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Age-dependent phenotypic
modulation of smooth muscle cells
in the normal ascending aorta
Brittany Balint*, Inés García Lascurain Bernstorff, Tanja Schwab
and Hans-Joachim Schäfers

Department of Thoracic and Cardiovascular Surgery, Saarland University Medical Center, Homburg,
Germany

Objectives: Ascending aortic aneurysms are associated with pre-existing conditions,

including connective tissue disorders (i.e., Marfan syndrome) and bicuspid aortic

valves. The underlying mechanisms remain uncertain. Even less is known regarding

ascending aortic aneurysms in individuals with normal (i.e., tricuspid) aortic valves

(TAV), and without known aneurysm-associated disorders. Regardless of etiology, the

risk of aortic complications increases with biological age. Phenotypic modulation of

smooth muscle cells (SMCs) is a feature of ascending aortic aneurysms, whereby

contractile SMCs are replaced with synthetic SMCs that are capable of degrading

the aortic wall. We asked whether age itself causes dysfunctional SMC phenotype

modulation, independent of aortic dilatation or pre-existing aneurysm-associated

diseases.

Methods: Non-dilated ascending aortic samples were obtained intra-operatively

from 40 patients undergoing aortic valve surgery (range: 20–82 years old, mean:

59.1 ± 15.2). Patients with known genetic diseases or aortic valve malformations were

excluded. Tissue was divided, and a portion was formalin-fixed and immunolabeled

for alpha-smooth muscle actin (ASMA), a contractile SMC protein, and markers of

synthetic (vimentin) or senescent (p16/p21) SMCs. Another fragment was used for

SMC isolation (n = 10). Cultured SMCs were fixed at cell passage 2 and stained for

phenotype markers, or were cultured indefinitely to determine replicative capacity.

Results: In whole tissue, ASMA decreased (R2 = 0.47, P < 0.0001), while vimentin

increased (R2 = 0.33, P = 0.02) with age. In cultured SMCs, ASMA decreased

(R2 = 0.35, P = 0.03) and vimentin increased (R2 = 0.25, P = 0.04) with age. p16

(R2 = 0.34, P = 0.02) and p21 (R2 = 0.29, P = 0.007) also increased with age in SMCs.

Furthermore, the replicative capacity of SMCs from older patients was decreased

compared to that of younger patients (P = 0.03).

Conclusion: By investigating non-dilated aortic samples from individuals with normal

TAVs, we found that age itself has a negative impact on SMCs in the ascending

aortic wall, whereby SMCs switched from the contractile phenotype to maladaptive

synthetic or senescent states with increased age. Therefore, based on our findings,

modification of SMC phenotype should be studied as a therapeutic consideration

against aneurysms in the future, regardless of etiology.
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Introduction

The etiology of ascending aortic aneurysms is not fully
understood. Although genetic and environmental risk factors play a
role in a subset of cases, ascending aortic aneurysms occur mostly
in the elderly (1), signifying age-related degeneration of the aortic
wall. Age is a risk factor for ascending aortic aneurysms in the
general population (2), and also in individuals already predisposed
to aortic complications, such as those with a bicuspid aortic valve
(3). Since studies of the human aorta are usually confounded by pre-
existing clinical dilatation, understanding the role of age itself on
aortic remodeling is not well-defined.

Imaging studies using multiphase CT and 3D MRI have shown
that the ascending aorta stiffens, dilates and elongates with age (4–7).
Histological studies have shown evidence of age-related aortic medial
layer remodeling, including elastin degradation (8), and changes in
smooth muscle cell (SMC) density (6) and morphology (9). SMCs
generate contractile force, which is required for the structural and
functional integrity of the aortic wall (10). Thus, age-related SMC
dysfunction that impacts contractile proteins, such as alpha-smooth
muscle actin (ASMA), may contribute to aortic remodeling. The
majority of age-related SMC studies have been performed with the
use of rat SMCs, which show inconsistent findings compared to
human SMCs (11–13). Therefore, detailed studies of human vascular
SMCs in the context of aging could help identify therapeutic targets
in suppressing age-related cardiothoracic diseases. Primary human
SMC studies are rare, however, due to the limited availability of
normal aortic samples, especially from younger patients.

Previous studies have shown that SMCs can switch from
their contractile phenotype to a synthetic state under stressful
culture conditions, which is characterized by increased migration,
proliferation and protein synthesis (14). Importantly, synthetic SMCs
have been observed in aneurysmal aortas (15). Although synthetic
SMCs are critical during development and in response to injury, their
presence in the adult aorta is associated with degenerative remodeling
due to their propensity for secreting ECM degrading enzymes (16).
A third SMC phenotype which is less commonly observed in human
aortas is cellular senescence. Senescent SMCs have a seno-destructive
phenotype capable of remodeling surrounding extracellular matrix
and essentially weakening the aortic wall (17). Whether age itself
drives phenotypic modulation of SMCs from their normal contractile
state to destructive synthetic or senescent phenotypes in normal-sized
human aortas remains uncertain.

In the current study, we aimed to elucidate the effect of biological
aging itself on SMC phenotypes in the ascending aortic wall. We first
histologically evaluated phenotype markers in the aortic medial layer
of individuals ranging from 20–82 years old. To confirm that our
findings were SMC-specific, we then isolated ascending aortic SMCs
from a subset of patients and evaluated their age-related phenotypes
in culture. In order to clarify the effect of aging alone, independent
of potential confounding causes of aortic wall degeneration, we only
included patients who had non-dilated aortas and normal tricuspid
aortic valves (TAV).

Materials and methods

The data that support the findings of this study are available
upon reasonable request. This study complies with the Declaration

of Helsinki, and was carried out with approval from the regional
Ethics Committee (Ständige Ethikkommission der Ärztekammer
des Saarlandes, Proposal # 47/14). Written informed consent was
obtained from all enrolled patients.

Procurement of ascending aortic tissue

Ascending aortic specimens were obtained intra-operatively from
40 consecutive cardiac patients undergoing aortic valve surgery. A 4–
5 mm wide circumferential strip of aortic tissue was excised 5–10 mm
above the sinotubular junction from the anterior circumference of the
thoracic aorta, adjacent to the aortotomy. Aortic valve morphology
was determined pre-operatively by either trans-esophageal or trans-
thoracic echocardiography, and only normal (i.e., tricuspid) aortic
valves were included. Aortic valve morphology was confirmed intra-
operatively by the surgeon. Aortic dimensions were determined
pre-operatively by computed tomography, and confirmed intra-
operatively by trans-esophageal echocardiography. Aortic samples
extracted in the operating room were divided and were either
immediately fixed in 4% phosphate-buffered formalin for histological
studies, or were placed in PBS and directly transferred to a sterile
tissue culture hood for immediate extraction of vascular SMCs.

Exclusion criteria

Patients with dilated aortas of ≥4.0 cm were excluded from
this study (18). Individuals with known connective tissue disorders
through genetic testing or clinical signs of connective tissue disorders
(e.g., Loeys-Dietz syndrome, Marfan Syndrome, etc.) or with chronic
viral diseases (e.g., HIV, Hepatitis B/C) were also excluded. Aortic
samples were evaluated microscopically, and those with evidence of
inflammatory disease (e.g., atherosclerosis, aortitis) were omitted.

Aortic SMC isolation and culture

Smooth muscle cells were cultured from the medial layer of
human aortic samples by enzymatic digestion. To prepare an isolated
sample of the media, the endothelial layer of the aorta was removed
by scraping the luminal surface gently with a scalpel. The tissue was
washed in PBS, and then the adventitia and outer-most medial layers
were peeled away with forceps. The remaining medial fragment was
washed with PBS, and then used for the enzymatic digestion.

The enzymatic solution was a combination of 830 µl of
M199 Media (ThermoFisher Scientific, 11150059; +0.5% FBS + 1%
penicillin/streptomycin), 150 µl of LiberaseTM (Roche, 05401020001)
and 30 µl of DNAse. The prepared aortic media sample was cut
into ∼1 × 1 cm fragments and added to a 1.5 ml Eppendorf tube
containing the enzymatic solution. The sample was then placed in
a SMC incubator (37◦C, 5% CO2, 95% humidity) for 2 h. After
the incubation, the digested supernatant was collected through a
cell strainer and kept on ice until after the final incubation period.
The undigested tissue was placed in a new Eppendorf tube with
fresh enzymatic solution. The process was repeated for a second
digestion, with an incubation period of 1.5 h. The supernatant from
the second digestion was combined with that of the first, and the
solution was then centrifuged at 750 RPM for 6 min at 4◦C. The
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ensuing cell pellet was reconstituted in M199 media (+10% FBS + 1%
penicillin/streptomycin), and the cells were plated on 0.4% gelatin-
coated 60 mm cell culture dishes (Gelatin Type B Powder, Sigma-
Aldrich, G9391; ThermoFisher Scientific Cell Culture Petri Dishes,
150340). The SMCs were maintained in the SMC incubator, as above.

The SMC media was changed 24 h after the isolation was
completed, and then every 2 days until the cells reached
confluence. When confluence was reached, the cells were
trypsinized (Trypsin/EDTA solution, ThermoFisher Scientific,
R001100) and plated on coverslips for immunocytochemistry (cell
passage 1), or were plated on a fresh culture dish for continued
growth and subsequent analysis of cellular senescence. For
immunocytochemistry, serum was withdrawn from culture when
the cells reached 80% confluence, and the cells were fixed with 4%
paraformaldehyde after 72 h. For cellular senescence studies, the
cells were re-platted each time confluence was reached until the cells
stopped growing.

Aortic tissue and cell immunostaining

Formalin-fixed, paraffin embedded whole aortic tissue samples
were sectioned at 1 µm thickness. Aortic tissue sections and
paraformaldehyde-fixed primary aortic SMCs were immunolabeled
with polyclonal rabbit antibodies against ASMA (1:100, ab5694,
Abcam), which was used as a marker of contractile stress fibers, or
vimentin (1:100, ab137321, Abcam), a marker of synthetic SMCs
(19). To assess for cellular senescence, aortic sections and SMCs
were immunolabeled with monoclonal mouse antibodies against
p16INK4a (1:50, MA5–17054, Invitrogen) and p21 (1:50, MA1–
33926, Invitrogen), cyclin-dependent kinase inhibitors that delineate
two core senescence initiation pathways (20, 21). Bound primary
antibodies were visualized using fluorescent-conjugated secondary
antibodies: goat anti-rabbit Alexa–594 (for ASMA and vimentin),
or goat anti-mouse Alexa–594 (for p16 and p21). Aortic sections
were counterstained with DAPI before mounting. For the SMCs,
coverslips were mounted with DAPI-containing mounting media
(Vectashield R©, H–1200–10).

Microscopy and image analysis

Fluorescent images were captured using a laser scanning confocal
microscope (Zeiss LSM, Plan Apochromat). Tissue sections were
imaged at 40× with a 1.3 oil objective. For the SMCs, images
were captured at 20× (0.8 M27 objective). For each patient sample,
five regions of interest (ROI) were captured per stain. For aortic
tissue and cells, fluorescence intensity of ASMA and vimentin
were measured with ImageJ (NIH), and were normalized to the
background fluorescence intensity of the sample area. For p16 and
p21, % positive was calculated by counting the number of positive
nuclei and normalizing by the number of total nuclei per sample.

Statistics

All statistical analyses were carried out using Prism 9 (Graphpad
Software). The D’Agostino and Pearson omnibus test was applied
to all data sets to test for normality. All data sets were normally

TABLE 1 Patient characteristics.

Whole aortic
tissue

SMCs

Number of patients 40 10

Patient age (Range) 20–82 35–71

Patient age (Mean ± SD) 59.1 ± 15.2 55.7 ± 10.5

Ascending aortic diameter (Range; cm) 2.5–4.0 2.5–4

Ascending aortic diameter (Mean ± SD; cm) 3.3 ± 0.6 3.1 ± 0.4

Aortic valve pathology

Regurgitation 17 4

Stenosis 18 4

Combined 5 2

Co-morbidities; n (%)

Hypertension 18 (45) 4 (40)

Hyperlipidemia 4 (10) 1 (10)

Medications; n (%)

ß-Blocker 15 (38) 3 (30)

ACE inhibitor 10 (25) 3 (30)

Diuretic 12 (30) 2 (20)

Calcium channel blocker 4 (10) 0

Statin 9 (23) 3 (30)

SMCs, smooth muscle cells; SD, standard deviation; ACE, angiotensin converting enzyme.

distributed, except for replicative capacity for the “old age” patient
group in Figure 3. Therefore, replicative capacity comparisons
between age groups were carried out using the Mann-Whitney
U test (for non-normal distributions). Data are presented as
median ± interquartile range. For all other data sets, the student’s
t-test was used for comparisons between groups. Mean ± standard
deviation (SD) are presented. Linear regression analyses (for normal
distributions) were used to assess relationships between continuous
variables. Significance was set at P < 0.05.

Results

Clinical characteristics

Ascending aortic tissue was extracted intra-operatively from a
total of 40 patients (range: 20–82 years old, mean: 59.1 ± 15.2).
All patients had TAVs and aortic dimensions within the clinically
normal range (2.5–4.0 cm, mean: 3.3 ± 0.6 cm). Of the 40 patients, 17
presented with primary aortic regurgitation (AR), 18 presented with
primary aortic stenosis (AS), and 5 showed a mixed pathology of both
AR and AS. Patients with AS were significantly older than those with
AR (P = 0.02; Supplementary Figure 1A). Clinical characteristics are
summarized in Table 1.

SMC phenotypic modulation with age in
aortic tissue

In whole aortic tissue samples, markers of contractile and
synthetic SMCs were assessed by fluorescent immunohistochemistry.
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FIGURE 1

Alpha-smooth muscle actin (ASMA) decreases and vimentin increases with age in non-dilated ascending aortas. (A) Fluorescent micrographs of
ascending aortic cross-sections from a 46 year old (left) and 79 year old (right) patient. Red, ASMA; blue, nuclei. Scalebar = 20 µm. (B,C) Graphs
depicting the linear relationship between patient age and ASMA (B) or Vimentin (C) expression in non-dilated aortic tissue. (D) Graph depicting the
relationship between ASMA and vimentin expression in non-dilated aortic tissue. A.U., arbitrary units; expression values were calculated by measuring
fluorescence intensity.

We found that the expression of ASMA, a contractile marker,
decreased with age in the medial layer of ascending aortic tissue
(fluorescence intensity: R2 = 0.47, P < 0.0001; Figures 1A,
B). On the other hand, the expression of vimentin, a marker
of synthetic SMCs, increased with age in aortic tissue samples
(fluorescence intensity: R2 = 0.33, P = 0.02; Figure 1C). We
found a significant inverse correlation between ASMA and vimentin

in whole aortic samples (R2 = 0.07, P = 0.01; Figure 1D),
suggesting an age-dependent modulation from the contractile
to the synthetic phenotype in the normal ascending aorta.
ASMA and vimentin expression were evaluated in aortic tissue
from individuals with AS versus AR, and no differences were
observed (P = 0.94 and P = 0.90, respectively; Supplementary
Figure 1B).
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FIGURE 2

Alpha-smooth muscle actin (ASMA) decreases and vimentin increases with age in smooth muscle cells (SMCs) isolated from non-dilated ascending
aortas. (A) Fluorescent micrographs of cultured SMCs from a 38 year old (left) and 71 year old (right) patient. Red, ASMA; blue, nuclei. Scalebar = 10 µm.
(B,C) Graphs depicting the linear relationship between patient age and ASMA (B) or Vimentin (C) expression in cultured aortic SMCs. (D) Graph depicting
the relationship between ASMA and vimentin expression in cultured aortic SMCs. A.U., arbitrary units; expression values were calculated by measuring
fluorescence intensity.

SMC senescence increases with age in the
normal-sized ascending aorta

To assess for cellular senescence in the aortic media, we
immunostained for the cell cycle inhibitors, p16 and p21. We
found co-labeling of p16 and p21 in a small but significant
portion of ascending aortas (15%). Interestingly, p16 and
p21-positive SMCs were observed together only in aortas

from patients 69 years of age or older. In patients younger
than 69 years old, 2 patients had positive p16 staining and
5 patients had positive p21 staining. There was no evidence
of double p16 and p21 positive staining in ascending aortas
from individuals younger than 69 years old. These results
suggest the possibility of age-associated increases in cell cycle
inhibitor expression and possible SMC senescence in the normal
ascending aorta.
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FIGURE 3

Cellular senescence increases with age in smooth muscle cells (SMCs) isolated from non-dilated ascending aortas. (A,B) Graphs depicting the linear
relationship between patient age and the percentage of p16- (A) or p21- (B) positive SMCs in culture. (C) Graph depicting the maximum cell passage for
SMCs from either young (y-SMCs; <55 years old) or older (o-SMCs; ≤55 years old) patient aortas. Comparison was made via Mann Whitney U Test.
*P = 0.03. Horizontal line represents median values.

Cultured SMCs exhibit age-dependent
phenotypic modulation

To determine whether medial SMCs themselves harbor age-
related changes that could influence the integrity of the ascending
aortic wall, we isolated SMCs from 10 aortic samples and studied
them in culture. Similar to findings in whole tissue, ASMA
expression significantly decreased with age (R2 = 0.35, P = 0.03;
Figures 2A, B) and vimentin increased with age in cultured SMCs
(R2 = 0.25, P = 0.04; Figure 2C). Accordingly, there was a significant
negative correlation between ASMA and vimentin in cultured SMCs
(R2 = 0.66, P = 0.002; Figure 2D) that is apparently influenced by
patient age.

Cultured SMCs enter senescence earlier
with increased patient age

In order to assess for SMC senescence, we analyzed expression
levels of p16 and p21, and we tested the replicative capacity
of SMCs in culture. In contrast to whole aortic samples, the
expression of both p16 and p21 were present in cultured SMCs
from all patients. Interestingly, both p16 (R2 = 0.37, P = 0.04)
and p21 (R2 = 0.42, P = 0.04) expression increased with patient
age (Figures 3A, B). The mean patient age for SMC studies was
55.7 ± 10.5. Therefore, to test for age-related differences in SMC

replicative capacity, we grouped SMCs into 2 categories: SMCs from
patients < 55.7 years old [young (y)-SMCs; n = 5, patient age:
45 ± 5.4] and SMCs from patients ≥ 55.7 years old [old (o)-
SMCs; n = 5, patient age: 68 ± 7.2]. By allowing cultured SMCs to
grow indefinitely, we found that y-SMCs (cell passage: 5.0 ± 3.0)
had an increased replicative capacity compared to o-SMCs (cell
passage: 3.0 ± 1.5; P = 0.03; Figure 3C). These results suggest
that ascending aortic SMCs enter senescence more rapidly with
increased patient age.

Discussion

Dilatation of the ascending aorta places the patient at risk for
aortic complications (e.g., dissection, rupture, and sudden death).
A relevant number of thoracic aortic aneurysms have known
etiologies, including monogenetic syndromes (e.g., Marfan and
Loeys-Dietz syndromes) and congenital aortic valve malformations
(e.g., bicuspid or unicuspid aortic valves). Importantly, regardless
of etiology, the prevalence of ascending aortic aneurysms increases
with age (22). Therefore, a factor important to the maintenance of
aortic wall integrity must experience an age-related decline or change.
Studying the effect of aging alone on the human aorta, however, is
difficult to achieve as surgical samples are normally confounded by
dilatation and/or by pre-existing diseases that initiate the need for
surgical repair.
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Phenotypic switching of SMCs in the
non-dilated aorta

In order to investigate the relative effect of age without
concomitant aneurysm, we evaluated aortic tissue samples from
40 individuals with non-dilated aortas and normal TAVs. We
investigated SMC phenotypes in the normal aorta, as previous
studies have shown that SMCs within the aneurysmal ascending
aorta demonstrate a switch from the contractile to the synthetic state
(23). The function and integrity of the aortic wall is maintained
by the contractile force of vascular SMCs (10). In response to
various pathological stimuli, however, SMCs switch to the synthetic
phenotype where they are migratory, proliferative and prone to
extracellular matrix remodeling (24, 25). Thus, phenotypic switching
of SMCs leads to vascular dysfunction. In the current study, we
found a similar phenotypic switch of SMCs. Interestingly, this
was related to increased patient age, with a marked decrease in
ASMA expression and increased vimentin expression. Therefore,
our data suggest that SMC phenotypic switching may occur prior
to marked aortic degeneration, and not solely as a pathological
consequence of dilatation. It is also important to note that in the
current study, the patients with predominant aortic stenosis were,
on average, older than those with aortic regurgitation. Although
no significant differences were observed in SMC phenotypes
related to aortic stenosis or regurgitation, future age-matched
studies should evaluate how different flow characteristics due to
aortic valve dysfunction could impact SMC phenotypes in the
ascending aortic wall.

Phenotypic switching of cultured SMCs
from the non-dilated aorta

To further investigate the age response in aortic SMCs, we
isolated and cultured SMCs from the aortas of 10 patients. In
younger patients, ASMA expression was high, and decreased with
increasing patient age. Similar results were found in SMCs isolated
from skeletal muscle feed arteries in young and old rats (26).
As well, in comparison to healthy aortic SMCs, another study
found that SMCs isolated from aneurysmal human aortas had
decreased ASMA (27), indicating SMC phenotypic switching in
remodeling aortas. We also found that vimentin increased with
patient age in cultured SMCs, suggesting a higher prevalence
of synthetic SMCs in aging aortas (19). Importantly, signals
derived from endothelial cells and the extracellular matrix can
have a profound impact on SMC differentiation (28). By isolating
SMCs from the aorta, we confirmed that our results are SMC-
specific, and independent from on-going influences from the
surrounding aortic tissue. Our findings suggest that age itself is
related to SMC phenotypic modulation, a process that may underlie
aortic dilatation and/or exacerbate dilatation that is derived from
other etiologies.

SMC senescence

A less common SMC phenotype that has recently been identified
in aneurysmal aortas is cellular senescence. SMC senescence
is characterized by a state of essentially permanent cell cycle

arrest with ongoing metabolic activity, including a shift in the
secretome. Previous studies of mice (29) and humans (17) have
identified a population of senescent SMCs in the aneurysmal
ascending aorta. In the current study, we found that p16 and
p21 expression increased with age in the aorta and in cultured
SMCs, which may be indicative of senescent SMCs. This was
further supported by our finding of decreased replicative capacity
of cultured SMCs from older versus younger patients. Importantly,
recent evidence suggests that the senescence-associated secretory
phenotype has detrimental effects on the aortic wall, particularly
due to the increased expression of matrix degrading enzymes
(17). These findings suggest that SMCs in the aortic media
undergo age-related cellular senescence, even in the absence
of aortic dilatation. Whether senescence occurs in the aging
aorta as a less common fate of phenotypic modulation, or
whether it occurs as an independent age-related stress-response
remains to be explored.

In summary, our findings suggest that age itself has a negative
impact on the ascending aortic wall, particularly through phenotypic
modulation of vascular SMCs. Although previous studies have shown
similar findings in aneurysmal aortas, the current study is the first to
investigate the effect of age on non-dilated aortas from individuals
without known aneurysmal disorders. These findings suggest the
need for careful consideration of therapeutic targets for ascending
aortic aneurysms. Modification of SMC phenotype may theoretically
be studied as a therapeutic consideration in the future.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by Ethikkommission bei der Ärztekammer des Saarlandes,
No. 205/10, Date of Issue: 08.12.2010. The patients/participants
provided their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s) for
the publication of any potentially identifiable images or data included
in this article.

Author contributions

BB conceptualized the project, collected the data, supervised,
wrote, and edited the manuscript. IB collected and analyzed
the data. TS performed the experiments and provided the
resources. H-JS supervised, provided the resources, and edited the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This work was supported by institutional funding from Saarland
University Medical Center.

Frontiers in Cardiovascular Medicine 07 frontiersin.org

https://doi.org/10.3389/fcvm.2023.1114355
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-10-1114355 February 15, 2023 Time: 15:42 # 8

Balint et al. 10.3389/fcvm.2023.1114355

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the reviewers.
Any product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1114355/
full#supplementary-material

References

1. Coady M, Rizzo J, Goldstein L, Elefteriades J. Natural history, pathogenesis, and
etiology of thoracic aortic aneurysms and dissections. Cardiol Clin. (1999) 17:615–35.
doi: 10.1016/S0733-8651(05)70105-3

2. Vasan R, Larson M, Levy D. Determinants of echocardiographic aortic root size: the
Framingham heart study. Circulation. (1995) 91:734–40. doi: 10.1161/01.CIR.91.3.734

3. Della Corte A, Bancone C, Quarto C, Dialetto G, Covino F, Scardone M, et al.
Predictors of ascending aortic dilatation with bicuspid aortic valve: a wide spectrum
of disease expression. Eur J Cardiothorac Surg. (2007) 31:397–404; discussion 404–5.
doi: 10.1016/j.ejcts.2006.12.006

4. Martin C, Sun W, Primiano C, McKay R, Elefteriades J. Age-dependent ascending
aorta mechanics assessed through multiphase CT. Ann Biomed Eng. (2013) 41:2565–74.
doi: 10.1007/s10439-013-0856-9

5. Lederle F, Johnson G, Wilson S, Chute E, Littooy F, Bandyk D, et al. Prevalence
and associations of abdominal aortic aneurysm detected through screening. Aneurysm
detection and management (ADAM) veterans affairs cooperative study group. Ann Intern
Med. (1997) 126:441–9. doi: 10.7326/0003-4819-126-6-199703150-00004

6. Redheuil A, Yu W, Wu C, Mousseaux E, de Cesare A, Yan R, et al. Reduced ascending
aortic strain and distensibility: earliest manifestations of vascular aging in humans.
Hypertension. (1979) 2010:319–26. doi: 10.1161/HYPERTENSIONAHA.109.141275

7. Sugawara J, Hayashi K, Yokoi T, Tanaka H. Age-associated elongation of the
ascending aorta in adults. JACC Cardiovasc Imaging. (2008) 1:739–48. doi: 10.1016/j.jcmg.
2008.06.010

8. Fritze O, Romero B, Schleicher M, Jacob M, Oh D, Starcher B, et al. Age-related
changes in the elastic tissue of the human aorta. J Vasc Res. (2012) 49:77–86.

9. Toda T, Tsuda N, Nishimori I, Leszczynski D, Kummerow F. Morphometrical analysis
of the aging process in human arteries and aorta. Acta Anat. (1980) 106:35–44. doi:
10.1159/000145167

10. Pinard A, Jones G, Milewicz D. Genetics of thoracic and abdominal aortic diseases.
Circ Res. (2019) 124:588–606. doi: 10.1161/CIRCRESAHA.118.312436

11. Monk B, George S. The effect of ageing on vascular smooth muscle cell behaviour–a
mini-review. Gerontology. (2015) 61:416–26. doi: 10.1159/000368576

12. Ruiz-Torres A, Gimeno A, Melón J, Mendez L, Muñoz F, Macía M. Age-related loss
of proliferative activity of human vascular smooth muscle cells in culture. Mech Ageing
Dev. (1999) 110:49–55. doi: 10.1016/s0047-6374(99)00042-1

13. Guntani A, Matsumoto T, Kyuragi R, Iwasa K, Onohara T, Itoh H, et al. Reduced
proliferation of aged human vascular smooth muscle cells–role of oxygen-derived free
radicals and BubR1 expression. J Surg Res. (2011) 170:143–9. doi: 10.1016/j.jss.201
1.03.024

14. Li S, Sims S, Jiao Y, Chow L, Pickering J. Evidence from a novel human cell clone
that adult vascular smooth muscle cells can convert reversibly between noncontractile and
contractile phenotypes. Circ Res. (1999) 85:338–48. doi: 10.1161/01.res.85.4.338

15. Alexander M, Owens G. Epigenetic control of smooth muscle cell differentiation
and phenotypic switching in vascular development and disease. Annu Rev Physiol. (2012)
74:13–40. doi: 10.1146/annurev-physiol-012110-142315

16. Yuan S, Wu N. Aortic α-smooth muscle actin expressions in aortic disorders and
coronary artery disease: an immunohistochemical study. Anatol J Cardiol. (2018) 19:11–6.
doi: 10.14744/AnatolJCardiol.2017.7839

17. Balint B, Yin H, Nong Z, Arpino J, O’Neil C, Rogers S, et al. Seno-destructive
smooth muscle cells in the ascending aorta of patients with bicuspid aortic valve disease.
EBioMedicine. (2019) 43:54–66. doi: 10.1016/j.ebiom.2019.04.060

18. Evangelista A, Flachskampf F, Lancellotti P, Badano L, Aguilar R, Monaghan M,
et al. European association of echocardiography recommendations for standardization
of performance, digital storage and reporting of echocardiographic studies. Eur J
Echocardiogr. (2008) 9:438–48. doi: 10.1093/ejechocard/jen174

19. Owens G, Kumar M, Wamhoff B. Molecular regulation of vascular smooth muscle
cell differentiation in development and disease. Physiol Rev. (2004) 84:767–801.

20. Childs B, Durik M, Baker D, van Deursen J. Cellular senescence in aging and
age-related disease: from mechanisms to therapy. Nat Med. (2015) 21:1424–35.

21. Yin H, Pickering J. Cellular senescence and vascular disease: novel routes to better
understanding and therapy. Can J Cardiol. (2016) 32:612–23. doi: 10.1016/j.cjca.201
6.02.051

22. Mehrabi Nasab E, Athari S. The prevalence of thoracic aorta aneurysm as an
important cardiovascular disease in the general population. J Cardiothorac Surg. (2022)
17:51.

23. Ailawadi G, Moehle C, Pei H, Walton S, Yang Z, Kron I, et al. Smooth muscle
phenotypic modulation is an early event in aortic aneurysms. J Thorac Cardiovasc Surg.
(2009) 138:1392–9.

24. Gurung R, Choong A, Woo C, Foo R, Sorokin V. Genetic and epigenetic
mechanisms underlying vascular smooth muscle cell phenotypic modulation in
abdominal aortic aneurysm. Int J Mol Sci. (2020) 21:6334.

25. Lu H, Du W, Ren L, Hamblin M, Becker R, Chen Y, et al. Vascular smooth
muscle cells in aortic aneurysm: from genetics to mechanisms. J Am Heart Assoc. (2021)
10:e023601.

26. Seawright J, Sreenivasappa H, Gibbs H, Padgham S, Shin S, Chaponnier
C, et al. Vascular smooth muscle contractile function declines with age in
skeletal muscle feed arteries. Front Physiol. (2018) 9:856. doi: 10.3389/fphys.201
8.00856

27. Malashicheva A, Kostina D, Kostina A, Irtyuga O, Voronkina I, Smagina L, et al.
Phenotypic and functional changes of endothelial and smooth muscle cells in thoracic
aortic aneurysms. Int J Vasc Med. (2016) 2016:3107879.

28. Darland D, D’Amore P. TGF beta is required for the formation of capillary-like
structures in three-dimensional cocultures of 10T1/2 and endothelial cells. Angiogenesis.
(2001) 4:11–20. doi: 10.1023/a:1016611824696

29. Watson A, Nong Z, Yin H, O’Neil C, Fox S, Balint B, et al. Nicotinamide
phosphoribosyltransferase in smooth muscle cells maintains genome integrity,
resists aortic medial degeneration, and is suppressed in human thoracic aortic
aneurysm disease. Circ Res. (2017) 120:1889–902. doi: 10.1161/CIRCRESAHA.116.3
10022

Frontiers in Cardiovascular Medicine 08 frontiersin.org

https://doi.org/10.3389/fcvm.2023.1114355
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1114355/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1114355/full#supplementary-material
https://doi.org/10.1016/S0733-8651(05)70105-3
https://doi.org/10.1161/01.CIR.91.3.734
https://doi.org/10.1016/j.ejcts.2006.12.006
https://doi.org/10.1007/s10439-013-0856-9
https://doi.org/10.7326/0003-4819-126-6-199703150-00004
https://doi.org/10.1161/HYPERTENSIONAHA.109.141275
https://doi.org/10.1016/j.jcmg.2008.06.010
https://doi.org/10.1016/j.jcmg.2008.06.010
https://doi.org/10.1159/000145167
https://doi.org/10.1159/000145167
https://doi.org/10.1161/CIRCRESAHA.118.312436
https://doi.org/10.1159/000368576
https://doi.org/10.1016/s0047-6374(99)00042-1
https://doi.org/10.1016/j.jss.2011.03.024
https://doi.org/10.1016/j.jss.2011.03.024
https://doi.org/10.1161/01.res.85.4.338
https://doi.org/10.1146/annurev-physiol-012110-142315
https://doi.org/10.14744/AnatolJCardiol.2017.7839
https://doi.org/10.1016/j.ebiom.2019.04.060
https://doi.org/10.1093/ejechocard/jen174
https://doi.org/10.1016/j.cjca.2016.02.051
https://doi.org/10.1016/j.cjca.2016.02.051
https://doi.org/10.3389/fphys.2018.00856
https://doi.org/10.3389/fphys.2018.00856
https://doi.org/10.1023/a:1016611824696
https://doi.org/10.1161/CIRCRESAHA.116.310022
https://doi.org/10.1161/CIRCRESAHA.116.310022
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Age-dependent phenotypic modulation of smooth muscle cells in the normal ascending aorta
	Introduction
	Materials and methods
	Procurement of ascending aortic tissue
	Exclusion criteria
	Aortic SMC isolation and culture
	Aortic tissue and cell immunostaining
	Microscopy and image analysis
	Statistics

	Results
	Clinical characteristics
	SMC phenotypic modulation with age in aortic tissue
	SMC senescence increases with age in the normal-sized ascending aorta
	Cultured SMCs exhibit age-dependent phenotypic modulation
	Cultured SMCs enter senescence earlier with increased patient age

	Discussion
	Phenotypic switching of SMCs in the non-dilated aorta
	Phenotypic switching of cultured SMCs from the non-dilated aorta
	SMC senescence

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


