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1  | INTRODUC TION

Aging of the population is one of the major challenges facing public 
health systems. Vascular diseases increase with age, even in populations 
without other major risk factors.(Lakatta & Levy, 2003) Endothelial 
inflammation, reduced nitro oxide bioavailability, and activation of 
smooth muscle cell (SMC) have been documented to be involved in the 

process of vascular senescence, which is characterized by increased ar‐
terial stiffness and vascular fibrosis.(Pierce, Lesniewski, Lawson, Beske, 
& Seals, 2009; Wang, Monticone, & Lakatta, 2010) Perivascular adipose 
tissue (PVAT) is situated outside the adventitial layer and surrounds most 
of the systemic blood vessels.(Rajsheker et al., 2010) Aging promotes 
superoxide production and adipocyte dysfunction in the PVAT, which 
subsequently contributes to aging‐related vascular injury.(Fleenor et al., 
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Abstract
Aging is an independent risk factor for vascular diseases. Perivascular adipose tissue 
(PVAT), an active component of the vasculature, contributes to vascular dysfunction 
during aging. Identification of underlying cell types and their changes during aging 
may provide meaningful insights regarding the clinical relevance of aging‐related vas‐
cular diseases. Here, we take advantage of single‐cell RNA sequence to character‐
ize the resident stromal cells in the PVAT (PVASCs) and identified different clusters 
between young and aged PVASCs. Bioinformatics analysis revealed decreased en‐
dothelial and brown adipogenic differentiation capacities of PVASCs during aging, 
which contributed to neointimal hyperplasia after perivascular delivery to ligated ca‐
rotid arteries. Mechanistically, in vitro and in vivo studies both suggested that aging‐
induced loss of peroxisome proliferator‐activated receptor‐γ coactivator‐1 α (PGC1α) 
was a key regulator of decreased brown adipogenic differentiation in senescent 
PVASCs. We further demonstrated the existence of human PVASCs (hPVASCs) and 
overexpression of PGC1α improved hPVASC delivery‐induced vascular remodeling. 
Our finding emphasizes that differentiation capacities of PVASCs alter during aging 
and loss of PGC1α in aged PVASCs contributes to vascular remodeling via decreased 
brown adipogenic differentiation.
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2014; Gomez‐Serrano et al., 2017; Xu et al., 2018) In addition to adipo‐
cytes, PVAT contains macrophages, leukocytes, as well as stromal cells 
and	autonomic	nerves.(Brown	et	al.,	2014;	Ruan	et	al.,	2015)	However,	
little is known about the effects of aging on the other cells in the PVAT 
and their roles in aging‐related vascular diseases.

Adipose tissue is rich in pluripotent adipose‐derived stromal cells 
(ASCs). These cells express the surface markers of adult mesenchy‐
mal stem cell. ASCs have the potential to differentiate into multiple 
lineages of cells, such as endothelial cell, smooth muscle cell, osteo‐
blast, and adipocyte, under specific culture conditions.(Bhumiratana 
et al., 2016; Rivera‐Gonzalez et al., 2016; Silva et al., 2014) However, 
no attention has been given to characterizing the resident stro‐
mal cells in the PVAT, and the contribution of PVAT‐derived stro‐
mal cells (PVASCs) to vascular homeostasis is still unclear. It is well 
documented that senescence‐related decline in pluripotent stromal 
cell function contributes to aging‐associated impairments in tissue 

regeneration.(Alt	et	al.,	2012;	Goodell	&	Rando,	2015;	Hassanpour,	
Cheraghi, Siavashi, Rahbarghazi, & Nouri, 2016) Therefore, we hy‐
pothesized that aging‐induced PVASCs dysfunction and the altered 
differentiation capability contribute to vascular remodeling.

In this study, we utilized single‐cell RNA sequencing (scRNA‐seq) 
to identify the transcriptional characteristics of resident PVASCs in 
the PVAT of young and aged mice. We identified different clusters 
of PVASCs between young and aged mice and revealed a transcrip‐
tional heterogeneity associated with altered differentiation potential 
of PVASCs during aging. Mechanistically, aging‐induced loss of per‐
oxisome proliferator‐activated receptor‐γ coactivator‐1 α (PGC1α) 
was a key regulator of decreased brown adipogenic differentiation in 
senescent PVASCs, which accelerated neointimal hyperplasia after 
perivascular delivery to injured arteries. More importantly, we also 
demonstrated the existence of human PVASCs (hPVASCs) by utiliz‐
ing samples from patients that underwent coronary artery bypass 

F I G U R E  1   Characterization of resident stromal cells in the perivascular adipose tissue (PVAT) in 3‐, or 16‐ to 18‐month‐old mice. (a) 
The thoracic aortas (TA) were dissected from young or old mice for immunostaining, cell culture, and flow cytometric analysis. (b) The TA 
was immunostained for adipocytes marker (PLIN) and Sca1. A represented aorta, L represented lumen, and P represented PVAT. Scale bar 
100 μm.	(c)	Representative	flow	cytometry	density	plot	showed	the	expression	of	cKit,	CD90,	CD34,	and	Sca1	on	gated	Lin‐CD45+	cells,	and	
Sca1+	cells	gated	from	Lin‐CD45‐	cells	in	the	stromal	vascular	fraction	of	PVAT.	n	=	5	per	group
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grafting (CABG) surgery. Overexpression of PGC1α improved hPVASC 
delivery‐induced vascular fibrosis after vascular injury in nude mice.

2  | RESULTS

2.1 | Identification of resident stromal cells in the 
PVAT of young and aged mice

To detect the resident PVASC in the PVAT, the thoracic aortas of 
3‐, or 18‐ to 20‐month‐old mice were carefully dissected for immu‐
nostaining (Figure 1a). Sca1‐positive stromal cells resided within the 
PVAT (PLIN+adipocytes), and there was no significant difference be‐
tween young and aged mice (Figure 1b). Next, the immunophenotypic 
profiles of PVASCs were detected by flow cytometric analysis. Both 
young and old Lin− PVASCs showed comparative Sca1+CD45+ mac‐
rophage progenitor cells and Sca1+CD45− stem cells. Lin‐CD45− cells 
showed positive staining for mesenchymal stem cell (MSC) markers 
Sca1	(>40%),	CD90	(≈15%),	and	little	cKit	expression	(<5%).	Besides,	
Lin−CD45− cells included a small amount of endothelial progenitor 
cells (CD34+Sca1+,	≈5%).	These	had	no	significant	difference	in	young	
and aged mice (Figure 1c). PVASCs obtained from digested PVAT of 
young mice were cultured to passage 3 and were further character‐
ized by flow cytometry for MSC markers, and their multiple differen‐
tiation capacity in vitro by treating cells with specific differentiation 
induction media. Flow cytometric analysis detected MSC marker ex‐
pression, including Sca1, CD90, CD146, and CD29 (>80%), in these 
cells (Figure S1 a, b). Specific staining and immunostaining revealed 
that these cells expressed Sca1 and were capable of differentiating 
into endothelial cells (ECs), smooth muscle cells (SMCs), osteoblasts, 
and adipocytes (Figure S1 c‐g). Their differentiation capacity was fur‐
ther verified by qPCR analysis (Figure S1 h‐k). The above data indicate 
that these cells residing in the PVAT are multipotent.

We next determined the effects of aging on surface markers in 
old PVASCs. Interestingly, there was no significant morphological 
difference between the young and old PVASCs in the bright field 
(Figure S2 a). The staining of MSC markers (Sca1 and CD90) was sim‐
ilar between the two groups (Figure S2 b‐c). Flow cytometric anal‐
ysis	showed	that	CD29	 (>75%),	CD105	 (>65%),	CD90	 (>60%),	Sca1	
(>85%),	CD44	 (>25%),	and	CD146	 (>35%)	had	no	significant	differ‐
ence between the two groups. And both stromal cells showed a little 
positive	staining	for	endothelial	progenitor	marker	(CD34,	<8%)	and	
endothelial	marker	(CD31,	<5%)	(Figure	S2	d‐e).

2.2 | ScRNA‐seq reveals an altered differentiation 
capacity of PVASCs during aging

We next performed scRNA‐seq assay to reveal the transcriptional 
characteristics of young and old PVASCs. To avoid any bias associ‐
ated with the use of cell surface markers that may be differentially 
expressed on PVASCs, 3,000 young and 3,000 old primary cultured 
PVASCs were randomly collected and included in the scRNA‐seq 
analysis. Clustering young PVASCs produced 12 main distinct popula‐
tions, while old PVASCs produced 10 populations (Figure 2a, Figure 

S3a, b and Table S1). To evaluate the potential functional heteroge‐
neity of young and old PVASCs, we performed gene ontology (GO) 
analysis. It revealed that young and old PVASCs both were enriched 
for vasculature development, which suggested it play a critical role in 
vascular remodeling. Additionally, young PVASCs seemed to be en‐
riched for negative regulation of VSMC proliferation which not found 
in old group, while old PVASCs that more genes involved in oxide 
metabolic process (Figure S3 c‐f). We systematically analyzed the 
differential expression of marker genes for each cluster and defined 
10 putative cell types (cluster 0–9) in young PVASCs and 7 (cluster 
0–6) in old PVASCs, while several small clusters remained unclassi‐
fied (Figure 2b). It showed much more diversity in young rather than 
old PVASCs, including adipogenic, cardiomyocyte, epithelial, neural, 
and endothelial lineage, as well as sensory progenitors and supra‐
molecular fiber. Besides adipogenic, endothelial, and osteoblast line‐
age, the old PVASCs owned a cell type of hematopoietic lineage. GO 
analysis further indicated the altered differentiation potential of aging 
PVASCs, in which muscle cell differentiation, adipocyte differentia‐
tion, and EC differentiation were closely linked to vascular remodeling 
(Figure 2c, d). Among these putative cell‐type populations, two major 
clusters of genes are significantly related to adipogenic and endothe‐
lial differentiation. In the young PVASCs, cells in cluster 0 and clus‐
ter 9 expressed, respectively, genes associated with adipogenic and 
endothelial differentiation (Figure 2e and Figure S4 a). Similarly, the 
cluster 2 in the old PVASCs is enriched in the gene ontology terms 
related to adipogenic differentiation, whereas genes enriched in clus‐
ter	5	indicate	structural	changes	toward	an	endothelial	fate	(Figure	2f	
and Figure S4 b). In addition, cellular signaling pathways associated 
with adipogenic differentiation, including BMP and MAPK signaling 
pathway that promote adipogenesis, were upregulated in young data 
sets (Figure S4 c, d). These suggest an altered differentiation hetero‐
geneity of old PVASCs compared to young cells.

To demonstrate the effects of aging on PVASC function and dif‐
ferentiation, young and old PVASCs were examined for proliferation 
and migration assay and then differentiated into ECs, SMCs, osteo‐
blasts, and adipocytes, Firstly, the proliferation (Edu‐positive cells) 
and migration had no significant difference between young and old 
PVASCs	 (Figure	S5).	 Indeed,	old	PVASCs	showed	a	 reduced	endo‐
thelial differentiation (sparse tubular structures and reduced CD31 
staining compared with young; Figure 2g‐i), as well as decreased 
brown adipogenic differentiation (reduced intracellular lipid droplet, 
oil red o staining, PLIN, UCP1, and Adipoq‐positive cells compared 
with young; Figure 2j‐l). These were further confirmed by decreased 
EC and brown adipocyte marker gene expression (CD31, Vecad, 
Ucp1, and Pparg; Figure S6). In contrast, old and young PVASCs had 
similar differentiation capacity toward SMCs and osteoblasts (Figure 
S7). These suggest a decreased endothelial and brown adipogenic 
differentiation capacity of PVASCs during aging.

We next determined the pathological role of aged PVASCs in 
the vascular remodeling process. Young or old PVASCs isolated 
from GFP‐transgenic mice embedded in the Matrigel were im‐
planted in the perivascular tissue of carotid arties of young or old 
mice after ligation injury, Matrigel‐only delivery as the control 
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group. As shown in Figure 3a‐b, both in young and in old recip‐
ient mice, old PVASC delivery promoted neointimal hyperplasia 
and perivascular collagen deposition compared to young cells. 
Furthermore, the degree of arterial fibrosis increased in old re‐
cipient rather than the young, but there was no significant differ‐
ence in neointimal hyperplasia. Immunostaining indicated that in 
the young recipient mice, young GFP+ cells differentiated into ECs 
(positive for CD31 staining) or myofibroblasts (positive for αSMA 
staining) in the neointima. Interestingly, these cells also differenti‐
ated into brown adipocytes (positive both for PLIN and for UCP1 
staining) in the perivascular tissue. In contrast, old GFP+ cells 
showed an increased staining for αSMA and a decreased staining 
for CD31 in the neointima. In the perivascular tissue, PLIN‐ and 
UCP1‐positive brown adipocytes could not be detected in old 
GFP+ PVASCs (Figure 3c). When young or old PVASCs were im‐
planted to old recipients, the results were similar to the young re‐
cipients, but young PVASCs exposed to the aged environment loss 
the potential to differentiate into brown adipocytes (Figure S8). 
More importantly, perivascular delivery of old PVASCs promoted 
recipient local vascular cell proliferation, and aged environment 
seems to contribute to proliferation of vascular cells (Figure 3d). 
In vitro coculture experiment further demonstrated that young 
PVASC‐derived brown adipocytes inhibited SMC proliferation, 
while old PVASC‐derived adipocytes promoted SMC proliferation 
(Figure 3e, f). To further demonstrate the role of brown adipocytes 
in SMC proliferation, we transplanted brown adipose tissue (BAT) 
or white adipose tissue (WAT) into injured carotid artery. The re‐
sults showed that BAT rather than WAT inhibited SMC prolifera‐
tion in recipient mice (Figure S9). These together suggest that aged 
PVASCs show decreased brown adipocyte differentiation capacity 
and accelerate neointimal hyperplasia.

2.3 | The differentiation of PVASC to adipocyte is 
dependent on PGC1α

To understand the molecular mechanism that underlies the dis‐
tinct adipogenic differentiation of old PVASCs, we further analyzed 
marker genes that are indicative of adipogenic and endothelial lin‐
eages in all clusters. The young endothelial cluster showed a high 
expression of Cav1 and Pecam1, while the old endothelial cluster 
showed	 high	 expression	 of	 Icam2	 and	 Cdh5.	 The	 young	 adipo‐
genic cluster had a high expression of Cebpa and Pparg, while the 
old adipogenic cluster had a high expression of Cebpa and Prdm16 
(Figure 4a). Interestingly, brown adipocyte marker gene PGC1α was 
detected in many clusters of both groups (Figure 4b). CDNA microar‐
ray further showed a decreased expression of PGC1α in old PVASCs 

compared to young cells (Figure 4c). Immunoblot and qPCR verified 
decreased PGC1α expression in the old PVASCs (Figure 4d‐f).

To determine the role of PGC1α in brown adipogenic differenti‐
ation of PVASC, we knocked down PGC1α (siPGC1α) in young and 
overexpressed PGC1α (LV‐PGC1α) in old PVASCs by utilizing lentivi‐
rus. PGC1α‐knock down inhibited brown adipogenic differentiation 
in the young PVASCs (Figure 4g, h). QPCR and Western blot analysis 
further demonstrated downregulation of Pparg, Ucp1, Adipoq, Plin1, 
and Fabp4 expression in siPGC‐1α‐transfected PVASCs (Figure 4i 
and Figure S10 c). PGC1α‐knock down in young PVASCs also inhib‐
ited tube formation and endothelial differentiation. (Figure S10 d) 
On the other hand, PGC1α‐overexpression rescued the brown adi‐
pogenic differentiation capacity of old PVASCs (Figure S11).

We next embedded young PVASCs transfected with lentivirus 
of siPGC1α or siNC in Matrigel, which were implanted into the peri‐
vascular tissue of injured vessels after ligation injury. Delivery of 
PGC1α‐knockdown GFP+ PVASCs exacerbated neointima hyperpla‐
sia	and	perivascular	collagen	deposition	(Figure	5a‐b).	Interestingly,	
GFP+ cells transfected with siPGC1α showed an increased αSMA 
staining, but a decreased CD31 staining in the neointima compared 
to siNC‐PVASC delivery. Correspondingly, few GFP+ cells expressed 
PLIN	 and	UCP1	 (Figure	 5c‐e).	Moreover,	 in	 vitro	 coculture	 exper‐
iment showed that PGC1α‐knockdown PVASC‐derived adipocyte 
promoted	SMC	proliferation	(Figure	5f).	And	VSMCs	cocultured	with	
adipocytes derived from siPGC1α‐PVASCs showed upregulation of 
Col1a1 and Col3a1 (Figure S12). These together suggest that loss 
of PGC1α plays a critical role in attenuating brown adipocyte dif‐
ferentiation of PVASC during aging, and the altered differentiation 
contributes to vascular remodeling after vascular injury.

2.4 | Identification and characterization of 
human PVASCs

To test characteristics of PVASCs in the PVAT of human blood ves‐
sels, we obtained the PVAT from patients (average 63 years old) 
underwent CABG surgery (Figure 6a). Immunostaining showed 
that	 CD90‐positive	 stromal	 cells	 were	 present	 among	 the	 PLIN+	
adipocytes in the adipose tissue (Figure 6b). The cultured hPVASCs 
showed positive MSC markers CD29 (>80%), CD90 (>80%), and 
CD44	(>75%),	and	negative	for	EPC	marker	CD34	(<6%)	and	hemat‐
opoietic	marker	CD45	(<2%)	(Figure	6e‐f).	These	cells	were	further	
identified by their multiple differentiation toward ECs, SMCs, osteo‐
blasts, and adipocytes (Figure S13).

Next, to investigate the in vivo fate of these hPVASCs within 
the vascular remodeling process, the nude mice that underwent 
carotid arteries ligation injury were used as recipient for hPVASC 

F I G U R E  2   Single‐cell RNA sequencing (scRNA‐seq) reveals the transcriptional heterogeneity in young and old perivascular adipose 
tissue‐derived stromal cells (PVASCs). (a) Experimental workflow. PVAT was dissected from aortas of young or old mice and dissociated 
by enzymatic digestion for scRNA‐seq. (b) t‐SNE plot of scRNA‐seq data from young or old PVASCs. (c, d) Gene ontology analysis of 
differentiation process. (e, f) Heat map of average expression for representative genes indicative of adipogenic lineage and endothelial 
lineage and cell‐type classification of the main clusters from young (e) and old (f) data set. (g‐l) The adipogenic and endothelial differentiation 
were	determined	by	specific	staining	in	the	young	and	old	PVASCs.	Scale	bar	50	μm. n	=	5	independent	experiments
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implantation. The hPVASCs transfected with GFP–luciferase len‐
tivirus were embedded in Matrigel, which were implanted in the 
perivascular tissue of injured vessels. As shown in Figure 6c‐d, 

the significant bioluminescent signals around the left common ca‐
rotid arterial area indicated successful implantation of hPVASCs in 
nude mice. H&E and picrosirius red staining showed that hPVASCs 
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delivery promoted neointima hyperplasia and perivascular collagen 
deposition compared with Matrigel only (Figure S14).

In accordance with the in vivo fate of PVASCs from mice PVAT, 
hPVASCs could differentiate into myofibroblasts and ECs in the 
neointima, as well as adipocytes in the PVAT, but UCP1‐positive 
brown adipocytes could not be detected. In contrast, hPVASCs that 
overexpressed PGC1α showed an increased portion of PLIN and 
UCP1‐positive brown adipocytes (Figure 6g‐i). Moreover, PGC1α‐
overexpression attenuated perivascular collagen deposition, al‐
though it did not significantly affect neointimal hyperplasia in nude 
mice after ligation injury (Figure 6j, k). These provide direct evidence 
that the hPVASCs may be involved in the vascular remodeling pro‐
cess via spontaneously differentiating into vascular cells and peri‐
vascular brown adipocytes during aging.

3  | DISCUSSION

Previous studies have demonstrated that PVAT participates in the 
regulation of neointimal formation, vascular fibrosis, and vasomo‐
tor reaction through releasing adipokines, inflammatory factors, and 
other	vasoactive	substances.(Antonopoulos	et	al.,	2015;	Chatterjee	
et al., 2009; Greenstein et al., 2009; Margaritis et al., 2013; Withers 
et al., 2014) Herein, the first direct identification of stromal cells 
within PVAT further extends our understanding of the vascular 
surrounding tissues. The scRNA‐seq data reveal the differentiated 
heterogeneity of these PVASCs. More importantly, aged PVASCs 
show a different transcriptional profile in scRNA‐seq which suggests 
an altered differentiation potential. Mechanically, aging induces a 
decreased PGC1α expression, which results in reduced brown adi‐
pogenic differentiation of PVASCs. Inhibition of PGC1α in young 
PVASCs restrains brown adipocyte differentiation and aggravates 
neointimal hyperplasia after vascular injury.

Aging is an independent risk factor for vascular diseases and is 
associated with functional, structural, and mechanical changes in ar‐
teries independent of disease.(Lakatta & Levy, 2003; Meyer et al., 
2016) Previous studies have showed that aging exacerbates neoin‐
tima lesions after vascular injury through promoting macrophage 
infiltration and higher sensitivity of SMCs to proliferation stimuli.
(Eghbalieh et al., 2012; Rodriguez‐Menocal et al., 2014) Aging in‐
duces superoxide production in the PVAT and contributes to arte‐
rial stiffness. Herein, our findings show that PVASC transcriptional 
landscape is unexpectedly diverse between young and aged mice. 
To our surprise, these are few clusters of scRNA‐seq involved in the 
regulation of cell senescence in aged PVASCs. Functional tests also 

showed that there is no significant difference in the migration, pro‐
liferation, and ROS production between young and aged PVASCs. It 
is worth noting that scRNA‐seq suggests an altered differentiation 
capacity in aged PVASCs compared to the young. In line with the 
transcriptomic analysis, in vitro and in vivo experiments also indi‐
cated that aged PVASCs show a decreased endothelial and brown 
adipogenic differentiation. In addition, young PVASCs subjected to 
an aged environment exhibited functional decline, which suggested 
vascular microenvironment aging plays a critical role in PVASC dif‐
ferentiation. It is worth noting that perivascular adipocytes inhibit 
SMC proliferation and attenuate neointima lesions after endovas‐
cular injury.(Takaoka et al., 2009) The formation of PVASC‐derived 
brown adipocytes indicates a possibility that PVAT protects against 
ligation injury‐induced neointima formation through the activation 
and brown adipogenic differentiation of resident stromal cells.

PVAT‐derived stromal cells have the dual ability to differentiate 
into both white and brown adipocytes in vitro and in vivo. This ability 
is especially robust in young PVASCs. In contrast, aged cells show a 
marked decline in capacity of brown adipocyte differentiation. This 
suggests an aberrant secretion of adipokines and cytokines from 
aged PVASC‐derived brown adipocytes, thus blocking their protec‐
tive effects against vascular injury, which in turn initiates the prolifer‐
ation and migration of myofibroblasts, ultimately inducing neointima 
lesions.(Antonopoulos et al., 2017) PVAT is a special adipose tissue, 
which contains both white and brown adipocytes.(Brown et al., 
2014) Brown adipocytes utilize glucose and lipids to generate heat 
and are associated with improved cardiometabolic health.(Chang 
et al., 2012; Friederich‐Persson, Cat, & A., Persson, P., Montezano, 
A.C., and Touyz, R.M., 2017) PVAT undergoing a brown‐to‐white 
transition may be a driving factor of vascular disease. Restoring the 
brown phenotype of PVAT could be a potential target for improving 
vascular injury.(Aldiss et al., 2017; Kiefer, Cohen, & Plutzky, 2012) 
The brown adipogenic differentiation of PVASCs provides a possibil‐
ity of rebrowning PVAT except for white‐to‐brown adipocyte transi‐
tion. It is worth noting that young PVASC‐derived brown adipocytes 
inhibit SMC proliferation, while aged PVASC‐derived adipocytes 
promote SMC proliferation. Besides，directly transplanting BAT or 
WAT to the perivascular area showed that BAT rather than WAT im‐
proved neointimal formation after vascular injury. Aged PVASCs via 
perivascular delivery accelerates recipient myofibroblast prolifera‐
tion in neointima lesions. These indicate that the paracrine role of 
PVASC‐derived cells is altered during aging and affects the neoin‐
tima formation after ligation injury.

PGC1α is a negative regulator of vascular aging. Deficiency 
of PGC1α promotes a vascular senescence phenotype including 

F I G U R E  3   The altered differentiation of old perivascular adipose tissue‐derived stromal cells (PVASCs) accelerates neointimal 
hyperplasia after carotid ligation injury. (a, b) Left: H&E and picrosirius red‐stained sections of carotid arteries. Right: quantitative analysis of 
medium–lumen ratio and arterial fibrotic area of injured arteries. *p	<	0.05.	Scale	bar	50	μm. n = 6 per group. (c) The carotid arteries sections 
were co‐stained for GFP and CD31, GFP and SMA, GFP and PLIN, GFP and UCP1. (d) Representative images showed the proliferating cells 
(Ki67 positive). (e) Schematic of the Transwell coculture chamber. PVASC‐WA indicated PVASCs‐derived white adipocytes. PVASC‐BA 
indicated PVASCs‐derived brown adipocytes. (f) The proliferation of SMCs cocultured with young or old PVASC‐WA/BA was measured by 
Edu staining. Red indicated positive staining for Edu. n = 4 independent experiments
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mitochondrial abnormalities, reduced telomerase activity, and in‐
creased oxidative stress.(Xiong, Patrushev, Forouzandeh, Hilenski, 
&	Alexander,	2015;	Xiong	et	al.,	2013)	PGC1α also is a central posi‐
tive regulator of adipocyte browning. It has been well documented 

that PGC1α promotes mitochondrial respiration and heat production 
via controlling mitochondrial gene expression in brown adipocytes.
(Dempersmier	et	al.,	2015)	We	herein	showed	that	PGC1α is required 
for brown adipocyte differentiation in young PVASCs. Aging results 

F I G U R E  4   Aging induces downregulation of PGC1α in the PVASCs. (a) Violin plots showing the expression of selected genes in cell‐
type clusters. (b) t‐SNE plots depicting the expression of PGC1α in young and old PVASCs. (c) Heat map showed different gene expression 
profiling between young and old PVASCs. PGC1α was red font. (d, e) Representative Western blot and quantitation for PGC1α in PVASCs of 
young and old mice. (f) The expression of PGC1α was determined by qPCR analysis. *p	<	0.05	versus	young.	n = 4 independent experiments. 
(g, h) The adipogenic differentiation was determined by specific staining in PVASCs infected with lentivirus containing PGC1α‐short hairpin 
RNA (siPGC1α)	or	negative	control	(siNC).	Scale	bar	50	μm. (i) The adipogenic differentiation was determined by qPCR of specific markers. 
*p	<	0.05,	**p	<	0.01	versus	siNC.	n	=	5	independent	experiments
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in a decreased PGC1α expression in PVASCs. PGC1α‐knockdown 
inhibits young PVASC‐to‐brown adipocyte differentiation and accel‐
erates neointimal hyperplasia after perivascular delivery to injured 
arteries. PGC1α is critical for tube formation in vitro and PVASC‐to‐
endothelial cell differentiation in vivo. In addition, brown adipocyte‐
specific pgc1α deficiency may be useful to demonstrate its role in 
vascular remodeling, and these needs further investigation in the fu‐
ture by utilizing transgenic models. Likely even more valuable is that 
PGC1α‐overexpression rescues the brown adipocyte differentiation 
capacity of hPVASCs from old CABG patients (average 63 years 

old). Accordantly, PGC1α‐overexpression improves hPVASC deliv‐
ery‐induced neointimal hyperplasia in injured arteries of nude mice. 
CABG is widely used for the treatment of coronary heart disease 
and remains the most common form of cardiac surgery.(Alexander 
& Smith, 2016) Neointimal hyperplasia‐induced vascular restenosis 
is a common adverse event following CABG surgery.(Gaudino et al., 
2017) We herein provide an altered potential therapy target to pre‐
vent graft restenosis, and it deserves detailed preclinical investiga‐
tion in the future. In summary, our results provide direct evidence 
to characterize the transcriptional landscape of resident stromal 

F I G U R E  5   PGC1α‐knockdown in young PVASCs accelerates neointimal hyperplasia after perivascular delivery. (a,b) H&E and picrosirius 
red‐stained sections of carotid arteries 28 days after PGC1α‐short heparin RNA (siPGC1α) or negative control (siNC) infected PVASCs 
delivery to perivascular tissue of injured arteries. (c‐e) The carotid arterial sections were co‐stained for GFP, CD31, SMA (c) and GFP, PLIN, 
UCP1	(d).	Scale	bar	50	μm. n	=	5	per	group.	*p	<	0.05,	**p	<	0.01,	versus	negative	control.	(f)	The	proliferation	of	SMCs	cocultured	with	
siPGC1α or siNC‐PVASC‐WA/BA was measured by Edu staining. Red indicated positive staining for Edu. n = 4 independent experiments



10 of 13  |     PAN et Al.

F I G U R E  6   Human perivascular adipose tissue‐derived stromal cells (hPVASCs) contribute to vascular remodeling in nude mice. (a) The 
diagram of patients' sample collection, hPVASC culture and perivascular delivery to injured arteries in nude mice. (b) Representative images 
of PVAT immunostaining for adipocyte marker (PLIN) and stem cells marker (CD90). (c) Representative bioluminescent imaging of carotid 
arteries	after	Matrigel	only	or	hPVASCs	transfected	with	GFP‐luciferase	gene	for	1	week.	Scale	bar	5	mm.	(d)	Quantitative	analysis	of	
photon flux for bioluminescent imaging. (e, f) Flow cytometric analysis of hPVASCs showed positive markers of mesenchymal stem cell and 
negative markers of hematopoietic and endothelial cell. (g‐i) The carotid arteries sections with implanted hPVASCs that infected with control 
vector (LV‐GFP) or PGC1α‐overexpressed(LV‐PGC1α) lentivirus were co‐stained for GFP, CD31, and SMA or co‐stained for GFP, PLIN, and 
UCP1	after	hPVASCs	delivery	in	injured	arteries.	Scale	bar	50	μm. *p	<	0.05,	**p	<	0.01,	versus	LV‐GFP.	n	=	5	per	group.	(j,	k)	Representative	
light micrographs and quantitative analysis of H&E and Picrosirius red‐stained sections of injured arteries
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cells in the PVAT. These findings further indicate the complication 
of PVAT in the vascular health and disease and expand the biological 
functions of PVAT in the vascular remodeling process. More impor‐
tantly, loss of PGC1α in aged PVASCs show decreased endothelial 
and adipogenic differentiation, especially brown adipocyte genera‐
tion and contribute to neointimal hyperplasia after vascular injury. 
Taken together, these provide a possibility that regulation of PGC1α‐
mediated PVASC differentiation may be a therapeutic potential to 
prevent/treat aging‐related vascular diseases.

4  | E XPERIMENTAL PROCEDURES

A detailed Materials and Methods section is available in the 
Appendix S1.

4.1 | Mice

Wild‐type, green fluorescent protein (GFP) transgenic mice on a 
C57BL/6	background	were	obtained	from	The	Jackson	Laboratory.	
Nude mice on a Balb/c background were purchased from the Model 
Animal Research Center of Nanjing University. All animal proce‐
dures were approved in accordance with institutional guidelines 
established by the Committee of Ethics on Animal Experiments at 
Shanghai Jiao Tong University School of Medicine.

4.2 | Cell isolation and flow cytometric analysis

Mouse PVAT was dissected from the thoracic aorta as previously 
described.(Chang et al., 2012) To avoid the effects of the adventi‐
tia, only lipid droplet positive tissue was collected. Adipose tissue 
was cut into small pieces and then digested with 0.2% collagenase 
(Sigma‐Aldrich)	at	37°C	for	45	min.	The	cell	suspension	was	filtered	
through 70‐µm nylon cell strainer (Falcon) twice to remove tissue 
debris. The stromal cells were resuspended in red blood cell lysis 
buffer (eBioscience) for 10 min and then were maintained in 1% 
bovine serum albumin (BSA) in PBS containing fluorochrome‐conju‐
gated antibodies directed against the following cell surface markers: 
CD45‐Alexa	Fluor700,	Lin‐eFluor450,	Sca1‐PE‐Cy7,	CD90‐PE,	cKit‐
APC, CD34‐FITC (eBioscience). Flow cytometry was performed on 
a BD flow cytometer (Verse). FCS files were exported and analyzed 
using FlowJo 8.3.3 software (Tree Star Inc).

4.3 | Single‐cell RNA sequence

Primary cultured PVASCs of PVAT were digested by trypsin. Young 
or old cellular suspensions (3,000 cells) were loaded on a 10× 
Chromium instrument (10× Genomics) according to manufacturer's 
protocol based on the 10× GEMCode proprietary technology. The 
scRNA‐seq libraries were prepared using Chromium Single Cell 3’ 
v2 Reagent Kit (10× Genomics) according to manufacturer's proto‐
col. Library quantification and quality assessment were performed 
using Qubit fluorometric assay (Invitrogen) with dsDNA HS (High 

Sensitivity) Assay Kit and Bioanalyzer Agilent 2,100 using a High 
Sensitivity DNA chip (Agilent Genomics). Indexed libraries were 
equimolarly	pooled	and	sequenced	on	an	Illumina	HiSeq2500	using	
paired‐end 26 × 98 bp as sequencing mode. Single‐cell expression 
data were analyzed using the Cell Ranger Single Cell Software Suite 
(v1.3.1) to perform quality control, sample demultiplexing, barcode 
processing,	and	single‐cell	3′	gene	counting.	Sequencing	reads	were	
aligned to the UCSC hg19 transcriptome using the Cell Ranger suite 
with	default	parameters.	Mean	raw	reads	per	cell	were	50,000	for	
young and old cells, respectively. Raw Illumina sequencing data from 
Chromium Single Cell libraries were transformed into the file for‐
mats that are ready for downstream analysis using the Cell Ranger 
pipeline. R package Seurat (version 2.0) was used for single‐cell 
RNA‐seq data downstream analysis followed on guideline analysis 
with default parameters as previously described.(Butler, Hoffman, 
Smibert, Papalexi, & Satija, 2018).

4.4 | Vascular injury, perivascular delivery of 
PVASCs, and histological analysis

The old donor or recipient mice were 18–20 months old, and young 
mice were 2–3 months old. Vascular injury and perivascular deliv‐
ery of PVASCs were performed as previously described. (Hage et al., 
2010; Psaltis et al., 2014) To induce vascular injury, mice were sub‐
jected to carotid artery ligation. Young or old mice were anesthetized 
with isoflurane and left carotid arteries were completely ligated just 
proximal to the carotid bifurcation. Meanwhile, PVASCs at passage 
2 obtained from young and old GFP donor mice were resuspended 
in Matrigel (2 × 105	in	50	μL) and injected (27 G needle) as a bleb into 
the perivascular tissue of the ligated carotid artery of recipient mice. 
Twenty‐eight days after injury, the left carotid artery was harvested 
and flushed with 0.01 M sodium phosphate buffer and fixed with 
10% formalin for 24 hr. Vessels were then processed for paraffin 
embedding and cut into 4‐µm transverse sections for hematoxy‐
lin–eosin (H&E) and picrosirius red staining. Morphometric analysis 
was performed using Image‐Pro Plus software to assess neointimal 
hyperplasia by measuring the vessel and lumen area. Fibrotic stain‐
ing was expressed as a percentage of stained areas (red) to the total 
areas examined.

4.5 | Human PVASCs isolation and culture

Perivascular adipose tissue samples were collected from the pa‐
tients who underwent surgery for CABG at Ruijin hospital. From 
the ascending aorta area ready for the proximal anastomosis during 
revascularization surgery, 2‐cm rectangular aortic PVAT specimens 
were harvested as rapidly as possible from the greater curvature of 
the aorta for further management. The clinical characteristics are 
shown in Table S2. The PVAT was digested to obtain stromal cells as 
mentioned above. The hPVASCs were cultured for flow cytometric 
analysis, cell differentiation, and implantation to nude mice at pas‐
sage 3. This human study was approved by the Ethics Committee of 
Ruijin Hospital, Shanghai Jiao Tong University School of Medicine 
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and conducted in accordance with the Declaration of Helsinki. 
Signed informed consent was obtained from all study participants.

4.6 | Statistical analysis

Statistical analysis was carried out using SPSS 19 (SPSS). Comparisons 
of experimental groups were analyzed by Student's t test (two groups) 
or 1‐way ANOVA followed by the post hoc Dunnett's test for data with 
more than two groups (Levene's tests for equal variance). Dunnett's 
T3 test was used as post hoc test comparison for the analysis of un‐
equal variances (Welch's and Brown–Forsythe's test). Values are rep‐
resented as mean ± SD. The significance level was set at p	<	0.05.
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