mesenchymal transition is a known common final pathway in EC
dysfunction7. Accordingly, our data from aortic ECs from HFD mice
showed upregulation of contractile genes and will serve as a
reference for comprehensive characterization of vascular EC
heterogeneity in healthy and diseased tissue.
Our study showed that there are 5 subtypes of vascular SMCs in

the ascending aorta: synthetic (SMC_1), contractile (SMC_2),
fibroblast-like (SMC_3), and inflammatory (SMC_4 and SMC_5)
SMCs. The presence of synthetic, contractile, and fibroblast-like
subpopulations is consistent with previous reports15,16,37. SMC_1
accounted for the highest proportion and expressed genes
involved in cell proliferation and migration, but it expressed low
levels of contractile genes. The increase in SMC_1 with low
expression of contractile genes is an important factor promoting
the pathological progression of aortic diseases due to the

phenotypic transformation of smooth muscle cells under high-
fat diet conditions38. Unlike the SMC_1 subpopulation, SMC_2
demonstrated the strongest expression of contractile transcription
factors and the weakest expression of genes associated with ECM
organization, even upon HFD feeding. These cells may play a
pivotal role in the function of the aorta, and both good contractile
function and good proliferative function are necessary for vascular
regeneration39. Additionally, a novel fibroblast-like subpopulation
(SMC_3) with the strongest expression of collagen and oxidation-
reduction genes along with weak expression of contractile genes
was described. The two subpopulations with the lowest propor-
tions, SMC_4 and SMC_5, both showed increased expression of
characteristic leukocyte genes associated with inflammation and
ECM remodeling. Consistent with previous studies40,41, HFD intake
induced upregulation of proinflammatory cytokines and protei-
nases, including Ccl21a, Ccl1, Cxcl1, Adamts1, and Il-6. Addition-
ally, Bmp4, whose function in vascular restenosis and
atherosclerosis has been well characterized42, was highly
expressed only in SMC_3, especially in HFD SMCs. Thus, our
scRNA-seq data from the ascending aortas of ND and HFD mice
display the phenotypic diversity of vascular SMCs and provide
unprecedented depth of information for characterization of SMC
heterogeneity in healthy and diseased blood vessels.
Many studies have investigated the roles of macrophages in the

pathophysiology of vascular inflammatory conditions, including
hyperlipidemia associated with obesity, which contributes to
atherosclerosis and aortic aneurysms8,43–45. In the process of
vascular inflammation, one significant change in the adventitia is
macrophage infiltration, which leads to amplification of the local
inflammatory response through secretion of proinflammatory
chemokines and cytokines as well as production of reactive
oxygen species and proteases6,46,47. Considerable scRNA-seq data
and numerous lineage tracing experiments have shown the
heterogeneity of macrophages in HFD-induced aortic dis-
ease8,25,48. Based on scRNA-seq data, we have now uncovered 4
major Mo/MΦ subpopulations in the ascending aorta, including
aortic-resident clusters (Mo/MΦ_1 and Mo/MΦ_2), a blood-
derived cluster (Mo/MΦ_3), and a B cell-like cluster (Mo/MΦ_4).
Although both aortic-resident macrophage clusters strongly
expressed proinflammatory cytokines, the different genetic
characteristics of the two subpopulations further displayed their
unique functions. Mo/MΦ_1, which accounted for the larger
proportion of the aortic-resident subpopulation, likely plays roles
in antigen presentation and regulation of the ERK1 and ERK2
cascades. However, Mo/MΦ_2 was identified as containing
proliferative aortic-resident macrophages, in keeping with the
strong self-differentiation properties of the cells. In the setting of
HFD intake, Mo/MΦ_2 cells continued to proliferate and express
chemokines, increasing the likelihood that this subpopulation can
be programmed to aggravate inflammation. Beyond the aortic-
resident macrophage clusters, we also discovered another
macrophage cluster of so-called blood-derived macrophages,
Mo/MΦ_3, which strongly expressed proinflammatory genes, such
as Ccl19, Ccl11, and Cxcl12, as well as secreted proteases, such as
Mmp2, resulting in ECM degradation and aortic disease4. The Mo/
MΦ_4 cluster also expressed inflammatory genes, such as Ccr7,
which is associated with regulation of the immune effector
process. Thus, our data provide an in-depth characterization of
diverse macrophages in HFD-induced vascular inflammatory
progression.
Among the inflammatory cell populations infiltrating aortic

tissue, macrophages compose the main population, and their role
in the pathogenesis of HFD-induced vascular injury is well
described in mice6,14. Furthermore, consistent with previous
studies8,25, the presence of B cells, T cells, DCs, and natural killer
cells in HFD-induced vascular disease was characterized at the
single-cell level. Of note, ECs, SMCs, and macrophages engaged in
intensive communication by secreting cytokines in the setting of
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HFD feeding. By demonstrating the major pathway of intercellular
communication, our study suggests that the binding of chemo-
kines to ECs, SMCs, and macrophages triggers complex pathways
of intracellular communication that directly or indirectly partici-
pate in regulating the development of vascular inflammation.
In summary, our study provides a comprehensive transcriptome

profile for HFD mouse ascending aortas. Based on the RNA
expression of individual cells, we uncovered, among other
findings, the presence of proinflammatory, synthetic, and vascular
SMC populations; multiple different sources of macrophages;
functionally distinct EC populations; and their interactions. All of
these factors can be considered influencers of aortic disease.
These findings provide a valuable means of understanding
metabolic disorders in the aorta and may contribute to the
development of new methods of diagnosis and intervention.
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