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Abstract
In recent years, aortic aneurysms (AAs) have attracted increasing attention due to 
their asymptomatic onset and high mortality. In clinic, surgery and anti-hypertensive 
or lipid-lowering medicine is usually applied in the treatments of AA. However, 
AA is prone to relapse and sudden rupture may happen. Therefore, more effective 
prevention and treatment methods are urgently needed. Stem cells are believed to 
play a crucial role in vascular formation and regeneration of damaged tissues during 
vascular disease progression. With the development of single-cell RNA sequencing 
analysis, many populations of stem cells have been discovered in AA tissues. 
Recent studies have demonstrated that they may participate in the occurrence or 
development of AAs. Besides, there is a prospect in clinical treatment for AAs when 
regenerative medicine with stem cells comes into the picture. This review mainly 
discusses the latest findings on the crucial roles of stem cells in AAs as well as their 
potential therapeutic strategies of stem cells, which provides some references for the 
prevention, diagnosis, and treatment of AAs. Further studies are needed to explore 
the novel application of stem cell therapies for AAs.
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1. Introduction
Aortic aneurysm (AA) is a severe cardiovascular disease, which is usually asymptomatic 
but has a very high natural mortality rate. AA-related mortality rate is estimated to be 
approximately 200,000 people worldwide each year[1]. Until now, the exact etiology of the 
AA has not been fully clarified. Impairment of the structural and functional integrity of 
the aorta leads to aortic degeneration and biomechanical failure, which are main causes 
of the AA formation[2]. Recently, many studies have reported that many types of stem 
cells exist in the AA tissues and they can proliferate and differentiate into specific cell 
types. In adults, stem cells in vascular systems are mostly quiescent in their niches. But 
they can be activated in response to injury, such as AA, and participate in endothelial 
repair and vascular smooth muscle cell (VSMC) accumulation to form neointima[3]. The 
crucial roles of stem cells in the possible pathogenesis and treatments of the AA are 
outlined in the review.
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2. Mechanism of AA formation
2.1. An overview of AA

AA is a permanent, local dilation of the aortic wall, 
usually >50% of the normal diameter of the aorta. AA is 
clinically termed according to the location. The one above 
the diaphragm in the upper aortic segment is defined as 
thoracic AA (TAA)[4] and the abdominal AA (AAA) is 
mainly located below the renal arteries[5].

Epidemiological studies have shown that male, elderly 
patients, smoking, hypertension, and atherosclerotic 
cardiovascular disease are risk factors for AAA[6]. TAA 
has a lower prevalence than AAA and is divided into three 
types: Syndromic, familial non-syndromic, and sporadic[7]. 
Syndromic TAA usually includes Marfan syndrome (Fbn1 
mutation), Ehlers-Danlos syndrome (collagen or collagen 
processing enzymes mutation) or Loeys Dietz syndrome 
(transforming growth factor beta [TGF-β] receptor mutation) 
and so on[1]. About 20% of TAA patients can be attributed to 
specific genetic variants, which are familial non-syndromic 
TAA. Among them, autosomal dominant inheritance 
is the most common type[7]. The risk factors of sporadic 
TAA are similar to AAA, such as smoking, hypertension, 
atherosclerotic cardiovascular disease, and so on[6].

Most AAAs expand slowly without symptoms. For every 
0.5 cm increase in AAA diameter, the growth rate increases 
by 0.5 mm/year and the rupture rate doubles[8]. The growth 
rate of TAA is faster than that of AAA[9]. The mortality 
rate after the rupture of AA is as high as 60 – 90%[10]. As 
a result, it is essential to study the pathogenic mechanism 
and effective treatments of the AA.

Some of the AA, especially TAA, enlarge over time, 
until a tear forms in the intimal layer of the aortic wall 
typically above the sinotubular junction that leads to aortic 
dissection (AD)[11]. AD is a serious condition characterized 
by a split of the different layers of the aorta wall and a rush 
of blood through the dissection. It happens suddenly and 
causes nearly half of patients to die from aortic rupture[12]. 
To some extent, there are several similarities between the 
formation mechanism of AA and AD.

2.2. AAA

The mechanisms of AAA formation comprise VSMC injury 
and apoptosis, extracellular matrix (ECM) degradation, 
oxidative stress, and vascular inflammation[13].

VSMCs, as the major cell type in the medial aorta, 
play a key role in providing structural support, regulating 
vascular tone, and aiding in vascular remodeling[14]. Studies 
have shown that the damage of VSMC in AAA patients 
is mainly manifested in contractibility dysfunction. 
Normally, most VSMCs exhibit a contractile phenotype 

maintained by TGF-β signaling pathway[15]. Decrease of 
VSMC contractile phenotype markers (such as SM22-α 
and SMα-actin) expression but increase of inflammatory 
proteins release was observed in AAA tissues, which 
contributed to the AAA development[2]. Multi-lineage 
tracing of VSMCs and their progeny in a mouse AA model 
showed clonal expansion and the presence of phagocytic 
markers CD68 and lysosomal-associated membrane 
protein 2 (LAMP2). Thus, this is the activation of a switch 
of VSMC to the phagocyte-like phenotype in AA[16].

The ECM mainly produced by VSMCs in the arterial wall 
is composed of elastin, collagen, and proteoglycans[17]. The 
role of ECM degradation in AAA is mainly reflected in the 
destruction of collagen and elastin[18] and the accumulation 
of abnormal proteoglycans[19], which is facilitated by the 
formation of AAA. The ECM is primarily degraded by 
proteolytic enzymes, including matrix metalloproteinases 
(MMPs) and cysteine cathepsins[20]. Under conditions of 
aortic inflammation, MMPs can be increasingly secreted 
by neutrophils and macrophages. Among them, MMP1, 
MMP2, MMP9, MMP13, and MT1-MMP can destroy 
collagen, and MMP2, MMP9, and MMP12 can destroy 
elastin, leading to aortic ECM degradation and aneurysm 
generation[21] Cathepsin S/K/L can promote the formation 
of AAA, and a lack of that may reduce the inflammatory 
response in AAA lesions[20,22,23].

Oxidative stress refers to an imbalance in the production 
and elimination of ROS. An elevation of ROS level has been 
found in the tissues of AAA patients[24], and it is believed 
that ROS can upregulate proteolytic enzymes such as MMP 
to induce ECM degradation and promote VSMC damage 
as well[25]. The principle is that TGF-β signaling upregulates 
Nox4 to promote ROS production[26]. Compared with 
thick-walled AA, the expression of oxidative stress and 
proteolytic enzyme is significantly increased in thin-walled 
AA, which is considered to be the primary risk factor for 
AAA rupture, indicating the importance of oxidative stress 
in the AAA enhancement[26,27].

From the above, it can be inferred that the apoptosis of 
VSMC and the degradation of ECM are inseparable from 
the vascular inflammatory response, which proves the 
importance of inflammation in the pathogenesis of AA. It 
has been proven that inflammation is a common feature 
of AAA lesions, which is manifested by the widespread 
presence of inflammatory molecules, accumulation 
and infiltration of inflammatory cells, and changes in 
signal transduction[28]. Polarized macrophages with a 
pro-inflammatory phenotype (M1) aggregated in AAA 
tissue, triggering tissue degradation and promoting the 
aneurysm development in the CaCl2 model[29]. In contrast, 
anti-inflammatory phenotype (M2) macrophages are 
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associated with regression of inflammation and tissue 
repair. In addition, a large number of B lymphocytes and 
T lymphocytes in AAA, with predominant CD4+ T cells, 
promoted AAA development by accumulating macrophages 
and regulating ECM and protease synthesis[30]. In addition, 
neutrophils also contribute to the development of AAA. 
For example, IL-1β-induced neutrophil extracellular trap 
formation (NETosis) can lead to the formation of AAA[31].

2.3. TAA

Inherited diseases which mainly affect ECM and VSMC 
are common causes of TAA. Three major reasons of the 
formation of TAA and AAA are the same, but the specific 
mechanism is slightly different.

Unique transcriptome-regulated VSMCs were 
identified in AA tissues of adult Fbn1 C1041G/+ (MFS) mice, 
and single-cell RNA sequencing of AA tissues from MFS 
patients confirmed similar VSMC regulation, mainly 
attributed to TGF-hanism is slight Krüppel-like factor 4 
(Klf4) overexpression[32]. VSMC contractile dysfunction 
is also directly related to TAA. It was found that in the 
thoracic aorta of AAD patients, the VSMC inflammasome 
NLRP3-caspase-1 cascade can degrade contractile 
proteins, leading to VSMC contractile dysfunction[33]. 
A  genetic imbalance of oxidative stress and ROS can 
trigger TAA. The mechanism of ROS imbalance is either 
insufficient ROS removal or increased ROS production 
due to the dysregulation of redox mediators[34]. In addition, 
oxidative stress inhibits autophagy in the MFS model, and 
the autophagy mechanism plays a key role in regulating 
VSMC death and endoplasmic reticulum stress-dependent 
inflammation, which has important effects on aortic wall 
homeostasis and repair[35].

In molecular genetics, mutations in genes encoding 
various components of the TGF-β signaling cascade are 
collectively referred to as TGF-β angiopathy (TGFβVs). 
Mutations in genes encoding components of the smooth 
muscle contractile proteins (ACTA2, MYH11, MYLK, and 
PRKG1) are thought to be the cause of smooth muscle 
vasoconstrictor disease[36]. Mutations of the FBN1 gene 
linking VSMC and ECM impair VSMC productivity, and 
ACTA2 and MYH11 mutations cause disruption of the ATP-
dependent cyclic interaction, which, in turn, leads to VSMC 
productivity impairment. In addition, PRKG1 mutations 
result in kinase composition in the absence of cGMP. 
Constitutive activation drives VSMC relaxation. Mutations 
in the above genes all lead to the occurrence of TAA[37].

2.4. Cells in TAA and AAA

In past years, it was believed that the blood vessel wall 
was mainly composed of endothelial cells, VSMCs, and 

fibroblasts. Recently, many types of cells have been found 
by applying single-cell transcriptomics in AA tissues. 
In addition to endothelial cells, VSMCs and fibroblasts, 
it has been found that AA also includes dendritic cells, 
monocytes, mast cells, and neutrophils from the intima to 
the adventitia. Figure 1 shows the approximate distribution 
of those cells.

Although the etiology is different, cell damage, 
apoptosis and other inflammatory effects all contribute 
to the formation of AAA and TAA. Therefore, before 
studying the pathophysiological mechanism of AAA and 
TAA, it is necessary to understand the type of cells that 
are present and their basic characteristics. Single-cell 
RNA sequencing with AAA and TAA tissues reveals the 
presence of additional cell types, as shown in Table 1.

3. Stem cells
In addition to the cells mentioned above, stem cells are 
present in AA tissues as well. Stem cells have the potential 
to self-renew and differentiate into various cell types, 
which not only involve in embryonic development but 
also reside in adult tissue and can participate in tissue 
repair by cell proliferation, migration, and differentiation 
under various stimuli. Studies have shown that adult stem 
cells and progenitor cells exist in the adult cardiovascular 
system[49]. Stem cells are also significant in the treatment 
of AA.

3.1. Endothelial progenitor cells

Bone marrow-derived endothelial progenitor cells (EPCs) 
have the ability to differentiate into mature endothelial 
cells and are involved in angiogenesis during the 
embryonic period, as well as endothelial cell turnover and 
local angiogenesis after adult vascular injury[50]. Therefore, 
EPCs are important for the development and treatment of 
AA. Typical markers include CD157, EPCR, and CD31low 
VEGFR2low IL33+ Sox9+[51].

The number of peripheral circulating EPCs in AAA 
patients was reduced and their function was impaired[52], 
but was increased significantly in TAA patients[53]. Evidence 
also showed that the number of EPCs increases several 
days after AA repair, possibly contributing to the rapid 
endothelialization of blood vessels[54,55]. Current studies 
have shown that in a rat AAA model, overexpressed nuclear-
enriched abundant transcript 1 (NEAT1) competitively 
binds to miR-204-5p and upregulates the expression 
of angiotensin (Ang) I in EPCs, thereby increasing the 
number of EPCs in peripheral blood to promote cell 
viability, migration, and tube formation in AAA[56]. 
Chemokine CXCL12 overexpression promotes the growth 
of smooth muscle-like cells and the expression of VEGF 
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in the aneurysm lumen, while inhibiting the expression of 
MMP-2 and MMP-9 in aneurysm tissue in vivo[57].

So far, the effect of EPCs in AA has not been clearly 
concluded, but it can predict the occurrence, development 
and rupture of aneurysm at early stage, as well as the 
postoperative outcome.

3.2. Bone marrow-derived mesenchymal stem cells

Bone marrow-derived mesenchymal stem cells 
(BM-MSCs) are a class of adult stem cells with self-renewal 
and multi-directional differentiation potential, which have 
a wide range of roles in AA. Positive markers are found 
to be CD73, CD105, CD90, CD29, and STRO2[58]. Many 
studies have shown that mesenchymal stem cells (MSCs) 
have an effective therapeutic effect on AA, and the specific 
molecular mechanisms have been widely studied.

It is known that the pathogenesis of AA is closely 
related to vascular inflammation, and MSCs can reduce 
aortic inflammation to treat AA. The inhibitory effect of 
MSCs on dendritic cells, macrophages and T cells has 
long been demonstrated[59], and the specific mechanism of 
inhibition of inflammation in AA formation has recently 
been elucidated. MSCs also reduce inflammation and 

promote tissue repair by inducing a macrophage phenotype 
shift from M1 to M2, which may ultimately prevent the 
AA growth[60]. In the process of AAA formation, IL-17 
produced by CD4+ T cells can promote inflammation, 
and MSCs can inhibit its effect[61]. In addition to direct 
regulation, MSCs can also indirectly suppress aortic 
inflammation by modulating microRNAs to attenuate 
AA formation[62]. For example, miR-194 can inhibit 
the expression of BCL2 interacting protein 3 (BNIP3) 
through KDM3A, inhibiting the progression of AAA[63]. 
MSC-derived extracellular vesicles also contribute to the 
inhibition of AAA by regulating microRNA-147[64]. For the 
hydrolysis of elastin, adult BM-MSC-derived VSMCs can 
synthesize and assemble elastin to repair and regenerate 
the elastic matrix of AA[65].

Accordingly, MSCs have a good prospect in the 
treatment of AA, but many specific mechanisms are not 
fully understood.

3.3. Adipose-derived mesenchymal stem cells 
(ADSCs)

Adipose-derived mesenchymal stem cells (ADSCs) were 
also found to play an indispensable role in TAA and AAA. 

Figure 1. A schematic overview of cell types in aortic aneurysm and dissection. Various markers representing different cell types are listed in different 
layers of the aortic wall.
MSC: Mesenchymal stem cell; EC: Endothelial cell; Mast: Mast cells; Neutr: Neutrophils; VSMC: Vascular smooth muscle cell; Macro: Macrophages; 
Mono: Monocytes; DC: Dendritic cells; FibroL: Fibroblasts.
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Table 1. Studies applying single‑cell RNA sequencing that reveals cell population of the aortic aneurysm

Species Diseases Number of 
samples

Gender and 
genotype

Age (SD) Induction method Cell type Marker References

Mus 
musculus

AAA CaCl2-induced 
AAA and Sham, 4/
group

Male 
C57BL/6J

12 weeks CaCl2-induced 
mouse model

SMC Myh11, Acta2 [38]

EC Cdh5, Pecam1

Fibro Col1a1

Macro Lyz2

Neutr S100a8, S100a9

DC Klrd1, Flt3

T cell and NK Cd3g, Gzma

B cell Cd79a, Ms4a1

Mus 
musculus

AAA Days 7 and 14 post 
elastase-induced 
AAA and Sham, 3/
group

Male 
C57BL/6J

10-week-old 
mice perfused 
for 7 or 14 days 
with elastase

Elastase-perfusion 
mouse model

SMC Myh11, Tagln, Acta2 [39]

Fibro Dcn, Col1a1, Col3a1

EC Cdh5, Pecam1, Fabp4

Mono/Macro Cd68, Cdca3, C1qb

B cell Cd79a, Ly6d, Cd79b

T cell Cd3d, Cd3g, Cd28

DC Cd209a, Ccr7, Ifitm1

Neural cell Prnp, Mpz

Eryth Bpgm, Snca, Hba-a1

Mus 
musculus

AAA 6 Ang II-induced 
AAA, 4 controls

Male ApoE−/− 8-week-old 
mice perfused 
for 28 days with 
Ang II 

Ang II-infusion 
mouse model

Fibro Col1a1 [40]

SMC Acta2

EC Pecam2

Macro Cd68

B cell Ms4a1

T cell Cd3e

Adipocyte Adipoq

Eryth Alas2

Mus 
musculus

AAA n=3 ApoE−/− 6–8-week-old 
mice perfused 
for 28 days with 
Ang II

Ang II-infusion 
mouse model

Macro Cd11b, Cd68, Adgre1 [41]

T cell Cd3e

B cell Cd19

Neutr Ly6g

DC Itgax

Mus 
musculus

AAA NA Male ApoE−/− 8-week-old 
mice perfused 
for 28 days with 
Ang II

Ang II-infusion 
mouse model

Fibro Cd34, Pdgfra [42]

Macro Cd68, Ptprc

SMC Acta2

EC Pecam1

T cell Cd3e, Cd8a

B cell Cd19

Lymphatic
EC

Lyve1, Pecam1

Proliferating
cell

Top2a, Mki67

Mus 
musculus

AAA NA Male ApoE−/− 12-week-old 
mice perfused 
for 4 weeks with 
Ang II

Ang II-infusion 
mouse model

Fibro Col3a1, Col1a1, Dcn, 
Gsn

[43]

Mono/Macro Cd68, Aif1, C1qb

(Cont’d...)
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Table 1. (Continued)

Species Diseases Number of 
samples

Gender and 
genotype

Age (SD) Induction method Cell type Marker References

EC Cdh5, Pecam1, Fabp4

SMC Myh11, Acta2, Tagln

T cell Cd3d, Cd3g, Cd28

B cell Cd79a, Cd79b, Ly6d

DC Cd209a, Cd74

Granulocyte S100a8, Ccr1, Ly6g

Mus 
musculus

MFS 4 Fbn1C1041G/+ and 
3 controls 

2 males and 
2 females 
Fbn1C1041G/+ 
and 2 males 
and 1 female 
controls

4 weeks/24 
weeks

Fbn1C1041G/+ mouse 
MFS model

SMC Acta2, Myl9, Myh11, 
Tpm2, Tagln

[32]

Modulated 
SMC

Fn1, Mgp, Nupr1, Eln, 
Tnfrsf11b, Igfbp2

Fibro 1 Hsd11b1, Dpep1, 
Cygb, Gdf10, Smoc2

Fibro 2 1500015O10Rik, Prg4, 
Comp, Wif1, Thbs1

Ly6a+Fibro Pi16, Ly6a, Clec3b, 
C3, Mfap5

EC Pecam1, Cldn5, 
Ctla2a, Nts, Ccl21a

Macro Lyz2, Ccl4, C1qb, 
Cxcl2, Cd74

Pericardial Upk3b, Msln, Myl7, 
Igfbp6, Igfbp5

Mus 
musculus

TAAD BAPN-induced 
TAAD and 
control, 3/group

Male 
C57BL/6J

3-week-old 
mice induced 
with BAPN for 
28 days

BAPN-induced 
mouse model

SMC Myh11, Cnn1 [44]

Fibro Pdgfra, Lum

EC Cdh5, Tie1

T cell Cd3d, Cd3g

B cell Cd79a, Cd19

Macro Itgam, Cd14

Mus 
musculus

AAD WT and 
Sting-deficient 
mice unchallenged 
or challenged with 
HFD/Ang II, 3/
group

Male and 
female WT 
C57BL/6J and 
Sting-deficient 
mice 

4-week-old 
mice with HFD 
for 5 weeks

Ang II-infusion 
mouse model

SMC Acta2, Myh11, Mylk [45]

Macro Cd68, Adger1, F13a1

Fibro NA

EC NA

Homo 
sapiens

ATAA 8 patients, 
3 controls

4 males and 
4 females in 
patients and 
1 male and 
2 females in 
controls

67.6 (8.1) years 
in patients and 
62 (1) years in 
controls

/ T cell Ccl5, Trbc2, Cd2, 
Cd3d, Trac, Cd52, 
Cxcr4, Il32, Gzmk, 
Il7r

[46]

Mono Cxcl8, Il1b, Hla-dra, 
C1qa, C1qb, Cxcl3, 
Hla-dpa1, Cxcl2, 
C1qc, Cd74, Selenop

SMC1 Acta1, Myl9, Tagln, 
Tpm2, Cald1, Myh11, 
Dstn, Pln, Mfge8

NK Xcl1, Xcl2, Klrd1, 
Gnly, Klrc1, Cd7, 

(Cont’d...)
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Table 1. (Continued)

Species Diseases Number of 
samples

Gender and 
genotype

Age (SD) Induction method Cell type Marker References

Ctsw, Prf1, Cmc1

Fibro Dcn, Lum, Fn1, Mgp, 
Cfh, Col1a2, Aebp1, 
Igfbp6, Gsn, C1r

SMC2 Myh10, Map1b, 
Igfbp2, Sparc

EC Vwf, Ifi27, Pecam1, 
Aqp1, Spry1, Sparcl1, 
Gng11, Igfbp4, 
Cavin2, Adgrl4

MSC C11orf96, Igfbp5, 
Crispld2, Mt2a, 
Adirf, Mt1m, Plac9, 
Ndufa4l2

Plasma cell Igha1, Mzb1, Ssr4, 
Prd×4, Fkbp11, 
Sec11c, Qpct, Lmf1

B cell Ms4a1, Ly9, Bank1, 
Arhgap24, Cd79b, 
Ltb, Linc00926, Stag3

Mast Gata2, Hpgds, Hpgd, 
Kit, Il1rl1, Laptm4a, 
Mlph, Vwa5a, Rgs13, 
Ltc4s

Homo 
sapiens

AAA 4 patients and 
2 controls

2 females and 
2 males in 
patient and 
all males in 
controls

67.2 (15.5) years 
in patients and 
59.8 (2.1) years 
in controls

/ EC NA [47]

SMC

Fibro

Mono

Macro

B cell

T cell

NK 

Homo 
sapiens

MFS 1 patient Male 25 years / SMC Carmn, Myh11, Cnn1 [32]

Modulated 
SMC

Tnfrsf11b, Cytl1, 
Col8a1, Carmn, 
Myh11, Cnn1

Fibro 1 Tnfrsf11b, Cytl1, 
Col8a1, Smoc1, 
Cdh19, Lum, Podn

Fibro 2 Cdh19, Lum, Pl16, 
Podn, Serpine2

EC Mmrn2, So×18, Vwf

Pericyte 1 Co×4l2, Enpep, 
Notch3

Pericyte 2 Carmn, Myh11, 
Cnn1, Co×4l2, Enpep, 
Notch3

Macro Cd68, Fcer1g, C1qa

(Cont’d...)
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Table 1. (Continued)

Species Diseases Number of 
samples

Gender and 
genotype

Age (SD) Induction method Cell type Marker References

Homo 
sapiens

MFS 3 patients, 4 
controls

1 male and 
2 females in 
patients and 
all males in 
controls

33.7 (9.3) years 
in patients and 
38 (10.7) years 
in controls

/ SMC Smtn, Myh11 [48]

Fibro Col1a1, Lum, Dcn

EC Pecam11, Postn, Vwf

Mono/Macro Cd14, Cd68

CD8 T cell Cd8a, Cd8b

NK Klrc1

Mast Cpa3, Tpsb2

AAA: Abdominal aortic aneurysm; ATAA: Ascending thoracic aortic aneurysm; MFS: Marfan syndrome; TAAD: Thoracic aortic aneurysm and 
dissection; AAD: Aortic aneurysm and dissection; F: Female; M: Male; WT: Wild type; NA: Not available; B APN: β-aminopropionitrile; Ang 
II: Angiotensin II; HFD: High-fat diet; MSC: Mesenchymal stem cell; VSMC: Vascular smooth muscle cell; EC: Endothelial cell; Fibro: Fibroblasts; 
Macro: Macrophages; Mono: Monocytes; DC: Dendritic cells; NK: Natural killer cells; Neutr: Neutrophils; Baso: Basophils; Eosin: Eosinophils; 
Mast: Mast cells; Eryth: Erythrocyte

CD90, CD44, CD29, CD105, CD13, CD34, CD73, CD166, 
CD10, CD49e, and CD59 are typical markers of ADSCs[66]. 
Earlier studies have shown that ADSCs positively regulate 
the transformation of macrophages to the M2 phenotype 
and inhibit the migration of neutrophils through paracrine 
factors, thereby inhibiting the elastase-induced expansion 
of mouse AAA.[67] Recently, it has been discovered that the 
mechanism is that ADSC-derived exosomes (ADSC-exos) 
and their microRNA-17-5p (miR-17-5p) inhibit AAA 
development[68].

At the same time, ADSCs of AAA patients showed signs 
of aging and decreased cellular function[69]. It is reasonable 
to speculate that the occurrence of AA is somehow related 
to the failure of ADSC inhibition. Therefore, recovery of 
ADSC function can be considered a method of AA therapy.

3.4. Vascular wall resident stem cells

There are many stem/progenitor cells presenting mainly 
in the adventitia. When vascular injury happens, vascular 
stem/progenitor cells are mobilized and attributed to 
vascular repair. These adventitial progenitors express the 
markers, such as stem cell antigen-1 (Sca-1), c-Kit, CD34, 
and Flk1[3].

The Sca1+ cells, mostly residing in the aortic wall, 
produce growth factors and differentiate into fibroblasts 
and neural/glial antigen 2 (NG2+) cells, which contribute 
to aortic repair and remodeling[70]. Bone marrow 
derived-CD34+ stem cells, a type of vascular progenitor 
cell, are involved in the formation of AA due to altered 
blood flow[71].

It is found that cardiovascular progenitor cells can also 
differentiate into VSMCs through the SMAD3-dependent 
TGF-β signaling pathway[72]. Numerous reports have 
demonstrated that VSMCs can dedifferentiate, proliferate, 

migrate and transdifferentiate into other cell types[73], and 
have been extensively studied in vascular diseases such as 
atherosclerosis[74]. Similar recent studies on AA have found 
that during AA formation, the contractile medial VSMCs 
are reprogrammed into MSC-like cells such as osteoblasts, 
chondrocytes, adipocytes, and macrophages. It was also 
shown that VSMC reprogramming is driven, at least in part, 
by increased expression of KLF4, KLF2, and KLF5, and that 
both conditions of hypercholesterolemia and loss of TGFβ 
signaling are met[75]. VSMCs can also be reprogrammed 
to resident adventitial Sca1+ progenitor cells (AdvSca1), 
namely, AdvSca1-SM cells, induced by KLF4. The cells 
mainly expressed genes related to hedgehog/WNT/beta-
catenin signaling and ECM, promoting pathological 
vascular remodeling and fibrosis, and the depletion of 
KLF4 reduced AAA formation[76].

Multilineage differentiated persistent stress cells (Muse 
cell), one of the subgroups of MSCs, are a special kind of 
adult stem cells that exist in bone marrow, connective tissue 
and peripheral blood, express markers of pluripotent stem 
cells and have the ability to self-renew and differentiate 
into three germ layers. Compared with MSCs, Muse cells 
exhibited higher abilities of homing and migration to 
damaged sites[77].

3.5. Induced pluripotent stem cells (iPSCs)

Induction of four transcription factors (Oct3/4, Sox2, 
c-myc, and Klf4) by retroviral transfection reprograms 
single somatic cells (non-germ cells) to a pluripotent state 
similar to embryonic stem cells, that is, induced pluripotent 
stem cells (iPSCs). iPSCs can further proliferate and 
differentiate into many somatic cells, for example, vascular 
endothelial cells and VSMCs[78].

At present, iPSCs have been applied in the research 
of TAA. VSMCs differentiated from Marfan syndrome 
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patients-derived iPSCs, showing Fbn1 mutation, TGF-β 
signaling activation, decreased contractility and increased 
apoptosis, was applied as a TAA disease model. The 
disease phenotype of MFS-iPSC-VSMCs was corrected 
by CRISPR/Cas9 gene editing, indicating that the Fbn1 
mutation is the main cause of Marfan syndrome. It is 
found that TGF-β inhibitor can inhibit the accumulation 
of fibrillin1 and the abnormal expression of MMPs[79].

iPSCs have also been shown to differentiate into a 
variety of cell types. To date, endothelial cells, EPCs and 
MSCs have been successfully differentiated from human 
iPSCs. And the MSCs generated from iPSC had stronger 
proliferation ability and telomerase activity[80]. Based on 
this, some researchers propose to combine iPSC technology 
with clinical research and pharmacogenetics to determine 
the best treatment method for each patient according to 
individual differences[81]. In addition to Marfan syndrome, 
other TAA syndromes such as Loeys Dietz syndrome 
can also be investigated using iPSC technology to study 
the disease mechanism[82]. At present, EPCs and vascular 
endothelial cells can also be differentiated from iPSCs, and 
further studied for mechanism research and therapeutic 
applications[83].

iPSCs have a wide range of clinical applications. Somatic 
cells are extracted from patient tissues and reprogrammed 
to obtain iPSCs. The iPSCs can be further differentiated 
into VSMCs and endothelial cells, which can be used for 

disease models, drug screening, and clinical trials of AA 
treatment. Gene modification is used for revascularization 
or cell transplantation in the treatment of AA. Figure  2 
shows the origin, differentiation and application of iPSCs 
in patients.

4. Treatment and clinical application
If the AA is not treated promptly, the risk of progressive 
expansion, rupture, and even death is significantly high. 
Thus, large AA at risk is usually treated immediately 
with surgical treatment. Nonsurgical treatment like 
pharmacological treatment is beneficial for small AA[84]. 
Specific ways to treat AA are shown in Figure 3.

Due to their various types and functions, recent studies 
have reported that stem cells also have a certain application 
value in the treatment of AA. Researches on EPCs 
mainly focused on the mechanism of AA pathogenesis 
and recovery, but it still has great potential for clinical 
application. The number of EPCs doubled 14  days after 
internal aneurysm repair (EVAR), which may be used 
to predict AA development and evaluate post-treatment 
efficacy[55].

It has been demonstrated that intravenous or peripheral 
delivery of MSCs can inhibit elastase-induced AA 
expansion in animal models. MSC implantation inhibits 
Ang II-induced AA development in apoE-/-  mice by 

Figure 2. Potential applications of the patient somatic cell-derived hiPSC. The iPSC was derived from the patient’s somatic cells. On the one hand, iPSC 
derived from the disease-affected cells could be directly differentiated into VSMC and EC for disease modeling, drug screening, clinical trials and cohort 
studies for targeted validation. On the other hand, iPSC after gene correction could be used for vascular transplantation and cell transplantation for 
autologous therapy.

https://doi.org/10.36922/gtm.v2i1.241


Volume 2 Issue 1 (2023) 10 https://doi.org/10.36922/gtm.v2i1.241

Global Translational Medicine Stem cells in aortic aneurysm

Table 2. Animal models used in the treatment of AA involving stem cells

Cell type Delivery Injection time Number of 
cells

AA model Total time Efficiency References

BM-MSC IV injection Day 7771, 3, 
and 5

3×106/every 
time

Elastase-inducing 
mice AAA model

14 days Female MSC more strongly attenuate 
AAA growth, and MSCs of different 
sexes inhibit pro-inflammatory cytokines 
at varying levels

[100]

UC-MSC IV injection Day 1 and 5 1×106/every 
time

Elastase-inducing 
mice TAA model

14 days MSCs immunomodulate specific 
microRNAs associated with modulating 
hallmarks of aortic inflammation and 
vascular remodeling of AA. So, it has the 
potential to modulate TAA growth and 
development using targeted therapies 
designed with MSCs and miRNA

[62]

ADSC IV injection 2 h after 
inducing surgery

1×106 Elastase-inducing 
mice AAA model

14 days ADSCs ameliorate the progression 
of AAA by inducing a series of 
anti-inflammatory cell events mediated 
by parsecretory factors

[67]

UC-MSC IV injection Day 1 1×106 Elastase-inducing 
mice AAA model

14 days MSCs attenuate NADPH 
oxidase-dependent HMGB1 production 
and inhibit AAA

[101]

Muse cells IV injection Day 0,7,14 20000/every 
time

Mice AA model by 
incubation of and 
elastase

3 or 8 weeks The significant attenuation of AA 
dilation was due to the spontaneous 
differentiation of Muse cells into VSMCs 
and ECs, and the preservation of elastic 
fibers

[92]

UC-MSC IV injection Day 1 1×106 Elastase-inducing 
mice AAA model

14 days UC-MSC attenuates AA dilation, 
decreases elastin degradation and 
fragmentation, inhibits TNF-α and 
MMP expression levels during initiation 
and progression of AAA, and modulates 
the biological role of VSMC contractile 
phenotype

[88]

BM-MSC Endovascular 
seeding

14 days after 
xenograft 
implantation

A total of 
1×106

The xenograft AAA 
rats model

4 weeks BM-MSCs promote arterial regeneration 
and functional recovery. Endovascular 
seeding of BM-MSCs stabilizes the 
diameter of the already-dilated AAA

[102]

ASC ASC-loaded 
RCP

Immediately 
after induction of 
AAA

/ Mice AAA model 
by incubation of 
and elastase

2 weeks ASC-loaded RCP suppresses 
development and progression of AAA

[103]

ADSC Artery 
implantation

4 weeks after 
the infiltration 
operation

2×106 AAA rats model by 
CaCl2 infiltration

28 days ADSCs contribute to the reconstruction 
of elastic fibers by promoting the 
secretion and synthesis of elastin in 
SMCs

[104]

BM-MSC IV injection 28 days after 
the infusion 
operation

1×106 Ang II-infusion 
mouse model

2,4,8 weeks BM-MSCs reduce the incidence of AA, 
aortic diameter, the enzymatic activities 
of MMP-2 and -9, downregulate 
inflammatory cytokines, upregulate 
IGF-1 and TIMP-2, and preserve the 
construction of elastin

[105]

AD-MSC Catheter Day 5 1×106 Elastase-inducing 
mice AAA model

14 days Periadventitial stem cell delivery 
ameliorates elastase-induced AAA by 
inhibiting aortic diameter dilatation and 
reducing fragmented elastin

[95]

MSC-EV iv injection Day 1 1×106 Elastase-inducing 
mice AAA model

14 days MSC-EVs attenuate aortic inflammation 
and macrophage activation via

[64]

(Cont’d...)

https://doi.org/10.36922/gtm.v2i1.241


Volume 2 Issue 1 (2023) 11 https://doi.org/10.36922/gtm.v2i1.241

Global Translational Medicine Stem cells in aortic aneurysm

preserving elastin in the aortic wall. It can reduce MMPs 
and inflammatory cytokine levels[85], for example, reducing 
MCP-1, TNF-α, IL-6, and MMP-2/9 but increasing TIMP-
1/2[86]. In terms of the delivery mode, the safety and 
feasibility of the NOGA (a company in USA) system for 
intravascular delivery of MSCs to the aortic wall in a AAA 
porcine model have been confirmed[87]. MSCs not only 
inhibit inflammation but also act on damaged VSMCs. 
Studies have shown that intravenous administration of 
human umbilical cord MSCs can maintain or restore 
the VSMC contractile phenotype in AAA[88]. VSMCs 
generated by MSC can stimulate the synthesis of aneurysm 
VSMCs to compensate for dead VSMCs and provide elastic 
power for aneurysm VSMCs[89]. For example, the use of 
PDGF  +  TGFβ1-induced BM-MSC or ADSC-derived 
VSMCs in tissue sites affected by vascular diseases such 
as AAA can achieve complete autologous therapy[90]. 
Mesenchymal stem cell-derived exosomes (MSC-exs) 

can also significantly attenuate the development of AAA 
in mice by inhibiting AAA formation and inhibiting 
inflammation and promoting ECM synthesis[91].

Muse cells were injected intravenously in a mouse AA 
model, and then they were found selectively migrated 
and integrated into the AA tissue. Subsequently, Muse 
cells can spontaneously differentiate into VSMCs and 
endothelial cells while retaining elastic fibers[92] and 
inhibiting inflammation[93]. Muse cells are characterized 
by significantly reducing the diameter of AA compared to 
non-Muse cells. Hence, muse cell is a promising cell type 
for AA treatment.

Recently, ADSC has also been studied in the field of 
treatment of AA. ADSCs have the characteristics of easy 
culture and expansion, pluripotency and differentiation ability, 
and the ability to produce trophic factors. Hence, ADSC has 
the potential for clinical application in the treatment of AA[94]. 

Table 2. (Continued)

Cell type Delivery Injection time Number of 
cells

AA model Total time Efficiency References

microRNA-147 during the initiation and 
development of AAA

BM-MSC IV injection Week 0,1,2,3 1×106/every 
time

Ang II-infusion 
mice AA model

4 weeks Multiple intravenous administrations 
of BM-MSCs were effective to inhibit 
the inflammatory reactions in Ang 
II-induced AA in apoE-/- mice

[106]

MSCs-CM IV injection Day 0,3,6,9,12 / Ang II-induced 
mice model

14 days MSCs-CM regulates the polarization 
of M1/M2 macrophages to effectively 
alleviate Ang II‐induced AA growth

[60]

BM-MSC IV injection Day 0 1×106 Ang II-infusion 
mouse model

2 weeks BM-MSCs regress AA via regulation of 
the NF-κB, Smad3 and Akt signaling 
pathways

[107]

BM-MSC Catheter 14 days after 
xenograft 
implantation

/ The xenograft AAA 
rat model

7 days Cell therapy reconstructs the mechanical 
properties of the damaged abdominal 
aorta by improving tissue stiffness, 
stabilizes the geometry of AAA and 
reduces pressure changes in the artery 
wall

[108]

ADSC-exos IV injection Every 3 days 100 μg/every 
time

Ang II-infusion 
mouse AAA model

28 days MiR-17-5p-rich ADSC-exos constraining 
AAA progression and inflammatory 
cytokines release, via the TXNIP-NLRP3 
signaling pathway

[68]

Human 
Placental 
MSC

Tail vein 
injection

Day 1 A total of 
1×106

Elastase-inducing 
mice AAA model

14 days MSCs significantly reduce AAA 
formation by immunomodulating 
IL-17-mediated inflammatory processes

[61]

AA: Aortic aneurysm; TAA: Thoracic aortic aneurysms; AAA: Abdominal aortic aneurysm; MSC: Mesenchymal stem cell; BM-MSC: Bone 
marrow-derived MSC; UC-MSCs: Umbilical cord mesenchymal stem cells; ADSC: Adipose tissue-derived stromal cells; Muse 
cells: Multilineage-differentiating stress-enduring cells; EV: Extracellular vesicles; MSCs-CM: MSC–derived conditioned medium; 
ADSC-exos: ADSC-derived exosomes; IV: Intravenous; Ang Ⅱ: Angiotensin II; HMGB1: High mobility group box 1; VSMC: Vascular smooth muscle 
cells; EC: Endothelial cells; MMP: Matrix metalloproteinase; TNF-α: Tumor necrosis factor-α; ASC: Adipose tissue-derived stromal cells; RCP: A 
recombinant collagen-based patch; IGF-1: Insulin-like growth factor-1; TIMP-2: Tissue inhibitor of metalloproteinase-2; apoE-/-: Apolipoprotein 
E-deficient; NF-κB: Nuclear factor kapp B; Smad: Sma- and Mad-related proteins; Akt: Protein kinase; miR-17-5p: microRNA-17-5p; 
TXNIP: Thioredoxin-interacting protein; NLRP3: NOD-like receptor thermal protein domain associated protein 3; IL-17: Interleukin-17
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Recently, it has been practiced in a porcine model. In the 
aorta of animals treated with ADSC, the expression levels 
of vascular endothelial factor, MMP1 tissue inhibitor, and 
MMP3 tissue inhibitor were increased, and aortic dilatation 
was inhibited[95,96]. This new finding will facilitate further 
research on ADSC stem cell therapy for AA disease.

The application of iPSC in TAA treatment is widely 
studied. Cell lines of human induced pluripotent stem 
cells (hiPSC) have been generated for specific inherited 
vascular diseases such as Marfan syndrome[78,81]. There are 
also recent studies in the treatment of AAA that collagen 
scaffolds of induced pluripotent stem cell-derived smooth 
muscle progenitor cells (iPSC-SMPs) can be an effective 
carrier for the delivery of VSMCs to the AAA site[97]. iPSCs 
can also generate embryonic origin-specific VSMCs for 
research use[98]. iPSC technology for the treatment of AA 
has opportunities but also faces many challenges, such as 
the generation and quality of iPSCs, tumorigenicity risk, 
and immune rejection[99]. Therefore, the iPSC treatment 
technology is still in its infancy, and there are still numerous 
difficulties to overcome in practical clinical application. 
The above-mentioned applications of various stem cells in 
the treatment of AA are mainly based on research findings, 
and thus, more extensive studies are still needed. In recent 
years, studies have mainly focused on mesenchymal stem 
cells from various sources, as shown in Table 2.

5. Conclusion and outlook
AAA and TAA are severe and lethal diseases, and their 
pathogenesis has been extensively studied and elucidated 

at the cellular and molecular levels. However, there are 
several limitations and unresolved issues. For example, 
AAA is mostly induced by Ang II, which limits research 
on inflammatory mechanisms. Research of TAA is most 
focused on genetic models. In the occurrence, growth 
and rupture of AA, more studies have focused on the 
developmental stage rather than defining the entire disease 
process[7]. Therefore, new models and more innovative 
approaches are needed to study AA.

As for the role of stem cells in AA, the current research 
may suggest that they play a crucial role in the occurrence 
and development of AA. But more importantly, the 
clinical treatment of AA by utilizing the differentiation 
and proliferation ability of stem cells has a good prospect. 
EPC will be mainly used for the prediction and prognostic 
evaluation of AA, but at present, it is mainly used to 
study the mechanism of EPC for AA. A few randomized 
controlled clinical studies of MSCs in the treatment of 
AAA have been registered and implemented[109]. There is 
no follow-up literature so far, but there is a growing number 
of preclinical studies on the therapeutic potential of 
MSCs[61-64,85,88,89], focusing on the in-depth study of stem cell 
therapy for AA[86,87,90,91]. Currently, the main direction is to 
differentiate Muse cells into other cells for treatment[77,92,93]. 
Studies on ADSCs and MSCs are similar, mainly focusing 
on the inhibition of anti-inflammation in the development 
of AA[67-69,94-96]. The applications of iPSC-based technology 
are extensive, including the establishment of disease 
models, regenerative cell therapy, drug discovery, and 
predictive safety pharmacology[78-83,97,98]

In general, many studies on applying stem cells in AA 
treatment are based on animal models and are mainly 
preclinical mechanistic studies. Further research is urgently 
needed to overcome these limitations and promote the 
research progress in the prediction and treatment of AA 
using stem cells.
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