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Abstract

Microvascular aging, predominantly driven by endothelial cells (ECs) dysfunction, is a critical early event in cardiovascu-
lar diseases. However, the specific effects of aging on ECs across the microvascular network segments and the associated
mechanisms are not fully understood. In this study, we detected a microvascular rarefaction and a decreased proportion
of venular ECs in the subcutaneous adipose tissue of aged mice using light-sheet immunofluorescence microscopy and
single-cell RNA sequencing. Moreover, aged ECs, especially in the venular subtype, exhibited a pseudotemporal transition
to a terminal state characterized by diminished oxidative phosphorylation and strengthened cytokine signaling. Metabolic
flux balance analysis predicted that among the 13 differentially expressed cytokines identified in aged EC subpopulations,
Cxcl9 was strongly correlated with impaired oxidative phosphorylation in aged ECs. It was further validated using micro-
vascular ECs treated with Cxcl9. Notably, the G protein-coupled receptor signaling pathway was subsequently suppressed,
in which Aplnr suppression was also observed in aged ECs, contributing to their impaired energy metabolism and reduced
angiogenesis. Based on these findings, we propose Cxcl9 as a biomarker for aging-related dysfunction of microvascular
ECs, suggesting that targeting Cxcl9 signaling may help combat microvascular aging.
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Introduction and endothelial dysfunction [1]. Previous research primarily

emphasized the impact of aging-related cardiovascular risk

Vascular aging involves pathological changes in the macro-
vascular and microvascular systems, mainly characterized
by arterial and arteriolar stiffness, loss of vascular density,
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factors on large vessels (e.g., arteriosclerosis, atherosclero-
sis, and vascular occlusive events), with less attention paid
to the microvasculature [2]. However, microvascular dys-
function is considered the earliest marker of cardiovascular
disease, which contributes to the pathogenesis of several
age-related diseases [3, 4]; these facts highlight the impor-
tance of understanding and managing microvascular health
in the context of aging. The microvascular endothelium,
comprising a monolayer of endothelial cells (ECs), is a vital
regulator of microvascular homeostasis [5]. In addition to
their barrier functions, ECs produce factors crucial for vas-
cular tone, angiogenesis, barrier permeability, and inflam-
matory responses [3]. EC dysfunction is a major aspect
and key mechanism underlying age-related microvascular
impairment [6].

The microvascular network, composed of small arteries,
arterioles, capillaries, and venules with diameters<150—
200 um, is the final conduit of the cardiovascular system,
responsible for local blood perfusion and the exchange of
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gases and metabolites [7]. Moreover, this network plays
a crucial regulatory role in immune and inflammatory
responses and modulates organ function because of its
direct contact with parenchymal cells [8]. The age-related
decline in endothelial function is marked by reduced angio-
genic capacity, decreased nitric oxide (NO) production, and
enhanced expression of adhesion molecules that promote
leukocyte recruitment [9]. Few previous reports reflect mor-
phological changes in aged microvasculature across mul-
tiple organs, including thinning of brain capillary ECs [10],
age-related pseudocapillarisation with the defenestration
of the hepatic sinusoidal endothelium [11], and capillary
loss with impaired EC proliferation and NO production in
aged kidneys [12, 13]. Recently, aged mice were reported to
exhibit capillary loss due to insufficient vascular endothelial
growth factor (VEGF) signaling [14]. With the advances in
single-cell sequencing, transcriptomic landscapes of vas-
cular ECs aging in different tissues and species have been
reported at single-cell level, such as aortas and coronary
arteries in cynomolgus monkeys [15], cerebral microvascu-
lar ECs in mouse [16, 17], vasculature in mouse skin [18].
However, the precise molecular changes induced by age-
related challenges in ECs across different organs and vascu-
lar beds remain poorly understood.

The pathophysiological mechanisms underlying age-
dependent EC dysfunction are multifactorial, involving
inflammation as the fundamental pathological process [19].
Inflammaging refers to the chronic, low-grade inflammation
that develops with aging, and is characterized by enhanced
circulating levels of pro-inflammatory cytokines [20]. The
circulating inflammatory cytokines can activate the proin-
flammatory transcription factor NF«B in ECs, contributing
to endothelial dysfunction such as senescence and oxidative
stress [21, 22], which further exacerbates age-related vascu-
lar inflammation and impairment [1, 23]. In recent decades,
the interplay between inflammation and metabolic changes
in ECs has been increasingly recognized [24]. For instance,
excess glycolysis in ECs has been reported to promote NF-
kB-driven vascular inflammation via lactate signaling [25].
Deficiency in isocitrate dehydrogenase 2 (IDH2), which
controls redox homeostasis in ECs, can induce inflamma-
tion via mitochondrial oxidative stress [26]. Disruptions in
glucose [27], fatty acid [28], and folate [29] metabolisms
can promote EC senescence, which is an important risk
factor for age-related CVD [30]. Targeting the metabolic
imbalances associated with inflammation may provide a
strategy to control vascular aging. Nevertheless, the pat-
terns and mechanisms underlying metabolic alterations in
aged microvascular EC, and their correlation with the pro-
inflammatory response of ECs remain unclear [30, 31].

Adipose tissue is a highly vascularized organ that serves
as a biological driver of aging and age-related diseases
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[32]. The aging process of adipose tissue begins predomi-
nantly in subcutaneous adipose tissue (SAT) and is strongly
associated with chronic inflammation [33]. A recent single-
nucleus RNA-sequencing study from a combination of
human visceral and SAT samples reported that FKBP5" ECs
specifically reside in aged human adipose tissues, exhibit
the potential for endothelial-to-mesenchymal transition, and
play a critical role in regulating adipocytes [34]. However,
the visceral and SAT exhibit different responses to aging
[33], their combination may obscure the cellular dynamics
and molecular signatures specific to aged SAT.

To explore the effects of aging on the SAT microvascu-
lature, we collected inguinal subcutaneous fat from mice.
Using single-cell RNA sequencing and light-sheet immu-
nofluorescence microscopy, we discovered a structural
deficiency in microvascular network architecture. This defi-
ciency was associated with a decreased proportion of ven-
ular ECs within the overall EC population. Using various
biostatistical analytical techniques, we illustrated the pseu-
dotemporal transition of aged ECs towards a terminal state
characterized by reduced energy metabolism and increased
cytokine signaling, particularly within the venular subtype.
This metabolic alteration was closely linked to the elevated
production of the inflammatory chemokine Cxcl9 and the
consequent downregulated expression of Aplnr in aged
ECs. Our findings provide new insights into the phenotypic
alterations and mechanisms underlying age-related micro-
vascular remodeling, highlighting the impact of inflamma-
tion on endothelial dysfunction through the modulation of
EC metabolism.

Materials and methods
Animals

Wild type female C57BL/6 N mice were purchased in
Beijing Vital River Laboratory Animal Technology Co.,
Ltd and housed at the animal laboratory in plastic surgery
hospital of Chinese Academy of Medical Sciences at SPF
environment. Standard rearing condition: room temperature
20+2°C, 50-60% humidity, 12 h light-dark lighting cycle,
fed chow diet purchased from Keao Xieli Feed Co. Ltd (Cat.
no. 1016706714625204224). Distilled water and diet were
available ad libitum. All experiments were approved by the
Institutional Animal Care and Use Committee of Plastic
Surgery Hospital (Institute). Young group (3-month-old)
and aged group (>18-month-old) mice were used in this
study. Body weight and body length of aged (n=10) and
young (n=>5) mice were measured and the Lee obesity index
was calculated as LOI:{/ (body weight (kg)>1000)/(body
length(cm)). The mice were fasted overnight, and their
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blood glucose were measured using an Accu-chek active
glucose meter (Roche, Basel, Switzerland). For glucose
tolerance test, 1 mg/g glucose was administered intraperi-
toneally to mice that had been fasted overnight, and blood
glucose levels were measured at 5-, 15-, 30-, 45-, 60-, 90-
and 120-minutes post-injection. The blood glucose curve
was plotted against time and the area under the curve was
calculated.

Histology staining

SATs were fixed in 10% formalin (Sigma) overnight at 4 °C.
Tissues were then incubated in 70% ethanol before embed-
ding in paraffin sections and serial SAT sections were cut
at 10-pum thickness. Consecutive sections were stained with
H&E to analyze adipose tissue and microvascular mor-
phology. After deparaffinization in xylene and rehydration
through graded ethanol, sections were stained with hema-
toxylin for nuclear visualization, differentiated in acid alco-
hol, and blued in ammonia water. Eosin was then applied
to stain cytoplasmic and extracellular components, followed
by dehydration through graded ethanol, clearing in xylene,
and mounting with a synthetic resin medium. Slides were
observed under a light microscope (Leica).

Multiplex immunofluorescence staining of tissue

Tissue sections were fixed in 4% paraformaldehyde (PFA)
and subjected to antigen retrieval to unmask epitopes.
Antigen retrieval was achieved by heating the sections in
EDTA buffer (P0085, Beyotime, China) at 95-100 °C for
15 min using a microwave. After cooling to room tempera-
ture (30 min to 1 h), the sections were incubated with 3%
hydrogen peroxide for 10 min to eliminate endogenous
peroxidase activity. They were then sequentially rinsed in
PBS and PBS-T solutions. Subsequently, the sections were
incubated with 0.5% Triton X-100 for 10 min to enhance
permeability. Blocking was performed using a blocking buf-
fer (5% goat serum in PBS-T) for 1 h at room temperature
(RT) to prevent nonspecific binding. The sections were then
incubated overnight at 4 °C with rabbit anti-mouse Cxcl9
polyclonal antibody (PAB928mu01, Cloud-Clone Corp)
and rat anti-mouse CD31 monoclonal antibody (550274,
BD Pharmingen) simultaneously. Following overnight
incubation, sections were stained with Goat Anti-rabbit IgG
H&L Alexa Fluor® 488 (ab150077, Abcam) and Goat Anti-
rat IgG H&L Alexa Fluor® 568 (ab175476, Abcam) for 1 h
at RT. Autofluorescence was removed using Vector® True
VIEW™ Autofluorescence Quenching Kit (SP-8400, Vec-
torlabs). Hoechst 33,258 was used to stain cell nuclei, fol-
lowed by mounting with an anti-fading mounting solution
from the Vector kit for observation. Sections were captured

using the SELLARIS confocal microscope (Leica Corpora-
tion). For image processing and analysis, LAS-X (Leica, ver
4.7.0) software was used.

Tissue immunohistochemistry staining

Tissue samples were first collected and fixed in 4% PFA to
preserve morphology and antigenicity, followed by embed-
ding in paraffin and sectioning into 4-5 pm slices using
a microtome. The sections were mounted on glass slides,
deparaffinized in xylene, and rehydrated through a graded
ethanol series before rinsing in distilled water. To retrieve
antigens, the sections were heated in EDTA buffer (P00S85,
Beyotime, China) at 95-100 °C for 15 min using a micro-
wave. Once cooled to room temperature (30 min to 1 h),
3% hydrogen peroxide was applied for 10 min to remove
endogenous peroxidase activity. Afterward, the sections
were rinsed sequentially in PBS and PBS-T. To improve
permeability, they were treated with 0.5% Triton X-100 for
10 min. Finally, nonspecific binding was blocked by incu-
bating the sections with blocking buffer (5% goat serum in
PBS-T) for 1 h at RT. The tissue was then incubated with a
specific primary antibody diluted in same buffer overnight
at 4 °C. Different targets were labeled using specific anti-
bodies, including Ki-67 rabbit anti-mouse primary antibody
(GB111141, Servicebio), pl16™&4? rabbit anti-mouse pri-
mary antibody (10883-1-AP, Proteintech), and Anti-Ackrl
rabbit anti-mouse primary antibody (PA5112940, Thermo
Scientific). After rinsing with PBS and PBS-T, the slides
were treated with Goat Anti-Rabbit IgG/HRP-conjugated
secondary antibody (SE134, Solarbio) for 1 h at room tem-
perature. For chromogenic detection, a DAB (3,3'-diami-
nobenzidine) kit (AR1027-3, Boster) was used to visualize
the antigen-antibody complex. Chromogenic slides were
counterstained with hematoxylin to visualize nuclei before
mounting with coverslips. Finally, the slides were observed
under an Olympus BX53 microscope (Olympus Corpora-
tion), with images captured for quantitative analysis.

TUNEL assay

The TUNEL assay was performed using the DAB (SA-HRP)
TUNEL Cell Apoptosis Detection Kit (G1507, Servicebio,
China). After deparaffinization and rehydration, the tissue
sections were thoroughly washed with PBS. They were then
permeabilized with proteinase K and treated with 0.5% Tri-
ton-X100 for membrane disruption. To inhibit endogenous
peroxidase activity, the sections were incubated with 3%
hydrogen peroxide. The sections were then incubated with a
TUNEL reaction mixture containing terminal deoxynucleo-
tidyl transferase (TdT) enzyme and labeled nucleotides,
allowing the TdT enzyme to incorporate biotin-labeled
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dUTPs into the 3’-OH ends of DNA fragments. After incu-
bation, the sections were washed and treated with horserad-
ish peroxidase (HRP)-conjugated streptavidin antibody. A
substrate solution was then applied to visualize apoptotic
cells as brown-stained nuclei under a light microscope.
Counterstaining with hematoxylin was performed to high-
light the tissue structure.

3D volume fluorescence imaging of SAT

The tissue processing and 3D volume fluorescence imaging
of SAT were performed as previously reported in Tsinghua
University [35]. Briefly, Mice were CO,-euthanized and
dissected. Hearts were exposed and 50 mL PBS was per-
fused through the left ventricle to clear blood, followed by
50 mL 4% PFA perfusion. Bilateral inguinal adipose tissues
were harvested, washed with PBS, and fixed in 4% PFA for
24 h. Tissues were cleaned under a microscope and washed
again before staining. Permeabilization was done with PBS
containing 0.2% TritonX-100, 10% DMSO, 0.2% Deoxy-
cholate, and 20 mM EDTA (pH 8.0) at 37 °C for 24 h, fol-
lowed by a second step with PBS, 0.2% TritonX-100, 10%
DMSO, and 100 mM glycine. Nonspecific binding was
blocked with PBS supplemented with 0.2% TritonX-100,
10% DMSO, and 5% donkey serum at 37 °C for 24 h. Tis-
sues were incubated with primary antibodies in PBS/0.2%
Tween-20, 10 ug/ml heparin, 5% DMSO, and 5% donkey
serum at 37 °C for 48 h, then washed five times for 2 h each
with PBS/0.2% Tween-20 and 10 pg/ml heparin at room
temperature. Alexa dye-conjugated secondary antibodies
were applied similarly for 48 h, with overnight washes at
37 °C.

For staining process, CD31 (Cat#A04950, SAB) and
Goat Anti-Mouse IgG H&L Alexa Fluor® 488 (ab150113,
Abcam) were used to label the vessels in fluorescence
imaging (Fig. 1c). After immunofluorescence staining, tis-
sue clearing was performed based on optimized iDISCO
method. Briefly, immunolabeled adipose samples were
embedded in 1% agarose/PBS blocks. Blocks were dehy-
drated at RT with methanol (20-100%, 2 h each, except
100% twice for 1 h). Then, treated with dichloromethane/
methanol (2:1) for 2 h, followed by 100% dichloromethane
for 30 min twice. Blocks were cleared in 100% dibenzyl
ether for 12 h (repeated) for 3D fluorescence imaging. The
images were captured by Luxendo LCS SPIM light-sheet
microscope and Zeiss Lightsheet 7 Light Sheet Fluores-
cence Microscopy. Imaris package (version 9.7 and ver-
sion 10.0, Oxford Instruments Group) was used to trace and
calculate the vasculature density. Briefly, three to six cubic
volumes were selected from SAT, and immunolabeled vas-
culatures were manually traced. Student’s two-sided t-tests
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Fig. 1 Aging alters the microvascular network in subcutaneous adi-}
pose tissue by primarily affecting EC functions. (a) Uniform manifold
approximation and projection (UMAP) clustering of 15 cell types in
mouse stromal vascular fraction (SVF) isolated from inguinal subcu-
taneous adipose tissue (SAT). Mac: Macrophage; DC, dendritic cell;
plC, proliferative immune cell; MC, mast cell; T, T cell; NK, Natural
killer cell; B, B cell; PC, Plasma cell; APC, adipose progenitor and
stem cell; EC, endothelial cell; SMC, smooth muscle cell; Epi, Epi-
thelial cell; Schwann, Schwann cell; MyoEpi, Myoepithelial cell. (b)
Heatmap showing gene expression signatures corresponding to each
cell type. Left, columns represent individual cell types and rows indi-
cate the expression of individual genes; the size of the dot represents
cell number and the value for each gene presents the row-scaled Z
score. Enriched GO terms for each cell type are presented (right).
(¢) Distribution of upregulated (red) and downregulated (blue) dif-
ferentially expressed genes (DEGs) in different cell types in mouse
SVF compared between the aged and young groups. Genes not dif-
ferentially expressed are indicated in gray. The numbers of DEGs are
indicated. The upper part (dotted lines) indicates the DEGs shared by
at least two cell types, the lower panel indicates the unique DEGs of
each cell type. The numbers of genes are annotated on the plots. (d)
Longevity scores of every single cell in each cell type between aged
and young SVF. ns, no significance, * P<0.05, ** P<0.01, and ****
P<0.0001 by two-sided Wilcoxon rank-sum tests. (¢) Representative
images of the microvascular network in mouse SAT using immuno-
fluorescence staining with CD31 antibody followed by light-sheet
microscopy. The vasculature densities of SAT in both groups are cal-
culated and compared. Data are presented as mean+SEM; * P<0.05
based on Student’s t test. Results were obtained from SAT of three
mice from each group and three cubic volumes were selected from
each SAT. Scale bar, 1000 um. (f) Tube formation assay conducted
using ECs isolated from mouse SAT. The total branching length and
the number of meshes are measured and compared using Angiogen-
esis Analyzer plugin in ImageJ. Data are presented as mean+SEM, *
P<0.05 and ** P<0.01 based on Student’s t test, two technical repli-
cates were performed from 3 biological replicates for each group. (g)
Characterization of cellular senescence of ECs isolated from young
and aged mice SAT by SA-B-gal staining. The number of SA-B-gal
positive cells is measured separately by assessing 2 randomly selected
microscopic fields in each well using high-power magnification (n=3
per group) and data are presented as mean+SEM; * P<(.05 based on
Student’s t test. Scale bar, 100 pm

were performed using GraphPad Prism (version 9.5, Graph-
Pad Software).

Cell lines and primary cell culture

The mouse bEnd.3 cell line was purchased from ATCC.
Primar microvascular ECs were isolated from mice ingui-
nal SAT according to previously reported protocols [36].
Briefly, the harvested SAT was washed three times in PBS
then minced with fine scissors until a homogeneous tissue
suspension was obtained. The tissue suspension was incu-
bated with collagenase NB4G (0.5 U/mL PBS) for 30 min
to digest the tissue fragments. Excess fat chunks and single
cells were removed using 500 pm and 20 pm filters suc-
cessively, resulting in adipose tissue-derived microvascular
fragments (ad-MVF). The obtained ad-MVF were seeded in
Petri dishes with 15 mL Endothelial Cell Complete Medium
(#PriMed-iCell-002, iCell Bioscience, China) to allow the
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selective outgrowth and propagation of primary ECs from
the vessel fragments. When cells reached around 90% con-
fluency, they were detached from the culture plate by treat-
ing with 0.25% trypsin (0.02%EDTA) for 1 to 2 min and
then transferred to new culture plate with 1:3 splitting ratio.
Cells were maintained in endothelial cell medium (Scien-
cell 1001, ECM) under 5% CO2 at 37 °C in a humidified
incubator.

0
Young Aged

Tube formation assay

Primary ECs at passage 2 were used for tube formation
assay. Matrigel Basement Membrane Matrix (BD Biosci-
ences) was diluted with ECM medium and coated in 24-well
plates at 37 °C for 1 h. Then, 5 x 10* ECs were seeded in the
ECM on Matrigel. The tube formation ability of ECs was
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measured at 6 h. The number of meshes and total branching
length of the tubular structures was quantified by ImagelJ
using plugin Angiogenesis Analyzer.

Senescence-associated B-galactosidase (SA-B-gal)
staining

Primary ECs at passage 2 were washed once with PBS and
fixed in SA-B-gal staining fix solution for 15 min at room
temperature. Cells were then washed three times with PBS
and incubated with SA-B-gal staining solution (C0602, Bey-
otime Biotechnology) for 16-20 h at 37 °C. After the over-
night incubation, cells were washed with PBS and observed
under a bright field microscope.

Tissue dissociation and adipose stromal vascular
fraction (SVF) cells isolation

For single cell sequencing, inguinal subcutaneous adipose
was carefully dissociated from young group (n=4) and aged
group (n=3) female C57BL/6 N mice. Excised inguinal sub-
cutaneous adipose was rinsed twice thoroughly with Dul-
becco’s Phosphate-Buffered Saline (DPBS, supplemented
with 1% Penicillin-Streptomycin Solution), and then the
hair stuck to the adipose tissue was removed carefully. The
minced adipose tissues were digested with collagenase D
(2 mg/ml, Roche) and collagenase type I (2 mg/ml, Gibco)
in DMEM (Hyclone, USA) for 45 min at 37 °C incuba-
tor shaker. DNase-I (Sigma, USA) was added at 15 min
and 30 min during digestion. The digestive mixture was
quenched with DMEM supplemented with 10% FBS and
filtered via 100 um nylon filter, then centrifuged at 400xg
for 5 min. Supernatant were discarded and the cell pellet
was resuspended with red blood cell lysis buffer (Solarbio,
China) for 3 min on the ice. The cell lysate was quenched
with DMEM supplemented with 10% FBS and centrifuged
at 400xg for 5 min. DPBS supplemented with 0.4% bovine
serum albumin (Gibco, USA) was used to resuspend the cell
pellet. Finally, the cell suspension was filtered through a
40 pm filter for 10xGenomics single-cell RNA sequencing.

10x Genomics single-cell RNA sequencing

SVF cells suspension isolated from young and aged group
were loaded into Chromium microfluidic 3’chips barcoded
with a 10x Chromium Controller (10X Genomics). RNA
from the barcoded cells was reverse-transcribed, and librar-
ies were constructed with reagents from a Chromium Single
Cell 3’ v3 reagent kit (10X Genomics) according to the
manufacturer’s instructions. Sequencing was performed by
I[1lumina NovaSeq 6000 platform (Novogene, China).

@ Springer

Single-cell RNA sequencing (scRNA-seq) data
processing

The Cell Ranger toolkit (version 4.0.0) provided by 10x
Genomics was applied to align reads and generate the
gene-cell unique molecular identifier (UMI) matrix using
the mouse reference genome mm10. We applied Doublet
Detection (https://github.com/JonathanShor/DoubletDetect
ion), Scrublet [37] and DoubletFinder [38] to identify and
remove potential doublets. Doublets reported by at least two
tools were filtered. Then, we selected cells according to the
following criteria: cells with <40,000 UMI counts; > 500
genes and <5,000 genes; and <10% UMIs derived from the
mitochondrial genome. After quality control, we obtained
30,887 high-quality cells.

Unsupervised clustering and annotation of cell
types

Basic processing and visualization of scRNA-seq data were
performed with the Seurat package [39, 40] (version 4.0.0) in
R (version 4.1.0). Firstly, the gene expression matrices were
normalized to the total UMI counts per cell, multiplied by
the scale factor (10,000), and then natural-log transformed.
The top 2,000 highly variable genes were selected with
the FindVariableFeatures function in Seurat. The obtained
gene expression matrix was scaled and subjected to princi-
pal component analysis. The first 20 principal components
were used for clustering analysis with suitable resolution
and visualization using the uniform manifold approximation
and projection (UMAP) algorithm. The marker genes were
selected by FindAllMarkers function with default param-
eters. The cell types were annotated based on the known
markers reported by published literature. Before the cluster-
ing analysis, Harmony (version 1.0) [41] was performed to
batch effect correction. Endothelial cells were re-clustered
by the same strategy to get a more detailed map.

DEG analysis and enrichment analysis

We used the FindAllMarkers or FindMarkers function to
find differentially expressed genes (DEGs), with an average
log-scaled fold change>0.25 and adjusted P value<0.01
(Wilcoxon rank sum test). For DEGs between different
cell types, the top 200 genes were chosen to perform GO
(Gene Ontology) enrichment analysis using the clusterPro-
filer package (version 3.14.3) [42]. For DEGs between aged
and young group, the genes passing the screening threshold
were counted to assess difference between groups in each
cell type. The results were visualized by the ggplot2 R pack-
age (https://github.com/tidyverse/ggplot2). Gene set enrich
ment analysis (GSEA) was performed by https://www.bioi
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nformatics.com.cn, an online platform for data analysis and
visualization.

Definition of longevity score

The AddModuleScore function in the Seurat package was
conducted to calculate the pro-longevity and anti-longev-
ity score for every single cell in each cell type or each
EC subcluster. Mouse longevity-associated genes were
downloaded from the GenAge database (Table S1). “Pro-
longevity” genes were beneficial to prolong life-span, and
“anti-longevity” genes were considered to shorten life-span.
Pro-longevity score minus anti-longevity score was con-
sidered as longevity score. P value was tested by two-sided
Wilcoxon rank-sum tests.

Pseudotime analysis

Monocle 2 (version 2.16.0) [43] was used to analyze EC
trajectories. We used the DEGs meeting the thresholds of an
adjusted p value<0.0001 and average log fold change>0.4
between EC subclusters identified by Seurat to assign each
cell a pseudotime. We then set the state in which most of
the cells were from Endo_2 as the root_state argument and
used orderCells to order cells in pseudotime. DDRTree was
applied to reduce the dimensions, the visualization function
plot_cell_trajectory was used to plot the minimum spanning
tree on the cells. Branching Expression Analysis Modeling
(BEAM) was used to identify branch-dependent and state-
dependent genes.

Gene set score analysis

Metabolic gene sets were generated from 37 pathways com-
posed of 921 unique metabolic genes (Table S2). A gene
set of 449 genes related to cytokine-mediated signaling
was extracted from the biological process (BP) components
of the Gene Ontology (GO) database within the M5 col-
lection available in the Mouse Molecular Signatures Data-
base (MSigDB, Table S3). Age-related metabolic DEGs of
each ECs subcluster were identified by FindMarkers func-
tion in metabolic genes with the thresholds of an adjusted p
value<0.05 and average log fold change>0.25 (Table S4).
Genes involved in proliferation of ECs were downloaded
from Mouse Genome Informatics (MGI) database with GO
ID:0001935 (Table S3). Genes involved in positive regula-
tion of programmed cell death were downloaded from MGI
database with GO ID: 0043068 (Table S3). Genes involved
in EC senescence were downloaded from MGI database
with GO ID: 0090398 (Table S3). The AddModuleScore
function was used to calculate the gene set scores for each
EC subcluster between young and aged groups.

Cytokine measurement of mouse SAT

RayBio® Mouse Cytokine Antibody Array G3 was used to
evaluate the inflammatory cytokines species in mouse SAT
and serum between two age groups. This technical service
was completed by Raybiotech Life, Inc.

Evaluation of differentiation and stemness potency

Signaling entropy was computed using the R package
SCENT [44] to order single cells by their differentiation
potencies. This algorithm estimates network signaling
entropy as a proxy for differentiated state, using literature
curated protein-protein interaction databases to calculate a
normalized signaling entropy value between zero and one.
Using this approach, early differentiated cells manifest high
network entropy.

Cell-cell communication analysis

Cell—cell interactions based on the expression of known
ligand—receptor pairs in different cell types were inferred
using CellphoneDB [45]. This tool evaluated the impact
of the ligand/receptor interactions based on ligand expres-
sion in one cell type and the corresponding receptor expres-
sion in another cell type. This method permuted the change
of cell type label for each cell at 1,000 times to calculate
the significance of each pair. The P value was calculated
using the proportion of the mean value for specific recep-
tor—ligand pairs compared to a randomly permuted mean
distribution. Then the communication results from two age
groups were integrated to compare the Cell-cell communi-
cation difference.

Compass metabolic flux analysis

Metabolic activity analysis based on single-cell sequencing
data was performed using the Compass algorithm (https://g
ithub.com/YosefLab/Compass) [46]. Compass is a flux bala
nce analysis (FBA) algorithm based on Recon2. This algo-
rithm employs constrained-based optimization to simulate
metabolic fluxes, which represent the rates at which chemi-
cal reactions transform substrates into products. Based on
transcriptomic expression levels, Compass calculates the
activity of various metabolic reaction processes at the sin-
gle-cell level and reflects their metabolic patterns. Compass
scores and Wilcoxon rank sums were computed to assess the
propensity and significance (p<0.001) of various core met-
abolic reactions. Spearman correlation of Compass scores
with potential target genes was calculated to evaluate the
impact of genes on different metabolic activities. Part of the
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results were visualized by the ggplot2 R package (https://gi
thub.com/tidyverse/ggplot2).

Real-time polymerase chain reaction (PCR)

Total RNA was extracted with Trizol and reverse-tran-
scribed into cDNA with TaKaRa cDNA synthesis kit. The
real-time PCR was performed using the Fast SYBR Green
Master Kit and Light Cycler 480 system (Roche, Basel,
Switzerland) according to the manufacturer’s instructions.
Primer sequences were listed in Table S5.

Measurement of cellular metabolism using
Seahorse flux analyzer

Primary ECs and bEnd.3 cells were seeded at 20,000 cells
per well on XFe24 V28 PS cell culture microplates (100882-
004, Agilent) in endothelial cell medium (Sciencell 1001,
ECM with 5% FBS and Endothelial Cell Growth Supple-
ment). Five hours later, ECM was supplemented to 150
pL per well. Seahorse XF cell mitochondrial stress test kit
(103015-100, Agilent), Seahorse XF glycolysis stress test
kit (103020-100, Agilent) and Seahorse XF long chain fatty
acid oxidation stress test kit (103672-100, Agilent) was used
with a microfluorimetric Seahorse XF24 Analyzer (Agilent
Technologies, Santa Clara, CA, USA) according to manu-
facturer’s instructions. For analyzing the effects of siAplnr
and Cxcl9 on ECs metabolism, seahorse XF24 extracellu-
lar flux analysis of ECs were performed after 3—4 days of
respective treatments. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) data were normal-
ized to protein levels after lysing cells with RIPA buffer (50
mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate and 0.1% sodium dodecyl sul-
fate (SDS)) and quantified through a Pierce BCA protein
assay kit (P0011, Beyotime).

RNA-seq and data analysis

Total RNA was extracted from untreated bEnd.3 and cxcl9-
treated bEnd.3 samples labeled Ctrl 1, Ctrl 2 and Cxcl9 1,
Cxcl9 2, Cxcl9_3, respectively, using TRIzol (Invitrogen),
following the manufacturer’s instructions. RNA was ana-
lyzed for quality and quantity using Agilent 2100 BioAna-
lyzer and the Qubit RN A assay kit (Invitrogen). High-quality
RNA samples with RNA integrity number (RIN)>7.0 and a
28 S:18 S ratio> 1.8 were used for library construction using
CapitalBio Technology Inc. (Beijing, China) with the Ultra
RNA Library Prep Kit for [llumina (NEB). After final librar-
ies quantification using KAPA Library Quantification Kit
(KAPA Biosystems, South Africa) and validation through
reverse transcription-polymerase chain reaction (RT-qPCR)
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in Agilent 2100 Bio Analyzer, libraries were subjected to
paired-end sequencing (150-base pair reads) on an Illumina
NovaSeq sequencer (Illumina) by CapitalBio Technology
Inc. (Beijing, China). GO terms and heatmaps were ana-
lyzed using an online bioinformatics tool (www.bioinfor-
matics.com.cn) for data analysis and visualization.

Statistics analysis

In our study, a biological replicate refers to an indepen-
dent sample from a distinct biological source (e.g., a dif-
ferent mouse or cell culture), while a technical replicate
refers to repeated measurements from the same sample to
assess technical variability. The data were presented as the
mean+ SEM. All statistical tests were performed on aver-
age values derived from technical replicates for each bio-
logical replicate. Statistical analyses were performed using
GraphPad Prism with unpaired Student’s t-test. For gene set
score analysis, statistical analyses were performed using
Wilcoxon rank sum test. P values lower than 0.05 were con-
sidered statistically significant. *, ¥* *** and **** referred
to p<0.05, p<0.01, p<0.001 and p<0.0001 respectively.

Results

Aging alters the microvascular network in
subcutaneous adipose tissue by primarily affecting
EC functions

To determine the impact of aging on the microvascular net-
work, we compared female mice aged 3 months (young) with
those older than 18 months (aged). We observed metabolic
dysfunctions in aged mice, including high body weight and
Lee obesity index, increased glucose levels, and impaired
glucose tolerance (Fig. Sla-c). Moreover, we detected the
corresponding increase in adipose tissue mass and a sig-
nificant abundance of hypertrophic adipocytes in the SAT
of aged mice (Fig. S1d). Considering the heterogeneous
adaptations of the vascular endothelium during aging [47],
we conducted single-cell RNA sequencing (scRNA-seq) of
the stromal vascular fraction (SVF) obtained from mouse
SAT and compared samples from four young and three aged
mice. After cell filtering and batch-effect correction, 30,887
high-quality SVF cells (14055 cells from young mice and
16832 cells from aged mice) were obtained (Fig. Sle). Visu-
alization of cell types using UMAP revealed 24 cell clusters
with distinct gene expression signatures (Fig. S1f, and Table
S6). Based on the expression matrix of the specific mark-
ers, 15 cell types were manually annotated (Fig. la-b, Fig.
S1g, and Table S7). The cell type compositions were similar
among the young and aged mice (Fig.S1h). We classified
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4366 cells (2,265 from young mice and 2,101 from aged
mice) expressing CD31 and Cldn5 as ECs.

Subsequently, we calculated the number of differentially
expressed genes (DEGs,|avg_log2FC| > 0.25 and adjusted P
value<0.01) in the aged mouse SVF compared to the young
counterparts (Fig. 1c and Table S8). Notably, ECs exhib-
ited the largest number of total DEGs (307 up-regulated and
358 down-regulated genes in aged group), including shared
DEGs (155 upregulated and 203 downregulated genes in
the aged group; Fig. lc, upper half) and cell-type specific
upregulated DEGs (152 genes in the aged group, Fig. lc,
lower half). These findings suggest that aging more signifi-
cantly affects the transcriptional state of ECs than that of
other SVF cells. We conducted an integrative comparative
analysis of the DEGs with longevity-associated genes from
the GenAge database (Table S1). ECs, Adipose progenitor
and stem cells (APCs), and T cells exhibited the most sig-
nificant decrease in the longevity score in aged mouse SVF
(Fig. 1d), which emphasized the leading role of ECs during
SVF aging.

We explored the aging-associated changes in the char-
acteristics of the aged microvascular endothelium via bulk
adipose tissue clearing and light-sheet immunofluorescence
imaging assay. We detected a distorted morphology and a
significant (>50%) reduction in the density of the vascular
network in the SAT of aged mice (Fig. le). Consistently,
primary ECs isolated from aged mouse SAT exhibited
reduced angiogenic potential, as evidenced by a lower total
branching length and the number of meshes revealed by the
tube-formation assays (Fig. 1f). In addition, we observed
a significant increase in the number of senescent cells in
primary ECs cultures derived from aged mice, as evidenced
by positive staining for SA-B-gal (Fig. 1g). These findings
collectively highlight the pivotal role of EC dysfunction in
age-related alterations in SAT microvascular networks.

Venular ECs exhibit the most notable
pseudotemporal state transition during aging

Next, we assessed the features of microvascular EC sub-
populations during aging. Based on unsupervised clustering
analysis, we identified seven subpopulations of ECs, labeled
Endo 0 to Endo 6 (Fig. 2a). Endo 0 and Endo 1 collec-
tively comprised>50% of the ECs population (Fig. 2b).
Based on the distinctive transcriptional profiles of each ECs
subcluster (Table S9) and previous reports, Endo 0 and
Endo_1 were identified as capillary ECs co-expressing the
universal capillary EC markers Car4 and Rgcc (Fig. 2c, Fig.
S2a). Endo_3 cells were identified as venular ECs and char-
acterized by the expression of atypical chemokine receptor
1 (Ackrl), Selp28, Lrgl, and Vcaml (Fig. 2¢c, Fig. S2a).
Endo 4 cells are recognized as arteriolar ECs that express

high levels of Fbln5, Sema3g, Heyl, and Efnb2 (Fig. 2c,
Fig. S2a).

Endo 2, 5, and 6 were considered relatively independent
sub-clusters in the two-dimensional UMAP plot (Fig. 2c).
Endo 2 emerged as a novel progenitor EC subcluster
located in the root state in the pseudotemporal trajectory
panel and exhibited the highest stemness entropy (Fig. 2d,
Fig. S2b). Moreover, Endo 2 expressed markers specific
to multiple cell types, including pericytes (RgsS, kcnj8,
Abcc9, and Pdgfrb) and smooth muscle cells (Acta2 and
Tagln) (Table S9, Fig. S2a), which enriched in muscle tis-
sue development and contraction (Fig. 2¢). According to a
recent report, Endo_5 cells were defined as prevenular cap-
illary ECs based on high expression of the cytoskeleton and
extracellular matrix genes (Gsn, Tmsb10, and Col3al) and
genes involved in ribosome biogenesis (Rpls); Endo_6 was
classified as post-capillary venular ECs based on the expres-
sion of the postcapillary venular marker Lrgl [48] (Fig. 2c,
Fig. S2a).

To uncover the differentiation states of ECs subtypes in
aging progression, we used the Monocle2 package to con-
struct single-cell trajectories and generated a spanning tree
starting from progenitor Endo_2 (state 5), which branched
into two separate paths, leading to states 1 and 6 (Fig. 2d).
The young and aged ECs displayed a reciprocal shift in the
proportions corresponding to the states 1 and 6 (Fig. 2e-f,
Fig. S2c). Specifically, most young ECs resided in state 1
(41.03%) rather than in state 6 (12.18%), whereas state 1
ECs dramatically decreased to <6% in aged mice and state 6
being the predominant state (46.38%). This transition signi-
fies a shift in ECs phenotype, highlighting state 1 as indica-
tive of youthful state and state 6 as a terminal state related
to aging.

A similar transition was observed across all EC subtypes
in aged mice, except for progenitor ECs (Endo_2), which
exhibited continuous residence in state 5 (Fig. 2g, Fig. S2d).
Venular ECs (Endo_3) showed the most pronounced and
significant decline in state 1 with aging (86% in young mice
vs. < 20% in aged mice). Correspondingly, the proportion
of venular ECs in state 6 increased nearly 30-fold with age.
These findings suggest that venular ECs comprise the lead-
ing subpopulation of ECs in age-related pseudotemporal
state transition.

Aging induces a selective reduction in the
proportion of venular ECs within the ECs population

To further explore the molecular characteristics of aged ven-
ular ECs, we explored their transcriptional changes by ana-
lyzing scRNA-seq data. We identified 404 significant DEGs,
including 218 upregulated and 186 downregulated ones (P
value<0.01 and [log2 FC| >0.25, Table S10). Gene ontology

@ Springer



17 Page 10 of 24

Angiogenesis (2025) 28:17

a
95
GO terms Type of EC Exp
ligp1 regulation of MRNA metabolic process :
EC_reclusters Cdkn1a response to extracellular stimulus :
Egr1 regulation of cytokine production Capillary i
> i ‘ 2
Progenitor
Selp leukocyte migration
vwf glucose homeostasis Venular
Ackr1 __cytokine-mediated signaling pathway
Fbins tion of v. ire development .
Hey1 pment Arteriolar
Stmn2 ___ameboidal-type cell migration
Gsn regulation of protein localization to membrane Prevenular
Col3a1 negative regulation of MRNA splicing via spliceosome Capillary
Rpl38 ribonucleoprotein complex biogenesis
Plvap leukocyte migration Post-capillary
B |Esm1  sprouting angiogenesis Venil
i |/tm2a blood vessel endothelial cell migration pudia o
b e State
o1
02
Endo_6 e3
Endo_5 o #
B I ®s
g 6
Endo_0
Endo_4 = 3 Component 1 ®7
*_
Endo_3 ~ o Young Aged
o~ 1 o
g 4
§ Pseudotime 5 % I ,
Endo2 ndo_1 © Component1 g5 101520 Componant:1 g L § T g o 4
g [ s 4
5 8 »
© Component 1 Companent 1
Proportion of States Percentage of State 1 in EC subclusters Percentage of State 6 in each EC subcluster
100% States 100 B Young Aged 80 B Young Aged
o - :; = 81% 66%
80% 3 e al g 2 60
16.03% i X 68% 3
70% = ==
u5 8) 60 g
60% 6 S 48% K 40
o =7 @ b5 29%
50% 8 40 339, g o
40% © 5 G 22% 18%
. [osw & 0 19% Wley 22 o 20 16% 8%
30% i 4% 6%
46.38% 3% % 2% & & o
20% 0% 0% 0% 1% 1% 0%
° . 0- T T T T T 0- T T T T -I T
1% z1ex NN 60{} b°? E>°Bl 6°? bo? & 6°} b°? 6°B‘ b°<9 bo?
0% | =h86%: ~1.83%-- 7 S N N N S o7 N o & N N
& & & <& & <& & & 2 & & <&
Young Aged < <

Fig.2 Venular ECs show the most notable pseudotemporal state transi-
tion during aging. (a) UMAP clustering of ECs in mouse SAT. (b) The
cell percentage of each EC subpopulation in the integrated aged (n=3)
and young (n=4) SVF samples. (¢) Scaled expression levels of highly
expressed genes in each EC subpopulations. The color key from purple
to yellow represente low to high gene expression levels. Subpopula-
tion-specific representative genes and enriched GO terms are labelled
on the right side by color. (d) Pseudotemporal trajectory analysis of
EC subpopulations. Pseudotime ordering of ECs subpopulations is

(GO) enrichment analysis revealed that up-regulated DEGs
were most significantly involved in the positive regulation of
programmed cell death, protein refolding, negative regula-
tion of blood vessel morphogenesis, and positive regulation
of cytokine production, indicating increased apoptosis and
inflammation in venular ECs under aging stress (Fig. 3a).
Contrastingly, the downregulated DEGs were enriched for
cytoplasmic translation, extracellular matrix organization,
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depicted by pseudotime (left) and subpopulation (right), the color key
ranging from blue to yellow represents 0 to 20 by pseudotime. (e)
UMAP plot of pseudotemporal trajectory analysis of young and aged
ECs along with discriminative dimensionality reduction via learning a
tree (DDRTree) depicts seven states. (f) The column chart shows the
percentages of ECs in each of the seven states in young and aged mice.
(g) The percentage of cells in state 1 (upper) and state 6 (lower) in each
ECs subpopulation from young (n=4) and aged (»=3) mice

glucose homeostasis, and vascular development. Altered
biological processes are inextricably linked to impaired
vascular function and growth. Next, the analysis of the
proportion of each ECs subpopulation revealed a decrease
in venular ECs (from 10.82 to 6.98%) and an increase in
capillary ECs (from 49.44 to 61.97%) within the aged EC
population (Fig. 3b). Ackrl, known as the Duffy antigen
receptor for chemokines (DARC), is specifically expressed
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Fig. 3 Aging induces a selective reduction in the proportion of venular
ECs within the ECs population. (a) GO enrichment analysis of up-reg-
ulated and down-regulated DEGs in aged Endo_3. (b) The proportion
of each EC subpopulation in young and aged mice. (¢c-d) Expression
of Ackrl in each EC subpopulation (¢) and transcriptional changes of
Ackrl in each EC subpopulation (d) by scRNA-seq analysis. (e) Real-
time qPCR analysis revealed differential level (fold change) of Ackrl
transcription in aged ECs compared to young ECs. Data are presented
as mean+SEM, **P<0.01 based on Student’s t test, n=2 technical
replicates for 3 biological replicates of each group. (f-h) Comparison
of the apoptosis (f), proliferation (g), and cellular senescence (h) sig-
naling scores of individual cells in each EC subpopulation between

young and aged mice. ns, no significance; * P<0.05, ** P<0.01, ***
P<0.001, **** P<0.0001 based on two-sided Wilcoxon rank-sum
test. (i-k) Histological identification of apoptosis, proliferation, and
cellular senescence in vascular ECs. Apoptosis of vascular ECs is eval-
uated using TUNEL assay (i), proliferation is assessed by Ki67 immu-
nohistochemistry (j), and senescence is determined through p16™K4
immunohistochemistry (k). The number of positive cells is determined
by averaging the counts from three randomly selected microscopic
fields on each section (#=3) using high-power magnification. Data are
presented as mean=SEM, * P<0.05, ** P<0.01, and ****P<0.0001
based on Student’s t test. Scale bar, 50 um
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in venular ECs [49] and plays a crucial role in leukocyte
trafficking and extravasation into peripheral tissues [48, 50].
Consistently, our scRNA-seq data revealed that Ackrl pri-
marily expressed in the venular EC subtype (Fig. 3c), and
its expression was significantly downregulated in venular
ECs subtypes in aged mice SAT (Fig. 3d); this outcome was
confirmed using real-time PCR (Fig. 3e).

We then performed Seurat’s AddModuleScore function to
evaluate the apoptosis, senescence and proliferative scores
of each ECs subpopulation. A significant increase in apopto-
sis levels across all aged EC subpopulations was identified,
except for progenitor (Endo 2) ECs (Fig. 3f). Prolifera-
tion scores were significantly decreased in three EC sub-
clusters, with venular ECs showing the most pronounced
decrease (Fig. 3g). Additionally, the senescence score was
significantly increased in most aged EC subpopulations,
particularly capillary (Endo 0) and venular ECs (Fig. 3h).
To further explore why aged venular ECs exhibited the most
significant reduction in proliferation score, we analyzed the
transcriptional changes of genes involved in regulation of
EC proliferation in all EC subtypes. Thbsl [51] and Rgcc
[52], two negative regulators of EC proliferation, were sig-
nificantly upregulated in venular EC subtypes; the change
was either distinct (for Thbs1) or exclusive (for Rgec) (Fig.
S2e-f). These findings indicate that the decreased prolifera-
tion of venular ECs potentially contributes to an age-related
reduction in the proportion of venular ECs within the EC
population. TUNEL staining and immunohistochemistry
staining on sections of mice SAT showed that vascular ECs
in aged mice SAT exhibited a higher ratio of TUNEL-posi-
tive and p16™*4_positive cells, as well as lower expression
of the proliferation marker Ki67 (Fig. 3i—k).

Reduced oxidative phosphorylation and enhanced
cytokine signaling are key features of all aged EC
subtypes

To elucidate the shared molecular characteristics and mech-
anism linking the states shifting across most of the EC sub-
types along the aging process, we compare gene expression
kinetics across trajectories to state 1 and 6, using branched
expression analysis modeling (BEAM). Gene modules with
similar lineage-dependent expression patterns were hierar-
chically clustered for visualization (Fig. 4a and Table S11).
The 1011 state 6-dependent genes (upregulated in state 6)
were notably enriched in processes associated with the posi-
tive regulation of programmed cell death, fatty acid metab-
olism, negative regulation of vascular development, and
inflammatory response. Conversely, 1075 state 1-dependent
genes that were downregulated in state 6 were enriched in
protein synthesis, oxidative phosphorylation, ATP metabolic
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Fig.4 Reduced oxidative phosphorylation and enhanced cytokine sig- }
naling are key features of all aged ECs subtypes. (a) Heatmap of the
branched expression analysis modeling (BEAM) revealing significant
changes through progression across the trajectory from state 5 (root
state) to state 1 and 6. Each row indicates the standardized kinetic
curves of a gene. (b) Venn diagram depicting the number of overlap-
ping DEGs shared between aged ECs and the pseudotemporal states
1 or 6 (State6/Aged EC up-regulated DEGs, state 1/Aged EC down-
regulated DEGs). (¢) Gene Set Enrichment Analysis (GSEA) of the
hallmark pathways of upregulated (upper) and downregulated (lower)
genes in ECs from aged mice. (d) Comparison of the gene set score
(left: cytokine-mediated signaling pathway, right: oxidative phosphor-
ylation pathway) of each single cell in each EC subpopulation between
young and aged mice. ¥ P<0.05, ** P<0.01, and **** P<(.0001 by
two-sided Wilcoxon rank-sum tests. (e) Compass-score differential
activity test between ECs from young and aged mice. x-axis, Cohen’s
d; y-axis, -log, o(Wilcoxon-adjusted P value). -log, o( Wilcoxon-adjusted
P value)>1.0 is considered as significant. (f-g) Cellular metabolism
analysis of primary ECs harvested from young and aged mice SAT
using Seahorse XF Cell Mito Stress Assay kit (f) and Glycolysis Stress
Assay kit (g), Data are presented as mean+SEM, *P<0.05 by Stu-
dent’s t test. For both the young and aged groups, two technical repli-
cates are conducted for each of the three biological replicates (n = 3)

processes, mitochondrial function, and extracellular matrix
(ECM) organization-related processes.

Furthermore, > 90% of the up-regulated and >80% of the
down-regulated DEGs in the aged bulk EC population were
enrolled in state 6-specific trajectories (Fig. 4b). GSEA sug-
gested TNF-a signaling via NFkB to be the most signifi-
cantly upregulated pathway and oxidative phosphorylation
as the most downregulated pathway (Fig. 4c). Consistently,
we observed a significant increase in the gene set score for
cytokine signaling and a decrease in the score for oxida-
tive phosphorylation across all aged ECs subpopulations
(Fig. 4d). These results indicate that enhanced cytokine
signaling and suppressed oxidative phosphorylation are key
characteristics of aged ECs.

Subsequently, we analyzed the metabolic state of the
cells using the Compass algorithm. The Compass scoring
system evaluates individual metabolic reaction or enzyme
based on the entire metabolic transcriptome, rather than just
the mRNA levels of the enzymes involved. The Compass
scores of all reactions/enzymes in the tricarboxylic acid
(TCA) cycle (the major common pathway for the oxida-
tion of carbohydrates, lipids, and some amino acids, which
results in ATP production via oxidative phosphorylation)
were significantly decreased in aged ECs (Fig. 4e). Par-
ticularly, isocitrate dehydrogenase (IDH), a key enzyme in
the TCA cycle that catalyzes the irreversible conversion of
isocitrate to alpha-ketoglutarate, exhibited the most signifi-
cant decrease. In addition, most of the enzymes/reactions
involved in glycolysis were downregulated in aged ECs.
However, the changes in reactions/enzymes involved in
amino acid and fatty acid metabolism were diverse, includ-
ing both increases and decreases in aged ECs. To validate the
Compass prediction, we assessed the mitochondrial function



Angiogenesis (2025) 28:17 Page 13 0f 24 17

pvalue
TNFa Signaling Via NFkB = 0
Hypoxia = 0
UV Response Up 1e-04

State 1 (e State 5 ===y State 6

o
@

State 6-dependent genes (1011)

o
>

o
N

=)
o

M a1

W

3
2
Positive regulation okine production ; | Ag 23 ]
1NF gnaling -1 Young
-2
—_— ~ pvalue
02 Oxidative Phosphorylation 3e-04

Ranked List Metric  Running Enrichment Score

Interferron Alpha Response 4e-04
ithelial Mesenchymal Transition 6e-04,

iogenesi
SRP-dependent cotranslational protein targeting to membrane

Oxidative phosphorylation -0.2
ATP metabolic process
-0.4]

Mitochondrial electron transport, cytochrome ¢ to oxygen
Regulation of mitochondrial membrane potential
Mitochondrial translation

Ranked List Metric Running Enrichment Score

el \"WMH‘” I i uwn’ | Mn mew
Collagen “:f“. 3 [ Ilh [ 1l |||IIH| H ’I IIIIJ
Negative regulation adhesion 2
1
: Aged
o Young ™
-2
2000 6000
Rank in Ordered Dataset
b State 6-dependent genes d
c HEEE REEE KRR ll.“ EEEE Lid
46 Rk KRR RRE RERE Rk RRRE Rk . Young ,% 0501 ‘ Young
2 Maged 3
<]
GEdECsUpDEG & 010 S s
g 0.
State 1 t genes 2 £
¥ 005 |
& 2 000
0.00 3
X
O -0.254
ECs Down DEG o/ o/ 0/ 0, 0, o, o/ o/ o/ Y ol o/ o/ o/
FEETEEES & & & & b° S
e
TCA Cyclo Amino Acid Metabolism Fatty Acid Oxidation
/ 6.0 L Iuta_yune pyruvate aminotransferase -~ H 8.0 5
40 : X 2-Oxoglutaramate amidohydrolase Alcoho! deh dmgenasq‘ ' 1
_ I(;o:[;v;?.; dehydrownase el Glycine ,m.dmwansfems © oot detn! \ 7.0 Beta exi?aﬁon of long chain fatty acid
t:;' i 5.0 \. idi : N ©) 80 7 3 o Fatty a:?d CoA ligau./.
@ ! T2 lucose . H
530 8 8 ! ¥ i 1 i
:g. Succinate oxldursduda:sa 4.0 Creatine Knage 3-Hydroxy-L-tyrosine 6.0 : 5.0 N : » )
2 e, | - carboxylyase 10 i Carnitine Gawyma'nsfomse.{nnmmnal
S L 3.0 A i - ' 3 H 4.0 {Long chain acyi-CoA synthetase L
5 20 / Suox‘:male dehydrogenase \gmatinase it ! sH yd.r}xy-L-tryp ophan 4 o jA‘dohydo dolhydfoﬂﬂf‘a“ : -
E 2 Alpha-ketoglutarate | Avrginine : decarbpxylyase ! 3.0 / . ! .
F dehydrogenase l 2.0{ decarboxylase; ’1' i * | Aldehyde dehydrogenase '
= ~. ! Phosmlyeen{emutasq 5 0| Fety acid CoA idase | Q
2 ; . Aponitate hydrogenase Arginase f et 20 Iy ‘ - 4
= 01 Slccinate Contigass T LR R . S . _oddoreduclasbee | somerase - L) S pggpes e
' ‘b“l Pyruvate } (DHAPO forming) Y
o .! 0 o 01 dehydrogenase (PDH)™e, * ‘. ,w
-1.0 0.5 0.0 05 10 -1.0 -0.5 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Young Aged Young Aged Cohen's d Young Aged Young Aged
Mitochondria stress OCR Glycolysis stress ECAR Glycolysis ECAR
30+
_ 2607 - Young ? = Young - *
§' 200 - Aged H 3 = Aged H
g. 3 % 20 5 15
£ 150+ £ E £
E % % £,
E 100- £ 50 =10 g
o ; © < ©
g 50 g Q 2
3 0 5‘0 "Im Young Aged
Time (mlnum) Time (minutes)

was consistent with the predicted lower compass score of
enzymes/reactions in the TCA cycle (Fig. 4f). Similarly,
aged ECs exhibited a reduced ECAR that aligned with the

and glycolysis of ECs using seahorse assays. Primary ECs
acquired from the SAT of aged mice showed diminished
basal respiration and mitochondrial ATP production, which
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Compass prediction (Fig. 4g). Therefore, both Compass and
metabolomics data reflected that the suppression of oxida-
tive phosphorylation is the key metabolic trait present in
aged microvascular ECs.

Enhanced expression of endothelial Cxcl9 highly
correlates with metabolic alterations in aged ECs

We investigated whether the metabolic alterations in aged
ECs were correlated with enhanced cytokine-mediated
signaling. First, the scRNA-seq data of ECs populations
revealed 13 cytokines (10 upregulated and 3 downregu-
lated) that exhibited significantly differential expressions
(P value<0.01 and |log2 FC| >0.25) in aged ECs (Fig. 5a).
Based on the changing patterns, these cytokines could be
categorized into groups. For instance, the expressions of
Ccl5, Cclb, Ccl8, Ccl9, Cxcl2, and Pf4 were upregulated
across all aged ECs subpopulations, with the most signifi-
cant increase observed in aged pre-venular capillary ECs
(Endo_5). In contrast, enhanced expressions of Cxc// and
Gdf15 were predominantly detected in aged progenitor ECs
(Endo_2). Conversely, Cxcll12, Tnfsf10, and Tgfb2 were
suppressed in most ECs subpopulations, with the most nota-
ble decrease in arteriolar ECs (Endo_4). However, Cxcl9
and Inhbb, two separate cytokines, were primarily increased
in venular ECs (Endo 3) and post-capillary venular ECs
(Endo_6), respectively.

Next, using Spearman correlation analysis of Compass
scores with the identified 13 cytokines, we defined 309
significant metabolic reactions/enzymes (Jcor r| > 0.3, BH-
adjusted P<0.05) that were correlated or anti-correlated
with at least one cytokine (Fig. 5b and Table S12). Similar
to the changing patterns of these cytokines, the correlations
between cytokines and metabolic enzymes can be catego-
rized into groups. Interestingly, Cxcl9 was upregulated in
aged ECs and showed dual effects on EC metabolism, exhib-
iting the most distinct negative correlation with isocitrate
dehydrogenase (IDH), an enzyme predicted via Compass to
be substantially downregulated in the TCA cycle of aged
ECs. In contrast, cxcl9 showed the strongest positive corre-
lation with multiple enzymes involved in fatty acid metabo-
lism (Fig. 5b). This was consistent with our previous finding
that terminal aging state 6-dependent genes are functionally
enriched in fatty acid metabolism (Fig. 4a). Overall, these
data indicate that Cxcl9 is a potential cytokine correlated
with metabolic alterations in aged ECs.

To validate the expression pattern of Cxcl9 in ECs after
aging, we first analyzed scRNA-seq data. The analysis
revealed significant increases in both Cxcl9 expression
levels and the proportion of Cxcl9-positive cells across
most aged EC subtypes, especially venular ECs (Endo_3)
(Fig. 5c, Fig. S3). Among all SVF cell types, ECs exclusively
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expressed Cxcl9 and it was significantly elevated in the bulk
population of aged ECs (Fig. 5d). Histoimmunofluorescent
staining of Cxcl9 revealed that the expression of Cxcl9 was
significantly increased in aged CD31+ ECs (Fig. Se-f).

Furthermore, the cytokine antibody array was used to
detect the composition and levels of cytokines in mouse
SAT lysates. A total of 38 differentially expressed cytokines
(Log2FC>1.2 and adjusted P value<0.05) were identified
in the SAT lysate between aged and young mice, includ-
ing 33 upregulated and 5 downregulated cytokines (Fig. 5g
and Table S13). The most upregulated cytokines in the
aged group were well-documented senescence-associated
secretory phenotype (SASP) proteins, substantiating local
inflammation in the aged mouse SAT. Notably, the level
of Cxcl9 was significantly increased in aged mouse SAT
lysates. Accumulated evidence suggests that Cxcl9 expres-
sion is induced by IFN-y [53]. Consistently, our cytokine
array revealed that IFN-y levels significantly increased in
the aged mice SAT. Therefore, we speculated that aging
potentially induces the expression of Cxcl9 in ECs through
a paracrine effect by increasing the levels of IFN-y in the
adipose tissue.

Moreover, Cxcl9 signals through the CXCR3 recep-
tor, primarily expressed in immune cells. Based on our
scRNA-seq data, we detected that Cxcr3 was predominantly
expressed in T cells; upon aging, its expression was signifi-
cantly increased in T cells and neutrophils (Fig. S4a). We
used CellphoneDB to explore the crosstalk between endo-
thelial Cxcl9 and Cxcr3 expressed in immune cells (Fig.
S4b). In aged SVF, this crosstalk between ECs and T cells
intensifies. Moreover, additional Cxcl9-cxcr3 crosstalk was
detected between ECs and neutrophils (EC/neutrophils), as
well as between ECs and B cells (EC/B). These findings
suggest that elevated endothelial Cxcl9 strengthens its com-
munication with immune T cells, B cells, and neutrophils,
contributing to the pro-inflammatory microenvironment of
the aged mouse SAT.

Cxcl9 impairs the energy metabolism and
angiogenesis of microvascular ECs

To further explore the role of Cxcl9 in microvascular EC
aging, we treated an immortalized mouse brain microvas-
cular EC line (bEnd.3) with 100uM Cxcl9 in vitro and per-
formed bulk RNA-sequencing (RNA-seq) transcriptome
analysis. GSEA of Cxcl9-treated ECs revealed the upregu-
lation of genes involved in biological processes, including
the immune response, fatty acid metabolism, and cytokine
production, as well as downregulation of genes involved in
ECs proliferation, oxidative phosphorylation, and glucose
metabolism (Fig. 6a). This profile is comparable to the pre-
viously reported characteristics of aged ECs. Furthermore,
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Fig. 5 Up-regulation of Cxcl9 induced by aging is highly correlated
with metabolic alterations of aged ECs. (a) Heatmap of the 13 dif-
ferentially expressed cytokines (P value<0.01 and|log2 FC| >0.25) in
EC subpopulations compared between young (n=3) and aged (n=3)
mice. (b) Spearman correlation of Compass scores with the expression
of upregulated or downregulated cytokine genes in aged mice SATs.
Non-significant correlations (BH-adjusted p>0.1) are indicated in
grey. Metabolic reactions are listed in rows, representing core path-
ways, each significantly correlated or anti-correlated with at least one
gene. (c-d) Expression of Cxcl9 in ECs subpopulations (¢) and SVF
cell types (d) analyzed by scRNA-seq. ns, no significant. ¥*P<0.05,
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(e) Histo-immunofluorescent staining of Cxcl9 and CD31 in mice
SAT, with vascular tissue outlined by gray dashed lines. Scale bar, 50
um. (f) The intensity of Cxcl9 fluorescence signals in the vascular are
quantified using LAS-X software. The images are captured from three
randomly selected confocal microscopic fields on each section (n=3)
using high-power magnification. Data are presented as mean+SEM;
*P<0.05 based on Student’s t test. (g) The variable levels (fold
changes) of differentially expressed cytokines in SAT lysate of aged
mice. Cytokine levels of adipose tissues are measured in 3 young and
3 aged mice. Data are presented as mean+SEM
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Fig. 6 Cxcl9 impairs the energy metabolism and angiogenesis of
microvascular ECs. (a) GSEA comparing bEnd.3 and Cxcl9-treated
bEnd.3. (b) GSEA gene set network analysis comparing bEnd.3 and
Cxcl9-treated bEnd.3. (c-d) The effect of Cxcl9 on cellular metabo-
lism of bEnd.3 cells analyzed using Seahorse XF Cell Mito Stress
Assay (c) and Glycolysis Stress Assay kits (d). Data are presented as
mean=+SEM, *P<0.05 by Student’s t test, n=3 biological replicates
for each group for (¢), n=3 biological replicates for young group and
n=4 biological replicates for aged group for (d). (e) Tube formation
assay conducted using Cxcl9-treated and untreated bEnd.3 ECs. The
total branching length and the number of meshes were measured and
compared using Angiogenesis Analyzer plugin in imagelJ. Three micro-
scope fields randomly selected from each well (n=3 per group) are
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assessed. Data are presented as mean+SEM; *P<0.05 and **P<0.01
based on Student’s t test. (f) The effect of Cxcl9 on mitochondrial
metabolism in the primary SAT ECs of young mice analyzed with the
Seahorse XF Cell Mito Stress Assay. There are 3 biological replicates
for the control group and 4 biological replicates for the Cxcl9 admin-
istration group. Data are presented as mean+SEM; *P<(.05 based
on Student’s t test. (g) Tube formation assay conducted using Cxcl9-
treated and untreated primary ECs from the SAT of young mice. Data
are analyzed using Angiogenesis Analyzer plugin in imagel. Three
microscope fields randomly selected from each well (n=4 per group)
are assessed. Data are presented as mean+SEM; *P<0.05 based on
Student’s t test. Scale bar: 100 pm
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we performed GSEA gene set network analysis using the
R package aPEAR and found that genes downregulated in
pathways related to EC development formed the largest
cluster (Fig. 6b). This finding underscores the deteriorating
effect of Cxcl9 on energy metabolism and vascular growth
of ECs.

We validated the impact of Cxcl9 on EC function through
Seahorse XF energy metabolism assays in bEnd.3 ECs.
Treatment with Cxcl9 for three days induced a significant
reduction in basal respiratory capacity and ATP production
in bEnd.3 ECs than in the control counterparts (Fig. 6¢), as
well as a decrease in glycolytic capacity (Fig. 6d). Cxcl9-
treated bEnd.3 ECs exhibited a decreased ability to form
tubular network structures (Fig. 6e), which was consis-
tent with the suppression of pathways associated with EC
development, as indicated by GSEA (Fig. 6b). Moreover,
treatment with Cxcl9 also significantly decreased the basal
respiration, ATP production, and angiogenic capacity of ECs
isolated from young mice SAT (Fig. 6f-g). These results
suggested that Cxcl9 has a broad impact on ECs function
across different tissues.

Cxcl9-mediated suppression of Aplnr contributes to
the age-related EC dysfunction

We further investigated the molecular mechanisms under-
lying EC dysfunction triggered by enhanced Cxcl9 signal-
ing through a comparative analysis of the transcriptional
profiles in untreated and Cxcl9-treated bEnd.3 cells. We
observed 288-up-regulated DEGs and 444 downregulated
DEGs (P<0.05, |log2 FC| >0.15; Table S14). Considering
that reduced energy metabolism and angiogenesis are the
validated shared characteristics of Cxcl9-treated bEnd.3
ECs and ECs derived from aged mouse SAT, we focused
on the downregulated DEGs in Cxcl9-treated bEnd.3 cells.
GO analysis revealed the most significant enrichment of
these DEGs in G protein-coupled receptor signaling path-
ways (Fig. 7a). Seven genes were assigned to this biological
process (Fig. 7b). Notably, Aplnr, also known as APJ/apelin
receptor, is a G protein-coupled receptor that mainly present
in vascular ECs, smooth muscle cells, and cardiomyocytes
[54]; it was the sole gene found among the downregulated
DEGs in ECs of aged mice (Fig. 7c). Next, Aplnr expression
showed a significant decrease in bEnd.3 cells treated with
either Cxcl9 or the Cxcl9-downstream secondary messenger
cAMP, as determined by real-time PCR analysis (Fig. 7d).
Consistently, Aplnr expression in ECs isolated from aged
mouse SAT was significantly reduced (Fig. 7e).

Next, our scRNA-seq data revealed that Aplnr expression
was specifically confined to ECs in mice SVF and exhib-
ited a pronounced age-induced decrease in the entire EC
population and across all EC subtypes (Fig. 7f). Moreover,

pseudo-time trajectory analysis revealed contrasting expres-
sion patterns of Cxcl9 and Aplnr during age-related state
transitions (Fig. 7g). Cxcl9 expression consistently increased
from state 5 to state 6 and decreased along the path to state
1, whereas Aplnr expression exhibited a contrasting trend.
To determine whether the inhibition of Aplnr could recapit-
ulate the effects of Cxcl9 on energy metabolism and angio-
genesis in ECs, we performed seahorse energy metabolism
assays and tube formation analysis following silencing of
Aplnr using siRNA. Real-time PCR results validated the
significant downregulation of Aplnr mRNA levels in ECs
treated with SiAplnr (Fig. 7h). The basal respiration, ATP
production, glycolytic capacity and tube formation abilities
of bEnd.3 cells were significantly reduced after four days of
treatment with SiAplnr (Fig. 7i-k). Collectively, these data
suggest that the suppression of Aplnr potentially contributes
to Cxcl9-mediated EC dysfunction in aged ECs.

Finally, to explore the possible transcriptional mecha-
nisms linking increased Cxcl9 to reduced Aplnr, we
reviewed our RNA-seq data and identified eight transcrip-
tion factors (TFs), significantly (|[Log2FC[>0.25, P<0.05)
downregulated in Cxcl9-treated bEnd.3 cells, and three TFs
that were significantly up-regulated (Fig. S5a). We used
JASPAR to predict transcription factor-binding sites within
the promoter region of Aplnr. With the track score>500
(P-value<10~°), Foxcl represented one of the 11 signifi-
cantly altered TFs with binding site located in the Aplnr
promoter (Fig. S5b). After scanning, eight binding sites of
Foxcl were predicted in the Aplnr promoter region (Fig.
S5c¢). Moreover, we found that Foxc1 was highly expressed
in the Endo_3 venular ECs, which significantly downregu-
lated with aging (Fig. S5d). These findings suggest that
Cxcl9 reduces Aplnr expression through the suppression of
Foxcl in aged ECs.

Next, we explored whether these age-related transcrip-
tional alterations affected the crosstalk between ECs and
other cells within the SVF of mice using CellphoneDB.
Ligand-receptor pairs with fold changes in communication
score (aged vs. young) over 1.5 and P values<0.05 were
selected and visualized as dot plots (Fig. S5e). Crosstalk
between ECs and APCs through Aplnr-Apln pairing was
suppressed most significantly. These findings suggest that
Cxcl9-induced suppression of Aplnr in ECs possibly weak-
ens the communication between APC and ECs. Further
experiments are needed to explore whether these changes
contribute to the functional decline of the aged microvascu-
lature in adipose tissue.
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Fig. 7 Cxcl9-mediated suppression of Aplnr contributes to age-related
EC dysfunction. (a) Gene Ontology (GO) enrichment analysis of
down-regulated DEGs in Cxcl9-treated bEnd.3 cells. (b) Heatmap
showing expressions of genes related to the regulation of G-protein-
coupled receptor signaling in Cxcl9-treated and untreated ECs. (c)
Venn diagram depicting Aplnr as the solo down-regulated DEG shared
between primary ECs from aged mice and cxcl9-treated bEnd.3 cells.
(d) Real-time qPCR assays assessed the effects of cxcl9 and cAMP
on the expression of Aplnr in bEnd.3 cells. Data are presented as
mean+SEM, **P<0.01, ***P<0.0001 based on Student’s t test; n=4
biological replicates for control group, n=5 for Cxcl9 treatment group
and n=06 for the cAMP treatment group. (e) Variations in (fold changes)
Aplnr expression in primary ECs isolated from aged mice in compari-
son to young mice. Data are presented as mean+SEM; *P<0.05 based
on Student’s t test; three biological replicates were conducted for each
group. (f) Expression of Aplnr in SVF cell types and ECs subpopu-
lations analyzed via scRNA-seq. ¥*P<0.05, ****P<(.0001 based on
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two-sided Wilcoxon rank-sum tests. (g) The pseudotime kinetics of
Cxcl9 and Aplnr across trajectory from state 5 to states 1 and 6. (h)
Fold changes of Aplnr expression in siNC- and siAplnr-treated bEnd.3
ECs. Data are represented as mean+SEM, *P<0.05 based on Stu-
dent’s t test, n=3 biological replicates for siNC group and n=4 for
siAplnr group. (i-j) Analysis of the effect of Aplnr knockdown on cel-
lular metabolism of bEnd.3 cells using Seahorse XF Cell Mito Stress
Assay (i) and Glycolysis Stress Assay kit (j). Data are represented as
mean+SEM, *P<0.05 based on Student’s t test, n=3 biological rep-
licates for siNC group and n=4 for siAplnr group. (k) Tube formation
assay conducted using bEnd.3 ECs with or without siAplnr treatment.
The total branching length and the number of meshes are measured
and compared by Angiogenesis Analyzer plugin in imageJ. Three ran-
domly selected microscope fields in each well (n=3 per group) are
assessed. Data are represented as mean+SEM, *P<0.05, **P<0.01
by Student’s t test. Scale bar: 100 pm
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Discussion

In this study, we identified a reduced proportion of venu-
lar EC, deteriorated metabolism and enhanced cytokine
responses as the key features of aged microvascular ECs. In
the microvascular network of the subcutaneous adipose tis-
sue, the proportion of venular ECs was selectively reduced,
primarily due to their significantly higher decrease in prolif-
eration score compared to other EC subtypes. Additionally,
we observed a pseudotemporal shift in aged ECs, especially
those comprising the venular subtype, towards a termi-
nal state. This alteration was linked to reduced oxidative
phosphorylation and increased cytokine signaling. Cxcl9
emerged as an inflammatory biomarker of aging-related
EC dysfunction, playing a deteriorating role in the energy
metabolism and angiogenesis of ECs. Finally, we revealed
that Cxcl9-mediated downregulation of Aplnr expression
at least partially contributed to the metabolic reprogram-
ming and impaired angiogenesis of ECs observed in aged
microvasculature. Our findings suggest that targeting Cxcl9
signaling could be a promising therapeutic strategy for EC
dysfunction in elderly microvasculature.

Several studies have documented a reduction in vascular
density within the microvasculature of aged individuals [6].
Moreover, it has been reported that microvascular rarefac-
tion can indeed occur in specific segments of the vascular
network without uniformly affecting the entire network
upon aging. For example, research has revealed a decline in
the number of venules and arterioles in the cerebral micro-
vasculature of rats [55] and mice [56], as well as a reduction
in capillary density, length, and volume in various regions
of the rat brain with advancing age [57, 58]. A recent
study using optical coherence tomography and two-photon
microscopy demonstrated that brain arteriole and venule at
specific dimensions exhibited negative correlations in quan-
titative parameters between nonaged and aged mice [56].
Our scRNA-seq data further revealed that Thbsl [51] and
Regcce [52], two negative regulator of EC proliferation, were
up-regulated either most significantly or exclusively in ven-
ular ECs. This finding may explain the higher susceptibility
of venular ECs to aging-related changes compared to other
EC subtypes. Further investigation into the molecular path-
ways regulating Thbs1 and Rgcc expression is warranted in
future studies.

Our study demonstrated that all specialized aged EC
subtypes underwent a shift to the terminal state, character-
ized by reduced oxidative phosphorylation and enhanced
cytokine signaling. Although glycolysis is traditionally con-
sidered the main ATP supplier in healthy ECs [25], recent
evidence has revealed that both oxidative phosphoryla-
tion and glycolysis play vital roles in EC functions [59].
Glycolysis is strongly associated with angiogenesis, and

reduced glycolysis in aged ECs may explain the observed
decrease in vascular density [60, 61]. Mitochondrial respira-
tion is highly correlated with EC proliferation and homeo-
stasis; its inhibition suppresses EC proliferation, induces
retinal angiogenesis [62], and is linked to the disruption of
EC-mediated vascular tone [63]. Moreover, the respiratory
pathways of ECs vary across various tissues and are altered
under pathological conditions such as the aging process [59,
61]. For instance, in brain ECs, the number of mitochondria
is twice that in other ECs [64], and inhibition of oxidative
phosphorylation is a critical event in brain microvascular
aging [65]. Senescent ECs also undergo senescence-asso-
ciated metabolic shifts, with decreased glycolysis and oxi-
dative phosphorylation [66]. Our study revealed that the
terminal-state transition of aged ECs predominantly affected
the venular ECs subtype, indicating that metabolic repro-
gramming may be linked to aging-associated microvascular
structural remodeling.

We observed the dual effects of Cxcl9 on EC metabo-
lism, involving its strongest positive correlation with mul-
tiple enzymes involved in fatty acid metabolism, and the
most pronounced negative association with the TCA cycle
enzyme IDH in aging ECs. Cxcl9, involved in immune
responses and inflammation, is secreted by various cells,
including interferon-gamma (IFN-y) stimulated ECs.
CXCR3, the receptor for Cxcl9, is a G protein-coupled
receptor mainly found in immune cells and facilitates
chemotaxis and immune responses. Although the poten-
tial roles of Cxcl9 in inhibiting vascular proliferation and
promoting EC apoptosis were reported [67, 68], the under-
lying mechanisms remain unclear. A recent study using a
deep learning model linked Cxcl9 to cardiovascular aging
demonstrated that silencing CXCL9 can counteract cellu-
lar senescence and restore vascular regenerative capacity in
human induced pluripotent stem cell (iPSC)-derived aging
ECs [69]. Their fast GSEA (FGSEA) results predicted that
the downregulated genes were enriched in the hallmark
oxidative phosphorylation pathway, and the knockdown of
CXCL9 revealed a complete reversal. Our findings validate
that Cxcl9 serves as a potential biomarker and key inducer
of oxidative phosphorylation and glycolytic dysfunction
in ECs, positioning it as a potential therapeutic target for
addressing metabolic remodeling during microvascular
aging.

Moreover, our study also revealed that Cxcl9-mediated
suppression of Aplnr was demonstrated to play a role in reg-
ulating the energy metabolism in ECs. Aplnr is a G protein-
coupled receptor of Apelin. Apelin peptide-induced Aplnr
activation exhibits a wide range of physiological effects [ 70],
including vasodilation [71], myocardial contractility [72],
angiogenesis [73], fluid homeostasis, and energy metabo-
lism [74], and protects against cardiovascular defects and
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vascular diseases, such as hypertension and atherosclerosis
[75, 76]. Apelin/Aplnr signaling plays a significant role in
promoting the sprouting of ECs through c-Myc upregula-
tion [73], stimulating nitric oxide (NO) production for vaso-
relaxation [77], modulating EC polarization through KIf2
[78], controlling venous EC proliferation [79], and inhib-
iting LPS-induced endothelial mesenchymal transition by
promoting ACE2 [80]. Moreover, Aplnr is involved in the
regulation of EC metabolism; reduced expression of this
factor can inhibit glucose transport [81], glycolysis [73] and
fatty acid oxidation [82], and promote fatty acid uptake [81]
in ECs. The inactivation of FOXO1 and inhibition of endo-
thelial FABP4 expression act as key downstream targets
for apelin/APLNR signaling [81]. Furthermore, the apelin/
Aplnr axis has anti-aging properties; its downregulation
correlates with accelerated aging in mice, whereas its res-
toration extends the health span [83]; this effect highlights
its potential in combating age-related decline. Our results
indicate a novel regulatory link between Cxcl9 and Aplnr
signaling in the context of EC energy metabolism and angio-
genesis. These findings suggest that targeting inflammatory
factors, such as Cxcl9, is a potentially effective strategy for
mitigating the effects of aging on vascular metabolism or
reversing Aplnr-related endothelial dysfunction.

This study had several limitations. Firstly, we included
only 18-month-old female mice with a small sample size
(n=4). However, sex-related differences have been observed
in the aged mice. A previous study revealed that middle-aged
female mice show a greater age-related increase in adipose
CDS8+T cells than middle-aged male mice [84]. Moreover,
aging is a chronic and continuous process, and mice over
24 months of age (advanced aging stage) show physiologi-
cal characteristics differing from those at 18 months of
age (early aging stage) [85, 86]. Hence, in the future, both
male and female mice at an advanced aging stage with a
larger sample size should be analyzed to clarify variations
in different phases of aging in the SAT microvasculature.
Secondly, we focused on the microvascular network in the
SAT of mice, whereas, the aging dynamics of microvascu-
lar ECs may significantly differ across various tissues and
between mice and humans. This underscores the need for
further investigation to ascertain whether the aging features
of microvascular ECs in the SAT can be extrapolated to
other tissues.

In conclusion, using a combination of scRNA-seq anal-
ysis with cytohistological validation, we showed that a
reduced proportion of venular EC, deteriorated metabolism
and enhanced cytokine responses may be the key features of
aged microvascular ECs. Enhanced Cxcl9 expressions may
contribute to the metabolic reprogramming and impaired
angiogenesis of ECs in aged microvasculature, poten-
tially by suppressing Aplnr expression. Intervening in this
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pathway may therefore be a promising therapeutic strategy
for EC dysfunction in elderly microvasculature.
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